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In the budding yeast Saccharomyces cerevisiae, the structure and function of telomeres are maintained by
binding proteins, such as Cdc13-Stn1-Ten1 (CST), Yku, and the telomerase complex. Like CST and Yku,
telomerase also plays a role in telomere protection or capping. Unlike CST and Yku, however, the underlying
molecular mechanism of telomerase-mediated telomere protection remains unclear. In this study, we employed
both the CDC13-EST1 fusion gene and the separation-of-function allele est1-D514A to elucidate that Est1
provided a telomere protection pathway that was independent of both the CST and Yku pathways. Est1’s ability
to convert single-stranded telomeric DNA into a G quadruplex was required for telomerase-mediated telomere
protection function. Additionally, Est1 maintained the integrity of telomeres by suppressing the recombination
of subtelomeric Y� elements. Our results demonstrate that one major functional role that Est1 brings to the
telomerase complex is the capping or protection of telomeres.

Telomeres are protein-DNA complexes found at the ends of
linear chromosomes in eukaryotes. Their complete replication
facilitates continuous cell division and prevents cells from
undergoing senescence (33, 50). Telomeric DNA typically
consists of simple repetitive double-stranded region and a
protruding single-stranded G-rich 3� overhang (60). In most
eukaryotes, telomeric DNA is maintained either through the
telomerase pathway (20) or through a homologous recombi-
nation pathway (30, 56). In the budding yeast Saccharomyces
cerevisiae, each chromosome usually includes �300 � 75 bp of
C1-3A/TG1-3 telomeric DNA as well as Y� and X telomere-
associated repeats (62).

The yeast telomerase holoenzyme is composed of the cata-
lytic reverse transcriptase Est2, the RNA template Tlc1, and
the regulatory subunits Est1 and Est3 (27, 31). Est2 and Tlc1
together form the telomerase core enzyme that exerts nucleo-
tide addition activity in vitro (29, 49). Est1 and Est3 are re-
quired for telomerase activity in vivo, and deletion of either
subunit causes telomere shortening and cellular senescence
(27, 28). Est1 is expressed in S phase of the cell cycle and binds
specifically to single-stranded TG DNA (38, 59) and a bulged
stem-loop in Tlc1 RNA to associate with the telomerase core
enzyme (47, 51). Additionally, Est1 recruits telomerase to telo-
meres via interaction with the single-stranded telomeric DNA
binding protein Cdc13 (8, 43). Furthermore, Est1 can convert
single-stranded telomeric DNA into a G quadruplex to activate
telomerase (63). Est3 also associates with telomerase, but its
precise function is not well understood (23, 26, 61).

When an EST gene is absent, all of the telomerase-deficient
cells show progressive telomere shortening and most of the

cells are subjected to cell cycle arrest at the G2/M-phase
boundary and cell death (31). A small number of “survivor”
cells are able to overcome senescence by utilizing a RAD52-
dependent homologous recombination pathway to maintain
telomeres (30, 56). Type I survivors have tandem arrays of the
subtelomeric Y� element, whereas type II survivors have very
long terminal tracts of C1-3A/TG1-3 DNA (30, 56). Since the
telomere ends share similarities with double-strand breaks
(DSBs), there is the potential for telomeres to be viewed as
DNA damage, thereby triggering cell cycle arrest and/or repair
using the two recombination-dependent survivor pathways de-
scribed above. Telomeres do not, however, elicit DNA damage
signaling, presumably because telomeres are protected by spe-
cific binding proteins that help distinguish themselves from
normal DNA damage. For example, Cdc13, Stn1, and Ten1
form a complex (CST complex) that “protects” or “caps”
telomeric DNA from being seen as DNA damage (17, 18, 37, 44).
The Yku complex, which contains the YKU70 and YKU80 gene
products, is also required for telomere protection (4, 11). Like
the cdc13-1, stn1-13, and ten1-31 mutants, yku70� and yku80�
cells accumulate long single-stranded G-rich overhangs and
have growth defects when the cells are cultured at a higher
than normal restrictive temperature of 36°C (17–19, 32).

