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In Saccharomyces cerevisiae, the essential gene CDC13 encodes a telomeric single-stranded DNA-binding protein 
that interacts with Stn1p and Ten1p genetically and physically, and is required for telomere end protection and te-
lomere length control. The molecular mechanism by which Ten1 participates in telomere length regulation and chro-
mosome end protection remains elusive. In this work, we observed a weak interaction of Cdc13p and Ten1p in a gel-
filtration analysis using purified recombinant Cdc13p and Ten1p. Ten1p itself exhibits a weak DNA-binding activity, 
but enhances the telomeric TG1-3 DNA-binding ability of Cdc13p. Cdc13p is co-immunoprecipitated with Ten1p. 
In the mutant ten1-55 or ten1-66 cells, the impaired interaction between Ten1p and Cdc13p results in much longer 
telomeres, as well as a decreased association of Cdc13p with telomeric DNA. Consistently, the Ten1-55 and Ten1-66 
mutant proteins fail to stimulate the telomeric DNA-binding activity of Cdc13p in vitro. These results suggest that 
Ten1p enhances the telomeric DNA-binding activity of Cdc13p to negatively regulate telomere length.
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Introduction

Telomeres are nucleoprotein structures that protect 
the ends of linear chromosomes from nucleolytic deg-
radation and end-to-end fusion [1, 2]. They are usually 
elongated by the specialized reverse transcriptase, telom-
erase, which is composed of a catalytic subunit and an 
RNA template [3]. Besides telomerase, many other pro-
teins and their complexes are involved in telomere main-
tenance [4]. In Saccharomyces cerevisiae, Est1p, Est2p, 
Est3p, Tlc1 and Cdc13p are necessary for the in vivo te-
lomerase activity [4], although only Est2p and Tlc1, the 
catalytic and RNA subunits of telomerase, respectively, 
are required for the in vitro telomerase activity [5-7]. 

The 3′ end of telomeric DNA usually exists as a sin-
gle-stranded G-rich overhang (also called G-tail) [8]. In S. 
cerevisiae, the 3′ overhang of telomere is bound and pro-
tected by an RPA-like trimeric protein complex of Cd-
c13p/Stn1p/Ten1p [9]. Cdc13p, a 105-kDa protein, binds 
single-stranded telomeric TG1-3 DNA specifically both 
in vitro [10, 11] and in vivo [12, 13]. The DNA-binding 
domain of Cdc13p resides in a 187-amino acid fragment 
from the amino acid 500 to 686 [14-18]. The binding of 
Cdc13p to telomere ends protects telomeres from nucle-
ase attack [10]. In addition, Cdc13p has been shown to 
interact with Est1p to mediate telomerase recruitment [19, 
20].

Stn1p was identified by a genetic screening for mul-
ticopy suppressors of the cdc13-1 mutation [21]. Like 
cdc13-1 mutant [22], the stn1-13 cells accumulate single-
stranded subtelomeric DNA at the restrictive temperature 
of 37 °C [21]. Mutation of STN1 increases telomere 
length [21, 23]. Stn1p interacts with Cdc13p in the yeast 
two-hybrid analysis [16, 21, 23-26]. Recently, studies on 
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the separation-of-function alleles of STN1 revealed that 
the N-terminus of Stn1p interacts with Ten1p and carries 
out its essential capping function, while the C-terminus 
of Stn1p binds both Cdc13p and Pol12p to limit continu-
ous telomerase action for telomere length regulation [24, 
26].

Ten1p, a conserved single-stranded telomeric DNA-
binding protein, interacts with both Stn1p and Cdc13p 
[23, 27]. Genetic studies showed that co-overexpression 
of Stn1p and Ten1p rescues the telomere defects of 
cdc13-1 mutant [23, 25]. Some mutants of TEN1 exhibit 
longer telomere and some temperature-sensitive mutants 
of TEN1 arrest at G2/M via activation of the Rad9-de-
pendent DNA damage checkpoint, and they accumulate 
single-stranded DNA in telomeric regions [23]. Stn1-
13 mutant protein fails to interact with Ten1p, which is 
responsible for the long telomere phenotype of stn1-13 
mutant cells [23]. By a yeast two-hybrid assay, Ten1p 
was shown to interact with Cdc13p [23]. These lines of 
evidence indicate that Cdc13p/Stn1p/Ten1p complex 
plays an essential role in telomere protection and length 
regulation [23]. However, how Ten1p contributes to 
telomere replication remains elusive. In this work, we 
have used both biochemical and genetic approaches to 
examine the interaction between Ten1p and Cdc13p. Our 
results indicate that Ten1p interacts with Cdc13p to pro-
mote its TG1-3 DNA-binding activity. 

Results

Ten1p interacts with Cdc13p or Stn1p when they are co-
overexpressed in insect cells

Cdc13p, Stn1p and Ten1p were suggested to geneti-
cally and/or physically interact with each other to form a 
complex [9, 16, 21, 23, 25]. However, the direct interac-
tion between Cdc13p and Ten1p has not been elucidated. 
Since we have obtained the recombinant baculovirus ex-
pressing Cdc13p [18], we generated recombinant baculo-
viruses for His-tagged Stn1p and Ten1p, and co-overex-
pressed these three proteins in the insect cell line of Sf9. 
The infection or co-infection of insect cells resulted in 
the overexpression or co-overexpression of Ten1p, His-
tagged Stn1p and/or His-tagged Cdc13p, as detected by 
western blot using anti-Ten1p (Figure 1A, lower panel) 
or anti-Cdc13p, anti-Stn1p antibodies (Figure 1A, up-
per panel). Although the antibodies against Ten1p, Stn1p 
and/or Cdc13p cross-reacted with some proteins (indi-
cated by asterisks in Figure 1A) in insect cells, the dis-
tinct bands of Ten1p, Stn1p and/or Cdc13p, which were 
not detected in the crude extract of insect cells, were 
observed (indicated at the right of Figure 1A). Similar 
levels of Ten1p expression were seen in the cell lysates 

with or without co-expressed Cdc13p (Figure 1A, lane 
4, 7, 8) and/or Stn1p (Figure 1A, lane 4, 6, 8). To detect 
the physical interaction between Cdc13p and Ten1p, or 
between Stn1p and Ten1p, we used Ni-NTA beads to pull 
down His-tagged Cdc13p and/or His-tagged Stn1p, and 
examined the presence of non-tagged Ten1p when Ten1p 
was co-overexpressed with His-tagged Cdc13p and/or 
His-tagged Stn1p (Figure 1B, lane 2, 3 and 4). Ten1p 
was co-purified with Cdc13p (lane 2 and 4) and/or Stn1p 
(lane 3 and 4). These results suggest that Ten1p interacts 
with both Cdc13p and Stn1p, consistent with the previ-
ous report [23].

Purification of recombinant Ten1p from Escherichia coli
To validate the interaction between Ten1p and Cd-

c13p, we tried to further purify the Cdc13p/Ten1p com-
plex from insect cells. However, the Cdc13p/Ten1p com-
plex was not stable, and disassembled in the following 
Q sepharose ion exchange column (data not shown). We 
then turned to purify recombinant Ten1p from E. coli, 
and anticipated that we should be able to analyze their 
interaction with purified recombinant proteins. The His-
tagged Ten1p was overexpressed in E. coli and purified 
to near homogeneity with affinity chromatography and 
ion exchange chromatography on Ni-NTA and heparin 
agarose columns, respectively (Figure 1C, and see Ma-
terials and Methods). The purified recombinant Ten1p 
(Figure 1C, lane 4) was concentrated to 400 ng/µl for 
further characterization.

