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Introduction

DNA is subject to multiple types of damages resulting from 
cellular metabolism or environmental hazards. The formation of 
a DNA double-stranded break (DSB) is one of the most damaging 
events for a cell, as it can result in gross chromosomal rearrange-
ments or cell death if improperly repaired (reviewed in ref. 1). 
In yeast and humans, this type of DNA damage is repaired by 
2 fundamentally different mechanisms: non-homologous end-
joining (NHEJ) and homologous recombination (HR). It has 
been established over the last several years that those 2 processes 
can compete for the repair of DSBs.2,3 Since this competition 
can sometimes lead to negative consequences on cell survival,3,4 
the regulation of the balance between NHEJ and HR appears to 
be an issue of major importance to ensure high-efficiency DSB 
repair in eukaryotes (reviewed in refs. 5 and 6).

Cell cycle progression from interphase to mitosis has been 
identified as a major determinant that governs the preference for 
either NHEJ or HR during DSB repair. Indeed, it is now well 
established that HR is the preferred DSB repair pathway when 
sister chromatids are available in late S, G

2
, and M phases of the 

cell cycle. In contrast, NHEJ can occur at any time during the 
cell cycle, but is mostly favored in G

1
, when no sister-chromatid 

is present (reviewed in refs. 5 and 6). The cyclin-dependent 
kinase Cdk1 is a major factor responsible for the promotion of 
HR over NHEJ in the late stages of the cell cycle.7,8 A key target 
in this process is the CtIP/Sae2 protein, whose phosphorylation 
by Cdk1 has been shown to stimulate DNA end resection and 
HR.9,10 The cell cycle-dependent expression of CtIP/Sae2 protein 
also contributes to the mitosis-specific promotion of end resec-
tion.11,12 More recently, it was reported that phosphorylation of 
Dna2 by Cdk1 also plays an important role in determining the 
extent of DSB end resection.13 Since other DNA repair factors are 
targets of Cdk1 (e.g., ref. 14), it is likely that stimulation of HR 
during mitosis is coordinated at multiple levels of the DNA dam-
age response (DDR).5

Although recent work has provided important insights into 
the mechanisms that stimulate HR in the late stages of the cell 
cycle, it is still not clear whether this preferential use of HR also 
requires active suppression of the NHEJ pathway. This question 
is relevant, because NHEJ components such as the Ku70/80 com-
plex can inhibit HR repair at a stage that precedes the end resec-
tion step of this pathway.4,15,16 It is thus possible that the rapid 
recruitment of the Ku70/80 complex to DSBs could suppress 
the stimulatory effects of Cdk1 on end resection and, ultimately, 
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Homologous recombination (HR) and non-homologous end joining (NHEJ) are the main pathways ensuring the 
repair of DNA double-stranded breaks (DSBs) in eukaryotes. It has long been known that cell cycle stage is a major deter-
minant of the type of pathway used to repair DSBs in vivo. However, the mechanistic basis for the cell cycle regulation of 
the DNA damage response is still unclear. Here we show that a major DSB sensor, the Mre11–Rad50–Xrs2 (MRX) complex, 
is regulated by cell cycle-dependent phosphorylation specifically in mitosis. This modification depends on the cyclin-
dependent kinase Cdc28/Cdk1, and abrogation of Xrs2 and Mre11 phosphorylation results in a marked preference for 
DSB repair through NHEJ. Importantly, we show that phosphorylation of the MRX complex after DNA damage and during 
mitosis are regulated independently of each other by Tel1/ATM and Cdc28/Cdk1 kinases. Collectively, our results unravel 
an intricate network of phosphoregulatory mechanisms that act through the MRX complex to modulate DSB repair effi-
ciency during mitosis.
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prevent the establishment of a positive bias for HR in mitosis. 
Consistent with this view, it was recently demonstrated that the 
Ku70/80 complex is actively displaced from DNA ends during 
mitosis.15-17 This removal is mediated in yeast by the Mre11-
Rad50-Xrs2 (MRX) complex, a central regulator of DSB repair 
in eukaryotes.18,19 The MRX complex is unique among DSB 
repair factors, in that it plays critical roles in both NHEJ and HR 
repair pathways, and it is one of the first components of the DNA 
damage response to be recruited to DSBs in vivo. As such, this 
complex is well placed to modulate the balance between NHEJ 
and HR in mitosis. This view is supported by the fact that Mre11 
acts together with a key target of Cdk1, CtIP/Sae2, to promote 
the initial resection step of HR in mitosis.9,10,20 Recent studies 
have also shown that Cdk1/2 modulate DSB repair by direct 
modification of the Nbs1 protein in human cells.21,22 Whether 
the Cdk1 regulation of Mre11 complex components promotes 
HR by also suppressing competition from the NHEJ pathway is 
currently unknown.

In the present study, we address this important question by 
showing that the MRX complex promotes DSB repair by NHEJ 
in a phosphorylation-dependent manner. In particular, we reveal 
that 2 subunits of the complex, Mre11 and Xrs2, are targeted by 
Cdk1 phosphorylation as cells progress into mitosis. We found 
that this phosphorylation specifically inhibits NHEJ, whereas 
removal of the phosphosites in Xrs2 and Mre11 stimulates DSB 
repair by NHEJ. We also show that the DNA damage-induced 
phosphorylation of the MRX complex is functionally distinct 
from the Cdk1-dependent regulation of this complex. Altogether, 
our results indicate that the MRX complex promotes DNA repair 
by acting as a central integrator of various phosphoregulatory sig-
nals during the cellular response to DNA damage.

Results

DNA damage-independent phosphorylation of Xrs2 during 
the cell cycle

Previous studies have demonstrated that members of the 
MRX complex are regulated by phosphorylation in response to 
DNA damage.23-25 We noticed that in the absence of DNA dam-
age Xrs2 migrates as a diffuse band during electrophoresis, and 
considered the possibility that Xrs2 might be a substrate for a cell 
cycle-regulated kinase. To verify this hypothesis, we arrested an 
exponential culture of yeast cells in G

1
 using α-factor and subse-

quently released this population of cells into a synchronous cell 
cycle. Samples were taken at regular intervals to evaluate Xrs2 
electrophoretic mobility together with the appearance of cell cycle 
landmarks (i.e., budding, mitotic spindle length, and DNA syn-
thesis). This analysis revealed that Xrs2 migrates in acrylamide 
gels as either 1 or 2 bands with distinct electrophoretic mobilities 
depending on cell cycle stage. Specifically, prior to S phase, Xrs2 
migrated mostly as a single band (Fig.  1A–C, times 0–30). A 
second band with reduced electrophoretic mobility accumulated 
above the main band of Xrs2 as cells progressed through S phase 
and into mitosis (Fig. 1A–C, times 40–50). The relative intensity 
of the slow-migrating band became maximal during the period 
corresponding to the end of DNA replication up to metaphase 

(Fig. 1A–C, times 50–80). Passage through anaphase, execution 
of mitotic exit, and return to interphase (Fig. 1B and C) were 
associated with a progressive reduction in the relative impor-
tance of the slow-migrating species of Xrs2 (Fig. 1A and B, times 
90–120). We conclude from this experiment that Xrs2 is targeted 
by a cell cycle-specific modification that becomes apparent in late 
S phase and persists until mid-mitosis.

