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In the yeast Saccharomyces cerevisiae, chromosomes terminate with a repetitive sequence [poly(TG,_;)] 350
to 500 bp in length. Strains with a mutation of TEL1, a homolog of the human gene (47M) mutated in patients
with ataxia telangiectasia, have short but stable telomeric repeats. Mutations of 7LCI (encoding the RNA
subunit of telomerase) result in strains that have continually shortening telomeres and a gradual loss of cell
viability; survivors of senescence arise as a consequence of a Rad52p-dependent recombination events that
amplify telomeric and subtelomeric repeats. We show that a mutation in MECI (a gene related in sequence to
TEL1 and ATM) reduces telomere length and that fell mecl double mutant strains have a senescent phenotype
similar to that found in #lc] strains. As observed in #lcI strains, survivors of senescence in the tell mecl strains
occur by a Rad52p-dependent amplification of telomeric and subtelomeric repeats. In addition, we find that
strains with both zell and tlcI mutations have a delayed loss of cell viability compared to strains with the single
tlc1 mutation. This result argues that the role of Tellp in telomere maintenance is not solely a direct activation

of telomerase.

Most eukaryotic chromosomes end with simple repetitive
DNA sequences (7). In the yeast Saccharomyces cerevisiae,
wild-type strains have poly(TG,_5) tracts 350 to 500 bp in
length (31, 42, 43). Within a yeast cell population, telomeric
tracts, even for a single chromosome, range in size by about *
50 bp (43). This variability in telomere length, as well as the
identification of mutants with telomeric tracts that are longer
or shorter than those in wild-type strains, suggests that telo-
mere length is likely to reflect a balance between mechanisms
that extend or contract these terminal repeats.

In many eukaryotes, including yeast, the most important
mechanism for extending telomeric repeats is telomerase (7,
45). This RNA-protein enzyme complex extends the G-rich
strand of the telomere 5’ to 3’, using telomeric repeats en-
coded within the RNA component of the enzyme as a tem-
plate. The extended G-rich strand is thought to be copied 5’ to
3’ by conventional DNA polymerases to yield the complemen-
tary C-rich strand (7). In yeast, the RNA component of telom-
erase is encoded by TLCI (33), and the protein component
with reverse transcriptase activity is encoded by EST2 (16). In
strains with mutations in either of these genes, telomeric tracts
shorten with each cell division, resulting in gradual loss of cell
viability (13, 33). This same senescent phenotype is observed in
strains with mutations in several other EST (ever shorter telo-
meres) genes, including ESTI, EST3, and CDCI13/EST4 (13,
19). Since mutations in all EST genes have the same phenotype
and since double-mutant est strains have the same phenotype
as the single mutants, it has been suggested that all Est pro-
teins function in the same pathway of telomere maintenance
(13, 23, 40), although not necessarily as components of telom-
erase (15).
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Although yeast strains with a mutation in EST or TLCI
genes undergo dramatic loss of cell viability associated with
loss of telomeric repeats, fast-growing survivors arise within
the mutant cultures (18, 19). In these survivors, amplification
of telomeric and subtelomeric repeats occurs by a RAD52-
dependent recombinational process (18). These extra repeats
may act as buffers to prevent loss of essential DNA sequences
located near the chromosome ends, a process that is analogous
to the effects of the telomere-specific transposable elements
found in Drosophila (25).

Mutations in several genes result in short telomeric tracts
without leading to cell death. For example, the telomeric tracts
in tell strains are about 50 bp in length, about sevenfold
shorter than in wild-type strains (20). In addition, zell strains
have slightly higher rates of chromosome loss and mitotic re-
combination (6). The TELI gene encodes a very large (322-
kDa) protein with homology to the human tumor suppressor
gene ATM (29). Tellp also shares homology with a number of
lipid and/or protein kinases required for the function of DNA
damage-sensitive checkpoints, including MECI (11, 44), and in
certain genetic backgrounds, Tellp affects the sensitivity of the
cell to DNA-damaging agents (21). For example, tell mecl
strains are considerably more sensitive to X rays than mecl
strains, whereas fell single-mutant strains are not X-ray sensi-
tive (6, 21). Meclp and Tellp are involved, directly or indi-
rectly, in phosphorylation of the checkpoint protein Rad53
(28). In addition, other proteins involved in DNA replication
or checkpoint function, including replication protein A (2),
Rad9p (5, 39), and Ddclp (24), show Meclp-dependent phos-
phorylation.

In contrast to Meclp (44), Tellp has a relatively minor role
in the cellular response to DNA damage, and this role is
evident only in strains lacking Meclp. One interpretation of
this result is that the target protein (or proteins) in the check-
point pathway involved in the repair of DNA damage is a poor
substrate for Tellp but a good substrate for Meclp. Although
there is no direct biochemical evidence that Tellp is a protein
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kinase, point mutations in the kinase domain of Tellp result in
short telomeres (6). The role of the Tellp in telomere repli-
cation is not understood. One possibility is that Tellp-medi-
ated phosphorylation of a protein subunit of telomerase is
required for the optimal activity of telomerase. As described
below, our comparison of the phenotypes of tell, tlcl, and
double-mutant fell tlc] strains suggests that this model is un-
likely.

Since Tellp shows homology with a number of other yeast
proteins, including Meclp, Torlp, and Tor2p, Greenwell et al.
(6) examined telomere lengths in strains mutated for mecl,
torl, or tor2. Since MECI and TOR?2 are essential genes, only
nonnull alleles were examined. No effect on telomere length
was observed for any of the three mutations. We decided to
reinvestigate the effect of the mecl mutation on telomere
length for two reasons. First, the mec! strain previously exam-
ined was subsequently found to contain two mutations, mecI-1
(an allele eliminating the essential function of Meclp) and
smll (a mutation that suppressed the lethal effects of meci-1
[26]); Smllp is a negative regulator of deoxynucleoside triphos-
phate pools (46). Thus, an effect of the mecl-1 mutation on
telomere length could have been hidden by the coexisting sm!/1
mutation. Second, mutations in the Schizosaccharomyces
pombe rad3 gene, a homologue of MECI of S. cerevisiae, result
in shortened telomeres (3), and strains with mutations in both
rad3 and tell, an S. pombe homologue of TELI, lose all telo-
meric sequences (22).

As described below, we found that the mecI-21 allele (28)
results in short telomeres and that strains with the tell mec1-21
genotype have telomeres shorter than those of either single
mutant and exhibit an associated senescent phenotype. We
suggest that both Tellp and Meclp have two different types of
target proteins, one specific for cellular responses to DNA
damage and one specific for telomere maintenance. In addi-
tion, an epistasis analysis of tell, mecl, and tlc] indicates that
the essential role of Tellp and Meclp in telomere mainte-
nance is not exerted by directly activating telomerase.

