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Telomeres in the budding yeast Kluyveromyces lactis consist of perfectly repeated 25-bp units, unlike the
imprecise repeats at Saccharomyces cerevisiae telomeres and the short (6- to 8-bp) telomeric repeats found in
many other eukaryotes. Telomeric DNA is synthesized by the ribonucleoprotein telomerase, which uses a
portion of its RNA moiety as a template. K. lactis telomerase RNA, encoded by the TERI gene, is ~1.3 kb long
and contains a 30-nucleotide templating domain, the largest ever examined. To examine the mechanism of
polymerization by this enzyme, we identified and analyzed telomerase activity from K. lactis whole-cell extracts.
In this study, we exploited the length of the template and the precision of copying by K. lactis telomerase to
examine primer elongation within one round of repeat synthesis. Under all in vitro conditions tested, K. lactis
telomerase catalyzed only one round of repeat synthesis and remained bound to reaction products. We
demonstrate that K. lactis telomerase polymerizes along the template in a discontinuous manner and stalls at
two specific regions in the template. Increasing the amount of primer DNA-template RNA complementarity
results in stalling, suggesting that the RNA-DNA hybrid is not unpaired during elongation in vitro and that
lengthy duplexes hinder polymerization through particular regions of the template. We suggest that these

observations provide an insight into the mechanism of telomerase and its regulation.

Telomeres, the essential protein-DNA elements at the ends
of most eukaryotic chromosomes, confer chromosome stability
and constitute protective terminal caps for the genetic material
of the cell (for a review, see reference 45). Telomeric DNA
typically consists of tandem arrays of a precisely repeated 5- to
8-bp sequence (for a review, see reference 17). However, the
telomeric repeat units of yeast species have greatly diverged in
precision and length (4, 26). The budding yeast Kluyveromyces
lactis, with a perfectly repeated 25-bp telomeric repeat unit
(27), is one of several budding yeasts with exceptionally large
telomeric repeats (26). In Saccharomyces cerevisiae and the
fission yeast Schizosaccharomyces pombe, the telomeric se-
quences are shorter, imprecisely repeated units (5'-TG;_5-3’
and primarily 5'-GGTTACA-3', respectively [18, 36]). Despite
their variability between species, all of these telomeric se-
quences are specified by the enzyme telomerase.

Telomerase, a ribonucleoprotein (RNP) reverse transcrip-
tase, facilitates the complete biosynthesis and maintenance of
telomeres. Telomerase activity, as shown initially for the ciliate
Tetrahymena thermophila (12) and subsequently for many other
eukaryotes (3, 24, 25, 31, 35, 37, 44), is dependent on an
integral telomerase RNA component (13, 14) which contains a
sequence that serves as a template for telomeric DNA synthe-
sis (14, 43). While in T. thermophila the templating domain is
5'-CAACCCCAA-3’, complementary to one and a half telo-
meric repeats (14), in K. lactis it is a 30-nucleotide (nt) RNA
sequence complementary to one and a fifth telomere repeat
units (27). Specific mutations within the templating domain of
both T. thermophila and S. cerevisiae telomerase RNA drasti-
cally reduce or alter telomerase activity in vitro and in vivo,
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suggesting that bases in the template are not simply copied but
play crucial roles in active-site functions (8, 9, 33). Active-site
functions are also carried by the reverse transcriptase protein
component of telomerase (the hTERT gene product), which
has been identified in Euplotes aediculatus, yeasts, and human
cells (16, 23, 30, 32), confirming that telomerase requires both
reverse transcriptase protein and RNA components.

Unlike the extensive RNA genome copying carried out by
the more typical reverse transcriptases of viruses and retro-
posons, the polymerization activity of telomerase is restricted
to copying the discrete template portion of the telomerase
RNA. In vitro, telomerase elongates a telomeric DNA primer
substrate, which aligns within the templating domain via
Watson-Crick base pairing (14). The sequence of the oligonu-
cleotide primer determines the positioning of the 3’ end and
therefore the site of initiation. Telomerase then extends the
primer by polymerization of one nucleotide at a time along the
RNA template to the 5'-end boundary. In T. thermophila and
S. cerevisiae, mutating the RNA sequence adjacent to the tem-
plating domain allows polymerization to proceed beyond the
normal template. Hence, telomerase RNA structures or inter-
actions outside of the template also appear to prevent poly-
merization beyond the template boundary (1, 33). It is not
known whether during primer elongation a constant length of
template RNA-product DNA hybrid is maintained (monotonic
polymerization) or if the RNA-DNA duplex builds up, al-
though it has been proposed that 7. thermophila telomerase
maintains a minimal 3- to 4-bp hybrid during elongation (21).
During in vitro reactions, telomerases from most organisms
catalyze multiple rounds of telomere repeat synthesis, and two
modes of synthesis, distributive and translocative, have been
distinguished. In the distributive synthesis mode, 7. ther-
mophila telomerase dissociates from its DNA product and then
binds a new primer to repeat the cycle (5, 21). Translocative
synthesis, catalyzed by telomerase from 7. thermophila, E. ae-
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diculatus, Saccharomyces castellii, and human cells, involves
repositioning of the 3’ end of the newly elongated primer at
the beginning of the template without release of the product
(for a review, see reference 11). Such translocation and the
resulting processive synthesis of multiple repeats on a single
primer in vitro are influenced by interactions of the 5" end of
the primer with an anchor site within a protein and/or RNA
component of telomerase (5, 15, 20).

