mice with or without the C57Bl/Ka-Ly5.2 recipient bone marrow cells'. Reconstitution of
donor (Ly5.1) myeloid and lymphoid cells was monitored by staining blood cells with
antibodies against Ly5.1, CD3, B220, Mac-1 and Gr-1. The secondary bone marrow
transplant was performed with 107 whole bone marrow cells from mice reconstituted with
Bmi-1""" or Bmi-1""" fetal liver cells.

Retroviral gene transfer of HSCs

Mouse stem cell viruses expressing mouse p16"™** or p19* cDNAs together with GFP
were produced using Phoenix ecotropic packaging cells?. Infection of HSCs was done as
described” except that three cycles of infections were performed. After 48 h, single
GFP-positive cells were sorted into a 96-well plate containing 100 pl HSC medium®
grown for 7 days. Each well was scored for the presence of GFP-positive cells by
observation with a fluorescence microscope.
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Mutations in the Saccharomyces cerevisiae gene SRS2 result in the
yeast’s sensitivity to genotoxic agents, failure to recover or adapt
from DNA damage checkpoint-mediated cell cycle arrest, slow
growth, chromosome loss, and hyper-recombination"’. Further-
more, double mutant strains, with mutations in DNA helicase
genes SRS2 and SGS1, show low viability that can be overcome by
inactivating recombination, implying that untimely recombina-
tion is the cause of growth impairment"**. Here we clarify the
role of SRS2 in recombination modulation by purifying its
encoded product and examining its interactions with the Rad51
recombinase. Srs2 has a robust ATPase activity that is dependent
on single-stranded DNA (ssDNA) and binds Rad51, but the
addition of a catalytic quantity of Srs2 to Rad51-mediated
recombination reactions causes severe inhibition of these reac-
tions. We show that Srs2 acts by dislodging Rad51 from ssDNA.
Thus, the attenuation of recombination efficiency by Srs2 stems
primarily from its ability to dismantle the Rad51 presynaptic
filament efficiently. Our findings have implications for the basis
of Bloom’s and Werner’s syndromes, which are caused by
mutations in DNA helicases and are characterized by increased
frequencies of recombination and a predisposition to cancers and
accelerated ageing’.

We have been unable to overexpress Srs2 protein significantly in
yeast, suggesting that this protein is unstable in, and/or toxic to,
yeast cells. We therefore turned to Escherichia coli and an inducible
T7 promoter as vehicle for Srs2 expression. Srs2 could be revealed by
Coomassie Blue staining of E. coli extracts and by immunoblotting
with antibodies against Srs2 (Fig. 1a). We subjected E. coli lysate to
precipitation with ammonium sulphate and a five-step chromato-
graphic fractionation scheme to purify Srs2 to near-homogeneity
(Fig. 1b). Purified Srs2 has a robust ssDNA-dependent ATPase
activity (ke = 2,500 min~') and a DNA helicase activity® that is
fuelled by ATP hydrolysis (Fig. 1c).

Previous studies have unveiled an anti-recombination function in
SRS2 and a genetic interaction with RAD51 (refs 7-9). We investi-
gated whether Srs2 protein interacts physically with Rad51 protein,
and also tested its effect on the Rad51 recombinase activity'®. To
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examine whether Srs2 associates with Rad51, we coupled the latter
to Affi-gel 15 beads and used the resulting matrix to bind Srs2. As
shown in Fig. 1d, Srs2 was retained on the Affi-Rad51 beads, but no
binding of Srs2 to bovine serum albumin (BSA) immobilized on
Affi-beads (Affi-BSA) was detected. An interaction between Rad51
and two carboxy-terminal fragments of Srs2 was seen in the two-
hybrid assay in yeast (Fig. le). We were unable to detect significant
interaction between Rad51 and full-length Srs2 in this assay, which
could be the result of low expression of full-length Srs2.

We next tested the effect of Srs2 on the Rad51-mediated hom-
ologous pairing and strand exchange reaction that serves to
join recombining DNA molecules'™'". For this, we employed a
commonly used assay in which Rad51 and the heterotrimeric
ssDNA-binding factor RPA are incubated with ssDNA and ATP to
form a Rad51-ssDNA nucleoprotein filament''""*. Such a filament,
often called the presynaptic filament''"'?, is then incubated with the
homologous linear duplex (Fig. 2Aa). Pairing between the DNA
substrates yields a joint molecule, which is further processed by
DNA strand exchange to nicked circular duplex (Fig. 2Aa, b). As
shown in Fig. 2Ac, d, the addition of a catalytic quantity of Srs2
strongly suppressed the homologous pairing and strand exchange
reaction.

