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Telomerase repeat addition processivity
is increased at critically short telomeres
in a Tell-dependent manner in
Saccharomyces cerevisiae
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Telomerase is the ribonucleoprotein enzyme that elongates telomeres to counteract telomere shortening.

The core enzyme consists of a reverse transcriptase protein subunit and an RNA subunit. The RNA subunit
contains a short region that is used as a template by the reverse transcriptase to add short, tandem, G-rich
repeats to the 3’ ends of telomeres. By coexpressing two RNA subunits that differ in the telomeric repeat
sequence specified and examining the telomere extensions after one cell cycle, we determined that
Saccharomyces cerevisiae telomerase can dissociate and reassociate from a given telomere during one cell
cycle. We also confirmed that telomerase is nonprocessive in terms of telomeric repeat addition. However,
repeat addition processivity is significantly increased at extremely short telomeres, a process that is dependent
on the ATM-ortholog Tell. We propose that this enhancement of telomerase processivity at short telomeres

serves to rapidly elongate critically short telomeres.
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Telomeres, the physical ends of eukaryotic chromo-
somes, protect chromosome ends from end fusions and
degradation (Ferreira et al. 2004). Telomere length is
maintained by a dynamic process of lengthening and
shortening (Hug and Lingner 2006). Shortening can occur
as a result of nucleolytic degradation and incomplete
DNA replication. Lengthening is primarily accom-
plished by the action of a specialized reverse transcrip-
tase called telomerase, whose core consists of a catalytic
protein subunit and an RNA subunit (Greider and Black-
burn 1985, 1987, 1989; Lingner et al. 1997). Telomerase
extends telomeres by repeated reverse transcription of a
short sequence, using the RNA subunit as a template, to
the 3’ ends of telomeres (Greider and Blackburn 1989; Yu
et al. 1990; Singer and Gottschling 1994). Lagging strand
synthesis then presumably fills in the complementary 5’
strand. Cells lacking telomerase have telomeres that
shorten with each cell division, which can ultimately
lead to replicative senescence (Lundblad and Szostak
1989; Harley et al. 1990; Yu et al. 1990).

Telomerase complexes isolated from ciliated protozoa
and humans are processive in vitro, capable of elongating
a given telomeric primer by hundreds of nucleotides
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through multiple rounds of telomeric repeat addition
(Morin 1989; Greider 1991). In contrast, in other organ-
isms such as mouse, Chinese hamster, and various fungi,
telomerase appears to be less or nonprocessive in vitro
(Prowse et al. 1993; Cohn and Blackburn 1995; Lingner et
al. 1997; Lue and Peng 1997, 1998; Fulton and Blackburn
1998). The budding yeast Saccharomyces cerevisiae
telomerase enzyme remains stably bound to the telo-
mere substrate after a single round of telomere elonga-
tion in vitro (Cohn and Blackburn 1995; Prescott and
Blackburn 1997a). However, in vivo analysis suggests
that yeast telomerase can add >100 nucleotides (nt) in a
single cell cycle (Teixeira et al. 2004). Thus, in vivo, the
enzyme is either processive or it turns over very rapidly.

In vivo analysis in S. cerevisiae has also shown that
telomerase does not act on every telomere in each cell
cycle but instead exhibits an increasing preference for
telomeres as their lengths decline, suggesting that telo-
meres switch between nonextendible and extendible
states (Teixeira et al. 2004). Although the number of
nucleotides added per extension event does not signifi-
cantly correlate with telomere length, telomere exten-
sion length is strongly increased at very short telomeres
(Teixeira et al. 2004). However, it was not determined
whether or not these long extension events were due to
processive telomerase action.
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To analyze telomerase repeat addition processivity in
vivo, and to determine whether telomere length affects
processivity, we coexpressed a mutant tic] that specifies
altered telomeric sequences together with wild-type
TLC1 and analyzed telomere elongation events after one
cell cycle. This analysis indicated that telomerase can
use both RNA templates to extend a telomere during one
cell cycle, and that the telomerase complex can dissoci-
ate and reassociate with telomeres during one round of
telomere elongation. We found that telomerase does gen-
erally act nonprocessively in vivo, consistent with con-
clusions drawn from a previous study (Prescott and
Blackburn 1997b). However, we found that the repeat
addition processivity was significantly enhanced at ex-
tremely short telomeres. We propose that this enhance-
ment of processivity, which is dependent on the ATM
ortholog Tell, allows cells to rapidly elongate critically
short telomeres that can arise as a result of a double-
strand break caused by DNA damage or DNA replication
fork collapse in the telomeric tracts.

Results

Characterization of a tlc1 template mutant

To study telomerase action in cells expressing two dif-
ferent telomerase RNA subunits, we needed a mutant
tlc1 that incorporated telomeric repeats that were dis-
tinguishable from wild type, yet would still be able to
complement a deletion of TLCI and elongate telomeres
to similar levels as wild type. We previously screened an
S. cerevisiae tic1 library, in which 10 of the 16 templat-
ing nucleotides were randomized, for complementation

A

TLCT tlc1-tm

500 bp —
400 bp —|

amplified telomere VI-R
300 bp —|

Tel43l
Teld29
Teld35

TLCT templating region

tlc1-tm templating region

mutant consensus sequence [ (TG) O—4TGG] nATTTGG

of a TLC1 deletion (Forstemann et al. 2003). Out of an
estimated 60,000 templates screened, only 40 different
mutant templates were able to rescue the senescence
phenotype of tlc1A (Forstemann et al. 2003). One of the
template mutations was isolated three times indepen-
dently and phenotypically most closely resembled wild
type (Forstemann et al. 2003). We called this template
mutant tlcI-tm. The template region of tlcl-tm is 3'-
CACCUAAACCACACAC-5', whereas it is 3'-CACAC
ACCCACACCAC-5' for wild-type TLC1.

