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The Escherichia coli Ada and Ogt DNA methyltransferases (MTases) are known to transfer simple alkyl
groups from 06-alkylguanine and 04-alkylthymine, directly restoring these alkylated DNA lesions to guanine
and thymine. In addition to being exquisitely sensitive to the mutagenic effects of methylating agents, E. coli ada
ogt null mutants display a higher spontaneous mutation rate than the wild type. Here, we determined which
base substitution mutations are elevated in the MTase-deficient cells by monitoring the reversion of six
mutated lacZ alleles that revert via each of the six possible base substitution mutations. During exponential
growth, the spontaneous rate of G:C to A:T transitions and G:C to C:G transversions was elevated about
fourfold in ada ogt double mutant versus wild-type E. coli. Furthermore, compared with the wild type, stationary
populations of the MTase-deficient E. coli (under lactose selection) displayed increased G:C to A:T and A:T to
G:C transitions (10- and 3-fold, respectively) and increased G:C to C:G, A:T to C:G, and A:T to T:A
transversions (10-, 2.5-, and 1.7-fold, respectively). ada and ogt single mutants did not suffer elevated
spontaneous mutation rates for any base substitution event, and the cloned ada and ogt genes each restored
wild-type spontaneous mutation rates to the ada ogt MTase-deficient strains. We infer that both the Ada MTase
and the Ogt MTase can repair the endogenously produced DNA lesions responsible for each of the five base
substitution events that are elevated in MTase-deficient cells. Simple methylating and ethylating agents
induced G:C to A:T and A:T to G:C transitions in these strains but did not significantly induce G:C to C:G, A:T
to C:G, and A:T to T:A transversions. We deduce that S-adenosylmethionine (known to be a weak methylating
agent) is not the only metabolite responsible for endogenous DNA alkylation and that at least some of the
endogenous metabolites that cause 0-alkyl DNA damage in E. coli are not simple methylating or ethylating
agents.

Some normal intermediary metabolites and some by-prod-
ucts of normal metabolism are cytotoxic compounds that can
attack nucleic acids, proteins, and lipids (2, 12, 29, 36). The
most extensively studied compounds of this type are active
oxygen species (the by-products of oxidative metabolism), and
these are now believed by some to play a major role in the
onset of neurodegenerative, cardiovascular, and neoplastic
diseases (2, 12). It is thus clearly important to identify endog-
enous toxic compounds and to identify the cellular defenses
that normally ameliorate their effects.

If the damage inflicted by toxic intermediary metabolites on
DNA and its precursors is allowed to remain, it can increase
the rate of spontaneous mutation (3, 17, 23, 34, 45, 55, 61).
Factors that influence spontaneous mutation rates are of
considerable interest, since it was hypothesized that one of the
early steps in carcinogenesis involves an elevation in the rate of
spontaneous mutation (14, 18, 31, 54, 56). Indeed, it was
recently shown that defects in a human gene whose product
may be involved in the correction of DNA replication errors
result in a predisposition to colon cancer (19, 28, 41). Extensive
characterization of Escherichia coli has established that low
spontaneous mutation rates are not only achieved by the
prevention and correction of DNA replication errors (16, 38)
but are also achieved by the prevention and removal of
nucleotide damage (17, 23, 34, 45, 55). Thus, in E. coli, the
repair of oxidized DNA and the hydrolysis of oxidized de-
oxynucleoside triphosphate DNA precursors have been shown
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to be significant contributors to the maintenance of low
spontaneous mutation rates (17, 23, 34, 55).
We recently demonstrated that the repair ofDNA alkylation

damage also contributes to the maintenance of low spontane-
ous mutation rates in both prokaryotes (45) and eukaryotes
(61). However, the identity of the endogenous cellular com-
pounds responsible for producing the DNA alkylation damage
remains unknown. Alkylating agents transfer alkyl groups to
the nucleophilic nitrogens and oxygens in DNA, generating at
least a dozen types of DNA adducts (30). Of these, o6_
alkylguanine (06alkylG) and 04-alkylthymine (04alkylT) are
thought to be responsible for the majority of alkylation-
induced mutations because of their propensity to mispair
during'replication. It is well established that O6methylG mis-
pairs with thymine and 04methylT mispairs with guanine and
that, because of this, methylating agents cause G:C to A:T and
A:T to G:C transition mutations (32, 44, 52); however, the
06methylG-driven G:C to A:T transitions outnumber the
04methylT-driven A:T to G:C transitions by about 100-fold
(26), even though, after exposure to methylating agents,
O6methylG adducts only outnumber 04methylT adducts by
about 10-fold (6). The precise effects of larger alkyl groups (at
06-G and 04-T) on base pairing have not been examined in as
much detail, but it is clear that agents transferring larger alkyl
groups to DNA induce transversion in addition to transition
mutations (26).

E. coli has two DNA repair methyltransferases (MTases),
encoded by the ada and ogt genes, that mediate the irreversible
transfer of methyl groups from either 06MeG or 04MeT to a
specific cysteine residue in the MTase itself (47). These
MTases also transfer ethyl, propyl, and butyl groups from
DNA, but the efficiency of transfer decreases as the size of the
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TABLE 1. Bacterial strains and characteristics

Strain Chromosomal genotype Episomal genotype Reference(s)