To characterize its anti-recombination activity further, Srs2 was
added to D-loop reactions in which pairing of a **P-labelled 90-mer
oligonucleotide with a homologous duplex target is mediated by the
combination of Rad51 and Rad54 proteins'*'® (Fig. 2Ba). As
reported previously'* ¢, efficient D-loop formation was catalysed
by Rad51 and Rad54 (Fig. 2BDb, d). As expected, the inclusion of Srs2
decreased the level of D-loop formation (Fig. 2Bb, d). RPA
enhanced D-loop formation in the absence of Srs2 (Fig. 2Bc, d),
but the inhibitory effect of Srs2 became much more pronounced
when RPA was present. We provide an explanation below for this
observation.

We considered the possibility that suppression of recombination
by Srs2 might result from the dissociation of DNA joints by its
helicase activity. To address this, D-loop was formed with Rad51/
Rad54 and then Srs2 was added. Srs2 was incapable of dissociating
the preformed D-loop, regardless of the presence or absence of RPA

a Stai: d%é’/
O N
& & b .
O <Q Stain  Blot 3
c o o
KDa - +- * IPTG kDa R L
R o ¥
200-/ 200- = S P
116 « Srs2 116 - — « Srs2 )
e oy - e ==
it T T 86-f - - -
o e 12345
12 34 P
200 Blot
S —
12 34
d ) )
Affi-BSA  Affi-Rad51
kKba | s WEI sSWE Rad51
200-
116- —— —— = ¢ Srs2

pGAD10

123456738

Figure 1 Purification and characterization of Srs2. a, Extracts from E. coli cells
harbouring pET11c::Srs2 and the control vector pET11¢ grown with or without isopropy!
8-p-thiogalactoside (IPTG) were analysed by SDS-PAGE and immunoblotting. b, Purified
Srs2 was analysed by SDS—PAGE (2 ng) and immunoblotting (20 ng). ¢, DNA unwinding
by Srs2 occurs with ATP but not without it or with AMP-PNP. The substrate was also
incubated alone (NP) or boiled (HD) for 1 min. d, Srs2 was mixed with Affi-Rad51 and
Affi-BSA beads. The input (I), supernatant (S), wash (W) and SDS eluate (E) were
immunoblotted. e, Full-length and truncated versions of Srs2 were tested for two-hybrid
interaction with Rad51. Empty vectors and Rad52 were included as controls.
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(Fig. 3A), suggesting that suppression of the recombination reaction
does not stem from the unwinding of DNA by Srs2.

Several approaches were used to test the idea that Srs2 inhibits
Rad51 recombinase function by disrupting the presynaptic fila-
ment. In doing so, we reasoned that disruption of the presynaptic
filament would yield free Rad51 molecules that could be trapped on
duplex DNA (dsDNA). The binding of Rad51 to topologically
relaxed dsDNA induces lengthening of the DNA'"' that can be
monitored as a change in the DNA linking number on treatment
with topoisomerase I (Fig. 3Ba). The product of this reaction is an
underwound species referred to as form U (Fig. 3Bb, lane 4). RPA
and Srs2 do not catalyse the formation of form U (Fig. 3Bb, lane 8),
and these proteins have no effect on the formation of form U by
Rad51 (Fig. 3Bb, compare lanes 6 and 4). The presynaptic filament
consisting of Rad51-ssDNA does not make form U (Fig. 3Bc,
lane 3). The addition of Srs2 to the Rad51-ssDNA presynaptic
filament causes the generation of form U (Fig. 3Bc, lanes 4-6),
indicating the transfer of Rad51 from the presynaptic filament to the
dsDNA. The addition of RPA further stimulates the Srs2-mediated
release of Rad51 from the presynaptic filament and the formation of
form U (Fig. 3Bc, lanes 8-10). RPA has high affinity for ssDNA and
it can compete with Rad51 for binding to ssDNA'®'*?°. The
enhanced production of form U was therefore probably due to
the sequestering of ssDNA by RPA after Srs2 had released Rad51,
thereby preventing the renucleation of Rad51 on the ssDNA.
This premise was verified by electron microscopy and explains the
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Figure 2 Srs2 inhibits Rad51-mediated DNA pairing and strand exchange. A, a, The DNA
strand exchange scheme. In b, the DNA substrates were incubated with Rad51 and
RPA. In ¢, Srs2 was also included. The results from b and ¢ and from reactions with other
Srs2 amounts are plotted in d. B, a, The D-loop reaction scheme. In b, Rad51, Srs2
and Rad54 were incubated with the DNA substrates. In ¢, RPA was also included. The
results from b and ¢ and from reactions with other Srs2 amounts are plotted in d. Filled
symbols, reactions without RPA; open symbols, reactions with RPA.
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RPA-mediated enhancement of the inhibitory effect of Srs2 in the
D-loop reaction (Fig. 2B).

