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Polycyclic aromatic hydrocarbons (PAH) are environmental
and tobacco carcinogens. Metabolic activation of intermediate
PAH trans-dihydrodiols by aldo-keto reductases (AKRs) leads
to the formation of electrophilic and redox-active o-quinones.
We investigated whether O-methylation by human recombi-
nant soluble catechol-O-methyltransferase (S-COMT) is a fea-
sible detoxication step for a panel of structurally diverse PAH-
catechols produced during the redox-cycling process. Classes of
PAH non-K-region o-quinones (bay region, methylated bay
region, and fjord region o-quinones) produced by AKRs were
employed in the studies. PAH o-quinones were reduced to the
corresponding catechols by dithiothreitol under anaerobic con-
ditions and then further O-methylated by human S-COMT in
the presence of S-[3H]adenosyl-L-methionine as a methyl group
donor. The formation of the O-methylated catechols was
detected by HPLC-UV coupled with in-line radiometric detec-
tion, andunlabeled productswere also characterized byLC-MS/
MS. Human S-COMT was able to catalyze O-methylation of all
of thePAH-catechols andgenerated two isomericmetabolites in
different proportions. LC-MS/MS showed that each isomer was
a mono-O-methylated metabolite. 1H NMR was used to assign
the predominant positional isomer of benzo[a]pyrene-7,8-cate-
chol as the O-8-monomethylated catechol. The catalytic effi-
ciency (kcat/Km) varied among different classes of PAH-cat-
echols by 500-fold. The ability of S-COMT to produce two
isomeric products from PAH-catechols was rationalized using
the crystal structure of the enzyme. We provide evidence that
O-8-monomethylated benzo[a]pyrene-7,8-catechol is formed
in three different human lung cell lines. It is concluded that
human S-COMT may play a critical role in the detoxication of
PAH o-quinones generated by AKRs.

Polycyclic aromatic hydrocarbons (PAH)2 are ubiquitous
environmental pollutants that are products of fossil fuel com-

bustion and found in tobacco smoke and are suspect lung car-
cinogens (1, 2). PAH are considered to be procarcinogens and
require metabolic activation to elicit their deleterious effects.
Benzo[a]pyrene (B[a]P) is a representative PAH and widely
used to study the metabolic activation of PAH (3, 4).
There are threemajor pathways for the activation of B[a]P. In

the first pathway, P450 peroxidases catalyze the generation of
radical cations (5), which lead to the formation of depurinating
adducts and result in G to T transversions (6). The other two
pathways share the same proximate carcinogen intermediate,
(�)-trans-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene (B[a]P-
7,8-trans-dihydrodiol), which is formed by the sequential
actions of P450s and epoxide hydrolase. B[a]P-7,8-trans-dihy-
drodiol is then transformed either to (�)-anti-7,8-dihydroxy-
9�,10�-epoxy-7,8,9,10-tetra-hydrobenzo[a]pyrene (anti-B[a]-
PDE) by P450 1A1/P450 1B1 (4, 7, 8) or to B[a]P-7,8-dione by
aldo-keto reductases (AKR1A1 and AKR1C1 to -1C4) (9–11)
(Scheme 1).
PAH o-quinones, produced by AKRs are electrophilic and

highly reactive to endogenous nucleophiles. PAH o-quinones
can readily form conjugates with cellular thiols to yield L-cys-
teine,N-acetyl-L-cysteine, andGSH conjugates, leading to their
elimination (12, 13). PAH o-quinones can also react with DNA
to formboth stable and depurinating adducts, whichmay result
in mutagenesis (14–16). PAH o-quinones are also able to
undergo nonenzymatic/enzymatic reduction to reform cat-
echols at the expense of NADPH and establish futile redox
cycles that amplify the generation of reactive oxygen species
(ROS). ROS can cause DNA damage resulting in the formation
of 7,8-dihydro-8-oxo-2�-deoxyguanosine (8-oxo-dGuo) lesions
and can contribute to G to T transversions in ras and p53 (17,
18). PAH o-quinones were found to be more mutagenic than
diol-epoxides in an in vitro p53 mutagenesis assay provided
they redox-cycled and a linear correlation was observed
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between mutagenic efficiency and the presence of 8-oxo-dGuo
in the p53 DNA (19–21). More recently, the metabolic activa-
tion of B[a]P-7,8-trans-dihydrodiol to B[a]P-7,8-dione was
demonstrated in human lung adenocarcinoma (A549) cells,
which show high constitutive expression of AKRs. This meta-
bolic activation led to the formation of ROS and 8-oxo-dGuo
lesions in cellular DNA. Importantly, the amount of ROS and
8-oxo-dGuo formed in these experiments was increased in the
presence of a COMT inhibitor (22). This suggested that COMT
could intercept the catechol and prevent redox cycling.
Whether human COMT catalyzes the detoxication of PAH

o-quinones by O-methylation of the corresponding catechol
remains to be directly demonstrated. Catechol-O-methyltrans-
ferase (COMT; EC 2.1.1.6) catalyzes transfer of a methyl group
from S-adenosyl-L-methionine (AdoMet) to the hydroxyl
group of a variety of catechols, including catecholamine neu-
rotransmitters and the catechol estrogens (23–25). There are
two major COMT isoforms in humans, the soluble cytosolic
form (S-COMT) and the membrane-bound endoplasmic retic-
ulum form (MB-COMT) encoded by a single gene at 22q11.2
(26, 27). The two isoforms share identical amino acid
sequences, except the MB-COMT contains an NH2-terminal
extension of 50 amino acids to serve as a hydrophobic anchor to
themembrane (28). COMT iswidely distributed among various
organs in the body, including lung, where high COMT activity
was found (29). Except in brain, S-COMT is the predominant
form in most tissues (30–32). In the present study, we have
expressed and purified human recombinant S-COMT and
investigated whether O-methylation of PAH-catechols by

