
The regulation of telomere length is an important

process that is essential for the majority of eucaryotic cells

[1, 2]. Telomeric DNA is elongated by a telomerase–

ribonucleoprotein complex that consists of telomerase

RNA, telomerase reverse transcriptase, and a number of

other subunits necessary for regulation of telomerase

activity in vivo [3, 4].

The components of Saccharomyces cerevisiae telom�

erase are now supposed to include TLC1 (telomerase

RNA), Est2p (telomerase reverse transcriptase), and Est1p

(accessory protein containing RRM motifs and responsible

for binding of single�stranded nucleic acids) [4�6]. Est3p is

another possible component of yeast telomerase complex,

but the function of this protein is not still defined [7].

Telomerase activity is influenced by many telomere�

associated proteins: Cdc13p [8], Rap1p [9], Rif1p, Rif2p

[10], Tel2p [11], Stn1p [12], Pif1p [13], and Ku70/Ku80

[14]. None of them are actually telomerase components

as these proteins could not be coimmunoprecipitated

with telomerase.

It was recently shown that telomerase�mediated

telomere synthesis in yeast depends on DNA polymeras�

es α and δ [15]. However, it remained unknown whether

they interact with telomerase complex directly or indi�

rectly and how strong such interaction might be.

Our previous in vitro studies of the functional prop�

erties of yeast telomerase [16] revealed DNA�dependent

DNA polymerase activity in a partially purified fraction

of telomerase complex that might be evidence of a tighter

interaction of one of the DNA polymerases with telom�

erase than was supposed before. To prove this, the proce�

dure of telomerase purification used before was modified

and an additional affinity purification step was added.

Using an affinity tagging method, we have obtained a

number of yeast mutants synthesizing Est2p with c�myc

epitopes at the carboxyl terminus under control of native

promoter. Precipitation of the telomerase by Myc anti�

bodies showed that telomerase complex indeed contains

associated DNA�dependent DNA polymerase activity.

Investigation of the biochemical properties of this activi�

ty allowed us for the first time to suggest association of

DNA polymerase δ with telomerase in vitro.

MATERIALS AND METHODS

Est2p affinity tagging with c�myc epitopes. To intro�

duce 10 c�myc epitopes into the carboxyl terminus of

Est2p we used a strategy based on a double crossingover

event between DNA fragments flanked by two homolo�

gous regions [17]. For this purpose total DNA of JD833

(MATa pep4::HIS3 Nuc1::LEU2 trpD1 ura3�52 leu2

his3) was used as a template for PCR amplification with

primers E2S7 (5′�CCGTAAGCTCCCAATCAG�3′) and

E2D500 (5′�CGCCATGGGTAAGGCATTAGAAACT�

TTCG�3′). The PCR fragment was cloned into SmaI�
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digested M13mp18. The resulting construct MEP1 was

used for Kunkel site�directed mutagenesis [18] for intro�

duction of a SmaI site before the EST2 stop codon. This

site was used for cloning of a DNA fragment containing

10 tandem repeats of c�myc epitopes and a TRP marker.

Such fragment was PmeI/SmaI cut from pFA6a�10myc�

TRP [19] that was kindly presented by N. Faergemann

(South Denmark University, Odense). Subsequent site�

directed mutagenesis resulted in insertion of a TEV�pro�

tease cleavage site between the Est2p carboxyl terminus

and c�myc epitopes (E2�mut3 5′�GCATATATAT�

ATATATACATATCCGAGAATCTTTATTTTCAGGA�

GAACGGTGAACAAAAGC�3′).

The resulting construct MEM4 was used to obtain cor�

responding linear fragment by PCR amplification using

primers E2S7 and E2D500. Strain JD833 of Saccharomyces

cerevisiae was transformed by this PCR�fragment [20].

Transformants were analyzed by PCR�screening and

immunoblotting of total cell lysates using Myc antibodies

(9E10). Thus, strain JD833M4 was constructed.

