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DNA polymerase II (Pol II) is regulated as part of the SOS response to DNA damage in Escherichia coli. We
examined the participation of Pol II in the response to oxidative damage, adaptive mutation, and recombina-
tion. Cells lacking Pol II activity (poIBAI mutants) exhibited 5- to 10-fold-greater sensitivity to mode 1 killing
by H,0, compared with isogenic polB™ cells. Survival decreased by about 15-fold when po/B mutants containing
defective superoxide dismutase genes, sod4 and sodB, were compared with polB™* sodA sodB mutants. Resistance
to peroxide killing was restored following P1 transduction of polB cells to polB™ or by conjugation of polB cells
with an F’ plasmid carrying a copy of polB*. The rate at which Lac* mutations arose in Lac™ cells subjected
to selection for lactose utilization, a phenomenon known as adaptive mutation, was increased threefold in polB
backgrounds and returned to wild-type rates when polB cells were transduced to po/B*. Following multiple
passages of polB cells or prolonged starvation, a progressive loss of sensitivity to killing by peroxide was
observed, suggesting that second-site suppressor mutations may be occurring with relatively high frequencies.
The presence of suppressor mutations may account for the apparent lack of a mutant phenotype in earlier
studies. A well-established polB strain, a din4A Mu d(Ap" lac) fusion (GW1010), exhibited wild-type (Pol II*)
sensitivity to killing by peroxide, consistent with the accumulation of second-site suppressor mutations. A
high-titer anti-Pol II polyclonal antibody was used to screen for the presence of Pol II in other bacteria and in
the yeast Saccharomyces cerevisiae. Cross-reacting material was found in all gram-negative strains tested but
was not detected in gram-positive strains or in S. cerevisiae. Induction of Pol II by nalidixic acid was observed

in E. coli K-12, B, and C, in Shigella flexneri, and in Salmonella typhimurium.

Escherichia coli contains three DNA polymerases, poly-
merase I (Pol I), Pol II, and Pol III (33). Clear biological roles
for Pol I1I and Pol I have been well established on the basis of
studies using dnaE (17) and draQ (14, 51, 52) mutant genes,
corresponding to the polymerase and proofreading exonucle-
ase components of the Pol III holoenzyme complex (43), and
polA mutants, corresponding to the structural gene for DNA
polymerase I (13, 33). Pol III holoenzyme consists of 10
subunits and has an essential role in DNA replication and in
modulating the occurrence of spontaneous mutations (43, 49,
50). Pol I is involved primarily in DNA repair following
exposure of cells to damaging agents such as UV light (33). A
role for Pol II in either replication or repair has not been
unambiguously established, even though this enzyme was
identified more than 23 years ago (31, 34, 35, 45).

Recently, the gene encoding DNA polymerase II has been
cloned (3, 11, 27), and its structural gene was identified as the
SOS damage-inducible dinA4 gene (3, 27). Pol 11 is part of the
SOS regulon, having a LexA repressor operator site present in
the promoter of the gene (3, 27). Earlier, we had shown that
Pol II could bypass a single site-directed abasic lesion in vitro,
and levels of the enzyme in vivo exhibited a sevenfold increase
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in specific activity following induction of SOS by nalidixic acid
(4). There is recent in vivo evidence suggesting that Pol II may
be required for SOS-induced mutagenic bypass of abasic
lesions when the heat shock proteins GroES and GroEL are
present at uninduced levels (56). In this study, we investigated
the involvement of Pol II in oxidative damage survival and
adaptive mutation (6), using a well-characterized Pol II null
mutant.

MATERIALS AND METHODS

Bacterial strains. The strains used in this study are listed in
Table 1.

Media, buffers, and reagents. K medium contains 1% glu-
cose, 1% Casamino Acids (Difco Laboratories, Detroit,
Mich.), 1 pg of thiamine hydrochloride per ml, 1 mM MgSO, -
7H,0, 0.1 mM CaCl,, and M9 salts (44). M9, MacConkey, and
LB liquid media and/or plates were prepared as described
previously (44). M9-glycerol and M9-lactose minimal media
were prepared as described previously (6). Media were sup-
plemented with leucine (0.3 mM), threonine (0.3 mM), and
thiamine (1 pg/ml) if required. Arabinose was added at a
concentration of 1% when indicated; glucose and lactose were
added at described concentrations for the medium used.
Transductional recombination assays for arginine prototrophy
were done with 56/2 minimal medium (62) supplemented with
the required amino acids at 50 pg/ml. Antibiotics were used at
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TABLE 1. E. coli strains used

Strain Relevant genotype or description

Reference or

source

AB1157 F~ N\ thi-1 hisG4 A(gpt-proA)62 argE3 thr-1 leuB6 kdgK51 rfbD1 ara-14 lacY1 galK2 xyl-5 mtl-1 1
tsx-33 supE44 rpsL31 rac

