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ABSTRACT

Sae2 functions in the DNA damage response by con-
trolling Mre11-Rad50-Xrs2 (MRX)-catalyzed end re-
section, an essential step for homology-dependent
repair of double-strand breaks (DSBs), and by at-
tenuating DNA damage checkpoint signaling. Phos-
phorylation of Sae2 by cyclin-dependent kinase
(CDK1/Cdc28) activates the Mre11 endonuclease,
while the physiological role of Sae2 phosphoryla-
tion by Mec1 and Tell checkpoint kinases is not
fully understood. Here, we compare the phenotype
of sae2 mutants lacking the main CDK (sae2-S267A)
or Mec1 and Tell phosphorylation sites (sae2-5A)
with sae2A and Mre11 nuclease defective (mre11-nd)
mutants. The phosphorylation-site mutations confer
DNA damage sensitivity, but not to the same ex-
tent as sae2A. The sae2-S267A mutation is epistatic
to mre11-nd for camptothecin (CPT) sensitivity and
synergizes with sgs1A, whereas sae2-5A synergizes
with mre11-nd and exhibits epistasis with sgs71A. We
find that attenuation of checkpoint signaling by Sae2
is mostly independent of Mre11 endonuclease acti-
vation but requires Mec1 and Tel1-dependent phos-
phorylation of Sae2. These results support a model
whereby CDK-catalyzed phosphorylation of Sae2 ac-
tivates resection via Mre11 endonuclease, whereas
Sae2 phosphorylation by Mec1 and Tel1 promotes
resection by the Dna2-Sgs1 and Exo1 pathways indi-
rectly by dampening the DNA damage response.

INTRODUCTION

Chromosomal double-strand breaks (DSBs) are cytotoxic
lesions that must be repaired to maintain genomic integrity.
The two main mechanisms used to repair DSBs are non-
homologous end joining (NHEJ) and homologous recom-
bination (HR). NHEJ involves the direct ligation of ends
and can be mutagenic due to loss or gain of nucleotides at
the junction (1). By contrast, HR is considered to be mostly

error-free because a homologous duplex is used to tem-
plate repair. HR begins with 5'-3’ resection of DNA ends
to generate long tracts of single-stranded DNA (ssDNA),
substrates for the Rad51 recombinase to catalyze homol-
ogous pairing and strand invasion (2). Once end resection
initiates, cells are committed to HR because long ssDNA
overhangs are poor substrates for NHEJ repair. NHEJ pre-
dominates in the G1 phase, when cyclin-dependent kinase 1
(CDK1/Cdc28) activity and end resection are low, whereas
end resection and HR are activated by CDK1 as cells enter
the S and G2 phases of the cell cycle, when a sister chro-
matid is available to template repair (3). Consequently, reg-
ulation of end resection during the cell cycle is a key aspect
of repair pathway choice (4).

The Saccharomyces cerevisiae MRX complex (MRN in
organisms with Nbsl replacing Xrs2) initiates end resec-
tion by endonucleolytic incision of the 5" strands internal
to protein-blocked DNA ends (5-8). CDK-phosphorylated
Sae2 (CtIP in mammalian cells) stimulates the Mrell
endonuclease-catalyzed nicking reaction, contributing to
cell cycle regulation of end resection (5,8—10). The Mrel1 3'-
5" exonuclease degrades from the nick towards the initiating
DSB, while Exol and Dna2 nuclease activities function re-
dundantly to process the 5'-terminated strands (6,7,11,12).
Sgsl helicase displaces the 5" strand for Dna2 endonucle-
ase in end resection (12-16). Dna2 nuclear localization is
regulated by CDK, which also contributes to cell-cycle reg-
ulation of end resection in budding yeast (17). While MR X-
Sae2 catalyzed end clipping is essential to remove covalent
adducts from DNA ends, Exol or Dna2-Sgs1 can directly
degrade DSBs produced by endonucleases independently of
Mrell nuclease and Sae2 in budding yeast (18). The Ku het-
erodimer restricts Exol access to DSBs; consequently, re-
section in sae2 A and mrel I-nd cells is largely dependent on
Dna2-Sgsl (19-21). Elimination of Ku suppresses the DNA
damage sensitivity of mrel 1 A, mrel I-nd and sae2 A cells by
allowing Exol access to DNA ends (19,20,22-24).

Although mrel 1-nd and sae2 A cells show equivalent de-
fects in removal of covalent adducts, such as Spoll and
DNA hairpins from ends, the sae2A mutant is more sen-
sitive to DNA damaging agents than mwrell-nd, and ex-
hibits delayed recovery following activation of the DNA
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damage checkpoint (25,26). Tell and Mecl are the sentinel
phosphatidylinositol 3-kinase-related kinases (PIKK) that
respond to DSBs in Saccharomyces cerevisiae (27). MRX
bound to ends recruits and activates Tell, whereas Mecl-
Ddc2 binds to RPA-coated ssDNA generated by end re-
section. Tell and Mecl redundantly phosphorylate Rad9,
which is required for recruitment of the Rad53 effector ki-
nase to damage sites and its subsequent phosphorylation
by the PIKK (27). In the absence of Sae2, Mrell and Tell
persist at DNA ends and the Tell checkpoint is hyper-
activated (25,26,28,29). Increased Tell activity results in
accumulation of Rad9 close to the DSB, which inhibits
Dna2-Sgsl and Exol-catalyzed end resection, contributing
to sae2A DNA damage sensitivity and end-resection defects
(26,30-32). Exol is a target for inhibitory phosphorylation
by Rad53 (33), while PIKK-catalyzed phosphorylation of
Rad9 inhibits resection primarily by the Dna2-Sgs1 mech-
anism (32,34,35). Even though Mrell and Tell both accu-
mulate at DSBs in the mirel I-nd mutant, Rad53 is not hyper-
activated suggesting that Sae2 dampens the DNA damage
checkpoint independent of Mrell nuclease activation (26).

