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ABSTRACT

Ifi-ii/iid Iptu-nanihrini- (BcPh) has only weak carcinogenic activity in
rodent bioassays. However, bay-region diol-epoxides of BcPh have the
highest tumor-initiating activities of all hydrocarbon diol-epoxides tested
to date. To determine whether BcPh is metabolically activated to bay-
region diol-epoxides that bind to DNA in cells, Sencar mouse, Syrian
hamster, and Wistar rat embryo cell cultures were exposed to |5-3H]-
Ki I'h. and the BcPh-deoxyribonucleoside adducts formed were analyzed
by immobilized boronate chromatography and reverse-phase high-per
formance liquid chromatography. Greater than 74% of the BcPh-deoxy-
ribonucleoside adducts formed in all 3 species resulted from reaction of
(4Ã„,3S)-dihydroxy-(2S,lÃ„)-epoxy-l,2,3,4-tetrahydro-BcPh [(-)-
BcPhDE-2] with DNA to yield deoxyadenosine and deoxyguanosine
adducts in a ratio of 3:1. A much smaller proportion of BcPh-deoxyri-
bonucleoside adducts were formed by reaction of (4.V,3/f)-dih>drn\y-
(25,lA)-epoxy-l,2,3,4-tetrahydro-BcPh |(+)-BcPhDE-l| with deoxy
adenosine. No BcPh-deoxyribonucleoside adducts arising from either (+ )-
BcPhDE-2 or (- )-HrPhl >!â€¢'.-1were detected. The absence of adducts from

these isomers of BcPhDE was not due to failure of these isomers to react
with DNA in cells, for reaction of (Â±)-BcPhDE-l or (Â±)-BcPhDE-2with
DNA in solution or in hamster embryo cell cultures resulted in the
formation of DNA adducts from both the (+ )- and (-)-enantiomers of
each BcPhDE. These results indicate that both the (+)- and (-)-.M-

dihydrodiols of BcPh are formed and that their metabolic activation to
diol-epoxides occurs with high stereospecificity in cells from all 3 species
of rodents. The finding that the major DNA-binding metabolite is (- )-
BcPhDE-2, the diol-epoxide with the (A,.S')-diol-(.V,/?)-epoxidi'absolute

configuration that is associated with high carcinogenic activity of diol-
epoxides of other hydrocarbons, demonstrates that these cells are able
to activate BcPh to an ultimate carcinogenic metabolite. The fact that a
high proportion of the BcPh-DNA adducts are deoxyadenosine adducts
suggests that BcPh has DNA-binding properties similar to those of the
potent carcinogen 7,12-dimethylbenz(a)anthracene. The stereospecificity
observed in the metabolic activation of BcPh to DNA-binding metabolites
and the reaction of these metabolites with both deoxyguanosine and
deoxyadenosine suggest that studies of the interactions of BcPh with
DNA in vivo may be a valuable approach for establishing the role of
specific activation pathways and DNA adducts in tumor induction.

INTRODUCTION

The PAH' BcPh is a widespread environmental contaminant
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(1) with weak tumorigenic activity (2). BcPh is metabolized in
rat liver microsomal incubations principally to its K-region
dihydrodiol (3). Metabolism of BcPh on the benzo ring occurs
almost exclusively at the 3,4 position; the highly sterically
hindered bay-region 1,2-dihydrodiol is not detected (3). In
accordance with predictions of the bay-region theory of PAH
metabolic activation (reviewed in Refs. 4-6), BcPh 3,4-dihydro-
diol, the precursor to the bay-region diol-epoxide of BcPh, is
more mutagenic than BcPh and its 1,2- and 5,6-dihydrodiols
upon metabolic activation in Salmonella typhimurium strain
TA 98 and TA 100 (7). The 3,4-dihydrodiol is also a more
potent tumor initiator than BcPh on mouse skin (8). The
sterically hindered bay-region BcPhDEs are highly mutagenic
to bacteria and mammalian cells (7) and are the most potent
tumor initiators of all of the PAH diol-epoxides tested in the
mouse skin initiation-promotion assay (8). BcPhDE exists as a
pair of diastereomers: BcPhDE-1 (benzylic 4-hydroxyl group
and epoxide oxygen are cis) and BcPhDE-2 (benzylic 4-hy
droxyl group and epoxide oxygen are trans). Each diastereomer
consists of a pair of enantiomers. Both BcPhDE-1 and Bc
PhDE-2 have high tumor-initiating activity on mouse skin (8).
This may be related to the fact that both diastereomers prefer
the conformation in which their hydroxyl groups are pseudo-
diequatorial (9).

