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ABSTRACT

Homologous recombination catalyzed by the RAD51
recombinase eliminates deleterious DNA lesions
from the genome. In the presence of ATP, RAD51
forms a nucleoprotein filament on single-stranded
DNA, termed the presynaptic filament, to initiate
homologous recombination-mediated DNA double-
strand break repair. The SWI5-SFR1 complex stabil-
izes the presynaptic filament and enhances its
ability to mediate the homologous DNA pairing
reaction. Here we characterize the RAD51 presynap-
tic filament stabilization function of the SWI5-SFR1
complex using optical tweezers. Biochemical ex-
periments reveal that SWI5-SFR1 enhances ATP hy-
drolysis by single-stranded DNA-bound RAD51.
Importantly, we show that SWI5-SFR1 acts by
facilitating the release of ADP from the presynaptic
filament. Our results thus provide mechanistic
understanding of the function of SWI5-SFR1 in
RAD51-mediated DNA recombination.

INTRODUCTION

Double-strand breaks (DSBs) are among the most dele-
terious chromosomal lesions that, if not eliminated
promptly and in an error-free manner, will cause
genome instability. Homologous recombination (HR) rep-
resents a major error-free pathway for DSB elimination
(1,2). As such, HR is indispensable for the maintenance of
genome integrity and cancer avoidance (3–5).

In DSB repair by HR, the ends of the DNA break are
nucleolytically resected to yield 30 single-stranded DNA
(ssDNA) tails. The polymerization of RAD51 molecules

on the ssDNA leads to the assembly of a right-handed
helical protein filament known as the presynaptic
filament. The ssDNA is held in an extended conformation
in the presynaptic filament, being stretched by �50%
relative to B form duplex DNA, with an axial rise of
�5.0 Å per nucleotide (6–10). RAD51 has a DNA-
stimulated ATPase activity, and although ATP binding
is necessary for presynaptic filament assembly, ATP
hydrolysis leads to the turnover of RAD51 protomers
from DNA (7,11–15). Once assembled, the presynaptic
filament engages duplex DNA and conducts a search
for homology in the bound duplex. Invasion of the hom-
ologous DNA sequence leads to the formation of a DNA
joint called the displacement loop, or D-loop. The D-loop
structure is resolved by one of several pathways to
complete the HR process (2,16).
As first revealed in genetic studies in the fission yeast

Schizosaccharomyces pombe, swi5 and sfr1mutants exhibit
the same HR deficient phenotype and are clearly epistatic.
These observations and companion biochemical analyses
have provided strong evidence that Swi5 and Sfr1 proteins
function in HR as a complex (17–19). The genes that
encode mouse and human SWI5 and SFR1 proteins
have been isolated and characterized recently (20,21).
Swi5 or Sfr1 knockout in mouse embryonic stem cells or
knockdown in human cell lines engenders sensitivity
to DNA damaging agents such as etoposide and X-ray.
Moreover, genetic and biochemical analyses have revealed
that the mammalian SWI5 and SFR1 orthologs also
function as a complex in RAD51-dependent HR and
DNA repair (20,21).
We have recently devised procedures for the expression

and purification of the mouse SWI5-SFR1 complex. Our
biochemical and biophysical analyses have verified the
heterodimeric nature of the complex and demonstrated
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a stimulatory effect that the complex exerts on the
RAD51-mediated homologous DNA pairing reaction.
Importantly, we have furnished evidence that enhance-
ment of the RAD51 recombinase activity stems from a
stabilizing effect of SWI5-SFR1 on the presynaptic
filament (22). Here we present our single-molecule and
biochemical analyses to delineate the action mechanism
of SWI5-SFR1 in the homologous pairing reaction with
the RAD51 presynaptic filament. Surprisingly, we have
found that SWI5-SFR1 stimulates, rather than attenuates,
ATP hydrolysis by the presynaptic filament. Importantly,
we present evidence that SWI5-SFR1 promotes the release
of ADP from the RAD51 presynaptic filament to help
maintain the presynaptic filament in its active ATP-
bound form. Our results thus unveil a novel action
mechanism of a key, evolutionarily conserved RAD51
accessory factor.