Wild-type TLC1 was replaced at its endogenous locus
by tlc1-tm. After propagating this strain for >100 genera-
tions to allow mutant telomeric sequences to be incor-
porated into telomeres, we performed telomere PCR to
amplify telomere VI-R sequences (Fig. 1A). The lengths
of the tic1-tm telomeres were ~80 base pairs (bp) shorter
than those of the isogenic wild-type strain. Despite the
modestly shorter telomeres, telomere length homeosta-
sis was maintained, confirming what we reported previ-
ously for this mutant when it was expressed from a plas-
mid in a different genetic background (Forstemann et al.
2003).

The amplified VI-R telomeres from the tic1-tm mu-
tant were cloned and sequenced. Analysis of these se-
quences revealed that telomerase using this template
RNA added degenerate repeats with a consensus se-
quence of [[TG), ,TGG],ATTTGG, where n indicates
that the [(TG),_,TGG] motif can be repeated for a vari-
able number of times before the incorporation of an
ATTTGG sequence (Fig. 1B; Supplementary Fig. S1).
Mutant sequences could easily be differentiated from
wild-type sequences because of the frequent usage of the
GG dinucleotide. Wild-type telomeres, with a consensus

3'-CACACACCCACACCAC-5'

wild-type consensus sequence (TG) 0-6TGGGTGT (G) 0-1

3'-CACCUAAACCACACAC-5'

Teld3l TGTGGGTGTG TGGGTGTGGT GTGTGTGTGT GGGTGTGGGT >
Teld29 TGTGGGTGTG TGGGTGTGGT GTGTGTGTGT GGGTGTGGGCT >
Teld35 TGTGGGTGTG TGGGTGTGGT GTGTGTGTCT GGCTATGGGT >

GTGGGTGTGG GTGTGGGTGT GGTGTGGTGT GGGTGTGGAT TTGGTGTGTG GTGTGTGTGT GGTGTGGTGT GTGGTGTGGT GTGGTGTGGT GTGGT=-3'
GTGGGTGTGG GTGTGGGTGT GGTGTGGTGT GGGTGTGGTG GTGTGTGGTG TGGTGGTGTG GTGTGGTGGT GTGGTGTGGT GTGGTGTG-3'
GTGGGTGTGG GTGTGGGTGT GGTGTGGTGT GGGTGTGGTG TGGTGTGTGG TGTGTGTAGT GTGTGGTGGGE TTTGGTGTGT GGTGTGTGGG TGGTGT-3'

Figure 1. Characterizing the tlcI-tm mutant. (A) Telomere lengths of the indicated strains were determined by telomere PCR of
telomere VI-R. The size of the PCR product is the sum of the telomere length, the distance of the subtelomeric primer to the beginning
to the telomeric tracts, and the size of the primers used in the telomere PCR (59 bp). Telomere lengths were calculated to be 353 bp
and 271 bp for TLC1 and tlc1-tm strains, respectively. The calculated telomere lengths are an average of telomere lengths from two
different isolates of each strain. (B) Telomere PCR products from A amplified from the tlc1-tm mutant were cloned and sequenced.
Three representative sequences are shown. The complete set of sequences is shown in Supplementary Figure 1. Mutant divergent
regions of each sequence (in red) were used to derive a mutant consensus sequence of [[TG), 4TGGJ],ATTTGG. Bolded sequences
highlight occurrences of GGG trinucleotide incorporation by the mutant telomerase.
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sequence of (TG), ( TGGGTGTG(G),_, (Forstemann and
Lingner 2001), very rarely contain two consecutive GG
dinucleotide sequences without an intervening GGG tri-
nucleotide. GGG trinucleotides are rarely found in mu-
tant repeat sequences, whereas they are present in every
wild-type repeat incorporated. Furthermore, the occa-
sional incorporation by the mutant telomerase of
ATTTGG is a clear indication of mutant telomeric se-
quence.

Since the tlcl-tm template region is 3'-CACCUAA
ACCACACAC-5’, the mutant telomerase should not be
able to incorporate GGG trinucleotides according to ca-
nonical Watson-Crick base-pairing. The rare occurrences
of GGG trinucleotides in mutant sequences (Fig. 1B;
Supplementary Fig. S1) are most likely due to the U resi-
due in the template being able to base-pair with G
nucleotides (Crick 1966; Varani and McClain 2000). This
potentially poses a problem for differentiating mutant
from wild-type sequences. However, some of the GGG
trinucleotide occurrences in the mutant sequences were
still easily identifiable as mutant (e.g., in cases where the
sequence was GGGTTT or GGGTGG, neither of which
occurs in wild-type telomeric sequences). The remaining
GGG trinucleotide occurrences were very rare (two
times in 1373 nt of mutant telomeric sequence, or 217
mutant repeats, from a tlcI-tm mutant). Hence the tlc1-
tm mutant added telomeric repeats that were easily dis-
tinguishable from wild-type repeats and therefore suit-
able for use in our coexpression assays.