As described above, CDK-catalyzed phosphorylation of
Sae2 Ser-267 plays an important role in regulating MRX
activity. In addition, Mecl/ATR and Tell /ATM phospho-
rylate Sae2/CtIP on multiple residues in response to DNA
damage, but the physiological role of these modifications
has not been firmly established (36-38). Substitution of
Ser-73, Thr-90, Ser-249, Thr-279 and Ser-289 with alanine
(sae2-5A4 mutant) was previously shown to prevent damage-
induced phosphorylation of Sae2 and confer a phenotype
similar to the sae2 A allele (36,39). Phosphorylation of Sae2
alters the oligomeric state and solubility of Sae2, suggesting
that it provides a switch for structural transitions of Sae2
at damaged sites and subsequent turnover of the protein
(37,40). ATR and/or ATM phosphorylate the conserved
Thr-818 residue of Xenopus laevis CtIP (equivalent to Sae2
Thr-279, Thr-859 of human CtIP and Thr-855 of mouse
CtIP), and this modification is required for chromatin bind-
ing and end resection (38,41,42). Synthetic Sae2 peptides
with phosphorylated Thr-90 or Thr-279 residues are able to
interact with the FHA domains of Rad53 and Dunl kinases
in vitro, and the peptide with phosphorylated Thr-90 addi-
tionally interacts with Xrs2 (43). Moreover, the sae2-T90A,
T279A (sae2-2A) mutant is sensitive to MMS and Rad53
remains hyper-phosphorylated following MMS treatment
(43). The interaction of phosphorylated Sae2 with the DNA
damage effector kinases suggests a role in modulating the
DNA damage checkpoint response (26,43). Although in-
teraction between Ctpl, the Schizosaccharomyces pombe or-
tholog of Sae2, and Nbsl is essential for recruitment of Ctpl
to DSBs and subsequent repair in fission yeast (44), we pre-
viously found that end resection in S. cerevisiae is indepen-
dent of Xrs2, but still requires Sae2 (45). Thus, interaction
between the Xrs2 FHA domain and Sae2 appears to be dis-
pensable for end resection.

In this study, we investigated how CDK and Mecl and/or
Tell (hereafter referred to as PIKK)-catalyzed phosphory-
lation of Sae2 influences Mrell endonuclease activity and
Dna2-Sgsl dependent resection. Our studies support the
idea that CDK-catalyzed phosphorylation of Sae2 triggers
MR X-catalyzed end clipping, which is essential for meiotic
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recombination, whereas PIKK-dependent phosphorylation
promotes DNA damage resistance by down regulating the
checkpoint response to facilitate extensive resection.

MATERIALS AND METHODS
Yeast strains and plasmids

The yeast strains used for all experiments except the
hairpin-opening assay are derived from W303 corrected for
RADS and were constructed via crosses using strains from
the lab collection or by one-step gene replacement using
PCR-derived DNA fragments (Supplementary Table S1).
The sae2-S267 A, sae2-S267E, sae2-2 A and sae2-5A deriva-
tives were made by replacement of the sae2:: KIURA3 al-
lele in strain LSY3358 with PCR fragments amplified from
plasmids with the corresponding alleles and selecting for 5-
FOA resistance. Correct replacement of the sae2:: KIURA3
locus was confirmed by DNA sequencing. The plasmids
with each of the MYC tagged sae2 alleles were described
previously (26).

Media and growth conditions

Rich medium (1% yeast extract; 2% peptone; 2% dextrose,
YPD), synthetic complete (SC) medium and genetic meth-
ods were as described previously (46). CPT or MMS was
added to YPD medium at the indicated concentrations. For
survival assays, 10-fold serial dilutions of log-phase cultures
were spotted on plates with no additive or the indicated
amount of drug and incubated for 3 days at 30°C. Diploids
homozygous for sae2 alleles were incubated on solid sporu-
lation medium for 3-4 days and ~200 cells were scored for
the presence of asci. For diploids that sporulated, 50 tetrads
were dissected on YPD plates to measure spore viability
after 3 days growth. Three independently derived diploids
were used for each genotype. Diploids heterozygous for rel-
evant mutations were sporulated and tetrads dissected to
assess synthetic genetic interactions. Spores were manipu-
lated on YPD plates and incubated for 3—4 days at 30°C.

In vivo hairpin-opening assay

Strain ALE108 was transformed pRS416-SAE2-13MYC,
pRS416-sae2-5267A4-13MYC, pRS416-sae2-2A-13MYC or
pRS416-sae2-54-13MYC or empty vector to perform the
hairpin cleavage assay. The rate of Lys* recombinants was
derived from the median recombination frequency deter-
mined from six different colonies of each strain as described
(47). Three trials were performed and the mean recombina-
tion rate was calculated.

