
Biochem. J. (1978) 173, 739-748 739
Printed in Great Britain

Formation and Subsequent Removal of 06-Methylguanine from Deoxyribonucleic
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1. The amounts of 7-methylguanine and 06-methylguanine present in the DNA of liver
and kidney of rats 4h and 24h after administration of low doses of dimethylnitrosamine
were measured. 2. 06-Methylguanine was rapidly removed from liver DNA so that less
than 15 % of the expected amount (on the basis of 7-methylguanine found) was present
within 4h after doses of 0.25mg/kg body wt. or less. Within 24h of administration of
dimethylnitrosamine at doses of 1 mg/kg or below, more than 85% of the expected
amount of 06-methylguanine was removed. Removal was most efficient (defined in
terms of the percentage of the 06-methylguanine formed that was subsequently lost
within 24h) after doses of 0.25-0.5 mg/kg body wt. At doses greater or less than this the
removal was less efficient, even though the absolute amount of 06-methylguanine lost
during 24h increased with the dose of dimethylnitrosamine over the entire range of
doses from 0.001 to 20mg/kg body wt. 3. Alkylation of kidney DNA after intraperitoneal
injections of 1-50ug of dimethylnitrosamine/kg body wt. occurred at about one-tenth the
extent of alkylation of liver DNA. Removal of 06-methylguanine from the DNA also
took place in the kidney, but was slower than in the liver. 4. After oral administration
of these doses of dimethylnitrosamine, the alkylation of kidney DNA was much less
than after intraperitoneal administration and represented only 1-2% of that found in the
liver. 5. Alkylation of liver and kidney DNA was readily detectable when measured 24h
after the final injection in rats that received daily injections of 1,ug of [3H]dimethyl-
nitrosamine/kg for 2 or 3 weeks. After 3 weeks, 06-methylguanine contents in the liver
DNA were about 1 % of the 7-methylguanine contents. The amount of 7-methylguanine
in the liver DNA was 10 times that in the kidney DNA, but liver 06-methylguanine
contents were only twice those in the kidney. 6. Extracts able to catalyse the removal of
06-methylguanine from alkylated DNA in vitro were isolated from liver and kidney.
These extracts did not lead to the loss of 7-methylguanine from DNA. 7. The possible
relevance of the formation and removal of 06-methylguanine in DNA to the risk of
tumour induction by exposure to low concentrations of dimethylnitrosamine is discussed.

Dimethylnitrosamine is a potent carcinogen in
many species. It is well established that the compound
exerts its carcinogenic effects by means of its meta-
bolic conversion into a reactive methylating agent
(Magee & Barnes, 1967; Druckrey et al., 1967;
Magee et al., 1976). It has been suggested that the
critical reaction of the methylating agent in inducing
cancer might be the methylation of DNA forming
06-methylguanine (Loveless, 1969; Lawley, 1974,
1976; Magee et al., 1976; Pegg, 1977a). The ability of
cells to remove 06-methylguanine from their DNA
may provide a protective mechanism against carcino-
genesis by dialkylnitrosamines and N-alkyl-N-
nitrosamides (Goth & Rajewsky, 1974; Margison &
Kleihues, 1975; Nicoll et al., 1975; Pegg, 1977a).
In both rat kidney and liver this removal process was
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much more efficient after low doses of these carcino-
gens (Nicoll et al., 1975; Kleihues & Margison, 1976;
Pegg, 1977b). In these experiments, the smallest dose
of dimethylnitrosamine that could be tested was
0.25 mg/kg body wt. because ofthe low specific radio-
activity ofthe available '4C-labelled carcinogen (Pegg,
1977b). This dose given daily in the diet corresponds
approximately to that found to give a low incidence
of liver tumours in rats (Terracini et al., 1967). Lower
doses than this have not been tested for carcino-
genicity in experimental animals, and, because of the
large numbers of animals needed to test doses of
carcinogens that might produce tumour incidences
of a few per cent or less, such tests are extremely
expensive. It was therefore decided to obtain further
information on the enzymic system responsible for
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the loss of 06-methylguanine from DNA and to
determine to what extent the small amounts of
06-methylguanine produced by very low doses of
dimethylnitrosamine could be removed. Such small
doses may be comparable with those to which
humans are exposed. Nitrosamines including di-
methylnitrosamine have been found in the environ-
ment and in certain foods, and can be formed in the
stomach by the reaction of nitrite and amines
(Lijinsky & Epstein, 1970; Fiddler, 1975; Scanlan,
1975; Mirvish, 1975; Archer & Wishnok, 1977;
Fine et al., 1976). Dimethylnitrosamine has been
detected in the blood of humans after a meal of
bacon and spinach (Fine et al., 1977).

In the present study [3H]dimethylnitrosamine was
used to measure the degree of alkylation of DNA
after doses as low as 1 fig/kg body wt. It was found
that even though most of the 06-methylguanine was
removed very rapidly from liver DNA after these low
doses, this product was still readily detectable in the
DNA 24h after administration of the carcinogen.
In addition, a cell-free extract capable of removing
06-methylguanine from DNA has been prepared
from rat liver and kidney, and some properties of this
system are described. The significance of these results
in the possible induction oftumours by low exposures
to dimethylnitrosamine is discussed.

Methods and Materials

Chemicals
['4C]Dimethylnitrosamine (sp. radioactivity 5.185

mCi/mmol) and [3H]dimethylnitrosamine (sp. radio-
activity 2.96 Ci/mmol) were purchased from New
England Nuclear Corp., Boston, MA, U.S.A., and
diluted to the required specific radioactivity by addi-
tion of redistilled, unlabelled dimethylnitrosamine
obtained from Aldrich Chemical Co., Milwaukee,
WI, U.S.A. Sephadex G-10 was purchased from
Pharmacia, Uppsala, Sweden. 06-Methylguanine was
synthesized by the method of Balsiger & Mont-
gomery (1960). All other biochemical reagents were
products of Sigma Chemical Co., St. Louis, MO,
U.S.A.

