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Telomeric DNA is maintained within a length range characteristic of an organism or cell type. Significant
deviations outside this range are associated with altered telomere function. The yeast telomere-binding protein
Rap1p negatively regulates telomere length. Telomere elongation is responsive to both the number of Raplp
molecules bound to a telomere and the Raplp-centered DNA-protein complex at the extreme telomeric end.
Previously, we showed that a specific trinucleotide substitution in the Saccharomyces cerevisiae telomerase gene
(TLC1) RNA template abolished the enzymatic activity of telomerase, causing the same cell senescence and telo-
mere shortening phenotypes as a complete #lc1 deletion. Here we analyze effects of six single- and double-base
changes within these same three positions. All six mutant telomerases had in vitro enzymatic activity levels
similar to the wild-type levels. The base changes predicted from the mutations all disrupted Rap1lp binding in
vitro to the corresponding duplex DNAs. However, they caused two classes of effects on telomere homeostasis:
(i) rapid, RAD52-independent telomere lengthening and poor length regulation, whose severity correlated with
the decrease in in vitro Raplp binding affinity (this is consistent with loss of negative regulation of telomerase
action at these telomeres; and (ii) telomere shortening that, depending on the template mutation, either estab-
lished a new short telomere set length with normal cell growth or was progressive and led to cellular senescence.
Hence, disrupting Rap1p binding at the telomeric terminus is not sufficient to deregulate telomere elongation. This
provides further evidence that both positive and negative cis-acting regulators of telomerase act at telomeres.

Telomeres, the heterochromatic structures present at the
ends of linear chromosomes, serve many functions: they dif-
ferentiate chromosome ends from broken DNA ends, protect-
ing them from nucleases and recombinases, they help position
chromosomes within the nucleus, and they serve as a reservoir
of replenishable DNA added de novo to counteract the incom-
plete replication of chromosome ends by DNA polymerases
(reviewed in references 3 and 44). Disruptions in telomere
sequence, length, or structure can alter the properties of telo-
meres, resulting in loss of telomere length regulation, mislo-
calization of chromosomes within the nucleus, telomere-te-
lomere fusions, and chromosome instability (2, 9, 14, 21, 22,
40).

The length of the telomeric DNA tract, while somewhat
variable, is maintained within a range that is characteristic of a
given species, cell type, or growth condition (reviewed in ref-
erence 13). Telomeric DNA is subject both to lengthening
activities, such as recombination and the addition of new DNA
by telomerase, and shortening activities, such as incomplete
replication and nucleolytic degradation (13). In the yeast Sac-
charomyces cerevisiae, telomeres typically contain about 300 =
100 bp of (TG,_5/C,_3A) DNA. However, clonal isolates of S.
cerevisiae initially exhibit telomeres within a much tighter size
range (35). The full range of telomere lengths is attained only
after extended growth in culture and is then maintained for the
telomere population. These findings suggested that the length-
ening and shortening activities that act on telomeres do so
gradually and are closely balanced with each other (35), cre-
ating a situation of telomere length homeostasis.
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The importance of maintaining telomeres within a given size
range becomes evident when cells are grown in the absence of
telomerase; telomeres shorten with each round of DNA rep-
lication, losing from 4 to 5 bp/generation in yeast to about 50
bp/generation in mammalian cells (4, 37). While no obvious
detrimental effects are caused by the initial telomere shorten-
ing, eventually the shortening telomeres cease to function to
stabilize chromosome ends (15, 27). However, such critically
short telomeres still contain substantial tracts of telomeric re-
peat DNA (15). Furthermore, in both yeast and human cells
lacking a functional telomerase, telomeres become critically
short earlier (and at a longer length) than in cells containing
telomerase (34, 45). These observations suggested that telom-
erase itself protects short telomeres. Thus, whether a telomere
is critically short depends not only on its number of telomeric
DNA repeats but also on the status of other components of the
telomere, including telomerase.

The proteins that have been implicated in telomere length
homeostasis include telomere-associated proteins and proteins
involved in DNA replication, recombination, and repair (1, 5,
6, 12). However, little is known about the roles of most of these
proteins in regulating telomere length. Mounting evidence
suggests that replication of the G-rich strand of telomeres by
telomerase is coordinately regulated with replication of the
C-rich strand by conventional DNA polymerases (1, 10). In the
ciliate Euplotes, inhibition of telomeric C-strand synthesis with
aphidicolin results in increased telomerase-mediated G-rich
strand synthesis (10). We have previously shown that telomer-
ase is a dimeric (or oligomeric) enzyme complex that remains
stably bound to telomeric DNA following polymerization (33).
This observation raises the possibility that as the dimeric rep-
licative DNA polymerase complex proceeds toward the end of
the chromosome, it may directly contact the dimeric telomer-
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ase complex. Such contact may play a role in the observed
coordinate regulation of C- and G-strand syntheses (10).

