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DNA damage checkpoint pathways sense DNA lesions and transduce the signals into appropriate biological
responses, including cell cycle arrest, induction of transcriptional programs, and modification or activation of
repair factors. Here we show that the Saccharomyces cerevisiae Sae2 protein, known to be involved in processing
meiotic and mitotic double-strand breaks, is required for proper recovery from checkpoint-mediated cell cycle
arrest after DNA damage and is phosphorylated periodically during the unperturbed cell cycle and in response
to DNA damage. Both cell cycle- and DNA damage-dependent Sae2 phosphorylation requires the main check-
point kinase, Mec1, and the upstream components of its pathway, Ddc1, Rad17, Rad24, and Mec3. Another
pathway, involving Tel1 and the MRX complex, is also required for full DNA damage-induced Sae2 phosphor-
ylation, that is instead independent of the downstream checkpoint transducers Rad53 and Chk1, as well as of
their mediators Rad9 and Mrc1. Mutations altering all the favored ATM/ATR phosphorylation sites of Sae2
not only abolish its in vivo phosphorylation after DNA damage but also cause hypersensitivity to methyl
methanesulfonate treatment, synthetic lethality with RAD27 deletion, and decreased rates of mitotic recom-
bination between inverted Alu repeats, suggesting that checkpoint-mediated phosphorylation of Sae2 is im-
portant to support its repair and recombination functions.

Genetic inheritance requires exceptional genetic stability
over many generations of cells and organisms. To ensure that
cells pass accurate copies of their genomes on to the next
generation, evolution has overlaid the core cell cycle machin-
ery with a series of surveillance pathways, termed checkpoints,
that provide the cells with the capacity to survive genotoxic
insults. These protective mechanisms are signal transduction
pathways specialized in detecting abnormal DNA structures
and in coordinating cell cycle progression with DNA repair.
Their activation leads to cell cycle progression delay and con-
comitant activation of DNA repair pathways, thus preventing
replication or segregation of damaged DNA molecules.

The keystone of the DNA damage checkpoint is a protein
kinase family related to phosphoinositide 3-kinase, among which
are Saccharomyces cerevisiae Mec1 (48, 61, 90) and Tel1 (26,
52), Schizosaccharomyces pombe Rad3 (5), Drosophila melano-
gaster Mei-41 (29), and mammalian ATR (5) and ATM (72).
These protein kinases respond to various stresses by phosphor-
ylating key proteins, thus regulating numerous processes, de-
pending on the spectra of their substrates (for reviews, see
references 1 and 75). In particular, S. cerevisiae Mec1 and S.
pombe Rad3, more closely related to human ATR, are the pro-
totype transducers of the DNA damage and replication stress
signals; they respond to UV damage, double-strand breaks
(DSBs), and stalled replication forks. Conversely, yeast Tel1,
similar to human ATM, is likely involved only in the response
to DSBs (for reviews, see references 57 and 75).

Tel1 and Mec1 also contribute to telomere length mainte-

nance. In fact, TEL1 deletion causes marked telomere short-
ening in yeast (26, 52), and mec1 tel1 cells show more-dramatic
telomere shortening than each single mutant, similar to that
seen in cells lacking active telomerase (67). The absence of
Tel1 does not affect either telomerase catalytic activity or bind-
ing to telomeric DNA of the Cdc13 protein, which mediates
telomerase action (9, 83). However, when telomerase is artifi-
cially targeted to telomeres, their lengthening is at least as
effective in mec1 tel1 as in wild-type cells, suggesting that Mec1
and Tel1 may act by recruiting to telomeres either telomerase
or telomerase-activating factors (83).

One characteristic of ATR-related proteins is their need for
an accessory protein. Mec1 physically interacts with the check-
point protein Ddc2 (also called Lcd1 or Pie1) (60, 69, 89),
functionally related to Rad26 and ATRIP, which bind S.
pombe Rad3 and human ATR, respectively (12, 20). Although
the Mec1–Ddc2 complex plays a key role in the DNA damage
checkpoint, full Mec1-dependent activation of downstream
targets requires other factors, such as the Ddc1/Rad17/Mec3
and Rad24/Rfc2 to -5 complexes (for a review, see reference
42), presumed to be structure-specific DNA damage sensors
based on their similarities to the proliferating cell nuclear
antigen (PCNA) and its accessory factor replication factor C
(RFC), respectively (7, 25, 46, 79).

Once DNA perturbations are sensed, checkpoint signals
are propagated through the protein kinases Chk1 and Rad53,
which also undergo phosphorylation in response to DNA dam-
age in a Mec1-dependent manner (70, 71). While Rad53 is
required for proper response to DNA damage in all the cell
cycle phases, Chk1 contributes only to the activation of the
G2/M checkpoint in a Rad53-independent way (71). The DNA
damage-sensing functions are then linked with the downstream
effectors through DNA damage-specific or S-phase-specific
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nologie e Bioscienze, Università degli Studi di Milano-Bicocca, P.zza
della Scienza 2, 20126 Milan, Italy. Phone: 39-02-64483425. Fax: 39-
02-64483565. E-mail: mariapia.longhese@unimib.it.

† E.B. and V.V. contributed equally to this work.

4151



mediators. In particular, while Rad9 is required to activate
Rad53 in response to DNA damage by acting as a scaffold pro-
tein upon which Rad53 may autophosphorylate and self-acti-
vate (24, 73), Mrc1 seems to act as the Rad9 counterpart in ac-
tivating Rad53 in response to DNA replication blocks (2, 58).

Whereas human ATM plays a key role in responding to
DSBs in human cells, S. cerevisiae Tel1 has only a secondary
role in the DNA damage response. In fact, Tel1, which is pri-
marily involved in telomere metabolism, seems to respond to
unprocessed DSBs by controlling a checkpoint that becomes
apparent only in the absence of Mec1, and converges with the
canonical Mec1 pathway on the effector kinase Rad53 (84). A
trimeric complex, known as MRN (Mre11–Rad50–Nbs1) in
mammals and MRX (Mre11–Rad50–Xrs2) in S. cerevisiae, is a
substrate for the ATM/Tel1 kinase. In fact, mammalian Mre11
and Nbs1 are phosphorylated in response to DNA damage,
and their phosphorylation depends on ATM (21, 22, 39, 91,
93). This response is evolutionarily conserved, as DNA damage
also stimulates Tel1-dependent phosphorylation of the S. cere-
visiae Mre11 and Xrs2 proteins (15, 27). In both yeast and
humans, this complex plays multiple roles in chromosome me-
tabolism and DNA repair. It has been implicated in telomere
maintenance, regulation of DNA replication, nonhomologous
end joining, and meiotic DSB formation or resection (for re-
views, see references 16, 62, and 86). Moreover, it may control
DSB processing during mitotic homologous recombination, thus
amplifying the checkpoint signal and stimulating the Mec1/
Tel1 kinases (84). Finally, the MRX complex is involved in the
S. cerevisiae checkpoint response as part of the DNA damage-
sensing apparatus, since mre11�, rad50�, and xrs2� yeast cells
are defective in S-phase checkpoint activation in response to
DSB-inducing agents and hydroxyurea (HU) (15, 27).

Some processes involving the MRX complex also require the
SAE2/COM1 gene, whose loss-of-function alleles were origi-
nally identified together with the rad50s and mre11s separa-
tion-of-function alleles in a search for mutants whose meiotic
products died if DSBs were made but could survive when
meiotic recombination and reductional chromosome segrega-
tion were prevented by mutations inactivating the SPO11 gene
(49, 65). The topoisomerase II-like Spo11 protein is necessary
for the creation of meiotic DSBs, which are subjected to rapid
resection of their 5� strand termini, yielding molecules with 3�
single-stranded tails, presumably used to form strand exchange
products during recombination (62). While the MRX complex
participates in both the formation and the processing of DSBs
at meiotic recombination hot spots, the Sae2 protein seems to
participate only in DSB processing. In fact, in contrast to mrx-
null alleles, which are unable to initiate meiotic DSBs, both
sae2� and the rad50s and mre11s separation-of-function alleles
were shown to allow SPO11-mediated DSB formation, but not
single-strand endonucleolytic removal of Spo11 from the DNA
ends, thus uncoupling cleavage of DNA strands from subse-
quent exonucleolytic resection (34). Since the MRX complex
has nuclease activity, the lack of Sae2 might directly modify its
in vivo nuclease function, and the rad50s allele might affect its
ability to interact with Sae2, as previously suggested (66).

