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Abstract

Dibenzo[a,l]pyrene (DBJa,l]P) (dibenzo[def,p]chrysene) is a highly carcinogenic polycyclic
aromatic hydrocarbon (PAH) that has been identified in tobacco smoke and is found in our
environment due to incomplete combustion of organic matter. Its metabolites are known to form
stable DNA adducts in bacteria and mammalian cells, and can lead to tumors in animal models.
Glucuronidation of major metabolites of DB[a,I]P by the uridine-5’-diphosphate
glucuronosyltransferase (UGT) family of enzymes is an important route of detoxification of this
pro-carcinogen. The focus of the current study was to characterize the glucuronidation of the pro-
carcinogenic enantiomers DB[a,l]P-(+)-trans-11S,12S—diol and DBJa,l]P-(—)-trans-11R,12R—diol.
Glucuronidation assays with HEK293 cell lines over-expressing individual human UGT enzymes
demonstrated that UGTs 1A1, 1A4, 1A7, 1A8, 1A9, 1A10, and 2B7 glucuronidated one or both
DB[a,l]P-trans-11,12-diol enantiomers. Three glucuronide conjugates were observed in activity
assays with UGTs 1A1 and 1A10, while two glucuronides were formed by UGTs 1A7, 1A8, and
1A9, and one glucuronide was made by UGT1A4 and UGT2B7. Enzyme kinetic analysis
indicated that UGT1A9 was the most efficient UGT at forming both the (+)-DB[a,l]P-11-Gluc and
(-)-DBJa,I]P-11-Gluc products while UGTs 1Al and 1A10 were the most efficient at forming the
(+)-DBJa,I]P-12-Gluc product (as determined by the k.5t/Kp). Incubations with human liver
microsomes showed formation of three diastereomeric glucuronide products: (+)-DB[a,l]P-11-
Gluc, (+)-DBJa,l]P-12-Gluc, and (—)-DB[a,I]P-11-Gluc, with an average overall ratio of 31: 32 :
37 in four liver specimens. Human bronchus and trachea tissue homogenates demonstrated
glucuronidation activity against both DBJ[a,l]P-trans-11,12-diol enantiomers, with both tissues
producing the (+)-DBJa,l]P-11-Gluc and (+)-DBJa,l]P-12-Gluc with little or no formation of (-)-
DBJa,l]P-11-Gluc. These results indicate that multiple UGTSs are involved in the stereospecific
glucuronidation of DB[a,l]P-trans-11,12-diol in a pattern consistent with their expression in
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respiratory tract tissues, and that glucuronidation may be an important first-line detoxification
mechanism of DB[a,l]P metabolites.

INTRODUCTION

Dibenzo[a,l]pyrene (DBJa,l]P) (dibenzo[def,p]chrysene) is one of the most carcinogenic
polycyclic aromatic hydrocarbons (PAH) yet identified. DBJ[a,l]P has been identified in
tobacco smoke condensate 1, emissions from partially combusted organic matter such as
smoky coal 2, and environmental soil and sediment samples 3. When DB[a,I]P enters
mammalian cells, it can be metabolized to trans-11,12-diol and trans-11,12-diol-13,14-
epoxide stereoisomers by cytochrome P450 (P450) and epoxide hydrolase (EH) enzymes,
respectively (Scheme 1) 4. The P450-mediated metabolism of parent PAHSs to the epoxide
has been shown to favor the R,S-epoxide enantiomer up to 98%, which then leads to
overwhelming conversion to the R,R-diol 8. This has been confirmed for several PAHs,
which identify the R,S-diol-S,R-epoxide (product of the R,R-diol) as the main metabolite of
the parent PAH 6. Furthermore, studies in mammalian cells have demonstrated that the
majority of DNA adducts are formed by (-)-anti-(R,S,S,R)-DB[a,l]PDE, which suggests that
DB[a,I]P is mainly converted to the (-)-trans-11R,12R-diol precursor =2 (Scheme 1).

DBJ[a,l]P belongs to a subclass of PAHs containing a structural feature composed of five
carbon atoms called a fjord region (Scheme 1). Its high carcinogenicity is a result of its fjord
region chemical structure, which causes it to adopt a non-planar conformation, allowing the
electrophilic diol epoxide to react with and bind to purine nucleotides without distorting the
DNA structure; this results in formation of adducts that are not well-recognized by DNA
repair enzymes and are more persistent than the adducts derived from bay-region PAHSs like
benzo[a]pyrene (B[a]P) 1. DB[a,I]P has been shown to cause a high rate of mutagenesis in
bacteria 11 and mammalian cells 12, and to initiate tumors in rodent models to a greater
degree than other PAH diol epoxides tested 13-15, reacting with the exocyclic amine group
of dAde over dGuo in a 4:1 ratio in the human A549 lung epithelial carcinoma cell line 16.

