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Ku is a conserved heterodimeric DNA-binding protein that
plays critical roles in DNA repair and telomere homeostasis. In
Saccharomyces cerevisiae, deletion of YKU70 or YKU80 results
in an inability to grow at 37°C. This is suppressed by over-
expression of several components of telomerase (EST1, EST2
and TLCT). We show that overexpression of EST2 or TLCT in
yku80 mutants does not restore efficient DNA repair, or
restore normal telomere function, as measured by telomere
length, single-stranded G-rich strand or transcriptional
silencing. Instead, yku80 mutants activate a Rad53p-
dependent DNA-damage checkpoint at 37°C and this is
suppressed by overexpression of EST2 or TLC1. Indeed, dele-
tion of genes required for Rad53p activation also suppresses
the yku80 temperature sensitivity. These results suggest that
activation of the DNA-damage checkpoint in yku mutants at
37°C does not result from reduced telomere length per se, but
reflects an alteration of the telomere structure that is recog-
nized as damaged DNA.

INTRODUCTION

Ku is a heterodimeric DNA-binding protein that functions in
mammals and yeast in the repair of DNA double-strand breaks
by non-homologous end-joining (NHEJ; reviewed in Smith and
Jackson, 1999; Tuteja and Tuteja, 2000). Ku is believed to bind
to DNA ends to prevent unnecessary DNA degradation, as well
as to facilitate DNA ligation by juxtaposing DNA ends and
recruiting DNA ligases (Bliss and Lane, 1997; Pang et al., 1997;
McElhinny et al., 2000; Teo and Jackson, 2000). Ku has also
been shown to play an essential and direct role in telomere
homeostasis. Telomeres are specialized structures at the ends of

eukaryotic chromosomes that, in Saccharomyces cerevisiae, are
heterogeneous C;_;A:TG,_; repeats of ~300 base pairs. Deletion
of YKU70 or YKUS8O results in telomere shortening and loss of
transcriptional silencing of genes placed near the telomere
(Boulton and Jackson, 1996b, 1998; Porter et al, 1996;
Tsukamoto et al., 1997; Nugent et al, 1998). In addition,
whereas the G-rich strand of telomeres is single-stranded only
during S-phase in wild-type yeast, yku70 or yku80 mutants
accumulate long single-stranded telomeric regions throughout
the cell-cycle (Gravel et al., 1998; Polotnianka et al., 1998).

Saccharomyces cerevisiae mutants in which YKU70 or
YKUS8O0 is deleted are unable grow at 37°C (Feldmann and
Winnacker, 1993; Boulton and Jackson, 1996a,b; Feldmann et
al.,, 1996; Barnes and Rio, 1997). Barnes and Rio (1997)
suggested that this might be because of an inability to repair
spontaneous double-strand breaks generated in vivo. More
recently, however, Nugent et al. (1998) found that overexpres-
sion of EST2 (the catalytic subunit of telomerase), TLCT (the
telomerase RNA component) or ESTT (a targetting subunit of
telomerase) can suppress this temperature sensitivity, suggesting
that this phenotype is linked to the role of Ku in telomere
homeostasis rather than to its role in NHEJ. We show here that
overexpression of EST2 or TLCT does not restore the normal telo-
meric regulation to a yku80 mutant strain. Instead, we find that
a DNA-damage checkpoint is activated in yku80 mutants grown
at elevated temperatures, and that this checkpoint is suppressed
by overexpression of EST2 or TLCI. Finally, we show that dele-
tion of several checkpoint genes that do not rescue telomere
length in yku80 mutants, but suppress the checkpoint activation,
also partly rescues the temperature sensitive phenotype.
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RESULTS AND DISCUSSION