Previous study has shown that Ten1p could bind te-
lomeric DNA by itself at micro-molar level [9]. We also 
examined the DNA-binding activity of recombinant 
Ten1p with electrophoretic mobility shift assay (EMSA) 
using a single-stranded telomeric TG1-3 DNA probe. In 
contrast to Cdc13p, which could bind telomeric single-
stranded TG1-3 DNA at nano-molar level (Figure 3A) 
[18], Ten1p seemed not to bind telomeric single-stranded 
TG1-3 DNA until its concentration reached 6.5 µM (Figure 
1D). 

Purified recombinant Cdc13p and Ten1p interact with 
each other in vitro

In order to examine a direct interaction between Ten1p 
and Cdc13p, we purified His-tagged recombinant Cd-
c13p from the insect cells (Figure 2A) [18]. The molecu-
lar mass of purified recombinant Cdc13p was estimated 
in an analytical Superdex 200 (10/300) (Amasham phar-
macia) gel-filtration column, which was calibrated with 
protein standards including Ferrin (440 kDa), Albumin 
(66 kDa), Ovalbumin (43 kDa) and Ribonuclease A (13.7 
kDa) (Figure 2B). It appeared that the elution of Cdc13p 
peaked at fraction 19 (Figure 2B, upper panel), which 
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Figure 1 Physical interaction between Cdc13p and Ten1p in insect cells. (A) Co-overexpression of Cdc13p, Stn1p and Ten1p 
in Sf9 cells. Sf9 cells were infected or co-infected with Cdc13, Stn1 and/or Ten1 recombinant baculoviruses. The expression 
of three proteins was detected by western blot with both anti-Cdc13p and anti-Stn1p antibodies (upper panel) or anti-Ten1p 
antibodies (lower panel). The non-specific cross-reaction bands are indicated with asterisks. The protein standards are in-
dicated on the left of the Figures. (B) Co-pull down Ten1p with His-tagged Stn1p or His-tagged Cdc13p. Sf9 cells were co-
infected with Cdc13/Ten1 viruses, Stn1/Ten1 viruses or Cdc13/Stn1/Ten1 viruses, and Stn1p and Cdc13p were pulled down 
with Ni-NTA affinity beads. The proteins retained in the beads were examined by western blot with anti-Cdc13p and anti-St-
n1p antibodies (upper panel), or anti-Ten1p antibodies (lower panel). (C) Purification of His-tagged Ten1p. His-tagged Ten1p 
was overexpressed in E. coli, and purified through chromatography on Ni-NTA and Heparin agarose as described in Materials 
and Methods. The recombinant Ten1p was examined by Coomassie blue-stained SDS-PAGE (upper panel) and western blot 
with anti-Ten1p antibodies (lower panel). (D) Binding of Ten1p to single-stranded telomeric TG20 DNA. The purified Ten1p at 
different concentrations (indicated on top of the gel) was incubated with 2.4 nM of 32P labeled TG20, and its DNA-binding ac-
tivity was examined by electrophoretic mobility shift assay (EMSA) as described in Materials and methods. 
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corresponds to a molecular weight of ~400 kDa, suggest-
ing that Cdc13p might form an oligomer, e.g., tetramer. 
We used either high salt (e.g., 1 M NaCl) or 1% Triton 
X-100 to treat Cdc13p, and these treatments could not 
change the behavior of Cdc13p in the gel-filtration as-
say. The purified recombinant Ten1p was also subjected 
to the same gel-filtration column, and the results showed 
that Ten1p was mainly eluted at fractions 30-32 (Figure 

2B, middle and lower panels), indicating that Ten1p ex-
ists as a monomer in solution.

To analyze the interaction between Ten1p and Cd-
c13p, 36 µg of purified recombinant Ten1p (Figure 1C) 
and 204 µg of purified recombinant Cdc13p (Figure 2A) 
were incubated on ice for 2 h, and loaded on the same 
analytical Superdex 200 gel-filtration column, and the 
column was developed as was done with Cdc13p or 

Figure 2 Co-fractionation of purified recombinant Cdc13p and Ten1p. (A) Purification of recombinant Cdc13p in insect cells 
(Sf9). His-tagged Cdc13p was overexpressed and purified on Ni-NTA affinity chromatography as described previously [18], 
and examined by Coomassie blue-stained SDS-PAGE. (B) Gel-filtration analysis of purified recombinant Cdc13p and Ten1p 
(see Materials and Methods). A total of 204 µg of the purified recombinant Cdc13p (upper panel) or 36 µg of the purified re-
combinant Ten1p (middle and lower panels) was loaded onto a Superdex 200 size exclusion column, and the elution of the 
Cdc13p or Ten1p was examined by Coomassie blue-stained SDS-PAGE (upper and middle panels) and western blot with anti-
Ten1p antibodies (lower panel). (C) Co-fractionation of Ten1p with Cdc13p in a gel-filtration analysis. A total of 204 µg of the 
recombinant Cdc13p and 36 µg of the recombinant Ten1p (molecular ratio of Cdc13p:Ten1p is 1:1) were incubated and sub-
jected to the same Superdex 200 column, and elution of both Cdc13p and Ten1p were examined by western blot with anti-
Cdc13p (upper panel) and anti-Ten1p (lower panel) antibodies, respectively. The calibration of the Superdex 200 gel-filtration 
column was performed with protein standards including Ferrin (440 kDa ①), Albumin (66 kDa ② ), Ovalbumin (43 kDa ③) and 
Ribonuclease A (13.7 kDa ④), which are indicated on the tops of the panels. The number on the top of each panel indicates 
the elution fractions.
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Figure 3 Ten1p stimulates the DNA-binding activity of Cdc13p. (A) and (C) Ten1p promotes the binding activity of Cdc13p 
to TG20 (A) and TG15 DNA (C). In the upper panel, the purified Cdc13p at different concentrations as indicated on top of 
the gel was incubated with 2.4 nM of 32P-labeled TG20 (A) or TG15 (C) and their binding activity were examined by EMSA 
as described in Materials and Methods. In the middle panel, 2.4 nM of 32P-labeled TG20 (A) or TG15 (C), the purified Ten1p 
(2.8 µM) and Cdc13p at different concentrations (indicated on top of the gel) were incubated, and the protein-DNA complexes 
were examined by EMSA. In the lower panel, comparison of the TG DNA-binding affinity of Cdc13p with (▲) or without (■) 
Ten1p. The intensity of bands corresponding to free DNA and protein-DNA complex in each lane was quantified using Scion 
Image software. A nonlinear regression equation (Graph Pad Prism software) was used to plot the upper and middle graphs. 
The curve for Cdc13p (■) was deduced from upper panel, and the curve for Cdc13p in the presence of Ten1p (▲) was de-
duced from middle panel. Kds, which represent the equilibrium binding constants, were automatically generated in the soft-
ware program. (B) A total of 8 nM of Cdc13p and different concentration of Ten1p were used. (D) Interaction between Cdc13p 
and Ten1p in the presence of TG15 DNA. In total, 100 µg of the purified recombinant Cdc13p, 252 µg of the purified Ten1p 
and 10 µg of TG15 DNA (molecular ratio of Cdc13p:Ten1p:TG15 is 1:14:2) were incubated and subjected to Superdex 200 
column. The elution fractions were examined by western blot with anti-Cdc13p antibodies (upper panel) and anti-Ten1p anti-
bodies (lower panel).
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Ten1p. In contrast to Ten1p alone (Figure 2B, middle 
and lower panels), an additional small peak of Ten1p ap-
peared around the fraction 19 (Figure 2C, lower panel) 
where Cdc13p was eluted (Figure 2C, upper panel), indi-
cating that Ten1p was co-eluted with Cdc13p. These data 
suggest that Ten1p and Cdc13p interact with each other 
to form a complex. However, only a small portion of 
the recombinant Ten1p formed a complex with Cdc13p 
(Figure 2C), indicating that the Cdc13p/Ten1p complex 
reconstituted in vitro is not stable.

