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Sae2 integrates CDK and checkpoint
phosphorylation to coordinate MRX
cleavage with checkpoint attenuation

Check for updates

Erika Casari 1,2, Marco Gnugnoli 1,2, Paolo Pizzul1, Renata Tisi 1 & Maria Pia Longhese 1

Yeast Sae2 plays a dual role in the DNA damage response by suppressing Rad53 activation and
stimulating DNA end clipping via the MRX complex. Using AlphaFold3-based modeling and
mutational analysis, herewe show thatMec1/Tel1-dependent phosphorylation of Sae2 at T90 or T279
is sufficient to restrain Rad9-Rad53 interaction and Rad53 kinase activation. Cells expressing a non-
phosphorylatable Sae2 double mutant (T90A T279A) display persistent Rad53 activation, whereas
phosphomimetic Sae2 variants (T90E or T279E) restore normal checkpoint inactivation. Structural
modeling and charge-reversal genetics indicate that electrostatic interactions between
phosphorylated T90/T279 of Sae2 and Rad53 residue R70 are critical for this regulation. In addition,
T279 phosphorylation, but not T90, cooperates with cyclin-dependent kinase (CDK)-dependent
phosphorylation of Sae2 S267 to promote MRX-dependent resolution of hairpin DNA structures and
processing of meiotic double-strand breaks (DSBs). A Sae2 T279E phosphomimetic partially rescues
both hairpin cleavage defects andDNAdamage sensitivity of tel1Δ cells, indicating that Tel1 promotes
MRX activity primarily through Sae2 T279 phosphorylation.

DNA double-strand breaks (DSBs) represent one of the most hazardous
formsofDNAdamage, as they can lead togenomic instability if notproperly
repaired. In eukaryotic cells,DSB repair occurs via twomainpathways: non-
homologous end joining (NHEJ)1, a rapid but error-pronemechanism, and
homologous recombination (HR)2, a more accurate pathway that requires
the generation of 3′ single-stranded DNA (ssDNA) overhangs through a
process known as DNA end resection3. This process is initiated by an
endonucleolytic incision of the 5′-ending strand at a short distance from the
DNA terminus, which is catalyzed by the evolutionarily conserved Mre11-
Rad50-Xrs2/NBS1 complex (MRX in S. cerevisiae, MRN in mammals)4–7.
The Mre11 subunit exhibits both 3′–5′ exonuclease and endonuclease
activities8–10, while Rad50 functions as an ATPase11,12. Following the initial
clipping event, MRX catalyzes 3′–5′ exonucleolytic degradation toward the
DNA end. Long-range resection in the 5′–3′ direction is then carried out by
either the Exo1 nuclease or theDna2 nuclease in cooperationwith the Sgs1/
BLM helicase13,14.

TheMRX-mediated incision is crucial whenDNA ends are obstructed
by protein adducts or covalent modifications, such as hairpin-cappedDNA
ends, covalent DNA-topoisomerase complexes, or meiotic DSBs covalently
bound by Spo114,15,16. Conversely,MRX is not required for the processing of
cleanDNAbreaks, such as thoseproducedby endonucleases, whereExo1or
Dna2-Sgs1 can directly initiate resection17.

In both yeast andmammals, Mre11 endonuclease activity requires the
ATPase function of Rad50 and the presence of Sae2 (CtIP in humans),
which stimulates Mre11 endonuclease activity within the context of the
MRXcomplex18–20. In theATP-bound state, theRad50dimer forms aDNA-
binding platform that sterically hinders Mre11 access to double-stranded
DNA (resting state). ATP hydrolysis triggers dissociation of Rad50
nucleotide-binding domains, allowing Mre11 subunits to reposition and
accessDNAfor cleavage (cutting state)21–25.Mre11nuclease activity requires
the binding of Sae2 with Rad5018, which is thought to stabilize the nucleo-
lytically active Mre11-Rad50 conformation26,27.

The generation ofDNADSBs also elicits a checkpoint response, whose
key players are the apical protein kinases Tel1 and Mec1, as well as their
mammalian orthologs ATM and ATR, respectively28. Upon DSB recogni-
tion, Tel1 and Mec1 transduce checkpoint signals to the downstream
effector kinases Rad53 and Chk1 (CHK2 and CHK1 in mammals, respec-
tively), whose activation requiresRad9 (53BP1 inmammals). Rad9 serves as
the proximal adapter and scaffold for Rad53 activation. In response toDNA
damage, Mec1 and Tel1 phosphorylate Rad9 at multiple sites; these mod-
ifications promoteRad9multimerization and create docking sites for Rad53
binding29–33. Once recruited to phosphorylated Rad9, Rad53 is positioned
nearMec1, enablingMec1-dependent priming phosphorylation of Rad5334.
Oligomerized Rad9 then acts as a scaffold, clustering Rad53 molecules to
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promote in-trans autophosphorylation, thereby generating the fully active
kinase, which subsequently dissociates from Rad935,36.

Sae2 not only promotes Mre11 endonuclease activity but also attenu-
ates checkpoint signaling. In the absence of Sae2, or in the presence of an
endonucleolytically inactiveMre11 variant,Mre11 and Tel1 persist at DNA
ends, leading to Tel1 hyperactivation37–39. However, unlikemre11 nuclease-
defective cells, sae2Δ cells additionally display excessive Rad9 accumulation
at DSBs and persistent Rad53 phosphorylation39–42, indicating that Sae2
inhibits Rad53 activation independently of its role in MRX stimulation.

Sae2/CtIP activity is regulated by phosphorylation from two kinase
classes during the cell cycle and following DNA damage. Cyclin-dependent
kinase (CDK) phosphorylates S267 in Sae243 and T847 in human CtIP44.
Structural data suggest that phosphorylated S267 forms salt bridges with
R187 ofMre11 and R77 of Rad5026,27, suggesting that it can promoteMre11
endonuclease activity by stabilizing an MRX conformation that allows
proper Mre11 positioning on DNA. Accordingly, a sae2-S267Amutant, in
which S267 cannot be phosphorylated, shows deficient MRX endonuclease
activation,whereas thephospho-mimetic sae2-S267Emutant is proficient in
supporting MRX-mediated cleavage events18,43,45. This CDK-mediated
phosphorylation is restricted to the S and G2 phases of the cell cycle43,46,
ensuring that HR occurs only after DNA replication has provided a
homologous template. However, Sae2S267E activity is partially lost upon λ
phosphatase treatment45, suggesting that S267 phosphorylation is necessary
but not sufficient for full activation of MRX endonuclease activity.

