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ABSTRACT Homologous recombination requires the coordinated effort of several proteins
to complete break resection, homologous pairing, and resolution of DNA crossover struc-
tures. RecN is a conserved bacterial protein important for double-strand break repair and is
a member of the structural maintenance of chromosomes (SMC) protein family. Current
models in Bacillus subtilis propose that RecN responds to double-stranded breaks prior to
RecA and end processing, suggesting that RecN is among the very first proteins responsible
for break detection. Here, we investigate the contribution of RecA and end processing by
AddAB to RecN recruitment into repair foci in vivo. Using this approach, we found that recA
is required for RecN-green fluorescent protein (GFP) focus formation on the nucleoid during
normal growth and in response to DNA damage. In the absence of recA function, RecN foci
form in a low percentage of cells, RecN localizes away from the nucleoid, and RecN fails to
assemble in response to DNA damage. In contrast, we show that the response of RecA-GFP
foci to DNA damage is unchanged in the presence or absence of recN. In further support
of RecA activity preceding RecN, we show that ablation of the double-strand break end-
processing enzyme addAB results in a failure of RecN to form foci in response to DNA dam-
age. With these results, we conclude that RecA and end processing function prior to RecN,
establishing a critical step for the recruitment and participation of RecN during DNA break
repair in Bacillus subtilis.

IMPORTANCE Homologous recombination is important for the repair of DNA double-strand
breaks. RecN is a highly conserved protein that has been shown to be important for sister
chromatid cohesion and for surviving break-inducing clastogens. Here, we show that the as-
sembly of RecN into repair foci on the bacterial nucleoid requires the end-processing
enzyme AddAB and the recombinase RecA. In the absence of either recA or end-processing
RecN-GFP, foci are no longer DNA damage inducible, and foci form in a subset of cells as
large complexes in regions away from the nucleoid. Our results establish the stepwise order
of action, where double-strand break end processing and RecA association precede the par-
ticipation of RecN in break repair in Bacillus subtilis.

KEYWORDS double-strand break repair, end processing, RecA, RecN, AddAB, Bacillus
subtilis

Il cells are constantly subject to exogenous and endogenous stressors that result

in DNA damage (1). DNA strand breaks are a particularly deleterious type of damage
that can result from exogenous sources, including ionizing radiation or endogenous reactive
oxygen species, that result in strand breaks when replication forks encounter nicks in the
template strand (2). DNA strand breaks are repaired by several different pathways (3-5). The
choice between repair pathways depends on a number of factors, including the organism,
growth phase, and type of break produced (4, 6). In bacteria, DNA strand breaks are repaired
by three pathways, homologous recombination, single-strand annealing (SSA), and nonho-
mologous end joining (NHEJ) (7-11).
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In the Gram-positive bacterium Bacillus subtilis, double-strand break repair (DSBR)
occurs by homologous recombination and NHEJ (10, 12). During DSBR by homologous
recombination, the break is processed by the dual-function helicase-nuclease enzyme
AddAB, resulting in end resection and a 3’ single-strand DNA (ssDNA) extension after
AddAB encounters a chi site (13-17). The 3’ overhang provides a substrate for RecA
binding and nucleoprotein filament formation. In B. subtilis, RecO helps load RecA in vivo af-
ter AddAB-dependent end processing, because AddAB does not have a RecA loading func-
tion (9). RecA then catalyzes strand invasion, pairing the 3’ ssDNA with the homologous
sequence of a sister chromatid (for a review, see references 18 and 19). During DSBR, a dou-
ble-crossover intermediate forms, generating a Holliday junction, which is subsequently
cleaved by Holliday junction endonuclease RecU or MutS2, repairing and restoring the infor-
mation lost at the break site (20, 21). Even though there is much more to be learned, each
step of homologous recombination is fairly well understood in B. subtilis as well as in many
other organisms, ranging from bacteria to mammalian cells (for a review, see references 1,
22, and 23).

Structural maintenance of chromosome (SMC) proteins are conserved throughout
biology and function in several processes, including chromosome cohesion, chromosome con-
densin, dosage compensation, and DSBR (24-33). B. subtilis contains three SMC-like proteins:
SMC, involved in organizing and condensing the right and left arms of the chromosome near
the replication origin, RecN, a protein involved in DSBR, and YhaN (SbcE), a protein providing
a minor contribution to some aspects of DSBR (27, 30, 31, 34). For both RecN and ShcE, their
contribution to DSBR is through homologous recombination, and these proteins have no
known role in NHEJ. B. subtilis cells deficient for sbcE are sensitive to DNA damage, including
a site-specific DSB, but they do not share the same extent of sensitivity as observed with
recN-deficient cells (27). Therefore, of the B. subtilis proteins, RecN is the best characterized,
although its contribution to DSBR remains unclear.

