The EMBO Journal Vol.18 No.12 pp.3509-3519, 1999

Progressive cis-inhibition of telomerase upon

telomere elongation

Stéphane Marcand'23, Vanessa Brevet' and
Eric Gilson'#

ILaboratoire de Biologie Mdleulaire et Cellulaire, Ecole Normale
Supeieure de Lyon, UMR8510 CNRS/ENSL, 69364 Lyon Cedex 07
and2Service de Biochimie et de @&ique Moleulaire, CEA/Saclay,
91191 Gif sur Yvette Cedex, France

3Permanent address: Service de Biochimie et deeBpie
Moléculaire, CEA/Saclay, 91191 Gif sur Yvette Cedex, France

“Corresponding author
e-mail: Eric.Gilson@ens-lyon.fr

In yeast, the constant length of telomeric DNA results
from a negative regulation of telomerase by the telo-
mere itself. Here we follow the return to equilibrium

of an abnormally shortened telomere. We observe that
telomere elongation is restricted to a few base pairs
per generation and that its rate decreases progressively
with increasing telomere length. In contrast, in the
absence of telomerase or in the presence of an over-
elongated telomere, the degradation rate linked to the

succession of generations appears to be constant, i.e.

independent of telomere length. Together, these results
indicate that telomerase is gradually inhibited at its site
of action by the elongating telomere. The implications
of this finding for the dynamics of telomere length
regulation are discussed in this study.
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Introduction

size distribution around a mean value of a few hundred
base pairs (Shampast al, 1984; Walmsley and Petes,
1985). The telomeric repeats are synthesized by a unique
ribonucleo-protein reverse transcriptase called telomerase,
which specifically extends the' &-rich telomeric strand
(reviewed in Nakamura and Cech, 1998; Nugent and
Lundblad, 1998). The synthesis of the complementdry 5
C-rich telomeric strand seems most likely to be driven by
the DNA polymerase&—primase complex (Price, 1997).

The telomeric chromatin can be divided into two distinct
structural domains, both assuming the functions of chromo-
some capping and telomere length regulation. One domain
is composed of a '3extension of the G-rich strand
telomeric DNA or G tail, complexed with specific proteins
(Virta-Pearlmanet al, 1996; Labrancheet al, 1998;
Nugentet al, 1998). The second domain corresponds to
the double-stranded telomeric repeats, and appears to be
organized, at least in part, in a non-nucleosomal manner
(Wright et al,, 1992; Tommeruggt al., 1994), and contains
specific telomeric factors which play a critical role in
telomere maintenance (reviewed in Brenal., 1997). In
S.cerevisiagthe double-stranded part of the T.&telo-
meric repeats is complexed to an array of Raplp molecules,
a telomeric DNA-binding factor (Conraét al., 1990;
Lustig et al,, 1990; Kleinet al., 1992; Wrightet al., 1992;
Gilson et al, 1993b). Similarly, in the fission yeast
Schizosaccharomyces pomb&@TAC(A)G,.5 telomeric
repeats appear to interact with Tazlp (Coagieal., 1997),
and in humans, the double-stranded TTAGGG repeats are
bound by TRF1 and TRF2 (Chorgt al, 1995; Bilaud
et al,, 1996, 1997; Broccolet al., 1997).

In several organisms, the telomere length of telomerase-

Telomeres are essential to genome integrity and cell pOSItIVE cellsis maintained at a constant mean value. ThIS
proliferation. They specifically cap the ends of linear stability can be viewed as a balance between elongation
chromosomes such that they are not recognized by DNA and shortening (Larsoet al, 1987; Greider, 1996). In
damage checkpoints and repair systems which would actS.cerevisiagthis equilibrium is determined by a negative
on an accidental DNA break (Mc Clintock, 1941; Sandell regulation of telomerase activity by the telomere itself

and Zakian, 1993; van Steengal al., 1998). They also

when its length exceeds a threshold value (Muregawl.,

allow the complete replication of chromosome ends, 1988; Kyrionet al, 1992). This negative feedback appears
which cannot be accomplished by conventional DNA to be mediated by a protein-counting mechanism that can

polymerases (Watson, 1972; Lingregral., 1995). Further-

discriminate the precise number of Rap1lp molecules bound

more, telomeres participate in several aspects of theto a telomere (Kyrionet al, 1992; Brunet al, 1997;
functional organization of the whole nucleus, including Marcandet al, 1997; Ray and Runge, 1999).

transcriptional silencing (Gilsoet al, 1993a; Marcand
et al, 1996a).

