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Chromosome ends, known as telomeres, have to be distinguished from DNA breaks that activate DNA damage
checkpoint. Two large protein kinases, ataxia-teleangiectasia mutated (ATM) and ATM-Rad3-related (ATR), control not
only checkpoint activation but also telomere length. In budding yeast, Mec1 and Tel1 correspond to ATR and ATM,
respectively. Here, we show that Cdc13-dependent telomere capping attenuates Mec1 association with DNA ends. The
telomeric TG repeat sequence inhibits DNA degradation and decreases Mec1 accumulation at the DNA end. The
TG-mediated degradation block requires binding of multiple Cdc13 proteins. The Mre11–Rad50-Xrs2 complex and Exo1
contribute to DNA degradation at DNA ends. Although the TG sequence impedes Exo1 association with DNA ends, it
allows Mre11 association. Moreover, the TG sequence does not affect Tel1 association with the DNA end. Our results
suggest that the Cdc13 telomere cap coordinates Mec1 and Tel1 accumulation rather than simply covering the DNA ends
at telomeres.

INTRODUCTION

DNA double-strand breaks (DSBs) are induced by exoge-
nous DNA-damaging agents and carcinogens or by endog-
enous by-products, including reactive oxygen species
(Friedberg et al., 2006). The repair of DSBs is crucial for
maintaining genome stability. All organisms respond to
DSBs by promptly launching the DNA damage response.
This response involves the recruitment of DNA repair fac-
tors and the activation of signal transduction pathways,
often termed DNA damage checkpoint pathways (Zhou and
Elledge, 2000). Activation of the checkpoint pathway in-
duces cell cycle arrest and expression of genes required for
DNA repair.

The checkpoint signals are initiated through two large
protein kinases, ataxia-teleangiectasia mutated (ATM) and
ATM-Rad3-related (ATR) (Zhou and Elledge, 2000; Abra-
ham, 2001). ATM and ATR are highly conserved among
eukaryotes. ATR is closely related to Mec1 in the budding
yeast Saccharomyces cerevisiae and Rad3 in the fission yeast
Schizosaccharomyces pombe. ATM homologues are termed
Tel1 in both budding and fission yeasts. Current evidence
indicates that the Mre11–Rad50–Nbs1 (Xrs2 in budding
yeast) complex is the primary sensor that recruits ATR/
Mec1 and ATM/Tel1 to DSBs (Nakada et al., 2003a, 2004;
Falck et al., 2005; You et al., 2005). In budding yeast, there is
compelling evidence that the Mre11–Rad50–Xrs2 (MRX)
complex collaborates with exonuclease 1 (Exo1) in the gen-
eration of single-stranded DNA (ssDNA) at DSB ends

(Krogh and Symington, 2004). ATM/Tel1 interacts with the C
terminus of Nbs1/Xrs2 to localize to DNA ends (Nakada et al.,
2003a; Falck et al., 2005; You et al., 2005). Meanwhile, the
ssDNA that is generated at the DSB is covered with replication
protein A (RPA) (Wold, 1997; Krogh and Symington, 2004).
RPA-covered DNA recruits ATR/Mec1 to a region near the
DSB end (Zou and Elledge, 2003; Nakada et al., 2005). ATM
and ATR activate the downstream kinases CHK1 and CHK2
with assistance of checkpoint mediators, including 53BP1,
BRCA1, and MDC1 (Zhou and Elledge, 2000; Bakkenist and
Kastan, 2004). In budding yeast, Tel1 plays a minor role in
the response to DSBs, because Mec1 has a predominant role
(Morrow et al., 1995; Sanchez et al., 1996). After exposure to
DSB-inducing agents, Tel1 checkpoint function is observed
only in hypomorphic mec1 mutants (Nakada et al., 2003a,b).
Mec1 and Tel1 phosphorylate the Rad9 checkpoint mediator
and in turn activate the CHK2-related Rad53 protein (Gilbert
et al., 2001; Schwartz et al., 2002; Sweeney et al., 2005). Acti-
vated Rad53 becomes hyperphosphorylated and further
phosphorylates downstream targets (Sanchez et al., 1996;
Sun et al., 1996).

The ends of chromosomes, termed telomeres, contain a
double-stranded DNA region of tandem repeats (e.g., hu-
man, T2AG3; budding yeast, TG1–3 [TG]) and a 3�-protrud-
ing ssDNA region of the G-rich strand (Vega et al., 2003;
Smogorzewska and de Lange, 2004). Due to the inability of
the DNA replication machinery to copy the most distal
telomere sequences, telomeric DNA progressively decreases
in length as cells undergo successive cell divisions. To cir-
cumvent this problem, cells maintain telomeres by the action
of telomerase (Est2 in budding yeast and TERT in human), a
reverse transcriptase that uses its associated RNA as a tem-
plate to elongate the G tail (Lingner et al., 1997; Meyerson et
al., 1997; Nakamura et al., 1997). The single-stranded tails on
telomeres are covered with the sequence-specific ssDNA-
binding proteins, such as Cdc13 in budding yeast and POT1
in mammals (Nugent et al., 1996; Baumann and Cech, 2001).
Cdc13 and POT1 act as telomere caps to protect telomeres
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from degradation (Garvik et al., 1995; Hockemeyer et al.,
2005). Cdc13 plays an additional role in recruitment of the
telomerase complex to the chromosome ends (Pennock et al.,
2001). The maintenance of telomere structure and length is
crucial for telomere homeostasis, because dysfunctional or
shortened telomeres activate a checkpoint response that is
mediated through the ATM and ATR family proteins
(d’Adda di Fagagna et al., 2004; de Lange, 2005). However,
the ATM and ATR family proteins are also required for
proper maintenance of telomeres (Greenwell et al., 1995;
Metcalfe et al., 1996; Ritchie et al., 1999). Recent evidence
suggests that addition of telomeric TG repeats adjacent to
DSBs inhibits the activation of checkpoint response in bud-
ding yeast (Michelson et al., 2005). However, it is not clear
how telomeres control ATR/Mec1 and ATM/Tel1 to inhibit
checkpoint responses.

In this study, we adopted a system that was originally
developed to examine de novo telomere synthesis, and we
investigated the mechanism by which the TG repeats inhibit
checkpoint signaling from the adjacent DNA ends. Cdc13
telomere capping blocks ssDNA accumulation at the DNA
end. We show that telomere capping depends on binding of
multiple Cdc13 proteins. The Cdc13 telomere cap inhibits
Mec1 association with the DNA end, thereby attenuating
checkpoint activation. However, the telomere cap does not
affect Tel1 association with the DNA end. Our results sug-
gest that the Cdc13 telomere cap does not simply hide the
DNA end from the checkpoint machinery; rather, it coordi-
nates localization of Mec1 and Tel1 to telomeres.

