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The nucleoprotein filament formed by Rad51 polymerization on single-stranded DNA is essential for
homologous pairing and strand exchange. ATP binding is required for Rad51 nucleoprotein filament formation
and strand exchange, but ATP hydrolysis is not required for these functions in vitro. Previous studies have
shown that a yeast strain expressing the rad51-K191R allele is sensitive to ionizing radiation, suggesting an
important role for ATP hydrolysis in vivo. The recruitment of Rad51-K191R to double-strand breaks is
defective in vivo, and this phenotype can be suppressed by elimination of the Srs2 helicase, an antagonist of
Rad51 filament formation. The phenotype of the rad51-K191R strain is also suppressed by overexpression of
Rad54. In vitro, the Rad51-K191R protein exhibits a slight decrease in binding to DNA, consistent with the
defect in presynaptic filament formation. However, the rad51-K191R mutation is dominant in heterozygous
diploids, indicating that the defect is not due simply to reduced affinity for DNA. We suggest the Rad51-K191R
protein either forms an altered filament or is defective in turnover, resulting in a reduced pool of free protein

available for DNA binding.

The recognition and repair of DNA damage are vital to
maintaining genome integrity. Homologous recombination is
required to repair double-strand breaks (DSBs) and single-
strand gaps that arise spontaneously during normal cellular
processes or by treatment of cells with DNA damaging agents.
The RADS2 group of genes was originally identified for Sac-
charomyces cerevisiae by the sensitivity of mutants to ionizing
radiation (IR), and subsequent studies have shown that these
genes are required for homologous recombination (57). Ho-
mologues of most of the Rad52 group of proteins have been
found in other eukaryotes, indicating functional conservation
of the homologous recombination pathway. RAD51 encodes a
structural and functional homologue of the RecA protein,
which is essential for homologous recombination in Esche-
richia coli (1, 2, 45). Like RecA, Rad51 polymerizes on single-
and double-stranded DNA (ssDNA and dsDNA) to form nu-
cleoprotein filaments in which the DNA is in an extended
conformation (34, 55). The Rad51-ssDNA filament is active in
homologous pairing and strand exchange to form heteroduplex
DNA, a central intermediate in homologous recombination.
The binding of Rad51 to DNA requires ATP but is indepen-
dent of ATP hydrolysis (8, 31, 40, 53, 56). Complexes between
human Rad51 and ssDNA or dsDNA are stabilized by the
nonhydrolyzable ATP analog, AMP-PNP, and strand exchange
with oligonucleotide substrates is more efficient in the pres-
ence of AMP-PNP (8, 40). Substitution of Mg®" with Ca®"
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also stabilizes Rad51-DNA complexes and stimulates strand
exchange by slowing the rate of ATP hydrolysis (4). Because
inhibition of ATP hydrolysis stabilizes Rad51-DNA filaments,
it has been proposed that the function of ATP hydrolysis by
Rad51 is in disassembly of filaments, as suggested previously
for the RecA protein (8, 26, 40).

To address the role of ATP binding and hydrolysis in Rad51
function, the invariant lysine residue within the Walker A
motif of the yeast Rad51 and human Rad51 proteins has been
substituted with alanine or arginine. The yeast Rad51-K191A
protein is unable to hydrolyze ATP or bind to ssDNA in vitro,
and this allele confers a rad51 null phenotype in vivo and is
dominant negative in the presence of wild-type RAD51 (10, 29,
45, 56). Although the human Rad51-K133A protein binds to
DNA, the filaments formed are inactive, and as in yeast, the
rad51-K133A allele is phenotypically null and confers a domi-
nant-negative phenotype in RAD51*'* mouse embryonic stem
(ES) cells (8, 30, 48, 49). By contrast, the yeast Rad51-K191R
and human Rad51-K133R proteins are active for DNA binding
and strand exchange (8, 30, 56). The phenotype of yeast cells
expressing the rad51-K191R allele depends on the expression
level of the mutant allele. When expressed in single copy from
the native RAD51 promoter, a rad51-KI191R strain shows high
sensitivity to IR and is defective for mating-type switching, a
DSB-induced gene conversion event (29). However, when ex-
pressed at high levels, the rad51-KI19IR allele fully comple-
ments the IR and methyl methanesulfonate sensitivity of a
rad51 null strain (29, 56). Expression of the human Rad51-
K133R protein in a chicken DT40 cell line was able to support
proliferation after depletion of the native protein in some cell
lines, suggesting that ATP hydrolysis is not required for the
essential function of Rad51 in vertebrates; however, the mu-
tant protein was expressed at higher levels than wild-type
Rad51 in the viable cell lines (30). A dominant-negative effect
on homologous recombination was observed when the human
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RADS5I1-K133R allele was expressed in mouse ES cells, consis-
tent with an important role for ATP hydrolysis in RAD51
function (48, 49).

In the case of RecA, the RecA-K72R protein shows highly
attenuated ATPase activity but is still able to bind nucleotide
cofactor (dATP), forms extended filaments on ssDNA, and
promotes limited strand exchange (38, 42). However, the recA-
K72R allele is unable to complement the UV sensitivity of a
recA null strain (24). While these results suggest ATP hydro-
lysis is essential for RecA function in vivo, there are other
ATPase-defective alleles of recA that confer less-profound
DNA repair and recombination deficiency in vivo (5).