Telomere shortening caused by telomerase deletion in S.
cerevisiae increases the amount of single-stranded telomere
DNA (21) and triggers a DNA damage response (35). In Can-
dida albicans, the deletion of either EST2 or TER1 also in-
creases the amount of telomeric single-stranded DNA
(ssDNA) (22). Additionally, in S. cerevisiae, the combinatorial
deletion of YKU and any telomerase component, such as EST1,
EST2, EST3, or TLC1, generates a synthetic lethal phenotype
(19, 36, 41). Together, these lines of evidence indicate that in
addition to elongating telomeric DNA, telomerase also partic-
ipates in telomere “capping” or “protection” via a molecular
mechanism that has not yet been elucidated. In this article, we
provide experimental evidence that demonstrates that loss of
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telomere protection is the source of the synthetic lethal phe-
notype of EST1 and YKU double mutant cells. Additionally, we
demonstrate that the G-quadruplex promotion activity of Est1
plays an essential role in telomere protection. Finally, we show
that the deprotection of telomeres that results from mutation
of EST1 leads to subtelomeric Y�-element amplification, sug-
gesting Est1 also plays a role in promoting the telomerase
pathway by simultaneously suppressing telomere recombina-
tion.

MATERIALS AND METHODS

Plasmids and strains. Yasumasa Tsukamoto, Daniel Gottschling, Virginia Za-
kian, and Victoria Lundblad kindly provided CEN plasmids pRS316-EST1, pRS316-
EST2, pRS415-CDC13-EST2 (pVL1107), pRS415-CDC13-EST1 (pVL1091),
pDBL-EST1, pDBL-CDC13, pRS315-YKU80, pRS315-YKU70, and pRS315-yku80-
135i. We constructed CEN plasmids pRS316-CDC13-EST2 and pRS317-CDC-EST2
by inserting CDC13-EST2 into the SalI and NotI sites of the pRS316 and pRS317
vectors, respectively. To construct the point mutation alleles of est1-D514A or est1-
60, we performed oligonucleotide-directed point mutagenesis in the plasmids
pRS315-EST1, pDBL-EST1, and pVL1091. Information about the strains used in
this study is provided in Table 1 (14, 48).

Telomere Southern blot. The genomic DNA was prepared from yeast cells and
digested with XhoI. The telomere Southern blot was performed using the TG1–3

probe as previously described (7, 34, 57).
Growth dotting assay on plates. A single colony for the indicated yeast strains

was inoculated into 3 ml yeast extract-peptone-dextrose (YEPD) or selective
medium at 30°C to reach saturation and then diluted to an optical density at 600
nm (OD600) of 0.2 and kept in culture for about 4 h until the culture reached an
OD600 of 0.35. Cells were plated at 5-fold serial dilutions onto 5�-fluoroorotic

acid (5�-FOA) or a selective medium plate for 2 to 3 days at 30°C or 37°C before
being photographed.

Single-stranded DNA measurements. Single-stranded DNA was measured as
described previously (3). Cells were harvest at an OD600 of 0.7. Cells were
treated with Zymolyase (2.5 �g/�l), which was followed by genomic DNA puri-
fication by Qiagen Genomic-tip (catalog no. 10223).

RESULTS

The est1� yku� double deletion is synthetic lethal in cells
with longer than normal telomeres. Previous genetic studies
revealed that combinatorial mutations of Yku and telomerase
components cause synthetic lethality/sickness (9, 19, 36, 41)
(Fig. 1A). One hypothesis to explain the synthetic lethal phe-
notype is that inactivation of both Yku and telomerase exac-
erbates the telomere shortening rate and accelerates senes-
cence, thereby manifesting a phenotype of synthetic lethality.
To test this hypothesis, we took advantage of a CDC13-EST2
fusion gene whose expression produced very long telomeres
when Est1 was present and maintained wild-type (WT) telo-
mere length and cell viability when Est1 was absent (8, 63). We
constructed two diploid strains in the YPH501 background,
namely, TXJ005 and TXJ006 (Table 1), in which one chromo-
somal copy of CDC13, EST1, and YKU70 (TXJ005) or YKU80
(TXJ006) was deleted. Then we performed tetrad dissection to
obtain different mutant haploid strains, including the cdc13�/
pRS415-CDC13-EST2, cdc13� est1�/pRS316-EST1/pRS415-