Although Sae2, as well as the MRX complex, is dispensable
for some mitotic homologous recombination processes requir-
ing Rad52 and Rad51 (6, 32, 47, 82), several observations
indicate that Sae2 may also have mitotic functions. (i) sae2�

cells have been shown to be hypersensitive to the alkylating
agent methyl methanesulfonate (MMS), and the fidelity of
mitotic DSB repair in these cells has been shown to be affected
(49, 66). (ii) Sae2, along with MRX, is also required for repair
of mitotic hairpin-capped DSBs induced by inverted Alu se-
quences, indicating that Sae2 may participate in making pro-
tected DNA ends accessible to resection in mitotic cells also
(40). (iii) A lack of Sae2 enhances Tel1-mediated Rad53 phos-
phorylation after DNA damage, and this enhancement re-
quires the MRX complex, suggesting that sae2� cells may
accumulate DNA lesions specifically sensed by the Tel1/MRX-
dependent checkpoint (84). (iv) High levels of Sae2 not only
cause telomere lengthening in a Tel1-dependent manner, but
also accelerate the rebalancing of telomere length when sud-
den telomere elongation is induced by TEL1 overexpression,
suggesting a role for Sae2 in unprotected telomeric end pro-
cessing (87).

We now show that the functions of Sae2 in DNA repair and
recombination require the checkpoint pathway that responds
to DNA damage during the mitotic cell cycle. Sae2, whose lack
delays the recovery from checkpoint-mediated cell cycle arrest,
undergoes Mec1- and Tel1-dependent phosphorylation both
periodically during the unperturbed cell cycle and in response
to DNA damage independently of cell cycle progression. Site-
directed mutagenesis of the favored ATM/ATR phosphoryla-
tion sites indicates that they are essential not only for DNA
damage-induced Sae2 phosphorylation but also for Sae2 func-
tions in vivo.

MATERIALS AND METHODS

Plasmids. To construct plasmid pML469.14, containing the 1,037-bp SAE2
open reading frame flanked by 329 bp upstream and 226 bp downstream, the
1,592-bp EcoRI-EcoRI fragment from a yeast genomic DNA library was cloned
into the EcoRI-EcoRI sites of plasmid YIplac128 (23). This plasmid was used as
a template to create alanine substitution mutants by QuikChange site-directed
mutagenesis (Stratagene), thus generating plasmids pML473.15, pML474.35,
pML488.15, pML475.5, and pML468.6, carrying, respectively, the sae21-5 (ala-
nine substitutions at S72, S73, T75, S76, and T90), sae26-9 (alanine substitutions
at S249, S278, T279, and S289), sae22,5,6,8,9 (alanine substitutions at S73, T90,
S249, T279, and S289), sae21-2,5-9 (alanine substitutions at S72, S73, T90, S249,
S278, T279, and S289), and sae21-9 (alanine substitutions at S72, S73, T75, S76,
T90, S249, S278, T279, and S289) alleles, as confirmed by subsequent nucleotide
sequence determination. The 1,592-bp EcoRI-EcoRI fragments from plasmids
pML473.15, pML474.35, pML488.15, pML475.5, and pML468.6, carrying, re-
spectively, the sae21-5, sae26-9, sae22,5,6,8,9, sae21-2,5-9, and sae21-9 alleles, were
cloned into the EcoRI site of plasmid YIplac204 (23) to produce plasmids
pML484, pML482, pML487, pML478, and pML476.

Yeast strains and media. The relevant genotypes of all the yeast strains used
in this study are listed in Table 1. All the strains were constructed during this
study, and all were derivatives of W303 (K699) (MATa or MAT� ade2-1 can1-100
his3-11,15 leu2-3,112 trp1-1 ura3 rad5), with the exception of strains YLL1357,
YLL1368.21, YLL1375.39, YLL1406, YLL1407, and YLL1408, which were gen-
erated from strain HS21 (MAT� ade5-1 his7-2 ura3� trp1-289 leu2-3,112::p305L3
LEU2 lys2::AluIR), kindly provided by M. A. Resnick (Research Triangle Park,
N.C.) (see below).

Strains YLL1069.3 and YLL1357, where 968 bp of the SAE2 coding region was
replaced by the KANMX4 gene, were generated from strains K699 and HS21 by
a one-step PCR disruption method (88). Strains DMP4048/7D and DMP4105/
3B, where 3,890 bp of the RAD50 coding region and 2,880 bp of the MRC1
coding region, respectively, were replaced by the Kluyveromyces lactis HIS3 gene,
were generated from strain DMP3909/7D by a one-step PCR disruption method
(88). Deletions of the MEC1, TEL1, SML1, BAR1, RAD53, CHK1, RAD9, DDC1,
MEC3, RAD17, and RAD24 genes were constructed as previously described (43,
44, 59, 60).

Strains carrying the SAE2-HA3 allele at the SAE2 chromosomal locus were
generated by a PCR one-step tagging method (35) using plasmid 3748, kindly
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provided by K. Nasmyth (Institute for Molecular Pathology, Vienna, Austria), as
a template and oligonucleotides PRP326 (5�-TTA AAT CAA ATT GTT GAC
GAT GGA TGT TTC TTC TGG AGT GAT AAA TTA TTG CAG ATA TAT
GCT AGA TGT TCC GGT TCT GCT GCT AG-3�) and PRP327 (5�-AAA GCC
CTT TCA ACC ATA CCA AAA AAA ATG TAT TTG AAG TAA TGA ATA
AAG AAT GAT GAT CGC TGG CGT CCT CGA GGC CAG AAG AC-3�) as
primers.

Strains carrying the MRE11-HA3 allele at the MRE11 chromosomal locus were
generated by a PCR one-step tagging method (35) using plasmid 3748 as the
template and oligonucleotides PRP333 (5�-GGA AAA GGA AGA GCA TCA
AGG ACG CCA AAG ACG GAT ATT CTT GGA AGT CTC CTT GCT AAG
AAA AGA AAA TCC GGT TCT GCT GCT AG-3�) and PRP334 (5�-CCT TGT
TGT TCG CGA AGG CAA GCC CTT GGT TAT AAA TAG GAT ATA ATA
TAA TAT AGG GAT CAA GTA CAA CCT CGA GGC CAG AAG AC-3�) as
primers. The SAE2-HA3 and MRE11-HA3 alleles were shown to be fully func-
tional, since all the strains carrying the tagged alleles were indistinguishable from
the isogenic untagged strains with respect to viability, growth rates at any tem-
perature, and sensitivity to UV radiation, MMS, and HU.

ApaI digestion of the integrative plasmids pML469.14, pML473.15, pML474.35,
pML488.15, pML475.5, and pML468.6 was used to direct the integration of these
plasmids to the SAE2 promoter region of a W303-derivative sae2� strain

(YLL1069.3), giving rise to strains YLL1348.1, YLL1353.1, YLL1354.1,
YLL1395.1, YLL1355.1, and YLL1347.1, carrying, respectively, single copies of
the SAE2, sae21-5, sae26-9, sae22,5,6,8,9, sae21-2,5-9, and sae21-9 alleles at the SAE2
chromosomal locus. ApaI-directed integration of plasmids pML484, pML482,
pML487, pML478, and pML476 into the SAE2 promoter region of an HS21-
derivative sae2� strain (YLL1357) was also used to construct strains YLL1407,
YLL1406, YLL1408, YLL1375.39, and YLL1368.21, carrying, respectively, single
copies of the sae21-5, sae26-9, sae22,5,6,8,9, sae21-2,5-9, and sae21-9 alleles at the
SAE2 chromosomal locus.

The SAE2, sae21-5, sae26-9, sae22,5,6,8,9, sae21-2,5-9, and sae21-9 alleles of strains
YLL1348.1, YLL1353.1, YLL1354.1, YLL1395.1, YLL1355.1, and YLL1347.1
were then hemagglutinin (HA) epitope tagged by PCR one-step tagging as
described above to produce strains YLL1351.8, YLL1359.4, YLL1360.31,
YLL1405, YLL1361.44, and YLL1352.2, respectively.

The accuracy of all gene replacements and integrations was verified by South-
ern blot analysis or PCR. Standard yeast genetic techniques and media were used
according to reference 68. Cells were grown in YEP medium (1% yeast extract,
2% Bacto Peptone, 50 mg of adenine/liter) supplemented with 2% glucose
(YEPD). Transformants carrying the KANMX4 cassette were selected on YEPD
plates containing 400 �g of G418 (U.S. Biological)/ml.

