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Abstract—The 7 8-epoxidation of benzo[a]pyrene, and the 9,10-epoxidation of benzo[a]-pyrene trans-
7.8-dihydrodiol coupled with covalent binding of the highly reactive diol-epoxide. are two key P-45(-
mediated reactions believed to be important in cancer initiation, mutagenesis and teratogenesis. New
assays for these two reactions were developed with mouse liver microsomes. These two activities have
apparent K, values (~6 uM) similar to that of aryl hydrocarbon hydroxylase activity. Twenty-six
individual 3-methylcholanthrene-treated Ah°/Ah* and Ah/ AR progeny of the (C57TBL/6N)(DBA/2N)
F, x DBA/2N backcross were studied. Both of the newly described activities appear to represent P-450
protein(s) that are responsible for aryl hydrocarbon hydroxylase activity and that are coordinately
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controlled by the Ah" allele.

Multiple formsz of cytochrome P-450 exhibit charac-
teristic but overlapping substrate specificities in the
metabolism of polycyclic hydrocarbons to their
proximate and ultimate carcinogenic metabolites
(reviewed in refs. 2-5). The selective regulation of
the P-450 proteins by genetic and environmental
factors is an important area of carcinogenesis [6, 7],
mutagenesis [8-11]. and teratogenesis [12, 13].

The number of BP metabolites, especially the
concept of a second oxygenation by P-450 enzymes
on the same BP molecule [14], came to be appreci-
ated with the advent of the hplc assay [15, 16]. Ster-
eoselectivity of different P-450 proteins has been
noted: liver microsomes from phenobarbital-treated
and control animals give a predominance of BP 4,5-
diol; microsomes from 3-methylcholanthrene-
treated animals give a predominance of BP metab-
olites oxygenated in the 7,8- and 9,10-positions [17].
Cells in culture display a predominance of 7,8- and

i The term “P-450" is used to designate any or all forms
of microsomal cytochrome P-450 (multisubstrate mono-
oxygenases). Mouse “P;-450” and “P3;-450” are defined as
those forms of 3-methylcholanthrene-induced P-450 (con-
trolled by the A receptor) with the highest turnover num-
bers for induced aryl hydrocarbon hydroxylase and acet-
anilide 4-hydroxylase activity, respectively [1]. Other
abbreviations include: BP, benzo[a]pyrene; [7-°H]BP,
benzo[a]pyrene specifically tritiated in the 7-position;
hplc, high-performance liquid chromatography; AHH,
aryl hydrocarbon (benzo[a]pyrene) hydroxylase (EC
1.14.14.1): B6. the inbred C57BL/6N mouse strain;
D2, the inbred DBA/2N mouse strain: BP 7 8-diol.
trans-7.8-dihydroxy-7,8-dihydrobenzo[a]pyrene; BP diol-
epoxide.  7B.8a-dihydroxy-9«,10a-epoxy-7.8.9.10-tetra-
hydrobenzofa]pyrene (it is realized that the diol-epoxide
exists as a racemic mixture in which enantiomers are pos-
sible in vivo).

9,10-oxygenated products, compared with micro-
somes from the intact animal [18].

The standard AHH assay [19] measures BP phenol
formation. The 3-hydroxy and 9-hydroxy metabolites
are particularly fluorescent [20]. Mouse P,-450, a P-
450 induced by polycyclic hydrocarbons and gover-
ned by the Ah receptor (reviewed in Ref. 21), is
defined [1] as that enzyme having the highest turn-
over number for BP.

Most of this benzo[a]|pyrene metabolism work has
been carried out with the relatively nonspecific AHH
assay.

The pathway by which BP becomes activated to
the ultimate carcinogen or mutagen (Fig. 1) involves
first a 7,8-epoxidation, then hydration of the arene
oxide to form a trans-7 8-diol, and finally 9,10-epox-
idation of the 7,8-diol [5]. Following covalent inter-
action of the diol-epoxide with the exocyclic N-2 of
guanine [23], as well as other cellular nucleic acids
and proteins {24], initiation of tumorigenesis is
believed to occur in some manner.