Here we focus on the effects of synthesizing telomere se-
quences that disrupt binding to the protein Raplp. This abun-
dant protein binds tightly to duplex telomeric DNA (9) and is
the best characterized of the proteins involved in telomere
structure and maintenance. In addition to its role at the telo-
meres, Raplp binds to promoter elements of many genes to
activate transcription and binds to the silent mating type loci,
where it acts to repress transcription (36). Certain mutations in
Raplp lead to lengthening of telomeres (21-24, 29, 36). How-
ever, elucidating the role of Raplp at the telomere has been
difficult, since mutations that compromise the telomere-spe-
cific function of Raplp may also affect the other essential
cellular functions of Raplp. In contrast, mutations in the tem-
plate sequence of the RNA subunit of telomerase can be used
to synthesize telomeric repeats with altered binding to Raplp,
thereby reducing or altering the binding of Rap1p to the newly
synthesized repeats without interfering with its other roles in
the cell. In the budding yeast Kluyveromyces lactis, such muta-
tions cause various degrees of telomere lengthening (21, 22,
31).

In this study, we analyzed a cluster of novel mutations made
in the template domain of the S. cerevisiae TLCI gene. We
focused on RNA residues that, when incorporated into telo-
meric DNA, alter the core consensus Raplp binding site. We
show, for the first time in S. cerevisiae, that mutating the telo-
meric Raplp binding site can lead to stochastic telomere
lengthening, which affects a steadily increasing subpopulation
of telomeres until all have been elongated. Telomere length-
ening is rapid and RADS2 independent, and it does not cor-
relate with increased core activity of telomerase in vitro,
strongly suggesting that rapid elongation results from dere-
pression of the action of telomerase at the telomere. However,
for other specific template mutations, disrupting the Raplp
binding site is not sufficient for telomere lengthening, and
instead telomeres shorten. These findings provide further ev-
idence that telomere elongation involves both derepression
(loss of Raplp-mediated repression) and activation by one or
more cis-acting positive regulators of telomere addition (6, 32,
41), whose functions can be disrupted by mutations in telo-
meric DNA.

MATERIALS AND METHODS

TLC1 mutant allele construction. The 212-bp mutant template fragments,
generated by two-step overlap PCR (16), were subcloned into pRS313TLCI at
Ncol/Hpal sites. PCR-amplified DNAs were sequenced and shown to contain
only the intended mutations.

Strain construction. YJP116 was generated by disrupting one allele of TLC1
with TRPI and one allele of RAD52 with LEU2 from the diploid strain YJL537
(gift from Joachim Li). Following transformation with pRS316 containing the
wild-type TLCI gene, including 614 bp of upstream and 222 bp of downstream
flanking sequence, the strain was sporulated and Trp™, Leu™, and Ura™ spores
were isolated. The resulting strain, strain YJP153, was transformed with pRS313
plasmids containing either 7LCI or the various mutant alleles of TLCI, and loss
of the wild-type allele (pRS316-TLC1) was selected on 5-fluoro-orotic acid
(5-FOA) medium.

Telomere cloning and sequencing. Genomic DNA prepared from tlc1-476gCA
cells was directly ligated to pBST SK— plasmid DNA that had been digested with
EcoRYV and Xmal and then further digested with Xbal before being religated and
transformed into Escherichia coli Electro-MAX cells. Clones containing telo-
meric DNA were identified by hybridization to a 3P-labeled telomeric oligonu-
cleotide, and the insert DNA was sequenced. Telomeric DNA was sequenced by
the dideoxy-chain termination sequencing method.

Raplp binding assays. Competition gel shift assays were carried out as de-
scribed previously (34).

Southern blotting. Haploid strains containing the various TLC! alleles on a
pRS313 plasmid were either picked directly from 5-FOA plates lacking histidine
and grown overnight in liquid medium lacking histidine (25 generations growth)
or restreaked on 5-FOA plates lacking histidine before being grown in liquid
medium lacking histidine (35, 45, 55, and 65 generations of growth). Genomic
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FIG. 1. Telomerase activity assays using the template mutant enzymes. (A)
Sequence of the wild-type (WT) template domain (residues 484 to 468 from the
5’ end) of the TLCI RNA. (B) Telomerase was partially purified from wild-type
cells or the various single- and double-mutant strains and assayed for telomerase
activity using a telomeric oligonucleotide in the presence of [**P]dTTP and
unlabeled dGTP, dATP, and dCTP (lanes marked ddG—). In lanes marked
ddG+, dGTP was replaced with ddGTP. Extension products were purified and
separated on a denaturing gel before being exposed to X-ray film. Primers
differed only at the 3’ end and matched the sequence of the RNA template from
positions 475 through 483 (GTGTGGTGTGTGCA, GTGTGGTGTGTGCG,
GTGTGGTGTGTGGA, or GTGTGGTGTGTGGG).

