
MOLECULAR AND CELLULAR BIOLOGY, Apr. 2002, p. 2182–2193 Vol. 22, No. 7
0270-7306/02/$04.00�0 DOI: 10.1128/MCB.22.7.2182–2193.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Maintenance of Double-Stranded Telomeric Repeats as the Critical
Determinant for Cell Viability in Yeast Cells Lacking Ku

Serge Gravel† and Raymund J. Wellinger*
Department of Microbiology, RNA Group/Groupe ARN, Faculty of Medicine,

Université de Sherbrooke, Sherbrooke, Quebec J1H 5N4, Canada

Received 23 October 2001/Returned for modification 18 December 2001/Accepted 7 January 2002

The Saccharomyces cerevisiae Ku complex, while important for nonhomologous DNA end joining, is also
necessary for maintaining wild-type telomere length and a normal chromosomal DNA end structure. Yeast cells
lacking Ku can grow at 23°C but are unable to do so at elevated temperatures due to an activation of DNA
damage checkpoints. To gain insights into the mechanisms affected by temperature in such strains, we isolated
and characterized a new allele of the YKU70 gene, yku70-30ts. By several criteria, the Yku70-30p protein is
functional at 23°C and nonfunctional at 37°C. The analyses of telomeric repeat maintenance as well as the
terminal DNA end structure in strains harboring this allele alone or in strains with a combination of other
mutations affecting telomere maintenance show that the altered DNA end structure in yeast cells lacking Ku
is not generated in a telomerase-dependent fashion. Moreover, the single-stranded G-rich DNA on such
telomeres is not detected by DNA damage checkpoints to arrest cell growth, provided that there are sufficient
double-stranded telomeric repeats present. The results also demonstrate that mutations in genes negatively
affecting G-strand synthesis (e.g., RIF1) or C-strand synthesis (e.g., the DNA polymerase � gene) allow for the
maintenance of longer telomeric repeat tracts in cells lacking Ku. Finally, extending telomeric repeat tracts in
such cells at least temporarily suppresses checkpoint activation and growth defects at higher temperatures. Thus,
we hypothesize that an aspect of the coordinated synthesis of double-stranded telomeric repeats is sensitive to
elevated temperatures.

DNA double-strand breaks (DSBs) belong to the most dis-
ruptive forms of DNA damage. If left unrepaired, they lead to
broken chromosomes, which can cause cell death. On the other
hand, incorrectly repaired DSBs can give rise to chromosomal
aberrations such as rearrangements, deletions, and chromo-
some fusions (reviewed in references 17, 34, and 61). In a cell
with DSBs, surveillance mechanisms called DNA damage
checkpoints are activated in order to prevent DNA replication
and/or cell division before the damage is repaired (79, 85).
DNA damage checkpoints are likely to be responsible for ac-
tivating the repair mechanisms, and they are thought to pro-
vide cells with time to complete the repair process by slowing
down cell cycle progression.

Telomeres are special functional complexes at the ends of
eukaryotic chromosomes. Unlike DNA DSBs, the ends of eu-
karyotic chromosomes are stable and do not activate the DNA
damage checkpoints. Thus, telomeres protect the chromosome
ends from fusion and degradation and allow the cell to differ-
entiate a chromosomal DSB from a natural end (48, 52, 57,
70). In the vast majority of eukaryotes, including yeast and
mammals, telomeres consist of simple repeated DNA se-
quences and their associated proteins. The strand running 5� to
3� toward the end contains clusters of three or four guanines
and is commonly referred to as the G-rich strand (81). For
example, in the yeast Saccharomyces cerevisiae, telomeric DNA

consists of �300 bp of C1-3A/TG1-3 sequences (76, 77, 84). In
organisms where the DNA structure of the very end of the
chromosome is known, the G-rich strand is extended to form a
single-strand tail (38, 41, 51, 54). In budding yeast, long over-
hangs of the G-rich strand are only detected during S phase
(21, 82) and the exact end structure outside of S phase is
currently unknown. However, the assays used to analyze end
structures in yeast exclude the possibility of G-strand or C-
strand extensions of more than 20 bases (82).

In addition to the end protection function, telomeres are
essential for ensuring the complete replication of the chromo-
somes (32, 78, 84). In most eukaryotes, the end replication
problem is solved by telomerase. This ribonucleoprotein com-
plex extends the G-rich strand of the telomere using telomeric
repeats encoded within the RNA component of the enzyme as
a template (33, 71). In yeast, the telomerase RNA component
is encoded by the TLC1 gene (73), while the product of the
EST2 gene provides the DNA polymerase activity (15, 45).
Mutations in either of these genes lead to a gradual loss of
telomeric DNA and cause a loss of cell viability during vege-
tative subculturing (15, 45, 73).

The Ku complex is present in most eukaryotic organisms and
is composed of an �70-kDa subunit (Ku70) and an �80-kDa
subunit (Ku80), forming a heterodimer (reviewed in references
23 and 25). In vitro, this heterodimer binds DNA ends in a
sequence-independent manner, and Ku has been shown to be
directly involved in nonhomologous end joining (NHEJ), a
DNA DSB repair mechanism present in both yeast and mam-
mals (reviewed in reference 25). NHEJ consists of a direct
ligation of two DNA ends, and in this mechanism Ku is be-
lieved to bind to DNA ends to prevent DNA degradation,
facilitate alignment of the broken ends, and recruit DNA li-
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gases and other factors (29, 53, 60, 66, 74). Surprisingly, it has
also been shown that Ku is physically associated with yeast and
mammalian telomeric DNA (31, 39) and that this association is
important for telomere homeostasis and genome stability (16,
69).