Ten1p promotes the DNA-binding activity of Cdc13p in 
vitro

Since Ten1p binds telomeric DNA poorly (Figure 1D), 
and interacts with Cdc13p directly (Figure 2C), it is pos-
sible that Ten1p-Cdc13p interaction affects the telomeric 
DNA-binding activity of Cdc13p. To test this possibil-
ity, we examined the DNA-binding activity of Cdc13p 
in the presence of recombinant Ten1p. Strikingly, Ten1p 
enhanced the TG1-3 DNA-binding affinity of Cdc13p. In 
the absence of Ten1p, the Cdc13p-TG20 complex was 
detected when the Cdc13p concentration was at 4.6 nM 
(Figure 3A, lane 5). The equilibrium binding constant 
(Kd) of Cdc13p for TG20 is about 28.6 nM (Figure 3A 
upper and lower panels). In contrast, in the presence 
of 2.8 µM of Ten1p, the concentration at which Ten1p-
DNA interaction was not detected, the Cdc13p-DNA 
complex was observed when Cdc13p was at 0.5 nM 
(Figure 3A middle panel, lane 2). The Kd of Cdc13p for 
TG20 reduced ~10-fold to 2.9 nM (Figure 3A middle 
and lower panels). A total of 4.6 nM of Cdc13p could 
completely shift 2.4 nM of TG20 when the Ten1p con-
centration was at 2.8 µM (Figure 3A middle panel, lane 
5). Consistently, 8 nM of Cdc13p could shift most of the 
2.4 nM of TG20 when the Ten1p concentration was at 
0.22 µM (Figure 3B, lane 4). Because Ten1p is about 18 
kDa, it is hard to tell whether the shifted protein-DNA 
complex (Figure 3A middle panel) contained Ten1p or 
not. Therefore, it remains possible that Cdc13p-Ten1p in-
teraction promotes the DNA-binding activity of the pro-
tein complex. The stoichiometry of Cdc13p, Ten1p and 
TG20 oligo DNA was complicated by Cdc13p tetramer 
formation, weak Cdc13p-Ten1p interaction and different 
Cdc13p-TG20 complexes. 

To further address whether Ten1p affects the DNA-
binding activity of Cdc13p, we used TG15 oligo to 
examine Cdc13p activity, because 15-mer oligo is an op-
timal substrate for Cdc13p binding [18], and the binding 
of Cdc13p to TG15 would leave little space on DNA for 
Ten1p binding. When TG15 was substituted for TG20, 
the Kd of Cdc13p for TG15 is 4.9 nM in the presence of 
2.8 µM of Ten1p (Figure 3C middle and lower panels), 

which is ~fivefold lower than the Kd of Cdc13p alone 
for TG15 (Figure 3C upper and lower panels). Interest-
ingly, the pattern of the Cdc13p-TG15 complex (Figure 
3C) was different from that of Cdc13p-TG20 (Figure 
3A), and the nature of these multiple complexes is not 
yet clear [18]. These data argue that Ten1p stimulates the 
DNA-binding activity of Cdc13p, and the DNA-binding 
activity of Ten1p is unlikely to contribute to the increase 
of the DNA-binding activity of the protein complex. 

We also performed gel-filtration assay to examine the 
ternary complex formation of Ten1p-Cdc13p-DNA. The 
mixture of Ten1p/Cdc13p/TG15 at a molecular ratio of 
14:1:2 was analyzed on the Superdex 200 analytical gel-
filtration column, and the elution of Cdc13p and Ten1p 
was examined by western blot. In addition to an apparent 
peak at fraction 32, Ten1p was also co-fractioned with 
Cdc13p (Figure 3D lower panel) that peaked at fraction 
18 (Figure 3D upper panel), but the amount of Ten1p 
co-eluted with Cdc13p (fractions 18 to 20) was not in-
creased by the TG15 DNA (compare Figure 3D with Fig-
ure 2C). The same result was observed when TG20 was 
used (data not shown). These data support the argument 
that Ten1p interacts with Cdc13p to promote the telo-
meric single-stranded DNA-binding activity of Cdc13p. 

 Because the DNA-binding domain of Cdc13p (451-
693) had been purified (Figure 4A, right panel) [16, 18], 
we carried out an EMSA assay with purified Cdc13(451-
693)p in the presence of 2.8 µM of Ten1p (Figure 4B), 
the concentration at which Ten1p-DNA interaction was 
not detected. The Kds of Cdc13(451-693)p for TG20 
are 28.6 and 19.3 nM, respectively, in the absence and 
presence of 2.8 µM of Ten1p (Figure 4C), and they are 
comparable to that of full-length Cdc13p (28.6 nM) (Fig-
ure 3A). These results indicate that the DNA-binding 
activity of Cdc13(451-693)p is not stimulated by Ten1p, 
and the stimulation effect of Ten1p on Cdc13p requires 
other domains in addition to the DNA-binding domain of 
Cdc13p.

Screening Ten1 mutants that confer deregulated telom-
eres by site-directed mutagenesis

To address whether the stimulation of Ten1p on 
Cdc13p DNA binding is functionally significant in vivo, 
we sought to identify the separation-of-function mutant 
allele(s) of ten1. We arbitrarily chose 21 sites in TEN1 
coding region to perform site-directed mutagenesis, and 
the mutant alleles were sequentially designated as ten1-
50 to -70 (Figure 5A and Table 1). In all cases of mu-
tagenesis, positively charged lysine (K) or arginine (R) 
was changed to negatively charged glutamate (E), and 
negatively charged glutamate (E) or aspartate (D) was 
changed to positively charged lysine (K). Non-charged 
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and aromatic side chain phenylalanine (F) and trypto-
phan (W) were changed to alanine (A) (Figure 5A and 
Table 1). The mutants, such as ten1-53 (K40E), ten1-54 
(R41E), ten1-64 (D110K) and ten1-65 (R112E), which 
could not form colonies on 5-FOA plate, were judged as 
lethal mutant, and they were not further characterized. 
The mutants that could be passaged on 5-FOA plate were 
analyzed by telomere blot (Figure 5B and Table 1). Sev-
eral mutants, i.e. ten1-55 (R47E), ten1-66 (W116A) and 
ten1-69 (D138K) exhibited significant telomere elonga-
tion (Figure 5B and Table 1); some of the mutants, in-
cluding ten1-50 (K9E), ten1-51 (K12E), ten1-56 (D50K), 
ten1-57 (F65A), ten1-58 (R71E), ten1-59 (E83K), ten1-
60 (E84K), ten1-61 (E91K), ten1-63 (F94A), ten1-67 
(F131A) and ten1-68 (K132E) showed subtle telomere 
lengthening (Figure 5B and Table 1); other mutants, 