BW6160 zdh-57::Tnl0 derivative of Hfr Broda 8 60
BW6166 zhf-721::Tn10 derivative of Hfr J4 60
C600 F~ N\~ tonA21 thr-1 leuB6 lacY1 supE44 rfbD1 thi-1 D. J. Galas
C600.1 C600/F'101(F’ episome: from leu to wuBA) D. J. Galas
CAG18477 2ij-501::Tnl0 metF159 54
F&40 ara A(lac-pro),;; Rif* thi/F’ lacI33::lacZ pro* 6
GW1000 lacA(U169) recA441(tif-1) sfid11 thr-1 leuB6 his-4 argE3 lacY1 galK2 str-31 30
GW1010 GW1000 din41::Mu d(Ap* lac) 30
HMS83 polAl polBI leu lys thyA lacZ rha 8
JC7623 AB1157 recB21 recC22 sbcB15 sbcC201 22
MC1061 hsdR araD139 A(araABC-leu)7679 galU galK AlacX74 rpsL thi K. McEntee
ME101 C600 polBAI::Q) Sm-Sp This study
MEI101.1 ME101/F'101(polB™*) This study
ME101.2 ME101/F'Lac(lac™) This study
ME101.3 MEI101/F* This study
ME1AB C600 sodA sodB This study
ME2AB MEI1AB polBAI::Q} Sm-Sp This study
ME102 polB* ara* transductant of ME101 This study
PFB60 FCA40 polBA1::(} Sm-Sp This study
QC773 F~ A(lac-arg) mpsL sup™ in(rmnD-rmE) sodBA2 Km* Sm* D. Touati
QC781 F~ A(lac-arg) rpsL sup™ in(rmD-rmE) sodA25 Cm® Sm* D. Touati
RD5042 X7026 N\~ thi-1 relAl A(pro-lac) supE44 recAS56/F'Lac(lac™) R. Deonier
S90C ara A(lac-pro) thi Sm* J. H. Miller
SC301 C600 polBAI::Q) Sm-Sp 12
SC301.1 SC301/F'101(polB™) 12
SH2101 S90C polBAI::Q} Sm-Sp C. Bonner
STL678 F*:mini-Tnl0Tc" sbcB15 endA A(pnc-xth) gal thi thyA S. Lovett
STL1334 ABL1157 polBAI:Cm" Sp” recB21 recC22 sbcB15 sbcC201 This study
STL1336 AB1157 polBA1:Cm" Sp* rec* This study

the following concentrations: chloramphenicol, 20 pg/ml; ka-
namycin, 30 pg/ml; spectinomycin, 50 or 70 pg/ml; streptomy-
cin, 10 pg/ml; and tetracycline, 15 pg/ml. Hydrogen peroxide
was purchased as a 30% aqueous solution from Mallinckrodt,
Inc. (St. Louis, Mo.). Catalase was from Sigma Chemical Co.
(St. Louis, Mo.) and added at a final concentration of 2 pg/ml.

Genetic procedures and treatments. (i) Construction of the
polBAI null mutant strain SH2101. All DNA manipulation,
plasmid transformations, and related techniques were per-
formed as described elsewhere (48). A 4.8-kb PstI-Pvull frag-
ment from the A phage 7H9 (32), shown to contain a portion of
the araD gene and the entire polB gene (3), was cloned into
pT7T3 19U’ (Pharmacia LKB) to generate pSH100 (21). The
pSH100 (Amp*) plasmid was restricted with Bg/II to generate
a deletion that extended from the last 680 bp of the araD gene
and 1,100 bp into polB. Plasmid pHP45() (46) was restricted
with BamHI to isolate the () element (Sm® Sp*), followed by
subsequent ligation into the Bg/ll-cut pSH100 vector. The
resulting plasmid was linearized and transformed into E. coli
JC7623 (recB21 recC22 sbcB15) (22), using calcium chloride.
Cells were plated on streptomycin-spectinomycin medium, and
colonies were checked for ampicillin sensitivity. Southern
hybridization was used to confirm the presence of the construct
in the genome. The mutation was P1 transduced into E. coli
S90C, and colonies selected on spectinomycin medium. Strain
SH2101 obtained in this way is a po/BAI null mutation with
roughly 40% of the N-terminal coding region deleted, includ-
ing the LexA box and polB promoter.

