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The RecF pathway of Escherichia coli is important for recombinational repair of DNA breaks and gaps. Here we
reconstitute in vitro a seven-protein reaction that recapitulates early steps of dsDNA break repair using purified
RecA, RecF, RecO, RecR, RecQ, RecJ, and SSB proteins, components of the RecF system. Their combined action
results in processing of linear dsDNA and its homologous pairing with supercoiled DNA. RecA, RecO, RecR, and
RecJ are essential for joint molecule formation, whereas SSB and RecF are stimulatory. This reconstituted system
reveals an unexpected essential function for RecJ exonuclease: the capability to resect duplex DNA. RecQ helicase
stimulates this processing, but also disrupts joint molecules. RecO and RecR have two indispensable functions:
They mediate exchange of RecA for SSB to form the RecA nucleoprotein filament, and act with RecF to load RecA
onto the SSB–ssDNA complex at processed ssDNA–dsDNA junctions. The RecF pathway has many parallels with
recombinational repair in eukaryotes.
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Breaks in DNA chains occur frequently in all organisms
(Kuzminov 1999). If left unrepaired, these breaks can be
lethal. Consequently, organisms have highly refined
systems for repairing breaks in both ssDNA and dsDNA,
involving both nonhomologous end-joining and recombinational DNA repair. In Escherichia coli, there are two
interrelated pathways for recombinational DNA repair:
the RecBCD and the RecF pathways (Clark and Low 1988;
Lloyd and Low 1996; Amundsen and Smith 2003; Spies
and Kowalczykowski 2005). In wild-type cells, the
RecBCD pathway is responsible for the repair of dsDNA
breaks (DSBs), whereas the RecF pathway is largely
responsible for the repair of ssDNA gaps. Although
mostly separate in function and possessing unique protein constituents, these pathways share some common
components such as the RecA and SSB proteins, which
promote homologous DNA pairing, and the RuvABC
protein complex, which resolves Holliday junctions.
In contrast to the extensively characterized RecBCD
pathway, recombinational DNA repair promoted by the
RecF pathway is biochemically less well understood.
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Genetic studies in E. coli have defined the RecF pathway
as involving recA, recF, recG, recJ, recN, recO, recQ,
recR, ruvA, ruvB, ruvC, ssb, uvrD, and helD functions
(Kuzminov 1999). RecF, when acting in concert with
RecR and RecO (the RecFOR complex), binds to the 59end of an ssDNA gap and loads RecA onto the ssDNA
(Morimatsu and Kowalczykowski 2003). RecO and RecR,
in the absence of RecF, bind to the SSB–ssDNA complex
and assist RecA in the displacement of SSB from the
ssDNA (Umezu et al. 1993; Umezu and Kolodner 1994).
These mediator functions facilitate RecA nucleoprotein
filament formation and subsequent homologous pairing.
RecG is a multifunctional DNA motor protein that can
promote extension of heteroduplex DNA, regression of
replication forks, and disruption of joint molecules
(Briggs et al. 2004). RecJ is a 59 / 39 ssDNA exonuclease
that stimulates DNA strand exchange by degradation of
the displaced ssDNA strand and, in addition, is hypothesized to function early in recombination at the DNA
processing step (Lovett and Clark 1984; Corrette-Bennett
and Lovett 1995). RecQ is a 39 / 59 DNA helicase that
can unwind duplex DNA to initiate homologous pairing,
can disrupt nascent joint molecule, and also can act in
concert with topoisomerase III to decatenate DNA
duplexes (Umezu et al. 1990; Harmon and Kowalczykowski 1998; Harmon et al. 1999, 2003). The biochemical
function of the E. coli RecN protein is unknown; however, in Bacillus subtilis, RecN protein acts to bridge the
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two ends of a dsDNA break (Sanchez and Alonso 2005;
Sanchez et al. 2006). Finally, uvrD and helD encode DNA
helicases II and IV, respectively (Mendonca et al. 1993;
Lovett and Sutera 1995).
For many years, the RecF pathway was thought to be
a ‘‘minor’’ pathway because recombination was mainly
studied using biological processes that initiated using
dsDNA breaks (e.g., conjugation, transduction, or phage
crosses) and, hence, such recombination events were seen
to depend only on the RecBCD pathway (Kuzminov 1999;
Spies and Kowalczykowski 2005). However, in wild-type
cells, the RecF pathway is responsible for all postreplication recombinational repair occurring at ssDNA
gaps; e.g., repair of daughter strand gaps that remain after
incomplete DNA replication on imperfect templates
(Howard-Flanders 1975; Kuzminov 1999). This repair requires the RecA and RecFOR proteins, and both RecJ and
RecQ to degrade the nascent lagging strand at the stalled
replication fork (Courcelle and Hanawalt 1999). In addition, if RecBCD is inactivated, the RecF pathway is
required for conjugational recombination, showing that
it is fully capable of promoting recombinational DSB
repair (Horii and Clark 1973; Lovett and Clark 1984;
Nakayama et al. 1984; Kolodner et al. 1985; Mahdi and
Lloyd 1989), provided that two mutations, called sbcB
(suppressor of recBC) and sbcC (or sbcD), are present
(Lloyd et al. 1987a,b). sbcB is a mutation in exonuclease I,
which is normally a processive 39-specific ssDNA exonuclease (Kushner et al. 1972); the mutant exonuclease I
binds ssDNA, displays reduced nuclease activity, and
consequently protects the 39-end of the processed ssDNA
from exonuclease VII (Viswanathan et al. 2000; Thoms
et al. 2008). The sbcC and sbcD genes encode an nuclease, SbcCD (Connelly and Leach 1996), that might
remove the SbcB proteins by endonucleolytically cleaving
the ssDNA. Alternatively, the RecF pathway can operate
on DSBs in cells that are deleted for both 39-specific
ssDNA exonucleases, exonuclease I and exonuclease VII
(Viswanathan et al. 2000). In such cells, recombination
occurs at wild-type levels or higher, showing that the
recombination enzymes of the RecF pathway are fully
capable of promoting recombination from DSBs without
the need for RecBCD enzyme or any suppressor mutations
(Horii and Clark 1973; Lovett and Clark 1983; Lloyd et al.
1987a; Luisi-DeLuca et al. 1989). Furthermore, the RecF
system is the major pathway for recombinational repair of
all DNA breaks, both ssDNA gaps and DSBs, in prokaryotic organisms that lack RecBCD homologs (Rocha
et al. 2005). Finally, organisms such as B. subtilis use both
the RecF- and RecBCD-like systems for DSB processing
and repair (Kidane and Graumann 2005; Sanchez et al.
2006, 2007). Thus, the RecF pathway can promote recombinational repair of dsDNA breaks as well as ssDNA
gaps (Michel et al. 2007).
Interestingly, it has become evident recently that the
RecF pathway has many homologs in eukaryotic recombinational DNA repair. For example, RecO resembles
Rad52 with regard to both mediator function and its
ability to anneal ssDNA with its cognate SSB/RPA (Kantake
et al. 2002). Another similarity concerns the RecFOR