TABLE 1. Genotypes of the yeast strains used in this study

Strain Relevant genotype Referencea

Wild type
YPH499 MATa ura3-52 lys2-801_amber ade2-101_ochre trp1-�63 his3-�200 leu2-�1 44
YPH501 MATa/� ura3-52/ura3-52 lys2-801_amber/lys2-801_amber ade2-101_ochre/ade2-101_ochre

trp1-�63/trp1-�63 his3-�200/his3-�200 leu2-�1/leu2-�1
44

cdc13-1 mutants 14
TXJ002 YPH501 EST1/est1�::TRP1 KU70/ku70�::HIS3/CEN pRS316-EST1/CEN pRS315-EST1
TXJ003 YPH501 EST1/est1�::TRP1 KU80/ku80�::HIS3/CEN pRS316-EST1/CEN pRS315
TXJ004 YPH501 EST1/est1�::TRP1 KU80/ku80�::HIS3/CEN pRS316-EST1/CEN pRS315-EST1
TXJ005 YPH501 CDC13/cdc13�::ADE2 EST1/est1�::TRP1 KU70/ku70�::HIS3/CEN

pRS316-EST1/CEN pRS415-CDC13-EST2
TXJ006 YPH501 CDC13/cdc13�::ADE2 EST1/est1�::TRP1 KU80/ku80�::HIS3/CEN

pRS316-EST1/CEN pRS415-CDC13-EST2
TXJ007 YPH501 CDC13/cdc13�::ADE2 EST1/est1�::TRP1 KU80/ku80�::HIS3/CEN

pRS316-CDC13-EST2/CEN pRS315-ku80-135i
TXJ008 YPH499 ku70�::HIS3
TXJ009 YPH499 ku80�::HIS3
TXJ010 YPH499 ku80�::HIS3 est1�::TRP1/CEN pRS316-EST1/CEN pRS315-ku80-135i
TXJ011 YPH499 ku80�::HIS3/CEN pRS315-ku80-135i
TXJ012 YPH499 ku70�::HIS3 est1�::TRP1 exo1�::ADE2/CEN pRS316-EST1
TXJ013 YPH499 ku80�::HIS3 est2�::TRP1/CEN pRS316-EST2
TXJ014 YPH501 ku80�::HIS3 est1�::TRP1 cdc13�::ADE2/CEN pRS316-EST1/CEN

pRS317-CDC13-EST2/CEN pRS315-EST1
TXJ015 YPH501 ku80�::HIS3 est1�::TRP1 cdc13�::ADE2/CEN pRS316-EST1/CEN

pRS317-CDC13-EST2/CEN pRS315-est1-D514A
TXJ016 YPH499 ku80�::HIS3 est1�::TRP1 cdc13�::ADE2/CEN pRS316-EST1/CEN

pRS317-CDC13-EST2/CEN pRS317-est1-60
TXJ017 YPH501 EST1/est1�::TRP1/CEN pRS316-EST1
TXJ018 YPH501 EST1/est1�::TRP1/CEN pRS316-est1-D514A
TXJ019 YPH501 EST1/est1�::TRP1 RAD50/rad50�::HIS3/CEN pRS316-EST1
TXJ020 YPH501 EST1/est1�::TRP1 RAD50/rad50�::HIS3/CEN pRS316-est1-D514A
TXJ021 YPH501 EST1/est1�::TRP1 RAD51/rad51�::HIS3/CEN pRS316-EST1
TXJ022 YPH501 EST1/est1�::TRP1 RAD51/rad51�::HIS3/CEN pRS316-est1-D514A

a Unless otherwise indicated with a reference number, all strains were constructed in this study.
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CDC13-EST2, cdc13� yku80�/pRS415-CDC13-EST2, and
cdc13� yku80� est1�/pRS316-EST1/pRS415-CDC13-EST2 (or
cdc13� yku70� est1�/pRS316-EST1/pRS415-CDC13-EST2)
strains. Due to the presence of EST1 and the pRS415-CDC13-
EST2 plasmids in these diploid cells, the telomeres were grad-
ually elongated along consecutive passages and became super-
long after several restreaks (data not shown). The loss of the
pRS316-EST1 covering plasmid for these experiments was
achieved by 5�-FOA selection against cells harboring the URA3
selectable marker on the plasmid (Fig. 1A). The colonies
grown on the 5�-FOA plate were immediately restreaked on a
YEPD plate (Fig. 1C) or collected and subjected to Southern
blot analysis (Fig. 1D). After eviction of the covering EST1
plasmid by 5�-FOA selection, the est1� yku70� and est1�
yku80� cells exhibited markedly reduced viability compared
with that of wild-type cells and the expression of the Cdc13-
Est2 fusion protein could only improve their growth slightly
(Fig. 1A). Further serial streak plating of the cdc13� est1�
yku�/pRS415-CDC13-EST2 cells uncovered a more pro-
nounced lethal-like phenotype (Fig. 1C). As a control, we also
constructed the strains TXJ007 and TXJ010 (Table 1), which
contained pRS315-ku80-135i. After 5�-FOA selection or tetrad