Synthesis of small repeats (such as the 6-nt repeat of T.
thermophila) requires minimal relative movement within the
telomerase RNP of the built-in RNA template as it crosses the
catalytic site of the TERT protein (41). However, the templat-
ing domains of the yeast telomerase RNAs that have been
identified, TLC1 RNA from S. cerevisiae and TERI RNA from
K. lactis, are considerably larger, posing interesting mechanis-
tic challenges to telomere repeat synthesis. 7TLC1 RNA con-
tains a templating domain maximally 17 nt long (39). An 11-nt
portion of this domain has been shown to be copied (33),
although it is rarely copied in its entirety in vitro, resulting in
a series of incomplete single-round extension products (3, 23,
33, 34). Since the frequent stalling exhibited in vitro produces
variable 3'-end sequences, alignment of the partially redun-
dant template sequence at telomeric ends can presumably take
place in multiple registers and may underlie the degeneracy of
the telomeric repeat sequences in vivo (3, 33). The templating
domain of K. lactis TERI RNA is theoretically 30 nt, longer
than any examined to date, and in contrast to the irregular
repeats of S. cerevisiae telomeres, the telomeric repeat units in
K. lactis are tandem arrays of perfect copies of a 25-bp se-
quence (27). These features suggest that K. lactis telomerase
faithfully copies its entire template.

We predicted that the properties that enable K. lactis telo-
merase to combine a precise mode of copying with an excep-
tionally long template would be important for understanding
general mechanistic features of telomerase action. In particu-
lar, we anticipated that analysis of telomerase polymerization
along a lengthy template would allow in-depth dissection of the
steps in primer elongation occurring within a round of repeat
synthesis. In addition, K. lactis has already been established as
a highly informative and experimentally advantageous model
system for studies on telomere maintenance and length regu-
lation (19, 27, 28).

Here we report the identification and characterization of
telomerase activity from K. lactis. We show that in vitro, K
lactis telomerase catalyzes no more than a single round of
repeat synthesis, remains bound to its elongated DNA prod-
ucts, and stalls at specific positions along the template. Stalled
complexes result from position-specific arrest and pausing;
both are exacerbated by increased complementarity between
DNA product and the RNA template. These observations pro-
vide new insights into the mechanism of polymerization by
telomerase and have implications for the in vivo functioning of
the enzyme.

MATERIALS AND METHODS

Strain construction. The mutant telomerase RNA yeast strains used in this
study (29) were constructed in a K. lactis 7B520 background, using procedures
described previously (27).

DNA oligonucleotides. All oligonucleotides (Cruachem) were purified on de-
naturing polyacrylamide gels (15% polyacrylamide, 8 M urea) run in 1X Tris-
borate-EDTA (TBE). DNA was eluted from excised gel fragments by overnight
incubation at 30°C in distilled water with nutation. Purified oligonucleotides were
desalted on Sep-Pak C,g columns (Waters). The concentration of purified oli-
gonucleotides was calculated based on (i) taking 1 OD,¢, (unit of optical density
at 260 nm) as representing 30 ug of DNA and (ii) the molecular weight of the
individual oligonucleotide.

Extract preparation and fractionation. K. lactis cells were harvested at an
ODsy5 of 1.2 to 1.5 and resuspended in TMG buffer (10 mM Tris-HCI [pH 8], 1.2
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mM MgCl,, 10% glycerol, 0.1 mM EDTA, 0.1 mM EGTA, 1.5 mM dithiothreitol
[DTT], 1 uM pepstatin A, 1 X EDTA-free COMPLETE protease inhibitor tablet
[Boehringer Mannheim]). Whole-cell extracts and S-100 supernatants were pre-
pared essentially as described previously (3) except for extract used in the
experiment shown in Fig. 1A, lanes 1 to 5, which was prepared by disrupting cells
with a mortar and pestle under liquid nitrogen (7). For partial purification of
telomerase, S-100 supernatants at protein concentrations of 10 to 15 mg/ml were
adjusted to 0.5 M sodium acetate (pH 8.0) and loaded onto 5-ml disposable
columns (Iso-Lab) packed with 2 ml of DEAE-agarose (Bio-Rad) equilibrated in
the same buffer. Columns were washed with TMG containing 0.5 M sodium
acetate, and telomerase eluted with 3 ml of TMG containing 0.7 M sodium
acetate. Fractions were desalted by dialysis (Dispo-dialysers; Spectra/Por)
against TMG for 2 h and then aliquoted and stored at —80°C. Mutant cell
extracts were prepared alongside wild-type cell extracts, and equivalent amounts
of protein (by Bradford assay, 10 to 15 mg/ml) were loaded onto DEAE-agarose
columns. TERI RNA levels were compared by dot blot and hybridization with a
labeled TERI probe to ensure that extracts contained similar telomerase RNA
concentrations.

In vitro telomerase reactions. Unless otherwise indicated, standard 20-pl
telomerase reaction mixtures contained 50% (vol/vol) DEAE fraction, 50 mM
Tris-HCI (pH 8), 1 mM spermidine, 1 mM DTT, 50 uM dTTP, 50 uM dATP, 50
uM dCTP, 3.75 pM [a-*?P]dGTP (800 Ci/mmol), and 1 M gel-purified oligo-
nucleotide. Reactions were incubated at 30°C for 20 min, stopped with the
addition of 2.5 pl of stop buffer (2% sodium dodecyl sulfate [SDS], 250 mM
Tris-HCI [pH 8], 250 mM EDTA) and 2.5 pl of proteinase K (20 mg/ml), and
incubated at 65°C for 25 min. An equal amount of terminal transferase-labeled
10-mer was added to each reaction after the stop to monitor the recovery of the
products. Reaction products were extracted with phenol-chloroform-isoamyl al-
cohol (25:24:1) and precipitated with 1/10 volume 3 M sodium acetate (pH 5.2),
2.5 volumes of ethanol, and 10 pg of tRNA or glycogen as a carrier. For the
pulse-chase and time course reactions, a nucleotide mix and a mix of the other
reaction components were prewarmed separately at 30°C for 5 min before being
mixed together, aliquots were removed at various time points, and reactions were
stopped with the addition of stop buffer and proteinase K. Reaction products
were resolved on denaturing 15% acrylamide (20:1 acrylamide/bisacrylamide)-8
M urea gels in 1X TBE and visualized by autoradiography. Reaction products
were quantified either by using a Molecular Dynamics PhosphorImager and
ImageQuant or by scanning and using the NIH Image program.

