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Chinese hamster V79 cell lines were constructed for stable expression of human cytochrome
P450 1B1 (P450 1B1) in order to study its role in the metabolic activation of chemicals and
toxicological consequences. The new V79 cell lines were applied to studies on DNA adduct
formation of the polycyclic aromatic hydrocarbon (PAH) dibenzo[a,l]pyrene (DB[a,l]P). This
compound has been found to be an environmental pollutant, and in rodent bioassays it is the
most carcinogenic PAH yet discovered. Activation of DB[a,l]P in various metabolizing systems
occurs via fjord region DB[a,l]P-11,12-dihydrodiol 13,14-epoxides (DB[a,lJPDE): we found that
DBJa,l]P is stereoselectively metabolized in human mammary carcinoma MCF-7 cells to the
(—)-anti- and (+)-syn-DB[a,l]PDE which both bind extensively to cellular DNA. To follow up
this study and to relate specific DNA adducts to activation by individual P450 isoforms, the
newly established V79 cells stably expressing human P450 1B1 were compared with those
expressing human P450 1A1. DNA adduct formation in both V79 cell lines differed distinctively
after incubation with DB[a,l]P or its enantiomeric 11,12-dihydrodiols. Human P450 1Al
catalyzed the formation of DB[a,]]JPDE—DNA adducts as well as several highly polar DNA
adducts as yet unidentified. The proportion of these highly polar adducts to DBJ[a,|]]PDE adducts
was dependent upon both the concentration of DB[a,l]P and the time of exposure. In contrast,
V79 cells stably expressing human P450 1B1 generated exclusively DB[a,]]PDE—DNA adducts.
Differences in the total level of DNA binding were also observed. Exposure to 0.1 uM DB-
[a,1]P for 6 h caused a significantly higher level of DNA adducts in V79 cells stably expressing
human P450 1B1 (370 pmol/mg of DNA) compared to those with human P450 1A1 (35 pmol/
mg of DNA). A 4-fold higher extent of DNA binding was catalyzed by human P450 1B1 (506
pmol/mg of DNA) compared to human P450 1A1 (130 pmol/mg of DNA) 6 h after treatment
with 0.05 uM (—)-(11R,12R)-dihydrodiol. In cells stably expressing human P450 1B1 the DNA
adducts were derived exclusively from the (—)-anti-DBJ[a,I]JPDE. These results indicate that
human P450 1B1 and P450 1Al differ in their regio- and stereochemical selectivity of activation
of DBJa,l]P with P450 1B1 forming a higher proportion of the highly carcinogenic (—)-anti-
(11R,12S,13S,14R)-DBJa,lJPDE metabolite.

Introduction

Multiple isoforms of cytochrome P450 (P450)! play key
roles in the metabolic activation of polycyclic aromatic
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hydrocarbons (PAH) by generating proximate and ulti-
mate carcinogenic metabolites (1—6). Understanding the
role of each of these isoforms is part of a rationale-based
risk assessment. Several cellular systems have been
developed to study P450-mediated metabolism and me-

1 Abbreviations: B[a]P, benzo[a]pyrene; B[c]Ph, benzo[c]phenan-
threne; DB[a,h]A, dibenz[a,h]anthracene; DB[a,l]P, dibenzo[a,l]pyrene;
(+)-syn-DB[a,I]PDE, (+)-syn-dibenzo[a,l]pyrene-(11S,12R)-dihydrodiol
(13S,14R)-epoxide; (—)-anti-DBJ[a,l]PDE, (—)-anti-dibenzo[a,l]pyrene-
(11R,12S)-dihydrodiol (13S,14R)-epoxide; DMBA, 7,12-dimethylbenz-
[a]Janthracene; DMEM, Dulbecco Vogt's modified Eagle medium;
EROD, ethoxyresorufin O-deethylation; FITC, fluorescein—isothiocy-
anate; 1gG, immunoglobulins; MC, 3-methylcholanthrene; P450, cy-
tochrome(s) P450; PAGE, polyacrylamide gel electrophoresis; PAH,
polycyclic aromatic hydrocarbon(s); PBS, phosphate-buffered saline;
SDS, sodium dodecyl sulfate; TBS, Tris-buffered saline; TCDD, 2,3,7,8-
tetrachlorodibenzo-p-dioxin.
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tabolite-dependent toxic effects (7). V79 Chinese hamster
cells had been selected to serve as host cells for heter-
ologous expression of P450, because these cells possess
several biological characteristics which make them a
valuable mammalian test system for various toxicological
end points (8). At the same time, these cells lack
detectable P450. Therefore, V79 cells genetically engi-
neered for stable expression of a single P450 isoform
allow evaluation of the role of the isoform in metabolite
formation and the toxic effect observed under defined
experimental conditions.

Recently, a new isoform, P450 1B1, was detected, in
mouse first (9—11) and subsequently in rat (12, 13) and
human (14, 15) tissues. P450 1B1 has been found in most
extrahepatic human organs including fetal heart, brain,
lung, and kidney (14, 16). This isoform is inducible in
rodents by exposure to PAH (9, 17), and its importance
in the metabolic activation of various members of this
group of chemicals has been already indicated by several
studies (16, 18—20). The metabolic activity of P450 1B1,
together with the tissue-specific expression pattern, may
help to explain induction of human tumors of extrahe-
patic origin by procarcinogens activated by this isoform.

Due to its presence in various environmental sources
(21—-25) and its exceptionally high carcinogenic activity
in rodent bioassays among all PAH tested so far (26—
28), the hexacyclic dibenzo[a,l]pyrene (DBJ[a,l]P) (Scheme
1) must be considered as a potential risk for human
health. Studies with mammalian cell cultures (29, 30)
and microsomal preparations (31—33) have demonstrated
that this compound is metabolically activated via its 11,-
12-dihydrodiols (Scheme 1) to the fjord region syn- and
anti-DBJa,l]P-11,12-dihydrodiol 13,14-epoxides (syn- and
anti-DBJ[a,l]PDE), the most potent mutagenic metabolites
of any PAH tested in the Ames assay and Chinese
hamster V79 cell system, respectively (34). Moreover,
both syn- and anti-DBJ[a,l]JPDE have been shown to be
very potent carcinogens in newborn mice, mouse skin,
and rat mammary gland (35—37).