Ultimate carcinogenic metabolites of PAH have been found
covalently bound to DNA upon metabolism of the parent
hydrocarbons in cells (reviewed in 10-12). To determine which
BcPh metabolites are bound to DNA in cells from several
species, we have analyzed, using immobilized boronate chro
matography and reverse-phase HPLC, the BcPh-deoxyribonu
cleoside adducts formed in Sencar mouse, Syrian hamster, and
Wistar rat embryo cell cultures.

MATERIALS AND METHODS

Chemicals. [5-3H]Benzo(c)phenanthrene was prepared by catalytic
reduction of 5-bromobenzo(c)phenanthrene with tritium gas as de
scribed by 11taliet al. (3) (New England Nuclear, Boston, MA); specific
radioactivity was 3.67 Ci/mmol. The sample was spectroscopically
(UV) pure and >97% radiochemically pure as determined by HPLC on
an Ultrasphere ODS column (25 cm x 4.6 mm) (Beckman Instruments,
Inc., Fullerton, CA) [acetonitrile:H2O (80:20), flow rate 1.0 ml/min, R,
= 8 min]. The four enantiomerically pure BcPh-3,4-diol-l,2-epoxide
isomers were prepared as described previously (13). The BcPhDE-
deoxyribonucleoside adduct standards were prepared by reacting the 4
enantiomerically pure BcPh-3,4-diol-t,2-epoxides with calf thymus
DNA followed by hydrolysis of the DNA to deoxyribonucleosides (14,
15). The origin of each DNA adduct formed was assigned by compari
son of Chromatographie retention times and UV spectra with chemically
synthesized standards prepared by reacting the 4 enantiomerically pure
BcPh-3,4-diol-l,2-epoxideswith individual deoxyribonucleosides. Mix
tures of BcPhDE-1-deoxyribonucleoside adducts and BcPhDE-2-de-
oxyribonucleoside adducts were obtained by reaction of each racemic
diastereomer with calf thymus DNA. All DNA adducts resulted from
reaction between C-l of the BcPhDE and the 2-amino group of deoxy-
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guanosine or the 6-amino group of deoxyadenosine. Both m and trans
addition to the epoxides occurred at C-l and are designated c and /.
respectively (14-16).

Treatment of Cells with |3H|BcPh. Primary cell cultures were prepared

from embryos of Sencar mice (15th day of gestation), Syrian hamsters
(13th day of gestation), and Wistar rats (17th day of gestation) (HarÃan
Sprague-Dawley, Inc., Indianapolis, IN) as described previously (17).
Tertiary monolayer cultures were prepared in 175-cm2 culture flasks
with 50 ml minimum Eagle's medium (Grand Island Biological Co.,
Grand Island, NY; mouse and hamster cells) or Eagle's basal medium

(M. A. Bioproducts, Walkersville, MD; rat cells) containing 10% fetal
bovine serum (Reheis Chemical Co., Phoenix, AZ). [5-3H]BcPh was
added to the cultures at a final concentration of 0.574 m>/m\ medium
and a specific radioactivity of 3.67 Ci/mmol. BcPh metabolism was
monitored by measurement of the water-soluble metabolites as deter
mined by extraction of medium samples with chloroform:meth-
anohwater (18). Unmetabolized BcPh and nonpolar metabolites such
as phenols and dihydrodiols are extracted into the chloroform phase;
the polar metabolites that remain in the aqueous methanol phase are
defined as water-soluble metabolites (18). After 48 h, the cells were
harvested, nuclei prepared, DNA isolated and enzymatically degraded
to deoxyribonucleosides (19).

