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RecO and RecR Are Necessary for RecA Loading in Response to DNA
Damage and Replication Fork Stress
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RecA is central to maintaining genome integrity in bacterial cells. Despite the near-ubiquitous conservation of RecA in eubacte-
ria, the pathways that facilitate RecA loading and repair center assembly have remained poorly understood in Bacillus subtilis.
Here, we show that RecA rapidly colocalizes with the DNA polymerase complex (replisome) immediately following DNA damage
or damage-independent replication fork arrest. In Escherichia coli, the RecFOR and RecBCD pathways serve to load RecA and
the choice between these two pathways depends on the type of damage under repair. We found in B. subtilis that the rapid local-
ization of RecA to repair centers is strictly dependent on RecO and RecR in response to all types of damage examined, including a
site-specific double-stranded break and damage-independent replication fork arrest. Furthermore, we provide evidence that,
although RecF is not required for RecA repair center formation in vivo, RecF does increase the efficiency of repair center assem-
bly, suggesting that RecF may influence the initial stages of RecA nucleation or filament extension. We further identify single-
stranded DNA binding protein (SSB) as an additional component important for RecA repair center assembly. Truncation of the
SSB C terminus impairs the ability of B. subtilis to form repair centers in response to damage and damage-independent fork ar-
rest. With these results, we conclude that the SSB-dependent recruitment of RecOR to the replisome is necessary for loading and

organizing RecA into repair centers in response to DNA damage and replication fork arrest.

NA repair pathways are critical for genome maintenance in

allliving cells (for a review, see reference 1). Both prokaryotic
and eukaryotic organisms are constantly exposed to endogenous
and exogenous sources of DNA damage that compromise genome
integrity. In bacterial cells, RecA is central to genome integrity and
is important for strand exchange during homologous recombina-
tion, stabilizing stalled replication forks, and induction of the SOS
transcriptional response to DNA damage (for reviews, see refer-
ences 2, 3, and 4).

In the Gram-positive bacterium Bacillus subtilis, the process
that recruits RecA to excess single-stranded DNA (ssDNA) has
remained unclear (5, 6). In B. subtilis and Escherichia coli, RecA
fused to green fluorescent protein (GFP) forms foci in response to
DNA damage (5-12). The visualization of assembled RecA-GFP
foci (also referred to as repair centers) provides an in vivo assay to
understand the events that lead to RecA loading within a living
cell.

In E. coli, RecA is loaded through two major pathways:
RecBCD and RecFOR (for reviews, see references 3, 13, 14, and
15). During double-strand break repair, double-stranded ends are
processed by the RecBCD helicase-nuclease pathway (16).
RecBCD generates a 3’ ssDNA extension after encountering a Chi
site (17). Following end processing, RecBCD physically loads
RecA onto the 3" ssDNA extension (18, 19). The second loading
pathway in E. coli is the RecFOR pathway (20). In this pathway,
RecO and RecR form a complex that is required for RecA loading
onto single-stranded DNA binding protein (SSB)-coated ssDNA
in vitro. The third component, RecF, can accelerate this reaction,
particularly on gapped DNA substrates (21-23). In E. coli, RecA
also colocalizes to blocked forks and it was shown that RecF and
RecO are important for efficient binding of RecA to stalled forks
(8, 24). Collectively, these studies show that RecA in E. coli is
loaded by the RecBCD and RecFOR pathways in vitro and in vivo.

In B. subtilis, the AddAB helicase-nuclease enzyme is required
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for double-stranded end processing and is homologous to E. coli
RecBCD (25, 26). Like RecBCD, AddAB generates a 3’ ssDNA
extension suitable for RecA binding and filament formation (25,
26). In contrast to RecBCD, B. subtilis AddAB has not been shown
to physically bind or directly load RecA. B. subtilis also has the
RecFOR pathway (27). A notable difference is that B. subtilis RecO
is necessary and sufficient to load RecA onto SSB-coated ssDNA in
vitro (28). Prior work showed that RecA-GFP foci were largely
independent of recO and recR and that defects in AddAB do not
substantially reduce RecA-GFP focus formation in vivo (5, 29).
Therefore, in B. subtilis and other AddAB-containing bacteria, the
process responsible for loading RecA in response to DNA breaks,
strand gaps, and damage-independent replication fork arrest has
remained unknown. This is surprising considering that AddAB
exists in place of RecBCD in most bacterial organisms (30).