Glucuronidation is an important mechanism of detoxification for a variety of endogenous
compounds including various steroids and bilirubin as well as a variety of exogenous
compounds including many drugs and environmental carcinogens such as PAHS 17-21,
Mediated by the uridine-5'-diphosphate glucuronosyltransferase (UGT) family of enzymes,
the glucuronidation reaction involves the transfer of the glucuronic acid group from
uridine-5'-diphosphate glucuronic acid (UDPGA) to a target substrate, increasing its water
solubility and allowing elimination of the compound from the body through the bile and/or
urine 7. UGTs are membrane-bound endoplasmic reticulum proteins 17 and can be
classified into three major families based on sequence homology: UGT1A, UGT2A, and
UGT2B 22. The UGT1A family is derived from a single gene locus in chromosome 2,
coding for nine known functional proteins that differ only in their amino-terminus as a result
of alternate splicing of independent exon 1 regions to a shared carboxy-terminus encoded by
exons 2-5 2324 Conversely, the UGT2B family members are derived from independent
genes located in chromosome 4, encoding for six known functional proteins 17:23:24, The
UGT2A family of enzymes are also located on chromosome 4, but UGTs 2A1 and 2A2
share a similar structural arrangement as the UGT1As with a unique exon 1 and shared
exons 2-6; UGT2A3 is an independent gene locus comprised of six unique exons 22, Exon 1
exhibits less homology between UGTs and imparts the wide range of substrate specificities
among UGTs 25 while the C-terminal region imparts the UDPGA co-factor-binding domain
of the protein and is highly homologous between UGTs 7.
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Prior to this study, the glucuronidation of metabolites of the bay-region PAH, B[a]P, has
been investigated 19:20.26 including a report on the stereospecific glucuronidation of B[a]P-
trans-7,8-diol enantiomers 2%, An in vivo study of rats with a UGT1A1-null genotype
demonstrated a great amount of covalent binding of B[a]P metabolites to DNA and liver
microsomal protein than UGT1A—-wild-type rats, indicating the importance of
glucuronidation as a detoxification pathway for B[a]P 27. As DB[a,I]P metabolites are
known to be among the most potent of carcinogens, the goal of the present study was to
characterize the glucuronidation pathway of DBJa,l]P, to investigate whether diol precursors
of the highly carcinogenic DBJ[a,l]PDE could also be glucuronidated by human UGT
enzymes in a stereospecific manner, and to identify the individual UGT enzymes responsible
for this activity.

MATERIALS AND METHODS

Chemicals and materials

DB[a,l]P-trans-11,12-diol was synthesized following our previously reported methods 28:29,
Caution: Diol epoxides from polycyclic aromatic hydrocarbons are carcinogens, and thus
experimental handling must be carried out under special safety conditions according to the
National Cancer Institute guidelines. Alamethicin, UDPGA, and B-glucuronidase were
purchased from Sigma (St. Louis, MO) and Dulbecco’s Modified Eagle’s Medium, fetal
bovine serum and Geneticin (G418) were purchased from Invitrogen (Carlsbad, CA).

Human Tissues

Normal human liver tissue procured from the H. Lee Moffitt Cancer Center (when P Lazarus
was faculty there) was used to make microsomes in a procedure that has been described
elsewhere 30, Briefly, normal adjacent liver tissue samples were homogenized in Tris-
buffered saline and the homogenate was centrifuged at 10,0009 for 20 minutes at 4°C
followed by ultracentrifugation of the supernatant at 100,000g for 1 hour at 4°C to pellet the
microsomal fraction. The pellet was then resuspended in Tris-buffered saline and stored in
aliquots at —70°C. Human tissue homogenates from the respiratory tract (bronchus and
trachea) were purchased from Analytical Biological Services, Inc. (Wilmington, DE). Both
tissues were normal tissues lying adjacent to tumors within their respective organ sites that
were procured during cancer resection surgery.

Cell Lines and Cell Homogenate Preparation

HEK?293 cells stably transfected with and over-expressing individual UGTs have been
previously described 19:31-34 Briefly, the individual UGTs were transfected into HEK293
cells (purchased from ATCC; Rockville, MD) by electroporation. Stable transfectants that
over-expressed the individual UGTs were selected by treatment with G418 (Invitrogen;
Carlsbad, CA).

Cell homogenates were prepared by resuspending pelleted cells in Tris-buffered saline (25
mM Tris-HCI (pH 7.4), 138 mM NaCl, 2.7 mM KCI) and subjecting them to three rounds of
freeze-thaw prior to gentle homogenization with a dounce homogenizer. The homogenates
were aliquotted and stored in 500 pL aliquots at —70°C. Total cellular homogenate protein
concentrations were determined using the BCA assay from Pierce Biotechnology (Rockford,
IL) after protein extraction using standard protocols. The relative levels of UGT over-
expression in each HEK?293 cell line are continuously monitored and have been expressed at
levels identical to those described previously in our laboratory by Western blot analysis 31.
All of the UGT-over-expressing cell lines and homogenates used in these studies exhibited
glucuronidation activity against known test substrates as previously described 1931-34,
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Separation of racemic DBJ[a,l]P-trans-11,12-diol

Separation of the DBJ[a,l]P-trans-11,12-diol enantiomers was performed using a high
performance liquid chromatography (HPLC) instrument (Beckman-Coulter; Brea, CA) with
a UV detector operated at 305 nm. The enantiomers were separated with a Pirkle Covalent
(S,S) 25 cm x 4.6 mm Whelk-O 1 Reversible chiral column (Regis Technologies; Morton
Grove, IL) and eluted with 92.5% hexane:5% ethanol:2.5% acetonitrile as shown in Figure
S1 (panels A and B). Enantiomer verification was confirmed by circular dichroism analysis
(see below) and compared to data from a previous publication 3.