dissection, we obtained ku80� est1�/pRS315-yku80-135i and
cdc13� ku80� est1�/pRS315-yku-135i/pRS316-CDC13-EST2
haploid cells. They were viable and did not exhibit a synthetic
lethal phenotype (Fig. 1B and C), likely because the yku80-135i
mutation causes a loss of Yku80’s interaction with Tlc1 RNA
but does not affect its function in telomere capping (2, 52).
Southern blot analysis revealed that the extremely long telo-
meres in the cells expressing the Cdc13-Est2 fusion protein
were not shortened to wild-type length upon eviction of the
covering EST1 plasmid in the single-deletion YKU80 or EST1
strains or double-deletion YKU80 and EST1 strains, and telo-
mere length in cdc13� est1� yku-135i/pRS316-CDC13-EST2
cells was comparable to that of wild-type telomeres (Fig. 1D).
These results suggested that the synthetic lethality of YKU and
EST1 mutation was not likely caused by short telomeres, and
Cdc13-Est2 fusion protein could not bypass the requirement
for Est1 when Yku was absent.

The amount of single-stranded telomeric DNA is increased
in est1� yku� cells. Since the cdc13� yku80� est1�/pRS415-
CDC13-EST2 cells displayed a synthetic lethal phenotype even
with longer than normal telomeres (Fig. 1D), it was possible
that the synthetic lethality of the EST1 and YKU double dele-

FIG. 1. The est1� yku� cells with longer than normal telomeres are synthetic lethal. (A) Growth analysis of cdc13� est1� yku70� or cdc13�
est1� yku80� mutants in the presence of Cdc13-Est2 fusion expression. As indicated, the cdc13� est1� yku70� (or yku80�)/pRS415-CDC13-
EST2/pRS316-EST1 cells were 5-fold serially diluted and spotted at 30°C on Leu� Ura� medium (left panel) to select for the presence of both
the pRS415-CDC13-EST2 and pRS316-EST1 plasmids and on the Leu� 5�-FOA� medium (right panel) to select for eviction of the pRS316-EST1
plasmid. The parallel transformation and growth analysis were done with pRS315-EST1 and pRS315 vector alone for controls. (B) Growth analysis
of est1� yku80-135i cells. est1� yku80�/pRS316-EST1 cells were generated by tetrad dissection of diploid strain TXJ004 (Table 1) and were
transformed with pRS315-yku80-135i. Five-fold dilutions were spotted at 30°C on Leu� Ura� medium (left panel) to select for the presence of both
pRS315-yku80-135i and pRS316-EST1 plasmids and on Leu� 5�-FOA� medium (right panel) to select for eviction of pRS316-EST1 plasmid. The
parallel transformation and growth analysis were done with pRS315-YKU80 and pRS315 vectors for controls. (C) Streak plate growth analysis of
isogenic strains generated in panel A and the est1� yku80-135i/pRS316-CDC13-EST2 cells (by tetrad dissection from diploid strain TXJ007 shown
in Table 1) on YEPD medium at 30°C. (D) Analysis of telomere length of the indicated isogenic strains shown in panel C. Genomic DNA of two
independent colonies of isogenic strains was subjected to telomere Southern blot analysis with a TG1–3 telomeric probe (34).
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tion was attributable to the deprotection of telomeres. One
consequence of telomere deprotection that has previously
been observed in yku, cdc13, stn1, and ten1 mutants is the
increased formation of an irregular single-stranded G-rich
overhang (6, 17–19). We therefore performed a quantification
amplification of single-stranded DNA (QAOS) assay to exam-
ine the level of single-stranded telomeric DNA at the subtelo-
meric loci (3). We chose to examine the extent of single-
stranded telomeric DNA that is present in both wild-type and
mutant cells approximately 600 bp and/or 5,000 bp from the

right telomere end of chromosomes III, V, and XIII (Fig. 2A
to E). The right arm telomere of chromosome V or XIII is
usually silenced, while the right arm telomere of chromosome
III is usually transcribed and not silenced (42). As expected, we
barely detected C-rich single-stranded telomeric DNA in all
the cells examined (Fig. 2A). Also as expected, the amount of
G-rich single-stranded telomeric DNA was increased in the
yku80� cells either with or without CDC13-EST2 fusion ex-
pression when cultured at the nonpermissive 37°C tempera-
ture. A significant increase of G-rich single-stranded telomeric

