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Abstract
Escherichia coli has three DNA damage-inducible DNA polymerases: DNA polymerase II (Pol
II), DNA polymerase IV (Pol IV), and DNA polymerase V (Pol V). While the in vivo function of
Pol V is well understood, the precise roles of Pol IV and Pol II in DNA replication and repair are
not as clear. Study of these polymerases has largely focused on their participation in the recovery
of failed replication forks, translesion DNA synthesis, and origin-independent DNA replication.
However, their roles in other repair and recombination pathways in E. coli have not been
extensively examined. This study investigated how E. coli’s inducible DNA polymerases and
various DNA repair and recombination function together to convey resistance to 4-
nitroquinoline-1-oxide (NQO), a DNA damaging agent that produces replication blocking DNA
base adducts. The data suggest that full resistance to this compound depends upon an intricate
interplay among the activities of the inducible DNA polymerases and recombination. The data also
suggest new relationships between the different pathways that process recombination
intermediates.

1. Introduction
Cells are constantly exposed to DNA damaging agents from both endogenous and
exogenous sources. Various chemicals that mimic naturally occurring genotoxic agents are
used to study cellular responses to DNA damage under controlled conditions. One example
is 4-nitroquinoline-1-oxide (NQO), a mutagen and carcinogen that, in both mammals and
bacteria, is only reactive after metabolic activation [1,2]. Activated NQO reacts with DNA
in vivo to form several different lesions, including adducts at the C8 and N2 positions of
guanine and the N6 position of adenine [3,4]. 50 to 80% of the lesions produced by NQO are
quinoline adducts to the N2 position of guanine (N2-dG adducts) [5]. N2-dG adducts similar
to those caused by NQO block DNA replication by E. coli DNA polymerase I (Pol I) in vitro
[6], and NQO treatment stalls replication forks in avian cells in vivo [7]. In addition to
persistent N2-dG adducts, NQO also produces unstable 8-hydroxyguanine lesions [8] that
may lead to DNA double-strand breaks (DSBs) [4]. NQO exposure may also cause DSBs
when replication forks encounter single strand nicks or gaps formed during repair of NQO-
induced lesions.
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In E. coli and other organisms the major pathway for repair of NQO-induced DNA lesions is
nucleotide excision repair (NER) [9–12]. During NER, the single-strand of DNA
immediately surrounding the lesion is excised and the resulting gap is filled in, usually by
Pol I [13,14]. If Pol I is absent, DNA repair synthesis still occurs after UV irradiation and is
attributed to the activities of DNA polymerases II and III (Pol II, Pol III) [15]; however, the
contributions made by E. coli’s other DNA polymerases in repair synthesis have not been
thoroughly examined. Because of the UV mimetic properties of NQO, other genes required
for UV resistance, especially those involved in homologous recombination, are also likely
required for NQO resistance [16–19].

In addition to DNA repair activities, cells also possess a mechanism to tolerate DNA
damage, called translesion DNA synthesis (TLS), which allows damaged DNA to continue
to be replicated until it is repaired. E. coli has three DNA polymerases capable of TLS, DNA
polymerase II (Pol II), DNA polymerase IV (Pol IV), and DNA polymerase V (Pol V) [20].
Each of these polymerases has a specific repertoire of lesions that its active site can
accommodate during TLS. Because NQO is a popular tool to study the roles of specialized
DNA polymerases, (for examples, see [6,21]), it is important to fully understand the
relationships among the other pathways involved in NQO resistance and the activities of
these polymerases. In the study presented here, we used semi-quantitative assays to analyze
the requirements for E. coli’s damage-induced TLS DNA polymerases, Pol II, Pol IV, and
Pol V, for NQO resistance. We also examined the functional relationships between
homologous recombination, NER and these specialized DNA polymerases in conferring
NQO resistance. Our data support the hypothesis that Pol IV acts prior to NER, probably in
TLS; however, our results also suggest a recombination-dependent function for Pol IV. In
addition, our data reveal some new relationships between different pathways for
recombination.