Chromatography of BcPh:DNA Adducts. The BcPh-deoxyribonucle-
oside adducts present in each DNA digest were isolated by chromatog-
raphy on a Sep-Pak C-l8 cartridge (Waters Associates, Milford, MA).
Unmodified deoxyribonucleosides were eluted with 40 ml water and
then the BcPh-deoxyribonucleoside adducts were eluted with 1 ml
methanohwater (2:3) and 6 ml methanol (19). The methanol fractions
were evaporated to 0.5 ml and applied to a 1.0-g column of ||A'-|A''-

[m-(dihydroxyboryl)phenyl]succinamyl|amino|(ethyl-cellulose as de
scribed previously (19, 20). The column was eluted with 40 ml l M
morpholine (pH 9.0) followed by 40 ml l M morpholine, 10% sorbito!
(pH 9.0). A total of 80 1-ml fractions were collected and the radioac
tivity of an aliquot of each fraction was determined by liquid scintilla
tion counting using ACS (Amersham, Arlington Heights, IL). The
fractions containing radioactivity in each buffer were pooled and con
centrated by chromatography on Sep-Pak C-l8 cartridges. The BcPh-
deoxyribonucleosides present in the l M morpholine buffer were then
chromatographed by HPLC on a 25-cm x 4.6-mm Ultrasphere ODS
reverse-phase column (Beckman Instruments, Inc., Fullerton, CA). The
column was eluted with methanohwater (52:48) for 33 min at a flow
rate of 1.0 nil/m in and then for 10 min with a linear gradient of
methanohwater (52:48 to 90:10). A total of 110 0.3-ml fractions fol
lowed by 20 fractions at 0.5 ml were collected in scintillation vials.
Radioactivity was determined by liquid scintillation counting using
ACS. UV-detectable quantities of unlabeled (+)-BcPhDE-l-deoxyri-
bonucleoside adducts and (-)-BcPhDE-l-deoxyribonucleoside adducts

were added to each sample for identification of adduci peaks. The
BcPh-deoxyribonucleosides present in the l M morpholine, 10% sor-
bitol buffer were chromatographed by HPLC in a similar manner; the
column was eluted with methanohwater (47:53) for 33 min and then
for 10 min with a linear gradient of methanohwater (47:53 to 90:10),
and UV-detectable quantities of (+)-BcPhDE-2-deoxyribonucleoside
adducts and (-)-BcPhDE-2-deoxyribonucleoside adducts were added

to each sample as identification markers.
Individual BcPh-deoxyribonucleoside adducts were isolated from the

DNA of Sencar mouse embryo cells which had been exposed to [5-3H]-

BcPh for 48 h by using immobilized luminate chromatography and
reverse-phase HPLC without the addition of the BcPhDE-deoxyribo-
nucleoside adduct markers. A 10-^1aliquot of each HPLC fraction was
analyzed for radioactivity and the fractions containing each peak of
radioactivity were then pooled for extraction studies.

Treatment of Cells with (Â±)-BcPhDE-l and (Â±)-BcPhDE-2. Tertiary
monolayer cultures of Syrian hamster embryo cells were exposed to
unlabeled (Â±)-BcPhDE-l at a final concentration of 0.2 Mg/ml medium
or unlabeled (Â±)-BcPhDE-2 at a final concentration of 0.25 Â¿ig/ml
medium. After 4 h, the cells were harvested, nuclei prepared, DNA
isolated and enzymatically degraded to deoxyribonucleosides. The
(Â±)-BcPhDE-l- and (Â±)-BcPhDE-2-deoxyribonucleoside adducts were
analyzed by reverse-phase HPLC as described above for [3H]BcPh-

deoxyribonucleoside adducts without the addition of BcPhDE-deoxy-
ribonucleoside adduct standards. The elution of the BcPhDE-deoxyri-
bonucleoside adducts formed in cells was monitored by UV absorbance
at 254 nm.

RESULTS

It has previously been demonstrated that the DNA adducts
formed from diol-epoxide-1 and diol-epoxide-2 of DMBA, BaP,
and 5-methylchrysene can be separated by immobilized boron-
ate chromatography (19-21). To determine whether BcPhDE-
1- and BcPhDE-2-deoxyribonucleoside adducts could be sepa

rated by this procedure, adducts formed by individual reaction
of (Â±)-BcPhDE-l and (Â±)-BcPhDE-2 with calf thymus DNA
were applied to a 1.0-g column of |(A'-jAr'-[Â»j-(dihydroxy-

boryl)phenyl]succinamyljamino| (ethyl-cellulose. The BcPh-de
oxyribonucleoside adducts formed from (Â±)-BcPhDE-l eluted
in the initial morpholine buffer and those formed from (Â±)-
BcPhDE-2 required the morpholine:sorbitol buffer for elution
(data not shown). HPLC analysis demonstrated that the mor
pholine buffer fractions contained only (Â±)-BcPhDE-l-deoxy-
ribonucleoside adducts and the morpholine:sorbitol buffer frac
tions contained only (Â±)-BcPhDE-2-deoxyribonucleoside ad
ducts (data not shown). As was the case for the DNA adducts
of the diol-epoxides of BaP (19) and DMBA (20) only diol-
epoxide-2 adducts with ci'5-vicinal hydroxyl groups bind to the