In Escherichia coli, recN expression is highly induced as part of the SOS regulon to
DNA damage, while in B. subtilis RecN is not part of the SOS response, although RecN
protein levels do increase slightly following DNA damage (35, 36). Both E. coli and B.
subtilis RecN have been shown to assemble into foci in response to DSBs (37, 38). E. coli
recN was assayed following expression from an inducible promoter using an N-terminal
green fluorescent protein (GFP) fusion (37). This study showed that the plasmid-borne
gfp-recN allele was functional when overexpressed and formed large complexes in the
cell away from the nucleoid in nearly 100% of cells (37). Following DNA damage with
mitomycin C (MMC), approximately 50% of cells showed GFP-RecN foci coincident with
the nucleoid (37). Further, the redistribution of RecN from cytoplasmic to nucleoid localized
required recA, leading to the conclusion that RecA recruits RecN (37). This work further iden-
tified a RecA variant, Q300A, that was proficient for SOS induction but failed to recruit RecN
and was as sensitive to MMC as the ArecN strain, supporting the notion that RecA recruits
RecN through a physical interaction (37). Subsequent genetic characterization of ArecN and
recAQ300A showed that these alleles are not epistatic and are instead additive for defects in
recombination and repair of an I-Scel site-specific DSB, arguing against the conclusion that
the recAQ300A allele causes a defect in RecN recruitment (39).

As mentioned above, RecN is an SMC-like family protein (40). It has been shown in
eukaryotes that sister chromatid cohesion provides an important contribution to DSBR
(41). Recent evidence in E. coli establishes RecN as being important for sister chromatid
cohesion during DSBR (42). This work also presented coimmunoprecipitation results
showing that RecA physically interacts with RecN and that RecA is required for loading
RecN in response to MMC-induced damage (42). The RecAQ300A variant was also
found to have no effect on RecN-mediated condensation activity, further indicating that
RecAQ300A did not ablate a RecN interaction site on RecA (42). Therefore, in E. coli, RecN
functions to maintain sister chromatid cohesion, allowing for efficient homology search by
RecA during DSBR. Interestingly, Deinococcus radiodurans RecN has been shown to stimulate
RecA-mediated strand exchange to form a D-loop and a nicked circular duplex, while RecA
has been shown to stimulate the DNA-dependent ATPase activity of RecN (43). This work
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has also shown that Deinococcus RecN provides an additional role in promoting DNA strand
exchange separate from its function in cohesion (43). Collectively, RecN functions after RecA
binding, contributing to DSBR by maintaining sister chromatid cohesion and contributing to
strand exchange in E. coli and D. radiodurans.

Current models in B. subtilis suggest that RecN is the first protein to act during the
process of DSBR (44). In B. subtilis, RecN has been assayed when expressed from its
native promoters at its normal chromosomal location with a C-terminal fusion to yel-
low fluorescent protein (YFP) (38, 45). In these studies, RecN-YFP localization was
shown to be independent of end processing and recA (38, 45). This work leads to the
conclusion that RecN organizes into a single repair complex gathering DSBs before
end processing by AddAB or RecA binding, suggesting that RecN is the first known
protein to act in this process (38, 44, 45). Further, this work showed that RecN-YFP foci
were faint and formed foci in a small subset of cells, a result that disagrees with the
observations using E. coli GFP-RecN (37, 38, 45). The differences observed could be due
to a number of factors, including N- versus C-terminal fusions, plasmid relative to chro-
mosomal expression, and certain species-specific differences in biochemical activity
between RecA and RecN from the different organisms studied.

To understand how RecN organizes during DSBR in B. subtilis, we constructed N-
and C-terminal fluorescent fusions to RecN expressed from its normal chromosomal
position under the control of its native promoters. We show that the N-terminal RecN
fusion is nonfunctional, while the C-terminal RecN fusion behaves similarly to the wild
type. Through imaging repair complex formation, we show that RecA and end process-
ing are required for the formation of DNA damage-inducible RecN-GFP foci, demon-
strating the concerted order of participation during DSBR. Further, our work demon-
strates that in the absence of recA and end processing, RecN-GFP foci form larger
inactive complexes away from the nucleoid, suggesting that in the absence of RecA,
the RecN protein is rendered unresponsive to DNA damage and unable to load onto
DNA. Our work underscores the sequential order of action during DSBR and establishes
RecA and end processing as critical components important for the recruitment of RecN
in response to DNA damage in live cells.