The Srs2-mediated disruption of the Rad51 presynaptic filament
was examined by a second approach. Here, Rad51 that had been
dissociated from ssDNA by Srs2 was trapped on a DNA duplex
bound to magnetic beads through a biotin—streptavidin linkage
(Fig. 3Ca). Rad51 was eluted from the bead-bound DNA duplex by
treatment with SDS and then analysed in a denaturing polyacryl-
amide gel. Consistent with results from the topoisomerase I-linked
assay (Fig. 3B) was the observation that there was an Srs2-concen-
tration-dependent transfer of Rad51 from the presynaptic filament
to the bead-bound DNA duplex (Fig. 3Cb).

40
30

20

D-loop (%)

10

0
No Srs2  Srs2 Srs2
before ds after ds

Rad51 /\'

o
° zo +ve
o
Srs2 Topo! SDS/PK ﬁ
. ©— . —_ E— —_—
Rad51-ssDNA dsDNA  Rad51-dsDNA -ve
b [
FPA RPA + - - - - - o+ o+ o+
it i Srs2 + - - -
SIS2— — — — 4+ 4 + 4 —] —]

Rad51 - = + + + + - =
Topo| = + — + — + — +

ssDNA+ — + + + + + + + +

RI

Form U

123 456 78 ss

123 4567

8 9 10
C a

Srs2
+ © —

Rad51
0 °% /_W
00

+

\— —_ cﬁoooooo — SDS-PAGE

Biotin bridge
Rad51-ssDNA Bead
b Srs2 - - - _—1] - - - _—"]
ssDNA - - + + + + - - + + + +
B-dsDNA + — + + + + + — + + + +
Super Beads

kDa - < Srs2

97- -

66- -

45- — S S ——— —= == < Rad51
——— — — —— —— ~ CK
1 2 3 4 5 6 7 8 9 10 11 12

Figure 3 Srs2 disrupts the Rad51 presynaptic filament. A, D-loop reactions without and
with Srs2 added before or after the duplex substrate were performed. The reactions
were repeated with RPA present. Black bars, reactions without RPA; grey bars, reactions
with RPA. B, a, The reaction scheme. PK, proteinase K. b, Only Rad51 makes form U.
In¢, Rad51 presynaptic filaments, assembled with or without RPA, were treated with Srs2
and topoisomerase. Lane 2 contained form U marker. RI, relaxed duplex; ss, single-
stranded DNA. G, a, The reaction scheme. In b, Rad51 presynaptic filaments were
incubated with Srs2 and then with beads containing dsDNA. Rad51 was also incubated
with beads containing dsDNA (lanes 1 and 7) and beads without DNA (lanes 2 and 8). The
supernatant and bead fractions were analysed. CK, creatine kinase.

NATURE | VOL 423 | 15 MAY 2003 | www.nature.com/nature

© 2003 Nature Publishing Group

letters to nature

Last, we used electron microscopy to characterize the action of
Srs2 on the Rad51 presynaptic filament. After incubation of Rad51
with circular ssDNA, abundant presynaptic filaments'”'® were seen
(Fig. 4a). Under the same conditions, RPA formed complexes with
ssDNA that appeared as compact structures with distinctive protein
bulges (Fig. 4b). Although RPA alone was unable to disrupt the
Rad51 presynaptic filaments (Fig. 4¢), the addition of Srs2 with RPA
to the presynaptic filaments caused a complete loss of the filaments,
and the concomitant formation of RPA—ssDNA complexes (Fig. 4d).
Previous biochemical experiments had shown transfer of Rad51
from the presynaptic filament to dsDNA promoted by Srs2 (Fig. 3B
and C). This Srs2-mediated transfer of Rad51 to dsDNA could be
observed directly by electron microscopy (Fig. 4e). The data from
the electron microscopic analyses agree with results from the
biochemical experiments (Figs 2 and 3), because they show that
Srs2 disrupts the Rad51 presynaptic filament.