TABLE 1. S. cerevisiae strains used in this study

Strain Relevant genotype

YLL254 .................................................................................MATa rad27�::KANMX4
YLL1069.3 ............................................................................MATa sae2�::KANMX4
YLL1072.1 ............................................................................MATa MRE11-HA3::URA3
YLL1103 ...............................................................................MATa SAE2-HA3::URA3
YLL1345.6 ............................................................................MATa bar1�::KANMX4 ddc1�::HIS3 SAE2-HA3::URA3
YLL1346.2 ............................................................................MATa bar1�::KANMX4 ddc1�::HIS3 rad9�::URA3 SAE2-HA3::URA3
YLL1347.1 ............................................................................MATa sae2�::KANMX4::sae21–9::LEU2
YLL1348.1 ............................................................................MATa sae2�::KANMX4::SAE2::LEU2
YLL1351.8 ............................................................................MATa sae2�::KANMX4::SAE2-HA3::URA3::LEU2
YLL1352.2 ............................................................................MATa sae2�::KANMX4::sae21–9-HA3::URA3::LEU2
YLL1353.1 ............................................................................MATa sae2�::KANMX4::sae21–5::LEU2
YLL1354.1 ............................................................................MATa sae2�::KANMX4::sae26–9::LEU2
YLL1355.1 ............................................................................MATa sae2�::KANMX4::sae21–2,5–9::LEU2
YLL1359.4 ............................................................................MATa sae2�::KANMX4::sae21–5-HA3::URA3::LEU2
YLL1360.31 ..........................................................................MATa sae2�::KANMX4::sae26–9-HA3::URA3::LEU2
YLL1361.44 ..........................................................................MATa sae2�::KANMX4::sae21–2,5–9-HA3::URA3::LEU2
YLL1395.1 ............................................................................MATa sae2�::KANMX4::sae22,5,6,8,9::LEU2
YLL1405 ...............................................................................MATa sae2�::KANMX4::sae22,5,6,8,9-HA3::URA3::LEU2
YLL1357 ...............................................................................MAT� leu2-3,112::p305L3 LEU2 lys2::AluIR sae2�::KANMX4
YLL1368.21 ..........................................................................MAT� leu2-3,112::p305L3 LEU2 lys2::AluIR sae2�::KANMX4::sae21–9::TRP1
YLL1375.39 ..........................................................................MAT� leu2-3,112::p305L3 LEU2 lys2::AluIR sae2�::KANMX4::sae21–2,5–9::TRP1
YLL1406 ...............................................................................MAT� leu2-3,112::p305L3 LEU2 lys2::AluIR sae2�::KANMX4::sae26–9::TRP1
YLL1407 ...............................................................................MAT� leu2-3,112::p305L3 LEU2 lys2::AluIR sae2�::KANMX4::sae21–5::TRP1
YLL1408 ...............................................................................MAT� leu2-3,112::p305L3 LEU2 lys2::AluIR sae2�::KANMX4::sae22,5,6,8,9::TRP1
DMP3806/2A........................................................................MATa mec1�::HIS3 sml1�::KANMX4 SAE2-HA3::URA3
DMP3807/2D........................................................................MATa tel1�::HIS3 SAE2-HA3::URA3
DMP3909/7D........................................................................MATa bar1�::KANMX4 SAE2-HA3::URA3
DMP3916/5B ........................................................................MATa mec1�::HIS3 sml1�::KANMX4 tel1�::HIS3 SAE2-HA3::URA3
DMP3919/3B ........................................................................MATa bar1�::KANMX4 mec1�::HIS3 sml1�::KANMX4 SAE2-HA3::URA3
DMP3919/11A......................................................................MATa bar1�::KANMX4 mec1�::HIS3 sml1�::KANMX4 tel1�::HIS3 SAE2-HA3::URA3
DMP3920/16D......................................................................MATa bar1�::KANMX4 tel1�::HIS3 SAE2-HA3::URA3
DMP4048/7D........................................................................MATa bar1�::KANMX4 rad50�::HIS3 SAE2-HA3::URA3
DMP4049/5C ........................................................................MAT� bar1�::KANMX4 rad9�::URA3 SAE2-HA3::URA3
DMP4050/17A......................................................................MATa bar1�::KANMX4 rad50�::HIS3 telI�::HIS3 SAE2-HA3::URA3
DMP4052/18A......................................................................MATa bar1�::KANMX4 rad50�::HIS3 mec1�::HIS3 sml1�::KANMX4 SAE2-HA3::URA3
DMP4105/3B ........................................................................MATa bar1�::KANMX4 mrc1�::HIS3 SAE2-HA3::URA3
DMP4106/27A......................................................................MATa bar1�::KANMX4 rad53�::HIS3 sml1�::KANMX4 SAE2-HA3::URA3
DMP4137/1D........................................................................MATa bar1�::KANMX4 rad17�::LEU2 SAE2-HA3::URA3
DMP4137/17A......................................................................MATa bar1�::KANMX4 rad24�::TRP1 SAE2-HA3::URA3
DMP4138/7C ........................................................................MATa bar1�::KANMX4 mec3�::TRP1 SAE2-HA3::URA3
DMP4141/12C ......................................................................MATa bar1�::KANMX4 chk1�::HIS3 SAE2-HA3::URA3
DMP4224/5B ........................................................................MATa sae2�::KANMX4 MRE11-HA3::URA3
DMP4295/10A......................................................................MATa bar1�::KANMX4 mec1�::HIS3 sml1�::KANMX4 rad53�::HIS3 SAE2-HA3::URA3
DMP4296/1D........................................................................MATa bar1�::KANMX4 tel1�::HIS3 chk1�::HIS3 SAE2-HA3::URA3
DMP4297/5A........................................................................MATa bar1�::KANMX4 mec1�::HIS3 sml1�::KANMX4 chk1�::HIS3 SAE2-HA3::URA3
DMP4298/2B ........................................................................MATa bar1�::KANMX4 rad53�::HIS3 sml1�::KANMX4 tel1�::HIS3 SAE2-HA3::URA3
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Recombination rates. Rates of homologous recombination induced by in-
verted Alu repeats were determined in fluctuation tests (36) by using at least 20
independent cultures from wild-type (HS21), sae2� (YLL1357), sae21-5 (YLL1407),
sae26-9 (YLL1406), sae22,5,6,8,9 (YLL1408), sae21-2,5-9 (YLL1375.39), and sae21-9

(YLL1368.21) cell cultures, as previously described (40).
Western blot analysis, immunoprecipitation, and phosphatase treatment. For

Western blot analysis, protein extracts were prepared by trichloroacetic acid
precipitation as previously described (43). Immunoprecipitation and phospha-
tase treatments were performed as previously described (43). Phosphorylated
forms of Sae2 were detected by using rabbit polyclonal antibodies that recognize
phosphorylated (S/T)Q motifs (Cell Signaling Technology). HA-tagged proteins
were detected with the 12CA5 monoclonal antibody. Rad53 was detected by
using anti-Rad53 polyclonal antibodies, kindly provided by J. Diffley (Clare Hall
Laboratories, South Mimms, United Kingdom). Secondary antibodies were pur-
chased from Amersham, and proteins were visualized by an enhanced chemilu-
minescence system according to the manufacturer’s instructions.

Synthetic-effect assays. Strains YLL1353.1, YLL1354.1, YLL1395.1, YLL1355.1,
and YLL1347.1, carrying, respectively, single copies of the sae21-5, sae26-9,
sae22,5,6,8,9, sae21-2,5-9, and sae21-9 alleles at the SAE2 chromosomal locus (see
under “Yeast strains and media” above), were crossed to W303-derivative strains
carrying the rad27� allele (YLL254). For each sporulated diploid, 24 tetrads
were dissected, and spores were scored for the ability to form colonies on YEPD
plates at 25°C. Segregation of the sae2 and rad27� mutations in the viable spores

was assayed by monitoring the LEU2 marker linked to the sae2 alleles and
temperature sensitivity due to the rad27� allele. Synthetic lethality was inferred
when no viable double-mutant spores were observed from a diploid, and if there
was no significant deviation from the 1 parental ditype:4 tetratype:1 nonparental
ditype ratio of tetrad types predicted from the segregation of two unlinked genes.
When segregants containing both mutations were viable, serial dilutions of three
independent cultures each of two single- and two double-mutant segregants for
each cross were spotted onto YEPD plates with or without MMS (0.005%).
YEPD plates without MMS were prepared in triplicate, and two of these plates
were incubated at 30 and 37°C, respectively, for 3 days, while the other plates
were incubated at 25°C for 4 days before determination of the number of CFU
for each strain under the different conditions. No significant differences were
found among strains with the same genotypes.

Other techniques. Synchronization experiments were performed as described
previously (60). Flow cytometric DNA quantitation was determined on a Becton-
Dickinson FACScan instrument. All experiments were performed at 26°C.