(i) P1 transduction. polBAl, sodB, and sodA derivatives of
strain C600, using P1 grown on strains SH2101, QC773, and
QC781, respectively, were constructed by transduction as

described previously (55), selecting for resistance to the cor-
respondent drug marker in K medium (LB and M9 were also
used). When restoring the polB* genotype, we used selection
in M9 medium supplemented with 1% arabinose. Superoxide
dismutase-negative transductants were screened with superox-
ide dismutase activity gels (2). polB* and polBA1 transductants
were screened by Western blotting (immunoblotting) with a
highly specific polyclonal antibody against DNA Pol IL

A polBA1 derivative of FC40 (6) was constructed by trans-
ducing the parent strain, FC36 (15), with a P1 lysate grown on
SH2101, selecting for resistance to spectinomycin on LB
plates. Most such transductants could not grow in minimal
medium, even when supplemented with proline and leucine.
Several spontaneous mutants able to grow on minimal medium
supplemented with proline were isolated and used for further
experimentation. The F’' episome carrying the lacI33:lacZ
allele was mated into these mutants as described previously
(15). The phenotypes of the majority of these strains were
identical, and results from only one, PFB60, are given in Fig. 5.
polB™ derivatives of PFB6O were constructed by transducing its
parent, PFB59, to ara* with a P1 lysate grown on a strain wild
type for that region (BW367; obtained from B. Weiss). Four
1ndependent transductants were isolated, the F’ episome was
mated in, and the transductants were used for the experiment
shown in Fig. 5. The presence and absence of polB were
confirmed by Western blotting.

(iii) Conjugation. Conjugation by liquid mating was per-
formed as described previously (44). The pedigrees of the
strains are given in Table 1. The presence of F plasmids was
checked by M13 infection and by corresponding markers; F*
(from STL678) was checked by tetracycline resistance, F'101
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(from C600.1) was checked by omitting leucine and threonine
in M9 medium supplemented with 1% arabinose, and F'Lac
(from RD5042) inheritance was scored by plating on lactose-
MacConkey plates.

(iv) H,0, sensitivity. Liquid cultures were grown in K
medium at 37°C. Cells were challenged with H,O, at a density
of 1 X 107 to 4 X 107 CFU/ml in 1 ml of K medium for 15 min
at 37°C with shaking at 150 rpm. The challenge was terminated
either by dilution into M9 salts or addition of catalase. For
survival studies, cells were plated onto K plates (LB and M9
were also tried), and colonies were counted after 24 to 48 h.
For testing of starved cells, 5 ml of K medium culture was
incubated at 37°C for 7 (or more) consecutive days. Before
testing of H,O, sensitivity, a fresh 5-ml K medium culture was
inoculated and grown overnight. The process continued as
described above. When multiple subcultured cells were tested,
cells were subcultured in 5 ml of K medium 21 times in 21 days
(fresh medium every time). Before testing for H,O, sensitivity,
a fresh culture of 5 ml in K medium was inoculated and grown
overnight. The process continued as described above.

(v) Mutagenesis. Spontaneous mutation rates to Lac* with
FC40 derivatives were determined as described previously (6).
For the experiment shown in Fig. 5, 20 independent 1-ml
cultures of FC40, PFB60, and four polB™ derivatives of PFB60
were grown in M9-0.01% glycerol medium, in which the cells
saturated at a density of 2 X 10® cells per ml. Each culture was
plated with a 10-fold excess of scavenger cells (FC29) in 2.5 ml
of top agar onto a M9-lactose plate, and Lac™* colonies were
counted every day. The results from seven cultures, which
contained jackpots, were eliminated. Results with the four
polB™ transductants were identical and have been combined in
Fig. 5.

Measurement of recombination proficiency. Quantitation of
recombination efficiency by conjugation or P1 transduction was
performed as described previously (37) with freshly transduced
polBAI derivatives.

Immunization of mice. Eight-week-old female Swiss Web-
ster mice (Simonson Laboratories, Gilroy, Calif.) were initially
immunized intraperitoneally with 50 pg of DNA Pol II (0.25
ml) emulsified in an equal volume of complete Freund’s
adjuvant (Gibco). They were boosted at monthly intervals with
the immunogen (25 pg) in incomplete Freund’s adjuvant.

ELISAs. Anti-DNA Pol II binding activity was measured by
using serial twofold serum dilutions in an antibody-trapping
enzyme-linked immunosorbent assay (ELISA) (19, 58). Re-
agents were added in 50-pl volumes. Wells were coated with
enzyme (5 pg/ml) in 50 mM carbonate buffer (pH 9.6) and
then blocked with 3% bovine serum albumin in carbonate
buffer. Antisera were diluted in phosphate-buffered saline-3%
bovine serum albumin (pH 7.4). The secondary antibody (13.8
pg/ml) was goat anti-mouse immunoglobulin G (IgG) plus
IgM (M30700; Caltag Laboratories, South San Francisco,
Calif.). The detecting antibody (1:3,000) was an alkaline phos-
phatase-conjugated swine anti-goat IgG (G5008; Caltag Lab-
oratories). The chromagen was p-nitrophenyl phosphate (1
mg/ml; Sigma). Mouse antipolymerase could be detected at a
1:10,000 dilution within 7 days following the second boost.