Even though homologous recombination is important for repair-
ing DNA strand breaks induced by ionizing radiation and endogen-
ous agents, and for restarting delinquent DNA replication forks, it
can also generate deleterious genomic rearrangements and create
DNA structures that cannot be properly resolved'. Cells have
therefore evolved mechanisms to avoid untimely recombination™”.
Our studies provide evidence that Srs2 does this by disrupting the
Rad51 presynaptic filament. The same conclusion has been reached
independently®'. Furthermore, even though RPA can function as a
cofactor in the assembly of the Rad51 presynaptic filament'®*, it
might also promote the anti-recombination function of Srs2 by
preventing reassembly of the presynaptic filament (Figs 3 and 4).
That Srs2 uses the free energy from ATP hydrolysis to dislodge
Rad51 from the presynaptic filament has been verified with mutant
variants of Srs2 (srs2 K41A and srs2 K41R) defective for ATP
hydrolysis. The physical interaction noted between Rad51 and
Srs2 further suggests a mechanism for targeting the latter to the
presynaptic filament. Taken together, the results presented here
indicate that the motor activity of Srs2 driven by ATP hydrolysis
is capable of dissociating not only DNA structures® but also
DNA-—protein complexes.

Figure 4 EM analysis of Rad51 filament disruption by Srs2. a, b, Rad51 (a) and RPA (b)
were each incubated with sSDNA; examples of the nucleoprotein complexes that
formed are shown. ¢, RPA was not able to disrupt preformed Rad51 filaments; an example
of the Rad51 filaments present is shown. d, Incubation of preformed Rad51 filaments
with Srs2 and RPA caused the loss of filaments and concomitant formation of RPA—sSDNA
complexes, an example of which is shown. e, When preformed Rad51-ssDNA
filaments were incubated with Srs2, RPA and linear duplex, RPA—ssDNA complexes were
formed (circled) and transfer of Rad51 onto the linear duplex was visualized (arrows).
Scale bars, 100 nm.
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The inhibitory effect of Srs2 on Rad51-mediated DNA strand
exchange can be partly overcome by the inclusion of Rad52 protein,
a recombination mediator that promotes Rad51 presynaptic fila-
ment assembly'"'?. However, the Rad55-Rad57 complex, which
also has recombination mediator activity'"'?, is much less effective
in alleviating the inhibitory effect of Srs2. Furthermore, Rad52 and
the Rad55-Rad57 complex do not seem to act synergistically.
Interestingly, we have found that Srs2 can also dismantle presyn-
aptic filaments of RecA and human Rad51 proteins. It therefore
seems that the presynaptic filaments formed by the RecA/Rad51
class of general recombinases share a conserved feature that is
recognized by Srs2, making them prone to disruption by the
motor activity of Srs2.

The sensitivity of srs2 mutants to DNA-damaging agents®* is
alleviated by deleting RADS51 (ref. 23), and the inability to remove
Rad51 from DNA in the srs2 mutants most probably accounts for
the hyper-recombination phenotype of these mutants'. Similarly,
the cell cycle checkpoint recovery and adaptation defect in srs2
mutants might be related to an inability to evict Rad51 from
damaged DNA’. Cells mutated for SRS2 grow slowly, exhibit an
extended late S and/or G2 phase, and are defective in meiosis®.
These defects could result from the generation of unresolvable
recombination intermediates that trigger checkpoint activation
and thereby compromise cell cycle progression. In addition to
functioning as an anti-recombinase, Srs2 could conceivably prevent
D-loop reversal by removing Rad51 bound to the displaced ssDNA
strand. The various activities of Srs2 might be subject to modulation
by phosphorylation™.

Other DNA helicase enzymes are known to suppress recombina-
tion in eukaryotic cells, including the S. cerevisiae Sgs1 protein and
the human BLM and WRN proteins, mutated in Bloom’s syndrome
and Werner’s syndrome, respectively. Untimely and aberrant
recombination events in Bloom’s syndrome and Werner’s syndrome
cells could contribute to the genomic instability in these cells®. It
has been suggested that BLM and WRN proteins control the level of
recombination by dissociating recombination intermediates™. It
will be of interest to test whether Sgsl, BLM and WRN proteins
affect the integrity of the hRad51 presynaptic filament, as over-
expression of Sgs1 protein can partly suppress some of the defects of
srs2 mutants®. d

6,22

Methods

Antibodies and Srs2 purification

Polyclonal antiserum was raised against residues 177-646 of Srs2 fused to glutathione

S transferase. Antibodies were purified from the rabbit anti-serum by affinity
chromatography on a column containing the antigen crosslinked to cyanogen bromide-
activated sepharose 4B matrix (Amersham Biosciences). SRS2 gene was placed under the
T7 promoter in the vector pET11c to yield plasmid pET11c:Srs2, which was introduced
into E. coli BL21 (DE3). Srs2 expression was induced by isopropyl §-D-thiogalactoside,
and extract from 701 of culture was subjected to precipitation with ammonium sulphate
and chromatographic fractionation in columns of Q Sepharose, SP Sepharose,
hydroxyapatite and Mono Q. The final Srs2 pool (300 pg at 2 mgml~") was nearly
homogeneous and stored in small portions at —80 °C.