This exceptional biological activity prompted a number
of investigations of DBJ[a,l]P. Studies using the human
mammary carcinoma MCF-7 cells (30) and liver mi-
crosomes from rats pretreated with 3-methylcholan-
threne (MC) (31) demonstrated that metabolic activation
of this compound occurs with similar stereoselectivity
characteristics as those found for other fjord or bay region
PAH such as benzo[c]phenanthrene (B[c]Ph) or benzo-
[a]lpyrene (B[a]P). DBJa,l]P is stereoselectively converted
to the (—)-anti- and (+)-syn-DB[a,l]PDE with the 11R,-
12S,13S,14R- and 11S,12R,13S,14R-configuration, re-
spectively. In addition, investigations on the metabolic
activation of the two immediate precursors of both fjord
region DB[a,l]PDE, the (—)-(11R,12R)- and (+)-(11S,12S)-
dihydrodiols, respectively (Scheme 1), have revealed very
high levels of DNA binding as well as mutagenic activity
in V79 cells after metabolic activation of the (—)-dihy-
drodiol by MCF-7 cells (38) or liver preparations from
rats pretreated with Aroclor 1254 (32). In contrast, the
(+)-dihydrodiol bound only weakly to DNA and was not
significantly mutagenic. In both test systems the (—)-
dihydrodiol was stereoselectively transformed to the (—)-
anti-(11R,12S,13S,14R)-DBJa,l]PDE in large amounts,
whereas corresponding activation of the (+)-dihydrodiol
to the (+)-syn-(11S,12R,13S,14R)-DBJa,l]PDE was virtu-
ally undetectable.
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Scheme 1. Stereoselective Bioactivation of
Dibenzo[a,l]pyrene to the Fjord Region
11,12-Dihydrodiol 13,14-Epoxides, Catalyzed by
Cytochromes P450 (P450) and Microsomal Epoxide
Hydrolase (mEH)2

mirror plane

(+)-(115,12S)-dihydrodiol (-)-(11R,12R)-dihydrodiol

P450 P450

(+)-syn-(11S,12R,13S5,14R)-
dihydrodiol epoxide

(=)-anti-(11R,125,13S,14R)-
dihydrodiol epoxide

2 The scheme includes activation to the diastereomeric (+)-syn-
and (—)-anti-11,12-dihydrodiol 13,14-epoxides, which are exclu-
sively formed during metabolism of dibenzo[a,l]pyrene in MCF-7
cells via the enantiomeric (+)-(11S,12S)- and (—)-(11R,12R)-
dihydrodiols, respectively (30). Arrow indicates the sterically
hindered fjord region of the parent compound.

Two crucial steps in the metabolic activation of DB-
[a,1]P to its fjord region DBJ[a,l]PDE require oxidation by
P450 enzymes (Scheme 1). Human mammary carcinoma
MCEF-7 cells express P450 1B1 constitutively and P450
1A1 upon induction (18). To assess the role of each P450
isoform for metabolic activation of DBJ[a,l]]P and DNA
adduct formation by its metabolites, the cell line V79MZ-
h1Al, stably expressing human P450 1A1, and the newly
constructed V79MZ-h1B1 cell line, stably expressing
human P450 1B1, were exposed to DBJ[a,l]P and its
enantiomeric 11,12-dihydrodiols and the DNA adducts
formed were analyzed.

Experimental Procedures

Caution: Dibenzo[a,l]pyrene and its enantiomerically pure
11,12-dihydrodiols are mutagenic and carcinogenic and should
be handled with care using the guidelines for carcinogenic
chemicals of the National Cancer Institute.

Chemicals. Nuclease P1 (EC 3.1.30.1; from Penicillium
citrinum), human prostatic acid phosphatase (EC 3.1.3.2; from
human semen), apyrase (EC 3.6.1.5; from Solanum tuberosum),
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Figure 1. Recombinant eukaryotic expression vector pRC/
CMV-h1B1, containing the cytomegalovirus (CMV) promotor
attached to the human P450 1B1 cDNA (h1B1) and the
selectable marker gene neomycin phosphotransferase (neo).

and phosphodiesterase | (EC 3.1.4.1; from Crotalus atrox) were
purchased from Sigma Chemical Co. (St. Louis, MO). RNase
T1 (EC 3.1.21.3; from Aspergillus oryzae) and RNase (DNase-
free) were obtained from Boehringer Mannheim Co. (Indianapo-
lis, IN). T4 polynucleotide kinase was obtained from United
States Biochemical (Cleveland, OH). [y-3*P]JATP [3500 Ci (129.5
TBqg)/mmol] was purchased from Amersham Corp. (Arlington
Heights, IL). Proteinase K (EC 3.4.21.64; from Tritirachium
album) was obtained from Merck (Darmstadt, Germany) or
Sigma Chemical Co. (St. Louis, MO). Dulbecco’s modified Eagle
medium, high-glucose type (DMEM with 4.5 g of p-glucose/L),
was obtained from Biochrom-Seromed (Berlin, Germany) or
Gibco BRL (Grand lIsland, NY). Antibiotics (penicillin and
streptomycin), L-glutamine, and phosphate-buffered saline (PBS
without Ca?* or Mg?*; 3.0 mM KCI, 1.5 mM KH;PO,, 140 mM
NaCl, 8.0 mM Na;HPO,4, pH 7.0) were purchased from Bio-
chrom-Seromed (Berlin, Germany). Fetal calf serum was
obtained from Intergen (Purchase, NY). Antibiotic G418 (Ge-
neticin sulfate) was purchased from Calbiochem-Novabiochem
Corp. (La Jolla, CA) or Gibco BRL. Synthesis of DB[a,l]P and
its enantiomeric 11,12-dihydrodiols was described previously
(32, 34, 39).