ECL Western blotting. Various E. coli strains were grown in
500 ml of LB broth with vigorous shaking to an optical density
(Agoo) of 0.6 to 0.8. Nalidixate (40 pg/ml) was added at an
optical density of 0.6, and growth continued for an additional
90 min. Cells were harvested by centrifugation and lysed as
described previously (4). Cell lysates were clarified by centrif-
ugation, and the supernatants were concentrated by Cen-
triprep ultrafiltration (41) before polyacrylamide gel electro-
phoresis (PAGE) (36). For PAGE, the amount of protein
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FIG. 1. DNA Pol II is not present in polB null mutant strains of E.
coli. Cell extracts were prepared as described in Materials and
Methods. Lane 1, 0.2 pg of purified Pol II; lane 2, E. coli C600; lane 3,
E. coli HMS83; lane 4, E. coli MC1061; lane 5, E. coli GW1010; lane
6, E. coli GW1010 containing 0.2 pg of purified Pol II; lane 7, E. coli
SC301 (polBAl); lane 8, E. coli SC301 (polBA1) containing 0.2 ug of
purified Pol II; lane 9, E. coli SC301.1. Approximately 400 pg of total
protein was used from each cell extract. E. coli strains are listed in
Table 1.

extract loaded per gel lane varied from 400 to 800 pg; 0.5 ng
of purified Pol II was run as both size marker and control.
Samples were separated by electrophoresis at constant current
at room temperature. Following electrophoresis, the gel was
blotted (29) overnight at 40 V (Bio-Rad submersible blotting
apparatus) onto a Hybond-ECL nitrocellulose membrane
(Amersham International, Amersham, England). The mem-
brane was blocked for 1 h with 10 ml of TBS-Tween (20 mM
Tris base, 137 mM NaCl, 0.1% Tween 20) containing 5%
powdered milk in a rolling cylinder (57), rinsed in TBS-Tween
(without milk), incubated with mouse anti-Pol II sera (1:
10,000) in TBS-Tween-5% milk for 1 h, rinsed again with
TBS-Tween, and then incubated for 1 h with horseradish
peroxidase-conjugated goat anti-mouse IgG (1:5,000; Caltag
Laboratories) in TBS-Tween—5% milk. Following a final rinse
in TBS-Tween, the membrane was rinsed with a mixture (10 ml
of each) of ECL Western blotting detection reagents 1 and 2
(Amersham). The paper was briefly drained onto paper towels,
wrapped in cellophane, and exposed to Hyperfilm-ECL (Am-
ersham). Exposure times varied from 30 s to 1 h, and several
exposures could be made from one paper.

RESULTS

Absence of intact Pol II in polB null mutants. polB null
mutants were used to examine possible biological roles for
DNA Pol Il in vivo. A null mutant of Pol 11, strain SH2101 (see
Materials and Methods), was constructed by replacement of
the N-terminal half of the polB gene with a DNA fragment, Q)
element, containing two selectable drug resistance markers,
Sm" and Sp’, that are flanked by strong transcriptional and
translational termination sequences (46). To characterize
these null mutants constructed by gene disruption, polyclonal
anti-Pol II antibodies were prepared in a mouse and used for
Western blot analysis. This antibody preparation appears to be
highly specific and reacts with a single band in Western blots
(Fig. 1, lane 2); occasionally, trace bands were observed at
other positions on the gel, and these may represent proteolysis
products (data not shown). The absence of full-length Pol II
was verified in polBAl disruption mutants by Western blot
analysis (Fig. 1, lane 7). However, DNA Pol II was readily
detected in polBAI cells after introduction of the F’ factor
F’101 (38), which carries the gene for Pol II (Fig. 1, lane 9).

Antibody prepared against purified Pol II was used to
examine crude extracts prepared from three other polB mu-
tants. Normal levels of Pol IT were found for strain HMS83
(Fig. 1, lane 3), an E. coli mutant shown previously to be devoid
of DNA Pol II enzyme activity, using either a standard
polymerase incorporation assay (8) or an in situ polyacryl-
amide gel assay (4). Pol II cross-reacting material was absent in
strains MC1061 (Fig. 1, lane 4) and GW1010 (Fig. 1, lane 5).
Strain MC1061 contains a deletion extending beyond the araD
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FIG. 2. Comparison of the survival of polBAl and polB* cells
followmg exposure to hydrogen peroxide. () Symbols: O, strain C600
(polB™); @, strain ME101 (polBAI); V, strain ME102 (polB*). Values
are means of 11 independent transductants of strain ME101 (polBAI)
to polB*. (b) Symbols: O, C600 (polB™); @, strain ME101 (polBAI)
subcultured seven times; V, strain ME101.1 (polBAI) containing F'101
(polB*); V¥, strain ME101.3 (polBAI) containing an F* plasmid. Seven
subcultures were required to isolate strains carrying F eplsomes and
for the hydrogen peroxide sensntmty tests. Exponentlally growing cells
were exposed to H,0, for 15 min as described in Materials and
Methods.
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gene (9) that removes the polB gene, whose promoter is
immediately adjacent at the C terminus of araD (3, 27). Strain
GW1010 contains' a Mu d(Ap‘ lac) element fused approxi-
mately halfway into the Pol II structural gene (3, 30). Purified
Pol 11, added to extracts of a po/BAI strain and GW1010 (Fig.
1; lanes 6 and 8, respectively), was readily detected by antibody
probmg, demonstrating that the absence of a detectable Pol II
band in extracts of the strains was probably not caused by
proteolysis of the enzyme or by other factors that might
interfere with anti-Pol II antibody binding.