Here we report the proteins that are required for RecA to es-
tablish repair centers in response to endogenous DNA damage,
exogenous sources of DNA damage, and damage-independent
replication fork arrest. We use RecA-GFP focus formation as a
proxy for RecA loading in vivo. Importantly, we found that RecA
mediator proteins RecO and RecR are necessary for RecA to load
and organize into repair centers in response to endogenous dam-
age and to all sources of exogenous DNA damage and replication
fork arrest tested. These results support the model that RecOR is
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critical for RecA filament nucleation on ssDNA in B. subtilis and
show that AddAB does not direct loading and is dependent on
RecOR for RecA loading following end processing. We found that
RecF, another RecA mediator protein, did not influence RecA
repair center formation in response to endogenous damage. How-
ever, in response to exogenous damage, RecA repair center forma-
tion was delayed in recF-deficient cells, showing that RecF partic-
ipates in RecA nucleation or enhancement of filament extension.
We also found that truncation of the C-terminal 35 amino acids of
SSB prevents the DNA damage-dependent increase in assembly of
RecA repair centers, supporting a model where SSB recruits RecA-
mediator proteins to ssDNA for nucleation and assembly of RecA
filaments. With these results, we conclude that RecA loading in B.
subtilis is dependent on a single loading pathway, providing novel
insight into the mechanism used to establish RecA repair centers
in bacteria with the AddAB end processing pathway.

MATERIALS AND METHODS

Bacteriological methods. The bacterial plasmids and strains are listed in
Table S1 and Table S2 in the supplemental material, respectively. The
following concentrations of compounds were used: 5 pg/ml chloram-
phenicol (Cat), 100 pg/ml spectinomycin (Spc), 12.5 pg/ml tetracycline
(Tet), 0.5 wg/ml erythromycin (Erm), 5 uM IPTG (isopropyl-f-p-thio-
galactopyranoside), and 0.125% xylose for recO and recR (31, 32). The
concentrations of DNA-damaging agents are listed in the appropriate
figure legends.

Live-cell microscopy. Microscopy of live cells was completed as pre-
viously described (33-35; for a review, see reference 36). Briefly, a starting
culture was inoculated in 1X defined S7, minimal media supplemented
with 2% glucose at a starting optical density at 600 nm (ODy,,) 0f 0.05 and
allowed to grow for three doublings (35, 36). Cultures were split, and one
culture was challenged with the indicated damaging agent, while the other
was left untreated as a control and grown for the indicated times. Follow-
ing incubation, 200-pl aliquots of cells were stained with the vital mem-
brane stain FM 4-64 [N-(3-triethylammoniumpropyl)-4-(p-diethyl-
aminophenyl-hexatrienyl) pyridinium dibromide] (1 pg/ml) or 10 uM
TMA-DPH [1-(4-(trimethylamino)phenyl)-6-phenylhexa-1,3,5-triene]
and placed onto 1% agarose pads made with 1X Spizizen’s salts. Cells
were imaged with an Olympus BX61 microscope using an Olympus 100X
oil immersion 1.45-numerical aperture (NA) total internal reflection flu-
orescence microscopy (TIRFM) objective lens (36). Imaging for each
strain was performed independently a minimum of three times.

Compound synthesis. All small-molecule compounds used in this
study were synthesized by the Vahlteich Medicinal Chemistry Core, Uni-
versity of Michigan. 6-(p-Hydroxyphenylazo)-uracil (compound 3;
HPUra) was synthesized by known methods (37) along with the novel
silylated ether analogue compound 5 and the known analogue 6-(phenyl-
hydrazino)-uracil (compound 6) (37). Complete experimental details are
provided in the supplemental material. Stock solutions (20 mM) of as-
sayed compounds were prepared in dimethyl sulfoxide (DMSO) or 50
mM KOH in the case of HPUra, stored in the dark, and kept for no more
than 4 weeks. The compounds were added at 162 uM except when indi-
cated otherwise. DMSO or KOH was used as a control.

MMC survival assay. In general, sensitivity to DNA damage was de-
termined as described previously (38—40). Briefly, strains were grown with
the appropriate antibiotic overnight at 30°C. Single isolates were grown in
6 ml of LB in the dark to a final ODy,, of 0.4 to 0.5. Five 1-ml aliquots of
culture were centrifuged for 2 min at 10,000 rpm, and the supernatants
were removed. Cells were resuspended in 1 ml of 0.85% saline solution
containing various mitomycin C (MMC) concentrations (see Fig. 5). Af-
ter 30 min, cells were pelleted, supernatant was aspirated, and cells were
resuspended in 100 pl 0.85% saline solution. The suspension was serial
diluted followed by plating on LB agar plates and was grown overnight at
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30°C. Percent survival was calculated by taking the mean survival of an
indicated treatment relative to the mean survival of untreated cultures.