DNA substrates

The ¢X circular (+) strand was from New England Biolabs. The ¢X replicative form I
DNA (Gibco-BRL) was linearized by digestion with ApaLI. The pBluescript SK(—)
replicative form I DNA was prepared as described®. Oligonucleotide D1 has the sequence:
5'-AAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAA
TCAGTGAGGCACCTATCTCAGCGATCTGTCTATTT-3', being complementary to
positions 19322022 of the pBluescript replicative form I DNA. Oligonucleotide H2 has the
sequence: 5 -GTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTT-3',
being complementary to the first 45 residues of oligonucleotide D1. The two
oligonucleotides were 5' end-labelled with [y-**P]ATP and purified as described®. The
DNA helicase substrate was obtained by hybridizing D1 to radiolabelled H2, as
described .

Biotinylated dsDNA coupled to magnetic beads

The ends of a 769-base pair fragment derived from digesting $X174 replicative form I
DNA with ApaLl and Xhol were filled in with the Klenow polymerase, using a mixture of
dGTP, dTTP, Bio-7-dATP and Bio-11-dCTP (Enzo Diagnostics). The biotinylated DNA
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fragment was immobilized on streptavidin-coated magnetic beads (Roche Molecular
Biochemicals) to give biotinylated DNA at 40 ngul~" packed volume.

Binding of Srs2 to beads containing Rad51

Rad51 and BSA were coupled to Affi-Gel 15 beads (Bio-Rad) at 5 and 12mgml ™',
respectively'’. To examine Srs2 binding, 3 p.g Srs2 was mixed with 7 pl Affi-Rad 51 or
Affi-BSA beads in 30 pl PBS (10 mM KH,PO, pH 7.2, 150 mM KCl, 1 mM dithiothreitol
(DTT) and 0.01% Igepal) at 4 °C for 30 min. The beads were collected by centrifugation;
after the supernatant had been decanted off, the beads were washed twice with 100 pl
buffer, then treated for 5 min with 30 pl 2% SDS at 37 °C to elute bound Srs2. The various
fractions—10 pl each—were analysed by immunoblotting to determine their Srs2 content.

Yeast two-hybrid assay

RAD5I was cloned into pGAD10, which contains the GAL4 transcription activation
domain, and the resulting plasmid was introduced into the haploid yeast strain PJ69-4a
(ref. 30). SRS2 (residues 1-1174), two C-terminal fragments of SRS2 (residues 783-1174
and residues 738-998), and RAD52 were cloned into pGBKT7, which contains the GAL4
DNA-binding domain; the resulting plasmids were introduced into the haploid yeast
strain PJ69-4a (ref. 30). Diploid strains obtained by mating plasmid-bearing PJ69-4a and
PJ69-4a haploids were grown on synthetic medium lacking tryptophan and leucine. To
select for two-hybrid interactions, which would result in the activation of the ADE2 and
HIS3 reporter genes, diploid cells were replica-plated on synthetic medium lacking
tryptophan, leucine and adenine, and also on synthetic medium lacking tryptophan,
leucine and histidine™. Both platings gave identical results. Only the plating on the
tryptophan, leucine and adenine dropout medium is shown in Fig. le.

DNA helicase assay

Srs2 (35nM) was incubated at 30 °C for 10 min with the DNA substrate (300 nM
nucleotides) in 10 ul buffer H (25 mM Tris-HCI pH 7.5, 2.5 mM MgCl,, 1 mM DTT,
100 g ml~" BSA) containing 2mM ATP or B-y-imidoadenosine 5'-phosphate
(AMP-PNP) and then analysed'*.

Homologous DNA pairing and strand exchange reaction

Buffer R (35 mM Tris-HCI pH 7.4, 2.0 mM ATP, 2.5 mM MgCl,, 50 mM KCl, 1 mM DTT,
containing an ATP-regenerating system consisting of 20 mM creatine phosphate and

20 pgml ™! creatine kinase) was used for the reactions, and all the incubation steps were
performed at 37 °C. Rad51 (10 pM) was mixed with ¢X circular (+) strand (30 uM
nucleotides) in 30 pl for 5 min, followed by the incorporation of RPA (2 pM) in 1.5 pl and
a 3 min incubation. The reaction was completed by adding 3 pl 50 mM spermidine
hydrochloride and linear $X dsDNA (30 pM nucleotides) in 3 pl. Portions (4.5 pl) of the
reaction mixtures were taken at the indicated times, deproteinized and resolved in agarose
gels followed by ethidium bromide staining of the DNA species, as described previously'®.
Srs2 was added to the reactions in 0.9 pl at the time of RPA incorporation.