RESULTS

Sae2 is phosphorylated periodically during the unperturbed
cell cycle and in response to DNA damage. To gain insights
into Sae2 function(s) and regulation, we generated a strain

FIG. 1. Sae2 phosphorylation during the unperturbed cell cycle and in response to genotoxic treatments. (A) Exponentially growing YLL1103
cells, expressing Sae2-HA3 from the SAE2 promoter, were synchronized with �-factor (�f) and released from the pheromone block in YEPD,
YEPD containing 50 mM HU, or 0.02% MMS, or were UV irradiated (40 J/m2) prior to the release in YEPD. Cell samples collected at the
indicated times after �-factor release were analyzed by fluorescence-activated cell sorting (top), and protein extracts were prepared and analyzed
by Western blotting with anti-HA antibodies (bottom). (B) Exponentially growing YLL1103 cells were synchronized with nocodazole (noc) and
released from the G2 block in YEPD, or were UV irradiated (45 J/m2) prior to the release in YEPD. Cell samples were collected at the indicated
times after release from nocodazole to analyze the percentage of binucleate cells by propidium iodide staining (top) and the Sae2-HA3 protein
as in panel A (bottom). (C) Protein extracts from �-factor-arrested (� � factor), nocodazole-arrested (� noc), or UV-treated exponentially
growing (� UV) YLL1103 cells were immunoprecipitated with anti-HA antibodies. Immunoprecipitates were then incubated at 30°C with (�) or
without (�) � phosphatase before electrophoresis and Western blot analysis using anti-HA antibodies. exp, exponentially growing cells.
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expressing fully functional 3HA-tagged Sae2 (see Materials
and Methods). As shown in Fig. 1, when anti-HA antibodies
were used in Western blot analysis of cell extracts from expo-
nentially growing SAE2-HA3 cells, they specifically detected
Sae2-HA3 protein species with different electrophoretic mo-
bilities that did not appear in extracts from cells carrying the
untagged SAE2 allele (data not shown). When SAE2-HA3 cells
were arrested in G1 with �-factor and then released into the
cell cycle under unperturbed conditions, the slowest-migrating
Sae2-HA3 species, which were absent in �-factor-arrested
cells, accumulated periodically during the cell cycle (Fig. 1A),
increasing in level when cells progressed through the S, G2,
and M phases (30 to 75 min), disappearing when almost all
cells were ready to divide (90 min), and then reaccumulating as
cells entered the next S phase. The events leading to the dis-
appearance of the slowest-migrating Sae2 species took place
during the exit from mitosis, as evidenced by the fact that these
species were detectable in nocodazole-arrested cells and dis-
appeared concomitantly with cell division after release into the
cell cycle (Fig. 1B).

Treatment of wild type cells with UV radiation or MMS led
to accumulation of Sae2 species whose electrophoretic mobil-
ities were indistinguishable from that of the slowly migrating
forms observed during unperturbed S phase (Fig. 1). When
G1-arrested SAE2-HA3 cell cultures were released from �-fac-
tor after UV irradiation or in the presence of MMS, these Sae2
species became detectable immediately after UV treatment
and about 30 min after MMS addition, and they persisted until
the end of the experiments (Fig. 1A, bottom).

Release into the cell cycle of G1-arrested cells in the pres-
ence of the DNA synthesis inhibitor HU also led to accumu-
lation of Sae2 modified forms about 30 min after release,
concomitantly with S-phase entry (Fig. 1A), but neither the
amount nor the kinetics of Sae2 modification after HU treat-
ment seemed to significantly differ from that observed in S/G2

untreated cell cultures, although modified Sae2 persisted in the
HU-treated cell culture until the end of the experiment, likely
due to the prolonged S phase.

As was observed after DNA damage in G1, modified Sae2
also accumulated in response to DNA damage in G2 (Fig. 1B).
In fact, the amount of slowly migrating Sae2 species, which
were already present in nocodazole-arrested, unirradiated
cells, increased immediately after these cells were UV irradi-
ated and then released into the cell cycle.

The observed changes in Sae2 electrophoretic mobility after
DNA damage and during the cell cycle were due to phosphor-
ylation events. In fact, Western blot analysis of anti-HA im-
munoprecipitates from UV-treated and nocodazole-arrested
SAE2-HA3 cells after bacteriophage � phosphatase treatment
revealed a single Sae2 band whose electrophoretic mobility
was faster than that of any Sae2 species detectable in the same
immunoprecipitates in the absence of phosphatase (Fig. 1C). A
similar single Sae2 band was detectable also in anti-HA immu-
noprecipitates from �-factor-arrested SAE2-HA3 cells, and its
electrophoretic mobility was not affected by � phosphatase
treatment (Fig. 1C). Thus, if Sae2 phosphorylation events take
place in �-factor-arrested cells, they do not cause detectable
changes in Sae2 electrophoretic mobility, while all the Sae2
species detectable by this analysis in UV- and nocodazole-
treated cell extracts represent phosphorylated Sae2 forms.

UV- and bleomycin-induced Sae2 phosphorylation does not
require cell cycle progression. In order to distinguish between
cell cycle- and DNA damage-dependent Sae2 phosphorylation,
we performed Western blot analysis with anti-HA antibodies
on protein extracts of SAE2-HA3 cells, which were kept
blocked in G1 or in G2 after UV irradiation or MMS, HU, or
bleomycin addition. As a control for the phosphorylation re-
sponse to genotoxic treatment, we probed the same extracts
with antibodies raised against the Rad53 DNA damage check-
point kinase, whose phosphorylation is also detectable as

FIG. 2. DNA damage-induced Sae2 phosphorylation in G1- and G2-arrested cells. (A) Exponentially growing cell cultures of strain DMP3909/
7D, expressing Sae2-HA3 from the SAE2 promoter in a bar1� background, were synchronized with � factor (�f) and resuspended in YEPD
containing 1 �g of � factor/ml in the presence of either 0.02% MMS (�MMS � � factor), 150 mM HU (�HU � � factor), or 20 mU of
bleomycin/ml (�bleo � � factor), or after UV-irradiation (40 J/m2) (�UV � � factor). (B) Exponentially growing cell cultures of strain
DMP3909/7D were synchronized with nocodazole (noc) and resuspended in YEPD containing nocodazole in the presence of either 0.02% MMS
(�MMS � noc), 150 mM HU (�HU � noc), or 20 mU of bleomycin/ml (�bleo � noc), or after UV irradiation (40 J/m2) (�UV � noc). Protein
extracts prepared from cell samples collected at the indicated times were subjected to Western blot analysis with anti-HA (Sae2) and anti-Rad53
(Rad53) antibodies. exp, exponentially growing cells.
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changes in electrophoretic mobility (70). As shown in Fig. 2A,
neither Sae2 nor Rad53 phosphorylated forms were detectable
during the unperturbed G1 phase, but they both appeared
immediately after bleomycin addition or UV irradiation in
G1-arrested cells kept in G1 by �-factor addition, and they
persisted until the end of the experiment. The same genotoxic
treatments also increased the amounts of phosphorylated Sae2
and Rad53 in G2-arrested cells that were kept in G2 by no-
codazole addition (Fig. 2B). As was observed for Rad53, whose
phosphorylation can be induced by MMS and HU treatments
only when cells are allowed to proceed further into S phase
(77), neither MMS nor HU addition caused significant changes
in Sae2 electrophoretic mobility in G1- or G2-arrested cells
(Fig. 2).

Checkpoint proteins involved in DNA damage-induced Sae2
phosphorylation. To identify the pathway(s) leading to DNA
damage-induced Sae2 phosphorylation, we used Western blot
analysis to verify whether this modification was affected in
DNA damage checkpoint mutants. It is worth pointing out that
all the SAE2-HA3 strains carrying the mec1� or rad53� allele
also carried the sml1� allele (Table 1), which suppresses the
lethality of MEC1 and RAD53 deletions but not their effects on

the DNA damage response (19, 94), and that the sml1� allele
did not per se cause any detectable effect on Sae2 electro-
phoretic mobility (data not shown).

Bleomycin-induced Sae2 phosphorylation in G1-arrested
cells was severely reduced, compared to that for the wild type,
for the mec1�, ddc1�, rad17�, mec3�, and rad24� mutants
(Fig. 3, gels 1 and 6), all of which are defective in the canonical
Mec1-dependent DNA damage checkpoint pathway. The re-
sidual Sae2 phosphorylation detectable in bleomycin-treated
mec1� cells was dependent on the Tel1 and MRX proteins
(Fig. 3, gels 1 and 3). In fact, both the tel1� and rad50� single
deletions decreased the amount of the bleomycin-induced
Sae2 mobility shift compared to that of the wild type, although
to a lesser extent than the mec1� allele under the same con-
ditions. Moreover, the same genotoxic treatment could not
induce detectable Sae2 phosphorylation in either mec1� tel1�
or mec1� rad50� G1-arrested double mutants. Finally, bleo-
mycin-induced Sae2 phosphorylation was reduced in the
rad50� tel1� double mutant and the rad50� single mutant to
the same extent as in the wild type (Fig. 3, gel 3), thus indi-
cating that Tel1 and MRX likely act in the same Sae2 phos-
phorylation pathway, while Mec1 acts in a different pathway.

