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The induction of mutations to valine resistance and to rifampin resistance occurs after UV irradiation in
bacteria carrying a deletion through the poUl gene (ApoIA), showing that DNA polymerase I (Poll) is not an

essential enzyme for this process. The Poll deletion strain showed a 7- to 10-fold-higher spontaneous mutation
frequency than the wild type. The presence in the deletion strain of the 5' -* 3' exonuclease fragment on an F'

episome caused an additional 10-fold increase in spontaneous mutation frequency, resulting in mutation
frequencies on the order of 50- to 100-fold greater than wild type. The mutator effect associated with the 5' -*

3' exonuclease gene fragment together with much of the effect attributable to the polA deletion was blocked in
bacteria carrying a umuC mutation. The mutator activity therefore appears to reflect constitutive SOS
induction. Excision-proficient poU4 deletion strains exhibited increased sensitivity to the lethal effect ofUV light
which was only partially ameliorated by the presence ofpoLAU on an F' episome. The UV-induced mutation rate
to rifampin resistance was marginally lower in ApolA bacteria than in bacteria carrying the polA+ allele. This
effect is unlikely to be caused by the existence of a Poll-dependent mutagenic pathway and is probably an
indirect effect caused by an alteration in the pattern of excision repair, since it did not occur in excision-deficient
(uvrA) bacteria. An excision-deficient polA deletion strain possessed UV sensitivity similar to that of an isogenic
strain carrying polA+ on an F' episome, showing that none of the functions of Poll are needed for
postreplication repair in the absence of excision repair. Our data provide no evidence for a pathway of UV
mutagenesis dependent on Poll, although it remains an open question whether Poll is able to participate when
it is present.

DNA polymerase I (Poll) is believed to be involved in both
normal DNA replication and DNA repair, but its role, if any,
in targeted SOS mutagenesis in Escherichia coli has not been
resolved. In the earliest studies (10, 27), the induction of
point mutations by UV light was similar in wild-type strains
and those carrying polA amber alleles (res-1 and polA1),
although the polA strains were considerably more sensitive
to killing by UV than wild-type E. coli. Subsequently,
Witkin and George (26) found that at low intensities of UV
light, polAl bacteria were considerably more UV mutable
than polA+ bacteria, a result which they attributed to
induction of the SOS system at lower UV doses in the polA
strain. Elevated induction of deletion mutations has also
been reported for polA bacteria (8).
None of these earlier studies suggested a requirement for

Poll in UV mutagenesis. However, Lackey et al. (12, 13)
have reported a smaller form of Poll that may appear in
response to SOS induction. To investigate whether Poll
plays an essential role in UV mutagenesis, it is necessary to
study the process in bacteria that carry a deletion of the polA
gene, because polA point mutants may still contain measur-
able levels of Poll (15). A strain of E. coli containing a
deletion of the gene coding for Poll together with additional
strains carrying F' episomes containing wild-type Poll, Kle-
now fragment (Poll lacking the 5' -> 3' exonuclease activity),

and the fragment containing just the 5' -* 3' exonuclease

activity were constructed by Joyce and Grindley (9). We

* Corresponding author.

used these strains to investigate how the absence of Poll
affects UV-induced mutagenesis.

MATERIALS AND METHODS

Bacterial strains. The strains used are shown in Table 1.
Experimental procedures. For experiments involving UV

sensitivity and rifampin resistance mutagenesis determina-
tions (first series), overnight cultures grown in L broth were

diluted 50-fold and grown to a density of 2 x 108 bacteria per
ml in a shaking incubator. Cultures were centrifuged and
suspended in phage buffer (la) for irradiation at room temper-
ature. Samples were diluted and plated on L agar immedi-
ately after irradiation. The remainder of each sample was

