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ABSTRACT

The cellular response to DNA double-strand breaks
(DSBs) is initiated by the Mre11–Rad50–Xrs2 (MRX)
complex that has structural and catalytic functions.
MRX association at DSBs is counteracted by Rif2,
which is known to interact with Rap1 that binds
telomeric DNA through two tandem Myb-like do-
mains. Whether and how Rap1 acts at DSBs is un-
known. Here we show that Rif2 inhibits MRX asso-
ciation to DSBs in a manner dependent on Rap1,
which binds to DSBs and promotes Rif2 association
to them. Rap1 in turn can negatively regulate MRX
function at DNA ends also independently of Rif2.
In fact, a characterization of Rap1 mutant variants
shows that Rap1 binding to DNA through both Myb-
like domains results in formation of Rap1-DNA com-
plexes that control MRX functions at both DSBs and
telomeres primarily through Rif2. By contrast, Rap1
binding to DNA through a single Myb-like domain re-
sults in formation of high stoichiometry complexes
that act at DNA ends mostly in a Rif2-independent
manner. Altogether these findings indicate that the
DNA binding modes of Rap1 influence its functional
properties, thus highlighting the structural plasticity
of this protein.

INTRODUCTION

Chromosomal DNA double-strand breaks (DSBs) are
highly cytotoxic lesions that can occur spontaneously dur-
ing normal cell metabolism or can be induced upon expo-
sure of cells to ionizing radiation or chemicals. Two ma-
jor pathways are used for repairing DSBs: non-homologous
end-joining (NHEJ), which directly religates the two bro-
ken ends (1), and homologous recombination (HR), which
uses undamaged homologous duplex DNA as template for
repair (2,3). HR is initiated by nucleolytic degradation (re-

section) of the 5′ terminated strands at both DNA ends to
generate 3′-ended single-stranded DNA (ssDNA) ends that
catalyze homologous pairing and strand invasion (4).

The evolutionarily conserved Mre11–Rad50–
Xrs2/NBS1 complex (MRX in Saccharomyces cerevisiae,
MRN in humans) is rapidly recruited to DSBs, where
it maintains the DSB ends in close proximity, initiates
DSB resection and activates the checkpoint protein kinase
Tel1 (ATM in mammals) (5,6). The Mre11 subunit is a
dimer that possesses both 3′-to-5′ exonuclease and ssDNA
endonuclease activities (7,8). Mre11 initiates resection by
catalyzing an endonucleolytic cleavage of the 5′-terminated
strand at both DSB DNA ends with the support of the
Sae2 protein (9–14). This MRX-mediated DNA cleavage
generates an entry site for the nucleases Exo1 and Dna2,
which degrade DNA in a 5′-3′ direction, coupled with
Mre11 exonuclease that degrades back toward the DNA
end in a 3′–5′ direction (10–14). The Rad50 subunit binds
ATP and possesses ATPase activity (5,6). The character-
ization of Rad50 mutant variants that either stabilize or
destabilize the ATP-bound conformation has shown that
the ATP-bound state of MRX promotes DNA binding,
end-tethering and Tel1 activation, whereas ATP hydrolysis
by Rad50 leads to MRX engagement in DSB resection by
allowing the access to DNA of the Mre11 nuclease active
site (15,16).

Both MRX and Tel1 are also required to maintain the
length of telomeres, specialized nucleoprotein complexes at
the ends of eukaryotic chromosomes (17–20). MRX recruits
Tel1 to both DSBs and telomeres through direct interac-
tion between Tel1 and the Xrs2 subunit (21–24). Tel1, once
loaded to DNA by the MRX complex, promotes/stabilizes
MRX association to both DSBs and telomeres in a posi-
tive feedback loop (25–27). This Tel1-mediated control of
MRX persistence to DNA ends is particularly important to
support DNA damage resistance when MRX accumulation
at DSBs is reduced, such as in the presence of the Rad50
V1269M mutation in the C-terminal ATPase domain. The
rad50-V1269M (rad50-VM) allele, which was identified by
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searching for S. cerevisiae mutants that require Tel1 to sur-
vive to genotoxic treatments (27), causes a reduction of
Rad50 association at DNA ends that leads to defects in
keeping the DSB ends tethered to each other (27). The lack
of Tel1 exacerbates both the DNA damage hypersensitivity
and the end-tethering defect of rad50-VM cells by further
reducing the amount of MRVMX bound at DSBs (27). This
finding suggests that this Tel1-mediated regulation of MRX
retention at DNA ends is particularly important for main-
taining the broken ends tethered together.

Interestingly, both the DNA damage hypersensitivity and
the end-tethering defects of rad50-VM cells are suppressed
by the lack of Rif2 (27), which acts together with Rap1 and
Rif1 as negative regulator of telomere length (28). This re-
stored DNA damage resistance and end-tethering of rad50-
VM cells is possibly due to the lack of Rif2-mediated in-
hibition of MRX association at DSBs. Rif2 plays a dual
function in repressing MRX retention at DNA ends. First,
it decreases MRX persistence to both DSBs and telomeres
in a Tel1-dependent manner (25,27). This finding, together
with the observation that Rif2 competes with Tel1 for MRX
interaction (25), suggests that Rif2 inhibits MRX persis-
tence at DSBs by counteracting Tel1-mediated stabilization
of MRX association at DNA ends. Second, Rif2 enhances
the ATP hydrolysis activity by Rad50 (27,29), suggesting
that Rif2 lowers MRX association at DNA ends by decreas-
ing the time spent by MRX in the ATP-bound conforma-
tion that supports the DNA binding activity of the complex
(15,16). Consistently with this hypothesis, rif2Δ cells show
increased efficiency of both end-tethering and NHEJ com-
pared to wild-type cells (27).

Rif2 directly binds to Rap1 (28,30), which is a DNA bind-
ing protein that negatively regulates telomere length, acti-
vates transcription at promoters, represses transcription at
the silent mating-type loci and at telomeres, and inhibits
telomeric fusions by NHEJ (31). Rap1 is essential for cell
viability and its partial dysfunction can lead to loss of si-
lencing (32–34), telomere lengthening (33,35) and telomere
fusions (36,37). Rap1 consists of three conserved domains: a
BRCT domain in the N-terminal region, a centrally located
DNA binding domain (DBD) with two Myb-like folds, and
a C-terminal domain called RCT. The RCT domain is suf-
ficient for Rap1 interaction with Rif2 and Rif1, as well
as with Sir3 and Sir4, two nucleosome-binding factors in-
volved in gene silencing (28,38). The lack of this domain
causes both an increase in telomere length that is similar to
that observed when Rif1 and Rif2 are concomitantly lack-
ing (28,39), and loss of mating-type and telomeric silenc-
ing similar to that observed when Sir3 or Sir4 is deleted
(40,41).

While there are no obvious Rif2 orthologs in mammals,
a Rap1 ortholog harbouring similar domain structure is
present in both fission yeast and humans. However, un-
like budding yeast Rap1, which directly binds to telomeric
DNA, both mammalian and fission yeast Rap1 associate
with telomeres through their interaction with the telom-
eric protein TRF2 (42). In mammals, Rap1 and TRF2 in-
teract with TRF1, TIN2, POT1 and TPP1 to form a pro-
tein complex called shelterin that maintains telomere iden-
tity (43). While TIN2, TPP1 and POT1 have no obvious
Saccharomyces cerevisiae orthologs, both human TRF1 and

TRF2 share the DNA binding domain with S. cerevisiae
Rap1 (43).

Crystal structures have shown that Rap1DBD binds telom-
ere repeat DNA in a sequence-specific fashion through both
the Myb-like motifs, which make contact with the two half-
sites of a recognition sequence consisting of two direct re-
peats spaced by 1 or 3 bp (44–47). Immediately after the
C-terminal Myb-like domain, a wrapping loop folds back
and interacts with the N-terminal Myb-like motif to form a
closed complex on DNA. Interestingly, Rap1 was shown to
form in vitro higher stoichiometry complexes, where a sin-
gle Myb-like domain is bound to both telomeric and non-
telomeric double-stranded DNA (dsDNA) with lower affin-
ity (48–50). This transition is thought to be due to a tran-
sient opening of the C-terminal wrapping loop that leads to
a destabilization of the clamped structure (49,50).

Rap1 dysfunction was shown to cause MRX-mediated
telomere degradation (51,52), suggesting that Rap1 inhibits
MRX activity at least at telomeres. However, whether Rap1
exerts this function through Rif2 is unclear. On one hand,
the lack of Rap1RCT was shown to increase the associa-
tion of MRX at telomeres (51), suggesting that Rap1 acts
through Rif2 to negatively regulate MRX association at
telomeres. On the other hand, MRX fails to associate to
long telomeric DNA sequences and this effect requires
Rap1 but not Rif2 or Rap1RCT (53). Furthermore, artifi-
cial tethering of Rap1 molecules adjacent to non-telomeric
DNA ends needs Rif2 to decrease MRX accumulation at
nearby DNA ends only when Tel1 is absent (25). In any
case, whether Rap1 represses MRX association at DSBs is
unknown.