MATERIALS AND METHODS

Yeast strains and plasmids. Yeast strains and plasmids used in this study are
described in Table 1. All strains were isogenic (except for alterations introduced
by transformation) with W303a (a leu2-3,112 his3-11,15 ura3-1 ade2-1 trpl-1
canl-100 [40]) or AMY125 (« ade5-1 his7-2 leu2-3,112 trp1-289 ura3-52 [39]).

Media and vegetative subculturing conditions. Standard rich growth medium
(YPD) and omission media (8) were used. Yeast strains were grown at 30°C, and
diploids were sporulated at room temperature. Tetrad dissection procedures
were standard (8). We examined the senescent phenotype by using two different,
although similar, protocols. For spore cultures derived from the diploid strains
JMY300, JIMY302, JMY303, KRY238, or KRY242, spore colonies from the
dissection plates were streaked onto rich growth medium (YPD) in quarter-plate
sectors for single colonies (subcloning 1). After 2 days of growth at 30°C, a smear
of cells derived from the first streak was restreaked on a second YPD plate
(subcloning 2). This procedure was repeated, usually until 10 subclonings had
been performed. Each subcloning involved about 20 cell divisions. For spore
cultures derived from the diploid strains KRY229 and KRY232, similar proce-
dures were used except that the incubation period between subclonings was 1 day
instead of 2 days; each subcloning, therefore, involved about 10 cell divisions.

Measurements of comparative growth rates and viability of lcI and tell ticl
strains. To compare the growth rates of #lcI and telI tlc strains, we mixed spore
colonies containing approximately equal numbers of cells of #lc] and tell ticl
strains of the same mating type (derived by sporulating either the diploid
KRY229 or KRY236) and inoculated this mixture into 5 ml of rich growth
medium. To maintain exponential growth in the culture, we diluted the cultures
1:100 every 24 h. The ratio between the two strains was determined by removing
samples at 6- to 12-h intervals and plating a dilution of each sample on rich
growth medium. After 2 days of growth at 30°C, the resulting colonies were
replica plated to medium lacking leucine or uracil. Spores derived from KRY229
of the fell tlcl genotype were Ura™ Leu™, and those of the #lcI genotype were
Ura™ Leu™; spores derived from KRY236 of the tell tlcI genotype were Ura~
Leu™, and those of the ¢l genotype were Ura™ Leu™ (Table 1).

We also performed two different assays of cell viability for tell ticl and tlcl
strains. One assay was to compare the number of cells as counted in the hemo-
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cytometer with the number of cells capable of colony formation; the second was
to measure the fraction of cells in the culture capable of taking up the dye
phloxine B (Sigma), which stains dead cells red (12). Cells were harvested from
growth medium by centrifugation, incubated for 6 h at 30°C in YPD medium
containing 15 pg of phloxine B per ml, and examined microscopically.

Southern analysis of telomere length. Yeast DNA was isolated from vegetative
cultures by standard methods (8). The DNA was treated with either X#ol or Pstl,
and the resulting fragments were separated by gel electrophoresis in 1% agarose
gel. The fragments were transferred to a Hybond N+ nylon membrane and
hybridized to a probe derived from a region of the Y’ element centromere-distal
to the Xhol site. This probe was prepared by PCR amplification of pYT14 (31)
by using the primers 5’ACACACTCTCTCACATCTACC and 5'TTGCGTTCC
ATGACGAGCGC. We used a Y’ probe rather than a poly(GT) probe (43) for
two reasons. First, the poly(GT) probe hybridizes to both telomeric sequences
and nontelomeric poly(GT) tracts (42); second, the poly(GT) probe hybridizes
weakly to short telomeres. To quantitate the level of Y’ amplification in samples
derived from senescence survivors, we rehybridized blots of PstI-treated DNA
(previously hybridized to the Y'-specific probe) to a single-copy yeast DNA
probe prepared by PCR amplification of genomic DNA with the primers 5'GT
GGCGGTAGTTTTGGCGATTTTCTTTTGG and 5'TCACGGGATTTTATG
CTCTGTAGTCCAATG. Blots were scanned with a PhosphorImager and ana-
lyzed by using ImageQuaNt software (Molecular Dynamics).

RESULTS

Rationale. Mutations in many different yeast genes result in
telomeres that are either shorter or longer than those in wild-
type strains. With the exception of TLCI and EST2, which
encode the RNA and protein subunits, respectively, of telom-
erase, the roles of most of these genes in telomere mainte-
nance are unknown. Below, we investigate genetic interactions
between three mutations that result in short telomeres: mecl,
tell, and tlc1. By comparing the phenotypes of strains contain-
ing single- and double-mutant combinations of these genes
(epistasis analysis), we conclude that Tellp and Meclp are
required for telomere elongation in roles that are at least
partially independent of telomerase.

Telomere length in fell, mecl, and tell mecl strains. There
are a number of yeast genes that encode proteins with C-
terminal regions homologous to lipid/protein kinases (6, 21),
including TELI, MEC1, TORI1, and TOR2. Since mutations in
the putative kinase domain of Tellp result in short telomeres,
we previously examined telomere length in strains with muta-
tions in MEC1, TORI, or TOR2 (6); no reduction in telomere
length was observed in these strains. A subsequent analysis of
the mecl strain used in our study (DLY285; provided by T.
Weinert) demonstrated that this strain contained two muta-
tions (26, 46), the mecl-1 mutation (a recessive lethal) and a
mutation in SMLI (suppressor of mecl lethality). Conse-
quently, we decided to reexamine telomere length by Southern
analysis in a strain containing a different allele of mec! in the
absence of the smll suppressor.

In addition to the terminal poly(TG, ;) sequences, yeast
chromosomes have subtelomeric repeats, X and Y’ (17). All
telomeres have X repeats, and about half have one or more Y’
elements. The arrangement of these sequences (telomere to
centromere) is poly(TG, 5)-Y'q s-X. The terminal Y’ ele-
ments contain a PstI site located about 0.9 kb from the end of
the chromosome. When genomic DNA is treated with PstI and
hybridized to a Y'-specific probe derived from the region cen-
tromere-distal to the site (Fig. 1), the broad region of hybrid-
ization at 0.9 kb represents a composite of telomeric fragments
from all Y'-containing telomeres. The DNA fragments of 3.5
and 4.8 kb represent tandemly arranged Y’ elements of two
size classes (17).