FC36 araA&(lacproB)xjui thiA Rif' F- 7, 11
FC215 As FC36 lacl:lacZ lacY+ pro'; from CC102 G:C to A:T 13
FC219 As FC36 lacl:lacZ lacY+ pro'; from CC101 A:T to C:G 13
FC220 As FC36 lacl:lacZ lacY+ pro'; from CC103 G:C to C:G 13
FC221 As FC36 lacl:lacZ lacY' pro'; from CC104 G:C to T:A 13
FC222 As FC36 lacl:lacZ lacY+ pro'; from CC105 A:T to T:A 13
FC223 As FC36 lacl:lacZ lacY+ pro'; from CC106 A:T to G:C 13
FC218 As FC215 but ogt-l::Kanr Aada-25::Camr lacl:lacZ lacY+ pro'; from CC102 G:C to A:T 13, 22, 45, 50
FC321 As FC219 but ogt-l::Kanr Aada-25::Camr lacl:lacZ lacY+ pro'; from CC101 A:T to C:G 13, 45, 50
FC322 As FC220 but ogt-l::Kanr Aada-25::Camr lacl:lacZ lacY+ pro'; from CC103 G:C to C:G 13, 45, 50
FC325 As FC221 but ogt-l::Kanr Aada-25::Camr lacl:lacZ lacY+ pro'; from CC104 G:C to T:A 13, 45, 50
FC323 As FC222 but ogt-l::Kanr Aada-25::Camr lacl:lacZ lacY+ pro'; from CC105 A:T to T:A 13, 45, 50
FC326 As FC223 but ogt-l::Kanr Aada-25::Camr lacl:lacZ lacY+ pro'; from CC106 A:T to G:C 13, 45, 50

alkyl group increases (35, 47). The Ogt MTase is expressed
constitutively, while Ada is induced as part of the adaptive
response to alkylating agents (30, 47). Ada has two active site
cysteine residues, Cys-321 that transfers alkyl groups from
06alkyG or 04alkyT adducts and Cys-69 that transfers alkyl
groups from alkylphosphotriesters. Once alkylated at Cys-69,
Ada becomes a transcriptional activator of its own gene (ada)
and three other genes involved in the adaptive response (the
alkA 3-methyladenine DNA glycosylase gene plus alkB and
aidB of unknown function). E. coli ada ogt null mutants are

severely compromised in their ability to repair O6alkylG and
04alkylT DNA adducts (45, 48) and suffer an elevated spon-
taneous mutation rate which becomes most apparent in sta-
tionary cultures (45). In this study, we have investigated what
types of mutational events are elevated in these DNA repair-
deficient cells, in order to gain some insight into the identity of
the endogenous alkylating agents responsible for mutation
induction.

MATERIALS AND METHODS

Bacterial strains. The strains used in this study are listed in
Table 1. Strains FC219, FC215, FC220, FC221, FC222, and
FC223 are isogenic derivatives of FC36, a spontaneous rifamy-
cin-resistant isolate of P90C (7, 11, 22). All of the strains have
a chromosomal deletion of the lactose operon, and all strains
except FC36 carry one of six F'lac episomes, each with a

different lacZ base substitution mutation affecting Glu-461 of
,B-galactosidase (13). The six episomes were designated CC101
to CC106 (13), and the lacZ mutant alleles on these episomes
revert to the wild type via A:T to C:G (CC101), G:C to A:T
(CC102), G:C to C:G (CC103), G:C to T:A (CC104), A:T to
T:A (CC105), and A:T to G:C (CC106). P1 transduction (37)
was used to transfer the A(ada-25)::Camr allele from GW7101
(50) and the ogt-l::Kanr allele from GWR107 (45) into these
strains to produce ada ogt single and double mutant derivatives
of FC219, FC215 (22), FC220, FC221, FC222, and FC223.
Patricia L. Foster (Boston University) used our ogt-l::Kanr
allele (45) and the A(ada-25)::Camr allele (50) to construct the
MTase-deficient strains listed in Table 1, and we thank her for
generously sharing the strains with us. E7014 is a strain
carrying a deletion for the lacZI genes and can neither mutate
nor recombine with F'lac to produce Lac+ revertants (Sa).
Transformation of the lac mutant Miller strains with pUC19,
pUCogt (45), and pSV2ada (47a) plasmids was performed as

previously described (10). The ada and ogt genes were ex-

pressed from their own promoters in the pUCogt and pSV2ada
plasmids.

Media. Bacteria were grown in either Luria-Bertani medium
or M9 minimal medium supplemented with 0.025% glucose,
0.025% thiamine, and 40 p,g of methionine per ml (37).
Minimal plates contained M9 medium plus 0.025% glucose or
lactose, 0.025% thiamine, 40 jig of methionine per ml, and
0.15% Bacto agar. Antibiotic concentrations (per milliliter)
were 100 ,ug of ampicillin, 40 ,ug of kanamycin, 25 pug of
tetracycline, and 25 ,Lg of chloramphenicol.

Spontaneous Lac' mutation assays. A single colony was
inoculated into glucose-minimal M9 medium and grown to
stationary phase. From this culture, approximately 106 cells
were transferred to each of 30 tubes containing 1.5 ml of
glucose-minimal M9 medium plus the appropriate antibiotics,
and the cultures were grown with aeration for about 16 h until
they just reached stationary phase (approximately 1 x 109 to 2
x 109 cells per ml). From 10 cultures, a 10-,I aliquot was
serially diluted, plated in duplicate onto glucose-minimal M9
medium plates, and scored the next day to determine the
average number of viable cells per culture (N [see below]). The
30 cultures were each concentrated into a final volume of 100
,ud, and the entire culture was spread onto minimal lactose
plates. For the FC218 strain that exhibited a high mutation
rate, approximately 108 cells were plated with 10 lac mutant
E7014 scavenger cells to prevent growth of FC218 cells on the
plate (1, 7, 25, 53). It is important to note that in separate
experiments we checked that the spontaneous mutation rates
were in the linear range; in other words, we checked that the
number of Lac' revertant colonies remained (throughout the
experiment) proportional to the number of cells plated. The
importance of this was described by Cairns and Foster (7).
From 48 h onwards, the plates were examined daily for Lac'
revertants.
The spontaneous mutation rate in the growing phase of the

cultures was calculated from the day 2 colony counts. The
mean number of mutations per culture (m) was calculated
either from the proportion of cultures that contained no
mutants (PO) (33) or from the median number (r) of mutants
per distribution according to the equation (rim) - ln(m) =

1.24 (27). Mutation rates per generation were calculated as
either -ln(2PO)/N (33) or m(ln2)/N (15, 27), where N is the
average number of viable cells per culture. The frequency of
mutations occurring after plating was calculated as the cumu-
lative number of Lac' revertants/N; note that it has been
demonstrated that N does not increase significantly on the
lactose plates during the course of these experiments (7, 33a).

