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Telomeres recruit telomerase and differentiate chromosome ends from sites of DNA damage. Although the
DNA damage checkpoint PI3-kinases ATM and ATR localize to telomeres and promote telomerase activation,
activation of their downstream checkpoint pathway targets is inhibited. Here, we show that the fission yeast
telomeric protein Ccq1 is required for telomerase recruitment and inhibition of ATR target activation at
telomeres. The loss of Ccq1 results in progressive telomere shortening and persistent ATR-dependent
activation of Chk1. Unlike the checkpoint activation that follows loss of telomerase, this checkpoint
activation occurs prior to detectable levels of critically short telomeres. When ccq1� telomeres do become
critically short, activated Chk1 promotes an unusual homologous recombination-based telomere maintenance
process. We find that the previously reported meiotic segregation defects of cells lacking Ccq1 stem from its
role in telomere maintenance rather than from a role in formation of the meiotic bouquet. These findings
demonstrate the existence of a novel telomerase recruitment factor that also serves to suppress local
checkpoint activation.
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The telomeric repeats that comprise terminal chromosom-
al DNA assemble protein complexes that differentiate
bona fide chromosomal ends from damaged DNA. Hence,
telomeres prevent chromosome ends from eliciting their
own fusion and recombination, and from triggering
checkpoint-induced cell cycle arrest. Nonetheless, nu-
merous DNA damage response proteins, including MRN
(the Mre11–Rad50–Nbs1 complex), Ku, ATM, and ATR,
localize to telomeres and play important roles in normal
telomere metabolism (Gravel et al. 1998; Zhu et al. 2000;
Nakamura et al. 2002; Takata et al. 2005; Verdun and
Karlseder 2006). How telomeres prevent these factors
from inappropriately responding to chromosome ends is
one of the persisting mysteries of chromosome biology.

Telomeric DNA is degraded every cell cycle in a rep-
lication-associated manner. Critically short telomeres
lose the ability to protect chromosome ends from being
recognized as DNA damage. Accordingly, short telo-
meres elicit the cell cycle arrest pathways that robust
telomeres inhibit, leading to cellular senescence or apo-
ptosis. In order to maintain proliferation, germ cells, can-
cer cells, and unicellular organisms employ the telo-
mere-specific reverse transcriptase, telomerase, to re-
plenish terminal telomere repeats. Telomerase activity
can be reconstituted in vitro from only two essential

components, the catalytic protein subunit of the reverse
transcriptase and the telomeric RNA template (Lingner
et al. 1997). However, in vivo telomerase activity re-
quires several additional subunits that mediate the re-
cruitment and activation of telomerase in a telomere at-
trition- and cell cycle-dependent manner (Taggart et al.
2002; Teixeira et al. 2004; Bianchi and Shore 2007; Sab-
ourin et al. 2007). Regulation of telomerase activity is
so far best understood in budding yeast. Recruitment of
Est2 (the catalytic subunit) to short telomeres in late
S phase is mediated by the telomerase-binding protein
Est1, which in turn associates with TLC1 (the telomer-
ase RNA) and the single-stranded telomeric DNA-bind-
ing protein Cdc13 (Singer and Gottschling 1994; Lin
and Zakian 1995; Lendvay et al. 1996; Nugent et al.
1996; Evans and Lundblad 1999; Qi and Zakian 2000;
Taggart et al. 2002; Bianchi et al. 2004; Sabourin et al.
2007); modification of one or more telomere components
by ATM/ATR confers at least part of the telomere attri-
tion and cell cycle dependence of telomerase activation
(Takata et al. 2005; Tseng et al. 2006). In fission yeast,
the telomerase complex contains Trt1 (the Est2 homo-
log), the RNA template Ter1, and Est1 (Nakamura et al.
1997; Beernink et al. 2003; Leonardi et al. 2008; Webb
and Zakian 2008). In addition, telomere maintenance
requires the telomere single-strand-binding protein Pot1
(Baumann and Cech 2001). The Pot1 complex has re-
cently been purified and found to contain three addi-
tional proteins—Tpz1, Poz1, and Ccq1 (see below) (Mi-
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yoshi et al. 2008). In human cells, hTERT (the Est2 ho-
molog) and the RNA template hTR are known telomerase
components (Feng et al. 1995; Meyerson et al. 1997). A
human Est1 homolog, hEST1A, associates with hTERT,
and diminution of hEST1A function leads to telomere
loss (Reichenbach et al. 2003; Snow et al. 2003; Azzalin
et al. 2007). Human POT1 binds to the single-strand telo-
meric overhang in a manner that requires an additional
protein, TPP1; POT1 and TPP1 associate with the core
double-strand telomere-binding complex, shelterin (Bau-
mann and Cech 2001; Ye et al. 2004; de Lange 2005), and
are found to associate with telomerase in vivo (Wang et
al. 2007; Xin et al. 2007). However, the mechanism of
telomerase recruitment in fission yeast and human re-
mains elusive.

A fraction of cancer cells are known to maintain their
telomeres via recombination-mediated telomere replica-
tion using other chromosomal ends as template. This
telomerase-independent telomere maintenance process
is termed “ALT” (alternative lengthening of telomeres)
(Bryan et al. 1995; Bryan and Reddel 1997). A similar
phenomenon is observed in survivors of telomerase in-
activation in budding and fission yeasts (Lundblad and
Blackburn 1993; Nakamura et al. 1998; Subramanian et
al. 2008). In yeast, two types of recombination survivors
have been characterized, “Type I” and “Type II” (Le et al.
1999). Although both require the recombination protein
Rad52, Type I survivors require Rad51, Rad54, and Rad57
and sustain amplification of subtelomeric repeats along
with short stretches of telomere repeat sequence at each
chromosome terminus, while Type II survivors require
Rad50, Rad59, and Sgs1 (RecQ homolog) and maintain
heterogeneously long tracts of telomere repeats (Le et al.
1999; Chen et al. 2001; Huang et al. 2001).

Telomeric DNA-binding proteins are crucial for regu-
lation of telomerase and protection of chromosomal
ends. Fission yeast Taz1, and vertebrate TRF1 and TRF2,
the double-stranded telomeric DNA-binding proteins,
recruit Rap1 and negatively regulate telomerase activity
(Cooper et al. 1997; van Steensel and de Lange 1997; Li et
al. 2000; Smogorzewska et al. 2000; Chikashige and
Hiraoka 2001; Kanoh and Ishikawa 2001). In addition,
fission yeast Taz1 and Rap1 suppress excessive resection
of the telomeric C-strand (Tomita et al. 2003; Miller et
al. 2005). Telomeres lacking Taz1 or TRF2 sustain telo-
mere fusions mediated by the nonhomologous end-join-
ing pathway (NHEJ) (van Steensel et al. 1998; Karlseder
et al. 1999; Ferreira and Cooper 2001). Elimination of
TRF2 activates the ATM-dependent checkpoint (Denchi
and de Lange 2007). Vertebrate Pot1 and budding yeast
Cdc13p suppress excessive resection of the telomeric C-
strand and suppress activation of the DNA damage check-
point proteins ATR and 53BP1 (Rad9 in yeast) (Garvik et al.
1995; Churikov et al. 2006; Hockemeyer et al. 2006; Wu
et al. 2006; Denchi and de Lange 2007). Hence, these
proteins confer a local DNA damage response suppres-
sion effect (Diede and Gottschling 1999; Michelson et al.
2005).

