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Fig. 1. RDG traps HJs, inhibiting recombination, repair, and protein action on HJs biochemically and in living cells. (A) Example of an HR model that includes HJs (with pink
hexagons, RuvC,on them; see text S1 forHRand thismodel). Pairedparallel lines, base-pairedDNAstrands; dashed lines, newDNAsynthesis. (B) IllustrationofRuvC (blue triangles)binding

toHJ, adaptedwithpermission fromWest (32). (C)Designof chromosomal regulatable ruvCDefgfpgene (seealso fig. S1). PN25tetO, doxycycline-induciblepromoter (39); arrows,directionsof
transcription. (D) RDGprotein is inducedwithdoxycycline (doxy;Westernblot). (E) RDGprotectsHJDNA (not linearduplexDNA; fig. S2D) fromEcoRI cleavage in solution. Left: EcoRI site in
synthetic immobileHJcDNA, 3 bp from theHJ center.Middle: Representative digestion ofHJc by Eco RI inhibitedbyprebinding (fig. S2B) of RuvCGFPor RDG. Right: DNAband intensities
normalized to that of HJc at time 0 of Eco RI treatment (means ± SEM, three experiments). (F) RDG production causes dominant-negative UV light sensitivity, implying failed DNA repair.
The data imply that RuvC+ protein cannot act onHJs trappedbyRDG.Native ruvC locus, either ruvC+or deleted (DruvC) (left), and theprotein produced from the chromosomal transgene
(right): PN25tetO-RDG, PN25tetO-RuvCGFP, or PN25tetO promoter only. (G) In-cell titration of RDG/RuvC+ ratios shows that RDG remains dominant-negative, implying HJ trapping, when RDG
levels are reduced to allowmany RuvC+ homodimers. RuvChomodimers/RDGhomodimers at 2.3 (black line) determinedbyWestern blots. Right: percentages of RuvChomodimers and
RuvC/RDG heterodimers expected at this ratio. RuvC and RDG levels controlled by IPTG-inducible Ptac and doxycycline-inducible PN25tetO, respectively. MW, molecular weight. (H) RDG
inhibitsHR inaphageP1 transductionassay in thepresence (RDG)or absenceofnativeRuvCorRecGHJ resolutionproteinsand in theabsenceofboth (RDG ruvC, RDG recG, andRDG ruvC
recG, respectively). RDG transcription induced (green)or repressed (gray). †or †, frequency<1×10−7 colony-formingunits (cfu)perparticle; *P<0.05 relative to theuninducedcontrol. *P<
0.05 relative to the uninduced RDG control strain. (I) RDG protects HJs from RusA HJ endonuclease in living cells. RusA produced from an IPTG-inducible plasmid reduced RDG spon-
taneous HJ foci (foci described in Fig. 2) when produced before (right) but not after RDG (left). Left bar in each panel, no IPTG induction. *P < 0.05, two-tailed paired t test.
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In biochemical experiments, purified RecQ both promotes RecA-
mediated strand exchange, leading to HJs (16), and disentangles
model double HJs (17). Although RecQ promotes the net accumula-
tion of HJs in living cells (18) and allows the degradation of DNA at
stalled replication forks (19, 20), whether it acts before or after HJs in
cells is unknown (18), as are its main roles in cells. Of the five human
orthologs, WRN (and yeast Sgs1) acts nonredundantly to reduce HJ
levels in cells (21, 22). Sgs1 also works redundantly in DSB resection/HJ
promotion (23–25), and RECQL4 is implicated in this role (26). BLM is
implicated inHJ-level reduction (15). RECQL5may actmainly onRNA
(27). RECQL1, RECQL5, and RECQL4 also prevent genome instability
and cancer in humans and mice (27–29), but whether via HR, and at
what stage(s), is unknown.