In a previous study we reported suppression of the IR sen-
sitivity of haploid rad51-KI9IR cells by expression of both
mating-type alleles (MATa and MATa) or by high-copy-num-
ber expression of RAD54 (29). Although the suppression by
mating-type heterozygosity is not understood, it is likely to
function by increasing the activity of Rad51, because some
other DNA repair mutants that are suppressed by mating-type
heterozygosity (rad55A, rad57A, rad52-20, and rad52-327) are
also suppressed by overexpression of RAD51 (3, 13, 16, 25, 41).
Rad54 stabilizes the Rad51 nucleoprotein filament in vitro, but
the major function of Rad54 in recombination is thought to be
postsynaptic, because Rad51 is still able to associate with DSBs
in vivo in rad54 mutants (20, 27, 28, 52). Furthermore, Rad54
is able to displace Rad51 from duplex DNA, leading to the
suggestion that one function of Rad54 is in turnover of Rad51
by removing it from heteroduplex joints following strand ex-
change (47). Thus, one hypothesis for the rad51-K191R defect
in vivo is an inability to turn over at the end of recombination.
Such a defect would be consistent with the suppression by high
levels of Rad54 and also with overexpression of the Rad51-
K191R protein (29, 56). Studies with the human Rad51-K133R
protein have shown formation of more stable D loops by the
mutant protein, which could be explained by more stable bind-
ing to the heteroduplex DNA joint molecule following strand
exchange (46). The biochemical studies predict that strand
exchange is initiated but not completed in the rad51-K191R
mutant, resulting in the mitotic recombination and repair de-
fects. To test this hypothesis, we analyzed the recruitment of
Rad51-K191R to DSBs in vivo, as well as genetic interactions
with Srs2, a helicase that displaces Rad51 from ssDNA (19,
60). In contrast to our expectations, the defect caused by the
rad51-K191R allele is at an early step, preventing normal as-
sociation of Rad51 with ssDNA. We suggest that the Rad51-
K191R protein is unable to form a competent nucleoprotein
filament and this can be overcome by high levels of Rad54 or
by deletion of SRS2.

MATERIALS AND METHODS

Media, growth conditions, and genetic methods. Rich medium (yeast extract-
peptone-dextrose [YPD]), synthetic complete medium (SC) lacking the appro-
priate amino acids or nucleic acid bases, sporulation medium, and genetic meth-
ods were as described previously (43). Raffinose (2%) was substituted for glucose
as a nonrepressing carbon source in SC medium minus tryptophan (Trp) that was
used for the galactose induction of HO in the physical analysis of mating-type
switching. Yeast extract-peptone (YP) medium containing 2% lactate (pH 5.5)
was used for the galactose induction of HO in the chromatin immunoprecipita-
tion assays. Transformation of yeast cells was performed by the lithium acetate
method (15).
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Yeast strains and plasmids. Saccharomyces cerevisiae strains used in this study
are listed in Table 1. All strains are in the RAD5-corrected W303 background
(his3-11,15 leu2-3,112 trp1-1 ura3-1 ade2-1 canl-100 RADS) except JKM179 and
its derivatives, LSY1750-1 and LSY1751. The yellow fluorescent protein (YFP)
fusion strains were made by crossing the appropriate haploid parents, sporulating
the resulting diploids, and screening the haploid progeny for the correct pheno-
type; the expression of YFP was confirmed by epifluorescence microscopy. To
construct LSY1576 and LSY1752, pRS406-rad51-K191R or pRS406-rad51-
K191A, respectively, was cut with Bsu36I and transformed into the YFP-RAD51
strain, W4121-20D (20). The resulting Ura™ transformants were patched to
synthetic medium containing 5-fluoroorotic acid to select for pop-out events and
then screened for ionizing radiation sensitivity conferred by the rad51-K191 or
rad51-K191A allele. The RADS51 locus of these strains was PCR amplified and
sequenced to confirm the substitution of the RADS5I allele with either rad51-
KI9IR or rad51-K191A4. LSY1750-1 was made by the same method, using
pRS406-rad51-K191R and transforming into strain JKM179 (52) (kindly pro-
vided by J. Haber). LSY1751 was made by a one-step gene replacement of the
RADS1 locus in the JKM179 strain with a linear PCR fragment containing
homologous 5’ and 3’ flanking sequences from the rad51:KANMX deletion
strain, resulting in the integration of the KANMX marker and the loss of the
wild-type RADS51 allele. LSY1753-1C was made by mating LSY1102-1B and
LSY977 and screening the haploid segregants from sporulated diploids for the
correct phenotype. The presence of the 3X hemagglutinin (HA) epitope tag at
the carboxy terminus encoded by RAD52 was confirmed by PCR using primers
5'AAGAACTGGGGCCTCATATG and 5'GATCCCCGGGAATTGCCATGA
GCGTAATCTGGAACGTC. LSY1755-1 was made by transforming the HIS3-
containing pRS413 or the LEU2-containing pRS415 vector into LSY1309-1 or
LSY1205-2A, respectively, and mating the resulting transformants of each strain
to each other. Diploids were selected on SC medium minus histidine and leucine.

The plasmid for expression and purification of Rad51 from Escherichia coli
(pEZ5139) was a gift from S. Kowalczykowski (64). Plasmids pR51.4 (rad51-
K191A) and pR51.5 (rad51-K191R) were gifts from P. Sung (56). To construct the
expression plasmid for Rad51-K191R, the Bsu36I-BstEII fragment of pR51.5
was cloned into pEZ5139. To construct pRS406-rad51-K191R, a Spel-Sacl-di-
gested PCR fragment containing rad51-K191R was made using pR51.5 as the
PCR template. The PCR fragment was cloned into the pGEM-T Easy vector
(Promega, Madison, WI) and subsequently cloned into the pRS406 vector using
the Sacl and NotlI restriction sites. The plasmid pRS406-rad51-K1914 was made
by the same method using pR51.4 as the PCR template. Plasmid pFH800 (TRPI
ARSI CEN4 GALIp-HO) was provided by J. Nickoloff (33). Plasmids pR54.4
(2um ADCI-RAD54), pR54.5 (2um ADCI-rad54-K341A), and pR54.6 (2um
ADC1-rad54-K341R) were kindly provided by P. Sung (36).

Gamma irradiation survival assays. Cells were grown in liquid medium to
mid-log phase. The cultures were serially diluted, and aliquots of each dilution
were plated on solid medium. The plates were irradiated in a Gammacell-220
irradiator containing °°Co for the designated dose. The plates were incubated for
3 days at 30°C before survivors were counted. For spot assays, cells were grown
as described above, serially diluted, and spotted onto YPD plates. The plates
were irradiated and incubated at 30°C for 3 days.