Collection of glucuronide products

Homogenates of HEK293 cell lines over-expressing either UGT1AL or 1A9 were pre-
incubated with alamethicin (50 pg/mg protein) on ice for 15 minutes, followed by an
incubation at 37°C overnight in 50 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 4 mM UDPGA,
and 200 pM DBJ[a,l]P-trans-11,12-diol (final volume = 0.5 mL). Assays were terminated by
the addition of an equal volume of ice cold acetonitrile and reactions were centrifuged at
16,000 g for 10 min at 4°C. Supernatants were removed and evaporated in a Speedvac for 1
h and then resuspended in 50 pL of a water:acetonitrile (1:1) solution. Resuspensions (50
ML) were injected in sequential loadings onto a Luna 250 x 4.60 mm 5 um C18 column
(Phenomenex; Torrance, CA) using an HPLC instrument (Beckman-Coulter; Brea, CA) with
a UV detector operated at 305 nm. Glucuronide products were separated as follows: 70% of
buffer A (5 mM ammonium acetate pH 5.0/10% acetonitrile) for 10 min, then a linear
gradient up to 75% buffer B (100% acetonitrile) over 10 min, followed by a gradient back to
25% buffer B over 20 min, all at a 1 mL/min flow rate. Eluted glucuronide products were
collected and evaporated in a Speedvac and, after collection of >100 pg, glucuronide
products were analyzed by NMR.

Glucuronidation assays

Glucuronidation rates were determined essentially as previously described, with up to 500
pg of total UGT-over-expressing cell homogenate or human liver microsomal protein, or 1
mg of homogenate protein from respiratory tract tissues, used in assays that contained a
concentration range of DBJ[a,l]P-trans-11,12-diol enantiomers that encompassed their
respective Ky,’s 19:21.30.36 ncubations were performed at 37°C for up to 4 h for human liver
microsomes, 4 h for an initial activity screening of individual UGT-over-expressing cell
lines, and 8 h for assessment of respiratory tract tissue homogenate glucuronidation activity.
For the kinetic analysis of UGT-over-expressing cell homogenates that were active against
DB[a,l]P-trans-11,12-diol, glucuronidation rate determinations, substrate concentrations,
homogenate protein levels, and incubation times for individual assays were chosen to
maximize levels of detection within a linear range of glucuronidation activity; a2 h
incubation was performed using 500 pg of total UGT-over-expressing cell homogenate or
human liver microsomal protein except for UGT1A9-over-expressing cell homogenates,
where a 25 min incubation was performed using 1 pg of UGT1A9-over-expressing cell
homogenate protein. Glucuronidation reactions were analyzed by a Waters ACQUITY
UPLC system (Milford, MA) equipped with an UV detector operated at 305 nm. Samples
were loaded onto an ACQUITY UPLC BEH C18 column and eluted as follows: 75% of
buffer A (5 mM ammonium acetate pH 5.0/10% acetonitrile) for 2 min with a linear gradient
up to 75% buffer B (100% acetonitrile) over 2 min followed by a linear gradient back to
75% buffer A over 3 min, all at a flow rate of 0.5 mL/min. Glucuronide products were
quantified using MassLynx software (Milford, MA). The kg4 for all kinetic analysis was
normalized to UGT levels for the respective cell line based upon Western blot analysis of
protein expression for that cell line as described above. Reactions were treated with f3-
glucuronidase (37°C overnight incubation) to confirm the glucuronide peak. Experiments
were always performed in triplicate as independent assays.

Chem Res Toxicol. Author manuscript; available in PMC 2012 September 19.
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LC-MS analysis of DB[a,l]P-trans-11,12-diol glucuronides

Mass spectrometry analysis was performed on an ACQUITY SQD (Waters; Milford, MA)
with electrospray ionization interface and an UPLC system. Samples were loaded onto an
Acquity UPLC BEH C18 2.1 x100 mm 1.7 um column and eluted as follows: 75% of buffer
A (5 mM ammonium acetate pH 5.0/10% acetonitrile) for 2 min with a linear gradient up to
75% buffer B (100% acetonitrile) over 2 min followed by a linear gradient back to 75%
buffer A over 3 min at a flow rate of 0.5 mL/min. The UV detector was operated at 305 nm.
The mass spectrometer operated in negative mode was set up to scan the daughter ion of m/z
511.5 in the range of m/z 200 to 600. The optimized mass spectrometry parameters used
were as follows: capillary voltage, 3.14 kV; cone voltage, 70 V; collision energy, 30 V;
source temperature, 140°C; and desolvation temperature, 450°C. Nitrogen was used as both
the desolvation gas (a flow rate of 1001 L/h) and cone gas (20 L/h). Argon was used as the
collision gas at a flow rate of 0.1 mL/min. Data acquisition and analysis were performed
using the MassLynx NT 4.1 software with QuanLynx program (Waters; Milford, MA).

Circular Dichroism Analysis

Circular dichroism data were collected using a Jasco J-710 spectropolarimeter with a Imm
pathlength cell. Each of the DBJ[a,l]P-trans-11,12-diol enantiomers were dissolved in
DMSO for analysis. The three glucuronide products collected from the large-scale
glucuronidation reactions were dissolved in 100% ethanol for analysis.