Isolation and purification of telomerase. Cell�free

extract preparation, centrifugation in glycerol gradient,

and DEAE chromatography were performed as described

elsewhere [16, 21, 22]. The telomerase complex was

immunoprecipitated by Sepharose�immobilized Myc

antibodies at 4°C. The telomerase�containing fraction

after DEAE�chromatography was loaded onto the equili�

brated column at the rate of 0.5 ml/min, washed with

TMG150�5 buffer (50 mM Tris�HCl, pH 7.5, 150 mM

sodium glutamate, 1.2 mM MgCl2, 0.1 mM EDTA,

0.1 mM EGTA, 5% glycerol, v/v). TEV�protease was

diluted with 200 µl TMG150�5 buffer to the final con�

centration 0.25 unit/µl, loaded onto the column, and

incubated for 10 h.

Telomerase activity assay. A sample of extract (2�

25 µl) was incubated with 1 µM of the corresponding

primer in buffer containing 10 mM Tris�HCl, pH 7.8,

1 mM MgCl2, 1 mM DTT, 50 µM dTTP, and 50 µM α�

[32P]dGTP (3000 Ci/mmol) for 30 min at 30°C. RNAse A

solution (1 µl, 10 mg/ml) was added to the mixture which

was then incubated for another 30 min at 37°C. Primer

elongation products were separated by electrophoresis in

12% denaturing polyacrylamide gel.

DNA�dependent DNA polymerase activity assay.
DNA�dependent DNA polymerase activity was assayed

in the presence of the oligonucleotides listed in the table

under the conditions described above for telomerase assay

besides the presence of 50 µM dATP. The products of

elongation were separated in 12% polyacrylamide gel and

visualized on a Phosphor Imager SI apparatus (Molecular

Dynamics). The level of the activity was calculated using

ImageQuant 5.0 software (Molecular Dynamics).

To test biochemical properties of the telomerase�

associated DNA polymerase activity, a mixture of 50 µM

oligonucleotides T7 (5′�ATTATGGACTCACTATAG�3′)
and 3837 (5′�GGCCATACAACTCCTTCCCTATAGT�

GAGTCGTATTA�3′) were annealed at 70°C in buffer

containing 10 mM Tris�HCl, pH 7.8, 1 mM MgCl2,

40 mM NaCl, 1 mM DTT. Then 4 µl of the mixture was

incubated in the presence of 830 µM dTTP, dCTP, dATP,

1 µl α�[32P]dGTP (3000 Ci/mmol), and 10 µl extract for

30 min at 37°C. Primer elongation products were separat�

ed in 15% denaturing polyacrylamide gel and visualized

on the Phosphor Imager SI. Specific inhibition reaction

of the DNA�dependent DNA polymerase activity was

performed at the presence of 333 mM NaCl, or 80 mM

MgCl2, or 1 µl 150 µM ddTTP. 

Deletion of the telomerase RNA gene. To delete the

telomerase RNA gene we used a strategy [20] similar to

that described above. The PCR�amplified DNA fragment

(TR500 5′�GGTGGCATCTATAAGAGC�3′ and TR28

5′�CAGTAAATATTAAGAGGCATACC�3′) was cloned

into AvaI�digested pUC19 and blunt�ended by Klenow

fragment of DNA�polymerase I. The resulting vector was

cut by AflII and used for cloning of the DNA fragment

containing the TRP marker of K. lactis from PvuII and

SmaI digested pGBT9. Thus obtained DNA (pYTR +

TRP) was used to synthesize a linear PCR fragment for

yeast transformation. Deletion of TLC1 was checked

both with PCR and Northern blot analysis.

RESULTS AND DISCUSSION

Est2p affinity tagging. Earlier we applied the strategy

of two�step purification of the yeast telomerase complex

by glycerol gradient ultracentrifugation of the cell�free

extract followed by anion�exchange chromatography

[16]. The telomerase purification degree of this method

was about 5·103, which was insufficient for investigation

No.