We next sought to determine if the cell cycle modification 
responsible for Xrs2’s slow-migrating behavior was phosphoryla-
tion. To achieve this, Xrs2 was immunoprecipitated from mitotic 
cells, and the purified material was subjected to lambda phos-
phatase treatment. This treatment converted the slow-migrat-
ing form of Xrs2 into a single species with high electrophoretic 
mobility (Fig. 1D). Taken together with our previous results, this 
experiment indicates that Xrs2 is regulated by cell cycle-specific 
phosphorylation in vivo.

Cdk1 is an MRX kinase
We next wanted to identify the kinase responsible for the 

DNA damage-independent phosphorylation of Xrs2 during the 
cell cycle. Previous mass spectrometry analyses of the yeast phos-
phoproteome have identified several phosphorylated residues in 
Xrs2 that fit the core consensus for phosphorylation by Cdk1 
kinase.14,26,27 In fact, examination of Xrs2 sequence revealed that 
this protein carries a total of 8 serines and threonines that con-
form to the core consensus for phosphorylation by Cdc28/Cdk1 
(i.e., Ser/Thr–Pro, Fig. 2A and B). Among these, 7 are localized 
in a specific region of Xrs2 that has a high tendency for structural 
disorder (Fig.  2A), a characteristic feature of surface-accessible 
residues28 that associates frequently with Cdk1 phosphosites in 
vivo.14

To address the possible role of Cdk1 phosphorylation in the 
regulation of MRX components, we generated a mutant version 
of Xrs2 with 7 of its 8 putative Ser/Thr Cdk1 sites mutated to 
alanine residues (i.e., xrs2–7A, Fig.  2B). The candidate Cdk1 
site localized in the FHA domain of Xrs2 (Fig.  2A) was left 
unchanged to ensure that the phenotypes of phosphomutations 
do not reflect FHA domain inactivation. Next, we purified 
the phospho-mutant and wild-type versions of Xrs2 and tested 
whether they could act as substrates for Cdc28/Cdk1 in vitro. 
Figure 2C shows that incubation of wild-type Xrs2 with Cdc28-
Clb2 and ATP resulted in quantitative phosphorylation of the 
substrate, as evidenced by the appearance of a new slow-migrat-
ing form of Xrs2 after electrophoresis. In contrast, the Xrs2–7A 
mutant protein was not modified by Cdc28-Clb2 under iden-
tical phosphorylation conditions (Fig. 2C). These results indi-
cate that Xrs2 can be a direct substrate for Cdk1 in vitro. To 
test whether this kinase–substrate relationship also occurs in 
vivo, we constructed a yeast strain carrying the xrs2–7A allele 
at its endogenous locus and compared Xrs2 phosphorylation in 
wild-type and mutant cells progressing synchronously in the cell 
cycle. Remarkably, elimination of the 7 Cdk1 sites in Xrs2 pre-
vented all detectable phosphorylation of this protein during the 
cell cycle (Fig. 2D). This phenotype is not due to differences in 
cell cycle progression, since both the XRS2 and xrs2–7A strains 
initiated S phase and completed cytokinesis with similar kinet-
ics (Fig. 2D; compare flow cytometry profiles). Mutation of all 
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Cdk1 sites individually or in pairs reduced the extent of Xrs2 
gel retardation upon mitotic entry, but did not fully prevent the 
appearance of slow-migrating species of the protein (Fig. S1A). 
This result is consistent with previous mass spectrometry anal-
yses showing that Xrs2 is modified on multiple Cdk1 sites in 
vivo,14,26,27 and suggests that the mitosis-specific gel retardation 
of the protein is the consequence of multiple phosphorylation 
events.

Our previous results suggest that Cdc28/Cdk1 is the actual 
kinase that phosphorylates Xrs2 in vivo. If this were true, one 
would predict that forcing Cdc28 activation at a stage of the cell 
cycle when this kinase is not normally active would induce ecto-
pic phosphorylation of its substrates, including Xrs2. To test this 
prediction, we co-expressed Cdc28 and the B-type cyclin Clb2 
in yeast cells released from a G

1
 block into hydroxyurea (HU)-

containing medium. This procedure induces an arrest in early S 
phase (see flow cytometry profiles in Fig. 2E), a stage of the cell 
cycle where Clb2-mediated Cdc28 activity is absent29 and little 
Xrs2 phosphorylation is detected. Under these conditions, over-
expression of Cdc28-Clb2 induced a noticeable shift in the elec-
trophoretic mobility of wild-type Xrs2 (Fig. 2E, see 90 min time 
point). In contrast, no change was observed in the electrophoretic 
behavior of Xrs2–7A under identical Cdc28-Clb2 overexpression 
conditions (Fig. 2E). Taken together, this experiment reveals that 
Xrs2 is a target of Cdk1 kinase in live cells.

We next asked whether other members of the MRX complex 
could also be bona fide targets for Cdc28/Cdk1. Mre11 is of 
particular interest in this respect, because proteome-wide mass 
spectrometry analyses have identified a putative Cdc28/Cdk1 
phosphorylation site on this protein14,26-28 (Fig. 3A 
and B), and mre11 mutants interact genetically 
with cdc28 and clb2 mutants.30,31 To address this 
question, we conducted in vitro phosphorylation 
reactions with purified Mre11 and Cdc28-Clb2. 
Incubation of Cdc28-Clb2 with Mre11 caused 
an ATP-dependent shift in Mre11 electrophoretic 
migration, consistent with the notion that this 
protein is being quantitatively modified during 
the kinase reaction (Fig. 3C). Moreover, removal 
of the 6 Ser/Thr-Pro motifs for Cdc28 phos-
phorylation in the Mre11–6A mutant rendered 
the protein insensitive to in vitro phosphoryla-
tion (Fig.  3C). This experiment indicates that 
the Cdk1 consensus sites in Mre11 are directly 
modified by Cdc28-Clb2 in vitro and this event 
induces an electrophoretic mobility shift in gels.