Replication inhibition assays. Cultures were grown in S75, minimal
medium at 30°C to an OD, 0f 0.35. Using the dnaB134 allele, replication
initiation was inhibited while ongoing replication was completed by shift-
ing cultures to 45°C for 1 h. Upon downshift to 30°C, aliquots of culture
were removed at specific time points and added to an equal volume of
ice-cold methanol prior to centrifugation and genomic DNA purification.
When used, HPUra was added to cultures at a final concentration of 162
M 20 min after the temperature downshift, with cells harvested at 60
min. Genomic DNA was sequenced on the Illumina HiSeq-2000 platform,
generating 50-base single-end reads. Library preparation and sequencing
were performed by the University of Michigan DNA Sequencing Core.
Sequence data were aligned to the PY79 reference genome (accession
number CP006881 [41]) using bwa aln with default parameters followed
by bwa samse with the “-n” parameter set to 1 (42). For coverage calcula-
tion, the genome was split into 1,000-nucleotide-wide windows and coverage
of each window was normalized per million reads mapped to the entire ge-
nome. Fold enrichment for each sample was calculated by dividing normal-
ized coverage for each window by the normalized coverage of the same win-
dow for genomic DNA harvested immediately after the temperature
downshift. Resulting enrichment values were then offset to achieve equal
baseline values for the samples.

RESULTS

RecA colocalizes to the replisome in response to endogenous
and exogenous DNA damage. Previous work in E. coli and B.
subtilis examined the ability of RecA-GFP to organize into foci
(5-12, 43). Prior experiments have tested RecA-GFP as the only
source of RecA in vivo (6, 8, 9, 38) GFP-RecA was expressed ec-
topically as the sole source of RecA in cells or in merodiploid cells
with the native recA allele intact (5, 12). Here, we examined RecA-
GFP as the only source of intracellular RecA, expressed at its native
locus and under the control of its native promoter (6). The fusion
allele was fully functional at low levels of damage (see Fig. S1 and
results in the supplemental material). Unless otherwise stated, the
experiments described below were performed under conditions of
DNA damage where the recA-GFP allele was fully functional.

One current model suggests that RecA predominantly localizes
away from the replisome in response to DNA damage and that
replication is not required for repair center formation (44), while
other work shows that replication is required for RecA-GFP to
form foci (6) and that these foci form at the midcell (6, 8, 12). To
differentiate between these two models, we constructed a strain
with fluorescent fusions to RecA and the replisome marker DnaX
(see Materials and Methods). Imaging of this strain showed that in
untreated cells, ~75% of RecA foci colocalized with DnaX (repli-
some) foci. This observation, in combination with the results of
prior work (6), leads us to suggest that RecA initiates filament
formation to establish repair centers at the replication fork fol-
lowed by a search for homologous DNA. Overall, this result sug-
gests that the bulk of the endogenous lesions occurring under the
growth conditions used here elicit recruitment of RecA to the
replisome (Fig. 1A).

With this result, we asked if different forms of DNA damage
cause RecA to differentially localize to or away from the replisome.
Our imaging results showed that following challenge with mito-
mycin C (MMC), an agent that forms mostly monoadducts and
interstrand cross-links (45), ~65% of RecA foci colocalized with
replisomes. Similarly, cells challenged with phleomycin, a DNA-
break-inducing peptide (46), showed that ~68% of RecA colocal-
ized with replisomes. We found it striking that the majority of
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Colocalization of RecA-GFP with DnaX-mCherry

Condition

% Colocalization (+/- 95% CI)

Number of Cells
Analyzed

Endogenous (untreated) 74.8 (8.4)
40 nM Mitomycin C 65.0 (6.7)
UV 40 Joules/m 2 84.3 (5.8)
400 nM Phleomycin 67.9 (6.3)
40 yM HPUra 93.3 (3.3)

Replisome

Phleomycin

RecA-GFP

Phleomycin

103
197
153
212

223

Overlay

Phleomycin

FIG 1 RecA colocalizes to the replisome. (A) Percentage of RecA-GFP foci colocalized with DnaX-mCherry during the indicated treatments. (B and C)
Representative micrographs of RecA-GFP and DnaX-mCherry in cells challenged with phleomycin (B) and HPUra (C). The white bar represents 4 pm;

membranes were stained with TMA-DPH.

RecA foci that assembled in response to MMC and phleomycin
colocalized with the replisome, supporting earlier work showing
that replication fork progression was important for RecA repair
center assembly in response to a site-specific double-stranded
break (DSB) (6). Following challenge with UV, a treatment that
would result in DNA strand gaps and replication-stalling thymi-
dine dimers, we found that foci formed immediately (within 5
min) and that ~84% of RecA were colocalized with replisomes
(Fig. 1). With these results, we conclude that the majority of RecA
repair centers localized to the replisome in response to endoge-
nous and exogenous sources of DNA damage, including phleomy-
cin-generated DNA breaks and MMC-generated inter- and intras-
trand cross-links, two types of damage that require homologous
recombination for repair.

