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Abstract

Mutators (also called hypermutators) are mutants which show higher than normal spontaneous mutation frequencies, ranging
from 10-20 fold to 100-1000 fold higher, or sometimes even more, than wild-type cells. Being a mutator is advantageous to
the organism when adapting to environmental changes or stressful situations, such as moving from one habitat to another, one
host to another, exposure to antibiotics etc. However, this advantage is only a short-term benefit. In the long run, hypermutabil-
ity leads to a fitness disadvantage due to accumulation of deleterious mutations or antagonistic pleiotropy or both. Contrary to
intuitive expectations, hypermutability is commonly encountered in natural bacterial populations, especially among clinical
isolates. It is believed to be involved in the emergence of antibiotic resistance and a hindrance to the treatment of infectious
diseases. Here, I review the state of knowledge on the common mechanisms of hypermutability such as errors/defects in DNA
replication, proof reading, mismatch repair, oxidative DNA damage, mistranslation etc., as well as phenomena associated with
these processes, using Escherichia coli as a paradigmatic organism.

[ Jayaraman R. 2009 Mutators and hypermutability in bacteria: the Escherichia coli paradigm. J. Genet. 88, 379-391]

Introduction

Mutators, also called hypermutators, are mutant organisms
which show higher than normal spontaneous mutation fre-
quencies. The extent of increase may be marginal (10-20
fold) or high (100-1000 fold), or very high (>1000 fold).
Quite often one is confronted with the problem of distin-
guishing between normal bacterial populations and their mu-
tator variants. While the fold increase in the frequency of
a standard mutational marker such as rifampicin resistance
could be a guiding factor, it fluctuates widely between day-
to-day measurements, worker to worker etc. In general,
mutator variants of naturally transformable organisms such
as species of Streptococcus, Haemophilus etc., show ~10-
fold increase while non-transformable bacteria such as Es-
cherichia coli show 100-1000 fold increase, for any given
marker. Mutation frequencies in wild-type cells are usu-
ally very low and measurements of the same in wild-type
cells are highly variable. These issues have been critically
analysed by Hall and Henderson-Begg (2006) who advocate
great caution in measuring mutation frequencies, especially
low frequencies.
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Acquisition of hypermutability entails a heavy premium
in terms of fitness, which is greatly reduced in mutators. On
the one hand, mutators can adapt to changing environments
and stresses more easily than non-mutators because of their
high mutagenic potential; especially if multiple mutations are
needed for successful adaptation (Miller ef al. 1999; also see
Denamur and Matic 2006). In this respect, hypermutabil-
ity is an asset. On the other hand, hypermutability will also
be a liability since it would lead to indiscriminate accumu-
lation of unwanted mutations which could be deleterious, or
antagonistic pleiotropy whereby presently advantageous mu-
tation(s) might prove harmful, or even lethal , in the long run
or under different environmental conditions (Funchain ef al.
2000; Giraud et al. 2001). Issues relating to hypermutabil-
ity, its fitness costs, evolution of mutation rates etc., have
been reviewed extensively (Taddie et al. 1997; Sniegowski
et al. 2000; de Visser 2002; Denamur and Matic 2006). It
was intuitively expected that hypermutators would be rare
in nature (see Denamur and Matic 2006). However, despite
the high fitness costs, hypermutable variants of bacteria are
frequently encountered in nature, especially among clinical
isolates. There has been a surge of interest in the study of
hypermutable bacteria in clinical situations following the ini-
tial report of LeClerc et al. (1996), who observed that natu-
ral isolates of pathogenic strains of E. coli and Salmonella
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contained an unexpectedly high proportion (1% and above)
of mutators. Subsequently, Matic et al. (1997) reported that
isolates of pathogenic as well as commensal bacteria had a
high proportion of mutators. Many reports have appeared
before and after that of LeClerc et al. (1996), and continue to
be on the rise, on the occurrence of hypermutators in several
bacterial pathogens and nonpathogens (for references see de
Visser 2002; Denamur and Matic 2006). In some cases, such
as lung infections in cystic fibrosis patients, the frequency of
hypermutators has been found to be extremely high (> 30%;
Oliver et al. 2000). Presently, hypermutability is implicated
in the emergence of antibiotic resistance and also considered
to be a major risk factor in the treatment of infectious dis-
eases (Giraud et al. 2002; Blazquez 2003; Macia et al. 2005;
Oliver 2005). Some ideas on how hypermutability could
evolve are now beginning to emerge (Sundin and Weigand
2007; Pal et al. 2007). The subject of spontaneous mutage-
nesis, its control and hypermutability have been covered in
some earlier reviews (Miller 1996; Horst et al. 1999; Maki
2002). In this article, I have attempted to put together some
of the old information, for the sake of historical continuity,
as well as the more recent developments on the mechanisms
of hypermutability from a fundamental, non-clinical point of
view in order to present as comprehensive a picture as possi-
ble. Since our conceptual understanding of the phenomenon
of hypermutability, like other processes and phenomena, has
emerged largely, if not exclusively, from studies on E. coli,
this review will focus on this organism as a paradigmatic
model.

Errors in DNA replication and hypermutability

Mutagenesis due to errors in the fidelity of DNA replication
is an unavoidable accompaniment of the replication process.
In a sense, spontaneous mutagenesis is a ‘mere by-product
of nature’s imperfection: an unavoidable stochastic error’
(Radman et al. 1999). While DNA replication is very finely
regulated to ensure a high degree of fidelity, it is not abso-
lutely error free. In E. coli (and also in other organisms)
the error frequency is extremely small, of the order of 10~!°
per nucleotide polymerized. Such a high degree of precision
is achieved by three sequential processes during replication;
namely, accuracy of base selection, in situ proof reading of
errors (editing) and post-replicative mismatch repair (MMR).
Defects in any one of these processes will result in higher
than normal fidelity errors which will manifest as mutations
in the subsequent round(s) of replication. All these processes
have been extensively studied in many organisms. In E. coli,
there are five DNA polymerases (DNA polymerases I, II, III,
IV and V). A historical account of their discovery as well as
the dramatis personae involved can be found in the essay by
Friedberg (2006). In the following pages, the mechanisms
which govern replication fidelity and hypermutability will be
discussed.
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In E. coli, DNA replication is carried out mainly by the
DNA polymerase III holoenzyme complex, which consists
of 17 protein components of 10 types (detailed information
on these entities can be found in standard text books and
will not be repeated here unless relevant). The principal
component of the replication machinery is the (0i€®) com-
plex, called the core polymerase. Of these, o is the catalytic
(polymerization) subunit (encoded by dnakFE), € is the proof
reading subunit (encoded by dnaQ) and 6 (encoded by holE)
is the stabilizer of the ae complex. Many point mutations
in dnaE, conferring temperature sensitive replication defects
and mutator phenotypes at the permissive temperature have
been isolated (for references, see Vandewiele et al. 2002).
Sequence analyses of some of these showed that the lesions
are not localized to any particular region of the gene, such
as the active site, but are randomly spread across the gene
(Vandewiele ef al. 2002). While the extent of hypermutabil-
ity in most of the dnaE mutants is only marginal (~10-20
fold), one mutant, dnaE 173, bearing a glu 612 lys substi-
tution, is a very strong hypermutator (> 3000 fold; Maki et
al. 1991; Mo et al. 1991). Vandewiele et al. (2002) made
the interesting observation that the mutator phenotype of the
dnaE mutants they studied strongly depended on the pres-
ence of active DNA polymerase V (a member of the Y fam-
ily of DNA polymerases; see below) since deletion of the
genes encoding it (umuD,C) decreased, but did not abolish,
mutator activity (these experiments were done in a strain in
which umuD,C is constitutively expressed whereas in wild-
type strains DNA polymerase V is hardly detectable since
umuD, C expression needs SOS induction; see below). How-
ever, even in a A umuD, C genetic background, the dnaE mu-
tants showed modest mutator activity (5-20 fold; Vandewiele
et al. 2002) which is perhaps a reflection of their true muta-
genic potential. Vandewiele er al. (2002) suggested that the
mutator activity of most of the dnaE mutants could be at-
tributed to the reduced ability of the mutant DNA polymerase
III to resist competition by other DNA polymerases, espe-
cially DNA polymerase V (if present), to take over replica-
tion. The very high mutator activity of the dnaE 173 mutant
(see above) seems to be due to impaired o—€ subunit inter-
action, resulting in defects in proof reading, and consequent
hypermutagenesis (see below; Maki et al. 1991; Mo et al.
1991).

While mutator mutations increase mutation frequencies,
antimutator mutations are those which decrease the same.
Many antimutator mutations mapping in dnaE have been iso-
lated and characterized in Schaaper’s laboratory (reviewed
by Schaaper 1998); see also Vandewiele et al. 2002). While
reviewing the work in his laboratory on antimutators of
phage T4 and E. coli, Schaaper (1998) has discussed some
of the theoretical issues involved in the relative ease of iso-
lation of mutators vis-a-vis antimutators. Some reservations
on the occurrence of antimutator mutations have also been
raised earlier by Drake (1993). Nevertheless, antimutators
have been isolated in phage T4 as well as E. coli (reviewed
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by Schaaper 1998). Unlike the DNA replication apparatus
of E. coli which is a multi-protein complex, the DNA poly-
merase of phage T4 (encoded by the T4 gene 43) is a sin-
gle polypeptide carrying out both polymerisation and in situ
proof reading (carried out by an associated exonuclease ac-
tivity), each acting in opposite directions, the former acting
in the 5 — 3’ direction and the latter in the 3’ — 5’ di-
rection. Speyer (1965) was the first to describe a mutant T4
DNA polymerase with mutator activity. Analysis of a large
collection of temperature sensitive gene 43 mutants of phage
T4 by Drake et al. (1969) revealed the presence of both mu-
tators and antimutators in the collection. A detailed study of
wild-type, mutator and antimutator T4 DNA polymerases by
Muzycka et al. (1972) showed that the ratios of exonuclease /
polymerase activities were in the order: antimutators > wild
type > mutators, suggesting that the fidelity of replication
is determined not only by the accuracy of base selection but
also by proof reading (for a detailed discussion, see Schaaper
1998).