MATERIALS AND METHODS

DNA substrates, construction of expression plasmids,
protein expression and purification and biochemical
assays were conducted as described in the Supplementary
Data.

Single-molecule optical tweezers

Optical tweezers setup
Our optical tweezers instrument uses two lasers. A
1064-nm laser (CrytsaLaser) is used for beads trapping,
whereas the 780-nm laser (CrytsaLaser) is for detection
of bead centroid position. After modulating the laser
intensities with half-wave plates and polarized beam split-
ters, the two-laser beams were aligned in the microscope
(Nikon eclipse Ti) using the same path. An optical trap
was then formed by strongly focusing the laser beams with
a high N.A objective (Nikon Apo TIRF objective 100x,
N.A.=1.49). To enable a precise position control of
samples, the reaction chamber was mounted to a 3D
piezo-stage (Madcity Laboratory). A quadrant position
detector (QPD, thorlab) was used to detect the bead
position within the trap based on the forward scattering
light of the detection laser.

Single-molecule optical tweezers experiments
A 1.26-mm streptavidin-coated polystyrene beads
(Spherotech) were attached to one end of the dsDNA
through a biotin-strepavidin linkage. The other DNA
end was tethered to the coverslip surface through the
digoxigenin and surface-immobilized anti-digoxigenin
linkage. A force-extension assay was conducted to deter-
mine the contour lengths of the DNA tethers. First,
potential tethers were identified by its Gaussian-shaped
Brownian motion in the absence of any external force.
Second, these tethers were moved to the proximity of
the trap center, where trapping occurred automatically.
The trapped microspheres were moved to a pre-set
height of 1 mm. We first identified the tether anchoring
point by a quick scan in x and y directions. A force-
extension assay was carried out by moving the piezo
stage in a 50-nm stepwise pattern in two orthogonal

directions. During the stage movement, corresponding
forces exerted on tethers were also recorded. The force-
extension curve is fitted to a worm-like-chain model using
a custom-written MATLAB program.

All force-extension assays were done at 23�C in the
standard RAD51 reaction buffer [20mM Tris–HCl (pH
7.5), 100mM KCl, 2.5mM MgCl2, glucose oxidase
(165U/ml), catalase (2170U/ml), glucose (0.4% wt/wt),
10mM dithiothreitol]. An oxygen scavenger system is
used to remove potential oxygen damage to enzyme
activity in the optical tweezers setup (23). Unless otherwise
noted, all proteins were at 250 nM, and the nucleotide
concentration was ATP (50mM), AMP-PNP (50 mM)
and ADP (2mM). For the contour length histograms,
lengths were measured every 2min over a 30-min time
frame and repeated at least three times for each condition.
The contour length histograms were implemented with a
bootstrapping analysis (R-software) that resamples the
means of lengths 100 times based on 25 (dsDNA), 16
(RAD51-ATP), 15 (RAD51-ADP), 11 (RAD51-AMP-
PNP) and 22 (RAD51-ATP-SWI5-SFR1) single-
molecule measurements.