During early stages of meiosis, telomeres take on an
additional role as they gather at the nuclear periphery to

form the so-called “bouquet,” which promotes efficient
meiotic recombination and meiotic spindle formation.
During meiotic prophase in fission yeast, the telomere-
bound Taz1–Rap1 complex associates with the meiosis-
specific Bqt1–2 complex, which recruits the telomeres
to the spindle pole body (SPB, the yeast centrosome)
(Chikashige et al. 2006). The absence of Taz1, Rap1,
Bqt1, or Bqt2 results in defective bouquet formation,
which in turn causes severe defects in SPB duplication
and meiotic spindle formation (Cooper et al. 1998; Chi-
kashige and Hiraoka 2001; Kanoh and Ishikawa 2001;
Chikashige et al. 2006; Tomita and Cooper 2007).

The fission yeast telomeric protein Ccq1 was first
identified as a component of the supernumerary SPBs
produced upon overexpression of the SPB subunit Pcp1
(Flory et al. 2004). Ccq1 was shown to colocalize with
Taz1, and fluorescence resonance energy transfer analy-
sis suggested that it also bound to the C terminus of Pcp1
during the meiotic bouquet stage. Deletion of ccq1+ was
reported to result in telomeric shortening, abnormally
elongated cells, chromosome segregation failure, and de-
fective telomere clustering during meiotic prophase
(Flory et al. 2004). However, the relationship between
these phenotypes remained unclear. Subsequently, Ccq1
was isolated via its interaction with the histone deacety-
lase complex SHREC (Snf2/Hdac-containing Repressor
Complex) (Sugiyama et al. 2007), and very recently, Ccq1
was isolated as a component of the Pot1 complex (Miyo-
shi et al. 2008). In an attempt to exploit the role of Ccq1
in bouquet formation, we found that it was, in fact, dis-
pensable for bouquet formation. Instead, surprisingly, we
found that Ccq1 is crucial for telomerase recruitment
and telomere maintenance. Furthermore, Ccq1 is a re-
pressor of ATR-dependent Chk1 activation at telomeres.

Results

Ccq1 is required for telomerase recruitment
to telomeres and telomerase-mediated telomere
synthesis

Loss of telomerase activity results in progressive telomere
shortening with successive cell generations. To investigate
whether the short telomeres seen in ccq1� cells are due
to a telomerase defect, heterozygous ccq1+/� diploids
were sporulated, and telomere length was monitored in
the ccq1� offspring over time. For comparison, trt1�
strains were examined side-by-side using the same pro-
tocol. ccq1� cells exhibited progressive telomere short-
ening as seen in trt1� cells (Fig. 1A); hence, ccq1� cells
exhibit the classic “EST (ever shorter telomeres)” phe-
notype. This telomere shortening was accompanied by
rearrangements of subtelomeric sequences (STE1: sub-
telomere 1) (see diagram in Fig. 1C), evidenced by the
progressive accumulation of variable subtelomeric NsiI
restriction fragment sizes (Fig. 1B; Nakamura et al.
1998).

To extend telomeric DNA, telomerase needs to be at
telomeres. Hence, the resemblance between ccq1� and
trt1� telomeres may imply that telomerase recruitment
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depends on Ccq1. To investigate this possibility, hetero-
zygous ccq1+/� diploids carrying endogenously expressed
Myc-tagged Trt1 (Trt1-Myc) were sporulated, and the
ccq1� offspring were subjected to chromatin immuno-
precipitation analysis (ChIP) from 4 d post-germination
onward. Enrichment of telomere fragments was assessed
by quantitative real-time PCR (qPCR). While Trt1 clearly
associates with telomeric DNA in asynchronous cultures
of wild-type cells, it cannot be detected in early ccq1�
cells, even though it is stably expressed and telomere-
bound Rap1 is readily detectable (Fig. 1D; Supplemental
Fig. S1). Thus, Ccq1 is essential for recruitment of telom-
erase to telomeres.

As Ccq1 is required for telomerase recruitment, we
asked whether it interacts with Trt1. Indeed, endog-
enously tagged Ccq1-Flag coimmunoprecipitates with
Trt1-Myc (Fig. 1E). This interaction is resistant to treat-
ment with RNase A, indicating that it is not bridged by
TER1. When extracts of strains harboring only singly
tagged Ccq1-Flag or Trt1-Myc, respectively, are mixed,
no interaction between Ccq1 and Trt1 is seen. Hence,

the interaction we observe between Ccq1 and Trt1 oc-
curs in vivo and not post-extraction. In addition, Miyo-
shi et al. (2008) have shown recently that Pot1 interacts
with Ccq1 via mutual Tpz1 binding; they also found that
Ccq1 was required for association of active telomerase
with Tpz1. In agreement with these results, we con-
firmed that Ccq1 coimmunoprecipitates with Pot1 (data
not shown). Collectively, these results suggest that Ccq1
mediates the recruitment of telomerase to telomeres via
interaction with Trt1 and Pot1.

Whereas the majority of trt1� cells eventually lose all
telomeric DNA, ccq1� cells appear to maintain short
telomeres. To follow telomere attrition in ccq1� cells
more extensively, tetrads from heterozygous ccq1+/� dip-
loids were dissected, and the telomere lengths of ccq1�
progeny were examined over a period of 4 wk. After 3 d,
none of the progeny show visible defects (Fig. 2A). The
telomeres of ccq1� cells reach a minimum size within
10 d (hereafter, we refer to cells bearing critically short
telomeres at this stage as “later”), and this short telo-
mere length is maintained for at least 3 wk (Fig. 2B;

