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ABSTRACT

Sae2 cooperates with the Mre11-Rad50-Xrs2 (MRX)
complex to initiate resection of DNA double-strand
breaks (DSBs) and to maintain the DSB ends in close
proximity to allow their repair. How these diverse
MRX-Sae2 functions contribute to DNA damage re-
sistance is not known. Here, we describe mre11 al-
leles that suppress the hypersensitivity of sae2A
cells to genotoxic agents. By assessing the impact of
these mutations at the cellular and structural levels,
we found that all the mre11 alleles that restore sae2A
resistance to both camptothecin and phleomycin af-
fect the Mre11 N-terminus and suppress the resec-
tion defect of sae2A cells by lowering MRX and Teld1
association to DSBs. As a consequence, the dimin-
ished Tel1 persistence potentiates Sgs1-Dna2 resec-
tion activity by decreasing Rad9 association to DSBs.
By contrast, the mre11 mutations restoring sae2A re-
sistance only to phleomycin are located in Mre11 C-
terminus and bypass Sae2 function in end-tethering
but not in DSB resection, possibly by destabilizing
the Mre11-Rad50 open conformation. These findings
unmask the existence of structurally distinct Mre11
domains that support resistance to genotoxic agents
by mediating different processes.

INTRODUCTION

DNA double-strand breaks (DSBs) are repaired by two ma-
jor pathways: non-homologous end-joining (NHEJ), which
directly re-ligates the broken DNA ends, and homologous
recombination (HR), which uses an intact homologous
DNA sequence as a template to restore the genetic infor-
mation at the break site (1,2). In order to repair a DSB by
HR, the 5 DNA strands on either side of the DSB have to
be nucleolytically degraded through a process referred to as

resection (3). The resulting 3’-ended single-stranded DNA
(ssDNA) tails are first bound by the ssDNA binding com-
plex Replication Protein A (RPA), which is then replaced
by Rad51 to generate a right-handed helical filament that
initiates HR (1,2).

The evolutionarily conserved MRX/MRN complex
(Mrel1-Rad50-Xrs2 in Saccharomyces cerevisiae, MRE11-
RADS50-NBSI1 in mammals) plays a central role in sig-
naling, processing and repairing DNA DSBs (4). The N-
terminal domain of the Mrel1 subunit contains five con-
served phosphoesterase motifs that are essential for both
3'-5" double-stranded DNA (dsDNA) exonuclease and ss-
DNA endonuclease activities (5-11). Mrell interacts with
Rad50, which is an ATPase characterized by ATP-binding
motifs that are located at both the N- and C-terminal re-
gions of the protein and are separated by an intramolecular
coiled-coil (12-15). The coiled-coil apex contains a motif
that can dimerize thereby forming bridges that transiently
tether broken DNA ends (16-20).

Structural studies of the catalytic domains of bacterial
and archaeal Mrel1-Rad50 complex have shown that, in
the presence of ATP, the Rad50 dimer associates with the
Mrell nuclease site groove and blocks its access to DNA
(21-23). By contrast, in the absence of ATP, Mrell holds
the Rad50 ATPase domains near the base of the coiled-
coils and DNA becomes accessible to the Mrell nuclease
active site (22-24). These findings support a model in which
ATP hydrolysis induces a switch between a closed state with
occluded Mrell nuclease domain, required for DNA end
binding and tethering, to an open configuration with ex-
posed Mrel 1 nuclease sites that can be engaged in DSB re-
section (25).

MRX function in DSB resection partially depends on
Sae2 (CtIP in mammals and Ctpl in Schizosaccharomyces
pombe), which stimulates Mrell endonuclease activity (26).
Studies in budding yeast indicate that MRX and Sae2 ini-
tiate resection by catalyzing an endonucleolytic cleavage in
the 5'-terminated strands at both DSB ends. Then, Mrell
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exonuclease activity digests DNA in the 3'-5 direction to-
ward the DSB end, whereas processive nucleases, like Exol
and Dna?2, take over resection in the 5'-3’ direction from the
gap (27-33). While Exol is able to release mononucleotide
products from a dsDNA end (34), the resection activity of
Dna?2 requires the RecQ helicase Sgs1 (BLM in humans)
that unwinds dsDNA in a 3'-5 direction (28-30,32,33,35).
In addition, the MRX complex promotes Exol- and/or
Sgsl-Dna2-mediated DSB resection by facilitating Exol
and Sgsl recruitment to the DSB ends independently of
both Mrell nuclease activity and Sae2 (36).

The endonucleolytic cleavage catalyzed by MRX-Sae2
is particularly important for initiating resection at DSBs,
whose DNA ends are not accessible to Exol and Sgs1-Dna2
due to the presence of covalently end-bound proteins, such
as the topoisomerase-like protein Spol1 that remains cova-
lently linked to the 5'-terminated strands of meiotic DSBs
(37).

The lack of Sae2 not only delays initiation of DSB re-
section, but it also causes enhanced Tell and Rad53 signal-
ing activities (38,39). This persistent signaling contributes
to the DNA damage hypersensitivity and the resection de-
fects of Sae2-defective cells by promoting the binding to
DSBs of Rad9, which in turn inhibits the resection activ-
ity of Sgs1-Dna?2 (40-42). In fact, impairment of either Tell
or Rad53 activity restores DNA damage resistance and re-
section in sae2 A cells by decreasing the amount of DSB-
bound Rad9, and therefore by relieving inhibition of Sgsl1-
Dna?2 (42). Sae2 function in DNA damage resistance is also
bypassed by lowering MRX association to DSBs (43,44).
Whether this effect is due to a dampening of Tell signal-
ing activity is unknown. In any case, sae2 A cells display
only mild resection defects (45), suggesting that resistance
to DNA damaging agents involves other Sae2 functions be-
sides its promotion of Mrel 1 nuclease to enhance resection.
Consistent with this hypothesis, sae2 A cells are defective in
maintaining the DSB ends in close proximity (45,46).

To better understand how these diverse Sae2-MRX func-
tions contribute to DNA damage resistance, we searched
and characterized Saccharomyces cerevisiae mrel I mutants
that suppress the sae2A hypersensitivity to phleomycin,
which generates chemically complex DNA termini, and/or
to camptothecin (CPT), which extends the half-life of topoi-
somerase 1 (Topl)-DNA cleavable complexes (Toplccs)
(47). We found that the mrell mutations restoring sae2 A
resistance to both CPT and phleomycin also suppressed the
resection defect of sae2 A cells by lowering MRX and Tell
association to DSBs. As a consequence, the decreased Tell
persistence potentiated Sgs1-Dna?2 by diminishing Rad9 as-
sociation to DSBs. By contrast, the mrel I mutations restor-
ing sae2 A resistance only to phleomycin bypassed Sae2
function in end-tethering but not that in DSB resection, in-
dicating that the hypersensitivity to phleomycin of sae2 A
cells does not reflect defective DNA-end processing per se.
Interestingly, all the mrel I mutations suppressing sae2 A re-
section defects caused amino acid changes in the Mrell N-
terminus, whereas the mutations specifically bypassing Sae2
function in end-tethering were located in the M RE! region
encoding the C-terminus, which is known to interact with
Rad50 coiled-coil (21,22,24). We propose structural insights
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into the molecular effect of these mrel I mutations based on
a computational model of Mrell1-Rad50 and of both the
dimerization and the Rad50 binding domains of Mrell, ob-
tained by homology modeling and molecular dynamics.