RESULTS

AddAB is responsible for the majority of end resection in vivo. During DSBR, the
ends are resected, generating 3’ ssDNA tails at chi sites during a procedure referred to
as end processing or end resection (46, 47). The 3" ssDNA ends serve as suitable sub-
strates for RecA binding and nucleoprotein filament formation (48). It has previously
been shown in B. subtilis that AddAB is critical for end resection in vitro and in vivo (13,
46, 49). Other evidence in B. subtilis suggests that rec) exonuclease, in combination
with DNA helicase RecQ, provides end resection at stalled replication forks (38). To
understand the contribution of AddAB and RecJ to end processing, we performed an
assessment of cell survival following exposure to mitomycin C (MMC). MMC was cho-
sen because it indirectly results in double-strand breaks (DSBs) and causes replication
fork stalling, providing a broad and effective method to sample the importance of
AddAB and RecJ to end resection in vivo (9, 50).

We show that cells disrupted for addA or addB showed the same percent survival,
which was expected given their gene products form an active enzyme (16, 17) (Fig. 1).
Importantly, we show that, in an otherwise wild-type background, recJ provides only a
minor contribution to cell survival following MMC exposure. In B. subtilis, RecO is responsi-
ble for loading RecA regardless of the type of lesion encountered (9). In support of this, we
show that cells deficient for recO are highly sensitive to DNA damage, with a sensitivity
greater than that of a single end-processing mutant (9) (Fig. 1). Further, we show that com-
bining an addA deficiency with a recJ deletion further sensitized B. subtilis cells, providing
evidence that in the absence of addA, recJ provides some overlapping function (Fig. 1).
Importantly, cells deficient for addA and rec) showed approximately the same percent sur-
vival as a recO deficiency, further supporting the model that, in B. subtilis, RecO is required
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FIG 1 AddAB is responsible for the majority of end processing in vivo. Shown is a killing curve of various
recombination deficient mutants in B. subtilis to mitomycin C. Survival is relative to untreated wild-type
cells. The error bars indicate standard errors of the means (SEM) from at least three independent
measurements.

for RecA loading following end resection during DSBR (9). The recA-deficient strain was even
more sensitive, likely due to its role in SOS induction (Fig. 1). We conclude that in B. subtilis,
AddAB is responsible for the vast majority of end resection with RecJ, providing a minor
overlapping contribution.

RecN is functional with a C-terminal fluorescent fusion. Current models in B. sub-
tilis suggest that RecN is the earliest acting protein during DSBR and that RecN func-
tions before RecA and end processing (44, 45). Further, it has been shown biochemi-
cally that B. subtilis RecN can bind and protect 3’ ssDNA tails, supporting the model
that RecN acts prior to RecA (51). The subcellular localization of RecN fused to GFP or
YFP has been examined in E. coli and B. subtilis (37, 38, 45). In E. coli, a functional N-terminal
fusion to plasmid-expressed GFP-RecN showed RecN forms large complexes away from
the nucleoid (37). In B. subtilis, RecN-YFP showed small complexes in a subset of cells that
were concluded to form independent of RecA and end processing (38).

To understand the subcellular localization of RecN and choreography during DSBR,
we began by building N- and C-terminal GFP fusions to assess their functionality. Each
fusion was expressed from the recN native chromosomal location under the control of
the native promoters to prevent any localization patterns that could be symptomatic
of plasmid-borne expression. Our fusion constructs include monomeric gfpmut3 with a
22- or 23-amino-acid flexible linker for the N-terminal and C-terminal fusions, respectively.
We tested strains with gfp-recN, recN-gfp, and an recN-deficient strain as a control in spot ti-
ter assays following UV challenge, the break-inducing peptide phleomycin, or the cross-
linking agent MMC (Fig. 2). We found that recN-deficient cells were sensitive to phleomycin
and MMC but not UV, further supporting the model that RecN is important for DSBR.
Interestingly, we found that the gfp-recN allele was indistinguishable from the recN-defi-
cient control (recN:tet). Further, the recN-gfp allele showed the same survival as the wild-
type control on MMC and phleomycin (Fig. 2). With these data, we conclude that gfp-recN
is nonfunctional and recN-gfp shows nearly wild-type levels of survival to DNA damage,
providing an appropriate fusion to determine the genetic requirements supporting RecN-
GFP focus formation.