mediator complex: It functions by loading RecA
onto ssDNA complexed with SSB (Morimatsu and
Kowalczykowski 2003), and defects in this loading pathway can be suppressed by mutations in RecA (e.g., the
RecA803 or RecA730 proteins) that enhance self-assembly
on ssDNA (Madiraju and Clark 1990; Madiraju et al. 1992;
Wang et al. 1993). This behavior is paralleled in Saccaromyces cerevisiae (Fortin and Symington 2002), where
a hyperactive mutant Rad51 was shown to partially
suppress the need for the mediator function of the
Rad55/57 complex (Sung 1997), suggesting that RecFOR
and Rad55/57 mediator complexes could be functional
homologs. Similarly, RecQ helicase is not only the founding member of the structurally similar eukaryotic
family of RecQ helicases (Nakayama et al. 1984; Wu and
Hickson 2006), but it can both disrupt joint molecules
(Harmon and Kowalczykowski 1998) and stimulate decatenation of DNA by topoisomerase III (Harmon et al.
1999), as can the human BLM helicase (Wu and Hickson
2003; Bugreev et al. 2007).
Previously, our laboratory examined DNA pairing initiated by RecQ and promoted by RecA and SSB in vitro
(Harmon and Kowalczykowski 1998). Because RecQ is
incapable of loading RecA onto ssDNA that is complexed
with SSB, in vitro reactions required a molecular crowding reagent to facilitate RecA-loading and homologous
pairing. Recently, however, we discovered that the
RecFOR proteins would load RecA protein onto ssDNA
at the junction between ssDNA and dsDNA (Morimatsu
and Kowalczykowski 2003), suggesting that RecFOR
could provide the needed loading function. Finally, the
behavior of RecJ in the initiation of DNA pairing has not
been examined. Here, we describe a concerted sevenprotein reaction involving RecA, RecF, RecO, RecR,
RecQ, RecJ, and SSB proteins that can resect linear
dsDNA to promote joint molecule formation between
the resulting processed ssDNA-tailed duplex DNA and
homologous supercoiled dsDNA (scDNA). Our findings
reveal that RecJ exonuclease, which has repeatedly been
proposed to act as an ssDNA exonuclease on the 59terminated ssDNA created by the unwinding activity of
RecQ helicase, has the unanticipated function of resecting duplex DNA mediated independently of RecQ helicase. Our results provide many potential parallels for
understanding the functions of eukaryotic homologs,
such as Rad51, the Rad51 paralogs, Rad52, the RecQ
helicases, and Exonuclease 1 in the repair of DNA breaks.
Results
Joint molecule formation promoted by RecA, RecF,
RecO, RecR, RecJ, RecQ, and SSB proteins
As mentioned earlier, the RecF pathway is fully proficient
in the recombinational repair of DNA breaks. To understand the biochemical mechanism of this process,
formation of joint molecules between two duplex DNA
substrates was examined in vitro. Because joint molecule
formation requires processing of one duplex substrate to
reveal ssDNA before it can be used for RecA-promoted
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invasion of homologous supercoiled DNA (scDNA), this
strategy defines proteins that are essential for both
processing and homologous DNA pairing (Dixon and
Kowalczykowski 1991; Harmon and Kowalczykowski
1998, 2000). Similar to an earlier study (Harmon and
Kowalczykowski 1998), we used linear plasmid DNA (39end-labeled) and homologous supercoiled dsDNA; exonucleolytic resection and/or DNA unwinding will produce ssDNA that can then be used for homologous
pairing with the supercoiled DNA to produce a joint
molecule (JM in Fig. 1A). However, in contrast to the prior
study, volume excluding agents were not used to enhance
RecA nucleoprotein assembly and DNA pairing nor were
conditions optimal for RecQ-dependent unwinding of
dsDNA; instead, the RecF, RecO, and RecR proteins were
added to determine whether they could coordinate RecA
nucleoprotein filament assembly on the newly created
ssDNA (Morimatsu and Kowalczykowski 2003).
When RecA, RecF, RecO, RecR, RecJ, RecQ, and
SSB were added to these DNA substrates at concentrations similar to those used previously (Harmon and
Kowalczykowski 1998; Morimatsu and Kowalczykowski
2003), joint molecules were readily formed (Fig. 1B;
Supplemental Fig. 1; linear pUC19 dsDNA and supercoiled pUC1950 DNA have nearly identical electrophoretic mobilities). The joint molecules are detected within