Alkylation-induced mutation. To measure induced muta-
tion frequencies, E. coli cells were grown in minimal medium
to 5 x 108 cells per ml and exposed to several doses of methyl
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methanesulfonate (MMS), N-methyl-N'-nitro-N-nitrosogua-
nidine (MNNG), and N-ethyl-N'-nitro-N-nitrosoguanidine
(ENNG), all purchased from Sigma; note that only one dose
for each agent is shown in Table 3, but several doses were
tested to find the linear range. The treated cells were concen-
trated in M9 minimal medium and then diluted and plated on
minimal plates containing either glucose (to estimate the
number of viable cells) or lactose (to estimate the number of
Lac+ mutants), and the colonies were counted after 2 days at
37°C. Mutation frequencies are expressed as the number of
induced Lac' revertants per 109 surviving cells.

RESULTS

We recently found that E. coli ada ogt null mutant strains
display a higher rate of spontaneous mutation than the wild
type and that the increased mutation rate appears to occur
predominantly in nondividing cells (45). Spontaneous muta-
tion was measured as the reversion (or suppression) of an
uncharacterized his mutant allele, and so the precise muta-
tional events that were elevated in these MTase-deficient
bacteria were not determined. In order to gain some insight
into the identity of the endogenous compounds responsible for
alkylation-induced spontaneous mutation, we set out to deter-
mine which mutational events increase in ada ogt double
mutant E. coli cells. Since base substitutions constitute well
over 90% of the mutations induced by alkylating agents (26),
we confined our analysis to the six possible base substitution
events. A set of six E. coli lacZ mutant strains was recently
developed by Cupples and Miller (13): each strain reverts to
lacZ+ via a different base substitution event, namely the G:C to
A:T and A:T to G:C transition events and the G:C to C:G, A:T
to C:G, G:C to T:A, and A:T to T:A transversion events.
Spontaneous mutation was analyzed for the wild-type parental
strains and for their ada, ogt, and ada ogt double mutant
derivatives. Spontaneous mutation was measured in two ways.
(i) The spontaneous mutation rate during log-phase growth
(mutations per cell per generation) was measured as described
by Luria and Delbruck (33) and Lea and Coulson (27). (ii) The
accumulation of mutants in nondividing cultures was measured
as described by Cairns et al. (8), Rebeck and Samson (45), and
Cairns and Foster (7).

Spontaneous mutation during log-phase growth. Spontane-
ous mutation rates were determined (for wild-type and ada ogt
double mutant strains) from the number of Lac+ colonies
present 2 days after plating 30 independent cultures that had
undergone 10 to 12 cell doublings (see Materials and Meth-
ods). Table 2 shows that the lacZ mutant reversion rates in
wild-type cells varied by over 100-fold for the six different lacZ
mutant alleles, with the allele reverting via a G:C to C:G
transversion having the lowest (4.28 x 1011 per generation)
and the allele reverting via a G:C to T:A transversion having
the highest (5 x 10- per generation) rate of spontaneous
reversion. These results are in general agreement with those
reported by Hall for the same strains (25). The absence of the
Ada and Ogt 06alkylG and 04alkyT DNA MTases increased
the spontaneous mutation rate (by about fourfold) for just two
of the six lacZ mutant alleles, namely those which revert via a
G:C to A:T transition and via a G:C to C:G transversion (Table
2). The increase in the G:C to A:T spontaneous mutation rate
for this MTase-deficient strain is presumably driven by endo-
genously produced 06alkylG lesions mispairing with thymine
during DNA replication, but the lesion responsible for the G:C
to C:G transversions is unclear. However, since the G:C to C:G
transversions are prevented by the Ada and Ogt MTases, they
are also likely to be driven by 06alkylG. (Note that the Ada

TABLE 2. Number of spontaneous mutations per cell
per generation

No. of mutations per cell
Base pair per generationa Wild-type/ada

substitution ogt doubleWild-type ada ogt double mutant ratio
rate mutant rate

G:C to A:T 2.2 x 10-9 9.0 x 10-9 4.1
2.9 x 10-9 1.0 x 10-8 3.4

A:T to G:C 2.1 x 10-10 1.3 x 1010 0.62
2.2 x 1010 1.9 x 101o 0.86

G:C to C:G 4.28 x 10-11 1.82 x 10-10 4.25
5.1 x 10-1l 2.3 x 1010 4.51

A:T to C:G 1.15 x 10-9 1.04 x 10-9 0.9
1.3 x 10-9 1.3 x 10-9 1.0

G:C to T:A 4.2 x 10-9 3.0 x 10-9 0.71
5.0 x 10-9 3.2 x 10-9 0.64

A:T to T:A 3.3 x 10-9 2.8 x 10-9 0.85
4.1 x 10-9 2.9 x 10-9 0.71

a Mutant colonies were scored 48 h after plating.

and Ogt MTases are not thought to repair alkylated cytosines
or any form of alkylated guanine other than O6alkylG [30].)
The observed increase in spontaneous mutation rates in

dividing cells was, at first, surprising because we had previously
found that forward mutation to rifampin resistance was unaf-
fected by the absence of the Ada and Ogt MTases (45).
(Because sensitive cells die when plated on rifampin, only
mutants that arise during cell growth prior to plating are
measured.) The increased spontaneous mutation rate observed
in the current experiments may be explained by the fact that
only one kind of mutational event is monitored in each strain.
Rifampin resistance can probably be achieved via all six base
substitutions (plus other types of mutation), and so a four- to
fivefold increase in G:C to A:T transitions and G:C to C:G
transversions might not produce a significant change in the
overall spontaneous mutation rate.

