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SUMMARY

DNA was isolated from mouse embryo cell cultures that
had been treated with 7-methylben/[fl]anthracene-3H and
subsequently degraded with enzymes to deoxyribonucleo-
sides that were chromatographed on a Sephadex LH-20
column. The resultant hydrocarbon-deoxyribonucleoside
products were not present in similar enzyme digests of DNA
that had been reacted in aqueous solution with either
7-bromomethylbenz[Â£j]anthracene or 7-methylbenz[a]an-
thracene 5,6-oxide (the K-region epoxide). Thus, neither of
these reactive derivatives is an adequate model for the
7-methylbenz[fl]anthracene metabolite(s) involved in the
binding of this carcinogen to DNA in cellular systems.
Similarly, these hydrocarbon-deoxyribonucleoside products
were not present in enzyme digests of DNA from cells
treated in culture with 7-hydroxymethylbenz[a]anthracene,
5-hydroxy-7-methylbenz[a]-anthracene, cis-5,6-dihydro-
5,6-dihydroxy-7-methylbenz[a]anthracene, or 7-methyl-
benz[a]anthracene 5,6-oxide.

These data do not support mechanisms of binding of
7-methylbenz[a]anthracene to DNA in cells that require
metabolic activation of the methyl group or the formation
of a K-region epoxide.

INTRODUCTION

Although carcinogenic polycyclic hydrocarbons become
bound covalently to DNA in mouse skin (9, 22) and cells in
tissue culture (8, 15, 36), they do not react chemically with
DNA in aqueous solution unless an activating agent is
added (e.g., Refs. 28 and 41). It has been suggested that
hydrocarbons must be metabolically converted into reactive
forms in order to bind to cellular macromolecules (19)
(however, see also Ref. 38), and studies on hydrocarbon
metabolism in animals, in cells in tissue culture, and in
hepatic microsomal systems have led to proposals of
possible mechanisms for such activation (for discussions of
various aspects of this see Refs. 1, 11, 15, 31, 35, 46, and

47). Epoxides were postulated as possible reactive metabo
lites of hydrocarbons by Boyland (4), and recently epoxides
were shown to be formed when several hydrocarbons, in
cluding 7MeBA3 (33), were metabolized by microsomal sys
tems (6, 24, 25, 32, 34, 44). Although K-region epoxides of
hydrocarbons have only comparatively low carcinogenic ac
tivities (7, 40), recent work has shown that some K-region
epoxides are more active than the parent hydrocarbons in
in vitro transformation assays (this was not always true for
the K-region epoxide of 7MeBA) (27, 30, 39). Similarly,
some epoxides are more active in binding to the macromole
cules of cells in culture (23, 37) and in inducing mutations in
bacteria and in mammalian cells in culture (2, 10, 29). O. G.
Fahmy and M. J. Fahmy (manuscript in preparation) have
found that 7MeBA-epoxide treatment induced more muta
tions of a general nature in Drosophila than did 7MeBA
treatment, but the 7MeBA-treated group contained more of
the specific bobbed and Minute mutants that are induced
by other chemical carcinogens (16-18).

Dipple et al. (13) suggested that the ultimate reactive
form of hydrocarbons might be a cationic species and that in
the case of 7MeBA, the cation could arise by metabolism at
the methyl group. Activation of the methyl group had
previously been suggested by others (5, 40), and the results
of the studies of Flesher and Sydnor (21) on the carcinoge-
nicity of 7-substituted derivatives of 7,12-dimethylbenz[a]-
anthracene led them to propose that the formation of a
hydroxymethyl derivative might be essential to the carcino
genic activity of these compounds. The results of recent tests
of the carcinogenic activity of the mono- and dihydrox-
ymethyl derivatives of 7, 12-dimethylbenz[a]anthracene
using a tissue implantation technique were not consistent
with this proposal (20). 7-BrMeBA was synthesized as a
model for a methylated hydrocarbon with an activated
methyl group (14), and the reactions of this bromo com
pound with nucleic acid have been studied (12).

In order to examine these proposed mechanisms, we have
compared the DNA-bound products formed as a result of
the reaction of the parent hydrocarbon, 7MeBA, with DNA
in cells in culture with those formed by the chemical
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reaction of VBrMeBA and 7MeBA-epoxide with DNA in
aqueous solutions or by the binding to DNA in cells in
culture of 7MeBA-epoxide, 7MeBA-phenol, 7MeBA-diol,
and 7OHMeBA.

MATERIALS AND METHODS

Chemicals. 7MeBA-epoxide was prepared as described
previously (23). All other chemicals used were of reagent
grade and were used without further purification unless
otherwise stated.