Sephacryl S-300 gel filtration, native gel electrophoresis, and Northern anal-
ysis. A scaled-up standard 260-ul telomerase reaction mixture with primer
KL13(12) was incubated at 30°C for 7 min, mixed with a terminal transferase-
labeled 30-mer (TGGGTGTGGTGTGTGGGTGTGGTGTGTGGG), and then
separated on Sephacryl S-300 (Pharmacia) essentially as described previously
(34). The reaction mixture was loaded onto a 2-ml column and eluted with TMG
buffer in 150-pl fractions. A 15-pl portion of each fraction was Cerenkov
counted. A 30-pl portion was further processed as described for the standard
telomerase reaction. Two 30-pl aliquots from each fraction were loaded onto
separate native gels composed of 3% acrylamide (80:1 acrylamide/bisacrylamide)
and 0.6% agarose and electrophoresed in 50 mM Tris-acetate at 200 V for 3 h.
One gel was exposed to film immediately for 2 h. The other gel was soaked in
50% (wt/vol) urea for 20 min and transferred to a Hybond Plus membrane
(Amersham) in 0.5X TBE. Since the transferred labeled products generated
considerable background signal, the membrane was set aside for approximately
2 months to allow the radioisotope to decay to a level that would not interfere
with hybridization. To ensure low background levels, the membrane was exposed
to film for 2 h. The membrane was then hybridized to a mixture of two 32P-
labeled probes prepared by random-prime labeling (Amersham) of PCR frag-
ments amplified from the TERI gene. The fragments span nt 26 to 277 and 701
to 1273 of the TERI gene, which exclude the template region. The membrane
was then reexposed to film for 2 h.

RESULTS

Identification of telomerase activity from K. lactis. To iden-
tify K. lactis telomerase in vitro, we fractionated S-100 extracts
prepared from wild-type cells by ion-exchange chromatogra-
phy on a DEAE-agarose column (see Materials and Methods)
and assayed for telomerase activity. In these experiments,
DEAE fractions were incubated with one a-*?P-radiolabeled
deoxynucleoside triphosphate (dNTP), three unlabeled
dNTPs, and an oligonucleotide complementary to part of the
previously identified K. lactis TERI RNA templating domain
(27). After incubation of the reaction mixture for 20 min at
30°C, reactions were terminated and products were purified
and separated on 15% denaturing polyacrylamide gels. Ini-
tially, a 17-nt-long oligonucleotide (17-mer) [KL22(17) (Fig.
1A)] was used as the DNA primer to detect polymerization
activity in extracts. **P-labeled products longer than the input
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FIG. 1. Identification of K. lactis telomerase activity in vitro. (A) Schematic of K. lactis telomerase RNA (TERI) template region and the expected alignment of
the primers KL22(17) and KL12(17). Arrowhead indicates the 3’ end position of correspondingly marked products in panels B and C. The boxed template residue
corresponds to the site of the C-to-A mutation in the Ter!-SnaBI strain examined in panel C. (B) Telomerase reactions were carried out with primers KL.22(17) (lanes
1to 5) and KL12(17) (lanes 6 to 8) as described in Materials and Methods, with the following changes: lane 2, pretreatment of extract with proteinase K (PK; 0.5 mg/ml)
for 5 min at 25°C; lanes 3 and 7, pretreatment of extract with RNase A (10 wg/ml) at 25°C for 5 min (lane 3), followed by an additional 5-min incubation with 50 U
of RNasin and 1 mM DTT; lane 4, pretreatment of extract with 50 U of RNasin and 1 mM DTT at 25°C for 5 min, followed by RNase A (10 pg/ml) for an additional
5 min; lane 5, no input primer; lane 8, ddATP substituted for dATP, with chain termination product marked. Reactions in lanes 6 to 8 were performed with 7.5 uM
[«-*2P]dTTP (400 Ci/mmol) as the radioactive label. The primer +1 position for terminal transferase-labeled KL.22(17) is shown on the lower left side of lane 1. Product
positions up to +8 are marked, but +8 products were visible only on longer gel exposures. Terminal transferase-labeled KL.12(17) primer is in the lane marked M.
Product positions up to +18 are marked, but +18 products were visible only on longer gel exposures. The high-molecular-weight products at the top of the gel were,
as described previously for comparable S. cerevisiae extracts (3, 33), independent of RNase pretreatment or telomerase RNA as described below and were therefore
not attributable to telomerase activity. Also, the diffuse band between +1 and +2 in lanes 1 to 5 was not produced by telomerase, as it formed independent of primer
and was insensitive to RNase A and proteinase K. Std rxn, standard reaction. (C) Reactions with DEAE-fractionated extracts from wild-type (wt; lanes 1 to 7) and
Terl-SnaBI (lanes 8 to 14) strains were carried out with primer KL22(17) as described in Materials and Methods, with the following changes: lanes 1 and 8, pretreatment
with RNase A as described above; lanes 3 and 10, no input primer; lanes 4 to 6 and 11 to 13, substitution of each indicated ddNTP for its partner dNTP; lanes 7 and
14, [a->*P]dGTP as the sole dNTP substrate. Shaded lanes highlight nucleotide incorporation differences between the wild-type and mutant extracts. Terminal
transferase-labeled KL22(17) primer (lane M) marks the primer +1 position. The nucleotides predicted to be incorporated by wild-type and TerI-SnaBI telomerase
are marked on the left and right, respectively. (D) Reactions with DEAE-fractionated extracts from wild-type (lanes 1, 2, and 5) and terI-A7 (lanes 3, 4, and 6) were
carried out with primer KL22(17) (lanes 1 to 4) and primer KL12(12) (lanes 5 and 6). Extract in lanes 2 and 4 was pretreated with RNase A as described above.

terlA-?
terlA-7

+RNasin

primer by up to 8 nt (+1 to +8 products) were expected if the 1A, arrowhead). Through the remainder of this report, we
primer was elongated all the way along the template. Such refer to these prominent products as near-terminal products.
products were revealed, with the majority of the labeled prod- The high-molecular-weight products seen at the top of the gel
ucts appearing at +6 (Fig. 1B, lane 1, arrowhead), correspond- were, as described previously for comparable S. cerevisiae ex-
ing to a position near the presumed end of the template (Fig. tracts (3, 33), independent of RNase pretreatment or telo-
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merase RNA as described below and were therefore not at-
tributable to telomerase activity.