Is P,-450 therefore involved principally in the
important metabolic pathway leading to the ultimate
carcinogen/mutagen (Fig. 1) in detoxification, in the
formation of toxic metabolites ( phenols, quinones),
or in some combination of all three? Several lines of
indirect evidence would suggest some combination
of all three. B6 inbred mice (Ah°/AhP) having the
high-affinity form of AA receptor have been crossed
with D2 inbred mice (AhY/Ah") having the poor-
affinity form of receptor. 3-Methylcholanthrene-
treated B6 mice and the B6D2F, (A#°/Ah¢) possess
the high-affinity Ah receptor responsible for the P,-
450 induction process to proceed; 3-methylchol-
anthrene-treated D2 mice exhibit negligible P;-450
induction [21]. Studies with polycyclic hydrocarbon-

1821

BP 34:10-0



1822

1 2
10 @ 3 [0]

(P-450)

55

COVALENT BINDING TO [H,0] (hE;;oxide
CELL MACROMOLECULES ydrolase)

o OO
e JIOIQ
OH

Fig. 1. Three coordinate steps in conversion of the pre-
carcinogen BP to the ultimate carcinogenic diol-epoxide
that binds covalently to nucleic acids and proteins. The first
and third reactions involve P-450-mediated monooxy-
genations. In the second reaction, the 7,8-oxide is changed
1o the trans-7.8-dihydrodiol by epoxide hydrolase [22].

treated ARP/AKY and AhY/Ah® progeny from the
B6D2F, x D2 backcross have shown a high cor-
relation between presence of the AhP allele and
tumorigenesis [25], mutagenesis [26], teratogenesis
[12]. or covalent binding of metabolites {12. 27] and
other toxicological events [28].

P-450 metabolism can be highly stereoselective.
For example. 7-hydroxylation of warfarin pre-
dominates in control rat liver microsomes, whereas
6- and 8-hydroxylations predominate in polycyclic
hydrocarbon-treated rats [29]. The major route of
microsomal metabolism of BP 7.8-diol is different
from that of the 9,10-diol [30]. It has been shown
that the 7,8-epoxidation of BP (Fig. 1) is the rate-
limiting step; once the 7,8-oxide forms, 7,8-diol for-
mation and the diol-epoxide formation readily occur
[4. 5]. Does P -450 participate in the 7,8-epoxidation,
the 9,10-epoxidation, or both? Indirect in vivo stud-
ies with genetically different mice would suggest that
both 7.8- and 9,10-monooxygenation are controlled
by the Ah® allele during tumorigenesis [31], marrow
toxicity [32]. and teratogenesis [13]. The purpose of
this report is to prove this point directly by carrying
out two newly designed BP metabolism assays in
AhP/AhY and AhY/AhY mice.

EXPERIMENTAL PROCEDURES

Materials. [7-*H)BP was custom-synthesized [33]
and purchased from Midwest Research Institute
(Kansas City, MO). Briefly stated. the 7-keto-8.9,10-
trihydro-BP starting material was converted to the
7-0l-7-[*H] in the presence of NaB{*H], and NaOH
in ethanol; extraction of H.O was carried out in
acetic acid and HCI; [7-*H]9,10-dihydrobenzo[al-
pvrene was then oxidized to the final product in the
presence of 2.3-dichloro-5.6-dicyano-1.4-benzoqui-
none. The crude product was purified by preparative
hple («Bondapak C ., 70% acetonitrile. 30% water,
U.V. detector at 254 nm, flow rate 2.4 ml/min. reten-
tion volume 30 ml). Specific activity of the 12.4 mg
of pure [7-*H|BP was 3.28 Ci/mmole. comparisons
of the ultraviolet absorption and melting point with
a purc unlabeled standard. and the chemical and
radiochemical purity of =95% . were confirmed by
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thin-layer chromatography and radiochromatogram-
scanning (SiO,/hexanes:acetone. 4:1) (R; = 0.65).