We present engineered protein derivatives of E. coli RuvC four-way
DNA junction (HJ)–specific endonuclease (Fig. 1B) (30–32) that trap
HJs, inhibit their further chemistry with both purified proteins in so-
lution, and in cells, label and quantify HJs as fluorescent foci in single
living cells, and map sites of HJs in genomes via chromatin immuno-
precipitation sequencing (ChIP-seq). HJs can form both as intermedi-
ates in HR, and HR independently when replication forks stall and
“regress” (33, 34). We distinguish HR-generated HJs from non-HR–
HJs in E. coli via the requirements of HR-HJ formation for specific HR
proteins not required for fork regression in live E. coli (33), and as pre-
dicted by the biochemistry of the RecA and RecA-loader proteins (35).
We discover the main sources and rates of formation of HR-HJs in
vegetative E. coli and that the genomic footprints of HJs in DSB repair
show chromosomal directionality.We also discover a novel “junction-
guardian” role of RecQ, both promoting the formation of HR-HJs and
preventing the formation of non-HR–HJs. By mining human cancer
RNA data, we implicate the RecQ orthologs BLM and RECQL4 in sim-
ilar roles in many human cancers.
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RESULTS
A HJ trap is engineered from RuvC
We engineered endonuclease-defective, fluorescent protein fusions
of four-way DNA junction–specific RuvC by substituting bases en-
coding catalytic amino acids (described in fig. S1 and text S1 for
four-way junction specificity) (30–32). We also built an identical C-
terminal green fluorescent protein (GFP) fusion to functional RuvC.
RuvCDefGFP (RDG), RuvCDefmCherry (RDM), and RuvCGFP are
encoded (separately) as doxycycline-inducible transgenes in a non-
genic site between the mntH and nupC genes in the E. coli chromo-
some (Fig. 1, C and D), in cells that also have either the wild-type
(WT) or deleted ruvC gene at the native locus, as indicated. We pur-
ified RDG and RuvCGFP proteins and confirmed that both bind
model HJs in solution (fig. S2, A and B). RuvCGFP cleaves a model
HJ, apparently uninhibited by the GFP tag (fig. S2C). RDG does not
cleave themodelHJ (fig. S2C), indicating that, as designed, RDGbinds
but does not cleave HJs in solution.

Purified RDG inhibits action of other proteins on HJs
in solution
Two assays show that RDG inhibits the activities of other proteins at
HJs, that is, “traps” HJs in solution. First, prebinding of either RDG or
RuvCGFP to a model HJ with an Eco RI recognition sequence near
the junction (fig. S2B) slowed cleavage by Eco RI endonuclease of HJ
DNA (Fig. 1E) but not linear DNA (fig. S2D), indicating that both
retard Eco RI specifically at a HJ. Second, we performed competition
Xia et al. Sci. Adv. 2016;2 : e1601605 18 November 2016
assays between RDG and Flp high-affinity site-specific recombinase/
HJ resolvase (36), reported to have roughly similar HJ affinity to RuvC
(32). More than half (55 ± 2%; mean ± SEM, three experiments) of the
RDG bound to a model HJ containing the Flp recognition sequence
resisted displacement by Flp (fig. S2, E to G). We conclude that RDG
has HJ-trap activity in solution with affinity similar to Flp.

RDG inhibits action of other proteins on HJs in living cells
Three assays demonstrate that RDG inhibits HJ processing by other
proteins in E. coli. First, RDG protects against RuvC, causing a
“dominant-negative” sensitivity to ultraviolet (UV) light. DruvC cells
are UV-sensitive (Fig. 1F, DruvC compared with ruvC+) (32) and
became resistant with RuvCGFP production from the chromosomal
transgene (Fig. 1, C and F, DruvC PN25tetO-RuvCGFP), showing that
RuvCGFP substituted for RuvC. Thus, RuvCGFPwas functional in cells
as it was in solution (fig. S2C). By contrast, production of RDG caused a
UV sensitivity similar to that of DruvC cells even in cells that also carry
the native WT ruvC+ gene (Fig. 1F, ruvC+ PN25tetO-RDG; fig. S3, addi-
tional controls), implying that RDG blocked the activity of RuvC on
HJs. Because RuvC functions as a dimer (Fig. 1B) (32), we constructed
regulatable chromosomal cassettes for both RuvC and RDG to vary
their ratios. We found that RDG prevents RuvC action, causing a
dominant-negative UV sensitivity, even when the molar ratios were
adjusted to produce a predicted 36% active-form RuvC homodimers
(Fig. 1G, black line) and 16% RDG homodimers (48% heterodimers),
assuming unbiased association of the RuvC and RDG monomer sub-
units. Because theWestern blots measure denatured proteins (Fig. 1G
and fig. S4B), this is predicted rather than measured directly. When
RuvC homodimers were predicted to outnumber RDG at 50% RuvC
to 8% RDG (41% heterodimers), cells became resistant to UV [fig. S4,
A and B; 10−1 mM isopropyl-b-D-thiogalactopyranoside (IPTG)]. The
data imply that RDG traps HJs in living E. coli, inhibiting RuvC
action, even when RDG homodimers are only about half as numer-
ous as functional RuvC homodimers (Fig. 1G), but not when RuvC
homodimers exceed RDG homodimers by a factor of ≥6 (fig. S4, A
and B). In experiments detailed below, we produced RDG homodimers
in ≥50-fold excess of native RuvC homodimers (fig. S4C) to capture
most or all HJs.