We generated a series of haploids with wild-type, tell, mecl-
21, and tell mecl-21 genotypes by sporulating a diploid strain
(JMY300) that was doubly heterozygous for the tell and
mecl-21 mutations. DNA was isolated from spore cultures and
examined by Southern analysis (Fig. 1). This analysis showed
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Strain name

Construction or reference

Relevant genotype

W303a 37 Wild type, a mating type
W303a 37 Wild type, o« mating type
SPY40 27; derived from W303a by transformation a tell::URA3
SPY40FR Isolation of SFOA" SPY40 derivative a tell::ura3
Y604 Provided by Y. Sanchez and S. Elledge a mecl-21
PG28.8 Transformation of W303a with Xhol-Sall fragment of pJL.202° a ura3A::HIS3
PG30.1 Transformation of PG28.8 with PCR fragment® to replace TELI with URA3 a ura3A::HIS3 tellA::URA3
PG30.1FR Isolation of SFOA" derivative of PG30.1 a ura3A::HIS3 tell A::ura3
KRY20a Transformation of PG30.1FR with Hpal-BamHI fragment of pDTK103¢ to generate a ura3A::HIS3 tell A::ura3 ade3::hisG
ade3::hisG/URA3/hisG allele; isolation of SFOA" derivative to generate ade3::hisG
allele
KRY20« Mating-type switch of KRY20a by using plasmid pGAL-HO* o ura3A::HIS3 tell Az:ura3 ade3::hisG
KRY70 Transformation of W303a with BamHI-treated pDTK102/ followed by isolation of a rad52::hisG
SFOA" derivative
JMY73 Transformation of W303a with PCR fragment® to generate smlI::HIS3 a smll::HIS3
KRY300 Cross of W303a and W303« Wild-type diploid, W303 background
KRY227 Transformation of KRY300 with 6-kb Sacl fragment of pPG47" a/a tell::URA3/TELI
KRY228 Transformation of KRY300 with 2-kb Xhol fragment of pBLUE61::LEU2’ ajo tlcl::LEU2/TLCI
KRY301 Spore derived from KRY227 a tell::URA3
KRY302 Spore derived from KRY228 a tlel::LEU2
KRY229 Cross of KRY301 and KRY302 a/a tell::URA3/TELI tlc1::LEU2/TLCI
KRY235 Transformation of KRY228 with URA3 PCR fragment ajo tlcl::LEU2/TLCI ura3/URA3
KRY303 Spore derived from KRY235 a tlel::LEU2 URA3
KRY236 Cross of KRY303 and SPY40FR ajo tell::ura3/TELI tlcl::LEU2/TLCI
ura3/URA3
IMY300 Cross of Y604 with KRY20a ajo tell::ura3/TELI mecl-21/MECI
ade3::hisG/ADE3 ura3::HIS3/ura3
JMY300-1a  Spore derived from JMY300 o tell::ura3 mecl-21
JMY300-2a  Spore derived from JMY300 a tell::ura3 mecl-21
JMY300-3a  Spore derived from JMY300 a tell::ura3 mecl-21 ura3::HIS3
JMY300-3aS Fast-growing survivor derived from JMY300-3a a tell::ura3 mecl-21 ura3::HIS3
KRY242 Cross of KRY70 to IMY300-1a ajo tell::ura3/TELI mecl-21/MECI
rad52::hisG/RADS52
KRY246 Cross of W303a to JMY300-3aS ajo tell::ura3/TELI mecl-21/MECI
IMY301 Cross of W303a to JMY300-2a a/a tell::ura3/TEL1 mecl-21/MEC1
JMY302 Transformation of JIMY301 with PCR fragment® to generate sm/1::HIS3 a/a tell::ura3/TELI mecl-21/MECI
smll::HIS3/SMLI
IMY303 Cross of IMY73 to JMY300-1a ajo tell::ura3/TELT mecl-21/MECI
smll::HIS3/SMLI
KRY306 Spore derived from KRY229 a tell::URA3 tlc1::LEU2
KRY238 Cross of Y604 to KRY306 a/a tell::URA3/TELI mecI-21/MEC1
tlel::LEU2/TLCI
AMY125 Provided by A. Morrison Wild type, « mating type
EASI16 Provided by E. Sia, constructed by using plasmid pGAL-HO* Wild type, a mating type
EAS20 Cross of AMY125 to EAS16 Wild-type diploid, AMY125
background
KRY230 Transformation of EAS20 with 6-kb Sacl fragment of pPG47" a/a tell::URA3/TELI
KRY231 Transformation of EAS20 with 2-kb Xhol fragment of pBLUE61::LEU2 a/a tlcl::LEU2/TLC1
KRY304 Spore derived from KRY230 a tell::URA3
KRY305 Spore derived from KRY231 atlcl::LEU2
KRY232 Cross of KRY304 and KRY305 a/a tell::URA3/TELI tlc1::LEU2/TLCI

“ Most of the strains used are isogenic (except for changes introduced by transformation) with W303a (a leu2-3,112 his3-11,15 ura3-1 ade2-1 trpI-1 canl-100). Strains
listed below AMY125 are isogenic with AMY125 (a ade5-1 his7-2 leu2-3,112 trp1-289 ura3-52) except for changes introduced by transformation. All genes that differ
from those of the progenitor genotype are listed. SFOA", 5-fluorooroate resistant.

® Plasmid pJL.202 (provided by J. Li) contains a yeast DNA fragment in which the coding sequence of URA3 is replaced with HIS3 (30).

¢ The PCR fragment used to replace the coding sequence of TELI with URA3 was generated by using the primers 5'CCTTCAAAGAAAAGGGAAATCAGTGT
AACATAGACGGATTGTACTGAGAGTGCACC and 5'CAAAAAAAAGAAGTATAAAGCATCTGCATAGCAATTACTGTGCGGTATTTCACACCG. The
URA3 gene within pRS306 (32) was amplified with these primers, and the resulting DNA fragment used for transformation (41).

@ Plasmid pDTK103 (provided by D. Kirkpatrick) was derived from pDTK101 (BamHI-Sall fragment containing ADE3 inserted into BamHI/Sall-treated pNEB193)
by insertion of a BamHI-BgIII fragment containing hisG-URA3-hisG sequences derived from pNKYS51 (1) into a Bg/II site within the ADE3 gene.

¢ Use of plasmid pGAL-HO to do a mating-type switch is described by Herskowitz and Jensen (10).

/Plasmid pDTK102 (provided by D. Kirkpatrick) was constructed by ligating a BamHI-BglII fragment containing hisG-URA3-hisG sequences derived from pNKY51
(1) to BgllI-treated pSM20 (provided by D. Schild). The resulting plasmid (pDTK102) has a rad52::hisG-URA3-hisG gene.

& The primers 5'CTTACGGTCTCACTAACCTCTCTTCAACTGCTCAATAATTTCCCGGGATCCGCTGCACGGTCCTG and 5'GTATGAAAGGAACTTTAG
AAGTCCATTTCCTCGACCTTACCCTGGGCCTCGTTCAGAATGACACG (46) were used to amplify the HIS3 gene of yeast strain AS4 (35), generating a DNA
fragment with the sml1::HIS3 allele.