ATPase activity

To examine the effect of SWI5, SFR1, SWI5-SFR1 or
RAD51AP1 on ATP hydrolysis by RAD51, DMC1,
scRad51 or RecA, 1.6mM of the recombinase were
incubated in 12.5ml of buffer A [35mM Tris–HCl (pH
7.5), 1mM DTT, 2.5mM MgCl2, 35mM KCl and
100 ng/ml BSA] containing the final concentration of
0.5mM ATP and with or without 80mer Oligo 1 ssDNA
or dsDNA (4.8 mM nucleotides and base pairs, respect-
ively) at 37�C for 5min, followed by the addition of the
indicated amounts of SWI5, SFR1, SWI5-SFR1 or
RAD51AP1 and a 5min incubation. After adding
0.3 mCi [g-32P] ATP, 1.5 ml of aliquots of the reactions
were removed at the indicated times and mixed with an
equal volume of 500mM EDTA to halt the reaction. The
level of ATP hydrolysis was determined by thin layer chro-
matography in polyethyleneimine cellulose sheets (Fluka)
with phosphorimaging analysis in a Personal FX
phosphorimager using the Quantity One software (Bio-
Rad), as described (24). The apparent velocity (Vapp.)
was calculated before 10% of the radiolabeled ATP had
been hydrolyzed.

Nitrocellulose filter binding assay

Measuring ADP–ATP exchange within the RAD51
presynaptic filament
Reaction mixtures were assembled in 25 ml of buffer A
containing 3.2 mM RAD51, 9.6 mM nucleotides of
ssDNA, if present, and either 3.2 mM [14C] ADP in the
presence of ssDNA or 16 mM [14C] ADP in the absence
of DNA. Reactions were incubated at 37�C for 30min
before the addition of the indicated amounts of SWI5,
SFR1, SWI5-SFR1 or RAD51AP1 and 3.2 mM ATP,
followed by a 5-min incubation. The reaction mixture
was then passed through a nitrocellulose filter (Portran,
Whatman), which had been presoaked with buffer [25mM
Tris–HCl (pH 7.5)], in a Minifold apparatus (Schleicher
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& Schuell) under vacuum. The level of ADP was
determined by phosphorimaging analysis as described
earlier in the text.

Measuring ADP release from the RAD51 filament
The experiments were set up with either RAD51-ssDNA
or RAD51-dsDNA filament as described earlier in the text
for the ADP–ATP exchange assay except for the omission
of ATP.

Measuring ADP- and ATP-binding affinities of RAD51
To monitor how SWI5-SFR1 affects the ADP- or ATP-
binding affinity of RAD51, 1.6mM RAD51 or pre-mixed
RAD51 and SWI5-SFR1 were incubated in 25 ml of
buffer B [35mM Tris–HCl (pH 7.5), 1mM DTT, 10mM
CaCl2, 35mM KCl] containing 20 mM [14C] ADP or
20 mM ATP with 0.125mCi [g-32P] ATP and with 80mer
Oligo 1 ssDNA or dsDNA (4.8 mM nucleotides and
base pairs, respectively) at 37�C for 5min. The reaction
mixture was then filtered through nitrocellulose filters,
and the level of ADP or ATP bound was determined by
phosphorimaging analysis. We note that CaCl2 at 10mM
inhibits the ATPase activity of RAD51 efficiently but
has little or no effect on the DNA strand exchange
activity [(11); Supplementary Figure S5; and our unpub-
lished data].

RESULTS

Single-molecule optical tweezers measurement provides
evidence for stabilization of RAD51-DNA nucleoprotein
filaments by SWI5-SFR1

Our previous studies provided evidence that SWI5-SFR1
helps stabilize the nucleoprotein filament of RAD51 (22).
As DNA is stretched by as much as 50% within the
nucleoprotein filament, we could follow the nucleoprotein
filament stabilization function of SWI5-SFR1 by monitor-
ing the contour length of individual RAD51-dsDNA
nucleoprotein filaments in optical tweezers experiments.
In these experiments, we fix dsDNA onto a coverslip
slide through a digoxigenin/anti-digoxigenin linkage, and
the distal biotin-labeled end of the DNA is attached to a
streptavidin-labeled bead, which can be optically trapped
by a 1064-nm laser with pico-Newton range force
(Figure 1A). By moving the stage, we can alter the force
exerted on the surface-bound DNA-bead complex and
determine the DNA length change at different forces.
This force-extension experiment returns the elasticity of
the DNA molecules or the nucleoprotein filament based
on the worm-like-chain model and provides the contour
length of the nucleoprotein filament. As shown in
Figure 1B, in the presence of RAD51 and ATP, RAD51
nucleoprotein filament showed the averaged contour
length being 1.28-fold of DNA alone, indicating the
dynamics of assembly and disassembly of the filament.
In addition, we observed even longer averaged contour
lengths (�1.5-fold increase) of RAD51 nucleoprotein
filament when SWI5-SFR1 complex was present, thus
verifying the stabilization of the RAD51 filament
by SWI5-SFR1 (Figure 1B). The contour length of the

