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Homologous recombination plays a critical role in the repair
of DNA double-strand breaks (DSBs) and interstrand

cross-links (ICL), the most harmful types of DNA lesions.1�3

DSBs are induced by various chemical agents and ionizing
radiation. DSBs also form during the repair of ICLs. Once
DSB are formed, they are processed first by exonucleases to
generate extensive ssDNA tails.4,5 Then RAD51 protein binds
these ssDNA tails forming helical nucleoprotein filaments that
promote a search for homologous dsDNA sequences.6 Once
homologous dsDNA sequences are found, RAD51 promotes
DNA strand exchange between the ssDNA that resides within
the filament and homologous dsDNA, i.e., an invasion of ssDNA
into homologous DNA duplex that results in the displacement of
the identical ssDNA from the duplex and formation of a joint
molecule. Joint molecules, key intermediates of DSB repair,
provide both the template and the primer for DNA repair
synthesis that is required for DSB repair.7

By promoting DNA strand exchange RAD51 plays a key role
in homologous recombination. The protein is evolutionarily
conserved from bacteriophages to mammals; in all organisms
RAD51 orthologs play an important role in DNA repair and
homologous recombination.3,8�10 However, only in higher eu-
karyotes does Rad51 become essential for cell viability. The

knockout of the murine RAD51 gene caused embryonic lethality
of homozygotes.11 Murine embryonic fibroblasts became pre-
maturely senescent in tissue culture and did not proliferate for
more than a few generations. Rad51 inactivation is detrimental
for proliferation of the chicken DT-40 cells, as well.12

Because homologous recombination plays an important role in
the repair of DSBs and ICLs, it was proposed that the efficiency of
traditional anticancer therapies, which widely use ionizing radiation
and other DSB- and ICL-inducing agents, can be increased by
inhibiting homologous recombination in cancer cells.13 Because
RAD51 plays a key role in homologous recombination, we suggest
that identification and use of RAD51 inhibitors may lead to
development of novel combination anticancer therapies. RAD51
was found to be overexpressed in many tumors including familial
BRCA1-deficient breast tumors.14�16 It is thought that overexpres-
sion of RAD51 rescues homologous recombination by compensat-
ing for the lack of functional BRCA1 or other DNA repair proteins.
Because RAD51 overexpression may contribute to chemo- and
radioresistance of human cancers,17 this protein may represent an
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ABSTRACT: RAD51 is a key protein of homologous recombination that plays a
critical role in the repair of DNA double-strand breaks (DSB) and interstrand
cross-links (ICL). To better understand the cellular function(s) of human RAD51,
we propose to develop specific RAD51 inhibitors. RAD51 inhibitors may also help
to increase the potency of anticancer drugs that act by inducing DSBs or ICLs, e.g.,
cisplatin or ionizing radiation. In vitro, RAD51 promotes DNA strand exchange
between homologous ss- and dsDNA. Here, we developed a DNA strand exchange
assay based on fluorescence resonance energy transfer and used this assay to
identify RAD51 inhibitors by high-throughput screening of the NIH Small
Molecule Repository (>200,000 compounds). Seventeen RAD51 inhibitors were
identified and analyzed for selectivity using additional nonfluorescent DNA-based
assays. As a result, we identified a compound (B02) that specifically inhibited
human RAD51 (IC50 = 27.4 μM) but not its E. coli homologue RecA (IC50 > 250
μM). Two other compounds (A03 and A10) were identified that inhibited both RAD51 and RecA but not the structurally unrelated
RAD54 protein. The structure�activity relationship (SAR) analysis allowed us to identify the structural components ofB02 that are
critical for RAD51 inhibition. The described approach can be used for identification of specific inhibitors of other human proteins
that play an important role in DNA repair, e.g., RAD54 or Bloom’s syndrome helicase.
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important target for anticancer therapy. Also, the inhibitors that
block specific activities of RAD51, such as DNA strand exchange or
ATP hydrolysis, may help to investigate the cellular functions of this
protein.

In order to identify specific RAD51 inhibitors, we used an
efficient high-throughput screening (HTS) of chemical compound
libraries. To carry out HTS, we developed an assay based on fluo-
rescence resonance energy transfer (FRET). By screening
∼200,000 compounds from the NIH Small Molecule Repository
we identified 17 compounds that inhibited RAD51 DNA strand
exchange activity. We further examined these compounds using a
secondary nonfluorescent DNA strand exchange assay, known as a
D-loop assay.18,19 This assay confirmed the inhibitory effect of 11
selected compounds and identified four compounds as the most
potent RAD51 inhibitors. Further analysis allowed us to identify a
compound (B02) that selectively inhibited human RAD51 but not
E. coli RecA ortholog. In addition, two other compounds (A03 and
A10) were identified as inhibitors of RAD51 and RecA but not the
structurally unrelated RAD54 protein.20 Finally, we carried out
inhibitor optimization and performed a structure�activity relation-
ships (SARs) analysis of the B02 inhibitor.

