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In Escherichia coli, RpoS, the general stress response sigma factor, regulates the activity of the specialized
DNA polymerase DNA polymerase IV (Pol IV) both in stationary-phase and in exponential-phase cells. Because
during exponential phase dinB, the gene encoding Pol IV, is transcribed independently of RpoS, RpoS must
regulate Pol IV activity in growing cells indirectly via one or more intermediate factors. The results presented
here show that one of these intermediate factors is SbcCD, an SMC-like protein and an ATP-dependent
nuclease. By initiating or participating in double-strand break repair, SbcCD may provide DNA substrates for

Pol IV polymerase activity.

In Escherichia coli and its relatives, DNA damage results in
the induction of about 40 genes as part of the SOS response.
Three of these genes encode specialized DNA polymerases:
DNA polymerase II (Pol II; encoded by the polB gene), DNA
Pol IV (encoded by the dinB gene), and DNA Pol V (encoded
by the umuDC genes) (11, 35). Pol IV and Pol V are members
of the Y family of DNA polymerases that are widely distrib-
uted in all domains of life. Y family polymerases can replicate
damaged DNA, a process called translesion synthesis, but they
replicate undamaged DNA with fidelities that are typically
orders of magnitude lower than those achieved by replicative
DNA polymerases (20, 48).

Pol V’s cellular role is to aid in the bypass of DNA lesions
that block replication, and it is highly proficient at replicating
past a variety of such lesions (reviewed in reference 20). In
contrast, the role of Pol IV is far less clear, since the number
of DNA lesions that it can bypass is limited. Pol IV is partic-
ularly efficient at replicating past certain N*-deoxyguanosine
adducts, including those produced by 4-nitroquiniline-1-oxide
(4-NQO) and nitrofurazone (NFZ); consequently, resistance
to these agents serves as an assay for Pol IV’s lesion bypass
activity (34). Pol 1V is responsible for 50 to 80% of the Lac™
revertants, called adaptive mutations (4), that occur over sev-
eral days when stationary-phase cells of the Lac™ E. coli strain
FC40 are incubated on lactose medium (17, 50). Because of
this strong phenotype, adaptive mutation in FC40 is often used
as an assay for Pol IV’s mutagenic activity (e.g., see reference
23). Several factors existent in stationary-phase cells contribute
to this high rate of Pol IV-dependent adaptive mutation: (i)
transcription of the dinB gene is induced approximately 3-fold
under the control of the stationary-phase sigma factor RpoS
(42, 63), (ii) the Pol IV protein is stabilized by the chaperone
GroEL (43), (iii) Pol IV activity is enhanced by cellular
polyphosphate (65), and (iv) proposed inhibitors of Pol IV
activity, such as UmuD, may be less active or abundant in
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stationary-phase cells (23). This growth phase regulation sug-
gests that Pol IV’s mutagenic activity may serve an important
function during nutrient-limited conditions. In support of this
hypothesis, after long-term culture, strains lacking Pol IV are
poor competitors in mixed cultures with wild-type cells of E.
coli (15, 77).

Pol IV and Pol V also differ in their degree of regulation in
growing cells. As would be expected for an error-prone poly-
merase, the levels and activity of Pol V are tightly regulated to
prevent unwanted mutagenic activity; indeed, in the absence of
DNA damage, there is virtually no Pol V in the cell (53). In
contrast, in normally growing cells there are about 250 mole-
cules of Pol IV (36), a relatively high number compared to the
10 to 20 molecules of the replicase DNA Pol III (76). And yet,
loss of Pol IV has little effect on mutation rates in growing
cells, which means that Pol IV contributes little to growth-
dependent spontaneous mutations that occur on the E. coli
chromosome (40, 64, 75). However, overproduction of Pol IV
increases the spontaneous mutation rates in a dose-dependent
manner. For example, the presence of a copy of the dinB gene
on the F’ episome in addition to the copy on the chromosome
results in 4-fold more Pol IV and a 2- to 3-fold increase in
mutation frequencies (22, 36). The presence of the dinB gene
on a multicopy plasmid results in 10- to 20-fold more Pol IV
(36, 73) and, depending on the mutational target, 5- to 200-fold
increases in mutation frequencies (37, 39, 63, 65, 70, 73, 75).
These observations strongly suggest that the mutagenic activity
of Pol IV normally is tightly regulated in growing cells but that
even a modest increase in abundance allows Pol IV to, at least
partially, escape this regulation.

As mentioned above, independently of its regulation as
part of the SOS response, Pol IV is regulated by RpoS (also
referred to as o°and o>®), the stationary-phase and general
stress response sigma factor (42). RpoS regulates over 100
genes during stationary phase and up to 500 genes in re-
sponse to various other stresses (54, 68, 71). In addition,
RpoS has been found by transcription microarray analysis to
regulate directly or indirectly almost 300 genes in exponen-
tial-phase cells (14a). Recently, we found that RpoS drives
the transcription of dinB in stationary-phase cells but not in
exponential-phase cells; and yet, RpoS still affects Pol IV
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activity in exponential phase (63). In exponentially growing
cells, overexpression of Pol IV from an RpoS-independent
promoter increases the growth-dependent mutation rate 10-
fold, but in cells lacking RpoS, this increase is only 4-fold,
even though the amount of Pol IV is unchanged (63). Ad-
ditionally, 4-NQO is more toxic to an rpoS mutant strain
than to a wild-type strain even when Pol IV is overexpressed
(63). These results indicate that during normal growth,
RpoS affects both the mutagenic and the translesion synthe-
sis activities of Pol IV via an indirect pathway.