" Reference 6.

‘ Reference 33.

/ The primers 5'GCTACATATAAGGAACGTGC and 5'TTTGCTGGCCGCATCTTCTC were used to amplify the URA3 gene in plasmid pRS306 (32).
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FIG. 1. Telomere lengths in wild-type, tell, mecI-21, and tell mecI-21 strains.
A diploid strain heterozygous for te/l and mecI-21 mutations was sporulated, and
tetrads were dissected. In three tetrads in which all four genotypes were repre-
sented, DNA was isolated from spore cultures without subculturing; the strains
had undergone about 35 cell divisions at the time of DNA extraction. The DNA
was treated with PstI, and Southern analysis was performed. Strains analyzed:
W303a (lanes 1 and 16); KRY20a (lanes 2 and 15); JIMY300-1a, -2a, -3a (lanes
3 to 5, respectively); JMY300-1c, -2d, and -3d (lanes 6 to 8, respectively);
JMY300-1d, -2b, and -3b (lanes 9 to 11, respectively); IMY300-1b, -2¢, and -3¢
(lanes 12 to 14, respectively). Since the te/l mutation exhibits a long phenotypic
lag (20), the telomeres in the fell control strain KRY?20a (lane 2), which had been
subcultured for more than 100 doublings, were slightly shorter than those in the
tel] strains derived from the spores, which had not been subcultured.

that meci-21 strains had slightly (about 50 bp) shorter telo-
meres than wild-type strains. In addition, in strains of the fel/
mecl genotype, telomeric repeats were slightly shorter than
those in the fell single-mutant strains.

Mutations in five yeast genes (est! to -4 and tlcI), including
the RNA and protein subunits of telomerase, result in contin-
ually shortening telomeres and a senescent phenotype, a grad-
ual loss of cell viability during vegetative subculturing (13, 19,
33). In the senescent cultures, fast-growing survivors are gen-
erated as a consequence of RAD52-dependent amplification of
the subtelomeric Y’ repeats (18). As shown in Fig. 2a, although
no senescence was observed for wild-type, mecl-21, or tell
strains, the tell mecI-21 strains had a senescent phenotype. As
observed for the est and flcI strains, prolonged subculturing of
the fell mecl-21 strains produced fast-growing survivors. Sur-
vivors of senescence, either in tell mecl-21 strains or in strains
of other genotypes with the senescent phenotype described
below, invariably contained amplified tandem Y’ elements
(Fig. 3) and/or novel DNA fragments that hybridized to a
telomeric probe; both classes of survivors have been observed
previously in est/ mutants (18). To determine if the appearance
of fast-growing survivors in the tell meci-21 strains was depen-
dent on Rad52p, we constructed and sporulated a diploid
strain (KRY242) heterozygous for tell, mecI-21, and rad52. All
of the nine spores examined with the triple-mutant genotype
were senescent but did not produce survivors (Fig. 2b). Thus,
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FIG. 2. Senescent phenotypes of tell mecI-21 and tell mecl-21 rad52 strains.
Spores derived from JMY300 (JMY300-2a [tell mecl-21], IMY300-2b [tell],
JMY300-2¢ [wild type], and JMY300-2d [mecI-21]) or KRY242 (KRY242-8a
[wild type], KRY242-8b [mecl-21 rad52], KRY242-8c [tel] mecI-21 rad52], and
KRY242-8d [telI]) were vegetatively subcultured by streaking on plates contain-
ing rich growth medium (subcloning 1 [sc 1]). After 2 days at 30°C, each strain
was restreaked onto a new plate (sc 2), and this protocol was continued for 10
subclonings; we calculate that there are about 20 cell divisions per subcloning.

as observed previously for strains with est mutations, the ability
to produce survivors in the tell mecI-21 strains is dependent on
Rad52p.

There was considerable heterogeneity in the rate of growth
of different ftell mecl-21 spores at different subculturings.
About two-thirds of the fell mecl-21 spores grew more slowly
than the isogenic wild-type strains even after one subcloning
(Fig. 2a), although the growth rate after additional subclonings
was even lower in most of these cultures. About one-third grew
at approximately the same rate as the wild type during early
subculturings, although growth slowed in the later subcultur-
ings. Several arguments support the conclusion that the fel!
mecl-21 strains have a senescent phenotype similar to that of
tlc1, rather than a nonsenescent slow-growth phenotype. First,
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FIG. 3. Amplification of Y’ elements associated with survivors in the fell
mecl-21 genotype. Southern analysis was done on PstI-treated DNA derived
from the tell mecI-21 strain IMY300-3a after 1, 4, 7, and 10 subclonings (scl, sc4,
sc7, and sc10). Following hybridization to a Y’-specific probe, the blot was boiled
to remove the probe and rehybridized to a single-copy probe (as described in
Materials and Methods). By quantitating the hybridization to these two probes,
we concluded that one class of tandem Y’ elements was amplified more than
10-fold in the 10th subcloning relative to the wild-type strain. By the 10th
subcloning, most of the IMY300-3a cells were fast-growing survivors.

as discussed below, we observed similar growth variation in
spores of the tell mecl-21 and tlcl genotypes (otherwise iso-
genic); in previous studies of #lcl strains (33), stochastic vari-
ation in growth rates was also observed. In a comparison of 40
pairs of spores derived from sporulating the diploid KRY?238,
we found that fell mecl-21 spores grew more slowly than #lc/
spores in 12 pairs, more rapidly than #/c/ spores in 15 pairs, and
at about the same rate as tlc] spores in 13 pairs. In addition,
pairs of #lc] spores derived from the same tetrad of KRY228
senesced at different rates in eight pairs and at approximately
the same rate in four pairs. Second, the observed eventual
death of all cells in the tell mecl-21 rad52 spore cultures is not
consistent with a nonsenescent slow-growth pattern.

In S. pombe, tell rad3 strains (equivalent to S. cerevisiae tell
mecl strains) grow slowly and lose telomeric sequences (22). In
fast-growing survivors of the tell rad3 strains, the chromo-
somes circularize and diploid strains with these circular chro-
mosomes have greatly reduced spore viability. In S. cerevisiae,
strains heterozygous for a single circular chromosome have
reduced spore viability (61% viable spores) compared to a
wild-type strain (90%), since recombination between a circular
and a linear chromosome results in dicentric chromosomes (9).
Thus, strains heterozygous for 16 circular chromosomes would
be expected to have very poor spore viability. We crossed a e/l
mecl-21 survivor (JMY300-3aS) to W303a. The resulting dip-
loid (KRY246) was sporulated, tetrads were dissected, and
spore viability was determined. We also examined spore via-
bility in an isogenic diploid strain (KRY300) resulting from a
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FIG. 4. Effect of the smll mutation on cellular senescence. The diploid
strains JMY302 and JMY303 (heterozygous for tell, mecI-21, and smil) were
sporulated, and tetrads were dissected. Spore cultures of the eight expected
genotypes were vegetatively subcultured as described in Materials and Methods.
In most tetrads, the rate of senescence in smlil tell mecl-21 strains was delayed
relative to the rate in tell mecI-21 strains. Strains analyzed: JMY302-11a (mec!
smll), -11b (mecl), -11c (tell), and -11d (tell sml1); IMY303-6a (wild-type), -6b
(smil), -6¢ (tell mecl), and -6d (tell mecl smil).

cross of two wild-type haploid parents. The percentages of
spore viability were 80 for KRY246 and 92 for KRY300. In this
survivor, therefore, it is unlikely that there is even a single
circular chromosome.

