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SUMMARY

The Mre11-Rad50-Xrs2/Nbs1 (MRX/N) complex orchestrates the cellular response to DSBs 

through its structural, enzymatic and signaling roles. Xrs2/Nbs1 is essential for nuclear 

translocation of Mre11, but its role as a component of the complex is not well defined. Here we 

demonstrate that nuclear localization of Mre11 (Mre11-NLS) is able to bypass several functions of 

Xrs2, including DNA end resection, meiosis, hairpin resolution and cellular resistance to 

clastogens. Using purified components, we show the MR complex has equivalent activity to MRX 

in cleavage of protein-blocked DNA ends. Although Xrs2 physically interacts with Sae2, we found 

that end resection in its absence remains Sae2 dependent in vivo and in vitro. MRE11-NLS was 

unable to rescue the xrs2Δ defects in Tel1/ATM kinase signaling and non-homologous end joining, 

consistent with the role of Xrs2 as a chaperone and adaptor protein coordinating interactions 

between the MR complex and other repair proteins.
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INTRODUCTION

DNA double-strand breaks (DSBs) are highly cytotoxic lesions that must be accurately 

repaired to avoid genomic instability and cell death. DSBs arise during DNA replication and 

can be induced by genotoxic agents, such as ionizing radiation and topoisomerase inhibitors. 

Although accidental DSBs pose a threat to genome integrity, DSBs are important 

intermediates during meiosis and lymphocyte development to drive genetic diversity (Lam 

and Keeney, 2015; Schatz and Swanson, 2011). The two main mechanisms to repair DSBs 

are non-homologous end joining (NHEJ) and homologous recombination (HR). NHEJ 

directly ligates DNA ends with little or no sequence homology (Chiruvella et al., 2013), 

whereas HR requires a homologous duplex as a template, usually the sister chromatid, 

resulting in restoration of the original sequence (Jasin and Rothstein, 2013).

The Mre11-Rad50-Xrs2/Nbs1 (MRX/N) complex plays multiple roles in the DNA damage 

response, including sensing and repair of DSBs, activation of the Tel1/ATM kinase and 

telomere length homeostasis (Stracker and Petrini, 2011). Hypomorphic mutations of human 

MRN complex components are associated with Nijmegen breakage syndrome and Ataxia 

telangiectasia-like disorder, which are characterized by cellular radiosensitivity, immune 

deficiency and cancer proneness, similar to individuals with Ataxia telangiectasia (A-T) 

(Carney et al., 1998; Stewart et al., 1999; Stracker and Petrini, 2011). Mre11 and Rad50 are 

evolutionarily conserved and form an ATP-regulated nuclease involved in processing 

hairpin-capped and protein-bound DNA ends. Xrs2/Nbs1 is less conserved than Mre11 and 

Rad50, and has only been identified in eukaryotes (Stracker and Petrini, 2011). Xrs2/Nbs1 is 

required for nuclear localization of Mre11 and has a number of protein-protein interaction 

motifs, suggesting it functions as a chaperone and scaffold (Carney et al., 1998; Tsukamoto 

et al., 2005). The C-terminal region of Xrs2/Nbs1 contains Mre11 and Tel1/ATM binding 

motifs (Falck et al., 2005; Nakada et al., 2003; Tsukamoto et al., 2005; You et al., 2005). 

Mutation of residues within the Mre11 interaction motif that prevent binding to Mre11 

confers a phenotype indistinguishable from xrs2Δ and mre11Δ null mutations in 

Saccharomyces cerevisiae (budding yeast) (Tsukamoto et al., 2005). Schizosaccharomyces 
pombe Nbs1 binds to sequences in the N-terminal region of Mre11, including an insertion 

loop between nuclease motifs II and III that is absent from bacterial and archaeal proteins 
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(Schiller et al., 2012). The insertion loop extends the Mre11 dimer interface and Nbs1 

binding is suggested to stabilize Mre11 (Schiller et al., 2012). Deletion of the Tel1 

interaction motif at the C-terminus of Xrs2 (xrs2-11) results in a phenotype similar to the 

tel1Δ mutant, including a defect in DNA damage signaling and short telomeres (Nakada et 

al., 2003). The N-terminal region of Xrs2/Nbs1 contains a forkhead associated (FHA) 

domain, which binds to phosphorylated Sae2/Ctp1/CtIP and Lif1/Xrcc4 (Chen et al., 2001; 

Liang et al., 2015; Lloyd et al., 2009; Matsuzaki et al., 2008; Palmbos et al., 2008; Wang et 

al., 2013; Williams et al., 2009).