immobilized boronate column.
The BcPh-deoxyribonucleoside adducts formed in rodent em

bryo cell cultures were investigated by exposure of third-passage
Sencar mouse, Syrian hamster, and Wistar rat embryo cell
cultures to [3H]BcPh for 48 h. In each case, more than 60% of
the BcPh was metabolized to water-soluble metabolites as de
termined by CHCl3:methanol:water extraction (Table 1). Al
though the amount formed in the Wistar rat embryo cells was
greater than in the Syrian hamster or Sencar mouse embryo
cells (Table 1), the level of binding of BcPh to DNA was much
higher in the Sencar mouse embryo cells than in the other cells
(Table 1). After enzymatic hydrolysis of the DNA, the BcPh-
deoxyribonucleoside adducts were isolated by chromatography

Table 1 DNA adducts formed from BcPh
The amount of BcPh metabolized to water-soluble metabolites and the amounts

of the major BcPh-deoxyribonucleoside adducts formed in Sencar mouse. Syrian
hamster, and Wistar rat embryo cell cultures. The amount of BcPh metabolized
to water-soluble metabolites was determined by chloroform:methanol:water ex
traction of media samples from cultures exposed to | 'I I|Hi-l'h for 48 h as described
in "Materials and Methods." The amount of BcPh bound to DNA was calculated

from the total amount of radioactivity per mg DNA. After enzymatic degradation
to deoxyribonucleosides, the BcPh-deoxyribonucleoside adducts were isolated by
chromatography on Sep-Pak C-l8 cartridges as described in "Materials and
Methods." The adducts present in the methanol fraction from the Sep-Pak

cartridge were concentrated and analyzed by immobilized boronate chromatog
raphy. The BcPh-deoxyribonucleoside adducts in the morpholine fraction and the
morpholine:sorbitol fraction were concentrated on a Sep-Pak and the total
amount of adducts present in each buffer fraction was calculated from the
radioactivity eluted from the Sep-Paks by methanol. The amount of the individual
adducts was calculated from the reverse-phase HPLC data shown in Fig. 1.

Embryo cell cultures

Sencarmouse%

BcPhmetabolizedBinding
to DNA (pmolBcPh/mg

DNA)Morpholine
fraction(pmol/mg

DNA)(+)-BcPhDE-l-dA,(-t-)-BcPhDE-l-dA,Morpholine:sorbitol

fraction(pmol/mg
DNA)(-)-BcPhDE-2-dGc(-)-BcPhDE-2-dG,(-)-BcPhDE-2-dA,601124.01.20.190.51.620.467.8Syrian

hamster Wistarrat73261.80.60.119.10.24.310.587365.43.10.617.30.23.913.0
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BcPhDE-1 ADDUCTS BcPhDE-2 ADDUCTS

Fig. 1. Reverse-phase HPLC elution pro
nies of the BcPh-deoxyribonucIeoside adducts
isolated from Sentar mouse, Syrian hamster,
and Wistar rat embryo cell cultures after ex
posure to 0.574 Mg['HJBcPh (3.67 Ci/mmol)
per ml medium for 48 h. DNA was isolated
and enzymatically degraded to deoxyribonu-
cleosides, and the BcPh-deoxyribonucleoside
adducts were isolated by chromatography on a
Sep-Pak <1S cartridge as described in "Ma
terials and Methods." BcPh-deoxyribonucleo-

side adducts were separated into 2 fractions by
immobilized boronate chromatography. The
radioactive adducts present in the 1 M mor-
pholine buffer fractions and in the I M mor
pholine, 10% sorbito! buffer fractions, were
pooled, concentrated, and analyzed by reverse-
phase HPLC on an Ultrasphere ODS column
as described in "Materials and Methods." Top