The SbcCD complex is a nuclease with ATP-dependent dou-
ble-stranded DNA exonuclease activity and ATP-independent
single-stranded DNA endonuclease activity. SbeD is the nucle-
ase subunit, and SbcC is the ATPase subunit (10). The genes
encoding the two proteins are in an operon, sbcDC, and were
originally identified as cosuppressors with sbcB of the recom-
bination deficiency of recBC mutant strains (45). These results
are commonly interpreted to mean that in the absence of
RecBCD (exonuclease V), the elimination of both SbcB (ex-
onuclease I) and SbcCD allows recombination substrates to be
processed via the RecF recombination pathway (10).

SbcCD has a particular affinity for DNA hairpins and may be
important in removing these replication-blocking structures to
allow replication to be restarted by recombination (9, 295).
SbcC is also a member of the structural maintenance of chro-
mosomes (SMC) family of proteins, with strong structural ho-
mology to the Mrel11/Rad50 complex involved in the repair of
double-strand breaks (DSBs) in eukaryotes. The SbcCD pro-
tein complex may help to maintain chromosome structure dur-
ing DNA repair, particularly during the recombination-depen-
dent repair of DSBs that produces two double-strand ends (12,
25). Thus, SbcCD plays a positive role in both DNA repair and
replication (9, 44).

We decided to investigate the role of SbcCD in Pol IV-
dependent, growth-dependent spontaneous mutation for two
reasons: (i) in nutrient-limited and stationary-phase cells, tran-
scription of the sbeDC operon is under partial control of RpoS
(13), and (ii) recombination plays an important role in the
generation of Pol IV-dependent adaptive mutations in station-
ary-phase cells (4, 16, 30). However, we found, as did others,
that SbcCD plays little, if any, role in Pol IV-dependent adap-
tive mutation (57; our unpublished results). In contrast, the
results presented here show that SbcCD, RpoS, and RecB
function in one genetic pathway that affects Pol IV-dependent
spontaneous mutation in growing cells.

MATERIALS AND METHODS

Bacterial strains and media. All strains used in this study are E. coli K-12
derivatives and are listed in Table 1. Genetic manipulations were performed as
previously described (51). Cultures were grown in Luria-Bertani (LB) liquid
medium (51); agar medium contained 15 g/liter Bacto agar (LB); LB broth top
agar contained 8 g/liter Bacto agar. When required, antibiotics were added at the
following concentrations, in pg/ml: carbenicillin (Cb), 100; kanamycin (Kn), 30;
chloramphenicol (Cm), 10; and tetracycline (Tc), 20.

Plasmid pPFG96 (65) carries dinB cloned under the control of the araBAD
promoter in pPBAD24 (27); in strains carrying this plasmid, the levels of Pol IV
are increased about 20-fold without arabinose induction (73). pPFG96 was trans-
formed into the appropriate strains using the protocol previously described (6),
selecting for Cb'. AsbcC::Kn, AsbcD::Kn, and ArecB::Kn mutant strains were
constructed by P1,,. transduction from the Keio collection of mutant E. coli
strains (2), selecting for Kn". The AsbcDC::Kn double mutant strain was made
using techniques described previously (14); the primer sequences were the same
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TABLE 1. E. coli strains and plasmids used in this study

Strain or

plasmid Relevant phenotype or genotype Reference
E. coli strains
FC36 F~ ara A(lac-proB)xy thi Rif" 4
FC40 FC36/F" ®(lacl33-lacZ) Pro™* 4
FC722 FC40 with a Tc® allele on the episome 16
FC1418 FC40 lexA1 [LexA(Ind )] 42
FC1419 FC40 suAll lexA71::Tn5 42
[LexA(Def)]
MC4100 A(argF-lac)U169 rpsL150 relA1 24
araD139 fIbB5301 deoC1 ptsF25
GJ2770 MC4100 [NkatE::lacZ (Kn)] 56
PFB236 FC36 AdinB::Zeo 73
PFB665 PFB236/F' AdinB::Zeo with Tc® on 73
the episome
PFG266 FC722/pPFG96 65
PFG419 FC722 rpoS::Cm This study
PFG420 PFG419/pPFG96 This study
PFG526 GJ2770/pPFGY6 This study
PFG527 GJ2770/pBAD24 This study
PFGY16 FC722 AsbeD This study
PFG947 FC722 AsbeDC This study
PFGY48 FC722 AsbcC This study
PFG955 PFGY916/pPFG96 This study
PFGY956 PFGY48/pPFG96 This study
PFG957 PFGY47/pPFG96 This study
PFGY88 PFG419 AsbcDC This study
PGF989 PFG419 AsbcC/pPFG96 This study
PFG990 PFG419 AsbcD/pPFGY6 This study
PFG991 PFGY88/pPFG96 This study
PFG1022 FC722 ArecB::Kn This study
PFG1024 FC722 ArecB::Kn AsbcDC This study
PFG1120 PFG1022/pPFG96 This study
PFG1121 FC722 ArecB::Kn AsbcD/pPFG96 This study
PFG1122 PFG1024/pPFG96 This study
PFG1123 FC722 ArecB::Kn AsbcC/pPFG96 This study
PFG1137 FC722 ArecB::Kn rpoS::Cm
PFG1138 PFG1137/pPFG96 This study
PFG1143 FC722 ArecB::Kn rpoS::Cm AsbcDC/ This study
pPFGY6
PFG1146 PFB236 ArecB:Kn/F' AdinB::Zeo with ~ This study
Tc® on the episome
PFG1156 FC722 ArecB::Kn rpoS::Cm AsbecDC This study
Plasmids
pPFGY6 dinB cloned into pBAD24 65
pBAD24 Plasmid with pBR322 origin, araBAD 27

promoter, and araC gene

as the forward primer used to delete sbcD and the reverse primer used to delete
sbcC in the Keio strains (2). The AsbcDC::Kn allele was then transduced into
strains appropriate for this study. When required, the Kn resistance markers
were removed from the genome as described previously (14). In all cases,
ArecB::Kn was the last mutant allele added during strain construction.