Telomerase activity requires input of a DNA primer and is
dependent on both protein and RNA components. K. lactis
polymerization activity fulfilled these essential criteria, as no
products were detected in the absence of a primer (Fig. 1B,
lane 5), and the activity was abolished by preincubation of the
extract with either proteinase K or RNase A (Fig. 1B, lanes 2
and 3). RNase-pretreated extracts sometimes produced bands
(Fig. 1B, lane 3), but these were often variable in appearance
and have never been attributable to telomerase activity. Spe-
cific polymerization still occurred when the telomerase prepa-
ration was incubated with RNase inhibitor (RNasin) before
pretreatment with RNase A (Fig. 1B, lane 4). Hence, RNase
inhibition of the activity was due to RNA digestion rather than
other aspects of the preincubation conditions.

Further evidence that this activity was telomerase came from
testing its ability to prime synthesis from another telomeric
oligonucleotide, KL12(17). This 17-mer was designed to align
on the template 10 nt 3" of KL22(17) (Fig. 1A). The longest
major near-terminal product produced in assays with KL.12(17)
(Fig. 1B, lane 6, +16 product, arrowhead) was 10 nt longer
than the major product from KL.22(17) (Fig. 1B, lane 1, +6
product). This result is in agreement with the predicted align-
ment of the primers on the TERI RNA template. The RNase-
sensitive products seen with KL12(17) included both the near-
terminal products and a set of shorter products (Fig. 1B, lane
7). The shorter products, which we will refer to as mid-tem-
plate products, are further characterized below.

To test the prediction for TERI RNA template-directed
synthesis, we performed assays in which each unlabeled dNTP
was substituted by its ddNTP analog. With both primers, this
resulted in premature chain termination at positions predicted
from the template sequence (Fig. 1B, lane 8; Fig. 1C, lanes 4 to
6). In addition, omission of unlabeled dNTPs from the
KL22(17)-primed reaction resulted in the expected strong stop
at +2, after the addition of two [*?P]dG residues to the input
primer (Fig. 1C, lane 7).

As a direct test for dependence on the telomerase RNA
template, extracts were prepared from strains in which the
telomerase RNA gene was mutated. First, extracts were as-
sayed from the fer/-A7 strain (27), in which a 300-bp fragment
of the TERI gene, including the template, is deleted. As pre-
dicted, these extracts had no RNase-sensitive polymerization
activity with either primer, demonstrating that the template
region is required for synthesis of both mid-template and near-
terminal products (Fig. 1D, lanes 3 and 6, and data not shown).
Confirmation of template-directed synthesis came from muta-
tions introduced in the template region. The Terl-SnaBI strain
(29) was engineered to contain a C-to-A mutation within the
TERI RNA template (boxed residue in Fig. 1A). Fractionated
extracts prepared from this strain produced the predicted pat-
terns of incorporation: specifically, in assays with KL.22(17),
chain termination due to incorporation of ddTTP occurred at
+2 instead of +4 (Fig. 1C; compare lanes 5 and 12), and
polymerization ended at +1 instead of +2 in [**P]dGTP-only
reactions (Fig. 1C; compare lanes 7 and 14). Thus, the SnaBI
mutation, which is incorporated into telomeres in vivo, pro-
duced the expected changes in ANTP incorporation in vitro. In
addition, polymerization was specifically altered in extracts
prepared from both the Ter/-SnaBI mutant and another tem-
plate mutant, Terl-Taql (data not shown) (29). Together, these
results showed that telomerase is responsible for the K. lactis
polymerization activity.

K. lactis telomerase catalyzes a single round of telomere
repeat synthesis in vitro. Under a variety of in vitro conditions,
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S. cerevisiae telomerase remains bound to its DNA reaction
products in a manner that prevents further elongation (34).
With many different primers, polymerization by K. lactis telo-
merase in vitro was also found to be confined to one round of
synthesis across the template, which was often incomplete (Fig.
1B and reference 7). To address whether these properties of
the K. lactis telomerase reaction have a basis similar to that of
S. cerevisiae telomerase, we first characterized the kinetics of K.
lactis telomerase by varying the amounts of extract and primer
[KL22(17)] under standard assay conditions. Product yield in-
creased linearly with increasing enzyme concentration, indicat-
ing that telomerase was limiting (Fig. 2A). Reactions with
various primer concentrations demonstrated that the 1 pM
concentration used in standard assays was well above the ap-
parent K, for the reaction (Fig. 2B). In fact, maximal telo-
merase activity was observed at primer concentrations as low
as 0.04 pM, with no change in product distribution (data not
shown). At 1 M primer, despite the large excess of primer and
dNTP substrates used in all of the experiments described (see
below), product yield reached a plateau by ~3 min (Fig. 2C;
quantitation shown in Fig. 2D), which would not be expected if
repeated cycles of extension occurred. For example, in similar
experiments with T. thermophila telomerase, total product
yield increases over a period of up to 60 min (10, 20). In a
pulse-chase experiment, excess unlabeled dGTP was added to
a standard reaction after 45 s and incubated for a total of 25
min. The shorter (+1 to +5) products were chased into longer
(+6 and +7) products (Fig. 2C; compare 45 sec lane to P/C
lane), consistent with telomerase remaining bound to the +1
to +5 products during elongation. Notably, the chase did not
stimulate synthesis of multiple consecutive 25-bp repeats (Fig.
2C, in which second-round products would have been visible in
the top quarter of the autoradiogram portion shown). These
results suggested that K. lactis telomerase consistently cata-
lyzes only a single round of synthesis.

