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RAD51 and other members of the RecA family of strand exchange
proteins assemble on ssDNA to form presynaptic filaments, which
carry out the central steps of homologous recombination. A mi-
croplate-based assay was developed for high-throughput mea-
surement of hRAD51 filament formation on ssDNA. With this
method, a 10,000 compound library was screened, leading to the
identification of a small molecule (RS-1) that enhances hRAD51
binding in a wide range of biochemical conditions. Salt titration
experiments showed that RS-1 can enhance filament stability.
Ultrastructural analysis of filaments formed on ssDNA showed that
RS-1 can increase both protein–DNA complex lengths and the pitch
of helical filament turns. RS-1 stimulated hRAD51-mediated ho-
mologous strand assimilation (D-loop) activity by at least 5- to
11-fold, depending on the condition. This D-loop stimulation oc-
curred even in the presence of Ca2� or adenylyl-imidodiphosphate,
indicating that the mechanism of stimulation was distinct from
that conferred by Ca2� and/or inhibition of ATPase. No D-loop
activity was observed in the absence of a nucleotide triphosphate
cofactor, indicating that the compound does not substitute for this
requirement. These results indicate that RS-1 enhances the homol-
ogous recombination activity of hRAD51 by promoting the forma-
tion of active presynaptic filaments. Cell survival assays in normal
neonatal human dermal fibroblasts demonstrated that RS-1 pro-
motes a dose-dependent resistance to the cross-linking chemo-
therapeutic drug cisplatin. Given that RAD51-dependent recombi-
nation is a major determinant of cisplatin resistance, RS-1 seems to
function in vivo to stimulate homologous recombination repair
proficiency. RS-1 has many potential applications in both research
and medical settings.

cross-linking chemotherapy � DNA repair � high-throughput screen �
recombinase � strand exchange

Homologous recombination (HR) has multiple roles in DNA
repair, including the repair of double strand breaks (DSBs)

and recovery from the replication-blocking lesions formed by
DNA cross-linking agents. HR repairs DSBs by locating a
homologous stretch of DNA and replicating the missing genetic
information from this homologous template. In contrast to DSB
repair by nonhomologous end joining, HR repair generally
occurs without mutations. Because of this, HR repair is critically
important in the maintenance of genomic stability (reviewed in
ref. 1). The proposed mechanism for this pathway begins with 5�
to 3� nuclease activity at the DSB, resulting in a 3� single-
stranded tail. The tail is coated by replication protein A, which
is subsequently replaced by a helical filament of RAD51 protein.
This displacement of replication protein A by RAD51 seems to
be controlled by a number of mediator proteins, which include
BRCA2, RAD52, and RAD51 paralogue complexes (2–5). The
RAD51-coated 3� tail then locates and invades a homologous
template of dsDNA. After invasion, templated DNA synthesis
initiated at 3� ends leads to formation of branched DNA
intermediates, which are thought to be resolved by structure-

specific endonucleases or by a process referred to as synthesis-
dependent strand annealing.

Several studies have shown that HR can be upregulated by
alterations in RAD51. For example, RAD51 overexpression in
chicken DT40 cells can partially compensate for the loss of
filament assembly mediator proteins, including RAD51 paral-
ogues and other HR-related proteins (6–8). Furthermore, For-
tin and Symington (9) have generated and characterized several
gain-of-function mutations in yeast RAD51. These point muta-
tions in scRAD51 are located in regions responsible for DNA
binding and/or ATP-dependent conformational changes. One
such mutant RAD51 protein had elevated DNA binding activity
that could displace replication protein A from ssDNA in the
absence of mediator proteins. Expression of these mutant pro-
teins in yeast partially bypassed the requirement for the assembly
mediators RAD55 and RAD57 in DNA repair. These examples
demonstrate that physical changes to RAD51 protein can up-
regulate HR in vivo. These findings provided the rationale to
search for small molecules that stimulate RAD51’s DNA binding
activity in vitro.

RAD51 filament formation is a well-accepted critical step in
HR repair. Several biochemical assays have been developed to
measure RAD51 protein assembly on ssDNA. One such method
uses oligonucleotides that are end-labeled with a fluorescent tag.
Binding of proteins to this substrate DNA can be measured
according to fluorescence polarization (FP) of the tag (10). We
modified this method so that small sample volumes could be
monitored on a high-throughput scale. A naïve library of 10,000
small molecules was screened in search of compounds that
modulate the formation of hRAD51 filaments on ssDNA. Using
this approach, we identified a compound that specifically stim-
ulates the formation of active hRAD51 filaments and enhances
hRAD51’s recombination activity.