In budding yeast, inactivation of the Ku complex, referred to
as Yku and consisting of the Yku70p and Yku80p proteins,
has several consequences for telomere maintenance and cell
growth. Telomeric DNA is dramatically shortened, and the
terminal DNA structure maintains long extensions of the G-
rich strand throughout the cell cycle (9, 31, 63, 64). Further-
more, telomeric silencing is diminished in Yku� cells (10, 31,
42, 58), and the subnuclear localization of telomeres is modi-
fied (42). Finally, Yku� cells are unable to grow at elevated
temperatures (9, 26). Recent evidence suggests that this tem-
perature sensitivity phenotype is related to a telomere defect
rather than an inability to repair spontaneous DSBs generated
in vivo. First, temperature-resistant subclones of Yku� mutant
cells seem to maintain their telomeres by recombinational
mechanisms (27). This result suggests that telomere mainte-
nance by recombinational mechanisms allows growth of Yku�

cells at elevated temperatures, whereas telomerase-based
maintenance does not. Second, a deletion of the last 25 amino
acids from Yku70p results in telomere maintenance defects
and temperature sensitivity, whereas the cells are fully profi-
cient for NHEJ (22). Finally, overexpression of telomerase
subunits in Yku� cells restores viability at 37°C and suppresses
the DNA damage checkpoint activation that occurs in these
mutants (58, 75). In Yku� cells incubated at 37°C, checkpoint
activation is dependent on the RAD9 gene product (5, 75), a
factor that has emerged as a candidate DNA damage sensor
(18, 28, 50). Once the damage is recognized, a set of protein
kinases, including Mec1p and Rad53p, are activated (reviewed
in references 47 and 79). These kinases transduce the signal
and regulate cellular responses by phosphorylating appropriate
target proteins involved in the control of cell cycle transitions,
the transcriptional induction of repair genes, the activation of
repair proteins, or the chromatin structure (reviewed in refer-
ences 47 and 79). At the level of transcriptional activation, it
has been shown that the Rad53p kinase regulates cellular de-
oxynucleoside triphosphate (dNTP) pools via the transcrip-
tional induction of the genes encoding subunits of ribonucle-
otide reductase (RNR genes) (3, 40). The demonstration that
Rad53p activation and transcriptional induction of the RNR
genes occur in Yku� cells confirmed that the DNA damage
checkpoint is activated in these cells (5, 75).

The precise role of Yku in telomere maintenance and the
reasons for checkpoint activation and growth arrest of Yku�

cells at elevated temperatures have remained enigmatic. To
address these questions, we identified and analyzed a temper-
ature-sensitive (TS) allele of the YKU70 gene. Having used this
allele as well as other strategies to modify telomere lengths in
Yku� cells, we report here that, despite the presence of con-
stitutive G-rich overhangs, Yku� cells with long telomeres can
grow normally at elevated temperatures. In all conditions
tested, DNA damage checkpoint activation and absence of
growth at 37°C qualitatively correlated with short telomeres.
This new allele also allowed us to demonstrate that telomerase
is not involved in the initial generation of the G-rich over-
hangs. Furthermore, a mutation in the gene encoding DNA

polymerase � (Pol�) that compromises C-strand synthesis sup-
presses the telomere length phenotype in Yku� cells. These
results suggest that, in Yku� cells, the ability to coordinately
generate a minimal amount of double-stranded telomeric re-
peats at 37°C is compromised. This defect apparently leads first
to DNA damage checkpoint activation and ultimately to per-
manent cell cycle arrest and cell death.

MATERIALS AND METHODS

Yeast strains and plasmids. BY4705a (MATa ade2�hisG his3�200 leu2�0
lys2�0 met15�0 trp1�63 ura3�0) and isogenic derivatives were used for all
experiments, except when stated otherwise. BY4705a was derived from BY4705
(12) by HO-mediated switching of the mating type (A. Wolf and D. Gottschling,
personal communication). To generate strain BYyku70�, the entire coding re-
gion of the YKU70 gene (�19 to �1841 with respect to the initiation codon) was
replaced by the LEU2 gene in BY4705a. BYyku70�/rif1� was created by replac-
ing the RIF1 gene (�1 to �5752 with respect to the initiation codon) by URA3
in strain BYyku70�. BYyku70�/rad9� was generated by replacing the RAD9
gene (�10 to �3940 with respect to the initiation codon) by HIS3 in strain
BYyku70�. These strains were transformed with either an empty pRS314 vector
(72), plasmid pKu70 (see below), or pKu70-30ts (see below) by standard methods
(30). Strain SGY51 (mata yku70�::LEU2 tlc1�::LEU2 his3 lys2 trp1�63 ura3
ADE2 MET15 or met15) harboring plasmids pKu70-30ts and pAZ1 (7) (see
below) was generated by crossing strain BYyku70�, containing pKu70-30ts, with
RWY10 (mat� ura3-52 lys2-801 ade2-101 trp1-�63 his3-�200 leu2-�1 tlc1�::
LEU2 VR-ADE2-TEL), carrying pAZ1. tlc1�/yku70� spores containing both
plasmids (pKu70-30ts and pAZ1) were selected, and strains lacking TLC1 were
recovered by selecting against the presence of pAZ1 on fluoroorotic acid (FOA)
media (8). Strain SGY53 (mata tlc1�::LEU2 yku70�::LEU2 rif1�::kanMX4 his3
lys2 trp1�63 ura3 ADE2 MET15 or met15), harboring plasmids pKu70-30ts and
pAZ1, was created by replacing the RIF1 gene with the kanMX4 marker in strain
SGY51. To generate strain SGY56 (MATa/� pol1-17/POL1 yku70�::URA3/YKU70),
strain RWY121 (MATa ura3-52 trp1-289 ade2-101 gal2 can1 his pol1-17 bar1�::
kanMX) (2) was crossed with BYyku70�URA (MAT� ade2�hisG his3�200
leu2�0 lys2�0 met15�0 trp1�63 ura3�0 yku70�::URA3). The SGY56 diploid was
sporulated and microdissected to generate the mutant strains presented in
Fig. 2B.

Telomeric silencing was tested with strain UCC3505 (MATa ura3-52 lys2-80
ade2-101 trp1�63 his3�200 leu2-�1 ppr1�::HIS3 adh4::URA3-TEL-VIIL VR-
ADE2-TEL) (73), in which the YKU70 gene was replaced by the LEU2 marker;
the resulting strain was referred to as UCC3505/yku70.

All deletions in strains were achieved by PCR-mediated gene disruption (6)
and were verified by Southern blotting and determination of the corresponding
phenotypes (data not shown).

pAZ1 is a pRS316(URA3 CEN3 ARSH4)-based plasmid (72) that contains a
5.5-kb genomic DNA fragment spanning the entire TLC1 locus (7). The pKu70
plasmid is pRS314(TRP1 CEN6 ARSH4) containing the wild-type (wt) YKU70
gene (nucleotides �386 to �1921 with respect to the initiation codon) under the
control of its native promoter. The pKu70-GR plasmid was constructed in the
following way. Nucleotides �385 to �3 with respect to the initiation codon of the
YKU70 gene were amplified by PCR. XhoI and EcoRI recognition sites were
appended to the upstream and downstream primers, respectively. The PCR
product was cloned in pRS314 into the same sites to generate pKu70-G. One
hundred twelve nucleotides downstream of the stop codon of the YKU70 gene
were amplified by PCR, and EcoRI and BamHI recognition sites were appended
to the upstream and downstream primers, respectively. This PCR product was
cloned in pKu70-G at the same sites to generate pKu70-GR. The resulting
plasmid was digested with EcoRI before transformation.