Second, RDG also inhibited recombination of linear DNA with the
E. coli chromosome [transductional HR; per Magner et al. (18)],
implying inhibition of the pro-HR activities of HJ-processing proteins,
including RuvC and RecG. In transductional HR, RuvC and RecG par-
tially substitute for each other such that cells deleted for ruvC or recG are
somewhat HR-deficient, and ruvC recG double mutants are far more
HR-deficient (Fig. 1H, gray bars; RDGnot induced, compare RDGwith
its DruvC and DrecG derivatives and both with DruvC DrecG) (32). We
found that induction of RDG (Fig. 1H, green symbols) reduced trans-
ductional HR by 6.6 ± 0.01 times in the presence of endogenous RuvC
and RecG proteins (Fig. 1H, RDG green bar, induced, compared with
RDG gray bar, not induced), regardless of native RuvC (Fig. 1H, RDG
ruvC green bar), and somewhat more in DrecG or DruvC DrecG cells
(Fig. 1H, green). The data imply that RDG blocks both RuvC and part
of RecG HR-promoting action on DNA in living cells.

Last, RDG blocks the action of the RusA HJ and three-way junction
endonuclease [reviewed byMahdi et al. (37)] in living E. coli. In the fol-
lowing section,we show that RDG fluorescent foci correspondwithHJs.
Here, we used timed production experiments with regulatable RusA
and RDG to show that the numbers of spontaneous foci of RDG are
reduced if RusA is produced before RDG but are not reduced if RDG
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is produced first (Fig. 1I). The data imply that when RusA is pro-
duced first, it reduces cellular levels of spontaneous HJs (Fig. 1I, right),
the remainder of which become RDG foci when RDG is produced.
Further, when RDG was produced first, RusA had no significant ef-
fect on levels of spontaneous RDG foci (Fig. 1I, left). The data imply
that RDG blocks the nuclease activity of RusA on HJs, seen as foci in
living E. coli cells.

RDG binds and labels HJs in single living cells
We show that RDG forms fluorescent foci that are correlated with HJs
from HR-DSB repair in E. coli cells (for example, Fig. 1A, HR repair
model), as follows. We induced low levels of chromosomally encoded
I–Sce I double-strand endonuclease (38) in proliferating E. coliwith the
I–Sce I cleavage site either near to or far from the replication origin (ori)
(I-sites, red arrows, DSB; Fig. 2A) to create more or fewer reparable
DSBs, respectively, in the more and fewer copies of those two chromo-
somal regions caused by replication (diagrammed in Fig. 2A). We va-
lidated the differential numbers of DSBs per cell as fluorescent foci of
GamGFP, a DSB-specific trap protein (Fig. 2B), per Shee et al. (39).

We find that DSB repair induces RDG foci; we found 11 ± 3 and 9 ±
3 times more cells with RDG foci (means ± SEM) with I–Sce I cleavage
than in uncleaved control cells (cut site, no enzyme; Fig. 2, C and D;
values are for ori-proximal and ori-distal cleavage, respectively). Be-
cause of the extra DNA copies near the ori caused by replication (Fig.
2A), bothmoreDSBs (Fig. 2B) andmore opportunities for repair with a
potential uncleaved sister chromosome are expected for ori-proximal
than ori-distal DSBs (Fig. 2A). We found that ori-proximal cleavage
of the chromosome produced 10 ± 3 times more cells with >1 RDG
focus than did ori-distal cleavage (Fig. 2D). These data correlate the
number of RDG foci with DSBs expected to be undergoing HR repair
via HJs. The data also indicate that multiple events can be visualized as
>1 focus per cell—the foci do not coalesce into a single spot.

Further, RecA and RecB proteins, which are required for HJ forma-
tion duringHR-DSB repair (Fig. 1A) (40, 41), were required for I–Sce I–
induced RDG focus formation (Fig. 2E). This supports the interpreta-
tion that DSB-induced RDG foci indicate HR-HJs. RecF loads RecA at
non–DSB-instigated HR events (40–43) and is not required for I–Sce
I–induced RDG foci, as expected (Fig. 2E).

RDG foci are also correlated with numbers of HR-reparable DSBs
produced by gamma rays (Fig. 2F and text S2). In text S2, these and other
data areused to estimate anefficiencyofRDGdetectionofHJs of about 50%.