We performed a multicopy suppressor screen for genes that,
when overexpressed, suppress the yku80 mutant temperature-
sensitive phenotype (see Methods). We found that overexpres-
sion of either EST2 or TLCT restored the ability of yku80 mutants
to grow at 37°C to levels close to those of wild-type yeast. Other
weaker suppressors of this temperature-sensitive phenotype
were also identified but are not hitherto known components of
telomerase. Overexpression of these genes also restored the
ability of yku70 mutants to grow at 37°C (data not shown). The
identification of telomerase subunits as strong suppressors of the
yku80 mutant temperature-sensitive phenotype suggested that
this phenotype might be due to a telomere defect that could be
restored by overexpression of yeast telomerase catalytic activity.
Analysis of telomere length by Southern blotting, however,
showed that yku80 mutants overexpressing EST2 or TLCT still
had short telomeres and that there were no gross changes in
telomere length when strains were grown at 30 or 37°C (Figure
1A). We also analysed the length of a telomere in which the
ADE2 gene had been inserted using a novel method described
recently (Forstemann et al., 2000). In this method, genomic
DNA was treated with terminal deoxynucleotidyl transferase
(TdT) in the presence of dCTP, and the ADE2-marked telomere
was then amplified by PCR using a primer specific for a
sequence distal to the subtelomeric ADE2 gene and a primer
complementary to the dC tail. Figure 1B shows that using this
method, no gross changes in telomere length were detected in
yku80 mutants overexpressing EST2 or TLCT. In addition, these
PCR products were cloned into pGEMT and the length of TG
repeats determined by DNA sequencing. The average length of
the G-rich telomeric strand in the yku80 mutant grown at 37°C
was 137 £ 33 (average length = SD, n = 5). In yku80 mutant
strains overexpressing EST2 or TLC1, the length was 126 + 50
and 148 £ 49, respectively. In contrast, telomeres in wild-type
yeast were 246 £ 32. Collectively, these data reveal that there
are no marked changes in the length of the TG-rich strand of the
telomere.

Next, we tested the single-stranded regions in the G-rich
strand of the telomere in native hybridizations of genomic DNA
prepared from unsynchronized cultures (Gravel et al., 1998). In
yku80 mutants, but not in strains complemented with full-length
YKUS8O0, these single-stranded regions were easily detected
(Figure 1C, lanes 1 and 4, respectively). Lanes 2 and 3 show that
these single-stranded regions persisted in yku80 strains over-
expressing EST2 or TLCT (Figure 1C, lanes 5-8 show the results
of probing under denaturing conditions). These single-stranded
regions were unchanged when cultures were grown at 37°C
(Figure 1C, lanes 9-18). Notably, the single-strand regions were
unaffected by overexpression of EST2 or TLCT.

We also analysed the status of transcriptional silencing of a
URA3 gene placed near the telomere of chromosome VII by
plating cells on medium containing 5-fluoro-orotic acid (FOA).
yku80 mutants but not wild-type cells were unable to silence the
URA3 gene and hence died on FOA plates (Figure 1D). It has
been reported previously that overexpression of EST1, EST2 or
TLCT can partly complement the yku80 mutant silencing defect
(Evans et al., 1998). Using a different strain background, we
found that overexpression of EST2 or TLCT did not efficiently