FIG. 2. The est1� yku� cells have increased single-stranded telomeric DNA. (A to E) QAOS analysis with yku80� mutants. Strains generated
from 5�-FOA selection described in the legend to Fig. 1A and the wild-type strain were cultured at 30°C or 37°C for 4 h. cdc13-1 mutant strains
cultured at 23 or 37°C were used as a positive control. Genomic DNA was extracted by the Zymolyase digestion method and monitored by QAOS
analysis as described previously (3). The error bars represent the standard deviation (SD) from three independent experiments. **, P 	 0.01; *,
P 	 0.05. (A) The relative amount of single-stranded CA DNA from the genomic locus 600 bp from the right-arm telomere in chromosome V
(V-R) was determined. (B, D, and E) The relative amounts of single-stranded TG DNA from the genomic locus 600 bp from the right-arm
telomeres in chromosome V (V-R) (B), chromosome XIII (XIII-R) (D), and chromosome III (III-R) (E) were determined. (C) The relative
amount of single-stranded TG DNA from the genomic locus 5,000 bp from the telomere in the chromosome V right arm was determined.
(F) FACS analysis with est1� yku� mutant cells. Wild-type (WT) cells and the mutant strains indicated were cultured in selective liquid medium
at 30 or 37°C for 4 h, and their DNA content was examined by FACS analysis. The percentages of cells in the G1, S, and G2/M phases are indicated
at the bottom. (G) Growth analysis of est1� yku70� exo1� cells. est1� yku70� exo1� cells and est1� yku70� cells carrying plasmid pRS316-EST1
were plated at 30°C on medium selecting for the presence of pRS316-EST1 (Ura�) and on medium that selected for the eviction of covering EST1
plasmid (5�-FOA), respectively.

1266 TONG ET AL. MOL. CELL. BIOL.



DNA was detected in cdc13� yku80� est1�/pRS415-CDC13-
EST2 cells at both 30°C and 37°C and the increase was com-
parable to that of cdc13-1 mutant (Fig. 2B to E). Parallel
fluorescence-activated cell sorter (FACS) analysis revealed
that over 70% of the cells deficient in both Yku and Est1 were
arrested in G2/M phase at both 30 and 37°C (Fig. 2F). Con-
sistent with a previous report (1, 32), inactivation of Exo1, a
5�33� exonuclease that is responsible for C-stand resection
and G-tail production, partially rescued the synthetic lethality
of YKU and EST1 double deletion (Fig. 2G). Together these
data suggested that the EST1 deletion in a yku mutant back-
ground led to a further increase in the amount of single-
stranded telomeric DNA, and this consequently triggered the
cells to arrest at the G2/M-phase boundary.

Telomere-tethered Est1 rescues the temperature sensitivity
of the YKU deletion mutant in a manner that is independent of
Est2. The Est2/Tlc1 complex associates with telomeres in both
G1 phase, via a Yku-Tlc1 interaction, and in S phase, via a
Cdc13-Est1-Tlc1 interaction (5, 8, 13). Est1 is expressed and
associated with telomeres in S phase (38, 53) when the telo-
meric G-overhang reaches more than 30 nucleotides (60).
Since Est1 and Est2 are normally dependent on each other for
their association with telomeric DNA in S phase (5), it was not
clear if both the telomerase core enzyme of Est2/Tlc1 and the
accessory subunit of Est1 contributed to telomere protection
directly. We therefore examined temperature sensitivity of
Yku-deficient cells when Est2 or Est1 was artificially tethered
to telomeres via fusion with Cdc13. Anchoring of Est2 to
telomeres via a Cdc13-Est2 fusion protein could not rescue the
temperature sensitivity of yku70� or yku80� cells (Fig. 3A).
Conversely, tethering Est1 to telomeres via a Cdc13-Est1 fu-
sion (8) alleviated the temperature sensitivity phenotype of the
yku70� mutant (Fig. 3B), suggesting that the physical presence
of Est1 at telomeres compensated for the absence of Yku.
Therefore, Est1 likely played an important role in telomerase
complex-mediated telomere protection. Western blot analysis
revealed that the expression level of mycCdc13-Est1 was higher
than that of mycCdc13-Est2 (Fig. 3C), so we could not rule out
the possibility that the telomere protection of Est1 is attributed
to the higher expression of Cdc13-Est1 fusion protein.