RAD51-SWI5-SFR1 filament of �1.5-fold that of naked
B-form DNA is consistent with that of fully RAD51-
coated DNA (6–8,10,13,15). We also measured the
contour length of the RAD51 filament in the presence of
the non-hydrolyzable nucleotide AMP-PNP to specifically
prevent turnover of RAD51 protomers and confirmed the
expected 1.5-fold extension of DNA contour length
(Supplementary Figure S1). Consistent with a published
study (13), we observed no significant extension of the
contour length of the RAD51 filament with ADP as
the nucleotide cofactor (Supplementary Figure S1).
Altogether, the results from the single-molecule analysis
suggested the dynamic nature of the RAD51-DNA
filament assembled with ATP and the stabilizing effect
of SWI5-SFR1 on the filament.

SWI5-SFR1 enhances ATP hydrolysis by the RAD51
presynaptic filament

It has been well documented that the stability of RAD51
presynaptic filament is affected by ATP hydrolysis.
Accordingly, the use of a non-hydrolyzable nucleotide
(such as AMP-PNP) or addition of Ca2+ ions to retard
ATP hydrolysis leads to stabilization of the RAD51 pre-
synaptic filament (11,12). This raises the important
question of whether SWI5-SFR1 stabilizes the RAD51
presynaptic filament by attenuating ATP hydrolysis by

Figure 1. SWI5-SFR1 stabilizes RAD51 filament. (A) Schematic of the
optical tweezers setup to monitor the presynaptic filament length.
(B) Histograms of contour lengths of individual naked 6123-bp
duplex DNA molecules alone, in the presence of RAD51 and ATP,
or the mixture of RAD51, SWI5-SFR1 and ATP.
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the filament. To examine this, presynaptic filaments of
RAD51 were assembled on 80mer ssDNA and incubated
with [g-32P] ATP with or without SWI5-SFR1. Aliquots of
the reaction mixtures were removed to determine the level
of ATP hydrolysis by thin layer chromatography (24).
Surprisingly, although the addition of Ca2+ led to a
strong inhibition of ATP hydrolysis, SWI5-SFR1, in a
concentration-dependent and time-dependent manner,
significantly increased the amount of ATP hydrolyzed by
RAD51 (Figure 2A, B and C). This stimulatory effect
occurred only when DNA was present (Figure 2D). We
note that the SWI5-SFR1 complex alone has no detectable
ATPase activity (Figure 2C). To verify that the stimula-
tory effect of SWI5-SFR1 does not stem from the removal
of secondary structure in the ssDNA, we examined
ATP hydrolysis using poly-dT, which lacks secondary
structure, to assemble the presynaptic filaments. In this
case also, SWI5-SFR1 enhanced the DNA-stimulated
ATPase activity of RAD51 to the same degree as
when the 80mer ssDNA was used (Figure 2D and
Supplementary Figure S2A).