To address whether Mre11 is also phosphory-
lated in a cell cycle-dependent manner in vivo, 
samples of a culture of cells progressing syn-
chronously in the cell cycle were taken at regular 
intervals and processed by SDS-PAGE for immu-
noblot detection of Myc-tagged Mre11. Analysis 
of Mre11 in gels containing Phos-tag acrylamide32 
revealed that the protein migrates as 2 distinct 
bands irrespective of cell cycle stage (Fig.  3D). 
As is often the case for phosphorylated proteins, 

the slower-migrating species of Mre11 was not as abundant as 
the unmodified form of the protein, and the ratio of slow vs. 
fast-migrating species did not appear to change during the cell 
cycle. Lambda phosphatase treatment of immunoprecipitated 
materials confirmed that protein phosphorylation was respon-
sible for the formation of the slower-migrating species of Mre11 
(Fig.  3E). Importantly, removal of the 6 Cdk1 core consensus 
sites in the Mre11–6A mutant prevented the appearance of the 
slow-migrating species of this protein, while cell cycle progression 
remained essentially unaffected in the mutant strain (Fig. 3D). 
Taken together with our in vitro kinase experiment, this result 
indicates that Mre11 is regulated by phosphorylation in vivo, and 
that Cdk1 may be responsible for this event in cells. However, the 
cell cycle independence of this process likely indicates that Mre11 
is targeted by both G

1
- and B-type CDKs (as previously shown 

for Abp133), or alternatively, that another proline-directed kinase 
phosphorylates Mre11.

Since MRX complex subunits are genetically epistatic and 
biochemically interdependent,18 we wondered whether the phos-
phorylation status of one subunit could affect that of another 
subunit. To test this notion, we evaluated Xrs2 electrophoretic 
mobility throughout the cell cycle in an mre11–6A mutant back-
ground, as well as in a phospho-mimetic mre11–6E background. 
While the cell cycle remained unchanged in all backgrounds, we 
did not detect any difference in the timing and extent of Xrs2 
phosphorylation in phospho-deficient and phospho-mimetic 
mutants of Mre11 (Fig. 4A). Likewise, Mre11 phosphorylation 
level was not altered in xrs2–7A and xrs2–7E backgrounds com-
pared with wild-type cells (Fig. 4B). Taken together, our results 

Figure  1. Phosphorylation of Xrs2 occurs in G2/M. Yeast cells carrying HA-tagged Xrs2 
were synchronized in G1 with α-factor and released synchronously in the cell cycle. 
Samples were taken at various times to examine Xrs2 protein migration by SDS-PAGE and 
western blot (A). Samples were also taken to monitor spindle formation (B) and DNA con-
tent by FACS (C). The graph in (B) also shows the relative ratios of intensity of shifted vs. 
unshifted bands of Xrs2 during the experiment. (D) Immunoprecipitated Xrs2 was sub-
jected to dephosphorylation with lambda phosphatase (or mock treatment) prior to SDS-
PAGE and immunoblotting.
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reveal that Xrs2 and Mre11 are targeted separately of each other 
for mitosis-specific phosphorylation in live cells.

The DNA damage- and cell cycle-specific phosphorylation 
of MRX are independent events

The identification of Cdc28/Cdk1 as a novel Xrs2/Mre11 
kinase uncovers an unexpected mode of regulation of the MRX 

complex that is independent of the presence of exogenous DNA 
damage. However, some of the mitotic Cdk1 sites that we iden-
tified on MRX components were also identified in large-scale 
mass spectrometry analyzes of cells treated with DNA damaging 
agents (namely, Ser349, Ser445, and Ser534 on Xrs2, and Ser560 
on Mre1114,26,27). We confirmed this observation using a targeted 

mass spectrometry analysis of 
Xrs2 isolated from damaged cells 
(Fig. S2). These data hint at the 
possibility that Cdk1 sites on Xrs2 
and Mre11 might be phosphory-
lated under 2 distinct conditions: 
in response to DNA damage and 
during mitosis. Alternatively, the 
phosphorylation of MRX compo-
nents on mitotic sites during the 
DNA damage response could be 
an indirect consequence of check-
point-induced arrest in G

2
/M,34 

a stage of the cell cycle with ele-
vated Cdk1 activity.35

To discriminate between 
these possibilities, we decided to 
investigate the impact of losing 
Cdk1 sites on the DNA dam-
age-induced phosphorylation 
of Xrs2 (Fig.  5A). Cultures of 
asynchronous cells were exposed 
to 2 different genotoxic agents, 
namely 4-nitroquinoline 1-oxide 
(4-NQO) and zeocin. As control 
for DNA damage induction, we 
monitored the activation of Rad53 
checkpoint kinase using an in situ 
activity (ISA) assay.36 In agree-
ment with previous studies,23,25 
wild-type Xrs2 experienced a 
large phosphorylation-induced 
electrophoretic shift following 
induction of DNA damage, with a 
state of maximal phosphorylation 
being reached 60 min following 
addition of the genotoxic agents 
(Fig.  5B and C). Interestingly, 
the Cdk1 site mutant of Xrs2 also 
experienced a quantitative retar-
dation in electrophoretic mobility 
following DNA damage expo-
sure, although one of reduced 
magnitude compared with that 
of the wild-type protein (Fig. 5B 
and C). This result suggests that 
Xrs2 Cdk1 phospho-sites are not 
critical targets of the DNA dam-
age response, although they are 
necessary to achieve maximal 

Figure 2. Xrs2 is phosphorylated by Cdc28 in vivo and in vitro. (A) Schematic representation of Xrs2 and 
distribution of consensus Cdc28 Ser/Thr-Pro sites within the protein primary amino acid sequence. The pre-
dicted disorder of the protein (calculated by IUPred)65 is shown under the schematic. (B) Alignment of the 7 
Cdc28-consensus sites found in the middle of Xrs2. The asterisk symbol indicates residues mutated to ala-
nine. (C) Purified Xrs2 and Xrs2–7A proteins were phosphorylated in vitro using Cdc28-Clb2. Reaction mix-
tures were subsequently analyzed by SDS-PAGE and Coomassie staining. (D) Wild-type and xrs2–7A cultures 
were released from a G1 arrest and samples were taken at indicated time points. FACS DNA content profiles 
show that cell cycle progression was similar in wild-type (left) and mutant xrs2. (E) Cells containing pGAL1–10-
Cdc28-Clb2 or an empty plasmid were synchronized in G1 and released in hydroxyurea-containing medium to 
block cells in early S phase. Cdc28-Clb2 was overexpressed in XRS2 and xrs2–7A cells by addition of galactose. 
Cells remained in G1 or early S phase for the duration of the experiment, as judged by DNA content (right).
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phosphorylation of the protein after treatment with DNA-
damaging agents.

