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SUMMARY
The Mre11-Rad50-Xrs2 (MRX) complex detects and processes DNA double-strand breaks (DSBs). Its DNA
binding and processing activities are regulated by transitions between an ATP-bound state and a post-hy-
drolysis cutting state that is nucleolytically active. Mre11 endonuclease activity is stimulated by Sae2, whose
lack increases MRX persistence at DSBs and checkpoint activation. Here we show that the Rif2 protein in-
hibitsMre11 endonuclease activity and is responsible for the increasedMRX retention at DSBs in sae2D cells.
We identify a Rad50 residue that is important for Rad50-Rif2 interaction andRif2 inhibition ofMre11 nuclease.
This residue is located near a Rad50 surface that binds Sae2 and is important in stabilizing the Mre11-Rad50
(MR) interaction in the cutting state. We propose that Sae2 stimulates Mre11 endonuclease activity by sta-
bilizing a post-hydrolysis MR conformation that is competent for DNA cleavage, whereas Rif2 antagonizes
this Sae2 function and stabilizes an endonuclease inactive MR conformation.
INTRODUCTION

DNA double-strand breaks (DSBs) are highly cytotoxic lesions

that can be repaired by non-homologous end joining (NHEJ) or

homologous recombination (HR) (Mehta and Haber, 2014).

Although NHEJ involves the direct ligation of the DSB ends,

HR uses the DNA information stored in a homologous duplex

DNA as a template for repair. The obligate step of HR is the

degradation of the 50-terminated DNA strands at both DSB

ends to generate 30 end single-stranded DNA (ssDNA) over-

hangs that catalyze homologous pairing and strand invasion

(Ranjha et al., 2018).

Generation of DNA DSBs triggers activation of a checkpoint

response that couples DSB repair with cell-cycle progression

(Villa et al., 2016). Apical checkpoint proteins include Mec1

and Tel1 kinases (ATR and ATM in mammals, respectively).

Once activated by damaged DNA, Tel1 and Mec1 transduce

the checkpoint signals to the downstream effector kinases

Rad53 and Chk1 (CHK2 and CHK1 in mammals, respectively),

whose activation requires the conserved protein Rad9 (53BP1

in mammals) (Gilbert et al., 2001; Sweeney et al., 2005; Schwartz

et al., 2002).

The evolutionarily conserved Mre11-Rad50-Xrs2/NBS1 com-

plex (MRX in Saccharomyces cerevisiae and MRN in mammals,

Schizosaccharomyces pombe, and Xenopus laevis) plays multi-

ple functions at DSBs. It tethers DNA ends, initiates resection of

the DSB ends, and signals the presence of DSBs by recruiting

and activating Tel1/ATM (Syed and Tainer, 2018). The Sae2
This is an open access article und
protein (CtIP in mammals) activates a latent Mre11 endonu-

clease activity within the context of the MRX complex to incise

the 50-terminated strands at the double-stranded DNA (dsDNA)

ends (Cannavo and Cejka, 2014). This function requires Sae2/

CtIP phosphorylation by cyclin-dependent kinases (CDKs) (Can-

navo and Cejka, 2014; Anand et al., 2016; Cannavo et al., 2018).

Then, the Mre11 exonuclease degrades DNA in the 30-50 direc-
tion toward the DSB ends, whereas the nuclease Exo1 or Dna2

processes the 50-terminated strands (Mimitou and Symington,

2008; Zhu et al., 2008; Cejka et al., 2010; Niu et al., 2010; Garcia

et al., 2011; Shibata et al., 2014; Reginato et al., 2017; Wang

et al., 2017). The initial 50 DNA end resection catalyzed by MRX

is important for the processing of DSB ends carrying non-canon-

ical structures, such as protein blocks or secondary DNA struc-

tures (Reginato and Cejka, 2020). This has been demonstrated in

meiosis, in which Sae2 and the Mre11 endonuclease activity are

required to resect DSBs covalently bound by Spo11, a topo-

isomerase-like protein that generates DSBs by forming a cova-

lent linkage between a conserved tyrosine residue and the 50

end of the cleaved strand (Bergerat et al., 1997; Keeney et al.,

1997; Moreau et al., 1999; Neale et al., 2005).

At themolecular level, thecoreMre11-Rad50 (MR)complexex-

ists as a hetero-tetrameric assembly (M2R2), in which Mre11 di-

merizes and interacts with Rad50 (Syed and Tainer, 2018; Tisi

et al., 2020). Structural studies have shown that MR possesses

a globular head,derived from the association of twoRad50nucle-

otide binding domains (NBDs) with twoMre11 nuclease domains,

and a long projection constituted by anti-parallel coiled-coil
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domains that are joined by a Zn-hook dimerizationmotif (Hopfner

et al., 2001, 2002; Moreno-Herrero et al., 2005; Park et al., 2017).

Rad50 possesses ATPasemotifs at the N andC termini. Struc-

tural studies have shown that ATP binding to Rad50 engages the

two Rad50 NBDs within the catalytic head, leading to a higher-

affinity DNA binding conformation (Hopfner et al., 2000; Williams

et al., 2008, 2011; Lammens et al., 2011; Lim et al., 2011; Möckel

et al., 2012; Liu et al., 2016; Seifert et al., 2016). In the ATP-bound

conformation, Rad50 blocks Mre11 access to dsDNA and there-

fore its nuclease activity. Rad50-catalyzed ATP hydrolysis trig-

gers large conformational changes, leading to a dislocation of

Rad50 that makes DNA accessible to the Mre11 nuclease active

sites (Lammens et al., 2011; Williams et al., 2011; Möckel et al.,

2012; Deshpande et al., 2014). A recent cryo-electron micro-

scopy (cryo-EM) study of the Escherichia coli SbcC-SbcD com-

plex (orthologs of MR) shows that Mre11 and Rad50 in the post-

ATP hydrolysis cutting configuration share an interface that

involves an outer b sheet of Rad50 and an Mre11 loop, defined

as a fastener (Käshammer et al., 2019). This interface is essential

for the nuclease activity of the complex, because mutants losing

this interaction, such as Rad50-E115K or Mre11-K149E, are

nuclease defective (Käshammer et al., 2019). Although the

fastener loop is not conserved, we propose that an analog of

the fastener exists in the eukaryotic MRX/MRN complex as well.

Sae2 not only stimulates the endonuclease activity of the MRX

complex but also controls MRX persistence to DSBs. The lack of

Sae2 increasesMRX accumulation at the DSB ends, which leads

to enhanced Tel1 signaling activity (Usui et al., 2001; Lisby et al.,

2004; Clerici et al., 2006). mre11 nuclease-dead mutants also

exhibit persistent MRX and Tel1 association at DSB ends (Lisby

et al., 2004; Yu et al., 2018), suggesting that MRX-Sae2 cleavage

activity contributes to regulate MRX association to DNA ends.

This persistent MRX-Tel1 activation in sae2D cells is associated

with enhanced Rad9 association at DSBs and Rad53 activation,

which increases the DNA damage sensitivity of sae2D cells by

causing permanent cell-cycle arrest (Usui et al., 2001; Clerici

et al., 2006; Yu et al., 2018). Mutations that decrease MRX asso-

ciation to DSBs restore DNA damage resistance in Sae2-defi-

cient cells (Chen et al., 2015; Puddu et al., 2015; Cassani et al.,

2018). A similar effect occurs when Tel1 or Rad53 function is

affected by reducing either their kinase activity or Rad9-Rad53

interaction (Ferrari et al., 2015; Gobbini et al., 2015; Yu et al.,

2018).

