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Telomerase is a ribonucleoprotein that mediates extension of the dG-rich strand of telomeres in most
eukaryotes. Like telomerase derived from ciliated protozoa, yeast telomerase is found to possess a tightly
associated endonuclease activity that copurifies with the polymerization activity over different affinity-chro-
matographic steps. As is the case for ciliate telomerase, primers containing sequences that are not comple-
mentary to the RNA template can be efficiently cleaved by the yeast enzyme. More interestingly, we found that
for the yeast enzyme, cleavage site selection is not stringent, since blocking cleavage at one site by the
introduction of a nonhydrolyzable linkage can lead to the utilization of other sites. In addition, the reverse
transcriptase activity of yeast telomerase can extend either the 5'- or 3’-end fragment following cleavage. Two
general models that are consistent with the biochemical properties of the enzyme are presented: one model
postulates two distinct active sites for the nuclease and reverse transcriptase, and the other invokes a
multimeric enzyme with each protomer containing a single active site capable of mediating both cleavage and

extension.

Telomerase is a ribonucleoprotein that is responsible for
maintaining the terminal repeats of telomeres in most organ-
isms (1, 2, 28, 37). It acts as an unusual reverse transcriptase
(RT), using a small segment of an integral RNA component as
template for the synthesis of the dG-rich strand of telomeres
(11, 12). DNA synthesis by telomerase in vitro is primed by
oligonucleotides with telomere-like sequences. Depending on
the source, telomerase in vitro can act either processively,
adding many copies of a repeat without dissociating, or non-
processively, completing only one telomeric repeat (13, 29, 31).

Telomerase activity has been detected in a wide range of
organisms, including protozoa (2), yeasts (4, 17, 18, 20, 35),
mice (31), Xenopus laevis (22), and humans (25). Genes en-
coding the RNA and RT subunit of the enzyme complex have
also been cloned for many known telomerases (2, 3, 5, 8, 16, 18,
24, 26, 34). In addition, both biochemical and genetic studies
point to the existence of additional protein subunits of telo-
merase, whose functions remain to be elucidated (7, 9, 15, 19,
27).

A telomerase-associated nuclease has been identified in 7et-
rahymena thermophila, Euplotes crassus, Saccharomyces cerevi-
siae, and Schizosaccharomyces pombe (4, 6, 10, 20, 21, 23, 29).
In the case of Tetrahymena telomerase, the associated nuclease
has been found to remove one or several terminal primer
nucleotides prior to polymerization. Enzyme reconstituted in
rabbit reticulocyte lysates with p133 (the RT subunit) and
telomerase RNA retains cleavage activity, suggesting that the
nuclease resides in one of these two components (5). The
nuclease from E. crassus has been thoroughly characterized
using a coupled cleavage-elongation assay (10, 23), which re-
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vealed the following salient features: (i) cleavage proceeds by
an endonucleolytic mechanism, (ii) DNA fragments from the
3’ end can be eliminated prior to elongation of the primer by
telomerase, (iii) long stretches of preferably nontelomeric se-
quences can be removed by the nuclease, (iv) cleavage occurs
preferentially but not exclusively at the junction of match-
mismatch between the primer and the RNA template, (v) the
junction of match-mismatch between the primer and the RNA
template can be positioned at various locations along the RNA
template to effect cleavage, and (vi) primers bearing nontelo-
meric sequences at the 5’ end are preferentially cleaved. While
not as thoroughly studied, the nuclease from other organisms
exhibits properties consistent with those displayed by the Tet-
rahymena and E. crassus enzymes. For example, both primer-
template mismatch and the presence of nontelomeric se-
quences at the 5’ end have been found to stimulate cleavage by
the yeast telomerase-associated nuclease (21, 29).

Various functions have been suggested for the telomerase-
associated endonuclease. For example, the combined cleavage
and elongation activity may be useful in the de novo formation
of telomeres during macronuclear development in ciliated pro-
tozoa (23). Alternatively, cleavage may serve a proofreading
function given that nontelomeric sequences appear preferen-
tially removed (10, 23). In addition, by analogy with DNA-
dependent RNA polymerases, cleavages may allow an elonga-
tion-incompetent telomerase to re-engage the 3’ end of the
primer prior to extension (5).

In this study, we characterized the Saccharomyces cerevisiae
telomerase-associated nuclease in greater detail and found
that it shares many properties that have been ascribed to the
ciliate enzymes. For example, yeast cleavage activity is tightly
associated with the polymerization activity. In addition, prim-
ers with sequences that are noncomplementary to the RNA
template appear to be relatively efficient substrate for cleavage
by yeast telomerase. The yeast nuclease also appears to act
through an endonucleolytic mechanism. More surprisingly, we
found that following cleavage, either one of the fragments
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generated by the yeast nuclease (the 5" and the 3’ fragments)
can be extended by the polymerization activity of telomerase.
This result is not easily rationalized in terms of a monomeric
enzyme containing a single nuclease-polymerase active site.
Two models that are compatible with all of our biochemical
observations are presented in the Discussion.

MATERIALS AND METHODS

Yeast strains, media, buffers, and the preparation of yeast telomerase. JX-M3
is a haploid yeast strain identical to W303a except that the EST2 gene in the
strain was fused at its C terminus to a Myc; epitope tag using a PCR recombi-
nation method (35). JX-MH19 contains an EST2 gene whose C terminus is fused
to both a Myc; epitope tag and a His, tag. JX-proA contains an EST2 gene with,
in addition to the Myc and His tags, two copies of the immunoglobulin G (IgG)
binding domain from protein A. The construction of these strains will be de-
scribed in detail elsewhere.

