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Abstract

The yeast Sae2 protein, known as CtIP in mammals, once phosphorylated at Ser267 stimulates the endonuclease activity of the Mre11-Rad50-
Xrs2 (MRX) complex to cleave DNA ends that possess hairpin structures or protein blocks, such as the Spo11 transesterase or trapped topoiso-
merases. Stimulation of the Mre11 endonuclease by Sae2 depends on a Rad50-Sae2 interaction, but the mechanism by which this is achieved
remains to be elucidated. Through genetic studies, we show that the absence of the last 23 amino acids from the Sae2 C-terminus specifically im-
pairs MRX-dependent DNA cleavage events, while preserving the other Sae2 functions. Employing AlphaFold3 protein structure predictions, we
found that the Rad50-Sae2 interface involves not only phosphorylated Ser267 but also the phosphorylated Thr279 residue and the C-terminus
of Sae2. This region engages in multiple interactions with residues that are mutated in rad50-s mutants, which are known to be specifically
defective in the processing of Spo11-bound DNA ends. These interactions are critical for stabilizing the association between Sae2 and Radb0,
thereby ensuring the correct positioning of Mre11 in its active endonucleolytic state.

Graphical abstract

Introduction

DNA double-strand breaks (DSBs) represent a severe form of
DNA damage that can be repaired by non-homologous end-
joining (NHE]) or homologous recombination (HR). NHE]
directly ligates DNA ends (1), while HR employs a homolo-
gous template, typically the sister chromatid, for repair (2).
The essential step in HR is the degradation (resection) of the
5’-terminated DNA strands at both DSB ends to generate 3'-
end single-stranded DNA (ssDNA) overhangs that allow ho-
mologous pairing and strand invasion (3). The generation of
DNA DSBs also activates a checkpoint response, with Mec1
and Tell proteins (ATR and ATM in mammals, respectively)
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serving as apical protein kinases (4). Upon activation by dam-
aged DNA, Tell and Mec1 transduce checkpoint signals to
the downstream kinase Rad53, whose activation depends on
the Rad9 protein (53BP1 in mammals) (5-7).

The evolutionarily conserved Mrel1-Rad50-Xrs2/NBS1
complex (MRX in Saccharomyces cerevisiae and MRN in
mammals) plays a crucial role in the repair of DNA DSBs. It
initiates the resection of DNA DSBs and signals their presence
by recruiting and activating the checkpoint kinase Tel1/ATM
(8). Rad50 is an ATPase from the ABC transporter family,
while Mrell exhibits both 3’-5" exonuclease and endonu-
clease activities (9-11). The Mrell subunit dimerizes and

Received: June 10, 2024. Revised: October 13, 2024. Editorial Decision: October 17, 2024. Accepted: October 21, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other
permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact

journals.permissions@oup.com.

G20z Alenuepr 2 UO Jasn B2200Ig OUB|IN IP BISIBAIUN AQ G/EE06./6V8E L/22/ZS/810Me/deu/woo dno olwspeoe//:sdny wol) papeojumoq


https://doi.org/10.1093/nar/gkae1049
https://orcid.org/0000-0002-2677-6160
https://orcid.org/0000-0002-4096-714X
https://orcid.org/0000-0001-6131-0879
https://orcid.org/0000-0002-0869-3345
https://orcid.org/0000-0003-1726-2034

13850

interacts with two Rad50 nucleotide-binding domains, form-
ing a globular head that possesses DNA binding, nuclease and
ATPase activities (12-14). From this head domain, two long
Rad50 anti-parallel coiled-coils joined by a Zn?*-hook extend
to form a ring- or rod-like structure (15,16).

The current model for DSB resection proposes that Mrel1
initially clips the 5'-terminated strands on either side of a
DNA DSB. This is followed by 3'-5" exonucleolytic processing
back toward the DNA ends, generating 100-300 nucleotides
of ssDNA. Subsequent processing occurs in the 5'-3" direc-
tion away from the DSB end by the nuclease Exol or Dna2
in cooperation with the helicase Sgs1/BLM (17-25). In Sac-
charomyces cerevisiae, the MRX-mediated end clipping is es-
sential for processing DSB ends that exhibit non-canonical
structures, such as DNA hairpins or protein adducts, includ-
ing trapped topoisomerases or Spol1, which generates mei-
otic DSBs in a programmed manner and remain covalently
attached to the 5" ends (22,26-28). Conversely, MRX is not
required for the processing of clean DNA breaks, such as those
created by endonucleases, where the DNA ends can be directly
resected by Exol or Dna2-Sgs1 without the need for Mrell
nuclease activity (29).

Rad50 ATPase activity drives conformational changes in
the MRX complex that regulate its functions at DSBs (30—
37). In its ATP-bound state, the Rad50 dimer forms a DNA-
binding platform that blocks the access of Mrell to double-
stranded DNA (resting state), thereby inhibiting its nucle-
ase activity. Upon ATP hydrolysis, the nucleotide-binding do-
mains of Rad50 dissociate, allowing the Mrel1 subunits to
move to one side of Rad50. This repositioning (cutting state)
enables one Mrel1 subunit to engage with a bound DNA sub-
strate and carry out the endonucleolytic cleavage.

In both yeast and mammals, Sae2 (CtIP in mammals) is a
critical cofactor of the MRX/MRN complex. Sae2 and CtIP
are phosphorylated during the cell-cycle and following DNA
damage (38-43). Particularly, following phosphorylation by
cyclin-dependent kinases (CDKs) at S267 in Sae2 (40) and
T847 in CtIP (41), Sae2/CtIP interacts with Rad50 and stim-
ulates the Mrel1 endonuclease activity (42). A sae2 mutant,
in which S267 is non-phosphorylatable (sae2-S267A), shows
deficient MRX endonuclease activation, while a phospho-
mimicking sae2 mutant (sae2-S267E) is proficient in support-
ing MRX-mediated cleavage events (42). This stimulation of
Mrel1 endonuclease by Sae2 depends on Rad50-Sae2 interac-
tion. In fact, the S. cerevisiae rad50-K811 allele, which belongs
to a series of separation-of-function rad50-s mutants origi-
nally identified for their defects in processing Spol1-bound
DSBs (44), encodes a Rad50 variant that cannot interact with
phosphorylated Sae2 (42). The amino acid changes carried by
the rad50-s alleles (K6, S14, R20, E21, G39, K40, V63, Q79,
N97 and Q99) are located at the N-terminus of Rad50, sug-
gesting that this region likely serves as the binding interface
for phosphorylated Sae2 (45). Although the mechanism by
which Sae2/CtIP activates Mrell endonuclease is still to be
fully understood, the activation is dependent on ATP hydrol-
ysis by Rad50 (25,42), suggesting that Sae2 likely promotes
Mrell endonuclease activity by stabilizing a nucleolytically
active Mre11-Rad50 conformation.