MATERIALS AND METHODS
Yeast strains and growth conditions

Strain genotypes are listed in Supplementary Table SI.
Strain JKM 139, used to detect DSB resection, was kindly
provided by J. Haber (Brandeis University, Waltham, USA).
Strain tGI354, used to detect ectopic recombination, was
kindly provided by G. Liberi (CNR, Pavia, Italy). Strain
JYK40.6, used to detect end-tethering, was kindly provided
by D.P. Toczyski (University of California, San Francisco,
USA). Cells were grown in YEP medium (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 disruption method. All the experiments have been per-
formed at 27°C.

Search for mrel I mutants

Genomic DNA from a strain carrying the HPHMX gene
located 250 bp downstream of the MRE!I stop codon was
used as template to amplify by low-fidelity PCR a MREI1
region spanning from position —460 bp to +500 bp from
the MREII coding region. Thirty independent PCR re-
action mixtures were prepared, each containing SU Euro-
Taq DNA polymerase (Euroclone), 10 ng genomic DNA,
500 ng each primer, 0.5 mM each dNTP (dATP, dTTP,
dCTP), 0.1 mM dGTP, 0.5 mM MnCl,, 10 mM Bmercap-
toethanol, 10 mM Tris—-HCI (pH 9), 50 mM KCI and 1.5
mM MgCl,. The resulting PCR amplification products con-
tained the M RE!] coding sequence and the HPH M X resis-
tance gene were used to transform a sae2 A mutant strain
(YLL 1070.1). 3000 transformants were selected on YEPD
medium added with Hygromycin B (0.3 mg/ml) and then
assayed by drop tests for the ability to grow on YEPD plates
containing phleomycin or camptothecin.

DSB resection and ectopic recombination

DSB end resection at the M AT locus in JKM139 deriva-
tive strains was analyzed on alkaline agarose gels, by us-
ing a single-stranded probe complementary to the unre-
sected DSB strand, as previously described (48). Quantita-
tive analysis of DSB resection was performed by calculating
the ratio of band intensities for ssDNA and total amount of
DSB products. DSB repair by ectopic recombination was
detected by using the tGI354 strain as previously described
(48). To determine the repair efficiency, the intensity of the
uncut band at 2 h after HO induction (maximum efficiency
of DSB formation), normalized with respect to a loading
control, was subtracted to the normalized values of NCO
and CO bands at the subsequent time points after galactose
addition. The obtained values were divided by the normal-
ized intensity of the uncut M ATa band at time zero before
HO induction (100%).
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Plasmid religation assay

The centromeric plasmid pRS316 was digested with the
BamHI1 restriction enzyme before being transformed into
the cells. Parallel transformation with undigested pRS316
DNA was used to determine the transformation efficiency.
Efficiency of re-ligation was calculated by determining the
number of colonies able to grow on medium selective for the
plasmid marker and was normalized to the transformation
efficiency for each sample. The re-ligation efficiency in mu-
tant cells was compared to that of wild type cells that was
set up to 100%.

ChIP and qPCR

ChIP analysis was performed as previously described (48).
Quantification of immunoprecipitated DNA was achieved
by quantitative real-time PCR (qPCR) on a Bio-Rad Min-
iOpticon apparatus. Triplicate samples in 20 pl reaction
mixture containing 10 ng of template DNA, 300 nM for
each primer, 2x SsoFast™ EvaGreen® supermix (Bio-Rad
#1725201) (2x reaction buffer with dNTPs, Sso7d-fusion
polymerase, MgCl,, EvaGreen dye, and stabilizers) were
run in white 48-well PCR plates Multiplate™ (Bio-Rad
#MLL4851). The qPCR program was as follows: step 1,
98°C for 2 min; step 2, 98°C for 5 s; step 3, 60°C for 10
s; step 4, return to step 2 and repeat 30 times. At the end of
the cycling program, a melting program (from 65°C to 95°C
with a 0.5°C increment every 5 s) was run to test the speci-
ficity of each qPCR. Data are expressed as fold enrichment
at the HO-induced DSB over that at the non-cleaved A RO!
locus, after normalization of each ChIP signals to the cor-
responding input for each time point. Fold enrichment was
then normalized to the efficiency of DSB induction.

Expression and purification of Mrell, Mrell-R522H,
Rad50 and Xrs2

The pFB-Mrel 1-6xHis plasmid for Mrel1 expression in in-
sect cells was obtained from P. Cejka (University of Zurich,
Switzerland). Bacmid and P3 baculovirus were prepared in
Escherichia coli DH10Bac and Spodoptera frugiperda Sf9
cells, respectively, according to the manufacturer’s protocols
(Invitrogen). To express Mrel 1, 800 ml Trichoplusia ni High
Five cells were grown to a density of 1 x 10° cells/ml and
infected with 24 ml high-titer P3 baculovirus. After 44 h in-
fection, cells were harvested, washed with PBS, snap frozen
in liquid nitrogen, and stored at —-80°C. All the subsequent
purification steps were carried out at 4°C. The cell pellet (~7
g from 800 ml of culture) was thawed and resuspended in
65 ml T buffer (25 mM Tris—HCI, pH 7.5, 10% glycerol, 0.5
mM EDTA) supplemented with fresh DTT (1 mM), Igepal
(0.01%), KCI (300 mM) and protease inhibitors (5 pg/ml
each of aprotinin, chymostatin, leupeptin and pepstatin A;
1 mM phenylmethylsulfonyl fluoride). After sonication for
1 min, the cell lysate was clarified by ultracentrifugation at
100 000 x g for 45 min and mixed with 4 ml Ni-NTA agarose
(Qiagen) together with 20 mM imidazole for 1 h. The resin
was washed with 250 ml of T buffer containing 1 M KCl and
20 mM imidazole and bound proteins were eluted with 15
ml of 200 mM imidazole in T buffer containing 300 mM
KCI. The eluate was diluted with an equal volume of T

buffer and then applied onto a 4-ml Q Sepharose Fast Flow
column (GE healthcare). The column was washed with 24
ml T buffer containing 150 mM KCI before being devel-
oped with an 80 ml gradient of KCI (150-500 mM) in T
buffer. The fractions containing Mrell were pooled, con-
centrated to 0.5 ml using an Amicon Ultra 30K filter (Mil-
lipore), and further fractionated in a 24-ml Superose 6 col-
umn (GE healthcare) in T buffer containing 300 mM KCL
The peak fractions were pooled, concentrated to ~4 g/l
and stored in small aliquots at -80°C. The typical yield of
Mrell was ~2.5 mg from 800 ml of cell culture. The Mrel1-
R522H expression vector was constructed by site-directed
mutagenesis of the pFB-Mrel 1-6xHis plasmid. The Mrell-
R522H protein was purified using the procedure described
above. Rad50 was overexpressed in yeast and purified as
described previously (48). The pFB-Xrs2-Flag plasmid for
Xrs2 expression in insect cells was obtained from P. Cejka,
and the cell extract was prepared as described above for
Mrell purification. The clarified lysate was mixed with 6
ml anti-Flag affinity resin (Sigma) for 2 h incubation. After
washing the resin with 250 ml of T buffer containing 500
mM KCI, bound proteins were eluted with 6 ml of T buffer
containing 300 mM KCI and 250 ng/p.l Flag peptide. The
protein pool was diluted with 6 ml of T buffer and further
fractionated in a 1-ml Mono S column (GE healthcare) with
a 40 ml gradient of 100-400 mM KCl in T buffer. The Xrs2
peak fractions were pooled, concentrated to 0.5 ml using an
Amicon Ultra 30K filter (Millipore), and further fraction-
ated in a 24-ml Superose 6 column as described above for
Mrell. The Xrs2 peak fractions were pooled, concentrated
to ~5 pg/pl and stored in small aliquots at —80°C. The typ-
ical yield of Xrs2 was ~2.7 mg from 1 L of cell culture.