Four additional lines of evidence support the conclusion that the
RDG foci represent HJs. (i) I–Sce I–induced (Fig. 2E) and spontane-
ous (Fig. 3A) RDG focus formation requires RuvB, which stabilizes
purified RuvC binding to HJs in solution (32), and does not require
RuvA, which is not required for RuvC HJ binding biochemically (44).
Purified RuvC can recruit RuvB to model HJs in the absence of RuvA
protein in solution (45). Because of the specificity of RuvC for HJs
(text S1) (30) and the ability of RuvB to stabilize RuvC at HJs (45),
our data imply that in living cells, RuvC/RDG can also bind HJs with-
out RuvA and can recruit and be stabilized by RuvB, implying that
RDG foci indicate HJs.

Next, (ii) production of HJ endonuclease RusA before RDG reduced
the number of spontaneous RDG foci, implying that the foci indicate
HJs (Fig. 1I). (iii) The mCherry-tagged RDM forms spontaneous foci
that colocalize with foci of a partial-function mutant RecA-GFP fusion
protein (fig. S5) (46), but not with GFP alone, placing RDM foci in the
cellular vicinity of DNA damage or repair (fig. S5). Foci of proteins
bound to defined DNA sites are easily distinguishable at sites separated
Xia et al. Sci. Adv. 2016;2 : e1601605 18 November 2016
by 55 kb (39) [13 kb for Wang and Sherratt (47)], and are separated at
≥80 kb (39, 47), such that the colocalization here puts RDG roughly
near RecA-bound DNA. (iv) Using ChIP-seq in the following sec-
tion, we demonstrate that RDG binds sites of HR-DSB repair. We
conclude that RDG foci indicate four-way DNA junctions in single
living cells.

RDG ChIP-seq of HR-HJs at repairing DSBs shows genomic
directionality of DSB repair
Wemapped the genomic repair landscape of RDGat sites ofDSB repair
induced by I–Sce I cleavage by ChIP-seq using an antibody against
RuvC. Figure 2G shows significant enrichment of DNA sequences near
I-site L (red line), near the chromosomal replication origin, oriC (black
line), and downstream of I-site L in the unidirectional replication
path (fig. S6, additional controls). RDG enrichment extends 63 to 73
kb ori-proximally and 169 to 173 kb ori-distally from the cut site (chan-
gepoint analysis; two independent experiments). Surprisingly, a smaller
enrichment occurred near the replication terminus (Fig. 2G), possibly
from break-induced repair replicationHJs that continue with the replica-
tion fork to the terminus (see Discussion). Both areas of enriched reads
areDSB-dependent and are not observed in cells without I–Sce I cleavage
(DSB−, Fig. 2G). Therefore, the enrichment reflects binding of RDG to
DNA associated with DSB repair.

In Fig. 2H, with cleavage about halfway between the replication ori
and terminus, reads were again enriched at the I-site and preferentially
downstream in the replication path (143 to 145 kb ori-proximally and
207 to 207 kb ori-distally, changepoint analysis; two experiments). The
RDG-DNA binding required the strand-exchange (HJ-producing)
protein RecA and its DSB-specific loader (48) RecB (Fig. 2H), indicat-
ing HR-DSB repair specificity, and was independent of RecF [RecA
loader at single-stranded DNA (ssDNA) gaps (42, 43)] and RuvA
(Fig. 2H), which is not required for RuvC binding biochemically
(44). We conclude that the ChIP-seq maps of RDG binding show
the genomic locations of HJs formed by HR-DSB repair. These first
glimpses of the genomic footprints of HJs during DSB repair dem-
onstrate a directionality of DSB repair along the chromosome not
observed previously, with more HJs ori-distally than ori-proximally
(see Discussion).