Enhancement of RAD51 ATPase activity requires a
specific interaction of SWI5-SFR1 with RAD51

We demonstrated previously that while SWI5-SFR1 asso-
ciates with RAD51 avidly, neither SWI5 nor SFR1 alone
has such a capability (22). Importantly, neither SWI5 nor
SFR1 exerts any effect on the DNA-stimulated ATPase
activity of RAD51 (Figure 3A). SWI5-SFR1 does not

interact with E. coli RecA (22) or Saccharomyces
cerevisiae Rad51 (ScRad51; Figure 3B), and it has no
effect on ATP hydrolysis by the presynaptic filament of
either RecA (Supplementary Figure S2B) or ScRad51
(Figure 3C). As expected, there is no stimulation of
ScRad51-mediated homologous DNA-pairing activity by
mouse SWI5-SFR1 (Figure 3D). In summary, the results
presented here provide strong evidence that SWI5-SFR1
enhances RAD51 ATP hydrolysis in a species-specific
manner. Lastly, the results in Figure 3E demonstrate
that mouse RAD51AP1, which physically interacts
with RAD51 and enhances the RAD51 recombinase
activity [(25,26); and our unpublished data], is devoid of
the ability to enhance ATP hydrolysis by the RAD51
presynaptic filament (Figure 3E).

SWI5-SFR1 facilitates ADP/ATP exchange in the
RAD51 presynaptic filament

It has been shown that the RAD51-ATP-ssDNA filament
is converted to the inactive RAD51-ADP-ssDNA form
owing to ATP hydrolysis and the slow dissociation of
ADP (11,13). We wanted to test whether SWI5-SFR1
functions to facilitate the exchange of ADP for ATP
within the RAD51 presynaptic filament, as such a nucleo-
tide exchange attribute could account for the enhancement
of DNA-stimulated ATP hydrolysis by RAD51 as
revealed earlier in the text (22,27). To do so, we used a
nitrocellulose filter-binding assay to monitor ADP–ATP
exchange within the RAD51 presynaptic filament with or

Figure 2. SWI5-SFR1 enhances RAD51 ATPase activity. (A) Thin layer chromatography to monitor the hydrolysis of [g-32P] ATP by RAD51.
The asterisk denotes the 32P label. Ca2+ inhibits ATP hydrolysis, whereas SWI5-SFR1 stimulates hydrolysis in a concentration-dependent (B) and
time-dependent (C) manner. (D) The stimulatory effect of ATP hydrolysis by SWI5-SFR1 is dependent on ssDNA. (B–D) Error bars represent the
standard deviation (±SD) calculated based on at least three independent experiments. Symbol: S5S1, SWI5-SFR1.
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Figure 3. Functional interactions between RAD51 and SWI5-SFR1 complex. (A) SWI5-SFR1 complex but not SWI5 or SFR1 enhances ATP
hydrolysis by the RAD51 presynaptic filament. (B) No physical interaction was seen between mouse SWI5-SFR1 and S. cerevisiae Rad51 (ScRad51)
by affinity pulldown. The supernatant (S), wash (W) and SDS eluate (E) from the pulldown reaction were analyzed by SDS–PAGE. (C) SWI5-SFR1
has no effect on ATP hydrolysis by the ScRad51 presynaptic filament. (D) SWI5-SFR1 has no effect on ScRad51-mediated homologous DNA
pairing. The results were graphed. The asterisk denotes the 32P label in the DNA strand. (E) RAD51AP1 has no effect on ATP hydrolysis by the
RAD51 presynaptic filament. (A, C, D and E) Error bars represent the standard deviation (±SD) calculated based on at least three independent
experiments. Symbols: S5S1, SWI5-SFR1; ScRad51, S. cerevisiae Rad51.
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without SWI5-SFR1 being present. Previously, by
electron microscopy, an ability of RAD51 to form a
compact filament on ssDNA was demonstrated (28). In
our assay, ssDNA and radiolabeled [14C] ADP are pre-
incubated with RAD51 to form the RAD51-ADP-ssDNA
filament (28), and then a varying amount of the SWI5-
SFR1 complex and cold ATP are added to the reaction
for a varying time. After incubation, the reaction mixture
is filtered through a nitrocellulose membrane trap to
remove free [14C] ADP. Filters are air dried, and the
amount of [14C] ADP is determined by phosphorimaging
analysis (Figure 4A). As shown in Figure 4B, SWI5-SFR1
facilitates the [14C] ADP/ATP exchange within the
RAD51 presynaptic filament in a dosage-dependent
manner (Figure 4B). This stimulatory effect is unique
between SWI5-SFR1 and the RAD51-ssDNA filament
because (i) there was no enhancement of [14C] ADP/
ATP exchange in RAD51 when ssDNA was absent
(Figure 4C) and (ii) RAD51AP1 lacked the ability to
stimulate [14C] ADP/ATP exchange (Figure 4D). We
have not been able to examine whether SWI5-SFR1