Microscopy. Cells were grown in SC medium or SC lacking the appropriate
amino acid until an optical density at 600 nm (ODy) of 0.2, at which time the
liquid cultures were exposed to the defined doses of y-rays in a Gammacell-220
%0Co irradiator or left unirradiated, and aliquots of the cultures were processed
immediately for imaging or for the time indicated postirradiation as described
previously (21). Live cell images were captured as described previously (20). YFP
fluorescence was acquired using Openlab software (Improvision) and quantified
using Volocity software (Improvision).

Physical analysis of mating-type switching. Strains W1588-4A, LSY1205-2A,
and LSY1388-1C were transformed to Trp™ with plasmid pFH800 (33). Cells
were grown in raffinose-containing SC medium minus Trp to an ODg, of 0.5.
Induction of the HO endonuclease and hourly sample collections were carried
out as described previously (23). Genomic DNA was extracted and digested with
Styl, and DNA fragments were separated on 0.8% agarose gels and transferred
to nylon membranes. Membranes were hybridized with a PCR fragment gener-
ated by amplification of a 405-bp sequence distal to the HO cut site (23).

Rad51 antibody affinity purification. Anti-Rad51 polyclonal antibodies from
rabbit were purified from crude serum by affinity chromatography as described
previously (12). The chromatography column was prepared by concentrating
approximately 3 mg of Rad51 protein in 600 pl of 0.1 M HEPES (pH 7.0) buffer
and covalently coupled to a 200-pl bed volume of Affi-gel 15 beads (Bio-Rad).

ChIP. Cells were grown in YP lactate at 30°C to an ODg, between 0.33 and
0.50, at which time galactose was added to a final concentration of 2% for
induction of the HO endonuclease. Chromatin immunoprecipitation (ChIP) was
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TABLE 1. Yeast strains used in this work

Strain Genotype® Source or reference
W1588-4C MATa R. Rothstein
WI1588-4A MAT«o R. Rothstein
W4121-20D MATa ADE?2 barl::LEU2 YFP-RADS51 20
W3778-2B MATa ADE?2 barl::LEU2 RAD55-YFP 20
W4644-4A MATa ADE?2 barl::LEU2 RAD54-YFP 20
W5857-15A MATa ADE?2 barl::LEU2 YFP-RAD51 RAD54-CFP rad55 R. Rothstein
1894 MATa RAD52-HA R. Rothstein
HKY590-1D MATa srs2:HIS3 H. Klein
HKY598-2C MATa rad57::LEU2 H. Klein
HKY1434-4A MATa ADE2 CANI srs2-K41A 18
JKM179 MATo Aho Ahml::ADEI Ahmr::ADEI adel-100 leu2-3,112 lys5 trpl::hisG ura3- J. Haber

52 ade3::GAL10-HO

LSY411 MATo rad51::URA3 37
LSY977 MATa rad51-K191R-URA3-rad51-K191R 29
LSY979 MATa rad51-K191R 29
LSY1102-1B MATo RADS59-V5-URA3-rad59::LEU2 RADS52-HA rad51::HIS3 metl7-s 9
LSY1197 MATa rad51-K191R-URA3-rad51-K191R rad57::LEU2 This study
LSY1205-2A MATo ade2-n-URA3-ade2-a rad51-K191R This study
LSY1309-1 matA::URA3 This study
LSY1388-1C MATo rad51-K191R-URA3-rad51-K191R srs2::HIS3 This study
LSY1391 MATa rad57::LEU2 srs2::HIS3
LSY1405-1A MATa rad51::LEU2 srs2::TRP1 This study
LSY1576 MATa ADE2 barl::LEU2 YFP-rad51-K191R This study
LSY1596-4A MATa rad51-K191R-URA3-rad51-K191R rad57::LEU2 srs2::HIS3 This study
LSY1752 MATa ADE2 barl::LEU2 YFP-rad51-K191A4 This study
LSY1743-5C MATa ADE2 RAD54-YFP rad51-K191R-URA3-rad51-K191R This study
LSY1745 MATo RAD54-YFP rad51-K191A4-URA3-rad51-K191A4 This study
LSY1754 MATo ADE2 RAD54-YFP rad51-K191R-URA3-rad51-K191R srs2::HIS3 This study
LSY1748 MATa barl::LEU2 RAD54-YFP rad51-K1914-URA3-rad51-K191A srs2::HIS3 This study
LSY1744-1A MATa ADE?2 barl::LEU2 RAD55-YFP rad51-K191R-URA3-rad51-K191R This study
LSY1746-1A MATa ADE2 barl::LEU2 RAD55-YFP rad51-K191A4-URA3-rad51-K191A4 This study
LSY1750-1 MATo AhoAhml::ADE1 Ahmr::ADEI adel-100 This study

leu2-3,112 lys5 trp1::hisG ura3-52 ade3:GAL10-HO rad51-K191R
LSY1751 MATo AhoAhml::ADE1 Ahmr::ADEI adel-100 This study

leu2-3,112 lys5 trp1::hisG ura3-52 ade3:GALI10-HO rad51::kanMX6
LSY1753-1C MATa RAD52-HA rad51-K191R-URA3-rad51-K191R This study
LSY1755-1 matA::URA3/MATo RAD51/rad51-K191R This study
LSY1759 matA::URA3/MATo RAD51/RADS51 This study
LSY1781 matA::URA3/MATo RADS51/rad51::HIS3 This study

@ All strains are in the RADS5-corrected W303 background (his3-11,15 leu2-3,112 trp1-1 ura3-1 ade2-1 canl-100 RADS) except JKM179, LSY1750-1, and LSY1751;

only differences from this genotype are noted.

carried out as previously described (50) with the following modifications. The
lysis buffer contained 50 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM EDTA,
0.1% sodium dodecyl sulfate, 1% Triton X-100, and 0.1% sodium deoxycholate.
Proteins were cross-linked with 1% formaldehyde (final concentration) in 45 ml
of cell culture for 10 min, followed by quenching with 125 mM glycine (final
concentration) for 5 min. Cells were lysed with glass beads in 400 pl of lysis buffer
with 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, 0.5 pl/ml octanol,
and 4 pg/ml leupeptin-pepstatin A-aprotinin. The volume of the extracts was
adjusted to 1.2 ml with lysis buffer plus protease inhibitors and sonicated for a
total of 100 s, with 0.9 s pulse-on and 7 s pulse-off (model 250; Branson). For
immunoprecipitation (IP), 10 ul of affinity-purified anti-Rad51 antibody was
incubated with 1.2 mg of extract in 1 ml of lysis buffer overnight at 4°C and then
bound to 60 pl of 50% (vol/vol) protein A-agarose beads for 2 h at 4°C. The
protein-bound beads were separated by centrifugation, and 300 pl of the un-
bound extracts was set aside as input samples and stored at —20°C. The beads
were taken through a series of washes, followed by elution of the proteins. The
IP and input samples were then incubated at 65°C for 6 h to reverse the
cross-links. The samples were subjected to proteinase-K treatment, phenol ex-
traction, and ethanol precipitation.

