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switching off the checkpoint response is probably independent
of DSB repair.

The effects of Sae2 absence were not limited to the checkpoint
triggered by an irreparable HO-induced DSB. In fact, Rad53
phosphorylation persisted much longer in sae2D cells treated with
methylmethane sulphonate (MMS) or bleomycin than in wild-type
cells (Fig 1C), and sae2D cells markedly delayed S-phase
completion, compared with wild-type cells, after MMS treatment
(supplementary Fig S1 online).

As single-stranded DNA (ssDNA) covered by RPA is one of the
signals activating the checkpoint in response to DSBs (Lee et al,
1998; Zou & Elledge, 2003), we also monitored the kinetics of
both HO-cut and 30-ended ssDNA formation at the HO-cut site in
galactose-induced cell cultures (Fig 1D) that were blocked in
mitosis with nocodazole, to avoid specific cell-cycle effects on
DSB processing. The sae2D JKM139 derivative strain showed
some delay, compared with wild type, in the accumulation of
30-ended resection products (r1–r7 in Fig 1D; see supplementary
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Fig 1 | Response to a single irreparable double-strand break in sae2D cells. (A) YEPþ raf G1-arrested cell cultures of wild-type (wt) JKM139 and

isogenic sae2D and sae22,5,6,8,9 strains were spotted on galactose-containing plates incubated at 30 1C (time zero). At the indicated time points, 200 cells

for each strain were analysed to determine the frequency of single cells and of cells forming microcolonies of two, four or more than four cells.

(B) Galactose was added at time zero to wild-type JKM139 and isogenic sae2D and sae22,5,6,8,9 cell cultures exponentially growing in YEPþ raf. Protein

extracts from aliquots withdrawn at the indicated times were analysed by western blot with anti-Rad53 antibodies. (C) Wild-type W303 and isogenic

sae2D and sae22,5,6,8,9 cell cultures arrested in G1 with a-factor (af) or in G2 with nocodazole (noc) were incubated for 15min with methylmethane

sulphonate (MMS, 0.02%) or bleomycin (bleo, 10mU/ml), respectively, and then released in YEPD. Protein extracts from samples taken at the

indicated times were analysed by western blot with anti-Rad53 antibodies. (D) YEPþ raf nocodazole-arrested cell cultures of wild-type JKM139 and

isogenic exo1D, sae2D, sae2D exo1D and sae2D tel1D strains were transferred to YEPþ rafþ gal in the presence of nocodazole at time zero. Genomic

DNA prepared from aliquots taken at the indicated times was digested with SspI and separated on alkaline agarose gel. Gel blots were hybridized with

a single-stranded RNA probe specific for the MAT locus, which shows HO-cut and uncut fragments of 0.9 and 1.1 kb, respectively. As depicted in

supplementary Fig S2 online, 50-to-30 resection progressively eliminates SspI sites located 1.7, 3.5, 4.7, 5.9, 6.5, 8.9 and 15.8 kb centromere-distal from

the HO-cut site, producing larger SspI fragments (r1–r7) detected by the probe. The kinetics of resection product accumulation in sae2D tel1D cell

cultures (not shown) was undistinguishable from that of sae2D cells. (E) Protein extracts from samples taken at the indicated times during the

experiment in (D) were analysed by western blot with anti-Rad53 antibodies.