In S. cerevisiae, Rad50 is known to interact with Rif2, which is

recruited to telomeric DNA ends and negatively regulates telo-

merase-mediated telomere elongation (Wotton and Shore,

1997; Levy and Blackburn, 2004; Hirano et al., 2009; Martina

et al., 2012). It has been shown that Rif2 reduces the association

of MRX and Tel1 at telomeres (Hirano et al., 2009; Cassani et al.,

2016). Tel1, whose recruitment to both DSBs and telomeres re-

quires its interaction with the C terminus of Xrs2, plays a struc-

tural role in stabilizing MRX association to DSBs (Cassani

et al., 2016). Because Rif2 interacts with Xrs2 within the same

C-terminal region as Tel1, it has been proposed that Rif2 coun-

teracts MRX persistence at DSBs by competing with Tel1 for

Xrs2 binding (Hirano et al., 2009). However, Rif2 inhibits MRX-

dependent stimulation of Tel1 kinase activity independently of

Xrs2 (Hailemariam et al., 2019). Furthermore, Rif2 interacts
2 Cell Reports 34, 108906, March 30, 2021
in vitro with Rad50 and stimulates its ATPase activity in a Xrs2-

independent manner (Cassani et al., 2016; Hailemariam et al.,

2019), suggesting that Rif2 acts directly on Rad50 to control

MRX and Tel1 activity. This Rif2-mediated inhibition of Tel1 relies

on the BAT (blocks addition of telomeres) motif (Hailemariam

et al., 2019), which is localized at the extreme Rif2 N-terminal

region and has been implicated in telomere length regulation

(Kaizer et al., 2015).

Here we show that Rif2 inhibits Sae2-mediated stimulation of

MR endonuclease activity. Furthermore, Rif2 is responsible for

the increased MRX and Tel1 association at DSBs in sae2D cells.

The rad50-N18S mutation, which weakens Rad50-Rif2 interac-

tion, partially escapes both Rif2-mediated inhibition of the

Mre11 nuclease and Rif2-mediated stabilization of MRX associ-

ation at DSBs. Thismutation is located near a Rad50 surface that

binds Sae2 and is important in stabilizing the interaction between

Mre11 and Rad50 NBDs in the cutting state (Käshammer et al.,

2019). These findings, together with structural studies, lead to

a model whereby Sae2 stimulates Mre11 endonuclease activity

by stabilizing the MRX cutting state, whereas Rif2 counteracts

this Sae2 function and stabilizes an MRX conformation that

can bind DNA ends but is not competent to cleave them.

RESULTS

The lack of Rif2 suppresses the DNA damage
hypersensitivity of sae2D cells
Phosphorylated Sae2 (pSae2) stimulates the endonuclease of

Mre11 within the MRX complex (Cannavo and Cejka, 2014).

Although Sae2 does not appear to influence the overall Rad50

ATP hydrolysis rate, stimulation of Mre11 nuclease by Sae2

requires ATP hydrolysis by Rad50 (Cannavo et al., 2019), sug-

gesting that Sae2 helps couple ATP hydrolysis by Rad50 with

productive endonucleolytic DNA cleavage by Mre11.

Because Rif2 has been shown to stimulate Rad50 ATPase ac-

tivity (Cassani et al., 2016; Hailemariam et al., 2019), to better un-

derstand the interplay between Sae2 and Rif2 in MRX regulation,

we analyzed the effect of deleting RIF2 from sae2D cells. sae2D

rif2D double-mutant cells were more resistant to camptothecin

(CPT) and methyl methanesulfonate (MMS) compared with

sae2D cells (Figure 1A), indicating that the lack of Rif2 partially

suppresses the DNA damage sensitivity of sae2D cells.

The Sae2-induced MR endonuclease is essential to resect

meiotic DSBs and to cleave DNA hairpin structures (Trujillo and

Sung, 2001; Lobachev et al., 2002; Neale et al., 2005; Garcia

et al., 2011). The topoisomerase-like protein Spo11 initiates

meiotic recombination by cleaving both DNA strands at recom-

bination hotspots and remains covalently bound to the 50 end
of the cleaved strand (Keeney et al., 1997). Removal of Spo11

is essential for subsequent steps of HR and spore formation,

and it is catalyzed by Mre11 endonuclease and Sae2 (Neale

et al., 2005; Garcia et al., 2011). As expected, both sae2D and

nuclease-defective mre11-H125N (hereafter called mre11-nd)

diploid cells failed to sporulate, consistent with impaired

Spo11 removal (Figure 1B) (McKee and Kleckner, 1997; Prinz

et al., 1997; Usui et al., 1998). By contrast, the percentage of

sporulation was not affected by RIF2 deletion, which failed to

suppress the sporulation defect of sae2D and mre11-nd cells



Figure 1. The lack of Rif2 partially restores DNA damage resistance of sae2D cells

(A) Exponentially growing cultures were serially diluted (1:10), and each dilution was spotted out onto yeast extract, bactopeptone, and glucose (YEPD) plates

with or without CPT or MMS.

(B) Percentage of sporulation. Diploid cells homozygous for the indicated mutations were induced to enter in meiosis. The reported values are the mean values of

3 independent experiments, with error bars denoting SD.

(C) Schematic representation of the lys2-Alu IR and lys2-D50 ectopic recombination system.

(D) Recombination frequency of strains with the lys2-Alu IR and lys2-D50 ectopic recombination system. The rate of Lys+ recombinants was derived from the

median recombination frequency. The reported values are the mean values of 3 independent experiments, with SD indicated in brackets.

(E) Exponentially growing cultures were serially diluted (1:10), and each dilution was spotted out onto YEPD plates with or without CPT or MMS.
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(Figure 1B). This finding suggests that loss of Rif2 does not

restore Sae2 function in resecting meiotic DSBs.

Hairpin cleavage was assessed using a previously described

genetic assay (Lobachev et al., 2002), in which inverted Alu el-

ements inserted in the LYS2 gene on chromosome II stimulate

ectopic recombination with a truncated lys2 copy (lys2-D50)
located on chromosome III to generate Lys+ prototrophs (Fig-

ure 1C). This recombination largely depends on Mre11 endonu-

clease and Sae2 (Lobachev et al., 2002). The inverted Alu

repeats are thought to extrude to form a hairpin or cruciform

structure that is cleaved by an unknown nuclease to form a

hairpin-capped DSB, which is then cleaved by MRX-Sae2

and subsequently repaired by HR (Lobachev et al., 2002).

RIF2 deletion failed to suppress the hairpin resolution defect

conferred by either the SAE2 deletion or the mre11-nd allele

(Figure 1D).

Altogether, these findings indicate that RIF2 deletion does not

suppress sae2DDNA damage sensitivity by activating theMre11

nuclease independently of Sae2. Consistent with this conclu-

sion, RIF2 deletion failed to suppress the DNA damage hyper-

sensitivity of mre11-nd cells (Figure 1E).
The lack of Rif2 dampens checkpoint signaling in sae2D

cells by decreasing MRX, Tel1, and Rad9 association to
DSBs
Previous studies demonstrated that the increased DNA damage

sensitivity of sae2D cells partly results from increased retention of

MRX, Tel1, and Rad9 at DSBs, which leads to persistent Rad53

phosphorylation and activation (Usui et al., 2001; Lisby et al.,

2004; Clerici et al., 2006). Thus, we asked whether RIF2 deletion

can partially suppress the DNA damage sensitivity of sae2D cells

by decreasing checkpoint activation. To measure checkpoint

activation, we used a haploid strain carrying the HO gene under

the control of a galactose-inducible promoter (Lee et al., 1998).

In this strain, induction of HO by galactose addition leads to gen-

eration at theMAT locus of a single DSB that cannot be repaired

byHRbecause of the lack of the homologous donor lociHML and

HMR. Checkpoint activation was monitored by following cell-cy-

cle progression andRad53phosphorylation,which is required for

Rad53 activation and is detectable as a decrease of its electro-

phoretic mobility. When wild-type, rif2D, sae2D, and sae2D

rif2D cells were spotted on galactose-containing plates to induce

HO, all cell cultures arrested at the 2-cell dumbbell stage
Cell Reports 34, 108906, March 30, 2021 3



Figure 2. The rif2D and rad50-N18S alleles

decreases checkpoint activation in sae2D

cells

(A) Yeast extract, bactopeptone, and raffinose

(YEPR) G1-arrested cell cultures were plated on

galactose-containing plates (time zero). At the indi-

cated time points, 200 cells for each strain were

analyzed to determine the frequency of large

budded cells (2 cells) and of cells forming micro-

colonies of more than two cells (>2 cells). This

experiment was repeated three times with similar

results.

(B) Rad53 phosphorylation after a HO-induced DSB.