MRX/N is essential for NHEJ in budding yeast, and plays a supporting role in classical and 

alternative NHEJ in mammalian cells (Boulton and Jackson, 1998; Dinkelmann et al., 2009; 

Moore and Haber, 1996; Rass et al., 2009; Xie et al., 2009). In vitro, MRX tethers DNA 

ends and stimulates their ligation by the DNA ligase IV complex (Dnl4-Lif1) (Chen et al., 

2001). In addition, MRX/N plays a conserved role in HR by promoting degradation of the 

5’-terminated strands in a process referred to as end resection. The resulting 3’ single-strand 

tailed intermediates are essential intermediates for Rad51 or Dmc1-catalyzed strand invasion 

to initiate homology-directed repair. MRX acts with Sae2 to initiate 5’-3’ end resection by 

endonucleolytic cleavage internal to protein-blocked 5’ ends (Cannavo and Cejka, 2014; 

Garcia et al., 2011; Neale et al., 2005). Mutations that eliminate the Mre11 nuclease activity 

(e.g., mre11-H125N), or sae2Δ, prevent resection initiation at protein-blocked or hairpin-

capped ends (reviewed by (Mimitou and Symington, 2009)). Besides its catalytic function, 

the MRX complex also recruits Exo1 and Sgs1-Dna2 nucleases, which catalyze extensive 

resection (Mimitou and Symington, 2010; Shim et al., 2010). The mre11-H125N and sae2Δ 
mutants show a mild resection defect at DSB ends with no covalent modification because in 

the absence of Mre11 endonuclease activity, Exo1 and Sgs1-Dna2 can initiate resection, 

albeit with some delay (Mimitou and Symington, 2009). However, mre11Δ, rad50Δ, and 

xrs2Δ mutants show a more severe resection defect, presumably because the absence of the 

complex attenuates recruitment of Exo1, Sgs1 and Dna2 to DSBs (Shim et al., 2010).

A previous study identified the Mre11 interaction domain of Xrs2 and demonstrated an 

important role for Xrs2 in nuclear localization of Mre11 (Schiller et al., 2012; Tsukamoto et 

al., 2005). In addition, it was shown that nuclear localization of Mre11 via fusion to the Gal4 

DNA binding domain (GBD) could partially bypass the requirement for Xrs2 in DNA repair. 

However, the mechanism by which nuclear Mre11 mediates DNA repair in the absence of 

Xrs2 was not investigated. Here we show that localization of Mre11 to the nucleus 

suppresses the slow growth, DNA damage sensitivity and meiotic defects of the xrs2Δ 
mutant by restoring Mre11 nuclease and Sae2-dependent end resection. However, Xrs2 is 

crucial for NHEJ and Tel1 signaling functions of the MRX complex.

RESULTS

Nuclear Mre11 rescues xrs2Δ slow growth and genotoxin sensitivity

To investigate the contribution of Xrs2 to MR activities, independently of Mre11 nuclear 

translocation, we fused a nuclear localization signal (NLS) to the C-terminus of Mre11 

expressed from the endogenous locus and assayed for complementation of xrs2Δ defects. 

The steady-state protein level of Mre11-NLS was about two-fold lower than Mre11 in XRS2 
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and xrs2Δ backgrounds (Fig S1A). Nevertheless, expression of MRE11-NLS suppressed the 

growth defect of xrs2Δ and this suppression was completely dependent on RAD50 and 

SAE2 (Fig 1A). A previous study had shown that expression of Mre11-GBD restores partial 

resistance to methyl methane sulfonate (MMS) to the xrs2Δ mutant (Tsukamoto et al., 

2005). We found that MRE11-NLS partially suppresses the camptothecin (CPT) and MMS 

sensitivity of the xrs2Δ mutant in a RAD50-dependent manner, indicating that Xrs2 is 

dispensable for DNA repair once Mre11 and Rad50 are present in the nucleus (Fig 1B). 

Furthermore, Sae2 and Mre11 nuclease are required for DNA damage resistance in the 

MRE11-NLS xrs2Δ context, even though the sae2Δ and mre11-H125N single mutants are 

not sensitive to the same low dose of CPT or MMS (Fig 1B, C), indicating that the nuclease 

activity of Mre11 is essential for DNA repair in the absence of Xrs2.

Because the suppression by MRE11-NLS is incomplete, and the protein is expressed at 

lower steady-state level than Mre11, we over-expressed MRE11-NLS using a 2-micron 

plasmid construct but did not see further suppression of the DNA damage sensitivity of the 

xrs2Δ mutant (Fig S1B, C). Furthermore, the MRE11-NLS strain showed equivalent DNA 

damage resistance to the MRE11 parental strain, even at high MMS concentration, 

indicating that the reduced protein level is sufficient for normal activity (Fig S1D).

Xrs2 is required for Tel1 activation and NHEJ

Xrs2/Nbs1 is the only component of the complex known to directly interact with Tel1/ATM 

(Falck et al., 2005; Nakada et al., 2003). To test whether this physical interaction is required 

for Tel1 activation, phosphorylation of the downstream effector kinase, Rad53, was 

measured following acute zeocin treatment. The strains used contain mec1Δ and sml1Δ 
mutations to eliminate the main pathway for Rad53 activation (the sml1Δ mutation is 

required to suppress lethality caused by mec1Δ) (Gobbini et al., 2013; Zhao et al., 1998). As 

expected, there was no activation of Rad53 in the mec1Δ xrs2Δ mutant, and MRE11-NLS 
was unable to rescue this defect (Fig 2A). Consistent with the lack of Tel1 activation, Tel1 

was not recruited to a site-specific DSB in xrs2Δ MRE11-NLS cells (Fig 2B). We also 

showed that MRE11-NLS does not restore normal telomere length to the xrs2Δ mutant, in 

agreement with a previous study (Fig 2C) (Tsukamoto et al., 2005). These data indicate that 

Tel1 binding to the MR complex through its interaction with Xrs2 is necessary for Tel1-

dependent checkpoint signaling and telomere maintenance functions.

