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ABSTRACT Sae2 promotes the repair of DNA double-strand breaks in Saccharomy-
ces cerevisiae. The role of Sae2 is linked to the Mre11/Rad50/Xrs2 (MRX) complex,
which is important for the processing of DNA ends into single-stranded substrates
for homologous recombination. Sae2 has intrinsic endonuclease activity, but the role
of this activity has not been assessed independently from its functions in promoting
Mre11 nuclease activity. Here we identify and characterize separation-of-function
mutants that lack intrinsic nuclease activity or the ability to promote Mre11 endonu-
cleolytic activity. We find that the ability of Sae2 to promote MRX nuclease functions
is important for DNA damage survival, particularly in the absence of Dna2 nuclease
activity. In contrast, Sae2 nuclease activity is essential for DNA repair when the
Mre11 nuclease is compromised. Resection of DNA breaks is impaired when either
Sae2 activity is blocked, suggesting roles for both Mre11 and Sae2 nuclease activi-
ties in promoting the processing of DNA ends in vivo. Finally, both activities of Sae2
are important for sporulation, indicating that the processing of meiotic breaks re-
quires both Mre11 and Sae2 nuclease activities.
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The Sae2 endonuclease of Saccharomyces cerevisiae plays important roles in DNA
double-strand break (DSB) repair. Sae2 promotes the resection of 5= strands at DNA

ends that initiate homologous recombination as well as the removal of protein-
DNA conjugates from genomic DNA and the processing of DNA secondary structures
that arise during replication (1–10). Yeast cells lacking Sae2 are deficient in these
functions to different degrees; however, the mechanistic basis of these functions is not
well understood. Three primary biochemical activities have been attributed to Sae2
through in vitro studies using recombinant proteins. First, Sae2 promotes Exo1- and
Dna2-mediated end processing in a manner that is cooperative with Mre11/Rad50/Xrs2
(MRX) (5, 6); second, Sae2 promotes Mre11 nuclease activity on protein-blocked DNA
ends (10, 11); and third, Sae2 exhibits intrinsic endonuclease activity on branched
structures and single-stranded DNA (ssDNA)/double-stranded DNA (dsDNA) junctions
(12), similar to the functional ortholog of Sae2 in human cells, CtIP (13, 14). How these
biochemical activities map to the biological roles of Sae2 is not fully understood. While
Sae2 has functional orthologs in higher eukaryotes (15), the primary sequence of Sae2
is poorly conserved between species, and the distinct activities attributed to the protein
have not been successfully separated by mutagenesis.

The roles of Sae2 are also unclear relative to other nucleases that are known to
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function in DNA repair. Yeast strains expressing nuclease-deficient forms of Mre11 have
been shown to be similar to strains with deletions of SAE2, most notably in meiosis and
the processing of cruciform structures in vivo (3, 4, 9, 16, 17), leading to the suggestion
that Sae2 likely promotes the nuclease activity of Mre11, which was subsequently
demonstrated in vitro (10, 11). However, other studies indicated that the DNA damage
sensitivity of SAE2 deletion strains to the Top1 poison camptothecin is significantly
higher than that of Mre11 nuclease-deficient strains (2), suggesting that Sae2 performs
additional functions apart from stimulating Mre11 nuclease activity.

Like Sae2 and CtIP, Dna2 nuclease activity is also specific for single-stranded DNA
and 5=-flap structures (18, 19). The Dna2 enzyme functions in Okazaki fragment
processing during replication and is essential in budding yeast (20). Dna2 is a helicase
as well as a nuclease and functions in the long-range resection of double-strand breaks,
a role which was shown to be downstream of MRX/Sae2 and redundant with the
5=-to-3= exonuclease Exo1 (21, 22). The MRX complex stimulates the recruitment of
both Exo1 and Dna2 to DNA ends in vivo (6) and promotes the activity of both enzymes
in vitro (5, 23, 24). Finally, the nuclease activity of Dna2 was shown to be functionally
redundant with Mre11 nuclease activity in cellular responses to radiation damage,
indicating the possibility of shared substrates (25).

To clarify the roles of Sae2 in DNA repair, we sought to identify separation-of-
function mutations that eliminate either the ability of Sae2 to promote Mre11 activity
or the intrinsic nuclease activity of Sae2. Since Sae2 does not have easily identifiable
domains, we used a structure-based strategy of targeted mutagenesis that utilizes
predictions of helical propensity and disorder to identify sites that are likely to nucleate
the transient secondary structure in the Sae2 polypeptide. We find that one of these
mutants is specifically deficient in promoting Mre11 nuclease activity, while another
mutant is deficient in the intrinsic nuclease activity of Sae2. In vivo, these mutants
show very different phenotypes in combination with an Mre11 nuclease-deficient
allele or Dna2 hypomorphic strains, suggesting that the roles of Mre11 nuclease
activity and Sae2 nuclease activity are functionally distinct. The intrinsic nuclease
activity of Sae2 is not required for DNA damage survival in cells when the stimu-
lation of Mre11 activity by Sae2 is functional; however, both activities are essential
during meiosis.

RESULTS

The primary amino acid sequence of Sae2 is minimally conserved, and there are no
predicted motifs or domains apart from the C terminus, which shares a very short
“FPSTQ” motif with orthologs in other organisms and the proposed DNA-binding “RHR”
motif (26, 27). The N terminus of this protein contains a self-interaction domain that is
important for the function of Sae2 and also for its stability (28). Equivalent regions in
the Schizosaccharomyces pombe Ctp1 and human CtIP proteins were shown previously
to be tetrameric (29, 30). Besides this N-terminal region, the majority of Sae2 is
predicted to be disordered based on the output of the IUPred algorithm, which
estimates local interresidue interactions (31) (Fig. 1A). This analysis is based on existing
structural data for a large set of alpha-helical structures and predicts disorder based on
amino acid composition and sequence complexity. It is possible that Sae2 adopts a
functional structure through interactions between the monomers in the complex, by
binding to another protein, or by binding to DNA.

Many disordered proteins undergo transient incursions into secondary structures
that are thought to be nucleated at specific amino acids that are most favorable for
alpha-helical interactions (32, 33). To investigate this, we analyzed helical propensity
along the Sae2 polypeptide using the AGADIR prediction algorithm based on the
helix-coil transition theory (34). This analysis suggested several sites in Sae2 that are
likely sites of helical transitions, a strategy that was used previously to predict critical
residues in the Sgs1 and Rmi1 components of the Sgs1/Top3/Rmi1 complex that also
contain unstructured domains (35, 36). We identified several structural motifs of this
type in Sae2 (Fig. 1A, asterisks, and B) and predicted mutations that would disturb
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helices initiated at these sites. We focused on the motifs in regions II through V
because the L25P mutation was identified previously in a genetic screen and is
known to result in a loss of function in vivo (28) but no change in nuclease activity
in vitro (data not shown). Mutations in residues of peak helical propensity in regions
II through V to proline residues were made, since prolines are the most disruptive
amino acids in stable alpha-helices.

While the primary amino acid sequence of Sae2 is not well conserved among
eukaryotes, the overall pattern of helical propensity appears to be generally con-
served. Examples of this are shown with comparisons between Sae2 nucleases
of S. cerevisiae, Saccharomyces pastorianus, and Kluyveromyces lactis in Fig. 1C
and D.