RecN-GFP forms damage-inducible foci on the bacterial nucleoid. To understand
the subcellular localization of RecN and to provide insight into the differences that
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FIG 2 RecN is functional with a C-terminal GFP fusion. (A) Spot titer plates with the indicated strains challenged with UV irradiation, phleomycin, or
mitomycin C. Each spot was serially diluted 10-fold. (B) Killing curve of the indicated strain to increasing concentrations of mitomycin C. Relative survival indicates

survival compared to untreated wild type. Error bars represent SEM from at least three independent measurements.

were observed between the E. coli GFP-RecN and the B. subtilis RecN-YFP fusions, we
assayed and quantified the subcellular localization of the B. subtilis GFP-RecN and
RecN-GFP fusions. For the GFP-RecN fusion in untreated cells, we observed robust foci
that formed in approximately 38.8% of cells with 4.3% of foci coincident with the
nucleoid (n=616) (Fig. 3A). In cells challenged with MMC, we found that GFP-RecN
formed foci in 37.6% of cells, with 4.7% (n =782) of foci coincident with the nucleoid.

These results show that GFP-RecN foci assembled in areas of the cell away from the
nucleoid. Further, the foci were not damage inducible, and we did not observe GFP-RecN foci
redistribute to the nucleoid following DNA damage (Fig. 3B; see also Fig. S1 in the supplemen-
tal material). Most of the results we observe with the GFP-RecN fusion were similar to those
for the E. coli GFP-RecN fusion, with the exception that the E. coli protein showed damage-in-
ducible relocalization (37). It should be noted that the B. subtilis gfp-recN strain was indistin-
guishable from an recN-deficient strain for growth in the presence of DNA damage and that
the gfp-recN allele assayed in E. coli was overexpressed from a plasmid using an inducible pro-
moter (37) as opposed to the fusion allele used here. Based on our genetic and subcellular
localization results, we conclude that GFP-RecN in B. subtilis forms a nonfunctional inactive
complex that is unable to participate in DSBR.

In contrast to GFP-RecN, RecN-GFP formed foci in about 7.3% of cells, with 1.6%
(n=958) of foci coincident with the nucleoid when grown in the absence of DNA dam-
age. RecN-GFP then formed foci in 56.9% of cells, with 50.6% (n=1,077) of foci coinci-
dent with the nucleoid following DNA damage with MMC (Fig. 3). This result shows
that the vast majority of DNA damage-inducible foci were coincident with the nucleoid
(Fig. 3), suggesting that the RecN-GFP foci are participating in DSBR. The foci that
formed were qualitatively smaller, and the fluorescence intensity was significantly reduced
compared with that of the GFP-RecN foci (Fig. 3A and C; Fig. S1). Prior studies characteriz-
ing RecN-YFP reported that 0.05% of undamaged cells showed foci while 70% of cells
showed foci following challenge with MMC (45). The percentage of cells we observe to
have RecN-GFP foci in untreated cells is inconsistent with the prior report; however, the
percentage of cells we observe with RecN-GFP foci is similar to that of the prior report fol-
lowing damage with MMC (45).

During the DNA damage response, RecN forms multiple repair centers on the
nucleoid. Prior work characterizing B. subtilis RecN-YFP suggested that RecN forms a
limited number of “repair centers” per cell regardless of the DNA damage dose used
(45). We quantified the number of RecN-GFP foci per cell and found that following
DNA damage, RecN-GFP forms as many as 4 foci (repair centers) per cell, with most
cells forming one or two foci per cell (Fig. 4). Prior work has suggested that RecN is capable
of gathering several DSBs into one repair center (45). Our data are more supportive of a model

October 2021 Volume 203 Issue 20 e00240-21

jb.asm.org 5


https://jb.asm.org

McLean et al.

Untreated 0.3 pM Mitomycin C

. ..
- .. ..

B 60 C

400 -
g 50- # :
€ 2 300+
3§ 404 2
28 30 £ 2004
o = -
53 ®
z& 201 g 100+
§ 10 - w
0— ...........................
0 I ! I
MMC = + - + -100 T T
RecN-GFP GFP-RecN {(Q >
o &
B S Q’
& o
DNuclemd

FIG 3 RecN-GFP foci are damage inducible and form foci on the nucleoid. (A) Shown are representative
micrographs of GFP-RecN or RecN-GFP foci untreated or following challenge with mitomycin C. The cell
membrane is stained with FM 4-64 and pseudocolored blue, the nucleoid is stained with DAPI and
pseudocolored magenta. Bars, 4um. (B) The graph shows the percentage of cells with foci in each
category. The cyan color reflects the fraction of foci that were nucleoid associated, while the black bars
represent the fraction of foci away from the nucleoid. Conditions with mitomycin C (MMC) are indicated,
and the error bars reflect the 95% confidence interval. For RecN-GFP, n=958 and n=1,077 cells scored
untreated or challenged with MMC, respectively. For GFP-RecN, n=616 and n=782 cells were scored for
untreated or cells challenged with MMC, respectively. (C) The focus intensity was determined using an
automated program in Fiji with the MicrobeJ plugin. For RecN-GFP and GFP-RecN, the number of foci
analyzed was the following: RecN-GFP, n=798; GFP-RecN, n=495. The distribution of focus intensity was
graphed as a violin plot with the dotted center line representing the median and the solid lines
representing the 25th and 75th percentiles. The difference between the medians was significant, with a
Pvalue of <0.001 using a two-tailed t test. The foci analyzed were from at least two independent
experiments.