Sae2 not only stimulates the endonuclease activity of the
MRX complex but also plays a crucial role in negatively reg-
ulating Rad53 activation. The absence of Sae2 leads to an in-
creased association of MRX and Tell at DNA DSBs, result-
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ing in the accumulation of Rad9. Rad9 persistence impairs
DSB resection by inhibiting Dna2-Sgs1 processing and leads
to permanent cell-cycle arrest due to the hyperactivation of
Rad53 (46-50). Interestingly, despite both Mrell and Tell
still accumulating at DSBs when Mrel1 nuclease activity is
abolished, neither increased Rad9 association nor Rad53 hy-
peractivation is observed (51). This indicates that the Sae2 role
in dampening the DNA damage checkpoint is independent of
Mrel1 nuclease activation.

Here we explore the role of Sae2 in supporting MRX en-
donuclease activity. By searching for sae2 alleles that reduce
DNA hairpin resolution, we found that the absence of its
last 23 amino acids impairs Sae2 ability to support MRX-
mediated DNA cleavage, whereas it still preserves Sae2 func-
tion in limiting Rad53 activation. By using AlphaFold3 pro-
tein structure predictor, we show that the modeled Rad50-
Sae2 interface includes both the phosphorylated S267 and
T279 residues, along with its adjacent amino acids, and the
C-terminus of Sae2, which is not required for Sae2 binding
to the MRX complex, but it is crucial for the endonuclease
activity of the complex.

Materials and methods

Search for sae2 alleles that reduce hairpin
resolution

To search for sae2 alleles that reduce hairpin resolution, DNA
from a strain carrying the TRP1 gene located 122 bp down-
stream of the SAE2 stop codon was used as a template to am-
plify by low-fidelity PCR a SAE2 region spanning from posi-
tion —54 to + 212 bp from the SAE2 coding sequence. Thirty
independent PCR reaction mixtures were prepared, each con-
taining 5 U GoTaq G2 Flexi DNA polymerase (Promega), 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
Tris-HCI (pH 8.3), 50 mM KCl and 3 mM MgCl,. The result-
ing PCR amplification products, containing the SAE2 coding
sequence and the TRP1 marker gene, were used to transform
an HS21 strain to replace the wild-type SAE2 sequence with
the mutagenized DNA fragments. Transformant clones were
selected on synthetic complete (SC) medium without trypto-
phan and then assayed by drop test for decreased viability
on SC medium without lysine compared to wild-type cells.
Among them, the clones that showed camptothecin (CPT) and
phleomycin resistance compared to sae2A cells were chosen
for further characterization.

Yeast strains, plasmids, and growth condition

S. cerevisiae is the experimental model used in this study.
Strain genotypes are listed in Supplementary Table S1. Strain
JKM139, used to detect DSB resection, was kindly pro-
vided by ]J. Haber (Brandeis University, Waltham, USA). Strain
HS21, used to detect hairpin resolution, was kindly provided
by M.A. Resnick (NIH, Durham, USA). Gene disruptions and
tag fusions were generated by one-step PCR and standard
yeast transformation procedures. Primers used for disruptions
and gene tagging are listed in Supplementary Table S2. Cells
were grown in YEP medium (1% yeast extract, 2% bactopep-
tone) supplemented with 2% glucose (YEPD), 2% raffinose
(YEPR), or 2% raffinose and 3% galactose (YEPRG). All ex-
periments were performed at 26°C.
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Chromatin immunoprecipitation and gPCR

YEPR exponentially growing cell cultures of JKM139 deriva-
tive strains, carrying the HO cut site at the MAT locus, were
transferred to YEPRG at time zero, as previously described
(52). Crosslinking was performed with 1% formaldehyde for
5 min (Mrel11) and 10 min (Rad9 and Tel1). The reaction was
stopped by adding 0.125 M glycine for 5 min. Immunoprecip-
itation (IP) was performed by incubating samples with Dyn-
abeads Protein G (ThermoFisher Scientific) for 3h at 4°C in
the presence of 5 pg anti-HA (12CAS) or anti-Myc (9E10)
antibodies. Quantification of immunoprecipitated DNA was
achieved by qPCR on a Bio-Rad CFX ConnectTM Real-Time
System apparatus and Bio-Rad CFX Maestro 1.1 software.
Triplicate samples in 20 pl reaction mixture containing 10 ng
of template DNA, 300 nM for each primer, 2 x SsoFast™ Eva-
Green supermix (Bio-Rad #1 725 201) (2 x reaction buffer
with dNTPs, Sso7d-fusion polymerase, MgCl2, EvaGreen dye
and stabilizers) were run in white 96-well PCR plates Multi-
plate™ (Bio-Rad MLL9651). The qPCR program was as fol-
lows: step 1, 98°C for 2 min; step 2, 90°C for 5 s; step 3, 60°C
for 15 s; step 4, return to step 2 and repeat 40 times. At the end
of the cycling program, a melting program (from 65 to 95°C
with a 0.5°C increment every 5s) 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 ARO1
locus, after normalization of the chromatin immunoprecipita-
tion (ChIP) signals to the corresponding input for each time
point. Oligonucleotides used for qPCR analyses are listed in
Supplementary Table S3.

Western blotting

Protein extracts for western blot analysis were prepared
by trichloroacetic acid (TCA) precipitation and separated
on 10% polyacrylamide gels. Rad53 was detected by using
anti-Rad53 polyclonal antibodies (ab104232 from Abcam).
Epitope-tagged Mrel1, Tell, Rad9 and Sae2 were detected by
using anti-HA (12CA35) or anti-Myc antibodies (Ab32 from
Abcam).

Hairpin opening assay

The rate of Lys* recombinants was derived from the median
recombination frequency determined from 10 different iso-
lates of each strain, as previously described (27). Three tri-
als were performed, and the mean recombination rate was
calculated.