’RESULTS AND DISCUSSION

A Fluorescence-Based DNA Strand Exchange Assay.Here,
we developed a FRET-basedDNA strand exchange assay suitable
for HTS of large libraries of chemical compounds. In this assay,
RAD51 promotes DNA strand exchange between homologous
synthetic ssDNA and dsDNA substrates. The dsDNA carries
fluorescein (FLU), a fluorescent donor group, and black hole
quencher 1 (BHQ1), a nonfluorescent acceptor group, which
were attached to the 50- and 30-ends of the complementary
ssDNA strands, respectively (Figure 1a). In this dsDNA sub-
strate, the fluorescence of the FLU group is quenched by BHQ1
through FRET. As a result of RAD51-promoted DNA strand
exchange, the FLU-carrying DNA strand is displaced from the
dsDNA that carries the BHQ1 and the fluorescence of the FLU
group increases.21,22

Using this assay we measured the kinetics of RAD51-pro-
moted DNA strand exchange. RAD51 was loaded on the
homologous ssDNA (Oligo 25; 48-mer) (denoted as “Homo-
logous DNA”) to form the nucleoprotein filament. Then,
fluorescently labeled dsDNA (Oligo 25-FLU and 26-BHQ1)
was added to the filament to initiate DNA strand exchange. We
found that after a 1 h incubation the fluorescence intensity at
521 nm increases approximately 20-fold (Figure 1b). To ensure
that the observed fluorescence increase resulted from DNA
strand exchange, we carried out a control in which the RAD51
filament was assembled on heterologous ssDNA (Oligo 374,
48-mer) (denoted as “Heterologous DNA”). Since DNA strand
exchange does not occur between heterologous DNA mole-
cules,19 no increase in fluorescence was expected. Indeed, in the
case of heterologous DNA the intensity of fluorescence remained
almost constant during the 1 h of incubation (Figure 1b). Thus,
the results validated the FRET-based assay to measure the DNA
strand exchange activity of RAD51.
HTS of the NIH Small Molecule Repository. The NIH Small

Molecule Repository (202,556 compounds) was screened for
RAD51 inhibitors using the FRET-based assay described above;
174 positive hits that showed more than 30% inhibition of the
DNA strand exchange activity of RAD51were detected (hit rate,
0.09%) using a Perkin-Elmer Envision 2102 multilabel reader.

Measuring the concentration dependence of RAD51 inhibi-
tion by these compounds allowed us to identify the 17 most
potent inhibitors as candidates that warranted further analysis
(Figure 2).
Analysis of RAD51 Inhibitors Using the D-Loop Assay. To

validate the hits identified in the primary FRET-based assay, the
17 selected compounds (Figure 2) were further analyzed using
the D-loop assay. In the D-loop assay, DNA strand exchange was
promoted by RAD51 between homologous 32P-labeled ssDNA
and pUC19 supercoiled plasmid DNA (Figure 3a).18 The
products of this reaction, joint molecules, also known as D-loops
(named after the displaced DNA strand that is formed in joint
molecules during DNA strand exchange), were identified by
electrophoresis in a 1% agarose gel. First, we measured the
inhibitory effect each of the 17 compounds had on the efficiency
of D-loop formation. We found that 11 of the 17 compounds
inhibited D-loop formation by more than 50% (Figure 3b,c;
Supplementary Table 1). Thus, 65% of the compounds identified
in the primary assay were validated by the secondary assay. In
addition, we found using a fluorescence intercalator (ethidium
bromide) displacement assay that A05, A06, A14, and A15 were
DNA binders (data not shown). These compounds along with
A08, A11, and B01, which showed relatively modest inhibition,
were not analyzed further. Then, we determined the IC50 values
for the four most potent remaining inhibitors of the RAD51
DNA strand exchange activity using the D-loop assay. The IC50

