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Recombinational DNA repair by the RecF pathway of Escherichia
coli requires the coordinated activities of RecA, RecFOR, RecQ,
RecJ, and single-strand DNA binding (SSB) proteins. These proteins
facilitate formation of homologously paired joint molecules be-
tween linear double-stranded (dsDNA) and supercoiled DNA. Re-
pair starts with resection of the broken dsDNA by RecQ, a 3′→5′
helicase, RecJ, a 5′→3′ exonuclease, and SSB protein. The ends of
a dsDNA break can be blunt-ended, or they may possess either 5′-
or 3′-single-stranded DNA (ssDNA) overhangs of undefined length.
Here we show that RecJ nuclease alone can initiate nucleolytic
resection of DNA with 5′-ssDNA overhangs, and that RecQ helicase
can initiate resection of DNA with blunt-ends or 3′-ssDNA over-
hangs by DNA unwinding. We establish that in addition to its well-
known ssDNA exonuclease activity, RecJ can display dsDNA
exonuclease activity, degrading 100–200 nucleotides of the strand
terminating with a 5′-ssDNA overhang. The dsDNA product, with
a 3′-ssDNA overhang, is an optimal substrate for RecQ, which
unwinds this intermediate to reveal the complementary DNA strand
with a 5′-end that is degraded iteratively by RecJ. On the other
hand, RecJ cannot resect duplex DNA that is either blunt-ended or
terminated with 3′-ssDNA; however, such DNA is unwound by RecQ
to create ssDNA for RecJ exonuclease. RecJ requires interaction with
SSB for exonucleolytic degradation of ssDNA but not dsDNA. Thus,
complementary action by RecJ and RecQ permits initiation of recom-
binational repair from all dsDNA ends: 5′-overhangs, blunt, or 3′-
overhangs. Such helicase–nuclease coordination is a common mech-
anism underlying resection in all organisms.
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Homologous recombination is a relatively error-free mecha-
nism to repair double-stranded DNA (dsDNA) breaks

(DSBs) and single-stranded DNA (ssDNA) gaps, which are
produced by UV light, γ-irradiation, and chemical mutagens (1).
In wild-type Escherichia coli, the labor of recombinational repair
is divided between the RecBCD and RecF pathways of re-
combination, which are responsible for the repair of DSBs and
ssDNA gaps, respectively (2–5). However, the proteins of the
RecF pathway are capable of DSB repair, as well as ssDNA gap
repair: in recBC mutant cells containing the suppressor muta-
tions, sbcB and sbcC (suppressors of recBC), the proteins of the
RecF pathways provide the needed recombinational DNA repair
functions (2, 6).
The RecF pathway in E. coli involves the functions of RecA,

RecF, RecG, RecJ, RecN, RecO, RecQ, RecR, RuvA, RuvB,
RuvC, and single-strand DNA binding (SSB) proteins (1, 7). The
RecF pathway of recombination is evolutionarily conserved
across Bacteria, with most of components present in all bacteria
(8). In addition, orthologs of RecF pathway proteins are found
in Eukarya. RecA promotes DNA strand invasion and exchange
(9–11), as does eukaryotic Rad51 (12, 13). RecO can both anneal
SSB–ssDNA complexes (14, 15) and, in conjunction with RecR
(and RecF), mediate loading of RecA onto SSB–ssDNA com-
plexes (16–18). Saccharomyces cerevisiae Rad52 is a functional
homolog of RecO in that it also displays both DNA-annealing

and Rad51-loading activities (19–22). The RecFOR complex
promotes the loading of RecA onto SSB-coated gapped DNA at
ssDNA–dsDNA junctions (17, 18) and, when mutated, is sup-
pressed by hyperactive alleles of recA (23), a property that is
shared with the yeast Rad55/57 proteins (24). Furthermore,
human BRCA2 protein and a fungal analog, Brh2, are partial
functional analogs of the RecFOR proteins (25–27).
RecQ helicase plays several roles in both early and late steps

of recombination (28, 29), as do the RecQ-family helicases in
Eukarya [e.g., Sgs1 and Bloom Syndrome helicase (BLM)] (30–
32). In addition, eukaryotic Exonuclease 1 (Exo1) and Dna2
helicase/nuclease function somewhat analogously, although not
identically, to RecJ nuclease (33–36). The in vitro reconstitution
of DSB repair in E. coli, yeast, and human have shown that re-
section involves specific pairs of a helicase and nuclease for
DNA end resection: RecQ/RecJ, Sgs1/Dna2, BLM/DNA2, and
BLM/EXO1 (28, 37–39).
A comparison of DSB repair by the RecBCD and RecF

pathways shows that repair starts with the processing a DSB into
resected dsDNA with a 3′-ssDNA overhang (7). RecJ has a 5′ to
3′ exonuclease activity on ssDNA and the action of RecJ is fa-
cilitated by RecQ, which has a 3′ to 5′ helicase activity (40, 41).
The resulting processed DNA has a 3′-ssDNA overhang. The
RecFOR complex binds to the 5′-end at the junction between
ssDNA and dsDNA, and loads RecA protein onto the adjacent
ssDNA (17, 18). Finally, the RecA nucleoprotein filament pro-
motes pairing with homologous dsDNA (9). These steps have
been reconstituted in vitro in a coordinated reaction using
RecAFORQJ and SSB proteins (28).
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Despite progress, most studies have used DNA substrates with
simple blunt-ends. However, in vivo, there are many potential
structures at the end of a DSB. When the DSB is created by
a replication fork encountering nicked DNA, the break can be
blunt-ended (5). However, related mechanisms can produce
dsDNA with either 5′- or 3′-ssDNA overhangs. Similarly, the
actual intermediates of DNA processing may result in dsDNA
with either 5′- or 3′-ssDNA ends. Clearly, a DNA repair pathway
must be capable of dealing with such a variety of DNA end
structures. In this study, we investigated the processing of DSBs
by RecJ and RecQ, both individually and together. We found
that a DNA with a 5′-ssDNA overhang end was degraded
by RecJ nuclease and converted into an intermediate with a
3′-ssDNA overhang. Although this intermediate was no longer
a substrate for RecJ, RecQ could bind to this intermediate and
initiate unwinding, thereby supplying 5′-tailed ssDNA for further
resection by RecJ. In addition, we established that RecQ allows
RecJ to initiate nucleolytic resection on otherwise poor sub-
strates (e.g., blunt-end DNA or DNA with 3′-ssDNA overhangs).
Thus, RecQ and RecJ cooperate biochemically to create DNA
intermediates for one another that enable resection of all types
of broken DNA molecules.