Results
Identification of a Compound That Stimulates hRAD51. To identify
small molecules that modify the DNA binding properties of
hRAD51, we used an FP-based method that involves incubation
of hRAD51 protein with oligonucleotides that are end-labeled
with a fluorescent tag. The binding of hRAD51 to this substrate
DNA increases polarization of the fluorescent tag. This assay
was modified such that small-volume reactions (30 �l) could be
assayed in 384-well microplates using a fluorescent plate reader.
The method was validated using both wild-type hRAD51 protein
and hRAD51 carrying an F86E mutation, which is known to
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impair the ability of hRAD51 protein to bind DNA (11, 12). A
titration of wild-type hRAD51 protein in 2 mM ATP yielded a
sigmoidal binding curve with good agreement with published
values (10); RAD51-F86E gave almost no signal, as expected
(Fig. 1A).

Under conditions described in the supporting information (SI)
Methods, this assay was tested with a method that evaluates its
robustness for high-throughput screening and yielded a Z factor
of 0.82, validating it as an excellent assay (13). A naïve 10,000-
compound library (Chembridge DIVERSet) was screened using
a ‘‘mixed compound’’ strategy, wherein each reaction contained
a mixture of eight compounds. When an FP elevation of �30%
was observed for any given compound mixture, the eight com-
pounds from that mixture were individually tested using identical
conditions. Compound mixtures were deemed false positives
when epifluorescence measurements showed them to be intrin-
sically f luorescent (17 mixtures) or fluorescein-quenching (4
mixtures). After omission of these, the screen yielded 15 ‘‘hit’’
mixtures, and the subsequent screen of individual compounds
identified three small molecules that increased FP by �45%.
This represents a ‘‘hit rate’’ of 0.03%. The most active com-
pound, 3-[(benzylamino)sulfonyl]-4-bromo-N-(4-bromophenyl)
benzamide, increased FP signal in excess of twofold. This
compound will hereafter be referred to as RS-1 (for RAD51-
stimulatory compound 1). RS-1’s chemical structure is shown in
Fig. 2. Physiochemical properties of RS-1 include four H-bond
acceptors, two H-bond donors, a partition coefficient log P of

5.19, and a molecular mass of 524.23 Da. Therefore, RS-1
satisfies two of the four Lipinski rules that predict ‘‘drug-
likeness,’’ and it nearly satisfies all four (14). The other two
stimulatory compounds, RS-2 and RS-3, have yet to be charac-
terized in detail and will be described in a separate article.

The high-throughput screen also yielded 106 compound mix-
tures that reduced FP by at least 70%, and the subsequent screen
of individual compounds identified 76 small molecules that
reduced FP by �50%; these too will be described separately.

Effects of RS-1 on Binding of hRAD51 to DNA. To quantify effects of
RS-1, the FP-based assay was used to measure binding of hRAD51
to an Oregon Green (OG)-conjugated 45-mer polydT substrate.
RS-1 stimulated binding in the presence of ATP or ADP and in the
absence of a nucleotide cofactor (Fig. 1 A and C).

RS-1’s ability to stimulate hRAD51 was not due to direct
interaction with DNA. Previous studies showed that intercalat-
ing agents like ethidium bromide can promote the assembly of
DNA strand exchange proteins on dsDNA (15). For this reason
it was important to show that RS-1 stimulatory activity did not
result from altering DNA conformation. The following three
experiments were performed to eliminate this possibility. First,
RS-1 was shown to have no detectable effect on the FP-based
assay in the absence of RAD51 protein, suggesting that it did not
interact directly with polydT. Second, relaxed and supercoiled
dsDNA circular plasmids (�X174 RF) were electrophoresed
through agarose gels containing 1 �M ethidium bromide, 10 �M
RS-1, or neither. As expected, ethidium bromide induced coiling
of the relaxed plasmid, resulting in an increased electrophoretic
mobility; this effect was not seen in the gels containing RS-1 or
no agent, suggesting that RS-1 is not a DNA intercalator (data
not shown). Finally, RS-1 had no stimulatory activity when tested
on related DNA strand exchange proteins, including Escherichia
coli RecA, scRAD51, and scDMC1 (Fig. 1C). The specificity of
RS-1 for hRAD51 indicates that it likely functions by altering
contacts and/or conformations of amino acid residues in
hRAD51 that are not conserved in other proteins, rather than
by interacting with DNA.