FIG 1 Structure prediction-guided mutagenesis of Sae2. (A) Disorder tendency of Sae2 residues determined with IUPred
(31). Values with a disorder score of �0.5 are predicted to be disordered. Helical propensity was predicted with AGADIR
(64); segments of increased helical propensity are marked with stars. Based on order/disorder and the location of putative
helical motifs, Sae2 may be divided into five structurally distinct segments (segments I to V). (B) Segments I, II, IV, and
V contain motifs of increased helical propensity (S1 to S7) that may contribute to Sae2 function. Proline mutations were
designed to disrupt putative �-helices S1 to S7. aa, amino acids. (C and D) Prediction of the helical propensities of the
Saccharomyces pastorianus and Kluyveromyces lactis Sae2 proteins compared to that of Sae2 of S. cerevisiae. Asterisks
indicate positions of E161/K163 and D285/K288 peaks.
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Phenotypes of Sae2 mutants alone and in combination with DNA2 nuclease or
MRE11 nuclease deficiency reveal functions of intrinsic nuclease and stimulatory
activities of Sae2. Each combination of target residues was mutated in the Sae2 open

reading frame and expressed from a low-copy-number CEN plasmid under the control
of the native Sae2 promoter in sae2Δ yeast cells (Fig. 2A). Serial dilutions of cells
expressing the indicated SAE2 alleles were grown on medium containing camptothecin
(CPT) or methyl methanesulfonate (MMS), which showed that most of the alleles
partially or completely rescued the DNA damage sensitivity of sae2Δ cells; however, the
D285P/K288P, I292P/I293P, and L338P/L339P combinations failed to fully complement
the deletion strain for MMS or CPT sensitivity. Analysis of the expression of the mutants
in yeast by immunoprecipitation and Western blotting showed that the D285P/K288P
allele was expressed similarly to wild-type Sae2, while the other mutants were not
stably expressed (Fig. 2B); thus, we focused our attention on the D285P/K288P mutant.

The multifunctional helicase/nuclease Dna2 functions primarily in Okazaki fragment
processing during replication but also participates in long-range 5=-strand resection at
DNA double-strand breaks (21, 22, 37) and functionally overlaps the Mre11 nuclease
(25). Here we show that a null allele of SAE2 combined with a nuclease-deficient allele
of DNA2 (sae2Δ dna2-1) is hypersensitive to DNA-damaging agents (Fig. 2C), suggesting
that the Dna2 nuclease has functions that are at least partially redundant with those of
Sae2. To examine the Sae2 mutants in the absence of Dna2 nuclease activity, we
expressed the mutant alleles in the sae2Δ dna2-1 strain and found that region II
mutants of Sae2 fully rescued CPT and MMS sensitivity, whereas the D285P/K288P
mutant did not (Fig. 2D). We conclude that this mutant likely lacks a functional activity
that is partially redundant with Dna2 nuclease activity. It is likely that this activity is the
stimulation of Mre11 nuclease function based on the synthetic CPT sensitivity observed
with the MRE11 deletion or nuclease-deficient alleles combined with dna2 mutations
(Fig. 2E). Previous work demonstrated redundancy between Dna2 and Mre11 nuclease
activities (25), and Sae2 has been shown to stimulate Mre11 nuclease activity in vitro
(10).

We also analyzed the DNA damage sensitivity conferred by the sae2 mutant alleles
in a sae2Δ mre11-H125N background because Sae2 and Mre11 nuclease activities have
been suggested to have overlapping roles in vivo (38, 39). Yeast cells expressing the
mre11-H125N allele are deficient in Mre11 nuclease activity and fail to sporulate but are
proficient in promoting the 5=-strand resection of restriction enzyme-generated ends as
well as nonhomologous end joining (NHEJ) and telomere maintenance (16). A sae2Δ
mre11-H125N double mutant strain has CPT sensitivity similar to that of the sae2Δ single
mutant strain (data not shown), but here we find that the new sae2 mutants show
phenotypes in this mre11-H125N background that are remarkably different from that of
either the sae2Δ or the sae2Δ dna2-1 strain (Fig. 3A). The strain expressing the
E161P/K163P mutant, which rescues strains similarly to the wild-type allele in the sae2Δ
or sae2Δ dna2-1 background, is extremely sensitive to CPT and MMS. In contrast, the
strain expressing the D285P/K288P allele shows much better survival. To determine if
the E161P/K163P mutant form of Sae2 is expressed normally, we examined the levels
of the mutants expressed from low-copy-number plasmids by immunoprecipitation
and Western blotting and found that the protein levels are slightly lower than the levels
of wild-type Sae2 and the D285P/K288P mutant (Fig. 3B), but this does not appear to
affect its function, since DNA damage survival promoted by this mutant is similar to or
exceeds that of the wild-type strain (Fig. 2A).

The D285P/K288P and E161P/K163P alleles of Sae2 appear to confer very different
phenotypes in sae2Δ mre11-H125N and sae2Δ dna2-1 backgrounds (Fig. 2 and 3),
suggesting that they alter different functions of Sae2. With this in mind, the mutations
were combined in a single allele and compared in a sae2Δ strain, which indeed showed
that the E161P/K163P mutations confer marked sensitivity to CPT and MMS when
tested in the context of the D285P/K288P allele (Fig. 3C and D). Together, the two
groups of mutations reduce the survival of the sae2Δ strain to the level of the

Arora et al. Molecular and Cellular Biology

December 2017 Volume 37 Issue 24 e00156-17 mcb.asm.org 4

 on D
ecem

ber 12, 2017 by C
A

LIF
O

R
N

IA
 IN

S
T

IT
U

T
E

 O
F

 T
E

C
H

N
O

LO
G

Y
http://m

cb.asm
.org/

D
ow

nloaded from
 

http://mcb.asm.org
http://mcb.asm.org/


Δsae2

Δsae2 + (WT Sae2)

Δsae2 + (Sae2 L58P/A59P)

wild-type

control CPT 5 μg/ml

Δsae2 + (Sae2 D285P/K288P)

Δsae2 + (Sae2 I292P/I293P)

MMS 0.01%

Δsae2 + (Sae2 I96P)

Δsae2 + (Sae2 E161P/K163P)

Δsae2 + (Sae2 L338P/L339P)

Δsae2 + (Sae2 D285P/K288P/
I292P/I293P)

A

B C

dna2-1

Δsae2

wild-type

Δsae2 dna2-1

control CPT 1.1 μg/ml

D

Δsae2 dna2-1

dna2-1

Δsae2 dna2-1 + (WT Sae2)

Δsae2 dna2-1 + (Sae2 L58P/A59P)

Δsae2 dna2-1 + (Sae2 I96P)

Δsae2 dna2-1 + (Sae2 E161P/K163P)

Δsae2 dna2-1 + (Sae2 D285P/K288P)