Results
The Structure of DNA Ends Affects the Efficiency of Joint Molecule
Formation by RecAFORQJ and SSB Proteins. As previously re-
ported (28), the RecA, RecF, RecO, RecR, RecQ, RecJ, and SSB
proteins promote joint molecule formation between linear
dsDNA and homologous supercoiled DNA, as illustrated in Fig.
1A. In the previous study (28), we used EcoRI to make the linear
dsDNA, which produces 4-nt 5′-ssDNA overhangs at both ends.
To investigate the relationship between the structure of the
DNA end and the efficiency of joint molecule formation by these
proteins, we examined linear dsDNA with different end-struc-
tures. Initially, linear dsDNA with 5′-ssDNA overhangs, blunt-
ends, and 3′-ssDNA overhangs was created by digesting pUC19
circular DNA with EcoRI, SmaI, and PstI, respectively, and then
tested for DNA pairing with supercoiled DNA in reactions me-
diated by RecAFORQJ and SSB proteins at the previously used
standard temperature of 30 °C (Fig. 1B). The dsDNA with 5′-
ssDNA overhangs was a good substrate for joint molecule for-
mation, but DNA with blunt-ends or 3′-ssDNA overhangs was
not (Fig. 1B). The structure at the DNA end clearly affected the
efficiency of dsDNA processing by RecQ and RecJ as evident by
the heterogeneous smear below the linear dsDNA band for
DNA with 5′-ssDNA overhangs (Fig. 1B, lanes 3 and 4), which
was not apparent for blunt-ended DNA or DNA with 3′-ssDNA
overhangs (Fig. 1B, lanes 7, 8, 11, and 12). Thus, the nature of
the DNA end affects the efficiency of dsDNA resection, which is
the first step of joint molecule formation.
To determine the effect of DNA-end structure in more detail,

we constructed substrates with 4-, 3-, 2-, and 1-nt overhangs and
blunt-ends by treating the EcoRI- or HindIII-cut DNA with
Klenow fragment and various combinations of deoxynucleoside
triphosphates (dNTPs) and dideoxynucleoside triphosphates
(ddNTPs). For the substrates generated from EcoRI-cleaved
DNA (Fig. 1C), the 4-nt overhang showed the highest efficiency
of joint molecule formation (24% at 60 min), whereas the 3-nt
overhang showed a lower efficiency (7% at 60 min); and the
other DNA substrates (0-, 1-, and 2-nt overhangs) showed less
than 3% joint molecule formation after 60 min (Fig. 1C). Similar
results were obtained using substrates generated from HindIII-
cut DNA (Fig. S1A): DNA with 4- and 3-nt 5′-overhangs pro-
duced 10% and 13% joint molecules at 60 min, respectively,
whereas DNA with 0-, 1-, or 2-nt overhangs produced less than
2% at 60 min. The difference in the efficiencies of joint molecule
formation also corresponded to the difference in efficiencies
of processing (Fig. S1 B and C). These results demonstrate that

DNA with the longer 5′-ssDNA overhang was the better sub-
strate for resection by RecQ and RecJ.

RecJ Can Process DNA with a 5′-ssDNA Overhang to Degrade That
Strand into the DNA Duplex Region to Produce Resected DNA with
a 3′-ssDNA Overhang. The structure of the dsDNA end affected
not only the accumulation of joint molecule products, but also
resection of the linear dsDNA (Fig. 1B and Fig. S1 B and C).
Because RecJ nuclease is responsible for resection in this
reconstituted system (28), this finding suggested that RecJ’s
nucleolytic activity is sensitive to DNA end structure. Therefore,

Fig. 1. RecAFORQJ-mediated joint molecule formation is sensitive to the
end structure of the linear dsDNA to be resected. (A) Schematic of
RecAFORQJ-mediated joint molecule formation between linear dsDNA and
supercoiled dsDNA (28). The reaction comprises two concerted steps. In the
first step, RecJ—with the help of RecQ and SSB—processes the linear dsDNA.
In the second step, the RecFOR proteins load RecA onto the processed linear
DNA, which is followed by RecA-promoted joint molecule formation. (B)
Joint molecule formation using linear dsDNA with 4-nt 5′-overhangs (lanes
1–4), blunt-ends (lanes 5–8), or 4-nt 3′-overhangs (lanes 9–12). EcoRI, SmaI,
and PstI were used to generate the linear dsDNA. Samples were analyzed by
agarose gel electrophoresis followed by ethidium bromide staining. (C) Ef-
fect of linear DNA-end structure on joint molecule formation was in-
vestigated using EcoRI-cut pUC19 DNA that was filled-in to produce the
overhangs indicated. Joint molecule assays, such as those shown in B, were
quantified to determine the percentage of the limiting linear dsDNA that
was converted into joint molecules. Each experiment was performed twice;
the error bars show standard error (SE), unless smaller than the symbol.
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we investigated the processing of linear dsDNA with different
end structures by RecJ in the absence and presence of SSB and
RecQ. In this study, we use two different methods to detect the
DNA resection. One procedure uses linear plasmid dsDNA (2.7 kb)
and agarose gel electrophoresis, as this assay was also used to
detect joint molecule formation; this procedure needs a change
of a few percent or more in length of DNA for detection, re-
quiring resection of ∼200 nt or more to be scored in this assay.
The other procedure uses shorter (∼250 bp) linear dsDNA and
denaturing PAGE; this procedure can detect changes of a few
nucleotides in length. We used the former method to detect ex-
tensive, long-range (>200 nt) resection of DNA and the latter
method to detect more limited, short-range (<200 nt) resection.
Fig. 2 shows resection of the short (∼250 bp) dsDNA by RecJ

detected by denaturing PAGE. The DNA substrates are depicted
at the top of Fig. 2; in each case, the bottom strand was labeled
with 32P at 3′-end using DNA polymerase so that the left end of
each dsDNA is blunt. The right end of each dsDNA is the
product of restriction enzyme cleavage, so that the structure is
a 5′-ssDNA overhang, blunt-end, or 3′-ssDNA overhang. Be-
cause degradation by RecJ occurs in 5′ to 3′ direction (40), the
assay monitors resection of the bottom DNA strand from its
right side. Fig. 2A shows the products produced by RecJ in the
presence of SSB. Surprisingly, even in the absence of RecQ,

RecJ resected the dsDNA with a 4-nt 5′-overhang well into the
region of DNA duplex (Fig. 2A, lanes 1–6). Although most of the
products represented degradation of ∼50 nt into the dsDNA,
resection of 100–200 nt of duplex DNA is detectable as shown by
the appearance of products near the 64-nt marker (Fig. 2A, lane
2). These results are consistent with our previous results, where
the RecJ nuclease—but not RecQ helicase—was shown to be
necessary for RecAFOR-dependent joint molecule formation
(28). Interestingly, although substrates of three different lengths
were used, the patterns of product formation are similar (Fig.
2A, lanes 2, 4, and 6), suggesting the existence of common sites
for termination (see below). Degradation of DNA with a 2-nt, 5′-
overhang produced a similar pattern, but with a lower efficiency
of processing: 94% of the substrate remained unprocessed after
60 min of incubation (Fig. 2A, lane 8). On the other hand, DNA
with a blunt-end or a 3′-ssDNA overhang was not significantly
resected (Fig. 2A, lanes 9–16).
The same resection reactions mediated by RecJ were also

performed in the presence of RecQ and SSB (Fig. 2B). Each of
the three different DNA substrates with a 4-nt 5′-overhang was
processed within 60 min (Fig. 2B, lanes 1–6). However, in this
case, most of the DNA was completely degraded, resulting in
nearly complete disappearance of substrate bands at 60 min,
and only a few percent remaining as products that were shorter