NMR Analysis

NMR spectra for the DBJ[a,l]P-trans-11,12-diol racemic mixture and the three glucuronide
products collected from the large-scale glucuronidation reactions were recorded in a Bruker
Avance 11 500 MHz spectrometer. The spectra were obtained in DMSO-dg and the chemical
shifts were indicated as 6 values with reference to tetramethylsilane as internal standard. The
standard Bruker cosygpprgf and selno pulse sequences were used with modification for
COSY and selective NOE experiments, respectively.

Data Analysis

GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, CA) was employed to
calculate kinetic values. Kinetic constants for glucuronidation of all the substrates were
calculated using the Michaelis-Menten equation in equation 1:

Yo= Vmu.\'[ N ]()
K, +[STo (1)

where v is the initial rate of reaction, Vnax is the maximum velocity, Ky, is the Michaelis
constant, and [S]g is the initial substrate concentration. The Michaelis-Menten equation was
fitted using non-linear regression, least squares (ordinary) fit. ksq; was calculated from the
Vmax Value according to Western blot analysis of UGT expression from previous reports in
our laboratory as cited and described above.

RESULTS

Characterization of glucuronide stereoisomers formed from the DB[a,l]P-trans-11,12-diol
enantiomers

Four monoglucuronide conjugates could potentially be generated by UGT enzymes from the
enantiomers of DB[a,l]P-trans-11,12-diol (Scheme 1): DB[a,I]P-(+)-trans-11-o0l,12-Gluc
[termed (+)-DB[a,l]P-12-Gluc], DB[a,l]P-(+)-trans-11-Gluc,12-ol [termed (+)-DBJa,l]P-11-
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Gluc], DB[a,I]P-(—)-trans-11-Gluc,12-ol [termed (—)-DB[a,l]P-11-Gluc], and DB[a,I]P-(-)-
trans-11-ol,12-Gluc [termed (—)-DB[a,l]P-12-Gluc]. To initially characterize the
glucuronidation of each DB[a,l]P-trans-11,12-diol enantiomer, glucuronidation assays with
human liver microsomes and racemic DBJa,l]P-trans-11,12-diol were performed. Three
peaks with retention times of 2.3, 2.7, and 2.9 min were observed by UPLC (Figure 1A).
The three peaks were sensitive to treatment with B-glucuronidase, which cleaves the
glucuronide from the parent compound, indicating that these peaks were glucuronides
(Figure 1B). The products corresponding to the predicted monoglucuronides from isomers
of DB[a,l]P-trans-11,12-diol were collected and analyzed by negative ion mass
spectrometry. As shown in Figure 1C, the MS spectrum of the peak at 2.7 min (which was
predicted to be a monoglucuronide, with a calculated molecular weight of 511.5 g/mol)
showed a clear [M™] ion at m/z 511.3, and a fragment ion at m/z of 317.3, the latter
corresponding to the parent compound —H with the loss of the glucuronide acid moiety
(molecular weight =176 g/mol). Virtually identical patterns were observed for the other two
glucuronide peaks (with retention times of 2.3 and 2.9 min respectively), exhibiting a clear
[M™] ion at m/z 511.3 and fragment ion at m/z 317.3 (data not shown).

In order to facilitate the stereochemical identification of the glucuronides, the racemic
DB[a,l]P-trans-11,12-diol was separated into the individual enantiomers by HPLC using a
chiral column, and the collected products were identified by circular dichroism analysis as
described in the supplementary data (Figure SIA-C). After characterizing each enantiomer,
a four hour incubation of the (+)-trans DBJa,l]P-diol with human liver microsomes yielded
two glucuronide products with retention times of 2.3 (peak 1) and 2.7 (peak 2) min (Figure
1D) while the (—)-trans enantiomer yielded one peak with retention time of 2.9 min (peak 3)
(Figure 1E). To better characterize each product, large-scale glucuronidation reactions were
performed and individual peaks were collected by HPLC as described in the Materials and
Methods. Circular dichroism analysis demonstrated that the glucuronides collected from
reaction of either the (+)-trans or (—)-trans enantiomers had CD spectra similar to the parent
compound (Figure S1D). This confirms that glucuronides were generated from their
respective parent compounds with conservation of the stereochemistry on the PAH.

DBJ[a,l]P-trans-11,12-diol and the produced glucuronides were further characterized by
NMR analysis. The downfield region of the 1lH-NMR spectra of DB[a,|]P-trans-11,12-diol
and the three peaks isolated by HPLC from incubations with human liver microsomes are
shown in Figure 2 and summarized in Table 1. The proton assignments were made in
association with COSY experiments. Comparison of the glucuronides (Figure 2A-C) with
the parent diol (Figure 2D) shows the addition of the 1'-proton attached to the glucuronide at
5.6 to 5.7 ppm. Glucuronidation does not significantly alter the chemical shifts of most of
the protons. For all three glucuronides, both protons at the 11 and 12 positions moved
downfield ~0.2 ppm upon glucuronidation. For peak 1 (Figure 2A) and 3 (Figure 2C), the
proton at the 10-position was shifted downfield from 8.41 ppm in the diol to 8.95 in peak 1
and 8.80 in peak 3. This shift would be most consistent with glucuronidation at the 11-
position. For peak 2, the largest shift occurred at the proton at the 13-position, which moved
from 6.28 ppm in the diol to 6.62 ppm (Figure 2B). This shift would be most consistent with
glucuronidation at the 12-position. Selective NOE experiments confirmed these
assignments. Figure 3 shows the selective NOE experiment with peak 3. Panel C is the 1H-
NMR spectrum of peak 3, while panels A and B are the selective NOE experiments in which
the NOE signal is generated by irradiating the 1’-position. Panel B shows a small signal of
the proton at the 12-position (4.82 ppm) that is generated with 20 ms mixing time. As shown
in panel A, this signal does not grow with increased mixing time and is due to the NOE
pulse. Panel A shows the increase in the 11-position (4.96 ppm) upon 500 ms mixing time.
This result indicates that the proton at the 11-position is closer to the proton at the 1'-
position, consistent with the assignment of DBJa,l]P-11-Gluc to peak 3. Similarly, as shown
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in the supplemental data, peak 1 is a 12-glucuronide and peak 2 is an 11-glucuronide. These
data confirm that each glucuronide product is a monoglucuronide, and that the (+)-trans
DB[a,l]P enantiomer can be converted into both the 11-Gluc and 12-Gluc products (2.3
[peak 1] and 2.7 [peak 2] min retention time, respectively, on UPLC) while the (—)-trans
enantiomer is only converted into the 11-Gluc product (2.9 [peak 3] minute retention time
on UPLC).