Co-immunoprecipitations

Rad53-Rad9 co-IP was performed as previously described
(6). Briefly, cells were broken in 400 ul of buffer containing
PBS + 1% Triton X-100, 10% glycerol and protease inhibitor
cocktail, followed by IP of the clarified protein extracts with
50 ul of Protein A-sepharose and 5 pg anti-HA (12CAS) anti-
bodies for 2 hours at 4°C. The resins were washed three times
with breaking buffer and three times with 1x PBS. Bound pro-
teins were visualized by western blotting with an anti-Rad53
(kindly provided by ]. Diffley, The Francis Crick Institute,
London, UK) (1:2500) or an anti-HA (12CAS) (1:2000) anti-
body after electrophoresis on a 10% SDS-polyacrylamide gel.
To perform Rad50-Sae2 co-IPs cells were broken in 400 ul
of buffer containing 50 mM HEPES pH 7.5, 140 mM NaCl,
1 mM EDTA pH 7.5, 10% glycerol, 1 mM sodium ortho-
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vanadate, 60 mM B-glycerophosphate, 1 mM phenylmethyl-
sulfonyl fluoride and protease inhibitor cocktail (Roche Di-
agnostics), as previously described (53). An equal volume of
breaking buffer was added to clarified protein extracts and
tubes were incubated for 2 h at 4°C with 50 pl of Protein G-
Dynabeads and 5 pg anti-HA (12CAS5) antibodies. The resins
were then washed three times with 1 mL of PBS 1x and once
with 1 mL breaking buffer. Bound proteins were visualized
by western blotting with an anti-Myc (9E10) (1:1000) or an
anti-HA (12CA5) (1:2000) antibody after electrophoresis on
a 7.5% or 10% SDS-polyacrylamide gel.

DSB resection

YEPR exponentially growing cell cultures of JKM139 deriva-
tive strains, carrying the HO-cut site at the MAT locus, were
transferred to YEPRG at time zero. Sspl-digested genomic
DNA was run on an alkaline agarose gel and visualized after
hybridization with an RNA probe that anneals with the un-
resected strand on one side of the HO-induced DSB, as previ-
ously described (54). This probe was obtained by in vitro tran-
scription using Promega Riboprobe System-T7 and plasmid
pML514 as a template. Plasmid pML514 was constructed by
inserting in the pPGEM7Zf vector a 900-bp fragment contain-
ing part of the MAT locus (coordinates 200 870 to 201 587 on
chromosome III) (55). Quantitative analysis of DSB resection
was performed by calculating the ratio of band intensities for
ssDNA and the total amount of DSB products. The resection
efficiency was normalized with respect to the HO cleavage ef-
ficiency for each time point. Densitometric analysis of band
intensities was performed using Scion Image Beta 4.0.2.

Structural bioinformatics

We employed AlphaFold2 multimer v3 on Colabfold (56) to
model the C-terminal region of Sae2 (aa 181-345) with the
S267E mutation, alongside a truncated version of Rad50 that
omitted the amino acids 214-1107 of the coiled-coil region to
improve computational efficiency. Template mode was set to
the pdb100 database, with msa_mode as mmseqs2_uniref_env
in unpaired_paired pair_mode, which pairs the available se-
quences for the same species using a greedy pairing strat-
egy. Default sample settings were applied (max_msa auto-
matic, num_seeds = 1). The number of recycles was set at
20 with a tolerance of 0.5. One relaxed model was ob-
tained with a maximum of 200 relax iterations using amber.
The top-scoring model obtained an average pIDDT of 76.7,
pTM = 0.75 and ipTM = 0.717. The residue pIDDT and
the sequence coverage provided by AlphaFold2 are shown
in Supplementary Figure S1A and B. The AlphaFold3 (56)
server was used to model the same 181-345 amino-acid re-
gion of S267-phosphorylated and T279-phosphorylated Sae2,
together with Rad50 (deleted of the aa 214-1107 exten-
sion of the coiled-coil region) and Mrell (aa 1-416). The
top score model obtained an average pTM of 0.64 and
ipTM of 0.52. Single-chain and chain-to-chain pTM, ipTM
and the expected error scores calculated by AlphaFold3 are
shown in Supplementary Table S4. The residue pIDDT and
the expected error of the AlphaFold3 model are shown in
Supplementary Figure S1C and D. AlphaFold3-built models
for Rad50 and Mrell dimers were also obtained, with the
same sequence portions described above, achieving a pIDDT
score greater than 90 across all models. These models were
used to reconstruct the cutting state Mrel1-Rad50-Sae2 com-
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plex by superimposing one of the monomers from the dimers
on the Mrell and Rad50 proteins in the Mrel1-Rad50-
Sae2 complex. Finally, a DNA molecule was added by su-
perposition of the resolved structure of the cutting state in
the E. coli homolog complex (PDB ID: 7Z03) (37). A model
for human CtIP (aa 671-897) phosphorylated on T847 to-
gether with a Rad50 dimer (with the coiled-coil region be-
tween amino acids 254-1057 removed), and Mrell (aa 1-
537), spanning the endonuclease, capping and Rad50-binding
domains, was obtained using AlphaFold3. The top-scored
model obtained an average pTM of 0.57 and ipTM of 0.48.
The single-chain and chain-to-chain pTM, ipTM and the ex-
pected error scores calculated by AlphaFold3 are shown in
Supplementary Table S5. The residue pIDDT and the expected
error for this model are shown in Supplementary Figure S2A
and B. The same procedure described for the reconstruction
of S. cerevisiae Mrel1-Rad50-Sae2 complex in the cutting
state on DNA was adopted to reconstruct the human Mrel1-
Rad50-CtIP complex on DNA in the cutting state conforma-
tion (Supplementary Figure S3A and B). A model for the 1-65
aa N-terminal aa of Rif2 was obtained together with a trun-
cated version of Rad50 that omitted the amino acids 214-
1107 (Supplementary Figure S4A-C). The top-scored model
obtained an average pTM of 0.75 and ipTM of 0.69. The top
score models were refined by adding the correct ionization
and missing hydrogen atoms in Maestro suite (Schrodinger,
LLC, New York, NY, 2024) and by proceeding to energy min-
imization of the interface residues conformations using AM-
BER force field (57) with implicit solvent, using the PRCG
method and a gradient convergence threshold of 0.05. Super-
position of structures was performed using the align function
in UCSF Chimera (58). Polar interactions and pi—cation inter-
actions were analyzed using UCSF Chimera and the Maestro
suite, respectively. Visualization of structures was prepared
with UCSF Chimera or Pymol.

Statistical analysis

Statistical analysis was performed using Microsoft Excel Pro-
fessional 365 software. P-values were determined by using
an unpaired two-tailed #-test. No statistical methods or cri-
teria were used to estimate the size or to include or exclude
samples.