ten1-52 (K14E), ten1-62 (R92E) and ten1-70 (R140E) 
had little or no telomere length change (Figure 5B, and 
Table 1). Interestingly, none of the ten1 mutants dis-
played any telomere shortening phenotype. Our results 
were consistent with the observation that Ten1p plays 
a negative regulatory role in telomere replication [23]. 
Because the ten1-16 (F154I) and ten1-31 (E58K/L76P/
E91V/V115A) mutants reported previously are tempera-
ture sensitive, and arrest at the G2/M phase when they are 
grown at 37 °C [23], we also examined the temperature 
sensitivity of the mutant alleles of ten1-55, -66 and -69 
that cause significant longer telomeres. In BY4742 strain, 
none of the mutants exhibited a growth defect (data not 
shown), and interestingly, in YPH499 strain, the ten1-69 
mutant exhibited a growth defect at high temperature of 
37 °C (Figure 5C).

Figure 4 Ten1p does not stimulate the DNA-binding activity of Cdc13(451-693)p. (A) Binding of Cdc13(451-693)p to single-
stranded telomeric TG20 DNA. The purified Cdc13(451-693)p (right panel) at different concentrations as indicated on top of 
the gel was incubated with 2.4 nM of 32P-labeled TG20, and their binding activity was examined as in Figure 3. (B) The effect 
of Ten1p on the binding activity of Cdc13(451-693)p to TG20 DNA. A total of 2.4 nM of 32P-labeled TG20, the purified Ten1p 
(2.8 µM) and Cdc13p(451-693)p at different concentrations (indicated on top of the gel) were incubated, and the protein-DNA 
complexes were examined by EMSA. (C) Comparison of the TG20 DNA-binding affinity of Cdc13(451-693)p with (▲) or with-
out (■) Ten1p as in Figure 3.
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Co-immunoprecipitation of Cdc13p and wild-type or mu-
tant Ten1p

To address whether Ten1p is associated with Cdc13p 
in vivo, immunoprecipitation experiments were per-
formed in the strains that carry wild-type or mutant TEN1 
and 9Myc-tagged CDC13. The polyclonal antibodies (see 
Materials and Methods) could precipitate both wild-type 

and mutant Ten1p as analyzed by western blot (Figure 
6A, upper panel). The 9Myc-tagged Cdc13p was co-
precipitated by wild-type or mutant Ten1p (Figure 6A, 
lower panel). However, the amount of Cdc13p associated 
with Ten1p in the ten1-55 or ten1-66 mutant cells was 
much less than that in wild-type cells or other tested ten1 
mutants (Figure 6A). These results indicate that Ten1p 

Figure 5 Site-directed mutagenesis of TEN1 and telomere length analysis of mutants. (A) A numerical designation of ten1 
point mutant alleles is indicated on the top of the Ten1p sequence. Telomere length phenotype is indicated by circles. (B) Te-
lomere Southern blot of ten1 mutants. The genomic DNA from two independent clones of a mutant (labeled on the top of the 
gel) was digested with PstI, and hybridized with a telomeric TG probe. (C) Temperature sensitivity analysis of ten1 mutants. 
The 30 °C cultured yeast cells of YPH499 background (OD600 0.5) were 10-fold serially diluted, 3 µl of diluted cells were spot-
ted on the Leu– YC plates and the plates were incubated at 23 °C, 30 °C and 37 °C. 
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Table 1 Summary of the ten1 mutants. 
 Mutant Amino acid          aPhenotype
  substitution
 ten1-52 K14E
Class 1 ten1-62 R92E Wide type telomere
 ten1-70 R140E 
 ten1-50 K9E
 ten1-51 K12E
 ten1-56 D50K
 ten1-57 F65A
 ten1-58 R71E
Class 2 ten1-59 E83K Slightly long telomere
 ten1-60 E84K +60~160 bp
 ten1-61 E91K
 ten1-63 F94A
 ten1-67 F131A
 ten1-68 K132E
 ten1-55 R47E
Class 3 ten1-66 W116A 

Significantly long telomere

 ten1-69 D138K 
+250~900 bp

 ten1-53 K40E

Class 4
 ten1-54 R41E NT

 ten1-54 D110K
 ten1-65 R112E

interacts with Cdc13p in vivo, and their association is 
impaired in ten1-55 or ten1-66 mutant cells.

Since Ten1p is associated with Stn1p in vivo [9, 23-
25], we tested whether the interaction of Ten1p and 
Stn1p was affected in these ten1 mutants. The results 
shown in Figure 6B revealed that the 9Myc-tagged Stn1p 
could be efficiently co-immunoprecipitated by Ten1p in 
TEN1, ten1-52, ten1-62, ten1-70, ten1-55, ten1-66, but 
not in ten1-69 cells. These data support the argument that 
the defective association of Ten1p and Cdc13p in ten1-55 
or ten1-66 mutant is not due to an impaired interaction 
between Ten1p and Stn1p, and Stn1p is not essential for 
bridging the interaction of Cdc13p and Ten1p [9].

Ten1-55 and Ten1-66 mutant proteins lose their stimulat-
ing effect on Cdc13p DNA-binding activity

Since the ten1-55, -66 and -69 mutant cells have lon-
ger telomeres, while ten1-52, -62 and -70 mutant cells 

show wild-type telomere length, we tested whether the 
deregulated telomeres were caused by a defect in the 
ability of Ten1p to stimulate Cdc13p. Therefore, we 
overexpressed and purified recombinant Ten1 mutants. 
Briefly, GST-fused Ten1p was overexpressed in E. coli 
(Figure 7A, lane 2), and purified through a glutathione-
affinity column. The GST-tag was cleaved by PreScission 
Protease (Figure 7A, lane 3). The recombinant Ten1p re-
leased from the beads-bound GST-tag was further passed 
through a Q-sepharose column to remove additional 
contaminations (Figure 7A, lane 4). After these steps of 
preparation, the recombinant Ten1p and its mutants were 
purified to near homogeneity (Figure 7A, lanes 4-9). All 
the purified proteins were concentrated to 1 µg/µl. In 
Figure 7A, lower panel, lanes 1-3, the highest band rec-
ognized by anti-Ten1p antibodies could be a chaperon 
because the antigen used to immunize rabbit was also 
contaminated by the molecular chaperon of E. coli (data 
not shown). Although Ten1-69p was overexpressed in 
E. coli, we encountered difficulties in obtaining enough 

Figure 6 Co-immunoprecipitation of Ten1 and 9Myc-Cdc13p or 
9Myc-Stn1p. Protein extracts were prepared from cells of the 
indicated genotype, and Ten1p was immunoprecipitated (upper 
panels in A and B) as described in Materials and Methods, and 
examined by western blot with anti-Ten1 antibodies. The co-
immunoprecipation of 9Myc-Cdc13p (lower panel in A) or 9Myc-
Stn1p (lower panel in B) was examined by western blot with 
anti-Myc antibodies. A strain lacking a Myc-tagged CDC13 or 
STN1 gene was used as a control. 