Here we show that Rif2 counteracts MRX association to
DNA ends in a manner dependent on Rap1, which binds to
DSBs and promotes Rif2 association to them. In fact, rif2
or rap1 alleles specifically impaired in Rap1 or Rif2 inter-
action, respectively, suppress the DNA damage hypersen-
sitivity and the end-tethering defect caused by the rad50-
VM allele by increasing MRX association to DSBs. Rap1
in turn can inhibit MRX functions in a Rif2-dependent and
independent manners. In fact, binding of both Rap1 Myb-
like domains to DNA allows formation of Rap1-DNA com-
plexes that act through Rif2 in the negative regulation of
telomere length and MRX association at DNA ends. On the
other hand, Rap1 binding to DNA through a single Myb-
like domain allows formation of high stoichiometry Rap1-
DNA complexes that act mostly in a Rif2-independent
manner. Altogether, these findings indicate that, depending
of its DNA binding mode, Rap1 can form complexes with
different properties that impact on Rap1 functions in vivo
and on its ability to interact with Rif2.

MATERIALS AND METHODS

Yeast strains and media

Strain genotypes are listed in Supplementary Table S1.
Strain JKM139, used to detect protein association at DSBs,
was kindly provided by J. Haber (Brandeis University,
Waltham, USA). Strains JYK40.6, used to detect end-
tethering, was kindly provided by D. P. Toczyski (Univer-
sity of California, San Francisco, USA). UCC3537 and
UCC3515 strains, used to detect transcriptional silencing,
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were kindly provided by D. Gottschling (Fred Hutchinson
Cancer Research Center, Seattle, USA). Plasmids contain-
ing the rap1-H709A and rap1-D727A alleles were a gift from
C. Wolberger (Johns Hopkins University, Baltimore, USA),
while plasmids containing the rap1-R747L and rap1-Y592A
alleles were generated by site-directed mutagenesis. To inte-
grate these alleles into the genome, RAP1 ORFs were am-
plified and fused by PCR to a LEU2 marker. The resulting
PCR amplification products, containing the RAP1 coding
sequence and the LEU2 marker gene, were used to trans-
form cells in order to replace the RAP1 wild type sequence
with the mutagenized DNA fragments.

Cells were grown in YEP medium (1% yeast extract,
2% bactopeptone) supplemented with 2% glucose (YEPD),
2% raffinose (YEPR) or 2% raffinose and 3% galac-
tose (YEPRG). Synthetic complete (SC) medium and SC
medium with 5-fluoroorotic acid (5-FOA) (1%) were used
to assay URA3 gene silencing. SC medium containing a
limiting concentration of adenine (2 mg/l) was used for
the colony color assay based on the ADE2 reporter gene.
Gene disruptions were generated by one-step PCR disrup-
tion method. All the experiments have been performed at
25◦C.

Search for rif2 mutations that suppress the DNA damage sen-
sitivity of rad50-VM cells

To search for rif2 alleles that suppress the rad50-VM sensi-
tivity to camptothecin (CPT), genomic DNA from a strain
carrying the LEU2 gene located 245 bp downstream of the
RIF2 stop codon was used as template to amplify by low-
fidelity PCR a RIF2 region spanning from position −550
bp to +410 bp from the RIF2 coding sequence. 30 indepen-
dent PCR reaction mixtures were prepared, each contain-
ing 5U 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 MnCl2, 10
mM Tris–HCl (pH 8.3), 50 mM KCl and 3 mM MgCl2.
The resulting PCR amplification products, containing the
RIF2 coding sequence and the LEU2 marker gene, were
used to transform a rad50-VM mutant strain in order to
replace the RIF2 wild type sequence with the mutagenized
DNA fragments. Transformant clones were selected on syn-
thetic medium without leucine and then assayed by drop
test for increased viability in the presence of CPT compared
to rad50-VM cells.

Search for rap1 mutations that suppress or exacerbate the
DNA damage sensitivity of rad50-VM cells

To search for rap1 alleles that suppress or exacerbate the
rad50-VM sensitivity to CPT, genomic DNA from a strain
carrying the LEU2 gene located 350 bp upstream of the
RAP1 ATG start codon was used as template to amplify
by low-fidelity PCR a RAP1 region spanning from position
−500 bp to +220 bp from the RAP1 coding sequence. 30 in-
dependent PCR reaction mixtures were prepared, each con-
taining 5U 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
MnCl2, 10 mM Tris–HCl (pH 8.3), 50 mM KCl and 3 mM

MgCl2. The resulting PCR amplification products, contain-
ing the RAP1 coding sequence and the LEU2 marker gene,
were used to transform a rad50-VM mutant strain in order
to replace the RAP1 wild type sequence with the mutage-
nized DNA fragments. Transformant clones were selected
on synthetic medium without leucine and then assayed by
drop test for increased or decreased viability in the presence
of CPT compared to rad50-VM cells.

Immunoprecipitation

Total protein extracts were prepared by breaking cells in
300 �l of buffer containing 50 mM HEPES pH 7.5, 250
mM NaCl, 20% glycerol, 1 mM sodium orthovanadate, 60
mM �-glycerophosphate, 1 mM PMSF and protease in-
hibitor cocktail (Roche Diagnostics). An equal volume of
phosphate buffer containing 250 mM NaCl was added to
clarified protein extracts and tubes were incubated for 2 h
at 4◦C with 50 �l of a 50% (v/v) Protein A-Sepharose to-
gether with anti-Rap1 polyclonal antibodies (gift from D.
Shore, University of Geneva, Switzerland). The resins were
then washed twice with 1 ml of phosphate buffer containing
250 mM NaCl. Bound proteins were visualized by western
blotting with anti-Rap1 or anti-Myc (9E10) antibodies after
electrophoresis on a 10% SDS-polyacrylamide gel.

ChIP and qPCR

ChIP analysis was performed with anti-Myc (9E10), anti-
HA (12CA5) and anti-Rap1 antibodies, as previously de-
scribed (27). Quantification of immunoprecipitated DNA
was achieved by quantitative real-time PCR (qPCR) on a
Bio-Rad MiniOpticon apparatus. Triplicate samples in 20
�l reaction mixture containing 10 ng of template DNA,
300 nM for each primer, 2× SsoFast™ EvaGreen® super-
mix (Bio-Rad #1725201) (2× reaction buffer with dNTPs,
Sso7d-fusion polymerase, MgCl2, EvaGreen dye, and sta-
bilizers) 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
specificity of each qPCR. Data are expressed as fold enrich-
ment at the HO-induced DSB over that at the non-cleaved
ARO1 locus, after normalization of each ChIP signal to the
corresponding input for each time point. Fold enrichment
was then normalized to the efficiency of DSB induction.
Rif2 and Rap1 binding was also detected at six different Y’-
containing telomeres (6Y’) (54). Data are expressed as fold
enrichment at 6Y’ over that at the non-telomeric ARO1 lo-
cus, after normalization of each ChIP signal to the corre-
sponding input.

Southern blot analysis of telomere length

To determine the length of native telomeres, XhoI-digested
genomic DNA was subjected to 0.8% agarose gel elec-
trophoresis and hybridized with a 32P-labeled poly(GT)
probe. Standard hybridization conditions were used.
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DBD expression and purification

The coding region of Rap1 or Rap1P520L DNA binding
domain (residues 358-601) was cloned into pET21a bacte-
rial expression vector at EcoRI and XhoI restriction sites.
Recombinant proteins were produced in Lennox medium
(LM) (10 g/l tryptone, 5 g/l yeast extract, 5 g/l NaCl)
with addition of 100 mg/l ampicillin. Cultures were grown
in LM at 37◦C until OD600 ∼0.6-0.8 and induced with
10 mM isopropylthiogalactoside at 20◦C for 18 h. Pro-
teins were extracted and purified from the soluble frac-
tions by immobilized-metal affinity chromatography on
nickel-nitrilotriacetic acid agarose (Jena Bioscience, Jena,
Germany) as previously described (55). Elution fractions
containing highest protein concentrations were buffer ex-
changed by gel filtration chromatography on PD10 (GE
Healthcare, Little Chalfont, UK) against 10 mM sodium
phosphate buffer pH 7.0. Protein concentration was deter-
mined by Bradford protein assay (Bio-Rad), using bovine
serum albumin as standard. SDS-PAGE was performed on
14% SDS polyacrylamide gel and stained with Gel-Code
Blue (Pierce, Rockford, USA) after electrophoresis.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed by incubating 20 nM of 21 bp
32P-labeled dsDNA (5′-CCGCACACCCACACACCAGT
G-3′) with purified Rap1DBD (from 20 nM to 120 nM)
at room temperature for 15 min in binding buffer (20
mM HEPES–KOH pH 7.6, 10% v/v glycerol, 100 mM
KCl, 0.1 mM EDTA, 1 mM DTT, 25 �g/ml BSA) to a
final volume of 20 �l. Reactions were loaded on a 6%
acrylamide/bisacrylamide 0.5× TBE gel and separated by
running for 2 h at 150 V. Gels were soaked for 15 min in
10% methanol, 10% acetic acid solution, vacuum-dried and
exposed to an autoradiography film.