Results

Identification of sae2 alleles specifically impaired in
hairpin resolution

Stimulation of the endonuclease activity of the MRX com-
plex requires the binding of phosphorylated Sae2, allow-
ing Mrell to cleave DNA hairpin structures and the §'-
terminated strands of DNA DSBs (22,27,28,42,59). To un-
derstand how Sae2 activates the Mrell endonuclease, we
searched for sae2 mutants specifically defective in repairing
DNA hairpin structures. Hairpin resolution was assessed us-
ing the genetic assay developed by Lobachev et al., where in-
verted Alu elements inserted in the LYS2 gene on chromosome
II stimulate ectopic recombination with a truncated lys2 gene
(lys2-AS’) on chromosome III, resulting in Lys* recombinants
(Figure 1A). This recombination requires Mrel1 endonucle-
ase and Sae2, which are thought to cleave and subsequently
repair the hairpin-capped DSB generated upon extrusion and
processing of the inverted Alu repeats (27).
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The SAE2 gene was amplified using low-fidelity PCR, and
the linear PCR products were used to transform a haploid
strain carrying the lys2::AlulR and lys2-AS’ ectopic recombi-
nation reporters to replace the wild-type SAE2 sequence with
the mutagenized DNA fragments. The transformants were
then tested by drop tests for their ability to generate Lys* pro-
totrophs compared to wild-type cells.

Previous studies have shown that, although both the
nuclease-defective mrel1-H125N (hereafter referred to as
mrell-nd) and sae2A alleles show similar defects in DNA
hairpin cleavage, sae2A cells display increased sensitivity to
DNA damaging agents compared to mrell-nd cells (47,51).
This increased DNA damage sensitivity of sae2A cells is
partly due to the enhanced retention of Rad9 at DSBs, which
leads to prolonged phosphorylation and activation of Rad53
(46,47,51). Thus, to identify sae2 mutants specifically defec-
tive in stimulating Mrell nuclease activity, we focused on
clones that not only generated fewer Lys* prototrophs than
wild-type cells but also showed greater resistance to CPT and
phleomycin (phleo) compared to sae2 A cells.

This analysis enabled us to identify the sae2-1.302%*, and
sae2-1.323* alleles, each carrying a single nucleotide change
that introduces a stop codon in place of Leu302 or Leu323,
respectively, and the sae2-S267P and sae2-D285G alleles, car-
rying single nucleotide substitutions that result in the replace-
ment of Ser267 with Pro or Asp285 with Gly, respectively
(Figure 1B). All the identified sae2 mutants showed fewer
Lys* prototrophs compared to wild-type cells and increased
resistance to CPT and phleomycin compared to sae2A cells
(Figure 1B). Furthermore, they all showed decreased rates of
Lys* recombinants (Figure 1C), suggesting that these alleles
are specifically defective in repairing hairpin DNA structures.

During meiosis, Spo11 cleaves DNA strands at recombina-
tion hotspots to initiate recombination and remains covalently
bound to the 5’ end of the cleaved strands (22,26,28). In S.
cerevisiae, Sae2-stimulated MRX endonuclease activity is ab-
solutely required for the removal of Spol1-bound oligonu-
cleotides from meiotic DSBs to allow DSB resection and sub-
sequent repair by HR. Thus, to determine if the reduced rate
of Lys* recombinants in the saze2 mutants was due to DNA
cleavage defects, the sae2 alleles were tested for defects in
meiosis. Similar to sae2 A and mrel1-nd, all the diploid strains
homozygous for the sae2 mutations failed to sporulate, as ex-
pected from cells that still form meiotic DSBs but are impaired
in Spo11 removal (Figure 1D).

The lack of the Sae2 C-terminus maintains Sae2
functions in resection of an endonuclease-induced
DSB
Among the identified sae2 alleles, the sae2-S267P mutation al-
ters the Ser267 residue, whose phosphorylation is required to
stimulate MRX endonuclease activity (42). Although replac-
ing the serine residue with proline can affect secondary struc-
ture, rather than just eliminating the phosphorylation site, it is
worth noting that sae2-5267P cells, while showing decreased
rates of Lys* recombinants (Figure 1C), exhibit increased re-
sistance to CPT and phleomycin compared to sae2 A cells (Fig-
ure 1B), suggesting that this allele maintains most of Sae2
functions.

The other sae2 mutations occur in the carboxy-terminal
part of Sae2, with two mutations leading to the deletion of the
Sae2 C-terminus to varying extents, highlighting the critical
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Figure 1. Search for sae2 mutants defective in hairpin resolution. (A) Schematic representation of the lys2::Alu IR and lys2-A5 ectopic recombination
system. (B) Exponentially growing cultures were serially diluted, and each dilution was spotted out on SC medium with or without lysine and on yeast
extract, bactopeptone, and glucose (YEPD) plates with or without CPT or phleomycin. (C) Recombination frequency of strains with the lys2::Alu IR and
lys2-A 5 ectopic recombination system. The rate of Lys* recombinants was derived from the median recombination frequency. The mean values of
three independent experiments are represented with error bars denoting s.d. ***P < 0.005 (Student’s t-test). (D) Percentage of sporulation. Diploid cells
homozygous for the indicated mutations were induced to enter meiosis. The mean values of three independent experiments are represented with error

bars denoting s.d. ***P < 0.005 (Student's t-test).

role of the C-terminal part of Sae2 in stimulation of MRX en-
donuclease activity. To further investigate the function of the
Sae2 C-terminus, we focused on the sae2-1.323* allele (here-
after referred to as sae2-AC23), in which a stop codon re-
places Leu323, thereby eliminating the last 23 amino acids of
the protein. This truncation did not reduce the protein stabil-
ity, as we detected comparable levels of Sae2 and Sae22¢?3 in
protein extracts (Figure 2A). Furthermore, the Sae22¢%3 mu-
tant variant maintained the ability to interact with the MRX
complex. In fact, by expressing epitope-tagged versions of
RadS50, Sae2, and Sae22¢?3 from their native genomic loci and
immunoprecipitating Rad50-hemagglutinin (HA) fusion pro-
tein with an anti-HA antibody, we detected similar amounts
of Sae2-Myc and Sae22¢23-Myc in the HA-tagged Rad50 im-
munoprecipitates (Figure 2B).