Animals
Female Sprague-Dawley strain rats (200-250g

body wt.) purchased from Charles River Breeding
Laboratories, Wilmington, MA, U.S.A., were main-
tained on a 12h light/12h dark cycle and fed ad
libitum on Purina Rat Chow. Dimethylnitrosamine
was administered at about 10:OOh by intra-
peritoneal injection of a solution in 0.9% NaCl or
by oral administration of a solution in water. The
concentration of the nitrosamine was adjusted so
that the volume injected was 0.3-0.7ml and that
given orally was 2-3 ml.

Preparation and analysis ofDNA
This was carried out essentially as described

previously (Pegg, 1977b). Briefly, tissue samples were
removed rapidly after death and frozen in liquid N2.
The frozen tissues were stored at -70°C and the
DNA then isolated by extraction with phenol
(Margison & Kleihues, 1975; Pegg, 1977b). The
dried DNA was stored at -20°C. DNA was hydro-
lysed in 0.1 M-HCl at 70°C for 30min to release free
purine bases (Lawley & Thatcher, 1970). Authentic
marker-methylated bases (3-methyladenine, 7-meth-
ylguanine and 06-methylguanine) were added to the
hydrolysate and the mixture was chromatographed
on a column (70cm x 1.6cm) of Sephadex G-10
eluted with 0.5M-ammonium formate, pH6.8 (Law-
ley & Shah, 1972). Fractions (5 ml) were collected and
the amounts of guanine and adenine present deter-
mined by measurement of the A260 in the appropriate
fractions. The radioactivity present in each fraction
was determined after the addition of lOml of For-
mula-947 LSC Cocktail (New England Nuclear,
Boston, MA, U.S.A.). The counting efficiency in a
Beckman LS-350 liquid-scintillation counter was
determined by use of an external standard and was
around 65% for '4C and 24% for 3H. The amounts
of the methylated bases present in the DNA sample
were calculated as ,imol of the methylated base per
mol of the normal purine. Sufficient DNA was used
to ensure that at least 200c.p.m. above background
were present in the 06-methylguanine peak. In a few
cases this was not possible and values based on
measurement of smaller amounts of radioactivity
than this are indicated in the text.

Preparation and assay of enzyme fraction removing
06-methylguanine from DNA
The tissue was removed from the rat as rapidly as

possible and homogenized in 3 vol. of ice-cold
50mM-Tris/HCl (pH 7.8)/1 mM-dithiothreitol/0.1 mm-
disodium EDTA. The extract was centrifuged at
lOOOOg for 5min at 4°C and the supernatant kept.
An additional volume of the homogenizing buffer
equal to that of the original tissue was then added to
the pellet and the suspension sonicated with a model
W-225R ultrasonic cell disrupter (Heat Systems-
Ultrasonics, Plainview, NY, U.S.A.) at 80-1OOW
and a 50% duty cycle for three periods of 30s each
separated by 1 min intervals. During sonication the
extract was surrounded by an ice/water bath to keep
the temperature as near to 0°C as possible. The
sonicated extract was then added to that obtained
from the initial centrifugation and the mixture centri-
fuged at 150OOg for 30min at 4°C. The supernatant
from this centrifugation was then made 80% satur-
ated by addition of solid (NH4)2SO4. After stirring
for 30min, the precipitated protein was dissolved in
as small a volume as possible of the homogenizing
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buffer and dialysed overnight against 2 litres of the
same solution. The dialysed extract was then used as
a source of enzyme. It could be stored frozen at
-20°C for up to 4 weeks without significant loss of
activity.
Enzyme activity was assayed by the incubation in

a total volume of 6ml of a solution containing up to
20mg of protein from the extracts prepared as des-
cribed above, 1.5mM-dithiothreitol, 3.3MM-MMCl2,
75 mM-Tris/HCI, pH 8.0, and 6-8mg of substrate
DNA (see below). After incubation at 370C the
reaction was stopped by the addition of 6 ml of cold
0.5M-HC104. The precipitate was collected by centri-
fugation at 3000g for 10min at 4°C and washed
twice by resuspension in 0.25M-HC104 and subse-
quently centrifuged. After washing, the pellet was
suspended in 10ml of 0.1M-HCI and incubated at
70°C for 30min. The residual pellet was removed by
centrifugation at 3000g for 10min and the super-
natant analysed for the presence of purines by
chromatography on Sephadex G-10 as described

above. In all experiments, a control incubation
omitting the protein extract was used to me sure the
amounts of methylated purines lost from -the sub-
strate DNA incubated in the absence of enzymes.
This value, which was very small, was subtracted
from that released when the protein extract was
added. The DNA used as substrate in these experi-
ments was prepared from the livers of rats injected
with 10,gg of [3H]dimethylnitrosamine (sp. radio-
activity 2.96Ci/mmol)/kg body wt. 10min before
death. The DNA was isolated as described above aqd
stored dry at -20°C until required.

Results

The major product of the reaction of dimethyl-
nitrosamine and DNA is 7-methylguanine, and the
formation of this product can be used as a measure
of the degree to which the carcinogen is converted
into the methylating species within the cell (Swann
& Magee, 1968; Craddock, 1969; Swann & McLean,

Table 1. Amounts of 7-methylguanine and 06-methylguanine present in liver DNA 4 and 24h after administration of di-
methylnitrosamine

Rats were injected intraperitoneally with either [3H1dimethylnitrosamine or [14C]dimethylnitrosamine at about
10:00 h and killed 4 or 24 h later. DNA was then i5olated from the livers and the amounts of 7-methylguanine and o6-
methylguanine present were determined as described in the Methods and Materials section. The values for doses of
dimethylnitrosamine of 0.25mg/kg body wt. or less were obtained by using [3H]dimethylnitrosamine and thQ$e of
more thaq 1 mg/kg body wt. were taken from previously published data in which [t4C]dimethylnitrosamine was used
(Pegg, 1977b). The values for doses of 0.5 and 1.Omg/kg body wt. were measured with both ['4C]- and [3H]-dimethyl-
nitrosamine and the results shown are the mean of these measurements. All values shown are the meap of at least three
estimations involving separate rats, which agreed within 10%. The expected value for 06-methylguanine was taken
as 0.115 x the measured value for 7-methylguanine. The actual 06-methylguanine found was expressed as a percentage
of this value.

Dose
(mg/kg body wt.)

