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Topological DNA-binding of structural
maintenance of chromosomes-like
RecN promotes DNA double-strand break
repair in Escherichia coli
Kenji Keyamura1 & Takashi Hishida 1*

Bacterial RecN, closely related to the structural maintenance of chromosomes (SMC) family

of proteins, functions in the repair of DNA double-strand breaks (DSBs) by homologous

recombination. Here we show that the purified Escherichia coli RecN protein topologically

loads onto both single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA) that has

a preference for ssDNA. RecN topologically bound to dsDNA slides off the end of linear

dsDNA, but this is prevented by RecA nucleoprotein filaments on ssDNA, thereby allowing

RecN to translocate to DSBs. Furthermore, we found that, once RecN is recruited onto

ssDNA, it can topologically capture a second dsDNA substrate in an ATP-dependent manner,

suggesting a role in synapsis. Indeed, RecN stimulates RecA-mediated D-loop formation and

subsequent strand exchange activities. Our findings provide mechanistic insights into the

recruitment of RecN to DSBs and sister chromatid interactions by RecN, both of which

function in RecA-mediated DSB repair.
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DNA double-strand breaks (DSBs) are a major threat to
genome stability and cell survival, and if left unrepaired or
repaired inappropriately, can lead to genome rearrange-

ments, aneuploidy, or cell death. Homologous recombination
(HR) is highly conserved in all organisms and plays a critical role
in DSB repair1,2. In Escherichia coli, DSBs are initially processed
by the RecBCD helicase/nuclease to generate 3′ single-stranded
DNA (ssDNA) tails, onto which RecA can assemble as a
nucleoprotein filament3–5. The RecA filament then mediates
homologous pairing, strand invasion, and strand exchange to
form a joint molecule comprising the broken DNA and an intact
homologous template6. In addition, the RecA nucleoprotein
filament stimulates autocleavage of the LexA repressor and sub-
sequent derepression of the SOS regulon, resulting in the
induction of gene products involved in multiple cellular func-
tions, such as DNA repair and cell division7–10. Thus, RecA is the
central player in HR-dependent DSB repair and the RecA-
mediated intermolecular interaction between sister chromatids
must be carefully controlled to promote DSB repair and to avoid
inappropriate recombination.

E. coli recN, a typical SOS-regulated gene, encodes a protein
with a central coiled-coil domain and N- and C-terminal globular
domains that contain Walker A and B motifs, respectively, which
are characteristic of the structural maintenance of chromosomes
(SMC) protein family11–16. These members play diverse roles in
controlling chromosomal dynamics and integrity, including sister
chromatid cohesion, chromosome condensation, and DNA
repair17–23. E. coli recN mutants are highly sensitive to ionizing
radiation, I-SceI cleavage and mitomycin C (MMC), but not UV
irradiation, and exhibit an abnormal morphology characterized
by nucleoid fragmentation in the presence of MMC24–29, sug-
gesting that RecN plays a specific role in DSB repair. We
demonstrated previously that GFP-labeled RecN localizes in
nucleoid-associated foci following DNA damage, and this
recruitment is dependent on RecA24. A recent analysis by Vick-
ridge et al. revealed that RecN maintains sister chromatid inter-
actions during MMC treatment30. Taken together, these results
suggest that RecA facilitates the loading of RecN onto DSB sites,
and that RecN plays structural and functional roles in RecA-
mediated DSB repair, possibly by maintaining the proximity of
sister chromatids.

E. coli RecN has been difficult to purify because of its poor
solubility24,31; hence the precise biochemical function of the
protein remains unclear. In vitro studies of several other bacterial
RecN proteins have revealed DNA-binding and DNA-stimulated
ATPase activities15,32–34. In addition, like cohesin, RecN can
promote the intermolecular ligation of linear double-stranded
DNA (dsDNA) fragments15,32,35. A recent study showed that
Deinococcus radiodurans RecN stimulates RecA-mediated HR
in vitro36. These results imply that a SMC-like function of RecN
might be involved in RecA-mediated DSB repair. However, the
mechanism by which RecN is recruited to the sites of DSBs in a
RecA-dependent manner, and how it associates simultaneously
with two distinct DNA molecules during DSB repair, are still
poorly understood.

In this study, we performed a biochemical characterization of
E. coli RecN and found that it binds to ssDNA and dsDNA
through topological entrapment. RecN topologically bound to
dsDNA translocates from its initial binding site by sliding along
the dsDNA until it reaches the ssDNA region, where the RecA
nucleoprotein filament is already established. The RecA filament
prevents the dissociation of RecN from the ends of DSBs via a
physical interaction and/or serving as a structural impediment,
allowing RecN to accumulate at the sites of DSBs. Furthermore,
we found that RecN loaded onto ssDNA, but not dsDNA, cap-
tures a second dsDNA molecule, which is stimulated by ATP.

RecN consistently stimulated RecA-mediated D-loop formation
and subsequent strand exchange activity. Overall, our results
demonstrate that, by topologically linking sister chromatids in
close proximity, RecN promotes RecA-mediated synapsis during
DSB repair.

Results
DNA-binding activity of RecN. In our initial experiment, we
found that the ionic strength of the buffer impacts the solubility
of E. coli RecN; subsequently, we were able to purify it to
homogeneity as a histidine-tagged protein (His-RecN) using
buffers containing 1M NaCl (Supplementary Fig. 1a). The pur-
ified protein was relatively stable for months under low salt
conditions. Gel filtration chromatography revealed that His-RecN
was eluted as a single peak at a position indicating a molecular
mass of 308 kDa, indicating that the purified protein exists in a
homo‐oligomeric complex, most likely a tetramer (Supplemen-
tary Fig. 1a). Control experiments established that SOS-regulated
His-recN when expressed from the multicopy plasmids fully
complemented the repair deficiency of a ΔrecN strain following
exposure to MMC, indicating that the tagged protein functions
similarly to wild-type RecN in vivo (Supplementary Fig. 1b).

To determine whether E. coli RecN has a putative DNA-
binding activity, circular dsDNA, linear dsDNA, and circular
ssDNA substrates were incubated with increasing concentrations
of RecN in the presence of ATP and the resulting complexes
were separated by agarose gel electrophoresis. Electrophoretic
mobility shift assays (EMSAs) revealed that RecN did not bind to
linear dsDNA, but bound to circular dsDNA and ssDNA to form
large protein–DNA complexes that did not enter the gel and
preferentially bound to circular ssDNA rather than circular
dsDNA (Fig. 1a, b).