Fig. 2. The RecJ nuclease processes linear dsDNA together with RecQ helicase and SSB protein. (A) Processing by RecJ and SSB, but in the absence of RecQ.
EcoRI (lanes 1–2), SalI (lanes 3 and 4), HindIII (lanes 5 and 6), AccI (lanes 7 and 8), SmaI (lanes 9 and 10), HincII (lanes 11 and 12), KpnI (lanes 13 and 14), and PstI
(lanes 15 and 16) were used to prepare the substrates as shown at the top of panels. Analysis was at 0 and 60 min by the denaturing PAGE assay. (B) Processing
by RecJ, RecQ, and SSB; same DNA and analysis as in A. (C) The processing in the presence of the protein indicated, using HindIII-cut DNA. Analysis was at
0 and 60 min by the denaturing PAGE assay.
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by a few bases. In contrast, processing of DNA with a 2-nt
5′-overhang, a blunt-end, and a 4-nt 3′-overhang under the same
condition was not detected (Fig. 2B, lanes 7–16). These observations
are consistent with the results obtained in Fig. 1. The failure of
RecQ to process the blunt-end and 3′-ssDNA overhanging DNA
(Fig. 2B, lanes 9–16) is not unexpected because the buffer con-
tained 10 mM Mg2+ and, at this concentration of Mg2+, RecQ
does not efficiently unwind dsDNA (42). Note that a low amount
of resection of the 2-nt 5′-overhang was expected in the presence
of RecQ, but the extent was too low to be detected in this assay
(see below). Furthermore, the failure to detect processing of the
blunt-ended DNA verifies that RecQ cannot initiate unwinding
from either blunt-ends (Fig. 2B, lanes 10 and 12) or 4-nt 3′-
overhangs (Fig. 2B, lanes 14 and 16) at these conditions (but see
below). However, even though RecQ cannot initiate unwinding, it is
clear from the resection of DNA with a 5′-ssDNA overhang (Fig.
2B, lanes 1–6) that, even though RecJ initiates resection, RecQ
facilitates more extensive resection.
To determine whether SSB is required for resection, DNA

with a 4-nt 5′-overhang was treated with RecJ in the absence of
SSB (Fig. 2C, lanes 7 and 8). Resection occurred, but most of
processing terminated within 50 bases (compare Fig. 2C, lanes 4
and 8), indicating that SSB stimulated nucleolytic degradation by
RecJ. RecQ also stimulated the processing by RecJ nuclease in
the absence of SSB (Fig. 2C, compare lanes 6 and 8). In the
presence of both SSB and RecQ, the processing by RecJ was
almost complete as described above (Fig. 2C, lanes 1 and 2). Fig.
2C also shows that the RecJ is necessary for resection (lanes 9
and 10).

Degradation by RecJ Nuclease Stops Predominantly Upstream of GC-
Rich Sequences. To determine the positions of termination during
RecJ-mediated degradation, the electrophoretic pattern of re-
section products was compared with a Maxam–Gilbert sequencing
ladder (Fig. S2). Both in the absence and presence of SSB, RecJ
degradation stopped at the same positions, but with different fre-
quencies (Fig. S2B); however, in the absence of SSB, RecJ termi-
nated resection earlier than in its presence. Five major termination
sites observed both in the absence and presence of SSB are in-
dicated with black arrows. These sites are positioned to the 5′-side
of GC-rich sequences (Fig. S2B, underlined sequences), suggesting
that the increased stability of GC-rich duplex DNA is inhibitory to
the RecJ-mediated resection in the absence of RecQ. There are
also some termination sites that are unique to either the absence or
presence of SSB (Fig. S2), but the nature or cause of termination at
these sites is unknown.

DNA Resection by RecJ Nuclease Is Processive. The results shown in
Fig. 2 suggest that resection of DNA with a 5′-ssDNA overhang
by RecJ is processive: if the reaction had occurred in a stepwise
distributive manner, then blunt-ended DNA would have been
generated as an intermediate and the resection would have
stopped completely. To confirm this conclusion, we performed
RecJ-mediated resection reactions in the presence of a DNA
scavenger added after the formation of a RecJ–DNA complex
(Fig. 3). RecJ nuclease was first mixed with the DNA on ice.
After a 5-min incubation, resection was initiated by adding the
scavenger DNA and then shifting the temperature to 30 °C. At
time 0 (Fig. 3, lanes 3–5 and 9–11) and after a 5-min incubation
(Fig. 3, lanes 6–8 and 12–14), a sample was taken and analyzed
by PAGE. In the absence of scavenger DNA, resection occurred
as shown previously, with a different pattern of product in ab-
sence and presence of SSB (Fig. 3, lanes 6 and 12, respectively).
This resection did not occur before the temperature shift from
0 °C to 30 °C (Fig. 3, lanes 3 and 9). Similar patterns of products
were also observed in the presence of scavenger DNA (Fig. 3,
compare lanes 6 and 7 and lanes 12 and 13), but the band
intensities are lower, implying that RecJ degrades a defined

processive distance before dissociating, which is shorter than the
substrate and, in the absence of scavenger, multiple rounds occur
but RecJ cannot act on the 3′-ssDNA–tailed intermediates. As
a control, resection did not occur when scavenger DNA was
added before addition of RecJ to the sample (Fig. 3, lanes 8 and
14). These results demonstrate that resection by RecJ of dsDNA
with a 5′-ssDNA overhang is processive either in the presence or
absence of SSB. The products of this reaction have a 3′-ssDNA
overhang, which is not used for further resection by RecJ nu-
clease in the absence of RecQ helicase (Fig. S3). Thus, resection
of DNA with a 5′-ssDNA overhang—in the absence of RecQ
helicase—is processive and effectively a single-turnover reaction
of self-limited extent because the 3′-ssDNA–tailed product is not
a suitable substrate for RecJ.