To address whether the protective role of Est1 at telomeres
requires the simultaneous presence of Est2, we examined syn-
thetic lethality of a YKU and EST2 double-deletion mutant
when Est1 was tethered to telomeres via the Cdc13-Est1 fusion
protein. Interestingly, telomere-targeted Cdc13-Est1 protein,
but not the Cdc13 protein alone, sufficiently suppressed the
synthetic lethality of the YKU80 and EST2 double deletion
(Fig. 3D). Accordingly, the single-stranded G tails in the
cdc13� est2� yku80�/pRS415-CDC13-EST1 cells was compa-
rable to that in yku80� or cdc13� yku80�/pRS415-CDC13-
EST1 cells (Fig. 3E). The continuous passage of cells in liquid
media revealed that cdc13� est2� yku80�/pRS415-CDC13-
EST1 cells senesced after about 50 generations, and a small
number of survivors eventually began repopulating the culture
(Fig. 3F). As expected, the telomeres gradually shortened and
TG recombination took place to generate the survivors (Fig.
3G) (15). Taken together, these results strongly supported the
idea that Est1 directly participated in telomere protection.

The G-quadruplex-promoting activity of Est1 contributes to
telomere protection. Because Est1 interacts with both Tlc1 and

Cdc13 to help recruit telomerase (43, 47, 51) and is able to
convert single-stranded DNA into a G quadruplex (63), we
wondered which activity of Est1 was more important to its
telomere protection function. We therefore employed the
est1-60 and est1-D514A separation-of-function mutants. Cells
with either mutation exhibit a senescence phenotype because
of gradually shortening telomeres (40, 63). The Est1-60 mutant
protein does not interact with Cdc13 and is defective in telome-
rase recruitment (40). The Est1-D514A mutant protein can
interact with both Tlc1 and Cdc13 to recruit telomerase; how-
ever, it cannot convert single-stranded telomeric DNA into a G
quadruplex (63). We examined the synthetic lethality of YKU
with these two separation-of-function EST1 mutants in the
cdc13�/pRS415-CDC13-EST2 fusion background. When seri-
ally restreaked on plates, cells bearing est1-60 and yku80�
mutations grew as robust as EST1 yku80� cells, presumably
because the deficiency of telomerase recruitment in the est1-60
mutant was bypassed by CDC13-EST2 fusion (Fig. 4A) (8). In
contrast, cells with both the est1-D514A and yku80� mutations
appeared to be very sick and barely produced colonies in the
first several restreaks (Fig. 4A). When these “sick” cells were
continuously passaged on solid medium, their growth ability
was gradually recovered to a reasonable level at later restreaks:
e.g., the 12th restreak (Fig. 4A). To confirm this result, we also
examined other EST1 mutations that were previously shown to
be deficient in quadruplex-promoting activity and strains har-
boring either the est1-D510A or the est1-D521A allele showed
synthetic lethality with a YKU deletion (data not shown) (9,
63). Additionally, overexpression or targeting of wild-type
Est1, but not Est1-D514A, alleviated the temperature sensitiv-
ity of the yku70� mutant (Fig. 4B and C) (10), and overexpres-
sion Cdc13 alone was not able to improve the growth of the
yku70� mutant (Fig. 4C). Moreover, cdc13� est2� yku80� cells
expressing Cdc13–Est1-D514A fusion protein could not pro-
duce clones after eviction of the covering EST2 plasmid on the
5�-FOA plate (Fig. 4D), indicating that targeting Est1-D514A
to telomeres by fusing it to CDC13 would not rescue the
synthetic lethality of EST2 and YKU double deletion. Western
blot analysis showed that the expression levels of mycCdc13–
Est1-D514A and mycCdc13-Est1 were comparable (Fig. 4E).
These results indicated that the telomeric DNA G-quadruplex-
promoting activity of Est1 is directly involved in telomere pro-
tection.

Previous studies have shown that Pif1 family helicases could
unwind G-quadruplex structures (45, 46). In order to address
whether the hypothesized telomere G-quadruplex structure
facilitated telomere protection, we deleted PIF1 in yku70�
cells because we assumed that inactivation of Pif1 helicase
would stabilize the G quadruplex (45). A temperature sensi-
tivity assay showed that deletion of PIF1 partially rescued the
growth ability of yku70� cells at 37°C (Fig. 4F) (58). Addition-
ally, deletion of PIF1 could improve the growth of yku70�/
pRS415-CDC13-EST1 cells at 38.5°C (Fig. 4F). These results
were in agreement with the argument that the telomere pro-
tection function of Est1 is attributed to its G-quadruplex pro-
motion activity. However, we could not rule out the possibility
that the deletion of PIF1 might enhance the occupancy of
telomerase on telomere ends and contribute to telomere pro-
tection (58).