The antimutator alleles of dnaFE referred to above were
isolated by Schaaper and his group using a novel strategy;
namely, as suppressors of the mutator phenotype of mis-
match repair defective mutL mutants (see below). All the
isolates had single amino acid substitutions in dnaE and re-
duced spontaneous mutation frequencies by 3-30 fold. The
antimutator activity was more pronounced in reducing the
frequencies of transversions than transitions, suggesting that
the former could be the result of base misincorporation er-
rors while the latter could be due to DNA damage-related
mispairing errors which could be corrected by the mismatch
repair processes (see below). Interestingly, DNA polymerase
III from the wild type and dnaE antimutator mutants did not
differ in their base insertion fidelity. Moreover, the antimuta-
tor alleles were effective in other genetic backgrounds (such
as mutD5 and dnaQ926; see below) which are defective in
proof reading (see Schaaper 1998). Therefore, their antimu-
tator phenotype seems to be due to more efficient error cor-
rection than greater accuracy of base selection (Fijalkowska
and Schaaper 1993, 1995).

Defective proof reading and hypermutability

With the exception of dnaE173, all the mutator alleles of
dnaE studied so far show weak to moderate mutator effects.
E. coli mutants exhibiting very strong mutator activities (sev-
eral hundred fold higher than normal) were isolated long ago
by Degnen and Cox (1974) and Horiuchi et al. (1978) and
characterized very well by several workers (for references,
see Taft-Benz and Schaaper 1998). These mutations mapped
at a locus which has been called mutD by some workers and
dnaQ by others. The product of the mutD/dnaQ locus was
identified as the € subunit of DNA polymerase III and shown
to possess a 3’ — 5’ exonuclease activity (Scheurmann et al.
1983) which removes mismatched nucleotides at the repli-
cation fork (Scheurmann and Echols 1984). Therefore, it
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could be expected that defects in the exonuclease activity
would allow the mismatches to persist and manifest as mu-
tations subsequently. In agreement with this notion, a clear
correlation between exonuclease deficiency and mutator ac-
tivity was demonstrated (Echols et al. 1983; Di Francesco
et al. 1984). The first mutD/dnaQ mutants to be isolated
were mutD5 and dnaQ49 (Degnen and Cox 1974; Horiuchi
et al. 1978). Subsequently, several mutants in the same locus
were isolated and characterized by Taft-Benz and Schaaper
(1998). Some of these were moderate mutators (620 fold
higher than normal), while some others were strong to very
strong mutators (700-8000 fold higher). Complementation
analysis using plasmid-borne dnaQ™" allele showed that they
could be grouped into three classes: dominant, recessive and
partially dominant. The dominance/recessiveness of these
mutants might be a reflection of their catalytic efficiency vis-
a-vis ability to complex with the o subunit of the polymerase
III complex (Taft-Benz and Schaaper 1998). The above au-
thors have also discussed at length the significance of the mo-
tifs in which the mutations map in relation to their catalytic
activity and structural relevance.

The mutDJdnaQ mutants are impaired in viability de-
pending upon the strength of their mutator effects. For in-
stance, the mutD5 mutant is poorly viable. The dnaQ926
mutant, constructed by site-specific mutagenesis by chang-
ing the two conserved amino-acid residues (asp12 and glu14
to alal2 and alal4, respectively) conferred a strong and dom-
inant mutator phenotype, stronger than mutD5, when car-
ried on a plasmid. However, when present on the chromo-
some, the dna(Q926 mutation completely abolished viabil-
ity unless the cell also carried antimutator dnaE mutations
such as dnaE911, dna E915, dnaE925 etc. (Fijalkowska and
Schaaper 1996). This phenomenon has been called ‘error
catastrophe’ in which the extent of mutagenesis is so much
that the accumulation of deleterious mutations results in loss
of viability. Although the mutator phenotype could be cor-
related with deficiency of exonuclease activity, the indirect
role of the o subunit should also be taken into account. It
has been shown that the exonuclease activity of the € protein
is strongly stimulated by the a protein in vitro (Maki and
Kornberg 1987). As pointed out earlier, the strong mutator
activity of the dnaE 173 mutant is brought about through its
effect on proof reading (Maki et al. 1991; Mo et al. 1991).

Role of the 6 subunit of DNA polymerase III in
hypermutability

Besides the o and € subunits involved in replication and proof
reading functions, respectively, the DNA polymerase III core
complex has a third subunit called 6, which is the product
of the holE gene (Carter et al. 1993; Studwell-Vaughan and
O’Donnell 1993). The 6 subunit does not bind to the o but
binds to the € subunit, stimulating its exonuclease activity
2-3 fold (Studwell-Vaughan and O’Donnell 1993). The role
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of the 0 subunit in replication fidelity has come to light re-
cently when Taft-Benz and Schaaper (2004) reported that it
could stabilize the a—€ complex. The mutator activity of the
dnaQ49 (e mutant) is temperature dependent. At a low tem-
perature (25°C) it is only moderate (10-fold) but at 30°C and
37°C it is very strong (100 and 1000 fold, respectively). The
lesion, namely, a V96G amino-acid substitution, renders the
€ protein of the dnaQ49 mutant heat labile and leads to loss
of binding to the o subunit at high temperature and conse-
quent failure of proof reading (for references, see Taft-Benz
and Schaaper 2004). A AholE, dnaQ49 double mutant is
viable but shows a very strong mutator phenotype even at
25°C (Taft-Benz and Schaaper 2004) i.e., even at 25°C it
shows the phenotype which a holE* dnaQ49 mutant would
at 37°C. Similarly, the mutator effects of a few other dnaQ
alleles (dnaQ920, 923, 924 and 928) are also enhanced in
holE deletion strains. Based on these results, Taft-Benz and
Schaaper (2004) suggested that the role of the 8 subunit could
be to stabilize the o-€¢ complex. In a sense, the 6 subunit
functions as an antimutator since its presence decreases mu-
tation frequency and its absence increases the same. Inter-
estingly, the 0 subunit of E. coli can be effectively replaced
by the hot gene product of phage P1 (Chikova and Schaaper
2005). Like 0, the P1 hot gene product also exerts an antimu-
tator effect on the dnaQ mutants mentioned above (except
dnaQ928). In a subsequent report, Chikova and Schaaper
(2006) showed that the P1 hot gene product enhanced the
mutator activity of another dnaQ allele (dnaQ930)i.e., it can
also act as a mutator in some genetic backgrounds. Inter-
estingly, the mutator effect of the P1 hot gene product was
observed in a dnaQ" strain also, suggesting that the 6 and
Hot proteins compete with each other for binding to the o—¢
complex. Taken together, these reports show that the interac-
tion of O or Hot protein with € can either augment or weaken
the efficiency of proof reading, depending on the dnaQ al-
lele. Although holE is nonessential for viability, its product
seems to play an important role in replication fidelity.

The role of the T subunit of DNA polymerase III in
hypermutability

As already noted, the core polymerase complex (0€0) is the
main entity of replication and proof reading. Several acces-
sory proteins also participate in the process to ensure pro-
cessivity and simultaneous replication of leading and lag-
ging strands (reviewed by Mc Henry 2003; O’ Donnell 2006).
These comprise of the T subunit which tethers the core com-
plex to the DNA, and the Dna X complex (1,708 x®; see
Mc Henry 2003; O’Donnell 2006). The T and 7y polypep-
tides are encoded by a single gene, dnaX. While t is the full
length product (71 kDa) of dnaX, vy (47.5 kDa) arises from
premature translation termination of the dnaX transcript (Mc
Henry 2003). Two dnaX mutants (dnaX36 and dnaX2016)
have been isolated earlier by Henson et al. (1979) and six
more (dnaX983, 985-989) were isolated recently by Pham
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et al. (2006). The t and 7y proteins have three domains in
common (domains I, IT and III) while T has two unique do-
mains (IV and V). All the dnaX mutations referred to above
are located in domain V of 1. Pham et al. (2006) have re-
ported some unusual mutator properties of the dnaX mutants
in that they specifically enhance the frequency of transver-
sions (GC — TA and AT — TA, 65 and 32-fold, respectively)
more than transitions (GC — AT and AT — GC, 2-4 fold).
In addition, they also moderately enhance the frequency of
—1 frameshifts in non-run sequences. These characteristics
are believed to be unique among E. coli mutators (Pham et
al. 2006). Pham et al. (2006) proposed a model to explain
the mutator phenotype of the dnaX36 mutant, invoking a role
for the T subunit in sensing misincorporation errors (see be-
low). In a subsequent report, Gawel et al. (2008) extended
the analysis of the dnaX36 mutant, also probing the role of
DNA polymerases I, I, IV and V and other gene products in
preventing or enhancing its mutator phenotype. The model
originally proposed by Pham et al. (2006) and subsequently
refined by Gawel et al. (2008) is as follows. When the DNA
polymerase III holoenzyme (HE) stalls at a base mispair as
a non-productive complex (neither proofread nor extended),
the resolution of the complex is proposed to involve the o1
subunit interaction. The simplest option, namely, switching
over to the proof reading mode is proposed to be impaired
in the dnaX36 mutant. One of the other options is the forced
extension of replication beyond the mismatch resulting in fix-
ation of the mutation, an event which is independent of the
other DNA polymerases. Yet another option is dissociation
of the HE from the replication fork, thereby providing an op-
portunity for other polymerases (pol II or pol IV) or pol III
itself (in the proof reading mode) to resume replication. Pol
IV, being an error-prone enzyme will generate mutations if it
succeeds while any one of the other two will correct the error
if it succeeds (for more detailed information see Gawel et al.
2008).