1

2

3

Primary structure of oligonucleotides, 5′�3′

TTTTCACCATCTCCCTATAGTGAGTCGTATTA

TTTTCACCCATCTCCCTATAGTGAGTCGTATTA

TTTTCACCCCATCTCCCTATAGTGAGTCGTATTA

Length, b.p.

32

33

34

Oligonucleotides elongated in RNA�independent manner
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of telomerase�associated proteins. Thus, it was necessary

to introduce an additional step for considerable enhance�

ment of the purification degree.

In the last several years introduction the affinity epi�

topes to the protein of interest (affinity tagging) has been

widely applied as a method for investigation of large pro�

tein and RNA containing complexes [23]. Affinity epi�

topes represent the protein domains (for instance, IgG�

binding domain of Staphylococcus aureus protein A [24,

25], glutathione�S�transferase of Schistosoma japonicum

[26], chitin� or maltose�binding domain [27�29]), or

short peptides (7�20 amino acids): human c�myc (Myc)

epitope [29], influenza virus hemagglutinin (HA) epitope

[30]. The presence of such epitopes allows mild and rapid

purification of both tagged protein and associated factors

(other proteins or nucleic acids).

We applied this strategy to yeast telomerase complex.

Ten tandem Myc epitopes were introduced at the carboxyl

terminus of the Est2p [29]. As a result, we obtained the

strain JD833M4 that expressed modified EST2 under

control of the native promoter (Fig. 1). The affinity epi�

topes were separated from the protein of interest by TEV

protease cleavage site. Despite low level of EST2 gene

expression, this approach allowed visualization of Est2p

directly in cell�free lysates by the immunoblotting

method, thus greatly simplifying the procedure of isola�

tion and purification of the telomerase complex.

Isolation of telomerase complex. We performed total

cell�free extract preparation using JD833M4 strain as

described [16, 22]. Then S100 extract was fractionated

subsequently using glycerol gradient ultracentrifugation

and DEAE chromatography. Active telomerase fractions

were identified by telomerase assay and Northern blot

analysis to reveal the presence of telomerase RNA.

Then we carried out affinity chromatography of par�

tially purified complex using Sepharose�immobilized

antibodies to Myc (9E10). Affinity epitope was separated

from the carboxyl terminus of Est2p by the Tobacco Etch

Virus (TEV) protease recognition site that allowed elution

of the complex under native conditions [31]. TEV pro�

tease itself carries seven histidine residues at the C�termi�

nus, so it was removed from the eluate by NiNTA chro�

matography (Fig. 2). The degree of telomerase complex

purification calculated as ratio of the total protein quan�

tity before the first stage to protein quantity after the last

stage was about 5·106.

DNA polymerase activity is associated with telomerase
in vitro. Telomeric DNA replication results from telom�

erase elongation of the 3′ terminus of the G�strand and C�

strand synthesis carried out by DNA�dependent DNA

polymerases involved in lagging strand synthesis [32]. In

fact, participation of DNA polymerases α and δ in telom�

erase�dependent telomere homeostasis was demonstrated

in vivo in a clever manner [15]. Taking into account the

fact that synthesis of leading and lagging strands during

genome replication should be strictly coordinated, one

could suppose that DNA polymerase carrying out C�

strand synthesis is associated with the telomerase complex.

Indirect evidence supporting this hypothesis was

based on telomerase�dependent addition of telomeric

repeats to non�telomeric substrates by partially purified

telomerase fraction [16]. It was shown that telomeric and

some non�telomeric oligonucleotides were substrates for

the yeast enzyme, and their elongation occurred in an

RNA�dependent manner. But further, we found that

some non�telomeric substrates are effectively elongated

even after RNAse A digestion of the telomerase active

fraction (Fig. 3a).