0.001
0.01
0.025
0.05
0.25
0.5
1.0
2.5
5.0

10.0
20.0
0.001
0.01
0.025
0.05
0.25
0.5
1.0
2.5
5.0

10.0
20.0
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Time
(h)

4
4
4
4
4
4
4
4
4
4
4
24
24
24
24
24
24
24
24
24
24
24

Methylated base (mol/106mol of guanine)

7-Methylguanine

0.36
4.1
14.5
20.6
85
160
292
694
1510
3280
5920

0.31
3.6

10.5
18.8
74
124
240
579
1180
2660
4610

06-Methylguanine

0.005
0.067
0.22
0.28
1.0
5.5
14.3

57
155
322
652

0.004
0.034
0.092
0.120
0.31
0.60
4.3
29
99

233
447

Percentage of
expected value for
06-methylguanine

12
14
13
12
10
30
43
72
89
85
96
10
7
6
5
3
3

13
37
57
62
66
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1971; Montesano & Magee, 1974). Within 4h the
alkylation of nucleic acids in rat liver is complete
even after doses of dimethylnitrosamine as high as
20mg/kg body wt. (Heath, 1962; Swann & Magee,
1968; Pegg, 1977b). The amounts of 7-methylguanine
and 06-methylguanine present in hepatic DNA after
administration of doses of dimethylnitrosamine
ranging from 0.001 to 20mg/kg body wt. are shown
in Table 1. The values for doses of greater than
1 mg/kg body wt. are taken from a previous publica-
tion utilizing ["C]dimethylnitrosamine (Pegg, 1 977b).
The data for lower doses were obtained by using
[3H]dimethylnitrosamine. The use of this material
introduces two possible sources of error. The
nominal specific radioactivity of the [3H]dimethyl-
nitrosamine may change on storage owing to 3H
exchange with the solvent, and there is the possibility
of a significant isotope effect in the metabolism of the
nitrosamine that generates the alkylating species. An
isotope effect in the metabolism of fully deuterated
dimethylnitrosamine has been observed (Dagani &
Archer, 1976). However, in the experiments shown
in Table 1 the production of 7-methylguanine at 4h
was approximately proportional to dose over the
entire range of dimethylnitrosamine used, which in-
cluded both ['4C]- and [3H]-dimethylnitrosamine.
Also, when the observations at doses of 0.5 and
1.0mg/kg body wt. were made with both ['4C]- and
[3H]-dimethylnitrosamine there was no significant
difference between the calculated amounts of alkyl-
ated guanines. Therefore the [3H]dimethylnitros-
amine was satisfactory for the measurement of the
degree of alkylation of DNA.

06-Methylguanine was readily detected in DNA
of rats treated with low doses of dimethylnitrosamine
and could be measured even 24h after doses of only
1 pg/kg body wt. However, as previously reported
(Pegg, 1977b), after doses of less than 2.5mg/kg
body wt. the amounts of 06-methylguanine found
were substantially less than might be expected from
the amounts of 7-methylguanine. The methylating
species derived from dimethylnitrosamine would be
expected to react with DNA to produce 7-methyl-
guanine and 06-methylguanine in the relative propor-
tions of about 9:1 (Lawley, 1974, 1976; Pegg &
Nicoll, 1976; Pegg, 1977a). This value should not
change with different amounts of the alkylating agent
over the range in question (see below and Table 2).
Therefore the predicted amount of 06-methyl-
guanine was calculated from an expected ratio of
06-methylguanine/7-methylguanine of 0.1 15 and the
amount of 7-methylguanine present at 4h, which was
assumed to be the maximum amount present. The
percentage of the calculated 06-methylguanine value
that was actually found is shown in Table 1. Within
4h more than 85% of the expected 06-methylguanine
had been lost after all doses of 0.25 mg/kg body wt. or
less, but there was little difference in the percentage

of this base remaining when doses from 0.001 to
0.25mg/kg body wt. were compared. Within 24h
more than 85% of the 06-methylguanine expected
had been lost after doses of 1.0mg/kg body wt. or
less. However, the efficiency of removal, defined as
the percentage loss of 06-methylguanine over the
first 24h, showed a peak for doses of 0.25-0.5 mg/kg
body wt. and was less than this for doses both higher
and lower. One possible explanation for this could
be that the enzymic system for removal of 06_
methylguanine is limited by substrate availability at
the low concentrations of 06-methylguanine present
after very low doses of dimethylnitrosamine. It is
also possible that 06-methylguanine at certain sites
within the chromosome is less susceptible to the
removal process.
Although the efficiency of removal of 06-methyl-

guanine decreases with doses of the nitrosamine
greater than 0.5mg/kg body wt. it should be noted
that the reaction does not appear to be saturated even
at the highest dose tested. Fig. 1 shows the relation-
ship between dose of dimethylnitrosamine and
amount of 06-methylguanine formed and subse-
quently lost in a 24h period. There is an increase in
the amount of 06-methylguanine lost over the entire
dose range.

All of the calculations discussed above are based
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DMN given (mg/kg)
Fig. 1. Loss of06-methylguaninefrom hepatic DNA over a
24h period as a Junction of dose of dimethylnitros-