Determination of growth rates. Cultures of each strain were grown overnight
to saturation in LB or LB plus Cb and then diluted 1:100 into LB or LB plus Cb
and allowed to grow with shaking at 37°C. The optical density at 600 nm (ODj)
of 100 pl of each culture was measured every 30 min until the cultures reached
stationary phase. Growth rates were determined from the linear portion of the
curve of In(ODy) versus time in hours. Table 2 shows the growth rates calcu-
lated by combining these In(ODy,) values from two to four replicate cultures
and determining the slope of the least-squares line and the standard error (SE)
of the slope using the Excel function “Linest.”

Determination of growth-dependent mutation rates. Growth-dependent mu-
tation rates were determined by fluctuation tests (18, 46). Cultures of each strain
were grown overnight to saturation in LB plus appropriate antibiotics and then
diluted 10°-fold into the same medium. For the experiments whose results are
shown in Fig. 2 and 3 below, 100-pl aliquots were distributed into 45 wells of a



662 STORVIK AND FOSTER

TABLE 2. Growth rates of strains with and without the Pol IV
overexpression plasmid

Growth rate

Strain Relevant genotype® (h 1) SEP
FC722 Wild type 1.61 0.04
PFG266 Wild type/pdinB* ™ 1.64 0.11
PFG419 rpoS::Cm 1.30 0.09
PFG420 1poS::Cm/pdinB** 1.35 0.09
PFGY947 A(sbeDC) 1.65 0.04
PFG957 A(sbeDC)/pdinB* ™ 1.66 0.05
PFG1022  A(recB::Kn) 1.46 0.04
PFG1120  A(recB::Kn)/pdinB*™* 1.62 0.05
PFG988 rpoS::Cm A(sbeDC) 1.57 0.06
PFG991 1poS::Cm A(sbcDC)/pdinB*™* 1.68 0.07
PFG1024  A(recB:Kn) A(sbcDC) 1.36 0.05
PFG1122  A(recB::Kn) A(sbcDC)/pdinB™** 0.92 0.06
PFG1137  A(recB::Kn) rpoS::Cm 1.18 0.07
PFG1138  A(recB::Kn) rpoS::Cm/pdinB*+ 1.03 0.06
PFG1156  A(recB:Kn) rpoS::Cm A(sbcDC) 1.12 0.05
PFG1143  A(recB::Kn) rpoS::Cm A(sbcDC)/ 0.87 0.04

pdinB*™*

“The designation “++” indicates that the gene is present in multiple copies.
® SE, standard error of the slope of the least-squared line of In(ODy,) versus
hours.

96-well microtiter plate and incubated for 48 h at 37°C. Then, either 10 pl was
diluted into 90 pl of saline (results are shown in Fig. 2) or the entire culture
(results are shown in Fig. 3) was plated in LB top agar with Tc on LB agar-
plus-Tc plates. For the remaining experiments, after the saturated cultures were
diluted 10~3-fold, 1-ml aliquots were distributed into 30 to 40 culture tubes and
incubated with shaking for 24 h at 37°C. Then, either 100 pl (results are shown
in Fig. 6, 7A, 8A, and, for the rpoS sbcDC double mutant strain, Fig. 9) or 1 ml
(results are shown in Fig. 7B, 8B, and for the rest of the strains, in Fig. 9) was
plated onto LB agar plus Tc. Only colonies appearing on the LB-plus-Tc plates
after 48 h were counted. The number of cells plated on the LB-plus-Tc plates was
determined by plating appropriate dilutions from nine cultures of each strain on
LB agar. The mean numbers of mutations per culture and their confidence limits
were obtained with the Ma-Sandri-Sarkar (MSS) maximum-likelihood method
(60) implemented with the FALCOR web tool found at http://www.mitochondria
.org/protocols/FALCOR.html (28), corrected, when required, for plating only
1/10th of the culture. These values were divided by twice the total number of cells
per culture to obtain the mutation rates per cell per generation and their con-
fidence limits (18).

Western blots. Western blotting was performed essentially as previously de-
scribed (1). To measure the level of Pol IV protein in exponentially growing cells,
strains were grown with shaking to an OD of ~0.2 in LB plus appropriate
antibiotics. One ml of each culture was centrifuged, and the pelleted cells washed
in 1X M9 salts (51), resuspended in 1X SDS-PAGE sample loading buffer
without bromophenol blue, and boiled for 15 min. The total amounts of protein
in the samples were determined by Bradford assay (Bio-Rad Laboratories). An
aliquot of each sample containing the desired amount of total cell protein (see
the figure legends) was diluted into 1X SDS-PAGE sample loading buffer con-
taining bromophenol blue and loaded onto a 12% SDS polyacrylamide gel.
Proteins were separated by electrophoresis and then electrotransferred to an
Immobilon-P membrane (pore size, 0.45 pm; Millipore Corp.). The membrane
was probed with rabbit anti-Pol IV polyclonal antibody [obtained from H.
Ohmori and clarified using acetone powder made from a AdinB strain as de-
scribed in reference 29] and then with alkaline phosphatase-conjugated goat
anti-rabbit antibody (Promega, Inc.) (results are shown in Fig. 6) or horseradish
peroxidase-conjugated goat anti-rabbit antibody (Pierce-Thermo Scientific) (re-
sults are shown in Fig. 4 and 8). The bands were visualized using Western-Light
chemiluminescent reagent (Applied Biosystems) (results are shown in Fig. 6) or
Pierce ECL Western blotting substrate (Pierce-Thermo Scientific) (results are
shown in Fig. 4 and 8). Band intensities were quantified using ImageJ software
version 1.36b (58).

