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Sidney D. Cartera, Dana Vigašováb, Jiang Chena, Miroslav Chovanecb, and Stefan U. Åströma,1

aDevelopmental Biology/Wenner-Gren Institute, Stockholm University, Svante Arrhenius v.16–18, SE-106 91 Stockholm, Sweden; and bLaboratory of
Molecular Genetics, Cancer Research Institute, Slovak Academy of Sciences, Vlárska 7, 833 91 Bratislava, Slovak Republic
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Double-strand breaks (DSBs) represent the most severe DNA lesion a
cell can suffer, as they pose the risk of inducing loss of genomic
integrity and promote oncogenesis in mammals. Two pathways
repair DSBs, nonhomologous end joining (NHEJ) and homologous
recombination (HR). With respect to mechanism and genetic require-
ments, characterization of these pathways has revealed a large
degree of functional separation between the two. Nej1 is a cell-type
specific regulator essential to NHEJ in Saccharomyces cerevisiae. Srs2
is a DNA helicase with multiple roles in HR. In this study, we show that
Nej1 physically interacts with Srs2. Furthermore, mutational analysis
of Nej1 suggests that the interaction was strengthened by Dun1-
dependent phosphorylation of Nej1 serines 297/298. Srs2 was previ-
ously shown to be recruited to replication forks, where it promotes
translesion DNA synthesis. We demonstrate that Srs2 was also effi-
ciently recruited to DSBs generated by the HO endonuclease. Addi-
tionally, efficient Srs2 recruitment to this DSB was dependent on Nej1,
but independent of mechanisms facilitating Srs2 recruitment to rep-
lication forks. Functionally, both Nej1 and Srs2 were required for
efficient repair of DSBs with 15-bp overhangs, a repair event remi-
niscent of a specific type of HR called single-strand annealing (SSA).
Moreover, absence of Rad51 suppressed the SSA-defect in srs2 and
nej1 strains. We suggest a model in which Nej1 recruits Srs2 to DSBs
to promote NHEJ/SSA-like repair by dismantling inappropriately
formed Rad51 nucleoprotein filaments. This unexpected link between
NHEJ and HR components may represent cross-talk between DSB
repair pathways to ensure efficient repair.

nonhomologous end joining � single strand annealing

Saccharomyces cerevisiae Srs2 (Hpr5) belongs to the widely repre-
sented SF1 group of helicases and functions in homologous re-
combination (HR), which along with nonhomologous end joining
(NHEJ), constitute the 2 conserved pathways of DNA double-
strand break (DSB) repair as reviewed in refs. 1–3. HR is charac-
terized by the use of an undamaged homologous sequence as
template to guide the repair process. Srs2 (suppressor of rad6) was
originally identified through inactivating mutations that partly
suppressed the UV light (UV) sensitivity of rad6 and rad18 mutant
strains (4). RAD6 and RAD18 facilitate DNA replication across
lesions in the postreplicative repair (PRR) pathway (5, 6). Inacti-
vating mutations in the SRS2 gene also lead to mitotic hyperre-
combination (7, 8). Subsequent characterization of the biochemical
activity of Srs2 revealed that it has the ability to remove Rad51 from
single-stranded DNA (ssDNA) (9, 10). Removal of Rad51 from
ssDNA limits homologous recombination (HR) at a fundamental
step in the pathway, namely, strand invasion of the template
molecule. When RAD6/RAD18-dependent PRR is compromised,
removal of Srs2 leads to increased UV resistance because more of
the resulting DNA lesions can be channeled into Rad51-dependent
HR pathways. Thus, both the mitotic hyper-recombination, and
UV suppression phenotypes are explained by the ability of Srs2 to
restrict HR by limiting Rad51 nucleation on ssDNA. Consistent
with this model, many srs2 phenotypes are suppressed by deleting
the RAD51 gene (11–13).