As shown in Table 2, there was some variability in peak ratios in assays with different
human liver microsomal specimens. In an analysis of four human liver microsomes
incubated with racemic DB[a,l]P-trans-11,12-diol, the average ratio of (+)-DB[a,I]P-11-
Gluc : (+)-DBJ[a,l]P-12-Gluc : (—)-DBJa,l]P-11-Gluc formation was 31 : 32 : 37. Kinetic
analyses demonstrated that human liver microsomes formed (+)-DBJ[a,l]P-11-Gluc, (+)-
DB[a,l]P-12-Gluc, and (—)-DB[a,l]P-11-Gluc products with observed Kps’s, of 23 £ 5.4 uM,
48 + 8.6 uM, and 9.3 £ 1.3 UM, respectively (results not shown).

DBJa,l]P-trans-11,12-diol glucuronidation in UGT-over-expressing cell homogenates

A comprehensive screening was performed to identify all UGT1A and 2B family member
enzymes responsible for glucuronidating DB[a,l]P-trans-11,12-diol. Initially, each
DB[a,l]P-trans-11,12-diol enantiomer was incubated separately with homogenate from cells
expressing a single UGT. Of the fifteen individual UGTs examined for activity, UGTs 1A1,
1A4, 1A7, 1A8, 1A9, 1A10, and 2B7 were able to glucuronidate DB[a,l]P-trans-11,12-diol;
UGTs 1A3, 1A5 1A6, 2B4, 2B10, 2B11, 2B15, and 2B17 did not produce detectable levels
(= 0.8 pmol of glucuronidated substrate) of glucuronides, using up to 500 pug of UGT-over-
expressing cell homogenate. The individual UGTSs exhibited varied regio- and
stereoselectivity. The (+)-DB[a,I]P-11-Gluc and (—)-DB[a,l]P-11-Gluc products were made
by UGTs 1A1, 1A7, 1A8, 1A9, and 1A10 (Table 3). UGT2B7 only formed (+)-DBJa,l]P-11-
Gluc while the (+)-DB[a,l]P-12-Gluc was only made by UGTs 1A1 and 1A10. In addition,
UGT1A4 had very low glucuronidating activity against the (—)-trans enantiomer to form the
(—)-DBJa,l]P-11-Gluc; no activity was observed against the (+)-trans enantiomer for this
UGT (results not shown).

To better evaluate the stereoselectivity of individual UGTs against DBJ[a,l]P-trans-11,12-
diol, UGT-over-expressing cell homogenate incubations were also performed with the
racemic mixture. The ratio of (+)-DBJa,l]P-11-Gluc : (+)-DB[a,l]P-12-Gluc : (-)-
DB[a,l]P-11-Gluc formation was 52 : 37 : 11 for UGT1A1 and 19 : 12 : 69 for UGT1A10.
The ratio of (+)-DB[a,l]P-11-Gluc : (—)-DBJ[a,I]P-11-Gluc formation was 67 : 33 for
UGT1A7, 48 : 52 for UGT1AS8, and 30 : 70 for UGT1AD9; as described above, no (+)-
DB[a,l]P-12-Gluc formation was observed for these UGTS (results not shown).

Kinetic analysis was subsequently performed using a concentration range of DBJa,l]P-
trans-11,12-diol enantiomers that encompassed the Ky, for a given UGT (Table 3;
Michaelis-Menten curves shown in Figure S2) with incubation times that were within the
linear range of catalysis for each UGT. Overall, UGT1A9 was the most efficient enzyme at
forming both (+)-DBJa,l]P-11-Gluc and (—)-DBJ[a,l]P-11-Gluc as determined by the kca/
Km- The overall efficiencies of the UGT enzymes in forming both (+)-DB[a,l]P-11-Gluc
and (—)-DBJ[a,l]P-11-Gluc were UGT1A9 >> UGT1A10 > UGT1Al > UGT1A8 >
UGT1A7. UGT2B7 had approximately the same glucuronidating efficiency as that of
UGT1AB8 for the formation of (+)-DBJa,l]P-11-Gluc while UGTs 1Al and 1A10 both
formed (+)-DBJa,l]P-12-Gluc with approximately the same efficiency. Kinetic analysis
could not be performed for UGT1A4 due to relatively low glucuronidation activity against
DB[a,l]P-trans-11,12-diol.
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DBJa,l]P-trans-11,12-diol glucuronidation in respiratory tract tissue homogenates

