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Table 1
Patterns of chemically induced structural change in rat liver DNA

Following administration of each listed compound, change in the proportion of isolated DNA eluted with
caffeine from benzoylated DEAE-cellulose was determined by comparison with DNA isolated from rats
treated with the appropriate vehicle administered by the route indicated. The pattern of increase in the
proportion of caffeine-eluted DNA is summarized by 2 parameters, the treatment time after which maximal
increase is observed and the period required for return to control level of the caffeine-eluted fraction.
Classification of the type of response is based on this latter characteristic as described in the text.

Maximal Persistence
Type of re- structural of structural
sponse Chemical Dose (mg/kg) Route change change
None Galactosamine® 200-400 i.p. No increase in caffeine-
b eluted fraction
Carbon tetrachioride 200-800 p.o. No increase in caffeine-
eluted fraction
Short Methyl methanegulfonate’ 20-120 i.p. 90 min <24 hr
B-Propiolactone 250-1000 p.o. 2-4 hr <24 hr
Ethyl methanesulfonate® 100 i.p. 4hr 24 hr
Prolonged Dimethylnitrosamine® 10 i.p. 4-24 hr 4 days
N-OH-AAF® R 20 i.p. 24 hr 3 days
Benzo(a)pyrene 50 i.p. 48 hr 3 days
Nitrosomorpholine® 100 i.p. 24 hr 6 days
Diethylnitrosamine® 200 i.p. 24-72 hr >6 days
€ Administered in 0.9% NaCl solution.
b Administered in corn oil.
¢ Administered in dimethy! sulfoxide.
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Chart 1. Increase in the proportion of hepatic DNA eluted from benzoylated
DEAE-cellulose with caffeine solution following administration to rats of S-propi-
olactone 2 hr before death. For this and all other charts, details regarding the
administration of the respective chemicals to rats are given in Table 1, and results
indicated are the means of 2 experiments, expressed in terms of the chromato-
graphic behavior of DNA isolated from control animals as described in ‘‘Materials
and Methods."

obtained when animals were killed 4 hr after administration of
B-propiolactone. No increase in the size of the caffeine-eluted
fraction was detected in DNA preparations isolated from ani-
mals killed 24 hr after treatment with B-propiolactone.

A group of carcinogens induced structural change in DNA
which persisted in vivo for at least 3 to 6 days (Table 1). For
sequential studies using these compounds, a single dose level
was used, although dose-response data were obtained when
maximal increase in the caffeine-eluted fraction was observed.
Dimethylnitrosamine induced a rapid increase in the proportion
of DNA with single-stranded regions which decreased progres-
sively during the period 1 to 4 days after treatment. Injection of
nitrosomorpholine or diethylnitrosamine increased the propor-
tion of caffeine-eluted DNA, maximal response being observed
24 hr after treatment (Chart 2). The dialkylnitrosamines ap-
peared to differ from all other carcinogens examined in pro-
ducing a sustained level of increased structural change in DNA
rather then exhibiting a peak effect (Table 1).
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Chart 2. Variation in the size of the caffeine-eluted fraction following chro-
matography on benzoylated DEAE-cellulose of hepatic DNA isolated at various
times after treatment of rats with nitrosomorpholine (@), 100 mg/kg body weight,
or diethylnitrosamine (O), 200 mg/kg body weight.

Twenty-four hr after administration of N-OH-AAF, an increase
in the amount of caffeine-eluted DNA proportional to the dose
of carcinogen was observed (Chart 3). This effect was short-
lived and, although readily detected 16 hr after injection of N-
OH-AAF, DNA isolated from animals treated 48 hr previously
with the aromatic amine could barely be distinguished from
appropriate control preparations (Chart 4). Similarly, the pro-
portion of caffeine-eluted DNA was increased by administration
of benzo(a)pyrene. Twenty-four hr after doses less than 100
mg/kg body weight, a dose-dependent increase occurred with
evidence of some degree of saturation above this level (Chart
5). In animals treated with benzo(a)pyrene, 50 mg/kg body
weight, there was a progressive accumulation of caffeine-
eluted DNA during the first 48 hr (Chart 4). After this time,
there was a rapid decrease, it being not possible to distinguish
benzo(a)pyrene-treated animals from controls when analyses
were conducted 3 or 6 days after treatment.