Yeast growth conditions. Yeast strains were grown in standard media at
various temperatures (67). For the determination of population doublings (num-
bers of generations), cell concentrations were measured by densitometry at 660
nm. Cells were diluted to 3 � 105 to 1 � 106 cells/ml in synthetic complete
(SC)-Leu-Trp and regrown to 1 � 107 to 2 � 107 cells/ml.

Construction and selection of the yku70-30ts allele. The YKU70 gene (nucle-
otides �350 to � 1921 with respect to the initiation codon) was randomly
mutagenized by PCR in a buffer containing 10 mM Tris (pH 9), 50 mM KCl, 0.2
mM dATP, 0.2 mM dGTP, 1 mM dCTP, 1 mM dTTP, 7 mM MgCl2, and 1.5 U
of Taq DNA polymerase. The PCR product was gel purified and cotransformed
with EcoRI-linearized pKu70-GR into strain UCC3505/yku70�, and transfor-
mants were selected on SC-Trp (gap repair method). Cell patches for 7,500
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transformants were rereplica plated on SC-Trp or FOA-Trp media and incu-
bated for 3 days at 23 or 37°C. Strains displaying the desired phenotypes (see
Results) were used for plasmid rescue into Escherichia coli, and the inserts in the
recovered plasmids were sequenced. The yku70-30ts allele encodes the following
mutations: Thr134Ser, Leu170Phe, and Phe215Ile. The pRS314 vector contain-
ing this allele is referred to as pKu70-30ts. Currently, we do not know whether all
three mutations are necessary to confer the TS character of this allele.

Nucleic acid methods. Southern blotting and in-gel hybridization analyses
were performed using the CA oligonucleotide probe (CA probe) described
previously (21). To determine the lengths of terminal restriction fragments,
genomic DNA was digested with XhoI and separated by electrophoresis on 1%
agarose gel. The DNA was then blotted onto a nylon membrane and probed with
a 600-bp KpnI fragment derived from the telomere-proximal side of the subte-
lomeric Y� element (46) (Y� probe). Blots were scanned with a Packard Instan-
tImager, and the sizes of the terminal restriction fragments (TRFs) were deter-
mined with the Imager software. Broad peaks corresponding to the TRFs were
visualized with the software, and the migration distances of the tops, middles,
and bottoms of the peaks with respect to the wells were defined. The migration
distances were then converted by the software to DNA sizes by using the pa-
rameters determined by the migration of the molecular size markers (100-bp
ladder; AP Biotech). The XhoI restriction site situated in the Y� subtelomeric
element is 870 bp from the start of the telomeric TG1-3 sequences (46). Conse-
quently, the apparent lengths of telomeric repeats were determined by subtract-
ing 870 bp from the lengths determined for the TRFs.

For RNA analysis by Northern blotting, cells were grown to mid-log phase at
23 or 37°C for various numbers of generations and total RNA was isolated by
glass bead-mediated cell disruption in LETS buffer (0.01 M Tris [pH 7.5], 0.1 M
LiCl, 0.01 M EDTA, 0.2% sodium dodecyl sulfate) (67). Standard techniques
were used for gel electrophoresis (68). RNA (25 �g/sample) was blotted to a
Hybond N� membrane (Amersham Pharmacia Biotech) and hybridized accord-
ing to the manufacturer’s instructions. RNA blots were probed sequentially with
32P-labeled DNA fragments specific for the RNR2, RNR3, and RNR4 genes, as
described previously (14). A probe specific for the RNA of the yeast ACT1 gene
was used as an RNA loading control. The blots were scanned with a Molecular
Dynamics PhosphorImager, and the radioactive signals were quantified with
ImageQuant software. The RNR transcript levels were arbitrarily set at 1 in the
wt cells grown at 23°C, and RNR levels in Yku� mutants were normalized
accordingly.

RESULTS

Identification of a TS allele of YKU70. The ability to repress
the transcription of telomere-proximal genes as well as viability
at elevated temperature are drastically reduced in cells devoid
of Yku (9, 10, 26, 31, 42, 58). We used these two properties to
select for TS alleles of the YKU70 gene. The whole YKU70
gene was mutagenized by random PCR and expressed in a
yku70� haploid strain (see Materials and Methods). We
screened for mutants that could silence telomere-proximal re-
porter genes at 23°C and that showed reduced cell viability at
37°C. To assay telomere-proximal silencing, we monitored the
expression of the ADE2 gene inserted near the telomeric re-
peats of chromosome V-R and the expression of the URA3
gene inserted near the telomeric repeats of chromosome VII-L
(73). In cells with a wt allele of YKU70, the reporter genes were
repressed and cells accumulated a red pigment (ADE2 assay;
Fig. 1A, top). In addition, due to repression of the telomeric
URA3 gene in wt cells, most cells were able to grow on medium
containing 5-FOA, a drug toxic for cells expressing URA3
(URA3 assay; Fig. 1A, bottom). As previously reported, a
strong derepression of these loci was observed in yku70� cells,
leading to white patches in the ADE2 assay and significantly
reduced growth in the URA3 assay, even at 23°C (Fig. 1A).
Cells harboring the yku70-30ts allele, one of the alleles recov-
ered in our screen, behaved very similarly to wt cells when
grown at 23°C: they displayed accumulation of red pigment in
the ADE2 assay and good viability in the URA3 assay (Fig.

1A). However, compared to YKU70 cells, pKu70-30ts-harbor-
ing cells displayed an important reduction in viability at 37°C
(Fig. 1A).

The telomeric end structure is modified in yku70� cells, and,
in contrast to what is found for wt cells, long overhangs of the
G-rich strand are present throughout the cell cycle (31, 63). As
a further test for the temperature sensitivity of the yku70-30ts

allele, the telomeric DNA end structure present in cells har-
boring the yku70-30ts allele was analyzed for cells grown at
23°C or shifted to 37°C for 8 h (about two generations). G-rich
overhangs were then probed by in-gel hybridization. As shown
in Fig. 1B, the amount of single-stranded G-rich overhangs
detected on telomeres derived from yku70-30ts cells grown at
23°C is comparable to that detected on telomeres derived
from YKU70 cells. However, after two generations of growth at
37°C, a strong signal for G-rich extensions is detected. The
intensity of the signal is comparable to that of the one detected
in DNA derived from yku70� cells (Fig. 1B, compare lanes 2
and 6). To control for DNA loading, the DNA was denatured
in gel and rehybridized to the same probe (Fig. 1B, bottom).