Two-template single-telomere extension assay
(2T-STEX)

Although much work has been done to characterize
telomerase activity, it is not known whether a telomere,
if extended, is extended by only one telomerase complex
once per cell cycle, or whether telomerase complexes
can dissociate and reassociate from telomeres while ex-
tending a given telomere. To answer this question, we
used a modified version of the STEX assay that we de-
veloped and described previously (Teixeira et al. 2004,
Arneric and Lingner 2007). In the STEX assay, a telo-
merase-negative strain (referred to as the “recipient”)
was created by deleting EST1, which encodes an essen-
tial subunit of yeast telomerase (Lundblad and Szostak
1989). Telomerase was added by mating this strain to a
telomerase-positive “donor” strain that contains wild-
type EST1. Thus, telomeres that had shortened in the
recipient strain are extended in the zygote. Telomere
elongation was detected by cloning and sequencing of
telomeres derived from the recipient parental strain after
being amplified by telomere PCR, which is made pos-
sible because the recipient chromosome V-R telomere
was tagged with the ADE2 gene in the subtelomeric re-
gion (Forstemann et al. 2000; Teixeira et al. 2004). Since
yeast telomerase adds imperfect repeats, telomere elon-
gation can be detected by the divergence of telomeric
sequences in the telomere-distal region relative to the
telomeric DNA synthesized by semiconservative DNA

Regulation of telomerase processivity

replication (Wang and Zakian 1990; Forstemann et al.
2000; Forstemann and Lingner 2001).

We modified the STEX assay by replacing wild-type
TLC1 with tlcI-tm at its endogenous locus in the donor
strain. We named this modified assay 2T-STEX (Fig. 2A).
This strain was mated to a recipient strain that expresses
wild-type TLC1. Telomere extensions were analyzed 3 h
after mating (Fig. 2B; Supplementary Fig. S2A), the time
required for most cells to mate and complete one S phase
(Teixeira et al. 2004). Of 21 telomere elongation events,
11 contained only wild-type sequence and three con-
tained only mutant sequence. Seven contained a mixture
of wild-type and mutant sequences.

We also performed the reciprocal experiment where
the donor strain expressed wild-type TLC1 while the re-
cipient expressed the tlcl-timm mutant (Supplementary
Fig. S2B). The results were very similar. Of 23 telomere
elongation events, 11 contained only wild-type se-
quence, four contained only mutant sequence, and eight
contained a mixture of both wild-type and mutant se-
quences. In both experiments, the short telomeres were
preferentially elongated and long extension events oc-
curred at very short telomeres (data not shown) as ex-
pected (Teixeira et al. 2004). Together, these results in-
dicate that telomerase can use both templates to extend
the same telomere during one cell cycle.

We also performed a 2T-STEX assay using an estIA
telomerase-negative donor strain to control for telomer-
ase-independent divergence events (Fig. 2C). Instead of
limiting cells to one cell cycle, they were allowed to
propagate for ~30 generations after mating. Three of 38
(7.9%) telomeres sequenced showed telomerase-inde-
pendent divergence events. This corresponds to an ex-
tremely low frequency of divergence after one cell cycle,
similar to what we reported previously (Teixeira et al.
2004). Thus, the sequence divergence events we ob-
served in our 2T-STEX assays were due to telomerase-
mediated telomere elongation events.

Yeast telomerase is generally nonprocessive for repeat
addition except at extremely short telomeres

The average extension length for S. cerevisiae telomer-
ase during one cell cycle is 44 nt for telomeres >200 bp in
length (Teixeira et al. 2004). Since the mean telomeric
repeat length is 11 nt (Forstemann and Lingner 2001),
yeast telomerase in vivo can extend telomeres by about
four repeats, which is in contrast with its in vitro bio-
chemical properties, where it can only add one repeat
before stopping (Cohn and Blackburn 1995; Prescott and
Blackburn 1997b). Therefore, either yeast telomerase has
some in vivo processivity or it is able to dissociate from
and reassociate to telomeres within a single cell cycle.
Our 2T-STEX results suggest that the latter model is
possible (Fig. 2A; Supplementary Fig. S2). However, this
does not necessary imply that telomerase is completely
nonprocessive in vivo.

To determine whether telomerase has any repeat ad-
dition processivity in vivo, we considered the scenario
where telomerase is completely nonprocessive—i.e., if it
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DONOR
. telomerase-positive cell
MATa tlc1-tm EST1

mating

A RECIPIENT
telomerase-negative cell .
MATa TLC1est1A

replication
telomerase acts
2T-STEX:

2-Template .