In budding yeast, the MRX complex is essential for NHEJ (Boulton and Jackson, 1998; 

Moore and Haber, 1996). To determine whether Xrs2 is directly involved in facilitating 

NHEJ, we used a plasmid-ligation assay. A self-replicating plasmid linearized with BamHI 

is efficiently recircularized by NHEJ when transformed into yeast cells (Boulton and 

Jackson, 1998). Repair was completely eliminated in the xrs2Δ mutant and expression of 

MRE11-NLS did not complement this defect, indicating that Xrs2 has a direct role in 

promoting NHEJ (Fig 2D). The FHA domain of Xrs2/Nbs1 was previously shown to 

directly interact with Lif1/Xrcc4 in vitro (Chen et al., 2001; Matsuzaki et al., 2008; Palmbos 

et al., 2008); thus defective Lif1 binding could contribute to the xrs2Δ NHEJ defect. 

Consistent with this hypothesis, ablating Lif1 interaction by mutation of conserved residues 

within the Xrs2 FHA domain (xrs2-SH mutant) reduced NHEJ by 10-fold (Fig 2D). To 
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verify these results in a chromosomal context we also determined the efficiency of repair 

using a substrate with an inverted duplication of I-SceI cut sites that measures imprecise 

NHEJ (Deng et al., 2014). Because I-SceI is continuously expressed, the NHEJ products 

recovered are inaccurate and mostly utilize a 2 bp microhomology within the 4-bp 3’ 

overhangs produced by I-SceI cleavage (Deng et al., 2014). Minor classes of end joining 

products are also recovered that utilize microhomologies flanking the DSB. Consistent with 

the plasmid assay, MRE11-NLS was unable to suppress the xrs2Δ NHEJ defect and the 

xrs2-SH mutant displayed a similar defect to that seen using the plasmid assay (Fig 2E).

Since the xrs2Δ MRE11-NLS strain is deficient for Tel1 signaling and NHEJ we asked 

whether combining these defects results in DNA damage sensitivity. The lif1Δ tel1Δ double 

mutant was more resistant to CPT and MMS than the xrs2Δ MRE11-NLS strain indicating 

that loss of NHEJ and Tel1 signaling is not responsible for the residual DNA damage 

sensitivity of xrs2Δ MRE11-NLS cells (Fig S2).

Rescue of the xrs2Δ resection defect by MRE11-NLS

The MRX complex promotes HR by initiating end resection. To analyze resection activity of 

the MR complex in the absence of Xrs2, we monitored formation of ssDNA following DSB 

formation at the MAT locus. The strains used express HO from the galactose-inducible 

GAL1 promoter, allowing synchronous DSB formation, and the HML and HMR loci were 

deleted to prevent repair by gene conversion. As resection proceeds, the StyI restriction 

enzyme site located 0.7 kb distal to the DSB becomes single-stranded and resistant to 

digestion, which results in disappearance of the 0.7 kb restriction fragment over time (Fig 

3A). Resection was also measured by the accumulation of StyI-resistant ssDNA by real-time 

PCR (Zierhut and Diffley, 2008). Kinetic analysis of resection using both assays revealed 

that expression of MRE11-NLS restores resection to the wild-type level in the xrs2Δ mutant 

(Fig 3B, Fig S3A, B). In the absence of Sae2, the suppression was completely abolished, 

indicating that Sae2 is still critical for resection in the absence of Xrs2 (Fig 3B, Fig S3B). 

Because Tel1 signaling is defective in xrs2Δ derivatives, we tested resection in the sae2Δ 
tel1Δ MRE11-NLS strain and found it was reduced relative to sae2Δ MRE11-NLS, but not 

to the same extent as observed for sae2Δ xrs2Δ MRE11-NLS cells indicating a requirement 

for Xrs2 independent of Tel1 (Fig S3B).

To determine whether Mre11-NLS is recruited normally to DSBs we measured Mre11 

binding to sequences 1 kb from the HO cut site by chromatin immunoprecipitation (ChIP). 