Model construction

For the Rap1-Rif2 models, crystal structure of Rap1, span-
ning from 675 to 825 amino acids, in complex with Rif2,
spanning from 64 to 388 amino acids, was retrieved from
protein data bank (PDB code: 4BJ5). The loops not re-
solved in the PDB structure were modelled with Prime
(Schrödinger Release 2019-2: Prime, Schrödinger, LLC,
New York, NY, 2019). This structure was mutated in sil-
ico by using the PyMOL mutagenesis tool (The PyMOL
Molecular Graphics System, Version 2.0 Schrödinger, LLC)
to generate Rap1-Rif2L341S and Rap1R747L-Rif2. For the
Myb-DNA models, crystal structure of Rap1 spanning
from 358 to 602 amino acids in complex with telomeric ds-
DNA is present in protein data bank (PDB code: 3UKG)
with a level of resolution of 2.95 Å. Such X ray crystal
structure was cut into two submodels: the first one includes
Myb-N domain (from 358 to 446 residues) and DNA, while
the second one includes Myb-C domain (from 447 to 586
residues) and DNA. These submodels were used to gener-
ate the mutant variants by performing in silico substitution
using PyMOL. Four models were generated: DNA-Myb-N,
DNA-Myb-NR381W, DNA-Myb-C and DNA-Myb-CP520L.

Refine of models

All models were relaxed with unbiased molecular dynamics
simulation using GROMACS (56) (https://doi.org/10.1016/
j.softx.2015.06.001). For each system, five replicas were per-
formed at 300 K and 1 atm for 150 ns with an integration
step of 2 fs for a total of 750 ns of simulation time. All struc-
tures were placed in a cubic box with minimum distance
between atoms of the solute and box edges being 1.0 nm.
Boxes were filled with CHARMM-appropriate TIP3P wa-
ter molecules and electrically neutralized by adding an ap-
propriate number of K+ and Cl− ions. Proper protonation
state of residues was calculated at 7.0 pH. Such simulations
were carried out using CHARMM36 (57) as force field that
well reproduces protein and nucleic acids behavior. The con-
catenated trajectories were analyzed using cluster analysis
in order to select the most representative conformation for
each system that were used as starting point for subsequent
umbrella sampling simulations.

Umbrella sampling

The simulation protocol was divided into two steps: a
steered molecular dynamics (SMD) and an umbrella sam-
pling (US) simulation. The SMD step was necessary to
generate a series of configurations along the selected reac-
tion coordinate, that is the separation event of the com-
plexes. During this simulation, the subunits were pushed
away one from the other by applying a biasing poten-
tial to their centers of mass (COMs). COMs of subunits
were oriented along x-direction of cartesian space. During
steering/pulling simulations, a harmonic potential of 1000
kJ/mol nm2 was applied only along x-direction with a pull
rate of 0.005 nm/ps in order to obtain a COM displacement
of 5 nm in 1 ns. The x-dimension of each simulation box
were enlarged by 15.0 nm respect to the previous simula-
tions and additional K+ and Cl− ions were added to obtain
an ionic concentration of 100 mM. Frames representing a
COM spacing of 0.1 nm, referred to as configurations, were
extracted from pulling trajectories and were used as starting
points for US simulations. US simulation was performed at
300 K and 1 atm for 20 ns for each configuration restrain-
ing it within a window corresponding to the chosen COM
distance by applying harmonic potential of 1000 kJ/mol
nm2. All simulations were carried out using CHARMM36
as force field.

Potential of Mean Force (PMF) calculation

PMF was calculated from the umbrella histograms using
the weighted histogram analysis method (WHAM) (58) im-
plemented in GROMACS. For PMF calculation, the fol-
lowing settings have been used: 50 bins per 1 nm, 100 boot-
straps to obtain an average bootstrapped PMF and error es-
timates. PMF was set to zero at the distance between COMs
where the pull force drops to the minimum, which is 6.0 nm
for Rap1-Rif2 system (Supplementary Figure S1A) and 5.5
nm for DNA-Myb systems (Supplementary Figure S1B and
C). Individual umbrella histograms were weighted with esti-
mated integrated autocorrelation times (IACTs) smoothed
along the reaction coordinate (x-direction) using gaussians
with standard deviation � = 0.15 nm (59).
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RESULTS

Identification of rif2 alleles that restore DNA damage resis-
tance of rad50-VM cells

The lack of Rif2 increases the association of the MRX com-
plex at both DSBs and telomeres, and restores DNA dam-
age resistance and end-tethering of rad50-VM cells (25,27).
To better understand how Rif2 exerts these functions, we
searched for rif2 mutations that, similar to RIF2 deletion,
suppress the hypersensitivity to DNA damaging agents of
rad50-VM cells. Linear RIF2 PCR products were obtained
by low-fidelity PCR and then transformed into rad50-VM
cells in order to replace the corresponding RIF2 wild type
sequence with the mutagenized DNA fragments. As muta-
tions in any MRX subunit (including rad50-VM) are par-
ticularly sensitive to camptothecin (CPT), which stabilises
DNA topoisomerase I cleavage complexes that can lead to
replication-dependent DSBs (60), transformant clones were
screened for increased viability in the presence of CPT com-
pared to rad50-VM. This screen yielded 8 rif2 alleles in-
creasing CPT resistance of rad50-VM cells (Figure 1A and
B). Suppression was not specific to CPT, as all the rif2 alle-
les also suppressed the sensitivity of rad50-VM cells to the
DNA alkylating agent methyl methanesulphonate (MMS)
(Figure 1A and B).

Sequence analysis revealed that three alleles contained
single missense mutations either in the N-terminus (rif2-
A78D) or in the C-terminus (rif2-I295R and rif2-L341S) of
the protein (Figure 1C). One other allele had multiple mis-
sense mutations (rif2-S170L, I348F). The remaining four al-
leles had a frameshift mutation at codon 193, 294, 360 or
368 (Figure 1C), resulting in truncation of the protein past
residue 194, 317, 364 or 387, respectively (with 1, 2, 3, 4 or
19 amino acids added to the end of the protein, respectively,
as a result of the frameshift mutation). Similar to rif2Δ, all
the rif2 alleles carrying missense mutations suppressed also
the DNA damage hypersensitivity of rad50-VM tel1Δ cells
(Figure 1D), indicating that Tel1 is not required for the sup-
pression.

Consistently with Rif2 dysfunctions, all the rif2 mutants
displayed overelongated telomeres, although to different
extents. In particular, telomere length in rif2-A78D, rif2-
I295R, rif2-193FS, rif2-294FS, rif2-360FS and rif2-368FS
cells was similar to that of rif2Δ cells (Figure 1E). Tel1
was required for telomere overelongation in both rif2Δ and
rif2 mutants, as telomeres in rif2Δ, rif2-A78D, rif2-S170L,
I348F, rif2-I295R and rif2-L341S cells lacking Tel1 were as
short as in tel1Δ cells (Supplementary Figure S2). The find-
ing that rif2Δ, rif2-A78D, rif2-S170L, I348F, rif2-I295R
and rif2-L341S alleles restored DNA damage resistance of
rad50-VM cells even in the absence of Tel1 (Figure 1D) sug-
gests that telomere lengthening is not involved in the sup-
pression mechanism.

The lack of Rif2-Rap1 interaction is sufficient to restore
DNA damage resistance of rad50-VM cells

Rap1 directly binds Rif2 and Rif1 proteins to form a pro-
tein complex that negatively controls telomerase-mediated
telomere elongation (28,35,61). A so-called ‘Velcro-like’
macromolecular complex was described (30), in which each

Rif2 molecule binds two different Rap1 molecules through
two independent interfaces: the Rif2AAA+ domain, formed
by the three-dimensional association of the ASCE motif
(residues 88–282) and an � bundle (residues 61–88 together
with residues 282–371), and an N-terminal peptide, de-
fined as RBM, comprising residues 36–48. The structure
of Rap1RCT domain bound to Rif2AAA+ and Rif2RBM do-
mains was resolved (30) (PDB code: 4BJ5) (Figure 2A) and
revealed that the Rap1 F708 and P705 residues interact hy-
drophobically with Rif2 residues L79, F342 and V350, while
Rap1 R747 forms a salt bridge with Rif2 E347. An addi-
tional minor interface is provided by the Rif2 C-terminus
comprising residues 371–395 and referred to as CTD.

Although the A78D mutation is located in the Rif2 N-
terminal region while I295R and L341S are located in the �
helical bundle of the protein, both these two regions com-
pose the AAA+ domain (Figure 2A). These amino acid sub-
stitutions did not impair Rif2 protein level, as protein ex-
tracts from wild type, rif2-A78D, rif2-I295R and rif2-L341S
cells contained similar amounts of Rif2 protein (Figure 2B).
Interestingly, these three mutations affect residues facing a
hydrophobic pocket within Rif2AAA+ domain (Figure 2A),
suggesting that their substitution with polar or charged
residues impinges on the stability of the � helical bundle,
affecting the interface of the Rif2AAA+ domain towards the
Rap1RCT domain. Furthermore, apart from the frameshift
mutation in position 193 that deletes the majority of the
Rif2 polypeptide, truncation of the C-terminus past residue
364 or 387 by the frameshift mutations at codons 360 and
368, respectively, causes loss of the C-terminal tail, which is
involved in the generation of the interface between Rif2 and
Rap1. Altogether, these findings raise the possibility that
most of the identified rif2 mutations affect the interaction
between Rif2 and Rap1, suggesting that the lack of this in-
teraction is sufficient to restore DNA damage resistance of
rad50-VM cells.