SSA assay

Cells containing the SSA reporter were cultured in YP con-
taining 2% lactate (YPL) to log phase. Aliquots of cells were
collected for isolation of genomic DNA prior to HO in-
duction (0 h), and at one or two hour intervals after addi-
tion of galactose to the medium to induce HO expression.
Genomic DNA was digested with EcoRV and the result-
ing blots hybridized with a PCR fragment corresponding
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to LYS2 sequence by Southern blotting. Hybridizing frag-
ments were quantified and the percent cut fragment, donor
fragment and SSA product determined by the ratio of each
fragment to total hybridizing DNA. SSA efficiency was also
measured by qPCR. We designed primer pairs to amplify
sequences 3 kb downstream of the HO cut site (HOcs) be-
tween the two lys2 fragments (3K _DS), and 3.2 kb upstream
of the HOcs (3.2K_US). The Ct values for each primer pair
were normalized to ADH1, and the SSA product was cal-
culated using the ratio of 3K_DS/3.2K _US.

Rad53 Western blot

Yeast cells were grown to 107 cells/ml in YPD, then 0.015%
MMS or 50 pg/ml zeocin was added for 1 h. Cells were
released into fresh YPD medium and collected at the in-
dicated time points for TCA precipitation. Cells were resus-
pended in 0.2 ml 20% TCA and then mechanically disrupted
for 5 min using glass beads. Beads were washed twice with
0.2 ml 5% TCA each and pellets collected by centrifugation.
The pellet was resuspended in 0.15 ml SDS-PAGE sample
buffer and proteins separated by SDS-PAGE. Anti-Rad53
antibodies were used for immunoblots.

Chromatin immunoprecipitation (ChIP) assays

Yeast cells were cultured in YP containing 2% lactate (YPL)
to log phase and arrested at G2/M phase by adding noco-
dazole (15 pg/ml) to the medium. For Sae2 and Rad9
ChIP analyses, plasmids containing MYC-tagged sae2 al-
leles were expressed in a sae2 A strain and cultured in syn-
thetic medium with raffinose as a carbon source. For ChIP
experiments, cells were collected prior to, and 3 h after
adding galactose to 2% for HO endonuclease induction.
After formaldehyde cross-linking and chromatin isolation,
Mrell, HA-Tell, Rad9-HA or Sae2-MYC were immuno-
precipitated as described previously using Mrel 1 polyclonal
antibodies from rabbit serum, anti-HA antibodies (16B12,
BioLegend) or anti-M YC antibodies (9E10, Santa Cruz) re-
spectively (48,49). Quantitative PCR was carried out using
SYBR green real-time PCR mix (Biorad) and primers com-
plementary to DNA sequences located 0.2 kb from the HO-
cut site at the M AT locus. Reads were normalized to DNA
sequences located 66 kb from the HO site.

RESULTS

Mutation of Sae2 phosphorylation sites confers modest DNA
damage sensitivity

To evaluate the roles of cell cycle and DNA damage-induced
phosphorylation on Sae2 function, we generated Sae2 vari-
ants with substitution mutations at sites previously identi-
fied as targets for CDK or PIKK-dependent phosphoryla-
tion (Figure 1A) (9,36,37,40). Initially, sae2-S267 A4, sae2-
24 (T90A, T279A) and sae2-5A4 (S73A, T90A, S249A,
T279A, S289A) alleles were generated in a low-copy num-
ber plasmid and were fused to a MYC epitope to eval-
uate steady-state protein levels. All of the Sae2 mutants
tested are expressed at similar levels to wild-type Sae2 and
do not alter the steady state level of Mrell (Figure 1B).
These alleles (without the MYC tag) were then generated at

the endogenous SAE?2 locus for subsequent genetic analy-
sis. We chose to characterize the sae2-2A4 mutation in ad-
dition to sae2-5A4 to determine whether Thr-90 and Thr-
279 are the main residues contributing to the sae2-54 phe-
notype. Our previous studies have shown that the sae2A
mutant exhibits greater sensitivity to camptothecin (CPT)
and methyl methane sulfonate (MMS) than cells lacking
Mrell nuclease (mrel 1-H125N and mrel 1-D56 N mutants)
(26,50). CPT traps the Topl covalent intermediate result-
ing in replication-dependent DSBs, whereas the alkylated
bases generated by MMS cause replication stress. If the pri-
mary function of CDK-catalyzed phosphorylation of Sae2
Ser-267 is to stimulate Mrell endonuclease activity, then
we anticipated the sae2-S267A4 and mrel I-HI125N mutants
to show equivalent DNA damage sensitivity. We find the
sae2-S267 A mutant to be more resistant to CPT and MMS
than the sae2 A mutant, and slightly more resistant than the
mrel I-H125N mutant (Figure 1C). The sae2-S267 E mutant
has similar resistance to wild type (WT). The sae2-S267 A4
mutant was originally reported to confer a phenotype in-
distinguishable from the sae2 A mutant (9); however, a more
recent study showed only modest DNA damage sensitivity
of sae2-S267 A cells (37), in agreement with our data.

