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The Mre11-Rad50-Xrs2/NBS1 (MRX/N) nuclease/ATPase complex
plays structural and catalytic roles in the repair of DNA double-
strand breaks (DSBs) and is the DNA damage sensor for Tel1/ATM
kinase activation. Saccharomyces cerevisiae Sae2 can function with
MRX to initiate 5'-3’ end resection and also plays an important role
in attenuation of DNA damage signaling. Here we describe a class of
mre11 alleles that suppresses the DNA damage sensitivity of sae2A
cells by accelerating turnover of Mre11 at DNA ends, shutting off
the DNA damage checkpoint and allowing cell cycle progression.
The mre11 alleles do not suppress the end resection or hairpin-
opening defects of the sae2A mutant, indicating that these func-
tions of Sae2 are not responsible for DNA damage resistance. The
purified MP1"°'RX complex shows reduced binding to single- and
double-stranded DNA in vitro relative to wild-type MRX, consis-
tent with the increased turnover of Mre11 from damaged sites in
vivo. Furthermore, overproduction of Mre11 causes DNA damage
sensitivity only in the absence of Sae2. Together, these data suggest
that it is the failure to remove Mre11 from DNA ends and attenuate
Rad53 kinase signaling that causes hypersensitivity of sae2A cells to
clastogens.

DNA repair | Mre11 | Sae2 | DNA damage checkpoint

M aintenance of genome integrity relies on the evolutionarily
conserved DNA damage response (DDR), a coordinated
network involving damage recognition, signal transduction, cell
cycle regulation, and DNA repair (1). The DDR is activated by
DSBs and by single-stranded DNA (ssDNA) that is formed by
5’-3" resection of DSBs or when DNA replication is perturbed.
The Tell and Mecl protein kinases, orthologs of human ATM
and ATR, respectively, initiate DNA damage signaling in Sac-
charomyces cerevisiae (2). Tell/ATM is activated by Mrell-
Rad50-Xrs2/NBS1 (MRX/N) nuclease/ATPase bound to DSB
ends, whereas Mecl/ATR (in association with Ddc2/ATRIP)
responds to replication protein A (RPA)-coated ssDNA (3, 4).
Once activated by damaged DNA, Tell and Mecl can directly
phosphorylate key repair proteins, and they propagate their
checkpoint signals through the Rad53 and Chk1 effector kinases
(vertebrate Chk2 and Chkl, respectively) to halt the cell cycle
and induce transcription of target genes (1).

In addition to its role as a sensor, the MRX/N complex plays
scaffolding and catalytic roles in the repair of DSBs in eukaryotic
cells (5). Mrell functions as a dimer and exhibits DNA binding,
as well as Mn**-dependent 3'-5" dsDNA exonuclease and ssDNA
endonuclease activities (6). The exonuclease activity of Mrel1 is
of the opposite polarity to that predicted for generation of 3’
overhangs although Mre11 is important for 5’-3” end resection. A
solution to this paradox has come from recent studies supporting
a model whereby Sae2 (Ctpl in Schizosaccharomyces pombe and
CtIP in vertebrate cells) activates the Mrell endonuclease to
incise the 5’ strand at a distance from the end, followed by re-
section from the nick in a bidirectional manner using the Mrell
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3’-5" and Exol 5'-3’ exonucleases (7-11). In addition, MRX can
recruit Exol or Sgsl helicase and Dna2 nuclease to ends to
initiate resection of endonuclease-induced DSBs independently
of the Mre11 nuclease activity and Sae2 (12-16). Exol and Sgs1-
Dna2 act redundantly to produce long tracts of ssDNA (17).
Loss of any component of the MRX complex in S. cerevisiae
results in sensitivity to DNA damaging agents, elimination of
Tell signaling, short telomeres, defective nonhomologous end
joining (NHEYJ), and inability to process hairpin-capped ends or
meiosis-specific DSBs that form via covalent attachment of the
Spol1 topoisomerase-like protein to the 5’ terminated strands (18).
Although elimination of the Mrell nuclease activity (e.g., mrell-
HI25N mutation) or Sae2 also results in failure to process meiosis-
specific DSBs and hairpins (19-22), the cells are more resistant to
DNA damaging agents than Mrell-deficient cells (23). A class of
hypomorphic rad50 mutants, referred to as rad50S, is phenotypically
similar to mrel I-HI25N and sae2A mutants (24). The sae2A mutant
shows a delay in the initiation of resection at endonuclease-induced
DSBs, but ultimately gene conversion repair occurs with normal
frequency raising the question of why the sae2A mutant exhibits
sensitivity to DNA damaging agents. One possibility is that DNA
damaging agents, such as ionizing radiation, create ends that are
not easily processed by Exol or Dna2 and require clipping by
MRX and Sae2. Alternatively, the DNA damage sensitivity
might be unrelated to the resection function of Mrell nuclease
and Sae2. Sae2 also plays an important role in modulating the
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checkpoint state, monitored by Rad53 phosphorylation (Rad53-P)
(25). The DNA damage checkpoint is activated by induction of
an unrepairable DSB and can be eventually turned off, allowing
cells to divide through a process referred to as adaptation (26).
sae2A mutants are defective for adaptation because they retain
Rad53-P and fail to divide (25). This checkpoint alteration may
result from a persistent signal generated by MRX accumulation
at the DNA damaged site.