FIG. 3. DNA damage-induced Sae2 phosphorylation in checkpoint mutants. Strains expressing Sae2-HA3 from the SAE2 promoter in a bar1�
background were as follows: wild type (wt) (DMP3909/7D), tel1� (DMP3920/16D), mec1� sml1� (DMP3919/3B), mec1� tel1� sml1� (DMP3919/
11A), rad53� mec1� sml1� (DMP4295/10A), chk1� mec1� sml1� (DMP4297/5A), chk1� tel1� (DMP4296/1D), tel1� rad53� sml1� (DMP4298/
2B), rad50� (DMP4048/7D), rad50� tel1� (DMP4050/17A), rad50� mec1� sml1� (DMP4052/18A), chk1� (DMP4141/12C), rad53� sml1�
(DMP4106/27A), mrc1� (DMP4105/3B), rad9� (DMP4049/5C), ddc1� (YLL1345.6), ddc1� rad9� (YLL1346.2), mec3� (DMP4138/7C), rad17�
(DMP4137/1D), and rad24� (DMP4137/17A). Cell cultures were arrested in G1 with �-factor and then transferred in YEPD containing 20 mU
of bleomycin/ml and 1 �g of �-factor/ml (�bleo � � factor). Time zero (�f) corresponds to cell samples taken immediately before bleomycin
addition. Protein extracts prepared from cell samples collected at the indicated times were subjected to Western blot analysis with anti-HA
antibodies. exp, exponentially growing cells.
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The Rad53, Chk1, Mrc1, and Rad9 proteins, acting down-
stream of both Mec1 and Tel1 in the checkpoint pathway, did
not appear to be required for DNA damage-induced Sae2
phosphorylation. In fact, similar amounts of slowly migrating
Sae2 species were observed in G1-arrested, bleomycin-treated
rad53�, chk1�, mrc1�, rad9�, and wild-type cells (Fig. 3, gels
4 and 5). Moreover, deletion of RAD53 and CHK1 in mec1�
and tel1� cells or of RAD9 in ddc1� cells did not reduce the
extent of detectable bleomycin-induced Sae2 phoshorylation
compared to that for the single mec1�, tel1�, and ddc1� single
mutants, respectively (Fig. 3, gels 1, 2, and 5).

To better understand the requirements of Mec1 and Tel1 for
Sae2 phosphorylation, we analyzed the kinetics of the Sae2
mobility shift under unperturbed conditions and in response
to DNA damage in the absence of Mec1 and/or Tel1. When
G1-arrested mec1�, tel1�, or mec1� tel1� cell cultures were
released into the cell cycle without any genotoxic treatment,
Sae2 phosphorylation was not detectable in mec1� tel1� cells

throughout the experiment, and its amount was reduced in
mec1� cells compared to that for the wild type, indicating that
Mec1 and Tel1 promote Sae2 phosphorylation during the un-
perturbed S phase (Fig. 4A and B, top). Under these condi-
tions, the amount of slowly migrating Sae2 species fluctuated
during the cell cycle with similar kinetics in wild-type and
mec1� cells, reaching different maximal levels during S phase
and decreasing at the end of the first cell cycle, while the same
Sae2 species did not appear to decrease significantly at the end
of the first cell cycle in tel1� cells (Fig. 4B, top). This might
suggest that the lack of Tel1 may impair DNA intermediate
processing during the unperturbed S phase, thus triggering
Sae2 phosphorylation also in the absence of exogenous DNA
damage.

Interestingly, when G1-arrested cells were UV irradiated
before release into the cell cycle, phosphorylated Sae2 ap-
peared immediately in wild-type and tel1� cells, while similar
Sae2 species became detectable in mec1� cells only 45 min

FIG. 4. Cell cycle- and DNA damage-dependent Sae2 phosphorylation in the absence of Mec1 and/or Tel1. Strains expressing SAE2-HA3 from
the SAE2 promoter were as follows: wild type (YLL1103), tel1� (DMP3807/2D), mec1� sml1� (DMP3806/2A), and mec1� tel1� sml1�
(DMP3916/5B). (A and B) Cell cultures growing logarithmically in YEPD were arrested in G1 with �-factor and released from the pheromone
block at time zero in YEPD, or were UV-irradiated (40 J/m2) prior to the release in YEPD. Samples of untreated and UV-treated cell cultures
were withdrawn at the indicated times after �-factor release in order to analyze the DNA content by fluorescence-activated cell sorting in
nonirradiated (A, top) and UV-irradiated (A, bottom) cell cultures and to analyze Sae2 phosphorylation by Western blot analysis with anti-HA
antibodies of extracts from nonirradiated (B, top) and UV-irradiated (B, bottom) cell cultures. (C) Cell cultures were synchronized with �-factor
and transferred in YEPD containing � factor after UV irradiation (40 J/m2) (�UV � � factor). Time zero (�f) corresponds to cell samples taken
immediately before UV treatment. Protein extracts from samples withdrawn at the indicated times were treated as described for panel B. exp,
exponentially growing cells.
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after release, concomitantly with entry into S phase, and in
smaller amounts than in the wild type (Fig. 4A and B, bottom).
Moreover, phosphorylated Sae2 was detectable as a mobility
shift after UV irradiation in G1 even in wild-type and tel1�
cells kept in G1 by �-factor addition, while it was below the
detection level in mec1� cells under the same conditions (Fig.
4C). Conversely, Sae2 phosphorylation was triggered by bleo-
mycin treatment, which is known to generate DNA DSBs, in
both mec1� and tel1� cells either released into the cell cycle
(data not shown) or kept in G1 by �-factor addition (Fig. 3, gel
1), although to a lesser extent than in the wild type. Since, in
the absence of Mec1, DNA damage-induced Sae2 phosphory-
lation is dependent on Tel1, this suggests that UV-induced
DNA damage might need to undergo some kind of processing
during S phase in order to trigger Tel1-dependent Sae2 phos-
phorylation and/or that the Tel1 kinase may be less efficiently
activated in G1 than Mec1.

No Sae2 mobility shift was detectable in either UV-irradi-
ated (Fig. 4B, bottom) or bleomycin-treated (Fig. 3) mec1�

tel1� double-mutant cells, further confirming that Sae2 phos-
phorylation likely depends totally on Mec1 and Tel1.

DNA damage response in sae2� cells. The results described
above prompted us to study in more detail a possible role of
Sae2 in the checkpoint signal transduction cascade. As shown
in Fig. 5 (top), when undamaged G1-arrested wild-type and
sae2� cells were released from the block, both cell types un-
derwent budding and DNA replication with similar kinetics,
and Rad53 remained unphosphorylated throughout the exper-
iment. However, phosphorylated Mre11 became detectable as
a mobility shift in unperturbed sae2� cells entering and pro-
gressing through S phase, but not in wild-type cells under the
same conditions (Fig. 5B). Thus, the lack of Sae2 during DNA
replication might cause accumulation of lesions that specifi-
cally trigger MRX phosphorylation in the absence of exoge-
nous DNA damage.

When cells were UV irradiated in G1 before release into the
cell cycle, both wild type and sae2� cells delayed budding and
S-phase progression compared to untreated cultures (Fig. 5A,

FIG. 5. Checkpoint response to DNA damage in sae2� cells. Exponentially growing wild-type (wt) (YLL1072.1) and sae2� (DMP4224/5B) cell
cultures were synchronized with � factor and released from the pheromone block either in YEPD without any treatment (top), in YEPD after
UV-irradiation (30 J/m2) (center), or in YEPD containing 0.01% MMS (bottom). Samples were withdrawn at the indicated times after �-factor
release (time zero) in order to analyze the DNA content by fluorescence-activated cell sorting and the percentage of budded cells (A) and to
monitor Rad53 and Mre11 phosphorylation by Western blot analysis with anti-Rad53 and anti-HA antibodies, respectively (B). exp, exponentially
growing cells.
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center). Interestingly, wild-type cells completed DNA replica-
tion within 75 min and reached the highest percentage of
budding within 120 min after release, while sae2� cultures
contained mostly S-phase cells after 105 min and the percent-
age of budded cells was still increasing after 150 min (Fig. 5A,
center). Furthermore, when G1-arrested cells were released
into the cell cycle in the presence of MMS, both wild-type and
sae2� cells slowed down S-phase progression compared to
untreated cultures, but most wild-type cells reached 2C DNA
content within 75 min after release, while sae2� cells pro-
gressed through S phase much more slowly and completed
DNA replication only after 180 min (Fig. 5A, bottom).