Sae2 is also subjected toMec1 and/or Tel1 phosphorylation atmultiple
residues in response to DNA damage, including T90 and T279, with T279
equivalent to T859 in human CtIP and T818 in Xenopus laevis CtIP47–49.
Interestingly, synthetic Sae2 peptides phosphorylated at either T90 or T279
havebeen shown to interactwith the Forkhead associated 1 (FHA1)domain
of Rad53 in vitro50. Furthermore, replacement of both T90 and T279 to
alanine leads to hypersensitivity to DNA-damaging agents and Rad53
hyperactivation upon MMS treatment50,51, suggesting that Mec1/Tel1-
mediated phosphorylation supports Sae2 function in checkpoint
attenuation.

Here, we investigate how phosphorylation regulates the dual function
of Sae2 in suppressing checkpoint activation and promoting MRX-
dependent DNA end clipping. By combining mutational analysis with
AlphaFold3-based structural modeling, we show that phosphorylation of
Sae2 at either T90 or T279 residue by the checkpoint kinasesMec1 and Tel1
is essential to restrain Rad9-Rad53 interaction and for dampening check-
point activation. Moreover, phosphorylation at Sae2 T279, but not at T90,
functions together with CDK-dependent phosphorylation of S267 to pro-
mote MRX-dependent processing of DNA ends, thereby supporting
recombination. A phosphomimetic Sae2T279E variant partially rescues both
the DNA damage sensitivity and the hairpin resolution defects of Tel1-
deficient cells, suggesting thatTel1 supportsMRX-mediated cleavage events
primarily via Sae2 T279 phosphorylation.

Results
Phosphorylation of Sae2 at either T90 or T279 is sufficient to limit
Rad9-Rad53 association and Rad53 activation
Both the absence of Sae2 and expression of the nuclease-deficient mre11-
H125N allele lead to accumulation of Mre11 and Tel1 at DNA ends38,39.
However, unlike nuclease-inactive mre11-H125N cells, sae2Δ cells exhibit
excessive Rad9 accumulation at DSBs and Rad53 hyperactivation, resulting
in persistent cell-cycle arrest39. This likely explains the greater DNAdamage
sensitivity of sae2Δ cells relative to mre11-H125N cells38–42,51 and indicates
that Sae2 negatively regulates Rad53 activation independently of its role in
stimulating MRX endonuclease activity.

Sae2 is phosphorylated in a Mec1- and Tel1-dependent manner at
residues T90 and T27947. Synthetic Sae2 peptides phosphorylated at either
site bind the Rad53 FHA1 domain in vitro50. Furthermore, phosphorylated
T90 and T279 act redundantly to promote DNA damage resistance and
checkpoint shutdown50,51, suggesting that these phosphorylation events
control Sae2-mediated inhibition of Rad53.

Consistent with prior work50,51, cells expressing a Sae2 variant in which
both T90 and T279 are replaced with alanine (sae2-T90A T279A) showed
sustained Rad53 phosphorylation after treatment with the radiomimetic
drug phleomycin and subsequent transfer to medium lacking phleomycin
(Fig. 1A). By contrast, persistent Rad53 phosphorylation was not observed
in cells carrying either single sae2-T90A or sae2-T279Amutation (Fig. 1A),
indicating that T90 and T279 act redundantly to suppress checkpoint
activation. Rad53 phosphorylation decreasedwithwild-type kinetics in cells
expressing a phosphomimetic Sae2mutant inwhich bothT90 andT279 are
replaced with glutamic acid (sae2-T90E T279E) (Fig. 1A), underscoring the
importance of T90/T279 phosphorylation for checkpoint attenuation.
Moreover, sae2-T90E T279A and sae2-T90A T279E also showed wild-type
Rad53 phosphorylation kinetics (Fig. 1A), indicating that phosphorylation
at either site is sufficient for Sae2-dependent downregulation of Rad53.

While T279 is conserved across eukaryotes (including human CtIP),
T90 is not. Instead, the position equivalent to T90 is occupied by an acidic
residue (Supplementary Fig. 1), indicating that a negative charge, rather
than threonine per se, is the conserved feature.

The persistent DNA damage-induced Rad53 activation in sae2-T90A
T279A cells correlates with heightened sensitivity to phleomycin and to
camptothecin (CPT),which traps theTop1 covalent intermediate andyields
replication-dependent DSBs52. Indeed, sae2-T90A T279A cells were more
sensitive to bothCPTandphleomycin thanwild type,whereas cells carrying
a single T90A or T279A substitution, or the phosphomimetic T90E and/or
T279E mutation, were not (Fig. 1B). Although Rad53 phosphorylation in
sae2-T90A T279A cells resembles that observed in sae2Δ cells (Fig. 1A), the
CPT and phleomycin sensitivity of the double alaninemutant ismilder than
that of sae2Δ cells (Fig. 1B), consistent with additional Sae2 functions
beyond checkpoint downregulation53. Notably, sae2-T90E, sae2-T279E, and
sae2-T90E T279E cells did not show increased DNA-damage resistance
compared to the wild type (Supplementary Fig. 2).

Rad53 activation relies on Rad9: once phosphorylated by Mec1 or
Tel1, Rad9first acts as an adapter to promoteMec1-Rad53 interaction and
Mec1-dependent phosphorylation of Rad53, then serves as a scaffold that
clusters Rad53molecules to enable in-trans autophosphorylation and full
kinase activation29–36. Because Sae2 has been proposed to dampen Rad53
activation by antagonizing Rad9-Rad53 interaction39,54, we immunopre-
cipitated Rad9-HA from extracts of undamaged, exponentially growing
cells and assessed Rad53 co-purification by immunoblotting. In wild-type
and sae2-T90E T279E cells, Rad53 bound to Rad9 was below the limit of
detection (Fig. 1C). By contrast, sae2Δ and sae2-T90A T279A cells dis-
played detectable Rad53 in Rad9 immunoprecipitates together with
Rad53 phosphorylation, consistent with Rad53 activation even under
unperturbed conditions (Fig. 1C).

