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ABSTRACT

During DNA double-strand break and replication fork
repair by homologous recombination, the RAD51 re-
combinase catalyzes the DNA strand exchange re-
action via a helical polymer assembled on single-
stranded DNA, termed the presynaptic filament. Our
published work has demonstrated a dual function
of the SWI5–SFR1 complex in RAD51-mediated DNA
strand exchange, namely, by stabilizing the presy-
naptic filament and maintaining the catalytically ac-
tive ATP-bound state of the filament via enhance-
ment of ADP release. In this study, we have strived
to determine the basis for physical and functional in-
teractions between Mus musculus SWI5–SFR1 and
RAD51. We found that SWI5–SFR1 preferentially as-
sociates with the oligomeric form of RAD51. Specif-
ically, a C-terminal domain within SWI5 contributes
to RAD51 interaction. With specific RAD51 interac-
tion defective mutants of SWI5–SFR1 that we have
isolated, we show that the physical interaction is in-
dispensable for the stimulation of the recombinase
activity of RAD51. Our results thus help establish the
functional relevance of the trimeric RAD51–SWI5–
SFR1 complex and provide insights into the mech-
anistic underpinnings of homology-directed DNA re-
pair in mammalian cells.

INTRODUCTION

Homologous recombination (HR) represents an important
error-free mechanism for the elimination of DNA double-
strand breaks (DSBs) and the restoration of DNA replica-

tion forks (RFs) that have stalled or been injured. By its
involvement in the repair of chromosome damage, HR is
indispensable for maintaining genomic integrity and stabil-
ity (1,2). Accordingly, HR dysfunction is a major cause of
chromosome fragility and cancer susceptibility (3–5).

HR is catalyzed by RAD51 recombinase and its cohort
of accessory factors. RAD51 polymerizes on ssDNA gen-
erated from the nucleolytic processing of a DSB or a dam-
aged RF, to form a helical protein filament, known as the
presynaptic filament. The presynaptic filament catalyzes the
search for an intact homologous donor duplex DNA and
DNA strand exchange with the donor sequence (6,7). The
recombinase activity of RAD51 is regulated by several asso-
ciated partners, including BRCA2, RAD51AP1 and SWI5–
SFR1 (5–10). These and other RAD51 recombinase acces-
sory factors fulfill mechanistically distinct functions in the
execution of HR. For example, cytological studies have pro-
vided strong evidence that the recruitment of RAD51 to
DNA damage as measured by nuclear protein focus forma-
tion depends on BRCA2 (5,11,12). Biochemically, purified
BRCA2 promotes RAD51 filament assembly on ssDNA
over dsDNA and functions as a recombination mediator to
assemble the presynaptic filament on ssDNA occupied by
the single-strand DNA binding protein RPA. Studies pub-
lished by several groups have provided mechanistic infor-
mation regarding the action of BRCA2 as a HR mediator
(13–17). On the other hand, RAD51AP1 does not appear to
affect presynaptic formation, but, rather, it functions with
the presynaptic filament to capture duplex DNA and to fa-
cilitate the assembly of the synaptic complex in which the
recombining ssDNA and duplex target are homologously
aligned and limited base pairing has occurred (18,19).

Cell-based analyses in the fission yeast and mammalian
cells have implicated the proteins encoded by the SWI5
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and SFR1 genes in RAD51-dependent HR and recom-
bination repair of DNA damage (20–23). In agreement
with this, biochemical and biophysical analyses have shown
that the fission yeast and mouse SWI5 and SFR1 proteins
form a heterodimeric complex that physically interacts with
RAD51 and enhances RAD51-mediated DNA strand ex-
change (24–27). Importantly, working with highly purified
mouse proteins, we have furnished evidence that the en-
hancement of RAD51 activity stems from a dual action
of SWI5–SFR1, namely, by stabilizing the presynaptic fila-
ment and enhancing the release of ADP from the filament to
maintain the presynaptic filament in its active, ATP-bound
form (27,28). In this study, we provide evidence that SWI5–
SFR1 interacts with the oligomeric, but not the monomeric,
form of RAD51. Importantly, in this study, we have found
that the C-terminal region of SWI5 makes a major con-
tribution toward complex formation between SWI5–SFR1
and RAD51. Based on this information, we have identi-
fied a mutant variant of SWI5 that is proficient in com-
plex formation with SFR1 but is strongly affected for the
ability to interact with RAD51. Our biochemical analyses
have revealed that the mutant SWI5–SFR1 complex is de-
void of any ability to stabilize the RAD51 presynaptic fil-
ament, to enhance ATP hydrolysis by RAD51, or to stim-
ulate RAD51-mediated DNA strand exchange. Our results
thus provide insights into the nature and functional rele-
vance of the higher order complex consisting of the recom-
binase RAD51 and SWI5–SFR1 in HR.