While the enrichment of Mre11 at the DSB was comparable in MRE11 and MRE11-NLS 
cells, less Mre11-NLS was retained at the DSB in the xrs2Δ background at the 1 hr time 

point (P<0.05) (Fig 3C). Since Tel1 signaling is abrogated in the xrs2Δ MRE11-NLS 
mutant, and Tel1 is required for retention of Mre11 at DSBs (Gobbini et al., 2015), we 

considered the possibility that the Mre11 localization defect in xrs2Δ MRE11-NLS cells 

could be due to loss of Tel1 recruitment. Indeed, we found that Mre11 enrichment at the 

HO-induced DSB was the same in MRE11-NLS xrs2Δ and MRE11-NLS cells tel1Δ (Fig 

3C). Note that resection is at almost the wild-type level in MRE11-NLS xrs2Δ and MRE11-
NLS tel1Δ xrs2Δ cells, indicating that Mre11 localization to DSBs is not limiting for 

resection initiation and loss of Tel1 signaling does not impair Sae2 activity (Fig S3B). We 
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observed greater enrichment of Mre11-NLS in the sae2Δ mutant as compared with SAE2 
cells, consistent with previous studies (Clerici et al., 2006; Langerak et al., 2011; Lisby et 

al., 2004), and this was dependent on Xrs2 and Tel1 (P<0.05) (Fig 3C).

Previous studies implicate Sgs1-Dna2 in resection initiation when Sae2 or the Mre11 

nuclease is absent (Bonetti et al., 2015; Budd and Campbell, 2009; Ferrari et al., 2015; 

Mimitou and Symington, 2010; Shim et al., 2010); thus, the dependence of resection on 

Sae2 in the MRE11-NLS xrs2Δ strain could be because the Sgs1-Dna2 mechanism is 

disabled. If this were the case, we would predict similar resection products in exo1Δ 
MRE11-NLS xrs2Δ and exo1Δsgs1Δ mutants. We did not detect the characteristic end 

clipped products in exo1Δ xrs2ΔMRE11-NLS cells that are observed when Exo1 and Sgs1 

are absent indicating that Sgs1-Dna2 is active, at least when Sae2 is present (Fig S3C). A 

previous study showed that Sgs1-Dna2 recruitment to DSBs is MRX dependent (Shim et al., 

2010). Therefore, the decreased enrichment of Mre11 at DSBs in the MRE11-NLS sae2Δ 
xrs2Δ mutant could potentially result in reduced Sgs1-Dna2 recruitment and explain the 

decreased end resection relative to MRE11-NLS sae2Δ cells. Interestingly, we found the 

level of Dna2 enrichment 1 kb from the DSB was not significantly decreased in the MRE11-
NLS xrs2Δ strain, despite the decrease in Mre11, whereas Dna2 enrichment was barely 

above background in MRE11-NLS sae2Δ xrs2Δ cells (Fig 3C). The decreased Dna2 binding 

in the MRE11-NLS sae2Δ mutant could be due to delayed resection initiation or Rad9 

inhibition (Ferrari et al., 2015; Gobbini et al., 2015). We suggest that there are normally two 

modes of Sgs1-Dna2 recruitment to DSBs: via MRX interaction and by RPA interaction 

after MRX-Sae2 dependent cleavage creates ssDNA (Fig 3D) (Chen et al., 2013; Shim et al., 

2010). Although Mre11 binding is reduced in MRE11-NLS xrs2Δ cells, resection still 

initiates by MR-Sae2 dependent cleavage and Dna2 is recruited to the substrate generated. 

When Sae2 is absent, Mre11 accumulates at DSBs facilitating Sgs1-Dna2 recruitment and 

resection initiation. However, reduced Mre11 localization to DSBs and absence of clipping 

in the MRE11-NLS sae2Δ xrs2Δ strain results in diminished Sgs1-Dna2 activity.

Xrs2 is dispensable for meiosis

The Spo11 protein creates DSBs at meiotic recombination hotspots by covalent linkage to 

the 5’ ends at break sites and is then removed by endonucleolytic cleavage releasing Spo11 

attached to a short oligonucleotide (Neale et al., 2005). mre11Δ, rad50Δ, and xrs2Δ diploids 

fail to generate meiosis-specific DSBs and do not progress through meiosis in the W303 

strain background, while mre11-H125N and sae2Δ diploids are able to form meiotic DSBs, 

but are unable to remove Spo11 from ends and consequently arrest during meiotic prophase 

with unrepaired DSBs (Mimitou and Symington, 2009). To determine the requirement for 

Xrs2 during meiosis, homozygous diploid strains were generated and grown under 

conditions to induce sporulation. Around 30% of wild-type cells sporulated and 97% of the 

dissected ascospores were viable; similar values were obtained for the MRE11-NLS 
homozygous diploid (Fig 4A). We found that expression of MRE11-NLS partially rescued 

the sporulation defect of xrs2Δ (7% of cells formed tetrads), and, remarkably, 70% of the 

spores were viable indicating formation and repair of meiosis-specific DSBs (Fig 4B). 