10 min, and the optimal yield (;20% 6 10% of the input
labeled linear dsDNA) occurs generally after about 30
min, after which a slight increase or decrease is sometimes observed, depending on reaction conditions (see
below). As expected, DNA pairing requires both ATP and
homology (Supplemental Fig. 1): If either the homologous
supercoiled DNA is omitted, or nonhomologous fX174
supercoiled DNA is substituted (Supplemental Fig. 2),
then no joint molecules are detected. In all cases, processing of the linear dsDNA nonetheless still occurs, as
evidenced by the smear of faster migrating DNA molecules below the position of the intact linear dsDNA
substrate; the annealing of this processed DNA sometimes leads to trace amounts of products that run above
the position of linear dsDNA. Note also that when the
scDNA is omitted (Supplemental Fig. 1), the yield of
processed dsDNA appears to increase because the processed DNA that would have been part of the joint
molecule is now added to the processed DNA below the
full-length linear dsDNA position.
To verify that the joint molecules are indeed the
products of pairing between the processed linear dsDNA
and the supercoiled recipient, the size of the supercoiled
target DNA was changed. When smaller pUC19 (2.7 kb) is
used as the supercoiled partner instead of pUC1950 (4.6
kb), also permitting visualization of the linear pUC19

Figure 1. Joint molecule formation by coordinated action of RecA, RecF, RecO, RecR, RecQ, RecJ, and SSB proteins. (A) Reaction
scheme: 39-end-labeled linear dsDNA (‘‘dsDNA’’ and homologous supercoiled DNA (‘‘scDNA’’) are used as substrates. DNA processing
and homologous pairing produce joint molecules (‘‘JM’’) that are detected by agarose gel electrophoresis. (B) Reactions with either
pUC1950 or pUC19 (as indicted) as the scDNA. The scDNA was 20 mM (nucleotides) to permit comparison with C. Due to the lower
scDNA concentration, the product yield was 10% for pUC1950 and 8% for pUC19 at 60 min. (Left two panels) Ethidium bromide
staining. (Right two panels) Radioisotopic imaging of 39-end-labeled EcoRI-digested linear dsDNA. (C) Two-dimensional gel
electrophoresis of reaction products. DNA was analyzed by native gel electrophoresis in the first dimension; one of two replicate
lanes is shown at the top. The other gel slice was subjected to electrophoresis in a second dimension using denaturing conditions. The
illustration shows the reaction products, which are indicated by arrows; the other spots are nonspecific background contaminants
present at time 0. From right to left, the yield of joint molecule products is 6.8%, 0.5%, and 0.2%.
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dsDNA in the ethidium bromide stained gel, the sizes of
the joint molecules decrease accordingly (Fig. 1B).
Depending on reaction time and conditions, up to three
joint molecule product species can be resolved. The most
abundant is the fastest migrating joint molecule, which
has a mobility consistent with invasion by one resected
dsDNA molecule. The next most abundant joint molecule has a slower mobility consistent with being composed of three DNA molecules; this species is likely
a mixture of resected linear dsDNA paired at both ends
with scDNA, and scDNA invaded by two resected linear
DNA molecules because this product is also evident
when 59-end-labeled linear DNA is used (Supplemental
Fig. 1). The faintest and slowest joint molecule is an undefined complex structure likely comprising four DNA
molecules.
The products of this reaction were also analyzed by
two-dimensional gel electrophoresis (Fig. 1C shows
0-min and 60-min reactions; the full time course is
provided in Supplemental Fig. 3). In the first dimension
(running from left to right), electrophoresis was performed in neutral conditions, as in Figure 1B. In the
second dimension (running from top to bottom), electrophoresis was performed in alkaline conditions to denature all DNA into individual DNA strands. Due to
resection of the linear 39-end-labeled dsDNA, all of the
products run as smeared bands, which are identified in
the illustration at the top. Processing of the linear dsDNA
produces two resected products in the 2D profile. The
product labeled as ‘‘resected strand of dsDNA’’ migrates
as resected dsDNA in the first dimension. When run in
the second dimension, comparison with the size markers
reveals that the resected strand is as short as 0.5–1 kb,
indicating resection of 1.7–2.2 kb. For the majority of the
DNA, resection is limited to about 700 bases. In the
product labeled ‘‘resected dsDNA (intact labeled stand),’’
only one strand of the dsDNA is resected so that the

single-ended resection product migrated faster in the first
dimension but, after denaturation, the unresected strand
migrates as full-length ssDNA in the second dimension.
Three joint molecule products, whose migration in the
first dimension is slower than that of the resected dsDNA,
are readily discerned. The major species is the fastest
migrating in the first dimension; in the second dimension,
this joint molecule contains a strand with the same
mobility as the ‘‘resected strand of dsDNA,’’ indicating
that the joint molecules contains resected linear DNA.
Joint molecule formation requires RecA, RecO,
RecR, and RecJ proteins, and is stimulated
by SSB and RecF proteins
To determine the importance of the proteins in this
homologous pairing process, each was omitted from the
complete reaction (Fig. 2). It is readily evident that when
either RecO, RecR, RecA, or RecJ is omitted (reactions 4,
5, 6, and 7, respectively), joint molecule formation is
completely eliminated. A RecA titration showed that
joint molecule formation saturated at ;2.5 mM, and
declined monotonically by ;50% when the RecA
concentration was reduced to 0.25 mM (Supplemental
Fig. 4). When RecO, RecR, or RecA is omitted, the failure
to produce joint molecules was clearly not due to a failure to process the linear dsDNA substrate (reactions 4,
5, and 6), because resection and/or unwinding of the
linear dsDNA is evident in all three time courses. In
contrast, when RecJ is omitted (reaction 7), not only is
joint molecule formation eliminated, but processing of
dsDNA is also eliminated, showing that neither resection
nor unwinding into full-length ssDNA occurred in the
absence of RecJ. These findings imply that the mediator
function of RecOR, the DNA pairing activity of RecA, and
an exonucleolytic processing ability of RecJ are all essential for joint molecule formation under these conditions.