of each panel, elution of the synthetic adducts
obtained from the calf thymus DNA (moni
tored at 254 nm). For the I M morpholine
fractions (Sencar mouse, A\ Syrian hamster, C;
Wistar rat embryo cells, Â£) , elution posi
tion of synthetic (-)-BcPhDE-l-deoxyribonu-
cleoside adducts; â€”, elution position of syn
thetic (+)-BcPhDE-l-deoxyribonucleoside ad
ducts. For the l M morpholine, 10% sorbito!
fractions (Sencar mouse. It: Syrian hamster,
D-, Wistar rat embryo cells, f) , elution
position of synthetic (-)-BcPhDE-2-deoxyri-
bonucleoside adducts; , elution position of
synthetic (+)-BcPhDE-2-deoxyribonucleoside
adducts. Standards are designated by the pur-
ine base and by cis (c) or trun\ (0 to indicate
whether the epoxide of the BcPhDE was
opened by cis or trans attack of the exocyclic
amino group of deoxyguanosine or deoxyaden-
osine at C-l of the diol-epoxide (16).
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on a Sep-Pak C-18 cartridge. The percentages of radioactivity
recovered in the methanol fractions which contain BcPh-deox-
yribonucleoside adducts were 88, 86, and 78% from the Sencar
mouse, Syrian hamster, and Wistar rat embryo cells, respec
tively. The identity of the small proportion of radioactivity that
eluted from the Sep-Pak cartridge in the water fractions has
not been established. The BcPh-deoxyribonucleoside adducts
isolated from each cell type were analyzed by immobilized
boronate chromatography and reverse-phase HPLC. The ma
jority of the BcPh-deoxyribonucleoside adducts, 96, 91, and
76% of those present in the DNA of Sencar mouse, Syrian
hamster, and Wistar rat embryo cells, respectively, were eluted

in the morpholinersorbitol buffer fractions of the immobilized
boronate column. This indicates that these adducts contained
m-vicinal hydroxyl groups and were probably formed from a
diol-epoxide such as (Â±)-BcPhDE-2 (19, 20). Only 5% of the
BcPh-deoxyribonucleoside adducts present in the DNA of Sen-
car mouse embryo cells, 10% in Syrian hamster embryo cells,
and 26% in Wistar rat embryo cells eluted in the morpholine
buffer fractions of the immobilized boronate column. These
could have resulted from a diol-epoxide that reacts with DNA
to give adducts without di-vicinal hydroxyl groups such as
(Â±)-BcPhDE-l or another type of BcPh metabolite.

The reverse-phase HPLC profiles of the individual BcPh-
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Fig. 2. Reverse-phase HPLC elution profiles of the BcPhDE-deoxyribonucle-

oside adducts delected in Syrian hamster embryo cell cultures after exposure to
0.2 jig (Â±)-BcPhDE-l per ml medium for 4 h (left panel) or to 0.25 fig (Â±)-
BcPhDE-2 per ml medium for 4 h (right panel). DNA was isolated and enzymat-
ically degraded and adducts were isolated on a Waters Sep-Pak ( -IX cartridge.
BcPhDE-deoxyribonucleoside adducts were analyzed by reverse-phase HPLC and
UV absorbance at 254 nm was monitored. Top of each panel, elution profiles of
the BcPhDE-deoxyribonucleoside adducts prepared by reaction of each isomer of
BcPhDE with calf thymus DNA (monitored at 254 nm); peaks are identified as
described in the legend to Fig. 1.

deoxyribonucleoside adducts present in each buffer fraction are
shown in Fig. 1. Each sample was cochromatographed with UV
standards derived from the reactions of calf thymus DNA with
the enantiomerically pure (+)- and (-)-isomers of BcPhDE-1
(morpholine buffer fractions) or the enantiomerically pure (+)-
and (-)-isomers of BcPhDE-2 (morpholinersorbitol buffer frac
tions). The morpholine buffer fractions from all 3 cell cultures
contained a large peak of unidentified radioactivity that eluted
in the breakthrough volume of the column. The major BcPh-
deoxyribonucleoside adduct present in the morpholine buffer
fractions in Sencar mouse, Syrian hamster, and Wistar rat
embryo cells cochromatographed with (-l-)-BcPhDE-l-dA, (Fig.
l,A,C, and Â£;fractions 50-60). The subscripts on the adduct
abbreviations designate cis (c) or trans (t) addition to the diol-
epoxides at C-l. Smaller amounts of an additional (+)-Bc
PhDE-l-dAc adduct (fractions 115-120) were present in the
cultures from all 3 species. The actual amounts of these adducts
are given in Table 1. No peaks were detected that coeluted with
the UV standards of DNA adducts derived from (-)-BcPhDE-