% est1A/est1A
Single Telomere C _. 300 t
EXtension assay ¢ &

£ 200
-telomere PCR <
-clone and sequence ©
telomeres g 100 1
-analysis of sequence _g
divergence R 1

B Teld99 TGGGTGTGTG GGTGTGGTGT GTGGGTGTGG TGTGTGTGTG GGTGTGGTGT
Teld8l TGGGTGTGGT GTGGGTGTGT GGTGTGTGGT GTGGTGTGGG TGTGGGTGTG
Teld58 TGGGTGTGGT GTGTGGGTGT GTGGGTGTGG TGTGTGGGTG TGGTGTGTGG
Teld498 TGGGTGTGGT GTGTGGGTGT GTGGGTGTGG TGTGTGGGTG TGGTGTGTGT
Teld73 TGGGTGTGGT GTGTGGGTGT GTGGGTGTGG TGTGTGGGTG TGGTGTGTGT
Teld84 TGGGTGTGGT GTGTGGGTGT GTGGGTGTGG TGTGTGGGTG TGGTGTGTGT
Teld96 TGGGTGTGGT GTGTGGGTGT GTGGGTGTGG TGTGTGGGTG TGGTGTGTGT
Teld93 TGGGTGTGGT GTGTGGGTGT GTGGGTGTGG TGTGTGGGTG TGGTGTGTGT
Teld60 TGGGTGTGGT GTGTGGGTGT GTGGGTGTGG TGTGTGGGTG TGGTGTGTGT
Teld97 TGGGTGTGGT GTGTGGGTGT GTGGGTGTGG TGTGTGGGTG TGGTGTGTGT
Teld57 TGGGTGTGGT GTGTGGGTGT GTGGGTGTGG TGTGTGGGTG TGGTGTGTGT
Teld64 TGGGTGTGGT GTGTGGGTGT GTGGGTGTGG TGTGTGGGTG TGGTGTGTGT

VVVVVVVVYVVVYV

Teld99 GGTGT-3'

Telds8l GATTTGGTGC GGTGTGGTGT GTGGGTTTTT=-3'

Teld58 GGTGTGGTGG GTGTGTG-3'

Teld98 GGGTGTGGGT GTGGTGTGTG TGGGTGTGGG TT-3'

Teld73 GGGTGTGGGT GTGGTGTGTG GGTGTGGGCG TGGGTGTGGG TGTGGTGTGT GGGTGTGGTG T-3'
Teld84 GGGTGTGGTG GGTGTGGTTG GGTGTGGTGT GGGTGTGGTG TGTGTG=-3'

Teld96 GGGTGTGGTG TGGGTGTGGT GTGGTGTGTG GTGTGCGGGT GTGGTGTGGT GTGTGTGGGT GT-3'
Teld493 GGGTGTGGTG TGTGGGTGTG GTGCGGTGTG GTGT-3'

Teld60 GGGTGTGGTG TGTGGGTGTG GTGTGTGTGG GTGTGGT-3'

Teld97 GGGTGTGGTG TGTGGGTGTG GGTGTGGTGG GTGTGGTGTG TGGGTGTGGG TGTGGTG-3'
Teld57 GGGTGTGGTG TGTGGGTGTG GGTGTGGTGG GTGTGGTGTG TGTGGGTGGT GTGGTG-3'

Teld64d GGGTGTGGTG TGTGGGTGTG GGTGTGGTGG GTGTGGTGTG TGTGGGTGTG GTGTGTGTGG GTGT-3'

Figure 2. 2T-STEX analysis. (A) 2T-STEX methodology (see text for details). (B) Example of aligned sequences from a 2T-STEX assay
in which the donor strain carried the tic1-tm allele. Telomere extension events were detected by sequence divergence. Sequences in
blue are repeats added by telomerase with wild-type TLC1, while sequences in red are repeats added by telomerase with the mutant
tlc1-tm. (C) Analysis of a 2T-STEX assay in which both the recipient and the donor strains were est1A. Unlike a standard 2T-STEX
assay, the diploids were allowed to undergo ~30 cell doublings after mating before sequence analysis. Each telomere sequence is
represented by a vertical bar where the red and blue parts indicate the nondiverging and diverging regions, respectively. This analysis
shows that sequence divergence in the absence of telomerase is very low and not perturbing the 2T-STEX analysis.

stops after each repeat added. We counted the total num-
ber of repeats added in all extensions from our 2T-STEX
assays and determined the fraction of wild-type repeats
used (207/295 = 0.702). This fraction did not change sig-
nificantly as a function of telomere length (data not
shown). Given a 70.2% incorporation of wild-type re-
peats, the expected average number of consecutive wild-
type repeats per stretch or run of wild-type repeats
should be 3.3, assuming that telomerase is completely
nonprocessive in vivo (see Materials and Methods for the
mathematical equation used to determine this value). If
yeast telomerase is processive, the observed average
number of wild-type repeats per run should be higher
than 3.3. However, the observed average for telomeres
>125 bp in length was 3.2, a value that did not change
significantly as a function of telomere lengths >125 bp,
indicating that yeast telomerase is indeed nonprocessive
in vivo. Strikingly, repeat addition processivity was sig-
nificantly increased at telomeres <125 bp in length, as
the observed average number of wild-type repeats per run

2488 GENES & DEVELOPMENT

was 7.6 (Fig. 3). This effect was also seen for telomerase
using the mutant tlc1-tm, where the average number of
mutant repeats per run of mutant repeats increased from
2.1 to 5.9 (Fig. 3). Thus, the increased extension length at
very short telomeres (Teixeira et al. 2004) can be attrib-
uted to the increased telomerase repeat addition proces-
sivity (Fig. 3).

