
[CANCER RESEARCH 39, 50-54, January 1979]
0008-5472/79/0039-0000$02.00

Formationand Lossof Alkylated Purines from DNA of Hamster Liver after
Administrationof Dimethylnitrosamine'

Rebecca Stumpf, Geoftrey P. Margison, Ruggero Montesano, and Anthony E. Pegg2

Department of Physiology and Specialized Cancer Research Center, The Milton S. Hershey Medical Center, The Pennsylvania State University, Hershey,
Pennsylvania 17033 IA. S., A. E. P.); International Agency for Research on Cancer, Unit of Chemical Carcinogeneis, 150 Cours Albert Thomas 69372 Lyon
Cddex2 France(R. M.J;and PatersonLaboratory,ChristieHospitalandHolt RadiumInstitute,ManchesterM20B)(,UnitedKingdomfG. P. M.J

ABSTRACT

The methylation of hamster liver DNA was studied as a
function of dose of dimethyinitrosammne. 7-Methylguanmne
levels were proportional to a dose over the range of 10 j.@g/
kg to 25 mg/kg when measured5 to 24 hr after treatment.
This product was lost from the DNA at a rate greater than
expected from spontaneous depurination at neutral pH,
suggesting that enzyme-catalyzed excision takes place. O@
Methylguanine levels were not proportional to doses over
this range but were much lower than expected (based on 7-
methylguanmne levels) when measured 5 to 24 hr after doses
of dimethylnitrosammne below 0.5 mg/kg. it is suggested
that this result may be due to the presence of an enzyme
capable of removing 06-methylguanine from DNA effi
ciently, provided the level of methylation was low. The
presence of such an enzyme in hamster liver extracts was
demonstrated by incubation with methylated DNA. The
extracts brought about a significant decreasein the content
of 06-methyiguanmne present in acid-precipitable DNA.
However, when doses of dimethylnitrosamine above 0.5
mg/kg were used, removal of 06-methylguanmne occurred
much more slowly, and the capacity of hamster liver to
carry out removal of 06-methyiguanmne from DNA in vivo
was considerably lower than that of rat liver. The possible
relevance of these findings to the relative susceptibility of
these species to liver cancer induction by single doses of
dimethylnitrosammne is discussed.

INTRODUCTION

N-Nitroso compounds are potent carcinogens in many
species including the hamster (4, 8). The chemically sim

piest representatives of these carcinogens, dimethylni
trosamine and N-methyl-N-nitrosourea, lead to methylation
of cellular components, and there is evidence that the
methylation of DNA may be responsible for their carcino
genic action (6, 8, 9, 16). Studies on rats have implicated
the formation and persistenceof 06-alkylguanmnein DNAas
a critical factor in tumor production by these agents and
their ethyl analogs (1, 3, 11, 16â€”19).It appears that rat liver
and kidney contain an enzyme system capable of removing
this product from DNA which may protect against carcino
genesis (18, 19). However,the Syrian golden hamster liver,
which is more sensitive to the carcinogenic potential of
single doses of dimethyinitrosammne than is the rat liver (4,
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20), appeared to lack the potential to remove this product
from its DNA after high doses (25 mg/kg) of dimethylni
trosamine (12). in the present study, the formation and
persistence of aikylation products in DNA of hamster liver
has been studied after various doses of dimethyinitrosa
mine. It was found that removal of 06-methyiguanmne did
take place after small doses of dimethylnitrosamine which
produced lower extents of aikylation but that the enzymic
system responsible for this reaction was much less effective
after higher doses. Evidence supporting an earlier sugges
tion that 7-methylguanine is metabolically removed from
hamster liver DNA (12) was also obtained in the present
study. The possible significance of these repair mecha
nisms in carcinogenesis is discussed.

MATERIALSAND METHODS

Materials. [3H]Dimethyinitrosammne (2.9 Ci/mmol) and
[â€˜4C]dimethylnitrosammne(3.2 to 26 mCi/mmol) were pur
chased from New England Nuclear, Boston, Mass. , and
diluted with unlabeled redistilled dimethyinitrosammne (Aid
rich Chemical Co. , Milwaukee, Wis. , or Merck-Schuchardt,
Munich, Federal Republic of Germany) to the required
specific activity before use. Other biochemicals were prod
ucts of the Sigma Chemical Co. , St. Louis, Mo. except for
06-methylguanine, which was synthesized by a published
procedure(17).

