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The ribonucleoprotein (RNP) enzyme telomerase from Saccharomyces cerevisiae adds telomeric DNA to
chromosomal ends in short increments both in vivo and in vitro. Whether or not telomerase functions as a
multimer has not been addressed previously. Here we show, first, that following polymerization, the
telomerase RNP remains stably bound to its telomeric oligonucleotide reaction product. We then exploit this
finding and a previously reported mutant telomerase RNA to demonstrate that, unexpectedly, the S. cerevisiae
telomerase complex contains at least two functionally interacting RNA molecules that both act as templates
for DNA polymerization. Here, functional telomerase contains at least two active sites.
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Maintenance of telomeres in most eukaryotes involves
replenishment of telomeric DNA using telomerase, a
highly specialized cellular reverse transcriptase with a
short segment of its RNA subunit as a template for the
polymerization of telomeric DNA (Yu et al. 1990; for
review, see Greider 1996). In most eukaryotes, telomeric
DNA consists of direct repeats of a simple sequence that
is typically G-rich on the strand extending 58 → 38 to-
ward the telomeric terminus (TTAGGG in vertebrates,
T(G)2–3(TG)1–6 in Saccharomyces cerevisiae; for review,
see Henderson 1995). Although the bulk of telomeric
DNA is double stranded, the extreme terminus contains
a 38 single-stranded overhang during part, if not all, of the
cell cycle (Klobutcher et al. 1981; Henderson and Black-
burn 1989; Wellinger et al. 1993; Makarov et al. 1997).
Proteins that bind sequence specifically to double-
stranded telomeric DNA (Shore 1994; Chong et al. 1995;
Promisel Cooper et al. 1997) are involved in regulating
telomere length, which suggests that the telomeric
DNA–protein complex controls the action of telomerase
at the telomeric terminus (Krauskopf and Blackburn
1996; Li and Lustig 1996; Promisel Cooper et al. 1997;
van Steensel and de Lange 1997). Telomere maintenance
is important because telomeres provide many functions
to the cell: They ‘‘cap’’ and protect chromosome ends
(Blackburn 1994; Zakian 1995), may mediate proper
chromosome separation in mitosis, and may be involved
in positioning chromosomes within the nucleus (Dern-
berg et al. 1995). Removal of a telomere in the yeast S.
cerevisiae results in rapid chromosome loss (Sandell and
Zakian 1993), and mutating the template sequence of
telomerase RNA in Tetrahymena blocks cells in late

anaphase, preventing chromosome segregation (Kirk et
al. 1997). Telomere–nuclear envelope associations and
telomere–telomere associations are well documented
phenomena in both mitotic and meiotic cells, although
neither their function not the mechanisms by which
they occur are well understood (Dernberg et al. 1995).

Telomerase activity has been identified from a wide
variety of eukaryotes (Greider and Blackburn 1985;
Zahler and Prescott 1988; Morin 1989; Shippen-Lentz
and Blackburn 1989; Prowse et al. 1993; Cohn and Black-
burn 1995; Fitzgerald et al. 1996). Telomerase from Tet-
rahymena contains a 159-nucleotide RNA and at least
two protein subunits of 80 and 95 kD (Greider and Black-
burn 1989; Collins et al. 1995). Mammalian telomerases
contain an ∼450-nucleotide RNA and at least one pro-
tein, an ∼250-kD protein subunit with homology to Tet-
rahymena p80 (Blasco et al. 1995; Feng et al. 1995; Har-
rington et al. 1997; Nakayama et al. 1997). A second
likely protein subunit of human telomerase, which con-
tains conserved reverse transcriptase motifs and homol-
ogy to the only known protein subunit of yeast telomer-
ase, was identified recently (Meyerson et al. 1997; Naka-
mura et al. 1997). S. cerevisiae telomerase contains a
1.3-kb RNA (TLC1) (Singer and Gottschling 1994) and at
least one protein component, the 103-kD Est2p (Lendvay
et al. 1996; Lingner et al. 1997).

Previously, we characterized a series of mutant telom-
erases containing base changes in the template domain
of the TLC1 RNA (Prescott and Blackburn 1997). Most of
these mutant enzymes were active and could stably
maintain telomeres, albeit in a somewhat shortened
form. However, one template mutation, 476GUG, de-
stroyed telomerase activity both in vivo and in vitro
(Prescott and Blackburn 1997). This mutation caused
progressive telomere shortening, slow growth, and even-
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tual cellular senescence, phenotypes characteristic of
yeast cells unable to replenish their telomeric DNA
(Lundblad and Szostak 1989; Singer and Gottschling
1994; McEachern and Blackburn 1995). However, unex-
pectedly, coexpressing the mutant and wild-type telom-
erase RNAs caused restoration of activity of the tlc1–
476GUG mutant telomerase RNA, both in vivo and in
vitro.

Here we show that telomerase in S. cerevisiae is active
in a multimeric form containing at least two functional
RNAs in a single telomerase ribonucleoprotein (RNP)
complex. We demonstrate that this functioning as a mul-
timer is required for wild-type TLC1 RNA to restore ac-
tivity of 476GUG telomerase, demonstrating that the
active sites interact with each other. Following even
very limited polymerization in vitro, this multimeric
polymerase remains stably bound to its DNA oligo-
nucleotide reaction product. These results suggest the
possibility that following telomere elongation telomer-
ase may remain bound to the telomere and hence might
contribute to capping functions and telomere–telomere
interactions.