The roles of Srs2 in HR are more diverse than simply limiting the
process. Different resolutions of recombination intermediates,
termed Holliday junctions, lead to the formation of either cross-
over or noncross-over products. In vegetative cells, cross-overs are
usually prevented. Avoiding cross-overs may be important because
loss-of-heterozygosity and chromosomal rearrangements, events
linked to cancer formation in mammals, can occur as a result.
Strains lacking Srs2 show increased cross-over levels during mitosis.
It was suggested that the helicase activity of Srs2 melts the so-called
D-loop, by unwinding the elongating invading strand from the
template strand. The result is that the invading strand flips back and
anneals with the other end of the DSB on the same chromosome,
preventing the formation of Holliday junctions. This pathway is
called synthesis-dependent strand annealing (SDSA). According to
this model, Srs2 actively promotes SDSA, hence preventing cross-
overs (14–16). Srs2 also has a role in promoting an HR pathway
known as single-strand annealing (SSA) (17, 18). Recombination
between flanking direct repeats by the SSA pathway produce a
deletion of the intervening DNA. SSA is strongly dependent on
Rad52, facilitating the annealing between repeats. In contrast, the
absence of Rad51 in fact facilitates SSA, suggesting that SSA and
Rad51-dependent gene conversion may compete (19). Using SSA
substrates with long (25 kb) intervening DNA suggested that the
major role of Srs2 in completing SSA was in fact to ensure recovery
of the cell cycle after repair was completed (20). However, also in
this case, deletion of RAD51 rescued the srs2 defect in recovery.

In the case of the PRR pathway, a model for recruitment of Srs2
to DNA lesions has been suggested. Post-translational sumoylation
and ubiquitination of proliferating cell nuclear antigen (PCNA), a
processivity factor for DNA polymerase, contributes to the PRR
pathway in an essential manner. Sumoylated PCNA interacts better
with Srs2 than unmodified PCNA, and this SUMO-modification
has thus been suggested to be responsible for recruiting Srs2 to
DNA already bound by PCNA (21, 22). Since this occurs in the
absence of DNA damage, the PCNA-SUMO-Srs2 interaction was
suggested to be a guarding mechanism that prohibits potentially
detrimental recombination during DNA replication.

DSB repair by NHEJ differs from HR in that it does not rely on
extensive homology for repair, but ligates the 2 severed ends in a
manner that often generates small deletions or insertions. In S.
cerevisiae, NHEJ is a back-up pathway, with HR repairing most
DSBs, whereas in mammals NHEJ appears to be the predominant
DSB repair pathway. The central component of the NHEJ pathway
is a specialized DNA ligase, Dnl4 in yeast and LIG4 in mammals.
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Dnl4/LIG4 interacts with Lif1/XRCC4 that in turn interacts with
Nej1/XLF. This entire complex is required for NHEJ in both yeast
and mammals. An additional requirement for NHEJ in budding
yeast is the Mre11 complex, composed of Mre11, Rad50, and Xrs2
(23–25). A unique property of the Mre11 complex is its involvement
in both the NHEJ and HR pathways. The Mre11 complex is also an
important DNA damage sensor (26, 27). During NHEJ, the Mre11
complex plays a structural role by bridging the DNA ends, thereby
stimulating ligation (23). As a participant in HR, the Mre11
complex regulates end-resectioning that produces invasive ssDNA
intermediates (28, 29).

In this study, we explore a molecular interaction between Srs2
and Nej1. We showed that Srs2 was recruited to a DSB and that
efficient recruitment depended on Nej1. Further, we demonstrated
that Nej1 supports DSB repair by an SSA-like mechanism. These
observations seem to soften the distinction between DSB repair
pathways and may reflect cross-talk between NHEJ and HR.

Results
To identify proteins interacting with Nej1, we performed a 2-hybrid
screen using a Gal4 DNA binding domain (DB)-Nej1 fusion protein
as bait. A plasmid library consisting of a Gal4-activation domain
(AD) fused to random genomic S. cerevisiae DNA was screened for
interaction partners. The cotransformants were screened for ade-
nine and histidine prototrophy, because the tester strain contained
GAL-regulated ADE2 and HIS3 genes. Plasmid DNA was isolated
from positive colonies and reintroduced into the tester strain.
Among the library plasmids that passed this test were 2 independent
isolates representing GAL4-AD-SRS2 fusion genes. In light of the
common role of Nej1 and Srs2 in DNA repair, we found this