Generally tritiated BP 7,8-diol (416 mCi/mmole)
and nonlabeled BP 7,8-diol were bought from the
National Cancer Institute Chemical Repository
(Bethesda, MD); purity is greater then 95%
Nonlabeled BP and 3-methylcholanthrene were
purchased from Fluka A.G. (Buchs, Switzerland):
glucose-6-phosphate, glucose-6-phosphate dehydro-
genase, NAD and NADP from Boehringer (Mann-
heim, Germany); Picofluor 30® from Packard
(Downer Grove, IL); and Lumasolve® and Lipo-
luma® from Lumac (Basel. Switzerland). All other
chemicals and solvents were of the highest analvtical
grade and were obtained from Merck (Darmstadt.
Germany). B6 and D2 inbred mice (weanling. either
sex) were bought from the Veterinary Resources
Branch, National Institutes of Health (Bethesda.
MD). Progeny of the B6D2F, x D2 backcross were
generated in the Laboratory of Developmental Phar-
macology mouse colony. Sexually immature mice of
either sex were found to have no BP metuabolic
differences and were used interchangeably in this
study.

Treatment of animals and preparation of liver
microsomes. 3-Methylcholanthrene (200 mg/kg) was
given intraperitoneally in peanut oil (25 ml/kg) 3
days before killing; controls received the oil alone.
Livers were individually removed, washed as free as
possible of hemoglobin, and homogenized in & ml

‘of 0.1 M Tris chloride buffer (pH 7.4) and 0.25M

sucrose. Individual liver homogenates were centri-
fuged at 13.500 g for 20 min. the supernatant centri-
fuged at 105,000 g for 60 min. Individual liver micro-
somal pellets were resuspended in 2mli of 0.1 M
Tris chloride (pH 7.4), separated into three or more
aliquots, and stored at —80° until assay.

Enzyme assays. The same incubation reaction mix-
ture (1 ml) was used for all three assays and consisted
of: 0.37mM NADP, 043mM NAD. 2.5mM
glucose-6-phosphate. glucose-6-phosphate dehydro-
genase (0.151.U.), 50mM Tris chloride buffer
(pH 7.6), substrate, and microsomes. Bovine serum
albumin (0.8 mg) was present in the AHH and 7.5-
monooxygenase assays but was not included in the
covalent binding assay. Protein determinations were
made by the method of Lowry erf al. [34] with bovine
serum albumin as standard. All product formation
was converted to nmoles/min/mg microsomal
protein. All three activities were assaved in duplicate
three times; values shown represent the means with
a coefficient of variance (standard deviation + mean)
always less than 0.08.

AHH activity. The usual spectrophotofluorometric
method [19] was used. BP substrate concentration
was 80 uM; microsomal protein content was J.2 mg
in the 1-ml reaction mixture: incubation time was
10 min. One unit of activity is defined as that amount
of enzyme catalyzing in 1 min at 37° the formation
of hydroxylated product causing fluoresc .nce equiv-
alent to that of 1.0 nmole of the 3-hvdroxybenzo|«]
pyrene recrystallized standard.

BP 7,.8-monooxvgenase activity. The release of
tritiated water into the reaction mixture was deter-
mined during incubation with [7-H]BP. This ster-
eospecific method has been used extensively for ster-
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Fig. 2. Product formation as a function of incubation time. Control (O) and 3-methylcholanthrenc

(MeChol)-treated (@) B6 liver microsomes were used. BP 7.8-monooxygenation (left) was measured

by tritium release, and covalent binding of the diol-epoxide to microsomal protein (right) was followed

during incubation of generally tritiated BP 7.8-diol and microsomes in the reaction mixture. Arrows

denote the times chosen for optimization of these two assays. Further details are described under
Experimental Procedures.