Affinity pull-down assay

To evaluate the assembly of the MRX complex, 0.9 g His-
tagged Mrel 1 or Mrel 1-R522H was mixed with Rad50 (1.5
pg) and Xrs2 (1 pg) in 30 pl T buffer containing 200 mM
KCl, incubated on ice for 1 h, and imidazole was added to 20
mM. The reaction mixtures were incubated with Ni-NTA
agarose for 1 h on ice with frequent tapping. The super-
natant was removed and the affinity resin was washed three
times with 50 wl of the same buffer. Then, bound proteins
were eluted with 40 w1 2% SDS. The supernatant, wash, and
eluate fractions were resolved by SDS-PAGE and proteins
were revealed using the Oriole fluorescent gel stain (Bio-
Rad).

ATPase and nuclease assays

The ATPase assay was performed as described previously
(48) with slight modifications. Briefly, Mrell or Mrell-
R522H, 100 nM each, was incubated with an equimolar
concentration of Rad50 and Xrs2 in 12 pl of reaction buffer
(25 mM Tris-HCI, pH 7.5, 5 mM MgCl,, | mM DTT, 100
wg/ml BSA) that also contained 75 mM KCl (final concen-
tration), 100 bp dsDNA (200 nM), 300 uM of ATP, and
1.7 nM of [y-**P]ATP at 30°C. At the indicated times, 2 .l
of the reaction mixture was mixed with an equal volume of
EDTA (0.5 M, pH 8.0) and placed on ice. Reaction sam-
ples were resolved by thin layer chromatography followed
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Figure 1. mrell mutations suppress the sensitivity of sae2 A cells to CPT and/or phleomycin. (A, B) Exponentially growing cultures were serially diluted
(1:10) and each dilution was spotted out onto YEPD plates with or without CPT or phleomycin at the indicated concentrations. (C) Position of the amino
acid changes in the Mrel1 sequence. (D) Protein extracts prepared from exponentially growing cells were analyzed by western blot using anti-HA antibody.

The filter was also hybridized with anti-Pgk1 antibodies as loading control.

by phosphorimaging analysis as previously described (8).
The nuclease activity of Mrell or Mrel1-R522H was tested
on a DNA substrate with 5-nt 3’ overhangs and a nick in 12
wl reaction buffer (25 mM Tris—HCI, pH 7.5, 1 mM MnCl,,
I mM DTT, 100 pg/ml BSA) containing 100 mM KCI (final
concentration). After a 30 min incubation at 30°C, reaction
mixtures were resolved in a denaturing polyacrylamide gel,
followed by gel drying and phosphorimaging analysis.

Homology modeling

A BLASTX search of the Protein Data Bank (PDB) us-
ing Saccharomyces cerevisiae Mrell (ScMrel 1) protein se-
quence as a query showed high sequence identity (52%) with
Schizosaccharomyces pombe Mrell (SpMrell) (PDB ID:
4FCX) (49) and also (50%) with Chaetomium thermophilum
Mrell (CtMrell) (PDB ID: 4YKE) (50). A homology
based model of ScMrell protein spanning endonuclease

and capping domains (1-416 aa) was constructed based
on the crystal structure coordinates of 4FCX. The pair-
wise alignment was performed using the homology mod-
ule of Prime through the Maestro interface (Schrodinger,
LLC, and New York, USA) (https://www.schrodinger.com/
citations#Maestro). The pairwise alignment was improved
manually by minor editing based on the secondary struc-
ture predictions as well, and the energy-driven modeling op-
tion was used in order to allow energy minimization using
the force-field OPLS-2005. The initial structure for Rad50
binding domain (RBD) of ScMrel 1, spanning residues 443—
526, was obtained by homology modeling based on the crys-
tal coordinates of the RBD of CtMrell in complex with
Rad50 (PDB ID: 5DA9) (20). Since the sequence identity
between the two proteins is limited in this domain, the pair-
wise alignment obtained using the Prime homology module
was improved manually by minor editing based on the sec-
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ondary structure predictions and imposing conservation of
the relevant Rad50 interacting surface residues. The disor-
dered connecting regions between the first model and the
RBD model were designed ex novo by the energy-driven
Prime homology module and then refined by Prime loops
refinement module. The whole model of ScMrell, span-
ning residues 1-542, was then processed for molecular dy-
namics as a heterodimer with Rad50. A model for ScRad50
globular domain and initial coiled-coil regions, bound to
ATP, was obtained by homology modeling as described
above based on the crystal coordinates of CtRad50 (PDB
ID: 5DAY), sharing 58% identity with ScRad50. An initial
model of the tetrameric structure of ScMrel 1-Rad50 com-
plex was obtained by superposition of Mrell and Rad50
(ATP-bound) on the tetrameric complex structure from
M. jannaschii (PDB ID: 5F3W) (51). This structure was
then refined by molecular dynamics. A multiple alignment
based on AL2CO structural conservation (52) of ScMrell
with Mrel 1 orthologs from Homo sapiens (PDB ID:3T1I),
Schizosaccharomyces pombe (PDB ID:4FCX), Chaetomium
thermophilum (PDB ID:4KYE and SDA9 for RBD region),
Methanococcus jannaschii (PDB 1D:3AV0) and Pyrococcus
Sfuriosus (PDB ID:1117) was built by UCSF Chimera soft-
ware (http://www.cgl.ucsf.edu/chimera/).

Molecular dynamics

MD simulations were performed using gromacs 5.0.4 soft-
ware package (www.gromacs.org) and the AMBER99 force
field (53). During the simulations, the interactions between
magnesium ions (Mg?*) and their coordinating residues
were treated using non-bonded model with van der Waals
and electrostatic terms present in the AMBER99 force field.
Protein structures were soaked in a cubic box of SPC/E
(Extended Single Point Charge) (54) water molecules and
simulated using periodic boundary conditions. All protein
atoms were at the distance of 1 nm from the box edges. The
ionization state of residues was set to be consistent with
physiological pH (7.0 pH % 0.2). Na™ ions were added to
all molecular systems as counterions to obtain electroneu-
tral models. All systems were relaxed through a steepest de-
scent minimization with a limit of 50,000 cycles. Temper-
ature and pressure were equilibrated at 300 K and 1 atm
with a NVT (isothermal-isochoric) simulation of 2 ns and
a NPT (isothermal-isobaric) simulation of 100 ps, respec-
tively. Productive MD simulations were carried out in the
NPT ensemble at 300 K with a time step of 2 fs. Quality
assessment of the MD simulations was performed by back-
bone root-mean-square deviation (RMSD) analysis (Sup-
plementary Figure S1). Hydrogen bonds are computed and
analyzed using the g_hbond tool of GROMACS. Hydro-
gen bonds are determined based on cutoffs for the angle
Hydrogen-Donor-Acceptor (30°) and the distance donor-
acceptor (3.5 A). OH and NH groups are regarded as
donors, O and N are acceptors. Salt bridges were anal-
ysed monitoring the distance between any of the oxygen
atoms of acidic residues and the nitrogen atoms of basic
residues along all the simulation. A salt bridge was consid-
ered formed if the distance between oxygen and nitrogen is
within 4 A.