RecA colocalizes to the replisome in response to damage-in-
dependent fork arrest. The compound HPUra has been widely
used as a tool to rapidly block replication fork progression in B.
subtilis and other Gram-positive bacteria (see, e.g., references 10,
37,47, 48,49, 50, and 51). HPUra is a replication-specific class I1I
DNA polymerase inhibitor which blocks replication within min-
utes (52). To study the RecA response to damage-independent
replication fork arrest, we chose to use this compound because it
has been well characterized, but with the limitation that HPUra is
not commercially available.
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We began by synthesizing HPUra (see the supplemental mate-
rial). In prior literature, the hydrazine congener H,-HPUra (com-
pound 4) is described as the compound that inhibits DNA synthe-
sis (see, e.g., references 37, 47, 50, and 51). We show the scheme
for the attempted synthesis of compound 4 and related congeners
in Fig. 2A. Briefly, we found that HPUra (compound 3) is readily
synthesized as described previously (37). However, numerous at-
tempts to reduce HPUra to H,-HPUra using sodium dithionite as
described previously (50), or slight variations thereof, did not pro-
vide compound 4 but recovered only compound 3. This led us to
the conclusion that either compound 3 is active as an inhibitor of
DNA synthesis or compound 3 is reduced within the cell to pro-
duce compound 4. A detailed description of the synthesis and
structure determination for compound 3 and congeners is pro-
vided in the supplemental material (see Fig. S2 to S12 in the sup-
plemental material).

To test compound 3 for DNA synthesis inhibition, we synchro-
nized replication initiation using a temperature-sensitive initia-
tion mutant as described previously (6). We analyzed untreated
cells 20 and 60 min after replication initiation and determined the
position of replication forks by quantitative Illumina sequencing
as described previously (53). During HPUra treatment, cells were
challenged with HPUra 20 min after replication initiation fol-
lowed by analysis of DNA content at 60 min. We show that repli-
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FIG 2 Synthesis and activity of HPUra. (A) The synthesis scheme for HPUra (compound 3). (B) Log, (fold enrichment) values of read coverage in 1,000-
nucleotide-wide windows plotted versus PY79 genome position. The plot is centered on the origin of replication. Because the HPUra stock was dissolved in 50
mM KOH, the untreated control cells harvested at 60 min were subjected to a volume of 50 mM KOH at 20 min equal to that used with the treated cells harvested
at 60 min. For HPUra, cells were treated at 20 min followed by harvesting of chromosomal DNA and analysis at the 60-min time point.

cation forks in untreated cells progressed throughout the 60-min
time course, while DNA replication in the HPUra-treated cells
arrested immediately upon HPUra addition, showing the same
DNA content as the untreated control at 20 min. With these re-
sults, we conclude that HPUra (compound 3) provides the desired
effect of rapidly arresting DNA synthesis in vivo (Fig. 2B).

It has been shown that treatment of B. subtilis cells with HPUra
blocks DNA synthesis and triggers replication stress as measured
by RecA-GFP focus formation in most cells (54). We found that
following HPUra treatment, RecA-GFP formed foci in most cells
as rapidly as we could prepare the sample for imaging. We found
that 76% of cells had RecA-GFP foci at 140 s posttreatment (n =
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74) and that ~94% of cells had RecA-GFP foci 5 min after HPUra
treatment, demonstrating the rapid assembly of RecA foci follow-
ing damage-independent replication fork arrest (Fig. 1A and C).
We performed colocalization with RecA and DnaX and found that
~93% of RecA foci (n = 181) were colocalized with replisomes
following addition of HPUra to the growth medium (Fig. 1C).
These results show that damage-independent fork arrest caused
RecA to localize to nearly all replisomes in B. subtilis. This work
also clarifies the method for HPUra synthesis (see the supplemen-
tal material).

RecA-GFP focus formation is dependent on recO and recR.
Having established that RecA-GFP localized to the replisome in
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FIG 3 The recOR genes are necessary for RecA-GFP focus formation. A bar
graph shows the percentage of cells with RecA-GFP foci in a wild-type (WT)
strain (recA-gfp) and in isogenic strains lacking recO, recR, or recF following
treatment with mitomycin C (40 nM), phleomycin (0.4 wM), HPUra (40 nM),
and UV (40 J/m?). Error bars indicate the 95% confidence intervals.

most cells in response to endogenous and exogenous sources of
damage, we asked which gene product(s) is required for RecA
loading and hence for RecA-GFP focus formation in vivo. We
predicted that recO might contribute to RecA-GFP focus forma-
tion since B. subtilis RecO helps nucleate formation of RecA onto
SSB-coated ssDNA in vitro (28). To test recO in this capacity, we
imaged and quantified RecA-GFP foci in B. subtilis cells bearing a
recO disruption (recO::cat). In the absence of recO, RecA-GFP foci
formed in less than 2.1% of cells left untreated or following exog-
enous DNA damage (Fig. 3). In addition, recO is necessary for
damage-independent RecA-GFP filament formation in response
to fork arrest. This result could be explained by release of the GFP
moiety via proteolytic cleavage from RecA in a recO mutant. How-
ever, we found that RecA-GFP remained intact in the recO::cat
background (see Fig. S13A in the supplemental material). We also
complemented the recO mutant allele via ectopic expression (see
Fig. S13B). Taking the results together, we found that, regardless
of the type of damage, RecO is necessary for assembly of RecA
repair centers in B. subtilis (Fig. 3).