While the Mrell endonuclease activity is crucial for re-
moving hairpin-capped DSBs or protein blocks (27,28), it be-
comes dispensable for resecting DSBs induced by endonu-
cleases, where the DNA ends are readily accessible to Exol
and Dna2 nucleases (29). Conversely, the absence of Sae2 im-
pairs the resection of endonuclease-induced DSBs by increas-
ing Rad9 binding at DSB sites, which subsequently inhibits
the resection activities of Dna2 and Exol (48-51). If the pri-
mary function of the Sae2 C-terminus is to stimulate Mrel1
endonuclease activity, then the sae2-AC23 mutant would be
expected to support resection of an endonuclease-induced
DSB effectively. To assess the resection capability of sae2-

AC23 cells, we monitored the formation of ssDNA at an HO-
induced DSB in JKM139 derivative strains, which express the
HO endonuclease gene under a galactose-inducible promoter
(60). Induction of HO by galactose addition results in the gen-
eration of a single DSB at the MAT locus, a break that can-
not be repaired by HR due to the deletion of the homologous
donor loci HML and HMR. Resection of this HO-induced
DSB makes the DNA sequences flanking the break resistant
to cleavage by restriction enzymes, allowing the detection of
resection intermediates by Southern blot using a probe that
anneals to the 3’ end on one side of the break. As expected,
sae2 A cells showed a resection defect compared to wild-type
cells, whereas wild-type and sae2-AC23 cells accumulated re-
section products with similar kinetics (Figure 2C and D).

The DSB resection defect observed in sae2A cells par-
tially explains their decreased resistance to CPT compared to
mrell-nd cells, which are sensitive only to higher CPT doses.
Consequently, if the absence of the Sae2 C-terminus impacts
Mrell nuclease activity, then the sae2-AC23 mutant would
be expected to exhibit DNA damage sensitivity similar to that
of mrell-nd. Our results confirmed this hypothesis, as both
sae2-AC23 and mrell-nd cells displayed comparable sensi-
tivity to CPT (Figure 2E). Furthermore, the sae2-AC23 allele
did not exacerbate the DNA damage sensitivity observed in
mrell-nd cells (Figure 2E).

Previous studies have shown that the sae2 A mutation re-
sults in lethality when combined with the SGS1 deletion, while
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the mrell-nd sgs1A double mutant is viable, although with a
slight growth defect and increased DNA damage sensitivity
compared to each single mutant (51). We found that the sae2-
AC23 allele, similarly to mrel1-nd, was viable in combination
with sgs1 A and exacerbated its DNA damage sensitivity, con-
sistent with a defect in the activation of Mrel1 endonuclease
(Figure 2F).

The lack of the Sae2 C-terminus maintains Sae2
function in inhibiting Rad53 activation

Both sae2A and mrell-nd cells exhibit elevated levels of
Mrel1 and Tell at the DSBs (50,51). However, unlike mrel1-
nd cells, sae2A cells also show excessive accumulation of
Rad9 near the DSB, leading to Rad53 hyperactivation (47—
51), indicating that Sae2 inhibits Rad53 activation indepen-
dently of its role in stimulating MRX nuclease activity. Thus,
we used ChIP and quantitative PCR (qPCR) to analyze the as-
sociation of Mrel1, Tell and Rad9 with the HO-induced DSB
in sae2-AC23 cells. Although similar amounts of Mrel1 (Fig-
ure 3A), Tell (Figure 3B) and Rad9 (Figure 3C) were detected
in all protein extracts, sae2A, mrell-nd and sae2-AC23 cells
showed increased enrichment of both Mrell and Tell near
the HO-induced DSB (Figure 3D and E). By contrast, an in-
creased accumulation of Rad9 was observed only in sae2A
cells, while the levels of Rad9 bound at the HO-induced DSB
in both mrell-nd and sae2-AC23 were similar to those in
wild-type cells (Figure 3F).

Since the increased Rad9 association with DSBs in sae2A
cells leads to Rad53 hyperactivation, we expected similar lev-
els of Rad$53 activation in both wild-type and sae2-A C23 cells.
It is known that cells harboring a single irreparable DSB un-
dergo checkpoint-mediated cell-cycle arrest, but subsequently
decrease Rad53 activation and re-enter the cell cycle (61,62).
The inability of sae2 A cells to deactivate the checkpoint trig-
gered by a single irreparable DSB (47) prompted us to an-
alyze the adaptation response of sae2-AC23 cells to such a
DSB. When G1l-arrested cell cultures of JKM139 derivative
strains were spotted on galactose-containing plates to induce
HO, most sae2 A cells remained arrested at the two-cell dumb-
bell stage after 20 hours (Figure 3G). By contrast, both wild-
type and sae2-AC23 cells overcame the checkpoint-mediated
cell-cycle arrest within 16 hours and formed microcolonies
with more than two cells (Figure 3G). Furthermore, when
galactose was added to exponentially growing cell cultures of
these strains, Rad53 phosphorylation decreased in both wild-
type and sae2-AC23 cells 12-14 h after galactose addition,
whereas it persisted in sae2 A cells (Figure 3H). These findings
indicate that sae2-AC23 cells are capable of downregulating
Rad53 activation.

As Sae2 has been shown to inhibit Rad53 activation by lim-
iting the interaction between Rad53 and Rad9 (51,63), we
immunoprecipitated HA-tagged Rad9 from cell extracts pre-
pared from undamaged, exponentially growing cells. In wild-
type cells, a very low basal level of Rad53 binding to Rad9
was detectable even in the absence of DNA damage (Figure
31). This interaction increased when Rad9 was immunopre-
cipitated from sae2A cells, which also exhibited phospho-
rylated Rad53, indicating that Rad53 is hyperactivated in
these cells (Figure 3I). In contrast, both mrel1-nd and sae2-
AC23 cells showed Rad53 binding to Rad9 at levels sim-
ilar to those observed in wild-type cells (Figure 3I). These
findings indicate that the absence of the Sae2 C-terminus
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does not impair Sae2 ability to inhibit the Rad53-Rad9
interaction.