Restoration of sporulation in the MRE11-NLS xrs2Δ strain was dependent on SAE2, 

consistent with the Sae2 requirement to process Spo11-bound ends (Fig 4A, B).
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The MR complex is competent for Sae2-dependent resection initiation in vitro

Previously, Mre11 within the MRX complex was found to possess a Sae2-stimulated 

endonuclease activity on dsDNA in the vicinity of protein-blocked DNA ends (Cannavo and 

Cejka, 2014). This reaction is believed to recapitulate the initial steps in DNA end resection 

that require the Mre11 nuclease. To determine whether Xrs2 is also required for dsDNA 

clipping by Mre11, we prepared recombinant MR complex and compared its activity with 

the MRX heterotrimer (Fig 4C, D). We used a DNA substrate with fully blocked DNA ends 

to prevent the Mre11 3’-5’ exonuclease activity. We found that both MRX and MR 

complexes possess endonuclease activities that are strongly stimulated by Sae2 (Fig. 4D). 

The MR complex appeared to be even more active than MRX (Fig 4E), however this may be 

due to different preparation procedures and specific activities of MR and MRX, respectively. 

The addition of recombinant Xrs2 did not have a significant inhibitory effect on the MR and 

Sae2-dependent cleavage of dsDNA (Fig 4F). Very similar results were obtained with a 

DNA substrate containing a single protein block, which allows both endonuclease as well as 

exonuclease activities of MR/MRX (Fig S4A, B). Therefore, Mre11 dependent cleavage in 

the vicinity of protein-blocked DNA in vitro requires Sae2, but not Xrs2, in agreement with 

the in vivo data.

Sae2-dependent and independent hairpin resolution

The MRX complex and Sae2 also play an important role in resolving hairpin-capped DNA 

ends. Hairpin resolution in MRE11-NLS derivatives was measured using a genetic assay 

developed by Lobachev and colleagues (Fig 5A) (Lobachev et al., 2002). Inverted Alu 

elements inserted in the lys2 gene stimulate ectopic recombination with a truncated lys2 
gene by ~1000-fold relative to a strain with a direct repeat of Alu elements inserted at the 

same site in lys2, and this stimulation is largely dependent on the MRX complex, the Mre11 

nuclease and Sae2 (Lobachev et al., 2002). 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, or to form a foldback structure following resection of a nearby DSB, which is then 

opened by MRX-Sae2 and stimulates recombination generating Lys+ cells. Expression of 

MRE11-NLS increased the recombination rate of the xrs2Δ mutant by 20-fold (P = 0.01) 

(Fig. 5B). Because the steady-state protein level of Mre11-NLS is reduced and could be the 

cause of the partial suppression, MRE11-NLS was overexpressed using a plasmid construct; 

however, this did not restore recombination to the wild-type rate (Fig. S5A).

Interestingly, expression of MRE11-NLS in the sae2Δ xrs2Δ background enhanced the 

recombination rate by 10-fold (P = 0.04) compared to expression of MRE11. The increased 

rate of Lys+ recombinants observed in the sae2Δ mutant was dependent on the Mre11 

nuclease activity indicating that it is the Mre11 nuclease, and not Sae2, that promotes hairpin 

cleavage. Previous studies have demonstrated structure-selective nuclease activity for Sae2, 

and postulated a direct role for Sae2 in cleaving hairpin structures (Lengsfeld et al., 2007); 

by contrast, our data indicate that hairpin cleavage is catalyzed by Mre11 nuclease. Our data 

also suggest the possibility that Sae2 is required to relieve an inhibitory effect of Xrs2 on 

hairpin cleavage in vivo because the rate of Lys+ recombinants when MRE11-NLS was 

expressed in the mre11Δ sae2Δ background was lower than in the mre11Δ sae2Δ xrs2Δ 
mutant (Fig S5B). These data show a separation of Sae2 function in regulating Mre11 
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nuclease activity, and are consistent with the finding that MR and MRX/N complexes cleave 

DNA hairpins in vitro independently of Sae2/CtIP (Cannavo and Cejka, 2014; Paull and 

Gellert, 1999; Trujillo and Sung, 2001).

Previous studies have shown redundancy between Mec1 and Tel1 for damage-induced Sae2 

phosphorylation (Baroni et al., 2004). Since Tel1 signaling is abrogated in xrs2Δ MRE11-
NLS cells, we tested whether the tel1Δ mutation results in decreased hairpin opening (Fig 

5C). The tel1Δ mutant exhibited a small (P=0.0017) decrease in formation of Lys+ 

recombinants, but the frequency was 100-fold higher than the sae2Δ mutant indicating that 

Tel1-mediated phosphorylation of Sae2 is not required for hairpin opening. Similarly, the 

tel1Δ diploid exhibits close to normal sporulation and spore viability (Carballo et al., 2008), 

in contrast to the sporulation-defective sae2Δ diploid.

DISCUSSION

Previous studies have shown that Xrs2/Nbs1 is a flexible scaffold that binds to several DNA 

repair proteins, including Mre11, Tel1/ATM, Sae2/Ctp1/CtIP and Lif1 (Liang et al., 2015; 

Lloyd et al., 2009; Matsuzaki et al., 2008; Nakada et al., 2003; Palmbos et al., 2008; 

Tsukamoto et al., 2005; Williams et al., 2009). Xrs2 binding to Mre11 is required for its 

nuclear localization raising the question of the contribution of Xrs2 to MR functions once 

the complex is in the correct cellular compartment. Here we show that localizing Mre11 to 

the nucleus in the absence of Xrs2 restores functions associated with MR nuclease activity 

including DNA end resection, hairpin resolution and meiotic recombination. However, 

MRE11-NLS is unable to rescue the end joining and Tel1 activation defects of the xrs2Δ 
mutant indicating an essential role for Xrs2 in these processes.