control CPT 2.5 μg/mlMMS 0.01%

E CPT 0.35 μg/ml CPT 1.1 μg/ml CPT 3.5 μg/ml

Δpif1

Δdna2 Δpif1

Δmre11 Δpif1

mre11-H125N Δpif1

Δdna2 mre11-H125N Δpif1

control

W
T

D2
85
P/
K2
88
P

I2
92
P/
I2
93
P

D2
85
P/
K2
88
P/
I2
92
P/
I2
93
P

L3
38
P/
L3
39
P

Flag IP,
anti-Sae2

Sae2

Δs
ae
2 +
ve
cto
r

FIG 2 Mutation of helix-nucleating segments increases the sensitivity of Sae2-deficient yeast cells to DNA damage. (A) FLAG-tagged
Sae2 was expressed from a CEN plasmid under the control of the native Sae2 promoter in sae2Δ yeast cells. Fivefold serial dilutions
of cells expressing the indicated Sae2 alleles were plated onto nonselective medium (control) or medium containing methyl
methanesulfonate (MMS) (0.01%) or camptothecin (CPT) (5.0 �g/ml) and grown for 48 h. WT, wild type. (B) FLAG-tagged Sae2
C-terminal mutants were expressed from a 2� plasmid in sae2Δ yeast cells and isolated by immunoprecipitation (IP) with anti-FLAG
antibody. Sae2 levels in the immunoprecipitates were determined by Western blotting with anti-FLAG antibody. (C) sae2Δ yeast cells
were compared to a strain with the nuclease-deficient Dna2 allele dna2-1 or a Δsae2 dna2-1 double mutant using serial dilutions of
the cells as described above for panel A. (D) The dna2-1 or sae2Δ dna2-1 yeast strain complemented with FLAG-tagged Sae2 alleles
expressed from a CEN plasmid under the control of the native Sae2 promoter, as indicated, was tested for MMS and CPT sensitivity
as described above for panel A. Plates with DNA-damaging agents were incubated for 90 h, while the control plate was incubated
for 70 h. (E) Δpif1, Δdna2 Δpif1, Δmre11 Δpif1, mre11-H125N Δpif1, and Δdna2 mre11-H125N Δpif1 strains were analyzed for CPT
sensitivity as described above for panel A.
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FIG 3 Deficiency in Mre11 nuclease generates synthetic sensitivity to DNA-damaging agents in combination with central domain SAE2 mutations.
(A) Yeast strains deficient in Mre11 nuclease activity, mre11-H125N (16) and the mre11-H125N sae2Δ double mutant, were complemented with
FLAG-tagged Sae2 alleles expressed from a CEN plasmid under the control of the native SAE2 promoter as indicated and tested for MMS and CPT
sensitivity as described in the legend to Fig. 2A. (B) FLAG-tagged Sae2 mutants were expressed from low-copy-number CEN plasmids in sae2Δ
yeast cells and isolated by using immunoprecipitation with anti-FLAG antibody. Sae2 protein levels in the immunoprecipitates were determined
by Western blotting with anti-Sae2 antibody. (C) FLAG-tagged Sae2 was expressed from a low-copy-number plasmid under the control of the
native SAE2 promoter in sae2Δ yeast cells. Fivefold serial dilutions of cells expressing the indicated Sae2 alleles were plated onto nonselective
medium (control) or medium containing camptothecin (CPT) (5 �g/ml). (D) Yeast strains with the indicated genotypes (mutant alleles integrated
into the endogenous SAE2 locus, in the W303 background) were tested for MMS sensitivity as described above for panel A. (E) Yeast strains of
the indicated genotypes (mutant alleles integrated into the endogenous SAE2 locus, in the W303 background) were tested for CPT and MMS
sensitivity as described above for panel A. (F) ku70Δ sae2Δ yeast strains were complemented with FLAG-tagged SAE2 alleles expressed from a
CEN plasmid under the control of the native SAE2 promoter as indicated and tested for CPT sensitivity as described above for panel A.
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vector-complemented control, consistent with a complete loss of function in the
sae2-E161P/K163P/D285P/K288P mutant.

The phenotypes of the sae2-E161P/K163P and the sae2-D285P/K288P Sae2 mutant
alleles with respect to CPT sensitivity were also recapitulated in strains containing
knock-in mutations at the genomic loci, confirming that the expression level does not
affect this phenotype (Fig. 3D and E). The survival of a yeast strain expressing the
sae2-D285P/K288P allele from the genomic locus is very similar to that of a strain
expressing the mre11-H125N allele from the genomic locus in the same strain back-
ground, while the sae2-E161P/K163P expression strain shows wild-type levels of survival
(Fig. 3E). Similar to the observations with overexpression strains, combining the sae2-
E161P/K163P allele with mre11-H125N results in dramatic sensitivity to DNA-damaging
agents compared to either of the alleles separately.

The Ku heterodimer blocks DNA end resection in vivo and in vitro, and the deletion
of Ku in yeast has been shown to partially rescue mre11Δ strains for DNA damage
sensitivity (6, 7, 40–45). To determine if the absence of Ku affects the phenotypes of the
Sae2 mutants, we analyzed CPT sensitivity in a ku70Δ sae2Δ background (Fig. 3F).
Although the sensitivity of this strain is overall lower than that of a sae2Δ strain, the
SAE2 mutant alleles appear to have the same phenotypes; thus, the differences
between the mutants are not attributable to the presence of Ku on DNA ends.

The D285P/K288P Sae2 mutant lacks the ability to stimulate Mre11. To test for
specific deficiencies associated with the D285P/K288P and E161P/K163P mutants,
maltose binding protein (MBP)-tagged Sae2 proteins and MRX were expressed and
purified from insect cells (Fig. 4A and B). Both mutants were purified similarly to the
wild-type protein and were predominantly dimeric, with minor oligomeric and mono-
meric peaks, also similar to the wild-type protein (data not shown). Cannavo and Cejka
previously showed that wild-type Sae2 made in insect cells stimulates Mre11 nuclease
activity on model DNA substrates containing a streptavidin-biotin adduct that mimics
a covalent protein attachment (10). Here we use a similar substrate containing a
biotin-streptavidin adduct on the 5= end of the bottom strand, which is also labeled
with 32P, as indicated (Fig. 4C). The recombinant MRX complex cleaves this substrate on
the bottom strand with the protein conjugate but is stimulated severalfold by the
addition of Sae2 (Fig. 4C, lanes 3 to 5). The addition of the D285P/K288P mutant,
however, did not yield any stimulation (Fig. 4C, lanes 7 to 9), indicating a deficiency in
this function. Quantitation of these results is shown in Fig. 4D. Since this could be due
to a lack of DNA binding by this mutant, we examined the ability of the Sae2D285P/K288P

protein to bind to DNA in a gel mobility shift assay, which showed that the mutant
binds to a linear DNA fragment similarly to the wild type (Fig. 4E).

In contrast to the Sae2D285P/K288P mutant, the recombinant Sae2E161P/K163P mutant
protein stimulated MRX nuclease activity on the blocked end substrate (Fig. 4C, lanes
11 to 13, and D) and even exhibited higher-than-wild-type activity on this substrate.
DNA binding by this mutant was also similar to that of the wild type (Fig. 4E).

The Sae2E161P/K163P mutant lacks endonuclease activity. We have previously
shown that recombinant MBP-Sae2 expressed in Escherichia coli is active as a 5=-flap
endonuclease (12, 13). Here we tested the wild-type MBP-Sae2 protein expressed in
insect cells and purified through a 4-column purification protocol and found that the
recombinant protein exhibits the same endonuclease activity on a branched DNA
substrate, as we previously observed, and the pattern of activity matches well with the
levels of protein across the heparin column fractions stained with Coomassie (Fig. 5A).
We also removed the MBP tag with tobacco etch virus (TEV) protease, confirmed that
the endonuclease activity of Sae2 is not dependent on the presence of the MBP tag,
and again demonstrated that a mock preparation made from insect cells without the
Sae2 virus shows no activity when treated similarly by using the same purification
protocol (data not shown).