Figure 1. Measuring RAD51-promoted DNA strand exchange using
the FRET-based assay. (a) The reaction scheme. FLU and BHQ denote
fluorescein and black hole quencher 1, respectively. Broken- and solid-
line arrows denote fluorescein emission at 521 nm before and after DNA
strand exchange, respectively. The excitation wavelength was 490 nm.
(b) The kinetics of DNA strand exchange promoted by RAD51. The
fluorescence intensity was expressed in arbitrary units (AU). “Homo-
logous DNA” and “Heterologous DNA” denote reactions with homo-
logous (Oligo 25, 48-mer) and heterologous ssDNA (Oligo 374,
48-mer), respectively.
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for A03, A04, A10, and B02 were 33.2, 5.0, 26.6, and 27.4 μM,
respectively (Figure 4; Supplementary Table 2).
Specificity of the RAD51 Inhibitors. RAD51 shares structur-

al and functional similarity with RecA from E. coli; both pro-
teins promote DNA strand exchange in vitro and share 30%
homology.10,23,24 Using theD-loop assay wewished to determine
the effect of the selected RAD51 inhibitors on the DNA strand
exchange activity of RecA. We found that A03 showed some
moderate specificity for RAD51 (Figure 5a), with the IC50 5.6-
fold lower for RAD51 than for RecA (Supplementary Table 2).
TheA04 andA10 compounds inhibited RAD51 and RecA with a
nearly equal efficiency (Figure 5b,c; Supplementary Table 2).
Finally, B02 showed the highest specificity for RAD51
(Figure 5d); the IC50 for RAD51 was 27.4 μM, whereas for
RecA we did not observe any significant inhibition of DNA
strand exchange up to 250 μMof B02 (Supplementary Table 2).
We next tested whether the inhibitory effects of A03, A04, and

A10 compounds were specific for the proteins of the Rad51/
RecA family or they have a broader specificity. To address this
question we tested the effect of the inhibitors on human RAD54,
a Swi2 protein, which does not share structural homology with
the proteins of the RecA/RAD51 family.20 RAD54 promotes
branch migration of Holliday junctions, a process in which one
DNA strand is progressively exchanged for another
(Figure 6a).25,26 We tested the effect of A03, A04, A10, and
B02 compounds on the RAD54 branch migration activity using a
32P-labeled oligonucleotide-based cruciform DNA substrate,
known as the partial Holliday junction or PX junction

(Figure 6a).25 Of the four compounds tested, we found that
A03, A10, and B02 did not significantly inhibit RAD54 in the
range of concentrations from 0 to 200 μM(Figure 6b). However,
A04 did have an inhibitory effect on the RAD54 branch migra-
tion activity (IC50 = 2.6 μM) (Figure 6c).
Thus among tested compounds, B02 was identified as a

specific inhibitor of human RAD51. A03 and A10 inhibited both
RAD51/RecA family proteins, RAD51 and RecA; A04 showed
the broadest inhibitory spectrum by inhibiting all three tested
proteins: RAD51, RecA, and RAD54.
SARAnalysis of B02 Inhibitor. For SAR analysis ofB02we set

up a 16-compound library of B02 derivatives (Figure 7a). Accord-
ing to the structural features, the 16 compounds were sorted in 5
groups. In group 1 (compound B02-1) (E)-2-(pyridin-3-yl) vinyl
was removed; in group 2 (compounds B02-2a�2h) (E)-
2-(pyridin-3-yl) vinyl was replaced with (E)-2-(R1-substituting
group) vinyl; in group 3 (compounds B02-3a�3e): benzyl was
replaced with R2; in group 4 (compound B02-4) the core,
quinazolin-4(3H)-one was replaced by 6-iodo-quinazolin-4(3H)-
one; in group 5 (compound B02-5) the core, quinazolin-4(3H)-
one was replaced by 6-iodo-quinazolin-4(3H)-one, and (E)-2-
(pyridin-3-yl) vinyl was replaced by (E)-2-(pyridin-2-yl) vinyl.
The inhibitory effect of these B02 derivatives (50 μM) on the

DNA strand exchange activity of RAD51was determined using
the D-loop assay. We found that the only position of B02 that
could tolerate modifications and still inhibit RAD51 was the
benzyl (compound group 3) (Figure 7b and c). Moreover, only
B02-3a (R2 = ethyl) and B02-3b (R2 = m-methyl phenyl) retain