Next, we examined formation of the RecN–DNA complex
further using a pull-down assay with His-RecN. Following
incubation of the DNA substrates described above with His-
RecN, the protein–DNA complexes were collected using Co2+-
conjugated magnetic beads and analyzed by agarose gel
electrophoresis (for RecN-bound DNA) and SDS–PAGE (for
the RecN protein). More than 95% of the RecN protein was
recovered under all conditions tested (Fig. 1c). The pull-down
experiments revealed that His-RecN was able to bind to all three
types of DNA with different affinities. Consistent with the results
of EMSAs, RecN had a higher affinity for circular ssDNA than
circular dsDNA, as determined by the DNA signals in the gel
(Fig. 1c, d). There was no obvious difference between the binding
of RecN to relaxed and supercoiled circular dsDNA substrates
(Supplementary Fig. 1c, d), suggesting that the superhelicity of
circular dsDNA does not affect the binding efficiency of RecN.
The RecN–circular dsDNA and RecN–circular ssDNA complexes
were relatively stable, because increasing concentrations of salt
did not reduce the amounts of these complexes (Fig. 1c, d). By
contrast, RecN had a low affinity for the linear dsDNA substrate,
even in low salt conditions (50 mM), and the DNA–protein
complex was abolished by high concentrations of salt (500 mM)
(Fig. 1c, d). Taken together, these findings indicate that E. coli
RecN is a DNA-binding protein with a clear preference for
ssDNA, and binds more stably to circular DNA substrates than
linear ones.

Topological DNA-binding activity of RecN. The high-
molecular-weight DNA–protein complexes observed in the
EMSAs and the high-salt-resistant association to circular DNA
could be explained by the formation of intermolecular
protein–DNA networks through topological entrapment. To
determine whether RecN has topological dsDNA-binding activity,

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-019-0655-4

2 COMMUNICATIONS BIOLOGY |           (2019) 2:413 | https://doi.org/10.1038/s42003-019-0655-4 | www.nature.com/commsbio

www.nature.com/commsbio


RecN–circular dsDNA complexes were collected using a His pull-
down assay and digested with the restriction endonuclease PstI
prior to agarose gel electrophoresis (Fig. 1e). The addition of PstI
converted circular DNA to linear DNA, which resulted in the
release of RecN from the bound DNA (Fig. 1f). A similar result
was observed in EMSAs, in which RecN-bound circular dsDNA
substrates retained in the well were released into the agarose gel
after PstI treatment (Supplementary Fig. 1e). Thus, RecN appears
to bind closed circular dsDNA by encircling DNA molecules.

Next, we examined the topological ssDNA-binding activity of
RecN in the His pull-down assay, using circular ssDNA annealed
to 62-mer complementary oligonucleotides to generate a PstI

restriction site (Fig. 1e). Addition of PstI reduced the total
amount of RecN-bound ssDNA, although a substantial amount of
the complex was still observed in the presence of the restriction
endonuclease (Fig. 1g), possibly reflecting the tight association of
RecN with ssDNA and/or the inhibition of RecN translocation by
secondary structures formed on ssDNA (see the section
“Discussion”).

Intermolecular DNA tethering activity of RecN. If RecN sup-
ports formation of high molecular weight DNA substrates
through its topological DNA-binding activity, it is possible that it
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Fig. 1 RecN topologically binds to DNA. a Electrophoretic mobility shift assays in which RecN (0–1.5 µM) was incubated at 37 °C for 10min in the presence
of the following phiX174-derivative DNA substrates: circular dsDNA (Cds), linear dsDNA (Lds), and circular ssDNA (Css). The samples were analyzed by
agarose gel electrophoresis and SYBR Gold staining. b Quantification of the protein-free DNA bands in the gel images shown in a. The amount of free DNA
(%) in each sample was normalized to that detected in the absence of RecN. Data represent the mean ± standard deviation of three independent
experiments. c RecN (0.5 µM) was incubated at 37 °C for 10 min in the presence of the indicated phiX174-derivative DNA substrates. The RecN–DNA
complexes were collected using Co2+-conjugated beads, washed in buffer containing 50 or 500mM KCl, and eluted with SDS–sample buffer. The eluted
proteins were analyzed by SDS–PAGE and Coomassie Brilliant Blue (CBB) staining, and the eluted DNA was analyzed by agarose gel electrophoresis
and SYBR Gold staining. d Quantification of the intensities of the DNA bands in the agarose gel images shown in c. Data represent the mean ± standard
deviation of three independent experiments. e Schematic illustration of DNA release by DNA linearization in f, g. f The RecN–Cds complex was isolated
using the same method described above, and then incubated with or without PstI. The bead (B) and supernatant (S) fractions were prepared and
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interacts simultaneously with at least two different DNA mole-
cules. To examine this possibility, the DNA tethering activity of
RecN was analyzed using a pull-down assay with ssDNA beads,
which were constructed by annealing a phiX174 circular ssDNA
to a complementary biotinylated oligonucleotide immobilized to
streptavidin magnetic beads. RecN was incubated with the ssDNA
beads and phiX174 circular dsDNA, and then ssDNA bead-
bound materials were pulled down and analyzed by agarose gel
electrophoresis and SDS–PAGE (Supplementary Fig. 2a). In this
“one-step” pull-down assay, the circular dsDNA was specifically
recovered in the presence of RecN, but was not recovered in
reactions lacking RecN or the ssDNA beads (Fig. 2a). Thus, RecN
bound to ssDNA might have an activity to capture other DNA
substrates. Similar results were obtained in experiments using
M13mp18 circular dsDNA in place of phiX174 circular dsDNA
(Supplementary Fig. 3), suggesting that the DNA capture by
RecN is independent of sequence homology.

The results described above suggest that RecN loaded onto
ssDNA can promote capture of a second DNA molecule. However,
if E. coli RecN forms multimers, as reported previously for the
equivalent protein in B. subtilis34, its DNA tethering activity could
also be explained by an interaction between ssDNA- and dsDNA-
bound RecN proteins. To distinguish between these two possibi-
lities, we performed a “two-step” pull-down assay in which RecN
was first incubated with ssDNA beads, unbound RecN was washed
out with a high-salt buffer, and then circular dsDNA was added to
the reaction mixture (Supplementary Fig. 2b). In this experiment,
circular dsDNA was efficiently recovered by RecN-bound ssDNA
beads, but not by the ssDNA beads alone (Fig. 2b), indicating that
the RecN protein loaded onto ssDNA is able to capture a second
dsDNA molecule.