RESULTS

Identification of mrell alleles that suppress the DNA damage
hypersensitivity of sae2 A cells

MRX and Sae2 are involved in resection of DSB ends
and in maintaining the DSB ends tethered to each other
(4). In order to understand how these diverse Sae2-MRX
functions contribute to DNA damage resistance, we used
low-fidelity PCR to random mutagenize the MREII gene,
and then searched for mrel ! alleles that suppressed the hy-
persensitivity of sae2 A cells to different DNA damaging
agents such as CPT and/or phleomycin. Linear MREI]
PCR products were transformed into sae2A cells in or-
der to replace the corresponding MREII wild type se-
quence with the mutagenized DNA fragments (see Mate-
rials and Methods for details). Transformant clones show-
ing higher viability than the untransformed strain in the
presence of CPT and/or phleomycin were chosen for fur-
ther characterization. Subsequent sequencing and genetic
analysis identified 7 single mrel I mutations that suppressed
the CPT and/or phleomycin sensitivity of sae2 A cells (Fig-
ure 1A). Among them, the mrelI-H98Y, mrel I-K292F,
mrel 1-R389C and mrel1-T4261 alleles suppressed the hy-
persensitivity of sae2 A cells to both CPT and phleomycin,
whereas the mrel 1-R522H, mrel 1-N631Y and mrel I-AC41
alleles suppressed only the hypersensitivity of sae2 A cells to
phleomycin (Figure 1A). No mrell alleles able to suppress
only the sensitivity of sae2 A cells to CPT have been identi-
fied. The inability of the Mrel1-R522H, Mrel1-N631Y and
Mrell-AC41 variants to restore CPT resistance of sae2 A
cells is not due to hypersensitivity of the corresponding
mutant cells to DNA damaging agents, as mrell-R522H,
mrel 1-N631Y and mrel 1-AC41 cells did not show reduced
survival to any tested drug in the presence of fully functional
Sae2 (Figure 1B).

Structural studies have shown that Mrel1 can be divided
into an N- and a C-terminal domain linked by an extended
connecting loop (21,22,24) (see Supplementary Figure S2
for a structural alignment of Mrell orthologs showing the
positions of the conserved domains). Interestingly, the mu-
tations restoring both CPT and phleomycin resistance cause
amino acid changes in the Mrell N-terminus, whereas the
mutations restoring only phleomycin resistance are located
in the Mrell C-terminus coding region (Figure 1A and
C), suggesting that these two Mrell domains reflect dis-
tinct MRX functions. Consistent with this hypothesis, in-
dependent searches for mirell mutations that bypass Sae2
function in CPT resistance by two other laboratories iden-
tified changes in H37, Q70, T74, L77, L89, E101 and P110
residues, all located in Mrell N-terminus, as suppressors
of the CPT sensitivity of sae2 A cells (43,44). Curiously, our
mrel I mutations did not come up in these screens, while we
did not find the H37, Q70 and P110 substitutions that were
identified independently in both the above screens (43,44).

With the exception of the mrelI-AC41 allele, which re-
sults in the formation of a stop codon at position 651 lead-
ing to a truncated protein lacking 41 amino acids at the C-
terminus, all the other Mrell mutant variants carried sin-
gle amino acid substitutions due to missense mutations. HA
epitope tagging of the mutant proteins followed by west-
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Figure 2. Mrel1-H98Y, Mrel1-K292E and Mrel 1-R389C suppress the resection defect of sae2 A cells. (A—C) DSB resection. YEPR exponentially growing
cell cultures were transferred to YEPRG at time zero. Sspl-digested genomic DNA separated on alkaline agarose gel was hybridized with a single-stranded
MAT probe that anneals with the unresected strand. 5'-3" resection progressively eliminates Sspl sites, producing larger Sspl fragments (r1 through r6)
detected by the probe. (D) Densitometric analysis. The experiment as in (A-C) was independently repeated and the mean values are represented with error
bars denoting S.D. (n = 3).
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ern blot analysis revealed that the amount of Mrel1-AC41
variant was higher than that of wild type Mrel1, while the
amount of all the other Mrell mutant proteins were unal-
tered (Figure 1D).

Suppression of the CPT hypersensitivity of sae2A cells cor-
relates with restored DSB resection

To investigate whether the above mutations also suppressed
the DSB resection defect of sae2A cells, we introduced
the mutations in a strain (JKM139), where expression of
the HO endonuclease from a galactose-inducible promoter
leads to the generation of a single DSB at the MAT lo-
cus (55). Due to the lack of the homologous donor se-



quences HML and HMR, this DSB cannot be repaired
by HR. The extent of suppression in the derivative strains
was similar to that observed in W303 background (Sup-
plementary Figure S3). Because ssDNA cannot be cleaved
by restriction enzymes, we directly monitored ssDNA for-
mation at the irreparable HO-cut by following the loss of
Sspl restriction fragments. Southern blot analysis was per-
formed under alkaline conditions, using a single-stranded
probe that anneals to the 3’ end at one side of the break. As
the mrel 1-T4261 mutation suppressed the DNA damage hy-
persensitivity of sae2A only slightly and the mrel1-AC41
allele increased the corresponding protein level, only the
mrel I-H98Y, mrel 1-K292E, mrel 1-R389C, mrelI-R522H
and mrel I-N631Y mutations were examined.

Resection of the HO-induced DSB occurred more ef-
ficiently in sae2A mrell-H98Y, sae2 A mrel1-K292E and
sae2 A mrel I-R389C cells compared to sae2 A cells (Figure
2A-D), indicating that Mrel1-HI98Y, Mrel1-K292E and
Mrel1-R389C suppress the resection defect caused by the
lack of Sae2. By contrast, the presence of the mrel I-R522H
and mrel 1-N631Y alleles did not suppress the resection de-
fect of sae2A cells (Figure 3A-C). Rather, mrel1-R522H
and mrelI-N631Y cells showed a very slight resection de-
fect in the presence of wild type Sae2 (Figure 3A-C). As
the Mrell-H98Y, Mrell1-K292E and Mrell-R389C mu-
tant proteins also restored CPT resistance in sae2 A cells,
whereas Mrel1-R522H and Mrel1-N631Y did not, sup-
pression of sae2 A CPT sensitivity appears to correlate with
restored DSB resection.

Mrell-H98Y, Mrell-K292E and Mrell1-R389C require
Sgs1-Dna2 to suppress the DNA damage hypersensitivity of
sae2 A cells

Sae2 activates the Mrell endonuclease to incise the 5
strand, followed by resection from the nick by Exol and
Sgsl-Dna2 in a 5'-3’ direction (26-28). In addition, MRX
promotes the binding of Exol and Sgsl-Dna2 at the
DSB ends independently of Mrell nuclease activity and
Sae2 (36). Thus, Mrel1-H98Y, Mrel1-K292E and Mrell-
R389C could restore DSB resection in sae2 A cells either be-
cause they possess a Sae2-independent endonuclease activ-
ity or because they potentiate the Exol and/or Sgsl-Dna2
downstream nucleases. To distinguish between these possi-
bilities, first we asked whether the suppressor effect of the
Mrell variants was eliminated by abolishing Mrell nu-
clease activity through a point mutation changing His125
to Asn in one of the Mrell phosphoesterase motifs (10).
As shown in Figure 4A, the Mrel1-H98Y, Mrel1-K292E
and Mrel1-R389C variants also carrying the H125N amino
acid substitution still suppressed the hypersensitivity to
genotoxic agents of sae2 A cells, indicating that suppression
does not require Mrell nuclease activity.

The endonucleolytic cleavage catalyzed by MRX-Sae? is
absolutely required to initiate resection at meiotic DSBs,
whose 5'-terminated strands are not accessible to ex-
onucleases because they are covalently bound by the
topoisomerase-like protein Spoll (9,31,37). Consistent
with the finding that Mrell-H98Y, Mrell-K292E and
Mrel1-R389C do not bypass the requirement for Sae2 to
activate Mrell nuclease, the mrelI-H98Y, mrell-K292F
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and mrel 1-R389C alleles were unable to suppress the sporu-
lation defect of sae2 A/sae2 A diploid cells (Figure 4B), sug-
gesting that they fail to remove Spol1 from meiotic DSBs.

