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Preferred Sites of Strand Scission in DNA Modified by
anti-Diol Epoxide of Benzo[a]pyrene

Abstract. The sites of DNA modification by the anti-diol epoxide of benzolalpyrene
were investigated with the use of a DNA substrate of defined sequence. The modified
DNA was labile to strand scission at alkaline and neutral pH at guanine, adenine,

and cytosine positions.

Benzo[a]pyrene, a potent mutagen
and carcinogen is present in combustion
products of gasoline and other fuels, and
more than 1300 tons are liberated into
the atmosphere of the United States per
year (/, 2). It requires metabolic con-
version for activity in biological systems.
One of the oxidative metabolites, the
(£) trans-78,8a-dihydroxy-9«,10a-ep-
oxy-7, 8, 9, 10-tetrahydrobenzo[a]pyrene
(anti-BP-diol epoxide) accounts for most
of the benzo[a]pyrene DNA binding ac-
tivity in animal feeding studies and in in
vitro reactions (3, 4). The anti-BP-diol
epoxide is mutagenic and carcinogenic
@,5,6).

Incubation of DNA with anti-BP-diol
epoxide results in breakage of the
phosphodiester backbone of DNA (7).
To determine whether DNA breakage
occurred at a preferred nucleotide or nu-
cleotide sequences, we incubated the
anti isomer of trans-BP-diol epoxide with
DNA fragments of defined sequence that
were terminally labeled with 32P. The re-
action products were analyzed on high-
resolution, denaturing polyacrylamide
gels of the type used for DNA sequenc-
ing. As the DNA is labeled at only one
end, and as the sequence of the DNA
substrate is known, the lengths of the
cleavage products should reveal the sites
at which strand scission occurs.

A 30-minute incubation of the DNA
fragment with anti-BP-diol epoxide mod-
ified the DNA so that the electrophoretic
mobility was reduced (compare lanes 1

SCIENCE, VOL. 209, 22 AUGUST 1980

and 2 to lane 3 in Fig. 1). The higher the
concentration of the anti-BP-diol epoxide
(in the range from 10 to 100 wg/ml), the
greater the observed reduction in the
electrophoretic mobility of the DNA.
Since the DNA was denatured prior to
being layered on the gel, this experiment
demonstrates that the phosphodiester
bonds are not broken by this treatment.

In contrast, the DNA modified by ex-
posure to anti-BP-diol epoxide (90 ug/
ml) for 30 minutes was subject to strand
scission on subsequent treatment at ele-
vated pH. Treatment of the modified
DNA with either 0.1 NaOH or 1M pi-
peridine (Fig. 1, lanes 4 and S, respec-
tively) for 30 minutes at 90°C resulted in
DNA products that migrated more rapid-
ly than did unmodified DNA.

The length of the reaction products
provides information regarding the sites
of DNA cleavage. Comparison of the
electrophoretic mobilities of the short
DNA fragments that resulted from treat-
ment of the DNA with anti-BP-diol ep-
oxide to those produced in sequencing
reactions shows that breakage occurred
most frequently at guanine positions
(Figs. 1 and 2). Cleavage products were
also observed that would correspond to
scission at cytosine and adenine and less
frequently at thymine positions. The rel-
ative rates of strand scission at each nu-
cleotide were determined by measure-
ment of the amount of radioactivity in
each band. The amount of radioactivity
in bands corresponding to breakage at

0036-8075/80/0822-0929$00.50/0  Copyright © 1980 AAAS

guanine positions was consistently three
to four times higher than that observed
for any other base.

Modification of DN A at lower concen-
trations (10 to S0 wg/ml) of anti-BP-diol
epoxide for 30 minutes also resulted in
lesions that caused strand breakage on
alkaline hydrolysis and that were qualita-
tively similar to those observed at the
higher concentration. In contrast, longer
incubations (6 hours) with anti-BP-diol
epoxide resulted in breakage of DNA
that was not subject to subsequent alka-
line hydrolysis (Fig. 2, lanes 7 and 8).
Thus, the phosphodiester bonds were
broken during the prolonged reaction.
Again, the most frequent site of strand
scission was at guanine positions. A sim-
ilar pattern of DNA breakage was also
observed in experiments in which DNA
modified in 30-minute reactions with
anti-BP-diol epoxide at 10.0 ug/ml was
separated from the reactants by passage
over a Sephadex G-100 column and then
incubated for 6 hours more. These ex-
periments demonstrated that modified
DNA is labile to strand breakage at neu-
tral pH in the absence of the aqueous hy-
drolysis products of the anti-BP-diol
epoxide.