The Efficiency of Resection Is Sensitive to Duplex DNA Stability. In
the absence of RecQ, RecJ could resect dsDNA with 5′-ssDNA
overhangs only for a short distance; even though resection
lengths of 100–200 nt could be detected, the majority of products
were resected <100 nt (Fig. 2A). However, in the presence of
RecQ, the resection lengths were much longer (>200 nt) (Figs.
1B and 2B). This RecQJ-coupled resection was performed in the
presence of 10 mM Mg2+, a reaction condition where the RecQ
cannot unwind dsDNA efficiently even in the presence of SSB
(42). However, the DNA substrates used for RecQ-mediated
reactions in the previous studies and in this current study differ
significantly. Typically, linearized plasmid DNA that had either
blunt-ends or either 5′- or 3′-overhangs shorter than 4 nt was

Fig. 3. Resection of dsDNA by RecJ nuclease is processive. Resection per-
formed in the presence of scavenger DNA, poly(dT) (40-μM nucleotides). 32P-
labeled HindIII-cut dsDNA was used as described in Materials and Methods.
After incubation for the time indicated (0 or 5 min), samples were analyzed
by PAGE. Reactions without scavenger DNA are lanes 1, 3, 6, 9, and 12. In the
reactions of lanes 4, 7, 10, and 13, scavenger DNA were added at 0 min. To
show that the scavenger is effective, poly(dT) was added 5 min before
mixing dsDNA with RecJ [shown as “p(dT) -10 min”: lanes 2, 5, 8, 11, and 14].
The reaction scheme is summarized at the top.
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used in the helicase assays, but in this study the RecJ-resected
linear DNA would have contained a stretch of 3′-ssDNA sub-
stantially longer than 4 nt before the duplex region. Given that
RecQ is a 3′ to 5′ helicase, we compared unwinding of three
different synthetic DNA substrates: 80-bp blunt-ended dsDNA,
40-bp blunt-ended dsDNA, and 40-bp dsDNA with a 40-nt
3′-ssDNA overhang, in the presence of SSB (Fig. S4A). RecQ could
not efficiently unwind 80-bp and 40-bp blunt-ended DNA at the
higher Mg2+ concentrations (Fig. S4A, lanes 2 and 4, and Fig. S4B),
as expected. On the other hand, DNA with the 3′-ssDNA overhang
was unwound efficiently (Fig. S4A, lane 6, and Fig. S4B).
It is also known that RecQ can efficiently unwind dsDNA

when the free Mg2+ concentration is lowered (42). As expected,
when the concentration of Mg2+ was decreased progressively,
more of the 80-bp and 40-bp blunt-ended dsDNA was unwound
(Fig. S4B, red and blue symbols). In contrast, the DNA with the
3′-ssDNA overhang was only slightly sensitive to Mg2+ concen-
tration over this range (Fig. S4B, black plots). These results show
that the RecQ helicase is active on DNA with 40-nt 3′-ssDNA
overhangs even in the presence of 10 mM Mg2+, and they are
consistent with the findings in Fig. 2 B and C.
To determine the effect of Mg2+ concentration on RecQJ-

coupled resection, we next monitored resection using agarose
gel electrophoresis, which detects only extensive, long-range re-
section but not short-range resection. Fig. 4A shows resection
by RecQ, RecJ, and SSB proteins in the presence of 1, 5, and

10 mM Mg2+. In 10 mM Mg2+, only DNA with a 5′-ssDNA over-
hang was efficiently processed (Fig. 4A, lanes 21–32), as dem-
onstrated earlier (Fig. 1B). In 5 mM Mg2+, processing of dsDNA
with either a 3′-ssDNA or a 5′-ssDNA overhang was detected
(Fig. 4A, lanes 9–16), but the blunt-end DNA remained re-
fractory to processing (Fig. 4A, lanes 17–20). When the Mg2+

concentration was reduced further to 1 mM, different degrada-
tion patterns were observed (Fig. 4A, lanes 1–8). The dsDNA
(either 5′-ssDNA overhang or blunt-end) was first converted to
ssDNA by RecQ unwinding (Fig. 4A, lanes 2 and 6), and then it
was slowly degraded by RecJ nuclease (Fig. 4A, lanes 3–4 and
7–8). Under these conditions, DNA unwinding by RecQ occurs
readily, not only from DNA ends but also from sites internal to
the DNA (42). On the other hand, RecJ showed less nucleolytic
degradation of ssDNA in 1 mM Mg2+ than in 10 mM Mg2+ (Fig.
S4C). Quantification of data such as those in Fig. 4A is shown in
Fig. 4B, where the amount of dsDNA substrate processed at 60
min is plotted as a function of a more complete Mg2+ titration.
Under all conditions, dsDNA with a 5′-ssDNA overhang is
resected efficiently (Fig. 4B, black circles) [note that at 1 mM
Mg2+ more than 90% of dsDNA was converted to ssDNA
by RecQ helicase but was not completely degraded by RecJ
nuclease (Fig. 4A, lanes 1–8)]. The processing of DNA with a
3′-ssDNA overhang was efficient at low Mg2+ concentrations
(<6 mM) but not at higher Mg2+ concentration (Fig. 4B, red
squares). For blunt-end DNA, the threshold for efficient pro-

Fig. 4. Both the structure of the DNA end and the concentration of magnesium ion affect the efficiency of dsDNA resection by RecQJ proteins. (A) Extensive
long-range resection of dsDNA was followed by agarose gel electrophoresis. DNA with 5′-ssDNA overhangs, blunt-ends, and 3′-overhangs was prepared by
EcoRI, SmaI, and PstI digestion of pUC19 DNA. Reactions contained RecQ, RecJ, and SSB, and indicated concentration of magnesium acetate. (B) Quantification
and plot of dsDNA processed at 60 min as a function of Mg2+ concentration. The experiments were performed with RecQ, RecJ, and SSB. The experiments
were performed twice and error bars show SEs, unless smaller than the symbol. “dsDNA processed” represents the loss of full-length dsDNA substrate at 60
min. Note that at 1 mM Mg2+, this value represents mainly unwinding by RecQ helicase. (C) Joint molecule formation as a function of Mg2+ concentrations.
The experiments were performed with RecQ, RecJ, SSB, and RecAFOR proteins as done in Fig. 1, but in the presence of the indicated concentration of
magnesium acetate, using DNA with 5′-ssDNA overhangs (EcoRI-cut), blunt-ends (SmaI-cut), or 3′-ssDNA overhangs (PstI-cut), and assayed at 60 min. (D)
Quantification of joint molecule formation after 60 min in the presence of both RecQ and RecJ, RecQ, or RecJ with EcoRI-cut pUC19 (5′-overhang), PstI-cut
pUC19 (3′-overhang), or SmaI-cut pUC19 (blunt-end) as the linear dsDNA substrate. RecA, RecFOR, and SSB proteins were always present. The magnesium
acetate concentration was 5 mM. The reactions were performed at 30 °C for DNA with 5′- and 3′-overhang DNA, and at 37 °C for blunt-end DNA. The
experiments were performed two to four times and error bars show SEs.
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cessing was less than 2 mM Mg2+ for these experiments, which
were performed at 30 °C (Fig. 4B, blue triangles); when the
temperature was increased to 37 °C, however, the threshold
shifted to ∼4 mM, and more than 80% of DNA was unwound
and degraded at 2 mM Mg2+ (Fig. S4 D and E). Thus, the effi-
ciency of resection depends on the concentration of Mg2+,
temperature, and the structure of the DNA end. When either
RecJ or RecQ was omitted, this extensive resection was not ex-
perimentally detectable by the agarose gel assay (Fig. S4F); none-
theless, limited resection of shorter lengths occurred in the absence
of RecQ, as detected by the PAGE assay (Fig. 2 A and C).
Fig. 4B shows that DNA with 3′-overhangs or blunt-ends was