would enhance ADP/ATP exchange in the RecA-ssDNA
or yeast Rad51-ssDNA nucleoprotein filament because
these filaments do not bind [14C] ADP well (unpublished
data).

To further delineate the action of SWI5-SFR1, we
asked whether it possesses the ability to bind ADP or
ATP. We note that SWI5-SFR1 lacks any nucleotide
interaction motif in its primary sequence, and, as shown
in Supplementary Figure S3, it does not bind either ATP
or ADP (Supplementary Figure S3). The results presented
in the next section further reveal that SWI5-SFR1 accel-
erates the release of ADP from the RAD51-ssDNA
filament.

SWI5-SFR1 enhances ADP release from the RAD51
filament

Within the RAD51 presynaptic filament, hydrolysis of
ATP is followed by a relatively slow dissociation of
ADP (11,13). In other words, ADP release is likely rate
limiting in ADP/ATP exchange. For this reason, we used a

Figure 4. SWI5-SFR1 but not RAD51AP1 mediates ADP–ATP exchange of RAD51 filament. (A) Schematic of the filter-binding assay to monitor
ADP–ATP exchange within the RAD51-ssDNA presynaptic filament. (B) SWI5-SFR1 facilitates ADP–ATP exchange of RAD51 filament in a
dosage-dependent manner. (C) There is no enhancement of nucleotide exchange by SWI5-SFR1 on the omission of ssDNA. (D) RAD51AP1 lacks
the ability to facilitate ADP–ATP exchange within the RAD51 presynaptic filament. (B–D) Error bars represent the standard deviation (±SD)
calculated based on at least three independent experiments. Symbol: S5S1, SWI5-SFR1.
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filter-binding assay to ask whether SWI5-SFR1 facilitates
ADP release from the RAD51 presynaptic filament
(Figure 5A). We found that SWI5-SFR1, in a concentra-
tion-dependent manner, facilitates ADP release from the
RAD51 filament (Figure 5B). Importantly, the effect of
SWI5-SFR1 on ADP release from RAD51 is contingent
on the presence of ssDNA (Figure 5B). In contrast,
RAD51AP1 has no effect on the rate of ADP release
from the RAD51 presynaptic filament (Figure 5C).

In addition to the previously mentioned approach
(Figure 5A), we devised another assay to examine the
enhancement of ADP release by SWI5-SFR1. In this
assay (Supplementary Figure S4A), ssDNA and
radiolabeled [a-32P] ATP are pre-incubated with RAD51
to form the RAD51-ATP-ssDNA filament. Following a
10-min incubation to convert >90% of ATP to ADP, as
monitored by thin layer chromatography (Supplementary
Figure S4B), a varying amount of SWI5-SFR1 is added to
the reaction. After a 5-min incubation, the reaction
mixture is filtered through a nitrocellulose membrane
trap to remove free [a-32P] ADP. Filters are air dried,
and the amount of [a-32P] ADP is determined by
phosphorimaging analysis. This approach thus provides
a RAD51-ADP-ssDNA substrate via the conversion
of ATP to ADP by RAD51. Importantly, the results

from this assay provided independent verification for
the enhancement of ADP release from the RAD51
presynaptic filament by SWI5-SFR1 (Supplementary
Figure S4C).