MATERIALS AND METHODS

Plasmids and Strains
To prepare the KanMX-marked TG-HO cassette, the KanMX module (Wach et
al., 1994) was amplified by polymerase chain reaction (PCR) and then di-
gested with HindIII and XhoI. The resulting DNA fragment was cloned into
HindIII-XhoI–digested pSD155 (Diede and Gottschling, 1999) to generate
pTG-HO. To create the pTG-HO-CA plasmid, the 81-base pair TG sequence
was first added into the TG-HO cassette by PCR. The PCR fragment was
digested with EcoRI and NotI and cloned into the EcoRI/NotI sites of pTG-
HO. The pTG-HO-CA plasmid was cleaved with EcoRI and XhoI, treated
with Klenow, and self-ligated to generate pHO-CA. The EcoRI–XhoI diges-
tion removes the 81-base pair TG sequence and its adjacent 55-base pair
sequence. The pHO plasmid was constructed as follows. First, pSD155 was
amplified by PCR to create MfeI and SpeI sites deleting the HO site and TG
sequence. The PCR fragment was digested with MfeI and SpeI and ligated
with an EcoRI–SpeI fragment containing the HO cleavage site (Nakada et al.,
2003a). Oligonucleotides containing an 11-base pair TG sequence were in-
serted into EcoRI-XhoI–treated pTG-HO-CA, generating pTG11-HO-CA. Like-
wise a 22-base pair TG sequence was cloned to create pTG22-HO-CA. All the
aforementioned plasmids were digested with NotI and SalI to integrate the
cassettes into the MATa-inc strain (Nakada et al., 2003a). YCp-CDC13-EST1
(pVL1091) (Evans and Lundblad, 1999) was obtained from V. Lundblad (Salk
Institute, La Jolla, CA). The EST1 coding sequence was amplified by PCR and
cloned into YCplac111 (Gietz and Sugino, 1988) carrying the ADH1 promoter,
generating YCp-ADH1-EST1. The CDC13-STN1 in-frame fusion was con-
structed as follows. The 5�-noncoding and the coding region of CDC13 was
amplified by PCR by using YCp-CDC13 (pVL440) (Hughes et al., 2000) as a
template. The PCR removed the termination codon of CDC13, creating an
NcoI site for fusion. The STN1 coding and 3�-noncoding region was amplified
from genomic DNA by PCR. The STN1 gene possesses an NcoI site at the
translation initiation codon. The CDC13 fragment was digested with PstI and
NcoI, whereas the STN1 fragment was digested with NcoI and SacI. The
resulting fragments were cloned into PstI–SacI-treated YCplac111, generating
YCp-CDC13-STN1. The CDC13-STN1 construct is functional; it suppresses
temperature-sensitive growth defect of both cdc13-1 and stn1-13 mutants. The
cdc13-1 and stn1-13 strains were obtained from M. Charbonneau (Ecole
Normale Superìeure de Lyon, Lyon, France) (Grandin et al., 2001). Epitope
tagging of EXO1 and MRE11 was performed by a PCR-based strategy (Knop
et al., 1999; Hirano and Sugimoto, 2006). The CDC13-myc strain was con-
structed using the integration plasmid as described previously (Taggart et al.,
2002). The RFA1-HA strain was generated using YIp-RFA1-HA (obtained from T.
Naiki, Nagoya University, Nagoya, Japan) after NheI digestion. Integration of
each gene was confirmed by PCR. Other mutations were described previously
(Nakada et al., 2003a). All the strains used in this study are isogenic, and they are

listed in Table 1. YCpA-GAL-HO and YCpT-RAD53-HA were described previ-
ously (Nakada et al., 2003a).

Southern Blot Assays
Purified genomic DNA was digested with BsaBI and HindIII, separated on
2.0% agarose gel and transferred to a Hybond nylon membrane (GE Health-
care, Little Chalfont, Buckinghamshire, United Kingdom). Electrophoresis
was performed in TAE buffer (Tris-acetate-EDTA). Hybridization DNA
probes were prepared as follows. To generate the probe A, a 500-base pair
DNA fragment, corresponding to the region proximal to the HO site, was
amplified by PCR by using pTG-HO as a template. The resulting DNA
fragment and a 310-base pair DNA fragment derived from the SMC2 locus
were fused by PCR. A 510-base pair DNA fragment distal to the HO site was
amplified by PCR and similarly fused to the DNA fragment from the SMC2
locus, creating the probe B. DNA probes were labeled with DIG-High prime
(Roche Diagnostics, Indianapolis, IN) and detected with anti-Digoxigenin-
POD (Roche Diagnostics). Hybridization was performed according to the
manufacturer’s instructions.

Chromatin Immunoprecipitation (ChIP) Assay
Chromatin immunoprecipitation was performed using anti-hemagglutinin
(HA) (16B2) or anti-myc (9E10) antibodies as described previously (Hirano
and Sugimoto, 2006). The PCR reaction was performed under nonsaturating
conditions, in which the rate of PCR amplification was proportional to sub-
strate concentration and cycling. Quantification of immunoprecipitated
DNAs was achieved by using a real-time PCR detection system (Bio-Rad,
Hercules, CA). For quantitation, signals from near the DSB (HO) were nor-
malized to a control signal from a region in SMC2. The signals were also
normalized to the input signal for each primer set. Finally, the PCR amplifi-
cation ratio was normalized using the values before HO induction. The
sequences of primers for the HO set were 5�-GTTGTTTCTGAAACATG-
GCAAAGG-3� and 5�-CAACCAAACCGTTATTCATTCGTG-3�, and those for
the SMC2 locus were 5�-AAGAGAAACTTTAGTCAAAACATGGG-3� and
5�-CCATCACATTATACTAACTACGG-3�.

Other Methods
Degradation of DNA ends and kinase activity of Rad53 were measured as
described previously (Nakada et al., 2003a). Immunoblotting analysis and

Table 1. Strains used in this study

KSC2214 VII-L::KanMX-TG-HO
KSC2215 VII-L::KanMX-HO-CA
KSC2216 VII-L::KanMX-TG-HO-CA
KSC2217 VII-L::KanMX-HO
KSC2218 VII-L::KanMX-HO-CA sml1�::LEU2
KSC2219 VII-L::KanMX-HO-CA sml1�::LEU2 mec1�::LEU2
KSC2221 VII-L::KanMX-HO-CA MEC1-HA::TRP1
KSC2222 VII-L::KanMX-TG-HO-CA MEC1-HA::TRP1
KSC2224 VII-L::KanMX-HO-CA CDC13-myc::TRP1

RFA1-HA::LEU2
KSC2225 VII-L::KanMX-TG-HO-CA CDC13-myc::TRP1

RFA1-HA::LEU2
KSC2226 VII -L::KanMX-TG-HO-CA cdc13-1
KSC2227 VII-L::KanMX-TG-HO-CA cdc13-1-myc::TRP1

RFA1-HA::LEU2
KSC2228 VII-L::KanMX-TG-HO-CA cdc13-1 MEC1-HA::TRP1
KSC2229 VII-L::KanMX-TG11-HO-CA
KSC2230 VII-L::KanMX-TG22-HO-CA
KSC2231 VII-L::KanMX-TG11-HO-CA CDC13-myc::TRP1