AlphaFold3-based modeling of the Sae2
C-terminus bound to Rad50

To gain structural insights into the role of the C-terminus of
Sae2 within the Mre11-Rad50 complex, we first employed Al-
phaFold2 Multimer 2.0, previously used to predict the struc-
ture of the Mrel1-Rad50-Sae2 complex (64,65). We mod-
eled the C-terminal region of Sae2 (amino acids 181-345)
alongside Rad50, omitting the 214-1107 amino acid region of
the Rad50 coiled-coil for computational efficiency. The phos-
phorylation of Sae2 at Ser267 is crucial for its interaction
with Rad50 and for stimulating Mrel1 endonuclease activity
(40,42). However, because AlphaFold2 does not accommo-
date post-translational modifications, we substituted Ser267
with glutamic acid (S267E) to mimic constitutive phosphory-
lation, enabling a more stable interaction with the Rad50 in-
terface. Our attempts to model the Mrel1l endonuclease and
capping domain (amino acids 1-416) consistently positioned
the Mrell subunit in a configuration resembling its resting
state within the Mrel1-Rad50-Sae2 complex. As a result,
this configuration was not further pursued in our analysis.
The AlphaFold2 model provided high-confidence predictions
for the amino acid regions 202-216 and 264-345 of Sae2,
with a segment of lower confidence between these regions
(Supplementary Figure S1A and B). The model obtained is
very similar to the one recently described (65), with an RMSD
of 0.463 along the Sae2 portion.

Due to the limitations of AlphaFold2 in considering phos-
phorylation at S267 and its tendency to model the Mrell
subunit in a position similar to the resting state observed in
the E. coli homolog complex (36,37), we utilized the updated
version of this predictor, AlphaFold3, to model the 181-345
amino acid region of Sae2, phosphorylated at S267, along
with Rad50 (again excluding the amino acid 214-1107 exten-
sion of the coiled-coil region) and Mre11 (amino acids 1-416).
However, although the phosphomimetic glutamic acid sub-
stitution mutant (Sae2-S267E) supported MRX-dependent
DNA cleavage, its activity has been shown to decrease af-
ter treatment with A phosphatase (66). This finding suggests
that additional phosphorylation sites on Sae2 are necessary
for optimal MRX endonuclease activity. Sae2 is phosphory-
lated not only by CDKs but also by the checkpoint kinases
Mec1 and Tell (38,39,43), whose ATR and ATM orthologs
phosphorylate the conserved T818 residue of Xenopus lae-
vis CtIP (equivalent to T279 of Sae2 and T859 of human
CtIP) (67,68). Interestingly, the non-phosphorylatable sub-
stitution of Sae2 T279A significantly reduced Spol1 release
more severely than the corresponding phosphomimetic T279E
mutation (66). This finding prompted us to predict the struc-
ture of the Rad50-Mre11-Sae2 assembly with Sae2 phospho-
rylated at both $267 and T279.

AlphaFold3 successfully prioritized the positioning of the
Mrel1 subunit in a configuration resembling the active cut-
ting state (Figure 4A and B), particularly when the Sae2 chain
was phosphorylated on both S267 and T279 residues. This
likely resulted in a higher score due to additional stabilization
from salt bridge interactions involving phosphorylated S267
with Mrel1, which reduced free energy. Phosphorylation on
residue T279 was also mandatory for Alphafold3 to construct
the model in cutting state.
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Figure 3. The sae2-A C23 mutation enhances Mre11 and Tel1, but not Rad9 association with DSBs. (A-C) Western blot analysis with anti-Myc or anti-HA
antibodies of protein extracts prepared from exponentially growing cells. The same amount of extracts was stained with Coomassie Blue as loading
control. (D-F) ChIP and gPCR. Exponentially growing YEPR cell cultures were transferred to YEPRG to induce HO expression, followed by ChIP analysis
of the recruitment of the indicated proteins at 600 bp from the HO-cut site. In all diagrams, ChIP signals were normalized to the corresponding input
signal for each time point. The mean values of three independent experiments are represented with error bars denoting s.d. ***P < 0.005 (Student’s
ttest). (G) Adaptation assay. YEPR G1-arrested cell cultures were plated on galactose-containing plates (time zero). At the indicated time points, 200
cells for each strain were analyzed to determine the frequency of large, budded cells (two cells) and cells forming microcolonies of more than two cells
(>2 cells). (H) Exponentially growing YEPR cell cultures were transferred to YEPRG at time zero to induce HO. Western blot analysis of protein extracts
was performed with anti-Rad53 antibodies. (I) Co-IP. Protein extracts prepared from exponentially growing cells were analyzed by western blotting with
anti-HA (Rad9) and anti-Rad53 antibodies either directly (Total) or after IP of Rad9-HA with an anti-HA antibody. *indicates a cross-hybridization signal.
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Figure 4. AlphaFold-based models for Sae2 C-terminal region binding to
Rad50 and Mre11. (A) Cartoon representation of the 202-345 amino acid
region of Sae2 (in magenta) phosphorylated at S267 and T279 residues,
as modeled by AlphaFold3 server, together with Rad50 (in gold and with
the aa 214-1107 coiled-coil region deleted), and Mre11 (aa 1-416, in blue)
was superimposed on the AlphaFold2 model of Sae2 S267E (in pink) and
Rad50 (in light yellow) for comparative analysis. (B) Model of the cutting
state for Mre11-Rad50-Sae2 complex bound to DNA. The proteins are
represented as cartoons with transparent surfaces, while the DNA
molecule is depicted as a cartoon. Mre11 subunits are displayed in
different shades of blue, Rad50 in yellow and light orange, and Sae2 in
magenta.

The RMSD between the Sae2 portions of the Alphafold2
and Alphafold3 models is very low, at 0.510, indicating that
both predictors constructed a highly similar structure for Sae2
(Figure 4A). A comparison of the Sae2 C-terminal confor-
mation between the updated AlphaFold3 model and previ-
ous AlphaFold2 predictions (Figure 4A) shows that the amino
acid region 264-345 is similarly predicted and maintains a
high-confidence pLDDT score. In contrast, the region pre-
ceding amino acid 264 exhibits a lower confidence score
(Supplementary Figure S1C and D) and diverges from the
AlphaFold2 prediction, suggesting greater flexibility in this
part of Sae2 (Figure 4A). The positioning of Mrell relative
to Rad50 remains consistent with the active cutting state of
the Mrel11-Rad50 complex, closely matching the resolved
structure of the E. coli homologous complex (PDB ID: 7203)
(Figure 4B).
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Similarly to the AlphaFold2 prediction, the region from
amino acid 264 to the C-terminus of Sae2 orients toward
the ATPase domain 3-sheet of Rad50 (Figure 5A). The phos-
phorylated S267 (pS267) residue allows the formation of a
salt bridge with R77 in Rad50 and R187 in Mrel1 (Figure
5B), confirming the structural basis for the previously de-
scribed regulatory impact of CDK-dependent phosphoryla-
tion at S267 (40,42,65). Interactions are also predicted be-
tween Sae2 residue K296 and Rad50 N18 (Figure 5B), a
residue previously identified as playing a key role in regulat-
ing Rif2 versus Sae2 binding to the overlapping interface in
Rad50 protein (45).