2. Materials and Methods
2.1 Bacterial strains and plasmids

The bacterial strains used in this study are E. coli K-12 derivatives and are described in
Table 1. Genetic manipulations used standard techniques as described [22]. Antibiotics were
used at the following concentrations: chloramphenicol (Cm), 10μg/ml; tetracycline (Tc),
20μg/ml; kanamycin (Kn), 30μg/ml. Standard P1vir transduction was used for strain
construction; the donor and recipient strains are provided in Table 1. All episomes are
derivatives of F’128, carrying the proAB+ genes; episomes were mated into Pro− recipient
strains by selecting for Pro+ transconjugants. The order of genetic manipulations was
transduction and then mating. Additional details of some constructions are provided with
Table 1.

2.2 NQO sensitivity assays
The stock solution of 4-nitroquinoline-1-oxide (NQO) (Sigma N8141) was 10mM in N,N-
dimethylformamide (DMF) (Sigma-Aldrich 227056). NQO in DMF is stable at −20º for at
least one month. Because NQO is light and water sensitive, plates were made immediately
as needed and kept in the dark. Sensitivity to NQO was measured as follows: cultures of
each strain to be tested were grown overnight in LB broth [22] at 37º with aeration. These
cultures were then diluted to 10−6 by serial 10-fold dilutions in 0.85% NaCl. 10μL aliquots
of each dilution were spotted on an LB agar plate and on an identical plate containing the
indicated concentration of NQO. Plates were incubated at 37º in the dark and photographed
after 18 to 36 hours, depending on the growth rate of the cells. We typically tried several
NQO concentrations and chose the one that gave the clearest results (although in no case
were the results different). To confirm the reproducibility of the results, each experiment
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was repeated at least two additional times with independently-grown cultures of each strain.
Plates shown are representative examples of the results.

The assay we used is similar to those reported previously for NQO and nitrofurazone
[21,23,24] in which various dilutions of stationary-phase cells are plated on LB plates
containing the agent and the number of colony-forming units that subsequently appear are
evaluated. In preliminary experiments we found that cells were insensitive to killing by
NQO unless they were grown in its presence. We also found that the plate-spotting
procedure yielded more reproducible results than growing the cells in liquid medium
containing NQO. Some of the strains used grew poorly on minimal medium, so rich medium
was used throughout to avoid spurious viability problems. When the NQO sensitivities of
some representative strains were testing on minimal medium the results did not differ.

2.3 Analysis of cellular DNA content by flow cytometry
Cultures were grown overnight in LB broth at 37º, diluted 1000-fold in fresh LB broth, and
grown to an optical density (OD600) of 0.3 for the wild-type strain and 0.1 for the recA
mutant strain. Since both cultures were in exponential growth, this difference in OD600
should not impact the results. The cultures were divided in half; one half served as a control
and the other half was exposed either to 10μM NQO or to 40J/m2 of UV light. To stop
transcription and thus replication initiation, and to block cell division, 250μg/mL of
rifampicin (Sigma, R-3501) and 10μg/mL of cephalexin (Sigma, C4895) were added to the
cells. The cells were incubated for three hours to allow the completion of any ongoing DNA
replication, which is unaffected by rifampicin and cephalexin [25,26]. Cells were fixed by
adding 0.5mL of the cultures to 4.5mL of 78% ice-cold ethanol to yield a final concentration
of 70% ethanol. Each sample was centrifuged, the pellet rinsed twice with 10mL of 1X
phosphate buffered saline (PBS), and stored at 4º C until analysis. Cells were stained with
propidium iodide in a solution of 0.2mg/mL RNase (Sigma, R4875), 0.01% Triton X-100
(Thermo Fisher Scientific, Inc., Waltham, MA), and 3μM propidium iodide (Sigma, P4864)
in 1X PBS [27,28] and Christiane Hassel (personal communication).