The D285P/K288P and E161P/K163P mutant forms of recombinant Sae2 were tested
in the nuclease assay on the branched substrate, which showed that the D285P/K288P
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FIG 4 Sae2 C-terminal mutations disrupt the stimulation of MRX endonuclease activity. (A) Recombinant His6-tagged Mre11/Flag-tagged Rad50
(MR) and Flag-tagged Xrs2 expressed in Sf21 insect cells in an SDS-PAGE gel stained with Coomassie blue. (B) Recombinant His-MBP-Sae2 proteins
expressed in Sf21 insect cells in an SDS-PAGE gel stained with Coomassie blue, as indicated. * indicates the degradation product of the E161P/K163P
(EP/KP) mutant; this is a C-terminal degradation product of the full-length protein since it is recognized by an anti-His antibody (data not shown).
(C) The recombinant wild-type MRX complex (25 nM) was incubated with a 50-bp dsDNA substrate containing a 5= biotin-streptavidin block (B-Strep)
and a 5= 32P label, as indicated. “sss” on the top strand denotes 5 phosphorothioate bonds at the 3= end to prevent exonucleolytic degradation.
Reaction mixtures contained wild-type or mutant Sae2 (11.25, 22.5, and 45 nM), 5 mM MgCl2, 1 mM MnCl2, and 1 mM ATP and were incubated at
30°C for 30 min. Reaction products were separated on a gel containing 16% acrylamide, 20% formamide, and 6 M urea and analyzed by using a
phosphorimager. The arrows and bracket indicate sites of cleavage. (D) Data from two replicates of the experiment in panel C were quantified for
products (bands within the bracket in panel C), and the fold increase in stimulation by Sae2 over yeast Mre11/Rad50/Xrs2 (yMRX) alone was
calculated. Error bars indicate standard deviations. (E) Gel mobility shift assays were performed with wild-type or mutant recombinant Sae2 proteins,
as indicated, with 4.3, 8.7, 17.5, and 35 nM protein and an internally 32P-labeled 197-bp DNA substrate. Protein-DNA complexes are indicated
(“bound”) in comparison to the free DNA (“free”). nt, nucleotides.

Arora et al. Molecular and Cellular Biology

December 2017 Volume 37 Issue 24 e00156-17 mcb.asm.org 8

 on D
ecem

ber 12, 2017 by C
A

LIF
O

R
N

IA
 IN

S
T

IT
U

T
E

 O
F

 T
E

C
H

N
O

LO
G

Y
http://m

cb.asm
.org/

D
ow

nloaded from
 

http://mcb.asm.org
http://mcb.asm.org/


_Sae2 WT

Sae2 D285P/
K288P

_

__

*
35 bp

15 nt

5′

_
Sae2 WT

Sae2 E161P/
K163P

_

__

wild-type

E161P/K163P

D285P/K288P

A

B

C

D

E

1 2 3 4 5 6 7 8

1 2 3 4 5 6 7 8

1 2 3 4 5 6 7

1 2 3 4 5 6 7 8 9 1011

1 2 3 4 5 6 7

*

FIG 5 Sae2 mutations in the central domain inactivate Sae2 endonuclease activity. (A) Recombinant Sae2
proteins were purified by using 4 chromatographic steps, the last one being heparin sulfate resin. Wild-type
Sae2-containing fractions from this purification are shown (bottom). Nuclease assays were performed with
the corresponding fractions, using a 32P-labeled DNA substrate, as shown. Reaction products were sepa-
rated on a gel containing 15% acrylamide and 7 M urea and analyzed by using a phosphorimager; products
are indicated with the arrows and bracket. (B) Heparin fractions from the purification of the D285P/K288P
mutant of Sae2 were analyzed as described above for panel A. (C) Heparin fractions from the purification
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mutant exhibits activity comparable to that of the wild type in this assay, while the
E161P/K163P mutant appears to be completely nuclease deficient (Fig. 5B to E). The
deficiency with the E161P/K163P mutant is not attributable to a DNA-binding defi-
ciency, as the mutant shows DNA binding comparable to that of the wild-type protein
(Fig. 4D).

The sae2-D285P/K288P and sae2-E161P/K163P mutants are deficient in resec-
tion in vivo. Yeast strains deficient in Sae2 exhibit a reduced efficiency of DNA end
resection such that the levels of 3= ssDNA intermediates generated from DNA breaks
are lower than those in wild-type strains and the rate of ssDNA production is reduced
(8). To test the resection ability of the Sae2 mutants, we used a yeast strain containing
deletions of HML and HMR mating-type donor loci and examined resection from a
galactose-induced HO endonuclease break at the MAT locus (46) (Fig. 6A). The sae2Δ
strain complemented with wild-type SAE2 showed up to 50% resection of genomic
DNA by 4 h after the addition of galactose, by analyzing ssDNA using quantitative PCR
at sites located 96 bp, 765 bp, and 1,012 bp from the HO breakpoint (Fig. 6B to D) (47).
The uncomplemented sae2Δ strain exhibited much lower resection levels, ranging from
25% at sites close to the HO cut site to as low as 15% when measured 1,012 bp from
the HO site. The strains complemented with the D285P/K288P and E161P/K163P
mutants showed levels of resection intermediates between the deletion strain and the
wild-type expression strain, indicating that both mutants are impaired in the stimula-
tion of DSB resection in vivo but that they both retain partial function. However, the
sae2-D285P/K288P strain consistently showed lower resection rates than those of the
strain expressing the E161P/K163P allele, consistent with the decreased DNA damage
survival observed with the D285P/K288P allele.

To examine long-range resection, we also utilized a yeast strain containing a
galactose-inducible HO endonuclease site on chromosome III (Fig. 6E). The survival of
this strain requires the resection of �25 kb of genomic DNA to expose homologous
regions of the LEU2 gene that promote DNA repair by single-strand annealing (48).
Yeast strains deficient in Sae2 were previously shown to have very low viability in
comparison to wild-type strains after induction with HO (8). Here we tested strains
carrying the D285P/K288P and E161P/K163P mutant Sae2 alleles for survival on galac-
tose compared to glucose solid media and found that both mutant alleles confer
defects in long-range resection.

MRX stimulation by Sae2 is important for DNA end processing. Homologous
recombination and nonhomologous end joining are considered to be competing
pathways for the processing and repair of DNA double-strand breaks (49). Previous
work indicated that Sae2 plays an antagonistic role in Ku-dependent end joining while
promoting microhomology-mediated end joining (50), consistent with its positive role
in end resection. Here we used strains expressing galactose-induced HO endonuclease
in the absence of HML and HMR donor cassettes (Fig. 6A to D) but measured viability
on galactose versus glucose media. Survival under these circumstances was previously
shown to be dependent on mutagenic NHEJ (51). We found that the deletion of SAE2
resulted in an �15-fold increase in viability, which was suppressed by the expression
of wild-type SAE2 or the E161P/K163P mutant but only partially suppressed by the
expression of the D285P/K288P mutant or the D285P/K288P/E161P/K163P combination
(Fig. 7A).

Sae2 and the MRX complex also regulate the processing of DNA secondary struc-
tures such as cruciforms and hairpins in budding yeast (3), similar to the SbcC/D