RFA1-HA::LEU2
KSC2238 VII-L::KanMX-HO-CA MRE11-myc::TRP1

TEL1-HA::TRP1
KSC2239 VII-L::KanMX-TG-HO-CA MRE11-myc:: TRP1

TEL1-HA::TRP1
KSC2240 VII-L::KanMX-HO-CA EXO1-HA::TRP1
KSC2241 VII-L::KanMX-TG-HO-CA EXO1-HA::TRP1
KSC2242 VII-L::KanMX-TG-HO-CA EXO1-HA::TRP1 cdc13-1
KSC2258 VII-L::KanMX-TG22-HO-CA CDC13-myc::TRP1

RFA1-HA::LEU2

All the strains are isogenic to KSC1514 (MATa-inc ade1 his2 leu2 trp1
ura3) (Nakada et al., 2003a).
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viability assay after HO-induced DNA breaks were performed as described
previously (Wakayama et al., 2001; Hirano and Sugimoto, 2006).

RESULTS

The 81-Base Pair TG Repeat Inhibits Checkpoint
Signaling from the Adjacent DNA End
To investigate the mechanism by which telomeres control
the checkpoint response, we used a system that was origi-
nally developed to examine de novo telomere synthesis
(Diede and Gottschling, 1999, 2001). This system contains an
81-base pair TG repeat sequence (TG81) placed adjacent to a
30-base pair HO cleavage site inserted at the ADH4 locus.
The ADH4 locus is located 15 kb from the left telomere of
chromosome VII. The original TG-HO cassette is marked
with the ADE2 gene (Diede and Gottschling, 1999, 2001). We
have modified the de novo telomere synthesis system as
follows. To facilitate detecting specific signals in hybridiza-
tion analysis and ChIP assay, we marked the ADH4 locus
with the KanMX gene (Wach et al., 1994) (Figure 1A). DSB
ends are degraded by 5�-to-3� exonuclease activities (White
and Haber, 1990), and it is estimated that the 5�-to-3� deg-
radation occurs at the rate of 4 kb/h (Vaze et al., 2002).
Because the ADH4 locus is only 15 kb away from the telo-
mere, we considered the possibility that the completion of
the 5�-to-3� degradation of the 15-kb DNA fragment might
attenuate the checkpoint activation. We therefore con-
structed two additional cassettes containing TG81; one cas-
sette containing TG distal to the HO cleavage site (HO-CA),
and another cassette containing TG on both sides of the HO
cleavage site (TG-HO-CA). As a control, we also prepared a
cassette containing no TG repeat sequence (HO). This HO
cassette contains a 300-base pair fragment containing the
HO cleavage site of the MATa locus, because HO does not
induce a DSB at the ADH4 locus containing the 30-base pair
HO cleavage site (data not shown). All the cassettes were
integrated into the ADH4 locus of the strain in which the
MATa locus is replaced with the noncleavable MATa-inc
allele (Nakada et al., 2003a) (Figure 1A).

We first examined the Rad53 phosphorylation after HO
expression in HO, HO-CA, TG-HO and TG-HO-CA cells
(Figure 1B). Cells expressing HA-tagged Rad53 (Rad53-HA)
were transformed with the GAL-HO plasmid. Transformed
cells were grown in sucrose to maintain the GAL promoter
inactive and arrested with nocodazole at G2/M. After arrest,
cells were incubated with galactose to induce HO expres-
sion. Cells were collected at various times and subjected to
immunoblotting analysis with anti-HA antibodies. Rad53
phosphorylation can be detected as a slowly migrating form
on immunoblots (Sanchez et al., 1996; Sun et al., 1996). In HO
cells, phosphorylation became detectable 2 h after HO ex-
pression and persisted for at least 6 h. Rad53 was fully
phosphorylated in TG-HO cells, but phosphorylation be-
came less evident at 5 h and nearly undetectable at 6 h.
Interestingly, phosphorylation was significantly inhibited in
TG-HO-CA cells. However, no phosphorylation inhibition
was observed in HO-CA cells; Rad53 was phosphorylated
similarly in HO and HO-CA cells.

To confirm that the TG81 sequence promotes telomere
addition, we monitored telomere addition at the DNA ends
in these cells (Figure 1, C and D). Cells transformed with the
GAL-HO plasmid were treated as described above to induce
HO expression. DNA samples were collected at various
times and examined by Southern blot analysis. DSBs were
generated within 1 h after HO expression, as evidenced by
the appearance of the cleaved fragments (CUT and CUT’)
and the disappearance of the intact DNA fragment (PRE).

The CUT and CUT’ fragments were elongated if the DNA
contained the TG81 sequence at the end, consistent with the
observation that the TG81 sequence acts as a telomere seed
and promotes telomere addition at the DNA end (Diede and
Gottschling, 1999). However, detection of the CUT or CUT’
fragment became weaker over the course of the experiment
if the DNA contained no TG sequence at the end. Thus,
telomeres were added at DNA ends containing TG81 (TG81
ends), but not at those containing no TG sequence (TG(�)
ends), in TG-HO, HO-CA and TG-HO-CA cells.

We next investigated DNA degradation at DNA ends of
HO-induced DSBs in TG-HO, HO-CA, and TG-HO-CA cells
(Figure 1, E and F). We first monitored DNA degradation
of the centromere-proximal DSB ends (Figure 1E). Both
strands of the TG81 ends were well protected in TG-HO and
TG-HO-CA cells. Unprotected DSB ends are degraded by
5�-to-3�exonuclease activities, thereby generating 3�-ended
ssDNA tracts (White and Haber, 1990). Consistently, the 5�
termini of the TG(�) ends in HO-CA cells were immediately
degraded, whereas the 3� termini were protected from DNA
degradation. We next monitored DNA degradation of the
centromere-distal DSB ends (Figure 1F). Again, both strands
of the TG81 end were preserved in HO-CA and TG-HO-CA
cells, consistent with the telomere addition. However, the
TG(�) end in TG-HO cells behaved differently from unpro-
tected DSB ends, such as the centromere-proximal TG(�)
end in HO-CA cells (Figure 1E). The 5� termini of the TG(�)
ends in TG-HO cells were largely degraded 3 h after HO
expression. Curiously, degradation of the 3� termini also
proceeded with slow kinetics; its destruction was unclear at
3 h but became apparent at 6 h after HO expression. These
results raised a possibility that the distal DNA fragment
largely disappears in TG-HO cells within 6 h. To address the
possibility, we further monitored DNA degradation near the
endogenous telomere (Figure 1G). Given that the 5�-to-3�
degradation occurs at the rate of 4 kb/h (Vaze et al., 2002),
the distal DNA fragment that is generated by HO cleavage
could be converted to ssDNA within 4 h. Indeed, retention
of the 5�-to-3�-degraded strand was quite low at 6 h after HO
expression in TG-HO cells, suggesting that the 5�-to-3� deg-
radation was nearly completed. Again, the other strand was
largely degraded at 6 h after HO expression. Thus, both
strands of the distal DNA fragments disappeared in TG-HO
cells after DSB induction during the time course, indicating
that completion of 5�-to-3� degradation or subsequent loss of
the distal DNA fragment results in decreased Rad53 phos-
phorylation in TG-HO cells. Together, these results suggest
that the presence of the TG sequence inhibits checkpoint
signaling only from its own DNA end.