Next, we examined whether RecN topologically associates
with the second dsDNA molecule. To this end, we treated the
ternary complex comprising RecN, dsDNA, and ssDNA beads
(generated in the two-step pull-down assay) with the single cut
restriction enzyme XhoI to linearize the bound circular dsDNA
(Fig. 2c). Following digestion, dsDNA was released from the
RecN complex (Fig. 2d), suggesting that RecN encircles the
second dsDNA molecule. Therefore, RecN might be able to
topologically capture two different DNA substrates, namely,
circular dsDNA and ssDNA.

The results shown in Fig. 1 indicated that RecN stably and
topologically bound to circular dsDNA to a lesser extent than
circular ssDNA. Therefore, we investigated whether dsDNA-
bound RecN also promotes capture of a second dsDNA molecule.
To this end, we performed a two-step pull-down assay with
dsDNA beads, in which a dsDNA fragment, biotinylated at both
DNA ends, was immobilized on streptavidin magnetic beads
(Supplementary Fig. 2b). The amount of the second dsDNA
molecule captured by RecN-bound dsDNA beads was markedly
lower than that captured by the RecN-ssDNA beads (Fig. 2e),
suggesting that initial loading of RecN onto ssDNA, but not
dsDNA, is necessary for the secondary dsDNA capture.

Effect of various nucleotides on the DNA-binding activity of
RecN. To investigate the nucleotide dependency of the DNA-
binding activity of RecN, we performed a pull-down experiment
with His-RecN in the presence of ATP, ADP, or the non-
hydrolyzable ATP analog ATP-γ-S. In this experiment, ATP and
ATP-γ-S, but not ADP, slightly promoted binding of RecN to
circular dsDNA (Fig. 3a, b), whereas none of these nucleotides
affected the ability of RecN to bind to circular ssDNA (Fig. 3c, d).
These results suggest that ATP binding has some effects on the
ability of RecN to bind dsDNA but not ssDNA. RecN was able to
hydrolyze ATP, albeit at an extremely low rate (Fig. 3e and

Supplementary Fig. 4); however, the addition of various DNA
substrates had no obvious effects on the rate of ATP hydrolysis,
suggesting that ATP hydrolysis per se is not required for the
DNA-binding activity of RecN.

We also examined the effects of ATP, ATP-γ-S, and ADP on the
capture of a second dsDNA molecule by RecN using a two-step
pull-down assay with ssDNA beads. The nucleotides did not affect
formation of the initial RecN–ssDNA complex, as determined by
the level of RecN loaded onto ssDNA beads (Fig. 3f). By contrast,
ATP and ATP-γ-S, but not ADP, increased the amount of
secondary dsDNA captured by RecN (Fig. 3f, g). These results
suggest that ATP binding, but not ATP hydrolysis, increases the
efficiency of binding of RecN to the second dsDNA molecule.

RecA prevents dissociation of RecN from ssDNA ends. The
results described above (Fig. 1) indicated that RecN stably binds
circular dsDNA but not linear dsDNA. This finding is explained by
the topological association of RecN with DNA; specifically, RecN
can slide freely along and therefore dissociate from the ends of
linear dsDNA. When DSBs occur in vivo, 3′ ssDNA tails are gen-
erated by the RecBCD helicase/nuclease, and RecA is then loaded
onto the ssDNA region, resulting in the formation of nucleoprotein
filaments. Therefore, we hypothesized that the dissociation of RecN
from dsDNA ends might be inhibited by ssDNA regions and/or
RecA nucleoprotein filaments. To test this possibility, we con-
structed a linear DNA substrate containing 3′ ssDNA overhangs
of ~300 nt at both ends (linear ds/ssDNA) and examined the effect
of RecA on the ability of RecN to bind to this substrate. Linear
ds/ssDNA and RecN were incubated and then pulled down using
Co2+-conjugated magnetic beads. After removing the unbound
materials, the resultant complex was incubated with or without
RecA at 37 °C. Samples were extracted at different times, and the
amounts of the RecN-bound linear ds/ssDNA recovered were
analyzed using a His pull-down assay (Fig. 4a). When the reactions
were performed in the absence of RecA, the amount of linear ds/
ssDNA captured by RecN decreased rapidly in a time-dependent
manner (Fig. 4b, d). A control experiment revealed that RecN stably
bound circular dsDNA throughout the experiment (Fig. 4c, d). By
contrast, the RecN–linear dsDNA complex was unstable and was
not recovered in sufficient quantities to perform the experiment
(Supplementary Fig. 5a, b). These findings suggest that ssDNA
alone is insufficient for stably tethering RecN to linear DNA,
although linear ss/dsDNA with ssDNA overhangs, but not linear
dsDNA, was substantially retrieved by RecN, despite its linearity
(Supplementary Fig. 5a, b). Remarkably, the addition of RecA to the
reactions increased the amount of linear ds/ssDNA bound to RecN
(Fig. 4b, d). In support of this, the pull-down assay with His-RecN
beads revealed that RecN physically interacted with RecA, albeit
with weak affinity (Fig. 4e). These results suggest that RecA stabi-
lizes the association between RecN and linear ds/ssDNA by phy-
sically and structurally preventing RecN sliding off the DNA ends.

RecN promotes RecA-mediated D-loop formation. D-loop
formation is a critical step in RecA-mediated HR; therefore, we
investigated whether RecN promotes this process. In the D-loop
assay, we used DNA molecules homologous to both the target
dsDNA (negatively supercoiled dsDNA) and linear ds/ssDNA,
such that the invading ssDNA region of the linear ds/ssDNA was
paired with the complementary strand of the homologous
target dsDNA (Supplementary Fig. 6a). When RecA was incu-
bated with these substrates, small amounts of D-loops were pro-
duced (Fig. 5a, b and Supplementary Fig. 6b). Notably, the
addition of RecN greatly increased the formation of D-loop
structures, whereas RecN alone did not promote D-loop formation

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-019-0655-4

4 COMMUNICATIONS BIOLOGY |           (2019) 2:413 | https://doi.org/10.1038/s42003-019-0655-4 | www.nature.com/commsbio

www.nature.com/commsbio


(Fig. 5a, b). These results suggest that RecN stimulates RecA-
mediated D-loop formation.