To investigate whether the missense mutations above
could impair Rap1-Rif2 interaction, we focused on Rif2
L341S by exploiting a computational approach based on
biased molecular dynamics simulations (62). In detail, the
simulation protocol was divided into two steps. First, a
steered molecular dynamics (SMD) was performed in or-
der to generate a series of configurations along the selected
reaction coordinate, that is the separation of Rap1 and Rif2
proteins in the complex. Secondly, an actual umbrella sam-
pling (US) simulation was performed on each single config-
uration obtained, in order to explore the whole trajectory
of the complex dismantling. Finally, the absolute binding
free energy can be deduced from the potential of mean force
(PMF), which represents the free energy profile G along a
given reaction coordinate � (63). In this case, the reaction
coordinate is the separation of Rap1 and Rif2 and this al-
lows calculating the difference in free energy within the re-
gions of the phase space corresponding to bound and un-
bound states, giving an estimate of the free energy of bind-
ing (�G). As a control, in order to validate the depend-
ability of the computational protocol, we tested the R747L
amino acid substitution in Rap1, which is known to specif-
ically affect the interaction between Rap1 and Rif2 (64).
Consistently with a reduced Rap1R747L-Rif2 interaction, the
US simulation revealed a significant �G increase in the
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Figure 1. Identification of rif2 alleles that suppress the DNA damage sensitivity of rad50-VM cells. (A, B) Exponentially growing cells with the indicated
genotypes were serially diluted (1:10) and each dilution was spotted out onto YEPD plates with or without CPT or MMS. (C) Position of the mutations
within the Rif2 sequence. (D) Exponentially growing cells were serially diluted (1:10) and each dilution was spotted out onto YEPD plates with or without
CPT or MMS. (E) XhoI-cut genomic DNA prepared from exponentially growing cells was subjected to Southern blot analysis using a poly(GT) probe.

Rap1R747L-Rif2 complex (–12.4 kcal/mol) compared to the
wild type Rap1-Rif2 complex (–16.2 kcal/mol) (Figure 2C
and Supplementary Figure S3A and B). Interestingly, a sim-
ilar �G increase can be detected also in the Rap1-Rif2L341S

complex (–13.1 kcal/mol) (Figure 2C and Supplementary
Figure S3A and C), suggesting that the Rif2 L341S muta-
tion reduces the binding affinity between Rif2 and Rap1.

We directly tested this prediction by immunoprecipitating
Rap1 from protein extracts from cells expressing either Rif2
or Rif2L341S protein tagged with a Myc epitope. The amount
of Rif2L341S was under the detection level in Rap1 immuno-
precipitates compared to wild type Rif2 (Figure 2D), indi-
cating that the Rif2 L341S mutation impairs Rap1-Rif2 in-
teraction.

In addition to R747L, also the H709A amino acid sub-
stitution was shown to impair Rap1-Rif2 interaction (64),
whereas the D727A substitution specifically impairs the in-
teraction between Rap1 and Rif1 (64). Consistently with the
lack of Rap1-Rif2 interaction by the H709A and R747L
amino acid substitutions, telomeres in rap1-H709A and
rap1-R747L cells were as long as in rif2-L341S cells and the
presence of either the rap1-H709A or the rap1-R747L al-
lele did not further increase the length of telomeres of rif2-
L341S cells (Figure 2E). To confirm that the lack of Rif2–
Rap1 interaction is sufficient to restore DNA damage resis-
tance of rad50-VM cells, we investigated the in vivo conse-
quences of the rap1-H709A, rap1-R747L and rap1-D727A
alleles. Similar to the rif2-L341S allele, both rap1-H709A

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/5/2424/5687828 by U

niversity of M
ilan-Bicocca user on 06 M

arch 2024



2430 Nucleic Acids Research, 2020, Vol. 48, No. 5

Figure 2. The lack of Rif2-Rap1 interaction restores DNA damage resistance of rad50-VM cells. (A) Structure of Rap1RCT (blue) and Rif2 (pink) (PDB
code: 4BJ5) complex. The residues affected by the investigated mutations are shown in yellow. (B) Western blot analysis with anti-Myc antibodies of protein
extracts from the indicated strains. The same amount of extracts was separated on a SDS-PAGE and stained with Coomassie Blue as loading control. (C)
Average PMF �G calculated using Bayesian bootstrapping of umbrella histograms for binding/unbinding of Rap1-Rif2 (in black), Rap1-Rif2L341S (in
red) and Rap1R747L-Rif2 (in blue) complexes. Standard deviations of �G are indicated with vertical error bars. (D) Rap1-Rif2 interaction. Protein extracts
prepared from exponentially growing cells expressing either Rif2-Myc or Rif2L341S-Myc were analyzed by western blotting with anti-Rap1 and anti-Myc
antibodies either directly (Input) or after immunoprecipitation (IP) with anti-Rap1 antibody. (E) XhoI-cut genomic DNA prepared from exponentially
growing cells was subjected to Southern blot analysis using a poly(GT) probe. (F) Exponentially growing cells were serially diluted (1:10) and each dilution
was spotted out onto YEPD plates with or without CPT or MMS.

and rap1-R747L alleles, which did not cause DNA dam-
age hypersensitivity by themselves (Supplementary Figure
S4), suppressed the CPT and MMS sensitivity of rad50-VM
cells, whereas the rap1-D727A allele did not (Figure 2F). Al-
together, these data indicate that the lack of Rap1-Rif2 in-
teraction is sufficient to restore DNA damage resistance of
rad50-VM cells.

The lack of Rif2-Rap1 interaction increases MRX associa-
tion to DNA ends and restores end-tethering in rad50-VM
cells

The rad50-VM mutation reduces MRX association at bro-
ken DNA ends, and RIF2 deletion suppressed this defect
(27). The finding that Rif2 L341S, Rap1 H709A and Rap1
R747L amino acid substitutions restored DNA damage
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Figure 3. The lack of Rif2-Rap1 interaction increases MRX association
to DSBs and restores end-tethering in rad50-VM cells. (A) ChIP analysis.
Exponentially growing YEPR cells were transferred to YEPRG at time
zero to induce HO. Relative fold enrichment of Rad50-HA fusion protein
at the indicated distances from the HO cleavage site was determined after
ChIP with anti-HA antibody and qPCR. (B) End-tethering. Exponentially
growing YEPR cell cultures were arrested in G2 with nocodazole at time
zero and transferred to YEPRG in the presence of nocodazole. Two hun-
dred cells for each strain were analyzed to determine the percentage of cells
showing two or more LacI-GFP foci. In all graphs, mean values are repre-
sented with error bars denoting s.d. (n = 3). *P < 0.05 (Student’s t-test).

resistance of rad50-VM cells prompted us to investigate
whether they also increased MRX persistence at DSBs. To
detect MRX association at the DSB ends, we used JKM139
derivative strains, where a single DSB at the MAT locus can
be generated by expression of the HO endonuclease gene
under the control of a galactose-inducible promoter (65).
To avoid the influence of DSB repair, this HO-induced DSB
cannot be repaired by HR because the homologous donor
loci HML and HMR are deleted. Furthermore, galactose
was maintained in the medium to re-cleave the HO sites
that were eventually reconstituted by NHEJ. Chromatin im-
munoprecipitation (ChIP) and quantitative real time PCR
(qPCR) showed that, similar to rif2Δ cells, rif2-L341S,
rap1-H709A and rap1-R747L cells increased Rad50 asso-
ciation at the HO-induced DSB compared to wild type cells
(Figure 3A). By contrast, Rad50 association to DSBs was

not enhanced by the rap1-D727A allele (Figure 3A), which
did not restore DNA damage resistance of rad50-VM cells
(Figure 2F). Thus, Rif2 appears to need to interact with
Rap1 in order to negatively regulate MRX association to
DSBs.

The poor MRX association at DSBs in rad50-VM cells
does not impair DSB resection (27), while rad50-VM cells
are defective in keeping the DSB ends tethered to each other
(27). Thus, we asked whether the Rif2L341S, Rap1H709A and
Rap1R747L variants could restore DNA damage resistance
of rad50-VM cells by suppressing their end-tethering defect.
To this end, we used a yeast strain harboring a galactose-
inducible HO endonuclease and an HO cleavage site at chro-
mosome VII (66). This strain was deleted for the endoge-
nous HO sites at the MAT, HML and HMR loci on chro-
mosome III to ensure that the broken chromosomal frag-
ments did not recombine with these loci. The DNA proxi-
mal to the HO-induced DSB can be visualized by binding of
LacI-GFP fusion protein to multiple repeats of the LacI re-
pressor binding site, LacO, that are integrated on both sides
of the HO break site (66). HO was induced by galactose ad-
dition to cells that were arrested in G2 with nocodazole and
kept blocked in G2 by nocodazole treatment in order to en-
sure that all cells would arrest in metaphase. The majority of
wild-type cells showed a single LacI-GFP focus both before
and after HO induction, indicating their ability to keep the
broken DNA ends together (Figure 3B). Consistently with
previous results (27), rad50-VM cells showed an increase of
two LacI-GFP spots at 1–2 h after HO induction (Figure
3B), indicating an end-tethering defect. Similar to rif2Δ,
the presence of the rif2-L341S, rap1-H709A or rap1-R747L
allele reduced the number of rad50-VM cells showing two
LacI-GFP spots after HO induction (Figure 3B), indicat-
ing that these rif2 and rap1 alleles suppressed the rad50-VM
end-tethering defect. As the maintenance of the DSB ends
in close proximity is important to repair a DSB by both
NHEJ and HR (66–69), this restored end-tethering could
explain the suppression of the DNA damage sensitivity of
rad50-VM cells by the corresponding Rif2L341S, Rap1H709A

and Rap1R747L variants.