Sensitivity of Pol II™ cells to killing by hydrogen peroxide.
E. coli exhibits two modes of killing by hydrogen peroxide:
mode 1 killing occurs at low H,O, concentrations (~1 to 5
mM); mode 2 killing occurs at peroxide concentrations above
10 mM (25). Mode 1 killing requires active metabolism, while
mode 2 killing does not (25). The absence of Pol II in cells
conferred greater sensitivity to peroxide at all concentrations
examined (Fig. 2a). At the peak of mode 1 killing (2 mM
H,0,), polBAI cells were approximately fivefold more sensi-
tive than polB* cells (Fig. 2a). Reintroduction of polB* into
the polB null mutant by P1 transduction restored resistance to
killing to wild-type levels (Fig. 2a). Eleven independent polB*
transductants were analyzed, and all exhibited wild-type levels
of survival at concentrations up to 20 mM H,0, (Fig. 2a), a
result consistent with polB being involved in the repair of
oxidative damage.

Reversal of the peroxide-sensitive phenotype of polBAI cells
was also observed when the F'101 plasmid carrying the polB*
gene was introduced by conjugation into a polBAI background,
strain ME101.1 (Fig. 2b). F* plasmid alone had no significant
effect on survival of polBAI cells (strain ME101.3). Partial
restoration of peroxide resistance resulted from introduction
of F'Lac into the polBAI mutant, strain ME101.2 (data not
shown), but this F'Lac plasmid carries an uncharacterized
catalase gene, katC (1), which may also act to reduce peroxide
damage, thus increasing the fraction of surviving cells in the
absence of Pol II.

Increased sensltivity to peroxide killing in polB mutants
lacking superoxide dismutase. The sensitivities of polBAI and
polB™ cells to peroxide were compared in the absence of
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FIG. 3. Comparison of the survival of superoxide dismutase mu-
tants carrying normal and mutant polB alleles following exposure to
hydrogen peroxide. Symbols: O, sod4 sodB (polB*) strain ME1AB; @,
sodA sodB (polBAI) strain ME2AB. Exponentially growing cells were
exposed to H,0, for 15 min as described in Materials and Methods.

superoxide dismutase by transducing sodA sodB polB™ cells to
polBAl. The strains were constructed first by transduction of
sodA into C600, then transduction of sodB, and finally trans-
duction of polBA1 into the sodA sodB double mutant. We also
constructed the triple mutant by first transducing sodB into
C600, then transducing sodA, and finally transducing polBA1.

The two constructs gave similar results. Introduction of the
polBAl mutation in a Sod™ background increased mode 1
killing by 15-fold (Fig. 3), indicating that H;O,-induced lesions
may be repaired by Pol II. This result further supports a role
for Pol II in response to oxidative damage (24).

Restoration of the wild-type phenotype following starvation
or multiple passaging of polB cells. We encountered difficulties
while attempting to establish a polB phenotype because the
sensitivity of Pol II™ cells to various DNA-damaging agents
decreased over time. For example, we observed that the null
Pol II mutant, strain SC301, which was initially sensitive to
killing by peroxide, was later indistinguishable from wild-type
strain C600 (data not shown). It therefore seemed possible that
the polB phenotype was relatively unstable because of the
accumulation of extragenic suppressor mutations. Pol II null
mutants, ME101 (C600-derived) strains freshly constructed by
P1 transduction, were found to have decreased viability in the
presence of peroxide (Fig. 2). Freshly prepared ME101 cells
were starved for extended periods or passaged for approxi-
mately 21 days in K medium, and the cultures were tested for
sensitivity to H,0,. Using either protocol; starvation or sub-
culturing, we found that the Pol II™ cultures were significantly
less sensitive to peroxide killing compared with freshly pre-
pared (i.e., recently transduced) mutants of Pol II (Fig. 4).
Furthei characterization of the putative extragenic suppressors
is in progress. We examined strain GW1010 [a dind Mu d(Ap*
lac) fusion], which lacked Pol II as judged from Western blot
analysis (Fig. 1, lane 5), for its sensitivity to H,0, and found
that it did not dﬂfer significantly from the wﬂd-type (poiB*).In
the light of the results mentioned above concerning second-site
suppressors of the Pol II deletion mutant, it seems plausible
that the absence of an oxidative damage-sensitive phenotype
for strain GW1010 may also be caused by the presence of one
or more suppressor mutations that have accumulated in this
strain.