Results

S. cerevisiae telomerase exhibits single turnover
kinetics

We and others have shown that in vitro, S. cerevisiae
telomerase polymerizes primarily a single, often incom-
plete round of TLC1 RNA-templated primer elongation
under a variety of conditions (Cohn and Blackburn 1995;
Lingner et al. 1997; Prescott and Blackburn 1997). This
preponderance of single-round reaction products sug-
gested three possibilities: (1) Reaction products dissoci-
ate readily from telomerase and are not further elongated
because of competition by excess primer; (2) telomerase
is inherently limited to one round of extension and must
be reactivated before additional extension cycles; or (3)
reaction products remain tightly associated with telom-
erase but fail to translocate, preventing subsequent
rounds of elongation. To distinguish between these pos-
sibilities, we first analyzed the kinetics of the telomerase
reaction. Using the DNA primer shown in Figure 1A,
polymerization to the end of the template sequence in
the TLC1 telomerase RNA produced reaction products
extended primarily by up to 7 nucleotides, as described
previously (Prescott and Blackburn 1997). Product yield
increased linearly with increasing enzyme concentra-
tion, indicating that enzyme was limiting in these reac-
tions (Fig. 1B). Varying the primer concentration indi-
cated that the apparent Km for the reaction was well
below the primer concentration used in standard assays
(Fig. 1C). However, under reaction conditions in which
enzyme was limiting and primer in vast excess, total
product yield reached a plateau by ∼1–2 min (Fig. 1D,E).
During the reaction, the product profile gradually
shifted, from products initially extended mainly by 3–5
nucleotides (referred to as +3 to +5 products) to more
predominant +5 to +7 products late in the reaction (Fig.

1D, cf. first five lanes with last five lanes). In pulse/chase
experiments (chased with excess unlabeled dTTP), the
+4 and +5 labeled products were chased into longer (+6
and +7) products (Fig. 1F, cf. lanes 1 and 2). Such results
are not predicted if telomerase undergoes multiple
rounds of dissociative primer elongation. Instead, they
were consistent with either telomerase being inherently
limited to a single round of telomere extension, requir-
ing ‘‘reactivation’’ before further catalysis, or with
telomerase remaining functionally associated with its
newly elongated primer in a manner that prevents fur-
ther elongation.

Figure 1. S. cerevisiae telomerase exhibits single turnover ki-
netics. (A) Optimal alignment between the TLC1 RNA templat-
ing domain and the standard 14-nucleotide primer. (B,C) Prod-
ucts from in vitro telomerase reactions containing 0.1, 0.3, 1, 3,
or 10 µl (∼30–3000 fM TLC1 RNA) (B, lanes 1–5) wild-type
telomerase, and 0, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, or 1.0 µM

primer (C, lanes 1–8. Terminal transferase labeled primer (lane
M) marks the primer +1 position. (D) Products from in vitro
telomerase reactions incubated for various time periods. (E) The
total of the seven major reaction products in D are quantitated,
in arbitrary units. (F) Products from a 2-min reaction (lane 1)
followed by an additional 28-min incubation with (lane 2) or
without (lane 3) excess unlabeled dTTP.
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S. cerevisiae telomerase fails to release its reaction
product

To test directly whether telomerase remains stably as-
sociated with its reaction product, following a polymer-
ization reaction the reaction mix was size-fractionated
using gel filtration chromatography. Conditions were
used in which the large telomerase enzyme complex
elutes in the void volume, ahead of unincorporated a-
32P-labeled nucleoside triphosphates (dNTPs) and free,
product-length oligonucleotides. As shown in Figure 2A,
a shoulder of 32P label (fractions 13–16) eluted ahead of
the unincorporated 32P dNTPs (fractions 17 and higher),
suggesting that the short (15- to 21-nucleotide) 32P-la-
beled reaction products remained associated with a large
complex. Strikingly, no detectable telomerase reaction
products eluted after these shoulder fractions, in the re-
gion where nontelomeric 32P-labeled oligonucleotides of
the same size as the reaction products eluted, as shown
by denaturing acrylamide gel electrophoresis (Fig. 2B,
fractions 19–22; data not shown). Instead, the shoulder
fractions contained all of the 32P-labeled telomerase re-
action products (Fig. 2B, fractions 12–17). These telom-
erase reaction products coeluted with the telomerase
RNP, as shown by analyzing aliquots of the same col-
umn fractions by nondenaturing gel electrophoresis. The
discrete band of 32P-labeled products present in the
shoulder fractions (Fig. 2C, fractions 13–16, arrow) comi-
grated exactly on the native gel with the telomerase
RNP, as determined by transfer to a nytran membrane
and hybridization to a 32P-labeled TLC1 gene probe (Fig.
2D, fractions 13–16, arrow). Furthermore, the elution
profile of this discrete band across the fractions (Fig. 2C)
coincided with the elution profiles of both the telomer-
ase RNP (Fig. 2D) and the bona fide oligonucleotide

telomerase reaction products (Fig. 2B). The gel filtration
spanned a period of 15 min at 22°C, indicating that the
apparent t1/2 for all extension products at 22°C is at least
15 min. Gel filtration spanning a period of 1–2 hr at 22°C
showed preferential elution of the +1 to +4 elongation
products in the region of the column in which free oli-
gonucleotide markers eluted (data not shown), demon-
strating that the longer (+5, +6, and +7) reaction products
are bound more stably by telomerase than the shorter
products. Finally, UV cross-linking of these shoulder
fractions produced a single 32P-labeled protein species of
∼103 kD (Fig. 2E). This protein is discussed below. We
conclude that the S. cerevisiae telomerase RNP remains
stably bound to its reaction product following a single,
often incomplete, round of extension.