K. lactis telomerase remains bound to reaction products.
The early plateau in product yield seen in Fig. 2 was similar to
that previously observed with S. cerevisiae telomerase (34) and
could have been attributed to (i) dissociation and inactivation
of telomerase at the completion of the reaction or (ii) telo-
merase remaining bound to its reaction products, thus preclud-
ing binding and extension of the excess free primer present in
the reaction. To test directly whether telomerase enzyme re-
mains bound to its products, we used size-exclusion chroma-
tography to determine whether K. lactis telomerase products
coeluted with the large telomerase RNP complex, as has been
shown for S. cerevisiae telomerase (34). Reactions were primed
with the 12-mer oligonucleotide KIL.13(12), which produces a
product profile similar to KL12(17), including both mid-tem-
plate and near-terminal products. After a 7-min incubation,
the reaction was size fractionated on a Sephacryl S-300 col-
umn. A portion of each fraction was electrophoresed on a
native gel, transferred to a membrane, and hybridized with a
radiolabeled probe for the TERI RNA subunit of telomerase
to determine the elution profile of the telomerase complex
(Fig. 3A). The hybridization was performed after the **P label
incorporated into the products had decayed for 2 months, to
prevent interference from any signal resulting from products of
the telomerase reaction bound to telomerase complexes. The
32P-labeled DNA products of the telomerase reaction, purified
from a second aliquot of each fraction from the sizing column
(see Materials and Methods), were separated by denaturing
polyacrylamide gel electrophoresis (Fig. 3B). The remainder of
each fraction was also electrophoresed on a separate native gel
and exposed to film directly, to visualize large complexes car-
rying 3P label after the telomerase reaction. Although a large
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FIG. 2. Kinetics of K. lactis telomerase activity. Reactions were performed
with wild-type DEAE-fractionated extract and primer KL22(17). (A) Plot of
product yield from reactions containing 0, 2, 4, 8, or 10 ul of wild-type DEAE-
fractionated cell extract. The sums of the +1 to +7 products for each reaction
were quantified and are presented as percentages of the yield with 10 pl of
extract. (B) Plot of product yield from reactions containing 0, 0.125, 0.25, 0.5, and
1 uM primer. Product yield was quantified as in panel A. (C) Reaction with 10
wl of extract and 1 uM primer incubated for various time periods. Products from
a 45-s reaction followed by a 24-min chase with 100 uM unlabeled dGTP are
shown in lane P/C. Any products resulting from translocative synthesis would
have appeared in the top quarter of the gel region shown. (D) Plot of product
yield from reactions shown in panel C. The sums of the +5 and +6 (marked by
arrowhead) products were quantified from a scanned autoradiogram, using the
program NIH Image, and the results are presented as percentages of the yield at
3 min.

32P-labeled complex in this directly exposed native gel cofrac-
tionated and comigrated with the TERI RNA (data not
shown), it was partially obscured by a background of the
high-molecular-weight, non-telomerase-generated, **P-labeled
products shown in Fig. 1B. However, quantitation of the results
shown in Fig. 3A and B clearly showed that after Sephacryl
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S-300 chromatography, both mid-template and near-terminal
products cofractionated with the TER! RNA, peaking in frac-
tions 4 and 5 (Fig. 3C). Reaction products that had dissociated
from the telomerase RNP would have eluted in a peak follow-
ing the TERI RNA-telomerase product peak. This was dem-
onstrated by loading a marker 30-mer (previously *?P labeled
by terminal transferase) together with the telomerase reaction
mix onto the Sephacryl S-300 column; the 30-mer eluted after
the telomerase product-TERI RNA peak (Fig. 3B, top panel).
A small population of telomerase products eluted after the
peak (Fig. 3B and C), which may be attributable to the stability
of the enzyme-product complex. These results indicated that K.
lactis telomerase remained bound to the majority of both near-
terminal and mid-template products of the extension reaction
and suggested that each telomerase-active site carries out only
one round of extension on a given primer molecule.

Telomerase stalls at specific template regions in arrested
and paused conformations. As described above, the majority
of the products of K. lactis telomerase were shorter than would
be expected if polymerization reached the end of the template
(Fig. 1 to 3). To investigate the influence of the primer on the
progression of polymerization along the template, we primed
telomerase reactions with a series of template-complementary
12-mers which align stepwise across the template (Fig. 4A).
Each primer was designed to anneal completely within the
templating domain, with 3’ ends at template positions 12
through 3R (numbering as in Fig. 4A). Two distinct regions of
product accumulation emerged from this data set: region M
(mid-template) at positions 18 through 22, and region NT
(near-terminal) at positions 2R through 4R (Fig. 4). A some-
what altered set of mid-template products was also seen with
TerI-SnaBI mutant extracts (data not shown), again confirming
that the mid-template products as well as the near-terminal
products were generated by telomerase activity. As shown in
Fig. 4B for the wild-type enzyme, as primers aligned closer to
the 3’ end of the template, the amount of products ending in
the M region increased (compare bands in Fig. 4B marked with
asterisks in lanes 12 and 17), while the amount of products
ending in the NT region decreased proportionally (Fig. 4B;
compare bands marked with arrowheads in lanes 12 and 20).
Quantitation of the individual products and correction for the
number of labeled incorporated nucleotides substantiated this
trend and also confirmed that the amounts of total products
formed were similar for all primers. These results suggest that
mid-template products accumulate at the expense of near-
terminal products. Because, as shown above, K. lactis telo-
merase remains bound to the majority of its extension products
(Fig. 3), we hypothesized that product accumulation in the M
and NT regions represents stalled telomerase-DNA com-
plexes. Interestingly, stalling was not uniform along the tem-
plate but instead occurred specifically at these two preferred
regions.