poorly processed by RecQJ when the concentration of Mg2+ was
increased to 10 mM. This low rate of resection could explain the
paucity of joint molecules observed at 10 mM Mg2+, when DNA
with 3′-overhangs or blunt-ends was used (Fig. 1). To confirm
this possibility, we measured joint molecule formation at in-
creasing concentrations of Mg2+ (Fig. 4C). For DNA with 5′-
overhangs, joint molecule formation increased steadily up to
10 mM Mg2+ (Fig. 4C, black circles). Because the extent of re-
section within this range of Mg2+ concentration was relatively
unchanged (Fig. 4B), this finding implied that either RecFOR-
mediated loading of RecA or RecA-mediated heteroduplex
formation was the rate-limiting step. In fact, the Mg2+-de-
pendence of this reaction is similar to that of RecA-mediated
joint molecule formation between ssDNA and homologous
dsDNA (43, 44), suggesting that RecA-mediated heteroduplex
formation was rate-limiting. On the other hand, joint molecule
formation involving DNA with 3′-overhangs showed a peak at
4–5 mMMg2+ and then decreased above this concentration (Fig.
4C, red squares). Because the efficiency of RecQJ-mediated
resection of DNA with 3′-overhangs decreased from 6 to 10 mM
Mg2+ (Fig. 4B), the efficiency of joint molecule formation should
decrease even though the efficiency of DNA heteroduplex for-
mation by RecA protein increased. Similarly, joint molecule
formation with blunt-end DNA also showed a peak at 5 mMMg2+

for the same reasons (Fig. S4G), but because processing of
blunt-ended DNA was the poorest (Fig. 4B), the overall yields of
pairing products were the lowest at all conditions tested (Fig. 4C
and Fig. S4G).
To see the requirement of RecQ helicase in resection, we used

DNA possessing 3′-overhangs at 5 mM Mg2+, where the reaction
could not be initiated by RecJ nuclease but only by RecQ helicase;
joint molecule formation was measured as a function of RecQ
concentration (Fig. S4H). At 0-nM RecQ helicase, the reaction
efficiency was lower than 2%. In the presence of 5- to 20-nM
RecQ helicase, joint molecules increased to 4–5% then decreased
as the concentration of RecQ increased, as observed previously
(28). This result is clearly different from the same experiment
using DNA with 5′-overhangs: 5- to 10-nM RecQ helicase only
slightly increased the joint molecule formation (28) (Fig. 4D).
Joint molecule formation with blunt-end DNA also required
RecQ helicase (Fig. 4D). RecJ nuclease was required for joint
molecule formation with all three different linear DNA molecules
(Fig. 4D). These observations demonstrate that in addition to
RecJ nuclease, RecQ helicase has an important role in the initi-
ation of homologous recombination, especially when the DNA is
blunt-ended or has 3′-overhangs.

RecJ Requires the C Terminus of SSB Protein for Resection of ssDNA
but Not for Resection of dsDNA. SSB physically interacts with both
RecQ and RecJ (45, 46). The interaction between SSB and
RecQ is mediated via interactions with the C terminus of SSB
(47). To determine whether this interaction is required for
RecQJ-mediated resection, we used a truncated SSB that lacks
eight amino acids from the C terminus, and is known to be de-
fective for these protein–protein interactions (Fig. 5). Fig. 5A shows
the effect of this C-terminally truncated SSB on RecQJ-mediated

resection as measured by agarose gel electrophoresis. At 1 mMMg2+,
both wild-type and truncated SSB supported unwinding by RecQ
(Fig. 5A, lanes 1–8), showing that this interaction domain was not
essential for RecQ helicase function. When RecJ was also present,
the ssDNA was slightly but clearly degraded with wild-type SSB
present, as seen by the small change in electrophoretic mobility
(Fig. 5A, lanes 9–12; see also Fig. 4A, lanes 1–4), but not with
truncated SSB (Fig. 5A, lanes 13–16). The difference in resection
was more significant when the Mg2+ concentration was increased to
5 mM (Fig. 5A, lanes 17–24) or 10 mM (Fig. 5A, lanes 25–32).
Extensive resection by RecQ and RecJ was not observed in the
presence of truncated SSB (Fig. 5A, lanes 21–24 and 29–32), al-
though it occurred efficiently in the presence of wild-type SSB (Fig.
5A, lanes 17–20 and 25–28). These results demonstrate that the C
terminus of SSB is involved in the extensive resection of dsDNA by
RecQJ proteins, likely because of interaction with RecJ.
To determine whether the SSB truncation affected the more

limited, short-range resection of dsDNA by RecJ, reactions in 10
mM Mg2+ were analyzed by PAGE (Fig. 5B). In the absence of
RecQ, truncated SSB supported resection by RecJ (Fig. 5B, lane
6) as efficiently as the wild-type SSB (Fig. 5B, lane 4). Most of
this resection is because of exonucleolytic degradation of
dsDNA, not ssDNA, showing that interaction with SSB has little
role in resection of dsDNA by RecJ. Addition of the RecQ to the
reaction without SSB or with wild-type SSB resulted in disap-
pearance of resection intermediates (Fig. 5B, lanes 8 and 10),
signifying extensive resection; however, in the presence of the
truncated SSB, the same gel pattern was observed regardless of
the presence of RecQ (Fig. 5B, lane 6 vs. 12), indicating that the
intermediates created by RecJ could not be further processed by
RecQJ-mediated resection. Extensive resection by RecQ and
RecJ requires exonucleolytic degradation of dsDNA by RecJ,
which is unaffected by the SSB truncation, as shown above. This
step is then followed by RecQ unwinding, which also is un-
affected by SSB truncation, and finally, this is followed by exo-
nucleolytic resection of the SSB-coated ssDNA, which evidently
must be affected by SSB truncation.
To confirm this inference regarding the role of this SSB in-

teraction on the capacity of RecJ to degrade ssDNA, dsDNA was
first unwound by RecQ at 1 mM Mg2+ in the presence of either
wild-type SSB (Fig. 5C, lane 1) or truncated SSB (Fig. 5C, lane 5)
but in the absence of RecJ. Subsequently, the concentration of
Mg2+ was increased to 10 mM and resection of the SSB–ssDNA
complex was initiated by adding RecJ (Fig. 5C, lanes 2–4 and
6–8). In the presence of wild-type SSB, the ssDNA was almost
completely degraded by RecJ nuclease within 10 min (Fig. 5C,
lane 2); in contrast, in the presence of the truncated SSB, deg-
radation was slower and resection intermediates remained at 60
min (Fig. 5C, lane 6). These results indicate that the C-terminal
region of SSB is important for the efficient processing of
SSB-coated ssDNA by RecJ nuclease. Thus, the C terminus of
SSB is important for extensive processing by RecQ and RecJ
proteins, because the interaction with RecJ is needed for exo-
nucleolytic degradation of SSB-ssDNA but not for exonucleo-
lytic degradation of dsDNA.