amine
The amount of 06-methylguanine expected to be
present in liver DNA after administration of
dimethylnitrosamine (DMN) was calculated as des-
cribed in Table 1 and the amount lost in 24h deter-
mined by subtraction of that found in the DNA at
24h. This value, expressed as mol of 06-methyl-
guanine removed per 107mol of guanine in DNA,
was then plotted as a function of the dose of di-
methylnitrosamine.
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on the assumption that at all doses ofthe nitrosamine
the ratio of alkylation of guanine in DNA at the o6_
and 7- positions is 0.1 15. This value was taken because
it was the mean of studies in our laboratory in which
alkylation was measured after the reaction of double-
stranded DNA with various concentrations of N-
methyl-N-nitrosourea in vitro or of rat liver DNA
with large doses of dimethylnitrosamine in vivo
(Pegg & Nicoll, 1976; Pegg, 1977a,b). It is in good
agreement with those obtained by others, which
range from 0.10 to 0.125 (Lawley, 1974; Kleihues &
Margison, 1976; Margison et al., 1976), but there was
no direct experimental evidence showing that the
same ratio is found after alkylation with small
amounts of dimethylnitrosamine. Since this concept
is critical to the interpretation of Table 1, two experi-
ments were carried out to prove that the same ratio
of alkylation occurs after low doses of dimethyl-
nitrosamine as after high doses (Table 2). In the first
experiment rats were given a single dose of 20mg of
unlabelled dimethylnitrosamine/kg body wt. to
produce unlabelled methylated bases in the DNA
that would minimize the effects of the enzymes
catalysing removal of these products. Then 12 h later,
when all the unlabelled nitrosamine had been meta-
bolized so that it was undetectable in the blood, an
injection of 10gg of [3H]dimethylnitrosamine/kg
body wt. was given. The amounts of labelled 06_
methylguanine and 7-methylguanine present in the
DNA 4h later are shown in Table 2 and the ratio was
0.120. This ratio is in close agreement to that found
by Kleihues & Margison (1976), who gave a tracer
dose of N-[3H]methyl-N-nitrosourea after a large
dose of dimethylnitrosamine. In the second experi-
ment, untreated rats were given I0Ogg of [3H]dimethyl-
nitrosamine/kg body wt. by intravenous injection
and the rats killed 10min later. A substantial portion
of this dose was metabolized within this short period,
as indicated by the production of 7-methylguanine
(Table 2), which was only slightly less than that found
4h after injection (Table 1). The amount of o6_
methylguanine found 10min after injection was much

greater than that found 4h later and the ratio of
06_ to 7-methylguanine was 0.083. The difference
between this and the expected ratio probably indicates
that removal of 06-methylguanine occurs even over
the 10min period.
The alkylation of kidney DNA by low doses

(1-50pg/kg body wt.) of [3H]dimethylnitrosamine is
shown in Table 3. Dimethylnitrosamine is meta-
bolized in the kidneys of normal rats at a rate about
one-eighth to one-tenth that in the liver (Swann &
Magee, 1968; Swann & McLean, 1971). As expected
from this, after intraperitoneal injection of the
carcinogen, alkylation of kidney DNA forming 7-
methylguanine occurred to about one-tenth the
extent of alkylation in the liver. 06-Methylguanine
was present in the kidney DNA at slightly less than
the expected amount 4h after injection after doses of
1 and 10,ug/kg body wt. and at only 40 and 32% that
expected after doses of 25 and 50,gg/kg body wt.
(Table 3). By 24h, the 06-methylguanine concentra-
tions after the latter doses had fallen to 25 and 15%
respectively (results not shown). These results
suggest that enzymic removal of 06-methylguanine
occurred in the kidney after these low doses of di-
methylnitrosamine, but was less efficient than in the
liver. (This could be related to the low extent of
alkylation limiting the activity of the removal system
as discussed above.)
When the same low doses of [3H]dimethylnitros-

amine were administered orally rather than by intra-
peritoneal injection the alkylation of kidney DNA
was much decreased, although it could still be
detected. The alkylation of kidney DNA decreased
to 1-2% of the alkylation of liver DNA (Table 3).
This finding confirms the report of Diaz Gomez et al.
(1977), who found that after low oral doses of di-
methylnitrosamine, alkylation of kidney DNA
occurred to a much smaller extent than expected
from studies with higher doses or where the com-
pound was given by injection. These results are
probably explained by the liver's ability to metabolize
almost completely low concentrations of dimethyl-

Table 2. Alkylation ofguanine in hepatic DNA after administration of10g of [3H]dimethylnitrosamine/kg body wt.
One group of rats was given [3H]dimethylnitrosamine (10,ug/kg body wt.; sp. radioactivity 2.96Ci/mmol) by intra-
venous administration 10min before death. A second group was given the same dose of [3H]dimethylnitrosamine by
intraperitoneal injection 12h after a dose of 20mg of unlabelled dimethylnitrosamine/kg body wt. and killed 4h later.
DNA was then isolated from the livers and the amount of radioactive methylated guanine derivatives present deter-
mined as described in the Methods and Materials section.

Pretreatment

Dimethylnitrosamine
(20 mg/kg body wt.)

None

Vol. 173

Time after
[3H]dimethylnitrosamine

administration

4h

10min

[3H]Methylated bases
(mol/106mol of guanine)

______ _____ _____ _____ __ _ .Ratio
7-Methylguanine 06-Methylguanine o6_ to 7-methylguanine

3.94

3.32

0.47

0.27

0.12

0.083
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Table 3. Alkylation ofkidney DNA after intraperitoneal or oral administration ofdimethylnitrosamine
The dose of [3H]dimethylnitrosamine shown was administered to rats either by intraperitoneal injection or orally:
4h later, the rats Were killed and the 7-methylguanine and 06-methylguanine present determined as described in the
Methods and Materials section. The values for alkylation of kidney DNA at the 06-position of guanine for all oral
doses and for the intraperitoneal doses below 0.025mg/kg body wt. were based on c.p.m. above background in the
06-methylguanine peak of more than 40 but less than 200. The ratio of 7-methylguanine production in the kidney DNA
to that produced in the liverDNA in the same animals is also shown. The alkylation of liver DNA was not statistically
significantly different when oral and intraperitoneal injection were compared.

Dose (pug/kg body wt.) and route
of administration

1 intraperitoneal
10 intraperitoneal
25 intraperitoneal
50 intraperitoneal
1 oral

10 oral
50 oral

Methylated base (mol/106mol of guanine)

7-Methylguanine

0.05
0.46
1.29
2.44
0.013
0.06
0.43

06-Methylguanine

0.007
0.04
0.06
0.08

<0.002
0.005
0.04

Ratio of 7-methylguanine
produced in liver DNA
to that in kidney DNA

7.2
8.9

11.2
8.4

45
119
55

Table 4. Alkylated guanine derivatives present in hepatic
DNA after daily injections of 1 plg of dimethylnitrosamine/

kg body wt.
Rats were given [3Hjdimethylnitrosamine (1 pg/kg
body wt.; sp. radioactivity 2.96Ci/mmol) by intra-
peritoneal injection daily at 10:00h. They were
killed 24h after the final injection and the methylated
guanines present in theDNA determined as described
in the Methods and Materials section.