198 EMBO reports vol. 2 I no. 312001

PG 7°c e e
_yRuB0 k0 Malivee Deraturing Mative Danaturing

oy 5.5 RS0 yhuad yhud yRUSD
M-P‘:g'v"{\fid‘@ fg{\f 3@)#) .
PRS00 Aoodh, Ssed

! . mnt
o ..I,- M| wen (8

1234 58TEH 810111213 14151617 18

L = v +Fon
1 ad Victor
q'.j {-:\' o #_\5@

- ESTZ
WFNTHNTHT'C SED TLOY

MEErY

SHEEEE

123456789

Fig. 1. (A) Southern blot of Xhol-digested genomic DNA probed with Y’-
specific sequences of yeast telomeres. Genomic DNA was prepared from
strains grown at 30°C (left) or 37°C (right) for 18 h, from wild-type (lane 1)
or yku80 mutant strains containing either the YEP13 (2u) plasmid (lanes 2, 6),
YEP13-EST2 (lanes 3, 7), —TLCI (lanes 4, 8) or —YKUS80 (lanes 5, 9).
Identical results (with the exception of yku80 with YEP13) were obtained
with strains grown for >100 generations. Telomeric restriction fragments are
indicated by a square bracket. (B) Telomere PCR. Genomic DNA was
isolated, denatured and tailed with dCTP using TdT. The G-rich strand is
specifically amplified with a primer complementary to the dC tail and a
primer specific for a sequence distal of the subtelomeric ADE2 gene. The
bottom panel shows PCR products analysed on an ethidium bromide-stained
agarose gel. (C) In-gel hybridization of Xhol-digested genomic DNA probed
with a radiolabelled oligonucleotide corresponding to the CA-repeat sequence
of yeast telomeres, in native or denaturing conditions. Quantitation of the
single-strand telomeric regions in yku80 mutants with or without EST2 or
TLCI1 overexpression showed no reproducible differences. (D) TPE was
tested using a strain containing a telomere-proximal URA3 gene. Yeast strains
were spotted in 10-fold serial dilutions on plates with (right) or without (left)
FOA, and grown at 30°C (top) or 37°C (bottom) for 3 days.

restore telomeric silencing at 30, 34 or 37°C (Figure 1D and data
not shown). Moreover, we have found that overexpression of
EST2 or TLCT suppressed the temperature sensitivity of a sir4/
yku80 mutant strain (data not shown), indicating that suppres-
sion can be achieved independently of effects on telomeric
silencing. Together, these results show that the disrupted telom-
eric structure in yku80 mutants is not restored to that of wild-
type yeast strains by overexpression of EST2 or TLCT.

We next considered the possibility that spontaneous DNA
strand-breaks generated but unrepaired in the yku80 mutant
might be particularly deleterious when strains are grown at
elevated temperatures, and that this repair deficiency is allevi-
ated by overexpression of telomerase components. We therefore
tested the ability of EST2 or TLCT to suppress the sensitivity of a
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Fig. 2. (A) Strains were spotted in 5-fold serial dilutions onto plates without
(left and middle) or with 0.005% MMS (right) and grown at 30°C (left and
right) or 37°C (middle) for 3 days. (B) Exponentially growing cells were
exposed to 0.05% MMS for the times indicated and then plated onto YPD.
Percentage cell survival was plotted against time in MMS. (C) Plasmid repair
assay was performed by transforming either supercoiled or Xbal-linearized
pRS413 into various yeast strains (described in Figure 1A). The number of
HIS* colonies obtained with linear versus supercoiled DNA was taken as a
measure of NHEJ efficiency.

yku80 mutant to the DNA-damaging agents methylmethane-
sulfonate (MMS) or bleomycin. Notably, yku80 mutants over-
expressing either EST2 or TLCT were as sensitive as yku80
mutants to bleomycin (data not shown) or MMS (Figure 2A and
B). EST2 or TLCT overexpression also did not restore NHE]
activity in yku80 mutants, as measured by a plasmid repair assay
(Figure 2C). These data indicate that overexpression of EST2 or
TLCT does not restore the ability of yku80 mutant cells to repair
DNA strand-breaks.

Another possibility that we considered was that yku80 strains
accumulate DNA damage at the restrictive temperature and that
this triggers a DNA damage-signalling cascade that leads to cell
cycle arrest. Thus, we tested whether the DNA-damage response
was activated upon growth at elevated temperatures by use of an
Rad53p in situ autophosphorylation assay (Pellicioli et al., 1999;
see Methods). As shown previously, several radiolabelled bands
that migrate faster than Rad53p in an SDS-polyacrylamide gel
and are unchanged by treatment with MMS are detected, and
serve as loading controls. The predominant radioactive species
detected in extracts from strains treated with MMS (Figure 3A)
corresponds to that of autophosphorylated Rad53p, as shown by
its absence in rad53 mutants or as a slower migrating band in
strains bearing epitope-tagged Rad53p (Pellicioli et al, 1999
and data not shown). Figure 3A (left panel) shows that in wild-
type yeast, Rad53p autophosphorylation was stimulated by
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Fig. 3. (A) Autoradiograph of the Rad53p in situ autophosphorylation assays.
Wild-type or yku80 mutant strains were grown in the presence of 0.02% MMS
at 30°C for 2 h, or at 25, 30 or 37°C for 5 h. (B) yku80 mutant strains
containing YEP13 (2u), YEP13-EST2, —TLC1 or —YKU80 were grown at 25,
30 or 37°C for 5 h. (C) Strains were grown at 25 or 37°C, or with 0.005%
MMS (M) or 20 pug/ml phleomycin (P), and Rad53p autophosphorylation was
assayed as above.