PCR amplification. The immunoprecipitated DNAs (undiluted) were quanti-
fied by real-time PCR amplification as described previously (6). MAT Z-specific
primers, located 239 to 486 bp CEN distal to the HO cut site, were MATZ-5'
(ATGTGAACCGCATGGGCAGT)and MATZ-3" (ACCCTTATCTACTTGC
CTCT) (6). Primers specific for the ACTI promoter were ACT1-5" (TTTGAA
ACCAAACTCGCCTCTCTC) and ACT1-3" (CTTGGTTTGAGTAGAAAGG

GGAAGG) (6). The relative IP is the signal from immunoprecipitated DNA
divided by the signal from the corresponding input DNA (1:1,000 dilutions).
Each resulting IP/input ratio from the MAT locus was divided by the IP/input
ratio obtained at the control ACT1 locus. The final number represents the n-fold
enrichment over the value for the zero time point.

Coimmunoprecipitation. Cells were grown to mid-log phase in YPD at 30°C,
at which time 50 ml of cells were collected, washed twice with 20 mM Tris (pH
7.5)-400 mM NacCl, and stored at —80°C. Cells were resuspended in 400 .l lysis
buffer (50 mM HEPES-KOH [pH 7.5], 400 mM NaCl, 1 mM EDTA, 10%
glycerol, 0.5% NP-40, 1:1,000 dilution of Protease Cocktail IV [Calbiochem], 1
mM phenylmethylsulfonyl fluoride, I mM benzamidine, and 1 pg/ml leupeptin).
Extracts were prepared and immunoprecipitated as previously described (50).
For immunoprecipitations of native Rad51 or Rad51-K191R proteins, extracts
were incubated with 12.5 ul anti-Rad51 crude serum antibody at 4°C for 3 h and
then incubated with 60 wl 50% (vol/vol) protein A-agarose beads at 4°C for 1 h.
Immunoprecipitated complexes were analyzed by Western blotting using a 1:500
dilution of anti-HA monoclonal antibody (12CAS5; Roche) to detect Rad52-HA.

Protein purification. Rad51 was expressed in E. coli strain BL21(DE3)/pLysS
(Novagen, Inc., Madison, WI) using plasmid pEZ5139 and purified as previously
described (64). The Rad51-K191R protein was purified by the same procedure.

DNA binding assay. DNA binding was measured by retention of protein-DNA
complexes on nitrocellulose filters as previously described (63). pUC19 DNA was
linearized with EcoRI and end labeled with Klenow fragment in the presence of
[«-*?P]dATP. Single-stranded DNA was made by heat denaturing the labeled
DNA and then quenching on ice. Increasing amounts of protein were incubated
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FIG. 1. ATP hydrolysis by Rad54 is required for suppression of the
y-ray sensitivity conferred by the rad51-K19IR allele. Strain LSY979
(rad51-K191R) containing plasmids expressing the RADS54, rad54-

K34IR, or rad54-K341A allele was irradiated as described in Materials
and Methods.

with 100 nM of ssDNA in binding buffer (40 mM morpolineethanesulfonic acid
[pH 6.4], 4 mM magnesium chloride, 1 mM dithiothreitol, 1 mM ATP, 5%
glycerol). Reactions were incubated at 37°C for 15 min and then passed through
the nitrocellulose and DEAE membranes in a vacuum manifold. DNA binding
was measured as the amount of DNA retained on the nitrocellulose membrane
over the total amount retained on both membranes. Data were quantified with a
Molecular Dynamics Storm 445 SI PhosphorImager and IMAGE-QUANT soft-
ware. The data shown represent averages for three trials.

RESULTS

Hydrolysis of ATP by Rad54 is required for suppression of
ionizing radiation sensitivity of the rad51-KI191R strain. Pre-
vious studies demonstrated suppression of the IR sensitivity of
the rad51-K191R mutant by RAD54 present on a high-copy-
number plasmid (29). The suppression by Rad54 overexpres-
sion could occur by stabilization of the Rad51-K191R-ssDNA
complex prior to synapsis, by enhancement of the pairing and
strand exchange activity of Rad51-K191R, or by displacement
of Rad51-K191R from duplex DNA postsynaptically. If the
first hypothesis is correct, we predicted that overexpression of
a Rad54 mutant protein that is unable to hydrolyze ATP
should also suppress the IR sensitivity of the rad51-K191R
strain, because the Rad54-K341R mutant protein is still pro-
ficient for stabilization of Rad51-ssDNA complexes in vitro
(27, 61). However, overexpression of either the rad54-K314R
or rad54-K341A allele was unable to suppress the IR sensitivity
of the rad51-K191R strain to the same level as RADS54, indi-
cating that the translocase activity of Rad54 is required for the
observed suppression (Fig. 1). High expression of the rad51-
K34IR allele resulted in a slight dominant-negative effect, as
reported previously (17).
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Defective recruitment of Rad51-K191R to DSBs in vivo. The
translocase activity of Rad54 could stimulate strand exchange
by the Rad51-K191R protein or could act postsynaptically to
increase turnover of the mutant protein (47, 59). To determine
whether Rad51-K191R is proficient for initiation of recombi-
nation but defective for a later step, we monitored recruitment
of the mutant protein to break sites in vivo. The RAD52 group
proteins form DNA damage-induced foci that colocalize with
DSBs and regions of single-stranded DNA in vivo (20, 21, 52).
To assess the association of Rad51 and Rad51-K191R with
DSBs in live cells, the proteins were fused to YFP and foci
formation monitored by microscopy after exposing the cells to
v irradiation. Although the YFP-Rad51 fusion protein is not
fully functional, it is recruited to DSBs with kinetics similar to
that of untagged Rad51 as monitored by ChIP (20, 52). Both
Rad51 and Rad51-K191R form foci in response to DNA dam-
age, but Rad51-K191R foci are about six times less bright than
Rad51 foci (Fig. 2). By Western blot analysis, the steady-state
level of the YFP-Rad51-K191R protein was similar to that of
YFP-Rad51 (data not shown). In coimmunoprecipitation ex-
periments, Rad51-K191R retains normal association with
Rad52 (data not shown); therefore, the dimmer Rad51-K191R
foci are not a result of less-efficient recruitment of Rad51 by
Rad52 at resected DSBs and most likely result from a reduced
pool of protomers or reduced retention of Rad51-K191R at
break sites. The Rad51-K191A protein, which fails to bind
DNA in vitro (56, 58), was fused to YFP as a control for foci
formation. Whereas every budded RAD51 and rad51-K191R
cell contains at least 1 focus after exposure to irradiation, only
1 focus was observed in about 50 irradiated rad51-K191A cells.
Furthermore, the rare Rad51-K191A foci are very dim com-
pared to those formed by Rad51 or Rad51-K191R (Fig. 2A).