Figure 2. RAD51 inhibitors identified by HTS. “SID” indicate substance ID (http://pubchem.ncbi.nlm.nih.gov/) .
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the inhibitory effect; the substitutions of other groups (B02-3d,
R2 = phenyl and B02-3e, R2= methyl) or at the different
positions (B02-3c, R2 = p-methyl phenyl) eliminates the inhibi-
tion, suggesting that the inhibition is closely related to the size
and the steric conformation of the substituting group. All other
tested replacements in the groups 1, 2, 4, and 5 eliminated
RAD51 inhibition. The high sensitivity of the RAD51 inhibition
to B02 modifications suggests specific interactions between the
inhibitor molecule and RAD51 protein.
Inhibitor Optimization. From the library of B02 derivatives,

two compounds (B02-3a and B02-3b) that inhibited RAD51
were identified (Figure 7). For these two inhibitors, the IC50

values of the RAD51 DNA strand exchange activity and their
selectivity for RAD51 were determined using the D-loop assay
(Figure 8). The IC50 values for B02-3a and B02-3b are 15.3 and
27.3 μM, respectively (Figure 8b,c). To evaluate the selectivity of
the inhibitors we tested the effect of B02-3a and B02-3b on the
DNA strand exchange activity of RecA. The results show that
B02-3a and B02-3b in concentrations up to 100 μM do not
inhibit RecA (Figure 8; Supplementary Table 2).
Thus, the current results demonstrate the feasibility and

efficiency of the HTS approach for discovery of novel selective

Figure 3. Secondary screening of the RAD51 inhibitors using the D-loop assay. (a) The scheme of D-loop formation promoted by RAD51. The asterisk
denotes the 32P label. (b) Analysis of 17 compounds selected by HTS. RAD51 (1 μM) was incubated with a 90-mer ssDNA (3 μM) (Oligo 90) to form
the filament followed by addition of indicated compounds (100 μM). Joint molecule (D-loop) formation was initiated by addition of pUC19 supercoiled
dsDNA (50 μM). TheDNAproducts were analyzed by electrophoresis in a 1% agarose gel. The control was carried out under identical conditions except
that no tested compounds were added. (c) The effect of selected compounds on the yield of joint molecules was plotted as a graph. The extent of D-loop
formation in the absence of inhibitors, 40.3%, was expressed as 100% of D-loop formation efficiency. Experiments were repeated at least three times;
error bars represent SD (standard deviation).

Figure 4. IC50 of RAD51 inhibition by four selected compounds
determined in the D-loop assay. RAD51 (1 μM) was incubated with a
90-mer ssDNA (3 μM) (Oligo 90) to form the filament followed by
addition of A03, A04, A10, and B02 inhibitors in indicated concentra-
tions. After a 30-min incubation, D-loop formation was initiated by
addition of pUC19 supercoiled dsDNA (50 μM). The DNA products
were analyzed by electrophoresis in a 1% agarose gel. Experiments were
repeated at least three times; error bars represent SD.
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inhibitors of RAD51, a key protein of homologous recombina-
tion and the repair of DNA double strand breaks and interstrand
cross-links. Further experiments that are currently in progress
(Huang et al., unpublished data) will establish the mechanism of
specific RAD51 inhibition by selected small molecule com-
pounds (B02, A03, A10) and examine the effect of these
compounds on the RAD51-dependent homologous recombina-
tion and DNA repair in human cells.

’METHODS

Proteins and DNA. RecA was purchased from USB Inc. Human
RAD51 and RAD54 were purified as described.27,28 The oligonucleo-
tides used in this study (Supplementary Table 3) were purchased from
IDT Inc. in a desalted form. Oligonucleotide and pUC19 DNA
substrates were prepared as described.29,30 The DNA concentrations
are expressed as moles of nucleotide.
Compound Libraries. We used the NIH Small Molecule Repo-

sitory (202,556 compounds) for the primary screening for RAD51
inhibitors. All the compounds were dissolved in DMSO (Sigma, cat. no.
D8418); concentrations of stock solutions were 2.5 or 5 mM. In the
working solutions the DMSO concentration added with the stock of
compounds was 2% (v/v), unless indicated otherwise. The compounds
for SAR analysis were purchased from Chembridge Co.
Fluorescence-Based DNA Strand Exchange Assay. To mea-

sure the RAD51 DNA strand exchange activity, we developed a fluores-
cence-based assay. In this assay, dsDNA substrate was prepared by
annealing two complementary ssDNA oligonucleotides Oligos 25-FLU

Figure 5. Specificity of RAD51 inhibition by A03, A04, A10, and B02
compounds. RAD51 (1 μM) or RecA (1 μM) was incubated with a 90-
mer ssDNA (3 μM) (Oligo 90) for 15 min (for RAD51) or 5 min (for
RecA) to form the nucleoprotein filament. Then tested compounds in
indicated concentrations were added and incubation was continued for
30 min. The D-loop formation was initiated by addition of pUC19
supercoiled dsDNA (50 μM) and continued for 15 min (for RAD51) or
3 min (for RecA). The DNA products were analyzed by electrophoresis
in a 1% agarose gel. The yield of joint molecules (D-loops) was plotted as
a graph. Experiments were repeated at least three times; error bars
represent SD.