Figure 1. Ccq1 recruits telomerase to telo-
meres in vivo. (A,B) ccq1+ deletion causes
progressive telomere shortening and sub-
telomeric rearrangements. Diploids hetero-
zygous for either ccq1� (ccq1�hygMX6/+)
or trt1� (trt1�hygMX6/+) were sporulated
and germinated under selection for the re-
spective gene deletions. Cultures were then
collected every 24 h to obtain genomic
DNA. Numbers above lanes indicate days
post-germination. (A) Genomic DNA was
digested with EcoRI. Telomeres (indicated
by vertical gray bar) were detected with a
synthetic telomeric repeat probe (Miller et
al. 2006). (B) Genomic DNA was digested
with NsiI. Subtelomeric rearrangements
were detected with the STE1 (subtelomeric
element 1) probe diagrammed in C. Note:
The large band seen in lanes 3 and 4 (aster-
isk) is variably present in wild-type (wt) and
mutant strains; its presence does not vary
systematically with ccq1 or trt1 status. In
contrast, the subtelomeric rearrangements
indicated to the right of the blot appear spe-
cifically and reproducibly with increasing
time following ccq1+ or trt1+ deletion (as in
B; data not shown). (C) Diagram of telomere
region. (D) Ccq1 is required for association

of Trt1 with telomeres. Diploids heterozygous for ccq1� and trt1+-myc were sporulated, progeny were cultured and collected, and
Trt1-Myc localization was assessed by ChIP. The abundance of Trt1-Myc was assessed by Western blotting of whole-cell extracts
(WCE). (Left panel) Cdc2 served as loading control. The indicated strains were immunoprecipitated (IP) with anti-myc antibody, and
DNA fragments in the immunoprecipitate were quantified using qPCR. (Right panel) Data were normalized to qPCR values obtained
from WCE (ChIP percentages are shown in Supplemental Fig. S1) and expressed as fold-enrichment compared with the values obtained
from cross-linked wild-type (untagged) cells; the average and standard deviation of three independent experiments are shown. (E) Ccq1
associates with Trt1. WCE were immunoprecipitated with anti-Flag antibody to purify the Ccq1 complex, and the resulting immu-
noprecipitates were probed with anti-Flag or anti-Myc. To assess RNase sensitivity, 30 µg/mL RNase was added during immunopre-
cipitation. For WCE, volumes equivalent to 0.5% (Myc) or 5% (Flag) of the corresponding immunoprecipitation volumes were loaded.
(e) Extracts from cells containing only the indicated single tagged protein; such extracts were mixed to assess whether Ccq1–Trt1
interaction occurred in vivo or post-extraction. Trt1-Myc was detected in Ccq1-Flag complexes only in lysates of cells containing both
tagged proteins. As negative controls, neither �-tubulin nor histone H3 were detected in Ccq1-Flag immunoprecipitations (data not
shown).
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Supplemental Fig. S2). The telomere length of these later
ccq1� cells is shorter than that of rad3� cells (Rad3;
ATR homolog), which harbor the shortest telomeres so
far observed in fission yeast (Dahlen et al. 1998); this
telomere length corresponds to that observed in trt1�
cells just before crisis (Fig. 2B; Supplemental Fig. S2).
After 4 wk, 35% of ccq1� cell cultures lose all telomeric
DNA. Pulsed-field gel electrophoresis (PFGE) analysis
confirmed that these cells lack linear chromosomes and
instead harbor circular chromosomes, as is generally ob-
served in trt1� survivors isolated on solid media (Fig.
2B–D; Nakamura et al. 1998). These survivors lack telo-
meric repeats, indicating that chromosomal fusions oc-

cur after the loss of telomeric DNA (Fig. 2C; data not
shown). Thus, ccq1� cells fail to recruit telomerase to
telomeres and display progressive telomere shortening,
yet the majority of ccq1� cells ultimately maintain criti-
cally short telomeres.

Ccq1 is not involved in chromosomal bouquet
formation per se

Ccq1 was first reported as a bouquet protein that links
telomeres to the meiotic SPB (Flory et al. 2004). How-
ever, the foregoing observations raised the possibility
that the apparent role of Ccq1 in bouquet formation is
rather a secondary consequence of telomere attrition
(which would abolish the ability of the Taz1–Rap1 com-
plex to bind telomeres and confer bouquet formation).
Ccq1 localizes throughout the nucleoplasm and accumu-
lates at telomeres (Fig. 3A; Flory et al. 2004). To deter-
mine whether Ccq1 localization depends on Taz1, Ccq1
was endogenously tagged with mCherry (Shaner et al.
2004). In vegetative cells, Ccq1-mCherry colocalizes
with Pot1-YFP, whether or not Taz1 is present (Fig. 3A).
To determine whether the association of Ccq1 with the
meiotic SPB depends on the bouquet proteins, we moni-
tored localization of Ccq1-YFP along with the SPB
marker Sid4-mCherry. During the bouquet stage, Ccq1
accumulates at the meiotic SPB (Fig. 3B; Flory et al.
2004). In the bouquet-defective mutants bqt1�, bqt2�,
rap1�, and taz1�, Ccq1 foci remain at the nuclear pe-
riphery, where telomeres are expected to localize, but
not at the SPB (Fig. 3B; data not shown). These results
indicate that Ccq1 is not a bouquet protein per se, but
rather a telomeric protein.

We next determined whether ccq1+ deletion affects
the localization of telomere or bouquet proteins. Bqt1,
Bqt2, Taz1, and Pot1 all localize normally to the SPB and
telomeres in the absence of Ccq1 (Fig. 3C; data not
shown). Furthermore, bouquet formation is intact
throughout meiotic prophase, and telomere fireworks
(the end of the bouquet stage) (Tomita and Cooper 2007)
occur normally (data not shown). These results indicate
that Ccq1 is not directly involved in the formation of the
chromosomal bouquet.

Meiotic and mitotic chromosome segregation defects
in ccq1� cells harboring short telomeres

Early ccq1� cells show not only normal bouquet, SPB,
and spindle behavior but also normal meiotic chromo-
some segregation (Fig. 3B,C; data not shown). However,
of 49 later ccq1� zygotes that harbored short telomeres,
37% displayed chromosomal bridges and meiotic segre-
gation defects, and 33% showed chromosomal bridges
but eventually segregated their chromosomes properly
(Fig. 4A; data not shown). These occur against a backdrop
of normal SPB and spindle behavior (which indicates nor-
mal bouquet formation) and are reminiscent of a fraction
of taz1� single-mutant meioses, in which NHEJ-medi-
ated telomere–telomere fusions lead to meiotic chromo-
some missegregation. Such missegregation is suppressed
by deletion of lig4+, the ligase required for NHEJ, in