These results indicate that, when cells harboring the yku70-
30ts allele are grown at 23°C, the repression of telomere-prox-
imal genes is normal (Fig. 1A). In addition telomere lengths as
well as the telomeric DNA end structure are indistinguishable
from those found in wt cells (Fig. 1B). However, the function
of Yku in maintaining a normal telomeric end structure is lost
when yku70-30ts cells are incubated at 37°C (Fig. 1B), the cells
lose the ability to form colonies, and the ability to repress
telomere-proximal genes is reduced (Fig. 1A). Furthermore, in
an HO endonuclease cleavage assay developed by Haber and
coworkers to measure NHEJ efficiency (43, 56), cells harboring
the yku70-30ts allele are at least 10-fold more sensitive than wt
cells to HO expression when the assay is performed at 37°C,
while displaying the same resistance as wt cells at 23°C (data
not shown). Thus, for all the phenotypes analyzed, cells har-
boring the yku70-30ts allele behave as if the Yku complex is
functional at 23°C but nonfunctional at 37°C.

Telomerase is not involved in the initial generation of G-
rich overhangs after loss of Yku function. Yku� cells possess
overhangs of the G-rich strand of 	30 bases throughout the
cell cycle (31, 63). One obvious candidate for the creation of
these single-stranded extensions was telomerase. However, be-
cause of the nearly synthetic-lethal interaction between Yku
and telomerase (31, 58), it was impossible to test directly the
importance of this enzyme in the creation of the G-rich over-
hangs. The yku70-30ts allele allowed us to address this ques-
tion. A deletion of TLC1, the gene encoding the RNA com-
ponent of telomerase, was introduced in a strain harboring the
yku70-30ts allele as the sole source of Yku70p (see Materials
and Methods). This strain survives due to the presence of
TLC1 on a URA3/CEN plasmid and/or by growth at 23°C, the
permissive temperature for the yku70-30ts allele. Cells lacking
TLC1 were selected for by growth on FOA-Trp media at 23°C.
The FOA-resistant cells lack functional telomerase by two
criteria. First, the cells lost viability after subculturing for about
40 to 60 generations at 23°C (data not shown). Second, com-
pared to telomeres derived from TLC1 yku70-30ts cells, the
lengths of the telomeres derived from tlc1� yku70-30ts cells
were reduced in cells grown for about 25 generations in the
absence of TLC1 (Fig. 2A, bottom, compare lanes 1 and 3).
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The Yku complex was inactivated in these cells by shifting the
culture to 37°C for 8 h, which is sufficient to inhibit Yku
function in these cells (Fig. 1B). As controls, telomerase-pos-
itive cells were also shifted to 37°C for the same amount of
time. Total genomic DNA was extracted, and the G-strand
overhangs were analyzed by in-gel hybridization. The signal for
single-stranded G-rich DNA detected on telomeres derived
from tlc1� yku70-30ts cells is comparable to the one detected
on telomeres from TLC1 yku70-30ts cells (Fig. 2A, top, com-
pare lanes 2 and 4). This result indicates that at least part of
the initial creation of the G-rich overhangs observed in Yku�

mutants is independent of telomerase.
Cells harboring specific TS alleles of the gene encoding the

catalytic subunit of Pol�, such as pol1-17, also have an altered
telomeric end structure (2). As in Yku� mutants, the G-strand
overhangs in Pol� mutants are initially formed in a telomerase-
independent manner. However, in contrast to Yku� mutants,

FIG. 1. (A) Identification of a TS allele of YKU70. The entire
YKU70 gene was randomly mutagenized, and the mutant alleles were
expressed in a yku70� strain carrying the ADE2 and URA3 genes as
reporter genes for telomere position effect (strain UCC3505/yku70�).
Cells containing an empty vector (yku70�) or the vector containing the
wt YKU70 gene (pKu70; YKU70) were used as controls for silencing
status and growth at high temperature. Patches of cells were grown at
23°C on SC-Trp and then rereplica plated on the same medium at 37°C
(ADE2 assay, top), or on FOA-Trp at 23 and 37°C (URA3 assay,
bottom) and incubated for 3 days. (B) yku70-30ts cells grown at 37°C
exhibit telomeric single-stranded G-rich DNA. Strain BYyku70�
transformed with the indicated plasmids was grown in liquid culture at
23°C and then shifted to 37°C for 8 h. Genomic DNA was extracted
and digested with XhoI, and telomeres were analyzed for G tails by
nondenaturing in-gel hybridization with a CA oligonucleotide probe
(top). To control for DNA loading, the DNA was denatured in the gel
and rehybridized to the same probe (bottom). Lane M, end-labeled
1-kb ladder DNA serving as a size standard; lanes ss and ds, DNA with
telomeric TG1-3 repeats in single-stranded and double-stranded forms,
respectively, as described previously (21).
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pol1-17 mutants display a telomerase-dependent telomere
elongation during outgrowth at a semipermissive temperature
rather than telomere shortening (1, 2). In light of these obser-
vations, we were interested to address the relationship between
Yku and Pol� with respect to telomere length maintenance. To
test this, pol1-17 yku70� double mutants were created by
sporulating diploid strain SGY56 (see Materials and Methods)
and tetrad dissection. Telomere length in cell cultures derived
from all four spores of a tetratype was determined (Fig. 2B).
Compared to those in the yku70� mutants, the telomeres in the

pol1-17 yku70� double mutant are elongated, even when the
cells are grown at 23°C, a temperature at which the pol1-17
mutation by itself only causes a modest phenotype (Fig. 2B,
compare lanes 1 and 5). Telomere lengths are even more
increased when the double mutants are grown at 30°C, the
semipermissive temperature for the pol1-17 mutants (Fig. 2B,
compare lanes 1 and 2). Thus, the defect in pol1-17 cells causes
telomere elongation even if combined with a Yku� mutation.