Mre11 and Rad50 are conserved in all domains of life and together form an ATP-regulated 

nuclease involved in DNA end processing. In Escherichia coli, the main function of SbcCD 

(Rad50-Mre11) is to resolve hairpin-capped ends formed by closely spaced inverted repeats 

and the complex has no known function in 5’-3’ end resection (Connelly and Leach, 1996; 

Eykelenboom et al., 2008). MRX shares the hairpin cleavage activity with SbcCD and in 

addition facilitates 5’-3’ end resection, either directly by endonucleolytic cleavage internal 

to protein-blocked DNA ends or indirectly by recruitment of Exo1 and Dna2 nucleases 

(Cannavo and Cejka, 2014; Lobachev et al., 2002; Shim et al., 2010). Our data show that 

Xrs2 is not essential for hairpin resolution or end resection of HO and Spo11-induced DSBs 

consistent with MR comprising the core nuclease activity and the finding that Xrs2 is absent 

from bacteria and archaea.

DNA damage resistance and meiosis were not restored to wild type levels, and this could be 

due to either a direct role for Xrs2 in promoting MR activity or reduced localization of 

Mre11-NLS to DSBs in the absence of Xrs2. Previous studies have shown Xrs2/Nbs1 binds 

to DNA, and to the Mre11 latching loop, potentially stabilizing the Mre11 dimer at ends 

(Paull and Gellert, 1999; Schiller et al., 2012; Trujillo et al., 2003). Mre11 retention was 

equally reduced in the MRE11-NLS xrs2Δ and MRE11-NLS tel1Δ mutants suggesting the 

xrs2Δ defect could result from failure to recruit Tel1 (Gobbini et al., 2015). However, it is 

important to note that tel1Δ mutants are proficient for end resection, hairpin resolution and 
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meiosis indicating that the reduction in Mre11 retention at DNA ends is of no consequence 

for these Mre11-dependent functions (Carballo et al., 2008; Iwasaki et al., 2016): thus, Xrs2 

must contribute in some way to Mre11 activity, independent of the role of Tel1 stabilization 

of Mre11 at ends.

The sporulation and spore viability defects of the xrs2Δ diploid were partially rescued by 

MRE11-NLS indicating that Xrs2 is not essential for meiotic DSB formation and subsequent 

Spo11 removal. Our data contradict an earlier study in which it was shown that expression of 

GBD-Mre11 (nuclear localized) from a plasmid failed to suppress the meiotic defect of the 

xrs2Δ mutant, even though it was able to partially complement MMS sensitivity (Tsukamoto 

et al., 2005). There are several possible explanations for this discrepancy. First, we created a 

chromosomal version of MRE11-NLS instead of expressing it from a plasmid and the 

plasmid might have been unstable during meiosis. Second, we used a different strain 

background to the one used by Tsukomoto et al (Tsukamoto et al., 2005). In S. pombe, the 

MRN complex is dispensable for meiotic DSB formation, but is required for Spo11 removal 

(Milman et al., 2009; Young et al., 2004). The nbs1Δ mutant displays a temperature-

sensitive defect for Spo11 clipping and meiotic recombination indicating a separation of MR 

nuclease activity from Nbs1 (Milman et al., 2009). The finding that Xrs2 is not integral to 

MR nuclease activity explains why no separation-of-function alleles of XRS2 have been 

identified in genetic screens for mutants proficient for meiotic DSB formation but deficient 

for Spo11 release, in contrast to MRE11 and RAD50 (Alani et al., 1990; McKee and 

Kleckner, 1997; Nairz and Klein, 1997; Prinz et al., 1997).

Surprisingly, we found that end resection by the MR complex retains the requirement for 

Sae2 even though the FHA domain of Xrs2/Nbs1 was thought to recruit Sae2/Ctp1 to sites 

of DNA damage (Liang et al., 2015; Lloyd et al., 2009; Williams et al., 2009). A recent 

study found no defect in Sae2 recruitment to an HO-induced DSB in the xrs2-SH mutant 

(Iwasaki et al., 2016), and a weak interaction between purified Sae2 and Mre11 was detected 

by co-immunoprecipitation (Cannavo and Cejka, 2014), potentially accounting for Sae2-

dependent end resection. Resection is only mildly impacted by the sae2Δ mutation in 

budding yeast, yet resection in MRE11-NLS sae2Δ xrs2Δ cells was reduced to the same 

extent as in the absence of the MRX complex, suggesting that resection initiation by Sgs1-

Dna2 is compromised. Consistent with this idea, we found reduced localization of Dna2 to 

DSBs in MRE11-NLS sae2Δxrs2Δ cells.