Figure 2. Homologous DNA pairing requires RecA, RecO, RecR, and RecJ proteins and is stimulated by RecF and SSB proteins.
Proteins present are indicated at the top of the gel. The complete reaction is shown in three reaction time courses (reactions 1, 3, and 12)
to permit direct comparison to the adjacent reactions (reactions 2, 4–11, and 13, respectively), which were performed at the same time.
From left to right, the yield of joint molecules at 60 min for these reactions is 19%, 10%, 32%, 0%, 0%, 0%, 0%, 36%, 0%, 0%, 0%,
15%, and 3%.
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Though not essential, omission of SSB reduces joint
molecule formation by fivefold to 10-fold (Fig. 2, reaction
13). An SSB titration revealed that ;3 mM was optimal
(Supplemental Fig. 5). Resection was not evident when
SSB was omitted (reaction 13), even though some joint
molecules were formed; however, as will be shown elsewhere, higher-resolution gels show that resection by RecJ
is indeed occurring, but SSB greatly stimulates the resection of dsDNA (K Morimatsu, N Handa, and SC
Kowalczykowski, unpubl.). Clearly, the ssDNA-binding
capacity of SSB is important for both DNA resection and
homologous pairing.
When RecF is omitted, the yield of joint molecules is
reduced by about half but is not eliminated (Fig. 2,
reaction 2). Changing the RecF protein concentration
from 5 to 100 nM did not change the yield of joint
molecules relative to the standard concentration of 15
nM (data not shown), showing that the standard reaction
is not suboptimal with regard to RecF function. The
finding that RecF omission reduces the yield of joint
molecules by ;50% suggests that, at these conditions,
RecA is being loaded onto the SSB–ssDNA complexes by
RecFOR at only approximately half of the processed DNA
duplexes; for the other half, RecA nucleoprotein filament
formation is being facilitated by RecOR.
The RecQ helicase is also not essential for joint
molecule formation (Fig. 2, reaction 8). The failure to

see a strong dependence on RecQ is also not due to
a suboptimal concentration, because increasing the RecQ
concentration resulted in a progressive reduction in joint
molecules, rather than an increase, until none were
detected at concentrations exceeding ;500 nM (Fig. 3).
Experiments where several proteins are removed from
the complete reaction confirm the essential role of RecOR
and RecJ. When both of the potential processing enzymes,
RecJ and RecQ, are omitted, joint molecules are not
detected (Fig. 2, reaction 9). Similarly, when both the
RecFOR complex and the nonessential RecQ helicase are
omitted (reaction 11), joint molecule formation is not
detected, despite the presence of some processing by RecJ
exonuclease. Likewise, when only RecA, RecQ, and SSB
proteins are present (reaction 10), in the absence of
a molecular crowding agent, they do not promote any
DNA pairing, as previously reported (Harmon and Kowalczykowski 1998).
Finally, to determine whether the reaction is concerted, the complete reaction was compared with a reaction in which the linear dsDNA was first processed in
the presence of RecJ, RecQ, and SSB proteins, with or
without RecFOR; then the resected DNA was isolated;
and, finally, RecA, SSB, and scDNA were subsequently
added with or without added RecFOR (Fig. 4). In these
uncoupled reactions, joint molecules are not formed
efficiently due to the slow rate of SSB displacement
without the continued presence of the mediators, suggesting that coordination between resection and RecA
loading is important for efficient homologous pairing.
Thus, we established concerted joint molecule formation in vitro that is dependent on RecA, RecO, RecR, and
RecJ, and where resection and/or DNA pairing is stimulated by RecF, RecQ, and SSB; for simplicity, we will refer
to this reaction as the RecAFORQJ reaction.
RecJ is needed for DNA resection, and RecQ
stimulates resection but disrupts joint molecules