Exponentially growing YEPR cultures were trans-

ferred to yeast extract, bactopeptone, raffinose, and

galactose (YEPRG) (time zero) to induce HO

expression, followed by western blot analysis with

anti-Rad53 antibodies.
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(Figure 2A) andphosphorylatedRad53 (Figure 2B) about 3–4 h af-

ter HO induction. Consistent with previous data (Clerici et al.,

2006), sae2D cells increased the amount of the slowest migrating

Rad53 phosphorylated form compared with wild-type cells after

HO induction (Figure 2B). RIF2 deletion, which did not affect

Rad53 phosphorylation by itself, decreased the amount of HO-

induced Rad53 phosphorylation in sae2D cells to almost wild-

type levels (Figure 2B).

A checkpoint response triggered by a single unrepairable DSB

eventually can be turned off, allowing cells to resume cell-cycle

progression through a process called adaptation (Usui et al.,

2001; Lisby et al., 2004; Clerici et al., 2006). The increased

Tel1-mediated Rad53 activation in sae2D cells prevents cells

from adapting to an unrepaired DSB (Clerici et al., 2006). Rad53

phosphorylation decreased in wild-type and rif2D cells 12 h after

galactose addition, when cells started to form colonieswithmore

than two cells; however, as expected, it persisted longer in sae2D

cells that remained arrested at the 2-cell dumbbell stage for at
4 Cell Reports 34, 108906, March 30, 2021
least 20 h (Figures 2A and2B). Remarkably,

the amount of phosphorylated Rad53

decreased 12 h after galactose addition in

sae2D rif2D cells (Figure 2B), which formed

microcolonieswithmore than twocellswith

almost wild-type kinetics (Figure 2A). Thus,

we can conclude that RIF2 deletion de-

creases Tel1-mediated checkpoint activa-

tion of sae2D cells.

MRX is required to recruit and activate

Tel1, which in turn transduces the check-

point signals to Rad53 through the Rad9

protein (Usui et al., 2001; Gilbert et al.,

2001; Sweeney et al., 2005; Schwartz

et al., 2002). Previous works have estab-

lished that mre11 alleles that reduce MRX

binding to DSBs restore DNA damage

resistance of sae2D cells by decreasing

Tel1-dependent Rad53 activation (Chen

et al., 2015; Puddu et al., 2015; Cassani

et al., 2018). Thus, we measured Mre11,
Tel1, and Rad9 association to the HO-induced DSB by chro-

matin immunoprecipitation (ChIP) and quantitative PCR

(qPCR). The lack of Rif2 decreased the high amount of Mre11,

Tel1, and Rad9 bound to the HO-induced DSB in sae2D cells

(Figure 3A), thus explaining the diminished Rad53 activation in

sae2D rif2D cells compared with sae2D cells. The decreased

Mre11 association at the HO-induced DSB in sae2D rif2D cells

compared with sae2D cells did not result from either diminished

Mre11 levels or increased degradation of the DSB ends. Protein

extracts from sae2D and sae2D rif2D cells contained similar

amounts of Mre11 protein (Figure 3B). Furthermore, RIF2 dele-

tion did not alter the degradation kinetics of the DSB ends either

in the presence or in the absence of Sae2 (Figure S1). This finding

indicates that Rif2 is responsible for the stabilization of the MRX

complex at DSBs in sae2D cells, which in turn leads to unsched-

uled checkpoint activation.

Abrogation of Mre11 nuclease activity increases the amount of

MRX and therefore of Tel1 bound at DSBs to an extent similar to



Figure 3. The lack of Rif2 decreases MRX abundance at DSBs in both sae2D and mre11-nd cells

(A) ChIP and qPCR. Exponentially growing YEPR cell cultureswere transferred to YEPRG to induce HO expression, followed by ChIP analysis of the recruitment of

the indicated proteins at the indicated distance from the HO-cut site. In all diagrams, ChIP signals were normalized for each time point to the corresponding input

signal. The mean values of three independent experiments are represented with error bars denoting SD. *p < 0.005 (Student’s t test).

(B) Western blot with anti-Myc antibodies of extracts used for the ChIP analysis shown in (A). The same amount of protein extracts was separated on SDS-PAGE

and stained with Coomassie blue as loading control.

(C) ChIP and qPCR. Exponentially growing YEPR cell cultures were transferred to YEPRG to induce HO expression, followed by ChIP analysis of the recruitment

of Mre11-Myc as described in (A). The mean values of three independent experiments are represented with error bars denoting SD. *p < 0.005 (Student’s t test).
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that caused by SAE2 deletion (Lisby et al., 2004; Yu et al., 2018),

suggesting that MRX-Sae2-mediated cleavage activity contrib-

utes to decrease MRX persistence at DSBs. Thus, we asked

whether the lack of Rif2 reduces the association to DSBs of

the Mre11-nd variant. The amount of Mre11-nd bound at the

HO-induced DSBwas higher in the presence than in the absence

of Rif2 (Figure 3C), indicating that Rif2 is responsible for the

increased persistence at DSBs of nuclease-defective MRX.

Rif2 increases MRX retention at DSBs only when Sae2 is absent

or Mre11 is catalytically inactive. The rif2D cells did not show a

reduced Mre11 and Tel1 association at the HO-induced DSB

(Figure 3A). Rather, and consistent with previous data (Cassani

et al., 2016), the lack of Rif2 by itself leads to a slight increased

Mre11 and Tel1 persistence at DSBs (Figures 3A and 3C).

Although Rif2 is responsible for enhanced association to DSBs

of nuclease-defective Mre11-nd, RIF2 deletion was unable to

suppress the DNA damage sensitivity of mre11-nd mutant cells

(Figure 1E) (Yu et al., 2018). However, in contrast to sae2D cells,

mre11-nd cells, which are considerably more resistant to DNA-

damaging agents than sae2D cells, do not enhance Rad9 accu-

mulation at DSBs and checkpoint activation (Yu et al., 2018;

Colombo et al., 2019), supporting the conclusion the RIF2 dele-

tion partially restores the DNA damage resistance of sae2D cells

by dampening checkpoint signaling.

Rad50-N18SmimicsRIF2 deletionwith respect to sae2D

suppression and checkpoint inhibition
The MR complex was shown to efficiently bind dsDNA in pres-

ence of ATP-bound Rad50, which generates a groove that can

host dsDNA (Lammens et al., 2011; Rojowska et al., 2014; Liu

et al., 2016; Seifert et al., 2016). The finding that Rif2 increases

ATPase activity by Rad50 (Cassani et al., 2016; Hailemariam

et al., 2019) suggests that Rif2 can regulate MRX persistence

at DSBs by acting on the Rad50 subunit. Thus, to better under-

stand the interplay between Rif2 and Rad50, we searched for

rad50 mutants that are insensitive to Rif2 regulation. Because

RIF2 deletion suppresses the DNA damage sensitivity of

sae2D cells, we screened for rad50 alleles that restored the

DNA damage resistance of sae2D cells. RAD50 gene was

amplified by low-fidelity PCR, followed by transformation with

linear RAD50 PCR products into sae2D cells to replace the cor-

responding RAD50 wild-type sequence with the mutagenized

DNA fragments. Transformants were then screened for

increased viability in the presence of CPT compared with

sae2D cells. This analysis allowed us to identify the rad50-

N18S mutation, causing the replacement of the Rad50 Arg18

residue with Ser. As shown in Figure 4A, rad50-N18S partially

suppressed the sensitivity of sae2D cells not only to CPT but

also to MMS.

The rad50-N18S and rif2D alleles suppressed the DNA dam-

age sensitivity of sae2D cells by altering the same pathway. In

support, sae2D rif2D rad50-N18S triple-mutant cells were resis-

tant to DNA-damaging agents as sae2D rif2D double-mutant

cells (Figure 4A). The pathway affected by the rif2D and rad50-

N18S alleles is different from that altered by the Ku complex,

whose removal has been shown to suppress the CPT sensitivity

of sae2D cells by increasing Exo1-mediated resection (Shim

et al., 2010; Mimitou and Symington, 2010; Langerak et al.,
6 Cell Reports 34, 108906, March 30, 2021
2011). The sae2D ku70D rad50-N18S triple-mutant cells were

considerably more resistant to DNA-damaging agents than

both sae2D ku70D and sae2D rad50-N18S double-mutant cells

(Figure 4B).