In contrast to MR-catalyzed end resection, which is Sae2 dependent, we found a partial 

restoration of hairpin opening by Mre11-NLS in the absence of Sae2 and Xrs2. Expression 

of Mre11-NLS in cells lacking only Sae2 did not restore hairpin opening suggesting Sae2 is 

required to overcome an inhibitory role of Xrs2. In vitro, MR can cleave hairpin structures 

independently of Sae2, raising the question of why hairpin cleavage in vivo requires Sae2. 

We speculate that in normal cells, MRX and Sae2 promote cleavage of hairpin-capped ends 

at a distance from the end, analogous to protein-bound DSBs. Xrs2 has been shown to bind 

to branched-DNA structures in vitro and could potentially shield the ssDNA region of a 

DNA hairpin from MR cleavage (Trujillo et al., 2003). By this model, MR endonuclease 

could cleave the exposed ssDNA at the hairpin without Sae2 only when Xrs2 is absent, 

whereas MRX cleavage would require Sae2. As noted above, E. coli SbcCD cleaves hairpins 
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in vivo independently of Xrs2 or Sae2-like functions and has no role in end resection. We 

suggest that the acquisition of end resection by the MR complex in eukaryotes coincided 

with evolution of Sae2, a regulatory subunit to coordinate end resection with the cell cycle 

(Huertas et al., 2008). How Sae2 converts the Mre11 endonuclease from being ssDNA 

specific to clipping the 5’ terminated strand of duplex DNA is currently unknown.

EXPERIMENTAL PROCEDURES

Media, growth conditions, yeast strains and plasmids

Media and growth conditions were as described previously (Amberg, 2005). CPT or MMS 

was added to SC or YPD medium at the indicated concentrations. Yeast cells were grown in 

30°C and all the experiments were carried out with log-phase cells. For DNA damage 

sensitivity assays, ten-fold serial dilutions of cells were spotted on solid medium with the 

indicated drug concentration and plates were incubated for 3-4 days. The yeast strains used 

are listed in Supplementary Table 1. Details of strain and plasmid constructions are provided 

in Supplementary data.

Physical monitoring of end resection and ChIP-qPCR

Yeast cells were grown in YP medium containing 2% lactate (YPL) to log phase and were 

arrested in G2/M phase with the addition of nocodazole (15μg/ml) to the medium. Then, 

galactose was added to a final concentration of 2% for HO induction. Cells were collected at 

30-60 min intervals after HO induction for genomic DNA extraction or chromatin isolation. 

Southern blot and real-time PCR of resection intermediates were performed as described 

previously (Mimitou and Symington, 2008). Real-time PCR assay was performed as 

described with primers flanking the StyI site located 0.7 kb away from the HO cut site 

(Zierhut and Diffley, 2008). A control primer pair was used to amplify a region on 

chromosome XV that does not contain StyI sites. The PCR reaction program and calculation 

of the fraction of DNA resected were done in the same manner as described (Chen et al., 

2013). The mean of three independent experiments is presented. The ChIP assays were 

performed as described using anti-HA (ab9110), anti-Mre11 (Chen et al., 2015) or anti-

cMyc 9E10 (Santa Cruz Biotechnology). qPCRs were carried out by the SYBR green 

system using primer pairs complementary to DNA sequences located 1 kb or 200 bp from 

the HO-cut site at MAT (DSB) and to DNA sequences located 66 kb from MAT (control). 

Fold enrichment was calculated by 2ΔΔCq, where ΔΔCq= (Cq(IP, control) – Cq(input, 

control)) – (Cq(IP, DSB) – Cq(input, DSB)).

Recombinant proteins, DNA substrates and nuclease assays

Recombinant Mre11-Rad50-Xrs2 was purified as a complex using baculoviruses coding for 

his-tagged Mre11, FLAG-tagged Xrs2 and untagged Rad50 as described previously 

(Cannavo and Cejka, 2014). Mre11-Rad50 heterodimer was prepared using his-tagged 

Mre11 and untagged Rad50 constructs, Xrs2 was purified using FLAG-tagged Xrs2 (see 

Supplementary Data). Recombinant Sae2, DNA substrates and nuclease assays were used as 

described previously (Cannavo and Cejka, 2014).
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In vivo hairpin opening assay

The rate of Lys+ recombinants was derived from the median recombination frequency 

determined from eight different isolates of each strain as described (Lobachev et al., 2002). 

Three trials were performed and the mean recombination rate was calculated.

End joining assays

Yeast cells were transformed with 250ng of BamHI-digested or undigested plasmid pRS414 

(ARS-CEN, TRP1). Transformation efficiency was calculated as a ratio of the number of 

transformants with digested plasmid DNA to that with undigested plasmid DNA. The 

chromosomal end-joining assay was performed as described (Deng et al., 2014). Three trials 

were performed for each strain, and the mean frequency was calculated.

