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I. Summary

Spontaneous mutations are ‘“‘the net result of all that can go wrong with DNA during the life cycle of
an organism” (Glickman et al., 1986). Thus, the types and amounts of spontaneous mutations produced
are the resultant of all the cellular processes that are mutagenic and those that are antimutagenic. It is
not widely appreciated that the types and frequencies of spontaneous mutations change markedly with
subtle changes in experimental conditions.

All types of mutations are produced spontaneously, i.c., base substitutions, frameshifts, insertions and
deletions. However, very few papers have appeared that are devoted exclusively to the study of the
mechanisms of spontaneous mutagenesis, and of the subtle experimental factors that affect the types and
frequencies of spontaneous mutations. This is unfortunate because spontaneous mutagenesis appears to
play a major role in evolution, aging, and carcinogenesis.

This review emphasizes subtle experimental variables that markedly affect the results of a sponta-
neous mutation experiment. A thorough understanding of these variables eliminates the need for a
theory of “directed” mutagenesis. The intrinsic instability of DNA, and the types of normal metabolic
lesions that are produced in DNA that lead to mutations via errors made in replication, repair, and
recombination are reviewed, as is the genetic control of spontaneous mutagenesis. As with spontaneous
mutagenesis, spontaneous carcinogenesis can also be considered to be the net result of all that can go
wrong with DNA during the life of an organism.

I1. Introduction spontaneous mutations appear to play a major
o ) role in spontaneous carcinogenesis (e.g., Totter,
Spontaneous mutagenesis is the most impor- 1980; Loeb, 1989; Rudiger, 1990; Ames and Gold,
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spontaneous mutagenesis, is required in order to
evaluate accurately the responses of cells and
organisims to low doses of chemical and physical
mutagens, as a basis for regulating the exposure
of the public to such agents.

Unfortunately, there aren’t many papers in the
literature devoted exclusively to spontaneous mu-
tagenesis. Actually, much of the available data on
the genetic control of spontancous mutagenesis
has had to be derived from data on untreated
cells taken from papers focused on chemical and
physical mutagens (e.g., review by Sargentini and
Smith, 1985).

The goals of this review are to describe (1) the
types of mutations that are produced ‘sponta-
neously’, (2) the subtle modifications in experi-
mental procedures that affect markedly the vield
and types of spontaneous mutations, (3) the in-
trinsic instability of DNA and the nature of the
DNA damage that produces spontaneous muta-
tions, (4) the roles in spontaneous mutagenesis of
errors made by the different mechanisms for pro-
cessing DNA (i.e., replication, repair and recom-
bination), and (5) to discuss briefly the role of
spontaneous mutagenesis in spontaneous carcino-
genesis.

It will be clear from the data presented herein
that the spontaneous mutation rate of an organ-
ism is the resultant of all exogenous and endoge-
nous factors that are either mutagenic or antimu-
tagenic, and that this balance between mutagene-
sis and antimutagenesis is extremely dependent
upon the conditions of the experiment used to
measure the spontaneous mutation frequency,
and is not the same for all genes or for different
types of mutations in the same gene.

Other reviews and discussions on spontaneous
mutagenesis have appeared (e.g., von Borstel,
1969; Kondo et al., 1970; Kondo, 1973; Cox, 1976;
Quah et al, 1980; Loeb and Kunkel, 1982;
Lawrence, 1982; Drake et al.,, 1983; Sargentini
and Smith, 1985; Loeb and Preston, 1986; Ramel,
1989; Meuth, 1990; Drake, 1991a; Sankaranara-
yanan, 1991). [NOTE: The numerous papers on
shuttle vectors are not reviewed here, largely
because of the high spontaneous mutation rates
for these vectors just from entering and leaving
cells, and because of the necessity of limiting the
scope of this review.]

I11. Types of mutations that occur spontaneously

Hartman et al. (1971) classified 83 sponta-
neous histidine auxotrophs of the bacterium
Salmonella typhimurium and found that 53% were
base-substitution mutations, 11% were frame-
shifts (i.e., deletions or insertions of one or a few
base pairs), 23% were caused by deletions (i.e.,
deletions of more than a few base pairs), and
13% were apparently (as discussed in Sargentini
and Smith, 1985) caused by insertions of large
DNA elements. The listed proportion of base-
substitution mutations is probably an underesti-
mate, since these studies would have detected
only the mutations that inactivate a gene product.
One can presume that many missense mutations
were not measured in these studies, since they
would have had little or no effect on the mea-
sured phenotype, i.c., they were silent mutations.
The conclusion that base substitutions are the
most common form of spontaneous mutation in
bacteria, is also valid for yeast (reviewed in Sar-
gentini and Smith, 1985).

There is now a new, but very limited, body of
data on the frequencies of the different types of
spontaneous mutations, based on DNA-sequenc-
ing studies, e.g., yeast (Giroux et al., 1988; Lee et
al., 1988), S. ryphimurium (O'Hara and Marnett,
1991), Escherichia coli (Albertini et al., 1982; Fix
and Glickman, 1987; Fix et al., 1987; Schaaper et
al., 1986, 1987; Gordon et al., 1991), and Chinese
hamster ovary cells (de Jong et al., 1988; Phear et
al., 1987).

Based upon all of these data, it is clear that all
types of mutations can be formed ‘spontaneously’,
but numerous factors, both experimental and ge-
netic (see below), can affect the frequencies and
the different types of spontaneous mutations ob-
served in a given study. Therefore, before one
postulates some new mechanism of spontaneous
mutagenesis such as self-directed mutagenesis
(see Section VII), one should first be very sure
that the “unusual” results obtained are not just
the result of an unusual experimental protocol.

IV. Experimental conditions that affect mutagen-
esis

Many simple and often overlooked parameters
in experimental protocols can alter markedly the
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results of a spontaneous mutagenesis experiment.
The type of growth medium (or lack of same), the
type of agar, the ambient laboratory lighting, the
mutation assay (i.e., the gene under study and the
type of mutation being scored), and the genetic
background of the cells all have profound effects
on the results of a spontaneous mutation experi-
ment.

(1) Growth medium and growth rate

(a) Repair-proficient E. coli show about a 10-
fold greater spontaneous mutation frequency
[equivalent to that for excision-repair deficient
(uvr) strains] when grown in rich medium (e.g.,
yeast extract-nutrient broth) versus minimal
medium. The wvr strains do not show this medium
effect. This result explains why early workers who
used rich growth media found no enhancement of
spontaneous mutagenesis in uur strains (reviewed
in Sargentini and Smith, 1981).

Since this medium effect is not observed in uvr
cells, it suggests that the rich medium may be
inhibiting an error-free pathway of excision repair
in the wild-type strain, or that it enhances
metabolic damage to DNA. However, the more
probable explanation is that the extra amount of
sister duplexes in the more rapidly growing cells
in rich medium may lead to more excision-repair
events that utilize recombination between sister
duplexes (i.e., recA-dependent excision repair that
is independent of replication; see Smith and
Sharma, 1987), and thus increase the sponta-
neous mutation frequency. Such rec4-dependent
excision repair has been shown to be mutagenic
after UV irradiation (Nishioka and Doudney,
1970; Bridges and Mottershead, 1971).

In addition, rich growth medium inhibits an
apparently error-free pathway of postreplication
repair after the UV irradiation of E. coli uvrA or
uvrB cells, regardless of the type of medium they
were grown in prior to UV irradiation. The rich
medium can be just minimal medium plus
Casamino Acids (Difco) at 2 mg/ml or the 13
pure amino acids therein (Barfknecht and Smith,
1977; Sharma et al., 1982; Sharma and Smith,
1985).

(b) In rich growth medium, the mutD strain of
E. coli (deficient in the proofreading subunit of
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Pol III; see Section VI.1.d) shows a several thou-
sand-fold increase in spontaneous mutation fre-
quency over wild-type cells, compared to only a
10-50-fold increase when grown in minimal
medium (Erlich and Cox, 1980; and refs. therein).
Schaaper (1988) has also observed a striking dif-
ference in the spontaneous mutation frequencies
of a mutD5 strain when grown in rich versus
minimal medium (Table 1). Furthermore, he sup-
plies evidence that rich medium interferes some-
how with mutHLS mismatch repair in the mutD
strain (Schaaper, 1988, 1989).

(c) In glucose-limited cultures of E. coli WP2,
the spontaneous mutation frequency (Trp rever-
sion) was directly proportional to the growth rate
(i.e., from 0.1 to 0.8 generations/h there was a
~ 6-fold increase in spontaneous mutation fre-
quency; see possible explanation above) (Savva,
1982). Also, the type and concentration of sugar
used in the growth medium can affect the sponta-
neous mutation frequency (Lee and Cerami,
1990).