Here, we sought to determine whether the DNA damage sen-
sitivity of the sae2A mutant is due to failure to process ends or
inability to attenuate the DNA damage checkpoint by isolating
suppressors of the sae2A mutant. We describe a class of mrell
alleles that suppress the DNA damage sensitivity of the sae2A
mutant by removing Mrell from break ends and shutting off the
DNA damage checkpoint without altering DNA end processing.

Results

Identification of mre11 Alleles That Suppress sae2A DNA Damage
Sensitivity. We reasoned that if the main function of Sae2 is to
activate the Mrell nuclease, then it might be possible to isolate
gain-of-function mrell alleles that bypass the requirement for
Sae2. A plasmid containing MRE11 was randomly mutagenized
by passage through an Escherichia coli mutator strain and the
pool of plasmids used to transform an mrelIA sae2A mutant. The
mrellA and sae2A mutations confer sensitivity to camptothecin
(CPT); thus, we anticipated an mrell gain-of-function allele to
complement mrel1A and to suppress the sensitivity caused by loss
of Sae2. One plasmid was recovered with a single nucleotide change
resulting in substitution of Mrell Pro110 with Leu. The MRE11
locus of a sae2A strain was replaced with the mirelI-P110L allele,
and the resulting strain showed >100-fold higher CPT and methyl-
methane sulfonate (MMS) resistance compared with the sae2A
mutant (Fig. 14). In addition, mrell-P110L suppressed the CPT
and MMS sensitivity of rad50S cells (Fig. 14). The mrell-P110L
mutant exhibited no obvious sensitivity to DNA damaging agents.

The MREI11 mutagenesis was repeated by a PCR method,
resulting in recovery of five alleles that suppressed the CPT and
MMS sensitivity of mrellA sae2A cells. Of these, one was again
due to substitution of Pro110 with Leu and the others had sub-
stitutions of residues His37, GIn70, Thr74, or Glul01 (Fig. 1B).
The mutations are of nonconserved residues and are not in well-
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Fig. 1. Identification of mre11 alleles that suppress sae2A DNA damage
sensitivity. (A) Tenfold serial dilutions of log-phase cultures of the indicated
strains were spotted onto SC medium with DMSO alone or DMSO + 5 pg/mL
CPT, or YPD medium with 0.02% MMS. (B) Tenfold serial dilutions of log-
phase mre11A sae2A cells expressing MRET1 or mre11 alleles from pRS416
were spotted onto SC-URA medium with DMSO alone or DMSO + 5 pg/mL
CPT. (C) Coimmunoprecipitation of Myc-tagged Xrs2 by Mre11 antibody in
wild type, mre11-P110L, and mre11A cells. WT refers to wild-type cells.
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Fig. 2. The mre11 alleles do not activate the Mre11 nuclease independently
of Sae2. (A) Tenfold serial dilutions of log phase mre11A or mre11A sae2A
cells expressing MRE11, mre11-P110L, mre11-H125N, or mre11-P110L, H125N
from a plasmid were spotted onto SC-URA medium with DMSO alone or
DMSO + 5 pg/mL CPT. (B) Schematic representation of the lys2-AlulR and
lys2-A5' ectopic recombination reporter. (C) Graph showing the rate of Lys*
recombinants in different strains determined by fluctuation analysis. The mean
values from three independent trials are plotted, and error bars show SD.

defined structural motifs of Mrell. Analysis by protein blotting
revealed that all of the mutants expressed normal levels of
Mrell; however, the Mrel11F11%C and Mre11E11S proteins both
showed slightly faster mobility than Mre11 (Fig. S14). The structure
of the S. pombe Mrell-Nbsl complex shows Mrell Glul01 and
Pro110 are within the eukaryotic-specific “latching loop” of Mrell
and Pro110 is a site of direct interaction with Nbsl (Fig. S1B) (27).
Several mutations in human MRE]] that cause ataxia telangiectasia
or Nijmegen breakage-like syndromes are located within the
latching loop and result in a reduced affinity for NBS1 (27). Al-
though Mrel1P1% retains interaction with Xrs2, we consistently
recovered less Xrs2 in immunoprecipitates compared with Mrell
(Fig. 1C).

Suppression of sae2A by mre11-P110L Is Independent of the Mre11
Nuclease Activity. Our screen was based on the premise that Sae2
activates the Mrell nuclease; if so, the suppressive effect of
mrelI-P110L should be eliminated by a point mutation in one of
the Mrell phosphoesterase motifs (18). The His125 to Asn
substitution was generated by site-directed mutagenesis of the
plasmid harboring the mrel1-P110L allele. The resulting plas-
mid was used to transform mrellA and mrellA sae2A mutants,
and independent transformants were tested for CPT resistance.
Surprisingly, the mrel1-P110L, HI25N allele showed equivalent
suppression of the sae2A CPT sensitivity as the mrelI-P110L allele,
indicating that the suppression is independent of Mrell nuclease
activity (Fig. 24). Indeed, the mrel1-P110L, HI25N allele suppressed
the DNA damage sensitivity of mirel1A cells to a greater extent than
mrel1-HI25N, indicating that mrel1-P110L suppresses the DNA
damage sensitivity associated with loss of the Mrel1 nuclease.