RecN promotes RecA-mediated DNA strand exchange. Finally,
we examined whether RecN stimulates the RecA-mediated

three-strand exchange reaction. In this process, circular ssDNA
was first incubated with RecA, and then ssDNA-binding protein
was added to the mixture. Finally, the reaction was initiated by
the addition of linear dsDNA (Supplementary Fig. 6c). RecA
catalyzes the formation of joint molecules by homologous pairing
of circular ssDNA with linear dsDNA, and further extensive
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pairings result in the formation of nicked circular (NC) DNA as a
final product (Supplementary Fig. 6d). To assess the effect of
RecN on the three-strand exchange reactions, we set up a sub-
optimal reaction containing limiting levels of RecA (0.6 µM), such
that NC DNA products were barely detected within 90 min of
reaction initiation (Fig. 5c, d). The amount of NC DNA produced
in the reaction containing 0.6 µM RecA increased in a RecN
concentration-dependent manner, whereas RecN alone did not
mediate the strand exchange reactions (Fig. 5c, d), suggesting that
RecN enhances the strand exchange reaction mediated by RecA.
Next, we set up another sub-optimal reaction containing 0.8 µM
RecA, in which substantial levels of RecA-mediated joint mole-
cules were detected 15 min after reaction initiation, but NC DNA
products were barely detected after 90 min (Fig. 5e, f). Time-
course experiments revealed that the addition of RecN increased
the amount of NC DNA products formed in the presence of RecA
(Fig. 5e, f). Taken together, these results suggest that RecN can
not only stimulate the initial RecA-mediated strand invasion, but
also the strand exchange reaction itself.

Discussion
The biochemical analyses performed in this study revealed several
structural and functional roles of RecN in HR-dependent DSB
repair. Our findings indicate that RecN topologically associates
with DNA, RecN loaded onto ssDNA captures a second dsDNA
molecule in an ATP-dependent manner, RecN physically inter-
acts with RecA, and RecN stimulates D-loop formation and the
strand exchange reaction mediated by RecA. Overall, the data
presented here provide mechanistic insights into the recruitment
of RecN to DSB sites and sister chromatid interactions, both of
which would contribute to the promotion of RecA-mediated HR
repair.

The DNA-binding experiments revealed that RecN has topo-
logical DNA-binding activity. This activity is a general char-
acteristic of SMC family proteins37–41, implying that, like other
SMC complexes, the RecN homodimer forms a ring-like structure
that embraces DNA within its coiled-coil arms. However, a pre-
vious structural study using D. radiodurans RecN truncation
mutants demonstrated that the RecN homodimer is unlikely to
form a closed circular state because it forms a very elongated
structure through extensive hydrophobic interactions between the
rigid coiled-coil domains of the two monomers15. Indeed, bac-
terial RecN proteins have coiled-coil arms that are less than one-
third of the lengths of those of other SMCs; hence it has been
assumed that a RecN dimer alone cannot form a ring structure
capable of entrapping one or more DNA strands. Previous and
this studies suggest that RecN is able to form multimers (larger
than tetramers) in solution15,31,42. Therefore, we assume that
RecN is able to generate ring-like structures by forming tetramers
and/or multimers through the head–head engagement between
RecN homodimers.

RecN may dissociate from the end of linear dsDNA if it is able
to slide along the dsDNA freely. This idea is consistent with our
findings that RecN-bound linear dsDNA less efficiently than
circular dsDNA, and the RecN–circular dsDNA complex was
eliminated by restriction enzyme-mediated linearization. Fur-
thermore, we found that RecA reduces dissociation of RecN from
linear ds/ssDNA substrates. Together with the observed physical
interaction between RecN and RecA, these observations support
the notion that RecA nucleoprotein filaments on ssDNA can
prevent the dissociation of RecN from the ends of DSBs via a
physical interaction and/or serving as structural impediments,
thus allowing RecN to translocate to the sites of DSBs (Fig. 6).
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Fig. 3 The effect of nucleotides on the DNA-binding activity of RecN.
a RecN (0.5 µM) was incubated at 37 °C for 10 min in the presence of
phiX174 circular dsDNA (Cds) and the indicated nucleotides (2mM). The
RecN–DNA complex was collected using Co2+-conjugated beads, washed
in buffer containing 500mM KCl, and eluted with SDS–sample buffer. The
eluted proteins and DNA were analyzed as described for Fig. 1c.
b Quantification of the intensities of the Cds bands in the agarose gel image
shown in a. c The assay was performed as described for a, with the
exception that phiX174 circular ssDNA (Css) was used in place of Cds.
d Quantification of the intensities of the Css bands in the agarose gel image
shown in c. e The ATPase activity of RecN. RecN (1 µM) was incubated at
37 °C for 60min in reaction buffer containing 2mM ATP plus [γ32P]-ATP,
in the absence or presence of the indicated phiX174-derivative DNA
substrates. The ATPase rates (µM ATP hydrolyzed min−1 per µM RecN)
were calculated following quantification of the spots of radioactive
inorganic phosphate (32Pi) using an image analyzer. f Two-step pull-down
assays in the absence or presence of the indicated nucleotides (2 mM). Cds
and RecN recovered by the ssDNA beads were analyzed as described for
Fig. 2b. **ssDNA dissociated from the beads. g Quantification of the
intensities of the Cds bands in the agarose gel image shown in f. b, d, e, and
g All graphs show the mean ± standard deviation of three independent
experiments
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Because RecA nucleoprotein filaments are assembled on
ssDNA in the 5′–3′ direction, ssDNA gaps could remain in the
vicinity of ssDNA/dsDNA junctions43,44. In this regard, it is
noteworthy that RecN possesses a higher affinity for circular
ssDNA than circular dsDNA. We also found that the addition of
ATP affected the topological binding of RecN to dsDNA, whereas
its ssDNA-binding activity was independent of ATP. Similar
behavior has been observed for E. coli MukB, a bacterial con-
densin homolog that displays ATP-independent topological
ssDNA-binding activity45. Thus, it is likely that RecN uses dif-
ferent modes of binding for ssDNA and dsDNA, the former being
ATP-independent and the latter being ATP-dependent, and both
activities contribute to its localization at ssDNA regions via dif-
ferent mechanisms (Fig. 6). We speculate that this is related to the
importance of oligomerization in one case and not in the other.
Binding to dsDNA might require a change in the oligomeric state
for topological entrapment and hence needs ATP binding.