(d) Nondividing (nutrition limited) cultures of
E. coli ada ogt cells (deficient in two methyltrans-
ferases) showed a 3-fold incredse in spontaneous
mutagenesis compared with wild-type cells, but
their spontaneous mutation frequency did not
differ from that for wild-type cells during normal
growth phase (Rebeck and Samson, 1991). There-
fore, different types (amounts?) of mutagenic
damage to DNA (e.g., alkylation) occur under
nongrowth conditions. Furthermore, the synthesis
of many new types of proteins occurs in starved
bacteria (Groat et al., 1986). Clearly, starvation
conditions can alter the results of a spontaneous
mutagenesis experiment (see Section VII).

(e) For spontaneous mutagenesis in E. coli,
there was a maximum yield at a temperature of
42°C (from 20 to 42°C there was a ~ 6-fold
increase in spontaneous mutation frequency; Q,,
=2), and a maximum vyield at a pH of 6.0 (from
pH 6 to pH 7-8 there was about a 2-fold de-
crease in spontaneous mutation frequency)
(Savva, 1982).
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TABLE 1

GENETIC CONTROL OF SPONTANEOUS MUTAGENESIS IN BACTERIA?

Mutation or
treatment

Defect(s)

Effect on
spontaneous
mutagenesis

Mutation
assay

Reference

Increases (mutator)

ada ogt methyl transferases 1-fold (growth) his~ — His* Rebeck and Samson, 1991
3-fold (no growth)
dam-4 DNA adenine methylase, 20-fold lacl — Lac* Glickman, 1979
mismatch repair
dnaE(Ts) DNA polymerase 111 3-15-fold azaU® — azaU’ Hall and Brammar, 1973
mutD(dnaQ) e-subunit of Pol III 12-fold (MM) ® Nal® — Nal" Schaaper, 1988
4400-fold (RM) ¢
130-fold (MM) Rif% — Rif"
3000-fold (RM)
mutH,L,S methyl-directed 260-fold lacl Schaaper and Dunn, 1991
mismatch repair
mutM 8-oxoguanine 14-fold lacZ — Lac* Cabrera et al., 1988
DNA glycosylase
mutT dGTP triphosphatase ~ 160-fold Nal® — Nal" Bhatnagar and Bessman, 1988
~ 1090-fold Str® — Str' :
mutY adenine glycosylase ~175-fold Lac™ - Lac* Nghiem et al., 1988
(Au et al., 1989) ~ 23-fold Rif* - Rif"
AoxyR regulon for 10-55-fold ¢ his~ — His™* Storz et al., 1987
oxidative stress defenses
polAl DNA polymerase I 100-fold His* - his~ Jankovic et al., 1990
sodA sodB superoxide dismutases 5-fold Thy* — Thy Farr et al., 1986
ssb-113 single-strand binding protein 10-fold trp = Trp* reviewed in Meyer and
argE — Arg* Laine, 1990
uvrB5 nucleotide excision repair 2-fold trpE9777(fs)
- Trp* Sargentini and Smith, 1981
6-fold lacZ53(UAG)
— Lac*t
AuvrD helicase 11 100-fold Spc® — Spc’” Washburn and Kushner, 1991
xth nth nfo base excision 5-fold argE3 — Arg? Cunningham et al., 1986
repair, AP sites
Decreases (antimutator)
anoxia oxidative metabolism ~2-fold several assays R.G. Fowler, 1991, personal
communication
0.3-fold ¢ his~ — His™* Storz et al., 1987
auxotrophy Pur™ 13-fold Val® Quinones and Piechocki, 1985
Thr™ 3-fold
Ser™ 14-fold
lexA4101 repressor of SOS functions 2-fold lacZ53(UAG)
— Lac™* Sargentini and Smith, 1981
umuC36 UV radiation mutagenesis 11-fold ¢ lacZ53(UAG)
— Lac™ Sargentini and Smith, 1981
uvrD3 helicase II 6-fold © lacZ53(UAG) Sargentini and Smith, 1981
— Lac®
recA56 recombination, SOS response 2-fold lacZ53(UAG) Sargentini and Smith, 1981
— Lac*
16-fold ©
25-fold lac™ —» Lac™ Albertini et al., 1982

(long deletion)




(f) Ames and co-workers (Ames, 1983; Ames
et al., 1990) have listed numerous mutagens and
antimutagens in a wide variety of foodstuffs, and
some of these mutagens and antimutagens may
be present in certain types of culture media de-
rived from such foodstuffs (e.g., the various types
of broth and cell extracts used to culture bacte-
ria). In fact, Maron and Ames (1983) have aban-
doned the use of nutrient broth (Difco) with
Salmonella tester strains TA1535 and TA100, be-
cause they observed mutations in these strains in
the absence of §9. They switched to Oxoid nutri-
ent broth No. 2. These authors conclude that
“Unfortunately, any nutrient broth that contains
proteins extracted from beef at high tempera-
tures is likely to be mutagenic to some extent”.

(g) Of the 19 amino acids tested (at 2 mM) for
mutagenicity in E. coli K12 uvrB [lacZ53(UAG)
— Lac™], cystine and, to a lesser extent, arginine
and threonine were found to be antimutagenic,
while only phenylalanine was found to be muta-
genic. Tyrosine and, to a lesser extent, tryptophan
(each at 2 mM) inhibited the mutagenicity of
phenylalanine. Phenylalanine was not mutagenic
in a wild-type strain, suggesting that the DNA
lesions produced by the metabolism of phenylala-
nine are repaired by the error-free mode of nu-
cleotide excision repair (Sargentini and Smith,
1986). Other studies have also demonstrated that
the metabolism of amino acids can be mutagenic
(e.g., Quinones and Piechocki, 1985; Glatt, 1990).

(h) E. coli grown to log phase in minimal
medium are much less able to repair DNA dou-
ble-strand breaks after X-irradiation than are cells
grown to log phase in rich growth medium
(“medium-dependent resistance ; Sargentini et al.,
1983). In addition, a rad4100 mutation sensitizes
E. coli to killing by X- and UV-irradiation when
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grown in rich growth medium, but not if grown in
minimal medium (Diver et al., 1982). This sug-
gests that the radA4100 gene plays an important
role in “medium-dependent resistance”. Simi-
larly, cells grown to stationary phase in nutrient
broth plus glucose are much more resistant to
ionizing radiation than are such cells grown with-
out added glucose (“glucose-induced resistance”;
Friesen et al., 1970). These are further examples
of how subtle changes in growth conditions can
have a profound affect on the ability of a cell to
repair DNA damage.

(2) Agar

Impurities in most brands of agar have a selec-
tive inhibitory effect on the recA-dependent path-
way of excision repair (van der Schueren et al.,
1974). In this case, since the impurities in the
agar are inhibiting the mutagenic pathway of
excision repair, i.e., the recA branch (Nishioka
and Doudney, 1970; Bridges and Mottershead,
1971), such impure agars should reduce sponta-
neous and other types of mutagenesis, but this
has not been tested directly. To avoid such prob-
lems, our studies on spontaneous mutagenesis
used high purity Noble agar (Difco), whose lack
of effect on recA-dependent excision repair was
tested before use (Sargentini and Smith, 1981).

(3) Lighting

Ambient laboratory lighting conditions should
not be ignored. Nutrient agar medium is made
highly toxic to certain repair deficient strains of
E. coli (e.g., recA, but not uvr or wild-type) by
exposure to cool white or to near-UV (black
light) fluorescent lamps (Webb and Lorenz, 1972).
Furthermore, visible light (A < 500 nm) is muta-
genic for continuous cultures of E. coli (Webb
and Malina, 1970), and for cells growing on plates
(McGinty and Fowler, 1982). Cool white fluores-

Notes to Table 1:

# Data are for E. coli unless otherwise specified. This table does not include all available data on the mutations that affect DNA
repair and other metabolic functions that also affect spontaneous mutagenesis. Such a list is available through 1984 (Sargentini
and Smith, 1985). This table includes new data, and repeats some of the earlier data where needed for supporting the text.

® MM, minimal growth medium.

¢ RM, rich growth medium.
d

uvrBS background.

S. typhimurium; range depends upon the strain and the presence of plasmid pKM101.
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cent lights are also mutagenic for Salmonella
(Hartman et al., 1991). As a precaution, we pro-
tect all rich media, agar plates, and stock amino
acids by covering bottles with aluminum foil, or
by storing them in the dark, or by using gold
fluorescent lamps (A > 500 nm) in storage areas
(e.g., cold room), and in the laboratory during the
handling of cells.

(4) Mutation assay

(a) In addition to the many experimental fac-
tors listed above that affect the yield of sponta-
neous mutations, no factor is more important
than the mutation assay itself, i.e., what gene is
being studied and what types of mutations are
being screened (e.g., DeMarini et al., 1989). Just
to cite one example where the differences were
small but real, spontaneous mutagenesis in E.
coli K12 uvrB35, relative to its isogenic wild-type
strain varied from a 1.9-fold increase [trp-
E9777(fs) —» Trp*] to a 6.2-fold increase
[lacZ53(UAG) — Lac*] (Sargentini and Smith,
1981). Many examples of these types of differ-
ences in results depending on the assay used are
available from the literature on chemical and
radiation mutagenesis (e.g., Sargentini and Smith,
1989).