DNA content was analyzed with a FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA). Approximately 50,000 cells were analyzed at between 300 and 900 cells per second.
The FL2-Width (FL2-W) was used to measure cell size and FL2-Area (FL2-A) was used to
measure total propidium iodide fluorescence (DNA content). Data analysis was performed
using CellQuant Software (BD Biosciences, San Jose, CA).

3. Results
3.1 Moderate NQO exposure does not cause extensive genomic DNA degradation

Exposure of a recA mutant strain of E. coli to UV irradiation results in rapid chromosome
degradation and death, a phenotype known as “rec-less death” [29,30]. We used flow
cytometric analysis of propidium iodide stained cells (see Section 2.3) to determine if the
concentrations of NQO used in our assays would cause chromosome degradation in
recombination-proficient cells. As shown Figure 1, exposure of a recombination proficient
strain, P90C (the parent strain of FC36 and FC40) to 40J/m2 of UV irradiation resulted in a
marked increase in the number of cells with fluorescence intensities at values below the
normal peaks at 200 and 400 (arbitrary units), indicating that, as expected, chromosomal
DNA was degraded. Treatment of the same strain with 10μM NQO had a similar but much
milder effect. In contrast, treatment of recA mutant cells with the same doses of UV and
NQO caused more significant alterations in the fluorescence profiles, indicating that in the
absence of RecA, both treatments induced extensive DNA degradation (Figure 1B). Since
the rifampicin treatment used to inhibit replication initiation in these flow-cytometric
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experiments prevents the induction of the SOS response, the level of DNA degradation
sustained by DNA repair-competent cells during the experiments described below would be
even less than that indicated in Figure 1. Thus, the degree of damage-dependent DNA
degradation occurring upon exposure to the standard NQO concentration used in our assays
was mild.

3.2 SOS-regulated genes contribute to NQO resistance
As shown in Figure 2A, at 10 μM NQO a recA mutant strain is at least five orders of
magnitude more sensitive to NQO than a wild-type strain. This result suggests that SOS
induction and/or recombination are required for NQO resistance, probably to prevent DNA
degradation (Figure 1) and cell death (the requirements for recombination are tested below).
The SOS-regulated genes dinB and umuC are known to contribute to NQO resistance [6];
however, other SOS-regulated genes may also be involved. To test this hypothesis, we
measured the NQO sensitivity of a strain carrying the lexA1 allele that prevents SOS
induction. As shown in Figure 2A, at 10 μM NQO a lexA1 mutant strain was two orders of
magnitude more sensitive to10 μM NQO NQO than a strain deleted for dinB, indicating that
some SOS-regulated gene or genes in addition to dinB+ are involved in NQO resistance.
Interestingly, a lexA1 ΔdinB double mutant strain was about an order of magnitude more
sensitive to 10 μM NQO NQO than the lexA1 mutant strain, indicating that even when the
dinB+ gene is repressed, the cellular level of Pol IV is sufficient to convey some NQO
resistance. These results also suggest, but do not prove, that Pol IV may participate in a
pathway for NQO resistance that does not involve other SOS-regulated genes, which will be
further explored below.

3.3 Pol IV acts in NER-dependent and NER-independent pathways
If Pol IV and NER act in the same pathway to confer NQO resistance, then loss of Pol IV
and loss of NER should be epistatic. As shown in Figure 2A, a strain deleted for dinB was
about two orders of magnitude more sensitive to 10 μM NQO NQO than a wild-type strain;
a strain with a null mutant allele of uvrA, which encodes an essential component of the NER
pathway, was more than five orders of magnitude more sensitive to 10 μM NQO NQO than
a wild-type strain; and, a uvrA ΔdinB double mutant strain was less than one order of
magnitude more sensitive to 10 μM NQO NQO than the uvrA single mutant strain. This last
result was confirmed by exposing the same strains to half the concentration of NQO (5μM)
(Figure 2B). Because loss of Pol IV reduces NQO resistance even in the absence of UvrA,
Pol IV clearly can act in a NER-independent pathway, such as repair of the DSBs that can
result from NQO damage [4]. However, because the effect of loss of Pol IV is reduced in the
absence of UvrA, Pol IV and NER may also work in a common pathway to confer NQO
resistance.