Hypermutability due to defective mismatch repair

When a mismatched base at the replication fork escapes in
situ correction by the proof reading exonuclease, and repli-
cation has advanced further downstream, the mismatch repair
(MMR) system comes into play to correct the mismatch. In
exonucleolytic proof reading, the parent and progeny strands
could be easily distinguished since the latter is only partially
replicated. However, in mismatch repair the two strands can-
not be distinguished since replication might have advanced
beyond the mismatch. This poses a problem for the re-
pair machinery, namely, it is the wrong base on the progeny
strand that should be corrected with respect to the right one
on the parent strand and not vice versa. In E. coli a way to
get around this predicament exists. The adenine residues in
GATC sequences of E. coli DNA are methylated at N-6, by
an enzyme (DNA adenine methylase) encoded by the dam
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gene. Since GATC methylation is a post-replicative event,
newly replicated DNA exists in a hemi-methylated state for
short periods of time, with the parent strand bearing methyl
groups and the progeny strand lacking them (yet to be methy-
lated). The repair machinery exploits this time interval to
do its job. If mismatch correction fails to occur during this
time interval and the progeny strand also gets methylated
meanwhile, the repair process slows down considerably and
might even fail. This would result in fixation of the mu-
tation instead of repair of the mismatch. Mutations in the
dam gene result in under methylation of the parent as well
as the progeny strands and consequent reduction / loss of the
parent-progeny distinction and strand bias in mismatch re-
pair. Therefore, dam mutants are (moderate) hypermutators
(Marinus and Morris 1974). Interestingly, overexpression of
wild-type dam gene also results in moderate hypermutabil-
ity because of rapid, post-replicative methylation of progeny
strand and reduction in the time available for mismatch re-
pair (Herman and Modrich 1981). The process of mismatch
repair has been reviewed extensively (Schofield and Hsieh
2003; Kunkel and Erie 2005; Iyer et al. 2006; Jiricny 2006;
see also Friedberg 2000).

Mismatch repair deficiency is by far the most common
cause of hypermutability in clinical isolates. The key play-
ers in mismatch repair processes are the products of mutsS,
mutL, mutH and uvrD genes. Several other proteins such as
Exol, ExoVII and ExoX nucleases, RecJ protein, DNA poly-
merase III, DNA ligase etc. are also involved. Mismatch re-
pair is a multi-step process, initiated by the binding of the
MutS dimer to the mismatch followed by ATP-dependent
binding of the MutL dimer. The mismatch-(MutS),-(MutL),
ternary complex activates the latent endonuclease activity of
the MutH protein which nicks the unmethylated strand of the
hemi-methylated DNA, opposite the methylated GATC, ei-
ther 5’ or 3’ to the mismatch. The nicking occurs 5’ to the
G. The product of uvrD (helicase II) unwinds the DNA at
the nicked site, followed by the degradation of the DNA be-
tween the nick and the mispair in the 5’ — 3" or 3’ — 5’
direction depending upon the location of the nick. The Ex-
oVII or RecJ proteins are implicated in the former and Exol
or ExoVII or ExoX in the latter. This results in a gap which
gets filled in by repair synthesis by DNA polymerase III, fol-
lowed by ligation. Details of this process can be found in the
reviews cited above. Hypermutability resulting from MMR
deficiency is very strong (100-1000 fold). Besides mismatch
repair, GATC methylation effected by the dam methylase
is involved in several other cellular processes (reviewed by
Lobner-Oleson et al. 2005).

In addition to their role in mismatch repair the MutS,
MutL, MutH and UvrD proteins also function as inhibitors of
what is known as homeologous or quasi-homologous recom-
bination, i.e. recombination between largely homologous,
but not identical, sequences. It has been known for long
that conjugational recombination between E. coli donors and
Salmonella recipients is very poor although their chromo-
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somes are ~80% homologous. However, if the recipient
is MMR deficient then the yield of recombinants increases
100-1000 fold (Rayssiguier et al. 1989). Stimulation of in-
terspecies recombination is very high in mutS and mutL re-
cipients and somewhat less in mutH and uvrD strains. The
yield of transductional recombinants also was observed to be
stimulated many fold in heterospecific crosses (E. coli donors
X S. typhimurium recipients) if the recipients were mutS or
mutL (Rayssiguier et al. 1989). Funchain et al. (2001) have
used the promotion of homeologous recombination to enrich
mutators in a population. They reported that after two cycles
of heterospecific conjugational crosses between a Salmonella
donor and an E. coli recipient more than 95% of the selected
recombinants were MMR deficient and hence mutators. Sim-
ilarly the occurrence of large duplications of genomic seg-
ments was higher in MMR deficient backgrounds (Petit et al.
1991). This is believed to be due to inhibition of generation
of such duplications by intrachromosomal recombination in
wild-type (mismatch repair proficient) cells and its allevia-
tion in mismatch repair deficient mutants. The two char-
acteristic phenotypes of MMR deficient mutants; namely,
hypermutability and promotion of homeologous recombina-
tion are biologically very significant. As pointed out ear-
lier, hypermutability is advantageous to the cell in adapting
to new/changing/stressful environments. Once adaptation
is achieved, the continued presence of mutant MMR genes
(through hitch-hiking) is indeed a liability. It was expected
that reacquisition of wild-type MMR genes either through
reversion (an unlikely possibility; see de Visser 2002) or
through horizontal gene transfer from disparate donors fol-
lowed by homeologous recombination would not only en-
able the cells to retain the advantageous mutation but also
save them from possible extinction due to hypermutability.
In agreement with this notion, many workers have found that
MMR genes show considerable sequence mosaicism derived
from diverse lineages (Denamur et al. 2000; Brown et al.
2001). The biological significance and possible applications
of interspecies recombination, stimulated by mutS—mutL mu-
tations, have been discussed at length by Rayssiguier er al.
(1989).

Recently, Hong et al. (2005) have isolated temperature
sensitive mutS mutants. One of these (mutS60, a GC — AT
transition resulting in ala 134 val substitution in the MutS
protein) shows some interesting properties. It shows near
normal mutation frequencies at 30°C but behaves as a mutS
null mutant (hypermutator) at 43°C. At an intermediate tem-
perature (37°C) the mutant is not a hypermutator (phenotypi-
cally mutS*) but it does not inhibit homeologous recombina-
tion as a genuine mutS* strain would. While it allows home-
ologous recombination to occur, it is not as effective as a
mutS null mutant either in this regard (Hong et al. 2005).
The low mutability of some weak mutD (proof reading de-
fective) mutants, as well as a ndk (nucleoside diphosphate
kinase) mutant, is enhanced several fold in the mutS60 mu-
tant at 37°C (Hong et al. 2005).
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Hypermutability due to defects in handling
oxidative DNA damages

Reactive oxygen species (ROS) such as superoxides, hy-
droxyl radicals, hydrogen peroxide etc. are the by-products
of normal cellular metabolism and also arise due to expo-
sure to ionizing radiations, carcinogens, xenobiotics etc. (re-
viewed by Bjelland and Seaberg 2003; Imlay 2003). As a
first line of defence against these harmful agents, cells deploy
enzymes such as superoxide dismutase and catalase which
destroy them. Nevertheless, oxidative damage is a serious
threat to DNA and other cellular macromolecules. Several
oxidatively damaged purine and pyrimidine bases are known.
Among these, an oxidized guanine molecule, namely, 8-0xo,
7-8 dihydro guanine (8-0xodG) which is a very stable com-
pound, has received extensive attention because of its high
mutagenic potential. In the syn conformation, §-0xodG mim-
ics T in its base pairing capacity and can pair with A (anti)
while in the anti conformation it can pair with C (syn). Struc-
tural studies have shown that 8-oxodG (syn): A (anti) base
pairs mimic normal T : A base pairs and could be replicated
without difficulty. However, the 8-0x0G (anti): C (syn) base-
pairs induce distortions in the template as well as the poly-
merase (Shibutani e al. 1991; Hsu et al. 2004). The 8-oxo
dG:dA base pair is a pre-mutational lesion which could result
in G: C — T : A transversion in the next round of replica-
tion. The mutagenic potential of 8-0xodG lesions is compa-
rable to mutD/ dnaQ (proof reading defective) mutations and
about 10-fold stronger than mutS/mutL (mismatch repair de-
fective) mutations. There are two ways by which 8-oxodG
lesions can arise in DNA. Free dGTP in the dNTP pool can
be oxidized to 8-oxo dGTP and then get incorporated into
replicating DNA, opposite template C or A. Alternatively,
G residues in DNA can be oxidized to 8-oxodG. Depend-
ing upon the mode of generating the 8-oxodG lesion, AT —
CG or GC — TA transversions will result. Avoiding and/or
repairing 8-0xodG lesions have been well characterized in E.
coli and other prokaryotes as well as eukaryotes, including
humans. Briefly, there are three mechanisms, one to preempt
8-oxo dGTP getting incorporated into DNA, and the other
two to repair the damage if it succeeds in doing so. In E. coli,
these mechanisms are under the control of the products en-
coded by mutT, mutM and mutY genes (Michaels and Miller
1992; Grollman and Moriya 1993; Tajiri et al. 1995; Fowler
and Schaaper 1997; Fowler et al. 2003). Cartoons depicting
mutgenesis by 8-0xodG can be found in the above reviews.
Some salient features of these processes are described below.