Because Rad53 kinase activation requires in-trans autopho-
sphorylation, we measured Rad53 activity using the in situ autopho-
sphorylation (ISA) assay35. ISA signal was barely detectable in extracts from
undamaged, exponentially growing wild-type and sae2-T90E T279E cells,
but increased in sae2Δ and sae2-T90A T279A cells (Fig. 1D), indicating
Rad53 activation. Together, these data indicate that phosphorylation of
either T90 or T279 is required for Sae2 to restrain Rad53-Rad9 association
and, consequently, Rad53 activation.

Evaluation of the Sae2-Rad53 interaction by AlphaFold3 model-
ing and targeted mutagenesis
To explore the Sae2-Rad53 interface, we generated AlphaFold3 models of
Sae2 phosphorylated at T90 and T279 in complex with the Rad53 FHA1
domain (Fig. 2). Themodels predict contacts between Rad53 R70, as well as
the residues S85,N86, andT106 (see Supplementary Fig. 3 for the alignment
of S. cerevisiae Rad53 FHA1 with homologs from other organisms), with
phosphorylated T90 of Sae2 and, to a lesser extent, with phosphorylated
T279 (Fig. 2A, B, E).When phosphorylated T90 is absent, as in the Sae2T90A

mutant, AlphaFold3 predicts a higher probability of phosphorylated T279
contacting theFHA1domain (Fig. 2C,D, F), providing a structural rationale
for the functional redundancy of the two sites.
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Fig. 1 | Phosphorylated Sae2 T90 and T279 act redundantly to downregulate
Rad53 and support DNAdamage resistance. A Phleomycin (30 μg/mL) was added
to nocodazole-arrested (noc) cells. After 2 h in the presence of phleomycin (phleo),
cells were transferred tomedium lacking both phleomycin and nocodazole. Aliquots
collected at the indicated times after phleomycin removal were analyzed byWestern
blot with an anti-Rad53 antibody. This experiment was performed independently
three times with similar results. B Drug-sensitivity assay. Exponentially growing
cultures were serially diluted (1:10) and spotted on yeast extract, bactopeptone, and
glucose (YEPD) plates with or without CPT or phleomycin. C Co-

immunoprecipitation. Protein extracts from exponentially growing cells were ana-
lyzed by Western blotting with anti-HA (Rad9-HA) and anti-Rad53 antibodies
either directly (total) or after immunoprecipitation (IP) of Rad9-HA with an anti-
HA antibody. * indicates a cross-hybridization band. This experiment was per-
formed independently three times with similar results. D In situ autopho-
sphorylation (ISA) assay of protein extracts from exponentially growing cells. Equal
loading was verified by Coomassie blue staining of the same extracts. This experi-
ment was performed independently two times with similar results.
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Fig. 2 | AlphaFold3-basedmodel of Sae2 phosphorylated onT90 andT279 bound
to Rad53 FHA1 domain. A Inter-chain contact probability map predicted by
AlphaFold3 for wild-type Sae2 phosphorylated at T90 and T279 bound to Rad53-
FHA1. Axes list residue tokens in sequence order for Rad53 and Sae2. Because post-
translational modifications are encoded by multiple tokens, phosphorylated sites
appear as expanded blocks; rectangles mark token groups for pT90 (red) and pT279
(blue). B Zoom of the highest probability contact from (A), involving Sae2 residues
80–100 and Rad53 residues 70–135 around pT90. C Contact probability map as in

(A) but with Sae2-T90A phosphorylated only at T279. The pT90 block is absent; the
rectangle highlights pT279 (blue). D Zoom of the highest probability contact from
(C), centered on pT279, involving Sae2 residues 260–290 and Rad53 residues
70–135. E Confident portions of the model shown as cartoons for the complexes in
(A). F Confident portions of the model shown as cartoons for the complexes in (C).
Interfacial side chains are shown as sticks; phosphorylated residues (pT90, pT279)
are shown as spheres.
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Because the R70A substitution disrupts the conserved phospho-ligand
recognition of FHA1 and abolishes binding of Rad53 FHA1 to peptides
containing phosphorylated T90 and T27950, we tested the interface in vivo
by substituting Sae2 T90 and T279 with positively charged residues (T90R
and T279R) and by introducing the charge-reversal R70E mutation
in Rad53.

Like sae2Δ, sae2-T90R T279R cells exhibited persistent Rad53 phos-
phorylation after phleomycin removal, whereas rad53-R70E cells did not
(Fig. 3A), suggesting that R70E alone does not impair Sae2-dependent
regulation, likely because other basic residues in FHA1 (e.g., R83, K87) can
stabilize binding to phosphorylated Sae2. The rad53-R70E allele also had no
effect on Rad53 phosphorylation (Fig. 3A) or DNA damage sensitivity of
sae2Δ cells (Fig. 3B). The presence of the rad53-R70E allele into sae2-T90R
T279R cells suppressed Rad53 hyperactivation and DNA damage sensitiv-
ity. In fact, Rad53 phosphorylation decreased with wild-type kinetics in
rad53-R70E sae2-T90R T279R cells (Fig. 3A), which also showed reduced
CPT and phleomycin sensitivity relative to sae2-T90R T279R cells (Fig. 3B).
By contrast, rad53-R70E neither reduced Rad53 phosphorylation (Fig. 3A)
nor alleviated DNA damage sensitivity (Fig. 3B) of sae2-T90A T279A cells,
whereT90andT279 cannot be phosphorylated and thus cannot provide the
negative charges required to interact with Rad53. These findings support a
phosphorylation-dependent electrostatic interaction-based mechanism at
the Rad53-Sae2 interface in which negative charge supplied by phosphor-
ylation (T90/T279) is required for Rad53 interaction and inhibition.