3.4 Damage-inducible DNA polymerases contribute to NQO resistance
Previous results indicated that Pol V contributes to NQO resistance [6,31]; however, as
shown in Figure 3A, we found that a Δ(umuDC) mutant strain was not more sensitive to
12.5μM NQO than a wild-type strain. To determine if Pol IV and Pol V act together, we
tested a Δ(umuDC) ΔdinB double mutant strain and found that it was not more sensitive to
12.5μM NQO than the ΔdinB mutant strain. Because FC40 carries two copies of the dinB+

gene (one on the chromosome and one on the episome), it was possible that the increased
amount of Pol IV in these strains could obscure Pol V’s contribution to NQO resistance.
However, as shown in Figure 3B, similar results were obtained at a slightly lower NQO
concentration (10 μM) with F− strains that have only one copy of the dinB+ gene. Thus, our
results suggest that Pol V contributes little to NQO resistance in an otherwise wild-type
strain.
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DNA polymerase II (polB) is E. coli’s third damage-inducible DNA polymerase. As shown
in Figure 3A, a strain lacking Pol II (ΔpolB) was more sensitive to 12.5μM NQO than either
the wild-type strain or the ΔdinB mutant strain. The ΔpolB ΔdinB double mutant strain was
more sensitive than either of the single mutant strains, suggesting that Pol II and Pol IV
confer resistance to NQO independently. Interestingly, the ΔpolB Δ (umuDC) double mutant
was about as sensitive to NQO as the ΔpolB mutant strain (Figure 3A), suggesting little
contribution of Pol V to NQO resistance in Pol II deficient cells. Taken together, these
results suggest that Pol II is the major damage-inducible polymerase conferring NQO
resistance, but that Pol IV can also act in a different pathway from Pol II to confer NQO
resistance.

Finally, as shown in Figure 3B, a strain with a non-polar deletion of the umuD gene was not
more sensitive to 10 μM NQO than a wild-type strain; thus neither UmuD nor UmuD’
appear to act alone to confer NQO resistance.

3.5 Recombination contributes to NQO resistance
Recombination-dependent DNA repair pathways often result in the formation of Holliday
junctions; thus, if the requirement for RecA shown above is for recombination and not just
for induction of the SOS response, enzymes that process Holliday junctions should
contribute to NQO resistance. The RuvABC complex migrates and resolves Holliday
junctions during homologous recombination [32]. As shown in Figure 4, strains carrying
either the ruvA60 mutant allele or the Δ(ruvA-ruvC) mutant allele (both of which are polar
on ruvB [33]) were three orders of magnitude more sensitive to10 μM NQO than was the
wild-type strain. In the Δ(ruvA-ruvC) mutant background, loss of Pol IV had little, if any,
effect on NQO sensitivity. This result suggests that Pol IV acts in a pathway with RuvABC
to confer NQO resistance. Interestingly, the mutant strain carrying the Δ(ruvA-ruvC) allele
was somewhat less sensitive to 10 μM NQO than the ΔruvC64 single mutant strain. One
explanation for this result is that in the absence of RuvC, RuvAB binds and sequesters
Holliday junctions non-productively, blocking processing by another protein, such as RecG.

E. coli RecG enzyme can also perform Holliday junction migration, but, unlike the RuvABC
complex, RecG does not have an associated resolvase activity [34,35]. As shown in Figure
4, the recG258 mutant strain was two orders of magnitude more sensitive to 10 μM NQO
than the wild-type strain. To confirm that this effect was not allele specific, strains with two
other recG mutant alleles (recG162 and ΔrecG265) were tested, and all three strains had
similar NQO sensitivities (Figure 5). As shown in Figure 4, a ruvA60 recG258 double
mutant strain was unable to grow on 10μM NQO, suggesting that Holliday junction
processing by one of the two pathways is a critical step in the repair of NQO-induced
lesions. Loss of Pol IV in the ΔrecG265 mutant background caused little, or no, increase in
NQO sensitivity (Figure 5A), suggesting that Pol IV functions in a RecG-dependent
pathway.