For Yku� cells, the lengths of telomeric repeats correlate
with the capacity to grow at elevated temperature. Despite the
presence of G-rich overhangs, the number of the telomeric

FIG. 2. (A) Telomerase does not contribute significantly to the
creation of G-rich overhangs in Yku� mutants. Strain SGY51 (yku70�
tlc1� pKu70-30ts) and the same strain carrying in addition a plasmid-
borne copy of TLC1(pAZ1) were grown at 23°C and then shifted for
8 h to 37°C. DNA was extracted, digested with XhoI, and analyzed by
in-gel hybridization as described for Fig. 1B. Top, native gel; bottom, the
same gel hybridized after denaturation. Lane M, end-labeled 1-kb ladder
DNA serving as a size standard; lanes ss and ds, DNA with telomeric
TG1-3 repeats in single-stranded and double-stranded forms, respectively.
Note that in yku70-30ts cells telomere shortening occurs during the 30
generations of growth at 23°C that were necessary to produce the yku70-
30ts tlc1� strain. (B) Telomere length analysis for pol1-17 yku70� double
mutants. Strain SGY56 (MATa/� pol1-17/POL1 yku70�::URA3/YKU70)
was sporulated and microdissected. Spores derived from a tetratype were
grown, and total genomic DNA was extracted and digested with XhoI.
The denatured gel from an in-gel analysis using the CA probe is shown.
Lane M, end-labeled 1-kb ladder DNA serving as a size standard; lane
1, yku70� pol1-17 cells grown at 23°C; lane 2, the same strain as in lane
1 after a shift to 30°C for 16 h; lane 3, YKU70 POL1 wt cells grown at
23°C; lane 4, the same strain as in lane 3 after a shift to 30°C for 16 h;
lane 5, yku70� POL1 cells grown at 23°C; lane 6, the same strain as in
lane 5 after a shift to 30°C for 16 h; lane 7, YKU70 pol1-17 cells grown
at 23°C; lane 8, the same strain as in lane 7 after a shift to 30°C for 16 h.
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repeats, and hence telomere length, were not diminished sig-
nificantly in yku70-30ts cells grown for two generations at 37°C
(Fig. 1B). Furthermore, as shown in Fig. 1A (ADE2 assay), the
viability of yku70-30ts cells at 37°C was not affected to the same
extent as that of yku70� cells. However, in initial experiments
we observed that yku70-30ts cells lose telomeric repeats and
viability after more-prolonged exposures to high temperature
(see below and data not shown). These observations suggested
a possible correlation between the length of the telomeric
repeats and the viability of Yku� cells at 37°C. To explore this
possibility, we measured these two parameters during out-
growth of Yku� mutants. In these analyses, cells devoid of Yku
(yku70� strains) and strains harboring the yku70-30ts allele
were used. Furthermore, a deletion of the RIF1 gene was in-
troduced into those strains to generate yku70� rif1� and yku70-
30ts rif1� double mutants. The RIF1 gene encodes a protein
that localizes to telomeres, where it acts as an inhibitor of telo-
mere elongation (55). As a result, rif1� cells have elongated
telomeres (36).

These different strains were grown in liquid medium at 23°C
and then shifted to 37°C for 2.5 or 6 generations (or until loss
of growth), and the viability at 37°C was assessed by plating
10-fold serial dilutions of the cultures at 37°C (Fig. 3A).
Growth capacity was qualitatively assayed on plates based on
sizes of colonies on the spots with diluted cultures and on
which single-cell-derived colonies can be visualized. Cells were
classified into three categories: (i) pregrowth and culture con-
ditions allowed the formation of individual colonies similar to
wt, (ii) individual colonies were smaller than wt (microcolo-
nies) yet clearly visible, and (iii) individual microcolonies failed
to form in spots of the diluted culture. We note that cells from
some cultures incapable of forming microcolonies were able to
form lawns at low dilutions. In parallel, aliquots of the same
cultures used to determine viability were used to isolate
genomic DNA and measure telomere repeat lengths at each
time point by Southern blotting (Fig. 3B; all the data are
summarized in Table 1). Thus, the DNA was digested with the
XhoI restriction enzyme and the telomeric restriction frag-
ments were detected with a telomere-proximal Y� probe.
Grown at 23°C, the different strains used here displayed telo-
meric repeat lengths of about 275 bp for wt, 130 bp for yku70�,
250 bp for yku70� rif1�, 265 bp for yku70-30ts, and 620 bp for
yku70-30ts rif1� cells (Fig. 3B, lanes 23°; Table 1). A strain with
a deletion of RIF1 alone (YKU70 rif1�) had telomere lengths
very similar to those for the yku70-30ts rif1� strain grown at
23°C and displayed the growth characteristics of a wt strain in
all conditions tested (data not shown). All strains form normal-
size colonies when pregrown at 23°C and then incubated on
plates at 23°C (Fig. 3A, top row).

Yku70� cells grown for 2.5 generations in liquid medium at
37°C do not grow further when incubated at the same temper-
ature on plates (Fig. 3A, first column from left) or in liquid
culture (data not shown). Interestingly, yku70� cells that have
elongated telomeres conferred by the RIF1 deletion show an
important growth recovery at the same time point, without
however being able to form wt size colonies (Fig. 3A, second
column). The Southern analysis revealed that culturing at 37°C
resulted in a gradual telomere shortening. From 250 bp, the
length at 23°C, the lengths of telomeric repeats were decreased
to reach a mean of 205 bp after 2.5 generations and 155 bp

after 6 generations at 37°C (Fig. 3B). After six generations of
pregrowth in liquid medium at 37°C, the cells were not able to
form colonies on the plates. The profile of viability and telo-
mere loss for cells harboring the yku70-30ts allele was very
comparable the one for yku70� rif1� cells. A shift to 37°C
produced a rapid telomere shortening accompanied by a
marked decrease in viability (Fig. 3). The yku70-30ts rif1� cells,
which have the most-elongated telomeres of all the Yku�

mutants tested, showed an interesting phenotype. Even after
six generations of growth at 37°C, these yku70-30ts rif1� cells
showed no growth defect and formed wt size colonies when
plated at 37°C (Fig. 3A, fourth column). At this time point,
these cells possessed a mean telomere length of 465 bp, more
than twice the lengths of telomeres in yku70-30ts and yku70�
rif1� cells at the same time point (Fig. 3B).

These results were in agreement with a model in which the
viability of Yku� cells at 37°C is dictated by the overall lengths
of telomeric repeats. However it was possible that the gain of
viability caused by the deletion of the RIF1 gene was due to a
correction of the aberrant terminal structure present in Yku�

cells. Thus, we analyzed the G-strand overhangs in yku70�
rif1� and yku70-30ts rif1� cells (Fig. 3C) at each of the time
points where viability was tested. Comparable signals for G-
strand overhangs were detected on telomeres derived from
yku70� cells and yku70� rif1� cells (Fig. 3C, top, compare
lanes 1 and 2 and 3 and 4). Also, G-strand overhangs are
clearly detectable on telomeres derived from yku70-30ts rif1�
cells shifted to 37°C for 2.5 or 6 generations (Fig. 3C, lanes 10
and 11). These results demonstrate that a deletion of the RIF1
gene does not restore a normal terminal DNA structure to
telomeres in Yku� cells and show that the aberrant end struc-
ture present on telomeres of Yku� cells per se does not inter-
fere with growth at high temperatures.