Methylated bases
Number (mol/106mol of guanine)
of daily

Organ injections 7-Methylguanine 06-Methylguanine

Liver
Liver
Kidney
Kidney

14 0.84
20 1.02
14 0.101
20 0.109

0.008
0.013
0.006
0.007

nitrosamine in the portal blood after oral administra-
tion, thus preventing it from reaching the kidney
(Diaz Gomez et al., 1977).
The amounts of alkylated guanine derivatives

present in rat liver and kidney after repeated daily
injections of 1 pig of [3H]dimethylnitrosamine/kg
body wt. are shown in Table 4. Measurements were

made 24h after the last injection. At 2 weeks after the
start of treatment the amount of 7-methylguanine
present in the liver DNA was about 3 times and the
amount of 06-methylguanine was about twice that
present 24h after a single dose. The contents were
increased only slightly after 3 weeks of injections,
suggesting that a balance between synthesis from the
daily dose of dimethylnitrosamine and removal had
been reached, although treatment over a much longer
period of time would be necessary to establish this
conclusively. The 06-methylguanine content in liver

DNA represented about 1 % of the 7-methylguanine
present and in kidney DNA about 6 %. This indicates
that over the longer period the 06-methylguanine is
removed more completely in the liver than in the
kidney. As a result of this, although the amount of
7-methylguanine found in the liver DNA was 10
times that found in the kidney DNA, there was only
a 2-fold difference in the 06_methylguanine amounts.

These results described above and previous studies
(reviewed by Pegg, 1977a) suggest that an enzymic
system for the removal of 06-methylguanine is
present in liver and kidney cells. We have been able
to demonstrate the presence of such activity in cell-
free extracts. Activity was assayed by measuring the
loss of labelled 06-methylguanine from DNA
isolated from the livers of rats treated 10min before
death with lO1ug of [3H]dimethylnitrosamine/kg
body wt. It was necessary to use such DNA as a
substrate because the extracts had only a very limited
capacity to remove 06-methylguanine. Since we were
able to measure only the alkylated bases present in
the remaining DNA rather than those liberated, it
was essential to have a substrate that could be sub-
stantially altered by this limited activity. The activity
was measured by incubating the DNA with the
extract and then precipitating the DNA and deter-
mining the methylated base content. Fig. 2 shows the
effects of incubating such DNA with an extract
prepared from rat liver. Incubation with the extract
led to a time-dependent loss of 06-methylguanine
from the DNA that was much greater than the small
losses of 7-methylguanine and guanine, The loss of
guanine represents the degree to which the DNA was
degraded to fragments soluble in cold 0.25 M-
HCl04, and this occurred to only an insignificant
extent. The small loss of 7-methylguanine can be
accounted for by this small decline of acid-insoluble
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Fig. 2. Removal of 06-methylguaninefrom alkylated DNA
incubated in vitro for different times with rat liver extracts
Rat liver extract was incubated at 370C with [3H]-
alkylated DNA, and at the times shown the reaction
was halted and the content of alkylated bases and of
guanine in the DNA precipitated by cold 0.25M-
HC104 determined as described in the Methods and
Materials section. The amounts of guanine (A),
7-methylguanine (-), and 06-methylguanine (-)
present in the precipitated DNA are shown.
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Fig. 3. Effect ofprotein concentration on loss of alkylated
guaninesfrom alkylated DNA

[3H]Alkylated DNA was incubated with the amount
of liver extract containing the protein shown for 2h
at 37°C. The amounts of guanine (A), 7-methyl-
guanine (U) and 06-methylguanine (-) present in the
DNA precipitated by cold 0.25 M-HC104 were deter-
mined as described in Fig. 2.

DNA, but this cannot account for the decline in
06-methylguanine. Further, as shown in Fig. 3, the
loss of 06-methylguanine from the DNA was in-
creased greatly by increasing the protein added,
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although it was not directly proportional to the
protein concentration. Less than 2% of the 06_
methylguanine present in the DNA was rendered
acid soluble on incubation for 2h at 37°C in the
absence of the protein extract. Therefore an enzymic
process specific for the removal of 06-methylguanine
and inactive on 7-methylguanine must be present in
these extracts.
We were able to detect activity in both the post-

nuclear-supernatant fractions from liver extracts and
in sonicated extracts from the nuclear pellet. In the
present work these extracts were combined, but it is
not yet known whether these activities are indicative
of the presence of two distinct enzymes. The activity
could be fractionated by the addition of (NH4)2SO4,
but for unknown reasons, much greater non-specific
deoxyribonuclease activity was present in the separate
(NH4)2SO4 fractions than in the O-80%-satd.-
(NH4)2SO4 fraction used in the present experiments.
Further purification by chromatography on DEAE-
cellulose was needed to obtain active extracts that
did not substantially degrade the substrate.

Extracts from liver, kidney and brain were prepared
in an identical manner and their ability to remove o6_
methylguanine from DNA was compared in assays
containing 15mg of protein incubated at 37°C for 2h.
The brain extracts were completely inactive (<2%
loss of 06-methylguanine), the liver extracts had the
greatest activity (83% lost), and the kidney extracts
had definite activity, but were less active than the
liver (32% lost). In this respect, therefore, the
aciivity of these extracts resembles the abilities of
these tissues to catalyse this reaction in vivo (Goth
& Rajewsky, 1974; Margison & Kleihues, 1975;
Pegg & Nicoll, 1976).