centrifuged, suspended in L broth, and grown overnight.
The following morning, each culture was plated to count
viable cells on L agar and to count mutants on L agar plates
containing rifampin (100 ,ug/ml). In a second series of deter-
minations of UV mutability, overnight cultures in L broth
containing kanamycin (40 p.g/ml) or ampicillin (100 pLg/ml) or
both, as appropriate, were concentrated 10-fold by centrifu-
gation and suspended in minimal medium 63 (17). A portion
was plated on rifampin (100 ,ug/ml) plates to determine the
preexisting mutation frequency. The remainder was diluted
200-fold in minimal medium and irradiated with shaking at
room temperature. After each dose of UV, 1-ml portions
were added to 4 ml of L broth and grown overnight in the
dark. The cultures were diluted or concentrated as appro-
priate and plated on L agar with and without rifampin (100
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TABLE 1. Strains of bacteria

Strain Relevant markers' Reference or source

CM4722 poIA+ Joyce and Grindley (9)
CJ261 ApolA Kmr derivative of CM4722 Joyce and Grindley (9)
CJ278 ApolA Kmr derivative of CJ261 able to grow on rich medium Joyce and Grindley (9)
CJ225 ApolA Kmr(pCJ100) (F' polA+ Cmr) derivative of CJ261 Joyce and Grindley (9)
CJ229 ApolA Kmr(pCJ1O2) (F' 5'-*3' Exo Cmr) derivative of CJ261 Joyce and Grindley (9)
CJ233 ApolA Kmr(pCJ1O3) (F' Klenow Cmr) derivative of CJ261 Joyce and Grindley (9)
CJ278 umuC umuC::Mu d (Ap lac) transduced from GW1103 (Graham Walker) into CJ278, selecting C. Rayssiguier

for resistance to ampicillin and kanamycin
CM1224 uvrA derivative of CJ278 by P1 transduction from B34T.UVs with tetracycline selection C. Kelly and B. A. Bridges
CM1223 uvrA derivative of CJ225 by P1 transduction from B34T.UVs by tetracycline selection C. Kelly and B. A. Bridges
B34T.UVs uvrA linked to zjb-J::TnJO derivative of AB1157 E. Tessman
CM1225 F' 5'-*3' Exo Cmr derivative of CJ278 umuC H. Bates

a Exo, Exonuclease III fragment.

,ug/ml). Incubation temperatures were 37°C throughout, ex-
cept for strain CJ278 umuC, which was grown at 30°C.
Viable cells were counted after 24 h, and mutants were
counted after 48 h.
For determination of spontaneous mutation rates, 10 tubes

each containing 5 ml of Davis minimal medium (supple-
mented with 5 ,ug of thiamine per liter) were grown overnight
at 37°C in a shaking incubator and plated for viability counts
on Davis minimal plates (supplemented as above) and for
mutant counts on the same medium supplemented with
valine (40 jig/ml). Viable cells were counted after 24 h and
mutants were counted after 48 h at 37°C.
UV-induced mutagenesis to valine resistance was mea-

sured similarly except that the bacteria were exposed to UV
before inoculation of the 10 overnight cultures.
UV irradiation. UV light of predominantly 254-nm wave-

length was used at an incidence fluence of 0.5 or 1 J/m2 per
s.
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FIG. 1. Survival following UV irradiation of CM4722 (wild type,

0), CJ278 (ApolA, *), CJ225 (ApolA F' polA+, 0), CJ229 (ApolA F'
5'-* 3' exonuclease, A), and CJ233 (ApolA F' Klenow, A). Values

are means of three experiments.