human COMT is one of the detoxication pathways for PAH
o-quinones. We have used the available crystal structure of
S-COMT to rationalize our findings. We provide evidence that
the O-8-monomethylated B[a]P-7,8-catechol is produced in
three different human lung cells.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Pyrocatechol, guaiacol, and
(AdoMet) chloride, were purchased from Sigma. Naphthalene-
1,2-dione (NP-1,2-dione (1)), chrysene-1,2-dione (C-1,2-dione
(2)), chrysene-3,4-dione (C-3,4-dione (3)), 5-methyl-chrysene-
1,2-dione (5MC-1,2-dione (4)), benz[a]anthracene-3,4-
dione (BA-3,4-dione (5)), 7-methylbenz[a]anthracene-3,4-dione
(7MBA-3,4-dione (6)), 12-methylbenz[a]anthracene-3,4-dione
(12MBA-3,4-dione (7)), 7,12-dimethylbenz[a]anthracene-3,4-
dione (DMBA-3,4-dione (8)), benzo[c]phenanthrene 3,4-dione
(B[c]Ph-3,4-dione (9)), benzo[a]pyrene-7,8-dione (B[a]P-7,8-di-
one (10)), andbenzo[g]chrysene-11,12-dione (B[g]C-11,12-dione
(11)) (Scheme 2) were obtained from either the NCI, National
Institutes of Health, Chemical Carcinogen Standard Reference
Repository (Midwest Research Institute, Kansas City, MO) or
synthesized by published methods (33, 34). All solvents were
HPLC grade, and all other chemicals used were of the high-
est grade available. S-Adenosyl-L-[methyl-3H]methionine
([3H]AdoMet; 82–84 Ci/mmol) was purchased fromAmerican
Radiolabel Chemical, Inc. (Arlington Heights, IL). Porcine
COMT was purchased from MP Biomedical LLC (2460
units/mg).

SCHEME 1. Metabolic activation of B[a]P and detoxication of B[a]P-7,8-dione by COMT.
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Standard Radiometric Assay for COMT Activity—Assays
were conducted in 1.5-ml microcentrifuge tubes containing 50
mM KPO4 buffer of pH 7.8, 1.0 mM dithiothreitol, 1.0 mM

MgCl2, 50 �M [3H]AdoMet (100 cpm/pmol), 1.0 mM pyrocate-
chol, human recombinant COMT, in a final volume of 0.1 ml.
Reactions were initiated by the addition of [3H]AdoMet, incu-
bated at 37 °C for 10min, and terminated by the addition of 200
�l of 1 M HCl containing 1 �l/ml guaiacol as a carrier. The
reaction mixtures were then extracted twice with 0.8-ml ali-
quots of toluene. After the addition of toluene, each sample was
vortexed vigorously for 30 s and then centrifuged at 13,000 � g
to aid in the formation of a distinct interface between the aque-
ous and organic phases. The organic layers were carefully
pipetted from the aqueous layer, combined, and then back-
washed with 1.0 ml of l M HCl by vigorous vortexing. The
organic phase was again pipetted from the aqueous phase and
mixed with scintillation fluid. The radioactivity was measured
on a Tri-Carb 2100TR scintillation counter (machine efficiency
for tritium is 65%), and the corrected cpm were converted to
pmol of guaiacol formed using the specific radioactivity of
AdoMet.
Construction of pET19b-COMT (WT) Expression Vectors—

The vectors pET19b-COMT (D51G/S60F/K162R) and
pET12a-COMT (K162R) were kindly provided by Prof. Zhu
(Department of Pharmacology, Toxicology, and Therapeutics,
University of Kansas Medical Center, Kansas City, KS). To
obtain the pET12a-COMT (WT), the pET12a-COMT (K162R)
construct was used as a template by conducting site-directed
mutagenesis using theQuikChangemethod following theman-
ufacturer’s protocol. The following forward and reverse prim-
ers were used (where the underlined nucleotides indicate the
mutation introduced): 5�-dGGCCTGCTGCGGAAGGGGAC-
AGTGCTACTG-3� and 5�-dCCAGTAGCACTGTCCCCTT-

CCGCAGCAGGCC-3�. The introduction of the wild-type
sequence into the pET12a-COMT (K162R) construct was ver-
ified by dideoxysequencing. The pET12a-COMT (WT) vector
was then digested with NdeI and BamHI to excise the COMT
(WT) cDNA insert. The cDNA insert was then subcloned into
the pET19b vector obtained by digesting pET19b-COMT
(D51G/S60F/K162R) with NdeI and BamHI.
Expression and Purification of COMT—The pET19b-COMT

expression vector was transformed into competent Escherichia
coli C41(DE3) cells. The cells were grown in 1-liter cultures of
Luria-Bertani medium at 37 °C (containing 100 �g/ml ampicil-
lin). Upon reaching A600 � 0.6, 1 mM isopropyl-1-thio-�-D-
galactopyranosidewas added to induce enzyme expression, and
cells were further cultured for 5 h. The culture was centrifuged
for 10 min at 10,000 � g at 4 °C. Harvested cells were washed
with saline, and the pellets were resuspended in 20 mM Tris-
HCl (pH 7.5), 20 mM 2-mercaptoethanol, 0.2 M NaCl, Sigma
protease inhibitor (1:100 (v/v); catalog no. P8340) and 5 mM

imidazole. Resuspensions were lysed by sonication and centri-
fuged twice for 10 min at 10,000 � g at 4 °C. The lysate was
loaded onto a nickel-Sepharose column equilibrated with 20
mM Tris-HCl (pH 7.5), 20 mM 2-mercaptoethanol, 0.2 M NaCl,
and 5mM imidazole, and the columnwas washedwith the same
buffer. Bound protein was eluted with a linear gradient of 100–
400 mM imidazole. Active fractions containing COMT were
identified using the standard COMT assay conditions, mea-
surement ofA280 nm, and visualization of the protein content of
each fraction by SDS-PAGE. Peak fractions were pooled and
dialyzed overnight in 20mMTris-HCl (pH7.5) containing 1mM