Animals. Male Syrian golden hamsters were purchased
from the Charles River Breeding Laboratories, Wilmington,
Mass. , or from Animalerie des Essertines, AochetaiiiÃ©e,
France. They were maintained under controlled diurnal
lighting conditions (12 hr light, 12 hr dark commencing at 7
a.m.) and were allowed free access to food pellets and
water. Dimethyinitrosamine was administered by i .p. injec
tion of a solution in 0.9% (w/v) NaCI solution at about 10
a.m. The specific activity of the labeled dimethylnitrosamine
administered was varied to ensure that sufficient radioactiv
ity was present in the 06-methylguanmne fractions. (The
specific activity used for doses of 10 pg/kg was 2900 mCi/

mmoi, and for 25 mg/kg it was 3.2 mCi/mmol.) For doses of
1 mg/kg or below, [3H]dimethylnitrosammne was used; for
higher doses, [14C]dimethyinitrosamine was used. Previous
experiments in rats have shown that similar extents of
alkylation of DNA were obtained in direct comparisons of
the 3H- and 14C-iabeied dimethyinitrosammne preparations
(19). Organs for the isolation of DNA were removed rapidly,
frozen in liquid N2,and stored at â€”30Â°.

Preparation and Assay of Enzymic Activity Removing
06-MethyIguaninefrom DNA. Hamsterliverswere homog
enized in 2 volumes of 50 mM Tris-HC1-1 mM dithiothreitol
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Methylated guanine derivatives present in hamster liver DNAafterinjection
of various doses ofdimethylnitrosamineAt

the times shown after i.p. injection of labeled dimethyini
trosamine, the hamsterswere killed and the content ofmethylatedguanine

derivatives in the hepatic DNA wasmeasured.Methyiated

guaninecontentof
DNADose

of 7-Methyl- 06-Methyi
dimethyl- guanineguaninenitrosamine

(@mol/mol of (@moi/moiof(mg/kg)
Time (hr) guanmne)guanmne)0.01

5 20.020.10
5 160.330.25
5 421.30.50
5 94120.75
5 146191.00
5 245212.50
5 594772.50
7 638705.0
5 83510410.0
5 213025820.0
5 399547125.0
7 42105460.01

24 1.80.010.10
24 100.180.25
24 260.70.50
24 58100.75
24 83191.0
24 141192.5
24 366605.0
24 63211410.0
24 156726715.0
24 231549320.0
24 230846425.0
24 2902 620

Alky!ation of Hamster Liver DNA

0.1 mM disodium EDTA, pH 7.5, and an ammonium sulfate
precipitated protein fraction was prepared as described by
Pegg and Hui (19). These extracts were incubated with 3H-
methylated DNA [prepared from the livers of rats that had
been given injections of [3H]dimethylnitrosamine(0.01 mg/
kg) approximately 10 mm before death] in a medium con
taming 3.3 mMMgCI2,1.5 mMdithiothreitol, 75 mMTris-HCI
(pH 8), about 4 mg of DNA, and 15 mg of protein. After 60
mm incubation at 37Â°,the reaction was halted by the
addition of an equal volume of 0.5 N perchloric acid. The
precipitate was collected by centrifugation, it was washed
in 0.25 N perchloric acid, and the methylated purine content
was determined as described below.

Isolation and Analysis of DNA. DNA was isolated by
extraction with phenol as previously described (11, 17) and
stored at â€”30Â°.The DNAwas hydrolyzedto yield free purine
bases by heating at 70Â°for 30 mm in 0.1 N HCI. After
neutralization and addition of unlabeled markers of meth
ylated purines, the mixture was chromatographed on Seph
adex G-10.The radioactivity present in the fractions corre
sponding to methylated bases was determined, and the
amounts of adenine and guanine present in the DNA hy
drolysate was determined from the absorbance of the frac
tions containing these bases. From these measurements,
the amount of methylated bases present was calculated as

@ffloi/moiof the parent base. Fuller details of this analytical
procedure are given in recent publications (11, 17, 19).