Note that in accord with our previous studies, the mrel I-
D56 N mutant exhibits slightly higher CPT and MMS resis-
tance than mrel I-HI25N, even though both lack nuclease
activity in vitro and have equivalent defects in removal of
covalent adducts from ends (Figure 1C) (11,47,48,51). Asp-
56 coordinates both Mn?* ions within the Mrel1 nuclease
catalytic site, whereas His-125 is proposed to stabilize the
transition intermediate by donating a proton to the leaving
3’-OH after Mn?*-mediated hydroxyl attack of the sugar-3'-
O-phosphate bond of the substrate DNA (52). Thus, His-
125 acts at a step after metal binding. It is possible that
metal binding without subsequent catalysis causes a sub-
tle conformational change to the MRX complex that al-
ters the ability of the alternate resection mechanisms to ac-
cess DNA ends. It is interesting to note that a gain of func-
tion mrell mutation has been reported that promotes ac-
cess of Exol to DNA ends suggesting that the conformation
and/or turnover of the MRX complex at ends can influence
the extensive resection mechanisms (53).

The sae2-54 mutant exhibits greater sensitivity to DNA
damage than sae2-S267A4 and mrel 1-H125N mutants (Fig-
ure 1C). Previous studies showed that the sae2-T90A4 and
sae2-T279A single mutations confer no obvious DNA dam-
age sensitivity, and the sae2-24 mutant is more sensitive to
CPT and MMS than WT cells (43). We find the sae2-24
mutant to be slightly more sensitive to DNA damage than
sae2-S267 A, similar to the sae2-54 mutant.

The sae2-S267A mutation is epistatic to mrel1-HI25N and
synergistic with sgs/ A

The mrell-HI25N sae2-S267A double mutant exhibits
similar CPT resistance to the sae2-S267A4 single mutant,
whereas the mrell-HI25N sae2-2A and mrelI-HI25N
sae2-5A4 mutants are more sensitive to CPT than the sin-
gle mutants (Figure 1C, D). The slight suppression of the
mrel I-HI125N phenotype by sae2-S2674 is reminiscent of
the suppression of mrell-HI25N by the D56 N mutation
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Figure 1. CDK-dependent phosphorylation of Sae2 is epistatic to Mrel1 endonuclease activity. (A) Location of the phosphorylated Sae2 residues tested in
this study. The main PIKK sites are marked in red and the CDK site tested is marked in black. (B) Western blot showing steady state levels of Sae2-MYC
and Mrell in the indicated strains. The lower panel shows Ponceau red stain of the membrane used for Western blot. (C-E) Ten-fold serial dilutions
of the indicated strains spotted on plates without drug, or plates containing camptothecin (CPT) or methyl methanesulfonate (MMS) at the indicated
concentrations. At least three independent trials (using different isolates of the same genotype) of spot assays were carried out and representative plates

are shown. WT refers to wild type and A indicates null allele.

that we previously reported (48). Since phosphorylated
Sae2 has been shown to interact with Rad50 and the Rad50
ATPase is essential for Mrel 1 dsDNA endonuclease activa-
tion (5,40), we suggest that this interaction is essential to ini-
tiate catalysis at a step before the transition state stabilized
by His-125 explaining the suppression of mrel I-HI25N by
either D56 N or sae2-S267A. To test this idea, we compared
the CPT sensitivity of the sae2-S267 A4 allele in combination
with mrel1-D56N. As noted above, the mrel1-D56 N mu-
tant is slightly more resistant to CPT than mrelI-HI25N,
like sae2-S267A4, and the mrel1-D56N sae2-S267A double
mutant is indistinguishable from the single mutants (Sup-

plementary Figure S1A). Similar to mrelI-HI25N, mrel I-
D56N synergizes with sae2-5A4. These data are consistent
with CDK-mediated phosphorylation of Sae2 activating
Mrell endonuclease, and suggest that PIKK-dependent
phosphorylation is required for a different function of Sae2
that confers DNA damage resistance.

Previous studies have shown that Mrell nuclease defi-
ciency causes synergistic DNA damage sensitivity and end
resection defects in the sgs/ A background, and the sae2 A
sgsl A double mutant is inviable (19-21). These data sug-
gest that Dna2-Sgs1 dependent resection can substitute for
MRX-Sae2-catalyzed end clipping to initiate end resection.
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Figure 2. PIKK-dependent phosphorylation of Sae2 is dispensable for
sporulation and production of viable spores. (A) Schematic of meiotic DSB
formation and release of Spoll-oligonucleotides. (B) Percent sporulation
of the indicated strains. Error bars indicate standard deviation from three
independent trials. (C) Viability of dissected tetrads. At least 50 tetrads
were dissected from each strain. No tetrads were recovered from the sae2-
S267 A strain; therefore, viability is not applicable (NA). (D) Cartoon rep-
resentation of the lys2-A/ulR ectopic recombination assay. (E) Recombi-
nation frequencies of strains with the lys2-A/uIR and lys2-A5' ectopic re-
combination reporter system. The rate of Lys* recombinants was derived
from the median recombination frequency determined from six different
isolates of each strain. Error bars indicate s.d. (n = 3).