Because the lack of Rif2 decreases the hyperactivation of

the checkpoint in sae2D cells, we investigated the effect of

rad50-N18S on Rad53 phosphorylation and MRX association

at DSBs. Similar to RIF2 deletion, expression of the rad50-

N18S allele in sae2D cells decreased both HO-induced check-

point activation (Figures 2A and 2B) and Mre11 persistence at

the HO-induced DSB (Figure 4C). The decreased Mre11 asso-

ciation at DSBs in rad50-N18S sae2D cells does not result from

reduced DNA binding activity of MRN18SX, because the

amount of Mre11 bound at DSBs in rad50-N18S cells was

similar to that of wild-type cells (Figure 4C). The finding that

the lack of RIF2 did not further decrease the amount of

Mre11 bound at DSBs in rad50-N18S sae2D cells (Figure 4C)

indicates that the lack of Rif2 and the presence of Rad50-

N18S destabilize Mre11 association to DSBs in sae2D cells

by altering the same pathway.

Rif2 inhibits MR endonuclease activity, and MRN18S is
refractory to Rif2-mediated inhibition
To gain insight into the function of Rif2 in downregulating MRX

association at DSBs in sae2D cells, we expressed and purified

recombinant full-length Rif2 and tested its effect on MR

ATPase (Figure 5A) and nuclease activities (Figure 5B). Xrs2 is

largely dispensable for the endonuclease activities of the MRX

complex (Oh et al., 2016). As previously observed (Cassani

et al., 2016; Hailemariam et al., 2019), Rif2 stimulated the

ATPase activity of MR (Figure 5A). Interestingly, Rif2 strongly in-

hibited the endonuclease activity of MR in conjunction with

pSae2 (Figures 5C and 5D), whereas it had no effect on its

exonuclease activity (Figures 5C and 5E). Because ATPase hy-

drolysis by Rad50 is required for Sae2 to stimulate Mre11 endo-

nuclease activity (Cannavo and Cejka, 2014; Cannavo et al.,

2018), this finding suggests that Rif2-mediated stimulation of

ATP hydrolysis by Rad50 leads to a post-hydrolysis MR confor-

mation that is not competent for DNA cleavage.

Because rad50-N18S mimics RIF2 deletion with respect to

sae2D checkpoint inhibition and MRX destabilization at DSBs,

we purified MRN18S (Figure 5F) and tested whether the

ATPase and nuclease activities of MRN18S are still sensitive to

inhibition by Rif2. We observed two main differences compared

with wild-type MR. First, Sae2 stimulated the endonuclease ac-

tivity of MRN18S, although less efficiently than wild-type MR

(Figures 5D and 5G). Second, Rif2 was less efficient in inhibiting

MRN18S endonuclease activity than inhibiting wild-type MR

activity (Figures 5D and 5G), whereas it stimulated the

ATPase activity of both MR and MRN18S with similar efficiency

(Figure 5A). This finding suggests that Rad50-N18S partially

escapes the inhibitory function exerted by Rif2 on Mre11

endonuclease activity.

Rif2 binds a Rad50 surface that is essential for Sae2 to
stimulate Mre11 nuclease activity
Because Rif2 is known to interact with Rad50 (Hailemariam et al.,

2019), we tested whether the rad50-N18S mutation impairs



Figure 4. The rad50-N18S mutation suppresses the DNA damage sensitivity of sae2D cells and decreases MRX abundance at DSBs

(A and B) Exponentially growing cultures were serially diluted (1:10), and each dilution was spotted out onto YEPD plates with or without CPT or MMS.

(C) ChIP and qPCR. Exponentially growing YEPR cell cultures were transferred to YEPRG to induce HO expression, followed by ChIP analysis of the recruitment

of Mre11-Myc at the indicated distance from the HO-cut. In all diagrams, ChIP signals were normalized for each time point to the corresponding input signal. The

mean values of three independent experiments are represented with error bars denoting SD. *p < 0.005 (Student’s t test).
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Rad50-Rif2 interaction. In pull-down assays, Rif2 was able to

interact with MR, and the N18Smutation reduced this interaction

(Figure 6A), thus explaining the partial escaping of Rif2-mediated

inhibition of MRN18S endonuclease activity.

In the ATP-bound state (resting state), Mre11 binding to

dsDNA is blocked by Rad50 (Lammens et al., 2011; Williams

et al., 2011; Lim et al., 2011; Möckel et al., 2012; Deshpande

et al., 2014; Liu et al., 2016; Seifert et al., 2016). A recent

cryo-EM of the E. coli MR homolog SbcCD has revealed that

upon DNA binding and ATP hydrolysis, the two Rad50 coiled-

coil domains zip up and, together with the Rad50 NBDs, form

a clamp around dsDNA (Käshammer et al., 2019). This struc-

tural change allows the Mre11 dimer to move to the side of

Rad50, where it binds a DNA end and assembles a DNA cutting
channel for nucleolytic reactions (cutting state). Importantly,

formation of the cutting state has been shown to require the

phosphodiesterase domain of E. coli Mre11 to be locked

onto Rad50 NBD by a fastener loop in Mre11, which binds

the outer b sheet of Rad50 (Käshammer et al., 2019). This inter-

face is important for the nuclease activity of the complex,

because mutants losing the binding between Mre11 fastener

and Rad50 NBD reduce Mre11 nuclease activity (Käshammer

et al., 2019). Although the fastener loop is not conserved in

eukaryotes, comparison of the cutting-state structures of

E. coli sbcCD with that of S. cerevisiae MR generated by ho-

mology modeling (Cassani et al., 2018) reveals that the fastener

loop of E. coli sbcC (Mre11 ortholog) binds to the surface of

sbcD (Rad50 ortholog) in the same region where a cluster of
Cell Reports 34, 108906, March 30, 2021 7



Figure 5. Rif2 inhibits the endonuclease activity of Mre11-Rad50 (MR), but Mre11-Rad50-N18S (MRN18S) escapes this inhibition

(A) Quantitation of ATPase assays was carried out with wild-type MR or MRN18S (both 100 nM) and Rif2 (500 nM), as indicated. Averages are shown from 5

independent experiments; error bars, SEM.

(B) Scheme of the assay used to analyze the effect of Rif2 on the endonuclease activity of MR (which requires phosphorylated Sae2 [pSae2]), and the exonuclease

activity of MR. 50-bp-long dsDNA, blocked with streptavidin on one end, was used as substrate.

(legend continued on next page)
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Rad50 residues (K6, R20, and K81), corresponding to the

S. cerevisiae rad50-s mutations, is located (Alani et al., 1990)

(Figure 6B). Furthermore, the T188 residue affected by the

mre11-s mutation in budding yeast (Nairz and Klein, 1997) is

localized in the Mre11 a helix facing the same region of the

fastener loop (Figure 6B). The rad50-K81I mutation, representa-

tive of rad50-s mutations, is known to impair Mre11 endonu-

clease activity by disrupting the physical interaction of Sae2

with Rad50 (Cannavo and Cejka, 2014; Cannavo et al., 2018).

This finding suggests that instead of the fastener loop, forma-

tion of a ternary complex with pSae2 can stabilize the MR

NBD interface and therefore the transition to the cutting state.

The N18 residue, which is important for Rad50 to interact with

Rif2, is located near the Rad50 K6, R20, and K81 residues

altered by the rad50-s mutations (Figure 6B), suggesting that

Rif2 can also bind to this site. To test this hypothesis, we

analyzed whether the Rad50-K81I mutation affects the interac-

tion of Rad50 with Rif2 by coimmunoprecipitation. Because

Rif2 binds also Xrs2 and the Rad50-Rif2 interaction occurs in a

Xrs2-independent manner (Hirano et al., 2009; Hailemariam

et al., 2019), we performed the experiment in xrs2D cells.

When Rif2-Myc was immunoprecipitated with anti-Myc anti-

bodies, a reduced amount of Rad50K81I-hemagglutinin (HA)

could be detected in Myc-tagged Rif2 immunoprecipitates

compared with wild-type Rad50-HA (Figure 6C). The finding

that the K81I mutation weakens the interaction of Rad50 not

only with Sae2 but also with Rif2 suggests that Rif2 can inhibit

Mre11 endonuclease by binding to this site and interfering with

the adoption of the cutting state.