The reduced ability of sae2� cells to complete DNA repli-
cation in the presence of DNA damage correlated with the
persistence of DNA damage-induced Rad53 phosphorylated
forms. These became detectable concomitantly in wild-type
and sae2� cells after UV irradiation or MMS addition, thus
indicating that SAE2 deletion was not affecting the timing of
checkpoint activation. However, the amount of phosphory-
lated Rad53 started to decrease 120 to 135 min after UV
irradiation and 135 to 150 min after MMS addition in wild-type
cells, as expected when the checkpoint is turned off, while it
remained constant until the end of the experiment in sae2�
cells (Fig. 5B, center and bottom).

As was observed after DNA damage in G1, when cell cul-
tures were released from G2 nocodazole arrest after UV irra-
diation, sae2� cells divided their nuclei more much slowly than
wild-type cells and accumulated UV-induced Rad53 phosphor-
ylated forms (data not shown).

Thus, sae2� cells undergo a checkpoint-mediated cell cycle
arrest that lasts longer than that in wild type cells, indicating
that Sae2 is not required for checkpoint activation but may be
required to properly turn off the checkpoint signal by contrib-
uting to the repair of DNA lesions.

Mutagenesis of putative Sae2 phosphorylation sites. Anal-
ysis of the Sae2 amino acid sequence revealed five serine or
threonine residues (S73, T90, S249, T279, and S289) (Fig. 6A),
located in canonical (S/T)Q motifs, which are favored for phos-
phorylation by ATM/ATR kinases (1, 75). As shown in Fig. 6C,
antibodies specifically recognizing phosphorylated (S/T)Q se-
quences detected Sae2 in anti-HA immunoprecipitates from
G1-arrested, UV-treated SAE2-HA3 cells, indicating that se-
rine or threonine residues in Sae2 (S/T)Q motifs can be phos-
phorylated after DNA damage in vivo. Sae2 phosphorylation at
these sites is induced by DNA damage and depends on Mec1/
Tel1 activities. In fact, anti-phospho-(S/T)Q antibodies failed
to detect Sae2 in Sae2-HA3 immunoprecipitates from cell ex-
tracts of �-factor-arrested, nonirradiated wild-type cells or
UV-irradiated mec1� tel1� cells (Fig. 6C).

We then investigated whether these residues were important
for supporting Sae2 functions in vivo by constructing several
sae2 mutants with multiple changes to alanine of the serine or
threonine residues located in the (S/T)Q motifs (Fig. 6B). We
also mutagenized to alanine the S72, T75, and S76 residues,
belonging to two additional QS and QTS sequences close to
the first SQ motif in the N-terminal part of the protein, and
the S278 residue, close to the TQ motif in the C-terminal part
of the protein (Fig. 6A). All these residues were numbered
progressively from 1 to 9, starting from the N-terminal-most
residue (Fig. 6B). As shown in Fig. 6C, when Sae2-HA3 im-

munoprecipitates from G1-arrested, UV-treated cells were
subjected to Western blot analysis with the anti-phospho-(S/
T)Q antibodies, Sae2-HA3 was detectable, although to a lesser
extent than for the wild type, in immunoprecipitates from
strains carrying either the sae21-5 (S72, S73, T75, S76, and T90
mutated to alanine) or the sae26-9 (S249, S278, T279, and S289
mutated to alanine) mutant allele. The decrease in the amount
of anti-phospho-(S/T)Q-responsive Sae2 paralleled that of the
slowest-migrating Sae2 protein species detected in the same
immunoprecipitates by anti-HA antibodies (Fig. 6C). Thus,
within the limits of this analysis, multiple (S/T)Q sites appear
to contribute to in vivo DNA damage-induced Sae2 phosphor-
ylation, which was indeed abolished in strains expressing the
sae22,5,6,8,9 (S73, T90, S249, T279, and S289 mutated to ala-
nine), sae21-2,5-9 (S72, S73, T90, S249, S278, T279, and S289
mutated to alanine), or sae21-9 (S72, S73, T75, S76, T90, S249,
S278, T279, and S289 mutated to alanine) allele. In fact, the
anti-phospho-(S/T)Q antibodies failed to detect Sae2-HA3,
and the anti-HA antibodies failed to detect the slowest-migrat-
ing Sae2-HA3 protein species, in Western blot analyses of
immunoprecipitates prepared from sae22,5,6,8,9, sae21-2,5-9 or
sae21-9 G1-arrested, UV-irradiated cells (Fig. 6C). Altogether,
these data indicate that replacement of all the serine or thre-
onine residues located in the canonical (S/T)Q motifs with
alanine is sufficient to reduce UV-induced Sae2 phosphoryla-
tion below the level of detection by both methods.

The effects of the sae2 alleles described above on Sae2 phos-
phorylation were not specific for the response to UV-induced
DNA damage. In fact, Western blot analysis with anti-HA an-
tibodies of G1-arrested, bleomycin-treated sae21-5 and sae26-9

cells, which expressed UV-induced phosphorylated Sae2 forms
still detectable by the anti-phospho-(S/T)Q antibodies (Fig.
6C), showed only a partial decrease in the amount of the
bleomycin-induced slowly migrating Sae2 protein species com-
pared to that for the wild type (Fig. 6E). Conversely, the
sae22,5,6,8,9, sae21-2,5-9, and sae21-9 alleles, which completely
abolished UV-induced Sae2 (S/T)Q phosphorylation (Fig. 6C),
did not allow any Sae2 mobility shift under the same conditions
(Fig. 6E), indicating that the same amino acid changes affect Sae2
phosphorylation in response to different kinds of DNA damage.

Sae2 phosphorylation-defective alleles impair Sae2 func-
tions. Since SAE2 deletion causes hypersensitivity to MMS
(49) (Fig. 6D), we first analyzed the MMS sensitivity of the
sae2 mutants described above. As shown in Fig. 6D, the sae21-5

and sae26-9 mutants, in which DNA damage-induced Sae2 phos-
phorylation was only partially affected, were slightly more
MMS sensitive than the wild type, although to different ex-
tents. Strikingly, the sae22,5,6,8,9, sae21-2,5-9, and sae21-9 mutants
were dramatically more sensitive than the wild type to the same
drug, either as sensitive as sae2� cells (sae21-2,5-9 and sae21-9)
or slightly more resistant (sae22,5,6,8,9). Altogether, these data
implicate the S and T residues of Sae2 (S/T)Q motifs both in
Sae2 DNA damage-induced phosphorylation and in the DNA
damage response functions of Sae2.

As shown in Fig. 7, the sae22,5,6,8,9, sae21-2,5-9, and sae21-9

mutants were also as defective as sae2� cells in resuming cell
cycle progression after checkpoint activation. In fact, when cell
cultures were UV irradiated in G1 before release into the cell
cycle, the sae2 mutant cells were still mostly in S phase 150 min
after release, and the percentage of budded cells was still
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increasing after 180 min, while most wild-type cells under the
same conditions completed DNA replication and budding
within 120 and 150 min, respectively (Fig. 7A). As observed for
sae2� cells (Fig. 5 and 7), the reduced ability of sae22,5,6,8,9,
sae21-2,5-9, and sae21-9 mutants to complete DNA replication
after UV irradiation correlated with the persistence of DNA
damage-induced phosphorylated Rad53 forms. In fact, the
amount of phosphorylated Rad53, which started to decrease
150 min after UV irradiation in wild-type cells, remained con-
stant until the end of the experiment in all the UV-treated sae2
mutant cultures (Fig. 7B). It is worth pointing out that the
same mutants were also similar to sae2� cells in the accumu-
lation of phosphorylated Mre11 forms during the unperturbed
S phase (data not shown).

Since SAE2 deletion was shown to be synthetic lethal with
deletion of the RAD27 gene, encoding a nuclease implicated
in 5�-end processing of the Okazaki fragments (17), we also
looked for possible synthetic effects of rad27� and sae2 phos-
phorylation-defective mutations. As described in detail in Ma-
terials and Methods, dissection of meiotic tetrads from hetero-
zygous rad27�/RAD27 sae2/SAE2 diploid strains did not allow
recovery of any viable sae21-2,5-9 rad27� or sae21-9 rad27� dou-
ble-mutant segregants, while both sae26-9 rad27� and sae22,5,6,8,9

rad27� segregants gave rise to microcolonies that either did
not grow when streaked onto YEPD plates or showed very se-
vere growth defects at all temperatures. Conversely, the sae21-5

rad27� combination did not cause any synthetic effects on cell
growth or MMS sensitivity compared to the single mutants.