We then asked whether the mrell-H98Y, mrell-K292F
and mrel I-R389C suppression effects might depend on
Dna2 and/or Exol. Although the lack of Exol exacerbated
the sensitivity to DNA damaging agents of sae2 A cells,
sae2A exolA mrell-H98Y, sae2A exolA mrell-K292F
and sae2 A exol A mrel1-R389C triple mutant cells were
more resistant to genotoxic agents than sae2 A exol A dou-
ble mutant cells (Figure 4C), indicating that the suppressor
effect of the analyzed mrel I alleles is Exol-independent. By
contrast, Mrel1-H98Y, Mrel1-K292E and Mrel1-R389C
failed to suppress the sensitivity to DNA damaging agents
of sae2 A cells carrying the hypomorphic dna2—-1 allele (Fig-
ure 4D), suggesting that their suppressor effect requires
Dna?2 activity.

The lack of Sgs1 impairs viability of sae2 A cells even in
the absence of genotoxic agents. This synthetic lethality is
likely due to defects in DSB resection, as it is suppressed
by either EXOI overexpression or KU deletion (56). Con-
sistent with a requirement of Sgs1-Dna2 for the bypass of
Sae?2 function, tetrad dissection of diploids heterozygous for
sae2 A, sgsl A and the mrell mutations under analysis did
not allow to find viable sae2 A sgsl A mrelI-H98Y, sae2 A
sgsl A mrel1-K292E or sae2 A sgsl A mrell-R389C spores
(Figure 4E), indicating that Mrel1-H98Y, Mrel1-K292E
and Mrel1-R389C do not restore viability of sae2 A sgsl A
cells. Altogether, these findings indicate that Mrel1-HI8Y,
Mrel1-K292E and Mrel1-R389C require Sgs1-Dna? to re-
store DNA damage resistance in sae2 A cells.

Mrell1-H98Y, Mrell-K292E and Mrell1-R389C relieve
Rad9-mediated inhibition of Sgs1-Dna2 activity

The lack of Sae2 increases Rad9 association to DSBs, which
in turn inhibits the resection activity of Sgs1-Dna2 by re-
stricting the access of Sgsl to the DSB ends (40,41). The
DNA damage sensitivity and the resection defect of Sae2-
deficient cells are suppressed by both the lack of Rad9 and
the expression of a hypermorphic Sgs1 variant that escapes
Rad9-mediated inhibition (40,41). We then asked whether
Mrel1-H98Y, Mrel1-K292E and Mrel1-R389C potentiate
Sgs1-Dna2 by lowering Rad9 association to DSBs. As ex-
pected (40), the decrease in Sgsl association to DSBs in
sae2 A cells was concomitant with an increased Rad9 persis-
tence at DSBs (Figure SA and B). The mrel I-H98Y, mrel I-
K292F and mrel I-R389C mutations increased Sgsl associ-
ation (Figure 5A) and decreased Rad9 association at DSBs
(Figure 5B) both in the presence and in the absence of Sae?2.
Together with the observation that suppression of sae2 A hy-
persensitivity to genotoxic agents requires Sgs1-Dna2, these
findings strongly suggest that Mrel1-H98Y, Mrel1-K292E
and Mrel1-R389C restore both DNA damage resistance
and DSB resection in sae2 A cells by decreasing Rad9 as-
sociation close to the DSB, and therefore by relieving the
inhibition of Sgs1-Dna2 resection activity.
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Mrel1-H98Y, Mrel11-K292E and Mrel1-R389C bind poorly
to DSBs and decrease Tell association to DSBs

The lack of Sae2 enhances Tell signaling activity (38,39),
which is responsible for the increased Rad9 association at
DSBs in sae2 A cells (42). Thus, we asked whether the low
Rad9 association to DNA ends in mrell-H98Y, mrell-
K292FE and mrelI-R389C cells is due to decreased Tell
binding to the same DNA ends. Indeed, the mrelI-H98Y,
mrel 1-K292F and mrel I-R389C mutations decreased the
amount of Tell bound at the HO-induced DSB both in the
presence and in the absence of Sae2 (Figure 5C), suggest-
ing that Mrel1-H98Y, Mrel1-K292E and Mrell1-R389C
reduce Rad9 association/persistence to DSBs by impairing
Tell recruitment to the same DNA ends.

MRX is required for loading Tell to DSBs through a
direct interaction between Tell and Xrs2 (57-59). Thus,
the mrel I-H98Y, mrel 1-K292E and/or mrel I-R389C mu-
tations might reduce Tell association/persistence to DSBs
either because they impair Mrell-Xrs2 interaction or
because the corresponding mutant MRX complexes are
poorly recruited to DSBs. Similar amount of Xrs2-Myc
could be detected in immunoprecipitates of HA-tagged
Mrell, Mrell-H98Y, Mrell-K292E and Mrell-R389C
(Supplementary Figure S4), strongly suggesting that the
reduced Tell association at DSBs is not due to defective
Mrell-Xrs2 interaction. Rather, the amount of Mrell-
HI98Y, Mrel1-K292E and Mrel1-R389C associated to the
HO-induced DSB turned out to be lower than that of wild
type Mrell (Figure 5D). Thus, these Mrell variants ap-
pear to reduce Tell association at DSBs because they are
poorly recruited to DNA ends. As a consequence, the re-
duced Tell binding leads to decreased Rad9 recruitment at
the DSB ends, and therefore to the relieve of Rad9-mediated
inhibition of Sgs1-Dna2 activity, which can compensate for
the lack of Sae2 in DNA damage resistance and resection.

Mrel1-H98Y affects Mrell dimer formation

To map the location of the H98Y, K292E and R389C amino
acid substitutions within the Mrell structure, we used the
tertiary structure of the S. pombe Mrell (SpMrell) coun-
terpart (49) as a template to generate a preliminary molec-
ular model of S. cerevisiae Mrell (ScMrell), which was
refined further by a molecular dynamic simulation (500ns)
(see Materials and Methods for details). Ensuing analyses
indicated that the altered residues are located in three dif-
ferent regions that are not in mutual close proximity: H98
is located at the interface of the two ScMrell subunits,
K292 is situated on the other side of the protein surface re-
spect to H98, and R389 is in the capping domain (Figure
6A). Subsequently, a model for the ScMrel1-Rad50 het-
erotetrameric structure was refined by molecular dynamics
(Supplementary File 1), and then the ScMrel1 homodimer
structure obtained by this simulation was analysed further
by molecular dynamics (Supplementary File 2). These anal-
yses allow to construct a model for the Mrel1-Mrell in-
terface, comprising the latching loops (aa 80-118) together
with al and «2 helices and the mostly disordered regions
spanning residues 130-151 of each monomer, stabilizing the
Mrell dimeric structure and constituting an intermolec-
ular dimerization domain (Figure 6A). This domain was

largely uncharacterized due to the lack of structural in-
formation on the disordered regions, which are hardly re-
solved by crystallography. We mapped all the interactions
of H98 and K292 residues with the rest of the dimeric
ScMrell protein, monitoring the persistence of hydrogen
bonds and salt bridges (Supplementary Figure S5) (Mrell
monomers are indicated as A and B). The two ScMrell
monomers did not show a symmetrical behavior. In partic-
ular, both H98 and K292 establish a persistent intra-chain
hydrogen bond during the entire simulation, with H98 con-
tacting Y99 and E101 in Mrell-A and Mrell-B, respec-
tively (Supplementary Figure S5A), whereas K292 interact-
ing with D284 in both Mrell monomers (Supplementary
Figure S5B). Moreover, H98 is involved in a salt bridge
with E101-B (Supplementary Figure S5C) and it also es-
tablishes an inter-chain hydrogen bond with L134-A (Sup-
plementary Figure SSA). Altogether, these findings suggest
that a complex network of dynamic interactions exists be-
tween residues within the dimerization domain and that mu-
tations impairing some of these interactions would improve
the mobility of the disordered regions, likely affecting the
stability of the dimerization interface.