1.
The major BcPh-deoxyribonucleoside adduct present in the

morpholinersorbitol buffer fractions in Sencar mouse, Syrian
hamster, and Wistar rat embryo cell cultures cochromato
graphed with (-)-BcPhDE-2-dA, (Fig. Ifi, 0, and f; fractions
90-100). Smaller amounts of (-)-BcPhDE-2-dG< (Fig. 1Ã„,D,
and F; fractions 35-40) and an adduct which eluted within the
same region as both (-)-BcPhDE-2-dG, and (+)-BcPhDE-2-
dA<.(Fig. 1Ã„,Z), and F; fractions 55-60) were present in all
species. Since reaction of (+)-BcPhDE-2 with DNA should
have resulted in the formation of larger amounts of 2 other
adducts, (+)-BcPhDE-2-dG, and (+)-BcPhDE-2-dAâ€ž that were
not detected in cells, this peak was tentatively identified as (â€”)-
BcPhDE-2-dG,. The proportion of this adduct peak observed
in cells relative to the amount of the other (-)-BcPhDE-2-

deoxyribonucleoside adducts is consistent with that observed
for reaction of (-)-BcPhDE-2 with DNA in solution. The

amounts of these radioactive adducts are given in Table 1. The
2 major BcPhDE-2-deoxyribonucleoside adducts consisted of
(-)-BcPhDE-2-dA, and (-)-BcPhDE-2-dG, in a ratio of ap

proximately 3:1 in Sencar mouse, Syrian hamster, and Wistar
rat embryo cells (Fig. IB, D, and F; Table 1) and is similar to
that obtained when (-)-BcPhDE-2 was reacted with calf thymus

DNA in solution (14, 15) or when cells were treated with
racemic BcPhDE (Fig. 2).

To support the structural assignment of the radioactive BcPh-
deoxyribonucleoside adduct that cochromatographs in the re
gions of (-)-BcPhDE-2-dG, and (+)-BcPhDE-2-dAc, the radio
active DNA-adduct peaks from Sencar mouse embryo cells were
partitioned between ethyl acetate and pH 9.0 Tris buffer (22,
23). More than 50% of the adducts identified by cochromatog-
raphy as (+)-BcPhDE-l-dA, and (-)-BcPhDE-2-dA, were ex

tracted into ethyl acetate whereas only 7% of the adduct iden
tified as (-)-BcPhDE-2-dGf extracted into ethyl acetate. This
is consistent with their pKflvalues (16). Extraction of the BcPh-
deoxyribonucleoside adduct that eluted in the same region as
both (-)-BcPhDE-2-dG, and (+)-BcPhDE-2-dAf with ethyl ace

tate resulted in recovery of 10% of the radioactivity in the ethyl
acetate phase. These extraction properties are consistent with
those of a dG adduct such as (-)-BcPhDE-2-dGâ€ž but not with
those of a dA adduct. Thus, all of the BcPhDE-2 DNA adducts
found in cells arose from (â€”)-BcPhDE-2.

To determine whether BcPh-DNA adducts are formed in
detectable amounts in cells in culture treated with both the (+)-
and (â€”)-enantiomer of each BcPhDE, hamster embryo cell
cultures were treated with unlabeled (Â±)-BcPhDE-l or (Â±)-
BcPhDE-2 and the DNA adducts were analyzed by HPLC and
monitored by UV absorbance of the eluate. In cells exposed to
(Â±)-BcPhDE-l, BcPhDE-deoxyribonucleoside adducts were de
tected from both (+)- and (-)-BcPhDE-1 (Fig. 2). The large