We next wanted to compare the relative contribution of Cdk1 
and ATM-family of kinases on the DNA damage-induced phos-
phorylation of Xrs2. In yeast, Tel1 and Mec1 are the ATM-like 
kinases responsible for phosphorylation of the MRX complex 
during the DNA damage response,23,25 and both Mre11 and 
Xrs2 contain several serine/threonine-glutamine (Ser/Thr-Gln) 
consensus motifs that are preferred targets for this family of 
kinases.37 We thus generated a mutant of Xrs2 having lost its 4 
serines/threonines highly susceptible to Tel1/Mec1 phosphory-
lation (i.e., xrs2–4A; Fig.  5A) and evaluated 
the phosphorylation of the resulting mutant 
after DNA damage. Compared with wild-
type Xrs2, the electrophoretic mobility shift 
observed with the Xrs2–4A protein following 
DNA damage was only marginally affected by 
the loss of Tel1/Mec1 consensus sites (Fig. 5B 
and C). Remarkably, combining the Cdk1 and 
Tel1/Mec1 mutations from both xrs2–7A and 
xrs2–4A alleles (to generate an xrs2–11A allele, 
Fig. 5A) did reduce Xrs2 phosphorylation to 
some extent after DNA damage, although not 
completely (Fig. 5B and C, compare xrs2–7A 
and xrs2–11A mutants). These results suggest 
that the optimal Cdk1 and Tel1/Mec1 motifs 
are not the only sites that are phosphory-
lated in Xrs2 during the cellular response to 
DNA damage. Consistent with this hypoth-
esis, removal of additional residues (serines/
threonines followed by prolines, aspartates, 
glycines, and glutamates, Fig.  S3A) that are 
targeted in a number of substrates of ATM-
like kinases in vivo38-42 completely abrogated 
Xrs2 phosphorylation in response to DNA 
damaging agents (i.e., xrs2–27A, Fig.  S3B). 
Altogether, this analysis reveals that residues 
that do not fit the Tel1/Mec1 optimal target 
motif contribute to the DNA damage-induced 
phosphorylation of Xrs2. Interestingly, we did 
not detect defects in MRX complex forma-
tion or DNA damage sensitivity in xrs2–27A 
mutants (Figs. S1B and S3C), thereby sug-
gesting that the loss of multiple phosphoryla-
tion sites did not inactivate the Xrs2 mutant 
protein in an unspecific manner.

We next wanted to determine whether 
the phosphorylation of Mre11 was regulated 
in a similar fashion to that of Xrs2 following 
genotoxic stress. As described above, Mre11 
migrated as 2 distinct electrophoretic spe-
cies under normal conditions: an unmodified 
species and the previously described isoform 
phosphorylated on Cdk1 consensus sites 
(hereafter referred to as Mre11-PhosphoBasal). 
However, following exposure to DNA 

damage, a novel slower-migrating phospho-species of Mre11 
appeared on gel (Mre11-PhosphoDNA damage, Fig.  5D), consistent 
with previous reports that Mre11 becomes hyperphosphorylated 
in response to genotoxic stress.23,25 Importantly, elimination of 
the Cdk1 phosphosites in the Mre11–6A protein did not affect 
its DNA damage-dependent phosphorylation. Specifically, the 
Mre11-PhosphoDNA damage isoform persisted at the same position 
and with the same signal intensity in mre11–6A mutant and wild-
type cells treated with DNA-damaging agents, in contrast to the 
Mre11-PhosphoBasal isoform, which disappeared upon removal of 
Cdk1 sites (Fig. 5D).

Figure 3. Mre11 is a substrate for phosphorylation by Cdc28. (A) Schematic representation of 
Mre11 and distribution of consensus Cdc28 Ser/Thr-Pro sites within the protein primary amino 
acid sequence. The predicted disorder of the protein (calculated by IUPred)65 is shown under 
the schematic. (B) Alignment of putative Cdc28 phosphorylation sites found in Mre11. The 
asterisk symbol indicates residues mutated to alanine. (C) Purified Mre11 and Mre11–6A pro-
teins were phosphorylated in vitro using Cdc28-Clb2. Reaction mixtures were subsequently 
analyzed by SDS-PAGE and Coomassie staining. (D) Samples from MRE11-MYC and mre11–6A-
MYC cultures were taken at indicated time points after release from a G1 block and subjected 
to SDS-PAGE analysis. DNA content determined by FACS shows that cell cycle progression was 
similar in wild-type and mre11–6A cultures (right). (E) Immunoprecipitated Mre11 was dephos-
phorylated with lambda phosphatase (or mock treated) prior to SDS-PAGE and immunoblot 
analysis.
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The experiments described above with xrs2 and mre11 phos-
phosite mutants appear to exclude a role for Cdk1 activity in 
the DNA damage-induced phosphorylation of these proteins. 
To confirm this conclusion in a context where Xrs2 and Mre11 
sequences are not mutated, we investigated whether the DNA 
damage-specific modification of Xrs2 and Mre11 could still be 
induced when Cdk1 activity is completely absent. To achieve 
this, we blocked cells in G

1
 using α-factor to prevent both G

1
 

(Cln-Cdc28) and mitotic (Clb-Cdc28) Cdk1 activation and 
exposed them to either zeocin or 4-NQO. Under these condi-
tions, we observed normal DNA damage-induced phosphoryla-
tion of both Xrs2 and Mre11 30 and 60 min following treatment 
(Fig. 5E and F). Flow cytometry analyses confirmed that cells 

remained arrested in G
1
 throughout the experimental period 

(Fig.  5E and F). This result indicates that the DNA damage-
induced phosphorylation of Xrs2 and Mre11 does not require 
cell cycle progression, nor Cdk1 activity. Collectively, the lines 
of evidence presented herein are consistent with the existence of 
2 regulatory systems acting independently of each other to phos-
phorylate components of the MRX complex in response to DNA 
damage and during mitosis.