Buffer TMG-15 contains 15% glycerol, 10 mM Tris-HCI (pH 8.0), 1.2 mM
magnesium chloride, 0.1 mM EDTA, 0.1 mM EGTA, and 1.5 mM dithiothreitol
(DTT). Buffer TMG-10 is identical to TMG-15 except that glycerol was included
at 10%. Buffer TMG-10(500), etc., denotes buffer TMG-10 plus the millimolar
concentration of sodium acetate specified by the number in parentheses. The
following protease inhibitors were included in all buffers: 1 mM phenylmethyl-
sulfonyl fluoride, 2 mM benzamidine, 2 g of pepstatin A per ml, and 1 pg of
leupeptin per ml.

Purification of yeast telomerase. For preparation of whole-cell extracts, the
yeast strains DG338 (a gift of D. Garfinkel, National Cancer Institute), W303a,
JX-M3, JX-MH19, or JX-proA was grown in YPD medium, lysed in TMG-15(0)
buffer, and the lysates were clarified by high-speed centrifugation as previously
described (4, 21). To obtain active telomerase, whole-cell extracts were processed
over DEAE-agarose columns as previously described (4, 21). For Myc-tag affinity
purification, DEAE fractions (10 ml) prepared from the JX-M3 strain were
loaded directly onto a 0.5 ml of 9E10 (Myc antibody) column. The column was
washed with TMG-10(500) and then TMG-10(500) containing 1 mg of HA.11
(hemagglutinin) peptide per ml at 4°C. Telomerase was then eluted at room
temperature with 1.5 ml of TMG-10(500) containing 1 mg of 9E10 (Myc) peptide
per ml. The overall recovery of activity was ~10%, while 0.05% of the load had
approximately the same amount of total protein as 50% of the purified fraction,
based on the staining of a sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) gel. Because the estimate of the protein concentration is
not precise, we did not determine the fold enrichment for telomerase in this
immunoaffinity procedure. For metal affinity purification, DEAE fractions (2 ml)
prepared from JX-MHI19 strain were loaded directly onto a 0.2-ml Ni-nitrilo
triacetic acid column (Qiagen). The column was washed successively with TMG-
10(500) and TMG-10(500) containing 5 mM imidazole. Active telomerase was
then eluted with TMG-10(500) containing 200 and 500 mM imidazole. The
majority of telomerase was present in the 200 mM elution. The overall recovery
of activity was ~50%, while the purified fraction contained a fraction (ca. 1/20)
of the starting protein based on the Bio-Rad Protein Assay (Bio-Rad Labora-
tories). Thus, we estimate that telomerase is enriched by about 10-fold by the
metal affinity procedure. For the protein A-tag-based purification, a DEAE
fraction from JX-proA (100 pl) was directly incubated with 5 wl of IgG-Sepha-
rose beads at 4°C with gentle rotation for 2 h. The beads were washed multiple
times with TMG-10(600) and then assayed for telomerase activity along with the
DEAE fraction and the supernatant. More than 95% of the starting protein
remained in the supernatant, while the beads contained ~50% of the starting
activity. Thus, telomerase was purified more than 10-fold by this IgG affinity
procedure.

For multistep purification, the protein A-tagged enzyme was successively frac-
tionated over DEAE, phenyl, heparin, and IgG columns. DEAE chromatogra-
phy was carried out as previously described (4, 21). Active fractions from the
DEAE column were pooled and loaded directly onto a phenyl Sepharose (Phar-
macia) column. The column was washed successively with two column volumes
each of TMG-10(500) and TMG-10(100), and the activity was eluted with two
column volumes of TMG-10(0) plus 1% Triton X-100. Active fractions were
pooled and loaded onto an Affi-Gel Heparin (Bio-Rad) column. The column was
washed with two column volumes of TMG-10(150), and the activity was eluted
with two column volumes of TMG-10(700). Active fractions were then processed
over IgG-Sepharose resin as described earlier. The specific activity and the
degree of purification were calculated from primer extension activity assays and
protein assays with two exceptions. First, because the activity was undetectable in
whole-cell extracts, the fold purification for the DEAE column fraction was
based on the degree of Est2p enrichment (as determined by Western blotting).
Second, because it is not possible to elute telomerase from IgG-Sepharose, we
estimated the amount of total protein bound to the beads to be the difference in
protein concentration of the heparin fraction before and after binding to IgG
beads. For Western analysis of protein A-tagged Est2p, proteins from extracts or
DEAE fractions were separated in by SDS-8% PAGE and transferred onto
nitrocellulose membrane. Primary anti-protein A antibody (Sigma) and second-
ary antibody were used at 1:1,000,000 and 1:5,000 dilutions, respectively. Immu-
noreactive species were visualized using the ProtoBlot system (Promega).
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Primer preparation. DNA primers were purchased from GeneLink (Thorn-
wood, N.Y.) and gel purified prior to use in polymerization assays. Crude primers
were dissolved in distilled H,O at 1 mg/ml and fractionated on a 16% denaturing
polyacrylamide gel. Full-length DNA fragments were visualized by ethidium
bromide staining and UV transillumination, isolated as small gel slices, and
eluted overnight at 37°C with 400 pl of extraction buffer containing 0.1% SDS,
0.3 M sodium acetate, 10 mM magnesium acetate, and 1 mM EDTA. The DNA
was recovered from the extraction buffer by ethanol precipitation in the presence
of 5 pg of glycogen and resuspended in a suitable volume of water. The con-
centration of the purified DNA primer was again quantified by PAGE and
ethidium bromide staining.