Figure 3. RecQ helicase stimulates dsDNA resection by RecJ
nuclease but disrupts joint molecules. (A) Joint molecule formation as a function of RecQ at various RecJ concentrations
(indicated at top of the gel) was assayed at 60 min. (B)
Quantification of joint molecule formation expressed as the
amount of product relative to the amount of linear dsDNA,
which is limiting. Error bars represent the standard error from
multiple experiments.
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It was known from a previous study that the role of RecQ
helicase in concerted DNA pairing reactions is complex:
At low concentrations, RecQ can unwind the linear
dsDNA to produce a ssDNA substrate for RecA protein,
but at high RecQ concentrations, it can disrupt joint
molecules, reducing joint molecule yield (Harmon and
Kowalczykowski 1998). The function of RecQ was consequently more carefully investigated in the more complex RecAFORQJ reaction (Fig. 3). At the lower
concentrations of RecJ (0.01 and 0.02 U/mL), increasing
the concentration of RecQ to 10 nM has little effect on
joint molecule formation, but increasing the RecQ concentration further results in a pronounced decrease (Fig.
3B). However, it is also evident from Figure 3A that RecQ
facilitates processing of the linear dsDNA by RecJ exonuclease, demonstrating that the reduction in joint molecule formation is not due to a failure to produce ssDNA.
In fact, increasing concentrations of RecQ actually increase the amount of DNA degraded by RecJ (e.g., Fig. 3,
lanes 16–21). When the time course of joint molecule
formation is monitored (Supplemental Fig. 6), it is clear
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Figure 4. DNA pairing in the RecAFORQJ reaction is concerted. (Left panel) The standard reaction conditions were used
for the ‘‘Coupled’’ reaction. (Middle panel) In one uncoupled
reaction (labeled ‘‘RecQJFOR / RecA + SSB’’), the linear
dsDNA was incubated with RecFOR, RecQ, RecJ, and SSB for
30 min, ethanol precipitated, and then suspended in reaction
buffer at the same DNA concentration; a mixture of RecA and
SSB was added, followed by the scDNA, and then incubated for
the times indicated. In the right panel (‘‘RecQJ / RecAFOR +
SSB’’), the linear dsDNA was incubated with RecQ, RecJ, and
SSB for 30 min, ethanol precipitated, and then suspended;
a mixture of RecFOR, RecA, and SSB was added, followed by
the scDNA. The yield of joint molecules at 60 min is 20%, 0%,
and 5%, respectively.

that even at the inhibitory concentrations of RecQ (e.g.,
100 nM), joint molecules are formed at early times, but
are subsequently dissociated. Raising the concentration
of RecJ results in increased dsDNA degradation that is
more apparent when RecQ is present (Fig. 3, lanes 23–28).
Interestingly, in the absence of RecJ nuclease, there is
no joint molecule formation, and this failure cannot be
compensated by any amount of RecQ examined (Fig. 3B).
Although the DNA unwinding activity of RecQ is limited
under these conditions (Harmon and Kowalczykowski
2001), some unwinding is detected at the highest RecQ
concentrations tested (Fig. 3A, lane 7; data not shown);
however, the potent joint molecule disruption capacity of
RecQ could preclude accumulation of joint molecules
(Harmon and Kowalczykowski 1998). Thus, we conclude
that, although RecQ helicase can stimulate the processing of linear dsDNA by RecJ, by itself, RecQ does not
promote joint molecule formation under these conditions. Therefore, RecJ is indispensable, revealing that
exonucleolytic resection of the duplex DNA by RecJ,
rather than the ssDNA, is an essential step in this concerted reaction.
The RecOR proteins serve two essential functions:
mediating exchange of RecA for SSB on the ssDNA,
and loading of RecA by RecFOR onto SSB–ssDNA
at its junction with dsDNA
Previous studies established that the RecFOR complex
needs to bind to the junction between ssDNA and dsDNA
of resected or gapped DNA to load RecA (Morimatsu and

Kowalczykowski 2003). In contrast, the RecOR proteins
act in a stoichiometric complex with SSB–ssDNA to
mediate the assembly of a RecA nucleoprotein filament
(Umezu et al. 1993; Umezu and Kolodner 1994). To reveal
the function of RecF when it was acting in conjunction
with RecOR, it was necessary to use limiting amounts of
RecOR relative to the SSB–ssDNA complex (Morimatsu
and Kowalczykowski 2003). However, in the concerted
RecAFORQJ reaction, the quantity of ssDNA produced is
unknown. Consequently, to determine whether RecF
function in this reaction was being obscured by RecORmediated assembly of the RecA nucleoprotein filament,
the concentrations of RecO and RecR were reduced and
varied independently (Fig. 5). A RecO titration was performed both in the presence and absence of RecF, initially
using the standard concentration of RecR. The results
(Fig. 5A,B) show that below 30 nM RecO, RecF marginally
(1.3-fold) stimulates joint molecule formation but, at the
higher concentrations, RecF actually inhibits the reaction. However, when the RecO concentration is reduced
to 15 nM, significant stimulation by RecF is evident (Fig.
5C). At 15 nM RecO, RecF stimulates DNA pairing at all
concentrations of RecR examined, and the magnitude of
this stimulation is greatest at the lowest RecR concentrations (Fig. 5D). Although the yield of joint molecules is
reduced by about half due to reduction of RecOR-mediated loading of RecA onto ssDNA, stimulation by RecF at
these reduced concentrations of RecO and RecR is ;10fold. A time course of joint molecule formation reveals
a clear dependence of RecF at this lowered RecOR protein
concentration (Supplemental Fig. 7).
Because the RecFOR proteins are required only when
SSB protein limits assembly of RecA on ssDNA (Umezu
and Kolodner 1994; Morimatsu and Kowalczykowski
2003), we expected that the residual DNA pairing seen
in the absence of SSB (Fig. 2, reaction 13) should be independent of RecFOR because the omission of SSB should
preclude the need for any RecA-loading function.
Indeed, when SSB is omitted from the concerted reactions, the remaining joint molecule formation is still
RecA- and RecJ-dependent, but no longer dependent on
RecFOR (Supplemental Fig. 8); only RecA and RecJ are
needed for DNA pairing (data not shown). These results
show that the RecF, RecO, and RecR proteins are essential to mediate the loading of RecA onto ssDNA only
when it is complexed with SSB. Collectively, our findings
are consistent with the conclusion that the RecOR
complex stimulates joint molecule formation via two
distinct mechanisms: (1) by binding to SSB–ssDNA complexes to mediate RecA nucleoprotein filament assembly,
and (2) by interacting with RecF protein to bind the
ssDNA–dsDNA junction of the resected DNA and then
to load RecA onto the SSB-complexed ssDNA tail.
The hyperactive RecA730 protein suppresses
the need for RecF, RecO, and RecR proteins
in RecAFORQJ-mediated joint molecule formation
Genetic studies established that the requirement for
RecFOR proteins is partially suppressed by a class of
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Figure 5. The need for RecF protein in joint molecule formation becomes apparent at lower concentrations of the RecOR proteins. Reactions used the
indicated RecO and RecR concentrations, and were
for 60 min. (A) The RecO concentration was varied
from 0 to 100 nM in the presence or absence of RecF
at 1 mM RecR. (B) Quantification of joint molecule
formation in A expressed relative to the amount of
linear dsDNA. (C) The RecR concentration was
varied from 0 to 1000 nM in the presence or absence
of RecF at 15 nM RecO. (D) Quantification of joint
molecule formation in C expressed relative to the
amount of linear dsDNA. Error bars represent the
standard error.