We found that RecN loaded onto ssDNA can capture a second
dsDNA substrate via topological entrapment. Secondary capture
of the dsDNA molecule was markedly stimulated by ATP and
ATP-γ-S. By contrast, the RecN–dsDNA complex was barely able
to capture a second dsDNA molecule, even in the presence of
ATP. These results demonstrate that ssDNA-bound RecN requires

ATP binding, but not ATP hydrolysis, to induce the secondary
dsDNA tethering activity (Fig. 6). One benefit of this mode of
regulation is that RecN cannot capture a second dsDNA until it
localizes to DSB sites, thus preventing non-specific DNA–DNA
interactions. On the other hand, it remains unclear how RecN
mediates specific intermolecular interactions between the
damaged strand and its undamaged homologous target. One
possibility is that RecN actively tethers two homologous DNA
substrates. We consider this scenario unlikely because inter-
molecular DNA tethering activity is independent of sequence
homology in vitro. In addition, a previous study showed that DSB-
induced homologous pairing can occur between distant segregated
sister loci46. An alternative possibility is that RecA-mediated
homologous pairing during synapsis might allow RecN to capture
the homologous target by promoting proximity between DSB-
induced ssDNA and a homologous target. This model is consistent
with the previous observations that RecN is required for the
preservation of MMC-induced sister chromatid interactions30,
and that RecA bundles actively facilitate the process of locus
pairing between distant sister chromatids46. We propose that
RecN localized to DSB sites can stably bridge sister chromatids via
topological entrapment of homologous targets when RecA-coated
ssDNA is arranged in parallel to the homologous dsDNA (Fig. 6).
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Fig. 4 RecA prevents the release of RecN from ssDNA ends. a Schematic illustration of His pull-down assays in b. b RecN (1 µM) was mixed with a linear
ds/ssDNA (Lds/ss). The RecN-Lds/ss complex was collected using Co2+-conjugated beads, washed in buffer containing 50mM KCl. To initiate the
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d Quantification of the band intensities of DNA substrates in the agarose gel images shown in b and c. The amount of DNA recovered at time zero was
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reaction mixtures were incubated in the presence of the indicated proteins (1 µM each protein). The proteins bound to Co2+-conjugated beads were
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Previous biochemical studies showed that, once topologically
loaded onto DNA, the fission yeast cohesin complex is able to
entrap a second DNA, leading to the establishment of sister
chromatid cohesion40,47. Thus, the biochemical characteristics of
RecN would be somewhat similar to those of the cohesin com-
plex, but the order of the reaction differs for these two proteins;
specifically, cohesin must initially load onto dsDNA to subse-
quently capture a ssDNA. Murayama et al. proposed that cohesin
is initially recruited to dsDNA on the leading strand and then
latches onto ssDNA on the lagging strand47, which is a striking

contrast to the DNA damage-inducible behaviors of RecN. The
opposing orders may reflect the different mechanistic basis for the
role of cohesin and RecN.

Although our study focused on understanding how RecN
mediates interchromosome interactions between a damaged DNA
strand and its homologous target, we do not exclude the possi-
bility that RecN stimulates end-to-end intermolecular interac-
tions of linear DNA, as reported in previous studies of RecN
orthologs. Indeed, E. coli RecN stimulated the intermolecular
ligation of linear dsDNA in the presence of DNA ligase albeit less
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Fig. 5 RecN promotes RecA-mediated D-loop formation and DNA strand exchange. a D-loop assays. RecA (2 µM) was incubated for 10min in the
presence of the pUC19-derivative linear ds/ssDNA (probe), and then RecN (1 µM) was added to the reaction mixture, followed by incubation for a further
15 min. The reactions were initiated by adding homologous pUC19 supercoiled circular DNA (target) and then incubated for another 5 min. The samples
were analyzed by agarose gel electrophoresis and SYBR Gold staining. b Quantification of the amounts of D-loop products in the gel image shown in
a. Data represent the mean ± standard deviation of three independent experiments. c Strand exchange assays. RecA (0.6 µM) was incubated for 10 min in
the presence of phiX174 circular ssDNA (Css). The indicated concentrations (0–1.5 µM) of RecN were added to the reaction mixture, followed by
incubation for 15 min. Subsequently, ssDNA-binding protein was added and samples were incubated for an additional 10 min. The reactions were initiated
by adding homologous phiX174 linear dsDNA (Lds), incubated for 90min, and then stopped by the addition of stop buffer. The samples were analyzed by
agarose gel electrophoresis and SYBR Gold staining. d Quantification of the amounts of nicked circular dsDNA (NC) products in the gel image shown in
c. Data represent the mean ± standard deviation of three independent experiments. e Time-course strand exchange experiments. RecA (0.8 µM) was
incubated with or without RecN (1 µM). Aliquots were collected at the indicated time points and analyzed as described above. f Quantification of the
amounts of NC DNA products in the gel image shown in e. c, e The arrowheads indicate the DNA substrates (Css and Lds) and the resulting products: joint
molecules (JM), nicked circular dsDNA (NC), and linear ssDNA (Lss)
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efficiently (Supplementary Fig. 7). This suggests that in addition
to its ssDNA–dsDNA tethering activity, RecN helps tether the
two DNA ends generated by a single DSB, and therefore ensures
that both DSB ends locate simultaneously to their homologous
target.

To date, several biochemical studies of RecN orthologs have
shown variable ATPase activities; the ATPase activity of
D. radiodurans RecN is stimulated in the presence of dsDNA,
whereas B. subtilis RecN has a ssDNA-specific ATPase activity,
and H. Influenza RecN has a weak ATPase activity that is not
stimulated by DNA31–33. A recent study demonstrated that D.
radiodurans RecN interacts tightly with RecA, and its DNA-
dependent ATPase activity is increased by the addition of RecA36,
suggesting a functional interaction between RecA and RecN,
although a role of RecN ATPase activity in promoting RecA-
mediated reactions remains unclear. In the current study, the
ATPase activity of E. coli RecN was very weak and was not sti-
mulated by the addition of DNA. We do not rule out the possi-
bility that stimulation of the ATPase activity of RecN requires
additional accessory factors and/or specific conditions that we did
not test here. However, it appears that this activity is at least
dispensable for binding of RecN to DNA substrates, because
ATP-γ-S and ATP had similar effects on the DNA-binding
activity of RecN. This is consistent with our previous studies
showing that RecNK35A, a RecN Walker A mutant, is recruited
to MMC-induced DSBs, but is not disassembled after the release
from DNA damage stress24. Thus, RecN ATP hydrolysis might be
required for the dissociation of RecN from DNA substrates after
DSB repair and/or the promotion of RecA-mediated HR reaction.
In this regard, it is interesting to note that E. coli RecN is rapidly
degraded by the ClpXP protease in a manner dependent upon the
signaling residues at the C terminus of RecN, which are not
conserved among other RecN orthologs48,49. Efficient removal of
topologically associated RecN and DNA may be essential for the
growth recovery process, as these structures could interfere with

chromosome segregation and lead to genetic instability50. Hence,
we speculate that a ClpXP-dependent mechanism may play a role
in removing some amount of RecN remaining on the DNA
during growth recovery. If this proposal is correct, it might be a
plausible explanation for the weak ATPase activity of E. coli
RecN. Thus, the different mechanisms of RecN disassembly after
DSB repair may represent species-specific attributes of ATP
hydrolysis.