Several lines of evidence suggest that ¢cigeinhibition
of telomerase by an excess of structural telomere com-

In most organisms, such as yeast and vertebrates, thgponents is a widespread mechanism used to regulate
sequence of telomeric DNA consists of a tandem array of telomere length. In another budding yeaddtjyyveromyces
short guanine-rich repeats (Zakian, 1995). It is an oriented lactis, Raplp also negatively regulates telomere length,

structure with the G-rich strand running ® 3' towards

presumably bycis-inhibition of telomerase (McEachern

the distal end of the chromosome, and ending as a shortand Blackburn, 1995; Krauskopf and Blackburn, 1996,

single-stranded '3overhang. The length of this DNA

1998). In fission yeast, a deletion tdz1l dramatically

varies according to species, cell type, chromosome endincreases telomere length (Coogeral., 1997; Nakamura

and age. InSaccharomyces cerevisia®r example, the

et al, 1998). Similarly, in human cells a loss of function

length of TG_; telomeric repeats is kept within a narrow of TRF1 results in a significant telomere elongation
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Fig. 1. Deletion of internal telomeric repeats and formation of an abnormally shortened telomerdrbyiamrecombination eventA) Schematic
representation of the experimental system used in this study. The positions $iithEcoRV and Xhd restriction sites are indicated. The

orientations of the telomeric repeats are represented by multiple arrowhBad&ast strains Lev187 (wt, no insert), Lev189 (wt, one TEL270

insert), Lev 220 (wt, two TEL270 inserts), Lev20&ird::HIS3, no insert), Lev207gir4::HIS3, one TEL270 insert) and Lev224if4::HIS3, two

TEL270 inserts) were grown in raffinose-containing medium (-) and exposed to 2% galactdsk ©). Genomic DNAs were digested with

EcaRV andHindlll, separated by electrophoresis on 0.9% agarose gel and blotted onto a nitrocellulose membrane. The membrane was probed with a
750 bpEcaRV-Hindlll URA3fragment. The median length of the telomeric restriction fragment was measured with Image-Quant, using the
non-telomeric, 750-bpira3-1fragment as an internal control for each lane; 795 bp (no insert), 1100 bp (with one TEL270 insert) or 1405 bp (with

two TEL270 inserts) was subtracted from this value to give the indicated size of the distaltié®t.

(van Steensel and de Lange, 1997). Finally, ciliate telomere (Gottschlinget al., 1990; Lustiget al., 1990; Lustig, 1992;
DNA-binding proteins are able to inhibit telomerase Singer and Gottschling, 1994), whose length is maintained
activity in vitro (Froelich-Ammonet al., 1998). at a constant mean value [~265 base pairs (bp) in strain
So far, telomere length regulation has been studied Lev187 grown in raffinose-containing media]. One 320 bp
mainly at the steady-state level and the underlying fragment containing a block of 270 bp of telomeric repeats
dynamics behind the regulated length are still largely was inserted between tHéRA3 gene and the telomere-
unknown. In this study, we investigated whether elongation proximal FRT site (Figure 1A). As shown in Figure 1B,
arrest occurs suddenly when the telomere reaches itsthis insert increases the mean size of BoeRV telomeric
regulated length, or results from a gradual inactivation restriction fragment by 205 bp, indicating that the mean
upon telomere elongation. For this purpose, we designedsize of the distal repeats is reduced from 265 to 140 bp.
a new method to measure telomere elongation rate byThus, as expected, despite being separated from the very
following the return to equilibrium of an artificially end of the chromosome by a linker sequence of 135 bp,
shortened telomere i8.cerevisiaeWe show that the rate  the internal telomeric repeats are partially counted by the
of elongation decreases with increasing telomere length, length-sensing mechanism. When a second 270 bp block
revealing a progressiveis-inhibition of telomerase upon  of TG,_3 repeats is added, the size of the distal repeats is
elongation. reduced further to 90 bp (Figure 1B). The addition of a
third block of TG 3 repeats does not significantly reduce
further the size of the distal tract (data not shown).
Conditional expression dfLP1 was obtained from an
Experimental design integrated copy ofGAL10-FLP1 which is inactive when
In order to follow the elongation of a telomere in yeast cells are grown in the absence of galactose but rapidly
cells, we designed a system allowing us to reduce the sizeinducible following transfer to a galactose-containing
of a single telomere without affecting the integrity of its medium (Holmes and Broach, 1996). As shown in Figure
end. It has been shown previously that an internal telomeric 1B, Flplp induction converts the telomeri¢RA3 gene
tract of TG.3 repeats in the immediate vicinity of a into a circular molecule, visualized as a discrete band
telomere is taken into account by the length regulation above the telomeric smear. Upon serial subculturing of
mechanism (Marcanet al., 1997; Ray and Runge, 1999). the induced cells, the circular molecule disappeared and
Located between two specific sites for an inducible recom- no additional fragment appeared by hybridizingenoRV
binase, such an internal telomeric tract could be deletedgenomic blot with aURA3probe (data not shown). This
by anin vivo recombination event, leaving an abnormally indicates that the circular recombination products are
short telomere in a wild-type context. progressively lost from the cells, presumably by dilution
Specifically, the left extremity of chromosome VII due to their inability to initiate replication.
beyond theADH4 gene was replaced by a short stretch ~ The recombination efficiency can be estimated by the
of (TG1.3), sequence and dRA3marker gene flanked by  amount of the circular form and/or by the relative dis-
two Flplp-recognition target (FRT) sites in direct repeat. appearance of the parental telomeric smear. Interestingly,
Upon integration into the yeast genome, the short telomeric this efficiency appears to be reduced in the presence of
sequence serves as a ‘seed’ to build a new telomereinternal telomere repeats (Figure 1B). The same experi-