Fig. 1. Est2p affinity tagging. a) Schematic representation of the wild�type (strain JD833) and fusion protein (strain JD833M4); b) western

blot of the cell free lysates from the strains JD833 and JD833M4 using antibodies to Myc. Arrows indicate the position of the molecular

weight markers.
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The elongation spectrum of such oligonucleotides

depended on dATP (besides commonly used in telom�

erase assay dTTP, dGTP). We carried out computer

analysis of these oligonucleotides and sequenced the

products of elongation by the Maxam–Gilbert method

[33]. The combination of these two methods showed that

these oligonucleotides were able to form partial duplexes

due to self�complement interactions (Fig. 3b). Two dif�

ferent structures with 5′ overhangs can be formed and are

substrates for DNA�dependent DNA synthesis.

It is known that deletion of each yeast telomerase

component leads to telomerase inactivation in vivo and in

the case of TLC1 and Est2p in vitro [34, 35]. Such event

is possibly caused by the dissociation of the factors asso�

ciated with the wild�type complex. That is why, to check

the hypothesis of the association between DNA�poly�

merase and telomerase, we constructed the strain JD833

∆tlc1 with deleted telomerase RNA gene (TLC1) and

comparatively analyzed glycerol gradient mobility and

DEAE�chromatography elution conditions of activity

while investigating the mutant and wild�type strains.

As expected, telomerase activity was not detected in

the extract prepared from mutant cells; nevertheless,

RNA�independent elongation of non�telomeric oligonu�

cleotides (table) was still detectable after partial purifica�

tion in both cases. However, the position of the activity

peak was changed comparing the mutant and wild�type

strains (Fig. 4, a and b). Thus, it was shown that DNA�

dependent DNA polymerase activity was dependent on

telomerase composition and did not simply co�purify

with it.

kD

200 →

← 28

a b

97 →

67 →

45 →

30 →

1       2      3 E      R

Fig. 3. a) RNA�independent elongation of non�telomeric oligonucleotides. The numbers of the lanes correspond to the numbers of the

oligonucleotides listed in the table; + and – mean preliminary RNAse A digestion or the absence of it, accordingly; b) proposed duplex

structures. Arrows indicate the direction of the DNA synthesis. The unbolded bases are supposed to be eliminated before the synthesis

occurs.

a

40 →

23 →

5' TTTTCACCCCATCTCCCTATAGTGAGTCG TATTA

TATGCTGAGTG ATATCCCTCTACCCCACTTTT 5
AT

b

5' TTTTCACCCCATCTCCCTATAG
TGAGTCGTATTA

GATATCCCTCTACCCCACTTTT 5'
ATTATGCTGAGT

—  —  —  +   +  +
1   2   3   1   2  3RNAse A

Fig. 2. Affinity chromatography of the telomerase complex on

Sepharose�immobilized Myc antibodies. a) Western blot of the

different fractions: 1) crude S100 extract; 2) fraction bound to

the affinity resin; 3) fraction remaining bound to the affinity

matrix after TEV�protease cleavage. Arrows point the position

of the molecular weight markers; b) telomerase activity in frac�

tions after immunoprecipitation. E, activity eluted by TEV

protease treatment; R, the activity remaining bound to the

affinity resin after TEV�cleavage. The arrow corresponds to the

position of the oligonucleotide used in the telomerase assay.

′′



It is known that reverse transcriptases can use a DNA

strand as a template, demonstrating properties of DNA�

dependent DNA polymerase [36]. One could suggest that

telomerase reverse transcriptase Est2p can act as a DNA�

dependent DNA polymerase elongating non�telomeric

substrates in RNA�independent manner. To check this

hypothesis, we used Saccharomyces cerevisiae strains with

deleted genes of telomerase components est1, est2, and

DNA�DEPENDENT DNA POLYMERASE ASSOCIATED WITH TELOMERASE 1365
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Fig. 4. Telomerase is associated with DNA�dependent DNA polymerase activity. a) DNA�dependent DNA polymerase activity profile of