MATERIALS AND METHODS

Details on the DNA substrates, construction of expression
plasmids, and protein expression and purification are de-
scribed in the Supplementary Data.

Affinity pulldown

For examining the interaction of RAD51 with SWI5–
SFR1, 6 �g of mouse SWI5–SFR1 (or mutant variants)
containing a (His)6 tag in SFR1’s amino-terminus was in-
cubated with 4 �g strep-tagged mouse RAD51 (or mutant
variants) and the indicated amount of mouse BRC4 peptide
in 30 �l of buffer A (25 mM Tris–HCl, pH 7.5, 10% glycerol,
0.01% Igepal, 100 mM KCl, 1 mM 2-mercaptoethanol and
5 mM imidazole) for 30 min at 4◦C. After being mixed with
10 �l of Talon resin for 45 min at 4◦C to capture the (His)6-
tagged SWI5–SFR1 and associated RAD51, the resin was
washed three times with 30 �l of buffer A and then treated
with 25 �l of 2% SDS to elute proteins. The supernatant,
last wash, and SDS eluate, 10 �l each, were analyzed by 15%
SDS-PAGE and Coomassie Blue staining.

Limited proteolysis

Full-length SWI5–SFR1 (3 �g) was digested with pro-
teinase K (2 nM) for the indicated times at 37◦C. Digestion
was terminated by boiling the samples in SDS-PAGE load-
ing buffer (2% SDS, 50 mM Tris–HCl, pH 6.8, 10% glycerol,
715 mM 2-mercaptoethanol and 0.02% Bromophenol blue).
The proteolytic products were resolved by 15% SDS-PAGE
and visualized by Coomassie Blue staining. The proteolytic

fragments were in-gel digested by trypsin and identified by
N-terminal sequencing.

DNA strand exchange

All the reaction steps were carried out at 37◦C. The 80-
mer Oligo 1 (4.8 �M nucleotides) was incubated with 1.6
�M RAD51 in 10.5 �l of buffer B (35 mM Tris–HCl, pH
7.5, 1 mM DTT, 2.5 mM MgCl2, 35 mM KCl and 100
ng/ml BSA) containing 1 mM ATP for 5 min. The indi-
cated amount of SWI5–SFR1 or mutant variant was then
added in 1 �l, followed by a 5-min incubation. The reaction
was initiated by adding homologous 32P-labeled 40-mer du-
plex (2.4 �M base pairs) to 12.5 �l of final volume. After
20 min incubation, a 5 �l aliquot was removed and mixed
with an equal volume of 1% SDS containing proteinase K
(1 mg/ml) and incubated at 37◦C for 10 min. The reaction
mixtures were resolved in 10% polyacrylamide gels in TBE
buffer (89 mM Tris, 89 mM borate, and 2 mM EDTA, pH
8.0) and the DNA species in dried gels were quantified by
phosphorimaging analysis in a Personal FX phosphorim-
ager using the Quantity One software (Bio-Rad).

Exonuclease I protection

RAD51 (1.3 �M) was incubated with 5′-32P-labeled 80-mer
Oligo 1 ssDNA (3 �M nucleotides) in 18 �l buffer B con-
taining 0.1 mM ATP at 37◦C for 5 min. Following the incor-
poration of the indicated amount of SWI5–SFR1 or mutant
variants and a 5-min incubation, exonuclease I (1.5 units;
New England Biolabs) was added to the reaction mixture
(20 �l final volume). After 20 min of incubation at 37◦C, a
10 �l aliquot was removed and mixed with 2.5 �l of 60 mM
EDTA, 0.5% SDS, and proteinase K (1 mg/ml) and incu-
bated at 37◦C for 10 min. The samples were subjected to
electrophoresis, gel drying, and phosphorimaging analysis.