RS-1 Stimulates RAD51 by a Mechanism That Does Not Require
Inhibition of ATP Hydrolysis. Previous work showed that hRAD51
filament formation and recombinase activities are enhanced
under conditions that suppress or prevent hydrolysis of ATP.
These stimulatory conditions included the use of Ca2� in buffers
or the use of adenylyl-imidodiphosphate (AMP-PNP) in place of
ATP (16–18). As expected, our FP assay showed higher levels of
RAD51–DNA binding in AMP-PNP or Ca2� ions relative to
standard conditions containing ATP and Mg2� ions (Fig. 1C).
Three experiments were performed to determine that the stim-
ulation promoted by RS-1 is not similarly related to ATP
hydrolysis. First, RS-1 was found to stimulate DNA binding in
the presence of Ca2� or AMP-PNP. This was true even when
Ca2� and AMP-PNP were present at or above concentrations
sufficient for their maximum effect (Fig. 1 B and C). The
elevation in binding affinity caused by addition of RS-1 was even
greater in AMP-PNP than in standard conditions containing
ATP and Mg2�. Second, the stability of filaments was tested by
challenging hRAD51–DNA complexes with NaCl (Fig. 3A).
Ca2� is known to stabilize hRAD51 filaments formed in the
presence of ATP but not those formed in ADP (16). We
repeated these findings and also found that RS-1 stabilized
hRAD51–DNA complexes formed in the presence of either
ATP or ADP. Third, DNA-dependent ATP hydrolysis rates of
hRAD51 were measured in the presence of Ca2� or RS-1 (Fig.
3B). Consistent with a previous report (16), 5 mM Ca2� inhibited
ATP hydrolysis activity of hRAD51, relative to hydrolysis in 10
mM Mg2� (kcat � 0.18 � 0.1 vs. 0.39 � 0.4 min�1). In contrast,
RS-1 had little, if any, reproducible impact on ATPase activity

Fig. 1. Effects of RS-1 on DNA binding. Various concentrations of DNA strand
exchange proteins were incubated with 10 nM polydT containing a 5� OG tag.
Reactions were performed in Buffer B in the absence (diamonds) or presence
of 20 �M RS-1 (squares). (A) hRAD51 in ATP and 10 mM MgCl2. (B) hRAD51 in
ATP and 1 mM CaCl2 � 10 mM MgCl2. (C) Quantification of DNA binding by
DNA strand exchange proteins under various conditions. NS, no statistically
significant reduction.

Fig. 2. The chemical structure of RS-1 (3-[(benzylamino)sulfonyl]-4-bromo-
N-(4-bromophenyl)benzamide).
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(kcat � 0.43 � 0.05 min�1). When performed in the absence of
DNA, neither Ca2� nor RS-1 had a significant effect on ATPase.
Taken together, this series of experiments suggests that RS-1
does not stimulate RAD51 by inhibiting its ATPase activity.

Because nucleotide cofactor binding can alter RAD51–DNA
interactions, the possibility that RS-1 functions by mimicking a
nucleotide cofactor was considered. Prior studies demonstrated
that hRAD51’s ability to bind DNA is reduced by preincubation
of the protein with Mg2� unless a nucleotide cofactor is also
present. This loss seems to result from hRAD51 protein aggre-
gation (19). We took advantage of this effect to ask whether RS-1
mimics ATP. We found that RS-1 could not prevent the reduc-
tion of RAD51 binding activity caused by incubation with Mg2�

in the absence of nucleotide (Fig. 3C).

RS-1 Alters the Length and Pitch of RAD51 Protein–DNA Complexes.
Transmission electron microscopy (TEM) imaging was per-
formed using a 1,000-nucleotide ssDNA substrate to determine
whether RS-1 influences hRAD51 filaments. Addition of RS-1
to reactions containing ATP and Mg2� resulted in longer
protein–DNA complexes than those seen without RS-1 addition
(Fig. 4 A and B). The protein–DNA complex length distribution
for this experiment is reported in Fig. S1. When repeated with
ADP in place of ATP or in the absence of a nucleotide cofactor,
RS-1 had no detectable effect on length (Fig. 4B). Substituting
AMP-PNP for ATP or substituting Ca2� for Mg2� increased the
average lengths by 2.2- and 3.2-fold, respectively. In the case of
AMP-PNP, the addition of RS-1 resulted in even further stim-

ulation of length. RS-1 had no additional effect on length beyond
that observed with Ca2�.