Primers bearing methylphosphonate linkages were also purchased from
GeneLink and then gel purified prior to use. Resistance to nuclease was con-
firmed by using Escherichia coli Exonuclease IIT (New England Biolabs). Primers
terminating in dideoxynucleotides were made by treating 500 pmol of DNA
primer with 34 U of terminal deoxynucleotide transferase (USB; 17 U/ul) and
833 uM dideoxynucleotides (ddTTP or ddGTP) in 30 pl of total volume con-
taining 1X buffer (USB) at 37°C for 3 h. After phenol-chloroform extraction,
full-length DNA was recovered by ethanol precipitation and gel purified as
described above.

Coupled cleavage-extension assay. A standard cleavage-extension assay (30
wl) contained 50 mM Tris-HCl (pH 8.0), 1 mM spermidine, 1 mM DTT, 1 mM
MgCl,, 130 pM dTTP, 1 to 2 pl of [a-*?P]dGTP (3,000 Ci/mmol, 10 p.Ci/ul), and
various amounts of DNA primers and telomerase fractions. Reactions were
started by the addition of telomerase fraction to a premixed cocktail consisting
of all the other components. Reactions were continued for 1 h at 30°C, and
labeled products were processed as described previously (21).

RESULTS

Observation of a nuclease in yeast telomerase fractions. For
purification and characterization of yeast telomerase, we uti-
lized a direct primer extension assay (4, 21). Under standard
reaction conditions, the yeast enzyme is nonprocessive and
gives rise predominantly to a “primer + 3” product (21; Fig.
1A). Interestingly, the use of certain primers in extension as-
says, especially those consisting of repeats from other organ-
isms, often yielded products that are shorter than the input
primer. For example, when Oxytricha, human, and Arabidopsis
repeats are utilized as primers, as much as 20% of the labeled
products in the polymerization assays were shorter than the
starting primer (Fig. 1A and B). To rule out the possibility that
there is excess nonspecific nuclease in the partially purified
yeast telomerase fractions, we assembled mock telomerase re-
actions using the fraction, unlabeled primer, and unlabeled
nucleotide triphosphates. Also included in each reaction was a
small amount of end-labeled tracer oligonucleotide used to
monitor the fate of the input primer. As shown in Fig. 1C, the
vast majority of the starting primers are neither shortened nor
extended, even in the presence dGTP and dTTP. This result is
consistent with the large molar excess of primer over active
telomerase as determined by the polymerization assay. No
discrete bands can be visualized in the region of the gel pre-
sumed to contain the nuclease-derived products, and quantifi-
cation indicates that this region possesses <2% of the radio-
activity present in the full-length bands. These results are quite
consistent with earlier observations on the existence of a spe-
cific nuclease in yeast telomerase fractions (4, 21, 29).

Since <2% of the input primers were cleaved yet as much as
20% of the extension products were derived from cleaved
DNA, telomerase appears to preferentially extend cleaved
DNA (by at least 10-fold). This preferential extension can be
explained by either a coupling between the telomerase and the
nuclease or by short primers being intrinsically superior sub-
strates for telomerase. To address the latter possibility, we
assessed the activity of two primers of different lengths
(OXYT1 and OXYT2) bearing the Oxytricha telomeric repeats
at increasing primer concentrations. The shorter primer
(OXYT2) was designed to mimic the size of the cleaved but
not yet extended DNA derived from the longer primer
(OXYT1). As shown in Fig. 2A, the cleavage-derived products
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FIG. 1. Yeast telomerase partially purified by DEAE chromatography contains a nuclease activity. (A) Polymerization assays were performed using 5 uM
concentrations of various primers and 9 pg of DEAE fractions (Pr.Ext.). Primers labeled by terminal transferase and cordycepin were run alongside the reaction
products as size standards (+1 Marker). (B) The sequences of the primers used in panel A. (C) Concentrations (5 uM) of various primers (containing a small amount
of labeled tracer) were incubated alone, with telomerase fractions, or with telomerase fraction and deoxynucleotide triphosphates. The DNA was recovered and

analyzed by denaturing gel electrophoresis as in standard primer extension assays.

of OXYT1 are indeed similar in size to the direct extension
products of OXYT?2. Furthermore, at the same molar concen-
tration, OXYT1 and OXYT?2 supported a nearly identical
amount of DNA synthesis, suggesting that short DNAs are not
intrinsically better substrates for yeast telomerase (Fig. 2B).
Therefore, a physical or functional coupling between the nu-
clease and telomerase appears likely.

Affinity-purified telomerase exhibits the same nuclease ac-
tivity. To determine if the coupling observed between the nu-
clease and telomerase in the DEAE fraction can be explained
by physical association, we further purified yeast telomerase
using three different affinity tags (a Myc, tag, a Hisq tag, and a
protein A tag) and the appropriate chromatographic resins. All
three tags were fused to the C terminus of Est2p and had no
effect on telomere maintenance or telomerase activity (J. Xia
and N. F. Lue, unpublished data). The detailed purification
procedures and the estimates for the degrees of enrichment
are presented in Materials and Methods. In each case, the
affinity-tagged telomerase was first purified over a DEAE col-
umn (4, 21). Active enzymes were then adsorbed onto the
appropriate affinity columns and either eluted with specific
competitors before analysis (for Myc- and His-tagged en-
zymes) or directly assayed on the resin (for protein A-tagged
enzymes). As shown in Fig. 3A, each of the purification pro-
cedures resulted in telomerase that was still capable of cata-

lyzing the cleavage-extension reaction on the OXYT1 primer.
Furthermore, in each case the fraction of the products that
were shorter than the starting primer was similar for both the
DEAE and the affinity-purified enzyme (compare lanes 1 and
2,3 and 4, and 5 and 6). A contaminating activity (or activities)
capable of generating labeled high-molecular-weight products
is evident in DEAE fractions derived from the Myc- and His-
tagged strains (lanes 1 and 3, indicated by brackets to the left
of the panels). This activity (or activities) was successfully re-
moved by the affinity procedures.