Radiochemicals. 7MeBA-3H (specific radioactivity, 50 or
29 Ci/mmole) was prepared and purified as described in the
preceding paper (3). 7BrMeBA-3H (specific radioactivity,

0.14 Ci/mmole) was synthesized by the methods described
earlier (12). 7OHMeBA-3H (specific radioactivity, 21.7
Ci/mmole) was prepared by hydrolysis (12) of 7BrMeBA-
3H dissolved in acetone with a large excess of water and it
was purified by thin-layer chromatography using 2 solvent
systems [benzene:ethanol (19:1) and acetone]. 7MeBA-
diol-3H and 7MeBA-phenol-3H both with specific radioac
tivity of 0.3 Ci/mmole and 7MeBA-epoxide-3H with spe
cific radioactivity of 0.3 or 3.6 Ci/mmole were prepared as
described previously (23). The epoxide and the phenol were
prepared immediately prior to use.

Binding of Reactive 7MeBA Derivatives to DNA. DNA
reacted with 7BrMeBA-3H was prepared as described
previously (42). DNA reacted with 7MeBA-epoxide was
prepared by mixing a solution of 100 mg salmon sperm
DNA deproteinized as previously described (26) in 100 ml
0.01 MTris buffer (pH 7.0) with 5 mg 7MeBA-epoxide in 50
ml ethanol and incubating at 37Â°for 4 hr in the dark. After

3 extractions with 1 volume ether, the DNA was precipi
tated by the addition of 0.2 g NaCl and I volume ethanol:
washed successively with ethanol, acetone, and ether; and
dried. DNA was reacted with 7MeBA-epoxide-3H by a
similar method.

Isolation and Degradation of DNA from Cells in Culture.
DNA was isolated from primary cultures of C57BL mouse
embryo cells that had been cultured, treated with a tritium-
labeled hydrocarbon or hydrocarbon derivative, and har
vested as described in the preceding paper (3). In later
experiments, a considerable increase in the yield to approxi
mately 0.5 mg of DNA per bottle of cells was obtained by
using modified Eagle's minimal essential medium (Catalog
No. F-ll, Grand Island Biological Co., Grand Island,
N.Y.) supplemented with 15% fetal calf serum (Flow Lab
oratories, Ltd., Irvine, Scotland) instead of that described
previously (3). Isolation of DNA from large quantities of
cells using the methods previously described (3) resulted in
contamination of the DNA with considerable amounts of
RNA. Therefore, DNA obtained by this method was
purified by centrifugation in a gradient of CsCl as described
by Rayman and Dipple (43). The DNA samples used to
obtain the results described in Charts 1/1,3, and 5A were
purified by this procedure. The treatment times and concen
trations of compounds tested are described in the legends of
the appropriate charts. The enzymes used for degradation of

the DNA to deoxyribonucleosides prior to chromatography
(3) were DNase I from bovine pancrease, phosphodiesterase
from Crotalus adamanteus venom, and alkaline phospha-
tase from Escherichia coli type III (all from Sigma
Chemical Co., St. Louis, Mo.).

Chromatography. Chromatography of deoxyribonucleo-
side digests was carried out on 90- x 1.5-cm columns packed
to a height of 80 cm with Sephadex LH-20 (Pharmacia Fine
Chemicals, Uppsala, Sweden) and eluted with water:
methanol gradients as described in the preceding paper (3).
Fraction volumes were constant for each column separation
but varied in different experiments from 4.2 to 4.5 ml. To
establish that the gradients ran the same for different
columns, a small amount of the UV-absorbing marker
described in Chart 1A (elution volume, 580 to 600 ml) was
added to the DNA digests of the experiments described in
Charts \A and 5A and its elution position in these
experiments was identical to that shown in Chart 2/4.
Details of those cases where the water : methanol ratios of
the gradient were changed are given in the legends of the
appropriate charts.

The amounts of radioactivity in eluant fractions were
measured by the methods and with the counting efficiencies
described in the previous paper (3). Recovery of radioactiv
ity from all columns was 90 to 100% unless otherwise
specified.