the glycerol gradient fractionating of lysates prepared from wild�type (wt) and ∆tlc1 cells. Fraction numbers correspond to increasing glyc�

erol concentration from 15 to 40%; b) DNA�dependent DNA polymerase activity profile after DEAE�chromatography of the lysates pre�

pared from wild�type (wt) and ∆tlc1 cells. Fraction numbers correspond to increasing salt concentration from 50 to 1000 mM. The ordi�

nate axis represents relative activity calculated by ImageQuant 5.0 software.
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Fig. 5. Distribution of telomerase RNA and specific telomerase�associated DNA�dependent DNA polymerase activity after fractionating

lysates prepared from wild�type cells (wt) and mutant cells (mut) with deleted genes encoding for telomerase protein components: est1,

est2, est3. a, b) Northern blot analysis of TLC1 presence in the different fractions. M, T7�transcript of TLC1 gene. Numbers represent frac�

tion numbers and increase according to the concentration of the glycerol (a) or sodium acetate (b); c, d) distribution of the specific telom�

erase associated DNA�dependent DNA polymerase activity during the fractionating of S100 extracts isolated from wild�type or double

(triple) mutants in glycerol gradient (c) or DEAE chromatography (d). The abscissa axis represents the number of fractions; the ordinate

axis, relative activity calculated by the ImageQuant 5.0 program.



est3 that were kindly given by P. Donini (University di

Roma La Sapienza, Italy). These strains were used for

extract preparation followed by ion�exchange chro�

matography and glycerol gradient centrifugation consec�

utively. All isolated fractions were subjected to the

Northern blot analysis to detect the presence of telom�

erase RNA and assayed for DNA�dependent DNA poly�

merase activity as described before (Fig. 5).

Deletion of each of telomerase RNP protein compo�

nents shifts the TLC1 peak [22]. However, as in the case

of TLC1 deletion, DNA�dependent DNA polymerase

activity was not abolished but the corresponding fraction

did not coincide with the telomerase RNA fraction. Thus,

detected DNA�dependent DNA polymerase activity

seemed to be due to the enzymatic activity of a single pro�

tein (or protein complex) which dissociates from telom�

erase in case of deletion of telomerase RNP components.

DNA polymerase δδ is possibly associated with telom�
erase complex. Results presented above raise the question

of which of the known DNA polymerases might be asso�

ciated with telomerase. This task can be solved using anti�

bodies to different yeast DNA polymerases or utilizing

the corresponding thermo sensitive mutant strains. There

is another approach that is reliable enough based on the

known differences in the enzymatic properties among the

now characterized yeast DNA polymerases [37]. We car�

ried out ordinary DNA polymerase assay using telom�

erase isolated by the three�step purification scheme

described above (Fig. 6).

It turned out that this kind of DNA�dependent DNA

polymerase activity is unable to initiate DNA synthesis de

novo (lane 2), poorly inhibited by increasing ionic

strength (lane 3), fully eliminated by increased Mg2+ con�

centration (lane 4), and not inhibited by 2′,3′�
dideoxythymidine�5′�triphosphate (lane 5). Among the

reasonably well�characterized DNA polymerases, only

DNA polymerase δ possesses all these properties [37].

However, we cannot exclude the possibility that

telomerase is associated with a special DNA polymerase.

This enzyme could be functionally similar to the DNA

polymerase δ and is supposed to be responsible exclusive�

ly for telomeric DNA replication (C�strand synthesis). It

would not be extremely surprising because the number of

known specialized DNA polymerases has grown rapidly

during recent years [38�40].

This kind of an association of a DNA polymerase

activity with telomerase complex in vitro was shown here

for the first time. Perhaps there is a much tighter connec�

tion among different proteins and RNPs participating in

telomere homeostasis than was thought before. The diver�

sity of the functional activities of the telomerase suggests

the complexity of the structural organization of the com�

plex that still remains to be investigated.
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