Stable enzyme–product complex formation requires
interactions besides RNA template–DNA product
base-pairing

The stable binding of the telomerase RNP to its DNA
product predicted that a ‘‘challenge’’ primer, added after
the initial extension reaction, would be unable to com-
plete with the bound product for the enzyme’s active site
and therefore would not be elongated. This was tested by
primer challenge reactions initiated with a telomeric
primer, present in large excess over telomerase, dGTP,
[a-32P]dTTP, and limiting enzyme, incubated for (typi-
cally) 7 min, followed by addition of a telomeric chal-
lenge primer of a different length and further incubation.
The sets of products from each primer were distinguish-
able because of their different lengths. In the experiment
shown in Figure 3A, each of the primers used as the
initiating primer was efficiently elongated when it was

Figure 2. Telomerase remains stably bound to its primer substrate following polymerization. (A–C) Products from an in vitro
telomerase reaction were separated on Sephacryl S-300, and aliquots of each fraction were counted in a scintillation counter (A) before
being either separated on a 15% acrylamide/8 M urea gel (B), or a 3% acrylamide/0.6% agarose native gel (C) and exposed to film. (D)
The gel in C was transferred to nytran, hybridized to a labeled TLC1 DNA probe, and exposed to film ∼30-fold shorter than in C. Lane
numbers correspond to fraction numbers. The arrows in C and D align with each other and mark the position of the telomerase RNP.
(E) Either the first third (lane 1) or all (lanes 2–4) of the telomerase containing Sephacryl S-300 fractions were pooled, UV irradiated,
and separated on 9% SDS-PAGE. Control reactions were incubated with RNase A prior to (lane 3), or proteinase K following (lane 4),
UV irradiation. The arrow marks an ∼103-kD cross-linked protein.
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added, either together or in separate reactions, at the
beginning of the two-stage reactions (lanes 1,2,5). How-
ever, neither of these primers was elongated when it was
the second, or challenge, primer added after elongation of
the first primer (Fig. 3A, lanes 4,7). The same result was
obtained using the primer (TG)7, which is efficiently uti-
lized by telomerase (Fig. 3E, lane 1). Although this
primer has less complementarity to the template, after
being elongated in the first incubation period, it com-
pletely blocked use of a second primer (Fig. 3E, lane 2).
Failure to elongate a second, challenge primer was not
due to a short half-life of telomerase activity under the
reaction conditions, because incubating telomerase with
dNTPs only, omitting primer from the first reaction pe-
riod still allowed efficient extension of a primer added
after that period (Fig. 3A, lanes 3,6). However, strikingly,
when telomerase was incubated for the first reaction pe-
riod in the presence of primer but without dNTPs, and
dNTPs were then added along with the challenge primer,
there was a large reduction in the subsequent elongation
of both primers (Fig. 3B, lane 3). Additionally, allowing
telomerase to add only a single nucleotide to the initiat-
ing primer during the first incubation period similarly
blocked both extension of the challenge primer and fur-
ther elongation of the initiating primer (Fig. 3B, lane 2).

Together, these findings demonstrate that telomerase
exists in two distinct states: an active RNP in an elon-
gation-competent state, and a ‘‘stalled’’ nonelongatable
complex with the telomeric DNA primer or product sta-
bly bound to it. The finding that preincubation of telom-
erase in the presence of primer and the absence of dNTPs

is able to prevent elongation of either the initial or the
challenge primers suggests that primer binding alone is
sufficient to induce this stalled state.

The primer challenge assay enabled us to examine the
factors contributing to the formation and stability of the
nonproductive stalled telomerase–product complex.
First, the role of RNA template–DNA product base-pair-
ing was assessed using two telomeric sequence oligo-
nucleotides, each containing six potential base pairs
with the template sequence interrupted by three internal
mismatches. Neither primer was efficiently elongated by
telomerase (Fig. 3C, lanes 1,4); and neither primer, when
present in the first incubation period together with
telomerase and dNTPs, prevented use of a second primer
added after the first incubation period (Fig. 3C, lanes 3,6).
Furthermore, primer 14*, which also has a largely telo-
meric sequence that can potentially form seven uninter-
rupted base pairs with the TLC1 templating domain, but
cannot be efficiently elongated by telomerase because it
contains two mismatches at its 38 end, also was unable
to block challenge primer utilization (Fig. 3D, lanes 1,2).
Likewise, a completely nontelomeric oligonucleotide,
which was not a telomerase substrate, did not prevent
the use of the telomeric challenge primer (Fig. 3D, lanes
3,4). Hence, incubation of telomerase in the presence of
an excess of an oligonucleotide that had mismatches
with the template, or was not a substrate for elongation,
did not induce formation of the nonproductive stalled
state of telomerase.

The contributions of interactions outside the template
region were also assessed, using an initial primer con-

Figure 3. Formation of a stable enzyme–product complex prevents the use of a challenge primer and is not solely dependent on
template–substrate base-pairing. (A–E) Products from in vitro telomerase reactions initiated with one primer (primer 08, top box), with
a second primer added halfway through the reaction (primer 78, bottom box). Arrows mark the positions of primer +1 reaction products.
Unless indicated otherwise (B), all reactions contained dNTPs throughout the reaction. Primers used are 14 (GTGTGGTGTGTGGG),
29 (GGGTGTGGTGTGTGGGTGTGGTGTGTGGG), 14–478 (GTGTGGTGTGCACG), 14–480 (GTGTGGTGCACGGG), 14* (GT-
GTGGTGTGTGCA), NT (TAAATTAAACAAACT), and 58 NT (GACCGCGGTGTGTGGG).
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taining nontelomeric residues at its 58 end (58 NT) but
with the same nine potential base pairs with the TLC1
RNA template as the standard 14-nucleotide primer. Al-
though primer 58 NT was itself efficiently extended, it
also allowed a second, challenge primer to be extended
(Fig. 3E, lanes 3,4). Thus, sequences at the 58 end of the
primer, internal to the region predicted to anneal to the
RNA template, are required to stabilize the telomerase/
reaction product complex. This result demonstrates that
the stability of the enzyme/product complex is not
solely due to Watson–Crick base-pairing between the
DNA reaction product and the RNA template domain.
Thus, the unusually stable enzyme–product complex we
have found in yeast telomerase involves interactions be-
tween the DNA product and the telomerase RNP in ad-
dition to the predicted Watson–Crick base-pairing be-
tween the product and the template of the TLC1 RNA.