The rad53-R70E allele also restored the ability of sae2-T90RT279R cells
to restrain Rad9-Rad53 interaction. In fact, when Rad9-HA was immuno-
precipitated from undamaged, exponentially growing cells, Rad53 failed to
co-immunoprecipitate with Rad9 in rad53-R70E sae2-T90R T279R
immunoprecipitates, whereas it was detected (together with Rad53 phos-
phorylation) in sae2-T90R T279R cells (Fig. 3C).

Phosphorylation of Sae2 at both T279 and S267 is required to
promote Mre11 cleavage events
In both yeast andmammals, Sae2/CtIP stimulatesMre11 activity within the
MRX complex18. This function is mediated by a direct Sae2-Rad50 inter-
action that requires CDK-dependent phosphorylation of Sae2 S267,
enabling the formation of salt bridges with Mre11 R187 and Rad50
R7718,26,27. However, although the phosphomimetic Sae2-S267E mutant
supportsMRX-dependent DNA cleavage, its activity is partially lost upon λ
phosphatase treatment45, suggesting that S267 phosphorylation is necessary
but not sufficient for full activation of MRX endonuclease activity.

Our AlphaFold3-based analysis suggested that concomitant phos-
phorylationat S267andT279promotesanMre11 conformation resembling
the active, DNA-cleaving state26. In particular, phosphorylated T279 is
predicted to contact Rad50 K6, a residue affected by rad50-smutations that
impair Sae2-Rad50 interactions (Supplementary Fig. 4)26. To evaluate the
functional interplay between S267 and T279 in supporting Mre11 cleavage
activity, we tested phospho-site mutants for defects in hairpin resolution
and meiotic recombination. Hairpin cleavage was assessed using a genetic
assay developed by Lobachev et al., in which inverted Alu elements inserted
into theLYS2 gene on chromosome II stimulate ectopic recombinationwith
a truncated lys2-Δ5′ on chromosome III, generating Lys⁺ recombinants
(Fig. 4A)16. This recombination event requires both Mre11 endonuclease
activity and Sae2, which process hairpin-capped DSBs formed from
extrusion of the inverted Alu sequences16.

We previously showed that substitution of T279 with a non-
phosphorylatable alanine (sae2-T279A) residue reduced the frequency of
Lys⁺ recombinants compared to wild type, whereas the phosphomimetic
sae2-T279E did not26 (Fig. 4B). To define the relative contributions of S267
and T279 phosphorylation, we analyzed single and double alaninemutants.
Consistent with previous results51, sae2-S267A cells showed a strong
reduction in Lys+ recombinants (Fig. 4B). However, the defect was less
severe than that observed in sae2Δ cells (Fig. 4B), indicating that Sae2S267A

retains residual function. By contrast, sae2-S267E, sae2-T279E, and sae2-
S267E T279E showed no recombination defects (Fig. 4B). Strikingly, when

both S267 andT279weremutated to alanine, recombination dropped to the
level observed in sae2Δ and in nuclease-defective mre11-H125N cells
(Fig. 4B), indicating that both residues are required to fully support MRX
cleavage activity. In contrast, T90 does not appear to contribute, as sae2-
T90A cells showed no reduction in Lys⁺ recombination and the T90A
mutation did not exacerbate the recombination defects of sae2-T279A or
sae2-S267A cells (Fig. 4B).

During meiosis, the topoisomerase-like protein Spo11 initiates
recombinationby cleavingDNAstrands and remains covalently bound to5′
DNAends55. Removal of Spo11 attached to short oligonucleotides, catalyzed
by Mre11 and Sae2, is essential for subsequent homologous recombination
steps4,56. Consistent with previous studies43,57, no viable spores were detected
in sae2Δdiploids, whereas sae2-S267Adiploids retained approximately 10%
spore viability (Fig. 4C). sae2-T279A diploids showed wild-type spore via-
bility, but combining S267A and T279A mutations further reduced spore
viability compared to S267A alone (Fig. 4C), indicating a role for T279
phosphorylation in Spo11 removal. Consistent with no role of T90 phos-
phorylation in promoting Mre11 cleavage events, the T90A mutation did
not reduce spore viability anddidnotworsen the sporulationdefects of sae2-
T279A and sae2-S267A cells (Fig. 4C).

Cells carrying the nuclease-defective mre11-H125N allele were more
sensitive to CPT and phleomycin than sae2-S267A cells (Fig. 4D)39. If
phosphorylation of both Sae2 S267 and T279 is primarily involved in the
activation of Mre11 endonuclease, sae2-S267A T279A and mre11-H125N
cells should show similar DNA damage sensitivity. Indeed, although sae2-
T279A did not show obvious DNA damage sensitivity, sae2-S267A T279A
cells displayed CPT and phleomycin sensitivity greater than sae2-S267A
cells and comparable to mre11-H125N cells (Fig. 4D). By contrast, intro-
ducing the T90Amutation did not increase the DNA damage sensitivity of
sae2-S267A cells (Fig. 4D).

To further probe the relative contribution of S267 and T279 phos-
phorylation, we introduced the phosphomimetic S267E and T279E muta-
tions into the reciprocal alanine background. Although the sae2-S267E,
sae2-T279E, and sae2-S267E T279E alleles supported recombination, spore
viability, and DNA-damage resistance in an otherwise wild-type back-
ground (Fig. 4B–D), introducing S267E into sae2-T279A cells or T279E into
sae2-S267Adecreased recombination (Fig. 4B), spore viability (Fig. 4C), and
DNA-damage resistance (Fig. 4E) compared with the respective single-
alanine mutants. Thus, phosphomimicry at one site does not rescue when
the other site cannot be phosphorylated, indicating that phosphorylation of
both S267 and T279 is required for full Sae2 function in promotingMre11-
dependent cleavage.