A

B

IP: anti-Ten1p Ab

IP: anti-Ten1p Ab

9Myc-Cdc13p

9Myc-Stn1p

Ten1p
(or mutants)

Ten1p
(or mutants)

WB: anti-Ten1p Ab

WB: anti-Ten1p Ab

WB: anti-Myc Ab

WB: anti-Myc Ab

1     2      3       4       5      6      7     8

1      2      3      4      5      6       7      8

N
o 

ta
g

N
o 

ta
g

TE
N

1
TE

N
1

te
n1

-5
2

te
n1

-6
2

te
n1

-7
0

te
n1

-5
5

te
n1

-6
6

te
n1

-6
9

te
n1

-5
2

te
n1

-6
2

te
n1

-7
0

te
n1

-5
5

te
n1

-6
6

te
n1

-6
9

a Telomere length was quantified with Imagequant TL software. Te-
lomeres are 0-60 bp longer than wild type: class 1 wild-type telomere; 
60-160 bp longer: class 2 slightly long telomere; 250-900 bp longer: 
class 3 significantly long telomere; NT: class 4 not tested because of 
lethality.
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Figure 7 The recombinant Ten1-55p and Ten1-66p fail to pro-
mote the DNA-binding activity of Cdc13p. (A) Purification of 
recombinant wild-type and mutant Ten1 proteins in E. coli. The 
wild-type and mutant Ten1p was examined by Coomassie blue-
stained SDS-PAGE (upper panel) and western blot with anti-
Ten1 antibodies (lower panel). (B) The effect of mutant Ten1 
proteins on the binding activity of Cdc13p to TG20 DNA. 32P-
labeled TG20 (2.4 nM), the purified wild-type or mutant Ten1 
proteins (2.8 µM) and Cdc13p (0.5 or 1.8 nM as indicated on 
top of the gel) were incubated, and the protein-DNA complexes 
were examined by EMSA. 

Ten1-69p for further biochemical assay.
The purified mutant proteins, including Ten1-52p, 

Ten1-62p, Ten1-70p, Ten1-55p and Ten1-66p were used 
in an EMSA assay of Cdc13p. In the presence of 2.8 µM 
of Ten1-52p, Ten1-62p or Ten1-70p, the Cdc13p-DNA 
complex was detected when the Cdc13p was at both 0.5 
nM and 1.8 nM (Figure 7B, lanes 4-9). Thus, the stimu-
latory effect of Ten1-52p, Ten1-62p or Ten1-70p was the 
same as that of the wild-type Ten1p (Figure 7B, lanes 
2 and 3). But in the presence of 2.8 µM of Ten1-55p or 
Ten1-66p, the Cdc13p-DNA complex was barely detect-

able when the concentration of Cdc13p was at 1.8 nM 
(Figure 7B, lanes 11 and 13), and undetectable at 0.5 nM 
(Figure 7B, lanes 10 and 12). These results suggest that 
Ten1-55 or Ten1-66 mutant protein possesses a reduced 
activity in promoting the DNA binding of Cdc13p in 
vitro. Because ten1-55 or ten1-66 mutant exhibits longer 
telomere than wild-type, ten1-52, ten1-62 or ten1-70 mu-
tants (Figure 5B), we argued that the stimulating activity 
of Ten1p on Cdc13p DNA binding is important for the 
telomere length regulation. This result is consistent with 
the observations reported previously by Grandin et al. 
[28] that the cdc13-109 and cdc13-231 mutants exhibit 
elongated telomeres, and the mutant Cdc13 proteins have 
weaker DNA-binding activity . 

To examine whether the telomere binding of Cdc13p 
is affected by ten1 mutation in vivo, chromatin immuno-
precipitation (ChIP) assays were performed in the ten1 
mutant cells. In the negative control of untagged strain, 
no enrichment of TEL was detected (Figure 8A, lane 1). 

Figure 8 The telomere binding of Cdc13p is decreased in the 
ten1-55 or ten1-66 mutant cells. Chromatin immunoprecipita-
tions were performed in wild-type and mutant ten1 strains in 
which URA3 gene was integrated next to the left telomere 
of chromosome VII and the chromosomal CDC13 gene was 
tagged with 9-Myc epitope at its carboxyl end. Multiplex PCR 
was carried out with primer pairs specific for telomeric (TEL), 
subtelomeric (ADH) or nontelomeric (ARO) chromosomal loci 
(A, upper panel). The precipitated 9Myc-Cdc13p was examined 
by western blot using anti-Myc antibody (A, lower panel). The 
isogenic strains are labeled on top of the panel. The telomere 
binding of Cdc13p in wild-type and ten1 mutant strains were 
quantified using Scion Image software (B). The bars represent 
the ratio of TEL to ADH. Error bars represent the standard de-
viation from three independent experiments.
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The telomere binding of Cdc13p in ten1-52, ten1-62, 
ten1-69 or ten1-70 cells was at the same level as in wild-
type cells (Figure 8A, lanes 2-5 and 8, and Figure 8B). 
About 2-3-fold decrease in telomere binding of Cdc13p 
was observed in ten1-55 or ten1-66 cells (Figure 8A, 
lanes 6 and 7, and Figure 8B). These results suggest that 
telomere elongation in ten1-55 or ten1-66 cells may re-
sult from a decrease of DNA binding of Cdc13p.

Discussion

Telomere length regulation has been one of the central 
topics in telomere biology. Deregulated telomere length 
may cause genome instability. In S. cerevisiae, the Cd-
c13p/Stn1p/Ten1p heterotrimeric complex represents an 
RPA-like telomere-binding machinery [9]. Cdc13p is the 
major telomeric single-stranded DNA-binding protein. It 
not only acts as a positive regulator of telomere replica-
tion by recruiting telomerase, but also functions as a neg-
ative regulator of telomeric DNA elongation [1, 28, 29]. 
Its negative regulatory role appears to be coupled with 
both Stn1 and Ten1 because quite a few temperature-
sensitive mutants of CDC13, STN1 and TEN1 exhibit 
elongated telomeres at the semi-permissive temperature 
[10, 21-23]. Cdc13p binds to telomeres in all phases of 
the cell cycle, and this association increases during late 
S-phase [12], suggesting that the binding of Cdc13p to 
telomeres is regulated. In this work, we report that Ten1p 
promotes the DNA-binding activity of Cdc13p. Our find-
ing may provide an explanation for the role of Ten1p in 
the negative regulation of telomere length. 