Since the Ada MTase acts as a transcriptional regulator for
at least four genes, it was possible that a deficiency in one of
the Ada-regulated gene products was responsible for the
increased spontaneous mutation rate. However, the rate of
spontaneous reversion of the G:C to A:T and G:C to C:G
revertible lacZ mutant alleles was not elevated in growing
cultures of the ada single mutants (i.e., ada ogt+), compared
with the wild type (data not shown). Similarly, the spontaneous
mutation rate was not increased in ada+ ogt single mutants.
Thus, spontaneous mutation increases only in the complete
absence of DNA repair MTase, and from this we infer that
both the Ada and Ogt MTases can repair the DNA alkylation
damage responsible for driving the G:C to A:T and G:C to C:G
mutations. In support of this, expression of either the ada gene
or the ogt gene in the ada ogt double mutant (from pSV2ada or
pUCogt, respectively) abolished the increased G:C to A:T
transition mutations seen in the MTase-deficient strain (data
not shown). However, overexpression of the cloned ada or ogt
genes in wild-type bacteria did not decrease G:C to A:T
mutations (data not shown), indicating that wild-type MTase
levels are more than adequate for the removal of the endog-
enously produced DNA alkylation damage that drives these
spontaneous mutations.

Spontaneous mutation in nondividing cultures. A number
of studies indicate that nondividing E. coli populations that are
subjected to nonlethal selections continue to produce mutant
colonies for many days (8, 20, 21). We previously showed that
stationary populations of ada ogt double mutant E. coli cells
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FIG. 1. The accumulation of spontaneous Lac' mutants in stationary cells. The postplating mutation rate was measured as described in
Materials and Methods. Cells were plated on minimal lactose medium, and colonies were scored every day after plating; values reflect the average
of 30 independent cultures. The base pair substitution that reverts the lacZ mutant allele in each strain is indicated above each panel. 0, ada+
ogt+ E. coli; 0, ada ogt double mutant E. coli; O, ada ogt double mutant E. coli containing the pUCogt plasmid expressing the Ogt MTase.

produced more His' revertant colonies than wild-type station-
ary populations (45). Here, we determined which particular
mutational events are elevated in MTase-deficient E. coli by
monitoring reversion of the six lacZ mutant alleles in station-
ary cultures of wild-type and ada ogt double mutant bacteria.
Figure 1 shows the surprising result that five of the six base
substitution events are significantly elevated in ada ogt double
mutant E. coli cells compared with the wild type. Only the G:C
to T:A transversion did not show a significant increase. This
result raised the possibility that being MTase deficient some-
how increased all spontaneous mutation rates in stationary
bacteria. However, the reversion rate of a lac mutant allele via
a frameshift mutation (7) was not elevated in ada ogt double
mutant cells (data not shown). We infer that the levels of
spontaneous G:C to A:T and A:T to G:C transition mutations
(10-fold and 3-fold, respectively) and G:C to C:G, A:T to C:G,
and A:T to T:A transversion mutations (10-fold, 2.5-fold, and
1.7-fold, respectively) are specifically elevated in cells that
cannot repair 06alkylG and 04alkylT DNA lesions.

Reversion of the six lacZ mutant alleles in these stationary
populations was not elevated in the ada or ogt single mutants
compared with the wild type (data not shown), indicating that
each MTase is capable of repairing the DNA damage respon-
sible for driving the five base pair substitution events that were
elevated in MTase-deficient cells. In support of this finding, the
expression of either the ada gene or the ogt gene in the ada ogt
double mutant (from pSV2ada or pUCogt, respectively) abol-
ished the increased spontaneous mutation seen in nondividing
MTase-deficient bacteria and reduced the accumulation of

mutants to a level the same as, or slightly lower than, that in
wild-type cells. The data for pUCogt are shown in Fig. 1 and
are essentially the same as those for pSV2ada.

It is important to note the times at which extra mutants
appear in MTase-deficient populations (Fig. 1). Increased
numbers of G:C to A:T transition mutants steadily accumulate
during the first week after plating at a rate of about 50 to
100/109 cells per day. Note that Foster and Cairns (22) saw a
similar rate of accumulation of Lac' colonies in this same ada
ogt double mutant strain, but a comparison with the wild-type
ada+ ogt+ strain was not made. In contrast, accumulation of
the four other mutant types only begins 7 to 9 days after plating
(Fig. 1). It is therefore possible that the endogenous com-
pounds that drive the G:C to A:T transitions are different from
those that drive the other four base substitutions and that the
latter compounds do not start to be produced until the cells
have been stationary for about a week. However, it should be
noted that if the DNA lesions which drive the A:T to G:C, G:C
to C:G, A:T to C:G, and A:T to T:A mutations can also be
repaired via an Ada- and Ogt-independent pathway, one could
explain the delayed mutant accumulation in the following way:
lesions may in fact be produced continuously but are only
efficiently repaired by this hypothetical pathway during the first
week of stationary phase; thus, the MTase deficiency may only
become apparent when the hypothetical pathway does not
operate.
The ability of different types of alkylating agents to revert

the six lacZ mutant alleles. The nature of the endogenous
compounds responsible for alkylation-induced spontaneous
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TABLE 3. Induction of base substitution mutations in ada ogt
double mutant E. coli cells by different alkylating agents