DNA was isolated, digested with X#ol, separated on a 1.2% agarose gel, trans-
ferred to Hybond-N+, and hybridized to a 3?P-labeled oligonucleotide (5'-TG
TGGTGTGTGGGTGTGGTGT-3") as described previously (34).

Extract preparation and fractionation. Each of the various strains were grown
in 8 liters of liquid medium lacking histidine to an optical density at 600 nm of
0.3. Histidine was then added to a final concentration of 20 mg/liter, and cells
were grown further to an optical density at 600 nm of 1.2. Cells were collected by
centrifugation, and whole cell extracts were prepared and fractionated on
DEAE-agarose as described previously (34).

In vitro telomerase reactions. The amount of telomerase present in the active
DEAE fraction from each of the various strains was assayed by dot blotting,
using a *?P-labeled TLCI gene probe. Telomerase reactions contained equal
amounts of telomerase (up to 50% [vol/vol] DEAE fraction), 50 mM Tris-HCI
(pH 8), 1 mM spermidine, 1 mM dithiothreitol 50 uM dGTP, 50 pM dATP, 50
uM dCTP, 7.5 pM [a-*?P]dTTP (400 Ci/mmol), and 1 uM primer. The DNA
primers used are shown in the legend to Fig. 1, and the reactions were carried out
as described previously (33).

RESULTS

In previous studies, we generated and characterized a mu-
tant telomerase RNA (#c/ allele) bearing a three-nucleotide
substitution (#lc1-476gug [lowercase indicates mutated residues])
in the TLC1 template domain (Fig. 1A) (33, 34). This mutant
enzyme is completely inactive in vitro. Like yeast strains with
tlcl, est2, or est3 gene deletions (18), cells containing only the
tlc1-476gug allele show progressive loss of telomeric DNA and
cellular senescence (34). Such cells can be rescued by mainte-
nance of telomeres by an alternative, RAD52-dependent telo-
merase-independent pathway (26). To begin to dissect the
effects of the three base changes in the template in the
tlc1-476gug allele, we analyzed six S. cerevisiae strains that bear
substitutions in the same three nucleotides, 476 to 474, either
individually or in pairs. The mutated template bases are shown
in Fig. 1A.

We first measured the core enzymatic activity, at saturating
primer concentrations (33), of each of the six mutant telom-
erases in vitro. Telomerase was partially purified from mutant
cell extracts and assayed in vitro, using methods and criteria
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FIG. 2. Effects of TLCI mutations on replicative potential. For each of the
tlcl mutant alleles, residues 476 to 474 are shown; mutated residues are in
lowercase and highlighted in gray. Colony growth of strains bearing the indicated
tle] allele was ranked by approximate colony diameter from + (very small
irregularly shaped colonies) to ++++ (indistinguishable from wild type). Col-
ony phenotypes were assessed following one through five restreaks after the loss
of a plasmid containing the TLCI gene.

that we developed previously for various wild-type and mutant
S. cerevisiae telomerases (7, 33, 34). The enzymatic properties
of the six mutant #lc] telomerases were essentially indistin-
guishable from wild-type properties (Fig. 1B). While the tic!-
476CuA telomerase showed slightly more activity than the
other single-mutant enzymes (When normalized per telomerase
RNA present in the active fractions assayed), this increase in
activity was within the typical range of variation seen among
different wild-type extracts. Since no one- or two-base changes
caused a significant loss of activity, we conclude that the abla-
tion of core telomerase activity by the tlcI-476gug triple-base
substitution is caused by the concerted effect of all three base
changes rather than by any single-base substitution.

All six tlcl template mutations were recessive, with the
TLCI/tlc1 heterozygotes showing normal telomere length and
cell growth (data not shown). This is similar to the results
described previously for heterozygotes of five other template
mutants of S. cerevisiae telomerase, including the tlcI-476gug
mutant (34). Whereas the tlc1-476gug triple-base mutant in the
absence of RAD52 gene function showed rapid cellular senes-
cence (within 25 cell divisions [Fig. 2]), each of the single-
mutant strains grew normally in both rad52 disrupted (Fig. 2)
and RADS52 genetic backgrounds (data not shown). However,
each of the three double mutated #lc/ alleles caused a specific
and distinguishable effect on cell growth. While tlc1-476Cug
allowed for near wild-type growth, both the tlc1-476gCg and
tlc1-476guA mutations led to cellular senescence, but repro-
ducibly more slowly than the flc1-476gug triple mutation (Fig.
2). Together, these data suggest that of the three nucleotides at
positions 476 to 474 (Fig. 1A), the wild-type C nucleotide at
position 476 plays an especially important role in telomere
maintenance, since all three strains that exhibited senescence
(tic1-476gug, -gCg, and -guA) contained a mutation in this po-
sition, and the only double-mutant strain that did not senesce
(tlc1-476Cug) contained the wild-type C residue in this posi-
tion.