DISCUSSION

pSae2 interacts with Rad50 and stimulates Mre11 endonucleo-

lytic activity through an unknown mechanism (Cannavo and

Cejka, 2014). Although Sae2 does not affect the overall ATP hy-

drolysis rate by Rad50, Sae2-mediated stimulation of MRX

endonuclease requires ATP hydrolysis by Rad50, suggesting

that Sae2 acts on Rad50 to stimulate Mre11 nuclease activity

(Cannavo et al., 2019). The nuclease activity of E. coli Mre11 re-

quires the fastener loop, which stabilizes the MR DNA cutting

configuration by locking the phosphodiesterase domain of

Mre11 onto Rad50 NBD (Käshammer et al., 2019). Although

the fastener loop is not conserved in eukaryotes, comparison

of bacterial and eukaryotic MR cutting states reveals that the

fastener loop of E. coliMre11 binds to the Rad50 residues corre-

sponding to rad50-s mutations in yeast Rad50. Because the

rad50-s mutations abolish Mre11-catalyzed end clipping by

abrogating the physical interaction of Rad50 with Sae2 (Alani

et al., 1990; Cannavo et al., 2018), we propose that instead of

the fastener loop, Sae2 binding to the Rad50-Mre11 interface

stabilizes a post-hydrolysis MR cutting conformation, thus
(C) Representative nuclease assays with MR, pSae2, and Rif2, as indicated.

(D) Quantitation of endonuclease activity from experiments such as shown in (C) a

(E) Quantitation of exonuclease activity from experiments such as shown in (C) an

(F) MR and MRN18S used in this study.

(G) Representative assays as in (C) but with MRN18S.
explaining the requirement of Sae2 to stimulate Mre11 endonu-

clease activity (Figure 7).

We show that Mre11 endonuclease activity is inhibited by Rif2

either in the presence or in the absence of Sae2. MRX endonu-

clease requires ATP hydrolysis by Rad50 (Cannavo et al.,

2019). Paradoxically, Rif2 has been shown to stimulate ATP

hydrolysis by Rad50 (Cassani et al., 2016; Hailemariam et al.,

2019), raising the possibility that this stimulation results in a

MR ADP-bound conformation that is not competent to cleave

DNA. The Rad50 N18S mutation escapes the Rif2-mediated

negative regulation of Mre11 nuclease by weakening Rad50-

Rif2 interaction. This mutation, which also renders MR less sen-

sitive to Sae2 stimulation, is located near the Rad50 residues

altered by the rad50-s mutations (Alani et al., 1990; Cannavo

et al., 2018), suggesting that the Rif2 and Sae2 binding sites

on Rad50 can partially overlap. In accord with this hypothesis,

the rad50-K81I mutation, phenocopying the rad50-s mutations,

impairs not only Sae2-Rad50 interaction but also Rad50-Rif2

interaction. These findings suggest that Rif2 inhibits MR

nuclease by antagonizing Sae2 binding to Rad50 and therefore

by counteracting the adoption of the endonuclease active

cutting state. This Rif2 function can explain why stimulation of

Rad50 ATPase activity by Rif2 results into a post-hydrolysis

MR conformation that is refractory to Sae2 stimulation of

Mre11 nuclease.

Although MRN18S partially escapes the Rif2-mediated inhibi-

tion of Mre11 endonuclease activity, Rad50-N18S ATPase

activity is still sensitive to Rif2 stimulation. This finding suggests

that the residual interaction between Rif2 and Rad50-N18S is

sufficient for Rif2 to stimulate ATP hydrolysis by Rad50, but

not for counteracting Sae2 binding to Rad50 and therefore for

destabilizing the post-hydrolysis MR cutting state.

The lack of either Sae2 or Mre11 nuclease activity increases

MRX and Tel1 retention at DSBs, which leads to persistent

Rad53 activation that decreases DNA damage resistance (Usui

et al., 2001; Clerici et al., 2006; Yu et al., 2018). We found that

Rif2 is responsible for the increased MRX and Tel1 association

at DSBs in both sae2D and mre11-nd mutant cells and that the

rad50-N18S mutation escapes the Rif2-mediated increase of

MRX retention at DSBs. Rif2 stabilizesMRX and Tel1 association

at DSBs only whenMRX is nuclease defective. Thus, we propose

that failure to stabilize the MRX cutting state, because either

Sae2 is absent or Mre11 is catalytically inactive, favors the return

to a post-hydrolysis MR conformation that is bound by Rif2 at the

MR interface. Rif2 binding stabilizes this ADP-bound MR confor-

mation that is not proficient for DNA cleavage but is still able to

bind the DSB ends (Figure 7). Because MRX should move on

dsDNA after the cleavage reaction, the stabilization of a catalyt-

ically inactive Mre11 by Rif2 can freeze MRX on DNA and

generate higher-order oligomeric assemblies that lead to an

enhanced association of the complex at DSBs. The increased
nd (G). Averages are shown from 4 independent experiments; error bars, SEM.

d (G). Averages are shown from 4 independent experiments; error bars, SEM.

Cell Reports 34, 108906, March 30, 2021 9



Figure 6. The N18S mutation weakens the

Rad50-Rif2 interaction and is located close

to the rad50-s mutations

(A) Recombinant MBP-Rif2 was immobilized on

amylose resin (lanes 1 and 2). Subsequently, MR or

MRN18S was added, as indicated. The resin with

bound proteins was washed and eluted with

maltose, and the MBP tag on Rif2 was cleaved with

PreScission protease. The proteins in the eluate

were analyzed by Ponceau (Rif2) and western

blotting (anti-Rad50 and anti-His to detect Mre11-

His).

(B) Comparison of E. coli sbcC (Mre11 ortholog,

pink) and sbcD (Rad50 ortholog, blue) in the cutting

state (PDB: 6S85) and S. cerevisiae Mre11 and

Rad50 models, obtained by homology modeling,

which are positioned by structural alignment to

mimic the same cutting-state conformation. The

Rad50 residues (K6, R20, and K81) involved in Sae2

interaction and affected by the rad50-s mutations

are shown as orange spheres. The Mre11 residue

(T188) affected by themre11-smutation is shown as

green spheres. The Rad50 residue N18 is drawn in

gray spheres, whereas the ADP nucleotide is in

yellow.

(C) Protein extracts from exponentially growing

xrs2D cells were analyzed by western blotting with

anti-HA and anti-Myc antibodies either directly

(total) or after immunoprecipitation (IP) with anti-

Myc antibody.
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MRX retention at DSBs occurs only when Mre11 is nuclease

defective, possibly because the amount of Rif2 at DSBs is not

enough to counteract Sae2-mediated stabilization of the MRX

cutting state.

Which are the biological consequences of Rif2-mediated MRX

regulationwhenSae2 is present?DSBs aremore avidly bound by

Sae2 than by Rif2, whereas the opposite occurs at telomeres,

where Rif2, together with Rif1, gives rise to a higher-order archi-

tecture that interlinks Rap1 units (Shi et al., 2013). The lack of Rif2

by itself was shown to increase NHEJ at both DSBs and telo-

meres (Marcand et al., 2008; Cassani et al., 2016). Because

NHEJ has been shown to rely on the MRX ATP-bound state

(Deshpande et al., 2014; Cassani et al., 2018), which generates

a groove that can host dsDNA (Lammens et al., 2011; Rojowska

et al., 2014; Liu et al., 2016; Seifert et al., 2016), Rif2 can inhibit

NHEJ by discharging the MRX ATP-bound state though stimula-

tion of ATP hydrolysis by Rad50. This Rif2-mediated discharge of

theMRXATP-bound state canalso explainwhy the lackofRif2 by
10 Cell Reports 34, 108906, March 30, 2021
itself leads to an increased MRX and Tel1

association at both DSBs and telomeres

(Hirano et al., 2009; Cassani et al., 2016).

By contrast, the lack of Rif2 does not

enhance hairpin cleavage or resection of

mitotic and meiotic DSBs. Because these

MRX functions strictly depend on Sae2,

whose association to DSBs is higher than

that of Rif2, the amount of Rif2 bound at

DSBs cannot be enough to antagonize

Sae2 binding to Rad50. The low amount
of Rif2 bound at DSBs compared with Sae2 ensures that cells

possess a sufficient amount of ATP-bound MRX at DSBs that

can be converted by Sae2 to an endonuclease active state.