To detect the levels of RecA protein, cultures were grown with shaking to an
ODy of =~0.3 in LB or in M9-glycerol minimal medium (51). Sample prepara-
tion, electrophoresis, and electrotransfer were as described above. RecA protein
(obtained from New England Biolabs, Inc.) was included as a control. The
membrane was probed with mouse anti-RecA monoclonal antibody (obtained
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from Stressgen Biotechnologies Corp.) and then with alkaline phosphate-conju-
gated rabbit anti-mouse antibody (Promega, Inc.) The bands were visualized
using Western-Light chemiluminescent reagent (Applied Biosystems).

B-Galactosidase assays for katE expression. Strain PFG526, which has a
chromosomal katE::lacZ transcription fusion and carries plasmid pPFG96, and
strain PFG527, the same strain but carrying the control plasmid pBAD24, were
grown to saturation in LB plus antibiotics and then diluted 1:1,000 in the same
medium and incubated with shaking at 37°C. Samples of each strain were taken
at three points during growth, and the B-galactosidase activity was measured as
previously described (51).

Assays for sensitivity to 4-NQO. Cultures of each strain were grown overnight
in LB plus appropriate drugs. Each culture was successively diluted 10-fold from
107" to 107, and 0.01 ml of each dilution was spotted on both an LB plate and
an LB plate supplemented with 10 wM 4-nitroquiniline-1-oxide (4-NQO). Plates
were incubated overnight at 37°C in the dark and then photographed. This assay
is the same as previous published by us (63, 72) and similar to those reported by
others for measuring sensitivity to 4-NQO and NFZ (3, 32, 52, 69). In all these
assays, various dilutions of stationary-phase cells are plated on LB plates con-
taining the agent and the numbers of CFU that subsequently appear are evalu-
ated. In preliminary experiments, we found that cells are not killed by 4-NQO
unless they are growing in its presence and that the plate-spotting procedure
yields more reproducible results than can be obtained by growing the cells in
liquid medium containing 4-NQO. Two 4-NQO concentrations were tested, and
the one that gave the clearest results is presented in Fig. 5 below (although the
results were not different). In addition, the experiment was repeated twice more
to ensure that the results were reproducible.

RESULTS

Design of a strain with which to study Pol IV-dependent,
growth-dependent mutation. To study Pol IV’s mutagenic ac-
tivity in normally growing cells, we use an E. coli strain, FC722,
that maximizes Pol IV’s mutagenic phenotype (16). Pol IV
preferentially makes frameshift mutations (38, 70); thus, the
mutational target in FC722 is a tetA4 allele with a +1 frameshift
mutation that renders the cell sensitive to tetracycline (Tc).
The reverting —1 frameshift mutation restores tetracycline re-
sistance (Tc"). The frameshift is in a run of repeated G - C base
pairs, a mutational target very similar to that in the lacI33-lacZ
allele used for adaptive mutation (16). Pol IV also appears to
preferentially make mutations on the F episome (40, 73), and
so the mutant tet4 allele in FC722 is carried on the F’ episome,
where it reverts at a rate that is 5-fold higher than when it is
carried on the chromosome (66, 73). We have hypothesized
that this high level of mutation on the episome is due to a high
frequency of DSBs, which allow Pol IV to gain access to DNA
termini (73) (discussed further below).

During normal growth, strain FC722 has a mutation rate to
Tc" of 1 to 5 mutations per 10® cells per generation, of which
50 to 70% are dependent on Pol IV (73) (see Fig. 7). This rate
is increased about 10-fold when strains carry pPFG96 (63, 65,
73), a medium-copy-number plasmid with dinB under the con-
trol of the araBAD promoter on pBAD24 (27). Typically, we
do not add arabinose to induce expression of the gene; under
this condition, the levels of Pol IV are increased about 20-fold
relative to the amount in FC722 without the plasmid (73), a
level that is close to the estimated 10-fold increase that occurs
after induction of the SOS response (36). This amount of Pol
IV is only 1/5 of the level that has been reported to be lethal
(67), but it is within the range that was reported to slow DNA
replication (33). However, the presence of pPFG96 had no
effect on the growth rate of most strains carrying it (Table 2).
The exceptions were recB mutant strains carrying one or two
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FIG. 1. Overexpression of Pol IV under the control of the araBAD
promoter does not induce the SOS regulon or the RpoS regulon.
(A) Western blot probed with anti-RecA antibody. The lanes on the
left side show cultures grown to mid-exponential phase in LB, and
the lanes on the right side show cultures grown to mid-exponential
phase in minimal medium. In the LexA(Def) strain, all SOS genes are
constitutively expressed, while in the LexA(Ind ™) strain, all SOS genes
are repressed. Forty micrograms of total cell protein was loaded in
each lane of the polyacrylamide gel, with the exception of the first lane,
in which purified RecA protein was loaded. Wild type/pdinB™* ™, strain
PFG266; rpoS::Cm/pdinB**, strain PFG420; LexA(Ind™), strain
FC1418; LexA(Def), strain FC1419. (B) Results of B-galactosidase
assays showing expression from the RpoS-regulated katE promoter in
wild-type strains carrying the vector control pBAD24 (VC; strain
PFG527, light bars) and pPFG96, with Pol IV overexpressed under the
control of the araBAD promoter (strain PFG526, dark bars). Different
points during growth of the cultures are shown as follows: mid-expo-
nential phase, ODg,, = 0.3; early stationary phase, ODg,, = 1.0;
stationary phase, ODg, = 2.0.

additional mutant alleles; in these strains, the presence of
pPFGY6 reduced growth rates by 13 to 32% (Table 2).