Discussion
In this study, we investigated the processing of DNA by RecJ
nuclease and RecQ helicase with regards to their functions in
the initiation of homologous recombination. We discovered that
resection of a DSB is the consequence of coordination between
RecQ and RecJ proteins, and that it depends on the nature
of DNA end. We established that RecQ prefers DNA with
3′-ssDNA ends over blunt-ends, and that it acts poorly on DNA
with 5′-ssDNA ends. In contrast, RecJ provides the complement
to this bias: we discovered that RecJ degrades the strand of
dsDNA that is terminated with just a few nucleotides of ssDNA
at its 5′-end; this nucleolytic resection is processive, continuing
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for up to 100–200 nt. In this regard, although initiating on
ssDNA, RecJ is mostly acting as a dsDNA exonuclease. The
resulting DNA product has a 3′-ssDNA overhang structure,
which provides RecQ with a binding site to initiate unwinding of
the dsDNA region using its 3′ to 5′ helicase activity. This un-
winding, in turn, now provides a fresh 5′-ssDNA tail for sub-
sequent exonucleolytic degradation by RecJ; in this latter
capacity, RecJ acts as an ssDNA exonuclease. Thus, in a single
round of resection by RecQ and RecJ, up to several hundred
nucleotides can be resected, but the repeated unwinding by
RecQ and iterative degradation by RecJ can resect thousands of
nucleotides. We also found that SSB is involved in this choreo-
graphed reaction. Interaction with the C-terminal region of SSB
promotes extensive resection by RecQ and RecJ, and we estab-
lished that this interaction is required for exonucleolytic degra-
dation of ssDNA but not for degradation of dsDNA. RecJ is
known to interact with SSB (45), which we infer from the results
here is via its C-terminal acidic tail; however, this interaction is
dispensable for unwinding by RecQ.
Even though RecJ is known and considered to be a potent

ssDNA exonuclease, we show here that RecJ can degrade one
strand of dsDNA from the 5′-end for several hundred nucleo-
tides, provided there are just 3–4 nt of ssDNA at the 5′-end. Such
an activity had been already observed (28, 45), but only limited
resection could be detected in the previous assays (<10 nt) (45).
Thus, the resection of dsDNA by RecJ was not considered to
be potentially significant with regard to productive resection
of DSBs in recombinational repair. However, we now established

that the resection of dsDNA by RecJ is processive (Fig. 3) and
that it persists for distances of at 100–200 nt (Fig. 2A). In vitro,
RecA requires only ∼15 nt of ssDNA to promote the homology
search (48), and in vivo the minimal efficient processing segment
for recombination by the RecF pathway is 44–90 bp (49). Con-
sequently, the capability of RecJ to resect dsDNA in the pres-
ence of SSB is sufficient to provide ssDNA for homologous
pairing by RecA (Fig. 2 and Fig. S2). These observations dem-
onstrate that RecJ nuclease has an intrinsic ability to process
a DSB in the absence of a helicase to create ssDNA sufficient for
RecA nucleoprotein filament formation and DNA strand ex-
change. However, RecQ helicase can act on these intermediates
and unwind them to provide 5′-tailed ssDNA for subsequent
and repeated degradation by RecJ nuclease (Figs. 2 and 4).
RecQ does not unwind linear plasmid-length dsDNA efficiently
in the presence of high concentrations of free Mg2+ (42), but
here we showed that RecQ efficiently unwinds DNA with a 3′-
ssDNA overhang for at least 40 bp in 10 mM Mg2+ (Fig. S4A) to
produce a substrate for RecJ-mediated resection (Figs. 2 and 4).
These observations agree with the previous finding that RecQ
helicase only slightly stimulated joint molecule formation that
required resection of linear DNA (28).
Genetic analyses have established that RecJ plays a more

important role in recombination than RecQ, possibly because of
redundant helicases that can assume unwinding responsibilities
in a recQ cell (50, 51). This in vivo finding is consistent with our
in vitro analysis. The recombination of bacteriophage-λ carrying
mutation in its own recombination system, Red, requires the

Fig. 5. The C terminus of SSB protein is required for resection of ssDNA by RecJ nuclease, but for neither resection of dsDNA by RecJ nuclease nor unwinding
of dsDNA by RecQ helicase. (A) Extensive long-range resection of dsDNA in the presence of wild-type (WT) or truncated (ΔC8) SSB was followed by agarose gel
electrophoresis. The experiments were in the presence of the proteins indicated at the indicated concentration of magnesium acetate. The substrate was
EcoRI-cut pUC19 DNA. (B) Short-range resection of dsDNA in the absence or presence of wild-type (WT) or truncated (ΔC8) SSB protein as followed by de-
naturing PAGE. The experiments were done in the presence of the proteins indicated at 10 mM magnesium acetate. The substrate was 32P-labeled, HindIII-cut
pUC19 DNA as used in Fig. 2. (C) Degradation of ssDNA in the presence of wild-type (WT) or truncated (ΔC8) SSB was followed by agarose gel electrophoresis.
The EcoRI-cut pUC19 DNA was converted to ssDNA by RecQ at 1 mM magnesium acetate before adding RecJ and 9 mM magnesium acetate.
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recA and recJ genes, but not recQ, in cells which are recBC− and
carry sbcBC suppressor mutations (51). Recombination by
bacteriophage-λ initiates at its DNA ends, which have a 12-nt
5′-ssDNA overhang (52). As shown in Fig. 2, such DNA is a good
substrate for RecJ-mediated resection without the need for
RecQ. RecJ could convert the 12-nt 5′-ssDNA overhang to a
3′-ssDNA overhang of more than ∼150 nt, where RecA could
be loaded. For bacteriophage-λ, the Orf protein mediates this
loading; when the orf gene is mutated, the RecFOR proteins can
substitute (51, 53, 54). These genetic observations are readily
explained by our finding that processive degradation of DNA
with 5′-ssDNA overhangs, as found on the bacteriophage-λ ge-
nome, is mediated by RecJ nuclease without the need for RecQ.
The free Mg2+ concentration in E. coli cells is 1–2 mM (55),

which corresponds to ∼2–3 mM of total Mg2+ as used in this
study, because the ATP (1 mM) binds approximately an equiv-
alent of Mg2+. At this physiological concentration of Mg2+,
blunt-end DNA and DNA with 5′-or 3′-ssDNA overhangs are
good substrates for combined RecQJ-mediated resection (Fig.
4B and Fig. S4E). For joint molecule formation, a slightly higher
Mg2+ concentration is optimal (Fig. 4C); however, this particular
optimum may reflect the absence of molecular crowding, which
affects intracellular interactions between macromolecules. It has
been established that volume-excluding agents, such as polyvinyl
alcohol or polyethylene glycol, stimulate DNA strand exchange
by RecA at conditions that are otherwise suboptimal or non-
permissive, such as low concentrations of Mg2+ (56). Consequently,
we conclude that both RecQ and RecJ cooperate to resect duplex
DNA—with any type of end structure—over a range of conditions
that are approximately physiological.
Fig. 6 provides an illustration of how RecQ and RecJ co-