At limiting dNTP concentrations, telomerases from other
species pause at template positions just prior to incorporation
of that particular ANTP (20, 31, 38). Similarly, a subset of the
stalls in the K. lactis telomerase reactions resulted from the low
[**P]dGTP concentration used in standard in vitro reactions, as
shown by titrating unlabeled dGTP into telomerase reactions
with primer KL.12(12) and monitoring product formation (Fig.
5A and B). Along with the expected quantitative decrease in
total incorporated *P label as the unlabeled dGTP concentra-
tion was increased, the distribution of products also changed,
suggesting that stalling was overcome at some positions along
the template. However, strikingly, products at template posi-
tions 19, 20, and 21 (M stalls) remained visible even at 50 pM
dGTP (Fig. 5A, boxed asterisks). This result is in agreement
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with the accumulation of products at these same template
positions in the experiment shown in Fig. 1B, in which dTTP
was the limiting radiolabeled nucleotide and dGTP was not
limiting (Fig. 1B, lane 6, +7 to +9 products). After correction
for both the decreasing specific activity and the number of
radiolabeled dG residues incorporated into each product, total
product formation was similar at all dGTP concentrations,
confirming that higher dGTP does not stimulate turnover.
Product yields at 18 (data not shown) and 22 (Fig. 5B, small
open circles) dropped as the dGTP concentration was in-
creased, as expected for positions preceding incorporation of
dG (pre-G positions). This finding suggests that telomerase
stalled in the M region at positions 18 and 22 was paused,
awaiting incorporation of a dG residue. Yields of the longer
products at 3R and 4R in the NT region increased as the dGTP
concentration was raised (Fig. 5B, filled and open triangles,
respectively). However, high dGTP did not promote their ex-
tension to the extreme terminus of the template (Fig. SA, SR
position). Strikingly, the high dGTP concentrations only
slightly affected the product yields for positions 19, 20, and 21
(Fig. 5B, large circles), with the observed minor increase being
attributable to depletion of smaller intermediates. Hence we
conclude that the strong stalls at positions 19 through 21 in the
M region and 3R and 4R in the NT region are functionally
distinct from the pauses at pre-G positions 18 and 22. As we
have shown that K lactis telomerase remains associated with
its products, we will refer to the stalls which are not elongated
in response to high dGTP concentrations (at positions 19, 20,
21, 3R, and 4R) as arrested telomerase-product complexes.

The assignment of stalled complexes as either paused or
arrested was confirmed by a pulse-chase experiment with the
same primer. Excess unlabeled dGTP was added to a reaction
mixture at 45 s, and then the incubation continued for a total
of 25 min (Fig. 5C). Consistent with the findings from the
dGTP titration, mid-template pre-G intermediates at positions
18 and 22 that had accumulated by 45 s (Fig. 5C, nonboxed
asterisks) were chased into 3R and 4R (NT region) products
(Fig. 5C, arrowheads). In contrast, product yield at positions 19
through 21 was unaffected by the unlabeled dGTP chase (Fig.
5C, bands marked with asterisks), confirming a steady-state
level of arrested complexes. The lack of elongation to SR
during the chase provided further evidence that most 3R and
4R products were also arrested.

Increased primer-template complementarity exacerbates
stalling. The frequency of telomerase stalling in the M region

FIG. 3. Association of K. lactis telomerase with elongation products. An in
vitro telomerase reaction with primer KL13(12) was performed, and then the
mixture was size fractionated on Sephacryl S-300 as described in Materials and
Methods. (A) Aliquots of each fraction were separated on a native gel composed
of 3% polyacrylamide (80:1 acrylamide/bisacrylamide) and 0.6% agarose (lanes
1 to 10; numbers correspond to fraction numbers), along with a portion of the
nonfractionated telomerase reaction (Load lane) and 10 wl of the partially
purified K. lactis extract that was used in the reaction (Extract lane). The gel was
transferred to a Hybond Plus membrane (Amersham) and hybridized to a mix-
ture of two 3?P-labeled fragments of the TER! gene that exclude the template
region. (B) Aliquots of each fraction were separated on a denaturing 15%
polyacrylamide (20:1 acrylamide/bisacrylamide)-8 M urea gel (lanes 1 to 10),
along with a portion of the nonfractionated telomerase reaction (Load lane).
Arrowhead corresponds to products described in Fig. 1B, and positions of mid-
template and near-terminal products are bracketed. The upper portion of the
panel shows the fractionation pattern of a telomeric 30-mer, 2P labeled by
terminal transferase and loaded on the S-300 column with the completed telo-
merase reaction. This portion of the panel is from an exposure of the gel 30-fold
longer than that used to show telomerase products. (C) Plot of the relative
amounts of TERI RNA (A) and telomerase products (B) recovered in each
fraction. Products in each fraction were quantified and are represented as a
percentage of the total collected.
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FIG. 4. Primer-dependent stalling by K. lactis telomerase. (A) Schematic of results from assays using 12-mer oligonucleotides aligning at different positions along
the template. Numbers next to primers reflect the positions of the primers’ 3’ end on the template, as indicated by numbers above the template. Product bands are
denoted at their appropriate template positions with black dots. The size of each dot represents the relative intensity of signal from products stalled at each position,
and shaded columns of dots indicate the two preferred regions of stalling. Asterisks above positions 18 through 22 and the arrowheads above positions 3R and 4R mark
3'-end positions of products shown in panel B. (B) Reactions using primers 12 to 20, as depicted in panel A. Since all primers are the same length but align stepwise
across the template, elongation of primers to the same position resulted in products varied by 1 nt in length (compare positions of arrowheads and asterisks).