3.6 Both RecBCD and RecFOR contribute to NQO resistance
As discussed in the Introduction, NQO exposure can result in DSBs. As shown in Figure
5A, a strain with a mutation in recB, which encodes an essential component of the RecBCD
pathway for DSB repair, was about three orders of magnitude more sensitive to 10 μM NQO
than the wild-type strain. To test if Pol IV and RecBCD function together, we assayed the
sensitivity of a ΔdinB recB double mutant strain. As shown in Figures 5A & B, even at the
low concentration of 5 μM NQO, loss of Pol IV had little or no effect on the NQO
sensitivity of the recB mutant strain. Thus, Pol IV appears to have, at most, only a small role
in conferring NQO resistance in the absence of recB-dependent double-strand break repair.
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When UV-induced lesions block replication forks, re-initiation of DNA replication
downstream of the lesion can result in single-strand gaps [36,37]. Because NQO similarly
blocks replication forks, NQO treatment should also cause single-strand gaps. The classical
role of the RecFOR proteins are to initiate the recombinational repair of single-strand gaps
by displacing single-strand binding protein (SSB) and facilitating RecA loading [38–41]. A
competing model is that RecFOR, in conjunction with RecJ and RecQ, reactivate the
replication forks that are stalled at DNA lesions [42]. The RecFOR proteins also are required
for recA-stimulation of Pol V TLS past UV-induced lesions [43]. As shown in Figure 6,
recF or recO mutant strains were about three orders of magnitude more sensitive to 10 μM
NQO than the wild-type strain. Since loss of the RecQ helicase caused only a minor increase
in NQO sensitivity (Figure 6), RecFOR probably confers NQO resistance via its role in
single-strand gap repair. A ΔdinB recF double mutant strain was only slightly more sensitive
to 10 μM NQO than the recF single mutant strain and no more sensitive than the recO single
mutant strain. These results suggest that Pol IV may function in a RecFOR-dependent
recombinational pathway that confers NQO resistance.

4. Discussion
The full extent of the functions performed by the damage-induced DNA polymerases in vivo
remains undefined. In some cases, single polymerases appear to have several functions. For
example, the eukaryotic DNA polymerases η and κ (homologs of E. coli’s Pol V and Pol IV,
respectively) carry out TLS past DNA base adducts [44,45], and also can extend invading
3’-termini during homologous recombination [46–48]. Likewise Pol IV has the capacity for
TLS and to aid in strand invasion [48]. That these enzymes are multifunctional complicates
the design of experimental methods to detect their activities. In order to effectively use
resistance to genotoxic agents to assess DNA polymerase activity, it is crucial to understand
the functional relationships between the polymerase and other factors that contribute to
resistance and to understand which specific activity of the polymerase confers resistance. To
this end, we have investigated the genetic requirements for resistance to the genotoxic agent
NQO, which is frequently used to analyze DNA polymerase activity.

The major determinants of NQO resistance are NER and recombination. Since loss of each
of these pathways has a greater effect on NQO resistance than loss of any one of the
damage-inducible DNA polymerases, the pathways must function with alternative
polymerases (including Pol I and III). Nonetheless, in vitro Pol IV can bypass DNA lesions
of the type induced by NQO [6], and Pol IV contributes to survival to this agent [6] (Figure
2). The results of our analysis of the relationship between loss of Pol IV and loss of NER
suggest that Pol IV and NER act together to confer NQO resistance. The simplest
interpretation for this result is that Pol IV carries out TLS at sites of NQO-induced damage,
allowing uninterrupted chromosome replication, and that the damage is subsequently
repaired by NER. However, the lack of epistasis between loss of NER and loss of Pol IV
(Figure 2) indicates that Pol IV participates in one or more other pathways for NQO
resistance. Our data indicate that homologous recombination by the RecBCD pathway
(Figure 5) and the RecFOR pathway (Figure 6) also contributes to NQO resistance, and that
Pol IV appears to play a role in both of these pathways.