FIG 5 Legend (Continued)
of the E161P/K163P Sae2 mutant were analyzed as described above for panel A. * indicates the degradation
product of Sae2-E161P/K163P identified by mass spectrometry analysis of this band. (D) Wild-type and
D285P/K288P mutant Sae2 proteins (1.25, 2.5, 5, 10, and 20 nM) were tested by using nuclease assays as
described above for panel A. Reaction products were separated by denaturing polyacrylamide gel
electrophoresis and analyzed by using a phosphorimager. (E) Wild-type and E161P/K163P mutant Sae2
proteins (5, 10, and 20 nM) were tested by using nuclease assays as described above for panel A.
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FIG 6 Sae2 C-terminal and central domain mutations reduce resection efficiency in vivo. (A) Diagram of the MAT locus showing the site of
HO endonuclease cleavage and the locations of the BsrGI and ApaLI restriction sites used to determine ssDNA levels, as shown. (B)
Quantification of ssDNA at the BsrGI site located 96 bp from the HO-generated DSB in sae2Δ yeast cells expressing the vector only, wild-type
Sae2, or the D285P/K288P or E161P/K163P Sae2 mutant on 2� plasmids at various times after the addition of galactose. Error bars indicate
standard errors of the means from 3 biological replicates. (C) Quantification of ssDNA at the BsrGI site located 765 bp from the
HO-generated DSB in sae2Δ yeast cells as described above for panel B. (D) Quantification of ssDNA at the ApaLI site located 1,012 bp from
the HO-generated DSB in sae2Δ yeast cells as described above for panel B. (E) Diagram of the HO endonuclease site adjacent one of two
partial alleles of LEU2 (his4::leu2 and leu2::cs) on chromosome III. Resection from the cut site through �25 kb of the intervening sequence
generates a LEU2 repair product by single-strand annealing (48). Wild-type or sae2Δ strains expressing the mutant alleles as indicated were
plated in dilutions onto galactose, which induces HO endonuclease, or on glucose. The percentage of survivors was determined. Error bars
indicate standard errors of the means from 3 biological replicates.
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FIG 7 Sae2 C-terminal mutations reduce Sae2 function in end joining and cruciform processing. (A, top) Diagram showing the HO endonuclease
cleavage site at the MAT locus and mutagenic end joining that removes the recognition site for cleavage. (Bottom) Wild-type and sae2Δ yeast
strains expressing the vector or various SAE2 alleles on 2� plasmids, as indicated, were plated onto glucose (glu)- or galactose (gal)-containing
plates, and the percentage of survivors (gal/glu) was calculated. The error shown is the standard deviation from 3 biological replicates. (B, top)
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orthologs of Rad50 and Mre11 in E. coli (52). Lobachev et al. established an in vivo assay
for palindrome-induced DNA processing in S. cerevisiae by creating a strain with an
inverted repeat located in a nonfunctional LYS2 gene, which is resolved by DSB
formation and gene conversion by utilizing a homologous sequence on another
chromosome (3). We tested the activity of our Sae2 mutants in this strain by deter-
mining the frequency of spontaneously occurring LYS� prototrophs and found that
sae2 strains exhibit a rate of gene conversion that is at least 130-fold lower than that
of a strain complemented with wild-type Sae2 (Fig. 7B). Similar to the data from the
NHEJ assay described above, the sae2-D285P/K288P allele only partially complements
the deletion strain, while the sae2-E161P/K163P allele confers nearly wild-type levels of
recombination. Mre11 nuclease-deficient strains were previously found to be deficient
in this activity (3), as we confirm in our study, and a double mutant expressing the
mre11-H125N nuclease-deficient allele in an mre11Δ sae2Δ background shows recom-
bination rates similar to that of the mre11Δ sae2Δ strain complemented with mre11-
H125N and wild-type SAE2 (Fig. 7B). Thus, in this context, the nuclease activity of Mre11
appears to play a central role in processing the DNA lesion.

Reduced DNA binding by Mre11 alleviates SAE2 mutant phenotypes. Yeast
strains deficient in Sae2 were previously shown to have a slower release of the MRX
complex from sites of DNA double-strand breaks (7, 53, 54). The sensitivity of sae2
strains to MMS and CPT can be suppressed by mutations in Mre11 that cause a partial
loss of the DNA-binding ability (1, 55), suggesting that Sae2 promotes the release of
MRX from DNA and that this is an important function of Sae2. To examine whether
mutations in Mre11 alter the effects of the sae2 mutations characterized in this study,
we used a sae2Δ mre11Δ strain complemented with MRE11 or SAE2 alleles on plasmids
under the control of the native yeast promoters (Fig. 7C). We found that with wild-type
Mre11 expressed, the D285P/K288P Sae2 mutant causes increased sensitivity compared
to that in a sae2Δ background, whereas the expression of the sae2-E161P/K163P allele
appears to increase CPT resistance. In contrast, when the Mre11 nuclease-deficient
H125N mutant is expressed from the plasmid in the sae2Δ mre11Δ strain, the expression
of the sae2-E161P/K163P mutant is very toxic with CPT exposure (Fig. 7C), consistent
with the results in the sae2Δ background.

We also tested the ability of the H37Y mutation, one of the Mre11 suppressor
mutations reported previously (1, 55), to suppress the phenotypes of the sae2-D285P/
K288P and sae2-E161P/K163P alleles in order to determine if the lower DNA-binding
capacity of Mre11 can suppress the effects of losing either Mre11 nuclease-promoting
activity or intrinsic Sae2 nuclease activity. This is a possibility since the suppression of
sae2Δ DNA damage sensitivity was shown previously to be independent of Mre11
nuclease activity (1, 55). We found that the sensitivity of strains expressing sae2-E161P/
K163P in addition to mre11-H125N can be completely suppressed by the addition of the
mre11-H37Y mutation (Fig. 7C), and a similar suppression was observed with the
combined D285P/K288P/E161P/K163P mutant. Thus, the defects in Sae2 caused by
these separation-of-function mutations, at least with respect to DNA damage sensitiv-
ity, can also be attributed to toxic MRX occupancy at DSB sites or ssDNA intermediates.
Consistent with these results, we also observed that the deletion of Mre11 is epistatic
to all the Sae2 mutants analyzed in this study (data not shown).

The deletion of SAE2 in a mec1Δ strain was previously shown to rescue the signaling
defect caused by the loss of Mec1 as well as the survival of exposure to MMS (56), a

FIG 7 Legend (Continued)
Diagram showing an inverted repeat on chromosome II before and after a spontaneous DSB promoted by MRX and Sae2, as previously shown
(3). Recombination between the DSB and a homologous region on chromosome III can generate a LYS2 prototroph. (Bottom) Spontaneous rates
of this recombination event were measured in wild-type and sae2Δ yeast strains expressing the vector or various Sae2 alleles on CEN plasmids
using fluctuation analysis. The measured rates as well as the 95% confidence intervals are shown. (C) Yeast strains deficient in MRE11 and SAE2
were complemented with FLAG-tagged sae2 alleles expressed from a 2� plasmid under the control of the native SAE2 promoter and with yeast
Mre11 expressed from the native promoter on CEN plasmids, as indicated, and were tested for CPT sensitivity as described in the legend to Fig.
2A. (D) Flag-tagged Sae2 was expressed from a CEN plasmid under the control of the native Sae2 promoter in Δsml1 Δmec1 Δsae2 yeast cells as
indicated. Fivefold serial dilutions of cells expressing the indicated Sae2 alleles were plated onto nonselective medium (control) or medium
containing MMS (0.01%).
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phenomenon attributed to the increased lifetime of intact DNA ends that occurs in a
sae2Δ strain that can further activate Tel1 (ATM). Here we confirmed the increased MMS
survival of sae2Δ strains in a mec1Δ background and also found that the effect of the
expression of the sae2-D285P/K288P mutant allele is equivalent to that of a sae2Δ strain
in promoting the survival of mec1Δ cells (Fig. 7D). In contrast, the sae2-E161P/K163P
mutant allele behaves like wild-type sae2. In this case, the combined D285P/K288P/
E161P/K163P mutant is equivalent to D285P/K288P mutant; thus, only Mre11 nuclease
activity and not intrinsic Sae2 activity is important for this function.

The SAE2 gene was initially identified as an essential component of the meiotic
recombination pathway, as the null mutant is deficient in sporulation and accumulates
covalent Spo11 adducts similarly to a rad50S strain (4, 9). Here we constructed diploid
strains deficient in both alleles of the SAE2 gene and expressing either wild-type or
sae2-D285P/K288P or sae2-E161P/K163P mutant alleles from a low-copy-number plas-
mid. The strains were induced to sporulate, and viable spores were quantitated by
using random-spore analysis (Fig. 8A). These results show that both the D285P/K288P
and E161P/K163P mutants are deficient in sporulation; thus, both the stimulation of
Mre11 activity and intrinsic Sae2 activity are essential during the processing of covalent
Spo11 conjugates. We also analyzed sporulation using diploids constructed from sae2Δ
strains and strains with sae2 mutant alleles integrated at the genomic locus. Random-
spore analysis of independently derived diploids also showed a striking deficiency in
viability associated with both mutant alleles, although the level of sporulation was
higher than that observed for the sae2Δ strain (Fig. 8B).