The DNA damage checkpoint is activated in Yku� mutants
with short telomeres. When incubated at 37°C, Yku� cells
arrest in the G2/M phase of the cell cycle (5, 26). This arrest is
dependent on the Rad9p protein, a component of the DNA
damage checkpoint (5, 75), suggesting that DNA damage is
detected in Yku� mutants grown at high temperature. Because
Yku� mutants with elongated telomeres gain viability at ele-
vated temperature (Fig. 3A), we wondered whether activation
of the DNA damage checkpoint was correlated with overall
telomere length, rather than DNA end structure (see above).
The DNA damage checkpoint response is initiated by recog-
nition and/or processing of the damage, and it has been pro-
posed that several proteins are involved in these processes.
These include the Rad17p, Rad24p, Mec3p, Ddc1p, Rad9p,
and Lcd1/Ddc2p proteins, all of them being essential for effi-
cient checkpoint functions in both the G1 and G2/M phases of
the cell cycle (47, 59, 79). Once the damage is recognized, the
Mec1p and Rad53p kinases are activated and phosphorylate
appropriate substrates. One of the downstream effects in re-
sponse to DNA damage is the induction of ribonucleotide
reductase gene (RNR) transcription (3, 24). Since this tran-
scriptional induction is under the control of the DNA damage
checkpoint signaling pathway, a measurement of the RNR
transcript levels reflects the checkpoint activation status. We
used this assay to monitor checkpoint activation in cells de-
rived from the same cultures used to assay cellular viability as
well as telomere length and structure (Fig. 3). Total RNA was
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prepared, and the levels of transcripts specific for the RNR2,
RNR3, and RNR4 genes were detected and quantified by North-
ern analysis (Fig. 4 and data not shown). The RNR transcript
levels in the wild-type cells grown at 23°C were arbitrarily set at

1, and levels in Yku� mutants were normalized accordingly. A
robust transcriptional activation of the RNR genes is detected
in yku70� cells grown for 2.5 generations at 37°C (Fig. 4, first
column from left). Interestingly, the checkpoint activation is

FIG. 3. (A) Effects of deleting the RIF1 gene on growth of Yku� mutants at elevated temperatures. Cells with the indicated genotypes were
grown at 23°C to mid-log phase and then diluted into prewarmed medium and regrown for 2.5 or 6 generations at 37°C. Following the growth
period in liquid medium, 10-fold serial dilutions of the cells were spotted on SC-Trp and the plates were incubated for 3 days at 37°C. As controls,
10-fold serial dilutions of the cultures prior to the shift to 37°C were also spotted onto SC-Trp and incubated at 23 (top row) or 37°C (second row
from top). (B) Telomere lengths in the strains analyzed in panel A. Genomic DNAs from the cultures tested in panel A were digested with XhoI, and
the TRFs were detected by standard Southern blotting using a probe that is specific for telomere-proximal Y� sequences. Lane M, end-labeled 100-bp
ladder DNA serving as a size standard. G, generations. (C) In Yku� cells, deletion of the RIF1 gene does not restore a normal terminal DNA structure
on telomeres. Aliquots of the genomic DNAs tested in Fig. 3B were analyzed by in-gel hybridization as for Fig. 1B. G-rich overhangs were detected
with a CA probe (top). The rehybridization of the gel after denaturation (bottom) indicates that similar amounts of DNA were loaded in each lane.
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delayed in yku70� rif1� and yku70-30ts mutants. In these
strains, the highest transcriptional activation observed re-
quired six generations of growth at 37°C (Fig. 4, second and
third columns). In yku70-30ts rif1� cells, which have extremely
elongated telomeres and no observable growth defect after six
generations at 37°C, only a marginal activation of RNR tran-
scription is detectable (Fig. 4, fourth column). Furthermore,
the transcriptional activation of RNR genes in yku70-30ts cells
is almost completely abolished by deletion of the RAD9 gene
(Fig. 4, fifth column), indicating that the detected transcrip-
tional induction of the RNR genes is due to RAD9-dependent

DNA damage checkpoint activation. Deletion of RAD9 does
not, however, rescue the growth defect of yku70-30ts cells at
37°C (data not shown). This result suggests that the growth
arrest at 37°C in these cells is not solely due to a prolonged cell
cycle arrest.

It has been shown that overexpression of telomerase subunit
Est2p or TLC1 suppresses checkpoint activation and restores
viability at high temperature in Yku� cells without apparently
modifying telomere length (75). To explain these observations,
it has been proposed that, in the absence of Yku, components
of yeast telomerase could play a telomere-capping function

FIG. 4. DNA damage checkpoint activation in Yku� cells correlates with short telomeres. Total RNA was extracted from the cells tested in
Fig. 3A and transferred to nylon membranes. The membranes were successively probed to detect RNR2, RNR3, and actin transcripts. To correct
for RNA loading, the signals specific for the RNR transcripts were normalized to the actin signal. The RNR transcript levels were arbitrarily set
at 1 in the wt cells grown at 23°C, and RNR transcript levels in Yku� mutants were determined accordingly. The migration positions of the 25S
rRNA (3,392 nucleotides) and 18S rRNA (1,798 nucleotides) are indicated as molecular weight references. G, generations.

TABLE 1. Telomere lengths and growth phenotypes of Yku mutants

Strain
genotype

Telomere lengtha and growthb under conditions of:

Pregrowth at 23°C,
plate growth at 23°C

Pregrowth for 2.5 generations at 37°C,
plate growth at 37°C

Pregrowth for 6 generations at 37°C,
plate growth at 37°C

Telomere length (bp) Growth Telomere length (bp) Growth Telomere length (bp) Growth

yku70� 130 (55–230) � 95 (40–180) � N.A.d N.A.
yku70� rif1� 250 (100–380) � 205 (80–330) �/� 155 (75–280) �
yku70-30ts 265 (160–395) � 220 (110–360) �/� 180 (76–330) �
yku70-30ts rif1� 620 (385–880) � 565 (360–875) � 465 (280–720) �
YKU70 275 (185–370) � N.D.c � 265 (145–360) �

a Telomere length after the pregrowth period was calculated from Southern analysis (Fig. 3B) as described in Materials and Methods. The means and ranges are
indicated.

b The growth phenotype was evaluated from Fig 3A. �, formation of colonies similar to wt; �/�, formation of microcolonies; �, microcolonies not detectable in spots
of the diluted culture.