All of the 476-474 single- and double-base substitutions
disrupt Raplp binding. The three nucleotides mutated in te-
lomeric DNA synthesized by tlc1-476gug telomerase lie entirely
within the highly conserved core of the consensus binding site
for Raplp, the major telomere-binding protein in S. cerevisiae
(Fig. 3A). We therefore assessed the relative affinities of
Raplp for duplex DNA oligonucleotides bearing each of the
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six 476-474 single or double mutations by gel shift competition
assays (Fig. 3B). In this analysis, the affinity of Raplp for each
of the mutated oligonucleotides, relative to the wild-type telo-
meric sequence, was determined by quantitating the amount of
radiolabeled wild-type oligonucleotide bound by Raplp in the
presence of increasing amounts of various unlabeled compet-
itor oligonucleotides. (Raplp binding affinity was decreased
over 300-fold compared to the wild-type level by the 476gtg
triple-nucleotide substitution [see also reference 34| and all
three double mutations.) The single-nucleotide substitution of
476gCA also decreased Raplp binding over 300-fold, further
emphasizing the importance of position 476 in the telomerase
RNA, which templates a DNA nucleotide that lies at the cen-
ter of the Raplp core binding site. The remaining two single-
base mutations also reduced Raplp binding affinity compared
to the wild-type level, though to lesser extents (14-fold for
476CtA and 4-fold for 476CCg).

Each of the 476—474 single- and double-base substitutions
has a distinctive effect on telomere length. It was shown pre-
viously that in the yeast K. lactis, three telomeric sequence
mutations that disrupt Raplp binding resulted in immediate
telomere lengthening and loss of length regulation (31). In
these three mutants, the severity of the lengthening phenotype
correlated with the degree of loss of Rap1 binding affinity in
vitro (21). However, it was not shown whether such length-
ening resulted from increased telomeric recombination, in-
creased telomerase activity, or both. We therefore assessed
telomere lengths in the six strains described here. We deleted
the RADS52 gene, thereby preventing any recombination-medi-
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FIG. 3. Effects of TLCI mutations on Raplp binding in vitro. (A) Sequence
of the conserved (8) consensus Raplp binding site, which includes and extends
the duplex GGTGT sequence that is seen to be bound directly in a Rap1p-DNA
cocrystal structure (20). The Rap1 binding consensus sequence is aligned with a
typical wild-type telomeric repeat, used as the labeled probe for gel shift analy-
ses. (B) Gel shift analyses using 3*P-labeled wild-type telomeric repeat oligonu-
cleotides, incubated with S100 whole cell extracts in the absence (lanes 1 and 10)
or presence of 3,000, 1,000, 300, 100, 30, 10, 3, or 1 molar excess of unlabeled
competitor oligonucleotides (lanes 2 through 9, respectively) and separated on a
native gel. For all TLCI alleles other than tic1-476guA, only the shifted bands are
shown.
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FIG. 4. Effects of TLCI mutations on telomere length. (A and C) Southern analysis of Xhol-digested genomic DNA hybridized to a wild-type telomeric repeat
oligonucleotide. Genomic DNA was isolated from strains after 35, 45, 55, and 65 (A) or 25 (C) generations of growth in the presence of the indicated TLCI allele.
Filled arrowheads indicate non-Y’-containing telomeres; the open arrowhead and brackets indicate Y’-containing telomeres. (B) DNA sequences of one strand of the
synthetic duplex DNA oligonucleotides used in the gel shift experiment shown in Fig. 3, aligned with the same strand of the tlcI-476gCA mutant gel shift probe.
Sequence of two telomeric repeats subcloned from flc1-476gCA telomeres are shown aligned below.