Although B. subtilis RecO and RecR do not form a complex,
they do function in the same genetic pathway (28). We performed
the same experiment in a strain where the recR gene was replaced
by a cat cassette and obtained results nearly identical to those
obtained in recO-deficient cells (Fig. 3). Under all conditions ex-
amined, we found that RecA-GFP formed foci in 4.5% or less of
cells deficient for recR. These results show that both recO and recR
are necessary for RecA to form foci in response to DNA damage
and damage-independent fork arrest (please see Discussion). This
result was not due to proteolytic cleavage of RecA-GFP, and this
phenotype was complemented by ectopic recR expression (see Fig.
S13B in the supplemental material and data not shown). We in-
terpret these results to mean that the RecOR pathway is necessary
for RecA loading in vivo.
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RecF is the third component of the RecFOR pathway, which in
E. coliis critical for the repair of DNA gap substrates in vivo. This
damage is the product of a single-stranded gap in otherwise dou-
ble-stranded DNA following UV or mitomycin C exposure. To
test the role of RecF in RecA-GFP repair center formation, we
replaced the recF locus with a cat marker (recF::cat) and, interest-
ingly, we found that the percentage of cells with RecA-GFP foci
was mostly unaffected in untreated cells lacking recF (wild-type
cells left untreated, 12.4% = 2.6%; recF::cat cells left untreated,
9.2% =+ 2.1%; recO::cat cells, 0.7% = 0.7%; recR::cat strains left
untreated, <2.5% = 1.1%) (Fig. 3). We did, however, discover
that in recF:cat cells, the percentage of cells with RecA-GFP foci
failed to increase in response to exogenously introduced DNA
damage and damage-independent replication fork arrest (Fig. 3).
We conclude that the RecOR pathway is necessary for RecA-GFP
foci to form in response to endogenous and low levels of exoge-
nous sources of damage.

RecF affects the efficiency of RecA focus assembly. We were
concerned that the defects we observed in RecA-GFP focus assem-
bly in the recFOR-deficient backgrounds might reflect poor effi-
ciency at lower doses of DNA damage. Thus, we performed a time
course of RecA-GFP focus assembly experiments with increases in
the doses of phleomycin (3 pM) and MMC (300 nM) relative to
the experiments represented in Fig. 3 (Fig. 4A). We show that the
percentage of cells with RecA-GFP foci (solid lines) increased
steadily, yet rapidly, until most cells had visible RecA foci (Fig. 4A;
see also Fig. S14 in the supplemental material). Under the new
conditions, with an increase in the DNA damage dose, we found
that recO and recR were still required for assembly of RecA-GFP
foci, even with more time to support filament formation (see Fig.
S15and S16). We also complemented the defect by ectopic expres-
sion of recO or recR (see Fig. S17). Interestingly, RecA-GFP foci
were partially restored in the recF::cat strain at higher doses of
damage (see Fig. S16). This observation suggests that RecF may be
important for reducing the lag time of RecA-GFP nucleation
in vivo.

To further address the role of RecF, we performed a time
course of RecA-GFP focus formation in recF-deficient cells
(dashed lines) in response to MMC and phleomycin (Fig. 4A). We
found that during the 60-min time course, RecA-GFP repair cen-
ters were considerably delayed in formation compared with the
wild-type control. The delay in RecA-GFP repair center assembly
was not due to a decrease in RecA-GFP protein levels since RecA
protein abundance was unchanged in recF-deficient cells (Fig.
4B). With this result, we suggest that RecF function is distinct
from that of RecOR and that RecOR is important for both initial
RecA nucleation and steady filament growth, as suggested by in
vitro experiments (55). Furthermore, our work shows that B. sub-
tilis RecF contributes to RecA loading (foci) in response to many
different types of lesions, including DNA breaks.

The results reported above showed that recOR is required for
RecA to organize into repair centers in response to all DNA dam-
age and damage-independent fork arrest and that RecF is impor-
tant for efficient RecA-GFP organization. However, we had not
yet tested the requirements of RecFOR in RecA loading following
a double-stranded break (DSB). Therefore, we monitored RecA-
GFP loading in response to an I-Scel endonuclease-catalyzed DSB
as described previously (6, 38). We found over a 120-min time
course that RecA-GFP foci failed to form in cells deficient for recO
or recR. In contrast, after 120 min postexpression of I-Scel, nearly

jb.asm.org 2855


http://jb.asm.org

Lenhart et al.