Pol II null mutants behave as mutators in adaptive muta-
tion. FC40 was used to investigate the effect of the loss of polB
on spontaneous mutation. The lac allele carried by FC40
reverts to Lac* during exponential growth at about 10~° per
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FIG. 4. Effect of starvation and passaging of E. coli strains carrying
a null mutation of polB on survival following exposure to hydrogen
peroxide. Symbols: O, strain C600 (polB™); @, strain ME101 (polBAI);
V, strain ME101 (polBAI) passaged for 21 days; V¥, strain ME101
(polBA1) starved. Experimental conditions are described in Materials
and Methods.
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cell per generation; in addition, with continued incubation on
minimal lactose plates, Lac* revertants continue to arise for
several days after plating. Because these postplating mutants
do not appear if lactose is absent, the phenomenon is referred
to as adaptive mutation (6, 15). As shown in Fig. 5, the absence
of polB had little effect on mutations arising during nonselec-
tive growth (which appear as mutants on day 2) but increased
the postplating mutation rate of FC40 by about threefold.
When the cells were transduced back to polB*, the mutation
rates returned to wild-type levels (Fig. 5). Adaptive mutations
in FC40 are dependent on the major recombination pathway,
RecABC, but are independent of the SOS mutagenesis pro-
teins UmuD’ and UmuC (6, 20). Likewise, the mutator effect
in static cells of the polBAI was lost if the cells were rec4 but
unaffected if the cells were umuC (data not shown).

Effects of polB on genetic recombination. The polBA1 allele
was introduced into two genetic backgrounds, rec* (strain
STL1336) and recBC sbcBC (strain STL1334). The latter
genetic background was used to reveal potential defects in a
secondary recombination pathway, the RecF pathway (40).
Efficiency of recombination was measured by inheritance of
genetic markers after conjugation with an Hfr strain or after P1
transduction. Strains carrying the polBAl mutation exhibited
no reduction in recombinational efficiency, determined by the
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FIG. 5. Reversion of E. coli FC40 to Lac* in the presence or
absence of polB. Symbols: O, FC40 (wild type [wt]); O, polBAI strain;
A, transductant carrying the polB™ allele. Error bars correspond to 1
standard error of the mean.
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number of selected recombinants relative to the polB* control
strain, in either the rec™ or recBC sbcBC genetic background
(Table 2). The polBAI mutation did not significantly alter the
coinheritance of a second unselected linked marker in the P1
cross in either genetic background (data not shown). There-
fore, by these assays, the po/BAI mutation did not appreciably
alter the efficiency or nature of homologous genetic recombi-
nation.

A survey of Pol II diversity and induction during SOS.
Several bacterial and microbial eukaryotes were assayed for
the presence of Pol II, using both Western and Southern
hybridization (Table 3). Pol II was found to be present in E.
coli K-12, C and B, and increased levels of Pol II were observed
following treatment with nalidixic acid to induce the SOS
response. A Pol II-like protein was present in Salmonella
typhimurium, and its levels increased following treatment with
nalidixic acid (data not shown).

DISCUSSION

DNA Pol II was identified initially in mutants of E. coli
deficient in Pol I activity (31). Subsequently it was shown that
a third DNA polymerase, Pol III, was required for replication
of the bacterial genome, while Pol I was involved in DNA
repair (for a review, see reference 33). However, the role of Pol
IT as a possible participant in either replication or repair
remained undefined. Recently Pol II was cloned and se-
quenced (3, 10, 27) and found to contain five conserved
sequence motifs characteristic of group B (a-like) poly-
merases, including mammalian cellular DNA polymerase a,
eukaryotic viral polymerases, and bacteriophage T4 poly-
merase (3). In common with Pol I, Pol II has polymerase and
proofreading exonuclease activities present on a single
polypeptide chain. However, unlike Pol I, Pol II has no
detectable 5'-to-3' exonuclease activity.

A striking property of Pol II is that its specific activity is
increased by sevenfold when cells are exposed to UV light or to
nalidixic acid (4). We and others have shown that expression of
the polB (dinA) gene is regulated by the LexA repressor as part
of the SOS operon (3, 27). A null mutant of Pol II, designated
strain SH2101 (polBAI) (see Materials and Methods), was
constructed with the N-terminal half of the polB gene replaced
by a DNA fragment, {2-element (46), containing transcrip-
tional and translational termination signals and drug selectable
markers (Sm" and Sp). In this study, we used strains carrying
this null mutation to investigate possible roles for Pol II in the
repair of oxidative damage and in adaptive mutation. The
absence of native Pol II in polBAl strains was verified by
Western blot analysis showing no detectable Pol II in crude
soluble cell extracts (Fig. 1, lane 7).