Analytical ultracentrifugation

In order to determine their molar mass, the sedimentation
velocity of SWI5–SFR1 and SWI5 F83A/L85A-SFR1 was
examined in a Beckman-Coulter XL-A analytical ultracen-
trifuge. The proteins were loaded onto standard double sec-
tor cells with an Epon charcoal-filled centerpiece and cen-
trifugation was performed at 20◦C and 50 000 rpm. The cells
were scanned at 280 nm in a continuous mode, and the ex-
perimental data were analyzed by the Sedfit program (ver-
sion 14.1). After the ultracentrifugation experiments, the
protein samples were visually checked for clarity, and no in-
dication of precipitation was found.

Circular dichroism analysis

The structures of SWI5–SFR1 and SWI5 F83A/L85A-
SFR1 (3.5 �M) were determined by Circular Dichroism
(CD) analysis in a Jasco J-815 spectropolarimeter under
constant N2 flush. The far UV CD spectra were measured
at 195–250 nm with a 1.0 bandwidth and a 0.1 nm resolu-
tion at a scan speed of 20 nm/min using a 1 mm path length
quartz cuvette. All CD spectra were corrected for their re-
spective buffer blanks and three repetitive scans were aver-
aged at 25◦C.
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Figure 1. SWI5–SFR1 interacts with the oligomeric form of RAD51. For affinity pulldown, purified SWI5–SFR1 (S5S1) was incubated with either RAD51
wild-type (A) or RAD51 S208E/A209D (B) in the presence of an increasing concentration of the BRC4 peptide. Reaction mixtures were mixed with Talon
resin to capture protein complex through the (His)6 tag on SFR1. The supernatant (lanes 1–6) and SDS eluate (lanes 7–12) from the pulldown reactions
were analyzed by 15% SDS-PAGE with Coomassie Blue staining. RAD51 alone was included as a control (lanes 1 & 7). (C) The results from (A) and
(B) were quantified and plotted, and error bars represent the standard deviation (±SD) calculated based on at least three independent experiments. (D)
SWI5–SFR1 was incubated with RAD51 wild-type (WT), F86E, A190L/A192L, or S208E/A209D for affinity pulldown analyses. The supernatant (S),
wash (W), and SDS eluate (E) fractions from the pulldown reactions were analyzed by 15% SDS-PAGE with Coomassie Blue staining. Symbols: R51,
RAD51; R51SA/ED, RAD51 S208E/A209D; S5S1, SWI5–SFR1.

ATPase activity

To examine the effect of SWI5–SFR1 or SWI5
F83A/L85A-SFR1 on ATP hydrolysis by RAD51,
RAD51 (1.6 �M) was incubated in 12.5 �l of buffer B con-
taining the final concentration of 0.5 mM ATP, and with
or without 80-mer Oligo 1 ssDNA (4.8 �M nucleotides) at
37◦C for 5 min, followed by the addition of the indicated
amount of SWI5–SFR1 or SWI5 F83A/L85A-SFR1, and
then a 5-min incubation. After adding 0.3 �Ci [� -32P] ATP,
1.5 �l aliquots of the reaction mixtures were removed at
the indicated times and mixed with an equal volume of
500 mM EDTA to halt the reaction. The level of ATP
hydrolysis was determined by thin layer chromatography
in polyethyleneimine cellulose sheets (Fluka) with phos-
phorimaging analysis. The apparent velocity (Vapp.) was

calculated before 10% of the radiolabeled ATP had been
hydrolyzed.