Loss of Sae2 S267 and T279 phosphorylation does not increase
Rad9 binding at DSBs or Rad53 activation
Unlike nuclease-defective mre11-H125N cells, deletion of SAE2 increases
Rad9 association with DSBs. Elevated Rad9 at DSBs hyperactivates the
Rad53 checkpoint kinase37,38 and acts as a barrier to Sgs1-Dna2-mediated
resection39–42, while Rad53 hyperactivation inhibits Exo1 via
phosphorylation58.

If concurrent phosphorylation of Sae2 at S267 and T279 primarily
stimulates Mre11 endonuclease activity, then sae2-S267A T279A cells
should display Rad9 association withDSBs comparable to wild type. To test
this, we used ChIP-qPCR to examine Rad9 binding at an endonuclease-
induced DSB by introducing sae2-S267A, sae2-T279A, and sae2-S267A
T279A alleles into the JKM139strain,whichexpresses the endonucleaseHO
under a GAL promoter. Galactose addition induces HO, which generates a
single DSB at the MAT locus that cannot be repaired by HR because the
homologous donor lociHML andHMR are deleted. As observed formre11-
H125N, Rad9 binding at the HO-induced DSB in sae2-S267A, sae2-T279A,
and sae2-S267A T279A cells was similar to wild type, whereas only sae2Δ
cells showed elevated Rad9 accumulation (Fig. 5A). Protein abundance was
comparable across strains (Fig. 5B). Thus, loss of S267 and T279 phos-
phorylation does not impair the ability of Sae2 to limit Rad9 association
at DSBs.
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Fig. 3 | Charge reversal mutations between Sae2 T90/T279 and Rad53 R70.
A Phleomycin (30 μg/mL) was added to nocodazole-arrested (noc) cells. After 2 h in
the presence of phleomycin (phleo), cells were transferred to medium lacking both
phleomycin and nocodazole. Aliquots collected at the indicated times after phleo-
mycin removal were analyzed by Western blot with an anti-Rad53 antibody. This
experiment was performed independently three times with similar results. B Drug-
sensitivity assay. Exponentially growing cultures were serially diluted (1:10) and

spotted on YEPD plates with or without CPT or phleomycin. C Co-
immunoprecipitation. Protein extracts from exponentially growing cells were ana-
lyzed by Western blotting with anti-HA (Rad9-HA) and anti-Rad53 antibodies
either directly (total) or after IP of Rad9-HAwith an anti-HA antibody. * indicates a
cross-hybridization band. This experiment was performed independently three
times with similar results.
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Fig. 4 | Phosphorylated Sae2 S267 acts with T279 to promote MRX-dependent
cleavage. A Schematic representation of the lys2::Alu IR and lys2-Δ5′ ectopic
recombination system. B Recombination frequency in strains carrying the lys2::Alu
IR and lys2-Δ5′ ectopic recombination system. Rate of Lys+ recombinants were
derived from the median recombination frequency. Mean of three independent
experiments are represented with error bars denoting s.d. ***p < 0.005, **p < 0.001
(unpaired two-tailed Student’s t test). See SupplementaryData for statistical analysis.

C Sporulation efficiency. Diploids homozygous for the indicated alleles were
induced to enter meiosis. Mean of three independent experiments are represented
with error bars denoting s.d. ***p < 0.005, *p < 0.05 (unpaired two-tailed Student’s t
test). See Supplementary Data for statistical analysis. D, E Drug-sensitivity assay.
Exponentially growing cultures were serially diluted and spotted on YEPD plates
with or without CPT or phleomycin.
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Fig. 5 | S267/T279 phosphorylation of Sae2 does not increase Rad9 binding at
DSBs or sustain Rad53 activation. A ChIP and qPCR. Exponentially growing
YEPR cell cultures were shifted to YEPRG to induce HO expression, followed by
ChIP analysis of Rad9-HA at 600 bp from the HO-cut site. In all diagrams, ChIP
signals were normalized to the corresponding input signal at each time point. Mean
of three independent experiments are represented with error bars denoting s.d.
***p < 0.005 (unpaired two-tailed Student’s t test). See Supplementary Data for
statistical analysis. BWestern blot analysis with an anti-HA antibody of protein
extracts from exponentially growing cells. Equal loading was verified by Coomassie

blue staining of the same extracts. This experiment was performed independently
three times with similar results. CAdaptation assay. YEPR G1-arrested cell cultures
were plated on galactose-containing plates (time zero). At the indicated times, 200
cells for each strain were scored to determine two-cell dumbbells (2 cells) and
microcolonies with >2 cells. This experiment was performed independently two
times with similar results.D Checkpoint kinetics. Exponentially growing YEPR cell
cultures were shifted to YEPRG at time zero to induce HO.Western blot analysis of
protein extracts was performed with an anti-Rad53 antibody. This experiment was
performed independently two times with similar results.
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Because increased Rad9 association with DSBs in sae2Δ cells leads to
Rad53 hyperactivation, sae2-S267A, sae2-T279A, and sae2-S267A T279A
cells should exhibit awild-type checkpoint response.Cells harboring a single
irreparable DSB typically undergo checkpoint-mediated cell-cycle arrest
and subsequently decreaseRad53 activation to resume the cell cycle through
a process called adaptation59,60. The increasedRad9 associationwithDSBs in
sae2Δ cells leads to Rad53 hyperactivation that prevents cells from adapting
to a single irreparable DSB37,38. We therefore analyzed the checkpoint
response of sae2-S267A, sae2-T279A, and sae2-S267A T279A cells to an

irreparable HO-induced DSB. When plated on galactose to induce HO, all
cell cultures arrested as two-cell dumbbells (Fig. 5C). Thereafter, whilemost
sae2Δ cells remained arrested after 20 h,wild-type, sae2-S267A, sae2-T279A,
and sae2-S267A T279A cells formed microcolonies (>2 cells) after ~12 h
(Fig. 5C). Similarly, upon galactose addition to exponentially growing cells,
Rad53 phosphorylation persisted for at least 20 h in sae2Δ but began to
decline after ~12 h in wild-type, sae2-S267A, sae2-T279A, and sae2-S267A
T279A cells (Fig. 5D). Thus, loss of Sae2 S267/T279 phosphorylation does
not impair the ability of Sae2 to restrain Rad53 activation.
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Sae2 T279E substitution partially bypasses the requirement of
Tel1 in DNA damage resistance and hairpin resolution
T279 is among the Sae2 residues phosphorylated in aMec1/Tel1-dependent
manner47, suggesting that the checkpoint can controlMRXcleavage activity.
Consistent with this hypothesis, simultaneous deletion of TEL1 andMEC1
(kept viable by SML1 deletion) almost completely abolishes meiotic DSB
processing61. Furthermore, cells lackingMEC1 (again kept viable by SML1
deletion) or TEL1 showed reduced Lys⁺ recombinants compared to wild-
type cells (Fig. 6A).