Most spontaneous RDG foci result from HR DNA repair
With no DNA damage induced, RDG foci appeared spontaneously
(figs. S7 and S8, A to C), most, we show, as a result of spontaneous
DNA damage and HR repair. Appearance of most spontaneous RDG
foci required the RAD51-orthologous strand-exchange HR repair pro-
tein RecA and its loader at ssDNA gaps (42, 43), RecF (Fig. 3, A and B,
and fig. S8A), which is analogous with RAD52, the human RAD51
loading preparation protein (49). Purified RecA aids formation of re-
gressed forks (RFs) in solution (50), but RecA is not required for the
formation of, or RuvABC action on, RFs in living E. coli (33) and is re-
quired for HR repair (40, 41). About 75% of spontaneous RDG foci re-
quired RecA, RecF, and RuvB (Fig. 3A), supporting their origin as
spontaneous HR repair events. The RuvB dependence supports focus
occurrence at HJs. The different numbers of foci in these strains do
not result from different growth rates/numbers of replication forks, as
shown in fig. S9. Mutants that lack RecA and also RuvB or RecF show
no further decrease in spontaneous RDG foci than recA single mutants,
indicating that those proteins promote spontaneous RDG foci RecA de-
pendently (Fig. 3B). The origin of the 25% RecA-independent sponta-
neous foci will be addressed in a separate study.
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Fig. 2. RDG foci represent HJs in living cells. (A to E) Correlation of RDG foci with HR-DSB repair–generated HJs per living cell. (A) Strategy for E. coli chromosome cleavage with
chromosomally encoded I–Sce I endonuclease at engineered cut sites (red arrows, DSB). Because of DNA replication, proliferating cells have more copies of oriC-proximal than oriC-
distal DNA and thus will havemore DSBs (and HR repair) per cell when cleaved by I–Sce I ori-proximally than ori-distally. (B) DSBs quantified as GamGFP focus, per Shee et al. (39),
show thatmost of the cells with the oriC-proximal cut site have>1GamGFP/DSB focus, and thosewith the ori-distal cut site havemostly 1 focus per cell, as previously described
by Shee et al. (39). (C) Representative images of RDG foci after I–Sce I cleavage (top row) or spontaneous foci (bottom row). (D) I–Sce I–induced RDG foci are positively correlated with
numbers of DSBs (and HJs) [quantification of images as in (B)], similarly to GamGFP foci in both oriC-proximal and oriC-distal sites. RDG foci increase with DSBs (P = 0.0001 for each
locus, two-tailed unpaired t test), andmore cells with >1 focus with ori-proximal than ori-distal cleavage (P = 0.0001, two-tailed unpaired t test). (E) HR protein dependence of I–Sce I/
DSB–induced RDG foci. I–Sce I/DSB–induced RDG foci are reduced by a significant 26.1 ± 0.1 times in recA and 4.3 ± 0.1 (means ± SEM) times in recB null mutants indicating RecAB
dependence, supporting their interpretation as HR-dependent foci formed during DSB repair. The dependence of RDG focus formation on RuvB supports their formation at four-way
junctions. The independenceof ruvA implies that RDGbindsdirectly toDNA four-way junctions, as shownbiochemically (44). **P<0.01, ***P<0.001, relative toDSBcontrol, two-tailed
unpaired t test. (F) RDG foci are positively correlated with dose of DSB-inducing g radiation (R2 = 0.99; P < 0.001, Pearson’s correlation analysis). (G) RDG ChIP-seq shows that RDG
localized DNA near a reparable I–Sce I–induced DSB (vertical red line) in the E. coli chromosome. I-site L, I–Sce I endonuclease site L. The large peaks disappear in DSB− cells (cells
carrying the cut site but no I–Sce I enzyme). RDGChIP-seq reads are normalized to the total reads in each sample and further normalized to the input genomicDNA. (H) RDGChIP-seq
shows enrichment at a different chromosomal I–Sce I cleavage site: I-site J, roughly halfway between the replication origin and terminus in the E. coli “right” replichore. The I–Sce I–
induced RDG ChIP-seq peak is RecA- and RecB-dependent (indicating HR at a DSB), RecF-independent (indicating formation not at single-strand gaps), and RuvA-independent
(supporting direct binding of RDG to four-way junctions, as for purified RuvC) (44). Figure S6B shows the DSB− (enzyme no cut site) controls. WGS, whole-genome sequencing.
Xia et al. Sci. Adv. 2016;2 : e1601605 18 November 2016 5 of 19
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Fig. 3. Spontaneous HR repair HJs are replication-dependent and instigated by mostly non-DSB DNA damage. (A) Non-DSB damage provokes most spontaneous HJs in
vegetative, growing E. coli: RecB independence indicates thatmost spontaneousDNAdamage repaired is notDSBs. RecF dependence implies ssDNAgaps (42, 43). RuvBdependence:
four-way junction–specific. recGmutant has increased spontaneous RDG foci, indicating that RecG reduces the steady-state level of spontaneousHJs, as predictedbyWhitby et al. (91).
(B) RecA dependence of the spontaneous HR-HJ foci in the various mutants. (C and D) DSB independence of most spontaneous HJ foci. Gam, DSB-specific DNA end–binding
protein (92, 93) blocks I–Sce I–induced HJ foci (C), but does not block most spontaneous HJ/HR repair foci (D). n.s., not significant (control, fig. S13). (E) Replication dependence of
most spontaneous RDG HJ foci. Spontaneous HR-HJ foci are reduced in dnaATS cells relative to WT at nonpermissive temperature (42°C), at which replication initiation is
blocked. P = 0.03, two-tailed unpaired t test. (F to I) Microfluidic time-lapse imaging shows the birth, generation dependence, and persistence of spontaneous RDG HJ foci. (F)
Representative images of microcolony with RDG foci (blue arrows) in WT strain. (G) Quantification of fates of spontaneous RDG HR-HJ foci and cells that acquire them; most
spontaneous RDG foci persist over hours after formation; most cells with RDG foci cease to divide, indicating that the birth of each spontaneous focus reports on a new HJ
event. (H) Quantification of generation dependence of the birth of spontaneous RDG foci. Rapid growth in glucose was followed bywashing cells in the samemedium lacking
glucose to slow and halt cell divisions in the WT strain. Blue circles, number of cell divisions; green circles, cumulative number of spontaneous foci that appear in each
microfluidic microcolony. (I) Rates of spontaneous RDG focus formation in rapid and stationary growth phases shown in (F).
Xia et al. Sci. Adv. 2016;2 : e1601605 18 November 2016 6 of 19
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Replication-dependent non-DSB DNA damage underlies
most HR-HJs in vegetative E. coli
Surprisingly, most HR protein–dependent RDG/HJ foci do not result
fromDSB repair, as shown in two ways. E. coliHR-DSB repair requires
RecBC [RecA loader at DSBs (51)], analogous with human BRCA2,
which loads RAD51 at DSBs (52–54), and not RecF, RecJ, or RecQ
(40–43). In agreement, we see RecB dependence and RecF indepen-
dence of I–Sce I–induced RDG foci (Fig. 2E, DSB+). By contrast,
spontaneous RecA/HR-dependent RDG/HJ foci form independently
of RecB (Fig. 3A), and were promoted by RecF (Fig. 3A), indicating
repair of non-DSB DNA damage. Further, production of the phage
MuDSB end–binding proteinGam inhibits DSB repair (39) and I–Sce
I–induced RDG foci (Fig. 3C) but did not affect spontaneous HR-
dependent RDG foci (Fig. 3D and fig. S9, additional controls). We
conclude that the main use of HJ-mediated HR in vegetative (non-
sexual) E. coli is repair of DNA damage other than DSBs. The RecF
dependence implicates ssDNA gaps, a substrate at which RecF loads
RecA (42, 43).