mre11-P110L Does Not Suppress the Hairpin-Opening or Resection

Defect of the sae2A Mutant. To determine whether mrel1-P110L
bypasses the requirement for Sae2 in hairpin resolution, we

Chen et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503331112/-/DCSupplemental/pnas.201503331SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503331112/-/DCSupplemental/pnas.201503331SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1503331112

L T

z

1\

BN AS  DNAS P

generated mrell-P110L derivatives of haploid strains with the
lys2-AlulR and lys2-AS5’ ectopic recombination reporter (Fig. 2B).
The inverted Alu elements stimulate ectopic recombination by
~1,000-fold relative to a strain with a direct repeat of Alu ele-
ments inserted at the same site in lys2, and this stimulation largely
depends on the MRX complex, the Mrell nuclease, and Sae2
(19). The inverted repeats are thought to extrude to form a hairpin
or cruciform that is cleaved by an unknown nuclease to form a
hairpin-capped end, which is then opened by MRX-Sae2 and
stimulates recombination to generate a functional LYS2 gene. The
mrel I-P110L mutation failed to suppress the hairpin resolution
defect conferred by sae2A, indicating that it does not function by
activating the Mrel1 nuclease independently of Sae2 (Fig. 2C). All
of the mrell alleles were tested by a semiquantitative plating as-
say, but none of them restored hairpin opening to the sae2A
mutant (Fig. S24). In addition, the mrell-P110L, HI25N allele
did not complement the hairpin-opening defect of the mrellA
mutant (Fig. S24). Notably, the mrell-P110L mutant exhibited
a small, but significant, decrease in the generation of Lys*
recombinants (P < 0.0001), indicating that hairpin cleavage or HR
repair is not fully functional. The mrelI-PI1I0L mutation was
unable to restore sporulation to the sae2A mutant, suggesting it
does not suppress the sae2A defect in Spoll removal (Fig. S2B).

Because removal of Ku suppresses the CPT sensitivity and
5'-3’ resection defects of the sae2A mutant in an Exol-dependent
manner (15, 23, 28), we considered the possibility that mrell-
PI110L allows greater access of Exol to ends. If this were the
case, the suppression of sae2A by mrel1-P110L would be EXOI
dependent. Although the exol A mutation reduced the CPT and
MMS resistance of the mrell-P110L sae2A strain by approxi-
mately 10-fold, the triple mutant was considerably more resistant
than the exolA sae2A double mutant, indicating that the sup-
pression is largely independent of EXOI (Fig. 34). We could not
test whether mrell-P110L activates the Sgsl-Dna2 resection
mechanism because of the lethality caused by combining sae2A
and sgsI A mutations, which was not suppressed by mrelI-P110L
(Fig. S34). To determine whether mrel1-P110L and elimination
of yku70A are additive in their suppression of sae2A, the CPT
and MMS sensitivities of the double and triple mutants were
compared. The mrell-P110L sae2A strain was more resistant to
CPT and MMS than sae2A yku70A, and no further suppression
was observed for the triple mutant; instead, the triple mutant
showed the same CPT sensitivity as the mrel1-P110L sae2A double
mutant, but was more resistant to MMS than the sae2A yku70A
mutant (Fig. 34). Notably, mrel1-P110L is effective in suppression
of the CPT and MMS sensitivities of the sae2A mutant, whereas
yku70A suppresses the CPT but not the MMS sensitivity of the
sae2A mutant.

To test whether mrel1-P110L suppresses the delayed resection
initiation observed in sae2A cells, we measured the efficiency of
single-strand annealing (SSA) between partial leu2 gene repeats
located 4.6 kb apart on chromosome III by Southern blot analysis
(Fig. 3B) (29). The HO endonuclease-induced DSB is formed
30 min after expression of HO from the Pg 4, ; promoter, and,
after sufficient resection to expose the flanking homology, the
leu2 sequences anneal to form a deletion product of 8 kb. The
sae2A mutant exhibited a 30- to 60-min delay in formation of
the SSA product relative to wild type, which was unchanged by
mrell-P110L (Fig. 3C). End resection that proceeds beyond the
flanking Kpnl sites results in disappearance of the HO-cut fragments
and appearance of a high molecular weight intermediate. Disap-
pearance of the HO-cut fragments and generation of resection
intermediates were delayed in the sae2A mutant, and this phenotype
was also unaffected by the mirel1-P110L mutation (Fig. S3B).