Our results presented here show that SMC-like RecN is a
DNA-binding protein that has a preference for ssDNA and the
ability to translocate on dsDNA via topological entrapment. Both
of these features are responsible for the localization of RecN at
RecA–ssDNA regions. Moreover, RecN loaded onto ssDNA
captures a second dsDNA molecule, allowing RecN to embrace
two distinct DNA molecules for DSB repair. Our findings support
the idea that RecN mediates intermolecular interactions of DNA
molecules to promote RecA-dependent DSB repair. Future stu-
dies are required to establish whether the E. coli RecN-mediated
ssDNA–dsDNA tethering function is generally applicable to other
RecN orthologs and/or SMC family proteins in DSB repair.

Methods
Strain, plasmids, and DNA substrates. An E. coli K-12 BW25113 derivative
ΔrecN strain was described previously48. E. coli genetic and recombinant DNA
techniques were performed using standard methods as described previously51,52.
To construct the overexpression plasmid encoding N-terminally hexahistidine-
fused RecN (His-RecN), a fragment containing the recN gene derived from the
pRecN plasmid24 was cloned into pET15b (Novagen), yielding pRecNOP. A frag-
ment containing the endogenous SOS promoter and the recN gene was cloned
into the pSTV28 plasmid (TaKaRa), yielding pSTV28-recN. The recN gene was
then tagged with a hexahistidine cassette at its N-terminus to generate pSTV28-
His·recN. The construction of recombinant plasmid was confirmed by DNA
sequencing. To prepare linear dsDNA, phiX174 supercoiled circular dsDNA (New
England Biolabs) was treated with PstI. To generate a PstI restriction site, a mixture
of phiX174 circular ssDNA (CssDNA; New England Biolabs) and an oligonu-
cleotide (174del: 5′ GCGTCATGGAAGCGATAAAACTCTGCAGGTTGGATAC
GCCAATCATTTTTATCGAAGCGCGC 3′) in annealing buffer (50 mM Tris–HCl
at pH 7.5, 10 mM MgCl2, and 100 mM NaCl) was heated at 60 °C for 30 min and
then gradually cooled to 30 °C. Excess oligonucleotides were removed by gel fil-
tration using MicroSpin S-400 HR columns (GE Healthcare). To prepare ssDNA
beads, a biotinylated oligonucleotide (Bio174del: 5′ biotin-TGGCTTGAACGCG
TCATGGAAGCGATAAAACTCTGCAGGTTGGATACGCCAATCATTTTTAT
CGAAGCGCGC 3′) was annealed to phiX174 CssDNA as described above, and
then the purified biotinylated oligo-annealed CssDNA was immobilized on
streptavidin-coated magnetic beads (Dynabeads M-280 Streptavidin; Invitrogen) in
Tris–EDTA buffer containing 100 mM KCl and 0.01% NP-40, as described pre-
viously53. To prepare dsDNA beads, a dsDNA fragment (5.4 kb) biotinylated at
both ends was amplified by PCR using a pair of 5′-biotinylated DNA primers
(Bio174_2762F: 5′ biotin-TCAAGGACTGTGTGACTATTGACGTCC 3′ and
Bio174_2735R: 5′ biotin-CGGTATAATAACCACCATCATGGCGAC 3′) and
phiX174 circular dsDNA (5.4 kb) as the template. The fragment was subsequently
immobilized on streptavidin-coated magnetic beads as described above. To prepare
open circular dsDNA, phiX174 supercoiled circular dsDNA (New England Biolabs)
was treated with the Nb. BtsI nicking nuclease (New England Biolabs).
M13mp18 supercoiled circular dsDNA (M13CdsDNA) was purchased from New
England Biolabs.

Sensitivity tests to MMC. To measure sensitivity to MMC, ΔrecN cells bearing
each of pSTV28 derivatives were exponentially grown at 37 °C in LB medium
containing chloramphenicol (10 µg/mL), serially diluted, spotted onto LB plates
containing chloramphenicol (20 µg/mL) with or without 0.5 µg/mL MMC, and
incubated at 37 °C for 16 h.

Purification of RecN. The E. coli BL21 (DE3) cells carrying a His-RecN expression
plasmid derivative of pET15b (Novagen) was grown at 37 °C to an OD600 of ~0.6.
Isopropyl-β-D-thiogalactopyranoside was added to a final concentration of 1 mM,
and the culture was further incubated for 2 h at 37 °C. The cells were collected by
centrifugation and the pellet was washed with buffer A (20 mM Tris–HCl at pH
7.5, 150 mM NaCl, and 20% sucrose). The cells were resuspended in buffer B
(20 mM Tris–HCl at pH 7.5, 1 M NaCl, 1 mM EDTA, 10% glycerol, 7 mM
2-mercaptoethanol, and 1 mM phenylmethylsulfonyl fluoride), sonicated, and
centrifuged at 27,200 × g for 20 min. The supernatant was precipitated with
ammonium sulfate (30% salt saturation) and centrifuged. The pellet was resus-
pended in buffer C (20 mM Tris–HCl at pH 7.5, 1 M NaCl, 5% glycerol, and 2 mM
2-mercaptoethanol). The protein was loaded onto a HisTALON Superflow column

Step 5

RecN

Step 2

Step 4
ATP

Step 3

RecA

Step 1: SOS response

Fig. 6 Model for the roles of RecN in DSB repair following DNA end
resection. Briefly, RecN expression is stimulated by the SOS response,
which is activated after loading of RecA onto ssDNA overhangs (step 1). A
RecN multimer (more than or equal to a tetramer) is initially loaded onto
ssDNA or dsDNA regions of the damaged strand via topological
entrapment (step 2). Subsequently, RecN slides along the DNA and is
prevented from disassociating by the RecA filament, resulting in
accumulation of RecN molecules at ssDNA regions (step 3). Next, RecN
bound to the ssDNA region topologically captures a homologous dsDNA
molecule in an ATP-dependent manner (step 4). The resultant
ssDNA–dsDNA tethering promotes RecA-mediated homologous pairing
and strand exchange (step 5)
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(Clontech), washed with fifteen column volumes of buffer C containing 10 mM
imidazole, and eluted with buffer C containing 500 mM imidazole. The diluted
sample was loaded onto a HisTrap FF crude column (GE Healthcare), washed with
10 column volumes of buffer C containing 10 mM imidazole followed by 10 col-
umn volumes of buffer C containing 70 mM imidazole, and eluted with a linear
gradient of 70–500 mM imidazole over five column volumes. The peak fractions
were identified by SDS–PAGE and pooled. The pooled fractions were dialyzed
against storage buffer (20 mM Tris–HCl at pH 7.5, 200 mM NaCl, 1 mM EDTA,
50% glycerol, and 1 mM dithiothreitol (DTT)) and stored at −25 °C. We confirmed
the absence of nucleic acid contaminations by using spectrophotometry with
NanoDrop 8000 (Thermo Scientific).