Telomeres <125 bp in length do arise in vivo

In the absence of telomerase, S. cerevisiae telomeres
shorten at a rate of 3 bp per generation (Marcand et al.
1999). Thus, starting with a wild-type-length telomere of
300 bp in length, it would take ~58 generations [(300-
125)/3 = 58.3] to shorten to a length of 125 bp if telom-
erase did not act in the intervening time. The frequency
of telomere extension by telomerase steadily increases
from ~7% at 300-bp-long telomeres to ~39% at 125-bp-
long telomeres (Teixeira et al. 2004). Consequently, the
probability of a telomere shortening from 300 bp to 125
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Figure 3. Teclomere extension length (top panel) correlates
with repeat addition processivity (bottom panel). The average
lengths of the telomere extensions from the 2T-STEX assays
were determined for telomeres greater than and less than 125 bp
in length. Repeat addition processivity is shown as the average
number of wild-type repeats added per run of wild-type repeats
(blue bars) or the average number of mutant repeats added per
run of mutant repeats (red bars) for telomeres greater than and
less than 125 bp in length. The P-values associated with two-
tailed unpaired t-tests are shown.

bp without telomerase acting on it in the intervening
time is 2.6 x 1077. Therefore, it is highly improbable that
a wild-type-length telomere could shorten to 125 bp in
length via normal telomere erosion mechanisms such as
incomplete DNA replication or nucleolytic degradation.

To detect whether or not telomeres <125 bp in length
actually occur in vivo, we sequenced telomeres from
telomerase-positive cells after ~40 generations of clonal
expansion. While all yeast telomeric repeats are degen-
erate, only the distal region of telomeres have sequences
that are divergent (Wang and Zakian 1990; Forstemann
et al. 2000). This sequence divergence is dependent on
telomerase activity (Forstemann et al. 2000). The average
point of divergence in a wild-type strain is 214 bp into
the telomeric tract, counting away from the centromere
(Fig. 4). A rad52A strain was included in this experiment
to eliminate any possibility of recombination-dependent
divergence events. The rad52A strain had an average
point of divergence of 253 bp into the telomeric tract.
The slightly greater point of divergence in the rad52A
strain can be attributed to the slightly longer telomeres
seen in this strain (27 wild-type telomeres sequenced
with an average length of 291 bp compared with 17
rad52A telomeres sequenced with an average length of
348 bp). Although the average points of divergence in
both strains were much >125 bp, both strains contained
telomere sequences in which the points of divergence
were before 125 bp into the telomeric tract (three of 27
sequences for wild type; seven of 17 sequences for

Regulation of telomerase processivity

rad52A). Taken together, this indicates that telomeres
<125 bp in length do occur in vivo and most likely do not
arise from normal telomere shortening processes.

Tell is needed for the enhanced repeat addition
processivity at extremely short telomeres

The phosphoinositide 3-kinase-related kinases Tell and
Mecl (S. cerevisiae orthologs of human ATM and ATR,
respectively) are required for maintaining telomere
length homeostasis, as simultaneous deletion of both
TEL1 and MEC1 results in progressive shortening of telo-
meres leading to cellular senescence (Ritchie et al. 1999).
Cells lacking MEC1 have slightly shortened telomeres,
while cells lacking TEL1 have very short but stable telo-
meres (Greenwell et al. 1995; Ritchie et al. 1999), sug-
gesting that Tell has the major role in telomere length
regulation. To test if Tell is important for making
telomerase become more processive at telomeres <125
bp in length, we performed the 2T-STEX assay in a tel1A
background (Fig. 5). The percentage of wild-type repeats
used was 62.5% (25 of 40). For this percentage, the ex-
pected average number of wild-type repeats per run of
wild-type repeats should be 2.7 if telomerase was com-
pletely nonprocessive. At telomeres <125 bp in length,
the observed average number of wild-type repeats per run
was 2.6, indicating that in cells lacking TEL1, telomerase
is nonprocessive even at telomeres <125 bp in length.
Accordingly, we found that the increase in telomere ex-
tension lengths at telomeres <125 bp in length was not
observed in a tel1A background (Fig. 5). Regular “one-

400

200 (IEREREERRL AN -

s nnth tHHE-
|

telomere length (bp)

600

rad524A

400

200 5

‘5"--—"}rr:r

Illlllll
Figure 4. Telomeres <125 bp in length do occur in vivo. A
RADA52/[rad52A heterozygous diploid was sporulated and tetrad
was dissected. Wild-type or rad52A isolates derived from the
same tetrad were allowed to propagate for ~40 generations.
Chromosome VI-R telomeres were amplified by telomere PCR,
cloned, and sequenced. Each telomere sequence is represented

by a vertical bar where the red and blue parts indicate the non-
diverging and diverging regions, respectively.