Results
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Fig. 2. Elongation kinetics of a shortened telomere in exponentially growing cells. Yeast strains were grown in raffinose-containing medium (-) and
exposed to 2% galactoserfd h (generation 0). Cell were resuspended in glucose-containing medium (YPD) and maintained in exponential growth
for 4 days. The number of generations after induction was evaluated from cultugah @2nomic DNA was digested witBtu, separated by
electrophoresis on 0.9% agarose gels and blotted onto a nitrocellulose membrane. The membrane was probed withHind8#oSip ADH4

fragment. The median length of the telomeric restriction fragment was measured with Image-Quant, using the residual uninduced non-telomeric
1.56-kb Stu URA3-ADH4fragment as an internal control for each lane [marked by an asterisk in (A) and (B)]. 929 bp were subtracted from this
value to give the size of the TG tract. (A) Telomere elongation in yeast strain Lev189 (wild type, one TEL270 insert). The arrow indicates the
telomeric restriction fragment. On the left, the size markers of 947, 1375 and 1584 bp are indBafBaree examples of phosphoimaging scans of

the hybridization signals in lanes corresponding to generations 0, 17 and 68 of the gel presented in (A). The dotted lines indicate the position of the
apex of the telomere length profile. TReaxis represents the distance in millimeters between the uninduced 1S&tKURA3-ADH4internal

control and the apex. Theaxis represents the phosphor counts in arbitrary units Graphic representation of telomere elongation in yeast strains
Lev187 (wild type, no inserf,]), Lev189 (wild type, one TEL270 insert;) and Lev207 fsir4, one TEL270 insert®).

ments were repeated in isogenic strains in whichShe4 The elongation time courses starting from a mean length
gene has been interrupted, causing a complete loss ofof ~260 bp and ~140 bp are displayed in Figure 2.
transcriptional silencing at telomeres (Apariced al., In Figure 3, we show the results of two independent

1991; data not shown). In this context, the recombination experiments starting from ~100 bp. Strikingly, telomere
efficiency appears to increase (Figure 1B; data not shown), elongation took place progressively with successive gener-
suggesting that the FRT sites are more accessible toations and the steady-state length was reached a5ér

the Flplp recombinase in the absence of silencing, or generations. During elongation, the symmetrical distribu-
alternatively that the silenced chromatin may sequestertion of telomere length, as revealed by phosphoimager
the circular molecule, favoring its reintegration into the scanning of Southern blots, does not seem to be altered

VII-L telomere. (Figure 2B). This indicates that all the shortened telomeres
are elongated in a coordinated manner. It can be seen that

Kinetics of telomere elongation in exponentially the control strain with an initial telomere length of ~260 bp

growing cells displayed a slight but significant increase of ~15 bp

We followed the evolution of an abnormally shortened (Figure 2C). This elongation seems to be due to the shift
telomere in populations of exponentially growing cells from raffinose- to glucose-containing media that occurs
over >60 generations. In this experiment, cells growing during the course of the experiment (data not shown).
exponentially in raffinose were exposed to galactose for Such a slight modification of telomere length upon a
3 h, during which time Flp1p was expressed and one to two change in carbon source has been reported previously by
divisions occurred. Cells were then washed, resuspended inSandell et al. (1994). Telomere elongation was also
glucose-containing rich medium and regularly diluted to followed in strains with thesir4 mutant allele. As shown
maintain an exponential growth (QE <2). Aliquots were in Figures 2 and 3, the kinetics of elongation in wild-type
taken for genomic DNA extraction at various intervals and and mutant strains were indistinguishable within the limits
the length of the TG; repeats was followed using the of experimental errors. It is worth noting that this particular
ADH4 probe. insertion mutant allele afir4 does not significantly reduce
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Fig. 3. (A) Telomere elongation in yeast strain Lev222 (wild type, three TEL270 inserts). The arrow and asterisk indicate the telomeric restriction
fragment and the residual uninduced non-telomeifivA3-ADH4fragment, respectively. The mean telomere length was obtained as described in
Figure 2. On the left, the size markers of 947, 1375 and 1584 bp are indicB)e@rdphical representation of telomere elongation in yeast strains
Lev220 (wild type, two TEL270 inserts)), Lev222 (wild type, three TEL270 inserts,) and Lev226 4sir4, three TEL270 insertsy).

telomere length as other mutant alleles do (Palladired., Telomere elongation in Arad50 and Arad52
1993; Kennedyet al., 1995; data not shown). mutants

As the telomere increases in size, the pace of telomereWe then tested the elongation of an abnormally shortened
elongation seems to decrease rapidly. In order to get atelomere in two mutants that differentially affect telomere
more quantitative evaluation of the elongation rate at length regulation. A deletion of theRAD50gene severely
different lengths, we pooled the results of the experiments reduces telomere length but does not further increase the
described previously. An approximation of the elongation growth defects due to a complete loss of telomerase
rate was obtained by dividing the difference in telomere activity, indicating that thedrad50 mutation partially
length between two successive experimental points by theaffects the telomerase pathway (Nugental., 1998). In
corresponding number of generations. We then groupedcontrast, a deletion of thRAD52gene does not affect
these values according to their median telomere length intelomere length in the presence of telomerase (Datrat,
20 bp ensembles. The median elongation rate for each 0f1984). However, in the absence of telomerase, the product
these ensembles is displayed graphically in Figure 4. A of theRAD52gene is required for elongation of extremely
progressive reduction of the elongation rate with increasing short telomeres by an alternative pathway, probably based
telomere length is clearly visible, from ~15 bp/generation on unequal exchanges (Lendveyal., 1996; McEachern
at the initial length of 140 bp, te<1 bp/generation in the  and Blackburn, 1996).
immediate vicinity of the regulated length. In ttsér4 Compared with wild type, the deletion &AD52does
mutant, the evolution of the elongation rate appears very not significantly reduce the length of the distal repeats
similar to that in the wild type; the slight variations after induction of FIplp recombinase, and the shortened
between the two histograms are within the limits of the telomere appears to be elongated at a similar rate (Figure
experimental errors (Figure 4). 5). In Arad50 cells containing two blocks of internal
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2.7- to 3.1-bp/generation, with a mean at 2:@62 bp/
generation. Thus, the telomere shortening rate in the
30 B wWr absence of telomerase appears to be constant within the