The stalled telomerase–telomeric DNA complex de-
scribed here may be the counterpart of the ‘‘dead-end’’
ternary complex formed by Escherichia coli RNA poly-
merase and its product and template following polymer-
ization on certain template sequences (Nudler et al.
1995). Release of the stalled RNA polymerase complex
involves cleavage of the 38 end of the product, a reaction
that has also been reported for several telomerases, in-
cluding S. cerevisiae telomerase (Collins and Greider
1993; Melek et al. 1996; Prescott and Blackburn 1997).
However in the case of S. cerevisiae telomerase, frequent
stalling has been proposed to be part of the normal action
of the enzyme in vivo, as this mode of synthesis can
explain the degenerate telomeric repeat seen in S. cer-
evisiae telomeres (Singer and Gottschling 1994; Cohn
and Blackburn 1995; Prescott and Blackburn 1997) and

the lack of processivity demonstrated in vivo (Prescott
and Blackburn 1997).

The S. cerevisiae telomerase complex has at least two
active sites

Previously, we described a mutant template telomerase,
476GUG. In both tlc1–476GUG haploid cells (Prescott
and Blackburn 1997) and tlc1–476GUG/tlc1–476GUG
diploid cells (A. dePace, J. Prescott, and E.H. Blackburn,
unpubl.), tlc1–476GUG RNA is found at normal levels
in a stable telomerase RNP complex but telomerase is
inactive. However, 476GUG telomerase activity was re-
stored, both in vivo and in vitro, by coexpressing wild-
type TLC1 RNA gene with the mutant tlc1–476GUG
RNA gene (i.e., in TLC1/tlc1–476GUG heterozygous
diploids; Prescott and Blackburn 1997). These observa-
tions suggested that the restoration of activity to the
tlc1–476GUG-containing telomerase requires assembly
of this mutant RNA into an active RNP in the presence
of wild-type TLC1 RNA. Therefore we tested a possible
explanation for this observation that has not been sug-
gested previously, namely that telomerase acts as a mul-
timer (Fig. 4A). Estimates of the macromolecular form of
the telomerase RNP have been confounded by the lack of
suitable RNP standards for comparison. The partially pu-
rified S. cerevisiae telomerase complex characterized
here sedimented in a glycerol gradient as a single sym-
metric peak (Fig. 4B), indicating a single predominant
form of the enzyme (i.e., either monomeric or dimeric).
The sedimentation coefficient of this telomerase prepa-
ration (24S), was comparable to that reported for unfrac-
tionated S. cerevisiae telomerase (Lingner et al. 1997).

Figure 4. Telomerase is active as a dimer.
(A) Model of dimeric (left) or monomeric
(right) telomerase in the presence of 58-bioti-
nylated (top) and nonbiotinylated (bottom)
primers. (B) TLC1 RNA content (arbitrary
units) of telomerase separated on a 25% (frac-
tion 93) to 45% (fraction 1) glycerol gradient.
Arrows indicate positions of thyroglobulin
(698 kD), ferritin (418 kD), catalase (206 kD),
and aldolase (167 kD). (C) Products from in
vitro telomerase reactions (lanes 1–3) were
incubated with streptavidin and separated
into unbound (lanes 4–6) and bound (lanes
7–9) fractions. Primers used are 14 (GTGTG-
GTGTGTGGG) and B42 (GGGTGTGGT-
GTGTGGGTGTGGTGTGTGGGTGTGGT-
GTGTGGG, biotinylated at the 58 end). Ar-
rows indicate primer +1 products.
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Although the size of telomerase prepared from several
species has been estimated using gel filtration chroma-
tography or glycerol gradient sedimentation (Lingner and
Cech 1996; Lingner et al. 1997; Nakayama et al. 1997;
Wang and Blackburn 1997), these measurements do not
distinguish monomeric from dimeric complexes. The
nondissociative behavior of S. cerevisiae telomerase de-
scribed above, together with the ability to distinguish
between utilization of wild-type RNA and 476GUG mu-
tant RNA utilization, allowed us to test directly the pos-
sibility that the S. cerevisiae telomerase RNP contains
more than one active site.