The product of the mutT gene is a nucleoside triphos-
phatase which preferentially hydrolyses 8-oxo dGTP to 8-
oxo dGMP and PPi. This reaction is an error avoidance
mechanism to prevent 8-oxo dGTP from getting into the
DNA. The MutT protein is a member of the family of pro-
teins called the nudix enzymes (Bessman et al. 1996). Nudix
enzymes are hydrolases which act on a nucleoside (nu)
diphosphate (di) linked to some other moiety (x). Some ex-
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amples of nudix enzymes are those acting on ADP-ribose,
GDP-mannose etc., their biological function is believed to be
in house cleaning and sanitizing cells from potentially harm-
ful metabolites (Bessman et al. 1996). The mutT mutants
show very high frequencies (3000-fold or higher) of A: T —
C: G transversions. This suggests that 8-oxodG not only gets
into DNA without much difficulty but also that the result-
ing mispairs are not effectively repaired by the proof reading
and/or mismatch repair systems. For more and detailed in-
formation on the role of mutT in replication fidelity, see the
review by Fowler and Schaaper (1997).

While the MutT protein restricts the availability of 8-oxo
dGTP for incorporation into DNA, the products of two other
loci: mutM and mutY, come into play after incorporation, if
any, has occurred. The MutM and MutY proteins are gly-
cosylases which remove damaged or misincorporated bases
to initiate nucleotide excision repair (NER). The MutM gly-
cosylase removes 8-0x0G paired with C and the MutY gly-
cosylase removes A (mis) paired with 8-0xoG. Strains with
defects in mutM and mutY are strong mutators giving rise
to high frequencies of GC — TA transversions (reviewed by
Fowler et al. 2003). In mutM-mutY double mutants hyper-
mutability is very strong (Fowler et al. 2003). Structural bi-
ological studies on how the MutM and MutT glycosylases
recognize their respective substrates against an enormous
abundance of normal base pairs have been reviewed recently
(David et al. 2007).

2-Ox0-dATP s yet another abnormal nucleotide resulting
from oxidative damage. Yamada et al. (2006) showed that
DNA polymerase IV (see below) could incorporate 2-oxo-
dATP opposite template dG or dT and 8-oxo-dGTP exclu-
sively opposite dA in vitro. Such misincorporations in vivo
couldresultinG:C—-T:Aand A: T — C: G transversions.
An E. coli strain (QC 1736) which lacks both the genes for
superoxide dismutases (sodA and sodB) as well as the gene
fur (a negative regulator of iron uptake, displays high muta-
tion rates for such transversions (Yamada et al. 2006)). This
effect is alleviated in mutants lacking DNA polymerase IV
or V. Similarly over expression of mutT (or its human ho-
mologue MTH1) which could hydrolyse 2-oxo-dATP in ad-
dition to 8-0xo-dGTP also reduces the severity of the muta-
tor phenotype of the sodA-sodB-fur mutant (see Yamada et
al. 2006, for references). Bridges (1996) reported that mu-
tational reversion of some auxotrophic mutations is greatly
elevated in mutT, mutM, mutL and mutT mutL genetic back-
grounds under conditions of starvation for the required nu-
trients (adaptive mutagenesis). These results suggested that
there could be significant levels of DNA turnover even in ap-
parently non-growing cells.

Roles of other DNA polymerases in
hypermutability

As mentioned earlier, there are five DNA polymerases in E.
coli (DNA polymerases I to V). The foregoing discussion

Journal of Genetics, Vol. 88, No. 3, December 2009



Hypermutability in E. coli

concentrated almost exclusively on pol III because it is the
most important among all the five. While the genes encod-
ing polymerases I, II, IV and V could be deleted and hence
are nonessential for cell viability, dnaE which encodes the
a subunit of DNA polymerase III is an essential gene; only
conditional lethal (temperature sensitive) mutants are known
in dnaE. In the following section, the roles of the other DNA
polymerases in hypermutability will be discussed. DNA
polymerases IV and V, encoded by the dinB and umuD,C
genes, respectively, belong to the Y family (see Friedberg
2006) and form part of the SOS regulon. It has been esti-
mated that the normal E. coli cells have ~250 molecules of
pol IV / cell and an undetectable number of pol V molecules
(<15 / cell). Although the level of pol IV is ~8-fold higher
than pol III, the main replicative polymerase, dinB deletion
mutants do not display any crippling phenotype(s) and are
fully viable. Cells lacking pol V are also viable but are non-
mutable by UV. Several aspects of the biology of these en-
zymes and the genes encoding them have been reviewed ex-
tensively (Goodman 2002; Fuchs et al. 2004; Nohmi 2006;
Schlacher et al. 2006; Yang and Woodgate 2007). The role of
pol IV in replication fidelity and hypermutagenesis has been
studied extensively by Kuban et al. (2005, and references
cited therein) and also reviewed by Matic (2008). There is
a general consensus that pol IV, when present at basal levels
(250 molecules/cell), has no significant effect on chromoso-
mal mutations in growing cells, although Strauss et al. (2000)
have reported that 40%—60% of replication errors in growing
cells could be attributed to the action of pol IV. It influences
mutagenesis of F’ episomes moderately (see Kuban et al.
(2005) for references). However, mutagenic events in non-
growing cells (adaptive mutagenesis) and those triggered by
DNA damage are strongly dependent on pol IV (see Kuban
et al. 2005)

As pointed out earlier, there are < 15 molecules of pol
V in a normal cell. Pol V is a complex entity consisting
of a homodimer of cleaved UmuD protein (UmuD’) and
one molecule of UmuC, i.e., UmuD’,C (see Friedberg et al.
2006). The cleavage of UmuD requires RecA protease ac-
tivity (RecA*) arising from DNA damage followed by SOS
induction or mutations in recA (such as recA441, recA730
etc.), which bypass the need for DNA damage and lead to
constitutive expression of SOS genes (see Friedberg et al.
2006). Kuban et al. (2006) have reported a detailed analysis
of SOS mutator activity in recA730 mutants. They showed
that it depends not only on pol V but also on pol IV al-
though the requirement for the former is more critical. The
pol V/pol IV mediated (SOS) mutator activity shows a pref-
erence for the lagging strand and results in transversion er-
rors. It was also suggested that the pol IV—pol V interaction
is cooperative rather than additive. For a detailed discussion
and references see Kuban et al. (2006). It should be noted
that defects/loss of pol IV and pol V result in reduction of
mutation frequencies (antimutator effects) whereas defects in
other genes (dnaQ, mutS, mutL etc.), enhance the same and
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result in a hypermutator phenotype (see the earlier sections).

DNA polymerase I was the first DNA polymerase to be
discovered (see Friedberg 2006). It functions mainly in fill-
ing single strand gaps in duplex DNA arising during lagging
strand replication and also during nucleotide excision repair
(NER; see Friedberg et al. 2006 for details). Pol I, encoded
by polA, is a single polypeptide (103 kDa) which has three
enzymatic activities: the polymerase, 3’ — 5’ exonuclease
and 5° — 3’ exonuclease. Structural damages suffered by
DNA, either spontaneously, or due to exposure to DNA dam-
aging agents, are repaired by the nucleotide excision repair
(NER) pathway initiated by the products uvrA, uvrB , uvrC
and uvrD genes , generating short single stranded gaps (about
13-14 bases long) in duplex DNA. These gaps are filled in by
repair synthesis by pol I. Therefore, it could be expected that
defects in or loss of NER genes will have mutator effects.
Surprisingly, Hasegawa et al. (2008) observed exactly the
opposite, i.e., mutants deleted for uvrA, uvrB and uvrC, dis-
played a 40%—-80% reduction in spontaneous mutation fre-
quency. While mutations in the NER genes have antimutator
effects, their overexpression leads to spontaneous SOS in-
duction and mutator effects (Hasegawa et al. 2008). Cells
with a 3’ — 5’ exonuclease-deficient pol I were found to be
hypermutators; the mutator effect in such cells was also re-
duced by deletion of NER genes. These results show that pol
I and the NER genes are somehow involved in spontaneous
mutability. Hasegawa et al. (2008) have suggested that even
normal cells suffer (unwarranted) nucleotide excision repair,
and error-prone gap filling by pol I generates mutations, ex-
acerbated if the pol I happens to be 3’ — 5’ exonuclease de-
fective. It is not clear at the moment as to what exactly is/are
the target(s) for such unprovoked excision repair. It is worth
noting that DNA repair excision nucleases have been shown
to act on undamaged DNA (gratuitous repair) and implicated
in spontaneous mutagenesis (Branum 2001).