telomere length (bp)

o
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Figure 5. Tell is needed for enhanced repeat addition proces-
sivity at critically short telomeres. (Top panel) The average
lengths of the telomere extensions from the 2T-STEX and tel1A
2T-STEX assays were determined for telomeres <125 bp in
length. (Bottom panel) Repeat addition processivity is shown as
the average number of wild-type repeats added per run of wild-
type repeats for telomeres <125 bp in length. The P-values as-
sociated with two-tailed unpaired t-tests are shown.

template” STEX assays (in which both the donor and
recipient cells carry wild-type copies of TLC1) performed
in a tel1A background also lacked long extension events
at short telomeres (Arneric and Lingner 2007). The
change in repeat addition processivity at short telomeres
as measured by the average number of wild-type repeats
per run (~2.9-fold; 7.6 repeats for wild type vs. 2.6 repeats
for tellA) mirrored the change in the average telomere
extension length (threefold; 102 nt for wild type vs. 34 nt
for tel1A) (Fig. 5). Thus, the inability of telomerase to add
long telomeric extensions on extremely short telomeres
in tel1A mutants is a result of its inability to act proces-
sively at these telomeres.

Discussion

In this study, we showed that S. cerevisiae telomerase
complexes can dissociate and reassociate to extend a
given telomere during one cell cycle. We demonstrated
that telomerase acts nonprocessively in repeat addition
except at extremely short telomeres (i.e., telomeres <125
bp in length). We determined that, although these telo-
meres do not likely arise from normal telomere erosion
events such as incomplete DNA replication or nucleo-
lytic degradation, these telomeres do occur in vivo. Fur-
thermore, we found that the enhancement of repeat ad-
dition processivity at extremely short telomeres is me-
diated by Tell.

Telomerase can dissociate and reassociate to extend
a given telomere during one cell cycle

Previous work (Singer and Gottschling 1994; Prescott
and Blackburn 1997b; Henning et al. 1998; Lin et al.
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2004) and the work reported here clearly demonstrate
that mutations in the templating region of TLC1 can be
copied into telomeric DNA in vivo. By coexpressing a
tlcl template mutant along with wild-type TLCI and
analyzing telomere extension events after one cell cycle,
we found that some extensions contained both wild-type
and mutant repeats, indicating that both RNA templates
were used to extend these telomeres. This suggests that
telomerase complexes can dissociate and reassociate to
extend a given telomere during one cell cycle.

Est2, the reverse transcriptase protein subunit of
telomerase (Lingner et al. 1997; Counter et al. 1997), is
found at telomeres throughout the cell cycle, whereas
Estl only associates with telomeres in late S and G2
phases, when telomeres are lengthened by telomerase
(Taggart et al. 2002). Since our data show that telomerase
can dissociate and reassociate from telomeric 3’ ends,
the localization of Est2 to telomeres is likely dynamic. In
other words, telomerase core complexes are unlikely to
be sitting statically at telomeres waiting for Estl to ar-
rive and activate them in late S phase. Indeed, the obser-
vation from our 2T-STEX assays that some telomere ex-
tension events began with the incorporation of mutant
sequence in an assay using a wild-type TLC1 recipient or
wild-type sequence in an assay using a mutant tlcI-tm
recipient support the argument that telomerase com-
plexes can and do dissociate and reassociate from telo-
meres, both before they act on telomeres and while telo-
meres are being extended.

As it has been shown that yeast telomerase is likely a
dimer or multimer (Prescott and Blackburn 1997a,b), it is
formally possible that the telomere extensions contain-
ing a mixture of wild-type and mutant sequences are the
result dimeric or multimeric telomerase complexes,
with each telomere extension event carried out by only
one telomerase complex that is capable of using different
RNA templates present in the complex. We are not in
favor of this model because the extensions containing a
mixture of wild-type and mutant sequences do not reveal
any discernable pattern that would be indicative of a
regular intracomplex template switching mechanism
(Fig. 2; Supplementary Fig. S2).

Telomerase is nonprocessive except at extremely short
telomeres

Previous work by Prescott and Blackburn (1997b) also
analyzed telomerase processivity by coexpressing wild-
type TLC1 and various template-mutated tlcI. Sequenc-
ing telomeres from the TLC1/tlc1 heterozygous diploids
after extensive clonal expansion, Prescott and Blackburn
(1997D) found that the mutant repeats were not present
as long stretches; instead, they occurred most often ei-
ther singly or in pairs. Prescott and Blackburn (1997b)
suggested that the most likely interpretation for this pat-
tern is that the mutant enzymes acted nonprocessively.
Furthermore, some of mutant repeats were separated by
single wild-type repeats, indicating that the wild-type
telomerase was likely similarly nonprocessive. How-
ever, since their study did not analyze STEX events after
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one cell cycle, Prescott and Blackburn (1997b) did not
exclude the possibility that the mixed wild-type and mu-
tant repeat patterns were the result of processive elon-
gation by telomerase, with successive bursts of elonga-
tion separated by degradation of newly added telomeric
repeats, generated over many cell cycles. Since our study
analyzes extension events during one cell cycle, we con-
clusively showed that telomerase does indeed act non-
processively in vivo at telomeres that are >125 bp in
length.