The TG Sequence Inhibits the Mec1 Checkpoint Pathway
Mec1 plays a central role in the cellular response to HO-
induced DSBs, whereas Tel1 plays a minor role (Nakada et
al., 2003a). Consistently, Rad53 phosphorylation in HO-CA
cells was largely dependent on Mec1 function; phosphory-
lation was undetectable in HO-CA cells carrying a mec1�
mutation (Figure 2A). Moreover, Rad53 kinase activity after
HO expression was significantly decreased in HO-CA mec1�
cells (Figure 2B). Weak Rad53 activation was detectable in
TG-HO-CA cells (Figure 2B). However, activation of Rad53
kinase in TG-HO-CA cells was similar to that in HO-CA
mec1� cells. These results indicate that the TG sequence
attenuates Mec1-mediated checkpoint signaling. Interest-
ingly, some Rad53 activation was still observed in TG-
HO-CA mec1� cells (Figure 2B), suggesting that Tel1 re-
sponds to DSBs containing the TG81 end (see below).
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Figure 1. Checkpoint activation in response to HO-induced DSBs. (A) Schematic of the HO cleavage site and TG repeats at the ADH4 locus
on chromosome VII-L. The ADH4 locus was replaced with the KanMX gene and cassettes containing an HO cleavage site (inverted triangle)
and 81 base pairs of TG repeat sequence (3 repetitive arrowheads) in different combinations. The TG sequence was inserted centromere-
proximal to the HO site in TG-HO cells, distal to the HO site in HO-CA cells, and on both sides of the HO site in TG-HO-CA cells. The HO
strain does not contain the TG sequence. The arrowheads indicate the direction of telomere elongation. Centromere is shown as a circle on
the left. The HO site is located 15 kb from the endogenous telomere of VII-L (6 repetitive arrowheads). The probe A and B were used to
monitor telomere synthesis by Southern blot. Strand-specific oligonucleotides, sequences of which are 2 kb away from the HO site (solid and
dotted bars) and 5 kb away from the endogenous telomere (zigzag lines), were used to examine DNA degradation. The HO primer pair was
designed to amplify a region 1 kb apart from the HO site. (B) Effect of the 81-base pair TG repeat sequence on Rad53 phosphorylation after
DSB induction. HO, HO-CA, TG-HO, and TG-HO-CA cells carrying YCpT-RAD53-HA were transformed with the GAL-HO plasmid.
Transformed cells were grown in sucrose and synchronized at G2/M with nocodazole. After arrest, the culture was incubated with galactose
to induce HO expression. Aliquots of cells were collected at the indicated times after HO expression and cell extracts were analyzed by
immunoblotting analysis with anti-HA antibodies. (C) Telomere addition at the centromere-proximal end of HO-induced DSBs. HO-CA,
TG-HO, and TG-HO-CA cells were transformed with the GAL-HO plasmid and cultured as described in B. Cells were harvested at the
indicated times after HO expression. Genomic DNA was digested with HindIII and BsaBI and then analyzed by Southern blot by using the
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Because accumulation of Mec1 at sites of DNA damage
correlates with activation of the Mec1 pathway (Nakada et
al., 2004), we asked whether the TG81 sequence decreases
Mec1 accumulation at the adjacent DSB end. We monitored
Mec1 association with TG(�) or TG81 ends in HO-CA or
TG-HO-CA cells, respectively, by ChIP assay (Figure 3A).

Cells expressing Mec1-HA were transformed with the
GAL-HO plasmid. Transformants were grown initially in
sucrose to inhibit HO expression and incubated with no-
codazole to arrest at G2/M. After arrest, galactose was
added to induce HO expression. Cells were collected at
various times, and extracts were prepared after formalde-
hyde cross-linking were subjected to immunoprecipitation
with anti-HA antibodies. Coprecipitated DNA was ampli-
fied by PCR by using the HO primer set for a region near the
HO cleavage site at the ADH4 locus on chromosome VII
(Figure 1A) and the primer set for the SMC2 locus, which
contains no HO cleavage site on chromosome VI. PCR am-
plification with the HO primer set was detected at the TG(�)
end after HO expression (Figure 3A). In contrast, there was
no increase in the PCR product amplified from the SMC2
locus (Figure 3A). No PCR amplification was detected with
cells expressing untagged Mec1 proteins (data not shown).
Thus, Mec1 associates efficiently with the TG(�) end. How-
ever, the TG sequence reduced Mec1 association with the
adjacent DNA end; Mec1 associated poorly with the TG81

end (Figure 3A). We then monitored association of RPA and
Cdc13 with TG(�) or TG81 ends (Figure 3B). RPA is a
heterotrimeric ssDNA binding protein, which consists of
Rfa1, Rfa2, and Rfa3 in budding yeast (Wold, 1997). At
telomeres, another ssDNA binding protein, Cdc13, covers
single-stranded TG regions (Nugent et al., 1996). Cells ex-
pressing HA-tagged Rfa1 and myc-tagged Cdc13 were
transformed with the GAL-HO plasmid and analyzed as
described above by ChIP assay by using anti-HA and anti-
myc antibodies. Similar to Mec1 association, Rfa1 associa-
tion was readily detected at TG(�) ends but its association
was decreased at TG81 ends. In sharp contrast, Cdc13 asso-
ciation was clearly detected at TG81 ends whereas only weak
association was observed at TG(�) ends. No association was
detected with untagged cells (data not shown). Association
of Cdc13 with TG81 ends is consistent with the fact that
telomere addition occurs at the DNA end. These results are
consistent with the current model in which RPA covers long
ssDNA tracts and recruits Mec1 to the ssDNA regions (Zou
and Elledge, 2003; Nakada et al., 2005).

Cdc13 Is Required for Inhibition of Mec1 Association with
the TG81 DNA End
We next asked whether checkpoint inhibition at the TG81

end requires Cdc13 function. When cdc13-1 mutants are
shifted to the restrictive temperature, cells generate long
tracts of ssDNA at telomere ends (Garvik et al., 1995). Cells
containing the CDC13 wild-type or cdc13-1 mutant gene
were transformed with the GAL-HO plasmid. Transfor-
mants were grown in sucrose at the permissive temperature
(23°C) and arrested with nocodazole at G2/M. After arrest,
cells were incubated with galactose at the restrictive temper-
ature (32°C). Consistent with the role of Cdc13 in DNA end
protection, the 5�-to-3� degradation of the TG81 end was
observed in cells carrying the cdc13-1 mutation (Figure 3C).
Accordingly, association of Rfa1 and Mec1 with the TG81

end was increased in cdc13-1 mutants (Figure 3, D and E).
Previous studies showed that Mec1 localizes to telomeric
regions in cdc13-1 mutants at the restrictive temperature
(Rouse and Jackson, 2002). Together, these results indicate
that Cdc13 is critical for inhibition of Mec1 association with
the TG81 end, and suggest that the TG81 end behaves like an
endogenous telomere to attenuate checkpoint signaling.