(b) Of no less importance than the inherent
differences in the mutation frequencies of differ-
ent genes, is the large difference in spontaneous
mutation frequency in a given gene depending
upon whether it is functioning in transcription or
not. Thus, genes show a 15-150-fold higher fre-
quency of spontaneous mutagenesis when dere-
pressed (Korogodin et al., 1991; see also Davis,
1989). This is apparently due both to the fact that
DNA turnover occurs at sites of transcription
(Grivell et al., 1975), and that the nontranscribed
strand of an active gene is considered to be
single-stranded, and single-stranded DNA is
much more susceptible to chemical alteration
(e.g., deamination, depurination) than is double-
stranded DNA (see below).

(c) Another factor that potentially can have a
profound effect on spontaneous mutagenesis is
whether the spontaneous lesion appears in the

gene of interest before or after the gene is repli-
cated. There are many more opportunities for
mutagenic DNA repair and replication for a
damaged gene that is about to be replicated than
there is for a gene that has already been repli-
cated (e.g., Smith and Sharma, 1987).

(d) It is also important to point out that the
base sequence around a given base pair can also
affect the frequency of mutation events at a par-
ticular base pair, i.e., the “context” or ‘“next-
nucleotide” effect (e.g., Fix et al., 1987; Drobet-
sky et al., 1987; Phear et al., 1987; Goodman,
1988).

(5) Genetic background

The genetic background of a cell can have a
profound effect on the amount of spontaneous
mutations observed under a given set of experi-
mental conditions. Table 1 lists some mutations
in E. coli and S. typhimurium that affect survival
under various types of stress, and their additional
effects upon spontaneous mutagenesis (both in-
creases and decreases) versus a wild-type strain.

If the genetic backgrounds of cells being com-
pared are not strictly isogenic, which is often
quite difficult or impossible to achieve during
strain construction, subtle deviations from iso-
genicity could have a profound effect on the
results. On the other hand, known differences in
genetic background can be used knowledgeably
to give important information on the sources of
spontaneous mutations.

While the data in Table 1 provide a beginning
toward understanding which DNA repair and
metabolic events lead to spontaneous mutagene-
sis, it is not possible to quantitatively rank these
several processes to determine their relative im-
portance in spontaneous mutagenesis, because
generally the experiments were performed upon
different strains of E. coli grown under different
conditions, and different assays for spontaneous
mutagenesis were used. What would be ideal
would be to repeat these experiments in a set of
truely isogenic strains, except for the mutation
under study, and to use the same experimental
conditions, and the same mutation assay.

However, one problem with this approach is
the fact that even though the spontaneous muta-



tion frequency increases markedly in a strain
deficient in a specific repair function, this does
not prove that this specific DNA lesion is impor-
tant to spontaneous mutagenesis in the wild-type
strain. For example, if the wild-type strain is fully
able to repair this type of lesion accurately, then
it would not contribute to the spontaneous muta-
tion frequency of the wild-type strain, but would
only become important in the repair-deficient
strain.

One way of testing the competence of the
wild-type strain to repair a specific type of spon-
taneous lesion is to overproduce a particular re-
pair enzyme in the wild-type strain, and then to
see if this further decreases the spontaneous mu-
tation frequency of the wild-type strain (see Sec-
tion V.6). Obviously, in this type of experiment,
the numbers of mutants may keep getting smaller,
and thus become more difficult to determine with
accuracy. In addition, the overproduction of some
gene products can be toxic.

Although most of the available data on the
genetic control of spontaneous mutagenesis are
concerned with mutator mutations, i.e., mutations
that enhance spontaneous mutagenesis, an equally
valid approach is to study antimutator mutations,
I.e., mutations that inhibit spontaneous mutagen-
esis (e.g., Geiger and Speyer, 1977; Quah et al.,
1980; Quinones and Piechocki, 1985). Consistent
with the model that much of spontaneous muta-
genesis is due to damage to DNA by normal
metabolism (e.g., Sargentini and Smith, 1981),
several antimutator mutations are those that block
the synthesis of purines, threonine and serine
(Table 1).

(6) Insertion elements

In the late 1940’s, Barbara McClintock (Nobel
Prize in 1983) discovered mobile genetic ele-
ments. These elements regularly jump to new
locations in a chromosome, and often inactivate
the genes into which they become inserted. Inser-
tion sequences in procaryotes are simple trans-
posons, i.e., transposable elements that carry no
genetic information except that necessary for
transposition. A complex transposon carries addi-
tional genetic material unconnected with transpo-
sition, e.g., antibiotic resistance genes. Fre-
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quently, DNA-sequencing data for mutagenesis
experiments will report a percentage of the total
mutants as being due to insertion elements (e.g.,
Schaaper et al., 1986). The importance of inser-
tion elements in spontaneous mutagenesis de-
pends upon whether the cell culture under inves-
tigation contains such elements, and whether at
the time of the experiment these elements hap-
pen to reside in the gene under investigation.

V. Origins of spontaneous DNA damage

(1) Metabolism of amino acids and sugars

One does not need to evoke the topic of man-
made chemicals and pesticides to have plenty of
candidates for the causes of spontaneous mutage-
nesis and spontanecous carcinogenesis. For exam-
ple, plants have their own pesticides as a natural
defense against predators, and plants are a major
source of our food (e.g., Ames, 1983; Ames et al.,
1990). However, natural pesticides in food are
not the only source of mutagens, even the
metabolism of a required amino acid (e.g,
phenylalanine; Sargentini and Smith, 1986) can
be mutagenic (see also, Quinones and Piechocki,
1985; Glatt, 1990), the metabolism of sugars can
be mutagenic (Lee and Cerami, 1990), and the
metabolism of oxygen can be mutagenic (see be-
low). The concept of normal metabolism as a
major source of spontaneous mutagenesis (e.g.,
Sargentini and Smith, 1981) is now also being
considered as the major source of spontaneous
carcinogenesis (e.g., Loeb, 1989; Rudiger, 1990).

(2) Deamination

In addition to DNA damage caused by the
metabolic production of mutagenic byproducts of
normal metabolism, one must also be concerned
with the intrinsic instability of DNA as one cause
of spontaneous mutagenesis. For example, the
spontaneous deamination of cytosine residues oc-
curs at the rate of 15/h per mammalian cell for
double-stranded DNA and 4000/h for single-
stranded DNA (reviewed in Billen, 1990). The
mutagenic consequences of spontaneous deami-
nation will be discussed below in Section VI.1.b
(Miscoding lesions).



146

(3) Depurination and depyrimidination

Depurination occurs at the rate of 1000/h per
mammalian cell in double-stranded DNA and
4000/h in single-stranded DNA. The rate for
depyrimidination is 50/h for double-stranded
DNA and 200/h for single-stranded DNA (re-
viewed in Billen, 1990). Since apurinic and
apyrimidinic sites (AP sites) are mutagenic (e.g.,
Schaaper and Loeb, 1981; Loeb and Preston,
1986), one would predict that there should be an
enhanced spontaneous mutation frequency due
to AP sites in the single-stranded, nontranscribed
strand of an active gene, but such mutagenesis
data are not known to this author. The role of AP
sites in spontaneous mutagenesis will be dis-
cussed below in Section VI.l.c (Noncoding le-
sions).

(4) Endogenous methylation

S-Adenosylmethionine is a source of methyl
groups for a number of biosynthetic pathways in
cells, e.g., epinephrine, +y-methylglutamate,
methyl-accepting chemotaxis proteins, and the
methylation of cytosine and adenine in DNA. It
is not known how frequently such methylations
occur on the wrong molecules in cells, but S-
adenosylmethionine can act as a weak alkylating
agent in vitro (Naslund et al., 1983).

Cells are well supplied with enzymes to handle
alkylation damage. When E. coli are grown in the
presence of low levels cf alkylating agents, they
induce a set of enzymes that renders them resis-
tant to both the mutagenic and killing effects of
an acute exposure to the same or another alkylat-
ing agent (reviewed in Friedberg, 1985).

In an ada ogt mutant of E. coli, which is
deficient in both the constitutive (ogt) and in-
ducible (ada) methyltransferases, the sponta-
neous mutation frequency (His* reversion) of the
double mutant was the same as that for the
wild-type strain during normal growth phase (Re-
beck and Samson, 1991). This agrees with the
results of Jeggo (1979) for an ada strain. How-
ever, metabolic methylation mutagenesis in-
creased about 3-fold in the double mutant under
nongrowth conditions (Rebeck and Samson, 1991).
These results emphasize that new types
(amounts?) of mutagenic damage to DNA occur

when cells are held under nongrowth conditions
(see Section VII).

(5) DNA turnover

It is quite incorrect to consider that once a cell
culture is switched to buffer (or to other non-
growth conditions) that cellular metabolism
ceases. Quite the contrary, a considerable amount
of metabolism continues. For example, DNA
turnover (i.e., continuous DNA degradation and
resynthesis without a net change in cellular DNA
content) occurs when E. coli B/r is held in
buffer. Ribosomal RNA degradation may con-
tribute a sizeable fraction of the precursors for
this DNA turnover synthesis (Tang et al., 1979).