Telomere Southern blot analysis of the cells sequentially
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passaged in liquid medium revealed that the Cdc13-Est2
fusion protein generated extremely long telomeres, and they
were maintained in the cdc13� yku80� est1-60/pRS415-
CDC13-EST2 cells (Fig. 4G). However, prominent Y� am-

plification appeared in the cdc13� yku80� est1-D514A/
pRS415-CDC13-EST2 and cdc13� yku80� est1�/pRS415-
CDC13-EST2 survivor-like cells. Notably, the Y� amplification
occurred abruptly in the early passages of the cdc13� yku80�

FIG. 3. Targeting Est1 to telomeres suppresses synthetic lethality of YKU80 and EST2 double deletion. (A) Growth analyses of the yku70� or yku80�
mutants. The pRS415-CDC13-EST2 or pRS415 plasmid was transformed into the yku70� or yku80� cells. Five-fold serial dilutions were spotted on Leu�

medium to select for the presence of plasmid at 30°C and 37°C, respectively. (B) Growth analyses of the yku70� mutant. The plasmid pRS415-CDC13-EST1
(CDC13-EST1) was transformed into the yku70� cells. Five-fold dilutions were spotted on the medium (Leu�) at 30 and 37°C, respectively. The parallel
transformation and growth analyses were done with pRS315-YKU70 and pRS315 vector alone for controls. (C) Western blot analyses of Cdc13-Est1 and
Cdc13-Est2 expression. pRS415 vector, pRS415-Myc-CDC13-EST1, or pRS415-Myc-CDC13-EST2 plasmid was transformed into YPH499 cells, and the total
cell lysate was subjected to Western blot analyses with anti-Myc antibody (�-Myc) (upper panel). A nonspecific band shown in the same film was set as loading
control (LC) (lower panel). (D) Growth analyses of the est2� yku80� cells in the presence of CDC13-EST1 fusion expression. The est2�/pRS316-EST2/pRS415,
yku80� est2�/pRS316-EST2/pRS415, yku80� est2�/pRS316-EST2/pDBL-CDC13 (63), est2� cdc13�/pRS316-EST2/pRS415-CDC13-EST1, and yku80� est2�
cdc13�/pRS316-EST2/pRS415-CDC13-EST1 haploid cells were generated from tetrad dissection. Five-fold serial dilutions were spotted at 30°C on Leu� Ura�

medium to select for the presence of both pRS415-CDC13-EST1 (or pRS415) and pRS316-EST2 plasmids (left panel) and on Leu� 5�-FOA� medium (right
panel) that selected for eviction of pRS316-EST2 plasmid. (E) QAOS analysis of the est2� yku80� mutant. Strains generated from the 5�-FOA plate described
in panel D were cultured at 30 or 37°C as described. Genomic DNA was extracted by the Zymolyase digestion method and monitored by QAOS analysis. The
single-stranded DNA of the TG strand at the genomic locus of 600 bp from the right telomere in chromosome V was measured (3), and the error bars represent
the standard deviation (SD) from three independent experiments. (F) Liquid cell viability assay for the est2� yku80� mutant. est2� and est2� yku80�/pRS415-
CDC13-EST1 cells were grown in selective medium to saturation, and each culture was diluted to an OD600 of 0.05 every 24 h. The total cell number was
monitored. The error bars represent the results from two independent clones. (G) Analysis of telomere length of est2� yku80/pRS415-CDC13-EST1 cells. est2�
and cdc13� est2� yku80�/pRS415-CDC13-EST1 haploid cells were passaged in liquid medium for the indicated time in days and collected for telomere Southern
blot analysis using a TG1–3 telomeric probe.
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est1-D514A/pRS415-CDC13-EST2 mutant (Fig. 4G). These re-
sults indicate that defective protection of the single-stranded
TG DNA by the dysfunctional Est1-D514A mutation pro-
moted Y� recombination to repair telomeres with exposed
single-stranded DNA.