Cell Culture. The parental V79MZ cell line (40), the
genetically engineered cell lines V79MZ-h1A1, expressing hu-
man P450 1A1, V79MZ-h3A4, expressing human P450 3A4,
V79MZ-r1Al, expressing rat P450 1Al, and V79MZ-r1A2,
expressing rat P450 1A2 (8), and the newly established V79 cell
lines for human P450 1B1 (see paragraph below) were cultivated
in Dulbecco’s modified Eagle medium (DMEM), high-glucose
type, supplemented with 1 mM sodium pyruvate, 4 mM L-
glutamine, 10% fetal calf serum, 100 U of penicillin/mL, and
100 ug of streptomycin/mL at 37 °C, 7% CO,, and 90% saturated
atmospheric humidity.

Construction of the pRC/CMV-h1B1 Expression Vector.
Human P450 1B1 clone 128 (14) was used as the template to
create a Hindlll restriction site at the 5-end and a Xbal
restriction site at the 3'-end by performing the polymerase chain
reaction in order to facilitate insertion of the cDNA into the
expression vector pPRC/CMV (Invitrogen, Carlsbad, CA). The
resulting recombinant expression vector pRC/CMV-h1B1 is
shown in Figure 1 with characteristic restriction sites and
functions.

Genetical Engineering of V79 Cells for Human P450
1B1. The expression plasmid pRc/CMV-h1B1 linearized with
Pvul, and containing the neomycin-phosphotransferase gene as
eukaryotic selection marker, was used for transfection of

Luch et al.

parental V79 cells. For coexpression with human NADPH—
P450 reductase, cells were cotransfected with pSV-hCYPOR (41,
42). Transfection was carried out according to the calcium
phosphate coprecipitation method of Graham and Van der Eb
(41, 43). V79MZ parental cells were transfected with either of
the following plasmid preparations: (1) 10 ug of Pvul-linearized
pRc/CMV-h1B1 for 1 x 106 cells; (2) 20 ug of Pvul-linearized
pRc/CMV-h1B1 for 8 x 105 cells; (3) 1 ug of Pvul-linearized pRc/
CMV-h1B1 and 30 ug of pSV-hCYPOR for 8 x 10° cells. Cell
clones resistant against 1 mM G418 appeared around 10 days
after transfection and were picked the following day. Cell clones
were expanded for another 5 days, and aliquots were checked
for expression of human P450 1B1 and human NADPH—P450
reductase by in situ immunofluorescence.

In Situ Immunofluorescence. In situ immunofluorescence
was performed on tissue culture chambers (“Chamber Slide”,
Nunc, Naperville) with 1 x 10# cells/well, cultivated for 24 h,
washed with PBS, fixed with ice-cold methanol/acetone (1:1, v/v)
for 7 min. Fixed cells were incubated with the immunoglobulins
(IgG) anti-mouse P450 1B1-1gG from rabbit and anti-human
NADPH—-P450 reductase-1gG from rabbit (Amersham, Little
Chalfont, U.K.) as primary antibodies at a dilution of 1:2000 in
DMEM for 1 h at room temperature, followed by three washing
cycles with PBS. Fluorescein—isothiocyanate (FITC)-conjugated
anti-rabbit 1gG from goat (Dianova, Hamburg, Germany) served
as secondary antibody. Plates were mounted with 100 mg of
p-phenylenediamine dihydrochloride (Sigma) in a mixture of 10
mL of PBS and 80 mL of glycerol and covered with a cover slip.
Fluorescence was obtained with a fluorescence microscope
equipped with standard FITC filter sets (Zeiss Axioplan,
Oberkochen, Germany). Selected expressing clones were cul-
tivated for another period of 3 months and periodically checked
for expression of human P450 1B1 and human NADPH—P450
reductase by in situ immunofluorescence.

Western Blot Analysis. Cellular homogenates were sepa-
rated by sodium dodecyl sulfate (SDS)/polyacrylamide gel elec-
trophoresis (PAGE) (8.5% polyacrylamide) according to Laemmli
with some modifications (41) and transferred onto Immobilon-P
protein-binding membrane (Millipore Corp., Bedford, MA). The
presence of human P450 1B1 and human NADPH-—-P450
reductase protein on the Western blots was detected using the
same antisera as in the in situ immunofluorescence assay.
Finally, the specifically bound rabbit 1gG was detected with a
horseradish peroxidase-conjugated antiserum from pig (Dako-
patts, Hamburg, Germany) by enhanced chemiluminescence
(Amersham Int., Little Chalfont, U.K.).

Enzyme Assay. The ethoxyresorufin O-deethylation (EROD)
assay was used to measure P450 1B1 or P450 1A1 activity. The
enzyme assay was performed with total protein from cells
harvested by scraping the cells from the Petri dishes with a
rubber policeman. After centrifugation at 15009 the cell pellet
was shock-frozen in liquid N, and stored at —70 °C. The assay
was performed as previously described (44).

Treatment of V79 Cells with DB[a,l]P and DB[a,l]P-11,-
12-dihydrodiols. Prior to the treatment (24 h) V79 cell lines
were seeded at a density of 1 x 106 to 3 x 10° cells/75-cm? cell
culture flask and grown in a total volume of 30 mL of DMEM,
high-glucose type, supplemented with 10% fetal calf serum, and
400 ug/mL G418 at 37 °C, 5% CO,, and 90% saturated
atmospheric humidity. Then 10 uL of a Me,;SO solution of DB-
[a,]]P or its enantiomerically pure 11,12-dihydrodiols was
added.