Figure 2. ccq1� cells maintain short telomeres. (A) ccq1+ dele-
tion does not confer a growth defect upon germination. Tetrads
from ccq1�kanMX6/+ diploids were dissected; colonies harbor-
ing the ccq1+ deletion are indicated below by the � symbol. (B)
ccq1� cells maintain extremely short telomeres, and some
eventually lose telomeres entirely. Individual ccq1� clones (of
which a and b are representative examples) from (A) heterozy-
gous diploids were grown for 4 wk by restreaking on solid media
every 3 d, and their telomere lengths at 3 and 4 wk were as-
sessed as in Figure 1. (C) ccq1� cells maintain linear chromo-
somes for several weeks. (Top) Depiction of locations and sizes
of telomeric NotI restriction fragments (black bars). (Bottom)
Genomic DNA from clones a and b in B was digested with NotI
and subjected to PFGE. NotI fragments containing chromosome
ends (L, M, I, and C), as well as fusion fragments representing
circular chromosomes (L + I), are indicated to the left of the gel.
Note: Fusions involving the C fragment cannot be resolved from
unfused C fragments under the conditions used (C+/C). (D) Two
modes of chromosome maintenance in ccq1� cells at 4 wk. The
percentage of clones carrying linear versus circular chromo-
somes at 4 wk (described in B) is represented as a distribution
graph.
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taz1� cells but not in ccq1� cells (Fig. 4A; Ferreira and
Cooper 2001; Tomita and Cooper 2007; data not shown).
This observation is consistent with the idea that ccq1�
meiotic defects stem from chromosome end fusions that
follow complete telomere loss at a subset of chromo-
some ends, since, unlike taz1� telomere–telomere fu-
sions, the end fusions that follow complete telomere loss
are not dependent on lig4+ (Baumann and Cech 2000).
Alternatively, the meiotic segregation defects seen in
later ccq1� zygotes may stem from the process underly-
ing retention of short telomeres (see below). In either
case, the ccq1� meiotic defects are due to critically short
telomeres and not to a direct role for Ccq1 in bouquet
formation.

Chromosomal bridges and segregation defects are ob-
served in later ccq1� cells not only during meiosis, but
also during mitosis. While early ccq1� mitosis appears
normal, ∼30% of later ccq1� cells display chromosomal
bridges (Fig. 4B, arrow) as well as the so-called “cut”
phenotype in which septation occurs without proper
chromosome segregation (Fig. 4B, arrowhead). Corre-
spondingly, many later ccq1� cells are aneuploid (Fig. 6C
[below], bottom panel). These chromosome segregation
defects are likely to confer the sickness of later ccq1�
cells (Supplemental Fig. S5, see ccq1� colonies at 18 d).

Chromosome ends are protected by homologous
recombination (HR) in ccq1� cells

The persistent maintenance of critically short telomeres
in later ccq1� cells is reminiscent of the telomere re-
combination observed in Type I budding yeast EST sur-

vivors (Lundblad and Blackburn 1993). Indeed, the main-
tenance of linear chromosomes in later ccq1� cells is
unaffected by deletion of trt1+ (Fig. 5A). Therefore, later
ccq1� cells maintain telomeres through a telomerase-
independent mechanism. To determine which factors
are required for later ccq1� telomere maintenance, we
generated a set of double and triple mutants in which
ccq1+ and genes involved in HR pathways are deleted.
HR is promoted by successive loading of replication pro-
tein A (RPA) and Rhp51 (the Schizosaccharomyces pombe
Rad51 ortholog) on 3� single-stranded overhangs flanking
DNA double-strand breaks (DSBs). MRN and Exo1 par-
ticipate in generation of the overhang (Tomita et al.
2003), while Rad22 (Rad52), Rhp54 (Rad54), the Rhp55–
57 (Rad55–57) complex, and the Swi5 complex assist
Rhp51 loading, annealing, and strand invasion (Sung
1994, 1997; Muris et al. 1997; Petukhova et al. 1998;
Tsutsui et al. 2001; Akamatsu et al. 2003). The DNA
helicases Rqh1 (RecQ ortholog), Srs2, and Fbh1 also con-
trol HR (Murray et al. 1997; Wang et al. 2001; Morishita
et al. 2005; Osman et al. 2005), with Fbh1 inhibition
rescuing the illness of fission yeast rad22� mutants,
presumably by counteracting the inability of these
cells to load Rhp51 (Osman et al. 2005). While linear
chromosome maintenance was retained in ccq1� cells
lacking exo1+, rad50+, rhp55+, swi5+, rad22+, fbh1+,
rad22+, and fbh1+, srs2+, or rqh1+, circular chromo-
somes were formed following telomere attrition in
ccq1�rad50�exo1�, ccq1�rhp51�, and ccq1�rhp54�
cells (within 2 wk post-removal of Ccq1) (Fig. 5B; data
not shown). Hence, the chromosomal ends of later ccq1�
cells are maintained via the activities of Rhp51 and 54,

Figure 3. Ccq1 is not involved in bouquet formation or function per se. (A) Ccq1 localizes to telomeres independently of Taz1. Ccq1
and Pot1 are endogenously tagged with mCherry and YFP, respectively. Ccq1-mCherry and Pot1-YFP foci colocalize in proliferating
wild-type and taz1� cells. Ccq1-mCherry also stains nuclei diffusely. Bar, 5 µm. (B) Ccq1 localizes to the SPB only when the bouquet
forms. Ccq1 and the SPB component Sid4 were endogenously tagged with YFP and mCherry, respectively. Images of meiotic prophase
are shown. Ccq1 foci fail to localize to the SPB in bouquet-defective backgrounds. Bar, 5 µm. (C) Ccq1 is not required for bouquet
formation. Bqt1, Bqt2, Taz1, and Pot1 were endogenously tagged with GFP. The indicated GFP foci colocalize with Sid4-mRFP
(mCherry) during meiotic prophase in ccq1� zygotes. Bar, 5 µm.
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following a resection process that can be conferred by
either Rad50 or ExoI; surprisingly, this HR reaction is
independent of Rad22.

The continual recombination at ccq1� telomeres,
along with the presence of critically short telomeres in
ccq1� cells, suggests that these telomeres are continu-
ally recognized as DNA damage and/or may suffer repli-
cation defects. To monitor the presence of a DNA dam-
age signal at ccq1� telomeres, Rad11, the large subunit
of the RPA complex, was endogenously tagged with GFP.
RPA is a known marker of the ssDNA accumulation that
accompanies DNA replication, the resection of DSBs

prior to HR, ALT telomere maintenance, and excessive
telomeric single-strand overhang signals (Gasior et al.
1998; Lisby et al. 2004; Grudic et al. 2007; Kibe et al.
2007). Rad11-GFP is detected diffusely in the nuclei of
wild-type cells, 17% of which display foci, presumably
representing those cells in S phase (Fig. 5C). In contrast,
80% of later ccq1� cells display RPA foci (Fig. 5C). These
foci are brighter and larger than the Rad11 foci in wild-
type cells (Fig. 5C), suggesting that they represent clus-
ters containing multiple telomeres. To explicitly address
the positions of these foci, colocalization of endogenously
Cerulean-tagged Ssb2 (the p30 subunit of RPA) and Taz1-