By contrast, Rif2 inhibits MRX-mediated resection at telo-

meres (Bonetti et al., 2010; Hirano et al., 2009; McGee et al.,

2010; Ribeyre and Shore, 2012), where the high Rif2 level can

destabilize the MRX cutting state even in the presence of Sae2.

Thus, althoughRif2 atDSBshasan inhibitory role onNHEJbydis-

charging the MRX ATP-bound state, contributing to regulate the

choice betweenNHEJ andHR, at telomeres Rif2 ensures protec-

tionof telomericDNAends fromMRX-Sae2-mediatednucleolytic

degradation. The finding that Rif2 directly binds DNA in vitro rai-

ses the possibility that Rif2-mediated inhibition ofMre11 endonu-

clease activity can also be important to protect internal DNA

regions from unscheduled endonucleolytic scission by MRX-

Sae2. Because the MRX complex is evolutionarily conserved, it

will be interesting to investigatewhether a similar inhibitorymech-

anism occurs on human MRN.



Figure 7. Model for Sae2 and Rif2 regulation

of MRX activity at DNA ends

The MRX ATP-bound state (resting state) can bind

DNA and promotes NHEJ and Tel1 activation. In this

state, Mre11 embraces Rad50-ATP dimer, resulting

in Mre11 being inaccessible to dsDNA and therefore

not competent to cleave DNA. After DSB recognition

and ATP hydrolysis, Rad50 adopts a conformation

that induces a rotation of the coiled-coils arms,

which clamp upon DNA binding. The Mre11 dimer is

able to move from the Rad50 dimer and reaches the

DNA end. Sae2 binding on the Rad50-Mre11 inter-

face stabilizes the resulting conformation (cutting

state) that is proficient to cleave DNA. Rif2 binding

near the Sae2-interacting site on Rad50 inhibits the

conversion to the endonuclease active cutting state

and stabilizes a MRX ADP-bound state that is not

competent for DNA cleavage but can bind DNA.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Rad53 Abcam Ab104232; RRID: AB_2687603

Anti-Myc (9E10) In house antibody N/A

Anti-HA (12CA5) In house antibody N/A

Anti-Rad50 Thermo Scientific PA5-32176; RRID: AB_2549649

Anti-His MBL D291-3; RRID: 10597733

Bacterial and virus strains

Subcloning Efficiency DH5alpha Competent Cells Invitrogen 18265017

MAX Efficiency DH10Bac Competent Cells GIBCO 10361012

Chemicals, peptides, and recombinant proteins

SsoFastTM EvaGreen�Supermix, 500 Rxn Bio-Rad 1725201

Hygromycin B Roche 10843555001

ClonNAT (nourseothricin) WERNERBioAgents 96736-11-7

G-418 disulfate Medchemexpress HY-17561

(S)-(+)-Camptothecin Sigma-Aldrich C9911-1G

Methyl methanesulfonate Sigma-Aldrich 129925/25G

Trichloroacetic acid Sigma-Aldrich 91230-1KG

RNase A Roche 10109169001

Bromophenol Blue sodium salt Sigma-Aldrich B6131-25G

Phenylmethanesulfonyl fluoride Sigma-Aldrich 78830-5G

Sodium chloride Sigma-Aldrich 31434-1KG-R-D

Hydrochloric acid Sigma-Aldrich 30721-1L-M

Yeast nitrogen base with amino acids Sigma-Aldrich Y1250-250G

Dimethyl sulfoxide Sigma-Aldrich D4540-1L

Triton� X-100 for molecular biology Sigma-Aldrich T8787-100ML

Sodium deoxycholate Sigma-Aldrich 30970-100G

Lithium chloride Sigma-Aldrich L9650-100G

N,N,N’,N’-Tetramethylethylenediamine Sigma-Aldrich T9281-50ML

Acrilamide 4X solution Serva 10677.1

N,N’-Methylene-bisacrylamide 2X Serva 29197.01

IGEPAL� CA-630 Sigma-Aldrich I8896-100ML

Ammonium persulfate Sigma-Aldrich A3678-25G

DL-Dithiothreitol Sigma-Aldrich 43819-25G

HEPES Sigma-Aldrich H4034-1KG

Ethylenediaminetetraacetic acid R 98.0% Sigma-Aldrich 03620-1KG

Complete Mini Roche 11836153001

Peroxide solution and Enhancer solution Genespin STS-E500

D-Sorbitol Sigma-Aldrich S7547-1KG

Ponceau s sodium practical grade Sigma-Aldrich P3504-100G

Trizma� base Sigma-Aldrich 33742-2KG

Sodium dodecyl sulfate Sigma-Aldrich L3771-500G

Sodium hydroxyde Merck Millipore 1064621000

Formaldehyde solution for molecular biology, 36.5–38% in H2O Sigma-Aldrich F8775-500ML

Glycine for electrophoresis, R 99% Sigma-Aldrich G8898-1KG

2-Propanol Sigma-Aldrich I9516-500ML

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ethanol absolute Sigma-Aldrich 02860-2,5L

Zymolyase 20T Nacalai Tesque 07663-91

Dynabeads Protein G Invitrogen 10004D

Agarose LE Euroclone EMR920500-500 g

D(+)-Raffinose pentahydrate Sigma-Aldrich 83400-100G

D(+)-Galactose Sigma-Aldrich 48260-500G-F

D-(+)-Glucose monohydrate Sigma-Aldrich 49159-5KG

Yeast Extract Difco BD 212750

Peptone Difco BD 211677

Peptone Oxoid OXOID LP0037T

Yeast extract Oxoid OXOID LP0021T

Agar Bacto Difco BD 214030

Agarose LE EuroClone EMR920500-500 g

SFX-Insect with L-glutamine and sodium bicarbonate HyClone HYCLSH30278

TransIT�-Insect Transfection Reagent Mirus MIR 6100

Dulbecco’s Phosphate Buffered Saline Sigma-Aldrich D8537-500ML

Protease Inhibitor Cocktail Sigma-Aldrich P8340

Leupeptin Merck EI8

Glycerol PanReac AppliChem A2926.2500

Potassium phosphate monobasic Sigma-Aldrich P9791-500G

Potassium phosphate dibasic Sigma-Aldrich P2222-500G

Potassium chloride Sigma-Aldrich P9541-1KG

2-Mercaptoethanol Sigma-Aldrich M6250-100ML

Ni-NTA Agarose QIAGEN 30230

Imidazole Sigma-Aldrich I202-500G

HiTrap� SP HP Cytiva GE29-0513-24

HiTrap� Q HP Cytiva GE29-0513-25

EDTA Sigma-Aldrich EDS

PMSF AppliChem A0999

Nonidet P40 Substitute Sigma-Aldrich 74385

D-(+)-Maltose monohydrate Sigma-Aldrich M9171

Amylose resin New England Biolabs E8021L

ATP, [g-32P]- 3000Ci/mmol 10mCi/ml Perkin Elmer BLU502A500UC

BSA BioConcept AG B9000S

ATP Cytiva GE-27-1006-03

Pyruvate Kinase from rabbit muscle Sigma-Aldrich P1506-5K

PEP-Phospho (enol) pyruvic acid Sigma-Aldrich P7002

Critical commercial assays

QIAGEN QIAquick PCR Purification kit QIAGEN 28106

QIAGEN Plasmid Mini Kit QIAGEN 12125

Bac-to-Bac Baculovirus Expression System GIBCO 10359016

Experimental models: Organisms/strains

S. cerevisiae, see Table S1 This study N/A

Oligonucleotides

ARO+: TGAGTCGTTACAAGGTGATGCC This study N/A

ARO-: ACCTACAGGAGGACCCGAAA This study N/A

DSB 0.2+ TCAGACTCAAGCAAACAATCAA This study N/A

DSB 0.2-: CCCGTATAGCCAATTCGTTC This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DSB 0.6+: CACCCAAGAAGGCGAATAAG This study N/A

DSB 0.6-: CATGCGGTTCACATGACTTT This study N/A

PC1253C:AACGTCATAGACGATTACATTGCTAG

GACATCTTTGCCCACGTTGACCCA

Cannavo and Cejka, 2014 N/A

PC1253B:TGGGTCAACGTGGGCAAAGATGTCCT

AGCAATGTAATCGTCTATGACGTT with 30terminal biotin

Cannavo and Cejka, 2014 N/A

Software and algorithms

Bio-Rad CFX Maestro 1.1 Version: 4.1.2433.1219 Bio-Rad

Other

White 96-well PCR plates MultiplateTM Bio-Rad MLL9651

Nitrocellulose blotting membrane, AmershamTM ProtranTM 0.45 mm NC GE Healthcare 10600002

TLC Plastic Sheets Sigma-Aldrich Z740237
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Maria Pia

Longhese (mariapia.longhese@unimib.it).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Saccharomyces cerevisiae is the experimental model used in this study. Strain genotypes are listed in Table S1. Strain JKM139, used

to detect DSB resection, was kindly provided by J. Haber (Brandeis University, Waltham, USA). Strain HS21, used to detect hairpin

cleavage, was kindly provided by M. A. Resnick (NIH, USA).