To test whether mrel1-P110L has any affect on homologous
recombination in the sae2A background, we monitored repair of
the HO-induced DSB at the MATa locus by conversion to MATa
(Fig. S3C). All of the strains showed the same efficiency of gene
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Fig. 3. Suppression of sae2A by mre11-P110L is independent of EXO1 and
does not restore end resection. (A) Tenfold serial dilutions of log-phase
cultures of the indicated strains were spotted onto SC medium with DMSO
alone or DMSO + 5 pg/mL CPT, or YPD medium with 0.02% MMS. (B) Schematic
representation of the SSA assay system with two partial leu2 repeats located
4.6 kb apart on chromosome lll. The second copy of leu2 harbors an HO en-
donuclease cut site. (C) Plot showing the ratio of SSA product among the total
DNA in each lane at different time points after HO induction. The mean values
from three independent trials are plotted, and error bars show SD.

conversion repair. Together, these results show that the mrell-
PI110L mutant exhibits normal resection and HR repair and does
not restore nuclease activity to the MRX complex in the absence
of Sae2.

mre11-P110L Bypasses the Checkpoint and Cell Cycle Progression
Defects of sae2A Cells. Because mirell-P110L failed to rescue
the resection and hairpin resolution defects of the sae2A mutant,
the increased DNA damage resistance could be the result of
checkpoint inactivation. To test this, we analyzed Rad53-P in
wild-type, mrel1-P110L, sae2A, and mrelI-P110L sae2A strains
following an acute treatment with MMS (0.015% for 1 h). Extracts
prepared from cells collected after MMS treatment were analyzed
by Western blot using anti-Rad53 antibodies. Rad53-P was de-
tected as an electrophoretic mobility shift in response to MMS in
all of the strains. The phosphorylated form of Rad53 was present
for up to 1 h following MMS treatment in wild-type cells, and then
Rad53 migrated as the unmodified form at 3 h (Fig. 44). In the
sae2A mutant, Rad53 remained phosphorylated for 3 h; in con-
trast, Rad53 was deactivated at 3 h in the mrelI-P110L sae2A
mutant. Rad53-P, in response to MMS, was analyzed for all of the
mrell mutations and all suppressed the sae2A defect (Fig. S44).

At the time of release from a 2-h MMS treatment (0.02%),
cells from all strains were arrested in S phase (Fig. 4B). Wild-type
and mrel1-P110L cells progressed to Gy/M 1 h after removal of
MMS from the culture, initiated division at 2 h, and by 4 h, the
FACS profile was similar to untreated cells. By contrast, sae2A
cells remained in S phase for 2 h after removal of MMS from the
culture and had not resumed division at 4 h, consistent with im-
paired DNA replication (30). The mrel1-P110L mutation partially
suppressed the S-phase progression defect caused by sae2A, and
cells resumed division 3 h after MMS treatment. In agreement
with the FACS profile, the suppression of sae2A by mrel1-P110L
was also seen by the plating efficiency of cells following acute
MMS exposure (Fig. 4C).

Because mrel1-P110L suppressed the sae2A checkpoint shut
off defect, we tested whether elimination of Tell could also sup-
press sae2A. We found no suppression of the sae2A DNA damage

PNAS Early Edition | 3 of 8

PNAS PLUS

GENETICS


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503331112/-/DCSupplemental/pnas.201503331SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503331112/-/DCSupplemental/pnas.201503331SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503331112/-/DCSupplemental/pnas.201503331SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503331112/-/DCSupplemental/pnas.201503331SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503331112/-/DCSupplemental/pnas.201503331SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503331112/-/DCSupplemental/pnas.201503331SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503331112/-/DCSupplemental/pnas.201503331SI.pdf?targetid=nameddest=SF4

A untreated
MMS release o=
h 0 1152 3

mre11-P110L
sae2l

mre11-P110L

a-Rad53
WT sae2l
4h __M ___/\
3.5h —J‘—f:\ —-w'{\
3h [ A\ _/_\l
2.5h ’
2h |t 7\
1 A
1.5h |— 1 o\
1h J _JA\
0.5h |7\ | %
MMS release —'fv\ —'j\"
untreated e ; e
caC 1C 1C2C
D MMS 0.01%
wT [ A
sae2h (SRR
sae2 tel1h | 2

Fig. 4. mre11-P110L suppresses the DNA damage checkpoint recovery de-
fect caused by sae2A. (A) Western blot analysis showing Rad53-P and de-
phosphorylation in response to MMS. Log-phase growing cells (t = 0) from
indicated strains were treated with 0.015% MMS for 1 h and released into
fresh YPD (t = 1 h). Protein samples from different time points before and
after MMS treatment were analyzed by using anti-Rad53 antibodies.
(B) FACS profiles of DNA content from indicated strains in response to 0.02%
MMS for 2 h and following release into YPD. Cell samples were taken before
MMS treatment and at the indicated time points after MMS release for FACS
analysis. (C) Tenfold serial dilutions of MMS-treated cells in B were spotted
onto YPD solid medium to monitor colony formation with untreated cells
from the same starting cultures spotted as controls. (D) Tenfold serial
dilutions of log-phase cultures of the indicated strains were spotted onto
SC medium with DMSO alone or DMSO + 1 pg/mL CPT, or YPD medium
with 0.01% MMS.

sensitivity by tel1A; on the contrary, the sae2A tell A double mu-
tant exhibited higher sensitivity to low doses of CPT and MMS
than the sae2A single mutant (Fig. 4D). A previous study had
shown that sae2A suppresses the MMS sensitivity of the mecl A
mutant by activating MRX-Tell-mediated checkpoint signaling
(31). If mrel1-P110L acted by dampening the MRX-Tell path-
way, we would predict it to sensitize the meclA sae2A mutant;
instead, the mecIA mrell-P110L sae2A strain showed an equiv-
alent MMS sensitivity to the mecI A sae2A strain (Fig. S4B).