>

Percentage of cells
with RecA-GFP foci

-~
T = F

0 10 20 30 40 50 60
Time (min)

B

recF 3+ =

WT

I recF::cat

103 f I

_ recO::cat
0 Fome i o = pimb p recR:icat
0 20 40 60 80 100 120

Time (min) after I-Scel expression

FIG 4 RecF is important for efficient RecA-GFP focus formation. (A) Results of a time course experiment representing the percentages of cells with RecA-GFP
foci challenged with 3 uM phleomycin (black) or 300 nM MMC (gray) and the percentages of recF-deficient cells challenged with 3 WM phleomycin (black
dashed) or 300 nM MMC (gray dashed). (B) An immunoblot for RecA and SSB in cells with (+) or without (—) recF. A 25-.g volume of soluble protein extract
was separated via SDS-PAGE, followed by detection with affinity-purified RecA antisera in a 1:200 dilution and a 1:1,000 dilution for anti-SSB antiserum. (C)
Results of a time course experiment for RecA-GFP focus formation following expression of I-Scel with 0.5% xylose in S7, minimal medium supplemented with
1% arabinose as described previously (6). For panels A and C, the error bars represent the 95% confidence intervals, and the number of cells scored (1) is >312

for each time point shown.

70% of wild-type cells showed RecA-GFP repair centers (Fig. 4C).
In recF-deficient cells, we continued to observe a delay in RecA-
GFP focus formation. With these results, we conclude that recOR
is necessary for RecA-GFP focus formation in response to replica-
tion fork-blocking lesions, damage-independent fork arrest
(HPUra), and DSBs. Furthermore, we conclude that RecF was an
important contributor to efficient RecA-GFP repair center forma-
tion under all conditions tested, including DSBs.

The SSB C terminus contributes to the DNA damage-induced
assembly of RecA-GFP foci. In both B. subtilis and E. coli, RecO is
an SSB partner (20, 56, 57). Because we showed above that RecOR
is necessary for RecA to assemble into repair centers and these
repair centers primarily localize to the replisome, we asked if SSB
contributes to this response. In E. coli, the SSB C terminus medi-
ates interaction with its binding partners through the last two
residues (PF), which are required for SSB interaction (for a review,
see reference 57). Furthermore, in E. coli, the PF residues are es-
sential and mutation of just the proline (ssb113) causes tempera-
ture-sensitive growth and UV sensitivity (58—60). Such a strong phe-

notype limits the ability to study E. coli SSB binding partners in vivo.
Interestingly, ssb alleles in B. subtilis encoding truncations of the
C-terminal 35 amino acids are viable (56, 61), providing a system
to understand the effect of the SSB C terminus on DNA replication
and repair in vivo (56, 61). To this end, we integrated the ssbA35
allele, which uses an IPTG-regulated promoter to drive gene ex-
pression of the essential downstream gene rpsR, as well as the
corresponding wild-type (ssb3") control into an isogenic strain
background carrying the recA-gfp allele (56, 61). In the ssb3™
strain, RecA-GFP foci formed in ~15% of cells and showed virtu-
ally the same response to MMC, phleomycin, HPUra, and UV as
the wild-type ssb strain (Table 1; compare with Fig. 3) (6, 38).

In the ssbA35 background, we observed similar percentages of
cells with RecA-GFP repair centers left untreated (~20%) and
following challenge with MMC, phleomycin, HPUra, or UV,
where the percentage of cells ranged from ~21% to ~26% (Table
1). These results indicate a failure in the organization of RecA into
repair centers following damage or fork arrest in the ssbA35 strain
(Table 1). We combined the recO- or recR-deficient alleles with the

TABLE 1 Truncation of the SSB C-terminal tail eliminates RecA filament formation in response to DNA damage and replication fork stress

% filament formation under indicated condition®

B. subtilis strain relevant Exponential

genotype growth 40 nM MMC 0.3 uM phleomycin 40 uM HPUra 40 J/m* UV
ssh3™ 15.0 = 3.0 443 * 25 46.4 = 5.4 87.3 £ 3.8 86.5 = 3.5
ssbA35 20.0 = 3.1 215 £ 3.7 26.7 = 4.0 21.6 = 3.9 22.6 £ 43
ssb3™, recOz:cat 1.0 £ 1.1 0.4 *0.7 ND 0.3 £ 0.6 ND
ssbA35, recO::cat 8.8*x23 9.7 £34 ND 9.8 £29 ND

ssb3 ™, recR::cat 0.3 + 0.6 2.8+ 1.8 ND 29+ 1.7 ND
ssbA35, recR::cat 11.0 = 3.2 11.0 = 3.1 ND 13.1 2.8 ND

“ND, not determined. Error bars represent the 95% confidence interval with n > 282 cells scored for each strain and condition.
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(B) Killing curve of cells with the indicated genetic backgrounds over a range of 0 to 0.3 uM MMC. The error bars represent the standard errors of the means

(SEM).