MMS, but no stimulation was observed when yeast were grown
at 25, 30 or 37°C. In contrast, in yku80 mutants, Rad53p auto-
phosphorylation was not only stimulated by MMS, but also by
growth at 37°C, and to a lesser extent at the semi-permissive
temperature of 30°C (Figure 3A, right panel; the levels of Rad53p
were unaffected as judged by western blotting; data not shown).
We next tested the effect of overexpression of EST2 or TLCT on
Rad53p activation in yku80 mutants grown at 25, 30 or 37°C.
Notably, when these genes were overexpressed in yku80 strains,
we observed partial suppression of the temperature-dependent
activation of Rad53p autophosphorylation (Figure 3B). This
seems to be specific to growth at elevated temperatures since
Rad53p activation in response to the DNA-damaging agents
MMS (M) or phleomycin (P) was not altered by the overexpres-
sion of EST2 (data not shown) or TLCT (Figure 3C).

Stimulation of Rad53p autophosphorylation has hitherto only
been reported in response to DNA-damaging agents or blocked
DNA replication (Pellicioli et al., 1999). The above results there-
fore raised the possibility that, as a consequence of the NHE]
defect of the yku80 mutant strain, spontaneous unrepaired DNA
strand-breaks generated by growth at elevated temperatures might
directly lead to Rad53p activation. If this is the case, we reasoned
that Rad53p might also be activated at 37°C in other DNA-repair
mutants such as /if1 (defective in NHEJ); Herrmann et al., 1998) or
rad52 (defective in homologous recombination). As shown in
Figure 4A, there was no detectable activation of Rad53p in these
strains at 37°C, indicating that the Rad53p response in yku80
mutants is unlikely to result from spontaneous DNA strand breaks
being generated at the non-permissive temperature.

Unlike yku80 mutants, however, the [ifl and rad52 strains are
not temperature-sensitive, so we therefore tested for Rad53p
activation in two other temperature-sensitive mutants: cdc15-2
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Fig. 4. (A) Rad53p in situ autophosphorylation of strains grown at 25 or 37°C.
(B) Rad53p in situ autophosphorylation of cdcl3-1 mutant strains containing
YEP13 (2u), YEP13-EST2, —TLCI or —YKUS80, and grown at either 25 or
37°C.

(Schweitzer and Philippsen, 1991) and cdc13-1 (Garvik et al.,
1995). Cdc15p functions in the mitotic exit pathway and thus
cdc15-2 mutants arrest at the end of anaphase. Unlike yku80
mutants, the cdc15-2 mutant strain did not activate Rad53p at
the non-permissive temperature of 37°C (Figure 4A). Cdc13p
protects the telomere from degradation and mediates the access
of telomerase to the telomere. The cdc13-1 temperature-sensi-
tive mutant showed marked elevation of Rad53p autophosphor-
ylation at 37°C (Figure 4A). cdc13-1 mutants have been shown
previously to form extensive single-stranded telomeric regions
when grown at non-permissive temperatures (Garvik et al.,
1995; Lydall and Weinert, 1997). Notably, however, whereas
overexpression of EST2 or TLCT suppressed the temperature-
dependent activation of Rad53p in yku80 mutants, over-
expression of these genes or of YKU80 did not suppress the
temperature-dependent activation of Rad53p in cdci3-1
mutants (Figure 4B).