where RecN can assemble at several sites of DNA damage to help facilitate chromosome
cohesion and DSBR at multiple points along the nucleoid. Further, based on our results, we
suggest that RecN is unlikely to coalesce several DSBs into one large repair center within B.
subtilis; instead, RecN is more likely to help facilitate repair after it is recruited to DNA breaks.
RecA is required for efficient RecN-GFP damage-inducible foci on the nucleoid.
Current models for DSBR in B. subtilis suggest that RecN acts early in repair and upstream
of RecA and end processing (38, 44, 45). Cytological studies in E. coli show that the redis-
tribution of GFP-RecN foci to the nucleoid is dependent on the recA gene (37), yet genetic
studies show that mutations in recN and recA are genetically separable (39). Therefore, we
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FIG 4 RecN-GFP forms multiple repair complexes on the nucleoid per cell. (A to C) Representative
images of RecN-GFP foci, the cell membrane imaged with TMA-DPH pseudocolored magenta, and the
merged imaged. The bar indicates 4 um. (D) Number of foci per cell for untreated cells (black bars)
and cells challenged with mitomycin C (cyan bars). The number of cells scored for untreated and
mitomycin C treatment were over 900 cells per condition.

asked if RecN-GFP foci were altered in cells with a recA-deficient allele (recA:spc) (Fig. 5).
We found that although the percentage of cells with RecN-GFP foci increased slightly after
DNA damage (8.4% [n= 1,008 cells scored] to 13.2% [n= 1,336 cells scored]) in the absence
of recA, the RecN-GFP subcellular localization response to DNA damage was almost
entirely lost compared with a wild-type recA strain. Further, we find that the foci that do
form are located away from the nucleoid, showing the same result as our findings with
the nonfunctional GFP-RecN fusion (compare Fig. 3B and 5B).
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FIG 5 RecA is required for the formation of RecN-GFP foci on the nucleoid in response to DNA
damage. (A) Representative micrographs of B. subtilis cells with RecN-GFP and in cells deficient for
recA left untreated or challenged with mitomycin C. Cell membranes were stained with FM 4-64
(pseudocolored blue), and the nucleoid was imaged with DAPI (pseudocolored magenta). (B) Bar
graph shows the percentage of cells with foci that were nucleoid associated (cyan) or off the
nucleoid (black) in the presence or absence of DNA damage in cells deficient for recA. Error bars
represent the 95% confidence interval. For the untreated condition, n=1,008, and for MMC
treatment, n= 1,336 for cells scored. (C) Shown is a graph with the percentage of cells with RecA-GFP
foci challenged with mitomycin C or phleomycin that were wild type for recN or carrying the recN::cm
allele. The number of cells scored for each condition are the following: for recA-GFP and recN:cm
untreated, n=1,211; for 40 nM MMC, n=924; for 80 nM MMC, n=301; for 300 nM phleomycin, n=446;
for recA-GFP and wild-type recN, untreated n=479; 40nM MMC, n=547; for 80nM MMC, n=340; for
300 nM phleomycin, n=347. Error bars represent the 95% confidence intervals.

The simplest explanation for our results is that the organization of RecN-GFP into
foci on the nucleoid is recA dependent. If RecA acts before RecN, then we would expect
the percentage of cells with RecA-GFP foci to remain unchanged in the presence or absence
of a functional recN gene. Indeed, we show that the percentage of cells with RecA-GFP foci
were unchanged between wild-type and recN-deficient cells, demonstrating that the organi-
zation of RecA-GFP into foci is independent of recN, yet the organization of RecN-GFP into
foci on the nucleoid is strictly dependent on recA. We conclude that RecN acts downstream
of RecA, providing their order of action in B. subtilis.