Like DNA polymerases IV and V, DNA polymerase II
(pol IT , encoded by polB) is also under SOS control. Unin-
duced cells have ~50 molecules of pol II/cell which increase
seven-fold upon SOS induction. Many biological functions
such as replication of UV and/or oxidatively damaged DNA,
restart of stalled DNA replication in UV irradiated cells, sta-
tionary phase mutagenesis and many others have been at-
tributed to pol II (for references, see Al Mamun 2007). Pol II
is a single polypeptide (90 kDa) with an associated 3’ — 5’
exonuclease proof reading activity, the only one among the
three SOS-controlled DNA polymerases to possess it. Us-
ing a proof reading defective mutD5 mutant (see above), also
deleted for pol IT and / or poll IV and / or pol V, Nowosielska
et al. (2004) have examined mutgenesis during exponential
growth as well as stationary phase, using the reversion of an
ochre mutation in argE (argE3) to arginine prototrophy as
a marker. Since mutDS5 strains are chronically SOS induced
(for references, see Nowosielska et al. 2004), all the three
SOS controlled polymerases are expected to be present at
their respective induced levels in mutD5 cells. The important
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observation they made was that during exponential growth,
mutD5 A polB mutants were strong mutators while mutD5 A
dinB or mutD5 A umuD,C were relatively less strong, if not
weak mutators. In the stationary phase, however, the mutator
activity was in the order: A dinB > A umuD, C > A polB.
The enhancement of the hypermutability of the mutD5 allele
by A polB (1.6-fold) was taken to indicate that pol II could
compensate to some extent the proof reading defect of the
mutD5 mutant. Al Mamun (2007) reported that pol II at its
basal or moderately elevated (~6 fold) levels does not con-
tribute significantly to spontaneous mutagenesis. However
when the level is elevated >10 fold spontaneous frequency
is increased more than 100 fold. This effect was indepen-
dent of SOS induction , pol IV, pol V, mutS, uvr A etc., When
polB carrying a mutation in its exonuclease motif (a D156
A change) was overexpressed, the spontaneous mutation fre-
quency increased 20000 fold, i.e., 200 fold higher than over
expression of polB*. Mutations in a short stretch of amino
acids at the C-terminal end of pol II (conserved in pol II, pol
IV and pol V) abolish the mutator activity of pol II upon over
expression. How a high fidelity DNA polymerase such as pol
II could behave like a mutator when over expressed and the
physiological relevance of this effect, if any, are matters for
speculation; Al Mamun (2007) has considered and discussed
several possibilities. For more information on pol II, pol IV
and pol V see the reviews cited earlier.

Hypermutability due to translational errors

Michaels et al. (1990) identified two mutator loci in E.coli:
namely, mutA and mutC, mapping at 95 and 43 min, respec-
tively. The frequency of transversions, especially A : T —
T:Aand G: C — T : A were enhanced many fold in these
strains. Subsequently, Slupska et al. (1996) identified the
mutA and mutC genes to be the ones coding for glycyl tRNA.
In the mutA mutant, one of the three glycyl tRNA genes
(glyV, located at 95 min) is mutated while in mutC the single
copy of the same gene (glyW, located at 43 min) is mutated.
In both the mutants, the lesion is located at the anticodon
part of the gene such that the mutant glycyl tRNAs recog-
nize aspartic acid codons (GAU or GAC) instead of glycine
codons (GGU or GGC). This would result in translational
errors such that aspartic acid residues in proteins could oc-
casionally be replaced by glycine residues. In mutA-mutC
double mutants the mutation frequency was 2-3 fold higher
relative to the single mutants. Slupska et al. (1996) suggested
that mistranslation in the mutA/mutC mutants caused by oc-
casional replacement of aspartic acid residues by glycine in
some critical determinant of replication fidelity such as the €
subunit could corrupt its biological activity and give rise to
hypermutagenesis, i.e., a mutD/dnaQ phenotype. Since the
mutA/mutC mutator activity is only of the order of 1% of a
strong mutator like mutD5, it is possible that only ~1% of
the € subunits are corrupted. Subsequently, Slupska et al.
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(1998) constructed mutants in which each of the 16 aspartic
acid residues in the € protein was replaced, one at a time, by
glycine and examined their mutator phenotypes. It turned out
that three of the constructs (D12G, D103G and D167G) were
very strong mutators and one (D129 G) was a relatively less
strong mutator. Slupska et al. (1998) also isolated a mutant
in which glyU was mutated to read histidine codons. They
examined the consequences of replacing each of the seven
histidine residues in € protein by glycine. Two replacements
(H98G and H16G) yielded very strong mutators. The impli-
cations of these findings are discussed in detail by Slupska et
al. (1998).

In a series of elegant papers, Humayun and co-workers
have reported extensively on mutagenesis caused by transla-
tional errors, a phenomenon which they have named ‘trans-
lation stress induced mutagenesis’ (TSM: for references see
Humayun 1998; Balashov and Humayun 2003; Al Mamun
et al. 2006). It is well known from the classical work of
Gorini and co-workers that the products of two genes which
encode proteins of the 30 S ribosomal subunits control the
accuracy of translation. One of them is rpsL (earlier called
strA) encoding the S12 protein and the other is rpsD (ear-
lier called ram) encoding the S4 protein. Mutations in the
former give rise to streptomycin resistance and lead to in-
creased translation accuracy while mutations in the latter
show relaxed translation accuracy and display what has been
called the ribosomal ambiguity (Ram) phenotype, character-
ized by a high degree of translational errors (reviewed by
Gorini 1969). Balashov and Humayun (2003) observed that
an rpsD14 mutant displayed high rates of reversion of a lacZ
mutant to lacZ® (A : T — T : A). This effect was unaf-
fected by recA and lexA mutations, i.e., not SOS-dependent
but was countered by an rpsL mutation (rpsL1408) in the ab-
sence of streptomycin but not in its presence. The rpsL1408
mutation by itself showed a streptomycin-dependent muta-
tor effect. When both rpsDI14 and rpsL1408 were present,
the streptomycin-dependent mutator phenotype due to the
latter prevailed (Balashov and Humayun 2003). These re-
sults suggested that generalized mistranslation (occurring in
the rpsD/rpsL mutants, as against specific mistranslation in
mutA/mutC mutants), is also highly mutagenic. Balashov
and Humayun (2003) favour the hypothesis that generalized
mistranslation results in (unspecified) alterations in pol III
and consequent hypermutability. Humayun and co-workers
have also probed in greater detail the mutator properties of
mutA/mutC mutants. These mutants display another inter-
esting phenotype: an SOS-independent, mutagenic repair of
lesions created by 3, N4-ethen0cytosine, which forms nonin-
structional, bulky adducts on the phage M13 single stranded
DNA. In wild-type cells this repair process is recA indepen-
dent but needs induction by UV. However, in mutA/mutC
cells it is UV-independent (constitutive) but recA dependent,
as are the mutagenic events (reviewed by Humayun 1998).
In a recent paper, Al Mamun et al. (2006) showed that in
mutA cells mutagenesis of phage T4 genome is enhanced 4—
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10 fold and the proportion of cells which suffer spontaneous
induction of a (defective) prophage is enhanced 7-10 fold.
Since T4 DNA replication is completely independent of the
host’s replication machinery, they proposed that occasional
mistranslation in mutA cells corrupts the replicative poly-
merase rather than the accessory elements, as was proposed
earlier by Slupska et al. (1996, 1998). However corruption
of the € subunit by mistranslation cannot be totally ruled out.
The recA dependence for mutagenesis and prophage induc-
tion in mutA cells suggest that some cells in the population
suffer episodic replication fork collapse and need recombi-
nation functions for recovery (Al Mamun et al. 2006).

Hypermutability of nucleoside diphosphate kinase
(NdKk) mutants

Nucleoside diphosphate kinase is a ubiquitous enzyme
present in many organisms ranging from bacteria to humans
and catalyses the reversible transfer of the y phosphates be-
tween nucleoside diphosphate and triphosphates. In E. coli
there is a single copy of the gene, ndk, encoding this enzyme
(Ndk) while in humans there are multiple copies, designated
as NM23-H1 to NM23-H8 (Lacombe et al. 2000). Ndk is a
key enzyme involved in the synthesis of ANTPs and NTPs
needed for replication and transcription, respectively, as well
as in maintaining a balance of nucleotide triphosphate pool
sizes. In addition to their main role in the biosynthesis of
nucleotide precursors, the E. coli and the human enzymes
have been shown to have several other activities (for refer-
ences, see Goswami et al. 2006). Aspects of DNA precur-
sor metabolism and genomic stability have been reviewed
recently (Mathews 2006).

Lu et al. (1995) reported that insertional disruption of ndk
in E. coli was not lethal indicating that the gene is dispensi-
ble. The Ndk enzymatic activity of two independently iso-
lated ndk insertional mutants was still ~15% of the wild-type
cells suggesting that some other gene(s) could provide some
degree of substitute Ndk activity. Loss of some potential sub-
stitute genes, namely, the ones coding for pyruvate kinases
(pfkA and pfkF) and the gene for succinyl CoA synthetase
(scs) did not abolish the viability of an ndk mutant showing
yet other gene(s) could be involved (Lu ef al. 1995). Sub-
sequently Lu and Inouye (1996) showed that the viability of
an ndk mutant is due to adenylate kinase. The ndk mutants
displayed two important phenotypes: (i) they were moder-
ately hypermutagenic; and (ii) there was an imbalance in the
dNTP pool sizes, the levels of dGTP and dCTP being ele-
vated 7 and 20 fold, respectively (Lu et al. 1995). Another
interesting observation that followed was that the ndk mu-
tants not only supported the development of phage T4, but
that T4 infection corrected the imbalance in dNTP pool sizes
as well as hypermutability (Zhang et al. 1996). Growth of
ndk mutants under anaerobic conditions also mitigated their
characteristic phenotypes (Zhang et al. 1996). These results
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led to the emergence of a strong belief that the mutator phe-
notype of ndk mutants could be due to the imbalance in INTP
pool sizes. Although single mutants in ndk are only moder-
ate hypermutators, double mutants harbouring ndk and either
mutS or mutD mutant alleles are very strong mutators (Miller
et al. 2002; Hong et al. 2005). Transitions (A : T — G : C)
and transversions (A : T — T : A) were elevated more than
1000-fold, as well as frameshifts in repeat runs. It was sug-
gested that Ndk deficiency stimulated replication errors and
editing defects which get exacerbated when the respective
repair processes are also defective (Miller et al. 2002).