EDTA, 10 mM DTT, 20% glycerol. COMT was obtained in
homogeneous formby this procedure, as judged by SDS-PAGE,
and had a final specific activity of 345 nmol of guaiacol formed/
min/mg. The purified enzyme was stored in 20 mM Tris-HCl

SCHEME 2. Chemical structures of PAH o-quinones. The curly arrow denotes the presence of a bay region (2, 3, 5, 6, and 10), a methylated bay region (4, 7,
and 8), or a fjord region (9 and 11). Ring numbering in the terminal benzo-ring is shown.
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(pH 7.5) containing 1 mM EDTA, 10 mM DTT, 20% glycerol at
�80 °C for future use. Under these storage conditions, the
enzyme was found to be stable for 9 months.
Kinetic Studies on O-Methylation of PAH-catechols—Exper-

iments were conducted anaerobically in a glove box purged
with argon. All the solvent and aqueous solutions were
degassed by freeze-pump-thaw cycling five times and stored in
sealed containers filled with argon. The reactions were per-
formed in 1.5-ml amber glass vials with polytetrafluoroethyl-
ene/silicone septa closures. The reaction system contained 10
mM KPO4 buffer of pH 7.8, 1.0 mM dithiothreitol, 1.0 mM

MgCl2, 50 �M [3H]AdoMet (100 cpm/pmol), 0–20 �M PAH
o-quinone in a final volume of 0.2 ml. The reactions were initi-
ated by the addition of 0.225, 0.45, or 1.35 �g of human recom-
binant COMT at 25 °C or 2 �g of porcine COMT at 37 °C. The
amount of enzyme used was always in the linear range as deter-
mined by plots of initial velocity versus enzyme concentration.
The reactions were quenched by the addition of 50 �l of ice-
cold 1% formic acid and were placed on ice. The reaction mix-
tures were then extracted twice with 0.7-ml aliquots of toluene,
and the toluene layer was backwashed with 0.5 ml of H2O by
vigorous vortexing. The organic phase was then dried by a
SpeedVac concentrator (Thermo Scientific). The residue was
dissolved in 100�l MeOH, and an aliquot of 50�l was analyzed
by scintillation counting or by HPLC analysis. The initial veloc-
ity was estimated by the slope of the linear portion of the pro-
gress curve over 10 min. Kinetic analyses were performed by
fitting the data using the program Grafit using non-linear
regression to the Michaelis-Menten equation,

v � Vmax � [S]/�Km � [S]� (Eq. 1)

When substrate inhibition was observed, initial velocity data
were fit in a similar manner to the following equation,

v � Vmax � [S]/�Km � [S] � [S]2/Ki� (Eq. 2)

where v is the initial velocity of the reaction, [S] is the molar
concentration of the substrate, andKm is theMichaelis-Menten
constant for the substrate. Because of the iterative fits to the
equations, each method provided estimates of the kinetic
parameters as mean� S.E. DividingVmax by themolar concen-
tration of the enzyme gave kcat. Ki is the dissociation constant
for the substrate from the enzyme inhibitor complex.
Metabolism of B[a]P-7,8-dione in Human Lung Cells—A549

(human lung adenocarcinoma cells) were obtained fromAmer-
ican Type Culture Collection (ATCC number CCL-185) and
maintained in F-12K nutrient mixture (Kaighn’s modification)
with 10% heat-inactivated FBS, 2mM L-glutamine, 100 units/ml
penicillin, and 100 �g/ml streptomycin. H358 (human bron-
choalveolar cells) were obtained from American Type Culture
Collection (ATCC number CRL-5807) and maintained in
RPMI 1640 nutrient mixture with 10% heat-inactivated FBS, 2
mM L-glutamine, 100 units/ml penicillin, and 100 �g/ml strep-
tomycin. HBEC-KT (immortalized human bronchial epithelial
cells) originated from a patient without lung cancer were a gift
from Dr. John Minna at University of Texas Southwestern
Medical Center and maintained in keratinocyte-serum free
mediummediumwith 0.1–0.2 ng/ml recombinant EGF, 20–30

�g/ml bovine pituitary extract, and 2 mM L-glutamine. Cells
were incubated at 37 °C in a humidified atmosphere containing
5% CO2 and were passaged every 3 days at a 1:6 dilution. Cul-
tured cells with a passage number of 10–20 were used in the
experiments to reduce variability during cell culture.
The cells (5 � 106) were treated with B[a]P-7,8-dione (2 �M,

0.2%DMSO) inHBSS buffer containing 1mM sodiumpyruvate.
The culture media were collected at 0 and 24 h, respectively,
and subsequently acidified with 0.1% formic acid before extrac-
tion with 2 � 1.5-fold volume of cold H2O-saturated ethyl ace-
tate. The organic phases of culture media were combined and
dried under vacuum. The residue was redissolved in 100 �l of
methanol. A 20-�l aliquot was analyzed by LC-MS/MS.
Identification of O-Methylated PAH-catechols by HPLC-