End processing is required for RecN-GFP to form DNA damage-inducible repair
centers. Our data show that recA is required for RecN to form damage-inducible foci
that are coincident with the nucleoid (Fig. 3B). Because we find that RecN-GFP foci are
recA dependent, we hypothesize that RecN foci will also be dependent on end resection,
because end resection is necessary for RecA to form nucleoprotein filaments on ssDNA (52).
Therefore, we examined RecN-GFP foci in cells deficient for AddAB by testing the effect of
addA:erm or addB:erm, separately ablating the major end-processing pathway in B. subtilis
(13, 38) (Fig. 1). We find that cells lacking addA or addB showed RecN-GFP focus formation
in ~11% (n=416) and 13% (n =444) of untreated cells, respectively. Thus, the percentage of
cells with RecN-GFP foci was initially elevated in cells lacking addA or addB relative to the
wild type. Importantly, however, RecN-GFP foci were no longer DNA damage inducible in
the absence of end processing by AddAB, showing the same overall result we find in the ab-
sence of recA (Table 1, bottom two rows). In the absence of recA, RecN-GFP foci only formed
in 13% of damaged cells (Fig. 5), the same effect we observe following DNA damage in the
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TABLE 1 RecA and AddAB are important for RecN to form DNA repair complexes

% foci formed (no. of cells)

Genotype Endogenous Mitomycin C treated
recA-gfp 10.6 (795) 67.3 (800)
recA-gfp addA:erm 3.5(202) 32.6 (306)
recA-gfp recJ::erm 6.4 (287) 40.7 (226)
recA-gfp addA:erm Arec) 2.6 (267) 25.4(193)
recN-gfp 7.7 (456) 28.7 (324)
recN-gfp addA:erm 11.3 (416) 12.8 (431)
recN-gfp addB::erm 13.7 (444) 12.0 (516)

absence of end processing using a deficient addA or addB allele with foci forming in
~12.7% (n=431) and ~12.0% (n=516) of cells, respectively (Table 1). Qualitatively, we did
notice that the RecN-GFP foci that formed in the absence of end processing were larger and
formed away from the cell center (Fig. S2). Because the larger RecN-GFP foci are not damage
inducible, these results indicate that the ~12% of RecN-GFP complexes that form in cells
lacking AddAB appear to represent inactive complexes, mirroring the localization pattern
observed for RecN-GFP in the absence of recA or when using the nonfunctional N-terminal
GFP fusion. With these results, we conclude that RecN-GFP focus formation in the absence
of end processing represents coalesced RecN protein that does not contribute to DSBR in B.
subtilis.

DISCUSSION

RecN is a highly conserved SMC-like bacterial protein that is critical for homologous
recombination (39, 42, 49, 53-55). Discovered nearly 40 years ago (49, 55-57), the con-
tribution of RecN to DSBR has been clear, although the mechanistic contribution and
the step when RecN contributes has remained under investigation. In E. coli, recN-defi-
cient cells are sensitive to ionizing radiation, MMC, and a DSB induced by the I-Scel
homing endonuclease (39, 42, 54). Further, E. coli recN-deficient strains show wild-type
levels of DNA degradation during DSBR, suggesting normal function of RecBCD (54).
Importantly, cells lacking recN are more strongly sensitized when two or three I-Scel-
induced breaks occur in the chromosome (54). In B. subtilis, similar results have been
shown, as recN-deficient cells are sensitive to MMC (45) (Fig. 1), the break-inducing
peptide phleomycin, and 4-nitroquinoline 1 oxide (4-NQO) (49) but not UV-induced
damage (Fig. 1). Further, recN-deficient B. subtilis cells show no defect in transformation
with plasmid DNA and are 80% as efficiently transformed with chromosomal DNA as
wild-type cells (49). Taken together, the current sensitivity data in E. coli, Bacillus, D.
radiodurans, and C. crescentus suggest that RecN has a conserved contribution to DSBR
(39, 54, 58, 59).

The major goal of this investigation is determining the concerted order of action
between RecA, end processing (AddAB), and RecN. Current models of B. subtilis sug-
gest that RecN-YFP foci form independently of both recA and DSB end processing (60),
while in D. radiodurans RecN functions in vitro after RecA (43). The important findings
from our work in B. subtilis are that an N-terminal fusion to RecN inactivates the pro-
tein, while a functional C-terminal fusion requires both RecA and end processing to
assemble into multiple foci on the nucleoid in response to DNA damage. We provide
quantitative evidence showing that in the absence of recA or end processing by
AddAB, RecN-GFP foci are no longer DNA damage inducible. Based on our results, we
conclude that during DSBR, RecN functions after end processing and RecA nucleopro-
tein filament formation on ssDNA.