ssb3" or ssbA35 cells. We found that loss of recO or recR blocked
RecA repair center formation in cells left untreated or challenged
with MMC and HPUra in the ssb3 " wild-type control (Table 1). In
ssbA35 cells, we found that loss of recO and recR function reduced
RecA-GFP localization for less than 13% of cells (Table 1). There-
fore, in the ssbA35 background, deficiencies in recO and recR did
not block RecA localization as we observed in the ssb3™ or wild-
type background; however, induced focus formation is blocked.
Prior work showed that ssbA35 causes chronic SOS induction,
possibly explaining the elevated RecA-GFP levels (56). We per-
formed immunoblot analyses for RecA-GFP and indeed found
that RecA levels increased in ssbA35 cells (Fig. 5A). We also found
that DnaN levels were increased, suggesting that dnaN is damage
inducible. We suggest that the basal recOR-independent RecA lo-
calization we observe in ssbA35 cells is caused by elevated RecA
levels in vivo, which may be caused or exacerbated by a decrease in
the ability of ssbA35 to bind ssDNA (62).

To place ssbA35 in the recOR pathway, we performed survival
assays following exposure to MMC (Fig. 5B). We found that the
wild-type control ssh3™" cells experienced virtually no killing at the
concentrations tested, whereas the isogenic ssbA35 phenocopied a
recA-deficient strain. Furthermore, we found that ssbA35 cells in
combination with recO or recR deficiencies showed the same kill-
ing as either single mutant (Fig. 5B). These results provide evi-
dence that ssb is in the same pathway as recO and recR for survival
in response to MM C damage. We conclude that SSB is an impor-
tant component of the RecOR-dependent loading system for
RecA in response to DNA damage and damage-independent fork
arrest.

DISCUSSION

RecO and RecR are necessary for RecA focus assembly. In B. subti-
lis, the proteins necessary to elicit formation of spontaneous and
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DNA damage-induced RecA-GFP repair centers (foci) have been
unknown. We showed that RecOR is necessary for the assembly of
RecA-mediated DNA repair centers in live B. subtilis cells. Impor-
tantly, RecO and RecR are required for the RecA response to both
endogenous and exogenous sources of DNA damage, as well as in
response to HPUra, a drug that causes DNA damage-independent
replication fork arrest (54). In E. coli, DSBs are initially processed
by RecBCD to provide the 3" ssDNA segment, followed by RecA
loading, making most spontaneous RecA-GFP foci in rich me-
dium recB dependent (8, 18). In B. subtilis, AddAB provides a 3’
extension (25); however, it is unclear whether AddAB is able to
physically load RecA. Our results with phleomycin and an I-Scel
site-specific DSB demonstrated that following AddAB end pro-
cessing, RecOR is still necessary for the assembly of RecA repair
centers, making it unlikely that AddAB can physically load RecA
on processed DNA ends. We suggest that SSB binds the 3" exten-
sion to protect the DNA end, followed by recruitment of RecOR
through interaction with the SSB C terminus (Fig. 6).

Prior work showed that GFP-RecA is mostly unaffected with
respect to focus formation in recO- or recR-deficient cells (5). In
that work, cells deficient for RecO still showed GFP-RecA foci in
~25% of cells challenged with 50 ng/ml MMC (5). We suggest
that ectopic expression of GFP-RecA may have increased the levels
of RecA to a point where RecA was able to bypass the requirement
for recO and recR. In support of our argument, ssbA35 cells have
elevated RecA levels compared with the wild-type control and
show recOR-independent RecA foci in untreated cells. B. subtilis
RecA can self-assemble on SSB-coated ssDNA in vitro although
the reaction is accelerated with RecO (28). Taking this prior work
into consideration in combination with our study, we suggest that
the recOR genes are necessary for RecA to load in vivo when RecA
is expressed at its native levels. The RecA dependence on RecOR
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stretches of ssDNA by SSB and then helps to displace SSB and facilitate RecA
loading and nucleation of RecA filament formation for homology-directed
repair.

also provides a convenient regulatory mechanism to prevent ab-
errant RecA repair centers from assembling in replicating cells.
Another important finding of our work is that although B. subtilis
RecO can aid in nucleation of RecA onto SSB-coated ssDNA in
vitro in the absence of RecR (28), we did not observe RecA-GFP
fociin the recR::cat strain (Fig. 3 and 4). Therefore, we showed that
RecR is also necessary for RecA-GFP focus formation in vivo. To-
gether, our results showed that RecOR represents the major RecA
loading pathway in B. subtilis in response to several types of DNA
damage and damage-independent replication fork arrest.