recA mutations (srf, or suppressor of recF) that produce
proteins that assemble on ssDNA more rapidly than wildtype RecA (Madiraju et al. 1992). One of these suppressor proteins is the RecA730 protein (Lavery and
Kowalczykowski 1992). Figures 2 showed that omission
of RecFOR abolished joint molecule formation by wildtype RecA, but not dsDNA processing. However, Figure 6
shows that RecA730 can significantly restore joint
molecule formation to a concerted reaction that lacks
RecFOR, as expected from genetic and biochemical
analyses. Joint molecule formation by RecA730 protein
requires the exonucleolytic processing activity of RecJ, in
agreement with another genetic finding (Thoms and
Wackernagel 1988), and is stimulated by RecQ helicase.
Thus, joint molecule formation by the concerted actions
of RecA, RecF, RecO, RecR, RecJ, RecQ, and SSB proteins
recapitulates the features expected based on in vivo
analysis.
Discussion
Most of the biochemical properties of the individual
proteins that comprise the RecF pathways of recombinational DNA repair have been defined, but their integration into a coordinated system for the repair of broken
DNA had not yet been achieved. Here we described
a concerted in vitro reaction involving RecA, RecF, RecO,
RecR, RecQ, RecJ, and SSB proteins that leads to the
production of joint molecules from linear dsDNA and
homologous supercoiled DNA. Joint molecule formation
requires the activities of RecA, RecO, RecR, and RecJ, and
is stimulated by RecF and SSB. The strong dependence on
RecOR is consistent with genetic results showing that
the recombination deficiency of a recR or recO mutant
strain is more severe than that bearing a recF mutation
(Sawitzke and Stahl 1992). We also showed that RecJ is
essential for, and that both RecQ and SSB stimulate,
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processing of linear duplex DNA into an intermediate
containing ssDNA that is suitable for RecA nucleoprotein filament assembly. The essential role of RecJ was
defined genetically when it was originally discovered
(Lovett and Clark 1984). Unexpectedly, we discovered
that the exonucleolytic resection of dsDNA, rather than
the expected ssDNA, is an important function of RecJ.
RecA, RecFOR, and SSB are needed for the homologous
pairing phase of the reaction. The requirement for
RecFOR can be bypassed by using a mutant RecA,
RecA730, which has an intrinsically greater capacity to
displace SSB from ssDNA and to self-assemble into
a nucleoprotein filament. RecQ helicase was not essential for joint molecule formation, but it stimulated DNA
processing by RecJ exonuclease. Finally, excess RecQ
helicase disrupted joint molecules that formed, as was
previously reported (Harmon and Kowalczykowski 1998);
although seemingly contradictory, disruption of joint
molecules is an important step in synthesis-dependent
strand annealing mechanisms that permit recombinational DNA repair without chromosomal crossovers
(Lovett and Sutera 1995; Allers and Lichten 2001; Hunter
and Kleckner 2001). Our observations can be explained in
the context of the model illustrated in Figure 7, which is
discussed below.
The first step is processing of the linear (broken) duplex
DNA into a substrate suitable for RecA-dependent homologous pairing. Despite a commonly held expectation
that RecQ helicase would be needed to unwind the
dsDNA into ssDNA that is the substrate for exonucleolytic processing by RecJ, which is an ssDNA-specific
exonuclease, we discovered that RecQ helicase was stimulatory but not essential. Instead, resection is via a capacity of RecJ to degrade one strand of dsDNA (Han et al.
2006). These findings are, in fact, consistent with genetic
analyses that established that mutation of recJ results in a
greater reduction of recombination by the RecF pathway
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Figure 6. RecA730 protein can partially bypass the need for
RecF, RecO, and RecR proteins. Proteins present are indicated at
the top of the gel. From left to right, the yield of joint molecules
at 60 min is 19%, 0%, 4%, 0%, 2%, and 0%.