To assess the potential physiological relevance of the glucuronidation pathway in the local
elimination of DB[a,l]P-trans-11,12-diol in respiratory tract tissues, glucuronidation activity
assays were performed using homogenates prepared from bronchus and trachea. In assays
with racemic DBJ[a,l]P-trans-11,12-diol, glucuronidation activity was observed with
homogenates from both bronchus and trachea tissue (Figure 4). Bronchus homogenates
generated three glucuronides from racemic DBJa,l]P-trans-11,12-diol (Figure 4B) that were
identical based on retention time to the glucuronides formed with human liver microsomes
(Figure 4A; (+)-DBJa,l]P-11-Gluc, (+)-DBJa,l]P-12-Gluc, and (—)-DBJ[a,l]P-11-Gluc). The
relative ratio of the three glucuronides was 74:21:5, respectively, for bronchus homogenates.
Trachea homogenates generated only (+)-DBJa,l]P-11-Gluc and (+)-DBJa,l]P-12-Gluc, at a
ratio of 8:92, respectively (Figure 4C). Treatment of bronchus and trachea homogenate
glucuronidation assays with B-glucuronidase eliminated all glucuronide peaks (results not
shown).

DISCUSSION

Although phase | metabolism of DBJ[a,[]P by P450 enzymes has been studied previously, the
phase Il metabolism by glucuronidation of DB[a,l]P metabolites had not been characterized.
In the present study, seven UGTs were found to have detectable levels of glucuronidation
activity against DB[a,l]P-trans-11,12-diol enantiomers, with several of the UGTs displaying
different regio- and stereospecific glucuronidation efficiencies. UGT1A9 was the most
efficient UGT in generating both the (+)-DB[a,l]P-11-Gluc and (—)-DBJa,l]P-11-Gluc, with
approximately 489- and 4570-fold higher activity, respectively (when comparing Keai/Km
values), than UGT1A1, which was the next most efficient enzyme for both DB[a,I]P
stereoisomers. However, UGT1A9 did not form detectable levels of (+)-DB[a,l]P-12-Gluc.
This contrasts with UGT1A1 which was the only hepatic enzyme to form this DBJ[a,l]P
glucuronide diastereomer. Two additional hepatic enzymes glucuronidated the DBJ[a,l]P-
trans-11,12-diol enantiomers: UGT2B7 selectively formed (+)-DB[a,[]P-11-Gluc while
UGT1A4 formed (—)-DBJa,l]P-11-Gluc.

Human liver microsomes from four individuals formed all three DBJa,l]P glucuronides
[both the (+)- and (—)-DBJa,l]P-11-glucuronides and the (+)-DB[a,l]P-12-glucuronide].
While some variability was observed between individual liver microsomal specimens, the
three glucuronides were formed in roughly equal amounts. While it is likely that UGTs 1A1
and 1A9 are the major contributors to the hepatic glucuronidation of the DBJ[a,l]P-
trans-11,12-diol enantiomers, it is presently unclear why the (+)-DB[a,l]P-12-Gluc is
formed in amounts similar to those of the (+)- and (—)-DBJa,l]P-11-glucuronides given that
UGT1A9 does not form the (+)-DB[a,l]P-12-Gluc and that the overall activity of UGT1Al
for the formation of this glucuronide is similar to that observed for (+)-DBJa,l]P-11-Gluc
formation. While both UGTs are well-expressed in human liver 3738 4 recent study by
Bellemare et al. has shown that an alternate splicing of the UGT1A genes forms inactive
protein products which dimerize with the active UGT1A protein and inhibit activity 39,
Therefore, it is possible that the activity of specific UGTs could vary significantly regardless
of wild-type expression of a given enzyme.

Three extra-hepatic UGTs (UGT1A7, UGT1A8, and UGT1A10) glucuronidated the
DBJ[a,l]P-trans-11,12-diol enantiomers in our studies. These UGTs have been found to be
expressed in tissues of the aerodigestive and respiratory tracts 1720 including lung 1938,
trachea 37, and bronchial epithelial cells 40. Of these, only UGT1A10 formed all three
DBJ[a,l]P-trans-11,12-diol glucuronides [the (+) and (—)-DBJa,l]P-11-glucuronides and the
(+)-DBJa,I]P-12-glucuronide]. This is between 12—72-fold higher levels of activity as
compared to the ke,/Kym of UGTs 1A7 and 1A8 for the (+) and (—)-DBJa,l]P-11-
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glucuronides; neither UGTs 1A7 or 1A8 formed the (+)-DB[a,l]P-12-Gluc. In contrast to
what was observed for human liver microsomes, the (+)-DB[a,l]P-12-Gluc was the
predominant isomer formed in bronchus homogenate while the (+)-DBJa,l]P-11-Gluc was
the primary isomer formed in trachea homogenate. This pattern is consistent with the fact
that UGT1A10, which forms all three glucuronides including (+)-DBJa,l]P-12-Gluc, is
expressed in tissues of the respiratory and aerodigestive tracts 2%:37 and the detection of
UGT1A enzymes in bronchial epithelial cells 4°. It is also consistent with the fact that
UGT1A9, the most active UGT in the formation of (+) and (—)-DB[a,l]P-11-glucuronides, is
not expressed in trachea 37. However, given the peak formation pattern for UGT1A10
(forming all three DBJ[a,I]P glucuronides with high efficiency), it is possible that UGT1Al
may be playing a more important role in human bronchus given the similar peak pattern
observed for UGT1AL as compared to that observed for bronchus homogenates. This
extrahepatic tissue pattern of glucuronidation was reported previously for B[a]P-trans-7,8,-
diol in other extrahepatic tissues including larynx and esophagus, and is also consistent with
the lack of UGT1A9 expression and the high expression of UGT1A10 in these extra-hepatic
tissues 2%-21, Further studies analyzing the expression of individual wild-type versus variant
UGT1A enzymes are necessary to better evaluate these data. In addition, recent studies
demonstrated that UGT2A1 was expressed in trachea and other respiratory tract tissues and
that glucuronidating activity toward DB[a,l]P-trans-11,12-diol was detected for this
enzyme 4L, Although previous studies did not identify the individual DB[a,I]P glucuronides
formed by this enzyme, this suggests tissues that UGT2A1 might also play an important role
in detoxifying DB[a,l]P metabolites in these extra-hepatic tissues.