Interestingly, the ATPase domain {-sheet of Rad50 is
known to be altered by the rad50-s mutations (Figure 5B and
C) (44), potentially explaining the phenotypes of the rad50-s
mutants. Specifically, the D285 residue in Sae2, identified in
this study, forms a salt bridge with the R20 residue in Rad50,
which is also mutated in the rad50-s alleles (Figure 5B). Ad-
ditionally, phosphorylated T279 in Sae2 was predicted to in-
teract with K6, a residue affected by a rad50-s mutation (Fig-
ure 5B). When we substituted the T279 residue with a non-
phosphorylatable alanine residue, sae2-T279A cells resulted
in a decreased rate of Lys* recombinants compared to wild-
type cells (Figure 6A), whereas the phosphomimetic glutamic
acid substitution, sae2-T279E, did not show this defect but
rather increased the recombination rate compared to wild-
type cells (Figure 6A), suggesting that this variant might be
even more active than the wild-type counterpart. Similar to
sae2-S267A cells, both sae2-T279A and sae2-T279E cells did
not show an increased CPT sensitivity compared to wild-type
cells (Figure 6B).

Another site affected by rad50-s mutations, E21, together
with D19, was predicted to directly interact with the R344
residue in the Sae2 C-terminus (Figure 6C). When we substi-
tuted the R344 residue in Sae2 or its Rad50 binding partners,
D19 and E21, with alanine, the sae2-R344A and rad50-D19A,
E21A mutations led to decreased rates of Lys* recombinants
compared to wild-type cells, with 7ad50-D19A, E21A show-
ing a reduction similar to that observed in mrel1-nd cells (Fig-
ure 6D). Consistent with a more severe endonucleolytic defect,
cells harboring the rad50-D19A, E21A allele were as sensitive
to CPT and phleomycin as mrel1-nd cells, whereas the DNA
damage sensitivity of sae2-R344A cells remained comparable
to wild-type cells (Figure 6E). This relatively milder phenotype
of sae2-R344A cells might be explained by the presence of an-
other positively charged residue, K286 in Sae2, located near
Rad50 D19 and E21 and interacting with E21, which could
potentially compensate for the absence of R344 (Figure 6C).
Supporting this hypothesis, cells containing both K286A and
R344A mutations exhibited decreased rates of Lys* recombi-
nants compared to wild-type cells, with a reduction similar to
that observed in 7ad50-D19A, E21A cells (Figure 6D). Fur-
thermore, the presence of the K286A mutation increased the
CPT sensitivity of sae2-R344A cells to a level similar to rad50-
D19A, E21A cells (Figure 6E).

Evaluation of the Sae2 and Rad50 interface by
targeted mutagenesis

AlphaFold3 modeling suggests that the C-terminus of Sae2 is
directly involved in multiple interactions with the Rad50 in-
terface. These contacts are crucial for maintaining the stable
binding necessary for a functional cutting-state configuration,
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Figure 5. AlphaFold3-based model for Sae2 C-terminal region binding to Rad50. (A) Cartoon representation of the Sae2 202-345 amino acid region
containing the phosphorylated Sae2 S267 and T279 residues, as modeled by the AlphaFold3 algorithm, together with Rad50, from which the amino acid
214-1107 coiled-coil region has been omitted, and Mre11 (aa 1-416). (B,C) The polar interactions between the Sae2 chain and the Rad50 chain are
represented as a cartoon. Residues involved in contacts are represented as sticks and H-bonds are represented as dashed black lines. Nitrogen atoms
are colored in blue, oxygen in red, and hydrogen in white. The view is rotated by 90° on the Y-axis from panel B to panel C.
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Figure 6. The binding site of the Sae2 C-terminus and relative mutations. (A) Recombination frequency of strains with the lys2::Alu IR and lys2-A5
ectopic recombination system. The rate of Lys* recombinants was derived from the median recombination frequency. The mean values of three
independent experiments are represented with error bars denoting s.d. *P < 0.05, ***P < 0.005 (Student's t-test). (B) Exponentially growing cultures
were serially diluted, and each dilution was spotted out on YEPD plates with or without CPT. (C) Details of the binding site of the C-terminus of Sae2
with Rad50. The polar contacts of R286 and R344 of Sae2 and D19 and E21 of Radb0, targeted for mutation and highlighted in pink (Sae2) and orange
(Rad50), are shown as black dashed lines. (D) As in A. (E) Exponentially growing cultures were serially diluted, and each dilution was spotted out on

YEPD plates with or without CPT.

which may explain the phenotypes observed in sae2 mutants
lacking the C-terminus. To test these predictions, we intro-
duced specific mutations and assessed their potential compen-
satory effects by comparing the rate of Lys* recombinants of
the double mutant with that of the single mutation showing
the greatest reduction in recombination (65).

We first evaluated the predicted interaction between phos-
phorylated T279 in Sae2 and the K6 residue in Rad50 (Fig-

ure 7A) by substituting the negatively charged Sae2 T279
(in its phosphorylated form) with K (T279K) and analyz-
ing the resulting phenotypes both individually and in com-
bination with the charge-reversal variant K6E in Rad50. The
single mutants sae2-T279K and rad50-K6E reduced the re-
combination rates compared to the wild type (Figure 7B),
whereas the double mutant exhibited a recombination rate
higher than that of the more severe 7ad50-K6E single mutant
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(Figure 7B), supporting the predicted interaction between
T279 and Ké.

Next, we investigated the potential salt bridge between the
negatively charged D285 in Sae2 and the positively charged
R20 in Rad50 (Figure 7C), by substituting D285 with R and
introducing the corresponding charge-reversal R20D muta-
tion in Rad50. The double mutant, however, exhibited a re-
combination rate similar to that of the equally deleterious
rad50-R20D single mutant (Figure 7D), indicating no com-
pensatory effect. This finding suggests that either the two
residues do not interact in a manner that can be rescued
by simple charge reversal, or that additional structural con-
straints prevent the formation of a compensatory interac-
tion. Supporting this latter hypothesis, the analysis of the
intramolecular interactions involving D285 residue reveals
a complex network of H-bonds and salt bridges with Sae2
R273, E281 and K288 residues, likely involved in the proper
folding of Sae2 and seriously affected by sae2-D285R muta-
tion leading to the severe defect of the mutant (Figure 7C)
(65).