Effect of smll on telomere length and cellular senescence.
The lethal effect of meci-1 is suppressed by a mutation in the
smll gene (26, 46). Since mutations of sml! lead to elevations
in deoxynucleoside triphosphate pools, Zhao et al. (46) sug-
gested that Smllp is a negative regulator of nucleotide pools
and Meclp and Rad53p are required to relieve this inhibition.
To examine interactions between the tell, mecl, and smll
mutations, we analyzed spores derived from diploids (JMY302
and JM'Y303) heterozygous for all three mutations, resulting in
strains of eight different genotypes.

As shown in Fig. 4, of the eight genotypes, only tell meci-21
or tell mecl-21 smll strains had a senescent phenotype. In
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FIG. 5. Effect of the smll mutation on telomere length. DNA was isolated
from cultures of spores derived from the diploid IMY302 (heterozygous for tell,
mecl-21, and smil). These samples were treated with PstI and examined by
Southern analysis as described previously. Strains analyzed (from left to right):
IMY302-6d, -11b, -25c, -11a, -22a, -11c, -22b, -11d, -25b, -6¢, -9d, -12d, -6a, -9c,
-12b, -6b, -9b, -12¢, and -9a.

eight tetrads that were analyzed with these genotypes, the
triple mutant senesced more slowly than the double mutant in
five tetrads (as in Fig. 4b) and at approximately the same rate
in three tetrads. Thus, the sm/l mutation often delayed but did
not suppress senescence. Telomere lengths in strains of eight
genotypes are shown in Fig. 5. In general, sm/I had little effect
on telomere length, although the telomeres of the mecl-21
smll strains were slightly longer (about 50 bp), resulting in
telomeres of wild-type length. This effect is consistent with our
earlier observation that telomeres in the mecl-1 smll strain
were approximately the same length as those in the wild-type
strain (6). In addition, the telomere lengths in tell mecl-21
smll strains had broader size distributions than those in the
tell mecl-21 strains, possibly accounting for the delay in se-
nescence described above.

In conclusion, although tell and mecI-21 strains have short
stable telomeres and do not undergo senescence, strains with
both mutations undergo continual loss of telomeric repeats
and an associated senescence. One interpretation of this result
(discussed further below) is that Tellp and Meclp have func-
tionally redundant roles in a pathway that is essential for telo-
mere elongation. One model is that phosphorylation of a pro-
tein subunit of telomerase is essential for its function and that
Tellp or Meclp is required for this phosphorylation. One
prediction of this model is that the phenotype of a strain with
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wild type tel1

tel1
tic1 tic1

sc4

sc5

sc3

FIG. 6. Comparison of senescence phenotypes of tlc! and tell ticl strains. A
diploid heterozygous for tlc1 and tell mutations was sporulated, and tetrads were
dissected. Spore colonies (KRY229-6a [wild-type], KRY229-6b [tell],
KRY229-6¢ [tlc1], and KRY229-6d [tel] tlcI]) were subcloned as described in the
legend to Fig. 2 except that each subcloning was done at 24-h intervals. In
general, strains with the tell tic] genotype had a delay in senescence compared
to those of the rlcl genotype. In addition, the fast-growing survivor strains
appeared more quickly in the #lc/ strains than in the tell tlcl strains.

a mutation in both TELI and a telomerase subunit should be
identical to the phenotype of a strain with a single mutation
eliminating telomerase activity such as tic/ (33). If Tellp and
telomerase promote telomere elongation by independent path-
ways, one would expect the double mutant to have a different
phenotype (for example, shorter telomeres and faster senes-
cence) than either single mutant. Below, we describe evidence
that fell tlcI strains have an unexpected phenotype: the dou-
ble-mutant strains have delayed senescence relative to tlcl
strains.

Genetic interactions between fell and flcl. A diploid strain
(KRY229) heterozygous for null mutations of TELI and TLC!
was sporulated to generate isogenic strains with various com-
binations of these mutations. As shown in Fig. 6, cultures
derived from spores of the tel tlc1 genotype underwent a delay
in the onset of senescence compared to those of the flcl ge-
notype. The difference in the growth behavior of the strains
was usually evident at the first subculturing (about 30 cell
divisions). We examined the patterns of senescence in 33 tet-
rads in which all four genotypes (wild type, tell, tlcl, and tell
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FIG. 7. Comparative growth rates of tlcI and tell tlc] strains in mixed cul-
tures. The diploia KRY229 was sporulated, and spores of the same mating type
with the genotypes tlc1::LEU2 and tell::URA3 tlc1::LEU2 were identified. Equal
number of cells of pairs of such strains were mixed and inoculated into rich
growth medium. The cultures were grown at 30°C. Exponential growth was
maintained by dilution of the culture 1:100 into fresh medium every 24 h.
Samples were taken every 6 to 12 h, and the ratio of the two strains was
determined as described in Materials and Methods. Dotted lines and solid lines
represent the data for the flc] (KRY229-13c) and tel! tic] (KRY229-13d) strains,
respectively.

tlcl) were represented. In 22 of these tetrads, the el tlc1 strain
had obviously delayed senescence. In 11 tetrads, the double
mutant had only a slight delay or no obvious delay of senes-
cence relative to the #lc] strain. The double mutants were never
observed to senesce faster than the flcl single mutants. In
addition to the delay in onset of senescence, tell tlcl strains
had a corresponding delay in accumulation of telomerase-in-
dependent survivors. For example, in Fig. 6, survivors (large
colonies) were much more common in subcultures 4 and 5 for
the flcI strain than for the fell tlcI strain.