The present study permits more detailed consideration of the
proposed use of benzoylated DEAE-cellulose for bioassay pur-
poses (8). All the carcinogens used increased the proportion
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of caffeine-eluted DNA (Table 1). Beyond this generalization,
wide variation in response patterns appears to preclude defi-
nition of a simple bioassay procedure. Data summarized in
Table 2 indicate that, even with the present limited range of
compounds, at least 2 treatment times must be examined to
detect a ‘‘positive’’ result. Thus, for example, while a 4-hr
treatment time is appropriate for methyl methanesulfonate,
DNA must be isolated 24 hr after administration of N-OH-AAF
if an analogous result is to be obtained with this compound. It
seems likely that, for bioassay purposes, a sequential study
extending from zero to 48 hr after administration of the test
compound would be required.

DISCUSSION

The present investigation illustrates that benzoylated DEAE-
cellulose may be used to determine structural change in DNA
induced in vivo by a variety of substances. A possible restriction
on the use of benzoylated DEAE-cellulose in association with
polycyclic hydrocarbons had been indicated by findings with
benzoylated, naphthoylated DEAE-cellulose. Strauss et al. (34)
noted the strong binding of polycyclic hydrocarbons to ben-
zoylated, naphthoylated DEAE-cellulose and the implication
that polycyclic adducts per se may cause DNA binding to the
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Chart 3. Relationship between the dose of N-OH-AAF administered to rats 24
hr before isolation of hepatic DNA and the increase, above control, in the

proportion of caffeine-eluted DNA determined in such preparations by benzoyl-
ated DEAE-cellulose chromatography.
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Chart 4. Generation and persistence of single-stranded regions in rat liver
DNA as determined by caffeine elution from benzoylated DEAE-cellulose in

preparations isolated from rats treated with N-OH-AAF (OJ), 20 mg/kg body
weight, or benzo(a)pyrene (ll), 50 mg/kg body weight.
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Chart 5. Relationship of dose of carcinogen to increase in the proportion of
caffeine-eluted hepatic DNA detected 24 hr after administration of
benzo(a)pyrene [B(a)P] to rats.

Table 2
Benzoylated DEAE-cellulose chromatography as a bioassay

The activity of various compounds to induce an increase in the proportion of
caffeine-eluted DNA either 4 or 24 hr after their administration to rats is indicated.

Chemical 4 hr 24 hr

Carbon tetrachloride
Galactosamine

Methyl methanesulfonate
B-Propiolactone

Ethyl methanesulfonate
Dimethylnitrosamine
N-OH-AAF
Benzo(a)pyrene
Nitrosomorpholine
Diethylnitrosamine

FHAF L+ +++ 1
+HFFFH L0

resin. Results obtained in the present study using
benzo(a)pyrene failed to indicate any such problem suggesting
a significant difference between the respective benzoylated
celluloses. Such a difference has been confirmed by studies
showing that, while benzo(a)pyrene and 3-methyicholanthrene
are irreversibly bound to benzoylated, naphthoylated DEAE-
cellulose, these compounds are eluted from columns of ben-
zoylated DEAE-cellulose.* The available data provide no basis
for distinction between binding to benzoylated DEAE-cellulose
of DNA isolated from polycyclic hydrocarbon-treated animals
and DNA isolated from animals treated with other carcinogens.