No. of induced mutants/109 surviving cells
Base treated with:

substitution MNNG ENNG MMS

(0.1 jig/ml) (0.1 Kg/ml) (0.1%)
G:C to A:T 150,953 412 57,646
A:T to G:C 51.7 70.6 17.5
A:T to C:G NDa 0.8 ND
G:C to C:G ND ND ND
A:T to T:A ND 1.6 ND

a ND, No detectable increase above untreated bacteria.

mutation remains unclear. The ability of different alkylating
agents to induce each of the six possible base pair substitutions
has been inferred from mutational spectra in E. coli (26). The
SN1-methylating agents (e.g., MNNG) induce almost exclu-
sively transition mutations with about 100-fold more G:C to
A:T than A:T to G:C events and virtually no detectable
transversion events (26). The SN2-methylating agents (e.g.,
MMS) and alkylating agents with larger alkyl groups (e.g.,
ENNG) tend to produce a slightly lower proportion of G:C to
A:T transitions with a concomitant increase in A:T to G:C
transitions plus the four transversions (26). Mutational spectra
such as these give the average value of all of the hot and cold
spots for each base substitution event within a certain region of
the genome, and it was not possible to use these data to
accurately predict how susceptible the six lacZ mutant alleles
are to alkylation-induced reversion (relative to each other).
We therefore measured directly the ability of various alkylating
agents to revert the six lacZ mutant alleles in order to gain
possible insight into the nature of the endogenous alkylating
agent or agents responsible for producing 06alkylG and
04alkylT in E. coli.
The initial burst of mutations seen after plating ada ogt

double mutant cells is exclusively G:C to A:T transitions, and
these reach a level of about 350 Lac' revertants per 109 cells
after 7 days. During these 7 days, none of the other base
substitution mutations are elevated above the wild-type level.
The results in Table 3 show that the ratio of G:C to A:T versus
A:T to G:C transitions induced in these strains by three
different alkylating agents is approximately as follows: MNNG,
3,000; ENNG, 6; and MMS, 3,000. Thus, if the endogenous
metabolite or metabolites responsible for the initial burst of
G:C to A:T transitions were an SN1-methylating agent (like
MNNG) or an SN2-methylating agent (like MMS), the con-

comitant increase in A:T to G:C transitions would have been
undetectable in this assay. However, since ENNG can induce
the A:T to G:C mutation at about one-sixth the level of the
G:C to A:T mutation and since no extra A:T to G:C mutations
appear during the first 7 days after plating, we infer that the
endogenous metabolite or metabolites responsible for the
initial burst of spontaneous G:C to A:T mutations are unlikely
to be an SN1-ethylating agent.
We also determined whether the SN1-methylating (MNNG)

and SN1-ethylating agent (ENNG) or the SN2-methylating
agent (MMS) could induce transversion mutations in addition
to transition mutations (Table 3). Note that the spontaneous
A:T to G:C transitions and the four transversions appear at
roughly equivalent rates in ada ogt double mutant E. coli cells,
beginning after about a week in stationary phase (Fig. 1). We
determined whether doses of alkylating agents that induce A:T
to G:C transition mutations (at roughly the same frequency as

they appear spontaneously) could also induce transversion
mutations. The results in Table 3 clearly demonstrate that
MNNG, ENNG, and MMS each failed to induce significant
numbers of transversion mutations at doses that induced
significant numbers of A:T to G:C transition mutations. We
infer that the endogenous metabolites that alkylate DNA to
drive transversion mutations in stationary cells are unlikely to
be simple monofunctional methylating or ethylating agents.

DISCUSSION

Defects in a human gene whose product is involved in the
maintenance of low spontaneous mutation rates were recently
linked to Lynch syndrome, which manifests as a predisposition
to colon and other cancers (19, 28, 41). The mutated human
gene was identified, in part, because it is a homolog of the E.
coli mutS gene, whose role in controlling spontaneous muta-
tion rates via the correction of DNA replication errors has
been thoroughly characterized (38). Since DNA repair mech-
anisms are highly conserved from bacteria to humans, it is
likely that some of the other E. coli pathways that reduce
spontaneous mutation may also have mammalian counterparts
and that these may influence cancer predisposition. Here, we
characterize one such E. coli pathway.

It is now quite clear that a deficiency in DNA alkylation
repair MTases elevates the spontaneous mutation rate in both
prokaryotic and eukaryotic cells (3, 45, 61). We have deter-
mined what kinds of mutations are elevated in MTase-deficient
E. coli cells by using six different lacZ mutant strains, each of
which detects just one of the six possible base substitution
mutations (13). Unlike a classical determination of mutational
spectra by the sequencing of randomly isolated mutants, these
strains offer exquisite sensitivity for the detection of each
individual base substitution event. Since alkylation-induced
G:C to A:T transitions usually outnumber each of the five
other base substitutions by up to 100-fold (and in some cases by
many hundredfold) the spectrum is usually dominated by these
high-frequency G:C to A:T mutational events (26). The use of
such a sensitive assay system in this study may explain the
unexpected finding that five types of base substitution muta-
tions (the two transitions plus three of the four possible
transversions) accumulate at a higher rate in MTase-deficient
E. coli cells than in wild-type cells. HoWever, it should be noted
that simple methylating and ethylating agents were very poor
inducers of transversion mutations in these strains; thus, at
least some of the endogenously produced 06-G and 04-T
lesions may bear adducts other than methyl or ethyl groups,
and it may be these alkylated bases that induce the extra
transversion mutations in MTase-deficient cells. Ultimately,
sensitive analytical chemistry will be needed to detect and
identify the extra O-alkyl lesions that remain unrepaired in the
genome of DNA MTase-deficient cells.
The Ada and Ogt MTases transfer alkyl groups from the 06