To confirm the difference in phenotypes between flcI and
tell tlc] strains, we also examined the relative growth rates of
the two strains grown in competition in the same culture (Fig.
7). The genotypes of spore colonies derived from KRY229
could be rapidly tested on omission media, since the #lc! was
disrupted with a LEU2 insertion and fell was disrupted with
URA3. Spore colonies with #lc] and tell tlcl genotypes derived
from the same tetrad were resuspended in water, mixed, and
inoculated into liquid rich growth medium. Since we found that
the cultures had a doubling time of about 3 to 4 h, we diluted
the cultures 1:100 every 24 h. The fraction of cells with each
genotype was determined at 6- to 12-h intervals. During the
first 80 h of growth, the tell tlcI mutant grew more rapidly than
the flc1 strain. After 80 h of culturing, this trend was reversed.
Our interpretation of this result, consistent with the observa-
tions described above, is that the tlc! strain had an earlier onset
of senescence and therefore a lower effective growth rate than
the fell tlcl strain during the early stages of subculturing. The
switch in relative growth rates at later times (after 80 h) reflects
the earlier production of survivors in the #lc/ strain relative to
the tell tlcl strain. In nine of nine competitive subculturing
experiments, in the first 60 to 70 h, the tell tlcl strain grew
better than the flcI strain. In six of the nine experiments, after
80 h, there was a switch in relative growth rates in favor of the
tlc] strain, reflecting the earlier appearance of survivors in the
tlcl strain. In the other three experiments, the tlc/ strain grew
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TABLE 2. Cell division time and cell viability of wild-type, tlcI, and
tell tlcl strains during vegetative subculturing in liquid medium®

% Viable cells

Days of Doubling time

. G .
subeulturing” enope (min)® CFU“ Dye exclusion®

1 Wild type 108, 84 100, 98 100, 100
ticl 744, 172 6, 29 97, 97
tell tlcl 180, 117 75, 56 100, 100

2 Wild type 90, 90 100, 100 100, 100
del 1140, 1100 2, 1 76, 43
tell tlcl 204, 168 71, 22 97, 98

3 Wild type 96, 84 100, 100 100, 100
ticl 96, 342 96, 13 98, 92
tell tlcl 228, 295 15,9 97, 94

¢ A diploid strain heterozygous for the tell and tlc] mutations (KRY229) was
sporulated, and tetrads were dissected. Two tetratype tetrads were identified
and, in two independent experiments, liquid cultures of strains of the wild-type,
tlcl, and tell ticl genotypes were established. Cell growth rates and cell viability
measurements were done as described below. Numbers separated by commas in
each column represent data derived from two isogenic spores of different tetrads.

b Spore colonies were inoculated into liquid YPD and grown overnight at
30°C. The following morning, cultures were diluted 1:100 in YPD, and growth at
30°C was continued (day 1). At the end of day 1, growth rates were calculated,
and the cultures were diluted to yield a starting cell concentration of about 10°
cells/ml at the start of day 2. At the end of day 2, this procedure was repeated.

¢ At 2-h intervals for 8 h each day, the cell concentration was measured in a
hemocytometer. Doubling times were determined by standard methods.

@ Samples from each time point were diluted and plated on solid YPD (four
plates with about 200 cells/plate). After 3 days of growth at 30°C, colonies were
counted. The values shown represent the number of colonies divided by the
number of cells (based on hemocytometer counts), expressed as a percentage.

¢ Cells were stained with the dye phloxine B (as described in Materials and
Methods). The values represent the number of red (dye-stained) cells divided by
the total number of cells examined, expressed as a percentage.

more slowly than the ftell tlcl strain for the course of the
experiment (usually 150 to 200 h of subculturing).

In the competition experiments described above, the tel! tlc]
strain had the wild-type URA3 and LEU2 genes, whereas the
tlel strain had only the wild-type LEU2 gene. To rule out the
possibility that the URA3 gene resulted in a selective advantage
for the tell ticl strain, we performed competitive growth ex-
periments with strains (derived by sporulating the diploid
strain KRY236) of the genotypes tell::ura3 tlcl::LEU2 and
tlel::LEU2 URA3. In three of three such experiments, the
tell::ura3 tlcl::LEU2 strain grew better than the flcl::LEU2
URA3 strain during the early stages of subculturing. This result
demonstrates that the more rapid growth of the double mutant
strains derived from KRY229 is not a consequence of the
URA3 gene used to make the e/l mutation.

The more rapid growth of the tel! tlc! strains than of the flc1
strains (Fig. 6 and 7) could reflect less cell death, a more rapid
cell cycle, or both factors. To examine this issue, we measured
doubling times and cell viability of wild-type, flc1, and tell tlc1
strains subcultured separately for 3 days in liquid medium. In
Table 2, we show data for strains derived from two different
tetrads; except for the relevant mutations, all strains are iso-
genic. Although, as in other experiments, there was consider-
able stochastic variation in growth rates of #lc/ and tell tlcl
strains, certain patterns were consistent. The doubling time of
the wild-type strains (measured by cell counts with a hemocy-
tometer) was about 90 min and constant for each day of sub-
cloning. In addition, cell viability measured by CFU or by the
ability of the cells to exclude the dye phloxine B (15) was 100%.
In contrast, flc] strains had a low growth rate on day 1, an
extremely low growth rate on day 2, and a higher growth rate
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(reflecting the appearance of survivors) on day 3. The very low
growth rate observed for the #lc! strains on day 2 was associ-
ated with a very low percentage of cells (about 1%) capable of
forming colonies; many of the cells incapable of colony forma-
tion, however, were capable of dye exclusion. On day 3, the
increased fraction of #lcl cells capable of colony formation
correlated with the increased growth rate. In the tell tlcl
strains, the growth rate and cell viability were higher than
observed for the flcI strains on days 1 and 2. In comparison to
the tlc! strains, the tell tlc1 strains had a lower growth rate and
a smaller fraction of cells capable of colony formation on day
3 than on day 2, reflecting the delayed appearance of survivors.
These results strongly suggest that at least part of the growth
rate difference observed between flcl and tell ticl strains re-
flects differences in the rate of cell death. We cannot rule out
the possibility that the cell cycle times of the two strains are
also different. One complicating factor is that in examining the
rate of division of individual cells microscopically, we observed
considerable intrastrain heterogeneity in both flc1 and tell tlc1
strains (data not shown).

We also measured telomere lengths in tell tlcl and ticl
strains after various amounts of subculturing (Fig. 8a). Spore
colonies derived from KRY229 were inoculated into liquid
medium and grown continuously. Since cultures were diluted
1:100 every 24 h, each subcloning reflects about seven cell
generations. Southern analysis, using a Y'-specific hybridiza-
tion probe, was performed as described above. In both tel! tlc!
and tlc] strains, telomeres shortened during subcloning. Al-
though telomere lengths in the two strains were similar, there
were several differences in the details of the patterns. First, the
amount of the terminal Y'-hybridizing fragment was greatly
reduced in the #lc/ strain by the fourth subculturing; this frag-
ment was retained through the seventh subculturing in the fel/
tlel strain. Second, amplification of Y'/poly(TG,_5)-hybridiz-
ing fragments greater than 1 kb in size was detected in the #lc/
strain by the fourth subcloning; this amplification was associ-
ated with fast-growing survivors. In the tell tlc1 strain, ampli-
fication was delayed until the seventh subcloning. Third, the
distribution of telomere lengths of the Y'-hybridizing terminal
fragment appeared broader in the tell tlc] strain than in the
tlcl strain. These results suggest that the delay of senescence
observed in tell tlcI strains likely reflects a delay in the gener-
ation of cells that completely lack telomeric repeats.