c N.D., not determined.
d N.A., not applicable due to cell mortality.
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important for viability at high temperatures (75). To explore
this possibility, we asked if inactivation of telomerase in Yku�

mutants with elongated telomeres would also cause a major
capping defect that would result in a dramatic and immediate
decrease in viability such as is observed for telomerase� Yku�

cells. We used strain SGY53 (tlc1� yku70� rif1�) containing
both pKu70-30ts and pAZ1(TLC1) in these assays. In this
strain, telomeres are elongated due to the rif1 deletion (Fig. 3).
By a passage on FOA-Trp media at 23°C, we selected an
SGY53 strain that contained pKu70-30ts as the sole source of
Yku. This strain (tlc1� yku70� rif1� pKu70-30ts) and the strain
still containing the wt TLC1 gene (tlc1� yku70� rif1� pKu70-
30ts pAZ1[TLC1]) were then grown in liquid medium at 23°C,
and viability of the Yku� mutant strains was determined
by plating 10-fold serial dilutions of the cultures at 37°C. As
shown in Fig. 5, the combined absence of telomerase and Yku
in this strain with elongated telomeres reduced viability at 37°C
only modestly, in contrast to the lethality observed with yku70�
tlc1� strains. This result suggests that telomerase inactivation
does not modify the capping status of telomeres in Yku�

mutants, provided that there is a significant number of telo-
meric repeats present.

DISCUSSION

Yeast cells devoid of Yku exhibit excess of single-stranded
G-rich DNA at their telomeres (31, 63). One obvious candi-
date for the creation of these overhangs was telomerase. The
yku70-30 TS allele of the YKU70 gene described in this study
allowed us to determine that, upon loss of Yku function, te-
lomerase per se is not an essential factor for the creation of the
overhangs (Fig. 2A). These data are consistent with our earlier
findings, which indicated that the cell cycle-dependent occur-
rence of G-rich overhangs at yeast telomeres can also be de-
tected in cells lacking telomerase (21, 80). It is therefore pos-
sible that the overhangs observed in Yku� mutants are
generated via the same mechanisms as the S-phase-specific

overhangs in wt cells but would become permanent in Yku�

mutants.
Such single-stranded DNA overhangs are important deter-

minants for recognition as DNA damage (43). Once such DNA
sensed, the cell cycle is arrested and the damage is repaired.
Curiously, the constitutive telomeric overhangs observed in
Yku� cells appear not to cause a cell cycle arrest, at least when
the cells are incubated at 23°C (75). However, Yku� cells are
unable to grow at 37°C, and it was possible that, at this tem-
perature, the single-stranded overhangs were recognized as
damage and the DNA damage checkpoints were activated.
This argument is complicated by the fact that, in Yku� cells,
the double-stranded tracts of telomeric repeats are extremely
short (9, 64), and any failure of mechanisms to maintain that
double-stranded portion may have the same effect, indepen-
dently of the presence of the overhangs. To address the ques-
tion as to whether the overhangs are responsible for temper-
ature sensitivity of Yku� cells at 37°C, we created situations in
which the double-stranded tracts were elongated to at least wt
levels but in which the terminal structure still comprised the
overhangs. We used the fact that a deletion of the gene en-
coding the Rif1p protein, which is part of the telomeric chro-
matin complex, induces a lengthening of the telomeric repeat
tracts (11, 36, 55, 83). Thus, yku70� rif1� cells incubated at
23°C harbor telomeric tracts that are comparable in length to
those found in wt cells or yku70-30ts cells (Table 1). The telo-
meric DNA end structure in these cells did, however, comprise
single-stranded overhangs, indicative of an absence of Yku
function (Fig. 3C), and these cells were able to form colonies
at 37°C when there was no preexposure to 37°C (Fig. 3A).
Similarly, yku70-30ts rif1� cells were able to form wt size col-
onies at 37°C on plates, even after a pregrowth of six genera-
tions at 37°C in liquid media, after which G-strand extensions
are detectable (Fig. 3). Thus, clearly the inability to from col-
onies at 37°C did not correlate with the presence of the G-
strand overhangs. In these experiments, we also assessed the
activation of the RAD9-dependent DNA damage checkpoint
by analyzing RNR transcript levels on Northern blots after an
incubation of the various cells at 37°C (Fig. 4). For all situa-
tions tested, we observed that, if the preincubation of the cells
in liquid media had no effect on RNR transcript levels, the cells
were able to form colonies on plates incubated at 37°C and,
conversely, if the RNR transcript levels were induced, no more
colony formation on plates was discernible. For example,
yku70� rif1� cells or yku70-30ts cells incubated in liquid media
at 37°C for 2.5 generations displayed G-strand overhangs and
virtually no RNR gene induction and were able to form colo-
nies on the plates afterward (Fig. 3A and 4). In these same
cells, after six generations of growth at 37°C, the detection of
single-stranded overhangs is unchanged, yet RNR transcript
levels are induced and the cells are not able to form colonies
anymore. We conclude that the altered terminal DNA struc-
ture found in Yku� cells alone is not sufficient to induce DNA
damage checkpoint activation and is not the cause for the
growth arrest of such cells at 37°C. Consistent with these re-
sults, the altered DNA end structure in Yku� cells remains
unchanged when single telomerase subunits are expressed, yet
such cells are also able to grow at 37°C (75).

However, our experiments demonstrate that the apparent
lengths of the TRFs correlated with suppression of checkpoint

FIG. 5. A combined absence of telomerase and Yku does not lead
to immediate growth arrest in cells with elongated telomeric repeat
tracts. Strain SGY53 (yku70� tlc1� rif1� pKu70-30ts) and the same
strain carrying in addition a plasmid-borne copy of TLC1(pAZ1) were
grown at 23°C in liquid medium. To assess viability of these strains,
10-fold serial dilutions of the cells were spotted on SC-Trp plates and
incubated at 23 or 37°C. tlc1�(a) and -(b), two independent clones of
the strain without pAZ1.

2190 GRAVEL AND WELLINGER MOL. CELL. BIOL.



activation and the capacity to grow at 37°C (Fig. 3 and 4 and
Table 1). For example, at 23°C, yku70� rif1� and yku70-30ts

cells maintain telomeres of about wt lengths. Without prein-
cubation at 37°C or after a pregrowth for only two generations
at 37°C the telomeres are longer than those found in yku70�
cells and these cells are still able to form colonies on plates
incubated at 37°C. However, during growth at 37°C, telomeric
repeats are being lost and, after about six generations of
growth, the lengths reach levels that are quite comparable to
those in yku70� cells grown at 23°C (Table 1). Importantly,
after these six generations of preincubation at 37°C, these
same cells are not able to form colonies anymore at 37°C. Most
significantly, yku70-30ts rif1� cells harbor elongated telomeres
comparable in length to those of rif1� cells at 23°C (Fig. 3B,
Table 1, and data not shown). Such yku70-30ts rif1� cells are
able to form normal colonies, even after pregrowth for six
generations at 37°C (Fig. 3A). Again, telomeric repeats are
being lost during growth at 37°C, but the average length of the
telomeres after six generations of growth still was significantly
larger than that in yku70� cells (465 versus 130 bp; Table 1).
Thus, in all cases investigated here, the apparent lengths of
telomeric tracts, and in particular the sizes of the shortest
telomeres, correlated with RNR transcript induction and the
ability to form colonies at 37°C.