Western blot analysis and Rad53 phosphorylation assay

Protein extracts for western blot analysis were prepared by TCA precipitation. Anti-Mre11 

(Krogh et al., 2005), anti-Rad53 (gift from M. Foiani), and anti-Rfa1 (Agrisera) were used 

for western blot analysis. For checkpoint activation, cells were collected after one hour in a 

media containing 500mg/ml of zeocin (Invitrogen).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• Xrs2 is not required for nuclease-associated functions of the Mre11-

Rad50 complex

• Xrs2-independent end resection requires Sae2

• Tel1 recruitment to DSBs requires Xrs2

• Xrs2 is essential for canonical non-homologous end joining
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Figure 1. MRE11-NLS rescues xrs2Δ in growth and sensitivity to DNA damaging agents
A. Growth curves representing cell concentration measured by OD600 at the indicated time-

points. Error bars indicate standard deviation (s.d.) from 3 trials. B. Ten-fold serial dilutions 

of the indicated strains were spotted onto rich medium without drug, or medium containing 

CPT or MMS at the indicated concentrations. WT refers to wild type. C. Ten-fold serial 

dilutions of indicated strains transformed with indicated plasmids were spotted onto 

selective plates containing 1μg/ml CPT or 0.01% MMS. See also Fig S1.
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Figure 2. Xrs2 is required for end joining and Tel1 signaling functions of the MRX complex
A. Model of Rad53 phosphorylation (Rad53-P) in response to DNA damage. Tel1/ATM 

responds to MRX/N bound DSBs, whereas Mec1/ATR is activated by RPA bound to the 

ssDNA formed at resected DSBs. Western blot analysis showing Rad53-P in response to 

zeocin treatment in the indicated strains. B. ChIP-qPCR for HA-Tel1 0.2 kb from the DSB. 

Error bars indicate s.d. (n=3). C. Genomic DNA of indicated strains was digested with XhoI 
and separated on a 1% agarose gel. The DNA fragments were transferred to a nylon 

membrane and hybridized with a Y’ element probe. Y’ long and Y’ short refers to the two 

classes of subtelomeric Y’ repeats. D. Transformation efficiency of BamHI-digested linear 

plasmid DNA measured by the plasmid-ligation assay. Transformation efficiency was 

calculated as a ratio of the number of transformants with BamHI-digested pRS414 DNA to 

that with undigested DNA. Error bars indicate s.d. (n=4). E. Frequency of chromosomal 

NHEJ. Error bars indicate s.d. (n=3). See also Fig S2.
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Figure 3. Xrs2 is dispensable for end resection of HO-induced DSBs
A. Representation of the MAT locus used to measure end resection after introduction of a 

targeted DSB. Green bar shows the location of the probe used for hybridization and blue 

arrows show primers used for real-time PCR. B. Quantification of the southern blot data 

shown in Supplementary Fig 3A. Error bars indicate s.d. (n=3). C. ChIP-qPCR for Mre11 

and Dna2-Myc 1 kb from the DSB. Error bars indicate s.d. (n=3). D. Model for Sae2-

dependent end resection in xrs2Δ MRE11-NLS cells. In WT cells, Dna2 is recruited via 

MRX and also by MRX-Sae2 clipping, which creates a substrate for RPA. Dna2 is recruited 

by MRX in sae2Δ MRE11-NLS cells and can bypass the need for Sae2 to initiate resection. 

Less Mre11 is recruited to ends in the xrs2Δ MRE11-NLS strain, but Sae2 clipping can still 

initiate resection and Dna2 loading. In the absence of Sae2 and Xrs2, MR poorly recruits 

Dna2 due to no clipping and reduced stabilization of Mre11 at ends. See also Fig S3.
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Figure 4. Xrs2 is not required for Sae2- and Mre11-Rad50-dependent endonuclease activity in 
the vicinity of protein-blocked DNA ends
A. Sporulation percentage determined by counting cells that contain three or four visible 

spores out of at least 700 total cells counted. B. Spore viability determined by dissection of 

asci and counting spores germinating to give visible colonies. No fewer than 50 asci were 

dissected for each strain. C. Recombinant Mre11-Rad50 (MR) and Mre11-Rad50-Xrs2 

(MRX) used in this study. D. Nuclease assay with Mre11-Rad50 (MR), Mre11-Rad50-Xrs2 

(MRX) and Sae2, as indicated. E. Quantitation of data from panel D. Error bars indicate 

SEM (n=2). F. The effect of Xrs2 on the endonuclease activity of Mre11-Rad50 in the 

presence of Sae2, as indicated. See also Fig S4
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Figure 5. Hairpin resolution is independent of Xrs2 and partially Sae2-independent
A. Cartoon representation of the lys2-AluIR ectopic recombination assay. B. Recombination 

frequencies of strains with the lys2-AluIR and lys2-Δ5’ ectopic recombination reporter 

system. The rate of Lys+ recombinants was derived from the median recombination 

frequency determined from eight different isolates of each strain. Error bars indicate s.d. 

(n=3). m, mre11Δ; mx, mre11Δ xrs2Δ; mxs, mre11Δ xrs2Δ sae2Δ. C. Recombination 

frequencies of sae2Δ and tel1Δ derivatives. Error bars indicate s.d. (n=3). See also Fig S5.
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