interaction highly interesting. Both of the GAL4-AD-SRS2 fusion
genes were joined in the 3� part of the SRS2 gene, encoding fusion
proteins containing amino acids 862 to 1,174 and 1,104 to 1,174 of
Srs2, respectively. Hence, the last 70 amino acids of the Srs2 C
terminus were sufficient to mediate the observed 2-hybrid interac-
tion. Phenotypically, both truncated forms of Srs2 interacted
equally well with Nej1. In subsequent 2-hybrid experiments we
continued with the Srs2 construct encoding amino acids 862 to
1,174 (Fig. 1A).

A recent study showed that Nej1 was phosphorylated on either
serine 297 or 298 or both. Moreover, the Dun1 protein kinase was
necessary for this phosphorylation in vivo (30). Dun1 is a serine/
threonine protein kinase that is activated by Rad53 in response to
DNA damage (31, 32). Dun1 also appears to become activated
during normal cell cycle progression (33). We generated mutant
alleles of Nej1 in which serines 297 and 298 were replaced with
nonphosphorylatable alanine residues either individually, or as a
pair. In addition, individual glutamate substitutions of serines 297
and 298 of Nej1 were generated to mimic phosphorylated residues.
We used a GAL4-AD-LIF1 fusion gene as a positive control
because a direct interaction between Nej1 and Lif1 has been
established by several laboratories (34–37). Lif1 interacted with all
Nej1 substitution proteins showing that the constructs were ex-
pressed. The Srs2 construct, however, lost the interaction with both
Nej1 alanine substitution proteins but retained the interaction with
Nej1 proteins carrying glutamate substitutions (Fig. 1A). These
results were consistent with the notion that the Nej1-Srs2 interac-
tion was promoted by phosphorylation. To further test this idea, we
generated a dun1 mutant derivative of the 2-hybrid strain. Inter-
estingly, the Nej1-Srs2 interaction was lost in the dun1 background.

Fig. 1. Analysis of the Nej1-Srs2 interaction. (A)
Shown is the 2-hybrid strain PJ69–4A containing pAS1-
NEJ1 (Gal4BD-NEJ1) or pASI-nej1 substitution deriva-
tives as bait. Prey constructs contain the indicated LIF1
or SRS2 gene fusions in pACTII (Gal4AD). Cells are spot-
ted as 10-fold serial dilutions on 2-hybrid indicator
medium lacking adenine or histidine. (B) Two-hybrid
analysis using the indicated bait and prey constructs in
a dun1 derivative of PJ69–4A. (C) Left, Radiograph of
an MBP pull-down is shown. Lanes show input, pull-
downs with MBP alone and pull-downs with MBP-Nej1,
as indicated. The in vitro translated protein added was
Lif1 (lanes 1–3), full-length Srs2 (lanes 4–6), and amino
acids 810 to 1,174 of Srs2 (lanes 7–9). Arrows indicate
the recovery of full-length Srs2 and amino acids 810 to
1,174 of Srs2. Higher mobility peptides in the input and
pull-down lanes are interpreted to represent truncated
forms of the respective in vitro translated proteins. Size
markers are shown to the left. Right, Coomassie stain-
ing of the same gel used to generate the autoradio-
graph is shown.
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In contrast, by selecting for isolates with high copy numbers of the
respective NEJ1 allele, we found that both Nej1 glutamate deriv-
atives retained the ability to interact with Srs2 in the dun1 strain
(Fig. 1B).

To confirm the Nej1-Srs2 interaction and test whether it was
direct, we performed pull-down experiments using in vitro trans-
lated Srs2 and a recombinant maltose-binding protein (MBP)-Nej1
fusion protein. In vitro translated Lif1 was used as a positive control.
This experiment showed that Nej1 could interact with Srs2, both
with full-length Srs2 and with its C terminus (amino acids 810–
1,174). Moreover, comparing the input lanes to the pull-downs, the
Srs2 interactions with Nej1 were comparable with the Nej1-Lif1
interaction (Fig. 1C).