DNA turnover was reduced 5-fold when dnaB
cells (temperature-sensitive for DNA replication)
were incubated at the nonpermissive tempera-
ture, and the residual DNA turnover was inhib-
ited by rifampicin. These results indicate that
DNA turnover occurs both at the DNA replica-
tion fork and at the sites of transcription (Grivell
et al., 1975).

DNA turnover, which can be considered as a
type of repair process with the inherent errors of
all such processes, may help explain the appear-
ance with time of spontaneous mutations under
nongrowth conditions (e.g., Hall, 1990).

(6) Oxygen metabolism: radicals and excited states

Although there are large numbers of books,
journals, and meetings devoted to ‘“oxidative
damage and repair”, there have been few at-
tempts in the literature to quantitate the biologi-
cal importance of oxygen toxicity, e.g., its role in
spontaneous mutagenesis.

One project focused on this goal measured the
effect of increased oxygen concentrations on an
Ames tester strain S. typhimurium TA100 (AuvrB
pKM101) for hisG46 reversion (Kelley and Baden,
1980). These authors found a small oxygen de-
pendent increase in mutagenesis that reached a
maximum (~ 35% increase) at about 80% oxygen
(air is about 20% oxygen). In another study, the
aeration rate of the culture increased the sponta-
neous mutation frequency about 2-fold (from 0.1
to 1.0 liters of air per minute; Savva, 1982).

In the reverse experiment, where E. coli K-12
cells were grown overnight under anaerobic con-



ditions and then plated for several forward and
reversion assays, there was about a 2-fold reduc-
tion in the spontaneous mutation frequency (R.G.
Fowler, 1991; personal communication). When S.
typhimurium (Agal-uvrB) were grown under
anoxic conditions (0.1% oxygen or less), 30%
fewer small deletions (3- and 6-base pair), and a
5-fold decrease in minus frameshift mutations
were observed. In contrast, the frequency of G:C
— A:T transition mutations increased about 5-
fold (Hartman et al., 1984). Although these au-
thors tested many possible experimental variables
that might explain this unusual enhancement of
transition mutations, they found no easy explana-
tion. [N.B. Some proteins disappear and new
proteins are synthesized when cells are switched
to anaerobic conditions (e.g., Smith and Neid-
hardt, 1983a, b; Hartman et al., 1984; Choe and
Reznikoff, 1991).]

The xth nth nfo mutant of E. coli, which is
grossly deficient in AP endonuclease activity and
is partially deficient in glycosylase activity, activi-
ties that are needed for the repair of several
different types of oxidative DNA damage, showed
a 5-fold increase over the wild-type strain in
spontaneous argE3 reversion (Cunningham et al.,
1986).

Thus, the effect of going from 20% oxygen to
~ 0% oxygen reduced spontancous mutagenesis
about 2-fold. Eliminating a set of major enzymes
for the repair of oxygen-dependent DNA damage
(i.e., xth nth nfo) increased spontaneous mutage-
nesis in air about 5-fold. However, in going from
20% to 80% oxygen, only about a 35% increase in
mutagenesis was observed.

When cells grow aerobically, molecular oxygen
can be reduced to yield the superoxide radical,
which is converted to hydrogen peroxide by the
enzyme superoxide dismutase. An E. coli double
mutant (sodA sodB), completely lacking in super-
oxide dismutase activity, had a 5-fold greater
spontaneous mutation frequency than did the
wild-type strain during aerobic growth. This en-
hanced mutagenesis is recA-independent, but is
largely dependent upon the presence of func-
tional exonuclease III (xth). This suggests that
oxidative damage in DNA is enhanced in the
absence of superoxide dismutase, and that exonu-
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clease III converts this damage to mutagenic le-
sions (Farr et al., 1986).

Similarly, a null mutant of Saccharomyces cere-
visiae Cu, Zn superoxide dismutase showed a 4-
fold higher spontaneous mutation rate versus
wild-type under aerobic growth (TRP~— TRP"),
but “was similar to that of the wild-type” under
anaerobic growth (Gralla and Valentine, 1991).

The oxyR gene positively controls a regulon
involved in cellular defenses against oxidative
stress in S. typhimurium and E. coli. A dominant
mutant, oxyRI1, is resistant to H,O, and constitu-
tively overexpresses nine H,O,-inducible pro-
teins. The spontaneous mutation frequency for a
strain deleted in oxyR was 10-55-fold higher
than for the isogenic oxyR™ strain, while the
oxyR1 mutation (overproducing strain) reduced
spontaneous mutagenesis by a factor of 2. How-
ever, when the oxyR deletion strain was grown
anaerobically, there was only a 70% reduction in
spontaneous mutagenesis, and only a 32% reduc-
tion for the wild-type strain, and no effect for the
oxyR1 (overproducing) strain (Storz et al., 1987).

Both experimental approaches seem valid, but
the results are not consistent. The 10-55-fold
increase (depending on strain and the presence
of the mutation-enhancing plasmid pKM101) in
spontaneous mutagenesis in the oxyR deletion
strain compared to the wild-type strain suggests a
large role for oxygen in spontaneous mutagenesis,
but a 32% reduction in spontaneous mutagenesis
in the wild-type strain under anoxia is not an
impressive argument that oxygen plays a major
role in spontaneous mutagenesis.

One can think of a number of possibilities to
explain these data: (1) strictly anoxic growth was
not achieved in these experiments, thereby un-
derestimating the role of oxygen, (2) switching
cells to anoxic growth initiates a new set of
metabolic events (Smith and Neidhardt, 1983a, b;
Hartman et al., 1984; Choe and Reznikoff, 1991)
that may be as mutagenic as aerobic events, (3)
elements of the OxyR regulon may also function
to repair DNA lesions that are not oxygen-depen-
dent, and (4) the simplest explanation is that
oxygen metabolism produces potentially muta-
genic damage that is efficiently repaired in the
wild-type strain. In fact, the 32% reduction in
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spontaneous mutagenesis under anoxia suggests
that 68% of spontaneous mutagenesis is indepen-
dent of oxygen metabolism in the wild-type strain.

Although oxygen metabolism is clearly muta-
genic, a precise measure of its importance rela-
tive to all other mechanisms for producing spon-
taneous mutagenesis is still lacking. Also, lacking
is a clear picture as to the relative importance of
oxygen metabolism in producing spontaneous
mutations via radical mechanisms or through the
production of excited state molecules (see below).

Radicals. It is not the purpose of this article
to review the voluminous literature concerned
with the many chemical and biological studies on
the detrimental effects of the free radicals of
oxygen, since this has been done (e.g., Simic et
al., 1989; Breimer, 1990; and refs. therein). In
most cases, reviews on this topic have relied
heavily on the literature concerning the chemical
and biological effects of ionizing radiation, since,
as discussed above, there have been very few
studies on mutagenesis by oxygen metabolism per
se. However, the urinary biomarkers of thymine
glycol, 5-hydroxymethyl uracil and 8-oxoguanine
(reviewed in Simic et al., 1989) are good evidence
for the production of DNA damage via the
metabolic production of hydroxyl radicals. Never-
theless, if these lesions are repaired accurately,
no mutations would occur.

Excited states. Cells can produce excited state
molecules by enzymatic processes that require
oxygen, and this offers the possibility for “photo-
chemistry in the dark”. Metabolizing cells exhibit
low levels of biological chemiluminescence (e.g.,
Cadenas, 1984; Quickenden et al., 1985), which is
diagnostic for the presence of excited-state
molecules. Excited-state molecules have also been
observed as a consequence of lipid peroxidation
in microsomes (Cadenas et al., 1984).

In addition, model systems exist for the enzy-
matic production of excited-state molecules (re-
viewed in Cilento and Adam, 1988). For example,
using horseradish peroxidase and several differ-
ent substrates, excited-state ketones are formed
in an enzymatic reaction that requires oxygen,
and these excited-state ketones can damage DNA
(Cilento, 1980) and proteins (Rivas et al., 1984).

[NOTE: The enzyme reaction produces a dioxe-
tane, a cyclic organic peroxide, which decomposes
spontaneously to yield an excited-state (triplet)
carbonyl compound, and a ground-state frag-
ment. The triplet-state carbonyl can transfer its
energy to other molecules, e.g., thymine.]

Based on a study of the genetic control of
spontaneous mutagenesis, it was concluded that
much of spontaneous mutagenesis (base substitu-
tions) is due to ‘UV-like’ DNA damage rather
than to ‘X-ray-like’ DNA damage (Sargentini and
Smith, 1981, 1985; Smith and Sargentini, 1985),
e.g., mutations that block excision repair (prim-
arily error-free) and enhance UV-radiation muta-
genesis also enhance spontaneous mutagenesis,
but have little or no effect on X-ray-mutagenesis.
[NOTE: In general, UV irradiation produces few,
if any, DNA-strand breaks by the direct action of
the radiation, and the majority of the base dam-
age produced is of the type that causes a distor-
tion in the DNA helix (e.g., pyrimidine dimers).
Repair enzymes such as the UvrABC exinuclease
recognize the distortion in the DNA helix rather
than the specific chemical nature of lesion. On
the otherhand, X irradiation produces a lot of
single- and double-strand breaks in DNA by the
direct action of the radiation. Also, in contrast
with the case for UV-irradiation, X-irradiation
produces mostly single-base alterations that do
not cause large distortions in the DNA helix, and
such base damage is recognized individually by
enzymes with high specificity.]