The Prescott and Blackburn (1997b) study was also not
able to assess telomerase processivity as a function of
telomere length. Our work demonstrated that while
telomerase acts nonprocessively on telomeres >125 bp in
length, it possesses significant repeat addition processiv-
ity when acting on telomeres <125 bp in length. We pro-
pose that this enhancement of processivity is a mecha-
nism that cells use to rapidly elongate critically short
telomeres. We showed previously that the frequency of
telomere extension decreases steadily as a function of
telomere length. Thus, cells have two ways to respond to
critically short telomeres—an increase in frequency of
extension coupled with an increase in telomerase pro-
cessivity. While the increase in repeat addition proces-
sivity is only approximately two- to threefold, this
would correspond to extension lengths of ~88-132 nt,
given that the average extension length during one cell
cycle is 44 nt for telomeres >200 bp in length (Teixeira et
al. 2004), which is quite significant considering that
wild-type yeast telomeres are only ~300 bp in length.

Although both the frequency of extension and telo-
merase processivity change with telomere length, the
relationship of each to telomere length is different.
While the extension frequency steadily increases as telo-
meres get shorter, repeat addition processivity is bimo-
dal with respect to telomere length. Telomerase is gen-
erally nonprocessive at all telomeres greater than ~125
bp in length but processive on telomeres <125 bp in
length. This agrees with the bimodal distribution seen
for telomere length extension, where much longer exten-
sions are observed at very short telomeres (Teixeira et al.
2004). Telomerase repeat addition processivity, unlike
telomere extension frequency, does not steadily increase
with decreasing telomere length. Hence, although an in-
crease in both extension frequency and telomerase pro-
cessivity occurs at critically short telomeres, the in-
crease in processivity may occur specifically to rapidly
elongate these telomeres.

One potential caveat of this study is that it assumes
that there is an excess of telomerase of both template
sequences available at every telomere. If this assumption
is incorrect, there may not be free competition of the two
telomerases in our 2T-STEX assays to extend a given
telomere. Consequently, the same telomerase would
have an advantage to rebind and extend the same telo-
mere. As a result, the calculated processivity, as mea-
sured by the average number of wild-type repeats per run
of wild-type repeats, could be viewed as only a maxi-
mum estimate. Indeed, it has been reported that telo-
mere length homeostasis requires that telomerase levels

Regulation of telomerase processivity

are limiting in cultured human cells (Cristofari and Ling-
ner 2006), and that telomerase is present in low abun-
dance in yeast (Mozdy and Cech 2006). Our calculated
processivity for telomerase is extremely low at telo-
meres >125 bp in length, so even this “maximum” esti-
mate suggests a nonprocessive enzyme. At a telomere
<125 bp in length, it is formally possible that one telom-
erase enzyme undergoes several cycles of single repeat
additions separated by periods where the enzyme has
“dissociated” from the telomeric 3’ end, but staying
within its vicinity, yielding a pattern of repeats that re-
sembles processive repeat addition. However, since the
concept of repeat addition processivity is unique to the
telomerase enzyme, and given that the molecular
mechanisms behind processive repeat addition by telo-
merase from any organism has not yet been elucidated, it
is not possible to discount this mode of action as proces-
sive repeat addition, especially considering that in any
model for processive repeat addition, after the extension
of the telomeric 3’ end, the new 3’ end must be “disso-
ciated” from the active site of the telomerase enzyme in
order for it to be translocated into a position where the
enzyme can once again extend it. Repeat addition pro-
cessivity is the ability of one telomerase enzyme to syn-
thesize more than one repeat at one telomere, an ability
that we have shown in this study that yeast telomerase
possesses at extremely short telomeres.

Critically short telomeres do not occur due to normal
telomere erosion

As discussed in the Results section, it is highly improb-
able for a yeast telomere to shorten to 125 bp or less in
length through telomere erosion caused by incomplete
DNA replication or nucleolytic degradation. However,
we showed that these extremely short telomeres do oc-
cur in vivo. Such telomeres likely arise from double-
strand DNA breaks caused by DNA damage or the col-
lapse of DNA replication forks. Indeed, it is well estab-
lished that telomeric repeats are difficult to replicate and
result in increased replication fork pausing events (Coo-
per et al. 1997; Ivessa et al. 2002; Crabbe et al. 2004,
Makovets et al. 2004; Fouche et al. 2006). If a replication
fork were to collapse while traversing the telomeric
tracts, there would be no replication origin distal to the
site of fork collapse to generate a fork to finish replica-
tion of the telomere resulting in a truncated telomere. A
processive telomerase may then be essential to rapidly
elongate a critically shortened truncated telomere.

The function of Tell in telomere length homeostasis

Cells lacking TEL1 have very short, but stable, telomeres
(Greenwell et al. 1995; Ritchie et al. 1999). Tell is able to
in vitro phosphorylate Cdcl3 (Tseng et al. 2006), a
single-stranded telomere-binding protein involved in
both telomere protection and telomerase recruitment
(Garvik et al. 1995; Lin and Zakian 1996; Nugent et al.
1996; Chandra et al. 2001; Pennock et al. 2001). Further-
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Table 1. Yeast strains used in this study