By contrast to sae2 A, the sae2-S267A4, sae2-2A and sae2-
5A alleles are viable with sgs/ A (Figure 1E). Like mrell-
HI25N, the sae2-S267A mutation synergizes with sgs/ A
for CPT sensitivity, consistent with a defect in activation
of Mrell endonuclease. The sae2-2A4 sgslA and sae2-5A4
sgsl A double mutants exhibit similar CPT sensitivity to the
sgsl A single mutant at low CPT concentration (Figure 1E);
however, at a higher CPT concentration the double mu-
tants are more sensitive than the single mutants (Supple-
mentary Figure S1B). Because sae2-24 and sae2-5A4 show
epistasis with sgs/A at a CPT concentration that results
in lethality of mrelI-HI25N sgsl A cells, we suggest that
Mrell endonuclease is active in sae2-2A4 and sae2-54 cells.
The CPT sensitivity of sae2-2A4 sgsl A and sae2-5A4 sgsl A
cells at higher CPT concentrations indicates that PIKK-
catalyzed phosphorylation of Sae2 is important for Exol
activity. A previous study identified Exol as a substrate
for Rad53 and we found that an exo/ variant lacking the
major Rad53 phosphorylation sites suppresses the DNA
damage sensitivity of sae2A cells, consistent with nega-
tive regulation of Exol by the DNA damage checkpoint
(26,33). We also compared the CPT sensitivity of sgs/A

mrel1-D56N, sgsl A mrell-HI25N and sgsl A sae2-S267 A
cells with the sgs/ A mutant. A strong synergism was found
for all double mutants with mrelI-D56N sgsl A and sae2-
5267 A sgslA exhibiting slightly better growth and CPT re-
sistance than mrel I-HI25N sgsl A (Supplementary Figure
S1C). All studies hereafter, use mrel 1-HI25N as a represen-
tative mrel I-nd mutation.

Resection initiation is impaired in sae2-S267 A4 cells

To assess the role of Sae2 phosphorylation in resection ini-
tiation via Mrell, the phosphorylation site mutants were
tested for defects in meiosis and hairpin resolution. Spoll, a
topoisomerase-like protein, initiates meiotic recombination
by cleaving both DNA strands at recombination hotspots
and remains covalently bound to the 5 ends(Figure 2A)
(54). Removal of Spol1 attached to a short oligonucleotide
is essential for subsequent steps of HR and spore forma-
tion, and is catalyzed by Mrell endonuclease and Sae2
(11,55). Previous studies have shown that mrel I-nd, sae2 A,
sae2-54 and sae2-S267A diploids fail to sporulate in the
SK1 strain background, consistent with impaired removal
of Spoll (9,36,56,57). As expected, we obtain no spores
from the sae2-S267A4 diploid; however, the percent sporu-
lation of sae2-2A cells is not significantly different to WT
(P =0.08), and viability of dissected ascospores is also nor-
mal (Figure 2B, C). Thus, PIKK-dependent phosphoryla-
tion of Thr-90 and Thr-279 is not required for release of
Spoll oligonucleotides. Surprisingly, we find sporulation
and spore viability of the sae2-54 mutant are also the same
as WT. Because this result was unexpected we sequenced the
SAE?2 locus from all four viable spores derived from a sin-
gle tetrad and confirmed the presence of the sae2-5A4 allele
in each spore clone. We do not know the reason for the dis-
crepancy between our data and the previous report regard-
ing sporulation of the sae2-54 mutant (36,39). Our studies
are performed in the W303 background, whereas the previ-
ous studies used the SK1 yeast strain background.

Hairpin cleavage was assessed using a previously de-
scribed genetic assay (Figure 2D). Lobachev et al. reported
that inverted Alu repeats stimulate recombination ~1000-
fold when compared with Alu repeats inserted as a direct
repeat, and this increase is dependent on Mrell endonucle-
ase and Sae2 (47). The inverted Alu repeats inserted at the
lys2 locus are thought to extrude to form a hairpin during
DNA replication, which is cleaved by MRX-Sae2 and sub-
sequently repaired by HR using a truncated lys2 donor (58).
An alternative model posits formation of a cruciform struc-
ture at the inverted Alus that is resolved by a Holliday junc-
tion endonuclease; the resulting hairpin-capped ends would
need to be cleaved by MRX/Sae2 for homology-directed
repair (47). We found a >40-fold reduction in the rate of
Lys* recombinants in all of the sae2 phosphorylation-site
mutants relative to the SAE2 strain (P<0.005), suggesting
defects in hairpin cleavage and/or the subsequent process-
ing steps to yield Lys* recombinants (Figure 2E).

PIKK-dependent phosphorylation of Sae2 promotes exten-
sive resection

We assessed end resection at an HO endonuclease-induced
DSB using a single-strand annealing (SSA) assay. The re-



porter is comprised of two overlapping fragments of the /ys2
gene with 2.2 kb homology, separated by 20 kb on chromo-
some V (Figure 3A) (26). An HO endonuclease cut site is
located at the junction of one lys2 repeat and the interven-
ing sequence. Additionally, the strains contain a galactose-
inducible HO gene and a rad51 A mutation to prevent re-
pair by break-induced replication. Following DSB induc-
tion, the single-stranded regions of lys2 exposed by end re-
section anneal to restore LY.S2, accompanied by deletion of
one of the repeats and intervening sequence. Because suc-
cessful SSA requires degradation of 20 kb it is a sensitive
assay for defects in extensive end resection by Dna2-Sgsl
and Exol (12,14,59). SSA was monitored by blot hybridiza-
tion of EcoRV digested genomic DNA isolated at different
times after HO induction, and by a qPCR assay that mea-
sures loss of sequence between the repeats.