Other proteins. E. coli RecA was purified as described previously54. E. coli ssDNA-
binding protein (SSB) was purchased from BioAcademia.

Electrophoretic mobility shift assay (EMSA). RecN (0–1.5 µM) was incubated at
37 °C for 10 min in 5 µL buffer E (20 mM Tris–HCl at pH 7.5, 0.01% NP-40, and
1 mM DTT) containing 50 mM KCl, 2 mM MgCl2, 5% glycerol, and 2 mM ATP in
the presence of 1.5 nM phiX174-derivative DNA substrates (as a circular or linear
molecule). To linearize circular dsDNA, the reaction mixtures were further incu-
bated at 37 °C for 15 min in the presence of PstI (10 units). Samples were separated
by 0.8% agarose gel electrophoresis with 0.5 × TBE buffer and then stained with
SYBR Gold (Invitrogen). Protein-free DNA was quantified using ImageJ software
(NIH) and presented as a percentile.

Pull-down assay to assess binding of RecN to DNA substrates. RecN (0.5 µM)
was incubated at 37 °C for 10 min in 10 µL buffer D (20 mM Tris–HCl at pH 7.5,
0.01% NP-40, and 7 mM 2-mercaptoethanol) containing 50 mM KCl, 2 mM
MgCl2, 5% glycerol, and 2 mM ATP (ADP or ATP-γ-S as necessary) in the pre-
sence of 1.5 nM phiX174-derivative DNA substrates (as a circular or linear
molecule). The mixture was further incubated at 4 °C for 15 min with gentle
rotation in the presence of Co2+-conjugated magnetic beads (1 µL suspension;
Invitrogen) equilibrated in buffer D containing 50 mM KCl. The beads were col-
lected and washed with buffer D containing 2 mM MgCl2, 20 mM imidazole, and
50 or 500 mM KCl. Proteins and DNA were eluted from the beads using
SDS–sample buffer I (43 mM Tris–HCl at pH 6.8, 1.4% SDS, 14% glycerol, 20 mM
EDTA, 540 mM 2-mercaptoethanol, and 0.04% bromophenol blue). Proteins were
analyzed by 10% SDS–PAGE and Coomassie Brilliant Blue (CBB) staining. DNA
was analyzed by 0.8% agarose gel electrophoresis with 1 × TAE buffer and SYBR
Gold staining. The intensities of the DNA bands or the protein bands were
quantified using ImageJ software. To linearize RecN-bound circular DNA, the
RecN–DNA complex was collected using magnetic beads as described above. The
bead-bound complex was incubated at 37 °C for 30 min in 10 µL buffer D con-
taining 100 mM KCl, 3 mM MgCl2, and 20 mM imidazole in the absence or pre-
sence of PstI (20 units). The salt concentration was adjusted to 500 mM NaCl, and
then the first supernatant fraction (S1) was recovered. The beads were resuspended
in buffer D containing 500 mM NaCl and 2 mM MgCl2, and then the second
supernatant fraction (S2) was recovered. The bead fraction and the total super-
natant fraction obtained by mixing S1 and S2 were analyzed by 10% SDS–PAGE
and CBB staining (for proteins), and by 0.8% agarose gel electrophoresis with 1 ×
TAE buffer or 0.5 × TBE buffer and SYBR Gold staining (for DNA).

One-step pull-down assay. Simple methods are presented in Supplementary
Fig. 2a. Specifically, RecN (1 µM) was incubated at 37 °C for 10 min in 10 µL buffer
E containing 100 mM KCl, 2 mM MgCl2, 2 mM ATP (ADP or ATP-γ-S as
necessary), and 5% glycerol in the presence of 0.75 nM phiX174 circular dsDNA
(as a DNA molecule) and phiX174 DNA beads (containing 0.75 nM DNA mole-
cules). The beads were collected and washed with buffer E containing 1M KCl and
2 mM MgCl2. The bound proteins and DNA were eluted from the beads using
SDS–sample buffer II (22 mM Tris–HCl at pH 6.8, 0.7% SDS, 7% glycerol, 270 mM
2-mercaptoethanol, and 0.02% bromophenol blue). Proteins were analyzed by 10%
SDS–PAGE and CBB staining. DNA was analyzed by 0.8% agarose gel electro-
phoresis with 1 × TAE buffer and SYBR Gold staining. DNA band intensities were
quantified using ImageJ software.

Two-step pull-down assay. Simple methods are presented in Supplementary
Fig. 2b. Specifically, RecN–DNA complexes on the beads were isolated using the
same method as described for the one-step pull-down assay, with the exception
that circular dsDNA was omitted from the reaction mixtures. The isolated com-
plexes were incubated at 37 °C for 10 min in 10 µL buffer E containing 50 mM KCl,
2 mM MgCl2, 2 mM ATP (ADP or ATP-γ-S as necessary), and 5% glycerol in the
presence of 0.75 nM phiX174 circular dsDNA (as a DNA molecule) as a second
substrate. The bead-bound materials were analyzed as described in the one-step
pull-down assay. To linearize circular dsDNA bound to RecN on ssDNA beads, the
ternary complex was isolated by the same method as described above. The complex
was incubated at 37 °C for 30 min in 10 µL buffer E containing 50 mM KCl and
3 mM MgCl2 in the absence or presence of XhoI (10 units). The salt concentration
was adjusted to 500 mM NaCl, and then the first supernatant fraction (S1) was
recovered. The beads were resuspended in buffer E containing 500 mM NaCl and

2 mM MgCl2, and then the second supernatant fraction (S2) was recovered. The
bead fraction and the total supernatant fraction obtained by mixing S1 and S2 were
analyzed by 10% SDS–PAGE and CBB staining (for the proteins), and by 0.8%
agarose gel electrophoresis with 1 × TAE buffer and SYBR Gold staining
(for DNA).

ATPase assay. RecN (1 µM) was incubated at 37 °C in buffer E containing 50 mM
NaCl, 2 mM MgCl2, 5% glycerol, and 2 mM ATP plus [γ32P]-ATP (PerkinElmer)
in the absence or presence of 1.5 nM phiX174-derivative DNA substrates (as a
circular or linear molecule). Reaction aliquots were collected at 0, 15, 30, and
60 min, and added to an equal volume of stop buffer (100 mM Tris–HCl at pH 7.5,
100 mM EDTA, and 20 mM ADP). ATP and inorganic phosphate (Pi) in the
samples were separated by thin-layer chromatography and quantified using a
BAS2500 imaging analyzer (Fujifilm).