RAM-UV and LC-MS/MS—The O-methylated metabolites
generated with [3H]AdoMet were analyzed by a Waters Alli-
ance 2695 chromatographic system (Waters Corp., Milford,
MA) in tandem with a Waters 996 photodiode array detector
and a �-RAM inline radiometric detector (IN/US Systems Inc.,
Tampa, FL). Chromatographic separation was achieved on a
reverse-phase column (Zorbax-ODSC18, 5�m, 4.6� 250mm,
DuPont) eluted with the following linear gradient of H2O (0.1%
formic acid; solvent A)/MeOH (solvent B) at a flow rate of 0.5
ml/min. For gradient 1, solvent B was changed from 80 to 98%
(v/v) over 15 min, kept at 98% over 5 min, changed from 98 to
80% over 1 min, and kept at 80% for 4 min (for B[g]C-11,12-
dione (11)). For gradient 2, solvent B was changed from 50 to
90% (v/v) over 5min, kept at 90% over 15min, changed from 90
to 50% over 1 min, and kept at 50% for 4 min (for NP-1,2-dione
(1)). For gradient 3, solvent B was changed from 80 to 98% (v/v)
over 5 min, kept at 98% over 15 min, changed from 98 to 80%
over 1 min, and kept 80% for 4 min (for all other o-quinones).
Eluates from the column were introduced into the inline radi-
ometric detector following mixture of the scintillant with the
HPLC effluent (IN/US Systems Inc.) at a flow rate 1.5 ml/min.
The O-methylated B[a]P-7,8-catechols in cell extracts were
separated on the same reversed phase column, but the mobile
phase consisted of 5 mM ammonium acetate and 0.1% trifluo-
roacetic acid (TFA) in H2O (solvent A) and 5 mM ammonium
acetate and 0.1% TFA in acetonitrile (solvent B) at a flow rate of
0.5 ml/min. Gradient conditions were as follows: 50–65% B
over 30 min, 65–95% B over 10 min, followed by an isocratic
hold at 95% B for another 10 min. At 50 min, the mobile phase
was returned to 50% B in 1 min, and the column was equili-
brated for 9min before the next injection. The total run time for
each injection was 60 min.
LC-MS/MS identification of theO-methylated catechols was

conducted with a Finnigan TSQ Quantum Ultra spectrometer
(Thermo Fisher, San Jose, CA) equipped with an atmospheric
pressure chemical ionization source. The mass spectrometer
was operated in the positive ion mode with the following
parameters: discharge current (6 �A), vaporizer temperature
(400 °C), sheath gas pressure (23 arbitrary units), auxiliary gas
pressure (8 arbitrary units), capillary temperature (300 °C),
tube lens offset (38 V), source CID (�14 V). The masses of the
metabolites were obtained by detecting the molecular ion from
Q1 full scan, and the corresponding mass spectrum of each
metabolite was obtained from aQ3 full scan of the product ions
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of the molecular ion. The chromatography conditions for the
metabolites were identical to those used for HPLC-RAM-UV
detection.
Identification of the Major O-Methylated Metabolite of

B[a]P-7,8-catechol by 1H NMR Analysis—To generate suffi-
cient O-methylated metabolite of B[a]P-7,8-catechol for char-
acterization, theO-methylation reactions were performed on a
large scale. Metabolites were synthesized in a 100-ml system
containing 10mMKPO4 buffer of pH 7.8, 1.0mM dithiothreitol,
1.0 mM MgCl2, 1.25 mM AdoMet, and 20 �M B[a]P-7,8-dione
under anaerobic conditions. The reaction was started by the
addition of 1.13 mg of human recombinant COMT and incu-
bated for 90 min at 37 °C. The reaction was quenched by the
addition of 250 �l of formic acid. Metabolites were extracted
with 1 � 100 ml of ethyl acetate followed by 1 � 50 ml of ethyl
acetate. The pooled extracts were evaporated to complete dry-
ness. The residues were redissolved in 4 ml of methanol and
subjected to semipreparative HPLC column (Whatman Partisil
10 ODS-3) chromatography. The column was eluted at a flow
rate of 2 ml/min using a gradient of H2O (solvent A) andmeth-
anol (solvent B). Solvent B was changed from 30 to 80% (v/v)
over 15min and kept at 80% for 20min, changed from80 to 98%
over 10min and kept at 98% for 15min, and changed from 98 to

30% over 1 min and kept at 30% for 9 min. The O-methylated
catechols were collected on the basis of their characteristic UV
spectra. The pooled elutes were evaporated to complete dry-
ness. 1H NMR data were collected on a Bruker DMX 360 spec-
trometer operating at 360 MHz, using CDCl3 as the solvent.

RESULTS

O-Methylation of B[a]P-7,8-catechol by Porcine COMT—A
pilot study was conducted to examine the ability of porcine
COMT to detoxify B[a]P-7,8-dione by forming O-methylated
B[a]P-7,8-catechols. Under anaerobic conditions, the o-qui-
none was completely reduced to PAH-catechol by dithiothre-
itol and then further O-methylated by porcine COMT in the
presence of [3H]AdoMet as methyl group donor. As a result,
twoO-methylated metabolites were detected by HPLC with an
inline�-RAM radioactive detector, which eluted close together
from the reverse phase column (data not shown). The experi-
ment was replicated with cold AdoMet, and the molecular ions
of both metabolites were detected to be m/z 299 by LC/MS,
indicating them to be two isomeric O-methylated B[a]P-7,8-
catechols. With this system established, we next chose to study
the ability of human recombinant COMT to O-methylate a