oid metabolism in our laboratory [35.36]. Unless
otherwise indicated, the substrate [7-*H|BP con-
centration was 80 uM and was diluted with non-
labeled BP to a specific activity of 30.8 uCi/umole;
microsomal protein was 0.4 mg in 1 ml; incubation
time was 10 min. The reaction mixture was stopped
with 1 vol. of 0.25 M NaOH and incubated again at
37° for 60 min. This second incubation facilitates
the exchange of tritium remaining on the epoxide.
Microsomal protein was then precipitated with 1 vol.
of 2M trichloroacetic acid. without removing any
significant amount of trittum from the non-
metabolized [7-*H|BP. Following centrifugation
of the mixture at 2000 g for 5 min, the supernatants
were transferred to appropriate tubes in which water
was distilled under reduced pressure. The distilled
water was trapped in a tube cooled to —50°; aliquots
(1.0ml) diluted with Picofluor® were counted by
liguid scintillation spectrometry. Radioactivity back-
ground (substrate and microsomes in the reaction
mixture kept at 0°; microsomes not added until after
the 0.25 M NaOH had been added to the reaction
mixture) were subtracted from the experimental
radioactivity determinations. Radioactivity back-
grounds were always less than 600 disintegrations/
min. One nmole of released tritium was equivalent
to 6840 disintegrations,/min.

Covalent binding of BP 7,8-diol. We wanted to
measure the covalent binding of the 7.8-diol. This
reaction seems most relevant to cancer initiation
(Fig. 1). [9-*H]BP could have been custom-synthes-
ized. but it would have been expensive. Moreover,
a tritium exchange assay for [9-*H|BP would not
distinguish among 9.10-diols being metabolized at
positions other than the 7.8-position [30], 7,8.9.10-
tetraol formation [2-5], and the highly reactive, 7 8-
diol-9.10-epoxide binding covalently to cellular
macromolecules. We therefore used generally tri-

tiated BP 7 8-diol in the reaction mixture, because
more than 99% of the diol further metabolized and
covalently bound is known to be the 7.8-diol-9,10-
epoxide [2-5]. Unless otherwise indicated. the diol
substrate concentration was 40 uM and was diluted
by nonlabeled BP 7.8-diol to a specific activity of
38.6 uCi/umole; microsomal protein content was
0.2mg in 1 ml; incubation time was 5 min.

The reaction was terminated with the addition of
5vol. of cold acetone, and the tubes were held at (°
for 30 min to facilitate protein precipitation. After
centrifugation at 2000 g for 5 min, the supernatant
was discarded and the pellets were washed twice with
cold acetone. The washed precipitate was resus-
pended in a mixture of Lumasolve®/isopropanol
(1:2) and transferred quantitatively into a counting
vial; the tube was rinsed with 4 ml of Lipoluma®,
and this washing was added to the scintillation vial.
In order to eliminate chemiluminescence, we added
concentrated acetic acid (20 pl) into each vial before
counting. Radioactivity from the same controls was
subtracted from the experimental radioactivity deter-
minations. Radioactivity backgrounds were always
less than 900 disintegrations/min. One nmole of
covalently bound 7,8-diol was equivalent to 85,800
disintegrations/min.

RESULTS AND DISCUSSION
Optimization of assay conditions

Optimization of the AHH assay had been carried
out previously {37]. For the 7,8-epoxidation and the
diol-epoxide covalent binding assays. we chose opti-
mal reaction times (Fig. 2). substrate concentrations
(Fig. 3), and microsomal protein content (Fig. 4) in
the linear portions of the curves. Hepatic microsomes
from 3-methylcholanthrene-treated B6 mice and. in
some cases. control B6 mice were chosen for study.
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Fig. 3. Product formation as a function of substrate

concentration. 3-Methylcholanthrene-treated B6

microsomes were used. BP 7,8-monooxygenation (left) and covalent binding of the diol-epoxide (right)
were carried out as described in the legerd to Fig. 2 and under Experimental Procedures. Arrows denote
the times chosen for optimization of these two assays.

Apparent K, values of ~6 uM were determined
for the 7,8-epoxidation activity, the diol-epoxide
covalent-binding activity, and aryl hydrocarbon
hydroxylase activity in 3-methylcholanthrene-
treated B6 liver microsomes. This finding suggests
that all three activities may be associated with the
same induced form(s) of P-450.