Turnover of Mre11 at DNA Ends Is Altered by the P110L Mutation.
Previous studies have shown that Mrel1 is retained at DSBs for
longer in the absence of Sae2 or the Mrell nuclease (25, 28, 32).
Furthermore, overexpression of SAE2 results in faster turnover
of Mrell at DNA ends and correlates with reduced Rad53-P
(25). Thus, one possible mechanism for the mrell-P110L at-
tenuation of Rad53-P would be by accelerated turnover of
Mrell at DNA ends. We tagged the C termini of Mre11"!'-
and Mrel11"™37Y with YFP to monitor the recruitment and turn-
over of Mrell complexes at DSBs by fluorescence microscopy
(Fig. 54). Cells were exposed to 40-Gy y-irradiation, and foci
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were counted at 0.5, 1, 2, and 3 h later. As reported previously,
~50% of cells formed Mrell foci in response to irradiation and
the number of cells with foci declined to 22% after 3 h. By
contrast, 90% of sae2A cells exhibited Mrell foci 0.5 h after
irradiation and 60% of cells retained Mrel1 foci 3 h later. The
lower number of cells with Mrel1 foci 30 min after irradiation in
wild type compared with sae2A cells is most likely due to more
rapid turnover of Mrell when Sae2 is present. Mre117''*-YFP
and Mrel1™7Y-YFP both dissociated from IR-induced DSBs
faster than Mrell-YFP in the sae2A background (Fig. 5B).
Mrel1PM'YFP and Mre11"3"Y-YFP showed similar kinetics to
Mrell-YFP in SAE2 cells. In agreement with the DNA damage
sensitivity, tell A failed to suppress the persistent Mrell-YFP
foci in the sae2A mutant (Fig. S54). To confirm these data,
Mrel1 association with sequences 1 kb away from an HO-induced
DSB was measured by chromatin immunoprecipitation (ChIP).
Mrell was detected at higher levels adjacent to the DSB in sae2A
cells compared with wild type, and dissociated more slowly (Fig.
5C). Mre117M% was recruited with similar kinetics but dissoci-
ated from the DSB faster in sae2A cells than Mrell, consistent
with the foci data. The ChIP assays were performed in a strain
that is unable to repair the HO-induced DSB because the HM
donors are deleted; thus, the increased turnover of Mre11°11%C in
the sae2A mutant is not a consequence of altered repair kinetics.

mre11-P110L Mutation Partially Suppresses the sae2A Hyper-NHEJ
Phenotype. The sae2A mutant exhibits an elevated NHEJ fre-
quency (33), which could result from delayed resection and/or
retention of MRX or Ku at ends. Because mrel1-P110L does
not suppress the end resection defect of sae2A, but suppresses
retention of Mrell at ends, we tested whether NHEJ repair of
a chromosomal I-Scel-induced DSB is reduced in mrel1-P110L
derivatives. The end joining assay was designed with a 14-bp direct
repeat flanking an inverted duplication of I-Scel cut sites to
measure both NHEJ and microhomology-mediated end joining
(MME)) repair (34). The mrell-P110L mutant showed the same
frequency of NHEJ as the wild-type strain (P = 0.57); however,
mrelI-P110L significantly reduced NHEJ in the sae2A back-
ground (P < 0.05) (Fig. 5D). These data suggest retention of
MRX at ends is responsible for increased NHEJ in sae2A cells.

The MP''RX Complex Exhibits Reduced DNA Binding in Vitro. The
increased turnover of Mre11°1'%" at DSBs could reflect reduced
affinity of the mutant protein for DNA. To directly test this
hypothesis, MRX and MP''""RX complexes were purified (Fig.
S5B) and assayed for binding to single- or double-stranded DNA
by electrophoretic mobility shift (Fig. 5E). The MF'Y"RX
complex showed reduced binding to both DNA substrates in the
presence of Mg®" or Mn®* (Fig. 5F). Consistent with reduced
DNA binding, we detected weaker 3’-5" exonuclease activity for
the MP'°"RX mutant complex compared with the wild-type
MRX complex (Fig. S5C). Addition of ATP stimulated binding
of both wild-type and mutant complexes, but MPMOIRX still
exhibited lower DNA binding than MRX (Fig. S5 D and E).