In further support of our findings, it was recently shown that
RecO was required for site-specific DSB repair in Mycobacterium
smegmatis, which uses AdnAB for end resectioning (63). Further-
more, in M. smegmatis, a recO deletion phenocopies a recA dele-
tion, further highlighting the reliance of M. smegmatis on RecO for
RecA-dependent repair (63). Therefore, considering the M. smeg-
matis studies and ours, we suggest that RecOR represents the ma-
jor RecA loading pathway for homology-directed repair in bacte-
ria containing the AddAB or AdnAB pathways. Furthermore,
many more bacteria use AddAB or AdnAB for end processing of
DSBs than RecBCD (30). We suggest that these bacteria may also
rely on RecOR for RecA loading during repair and stabilization of
stalled replication forks.

RecF and SSB increase the efficiency of RecA loading in vivo.
RecF is in the recOR pathway (27). We therefore tested the effect of
arecF-deficient allele on the ability of RecA to assemble into repair
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centers. We found that RecF was not necessary to elicit RecA-GFP
repair center formation; however, our results suggest that it plays
a necessary role in facilitating efficient RecA filament nucleation
or elongation. These results support in vitro studies directly imag-
ing E. coli RecA loading where the presence of RecF was not nec-
essary for filament elongation and yet increased the kinetics of
RecA nucleation and loading (55).

Because we found a complete dependency on RecO for assem-
bly of RecA repair centers and RecO is an SSB binding partner
(56), we asked if SSB contributes to RecA filament formation in B.
subtilis. SSB contains a C-terminal tail which binds to several pro-
teins, recruiting them to sites of excess ssDNA (56, 57, 64, 65). In
B. subtilis, RecO binds SSB, and ectopic expression of GFP-RecO
relies on the SSB C terminus for focus formation (56). The data we
present here showed that the SSB C-terminal 35 amino acids are
important for the DNA damage-dependent and damage-indepen-
dent localization of RecA and that a strain with the ssbA35 allele is
as sensitive to DNA damage as a strain deficient for recO or recR. In
E. coli, deletion of the SSB C-terminal PF is lethal and the lethality
is attributed to these residues mediating protein-protein interac-
tions important for essential replication functions (58, 59). There-
fore, how can B. subtilis tolerate truncation of the C-terminal 35
amino acids, including the ultimate PF motif? In contrast to E. coli,
B. subtilis SSB contains three PF repeats in the C-terminal 38
amino acids and the A35 truncation leaves the sequence PFG on
the C terminus (see Fig. S18 in the supplemental material). We
suggest that the remaining PF residues in the A35 truncation allow
viability and recruitment of a limited number of SSB binding part-
ners. Our results showed that the ssbA35 allele supported RecA-
GFP assembly during normal growth but prevented a DNA dam-
age-induced increase. Our work and another study also showed
that the ssbA35 strains are sensitive to DNA damage (Fig. 5 and
reference 56). Based on our results and those of Costes et al. (56),
we propose that the three PF repeats in the B. subtilis protein
function to accommodate several binding partners and are crucial
for activating the DNA damage response in B. subtilis.

HPUra-dependent inhibition of DNA replication. 6-(p-Hy-
droxyphenylazo)-uracil (HPUra) is a PolC-specific inhibitor that
has been widely used in B. subtilis and related Gram-positive bac-
teria (see, e.g., references 10, 37,47, 48,49, 50, and 51). HPUra has
been a very important tool for investigating the involvement of
DNA replication in a number of different DNA transactions in
vivo (see, e.g., references 10, 48, 49, and 54). Prior work suggested
that the hydrazine congener (H,-HPUra) is the active form that
inhibits DNA synthesis (37, 47, 50, 51). We were unable to syn-
thesize H,-HPUra and could obtain only the oxidized form
(HPUra). We cannot exclude the possibility that HPUra is re-
duced in vivo to form H,-HPUra; however, an HPUra tautomer
(compound 3a) could form the proper hydrogen bonds to pair
with dCMP in vivo if it is not reduced to H,-HPUra. With these
results, we suggest that the penultimate compound (HPUra),
which is readily synthesized as described (see reference 50 and the
supplemental material), is the appropriate compound for rapidly
inhibiting DNA synthesis in B. subtilis and other Gram-positive
bacteria.

We also showed that HPUra is indeed both a potent inhibitor
of DNA synthesis and triggers replication stress in live cells (Fig. 1
and 2). We speculate that HPUra-induced replication stress
causes the replicative polymerase PolC to uncouple from the rep-
licative helicase DnaC. We suggest that a blockage to PolC move-
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ment and continued unwinding of the DNA by the replicative
helicase DnaC ahead of the blocked fork would form excess
ssDNA, providing a substrate for RecA binding. Interestingly, it
was shown that activation of the stringent response with arginine
hydroxamate, which stops replication elongation via inhibition of
primase activity, fails to result in the formation of RecA-GFP fil-
aments (54). We suggest that by directly inhibiting primase, the
primase-DnaC complex is maintained, causing DnaC to remain at
the blocked fork and failing to cause excess ssDNA and RecA-GFP
recruitment.
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