The results we present here with RecN-GFP differ, in part, from prior studies using a
RecN-YFP fusion protein (38). The RecN-GFP fusion used in this study is monomeric
gfpmut3, which has been shown to be one of the most monomeric fluorescent proteins
available (61). In contrast, YFP has a strong tendency to form dimers (62). In addition,
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we used an extended flexible linker, which we have shown previously contributes to
the functionality of fusion proteins (63). Previous work showing that RecN-YFP forms
foci in the absence of recA or end processing in part agrees with our findings, as we
also show RecN-GFP is capable of forming foci in the absence of recA and addA or
addB. The difference is that in our experiments, RecN-GFP foci fail to respond to DNA
damage and generally form near the cell periphery when recA or end processing
(addAB) are nonfunctional. The differences between our work and the prior study (38)
could be a reflection of the fluorescent proteins used in each study.

Does RecA bind RecN and recruit it during DSBR? One study identified a recA mutant
(recAQ300A) proposed to define the site of interaction between RecA and RecN (37). More
recent studies have shown that recAQ300A has no effect on RecN function in E. coli (39, 42).
RecN-Flag has been shown to coimmunoprecipitate E. coli RecA and vice versa following
MMC challenge, suggesting a physical interaction occurs between these proteins during
repair. Further, in D. radiodurans it was shown that RecA and RecN can stimulate activity
of the other protein in a defined system (42, 43). It was also shown that D. radiodurans RecA
and RecN interact directly in the presence or absence of DNA and that the stimulatory effect
of RecN on RecA required D. radiodurans RecA, suggesting a species-specific interaction (43).
Therefore, there is indeed strong evidence that RecA physically interacts with RecN,
although a discrete site on either protein has yet to be identified to mediate their interaction
and facilitate the recruitment of RecN in vitro or in vivo. Given that RecN is critical for repair,
we speculate that RecN also recognizes a DNA structure that forms during repair, contribut-
ing to its recruitment to break sites by RecA.

An important difference between E. coli and B. subtilis is the regulation of recN
expression. In E. coli, recN is part of the SOS regulon (57, 64). Expression of recN is low,
with high expression induced following SOS induction (64). In contrast, B. subtilis recN
is not under SOS control (35, 65). B. subtilis RecN protein levels do increase slightly fol-
lowing DNA damage, although the increase in RecN is independent of SOS regulation
(36). Our work here shows that RecN forms foci in a small percentage of untreated cells
away from the nucleoid. In otherwise wild-type cells, DNA damage causes RecN to
increase focus formation on the nucleoid, indicating a damage-dependent relocaliza-
tion of RecN. Importantly, we show that recA and addAB are required for the DNA dam-
age-dependent induction of RecN-GFP focus formation to occur. We suggest that RecN
is not under SOS control in B. subtilis because it is able to undergo a redistribution to
the nucleoid in response to DNA damage and does not require much of an increase in
protein abundance to participate in DSBR. We further suggest that the large RecN-GFP
complexes we observe at the cell periphery in the absence of recA or addAB represent
inactive RecN complexes. Our data show that RecN is unable to redistribute to the bac-
terial nucleoid in response to DNA damage and participate in homologous recombina-
tion in the absence of recA and addAB, suggesting we have ablated a RecN loading
pathway yielding “dead end” RecN complexes.

In E. coli, following DNA replication, sister loci remain coincident and do not sepa-
rate for 10 to 20 min (66). Sister chromatid cohesion in E. coli is regulated by topoisom-
erase IV (Topo IV) (66). Recombination in E. coli cells deficient for recN can be rescued
by inactivation of Topo IV using a temperature-sensitive allele (parEts) (42). This work
showed that by conditionally inactivating Topo IV to maintain precatenanes and, thus,
sister chromatid cohesion, recombination in a recN mutant can be restored (42). This
work considered with the finding that recN mutants are error-prone in recombination
suggests that sister loci could misalign, leading to errors and reduced fidelity during
DSBR (54). These studies, considered with our own findings showing that RecA and
AddAB are required for RecN to assemble on the nucleoid, suggest that RecN contrib-
utes to DSBR after RecA by helping to maintain sister chromatid cohesion. Such a role
by RecN would allow for an efficient homology search during DSBR. In the absence of
recN, sister chromatids would segregate early, impairing RecA-mediated homology
search and reducing the fidelity of DSBR. Such an effect might not be as critical for
repair of a single DSB; however, repair of multiple site-specific DSBs or multiple breaks
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caused by chemical damage would reveal the importance of RecN in mediating cohesion
(42, 54). Thus, just like DSBR in eukaryotes, a critical feature in bacterial repair is the involve-
ment of an SMC-like condensin to aid in the homology search of the intact sister contribut-
ing to repair and the overall fidelity of the process.