RecFOR is postulated to be involved in at least three DNA repair pathways: “long-patch
excision repair” (reviewed in [19]) the recombinational repair of single-strand gaps that are
formed when DNA replication resumes downstream of lesions (daughter-strand gap repair)
[49,50], and replication restart [42,51]. Each of these pathways requires DNA synthesis, and
thus could provide a role for Pol IV, but models differ in the requirements for the resolution
of Holliday junctions. Since long patch excision repair requires both homologous
recombination and NER proteins, a role for Pol IV in this pathway could explain the
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overlapping roles of NER and recombination in NQO resistance. Such a function for Pol IV
may correspond to the requirement for Pol κ, the Pol IV homolog, in NER of UV-light
induced damage in mice [52].

Our results partially confirm the UV mimetic properties of NQO since both NER and
recombination functions are major contributors to resistance to NQO- and UV- induced
DNA damage. However, there are differences in the specifics of the pathways involved. No
UV-sensitive phenotype for Pol IV has been reported, and thus it plays no essential role in
conveying UV resistance. Of the three damage inducible polymerases, only Pol V conveys
resistance to UV damage (see for example reference [24]) whereas Pol II and Pol IV, but not
Pol V, convey resistance to NQO (Figure 3). However, the possible role of Pol IV in
recombinational repair of UV-induced DNA damage has not been adequately addressed.

Nitrofurazone (NFZ) is a DNA damaging agent that causes lesions at the N2 position of
guanine residues that are chemically similar to those caused by NQO. Pol IV, and to a much
lesser extent Pol V, are important factors in the resistance of E. coli to NFZ [6]. A recent
study by Ona and colleagues [24] confirmed that Pol IV (but not Pol II or Pol V) contributed
to NFZ resistance, but found that NFZ resistance was much more dependent on functional
NER and recombination pathways (specifically the uvrA+, recA+, recBC+, and recF+ genes)
than on Pol IV. Ona and colleagues further showed that loss of all three damage-inducible
polymerases, Pol II, Pol IV, and Pol V, resulted in about a 10-fold increase in sensitivity to
NFZ in a uvrA+ strain but had only a slight effect in a uvrA mutant strain. This result
suggests that Pol II, Pol IV, and Pol V can substitute for each other in a NER-dependent
pathway for NFZ resistance. Because loss of Pol IV, but not Pol II or Pol V, alone, increased
NFZ sensitivity, Pol IV may also function in one or more NER-independent (presumably
recombinational, although this was not tested) pathway for NFZ resistance, consistent with
our results with NQO. However, our results differ in indicating a significant role for Pol II
as well as Pol IV. Indeed, we found that overproduction of Pol II from a multicopy plasmid
can partially complement the NQO sensitivity of a ΔdinB mutant strain (data not shown),
indicating that Pol II and Pol IV can substitute for each other in conveying resistance to
NQO.

In our assays, loss of Pol V did not increase sensitivity to NQO (Figure 3). Thus, in our
wild-type strain, Pol II and Pol IV are sufficient to deal with the DNA damage caused by
NQO. However, a previous study found that both Pol IV and Pol V contributed to NQO
resistance [6]. This discrepancy is not due to a difference in copy number of the dinB+ gene
in our F’ strains, as isogenic F− strains also showed no effect of loss of Pol V (Figure 3).
Further research will be required to determine the cause of this difference.