Genetic comparison of AHH activity with the 7,8-
monooxygenase and the covalent binding of the diol-
epoxide

All three activities were induced 5- to 15-fold by
3-methyicholanthrene in the four individual inbred

B6 (Fig. 5). and there were no detectable increases
in the 3-methylcholanthrene-treated D2 inbred
strain. 3-Methylcholanthrene treatment of the prog-
eny from the B6D2F, X D2 backcross elicited two
responses for all three activities: about half exhibited
induction not different (P > 0.03) from that seen in 3-
methylcholanthrene-treated B6 mice: the remaining
half of the animals were not different (P > 0.05)
from 3-methylcholanthrene-treated D2 mice.

Each of the three activities was compared with
cach other (Fig. 6). When AHH activity was plotted
as a function of the 7.8-monooxygenase (left) or
covalent binding of the diol-epoxide (middie), eleven
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B6 microsomes were used. BP 7.8-monooxygenase
oxide (right) arc described under Experimental

Procedures. Arrows denote the times chosen for optimization of these two assays.
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3-methylcholanthrene-treated backcross offspring
clustered in the area identical to that expected for
3-methylcholanthrene-treated D2, and fourteen 3-
methylcholanthrene-treated  backcross — offspring
clustered in the area identical to that expected for
3-methylcholanthrene-treated B6. One individual.
which had noninducible AHH activity on several
repeated assays, displayed intermediate activities for
both the 7,8-monooxygenase and covalent binding
of the diol epoxide. This finding was reproducible
and is not understood at present. When the two
latter activities were compared (Fig. 6, right), the
activities of this individual were on the low side of
the induced activities but fell within two standard
deviations of the means. Although this individual
would have been phenotyped as Ah%/A#Y by the
AHH assay, his susceptibility toward polycyclic
hydrocarbon-induced tumorigenesis or mutagenesis
might have been found to be unexpectedly high.

Conclusions

These data provide direct proof that the induced
P-450 associated with the A# locus is correlated not
only with increased 7,8-monooxygenation of BP but
also correlated with further metabolism of the 7.8-
diol resulting in covalent binding of the diol-epoxide
to cellular macromolecules. A control form of P-450,
or one regulated by something other than the Ah
receptor, has no major role in either of these two
monooxygenations [17, 18]. These in vitro studies
are consistent with the numerous observations in
which an association in the intact animal has been
shown between the Ak locus (the high-affinity Ak
receptor in Ah*/Ah® or AhP/AhY mice) and cancer,
mutagenesis. or teratogenesis.

Acknowledgements—We thank Mrs. Micheline Poma for
skillful technical help and Ms. Ingrid E. Jordan for expert
secretarial assistance. This work was supported in part by
grant 1072 from the Council for Tobacco Research, Inc.
(New York City) and grants 34522.81 and 35424.81 from the
Fonds de la Recherche Scientifique Medicale (Brussels).

REFERENCES

I. M. Negishi and D. W. Nebert, J. biol. Chem. 254,
11015 (1979).

. H. V. Gelboin. Physiol. Rev. 60, 1107 (1980).

A. H. Conney., Cancer Res. 42, 4875 (1982).

. O. Pelkonen and D. W. Nebert, Pharmac. Rev. 34,
189 (1982).

. D. M. Jerina, Drug Metab. Disp. 11, 1 (1983).

6. J. Kapitulnik, W. Levin, A. H. Conney. H. Yagi and
D. M. Jerina, Nature, Lond. 266, 378 (1977).

. W. Levin, A. W. Wood. P. G. Wislocki, J. Kapitulnik.
H. Yagi. D. M. Jerina and A. H. Conney. Cancer Res.
37. 3356 (1977).

8. A. W. Wood. R. L. Goode, R. L. Chang, W. Levin,

A. H. Conney. H. Yagi, P. M. Dansette and D. M.
Jerina, Proc. natn. Acad. Sci. U.S.A. 72, 3176 (1975).

n NS N

~i

J. VAN CANTFORT. J. E. GIELEN and D). W. NEBERT

9. E. Huberman. L. Sachs, S. K. Yang. and H. V.
Gelboin. Proc. nam. Acad. Sci. U.S.A. 73, 607 (1976).

10. 1. R. Thakker, H. Yagi., A. Y. H. Lu. W. Levin. A.
H. Conney and D. M. Jerina. Proc. nain. Acad. Sci.
U.S. A 73,3381 (1976).