Figure 4. Chromosomal bridge and segregation defects in meiosis and mitosis. (A) Meiotic chromosome segregation patterns in
later-generation ccq1� cells. (Left) A series of frames from films of meiosis is shown. Chromosomes and the SPB are visualized via
endogenously tagged histone H3 (Hht1-mRFP) and Pcp1-GFP, respectively. The numbers below frames represent minutes elapsed
since filming began. Bar, 5 µm. (Right) Graph showing percentages of the indicated chromosome segregation patterns. Note: Deletion
of lig4+ reduces chromosomal bridging in taz1� cells by preventing chromosomal end fusions (Ferreira and Cooper 2001; Tomita and
Cooper 2007). (B) A series of frames from films of mitosis in later generation ccq1� cells. Bar, 5 µm. (Arrow) Chromosome bridge;
simultaneous appearance of septum (arrowhead) indicates “cut” phenotype. The table to the right shows the frequency of mitotic
segregation defects.
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YFP was monitored in ccq1+ and ccq1� cells (Supple-
mental Fig. S3), the latter of which showed an approxi-
mately threefold increase in RPA–Taz1 colocalization;
note that this value is an underestimate, since Taz1–YFP
is often not visible at short ccq1� telomeres. Moreover,
RPA foci often appear on chromosomal bridges (48.7% of
mitotic cells) (Fig. 5C, left panel, arrowheads). These foci
may represent either or both of two phenomena: First,
they may be caused by breakage–fusion–bridge cycles oc-
curring among a subfraction of critically short telomeres
in later ccq1� cells; this fraction may exist despite the
fact that Southern blots do not reveal fused chromosome
end fragments at this time point. Alternatively, RPA fo-
cus-containing chromosomal bridges in later ccq1� cells
may be caused by telomeric replication or recombination
intermediates.

The appearance of telomeric RPA foci in ccq1� cells
coincides with elevated levels of telomeric 3� overhang
signals in these cells, as assessed by native in-gel hybrid-
ization analysis (Supplemental Fig. S7). While wild-type
and early ccq1� cells fail to yield detectable hybridiza-
tion to a probe for either the G-rich or C-rich telomeric
single-strand, ccq1� cells yield detectable G-strand signals
by 5 d post-germination. We cannot distinguish whether
this overhang signal accumulation is due to the onset of

critical telomere shortening or to a direct role of Ccq1 in
controlling resection at moderately short telomeres.

Activation of Chk1 is required for telomere
maintenance in ccq1� cells

Intriguingly, ccq1� cells start to elongate after ∼4 d (Fig.
6A; Supplemental Fig. S6A), when telomeric DNA sig-
nals remain robust. In contrast, trt1� cells do not elon-
gate until 7 d, despite showing similar rates of telomere
attrition (Fig. 1A; Supplemental Figs. S2, S6A; Fig. 6A).
As cell elongation is emblematic of cell cycle arrest or
delay, we asked which checkpoint pathway is respon-
sible for this elongation and whether checkpoint activa-
tion contributes to the sickness of ccq1� cells. Cell elon-
gation is observed in ccq1� cells lacking Cds1, the intra-
S-phase checkpoint kinase, but not in ccq1� cells lacking
Chk1 (Fig. 6A; Supplemental Fig. S6B). Indeed, Chk1 is
phosphorylated in ccq1� cells (Supplemental Fig. S4).
Correspondingly, fluorescence-activated cell sorting
(FACS) analysis shows that the elongated cells are ar-
rested with �2C DNA content, ruling out the possibility
of a G1- or early S-phase arrest (Fig. 6C,d). Thus, ccq1�
cells activate the DNA damage checkpoint protein Chk1
from 4 d post-germination onward.

While trt1� cells form aberrantly shaped colonies dur-
ing senescence, trt1� survivors form round colonies
post-senescence (Supplemental Fig. S5; Nakamura et al.
1998). In contrast, ccq1� cells continually show mis-
shapen colonies from the onset of critical telomere
shortening (∼10 d) onward (Supplemental Figs. S2 and S5).
The aberrant shapes of later ccq1� colonies are suppressed
by chk1+ deletion (Supplemental Fig. S5), suggesting that
Chk1 activation is toxic in later ccq1� cells. However,
chk1+ deletion did not change the profile of ccq1�
growth (Fig. 6B), an initially surprising observation given
that activation of Chk1 delays cell cycle progression.

To further understand the nature of ccq1� and ccq1�
chk1� cells, we tested their stress sensitivity using cell
dilution assays (Fig. 6D). Both ccq1� and ccq1� chk1�
cells grow more slowly than wild-type and chk1� cells at
32°C. ccq1� cells display a marked growth defect at
36°C, indicating temperature sensitivity. Furthermore,
although ccq1� and chk1� cells do not display cold sen-
sitivity, ccq1� chk1� double-mutant cells are cold sen-
sitive (Fig. 6D, top panel). Likewise, ccq1� cells exhibit
only mild sensitivity to the DNA damage-inducing re-
agents camptothecin (CPT), methylmethane sulfonate
(MMS), bleomycin, and hydroxyurea. However, ccq1�
chk1� cells are synergistically sensitive to all of these
reagents (Fig. 6D; data not shown).

The cold sensitivity of ccq1� chk1� cells is reminis-
cent of trt1� cells bearing circular chromosomes (Miller
and Cooper 2003), as is the DNA damage sensitivity and
slow growth (A.K. Heben, D. Jain, K.M. Miller, T.M. Na-
kamura, T.R. Cech, and J.P. Cooper, in prep.). To deter-
mine whether ccq1� chk1� cells harbor circular chromo-
somes, chromosome structure was analyzed using PFGE.
Interestingly, while early ccq1� chk1� cells lose telo-
meres at the same rate as ccq1� cells, 100% (n = 4) of the

Figure 5. ccq1� telomeres are maintained via Rad22-indepen-
dent HR. (A) Later ccq1� cells maintain chromosome ends
without telomerase. The indicated strains were cultured for 2
wk. Chromosome fusions were detected with ethidium bromide
(left) andSouthern blotting (right) using L, M, I, and C probes as
described in Figure 2C. (B) ccq1� telomere maintenance re-
quires Rhp51 and Rhp54 but not Rad22. It also requires either
Rad50 or ExoI. See details in A. (C) RPA foci remain on chro-
mosomal bridges (arrowheads) in later-generation ccq1� cells.
Rad11 was endogenously tagged with GFP and observed in veg-
etatively growing cells. Bar, 5 µm. (D) RPA foci are categorized
as absent, present in one dot (a in C), or present in one or more
clusters of bright dots (b and c in C, respectively).

Ccq1 regulates telomeric state

GENES & DEVELOPMENT 3467

 Cold Spring Harbor Laboratory Press on June 7, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


double mutants eventually lose telomeres and sustain
fusions of chromosomal ends (Figs. 6E; Supplemental
Fig. S2). Hence, chk1+ deletion appears to have two op-
posing effects on the growth rates of ccq1� cultures:
While Chk1 activation slows cell cycle progression, it
also allows the maintenance of linear chromosomes.
Loss of Chk1 removes the cell cycle delay, but results in
slower growing “circular” ccq1� cultures.