The presence of the dinB-carrying plasmid did not induce
the RecA protein (Fig. 1A), a sensitive assay for induction
of the SOS response (26, 49), or the katE gene (Fig. 1B), an
indicator of the level of RpoS activity (61, 62). In addition,
exponential- and stationary-phase cells of all of the mutant
strains listed in Table 2 were examined microscopically for
filamentation, which also indicates induction of the SOS re-
sponse (74). Almost all of the cultures, including those of the
wild-type strain, contained some cells that were longer than
two cell lengths, but in most cases, these did not exceed 1% of
the total cell number. The exceptions were cultures of the recB
1poS, recB sbcDC, and recB rpoS sbcDC mutant strains, in
which up to 5% of the cells were elongated. A low level of SOS
induction is typical of cells defective in DNA repair functions
(47) and has been previously reported for recB strains defective
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FIG. 2. Pol IV-dependent, growth-dependent mutation is de-
creased in strains lacking SbcC, SbcD, or SbcCD. Mutation rates were
determined from 36-culture fluctuation tests and were calculated by
the MSS maximum-likelihood method; bars show 95% confidence
levels (28, 60). (A) Results for strains carrying pPFG96 with Pol IV
overexpressed under the control of the araBAD promoter. Wild type,
PFG266; AsbcC, PFG956; AsbcD, PFG955; AsbcDC, PFG957. (B) Re-
sults for strains without excess Pol IV. Wild type, FC722; AsbcC,
PFG948; AsbcD, PFG916; AsbcDC, PFGY47.

in additional recombination functions (5). However, in no case
did the presence of the dinB-carrying plasmid significantly ex-
acerbate the extent of filamentation.

Taken together, our results indicate that neither wild-type
nor mutant cells are unduly stressed by the levels of Pol IV
produced by plasmid pPFG96. Thus, strain FC722 carrying this
plasmid allows us to investigate the mechanisms by which Pol
IV produces mutations in growing cells when it is at its fully
induced state without the complications that would result from
simultaneous induction of the entire suite of SOS gene prod-
ucts. In addition, cellular events involving Pol IV that normally
occur at undetectable frequencies may be revealed when Pol
IV is at its maximum levels.

Pol IV-dependent, growth-dependent mutation is decreased
in strains lacking SbcC, SbcD, or SbeCD. SbcCD is encoded
by the sbcDC operon; to analyze the phenotypes of the com-
plex and each subunit separately, we constructed nonpolar
deletions of each gene and a deletion that removed both genes.
As shown in Fig. 2A, deletion of sbcC, sbcD, or both genes
together resulted in a 3- to 4-fold decrease in the growth-
dependent mutation rate when Pol IV was overexpressed from
the araBAD promoter. In strains with wild-type (not overex-
pressed) levels of Pol IV, deletion of sbcC, sbcD, or both genes
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FIG. 3. Loss of SbcCD and loss of RpoS are mutually epistatic for
Pol IV-dependent, growth-dependent mutation. Mutation rates were
determined from 36-culture fluctuation tests and were calculated by
the MSS maximum-likelihood method; bars show 95% confidence
levels (28, 60). All strains carried pPFG96 with Pol IV overexpressed
under the control of the araBAD promoter. rpoS::Cm/pdinB* ™,
PFG420; rpoS::Cm AsbcClpdinB**, PFGY989; rpoS::Cm AsbcD/
pdinB™ ", PFG990; rpoS::Cm AsbeDC/pdinB™**, PFG991.

had no effect (Fig. 2B). These results indicate that SbcCD
specifically enhances Pol IV-dependent, growth-dependent
spontaneous mutation and that strains lacking SbcC, SbeD, or
SbcCD have the same phenotype.

RpoS and SbcCD are in the same pathway affecting Pol
IV-dependent, growth-dependent mutation. In order to deter-
mine if SbcCD and RpoS are involved in the same pathway
that regulates Pol IV-dependent, growth-dependent mutation,
we tested strains lacking both RpoS and SbcCD. With Pol IV
overexpressed from the araBAD promoter, the mutation rate
to Tc" of the strain lacking both RpoS and SbcCD was the same
as that of the strain lacking only RpoS (Fig. 3) and that of the
strain lacking only SbcCD (compare the rate shown in Fig. 2).
That the phenotype of the rpoS sbcDC double mutant strain
was not more severe than that of either single mutant strain
(i.e., loss of RpoS and loss of SbcCD are mutually epistatic)
means that RpoS and SbcCD act in the same pathway affecting
Pol IV mutagenic activity.

Loss of SbcCD does not significantly affect the levels of Pol
IV or resistance to 4-NQO. Western blot analysis revealed only
a slight reduction in Pol IV levels in strains overexpressing Pol
IV but lacking SbcC, SbeD, or SbeCD (Fig. 4). It is unlikely
that this decrease, which is less than 30%, is responsible for the
4-fold reduction in the growth-dependent spontaneous muta-
tion rate seen in these strains (Fig. 2A). Additionally, muta-
tions in sbeDC did not affect survival during 4-NQO exposure
when Pol IV was overexpressed (Fig. 5) or when it was not
(data not shown). In contrast, mutations in RpoS cause a
decrease in survival during 4-NQO exposure whether or not
Pol 1V is overexpressed (Fig. 5) (63). This difference indicates
that the role that RpoS plays in Pol IV-dependent translesion
synthesis is independent of SbcCD and that the regulation of
Pol IV-dependent translesion synthesis and spontaneous mu-
tagenesis are not the same.