than mutation of recQ (Luisi-DeLuca et al. 1989;
Sawitzke and Stahl 1992); this in vivo observation could
be a consequence of redundancy in helicase function
provided by helicases II and IV (Mendonca et al. 1995).
However, both RecQ and RecJ are needed for the DNA
degradation that precedes replication fork resumption
(Courcelle et al. 2003; Chow and Courcelle 2004), suggesting that the differences in DNA structure at a stalled
fork or ssDNA gap versus a dsDNA break reveal differential needs for RecQ function in vivo; preliminary
biochemical analyses of DNA resection by RecJ and RecQ
are consistent with this view (K Morimatsu, N Handa,
and SC Kowalczykowski, unpubl.).
RecJ exonuclease prefers ssDNA substrates with 59tails that are longer than 7 nucleotides (nt); however, it
does display a limited slower degradation of dsDNA that
previously had been shown to extend ;10 nt into the
duplex region of a tailed DNA substrate (Han et al. 2006).
This finding indicates that RecJ has an intrinsic capacity
to resect duplex DNA to produce 39-tailed ssDNA that is
the ideal substrate for DNA strand invasion. Our observation that RecQ helicase stimulates processing by RecJ
nuclease is consistent with this biochemical observation,
and further suggests that DNA unwinding enhances
DNA processing. It remains to be determined whether
RecQ and RecJ synergistically cooperate in this process
but our data here suggests, minimally, that RecQ stimulates turnover by RecJ (that is, more substrate is processed exonucleolytically when RecQ is present) and
preliminary data suggest that RecQ helicase stimulates
the processivity of RecJ nuclease (K Morimatsu, N Handa,
and SC Kowalczykowski, unpubl.).
After DNA processing, RecA protein must assemble
into a nucleoprotein filament on the ssDNA produced by

resection. Earlier studies showed that SSB protein bound
to ssDNA more rapidly than RecA, blocking the subsequent homologous pairing step (Kowalczykowski et al.
1987). However, this inhibition by SSB could be overcome
by a number of mechanisms. The first to be discovered
was the existence of mutant RecA proteins that are
intrinsically better at nucleoprotein filament assembly
(Volkert and Hartke 1984; Madiraju et al. 1992).
The RecA730 protein is one such mutant (Lavery and
Kowalczykowski 1992). These mutant RecA proteins
were isolated as genetic suppressors of recF functions
(Volkert and Hartke 1984); recA730 and other srf mutations that map to recA also suppress the UV sensitivity of
recO or recR (and recF recR or recF recO) mutations to
a similar degree as the recF mutation (Wang et al. 1993;
Liu et al. 1998). Furthermore, this srf suppression is
dependent on recJ function (Thoms and Wackernagel
1988; Wang et al. 1993). These observations are in full
accord with our biochemical findings: RecA730 protein
can load onto the resected ssDNA tail without the
assistance of the RecA-loading proteins, RecFOR, but
joint molecule formation, nonetheless, requires RecJ
activity.
Wild-type E. coli cells use various mechanisms to
facilitate RecA nucleoprotein filament formation through
the use of RecA-loading proteins. In E. coli, there are
three RecA-loading complexes: the RecBCD enzyme, the
RecOR complex, and the RecFOR complex. The RecBCD
enzyme loads RecA protein onto the x-containing ssDNA
produced during the course of translocation and duplex
DNA unwinding (Anderson and Kowalczykowski 1997).
The RecOR complex mediates the exchange of RecA for
SSB protein that is bound to ssDNA; optimal mediator
activity requires a stoichiometric amount of RecO relative to SSB (Umezu et al. 1993; Umezu and Kolodner
1994). The RecFOR complex loads RecA onto ssDNA at
an ssDNA-dsDNA junction with a recessed 59-duplex end
(Morimatsu and Kowalczykowski 2003). We conclude
that the requirement for RecOR in our reactions is to
mediate the loading of RecA onto the ssDNA produced by
RecJ (and RecQ and SSB). Mediation by RecOR does not
require a specific DNA structure. We found that at low
RecOR concentrations, DNA pairing was strongly (;10fold) dependent on RecF (Fig. 5D). Furthermore, with
increasing RecOR concentration, the need for RecF was
diminished, demonstrating that these proteins could
compensate for RecF function in this in vitro reaction.
Unfortunately, the intracellular concentrations of RecF,
RecO, and RecR proteins are unknown, so a direct
comparison of in vivo and in vitro conditions is not
possible. However, our biochemical findings are in qualitative agreement with genetic results: Overexpression of
recR in the presence of recO was sufficient to partially
suppress the loss of recF function by a mechanism that
required recJ (Sandler and Clark 1994). These in vivo
results are recapitulated in vitro and rationalize why all of
the DNA pairing is dependent on both RecO and RecR,
but only partially dependent on RecF protein. Thus, it
appears that the intracellular concentrations of RecO and
RecR are limiting, and equivalent to those used in our in
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Figure 7. Model for dsDNA break repair by the proteins
of the RecF pathway. The exonuclease activity of RecJ
resects duplex DNA by degrading in the 59 / 39 direction, stimulated by RecQ helicase and SSB. The
resultant ssDNA tail is bound by SSB. (Left) The RecFOR
complex binds at the ssDNA–dsDNA junction on the
resected DNA, and loads RecA onto the ssDNA. (Right)
The RecOR complex can also mediate exchange of RecA
for SSB bound to ssDNA at sites away from the junction.
The RecA-ssDNA nucleoprotein filament invades homologous recipient duplex DNA. RecJ can contribute to
stabilization of the D-loop by degrading the displaced
ssDNA after nicking (not shown) (Corrette-Bennett and
Lovett 1995), whereas RecQ helicase may disrupt recombination intermediates by unwinding from 39 / 59
direction. At this point (not shown), the joint molecule
can be converted to a Holliday junction and resolved, or
disrupted after DNA synthesis to anneal with the second
end of a dsDNA break.