The reliance of ccq1� telomere maintenance on Chk1
prompted us to investigate additional checkpoint-asso-
ciated proteins. An inability to maintain telomeres and
suppression of cell elongation are also seen in double
mutants of ccq1+ and the DNA damage checkpoint genes
rad1+, rad17+ (encoding a subunit of the 9–1–1 clamp and
the Rad17 clamp loader, respectively) (Caspari et al. 2000),
rad3+, and crb2+ (53BP1) (Fig. 6E; Saka et al. 1997; data not
shown). These genes have been shown to be required for
Chk1 activation. Conversely, other DNA damage check-
point genes known to be dispensable for Chk1 activation—
Tel1 (ATM) (Naito et al. 1998), Nbs1 (Chahwan et al.

2003), and Cds1—were dispensable for telomere mainte-
nance and cell elongation in ccq1� cells (Fig. 6E).

Activated Chk1 arrests the cell cycle by controlling
the activities of Wee1, Mik1, and Cdc25 (Rhind et al.
1997), providing a tool for examining whether cell cycle
arrest is a crucial step in maintaining short telomeres in
ccq1� cells. Surprisingly, we did not observe telomere
loss in ccq1� wee1-50, ccq1� mik1�, or ccq1� mik1�
wee1-50 cells (Fig. 6E). Furthermore, ccq1� wee1-50
cells are significantly smaller than ccq1� or ccq1�
chk1� cells and ccq1� wee1-50 cells have shorter dou-
bling times than ccq1� cells (Supplemental Fig. S6C).
Hence, we conclude that Chk1 functions directly in the
maintenance of ccq1� telomeres and does not promote
telomere maintenance via arresting cell cycle progression.

ccq1� taz1� cells resemble trt1� taz1� cells,
but activate Chk1

taz1� and rap1� cells respond differently to loss of Trt1
(Nakamura et al. 1998; Miller et al. 2006), and we won-

Figure 6. ccq1� cells constitutively activate
the ATR–Chk1 DNA damage checkpoint path-
way to maintain linear chromosomes. (A) Elon-
gation of later ccq1� cells depends on Chk1.
Snapshots were taken at the indicated num-
ber of days after germination. ccq1�cds1�

and ccq1�chk1� cells were observed after 13
d of incubation. Numbers in parentheses in-
dicate mean cell length and standard devia-
tion (in micrometers). See details in Supple-
mental Figure S6A. (B) Later (2–3 wk) ccq1�

cell growth is slower than wild-type growth
and is not affected by chk1+ deletion. Loga-
rithmically growing cells were collected ev-
ery 2 h, and cell density was measured. Error
bars represent the standard deviation of three
to five independent experiments. (C) FACS
analysis of ccq1� cell size and DNA content.
For G1 and G2 DNA content controls, nitro-
gen-starved or vegetatively growing wild-type
cells were used, respectively. Elongated ccq1�

cells at day 6 contain 2C DNA content; later
ccq1� cells contain �2C DNA content. (D)
ccq1� cells are sensitive to higher temperature
(36°C), CPT, and MMS; and ccq1�chk1� cells
are synergistically sensitive to cold (19°C),
CPT, and MMS. After growing cells for 2 wk,
fivefold serial dilutions of log-phase cultures
(0.5 × 107 cells/mL) were stamped on rich me-
dia containing the indicated agents and incu-
bated at 32°C (except as indicated) for 3 d (or
5 d at 19°C). (E) The Chk1 pathway is required
to prevent ccq1� chromosome ends’ fusions.
Cells were grown on rich media at 32°C for 2
wk, and their DNA was subjected to PFGE as
described in Figure 2C.ccq1�wee1-50 and
ccq1�mik1�wee1-50 cells were grown at per-
missive temperature (25°C) for 2 wk, then in-
cubated at nonpermissive temperature (32°C) (Lundgren et al. 1991) for 6 or 12 h (two or six generations), with identical results. Cell
elongation is scored just above the gel lanes and represented as (−) no elongation, (+) elongation, (+/−) slight elongation. (F) The DNA
damage checkpoint pathways are diagrammed, and the proteins required for ccq1� telomere maintenance are highlighted as black
ovals.
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dered whether loss of Ccq1 would recapitulate this phe-
nomenon. In the absence of Ccq1, long rap1� telomeres
gradually shorten, and short telomeres are eventually
maintained, suggesting that Rap1 is not required for the
recombination-based maintenance of ccq1� telomeres
(Fig. 7A,C). The early behavior of ccq1� rap1� cells
resembles that of trt1� rap1� cells, while the later be-
havior contrasts with the telomere loss and chromo-
some circularization seen in trt1� rap1� cells (Fig. 7A,
Miller et al. 2006); hence, Ccq1 appears to prohibit re-
combination-based telomere maintenance in trt1�
rap1� cells. Like trt1� taz1� cells and in contrast to
trt1� rap1� cells, ccq1� taz1� cells immediately lose
the bulk of the telomere signal, and a variable pattern of

telomere signal hybridization appears (Fig. 7B). These re-
sults confirm a role for Ccq1 in recruiting telomerase.

ccq1� cells become longer and longer with successive
generations, suggesting that the duration of Chk1 acti-
vation becomes progressively longer (Fig. 5A; Supple-
mental Fig. S6A). This Chk1-dependent cell elongation
in ccq1� cells is abolished when cells lose telomeric
DNA and obtain circular chromosomes (Supplemental
Fig. S6A), indicating that persistent checkpoint activa-
tion stems from chromosomal ends. Progressive cell
elongation is also seen upon Ccq1 loss in taz1� and
rap1� backgrounds (Fig. 7C; Supplemental Fig. S6D). In-
triguingly, cell size starts to increase prior to critical
telomere shortening in the ccq1� rap1� background (see
4 d in Fig. 7A). Activation of Chk1 in ccq1� cells is not
a necessary consequence of the accumulation of 3� telo-
meric ssDNA, since rap1� ccq1� cells show immense
levels of overhang accumulation well in advance of
checkpoint activation (Supplemental Fig. S7). Further-
more, both ccq1� taz1� and ccq1� rap1� cells require
Chk1 for telomere maintenance (Fig. 7D). As expected
for chromosome end fusions that follow complete telo-
mere loss, the end fusions observed in ccq1� cells lack-
ing Chk1 are not dependent on Ligase IV (Fig. 7D). Thus,
in the absence of Ccq1, activated Chk1 persists through
many generations and is crucial for maintaining chromo-
some ends in wild-type, taz1�, and rap1� backgrounds.