The data presented in this study start to clarify the genetic requirements and their epistatic
relationships for resistance to NQO, a genotoxic agent commonly used to assess DNA repair
in E. coli. An understanding of these relationships is critical to address the functions of
specific proteins, including DNA polymerases, in DNA repair pathways.
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Figure 1. Effects of UV irradiation and NQO exposure on DNA content in wild-type and
recombination-defective cells
The DNA content of cells treated with either NQO (10μM) or irradiated with UV light (40J/
m2) was analyzed using flow cytometry of propidium iodide stained cells (see Section 2.3).
Approximately 50,000 cells were analyzed and cell count is plotted against relative
fluorescent intensity(in arbitrary units). E. coli strain P90C is the parent strain of FC40 and
its derivatives used in this study (Table 1). (A) UV irradiation and NQO treatment have
different effects on the DNA content in recombination competent cells. (B) Both UV
irradiation and NQO treatment reduce the DNA content and broaden the fluorescent peaks in
cells defective for recombination.
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Figure 2. RecA/LexA and nucleotide excision repair each contribute to NQO resistance
Spot tests were performed as described in Section 2.2; only the 10−6 dilution from the
untreated LB plate is shown. Strains in (A) and in (B) were tested on different plates and the
corresponding untreated LB plate is shown. The same overnight cultures were used for all
the plates shown. FC40 (wild-type); ΔdinB = PFB243; ΔrecA = FC348; lexA1 = FC1418;
ΔdinB lexA1 = PFB820; uvrA = PFB755; ΔdinB uvrA = PFB756.
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Figure 3. Damage-induced DNA polymerases contribute to NQO resistance
Spot tests were performed as described in Section 2.2; only the 10−6 dilution from the
untreated LB plate is shown. A higher NQO concentration (12.5μM) was used in (A) as the
dinB mutant strain used in this experiment, which has a larger deletion in the region of dinB,
causes a milder NQO sensitivity phenotype than the dinB allele used elsewhere
(ΔdinB::Zeo), which carries a smaller, non-polar, deletion. (A) FC40 (wild-type); ΔdinB =
FC1354; ΔpolB = PFB60; Δ (umuDC) = PFB286; ΔdinB ΔpolB = PFB208; ΔdinB Δ
(umuDC) = PFB876; ΔpolB ΔumuDC) = PFB287; ΔdinB ΔpolB ΔumuDC) = PFB876. (B)
FC36 (F− parent for FC40); ΔdinB = PFB236; ΔumuDC) = PFB284; ΔdinB Δ(umuDC) =
PFB873; ΔumuD = FC1536.
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Figure 4. Holliday junction processing is required for full NQO resistance
Spot tests were performed as described in Section 2.2; only the 10−6 dilution from the
untreated LB plate is shown. All assays shown were performed on the same plates. FC40
(wild-type); ΔdinB = PFB243; ruvA = FC485; recG258 = FC465; ruvA60 ΔrecG265 =
FC521; Δ (ruvA-ruvC) = FC573; ΔdinB Δ(ruvA-ruvC) = PFB881; Δ(ruvC) = FC581.
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Figure 5. The RecBCD pathway contributes to NQO resistance
Spot tests were performed as described in Section 2.2. Because of the reduced viability of
the recB21 mutant, both the 10−5 and the 10−6 dilution from the untreated LB plate is
shown. The same overnight cultures were used for all the plates shown. FC40 (wild-type);
ΔdinB = PFB243; recG258 = FC465; recG162 = FC438; ΔrecG265 = FC1408; ΔdinB
ΔrecG265 = PFB646; recB21 = FC404; ΔdinB recB21 = PFB879.
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Figure 6. The RecFOR pathway also contributes to NQO resistance
Spot tests were performed as described in Section 2.2; only the 10−6 dilution from the
untreated LB plate is shown. FC40 (wild-type); ΔdinB = PFB243; recF = PFG404; recO =
PFG484; recQ = PFG406; ΔdinB recF = PFB827.
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Table 1

E. coli strains used in this study.

Strain Relevant phenotype or genotype Recipient Source of allele Reference

P90C F− ara Δ(gpt-lac)5 thi [54, 55]

AM887 Δ(ruvA-ruvC)65 eda57::Cm [31]

N3055 uvrA277::Tn10 Lloyd, R.G.