In addition to examining the relative growth rates of tel! tlc]
and tcl] strains, we compared the growth rates of tell mecl ticl
and mec]I tlc] strains to those of tlc] strains. These strains were
constructed by sporulating a diploid strain (KRY238) het-
erozygous for fell, tlcl, and mecl mutations. The growth rates
of pairs of spores (each pair of spores derived from a different
tetrad) with the relevant genotypes were compared in double-
blind experiments. In a total of 37 pairwise comparisons, tell
mecl tlcl strains grew much more slowly than flcI strains in 34
pairs and at about the same rate in 3 pairs. Strains with the
mecl tlcl genotype usually senesced more rapidly than flcl
strains, although the effect was not statistically significant (P =
0.1); strains with the mec! tlc1 genotype grew more slowly than
strains with the #lc/ genotype in 13 pairs, more rapidly in 5
pairs, and at approximately the same rate in 27 pairs. Thus,
although both fell and mecl mutations result in short telo-
meres as single mutants, these mutations result in different
phenotypes in combination with #c1.

Analysis of the phenotypic effects of tell flc1 and tlc1 muta-
tions in a different genetic background. All of the strains de-
scribed above were isogenic with W303a. To generalize our
results, we constructed tell tlcl and tlc] strains in a different
genetic background, that of the haploid strain AMY125 (36).
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We examined spores derived from a diploid (KRY232) of this
genetic background that was heterozygous for tell and tlc/
mutations. The onset of senescence was delayed for both fell
tlel and flcl strains in this background relative to the W303a
background, but the fel tlc] strains still senesced later than the
tlc1 strain in six of nine spore pairs examined and at about the
same time in three of nine pairs. In addition, survivors of
senescence appeared more quickly in the flcl strains than in
the tell tlcI strains in nine of nine spore pairs.

We also examined telomere length in wild-type, fell, tell tlc1,
and flcl strains (Fig. 8b). Wild-type strains derived from
AMY125 had telomeres that were about 150 bp longer than
those in wild-type W303 strains; this difference is likely to
account for the greater delay in senescence. In addition, as
observed for the W303a-derived strains, we found that (i) the
Y'-hybridizing telomeric fragment persisted through more sub-
culturing for the fell tlc] strain than for the #lc strain, (ii) the
amplification of Y'/poly(TG,_;)-hybridizing fragments was ob-
served later for the tell tlcl strain than for the tlcl strain, and
(iii) the size distribution of the Y’-hybridizing telomeric frag-
ment was greater for the fell tlci strain than for the tlc] strain.
In summary, the interactions between the te/l and flc] muta-
tions appear similar in the two different genetic backgrounds.

DISCUSSION

From the studies described above, we conclude that (i) both
Tellp and Meclp are required to maintain wild-type telomere
length, (ii) tell mecl strains have very short telomeres and
senesce at approximately the same rate as flcl strains, (iii)
recombination is required to produce survivors in fell mecl
strains, (iv) at early subclonings, #lc/ strains have a lower
growth rate than e/l tlc] strains, and (v) at early subclonings,
tell mecl tlcl strains have a lower growth rate than #lc/ strains.
These conclusions will be discussed below.

Tellp and Meclp are very large proteins (about 300 kDa)
with significant regions of homology, particularly near the C
terminus (9, 24). The conserved C-terminal domain is also
found in other proteins (such as DNA-specific protein kinase)
that have lipid and/or protein kinase activity. Strains with the
mecl mutation are sensitive to various DNA-damaging agents
because of a defective checkpoint function (44). Strains with
the tell mutation are not sensitive to DNA-damaging agents,
but addition of a single extra copy of TELI can partially sup-
press the damage sensitivity of mecl strains (24, 31). The
phosphorylation of Rad53p, another checkpoint protein, is de-
pendent on Meclp function, although overexpression of Tellp
results in phosphorylation of Rad53p in the absence of Meclp
(31). These results suggest that Meclp and Tellp can both
phosphorylate Rad53p in response to DNA damage but that
Rad53p is a better substrate for Meclp than for Tellp.

Based on the phenotypes of the tell, mecl, and tell mecl
strains, one interpretation of our results is that Meclp and
Tellp both phosphorylate a protein required for telomere
elongation. Telomeres in tell strains are much shorter than
those in mec! strains, suggesting that the Tellp kinase operates
on this substrate more efficiently than the Meclp kinase. It
should be emphasized, however, that there is no biochemical
evidence that either Tellp or Meclp has kinase activity, al-
though point mutations within the kinase domain of Tellp
result in short telomeres (9). One explanation of the observa-
tion that tell mec! strains senesce with approximately the same
kinetics as #lc! strains is that the common substrate is a protein
subunit of telomerase that cannot function unless phosphory-
lated. The simplest form of this model predicts that the rate of
senescence will be the same for tlcl, tell tlc1, mecl tlc1, and tell
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mecl tlcl strains, a prediction that is violated by our data.
Although we cannot rule out a role of Tellp and/or Meclp in
the telomerase pathway, the epistasis results are inconsistent
with the possibility that the only function of Tellp and Meclp
in regulating telomere length is to activate telomerase.

Although the hypothesis that Tellp and Meclp share a com-
mon substrate involved in regulating telomere length is appeal-
ing, some details of the epistasis results are difficult to explain
by this model. For example, fel1 ticI strains senesce slower than
tlc1 strains, whereas mecl tlcl strains senesce faster than tlcl
strains. For this reason, we prefer a model in which Tellp and
Meclp have different target molecules. Although we do not
understand the roles of Tellp and Meclp in regulating telo-
mere length, we will discuss one possibility in detail and men-
tion briefly a few other possibilities.

The model that will be discussed in detail is that Tellp and
Meclp control accessibility of the telomeric sequences to te-
lomerase (to lengthen the telomeric repeats) and cellular exo-
nucleases (to shorten the telomeric tracts) by phosphorylation
of target proteins (TelXp for Tellp and TelYp for Meclp)
(Fig. 9); by this model, the Tellp and Meclp behave analo-
gously to the protein complexes that control accessibility of
promoters to the recombination machinery (41). We suggest
that in tell strains (unphosphorylated TelXp, phosphorylated
TelYp), access of the telomeres to telomerase is greatly re-
duced and access to exonucleases is slightly reduced, resulting
in net telomere shortening. We suggest that in mecl strains
(phosphorylated TelXp, unphosphorylated TelYp), access of
the telomeres to exonucleases is slightly increased with little
effect on access to telomerase. Finally, in tell mecl strains
(unphosphorylated TelXp and TelYp), access of the telomeres
to telomerase is severely reduced (although not eliminated)
and access to exonucleases is substantially increased.