ated telomere maintenance. Three distinct types of telomere
changes were observed: telomere lengthening and loss of length
regulation, stable maintenance of telomeres at a shortened
mean length, and progressive telomere shortening (Fig. 4).
In the single-base tlc1-476gCA and tlc1-476CuA mutant
strains, telomeres lengthened immediately. The mean telo-
mere length in #lc1-476gCA cells was approximately 10 times
greater than the wild-type length (~3 kbp, compared to ~300
bp for wild-type telomeres [Fig. 4A, gCA lanes]). The telo-
meres in the flc1-476CuA mutant were also heterogeneous and
an average of ~1 kbp longer than wild-type telomeres (Fig. 4A,
CuA lanes). Thus, the severity of overall loss of length control
and loss of regulation correlated with the loss of in vitro bind-
ing affinity to Raplp (Fig. 3B and Table 1), consistent with a
role of Raplp as a negative regulator of telomere addition.
The results with these two template mutants were therefore
consistent with those seen previously with K. lactis mutant
telomeric repeats (31). In both of these lengthening mutants,

telomere elongation was observed on chromosome ends con-
taining subtelomeric Y’ elements as well as ends lacking Y’
elements (Fig. 4A).

In addition, the 476gCA telomeres were heterogeneous in
size and included telomeric DNA that was both larger and
smaller than the wild-type telomere DNA. The continuous
smear of telomeric hybridization signal extending below the
shortest wild-type telomeric band (bracket in the Southern blot
in Fig. 4A) indicated that degradation of telomeric DNA had
occurred. In addition, a contribution to the shortening of te-
lomeric DNA fragments through the previously described
mechanism of telomeric rapid deletion events cannot be ex-
cluded (24). These results, together with comparable results
obtained with K. lactis telomerase RNA template mutant
strains (21, 31, 38), are consistent with Raplp functioning to
stabilize telomeric DNA from degradation, and possibly telo-
mere rapid deletion, as well as overelongation in vivo.

Interestingly, as described further below, a distinguishable
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TABLE 1. Summary of #/c/ mutant phenotypes”

Fold

TLCI Template reduction T(;,lomire Tello— Senes-
allele sequence” in Raplp fzggt merase - cence
binding P) activity

TLCI ACCCA 1 350 + No
tlc1-478gug gugCA >300¢ 150¢ +¢ No
tlcl-476gug  ACgug >300° e = Yes
tlcl-476gCA  ACgCA >300 3,000 + No
tlc1-476CuA  ACCuA 14 800 + No
tlc1-476CCg  ACCCg 4 250 + No
tlel-476Cug ~ ACCug >300 250 + No
tlcl-476gCg  ACgCg >300 *200 + Slow
tlcl-476guA ~ ACguA >300 *200 + Slow

“ Various mutant alleles of TLC1 are shown, along with the positions of the
mutated residues (lowercase) in the TLCI RNA and the effects that each mu-
tation has on Raplp binding in vitro, on telomere length in vivo, and on telom-
erase activity in vitro. An asterisk indicates that telomere length was not stably
maintained by the mutant enzyme; in the case of the two senescent double
mutants (¢Cg and guA), the telomere length at which the strain senesced is also
given.

® From positions 478 to 474.

¢ Data reported previously (34).

subpopulation of telomeres in the 476gCA mutant was short
but length regulated, showing progressive shortening as the
cells were passaged (Fig. 4A). Surprisingly, despite the pres-
ence of long newly added telomeric DNA tracts lacking Rap1lp
binding sites, tlc1-476gCA colonies grew well and looked nor-
mal at the level of gross colony morphology. To rule out the
possibility that the tlc1-476gCA telomerase has an increased
frequency of misincorporation in vivo, which might have al-
lowed it to reconstitute a Raplp binding site, we sequenced
telomeric DNA subcloned out of this strain. As found previ-
ously for five other template mutations of S. cerevisiae telom-
erase (34), the telomeric repeats synthesized in vivo matched
the sequence predicted from precise copying of the mutated
region of the telomerase RNA template (Fig. 4B). The Rapl
core consensus binding sites in the sequenced repeats, and in
the duplex oligonucleotides used in the gel shift analysis, were
identical. Hence we conclude that the tlc1-476gCA mutant
telomerase faithfully copies its mutated RNA template in vivo,
predicting that the telomeric DNA synthesized by this enzyme
is poorly or not bound by Raplp in vivo.

The two remaining long-term viable strains, the single-base
tlc1-476CCg mutant and the doubly mutated flc1-476Cug
strain, had telomeres that were stably maintained at a length
~100 bp shorter than wild-type telomeres (Fig. 4A, CCg and
Cug lanes). Even upon long autoradiographic exposures, no
degradation like that in the gCA lanes was detectable. These
two mutants behaved much like other tlc! template mutants
that we have analyzed, which also produced short and stable
telomeres (34). In these mutants, most of the telomeric DNA
consisted of wild-type repeats and telomeres contained at most
only one or two distally added mutant repeats (34).