FIGURE 1. HPLC-RAM identification of the O-methylated metabolites (M1 and M2) of the representative PAH-catechols produced by human recom-
binant COMT. The reactions were conducted under anaerobic conditions in 10 mM KPO4 buffer, pH 7.8, 1.0 mM dithiothreitol, 1.0 mM MgCl2, 50 �M [3H]AdoMet,
20 �M PAH o-quinone, and 0.225 or 0.45 �g of human recombinant COMT at 25 °C. The reactions were quenched by 1% formic acid and extracted with toluene.
The organic phase was then dried and dissolved in MeOH for HPLC-UV-RAM analysis. A and B, HPLC-UV-RAM chromatogram of O-methylated B[a]P-7,8-
catechols; C and D, HPLC-UV-RAM chromatogram of O-methylated 5MC-1,2-catechols; E and F, HPLC-UV-RAM chromatogram of O-methylated B[g]C-11,12-
catechols. The red triangles indicate the beginning and end of peak integration in the chromatograms. AU, absorbance units.
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series of PAH-catechols derived from their corresponding
o-quinones.
Expression and Purification of COMT—Wedeveloped a sim-

ple, rapid purification of human recombinant His-tagged
S-COMT to obtain this enzyme in high yield. SDS-polyacryl-
amide gel electrophoresis analysis gave a single bandwith anMr
of 27,000 demonstrating that homogeneous recombinant
enzyme had been obtained for our studies. The specific activi-
ties of COMTusing pyrocatechol and epicatechin as substrates
under standard enzyme assay conditions were 345 and 339
nmol of O-methylated catechol formed/min/mg, respectively,
and these values were about 20-fold higher than those previ-
ously reported for the same substrates (35).We then proceeded
to conduct PAH-catechol conjugation with this enzyme.
Identification of O-Methylated PAH-catechols by HPLC-

RAM and LC-MS/MS—A series of structurally diverse PAH
o-quinones with differences in aromatic ring number and
arrangement (starting from two rings of naphthalene-1,2-dione
(1) to five rings of benzo[a]pyrene-7,8-dione (10)) were exam-
ined as substrates. Qualitatively, it was found that both porcine
and human recombinant COMT were able to detoxify PAH

o-quinone via O-methylation of the corresponding PAH-cat-
echols. In most cases, two monomethyl isomers of PAH-cat-
echols were formed by human COMT, as detected by both
HPLC-RAM-UV (Fig. 1) and LC-MS/MS (Fig. 2). Based on the
radiochromatograph peak area, the ratio of two isomeric
O-methylated metabolites was estimated. PAH-catechols from
naphthalene-1,2-dione (NP-1,2-dione (1)), chrysene-3,4-dione
(C-3,4-dione (3)) and B[a]P-7,8-dione (10) formed one pre-
dominant metabolite accounting for over 80% of the product.
Other PAH-catechols generated comparable amounts of the
two isomeric metabolites (Table 2). The ratio of the two iso-
meric metabolites formed did not vary with the substrate con-
centration or over the time course of the reaction.MS/MS spec-
tra provided detailed structure information on the isomers. The
fragmentation patterns of all products under collision-induced
dissociation were similar and demonstrated that the first cleav-
age resulted in the loss of 32 atomicmass units from themolec-
ular ion, which corresponded to -OCH3. Rearrangement at the
remaining phenolic group probably resulted in a change from
-C-OH to -C�O. Subsequent cleavage then takes place at the
-C�O group, resulting in a loss 28 atomic mass units.O-Meth-

FIGURE 2. LC-MS/MS identification of the O-methylated metabolites (M1 and M2) of the representative PAH-catechols containing a bay region
(B[a]P-7,8-catechol), a methylated bay region (5MC-1,2-catechol), and a fjord region (B[g]C-11,12-catechol). The reactions were conducted under
anaerobic conditions in 10 mM KPO4 buffer, pH 7.8, 1.0 mM dithiothreitol, 1.0 mM MgCl2, 50 �M unlabeled AdoMet, 20 �M PAH o-quinone, and 0.225 or 0.45 �g
of human recombinant COMT at 25 °C. The reactions were quenched by 1% formic acid and extracted with toluene. The organic phase was then dried and
dissolved in MeOH for LC/MS/MS analysis. A–C, ion chromatogram of O-methylated B[a]P-7,8- catechols, MS2 of isomer 1, and MS2 of isomer 2; D–F, ion
chromatogram of O-methylated 5MC-1,2- catechols, MS2 of isomer 1 and MS2 of isomer 2; G–I, ion chromatogram of O-methylated B[g]C-11,12-catechols, MS2

of isomer 1, and MS2 of isomer 2.
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ylated products from bay region methylated catechols (e.g.
O-methylated 12MBA-3,4-catechol andO-methylatedDMBA-
3,4-catechol) also showed the loss of -CH3 (15 atomic mass
units) from -OCH3 (Table 1). Our LC-MS/MS analyses con-
firmed that the metabolites in the reaction system were
O-monomethyl PAH-catechols, but this method gave no infor-
mation on the position of O-methylation.
NMRAnalysis of O-Methylated B[a]P-7,8-catechols—To fur-

ther confirm the structure of themajormetabolite and position
of O-methylation that occurred with B[a]P-7,8-catechol, an
adequate amount of metabolite was enzymatically synthesized
and analyzed by [1H]NMR. Integration of the NMR spectrum
showed that there were 14 protons in the metabolite (Fig. 3).
Protons at 4.16 ppm (s, 3H) were assigned to be ArOCH3, a
broad peak at 5.95 ppmwas assigned to ArOH, and the remain-
ing 10 protons between 7.55 and 8.98 ppm were assigned to

ArH. A minor peak with a peak area much less than 1 at 4.00
ppm was assigned to be the ArOCH3 of the minor isomer
(where the underlined protons are the ones assigned). Based on
literature precedent, the major O-methylated isomer was
assigned as O-8-monomethyl-B[a]P-7,8-catechol (see
“Discussion”).
Kinetic Evaluation of O-Methylation of PAH-catechols—The

kinetic profiles of PAH-catechols were different among differ-
ent classes of PAH-catechols studied (bay region, methylated
bay region, fjord region) (Fig. 4 and Table 2). Preference of
O-methylation of PAH-catechols by COMT was ranked by
comparing their catalytic efficiency (kcat/Km), which varied
greatly among the classes of PAH-catechols studied (Table 2).
Generally,O-methylation ofmost of the PAH-catechols, except
C-3,4-catechol, was much more efficient (kcat/Km � 0.7–10
min�1 �M�1) than that of pyrocatechol, which is the simplest

FIGURE 3. [1H] NMR spectrum of O-8-monomethylated B[a]P-7,8-catechol recorded at 360 MHz in CDCl3.