range of telomere length used here.
K sir4::HIS3

Degradation rate of an over-elongated telomere

We next investigated the degradation rate when the telo-
20 merase is present but represgedis by an over-elongated
telomere. Such telomeres introduced in wild-type strains
are known to return to regulated length both by a progress-
ive loss of telomeric tract and by stochastic single-step
intrachromatid deletions (Kyrioret al, 1992; Li and
Lustig, 1996). In order to obtain an accurate evaluation
of the progressive degradation rate at different lengths,
we followed the evolution of an over-elongat&RA3
tagged telomere in wild-type strains over a large number
of generations. A plasmid shuffle was used to replace the
rap14670-807allele, which results in the over-elongation
of all telomeres, with the wild-type copy dRAP1 (see
Materials and methods). The presence of the wild-type
Telomere length (bp) RAP1gene product was checked by immunoblot analysis

Fig. 4. Elongation rate according to telomere length. These median using antibodies against Raplp. In all tested clones
vaIlIJeSI are derived from the experiments described .in Figures 2 and 3. obtained after the Shl_Jfﬂe’_ the wild-type form of Rapl_p
The results from the wild-type strains Lev189, Lev220 and Lev222, replaced the faster migrating form of the mutant protein
and from thesir4::HIS3 mutant strains Lev207 and Lev226, were (data not shown), and thus these clones contain over-
pooled in two distinct groups. An approximation of the elongation rate  elongated telomeres inRAP1context.
was obtained dividing the difference in telomere length between two As expected serial quuid Subculturing of independent
successive experimental points by the corresponding number of RAP1cl ' . WRA3 d VII-L tel
generations. These values are grouped according to their median clones containing a ,tagge -Lte Omere
telomere length in 20 bp ensembles. The median elongation rate and Of ~600 bp revealed a progressive loss of telomeric DNA
corresponding standard deviation for each of these ensembles are (Figure 7A and B). The shortening rate appears to be
shown. constant until telomere size approaches wild-type length.
A slower shortening process then takes place to complete
telomere repeats, the length of the distal repeats is reducedhe return to equilibrium (Figure 7B). If a deletion of
to ~50 bp after induction of the FIp1p recombinase (Figure EST1s introduced after the shuffle, resulting in a complete
5). This very short telomeric tract obtained after induction loss of the telomerase pathway vivo (Lendvayet al.,
was expected due to the reduced steady-state telomericl996), no steady-state length is reached and shortening is
length in Arad50 cells as compared with wild type. pursued at a constant rate (Figure 7A and C). The rate
Interestingly, the shortened telomere reaches a new equilib-of shortening is significantly higher ilestl (~4 bp/

10 4

Elongation rate (bp/generation)
o I III

(=] (=] (=] (=3
g 8 £ g 8 g e
— — — N N N N

rium at a rate significantly slower than RAD50 cells, generation) than in wild-type cells (~2 bp/generation)
even for telomeres of a similar size (Figure 5). (Figure 7B and C). This raises the interesting possibility
that a residual telomerase activity is still acting on the
Degradation rate in cells lacking telomerase over-elongated telomere and/or tlEg®T1can protect the
activity telomere against degradation independent of its function

Inthe absence of telomerase, telomere length progressivelyin the telomerase complex. The latter hypothesis is also
decreases at an estimated rate of ~3- to 5-bp per generatiosuggested by the fact that the degradation rate appears to
(Singer and Gottschling, 1994; Lendvast al, 1996; be slightly higher irdestlcells than indtic1 cells (Figures
Nugentet al, 1996; Lingneret al., 1997). To quantify 6C and 7C).
precisely the rate of shortening, we knocked outTh€1 The degradation pattern dlestl cells appears to be
gene encoding the RNA template of telomerase in a strainthe same in cells containing thiep1-17 allele, a mutant
with an URA3tagged telomere. Four independetitcl form of Raplp lacking the C-terminal part of the protein
clones were grown in rich medium and cells were diluted (Figure 7C), as inRAP1 shuffled cells. This indicates
regularly to maintain exponential growth (@Qdg <2). that telomere over-elongation ir@pl-17 cells isEST1
Aliquots were taken for genomic DNA extraction at dependent and that the shortening rate in the absence of
various intervals and the length of the T&repeats was  EST1is independent of the C-terminus of Raplp. In
followed using dJRA3probe (Figure 6). At the beginning  conclusion, in different genetic backgrounds, the rate
of the time course experiment (generation 0 in Figure 6), of shortening appears to be a constant independent of
each individual clone containdRA3tagged telomere of  telomere length.
a different size.