MRE11 Gene Dosage Alters sae2A DNA Damage Sensitivity. Our ex-
pectation when we isolated mrell alleles that complemented the
mrellA mutation and suppressed the DNA damage sensitivity
caused by sae2A was for a gain of function; however, the in vitro
analysis suggests a loss of function. To assess dominance, diploids
homozygous for sae2A and homozygous or heterozygous for
mrel1-P110L were generated. Diploids expressing one copy
of mrel1-P110L showed similar MMS resistance to haploid sae2A
mrell-P110L cells, whereas sae2A/sae2A MRE11/mrell-P110L
cells exhibited intermediate MMS resistance, indicating semi-
dominance of mrel1-P110L (Fig. 6A4). Surprisingly, diploid cells
homozygous for sae2A and mrel1-P110L were more sensitive to
MMS than sae2A/sae2A mrell-P110L/mrellA cells. Furthermore,
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Fig. 5. Turnover of Mre11 proteins at DSB ends is altered by Mre11°'%", (A) Epifluorescence microscopy showing DSB induced foci formation of Mre11-YFP
or Mre11P"1OLYFP following IR (40 Gy). (B) Quantification of Mre11-YFP, Mre11°1"°L.YFP, or Mre11"37Y-YFP foci from indicated strains. The percentage of cells
with one or more YFP foci at different time points after IR was quantitated. The mean values from three independent trials are plotted, and error bars show
SD. (C) Graph showing Mre11 association with sequences 1 kb away from a nonrepairable HO-induced DSB at the MAT locus. Cell samples collected at the
indicated time points after HO induction were analyzed. The mean values from three independent trials are plotted, and error bars show SD. (D) A chro-
mosomal end-joining assay was used to measure NHEJ and MMEJ frequency from indicated strains, where repair by HR is unable to form survivors. The mean
values from three independent trials are plotted, and error bars show SD. (E) DNA binding assay using purified yeast MRX or MP'""RX complex in the
presence of 5 mM Mg2+ or 2 mM Mn?*. A 100-nt ssDNA substrate or 100-bp dsDNA substrate was used. (F) Quantification of the data shown in E. The mean

values from two independent trials are plotted and error bars show SE.

sae2A homozygous diploids expressing only one MREI] allele
were slightly more MMS resistant than cells expressing two copies.
These data indicate that the level of Mrell (wild type or mutant)
modulates DNA damage sensitivity of sae2A cells.

Because the sae2A diploid is sensitive to MRE11 gene dosage,
we asked whether overexpression of MRE11 would further sen-
sitize sae2A haploid cells. We compared the CPT and MMS
sensitivity of cells expressing MRE11 from the natural promoter
on a single-copy number plasmid (centromere [CEN]-containing
vector) with cells expressing MRE11 from a high-copy number
(2p) plasmid (Fig. 6B). Remarkably, overexpression of MRE11
resulted in greater sensitivity to CPT and MMS only in the absence
of SAE2, consistent with the notion that Sae2 actively removes
Mrell from break ends.

Chen et al.

Discussion

Genetic and biochemical studies show that Sae2 functions with
the MRX complex to initiate DNA end resection in yeast (8, 11,
35). The current model is for Sae2 to stimulate Mrell endo-
nucleolytic clipping of the 5’-terminated strand with the resulting
nick acting as an entry site for bidirectional processing by the Mrel1l
and Exol exonucleases (7, 9-11). Consequently, loss of Sae2 or the
Mrell nuclease results in retention of Spoll at meiotic DSBs and
failure to resolve hairpin-capped ends (18). Resection of unblocked
ends (e.g., those produced by endonucleases) can occur in the ab-
sence of Sae2 or the Mrell nuclease activity via recruitment of
Exol or Sgs1-Dna2 by the MRX complex (15, 35-37). Although
sae2A and mrel1-HI25N mutants are equivalent in their inability
to resolve Spoll adducts and hairpin-capped ends, the sae2A
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(B) Tenfold serial dilutions of log phase mre11A or
mre11A sae2A haploid cells expressing MRET1 from a
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CEN or 2p-based plasmid were spotted onto SC-URA
@ @ medium containing DMSO alone, or DMSO + 1 pg/mL
‘1: CPT, or YPD medium with 0.01% MMS. (C) Model

phenotype is slightly more severe than observed for mirell-
HI25N with regards to sensitivity to DNA damaging agents and
removal of Mrell from DNA ends (23, 32). To gain insight into
how Sae2 and the Mrell nuclease cooperate to initiate end re-
section, we screened for mrel 1 gain-of-function alleles that could
bypass the DNA damage sensitivity conferred by the sae2A
mutation. Here, we describe mrell alleles that suppress sae2A
DNA damage sensitivity by promoting Mrell dissociation and
shutting off the DNA damage checkpoint, not by activation of
end processing, indicating that the major function of Sae2 in the
DNA damage response is to remove MRX complex from break
ends (Fig. 6C).

None of the mrell mutations was able to suppress the hairpin
resolution or sporulation defects of the sae2A mutant although
all suppressed the DNA damage sensitivity by >100-fold. Further
characterization of mrell-P110L showed that it is unable to
suppress the subtle resection defect of the sae2A mutant, and
that suppression of the sae2A CPT sensitivity is independent
of the Mrell nuclease activity and mostly Exol independent.
By contrast, yku70A restores resection and resistance to DSB-
inducing agents to the sae2A mutant in an Exol-dependent
manner, and rad9A suppresses the sae2A end resection defect by
allowing access to Sgs1-Dna2 (15, 23, 38-41). Deletion of DNL4
(encoding DNA ligase IV) does not suppress the DNA damage
sensitivity of sae2A, mrel1-3, and cptl A mutants, indicating that
the yku70A suppression is by allowing Exol access to ends and
not by diverting ends from NHEJ to HR (23, 28, 38). From these
data, we conclude that the end-processing function of Sae2 is not
the only determinant for DNA damage tolerance and that an-
other function of Sae2 must contribute.