To further eliminate the possibility of an unrelated, contam-
inating nuclease, we purified protein A-tagged telomerase us-
ing four consecutive chromatographic steps (DEAE, phenyl,
heparin, and IgG; see Table 1). The degree of purification was
monitored throughout the procedure by protein and activity
assays with two exceptions. First, because the activity was un-
detectable in whole-cell extracts, the fold purification for the
DEAE column fraction was based on the degree of Est2p
enrichment as determined by Western blotting using anti-pro-
tein A antibodies (Fig. 3B). Second, because it is not possible
to elute telomerase from IgG-Sepharose, we estimated the
amount of total protein bound to the beads to be the difference
in protein of the heparin fraction before and after binding to
IgG beads. Changes in the polypeptide compositions of the
fractions are evident during purification (Fig. 3C). However,
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FIG. 2. Long and short heterologous primers are utilized by yeast telomerase at comparable efficiencies. (A) Polymerization assays were performed using 1.5 uM
concentrations of either OXYT1 or OXYT?2 as the DNA primer and 2.3 ug of DEAE fractions. The locations of the “+3” and “—4” products for OXYT1 and that
of the “+3” product for OXYT2 are indicated by horizontal bars. (B) Polymerization assays were carried out using increasing concentrations of either OXYT1 or
OXYT2, and the signals derived from direct extension of the primers were quantified and plotted.

because of the low abundance of telomerase in yeast, telo-
merase-specific polypeptides cannot be identified even after
this multistep purification procedure. When tested in the
primer extension assay (Fig. 3D), the nuclease-derived prod-
ucts are evident following each chromatographic step, and
PhosphorImager analysis indicates that the ratio of cleavage to
extension products varied by no more than twofold. Based on
these studies, we conclude that cleavage of starting primers by
telomerase fractions is unlikely to be due to an unrelated
contaminant.

The effects of reaction parameters on telomerase-mediated
primer cleavage. To determine if the extent of cleavage is
affected by any reaction parameters, we varied the duration
and the concentrations of the components of the reaction.
Time course experiments indicate that the “direct extension”
and “cleavage derived” products accumulate with similar ki-
netics (38), both being complete within ~15 min. Prolonged
incubation does not result in an increase in the relative amount
of the cleavage products. Thus, there appears to be little non-
specific nuclease in the fraction that can degrade the labeled
products, a finding consistent with the earlier tracer experi-
ment (Fig. 1C). Increasing the salt concentration also did not
appreciably affect the ratio of the two classes of products (Fig-
ure 4A, lanes 1 to 3). Increasing primer concentration from 3
to 24 uM reduced the relative amount of cleavage products by
threefold, suggesting that the direct extension reaction path-
way is more favorable at high primer concentrations (Fig. 4A,
lanes 4 to 7). More interestingly, when the total dGTP con-
centration was increased by about 10-fold over the standard
reaction (to 2 uM), the cleavage products were almost com-
pletely abolished, despite the presence of a significant amount
of direct extension products (Fig. 4B, lanes 4 and 5). Thus, the
cleavage-extension reaction pathway appears to be favored
when the concentration of dGTP is low. Cleavage-derived
products were not evident in some published studies on yeast
telomerase (18, 19). This discrepancy is most likely due to the
use of different primers and higher nucleotide concentrations
in these other studies. The concentration of dGTP has been

reported to affect the processivity and template utilization of
the Euplotes aediculatus telomerase (14). Whether these effects
of dGTP are related to its ability to influence cleavage remains
to be determined.

Primers bearing nontelomeric cassettes are susceptible to
cleavage by telomerase. Characterization of the ciliate telo-
merase-associated nuclease suggests that the cleavage pathway
is affected by primer-RNA interactions (10, 21, 23, 29). In
general, primer-template mismatches can apparently promote
cleavage. In particular, a primer containing a telomeric cas-
sette embedded in nontelomeric sequences was an especially
good substrate for cleavage by Euplotes telomerase. To deter-
mine if the yeast telomerase nuclease has similar properties,
we tested yeast telomeric primers bearing nontelomeric cas-
settes at their 5" or 3’ end in the polymerization reactions. As
shown in Fig. 5, a primer containing either an 8- or a 14-
nucleotide (nt) nontelomere cassette at its 5’ end (TEL51 and
TELS52) was efficiently extended by telomerase. Such primers
also gave rise to a significant amount of “cleavage-derived”
products. Interestingly, the size of the cleavage-derived prod-
ucts was similar for these two primers (Fig. 5B, compare lanes
1 and 3). This result suggests that cleavage might have oc-
curred predominantly near the junction of the telomeric and
nontelomeric cassettes, thereby releasing telomeric fragments
of similar size to be extended by the RT. If this conjecture is
true, then telomerase is not only capable of extending the 5’
cleavage fragment, as previously reported, but also the 3’ frag-
ment. This possibility was confirmed in experiments reported
in the following sections.

In contrast to primers with 5’ nontelomeric cassettes, prim-
ers with the same two cassettes at their 3" end (TEL106 and
TEL107) were poor substrates for telomerase-mediated exten-
sion, and few cleavage products could be observed in these
reactions. As expected, the 14-nt nontelomere cassette on its
own failed to yield any extension product (TEL108).