DSB resection and HR are not defective in phospho-defi-
cient mutants of the MRX complex

We next wanted to determine the biological significance of 
the cell cycle-dependent phosphorylation of the MRX complex. 
Previous studies have shown that Cdk1 activity can promote 
repair of DSBs through the HR pathway, with one of the key 
substrates in this process being the Mre11-interacting protein 
Sae2/CtIP.9 Taking this into consideration, it seemed likely that 
phosphorylation of Mre11 and Xrs2 by Cdk1 would influence 
HR repair of DSBs. However, we performed several independent 
experiments that argue against a role for Xrs2 and Mre11 phos-
phorylation in HR repair in budding yeast. For instance, pro-
cesses that are heavily reliant on effective HR, such as resistance 
to chronic doses of DNA damage or execution of meiosis, were 
not detectably affected by phospho-deficient alleles of XRS2 and/
or MRE11 (Fig.  6A; Fig.  S4A and B). The absence of defects 
in those assays was not the result of functional redundancy in 
the Cdk1 phosphorylation of Sae2/CtIP and MRX components, 
because combination of xrs2–7A and mre11–6A alleles with a 
SAE2 deletion did not give rise to enhanced DNA damage sensi-
tivity in the double mutants (relative to the sae2Δ single mutant, 
Fig. 6B). Moreover, analysis of DSB resection at the HO locus17 
indicated that Cdk1 phosphorylation of Xrs2 and Mre11 does 
not detectably affect the formation of single-strand DNA at dam-
aged sites (Fig. 6C). Finally, epistatic analysis revealed that xrs2–
7A and mre11–6A mutations did not exacerbate the resection 
phenotype of strains lacking Exo1 or Sgs1, 2 key regulators of 
DSB end processing (Fig. S4C and D).13,17,43 Taken together with 
the normal telomere length of xrs2–7A and mre11–6A mutants 
(Fig.  6D), these results indicate that phosphorylation of the 
MRX complex by Cdk1 is not essential for HR repair of DSBs in 
mitosis and meiosis.

Xrs2 and Mre11 phosphorylation inhibits DSB repair by 
NHEJ

The Mre11 complex is a known regulator of DSB repair by 
NHEJ in several eukaryotes.18 This DNA repair pathway is under 
cell cycle regulation, since its relative importance for DSB repair 
is reduced (relative to HR) in the late stages of the cell cycle.6,44 
Importantly, this reduction correlates with the period of maximal 
Cdk1 phosphorylation of Xrs2, which suggests that there might 
be a functional connection between these 2 events.

To test this hypothesis, we measured the ability of mutant 
cells to rejoin linearized plasmids carrying 5′ or 3′ overhang in 
vivo. Specifically, rad51-defective yeast cells were transformed 
with linear DNA substrates carrying the URA3 gene, and their 
ability to reconnect the ends of these plasmids by NHEJ was 
measured on solid medium lacking uracil.45 Remarkably, this 
assay revealed that NHEJ activity was increased by 30 to 40% 

Figure 4. Phosphorylation of Mre11 and Xrs2 by Cdk1 are independent 
events. (A and B) Yeast cells were synchronized in G1 with α-factor and 
released synchronously into the cell cycle. The electrophoretic mobility 
of Xrs2 protein in cells expressing MRE11, mre11–6A, and mre11–6E alleles 
(A), or that of Mre11 protein in cells expressing XRS2, xrs2–7A, and xrs2–
7E alleles (B) was evaluated by SDS-PAGE and immunoblotting. DNA 
content profiles were determined by flow cytometry and show that cell 
cycle progression was comparable in all yeast strains.
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over control in xrs2–7A mre11–6A phospho-mutants (Fig. 7A). 
This observation was true irrespective of the nature of the over-
hangs used in repair templates (compare 5′ and 3′ overhang 
substrates in Fig.  7A). Moreover, xrs2–
7E mre11–6E phospho-mimetic mutants 
displayed the exact opposite phenotype in 
end-joining assays. Indeed, we observed 
that NHEJ was reduced by 40% rela-
tive to control in the xrs2–7E mre11–6E 
mutant (Fig. 7A). The reciprocal nature 
of the results observed in NHEJ assays 
with the phospho-mimetic and phospho-
mutant alleles of XRS2 and MRE11, 
combined with the normal behavior 
of these alleles in other assays (Fig.  6) 
and normal MRX complex formation 
(Fig.  S1B), argue in favor of a specific 
inhibitory role of Cdk1 phosphorylation 
in the NHEJ process. Interestingly, the 
increase in the NHEJ activity of xrs2–7A 
mre11–6A phospho-mutants was not at 
the expense of the precision of the end-
joining process, since both wild-type 
yeast and phospho-mutant strains were 
capable of religating DNA ends with 
similar precision (Fig. 7B). Moreover, the 
NHEJ efficiency of individual xrs2–7A 
or mre11–6A phospho-mutants was near 
wild-type levels (data not shown), which 
indicates that these phosphorylation 
events must act in a concerted manner to 
effectively regulate the end-joining activ-
ity of the MRX complex. Taken together, 
our results show that the phosphorylation 
of MRX complex components regulates 
the efficiency of DSB repair by NHEJ 
in vivo.

The results described above may 
explain why MRX phospho-mutants did 
not show DNA damage sensitivity in 
previous assays (Fig. 6A and B). Indeed, 
under normal circumstances in yeast, the 
physiological contribution of NHEJ to 
DSB repair is modest relative to HR and 
can be revealed only with very high or 
acute doses of DNA damaging agents.45-47 
Consistent with this, our previous DNA 
damage sensitivity assays were performed 
under conditions of chronic or constant 
exposure to genotoxic drugs, a setting 
that necessitates the use of mild/moder-
ate doses of DNA damaging agents to 
allow cellular growth (Fig.  6A and B). 
Therefore, we asked whether the NHEJ 
defect of MRX phospho-mutants dimin-
ished the ability of cells to resist to an 

acute dose of DNA damage. To achieve this, we overexpressed 
the I-PpoI enzyme in yeast, a meganuclease that recognizes a 
15-bp site repeated ~100 times in the ribosomal DNA (rDNA) 

Figure 5. DNA damage-dependent phosphorylation of Xrs2 and Mre11 mutants (A) Schematic rep-
resentation of the mutations introduced in the relevant XRS2 phospho-mutants. (B and C) Cultures 
of asynchronous log-phase cells carrying HA-tagged Xrs2 were treated with either 25 µM 4-NQO 
or 100 µg/mL zeocin for 60 min. Samples were taken at indicated time points following addition 
of the genotoxic drugs, and Xrs2 mobility was determined by western blot analysis. Checkpoint-
dependent activation of Rad53 was monitored in parallel using an in situ assay (ISA). (D) Cultures of 
asynchronous log-phase cells carrying MYC-tagged Mre11 were treated with 25 µM 4-NQO, 0.02% 
MMS or 100 µg/mL zeocin, and processed as in (B) to monitor phosphorylation-induced changes 
in electrophoretic mobility. (E) Cells expressing HA-tagged Xrs2 were blocked in G1 with α-factor 
prior to being treated with 100 µg/mL zeocin or 25 µM 4-NQO. DNA content profiles of the arrested 
cultures are shown under the gel. (F) Cells carrying MYC-tagged Mre11 were treated as in panel (E) to 
monitor G1-specific DNA damage-induced phosphorylation.
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array on yeast chromosome 12.48 This level of damage represents 
a heavy burden on DSB repair pathways, and it is expected that 
any defect in DSB repair pathways would result in loss of viabil-
ity under such severe stress. As expected, even a short pulse of 
expression (2 h) of I-PpoI using the inducible GAL10-1 promoter 
reduced the viability of wild-type cells to 65% of that of non-
induced controls (Fig. 7C). Under identical conditions, xrs2–7A 
mre11-6A mutants experiencing I-PpoI expression had a much 
more severe reduction in viability (Fig.  7C). Specifically, loss 
of phosphorylation ability reduced the viability of xrs2 mre11 
mutants to approximately 43% of non-induced controls, a 
reduction significantly greater than that of wild-type cells (P < 
0.05, Fig. 7C). Taken together, these results indicate that phos-
phorylation of the MRX complex plays an important role in the 

regulation of NHEJ efficiency and in the cellular resistance to 
acute DNA damage.