TABLE 1
Molecular ions and product ions of o-methylated PAH catechols detected by LC/MS/MS

O-Methylated catechols of quinones
Molecular ions
m/z, 	M � H
�

Product ionsm/z
	M � H-15
� 	M � H � 32
� 	M � H � 32 � 28
�

NP-1,2-dione (1) 175 143 115
C-1,2-dione (2) 275 243 215
C-3,4-dione (3) 275 243 215
5MC-7,8-dione (4) 289 257 229
BA-3,4-dione (5) 275 243 215
7MBA-3,4-dione (6) 289 257 229
12MBA-3,4-dione (7) 289 274 257 229
DMBA-3,4-dione (8) 303 288 271 243
B	c
Ph-3,4-dione (9) 275 243 215
B	a
P-7,8-dione (10) 299 267 239
B	g
C-11,12-dione (11) 325 293 265
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catechol (kcat/Km � 0.2 min�1 �M�1).O-Methylation of 5MC-
1,2-catechol wasmost efficient. C-3,4-catechol seemed to be an
exception among all PAH-catechols and was the least efficient,
with a kcat/Km value that was 1–2 orders of magnitude lower
than the other substrates. Km values of most of PAH-catechols
were in the lowmicromolar range, which was much lower than
that of pyrocatechol (Km � 46 �M).O-Methylation of catechols

of NP-1,2-dione (1), C-3,4-dione (3), B[c]Ph-3,4-dione (9), and
B[a]P-7,8-dione (10) followed normal Michaelis-Menten
kinetics. For PAH-catechols of the chrysene and benz[a]an-
thracene series, O-methylation was accompanied by marked
substrate inhibition. Non-linear regression analysis of the
kinetic data fit to the Michaelis-Menten equation, and the
equation for substrate inhibition clearly distinguished
between these two kinetic patterns. This was most noticea-
ble when the bay region was either methylated or occluded
by a fjord region. For example in catechols of the chrysene
series, inhibition with 5MC-1,2-catechol, which contains a
methylated bay region, or B[g]C-11,12-catechol, which con-
tains a fjord region, was pronounced. By contrast, chrysene-
3,4-catechol followed normal Michaelis-Menten kinetics. In
the benz[a]anthracene series, the methylated structure in
7MBA-3,4-catechol, 12MBA-3,4-catechol, and DMBA-3,4-
catechol, produced marked inhibition relative to that of
BA-3,4-catechol.
S-Adenosyl-L-homocysteine (SAH) is a COMT inhibitor

that is produced from AdoMet after donating the methyl
group during O-methylation of catechol substrates (36). To
determine whether SAH was responsible for the inhibition
profiles observed during the O-methylation of PAH-cat-
echols, we found the IC50 of the SAH for COMT to be about
30 �M. Because the highest substrate concentration used in
these studies was 20 �M, it is unlikely that the formation of
SAH was responsible for the inhibition observed. Therefore,
the inhibition profiles for O-methylation of some PAH-cat-
echols may be ascribed to substrate (catechol) inhibition.
Metabolism of B[a]P-7,8-dione in Human Lung Cells Treated

with 2 �M B[a]P-7,8-dione—One mono-O-methylated B[a]P-
7,8-catechol was formed in A549, H358, andHBEC-tk cell lines
after incubating the cells with 2 �M B[a]P-7,8-dione for 24 h,
and this was detected by LC-MS/MS (Fig. 5). The metabolite
had the same retention time and the same reaction transition
m/z 2993239, described in Table 1, as the O-8-monomethyl-
B[a]P-7,8-catechol authentic standard that was enzymatically
synthesized with human recombinant COMT. No significant
amount of the other isomeric O-methylated catechol was
detected in the cells.

DISCUSSION
This study demonstrates that PAH o-quinones produced by

the AKR pathway of PAH activation can be intercepted at the
level of the catechol by O-methylation catalyzed by human
COMT. The o-quinones employed in these studies are the AKR
products of the most representative PAH-trans-dihydrodiols.
They are highly electrophilic Michael acceptors and redox-ac-
tive compounds.O-Methylation of PAH-catechols catalyzed by
COMT provides a possible pathway to eliminate the deleteri-
ous properties of PAH o-quinones.
To conduct this study, we first verified thatO-methylation of

B[a]P-7,8-catechol was possible with commercially available
porcine COMT. We then purified human recombinant
S-COMT from E. coli to conduct a thorough study. O-Methyl-
ation byCOMTonly took place at one of the two PAH-catechol
hydroxyl groups generating mono-O-methylated catechols.
Human S-COMT was more position-specific for catechols of

FIGURE 4. Kinetic characterization of O-methylation of representative
PAH-catechols containing a bay region (B[a]P-7,8-catechol), a methyl-
ated bay region (5MC-1,2-catechol), and a fjord region (B[g]C-11,12-cat-
echol). The initial velocity was estimated by the slope of a linear portion of the
progress curve over 10 min. Kinetic analyses were performed by fitting the
data to the Michaelis-Menten equation or the substrate inhibition equation.
Reactions contained 10 mM KPO4 buffer, pH 7.8, 1.0 mM dithiothreitol, 1.0 mM