RESULTS

Survival curves for five strains of E. coli irradiated with
UV light are shown in Fig. 1. E. coli CJ278 carrying a polA
deletion (ApolA) was significantly more sensitive to the
lethal effect of UV than the wild-type parent. The presence
of a wild-type polA gene on an F' episome reduced the
sensitivity conferred by the deletion but did not eliminate it.
The presence of F' episomes carrying either the Klenow or
the 5' -* 3' exonuclease gene fragment did not result in any
increase in UV resistance compared with CJ278 (ApolA).
The data in Fig. 1 are for cells grown in rich medium. For
cells grown in minimal medium, a similar pattern was shown
by CJ261 (ApoIA), the wild-type strain, and the deletion
strain carrying an F' with the 5' -* 3' exonuclease gene
fragment, except that all the strains were somewhat more
sensitive to inactivation by UV light (data not shown).
For the induction of mutations to valine resistance or to

rifampin resistance following exposure to UV, induced fre-
quencies were observed in the ApolA strains comparable to
those in the polA+ strain and in the ApolA strains carrying
the various F primes (Table 2). The results show that the
presence of Poll is not required for UV mutagenesis. It may
be noted that the larger standard errors for the induced
mutation frequencies in CJ229 (/polA F' 5' -* 3' exonucle-
ase) reflect the greater difficulty in accurately determining
induced mutation frequencies in a strain with a high sponta-
neous mutation frequency. The ApolA strain CJ278 umuC
showed no increase in the frequency of rifampin-resistant
mutations after exposure to UV light even though it was
highly sensitive to the lethal effect of UV. As in polA+
strains, therefore, UV mutagenesis in /polA bacteria is
umuC dependent.
The data in Table 2 show that the induced frequencies of

rifampin-resistant mutants in ApolA bacteria were actually
marginally lower than in bacteria carrying the polA+ allele,
whether chromosomally or on an F'. This was also observed
at several other doses and appeared to be more marked at
higher doses, at which survival of the ApolA strain was
extremely low (data not shown). While such an effect might
be construed as being consistent with a small Poll-dependent
component of UV mutagenesis, a more likely explanation is
that the disturbance of excision repair associated with the
absence of Poll indirectly affects the probability of a lesion's
being processed by umuC-dependent error-prone repair.
Such an interpretation is supported by the fact that there was
no deficit in UV mutagenesis associated with the polA
deletion in excision-defective bacteria (Fig. 2).

In the absence of UV light, the Poll deletion mutants
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TABLE 2. UV-induced and spontaneous mutagenesis for wild-type E. coli and strains deleted for DNA Poll

Mean mutation frequency (1 SEM) Survival
_____________________________________ UV dose aftervaForward mutations Strain (Jim2) after

Spontaneous UV-induced dsdose

Vals-*Valr a CM4722 2.3 x 10-8 (1.0) 3.3 x 10-6 (0.57) 20 30
CJ261 (ApoIA) 3.4 x 10-7 (2.5) 7.9 x 10-6 (4.9) 20 0.1
CJ229 (ApolA F' 5'-*3' EXO)b 5.0 x 10-6 (1.9) 9.7 x 10-6 (6.7) 20 2

RifS->Rifr
Second seriesC CM4722 7.3 x 10-8 (4.6) 1.8 x 10-5 (0.3) 40 17

CJ278 (ApoIA) 8.6 x 10-7 (5.1) 5.9 x 10-6e 25 0.23
CJ278 umuC 3.3 x 10-7 (1.9) Not detectable 25 0.3

First series' CM4722 4.2 x 10-8 (1.8) 2.3 x 10-6 (0.5) 20 50
CJ278 (ApoIA) 1.1 X 10-7 (0.4) 1.3 x 10-6 (0.3) 20 7
CJ229 (ApolA F' 5'-*3' Exo) 3.4 x 10-6 (0.4) 4.8 x 10-6 (2.0) 20 4
CJ233 (ApolA F' Klenow) 2.6 x 10-8 (1.7) 1.8 x 10-6 (0.8) 20 11
CJ225 (ApolA F' polA+) 3.5 x 10-" (1.5) 3.0 x 10-6 (0.8) 20 28
CJ278 umuC 6.7 x 10-8 (2.0) Not tested
CM1225 (ApolA umuC F' 5'-s3' Exo) 8.7 x 10-8 (3.8) Not tested

a Means of 10 determinations.
b Exo, Exonuclease III fragment.
' Means of at least six determinations (see Materials and Methods).
d Means of at least three determinations.
e One determination only.