The yeast telomerase-associated nuclease acts endonucleo-
lytically. The cleavage-derived products for most primers had
a nonrandom distribution. For example, for both HS2 and
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FIG. 3. Affinity-purified yeast telomerase exhibits a similar cleavage activity as that found in DEAE fractions. (A) Polymerization assays were carried out using
OXYTT1 (1 pg) as the DNA primer and DEAE fraction (DEAE) or affinity-purified telomerase (Affinity) as the source of telomerase. The affinity resin utilized for each
purification is indicated at the top. The amount of protein used for each reaction is as follows: lane 1, 3 wg; lane 2, 45 ng; lane 3, 3 pg of protein; lane 4, 0.4 ug of
protein; lane 5, 3 pg of protein; lane 4, ~0.15 pg of protein. “Direct extension” or “cleavage-derived” products are marked by vertical lines to the left of the panels.
Contaminating activity or activities present in the DEAE fraction and responsible for the labeling of high-molecular-weight products (indicated by brackets to the left
of the panels) can be removed by the Myc affinity or the nickel affinity chromatographic procedures. (B) Immunoblotting was used to estimate the degree of Est2p
enrichment over the DEAE column. Protein A-tagged Est2p from extracts or DEAE fractions was detected using anti-protein A antibodies. The amount of protein
loaded is indicated at the top. The location of the protein A-tagged Est2p is indicated by an arrow. (C) Protein compositions of fractions from successive column steps
were analyzed by SDS-PAGE and silver staining. The identities and the amounts of the fractions utilized were as follows: lane 1, extract, 30 pg; lane 2, DEAE, 10 pg;
lane 3, phenyl, 3 wg; lane 3, heparin, 1.2 pg; lane 4, IgG, ~0.12 pg. (D) Polymerization assays were carried out using OXYT1 (2 ng) as the DNA primer and fractions
from successive column steps. The identities of the fractions used in each reaction were as follows: lane 1, DEAE, 10 pg; lane 2, phenyl, 3 pg; lane 3, heparin, 1.2 pg;
lane 4, IgG, ~0.12 pg. The ratios of cleavage to extension products are listed at the top.

OXYT]I, the cleavage-derived products were most prominent
around the “primer-4” position (Fig. 6B, lanes 1 and 5). This
suggests that the telomerase-associated nuclease cleaved DNA
preferentially at internal locations, acting as an endonuclease.
However, one can also postulate that an exonuclease was re-
sponsible and that preferential stalling of the nuclease at par-
ticular locations or preferential extension of cleavage products
bearing optimal 3’-end sequences gave rise to the observed
pattern of product synthesis. To distinguish between these
alternatives, we carried out polymerization reactions using

primers derivatized with methylphosphonate linkages (Fig.
6A). This modification was expected to render the phosphodi-
ester bond resistant to nuclease attack. If an exonuclease was
responsible for the observed primer degradation, the place-
ment of a methylphosphonate linkage between the 3'-most two
bases should inhibit the formation of all of the short products.
In contrast, if an endonuclease was responsible, then the pre-
dominant short products (e.g., the “primer-4” band) should be
unaffected because the cleavage that resulted in these products
should have occurred far away from the modified linkages.
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TABLE 1. Purification of yeast telomerase

Fraction Protein Activity _Fold ) Clei_ivage/ )
(mg) (U)* purification extension ratio

Extract 2,100 ND

DEAE 5.5 1,000 200° 0.052

Phenyl 1.8 1,010 620 0.031

Heparin 0.19 270 1,560 0.051

IeG ~0.010 140 ~15,400 0.026

“ Telomerase activity was determined in primer extension assays. Incorpora-
tion of labeled dGMP into RNase-sensitive bands was quantified using a Phos-
phorImager. The total activity of the DEAE fraction was arbitrarily set to 1,000,
and the activities of the other fractions were calculated accordingly. ND, not
determined.

> The fold of purification for the DEAE fraction is based on the degree of
Est2p enrichment as determined by Western analysis (Fig. 3B).

As shown in Fig. 6B, some of the cleavage-derived products
were retained despite the substitution of one of the two 3'-
most phosphodiester linkages of the HS2 or the OXYT1
primer (the HS2-MP1, HS2-MP2, OXYT1-MP1, and OXYT1-
MP?2 oligonucleotides). These observations suggest that some
of the short products must be generated by an endonuclease, as
in the case of the Euplotes telomerase-mediated cleavage.
Close inspection of the reaction products derived from modi-
fied HS2 oligonucleotides revealed two interesting features.
First, the amount of “direct extension” products (as evidenced
by the intensity of the “primer + 3” band) was greatly inhibited
by a methylphosphonate at the 3’-most linkage (Fig. 6B, com-
pare lane 2 with lane 1). This suggests that the last phosphodi-
ester linkage of the primer may make a functionally important
interaction with telomerase, which can be disrupted by the
modification. Methylphosphonate linkages positioned near the
3’ end has also been found to inhibit extension by E. crassus
telomerase (D. E. Shippen, personal communication). Second,
the “primer-4” and “primer-5” products were almost com-
pletely abolished (Fig. 6B, compare lane 2 with lane 1), just
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Cleavage
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like the direct elongation products. This similarity suggests that
the primer-4 and primer-5 products may also be derived from
primers with methylphosphonate modification near the 3’ end.
In other words, these products may be due to extension of the
3’ cleavage products. In contrast, the “primer-3” product was
virtually unaffected, suggesting that it may be derived from the
5" fragment generated by the nuclease.