FIG. 6. Substitutions of S or T to A at putative Sae2 phosphorylation sites affect Sae2 phosphorylation and cell survival after MMS treatment.
(A) Sae2 amino acid sequence. Numbers on the left indicate the position of the first amino acid residue in each row. The S or T putative
phospho-acceptor residues are boldfaced and underlined. (B) Mutant sae2 alleles obtained by site-directed mutagenesis are listed, together with
the resulting serine- or threonine-to-alanine changes. (C) Strains were as follows: SAE2 (YLL1348.1), SAE2-HA3 (YLL1351.8), SAE2-HA3 mec1�
tel1� sml1� (DMP3916/5B), sae21-5-HA3 (YLL1359.4), sae26-9-HA3 (YLL1360.31), sae22,5,6,8,9-HA3 (YLL1405), sae21-2,5-9-HA3 (YLL1361.44),
and sae21-9-HA3 (YLL1352.2). Immunoprecipitations with anti-HA antibodies were performed on protein extracts prepared from nonirradiated
(�) or UV-irradiated (�) �-factor-arrested cells of the indicated genotypes. Immunoprecipitates were subjected to Western blot analysis using
polyclonal rabbit anti-phosphorylated-(S/T)Q antibodies (�-phospho-[S/T]Q) and anti-HA antibodies. (D) Dose-response killing curves were
determined by plating serial dilutions of wild-type (YLL1348.1), sae2� (YLL1069.3), sae21-5 (YLL1353.1), sae26-9 (YLL1354.1), sae22,5,6,8,9

(YLL1395.1), sae21-2,5-9 (YLL1355.1), and sae21-9 (YLL1347.1) cell cultures, growing exponentially in YEPD, onto YEPD plates with or without
MMS at the indicated concentrations. Plates were incubated at 26°C, and CFU were counted after 3 days. (E) �-factor-arrested cultures of the
strains listed in the legend to panel C were transferred to YEPD medium containing 20 mU of bleomycin/ml and 1 �g of � factor/ml (�bleo �
� factor). Time zero (�f) corresponds to cell samples taken immediately before bleomycin addition. Protein extracts prepared from cell samples
collected at the indicated times were subjected to Western blot analysis with anti-HA antibodies. exp, exponentially growing cells.
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Finally, as a further sensitive test for Sae2 functions, we
analyzed the effects of all the sae2 phosphorylation-defective
mutations described above on hairpin-capped DSB repair,
which was known to be defective in sae2� cells (40). We there-
fore measured the rate of mitotic recombination induced by
inverted Alu repeats between two lys2 alleles (40), after the
SAE2 chromosomal allele had been replaced with the sae21-5,
sae26-9, sae22,5,6,8,9, sae21-2,5-9, or sae21-9 allele in strain HS21
(kindly provided by M. A. Resnick), which is suitable for this
assay (see Materials and Methods). As shown in Table 2, the
rate of recombination between inverted Alu repeats was much
lower in the sae2�, sae21-2,5-9, and sae21-9 mutants (about 40-

fold), as well as in the sae26-9 and sae22,5,6,8,9 mutants (about
25-fold), than in the wild type. Conversely, the sae21-5 allele
affected this process only weakly, causing a �4-fold decrease in
the recombination rate compared to that for the wild type.

DISCUSSION

Sae2 as a target of the DNA damage checkpoint. It is now
clear that DNA damage checkpoints regulate a multifaceted
and vast DNA damage response network and that defects in
these checkpoints sensitize cells to DNA damage and replica-
tion blocks by failing not only to arrest the cell cycle but also to

FIG. 7. DNA damage checkpoint response in sae2 phosphorylation-defective mutants. Exponentially growing wild-type (K699), sae2�
(YLL1069.3), sae22,5,6,8,9 (YLL1395.1), sae21-2,5-9 (YLL1355.1), and sae21-9 (YLL1347.1) cell cultures, growing exponentially in YEPD, were
synchronized with � factor and released from the pheromone block in YEPD (A, top), or were UV irradiated (30 J/m2) (A, bottom) prior to the
release in YEPD. Samples were withdrawn at the indicated times after �-factor release (time zero) in order to analyze the DNA content by
fluorescence-activated cell sorting and determine the percentage of budded cells (A) and to detect Rad53 by Western blot analysis with anti-Rad53
antibodies in UV-irradiated cell extracts (B). exp, exponentially growing cells.
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activate and/or optimally recruit the DNA damage repair ma-
chinery to the sites of damage. In agreement with a role of the
ATM/ATR family kinases in modulating the DNA recombina-
tion and repair responses, the original S. cerevisiae mec1/esr1
mutants showed reduced levels of meiotic recombination com-
pared to that of the wild type (33). Moreover, rad17, rad24, and
mec1 mutants show defects in promoting proper recombina-
tion partner choice and delays in processing and repairing
HO-induced broken ends (3, 28). Finally, ATM is required for
homologous-recombination-mediated repair of DSBs and is a
member of the recombinational repair epistasis group (11, 13,
37, 50, 51, 74).

Among the several possible roles envisaged for ATM/ATR
kinases in recombination and repair processes, it has been
proposed that, once recruited to a DSB, they may orchestrate
the response to the damage by phosphorylating substrates re-
quired for cell cycle arrest and DSB transcriptional and repair
responses. In agreement with this hypothesis, DNA damage-
induced phosphorylation of the Rad55 and Srs2 proteins, both
involved in DNA repair and recombination (for a review, see
reference 62), was found to be checkpoint dependent (4, 38).
In this view, the identification of other recombination or repair
factors under DNA damage checkpoint control may help to
elucidate these complex interactions.

We have shown that the Sae2 protein, which is known to act
in concert with the MRX complex in processing meiotic and
mitotic DSBs (34, 40, 55, 66), is phosphorylated in response to
different genotoxic treatments in a checkpoint-dependent
manner, suggesting that it may connect the recombination and
repair processes to the DNA damage checkpoint pathways.
Among the different genotoxic agents, UV irradiation and
bleomycin treatment, but not MMS or HU, can induce Sae2
phosphorylation in G1-arrested cells. Since bleomycin induces
DSBs (30), this finding suggests that these Sae2 modifications
are likely induced by DSB formation and/or processing of the
UV-induced lesions to reveal single-stranded DNA.

DNA damage-induced phosphorylation of Sae2 correlates
with the activation of DNA damage checkpoint pathways. In
fact, Sae2 phosphorylation occurs immediately after DNA
damage, and its kinetics are similar to those of the DNA
damage checkpoint kinase Rad53. Moreover, Mec1 and its
accessory proteins Ddc1, Rad17, Mec3, and Rad24 are neces-
sary for DNA damage-induced Sae2 phosphorylation. In the

absence of Mec1 or of any of its accessory proteins, the amount
of detectable DNA damage-induced phosphorylated Sae2 ap-
pears to be consistently lower than that for the wild type, and
residual Sae2 phosphorylation in mec1� cells requires func-
tional Tel1 and MRX complex. Based on epistasis analysis,
Tel1 and MRX act in the same pathway to induce Sae2 phos-
phorylation after DNA damage, in agreement with the obser-
vations that Tel1 physically interacts with Xrs2 and that its
association with DSBs is dependent on the C terminus of Xrs2
(56). In tel1� and mrx� cells, where the Mec1-dependent
checkpoint is active, the amount of DNA damage-induced
phosphorylated Sae2 is only slightly lower than that in wild-
type cells, indicating that Mec1 plays a major role in Sae2
phosphorylation. Conversely, neither the Rad9 and Mrc1 me-
diators, which are involved in transducing the Mec1- and Tel1-
dependent checkpoint signals to Rad53 and Chk1, nor the
same downstream kinases (2, 24, 58, 73) appear to be required
for Sae2 phosphorylation.

Phosphorylated Sae2 is detected by polyclonal antibodies
specifically recognizing phospho-(S/T)Q motifs, which are fa-
vored for phosphorylation by Mec1/Tel1 kinases, suggesting
that Sae2 can be phosphorylated at these sites in vivo. Indeed,
both Sae2 recognition by the anti-phospho-(S/T)Q antibodies
and the Sae2 electrophoretic mobility shift after DNA damage
are abolished in tel1� mec1� strains. Moreover, alanine re-
placement of serine or threonine residues altering all the Sae2
(S/T)Q motifs, either alone or together with two closely related
motifs, reduces DNA damage-induced Sae2 phosphorylation,
if any, below the level of detection both by anti-phospho-(S/
T)Q antibodies and by the Sae2 electrophoretic mobility shift.

Last but not least, Mec1-/Tel1-dependent Sae2 phosphory-
lation appears to be important for supporting Sae2 functions in
vivo. In fact, the sae22,5,6,8,9 and sae21-2,5-9 alleles cause defects
very similar to those caused by SAE2 deletion with respect to
sensitivity to MMS, mitotic recombination induced by invert-
ed Alu repeats, and resumption of cell cycle progression once
the checkpoint is activated. Moreover, combination of the
sae22,5,6,8,9 or the sae21-2,5-9 allele with RAD27 deletion, which
impairs Okazaki fragment maturation and is synthetic lethal
with sae2� (17, 80), results in synthetic lethality or dramatic
growth defects, respectively.