position of G and the O0 position of T, and there is no reason
to suspect that these proteins repair any other type of alkylated
base (30, 35). We thus infer that endogenously produced
06alkylG lesions are responsible for the extra mutation at G:C
base pairs and that 04alkylT lesions are responsible for the
extra mutation at A:T base pairs in MTase-deficient cells.
Since it is well established that 06methylG can pair with T and
O4methylT can pair with G, we conclude that some of the
unrepaired 06alkylG and 04alkylT lesions direct the G:C to
A:T and A:T to G:C transition mutations, respectively, that are
elevated in MTase-deficient cells. Furthermore, we suggest
that some of the endogenously produced 04alkylT lesions may
pair with C or T to cause the A:T to C:G and A:T to T:A
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transversions, respectively, and that some of the 06alkylG
lesions may pair with G to cause the G:C to C:G transversions.
While most studies on the base pairing properties of
O4methylT and O6methylG (5) have concentrated on their
ability to pair with G and T, respectively, two nuclear magnetic
resonance studies showed that O6MeG could pair with G in
DNA in vitro (42, 43), and our results suggest that06alkylG:G
base pairs may indeed be formed in vivo. However, it should be
noted that the presence of unrepaired alkylated bases in the
genome may signal the induction of the SOS response and that
SOS mutagenesis may account for the elevated rate of trans-
version mutations.
The facts that MTase deficiency results in a mutator pheno-

type and that alkylated bases can be detected in the DNA of
cells that were not exposed to exogenous alkylating agents (40,
51, 57) indicate that the repertoire of endogenous cellular
metabolites includes compounds that alkylate DNA. Thus, in
parallel with the constant flux of oxidative DNA damage in
aerobically metabolizing cells (2), there may also be a constant
flux of DNA alkylation damage, the nature of which may
depend upon the particular growth conditions. The identity of
these endogenous alkylating agents remains unclear. S-Adeno-
sylmethionine is an efficient methyl donor in vivo and is known
to act as a weak SN2-alkylating agent in vitro (4, 39, 46); this
compound is widely believed to be the major cellular metab-
olite responsible for endogenous DNA alkylation (29). Reac-
tive alkylating species may also arise from lipid peroxidation
(59) and from amine nitrosation (9, 58, 60), and we expect that
other endogenous alkylating agents remain to be identified.
While S-adenosylmethionine may be responsible for the DNA
lesions that drive the spontaneous G:C to A:T transitions seen
in log-phase and relatively young stationary cultures, our
results indicate that this metabolite is unlikely to account for
DNA lesions that drive the spontaneous transversion muta-
tions seen in old stationary cultures.

ACKNOWLEDGMENTS

We thank John Cairns for helpful comments and Patricia Foster for
sharing bacterial strains with us.

This work was supported by grant PO1-ES03926 from the National
Institutes of Environmental Health Sciences, National Cancer Institute
grant CA 55042, and American Cancer Society Research grant CN-71.
L.S. is a Burroughs Wellcome Toxicology Scholar, and W.J.M. was
supported by National Institutes of Health Training grant CA 09078.

REFERENCES
1. Albertini, A. M., M. Hofer, M. P. Calos, and J. H. Miller. 1982. On

the formation of spontaneous deletions: the importance of short
sequence homologies in the generation of large deletions. Cell
29:319-328.

2. Ames, B. N., M. K. Shigenaga, and T. M. Hagen. 1993. Oxidants,
antioxidants, and the degenerative diseases of aging. Proc. Natl.
Acad. Sci. USA 90:7915-7922.

3. Aquilina, G., R. Biondo, E. Dogliotti, M. Meuth, and M. Bignami.
1992. Expression of the endogenous 06-methylguanine-DNA-
methyltransferase protects Chinese hamster ovary cells from spon-
taneous G:C to A:T transitions. Cancer Res. 52:6471-6475.

4. Barrows, L. R., and P. N. Magee. 1982. Nonenzymatic methylation
of DNA by S-adenosylmethionine in vitro. Carcinogenesis 3:349-
351.

5. Basu, A. K., and J. M. Essigmann. 1988. Site-specifically modified
oligodeoxynucleotides as probes for the structural and biological
effects of DNA-damaging agents. Chem. Res. Toxicol. 1:1-18.

5a.Beckwith, J. (Harvard University). Personal communication.
6. Beranek, R. D. T., C. C. Weiss, and D. H. Swensen. 1980. A

comprehensive quantitative analysis of methylated and ethylated
DNA using high pressure liquid chromatography. Carcinogenesis
1:595-606.

7. Cairns, J., and P. L. Foster. 1991. Adaptive reversion of a
frameshift mutation in Escherichia coli. Genetics 128:695-701.

8. Cairns, J., J. Overbaugh, and S. Miller. 1988. The origins of
mutants. Nature (London) 335:142-145.

9. Calmels, S., H. Oshima, M. Crespi, H. Leclerc, C. Cattoen, and H.
Bartsch. 1987. N-nitrosamine formation by microorganisms iso-
lated from human genetic juice and urine: biochemical studies on
bacteria catalysed nitrosation, p. 391-395. In H. Bartsch, I.
O'Neill, and R. Schulte-Hermann (ed.), The relevance of N-
nitroso compounds to human cancer. IARC Scientific Publica-
tions, Lyon, France.