Figure 1 (cont). probe A. The band labeled PRE indicates the
1-kbp HindIII–BsaBI fragment containing the HO site. After cleav-
age with HO, this band is converted into a new band (0.47 or 0.60
kbp, marked CUT). Telomere addition retards migration of the CUT
fragment. The probe A also detects a 1.8-kbp HindIII fragment from
the SMC2 locus on chromosome VI. This band is marked INT and
serves as a loading control. (D) Telomere addition at the centro-
mere-distal end of HO-induced DSBs. The same DNAs used for C
were analyzed by Southern blot by using the probe B. The band
labeled PRE indicates the 1-kbp HindIII–BsaBI fragment containing
the HO site. After cleavage with HO, this band is converted into a
new one (0.40 or 0.48 kbp, marked CUT’). Telomere addition retards
migration of the CUT’ fragment. The probe B also detects a 1.8-kbp
HindIII fragment (INT) from the SMC2 locus as a loading control.
(E) DNA degradation of the centromere-proximal DSB end.
Genomic DNA prepared in C was fixed on a membrane and probed
with 32P-labeled oligonucleotides each complementary to a 5�-to-3�–
degrading strand (left) or 3�-to-5�–degrading strand (right) of a
region 2 kb proximal to the HO site. (F) DNA degradation of the
centromere-distal DSB end. Genomic DNA was analyzed as in E by
using 32P-labeled oligonucleotides each complementary to a 5�-to-
3�–dagrading strand (left) or 3�-to-5�–degrading strand (right) of a
region 2 kb distal to the HO site. To facilitate comparison, the
retention curve of the 5�-to-3�–degrading strand of a region 2kb distal
to the HO site in TG-HO cells is included (a broken line). (G) DNA
degradation of a region near the endogenous telomere. Genomic DNA
was analyzed as in E using 32P-labeled oligonucleotides each comple-
mentary to a 5�-to-3�–degrading strand (left) or 3�-to-5�–degrading
strand (right) of a region 5 kb apart from the endogenous telomere. The
retention curve of the 5�-to-3�–degrading strand of a region 2 kb distal
to the HO site in TG-HO cells is included as in F.

Figure 2. Effect of mec1� mutation on checkpoint activation after
HO-induced DSBs. (A) Effect on Rad53 phosphorylation. HO-CA
and HO-CA mec1� cells carrying YCpT-RAD53-HA were trans-
formed with the GAL-HO plasmid and analyzed by immunoblot-
ting analysis as described in Figure 1B. The strains contain an sml1�
mutation to rescue the viability loss associated with mec1� muta-
tion. (B) Effect on Rad53 kinase activity. HO-CA, HO-CA mec1�, TG-
HO-CA, and TG-HO-CA mec1� cells carrying YCpT-RAD53-HA and
YCpA-GAL-HO were treated as described in Figure 1B to induce
HO expression. Extracts were prepared from cells and subjected to
immunoprecipitation with anti-HA antibodies. Kinase activities of
the immunoprecipitated Rad53 proteins were analyzed using his-
tone H1 as a substrate. Autoradiogram shows 32P incorporation into
histone H1 (top). The amount of Rad53 proteins used for the kinase
assay was determined by immunoblotting with anti-HA antibodies
(bottom). The strains contain an sml1� mutation to rescue the via-
bility loss associated with mec1� mutation.
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Binding of Multiple Cdc13 Proteins Is Required for DNA
End Protection and Telomere Addition
Cdc13 binds to a minimum 11-base telomeric substrate in
vitro (Hughes et al., 2000). We therefore examined whether a
shorter TG sequence supports telomere addition or DNA
end protection. To this end, we constructed TG11-HO-CA
and TG22-HO-CA cells, in which the 81-base pair TG se-
quence at the centromere-proximal side of the HO site was
replaced with 11- or 22-base pair TG sequence, respectively.
We first determined viability of HO-CA, TG-HO-CA, TG11-
HO-CA, and TG22-HO-CA cells after HO expression (Figure
4A). More than 90% of TG-HO-CA cells retained viability,
whereas only 0.02% of HO-CA cells survived. The 22-base
pair TG sequence fully rescued the viability loss; TG22-
HO-CA cells were as viable as TG-HO-CA cells. In contrast,
only 5% of TG11-HO-CA cells were viable after HO expres-
sion. We then examined Cdc13 binding to the adjacent DNA
end in these cells by ChIP assay (Figure 4B and Supplemen-
tal Figure 1). Cdc13 was found to associate with the TG11
end; the TG11 end was more enriched than the TG(�) end.
However, Cdc13 associated more efficiently with the TG22
and the TG81 end than the TG11 end (1.5-fold and 3-fold
enrichment of the TG22 and the TG81 end, respectively). We
monitored telomere addition at the DNA ends in TG11-
HO-CA and TG22-HO-CA cells (Figure 4C). Although the

TG11 construct supports Cdc13 binding in vivo, no apparent
telomere addition was detected at the TG11 end. In contrast,
telomere addition occurred efficiently at the TG22 end; telo-
mere extension at TG22 ends was more prominent than that
at TG81 ends. We next investigated whether the TG11 and
TG22 constructs protect DNA ends and inhibit DNA check-
point activation (Figure 4, D and E). The 11-base pair TG
sequence did not protect the DNA end; the 5�-to-3� degra-
dation occurred at the TG11 end as fast as at the TG(�) end
(Figure 4D). Moreover, no checkpoint inhibition was ob-
served with the 11-base pair TG sequence; Rad53 was phos-
phorylated after HO expression in TG11-HO-CA cells as
observed in HO-CA cells (Figure 4E). The TG22 construct
partially suppressed the 5�-to-3� DNA degradation; 3�-ended
ssDNA was still accumulated at the TG22 end (Figure 4D).
Correspondingly, Rad53 was phosphorylated after HO ex-
pression in TG22-HO-CA cells (Figure 4E). Biochemical ex-
periments have shown that multiple Cdc13 proteins bind to
longer TG repeat sequence (Hughes et al., 2000). Together,
these observations indicate that binding of multiple Cdc13
proteins is required for both telomere addition and end
protection.