increased as primers annealed further toward the 3" end of the
template (Fig. 4A and B). This could have resulted from the
increased length of (i) just the DNA added to the primer by the
enzyme, (ii) total potential RNA-DNA duplex created during
polymerization, or (iii) the DNA product itself (primer plus
added nucleotides) when polymerization reaches the stall re-
gion, regardless of its degree of pairing to the template. To test
which of these parameters influenced stalling, we performed
telomerase reactions using two sets of primers, each set having
a common 3’ end but variable 5" ends. The 3" end of the first
set of primers was at template position 16, and with such a
12-mer primer little stalling occurred in the M region (Fig. 4B,
lane 16; Fig. 6, lane 1). However, extending the amount of
primer-template complementarity with extra nucleotides on
the 5" end of the primer dramatically increased the ratio of
mid-template products (Fig. 6, bands marked with asterisks) to
near-terminal products (lanes 1 to 5, arrowheads). In contrast,
extra noncomplementary 5’ nucleotides did not exacerbate
stalling (lanes 6 and 7). In additional experiments, M region
stalling was also alleviated when the length of potential RNA-
DNA duplex of a 12-mer ending at position 15 was reduced to
11 nt, by changing the 5’ nucleotide from the complementary
dG to a dA, dT, or dC residue (data not shown). Comparable
results were seen with a second set of primers with a common
3’ end at position 22, designed to examine stalling in the NT
region. Stalling at position 3R relative to 4R was exacerbated
when the 5’ end of a 12-mer was extended with five template-
complementary nucleotides (lanes 8 and 9) and alleviated
when the 5’ end was made noncomplementary (lanes 10 and
11).

These results demonstrated that stalling by K. lactis telo-
merase in vitro is not determined by the total length per se of
the product or by the length of only the newly synthesized
stretch of DNA. Instead, in the M and NT regions of the
template, stalling is exacerbated by increasing the length of the
potential DNA-RNA template duplex. Interestingly, the class

of stalled complexes influenced by limiting dGTP concentra-
tions (at positions 18 and 22; top and bottom bands marked
with asterisks) also accumulated in response to increased prim-
er-template complementarity (Fig. 6), suggesting an interplay
between dGTP concentration and complementarity in contrib-
uting to stalling.

DISCUSSION

The telomerases described heretofore use a short template
to synthesize either short, precise repeats or irregular repeats
(3, 24, 25, 31, 35, 37, 44). However, K. lactis telomerase syn-
thesizes 25-bp repeats from a 30-nt templating domain, the
largest described to date (27). Here we have reported the
identification and characterization of in vitro telomerase activ-
ity from this budding yeast. This study reveals intriguing prop-
erties of K. lactis telomerase, including stalling at specific re-
gions of the template and the dependence of stalling on
increased primer-template complementarity. The establish-
ment of an in vitro K. lactis telomerase system will allow other
questions about telomere biology to be addressed. For exam-
ple, certain previously characterized template mutations in K.
lactis cause major effects on telomere length and maintenance
in vivo (19, 27). It will now be possible to distinguish whether
these effects result from altered binding of telomere-associated
proteins (for example, Raplp) or altered telomerase activity.

We found that K. lactis telomerase catalyzes only a single
round of primer elongation in vitro, like telomerase from S.
cerevisiae (3, 23, 33, 34). In K lactis and S. cerevisiae cells
lacking intact telomerase RNA, telomeres shorten by an aver-
age of only 5 bp per cell division (27, 39). Hence in wild-type
K. lactis cells, the copying of even one-fifth of a telomeric
repeat per cell division on average would be sufficient to main-
tain telomere length equilibrium. Thus, single-round repeat
synthesis by K. lactis telomerase could maintain telomeres in
vivo. The in vitro behavior of K. lactis telomerase reported here
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FIG. 5. Dependence of K. lactis telomerase stalling on nucleotide concentration. (A) Reactions using the primer KL13(12) and dGTP concentrations equaling 3.75,
5.63, 7.50, 9.38, 11.25, 18.75, 35.63, and 52.50 uM (each reaction mixture contains 50 pCi of [a—32P]dGTP and a variable amount of unlabeled dGTP). Products of
particular interest are marked on the left side by their 3’-end positions. Asterisks and arrowheads mark products corresponding to those shown in Fig. 4. (B) Plot of
telomerase products at various dGTP concentrations. At each concentration, products stalled at template positions 18, 19, 20, 21, 22, 3R, and 4R were quantified,
corrected for specific activity differences, and divided by the number of dG residues incorporated into each product. Results for position 18 were omitted due to
interference of the diffuse background band visible in the last two lanes, which corresponds to the non-telomerase-generated product seen in Fig. 1B, lanes 1 to 5. (C)
A scaled-up reaction mixture with 3.75 pM [a-*?P]dGTP was incubated for 1.5 min and then divided into three aliquots; one part was stopped (short pulse lane) with
proteinase K and SDS (see Materials and Methods), the second aliquot was mixed with 100 wM unlabeled dGTP and incubated for an additional 23.5 min (long chase
lane), and the third was incubated for a total of 25 min with no chase (long pulse lane). Asterisks and arrowheads mark mid-template and near-terminal products,

respectively, and boxed asterisks show unchaseable products.

is consistent with a model in which telomerase acts in each cell
cycle to synthesize a small amount of telomeric DNA. Synthe-
sis of only small increments per cell cycle was proposed previ-
ously for S. cerevisiae, based on analysis of the observed small-
length fluctuations of its telomeres in vivo (36). Another
property of K. lactis telomerase activity reported here, its non-
dissociativity from reaction products, may indicate a structural
role for telomerase in a telomere-capping complex, as sug-
gested previously for S. cerevisiae telomerase (34).