If the defect in hairpin cleavage ofmec1Δ and/or tel1Δ cells is primarily
due to impaired T279 phosphorylation, it should be suppressed by a
phosphomimetic sae2-T279E allele. Indeed, tel1Δ sae2-T279E double
mutant cells showed increased Lys⁺ recombinants (Fig. 6A) and improved
CPT resistance (Fig. 6B) compared to tel1Δ alone, indicating partial rescue
of the defect. Moreover, introducing the non-phosphorylatable sae2-T279A
allele into tel1Δ cells did not further exacerbate the recombination defect
(Fig. 6A) or CPT hypersensitivity (Fig. 6B), suggesting that Tel1 and
phosphorylated T279 act in the same pathway. In contrast, the phospho-
mimetic sae2-T279E allele did not suppress the recombination defect of
mec1Δ cells (Fig. 6B), and introducing the non-phosphorylatable sae2-
T279A allele intomec1Δ cells further reduced the rate of Lys⁺ recombinants
(Fig. 6B). These results suggest that Mec1 contributes to hairpin resolution
through additional targets beyond Sae2 T279.

Discussion
Sae2 fulfills at least two distinct functions at DNA DSBs: it dampens acti-
vation of the checkpoint kinase Rad53, and it promotes DNA end clipping
by the MRX complex. The ability of Sae2 to inhibit Rad53 activation is
independent of its role in stimulating MRX nuclease activity. Here, we
provide mechanistic insights into how Sae2 integrates phosphorylation
inputs from CDK and from the checkpoint kinases Mec1 and Tel1 to
coordinate these two functions.

Our AlphaFold3-based modeling predicts a phosphorylation-
dependent interaction between Sae2 T90/T279 and the Rad53 FHA1
domain, with T90 showing the higher binding probability. The sequence
contexts around these sites resemble, but are not identical to, the TXAD
consensus for FHA1 specificity identified by phosphopeptide-binding
studies62. Specifically, T90 lies within TQFD and T279 within TQEG, with
the T279 context more divergent from the optimal motif, suggesting a pre-
dominant contributionof phosphorylatedT90 inmaking contactwithRad53
FHA1.Nevertheless,whenT90 ismutated into alanine, phosphorylatedT279
can still support Rad53 binding, allowing control of Rad53 activation.

Functionally, these two sites act redundantly to restrain Rad53 activity.
Only the double alanine mutant (sae2-T90A T279A) causes persistent
Rad53 phosphorylation and hypersensitivity to DNA damage, whereas
phosphomimetic substitutions restore wild-type Rad53 inactivation kinet-
ics. AlphaFold3 predictions, together with charge-reversal mutagenesis,
support a phosphorylation-dependent electrostatic mechanism in which
negative charges on Sae2 (at pT90 and/or pT279) engage interaction with
Rad53 R70 to inhibit Rad53 activation. Notably, whereas T279 is conserved
across eukaryotes, the position equivalent to T90 is typically occupied by an

acidic residue, indicating that a local negative charge, rather than threonine
per se, is the conserved feature.

Rad53 activation relies on Rad9 that, once phosphorylated byMec1 or
Tel1,first acts as an adapter to promoteMec1-Rad53 association andMec1-
dependent phosphorylation of Rad53, and then functions as a scaffold to
juxtapose Rad53 molecules for in-trans autophosphorylation and full
activation29–36.We found that loss of phosphorylation at both T90 andT279
increases Rad9-Rad53 assembly and Rad53 in-trans autophosphorylation,
supporting amodel inwhich phosphorylated Sae2 at T90 or T279 competes
with Rad9 for FHA1 binding, thereby limiting Rad53 activation (Fig. 6C).
Because T90/T279 phosphorylation depends on Mec1/Tel1, this mechan-
ism creates a self-limiting circuit in which the checkpoint kinases that
initiate checkpoint signaling also promote its resolution by enabling Sae2-
mediated inhibition of Rad53, ensuring timely recovery fromDNAdamage.

Unlike T90, T279 phosphorylation also acts together with CDK-
dependent S267 phosphorylation to promote MRX-dependent cleavage
events (Fig. 6C). While Sae2 T279A mutation alone has limited effects on
hairpin resolution, spore viability, andDNAdamage sensitivity, the combined
S267A andT279Amutations phenocopy the defects in hairpin resolution and
meiotic recombination observed in an mre11 nuclease-dead mutant. By
contrast, thephosphomimetic sae2-S267E, sae2-T279E, and sae2-S267ET279E
alleles support recombination, spore viability, andDNA-damage resistance in
otherwise wild-type cells. Interestingly, phosphomimicry at one site does not
compensatewhen the other cannot be phosphorylated, underscoring the need
for dual phosphorylation to fully activate Mre11 endonuclease.

Consistent with aMec1/Tel1 role in supportingMRX cleavage via Sae2
T279 phosphorylation, simultaneous loss of MEC1 and TEL1 severely
impairs meiotic DSB processing61, whereas single deletions reduce hairpin
resolution efficiency. Inmammals, CtIP phosphorylation atT847 (yeast S267
equivalent in humans) andT859 (yeast T279 equivalent in humans) has been
implicated in DSB resection and Spo11 removal during meiosis46,49,63,64.