Given that Srs2 plays a role in several DSB repair pathways, we
endeavored to determine whether we could detect Srs2 recruitment
to an induced DSB in vivo. We generated an SRS2-13MYC fusion
gene at the endogenous SRS2 locus. The strain also contained the
HO endonuclease gene under the control of a galactose-inducible
promoter and complete deletions of the cryptic mating-type loci,
HML� and HMRa. Galactose-induced expression of HO in this
strain results in a single DSB at the MAT HO recognition site that
cannot be repaired by gene conversion (38). We performed chro-
matin-immunoprecipitation (ChIP) followed by qPCR to quantify
relative amounts of MAT-associated DNA in the SRS2-13XMYC
WT strain and its derivatives. Relative to input DNA, galactose-
induction in the SRS2-13XMYC WT strain resulted in the recovery
of 0.082% of MAT-associated DNA vs. 0.004% in noninduced cells,
or 0.003% of a control locus located immediately upstream of the
PHO5 gene (Fig. 2A). In addition, the ChIP was specific for

Srs2–13XMyc because MAT-associated DNA was not preferen-
tially precipitated after break induction in a strain containing
untagged SRS2. To test whether Nej1 may be targeting Srs2, we
tested Srs2 recruitment to the DSB in a nej1 strain. Deletion of
NEJ1 resulted in an approximate 2-fold reduction in Srs2 recruit-
ment to the DSB (Fig. 2A). Consistently, we observed an almost
complete loss of Srs2 recruitment to the DSB in a dun1 strain (Fig.
2B). Within the context of PRR, Srs2 is recruited to DNA repli-
cation forks partly through its interaction with PCNA. This inter-
action is regulated by sumoylation of PCNA at lysine 164, a
modification carried out by the SUMO E3 ligase Siz1 (22). To
determine whether Srs2 localization to the DSB depended on
PCNA sumoylation, we tested Srs2 recruitment efficiency in a siz1
strain. Cells lacking Siz1 showed no appreciable defect in Srs2
recruitment to the DSB, as the enrichment levels of MAT-
associated DNA were comparable between the siz1 strain and the
WT control (Fig. 2C). This result suggests a mechanistic difference
between Srs2 recruitment to DSBs and replication forks. The
results presented in Fig. 2 A–C are single representative experi-
ments. Reassuringly, the relative levels of Srs2–13XMyc recruit-
ment for each experimental strain remained constant in several
experiments (Fig. 2D). Importantly, differences in recruitment
efficiency between strains were not because of differences in
Srs2–13XMyc steady-state levels (Fig. S1) or different levels of DSB
induction (Fig. S2).

We next explored the biological consequences of the interaction
between Srs2 and Nej1. We began by investigating any potential
cooperation between Srs2 and Nej1 in PRR using UV-sensitivity
assays. Strains lacking NEJ1 displayed no sensitivity to UV radia-

Fig. 2. Recruitment of Srs2–13XMyc to an induced
DNA DSB. Chromatin immunoprecipitation (ChIP) was
performed on strain SAY1110 (SRS2-13XMYC) and de-
rivatives using an anti-myc antibody (9E10). Cell ex-
tracts were prepared from each strain following
growth in glucose or galactose, with galactose result-
ing in the induction of a single DSB by the HO endo-
nuclease at MAT, schematically shown on top. Follow-
ing ChIP, associated DNA was quantified by qPCR. Mock
immunoprecipitations lacking �-myc (9E10) are in-
cluded. Shown are representative results of experi-
ments repeated at least 3 times, except the experiment
in which 9E10 antiserum was added to an untagged
strain (SRS2 JKM115), in which a single experiment was
performed. The standard deviations of triplicate qPCR
reactions for each strain and condition are included. (A)
Amplification of MAT associated DNA approximately
0.2 kb away from the induced DSB, and amplification of
nonspecifc DNA immediately upstream of the PHO5
locus of chromosome II in a WT (SAY1110) and nej1
(SAY1126) strains. (B) Identical experiments performed
in dun1 (SAY1180) or (C) siz1 (SAY1196) strains. (D) For
each of the indicated strains, the amplification of MAT
associated DNA following DSB induction from multiple
experiments is shown as an average relative to WT. The
averages represent 3 independent experiments for the
nej1 and dun1 strains, and 2 independent experiments
for the siz1 strain. The standard deviation between
separate experiments is indicated.
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tion. Furthermore, deletion of NEJ1 in rad6, srs2 or rad6 srs2
backgrounds had no effect on the parental phenotypes (Fig. S3).
Hence, it is unlikely that the Nej1-Srs2 interaction regulates PRR.