Cell Harvesting and DNA Isolation. After an incubation
period of 6 or 24 h, the supernatant was removed and the cells
were harvested by trypsinization with 0.025% trypsin and 0.01%
EDTA in PBS. Equal volumes of media supplemented with 10%
fetal calf serum were added to stop trypsinization. Subse-
quently, centrifugation at 2000 rpm and two washing steps with
PBS yielded a cell pellet which was stored at —80 °C until DNA
isolation. To isolate the DNA from V79 cells, the pellet was
resuspended in a solution containing 10 mM Tris, 1 mM EDTA,
and 1% (w/v) SDS (pH 8.0), homogenized, and subsequently
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Table 1. EROD Activities in Lysates from Parental V79
Cells and Newly Constructed V79 Cell Clones Stably
Expressing Human P450 1B1 Alone or Together with

Human NADPH-P450 Reductase (cf. Figure 2)2

P450 red
Human

P450 1B1

1 2 34567 89 10

Figure 2. Western blot analysis of the V79 cell clones obtained
after individual transfection or cotransfection with plasmid
sequences containing the human P450 1B1 and human NADPH—
P450 reductase gene, respectively (cf. Table 1). Experimental
conditions are described in Experimental Procedures: lane 1,
positive control for human P450 1B1; lane 2, parental V79 cell
line (40); lanes 3—7 and 9, different V79 cell clones (#1-5 and
#7) stably expressing human P450 1B1; lane 8, V79 cell clone
(#6: V79MZ-h1B1) stably coexpressing human P450 1B1 and
human NADPH—-P450 reductase; lane 10, positive control for
human NADPH—P450 reductase.

incubated for 1 h at 37 °C with RNase T1 (1000 units/mL) and
RNase, DNase-free (5 ug/mL), on a shaker (100 rpm). Then
proteinase K (500 ug/mL) was added and the incubation
continued (1 h at 37 °C). Purification of the DNA was achieved
by successive extractions of the mixture with 1 volume of Tris-
saturated phenol/chloroform/isoamyl alcohol (25:24:1, vivlv;
three times), followed by separation of the phases by centrifuga-
tion at 2000 rpm. Finally, the DNA was precipitated with twice
the volume of ethanol, separated, dissolved in water, and stored
at —80 °C.

33p-Postlabeling of DNA Adducts. The procedure used
was as described previously (30). Briefly, 10 ug of DNA isolated
from V79 cells after treatment with DB[a,l]P or its enantiomeric
11,12-dihydrodiols was digested with nuclease P1 and prostatic
acid phosphatase, postlabeled with [y-33P]JATP (3500 Ci/mmol),
cleaved to adducted mononucleotides with snake venom phos-
phodiesterase |, and prepurified with a Sep-Pak Cig cartridge
(Waters Corp., Milford, MA). Subsequent separation by HPLC
(Beckman HPLC system equipped with two 110B pumps and a
model 420 controller; Beckman Instruments Inc., St. Louis, MO)
was carried out using a Cig reverse-phase column (5-um Ultra-
sphere ODS, 4.6 x 250 mm; Beckman Instruments Inc.), and
the radiolabeled nucleotides were detected by an on-line radio-
isotope flow-detector (Radiomatic FLO-ONE Beta; Packard
Instruments, Downers Grove, IL) as described (30). The level
of DBJ[a,l]P—DNA binding was calculated based on labeling of
a [*H]benzo[a]pyrene-7,8-dihydrodiol 9,10-epoxide—DNA stan-
dard (45).

Results

Preparation and Characterization of V79 Cells
Stably Expressing Human P450 1B1 and Human
NADPH—-P450 Reductase. Approximately 50 G418-
resistant cell clones were obtained from the first trans-
fection, 400 clones from the second transfection, and 50
clones from the third transfection. After repeated in situ
immunofluorescence assays for checking the maintenance
of P450 1B1 expression over a 3-month period, seven
clones were selected for further investigation: six V79
clones with human P450 1B1 alone and one V79 clone
coexpressing human NADPH-P450 reductase. P450
1B1 expression and NADPH—P450 reductase expression
in these clones were verified by Western blot analysis
(Figure 2), and the enzyme activity in each was verified
by EROD activity (Table 1). The cell clone #6 (V79MZ-
h1B1) expressing both human P450 1B1 and human

V79 cell clone EROD (pmol/min/mg)
parental V79 cells 0

V79 cell clone #1 1.83 £ 0.03
V79 cell clone #2 3.59 +£0.15
V79 cell clone #3 3.15+0.16
V79 cell clone #4 8.06 +£ 0.32
V79 cell clone #5 115+ 0.9
V79 cell clone #6° 5.11 +0.36
V79 cell clone #7 3.24 +£0.10
V79Mz-h1A1P 22.0+0.9
MCF-7 cells® 113+ 4.7

2 EROD data represent the mean of three experiments +
difference of single measurements from the mean. They were
calculated from the fluorescence after 30 min of incubation. ® These
clones have been used in the present study. ¢ EROD activity was
detectable after induction with 10 nM TCDD only (66).

NADPH—-P450 reductase (Figure 2, Table 1) was selected
for use in this study.

DNA Adducts from DBJ[a,l]P and Its 11,12-Dihy-
drodiols in V79 Cells Stably Expressing a Single
P450 Isoform. The V79 cell lines stably expressing
human P450 1A1, human P450 3A4, rat P450 1A1, and
rat P450 1A2, respectively (8), in addition to the newly
constructed V79MZ-h1B1 cell line, were exposed to DB-
[a,1]P and its 11,12-dihydrodiols in order to measure DNA
adduct formation. The DNA was then isolated, postla-
beled, and analyzed by HPLC. The HPLC elution profiles
of the 33P-postlabeled DNA adducts formed in V79 cells
stably expressing human P450 1B1 (V79MZ-h1B1) after
treatment with DB[a,l]P contained four or six peaks,
depending on the concentration of the PAH used (Figure
3). Treatment with low doses (0.1 uM) resulted in the
formation of four adduct peaks, 1, 2a, 2b, and 4 (Figure
3A), which are formed from (—)-anti-DB[a,I]JPDE. These
are identical to those identified previously from DBJ[a,l]P
activated in the human mammary carcinoma cell line
MCF-7 [(30); that peak numbering system was used to
allow direct comparison with results presented in our
earlier studies]. At higher concentrations of DB[a,l]P (1
or 5 uM) two additional peaks (3 and 6) were detected in
the adduct profile (Figure 3B). Both are due to covalent
interaction of (+)-syn-DBJa,l]PDE with DNA (30). Atall
doses, no DNA adducts eluted with a retention time
shorter than 30 min (Figure 3).