Wild-type telomerase was incubated with two telo-
meric primers, one biotinylated at its 58 end and the
other unbiotinylated. The sets of products from each
primer were distinguishable because of their different
lengths. Both primers, together or separately, were elon-
gated by telomerase in vitro (Fig. 4C, lanes 1–3), although
with both primers present in the same reaction, the un-
biotinylated primer was used four times more than the
biotinylated primer (Fig. 4C, lane 2; see Materials and
Methods). If a single telomerase RNP contains more than
one active site (Fig. 4A, dimer), then reaction products of
both the biotinylated and the nonbiotinylated primers
will copurify on streptavidin. In contrast, if telomerase
contains a single active site (Fig. 4A, monomer), then
only the biotinylated reaction products will bind to
streptavidin. With both primers present in the same
elongation reaction, a subset of the nonbiotinylated
products copurified with the biotinylated products on
streptavidin (Fig. 4C, cf. bracketed bands in lane 8 with
lane 2). Quantitation of the bound 32P-labeled products
showed that for every biotinylated reaction product
bound, no more than one reaction product from the un-
biotinylated primer was bound to streptavidin (Fig. 4C,
lane 8), despite the fourfold excess of total unbiotinyl-
ated reaction products (Fig. 4C, lane 2). This is the result
expected if coretention on streptavidin depends on the
nondissociative elongation of one biotinylated and one
unbiotinylated primer by the same telomerase RNP (Fig.
4A, dimer). The efficiency of copurification of the non-
biotinylated reaction products on streptavidin was al-
most exactly that predicted for a polymerase with two
active sites (see Materials and Methods). Furthermore,
the preferential coretention of the +5, +6, and +7 unbio-
tinylated reaction products was consistent with the
length dependence for the most stable enzyme–product
association described above. This preferential coreten-
tion of specific telomerase products also demonstrated
that coretention was not the result of nonspecific inter-
actions between biotinylated and nonbiotinylated oligo-
nucleotides but, rather, was limited to oligonucleotides
that had been extended by telomerase. In control reac-
tions containing only one primer substrate, the biotinyl-
ated reaction products bound to streptavidin while the
unbiotinylated ones did not, as expected (Fig. 4C, cf.
lanes 3, 6, and 9, upper bands, and cf. lanes 1, 4, and 7,
lower bands). From the specific coretention of unbioti-
nylated with biotinylated reaction products on strepta-
vidin, we conclude that the active S. cerevisiae telomer-

ase RNP complex contains two or more active sites.
These combined data are most simply consistent with a
homogeneous telomerase complex containing two active
sites, although it cannot be ruled out that this complex is
trimeric or tetrameric.

The 476GUG mutant telomerase RNA is only active
in a telomerase complex containing wild-type
telomerase RNA

As described above, the 476GUG telomerase RNA can-
not function alone but is functional when coexpressed in
the same cell with wild-type telomerase RNA. We used
the same assay described in the previous section to test
whether this transactivation of the 476GUG telomerase
required that the 476GUG RNA be present in the same
heterodimeric complex with wild-type TLC1 RNA.
Telomerase was prepared from TLC1/tlc1–476GUG dip-
loid cells and incubated with a 40-nucleotide biotinyl-
ated primer (B40*) specific for the 476GUG template
mutant telomerase, in the presence of either wild-type-
specific (14) or mutant-specific (14*) unbiotinylated
primer. If the 476GUG template was utilized by a het-
erodimeric (wild-type/476GUG) enzyme, then wild-type
specific (14) reaction products would copurify with B40*
reaction products on streptavidin (Fig. 5, A, top, and B,
lanes 4–6). Similarly, if homodimeric 476GUG/476GUG
telomerase was active, then the mutant-specific (14*) re-
action products would also copurify with B40* reaction
products (Fig. 5, A, bottom, and B, lanes 1–3). The vari-
ous combinations of biotinylated and unbiotinylated,
wild-type-specific and mutant-specific, primers were
tested in reactions with telomerase from TLC/tlc1–
476GUG cells (Fig. 5; data not shown). Strikingly, while
the wild-type-specific unbiotinylated reaction products
copurified with the mutant-specific biotinylated reac-
tion products, mutant-specific unbiotinylated reaction
products did not (Fig. 5B, cf. lanes 3 and 6, bracket). This
result demonstrated that while 476GUG RNA templates
the addition of telomeric DNA in wild-type/476GUG
heterodimeric telomerase, 476GUG/476GUG ho-
modimers were nonfunctional. This finding further dem-
onstrated that coretention of biotinylated and unbioti-
nylated products does not result from nonspecific inter-
actions between DNA reaction products, including
DNA–DNA interactions that might have occurred on
the enzyme complex. The inactive, homodimeric
476GUG/476GUG telomerase isolated from tlc1–
476GUG haploids was assembled into an RNP complex
that appeared indistinguishable from wild-type telomer-
ase, as assessed by its comigration with wild-type telom-
erase in native gel electrophoresis (Fig. 5C). Hence, even
by itself the 476GUG telomerase RNA is capable of as-
sembly into a normally migrating RNP complex, but the
complex is enzymatically inactive. In summary, we con-
clude that the mutant 476GUG telomerase RNA tem-
plate can only be utilized when assembled into an RNP
telomerase complex that also contains wild-type telom-
erase RNA.
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Discussion

Yeast telomerase and other polymerases

Here we have taken advantage of the finding that S. cer-
evisiae telomerase forms a stable complex with its telo-
meric DNA product to demonstrate that this telomerase
RNP contains at least two active polymerization sites.
Hence, this telomerase is active as a multimeric, most
likely dimeric, polymerase (Fig. 6). This is the first such
demonstration for any telomerase. We were prompted to
test the possibility of a functional higher order structure
for telomerase by our previous genetic results with the
476GUG telomerase RNA mutant of S. cerevisiae: This
mutant telomerase RNA was functional in vivo and in
vitro only when coexpressed with another, functional
telomerase RNA (Prescott and Blackburn 1997). Further-

more, restoration of 476GUG RNA function is allele spe-
cific: Two mutated telomerase RNAs, the template–re-
gion mutants 467GUG and 472GUG, are competent to
restore 476GUG function, whereas two other telomerase
RNA template mutants, 478GUG and 480GUG, fail to
do so (J. Prescott, E.H. Blackburn, A. dePace, and S.
Chan, unpubl.). These novel findings provide the first
evidence for functional interaction and interdependence
between two different telomerase RNA molecules in the
telomerase RNP.