Srs2 has been shown to promote SSA by removing Rad51 from
ssDNA overhangs, thus allowing Rad52-dependent strand-
annealing and subsequent repair. Therefore, we next used a plasmid
based rejoining assay using a linearized vector modified to contain
15bp 3� overhangs flanking a disrupted ADE2 gene (39) (See
Methods). Precise repair of the construct results in the restoration
of ADE2, and can be screened for by white colony color and
expressed as transformation efficiency. As expected, we found that
repair of the construct was mediated by HR-dependent machinery,
as deletion of RAD52 abolished nearly all repair events compared
with WT (Fig. 3A). Furthermore, an srs2 strain transformed with
less than half the efficiency of the WT control. In agreement with
previous observations characterizing the biochemical activity of
Srs2, deletion of RAD51 suppressed the srs2 phenotype and raised
the transformation efficiency of an srs2 rad51 strain to nearly WT
levels. Most surprisingly, a nej1 strain transformed with a reduced
efficiency (Fig. 3A). This result suggests that a protein previously
shown only to participate in NHEJ also contributes to a Rad52-
dependent repair process. Importantly, deleting rad51 suppressed
the nej1 defect, suggesting that the role of Nej1 in promoting SSA
in this assay was similar to the role of Srs2. An srs2 nej1 double
mutant transformed with an efficiency similar to that of the srs2
single mutant. The dun1 and nej1-SS297/8AA strains displayed a
slightly less pronounced phenotype than the nej1 strain, with
transformation efficiencies of 74% and 73% of WT, respectively.

To determine whether the interaction between Srs2 and Nej1
affect NHEJ, we performed 2 separate assays designed to measure
NHEJ efficiency. We introduced a plasmid carrying the HO
endonuclease gene under the control of a galactose-inducible
promoter into nej1, srs2 and srs2 nej1 strains. Since the cryptic
mating type loci, HML� and HMRa have been deleted in these
strains, expression of the HO endonuclease results in the generation
of a single DSB at MAT that cannot be repaired by gene conversion.
Because an unrepaired DSB is lethal, cell survival following plating
on medium containing galactose is interpreted as a relative measure
of NHEJ efficiency. By this assay, no contribution to NHEJ by Srs2
was detectable, as survival of the srs2 strain on galactose containing
medium was similar to that of WT (Fig. 3B). In contrast, the nej1
single or srs2 nej1 double-mutant strains performed NHEJ at a
greatly reduced efficiency, as expected. In a more sensitive ap-
proach, we next performed plasmid-rejoining assays of XhoI-
digested vector in srs2, nej1, srs2 nej1, and dun1 strains. Our results
indicated that the srs2 strain was defective in performing plasmid
repair by 50% relative to WT (Fig. 3C). The srs2 nej1 double-mutant
strain transformed with an efficiency of 6% relative to WT, indi-
cating a plasmid-rejoining defect similar to that of the nej1 single
mutant. The dun1 strain transformed with an efficiency of 68%
compared with WT, a result that confirms an initial finding that
Dun1 contributes to efficient NHEJ (30).