The recombinant Cdc13p and Ten1p co-overexpressed 
in insect cells were co-fractionated (Figure 1B). A gel-
filtration analysis also showed co-elution of Cdc13p and 
Ten1p (Figure 2C). Immunoprecipitation of Ten1p also 
co-pulled down Cdc13p (Figure 6A). These results are 
consistent with the previous finding that Ten1p inter-
acts with Cdc13p in yeast two-hybrid analysis [23], and 
strongly suggest that Cdc13p interacts with Ten1p direct-
ly. The R47E (Ten1-55p) or W116A (Ten1-66p) muta-
tion in Ten1p causes a defective interaction with Cdc13p 
(Figure 6A), but does not affect its interaction with Stn1p 
(Figure 6B). In contrast, the Ten1-69 mutant protein loses 
its interaction with Stn1p (Figure 6B) but still associates 
with Cdc13p (Figure 6A). These observations suggest 
that Stn1p is not a prerequisite for the Cdc13p-Ten1p 
interaction. However, the Cdc13p-Ten1p complex is un-
stable (Figure 2C), and the mutation in Ten1-55p, -66p 
or -69p that affects its interaction with either Cdc13p or 
Stn1p causes longer telomeres (Figure 5B), supporting 
the argument that the regulated association of Cdc13p, 
Stn1p and Ten1p is important for telomere length regula-

tion [9, 23]. 
The binding affinity of the Cdc13p-Ten1p complex to 

telomeric TG1-3 DNA is stimulated by Ten1p (Figure 3). 
We could not rule out the possibility that the enhanced 
of DNA-binding activity of the Cdc13p-Ten1p complex 
is also attributed to the DNA-binding activity of Ten1p. 
However, several lines of evidence seem to support the 
argument that Ten1p enhances the DNA-binding activity 
of Cdc13p. Ten1p itself interacts with DNA poorly (Figure 
1D). The DNA-binding activity of the Cdc13 DNA-bind-
ing domain, Cdc13(451-693)p, is not affected by Ten1p 
(Figure 4). The binding of Cdc13p to TG15, which is an 
optimal substrate for full-length Cdc13p, is promoted by 
Ten1p (Figure 3C). These results also lead to a hypoth-
esis that the association of Ten1p with Cdc13p may con-
tribute to the regulation of Cdc13p telomere binding. The 
Ten1-55 and Ten1-66 mutant proteins lose their ability 
to promote the DNA-binding activity of Cdc13p in vitro 
(Figure 7B). In the ten1-55 or ten1-66 mutant cells, the 
interaction between Ten1p and Cdc13p is significantly 
decreased (Figure 6A). Consequently, the telomere bind-
ing of Cdc13p in the ten1-55 or ten1-66 mutant cells is 
decreased (Figure 8), and telomeres are elongated (Figure 
5B). In the cdc13-109 and cdc13-231 mutants reported 
previously by Grandin et al. [28], telomere binding 
of Cdc13p is decreased, and telomeres are elongated. 
Therefore, it is likely that decrease of Cdc13p telomere-
binding activity that resulted from either mutation of 
Cdc13p or defective Cdc13p-Ten1p interaction (e.g., in 
ten1-55 and -66 mutants) could cause telomere elonga-
tion. It is unclear whether the telomeres in the ten1-55 or 
ten1-66 mutant cells are intactly capped. Unlike the ten1-
16 and ten1-31 mutants [23], the ten1-55 and ten1-66 
mutants could survive at 37 °C, suggesting that telomere 
capping in these mutants is not affected, and the Ten1p-
Cdc13p interaction may not be essential for cell viability.

Previous studies show that Cdc13p plays dual roles 
in telomere maintenance [1, 29]. The telomere associa-
tion of Cdc13p increases in late S-phase when Est1p is 
recruited to activate telomerase [12]. This represents the 
positive regulatory function of Cdc13p. The negative 
regulatory role of Cdc13p in telomere length regulation 
has been associated with Stn1p and Ten1p [21, 23, 24, 
28, 29]. Our observation that Ten1p stimulates Cdc13p 
DNA-binding activity may provide a mechanistic expla-
nation. One scenario could be that Ten1p interacts with 
Cdc13p in late S-phase to promote Cdc13p binding to 
telomeric G-strand and thereby prevent telomerase from 
further elongating telomeres. The fact that some ten1 
mutants, including ten1-55 and ten1-66, exhibit longer 
telomeres supports this hypothesis. Since there exist in-
teractions between Ten1p and Stn1p (Figure 1B and 6B) 
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[9, 23-26], Stn1p and Polα [25, 30], as well as Cdc13p 
and Polα [19], another possibility could be that the in-
teraction of Ten1p and Cdc13p tightens the binding of 
Cdc13p to telomeric G-strand to slow down the C-strand 
synthesis. 

Materials and Methods

Strains, plasmids and mutagenesis
The pRS316-TEN1 or pRS315-TEN1 centromere plasmid was 

constructed by cloning a 4 483-bp fragment, which contains the 
Ten1p coding region, and its upstream and downstream regions 
into the BamHI-XhoI sites of pRS316 or pRS315. Mutants of 
TEN1 were created by site-directed mutagenesis.

All the in vivo experiments were in either YPH499 (MATa 
ura3-52 lys2-801 ade2-101 trp1-∆63 his3-∆200 leu2-∆1) or 
BY4742 (MATα his3∆1 leu2∆0 lys2∆0 ura3∆0) background. 
For the immunoprecipitation and ChIP analysis, a 9Myc-tag was 
inserted at the carboxyl terminus of the chromosomal copy of 
CDC13 or STN1. Because TEN1 is an essential gene, the wild-type 
or mutant allele of TEN1 in a CEN plasmid pRS315 was intro-
duced into a heterozygous diploid strain (ten1∆::kanMX4/TEN1). 
The haploid strain with the wild-type or mutant copy of TEN1 was 
obtained by tetrad dissection.

A heterozygous diploid strain for TEN1 (Mat a/α; his3∆1/
his3∆1; leu2∆0/leu2∆0; lys2∆0/LYS2; MET15/met15∆0; ura3∆0/
ura3∆0; ten1∆::kanMX4/TEN1) derived from BY4743 was pur-
chased from Euroscarf (Frankfurt, Germany). pRS316-TEN1 plas-
mid was introduced and tetrad dissection was carried out to obtain 
the haploid strain that contains a single copy of TEN1 in pRS316 
plasmid (URA3 marker) instead of endogenous TEN1. The mutant 
allele of ten1 in a CEN plasmid pRS315 was introduced into a hap-
loid strain that contains a single copy of TEN1 in pRS316 plasmid 
(URA3 marker). The wild-type copy of TEN1 was counter-selected 
on a 5-FOA plate.

Telomere blot
Two independent colonies of each mutant were isolated and 

tested for its function on telomere length regulation. Genomic 
DNA prepared from saturated yeast cultures of each strain was 
digested with PstI, separated by 1% agarose gel and transferred to 
HyBond N+ membrane (Amersham Pharmacia Biotech), cross-
linked by UV and then probed with a TG1-3 telomeric probe as pre-
viously documented [31]. 

Recombinant baculovirus preparation
The coding region of STN1 gene (1485-bp) was PCR amplified 

with primers containing BamHI and HindIII restriction sites, and 
inserted into pBlueBac4-6His plasmid [18]. The coding region of 
TEN1 gene (483-bp) was PCR amplified with primers contain-
ing NdeI and XhoI restriction sites, and inserted into pBlueBac4 
plasmid (Invitrogen). The resulting plasmids, pBlueBac4-6His-
STN1 and pBlueBac4-TEN1 were confirmed by DNA sequencing. 
To produce recombinant virus, plasmid pBluebac4-6His-STN1 or 
pBlueBac4-TEN1 DNA and Bac-N-Blue virus DNA (Invitrogen) 
were co-transfected into Sf9 cells, and plaque assay was performed 
to generate pure population of recombinant virus particles by fol-
lowing the Invitrogen protocols. The presence of an insert in a 

putative recombinant virus was determined by PCR using primers, 
which are complementary to the polyhedron loci. Positive recom-
binant viruses were amplified in Sf9 cells to a titer of about 108 
plaque formation units/ml. The recombinant virus that expressed 
His-tagged Cdc13p was prepared as reported previously [18].