METHOD DETAILS

Yeast media
Cells were grown in YEPmedium (1% yeast extract, 2%bactopeptone) supplemented with 2%glucose (YEPD), 2% raffinose (YEPR)

or 2% raffinose and 3% galactose (YEPRG). Gene disruptions were generated by one-step PCR homology cassette amplification

and standard yeast transformation method.

Search for rad50 mutants suppressing the sensitivity to CPT of sae2D cells
Genomic DNA from strains carrying the KANMX gene located 570 bp upstream of the RAD50ORF was used as template to amplify by

low-fidelity PCR theRAD50 coding region, respectively. Thirty independent PCR reactionmixtures were prepared, each containing 5U

EuroTaqDNApolymerase (Euroclone), 10nggenomicDNA,500ngeachprimer,0.5mMeachdNTP (dATP,dTTP,dCTP),0.1mMdGTP,

0.5 mM MnCl2, 10 mM 2-mercaptoethanol, 10 mM Tris–HCl (pH9), 50 mM KCl and 1.5 mM MgCl2. The resulting PCR amplification

products, containing theRAD50codingsequenceand theKANMX resistancegene, respectively,wereused to transforma sae2Dstrain.

Three thousand transformants were selected and then assayed by drop tests for decreased sensitivity to high doses of CPT.

Spot assays
Cells grown overnight were diluted to 1x107 cells/ml. 10-fold serial dilutions were spotted on YEPD with or without indicated DNA

damaging drugs. Plates were incubated for 3 days at 28�C.

Western blotting and immunoprecipitation
Protein extracts for western blot analysis were prepared by trichloroacetic acid (TCA) precipitation. Frozen cell pellets were

resuspended in 200 mL 20% TCA. After the addition of acid-washed glass beads, the samples were vortexed for 10 min. The beads
e3 Cell Reports 34, 108906, March 30, 2021
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werewashedwith 200 mL of 5%TCA twice, and the extract was collected in a new tube. The crude extract was precipitated by centri-

fugation at 3000 rpm for 10 min. TCA was discarded, and samples were resuspended in 70 mL 6X Laemmli buffer (60mM Tris, pH6.8,

2% SDS, 10% glycerol, 100mMDTT, 0.2% bromophenol blue) containing 0.9% 2-mercaptoethanol and 30 mL 1M Tris (pH8.0). Prior

to loading, samples were boiled at 95�C and centrifuged at 3.000 rpm for 10 min. Supernatant containing the solubilized proteins

were separated on 10% polyacrylamide gels. Rad53 was detected by using anti-Rad53 polyclonal antibodies (ab104232) from

Abcam. Immunoprecipitations were performed as previously described (Cassani et al., 2018), with the following modifications:

protein extracts were prepared in a lysis buffer containing 50mMHEPES (pH 7.5), 140mMNaCl, 1 mMEDTA (pH 7.5), 10% glycerol,

0.5% NP40, 1mM phenylmethylsulfonyl fluoride, 60 mM b-glycerophosphate, 1 mM sodium orthovanadate and a protease inhibitor

cocktail (Roche Diagnostics).

Chromatin Immunoprecipitation and qPCR
ChIP analysis was performed as previously described (Cassani et al., 2016). Quantification of immunoprecipitated DNAwas achieved

by quantitative real-time PCR (qPCR) on a Bio-Rad CFX Connect Real-Time System apparatus. Triplicate samples in 20 mL reaction

mixture containing 10 ng of template DNA, 300 nM for each primer, 2 3 SsoFast EvaGreen� supermix (Bio-Rad #1725201) (2X re-

action buffer with dNTPs, Sso7d-fusion polymerase, MgCl2, EvaGreen dye, and stabilizers) were run in white 96-well PCR platesMul-

tiplate (Bio-Rad #MLL9651). The qPCR programwas as follows: step 1, 98�C for 2min; step 2, 90�C for 5 s; step 3, 60�C for 15 s; step

4, return to step 2 and repeat 45 times. At the end of the cycling program, a melting program (from 65�C to 95�C with a 0.5�C incre-

ment every 5 s) was run to test the specificity of each qPCR. Data are expressed as fold enrichment at the HO-induced DSB over that

at the non-cleaved ARO1 locus, after normalization of each ChIP signals to the corresponding input for each time point. Fold enrich-

ment was then normalized to the efficiency of DSB induction.

Preparation of recombinant proteins
The Mre11-Rad50 complex was expressed in Spodoptera frugiperda 9 (Sf9) cells using constructs coding for His-tagged Mre11 and

untagged Rad50, and purified by NiNTA (QIAGEN) affinity chromatography followed by ion-exchange chromatography with HiTrap

SP HP (Cytiva) and HiTrap Q HP (Cytiva) columns (Oh et al., 2016). For the preparation of the Mre11-Rad50-N18S mutant complex,

the construct for the expression of untagged Rad50 wasmutagenized by site-specific mutagenesis with 50-CCGCAGCTT CGA TAG

CAG CGA TCG CGA GAC CAT CG-30 and 50-CGA TGG TCT CGC GAT CGC TGC TAT CGA AGC TGC GG-30oligonucleotides. The
mutant complex was purified using the same procedure as for the wild-type MR. Phosphorylated Sae2 was prepared in Sf9 cells as

previously described (Cannavo et al., 2018). Recombinant Rif2 was prepared as a fusion with N-terminal MBP tag and a C-terminal

10xHis-tag in Sf9 cells. The pFB-MBP-Rif2-his construct was a kind gift from A. Bianchi (University of Sussex, UK). The cell extracts

were prepared in 50mMTris-HCl pH 7.5, 1mMdithiothreitol, 1 mMethylenediaminetetraacetic acid, 1:400 Sigma protease inhibitory

cocktail P8340, 1 mM phenylmethylsulfonyl fluoride, 30 mg/ml leupeptin, supplemented subsequently with 1/2 volume 50% glycerol

and 6.5% volume 5 M NaCl. The soluble fraction was then incubated with amylose resin (New England Biolabs) and washed with

MBP wash buffer I (50 mM Tris-HCl pH 7.5, 5 mM 2-mercaptoethanol, 1 M NaCl, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride),

followed by MBP wash buffer II (50 mM Tris-HCl pH 7.5, 5 mM 2-mercaptoethanol, 300 mM NaCl, 10% glycerol, 1 mM phenylme-

thylsulfonyl fluoride). The MBP fusion protein was eluted in MBP wash buffer II supplemented with 10 mMmaltose, and the MBP tag

was cleaved with PreScission protease (1:5, w/w, 2 h at 4�C). The sample was then supplemented with 10mM imidazole and applied

on NiNTA resin (QIAGEN). The resin was washed with NTA wash buffer A1 (50 mM Tris-HCl pH 7.5, 5 mM 2-mercaptoethanol, 1 M

NaCl, 10% glycerol, 0.5 mM phenylmethylsulfonyl fluoride, 58mM imidazole) and NTAwash buffer A2 (50 mM Tris-HCl pH 7.5, 5 mM

2-mercaptoethanol, 150 mM NaCl, 10% glycerol, 58 mM imidazole) and eluted with NTA buffer B (50 mM Tris-HCl pH 7.5, 5 mM

2-mercaptoethanol, 150 mM NaCl, 10% glycerol, 300 mM imidazole). Eluted Rif2-his protein was dialyzed into 50 mM Tris-HCl

pH 7.5, 5 mM 2-mercaptoethanol, 150 mM NaCl, 10% glycerol, aliquoted, frozen in liquid nitrogen and stored at �80�C.