Filaments were also examined to determine their helical pitch.
Previous studies with RecA and RAD51 showed that active
filaments formed in the presence of poorly hydrolyzable NTP
analogues have pitch lengths of 90–100 Å, whereas inactive
filaments have an average pitch length of 70–80 Å (18, 20–23).
In the presence of ATP and Mg2�, hRAD51 filaments had a
pitch consistent with the inactive form. This finding was expected
because filament-bound ATP is expected to be hydrolyzed to
yield ADP and hence form inactive filaments (18, 22, 23). In
contrast, addition of RS-1 to ATP yielded an average pitch
length of 98 � 7 Å. Thus, the majority of protomers in each
filament seem to be in the active conformation (Fig. 4 A Left Inset
and Right Inset and C). When repeated in ADP or in the absence
of a nucleotide cofactor, filaments had an average pitch of
approximately 70–80 Å, regardless of whether RS-1 was present.
These findings suggest that stabilization of hRAD51 filaments in
the active conformation by RS-1 requires an NTP. Given that
RS-1 does not inhibit RAD51’s ATPase activity, this finding also
suggests that, so long as ATP is present initially, RS-1 can lock
filaments in an active conformation that is maintained even when
hydrolysis converts ATP to ADP.

Fig. 3. RS-1 stimulates hRAD51 via a novel mechanism. (A) RS-1, but not
CaCl2, stabilizes hRAD51 nucleoprotein filaments formed in the presence of
ADP. hRAD51 (500 nM) was incubated for 30 min with 10 nM OG-tagged
polydT in Buffer B containing various combinations of 2 mM nucleotide
cofactor, 1 mM CaCl2 (in addition to 10 mM MgCl2), and/or 20 �M RS-1, as
indicated. Protein–DNA complexes were subsequently challenged by the ad-
dition of various concentrations of NaCl. (B) RS-1 does not inhibit hRAD51’s
ATPase activity. DNA-dependent ATP hydrolysis (shown by solid lines) was
measured after incubation of 2 �M hRAD51 with 6 �M M13 ssDNA under
conditions described in SI Methods. Buffers contained either 10 mM MgCl2, 5
mM CaCl2, or 10 mM MgCl2 � 20 �M RS-1, as indicated. Dotted lines show
repeat experiments performed without DNA. (C) ATP but not RS-1 allows the
DNA binding activity of hRAD51 to tolerate pretreatment with MgCl2.
hRAD51 was preincubated at for 30 min at 37°C in Buffer B in combination
with either 2 mM ATP, 20 �M RS-1 with no nucleotide cofactor, or neither, as
indicated. OG-tagged polydT (10 nM) and 2 mM ATP were subsequently
added, and the mixtures were incubated for an additional 30 min before FP
was measured.