The action of DNA polymerases in the form of dimers
is a commonly recurring theme. A dimeric yeast telom-
erase is a possible parallel to dimeric chromosomal rep-
licases, which carry out coordinated leading and lagging
strand DNA syntheses at the replication fork. This has
been shown directly for the E. coli polymerase III holo-
enzyme complex (Stukenberg and O’Donnell 1995),
which contains two active polymerases tethered to each
other by the t dimer (Studwell-Vaughan and O’Donnell
1991; Onrust et al. 1995). Despite the disparate functions
of its two core polymerases, this holoenzyme is symmet-
ric, with both core polymerases capable of polymerizing

Figure 6. Model of dimeric yeast telomerase bound to two telo-
meric substrates. The two telomeric substrates have both been
partially extended by the two active sites in a single telomerase
RNP. Stable association of the enzyme complex with the telo-
meric substrates is mediated both by Watson–Crick interac-
tions between the telomeric DNA and template RNA and by
interactions between the telomeric DNA and a second primer
binding site (open spaces containing primers) in the RNP. The
extent of the single-stranded telomeric 38 overhang, shown here
as ∼25 nucleotides, is not known.

Figure 5. 476GUG telomerase is only active as a 476GUG/WT
heterodimer. (A) Model of 476GUG/WT (wild type) heterodi-
meric (top) or 476GUG/476GUG homodimeric (bottom) telom-
erase in the presence of biotinylated and nonbiotinylated prim-
ers. (B) Products from in vitro telomerase reactions were incu-
bated with the indicated primers, bound to streptavidin,
washed, and eluted. Primers used are either mutant specific
(B40*, GTGTGGTGTGTGGGTGTGGTGTGTGGGTGTG-
GTGTGTGCA, biotinylated at the 58 end, or 14*, GTGTGGT-
GTGTGCA), or wild-type-specific (14, GTGTGGTGTGT-
GGG). Arrows indicate primer +1 products. Control reactions
containing only a single primer show that binding to streptavi-
din is dependent on the presence of biotin (cf. lanes 1 and 4 with
biotinylated primers with lanes 2 and 5 with nonbiotinylated
primers). (C) Telomerase prepared from TLC1 haploids, tlc1–
476GUG haploids, or TLC1/tlc1–476GUG diploids was sepa-
rated, along with a 1:1 mixture of the two haploid enzyme
preparations, on a 3% acrylamide/0.6% agarose native gel,
transferred to nytran, and hybridized to a labeled TLC1 DNA
probe.
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leading strand synthesis in vitro (Yuzhakov et al. 1997).
HIV-1, HIV-2, and Rous sarcoma virus (RSV) contain di-
meric reverse transcriptases (RTs) (Hottiger and Hub-
scher 1996). However, unlike yeast telomerase, only one
active site (that in the 66-kD subunit) in the two sub-
units of HIV-1 RT has polymerase activity (Restle et al.
1992), even though the 51-kD proteolytically derived
subunit (Farmerie et al. 1987; Mous et al. 1988) contains
all of the RT active site residues.

Specificity and stability of the telomerase–product
complex

We have demonstrated that the telomerase RNP remains
tightly associated with its telomeric reaction products,
in a complex that is stable to gel filtration, native gel
electrophoresis, and affinity chromatography. Further-
more, the stability of this complex is determined by ad-
ditional interactions between the primer and enzyme be-
sides the predicted Watson–Crick base-pairing interac-
tions between the 38 end of the primer and the template
domain of the TLC1 RNA. Purification of this enzyme–
product complex away from free substrate and dNTPs
allowed us to specifically cross-link reaction products,
which had been 32P-labeled by telomerase at the 38 end
(i.e., at the enzyme’s active site), to an ∼103-kD protein
subunit of the telomerase RNP. Candidates for this la-
beled protein are the 103-kD Est2p, a protein containing
conserved RT motifs that is required for telomere main-
tenance in vivo and for telomerase activity in vitro
(Lendvay et al. 1996; Lingner et al. 1997), and the 103-kD
Cdc13p, which binds single-stranded telomeric DNA in
vitro (Nugent et al. 1996). However, in these experi-
ments any Cdc13p that may have been present would
have been competed for by the vast excess of unlabeled
telomeric DNA primer oligonucleotide. Hence, the
∼103-kD cross-linked protein is likely to be Est2p, con-
sistent with Est2p being the catalytic protein subunit of
S. cerevisiae telomerase.

A nondissociative dimeric telomerase can account for
previous in vivo results with template mutants

The data reported here suggest that rather than dissoci-
ating prematurely from the telomere, as has been pro-
posed previously (Singer and Gottschling 1994; Cohn
and Blackburn 1995), the elongating S. cerevisiae telom-
erase has a high probability of relaxing into an unpro-
ductive, stalled conformation containing bound telo-
meric DNA. This can occur after binding a telomeric
substrate and also after each polymerization step along
the template. Our data suggest that the association be-
tween telomeric DNA and the telomerase RNP is stabi-
lized by interactions of the newly synthesized telomeric
DNA with both the RNA template and some other com-
ponent of telomerase. These findings raise the possibility
that telomerase may be ‘‘clamped’’ to the telomere dur-
ing at least some fraction of the cell cycle, perhaps help-
ing to cap the newly synthesized 38 overhang. This
model can account for two hitherto poorly understood
observations on telomeres in vivo.