A recent report by Nordman and Wright (2008) has
thrown new light on the mutagenic potential of Ndk defi-
ciency. The above authors showed that the human homo-
logue of E. coli ndk, namely, NM23-H2, complemented the
mutator phenotype of an E. coli ndk mutant but neither cor-
rected the dNTP pool imbalance nor restored Ndk enzy-
matic activity. Nordman et al. (2007) had earlier identified
a transposon insertion in ndk that could alleviate the cold
sensitive phenotype (inability to form colonies at 30°C) of
a dnaA(Cos) mutant of E. coli, that is, ndk-dnaA(Cos) dou-
ble mutants could form colonies at 30°C. Cold sensitivity
could be restored by introducing plasmid-borne wild-type
ndk gene. An ndk-dnaA(Cos) mutant which is able to grow at
30°C continued to be so with NM23-H2, indicating that the
latter could not fully complement ndk deficiency (Nordman
and Wright 2008). These observations negated the long held
belief that ANTP pool imbalance and mutator phenotype of
ndk mutants are functionally related. Nordman and Wright
(2008) also made two more important observations: (i) dou-
ble mutants harbouring ndk and dut-1 (dUTP-ase defective)
are extremely strong mutators (> 3000-fold stronger than ndk
single mutants); and (ii) ndk-dut-1-ung (uracil DNA glyco-
sylase defective) triple mutants are also strong mutators but
not as strong as ndk-dut-1 doubles (300-fold as against 3000-
fold). These results have brought into focus the involvement
of dUTP-ase and uracil DNA glycosylase in hypermutagen-
esis caused by Ndk deficiency.

Goswami et al. (2006) had earlier provided strong evi-
dence for molecular and functional interaction between Ndk
and Ung proteins (copurification, co-immuno-precipitation
and stimulation of Ung activity by Ndk etc.). In particu-
lar, they showed that the uracil DNA glycosylase activity
of purified Ndk protein, originally reported by Postel and
Abramczyk (2003), and later questioned by Bennett ez al.
(2004) and Kumar et al. (2004), is not an intrinsic property of
the Ndk protein but a consequence of Ndk—Ung interaction
which, incidentally, lowers the Km of Ung for its substrate
~5-fold. On the basis of their own observations and those
of Goswami et al. (2006), Nordman and Wright (2008) have
proposed that Ndk functions at the interface of uracil exci-
sion repair and thymine biosynthesis, to prevent excessive
accumulation of dUTP in the cell and consequent excessive
incorporation of uracil into DNA. The exacerbation of the
mutator activity of ndk mutants by the dut mutation and the
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partial alleviation of this effect by the ung mutation support
this view. They propose that a-basic sites which result from
excision of misincorporated uracil from DNA could be re-
sponsible for the mutator phenotype of ndk mutants. For a
detailed discussion see Nordman and Wright (2008).

Concluding remarks

The literature on mutators and hypermutability is formidably
voluminous. Due to constraints of space, I had to restrict
the discussions only to the mechanisms of the phenomenon.
Other interesting and significant facets of hypermutability
such as its evolutionary implications, issues relating to fit-
ness, stability, competitiveness, implications in systematics
and above all, the import of hypermutability on medical mi-
crobiological problems, have been left out from discussion.
However, some important references have been cited (see
Introduction). The human counterparts of some bacterial
genes involved in hypermutability (mismatch repair genes,
ndk etc.) have been implicated in diseases such as hereditary
colorectal cancer, ovarian cancer, initiation and progression
of tumours, metastasis etc. and these issues have not been
covered in this review. However, some key references can be
found in Miller (1996), Miller et al. (2002) and David et al.
(2007). In efforts to present a comprehensive coverage, keep-
ing the length as short as possible, some important reports,
even on the topics discussed, might have been left out inad-
vertently as well as unavoidably. Again, due to constraints of
space, only heritable mutators have been discussed. Tansient
hypermutability, which underlies stress-induced mutagene-
sis (adaptive mutagenesis) has not been touched at all, not
because it is less important but it is a topic which deserves
separate reviews by itself. Moreover, stress-induced muta-
genesis has been covered in many excellent reviews recently
(Wright 2004; Roth et al. 2005; Foster 2007; Galhardo et al.
2007; Hastings 2007; Gonsalez et al. 2008).

Acknowledgements

I thank Arul Jayaraman and Sachin Jayaraman for their help in liter-
ature survey and Hussain Munavar and J. Kumaresan for their help
in preparing the manuscript.

References

Al Mamun A. A. 2007 Elevated expression of DNA polymerase 1T
increases spontaneous mutagenesis in Escherichia coli. Mutat.
Res. 625, 29-39.

Al Mamun A. A, Gautam S. and Humayun M. Z. 2006 Hypermuta-
genesis in mutA cells is mediated by mistranslational corruption
of polymerase, and is accompanied by replication fork collapse.
Mol. Microbiol. 62, 1752—1763.

Balashov S. and Humayun M. Z. 2003 Escherichia coli cells bear-
ing a ribosomal ambiguity mutation in rpsD have a mutator phe-
notype that correlates with increased mistranslation. J. Bacteriol.
185, 5015-5018.

388

Bennett S. E., Chen C. and Mosbaugh D. W. 2004 Escherichia coli
nucleoside kinase does not act as a uracil processing DNA repair
nuclease. Proc. Natl. Acad. Sci. USA 101, 6391-6396.

Bessman M. J., Frick D. N. and O’Handley S. F. 1996 The mutT
proteins or “nudix hydrolase”, a family of versatile, widely dis-
tributed “house-keeping” enzymes. J. Biol. Chem. 271, 25059—
25062.

Bjelland S. and Seaberg E. 2003 Mutagenecity, toxicity and repair
of DNA base damage by oxidation. Mutat. Res. 531, 37-80.

Blazquez J. 2003 Hypermutation as a factor cotributing to the acqui-
sition of antimicrobial resistance. Clin. Inf. Dis. 37, 1201-1209.

Branum M. E., Reardon J. T. and Sancar A. 2001 DNA repair exci-
sion nuclease attacks undamaged DNA : a source of spontaneous
mutation. J. Biol. Chem. 276, 25421-25426.

Bridges B. A. 1996 Elevated mutation rate in mutT bacteria dur-
ing starvation: evidence for DNA turnover? J. Bacteriol. 178,
2709-2711.

Brown E. W., LeClerc J. E., Li B., Payne W. L. and Cebula T. A.
2001 Phylogenetic evidence for horizontal transfer of mutS alle-
les among naturally occurring Escherichia coli strains. J. Bacte-
riol. 183, 1631-1644.

Carter J. R., Franden M. A., Aebersold R., Kim R. and Mc Henry
C. S. 1993 Isolation, sequencing and over expression of the gene
encoding the 0 subunit of DNA polymerase III holoenzyme. Nu-
cleic Acids Res. 21, 3261-3286.

Chikova A. K. and Schaaper R. M. 2005 The bacteriophage P1 hot
gene product can substitute for the Escherichia coli DNA poly-
merase III subunit. J. Bacteriol. 187, 5528-5536.

Chikova A. K. and Schaaper R. M. 2006 Mutator and antimutator
effects of the bacteriophage P1 hot gene product. J. Bacteriol.
188, 5831-5838.

Drake J. W. 1993 General antimutators and improbable. J. Mol.
Biol. 229, 8-13.

Drake J. W., Allen E. F,, Forsberg S. A., Prepatra R. M. and Green-
ing E. O. 1969 Genetic control of mutation rates in bacteriophage
T4. Nature 221, 1128-1132.

David S. S., O’Shea V. L. O. and Kundu S. 2007 Base excision re-
pair of oxidative DNA damage. Nature 447, 941-950.

Degnen G. E. and Cox E. C. 1974 Conditional mutator gene in Es-
cherichia coli: isolation, mapping and effector studies. J. Bacte-
riol. 117, 477-487.

Denamur E., Lecointro G., Darlu P., Tenaillon O., Acquaviva C.,
Sayada C. et al. 2000 Evolutionary implications of the frequent
horizontal transfer of mismatch repair genes. Cell 103, 711-721.

Denamur E. and Matic I. 2006 Evolution of mutation rates in bac-
teria. Mol. Microbiol. 60, 820-827.

de Visser J. A. G. M. 2002 The fate of microbial mutators. Micro-
biology 148, 1247-1252.

Di Francesco R., Bhatnagar S. K., Brown A. and Bessman M. J.
1984 The interaction of DNA polymerase III and the product
of the Escherichia coli mutator gene mutD. J. Biol. Chem. 259,
5567-5573.

Echols H., Lu C. and Burgers P. M. J. 1983 Mutator strains of Es-
cherichia coli, mutD and dnaQ, with defective exonucleolytic
editing by DNA polymerase III holoenzyme. Proc. Natl. Acad.
Sci. USA 80, 2189-2192.

Fijalkowska I. J. and Schaaper R. M. 1993 Antimutator mutations in
the alpha subunit of Escherichia coli DNA polymerase III : Iden-
tification of the responsible mutations and alignment with other
DNA polymerases. Genetics 134, 1039-1044.

Fijalkowska I. M. and Schaaper R. M. 1995 Effects of Escherichia
coli dnaE antimutator alleles in a proof-reading defective mutD5
strain. J. Bacteriol. 177, 5979-5986.

Journal of Genetics, Vol. 88, No. 3, December 2009



Hypermutability in E. coli

Fijalkowska I. M. and Schaaper R. M. 1996 Mutants in the exol
motif of Escherichia coli dnaQ: defective proof-reading and in-
viability due to error catastrophe. Proc. Natl. Acad. Sci. USA 93,
2856-2861.