D-loop reaction

Buffer R was used for the D-loop reactions. The radiolabelled oligonucleotide D1 (3 pM
nucleotides) was incubated with Rad51 (1 pM) in 22 pl for 5 min at 37 °C, followed by the
incorporation of Rad54 (150 nM) in 1 pl and a 2-min incubation at 23 °C. The reaction
was initiated by adding pBluescript replicative form I DNA (50 pM base pairs) in 2 pl. The
reaction mixtures were incubated at 30 °C, and 5-pl aliquots were withdrawn at the
indicated times and processed for electrophoresis as described above. The gels were dried
and subjected to phosphorimaging analysis. The percentage of D-loop refers to the
quantity of the replicative form substrate that had been converted into D-loop. When
present, RPA (200 nM) and Srs2 (40-70 nM) were added to the preassembled Rad51
filament, followed by a 4-min incubation at 37 °C before Rad54 was incorporated. In
Fig. 3A, Srs2 (45 nM) was added to the D-loop reactions before Rad54 as above, or 1 min
after the incorporation of the duplex substrate. The reactions were terminated after 4 min
of incubation.

Topoisomerase-I-linked DNA unwinding assay

Buffer R was used for the reactions and all the incubation steps were performed at 37 °C.
Rad51 (4 M) was incubated for 4 min with pBluescript (—) strand (20 pM nucleotides)
in 7.8 pl. Srs2 (40, 60 or 80 nM) and RPA (1 pM) were added in 1 pl, followed by a 4-min
incubation. Topologically relaxed $X174 DNA (12.5 pM nucleotides) in 0.8 pl and 2.5U
calf thymus topoisomerase I (Invitrogen) in 0.4 ul storage buffer were then incorporated
to complete the reaction. The reaction mixtures were incubated for 8 min and then
stopped by adding SDS to 0.5%. In reactions that did not contain the (—) strand, Rad51,
with or without RPA (1 pM) and Srs2 (80 nM), was incubated for 8 min with topologically
relaxed $ X174 DNA and topoisomerase I in a final volume of 10 pl. The reaction mixtures
were treated for 10 min with proteinase K (0.5mgml™") before being analysed in 0.9%
agarose gels.

Transfer of Rad51 to bead-bound biotinylated dsDNA

M13mp18 circular (4) strand (7.2 pM nucleotides) was incubated for 5 min with Rad51
(2.4 uM) at 37 °C, followed by the addition of Srs2 (30, 60 or 90 nM) in a final volume of
20 pl buffer R containing 50 mM KCl and 0.01% Igepal. After 3 min at 37 °C, 4 pl magnetic
beads containing dsDNA were added to the reaction, followed by constant mixing for

5 min at 23 °C. The beads were captured with the Magnetic Particle Separator (Boehringer
Mannheim), washed twice with 50 pl buffer, and the bound Rad51 was eluted with 20 ul
1% SDS. The supernatant, which contained unbound Rad51, and the SDS eluate (10 pl
each) were analysed by SDS—polyacrylamide-gel electrophoresis (SDS-PAGE).
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Electron microscopy

The reactions were performed in buffer R at 37 °C and had a final volume of 12.5 pl. To
assemble the Rad51 presynaptic filament, M13mp18 (+) strand (7.2 pM nucleotides) and
1.3 pg Rad51 (2.4 pM) were incubated for 5 min. To test the effects of Srs2 and RPA, these
proteins were added to the reaction mixtures containing the preassembled Rad51
presynaptic filament to final concentrations of 60 nM (Srs2) and 350 nM (RPA), followed
by a 3-min incubation. In some cases, linear dsDNA (a 5.2-kilobase fragment derived from
the pET24 vector) was also added with Srs2 and RPA to 7.2 uM base pairs, followed by a
5-min incubation. For electron microscopy, 3 pl of each reaction mixture was applied to
copper grids coated with thin carbon film after glow-discharging the coated grids for

2 min. The grids were washed twice with buffer R and stained for 30 s with 0.75% uranyl
formate. After air-drying, the grids were examined with a Philips Tecnail2 electron
microscope under low-dose conditions. Images were recorded either with a charge-
coupled device camera (Gatan) or on Kodak SO-163 films at X 30,000 magnification and
then scanned on a SCAI scanner (Zeiss). The experiments shown in Fig. 4 were each
independently repeated three or more times and at least 100 nucleoprotein complexes
were examined in each experiment.

Received 3 February; accepted 20 March 2003; doi:10.1038/nature01577.