Sae2 and checkpoint switch off
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DIFFERENTIAL GENOTYPE
SAMPLE NAME REF GENOTYPE
=========================================================================================================================================================
ERS096538 . TIP1-A184G TIP1-A184S TBS1-T833:T>A:3 DYS1-A321S TOP1-D431Y TRE2-R538K
ERS096539 . TBS1-T833:T>A:3 NSR1-E54A YGR160W-S142A NSR1-Δ53 YGR160W-Δ141 DYS1-A321S TOP1-Δ73
ERS096540 . TBS1-T833:T>A:3 DYS1-A321S TOP1-FS@27-30
ERS096541 . TBS1-T833:T>A:3 DYS1-A321S TOP1-FS@27-30 VTC2-FS@310
ERS096542 . TBS1-T833:T>A:3 NSR1-E54A YGR160W-S142A DYS1-A321S
ERS096543 . TBS1-T833:T>A:3 DYS1-A321S TOP1-FS@407-408
ERS096544 . TBS1-T833:T>A:3 DYS1-A321S TOP1-FS@198-199
ERS096545 . TBS1-T833:T>A:3 DYS1-A321S TOP1-Δ684 URB1-Y8C
ERS096546 . TOP1-F417C ALD5-A500:T>A:3 DNF3-E645Q
ERS096547 . ALD5-A500:T>A:3 DNF3-E645Q
ERS096548 . NSR1-E54A YGR160W-S142A NSR1-Δ53 YGR160W-Δ141 TOP1-F417C ALD5-A500:T>A:3 DNF3-E645Q
ERS096549 . TOP1-Δ707 ALD5-A500:T>A:3 DNF3-E645Q
ERS096550 . TOP1-F417C ALD5-A500:T>A:3 DNF3-E645Q
ERS096551 . ALD5-A500:T>A:3 DNF3-E645Q
ERS096552 . TOP1-F417C ALD5-A500:T>A:3 DNF3-E645Q
ERS096553 . ALD5-A500:T>A:3 DNF3-E645Q
ERS096554 . MRE11-H37R
ERS096555 . TOP1-Δ633
ERS096556 .
ERS096557 . TBS1-T833:T>A:3 DYS1-A321S
ERS096558 .
ERS096559 . TOP1-Δ633
ERS096560 . COQ10-K90N TOP1-FS@568
ERS096561 .
ERS096562 . YSH1-R353M
ERS096563 . YSH1-R353M MRE11-H37Y
ERS096564 . PGI1-S287A TOP1-R296C TOP1-R296S YSH1-R353M
ERS096565 . YSH1-R353M MRE11-H37Y
ERS096566 . MRE11-H37R
ERS096567 . TOP1-Δ633
ERS096568 . TOP1-Δ633
ERS096569 . TOP1-Δ633
ERS096570 . YSH1-R353M MRE11-H37Y
ERS096571 . NSR1-E54A YGR160W-S142A NSR1-Δ53 YGR160W-Δ141 YSH1-R353M
ERS096572 . TOP1-F417C ALD5-A500:T>A:3 DNF3-E645Q
ERS096573 . NSR1-E54A YGR160W-S142A NSR1-Δ53 YGR160W-Δ141 TOP1-F417C ALD5-A500:T>A:3 DNF3-E645Q
ERS096574 . YLR255C-FS@53-58 ALD5-A500:T>A:3 DNF3-E645Q
ERS096576 . TOP1-V552A YSH1-R353M
ERS096577 . YSH1-R353M MRE11-H37Y
ERS096578 . TOP1-L316S
ERS096579 . YSH1-R353M
ERS096580 . NSR1-E54A YGR160W-S142A NSR1-Δ53 YGR160W-Δ141 YSH1-R353M MRE11-H37Y
ERS096581 . TOP1-V552A YLR255C-FS@53-58 YSH1-R353M
ERS096582 . YSH1-R353M MRE11-H37Y
ERS096583 . YSH1-R353M MRE11-H37Y
ERS096584 . TOP1-Δ253 ALD5-A500:T>A:3 DNF3-E645Q
ERS096585 . YSH1-R353M MRE11-H37Y
ERS096586 . TBS1-T833:T>A:3 DYS1-A321S TOP1-Δ344 PHM8-Δ310
ERS096587 . TBS1-T833:T>A:3 DYS1-A321S TOP1-V433M
ERS096588 . TBS1-T833:T>A:3 DYS1-A321S TOP1-Δ73 ABZ2-E240Q
ERS096589 . TBS1-T833:T>A:3 DYS1-A321S TOP1-Δ11 PTC2-D354A
ERS096590 . TBS1-T833:T>A:3 DYS1-A321S TOP1-Δ672 DPB2-T480K
ERS096591 . TBS1-T833:T>A:3 DYS1-A321S TOP1-Δ543
ERS096592 . TBS1-T833:T>A:3 DYS1-A321S TOP1-Δ674 CDC25-D666N
ERS096593 ++++ rad5-535
ERS096594 ++++ rad5-535
ERS096595 ++++ rad5-535

Suppressors of sae2∆ camptothecin sensitivity 

Camptothecin (CPT)