An unusual property of the K. lactis telomerase activity is
that it stalls during the synthesis of a telomeric repeat in at
least two specific regions of the template. The mechanistic
basis for this stalling is unknown, but it may be influenced by
the constrained nature of the template combined with the
potential to create a long RNA-DNA hybrid during polymer-
ization. In Tetrahymena telomerase, the regions of telomerase
RNA outside the template region are apparently buried in the
RNP (14). Therefore, the movement of the templating domain
across the catalytic center of telomerase at each polymeriza-
tion step is necessarily constrained by the anchoring of the
template in the RNP by RNA-protein associations. The exac-
erbation of stalling that we observed upon increasing the
DNA-template RNA complementarity supports the idea that
base pairing between template RNA and DNA contributes to
stalling. Building up a long, presumably rigid RNA-DNA hy-
brid duplex during elongation in vitro is likely to interfere with
the constrained movement of the template through the cata-
lytic center. Furthermore, such a duplex may also prevent the
active site of the RNP from assuming the correct conformation

necessary for polymerization. Hence, as the hybrid lengthens,
steric restriction may become sufficient to prevent further po-
lymerization.

The formation of lengthy template RNA-primer or product
DNA hybrids during polymerization in vitro would imply that
telomerase lacks the ability to unpair the duplex, which, as
discussed above, may contribute to stalling. Other telomerases
analyzed to date, including those from ciliated protozoa, hu-
man cells, and the budding yeast S. castellii, catalyze multiple
cycles of synthesis in vitro (3, 10, 15, 31), which requires un-
pairing of the product DNA-RNA template hybrid. Telo-
merase activity reconstituted from a human telomerase protein
(hTERT) and the telomerase RNA component (hTR), as well
as extensively purified Tetrahymena and Euplotes telomerase
preparations are able to carry out translocative synthesis, in-
dicating that such unpairing ability is intrinsic to these telo-
merase enzymes and does not require other factors in vitro (6,
22, 42). 1t has been proposed that Tetrahymena telomerase
unpairs the recently made DNA from the template through the
energy of binding to another site in the RNP and that this site
is analogous to that shown to bind the nascent transcript of
RNA polymerase (21). The K. lactis telomerase preparations
used in this study may lack telomeric binding proteins, other
components of the telomerase complex, or accessory factors
such as a helicase that could alleviate stalling in vitro. Alter-
natively, the buildup of an RNA-DNA hybrid and stalling may
be inherent to the in vivo action of telomerase.

The available information is compatible with some occur-
rence of stalling in vivo. S. cerevisiae telomerase has been
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FIG. 6. Dependence of telomerase stalling on primer-template complemen-
tarity. Lanes 1 to 7, products from reactions with primers 1 to 7 as illustrated
above (lane numbers correspond to the numbers at the left of the primers). All
primers have 3’ ends aligning at template position 16. Primers’ amounts of
template complementarity increase by 1 nt at a time from 12 to 16 nt (number
above each primer). Note that the overall length of the primers also increases,
and therefore the +1 position changes on the gel correspondingly. Primers
numbered 6 and 7 are both 16 nt long, with 12 nt of complementarity to the
template. The 4 nt at the 5" end of primer 6 are the same as those of primer 5
but scrambled so that none of them are complementary to the template. The
nucleotide composition of the 5" end of primer 7 is nontelomeric (ATAT). Lanes
8 to 11, products from reactions with primers, as illustrated. Primers in this set
share 3’ ends that align at position 22. Again, the numbers above each primer
reflect their degree of complementarity to the template. Primers 10 and 11 are
both 17 nt long, and both have 12 nt of complementarity to the template. The 5
nt at the 5" end of primer 10 are as in primer 9 but scrambled (as with primer 6).
The 5" end of primer 11 is nontelomeric (ATATA). Asterisks and arrowheads
correspond to products previously discussed.

suggested to stall frequently in vitro as copying proceeds along
its template, and in this yeast, degenerate repeats are found in
vivo in a pattern consistent with the in vitro properties of this
enzyme (3, 33). Stalling by other polymerases appears to be
exploited in vivo. For example, pausing by RNA polymerase in
bacterial cells coordinates transcription and other processes
including translation, possibly the loading of regulatory pro-
teins important for antitermination and the formation of ap-
propriate RNA structure during rRNA transcription (for a
review, see reference 40). The stalling that we have reported
here for K. lactis telomerase, which often results in only partial
synthesis of a repeat in vitro, is compatible with synthesis of the
perfectly repeated telomeric sequence of this species in vivo as
long as primer alignment on the template is correct before the
next round of synthesis. Since the template lacks internal re-
dundancy, primers with 3" ends in the M or NT region can
align in a unique register, and thus incomplete extension could
be tolerated in vivo. Hence stalling by telomerase is a potential
step at which telomerase action could be regulated in vivo.
The diversity of telomeric repeat lengths and sequences in
budding yeasts suggests differences among the polymerization
properties and, potentially, the evolutionary stages of their
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telomerases. Long-template telomerases may have been de-
rived sporadically in budding yeasts, arising from short tem-
plate telomerases copying beyond their normal template
boundaries. In this case, it is conceivable that the K lactis
telomerase template positions where stalling occurs represent
the ancient boundaries of a shorter template. It has been sug-
gested that the ancestor to telomerase was a catalytic self-
replicating RNA. This ancestor is proposed to have acquired a
reverse transcriptase protein component but to have retained
RNA, with at least a portion still functioning as a template (2).
By this model, the long-template telomerases of budding yeasts
may represent an intermediate stage in the evolution from a
ribozyme that completely copied itself to the typical short-
template telomerases which copy a small discrete region of
RNA. Indeed, stalling by the more primitive telomerases is one
possible means that may have helped initiate the eventual
evolution into copying progressively shorter regions of telo-
merase RNA. Further analysis of telomerases from budding
yeasts will be valuable for our understanding the origins of
their diverse telomere repeats and the general mechanism of
telomerase.
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