Rap1 binds to DSBs and promotes Rif2 association to them

Rif2 was shown to associate to DSBs, spreading to 2 kb
from the HO cleavage site (27). Because the lack of Rap1-
Rif2 interaction is sufficient to increase both DNA dam-
age resistance of rad50-VM cells and MRX association to
DSBs, we asked whether Rap1 is bound at DSBs and pro-
motes Rif2 association to them. In fact, although Rap1 is
known to bind a DNA recognition sequence consisting of
two half-sites of 5 bp separated by 1 or 3 bp, it is also capable
to bind in vitro a single half-site (48) or even a random ds-
DNA sequence (49). Following HO induction by galactose
addition, Rap1 was efficiently recruited close to the HO-
induced DSB (Figure 4A). Furthermore, the Rap1H709A and
Rap1R747L variants reduced Rif2 association at both the
HO-induced DSB (Figure 4B) and telomeres (Figure 4C),
whereas Rap1D727A did not (Figure 4B and C). This re-
duced Rif2 association at both DSBs and telomeres is not
due to different amount of Rap1 or Rif2 protein, as simi-
lar amounts of Rap1 and Rif2 proteins could be detected in
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Figure 4. Rap1 is recruited to DSB ends and mediates Rif2 association at both DSBs and telomeres. (A) Exponentially growing YEPR cell cultures were
transferred to YEPRG at time zero to induce HO. Relative fold enrichment of Rap1 at the indicated distances from the HO cleavage site was determined
after ChIP with anti-Rap1 antibody and qPCR. (B) As in A, but showing Rif2-Myc. (C) Relative fold enrichment of Rif2-Myc at six different Y’-containing
telomeres (6Y’) compared to a non-telomeric locus (ARO1) after ChIP with anti-Myc antibody and qPCR. (D) Western blot analysis with anti-Myc and
anti-Rap1 antibodies of extracts used for the ChIP analysis shown in (B and C). The same amounts of extracts were separated on a SDS-PAGE and stained
with Coomassie Blue as loading control. In all graphs, mean values are represented with error bars denoting s.d. (n = 3). *P < 0.05 (Student’s t-test).

protein extracts from wild type, rap1-H709A, rap1-R747L
and rap1-D727A cells (Figure 4D). Finally, the Rif2 L341S
amino acid substitution, which impaired Rif2-Rap1 inter-
action (Figure 2C and D), decreased Rif2 association at
both the HO-induced DSB (Figure 4B) and telomeres (Fig-
ure 4C). Thus, Rap1 supports Rif2 functions in controlling
MRX activity by promoting Rif2 association/persistence at
DSBs.

The Rap1 R381W, P520L and D555N mutations exacerbate
the DNA damage sensitivity and the end-tethering defect of
rad50-VM cells by reducing MRX association to DSBs

As Rap1 is essential for cell viability, to better understand
the function of Rap1 at DSBs, we searched for rap1 mu-
tations that either suppressed or exacerbated the hyper-
sensitivity to DNA damaging agents of rad50-VM cells.
We used low-fidelity PCR to randomly mutagenize RAP1
gene and rad50-VM cells were transformed with the RAP1
PCR products in order to substitute the corresponding
RAP1 wild type sequence with the mutagenized DNA frag-
ments. Transformants clones were then screened for either
increased or decreased viability in the presence of CPT com-
pared to rad50-VM cells. This screen yielded three rap1 al-
leles exacerbating the sensitivity of rad50-VM cells not only
to CPT but also to MMS (Figure 5A), whereas no rap1 alle-

les restoring DNA damage resistance in the same cells were
identified. All the identified rap1 alleles also exacerbated the
CPT and MMS hypersensitivity of rad50-VM tel1Δ (Fig-
ure 5B), indicating that this effect does not require Tel1.
Sequence analysis revealed that the three rap1 alleles con-
tained single missense mutations resulting in the amino acid
changes R381W, P520L or D555N, which are all located in
the Rap1 DNA binding domain (Figure 5C).

As the R381W, P520L and D555N amino acid substitu-
tions sensitized rad50-VM cells to DNA damaging agents,
we investigated whether they decreased MRX association
to DSBs. This was indeed the case. In fact, although simi-
lar amounts of Rad50 could be detected in protein extracts
from wild type, rap1-R381W, rap1-P520L and rap1-D555N
cells (Figure 5D), the amount of Rad50 bound at the HO-
induced DSB was decreased in rap1-R381W, rap1-P520L
and rap1-D555N cells compared to wild type cells (Figure
5E).

As both Rap1R381W and Rap1P520L exacerbated the DNA
damage sensitivity of rad50-VM cells (Figure 5A) and de-
creased MRX association to DSBs (Figure 5E), we asked
whether they impair end-tethering and/or exacerbate the
end-tethering defect of rad50-VM cells. As expected, rad50-
VM cells showed an increase of two LacI-GFP spots af-
ter HO induction compared to wild-type cells (Figure 5F).
A similar increase in the frequency of two LacI-GFP foci
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Figure 5. Identification of rap1 alleles that exacerbate the DNA damage sensitivity of rad50-VM cells by decreasing MRX association to DSBs. (A, B)
Exponentially growing cells were serially diluted (1:10) and each dilution was spotted out onto YEPD plates with or without CPT or MMS. (C) Position of
the mutations within the Rap1 sequence. (D) Western blot analysis with anti-HA antibodies of extracts used for the ChIP analysis shown in (E). The same
amounts of extracts were separated on a SDS-PAGE and stained with Coomassie Blue as loading control. (E) ChIP analysis. Exponentially growing YEPR
cell cultures were transferred to YEPRG at time zero to induce HO. Relative fold enrichment of Rad50-HA at the indicated distance from the HO cleavage
site was determined after ChIP with anti-HA antibody and qPCR. (F) End-tethering. Exponentially growing YEPR cell cultures were arrested in G2 with
nocodazole at time zero and transferred to YEPRG in the presence of nocodazole. 200 cells for each strain were analyzed to determine the percentage of
cells showing two or more LacI-GFP foci. In all graphs, mean values are represented with error bars denoting s.d. (n = 3). *P < 0.05 (Student’s t-test).

was observed also in rap1-R381W and rap1-P520L cells
compared to wild type (Figure 5F), indicating an end-
tethering defect. This frequency was further increased in
rap1-R381W rad50-VM and rap1-P520L rad50-VM double
mutants compared to each single mutant (Figure 5F), sug-
gesting that the increased DNA damage sensitivity of the
double mutants compared to each single mutant can be due
to a more severe end-tethering defect.

The Rap1 R381W and P520L mutations cause hypersilencing
and telomere shortening

The finding that rap1-R381W, rap1-P520L and rap1-
D555N mutant cells display phenotypes opposite to rif2
or rap1 alleles impairing Rap1 or Rif2 interaction, respec-
tively, suggests that they may encode hypermorphic Rap1
mutant variants. As Rap1 dysfunction can lead to telom-
ere lengthening (33,35) and loss of silencing at both HM
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loci and telomeres (32–34), we tested the above hypothesis
by evaluating these two processes in the mutants. While, as
expected (28,34), the lack of Rap1RCT (rap1-ΔC in Figure
6A), which mediates Rap1 interaction with Rif1 and Rif2,
caused telomere overelongation, telomeres in rap1-R381W
and rap1-P520L cells were shorter than in wild type cells,
whereas the rap1-D555N allele did not alter telomere length
(Figure 6A).

To examine transcriptional silencing, we inserted the rap1
alleles in strains carrying the only copy of the URA3 gene
inserted next to the left telomere of chromosome VII or at
the HMLα locus (70). Repression of URA3 expression can
be detected by testing the ability of cells to form colonies
on 5-fluoroorotic acid (5-FOA), which kills URA3 express-
ing cells. The rap1-R381W, rap1-P520L and rap1-D555N
mutants showed increased URA3 silencing at both HMLα
(Figure 6B) and telomeres (Figure 6C) compared to wild
type. Hypersilencing in all the above rap1 mutants was com-
pletely dependent on Sir proteins, as the lack of SIR3 abol-
ished the ability of rap1-R381W, rap1-P520L and rap1-
D555N cells to form colonies on 5-FOA (Figure 6C). Alto-
gether, these findings indicate that the rap1-R381W, rap1-
P520L and rap1-D555N alleles encode hypermorphic Rap1
variants that increase Rap1 functions in both telomerase
repression and transcriptional silencing at HM loci and at
telomeres.