RecB and SbcCD are in the same pathway affecting Pol
IV-dependent, growth-dependent mutation. The Western blot
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FIG. 4. Loss of SbcCD does not significantly affect the amount of
Pol IV in strains overexpressing Pol IV from an exogenous promoter.
A Western blot probed with anti-Pol IV antibody is shown. Twenty
micrograms of total cell protein was loaded in each lane of the poly-
acrylamide gel. Bands were quantified using ImageJ software (58), and
the ratios of the intensities are presented. All strains carried pPFG96
with Pol IV overexpressed under the control of the araBAD promoter.
Wild-type/pdinB**, PFG266; AsbcClpdinB*™", PFG956; AsbcD/
pdinB™ ", PFG955; AsbcDC/pdinB* ™, PFG957.

and 4-NQO assay results led us to conclude that SbcCD spe-
cifically affects the ability of Pol IV to produce mutations.
DSBs are an established substrate for Pol IV, and increasing
the frequency of DSBs results in an increase in Pol IV-depen-
dent mutagenesis (31, 55, 59). Because many SMC-like pro-
teins, including SbcCD, have been shown to participate in DSB
repair (12, 25), we hypothesized that SbcCD might affect Pol
IV mutagenic activity via this pathway. We tested this hypoth-
esis by measuring the spontaneous mutation rate to Tc" of
ArecB mutant strains, which lack the RecBCD exonuclease
(exonuclease V) that initiates the major DSB repair pathway in
E. coli. As shown in Fig. 6, the AsbcDC ArecB mutant strain
had the same low mutation rate as the ArecB mutant strain
(i.e., loss of RecB is epistatic to loss of SbcCD), indicating that
SbcCD and RecB function in the same pathway leading to Pol
IV-dependent, growth-dependent mutation. Interestingly,
there was more Pol IV in strains lacking both SbcCD and RecB
than in the strain lacking only RecB (Fig. 6C), but this extra
Pol IV clearly did not result in a higher rate of growth-depen-
dent mutation (Fig. 6A).

Since the mutation rates of the strains missing RecB,
whether or not they were also missing SbcCD, were signifi-
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FIG. 5. Loss of SbcCD does not affect sensitivity to 4-NQO. Spot
tests were performed as described in Materials and Methods; uninfor-
mative lower dilutions are not shown. All strains carried pPFG96 with
Pol IV overexpressed under the control of the araBAD promoter.
Wild-type/pdinB* ", PFG266; AsbcC/pdinB**, PFG956; AsbcD/
pdinB™ ", PFG955; AsbcDC/pdinB* ™", PFG957; rpoS::Cm/pdinB*™,
PFG420.



Vor. 193, 2011

A. 5 40
© 35
2
$ 30
()]
g 25
8 20 :
S 15
2 10
S
T 5
>
E O 2 == 0’
x N X e
o L& Lo ¢
L 3 & ‘
O @ P
L
v
B. §
® 3.5
9]
§’3.0
G 25
820
215 :
g 1.0 i
S L
s
g 0.5
© 0 « O
F o OL
g 6\0 EY
v Q}v Q
0(;
v
C. o 9 &o
* ECY
£ oV oV% Q’véx
Q’&E}& Q,&&(\ Q)(; &(\ Q,G 6\(\

.- - .
Band intensity ratios il 2S00 200 114

FIG. 6. Loss of SbcCD has no effect on Pol IV-dependent, growth-
dependent mutation in a strain lacking RecB. (A) Mutation rates were
determined by 36-culture fluctuation tests and were calculated by the
MSS maximum-likelihood method; bars show 95% confidence levels
(28, 60). (B) The same data as in panel A are shown but plotted on a
different scale. (C) Western blot probed with anti-Pol IV antibody; 10
wg of total cell protein was loaded in each lane of the polyacrylamide
gel. All strains carried pPFG96 with Pol IV overexpressed under the
control of the araBAD promoter. Wild-type/pdinB™ ", PFG266; ArecB/
pdinB**, PFG1120; ArecB AsbcC/pdinB™ ™", PFG1123; ArecB AsbcD/
pdinB™ ", PFG1121; ArecB AsbcDC/pdinB™ ", PFG1122.

cantly lower than those of sbcDC mutant strains (compare Fig.
2A and 6A), it would appear that RecB is involved in both an
SbcCD-dependent and an SbcCD-independent pathway for
Pol IV mutagenesis. The effect of RecB is dependent on Pol IV
but not on overexpression of Pol IV; the results in Fig. 7 show
that loss of RecB reduced growth-dependent mutations in a
strain with wild-type levels of Pol IV but had no effect in a
AdinB mutant strain lacking Pol IV entirely.