RESULTS

The amount of 7-methylguanine and 06-methylguanine
present in hamster liver DNA 5 to 7 and 24 hr after injections
of dimethylnitrosamine, varying between 0.01 and 25 mg/
kg, are shown in Table 1. Within the limits of experimental
error, the 7-methylguanine values were directly propor
tional to the dosage of dimethylnitrosamine over this range.
There was a substantial decrease in 7-methylguanine levels
between 5 and 24 hr. The amount of this decrease (about
30%) was not greatlyaffectedby the dose of dimethylni
trosamine, and thence the starting level of 7-methylguan
me. These results are in good agreement with the observa
tions of Margison et al. (12), in which the levels of 7-
methyiguanine at various times after administration of
dimethylnitrosamine (25 mg/kg) were measured . However,
this dose causes extensive necrosis of the liver and the
death of highly aikylated cells, which might contribute to
the fall in 7-methylguanmne levels. This is unlikely to be the
case after the much lower doses of the carcinogen exam
med in the present experiments which, therefore, suggest
that 7-methyiguanine may be excised from hamster DNA.A
time course of the persistence of 7-methylguanine in ham
ster liver DNA after dimethylnitrosamine (2.5 mg/kg) is
shown in Chart 1. it can be seen that by 96 hr only 20% of
the amount detected at 7 hr was present. This loss cannot
be accounted for by necrosis and is substantially faster
than expected from the rate of spontaneous hydrolysis of 7-
methylguanine in DNA at neutral pH (2, 7, 10, 16).

06-Methyiguanine levels in hamster liver DNA after di
methylnitrosamine (2.5 mg/kg) was administered are also
shown in Chart 1. 06-Methylguanine was lost from the DNA
slightly more slowly that 7-methylguanine so that 27% of

Table 1
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Chart 1. Time course of loss of 7-methylguanine (â€¢)and of 0Â°-methyl
guanine (â€¢)from hamster liver DNA after injection of [â€˜4C)dimethylnitrosamine
(2.5 mg/kg; 29.6 mCi/mmol).

the amount present initially remained by 96 hr. However, as
indicated in Table 1, the 06-methyiguanine levels present in
DNA 5 to 24 hr after injection of dimethyinitrosamine were
not directly proportional to the dose over the range tested
but showed a striking change when the dose of dimethyini
trosamine was increased above 0.25 mg/kg. Five hr after a
dose of 0.25 mg/kg, the 06-methylguanmnelevel in the DNA
was 1.3 @mol/moiguanine, whereas, after doubling the
dose to 0.5 mg/kg the 06-methylguanine level was almost
10-fold greater at 12 p.mol/mol guanine. This difference
was also found when methylation was measured 24 hr after
administration of the dimethyinitrosamine. it can also be
seen from Table 1 that 06-methyIguanine levels in DNA
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Contentof acid-precipitableDNA7-Meth

0Â°-Meth
ylgua ylgua

IncubationGuanineninenineExtract
addedtime(mm)(@tmoI)(pmol)(fmol)None603.432.68352Control03.302.70367Control603.152.6069Pretreated

with603.232.50342dimethylni

trosamine(20
mg/kg)

R. Stumpfeta!.

declined to only a small extent (and in some cases not at
all) over the period from 5 to 24 hr after administration of
doses of greater than 0.5 mg/kg. However, at lower doses,
about 50% of the 06-methylguanine present at 5 hr was lost
by 24 hr (Table 1).

These results might be explained by the presence of an
enzymic excision mechanism which rapidly removes a sig
nificant proportion of the 06-methylguanine from DNA after
the DNA has been alkylated to a low extent but is either
saturated or inhibited after higher doses of dimethylni
trosamine, leading to a greater extent of alkylation. Direct
evidence for such an enzyme system is shown in Table 2. in
this experiment, protein fractions isolated from hamster
liver were incubated with aikylated DNA which was labeled
at high specific activity in the added methyl groups. After a
60-mm incubation at 37Â°,the DNA present was precipitated
and analyzed to determine the content of methylated gua
nines remaining after exposure to the hamster liver en
zymes. As shown in Table 2, the extract prepared from
control hamster liver led to a significant decline in the
content of 06-methylguanine present in the acid-precipita
ble DNA, whereas little 7-methyiguanine or guanine was
lost. This result shows that an enzyme that is specific for
the removal of 06-methylguanine rather than a nonspecific
nuclease is responsible for the loss of 06-methylguanine
from the acid-precipitable DNA. When similar extracts were
prepared from the livers of hamsters which had been
pretreated 24 hr before death with dimethylnitrosamine (20
mg/kg), the activity could not be detected (Table 2). There
fore, it appears that hamster liver cells do have the ability to
remove 06-methylguanine from DNA but that the capacity
to carry out this reaction is small, and a significant decrease
in 06-methylguanine levels within 24 hr is observed only
after doses below 0.5 mg/kg. This conclusion is supported
by the observed ratios of 06-methylguanine to 7-methyl
guanine in the DNA. A number of studies have shown that
the relative reactivities of the OÂ°-methylguanine and 7-meth
ylguanine sites in guanine of DNA under physiological
conditions is such that this ratio is about 0.12 (6, 12, 16,