Linear ds/ssDNA-binding activity of RecN. To prepare a linear dsDNA substrate
containing 3′ ssDNA tails (Lds/ssDNA), a linear pUC19 dsDNA digested with
SspI-HF (New England Biolabs) was treated with T7 exonuclease (5′–3′ exonu-
clease) at 25 °C for 10 s, yielding linear ds/ssDNA containing a 3′-ssDNA end with
an average length of 300 bases. RecN (1 µM) was incubated at 37 °C for 10 min in
5 µL buffer D containing 50 mM KCl, 2 mM MgCl2, 5% glycerol, and 2 mM ATP in
the presence of 3 nM Lds/ssDNA (as a linear molecule). The RecN–Lds/ssDNA
complex was isolated using Co2+-conjugated beads and washed with buffer D
containing 2 mM MgCl2, 20 mM imidazole, and 50 mM KCl. The bead-bound
complex was incubated at 37 °C in 10 µL buffer D containing 150 mM KCl, 3 mM
MgCl2, 5% glycerol, 20 mM imidazole, 3 mM ATP, 8 mM creatine phosphate (CP),
and 8 units/mL creatine kinase (CK) in the absence or presence of 1 µM RecA. The
reaction mixtures were harvested at the indicated time points, and the beads were
collected and washed with buffer D containing 50 mM KCl, 2 mM MgCl2, and
20 mM imidazole. Proteins and DNA were eluted with SDS–sample buffer I and
analyzed by 10% SDS–PAGE and CBB staining (for proteins), and by 0.8% agarose
gel electrophoresis with 1 × TAE buffer and SYBR Gold staining (for DNA). DNA
band intensities were quantified using ImageJ software.

Pull-down assay to assess binding of RecN to RecA. RecN (1 µM) was incu-
bated at 37 °C for 10 min in 10 µL buffer D (20 mM Tris–HCl at pH 7.5, 0.01%
NP-40 and 7 mM 2-mercaptoethanol) containing 50 mM KCl, 2 mM MgCl2, 5%
glycerol, and 2 mM ATP in the presence of RecA (1 µM). The mixture was further
incubated at 4 °C for 15 min with gentle rotation in the presence of 10 mM imi-
dazole and Co2+-conjugated magnetic beads (1 µL suspension) equilibrated in
buffer D containing 50 mM KCl. The beads were collected and washed with buffer
D containing 100 mM KCl, 2 mM MgCl2, and 20 mM imidazole. Proteins were
eluted from the beads using SDS–sample buffer I, and analyzed by 10% SDS–PAGE
and CBB staining.

D-loop assay. A modified version of a previously reported method36 was used. In
this assay, RecA (2 µM) was incubated for 10 min on ice in 10 µL buffer SE (33 mM
Tris–HCl at pH 7.5, 40 mM NaCl, 10 mM MgCl2, 1 mM DTT, 12% glycerol, 3 mM
ATP, and an ATP-regeneration system (8 mM CP and 8 units/mL CK)) containing
Lds/ssDNA (10 µM as a nucleotide), and then RecN (1 µM) was added and samples
were incubated at 37 °C for 15 min. Reactions were initiated by adding
pUC19 supercoiled circular dsDNA (10 µM as a nucleotide) and then samples were
incubated for 5 min. Reactions were stopped by adding stop buffer (0.8% SDS and
0.54 mg/mL proteinase K). Samples were analyzed by 0.8% agarose gel electro-
phoresis with 1 × TAE buffer and SYBR Gold staining. DNA products were
quantified using ImageJ software.

DNA strand exchange assay. The RecA-mediated three-strand exchange reaction
was performed as described previously55. Briefly, the indicated concentrations of
RecA were incubated for 10 min on ice in 10 µL buffer SE in the presence of 10 µM
phiX174 circular ssDNA (as a nucleotide), and then the indicated concentrations of
RecN were added and samples were incubated at 37 °C for 15 min. SSB (2 µM) was
added and samples were further incubated for 10 min. Reactions were initiated by
adding phiX174 linear dsDNA (10 µM as a nucleotide) and then samples were
incubated for 90 min or the indicated durations. Reactions were stopped by adding
the stop buffer. Samples were analyzed as described for the D-loop assay.

DNA ligation assay. This assay was essentially carried out as described pre-
viously32. Briefly, the indicated concentrations of RecN were incubated at 37 °C for
30 min in 50 µL buffer ED (25 mM Tris–HCl at pH 7.5, 40 mM KOAc, 17.5 mM
Mg (OAc)2, 1 mM DTT, 2.5% PEG 8000, 3 mM ATP, 4 mM phosphoenol pyr-
uvate, and 7 units/mL pyruvate kinase) containing 2.4 nM blunt-ended linear
dsDNA (as a linear molecule) which is derived from pUC19 (2.7 kb) digested with
SspI-HF (New England Biolabs). The samples were further incubated at 22 °C for
30 min after adding 5.5 µL of 10 × DNA ligase buffer (Thermo scientific) and
5 units of T4 DNA ligase (Thermo scientific). The DNA in each sample was
subsequently recovered by ethanol precipitation, resuspended in 10 µL of TE buffer
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containing 1 × loading buffer (TaKaRa) and analyzed by 0.5% agarose gel elec-
trophoresis with 1 × TAE buffer and ethidium bromide staining.

Quantification and statistical analysis. DNA samples were separated using
agarose gel electrophoresis. After staining with SYBR Gold, the DNA bands were
detected using Gel Doc EZ imager (Bio-Rad) with Image Lab software (Bio-Rad),
and its intensities were quantified using ImageJ software (NIH) as a percentage of
DNA input, loaded alongside. Protein samples were separated using SDS–PAGE.
After staining with CBB, the proteins were detected using Gel Doc EZ imager with
Image Lab software, and quantified using ImageJ software as a percentage of
protein input, loaded alongside. In ATPase assays, reaction products were sepa-
rated by thin-layer chromatography and quantified using a BAS2500 imaging
analyzer (Fujifilm) with ImageReader software (Fujifilm) and ImageGauge software
(Fujifilm). ATP hydrolysis at each time point (0, 15, 30, and 60 min) was calculated
from the ratio of inorganic monophosphate and ATP, and the ATPase rates (µM
ATP hydrolyzed min−1 per µM RecN) were calculated from the obtained values.
The graphs essentially represent the mean ± standard deviation of three indepen-
dent experiments as indicated in corresponding figure legends.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available within this published article
and its Supplementary information file. The source data reported in this study has been
deposited in Dryad repository56. Full gels are shown in Supplementary Information.
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