All compounds which caused an increase in the proportion
of caffeine-eluted DNA have been shown to be degraded in
vivo with production of reactive intermediates capable of being
covalently bound to DNA (4, 12, 14, 18). Since DNA repair
must be initiated in some way by production of modified bases,
a relationship between carcinogen metabolism and the ap-
pearance of structural change in DNA may be anticipated.
Such a relationship has been demonstrated with respect to
dimethylnitrosamine insofar as progressive alkylation of rat
liver DNA following its administration coincides precisely with
an increase in the amount of caffeine-eluted DNA (9). For all
compounds producing an increase in caffeine-eluted DNA (Ta-
ble 1), data are available which either define the rate of deg-
radation in vivo or allow inference of a minimum rate of metab-
olism to be made. When such data are examined, B-propiolac-
tone (4), methyl methanesulfonate (36), ethyl methanesulfonate

* R. Haski and B. W. Stewart, unpublished work.

3241

220z dunr Gz uo 1senb Aq Jpd'8EZE800 1 #019/S8901 ¥2/8EZE/8/ L p/ipd-ajoiLie/saLieoued/Bio"seunofioee;/:djjy Wwoly papeojumod



B. W. Stewart

(37), diethylnitrosamine (37), nitrosomorpholine (32), and per-
haps benzo(a)pyrene (14) resemble dimethylnitrosamine in that
an increase in structural damage to DNA in vivo parallels
binding of respective carcinogen-derived adducts to DNA. This
generalization, however, does not explain the considerable
variation in persistence of single-stranded DNA in vivo.

The proximate carcinogen N-OH-AAF might be expected to
be rapidly degraded in vivo. Maximal inhibition of hepatic RNA
synthesis occurs within 2 hr of injection of N-OH-AAF, 40 mg/
kg body weight (7). In contrast, no increase in caffeine-eluted
DNA was detected 4 hr after administration of N-OH-AAF (Chart
4). Thus, in this instance, there appears to be a delay between
binding of the carcinogen and structural change in DNA as
determined by benzoylated DEAE-cellulose. This delay may be
a consequence of the mode of repair initiated by N-OH-AAF.
Regan and Setlow (21) distinguished between 2 modes of DNA
excision repair in mammalian cells on the basis of ‘‘patch”
size. Subsequent investigation has provided a basis for this
difference with the description of nucleotide excision repair
(‘‘long patch’’) and base excision repair (‘‘short patch’’) (22).
These modes of DNA repair are activated by acetylaminofluo-
rene and methyl methanesulfonate, respectively (21). Strauss
etal. (27, 34) have made an extensive structural analysis using
benzoylated, naphthoylated DEAE-cellulose of methyl
methanesulfonate-induced DNA repair intermediates isolated
from cultured mammalian cells. Qualitatively similar results
were obtained following benzoylated DEAE-cellulose analysis
of DNA from methyl methanesulfonate-treated rats (9). How-
ever, in contrast to the present results (Chart 3), Strauss et al.
(34) reported no increase in DNA binding following treatment
of Raji lymphoblastoid cells with N-acetoxy-2-acetylaminoflu-
orene. There is no reason to attribute these observations made
with acetylaminofluorene to differences between the 2 types of
benzoylated cellulose; both resins have similar properties in
binding single-stranded regions of DNA (5, 25). On the basis
of their results, Strauss et al. (34) suggested that nucleotide
excision repair does not produce lesions in DNA which bind to
benzoylated cellulose, thereby distinguishing this mode of re-
pair from base excision repair. The present data suggest a
different basis for distinguishing modes of DNA repair in rat
liver. Intermediates associated with base excision are detect-
able immediately while nucleotide excision intermediates are
not present at maximal concentration until as long as 24 hr
after the appropriate stimuli.

The abundance of structural intermediates detected in prep-
arations of DNA isolated following exposure of cultured cells or
intact animal tissue to repair-inducing chemicals is considered
by both Strauss et al. (35) and ourselves (30) to be determined
by the relative rates of initial and final stages of DNA repair. It
appears that in rat liver, as distinct from lymphoblastoid cells,
enzymes required for completion of nucleotide excision repair
are rate limiting. This suggestion is compatible with observa-
tions of the limited capacity of nondividing cells to repair DNA
(2, 26). Discrepancy between the initial and final stages of the
repair process in rat liver would appear to be marked during
the period 24 hr after adducts are bound to DNA under the
present experimental conditions. After this time, relative in-
crease in polymerase and associated activity might be pre-
sumed to reduce the concentration of structural repair inter-
mediates to catalytic levels. The inability, after 3 days, to detect
repair intermediates associated with either N-OH-AAF or
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benzo(a)pyrene (Chart 4) suggests a situation similar to that
observed in cultured cells where the endonuclease in the
nucleotide excision pathway is considered limiting, so that any
repair incision is immediately converted to a repair patch (34).