RESULTS

SWI5–SFR1 interacts with the oligomeric form of RAD51

Our previous work has revealed that mouse SWI5–SFR1
physically interacts with mouse RAD51 and stimulates its
DNA strand exchange activity partly via the stabilization
of the presynaptic filament (27). We wished to delineate
how physical interaction between RAD51 and SWI5–SFR1
contributes to the stabilization of the presynaptic filament
and to the stimulation of RAD51-mediated DNA strand ex-
change. RAD51 exists as an oligomeric structure in solution
(29–31), and it has been documented that the C-terminal
domain and the BRC repeats of BRCA2 interact with the
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Figure 2. Functional characterization of SWI5–SFR1dN202 complex. (A) To map the minimal complex unit of SWI5–SFR1, purified SWI5–SFR1 was
incubated with proteinase K for the indicated times. The proteolytic products were resolved by 15% SDS-PAGE and stained by Coomassie Blue staining.
The asterisk denotes the SFR1dN202. (B) Purified SWI5–SFR1dN202 complex (3 �g) was subjected to 15% SDS-PAGE and Coomassie Blue staining. (C)
SWI5–SFR1dN202 was tested for RAD51 interaction by affinity pulldown as described in Figure 1D. (D) DNA strand exchange assay to monitor the
stimulatory effect of SWI5–SFR1 by RAD51. (I) Schematic of the DNA strand exchange assay. The radiolabeled substrate and product are visualized
and quantified by phosphorimaging analysis after PAGE. The asterisk denotes the 32P label. (II) DNA strand exchange was conducted with the indicated
amounts of SWI5–SFR1 or SWI5–SFR1dN202. The results were graphed. (E) Exonuclease I protection assay to monitor the influence of SWI5–SFR1 on
the stability of RAD51 filament. (I) Schematic of the exonuclease I protection assay. The RAD51 filament harboring 5′-32P-labeled DNA is challenged
with exonuclease I. The radiolabeled DNA and product are visualized and quantified by phosphorimaging analysis after PAGE. The 32P label is denoted
by the asterisk. (II) Treatment of the RAD51 presynaptic filament with exonuclease I in the presence of the indicated concentrations of SWI5–SFR1 or
SWI5–SFR1dN202. The results were graphed. (D-E) Error bars represent the standard deviation (±SD) calculated based on at least three independent
experiments.
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Figure 3. SWI5dC20–SFR1, SWI5dC9–SFR1 and SWI5FL/AA–SFR1 are defective in RAD51 interaction. (A) (I) Schematic of C-terminal truncation of
SWI5 mutant variants made in this study. (II) Purified SWI5–SFR1, SWI5dC20–SFR1 and SWI5dC9–SFR1 were resolved by 15% SDS-PAGE and stained
with Coomassie Blue. (B) Purified SWI5dC20–SFR1 and SWI5dC9–SFR1 mutant complexes were examined for RAD51 interaction by affinity pulldown
through the (His)6 tag on SFR1. Wild-type SWI5–SFR1 was included as positive control. (C) (I) Alignment of the C-terminal 9 amino acid residues of
SWI5 from S. pombe, mouse, and human. (II) The SWI5–SFR1 mutants made in this study. (III) Purified SWI5 F83A/L85A–SFR1 (SWI5FL/AA–SFR1),
SWI5 F83A–SFR1 (SWI5F/A–SFR1) and SWI5 L85A–SFR1 (SWI5L/A–SFR1) were resolved by 15% SDS-PAGE and stained with Coomassie Blue. (D)
Purified SWI5FL/AA–SFR1, SWI5F/A–SFR1 and SWI5L/A–SFR1 mutants were examined for RAD51 interaction by affinity pulldown. (E) The results
from (D) were graphed. Error bars represent the standard deviation (±SD) calculated based on at least three independent experiments.
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oligomeric form and the monomeric form of RAD51, re-
spectively (30,31). These results prompted us to ask whether
the oligomeric state of RAD51 is germane for SWI5–SFR1
interaction. We addressed this question by first obtaining
the monomeric form of RAD51 to examine its interac-
tion status with SWI5–SFR1. To do so, we used the BRC4
peptide from the mouse BRCA2 protein to dissociate the
oligomeric form of mouse RAD51 into monomers, as ver-
ified by gel filtration analysis (Supplementary Figure S1,
(32)). Next, the monomerized RAD51 was incubated with
SWI5–SFR1 complex and then Talon resin (which recog-
nizes the (His)6 tag on SFR1) was used to pulldown SWI5–
SFR1 and any associated RAD51. We found that the inter-
action between SWI5–SFR1 and RAD51 was significantly
decreased by increasing amounts of the BRC4 peptide (Fig-
ure 1A and C), suggesting that SWI5–SFR1 has the high-
est affinity for the RAD51 oligomer. We verified that BRC4
and SWI5–SFR1 do not physically interact (Supplementary
Figure S2). To further confirm our results, we generated the
RAD51 S208E/A209D mutant that is defective in interac-
tion with BRC4 and verified that it remains oligomeric upon
incubation with BRC4 (Supplementary Figure S1, (31,33)).
Importantly, as shown in Figure 1B and C, BRC4 had lit-
tle or no effect on the interaction of RAD51 S208E/A209D
with SWI5–SFR1 (Figure 1B and C).