Cdc13 has been proposed to recruit the telomerase com-
plex and the end-protection complex to telomeres. Indeed,
delivery of telomerase and Stn1 to telomeres, by fusing the

Figure 3. Association of Mec1, Rfa1, and Cdc13 with the TG81 end in wild-type and cdc13-1 cells. (A) Association of Mec1 with a region near
the TG(�) or TG81 end. HO-CA (TG(�)) and TG-HO-CA (TG81) cells expressing Mec1-HA were transformed with the GAL-HO plasmid and
cultured as described in Figure 1B. Aliquots of cells were collected at the indicated times after HO expression and subjected to ChIP assay.
PCR was done with the HO primer pair (see Figure 1A) and the SMC2 primer pair for the control SMC2 locus on chromosome VI. PCR
products from the respective input extracts are shown in a bottom panel. (B) Association of Rfa1 and Cdc13 with the TG(�) or TG81 end.
HO-CA (TG(�)) and TG-HO-CA (TG81) cells expressing Rfa1-HA and Cdc13-myc were analyzed by ChIP assay as described in A. (C) Effect
of cdc13-1 mutation on DNA degradation at TG81 ends. HO-CA (TG(�)), TG-HO-CA (TG81), and TG-HO-CA (TG81) cdc13-1 cells were
transformed with the GAL-HO plasmid. Transformed cells were grown in sucrose at 23°C and synchronized at G2/M with nocodazole. After
synchronization, the culture was incubated with galactose and concomitantly shifted to 32°C. Aliquots of cells were collected at the indicated
times after HO expression and analyzed as described in Figure 1E to examine the rate of degradation of the centromere-proximal DSB end.
(D) Rfa1 association with the TG81 end in cdc13-1 mutants. HO-CA (TG(�)), TG-HO-CA (TG81), and TG-HO-CA (TG81) cdc13-1 cells expressing
Rfa1-HA were transformed with the GAL-HO plasmid. Cells were treated as in C and subjected to ChIP assay as described in A. (E) Mec1
association with the TG81 end in cdc13-1 mutants. HO-CA (TG(�)), TG-HO-CA (TG81), and TG-HO-CA (TG81) cdc13-1 cells expressing
Mec1-HA were analyzed by ChIP assay as described in D.
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DNA binding domain of Cdc13, can rescue the lethality and
telomere replication defect of a cdc13 null strain (Pennock et
al., 2001). We first addressed whether binding of multiple
Cdc13 proteins is required for telomerase recruitment. To
this end, we examined the effect of Cdc13-Est1 fusion on
survival of TG11-HO-CA cells after HO expression (Figure
5A). Expression of Cdc13–Est1 proteins suppressed the col-
ony-formation defect of TG11-HO-CA cells, whereas high
dosage of neither CDC13 nor EST1 rescued. Moreover,
Cdc13–Est1 expression promoted telomere addition and end
protection at the TG11 end (Figure 5, B and C). Accordingly,
recovered TG11-HO-CA cells expressing the Cdc13–Est1
protein contained telomeres (Supplemental Figure 2). Be-
cause Cdc13 binding requires an 11-base-long TG repeat,
recruitment of a single copy of Cdc13-Est1 seems to promote
telomere addition at the TG11 end. These results suggest that
binding of multiple Cdc13 proteins promotes telomerase
recruitment. However, we cannot rule out a possibility that
the Cdc13–Est1 fusion increases associated telomerase activ-
ity. The observed end protection is likely to result from
telomere addition, which in turn recruits more Cdc13 pro-
teins. To address whether binding of multiple Cdc13 pro-
teins is required for recruitment of the end protection com-
plex, we examined the effect of Cdc13–Stn1 fusion on DNA

degradation in TG11-HO-CA cells (Figure 5D). No apparent
suppression was observed with the Cdc13–Stn1 protein,
suggesting that the Stn1 recruitment itself is not enough to
protect TG11 ends from DNA degradation.

Cdc13-mediated Telomere Capping Does Not Inhibit Tel1
Recruitment to the DNA End
The aforementioned findings have suggested that binding of
multiple Cdc13 proteins is required to block DNA degrada-
tion at telomeres. Degradation of DNA ends requires func-
tions of the MRX complex (Ivanov et al., 1994; Lee et al.,
1998). Because the MRX complex associates with DSB ends,
we hypothesized that the Cdc13 telomere cap inhibits asso-
ciation of the MRX complex with DNA ends. We therefore
examined Mre11 association with the TG(�) or TG81 end by
ChIP assay (Figure 6A). The 81-base pair TG sequence did
not decrease Mre11 association with the adjacent DSB end;
Mre11 associated similarly with the TG81 and TG(�) ends.
Because Tel1 interacts with the C terminus of Xrs2 to localize
to DSB ends (Nakada et al., 2003a), we examined whether the
TG sequence impedes Tel1 association with the adjacent
DNA end (Figure 6B). Again, Tel1 associated efficiently with
the TG81 end. Thus, the TG sequence does not affect MRX

Figure 4. Effect of the TG repeat length on telomere maintenance. (A) Effect of the TG repeat length on cell viability after DSB induction.
TG-HO-CA (TG81), HO-CA (TG(�)), TG11-HO-CA (TG11), and TG22-HO-CA (TG22) cells were transformed with the GAL-HO plasmid.
Transformed cells were grown in sucrose and then plated out on either glucose or galactose medium selectable for the plasmid. Viability was
estimated from colony formation ability on galactose medium. The bars represent SEs. TG11-HO-CA and TG22-HO-CA cells contain 11- and
22-base pair TG sequences, respectively, on the centromere-proximal side of the HO site. (B) Effect of the TG length on Cdc13 association with
DNA ends. HO-CA (TG(�)), TG11-HO-CA (TG11), TG22-HO-CA (TG22), and TG-HO-CA (TG81) cells expressing Cdc13-myc were subjected to
ChIP as described in Figure 3A, and precipitated DNA was analyzed by real-time PCR. Cdc13 enrichment was calculated from three
independent experiments. The bars represent SEs. (C) Effect of the 11- and 22-base pair TG sequence on telomere addition. HO-CA (TG(�)),
TG11-HO-CA (TG11), TG22-HO-CA (TG22), and TG-HO-CA (TG81) cells were analyzed by Southern blot by using the probe A as described
in Figure 1C. (D) Effect of the 11- and 22-base pair TG sequence on DNA degradation at DNA ends. HO-CA (TG(�)), TG11-HO-CA (TG11),
TG22-HO-CA (TG22), and TG-HO-CA (TG81) cells were transformed with the GAL-HO plasmid and analyzed as described in Figure 1E to
determine the DNA degradation rate of the centromere-proximal DSB end. (E) Effect of the 11- and 22-base pair TG sequence on Rad53
phosphorylation after DSB induction. HO-CA (TG(�)), TG11-HO-CA (TG11), TG22-HO-CA (TG22), and TG-HO-CA (TG81) cells carrying
YCpT-RAD53-HA were transformed with the GAL-HO plasmid and analyzed by immunoblotting analysis as described in Figure 1B.
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association or Tel1 association with the adjacent DNA end.
Exo1 possesses a 5�-to-3� exonuclease activity and acts re-
dundantly with the MRX complex in DNA degradation of
DSB ends (Moreau et al., 2001; Nakada et al., 2004). We
further examined whether Exo1 localizes to the TG81 end by
ChIP assay (Figure 6C). Although Exo1 associated with the
TG(�) end, no association with the TG81 end was detected.
As shown above, the TG81 end is degraded in cdc13-1 mu-
tants. Accordingly, Exo1 association was restored in cdc13-1
mutants at the restrictive temperature (Figure 6D). These
results indicate that the Cdc13 telomere cap acts differently

on the MRX complex and Exo1, thereby modulating Mec1
and Tel1 recruitment to the DNA end.