operate to process various dsDNA breaks. The end of a DSB can
have either a 3′-ssDNA overhang (Fig. 6A), blunt-end (Fig. 6B),
or a 5′-ssDNA overhang (Fig. 6C). Because RecQ is a 3′→5′
helicase, dsDNA with a 3′-ssDNA overhang is the best substrate
for RecQ-mediated unwinding; on the other hand, because RecJ
is a 5′→3′ exonuclease, DNA with a 5′-ssDNA overhang is the
best substrate for degradation. Therefore, the processing of
DSBs with a 3′-ssDNA overhang DNA is primarily initiated by
RecQ helicase capacity (Fig. 6A). In contrast, the processing
of DSBs with a 5′-ssDNA overhang is initiated by the ssDNA
exonuclease activity of RecJ; however, this degradative capacity
can progress several hundred nucleotides into the duplex region by
virtue of the dsDNA exonuclease capability of RecJ, without the
need for RecQ (Fig. 6C). The blunt-end DSB requires unwinding by
RecQ, followed by exonucleolytic degradation of the 5′-terminated
ssDNA by RecJ (Fig. 6B). For all of the different DSBs (Fig. 6 A–
C), the first intermediate is dsDNA with a 3′-ssDNA overhang. This
intermediate is a good substrate for further resection by the com-
bined activities of RecQ and RecJ, with RecQ binding to the
3′-ssDNA tail and unwinding additional dsDNA, and with RecJ
subsequently degrading the ssDNA, this process can continue iter-
atively and indefinitely (Fig. 6D). Finally, the RecFOR complex
recognizes the ssDNA–dsDNA junction and loads RecA onto the
ssDNA in a 5′→3′ direction (Fig. 6E) (18).
The crystal structure of full length Thermus thermophilus RecJ

revealed a hole that accommodates a ssDNA strand, but not
dsDNA, located on one side of an oligonucleotide-binding (OB)
domain, offering a structural explanation and mechanism for
ssDNA strand specificity of RecJ exonuclease (57). Such a mech-
anism can explain why RecJ-mediated resection of dsDNA fre-
quently stopped upstream of GC-rich regions (Fig. S2). For the
resection of dsDNA, RecJ would need to locally melt dsDNA and
bind to the resultant 5′-ssDNA for exonucleolytic degradation.
Degradation of dsDNA did not always stop precisely at the GC-
rich regions but also ∼2–3 nt before the GC-rich region (Fig. S2),
suggesting that the OB-fold of RecJ binds 2 or 3 nt of ssDNA just
upstream of the nucleolytic center.

Truncation of eight amino acids from C terminus of SSB
inhibited degradation of ssDNA by RecJ (Fig. 5C) but not
degradation of dsDNA by RecJ in the absence of RecQ (Fig. 5B).
The C-terminal tail is highly acidic, and its removal would di-
minish the interaction between RecJ and SSB (45) and increase
the affinity of the SSB to ssDNA (58); both of these alterations
could contribute to an inability of RecJ to degrade ssDNA
complexed with the truncated SSB. Interestingly, both intact
and truncated SSB stimulated RecJ-mediated resection of
duplex DNA (i.e., DNA with a 4-nt 5′-ssDNA overhang) (Fig.
5B). We suggest that SSB stimulates this reaction by binding to
the 3′-ended DNA strand produced during the resection, which
cannot be degraded by RecJ, preventing the nonproductive
binding of RecJ to this competing ssDNA, in a manner analo-
gous to the stimulation of eukaryotic Exo1 by the eukaryotic
ssDNA binding protein, replication protein-A (RPA) (59).
Recent studies of homologous recombination in Eukarya

showed that the RecQ-family helicases, BLM from human, and
Sgs1 from budding yeast are involved in the resection of DSBs
(37, 39, 60–62). As expected from their structural homology to
RecQ, BLM and Sgs1 are also 3′→5′ helicases (32, 63). Also
involved is the eukaryotic Exo1 protein (38, 64). Eukaryotic Exo1
is unrelated to prokaryotic exonuclease I, and is an exonuclease
that degrades the 5′-terminated strand of dsDNA from an end
(65) but it also exonucleolytically degrades ssDNA from its 5′
end (59). We showed here that RecJ is also both a dsDNA and
ssDNA exonuclease, as is Exo1, although with opposite substrate
preferences. This functional similarity between the prokaryotic
and eukaryotic exonucleases involved in DSB resection is striking
despite the absence of structural similarity. In addition to the

Fig. 6. The model for resection of dsDNA breaks by RecQ helicase and RecJ
nuclease. The DNA end at a DSB is either a 3′-ssDNA overhang, blunt-end or
5′-ssDNA overhang. RecQ, a 3′ to 5′ helicase, preferentially unwinds DNA
with a 3′-ssDNA overhang structure. Conversely, RecJ, a 5′ to 3′ exonuclease,
preferentially degrades DNA with a 5′-ssDNA overhang. (A) For DNA with
a 3′-ssDNA overhang, RecQ initiates resection by unwinding the DNA. RecJ
then exonucleolytically degrades the 5′-terminated DNA strand. (B) For
blunt-ended DNA, RecQ also initiates resection by unwinding the DNA, al-
though the initiation efficiency is lower than with a 3′-overhang DNA. RecJ
then exonucleolytically degrades the 5′-terminated DNA strand. (C) For DNA
with a 5′-ssDNA overhang, RecJ initiates resection by first degrading the
ssDNA tail, using its dsDNA exonuclease activity, the duplex region is
resected. RecQ is not required. (D) The intermediate generated in A–C is
DNA containing a 3′-overhang of more than 100 nt of ssDNA. RecQ re-
peatedly unwinds this intermediate, and RecJ exonucleolytically degrades
the 5′-terminated DNA strand. (E) RecFOR proteins recognize the ssDNA–
dsDNA junction and load RecA onto the ssDNA.
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similarity between exonucleases, there is a BLM/Sgs1-mediated
pathway for dsDNA resection that involves another exonuclease
DNA2/Dna2 (61, 66). The BLM/DNA2-mediated resection of
dsDNA requires ATP hydrolysis (37–39); these and other find-
ings highlight the similarities of the eukaryotic Sgs1/Dna2 and
BLM/DNA2 to the bacterial RecBCD/AddAB-family of re-
combination resection enzymes. Thus, the mechanism of DSB
resection by the cooperative action of a 3′→5′ helicase and 5′→3′
nuclease is a mechanism common to all organisms.
In addition, given that duplex DNA with a 3′-ssDNA overhang