+CPT

Top1

Top1MRE11-H37R

MRE11-H37Y
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mre11-H37R suppresses the DNA damage sensitivity of sae2 
phosphorylation mutants
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mre11-H37R suppresses the weak CPT sensitivity of tel1∆
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mre11-H37R impairs binding of Mre11 to ssDNA
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suggesting that Sae2 may be involved in ensuring that both DSB ends
participate in HR.
Based on the notion that a DSB between two direct repeats stimulates

recombination by SSA (2, 5), we have studied the effects of Sae2 loss of
function on the repair of an HO-induced DSB occurring between two
direct repeats. We show that Sae2 is required to ensure efficient DSB
repair by SSA. In fact, SSA repair of HO-induced DSBs is severely
impaired in sae2! cells, although not completely abolished.
Because also the mrx! mutants show reduced efficiency of DSB

repair by SSA (15), Sae2 may influence the SSA mechanism by modu-
lating MRX functions. In contrast to mrx! mutants that are unable to
generate meiotic DSBs (4, 12), both sae2! and hypomorphic rad50s
mutants allow meiotic DSB formation but do not allow their resection
(30–33), suggesting that the Rad50s protein variant might specifically
impair MRX-Sae2 interactions. In agreement with this hypothesis, we
found that the SSA defects of sae2! cells are undistinguishable from
those of a rad50smutant. Importantly, high levels of Sae2, which are not
able to restore SSA in a rad50! mutant,4 partially suppress rad50s SSA
defects and cell death after anHO-inducedDSB. This suggests that Sae2
may play some roles in regulating MRX activity and that the Rad50s

amino acid substitutions, which all map to a region on the surface of the
protein that is different from both the catalytic and the DNA binding
domains (44), may cause loss of Sae2 functions, possibly by disrupting
Rad50-Sae2 interaction.
We also examined the molecular mechanisms underlying the

reduced efficiency of SSA in the absence of Sae2. Because the HO break
within direct repeats can undergo SSA repair only once the 5"–3"-re-
section has uncovered both homologous sequences, the lack of Sae2
may affect DSB resection and the subsequent repair through SSA. We
found that the resection of the HO-induced DSB is slowed down in the
absence of Sae2, indicating that Sae2 is involved in generating 3"-ended
ssDNA.

Because mrx! mutants slow down DSB resection (15), Sae2 may
affect processing of the 5"-DNA ends by alteringMRX functions. How-
ever, the lack of Sae2 does not seem to affect MRX complex formation
(45), whereas several data suggest that it likely impairs MRX nuclease
activity. In fact, both sae2! cells andmre11 nuclease-defective mutants
are impaired in repairing hairpin-capped DSBs (13) and in resecting
meiotic DSBs (19, 30–33). Moreover, both mutants show defective
Mre11 dissociation from unprocessed meiotic DSBs (10) and from
DNA lesions induced by !-rays (11), suggesting thatMre11 release from
DSBs requires its nuclease activity and that the lack of Sae2 may freeze4 M. Clerici, D. Mantiero, G. Lucchini, and M. P. Longhese, unpublished observations.

FIGURE 5. Sae2 contributes to DSB end bridging. Wild type, sae2!, mre11!, rad50s, and mre11! sae2! strains expressing LacI-GFP and carrying its target sequence LacO (see text
for details) and the GAL-HO construct were arrested with nocodazole (time zero) and transferred to YEP#raf#gal to induce HO expression in the presence of nocodazole to maintain
the cell cycle arrest. As indicated on the left side of the figure, where two vertical lines connected by horizontal bars represent sister chromatids with black circles indicating the
centromeres, strains carried either two LacO arrays (green boxes) at 50 kb on either side of the HO-cut site on chromosome VII (A), or a single LacO array 50 kb telomere-proximal to
the HO-cut site (B), or one LacO array 50 kb telomere-proximal to the HO site on chromosome VII and a second unlinked LacO array on chromosome III (C) (23). Cell samples taken at
the indicated times after HO induction were analyzed with a fluorescence microscope to determine the fraction of cells in each sample that contained LacI-GFP foci separated by $0.5
"m (graphs). The separation distance between foci was measured for 500 cells/sample. Representative pictures of the corresponding wild type and sae2! cells exhibiting GFP-LacI
foci 3 h after HO induction are shown on the right side of each panel. Scale bar is equal to 1 "m.
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Additional mutations in MRE11 suppress sae2∆
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Summary

The essential function of Sae2 is not to promote 5’ DNA resection at DSB ends

The essential function of Sae2 is to clear the 3’ end from Mre11

The synthetic viability genomic screening approach is a quick and powerful tool  
to understand protein function
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