Extensive characterization of primer utilization by yeast tel-
omerase indicates that the enzyme preferentially extends oli-
gonucleotides with 3 Gs at their 3’ end. Furthermore, in our
reaction condition, the enzyme has a strong tendency to pause
or dissociate after adding 3 nt (TGT) (21; Xia and Lue, un-
published). Taking this property of telomerase into consider-
ation, we can account for all of the cleavage-elongation prod-
ucts of HS2 by the hypothetical scheme presented in Fig. 6C.
In this model, cleavage occurs preferentially in the middle G
tract. Cleavage between the ninth and tenth nucleotides of
HS2 (reaction a) leads to the creation of a 5’ fragment (GG
GTTAGGG) that is expected to be a good substrate for tel-
omerase and to yield a predominant 12-nt product (GGGTT
AGGGTGT) at the primer-3 location, precisely as was
observed. The same cleavage should also give rise to a 3’
fragment (TTAGGG) that can yield a 9-nt product (TTAGG
GTGT) at the primer-6 position. This was also observed.
Cleavage between the eighth and ninth nucleotides (reaction
b) and between the seventh and eighth nucleotides (reaction
¢), on the other hand, would yield 5’ fragments that are poor
substrate for telomerase but 3’ fragments that are good sub-
strates (GTTAGGG and GGTTAGGG). These 3’ fragments
are expected to give rise predominantly to the primer-5 and
primer-4 products, respectively. An important prediction of
this scheme is that the extension products of the 3’ fragments
(primer-4, primer-5, and primer-6) should be inhibited by the
MP1 modification, while the extension products of the 5’ frag-
ment (primer-3) should not. This prediction was entirely con-
sistent with the observation made here (Fig. 6B, compare lanes
2 and 1). A similar argument can be made to account for the

B

Nucleotide
concentration

Direct
Extension

Cleavage .
Derived -

1 2 3 4 5

FIG. 4. Effects of salt, primer, and nucleotide concentration on the coupled cleavage and extension reactions mediated by yeast telomerase. (A) Polymerization
assays were carried out using OXYT1 as the DNA primer and DEAE column fractions as the source of telomerase. For reactions 1 to 3, the DEAE fraction was first
desalted using Centricon-30. Sodium acetate was then added to the following final concentrations: lane 1, 0 mM; lane 2, 150 mM; lane 3, 300 mM. For reactions 4 to
7, the following concentrations of OXYT1 primer were used: lane 4, 3 uM; lane 5, 6 uM; lane 6, 12 wM; lane 7, 24 pM. (B) Polymerization assays were carried out
using OXYT1 as the DNA primer and DEAE column fractions as source of telomerase. In addition to 0.2 pM labeled dGTP (3,000 Ci/mmol; NEN), unlabeled dGTP
was added to the following concentrations: lane 1, 0 pM; lane 2, 0.5 uM; lane 3, 1.0 wM; lanes 4 and 5, 2.0 uM. Lane 5 represents a longer exposure than lane 4.
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A

TEL51: ATCAGCAATGTGTGCTGTGTGGG
TEL52: ATCAGCATCAGCAATGTGTGCTGTGTGGG
TEL106: TGTGTCGTGTGTGGGATCAGCAA

TEL107 : TGTGTCGTGTGTGGGATCAGCATCAGCAA

TEL108 : ATCAGCATCAGCAA

TEL107

TELS1 TEL108

EL52
TEL106
Primer . / / / /
& a N i
» ©» & 0“)/

+3-. -

Direct
-5~ Extension
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Cleavage
Derived
RINa s el o it kot et il st el e

2 st e i i Siire

FIG. 5. Effects of flanking nontelomeric cassettes in the DNA primer on
cleavage and extension by yeast telomerase. (A) The sequences of the oligonu-
cleotides used for the assays in panel B. The telomeric portion of the primer is
underlined. (B) Polymerization assays were carried out using DEAE column
fractions as a source of telomerase and various primers as indicated at the top of
the panel. The reactions were carried out in the absence or presence of RNase
A as indicated at the bottom of the panel. The sizes of the various products in
relation to TEL51 (as determined in a separate assay) are indicated to the left,
while the regions of the gel containing the direct-extension and cleavage-derived
products are indicated by vertical lines to the right of the panel.

cleavage-elongation products of the OXYT1 primer if cleav-
ages occur predominantly in the middle G tract.

Flexibility of the nuclease cleavage site. To test if the pre-
dicted cleavage sites were in fact utilized by yeast telomerase,
we designed primers (HS2-MP3 and OXYT1-MP3) to specif-
ically render one of the linkages nonhydrolyzable. Both MP3
modifications abolished some but not all of the reaction prod-
ucts, as expected (Fig. 6B, compare lanes 1 and 4 and lanes 5
and 8). More interestingly, the OXYT1-MP3 oligonucleotide
gave rise to some products that are not observed in the case of
OXYT1. Thus, for OXYT1-MP3, the primer-2 and primer-3
bands are stronger than the primer-4 band, a finding that was
precisely the reverse of the pattern for OXYT1 (lanes 5 and 8).
These results suggest the interesting possibility that when a
preferred cleavage site is resistant to the nuclease, other sites
can be utilized, leading to a different distribution of fragments.

Extension of either the 5’ or the 3’ cleavage products by
yeast telomerase. Both the nontelomeric cassette study (Fig. 5)
and the methylphosphonate substitution study (Fig. 6) suggest
that either the 5" or the 3’ fragment generated by the nuclease
can be extended by the RT activity of telomerase. To confirm
this conjecture, DNA primers terminating in dideoxynucleoti-
des were synthesized by using terminal transferase and the

MoL. CELL. BIOL.

appropriate dideoxynucleotide triphosphates and then sub-
jected to the extension assay. All products resulting from the
addition of nucleotides to the 3 cleavage fragment were ex-
pected to be abolished by this modification, while those from
the addition of nucleotides to the 5’ cleavage fragment should
be unaffected.