We previously showed a delay in end resection, as visual-
ized by persistence of the 3.2 kb cut fragment and delayed
disappearance of the downstream 2.6 kb fragment, coupled
to a lag in deletion product formation in the sae2A mu-
tant as compared to WT (26). The sae2-S267A and sae2-
2A mutants exhibit a subtle delay in SSA product forma-
tion, and the sae2-54 phenotype is intermediate between
sae2-2A4 and sae2 A (Figure 3B, C, Supplementary Figure
S2). If the DNA damage sensitivity of the strains reflects
defective end resection then we anticipated the mrel I-nd
sae2-S267A4 mutant to behave similarly to the single mu-
tants, and for a more severe SSA defect for the mrell-nd
sae2-5A4 double mutant. Consistently, the sae2-54 mutation
synergizes with mrel I-nd, while sae2-S267 A is epistatic to
mrel I-nd by the SSA assay (Figure 3D). These data con-
firm that CDK-dependent phosphorylation of Sae2 acti-
vates Mrell endonuclease. Since the sae2-54 mutant is pro-
ficient for sporulation, indicating normal Mrell endonu-
clease activation, but is defective for SSA, we conclude that
PIKK-dependent phosphorylation of Sae2 is required for
optimal resection by Exol and/or Dna2-Sgsl.

PIKK-catalyzed phosphorylation of Sae2 alters the check-
point response

Sae2-deficient cells show hyper activation of Rad53/Chk2
kinase in response to DNA damage and slower recov-
ery from checkpoint-mediated cell-cycle arrest; sae2-5A4
and sae2-2 A mutants share this phenotype (25,43). Hyper-
activation of the DNA damage checkpoint results in in-
creased Rad9 binding near the initiating DSB, reducing ex-
tensive end resection (30-32,60). Because end resection in
yeast is fast, Rad53 phosphorylation in response to DSBs is
mainly through the Mecl branch of the pathway. To specif-
ically monitor Tell-dependent checkpoint activation, we
compared Rad53 phosphorylation in mecl A smll A (smll A
is required to suppress lethality of mecl A) derivatives of
sae2 and mrel I-nd mutants. Cells were treated with MMS
for one hour, and then released into MMS-free medium and
different time points were taken to assess Rad53 phospho-
rylation by Western blot. We find the sae2-S267A4 mutant
to be similar to mrel I-nd with slightly increased phospho-
rylation of Rad53 compared with SAE2 or MREII cells,
but with lower Rad53 activation than observed in sae2-2 A
and sae2-5A4 cells (Figure 4A). Combining mrel I-nd with
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sae2-S267 A, sae2-2A or sae2-54 does not alter the check-
point response relative to the single mutants, suggesting that
PIKK-phosphorylated Sae2 has a role in suppressing Tell
activation that is independent of Mrell nuclease activity.
A similar response was observed when cells were treated
with zeocin to directly induce DSBs (Supplementary Fig-
ure S3A). We also monitored Rad53 activation and recovery
in MECI cells. Again, sae2-S267 A shows slightly increased
Rad53 phosphorylation as compared to WT and delayed re-
covery from checkpoint activation, and the mrel I-nd sae2-
S267 A double mutant is similar to the single mutants (Sup-
plementary Figure S3B). By contrast, sae2-24 and sae2-2A
mrel I-nd mutants show more persistent Rad53 phosphory-
lation.

During the course of strain construction by genetic cross
we found that the sae2-24 mutation suppresses lethality of
mecl A SMLI cells (Figure 4B), a phenotype we recently re-
ported for sae2 A and sae2-5A4 mutations (26). By contrast,
no colonies or very small colonies were obtained for mecl A
sae2-S267 A and mecl A mrel I-nd sae2-S267 A mutants by
genetic cross. We suggest that suppression of mecl A lethal-
ity by sae2-2 A, sae2-5A and sae2 A is due to the role of Tell-
dependent phosphorylation of Sae2 in negatively regulating
Rad9 accumulation at damaged sites (26,43).

Rad9 accumulates at DSBs in the sae2-24 and sae2-54 mu-
tants

Rad53 activation by Tell requires MRX and Rad9 binding
in the vicinity of DSBs. Previous studies have shown that
Mrell, Tell and Rad9 accumulate to higher levels adjacent
to an HO-induced DSB in sae2 A cells as compared to WT
(26,30-32). Even though Mrell and Tell are retained at
DSBs for longer in mrell-nd cells than observed for WT,
Rad9 fails to accumulate explaining the weaker Rad53 ac-
tivation and more proficient end resection in mrel I-nd than
observed in sae2 A cells (26). We measured Mrel 1, Tell and
Rad9 association with sequences close to the HO endonu-
clease cut site at the M AT locus on chromosome I1I by chro-
matin immunoprecipitation (ChIP) before and after HO ex-
pression in the sae2 derivatives (Figure 4C and Supplemen-
tary Figure S4). We find increased retention of Mrell and
Tell at DSBs in the sae2-S267 A mutant, consistent with a
resection initiation defect, whereas Mrell and Tell binding
are not significantly increased in sae2-2A4 and sae2-54 mu-
tants (Figure 4D, E). However, Rad9 retention close to the
DSB s slightly higher in sae2-2 4 and sae2-54 mutants than
WT (Figure 4F). These findings are consistent with the in-
creased Rad53 activation observed in sae2-2A and sae2-5A
mutants and indicate that the checkpoint dampening func-
tion of Sae2 is not driven solely by MR X and Tell retention
at DSBs. Although Rad9 binding close to the DSB appears
higher in the sae2-S267 A mutant than in WT, the difference
is not statistically significant (Figure 4F).