Reduction in telomere length can be achieved either by
reducing the rate of telomere elongation or by increasing the
rate of telomere degradation. In the model described above,
the short telomeres in tell strains reflect the first mechanism
and the short telomeres in mec! strains reflect the second. The
senescent phenotype of tell mecl reflects the superimposition
of a decrease in telomere elongation and an increase in telo-
mere degradation. Since the e/l mutation reduces access of
the telomeres to exonucleases, as well as to telomerase, in the
absence of telomerase, tell tlcl strains would be expected to
growth faster than #lc] strains during early subculturings (as
observed). In contrast, since mecl strains have an increased
rate of telomere degradation, one would expect that the mecl
mutation would accelerate the senescence of flc/ strains. To
explain the lower growth rates of tell mecl tlcl strains than of
tlel strains, we hypothesize that a small amount of telomerase-
mediated telomere elongation occurs in tell mecl strains; this
level of elongation delays but does not prevent senescence.

FIG. 8. Effect of subculturing #lcI and tell tlc] strains on telomere length
phenotypes. Strains of the tell, tlcl, tell ticl, and wild-type genotypes derived
from the diploids KRY229 (W303a background) (a) and KRY232 (AMY125
background) (b) were inoculated into rich growth medium and grown at 30°C.
Cultures were diluted 1:100 into fresh medium every 24 h, and samples for DNA
isolation were harvested every 24 h. Each subculturing (SC) represents about 10
cell divisions. Southern analysis was performed on Xhol-treated DNA samples.
In such samples, the terminal fragments from Y'-bearing telomeres are about 1.2
kb in size and the tandemly arranged Y’ elements yield DNA fragments of about
5.4 and 6.7 kb. Strains analyzed: (a) KRY229-6b (lanes 1 and 2), KRY229-6a
(lanes 3 and 4), KRY229-6¢ (lanes 5 to 11), and KRY229-6d (lanes 12 to 18); (b)
KRY232-7d (lanes 1, 2, and 25), KRY232-7b (lanes 3 and 4), KRY232-7c (lanes
5 to 14), and KRY232-7a (lanes 15 to 24).
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a. Wild-type b. tel/1 mutant
TEL1 MEC1 tell  MEC1
Tellp Mecip No Tellp Meci1p

TelXp

| TelXp®P) TelYpCp)I TeIYp®l

Decreased access of telomeres
to telomerase and exonucleases;
access to telomerase reduced
more

Balanced access of telomeres
to telomerase and exonucleases

Wild-type telomere length
Short telomere length

¢c. mec1 mutant d. tel1 mec1 mutant

TEL1 mec1 tel1 mec1
Tellp No Meci1p No Tellp No Mecip
TelXp® TelYp TelXp TelYp

Increased access of telomeres
to exonucleases; no effect on
access to telomerase

Greatly decreased access of telomeres
to telomerase; increased access to
exonucleases

Very short telomere length;

Short telomere length senescent phenotype

FIG. 9. Telomere accessibility model for the functions of Tellp and Meclp.
In this model, Tellp and Meclp affect the accessibility of the telomeres to
telomerase and exonucleases by phosphorylation of target proteins (TelXp for
Tellp and TelYp for Meclp) located at the telomeres. Phosphorylated forms of
TelXp and TelYp are indicated by encircled “P’s.”

Elimination of telomerase in tell mecl strains, therefore, leads
to an accelerated rate of senescence.

Many variants of the model shown in Fig. 9 could be pro-
posed. The restriction of telomere elongation or promotion of
telomere degradation may involve mechanisms other than
telomere accessibility. For example, Meclp could directly in-
hibit exonucleases involved in telomere degradation. It is also
possible that there are some overlaps in the functions of Tellp
and Meclp, in addition to functional differences. Finally, it is
possible that Tellp and Meclp or both proteins have more
than one role in telomere elongation. For example, Tellp
could have an essential and direct function in activating a
subunit of telomerase and an indirect effect on telomere length
(possibly by affecting some parameter of the cell cycle).

Based on its homology to checkpoint genes and its overlap-
ping function with Meclp, an obvious alternative model is that
Tellp regulates a checkpoint that results in cell cycle arrest if
telomeres are too short (6). If this checkpoint is similar to
those involved in the response to DNA damage (44), several
predictions can be made: (i) tlc! strains with the checkpoint
would have longer telomeres and would survive better than
those lacking the checkpoint (tell mecl tlcI strains), (ii) tell
tlcl or mecl tlcl strains would have a phenotype intermediate
between those of wild-type and fell mec! tlci strains, and (iii)
many of the cells in #lc/ strains would be arrested at a discrete
part of the cell cycle; in cells lacking this checkpoint, cell cycle
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arrest would not occur. Although we observe that #lc! strains
senesce more slowly than the tell mecl ticl strains (consistent
with the checkpoint model), the observation that tlc/ strains
have more dead cells during the early stages of subculturing
than zell tlcl strains is not explained by the simplest form of
this model. The observation that tell tlc] strains, although
dividing more rapidly than #/c! strains, have telomeres that are
as long as or longer than those of flcl strains is also not
expected if the fell mutation results in a partial checkpoint
defect. Finally, we find cells arrested as doublets in cultures
containing senescent cells in both 7lc1 and tell mecl tlcl cul-
tures (data not shown), suggesting the existence of an active
checkpoint in both types of strains. Since tlc] strains generate
survivors more quickly than fell tlc] strains, we cannot rule out
versions of the checkpoint model in which the checkpoint re-
sponse involves early activation of telomere elongation by re-
combination.

Regardless of the mechanistic details, our results demon-
strate that Tellp and Meclp have important roles in telomere
maintenance in S. cerevisiae. In a recent study, Naito et al. (22)
identified a homolog of TELI in S. pombe. Strains with muta-
tions in this gene and in rad3 (a homolog of MECT) rapidly lose
telomeric repeats and grow very slowly (22). The importance of
the Tellp and Meclp in telomere elongation, therefore, is
conserved between two distantly related fungi. In addition,
since human cell lines expressing dominant-negative fragments
of ATM (a homolog of Tellp) have short telomeres and nor-
mal levels of telomerase (37), similar pathways may also exist
in mammals. Activation of telomerase is found in many human
cancers, and it has been suggested that telomerase may be a
good target for anticancer drugs (6). Our results suggest that
the pathways involving Tellp and Meclp may represent a good
alternative target.
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