CJ261 and CJ278 had moderate mutator phenotypes. Their
spontaneous mutation frequencies were 7- to 10-fold greater
than wild-type rates in both mutagenesis assays (Table 2).
The Poll deletion strain CJ229, containing the 5' 3'
Poll-associated exonuclease on the F' episome, had a pow-
erful spontaneous mutator activity, with roughly 50- to
100-fold-higher mutation rates than the wild type. The mu-
tator activity associated with the 5' 3' exonuclease
activity was not apparent, however, in the absence of the
umuC gene product (strain CM1225, Table 2).
Although the data in Table 2 are not formal determinations

of mutation rate, they do accurately reflect the relative rates
of spontaneous mutation in the cultures used in the UV
irradiation experiments. We verified this point in an experi-
ment shown in Table 3, in which we determined the sponta-
neous rates for mutation to valine resistance. The inocula for
the cultures were very small (less than 10 bacteria per tube),
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FIG. 2. Survival and induction of rifampin-resistant mutations

following UV irradiation of excision-defective strains CM1223
(ApolA F' polA+, 0) and CM1224 (iXpolA, 0). Values are means of
three experiments.

and the mutation rate (tx) could therefore be calculated by
the method of Lea and Coulson (14). The exceptionally high
mutator activity in the deletion strain with the 5' -> 3'
exonuclease fragment on the F' is clearly evident, as is the
10-fold increase in the deletion strain itself, consistent with
the data in Table 2.

DISCUSSION

The primary objective of these experiments was to deter-
mine whether SOS-induced targeted mutagenesis can occur
in the absence ofDNA Poll. It is clear from the data in Table
2 and Fig. 2 that significant UV-induced mutagenesis occurs
in strains of E. coli containing no Poll. Previous data also
showing SOS mutagenesis in polA mutants left open the
possibility that small amounts of Poll might still be present in
the point mutants (15) to carry out mutagenesis. Utilization
of strains lacking the enzyme eliminates this possibility.
The marginal deficit in UV mutability to rifampin resis-

tance of the /polA excision-proficient strain is probably a
consequence of interference in the pattern of excision repair,
since it was not observed in an excision-defective back-
ground. Neither was any UV sensitivity conferred in a uvrA
background by the polA deletion, compared with a similar
strain with polA+ on an F' episome. A similar lack of effect
has been noted previously with the polAl mutation (19). The
present result shows that no function of Poll is required for
postreplication repair in the absence of excision repair,
consistent with biochemical evidence showing that DNA
polymerase III can replace Poll in daughter strand gap filling
(23).
Three of the strains studied here have high spontaneous

mutation frequencies. The two Poll deletion strains have a
moderate mutator phenotype, characterized by a 7- to 10-
fold increase in spontaneous mutation frequency. The dele-
tion strain carrying the 5' -> 3' exonuclease fragment is a
stronger mutator, having about a 50-fold-higher spontaneous
mutation frequency than the wild type. This exonuclease is
thought to be responsible for removal of RNA primers on
Okazaki fragments (see Kornberg [111), and one may spec-
ulate that when it is present in excess, or when the polymer-
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TABLE 3. Spontaneous mutation to valine resistance

Strain Initial inoculum Tube no No. of No. of Mutation
Strain (bacteria/ml) mutants/ml bacteria/ml frequency

CM4722 40 1 19 1.2 x 109 1.6 x 10-8 4.36 x 10-9
2 19 1.0 x 109 1.9X 10-8
3 74 1.7 x 109 4.4 x 10-8
4 16 1.4 x 109 1.1 x 10-8
5 72 3.0 x 109 2.4 x 10-8
6 22 9.2 x 108 2.4 x 10-8
7 34 1.4 x 109 2.4 x 10-8
8 40 1.5 x 109 2.7 x 10-8
9 24 1.7 x 109 1.4 x 10-8