The lack of RADS52 function in the #lc1-476CCg and tlcl-
476Cug cells argues that telomeres were maintained in these
strains by the enzymatically active telomerase (Fig. 1B) ra-
ther than the alternative RADS52-dependent mechanism
(26). Thus, although these mutations disrupted in vitro Raplp
binding to various degrees (4-fold for 476CCg and >300-fold
for 476Cug), they did not cause the telomere lengthening ex-
pected from the disruption of binding of a negative regulator
of telomere homeostasis. These results indicate that a reduc-
tion in telomeric Raplp is not inevitably associated with telo-
mere lengthening.
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Cellular senescence occurred in both of the double-mutant
strains (tlc1-476guA and tlc1-476gCg) that underwent progres-
sive telomere shortening (Fig. 4A, gCg and guA lanes). The
gradual loss of viability of these strains (Fig. 2) indicated that
their telomeres progressively became functionally destabilized.
This phenotype is typical of rad52 cells lacking telomerase
activity (37). Notably, however, as shown in Fig. 1B, the telom-
erase in both these mutant strains was enzymatically active.

Telomere elongation by mutant tic1-476gCA telomerase was
rapid and stochastic. Two aspects of the telomere lengthening
seen in tlc1-476gCA single-mutant cells were particularly note-
worthy. First, the extent of telomere elongation/deregulation
appeared complete within the first 35 generations of growth in
the presence of the mutant enzyme. To obtain a minimal es-
timate of the rate of telomeric DNA elongation in this strain,
genomic DNA was isolated from colonies picked directly from
the 5-FOA counterselection plate. After only ~25 generations
of growth in the absence of the wild-type enzyme (the first
point at which DNA could be analyzed), the subpopulation
of elongated telomeres had reached a new average length of
approximately 3 kbp longer than wild type (Fig. 4B). Thus, a
conservative minimal estimate of the elongation rate is 120
bp/cell division (Fig. 4B, compare strains CCA and gCA).
Given that telomeres in wild-type cells increase and decrease
in length only very gradually, by no more than 3 to 5 bp/cell
division (35, 37), this rate represents minimally a 25-fold in-
crease over the normal rate of net telomeric DNA addition
in vivo. Second, while the majority of the telomeric molecules
were elongated in the gCA mutant, a subpopulation was not
elongated, and instead these telomeres were gradually short-
ened as the cells continued to divide (Fig. 4A and B). This
population of short telomeres eventually disappeared, possibly
because they were converted to longer telomeres and/or be-
cause they led to cessation of cell division, and hence cells
containing these telomeres became greatly underrepresented
in the cell culture.

DISCUSSION

Mutations in the template domain of the telomerase RNA
subunit have been invaluable tools for elucidating the enzy-
matic properties of telomerase. Such mutations are also prov-
ing useful in elucidating telomere structure-function relation-
ships. We showed previously that substitution of a specific
three-base sequence located within the telomerase RNA tem-
plate completely destroys telomerase activity and function (33,
34). In the present study, we created a series of one- and
two-nucleotide substitutions in this three-base sequence. None
significantly altered core in vitro telomerase activity, but each
had a different effect on telomere maintenance and long-term
cell viability (Table 1). Thus, we can begin to dissect away
effects caused by lack of telomerase activity from effects caused
by changes in the telomeric sequence synthesized. Notably,
476gCA telomerase, which caused significant telomere length-
ening in vivo, and 476CCg telomerase, which maintained short-
ened but stable telomeres, both had wild-type-like activity in
vitro. In addition, the telomerase of the tlc1-476Cug double
mutant, which grew well, was somewhat less active in vitro than
the telomerase of the flc1-476guA mutant, yet the latter cells
senesced. Hence, the telomere lengthening and shortening and
cellular senescence phenotypes caused by these mutations like-
ly result from altered regulation of the action of telomerase at
telomeres or the altered telomeric DNA sequences, rather
than significantly altered intrinsic core enzymatic activity.

The base changes expected to be copied from each of the six
mutated telomerase RNA templates into telomeric DNA all
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reduced, to various degrees, in vitro binding by the DNA
sequence-specific binding protein Raplp. Hence, when trans-
ferred to the telomere, we predict that these base changes
could correspondingly disrupt, at the distal ends of the telo-
meres, the telomeric DNA-protein complex centered on
Raplp. In the two mutants that showed telomere elongation,
as with three previously reported telomerase RNA template
mutants of K. lactis (21, 31), the predicted reduction in binding
by Raplp at the terminal telomeric repeats correlated with the
degree of loss of length regulation. However, loss of Rapl
binding affinity clearly is not sufficient to cause elongation in all
cases, since telomeres in the other four S. cerevisiae mutants
described here were shorter than wild type.