Next, we measured the association of Rap1R381W,
Rap1P520L and Rap1D555N to both DSBs and telomeres by
ChIP analysis and qPCR. Although the R381W, P520L and
D555N mutations did not alter Rap1 protein level (Figure
6D), the amount of Rap1R381W, Rap1P520L and Rap1D555N

bound at the HO-induced DSB was higher than that of wild
type Rap1 (Figure 6E). Similarly, the R381W, P520L and
D555N mutations increased Rap1 association at telomeres
(Figure 6F). These findings suggest that the increased abil-
ity of these Rap1 variants to inhibit telomere elongation and
MRX association at both telomeres and DSBs, as well as to
repress transcription at least at telomeres could be due to
their enhanced persistence to DNA ends.

The Rap1 R381W and P520L mutations change the affinity
of Myb-like domains for DNA in opposite manners

The Rap1DBD consists of two tandem Myb-like motifs, fol-
lowed by a C-terminal wrapping loop (45–47). While R381
resides in the N-terminal Myb-like domain (Myb-N), P520
and D555 are localized in the C-terminal Myb-like do-
main (Myb-C) (PDB code: 3UKG) (Figure 7A). In particu-
lar, R381 forms several hydrogen bonds with surrounding
residues, likely conferring stability to the helix-loop-helix
folding. By contrast, P520 is localized in a quite rigid loop
surrounding the C-terminal Myb-like domain, facing the
DNA but with no significant interaction with it. Finally, the
D555 residue is situated on the other side of the Myb-C do-
main, on the side not facing the DNA (Figure 7A), and its
role is not trivial to speculate.

We focused on R381W and P520L mutations to test
their effect on the DNA binding properties of Myb-N
and Myb-C domains by biased molecular dynamics sim-
ulations. Models representing Myb-N or Myb-C domain
bound to DNA were generated starting from the structure

of Rap1DBD bound to telomeric DNA (PDB code 3UKG).
The R381W mutation was introduced in the Myb-N model,
whereas the P520L mutation was introduced in the Myb-
C model. PMF was calculated both for DNA-Myb-NR381W

(Figure 7B and Supplementary Figure S5) and DNA-Myb-
CP520L (Figure 7C and Supplementary Figure S6) and these
PMFs were compared with those of wild type DNA-Myb-N
and wild type DNA-Myb-C, respectively. Consistently with
the ChIP results showing increased Rap1R381W binding at
both DSBs and telomeres compared to wild type Rap1 (Fig-
ure 6E and F), the R381W mutation increases the bind-
ing affinity of Myb-N for dsDNA, reducing the �G from
−17.1 kcal/mol to −23.3 kcal/mol (Figure 7B). By con-
trast, although Rap1P520L showed increased association at
both DSBs and telomeres by ChIP (Figure 6E and F), the
P520L mutation appears to significantly decrease the sta-
bility of the DNA–Myb-C complex by increasing the �G
from −20.0 kcal/mol to −13.4 kcal/mol (Figure 7C), sug-
gesting that this mutation decreases the binding affinity of
the Myb-C domain for dsDNA.

The Rap1 P520L mutation favours formation of high Rap1
stoichiometry complexes on DNA

The Rap1DBD domain binds dsDNA molecules in vitro in
two different binding modes: a high affinity mode, where
the two Myb-like domains both bind dsDNA, and a low
affinity mode, where only a single Myb-like domain binds
dsDNA (49,50). The presence of a single Myb-like domain
on dsDNA has been proposed to allow the binding of mul-
tiple Rap1 molecules leading to the formation of Rap1-
DNA complexes with high stoichiometry (49,50). As the
P520L mutation appears to decrease the affinity of Myb-
C for DNA, the increased Rap1P520L association to both
DSBs and telomeres detected by ChIP might be due to a
destabilization of the clamped structure of Rap1DBD, which
would facilitate the binding of multiple Rap1 molecules in
a conformation where only Myb-N takes contact to DNA.
We therefore analyzed the consequence of P520L amino
acid substitution on Rap1DBD ability to bind dsDNA by
gel electrophoretic mobility shift assay (EMSA). Both wild
type and mutant Rap1DBD domains, comprising residues
358–601, were expressed and purified from Escherichia coli
cells as soluble proteins (Supplementary Figure S7) and
tested for the ability to bind a 21 bp dsDNA substrate car-
rying the canonical telomeric Rap1 DNA recognition se-
quence consisting of two hemisites spaced by 3 bp. A fixed
amount of DNA binding site was incubated with increas-
ing concentrations of purified Rap1DBD and complex for-
mation was analyzed by EMSA. As previously reported
(46,49,50), wild type Rap1DBD was capable to form a 1:1
DBD–DNA complex and increasing Rap1 concentration
revealed the appearance of a second faint band (2:1), pos-
sibly representing the binding to DNA of more than one
DBD molecule (Figure 7D). By contrast, DBDP520L showed
a reduction of 1:1 DBD–DNA complex and the appearance
not only of a second (2:1) but also of a third (3:1) band
(Figure 7D), suggesting that the P520L amino acid substi-
tution favours transition to higher order DBDP520L–DNA
complexes.
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Figure 6. Effects of the rap1 alleles on telomere length and transcriptional silencing. (A) XhoI-cut genomic DNA prepared from exponentially growing
cells was subjected to Southern blot analysis using a poly(GT) probe. (B, C) Exponentially growing cells carrying the URA3 gene at the HML� locus (B)
or at telomere VII-L (C) were serially diluted (1:10) and each dilution was spotted out onto complete synthetic medium (SC) and onto the same medium
supplied with 5-FOA (5-FOA) to assay for URA3 expression. (D) Western blot analysis with anti-Rap1 antibodies of extracts used for the ChIP analysis
shown in (E and F). (E) ChIP analysis. Exponentially growing YEPR cell cultures were transferred to YEPRG at time zero to induce HO. Relative fold
enrichment of the indicated proteins at the indicated distances from the HO cleavage site was determined after ChIP with anti-Rap1 antibody and qPCR.
(F) Relative fold enrichment of the indicated protein at six different Y’-containing telomeres (6Y’) compared to a non-telomeric locus (ARO1) after ChIP
with anti-Rap1 antibody and qPCR analysis. In all graphs, plotted values are the mean values with error bars denoting s.d. (n = 3). *P < 0.05 (Student’s
t-test).

Destabilization of the wrapping loop increases Rap1 associa-
tion to DNA ends and Rap1 activation

As removal of the wrapping loop was shown to favour the
transition to a high stoichiometry binding mode (50), we
investigated the consequences of substituting to alanine the
Rap1 Y592 residue, which is located on the tip of the loop
and contributes to lock the loop around DNA (Figure 7A)
(47). The Y592A mutation turned out to increase the DNA
damage sensitivity of rad50-VM cells (Figure 8A) and to
reduce Rad50 association to DSBs (Figure 5E) without al-
tering Rad50 protein level (Figure 5D). Furthermore, al-
though this mutation was shown to decrease Rap1 affinity

for dsDNA in vitro (47), the amount of Rap1Y592A bound at
both DSBs and telomeres, as measured by ChIP and qPCR,
was higher than that of wild type Rap1 (Figure 6E and F).
This effect was not due to increased level of the mutant pro-
tein, as similar amounts of Rap1 were detected in protein
extracts from wild type and rap1-Y592A cells (Figure 6D).

As rap1-Y592A cells showed reduced cell viability even in
the absence of DNA damaging agents (Figure 8A), we could
not test their ability to grow on 5-FOA, but we assessed
the effect of the Y592A mutation on silencing by evaluating
the expression of the ADE2 reporter gene integrated into a
telomeric region using a color-based system (70). Expres-
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Figure 7. Effect of the Rap1 R381W and P520L mutations on the DNA binding properties of the Myb-like domains. (A) Structure of the high affinity
complex between Rap1DBD and telomeric DNA (PDB code: 3UKG). The residues affected by the investigated mutations are shown in yellow. (B) Aver-
age PMF �G calculated using Bayesian bootstrapping of umbrella histograms for binding/unbinding of DNA-Myb-N (black) and DNA-Myb-NR381W

(red) complexes. (C) Average PMF �G calculated using Bayesian bootstrapping of umbrella histograms for binding/unbinding of DNA-Myb-C (black)
and DNA-Myb-CP520L (red) complexes. In B and C, standard deviations of �G are indicated with vertical error bars. (D) EMSA with a 21 bp dsDNA
and increasing concentrations of Rap1-DBD and Rap1-DBDP520L. Bands corresponding to free DNA (F), and protein–DNA complexes with different
stoichiometry (1:1; 2:1; 3:1) are denoted.