In contrast to results with V79 cells stably expressing
human P450 1B1, exposure of V79 cells stably expressing
human P450 1A1 (V79MZ-h1A1) to DB[a,l]P resulted in
the formation of several DNA adducts with highly polar
character that eluted between 5 and 30 min under the
HPLC conditions used (Figure 4A,B, polar adducts are
labeled with Roman numerals). Treatment of the cells
expressing human P450 1A1 with low concentrations of
DBla,l]P (0.1 uM) resulted in the formation of only these
highly polar DNA adducts (Figure 4A). Treatment with
higher doses of DBJ[a,l]P produced both highly polar
adducts and DBJa,I]JPDE—DNA adducts in considerable
amounts (Figure 4B). Comparison of the total DNA
binding measured in both cell lines after exposure to the
lowest concentration (0.1 uM) of DB[a,l]P revealed a
significantly higher level of DNA adducts after metabolic
activation by human P450 1B1 irrespective of the time
of incubation (Table 2). Levels of 370 pmol of DB[a,l]-
PDE—DNA adducts/mg of DNA were detected in V79MZ-
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Figure 3. HPLC elution profiles of 3P-labeled DNA adducts
of DB[a,lI]P formed in V79 Chinese hamster cells stably express-
ing the human P450 1B1 enzyme (V79MZ-h1B1) 6 h after
treatment with (A) 0.1 uM or (B) 1.0 uM DB[a,l]P. DNA adducts
of the (—)-anti-DBJ[a,I]PDE (peaks 1, 2a, 2b, and 4) and (+)-syn-
DB[a,|l]PDE (peaks 3 and 6) were previously identified by
cochromatography with authentic standards (30). HPLC condi-
tions are described in Experimental Procedures.

h1B1 cells 6 h after treatment with 0.1 uM DBJa,l]P,
whereas only 35 pmol of adducts/mg of DNA (highly polar
as well as DB[a,|]]PDE—DNA adducts) were found in
V79MZ-h1A1l cells (Table 2). As the dose of DBJ[a,l]P
increased, both cell lines formed comparable levels of
adducts. At the highest dose tested, DNA modification
levels were as great as 1 adduct/6000 DNA bases.
Interestingly, in the cells expressing human P450 1A1,
the percentage of DB[a,I]PDE—DNA adducts increased
from 17% to 87% at 6 h after treatment with increasing
concentrations of DBJ[a,l]P from 0.1 to 5.0 uM.

To determine whether formation of highly polar DB-
[a,I]P—DNA adducts is also catalyzed by P450 1A1 from
other species, V79 cells stably expressing rat P450 1A1
(V79MZ-r1A1) were exposed to DB[a,l]P. These cells
formed highly polar DNA adducts (Figure 4C) similar to
those in the cells expressing human P450 1A1 (Figure
4B). However, in comparison to the results obtained with
V79MZ-h1Al cells (Figure 4A,B), the amount and relative
proportion of these highly polar adducts were much
smaller than those of the DBJ[a,I][PDE—DNA adducts
(Figure 4C, Table 2). The adduct profiles formed from
the cells expressing rat P450 1Al appeared to look like
a composite of the profiles from cells expressing human
P450 1B1 and human P450 1A1 (cf. Figures 3, 4). Rat
P450 1A1 catalyzed the formation of a higher proportion
of DB[a,I]]PDE—DNA adducts irrespective of the concen-
tration of DB[a,l]P (Table 2).

The ability of these cells to metabolically activate DB-
[a,1]P was further characterized by examining the com-
petence of each cell line for activation of the (—)-
(11R,12R)-dihydrodiol, the immediate metabolic precursor
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Figure 4. HPLC elution profiles of 33P-labeled DNA adducts
of DBJa,l]P formed in V79 Chinese hamster cells stably express-
ing the human P450 1A1 enzyme (V79MZ-h1A1) or the rat P450
1A1 enzyme (V79MZ-r1Al): (A) DNA adducts formed in V79MZ-
h1A1l cells 6 h after treatment with 0.1 uM DBJa,l]P; (B) DNA
adducts formed in V79MZ-h1A1 cells 6 h after treatment with
1.0 uM DBJa,l]P; (C) DNA adducts formed in V79MZ-r1A1 cells
6 h after treatment with 0.1 «M DBJ[a,l]P. Highly polar
unidentified DBJ[a,I]P—DNA adducts are labeled with Roman
numerals. HPLC conditions are described in Experimental
Procedures.

of the (—)-anti-(11R,12S,13S,14R)-DB[a,l]PDE (Scheme
1). After treatment of V79MZ-h1B1 cells with different
doses of this compound and subsequent 33P-postlabeling,
the HPLC adduct patterns obtained consisted exclusively
of DNA adducts 1, 2a, 2b, and 4 (Figure 5A), which
resulted from formation of (—)-anti-(11R,12S,13S,14S)-
DB[a,l]PDE (30, 38). As was observed after exposure of
these cells to the parent PAH (Figure 4A,B), metabolic
activation of the (—)-dihydrodiol by human P450 1Al
resulted in the formation of several DNA adducts with
highly polar character (Figure 5B,C). These adducts
were the major adducts present after exposure to low
concentrations of the (—)-dihydrodiol (0.05 uM, Figure
5B): the proportion of (—)-anti-DB[a,|]]JPDE—DNA ad-
ducts increased considerably after treatment with a high
concentration (0.5 uM, Figure 5C). Comparison of the
total DNA binding in V79 cells stably expressing human
P450 1B1 or human P450 1A1 after exposure to the (—)-
dihydrodiol also gave results consistent with those ob-
tained with the parent compound (Table 2). Comparable
levels of DNA binding were observed with both P450
isoforms at high concentrations; however, at the low
concentration of 0.05 uM the human P450 1B1 isoform
was more efficient in catalyzing the formation of DNA