DISCUSSION
DNA ends are degraded by 5�-to-3� exonuclease activities,
generating long ssDNA tracts at the 3� ends (White and Haber,
1990). In turn, RPA covers the ssDNA region, promoting the
recruitment of Mec1 to the DSB ends (Zou and Elledge, 2003).
However, the telomeric TG sequence blocks DNA degradation,
decreasing RPA and Mec1 association with the adjacent DSB

Figure 5. Effect of Cdc13-Est1 or Cdc13-Stn1
fusion on telomere maintenance. (A) Effect of
Cdc13-Est1 expression on cell viability after DSB
induction. TG-HO-CA (TG81) or TG11-HO-CA
(TG11) cells carrying the GAL-HO plasmid were
transformed with YCp-CDC13-EST1 (pCDC13-
EST1), YCp-CDC13 (pCDC13), YCp-ADH1-EST1
(pADH1-EST1) or the control vector. Cell via-
bilities after DSB induction were determined
as described in Figure 4A. The bars represent
SEs. (B) Effect of Cdc13-Est1 expression on
telomere addition at the TG11 end. TG-HO-CA
(TG81) or TG11-HO-CA (TG11) cells carrying
the GAL-HO plasmid were transformed with
YCp-CDC13-EST1 (pCDC13-EST1) or the con-
trol vector, and analyzed by Southern blot
using the probe A as described in Figure 1C.
(C) Effect of Cdc13-Est1 expression on DNA
degradation at the TG11 end. TG-HO-CA (TG81) or
TG11-HO-CA (TG11) cells carrying the GAL-
HO plasmid were transformed with YCp-
CDC13-EST1 (pCDC13-EST1) or the control
vector, and analyzed as described in Figure 1E
to determine the DNA degradation rate of the
centromere-proximal DSB end. (D) Effect of
Cdc13-Stn1 expression on DNA degradation
at the TG11 end. TG-HO-CA (TG81) or TG11-
HO-CA (TG11) cells carrying the GAL-HO
plasmid were transformed with YCp-CDC13-STN1 (pCDC13-STN1) or the control vector, and analyzed as described in Figure 1E to
determine the DNA degradation rate of the centromere-proximal DSB end.

Figure 6. Effect of the 81-base pair TG se-
quence on association of Mre11, Exo1, and
Tel1 with the adjacent DNA end. (A) Associ-
ation of Mre11 with the TG(�) or TG81 end.
HO-CA (TG(�)), and TG-HO-CA (TG81) cells
expressing Mre11-myc were analyzed by ChIP
assay as described in Figure 3A. (B) Associa-
tion of Tel1 with the TG(�) or TG81 end.
HO-CA (TG(�)) and TG-HO-CA (TG81) cells
expressing Tel1-HA were analyzed by ChIP
assay as described in A. (C) Association of
Exo1 with the TG(�) or TG81 end. HO-CA
(TG(�)) and TG-HO-CA (TG81) cells express-
ing Exo1-HA were analyzed by ChIP assay as
described in A. (D) Effect of cdc13-1 mutation
on Exo1 association with the TG81 end. TG-
HO-CA and TG-HO-CA cdc13-1 cells express-
ing Exo1-HA were analyzed by ChIP assay as
described in Figure 3D. (E) Regulation of Mec1
and Tel1 recruitment to DSBs and telomeres.
The Cdc13 telomere cap blocks DNA degrada-
tion at the DNA end; however, it regulates the
MRX complex and Exo1 differently. The Cdc13
telomere cap inhibits Exo1 localization to the
DNA end, whereas it allows the MRX complex to associate with the end. Inhibition of DNA degradation decreases ssDNA generation and
RPA accumulation at the DNA end, thereby reducing Mec1 association with the DNA ends. However, the Cdc13 telomere cap does not
inhibit Tel1 association with the DNA ends. See Discussion for details.
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end. As a result, the TG sequence attenuates the Mec1 check-
point pathway. The TG-mediated DNA degradation block de-
pends on binding of multiple Cdc13 proteins. The TG sequence
inhibits Exo1 association with the adjacent DNA end, whereas
it allows association of the MRX complex. Moreover, the TG
sequence did not affect Tel1 association. Thus, Cdc13-mediated
telomere capping decreases Mec1 association, but not Tel1
association, with the adjacent DNA end.

Cdc13-mediated telomere capping does not simply hide
DNA ends from the DNA repair and checkpoint machinery,
although it protects the DNA ends at telomeres. Degrada-
tion of DNA ends depends on the MRX complex and Exo1
(Moreau et al., 2001; Nakada et al., 2004). To inhibit Exo1-
dependent degradation, the Cdc13 telomere cap prevents
Exo1 from binding to the DNA end. In contrast, the Cdc13
telomere cap allows the MRX complex to localize to DNA
ends yet blocks MRX-dependent DNA degradation. At this
moment, however, it remains to be determined how the
Cdc13 cap inhibits MRX-dependent end processing. Previ-
ous studies showed that the MRX complex is essential for
de novo telomere synthesis at TG81 ends (Diede and
Gottschling, 2001). The MRX complex seems to promote
5�-to-3� degradation of the DNA ends, generating single-
stranded TG tracts. In turn, Cdc13 covers the single-
stranded TG tracts. Binding of multiple Cdc13 proteins
could establish telomere caps, which in turn attenuate MRX
and other nuclease functions. However, the Cdc13 telomere
cap may not completely inhibit the nuclease activities. Similar
to DSB ends, endogenous telomeres are degraded in a Cdk1
(Cdc28)-dependent manner (Frank et al., 2006; Vodenicharov
and Wellinger, 2006), and the degradation process is partially
dependent on the MRX complex (Larrivee et al., 2004). DNA
degradation occurs even in cells lacking the MRX complex and
Exo1; for example, other nucleases such as Fen1/Rad27 are
implicated in the DNA degradation (Moreau et al., 2001). Like-
wise, Fen1/Rad27 has been shown to play a role in telomere
maintenance (Parenteau and Wellinger, 2002). The Cdc13
telomere cap could repress functions of other nucleases,
such as Fen1/Rad27, by either blocking localization or in-
hibiting activities.