First, telomeric DNA synthesized in vivo in the pres-
ence of both a wild-type and a template mutant telom-
erase contains a highly nonrandom distribution of wild-
type and mutant repeats: nearly all of the mutant repeats
were clustered into tracts of closely interspersed mutant
and wild-type repeats. Such clustering is consistent with
synthesis by a dimeric telomerase in which the second
template has a high probability of being the next one
copied. This finding implies that the telomerase com-
plex spends sufficient time at the telomere at which it
has recently acted to increase the probability that the
same complex is used for the next elongation event. The
telomeric DNA synthesized in vivo in this situation has
patterns consistent with all the properties of the telom-
erase reaction we have observed in vitro (Prescott and
Blackburn 1997). Most of the newly added telomeric
DNA consisted of uninterrupted tracts of wild-type re-
peats, consistent with the in vitro observation that the
mutant telomerases are less active than the wild-type
enzyme (Prescott and Blackburn 1997). Telomere addi-
tion by wild-type homodimers, which are likely to be the
most active form of the enzyme, would generate the
purely wild-type telomeric tracts, whereas addition by
mutant/wild-type heterodimers would give rise to the
interspersed wild-type and mutant repeats. The lack of
long stretches of uninterrupted mutant repeats are con-
sistent with both the inherently low processivity of
yeast telomerase and the observed decreased activity of
the mutant homodimers.

A second unexpected in vivo result is that senescence
in tlc1–476GUG cells began when telomeres were ∼100
bp longer than the short, but stable, telomeres seen in
other template mutant strains analyzed that showed no
signs of senescence (Prescott and Blackburn 1997). This
observation suggests that the early onset of senescence
of the tlc1–476GUG cells is not due solely to telomere
shortening below some critical length. We propose that
in tlc1–476GUG cells, the lack of a telomerase RNP that
would normally be present on the telomere following
polymerization could contribute to the early senescence.
Proteins that specifically bind the telomeric 38 overhang
and could act in the capping of the telomere have been
characterized in the ciliated protozoa Euplotes crassus
and Oxytricha nova (Gottschling and Zakian 1986; Price
and Cech 1987; Price 1990). Although proteins have been
identified in Xenopus (Cardenas et al. 1993), Chlamydo-
monas (Petracek et al. 1994), and S. cerevisiae (Lin and
Zakian 1994; Konkel et al. 1995) based on their ability to
bind telomeric G-strand single-stranded DNA (ssDNA)
in vitro, their roles and presence at telomeres are un-
known, and these S. cerevisiae proteins are not essential
for telomere maintenance. Two additional S cerevisiae
proteins that are required for normal telomere mainte-
nance in vivo, Cdc13p and Est1p, bind telomeric G-
strand ssDNA in vitro (Nugent et al. 1996; Virta-Pearl-
man et al. 1996), although their presence at telomeres
has not been tested. The novel properties we described
here for S. cerevisiae telomerase suggest that this RNP
polymerase might itself be a structural component of a
telomere cap, helping to protect the newly synthesized
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38 overhang from recombination and degradation activi-
ties. Telomerase may remain stably bound to the telo-
mere throughout all or part of the cell cycle, may be
displaced by a replication fork or helicase during DNA
replication, or may be replaced at some point in the cell
cycle by putative end-binding proteins such as Cdc13p
and Est1p.

Possible roles for higher-order telomerase interactions
in telomere–telomere association

Associations between telomeres have been observed in
both meiotic and mitotic cells of many eukaryotes (Chi-
kashige et al. 1994; Dernberg et al. 1995; Gotta et al.
1996; Scherthan et al. 1996; Kirk et al. 1997). The dem-
onstration here that a single yeast telomerase enzyme
complex can remain stably associated with two different
telomeric oligonucleotide reaction products opens the
possibility that the telomerase RNP is involved in me-
diating telomere–telomere associations in vivo (Fig. 6).
In S. cerevisiae, telomeres cluster in the nucleus, and
although they colocalize with Rap1p, Sir3p, and Sir4p
(Gotta et al. 1996), deletion of either SIR3 or SIR4 does
not prevent telomere clustering (Palladino et al. 1993). It
was recently demonstrated that expressing a template
mutant telomerase in Tetrahymena cells caused a block
in late anaphase, with newly replicated chromosomes
becoming stretched to up to twice their normal length
and failing to separate, suggesting aberrant telomere–
telomere associations (Kirk et al. 1997). A telomerase
containing two or more active sites, each of which re-
mains stably bound to its newly elongated product at the
telomeric terminus, is one candidate for the ‘‘glue’’ that
initiates, facilitates, or even mediates normal or abnor-
mal telomere–telomere associations. It will be interest-
ing to see how telomere association is affected in cells
lacking functionally interacting telomerase RNAs.

Materials and methods

Extract preparation, fractionation, and in vitro telomerase
reactions

Whole-cell extracts were prepared, fractionated on DEAE–aga-
rose, and concentrated 8- to 10-fold, as described previously
(Prescott and Blackburn 1997). Unless indicated otherwise, re-
actions containing 50% (vol/vol) DEAE fraction, 50 mM Tris-
HCl (pH 8), 1 mM spermidine, 1 mM DTT, 7.5 µM [a-32P]dTTP
(400 Ci/mmole), 10 µM each unlabeled dNTP, and 1 µM primer
were incubated at 30°C for 30 min, and analyzed as described
previously (Prescott and Blackburn 1997). In the time course
reaction, all reaction components were prewarmed to 30°C be-
fore being mixed together, and aliquots were stopped with one-
tenth volume of stop buffer (2% SDS; 250 mM EDTA; 250 mM

Tris-HCl at pH 7.7) at the indicated times. Primer challenge
reactions were incubated for 7 min with the initiating primer
followed by another 7 min with the challenge primer. Reaction
products were quantified using a Molecular Dynamics Phospho-
rImager. Product yield represents the sum of the +1 through +7
reaction products, taking into account the different specific ac-
tivities of the variously elongated reaction products, and is ex-
pressed in arbitrary units.