It has been well documented that the human RAD51
F86E and A190L/A192L mutant variants are monomeric
in nature (30,31,33,34). As expected, both mouse mu-
tant variants also exhibit monomeric status (Supplemen-
tary Figure S3, (31)). Then we wished to further ad-
dress whether these monomeric RAD51 mutant proteins
are capable of interaction with SWI5–SFR1. Consistent
with results presented earlier, neither RAD51 F86E nor
A190L/A192L could interact with SWI5–SFR1 (Figure
1D). The oligomeric RAD51 S208E/A209D mutant was in-
cluded as a positive interaction control in this (Figure 1D,
lanes 10–12). In conclusion, our results provide evidence
that oligomeric state of RAD51 facilitates stable associa-
tion with SWI5–SFR1.

The amino-terminal half of SFR1 is dispensable for complex
formation with SWI5 and interaction with RAD51

To delineate the functional significance of the complex of
SWI5–SFR1 and RAD51, we proceeded to map the region
in SWI5–SFR1 needed for RAD51 interaction. Our previ-
ous study showed that neither SWI5 nor SFR1 alone inter-
acts with RAD51 (27). Thus, we directed our effort at iden-
tifying a mutant variant of the SWI5–SFR1 complex that
specifically lacks the ability to interact with RAD51. To do
so, we used limited proteolysis approach to isolate the core
of the SWI5–SFR1 complex. As shown in Figure 2A, SFR1
was digested into a small fragment around 15 kDa (Figure
2A). Importantly, amino-terminal sequencing of the pro-
teolytic fragment showed that it lacks the first 202 amino
acid residues of the SFR1 protein (data not shown). Impor-
tantly, the SFR1dN202 mutant protein lacking these residues
remains competent for stable complex formation with SWI5
(Figure 2B) and maintains a 1:1 stoichiometric ratio with
the latter in the assembled complex as verified by analytical
ultracentrifugation (Supplementary Figure S4). Next, we

examined the SWI5–SFR1dN202 mutant complex for phys-
ical and functional interactions with RAD51. We found
that SWI5–SFR1dN202 retains the ability to (1) interact with
RAD51 (Figure 2C), (2) stimulate RAD51-mediated DNA
strand exchange (Figure 2D) and (3) stabilize the RAD51
presynaptic filament (Figure 2E). Thus, the first 202 amino
acid residues of SFR1 are dispensable for complex forma-
tion with SWI5 and physical/functional interactions with
RAD51 as well.

The carboxyl-terminal region of SWI5 is critically important
for RAD51 interaction

Complex formation between SWI5 and SFR1 is mediated
by coiled-coil domains located within the N-terminal re-
gion of SWI5 and the C-terminal region of SFR1 (22,26).
Since much of the N-terminal region of SFR1 is dispensable
for RAD51 interaction, we turned our attention to the C-
terminal part of SWI5 in our attempt to isolate a RAD51
interaction defective variant of SWI5–SFR1. To this end,
we examined the effect of deleting the last 9 or 20 amino
acid residues from SWI5 on RAD51 interaction (Figure
3A, panel I). We could obtain highly purified complexes of
SWI5–SFR1 that harbor these mutant SWI5 (SWI5dC9 and
SWI5dC20) proteins (Figure 3A, panel II). Importantly, we
found that the mutant SWI5–SFR1 complexes are signifi-
cantly defective in RAD51 interaction (Figure 3A and B).
The results thus indicate that the last nine residues of SWI5
are indispensable for the interaction between SWI5–SFR1
and RAD51. An alignment of the nine residues from SWI5
orthologs from yeast, mouse to human led the identification
of three highly conserved residues, namely, F83, L85 and
D89 in the mouse protein (Figure 3C, panel I). We mutated
these three amino acids to alanine to generate the mutant
variants with either a single or a double substitution (Fig-
ure 3C, panel II). We first verified that these SWI5 mutants
are proficient in complex formation with SFR1 and then
tested the mutant complexes for RAD51 interactions. The
results showed that (1) substitution of F83 or L85 to alanine
(the F83A and L85A mutations) in SWI5 does not affect
complex formation with SFR1 but attenuates the affinity of
the mutant complexes for RAD51, and (2) the F83A/L85A
double mutation again has no effect on complex formation
with SFR1 but it greatly diminishes the affinity of the mu-
tant complex for RAD51 (Figure 3C–E). The results there-
fore demonstrated that the conserved SWI5 residues F83
and L85 are indispensable for RAD51 interaction. We note
that we have not been able to verify whether D89 in SWI5
is also important for RAD51 interaction, as the SWI5D89A–
SFR1 mutant complex that we constructed is highly suscep-
tible to proteolysis during purification (data not shown).