RESULTS

The objective of these studies was to compare the
products of the binding of the parent hydrocarbon, 7MeBA,
to DNA in cells with the products formed by the binding of
derivatives of 7MeBA to DNA, both in cells in culture and
in the case of reactive derivatives, in aqueous solution. This
was carried out by hydrolyzing the DNA with enzymes and
examining the products by chromatography on Sephadex
LH-20 columns. The elution profile obtained with DNA
from primary cultures of mouse embryo cells treated with
7MeBA-3H has been reported previously (3), but a similar
profile obtained from 7MeBA-3H-DNA purified by centrif

ugation in a CsCl gradient is repeated here to facilitate
comparisons (Chart 1/4). The tritium peaks marked I and II
represent hydrocarbon-deoxyribonucleoside products, while
the tritium associated with the UV-absorbing peaks does
not represent bound hydrocarbon (3). Column elution
profiles for the hydrolysis products of DNA reacted in
aqueous solution with either 7BrMeBA-3H or 7MeBA-
epoxide-3H are illustrated in Chart l, B and C, respectively.
The hydrocarbon-deoxyribonucleoside products from DNA
that had been reacted with 7BrMeBA were eluted consider
ably later than the 7MeBA-3H-DNA hydrolysis products
(I and II of Chart 1/1), showing that the 7MeBA-DNA
products formed in the cells are not the same as those
DNA-bound products formed from the bromomethyl deriv
ative.

The elution profile obtained from the digest of DNA that
had been reacted with 7MeBA-epoxide-3H in aqueous
solution (Chart 1C) contains 2 major tritium-containing
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Chart I. Comparison of the Sephadex LH-20 column elution profile of
an enzyme digest of DNA from cells treated with 7MeBA-3H with the
elution profiles of enzyme digests of DNA reacted with 7BrMeBA-3H or
7MeBA-epoxide-3H in aqueous solution. The DNA digests were chromato-
graphed on an 80-cm LH-20 column eluted with a 30 to 100%water: meth-
anol gradient (3). In the case of the 7BrMeBA-3H-DNA, after collecting

760 ml of gradient, the column was eluted with methanol :water (9:1) until
a total of 925 ml ofeluant was collected. Samples applied to column were:
A, enzyme digest of 1.3 mg DNA (bound radioactivity, 0.12 Â¿jCi/mg)
isolated from primary cultures of mouse embryo cells after treatment for
24 hr with 7MeBA-3H (specific radioactivity, 29 Ci/mmole) at a concen

tration of O.I /ig/ml medium: B, enzyme digest of 0.05 mg DNA (bound
radioactivity, 2.5 /Â¿Ci/mg)from the reaction of 7BrMeBA-3H with DNA in

a test tube; C, enzyme digest of 0.2 mg DNA (bound radioactivity, 4.2
fiCi/mg) from the reaction of 7MeBA-3H-epoxide (specific radioactivity,

0.3 Ci/mmole) with DNA in a lest tube. UV absorption monitored
continuously at 254 nm: O, cpm/fraction for B, cpm/l.O-ml sample of
each fraction for A and C.

peaks, preceded by 2 broad minor peaks, each of which
appears to consist of more than 1 product. Examination of
the products in the major peaks by thin-layer chromatogra-
phy on silica gel in acetone showed that each peak also
consists of at least 2 products. Neither of the peaks
containing the major epoxide-DN A hydrolysis products was
eluted in the same region of the gradient as the 7MeBA-3H-

DNA hydrolysis products (Chart 1/1), but the possibility
that some of the minor epoxide-DNA products are the
same as the 7MeBA-3H-DNA products from cells was not

excluded by this fractionation procedure.
In order to examine this possibility, 7MeBA-epoxide was

reacted with DNA on a large scale and the UV-absorbing
products were isolated by enzyme digestion and chromatog-
raphy as described for Chart I. It was found that the UV

elution profile of this DNA resembled the tritium elution
profile shown in Chart 1C. Approximately equal amounts of
the material contained in each of the UV-absorbing peaks
were then combined, the solution was evaporated to a small
volume and mixed with an enzyme digest of 7MeBA-3H-
DNA obtained from cells, and the mixture was chromato-
graphed on an LH-20 column, eluted with a 30 to 100%
water:methanol gradient. Comparison of the positions of
the tritium peaks with those of the UV-absorbing epoxide
peaks (Chart 2A) clearly demonstrates that the major
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Chart 2. Sephadex LH-20 Chromatographie elution profiles of a mixture
of UV markers of the 7MeBA-epoxide-deoxyribonucleoside peaks and an
enzyme digest of DNA from mouse embryo cells treated with 7MeBA-3H.