The joint requirement for CDK- and checkpoint-dependent phos-
phorylation underscores the temporal and spatial control of DNA end
resection. CDK-mediated S267 phosphorylation biasesMRXactivation and
resection to S/G2 phases, when a sister chromatid is available as a template.
The additional need for Tel1/Mec1-mediated T279 phosphorylation adds a
layer of control that restricts resection toDNAdamage contexts, preventing
unscheduled processing and limiting genomic instability.

Finally, expression of a phosphomimetic T279E variant in tel1Δ cells
partially restores hairpin resolution andCPTresistance, indicating that Tel1
promotes MRX function primarily through Sae2 T279 phosphorylation.
Because CPT traps Top1 on DNA, impeding replication-fork progression52

and generatingDSBs that require resection for homologous recombination,
suppression of tel1Δ CPT sensitivity by Sae2-T279E indicates that Tel1
contributes to CPT resistance, at least in part, by enabling MRX-mediated
resection via Sae2 phosphorylation.

In conclusion, Sae2 integrates phosphorylation inputs from CDK and
checkpoint kinases to coordinate DNA end resection and checkpoint acti-
vation. This dual control helps balance efficient repair with timely check-
point shutdown, preventing aberrant DNA processing and safeguarding
genome stability.

Fig. 6 | Effect of T279E mutation on hairpin resolution and DNA damage sen-
sitivity of cells lacking Mec1 or Tel1. A Recombination frequency of strains with
the lys2::Alu IR and lys2-Δ5′ ectopic recombination system. Rates of Lys+ recom-
binants were derived from the median recombination frequency. Mean of three
independent experiments are representedwith error bars denoting s.d. ***p < 0.005,
**p < 0.001, *p < 0.05 (unpaired two-tailed Student’s t test). See Supplementary
Data for statistical analysis. Cells carrying the deletion of MEC1 also contain the
deletion of SML1.BExponentially growing cultures were serially diluted and spotted
on YEPD plates with or without CPT. CWorking model. The MRX complex is
rapidly recruited to DNA ends, where it loads and activates Tel1. Rad9 binds
chromatin via methylated histone H3 (yellow m-labeled circle) and phosphorylated
histone H2A (orange P-labeled circle). ATP hydrolysis in Rad50 drives a con-
formational change in which the Rad50 coiled coils zip up, and the Mre11 dimer

rotates relative to theRad50 heads. CDKandTel1/Mec1 phosphorylate Sae2 on S267
and T279, respectively, promoting Sae2-Rad50 binding; this interaction stabilizes an
ADP-bound Mre11-Rad50 state that is competent for DNA cleavage. MRX-Sae2
initiates resection by nicking the 5′-terminated strand. Exo1 and Dna2-Sgs1 extend
resection to generate ssDNA,which is coated byRPA and recruitsMec1-Ddc2.Mec1
then phosphorylates Rad9, creating docking sites for Rad53 and enabling Mec1-
dependent Rad53 priming phosphorylation. Phosphorylated Rad9 clusters Rad53 to
promote in-trans autophosphorylation (purple dots) and full kinase activation. In
parallel, Mec1/Tel1 phosphorylation of Sae2 at T90 and/or T279 creates a FHA1-
binding site for Rad53; Sae2-Rad53 engagement competes with Rad9 for Rad53
FHA1, thereby limiting Mec1-dependent Rad53 phosphorylation (dashed line) and
Rad53 in-trans autophosphorylation (dashed line) and enabling checkpoint
shutdown.
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Methods
Yeast strains and media
Saccharomyces cerevisiae was used as the experimental model. Strain gen-
otypes are listed in Supplementary Table 1. Strain HS21, used to detect
hairpin opening, was kindly provided by M.A. Resnick (National Institutes
of Health, NC). Strain JKM139, used to detect Rad9 association at the HO-
induced DSB and checkpoint adaptation, was kindly provided by J. Haber
(Brandeis University, Waltham, USA). Cells were grown in YEP medium
(1% yeast extract, 2% bactopeptone) supplemented with 2% glucose
(YEPD), 2% raffinose (YEPR) or 2% raffinose and 3% galactose (YEPRG).
Gene disruptions and site-specific mutagenesis were generated by one-step
PCR-mediated methods. Primers for site-specific mutagenesis are listed in
Supplementary Table 2. All experiments were performed at 26 °C.

Western blotting
Protein extracts were prepared by trichloroacetic acid (TCA) precipitation, as
described65. Frozen cell pellets were resuspended in 100 μL 20% TCA, mixed
with acid-washed glass beads, and vortexed for 10min. Beads were washed
with 400 μL of 5%TCA, and the extract collected in a new tube. Proteins were
precipitatedbycentrifugationat850 × g for10min, theTCAwas removed, and
pelletswere resuspended in70 µL2XLaemmlibuffer (60mMTris-HClpH6.8,
2% SDS, 10% glycerol, 100mM DTT, 0.2% bromophenol blue), then neu-
tralized with 30 µL 1M Tris base. Samples were boiled, clarified, and super-
natants resolved on 10% SDS-PAGE. Rad53 was detected with an anti-Rad53
polyclonal antibody (Abcam ab104232, 1:2000). HA-tagged proteins were
detected by using an in-house anti-HA (12CA5) (1:2000) antibody. Images
were acquired with ChemiDoc (Bio-Rad) and analyzed using Image Lab.

Drug sensitivity assay
Overnight saturated cultures were serially diluted 10-fold in water; 5 μl of
each dilution were spotted on the indicated plates. Images were taken after
3 days at 26 °C. Each experiment was repeated at least twice.

Hairpin opening assay
HS21 isogenic strains were grown overnight in YEPD. Cultures were
counted, and107 cellswere plated onto syntheticmedium lacking lysine; 500
cells were plated onto complete synthetic medium. Plates were incubated at
26 °C for 3 days and colonies counted. The rate of Lys+ recombinants was
derived from the median recombination frequency across 10 independent
isolates per strain, as described17. Three independent trials were performed,
and the mean recombination rate was calculated.