Foster P. L. 2007 Stress induced mutagenesis in bacteria. Crit. Rev.
Biochem. Mol. Biol. 42, 373-397.

Fowler R. G. and Schaaper R. M. 1997 The role of the mutT gene
of Escherichia coli in maintaining replication fidelity. FEMS Mi-
crobiol. Rev. 21, 43-54.

Fowler R. G., White S. J., Kayama C., Moore S. C., Dunn R. L.
and Schaaper R. M. 2003 Interaction among the Escherichia coli
mutT, mutM and mutY damage prevention pathways. DNA Re-
pair 2, 159-173.

Friedberg E. C. 2006 The eureka enzyme: the discovery of DNA
polymerase. Nat. Rev. Mol. Cell Biol. 7, 143-147.

Friedberg E. C., Walker G. C., Siede W., Wood R. D., Schultz R.
A. and Ellenberger E. 2006 DNA repair and mutagenesis, 2nd
edition. ASM Press, Washington DC, USA.

Fuchs R. D., Fujii S. and Wagner J. 2004 Properties and functions
of Escherichia coli Pol IV and Pol V. Adv. Protein Chem. 69,
229-264.

Funchain P., Yeung A., Lee J., Lin R., Slupska M. M. and Miller
J. H. 2000 The consequences of growth of a mutator strain of
Escherichia coli by loss of function among multiple gene targets
and loss of fitness. Genetics 154, 959-970.

Funchain P., Yeung A., Stewart J., Clandenin W. M. and Miller J. H.
2001 Amplification of mutator cells in a population. J. Bacteriol.
183, 3737-3741.

Galhardo R. S., Hastings P. J. and Rosenberg S. M. 2007 Mutation
as a stress response and the regulation of evolvability. Crit. Rev.
Biochem. Mol. Biol. 42, 399-435.

Gawel D., Pham L., Fijalkowska I. M., Jonczyk P. and Schaaper R.
M. 2008 Role of accessory DNA polymerases in DNA replica-
tion in Escherichia coli : analysis of the dnaX36 mutator mutant.
J. Bacteriol. 190, 1730-1742.

Giraud A., Matic I., Tenaillon O., Clara A., Radman M., Fons M.
et al. 2001 Costs and benefits of high mutation rates : adaptive
evolution of bacteria in the mouse gut. Science 291, 2606-2608.

Giraud A., Matic 1., Radman M., Fons M. and Taddie F. 2002 Muta-
tor bacteria as a risk factor in the treatment of infectious diseases.
Antimicrob. Agents Chemother. 46, 863—865.

Gonsalez C., Hadany L., Ponder R. G., Price M., Hastings P.
J. and Rosenberg S. M. 2008 Mutability and importance of a
hypermutable cell sub-population that produces stress-induced
mutations in Escherichia coli. PLoS. Genet. 4, e 1000208.
doil0.1371/journal.pgen.1000208.

Goodman M. F. 2002 Error prone repair DNA polymerases in
prokaryotes and eukaryotes. Annu. Rev. Biochem. 71, 17-50

Gorini L. 1969 The contrasting role of strA and ram gene prod-
ucts in ribosomal functioning. Cold Spring Harbor Symp. Quant.
Biol. 34, 101-111.

Goswami S. C., Yoon J-H., Abramczyk B. M., Pfiefer G. and Pos-
tel E. H. 2006 Molecular and functional interaction between Es-
cherichia coli nucleoside diphosphate kinase and the uracil-DNA
glycosylase. Ung. J. Biol. Chem. 281, 32131-32139.

Grollman A. P. and Moriya M. 1993 Mutagenesis by 8-oxo-guanine
: the enemy within. Trends Genet. 9, 246-249.

Hastings P. J. 2007 Adaptive amplification. Crit. Rev. Biochem. Mol.
Biol. 42, 271-283.

Hall M. C. and Henderson-Begg S. K. 2006 Hypermutable bacte-
ria isolated from humans : a critical analysis. Microbiology 152,
2505-2514.

Henson T. M., Chu H., Irwin C. A. and Walker J. R. 1979 Isolation

Journal of Genetics, Vol. 88, No. 3, December 2009

and characterisation of dnaX and dnaY temperature sensitive mu-
tants of Escherichia coli. Genetics 92, 1041-1059.

Hasegawa K., Yoshiama K. and Maki H. 2008 Spontaneous muta-
genesis associated with nucleotide excision repair in Escherichia
coli. Genes Cells 13, 459-469.

Herman G. E. and Modrich P. 1981 Escherichia coli K-12 clones
that overproduce dam methylase are hypermutable. J. Bacteriol.
145, 644-646.

Horiuchi T., Maki H. and Sekiguchi M. 1978 A new conditonal
lethal mutator (dnaQ49) in Escherichia coli KI12. Mol. Gen.
Genet. 163, 277-291.

Horst J-P., Wu T. and Marinus M. G. 1999 Escherichia coli mutator
genes. Trends Microbiol. 7, 29-36.

Hong S. E., Yueng A., Funchain P., Slupska M. M. and Miller J.
H. 2005 Mutants with temperature sensitive defects in the Es-
chericha coli mismatch repair system. J. Bacteriol. 187, 840—
846.

Hsu G., Ober M., Carell T. and Besso L. S. 2004 Error prone repli-
cation of oxidatively damaged DNA by a high fidelity DNA poly-
merase. Nature 431, 217-221.

Humayun M. Z. 1998 SOS and Mayday: multiple inducible mu-
tagenic pathways in Escherichia coli. Mol. Microbiol. 30, 905—
910.

Imlay J. A. 2003 Pathways of oxidative DNA damages. Annu. Rev.
Microbiol. 57, 395-418.

Iyer R. R., Plucciennik A., Burdett V. and Modrich P. L. 2006 DNA
mismatch repair: functions and mechanisms. Chem. Rev. 106,
302-323.

Jiricny J. 2006 The multifaceted mismatch repair system. Nat. Rev.
Mol. Cell Biol. 7, 335-346.

Kuban W., Banach-Orlowska M., Bialoskorska M., Lipowska A.,
Schaaper R. M., Jonczyk P. et al. 2005 Mutator phenotype re-
sulting from DNA polymerase IV over production in Escherichia
coli: preferential mutagenesis in the lagging strand. J. Bacteriol.
187, 6852-6866.

Kuban W., Banach-Orlowska M., Schaaper R. M., Jonczyk P. and
Fijalkowska 1. J. 2006 Role of DNA polymerase IV in Es-
cherichia coli mutator activity. J. Bacteriol. 188, 7977-7980.

Kumar P., Krishna K., Srinivasan R., Ajit Kumar P. and Varshney U.
2004 Mycobacterium tuberculosis and Escherichia coli nucleo-
side diphospho kinases lack multifunctional activities to process
uracil containing DNA. DNA Repair 3, 1483-1492.

Kunkel T. A. and Erie D. A. 2005 DNA mismatch repair. Annu. Rev.
Biochem. 74, 681-710.

Lacombe M. L., Milon 1., Munier A., Mehus J. G. and Lambeth
D. O. 2000 The human NM23 / nucleotide diphosphokinases. J.
Bioenerg. Biomembr. 32, 247-258.

LeClerc J. E., Payne W. L., Kupchella E. and Cebula T. A.
1996 High mutation frequencies among Escherichia coli and
Salmonella pathogens. Science 274, 1208-1211.

Lobner-Oleson A., Skovgaard O. and Marinus M. G. 2005 Dam
methylation: coordinating cellular processes. Curr. Opin. Micro-
biol. 8, 154-160.

Lu Q., Zhang X., Almaula N., Mathews C. K. and Inoyue M. 1995
The gene for nucleoside diphosphate kinase is a mutator gene in
Escherichia coli. J. Mol. Biol. 254, 337-341.

Lu Q. and Inouye M. 1996 Adenylate kinase complements nucle-
oside kinase deficiency in nucleotide metabolism. Proc. Natl.
Acad. Sci. USA 93, 5720-5725.

Macia M. D., Blanquer D., Togores B., Sauleda J., Perez J. L. and
Oliver A. 2005 Hypermutation is a key factor in development
of multiple antimicrobial resistance in Pseudomonas aerugi-
nosa strains causing chronic lung infections. Antimicrob. Agents
Chemother. 49, 3382-3386.

389



R. Jayaraman

Maki H. 2002 Origin of spontaneous mutations: specificity and di-
rectionality of base substitution, frame shift and sequence substi-
tution mutagenesis. Annu. Rev. Genet. 36, 279-303.

Maki H. and Kornberg A. 1987 Proof reading by DNA polymerase
IIT of Escherichia coli depends upon cooperative interaction of
the polymerase and exonuclease subunits. Proc. Natl. Acad. Sci.
USA 84, 4389-4392.

Maki H., Mo J. Y. and Sekiguchi M. 1991 A strong mutator effect
caused by an aminoacid change in the a subunit of DNA poly-
merase Il of Escherichia coli. J. Biol. Chem. 266, 5055-5061.

Marinus M. G. and Morris N. R. 1974 Biological function of 6-
methyl adenine in the DNA of Escherichia coli. J. Mol. Biol. 85,
309-322.

Mathews C. K. 2006 DNA precursor metabolism and genomic sta-
bility. FASEB J. 20, 1300-1314.

Matic 1. 2008 Biological role of Escherichia coli translesion DNA
polymerase IV. Period. Biol. 110, 213-217.

Matic 1., Radman M., Taddie F., Picard B., Doit C. and Binger
E. 1997 Highly variable mutation rates in commensal and
pathogenic Escherichia coli. Science 277, 1833-1834.