Human P450 1B1 and DNA Adducts of DBJ[a,l]P

Chem. Res. Toxicol., Vol. 11, No. 6, 1998 691

Table 2. Total DNA Binding in V79 Chinese Hamster Cells Stably Expressing One Cytochrome P450 6 or 24 h after
Exposure to DB[a,l]P, (—)-(11R,12R)-DB[a,l]P-dihydrodiol, or (+)-(11S,12S)-DBJ[a,l]P-dihydrodiol?

human P450 1B1

human P450 1A1

rat P450 1A1 human P450 3A4 rat P450 1A2

compound (uM) 6 h 24 h 6 h 6 h 24 h 24 h 24 h
DBJa,l]P
0.01 1.5(1.7) 4.8 (5.0)
0.1 370 350 6.0 (35) 6.8 (27) 7.9 (9.0 23 (28)
1.0 430 280 142 (232) 127 (169) 9.6 (9.6) 140 (145) 0.1 17
5.0 84 433 522 (602) 1380 (1560) nt nt
(—)-(11R,12R)-dihydrodiol
0.005 18 22 nt 28 (35) 34 (40)
0.05 506 1010 31 (130) 49 (175) 252 (310) 393 (490)
0.5 1650 1680 1560 (1990) 2430 (3000) 929 (1000) 1340 (1350) 6.5 4.0
1.0 nt nt 2180 (2400) 3250 (3560) nt nt
(+)-(11S,12S)-dihydrodiol
0.5 nt nt nt nt 2.5 1.8 6.0

a All data presented are reported in pmol of adducts/mg of DNA. Values represent adducts of DB[a,lI]PDE; values in parentheses represent
all adducts found including both those of DB[a,l]]PDE and those of more polar character (see Figures 4, 5). nt, not tested.
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Figure 5. HPLC elution profiles of 33P-labeled DNA adducts
of the (—)-(11R,12R)-dihydrodiol of DB[a,l]P formed in V79
Chinese hamster cells stably expressing the human P450 1B1
enzyme (V79MZ-h1B1l) or the human P450 1Al enzyme
(V79MZ-h1A1l): (A) DNA adducts formed in V79MZ-h1B1 cells
6 h after treatment with 0.005 uM (—)-DBJa,l]P-11,12-dihy-
drodiol; (B) DNA adducts formed in V79MZ-h1A1 cells 6 h after
treatment with 0.05 uM (—)-DB[a,l]P-11,12-dihydrodiol; (C)
DNA adducts formed in V79MZ-h1A1 cells 6 h after treatment
with 0.5 uM (—)-DB[a,l]P-11,12-dihydrodiol. Highly polar uni-
dentified DBJ[a,l]JP—DNA adducts are labeled with Roman
numerals. HPLC conditions are described in Experimental
Procedures.

adducts than human P450 1Al (506 compared to 130
pmol/mg of DNA, respectively). In the cells expressing
human P450 1A1 only 24% (31 pmol/mg of DNA) of the
total DNA binding was caused by the (—)-anti-DB[a,l]-
PDE. At higher concentrations an increasing proportion

of DB[a,I]JPDE—DNA adducts (up to 91% after exposure
to 1 uM of the dihydrodiol for 6 h) was observed (Table
2). In cells expressing human P450 1B1 only the (—)-
anti-DB[a,I][PDE—DNA adducts were detected at all
times and concentrations tested (Table 2).

The HPLC adduct patterns obtained after incubation
of V79 cells expressing rat P450 1A1 with different doses
of the (—)-dihydrodiol contained two major polar adducts
and the four (—)-anti-DBJ[a,I]PDE—DNA adduct peaks (1,
2a, 2b, and 4) which were detected in the human P450-
expressing cells (data not shown, cf. Figure 4C). The rat
P450 1A1 isoform activated the (—)-dihydrodiol to yield
35 and 310 pmol of adducts/mg of DNA after 6-h exposure
to 0.005 and 0.05 uM, respectively. A further increase
in the total DNA binding was detected after 24-h incuba-
tion (Table 2). At the 0.5 uM dose activation of the (—)-
dihydrodiol by the V79 cells expressing rat P450 1Al was
comparable to that observed in cells expressing human
P450 1A1 or human P450 1B1 (modification levels in the
range of 1 adduct/1000—2000 DNA bases).

Activation of the (+)-(11S,12S)-dihydrodiol, the precur-
sor of the (+)-syn-(11S,12R,13S,14R)-DB[a,l]PDE (Scheme
1), was also examined. Low levels of formation of the
(+)-syn-DB[a,l]PDE—DNA adducts were observed in the
cells expressing human P450 1B1 and human P450 1A1
after exposure to high doses of DB[a,l]P (Figures 3B, 4B).
In V79 cells stably expressing human or rat P450 1A1,
only low levels of the (+)-dihydrodiol were activated to
DNA-binding intermediates even at the high concentra-
tion of 0.5 uM (Table 2). These P450 1ALl isoforms had
much greater ability to activate the enantiomeric (—)-
dihydrodiol than the (+)-dihydrodiol (Table 2). However,
activation of the (+)-dihydrodiol could contribute to DNA
binding for P450 isoforms which possess limited activity
for the metabolic activation of parent PAH (e.g., human
P450 3A4 or rat P450 1A2). Total DNA adduct levels of
6.5 and 1.8 pmol/mg of DNA could be measured after
exposure of V79 cells expressing human P450 3A4 to 0.5
uM (—)-dihydrodiol and its (+)-enantiomer, respectively.
In contrast, this isoform activated DBJa,l]P itself only to
a low extent (0.1 pmol of adducts/mg of DNA 24 h after
treatment with 1 uM). Cells stably expressing the rat
P450 1A2 isoform metabolically activated both enantio-
meric dihydrodiols with comparable efficiency: the levels
of binding were 6.0 and 4.0 pmol of adducts/mg of DNA
after exposure to 0.5 uM (+)- and (—)-dihydrodiol, re-
spectively (Table 2).
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Discussion