Discussion

The MRX complex is a critical component of the DNA 
damage response, having essential roles in checkpoint signaling 
as well as in repair of DSBs through HR and NHEJ.18,19 The 
multifaceted involvement of the MRX complex in the DNA 
damage response is a likely consequence of its ability to act as 
an early sensor for the presence of DSBs within the genome. As 
such, the MRX complex sits at a unique position to influence 
the efficiency and type of repair pathway cells use to respond to 
genotoxic stress. Consistent with this view, our findings reveal 

Figure 6. Cdc28 phosphorylation of the MRX complex is not required for HR. (A) Five-fold serial dilutions of wild-type and phospho-defective yeast 
mutant grown on solid YPD medium containing no drug, 0.005% MMS, 0.250 µM 4-NQO, or 5 µg/mL zeocin. The relevant genotypes of the yeast strains 
are described on the left of the panels. (B) Genetic analysis of the DNA damage sensitivity of sae2Δ and Cdk1-mutants of Mre11 and Xrs2. (C) DNA end 
resection of an HO-induced DSB at the MAT locus was monitored by Southern blot analysis, as previously described.17 Resection of the DSB was measured 
by following the disappearance of the 0.7-kb and 3-kb bands by densitometry. Graphics represent the signal ratio of the resected band over that of the 
loading control band. Top graph corresponds to the signal ratio of the 0.7-kb fragment using the 30 min time point as control, while the bottom graph 
corresponds to the signal ratio of the 3-kb fragment using the initial time point as control. Data are presented as the mean of 3 independent experi-
ments ± SEM. (D) Telomere length was determined in various yeast mutants using Southern blotting with a probe against the TG repeats of telomeres.
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the existence of a novel phosphorylation mechanism that acts on 
Xrs2 and Mre11 to regulate its function in NHEJ repair of DSBs. 
We show here that components of the MRX complex are subject 
to Cdk1-mediated cell cycle phosphorylation as well as ATM/
Tel1-mediated phosphorylation in response to DNA damage. 
These 2 regulatory events do not appear to be connected to each 
other functionally, since removal of Cdk1 phosphorylation does 
not prevent the DNA damage-induced modification of MRX 
components. Taken together, our results implicate Cdk1/Cdc28-
mediated phosphorylation as a key determinant of the efficiency 
of DSB repair by NHEJ.

It has been firmly established over the last several years that 
NHEJ and HR—2 pathways competing for the repair of DSBs—
are preferentially used in different stages of the cell cycle (reviewed 
in refs. 5 and 6). Furthermore, it has been argued that the choice 
for using a specific pathway over the other is primarily made at 
the level of DSB resection, a process promoted by Cdk1 phos-
phorylation.5,6 The rationale supporting this view is compelling, 
because the increase in Cdk1 activity that accompanies cell cycle 
progression is temporally connected with the appearance of sister 
chromatids, the optimal template for effective HR. Furthermore, 
Cdk1 has the ability to specifically phosphorylate several HR fac-
tors, most notably CtIP/Sae2, thus promoting 5′-to-3′ resection 
of DSBs and HR.9,10 The cell cycle-regulated abundance of CtIP/
Ctp1—which peaks simultaneously with B-type CDK activity—
may also play an important role in the promotion of DNA end 
resection.11,12 Ultimately, resection of DSB is known to inhibit 
NHEJ, and it is generally thought that activation of the resection 
process acts as a switch that favors HR-based repair of DSBs at 
the expense of NHEJ in late S, G

2
, and M phases of the cell cycle. 

A key question with respect to this model is whether the prefer-
ential choice for HR-based repair of DSB in S/G

2
/M can be fully 

explained by an increase in end-resection activity, or whether a 
direct negative regulation of the NHEJ process is also required to 
promote HR repair. Indeed, previous studies have shown that the 

NHEJ pathway is active throughout the cell cycle, acts prior to 
the initiation of HR,49 and can inhibit HR in a dominant man-
ner via Ku-mediated end-binding.2,3,50,51 These facts, together 
with additional evidences52,53 argue that increased HR activity 
alone may not be sufficient to explain pathway preference for 
DSB repair in S/G

2
/M phases. Our data provide key insight into 

this issue by indicating that the choice of DSB repair pathway 
may also be governed by direct inhibition of NHEJ. Indeed, we 
show that Cdk1-mediated phosphorylation of the MRX complex 
reduces the ability of cells to perform NHEJ in vivo. Removal 
of Cdk1 consensus sites in MRX complex components increases 
significantly the efficiency of plasmid-based NHEJ, whereas 
introducing phospho-mimetic mutations causes a correspond-
ing decrease in end joining. This reciprocal relationship, together 
with the absence of detectable defects when assessing phospho-
mutants for other MRX-specific phenotypes, strongly suggests 
that the effects of Cdk1 phosphorylation on the MRX complex 

Figure  7. Phospho-dependent regulation of the MRX complex affects 
NHEJ in vivo. (A) NHEJ activity in mre11 and xrs2 phosphomutants. The 
relative end-joining activity of mrx phosphomutants and control cells 
was determined using SphI (3′overhang) or XmaI (5′ overhang)-digested 
plasmid templates. Experiments were performed in cell defective in 
Rad51 activity to avoid HR-based repair of plasmid templates.45 The NHEJ 
efficiency of cells carrying wild-type XRS2 and MRE11 was set arbitrarily 
to 100%. The mean of 3 or more independent experiments is shown ± 
SEM (B) Effects of Cdk1 mutations in MRE11 and XRS2 on the precision of 
NHEJ in yeast cells. The experiment was performed as in (A), except that 
the NHEJ template plasmid carried both URA3 and LEU2 genes, and was 
cut in the LEU2 coding sequence with XcmI. The overall efficiency and 
accuracy of plasmid end-joining at the XcmI site was monitored by selec-
tion of yeasts on growth media lacking the appropriate supplements 
(see “Materials and Methods” for details). The mean of 3 independent 
experiments is shown ± SEM. (C) Survival to an acute dose of DNA dam-
age at the rDNA locus. I-PpoI expression was induced for 2 h by addi-
tion of 2% galactose to exponentially growing cell. Cellular viability is 
expressed as the ratio of the number of colony-forming units obtained 
prior to and after I-PpoI induction, multiplied by 100. The values shown 
represent the average of 3 independent experiments performed with 2 
separate clones for each genotype. The error bars reflect SEM. P value 
was calculated using a 2-tailed unpaired Student t test, and the asterisk 
symbol represents a P value of less than 0.05.
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are specific. Our data fit into a model whereby Cdk1 regulation 
of the Mre11 complex facilitates HR repair of DSBs by limit-
ing competition from the NHEJ machinery. Taken together, our 
findings unravel a novel mechanism that underpins pathway 
preference for DNA repair during the cell cycle.