Discussion

There is substantial, but not overwhelming, support
for the hypothesis that tumour induction by di-
methylnitrosamine is related to the production and
subsequent persistence in DNA of methylated
nucleosides, which are likely to miscode (Lawley,
1974; Magee et al., 1975, 1976; Pegg, 1977a). At
least nine methylated bases and methyl phosphate
triesters are produced by the reaction of dimethyl-
nitrosamine with DNA. Although other methylations
on oxygen atoms should not be ruled out and deserve
more detailed investigation (Singer, 1975, 1976),
06-methylguanine may be the most important
product in tumour induction (Loveless, 1969; Goth
& Rajewsky, 1974; Lawley, 1974; Craddock,
1975a,b, 1976; Margison & Kleihues, 1975; Nicoll
et al., 1975; Pegg, 1977a). If this hypothesis is correct
the efficiency of removal of 06-methylguanine may be
critical in protecting against tumour induction.
The present studies confirm and extend earlier
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reports showing that rat liver and kidney are capable
of removing 06-methylguanine from DNA (Crad-
dock, 1973; O'Connor et al., 1973; Goth & Rajewsky,
1974; Margison & Kleihues, 1975; Nicoll et al.,
1975; Pegg, 1977a,b). 06-Methylguanine is stable in
DNA (Lawley & Thatcher, 1970) and the loss in vivo
that occurs at a much faster rate than the loss of 7-
methylguanine must indicate an enzyme-catalysed
reaction. 7-Methylguanine is lost from DNA in
vitro by a spontaneous depurination that has a half-
time of about 6 days at physiological pH (Craddock,
1969; Margison et al., 1973; Lawley, 1974). Loss of
7-methylguanine from rat liver DNA in vivo occurs
somewhat more rapidly than this. Half-times of 1-4
days with the higher values for greater extents of
alkylation have been reported (Craddock, 1969;
Margison et al., 1973; Nicoll et al., 1975; Pegg,
1977a,b). At such doses, the possibility of loss by cell
necrosis may contribute to the observed rate and
owing to the uncertainty of the exact pH and ionic
strength of the nuclear environment it is still unclear
whether there is an enzymic removal of 7-methyl-
guanine in the rat. [More convincing evidence exists
for the active excision from DNA of 7-methyl-
guanine in the mouse (Nemoto & Takayama, 1974)
and hamster liver (Margison et al., 1976)]. Irrespec-
tive of the mechanism, loss of 7-methylguanine from
the DNA is sufficiently slow in our experiments
(compare data at 4 and 24h in Table 1) for the loss
during the first 4h to be negligible in calculating the
expected 06-methylguanine values.

Although after low doses of the nitrosamine
removal of 06-methylguanine was very efficient, it
was found that at very low extents of alkylation
removal was slowed, perhaps by the low substrate
concentration. It appears that extents of alkylation
of the order of one 06-methylguanine residue per
106 guanine residues may persist in DNA for longer
than might be expected if the time taken for the
extent to fall from 1 in 105 to 1 in 106 is considered.
Therefore, although the 06-methylguanine-removal
system may protect against carcinogenesis by di-
methylnitrosamine and may be responsible for lower-
ing the carcinogenic risk from daily doses of between
5 and 0.5 mg/kg body wt. by more than the simple
factor between the doses (Pegg, 1977a,b), its existence
does not imply that there is necessarily a threshold
dose at which no tumours at all would be expected.
Even after doses of dimethylnitrosamine as low as
1 pg/kg body wt. we were able to detect 06-methyl-
guanine inDNA 24h after a single dose (Table 1) or a
series of doses (Table 4). In this respect, our data
differ from the report of Margison et al. (1977), who
claimed that 06-methylguanine could not be found
in the DNA from livers of rats given daily doses of
2mg/kg body wt. dimethylnitrosamine 5 days a week
for periods from 2 to 24 weeks. This discrepancy is
likely to be due to the difference in sensitivity in

the methods used. At present, there is no way of
determining the extent below which 06-methyl-
guanine presence in DNA would not provide a
hazard, particularly since the alkylation produced by
dimethylnitrosamine may not be uniform within all
the cells of the liver (Magee et al., 1975; Pegg, 1977a).
It must also be considered that if the carcinogen is
administered daily the amount of alkylated products
in the DNA will show daily variations, even after a
steady-state concentration is reached where the
amount of alkylation caused by the daily dose
balances that lost during the day. For example,
Tables 1 and 4 would suggest that on day 20 after
administration of 1 pg of dimethylnitrosamine/kg
body wt. the alkylation of hepatic DNA would vary
from 1.4 to 1.0 mol of 7-methylguanine and 0.05 to
0.01 mol of 06-methylguanine per 106 mol ofguanine.

After 2 weeks of daily injection of 1,pg of di-
methylnitrosamine/kg body wt. the amount of 06_
methylguanine present in the kidney DNA 24h after
the last injection was somewhat more than half that
present in the liver DNA. Since the ability to convert
the nitrosamine into the alkylating species is almost
an order of magnitude greater in the liver, this
finding suggests that 06-methylguanine is removed
more-efficiently in the liver. It also raises the question
as to why only liver tumours and not renal tumours
are produced by prolonged feeding of low doses of
dimethylnitrosamine (Druckrey et al., 1967; Magee
& Barnes, 1967; Terracini etal., 1967) ifthe formation
of 06-methylguanine is important in this induction.
The answer to this important question may be
provided by the finding that there is little reaction
with the kidney after low oral doses of dimethyl-
nitrosamine (Diaz Gomez et al., 1977). This result is
confirmed by our data in Table 3. Although with the
high specific radioactivity of our [3H]dimethyl-
nitrosamine we were able to measure reaction with
the kidney, even with doses below 40,ug/kg body wt.,
at which Diaz Gomez et al. (1977) found no detectable
alkylation, the amount of dimethylnitrosamine re-
acting with the kidney DNA was much less when the
compound was given orally than when it was injected
intraperitoneally. As suggested by Diaz Gomez et al.
(1977), low doses of dimethylnitrosamine absorbed
into the portal blood may therefore be almost com-
pletely metabolized by the liver and not reach other
organs. Since the liver appears to be less sensitive
than other organs to the carcinogenic action of di-
methylnitrosamine (perhaps because of the high
activity of the enzymes removing 06-methylguanine
from DNA) this may provide a protective mechanism
against carcinogenesis. Dimethylnitrosamine is ab-
sorbed only slowly from the rat stomach, but very
rapidly from the upper part of the small intestine
(Heading et al., 1974; Hashimoto et al., 1976). The
efficiency of clearance of the nitrosamine from the
portal blood by the liver may therefore depend on the
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rate of gastric emptying as well as the dose of di-
methylnitrosamine given.
The ability of the rat liver to metabolize a substan-

tial proportion of a small dose of dimethylnitros-
amine very rapidly is shown both by these experi-
ments and by the results of Table 2. It is known that
human liver can metabolize dimethylnitrosamine,
and although the kinetics of the reaction were not
studied in detail, human liver slices were only slightly
less active than rat liver slices (Montesano & Magee,
1974). Therefore the finding in human blood of con-
centrations of dimethylnitrosamine as high as
770ng/litre shortly after a meal (Fine et al., 1977)
may indicate exposure to significantly higher
amounts.
The relative activities of extracts from liver, kidney