Discussion
In conclusion, our data expands on the current view of DSB repair
by describing an overlap between molecular components of the
NHEJ and HR pathways. Our 2-hybrid results show an interaction
between Nej1 and Srs2, and strongly suggest that Dun1-dependent
phosphorylation of Nej1 promotes this interaction. A compelling
indication of this notion was that the Nej1-Srs2 2-hybrid interaction
was lost in a dun1 strain, but Nej1 containing the glutamate
substitutions maintained their interaction with Srs2 in the absence
of Dun1. A previously performed large scale 2-hybrid screen using
Srs2 as bait identified 166 potential interacting proteins, but did not
identify Nej1 (40). This data raised the possibility that the 2-hybrid
interaction we observed was indirectly mediated through another
protein. We reasoned that confirming the Srs2-Nej1 interaction by
means of coimmunoprecipitation would not address whether the

interaction was direct or not. Instead, we performed in vitro
interaction assays in which both full-length Srs2 and the C terminus
of Srs2 interacted with recombinant Nej1. Hence, the Nej1-Srs2
interaction appears to be direct. Although within this context
phosphorylation of Nej1 is highly unlikely, we suggest the pull-down
assay might enable the detection of an interaction too weak or
transient to result in the activation of reporter genes necessary for
observation by 2-hybrid.

Further, using ChIP we provide evidence that Srs2 is recruited to
an induced DSB, and that Nej1 promotes full recruitment effi-

Fig. 3. DSB repair by an SSA-like mechanism and NHEJ. (A) The indicated strains
(YW465, SAY1105, SAY1103, SAY1193, SAY1362, SAY1198, SAY1124, SAY1104,
and SAY1199) were transformed with a plasmid construct containing a DSB
flanked by 15-bp complementary overhangs embedded within an ADE2 gene.
Repair efficiency was assessed by counting white colonies (Ade�) growing on
medium lacking uracil and normalized to parallel transformations with super-
coiled pRS413 and growth on medium lacking histidine. Transformation effi-
ciency of each mutant strain is shown as a percentage of WT, which was defined
as 100%. The standard deviation of 3 separate experiments is included. (B)
GAL-HO assay of 10-fold serial dilutions showing cell survival during continuous
HO expression and DSB induction at MAT using the indicated strains (JKM115,
SAY272, SAY264, and SAY274). (C) NHEJ efficiency of the indicated strains
(YW465, SAY1103, SAY1105, SAY1198, and SAY1104) is shown in a plasmid-
rejoiningassayofXhoI-linearizedpRS416.Valuesfor individualstrainsareplotted
as a relative percentage of WT and include the standard deviation of 3 separate
experiments.
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ciency. However, the residual levels of Srs2 detectable at the DSB
in the absence of Nej1 clearly indicate additional recruitment
means. Under these circumstances, the almost complete loss of Srs2
recruitment in the dun1 strain was unexpected. We speculate that
this strong phenotype reflects the pleiotropic nature of Dun1. Srs2
itself is phosphorylated, and DNA damage induced phosphoryla-
tion of Srs2 is lost in dun1 strains (41). We also demonstrate that
the mechanistic basis of Srs2 recruitment to a DSB appears to be
distinctly different from mechanisms governing Srs2 recruitment to
replication forks. This claim is based on the observation that the
PCNA SUMO ligase Siz1 was not required for Srs2 recruitment to
the HO-induced DSB, whereas Siz1 is required for efficient re-
cruitment of Srs2 to replication forks (21, 22).

We present data that suggests a contribution of Nej1 to a
Rad52-dependent SSA-like DSB repair mechanism. Both Srs2 and
Nej1 are required for efficient repair in this 15-bp overhang assay.
Significantly, absence of Rad51 suppresses the defect in both
strains. This observation strengthens the notion that repair was
mediated by an SSA-like mechanism. It further argues that Rad51
nucleation on the ssDNA overhangs was most likely the primary
reason for the repair defect of the srs2 and nej1 strains. In addition
to DSB repair by SSA, Srs2 has been shown to be necessary for cell
recovery and adaptation following activation of the DNA damage
response (20). In contrast to our 15-bp overhang assay, this study
monitored much longer overhangs (25kb), making the interpreta-
tion of a role of Srs2 in adaptation vs. repair difficult. We also found
a NHEJ-defect in srs2 strains. This result is in agreement with prior
studies showing that Srs2 contributes to efficient NHEJ, although
to a lesser degree than the core NHEJ components (35, 42).
Furthermore, the less severe NHEJ defect of the srs2 strain
compared with the srs2 nej1 double-mutant strain makes clear that
the essential contribution of Nej1 to NHEJ remains a distinct and
separate function from its role in recruiting Srs2 to DSBs. Based
upon this study, we propose a model in which Srs2 is recruited
through different mechanisms to replication forks or genomic DSBs
(Fig. 4). During DNA replication, Srs2 is recruited to replication
forks through an interaction with sumoylated PCNA, where it
prevents deleterious HR events and thus shuttles encountered
DNA lesions into the PRR pathway (21, 22). Outside of DNA