RecB and RpoS are in the same pathway affecting Pol IV-
dependent, growth-dependent mutation. The epistatic rela-
tionships between RpoS and SbcCD and between RecB and
SbcCD have one of two explanations: (i) all three of these
proteins function in the same pathway affecting Pol IV-depen-
dent, growth-dependent mutation, or (ii) SbcCD is involved in
two distinct pathways affecting Pol IV-dependent, growth-de-
pendent mutation, one that is RpoS dependent and another
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FIG. 7. The effect of RecB on growth-dependent mutation is de-
pendent upon Pol IV. (A) Mutation rates were determined by 30-
culture fluctuation tests and were calculated by the MSS maximum-
likelihood method; bars show 95% confidence levels (28, 60).
(B) Mutation rates were determined as described for panel A but in a
separate experiment with 10 times more cells plated. Pol IV was not
overexpressed in these strains. Wild type, FC722; ArecB, PFG1022;
AdinB, PFB665; ArecB AdinB, PFG1146.

that is RecB dependent. To determine which of these alterna-
tives is true, we tested the relationship between RpoS and
RecB. As shown in Fig. 8, loss of RpoS did not further reduce
the low mutation rate of a recB mutant strain (i.e., loss of RecB
is epistatic to loss of RpoS), indicating that RecB and RpoS act
in the same pathway affecting Pol IV mutagenic activity. Al-
though the strain lacking both RpoS and RecB had less than
half the amount of Pol IV as a strain lacking only RecB (Fig.
8C), this reduction did not result in a lower rate of Pol IV-
dependent, growth-dependent spontaneous mutation (Fig.
8B). As shown in Fig. 9, the triple mutant strain lacking RecB,
RpoS, and SbcCD did not have an additional reduction in
mutation rate compared to any other strain lacking RecB. This
result provides further confirmation that RecB, RpoS, and
SbcCD act in one pathway leading to Pol IV-dependent,
growth-dependent mutation.

That the mutation rate of any strain missing RecB is signif-
icantly lower than those of strains missing only RpoS, only
SbcCD, or both RpoS and SbcCD (compare the rates in Fig.
2A, 8A, and 9) suggests that RecB has an additional, RpoS-
SbcCD-independent role in Pol IV-dependent, growth-depen-
dent mutation. Taken together, our results suggest that
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FIG. 8. Loss of RpoS has no effect on the Pol IV-dependent,
growth-dependent mutation rate in a strain lacking RecB. (A) Muta-
tion rates were determined by 36-culture fluctuation tests and were
calculated by the MSS maximum-likelihood method; bars show 95%
confidence levels (28, 60). (B) Data from a repeat experiment in which
only the ArecB strain and the mpoS:Cm ArecB strain were tested.
(C) Western blot probed with anti-Pol IV antibody; 20 g of total cell
protein was loaded in each lane of the polyacrylamide gel. All strains
carried pPFG96 with Pol IV overexpressed under the control of the
araBAD promoter. Wild type/pdinB**, PFG266; rpoS::Cm/pdinB*™,
PFG420; ArecB/pdinB™*, PFG1120; ArecB rpoS::Cm/pdinB* ™,
PFG1138.

RecBCD processing of DSBs is required for at least two path-
ways, one that is RpoS-SbcCD dependent and one that is not,
both of which lead to Pol IV-dependent mutations.

DISCUSSION

RpoS is required for the maximum levels of two Pol IV-
dependent mutational processes: (i) adaptive mutation in sta-
tionary-phase cells (42) and (ii) spontaneous mutation in grow-
ing cells when Pol IV is overexpressed (63). Because RpoS is a
transcription factor, an obvious way that it could regulate Pol
IV is by regulating the transcription of the dinB gene encoding
Pol IV. RpoS does indeed drive the transcription of dinB, but
only in stationary-phase cells (63). Thus, RpoS must affect Pol
IV in growing cells indirectly by regulating another gene (or

J. BACTERIOL.

c
S 14
©
o 12
5 [
3 10 ]
8 38
=
)
s 4
©
£ T ]
'I(_) 0 X X x X
= @ @ © °

& & &9

] oY O
RN O NS
\0 o g P
YW O >
Q O ISP
O O S ke

o © o8
o > S O
I\ S

v(@

FIG. 9. Loss of SbcCD, RpoS, or both does not further reduce the
growth-dependent mutation rate of strains lacking RecB. Mutation
rates were determined by 36-culture fluctuation tests and were calcu-
lated by the MSS maximum-likelihood method; bars show 95% confi-
dence levels (28, 60). All strains carried pPFG96 with Pol IV overex-
pressed under the control of the araBAD promoter. rpoS::Cm AsbcDC/
pdinB**, PFG991; ArecB AsbcDClpdinB**, PFG1122; ArecB
rpoS::Cm/pdinB**, PFG1138; ArecB rpoS::Cm AsbcDC/pdinB* ™,
PFG1143.

genes) whose product in turn affects Pol IV activity. We have
determined that SbcCD, which is regulated by RpoS (13), is
likely to be this intermediate factor (Fig. 2A and 3). We and
others have found that SbcCD has little role in adaptive mu-
tation (57; our unpublished results), and so, the RpoS-depen-
dent regulation of Pol IV-dependent mutation in stationary-
phase cells and in growing cells is fundamentally different.

It has recently been suggested that our assay for growth-
dependent spontaneous mutation, reversion of the mutant tetA
allele in strain FC722, also detects some adaptive mutation
events (8). Indeed, we previously found that reversion to Tc" in
FC722 during lactose selection occurred at the same rate and
had the same genetic requirements as adaptive reversion to
Lac™ (16). However, for the experiments presented here, we
counted only the Tc" colonies present 2 days after plating,
when the great majority of the colonies are the result of mu-
tations that occur during growth of the cultures prior to plating
(7, 16). In addition, as mentioned above, adaptive mutation is
not significantly affected by loss of SbcCD (57; our unpublished
results).

The results presented here were obtained in cells that were
overproducing Pol IV at levels comparable to the levels
present in cells induced for the SOS response (36, 73). These
levels are well below those that have been reported to be lethal
(67). In our experiments, Pol IV overexpression had no or only
modest effects on growth rates and did not result in the induc-
tion of major stress responses (Table 2, Fig. 1). In addition,
transcriptional microarray analyses of these strains revealed no
pattern of induction of other stress responses (our unpublished
results). Our results are relevant to the mechanisms by which
Pol IV produces mutations in growing cells when it is at its fully
induced state. In addition, when Pol IV is at its maximum
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levels, cellular events involving Pol IV that normally occur at
undetectable frequencies may be revealed.