ATPase assays
The ATPase assays were carried out in 10 mL reactions in 25 mM Tris-acetate pH 7.5, 1 mM dithiothreitol, 5 mMmagnesium acetate,

20 mMNaCl, 0.25 mg/ml bovine serum albumin (NEB), 150 mM unlabeled ATP, 4 nM g-32P-ATP (Perkin Elmer) and 200 ng of dsDNA.

The reaction buffer was assembled on ice, the recombinant proteins were added, as indicated, and the reactions were incubated at

30�C for 4 h. The ATP hydrolysis was analyzed by thin layer chromatography using a standard procedure, the plates were exposed to

storage phosphor screens and processed by a Typhoon Imager (GEHealthcare/Cytiva). The data were quantitated using ImageJ and

plotted with Prism software.

Nuclease assays
Nuclease assayswere carried out as previously described (Cannavo andCejka, 2014; Cannavo et al., 2018) in 15mL reactions in 25mM

Tris-acetatepH7.5, 1mMdithiothreitol, 5mMmagnesiumacetate, 1mMmanganeseacetate, 0.25mg/mlbovineserumalbumin (NEB),

1 mM phosphoenolpyruvate, 80 U/ml pyruvate kinase (Sigma), 1 mM ATP and 1 nM (in molecules) 30-labeled dsDNA substrate

(oligonucleotidesPC1253CandPC1253B).Streptavidin (15nMfinal,Sigma)wasadded toblockoneof theDNAends,and the reactions

were pre-incubated for 5min at room temperature. Subsequently, where applicable, Rif2 was added and the reactionswere incubated

for 5 min at room temperature. The additional recombinant proteins (MR variants, phosphorylated Sae2, pSae2) were then added as
Cell Reports 34, 108906, March 30, 2021 e4
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indicated, and the reactionswere incubated for 30min at 30�C.The reactionproductswere analyzedbydenaturingelectrophoresis, the

gels were dried and exposed to storage phosphor screens and processed by a Typhoon Imager (GEHealthcare/Cytiva). The datawere

quantitated using ImageJ and plotted with Prism software.

Protein interaction assays
Sf9 cell lysate expressingMBP-Rif2-his was bound to amylose resin (NEB) andwashed with wash buffer 1M (50mMTris-HCl pH 7.5,

1 M NaCl, 0.2% [v/v] NP40, 2 mMEDTA, 1:1000 protease inhibitory cocktail (Sigma P8340) and then with wash buffer 0.1 M (same as

wash buffer 1 M, but only 0.1 M NaCl). The recombinant MR variants (1 mg) were then added, incubated for 1 h at 4�C and the resin

was then washed with wash buffer 0.1 M. As a negative control, the MR proteins were added to the amylose resin without MBP-Rif2-

his to test for non-specific binding. The proteins were eluted with 0.1 Mwash buffer supplemented with 20 mMmaltose, and cleaved

with PreScission protease. The eluates were analyzed by Ponceau staining or by western blotting with anti-His (MBL, D291-3,

1:5,000) or anti-Rad50 antibodies (Thermo Scientific, PA5-32176, 1:1,000).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as mean values ± SD or SEM. Quantification and statistical analysis were done using PRISM (GraphPad).

p values for the ChIP-qPCR and recombination experiments were calculated by two-tailed Student’s t test. No statistical methods

or criteria were used to estimate sample size or to include or exclude samples.
e5 Cell Reports 34, 108906, March 30, 2021
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SUPPLEMENTAL INFORMATION 

Table S1, related to STAR methods. Saccharomyces cerevisiae strains used in this study. 

Strain Relevant genotype Source 

W303 
MATa/α ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 
rad5-535 

 

YLL 1134.2 W303 rif2∆::KANMX Cassani et al., 
2016 

DMP 6166/2D W303 MATα rif2∆::HIS3 sae2∆::KANMX This study 

YLL 1069.3 W303 sae2∆::KANMX  Cassani et al., 
2018 

HS21 MATα ade5-1 his7-2 ura3Δ trp1-289 leu2-3,112::p305L3 LEU2 
lys2::AluIR 

Lobachev et al., 
2002 

YLL 4197.1 HS21 rif2∆::TRP1 This study 

YLL 3773.3 HS21 sae2∆::KANMX This study 

YLL 4348.1 HS21 mre11-H15N::LEU2 This study 

DMP 7294/6A HS21 rif2∆::TRP1 sae2∆::KANMX This study 

YLL 4349.2 HS21 mre11-H15N::LEU2 rif2∆::TRP1 This study 

JKM139 
MATa hml∆::ADE1, hmr∆::ADE1, ade1-100, lys5, 
leu2-3,112, trp1::hisG ura3-52, ho, ade3::GAL-HO site 

Lee et al., 1998 

YLL 1712.6 JKM139 rif2Δ::HPHMX This study 

DMP 5113/5A JKM139 KANMX::rad50-N18S This study 

YLL 3627.3 JKM139 sae2Δ::HPHMX This study 

DMP 7144/8C JKM139 rif2∆::KANMX sae2∆::HPHMX This study 

YLL 3757.1 JKM139 KANMX::rad50-N18S sae2Δ::HPHMX This study 

YLL 1854.2 JKM139 MRE11-18MYC::TRP1 Cassani et al., 
2018 

DMP 6149/2D JKM139 sae2∆::KANMX MRE11-18MYC::TRP1 This study 

DMP 7248/3A JKM139 rif2∆::KANMX sae2∆::HPHMX MRE11-18MYC::TRP1 This study 

DMP 6211/5B JKM139 rif2∆::HPHMX MRE11-18MYC::TRP1 This study 

YLL 3222.6 JKM139 TEL1-3HA::NATMX Cassani et al., 
2018 

DMP 6435/1A JKM139 sae2∆::KANMX TEL1-3HA::NATMX This study 

DMP 7250/8D JKM139 sae2∆::HPHMX rif2Δ::KANMX TEL1-3HA::NATMX This study 

DMP 7250/8A JKM139 rif2Δ::KANMX TEL1-3HA::NATMX This study 

YLL 3421.2 JKM139 RAD9-3HA::TRP1 This study 

DMP 7192/6B JKM139 sae2Δ::HPHMX RAD9-3HA::TRP1 This study 

DMP 7192/8C JKM139 sae2Δ::HPHMX rif2Δ::KANMX RAD9-3HA::TRP1 This study 

DMP 7192/3A JKM139 rif2Δ::KANMX RAD9-3HA::TRP1 This study 

YLL 4104.2 JKM139 MRE11-H125N-18MYC::TRP1 This study 



 

DMP 7283/3D JKM139 rif2Δ::KANMX MRE11-H125N-18MYC::TRP1 This study 

YLL 3754.1  W303 KANMX::rad50-N18S sae2Δ::HIS3 This study 

DMP 7007/8B W303 KANMX::rad50-N18S sae2Δ::HIS3 rif2Δ::HIS3 This study 

DMP 6449/1C W303 KANMX::rad50-N18S This study 

YLL 941.1 W303 yku70Δ::HIS3 This study 

DMP 4374/6B W303 sae2Δ::KANMX yku70Δ::HIS3 This study 

DMP 6903/18D W303 KANMX::rad50-N18S ykuΔ::HIS3 This study 

DMP 6903/7D W303 KANMX::rad50-N18S sae2Δ::KANMX yku70Δ::HIS3 This study 

DMP 6903/9A W303 KANMX::rad50-N18S sae2Δ::KANMX yku70Δ::HIS3 This study 

DMP 7238/2A JKM139 KANMX::rad50-N18S MRE11-18MYC::TRP1 This study 

DMP 7238/7A JKM139 KANMX::rad50-N18S sae2Δ::HPHMX MRE11-
18MYC::TRP1 

This study 

DMP 7238/7A JKM139 KANMX::rad50-N18S  sae2Δ::HPHMX rif2Δ::KANMX 
MRE11-18MYC::TRP1 

This study 

YLL 3612.2 JKM139 RIF2-18MYC::URA3 This study 

DMP 7059/2A  JKM139 RIF2-18MYC::URA3 KANMX::rad50-N18S This study 
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