Strain name Genotype

Source

BY4741 MATa his3A1 leu2A0 ura3A0 met15A0 Brachmann et al. 1998
Brian Luke (ISREC,
YBL39 MATa his3A1 leu2A0 ura3A0 Epalanges, Switzerland)
MCY400 MATa TLC1::kanMX4 leu2A0 ura3A0 metl15A This study
MCY407 MATa tlcl-tm::kanMX4 leu2A0 ura3A0 met15A This study
MCY416 MATa tlcl-tm::kanMX4 leu2A0 ura3A0 This study
MCY418 MATa est1A::HIS3 URA3:: TKx7 DIA5-1 ade2 canlA his3-11 leu2-3,112 ura3-1 trp1-1 This study
kar1A15
MCY430 MATa ticl-tm::kanMX4 est1A:: HIS3 URA3:: TKx7 DIA5-1 ade2 canlA his3-11 This study
leu2-3,112 ura3-1 trp1-1 kar1A15
MCY444 his3A1 leu2A0 ura3A0 This study
MCY445 rad52A:: kanMX4 his3A1 leu2A0 ura3A0 This study
MCY456 MATa tellA::natMX4 tic1-tm::kanR tellL::URA3 This study
MAYO06 MATa tellA::kanMX4 est1A:: HIS3 URA3::TKx7 DIA5-1 ade2 canlA his3-11 leu2-3,112 This study

ura3-1 trp1-1 kar1A15

more, Tell has been shown recently to specifically asso-
ciate with short telomeres (Bianchi and Shore 2007; Sa-
bourin et al. 2007) and is needed for the preferential bind-
ing of Estl and Est2 to short telomeres (Goudsouzian et
al. 2006; Sabourin et al. 2007). Thus, Tell appears to be
important for the recruitment of telomerase to telo-
meres. Consistent with this view, we recently demon-
strated that cells lacking TEL1 have a greatly decreased
frequency of telomerase-mediated telomere elongation
(Arneric and Lingner 2007).

In addition, at an artificial telomere lacking subtelo-
meric repeats, telomerase is unable to mediate the pref-
erential elongation of short telomeres by telomerase in a
strain lacking TEL1 (Arneric and Lingner 2007). In this
study, we found that Tell is also important for increas-
ing telomerase processivity at critically short telomeres.
Thus, Tell is a major regulator in telomere length ho-
meostasis, affecting multiple aspects of telomerase ac-
tivity including telomerase recruitment, telomere length
determination, and telomerase repeat addition processiv-
ity. Since occurrences of telomeres that are <125 bp in
length should be relatively infrequent, the reduced fre-
quency of elongation, rather than the reduced processiv-
ity, is likely the primary cause of the shortened telo-
meres of tel1A cells.

Interestingly, the frequency of telomere extension at a
natural telomere is still regulated in a length-dependent
manner even in the absence of Tell (Arneric and Lingner
2007). This can be attributed to a redundant mechanism
for telomerase regulation that is dependent on the sub-
telomeric region. Curiously, although our telIA 2T-
STEX assayed extension events at an artificial telomere
lacking subtelomeric repeats, the extension length de-
fect at short telomeres in tel1A mutants is also present at
a natural telomere (Arneric and Lingner 2007), suggest-
ing that repeat addition processivity is not affected by
the presence or absence of a subtelomeric region. Hence,
this redundant mechanism for telomerase regulation
seems to only affect the frequency of telomere extension,
not extension length and telomerase processivity.

It will be of considerable interest to know if these mul-
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tiple functions of Tell are separable through the phos-
phorylation of different substrates. Although Cdcl13 is
the only known substrate for the Tell kinase so far
(Tseng et al. 2006), it is likely that other substrates exist
and phosphorylation of these different substrates may
mediate the different aspects of Tell function. Since
Tell has been found recently to be enriched at short
telomeres (Bianchi and Shore 2007; Sabourin et al. 2007),
it is likely that the phosphorylation of these substrates
occur specifically at short telomeres. Some of these sub-
strates may have been identified by a recent proteomic
study to identify Mecl and Tell targets (Smolka et al.
2007). In particular, the telomeric protein Rifl was
among the substrates identified (Smolka et al. 2007).
Phosphorylation of Rifl by Tell may mediate some of
the functions of Tell at telomeres. Clearly, much work
still needs to be done to elucidate the mechanisms be-
hind telomere length homeostasis and the role of Tell in
these processes.

Materials and methods

Yeast strains and media

Yeast strains used in this study are listed in Table 1. Standard
yeast media and growth conditions were used (Sherman 1991).
Mating of yeast cells was performed essentially as described
(Teixeira et al. 2004).

Telomere sequencing and analysis

Telomere V-R PCR, cloning, and sequence analysis were per-
formed as described (Forstemann et al. 2000; Teixeira et al.
2004). For amplifying telomeres of chromosome VI-R, a primer
specific for the subtelomeric sequence of this chromosome was
used (5'-ACGTGTGCGTACGCCATATCAATATGC-3'). Se-
quencing was performed by Fasteris SA.

Expected average number of repeats per run

Assuming that telomerase is completely nonprocessive at add-
ing repeats, the expected average number of wild-type repeats
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per run of wild-type repeats from the 2T-STEX events was de-
termined using the following equation:

>@m+1)p”

n=0
S
n
2 p
n=0

where p is the probability of telomerase adding a wild-type re-
peat, which, for a nonprocessive telomerase, would be equiva-
lent to the fraction of added repeats that have wild-type se-
quence.
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