Pol IV translesion synthesis, as measured by resistance to
4-NQO, is enhanced by RpoS but independent of SbcCD (Fig.
5) (63). This result leads to two conclusions: (i) there is at least
one other factor regulated by RpoS that plays a role in Pol
IV-dependent translesion synthesis, and (ii) although RpoS
plays a role in each, Pol IV-dependent translesion synthesis
and mutagenesis in growing cells are regulated by different
mechanisms. Our results thus add to previously published re-
sults (23, 69) supporting the hypothesis that Pol IV translesion
synthesis and mutagenesis are mechanistically and genetically
distinct. Indeed, of three phenotypes for Pol IV in vivo, resis-
tance to 4-NQO, stationary-phase or adaptive mutation, and
growth-dependent spontaneous mutation when Pol IV is over-
expressed, all involve RpoS but SbcCD is important only for
the last. Thus, the mechanisms of these three Pol IV-depen-
dent phenomena are, at least in some ways, different.

RpoS, SbcCD, and RecB act in a common pathway that
stimulates Pol IV-dependent, growth-dependent mutation
(Fig. 2, 3, and 6 to 9) (63). Because the phenotype of loss of
RecB is much more severe than the phenotypes of loss of
RpoS, SbcCD, or both, RecB must have an additional RpoS-
and SbcCD-independent role in growth-dependent mutation.
In addition, the large effect of RecB is manifest even in cells
that are not overexpressing Pol IV (Fig. 7), which is not the
case for RpoS (63) or SbcCD (Fig. 2B); the weaker phenotypes
of deleting rpoS or sbcDC are difficult to demonstrate in cells
expressing Pol IV at wild-type levels. Nevertheless, the role of
RecB in growth-dependent mutation appears to be entirely
dependent on Pol IV, and vice versa, as the mutation rate of a
ArecB AdinB double mutant strain was not significantly differ-
ent from that of a AdinB mutant strain or that of a ArecB
mutant strain (Fig. 7).

It is unlikely that SbcCD is involved in the actual regulation
of Pol IV; rather, it probably affects Pol IV’s ability to access
DNA. Because of SbcCD’s known role in DSB repair (12, 25)
and because SbcCD is in a RecB-dependent pathway that
promotes Pol IV-dependent mutations, we hypothesize that
SbcCD participates in the generation or repair of DSBs via a
particular pathway that maximizes Pol IV’s mutagenic activity.

Adaptive reversion of the episomal lacI33-lacZ allele re-
quires both recombination and conjugal functions but not ac-
tual conjugation (4, 19, 21, 30). It has been proposed that a
DSB is created when a replication fork collapses upon reaching
the persistent nick produced by Tral activity at the episome’s
conjugal origin, oriT (41). We have further proposed that when
the replication machinery is reestablished, it initially contains
either DNA polymerase II or DNA polymerase IV instead of
the normal replicative polymerase, DNA polymerase III.
When Pol II is utilized, the synthesis is mostly error free, but
when Pol IV is utilized, it produces the errors that lead to
adaptive mutations (17, 59). We hypothesize that the same
mechanism generates the Pol IV-dependent, growth-depen-
dent mutations observed here, but in contrast to the conditions
that pertain in nongrowing cells, in normally growing cells,
other sources of DSBs can result in Pol IV gaining access to the
replication fork. In support of this hypothesis, a DSB created
near the tetA mutational target enhanced reversion of the
mutant fet4 allele in exponentially growing cells only if the cells
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A. RpoS
i Pol IV-dependent
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L Pol IV-dependent
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FIG. 10. Two models for the roles of SbcCD, RecB, and RpoS in
Pol IV-dependent spontaneous mutation. In both models, RpoS up-
regulates SbcCD and RecBCD initiates DNA DSB repair via homol-
ogous recombination. (A) A DNA DSB occurs, repair is initiated, and
SbcCD acts as an SMC complex, maintaining the proper orientation of
the intermediates for repair. (B) SbcCD acts as a nuclease, producing
a DSB by cleaving a DNA hairpin. In both models, Pol IV initiates
DNA synthesis from recombination intermediates, generating muta-
tions. The arrows indicate a positive interaction either on a physical or
on a genetic level (see Discussion).

were expressing RpoS (55). We suggest that RpoS was re-
quired in these experiments, at least in part, to upregulate
SbcCD.

Two models can explain how RpoS, RecB, and SbcCD act in
the same pathway to stimulate Pol IV-dependent spontaneous
mutation. In both models, RpoS regulates the expression of
SbcCD, but the roles of SbcCD and RecB are different. In the
first model, a spontaneous DNA DSB, RecBCD resects the
double-strand break, initiating homologous recombination.
SbcCD acts as an SMC complex in a fashion similar to the
eukaryotic Mrel11/Rad50 complex, maintaining proper chro-
mosome arrangement for processing and repair (Fig. 10A). In
the second model, SbcCD acts first in the pathway, making a
DSB by cleaving a hairpin in the DNA; RecBCD then resects
the DSB to initiate homologous recombination (Fig. 10B). In
both models, Pol IV initiates DNA synthesis from recombina-
tion intermediates as part of the repair process, generating
mutations. Neither model is excluded by our data, although the
first, in which SbcCD plays a supporting but not an essential
role, appears to better fit the results.
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