As 'shown in Figure 6, te_Iomere Iength decrea_ses Pro- Discussion
gressively over ~25 generations. Experimental points were
relatively well aligned, allowing us to draw a linear We present here an assay for measuring telomere elonga-
regression curve for each independent experiment. For thetion in yeast cells. Our method is based on an inducible
four independent experiments, the slopes range from shortening of a single telomere and a time course of the
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Fig. 5. (A) Telomere elongation in yeast strains Lev23tad50, two TEL270 inserts) and Lev232(ad52, two TEL270 inserts). The arrow and
asterisk indicate the telomeric restriction fragment and the residual uninduced non-telbfiR&3cADH4fragment, respectively. The mean telomere
length was obtained as described in Figure 2. Size markers are indicated on th®)|€ftaphic representation of telomere elongation in strains
Lev231 @rad50 two TEL270 inserts) and Lev232(ad52 two TEL270 inserts). Three independent experiments are displayed. The results from
yeast strains Lev220 (wt, gray line) are reproduced from Figure 3.

evolution of the mean length. This system allows initiating elongating activity in our assay. This was consistent with
telomere elongation on a template that can be as short aghe decreasing elongation rate observed in cells disrupted
<100 nt, i.e. approximately one-third of the initial telo- for the RAD50 gene (Figure 5), which appears to be
meric DNA length. Since the shortening occurs on the involved in the telomerase-mediated pathway for telomere
internal side of the telomere, the distal telomere structure elongation (Nugenét al., 1998).
is preserved throughout the experiment. Therefore, The rate of telomere elongation appears limited to a
immediately after the induced shortening, the resulting few base pairs per generation when cells are grown in
telomere is expected to be competent for telomerase action.exponential phase. During the return to equilibrium of an
Extremely short telomeres unable to carry out their abnormally shortened telomere, the telomere elongation
essential protective function can be elongated by unequalrate decreases progressively with increasing telomere
exchanges, a pathway independent of telomerase butlength (Figure 4). The observed elongation rate is expected
requiring the product of thRAD52gene (Lendvaet al., to be the outcome of the elongation by telomerase minus
1996; McEachern and Blackburn, 1996). In our assay, athe progressive shortening process intrinsically linked to
deletion of theRAD52gene does not seem to modify the succession of the DNA replication cycles. Therefore, we
pattern of elongation rate (Figure 5), indicating that in measured the telomere shortening rate in two situations
the length range used here, Rad52p-dependent unequah which telomerase is inactivated, i.e. after disruption of
exchanges are not responsible for the observed elongationTLC1, leading to the inactivation of the telomerase activity
Hence, telomerase is most likely to be the only significant in vitro and in vivo, or of EST] resulting in a loss of
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Fig. 6. Telomere shortening in absence of telomera&g.Schematic representation of thiRA3tagged telomere and of thea3-1allele at its

chromosomal location in strain Lev5. The positions of HwRV andHindlll restriction sites are indicated. The telomeric repeats are represented by
multiple arrowheads.B) The gene encoding the telomerase RNA template was deleted by homologous recombination in strain Lev5. Four
independentticl clones were resuspended and grown exponentially in rich medium. Genomic DNAs were digestEddrithand Hindlll,

separated by electrophoresis on 0.9% agarose gel, and blotted onto a nitrocellulose membrane. The membrane was probed wWiEhdR\757-bp

Hindlll URA3fragment. The median length of the telomeric restriction fragment was measured with Image-Quant, using the non-telomeric 757-bp
ura3-1fragment as an internal control for each lane; 730 bp was subtracted from this value to give the indicated size ehtiiact.Gon the left,

the size markers of 702, 1264 and 1371 bp are indica@dA(graphic representation of four independent experiments. The one corresponding to

the displayed blot is represented by diamonds. For each experiment, a linear regression curve has been drawn whose slope is indicated next to its
respective symbol.

in vivo but notin vitro telomerase activity. In both cases, Modeling telomere length equilibrium
the shortening rate appears to be a constant independento model the evolution of effective telomerase activity
of length, including the range of size corresponding to the according to telomere length, we hypothesize that the
elongation assay (Figures 6B and 7C). The constantelongation rate decreases with increasing length according
degradation rates in the absence of telomerase allow usto a linear function. A predicted time course based on this
to conclude that the effective telomerase activity acting assumption is indistinguishable from the experimental
in vivo at an elongating telomere decreases progressivelydata, as shown in Figure 8A. Therefore, although it is
with increasing telomere length. likely that thein vivo decline of telomere elongation obeys
When telomerase is present but repressed at its site ofmore complex functions, a linear model appears to be
action due to an over-elongated telomere, the telomereconsistent with thein vivo behavior of an abnormally
initially shortens at a constant pace with the successive shortened telomere approaching the equilibrium in yeast.
generations. As it is approaching the vicinity of the In Figure 8B, efficient telomerase activity with respect
regulated length, its pace of degradation progressively to telomere length, viewed as a linear function and the
decreases and tends towards zero at equilibrium (Figureshortening rate as a constant independent of length, is
7B). This progressive reduction in the ‘apparent’ degrad- plotted. At equilibrium, the elongation and shortening
ation rate does not occur in absenc&8&T1 This indicates rates are expected to balance, implying that the regulated
that the reduction is likely to be due to a progressive length corresponds to the intersection between the two
enhancement of telomerase activity near equilibrium and curves. This model provides a simple framework for
not to a reduction in the underlying shortening rate. In explaining changes in telomere length caused by genetic
summary, in three different situations where the telomerase modifications. First, it implies that telomere length at
is genetically inactivated aris-repressed, the degradation equilibrium will be sensitive to changes in the enzymatic
rate appears to be constant, independent of length. properties of the telomerase. Indeed, in cells with specific
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Fig. 7. Degradation of an over-elongated telomere. In wild-type cells, over-elongated telomeres were obtained by a shuffle replacing the
rap14670-807allele with the wild-type gene. IRAP14estlcells, theEST1gene was deleted after the shuffle.répl-17 Adestlcells, theEST1