Although we could not rule out the possibility that the pri-
mary effect of these mutations on Sae2 functions might be due
to protein-folding alterations, we believe that these data, taken
together, strongly support the hypothesis that Sae2 is likely a
target of the Mec1- and Tel1-dependent checkpoints.

DNA alterations triggering Sae2 phosphorylation. Lack of
Mec1 appears not only to cause a significant decrease in the
overall amount of phosphorylated Sae2 but also to impair the
ability of specific DNA lesions to induce Sae2 phosphorylation.
In fact, UV irradiation in G1, which results in an immediate
Sae2 mobility shift in both wild-type and tel1� cells, seems to
trigger this modification in mec1� mutants only when they
undergo DNA replication. In contrast, slowly migrating Sae2
species appear immediately in G1-arrested mec1� cells treated
with bleomycin, which induces DSB formation (30). Since
Tel1, which is known to be specifically activated by DSBs (84),
is responsible for Sae2 phosphorylation in mec1� cells, this
suggests that either Mec1 can be activated more efficiently than
Tel1 when DNA is UV irradiated in G1 or the Tel1-dependent

TABLE 2. Effects of sae2 phosphorylation-defective alleles on
recombination stimulated by inverted Alus

Strain Recombination
rate (10�7)a

Wild type ............................................................................... 1,220 (	198)
sae2� ...................................................................................... 16 (	4)
sae21–5 .................................................................................... 299 (	12)
sae26–9 .................................................................................... 49 (	13)
sae22,5,6,8,9 .............................................................................. 45 (	11)
sae21–2,5–9 ............................................................................... 29 (	10)
sae21–9 .................................................................................... 31 (	9)

a Recombination rates induced by inverted Alu repeats in wild-type (HS21),
sae2� (YLL1357), sae21–5 (YLL1407), sae26–9 (YLL1406), sae22,5,6,8,9 (YLL1408),
sae21–2,5–9 (YLL1375.39), and sae21–9 (YLL1368.21) strains were determined as
described previously (40). Standard deviations observed for the different cell
cultures used for the fluctuation tests (see Materials and Methods) are given in
parentheses.
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pathway is not able to sense UV-induced lesions until their
DNA replication in the absence of Mec1 generates DSBs. In
agreement with the last hypothesis, it has been shown that
mec1� mutants, which are unable to complete DNA replica-
tion under stress conditions (19, 78), accumulate aberrant
DNA structures and cause replication fork collapse when
DNA replication is blocked (45, 76, 78).

Interestingly, Sae2 undergoes Mec1- and Tel1-dependent
phosphorylation during the unperturbed S phase, suggesting
that the DNA replication process by itself may generate signals
that can be sensed by the checkpoint apparatus. Consistently,
also the checkpoint proteins Ddc1 and Ddc2 undergo Mec1-
dependent phosphorylation during the unperturbed S phase
(43, 60). Moreover, the DNA damage checkpoint pathway is
necessary to suppress genome instability resulting from the
aberrant repair of DNA damage, which normally occurs during
DNA replication. In fact, like mutations altering DNA repli-
cation and repair genes, mutations in S-phase checkpoint
genes cause increased rates of gross chromosomal rearrange-
ments in the absence of exogenous sources of DNA damage
(10, 54). In turn, Sae2 may be involved in processing aberrant
replication and recombination intermediates that may occur
during S phase. In fact, Sae2 loss of function is lethal in the
absence of either the RAD27 gene, encoding the yeast homolog
of the mammalian FEN1 flap endonuclease (17), or the RecQ-
like DNA helicase, encoded by the SGS1 gene (81); both these
genes are necessary for the suppression of rearrangements
underlying genome instability (10, 53).

Modulation of the DSB processing machinery by the DNA
damage checkpoint. The Mre11 protein possesses both single-
and double-stranded DNA endonuclease and 3�–5� double-
stranded DNA exonuclease activities (6, 18, 31, 63, 64, 85),
which are important for the initial DSB processing steps. Al-
though Sae2 is not known to be a component of the MRX
complex, sae2� strains accumulate unprocessed DSBs and
show meiotic recombination defects undistinguishable from
those of nuclease-deficient mre11 mutants (32, 40, 47, 55, 66,
82). This suggests that Sae2 may be part of the MRX complex
or somehow play a role in regulating its nuclease activity
and/or its recruitment to broken DNA ends. In this view,
Mec1- and Tel1-dependent phosphorylation of Sae2 may reg-
ulate its biochemical properties and may therefore be required
to commit the resection complex to specific repair activities,
once the checkpoint has been triggered.

The checkpoint cascade may also regulate Sae2 and MRX
functions in order to modulate the accessibility of broken ends
to DNA repair activities. Previous work has shown that two
closely spaced inverted Alu sequences (Alu-IR) are highly un-
stable in eukaryotes and are thought to cause genomic insta-
bility (41). These sequences are found to be recombination hot
spots, inducing mitotic DSBs with terminal hairpin structures
(40, 41). Recombination stimulated by hairpin-capped DSBs,
which can be induced by Alu inverted repeats, depends on Sae2
and MRX (40), suggesting that Sae2, along with MRX, may
allow protected DNA ends to become accessible to resection.
Since hairpin structures are substrates for the nuclease activity
of Mre11 in vitro (63), it is tempting to speculate that the MRX
complex, along with Sae2, can cleave and process hairpin struc-
tures arising during repair-associated DNA synthesis, thus
preventing inverted chromosome duplication and genome

instability. Similarly, the inability of sae2� cells to remove
Spo11 in meiosis results in accumulation of unprocessed
DSBs, leading to a checkpoint-dependent delay of the mei-
otic cell cycle, which requires the meiosis-specific Rad53
paralog Mre4/Mek1 (92). Since sae2� and mrx mutants show
sensitivity to MMS and HU during vegetative growth, Sae2
and MRX may be required to process DSBs arising from
failure to repair DNA adducts induced by DNA-modifying
agents, as well as to cleave hairpin structures that might
accumulate in stalled replication forks. Finally, it has been
suggested that Sae2 may contribute to ensuring that both
ends of a DSB participate in a recombination event, thus
avoiding break-induced replication (66). Thus, DNA dam-
age checkpoint-mediated phosphorylation of Sae2 might
also influence repair partner choice.

Also the MRX complex, which is required for prevention of
chromosome rearrangements in mitotic cells (10), appears to
be under checkpoint control. In fact, the checkpoint kinase
Tel1 is required for the DNA damage-induced phosphoryla-
tion of Mre11 and Xrs2 in vivo, and human ATM phosphor-
ylates NBS1 in response to DNA damage, an event that is
required for activation of the S-phase checkpoint (8, 15, 22, 27,
39, 91, 93). However, while mrx-null mutants are defective in
the initiation of the S-phase DNA damage checkpoint, indi-
cating that the MRX complex is part of the DNA damage
checkpoint-sensing apparatus (8, 15, 21, 27), deletion of SAE2
does not cause any defect in checkpoint activation. On the
contrary, once the DNA damage checkpoint is activated by
exogenous DNA damage, the lack of Sae2 delays the recovery
from checkpoint-mediated cell cycle arrest. These data indi-
cate that Sae2 is not involved in DNA damage sensing but is
instead likely required for processing checkpoint-activating le-
sions, further supporting a role for Sae2 as a target of the DNA
damage checkpoint cascade. In agreement with a function of
Sae2 in processing DNA lesions sensed by the checkpoints, it
has been shown that the block of MMS-damaged DNA pro-
cessing in sae2� mutants activates the Tel1-dependent check-
point, leading to Mre11 and Xrs2 phosphorylation (84). The
Sae2-dependent resection machinery is necessary also during
unperturbed DNA replication. In fact, sae2� cells progressing
through S phase in the absence of exogenous DNA damage
contain phosphorylated Mre11, which is not detectable in wild-
type cells under the same conditions, suggesting that DNA
replication in the absence of Sae2 may have an active role in
generating structures, like DSBs, that are able to activate Tel1
with subsequent Mre11 phosphorylation. Defects in the MRX
complex may have the same effects, since removal of Mre11
from frog replicating extracts results in the formation of DSBs
in the newly replicated DNA (14).

Although Mec1 and Tel1 have some overlapping functions,
it is interesting that Mec1 appears to play a major role in Sae2
phosphorylation after genotoxic treatment, while DNA dam-
age-induced Mre11 and Xrs2 phosphorylation depends pri-
marily on Tel1. Although Sae2 and MRX seem to be related to
each other, the differences underlying their phosphorylation
may reflect a different regulation of their activity.
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