Fig. 4. RS-1 affects the average length and helical pitch of hRAD51 protein–
DNA complexes. Electron microscopy images of hRAD51 filaments formed on
ssDNA were obtained at a magnification of �25,000. Fifty randomly selected
filaments were analyzed for each reaction condition. (A) RS-1 alters protein–
DNA complex length and appearance. Representative images for filaments
formed in ATP and Mg2� plus the presence (Right) or absence (Left) of 20 �M
RS-1. Insets at higher magnification demonstrate differences in length (brack-
ets indicate 10 striations and bars denotes 100 nm). (B) Forty to fifty unselected
protein–DNA complexes were measured. Cofactor requirements for RS-1 stim-
ulation are displayed, and error bars represent SD. (C) RS-1 has a similar effect
as AMP-PNP or Ca2� on filament pitch (magnification was �39,000).
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RS-1 Stimulates the Strand Assimilation Activity of hRAD51. Strand
assimilation assays were performed to assess the effect of RS-1
on hRAD51’s recombination function in vitro. In this assay,
hRAD51 is first allowed to assemble on a 32P-labeled ssDNA
oligonucleotide in the presence or absence of RS-1. A homology-
containing supercoiled target plasmid is then added, and the two
are allowed to form a homology-dependent joint molecule
referred to as a ‘‘D-loop.’’ RS-1 supported the formation of
D-loops (by at least fivefold) in a concentration-dependent
manner in the presence of ATP and Mg2� (Fig. 5). D-loop
formation was not observed under these conditions in the
absence of RS-1. When repeated in the presence of ADP, no
D-loops were observed regardless of RS-1 concentration, indi-
cating a requirement of NTP for this activity. This is consistent
with the NTP requirement for the formation of filaments with
approximately 100-Å pitch lengths in the TEM experiments (Fig.
4C). D-loop formation was strongly stimulated by buffers con-
taining AMP-PNP or Ca2� ions, as expected (16). Addition of
RS-1 resulted in further stimulation of D-loop formation to
levels that were 5.7- or 11-fold higher, respectively, than those
seen with AMP-PNP or Ca2� alone (see quantifications of gel
images in Fig. S2). RS-1 had no effect when hRAD51 was
replaced with E. coli RecA or scRAD51 using standard buffer
conditions; the D-loop activities for both of these proteins could
be stimulated by Ca2� ions, but no additional stimulation was
observed with the addition of RS-1 to Ca2�-containing buffers
(Fig. S2). Furthermore, no stimulatory activity was observed
with scDMC1 (data not shown). These findings are consistent
with the FP assay results, and taken together, these results
suggest that the stimulatory effects of RS-1 require contacts with
residues in hRAD51 that are not conserved in these homologous
DNA strand exchange proteins.

RS-1 Promotes Resistance of Primary Human Fibroblasts to the Che-
motherapeutic Agent Cisplatin. The HR pathway is critically im-
portant for cellular repair of DNA damage induced by cross-
linking chemotherapies (6, 24). Mutations that eliminate

RAD51-dependent recombination show profound sensitivity to
these agents. For this reason, cell survival analyses were per-
formed to determine whether RS-1 could stimulate hRAD51 in
vivo and increase cellular resistance to cisplatin. Cells were
incubated for 24 h in cisplatin with or without RS-1 and were
subsequently incubated for an additional 6 days in normal media
lacking both agents. Normal nonimmortalized early-passage
neonatal human dermal fibroblasts demonstrated significantly
greater survival after receiving cisplatin and RS-1, relative to
those receiving cisplatin alone (Fig. 6A). Furthermore, this
protective effect was dose dependent in the range of 1–7.5 �M
RS-1 (Fig. 6B), which is identical to the concentration range
required for biochemical stimulation of DNA binding or strand
assimilation. It should be noted that the 24-h time of incubation
with RS-1 represents less than one doubling time for this cell
type, and 24-h incubations in RS-1 at concentrations of �7.5 �M
did not significantly affect cell counts (data not shown). These
considerations make it quite unlikely that the observed effect of
RS-1 on cisplatin sensitivity is the result of a nonspecific effect
on cell growth. Taken together, this series of experiments
suggests that RS-1 is capable of gaining intracellular access and
increasing the efficiency with which potentially lethal cisplatin-
induced DNA damage is repaired.

Discussion
We identified RS-1 on the basis of its ability to stimulate binding
of hRAD51 to ssDNA. Further work has demonstrated that
low-micromolar concentrations of this small molecule enhance
DNA binding and result in longer protein–DNA complex
lengths. In addition, RS-1 stabilizes the active form of hRAD51
filaments, in which each helical turn has a pitch length of
approximately 100 Å, and this is reflected in an enhanced strand
assimilation activity.

RS-1 seems to modulate hRAD51 interaction with DNA in
two distinct ways: one that is NTP-dependent and another that
is NTP-independent. The FP-based assay showed that RS-1 can
stimulate hRAD51 binding in the absence of a nucleotide
cofactor. However, it should be noted that this assay, like most
DNA binding assays, does not distinguish active DNA filaments
from other types of protein–DNA complexes. RS-1’s NTP-
independent stimulatory activity leads to hRAD51–DNA com-
plexes that are not well visualized on TEM and lack the ability
to form D-loops. In the presence of an NTP, on the other hand,
RS-1 exerts a functional stimulation that promotes active fila-
ment formation. Assays that are sensitive to filament length,
filament quality, or strand exchange activity have consistently
demonstrated that an NTP cofactor is required for optimal
hRAD51 activity (10, 17, 25–27). One common spectroscopic
assay uses the change in fluorescence of etheno-DNA, which is
caused by the unstacking of bases that is associated with filament

Fig. 5. RS-1 stimulates strand assimilation activity of hRAD51. Various DNA
strand exchange proteins were allowed to form joint molecules (‘‘D-loops’’) in
the presence of RS-1 (concentration range: 0, 1, 5, 10, 15, 20, and 25 �M).
Reactions were performed as described in Methods, and phosphorimages of
agarose gels are displayed for various conditions, as indicated. The positions
of free oligo and oligo associated with D-loops are indicated.