Discussion

Previous work showed that ccq1� cells display short
telomeres, aberrant cellular and nuclear shapes, and de-
fective meiosis (Flory et al. 2004). Our data reveal the
two primary functions of Ccq1: recruitment of telomer-
ase to telomeres and suppression of ATR target activa-
tion at moderately short telomeres. At early time points
following ccq1+ deletion, no morphological defects are
observed. However, such defects appear with time. As
telomeres gradually shorten due to the loss of telomerase
engagement, a telomerase-independent mechanism for
the maintenance of chromosome integrity commences.
This mechanism comprises a Rad22-independent HR
pathway that relies on Rhp51, Rhp54, MRN/ExoI, and
Chk1. Intriguingly, Chk1 plays a noncanonical role in
this HR, as abolition of Chk1-mediated cell cycle arrest,
via mutation of the Chk1 targets that control CDK ac-
tivity, fails to diminish HR at ccq1� telomeres. While
this HR maintains very short telomeres in the bulk of
ccq1� cells, chromosome circularization is observed in
∼35% of very old ccq1� cultures. These cultures also
exhibit a Chk1-dependent cell cycle arrest that precedes
detectable levels of critical telomere shortening but none-
theless originates from chromosome ends, since cell elon-
gation is no longer observed in ccq1� cells that circularize
their chromosomes. Ccq1 does not directly participate in
meiotic bouquet formation, but influences meiosis via
its role in telomere maintenance; the previously reported
bouquet defect in ccq1� cells (Flory et al. 2004) was pre-
sumably observed after substantial telomere loss. Thus,
Ccq1 is a crucial player in telomere metabolism, acting

Figure 7. Ccq1 prevents Chk1 activation in rap1� and taz1�

cells. (A) Gradual shortening of long rap1� telomeres is ob-
served upon ccq1+ deletion. Numbers indicate days post-germi-
nation. Diploid heterozygous for ccq1− (ccq1�hygMX6/+) or
trt1− (trt1�hygMX6/+) and homozygous for rap1� (rap1�/�) were
sporulated, and progeny was collected under selection for ccq1�

or trt1�. Colonies were restreaked on solid media every 3 d, and
at each time point were grown in liquid for 1 d to collect geno-
mic DNA for Southern blotting as in Figure 1. (B) ccq1�taz1�

cells lose telomeres immediately. The indicated strains were
generated in a manner analogous to A and successively re-
streaked, and telomere length was analyzed at the indicated
number of days. (C) ccq1�taz1� and ccq1�rap1� cells progres-
sively increase in length. Numbers in parentheses indicate
mean cell length ± standard deviation (in micrometers). See de-
tails in Supplemental Figure S6D. (D) Neither Taz1, Rap1, nor
Lig4 is required for chromosome fusion in ccq1�chk1� cells.
Chromosome fusions were observed as in Figure 2C.
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not only to recruit telomerase to the chromosome end,
but also to restrain Chk1-mediated HR and checkpoint
activity at telomeres.

Ccq1 as a novel telomerase component

The short telomeres of ccq1� cells originate from failure
of telomerase recruitment (Fig. 1). Thus far, Trt1, Ter1,
and Est1 have been the only genes whose deletion was
known to yield an “EST” phenotype in fission yeast;
Ccq1 can now be added to this list. Budding yeast Est1
localizes to telomeres during late S phase, when it is
required for the localization and activation of Est2 (Tag-
gart et al. 2002). The telomeric overhang binding protein,
Cdc13, mediates this late-S-phase binding of Est1 and
Est2 (Nugent et al. 1996; Evans and Lundblad 1999; Qi
and Zakian 2000; Bianchi et al. 2004). Ccq1 is abundant
relative to the telomerase components and appears to
associate with telomeres in all cells of asynchronous cul-
tures (Fig. 3A), suggesting that Ccq1 localizes to telo-
meres throughout the cell cycle. The RNase resistance of
Ccq1–Trt1 coimmunoprecipitation suggests that Ccq1
associates with Trt1 independently of Ter1 (Fig. 1E), as is
the case for the Est1–Trt1 association (Leonardi et al.
2008; Webb and Zakian 2008). Conceivably, modifica-
tion of Ccq1, or of its interaction with Pot1, controls the
recruitment of fission yeast Est1 to telomeres in a man-
ner analogous to the recruitment of budding yeast Est1
by Cdc13. Our demonstration that Ccq1 interacts with
Trt1 and Pot1 and mediates telomerase recruitment,
along with the recent identification of the fission yeast
Pot1/Tpz1/Ccq1 complex (Miyoshi et al. 2008), provides
an entry point for deciphering the telomerase activation
pathway in fission yeast.

Ccq1 as regulator of telomere state

Following loss of Ccq1, checkpoint activation does not
occur immediately, but does occur prior to detectable
levels of critically short telomeres, and at longer telo-
mere lengths than those that trigger checkpoint activa-
tion in trt1� cells. Hence, Ccq1 acts as a modulator of
“telomere state” in a manner reminiscent of TRF2, whose
overexpression allows unusually short telomeres to pre-
vent checkpoint activation (Karlseder et al. 2002). Like
TRF2, Ccq1 contributes to the prevention of checkpoint
activation at moderately short telomeres, but cannot
prevent checkpoint activation once telomeres erode fur-
ther.

Despite eliciting inappropriate telomeric NHEJ reac-
tions and having extensive telomere overhangs, taz1�
and rap1� telomeres fail to elicit a checkpoint-mediated
cell cycle arrest. The relationship between checkpoint
activation and telomere attrition in ccq1� taz1� cells
cannot be unambiguously assessed since these cells lose
telomeres immediately. However, rap1� ccq1� telo-
meres elicit such an arrest at 4 d post-germination, despite
showing robust telomere restriction fragment lengths by
Southern blotting at this time. Hence, Ccq1 suppresses

checkpoint activation at rap1� telomeres once a small
subset of them becomes moderately short.

Activated Chk1 initiates and maintains telomeric
recombination in ccq1� cells

Although ccq1� cells are telomerase-defective, later-
generation ccq1� cells clearly differ from trt1� cells. The
majority of trt1� survivors contain circular chromo-
somes generated via intra-chromosomal end fusions; a
minority of survivors use HR-mediated telomere main-
tenance, which confers faster growth than circular chro-
mosomes. These HR-based trt1� survivors are detected
only in liquid cultures that allow the domination of
faster-growing cells (Nakamura et al. 1998). Conversely,
ccq1� cells always maintain short telomeres via recom-
bination, although a subset eventually sustain chromo-
some circularization, an “irreversible state.” Thus, Ccq1
is a potent inhibitor of recombination-mediated telo-
mere maintenance in telomerase-negative cells. Since
Chk1 has been shown to phosphorylate and stabilize
Rad51 at sites of damage (Sorensen et al. 2005; Collis et al.
2007) and Chk1 is crucial for ccq1� telomeric recombina-
tion, we propose that in the absence of Ccq1, activated
Chk1 confers Rhp51-mediated telomere maintenance; in
the presence of Ccq1, this activity of Chk1 is inhibited
even at critically short (trt1�) telomeres.