Table 2

Removal of 0Â°-methylguanine from alkylated DNA on incubation
with hamster liver extracts in vitro

Extracts were prepared from control hamster livers and from
hamsters treated 24 hr before death with dimethylnitrosamine (20
mg/kg). These extracts (15 mg of protein) were then incubated for
60 mm at 37Â°with 3H-methylated DNA, and the content of methyl
ated bases remaining in the acid-precipitable DNA was determined
asdescribed under â€˜â€˜Materialsand Methods.â€•

19). Five hr after administration of doses of dimethylni
trosamine greater than 0.25 mg/kg, this ratio was observed
in the present experiments (Chart 2); but at doses of 0.01 to
0.25 mg/kg, much lower ratios of 0.01 to 0.03 were found.
This can be explained by the rapid loss of up to 90% of the
06-methylguanine during the 5-hr period. 7-Methylguanine
excision over this short period is too small to make a
significant difference to the ratio. However, at 24 hr after
doses of greater than 0.25 mg/kg, the ratio had increased
to about 0.2 because the rate of loss of 7-methylguanine
exceeded that of 06-methyiguanine (Chart 2).

These results show interesting contrasts to results of
similar experiments in rats. Data for the 06-methylguanine
to 7-methylguanine ratios in rat liver DNA after administra
tion of a similar range of doses of dimethylnitrosamine are
also shown in Chart 2. These ratios were calculated from
the levels reported recently (17, 19). There are 2 major
differences between the results in hamsters and those in
rats: (a) in the rat 06-methylguanine was also lost much
more rapidly than was 7-methylguanine, resulting in ratios
less than 0.1 , but this occurred to a substantial extent at
doses up to and including 2.5 mg/kg, an order of magnitude
greaterthantheequivalentpointinthehamster;(b)evenat
doses of 20 mg/kg, 06-methylguanine was lost at least as
rapidly as 7-methyiguanine in the rat and, therefore, the
ratio of 06-methylguanine to 7-methyiguanine did not rise
above0.12.

DISCUSSION

The loss of 7-methylguanine from DNA observed in the
present experiments (Table 1; Fig. 1) and reported previ
ously by Margison et al. (12) suggests that enzymatic
excision of this purine takes place in the hamster. The rate

Chart 2. Ratio of 0Â°-methylguanine to 7-methylguanine in hamster (â€¢)
and rat liver (U) 4 or 5 hr (a) and 24 hr (b) after administration of
dimethylnitrosamine. Values for the rat were calculated from the data given
in Pegg and Hui (19) for alkylation 4 or 24 hr after administration of
dimethylnitrosamine. Values for the hamster were calculated from results for
alkylation 5 and 24 hr after dimethylnitrosamine treatment in Table 1.
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Alkylation of Hamster Liver DNA

of loss was considerably faster than that which would be
expected from the rate of spontaneous depurination at
neutral pH. The exact pH and ionic strength of the nuclear
environment could alter this rate significantly, and these
are not known precisely. However, it appears unlikely that
these factors could account for the discrepancy, and the
rate of loss of 7-methyiguanine from hamster liver DNA was
much faster than that from rat liver DNA after the same
extent of alkylation (cf. Table 1, Chart 1, and Refs. 10, 16,
and 17). It is improbable that the rat and hamster nuclei
differ in their ionic composition to an extent sufficient to
bring about this difference if loss of 7-methyiguanine were
mediated solely by chemical depurination. In part, the
apparent loss of 7-methylguanine from DNA after doses of
dimethylnitrosamine as high as 25 mg/kg may be due to
necrosis and death of highly alkylated cells, but little cell
death occurs within the first 24 hr and after the much lower
doses of dimethylnitrosamine examined in the present
study. At present, there is no information on the nature of
the enzymic reaction responsible for the loss of 7-methyl
guanine from DNA, but it must be distinct from that catalyz
ing removal of 06-methylguanine, since the isolated cell
extracts which carried out this latter reaction did not excise
7-methyiguanine (see Table 2). The fact that these liver
extracts did not appear to carry out this reaction is not
surprising, since the data of Table 1 suggest that in vivo
only about 30 to 40% of the 7-methylguanine is lost in 24 hr.
This would suggest that the reaction is much slower than
that responsible for the loss of small amounts of 06-meth
ylguanine, and a significant effect would not be expected
duringthe1 hrofreactioninvitro.