Because YFP-Rad51 fusions are not fully functional, the
recruitment of untagged Rad51 and Rad51-K191R proteins to
DSBs was also monitored by ChIP. Strains lacking both HML
and HMR homologous donor sequences were used to enhance
the detection of protein recruitment to an unrepaired DSB at
the MAT locus. Strains were grown in YP lactate media until
mid-log phase, and galactose was then added to induce expres-
sion of the HO endonuclease. Native proteins were immuno-
precipitated with affinity-purified Rad51 antibodies. In a wild-
type strain, within 30 min of induction, Rad51 is detected at the
MAT region, using a set of primers specific to the MAT Z
region, from 239 bp to 486 bp CEN distal of the HO cut site.
Consistent with results obtained using the YFP fusions, the
rate of Rad51-K191R recruitment to the DSB was significantly
less than that of Rad51. At 90 min after induction, three times
less Rad51-K191R was recruited to the DSB than Rad51 (Fig.
2C); however, the level of Rad51-K191R recruited 4 h after
HO induction was comparable to the wild-type level. A rad51
null strain was used as a control for antibody specificity (Fig.
20).

Deletion of SRS2 suppresses IR sensitivity of the rad51-
KI19IR strain. The localization studies suggest Rad51-K191R
forms a partial or unproductive filament on ssDNA, preventing
initiation of recombination. Because the Srs2 helicase has been
shown to displace Rad51 from ssDNA, we reasoned that Srs2
would be more effective in removing Rad51-K191R if the mu-
tant protein exhibits less-stable binding to ssDNA in vivo.
Consistent with this hypothesis, deletion of SRS2 resulted in an
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almost complete suppression of the IR sensitivity of the rad51-
K191R strain (Fig. 3A). The srs2 rad51A double mutant showed
a sensitivity to IR equivalent to that of the rad5IA strain,
indicating suppression requires Rad51 and is not due to acti-
vation of an alternate pathway (data not shown). The ATPase-
defective srs2-K41A strain (18) also suppressed the IR sensi-
tivity of the rad51-K191R strain to the same level as that of the
srs2 null strain (data not shown), suggesting that the removal of
the Srs2 ssDNA translocase activity and the resulting stabili-
zation of the Rad51-K191R-ssDNA filament is responsible for
the rescue of the rad51-K191R DNA repair defect. We have
shown previously that the rad51-KI191R strain is defective in
mating-type switching, a gene conversion event that is initiated
by a DSB made by the HO endonuclease (29). In addition to
suppressing the IR sensitivity of rad51-K19IR, the deletion of
SRS2 also rescued the mating-type switching defect of the
rad51-K191R strain (Fig. 3B), suggesting that the absence of
Srs2 stabilizes the Rad51-K191R filament at DSB sites.

The rad51-K191R strain is defective in assembly of IR-in-
duced Rad54 and Rad55 foci. As a further test of the hypoth-
esis that the rad51-K191R allele confers a defect in the initia-
tion of recombination, the assembly of two factors inferred to
function downstream of Rad51 was monitored by microscopy
using fusions of YFP to either Rad54 or Rad55. These fusions
retain full biological activity as assessed by radiation resistance
(20). Lisby et al. (20) showed that Rad51 is required for the
formation of IR-induced Rad54 and Rad55 foci, indicating
that recruitment of these proteins to DSBs requires Rad51
interaction with ssDNA. No IR-induced or spontaneous Rad54
or Rad55 foci were detected in the rad51-K19IR strain at 30
min or up to 4 h postirradiation (Fig. 4; also data not shown).
Thus, even though Rad51-K191R is eventually recruited to
DSBs (Fig. 2C), the filament formed is not competent for
recruitment of Rad54. The rad51-K191A strain, which is phe-
notypically null, was used as a control. Based on the s7s2 sup-
pression results described above, we expected srs2 to restore
bright foci to the strain expressing YFP-Rad51-K191R. Al-
though bright spontaneous foci were observed in the srs2 YFP-
rad51-K191R strain, even brighter foci were found in the srs2
YFP-RADS] strain, and in both cases large unusual structures
were seen, especially following irradiation (see Fig. S1 in the
supplemental material). To avoid potential artifacts caused by
the YFP-Rad51 fusions, the formation of IR-induced Rad54-
YFP foci in the srs2 rad51-K191R mutant was monitored in-
stead. The srs2 mutation restored Rad54 foci in the rad51-
KI9IR strain but not in the rad51-K191A strain (Fig. 4). We
also observed the rescue of Rad55 foci in the rad51-K191R
strain by srs2 (data not shown). These results suggest that
Rad51-K191R is defective in forming a competent nucleopro-
tein filament and therefore cannot effectively recruit Rad54
and Rad55 to DSBs.