Other reports are also consistent with the idea
that the DNA damage that leads to spontaneous
mutagenesis differs significantly from that pro-
duced by X-rays, e.g., the mutations produced in
the HGPRT locus of Chinese hamster ovary cells
are different for spontaneous and ionizing radia-
tion mutagenesis (Brown and Thacker, 1984), and
the levels and types of spontaneous and ionizing
radiation-induced base pair changes differ signifi-
cantly in the lacl gene in E. coli (Glickman et al.,
1980).

However, if one compares data for sponta-
neous mutagenesis (Schaaper et al., 1986) and for
UV-radiation mutagenesis (Schaaper et al., 1987)
in wild-type E. coli, and normalizes the data so
that the number of deletions observed is the same
for the two cases, the data indicate that base



substitutions and + 1 frameshifts were enhanced
about 10-fold by UV irradiation. This suggests
that spontaneous base substitutions and +1
frameshifts probably arise from metabolic lesions
that are handled by the same mechanisms that
handle UV-radiation induced damage. These re-
sults also suggest that spontaneous deletions and
duplications are probably produced by replication
errors or by the repair of spontaneous lesions
that are X-ray-like. Therefore, an important pro-
ject for the future is to determine the relative
importance to spontaneous mutagenesis of spon-
taneous metabolic DNA lesions that are UV-like,
and those that are X-ray-like, and to determine
their relative importance in producing the differ-
ent classes of spontaneous mutations.

VI. Origins of spontaneous mutations

(1) DNA replication errors

Spontaneous mutagenesis in E. coli has both
recA-dependent and recA-independent compo-
nents (Sargentini and Smith, 1981; and refs.
therein), while radiation mutagenesis is exclu-
sively recA-dependent (e.g., Witkin, 1976; Sar-
gentini and Smith, 1989; and refs. therein). Repli-
cation errors have generally been categorized by
their recA-independence (reviewed in Cox, 1976),
and about half of spontaneous base-substitution
mutagenesis is recA-independent (Sargentini and
Smith, 1981; and refs. therein). A number of
different causes of replication errors have been
considered over the years.

(a) Base tautomerization and ionization. Wat-
son and Crick (1953) postulated that transition
mutagenesis (i.e., A< G or C< T) could occur
by the production of base tautomers via proton
migration. Topal and Fresco (1976) also used
tautomerization and base rotation to explain
transversion mutagenesis, i.e., (A or G) = (C or
T). Sowers et al. (1987) have suggested that ion-
ized base pairs may also contribute to sponta-
neous mutagenesis.

The basis of these models is that at the time of
replication a base in the DNA template or in a
nucleoside triphosphate develops an inappropri-
ate coding property, which causes the incorpora-
tion of an incorrect base in the nascent DNA.
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Although such models are appealing, they are
difficult to verify, and certainly do not explain the
fact that much of spontaneous mutagenesis is due
to errors made during DNA repair (see below).

(b) Miscoding lesions. When DNA bases are
modified spontaneously, €.g., by deamination, ox-
idation or methylation, frequently they can pair
with a different base than they did before modifi-
cation (i.e., they are miscoding lesions), leading to
the fixation of a mutation during DNA replica-
tion.

Since spontaneous cytosine deamination oc-
curs 266-fold more frequently in single-stranded
DNA than in double-stranded DNA (reviewed in
Billen, 1990), it is not surprising to find that 24 of
31 (77%) of the spontaneous mutations arising
from cytosine deamination (i.e., uracil codes for
adenine, producing G:C — A: T transitions), oc-
curred in the nontranscribed strand of the lacl
gene in an ung strain of E. coli (Fix and Glick-
man, 1987). [N.B. The nontranscribed strand is
considered to be single-stranded during transcrip-
tion, and the ung strain is deficient in uracil
DNA glycosylase, an enzyme that removes uracil
residues from DNA.]

The spontaneous deamination of cytosine was
more frequent (~ 10 X ) at sites for converted
suppressor mutations than at sites for de novo
suppressor mutations, suggesting that “the physi-
cal structure of the DNA in vivo is different at
different sites in the seven-tRNA operon”
(Bockrath and Mosbaugh, 1986).

When 5-methyl cytosine deaminates, the re-
sulting thymine codes for adenine, and thus will
produce a G:C — A:T transition during DNA
replication (Duncan and Miller, 1980).

Cytosine deamination also appears to play a
major role in spontaneous mutagenesis (APRT
locus) in Chinese hamster ovary cells, and the
majority of these mutations also occur in the
nontranscribed strand (de Jong et al., 1988).

However, coupled with the expected 266-fold
greater frequency of spontaneous cytosine deami-
nation in the single-stranded, nontranscribed
strand in mammalian cells is the observation that
there is the selective repair in active genes of
certain types of DNA damage in the transcribed
strand relative to the nontranscribed strand in
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both mammalian cells and E. coli (e.g., Hanawalt,
1987; and a review by Terleth et al., 1991). Such
selective repair should reduce the number of
mutations in the transcribed strand relative to the
nontranscribed strand, assuming that this selec-
tive repair is composed of the ‘normal’ mix of
error-free and mutagenic mechanisms.

Methylated guanine is another modified base
that may occur spontaneously, and would pro-
duce G:C — A: T transitions (reviewed in Drake
et al., 1983). However, endogenous methylation
does not appear to play a role in spontaneous
mutagenesis during growth phase, but it does play
a significant role during nongrowth conditions
(Section V.4).

When guanine is oxidized to form 8§-
oxoguanine, it no longer codes for cytosine, rather
it codes for adenine, with the resulting formation
of G — T tranversions (Shibutani et al.,, 1991).
The enzyme that removes 8-oxoguanine from
DNA is 8-oxoguanine DNA glycosylase (formerly
called fapy glycosylase; Tchou et al., 1991). A
strain carrying a mutation in mutM, a mutator
locus in E. coli, shows a 14-fold enhancement in
G :C — T: A transversions, with little or no effect
on other types of base substitutions (Cabrera et
al., 1988). The mutM gene codes for 8-oxoguanine
DNA glycosylase (Michaels et al., 1991).

(c) Noncoding lesions. Noncoding lesions in
DNA are usually handled by DNA repair pro-
cesses (see below), but there are a few examples
where such damage is processed by DNA replica-
tion. The process for the handling (or mishan-
dling) of noncoding lesions by replication is called
translesion synthesis, “a many protein affair”
(Echols and Goodman, 1990). One cellular reac-
tion in E. coli to replication-blocking lesions is to
induce the SOS response, which depends upon
the activation of the RecA protein. After the
induction of the SOS genes, replication resumes
and mutations are produced. There are several
models to explain how DNA replication can re-
sume at a blockage: (1) Polymerases are induced
(or modified) that have lower fidelity (e.g., Pol II
and Pol 1*) (2) RecA protein itself can relax the
fidelity of Pol III. In this regard, it is of interest
that the overproduction of the e subunit (i.e:, the
editing function) of Pol III counteracts the SOS

mutagenic response of E. coli (Jonczyk et al.,
1988), and the absence of the e subunit (mutD)
causes a huge increase (10° to 10° times) in
spontaneous mutations (Fowler et al., 1986;
Piechocki et al., 1986). (3) Random bases are
inserted opposite a lesion such as a pyrimidine
dimer, but the distortion in the DNA caused by
the presence of the lesion does not permit the
polymerase to continue chain elongation. The
UmuC protein and its SOS-activated partner
UmuD’ are hypothesized to permit chain elonga-
tion past DNA-distorting lesions. However, “the
biochemical mechanisms (for these three pro-
cesses) remain to be established” (reviewed in
Echols and Goodman, 1990).

Perhaps the best studied case of translesion
synthesis involves AP sites, which are known to
be mutagenic (e.g., Schaaper and Loeb, 1981;
Loeb and Preston, 1986). While AP sites are
clearly noncoding lesions and are subject to re-
pair processes (i.e., AP endonucleases; see Lin-
dahl, 1990), DNA polymerase occasionally han-
dles these lesions simply by introducing an ade-
nine opposite an AP site. In some cases adenine
will be the correct base, but in most cases it will
not be correct, and will lead to a mutation. dATP
is also preferentially inserted opposite a number
of bulky chemical adducts to DNA (e.g,
aminofluorene, aflatoxin). This so-called ‘A rule’
of mutagen specificity has been reviewed (Strauss,
1991).