10. Chung, C. T., S. L. Niemela, and R. H. Miller. 1989. One-step
preparation of competent Escherichia coli: transformation and
storage of bacterial cells in the same solution. Proc. Natl. Acad.
Sci. USA 86:2172-2175.

11. Coulondre, C., and J. H. Miller. 1977. Genetic studies of the lac
repressor. III. Additional correlation of mutational sites with
specific amino acid residues. J. Mol. Biol. 117:525-567.

12. Coyle, J. T., and P. Puttfarcken. 1993. Oxidative stress, glutamate,
and neurodegenerative disorders. Science 262:689-695.

13. Cupples, C., and J. Miller. 1989. A set of lacZ mutations in
Escherichia coli that allow rapid detection of each of the six base
substitutions. Proc. Natl. Acad. Sci. USA 86:5345-5349.

14. Diller, L., J. Kassel, C. E. Nelson, M. A. Gryka, G. Litwak, M.
Gebhardt, B. Bressac, M. Ozturk, S. J. Baker, B. Vogelstein, and
S. H. Friend. 1990. p53 functions as a cell cycle control protein in
osteosarcomas. Mol. Cell. Biol. 10:5772-5781.

15. Drake, J. W. 1991. A rate of spontaneous mutation common to
DNA-based microbes. Proc. Natl. Acad. Sci. USA 88:7160-7164.

16. Echols, H., and M. F. Goodman. 1991. Fidelity mechanisms in
DNA replication. Annu. Rev. Biochem. 60:477-511.

17. Farr, S. B., R. D'Ari, and D. Touati. 1986. Oxygen dependent
mutagenesis in Escherichia coli lacking superoxide dismutase.
Proc. Natl. Acad. Sci. USA 83:8268-8272.

18. Fearon, E. R., and B. Vogelstein. 1990. A genetic model for
colorectal tumorigenesis. Cell 61:759-767.

19. Fishel, R., M. K. Lescoe, M. R. S. Rao, N. G. Copeland, N. A.
Jenkins, J. Garber, M. Kane, and R. Kolodner. 1993. The human
mutator gene homolog MSH2 and its association with hereditary
nonpolyposis colon cancer. Cell 75:1027-1038.

20. Foster, P. L. 1992. Directed mutation: between unicorns and goats.
J. Bacteriol. 174:1711-1716.

21. Foster, P. L. 1993. Adaptive mutation: the uses of adversity. Annu.
Rev. Microbiol. 47:467-504.

22. Foster, P. L., and J. Cairns. 1992. Mechanisms of directed
mutation. Genetics 131:783-789.

23. Greenberg, J. T., and B. Demple. 1988. Overproduction of perox-
ide-scavenging enzymes in Escherichia coli suppresses spontane-
ous mutation and sensitivity to redox-cycling agents in oxyR-
mutants. EMBO J. 7:2611-2617.

24. Hall, B. G. 1988. Adaptive evolution that requires multiple spon-
taneous mutations. I. Mutations involving an insertion sequence.
Genetics 120:887-897.

25. Hall, B. G. 1991. Spectrum of mutations that occur under selective
and non-selective conditions in E. coli. Genetika 84:73-76.

26. Horsfall, M. J., A. J. E. Gordon, P. A. Burns, M. Zielenska,
G. M. E. van der Vliet, and B. W. Glickman. 1990. Mutational
specificity of alkylating agents and the influence of DNA repair.
Environ. Mol. Mutagen. 15:107-122.

27. Lea, D. E., and C. A. Coulson. 1949. The distribution of the
numbers of mutants in bacterial populations. J. Genet. 49:264-
285.

28. Leach, F. S., N. C. Nicolaides, N. Papadopoulos, B. Liu, J. Jen, R.
Parsons, P. Peltomaki, P. Sistonen, L. A. Aaltonen, M. Nystrom-
Lahti, X.-Y. Guan, J. Zhang, P. S. Meltzer, J.-W. Yu, F.-T. Kao,
D. J. Chen, K. M. Cerosaletti, R. E. K. Fournier, S. Todd, T. Lewis,
R. J. Leach, S. L. Naylor, J. Weissenbach, J.-P. Mecklin, H.
Jarvinen, G. M. Petersen, S. R. Hamilton, J. Green, J. Jass, P.
Watson, H. T. Lynch, J. M. Trent, A. de la Chapelle, K. W.
Kinzler, and B. Vogelstein. 1993. Mutations of mutS homolog in
hereditary nonpolyposis colorectal cancer. Cell 75:1215-1225.

29. Lindahl, T. 1993. Instability and decay of the primary structure of
DNA. Nature (London) 362:709-714.

VOL. 176, 1994



3230 MACKAY ET AL.

30. Lindahi, T., B. Sedgwick, M. Sekiguchi, and Y. Nakabeppu. 1988.
Regulation and expression of the adaptive response to alkylating
agents. Annu. Rev. Biochem. 57:133-157.

31. Loeb, L. A. 1991. Mutator phenotype may be required for multi-
stage carcinogenesis. Cancer Res. 51:3075-3079.

32. Loechler, E. L., C. L. Green, and J. Essigmann. 1984. In vivo
mutagenesis by 06-methylguanine built into a unique site in a viral
genome. Proc. Natl. Acad. Sci. USA 81:6271-6275.

33. Luria, S. E., and M. Delbruck. 1943. Mutations of bacteria from
virus sensitivity to virus resistance. Genetics 28:491-511.

33a.Mackay, W. J., and L. D. Samson. Unpublished observations.
34. Maki, H., and M. Sekiguchi. 1992. MutT protein specifically

hydrolyses a potent mutagenic substrate for DNA synthesis.
Nature (London) 355:273-275.