The results presented in the present paper are consistent
with the hypothesis that cells in the hamster liver do
possess the ability to remove 06-methyIguanine from their
DNA but that substantial removal occurs only when the
initial extent of methylation is low. Little decline in o6@
methyiguanine levels was observed in 24 hr after doses of
dimethylnitrosamine greater than 0.25 mg/kg in the present
study (Table 1), and in a previous work (11) significant
decline was not observed until 36 hr after 25 mg/kg, which
produces widespread necrosis and regenerative cell growth
at this time. Although the more detailed time course of
Chart 1 shows that OÂ°-methyiguanine was lost from hamster
DNA after a dose of 2.5 mg/kg, the loss was quite slow,
with 27% of the initial input still being present 4 days after
administration of the carcinogen. These results differ from
the situation in rat liver after administration of methylating
carcinogens, for although 06-methylguanine removal from
rat liver DNA is much more efficient after low doses of
dimethyln itrosamine or N-methyi-N-nitrosou rea, removal
does still occur after higher doses (5, 14, 17, 18). For
example, after 2.5- or 20-mg/kg doses of dimethylnitrosa
mine to rats, 06-methyiguanine levels by 96 hr were sub
stantially less than 10% of the input (14).

The enzyme activity capable of removing 06-methyIgua
nine from DNAin vitro which we havedetected in hamster
liver extracts (Table 2) is also present in rat liver (19) and is
also undetectable in rat liver extracts after high doses of
dimethyinitrosamine (18). Therefore, it appears that the rat
liver must possess a second system for the excision of Q6@
methyiguanine from DNA, which is less efficient but has a

greater capacity to act on DNA after higher extents of
aikylation. This activity seems to be much less in the
hamster liver. it is possible that the reduced activity of this
system contributes towards the greater sensitivity of the
hamster liver to tumor induction by single doses of dimeth
ylnitrosamine. In rats (with the rare exception of the NZA/
Gd strain), liver tumors were not produced by treatment of
normal adults with single doses (20 to 30 mg/kg) of this
carcinogen (4, 7, 15), whereas a 3O@/c,incidence was ob
servedon treating hamsterswith a single 25-mg/kg dose of
dimethylnitrosamine (4, 12, 18). Tumors are produced in
ratsby prolongedfeedingof a dietcontainingquitelow
levels of dimethylnitrosamine, and a dose-response curve
is available, but comparable results for repeated doses in
hamsters have not been published (4).

The mechanism underlying the loss of activity catalyzing
removal of 06-methylguanine from DNA in vitro when rat or
hamster liver extracts are prepared from animals pretreated
with dimethyinitrosamine (20 mg/kg) is not yet clear. As
discussed (18), it could be due to direct inhibition of the
enzyme or to the change in state of the enzyme in response

to the high level of alkylation, leading to the activity becom
ing resistant to the extraction procedure used. Although
hamster and rat liver extracts appear to be similar in this
respect, the present experiments emphasize the probability
that different species may vary in their abilities to repair
aikylation damage to their DNA. it appears that hamster
liver cells are able to remove 7-methyiguanine from their
DNA, whereas in rat liver this reaction occurs more slowly
at a rate which cannot at present be definitely distinguished
from that of spontaneous depurination (10, 16). There is
also evidence favoring enzymic excision of 7-methylgua
nine from DNA in the mouse (13). Rat liver cells appear to
be more active in removing 06-methyIguanine from their
DNA than are hamster liver cells. These differences in the
rate of removal of 7-methyiguanine and of 06-methylguan
me both contribute to the striking species difference in the
relative proportions of these products found after various
doses of dimethylnitrosamine (Chart 2). it should be
stressed that, although removal of 06-methylguanine is
strongly dose dependent, the initial degree of methylation
of hepatic DNA in rats and hamsters after the same dose of
dimethylnitrosamine is approximately the same (Table 1;
Aefs. 12, 17, and 19). Therefore, differences in the ability to
remove methylation products from the DNA rather than in
ability to activate the carcinogen are responsible for the
differences in the observed amounts of methylated bases.
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