Previous studies reported that Mrell remains associated with
DNA ends for longer in the sae2A mutant and correlates with
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hyperphosphorylation of Rad53 (25). Overexpression of SAE2
reduces Mrell association with DNA ends and prevents Rad53-P
in response to DSBs (25). The effect of Sae2 on Rad53-P does not
directly correlate with resection or repair efficiency because
Rad53 remains phosphorylated in the sae2A mutant in response
to an unrepairable DSB although resection occurs, and overex-
pression of SAE2 does not increase end resection. All of the mrel ]
alleles that suppress the DNA damage sensitivity of the sae2A
mutant show normal activation of Rad53 in response to DNA
damaging agents, but partially suppress the defect in Rad53 de-
phosphorylation. Rad53-P in response to DNA damage is pri-
marily by Mecl with Tell playing a minor role (42, 43); however,
in the absence of Sae2/Ctpl, the Tell pathway is activated, pre-
sumably because of the delay to resection initiation and retention
of MRX at DSBs (31, 44). mrel1-P110L does not decrease MMS
sensitivity of the meclA sae2A mutant, and the mecl A mrel1-P110L
double mutant showed equivalent MMS sensitivity to meclA,
suggesting that Tell signaling is not affected by mrel1-P110L.
In vitro, the MP'""RX complex displayed reduced binding to
both ssDNA and dsDNA compared with MRX. The reduced
binding to DNA was also evident in vivo: association of Mre117!%%
at an HO-induced DSB was slightly lower than observed for Mrel1.
We do not know whether the foci and ChIP signals reflect
binding to dsDNA ends or to ssDNA. The dosage dependence
for suppression of the DNA damage sensitivity of sae2A could
also be attributed to Mrell DNA binding: diploids homozygous
for sae2A and with two copies of mrel1-P110L showed reduced
DNA damage resistance compared with cells expressing only one
copy of mrell-P110L. Furthermore, overexpression of MRE!]
further sensitized the sae2A mutant, but not SAE2 cells. These
subtle differences suggest sae2A DNA damage resistance is sen-
sitive to the level of Mrell, and by impairing Mre11 DNA binding
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via the P110L mutation, the DNA damage checkpoint is alleviated
and resistance to DNA damage is restored to the sae2A mutant.
Although we favor the hypothesis that persistently bound MRX in
the sae2A mutant results in hyperactivation of the DNA damage
checkpoint and cell cycle arrest, we cannot exclude the possibility
that DNA-bound MRX prevents HR repair and multiple unre-
paired lesions cause persistent Rad53 signaling. By this scenario,
mrelI-P110L suppresses sae2A by facilitating MRX removal of
ends to make them accessible for Rad51 binding and subsequent
repair; thus, relieving the checkpoint signal.

In summary, our findings support a model whereby the major
function of Sae2 in response to DSB is to actively remove MRX
from break ends after resection initiation, partially through ac-
tivating Mrell endonuclease. The absence of this function cau-
ses persistent checkpoint signaling and cell cycle arrest, leading
to reduced survival (Fig. 6C). The sae2A defect can be sup-
pressed by elimination of Ku to allow access of Exol, which
activates resection and facilitates Mrell dissociation (45). More
importantly, it can also be suppressed in a resection independent
manner via reduced DNA binding by Mrel1 allowing self release;
thus, attenuating checkpoint signaling and restoration of DNA
damage resistance. Given that the sae2A mutant is considerably
more sensitive to DNA damaging agents than the mrel1-HI25N
mutant, Sae2 must be doing more than activation of the Mrell
nuclease. Recombinant Sae2 is also reported to have an intrinsic
endonuclease activity (46). However, overexpression of SAE2 does
not increase end resection but reduces Mrell association with
DNA ends and prevents Rad53-P in response to DSBs (25), sug-
gesting a nuclease independent function of Sae2 exists to remove
Mrell from break ends.

Experimental Procedures

Media, Growth Conditions, and Yeast Strains. Rich medium (yeast extract—
peptone—-dextrose, YPD), synthetic complete (SC) medium, and genetic meth-
ods were as described (47). CPT or MMS was added to SC or YPD medium,
respectively, at the indicated concentrations. For survival assays, serial dilutions
of log-phase cultures were spotted on plates and incubated for 2-3 d at 30 °C.

The yeast strains used are listed in Table S1. W303 derivatives were con-
structed by crossing isogenic strains present in our laboratory collection to
produce haploid progeny of the indicated genotypes. For non-W303 strains,
one-step gene replacement with PCR products was used to construct desired
mutations. The mrel1-P110L mutant was made by one-step gene re-
placement of an mre11::URA3 strain with PCR fragment containing the mre11-
P110L ORF and 500-bp upstream and downstream homologous sequence,
selecting for 5-fluoroorotic acid resistance. A NatMX cassette flanked by 50-bp
homologies to yeast genomic sequences was amplified from pAG25 and
inserted into the 3’ UTR of the mre17-P110L strain, 266 bp downstream of
the stop codon. The mrel1-P110L-YFP and mrel1-H37Y-YFP strains were
made by two-step gene targeting of the MRET1-YFP strain (32).