While the role of K292 is difficult to envisage, these
observations predicted that H98 is directly implicated in
the stabilization of Mrell dimerization domain (Figure
6A), and its substitution with Y might lower the affin-
ity between the two Mrell subunits by disrupting hy-
drogen bonds at the dimerization interface. We directly
tested this prediction by immunoprecipitating Mrell with
anti-HA or anti-Myc antibody from protein extracts of
MREII-HA/MREI1-MYC and mrelI-H98Y-HA/mrel I-
HI8Y-MYC diploid cells. The amount of Mrell-H98Y-
Myc detected by anti-MYC antibodies in immunoprecip-
itates of Mrel1-H98Y-HA was reduced compared to that
of wild type Mrell-Myc detected in immunoprecipitates
of Mrell-HA (Figure 6B). Furthermore, the amount of
Mrell-H98Y-HA detected by anti-HA antibodies in im-
munoprecipitates of Mrel1-H98Y-Myc was reduced com-
pared to that of wild type Mrel1-HA detected in immuno-
precipitates of Mrell-Myc (Figure 6C). As Mrell dimer
formation is required for MRX association to DSBs (15),
this defect in the stabilization of the Mrell dimer inter-
face could explain the decreased Mrel1-H98Y association
to DSBs.

R389 mediates the interactions of Mrell capping domain
with both Rad50 and DNA

Residue R389 of Mrel 1 is localized in the capping domain,
facing Rad50 in the ScMrel1-Rad50 heterotetramer (Fig-
ure 7A). Again, the interaction is not symmetric, involving
different residues (E1243 or Q1194) on the different Rad50
subunits. The dynamics of ScMrell homodimer indicate
that R389-A and R389-B do not show any functionally rele-
vant interaction with the rest of the dimeric system (Supple-
mentary Figure S5D and E), although R389-B is involved
in a persistent salt bridge (Supplementary Figure S5C). On
the other hand, due to the localization of this residue in the
capping domain, which has been reported to be involved in
the interaction with branched DNA in Pyrococcus furiosus
Mrell (PfMrell) crystal structure (15), R389 could also be
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Figure 7. R389 at the Mrell-Rad50 and Mrell-DNA interfaces. (A)
Residue R389 of Mrell is localized at the interface between Mrell and
Rad50 in the ScMrel1-RadS0 heterotetramer. The position of R389 (in
yellow) is shown on each Mrell monomer constituting a tetramer with
Rad50 subunits (in light blue and brown). The interaction is not symmet-
ric, involving different residues (E1243 or Q1194) on the different Rad50
subunits. (B) Interaction of R389 (in yellow) of dimeric ScMrell (in pink
and green) with dsDNA (in orange). Black line indicates the salt bridge
between R389 and the phosphodiesterase bridge at the 3’ terminus of the
dsDNA end. Mg?* ions in the active site in one monomer are indicated in
light blue.

involved in DNA binding. In fact, R389 is one of a pair of
arginine residues (the other being R390) exposed in the cor-
rect position to interact with DNA, at least as inferred by
superposition with DNA branched bound-PfMrel1 struc-
ture (PDB: 3DSD) (15). To test this hypothesis, we per-
formed a MD simulation of 300 ns by including a dsDNA
in the model, in order to reconstruct a structure that could
reproduce the conformation reached after ATP hydrolysis
by Rad50 but before resection of DNA ends. DNA has

been added on the ScMrell complex using the structure of
Methanococcus jannaschii Mrell (MjMrell) dimer bound
to a dsDNA end (PDB: 4TUG) (60) as a template. Dur-
ing the simulation, dsDNA binds to residues (such as K62
and N24) that correspond to positions already reported to
interact with dsDNA in PfMrell (15). Interestingly, R389,
which was not previously identified as a possible DNA bind-
ing site due to the difficulty in aligning the capping domains
of PfMrell and eukaryotic Mrell (15), forms hydrogen
bonds with the phosphate groups of DNA in both Mrell
subunits, with R389 of subunit B contacting the phospho-
diesteric bridge of the 3’ terminus (Figure 7B). The R389C
substitution, which removes the arginine positive charge,
would impair the DNA-binding interface on the capping
domain of Mrell due to the loss of the attractive force be-
tween the arginine and the phosphate group.

Mrel11-R522H bypasses Sae2 function in end-tethering and
HR

The mrell-R522H and mrell-N631Y mutations restore
phleomycin resistance of sae2 A cells but neither CPT resis-
tance nor DSB resection (Figures 1A and 3A-C), suggest-
ing that different Sae2 functions are involved in survival to
CPT and phleomycin treatment. Consistent with this find-
ing, Mrel1-R522H and Mrel1-N631Y did not cause a de-
crease of Rad9 (Supplementary Figure S6A) and Tell as-
sociation to DSBs (Supplementary Figure S6B). Further-
more, they failed to restore viability of sae2 A sgsiA cells
(Figure 4E), possibly because they did not restore Sae2
function in DSB resection.

In addition to promoting DNA-end resection, MRX and
Sae2 are also required to maintain the DSB ends adjacent to
each other to facilitate DSB repair by both HR and NHEJ
(45,46,61,62). Thus, we investigated whether Mrel 1-R522H
and Mrel1-N631Y can suppress the DSB end-tethering de-
fect of sae2 A cells. We used a yeast strain where the DNA
proximal to an irreparable HO-inducible DSB can be visu-
alized by binding of a LacI-GFP fusion protein to multiple
repeats of the Lacl repressor binding site that is integrated
at a distance of 50 kb on both sides of the HO cut site (61).
HO expression was induced by galactose addition to cell
cultures that were arrested in G2 with nocodazole and kept
blocked in G2 by nocodazole treatment in order to ensure
that all cells would arrest in metaphase. Most wild type cells
showed a single LacI-GFP focus after HO induction, indi-
cating their ability to maintain the broken DNA ends to-
gether (Figure 8 A). Consistent with previous results (45,46),
sae2 A cells showed an increase of cells with two Lacl-GFP
spots after HO induction compared to wild type cells (Fig-
ure 8A). Strikingly, the amounts of cells showing two Lacl-
GFP spots after HO induction was decreased in both sae2 A
mrel 1-R522 H and sae2 A mrel I-N631Y compared to sae2 A
cells, with mrel1-R522 H showing the strongest effect (Fig-
ure 8A). By contrast, the mrelI-H98Y, mrel1-K292E and
mrel I-R389C alleles did not suppress the end-tethering de-
fect of sae2 A cells (Figure 8A), possibly because of a re-
duced MRX association to DSBs.