Telomere shortening could also potentially be indicative of
increased negative regulation by Raplp at telomeres. For ex-
ample, other effects of the base changes in the telomeric re-
peats on Raplp binding could include a change in the bending
of the Raplp-bound mutant repeat, changing the overall prop-
erties of the higher-order telomeric DNA-protein complex.
However, for the shortening effects to be entirely Raplp me-
diated, all such base changes would have had to have caused a
gain of function in Raplp length regulation. While possible,
this does not seem likely, given that all four of the shortening
mutations described in this study, as well as two different tem-
plate mutations that were analyzed previously that disrupt the
Raplp binding site and cause shortening (34), would have had
a similar gain-of-function effect. It therefore seems likely that
impairment of at least one other function besides Rap1 bind-
ing affinity contributes to the telomere shortening observed in
these mutants.

This work provides further evidence that telomere addition
is subject to at least two levels of control: repression by Raplp
and activation by another factor(s). Such other possible factors
include Estlp and/or Cdcl3p, both of which bind single-
stranded telomeric DNA in vitro with DNA sequence speci-
ficity and are required for telomere addition in vivo. Addition-
ally, a specific DNA sequence or structure at the telomeric 3’
end, which may be altered by the four shortening mutations,
could be required for telomere elongation by telomerase. We
have shown previously that telomerase, in addition to the base
pairing between the RNA template domain and telomeric
DNA, shows sequence-specific interactions with DNA in vitro
(33, 34). Thus, the interaction of the telomeric DNA with
telomerase enzyme, comprised minimally of Est2p and the
TCL1 RNA (18), could also potentially be altered in vivo by
the changes in the telomeric sequence caused by the #c! tem-
plate mutations. Finally, it has been proposed that the Rap1p-
centered higher-order DNA-protein complex of the telomere
helps to maintain telomere length homeostasis by limiting the
elongation of long telomeres and stimulating the elongation of
short telomeres (21-25, 29, 31). If so, loss of Raplp binding
would certainly exacerbate the phenotypes seen here.

We propose that the rapid and stochastic telomere elonga-
tion catalyzed in vivo by 476gCA telomerase results from al-
tered regulation of telomerase activity at the telomere. The
behavior of 476gCA telomeres also strongly suggests that on
any given telomere molecule in the population, telomere over-
elongation/deregulation initiates stochastically. We therefore
propose that in tlcI-476gCA cells, as the initial population of
telomeres becomes shortened under the direction of the tlci-
476gCA allele, at each cell division a subset of these telomeres
loses regulation. Once overelongation/deregulation initiates on
any one telomere, it rapidly progresses to the fully elongated/
deregulated state and apparently does not regain length con-
trol. Thus, the whole population of telomeres eventually
switches over to the deregulated state. A similar phenomenon
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of conversion of the telomere population to a deregulated state
was seen previously with K. lactis cells mutated both in the
telomerase RNA template and in the C terminus of Raplp.
However, in that case no telomere shortening was observed
prior to the loss of length regulation (21).

It has been proposed that normally, two mutually reinforcing
telomeric components contribute to length control: a proper
regulatory end structure that is disrupted upon incorporation
of mutant residues into the terminal telomeric repeat(s); and a
higher-order structure, destabilized by telomere shortening,
that normally acts to limit telomerase access to telomeres (21,
22,29, 31, 38). In addition, the specific importance of the ter-
minal few repeats has been demonstrated by mutating them in
K lactis (21, 22, 38). Such telomerase RNA template mutations
cause deregulated telomere lengthening, either immediately
following expression of the mutant enzyme, like that we report
here for the S. cerevisiae tlc1-476gCA and tlc1-476CuA mutants,
or only after hundreds of generations of growth (31). Loss of
the telomeric cap structure also apparently allows telomere
degradation and telomere-telomere fusions (30, 40, 45). While
the two immediate-telomere-lengthening mutations described
in K. lactis decreased Raplp binding affinity in vitro, the two
delayed-lengthening mutations that have been described in
K. lactis did not, suggesting that at least two types of regulatory
mechanisms are involved in telomere homeostasis (21, 31). It
was proposed that mutations causing immediate telomere
lengthening do so by altering the cap structure at the extreme
terminus of the telomere, leading to either an increased rate of
telomere addition by telomerase, as we have demonstrated in
the present work with S. cerevisiae telomerase, or increased
telomeric recombination (22, 38). On the other hand, muta-
tions that require hundreds of generations to manifest a telo-
mere lengthening phenotype may do so by causing a more
global alteration in telomere structure. This requires a more
extensive replacement of wild-type repeat tracts by mutant telo-
meric repeats throughout the length of the telomere, and the
phenotypic delay has been proposed to occur because these
mutant repeats only gradually infiltrate throughout the body of
the telomeres (31).