PIKK-dependent phosphorylation of Sae2 is required for sta-
ble chromatin binding

The X. laevis CtIP-T818A protein is defective for chromatin
binding, suggesting that ATR or ATM-catalyzed phospho-
rylation of CtIP is required for association with damaged
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sites (38,41). To determine whether this function is con-
served, we measured Sae2 binding 0.2 kb from the HO cut
site by ChIP (Figure 4G). The sae2-S267A mutant protein
is retained at a higher level than Sae2, whereas sae2-2A and
sae2-5A are retained at much lower levels than Sae2, but
at a significantly higher level than the no tag control strain
(P<0.05). We combined the sae2-2 4 and sae2-5A mutations
with mrel I-nd to determine whether the failure to maintain
the mutant proteins is simply due to normal resection ini-
tiation, but even in the mrel I-nd background sae2-2A and
sae2-5A are not enriched at DSBs (Figure 4H). Mrell en-
donuclease activation appears to be normal in sae2-2A4 and
sae2-5A cells indicating that stable binding to chromatin is
not required for this function of Sae2. The failure to de-
tect stable association of sae2-2A and sae2-5A to chromatin
is consistent with data from X. laevis egg extracts show-
ing that phosphorylation of CtIP T818 is required for chro-
matin binding (41). Furthermore, our data suggest that the

previously reported resection defect caused by the X. lae-
vis CtIP-T818A (T855A /T859A in mouse/human) mutant
is due to impaired resection by Exol or Dna2 rather than
failure to activate the Mrell endonuclease (38,41,42).
Structural and biochemical studies have shown that phos-
phorylated Ctpl and CtIP interact with the FHA domain
of Nbsl, and the Nbsl FHA domain is required for recruit-
ment of Ctpl to DSBs in S. pombe (44,61,62). In agree-
ment with these findings, a synthetic Sae2 peptide with
phosphorylated Thr-90 is able to interact with the FHA
domain of Xrs2 (43). To explore the functional signifi-
cance of the Sae2—Xrs2 interaction, we compared the DNA
damage sensitivity of the xrs2-S47A4, H50A4 (xrs2-SH) mu-
tant with mrell-nd and sae2-5A4. The equivalent residues
to S47 and H50 in other FHA domain containing pro-
teins are required for interaction with phosphorylated thre-
onine residues (63), and the xrs2-SH mutant was previ-
ously shown to be defective for NHEJ (45,64,65). By con-
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or anti-MYC antibodies, respectively. Error bars indicate SD from three
independent trials.

trast to sae2-5A4, the xrs2-SH mutant exhibits no obvious
DNA damage sensitivity (Figure 5A). Furthermore, Rad53
is not hyper-phosphorylated in xrs2-SH cells (Figure 5B).
Although Mrell, Tell and Rad9 binding adjacent to an
HO-induced DSB is slightly higher in xrs2-SH cells, the dif-
ference is only significant for Tell. Surprisingly, we find no
difference in the level of Sae2 at DSBs between WT and the
xrs2-SH mutant (Figure 5C). These data are consistent with
previous studies in budding yeast showing that Sae2 inter-
acts with Mrel1 and Rad50 (5,40), and the finding of Sae2-
dependent resection in cells lacking Xrs2 (45).

DISCUSSION

The goal of this study was to elucidate the physiolog-
ical roles of CDK and PIKK-dependent phosphoryla-
tion of the conserved Sae2/CtIP protein. With respect to
DNA damage sensitivity, Mrell and Sae2 retention at an
endonuclease-induced DSB, checkpoint attenuation and
meiotic recombination, the sae2-S267A4 mutant behaves
similarly to cells lacking Mrell nuclease, consistent with
in vitro studies showing that CDK-catalyzed phosphoryla-
tion of Sae2 Ser-267 activates the Mrel 1 nuclease to cleave
protein-blocked ends (Figure 6 and Supplementary Fig-
ure S5) (5-7,40). By contrast, we find that PIKK-catalyzed
phosphorylation promotes DNA damage resistance by at-
tenuating DNA damage signaling. The synergism between
sae2-2A or sae2-5A with mrel I-nd is most consistent with
PIKK-dependent phosphorylation of Sae2 acting indepen-
dently of Mrell nuclease activation. Furthermore, the syn-

ergistic interaction between sgs/ A and mrel I-D56 N, mrel I-
HI25N or sae2-S267A and epistatic interaction between
sgsl A and sae2-2 A or sae2-5A mutations is most consistent
with distinct functions of Sae2: CDK-mediated activation
of Mrell endonuclease and PIKK-mediated indirect acti-
vation of Dna2-Sgs1 and Exol-catalyzed end resection via
checkpoint attenuation. The phenotypic similarity between
sae2-2A and sae2-5A mutants indicates that phosphoryla-
tion of Thr-90 and Thr-279 is mainly responsible for the
checkpoint attenuation function of Sae2. Because Mrell
and Tell do not accumulate to high levels in the sae2-2A4
and sae2-54 mutants, we suggest that checkpoint hyper-
activation in the sae2 A mutant is not driven solely by de-
layed turnover of Mrel 1 at DSBs. A previous study reported
that phosphorylated Thr-90 and Thr-279 direct interaction
with the FHA domains of Dunl, Rad53 and Xrs2 (43). We
suggest that the Sae2-Xrs2 interaction is more important for
regulating the checkpoint response than for resection initi-
ation, and that the previously reported Sae2-Rad53 interac-
tion may attenuate Rad53 activation (26,42).