One explanation for the above data is that in yku80 mutant
strains exposure to 37°C leads to the induction of a DNA-
damage signalling cascade. If this is so, we reasoned that muta-
tion of genes known to be required for activation of Rad53p
might allow survival of yku80 mutants at 37°C. Extensive genetic
and biochemical analyses in S. cerevisiae have suggested that
Rad9p and Rad24p form part of two distinct DNA-damage
sensing pathways that additively activate MecTp, which in turn
activates Rad53p by phosphorylation (reviewed in Lowndes and
Murguia, 2000). We therefore tested the effect of deleting
RAD9, RAD24, or both genes, in wild-type and yku80 mutant
strains. There were no gross changes in telomere length in rad9/
yku80, rad24/yku80 or rad9/rad24/yku80 mutants compared
with the yku80 mutants (Figure 5A). Moreover, like wild-type
strains, there was no apparent activation of Rad53p in rad9 or
rad24 strains at 37°C (Figure 5B). However, the temperature-
dependent activation of Rad53p in the rad9/yku80 strain and, to
a lesser extent, the rad24/yku80 strain was reduced compared to
the yku80 strain (Figure 5B), indicating that activation of Rad53p
was mediated by both Rad9p and Rad24p.

The above data suggested that exposure to 37°C in the yku80
mutant activates a signalling pathway that is dependent pri-
marily on Rad9p and to a lesser extent on Rad24p, which in turn
leads to chronic activation of Rad53p and sustained growth
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Fig. 5. (A) Southern blot analysis of telomeres from various yeast strains.
(B) Top, Rad53p in situ autophosphorylation of strains grown at 25 or 37°C.
Bottom, western blot analysis of Rad53p was performed on 12%
polyacrylamide gels. (C) Strains were spotted in 10-fold serial dilutions onto
YPAD plates and grown at 30, 36 or 37°C.

arrest. We therefore reasoned that, if this is the case, reduction of
the Rad53p activation by deletion of RAD9 or RAD24 might
suppress the temperature sensitive phenotype of the yku80
mutant. As shown in Figure 5C, this is indeed the case—deletion
of RAD9, and to a much lesser extent RAD24, resulted in partial
suppression of the yku80 temperature-sensitivity. It is note-
worthy, however, that only weak suppression is observed at
37°C suggesting that temperature-sensitive lethality is not only
due to telomeric activation of the DNA-damage checkpoint and
cell-cycle arrest. The role of Ku in DNA damage checkpoints is
indeed a complex one as illustrated in the complex interactions
that take place during adaptation in response to a double-strand
break (Lee et al., 1998).

CONCLUSION

These data suggest that when yku80 mutants are grown at 37°C,
they activate a DNA-damage signalling pathway akin to that trig-
gered in response to DNA strand breaks. This pathway can be
partly suppressed by overexpression of telomerase components
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EST2 or TLCI, or by deletion of RAD9 or RAD24, thereby
allowing growth at elevated temperatures. It is tempting to
speculate that the telomeric single-stranded regions in the yku
mutants initiate the signalling cascade. However, the single-
stranded G-rich extensions are equally detectable when yku80
mutant cells are grown at 30 or 37°C (Gravel et al., 1998 and
Figure 1C). In addition, although overexpression of EST2 or
TLCT alleviates the yku80 temperature sensitivity, it has no
apparent effect on the extent of the single-stranded regions or the
length of the G-strand. This suggests that the changes that occur
at the telomere at non-permissive temperatures must be more
subtle; perhaps involving alterations in the in vivo accessibility
of the single-stranded regions or interactions between the
telomere and other proteins, or nuclear structures.