(d) Polymerase errors. A number of laborato-
ries have studied the fidelity of various purified
DNA polymerases on various purified templates
(e.g., Roberts and Kunkel, 1986; Goodman, 1988;
Kunkel, 1990; Loeb and Cheng, 1990). In general,
the frequencies of base mispairs, base additions
and deletions caused by DNA polymerase errors
vary widely, and depend both on the base se-
quence of the template and on the specific DNA
polymerase used. The error rate for DNA poly-
merases in vitro is 10™* to 107% errors per base
pair replicated, versus 107° to 107! errors per
base pair replicated in vivo. Clearly, cells have
additional mechanisms for increasing the accu-
racy of DNA replication.

If an incorrect nucleotide is incorporated into
DNA, and it escapes the editing function of the



DNA polymerase, a second line of defense, mis-
match repair, is available to a cell to increase the
fidelity of DNA replication (e.g., Radman and
Wagner, 1986; Modrich, 1987, 1989). In brief,
there are several enzymes that recognize mis-
matched base pairs. Knowing which of the two
mismatched bases to cut out is determined in E.
coli by the presence of methylated bases in the
old strand of DNA, and the absence of meth-
ylated bases in the newly synthesized strand of
DNA. Mutants deficient in methyl-directed mis-
match repair (mutH, mutl, mutS) show high
spontaneous mutation frequencies (260-fold
greater than wild-type cells; Schaaper and Dunn,
1991), but cells deficient in DNA adenine meth-
ylation (dam) only show a 20-fold increase in
spontaneous mutations (Glickman, 1979). Mis-
match repair is presumably undirected (i.e., ran-
dom) in unmethylated DNA (Radman and Wag-
ner, 1986). It is curious that strains with muta-
tions that directly affect the methyl-directed mis-
match repair process show much higher sponta-
neous mutation frequencies than do strains defi-
cient in methylation, suggesting that the methyl-
directed pathway may be only one component of
the multifaceted mutHLS-dependent repair sys-
tem (Modrich, 1987).

In support of this concept, there is evidence
that mismatch repair can also be initiated by
DNA-strand breaks (e.g., Claverys and Mejean,
1988; and refs. therein). Therefore, the reduced
frequency of spontaneous mutagenesis in a dam
strain relative to, e.g., a mutS strain, may be due
to the fact that mismatch repair can still function,
but at a reduced efficiency, in a dam strain due
to the presence of DNA-strand breaks.

In addition, it has been postulated (Glickman
and Radman, 1980) and proven (Wang and Smith,
1986) that DNA double-strand breaks are formed
in dam strains due to the occasional cutting of
both strands of DNA during mismatch repair in
cells with unmethylated DNA. These extra DNA
double-strand breaks in a dam strain could also
contribute to the strain’s higher level of sponta-
neous mutagenesis versus a wild-type strain (e.g.,
the repair of DNA double-strand breaks is re-
quired for the production of y-radiation-induced
long deletions; Sargentini and Smith, 1991).

Strains deficient in DNA single-strand binding
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protein show enhanced (2-fold, ssb-I1; 10-fold,
ssb-113) spontaneous mutagenesis. Since the sin-
gle-strand binding protein enhances replication
fidelity and is also required for mismatch repair
in vitro, the enhanced spontaneous mutagenesis
in ssb strains may be due to a combination of
these two effects (reviewed in Meyer and Laine,
1990). The single-strand binding protein is also
involved in postreplication repair (Sharma and
Smith, 1985; and refs. therein), and is required in
an in vitro model system for the repair of DNA
double-strand breaks (Wang and Smith, 1989).

Imbalances in the nucleotide pools have a
marked effect on spontancous mutagenesis, €.g.,
mutations (APRT locus) induced in Chinese
hamster ovary cells by excess dTTP or dCTP are
dominated by the misincorporation of the nu-
cleotide in excess. Also, the shift in mutation
spectrum is influenced by the nucleotides sur-
rounding the one that is altered (Phear et al.,
1987; see also Kunz, 1982).

The several models for the formation of
frameshift mutations by replication errors have
been reviewed (Ripley, 1990). These include the
Streisinger model for slippage and misalignment
between direct repeats (i.e., runs of the same
base pairs), and the enhancement of such events
by the formation of palindromes and DNA sin-
gle-strand breaks.

Slippage and mispairing during DNA replica-
tion, as the mechanism for the production of
recA-independent spontaneous long deletions, is
discussed below in the section on DNA repair.

(2) Recombination errors

The available data on the genetic control of
spontaneous recombination and of spontaneous
mutagenesis (base substitutions) in bacteria and
fungi have been compared, and it was concluded
that “recombination errors do not play a major
role in spontaneous mutagenesis” (Sargentini and
Smith, 1985). For example, the umuC mutation,
which abolishes the error-prone repair-depen-
dent sector of spontaneous mutagenesis (base
substitutions), had no effect on recombination
(conjugation assay) (Sargentini and Smith, 1981).

However, spontaneous frameshifts and dele-
tions seem to result from mechanisms involving
recombination and replication (reviewed in Sar-
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gentini and Smith, 1985). Recombination plays a
major role in certain DNA-repair processes, e.g.,
the recombinational repair of ionizing-radiation-
induced DNA double-strand breaks is responsi-
ble for the formation of long deletion mutations
(Sargentini and Smith, 1991). There is a recA-de-
pendent mode of excision repair (Smith and
Sharma, 1987; and refs. therein), and it is muta-
genic (Nishioka and Doudney, 1970; Bridges and
Mottershead, 1971). Since uvr~ strains show
more spontaneous mutagenesis than do wild-type
cells (reviewed in Sargentini and Smith, 1981),
this suggests that postreplication repair is more
mutagenic than is excision repair. Postreplication
repair is also recA-dependent, and is a multipath-
way process for the repair of daughter-strand
gaps and of the DNA double-strand breaks that
can arise at these gaps (reviewed in Smith and
Wang, 1989). Therefore, recombination plays an
important role in several types of mutagenic DNA
repair.

(3) Repair errors

Mutations that sensitize cells to DNA-damag-
ing agents have been shown to do so by reducing
the ability of the cells to repair DNA damage.
The concept of error-prone (mutagenic) DNA
repair resulted from the finding by Witkin (1967)
that a lexA(exrA) strain was not only more sensi-
tive to Kkilling by UV irradiation, but was also
deficient in UV-radiation mutagenesis. The lexA
gene product is the repressor for the recA gene, a
gene that is required for both UV- and X-radia-
tion mutagenesis, and is required for about 50%
of spontaneous base-substitution mutagenesis (see
Sargentini and Smith, 1981, 1989; and refs.
therein).

As mentioned above, the part of spontaneous
mutagenesis that is rec4-independent is consid-
ered to be due to replication errors (both intrinsic
errors and those due to the replication of dam-
aged DNA), while the recA4-dependent part of
spontaneous mutagenesis is considered to be due
to DNA-repair errors.

When bacterial mutations affecting DNA re-
pair were listed and their effects on spontaneous
and induced mutagenesis were tabulated
(Sargentini and Smith, 1985), in general, those
mutations that enhance UV-radiation mutagene-

sis (e.g., uvrABC, polA, lig, recF) also enhance
spontaneous mutagenesis, and those that reduce
UV-radiation mutagenesis (e.g., lex4, recA,
umuCD, polC(Ts), uvrD) also reduce sponta-
neous mutagenesis. These observations led to the
conclusion that spontaneous mutagenesis is due
to the metabolic production of ‘UV-like’ damage
rather than ‘X-ray-like’ damage since, e.g., the
uvrABC mutations have little effect on survival or
mutagenesis after X- or y-irradiation (Sargentini
and Smith, 1981, 1985; Smith and Sargentini,
1985).

However, Cunningham et al. (1986) reported
that an xth nth nfo strain of E. coli showed a
spontaneous mutation frequency that was 5-fold
greater than that for the wild-type strain. The xth
nth nfo strain is deficient in three enzymes for
the repair of damaged bases and/or AP sites,
lesions commonly produced by X irradiation.
Furthermore, the xth nth nfo strain is hyper-
mutable by vy irradiation (N.J. Sargentini and
K.C. Smith, unpublished observation).

The most logical conclusion from these data is
that spontaneous mutagenesis is produced by
metabolic events that result in the production
both of ‘UV-like’ and ‘X-ray-like’ damage (see
also Section V.6). Which of these two types of
damage is the most important for spontaneous
mutagenesis is a question that can never be an-
swered in general terms, since the answer will
depend upon the experimental conditions, the
genetic background of the cells being studied,
and the type of assay being used.

From a survey of the literature, it was con-
cluded that about 50% of the spontaneous base
substitutions in E. coli and perhaps 90% in Sac-
charomyces cerevesiae are due to mutagenic DNA
repair. However, spontaneous frameshifts and
deletions seem to result from mechanisms involv-
ing recombination and replication (Sargentini and
Smith, 1985).

There are more data in the literature on spon-
taneous base substitution mutagenesis, because
this type of mutation has been easier to study.
Recently, a convenient assay has been developed
for the study of long deletion mutagenesis (Al-
bertini et al., 1982). In this assay, spontaneous
deletions in a lacl-Z fusion ranging from 700 to
1000 base pairs were measured and sequenced.