Additionally, we explored the interaction between K296 in
Sae2 and E73 in Rad50 (Figure 7E). Substituting the positively
charged K296 with a negatively charged glutamic acid, along
with the charge-reversal mutation rad50-E73K, resulted in a
double mutant with a recombination rate higher than that of
the more severe rad50-E73K single mutant (Figure 7F), indi-
cating a compensatory effect that supports the predicted in-
teraction between K296 and E73.

A similar effect was observed between the negatively
charged E21 residue in Rad50 and the positively charged
K286 and R344 residues in Sae2 (Figure 6C). In fact, when
E21 in Rad50 was replaced by K, along with the charge-
reversal mutation K286E in Sae2, the double mutant showed
higher recombination rates compared to the rad50-E21K sin-
gle mutant (Figure 7G). Likewise, substituting E21 in Rad50
with R, in combination with the charge-reversal mutation
R344E in Sae2, resulted in improved recombination compared
to the single rad50-E21R mutant (Figure 7G), thus supporting
the predicted interactions.

Discussion

In both yeast and mammals, Sae2/CtIP stimulates Mrell
activity within the MRX complex, enabling endonucleolytic
cleavage of secondary DNA structures and the 5’-terminated
strands at DSBs, beyond various covalently or non-covalently
bound proteins. This regulatory function is mediated by
the direct physical interaction between Sae2 and Rad50,
which depends on the phosphorylation of the Sae2 S267
residue (40,42,65). Recently, this Sae2 phosphorylated site
was shown to make direct contact also to R187 of Mrell
in the endonuclease-competent cutting state of the Mrell-
Rad50-Sae2 complex (65). Additionally, Sae2 negatively reg-
ulates checkpoint activation, independently of its role in stim-
ulating MRX endonuclease activity, and this function helps
to mitigate the inhibition of resection exerted by Rad9 and
Rad53 on Exo1 and Dna2-Sgs1 activities (46-51).

By studying sae2 mutants specifically impaired in process-
ing hairpin-capped DNA ends, we identified mutations lead-
ing to deletions of portions of the Sae2 C-terminus. Focusing
on the allele that causes the shorter deletion, we showed that
the loss of the last 23 amino acids of Sae2 specifically impairs
Sae2 ability to support MRX activity, while still allowing it to
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regulate checkpoint activation and to promote the resection
activities of Exol and Dna2-Sgs1. This highlights the critical
role of the C-terminal region of Sae2 in stimulating Mrell
activity, supported by previous findings showing that a Sae2
mutant lacking the last 95 amino acids fails to promote MRX
endonuclease activity in vitro (66).

Using the AlphaFold3 predictor to model the Sae2 C-
terminus bound to Rad50, we discovered that the region span-
ning amino acids 264 to the C-terminus of Sae2 is predicted
to interact with the B-sheet of Rad50 ATPase domain. No-
tably, this Rad50 region harbors the rad50-s mutations, with
the prototypical rad50-K81I mutant failing to interact with
phosphorylated Sae2 and to stimulate Mre11-Rad50 endonu-
clease activity (42). Our model reveals that many of the inter-
actions between Sae2 and Rad50 occur far downstream of the
S267 phosphorylation site. This network of interactions is cru-
cial for stabilizing the association between Sae2 and RadS50,
thereby allowing the correct positioning of Mre11 in its active,
cutting state.

According to AlphaFold3 predictions, the phosphorylated
S267 residue of Sae2 directly faces the 182-190 amino acid
helix of Mrel1, suggesting that phosphorylated 5267 serves
as a critical bridge between Rad50 and Mrel1, enabling the
proper conformation for endonucleolytic activity, as previ-
ously suggested (635). Interestingly, the Mre11 182-190 amino
acid helix contains the T188 residue, which is altered by
the mrell1-s mutation. This mutation mimics the phenotype
of rad50-s mutants, further underscoring the interconnected
nature of these molecular interactions (69,70). Other Sae2
residues near phosphorylated S267, such as R264, which is
a pivotal Mrel1 bridging site, and D275, which anchors Sae2
to Rad50 R125 (65), were recently identified as necessary for
Mrel1 endonucleolytic activity (65).

Notably, our model predicts that, along with S267, the
phosphorylation of T279 is also crucial for the Sae2-Rad50
interaction and Mrel1 nuclease activity. Consistent with this
prediction, a sae2 mutant with a non-phosphorylatable T279
exhibited a reduced recombination rate, whereas recombina-
tion was restored in the corresponding phospho-mimetic sae2
mutant. Similar results have been observed in meiosis, where
sae2-T279A cells impaired Spol1 release more severely than
cells carrying the phospho-mimetic mutation (66). While S267
is a known CDK target, T279 has been shown to be phos-
phorylated by Mec1 and Tell, suggesting that Mrel1 activity
can also be modulated by the checkpoint pathway. Consistent
with this hypothesis, the absence of both Mec1 and Tel1 leads
to the accumulation of unprocessed DSBs in meiosis (39).

Given the critical role of multiple interactions involving
Rad50 and the C-terminus of Sae2 in ensuring MRX en-
donuclease functionality, we sought to determine if the role
of the Sae2 C-terminus is conserved across the diverse group
of Sae2 orthologs. To this end, we used the AlphaFold3 pre-
dictor to model the human Mrel1-Rad50 complex in its
cutting state (Supplementary Figure S3A and B). Although
mammalian CtIP lacks sequence conservation with yeast Sae2
(Supplementary Figure S3C), the model suggests a similar
function for the phosphorylated T847 and T859 residues in
CtIP, as for the phosphorylated S267 and T279 in yeast Sae2
(Supplementary Figure S3A). In this model, CtIP acts as a
bridge between Rad50 and Mrel1, stabilizing Mrell posi-
tion where its catalytic site is correctly aligned with the DNA
(Supplementary Figure S3B). However, the folding of the more
terminal portion of CtIP markedly differs from that of Sae2, as
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expected from the sequence divergence in this region among
orthologous proteins (Supplementary Figure S3C). Interest-
ingly, the model predicts that the C-terminus of CtIP rests
against the C-terminal region of Rad50, suggesting multi-
ple interactions between this part of CtIP and human Rad50
as well. Thus, although Sae2 and CtIP may have undergone
structural reorganization during evolution, their ability to sta-
bilize the active conformation of MRX could be conserved.
Consequently, the analysis reported here will be important for
understanding the interplay between MRN and CtIP, whose
dysfunction is linked to various human pathologies.
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