Various P450 isoforms are responsible for the carci-
nogenic activity of a large number of PAH by catalyzing
the formation of proximate and/or ultimate carcinogenic
metabolites (3—6, 16). Enzymatic activation of the potent
carcinogen DBJa,l]P to its electrophilically reactive and
DNA-binding syn- and anti-DB[a,l]PDE requires two
epoxidation steps by P450 enzymes (Scheme 1). Mea-
surement of the formation of DB[a,l]P dihydrodiols by
recombinant human P450 1A1 demonstrated that this
isoform catalyzes considerable oxidation of DB[a,l]P at
the 8,9-, 11,12-, and 13,14-positions (5). The immediate
metabolic precursor of the syn- and anti-DB[a,l]PDE, the
11,12-dihydrodiol, is also formed by rat liver microsomes
of MC-treated animals (46) or by lung and liver mi-
crosomes of human donors in the age range of 18—60
years (5). Moreover, both syn- and anti-DBJ[a,|]JPDE—
DNA adducts have been detected after incubation of DB-
[a,1]P with liver microsomes of MC-treated (31) or Aroclor
1254-treated (33) rats in the presence of DNA. Admin-
istration of MC or Aroclor 1254 is known to significantly
increase the level of P450 1A1 in the liver of the treated
rodents (47, 48). All together, these results suggested
that P450 1A1 is capable of carrying out both epoxidation
steps required for activation of DB[a,l]P to its fjord region
DBJa,l]PDE (Scheme 1).

Exposure of human mammary carcinoma MCF-7 cells
(29) or mouse embryo C3H10T1/2CL8 fibroblasts (49) to
DBJa,l]P resulted in formation of both syn- and anti-DB-
[a,]]PDE—DNA adducts. This has also been verified in
vivo by analyzing lung tissue of strain A/J mice after ip
administration of DB[a,l]P (50). Moreover, it could be
demonstrated that this bioactivation is highly stereose-
lective. MCF-7 cells exclusively generate (+)-syn- and
(—)-anti-DB[a,I]PDE—DNA adducts which are formed
from the respective precursors, the (+)-(11S,12S)- and
(—)-(11R,12R)-dihydrodiols, respectively (30) (cf. Scheme
1). No formation of (+)-anti- or (—)-syn-DB[a,l]JPDE was
detected. Interestingly, human MCF-7 cells express
P450 1A1 only upon induction, but P450 1B1 constitu-
tively (18). Additional evidence suggesting an important
role of human P450 1B1 during biotransformation of PAH
was provided by studies of the induction of umu gene
expression in bacteria after metabolic activation of vari-
ous dihydrodiols of PAH by purified microsomal P450
1B1 (16). The present study was designed to clarify the
role of individual human P450 isoforms, especially P450
1B1 and P450 1A1, in the metabolic activation of DB-
[a,11P.

Chinese hamster V79 cells stably expressing human
P450 1A1 were treated with different doses of DB[a,l]P
or its enantiomeric 11,12-dihydrodiols. Comparison to
the corresponding turnover catalyzed by human P450
1B1 was feasible using the genetically engineered V79
cell lines stably expressing this P450 isoform. Results
obtained from both cell lines are directly comparable. The
P450 activities were found to be of the same order of
magnitude (cf. Table 1) taking into account that the
specific activity of human P450 1A1 for ethoxyresorufin
is nearly 7-fold higher than for human P450 1B1 (51).

Exposure to different concentrations of DBJ[a,l]P re-
vealed that V79 cells stably expressing human P450 1B1
exclusively generate (+)-syn- and (—)-anti-DB[a,|I]PDE—
DNA adducts (Figure 3, Table 2) and thus form exactly
the same adducts as previously detected in human
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MCF-7 cells (29, 30). At low concentrations of DB[a,l]P
(0.1 uM) only (—)-anti-DB[a,|]JPDE—DNA adducts could
be detected (Figure 3A) indicating either an exclusive
generation of the respective R,R-configurated (—)-dihy-
drodiol precursor at low doses of the parent compound
(cf. Scheme 1) or an increased sequestration of any (+)-
syn-DBJa,l]PDE formed by water or other cellular nu-
cleophiles. The latter explanation seems to be more
likely in consideration of the finding that syn-DB[a,|I]PDE
preferentially adopts a conformation with pseudo-diequa-
torial oriented hydroxy groups (aligned conformation)
(34) and the demonstration that vicinal syn-dihydrodiol
epoxides preferring this conformation undergo signifi-
cantly accelerated hydrolytic opening of their oxiranyl
ring under neutral conditions compared to corresponding
anti-diastereomers (52, 53). The dose dependency of the
adduct pattern obtained in V79 cells expressing human
P450 1B1 (Figure 3A,B) was also observed in MCF-7
cells. (+)-syn-DB[a,|]]JPDE—DNA adducts were only de-
tected in MCF-7 cells after treatment with high doses of
the parent PAH, e.g., 1-8 uM.?2 DNA adducts of (+)-syn-
DBJa,l]PDE were virtually undetectable in MCF-7 cells
after exposure to 0.05 uM (+)-11,12-dihydrodiol (38).
These results suggest that nucleophilic sequestration of
small amounts of intermediately formed (+)-syn-DBJa,l]-
PDE by water or cellular proteins rather than a limited
metabolic conversion of DB[a,l]P to its (+)-11,12-dihy-
drodiol (cf. above) may account for the absence of (+)-
syn-DBJ[a,l]PDE—DNA adducts in cells treated with small
amounts of DBJa,l]P.