Studies have shown that B[a]P is present at about 9 ng/cigarette in mainstream smoke, and
while DB[a,l]P has been identified in mainstream smoke, definitive quantifications have not
yet been reported 42. Several studies have demonstrated that low doses of DB[a,|]P induced
significantly more malignant tumors in mouse models when compared to the same treatment
with B[a]P 1314, DB[a,I]PDE stably bound to DNA has been found to cause significantly
more mutational events in DNA compared to the bay region-PAH, benzo[a]pyrene-7,8-
diol-9,10-epoxide (B[a]PDE) 43, further highlighting the potency of this DB[a,|]P
metabolite. Interestingly, human cell culture studies in which MCF-7 cells were treated with
each enantiomer as well as a racemic mixture of DB[a,l]P-trans-11,12-diol demonstrated
that the diol-epoxide derived from the (+)-trans enantiomer does not bind to DNA in MCF-7
cells, suggesting that perhaps only the (—)-trans enantiomer, which is the major diol
metabolite, is mutagenic /8.

Results of previous studies of B[a]P-trans-7,8-diol glucuronidation are consistent with the
present finding for DB[a,l]P-trans-11,12-diol glucuronidation. B[a]P-trans-7,8,-diol formed
diastereomeric glucuronide products by six of the UGTs that were identified in this study
(the low-activity UGT1A4 being the exception) 2. Similar to that described in the present
study for the 11-hydroxy group of DBJa,l]P-trans-11,12-diol, the 7-hydroxy group of B[a]P-
trans-7,8-diol, which is analogous to the 11-hydroxy group of DB[a,l]P-trans-11,12-diol,
was also preferentially glucuronidated 21.

In summary, this work demonstrates that the DB[a,l]P-trans-11,12-diol enantiomers are
glucuronidated in a stereo-specific manner by several UGT enzymes. In addition to liver,
bronchus and trachea tissue homogenates glucuronidated these enantiomers, further
illustrating the important role UGT enzymes play in the local detoxification of tobacco
carcinogens. Further studies examining functional polymorphisms in the relevant DBJa,l]P-
trans-11,12-diol-metabolizing UGTs identified in the present study may therefore lead to a
better understanding of susceptibility factors involved in exposure to combustion products
and tobacco-related cancer risk.
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(DB[a,[]P-11,12-diol)
(DB[a,[]PDE)

ABBREVIATIONS
(B[a]P) Benzo[a]pyrene
(B[a]PDE) benzo[a]pyrene-7,8-diol-9,10-epoxide
(P450) cytochrome P450
(DBJa,11P) dibenzol[a,l]pyrene

dibenzol[a,l]pyrene-11,12-dihydrodiol
dibenzol[a,l]pyrene-11,12-diol-13,14-epoxide

(EH) epoxide hydrolase

(GST) glutathione-S-transferase

(PAH) polycyclic aromatic hydrocarbon

(UPLC) ultra performance liquid chromatography
(UDPGA) uridine 5’-diphosphate-glucuronic acid

(UGT) uridine 5’-diphosphate glucuronosyltransferase
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Figure 1. Characterization of glucuronide formation in Human Liver Microsomes with DB[a,l]P-
trans-11,12-diol as substrate