replication, Srs2 recruitment to DSBs is supported through binding
to Nej1. We surmise that Dun1-dependent phosphorylation of Nej1
functions to stabilize or modulate its interaction with Srs2. Studies
have shown that Rad51 can bind to as few as 4 bp of ssDNA (43).
Therefore, it is feasible that Rad51 binding to short overhangs could
interfere with the repair of DSBs by NHEJ/SSA. We propose that
the cooperation between Srs2 and Nej1 may counteract improper
Rad51 binding to short overhangs, and thus support DSB repair by
NHEJ/SSA.

Methods
Strains and Plasmids. The complete genotype of all strains used in this study is
listed in Table S1. Unless noted otherwise, all gene deletions were carried out
using a 1-step gene disruption procedure (44) using a kanMX or NAT PCR
fragment amplified from pFA6a-KANMX (45) or pAG25 (46), respectively, and
verified by a PCR-based strategy. Two-hybrid experiments were performed in
PJ69–4A (47). A 3.2-kb fragment containing GAL-HO was excised from pBS283
(48) by SalI-EcoRI digestion, and cloned into XhoI-EcoRI digested pRS406, gener-
ating p490. p490 was introduced into JKM115 (38) by integrative transformation
following digestion with NcoI, generating SAY282. SAY1110 (SRS2-13XMYC) was
generated using a PCR-based procedure (49) by integrative transformation at the
genomic SRS2 locus in SAY282. SAY1126 (nej1::NAT), SAY1180 (dun1::NAT), and
SAY1196 (siz1::NAT) were generated in SAY1110.

Wild-typestrainUMY2060andUMY2107(rad6::URA3)weregifts fromAnders
Byström. SAY1024 (srs2::NAT) and SAY1030 (nej1::kanMX) were generated in
UMY2060. SAY1026 (srs2::NAT), SAY1028 (nej1::KanMX srs2::NAT), and SAY1032
(nej1::kanMX) were generated in UMY2107. YW465 (ade2�), was a gift from Dr.
Thomas E. Wilson. SAY1103 (srs2::NAT), SAY1104 (dun1::NAT), and SAY1105
(nej1::NAT) were generated in YW465. SAY1193 (rad51::kanMX) and SAY1198
(nej1::kanMX) were generated in SAY1103. SAY1362 (rad51::kanMX) was gen-
erated in SAY1105. SAY230 was a gift from Lorraine Symington. SAY1124
(rad52::TRP1) was generated by transforming YW465 with a PCR fragment am-
plifiedwithprimersflankingthe rad52::TRP1allele inSAY230. Ina3-factor invivo
cloning technique, the nej1-SS297/8AA ORF was PCR amplified from the 2-hybrid
vector pAS1-nej1-SS297/8AA with a 5� primer containing 20 bp of sequence
immediately upstream of the NEJ1 ORF and a 3� primer containing 37 bp of
sequence corresponding to nucleotides 2,124–2,161 in the MCS of pRS413. A
400-bpfragmentcontainingtheNEJ1promoterwasPCRamplifiedfromgenomic
DNA using a 5� primer containing 40-bp sequence corresponding to nucleotides
2,097–2,057 in the MCS of pRS413 and a 3� primer containing 20 bp of sequence
immediately downstream of the NEJ1 start codon. Both fragments were cotrans-
formed with XhoI-EcoRI digested pRS413 into SAY215 (nej1::kanMX). Plasmid
rescue was performed by a standard protocol to recover pSC210 (pRS413-nej1-
SS297/8AA). pSC210 was subsequently used as template to PCR amplify nej1-
SS297/8AAwiththeendogenousNEJ1promoterwithprimers introducing5�XhoI
and 3� SacI sites. The fragment was digested with XhoI and SacI and cloned into
XhoI-SacI digested pRS404 generating pSC212. By digestion with HindIII, pSC212
was integrated into SAY1105, generating SAY1199 (nej1-SS297/8AA). SAY272
(srs2::hisG) was generated in JKM115 using pM690 as described in ref. 50. SAY274
(nej1::kanMX) was generated in SAY272. pSB283 (48) was used for GAL-HO
assays. pTW423 (URA3 5�-ade2 polyterminator 3�-ade2) was a gift from Dr.
Thomas E. Wilson. pTW423 was modified as previously described (39) with the
following exceptions. All purification steps were performed using the QIAquick
PCR purifcation kit (Qiagen), and oligonucleotide primers SDC274 (5�- GATCTGT-
TAACGGTTTAGTGTTTTCTTACCCAATTGTAGAGACTATCCACAAGGA), SDC275
(5�-TCTACAATTGGGTAAGAAAACACTAAACCGTTAACA), SDC276 (5- CAATATT-
TGTGACTTATGTTATGCGCCTGC) and SDC277 (5�- TCGAGCAGGCGCATAACATA-
AGTCACAAATATTGTCCTTGTGGATAGTC) were used to generate 15-bp over-
hangs and reconstitute the ADE2 ORF.