The spontaneous DNA damage that necessitates HR-repair HJs is
replication-dependent. We blocked replication initiation at the E. coli
origin, oriC, using a dnaATS allele, which allows replication at 30°C
but blocks oriC use at 42°C (55). We found 30.8 ± 0.2 times fewer
spontaneous RDG foci per amount of DNA (fig. S8G) in dnaATS than
the WT control strain at the 42°C restrictive temperature (Fig. 3E,
normalized to amount of DNA per cell; fig. S8G), but no difference
at permissive temperature (30°C). These data support DNA replica-
tion as the primary generator of the endogenous non-DSB DNA dam-
age repaired by HJ-dependent HR normally during vegetative growth
in E. coli. A model for HR repair of replication-generated ssDNA gaps
is discussed below (see Discussion).

Microfluidics reveals spontaneous HR-HJ formation rates
and their correlation with replication forks
We used time-lapse microfluidic imaging to see the birth and fates of
spontaneous HJ foci in growing E. coli microcolonies. We observed
that most RDG/HJ foci persisted for at least 11 hours after they ap-
peared (93 ± 2%), and the cells in which they appeared ceased to
divide (Fig. 3, F and G, 91 ± 5%). The HJs trapped by RDG might
prevent chromosome segregation, which could block division, activate
a checkpoint, or both.

We found that spontaneous HJ/RDG focus formation was corre-
lated with cell divisions (Fig. 3, F and H), at rates from 0.033 ± 0.019 to
0.087 ± 0.018 foci per division, depending on cell growth rate (Fig. 3I).
The generation dependence of most spontaneous HJs provides
independent support for DNA replication as the driver of most spon-
taneous HR-HJ events.