The phenotype of the rad51-K191R mutant is similar to
those of the rad55 and rad57 mutants. Because the Rad51-
K191R mutant protein appears to be defective for presynaptic
filament formation in vivo, we compared the rad51-K19IR strain
with other mutants that have been shown to exhibit a similar
defect. The Rad55 and Rad57 proteins form an obligate het-
erodimer and have been implicated as mediators in the assembly
and/or stabilization of the Rad51 nucleoprotein filament (11, 13,
16, 54). Sugawara et al. found a significant delay in the recruit-
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FIG. 2. Rad51-K191R is recruited to DSBs less efficiently than
Rad51. (A) Ionizing radiation-induced focus formation. YFP fusions
were made with Rad51 and Rad51 mutant proteins (strains W4121-
20D, LSY1576, and LSY1752, respectively). The strains were exposed
to 20 krads of gamma radiation, followed by microscopy to monitor
focus formation. (B) Distribution of focus brightness. The brightness
of each focus was quantified and plotted; at least 30 foci were analyzed
for each strain. The mean focus brightness for each strain is repre-
sented by a black bar. (C) Defective recruitment of Rad51-K191R to
an HO-induced DSB. HO endonuclease was induced in a donorless
strain that cannot repair the DSB at the MAT locus, and recruitment
of native Rad51 (JKM179; diamonds) or Rad51-K191R (LSY1750-1;
squares) was monitored by chromatin immunoprecipitation. A rad51
null strain (LSY1751; triangles) was used as a negative control. HO
was induced at time zero and samples analyzed at 30-min time intervals
after HO induction. The relative IP at each time point represents the
amount of immunoprecipitated DNA divided by the amount of input
DNA, normalized to the control ACT signal at time zero. The data
represent averages for three independent trials.

ment of Rad51 to a DSB in a rad55A strain (52), similar to the
delay seen in the recruitment of the Rad51-K191R protein by
chromatin immunoprecipitation (Fig. 2C). We determined the
fluorescence intensity for IR-induced Rad51-YFP foci in a
rad55A strain and found the foci to exhibit the same brightness as
Rad51-K191R foci in a RAD5S5 background (Fig. 2B).
Consistent with these results, the rad55 and rad57 mutant
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strains showed sensitivities to IR similar to that of the rad51-
KI9IR strain (Fig. 5; also data not shown). As in the case of
rad51-K191R, the IR sensitivity of rad57 can be partially sup-
pressed by deletion of SRS2 (Fig. 5) or by RADS54 present in
high copy number (29), suggesting that the Rad51 filament
formed in the rad57 strain has characteristics similar to those
of the Rad51-K191R filament even in the presence of the
Rad55-Rad57 mediator. The suppression of the IR sensitivity
of the rad57 mutant by srs2 is less than that observed for the
rad51-K191R strain. It is possible that the Rad55-Rad57 het-
erodimer has other functions in addition to the mediator role
that cannot be rescued by the deletion of SRS2 (22). While the
deletion of SRS2 can suppress the IR sensitivity of the rad51-
KI9IR or rad57 single mutants, srs2 cannot suppress the IR
sensitivity of a rad51-KI19IR rad57 double mutant (Fig. 5),
indicating that Rad51 filament formation is severely impaired
when both the Rad55-Rad57 heterodimer and Rad51 ATP
hydrolysis are absent. In addition to suppression by srs2, the IR
sensitivity of rad51-K191R, rad55, or rad57 single mutants can
be suppressed by mating-type heterozygosity (16, 25, 29). How-
ever, like srs2, mating-type heterozygosity is unable to suppress
the IR sensitivity of the rad51-K191R rad57 double mutant
(data not shown).

The rad51-KI19IR allele exhibits semidominance. Studies
with mouse cells have shown a dominant-negative phenotype
for mitomycin C sensitivity and DSB-induced recombination
by expression of the human RADS5I-KI33R allele in a
RAD51"* mouse ES cell line (48, 49). To determine whether

the rad51-K191R allele exerts dominance in yeast, a haploid
MATo rad51-K19IR strain was mated to a RADS5I haploid
strain with a deletion of the MAT locus rendering it a default
a-mater (51). The use of a matA strain was necessary because
heterozygosity at the MAT locus (the normal situation in dip-
loids) suppresses the phenotype conferred by the rad51-KI191R
allele (29). The resulting diploid strain (MATo/matA rad51-
KI9IR/RADS1) shows greater sensitivity to IR than a MATa/
matA rad51A/RADS1 diploid, indicating semidominance of the
rad51-K191R allele (Fig. 6).

The Rad51-K191R protein shows reduced DNA binding ac-
tivity. We interpreted the reduced localization, srs2 suppres-
sion, and synergism with rad57 as indicative of either less-
efficient binding of the Rad51-K191R mutant protein to
ssDNA at DSB sites in vivo or a reduced pool of protomers
available for binding. To determine whether the Rad51-K191R
protein has reduced DNA binding activity in vitro, the protein
was purified and DNA binding assayed by binding to alkali-
treated nitrocellulose filters (45). The Rad51-K191R protein
shows less binding to ssDNA than wild-type Rad51 (Fig. 7),
and in the presence of physiological salt concentration, binding
by Rad51-K191R is greatly reduced.

DISCUSSION

The Rad51 protein, like all members of the RecA family of
recombinases, is a DNA-dependent ATPase that catalyzes
strand exchange. RecA ATP hydrolysis is important for fila-
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FIG. 3. The DNA repair defect of the rad51-K191R strain is sup-
pressed by deletion of SRS2. (A) Deletion of SRS2 suppresses the
y-ray sensitivity of the rad51-K191R strain. The wild-type strain is
W1588-4C; the srs2::HIS3 strain is HKYS590-1D; the rad51-K191R
strain is LSY977, and the rad51-KI191R srs2 strain is LSY1388-1C.
(B) The mating-type switching defect of the rad51-KI9IR strain is
suppressed by the deletion of SRS2. A cartoon of the MATa locus
showing the location of the HO cut site and probe for Southern blots
is shown in the upper panel. Switching to MATa produces a novel
0.9-kb Styl fragment. Kinetic analysis of mating-type switching in
RADS51 (W1588-4A), rad51-K191R (LSY1205-2A), and rad51-K191R
srs2 (LSY1388-1C) strains is shown in the lower panel. Galactose was
added to the cultures for 1 h at time zero to induce expression of HO,
and samples were removed every hour for DNA analysis.
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each strain.