UV peak eluted in the first 20 fractions of the column was also
present in DNA samples from cells not treated with BcPh and
was due to UV-absorbing material that eluted from the Sep-
Pak with the adducts. The UV peaks in fractions 30 through
120 were BcPhDE-DNA adducts: these peaks were absent in
DNA samples from cells not exposed to BcPhDE. The major
BcPhDE-1-deoxyribonucleoside adduct present eluted in the
same volume as (+)-BcPhDE-1-dA,. Smaller amounts of (-)-
BcPhDE-l-dAc and (+)-BcPhDE-dG, were also detected. These
BcPhDE-1-deoxyribonucleoside adducts were present in ap
proximately the same proportion as those formed by reaction
of (Â±)-BcPhDE-l with calf thymus DNA in solution. In cells
exposed to (Â±)-BcPhDE-2, BcPhDE-deoxyribonucleoside ad
ducts were detected from both (+)- and (-)-BcPhDE-2 (Fig. 2).
The major BcPhDE-2-deoxyribonucleoside adducts eluted in
the same region as (+)-BcPhDE-2-dGâ€ž (-)-BcPhDE-2-dAâ€ž and
a peak that contains both (-)-BcPhDE-2-dG, and (+)-BcPhDE-
2-dAÂ«.and a small amount of (+)-BcPhDE-2-dA, was also
present. These BcPhDE-2-deoxyribonucleoside adducts were
also present in approximately the same ratio as that formed by
reaction of (Â±)-BcPhDE-2 with calf thymus DNA in solution.
The finding that DNA adducts from both the (+) and (-)
enantiomers of BcPhDE-1 and -2 were formed in BcPhDE-
treated hamster embryo cell cultures indicated that (-)-Bc-
PhDE-1- and (+)-BcPhDE-2-deoxyribonucleoside adducts
should have been detected in BcPh-treated rodent embryo cell
cultures if these diol-epoxides were formed from BcPh. Thus,
the absence of detectable levels of BcPh-deoxyribonucleoside
adducts from (-)-BcPhDE-l and (+)-BcPhDE-2 was not due

to their lack of reactivity with DNA in cells; instead it demon
strates the high stereospecificity of metabolic activation of BcPh
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Fig. 3. Schematic representation of the ac
tivation of BcPh 3,4-dihydrodiols to bay-re
gion diol-epoxides that bind to DNA in rodent
embryo cell cultures. The pathways shown bywere the major routes of metabolic acti

vation of the dihydrodiols and the pathways
shown by â€” were not detected in these stud
ies. Actual ratios of individual DNA adducts
derived from (-)-BcPhDE-2 to those derived
from i M H>I'll DI l were 69:1, 21:1, and 5:1
in the SI-IK.ir mouse, Syrian hamster, and Wis-
i.it rat embryo cell cultures, respectively.

â€¢H-BcPri-3,4-
DHYDRODIOL

H-BcPh-3,4-
DIHYDRODIOL

(+)-BcPhDE-1

(+)-BcPhDE-2

(-)-BcPhDE-l

OH
(-)-BcPhDE-2

to (+)-BcPhDE-l and (-)-BcPhDE-2 in rodent embryo cell

cultures.

DISCUSSION

Rodent embryo cell cultures exposed to 0.574 fig BcPh/ml
medium for 48 h metabolized more than 60% to water-soluble
metabolites (Table 1). After 48 h of exposure to a similar
concentration of benzo(a)pyrene (0.5 ng/m\ medium), the per
centage metabolized to water-soluble metabolites was 87, 90,
and 74% in Sencar mouse, Syrian hamster, and Wistar rat
embryo cell cultures, respectively.4 Thus, BcPh was metabolized

in all 3 cell cultures and the percentage of the BcPh metabolized
in 48 h did not differ greatly from that of a similar dose of BaP.
The total amount of BcPh that bound covalently to DNA in
these cell cultures ranged from 112 pmol BcPh/mg DNA in the
Sencar mouse embryo cells to values of 26 and 36 pmol BcPh/
mg DNA in hamster and rat embryo cells, respectively. Expo
sure of similar cell cultures to 0.5 Mi/ml BaP resulted in binding
levels of 89, 43, and 33 pmol BaP/mg DNA in the mouse,
hamster, and rat embryo cells, respectively. The total levels of
binding of BcPh to DNA were comparable to those of BaP in
these cell cultures. These results demonstrate that rodent em
bryo cell cultures from 3 species are able to metabolically
activate BcPh to reactive derivatives that bind to DNA.

Analysis of the BcPh-deoxyribonucleoside adducts formed in
3cPh-treated Sencar mouse, Syrian hamster, and Wistar rat
embryo cells demonstrated that the major portion of DNA
adducts were formed by (â€”)-BcPhDE-2 and only a small portion
from (-f-)-BcPhDE-l. No DNA adducts formed from either (-)-
BcPhDE-1 or (+)-BcPhE-2 were detected. Reaction of racemic
BcPhDE-2 or BcPhDE-1 with DNA in solution resulted in the
formation of DNA adducts from both the (+) and (â€”)enantio-
mers of each diol-epoxide. Treatment of Syrian hamster embryo
cell cultures with (Â±)-BcPhDE-2 or (Â±)-BcPhDE-l also resulted
in the formation of DNA adducts (Fig. 2) from both the (+)-
and (-)-enantiomer of each isomer in proportions similar to
those obtained upon reaction with DNA in solution. Thus,
DNA adducts from (+)-BcPhDE-2 or (-)-BcPhDE-l should

' S. M. Sebti and W. M. Baird, unpublished results.

have been detected if substantial amounts of either of these
isomers had been formed from BcPh in the cell cultures.