Both tic1-476gCA RADS2 and tlc1-476gCA rad52 cells, which
contain long telomeres with extremely low affinity for Raplp,
showed an apparently normal FACS profile (C. D. Smith,
unpublished observation). Furthermore, these cells had only
slightly abnormal cytology, with minimally increased numbers
of the large, unbudded, multinucleated cells typically associ-
ated with a failure to properly segregate chromosomes (38;
J. C. Prescott, E. H. Blackburn, and C. D. Smith, unpublished
observation). The long tracts of mutant telomeric repeats were
added directly onto a preexisting tract of wild-type repeats,
suggesting that an internal tract of wild-type telomeric repeats
may be sufficient to maintain at least some telomere functions,
although not telomere length regulation. Alternatively, the
presence of an internal tract of wild-type telomeric DNA may
facilitate Raplp binding to the mutant repeats, thus maintain-
ing a functional elongated telomere.

Several different telomere phenotypes are caused by various
mutations affecting Raplp and/or its telomeric DNA binding
sites, which include lengthening, shortening, and mislocaliza-
tion in the nucleus, suggests that Rap1lp has multiple roles in
telomere maintenance. Mutations in the C-terminal domain of
Raplp, which normally mediates interactions with Sir and Rif
proteins, causes telomere lengthening and, in some situations,
cellular phenotypes indicative of loss of capping (21-23). Hu-
man telomeres contain two distinct telomere-binding proteins,
TRF1 and TRF2 (39, 40). It is possible that the roles carried
out by Raplp in yeasts are divided between TRF1 and TRF2
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in mammals. As with yeast telomerase RNA template muta-
tions that cause telomere elongation concomitant with disrup-
tion of Rapl binding (21, 31; this work), disrupting the DNA
binding domain of TRF1 causes telomere lengthening (39),
suggesting that telomere addition in human cells is also re-
sponsive to TRF1 occupancy of the telomere. Mutations that
disrupt the binding of TRF2 to telomeres cause telomere-
telomere fusions and apoptosis, suggesting that TRF2 protects
the telomeric terminus (19, 40). This function of TRF2 may be
analogous to the role of Raplp in the formation of a telomeric
cap structure. Thus, the data suggest that Raplp serves both a
TRF1-homologous role in regulating telomere length homeo-
stasis and a TRF2-homologous role in protecting the end of
the chromosome from being recognized as damaged DNA.

Telomeres generally contain single-stranded 3’ overhangs
during at least part of the cell cycle (28, 43). Telomere addition
requires that this 3’ terminus, which is itself synthesized by
telomerase, be made accessible to telomerase. It is possible
that the wild-type telomeric repeats present when the mutant
template telomerase first replaces wild-type telomerase cannot
base pair with the mutant template in a manner that allows
productive synthesis by telomerase. The necessity for such tem-
plate position-specific base pairing has been demonstrated for
Tetrahymena telomerase (42). In Oxytricha nova, the 3’ over-
hang is bound both in vivo and in vitro by a heterodimeric
protein complex in which nearly every nucleotide is stacked
with an aromatic amino acid (11, 17). Two S. cerevisiae pro-
teins, Estlp and Cdc13p, bind single-stranded telomeric TG,_5
repeat DNA in vitro (32, 41) and could possibly be counter-
parts of the Oxytricha heterodimer. While neither Estlp nor
Cdc13p is required for core enzymatic activity of telomerase in
vitro, both are required for telomerase action in vivo, suggest-
ing that they may modulate the interaction between telomerase
and the telomeric 3" end (7, 18, 25). Hence, the mutations
described here that disrupt Raplp binding, yet do not cause
telomere lengthening, may exert their effects by disrupting
sequence-specific binding by Estplp, Cdcl3p, and/or some
other positive regulator of telomerase action. The DNA se-
quence requirements for Estlp and Cdcl3p binding are not
sufficiently understood to predict what effects the mutations
analyzed here would have on their binding.

It was noted previously that a short conserved core sequence
within the otherwise highly variable telomeric repeat units of
yeasts coincides with the Rap1 binding core (8). Here we have
reported widely varying effects on telomeres caused by small
mutations within this core sequence in S. cerevisiae TLCI
RNA. We propose that the striking evolutionary conservation
of this core sequence in the telomeric DNA of yeasts is im-
posed because this sequence has to serve as a binding site not
only for Raplp but also for Estlp, Cdc13p, and possibly other
factors including the telomerase RNP itself.
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