Fig. 6. RS-1 promotes resistance of human cells to cross-linking chemother-
apy. Survival analyses were performed on neonatal human dermal fibroblasts.
Cells were incubated for 24 h in media containing varying concentrations of
cisplatin in the presence or absence of RS-1. Drugs were then removed, and
cells were allowed to grow in complete media for an additional 6 days. Survival
was measured with an sulforhodamine B method, as described in Methods. (A)
Cisplatin titration shows that RS-1 at 7.5 �M promotes a resistance to cisplatin.
(B) RS-1 titration at 1.2 �M cisplatin shows a concentration-dependent RS-1
effect.
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formation. It was not possible to use this etheno-DNA method
in our case because the spectroscopic properties of RS-1 were
incompatible (data not shown). However, our TEM-based fila-
ment imaging and D-loop experiments provide clear evidence
that ATP or an NTP analogue is required for RS-1 to stimulate
the formation of active functional hRAD51 filaments.

A striking finding was that RS-1 stabilized the active hRAD51
filaments formed on ssDNA in the presence of ATP. Active
hRAD51 filaments are known to be favored under conditions
that inhibit hRAD51’s ATPase activity, which is thought to lock
hRAD51-DNA complexes in their active ATP-bound state
(16–18). RS-1’s mechanism of action is clearly distinct from the
effects associated with ATPase inhibition because it (i) does not
inhibit ATP hydrolysis, and (ii) stimulates HR activity above that
induced by ATPase inhibition. These results suggest that RS-1
acts as an allosteric regulator that locks hRAD51 in an active
conformation and does so without influencing the active site for
ATP hydrolysis.

Recent studies identified two peptide fragments of BRCA2
that can act to promote RAD51 filaments (28, 29). These
peptides seem to bind an interface created by two adjacent
RAD51 monomers. One of the peptides, derived from the
Caenorhabditis elegans BRCA2 orthologue Ce-Brc2, was found
to stimulate assembly of RAD51 at damaged sites in vivo. It is
possible that RS-1’s mechanism of action shares properties
with one or both of these peptides and that further study of
RS-1’s activity will prove instructive for understanding
BRCA2 function. On the other hand, it is clear that the
Ce-Brc2–derived peptide differs in activity from RS-1, because the
peptide inhibits RAD51’s ATPase activity. Structural character-
ization of the interaction between RS-1 and RAD51 should provide
better insights into its mechanism of action.

Cell survival assays show RS-1 can increase cellular resistance
of neonatal human dermal fibroblasts to cisplatin. This activity
is likely the result of RS-1’s ability to stimulate HR. If HR can
be effectively stimulated in various cell types, one can envision
a number of potential applications for RS-1 (or RS-1–derived
compounds) that could be far-reaching in significance. Such an
agent could potentially be used to temporarily elevate cellular
resistance to DNA-damaging agents, thereby increasing cell
survival and perhaps reducing mutagenesis. This would be an
attractive approach for protecting the normal tissues of patients
receiving chemotherapy and/or radiotherapy. After treatment
with cisplatin, for example, injuries to the kidneys and auditory
organs are common and remain dose-limiting toxic events (30).
Such an agent could also be used to protect healthy individuals
from the effects of acute exposure to DNA-damaging agents in
the environment. Another potential use of an HR-stimulating
compound such as RS-1 would be as a reagent to enhance
HR-mediated gene targeting. If such activity is found, the
implications for controlled genetic modification of human cells
could be far reaching. Furthermore, related compounds could
greatly improve genetic analysis of many model systems, includ-
ing C. elegans and Arabidopsis thaliana, for which gene targeting
is currently either very inefficient or not possible. Finally, RS-1
is likely to be generally useful in characterization of RAD51’s
activity in purified systems.

In summary, we have identified a chemical compound that
stimulates the DNA binding and recombination activities of
human RAD51 protein. RS-1 seems to promote the recombi-
nogenic activity of RAD51 by acting as an allosteric effector of
active filament structure. RS-1 or related compounds could
potentially have many important applications in both research
and medical settings.