Physical interaction is prerequisite for RAD51 activity regu-
lated by SWI5–SFR1

The isolation of the SWI5 F83A/L85A (SWI5FL/AA) mu-
tant provided a valuable tool to address whether RAD51
interaction is important for the function of SWI5–SFR1
in RAD51-mediated DNA strand exchange. First, by an-
alytical ultracentrifugation, we verified that SWI5FL/AA–
SFR1 retains the heterodimeric nature of the wild-type
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Figure 4. Biophysical properties of SWI5 F83A/L85A-SFR1 mutant complex. (A) Analytical ultracentrifugation with sedimentation velocity analysis
of SWI5–SFR1 and SWI5 F83A/L85A–SFR1 complexes. The experimental data were analyzed by the Sedfit program (version 14.1), which yielded an
estimated molecular mass of 45.8 kDa for SWI5–SFR1, and 44.7 kDa for SWI5 F83A/L85A–SFR1. (B) Circular dichroism spectra of SWI5–SFR1 and
SWI5 F83A/L85A–SFR1 complexes. The spectra showed no significant difference in secondary structure between SWI5–SFR1 and SWI5 F83A/L85A–
SFR1.

complex (Figure 4A). Using circular dichrorism, we also
confirmed that the mutant complex has the same global
protein structure as its wild-type counterpart (Figure 4B).
Then, we asked whether SWI5FL/AA–SFR1 is capable of
stimulating RAD51-catalyzed DNA strand exchange. Im-
portantly, the results revealed that SWI5FL/AA–SFR1 is
devoid of any stimulatory effect on the strand exchange
reaction (Figure 5A). Our previous studies provided evi-
dence that SWI5–SFR1 enhances DNA strand exchange
by stabilizing the presynaptic filament and facilitating the
release of ADP to maintain the ATP-bound, active state
of the presynaptic filament (27,28). To assess whether the
SWI5FL/AA–SFR1 is able to stabilize the presynaptic fil-
ament, protection of ssDNA bound within the presynap-
tic filament against digestion by E. coli Exo I was exam-
ined, as in our published work (27). While, as expected
(27), the wild-type SWI5–SFR1 complex provided protec-
tion against Exo I action, SWI5FL/AA–SFR1 was unable to
do so (Figure 5B). To corroborate the above findings, we