Figure 6. Effect of A03, A04, A10, and B02 compounds on branch
migration activity of RAD54. (a) The scheme of branch migration
promoted by RAD54. The asterisk denotes the 32P label. (b, c) Branch
migration was initiated by adding RAD54 (100 nM) to the mixtures
containing PX junctions (33 nM, molecules) and the small molecule
inhibitors (in indicated concentrations). DNA products were analyzed
by electrophoresis in 8% polyacrylamide gels. For each inhibitor
concentration, the extent of branch migration was determined after
5 min of reaction (linear phase). The results are presented as a graph.
Experiments were repeated at least three times; error bars represent SD.
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and 26-BHQ1. Oligo 25-FLU contains the fluorescein group, a donor
fluorophore with the excitation maximum at 490 nm and the emission
maximum at 521 nm, at the 50-end. Oligo 26-BHQ1 contains the black hole
quencher 1 (BHQ1), a nonfluoroescent acceptor, at the 30-end. To form
the nucleoprotein filament, RAD51 (200 nM) was incubated with a 48-mer
ssDNA(Oligo 25) (600 nM, nt) inDNAstrand exchange buffer containing
40mMTris-HCl (pH 7.8), 2mMATP, 5mMCaCl2, 1mMDTT and 100
μg mL�1 BSA for 15 min at 37 �C. DNA strand exchange was initiated by
addition of dsDNA (600 nM, nt) (Oligos 25-FLU and 26-BHQ1).
Previously, it was shown that Ca2þ strongly stimulates DNA strand
exchange activity of RAD51 but not that of the yeast and bacterial
RAD51 homologues.18 The reactions were carried out for indicated period
of time at 37 or 23 �C, as indicated. The fluorescence intensity was
measured using a Fluoromax3 fluorimeter (Jobin Yvon).
HTS of the NIH SMR for RAD51 Inhibitors. To form the

nucleoprotein filament, RAD51 (300 nM) was incubated with a

48-mer ssDNA (Oligo 25) (600 nM, nt) in DNA strand exchange
buffer containing 40 mM HEPES (pH 7.8), 2 mM ATP, 5 mM CaCl2,
1 mMDTT, and 100 μg mL�1 BSA for 15 min at 37 �C. Ten-microliter
aliquots of the mixtures were added to the plates containing the NIH
Small Molecule Repository and further incubated at 23 �C for 30 min.
DNA strand exchange reactions were initiated by addition of dsDNA
(300 nM, nt) (Oligos 25-FLU and 26-BHQ1) and carried out at 23 �C
for 15 min or otherwise indicated periods of time. Compound concen-
tration was 8.5 μM, unless indicated otherwise, DMSO concentration in
wells was 1.7% (v/v). HTS of chemical compound libraries was
performed in 384- or 1536-well plates using a Perkin-Elmer Envision
2102 multilabel reader. The compounds with an inhibitory effect of 30%
or greater were tested further by measuring the concentration depen-
dence (in a range from 1 nM to 100 μM) of their inhibition of RAD51.
The most potent inhibitory compounds were analyzed further using
nonfluorecent assays.

Figure 7. Analysis of structure�activity relationship (SAR) of B02 compound. (a) The structures of B02 and its derivatives. (b) The effect of indicated
B02 derivatives on D-loop formation by RAD51. RAD51 (1 μM) was incubated with a 90-mer ssDNA (3 μM) (Oligo 90) for 15 min followed by
addition of indicated compounds (50 μM). After a 30-min incubation, the D-loop formation was initiated by addition of 50 μM supecoiled pUC19
dsDNA. The DNA products were analyzed by electrophoresis in a 1% agarose gel. The control reaction was performed under the identical conditions,
except that no tested compounds were added. (c) The yield of joint molecules (D-loops) was plotted as a graph. Experiments were repeated at least three
times; error bars represent SD.
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D-loop Assay for RAD51. The D-loop assay was performed
essentially as described previously.18 To form the nucleoprotein fila-
ment, RAD51 protein (1 μM) was incubated with a 32P-labeled 90 mer
ssDNA (Oligo 90) (3 μM, nt) in buffer containing 25 mM Tris-acetate
(pH 7.5), 1 mMATP, 1mMCaCl2, 100 μgmL