sion of ADE2 results in white colonies, whereas cells that
do not express ADE2 form red-pigmented colonies. When
the ADE2 gene was placed on a telomere such that ADE2
transcription was directed toward the telomere, cells devel-
oped sectored colonies due to transcriptional silencing (70).
The rap1-Y592A allele was introduced in UCC3537 strain,
carrying the only copy of the ADE2 gene inserted into the

telomeric region of chromosome V-R. As shown in Figure
8B, most of wild type colonies were white or red-sectored
indicating that the ADE2 gene was expressed in most cells.
By contrast, most rap1-Y592A mutant colonies were com-
pletely red, indicating that the telomere-associated ADE2
gene was transcriptionally silent. The hypersilencing phe-
notype displayed by rap1-Y592A cells was dependent on Sir
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Figure 8. Effect of the rap1-Y592A mutation on rad50-VM DNA damage sensitivity, transcriptional silencing, telomere length and Rif2 association to
DSBs. (A) Exponentially growing cells were serially diluted (1:10) and each dilution was spotted out onto YEPD plates with or without CPT. (B) Cells
carrying the ADE2 gene at telomere V-R were streaked onto SC plates containing a limiting amount of adenine. (C) XhoI-cut genomic DNA prepared
from exponentially growing cells was subjected to Southern blot analysis using a poly(GT) probe. (D) Exponentially growing cells were serially diluted
(1:10) and each dilution was spotted out onto YEPD plates with or without CPT. (E) XhoI-cut genomic DNA prepared from exponentially growing cells
was subjected to Southern blot analysis using a poly(GT) probe. (F) ChIP analysis. Exponentially growing YEPR cell cultures were transferred to YEPRG
at time zero. Relative fold enrichment of Rif2 at the indicated distances from the HO cleavage site was determined after ChIP with anti-Myc antibody and
subsequent qPCR analysis. The mean values are represented with error bars denoting s.d. (n = 3). *P < 0.05 (Student’s t-test).
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proteins, as rap1-Y592A cells were unable to generate red or
sectored colonies in the absence of SIR3 (Figure 8B).

The Y592A mutation also lead to telomere shortening, as
telomeres in rap1-Y592A cells were shorter than in wild type
and even shorter than in rap1-R381W and rap1-P520L cells
(Figure 8C). Altogether, these data indicate that destabiliza-
tion of the wrapping domain results in phenotypes similar
to those found in the presence of the Rap1P520L variant.

Rap1P520L and Rap1Y592A, but not Rap1R381W, act at both
DSBs and telomeres independently of Rif2

Structural studies have shown that the interaction of both
Rap1 Myb-like domains with DNA leads to an orientation
of the RCT domain almost perpendicular to the DNA axis
and this configuration has been proposed to favour RCT in-
teraction with its partners (47). As Rap1 binds Rif2 through
the RCT domain, the above hypothesis raises the possibil-
ity that both Rap1P520L and Rap1Y592A, which should bind
DNA via a single Myb-like domain, may be defective in re-
cruiting Rif2 to DNA, whereas Rap1R381W, which should
bind DNA with both Myb-like domains, should be able to
do it.

We thus investigated whether Rap1R381W, Rap1P520L

and/or Rap1Y592A proteins required Rif2 to sensitize rad50-
VM cells to DNA damaging agents and/or to cause telom-
ere shortening. As expected, rap1-R381W rad50-VM cells
were more sensitive to DNA damaging agents compared to
rad50-VM cells (Figure 8D). RIF2 deletion restored DNA
damage resistance not only in rad50-VM but also in rap1-
R381W rad50-VM cells (Figure 8D), indicating that Rap1-
R381W needs Rif2 to sensitize rad50-VM cells to DNA
damaging agents. Furthermore, while rap1-R381W cells dis-
played short telomeres, telomeres in rif2Δ rap1-R381W cells
were as long as in rif2Δ cells (Figure 8E). Thus, Rap1R381W

appears to act through Rif2 to negatively regulate both
MRX function at DSBs and telomere length.

By contrast, RIF2 deletion was almost unable to re-
store DNA damage resistance of rad50-VM cells carry-
ing the rap1-Y592A (Figure 8A) or rap1-P520L allele (Fig-
ure 8D), indicating that Rap1P520L and Rap1Y592A sensi-
tize rad50-VM cells in a Rif2-independent manner. Further-
more, telomeres in rif2Δ rap1-P520L and rif2Δ rap1-Y592A
cells were shorter than in rif2Δ cells, although not as short
as in rap1-P520L and rap1-Y592A cells, respectively, indi-
cating that Rap1P520L and Rap1Y592A are capable of inhibit-
ing telomerase even in the absence of Rif2 (Figure 8E).

Consistent with the finding that Rap1R381W acts in a Rif2-
dependent manner, the amount of Rif2 bound at DSBs
was increased in rap1-R381W cells (Figure 8F) and this is
in agreement with the increased Rap1R381W association to
DSBs (Figure 6E). By contrast, both rap1-P520L and rap1-
Y592A cells showed reduced Rif2 accumulation at DSBs
(Figure 8F), with rap1-Y592A cells showing the major ef-
fect, suggesting that the release of the RCT domain from
the DBD closure influences the ability of Rap1 to load Rif2
on dsDNA.

DISCUSSION

In both yeast and mammals, the MRX complex and Tel1
are rapidly recruited to DSBs to initiate repair events and

checkpoint signaling (6). Both MRX and Tel1 are also
involved in telomere maintenance by allowing access of
telomerase to the telomere (17). We and others have shown
that MRX association at both DSBs and telomeres is nega-
tively regulated by Rif2 (25,27), which is recruited to telom-
eres by the DNA binding protein Rap1 (28).

Rap1 dysfunction has been shown to cause MRX-
mediated telomere degradation (51,52), suggesting that
Rap1 can be involved in repressing MRX activity at least
at telomeres. Whether Rap1 also acts at DSBs is unknown.
Here we show that Rif2 needs Rap1 to repress MRX associ-
ation at both DSBs and telomeres. In fact, rif2 or rap1 alle-
les specifically impaired in Rap1 or Rif2 interaction, respec-
tively, behave like RIF2 deletion in increasing MRX associ-
ation at DSBs. This enhanced MRX persistence suppresses
the DNA damage hypersensitivity and the end-tethering de-
fect caused by the rad50-VM mutation, which is known to
reduce MRX association to DSBs. Importantly, Rap1 is re-
cruited to DNA DSBs and promotes Rif2 association to
them, thus explaining the reason why Rap1 is required to
support Rif2 activity at DSBs. The lack of this Rap1/Rif2-
mediated inhibition of MRX retention at DSBs not only
suppresses the end-tethering defect of rad50-VM cells, but
it also increases the efficiency of end-tethering and NHEJ
in wild type cells (27). This finding suggests that inhibition
of MRX association at DSBs by Rap1 and Rif2 can be im-
portant in the regulation of the choice between DSB repair
by HR and NHEJ.

Rif2 has been proposed to inhibit MRX
association/persistence to DNA ends by two different
mechanisms: (i) it counteracts Tel1-mediated stabilization
of MRX association to DSBs, possibly by competing
with Tel1 for MRX binding (25–27); (ii) it discharges the
ATP-bound form of MRX, which is important to support
the DNA binding activity of the complex, by enhancing
ATPase activity by Rad50 in a Tel1-independent manner
(27,29). The finding that rif2 and rap1 alleles specifically
impaired in Rap1 or Rif2 interaction, respectively, do not
need Tel1 to restore DNA damage resistance of rad50-VM
cells suggests that their suppression effect could be due at
least in part to their failure to enhance ATPase activity by
Rad50.

Crystal structures have shown that Rap1 binds telomeric
DNA in a high-affinity mode through both tandem Myb-
like domains, with the wrapping loop locking Rap1 around
DNA by interacting with Myb-N (45–47). However, the
transient opening of the wrapping loop allows Rap1 to bind
in vitro both telomeric and non-telomeric DNA sequences
through only one Myb-like domain leading to formation
of Rap1-DNA complexes with high stoichiometry (48–50).
Whether this alternative binding mode can be adopted in
vivo and/or it plays any functional role is hitherto unknown.

We provide evidence that Rap1 functions at DNA ends
are influenced by its DNA binding mode. In fact, ChIP
analyses have shown that the Rap1 R381W and P520L mu-
tations, which cause enhanced Rap1 activity in counter-
acting telomere elongation and in repressing both MRX
association at DNA ends and gene expression, increase
the amount of Rap1 bound to DNA ends. However, bi-
ased molecular dynamics simulations indicate that, while
the R381W mutation enhances Myb-N affinity for DNA,
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thus straightforwardly explaining the increased Rap1R381W

association to DSBs observed by ChIP, the P520L mu-
tation decreases Myb-C affinity for DNA. Importantly,
gel electrophoretic mobility shift assays show that Rap1
DBDP520L favours formation of Rap1DBD-DNA complexes
with higher stoichiometry. These findings suggest that the
increased amount of chromatin bound Rap1P520L detected
by ChIP is due to destabilization of the Rap1 clamped struc-
ture that results in an easier transition to Rap1-DNA com-
plexes with high stoichiometry, where only Myb-N makes
contacts with DNA. Consistently with this hypothesis,
opening of the wrapping loop through the Y592A mutation
leads to similar phenotypes, i.e. increased Rap1 association
to DSBs, decreased MRX association to DSBs, telomere
shortening and hypersilencing. Altogether, these findings
indicate that, depending of its DNA binding mode, Rap1
can form protein–DNA complexes with different functional
properties. As Rap1 is capable to bind also random dsDNA
sequences in vitro (49,50), its recruitment at DSBs could oc-
cur in a sequence-independent manner. In any case, whether
other proteins, such as chromatin remodelers or the Ku
complex, drive the localization of Rap1 at DSBs remains
to be determined.