and brain in catalysing removal of 06-methylguanine
from DNA in vivo suggest that the reaction that we
are studying may be responsible for 06-methyl-
guanine removal in vivo after low extents of alkylation.
The availability of this system in vitro should make
possible the determination of its relationship to the
known pathways for DNA repair in mammalian
cells (Regan & Setlow, 1974; Cleaver, 1975; Gross-
man et al., 1975). One of these pathways involves the
breaking by an endonuclease of a phosphodiester
bond near to the damaged site and removal of a
number of residues including the altered nucleoside,
followed by subsequent resynthesis and joining by a
ligase. Endonucleases that attack DNA at apurinic
sites (Verly & Paquette, 1973; Ljungquist et al.,
1974; Brent, 1975; Teebor & Duker, 1975; Linsley
et al., 1977; Kuebler & Goldthwait, 1977) and at sites
damaged by u.v. irradiation or reaction with acetyl-
aminofluorene (van Lancker & Tomora, 1974;
Bacchetti & Benne, 1975; Brent, 1976; Teebor et al.,
1977) have been isolated from mammalian cells, but
none of these have been reported to act on sites occu-
pied by methylated nucleosides. 06-Alkylguanine is
excised from the DNA of Escherichia coli in vivo
(Lawley & Orr, 1970; Lawley & Warren, 1975), and
an enzyme that releases 06-methylguanine or 3-
methyladenine as free bases from alkylated DNA has
been isolated from E. coli (Kirtikar & Goldthwait,
1974). This preparation also contained endonuclease
activity, but whether the same enzyme is responsible
for both the N-glycosidase activity releasing the
methyl purines and for the strand breakage is contro-
versial (Kirtikar et al., 1976). Lindahl (1976) and
Laval (1977) have provided evidence that they are
separate enzymes. It is possible that 06-methyl-
guanine is removed from DNA in our experiments
by the action of a similar N-glycosidase, and the
apurinic site left behind is repaired by the action of
the endonucleases and other repair enzymes des-
cribed above. We have not been able to test this
hypothesis by determining the chemical form in
which the labelled 06-methyl group is lost from the

DNA. Mammalian cell extracts contain an enzyme
capable of de-alkylating 06-methyl- or 06-ethyl-
guanine (Miller et al., 1973) and corresponding ribo-
and deoxyribo-nucleosides (K. Rogers & A. E. Pegg,
unpublished work). This activity contaminates our
enzyme and complicates identification of the initial
product. We cannot yet rule out the possibility that
such de-alkylation may occur directly on 06-methyl-
guanine present in the DNA.

It is possible that liver cells have more than one
mechanism for the removal of 06-methylguanine and
repair of DNA after alkylation by dimethylnitros-
amine. The slow but extensive loss of this purine after
high doses of dimethylnitrosamine (Fig. 1) seems un-
likely to be achieved by the enzyme assayed in vitro,
which had a very limited capacity. Fibroblasts from
patients suffering from xeroderma pigmentosum were
found to excise 06-alkylguanine more slowly than
controls, but some removal did still occur (Goth-
Goldstein, 1977). Cells from patients suffering from
xeroderma pigmentosum of the same complementa-
tion group are known to be defective in apurinic
endonuclease activity (Kuhnlein et al., 1976).
Efficient DNA repair in eukaryotes may require the
combined actions of a number of proteins, not all of
which are yet characterized (Mortelmans et al.,
1976). In the present experiments, the removal of
06-methylguanine from liver DNA commenced very
rapidly after its formation. This suggests that enzyme
induction may not be required for the DNA repair,
but the induction of a repair system analogous to the
bacterial 'SOS repair' (Witkin, 1976) or that described
by Samson & Cairns (1977) cannot be ruled out at
later times or after prolonged exposure to the
nitrosamine.

This research was supported in part by grants CA18137
and IP30 CA18450 awarded by the National Cancer
Institute, U.S. Public Health Service, and by an Estab-
lished Investigatorship from the American Heart Associa-
tion. We thank Dr. P. F. Swann, Dr. G. P. Margison and
Dr. R. Montesano for helpful discussion.

References

Archer, M. C. & Wishnok, J. S. (1977) Food Cosmet.
Toxicol. 15, 233-235

Bacchetti, S. & Benne, R. (1975) Biochim. Biophys. Acta
390, 285-297

Balsiger, R. W. & Montgomery, J. A. (1960)J. Org. Chem.
25,1573-1575

Brent, T. P. (1975) Biochim. Biophys. Acta 407, 191-199
Brent, T. P. (1976) Biochim. Biophys. Acta 454, 172-183
Cleaver, J. E. (1975) Methods Cancer Res. 11, 123-165
Craddock, V. M. (1969) Biochem. J. 111, 497-502
Craddock, V. M. (1973) Biochim. Biophys. Acta 312, 202-
210

Craddock, V. M. (I 975a) Chem.-Biol. Interact. 10, 313-321
Craddock,V. M. (1975b) Chem.-Biol. Interact. 10,323-332

Vol. 173



748 A. E. PEGG AND G. HUI

Craddock, V. M. (1976) Chem.-Biol. Interact. 15, 247-256
Dagani, D. & Archer, M. C. (1976) J. Natl. Cancer Inst.

57, 955-957
Diaz Gomez, M. I., Swann, P. F. & Magee, P. N. (1977)

Biochem. J. 164, 497-500
Druckrey, H., Preussman, R., Ivankovic, S. & Schmahl,
D. (1967) Z. Krebsforsch. 69, 103-201

Fiddler, W. (1975) Toxicol. Appl. Pharmacol. 31, 352-360
Fine, D. H., Rounbehler, D. P., Belcher, N. M. & Epstein,

S. S. (1976) Science 192, 1328-1330
Fine, D. H., Ross, R., Rounbehler, D. P., Silvergleid, A.
& Song, S. (1977) Nature (London) 265, 753-755

Goth, R. & Rajewsky, M. F. (1974) Proc. Natl. Acad. Sci.
U.S.A. 71, 639-643

Goth-Goldstein, R. (1977) Nature (London) 267, 81-82
Grossman, L., Braun, A., Feldberg, R. & Mahler, I.