In terms of the mode of DNA repair anticipated, dialkylnitro-
samines are complex compounds by comparison with methyl
methanesulfonate or acetylaminofluorene. Of the nitrosamine-
derived methylated bases, at least 7-methylguanine and 3-
methyladenine are repaired by base excision (13). O%-Alkyl-
guanine is repaired by a different mechanism, related to, if not
the same as, nucleotide excision (3, 33). Base excision repair
seems likely to be responsible for the rapid increase in caffeine-
eluted DNA immediately after dimethylnitrosamine treatment
(Table 1) and also after diethylnitrosamine treatment (Chart 2).
A similar rapid increase follows administration of methyl
methanesulfonate which by 24 hr has returned to control level
(9). However, the presence of DNA containing single-stranded
regions 24 hr after nitrosamine treatment may be the resuit of
nucleotide excision repair. Distinction between repair interme-
diates present 4 and 24 hr after dimethyinitrosamine treatment
has been demonstrated in this laboratory. Shortly after dimeth-
ylnitrosamine treatment, DNA binding to benzoylated DEAE-
cellulose is attributable to single-stranded regions associated
with excision of methylated bases at least including 7-methyl-
guanine; by 24 hr, lesions associated with O%-methylguanine
repair but not those associated with 7-methylguanine repair
are responsible for binding to benzoylated DEAE-cellulose
(10). This distinction has now been demonstrated in terms of
difference in single-stranded regions associated with the re-
spective repair processes.® In attempting to relate single-
stranded regions in DNA to excision of particular adducts,
however, it should be appreciated that the concentration of
such DNA as a reaction intermediate will not necessarily be
related to the concentration of the substrate. Thus, a particular
modified base may not be associated with structural change
by presuming, for example, a relationship between the half-life
of an alkylated base in DNA and variation with time in the
amount of caffeine-eluted DNA.

The DNA repair capacity of mammalian tissues may deter-
mine whether neoplastic transformation occurs following ex-
posure to a chemical carcinogen. The present results indicate
that benzoylated DEAE-cellulose may be used to assess the
progress of DNA repair processes even in the absence of data
concerning the chemical identity of particular carcinogen ad-
ducts. In other circumstances, once parameters such as rate
of metabolism and loss of adducts are known, structural anal-
ysis of DNA permits more complete description of the progress
of genotoxic injury. Although initial stages in DNA repair have
received considerable attention, repair-related changes to DNA
may occur at any time from adduct excision until double helical
structure is fully restored. Differences in the capacity of tissues
to complete DNA repair may be as critical to the outcome of
genotoxic injury as are differences in the capacity of tissues to
initiate repair processes.
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ADDENDUM

Since submission of this paper, significant observations have been reported

concerning repair of O®-methylguanine. In Escherichia coli, loss of O®-methyl-
guanine from DNA may be mediated by a methyitransferase reaction (Olsson, M.
and Lindahl, T., Repair of alkylated DNA in Escherichia coli. J. Biol. Chem., 255:
10569-10571, 1980). Deficiency in O°-methylguanine repair is exhibited by
some, but not all, xeroderma pigmentosum-derived cell lines (Sklar, R. and
Strauss, B., Removal of O®-methylguanine from DNA of normal and xeroderma
pigmentosum-derived lymphoblastoid lines, Nature (Lond.), 289: 417-420,
1981). While these findings do not exclude the possibility that O®-methyiguanine
in rat liver DNA is repaired by nucleotide excision or some process causing
structural change in DNA, the possibility that most of the persistent dimethylni-
trosamine-induced structural change in DNA is not associated with O°-methyl-
guanine repair must be considered.
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