Panel A, representative UPLC chromatogram for glucuronidation assays of human liver
microsomes incubated with racemic DB[a,l]P-trans-11,12-diol. Panel B, glucuronidation
assay from panel A treated overnight with B-glucuronidase. Panel C, representative mass
spectrometry trace of the putative glucuronide peak at 2.7 min from Figure 1A. The mass of
511.3 represents the parent ion while the peak at 317.4 is loss of the glucuronide. Panel D,
glucuronidation assay of human liver microsomes and DBJa,l]P-(+)-trans-11,12-diol. Panel
E, glucuronidation assay of human liver microsomes and DB[a,l]P-(—)-trans-11,12-diol.
Glucuronide products are indicated by their respective numbers (peak 1 is (+)-DB[a,l]P-11-
Gluc, peak 2 is (+)-DBJa,l]P-12-Gluc, and peak 3 is (—)-DBJ[a,l]P-11-Gluc).
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Figure 2. 1H-NMR spectra in DMSO-dg
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Proton assignments were made in association with COSY experiments. Panels A—C show
assignments for the glucuronides, while panel D shows the assignments for the parent diol.
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g Figure 3. Selective NOE experiment for peak 3
%- A. Irradiation of the 1’-proton at 4.59 ppm, with 500 ms mixing time. B. Irradiation of the
- 1’-proton with 20 ms mixing time. C. 1D experiment to show the chemical shifts of the 11,
12, and 1’ protons. The increase in intensity of the peaks at 4.97 ppm in panel A versus panel
B indicates that the 1’ proton is closer to the proton at the 11-position than the proton at the
12-position.
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Figure 4. Representative chromatograms of glucuronidation activity by respiratory tract tissues
Representative UPLC chromatograms are shown for human liver microsomes (panel A),
bronchus (panel B), and trachea (panel C) incubated with racemic DB[a,l]P-trans-11,12-diol
(indicated by an arrow). Glucuronide products are indicated by their respective numbers
(peak 1 is (+)-DBJ[a,l]P-11-Gluc, peak 2 is (+)-DBJa,l]P-12-Gluc, and peak 3 is (-)-
DBla,l]P-11-Gluc).
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Scheme 1. Simplified metabolism of DBJ[a,l]P

The activation of DB[a,l]P involves formation of an epoxide by P450 enzymes, and then
reduction to a diol by EH. Detoxification of each diol enantiomer by UGTs to make four
potential diastereomeric monoglucuronides is shown. In mammalian cells, the majority of
the DBJa,l]P compound is converted to DBJ[a,l]P-(—)-11R,12S—-oxide. The dashed arrows
indicate the potential glucuronides that would be formed by UGT enzymes. Cytochrome
P450 (P450), epoxide hydrolase (EH), UDP-glucuronosyltransferase (UGT), glucuronide
(Gluc).
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1H-NMR data for the downfield region of DBJ[a,l]P-trans-11,12-diol and the isolated glucuronides.

Table 1

peak 1 peak 2 peak 3
proton DBJa,I]P-diol (+)-DB [a,I]P-11 -Gluc (+)-DB [a,I]P-12-Gluc (-)-DB [a,l]P-11 -Gluc
1 8.50 (d, J=8.4 Hz) 8.50 (d, J=8.4 Hz) 8.54 (d J=7.8 Hz) 8.52 (d, J=8.1 Hz)
2 7.70 (m) 7.70 (m) 7.76 (m) 7.73 (m)
3 7.76 (M) 7.77 (M) 7.80 (m) 7.80 (m)
4 8.94 (d, J=7.5 Hz) 8.95(d) 8.97 (d, J=7.9 8.97 d, J=8.1 Hz)
5 8.98 (d, J=7.7Hz) 8.99 (d, J= 8.4 Hz) 9.01(d, J=7.9 9.02d8.1
6 8.02 (t, J=7.7 Hz) 8.03 (t, J=8.1 Hz) 8.06 (t, J=8.0 Hz) 8.05 (m)
7 8.24 (d, J= 7.5 Hz) 8.25 (d, J= 6.6 Hz) 8.28 (d, J=7.60 Hz) 8.27 (d, J= 9.0 Hz)
8 8.13 (d, J= 9.3 Hz) 8.05-8.12 (m) 8.20 (d, J=8.80 Hz) 8.14 (d, J=9.0 Hz)
9 8.09 (d, J= 9.1 Hz) 8.05-8.12 (m) 8.12 (d, J=8.80 Hz) 8.06 (m)
10 8.41 (s) 8.95 (s) 8.49 (s) 8.80 (s)
11 4.71 (m) 4.98 (m) 4.99 (m) 4.96 (m)
12 459 (m) 4.91 (m) 4.78 (m) 4.81 (m)
13 6.28(dd,J=10.3,2.1Hz) 6.32(dd, J=10.6,22Hz) 6.62 (dd, J=10.4, 2.4 Hz)  6.26 (dd, J=10.4, 2.4Hz)
14 7.26(dd,J=10.6,2.1 Hz) 7.24(dd, J=10.6, 2.1 Hz) 7.30 (dd, J=10.4, 2.4 Hz)  7.30 (dd, J= 10.1, 2.4 Hz)
11-OH 5.84 (d, J= 5.6 Hz)
12-OH 5.43 (d, J= 4.8 Hz)
1’ 4.71 (d, J=6.8 Hz) 458 (m) 4.60 (d, J=7.1 Hz)
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Table 2

DB[a,l]P-trans-11,12-diol glucuronide peak areas for individual human liver microsomal specimens.

human liver microsomal specimen # peak 1 peak 2 peak 3

2635 987 (27)@ 1090 (30) 1523 (42)
3333 1016 (31) 1071 (32) 1220 (37)
3144 1153 (40) 593 (21) 1101 (39)
972 1177 (25) 2030 (44) 1450 (31)
Mean percentages (+ S.D.) 31+6.7 32+93 37147

aShown are the areas under the curve for peaks 1 (DB[a,l]P-(+)-trans-11-Gluc), 2 (DB[a,l]P-(+)-trans-12-Gluc), and 3 (DB[a,l]P-(—)-trans-11-
Gluc) for four individual human liver microsomal specimens. Shown in parentheses are percentages of the area under the curve for each peak
versus total area under the curve for all peaks combined for each liver microsomal specimen.
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