Recent evidence suggests that Yku itself may be important
for recruitment or activation of telomerase (62). In all of our
experiments, we observed progressive losses of telomeric re-
peats when Yku� cells were shifted to 37°C. Using gels such as
that shown in Fig. 3B, we estimate that the loss rates after
abolition of Yku function are about 10 to 15 bp/generation,
even in the presence of telomerase. These loss rates are about
two- to threefold higher than those occurring due to an ab-
sence of telomerase (44, 49, 73). Moreover, yku70� rif1�
strains harbor telomeres of almost normal length, and yku70�
cells are able to maintain very short telomeric repeats, when
these strains are grown at 23°C. These data lend support to the
idea that Yku is involved in protecting yeast chromosome ends
from sequence losses other than or in addition to those occur-
ring due to a lack in G-strand synthesis alone.

Thus, our results are consistent with the hypothesis that, in
Yku� cells, some aspect of the mechanisms involved in main-
taining a minimal tract of double-stranded telomeric repeats is
TS. Recently, it has been postulated that factors involved in
lagging-strand synthesis are important for telomere length reg-
ulation and new-telomere synthesis (2, 19, 65). For example, a
mutation in the gene encoding Pol� (pol1-17) will lead to
extensive, but transient, G-rich overhangs at telomeres and an
overall lengthening in telomeric repeats (2, 13). This same
mutation can at least partially restore the telomere-shortening
phenotype of Yku� cells (Fig. 2B). While it is unclear how the
pol1-17 mutation eventually leads to telomeric repeat expan-
sion, our results do suggest that, in the absence of Yku, C-
strand synthesis is a crucial determinant for maintaining a
functional repeat tract. Therefore, we favor the idea that Yku
has a function in telomere replication. In the absence of Yku,
the telomeric C-rich strand may be incompletely replicated and
the naturally transient extensions would become permanent. In
this situation, in order to compensate for incomplete C-strand
replication and the resulting increased rates of loss of telo-
meric sequences, a more active G-strand elongation by telom-

erase would be required to generate stable telomeres. When
telomeric repeat tracts are still relatively long, the Rif-medi-
ated inhibition of telomere extension could prevent sufficient
Yku-independent elongation, leading to a rapid overall telo-
mere shortening. However, at least at 23°C, once the telomeres
reach very short lengths, this cis inhibition would drop to a
level that allows the Yku-independent telomere-lengthening
process to counteract further losses.

In this scenario, Yku could play a stabilizing role in the setup
of the complete terminal complex required for the elongation
of both telomeric strands. This idea would explain why both
mutations relieving inhibition of G-strand synthesis (rif1�) and
mutations affecting actual C-strand synthesis (pol1-17) can sup-
press the telomere length deficiency in cells lacking Yku. This
stabilizing activity of Yku would explain why Yku-independent
telomere maintenance, while in principle possible, is inefficient
at 23°C, leading to very short telomeres and incomplete syn-
thesis of the C-rich strand, and is unable to maintain a minimal
double-stranded telomeric repeat tract at 37°C.

Formally, we cannot rule out the possibility that very short
telomeres combined with an altered DNA end structure trigger
a reorganization of the global telomere architecture toward a
capped state that is TS. Upon shift to higher temperatures, the
capping function would be lost and the ends would be recog-
nized as DSBs. However, we were unable to uncover such an
unstable capping state in cells with elongated telomeres (Fig.
5). Thus, in both scenarios, ultimately it is the ability to main-
tain a critical minimal amount of double-stranded telomeric
repeats which is the critical determinant for the growth prop-
erties of Yku� mutants at high temperature.

Cells suffering damage to their DNA activate DNA damage
checkpoints in order to slow down cell cycle progression and
turn on repair mechanisms. Surprisingly, Yku� cells preincu-
bated at 37°C in which the RAD9-dependent checkpoint is
activated are unable to form colonies, even when plates are
incubated at 23°C (data not shown). Thus, despite activation of
the DNA damage checkpoints, massive cell death or perma-
nent cell cycle arrest occurs when Yku� cells are incubated for
prolonged periods at 37°C. This suggests that the incurred
damages are too important to be repaired or that, because the
chromosome ends are now recognized as DSBs, they are re-
paired as such and telomere-telomere fusions and other aber-
rant chromosome rearrangement events occur. Eventually,
such events could lead to unrecoverable chromosomal aberra-
tions, which would be responsible for cell death.

In summary, we found that, in the absence of the Yku
complex, yeast telomeres acquire extensions of the G-rich
strand independently of a functional telomerase and that the
DNA damage checkpoint machinery is not activated by these
extensions if a minimal tract of double-stranded telomeric re-
peats is maintained. However, upon a shift to 37°C, Yku� cells
suffer increased overall telomere attrition, which is detrimental
to cell viability. While some telomeric repeats can still be
detected on chromosomal DNA derived from Yku� cells
grown at 37°C, all the data are also consistent with the hypoth-
esis that some chromosome ends have lost the repeats alto-
gether. Recent results derived from the analysis of DNA iso-
lated from telomerase� cells undergoing senescence support a
similar conclusion (35, 37). Finally, our results further support
the notion that the regulation and coordination of the synthesis
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of the G-rich strand by telomerase with that of the C-rich
strand are important for maintaining a functional telomeric
repeat tract. The Ku complex can also be detected on telo-
meres of mammalian cells (4, 39). In this context, Ku has been
postulated to suppress genomic instability, including telomere
fusions, and oncogenesis in mice (20). Moreover, recently it was
reported that mammalian cells lacking Ku have shortened telo-
meres as well (16). Although there are differences in the ter-
minal DNA structures between yeast and mammalian cells, a
role for Ku in the efficient replication of both strands of telo-
meric repeats is consistent with the findings for both systems.
Since the maintenance of functional telomeres is an essential
process for cell viability and since deficiencies in this process
increase susceptibility to cell transformation, the results pre-
sented here may be of importance for the understanding of
complete telomere replication in mammalian cells as well.
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