Primers containing nontelomeric cassettes (Fig. 5), as well as
primers containing heterologous repeats (Fig. 1, 4, and 6),
were tested in this assay. As shown Fig. 7A, when primers
bearing 5’ nontelomeric and 3’ telomeric cassettes were uti-
lized, all of the direct extension products can be abolished by
substituting the last nucleotide of the primer with dideoxynu-
cleotide, as expected. More significantly, the cleavage-derived
products can also be entirely abolished by substituting the last
nucleotide of the primer with dideoxynucleotide. However,
when the same analysis was applied to primers bearing heter-
ologous telomeric repeats, different results were obtained. For
example, substitution of the last dG residue of OXYT1 with
ddG eliminated some but not all of the cleavage-derived prod-
ucts (Fig. 7B, lanes 1 and 3). Substitution of the last dG residue
of HS2 with ddG had similar effects (Fig. 7B, lanes 5 and 7).
Most importantly, in the case of OXYT1 and HS2 the cleavage
products eliminated by the ddGMP modification are precisely
those eliminated by the MP1 modification, a finding consistent
with the notion that both modifications abolished labeling of
the 3’ cleavage fragment. For example, the OXYT1-ddG oli-
gonucleotide yielded the prominent primer-4 product (indicat-
ed by a closed circle in lane 3) but not the primer-5 or primer-6
products evident in the case of the OXYT1 oligonucleotide
(indicated by open circles in lane 3). This was precisely what
was observed for the OXYT1-MP1 oligonucleotide. The same
comparison can be made between the products generated by
HS2-ddG and HS2-MP1 oligonucleotides (compare lane 7 of
Fig. 7B and lane 2 of Fig. 6B). As expected for telomerase-
mediated extension, all of the cleavage-derived products from
either the native or the ddG-modified primers were sensitive to
RNase A pretreatment (lanes 2, 4, 6, and 8). Taken together,
the dideoxy substitution experiments suggest that in the case of
primers containing nontelomeric cassettes, telomerase appears
to preferentially extend the 3’ cleavage fragment, while in the
case of primers containing heterologous repeats, telomerase
appears to be capable of extending both the 5’ and the 3’
fragments derived from cleavage.

DISCUSSION

We have shown that, like ciliate telomerases, yeast telome-
rase has a tightly associated endonuclease activity that can
cleave the starting primer prior to extension by the RT subunit.
Novel aspects of this work include the demonstration (i) that
the nuclease can be affinity purified along with the RT subunit
of telomerase, (ii) that both the 5" and the 3’ fragments derived
from cleavage can be extended by telomerase, and (iii) that the
loss of one nuclease site can lead to the preferential utilization
of other sites.

The ability of yeast telomerase to extend either one of the
cleaved fragments is somewhat surprising in light of earlier
studies showing that extension occurs mostly on the 5’ frag-
ment (23). This discrepancy is most likely explained by the use
of primers bearing 3’ nontelomeric cassettes in these earlier
studies. Such nontelomeric cassettes, once released from the
rest of the primers, are probably inefficient substrates for tel-
omerase extension. Indeed, for primers that bear a 5’ nontel-
omeric cassette and a 3’ telomeric cassette, the cleavage-de-
rived products are all due to labeling of the 3’ fragments, a
result consistent with the 3’ telomeric cassettes being better
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A HS2 : GGGTTAGGGTTAGGG
HS2-MP1 : GGGTTAGGGTTAGG*G
HS2-MP2 : GGGTTAGGGTTAG*GG B
HS2-MP3 : GGGTTAGGG*TTAGGG

OXYT1 : GTTTTGGGGTTTTGGG

-— o [12]

OXYT1-MP1: GTTTTGGGGTTTTGG*G T & & S £ S
OXYT1-MP2: GTTTTGGGGTTTTG* GG = =2 = - - - -
OXYT1-MP3: GTTTTGGGG* TTTTGGG Moo E E E E
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GGGTTAGGGTTAGG*G —If—' +3 '
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FIG. 6. Effects of methylphosphonate linkages in the DNA primer on cleavage and extension by yeast telomerase. (A) The regular and derivatized oligonucleotides
used for the reactions in panel B are listed. The location of the methylphosphonate linkage is denoted by an asterisk. (B) Polymerization assays were carried out using
0.5 pg of the various primers as indicated at the top and either 5 ug (lanes 1 to 4) or 3 g (lanes 5 to 8) of the DEAE fraction. The lengths of the labeled products
relative to the starting primers are indicated by lines and numbers to the left of the panels. (C) A schematic illustration of the cleavage-elongation pathways that can
account for the reaction products visualized in lanes 1 and 2 of panel B. The nuclease is proposed to act endonucleolytically and to act predominantly in the middle
G tract. As described in the text, yeast telomerase strongly prefers to extend primers that have three Gs at their 3’ end and extends these primers predominantly by
3 nt. Thus, reaction a generates two fragments that can both be efficiently extended, leading to the synthesis of the primer-3 and primer-6 products. Reactions b and
c each generate only one efficient substrate, leading to the synthesis of the primer-5 and primer-4 products. The methylphosphonate substitution in MP-1 (marked by
an asterisk) strongly inhibits extension of the nearby 3’ OH group by telomerase, causing the loss of the “+3” product as well as the “—4,” “—5,” and “—6” products.