Gradients used and samples applied to columns were: A, 30 to 100%
gradient of 2.0 mg of the DNA (bound radioactivity, 0.3 ^Ci/mg) from
cells treated for 72 hr with 7MeBA-3H (specific radioactivity, 50 Ci/
mmole) at a concentration of 0.08 ^g/ml of medium plus the 7MeBA-
epoxide deoxyribonucleoside UV markers prepared as described in
"Materials and Methods;" B, 45 to 65% water: methanol gradient of the

material eluted in volumes 470 to 505 ml of the column described in A; C,
50 to 75% water: methanol gradient of the material eluted in volumes 510
to 570 ml of the column described in A. â€¢¿�,UV absorbance at 260 nm
measured for each fraction; O. cpm/0.5-ml sample of each fraction for A,
cpm/l.O-ml sample of each fraction tor B and C.
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epoxide products are not the same as the 7MeBA-3H-DNA

hydrolysis products and that the only products that could
possibly be identical are those in the poorly resolved twin
peak that eluted between 480 and 550 ml. The epoxide-deox-
yribonucleoside products in these twin peaks represent less
than 6% of the total epoxide-deoxyribonucleoside products
(see Chart 1C).

The groups of fractions containing these UV-absorbing
epoxide products and the 7MeBA-3H-DNA products were
each combined, evaporated to a small volume, and chroma-
tographed on LH-20 columns eluted with water:methanol
gradients of higher resolving power (Chart 2B, 50 to 75% for
the products forming the 1st peak that eluted from 470 to
505 ml; Chart 2C, 45 to 65% for the products forming the
2nd peak that eluted from 510 to 570 ml). With each of
these gradients, the UV and the tritium peaks were not
coincident; therefore, the minorepoxide-DNA products and
the 7MeBA-3H-DNA products were not identical. The

possibility does still exist that minor components of the
UV-absorbing epoxide-DNA peaks are identical to the
7MeBA-3H-DNA products even though the major compo
nents of each of the UV-absorbing peaks are not. However,
it was estimated that such minor components could not
exceed 1% of the total epoxide-DNA products.

When digests of DNA from primary cultures of mouse
embryo cells exposed to 7MeBA-epoxide-3H for 4 hr were
examined on Sephadex LH-20, the profile illustrated in
Chart 3 was obtained. UV-absorbing markers of the 2
major epoxide-deoxyribonucleoside peaks from DNA that
had been reacted with unlabeled epoxide in aqueous solution
were mixed with the cellular epoxide-3H-DNA digest prior
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Chart 3. LH-20 column elution profile of an enzyme digest of DNA

from mouse embryo cells treated in culture with 7MeBA-3H-epoxide.
Primary cultures of mouse embryo cells were treated with 7MeBA-3H-

epoxide (specific radioactivity, 3.6 Ci/mmole) at a concentration of 1.0
/Â¿g/mlmedium. The DNA digest was chromatographed on an LH-20
column eluted with a 30 to 100% water:methanol gradient. The sample
applied to the column contained a digest of 4.5 mg DNA (bound
radioactivity. 0.013 /iCi/mg) from cells treated for 4 hr plus UV-absorbing
markers of the 2 major 7MeBA-epoxide-deoxyribonucleoside peaks from
DNA reacted with the epoxide in aqueous solution (Chart 2). - - - -, UV
absorption of the normal deoxyribonucleosides monitored continuously at
254 nm; â€¢¿�,UV absorption of the markers measured for each fraction at
260 nm; O, cpm/fraction.

to chromatography. The 2 tritium-containing peaks ob
tained from the cellular epoxide-DNA digest are coincident
with the UV-absorbing markers, and there are no identifia
ble peaks in the region of the gradient where the 7MeBA-
3H-deoxyribonucleoside products elute. Thus, the major
products found in digests of DNA from cells treated with
7MeBA-epoxide-3H and of DNA reacted with 7MeBA-
epoxide appear to be the same, and none of these products is
identical with those found in digests of DNA from cells
treated with the parent hydrocarbon.

Digests of DNA from mouse embryo cell cultures that
had been treated with 2 other tritium-labeled K-region
derivatives, 7MeBA-phenol-3H and 7MeBA-diol-3H, were
also examined (the dihydrodiol used was the chemically
synthesized cw-dihydrodiol, although epoxides in cells are
hydrolyzed enzymatically to /rani-dihydrodiols) (45). The
DNA was isolated, degraded, and chromatographed as
described previously (Chart 4, B and A, respectively).
Neither the 7MeBA-phenol-3H-DNA digest nor the 7Me-
BA-diol-3H-DNA digest contained any substantial hydro-
carbon-DNA product peak but tritium was associated with
the normal deoxyribonucleoside peaks.