35. Margison, G. P., D. P. Cooper, and P. M. Potter. 1990. The E. coli
ogt gene. Mutat. Res. 233:15-21.

36. Marnett, L. J., and P. C. Burcham. 1993. Endogenous DNA
adducts: potential and paradox. Chem. Res. Toxicol. 6:771-785.

37. Miller, J. H. 1972. Experiments in molecular genetics, p. 201-205.
Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

38. Modrich, P. 1991. Mechanisms and biological effects of mismatch
repair. Annu. Rev. Genet. 25:229-253.

39. Paik, W. K., H. W. Lee, and S. Kim. 1975. Non-enzymatic
methylation of proteins with S-adenosyl-L-methionine. FEBS
Lett. 58:39-42.

40. Park, J.-W., and B. N. Ames. 1988. 7-Methylguanine adducts in
DNA are normally present at high levels and increase on aging:
analysis by HPLC with electro-chemical detection. Proc. Natl.
Acad. Sci. USA 85:7467-7470. (Author's correction, 85:9508.)

41. Parsons, R., G.-M. Li, M. J. Longley, W.-H. Fang, N. Papadopou-
los, J. Jen, A. de la Chapelle, K. W. Kinzler, B. Vogelstein, and P.
Modrich. 1993. Hypermutability and mismatch repair deficiency in
RER+ tumor cells. Cell 75:1227-1236.

42. Patel, D. J., L. Shapiro, S. A. Kozlowski, B. L. Gafney, and R. A.
Jones. 1986. Covalent carcinogenic 06-methylguanosine lesions in
DNA structural studies of the O6meG:A and 06-meG:G interac-
tions in dodecanucleotide complexes. J. Mol. Biol. 188:677-692.

43. Poltov, V. I., and S. V. Steinberg. 1987. The role of structural water
in the formation of nucleotide mispairs. J. Biomol. Struct. Dyn.
5:307-312.

44. Preston, B. D., B. Singer, and L. A. Loeb. 1986. Mutagenic
potential of 04-methylthymine in vivo determined by an enzymatic
approach to site-specific mutagenesis. Proc. Natl. Acad. Sci. USA
83:8501-8505.

45. Rebeck, G. W., and L. Samson. 1991. Increased spontaneous
mutation and alkylation sensitivity of Escherichia coli strains
lacking 06-methylguanine DNA methyltransferase. J. Bacteriol.
173:2068-2076.

46. Rydberg, B., and T. Lindahl. 1982. Nonenzymatic methylation of

DNA by the intracellular methyl group donor S-adenosyl-L-
methionine is a potentially mutagenic reaction. EMBO J. 1:211-
216.

47. Samson, L. 1992. The suicidal DNA repair methyltransferases of
microbes. Mol. Microbiol. 6:825-831.

47a.Samson, L., and G. W. Rebeck. Unpublished observations.
48. Samson, L., J. Thomale, and M. F. Rajewsky. 1988. Alternative

pathways for the in vivo repair of 06-alkylguanine and O0-
alkylthymine in Escherichia coli: the adaptive response and nucle-
otide excision repair. EMBO J. 7:2261-2267.

49. Sargentini, N. J., and K. C. Smith. 1981. Much of spontaneous
mutation in Escherichia coli is due to error prone DNA repair:
implications for spontaneous carcinogenesis. Carcinogenesis
2:863-872.

50. Shevell, D. E., A. M. Abou-Zamzam, B. Demple, and G. C. Walker.
1988. Construction of an Escherichia coli K-12 ada deletion by
gene replacement in a recD strain reveals a second methyltrans-
ferase that repairs alkylated DNA. J. Bacteriol. 170:3294-3296.

51. Shukar, D. E. G., and P. B. Farmer. 1992. Relevance of urinary
DNA adducts as markers of carcinogen exposure. Chem. Res.
Toxicol. 5:450-460.

52. Singer, B., and M. K. Dosanjh. 1990. Site-directed mutagenesis for
quantitation of base-base interactions at defined sites. Mutat. Res.
233:45-51.

53. Smith, T. F., and J. R. Sadler. 1971. The nature of lactose operator
constitutive mutations. J. Mol. Biol. 59:273-305.

54. Solomon, E., J. Boorow, and D. Goddard. 1991. Chromosome
aberrations and cancer. Science 254:1153-1160.

55. Storz, G., M. F. Christman, H. Sies, and B. N. Ames. 1987.
Spontaneous mutagenesis and oxidative damage to DNA in
Salmonella typhimurium. Proc. Natl. Acad. Sci. USA 84:8917-
8921.

56. Strauss, B. S. 1992. The origin of point mutations in human tumor
cells. Cancer Res. 52:249-253.

57. Tan, B. H., A. Bencsath, and J. W. Gaubatz. 1990. Steady state
levels of 7-methylguanine increase in nuclear DNA of postmeiotic
mouse tissues during ageing. Mutat. Res. 237:229-238.

58. Tsimis, J., and D. B. Yarosh. 1990. Adaptive response induction by
bacterial catalysis of nitrosation. Environ. Mol. Mutat. 15:69-70.

59. Vaca, C. E., J. Wilhelm, and M. Harms-Ringdahl. 1988. Interac-
tion of lipid peroxidation products with DNA: a review. Mutat.
Res. 195:137-149.

60. Vaughan, P., B. Sedgwick, J. Hall, J. Gannon, and T. Lindahl.
1991. Environmental mutagens that induce the adaptive response
to alkylating agents in Escherichia coli. Carcinogenesis 12:263-268.

61. Xiao, W., and L. Samson. 1993. In vivo evidence for endogenous
DNA alkylation damage as a source of spontaneous mutation in
eukaryotic cells. Proc. Natl. Acad. Sci. USA 90:2117-2121.

J. BACTERIOL.