In marked contrast to ccq1� and ccq1� taz1� cells,
taz1� trt1� cells proliferate like wild-type cells and re-
quire both Rad22 and Rap1 for telomeric HR (Nakamura
et al. 1998; Subramanian et al. 2008). The markedly dif-
ferent requirements for ccq1� telomere maintenance in-
dicate that ccq1� cells use a distinct telomeric HR path-
way (Fig. 5B). Rad22 is not essential for Rhp51-dependent
DNA repair when Fbh1 is absent, although it is required
for efficient and accurate HR (Osman et al. 2005). Hence,
HR at ccq1� telomeres might involve a Fbh1-resistant
(and Rad22-independent) Rhp51 loading process; accu-
racy in such a telomeric HR pathway is neither neces-
sary nor likely.

Perspectives

Short telomeres recruit telomerase in a manner that in-
volves the PI3-kinases ATM and ATR. Ccq1 is required
for telomerase recruitment and for inhibiting ATR
checkpoint target activation at moderately short telo-
meres. The identity of Ccq1 as both a modulator of the
telomere senescence setpoint and a telomerase recruiter
makes good teleological sense, as the shorter telomeres
that engage telomerase are the telomeres whose check-
point suppression ability is most precarious. Unraveling
the mechanisms underlying Ccq1 function will contrib-
ute to a high-resolution picture of the events surround-
ing telomerase activation.

Materials and methods

Yeast genetics and plasmids for strain construction

All of the strains used for this study are listed in Supplemental
Table S1. Cells were grown at 32°C (except where noted) in
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standard rich media (YES). Meiosis was induced by inoculating
h90 strains on malt extract (ME) plates for 9–12 h at 25°C. Gene
deletions, tag insertions, and replacement of the marker cas-
sette were described previously (Tomita and Cooper 2007). To
adapt mCherry, Cerulean (Rizzo et al. 2004) and 3xFlag tagging
to the one-step gene insertion method (Bahler et al. 1998),
pNXa-mCherry, pNXa-Cerulean, and pNXa-3xFlag were creat-
ed. To obtain pNXa-mCherry and pNXa-Cerulean, the mCherry
and Cerulean open reading frames (ORF) were amplified from
plasmids pRSET-B-mCherry (Shaner et al. 2004) and pFA6a-
kanMX-cerulean (Saitoh et al. 2005) using the primer set (5�-
CCCGGGTTAATTAACGCTAGCATGGTGAGCAAGGGCG
AGGAG-3� and 5�-GTCAAGGCGCGCCTCAATCTCTAGAC
TTGTACAGCTCGTCCATGCC-3�) and used to replace the
GFP ORF between the PacI and AscI sites of pFA6a-GFP-kanMX6
(Bahler et al. 1998). To obtain pNXa-3xFlag, two oligonucleo-
tides encoding triple-Flag (5�-TAACGCTAGCATGGGTGACT
ACAAGGACGACGATGACAAGGGAGATTACAAAGATGA
CGACGATAAGGACTACAAGGACGACGATGACAAGTCT
AGATGAGG-3� and 5�-CGCGCCTCATCTAGACTTGTCAT
CGTCGTCCTTGTAGTCCTTATCGTCGTCATCTTTGTAA
TCTCCCTTGTCATCGTCGTCCTTGTAGTCACCCATGCT
AGCGTTAAT-3�) were annealed and exchanged for the GFP
ORF between the PacI and AscI sites of pFA6a-GFP-kanMX6.
For all newly tagged strains, we did not observe any defects in
cell cycle progression or cell morphology. Strains harboring
Taz1-GFP have slightly elongated telomeres but no other telo-
meric phenotypes, while Pot1-YFP confers very slight elonga-
tion. All other combinations of fluorophores and proteins used
herein yield normal telomere length. The C-terminal Flag tag on
Ccq1 does not affect telomere length. Strains harbouring Trt1-
Myc and Rap1-Myc show very slight shortening and elongation,
respectively, but these tags have no effect on the rate of telo-
mere shortening on ccq1+ deletion.

PFGE, Southern blotting, and in-gel hybridization

PFGE, Southern blotting, and native gel analysis were per-
formed as described previously (Ferreira and Cooper 2001;
Tomita et al. 2004). Probes for telomeres and STE1 Southern
blotting were described previously (Miller et al. 2006).

Protein extraction and immunoprecipitation

One-hundred milliliters of logarithmically growing cells were
harvested and frozen at −80°C. Pellets were suspended in the
same volume of HB2 buffer (50 mM HEPES/KOH at pH 7.5, 140
mM NaCl, 15 mM EGTA, 15 mM MgCl2, 0.1% NP-40, 0.5 mM
Na3VO4) containing protease inhibitors (1 mM dithiothreitol, 1
mM PMSF, 0.1% Protein inhibitor cocktail set III [Sigma], 0.1
ng/mL MG132 [(Sigma]), 10 U/mL DNase I (Sigma), 1 U/µL
RNasin (Promega), and an equal volume of glass beads. Cells
were broken using a Fast Prep machine (Thermo). The resulting
supernatant was brought to 30 mg/mL. For immunoprecipita-
tion, cell extracts were incubated with monoclonal anti-Flag
M2 antibody (Sigma) for 30 min at 4°C and then incubated with
mouse IgG-coated Dynabeads (Invitrogen) for 30 min. After ex-
tensive washing, the beads were suspended in SDS loading
buffer and subjected to Western blotting with anti-Flag M2 and
anti-Myc 9E11 (Cell Signaling).

ChIP

Cell fixation and immunoprecipitation were performed as de-
scribed previously (Tomita et al. 2003). Precipitated DNA was
quantified using qPCR and was normalized to input genomic

DNA template. DNA-binding efficiency was expressed as the
efficiency of ChIP (Supplemental Fig. S1) or fold enrichment
compared with the value obtained from cross-linked wild-type
cells harboring untagged protein (Fig. 1). Telomeric and act1+

regions were detected using the telomeric primer set (5�-CGGC
TGACGGGTGGGGCCCAATA-3� and 5�-GTGTGGAATTGA
GTATGGTGAA-3�) that targets the STE1 region adjacent to
telomeres and the act1 primer set (5�-GGATTCCTACGTTGG
TGATGA-3� and 5�-GGAGGAAGATTGAGCAGCAGT-3�), re-
spectively.

Cytological analysis and live cell imaging

Imaging of cell shape and Rad11-GFP foci was carried out using
a Zeiss Axioplan 2 Microscope (Carl Zeiss MicroImaging, Inc.)
with an attached CCD camera (Hamamatsu). Images were cap-
tured and analyzed using Volocity software (Improvision).

Other cell images and live analysis of mitotic and meiotic
cells were carried out using a DeltaVision Spectris (Applied Pre-
cision) comprising an Olympus IX71 wide-field inverted fluo-
rescence microscope; an Olympus UPlanSApo 100×, NA 1.35,
oil immersion objective; and a Photometrics CCD CH350 cam-
era cooled to −35°C (Roper Scientific). Images were captured as
described previously (Tomita and Cooper 2007).
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