Further, spontaneous HJs were correlated with replication forks.
We determined chromosome numbers per cell using flow cytometry
(fig. S8, D and E) (56), quantified spontaneous HJ/RDG foci via mi-
croscopy, and found a nearly constant spontaneous RDG focus fre-
quency per replication fork: 5.0 × 10−3 (±0.3 × 10−3) and 4.2 × 10−3

(±0.6 × 10−3) in rich and minimal medium, respectively (fig. S8F).
Most cells with RDG foci had one focus per cell (70.6 ± 0.4%), with
the minority having more than one (fig. S8B). Because multiple HR
repair events appear as multiple foci per cell (Fig. 2, A to D), we infer
that most spontaneous repair HJs result from one or few DNA lesions
per cell, rather than genome-wide catastrophe. The data support DNA
replication as the origin of most spontaneous DNA damage repaired
by HJ-associated HR.
Xia et al. Sci. Adv. 2016;2 : e1601605 18 November 2016
RecQ and RecJ promote spontaneous HR-HJ formation
RecQ promotes both formation and dissolution of HJs biochemically
(16, 17, 57) and promotes net accumulation of HR-HJs in cells (18);
however, whether RecQ promoted HJ formation, aiding HR, or
inhibited HJ resolution, reducing spontaneous HR in cells, was un-
known (18). We show that both RecQ DNA helicase and its partner
RecJ ssDNA-dependent exonuclease promote spontaneous HR-HJ
formation and spontaneous HR in vegetative E. coli cells.

We found that spontaneous RDG foci were reduced by deletion of
recJ or recQ, or recJ and recQ genes (Fig. 4A and figs. S9 and S10). We
performed timed expression studies to trap HJs with RDG before the
production of RecQ. HJ formation proteins are expected to increase
HJ levels independently of whether RDG is present first to trap the
HJs, whereas proteins that act after HJ formation (on HJs), such as
RusA, are stopped by the production of RDG first (Fig. 1I). We found
that RecQ increased RDG/HJ focus levels whether it was produced
before or after RDG (Fig. 4B). These data support RecQ and RecJ
as promoters of HJ formation.

Further supporting this conclusion, the following data suggest that
RecQ and RecJ act before RecA. We observed that deletion of recQ or
recJ from recA cells did not reduce spontaneousHJs further than in recA
cells (Fig. 4, A and C), indicating their action in the same pathway as
RecA. The observation that DrecQ DrecA and DrecJ DrecA double mu-
tants are more similar to DrecA than to DrecQ or DrecJ single mutants
(Fig. 4C) argues [per Avery and Wasserman (58)] that RecQ and RecJ
act upstream of RecA in their pathway. We also saw that spontaneous
foci of amutant RecA-GFP fusion protein (46) were reduced inDrecJ or
DrecQ strains (Fig. 4, D andE). These data imply that RecQ andRecJ act
before RecA (strand exchange) in HR and may promote RecA loading
onto ssDNA. RecF is the RecA loader at ssDNA gaps (42, 43), and 46 ±
11% of the spontaneous RecA-GFP foci were RecF-dependent (Fig. 4E),
implying that these spontaneous RecA-GFP foci represent RecA on
DNA at ssDNA gaps. We discuss a possible pre-RecA role of RecQ
and RecJ in postreplication ssDNA gap repair in the Discussion.

We examined spontaneous HR events themselves to verify these
conclusions. We found that most spontaneous HR that recombined
close chromosomal direct repeat sequences required RecF, RecQ,
and RecJ (in addition to RecA) (Fig. 5, A and B), showing a pro-
HR role for RecQ, compatible with HJ formation and incompatible
with inhibition of HJ resolution—the two ways that RecQ could have
promoted net accumulation of HR-HJs in cells (18). The RecF
dependence of most spontaneous RDG foci (Fig. 3, A and B) and
HR events (Fig. 5B) supports recombinational ssDNA gap repair as
the origin of most spontaneous HJ foci in vegetative, growing E. coli
cells (model, Discussion). The data demonstrate that RecQ and RecJ
promote HR-HJ formation in living cells, and imply that they act
before RecA during replication-induced ssDNA gap repair, and that
this is a primary role normally in growing cells.

RecQ and RecJ prevent non-HR–HJs in a cancer-state model
The human RecA ortholog RAD51 is overexpressed in a wide range
of tumors with p53 defects (11), and is correlated with poor prognosis
(9, 10); but how increased RAD51 supports the cancer state is un-
known. We modeled RAD51 overexpression in cancers by overpro-
ducing RecA in E. coli and discovered that RecA overproduction
increased HJ focus levels by a significant 2.09 ± 0.02 times [Fig. 4F,
pVector versus pRecA (blue bars)].