Genetic Screens for mre11 Mutations That Suppress sae2A. In the first screen,
pRS416-MRE11 was propagated in XL1-Red mutator E. coli cells (Agilent
Technologies) for 15-30 generations, and purified plasmid DNA was used to
transform mre11A sae2A cells. Transformants (3,400 total) were tested for
suppression of the sae2A CPT sensitivity. Potential clones were recovered
from yeast, amplified in E. coli, rescreened, and then subjected to DNA se-
quencing to identify the responsible mutations. In the second screen, the
N-terminal region (—132 bp to 882 bp) of the MRE71 ORF in pRS416-MRE11
was randomly mutagenized by using GeneMorph Il EZClone Domain Muta-
genesis Kit (Agilent Technologies), transformed into mre71A sae2A cells and

. Harrison JC, Haber JE (2006) Surviving the breakup: The DNA damage checkpoint.
Annu Rev Genet 40:209-235.
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ATM/Tel1 and ATR/Mec1 in sensing and signaling DNA double-strand breaks. DNA
Repair (Amst) 12(10):791-799.

3. Uziel T, et al. (2003) Requirement of the MRN complex for ATM activation by DNA
damage. EMBO J 22(20):5612-5621.

4. Zou L, Elledge SJ (2003) Sensing DNA damage through ATRIP recognition of RPA-

ssDNA complexes. Science 300(5625):1542-1548.

. Stracker TH, Petrini JH (2011) The MRE11 complex: Starting from the ends. Nat Rev

Mol Cell Biol 12(2):90-103.

v

Chen et al.

transformants were directly replica plated onto medium containing 5 pg/mL
CPT. Survivors were further validated and then sequenced to identify the
mutations. For plasmids containing more than one mutation, each was
individually created by site-directed mutagenesis of pRS416-MRE11 by
using QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent
Technologies).

In Vivo Hairpin Opening, SSA, and Mating-Type Switching Assays. Recombination
rates were derived from the median Lys*™ recombination frequency determined
from eight isolates of each strain as described (19). Three trials were per-
formed, and the mean recombination rate was calculated. The SSA and mat-
ing-type switching assays were performed as described (29, 35).

Chromosomal End Joining Assay. The chromosomal end-joining substrate was
constructed similarly to the one described except with 14-bp direct repeats
flanking the inverted I-Scel cuts sites; the end joining assay was performed as
described (34).

Epifluorescence Microscopy. Cells were grown in liquid SC medium at 25 °C to
midlog phase, treated with 40 Gy (Gammacell-220 irradiator containing ®°Co),
and processed for epifluorescence microscopy 0.5, 1, 2, and 3 h after IR. A
spinning-disk confocal (CSU10; Yokagawa) inverted microscope (Eclipse Ti;
Nikon) with a Hamamatsu EM-CCD camera, and a 60x 1.4 N.A. objective was
used for image acquisition. In each field of cells, 15 images were obtained at
0.4-pm intervals along the z axis to allow inspection of all focal planes of
cells. Image acquisition time for lightfield and YFP were 150 ms and 500 ms,
respectively. Images were analyzed by using Micromanager, and cells with
one or more foci were scored with maximum-intensity projection.

Coimmuniprecipitation and ChIP Assays. Coimmuniprecipitation was per-
formed as described by using Mre 11 polyclonal antibodies from rabbit serum
(48). Mre11 and Xrs2-myc were detected by Western blot using Mre11 and
myc (Abcam) antibodies, respectively. ChIP was performed as described ex-
cept using Mre11 polyclonal antibodies (49).

Purification of Recombinant Proteins and in Vitro Assays. The P110L mutation
was generated in Mre11 expression vector pTP391 by site-directed muta-
genesis, and the Mre11°""°-Rad50-Xrs2 complex was purified from 59 cells
as described (16). Yeast RPA was purified as described (16). DNA binding
assays contained 25 mM TrisOAc (pH 7.5), 1 mM DTT, 5 mM Mg(OAc), or
2 mM MnCl;, 0 mM or 1 mM ATP, 250 ug/mL BSA with either 1 nM ssDNA
(100 nt, 5’-end labeled) or dsDNA (100 base pairs dsDNA, 5’-end-labeled),
and the indicated amount of MRX or MP''RX. Reactions were incubated at
30 °C for 10 min and then analyzed by electrophoresis using 5% (wt/vol) PAGE
in 1x TAE at 4 °C. The gel was dried and quantified by using a Storm 860
Phosphorimager (GE Healthcare) with ImageQuant software. Nuclease
assays were performed by using the same buffer except with 2 mM MnCl, or
5 mM Mg(OAc)2, 1 mM phosphoenolpyruvate and 80 units/mL pyruvate
kinase, and with 2 nM (molecules) 3’ end-labeled dsDNA (50 bp). Reactions
were incubated with 0.1 uM RPA and either 10 nM MRX or MP'"°'RX at
30 °C for the indicated time. Samples were analyzed by 15% (wt/vol) PAGE
with 7.5 M urea in 1x TBE at 4 °C, and the dried gel was quantified with
a Storm 860 Phosphorimager (GE Healthcare) by using ImageQuant software.
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