DISCUSSION

The Sae2 protein is an important component of the DNA repair machinery and plays
roles in initiating resection, resolving protein-DNA adducts, and modulating DNA
damage signaling (28, 49). It is a structure-specific endonuclease that cleaves ssDNA/
dsDNA junctions and 5= flaps and promotes the MRX-dependent cleavage of hairpin-
containing structures (12). Sae2 has also been shown to stimulate Mre11 nuclease
activity on protein-blocked DNA ends (10), which we observed and demonstrated with
human CtIP and Mre11/Rad50/Nbs1 (11). In this study, we identify mutants that
separate these two biochemical activities of Sae2, providing tools to study the roles of
these activities in different biological functions of Sae2.

Disruption of central helices in Sae2 blocks its intrinsic nuclease activity. The in
vitro and in vivo experiments described here indicate that the intrinsic nuclease activity
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FIG 8 Both Mre11 stimulation and intrinsic nuclease activity are required for sporulation. (A) Quantitation of sporulation by diploid strains of the indicated
genotypes with low-copy-number plasmids expressing wild-type Sae2 or the D285P/K288P (DP/KP) or E161P/K163P (EP/KP) Sae2 mutant, showing the fraction
of sporulation as measured by random-spore analysis relative to the wild-type SAE2-expressing strain. Three independent strain isolates were analyzed, and
error bars indicate standard deviations. (B) Sporulation was measured as described above for panel A with strains containing integrated mutant alleles, as
indicated. Three independent strain isolates were analyzed. **, P � 0.005.
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of Sae2 is genetically separable from the activity of Sae2 in promoting Mre11 activity.
This is important since the intrinsic nuclease activity of Sae2 has been questioned (10),
yet CtIP, the human ortholog of Sae2, has been shown to possess nearly identical flap
endonuclease activity (13, 14). The purified recombinant Sae2E161P/K163P protein lacks
intrinsic nuclease activity but is competent in stimulating Mre11 nuclease activity in
vitro. The two mutations are predicted to disrupt a helix in the central region of Sae2,
which we identified as being the region critical for Sae2 nuclease activity in previous
studies (data not shown) and is also analogous to the location of the nuclease domain
in CtIP (13, 14). Our observation that the nuclease-deficient sae2-E161P/K163P mutant
shows severe sensitivity to DNA-damaging agents when combined with an Mre11
nuclease-deficient mutation suggests that, with respect to survival of DNA damage,
intrinsic Sae2 nuclease activity and Mre11 nuclease activity work in parallel in vegeta-
tive cells.

Recent studies of Ctp1, the ortholog of Sae2 and CtIP in fission yeast, yielded
mutations in this protein that were shown to eliminate the “clipping” of Rec12 (Spo11)
from DNA ends during meiosis but to support the resection of DNA ends similarly to
wild-type strains (57). Further analysis of these mutants showed that they were rescued
by a deletion of Ku, consistent with a resection defect (58). However, it is not clear
whether the Ctp1 mutants identified previously by Ma et al. are defective in the
stimulation of Mre11 or in an intrinsic catalytic activity.

Sae2 C-terminal helix disruption blocks noncatalytic stimulation of Mre11. The
D285P/K288P mutant is competent for Sae2 endonuclease activity but completely
deficient in stimulating Mre11 nuclease activity. This C-terminal region of Sae2 shows
some degree of sequence conservation in Sae2 orthologs in other organisms (27),
suggesting an essential and conserved function. Helical structure prediction analysis
predicts a strong and persistent helix including these residues that is hydrophilic in
nature. This exposed helix can potentially interact with different proteins to mediate
various functions.

In vivo, the D285P/K288P mutant shows sensitivity to CPT and MMS in a sae2Δ
background, but a striking loss of viability is observed with these agents in a sae2Δ
dna2-1 strain in which the activity of the Dna2 nuclease is reduced to 5% of the
wild-type activity (37) (Fig. 2). The synthetic lethality with sae2Δ and dna2-1 alleles upon
exposure to DNA damage and the lack of complementation by the D285P/K288P
mutant suggest that Mre11 nuclease activity and Dna2 nuclease activity share over-
lapping roles in the processing of topoisomerase adducts. Consistent with this hypoth-
esis, an mre11-H125N dna2Δ pif1Δ strain is also hypersensitive to CPT (25). In contrast,
the E161P/K163P mutant fully rescues a sae2Δ dna2-1 strain, suggesting that the
intrinsic nuclease activity of Sae2 does not function in parallel with that of Dna2 and
that Sae2 nuclease activity is not required for Mre11 nuclease functions in vivo.

Consistent with the hypothesis that there are two distinct activities of Sae2 that
contribute to its effect on the DNA damage response, mutation of both clusters of sites
in the combined E161P/K163P/D285P/K288P mutant reduces DNA damage survival to
the level of a SAE2 deletion. While sae2Δ deletion strains expressing the sae2-E161P/
K163P allele do not show a damage phenotype, the mutations have a strong effect
when tested in the context of the sae2-D285P/K288P allele, consistent with a dominant
role of Mre11 nuclease stimulation and a requirement for Sae2 nuclease activity in cells
deficient in Mre11 activity.

Resection of DNA ends into single-stranded DNA intermediates is a critical step
regulating DNA repair by homologous recombination. We found that both the sae2-
E161P/K163P and the sae2-D285P/K288P mutants failed to fully suppress the resection
deficiency of a sae2Δ strain in comparison to a wild-type allele. This is surprising
considering the complete suppression of sae2Δ strains by the sae2-E161P/K163P allele
in DNA damage survival. One possibility is that there is a threshold effect with resection
such that the higher level of resection promoted by the sae2-E161P/K163P mutant than
that promoted by the sae2-D285P/K288P mutant is high enough to completely restore
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function. Alternatively, it is possible that processes other than resection play a more
important role in DNA damage survival. For instance, the ability to induce the removal
of MRX from DNA ends may be a stronger determinant of viability, as long as a minimal
level of resection takes place.

It is also striking that the mre11-H125N sae2Δ strain expressing the sae2-E161P/K163P
allele shows enhanced CPT sensitivity compared to that of the vector-complemented
strain, indicating a dominant negative effect (Fig. 3). We attribute this to the require-
ment for Sae2 for the removal of Mre11 (1, 7, 53–55), and the inability of Sae2 to cleave
DNA, in the context of Mre11 nuclease deficiency, may generate long-lived MRX
complexes on DNA that are cytotoxic. The suppression of this toxicity with the
mre11-H37Y mutation (Fig. 7C) confirms that increased MRX occupancy on DNA con-
tributes to the phenotype of the mre11-H125N sae2-E161P/K163P strain.

The intrinsic nuclease activity of Sae2 is not required for some Sae2 functions,
namely, the processing of cruciform structures (3) and the processing of DNA strands
that has been suggested to block Tel1 activity in the absence of Mec1 (56). The
exclusive role for Mre11 nuclease activity in the processing of hairpin structures is also
suggested by an analysis of the Rad50 and Mre11 proteins SbcC and SbcD in hairpin
processing in E. coli, where there is no apparent Sae2 ortholog (52). In this case, the loss
of SbcC/D strongly promotes the stability of inverted repeats, similar to the situation for
MRX-deficient strains of yeast. The observation that Mre11 nuclease-deficient strains
show no additional deficit in cruciform processing with a SAE2 deletion indicates that
the intrinsic activity of Sae2 is not a contributor in this context. Another situation in
which Sae2 nuclease activity is dispensable is that for strains lacking DNA2 or Dna2
nuclease activity. The D285P/K288P Sae2 mutant that is deficient for Mre11 stimulation
completely fails to complement sae2Δ dna2-1 cells, whereas the sae2-E161P/K163P
mutant, which is proficient in Mre11 stimulation, fully rescues the sensitivity of the
strain to DNA damage (Fig. 2). Taken together, these data suggest that Sae2-promoted
Mre11 nuclease activity and Dna2 nuclease function are redundant with each other,
and the requirement for Sae2 in the absence of Dna2 stems solely from its stimulatory
effect on Mre11 nuclease activity.