gene was deleted in strain Lev13%.)(Growth conditions and determination of the mean telomere length dJBw3tagged VII-L telomere are as
described in Figure 6. On the left, the size markers of 831, 947, 1375 and 1584 bp are indicated. WT corresponds to a lane with DNA of wild-type
cells with wild-type telomere lengthBj A graphic representation of two independent experiments UE8iflcells. The one corresponding to the
displayed blot, represented by diamonds, was followed for enough generations to reach the regulated wild-type length. For each experiment, a
regression curve has been drawn for the linear portion of the curve. The corresponding slope is indicated next to its respective symbol.

(C) A graphic representation of four independent experiments using éXhBil Aestlcells orrapl-17 Aestlcells. The one corresponding to the

blot in (A) is represented by filled squares. For each experiment, a linear regression curve has been drawn whose slope is indicated next to its
respective symbol.

mutations in the template region of the telomerase RNA, (Gravelet al,, 1998), and the shortening rate is predicted
a reduction of telomerase activitg vitro correlates with to be directly linked to the mean size of this single-strand
a reduction of the regulated telomere length and not with a extension (Makaroet al., 1997). Furthermore, it has been
total loss of telomeric DNA (Prescott and Blackburn, shown that over-elongated telomeres decrease in size at a
1997). Similarly, point mutations in the reverse-tran- much higher rate in the absence of Hdflp or Hdf2p
scriptase domain of the telomerase catalytic subunit can(Polotniankaet al., 1998). Thus, it is tempting to suggest
cause a decrease in telomere length, an effect probablythat the role of Hdflp and Hdf2p in telomere length
due to a direct reduction in the enzymatic activity of regulation at steady state can be explained, at least in part,
telomerase (Lingneet al., 1997). This hypothesis is in by their impact on the degradation rate.

agreement with our results showing that the elongation

rate is reduced iMdrad50 cells (Figure 5), which are ~ Mechanisms of telomerase cis-inhibition

believed to be partially deficient in the telomerase pathway The negative regulation of telomere elongation seems to
(Nugent et al, 1998). Secondly, any increase of the be based on a mechanism discriminating the number of
shortening rate is predicted to cause a proportional decreaséraplp molecules bound to the telomere (Marcahdl.,

of telomere length. Interestingly, an important reduction 1997; Ray and Runge, 1999). In this work, we show that
of telomere length has been observed in cells lacking oneover-elongation due to lack of the Raplp C-terminal
of the Ku subunits, Hdf1p or Hdf2p (Boulton and Jackson, domain is clearly dependent up&sT1(Figure 7C). This
1996; Porteet al.,, 1996). This length reduction correlates further indicates that telomerase is the target of the retro-
with an increase of the’ 3elomeric single-strand extension inhibition of elongation due to an excess of Raplp. We
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Telomere length

(L), is described by the following equation (1): E (&) [1 — L/Legd
Emax Emax 1S the extrapolated initial elongation rate when=L0 and
Lequis the telomere length at the equilibrium. UsingJz = 20 bp/
generation and g, = 270 bp, this equation becomes (2): E (k)

20 — 0.074L. Telomere length, depending upon the succession of the

generationsr(), can be described by (3): Inf=L (n—-1)+ E[L

(n—1)]. Thus, L f) = 0.926 L fh— 1) + 20. This equation was used

to calculate a time course starting with L (8) 110 bp. The results
from yeast strains Lev220 (wild type, two TEL270 inseft$, and
Lev222 (wild type, three TEL270 inserts)) are reproduced from
Figure 3. B) A model of telomere length regulation based on our

measurement of the elongation rate of a shortened telomere (gray line
marked by E) and of the degradation rate in the absence of telomerase
(black line marked by S). The effective telomerase activity (black line
marked by T) was deduced by making the sum of E and S, according
to equation (1). S is a constant independent of telomere length. At
each generation, T is an inverse linear function of telomere length (L)

and is described by the equation (2). The two constapts and Ly

are the extrapolated initial telomerase activity and the telomere length
sufficient to fully repress telomerase, respectively. Telomere length at
the equilibrium (Leqy is the length for which T= S and is described

by equation (3).

propose that the gradual decline of telomerase activity

Cis-inhibition of telomerase

constant shortening rate. This mechanism of telomerase
regulation acting at or near equilibrium is distinct from
that mediated by intrachromatid recombination, which
allows a rapid shortening of only a subset of over-
elongated telomeres (Li and Lustig, 1996).