RAD51

ment disassembly, extensive long-tract DNA strand exchange,
four-strand DNA exchange, and the bypass of heterologous
regions or structural barriers (26). In contrast, Rad51 does not
require ATP hydrolysis for extensive strand exchange, and it is
deficient in the other functions that are promoted by RecA
ATP hydrolysis (32, 39, 56). In addition, the rate of Rad51
ATP hydrolysis is 30- to 40-fold less than that of RecA (53).
While there is evidence that the Rad51 protein can perform
strand exchange reactions in vitro without ATP hydrolysis, the
ATPase-defective rad51-K19IR mutant strain is sensitive to
ionizing radiation and defective in mating-type switching and
shows reduced rates of spontaneous recombination (data not
shown) (29, 56). The goal of this study was to determine at
which step(s) in the Rad51-catalyzed recombination reaction
ATP hydrolysis is required. We found less recruitment of the
Rad51-K191R protein at sites of DSBs than of Rad51 (Fig. 2).
The Rad51-K191R filament formed at DSBs cannot support
the assembly of Rad54 and Rad55, two factors inferred to
function downstream of filament formation in homologous
recombination (Fig. 4) (20). Furthermore, the IR sensitivity
and Rad54 recruitment defect of the rad51-K191R mutant can
be suppressed by stabilizing the filament via the removal of the
Srs2 helicase (Fig. 3A and 4) (19, 60). These results implicate
ATP hydrolysis by Rad51 as being important in presynaptic
filament formation.

By chromatin immunoprecipitation and live imaging of
YFP-tagged Rad51-K191R, we detected reduced recruitment
of Rad51-K191R to DSBs generated by HO endonuclease or
IR (Fig. 2). A twofold reduction in the number of IR-induced
Rad51 foci was previously reported for chicken DT40 cells
expressing the human Rad51-K133R protein, but these cell
lines have elevated expression of the mutant protein (30). We
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FIG. 5. The vy-ray sensitivity of the rad57 rad51-K191R srs2 triple mutant is more severe than that of either the rad57 srs2 or rad51-K19IR srs2
double mutant. Serial dilutions of the strains were spotted onto YPD plates and left unirradiated or irradiated at 40 krads. Survival was assessed
following growth for 3 days at 30°C. Strains used were W1588-1C (wild type), LSY411 (rad51::URA3), LSY977 (rad51-KI191R), HKY598-2C
(rad57::LEU2), LSY1197 (rad51-KI19IR rad57::LEU2), LSY1391 (rad57::LEU2 srs2::HIS3), LSY1388-1C (rad51-KI191R srs2), and LSY1596-4A

(rad51-K191R rad57::LEU2 srs2::HIS3).

did not detect reduced numbers of IR-induced foci in the
YFP-rad51-K191R strain, but the foci were six- to sevenfold less
bright than in the YFP-RADS5I strain. In live cells, several
DSBs are recruited to recombination centers represented by
foci; therefore, by this method we are unable to distinguish
between reduced numbers of DSBs with Rad51-K191R re-
cruited or less Rad51-K191R at all DSBs (21). The defect in
mating-type switching (Fig. 3B) is more consistent with forma-
tion of an incomplete or inactive filament at most lesions.
Furthermore, the inability to detect IR-induced Rad55 or
Rad54 foci in the rad51-KI9IR mutant suggests a defect in
Rad51-K191R filament formation at the majority of break sites
(Fig. 4). By Western blot analysis, the steady-state level of
Rad51-K191R is similar to that of wild-type Rad51; thus, the
reduced recruitment in vivo is not due simply to lower expres-
sion of the mutant protein (29). Consistent with a defect in an
early step during homologous recombination, we found that
the rad51-K191R mutation suppresses the synthetic lethality of
srs2 rad54 double mutants (data not shown). Because the srs2

MATa RAD51

MATa rad51-K191R
matA/MATa RAD51/rad51-K191R

matA/MATa RAD51/RAD51

matA/MATa RAD51/rad51

0 krad

rad54 synthetic lethality is suppressed by deletion of RADS]I,
RADS52, or RADSS, all early recombination functions, this sug-
gests the rad51-K191R defect is also at an early step.

The defect in recruitment of Rad51-K191R to break sites is
similar to the defect reported for Rad51 recruitment in rad55
mutants (20, 52, 62). The rad51-KI9IR and rad57 (phenotyp-
ically the same as rad55) mutants show similar sensitivity to IR
and are suppressed by srs2, by RAD54 expressed from a high-
copy-number plasmid, or by mating-type heterozygosity (Fig.
5) (29). The rad55 and rad57 mutants are also suppressed by
overexpression of Rad51 or by rad51 alleles that encode gain-
of-function proteins with a higher affinity for DNA (11, 13, 16).
These data suggest the Rad51 filament formed in rad55 and
rad57 mutants is incomplete or less stable, and this impedi-
ment can be overcome by increasing the pool of free Rad51 or
creating a more stable presynaptic filament. Because of the
similarity in phenotype between rad51-KI19IR and rad55 (or
rad57), we suspect the Rad51-K191R filament to be incom-
plete or less stable than Rad51. In vitro, we observed slightly

20 krads

FIG. 6. Therad51-K19IR allele is semidominant. Serial dilutions of the strains were spotted onto YPD plates and left unirradiated or irradiated
at 20 krads. Survival was assessed following growth for 3 days at 30°C. Strains used were W1588-1C (wild type), LSY977 (rad51-K191R), LSY1759
(RAD51/RADSI), LSY1755-1 (RADS51/rad51-K191R), and LSY1781 (RADS51/rad51::HIS3).
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FIG. 7. Rad51-K191R shows reduced DNA binding compared with
that of Rad51. (A) Binding of wild-type Rad51 (squares) or Rad51-
K191R (triangles) to single-stranded DNA. Increasing concentrations
of either wild-type Rad51 or Rad51-K191R were incubated with a
constant amount of ssDNA and passed through alkali-treated nitro-
cellulose and DEAE filters. The percent bound represents the amount
of DNA retained on nitrocellulose compared with the total DNA.
(B) The same as in panel A except in the presence of 150 mM NaCl.