Other Methods. Site-directed mutagenesis of pAS1-NEJ1 was performed accord-
ing to the protocol outlined in the Stratagene QuikChange procedure.
MBP pulldown assay. MBP-Nej1 was purified from Rosetta Competent cells (No-
vagen) and immobilized on amylose resin beads (51). Lif1, Srs2, and Srs2aa810–
1174 were in vitro translated with the TNT Quick Coupled Transcription/
Translation System (Promega) in the presence of L-[35S] methionine (Amersham
Pharmacia Biotech). Equal amounts of in vitro translated protein and MBP or
MBP-Nej1 were incubated at room temperature for 1 h. The beads were washed
3 times in NTEN buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, and 0.5%
Nonidet P-40), followed by SDS/PAGE and autoradiography using an FLA3000
phosphoimager (Fuji).
Chromatin immunoprecipitation and quantitative PCR. Fifty mL overnight cell
cultures grown in YEPD were spun down, washed once with ddH2O, and split into
2 separate cultures at an OD600 of 0.2 in either YEPD or YEP plus 2% galactose.

Fig. 4. Model of differential modes of Srs2 recruitment to replication forks and
DNA DSBs. Srs2 is recruited to replication forks through an interaction with PCNA
that is enhanced by Siz1-dependent sumoylation of PCNA. The star represents a
DNA lesion. At DSBs, Srs2 recruitment is supported through an interaction with
Nej1. Dun1-dependent phosphorylation of Nej1 might stabilize or modulate the
interaction.Withinbothcontexts, thebiochemicalabilityofSrs2toremoveRad51
from ssDNA is central to the outcome. At replication forks, preventing Rad51
nucleation on ssDNA antagonizes HR and shuttles DNA lesions into PRR. At DSBs,
the same activity keeps shorter ssDNA tracts Rad51-free, and available for
SSA/NHEJ.
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Following 6 h of growth, formaldehyde cross-linking and immunoprecipiations
were performed as described in ref. 52. Input DNA was recovered before immu-
noprecipitation. The precipitating antibody was anti-c-Myc (9E10) (Santa Cruz
Biotechnology). Quantitative PCR reactions were performed in triplicate, using
SYBR Green PCR Master Mix (Applied Biosystems), and conditions recommended
by the manufacturer on an ABI Prism 7000 Sequence Detection System instru-
ment. Data analysis was performed using 7000 System SDS software.
DNA repair assays. Plasmidrejoiningandgalactosesurvivalassayswereperformed
as described (24, 38, 39). For the plasmid rejoining assay employing 15-bp over-

hangs,100%(144/144)ofwhitecolonies resultingfromthetransformationof the
WT strain (YW465) were determined to be Ade� by replica plating on synthetic
complete medium lacking adenine.
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