SWI5-SFR1 has no significant effect on ATP-binding
affinity of RAD51 filament

We wished to determine whether SWI5-SFR1 alters the
affinity of the RAD51 presynaptic filament for ATP.
To do so, we sought to eliminate ATP hydrolysis as
a complicating factor and then assess ATP binding by
the presynaptic filament with or without SWI5-SFR1
present. As the DNA-stimulated ATPase of RAD51 is
strongly attenuated by Ca2+ ions (11,12), we used the
nitrocellulose filter-binding assay to monitor ATP
binding in buffer supplemented with Ca2+ (Figure 6A).
As shown in Supplementary Figure S5, little or no
ATP hydrolysis occurred under the conditions used
(Supplementary Figure S5). Importantly, we found
that (i) SWI5-SFR1 has no significant effect on the
affinity of the presynaptic filament for ATP (Figure 6B)
and (ii) even with Ca2+ ions being present, SWI5-SFR1
still attenuates the ADP-binding ability of the presynaptic
filament (Figure 6C).

Figure 5. SWI5-SFR1 expedites ADP release from the RAD51 presynaptic filament. (A) Schematic of the filter-binding assay to monitor ADP
release from the RAD51 presynaptic filament. (B) SWI5-SFR1 facilitates ADP release from RAD51 presynaptic filament in a protein concentration-
and ssDNA-dependent manner. (C) RAD51AP1 lacks the ability to facilitate ADP release from the presynaptic filament. (B and C) Error bars
represent the standard deviation (±SD) calculated based on at least three independent experiments. Symbol: S5S1, SWI5-SFR1.
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DISCUSSION

The function of SWI5-SFR1 in RAD51-mediated HR

Our results help elucidate the role of SWI5-SFR1 in
RAD51-mediated homologous DNA pairing.
Specifically, we provide evidence for an ability of
SWI5-SFR1 to facilitate ADP release from RAD51. We
note that the stimulatory effect of SWI5-SFR1 on the
RAD51 ATPase activity and ADP release from RAD51
is seen only when either ssDNA or dsDNA is present
(Figures 2D and 5B; Supplementary Figure S6A and B),
thus providing evidence that SWI5-SFR1 acts on the
RAD51-DNA filament specifically. In contrast to the
enhancement of ADP release, SWI5-SFR1 does not
seem to affect the affinity of the RAD51 filament for
ATP (Figure 6B and Supplementary Figure S6C). Based
on these results, we suggest that the enhancement of ADP
release from RAD51 presynaptic filament by SWI5-SFR1
helps maintain the catalytically active, ATP-bound form
of the presynaptic filament during the HR reaction
(Figure 7).

Implications for the yeast Swi5-Sfr1 orthologs

There are clear parallels between the mouse SWI5-SFR1
complex and its S. pombe ortholog. Specifically, both
protein complexes stabilize the RAD51 presynaptic
filament and stimulate RAD51-mediated homologous

DNA pairing [(22,27,29); and this work], and like its
mouse ortholog, the S. pombe Swi5-Sfr1 complex also
elevates the ssDNA-stimulated ATPase activity of
Rad51 [(27); and this work]. These results thus reveal an
evolutionarily conserved function in the SWI5-SFR1
complex. Importantly, our study shows that SWI5-SFR1
helps maintain the RAD51 presynaptic filament in an

Figure 6. SWI5-SFR1 does not alter ATP-binding affinity of RAD51 presynaptic filament. (A) Schematic of the filter-binding assay to monitor the
influence of SWI5-SFR1 on the nucleotide-binding affinity of RAD51 in the presence of Ca2+ ions. (B) SWI5-SFR1 has no significant effect on ATP
binding by RAD51. (C) Even with Ca2+ present, attenuation of the ADP-binding affinity of RAD51 presynaptic filament by SWI5-SFR1 still
occurred. (B and C) Error bars represent the standard deviation (±SD) calculated based on at least three independent experiments. Symbol: S5S1,
SWI5-SFR1.