(1975) Annu. Rev. Biochem. 46, 19-43
Hashimoto, S., Yokokura, T., Kawai, Y. & Mutai, M.

(1976) Food Cosmet. Toxicol. 14, 553-556
Heading, C. E., Phillips, J. C., Lake, B. G., Gangolli,

S. D. & Lloyd, A. G. (1974) Biochem. Soc. Trans. 2,
607-611

Heath, D. F. (1962) Biochem. J. 85, 72-81
Kirtikar, D. M. & Goldthwait, D. A. (1974) Proc. Natl.

Acad. Sci. U.S.A. 71, 2022-2026
Kirtikar, D. M., Cathcart, G. R. & Goldthwait, D. A.

(1976) Proc. Natl. Acad. Sci. U.S.A. 73, 4324-4328
Kleihues, P. & Margison, G. P. (1976) Nature (London)

259, 153-155
Kuebler, J. P.- & Goldthwait, D. A. (1977) Biochemistry

16, 1370-1377
Kuhnlein, U., Penhoet, E. E. & Linn, S. (1976) Proc.

Natl. Acad. Sci. U.S.A. 73, 1169-1173
Laval, J. (1977) Nature (London) 269, 829-831
Lawley, P. D. (1974) Mutat. Res. 23, 283-295
Lawley, P. D. (1976) in Chemical Carcinogenesis (Searle,

C. E., ed.), pp. 83-244, AAS Monograph Series no. 173
Lawley, P. D. & Orr, D. J. (1970) Chem.-Biol. Interact. 2,

154-157
Lawley, P. D. & Shah, S. A. (1972) Biochem. J. 128, 117-

132
Lawley, P. D. & Thatcher, C. J. (1970) Biochem. J. 116,

693-697
Lawley, P. D. & Warren, W. (1975) Chem.-Biol. Interact.

11, 55-57
Lijinsky, W. & Epstein, S. S. (1970) Nature (London) 225,

21-23
Lindahl, T. (1976) Nature (London) 259, 64-66
Linsley, W. S., Penhoet, E. E. & Linn, S. (1977) J. Biol.

Chem. 252, 1235-1242
Ljungquist, S., Anderson, A. & Lindahl, T. (1974) J.

Biol. Chem. 249, 1536-1540
Loveless, A. (1969) Nature (London) 223, 206-207
Magee, P. N. & Barnes, J. M. (1967) Adv. Cancer Res.

10, 163-246
Magee, P. N., Pegg, A. E. & Swann, P. F. (1975) in
Handbuch der Allgemeinen Pathologie (Grundman, E.,
ed.), pp. 329-420, Springer-Verlag, Berlin

Magee, P. N., Montesano, R. & Preussmann, R. (1976) in
Chemical Carcinogenesis (Searle, C. E.,ed.), pp. 491-625,
AAS Monograph Series no. 173

Margison, G. P. & Kleihues, P. (1975) Biochem. J. 148,
521-525

Margison, G. P., Capps, M. J., O'Connor, P. J. & Craig,
A. W. (1973) Chem.-Biol. Interact. 6, 119-214

Margison, G. P., Margison, J. M. & Montesano, R.
(1976) Biochem. J. 1$7, 627-634

Margison, G. P., Margison, J. M. & Montesano, R.
(1977) Biochem. J. 165, 463-468

Miller, C. T., Lawley, P. D. & Shah, S. A. (1973) Biochem.
J. 136, 387-393

Mirvish, S. S. (1975) Toxicol. Appl. Pharmacol. 31, 325-
351

Montesano, R. & Magee, P. N. (1974) in Chemical
Carcinogenesis Essays (Montesano, E., Tomatis, L. &
Davis, W., eds.), pp. 39-56, Scientific Publication no.
10, International Agency for Research on Cancer,
Lyon

Mortelmans, K., Friedberg, E. C., Slor, H., Thomas, G.
& Cleaver, J. E. (1976) Proc. Natl. Acad. Sci: U.S.A.
73, 2757-2761

Nemoto, N. & Takayama, S. (1974) Biochem. Biophys.
Res. Commun. 58, 242-249

Nicoll, J. W., Swann, P. F. & Pegg, A. E. (1975) Nature
(London) 254,261-262

O'Connor, P. J., Capps, M. J. & Craig, A. W. (1973) Br.
J. Cancer 27, 153-166

Pegg, A. E. (1977a) Adv. Cancer Res. 25, 195-269
Pegg, A. E. (1977b) J. Natl. Cancer Inst. 54, 681-687
Pegg, A. E. & Nicoll, J. W. (1976) in Screening Tests in

Chemical Carcinogenesis (Montesano, R., Bartsch, H.
& Tomatis, L., eds.), pp. 571-592, Scientific Publication
no. 12, International Agency for Research on Cancer,
Lyon

Regan, J. D. & Setlow, R. B. (1974) Cancer Res. 34, 3318-
3325

Samson, L. & Cairns, J. (1977) Nature (London) 267,
281-282

Scanlan, R. A. (1975) Crit. Rev. Food Technol. 5, 357-
402

Singer, B. (1975) Prog. Nucleic Acid Res. Mol. Biol. 15,
219-284

Singer, B. (1976) Nature (London) 264, 333-339
Swann, P. F. & Magee, P. N. (1968) Biochem. J. 110,

39-47
Swann, P. F. & McLean, A. E. M. (1971) Biochem. J. 124,

283-288
Teebor, G. W. & Duker, N. J. (1975) Nature (London)

258, 544-547
Teebor, G. W., Duker, N. J. & Becker, F. F. (1977)

Biochim. Biophys. Acta 477, 125-131
Terracini, B., Magee, P. N. & Barnes, J. M. (1967) Br. J.

Cancer 21, 559-565
van Lancker, J. L. & Tomora, T. (1974) Biochim. Biophys.
Acta 353, 99-114

Verly, W. G. & Paquette, Y. (1973) Can. J. Biochem. 51,
1003-1009

Witkin, E. M. (1976) Bacteriol. Rev. 40, 869-907

1978