MATERIALS AND METHODS

Basic bacteriology. All strains used in this study were derivates of the laboratory strain PY79 (67)
and are listed in Table S1 in the supplemental material. The media used were lysogeny broth (68) (LB)
(10 g/liter tryptone, 10 g/liter NaCl, and 5 g/liter yeast extract) and S5, minimal medium (1x S7, salts
from 10x S7,, salts stock [104.7 g/liter morpholinepropanesulfonic acid, 13.2 g/liter, ammonium sulfate,
6.8 g/liter monobasic potassium phosphate, pH 7.0, adjusted with potassium hydroxide], 1x metals
diluted from 100x metals stock [0.2 M MgCl,, 70 mM CaCl,, 5mM MnCl,, 0.1 mM ZnCl,, 100 ug/ml thia-
mine-HCl, 2mM HCI, 0.5 mM FeCl,], 0.1% potassium glutamate, 40 g/ml phenylalanine, 40 wg/ml tryp-
tophan), and 2% glucose was added as a carbon source as described previously (69). Unless otherwise
stated, all B. subtilis strains were grown at 30°C in a shaking water bath or on plates in an incubator. The
final concentrations of antibiotics used were 12.5 ug/ml tetracycline, 100 wg/ml spectinomycin, 5 ug/ml
chloramphenicol, and 0.5 ng/ml erythromycin. Each was diluted from a 10x stock. For DNA damage mi-
tomycin C (Fisher Bioreagents) and phleomycin (Sigma) were used at several different concentrations as
indicated in the figure legends.

Microscopy. Cells were plated from frozen stocks onto LB agar plates, with the appropriate antibiot-
ics to select for markers listed in Table 1. Cells were then grown either at room temperature or 30°C,
generating a light lawn of confluent growth with very few discernible colonies. Plates were then washed
using prewarmed minimal medium (S7,, supplemented with 2% glucose). The culture was inoculated at
a starting optical density at 600 nm (ODy,,) of 0.05 to 0.1 in a final volume of 12.5ml in a 125-ml flask.
The culture was wrapped with foil to block light and incubated in a shaking water bath at 30°C at 250 rpm.
Cultures were then grown for a few hours to achieve 3 doublings, reaching an OD,, of 0.4 to 0.8. Cultures
were then challenged with DNA-damaging agents for 60 min or vehicle control to remain untreated prior to
imaging. Cells were then placed on agarose pads and imaged as described previously (9, 70, 71). Focus inten-
sity was analyzed using ImageJ with the Microbel plugin to identify focus intensity using the point function.
The intensity was determined for the number of foci indicated in the figure legend from at least two independ-
ent experiments. The data were graphed and statistics completed using Prism 9.

Cell membranes were visualized with the fluorescent dye TMA-DPH at a working concentration of 10 uM
or FM 4-64 as described previously (9, 63, 71-75). TMA-DPH and FM 4-64 were added about 10 min before
imaging, followed by incubating the sample for a few minutes in a shaking water bath at 30°C or at room tem-
perature for FM 4-64. TMA-DPH images were captured after GFP for 65 ms. Following membrane staining slides
were prepared for imaging on 1% agarose pads as described previously (9, 63, 71-75).

Killing curves. For killing curves, cells were grown to mid-exponential phase at an ODy,, of 0.5 to
0.8, followed by harvesting cells by centrifugation and resuspension in 0.85% saline. Cells were chal-
lenged with the indicated damaging agent for 30 min, followed by centrifugation and serial dilution.
Cells were then plated on LB agar for viable cells, followed by enumeration (9, 76). The relative survival
was normalized to the survival of the untreated wild-type control.

Spot plates. Cells were grown to mid-exponential phase (ODy,, of 0.5 to 0.8), followed by harvesting
1.5ml of cells by centrifugation and resuspension in 0.85% saline. Cells were then serially diluted in
0.85% saline and followed by spotting 10 ul of resuspended cells on LB agar plates or LB agar plates
with the indicated DNA-damaging agent. For UV treatment, cells were serially diluted and then chal-
lenged on the plate with 5 J/m? UV-C. Plates were incubated at 30°C overnight and imaged the follow-
ing day after 12 to 16 h of growth at 30°C.

The recA-gfp allele used was recA23-mGFPmut2, as described previously (9, 65, 73, 77). The recN-gfp
allele used was recN23-mGFPmut3. Twenty-three denotes a 23-amino-acid flexible linker between RecN
and mGFPmut3, which has been described previously (61). In Table 1, the recN-GFP strain used is EKM19,
which is the same background as JSL486 with the same recN-gfp construct. All data presented in Table 1
were completed independent of the data presented in Fig. 3B and 5B. MMC was added to 20 ng/ml for
1 h prior to image acquisition.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.9 MB.
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