Bioinformatics
A firstmodel was generated byAlphaFold3 predictors based on the sequence
of Sae2, modified with phosphorylation on residues T90 and T279, and the
FHA1 domain of Rad53 (aa 1–168). The top-scoring model issued a pTM
score of 0.37 and an ipTMscore of 0.71. The quality assessment of thismodel
is shown in Supplementary Fig. 5. A second model was generated by
AlphaFold3 predictors based on the sequence of Sae2T90A, modified with
phosphorylation on T279, and the FHA1 domain of Rad53 (aa 1–168), with
the top-scoringmodel giving a pTM score of 0.41 and an ipTM score of 0.57.
The quality assessment of these models is shown in Supplementary Fig. 5.
Multiple sequence alignment of FHA domains was obtained by Clustal
Omega, a program that uses seeded guide trees and HMM profile-profile
techniques to generate alignments between three ormore sequences available
on the EMBL-EBI platform66. In detail, the FHAdomains from the following
sequences from the GenPept database were submitted to Clustal Omega:
human Chk2 (accession 1GXC_A), Drosophila melanogaster Chk2 (acces-
sion BAA28755), Amphimedon queenslandica Chk2-like protein (accession
XP_019858435), Centruroides sculpturatus Chk2-like isoform X2 (accession
XP_023214969), Trichoplax sp. H2 Chk2 (accession RDD46461), Ciona
intestinalis myosin light chain kinase A (accession XP_002130190), Cae-
norhabditis elegansChk2 (accession Q9U1Y5),Armadillidium vulgareChk2
(accession RXG73588), Saccharomyces cerevisiae Rad53 (accession P22216),
Schizosaccharomyces pombe Rad53/cds1 (accession Q09170). For Sae2

homologs alignment, the following full sequences were submitted to Clustal
Omega: human CTIP (accession Q99708), Xenopus laevis CTIP (accession
Q6GNV6), Danio rerio CTIP (F1R983), Saccharomyces cerevisiae Sae2
(P46946), and Schizosaccharomyces pombe Ctp1 (O74986).

Chromatin immunoprecipitation and qPCR
Exponentially growingYEPRcultures of JKM139derivative strains carrying
the HO cut site at theMAT locus were transferred to YEPRG at time zero.
Crosslinking was performed with 1% formaldehyde for 10min. The reac-
tion was stopped by adding 0.125M glycine for 5min. Immunoprecipita-
tion was performed by incubating samples with Dynabeads Protein G
(ThermoFisher Scientific) for 3 h at 4 °C in the presence of 5 μg anti-HA
(12CA5) antibody. qPCR was performed on a Bio-Rad CFX ConnectTM

Real-Time System Apparatus. Triplicate samples in 20 μl reaction mixture
containing 10 ng of template DNA, 300 nM primers, 2X SsoFastTM Eva-
Green supermix (Bio-Rad #1725201) (2X reaction buffer with dNTPs,
Sso7d-fusion polymerase,MgCl2, EvaGreen dye and stabilizers) were run in
white 96-well PCR plates MultiplateTM (Bio-Rad MLL9651). The qPCR
program was as follows: step 1, 98 °C for 2min; step 2, 90 °C for 5 s; step 3,
60 °C for 15 s; step 4, return to step 2 and repeat 40 times. At the end of the
cycling program, a melting program (from 65 to 95 °C with a 0.5 °C
increment every 5 s) was run to test the specificity of each qPCR. Data are
expressed as fold enrichment at the HO-induced DSB relative to the non-
cleaved ARO1 locus, after normalizing ChIP signals to input at each time
point. qPCR primers are listed in Supplementary Table 2.

Co-immunoprecipitation
Cells were lysed in 400 μl PBS 1X, 1% Triton X-100, 10% glycerol, EDTA
1mM,NaF 10mM, and protease inhibitor cocktail, as described54. Clarified
extracts were incubated with 50 µL Protein A-Sepharose and 5 µg anti-HA
for 2 h at 4 °C. Resins were washed three times with lysis buffer and three
times with PBS 1X. Bound proteins were analyzed by Western blot using
anti-Rad53 and anti-HA after separation on 10% SDS-PAGE.

In situ autophosphorylation (ISA) assay
Protein extracts prepared by TCA precipitation were loaded (25 µg per lane)
on 10% SDS-PAGE, transferred to PVDF (Immobilon-P), and subjected to a
denaturation/renaturation procedure, as described35. Denaturation: 7M
guanidine-HCl, 50mMDTT, 2mM EDTA, 50mMTris-HCl, pH 8.0, 1 h at
roomtemperature.Membraneswerewashed twice inTBS(10mineach), then
renatured at 4 °C for 12–18 h with gentle agitation in 2mM DTT, 2mM
EDTA, 0.04% Tween-20, 10mM Tris-HCl pH 7.5, 140mM NaCl, 1% BSA.
After a60-minwash in30mMTris-HClpH7.5membraneswere equilibrated
in kinase buffer (1mMDTT, 0.1mMEGTA, 20mMMgCl2, 20mMMnCl2,
40mM HEPES-NaOH pH 8.0, 100 µM sodium orthovanadate) for 30min
and incubated with [γ-32P]ATP (10 µCi/mL) for 1 h at room temperature.
Washes: 30mMTris-HCl pH 7.5 (10min), 30mM Tris-HCl pH 7.5+ 0.1%
NP-40 (10min), 30mMTris-HClpH7.5 (10min), 1MKOH(10min),water
(10min), 10%TCA (10min), water (10min). Filters were dried and exposed.

Statistics and reproducibility
Statistical significance was evaluated with OriginPro software using
unpaired, two-tailed Student’s t tests. For Western blots, representative
images are shown. Unless otherwise stated, 3 biological replicates were
performed. A biological replicate is defined as an independent experiment
using newly prepared biological material. No statistical methods were used
to predetermine sample size; no samples or data points were excluded.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data are available within the article and its Supplementary Information.
UncroppedWestern blots for Figs. 1A, C, D; 3A, C and 5B, D are shown in
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Supplementary Figs. 6–10. Source data underlying Figs. 4B, C; 5A and 6A
are provided as Supplementary Data. Additional information is available
from the corresponding author upon reasonable request.
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