Deletions of this size occur almost exclusively at
short repeated sequences in both recA™ and
recA™ strains, but were detected 25-fold more
frequently in the recA™* background.

Using this assay, it was shown that +-
radiation-induced long deletions were totally de-
pendent upon the recB-dependent (but not the
recF-dependent) recombinational repair of DNA
double-strand breaks, but spontaneous deletions
were only reduced about 3-fold by a recB muta-
tion (Sargentini and Smith, 1991). This difference
of a 3-fold reduction for recB (Sargentini and
Smith, 1991) and 25-fold reduction for rec4 (Al-
bertini et al., 1982) is probably due to experimen-
tal differences, however, the most important fact
is that neither a rec4 or a recB mutation elimi-
nates all of spontaneous deletion mutagenesis.
Therefore, the conclusion must be that recA
recB-dependent spontaneous long-deletion muta-
genesis is due to the recombinational repair of
DNA double-strand breaks produced metaboli-
cally, while the recA recB-independent produc-
tion of long deletions is probably due to “slippage
and mispairing” during DNA replication (e.g.,
Ripley, 1990). Support for this concept comes
from the work of Kunkel (1985), who showed that
deletions arise between repetitive DNA se-
quences in an in vitro DNA synthesis system that
requires only eucaryotic DNA polymerase g.
DNA synthesis on the leading and lagging strands
contribute equivalently to the deletion process by
replication slippage (Weston-Hafer and Berg,
1991).

VII. Random versus directed mutagenesis

From our knowledge about the many different
DNA-repair systems, several of which can func-
tion as backup systems for other repair systems,
and of the extreme importance of maintaining the
integrity of a cell’s genome, the concept of muta-
genic repair seems at first to be inconsistent with
nature. However, since evolution is “a process of
continuous change from a lower, simpler, or worse
to a higher, more complex or better state” (Web-
ster’s New Collegiate Dictionary, 1977), it is obvi-
ous that if errors were not made during DNA
repair, replication, and recombination there
would be no mutations, and therefore, no evolu-
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tion. Several papers have appeared recently dis-
cussing the role of mutations in evolution e.g.,
Arber, 1990, 1991; Drake, 1991b; Wintersberger,
1991, and additional references are cited below.

Most spontaneous mutagenesis experiments
are performed upon cells in exponential growth,
a far cry from the situation for organisms outside
of the laboratory where “normal” evolution oc-
curs. Since the spontaneous mutation frequency
of an organism is the resultant of all of those
normal growth and environmental factors that
are mutagenic, and all of those normal growth
and environmental factors that are antimuta-
genic, any change in experimental protocol that
upsets the balance between these mutagenic and
antimutagenic forces will modify the spontanous
mutation frequency of the organism, but this
change in mutation frequency will not be uniform
for all genes or for all types of mutations [e.g.,
active genes are more susceptible to damage than
are inactive genes (Davis, 1989), and are more
susceptible to spontaneous mutagenesis (Korogo-
din et al., 1991)].

In general, spontaneous mutations are consid-
ered to be produced randomly, and without re-
spect to any advantage that they might offer to
the cell. However, based upon data for cells not
in exponential growth that donot strictly fit the
statistical criterion of randomness, Cairns et al.
(1988) proposed that “cells may have mechanisms
for choosing which mutations will occur”. Subse-
quently, a number of papers have been published
to debate this concept of self ‘directed’ mutagen-
esis for cells under stress. A recent article in
BioScience, entitled “Can organisms direct their
evolution?” (Gillis, 1991), attempts to put this
controversy into perspective.

In this article Dr. Bruce Levin, an evolutionary
biologist, is quoted as saying that “By itself, a
deviation from the Luria—Delbruck distribution
of mutations in a fluctuation test is not sufficient
evidence for directed mutation.” In support of
this conclusion, Stewart et al. (1990) have shown
that growth rate and plating efficiencies can cause
such deviations from apparent randomness.

It is appropriate to call to the reader’s atten-
tion another era in biology when mathematical
models were accepted as gospel, and biological
mechanisms were ascribed to graphical variables
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as proven. “Target theory” in radiation biology
was devised long before DNA repair was known
(e.g., Lea, 1962). Cells were considered to contain
physical targets that were inactivated by the ac-
tions of radiation. In some cells a single “hit” by
the radiation in a single ‘“‘target” appeared suffi-
cient for inactivation. In other cells, multi-hits in
multi-targets apparently were required, and so
on. The shapes of radiation-survival curves were
fit to mathematical formulas, and the graphical
variables (e.g., n, D,, D,, D;;) were assigned
biological meaning without proof. Seemingly end-
less papers have been published over the years
refining target theory to accommodate cases
where the biology didn’t fit the previous mathe-
matics. Fortunately, there have also been papers
showing that target theory by itself cannot define
biological mechanisms. The point is that an im-
mense amount of money and time was wasted (as
it turned out) by people who have tried to make
curve fitting explain biology.

There is the same potential for a waste of time
and effort over the “Cairnsian” (Hall, 1990) model
of directed mutagenesis (Cairns et al., 1988),
which is based upon a small deviation from a
mathematical model by Luria and Delbruck (1943)
that was modified by Lea and Coulson (1949),
and “refinements” of this mathematical model
continue to appear (e.g., Lenski et al., 1989;
Stewart et al., 1990; Koziol, 1991).

Fortunately, other people see the hazards of
ascribing complicated biological mechanisms to
minor variations in statistics. For example, al-
though the data of Hall (1990) confirm the data
of Cairns et al. (1988) in showing that reversions
sometimes occur more frequently when advanta-
geous than when neutral, he cautions that such
results “can be explained on the basis of underly-
ing random mechanisms that act during pro-
longed periods of physiological stress, and that
‘directed’ mutations are not necessarily the basis
of those observations”.

Even Cairns et al. (1988) state that “The shape
of the distribution of Lac™® revertants of strains
bearing an amber mutation in lacZ depends upon
the genotype of the strain and on the medium in
which it was growing before being plated.” There
are other results in the paper by Cairns et al.
(1988) that should have prevented the formula-

tion of the ‘directed’ mutagenesis hypothesis.
These authors state that “The wvrB strain pro-
duces each day about 3-5 times as many late
mutants as the uvr* strain and it is therefore the
strain of choice when testing for the possible
existence of directed mutations.” These results
for E. coli uvrB tell one immediately that the
hypothetical phenomenon of directed mutagene-
sis is under genetic control, and is enhanced by
the absence of excision repair, with the conse-
quent necessity for the cell to deal with sponta-
neous DNA lesions by replication and by
postreplication repair, which is a slow process
compared to excision repair, and is more muta-
genic.

“It is the guiding principle in science that a
radical new interpretation (in this case, one in-
voking the inheritance of acquired characteris-
tics) should only be considered if simpler expla-
nations based on existing knowledge are inade-
quate” (Holliday and Rosenberger, 1988).

One can only hope that the “directed mutage-
nesis theory” will not result in as much wasted
time and money as has the ‘“target theory” of
radiation biology. This is not to say that directed
mutagenesis may not exist, it just means that its
existence will not be proven by statistics or by
ignoring the fact that spontaneous mutagenesis in
different genes can be differentially affected both
qualitatively and quantitatively by subtle varia-
tions in experimental protocols. In fact, learning
more about the factors that selectively affect
spontaneous mutagenesis in different genes is the
real challenge for future work on spontaneous
mutagenesis.

The observations that spontaneous mutations
occur more often when advantageous than when
neutral (e.g., Hall, 1990, 1991) suggest that stud-
ies on the genetic control and molecular mecha-
nisms of spontaneous mutagenesis (e.g., Table 1),
especially as they apply to studies on evolution,
should be performed on cells under stressed con-
ditions rather than under “ideal” growth condi-
tions. [ Note added in revision: The new paper by
Cairns and Foster (1991) abandons the term “di-
rected mutagenesis” in favor of the more moder-
ate term ‘“adaptive mutation”, but this paper
does not alter my conclusion that a better under-
standing of the factors that affect spontaneous



mutagenesis would preclude the need even for
the concept of “adaptive mutation”.]

VIII. Spontaneous carcinogenesis

“Both cancer and ageing might be the somatic
‘price’ individual organisms have to pay for the
germinal mutations which couid contribute to the
survival of the species” (Trosko and Chang, 1976).
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There are probably as many theories on the
origin of spontaneous carcinogenesis as there are
authors who have written about the subject, but it
is not within the scope of this review to discuss all
of these theories. What 1 wish to emphasize,
however, is that the concept that spontaneous
mutagenesis is the “net result of all that can go
wrong with DNA during the life cycle of an
organism” (Glickman et al., 1986) applies equally

METABOLIC PRODUCTS THAT -
DAMAGE DNA

DETOXIFICATION

METABOLIC STRESS

METABOLICALLY-DAMAGED DNA J|—®| ERROR-FREE REPAIR

ON DNA
ERROR-PRONE REPAIR
REPLICATION OF ALTERED BASES
REPLICATION
ERRORS SPONTANEOUS MUTAGENESIS

TRANSFORMED CELLS

IMMUNE SYSTEM

SPONTANEOUS CARCINOGENESIS

Fig. 1. Metabolic mechanisms both for the initiation and for the avoidance of spontaneous mutagenesis and spontaneous
carcinogenesis (from Smith and Sargentini, 1986).
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well to spontaneous carcinogenesis. The notion of
normal metabolism being a major source of spon-
taneous mutagenesis (e.g., Sargentini and Smith,
1981) is now also being considered as the major
source of spontaneous carcinogenesis, especially
for those human cancers that occur at similar
incidences among individuals of diverse genetic
backgrounds living in different geographical areas
(e.g., Loeb, 1989, 1991; Rudiger, 1990).