JC10289 Δ(recA-srl)306 srlR301::Tn10 [56]

A354 recB21 argA::Tn10 sbcA F.W. Stahl

WA576 recF400::Tn5 [57]

JJC2135 recO1504::Tn5 [58]

N2731 recG258::Tn10Kn [17]

N4452 ΔrecG265::Cm [59]

OH1000 recQ::Cm [60]

JW1172 ΔumuD::Kn [61]

YG7207 ΔdinB::Kn [62]

FC36 F− ara Δ (gpt-lac)5 thi RifR (Pro−) [55]

FC40 FC36/ F’ Pro+ Φ(lacI33-lacZ) [55]

FC348 FC40 Δ(recA-srl)306 srlR301::Tn10 [63]

FC404 FC40 recB21 [63]

FC438 FC40 recG162 zib363::Tn10 [63]

FC465 FC40 recG258::Tn10Kn [63]

FC485 FC40 ruvA60::Tn10 [63]

FC521 FC40 recG258::Tn10Kn ruvA60::Tn10 [63]

FC573 FC40 Δ(ruvA-ruvC)65 [63]

FC581 FC40 Δ(ruvC)64::Kn [63]

FC1354 FC40 Δd i n B::Kn on chromosome and episome [64]

FC1408 FC40 ΔrecG265::Cm [65]

FC1418 FC40 lexA1 (Ind−) [64]

PFB59 F− parent of PFB60 [66]

PFB60 FC40 Δp o l B 1 [66]

PFB208 FC40 ΔpolB1 ΔdinB::Kn on chromosome and episome PFB59 YG7207 This study

PFB236 F− ara Δ (gpt-lac)5 thi RifR ΔdinB::Zeo [65]

PFB241 Met− donor of F’ Φ(lacI33-lacZ) ΔdinB::Zeo This study

PFB243 FC40 ΔdinB::Zeo on chromosome and episome [65]

PFB286 FC40 Δ(umuDC)::Erm [67]

PFB287 FC40 ΔpolB1 Δ(umuDC)::Erm PFB286 PFB60 This study

PFB876 FC40 ΔdinB::Kn Δ(umuDC)::Erm PFB286 YG7207 This study

PFB878 FC40 ΔdinB::Kn ΔpolB1 Δ(umuDC)::Erm PFB876 PFB60 This study

PFB284 FC36 Δ(umuDC)::Erm This study

PFB873 FC36 ΔdinB::Zeo Δ(umuDC)::Erm This study

FC1536 FC36 ΔumuD::Kn FC36 JW1172 This study

PFB646 FC40 ΔrecG265::Cm ΔdinB::Zeo on chromosome and episome PFB243 FC1408 This study
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Strain Relevant phenotype or genotype Recipient Source of allele Reference

PFB755 FC40 uvrA277::Tn10 FC40 N3055 This study

PFB756 PFB243 uvrA277::Tn10 PFB243 N3055 This study

PFB820 FC40 lexA1 ΔdinB::Zeo on chromosome and episome PF2015 PFB243 This study

PFB822 FC40 ΔumuD::Kn FC40 JW1172 This study

PFB881 FC40 Δ(ruvA-ruvC)65ΔdinB::Zeo on chromosome and episome PFB236 AM887a This study

PFB879 FC40 recB21 ΔdinB::Zeo on chromosome and episome PFB236 A354b This study

PFB827 FC40 recF400 ΔdinB::Zeo on chromosome and episome B243 WA576 This study

PFG404 FC40 recF400::Tn5 FC40 WA576 This study

PFG406 FC40 recQ::Cm FC40 OH1000 This study

PFG484 FC40 recO1504::Tn5 FC40 JJC2135 This study

a
To introduce the Δ(ruvA-ruvC)65 allele, PFB236 was transduced to Cm resistance using a P1vir lysate grown on AM887 and transductants were

screened for UV sensitivity. The episome from PFB241 was introduced by mating as described in the Materials and Methods (Section 2.1).

b
To introduce the recB21 allele, PFB236 was transduced to Tc resistance using a P1vir lysate grown on A354 and transductants were screened for

UV sensitivity. The episome from PFB241 was introduced by mating as described in the Materials and Methods (Section 2.1).
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