is the common intermediate of resection (Fig. 6D), such resected
DNA is expected to be a good substrate for BLM/Sgs1-mediated
3′→5′ unwinding, and once initiated, resection is expected to
be driven by continued helicase activity. However, in all of the
characterized resection pathways, a nuclease is required in vivo
to cleave the 5′-ssDNA generated by the RecQ ortholog: either
RecJ in Bacteria or DNA2/Dna2 in Eukarya. In the presence of
RPA, both yeast and human Dna2 degrade ssDNA in the 5′→3′
direction (37–39). Although different in mechanistic detail, the
nuclease and helicase activities of the eukaryotic proteins func-
tion analogously to those of RecQ and RecJ. The other pathway
for long-rang resection in Eukarya requires Exonuclease 1. Al-
though eukaryotic Exo1 is a dsDNA-specific exonuclease, its
behavior is similar to that of RecJ in that both yeast and human
enzymes display a DNA end-preference. Being a dsDNA-pre-
ferring, rather than ssDNA-preferring nuclease, Exo1 displays
the opposite substrate bias, preferring blunt dsDNA or dsDNA
with a 3′-ssDNA rather than 5′-ssDNA overhang (59). In-
terestingly, for human EXO1, the binding of BLM enhances the
affinity of EXO1 for DNA ends, thereby promoting resection at
ends; although a noncatalytic function, in this regard, the evi-
dence for cooperation between nuclease and helicase extends
from bacteria to humans. Finally, in both long-range resection
pathways of both yeast and humans, the Mre11-Rad50-Xrs2
complex (or MRE11-RAD50-NBS1 in humans) promotes re-
section by Sgs1/Dna2 (BLM/DNA2) and Exo1 (EXO1) (37, 39,
61, 67) by recruiting these proteins to DNA ends. In E. coli, iron-
ically the blunt-ended break is the poorest substrate for RecQJ-
dependent resection. RecQ helicase or RecJ nuclease can ini-
tiate resection from DNA with 3′- or 5′-overhangs, but poorly
from blunt-end DNA (Fig. 4). Interestingly, RecN is a member
of the SMC (structural maintenance of chromosomes) family DNA
binding proteins, as is the Rad50 protein, and it is therefore
a candidate for stimulating DSB resection from blunt-end DNA
by perhaps recruiting these resection proteins to DNA ends in
a manner analogous to the Mre11-Rad50-Xrs2 complex.

Materials and Methods
Proteins. RecQ (68), SSB (69), RecA (70), RecF (17), and RecO and RecR (15)
were purified as described previously. RecJ and truncated SSB lacking
C-terminal eight amino acids were purified as described in SI Materials
and Methods.

Joint Molecule Formation Assays. Joint molecule formation was performed as
previously described (28), with minor modifications. The final concentrations
of components were 5 μM RecA, 15 nM RecF, 100 nM RecO, 1 μM RecR, 3 μM
SSB, 0.05 U/μL RecJ (3.3 nM), 10 nM RecQ, 10 μM (nt) linear pUC19, and 20
μM (nt) supercoiled pUC19 in buffer containing 20 mM Tris-acetate (pH 7.5),
10 mM magnesium acetate, 1 mM ATP, 1 mM phosphoenolpyruvate (PEP),
20 U/mL pyruvate kinase (PK), 0.1 mg/mL bovine serum albumin (BSA), 1 mM

dithiothreitol (DTT), and 5% (vol/vol) glycerol. After reaction at 30 °C,
products were analyzed by agarose gel (0.8%) electrophoresis in 1× TAE
buffer [40 mM Tris-acetate (pH 8.0), 1 mM EDTA], followed by ethidium
bromide staining. Joint molecule formation was determined as the per-
centage of the limiting linear dsDNA that was incorporated into joint mol-
ecules. It was quantified from the band intensity of joint molecule products
at the indicated time, and band intensities of linear dsDNA and supercoiled
dsDNA at 0 time.

Short-Range DNA Resection Assay. 32P-labeled linear dsDNA cut by several
restriction endonucleases were prepared as described in SI Materials and
Methods. Briefly, pUC19 dsDNA was cleaved by NdeI, labeled by Klenow
fragment with [α-32P]dATP and cold dTTP, and cleaved by the indicated re-
striction endonuclease.

The reaction buffer for resection by RecJ nuclease was 20 mM Tris acetate
(pH 7.5), 10 mM magnesium acetate, 0.1 μg/mL BSA, 5% (vol/vol) glycerol,
and 1 mM DTT. When RecQ was used, 1 mM ATP, 1 mM PEP, and 20 U/mL
pyruvate kinase were added; these components were also added to the
reaction without RecQ when the results with and without RecQ helicase
were being compared. Standard reactions contained 10 μM (nt) 32P-
dsDNA, 0.125 U/μL RecJ (8.1 nM), 0.1 μM RecQ, and 3 μM SSB. After the
incubation for 0 or 60 min at 30 °C, a 5-μL sample was taken, mixed with 5 μL
of stop solution (40 mM EDTA, 0.8% SDS, and 0.2% bromophenol blue), and
chilled on ice. The samples (total 10 μL) were treated with Proteinase K
(Boehringer Mannheim; 1 μL of 2 mg/mL Proteinase K solution) followed by
incubation at 37 °C for 20 min. Before loading on a gel, 10 μL of formamide
mix [90% (vol/vol) formamide, 10 mM EDTA, 0.08% xylene cyanol, and
0.08% bromophenol blue] were added, and the sample was incubated at
90 °C for 10 min. Electrophoresis was performed using a DNA sequencing gel
(13 cm × 38 cm × 0.3 mm) composed of 6% polyacrylamide (29:1), 8 M urea,
and 1× TBE buffer [90 mM Tris-borate (pH 8.0) and 2 mM EDTA], at 1,500–
2,000 V (voltage was adjusted to set the gel temperature to 50 °C) until the
xylene cyanol migrated 25 cm. After the electrophoresis, the gel was dried
and analyzed by autoradiography using a Storm 820 PhosphorImager with
ImageQuaNT software. The size markers shown to the left side of each gel
images indicate the electrophoretic mobility of the HindIII-, EcoRI-, and BglI-
digested substrates (267, 216, and 64 nt) and the major RecJ-resection
products (139 and 96 nt, determined from the Maxam–Gilbert sequencing
ladder), respectively.

Long-Range Resection Assay. Extensive, long-range dsDNA resection was
assayed as follows. The sample contained 5 μM (nt) linear pUC19 dsDNA (that
had been cleaved using the restriction enzymes indicated in the figure
legends), 0.05 U/μL RecJ (3.3 nM), 10 nM RecQ, and 1 μM SSB in 90-μL solu-
tion. The reaction buffer was 20 mM Tris-acetate (pH 7.5), 1–10 mM mag-
nesium acetate, 1 mM ATP, 1 mM PEP, 20 U/mL pyruvate kinase, 0.1 μg/mL
BSA, 5% (vol/vol) glycerol, and 1 mM DTT. The reaction was started by
adding RecJ. After the indicated time at 30 °C, an aliquot (20 μL) was taken,
mixed with stop solution (5.4 μL) containing 4.7% SDS, 235 mM EDTA, and
0.047% bromophenol blue, and then stored on ice. After finishing all
reactions, the samples were analyzed by agarose gel (0.8%) electrophoresis
in 1× TAE, followed by staining with ethidium bromide. The amounts of
dsDNA processed were quantified as the decrease of band intensities.

Resection of ssDNA was performed as done for the dsDNA resection assay
above, but with the following modifications. The EcoRI-cut pUC19 DNA was
first unwound by 50 nM RecQ in the presence of SSB but in the absence of
RecJ at 30 °C for 30 min. After the unwinding reaction, the resection re-
action was started by adding 9 mM magnesium acetate and RecJ.
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