The MRX complex controls both the Mec1 and Tel1 check-
point pathways (Usui et al., 2001; Nakada et al., 2004). How-
ever, the Cdc13 cap can modulate MRX complex functions to
regulate Mec1 and Tel1 differently at telomeres. The Cdc13
telomere cap blocks MRX-dependent DNA degradation and
in turn decreases Mec1 accumulation at the DNA end,
whereas it permits the MRX complex to recruit Tel1 to the
DNA end. Although Tel1 plays a minor role in checkpoint
response (Morrow et al., 1995; Sanchez et al., 1996), it plays a
predominant role in telomere length regulation (Greenwell
et al., 1995; Ritchie et al., 1999). Consistently, telomere syn-
thesis from TG81 ends largely depends on Tel1 (Frank et al.,
2006). Cdc13-dependent inhibition of Mec1 association with
telomeres could explain why Tel1 plays an important role in
telomere maintenance. One group reported that Mec1 asso-
ciates with endogenous telomeres and stimulates recruit-
ment of telomerase to telomeres (Takata et al., 2004; Takata et
al., 2005). However, recent studies demonstrated that telom-
erase recruitment depends largely on Tel1, suggesting that
Tel1 associates with endogenous telomeres (Goudsouzian et
al., 2006).

We found that both telomere addition and end protection
depend on binding of multiple Cdc13 proteins at the DNA
ends. The TG22 construct exhibits full telomere addition but
partial telomere protection, whereas the TG11 construct fails
to promote both telomere addition and protection. DNA
degradation at the TG22 end could be eventually repaired by

lagging-strand synthesis, because cells containing the TG22
construct recovered similar to those containing the TG81
construct. Recovered cells containing the TG22 construct ac-
quired telomeres at the DNA end (data not shown). Thus,
telomere maintenance seems to depend on multiple copies
of Cdc13 at DNA ends. Enhanced telomere addition at TG22
ends could result from the absence of double-stranded TG
repeat. Double-stranded regions of telomeres are covered
with Rif1 and Rif2, both of which negatively control telo-
mere length (Vega et al., 2003; Smogorzewska and de Lange,
2004). In the absence of Rif2, telomere addition occurs more
extensively at TG81 ends (Diede and Gottschling, 2001;
Frank et al., 2006).

It has been shown that Cdc13 delivers telomerase and Stn1
to the DNA end for telomere addition and end protection,
respectively (Pennock et al., 2001). The Cdc13–Est1 fusion
restores telomere addition at TG11 ends, implying that mul-
tiple Cdc13 binding stimulates telomerase recruitment.
However, the Cdc13–Stn1 fusion fails to suppress DNA
degradation at TG11 ends; the Stn1 recruitment by itself does
not protect DNA ends containing the 11-base pair TG se-
quence. One explanation could be that localization of mul-
tiple Stn1 proteins to telomeres is important for DNA end
protection. Stn1 collaborates with Ten1 in telomere end pro-
tection (Grandin et al., 2001). Alternatively, Ten1 might lo-
calize to DNA ends that are covered with multiple Cdc13
proteins. Previous findings indicate that telomere addition
takes place at a very limited number of chromosome sites in
budding yeast (Mangahas et al., 2001). On chromosome VII,
telomere addition frequently occurs at only a single location,
which corresponds to a 35-base pair TG stretch that is 50 kb
from the left telomere end (35 kb away from the ADH4
locus). Chromosome VII has no other TG tract �20 base
pairs (Mangahas et al., 2001), consistent with our finding that
the 22-base pair TG sequence assists DSB repair by telomere
addition, whereas the 11-base pair TG sequence does not.
Notably, the haploid genome contains only 14 TG repeats,
the length of which is �20 base pairs (Mangahas et al., 2001).
We detected weak Cdc13 association with TG(�) ends at the
ADH4 locus on chromosome VII (Figure 4B). It is possible
that Cdc13 binds to the region containing a 10-base pair
single-stranded TG-like repeat (AACCACACCA), sequence
that locates 5 kb from the HO cleavage site. Cdc13 shows
some affinity to 10 nucleotides of embedded TG sequence in
vitro (Lin and Zakian, 1996; Hughes et al., 2000). Alterna-
tively, Cdc13 might interact weakly with more diverged
sequences at other locations. Cdc13 has been shown to bind
to mammalian telomeric T2AG3 repeat sequences in vivo
and in vitro (Lin and Zakian, 1996; Alexander and Zakian,
2003).

The TG sequence seems to attenuate checkpoint signaling
only from the adjacent DNA end. In TG-HO cells, Rad53 is
phosphorylated after DSB induction but its phosphorylation
tapers off at a later time point. We propose that this check-
point attenuation in TG-HO cells results from completion of
5�-to-3� degradation or subsequent loss of the distal DNA
fragment. The cleavage site is 15 kb away from the chromo-
some end in TG-HO cells. It is estimated that the 5�-to-3�
degradation of DNA ends occurs at the rate of 4 kb/h (Vaze
et al., 2002). Consistently, the 5�-to-3� degradation of the
distal DNA fragment was largely completed at 6 h after HO
induction. Completion of the 5�-to-3� degradation could re-
locate checkpoint proteins, thereby attenuating checkpoint
activation. The PCNA-like checkpoint clamps have been
shown to target partial duplex DNA (Majka and Burgers,
2003; Majka et al., 2006). Although retained at early time
points, the other strand of the distal DNA fragment disap-
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peared at 6 h after HO induction. It is possible that the
5�-to-3� degradation disrupts telomeric structures at the
chromosome end. Therefore, the resulting ssDNA could be
promptly degraded by exonuclease activities. Alternatively,
the remaining strand might be digested by endonuclease
activities after the completion of the 5�-to-3� degradation.
Currently, it is not clear how ssDNA tracts are processed if
they are not used for DSB repair. In any case, loss of the
distal DNA fragment could shut off checkpoint signaling.
Recently, Michelson et al. (2005) showed that telomeric TG
repeat sequence inhibits checkpoint signaling from damage
sites, and they proposed a model in which the TG sequence
could inhibit checkpoint signaling nearby. In their report,
the TG sequence was inserted only into the centromere-
proximal side of the HO cleavage site that is 20 kb away
from the chromosome end. After DSB induction, degrada-
tion of the distal DNA fragment was monitored by Southern
blot. They found that one strand of the DNA fragment was
retained within the time frame. However, it would be diffi-
cult to determine degradation of each strand, because DNA
was electrophoresed in nondenaturing conditions. The ob-
served checkpoint attenuation might result from completion
of 5�-to-3� degradation or subsequent loss of the distal 20-kb
DNA fragment.

In summary, we have shown that efficient telomere cap-
ping requires binding of multiple Cdc13 proteins. We also
have shown that the Cdc13 telomere cap acts differently on
the MRX complex and Exo1, thereby modulating Mec1 and
Tel1 recruitment to the DNA end. However, it remains to be
determined exactly how the Cdc13 telomere cap blocks the
MRX-dependent DNA degradation at telomeres. Future
work will focus on the regulation of the MRX catalytic
activity at TG-containing DNA ends.
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