To confirm suppression of the end-tethering defect of
sae2 A cells by Mrel1-R522H and Mrel1-N631Y, we eval-
uated the frequency of two LacI-GFP foci after HO expres-
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Figure 8. Mrel1-R522H suppresses the end-tethering and the HR defects of sae2 A cells. (A, B) DSB end-tethering. Exponentially growing YEPR cell
cultures were arrested in G2 with nocodazole (A) or in G1 with a-factor (B) at time zero and transferred to YEPRG in the presence of nocodazole or
a-factor, respectively. 200 cells for each strain were analyzed to determine the percentage of cells showing two LacI-GFP foci. Plotted values are the mean
values with error bars denoting S.D. (n = 3). *P < 0.05 (Student’s 7-test). (C) Plasmid re-ligation assay. Cells were transformed with BamH 1-linearized
or uncut pRS316 plasmid DNA. Data are expressed as percentage of re-ligation relative to wild type that was set up at 100% after normalization to the
corresponding transformation efficiency with the uncut plasmid. Plotted values are the mean values with error bars denoting S.D. (n = 3). *P < 0.05
(Student’s 7-test). (D) System to detect ectopic recombination. HO generates a DSB at a MATa DNA sequence inserted on chromosome V, while the
homologous M ATa-inc region on chromosome III cannot be cut by HO and is used as a donor for HR-mediated repair. E, EcoRI. (E) YEPR cell cultures
arrested in G2 with nocodazole were transferred to YEPRG at time zero in the presence of nocodazole. Southern blot analysis of EcoRI-digested genomic
DNA with the MATa probe depicted in D. * indicates cross hybridization signals. (F) Densitometric analysis of CO versus NCO repair bands at the
indicated times after HO induction.

sion in a-factor-arrested cells that were kept arrested in G1 Interestingly, the percentage of mrel 1-R522 H cells show-
by a-factor in the presence of galactose. About 30% of G1- ing two Lacl-GFP spots was decreased compared to wild
arrested sae2 A cells showed two Lacl-GFP foci 1 hour after type cells even in the presence of functional Sae2 (Figure 8A
HO induction and this frequency dramatically decreasedin ~ and B), indicating that the MR3??HRX complex possesses
sae2 A mrel 1-R522 H and sae2 A mrel1-N631Y double mu- increased efficiency of DNA tethering. Consistent with a
tant cells (Figure 8B). higher degree of tethering activity, mrelI-R522H mutant

cells were more efficient than wild type cells in re-ligating a
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plasmid that was linearized before being transformed into
the cells (Figure 8C).

The maintenance of the DSB ends tethered to each other
is important to repair a DSB by both NHEJ and HR (44—
46,48). As both sae2 A and mrelI-R522H sae2 A cells ex-
hibit increased NHEJ frequency possibly due to reduced
DSB resection (Figure 8C), it is unlikely that the restored
end-tethering in mrell-R522H sae2A and mrell-N631Y
sae2 A cells may lead to phleomycin resistance by increasing
NHEJ efficiency. Thus, we tested the effect of these muta-
tions on the ability of sae2 A cells to repair a DSB by HR.

In the canonical HR pathway, the 3’-ended ssDNA tail
invades an intact duplex homologous, creating a loop struc-
ture (D-loop). The displaced ssDNA can then anneal with
the complementary sequence on the other side of the DSB
to generate a double Holliday junction, whose random
cleavage yield to noncrossover (NCO) and crossover (CO)
products (1,2). Alternatively, if the ssDNA strand is dis-
placed by the D-loop, its annealing with the 3’ ssDNA end
at the other end of the DSB leads to the generation of NCO
products in a process called synthesis-dependent strand-
annealing (SDSA) (1,2). As the end-tethering activity of
MRX was shown to be particularly important for SDSA-
mediated DSB repair (48), we monitored CO and NCO for-
mation in sae2 A cells. We used a strain that carriesa MATa
gene on chromosome V that can be cleaved by a galactose-
inducible HO endonuclease and repaired by using an un-
cleavable MATa (MATa-inc) gene on chromosome III as
template (Figure 8D) (63). This repair event was shown to
generate NCO and CO outcomes, with COs being ~5%
among the overall repair events (63). Galactose was added
to induce HO production and then it was maintained in the
medium to cleave the HO sites that were eventually recon-
stituted by NHEJ. Wild type and sae2 A cells appeared to
have similar percentage of COs (Figure 8E and F). By con-
trast, the 3 kb MATa band resulting from NCO recombi-
nation events re-accumulated less efficiently in sae2 A cells
compared to wild type cells, while the mrelI-R522H mu-
tation restored wild type levels of NCO products in sae2 A
cells (Figure 8E and F). As most NCO products are gener-
ated by the SDSA mechanism and the end-tethering activ-
ity is important to support DSB repair by SDSA (48), this
finding suggests that the restored end-tethering conferred
by Mrel1-R522H can suppress the sae2 A phleomycin sen-
sitivity by increasing the efficiency of SDSA-mediated DSB
repair.

R522 contributes to the stabilization of the Mrell1-Rad50
binding domain

Because Mrel1-R522H showed the strongest effect in the
bypass of the end-tethering Sae2 function and possessed an
increased end-tethering activity by itself, we analyzed the
effect of this mutation at biochemical and structural lev-
els. The R522 residue is located in the Rad50 binding do-
main (RBD) that, together with the capping domain, medi-
ates the interaction between Mrell and ATP-bound Rad50
(21). ATP hydrolysis by Rad50 induces the change from a
closed MRX conformation, required for end-tethering, to
an open configuration that promotes Mrell nuclease ac-
tivity (25). After ATP hydrolysis, the Mrell capping do-

main dissociates from Rad50, leaving the RBD as the only
Mrel1-Rad50 interface (21). We then expressed the Mrel 1-
R522H protein in insect cells and purified it to near homo-
geneity (Supplementary Figure S7A) to test the purified mu-
tant protein for interaction with Rad50 and Xrs2. As shown
in Supplementary Figure S7B, Mrel1-R522H retained the
ability to associate with Rad50 and Xrs2 and, importantly,
the MRS2ZHRX complex showed normal ATPase activity
(Figure 9A and B) and nuclease activity (Figure 9C and D).
These results are consistent with the very minor resection
defect of mrel1-R522 H cells (Figure 3A and C).

As ScMrell RBD structure was not available, we ob-
tained a model for a heterodimer ScMrel 1-Rad50 compris-
ing Mrell RBD by molecular dynamics (Figure 9E) (see
Materials and Methods for details). The energetically fa-
vored structure for ScMrell RBD was actually not iden-
tical to the Mrell structure resolved for the thermophilic
filamentous fungus Chaetomium thermophilum (PDB ID:
5DA9). ScMrell RBD binds not only to the Rad50 coiled-
coiled region but also to the globular domain (Figure 9E).
Two helices, o9 and «10, take contact with Rad50 coiled-
coil region, mainly via hydrophobic interactions, while a
third helix, a11, interacts with the globular region of Rad50.
A fourth helix, a12, is involved in stabilization of the struc-
ture, mainly by residue R522 indeed, which strongly binds
to both E443 (at the beginning of a9 helix) and E494 (at
the end of a11 helix). The R522H amino acid substitution
would allow maintenance of only a few of these interac-
tions, conferring more mobility to the whole RBD. Con-
sistent with the finding that Mrel1-R522H is still capable
to associate with Rad50 (Supplementary Figure S7B), the
increased RBD mobility is not sufficient to impair the as-
sociation between Mrell and ATP-bound Rad50, which in
fact depends on both the RBD and the capping domains.
However, it could lead to a slight destabilization of the
Mrel1-Rad50 interaction only after ATP hydrolysis, when
the RDB remains the sole Mrell-Rad50 interface. As a
consequence, a defect in stabilizing the interaction between
Mrell and ADP-bound Rad50 might lead to increased as-
sociation at DSBs of MR X in its ATP-bound conformation,
and therefore to a more efficient end tethering.

DISCUSSION

Here we identified and characterized mrel ! mutations that
suppress the hypersensitivity to phleomycin and/or CPT
of sae2 A cells. The mrel 1-H98Y, mrel 1-K292F and mrel I-
R389C mutations, which restore resistance to both CPT and
phleomycin, also increase the resection efficiency of sae2 A
cells. By contrast, the mrel1-R522 H and mrel 1-N631Y mu-
tations, which restore resistance only to phleomycin, bypass
Sae2 function in end-tethering but not in end-resection.
These findings indicate that an end-tethering defect by it-
self is not sufficient to account for the CPT hypersensitivity
of sae2 A cells, whereas Sae2 function in end-resection can
be dispensable to repair phleomycin-induced DNA lesions.