From these experiments we conclude
that DNA modified by the anti-BP-diol
epoxide is labile to strand scission both
at alkaline and neutral pH. The question
arises as to what are the modifications
that result in the observed cleavage pat-
tern. The principal DNA adduct of the
anti-BP-diol epoxide is to the exocylic
NZ2-amino group of guanine (3, 4, 8, 9).
Formation of an adduct to the N-6 posi-
tion of adenine has also been reported.
Binding of benzo[a]pyrene to DNA at
guanine and adenine probably accounts
for the observed decrease in the elec-
trophoretic mobility of the modified
DNA, but it is not evident that such ad-
ducts would increase the lability of the
phosphodiester bonds adjacent to the
modified base. Osborne et al. (10) and
King et al. (11) suggest that the anti-BP-
diol epoxide forms an adduct at the N-7
position of guanine and that the lability
of the corresponding glycosylic bond is
greatly increased even at neutral pH.
Such a lesion could result in the cleavage
at the observed guanine positions. Ad-
ducts of the anti-BP-diol epoxide to ade-
nine and cytosine residues of DNA have
also been reported ¢, 8, 9), but the site
of modification is not known. We suggest
that adducts at the N-3 position of cyto-
sine and adenine could result in the
cleavage pattern observed here. Gamper
et al. (7) suggest that the anti-BP-diol
epoxide may form phosphotriesters with

929



A A>r—

e

i
:

14D AP o0 -

&
e
s
-
i
-

¥ 3 =
E\\\%:
G
—A
=
—A
A S =t
A-20 =
A 25
® ‘T
- 1T 20'-T— =1
- 6 i
e T-15 o
6 5% A— —A
T —C
C =
G -G
A T-10 —6
T 10'-A— —A
- T
- T —A
‘ A —C
e G L . ¥,
Af
R S
N ¥ 5LG—
C=5

Fig. 1 (left). Site-specific cleavage of anti-BP-diol epoxide modified DNA. The DNA substrate was a double-stranded DNA fragment 168 nucle-
otides long of the lac p-o gene labeled at the 5’ terminus with 3P (12, 13). Reactions contained 25 ng of the labeled DNA and 20 ug of unlabeled
salmon sperm DNA. The reaction buffer contained 20 mM tris-HCI (pH 8.0), 0.01 mM disodium EDTA, and 5 percent dimethyl sulfoxide. DNA
products were analyzed on 20 percent polyacrylamide gels (/4). (Lane 1) Unmodified DNA before or (lane 2) after treatment with 0.1 NaOH at
90°C, for 30 minutes; (lane 3) DNA treated with anti-BP-diol epoxide (90 ug/ml) for 30 minutes at 37°C and layered on the gel without prolonged
treatment at alkaline pH; (lane 4) after treatment at 90°C for 15 minutes in 10 mM sodium phosphate (pH 7.0), 0.1 mM disodium EDTA followed
by treatment with 0.1 NaOH at 90°C for 30 minutes; (lane 5) after treatment with 1M piperidine for 30 minutes at 90°C. (Lane 6) Unmodified DNA
was treated with dimethyl sulfate in the G>A reaction of Maxam and Gilbert (/4), neocarzinostatin [breaks at adenine and thymine (/2)], and 1
mM FeSO, [breaks at all bases (/2)]. The numbers to the right indicate the position of the base from the 5’ terminus of the DNA strand. Fig. 2
(right). (Lane 1) A sample of 3'-end-labeled DNA (I5) was treated with anti-BP-diol epoxide [10 ug/ml or (lane 2) 50 ug/ml] for 30 minutes at 37°C
and layered on the gel without further treatment. DNA treated with (lane 3) 10 ug/ml or (lane 4) 50 ug/ml was subsequently heated at 90°C for 15
minutes at neutral pH followed by alkaline hydrolysis as described for DNA of Fig. 1, lane 5. Unmodified DNA was treated with dimethy] sulfate
in the G>A reaction of Maxam and Gilbert (/4) (lane 5) or neocarzinostatin (/2) (lane 6). DNA was treated with 10 ug/ml (lane 7) and 50 ug/ml
(lane 8) anti-BP-diol epoxide for 6 hours and layered on the gel. DNA was treated with 10 ug/ml (lane 9) and 50 ng/ml (lane 10) anti-BP-diol
epoxide for 6 hours followed by alkaline hydrolysis before being layered on the gel.
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DNA and propose that strand scission of
modified DNA occurs by an attack of
the C-9 hydroxyl group of the adduct on
the triester group. The sequence prefer-
ence of the observed cleavage can imply
that phosphotriesters do not account for
the majority of the scission events, as the
rate of phosphotriester formation should
not depend on nucleotide sequence.
Although a number of alterations
created by benzo[a]pyrene in DNA have
been characterized, it is not evident
which if any are responsible for the cyto-
toxic, mutagenic, and carcinogenic ef-
fects of the compound. These effects
could be due to strand scission events
that occur at site of DNA modification.
Although the base modifications that
lead to strand scission may be a small
fraction of the total number of altera-
tions, they may have a major biological
effect. The site specificity of strand
breakage suggests that the susceptibility
of different genes may differ with respect
to their sensitivity to the effects of ben-
zo[a]pyrene. The chemical nature of the
alterations that lead to strand breakage
and the differential effect of benzola]-
pyrene on different genetic loci remain
to be determined.
WiLLiaM A. HASELTINE
Kwok MING Lo
ALAN D. D’ANDREA
Sidney Farber Cancer Institute,
Harvard Medical School,
Harvard School of Public Health,
Boston, Massachusetts 02115
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Ozone Selectively Inhibits Growth of Human Cancer Cells