The fact that the MRX complex is a key target for this mecha-
nism is consistent with the observations that it plays a very early 
role in the DNA damage response,54 and that it regulates both 
NHEJ and HR repair pathways.18 Interestingly, multiple lines 
of evidence suggest that the mechanisms unraveled herein are 
conserved evolutionarily. Indeed, it was recently reported that 
human Mre11 interacts directly with Cdk2 (a homolog of yeast 
Cdc2855), thus making the complex a likely target for Cdk2 phos-
phorylation in mammals. Moreover, 2 studies recently reported 
that human Nbs1, the functional homolog of Xrs2, is phosphory-
lated directly by Cdk1/2 on Ser432.21,22 Both studies showed that 
removal of this phosphosite affected the ability of cells to survive 
DNA damage, but the reported effects of the Nbs1 phospho-
mutation on DNA-end resection and HR efficiency differed in 
the 2 studies. Although we did not detect any defect in DSB 
resection or HR efficiency in our mutants, we note that removal 
of Ser432 in human Nbs1 resulted in an apparent increase in 
NHEJ efficiency relative to control cells (see Fig. 3D in ref. 21). 
This observation is reminiscent of the NHEJ phenotype seen in 
xrs2 phospho-mutants described herein, although the magnitude 
of the increase in the human system is not as strong as in yeast. 
It is conceivable that a stronger NHEJ stimulation would be 
observed if all putative Cdk1 consensus sites would be removed 
from the human protein in the experiments described above. It is 
also important to note that Wohlbold et al.22 did not detect any 
sensitivity to chronic doses of DNA damaging agents in human 
cells expressing the Nbs1 S432A phosphomutant, whereas clear 
hypersensitivity was detected in the same cells after acute expo-
sure to genotoxic stress. This behavior is highly similar to that 
of our phosphomutants in yeast and suggests that the impact of 
Cdk1 phosphorylation on MRX complex components will be 
more relevant in contexts where cells experience severe DNA 
damage. Collectively, these observations highlight the conserved 
features of the phosphoregulation of MRX complex components 
throughout evolution.

We have previously shown that Xrs2 and Mre11 are phos-
phorylated in response to genotoxic stress.23 Interestingly, we 
and others have determined that this phosphorylation event 
was dependent solely on the ATM family of kinases, since inac-
tivation of checkpoint kinases downstream of Tel1/Mec1 had 
no detectable effect on MRX phosphorylation.23,25 However, a 
subsequent study revealed that removal of the preferred ATM 
phospho-consensus sites in Xrs2 caused no detectable conse-
quence on DNA damage sensitivity.37 Our analysis of Xrs2/
Mre11 phosphorylation provides some insight on this surpris-
ing result. Indeed, we show here that removal of the canonical 
ATM consensus sites on Xrs2 is insufficient to abrogate DNA 
damage-dependent phosphorylation of this substrate. Complete 
elimination of this regulatory event necessitates the removal of 
phosphorylation sites that do not fit the canonical consensus for 
ATM kinase. This result is consistent with the observation that 

members of the ATM/ATR family of kinases—like many other 
kinases—are sometimes capable of phosphorylating substrates on 
residues that do not fit their canonical consensus motif.39-42 It is 
also important to note that Xrs2 has been predicted to be a target 
of Rad53 kinase, a central effector of the Tel1/Mec1-dependent 
checkpoint response.56 Although this prediction remains to be 
verified, it is possible that a small, but nevertheless significant, 
fraction of Xrs2 DNA damage-dependent phosphorylation may 
be catalyzed by Rad53, thereby explaining the involvement of 
non-consensus Tel1 sites in this phosphoregulatory process.

In conclusion, we show in this study that the MRX complex 
is regulated by distinct phospho-dependent regulatory pathways 
in cells. These pathways respond to different signals—cell cycle 
status and DNA damage—and result in differing consequences 
for the regulation of NHEJ. Our data indicate that the prefer-
ence for using an HR-based mechanism to repair DSBs in G

2
/M 

phase of the cell cycle is not only regulated at the level of the 
HR machinery itself, as previously thought, but also at the level 
of the NHEJ machinery. The regulatory mechanisms proposed 
here are likely to be relevant in higher eukaryotes, since both 
ATM and the MRN complex positively regulate DNA repair 
through NHEJ.57-59 In this regard, it will be exciting to determine 
whether the mechanisms described herein contribute to the DNA 
damage sensitivity and poor prognostic associated with human 
diseases such as the Nijmegen breakage syndrome and ataxia 
telangiectasia.

Materials and Methods

Yeast strains, mutant construction, and growth conditions
Yeast genetics and molecular biology manipulations were per-

formed according to St-Pierre et  al.60 All yeast strains used in 
this study are listed in Table S1. For mutant generation, XRS2 
and MRE11 genes were cloned in a 2 μ URA3 leu2-d-contain-
ing shuttle plasmid and pFA6A-derived plasmid, respectively, 
and mutations were introduced by site-directed mutagenesis 
(Quickchange, Stratagene). The xrs2–27A mutant was partially 
synthesized as a xrs2–23A fragment (BioBasic), which was cloned 
in a YIplac204-XRS2 plasmid replacing its wild-type counter-
part. Further mutations were introduced by site-directed muta-
genesis of this construct. Modified genes were integrated in the 
genome by recombination, replacing the wild-type versions. After 
transformation, the genomic loci of all phospho-mutant alleles of 
XRS2 and MRE11 used in this study were sequenced to confirm 
the presence of the relevant mutations and the absence of second-
ary mutation. For DNA damage sensitivity assays, cells were spot-
ted in 5-fold dilution series on YPD medium containing different 
concentrations of DNA damaging agents. Cells were grown for 
2–3 d at 30 °C until individual colonies became visible.