More BcPh was metabolized to (-)-BcPhDE-2 than to (+)-
BcPhDE-1 in all 3 cell cultures. The ratios of individual DNA
adducts derived from (â€”)-BcPhDE-2 to those derived from (+)-
BcPhDE-1 were 69:1, 21:1 and 5:1 in Sencar mouse, Syrian
hamster, and Wistar rat embryo cell cultures, respectively (Ta
ble 1). Thus, (+)-BcPhDE-2 is the major BcPh metabolite
bound to DNA in all 3 cell cultures. This isomer has (4Ã„.3S)-
iliol (2,V,1W)cpoxidc absolute configuration, the configuration
which has been shown to be the most tumorigenic of the
corresponding 4 configurational isomers of the bay-region diol-
epoxides of BaP, chrysene, and benz(a)anthracene as well as
BcPh (reviewed in Refs. 6 and 14). The high stereospecificity
of DNA adduct formation from BcPh in cell cultures from all
3 species is consistent with the microsomal metabolism of
BcPh. With rat liver microsomes, BcPh is metabolized predom
inantly to the (3Ã„,4Ã„)-enantiomer of its 3,4-dihydrodiol (3)
which is then stereoselectively converted mainly to the (4R,3S)-
diol-(25,l/?)-epoxide enantiomer [(-)-BcPhDE-2] (24). This

same pattern of stereoselective metabolism has been observed
in microsomes with several other hydrocarbons including BaP
(reviewed in Ref. 6). Metabolic activation of BaP also proceeds
with high stereoselectivity in many types of cells in culture (12).
The major metabolite of BaP bound to DNA generally results
from the corresponding (7A,8S)-diol-(95,10.K)-epoxide (re
viewed in Refs. 6, 11, and 12). However, BaP is activated to a
number of metabolites that bind to DNA in Wistar rat embryo
cells and the (7Ã„,8S)-diol-9S, l OA)-epoxide of BaP accounts for
less than 25% of the DNA adducts at 48 h (25).

Since (+)-BcPhDE-l is formed from the (3S,4S)-dihydrodiol
and (-)-BcPhDE-2 is formed from the (3Ã„,4Ã„)-dihydrodiol

(Fig. 3), the presence of DNA adducts formed from both these
diol-epoxides indicates that: (a) both the (35,45)- and (3Ã„,4Ã„)-
dihydrodiols must be formed in the cell cultures from all 3
species and (b) subsequent metabolic activation of these diols
to diol-epoxides occurs with high stereospecificity since neither
(-)-BcPhDE-l- nor (-(-)-BcPhDE-2-deoxyribonucleoside ad

ducts were detected in the cell cultures.
Metabolism of BcPh in rodent cell cultures results in the

formation of a much higher proportion of deoxyadenosine
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adducts than deoxyguanosine adducts. This differs from the
metabolic activation of BaP which results in the formation of
more than 90% deoxyguanosine adducts in rodent embryo cell
cultures (19, 25) but is similar to that of DMBA which results
in high proportions of deoxyadenosine adducts in mouse, rat,
and hamster embryo cell cultures (26, 27) and in mouse skin in
vivo (28,29). Although the proportions of DMBA diol-epoxide-
1 and -2 adducts are affected by DMBA dose and length of
time of exposure (30), after 48 h of exposure a high proportion
of the DMBA-deoxyribonucleoside adducts resulted from re
action of DMBA-diol-epoxide-1 in cell cultures from all 3
species (26, 27). In this respect BcPh appears more similar to
BaP in that these hydrocarbons result in adducts derived pre
dominantly from the bay-region diol-epoxide-2-diastereomers.

The present resulted demonstrate that BcPh is metabolically
activated in embryo cell cultures from 3 species of rodents to
ultimate carcinogenic forms and that this activation takes place
with high stereospecificity (Fig. 3). The finding that BcPh forms
high proportions of deoxyadenosine adducts like the potent
carcinogen DMBA and the availability of the enantiomers of
BcPhDE-1 and -2 indicate that studies of BcPh-DNA adducts
will aid in establishing the role of specific types of hydrocarbon-
DNA adducts in the causation of biological effects.
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