CJ261 (ApolA) 180 1 321 5.7 X 108 5.6 X 10-7 4.48 X 10-8
2 164 5.9 x 108 2.8 x 10-7
3 119 8.9 x 108 1.3 x 10-7
4 543 8.1 X108 6.7 x 10-7
5 231 6.8 x 108 3.4 x 10-7
6 736 1.1 x 109 6.7 x 10-7
7 60 9.3 x 108 6.4 x 10-8
8 56 8.3 x 108 6.7 x 10-8
9 78 7.8x108 1.0xlO-7
10 744 1.3 x 109 5.7 x 10-7

CJ229 (ApolA F' 5'-*3' EXO)b 725 1 7,400 1.4 X 109 5.3 X 10-6 2.25 X 10-6
2 5,200 9.9 X 108 5.2 x 10-6
3 5,800 1.3 x 109 4.5 x 10-6
4 5,500 1.2 x 109 4.6 x 10-6
5 13,000 1.5 x 109 8.7 x 10-6
6 2,900 1.3 x 109 2.2 x 10-6
7 4,200 1.2 x 109 3.5 x 10-6
8 5,500 7.4 x 108 7.4 x 10-
9 6,200 1.4 x 109 4.4 x 10-6

a The mutatioh rate per generation (a) was based on the median mutation frequency and calculated by the method of Lea and Coulson (14).
b Exo, Exonuclease III fragment.

ase function is absent, large DNA gaps may be present
downstream from the replication fork. If the newly synthe-
sized DNA becomes methylated before the gaps are filled,
then the methylation-directed mismatch correction system
might be unable to operate efficiently, so that errors intro-
duced during gap filling by DNA polymerase II or III might
persist. The principal cause of the mutator activity, how-
ever, appears to be the expression of constitutive SOS
activity, presumably arising from the postulated large single-
stranded regions of DNA. Spontaneous SOS mutagenesis in
bacteria is known to depend on UmuC protein (7) and is
believed to reflect error-prone "repair" of cryptic lesions,
such as abasic sites (18, 22). The mutator activity associated
with the 5' -- 3' exonuclease function was completely
blocked by a Mu d lac fusion in umuC, as was much of the
mutator activity associated with the polA deletion, the latter
result being entirely consistent with the original suggestion
of Witkin and George (26). It is interesting that the mutator
activity of the F' 5' -- 3' exonuclease fragment is not

apparent in the presence of the wild-type polA+ allele (Bates
and Bridges, unpublished data).
There remain a number of fundamental genetic and bio-

chemical questions directly relevant to SOS-induced muta-
genesis which need to be resolved. umnuC and umuD gene

products appear to be directly involved in SOS-induced
mutagenesis, but their precise roles in the formation and
fixation of errors are not known (for reviews, see references
21 and 25). The role of RecA protein in abetting cleavage of
LexA repressor and UmuD protein is well documented (see
reviews cited above plus references 6, 20, and 24). It is not
known, however, what other role RecA protein might play in

its interaction with DNA or the polymerase replication
complex. It has been suggested that it might stimulate lesion
bypass by inhibiting polymerase proofreading activity (4,
16), but there is other evidence arguing against this hypoth-
esis (2).

Finally, it is not completely clear to what degree each of
the polymerases in E. coli might be involved in nucleotide
incorporation opposite a noncoding template lesion and
subsequent bypass. There are data suggesting the involve-
ment of polymerase III in SOS-induced mutagenesis (3, 5).
Recent data of Bonner et al. (1) show that polymerase III is
induced approximately twofold by the SOS system, while
the activity of polymerase II is increased sevenfold. The
observation that these two polymerases are under coitrol of
the LexA repressor suggests roles for the two enzymes, but
the biochemical nature of their roles during insertion and
bypass of a lesion remains an entirely open question. While
the data in this paper can be used to demonstrate that Poll is
not required for UV mutagenesis, we cannot rule out the
possibility that it participates in the process when it is
present.
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