1. Klein, H. L. A radical solution to death. Nature Genet. 25, 132—134 (2000).

2. Vaze, M. B. et al. Recovery from checkpoint-mediated arrest after repair of a double-strand break
requires Srs2 helicase. Mol. Cell 10, 373-385 (2002).

3. Lee, S. K, Johnson, R. E,, Yu, S. L., Prakash, L. & Prakash, S. Requirement of yeast SGS1 and SRS2
genes for replication and transcription. Science 286, 2339-2342 (1999).

4. Gangloff, S., Soustelle, C. & Fabre, F. Homologous recombination is responsible for cell death in the
absence of the Sgs1 and Srs2 helicases. Nature Genet. 25, 192-194 (2000).

5. Oakley, T. J. & Hickson, I. D. Defending genome integrity during S-phase: putative roles for RecQ
helicases and topoisomerase III. DNA Repair 1, 175-207 (2002).

6. Rong, L. & Klein, H. L. Purification and characterization of the SRS2 DNA helicase of the yeast
Saccharomyces cerevisiae. J. Biol. Chem. 268, 1252-1259 (1993).

7. Milne, G. T., Ho, T. & Weaver, D. T. Modulation of Saccharomyces cerevisiae DNA double-strand break
repair by SRS2 and RADS51. Genetics 139, 1189-1199 (1995).

8. Chanet, R., Heude, M., Adjiri, A., Maloisel, L. & Fabre, F. Semidominant mutations in the yeast Rad51
protein and their relationships with the Srs2 helicase. Mol. Cell. Biol. 16, 4782-4789 (1996).

9. Schild, D. Suppression of a new allele of the yeast RAD52 gene by overexpression of RAD51, mutations
in srs2 and ccr4, or mating-type heterozygosity. Genetics 140, 115-127 (1995).
10. Sung, P. Catalysis of ATP-dependent homologous DNA pairing and strand exchange by yeast RAD51
protein. Science 265, 1241-1243 (1994).
. Sung, P,, Trujillo, K. M. & Van Komen, S. Recombination factors of Saccharomyces cerevisiae. Mutat.
Res. 451, 257-275 (2000).
12. Cox, M. M. Recombinational DNA repair of damaged replication forks in Escherichia coli: questions.
Annu. Rev. Genet. 35, 53-82 (2001).

13. Bianco, P. R, Tracy, R. B. & Kowalczykowski, S. C. DNA strand exchange proteins: a biochemical and
physical comparison. Front. Biosci. 3, 570-603 (1998).

14. Petukhova, G., Stratton, S. & Sung, P. Catalysis of homologous DNA pairing by yeast Rad51 and
Rad54 proteins. Nature 393, 91-94 (1998).

15. Mazin, A. V., Zaitseva, E., Sung, P. & Kowalczykowski, S. C. Tailed duplex DNA is the preferred
substrate for Rad51 protein-mediated homologous pairing. EMBO J. 19, 1148-1156 (2000).

16. Van Komen, S., Petukhova, G., Sigurdsson, S. & Sung, P. Functional cross-talk among Rad51, Rad54,
and replication protein A in heteroduplex DNA joint formation. J. Biol. Chem. 277, 4357843587
(2002).

. Ogawa, T, Yu, X., Shinohara, A. & Egelman, E. H. Similarity of the yeast RAD51 filament to the
bacterial RecA filament. Science 259, 18961899 (1993).

18. Sung, P. & Robberson, D. L. DNA strand exchange mediated by a RAD51-ssDNA nucleoprotein

filament with polarity opposite to that of RecA. Cell 82, 453461 (1995).

19. Sung, P. Yeast Rad55 and Rad57 proteins form a heterodimer that functions with replication protein A
to promote DNA strand exchange by Rad51 recombinase. Genes Dev. 11, 1111-1121 (1997).

. Sugiyama, T., Zaitseva, E. M. & Kowalczykowski, S. C. A single-stranded DNA-binding protein is

Q

2

=]

needed for efficient presynaptic complex formation by the Saccharomyces cerevisiae Rad51 protein.
J. Biol. Chem. 272, 7940-7945 (1997).

. Veaute, X. et al. The Srs2 helicase prevents recombination by disrupting Rad51 nucleoprotein
filaments. Nature 423, 309-312 (2003).

. Aboussekhra, A. et al. RADH, a gene of Saccharomyces cerevisiae encoding a putative DNA helicase

2

2!

N

involved in DNA repair. Characteristics of radH mutants and sequence of the gene. Nucleic Acids Res.
17, 7211-7219 (1989).

23. Aboussekhra, A., Chanet, R., Adjiri, A. & Fabre, F. Semidominant suppressors of Srs2 helicase

<@

mutations of Saccharomyces cerevisiae map in the RAD51 gene, whose sequence predicts a protein
with similarities to procaryotic RecA proteins. Mol. Cell. Biol. 12, 3224-3234 (1992).