1.5 K. Yang. D, W, McCourt. J. C. Leutz and H. V.
Gelboin. Science 196. 1199 (1977).

12.5. Shum. N, M. Iensen and D. W. Nebert. Teratology
20. 365 (1979).

13. C. Legraverend, T. M. Guenthner and D. W. Nebert.
Teratology 29, 35 (1984).

14, P. Sims, P. L. Grover, A. Swaisland, K. Pal and A.
Hewer, Nature. Lond. 252, 326 (1974).

15, J. K. Selkirk. R. G. Crov and H. V. Gelboin. Science
184, 169 (1974).

16. G. Holder. H. Yagi. P. Dansette. D. M. Jerina. W.
Levin, A Y. H. Lu and A. H. Conney, Proc. nain.
Acad. Sci. U.S. A, T1, 4356 (1974).

17. N. Kinoshita, B. Shears and H. V. Gelboin. Cancer
Res. 33, 1937 (1973).

18. ). K. Selkirk. R. G. Croy. F. J. Wiebel and H. V.
Gelboin, Cancer Res. 36, 4476 (1976).

19. D. W. Nebert. Meth. Enzvmol. LIL. 226 (1978).

20. G. Holder, H. Yagi, W, Levin. A. Y. H. Lu and D.
M. Jerina. Biochem. biophyvs. Res. Commun. 65, 1363
(1975).

21. H. 1. Eisen. R. R. Hannah. C. Legraverend. A. B.
Okey and D. W. Nebert. in Biochemical Actions of
Hormones (Ed. G. Litwack). p. 227. Academic Press,
New York (1983).

2. F. Ocsch. D. Raphael. H. Schwind and H. R. Glatt,
Archs. Toxic. 39. 97 (1977).

23. 1. B. Weinstein, A. M. Jeffrey. K. W, Jennette. S. H.
Blobstein, R. . Harvey, C. Harris, H. Autrup. H.
Kasai and K. Nukanishi. Science 193, 592 (1976).

24. M. Koreeda. P. D. Moore. P. G, Wislocki. W, Levin.
A.H. Conney. H. Yagi and D. M. Jerina. Science 199,
778 (1978).

- RUE. Kouri and D. W. Nebert, in Origins of Human
Cancer (Eds. H. H. Hiatt. J. D. Watson and J. A.
Winsten). p. 811, Cold Spring Harbor Laboratory. New
York (1977).

26. 1. 8. Felton and D. W. Nebert. . biol. Chem. 250,

6769 (1975).

27. A. R. Boobis. D. W. Ncbert and
Biochem. Pharmac. 28. 111 (1979).

28. D. W. Nebert. Environ. Health Perspect. 39. 11 (1981).

29. W. R, Porter, C. Wheeler and W. F. Trager, Biochem.
Pharmac. 30, 3099 (1981).

(2]
2

(o)
N

O. Pelkonen,

30.J. Booth and P. Sims. Biochem. Pharmac. 25. 979
(1976).
31. C. Legraverend. B. Mansour. 1. W. Nebert and J. M,

Holland. Pharmacology 20. 242 (1980).

32. C. Legraverend. D. E. Harrison. F. W. Ruscetti and
D. W, Nebert. Toxic. appl. Pharmac. 70, 390 (1983).

33. P. Sims. J. Chem. Soc. 1. 32 (1968).

34, O. Lowry. N. Roscbrough. A, Farr and R. Randall. J
biol. Chem. 193, 265 (1951).

35.J. Van Cantfort. J. Renson and 1. Gielen, Fur. J.
Biochem. 88, 23 (1975).

36. P. Kremers. J. De Graeve. A. Azhir and J. E. Gielen,
Eur. J. Biochem. 82. 529 (1978).

37.J. E. Giclen. F. M. Goujon and D. W. Nebert. J. hiol.
Chem. 247. 1125 (1972).