Abstract. The growth of human cancer cells from lung, breast, and uterine tumors
was selectively inhibited in a dose-dependent manner by ozone at 0.3 to 0.8 part per
million of ozone in ambient air during 8 days of culture. Human lung diploid fibro-
blasts served as noncancerous control cells. The presence of ozone at 0.3 to 0.5 part
per million inhibited cancer cell growth 40 and 60 percent, respectively. The non-
cancerous lung cells were unaffected at these levels. Exposure to ozone at 0.8 part
per million inhibited cancer cell growth more than 90 percent and control cell growth
less than 50 percent. Evidently, the mechanisms for defense against ozone damage

are impaired in human cancer cells.

The effects of ozone on human health
have been a focus of public concern and
scientific investigation for more than two
decades (I 4). Considerable attention has
been devoted to assessing its cellular ef-
fects (5) because it is the major constitu-
ent of the ground-level oxidants in pol-
luted air. Much has been learned about
the effects of ozone on normal tissues,
but little is known about its action on
cancer cells. We have conducted experi-
ments in which continuous exposure to
ozone at 0.3 ppm (6) selectively inhibited
the growth of human cancer cells 40 per-
cent in 8 days.

Controlled levels of ozone (0.3 to 0.8
ppm) were continuously generated by ul-
traviolet irradiation of filtered ambient
air. The ozonated air, containing 5 per-
cent carbon dioxide, was introduced at a
constant flow rate of 4.0 liter/min into an
environmental chamber in an incubator
maintained at 37°C (Fig. 1). The ozone
levels were assayed daily with a spectro-
photometric ozone analyzer. For com-
parison, noncancerous human lung dip-
loid fibroblasts (7) were cultured in the
chamber along with the cancer cells. The
cancer cells were from alveolar (lung)
adenocarcinomas (8), breast adenocarci-
nomas (9), uterine carcinosarcomas, and
endometrial carcinomas (/0). All the
cells were grown in 60-mm petri dishes

CO2

in 10 ml of medium and were placed in
the chamber at the same time. Control
cells were incubated in an adjoining com-
partment receiving filtered ambient air
containing 5 percent carbon dioxide (4.0
liter/min). Three petri dishes for each cell
type were removed from each of the two
compartments every 48 hours for 8 days,
and the number of cells per plate were
counted. All of the cancer cells showed
marked dose-dependent growth inhibi-
tion in ozone at 0.3 and 0.5 ppm (Fig. 2).
There was no growth inhibition of the
noncancerous lung cells at these ozone
levels, and they were morphologically
identical to the corresponding control
cells. At 0.8 ppm, the growth of the non-
cancerous cells was inhibited 50 percent,
but all four types of cancer cells were in-
hibited more than 90 percent.

After being cultured through 14 pas-
sages, the noncancerous cells exhibited
measurable growth inhibition and mor-
phological changes (vacuolation) in
ozone at 0.5 ppm, suggesting that aging
increases the sensitivity of normal lung
cells to ozone (Fig. 3). In cultured hu-
man diploid fibroblasts, morphological
changes and a gradual decrease in rate of
growth have been attributed to a buildup
of cellular damage with each successive
division (/1, 12). Ozone may accelerate
processes similar to those naturally

Fig. 1. Schematic diagram (not
to scale) of the system used for

culturing human cells in 0zo-
nated ambient air. Filtered
ambient air was mixed with
carbon dioxide (5 percent) and
introduced into a dual cham-
ber incubator (National 3331).

Filter L
d |
| 3 % 1

Half was conducted through a
calibrated ozone generator (G)
consisting of a quartz glass

tube irradiated with ultraviolet
light and then into a hermeti-

288

G

cally sealed (20 by 20 by 20
cm) glass and stainless steel
environmental chamber (E)
containing a gasketed access

g = Regulator-flow meter

door. Output of ozone from the generator varied less than 1 percent per day. The ozone content
of the vented air (V) from the chamber was measured daily with a spectrophotometric ozone
analyzer (Dasibi 1003-AH). Malignant and normal human cells were incubated in chamber E
saturated with water vapor. Corresponding cells serving as controls were incubated in the ad-
joining compartment (C), also saturated with water vapor.
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