There are two cellular survival modes to oxidative damage
caused by exposure to hydrogen peroxide (25). Mode 1 killing
occurs in a range from about 1 to 10 mM peroxide, wherein
wild-type cells show a loss in viability at low peroxide levels
(~1 to 5 mM H,0,) followed by a recovery phase at higher
peroxide levels (~5 to 10 mM). Mode 2 killing occurs at
peroxide concentrations above 10 mM and is characterized by
a dose-dependent (monotonic) decrease in cell viability. It has
been reported that hydrogen peroxide induces the SOS re-
sponse (18, 26, 59), but peroxide-induced mutagenesis may not
require the action of umuC (18, 26).

The absence of Pol II appears to result in a peroxide-
sensitive phenotype because polBAl appeared to be at least
fivefold less viable than polB* during mode 1 killing (Fig. 2a).
The sensitivity to peroxide in the absence of Pol II is similar to
the effect of recF or recN mutations on cell survival (26), which
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TABLE 2. Relative recombination proficiencies of polB derivatives
Relative recombination frequency®
Recipient Genotype x Hfr BW6166 X Hfr BW6160 X P1 CAG18477
(chf-721:Tnl0) (2dh-57:Tnl10) @-501:Tnl0) @gE")
STL1336 rec* polBA1 11 11 19 1.0
STL1334 recBC sbcBC polBA1 0.92 0.93 0.90 0.99

“ Frequency of recombination in parallel Hfr or P1 crosses relative to control strain AB1157 for STL1336 or JC7623 for STL1334. Hfr crosses were performed for
1 h with a 10:1 recipient-to-donor cell ratio. Recombination frequencies (the number of Tc* Sm" progeny per donor cell) for AB1157 and JC7623 were 9.2 X 10~* and
2.4 X 10™*, respectively, for donor BW6166 and were 9.2 X 1072 and 1.0 X 10™, respectively, for donor BW6160. P1 transductions were performed by infection at

a multiplicity of infection of =0.1 with P1 4grown on CAG18477. Cells were washed and plated with selection for Tc* or Arg™*. Inheritance frequencies per PFU for
for

2ij-50::Tn10 were 3.2 X 105 and 2.3 X 10~

is moderate compared with peroxide sensitivity in the absence
- of Pol I, RecA, or exonuclease III (xthA4) (25). The enhanced
sensitivity to peroxide was reversed in 11 independent polB™*
transductants (Fig. 2a), suggesting that polB rather than an-
other closely linked gene is responsible for the increase in
survival. Longer exposures to peroxide led to increased killing
of polBA1 and polB™ cells, but the reduction in survival in a
polBAI genetic background remained 5- to 10-fold lower than
in the wild-type background (data not shown). Both polBAl
and polB™ cells exhibited increased sensitivity to peroxide in
the absence of superoxide dismutases SodA and SodB (Fig.
2b). In a Sod™ background, the relative difference between
polBAI and polB* is approximately 15-fold. Thus, the absence
of Pol II appeared to cause slight enhancement, at most
threefold, in H,O, killing in a sodA4 sodB background.
polBAI cells that either were starved or had undergone
extensive passaging in liquid culture showed reduced sensitivity
to peroxide-induced killing (Fig. 4). This loss of damage-
sensitive phenotype appears to have a genetic rather than
physiological basis, although physiological protective effects of
starvation to stress have been documented (42), including
protection against exposure to hydrogen peroxide (26) and
heat shock (28). We found in Western blot analysis that Pol II
was absent in strain GW1010, a Mu d(Ap* lac) gene fusion
(Fig. 1, lane 5). However, strain GW1010 and wild-type cells
exhibited similar survival at all peroxide concentrations (data
not shown). We suggest, therefore, that strain GW1010 has
acquired extragenic suppressors that compensate for the ab-
sence of Pol II. We tested more than 20 freshly prepared
polBAI transductants, strains ME101, for sensitivity to perox-
ide during mode 1 killing and found that the transductants
were typically 5- to 10-fold less viable than the wild type.
However, the transductants became more resistant to exposure
to peroxide following periods of starvation or long-term pas-
saging (Fig. 4). These data showing a loss of peroxide-sensitive
phenotype following starvation or passaging of the freshly
prepared polBAl mutants are consistent with the notion that
there are compensatory mutations that effectively mask phe-
notypes conferred by the absence of Pol II. The possible
appearance of suppressor mutations could be affecting sensi-
tivity to peroxide but perhaps not the effect of the absence of
polB on the increase in adaptive mutations.