reduced DNA binding to ssDNA by the Rad51-K191R protein
compared with results for Rad51, and formation of Rad51-
K191R-ssDNA complexes was sensitive to high salt levels (Fig.
7). The defect in ssDNA binding could be the result of a lower
affinity of the Rad51-K191R protein for ATP (W. D. Heyer,
personal communication). Although formation of Rad51-
K191R DNA complexes is sensitive to high salt levels, once
formed the complexes show greater stability than those formed
by wild-type Rad51 (W. D. Heyer, personal communication).
In one study, the human Rad51-K133R protein was reported
to show slightly reduced binding to DNA (30), but in a more
recent article, the human Rad51-K133R protein demonstrated
binding affinity similar to that of wild-type Rad51 and was
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shown to form more stable complexes with DNA than was
observed for wild-type Rad51 (8). Furthermore, the human
Rad51 protein forms very stable DNA complexes when ATP
hydrolysis is inhibited by Ca®" ions or the nonhydrolyzable
ATP analog, AMP-PNP (8, 40). Binding of yeast Rad51 to
ssDNA is not supported by AMP-PNP or stimulated by Ca*"
indicating distinct differences between the yeast and human
proteins (4, 31). The in vitro ssDNA-binding defect observed
for yeast Rad51-K191R could result in reduced recruitment of
the mutant protein to break sites in vivo and is consistent with
the suppression by srs2 or by overexpression of the rad51-
KI9IR allele. However, the observation of a semidominant
phenotype for the rad51-K19IR allele when expressed in dip-
loids suggests that the DNA recombination defect is not due
simply to less-efficient recruitment of Rad51-K191R at break
sites, and there is an additional impediment that results from a
lack of ATP hydrolysis. Because the human Rad51-K133R and
yeast Rad51-K191R proteins form more stable complexes with
DNA (8) (W. D. Heyer, personal communication), it is possi-
ble that the dominant-negative phenotype observed for yeast
and mouse cells results from poor turnover of the mixed fila-
ment after strand invasion. Removal of Srs2 results in an al-
most complete suppression of the rad51-KI191R phenotype
(Fig. 3A and 5), and this could result from a reduced pool of
free Rad51-K191R due to a defect in turnover of the mutant
protein. Srs2 only displaces Rad51 from ssDNA (19, 60); there-
fore, we interpret the suppression by srs2 as stabilization of the
Rad51-K191R-ssDNA filament rather than increasing the
pool of free Rad51-K191R by mobilization from dsDNA.

Another possible explanation for the similarity in phenotype
of the rad51-K191R and rad55 or rad57 mutants is that Rad55
and Rad57 promote ATP hydrolysis by Rad51. The human
Xrec2 protein enhances ADP/ATP processing by human
Rad51, resulting in more-efficient strand exchange (44). Al-
though no stimulation of Rad51 ssDNA binding by Xrcc2 was
observed, the Rad51 filament might be more dynamic in vivo,
requiring multiple cycles of binding and release in order to
form an active presynaptic filament. By this scenario, the dom-
inant-negative effect might be due to trapping of the wild-type
protein with Rad51-K191R in unproductive partial filaments
that are unable to undergo the necessary cycles of binding and
release to create the active filament.

Previously, we found the IR sensitivity of the rad51-K191R
mutant to be suppressed by RAD54 in high copy number (29),
and in this study we determined that the suppression requires
Rad54 ATPase activity (Fig. 1). Because high-copy-number
expression of the rad54-K341R allele failed to suppress the IR
sensitivity of the rad51-K19I1R strain, it seems unlikely that the
Rad54 suppressive effect is in stabilization of the Rad51-
K191R filament. Indeed, we found that Rad54 overexpression
cannot rescue the reduction in brightness of Rad51-K191R-
YFP foci (data not shown). The failure to restore normal
YFP-Rad51-K191R foci argues against a stabilization role by
Rad54 overexpression and also is inconsistent with mobilizing
Rad51-K191R bound to dsDNA. We had expected the Rad51-
K191R protein to show a greater association with non-DSB-
site. DNA by ChIP if it was trapped on chromatin due to
decreased turnover, but this was not observed. Although we
cannot rule out the possibility that overexpression of Rad54
mobilizes Rad51-K191R from dsDNA to increase the pro-
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tomer pool available for ssDNA binding, we currently have no
evidence in support of this hypothesis. A recent study showed
accumulation of the meiosis-specific RecA homolog, Dmcl, on
chromatin in rdh54/tid] mutants consistent with a role for
Rdh54/Tid1 (a homolog of Rad54) in maintaining a pool of
Dmcl protomers by disruption of unproductive associations of
Dmcl with dsDNA (14). Like Rad54, Rdh54/Tid1l disrupts
Rad51-dsDNA complexes in vitro and stimulates the strand
exchange activity of Rad51 (7, 35). High-copy-number expres-
sion of RDH54 resulted in a weak suppression of the IR sen-
sitivity of the rad51-KI191R strain, but the suppression was
much less than observed for high-copy-number RAD54 (data
not shown). Rad54 has been shown to enhance Rad51-medi-
ated strand exchange under suboptimal conditions, and it is
possible that additional Rad54 supports strand exchange for
the suboptimal Rad51-K191R filament, resulting in the ob-
served suppression (59).

In summary, the recombination defect conferred by the
rad51-K191R allele appears to be due to inefficient presynaptic
filament formation. This defect can be suppressed by removal
of the Srs2 helicase, overexpression of Rad54, or by overex-
pression of the mutant protein. Increased stability of Rad51-
K191R-DNA complexes could prevent turnover of the pro-
tein, resulting in a reduced pool of free Rad51-K191R for
binding to ssDNA generated at DSBs. Alternatively, the fila-
ment formed by Rad51-K191R could be qualitatively different
from the filament formed by wild-type Rad51 and unable to
undergo the necessary structural transitions to form a compe-
tent presynaptic filament.
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