MgCl2, 50 �M unlabeled AdoMet, 0 –20 �M PAH o-quinone, and 0.225 or 0.45
�g of human recombinant COMT at 25 °C. A, velocity versus [S] curve for B[a]P-
7,8-catechol; B, velocity versus [S] curve for 5MC-1,2-catechol; C, velocity ver-
sus [S] curve for B[g]C-11,12-catechol.
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NP-1,2-dione (1), C-3,4-dione (3), and B[a]P-7,8-dione (10)
because one dominant product was formed. The predominant
O-methylated B[a]P-7,8-catechol was chosen as a representa-
tive product for structure elucidation by [1H] NMR to identify
the position mono-O-methylated. Previous studies assigned
the chemical shift of the methoxy protons at the C1 and C2
positions of phenanthrene and naphthalene catechol. Although
they were closely related, they were well resolved as singlets at
3.98 and 4.02 ppm in [1H]NMR, respectively (37, 38). Based on
the presence of the sharp singlet at 4.16 ppmand anotherminor
singlet at 4.00 ppm observed in the ratio of 9:1, we assigned the
structure as O-8-monomethyl-B[a]P-7,8-catechol, which is
equivalent to the 2-position of phenanthrene and naphthalene.
We next tried to rationalize why two positional isomers

could form from the PAH-catechols. Based on the crystal struc-
ture of the human COMT 3,5-dinitrocatechol complex (39)
(Protein Data Bank code 3BWY), we predict that Mg2�,
AdoMet, and PAH-catechols would all bind in the shallow
groove on the COMT surface. Mg2� is octahedrally coordi-
nated by Asp141, Asp169, Asn170, the two catechol hydroxyl
groups, and a water molecule, thereby controlling the orienta-
tion of the catechol moiety for O-methylation. Because the
positions of the two hydroxyl groups of 3,5-dinitrocatechol are
invariant and fixed by coordination toMg2�, we superimposed
the B[a]P-7,8-catechol groups on those for this substrate
(Scheme 3A).Whenwe accommodate all of the PAH-catechols
examined as substrates, we find that two productive binding
modes are possible when the PAH ring systems are flipped
(productive bindingmode 1 and 2) (Scheme 3B). The active site
can accommodate these larger ring structures in either binding
mode without clashing with amino acid residue side chains,
except with C-3,4-dione. Thus, two orientations for catechols
exist at the active site, resulting in two isomeric methylated
catechols observed. The positional specificity for O-8-methyl-
ation of B[a]P-7,8-catecholmight be explained if it assumes one
preferred orientation in COMT. For other PAH-catechols that
produce almost equal amounts of each positional isomer,
superimposition studies would suggest that neither productive
binding mode is preferred over the other (Scheme 3B).

In general, the O-methylation of PAH-catechols, except
C-3,4-catechol, was much more efficient than that previously
reported for other COMT substrates, such as catecholamines

FIGURE 5. LC-MS/MS detection of O-8-monomethylated B[a]P-7,8-cate-
chol in the extracted samples from A549 (A), H358 (B), and HBEC-KT (C)
cells at 24 h. B[a]P-7,8-dione (2 �M, 0.2% DMSO) in HBSS buffer were incu-
bated with lung cells and collected at 0 and 24 h, respectively. The culture
media were extracted with ethyl acetate. The organic phases were dried
under vacuum and redissolved in methanol. O-Methylated B[a]P-7,8-catechol
was analyzed with LC-MS/MS by monitoring reaction transition m/z
2993239 ([M � H]� 3 [M � H � 32 � 28]�). The peak had the same
retention time and mass transition as authentic O-8-monomethylated
B[a]P-7,8-cactechol.

TABLE 2
Kinetic constants of o-methylation of PAH catechols
Kinetic parameters are given as mean values � S.E.

Quinone Vmax kcat Km Ki kcat/Km M1a M2b

nmol/min/mg min�1 �M �M min�1 �M�1 % %
NP-1,2-dione (1) 114 � 3.9 3.1 � 0.1 0.6 � 0.1 4.9 100 -
C-1,2-dione (2) 159 � 44 4.3 � 1.2 2.5 � 1.0 5.4 � 2.5 1.7 62 38
C-3,4-dione (3) 16.4 � 1.6 0.5 � 0.04 26.4 � 4.0 0.02 83 16
5MC-7,8-dione (4) 174 � 25 4.7 � 0.7 0.5 � 0.2 3.9 � 1.0 10.1 55 45
BA-3,4-dione (5) 118 � 22 3.2 � 0.6 0.8 � 0.3 13.1 � 5.7 4.0 59 41
7MBA-3,4-dione (6) 326 � 86 8.9 � 2.3 5.6 � 1.9 3.4 � 1.4 1.6 53 47
12MBA-3,4-dione (7) 188 � 35 5.1 � 1.0 0.6 � 0.2 2.1 � 0.7 9.0 62 38
DMBA-3,4-dione (8) 191 � 47 5.2 � 1.3 0.8 � 0.3 3.1 � 1.2 6.8 32 68
B	c
Ph-3,4-dione (9) 117 � 3 3.2 � 0.1 0.9 � 0.1 3.5 67 34
B	a
P-7,8-dione (10) 54.2 � 3.0 1.5 � 0.1 2.1 � 0.4 0.7 90 10
B	g
C-11,12-dione (11) 143 � 64 3.9 � 1.7 0.5 � 0.4 1.6 � 1.0 8.0 36 64
Pyrocatechol 345 � 6 9.4 � 0.6 46 � 3 0.2

a Percentage of product as isomer 1.
b Percentage of product as isomer 2.
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(kcat/Km � 0.07–0.18 min�1 �M�1) (40) and catecholestrogens
(kcat/Km � 0.03–0.14 min�1 �M�1) (41). The low Km values of
most PAH-catechols for COMT was the main contributor for
the high catalytic efficiency. The decreased Km may reflect
increased interaction between the ring systems of PAH-cat-
echols and hydrophobic residues that are in the active site
cavity.
There are some interesting structure-related trends that