Materials and Methods
Plasmids and Proteins. Methods for preparing hRAD51 are detailed in the SI
Methods. A plasmid encoding scRAD51 was provided by Dr. Phoebe Rice, and

the protein was purified by a previously described method (31). RecA was
purchased from New England Biolabs. scDMC1 was purified as described
previously (32). Patrick Sung and Wolf-Dietrich Heyer generously provided
scRAD54.

DNA Binding Assays. All reactions were performed in black polystyrene 384-
well plates with reaction volumes of 30–100 �l. Purified DNA strand exchange
proteins and chemical compounds were incubated at 37°C for 30 min with 5�

terminal fluorescently tagged oligonucleotide substrates (synthesized and
purified by Integrated DNA Technologies). DNA binding was measured as a
function of FP. Concentrations are reported as nucleotide concentrations for
ssDNA and base pair concentrations for dsDNA.

A fluorescein-conjugated 45-mer polydT substrate at 100 nM was used for
the small molecule screen, and methodologic details of the screen are pro-
vided in the SI Methods. All other FP-based experiments used an OG-
conjugated 45-mer polydT substrate at 10 nM, because this fluorescent tag is
more photo-stable. Reactions were performed in 1� Buffer B [40 mM Hepes
(pH 7.5), 10 mM MgCl2, 0.1 mM DTT, 1 �M BSA, 2% glycerol, 30 mM NaCl, and
2 mM nucleotide cofactor] and other components as indicated. FP was mea-
sured with a Safire2 plate reader (Tecan), using the following settings: exci-
tation 470 � 5 nm, emission 530 � 5 nm, 10 reads per well, with Z height and
G factor autocalibrated from control wells. Data were fit to the cooperativity
equation (33) using KaleidaGraph 4.0 software (Synergy), and KD apparent
values were calculated. All conditions were performed at least in triplicate;
mean values are reported and errors represent SD.

ATPase Assays. These were performed as previously described (16, 34), with
some modifications detailed in the SI Methods.

Imaging with Electron Microscopy. A 1,000-nucleotide ssDNA substrate was
generated as described in the SI Methods. RAD51 protein–DNA complexes
were prepared by incubating 15 �M 1,000-nucleotide ssDNA with 5 �M
hRAD51 protein at 37°C for 10 min in buffer containing 20 mM Hepes pH
7.5, 1 mM DTT, 0.5 mM nucleotide cofactor, and 5 mM MgCl2. Some
conditions contained 2 mM CaCl2 in place of MgCl2 and/or contained 20 �M
RS-1 as indicated. Samples were spread on carbon-coated grids and nega-
tively stained with 1% uranyl acetate. Images were taken with a Gatan
digital camera on a Tecnai F30 transmission electron microscope operated
at 300 kV. The collection method consisted of an initial scan at �19,500 to
locate a region of the grid with several visible filaments. Starting from that
location, the grid was then continuously scanned at �25,000 to collect
images of 50 unselected complexes. Protein–DNA complexes less than 50
nm in length were omitted in the analyses of contour lengths; final sample
sizes contained 40 –50 protein–DNA complexes. Pitch lengths were mea-
sured only from filaments with clear striations using �39,000 images and
DigitalMicrograph 3.10.1 software (Gatan). For each filament, a stretch of
three striations was measured, and pitch length was determined as that
value divided by 3.

D-Loop Assays. The ability of various DNA strand exchange proteins to pro-
mote homologous strand assimilation was tested with methods previously
described (34), with some modifications described in the SI Methods. The
scRAD51 accessory protein scRAD54 was added to reactions containing
scRAD51, because scRAD51 is incapable of D-loop production by itself (35).

Cell Survival Assays. Early-passage neonatal human dermal fibroblasts were
maintained in Medium 106 supplemented with low serum growth supple-
ment (cells and media from Cascade Biologics). Cell-survival experiments were
performed using a sulforhodamine B assay as previously described (36). Nine
hundred cells were plated per well in 96-well plates per treatment condition,
and each condition was performed in quintuplicate. Sulforhodamine
B–stained cells were quantified with a Synergy (BioTek) plate reader. Survival
was reported as OD at 564 nm of experimental wells divided by that of control
wells that received no treatment with cisplatin (American Pharmaceutical
Partners) or small molecule. Error bars denote SD.
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