Figure 7. Model depicting the mechanistic action of SWI5-SFR1 on
RAD51 filament. Our results show that SWI5-SFR1 helps maintain
the catalytically active ATP-bound state of the RAD51 presynaptic
filament via enhancement of ADP release from the filament.
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active ATP-bound state by facilitating ADP release.
It remains to be determined whether S. pombe Swi5-Sfr1
also acts in the same fashion as we have demonstrated
for the mouse complex, i.e. in facilitating the release of
ADP from the SpRad51 presynaptic filament. We note
that recent biophysical, SAXS and X-ray crystallographic
studies have shown that S. pombe Swi5-Sfr1 complex
adopts an elongated dogleg-shaped structure. It has been
suggested that the elongated structure allows Swi5-Sfr1 to
fit into the helical groove of the presynaptic filament where
it may act by locking the Rad51 protomers onto ssDNA
(27,29–32). Future studies will determine whether mouse
SWI5-SFR1 adopts the same elongated structure as its
S. pombe counterpart and the validity of the mechanism
that has been proposed.

Saccharomyces cerevisiae Mei5 and Sae3 proteins are
the respective orthologs of Sfr1 and Swi5, and these
proteins also form a stable complex (33,34). Even
though Mei5-Sae3 appears to physically interact with
Rad51 through Mei5, no enhancement of the Rad51 re-
combinase activity by this protein complex has been seen
(34). Interestingly, the expression of the Mei5-Sae3
complex is restricted solely to meiosis (35,36), and pub-
lished studies have provided evidence that Mei5-Sae3
functions specifically with the meiotic specific recombinase
Dmc1 [(33,35–37); see next section].

Functional relationship of SWI5-SFR1, RAD51 and
DMC1 in meiotic recombination

Genetic studies in S. pombe and S. cerevisiae have provided
compelling evidence for a role of the Swi5-Sfr1 and Mei5-
Sae3 complexes in meiotic recombination. Genetic ablation
of these protein complexes leads to a sporulation defect and
poor spore viability that stem from defective meiotic recom-
bination (35,36,38,39). Importantly, S. pombe Swi5-Sfr1
physically interacts with Dmc1 and stimulates Dmc1-
mediated DNA strand exchange, likely by facilitating the
loading of Dmc1 onto ssDNA (27). We note that
S. cerevisiae Mei5-Sae3 physically interacts with Dmc1
and functions as a mediator of this recombinase, specific-
ally to overcome the inhibitory effect of RPA (Replication
Protein A), the evolutionarily conserved single-strand
DNA-binding protein, on the assembly of the Dmc1 pre-
synaptic filament (33). However, mouse SWI5-SFR1 does
not stimulate homologous DNA pairing mediated by
DMC1, nor does it stabilize the DMC1 presynaptic
filament or enhance ATP hydrolysis by the presynaptic
filament (Supplementary Figure S7).

It has been known for some time that Rad51 regulates an
attribute(s) of Dmc1 that is important for meiotic
recombination (2,40–42). By the use of a separation-of-
function mutant variant of Rad51 that can assemble into
a helical filament on ssDNA but lacks homologous pairing
activity, Cloud et al. (37) have recently provided evidence
that (i) the recombinase activity of Rad51 is dispensable for
meiotic recombination; (ii) Dmc1’s enzymatic activity
is sufficient for interhomolog recombination; and most
importantly, (iii) in addition to Mei5-Sae3, Rad51, but
not its recombinase activity, is required for Dmc1 foci
formation during meiosis (43). Cloud et al. (37) have also

demonstrated that Mei5-Sae3 coordinates with Rad51 to
stimulate Dmc1-mediated homologous DNA pairing.
Given the previously mentioned findings on S. cerevisiae
Mei5-Sae3, it will be important to examine whether and
how the mammalian SWI5-SFR1 complex plays a role in
meiotic HR by cooperating with RAD51 to facilitate
DMC1-mediated homologous DNA pairing.
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