impact the catalytic efficiency of O-methylation of PAH-cat-
echols. In the chrysene series, substitutions at the 5-position of
C-1,2-catechol, such as 5MC-1,2-catechol, which contains a
methylated bay region, and B[g]C-11,12-catechol, which con-
tains a fjord region, seemed to enhance reaction efficiency. On
the other hand, an additional benzene ring fused at the 10- and
11-positions of C-1,2-catechol (to yield B[a]P-7,8-catechol)

reduces the reaction efficiency. In the benz[a]anthracene
series, methyl group substitution at the 7-position of BA-3,4-
catechol (7MBA-3,4-catechol) reduced reaction efficiency,
whereas the methyl group at the 12-position, which forms a
methylated bay region, increased the reaction efficiency.
Dimethyl substitution at both the 7- and 12-positions reduced
the catalytic efficiency of DMBA-3,4-catechol to a value that
was intermediate between 7MBA-3,4-catechol and 12MBA-
3,4-catechol. Based on these observations in the chrysene and
benz[a]anthracene series, we speculate that substitution lead-
ing to a methylated bay region or a fjord region that results in
steric clashing of bay region hydrogen atoms and a resultant
bent planar structure enhances reaction efficiency of O-meth-
ylation. We also find that chrysene-3,4-catechol is an excep-
tionally poor substrate for COMT although two products are
observed. Inspection of this catechol superimposed on 3,5�-
dinitrocatechol in the active site of COMT indicates that the
active site has to be significantly expanded to accommodate the
two bindingmodes responsible for each product to form. Thus,
both Leu198 and Trp143 would have to move (Scheme 3B).

Pronounced substrate inhibition was observed with many
PAH-catechols, resulting in Michaelis-Menten plots that sig-
nificantly deviate from being hyperbolic. Two trends were
noteworthy in the PAH-catechols that caused pronounced sub-
strate inhibition. One is that coincidentally they gave isomeric
products in almost equal amounts, and the other is that they
contained a bay regionmethyl or fjord region in their structure.
However, the two binding modes that give rise to each posi-
tional isomer do not account for the substrate inhibition
because each reaction would obey classical Michealis-Menten
kinetics. Instead, the fit of the kinetic data to the substrate inhi-
bition equation implies the formation of an abortive or nonpro-
ductive complex. In the absence of more structural informa-
tion, we are unable to provide a model of this complex. The
pronounced substrate inhibition observed with the methylated
and fjord region PAH-catechols may have biological signifi-
cance because, on the one hand, they yield high apparent cata-
lytic efficiencies but, on the other hand, they inhibit the enzyme
in the l.0–3.0 micromolar range. This suggests that at low
micromolar concentrations, COMT may be inefficient in
detoxifying these catechols, suggesting that these compounds
may be more deleterious in producing ROS.
In addition to providing in vitro evidence for theO-methyla-

tion of PAH-catechols catalyzed by human COMT, we also
demonstrated that B[a]P-7,8-dione was metabolized to
O-methylated B[a]P-7,8-catechol in three human lung cell-
based models. It seems that O-methylation by COMT is an
important mechanism for the detoxication of structurally
diverse PAH o-quinones, especially at low concentrations, and
protection of the lung against PAH insult.
The human gene encoding COMT contains a common G to

A polymorphism that results in valine to methionine substitu-
tion at residue 108 for the S-COMT or residue 158 for MB-
COMT. The Met/Met homozygous COMT activity in red
blood cells was less than half of wild type, and Met/Val
heterozygous COMT showed intermediate activity (42). The
low activity of COMTmutant may associate with its poor ther-
mostability at physiological temperature and not with its differ-

SCHEME 3. Molecular docking of PAH-catechols in the active site of
human COMT. A, human COMT containing 2,5-dinitrocatechol (DNC) and
B[a]P-7,8 catechol modeled into the active site. Carbon atoms are colored in
green for B[a]P-7,8-catechol, magenta for COMT, and gray for S-adenosyl-L-
methionine (AdoMet) and DNC. All the other atoms are color-coded as follows:
blue, nitrogen; red, oxygen; yellow, sulfur. Mg2� and the coordinating water
oxygen are shown in cyan and red, respectively. The interactions between the
coordinating atoms and the metal ion are indicated by yellow dashed lines.
The van der Waals surfaces of the residue atoms interacting with B[a]P-7,8-
catechol are shown in dot representations. B, comparison of binding modes of
different PAH-catechols. Two productive binding modes are shown (mode 1
and mode 2). The numbers are color-coded with the corresponding PAH ring
systems as follows: C-1,2-dione (2, black); C-3,4-dione (3, blue); 7-MBA-3,4-
dione (6, orange); B[c]Ph-3,4-dione (9, red); and B[a]P-7,8-dione (10, green).
Note that in both binding modes the expanding ring systems of C-3,4-dione
are close to residue Leu198 or Trp143, which may account for its low catalytic
efficiency. To accommodate C-3,4-dione, both Leu198 and Trp143 must move.
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ent kinetic properties. Because the endogenous substrates of
COMT include catecholamine neurotransmitters and catechol
estrogens, it has been suggested that the COMT V108M poly-
morphism is related to increased risk of psychotic disorders and
breast cancer (43, 44). This SNP in the COMT gene has also
been readily associated with an increased risk of lung cancer
(45, 46). Because COMT served as a detoxication enzyme for a
series of structurally diverse PAH-catechols, the present study
provides evidence that these polymorphic variants that reduce
COMT activity may increase susceptibility to lung cancer
caused by smoking and air pollution.
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