vitro reactions (;15–100 nM) that demonstrate the strong
dependence on RecF.
In addition to acting at an early stage, both RecJ and
RecQ proteins may also function at a later stage in
recombinational DNA repair. The RecQ helicase not
only promotes joint molecule formation by participating
in duplex DNA processing but, as shown previously
(Harmon and Kowalczykowski 1998) and here, RecQ
helicase can disrupt joint molecules. Although this capacity to both promote and disrupt joint molecule formation may seem paradoxical, the mechanism of
synthesis-dependent strand annealing requires joint molecule formation, DNA synthesis, and the subsequent
disruption of the extended joint molecule. Many of the
genetic and biochemical properties of RecQ are consistent with its participation in both early and later steps
(Lovett and Sutera 1995). An additional potential function
of RecQ that is not shown in Figure 7 is its capacity to
decatenate topologically linked molecules, such as catenanes, hemi-catenanes, and Holliday junctions, when
functioning in concert with topoisomerase III (Harmon
et al. 1999, 2003). Also, a post-resection function for RecJ
was also previously established: It stimulates RecAmediated DNA strand exchange by degrading the displaced DNA strand coincident with DNA strand invasion
(Corrette-Bennett and Lovett 1995). Finally, after capturing the other processed DNA end (Fig. 7, not shown), the
maturation of the joint molecule into Holliday junctions
and their resolution would require the well-known
branch migration and cleavage capabilities of the
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RuvABC complex, which could be augmented or antagonized by RecG (Muller and West 1994; Sharples et al.
1999); both RuvABC and RecG are capable of producing
both crossover and noncrossover products, although the
partitioning of their functions is not fully understood
(Grove et al. 2008). The precise function of RecN remains
to be determined but, as was established in B. subtilis, it
appears early at a DSB implying a role in the bridging of
the unprocessed broken DNA ends, either intra- or intermolecularly; RecN is a ssDNA-dependent ATPase that
binds to a DSB (Sanchez et al. 2006, 2008). In agreement,
in E. coli, RecN becomes essential for DSB repair when
more than one DSB occurs, suggesting that RecN is
needed to bind to DNA ends to maintain the alignment
or integrity of the broken chromosomes (Meddows et al.
2005).
Interestingly, the RecF pathway of E. coli bears extensive similarity to the Rad52 epistasis group of recombination proteins that were defined initially in yeast and
found subsequently in other eukaryotes (Pâques and
Haber 1999; Symington 2002; Spies and Kowalczykowski
2005). Many of the proteins that act in the RecF pathway
have structural or functional homologs in both singleand multicellular eukaryotes. Consequently, we believe
that the results presented here can be extended to the
more complex biochemistry of recombinational DNA
repair in eukaryotes. Rad51 is the clear homolog of RecA,
and its assembly is facilitated by mediator proteins (Sung
et al. 2003). The mediator protein that is functionally
homologous to RecO is Rad52 (Kantake et al. 2002), and

Downloaded from genesdev.cshlp.org on May 25, 2009 - Published by Cold Spring Harbor Laboratory Press

Initial steps of DSB repair

the proteins that are likely functionally similar to RecF
and RecR are the yeast Rad55/57 complex (Fortin
and Symington 2002) and the human Rad51 paralogs
(Symington 2002). Furthermore, in terms of RecQ homologs, eukaryotes have at least one (Sgs1 in yeast) and up to
five (RecQ1, BLM, WRN, RecQ4 [RTH], and RecQ5 in
humans) (Wu and Hickson 2006); we believe that at least
one of these helicases must function in a similar capacity
to that described here for the bacterial RecQ. Finally,
although the homolog of RecJ is not obvious, we would
note that the discovery that RecJ has the capacity to
resect dsDNA suggests to us that the eukaryotic Exonuclease 1 (Exo1) is the functional homolog of RecJ.
Recent biochemical work supports this proposition and
also identifies BLM as the human RecQ homolog that
participates in recombination initiation (Nimonkar et al.
2008). Furthermore, recent genetic studies and the physical analysis of DNA breaks in S. cerevisiae identified
a role for Sgs1, Dna2, and Exo1 in the extensive resection
of dsDNA breaks (Gravel et al. 2008; Mimitou and
Symington 2008; Zhu et al. 2008), supporting our contention that RecJ and eukaryotic Exo1, and RecQ, Sgs1,
and BLM are functional homologs. In addition, the in
vitro features of DNA resection by a DNA helicase and
59-39 exonuclease from Pyrococcus furiosus have striking
parallels to the processing of DNA ends by RecQ and RecJ
described here (Hopkins and Paull 2008). Consequently,
our discovery that RecJ has a dsDNA exonuclease activity that is required for, and works in conjunction with,
RecQ to resect DNA brings the mechanism of dsDNA
break processing into convergence for all three domains
of life. We expect that when more complete biochemical
reactions can be reconstituted for the eukaryotic proteins, comparable coordinated activities for these proteins will be discovered.
Materials and methods
Joint molecule formation
Standard reactions contained linear dsDNA (10 mM nucleotides);
39-end-labeled EcoRI-digested pUC19) in reaction buffer (20 mM
Tris acetate at pH 7.5, 10 mM Mg[acetate]2, 0.1 mM DTT, 1 mM
phosphoenolpyruvate, 25 U/mL pyruvate kinase, 0.1 mg/mL
BSA). Unless otherwise indicated, SSB protein (3 mM) was added
for 2 min at 30°C, followed by (in order) RecQ (10 nM), RecF (15
nM), RecO (100 nM), RecR (1 mM), RecA (5 mM), and RecJ (0.02
U/mL) proteins; the salt in the storage buffer for protein stocks
added ;10 mM NaCl to the final reactions. Unless otherwise
indicated, pUC1950 supercoiled dsDNA (100 mM, nucleotides)
was then added. A sample was removed before the reaction was
started by addition of ATP (1 mM). Two-dimensional electrophoresis was performed as described previously (Nimonkar and
Boehmer 2003), with some modifications.
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