performed electron microscopy (EM) to compare the sta-
bility of the presynaptic filament without or with wild-type
SWI5–SFR1 or SWI5FL/AA–SFR1. We collected 225 fila-
ments for each group from EM images to obtain the aver-
age length of RAD51 filaments (Supplementary Figure S5).
As shown in Figure 5C, the average length of the presy-
naptic filament generated in the presence of SWI5FL/AA-
SFR1 is shorter than wild-type SWI5–SFR1 was used,
again indicating that SWI5FL/AA–SFR1 lacks the presynap-
tic filament stabilization attribute of the wild-type complex
(Figure 5C). Next, we compared the wild-type and mu-
tant SWI5–SFR1 complexes for the ability to enhance ATP
hydrolysis by the presynaptic filament. Again, the SWI5–
SFR1 mutant variant lacks any stimulatory effect on the
RAD51 ATPase activity (Figure 5D). Taken together, our
results demonstrated that the physical interaction between
SWI5–SFR1 and RAD51 is a prerequisite for the regula-
tion of presynaptic filament dynamics and enhancement of
DNA strand exchange.
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Figure 5. SWI5 F83A/L85A-SFR1 is functionally impaired. (A) The effect of SWI5–SFR1 or SWI5FL/AA–SFR1 on RAD51-mediated DNA strand
exchange was examined. The results were graphed. (B) Exonuclease I protection assay was conducted with the indicated concentrations of SWI5–SFR1 and
SWI5FL/AA–SFR1. The results were graphed. (C) The average length of RAD51 filaments with negative staining was determined by electron microscopy
(see Supplementary Figure S5). RAD51 was examined alone or with SWI5–SFR1 or SWI5FL/AA–SFR1. The total 225 filaments were counted in each
reaction. We note that the average length of the presynaptic filament in the presence of SWI5–SFR1 is much longer than expected. This could be due
to the end-to-end association between two DNA molecules by RAD51 as described by Baumann et al. (35). (D) Thin-layer chromatography to monitor
the hydrolysis of [� -32P] ATP by RAD51 in the absence or presence of indicated concentrations of SWI5–SFR1 or SWI5FL/AA–SFR1. The results were
graphed. (A, B and D) Error bars represent the standard deviation (±SD) calculated based on at least three independent experiments.

DISCUSSION

The physical interaction is prerequisite for the enhancement
of SWI5–SFR1 by RAD51

Our previous work has shown that SWI5–SFR1 stabilizes
the RAD51 presynaptic filament and also facilitates the re-
lease of ADP from the filament (27,28). In this study, the
functional interaction between SWI5–SFR1 and RAD51
is dependent on physical interaction between them. We
have provided evidence that SWI5–SFR1 interacts with the
oligomeric form of RAD51 and have identified F83 and
L85 of SWI5 to be indispensable for the interaction be-
tween SWI5–SFR1 and RAD51. Importantly, interaction-
defective SWI5–SFR1 mutants are compromised for the

ability to enhance RAD51-mediated DNA strand exchange
and to accelerate ADP release from the presynaptic fila-
ment. Altogether, our results establish the functional sig-
nificance of the RAD51–SWI5–SFR1 complex in DNA
strand exchange. Since complex formation between SWI5
and SFR1 is needed for RAD51 interaction (27), it is pos-
sible that SFR1 induces a conformation in SWI5 compe-
tent for RAD51 binding. Alternatively, SFR1, within the
context of the SWI5–SFR1 complex, may also contribute a
RAD51 binding surface.



6250 Nucleic Acids Research, 2016, Vol. 44, No. 13

Differential interaction modes of RAD51 and SWI5–SFR1
from yeast to mammal

The S. pombe SWI5–SFR1 complex also physically inter-
acts with Rad51 (24,26). Two distinct Rad51 interaction
surfaces within S. pombe SWI5–SFR1 complex have been
found, with one residing within the amino-terminal region
of Sfr1 and the other within the carboxyl-terminus of this
protein (26). Moreover, these N-terminal and C-terminal
domains of Sfr1 are needed for functional cooperation with
Rad51 in DNA strand exchange (26). In contrast, we have
provided evidence for an important role of SWI5 in con-
ferring the SWI5–SFR1 complex with the ability to physi-
cally interact with RAD51, and our analysis of the SWI5–
SFR1dN202 mutant lacking the N-terminal 202 residues of
SFR1 has shown that the N-terminal half of this protein is
dispensable for RAD51 interaction. In line with those ob-
servations, we suggest that mammalian SWI5–SFR1 inter-
acts with RAD51 via a protein domain distinct from those
in the S. pombe ortholog.

The implication of SWI5–SFR1 interacts with oligomeric
form of RAD51

The C-terminal region of BRCA2 interacts with oligomeric,
but not monomeric, RAD51, suggesting that this region
contacts the ATPase core domain of RAD51 spanning two
RAD51 protomers (30,31). It is tempting to speculate that
SWI5–SFR1 also recognizes an interface located between
the ATPase core of two RAD51 protomers. Such a contact
between SWI5–SFR1 and RAD51 may then lead to an en-
hanced stability of the presynaptic filament and the release
of ADP from the filament as we have documented previ-
ously (27,28). Finally, it will be of considerable interest to
determine whether the S. pombe SWI5–SFR1 complex also
interacts with the oligomeric form of Rad51.
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