In contrast to our observations with DNA-damaging agents in vegetatively growing
cells, we found that both the noncatalytic and catalytic functions of Sae2 are essential
for sporulation, based on the inability of the sae2-D285P/K288P and sae2-E161P/K163P
mutants to complement a sae2Δ strain during meiosis. This generally correlates with
the absolute requirement for Sae2 during the processing of Spo11 adducts compared
to its less essential phenotype in vegetatively growing cells. However, why the intrinsic
activity of Sae2 is needed in addition to that of Mre11 during meiosis is unknown and
likely awaits the reconstitution of meiotic double-strand break formation and process-
ing in vitro to be fully understood.

MATERIALS AND METHODS
S. cerevisiae strains. See Table S1 in the supplemental material for S. cerevisiae strains. Genomic

mutations at the SAE2 locus were made via a 2-step PCR-based method (59). Mutant alleles were fully
sequenced at both steps. Yeast strains deficient in MEC1 were first grown with wild-type MEC1 on a
URA3-based plasmid, which was removed on 5-fluoroorotic acid (5-FOA)-containing plates before growth
of the strains.

Yeast Sae2 expression constructs. The S. cerevisiae wild-type SAE2 gene was cloned into the
low-copy-number pRS313 vector (60) under the control of the native SAE2 promoter with the coding
sequence for a 2� FLAG tag at the N terminus (cloning details are available upon request) to create
pTP1496. Mutant alleles of SAE2 were made from pTP1496 by QuikChange mutagenesis (Agilent
Technologies). A high-copy-number vector containing the wild-type SAE2 gene with a 2� FLAG tag in
pRS425 (61), “FLAG-SAE2/2�” (28), was a gift from John Petrini. Mutant versions of this plasmid or of
pTP1496 are listed in Table S1 in the supplemental material.

Recombinant protein expression. Baculovirus expression constructs for wild-type and mutant Sae2
proteins were made by cloning His-MBP-Sae2 from an E. coli expression vector into pFastBac1 (Thermo
Fisher) to create pTP3211 and the corresponding bacmid pTP3213. The D285P/K288P and E161P/K163P
mutants were made by using QuikChange mutagenesis (Agilent Technologies) according to the manu-
facturer’s instructions to create pTP3759 and pTP3845, respectively, and the corresponding bacmids
pTP3769 and pTP3846.
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His-MBP-Sae2 was purified from Sf21 insect cells by affinity chromatography on amylose (NEB) and
nickel-nitrilotriacetic acid (Ni-NTA) (Qiagen) resin, followed by ion-exchange chromatography on a HiTrap
SP column (GE) and a HiTrap heparin column (GE). All steps were done at 0°C to 4°C, and all buffers
contained 0.5% Tween 20 unless otherwise specified. The His-MBP-Sae2 complex was expressed in Sf21
insect cells, and the cells were lysed in buffer A (25 mM Tris [pH 8.0], 100 mM NaCl, 10% glycerol, 1 mM
dithiothreitol [DTT]) supplemented with 10 mM EDTA, using homogenization followed by sonication. The
lysate was cleared by ultracentrifugation, applied to amylose resin, washed, and eluted in buffer A
containing 10 mM maltose and 14 mM �-mercaptoethanol instead of DTT. The eluate was then applied
to Ni-NTA resin, washed with 0.5 M LiCl, and eluted in Ni-B buffer (50 mM KH2PO4, 10% glycerol, 250 mM
imidazole, 20 mM �-mercaptoethanol, 50 mM KCl). The eluate was diluted 3-fold with zero-salt buffer A
and loaded onto a HiTrap sulfopropyl (SP) column using a fast protein liquid chromatography (FPLC)
system. The column was washed and eluted with 60% buffer B (25 mM Tris [pH 8.0], 1 M NaCl, 10%
glycerol, 1 mM DTT). The peak SP fractions were combined, diluted 15-fold with zero-salt buffer A, and
injected onto a HiTrap heparin column by using an FPLC system. The column was washed
extensively with 10% buffer B. MBP-Sae2 was eluted in 0.5-ml fractions using a gradient of 10 to 70%
buffer B in 10 ml. Fractions 23 and 24 had the highest protein concentrations and were flash frozen
and stored in 10-�l aliquots at �80°C. A mock prep was conducted with Sf21 insect cells expressing
no recombinant protein. For some Sae2 nuclease assays, the peak elution fraction after SP HiTrap
column treatment was loaded onto a Superdex-200 gel filtration column (GE) to separate mono-
meric, dimeric, and multimeric His-MBP-Sae2.

The yeast Mre11/Rad50/Xrs2 complex containing FLAG-tagged Rad50 and His6-tagged Mre11 was
purified by using Ni-NTA, SP, and anti-FLAG resin. Insect cells expressing complexes were lysed in Ni-A
buffer (50 mM KH2PO4, 10% glycerol, 2.5 mM imidazole, 20 mM �-mercaptoethanol, 0.5 M KCl) using
homogenization followed by sonication. Lysates were cleared by ultracentrifugation, applied to 3-ml
Ni-NTA resin (Qiagen), washed, and eluted with Ni-B buffer (50 mM KH2PO4, 10% glycerol, 250 mM
imidazole, 20 mM �-mercaptoethanol, 50 mM KCl). The eluate was then loaded onto a Hi-Trap SP column
(GE), washed with buffer A (25 mM Tris [pH 8.0], 100 mM NaCl, 10% glycerol, 1 mM DTT), and eluted with
60% buffer B (25 mM Tris [pH 8.0], 1 M NaCl, 10% glycerol, 1 mM DTT). The eluate was diluted with buffer
A to 150 mM NaCl, applied to 1 ml of anti-FLAG M2 antibody resin (Sigma), washed with 5 volumes of
0.5 M LiCl and buffer A, and eluted with 0.1 mg/ml FLAG peptide (Sigma) in buffer A. Aliquots were flash
frozen and stored at �80°C FLAG-Xrs2 was purified as described by Deshpande et al. (11).

Protein expression analysis in yeast. Yeast cells at an optical density (OD) of 100 and containing
appropriate high-copy-number Sae2 expression plasmids were collected and used to test the protein
expression level. The cells were resuspended in lysis buffer (25 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM
EDTA, 10% glycerol, 0.5% NP-40, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride [PMSF]) and lysed by
using a bead beater (1 min) with 0.3-ml glass beads. The beads and insoluble material were removed by
centrifugation. Sae2 was immunoprecipitated by using anti-FLAG M2 magnetic beads (Invitrogen),
washed 3 times, and eluted from the beads by using 1� SDS loading buffer. The eluted material was
separated on a 10% SDS-PAGE protein gel and analyzed by Western blotting with anti-Sae2 antibody
(custom polyclonal antibody made in mouse; Precision Antibody).

In vitro endonuclease assay with Sae2. The DNA substrate was made by using oligonucleotides
TP2622 (5=-CTGCAGGGTTTTTGTTCCAGTCTGTAGCACTGTGTAAGACAGGCCAGATG-3=) and TP1152 (5=-
CATCTGGCCTGTCTTACACAGTGCTACAGACTGGAGTCCTCATCAGACTG-3=). TP2622 was radiolabeled at
the 3= end by using terminal deoxynucleotidyl transferase (TdT) and �-32P-cordycepin and then annealed
to the complement TP1152 (1.2-fold molar excess). Both oligonucleotides were purified on denaturing
acrylamide gels prior to making the assay substrate.