Overexpression and co-overexpression of recombinant 
Ten1p, His-tagged Stn1p and His-tagged Cdc13p in insect 
cells

Sf9 cells were grown to 80% confluence in 100-mm dishes at 
27 °C in Grace’s medium supplemented with 10% fetal bovine 
serum and 50 µg/ml Gentamycin, and infected at a multiplicity of 
infection (MOI) of 10 with recombinant virus for Ten1, Stn1 or 
Cdc13, or co-infected at an MOI of 5 with recombinant viruses for 
Ten1, Stn1 and Cdc13 as indicated. Cells were harvested at 60 h 
post-infection, and expression of recombinant Ten1p, His-tagged 
Stn1p and His-tagged Cdc13p were analyzed by immunoblotting 
with antibodies against Stn1p, Ten1p and Cdc13p, respectively (see 
preparations of polyclonal antibodies against Cdc13p, Stn1p and 
Ten1p).

Co-fractionation of Ten1p and His-Stn1p or His-Cdc13p
To detect the physical interaction between Ten1p and His-

tagged Stn1p or His-tagged Cdc13p, ~3×108 Sf9 cells were co-
infected at an MOI of 5 with recombinant viruses of Ten1 and Stn1 
or Cdc13, respectively. Cells were harvested at 60 h post-infection, 
and resuspended in 30 ml of lysis buffer (50 mM Tris-Cl, pH 7.8, 
150 mM NaCl, 5 mM β-mercaptoethanol, 1 mM phenylmethylsul-
fonyl fluoride (PMSF)) and the cell contents were released with 
sonication. The disrupted cells were centrifuged at 16 000 g for 30 
min at 4 °C. The cell extract was subjected to nickel beads (Qiagen) 
pre-equilibrated with a 50 mM Tris-Cl buffer (pH 7.8) containing 
150 mM NaCl, 5 mM β-mercaptoethanol and 1 mM PMSF. The 
beads were washed and the proteins bound to beads were analyzed 
by western blot using antibodies against Cdc13p, Stn1p and Ten1p.

 
Purification of recombinant His-tagged Ten1 in Escherichia 
coli

To express Ten1p in E. coli, the coding region of TEN1 was 
cloned in pET22b at the NdeI-XhoI sites. The resulting plasmid 
was transformed into BL21 (DE3) host strain. The overexpression 
of recombinant His-tagged Ten1p after isopropyl-b-D-thiogalac-
topyranoside (IPTG) induction was examined by SDS-PAGE and 
western blot with primary antibodies against Ten1p. To purify His-
tagged Ten1p, a 9-l culture of E. coli harboring pET22b-TEN1 
plasmid was grown at 37 °C to OD600 0.4 and induced with the ad-
dition of 0.3 mM IPTG. The cells were grown at 16 °C overnight 
before harvesting by centrifugation. Cells were resuspended in 
300 ml of lysis buffer (50 mM Tris-HCl, pH 7.8, 150 mM NaCl 
and 1mM PMSF) and the cell contents were released with a cell 
disrupter (Avestin EF-C5). The disrupted cells were centrifuged 
at 16 000 g for 30 min at 4 °C to obtain total cell extracts. In total, 
4 ml of Ni-NTA (Qiagen) was added to the total cell extracts and 
incubated at 4 °C for 3 h. The resin was washed with buffer con-
taining 50 mM Tris-Cl (pH 7.8), 300 mM NaCl, 20mM imidazole 
and eluted with 12 ml of buffer containing 50 mM Tris-Cl (pH 
7.8), 250 mM imidazole and 10% glycerol. After dialysis with a 
buffer (50 mM Tris-Cl, pH 7.8, 50 mM NaCl, 1mM EDTA, 1 mM 
dithiothreitol and 10% glycerol) overnight, protein was subjected 
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to a 5 ml of HiTrap heparin column (Amersham Biosciences). 
Protein was eluted with 150 ml elution buffer (50 mM Tris-Cl, pH 
7.8, 1 mM EDTA, 1 mM dithiothreitol, and 5% glycerol) with a 
linear gradient of NaCl from 80 to 600 mM. Peak fractions that 
contained Ten1p were concentrated to 0.4 µg/µl, aliquoted and 
frozen in liquid nitrogen and stored at –80 °C. The yield of Ten1p 
was ~0.3 mg from 1 l of E. coli culture. 

Purification of recombinant wild-type or mutant Ten1p in 
GST-expression system in Escherichia coli 

The coding region of TEN1 was cloned into pGEX-6P-1 plas-
mid at the BamHI-XhoI sites. Mutants of TEN1 were created as 
in pRS315 plasmid. The resulting plasmid was transformed into 
BL21 (DE3) host strain for expression. A 9-l culture of E. coli 
harboring pGEX-6P-1-TEN1 (or its mutant) plasmid was grown at 
37 °C to OD600 0.4, and induced with 0.3 mM IPTG at 16 °C over-
night before harvesting by centrifugation. Cells were resuspended 
in 300 ml of lysis buffer (50 mM Tris-HCl, pH 7.8, 150 mM NaCl, 
1 mM DTT, 1 mM EDTA and 1 mM PMSF) and lysed with a cell 
disrupter (Avestin EF-C5). All purification procedures were carried 
out at 4 °C. The total soluble fraction was recovered by centrifuga-
tion at 36 000 g for 60 min, and loaded onto 10 ml of glutathione 
sepharose beads (Amersham Biosciences). The resin was washed 
with 2 M NaCl high salt buffer (50 mM Tris-HCl, pH 7.8, 1 mM 
DTT, 1 mM EDTA, 10% glycerol) and subsequently with 50 mM 
NaCl low salt buffer. The GST-fused Ten1p bound to GST beads 
was digested for 16 h with PreScission Protease. The digested 
protein in low salt buffer was subjected to 1 ml of Hi-Trap Q sep-
harose column (Amersham Biosciences). The flowthrough that 
contained Ten1p was analyzed by Coomassie blue-stained SDS-
PAGE. The purified Ten1p was aliquoted and stored at –80 °C.

Gel-filtration analysis of interaction between purified re-
combinant Ten1p and Cdc13p

Gel-filtration analysis was performed on a pre-packaged Su-
perdex 200 column (10×300 mm, Amersham Biosciences), which 
was calibrated with protein standards including Ferrin (440 kDa), 
Albumin (66 kDa), Ovalbumin (43 kDa) and Ribonuclease A (13.7 
kDa). The column was equilibrated and developed with the 50 mM 
Tris-HCl buffer (pH 7.8) containing 50 mM NaCl, 1 mM EDTA, 
1 mM dithiothreitol and 5% glycerol at a flow rate of 0.2 ml/min, 
and fractions of 500 µl were collected. A total of 200 µl of protein 
sample was loaded in each run. The amount of proteins that were 
used in gel-filtration experiments is indicated in the figure legends. 
The elution of proteins was analyzed by Coomassie blue-stained 
SDS-PAGE or western blot with appropriate antibodies. 