Thus, the susceptibility of a person to sponta-
neous carcinogenesis is the net result of that
person’s natural defenses against normal meta-
bolic products and environmental agents that can
damage DNA, the ability of his/her cells to re-
pair accurately such damage to DNA, and the
ability of his/her immune system to neutralize
any transformed cells that may result from spon-
taneous mutagenesis. These concepts are dia-
grammed in Fig. 1.

Therefore, people predisposed to cancer can
be overproducers of agents that damage DNA, or
can be underproducers of products that detoxify
these agents. They can be deficient in error-free
DNA repair, replication and recombination, or
they can be immunologically deficient, or a com-
bination of these factors.

Bloom’s syndrome serves as an example of a
case where a person is either an overproducer of
agents that damage DNA, or an underproducer
of products that detoxify these agents. In a mixed
culture of normal human blood lymphocytes and
fibroblasts from a patient with Bloom’s syndrome,
the fibroblasts from the patient with Bloom’s
syndrome produce a clastogenic factor that causes
chromosomal aberrations in the normal human
blood lymphocytes, while fibroblasts from normal
individuals have no such effect (Emerit and
Cerutti, 1981). Bloom’s syndrome cells also show
an enhanced frequency of spontaneous mutagen-
esis (Warren et al., 1981), and patients with
Bloom’s syndrome show an increased incidence
of cancer (Friedberg, 1985).

The xeroderma pigmentosum (XP) syndrome
serves as an example where patients are deficient
in one type of error-free repair, and thus show
enhanced UV-radiation mutagenesis and suscep-
tibility to sunlight-induced skin cancer (Friedberg
et al., 1979). While data on spontaneous mutage-
nesis are not available for XP cells, it is of inter-

est that XP individuals are more prone to certain
types of internal neoplasia (Kraemer et al., 1984).

Since spontaneous carcinogenesis is just an-
other phenotype of spontaneous mutagenesis, if
we are to better understand the mechanisms of
spontaneous carcinogenesis, we need a better un-
derstanding of the molecular mechanisms of
spontaneous mutagenesis, and of the subtle ex-
perimental variables that affect spontaneous mu-
tagenesis.

IX. Future directions

Spontaneous mutagenesis is the most impor-
tant area of the science of mutagenesis, because
it is probably the most important factor in evolu-
tion, aging and spontaneous carcinogenesis, yet it
has not received the careful scientific attention
that it deserves.

Furthermore, many scientists seem to be un-
aware that the spontaneous mutation frequency
measured in a particular system depends upon
many subtle and often ignored experimental pa-
rameters. The following experimental parameters
have been discussed herein.

(1) Logarithmic growth vs. stationary phase (or
growth limited).

(2) Rich growth medium versus minimal
medium in logarithmic growth.

(3) Composition of the growth medium, e.g.,
nucleotide pool imbalances; mutagens (e.g.,
phenylalanine); antimutagens (e.g., cystine).

(4) Growth rate.

(5) Aeration rate.

(6) Purity of the agar (i.e., presence of DNA-
repair inhibitors).

(7) Laboratory lighting (for both the cultures
and for stored media).

(8) Genetic background (see Table 1).

(9) The presence of insertion elements.

(10) The type of mutation assay used.

(11) The locus being studied.

(12) An active gene versus an inactive gene.

(13) Is the spontaneous lesion located before
or after the replication fork?

This is probably only a partial list of the fac-
tors that affect spontaneous mutagenesis, since 1
may have missed some important papers in the



literature, and I am certain that other factors
affecting spontaneous mutagenesis will be discov-
ered in the future.

Even with our present state of knowledge, it
makes no sense to compare the mutational spec-
tra for cells when the spontancous data are for
exponentially growing cells and the UV-radiation
studies are on stationary phase cells (Lee et al.,
1988). These authors demonstrated the pre-
dictable result that the “A-rule” did not apply for
cells that could not synthesize DNA, but did
apply for cells in logarithmic growth,

Clearly, there needs to be some general agree-
ment in the scientific community on how best to
determine spontaneous mutation frequencies, and
how best to report them so that the data will have
lasting value. Ideally, one set of isogenic strains
carrying mutations affecting spontaneous mutage-
nesis should be tested under one standardized set
of experimental conditions and one set of assays
so that the relative contributions of these differ-
ent genes to spontaneous mutagenesis can be
quantitated.

Where different mutation assays must be used,
there should be some conversion factor to help
normalize the data, e.g., in one set of experiments
reported in Section IV.4, spontaneous trpE9777
(fs) > Trp ™ reversions occurred less than one-
third as frequently as did lacZ53(UAG) — Lac™
reversions in the same cells.

In addition to a greater effort toward under-
standing the molecular mechanisms for sponta-
neous mutagenesis and the factors that affect
these mechanisms, there also needs to be a greater
effort toward finding ways to reduce spontaneous
mutagenesis, and therefore, to reduce the inci-
dence of spontaneous carcinogenesis and the rate
of aging.

Antimutagenesis is an active area of science
(e.g., Shankel et al., 1986) but most of these
studies are concerned with agents that intercept
mutagens and inactivate them before they can do
damage (e.g., Hartman and Shankel, 1990). This
is an important area of concern for exogenous
mutagens such as those that normally appear in
our foodstuffs, however, the area of antimutagen-
esis that needs even more emphasis is to deter-
mine how to modulate normal metabolic path-
ways to minimize the metabolic production of
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mutagens, and how to minimize the occurrence of
mutagenic DNA replication, repair and recombi-
nation.

One approach to this problem has been to
emphasize the antimutagenic potential of antioxi-
dants to neutralize the potential mutagenic side
effects of normal oxidative metabolism (e.g., Ames
and Gold, 1991).

As an example of another approach to this
problem, some years ago we reported that spon-
taneous mutagenesis appeared to be due to the
metabolic production of DNA damage that was
“UV-like” rather than “X-ray-like”. This
prompted a poster at an antimutagenesis meeting
(Shankel et al., 1986; p. 580) entitled “The Ideal
Antimutagen May be a Quencher of Excited
States”.

Since rare earth metals are good quenchers of
excited states, I tried lanthanum as an inhibitor
of spontaneous mutagenesis. Lanthanum acetate
was nontoxic to E. coli uvrB (SR1091) at 1 mg/ml
(3.2 mM), and decreased spontaneous mutagene-
sis (lacZ53 — Lac*t) about 5-fold. Although lan-
thanum is a good quencher of excited states, it is
also an antagonist of calcium, and calcium is
important in many areas of metabolism. Which of
these two mechanisms is the basis for the effec-
tiveness of lanthanum in reducing spontaneous
mutagenesis is not yet known. However, the lan-
thanum experiment serves as an example of an
approach to modulate normal metabolic reactions
to reduce the metabolic production of normal
mutagens and/or to inhibit mutagenic DNA re-
pair, replication and recombination.

While there is current interest and activity
toward reducing the intake of foods that are
mutagenic and for increasing the intake of foods
that are antimutagenic, there needs to be more
activity directed toward finding diet supplements
that can safely inhibit mutagenic DNA repair and
replication, or that can reduce the production of
mutagenic agents by normal metabolism. 1 don’t
propose a shotgun approach to testing chemicals
off the shelf, rather, a systematic approach to
understanding the many factors that affect spon-
taneous mutagenesis will provide information for
selecting such useful chemicals. Two reviews have
appeared that focus on antimutagenesis (Kuroda
and Inoue, 1988) and anticarcinogenesis (Booth-
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man et al., 1988) by factors that affect DNA
repair.
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Note added in proof

In a recent paper, J.A. Halliday and B.W.
Glickman (Mechanisms of spontaneous mutation
in DNA repair-proficient Escherichia coli, Muta-
tion Res., 250 (1991) 55-71) have considered a
number of mutational mechanisms to “help visu-
alize the origin of each class of (spontaneous)
mutation” in the lacl gene (729 sequenced inde-
pendent mutations). “One common factor in all
classes of events is the influence on their fre-
quency of occurrence of specific sequences which
have been directly implicated as sites of
protein : DNA recognition or display a recognis-
able homology to such sequences.” This is a very
exciting observation, and adds yet another param-
eter to the long list presented in this review of
the factors that influence spontaneous mutagene-
sis,
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