The DNA substrate (0.1 nM) was incubated with MBP-Sae2 in nuclease buffer (25 mM morpholinepro-
panesulfonic acid [MOPS] [pH 7.0], 60 mM NaCl, 1 mM ATP, 1 mM dithiothreitol [DTT], 5 mM MgCl2, 0.1
mg/ml bovine serum albumin [BSA], 6% glycerol) in Lo-Bind Eppendorf tubes at 30°C for 2 h. The
MBP-Sae2 fractions eluted from the heparin column were diluted with zero-salt buffer A before being
added to the nuclease assay reaction mixture to achieve equivalent NaCl concentrations in a 10-�l
reaction mixture volume. Reactions were stopped by adding 2 �l of stop solution (0.5% SDS, 20 mM
EDTA [pH 8.0], 5 �M oligonucleotide TP2622) to the mixture, and the mixture was lyophilized, resus-
pended in formamide loading buffer, and resolved on a 15% acrylamide– urea gel at a constant wattage
(40 W) for 2.5 h. Gels were analyzed by phosphorimager analysis (GE). For TEV cleavage of the MBP tag,
the desired aliquots of MBP-Sae2 were incubated with 10 U of TEV protease (Promega) overnight at 16°C.
The cleaved aliquot was used for nuclease assays directly. A TEV-only aliquot was used as a negative
control in this assay.

In vitro endonuclease assay with MRX and Sae2. The DNA substrate was made by using
oligonucleotides TP5124 (5=-TGGGTCAACGTGGGCAAAGATGTCCTAGCAATGTAATCGTCTATGACGTT-3=),
containing 5= dT-biotin (where “dT” stands for deoxythymidine), and TP4559, containing 5 consecutive
phosphorothioate bonds at the 3= end. TP5124 was radiolabeled at the 5= end by using T4 polynucleotide
kinase (NEB) and [�-32P]ATP and was then annealed to the complement TP4559 (1.2-fold molar excess).
Both oligonucleotides were purified on denaturing acrylamide gels prior to making the assay substrate.

The radiolabeled TP5124-TP4559 substrate was incubated with a 20-fold molar excess of streptavidin
at room temperature (RT) for 10 min prior to addition to the reaction mixture. Yeast Mre11/Rad50 (yMR)
and Xrs2 were mixed and incubated on ice for 10 min prior being added to the assay mixture. In a 10-�l
reaction mixture volume, 25 nM yMR and 25 nM Xrs2 were incubated with 1 nM DNA in a solution
containing 25 mM MOPS (pH 7.0), 20 mM Tris (pH 8.0), 80 mM NaCl, 8% glycerol, 1 mM DTT, 1 mM ATP,
20 nM streptavidin, 5 mM MgCl2, 1 mM MnCl2, and 0.2 mg/ml BSA in Protein Lo-Bind Eppendorf tubes
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(Millipore) at 30°C for 30 min. Reactions were stopped with 0.2% SDS and 10 mM EDTA, and the mixture
was lyophilized; dissolved in formamide; boiled at 100°C for 4 min; loaded onto denaturing polyacryl-
amide gels containing 16% acrylamide, 20% formamide, and 6 M urea; and separated at 40 W for 1.5 h,
followed by phosphorimager analysis.

Gel mobility shift assay for Sae2 DNA binding. The DNA substrate was prepared by PCR
amplification of a 197-bp fragment from the pFastbac1 plasmid using oligonucleotides TP347 (5=-TATT
CCGGATTATTCATACCGTCCC-3=) and TP1621 (5=-CCTCTACAAATGTGGTATGGCTG-3=) as primers. Amplifi-
cation was done in the presence of [�-32P]dATP to internally radiolabel the PCR product. The PCR product
was separated on a 1% agarose gel and purified with Ultrafree-DA columns (Millipore). MBP-Sae2 was
incubated with the DNA substrate in the presence of a solution containing 25 mM MOPS (pH 7.0), 20 mM
Tris (pH 8.0), 8% glycerol, 2 mM DTT, 70 mM NaCl, and 0.2 mg/ml BSA. The reaction mixtures were
incubated at 30°C for 10 min. The reaction products were resolved on a 4% native acrylamide gel in 0.5�
Tris-borate-EDTA (TBE) at a constant voltage of 80 V for 75 min. The gel was dried and exposed overnight
to a phosphorimager screen for analysis.

In vivo analysis of resection. Yeast strains based on JKM179 (46) were grown in synthetic defined
medium lacking leucine (SD-leucine medium) in the presence of glucose overnight and then washed
twice with water before being resuspended in SD-leucine medium containing 2% raffinose. After growth
overnight, cells were diluted and grown to log phase in yeast extract-peptone-dextrose-adenine (YPDA)
medium until the OD at 600 nm (OD600) was �0.5. Galactose was added to 2%, and cells at an OD600 of
5 were removed at each time point, harvested, washed with water, and frozen at �20°C. The MasterPure
yeast DNA purification kit (Epicentre) was used to isolate genomic DNA according to the manufacturer’s
instructions. A total of 350 ng genomic DNA per sample was added with the appropriate restriction
enzyme buffer in a volume of 35 �l, which was divided equally into a mock sample and a sample to
which 2 U of the restriction enzyme (BsrGI or ApaLI; NEB) was added. Reaction mixtures were incubated
for 3 h at 37°C before serial dilution and quantitative PCR (qPCR). Two microliters of each enzyme
digestion mixture (or dilution) was used per 10 �l TaqMan qPCR mixture with TaqMan Universal master
mix (Applied Biosystems). The following primers and probes were used: primers TP3896 (5=-TACGTGGT
GACGGATATTGGG-3=) and TP3897 (5=-GGGAACAAGAGCAAGACGATG-3=) and probe TP3898 (5=-6-
carboxyfluorescein [FAM]-CAACCTCCGCCACGACCACACTC-6-carboxytetramethylrhodamine [TAMRA]-
3=) for the 96-bp BsrGI site, primers TP3681 (5=-TCATATCATCGACGTAATGACCACTTA-3=) and TP3682
(5=-GTTTGGATACCATAAGTGACGATATTAAGT-3=) and probe TP3680 (5=-FAM-CCTCCGTCCAATCTGTGCAC
AATGAAGTT-TAMRA-3=) for the 765-bp ApaLI site, and primers TP3919 (5=-ACCTTCTTCATTACTATTCATC
TTCGC-3=) TP3920 (5=-CTTAGCTTGTACCAGAGGAAGCAA-3=) and probe TP3921 (5=-FAM-CACAAGTCTTCT
CTCCCTTGGTGTTTCCA-TAMRA-3=) for the 1,012-bp BsrGI site. Threshold cycle (CT) values obtained from
the analysis were used to calculate the percentage of resected DNA, as previously described (47).

LYS2 palindrome resolution assays. Yeast strains based on ALE94 containing the inverted Alu
repeat (3) were first tested on plates to confirm lysine auxotrophy. Fourteen colonies were grown
overnight in SD-uracil-histidine, and dilutions were plated onto SD-lysine and on SD-uracil-histidine
plates to determine the percentage of LYS� cells. These data were used to calculate conversion rates
using fluctuation analysis, as described previously (62).

NHEJ assays. Yeast strains based on JKM179 (46) were grown in appropriate selective media, and
dilutions were plated onto glucose- or galactose-containing plates. The percentage of survivors on
galactose was calculated relative to the number of survivors on glucose plates from 3 independent
biological replicates.

Sporulation. Diploid yeast strains heterozygous at the CAN1 locus were sporulated, and the
efficiency of viable spore formation was determined on SD-arginine plates containing canavanine as
described previously (63).

SUPPLEMENTAL MATERIAL
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