Protein purification
Xrs2 and Mre11 were overexpressed in yeast strains D1374 and 

D2540, respectively. These strains express either Xrs2-His-HA or 
Mre11-His-StrepTagII under the control of the GAL1 promoter 
on 2 μ URA3 leu2-d-derived plasmids. Conditions for culture 
and preparation of cell lysate are as previously described.61 Xrs2 
and Mre11 were purified by metal-chelate chromatography using 
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standard procedures (Ni-NTA; Qiagen). Mutant Xrs2–7A and 
Mre11–6A were purified by the same methods in strains D2446 
and D2541, respectively. Active Cdc28-Clb2 kinase was purified 
according to published procedures.62

In vitro phosphorylation and dephosphorylation of Xrs2 and 
Mre11

Purified wild-type and mutant Xrs2 or Mre11 were incubated 
in kinase buffer64 supplemented with 100 µM ATP and purified 
Cdc28-Clb2. Reactions were performed at 30 °C for 15 min and 
stopped by addition of SDS-PAGE sample buffer. For dephos-
phorylation experiments, asynchronous cells were lysed61 in lysis 
buffer (50 mM TRIS-HCl pH 7.5, 100 mM KCl, 100 mM NaF, 
10% glycerol, 0.1% tween 20, 1 mM tungstate, 1 mM DTT, 
10 µM AEBSF, 10 μM pepstatin A, 10 μM E-64). Xrs2-HA 
was immunoprecipitated using anti-HA 16B12 antibody bound 
to Gammabind Plus Sepharose beads (GE Healthcare). Beads 
were resuspended in lambda-ppase buffer (NEB) and were 
incubated for 30 min at 30 °C with or without purified lambda 
phosphatase.62

Protein samples and SDS-PAGE
Protein samples were prepared from yeast cultures using the 

TCA-glass bead method described in Foiani et  al.63 For Xrs2 
cell cycle/Cdk1 phosphorylation analysis, protein samples were 
resolved on 8% SDS–polyacrylamide gels in a BioRad Mini-
Protean gel system. The modification status of Mre11 after in 
vitro phosphorylation was determined by migration on a 10% 
SDS–polyacrylamide gel using the same conditions. For the 
DNA damage-dependent phosphorylation analysis of Xrs2, 
samples were resolved on 7.5% NextGel acrylamide gels. In vivo 
Mre11 phosphorylation events were analyzed by migration on 
6% SDS–polyacrylamide gels supplemented with 20 µM Phos-
Tag and 40 µM MnCl

2
. Xrs2 and Mre11 protein samples from 

DNA damage and cell cycle experiments, respectively, were run 
in Hoefer SE 600 Chroma electrophoresis apparatus overnight. 
For western blotting, proteins were transferred on nitrocellulose 
membranes by semi-dry transfer. Xrs2-HA or Mre11-MYC were 
detected with a mouse 12CA5 antibody (1:1000) or a mouse 
9E10 antibody (1:1000), respectively.64 Primary antibody–anti-
gen complexes were revealed with sheep anti-mouse IgGs conju-
gated to HRP.

DSB resection assays
Analysis of ssDNA formation at DSBs was performed accord-

ing to previously published procedures.17 Briefly, cells were grown 
in YEP–Raffinose medium to an OD

600
 of 0.5 before HO endo-

nuclease expression was induced by addition of 2% galactose. 
Yeast genomic DNA was purified from samples taken at 30 min 
intervals following HO induction. DNA was digested using StyI 
and XbaI enzymes and separated by electrophoresis on 1% aga-
rose gels. DNA was transferred on Hybond-N+ membrane (GE 
Healthcare) using a vacuum blotter system (BioRad). ssDNA for-
mation was measured by disappearance of 0.7- and 3-kb signal 
from probes. A probe annealing in the DNL4 gene was used as 
loading control.

NHEJ efficiency and accuracy assays
For NHEJ efficiency experiments, YCplac33 plasmid was 

digested with either SphI (3′overhang) or XmaI (5′overhang) 

and purified by gel extraction. Equal quantities of DNA were 
transformed in exponentially growing cells using the standard 
lithium acetate method. Circular YCplac33 was transformed as a 
control for plasmid transformation efficiency. Cells were plated 
on SC-URA medium, and NHEJ efficiency was measured by 
determination of the number of colonies growing after transfor-
mation with a digested plasmid relative to that obtained with an 
undigested circular plasmid.45 The procedure to determine the 
accuracy of NHEJ in mutant strains was similar to that described 
above, with few modifications. Specifically, an YCplac111-
derivative plasmid containing 2 selection markers, URA3 and 
LEU2, was cut within the LEU2 coding sequence with XcmI 
enzyme. The linearized plasmid was transformed in yeast cells 
and the overall NHEJ efficiency was determined by count-
ing yeast colonies growing on selective medium lacking uracil 
(SC-URA), as described above. To determine NHEJ accuracy, 
colonies growing on SC-URA medium were subsequently tested 
for growth on selective medium lacking leucine (SC-LEU). 
Whereas yeast growth on SC-URA medium reflects overall plas-
mid repair/re-circularization, growth on SC-LEU medium spe-
cifically indicates that the XcmI site in the LEU2 gene of the 
plasmid was precisely repaired by end-joining (i.e., thus reconsti-
tuting the wild-type sequence of the LEU2 gene). The imprecise 
NHEJ frequency was calculated as the fraction of URA3-positive 
yeast colonies unable to grow on SC-LEU medium.

Telomere length analysis
DNA from yeast cells in stationary phase was extracted and 

digested by XhoI overnight. Digested DNA was separated by 
migration on 1% agarose gel and transferred on Hybond-N+ 
membrane (GE healthcare) using a vacuum blotter system 
(BioRad). Telomeres were detected by Southern blotting using a 
radiolabeled 280-bp probe consisting of TG repeats.

I-Ppo viability
For I-Ppo viability experiments, cells were grown overnight 

in SC-URA supplemented with 0.5% glucose to prevent leaky 
expression from the GAL1 promoter. Cells were diluted to 
O.D.

600
 0.4 in SC-URA supplemented with 2% raffinose and 

were allowed to grow for 4 h at room temperature. I-PpoI expres-
sion was induced by addition of 2% galactose and blocked after 2 
h by addition of 2% glucose. To control for potential differences 
in plating efficiency of yeast strains (i.e., differences unrelated to 
I-PpoI expression), the ability of mutant and wild-type cells to 
repair I-PpoI damage is expressed as the ratio in the number of 
viable colony-forming units (CFU) immediately before and after 
2 h of induction of I-PpoI with galactose. Three independent 
experiments were performed, in which the average viability of 2 
independent clones was used.
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