A B

TELST ATCAGCAATGTGTGCTGTGTGGG
TELST4T : ATCAGCAATGTGTGCTGTGTGGGT
TEL52  :ATCAGCATCAGCAATGTGTGCTGTGTGGG
TEL52+T :ATCAGCATCAGCAA TGTGTGCTGTGTGGGT Primer OXYT1 HS2
dG ddG dG ddG
= -
— + .
i e P & RNase S T
Primer & o P o
= = [= s
3'nt dGddG dT ddT dG ddG dT ddT
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o
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1 2 3 4 5 6 7 8
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FIG. 7. Effects of 3’ dideoxynucleotide substitutions in the DNA primer on cleavage and extension by yeast telomerase. (A) Polymerization reactions were carried
out using 160 ng (lanes 1 to 4) or 400 ng (lanes 5 to 8) of the DNA primers (as indicated at the top of the panels) and 5 pg of the DEAE fractions. The primers bear
either a deoxy- or a dideoxynucleotide at their 3" termini. The sequences of the oligonucleotides used are shown at the top, and the GT-rich (yeast telomere-like) parts
of the oligonucleotides are underlined. (B) Polymerization reactions were carried out using 0.5 pg of the DNA primers (as indicated at the top of the panel) and 5 pug
of the DEAE fractions. The primers used in lane 3, 4, 7, and 8 bear dideoxynucleotides at their 3" ends. RNase A was added to the reactions in lanes 2, 4, 6, and 8.
Products derived from direct extension or cleavage followed by extension (cleavage derived) are indicated by vertical bars to the left of the panels. Bands unaffected
or abolished by the dideoxynucleotide substitution are indicated by closed or open circles, respectively.
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FIG. 8. Models for telomerase-mediated cleavage-extension reactions. (A) Telomerase is shown to possess two distinctive active sites for nuclease (NU) and RT
activity. Following cleavage, the RT domain can capture stochastically either the 5'-end fragment (5'F) or the 3’-end fragment (3'F) for extension. (B) Telomerase is
shown to be a dimeric enzyme containing two active sites. Each active site is bifunctional and capable of mediating both primer cleavage and extension (NU/RT).
Following cleavage of the starting primer by one of the protomers, the resulting 5'-end fragment (5'F) and 3’-end fragment (3'F) can both be extended because of the

presence of the two bifunctional active sites.

substrates for yeast telomerase than the 5’ nontelomeric cas-
settes. Similarly, the ability of yeast telomerase to extend both
of the fragments derived from cleavage of heterologous re-
peats is explained by both fragments’ ability to form a hybrid
with the RNA template and serve as a substrate for extension.

Initial studies of the Tetrahymena enzyme revealed similar-
ities between RNA polymerase-mediated transcript cleavage
and telomerase-mediated primer cleavage (5, 36). Such obser-
vations raise the interesting possibility that telomerase uses the
polymerization site to carry out the cleavage reaction. (The
evidence that RNA polymerase mediates transcript cleavage
through the polymerization active site is compelling [32]). In
this model, one would expect telomerase to extend exclusively
the 5’ fragment, because the 3'-OH group of this fragment
would be located optimally at the polymerase active site im-
mediately following cleavage. This expectation is clearly not
met by our results.

To account for the ability of yeast telomerase to extend both
the 5’ and the 3’ fragments generated by cleavage, we propose
two general models. The first model postulates two distinct
active sites for the RT and nuclease activity in a single polypep-
tide. These two active sites are flexibly positioned relative to
each other such that following the cleavage reaction, the RT
domain can stochastically interact with and extend either the
5’- or the 3’-end fragment (Fig. 8A). Existing biochemical data
suggest that the telomerase complex can interact with an ex-

tended region of the DNA primer, from the 3’ end where
polymerization takes place, to approximately 25 nt upstream.
Thus, both the 5’ and the 3’ cleavage products may remain
associated with the complex and serve as substrates for exten-
sion. This general model is consistent with an earlier study by
Greene et al. (10) showing a flexible relationship between the
nuclease and RT of telomerase. An implication of this model
is that a single complex cannot extend both cleavage products
simultaneously.

A second plausible model invokes a single active site that
mediates both cleavage and extension but postulates that yeast
telomerase is multimeric (Fig. 8B). If, for example, telomerase
is a dimer, then one protomer can be acting as a nuclease.
Following cleavage, this protomer would be ideally positioned
to extend the 5’ fragment, while the other protomer can cap-
ture the 3’ fragment for extension. In this fashion, a single
telomerase complex would be capable of elongating both
cleavage products. Consistent with this second model are re-
cently published experimental results showing that yeast telo-
merase may indeed be multimeric (30). Our two general mod-
els are not mutually exclusive, and features of both may be
combined. For example, a multimeric telomerase containing
distinct nuclease and RT active sites would also be consistent
with our experimental results. Clearly, more analysis is neces-
sary to determine the molecular coupling mechanisms between
the nuclease and RT of telomerase.
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The function of telomerase-associated nuclease remains to
be elucidated. That a nonciliate telomerase can be shown to
possess a tightly associated nuclease activity indicates that the
latter is not likely to be exclusively involved in developmentally
mediated chromosome fragmentation. Otherwise, our data are
compatible with previously proposed functions, such as en-
hancing the fidelity of DNA synthesis and enhancing elonga-
tion efficiency. Another speculative function for the nuclease is
raised by our finding that telomerase may be engaged with the
3’ fragment following cleavage (Fig. 8A). Cleavage in this case
can result in the release of the enzyme from telomeric ends and
completely abort the elongation of chromosomes. This may be
one way of negatively regulating the action of the enzyme.
(Extension of the released 3’ fragment would not appear to
have any physiologic significance and may simply be an unin-
tended consequence of the cleavage reaction.) Continued anal-
ysis of the telomerase-associated nuclease in a genetically trac-
table organism may eventually allow these proposed functions
to be tested in vivo.
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