�1 BSA, 1mMDTT, and
20 mM KCl for 15 min at 37 �C. When indicated, chemical compounds
in question were added in specified concentrations, and incubation was
continued for 30 min at 37 �C. D-loop formation was initiated by
addition of supercoiled pUC19 dsDNA (50 μM, nt) and continued for
15 min. Reactions were stopped by addition of SDS to 1% (w/v) and
proteinase K to 880 μg mL�1 followed by incubation for 15 min at
37 �C. Samples were mixed with 0.1 vol of loading buffer (70% (v/v)
glycerol, 0.1% (w/v) bromophenol blue) and analyzed by electrophor-
esis in 1% (w/v) agarose-TAE (40 mM Tris-acetate, pH 8.0 and 1 mM
EDTA) gels. The yield of joint molecules was expressed as a percentage
of the total plasmid DNA.
D-loop Assay for RecA. To form the nucleoprotein filament,

RecA protein (1 μM) was incubated with a 90 mer 32P-labeled ssDNA
(Oligo 90) (3 μM, nt) in buffer containing 25mMTris-acetate (pH 7.5),
1 mM ATP, 10 mM MgCl2, 100 μg mL�1 BSA, 1 mM DTT, 3 mM
phosphoenolpyruvate, and 5 U mL�1 pyruvate kinase for 5 min at
37 �C.31 When indicated, chemical compounds in specified concentra-
tions were added, and incubation was continued for 30 min at 37 �C.
D-loop formation was initiated by addition of supercoiled pUC19
dsDNA (50 μM, nt) and carried out for 3 min at 37 �C. The DNA

products were deproteinized and analyzed as described above for the
Rad51-promoted reaction.
DNA BranchMigration Assay for RAD54. The partial Holliday

junction (PX-junction), in which one of the four DNA arms is single-
stranded (Figure 6a), was used as a substrate for the 4-stranded branch
migration promoted by RAD54.26 PX junctions were constructed in
such a way (by incorporating a region of heterology) that allowed branch
migration only in one direction.25 To produce PX junctions, tailed DNA
(Oligos 170 and 171) (1.45 μM, molecules) was annealed with 32P-
labeled fork DNA (Oligos 71 and 169) (1.33 μM, molecules) in branch
migration buffer containing 25 mM Tris acetate, pH 7.5, 3 mM
magnesium acetate, 2 mM ATP, 1 mM dithiothreitol, 100 μg mL�1

bovine serum albumin, 10 U mL�1 creatine phosphokinase, 15 mM
creatine phosphate for 10 min at 37 �C and then for 10 min at 30 �C.
Then, branch migration was initiated immediately by addition of the
RAD54 (100 nM) to PX junctions (33 nM, molecules) in branch
migration buffer and was carried out at 30 �C. Aliquots (10 μL) were
withdrawn after 0, 3, 5, 15, 30, and 60 min. The DNA products were
deproteinized by treatment with stop buffer (1.4% (w/v) SDS, 960
μg mL�1 proteinase K, 7.5% (w/v) glycerol, 0.015% (w/v) bromphenol
blue) for 5 min at 22 �C and analyzed by electrophoresis in 8% (w/v)
polyacrylamide gels (29:1) in 1 X TBE buffer (89 mM Tris borate, pH
8.3, and 1 mM EDTA) at 22 �C. The gels were dried on DE81
chromatography paper (Whatman) and quantified using a Storm 840
PhosphorImager (Molecular Dynamics).
Ethidium Bromide Displacement Assay. Ethidium bromide

(0.5 mg mL�1) was added to pUC19 supercoiled dsDNA (2 μg mL�1)
in buffer containing 25 mM Tris acetate, pH 7.5, 20 mM NaCl, and 10
μM EDTA followed by 1 min incubation. The fluorescence of the
sample was measured using a FlouroMax-3 fluorimeter at an excitation
wavelength of 260 nm and an emission wavelength of 546 nm. Then, the
small molecule inhibitors were added in increasing concentrations and
allowed to equilibrate for 1 min, followed by the fluorescence
measurement.
Calculation of the IC50 Value for RAD51 Inhibitors. IC50

values were calculated using GraphPad Prism V5.0 software and the
sigmoidal dose�response function. The data were obtained from three
independent repeats of experiments.
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