Two factors interacting with Raplp, Riflp and Rif2p,
are required for telomere length regulation (Wotton and
Shore, 1997), suggesting that the progressive inhibition
of telomerase could be mediated by these proteins. At the
molecular level, the actiom cis of these proteins on the
distally located telomerase is elusive. The progressive
telomerase inhibition argues against a strong cooperative
effect between them. Rather, it suggests the gradual folding
of the telomere into a restrictive higher-order configuration
that limits the number of bases that an individual telomer-
ase can add during one generation and/or the probability
that the enzyme acts on its substrate.

Interestingly, the fact that short telomeres are expected
to be preferred substrates for telomerase was hypothesized
on the basis of non-symmetrical length distribution of
vertebrate telomeres (Lansdagpal., 1996; Ducrayet al.,
1999). Furthermore, a progressive return to equilibrium
of telomeres that were too short was reported previously
in telomerase-positive animal cells (Barnettal., 1993;
Spunget al, 1999). Thus, the inverse relation between
the effective telomerase activity and telomere length, as
demonstrated in this work for budding yeast, may represent
a general mechanism used in several organisms to avoid
critical telomere shortening.

Materials and methods

Yeast strains

The yeast strains used in this study are all derivatives of W303-1A and
are listed in Table I. All gene disruptions or replacements used to
generate these strains were confirmed by Southern blot analysis. Plasmid
pFV17, aLEU2-marked, integrating vector containing tfé&P1 gene
controlled by theGAL10promoter (Volkert and Broach, 1986), was cut
by BstEll and integrated into théeu2 locus in strain W303-1A to yield
strain Lev172. Overexpression of tR&P1 gene in strains bearing the
endogenous |2 plasmid is toxic (Reynoldet al, 1987); accordingly,
cells lacking the endogenoug plasmid were identified by plating strain
Lev172 on galactose medium and recovering rare robust colonies. Strain
Lev178 is one of such clones which was tested freeopsmid by
Southern analysis.

Strains Lev205 results from the transformation of Lev178 with the
linearized plasmid pJR276si(4::HIS3; Kimmerly and Rine, 1987).
Strains Lev187, Lev189, Lev220 and Lev222 result from the transform-
ation of Lev178 with the linearized plasmids sp225, sp228, sp242 and
sp243, respectively. Strains Lev207, Lev224 and Lev226 result from the
transformation of Lev205 with the linearized plasmids sp228 sp242 and
sp243, respectively.

Strains Lev5 and Lev7 and plasmids sp17 and spl18 are described in
Marcandet al. (1996b). A plasmid shuffle was used to generate the
clones required to determine the degradation rate of an over-elongated
telomere in wild type. Strain Lev7 carrying the chromosoraall::LEU2
allele and therap14670-807 mutant allele on the plasmid sp18 was
transform with plasmid sp17 encoding tRAP1wild-type allele. The
EST1gene was disrupted with the linearized plasnastAl::HIS3
(Lundblad and Szotak, 1989). THE.C1 gene was disrupted with the
linearized plasmid pBlue61::LEU2 (Singer and Gottschling, 1994). The
strain Levl35 was obtained from a cross between Lev5 and strain
AJL440-1c bearing theapl-17allele (Liu et al, 1994).

reflects the cumulative effect of each individual Raplp Plasmid DNAs

molecule assembled during elongation, up to a number of

A first FRT site was inserted between thERA3 and adh4 sequences
at the Hindlll site of plasmid sp59 (Marcanet al, 1997), using

molecules (i.e. up to a length) sufficient to reduce telomer- gjigonucleotides Fipiind#1 (5-AGCTTCTGAAGTTCCTATACTTTC

ase activityin cis to a level precisely balancing the

TAGAGAATAGGAACTTCGGAATAGGAACTTCAAGATCCCGGG-3)
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Table |. Yeast strains

Strain Genotype

W303-1A MATa ade2-1 trp1-1 ura3-1 leu2-3,112 his3-11,15 can1-100
Lev5 W303x adh4::URA3-TEL

Lev7 W303x rapl::LEU2 adh4::URA3-TEL pRAP1-Sup4

Lev135 W303 rapl-17 adh4::URA3-TEL

Levl72 W303deu2::LEU2-GAL10-FLP1 [cir]

Levl78 W303deu2::LEU2-GAL10-FLP1 [cir’]

Lev205 Lev178sir4::HIS3

Lev187 Levl78adh4::FRT-URA3-FRT-TEL

Lev189 Levl78adh4::FRT-URA3-TEL270-FRT-TEL

Lev220 Levl78adh4::FRT-URA3-TEL270-TEL270-FRT-TEL

Lev222 Lev178adh4::FRT-URA3-TEL270-TEL270-TEL270-FRT-TEL
Lev207 Lev205adh4::FRT-URA3-TEL270-FRT-TEL