. Liberi, G. et al. Srs2 DNA helicase is involved in checkpoint response and its regulation requires a
functional Mec1-dependent pathway and Cdk1 activity. EMBO J. 19, 5027-5038 (2000).

. Palladino, F. & Klein, H. L. Analysis of mitotic and meiotic defects in Saccharomyces cerevisiae SRS2
DNA helicase mutants. Genetics 132, 23-37 (1992).

. Adams, M. D., McVey, M. & Sekelsky, J. J. Drosophila BLM in double-strand break repair by synthesis-
dependent strand annealing. Science 299, 265-267 (2003).

27. Wu, L., Davies, S. L., Levitt, N. C. & Hickson, I. D. Potential role for the BLM helicase in
recombinational repair via a conserved interaction with RAD51. J. Biol. Chem. 276, 19375-19381
(2001).

. Mankouri, H. W,, Craig, T. J. & Morgan, A. SGS1 is a multicopy suppressor of srs2: functional overlap
between DNA helicases. Nucleic Acids Res. 30, 1103-1113 (2002).

. Petukhova, G., Stratton, S. A. & Sung, P. Single strand DNA binding and annealing activities in the
yeast recombination factor Rad59. J. Biol. Chem. 274, 33839-33842 (1999).

. Krejci, L., Damborsky, J., Thomsen, B., Duno, M. & Bendixen, C. Molecular dissection of interactions
between Rad51 and members of the recombination-repair group. Mol. Cell. Biol. 21, 966-976 (2001).

2

=

2!

G

2

=N

2i

®

2

©

3

S

NATURE | VOL 423 | 15 MAY 2003 | www.nature.com/nature

© 2003 Nature Publishing Group

letters to nature

Acknowledgements We thank M. Sehorn and K. Trujillo for reading the manuscript. This
work was supported by research grants from the NIH (H.K., T.E. and P.S.). S.V.K. was supported in
part by a predoctoral fellowship from the US Department of Defense, and Y.L. was supported by a
NIH postdoctoral fellowship. The molecular electron microscopy facility at Harvard Medical
School was established by a donation from the Giovanni Armeise Harvard Center for Structural
Biology, and is maintained through a NIH grant.

Competing interests statement The authors declare that they have no competing financial
interests.

Correspondence and requests for materials should be addressed to L.K. (krejci@uthscsa.edu) or
P.S. (sung@uthscsa.edu).

The Srs2 helicase prevents
recombination hy disrupting
Rad51 nucleoprotein filaments
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Homologous recombination is a ubiquitous process with key
functions in meiotic and vegetative cells for the repair of DNA
breaks. It is initiated by the formation of single-stranded DNA on
which recombination proteins bind to form a nucleoprotein
filament that is active in searching for homology, in the for-
mation of joint molecules and in the exchange of DNA strands’.
This process contributes to genome stability but it is also
potentially dangerous to cells if intermediates are formed that
cannot be processed normally and thus are toxic or generate
genomic rearrangements. Cells must therefore have developed
strategies to survey recombination and to prevent the occurrence
of such deleterious events. In Saccharomyces cerevisiae, genetic
data have shown that the Srs2 helicase negatively modulates
recombination®?, and later experiments suggested that it reverses
intermediate recombination structures*’. Here we show that
DNA strand exchange mediated in vitro by Rad51 is inhibited
by Srs2, and that Srs2 disrupts Rad51 filaments formed on single-
stranded DNA. These data provide an explanation for the anti-
recombinogenic role of Srs2 in vivo and highlight a previously
unknown mechanism for recombination control.

Several phenotypes (discussed below) conferred by the srs2
deletion are suppressed by mutations that prevent formation of
the Rad51 nucleofilaments®’. Two hypotheses could explain this
suppression: either Srs2 functions in replication and repair to
prevent the formation of toxic recombination structures, or Srs2
disrupts dead-end recombination intermediates, possibly formed
after the arrest of the replication fork, to allow repair through
alternative pathways. This second proposition led us to ask whether
purified Srs2 acts on preformed recombination structures.

Srs2 was expressed from a baculovirus vector in which SRS2 was
cloned in frame with a histidine tag at its amino terminus. We
showed that the protein fusion expressed in yeast fully complements
the sensitivity of srs2-deleted cells to radiation (data not shown).

§ Present address: UMR2167 CNRS Centre de Génétique Moléculaire, Batiment 26, avenue de la Terrasse,
91198 Gif-sur-Yvette Cedex, France.
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