Mc Henry C. S. 2003 Chromosomal replicases as asymmetric
dimers : Studies on subunit arrangements and functional con-
sequences. Mol. Microbiol. 49, 1157-1165.

Michaels M. L., Cruz C. and Miller J. H. 1990 mutA and mutC,
two mutator loci in Escherichia coli that stimulate transversions.
Proc. Natl. Acad. Sci. USA 87, 9211-9215.

Michaels M. L. and Miller J. H. 1992 The GO system prevents
organisms from mutagenic effects of the spontaneous lesion 8-
hydroxy guanine (7,8-dihydro-8-oxo guanine). J. Bacteriol. 174,
6321-6325.

Miller J. 1996 Spontaneous mutators in bacteria : Insights into path-
ways of mutagenesis and repair. Annu. Rev. Microbiol. 50, 625—
643.

Miller J. H., Suthar A., Tai J., Yeung A., Truong C. and Stewart J.
L. 1999 Direct selection of mutators in Escherichia coli. J. Bac-
teriol. 181, 1576-1584.

Miller J. H., Funchain P., Clendenin W., Huang T., Nguyen A.,
Wolft E. et al. 2002 Escherichia coli strains (ndk) lacking nu-
cleoside diphosphate kinase are powerful mutators for base sub-
stitutions and frame shifts in mismatch deficient strains. Genetics
162, 5-13.

Mo J. Y., Maki H. and Sekiguchi M. 1991 Mutational specificity
of the dnaE173 mutator associated with defects in the catalytic
subunit of DNA polymerase III of Escherichia coli. J. Mol. Biol.
222, 925-993.

Muzycka N., Poland R. L. and Bessman M. J. 1972 Studies on the
biochemical basis of spontaneous mutations. I. A comparison of
DNA polymerases of antimutator, mutator and wild type strains
of bacteriophage T4. J. Biol. Chem. 247, 7116-7122.

Nohmi T. 2006 Environmental stress and lesion by pass poly-
merases. Annu. Rev. Microbiol. 60, 231-253.

Nordman A., Skorgaard O. and Wright A. 2007 A novel class of
mutations that affect DNA replication in Escherichia coli. Mol.
Microbiol. 64, 125-138.

Nordman J. and Wright A. 2008 Relationship between NTP pool
levels and mutagenesis in an Escherichia coli NDP-kinase mu-
tant. Proc. Natl. Acad. Sci. USA 105, 10195-10202.

Nowosielska A., Janion C. and Grzesiuk E. 2004 Effect of deletion
of SOS- induced polymerases pol II, pol IV and pol V on spon-
taneous mutagenesis in Escherichia coli mutD5. Environ. Mol.
Mutagen. 43, 226-234.

O’Donnell M. 2006 Replisome architecture and dynamics in Es-
cherichia coli. J. Biol. Chem. 281, 10653-10656.

390

Oliver A. 2005 Hypermutation in natural bacterial population: con-
sequences for medical microbiology. Rev. Med. Microbiol. 16,
1-25.

Oliver A., Canton R., Campo P., Bacquero F. and Blazquez J.
2000 High frequency of hypermutable Psedomonas aeruginosa
in cytic fibrosis lung infection. Science 288, 1251-1254.

Pal C., Macia M. D., Oliver A., Schachar I. and Buckling A. 2007
Co-evolution with viruses drives the evolution of bacterial muta-
tion rates. Nature 450, 1079-1081.

Petit M. A., Dinpft J., Radman M. and Echols H. 1991 Control of
large chromosomal duplications in Escherichia coli by the mis-
match repair system. Genetics 129, 327-332.

Pham P. T., Zhao W. and Schaaper R. M. 2006 Mutator mutants
of Escherichia coli carrying a defect in the DNA polymerase 7
subunit. Mol. Microbiol. 59, 1149-1161.

Postel E. H. and Abramczyk B. M. 2003 Escherichia coli nucleoside
diphosphate kinase is a uracil-processing DNA repair nuclease.
Proc. Natl. Acad. Sci. USA 100, 13247-13252.

Radman M., Matic 1. and Taddie F. 1999 Evolution of evolvability.
Ann. N. Y. Acad. Sci. 847, 146-155.

Rayssiguier C., Thaler D. and Radman M. 1989 The barrier to
recombination between Escherichia coli and Salmonella ty-
phimurium is disrupted in mismatch repair mutants. Nature 342,
396-401.

Roth J. R., Kugelberg E., Reams A. B., Kofoid A. B. and Anders-
son D. I. 2005 Origin of mutation under selection : the adaptive
mutation controversy. Annu. Rev. Microbiol. 60, 477-501.

Schaaper R. M. 1998 Antimutator mutants of bacteriophage T4 and
Escherichia coli. Genetics 148, 1579-1585.

Scheurmann R. and Echols H. 1984 A separate editing exonuclease
for DNA replication : the subunit of Escherichia coli DNA poly-
merase III holoenzyme. Proc. Natl. Acad. Sci. USA 81, 7747-
7751.

Scheurmann R., Tam S., Burgers P. M. J., Lu C. and Echols H. 1983
Identification of the € subunit of DNA polymease III holoenzyme
as the dnaQ gene product : A fidelity subunit of DNA replication.
Proc. Natl. Acad. Sci. USA 80, 7085-7089.

Schlacher K., Pham T., Cox M. M. and Goodman M. F. 2006 Roles
of DNA polymerase V and RecA protein in SOS induced muta-
tion. Chem. Rev. 106, 406-419.

Schofield M. J. and Hsieh P. 2003 Mismatch repair : molecular
mechanisms and biological functions. Annu. Rev. Microbiol. 57,
579-608.

Shibutani S., Takeshita M. and Grollman A. P. 1991 Insertion of
specific bases during DNA synthesis past the oxidation damaged
base 8-0x0-dG. Nature 349, 431-434.

Slupska M. M., Baikolov C., Lloyd R. and Miller J. 1996 Mutator
tRNAs are encoded by the Escherichia coli mutator genes mutA
and mutC : a novel pathway of mutagenesis. Proc. Natl. Acad.
Sci. USA 93, 4380-4385.

Slupska M. M., King A. G., Lu L. L., Lin R. H., Mao E. F,, Lackey
C. A. et al. 1998 Examination of the role of DNA polymerase
proof reading in the mutator effect of miscoding tRNAs. J. Bac-
teriol. 180, 5712-5717.

Sniegowski P. D., Gerrish P. J., Johnson T. and Shaver A. 2000
The evolution of mutation rates: separating causes from conse-
quences. BioEssays 22, 1057-1066.

Speyer J. F. 1965 Mutagenic DNA polymerase. Biochem. Biophys.
Res. Comm. 21, 6-8.

Strauss B. S., Francis R. L. and Pouryadanparast P. 2000 Role of
dinB gene product in spontaneous mutation in Eschericha coli
with an impaired replicative polymerase. J. Bacteriol. 182, 6742—
6750.

Journal of Genetics, Vol. 88, No. 3, December 2009



Hypermutability in E. coli

Studwell-Vaughan P. S. and O’Donnell M. 1993 DNA polymerase
accessory protein ? is encoded by holE. J. Biol. Chem. 268,
1171-1178.

Sundin G. W. and Weigand M. R. 2007 The microbiology of muta-
bility. FEMS Microbiol. Lett. 277, 11-20.

Taddie F., Radman M., Maynard-Smith J., Toupance B., Gouyon
P. H. and Godelle B. 1997 Role of mutator alleles in adaptive
evolution. Nature 387, 700-702.

Taft-Benz S. A. and Schaaper R. M. 1998 Mutational analysis of
the 3’ — 5’ proof reading exonuclease of Escherichia coli DNA
polymerase III. Nucleic Acids Res. 26, 4005—4011.

Taft-Benz S. A. and Schaaper R. M. 2004 The 0 subunit of Es-
cherichia coli DNA polymerase III: a role in stabilizing the e
proof reading subunit. J. Bacteriol. 186, 2774-2780.

Tajiri T., Maki H. and Sekiguchi M. 1995 Functional cooperation of
Mut, MutM and MutY proteins in preventing mutation by spon-
taneous oxidation of guanine nucleotides in Escherichia coli.
Mutat. Res. 336, 257-267.

Vandewiele D., Fernandez-de Honestrosa R. A., Timms A. R.,
Bridges B. A. and Woodgate R. 2002 Sequence analysis and phe-
notypes of five temperature sensitive mutator alleles of dnaF en-
coding modified a subunit of Escherichia coli DNA polymerase
IIT holoenzyme. Mutat. Res. 490, 85-95.

Wright B. E. 2004 Stressdirected adaptive mutations and evolution.
Mol. Microbiol. 52, 643-650.

Yamada M., Nunoshiba T., Shimizu M., Gruz P., Kamiya H., Ha-
rashima H. et al. 2006 Involvement of Y family DNA poly-
merases in mutagenesis caused by oxidized nucleotides in Es-
cherichia coli. J. Bacteriol. 188, 4992-4995.

Yang W. and Woodgate R. 2007 What a difference a decade makes:
insights into translesion DNA synthesis. Proc. Natl. Acad. Sci.
USA 104, 15591-15598.

Zhang X., Lu Q., Inouye M. and Marthews C. K. 1996 Effect of T4
phage infection and anaerobiosis upon nucleotide pools and mu-
tagenesis in Ndk defective Escherichia coli strains. J. Bacteriol.
178, 4115-4121.

Received 29 June 2009, in revised form 3 August 2009; accepted 7 August 2009
Published on the Web: 19 November 2009

Journal of Genetics, Vol. 88, No. 3, December 2009

391




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