Lev224 Lev205adh4::FRT-URA3-TEL270-TEL270-FRT-TEL

Lev226 Lev205adh4::FRT-URA3-TEL270-TEL270-TEL270-FRT-TEL
Lev231 Lev220rad50::KAN

Lev232 Lev220rad52::KAN

and FlfHind#2 (5-AGCTCCCGGGATCTTGAAGTTCCTATTCCG- of his work in his laboratory. This work was supported by the Association

AAGTTCCTATTCTCTAGAAAGTATAGGAACTTCAGA-3'), creating pour la Recherche contre le Cancer, the Ligue Nationale contre le
plasmid sp224 with a uniqudindlll site distal of URA3 A second FRT Cancer, the Rgion Rhme-Alpes, the programme CNRS “Game’ and

site was inserted between thdRA3gene and the 80-bp telomere repeat the Association Framise de Lutte contre la Mucovisidose (AFLM).

tract at theBanHI site of sp224, using oligonucleotides FlpBmh#1

(5'-GATCCCTGAAGTTCCTATACTTTCTAGAGAATAGGAACTT-

CGGAATAGGAACTTCAAGACTCGAGA-3) and FIpBmh#2 (5GAT- Ref
CTCTCGAGTCTTGAAGTTCCTATTCCGAAGTTCCTATTCTCTAG- eterences

AA- AGTATAGAACTTCAGG-3'), creating plasmid sp225 with aunique  aparicio,0.M., Billington,B.L. and Gottschling,D.E. (1991) Modifiers
BanH| site distal of the telomere repeats. Plasmid sp229 (with a 270 bp " of position effect are shared between telomeric and silent mating-type
telomere repeat tract) was created by insertingEmaRI| end-filled loci in S.cerevisiaeCell, 66, 1279-1287.

fragment from pLTel (Gilsoret al., 1993b) into sp225 cut witBanHl. Barnett,M.A.. Buckle,\.J., Evans,E.P., Porter,A.C., Rout,D., Smith,A.G.
Plasmid sp242 (with two 270 bp telomere repeat tracts) was created by 54 Brown,W.R. (1993) Telomere directed fragmentation of
inserting anEcaR| end-filled fragment from pLTel into sp229 cut with mammalian chromosomeNucleic Acids Res21, 27—36.

Ac5l. Plasmid sp243 (with three 270 bp telomere repeat tracts) was Bilaud,T., Koering,C.E., Binet-BrasseletE., Ancelin,K., PolliceA.,

created by inserting aBicoRI end-filled fragment from pLTel into sp242 Gasser,S.M. and Gilson,E. (1996) The telobox, a Myb-related telomeric
cut with Aca5I. Plasmids sp225, sp229, sp242 and sp243 were linearized  pya binding motif found in proteins from yeast, plants and human.
with Notl and Sal prior to transformation into yeast. Nucleic Acids Res24, 1294-1303.

. Bilaud,T., Brun,C., Ancelin,K., Koering,C.E., Laroche,T. and Gilson,E.
Southern blot analysis and telomere length measurement (1997) Telomeric localization of TRF2, a novel human telobox protein.

Genomic DNAs were extracted with glass-bead/phenol-chloroform,  Natyre Genet.17, 236-239.

digested with relevant restriction enzymes, separated by electrophoresisgqjton,S.3. and Jackson,S. (1996) Identification dBaxcharomyces

on 0.9% agarose gel, and blotted onto a nitrocellulose membrane. The ;e reyisiaeku80 homologue: roles in DNA double strand break rejoing
membrane was probed with a radioactive probe labeled by random 5 in telomeric maintenancBlucleic Acids Res24, 4639-4648.
priming. Each blot was scanned using a Molecular Dynamics phospho- gyqccoliD., Smogorzewska,A., Chong,L. and de Lange,T. (1997) Human
imager. With the Image-Quant software, a line was drawn down the e|omeres contain two distinct Myb-related proteins, TRF1 and TRF2.
middle of each lane, including the telomeric fragment and the non-  Ngature Genet.17, 231-235.

telomeric fragment. Along this line, the signal was counted by adding gy . Marcand,S. and Gilson,E. (1997) Proteins that bind to double-
the counts along an 8-mm orthogonal line. A graph was then drawn: the  gtranded regions of telomeric DNArends Cell Biol, 7, 317-324.

x-axis represented the distance from the bottom of the gel, ang-the ChongL., van Steensel,B., Broccoli,D., Erdjument-Bromage,H.,
axis represented the number of counts. Two peaks appeared; a sharp one yapish 3. Tempst,P. and de Lange,T. (1995) A human telomeric
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fragment). The center of each peak was easily defined manually with a conrad M.N., Wright,J.H., Wolf,A.J. and Zakian,V.A. (1990) RAP1
vertical line drawn by the computer, by moving with the mouse. The  gtein interacts with yeast telomerisvivo : overproduction alters
position of this line was given with 0.1 mm precision. The relative telomere structure and decreases chromosome statdlis}f, 63,
distance between the two fragments, therefore, was calculated very 739 750
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value was then converted to a difference in bp using a semi-log equation — t'clomere length and function by a Myb-domain protein in fission
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weight markers on the gel. Analyzing the same gels by two different pcray ¢ Pommier,J.P., Martins,L., Boussin,F. and Sabatier,L. (1999)
experimenters, or the same samples on two different gels, the actual = g|gmere dynamics, end-to-end fusions and telomerase activation
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<10 bp. in press.
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