Pol II may play an important role in the fidelity of DNA
replication and repair. We found that polBAl cells exhibit
moderate mutator phenotypes during forward mutagenesis to
trimethoprim resistance (thyA) and for reversion of a leuB6
point mutation (data not shown). Although it is possible that
polBAI also modestly increases the spontaneous reversion of
the lacI33::lacZ allele during exponential growth, loss of polB
resulted in a highly reproducible increase in the rate of
postplating reversion to Lac* (Fig. 5). This finding suggests

r AB1157 and JC7623, respectively;

for argE™, they were 8.4 X 10~ and 7.4 X 10 for AB1157 and JC7623, respectively.
pectivi

that Pol II is active in these static cells and that in its absence,
a less accurate polymerase substitutes for it. The lac allele
derives from an in-frame fusion of the lacl and lacZ genes but
has a +1 frameshift mutation in the lacI region that is polar on
lacZ (7). Although a variety of different mutations, including
deletions and duplications, revert this allele during exponential
growth, the mutations recovered during lactose selection are
nearly all —1-bp deletions, and 90% are at runs of iterated
bases (16, 47). Preliminary data indicate that in the polBAl
strain, the spectrum of the late arising mutations may be still
predominantly —1-bp deletions. We also have preliminary data
indicating that the presence of a mutated polB gene causing a
significant reduction in 3’-exonuclease proofreading activity
increases the postplating mutation rate of the po/BAl strain.
These results suggest that Pol II may be involved in the
production of the mutations that arise in static cells.

It was shown in vitro that subunits of the Pol III holoenzyme
complex can stimulate Pol II activity (4, 23, 61). We have
shown that Pol II interacts with the B and y complex subunits
of the Pol III holoenzyme to perform highly processive DNA
synthesis (5). These in vitro data suggest that Pol II may also
share subunits with Pol III in vivo. Although the current
mutagenesis data cannot be used to precisely define a cellular
role for Pol II, the observation that absence of Pol II confers a

TABLE 3. DNA Pol II homologs in bacterial and yeast species

Hybridization
Organism Strain® _—
Southern  Western
Bacteria
Gram negative
Escherichia coli K-12 C600
E. coli B
E. coli C
Haemophilus influenzae ATCC 35056
Klebsiella pneumoniae ATCC 13883
Neisseria flava ATCC 14221
Proteus mirabilis
Pseudomonas aeruginosa

Salmonella typhimurium ATCC 14028

Ilél é%++§é+é+++

Serratia marcescens ATCC 8100
Shigella flexneri ATCC 12022
Gram positive
Bacillus subtilis ATCC 21332 -
Micrococcus cryophilus -
Staphylococcus aureus ATCC 25923 -
Yeast (Saccharomyces M12B -
cerevisiae)

4 All strains were obtained from the Department of Biological Sciences,
University of Southern California strain collection.
? ND, not determined.
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mutator phenotype in adaptive mutation is circumstantial
evidence that Pol II may be involved in DNA repair synthesis
and possibly replication.

Experiments from our laboratory (3) and from Shinagawa
and coworkers (53) demonstrated that expression of Pol II is
controlled by the SOS regulon, and we found that purified Pol
II can bypass abasic lesions in vitro (4). A recent experiment by
Tessman and Kennedy provides evidence that Pol II may be
required for bypass of abasic lesions in the absence of heat
shock induction (56). The importance of understanding the
function of DNA Pol II is not confined to E. coli. Using
Southern hybridization (with the entire polB gene as a probe)
and Western blotting (with an anti-Pol II polyclonal antibody),
we have identified Pol I homologs in several close relatives of
E. coli K-12, including Shigella and Salmonella spp., and the
more distantly related gram-negative bacterium Pseudomonas
aeruginosa (Table 3). An increase in the levels of Pol II were
observed in E. coli strains and S. typhimurium in response to
SOS induction using nalidixic acid. The Southern and Western
analyses were complementary; for each strain examined, both
showed either the presence or absence of polB and its homolog
(Table 3).

Two other gram-negative strains, Neisseria flava and Hae-
mophilus influenzae, did not hybridize to the polB DNA probe,
indicating their more distant relationships to E. coli suggested
by 16S rRNA sequence data (63). None of the gram-positive
strains nor the Saccharomyces strain showed any reaction with
the polB probe, but this does not mean that Pol II homologs
are absent from these species. Three DNA polymerases were
found in Bacillus subtilis and contain properties roughly anal-
ogous to those of the three E. coli polymerases (39).

The data presented in this report and the results of others
(56) suggest that Pol II may provide the cell with redundant
but biologically important functions for repair of DNA damage
and for control of spontaneous and damage-induced mutagen-
esis. Our data may also suggest that the longstanding absence
of a discernible phenotype associated with a deficiency in Pol I
might be traced to the presence of suppressor mutations that
were effective in masking potential polB phenotypes. The
polBAI mutant described in this report can be conveniently
transduced into a variety of genetic backgrounds. Thus, it
should now be feasible to undertake a systematic investigation
of the possible involvement of E. coli DNA Pol II during DNA
replication and repair.
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