DNA from mouse embryo cells treated in culture with
7OHMeBA-3H was also examined. The Sephadex LH-20
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Chart 4. LH-20 column elution profiles of enzyme digests of DNA from
mouse embryo cells treated in culture with 7MeBA-diol-3H or 7McBA-
phenol-3H chromatographed as described for Chart I. Samples applied to

columns were: A, digest of 5.0 mg DNA (bound radioactivity, 0.006
fiCi/mg) from cells treated for 48 hr with 7MeBA-diol-3H at a concentra

tion of 2.0 jig/ml medium; B, digest of 1.9 mg DNA (bound radioactivity.
0.009 AiCi/mg) from cells treated for 72 hr with 7MeBA-phenol-3H at a
concentration of 2.2 /ig/ml medium. - - - -, UV absorption monitored
continuously at 254 nm; O,. cpm/fraction.
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elution profile of an enzyme digest of this DN A is shown in
Chart 5A. The 2 radioactive peaks in the elution profile are
similar in shape to those of the 7MeBA-3H-DNA digest (see
Chart 1/1), but they were eluted almost 150 ml earlier in the
gradient than the 7MeBA-3H-deoxyribonucleoside peaks
(Chart 1/4, I and II). When the DNA from the 7OHMeBA-
3H-treated cells was hydrolyzed in dilute acid (0.1 N HC1,
37Â°,18 hr) and the products were chromatographed using
the usual gradient, only a single tritium-containing product
peak was released (Chart SB; elution volume, 460 to 505
ml). It contained the same percentage of the total radioac
tivity bound to the DNA as did the 2nd product peak of the
enzyme digest (Chart 5/1; elution volume, 400 to 430 ml).
The pyrimidine oligonucleotide peak of this column (Chart
SB: elution volume, 40 to 55 ml) was digested with the
standard enzyme protocol and rechromatographed in the
same gradient. The single large tritium-containing product
peak obtained eluted in the same position as did the 1st
tritium-containing product peak of the enzyme digested
DNA (Chart 5/4; elution volume, 325 to 365 ml) and
contained the same percentage of the total radioactivity of
the DNA as did that peak. These Chromatographie and
degradation properties are analogous to those of the
7MeBA-deoxyribonucleoside products (see Ref. 3, Chart 7),
although the 7OHMeBA-deoxyribonucleoside products are
considerably more polar.

DISCUSSION

The mechanism of activation that results in 7MeBA be
coming bound covalently to the DNA of mammalian
cells has been investigated by comparing the hydrocarbon-
deoxyribonucleoside products from such DNA with those
of DNA to which various 7MeBA metabolites and deriva
tives were bound. The products of the reaction of 7BrMeBA
with DNA in aqueous solution or with DNA in mouse
skin are identical (43), but these products are different
from those formed when 7MeBA is bound to the DNA
of cells in culture (Chart 1). The products of the binding
of 7OHMeBA to DNA in cells are different from the
DNA-bound products of both 7MeBA and 7BrMeBA.
Thus, no evidence was obtained to support a mechanism for
the binding of 7MeBA to DNA in cells that involves a
reactive center on the methyl group.

Reaction of the K-region epoxide of 7MeBA with DNA
in aqueous solution gave no products identical with the
7MeBA-DNA products; thus, the K-region epoxide of
7MeBA itself is not the cellular metabolite of 7MeBA that
reacts with DNA. The finding that DNA from cells treated
in culture with 3 K-region derivatives, namely 7MeBA-
phenol, 7MeBA-diol, and 7MeBA epoxide, did not contain
any products identical with those found in DNA from cells
treated with the parent hydrocarbon does not support the
suggestion that the formation of one of these derivatives is
involved in the binding of the parent hydrocarbon to DNA
in cells. However, the possibility that hydrocarbon deriva
tives applied externally are not necessarily metabolized in
the same manner and to the same extent as the parent
hydrocarbon cannot be excluded.
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Chart 5. LH-20 column elution profiles of enzyme and acid digests of
DNA from mouse embryo cells treated in culture with 7OHMeBA-3H. The

DNA (bound radioactivity 0.043 Â¿iCi/mg)was isolated from cells treated
for 46 hr with 7OHMeBA-3H at a concentration of 0.8 Â¿ig/mlmedium.

Samples applied to columns were: A, enzyme digest of 2.3 mg DNA; B,
dilute acid digest of 1.9 mg DNA; C, 1st UV-absorbing peak of A,
concentrated and digested by the standard enzyme sequence. - - - -, UV
absorption monitored continuously at 254 nm; O, cpm/l.O-ml sample of
each fraction for A, cpm/fraction for B (for the fractions of high UV
absorption, 0.1-ml samples were counted and the cpm/fraction calculated)
and C.

At present the mechanism of activation that results in the
binding of 7MeBA to DNA in cells remains unknown, but
other reactive derivatives and possible metabolites are being
investigated.
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