The interaction of Rap1 with Rif2 occurs exclusively
via the Rap1RCT domain (28,38,71). Structural analysis
has shown that binding of both Myb-like domains around
DNA constrains the orientation of the RCT domain in
a conformation that may favour its interaction with the
functional partners (47). By contrast, in the absence of
DNA, the RCT domain can bind to Myb-C in vitro pos-
sibly limiting RCT interaction ability (50). Interestingly,
the Rap1R381W mutant variant, which increases the affin-
ity of Myb-N to dsDNA and therefore should bind DNA
with both Myb-like domains, exacerbates the DNA dam-
age sensitivity of rad50-VM cells and causes telomere short-
ening mostly in a Rif2-dependent manner. By contrast,
both P520L that decreases Myb-C affinity to dsDNA, and
Y592A that impairs wrapping loop clamping, hyperacti-
vate Rap1 mostly in a Rif2-independent manner. These
findings raise the possibility that the interaction of a sin-
gle Myb-like domain with DNA limits Rap1 ability to
recruit Rif2 on DNA. In agreement with this hypothe-
sis, although the amount of Rap1R381W, Rap1P520L and
Rap1Y592A bound at DSBs was increased compared to wild
type Rap1, Rap1P520L and Rap1Y592A decreased Rif2 associ-
ation to DSBs, whereas Rap1R381W increased it. Altogether,
these data indicate that the way Rap1 binds DNA influ-
ences its ability to interact with Rif2, with the binding of
both Myb-like domains on DNA facilitating Rif2 interac-
tion, possibly by allowing the release of the RCT from the
DBD closure of the wrapping loop.

Interestingly, while Rap1P520L and Rap1Y592A act at DSBs
and telomeres mostly in a Rif2-independent manner, they
increase silencing in a Sir3-dependent manner. This find-
ing suggests that, when Rap1 is in the conformation where
only Myb-N binds to DNA, leaving Myb-C free to interact
with RCT domain, the RCT domain would be less avail-
able for Rif2 binding than for Sir binding. It is worth point-
ing out that, while Rif2 binds to RCT in two distinct man-
ners, involving either its N-terminal RBM motif or its C-

Figure 9. Model for how DNA binding modes can influence Rap1 activity
in the regulation of MRX function at DSBs and of telomere length. See
text for details.

terminal AAA+ domain, Sir3 and Sir4 proteins only bind
to Rap1RCT with the RBM motif. Altogether, these con-
siderations suggest a model where RCT binding to Myb-C
in Rap1 would reduce the availability of RCT interface to
Rif2AAA+ domain, without impinging on the availability of
RCT pocket for Sir3 and Sir4 and possibly Rif2RBM motifs.

We propose that binding of both Rap1 Myb-like do-
mains to DNA allows formation of Rap1-DNA complexes
that negatively regulate telomere length and MRX func-
tions to DSBs primarily through Rif2 (Figure 9A). How-
ever, the transition to a binding mode where a single Myb-
like domain is bound to DNA leads to higher stoichiome-
try Rap1-DNA complexes that can exert their functions on
MRX association to DNA ends and telomere length in a
Rif2-independent manner (Figure 9B). Interestingly, while
Rap1 should bind its DNA recognition sequence preferen-
tially with both Myb-like domains, the absence of this DNA
sequence at DSBs could favour formation of Rap1-DNA
complexes with high stoichiometry, where only one Myb-
like domain makes contacts with DNA.

The telomeric mammalian proteins TRF1 and TRF2, as
well as their fission ortholog Taz1, bind telomeric DNA
through Myb-like domains (72–76). Unlike Rap1, TRF1,
TRF2 and Taz1 contain a single Myb-like domain, but
they bind DNA as homodimer, thus creating an overall
architecture that places two Myb-like domains on DNA
(42,73,77,78). Interestingly, Myb family of proteins appears
to be of polyphyletic origin, implying modular evolution
(79). While having two Myb-like domains in a single protein
could ensure stable binding independently of the instanta-
neous concentration of the protein, the presence of Myb-
like domains in two separate proteins could provide higher
levels of regulation. In any case, the finding that Rap1 can
bind DNA even through a single Myb-like domain high-
lights the structural plasticity of this protein and suggests
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that the use of this module for DNA binding has evolved
in losing one of them in mammalian proteins rather than in
gaining one by yeast Rap1.
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59. Jakubec,D. and Vondrášek,J. (2019) Can all-atom molecular
dynamics simulations quantitatively describe homeodomain-DNA
binding equilibria? J. Chem. Theory Comput., 15, 2635–2648.

60. Deng,C., Brown,J.A., You,D. and Brown,J.M. (2005) Multiple
endonucleases function to repair covalent topoisomerase I complexes
in Saccharomyces cerevisiae. Genetics, 170, 591–600.

61. Marcand,S., Gilson,E. and Shore,D. (1997) A protein-counting
mechanism for telomere length regulation in yeast. Science, 275,
986–990.

62. Siebenmorgen,T. and Zacharias,M. (2019) Evaluation of predicted
protein-protein complexes by binding free energy simulations. J.
Chem. Theory Comput., 15, 2071–2086.

63. Kirkwood,J.G. (1935) Statistical mechanics of fluid mixtures. J.
Chem. Phys., 3, 300–313

64. Feeser,E.A. and Wolberger,C. (2008) Structural and functional
studies of the Rap1 C-terminus reveal novel separation-of-function
mutants. J. Mol. Biol., 380, 520–531.

65. Lee,S.E., Moore,J.K., Holmes,A., Umezu,K., Kolodner,R.D. and
Haber,J.E. (1998) Saccharomyces Ku70, Mre11/Rad50 and RPA
proteins regulate adaptation to G2/M arrest after DNA damage.
Cell, 94, 399–409.

66. Kaye,J.A., Melo,J.A., Cheung,S.K., Vaze,M.B., Haber,J.E. and
Toczyski,D.P. (2004) DNA breaks promote genomic instability by
impeding proper chromosome segregation. Curr. Biol., 14, 2096–2106.

67. Lobachev,K., Vitriol,E., Stemple,J., Resnick,M.A. and Bloom,K.
(2004) Chromosome fragmentation after induction of a
double-strand break is an active process prevented by the RMX
repair complex. Curr. Biol., 14, 2107–2112.

68. Nakai,W., Westmoreland,J., Yeh,E., Bloom,K. and Resnick,M.A.
(2011) Chromosome integrity at a double-strand break requires
exonuclease 1 and MRX. DNA Repair (Amst.), 10, 102–110.

69. Clerici,M., Mantiero,D., Lucchini,G. and Longhese,M.P. (2005) The
Saccharomyces cerevisiae Sae2 protein promotes resection and
bridging of double strand break ends. J. Biol. Chem., 280,
38631–38638.

70. Gottschling,D.E., Aparicio,O.M., Billington,B.L. and Zakian,V.A.
(1990) Position effect at S. cerevisiae telomeres: reversible repression
of Pol II transcription. Cell, 63, 751–762.

71. Liu,C. and Lustig,A.J. (1996) Genetic analysis of Rap1p/Sir3p
interactions in telomeric and HML silencing in Saccharomyces
cerevisiae. Genetics, 143, 81–93.

72. Chong,L., van Steensel,B., Broccoli,D., Erdjument-Bromage,H.,
Hanish,J., Tempst,P. and de Lange,T. (1995) A human telomeric
protein. Science, 270, 1663–1667.

73. Bilaud,T., Koering,C.E., Binet-Brasselet,E., Ancelin,K., Pollice,A.,
Gasser,S.M. and Gilson,E. (1996) The telobox, a Myb-related
telomeric DNA binding motif found in proteins from yeast, plants
and human. Nucleic Acids Res., 24, 1294–1303.

74. Broccoli,D., Smogorzewska,A., Chong,L. and de Lange,T. (1997)
Human telomeres contain two distinct Myb-related proteins, TRF1
and TRF2. Nat. Genet., 17, 231–235.

75. Cooper,J.P., Nimmo,E.R., Allshire,R.C. and Cech,T.R. (1997)
Regulation of telomere length and function by a Myb-domain protein
in fission yeast. Nature, 385, 744–747.

76. König,P. and Rhodes,D. (1997) Recognition of telomeric DNA.
Trends Biochem. Sci., 22, 43–47.

77. Bianchi,A., Smith,S., Chong,L., Elias,P. and de Lange,T. (1997)
TRF1 is a dimer and bends telomeric DNA. EMBO J., 16,
1785–1794.

78. Bianchi,A., Stansel,R.M., Fairall,L, Griffith,J.D., Rhodes,D. and de
Lange,T. (1999) TRF1 binds a bipartite telomeric site with extreme
spatial flexibility. EMBO J., 18, 5735–5744.

79. Rosinski,J.A. and Atchley,W.R. (1998) Molecular evolution of the
Myb family of transcription factors: evidence for polyphyletic origin.
J. Mol. Evol., 46, 74–83.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/5/2424/5687828 by U

niversity of M
ilan-Bicocca user on 06 M

arch 2024