CPT cytotoxicity is due to the reversibly trapping of
Topl on nicked DNA intermediates (47). The endonucle-
olytic activity of MRX has been implicated in the nucle-
olytic removal of Topl-DNA adducts (64-67). Our find-
ings that Mrel1-HI98Y, Mrel1-K292E and Mrel1-R389C
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do not bypass the requirement for Sae2 in either Spoll
removal or activation of Mrell endonuclease strongly
suggest that the suppression of sae2A CPT sensitivity is
not due to a more efficient endonucleolytic removal of
Toplces. Rather, Mrel1-H98Y, Mrel1-K292E and Mrel 1-
R389C were found to increase the resection efficiency of
sae2 A cells by potentiating the Sgs1-Dna2 resection ma-
chinery. Since DNA replication and/or transcription can
convert the Toplccs that are reversibly trapped by CPT into
DSBs and/or unusual replication intermediates (47,68),
both of which require homologous recombination to be
repaired/resolved, a more efficient DNA-end resection by
the above mutant variants could restore CPT resistance
in sae2 A cells by facilitating the repair of these secondary
DNA lesions.

By contrast, Sac2-MRX function in end-tethering ap-
pears to be more important to repair phleomycin-induced
rather than CPT-induced DNA lesions. As phleomycin

leads directly to DNA cleavage and DSB repair by HR has
been shown to require limited amount of ssDNA at DSB
ends (69,70), the amount of ssSDNA generated in sae2A
cells may be sufficient to repair by HR phleomycin-induced
DSBs, whose DNA ends are readily accessible to the resec-
tion machinery. By contrast, a more efficient and fast re-
section could be required to repair by HR CPT-induced le-
sions, which are accessible to the resection nucleases only
once DNA replication and/or transcription have processed
the Topl-DNA cleavage complexes.

The primary cause of the resection defect of sae2 A cells
is a reduction of the Sgsl-Dna2 activity that is due to
enhanced Rad9 binding to DSBs. Mrell-H98Y, Mrell-
K292E and Mrell1-R389C were found to restore DNA
damage resistance and resection in sae2 A cells by relieving
Rad9-mediated inhibition of the Sgs1-Dna2 resection ma-
chinery. In fact, these mutant variants poorly bind to DNA
ends and this defect causes decreased Tell association to
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DSBs. Consequently, diminished Tell binding leads to a de-
creased amount of Rad9 bound at DSBs and therefore to
the relief of Sgs1-Dna2 inhibition.

Structural studies on Mrell-Rad50 complex from ar-
chaea and bacteria have shown that Mrell has an ex-
tended structure that can be divided into two functional do-
mains connected by a poorly structured linker (C-linker):
a nuclease module at the N-terminus, which comprises
the phosphodiesterase and the capping domains, and a
Rad50-binding domain at the C-terminus that binds the
Rad50 coiled-coils (21,22,24). Notably, the mrell muta-
tions restoring both CPT resistance and efficient DSB resec-
tion in sae2 A cells are all located upstream of the C-linker
domain. This observation is further strengthened by two
other works that identified changes in amino acids (H37,
Q70, T74, L77, L89, E101, P110) all located in Mrell N-
terminus as suppressors of the CPT sensitivity of sae2A
cells (43,44). The common feature of all these mrell mu-
tations is a reduction of Mrell association to DSBs (Fig-
ure 5D) (43,44). Structural studies by homology model-
ing and molecular dynamics of ScMrel1-Rad50 indicate
that the H98Y and R389C amino acid substitutions reduce
Mrell association to DSBs by different means. In partic-
ular, the H98Y substitution alters the formation of hydro-
gen bonds in the Mrel 1 dimer interface and reduces in vivo
Mrell dimer formation, which is known to facilitate MR X-
DNA association (15). Interestingly, our inter-chain hydro-
gen bond analysis of the ScMrell dimer interface indicates
that other residues play similar roles, such as Q70 and E101,
whose substitutions have been shown to bypass Sae2 func-
tion in CPT resistance possibly by lowering MRX associa-
tion to DSBs (43,44). By contrast, the R389 residue is in-
volved in mediating the interactions of the ScMrell cap-
ping domain with both Rad50 and branched DNA. Substi-
tution of R389 with C could alter the Mrell DNA-binding
interface by losing the attractive force between the arginine
and the phosphate group of DNA. In addition, it could
overcome the need of a salt bridge rupture during the ATP-
driven rotation of the Rad50 subunits, thus facilitating the
conformational transition of Mrell and Rad50 to an open
configuration that possesses a lower DNA binding affin-
ity (25). Consistent with this hypothesis, substitution of
residues mediating the interaction between the Mrell cap-
ping domain and Rad50 have been shown to facilitate the
disengagement of Mrell capping domain and disclosure of
the Mrell endonucleolytic site (21).

By contrast, the mrel1-R522H and mrel1-N631Y mu-
tations, which are located at the C-terminus, restore resis-
tance only to phleomycin and bypass Sae2 function in end-
tethering but not in end-resection, suggesting that an end-
tethering defect by itself is sufficient to account for the hy-
persensitivity of sae2A cells to phleomycin. Despite caus-
ing reduced end-tethering, the lack of Sae2 leads to in-
creased NHEJ frequency (71) that can be explained by the
reduced 5 resection, as the extent of nucleolytic degrada-
tion can be an impediment for NHEJ. Therefore, it is un-
likely that the increased end-tethering activity conferred by
the mrel 1-R522 H and mrel 1-N631Y mutations might sup-
press the phleomycin sensitivity of sae2 A cells by increasing
the NHEJ efficiency. Rather, we found that sae2 A cells are
specifically defective in DSB repair by SDSA and that the

mrel 1-R522 H mutation suppresses this defect. Given that
the end-tethering function of MRX is particularly impor-
tant for DSB repair by SDSA, possibly because it facilitates
the annealing of the displaced strand to the other DSB end
(48), the increased phleomycin resistance conferred by the
mrel I-R522H and mrel 1-N631Y mutations is likely due to
a more efficient DSB repair by SDSA.

The Mrel1-R522 residue is located in the RBD domain
that, together with the capping domain, mediates the in-
teraction between Mrell and ATP-bound Rad50 (21). The
conformational change induced by ATP hydrolysis leads
to dissociation of the Mrell capping domain from Rad50,
which remains associated to Mrell mainly through the
RBD (21). We found that the R522H substitution affects
neither MRX complex formation nor Rad50 ATPase activ-
ity, while our structural analysis reveals that it might con-
fer more mobility to the whole RBD. Based on this find-
ing and on the observation that Mrel1-R522H possesses an
increased tethering activity by itself, we speculate that the
substitution of R522 with H might lead to a slight destabi-
lization of the Mrel1-Rad50 interaction that could be un-
masked only after ATP hydrolysis, when the RBD becomes
essential to maintain Mrel1 fastened to Rad50 in the ADP-
bound state. As a consequence, a defect in accommodating
the ATP-hydrolysis-dependent conformational transitions
of the complex could lead to increased association at DSBs
of MRX in its ATP-bound conformation and therefore to a
more efficient end tethering.

In summary, we provide evidence that two structurally
distinct N-terminal and C-terminal domains of Mrel 1 have
different roles in supporting the functions of the MR X com-
plex in DNA damage resistance. Given the strong evolution-
arily conservation of the MRX complex, these structure-
function relationships might also apply to other systems in-
cluding human cells and their understanding could improve
our knowledge of the consequences of MRX dysfunctions
in human diseases.
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