Our studies indicate that stable Sae2 recruitment to chro-
matin requires PIKK-dependent phosphorylation but is in-
dependent of the Xrs2 FHA domain. We propose that Sae2
activation of Mrell endonuclease requires only a transient
interaction between the proteins, whereas stable retention
of Sae2 is important for checkpoint attenuation. Retention
of sae2-2A and sae2-5A at DSBs is above background and
the residual binding could occur via Mrell or Rad50 in-
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Figure 6. Model for the role of Sae2 phosphorylation by CDK and PIKK
kinases. In the S-G2 phase of the cell cycle, CDK phosphorylates Sae2 on
Ser-267, activating the Mrell endonuclease. If resection initiation is de-
layed, for example by the mrelI-nd mutation, Tell phosphorylates Sae2,
which then dampens Rad53 activation by inhibiting Rad9 binding to chro-
matin and to Rad53 (26). The checkpoint attenuation function of Sae2
allows more efficient resection by Exol or Sgsl-Dna2 by relieving the in-
hibition imposed by Rad9 and Rad53.



teraction. Alternatively, since dephosphorylated Sae2 ex-
hibits higher affinity for dsDNA than phosphorylated Sae2
it raises the possibility of direct interaction between sae2-
2A and sae2-5A with DNA at DSBs independent of MRX
(40).

Previous studies have shown that Spol1 removal from 5’
ends at meiotic DSBs by Mrell endonuclease and Sae2 is
essential for meiosis; failure to remove Spo11 results in un-
processed DSBs, inability to load Dmc1 and Rad51 recom-
binases, meiotic arrest and failure to produce viable hap-
loid spores (54). In contrast to an endonuclease-induced
DSB, where Sgsl1-Dna2 or Exol can substitute for loss of
MRX clipping, Sgsl-Dna2 and Exol are unable to pro-
cess Spoll-bound DSBs. Cells can only complete sporula-
tion and generate viable spores if Spol1l has been removed
from DSB ends by MRX; thus, proficiency for sporula-
tion is a robust readout for Mrell nuclease activity. We
show that the sae2-S2674 homozygous diploid, like mrel I-
HI125N and sae2 A diploids, is unable to sporulate, whereas
sae2-2 A and sae2-54 homozygous diploids are sporulation
proficient and yield viable spores indicating that Spol1 must
have been removed from ends. A recent study showed that
a sae2 variant with S73A, T90A, T249A and T279A muta-
tions and the sae2-S289A mutant are both proficient for ac-
tivation of Mrell endonuclease in vitro (40), consistent with
our finding that sae2-2A4 and sae2-54 diploids are sporu-
lation proficient. Although the PIKK sites mutated in the
sae2-5A allele eliminate most damage-induced phosphory-
lation of Sae2 (36), it remains possible that some of the other
phosphorylation sites detected by mass spectrometry anal-
ysis contribute to Sae2 function in meiosis and in the DNA
damage response (37,40).

Mrell endonuclease and Sae2 are also required to pro-
cess hairpin-capped DNA ends in vivo (47,66,67). However,
in vitro studies indicate that MRX/N is able to cleave DNA
hairpins with no or short (<8 nt) spacers in the absence
of Sae2/CtIP (5,68). If the ssDNA spacer between the in-
verted repeats is large enough to accommodate RPA bind-
ing, then MRX cleavage at the ssDNA/dsDNA transition
is strongly stimulated by RPA and Sae2 (7). We used an as-
say in which 300 bp inverted Alu elements, separated by a
12 bp spacer, integrated in the /ys2 gene stimulate ectopic
recombination with a truncated /ys2 allele to generate Lys*
recombinants (47). In this assay, the sae2-S267A, sae2-2A
and sae2-5A mutants exhibit similar (>40-fold) decreases
in the formation of recombinants relative to the WT strain.
The disparity between the sporulation and inverted-repeat
processing results for the sae2-2 A and sae2-5A4 mutants sug-
gests that Sae2 might function differently at protein-blocked
and hairpin-capped ends (Supplementary Figure S5). Con-
sistent with this idea, Kim et al. (28) previously described a
sae2 allele (sae2-E24V) with reduced processing of hairpin-
capped ends, but that is proficient for sporulation and the
purified protein shows normal stimulation of Mrell en-
donuclease at protein-blocked ends in vitro (5). Our cur-
rent view of meiotic DSB processing is for MRX-Sae2 to
nick 5 terminated strands ~270 nt from the Spol1-bound
ends, generating an entry site for bi-directional resection by
Mrell 3'-5 exonuclease and Exol 5'-3’ exonuclease (5,11).
Only the MRX-Sae?2 catalyzed step is required for meiotic
progression and production of viable spores (69). The in
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vivo substrate for MR X-Sae2 processing of Alu inverted re-
peats is less well characterized. Current models posit that
MRX/Sae2 cleave the tip of a hairpin formed on the lag-
ging strand during replication or the hairpin-capped ends
formed following Holliday junction endonuclease cleavage
at the base of an extruded cruciform (47,58). By both sce-
narios, the opened hairpin-capped end would require fur-
ther resection to remove the paired Alu sequences, which
lack homology to the ectopic /ys2 donor (Supplementary
Figure S5). The deficiency in generating Lys* recombinants
observed for the sae2-S267 A, sae2-2 A and sae2-5 A mutants
could be at hairpin cleavage or subsequent processing of the
opened ends. The roles of Exol and Dna2-Sgsl have not
been determined in the inverted Alu recombination assay
and this analysis might provide more insight into the mech-
anisms used to generate Lys* recombinants.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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