The following data indicate that the increased RDG/HJ foci caused
by RecA overproduction are not HR-HJs but rather are non-HR–HJs,
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such as regressed replication forks. Although RecA overproduction
caused more HJ foci (Fig. 4F), it did not increase intrachromosomal
HR events in close direct repeat sequences (Fig. 5C), showing a lack
of correlation between HR and the extra HJ foci observed.

In addition, the increased RDG foci caused by RecA overproduction
were formed independently of RecA loader proteins that promote HR
repair of DSBs, RecB (51), and ssDNA gaps, RecF (Fig. 4F) (42, 43).
Note that spontaneous RDG foci are RecF-dependent (Fig. 4F, no
vector and pVector). If these are subtracted from the additional
RDG foci added by RecA overproduction (Fig. 4F, pRecA − pVector),
then we see that all of the RecA overproduction–induced RDG foci are
RecF-independent (Fig. 4F, pRecA − pVector). RecB and RecF are
analogous with human BRCA2 (51–54, 59–61) and RAD52 (49). Be-
cause the RecF-dependent component of spontaneous HR-HJ/RDG
foci (Fig. 4F, pVector) remained present when RecA was overpro-
Xia et al. Sci. Adv. 2016;2 : e1601605 18 November 2016
duced (Fig. 4F, pRecA), and only the additional RDG/HJ foci are un-
affected by RecF (Fig. 4F, pRecA − pVector), we can rule out the possibility
that overproduction caused RecA to become RecF-independent for
HR. Therefore, RecA overproduction did not cause HR to become
independent of the HR RecA loader. Rather, the extra HJs during RecA
overproduction appear to arise by a different, non-HR process. We in-
fer that the increased HJs in this RAD51-overexpressing cancer model
result from non-HR events (uncorrelated with HR as illustrated in Fig.
5C, and independent of RecA loaders as shown in Fig. 4, F and G): we
suggest from replication fork stalling and regression, which occurs in-
dependently of RecF (35) and RecB (Fig. 6A) (33), and, biochemically,
is promoted by excessive RecA independently of loader proteins (35).

Surprisingly, we found that RecA overproduction resulted in RecQ
and RecJ roles opposite to their roles in spontaneous HR (Fig. 5B) and
HR-RDG focus formation (Fig. 4, A to E); RecQ and RecJ opposed
Fig. 4. RecQandRecJ promote formationof spontaneousHRrepairHJs andprevent non-HR–HJs causedbyRecAoverproduction inamodelofRAD51-overexpressing
cancers. (A) RecQ andRecJ promote spontaneousHJ accumulation acting in the samepathway. P=0.002, P=0.002, and P=0.006, two-tailed unpaired t test for recJ, recQ, and recJ
recQ, respectively, comparedwithWT. (B) RecQproduced froman IPTG-inducible plasmid increasedRDG spontaneousHJ fociwhenproducedbefore (right) or after (left) RDG. Left
bar in each panel, no IPTG induction. The data indicate that the RecQ promotion of RDG foci results from RecQ-promoted HJ formation, not RecQ-inhibiting HJ removal, which is
blocked by RDG. (C) RecQ and RecJ promote spontaneous HJ/RDG foci via the RecA-dependent (HR repair) pathway, seen as no further reduction of HJ/RDG foci in recA recQ or
recA recJ double mutants beyond that in the recA single mutant. (D and E) RecQ and RecJ promote RecA-GFP focus formation, suggesting that they act before RecA. (D) Rep-
resentative images. Blue arrows indicate foci. (E) Quantification. Spontaneous RecA4155-GFP foci (WT) are reduced in recJ, recF, and recQ null mutant strains. P = 0.001, P = 0.004,
and P= 0.02, two-tailed unpaired t test (means ± SEMof three experiments, >1000 total cells scored in each experiment). (F) RecA overproduction causes increased apparent non-
HR–HJs, opposed by RecQ and RecJ. RecA overproduction increased RDG foci 2.09 ± 0.02 times (P = 0.01, two-tailed unpaired t test, pVector compared with pRecA; blue bars),
independently of RecF or RecB, implying a non-HR origin. There is no RecF dependence when the spontaneous HR-HJs are subtracted out (pRecA − pVector). Moreover, RecA
overproduction increased RDG foci by 11- and 9-fold in recQ- or recJ null mutant strains, respectively (P= 0.001 and P= 0.0001, two-tailed unpaired t test). (G) The great increase in
RDG foci caused by RecA overproduction in DrecQ cells is both RecF- and RecB-independent, implying that RecQ prevents non-HR–HJs. We suggest that HJs are regressed
replication forks caused by overproduced RecA (Fig. 6B).
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