Our data therefore lend support to models in which telomere
length itself is often a poor indicator of telomere-induced crisis
or checkpoint arrest, and suggest that other features are likely to
be critical. More specifically, at least in instances where the
telomeres are critically short, such as in the yku80 mutant, it
may be that components of yeast telomerase play additional
telomere-specific genome-protective roles by preventing inappro-
priate activation of the DNA-damage checkpoint pathway. Such
a model is consistent with one put forward recently by
Blackburn (2000) in which the telomere is proposed to switch
stochastically between a capped and uncapped state in a
manner that is determined, not by telomere length per se, but by
preservation of the physical integrity of the telomere. Further
studies investigating the effect of telomerase components on
telomere chromatin structure and accessibility may provide vital
insights into how telomere ‘capping’ might prevent the recog-
nition of chromosome ends as DNA double-strand breaks.

METHODS

Yeast strains. W303 (MATa ade2-1 leu2-3,112 his3-11, 15 trp1
ura3-1 canl-100) and isogenic derivatives were used for all
experiments. Deletion strains were made by one-step gene
disruption of haploid strains using p80::KANX (constructed by
J. Downs), pLIF1::URA3 (Teo and Jackson, 2000), pRAD52::TRP1
(gift from D. Weaver). Haploid strains for Figure 5 were generated
from dissection of the rad9::HIS3 rad24::URA3 yku80::KANX
diploid to generate single, double and triple mutants. TPE was
tested in W303 strains in which the URA3 gene was inserted near
the telomere of chromosome VII (gift from D. Gottschling).
Telomere PCR was tested in W303 yku80::KANX strains in which
the ADE2 gene was inserted at the telomere of the right arm of
chromosome V (gift of D. Shore).

Temperature sensitivity multicopy suppressor screen. We
found that the yku80 isw2 mutant strain was markedly more
temperature sensitive than either the yku80 or isw2 (gift from
T. Tsukiyama) mutant strains. We therefore performed multi-
copy suppressor screens by transforming the yku80 isw2 double
mutant with a YEP13 2y library of plasmids in which random
fragments of genomic DNA had been cloned (gift from
K. Nasmyth). Transformants were plated onto minimal medium
and incubated for 8 h at 30°C before growth at 37°C for 3 days.
Plasmids from temperature-resistant colonies were shuttled into
Escherichia coli and retested for their ability to suppress the
temperature-sensitive phenotype by transforming into yku80
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mutants. All positive clones were found to suppress the tempera-
ture sensitivity of the yku80 single mutant and subsequent exper-
iments were conducted in this strain.

Telomere PCR. Telomere PCR experiments were conducted as
described in Forstemann et al. (2000). Briefly, genomic DNA
was prepared from yku80 mutant cultures in which the ADE2
gene is placed at the telomere of the right arm of chromosome V.
The phenotype of yku80 mutant strains overexpressing EST2 or
TLCT is similar to that observed in W303 strains without the
ADE?2 insertion (data not shown). Genomic DNA was then dena-
tured and tailed with terminal deoxynucleotidy transferase (TdT)
in the presence of dCTP. PCR was then performed using a primer
specific for a sequence distal of the subtelomeric ADE2 gene and
a primer complementary to the dC tail. The PCR products were
analysed in a 2% agarose 1x TAE gel and following gel electro-
phoresis telomeric bands were purified and cloned into pGEMT.
Plasmids were sequenced using the T7 primer by automated
DNA sequencing.

MMS sensitivity experiments and in vivo plasmid repair assay.
Exponentially growing cells were treated with 0.05% MMS for
the times indicated and dilutions of cells were plated onto YPD
agar plates. Survival relative to untreated cells was plotted rela-
tive to exposure time in MMS. Plasmid repair assays were
performed as described previously (Boulton and Jackson,
1996a).

In situ Rad53p autophosphorylation assay. Yeast whole cell
extracts were prepared from TCA-treated cells and analysed as
described (Pellicioli et al., 1999). Briefly, yeast extracts were
separated by 10% SDS-PAGE and blotted onto PVDF
membrane. After denaturation and renaturation of proteins, an
in situ autophosphorylation assay was performed by incubating
the blot with [y-32P]ATP. The blot was then washed extensively
and subjected to autoradiography.
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