Sephacryl S-300 filtration chromatography, native gel
electrophoresis, and Northern analysis

Seventy-five-microliter reactions were incubated at 30°C for 7
min, loaded onto a 2-ml Sephacryl S-300 column (Pharmacia),
and eluted in TMG. Half of each 60-µl fraction was Cerenkov
counted and then separated on a 15% denaturing acrylamide
gel. In addition to the +1 to +7 telomerase reaction products
shown, reactions contained high-molecular-weight, RNase-in-
sensitive, primer-independent, nontelomerase reaction prod-
ucts (data not shown). The other half was loaded onto a 3%
acrylamide (80:1 acrylamide/bis-acrylamide)/0.6% agarose
nondenaturing gel and electrophoresed in 50 mM Tris-acetate at
200 V. Followeing a 48-hr exposure to film, the gel was incu-
bated in 50% urea for 2 min and transferred to Hybond Plus
nytran membrane (Amersham) in 0.5× TBE. The membrane was
first exposed to film for 2 hr and then hybridized to a 32P-labeled
1.3-kb DNA fragment containing the TLC1 gene, according to
Church and Gilbert and re-exposed to film for 2 hr. The hetero-
geneously sized reaction products are assumed to be the nonte-
lomerase-generated reaction products mentioned above and de-
scribed previously (Cohn and Blackburn 1995; Prescott and
Blackburn 1997).

UV cross-linking

In vitro telomerase reactions containing 1 µM GGTGTGGTGT-
GUGGG and 1 µM GGUGTGGTGTGTGGG (U is 58 IdU) were
separated on Sephacryl S-300 as described above. Fifty-microli-
ter fractions were collected in a 96-well plate and exposed to 254
nm UV light (Stratagene Stratalinker) for 5 min on ice. Void
volume fractions eluting prior to free oligonucleotides and
[32P]dNTPs were pooled, digested with 20 µg/ml of RNase A
and 0.005 units of DNase I (Promega), precipitated with 10%
TCA and 6% acetone, separated on a 9% acryladmide SDS gel,
and exposed to film.

Glycerol gradient sedimentation

Seventy-five microliter telomerase containing DEAE fraction
(Prescott and Blackburn 1997) was loaded onto a 12-ml 25%–
45% glycerol gradient containing 0.1% Triton X-100 in the pres-
ence of 3 mg/ml each of thyroglobulin, ferritin, catalase, and
aldolase and centrifuged at 40,000 rpm for 24 hr in an SW41
rotor at 4°C. Fractions of 130 µl were collected and TLC1 RNA
quantitated by dot blot hybridization with a TLC1 gene probe.
Protein size standards were visualized by SDS–PAGE followed
by staining with Coomassie brilliant blue.

Streptavidin affinity chromatography

Immobilized NeutrAvidin Plus (Pierce) was preblocked for 30
min at 4°C in TMG containing 0.75 mg/ml each of BSA, lyso-
zyme, casein, and cytochrome c and 0.15 mg/ml each of glyco-
gen, tRNA, and yeast RNA, washed twice (15 minutes each) at
4°C in TMG, and resuspended in TMG containing 0.2 mg/ml of
tRNA, 0.1 mg/ml each of nonspecific oligonucleotides (AAC-
CCGACTATGCTATTTTAATC and GTACACCACATACC-
TAATCAAATCCCTATAGTCAGTCGTATTA), 0.2 mg/ml of
casein, and 1% Triton X-100. Telomerase reactions were incu-
bated at 30°C for 5 min. Preblocked Immobilized NeutrAvidin
Plus (15 µl/50-µl DEAE fraction) was then added and reactions
were continued for 10 min at 30°C followed by 15 min on ice.
The resin was washed three times at 4°C in TMG containing 0.1
mg/ml of casein, 0.5% Triton X-100, and 0.4 M NaOAc, once in
the same buffer containing 0.6 M NaOAc at 30°C, and twice at
room temperature in the same buffer containing 0.4 M NaOAc.
Bound reaction products were eluted by incubation at 65°C
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with 0.2% SDS followed by phenol extraction. Total and un-
bound fractions each represent 10% of the total reaction, avidin-
bound fractions represent the remaining 80%.

Quantitation of streptavidin copurification

Reaction prdoucts (+1 through +7 bands) were quantitated from
two independent experiments on a PhosphorImager. The unbio-
tinylated 14-474 primer was extended 4.2 times more efficiently
than the biotinylated B-42-474 primer when both were present
in the same reaction (i.e., 81% unbiotinylated and 19% bioti-
nylated reaction products). From this, we calculate that 66%
(81% × 81%) of the dimeric polymerases will contain two un-
biotinylated reaction products and therefore are not expected to
bind to streptavidin; 4% (19% × 19%) will contain two bioti-
nylated reaction products; and 31% [2(81% × 19%)] will contain
one of each, and these complexes can both bind streptavidin.
Hence, for a telomerase with two active sites, 39 (31 + 4 + 4)
biotinylated reaction products are expected to bind streptavidin
for every 31 unbiotinylated reaction product, giving a predicted
ratio of 1.25:1 biotinylated to unbiotinylated reaction products.
Our observed ratio of 2.7:1 can be explained by the fact that only
the +5, +6, and +7 reaction products, which account for 50% of
the 14-474-derived reaction products, remain bound through
the extensive washes of the streptavidin resin.
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