Electrophoretic mobility shift assay
The oligonucleotides TG20 (5′-TGG TGT GTG TGG GTG 

TGG TG-3′) or TG15 (5′-TGT GTG GGT GTG GTG-3′) was 
labeled with [γ-32P]ATP (3 000 Ci/mM, Amersham Biosciences) 
using T4 polynucleotide kinase (New England Biolabs) and subse-
quently purified with MicroSpin G-25 column (Amersham Biosci-
ences). To perform the EMSA assay, the recombinant protein in 
50 mM Tris-HCl buffer (pH 7.5) containing 50 mM NaCl, 1 mM 
EDTA and 1 mM dithiothreitol was mixed with 32P-labeled TG20 
or TG15 DNA in a total volume of 10 µl. The reaction mixture 
was incubated at 30 °C for 40 min, and analyzed with a 6% non-
denaturing polyacrylamide gel, which was pre-run at 100 V for 

10 min. Electrophoresis was carried out in TBE buffer (89 mM 
Tris borate, 2 mM EDTA) at 100 V for 60 min. The gel was dried 
and autoradiographed with a PhosphorImager screen (Molecular 
Dynamics). The DNA substrates used in all experiments were at 
2.4 nM, and the amounts of proteins were indicated in the figure 
legends. The intensity of bands corresponding to free DNA and 
protein-DNA complex in each lane was quantified using the Scion 
Image software. The data were analyzed by nonlinear regression 
equation using the Graph Pad Prism software and fit one site-
specific-binding model: Y = Bmax·X / (Kd+X) where Y is the 
magnitude of radioactivity bound to the protein, X is the protein 
concentration, Bmax is the total change in counts (value at the 
plateau minus the background counts) and Kd is the equilibrium 
binding constant. 

Preparations of polyclonal antibodies against Cdc13p, 
Stn1p and Ten1p

To prepare the polyclonal antiserum against Ten1p, Stn1p or 
Cdc13p, the E. coli overexpression system was used to obtain the 
antigens. The preparation of His-Ten1p is as described in “Puri-
fication of recombinant Ten1 in E. coli”. The 585-bp fragment of 
the coding region of STN1 gene (900-1 485 nt) was PCR amplified 
with primers containing BamHI and XhoI restriction sites, and 
inserted into pGEX-4T-1 plasmid to produce GST-Stn1(300-495)
p. The 726-bp fragment of the coding region of CDC13 (1-726 
nt) was PCR amplified with primers containing BamHI restric-
tion site, and inserted into pGEX-4T-1 plasmid to produce GST-
Cdc13(1-234)p. The purification of the antigens including His-
Ten1p, GST-Stn1(300-495)p and GST-Cdc13(1-234)p, the raise of 
antiserum and the affinity purification of specific antibodies with 
antigen column were as described previously [32, 33]. 

Co-immunoprecipitation of Ten1p and 9Myc-Cdc13p or 
9Myc-Stn1p 

50 ml of yeast cells (OD600 about 1) were harvested, washed 
twice with TBS (20 mM Tris-HC1 at pH 7.6, 200 mM NaC1) and 
re-suspended in 500 µl lysis buffer (50 mM HEPES-KOH at pH 7.5, 
140 mM NaC1, 1 mM EDTA, 10% glycerol, 0.05% NP-40, 1 mM 
PMSF, 1 mM benzamidine, 10 µg/ml aprotinin, 1 µg/ml leupeptine 
and 1 µg/ml pepstatin). An equal volume of glass beads (diameter 
0.5 mm) was added. Breakage was achieved by vortexing on a 
shaker for 45 min at 4 °C. The bottom of the tube was punctured 
and the lysate collected by brief centrifugation. The suspension 
was clarified by centrifugation at 13 000 rpm for 10 min in a mi-
crocentrifuge to yield the whole-cell extract. For immunoprecipita-
tion of Ten1p, the affinity-purified anti-Ten1p antibody was added 
to 500 µl of whole-cell extract and incubated for 4 h at 4 °C. A 
total of 50 µl of protein A-Sepharose CL-4B beads (Amersham 
Biosciences) slurry (1:1) was added, and the incubation continued 
overnight at 4 °C. The immunoprecipitates were washed thrice for 
5 min with 1 ml lysis buffer and subsequently resuspended in 30 
µl 2×SDS-PAGE sample buffer. The eluted proteins were analyzed 
by western blot. 

Chromatin immunoprecipitation
The ChIP experiment was performed as described [34]. Yeast 

cells were grown on yeast complete medium to an OD600 of ~1. A 
total of 50 ml of cells were cross-linked with 1% formaldehyde for 
10 min at room temperature. Glycine was added to a final concen-
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tration of 125 mM and the incubation continued for 5 min. Cells 
were harvested and washed twice with TBS, and breakage was 
performed in 500 µl lysis buffer (50 mM HEPES-KOH at pH 7.5, 
140 mM NaC1, 1 mM EDTA, 1% Triton X-100, 0.1% sodium de-
oxycholate, 1 mM PMSF, 1 mM benzamidine, 10µg /ml aprotinin, 
1 µg/ml leupeptine and 1 µg/ml pepstatin). The suspension was 
sonicated thrice for 10 sec each (resulting in an average fragment 
size of 0.5-1 kb) and clarified by centrifugation at 13 000 rpm for 
5 min in a microcentrifuge. Immunoprecipitations were performed 
as described above. Precipitates were successively washed for 5 
min each with 1 ml of lysis buffer, 1 ml of lysis buffer contain-
ing 500 mM NaC1, 1 ml of wash buffer (10 mM Tris-HCl at pH 
8.0, 0.25 M LiC1, 0.5% NP-40, 0.5% sodium deoxycholate, 1 
mM EDTA) and 1 ml of TE (20 mM Tris-HC1 at pH 8.0, 1 mM 
EDTA). The samples were eluted with 145 µl of 50 mM Tris-HC1 
at pH 8.0, 10 mM EDTA, 1% SDS. In total, 120 µl of eluate was 
decrosslinked at 65 °C for about 7 h and then treated with 1 µg/
µl proteinase K for 2 h. Finally, QIAquick PCR Purification kit 
(Qiagen) was used to purify the immunoprecipitated DNA. PCR 
reactions were carried out in 30 µl volume with 1/60 of the im-
munoprecipitated material, Ex-Taq polymerase (TaKaRa) and the 
corresponding buffer system was used. The following primers [34] 
were used in the multiplex PCR: TEL: 5′-GAC ATT ATT ATT 
GTT GGA AGA GGA CTA TTT GC-3′ and 5′-CTT GAA GCT 
CTA ATT TGT GAG GAT ATC C-3′; ADH:5′-GGA CGA CAA 
ATC CTC ATA ATA TGA ATT AGG-3′ and 5′-CAG GGA GAG 
GAA ATG ATA AAA TAA GTT ACG-3′; ARO:5′-TGA CTG GTA 
CTA CCG TAA CGG TTC-3′ and 5′-GAA TAC CAT CTG GTA 
ATT CTG TAG TTT TGA C-3′. An initial denaturation for 3 min 
at 94 °C was followed by 28 cycles with denaturation for 45 sec 
at 94 °C, annealing for 2 min at 61 °C, polymerization for 2 min 
at 72 °C and a final extension for 10 min at 72 °C. PCR products 
were separated on a 2.5% agarose gel and visualized by ethidium 
bromide staining. The PCR bands were quantified by Scion Image 
software.
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