Treatment of V79 cells expressing human P450 1A1
with DB[a,l]P also resulted in the formation of large
amounts of DBJ[a,|]]PDE—DNA adducts (Figure 3A,B,
Table 2). In addition, considerable amounts of earlier-
eluting highly polar DNA adducts were detected (Figure
3A,B, Table 2). Since human P450 1Al is able to
generate 8,9-, 11,12-, and 13,14-dihydrodiols during
incubation of DB[a,I]P [(5) cf. above], it is possible that
this P450 isoform catalyzes the formation of highly polar
DB[a,l]P—DNA adducts via successive oxidations of dif-
ferent benzo rings in the peri-condensed hexacyclic
molecule. Strong evidence in support of this conclusion
is provided by a study recently presented by Nesnow et
al. (54) that reported that human P450 1Al is able to
metabolically convert the 8,9-dihydrodiol of DB[a,l]P to
a previously unknown tetrahydrotetrol. Furthermore, an
unidentified tetrahydrotetrol epoxide—DNA adduct was
detected after coincubation of human P450 1Al with DB-
[a,11P-8,9-dihydrodiol in the presence of DNA (54). In-
volvement of multiple sites of metabolic activation of the
hexacyclic DB[a,l]P could be anticipated based on similar
findings during activation of certain other penta- or
hexacyclic PAH such as B[a]P (55), dibenz[a,h]an-
thracene (DB[a,h]A) (56, 57), and dibenzo[a,h]pyrene (58).
These PAH have been shown to be capable of undergoing
further oxidation after intermediate formation of vicinal
dihydrodiol epoxides or to be electrophilically activated
as tetrahydrotetrol epoxides via the formation of corre-
sponding tetrahydrotetrol precursors.

Incubation of the immediate metabolic precursor of (—)-
anti-DB[a,l]PDE, the (—)-(11R,12R)-dihydrodiol (Scheme
1), with V79 cells expressing human P450 1B1 indicated
that this isoform metabolically generates (—)-anti-DB-

2 Baird, W. M., Ralston, S. L., Coffing, S. L., Luch, A., and Seidel,
A. Unpublished data.
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[a,]]PDE—DNA adducts (Figure 5A) in extraordinary
large amounts (Table 2). No other adducts have been
detected. In contrast, V79 cells expressing human P450
1A1 are able to produce (—)-anti-DBJ[a,l]PDE as well as
the highly polar DNA adducts (Figure 5B) previously
detected after incubation of the parent compound. The
similar HPLC patterns of highly polar DNA adducts
obtained after incubation of DB[a,l]P or (—)-DBJ[a,l]P-11,-
12-dihydrodiol with V79 cells stably expressing human
P450 1A1 (cf. Figures 4A,B, 5B) provide strong evidence
that the pathway(s) of successive oxidations at multiple
sites of DBJ[a,l]P to form these polar DNA-binding
metabolites include an epoxidation step at the 11,12-
position.

The presence of highly polar DNA adducts together
with DB[a,|]JPDE—DNA adducts in V79 cells expressing
human P450 1Al (Figures 4A,B, 5B) and the absence of
these polar DNA adducts in MCF-7 cells (29, 30) and V79
cells expressing human P450 1B1 after exposure to DB-
[a,1]P or its 11,12-dihydrodiol (Figures 3B, 5A) suggest
that human P450 1A1 is not induced in MCF-7 cells by
treatment with low doses of DB[a,l]P and that the DB-
[a,I]PDE—DNA adducts found in MCF-7 cells result from
activation of DB[a,l]P by human P450 1B1 which is
constitutively expressed (18). Cai et al. (59) found that
treatment of MCF-7 cells with DB[a,l]P increased the
level of P450 1B1, but not the level of P450 1A1. The
same result was obtained previously after incubation of
MCF-7 cells or treatment of mouse skin with B[c]Ph (60).
In contrast, treatment of MCF-7 cells with B[a]P induced
both P450 1B1 and P450 1A1 (59). Typical inducers of
P450 1A isoforms have been demonstrated to possess a
large molecular area/depth ratio as a requirement for
sufficient binding of the Ah receptor to cause induction
of P450 1A enzymes (61, 62). This requirement is
fulfilled by compounds such as 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD), MC, or planar PAH like B[a]P or DB-
[a,h]A (61, 62). In contrast, nonplanar compounds with
a small area/depth ratio have limited ability to induce
P450 1A1; however, they have been shown to induce
other P450 isoforms via an Ah receptor-independent
pathway, e.g., members of the P450 2B subfamily which
are preferentially involved in biotransformation of non-
planar bulky compounds (61, 62). Molecules containing
a sterically hindered fjord region such as B[c]Ph and DB-
[a,1]P exhibit an out-of plane distortion due to repulsive
hydrogen interactions (63); thus, differences in the induc-
tion of P450 1A1 by B[a]P and DB[a,l]P might be due to
their different ability to bind the Ah receptor. Further
investigations are needed to clarify this point.

In conclusion, the present study demonstrates that the
potent carcinogen DBJa,l]P is metabolically activated by
human P450 1B1 very effectively via its (—)-(11R,12R)-
dihydrodiol to the DNA-binding fjord region (—)-anti-DB-
[a,1]PDE. Small amounts of (+)-syn-DB[a,|]PDE—DNA
adducts are detectable only after exposure to high
concentrations of the parent compound. Studies of V79
cells expressing human P450 1A1 have demonstrated
that this isoform is also able to catalyze the formation of
large amounts of DB[a,|]]JPDE—DNA adducts as well as
highly polar DNA adducts which may result from oxida-
tions at both the 8,9- and 11,12-positions of the parent
PAH. However, taking into account that P450 1Al is
virtually inactive in human tissues in the absence of
inducers (64, 65), the similar DB[a,I]]P—DNA adduct
profiles obtained in V79 cells expressing human P450
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1B1 and in human mammary carcinoma MCF-7 cells
suggest that P450 1B1 may be responsible for activation
of DB[a,l]P at low levels at which human exposure occurs.
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