Y� amplification occurs frequently in the est1-D514A mutant
background. In order to investigate further how the lack of
G-quadruplex-promoting activity of Est1 affected Y� recombi-
nation, we obtained an est1-D514A mutant strain from a tetrad
dissection. This est1-D514A mutant strain did not contain the

FIG. 4. Telomere protection of Est1 depends on its G-quadruplex promotion activity. (A) Growth analysis of est1-D514A and est1-60
mutants in the est1� yku80�/pRS317-CDC13-EST2 background. A cdc13� est1� yku80� strain carrying both pRS316-EST1 and pRS317-
CDC13-EST2 plasmids was obtained from a tetrad dissection and was transformed with pRS315-EST1, pRS315-est1-D514A, pRS315-est1-60,
or pRS315 empty vector as indicated. After eviction of pRS316-EST1 plasmid by 5�-FOA selection, two independent clones were sequentially
restreaked on selective Leu� plates at 30°C. The number of passages for each streak plate is indicated below. (B) Growth analysis of
Est1-D514A overexpression in yku70� cells. The plasmid pRS315-yku70, pDBL-EST1 (63), pDBL-est1-D514A or an empty vector was
transformed into yku70� cells. Five-fold serial dilutions were spotted on Leu� medium and grown at 30 or 37°C as indicated. (C) Growth
analysis of the yku70� mutant. Plasmid pRS415-CDC13-EST1 (CDC13-EST1), pRS415-CDC13-est1-D514A (CDC13-est1-D514A), or pDBL-
CDC13 (CDC13) was transformed into the yku70� cells. Five-fold dilutions were spotted on Leu� medium and grown at 30 or 38°C as
indicated. The parallel transformation and growth analyses were done with pRS315-YKU70 and pRS415 vector alone for controls.
(D) Growth analyses of est2� yku80� cells in the presence of the CDC13-EST1 or CDC13-est1-D514A fusion gene. est2� yku80�/pRS316-
EST2 cells were generated by tetrad dissection and then transformed with pRS415-CDC13-EST1 or pRS415-CDC13-est1-D514A. The
parallel transformation and growth analyses were done with pRS315-YKU80 and pRS415 vector alone for controls. Cells were streaked on
the 5�-FOA medium to evict the pRS316-EST2 plasmid. (E) Western blot analyses of Cdc13-Est1 and Cdc13-Est1-D514A expression.
pRS415 empty vector, pRS415-Myc-CDC13-EST1, or pRS415-Myc-CDC13-EST1-D514A plasmid was transformed into YPH499 cells, and
the total cell lysate was subjected to Western blot analyses with anti-Myc antibody (�-Myc) (upper panel). A nonspecific band shown in the
same film was set as a loading control (LC) (lower panel). (F) Growth analysis of the yku70� mutant. Plasmid pRS415-CDC13-EST1 was
transformed into the yku70� or yku70� pif1� cells. Five-fold dilutions were spotted on Leu� medium and grown at 30, 37, or 38.5°C as
indicated. The parallel transformation and growth analyses were done with pRS315-YKU70 and pRS415 vector alone for controls.
(G) Telomere Southern blot analysis of est1 mutants in the cdc13� yku80� est1�/pRS317-CDC13-EST2 background. The isogenic strains
shown in panel A were restreaked on plates, and genomic DNA was isolated from the 1st, 2nd, 4th, 8th, and 12th restreaks, as labeled at
the top of the blot. DNA was digested by XhoI and subjected to Southern blot analysis with a TG1–3 probe. The subtelomeric Y� signal is
indicated on the right.
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CDC13-EST2 fusion plasmid. The telomere single-stranded
DNA in est1-D514A mutant strain was examined and com-
pared with that in est1�, est1-60, yku80�, and cdc13-1 cells. The
result in Fig. 5A showed that no significant single-stranded
DNA was accumulated in est1-D514A cells (Fig. 5A). The
mutant cells were grown in liquid medium, and their growth
potential and telomere phenotypes were also examined. Inter-
estingly, the est1-D514A mutant strain did not exhibit a senes-
cence curve that was typical of an est1� mutant (24) (Fig. 5B).
A telomere blot analysis showed that Y� amplification occurred
much more dominantly and efficiently in the est1-D514A mu-
tants than in the est1� cells (Fig. 5C). Accordingly, deletion of
RAD51 in the est1-D514A background, which is normally re-
quired for Y� recombination, but not for TG tract recombina-
tion (25), caused a phenotype that was nearly lethal (Fig. 5D).
Conversely, deletion of RAD50 in the est1-D514A background,
which is required for TG tract recombination but not Y� re-
combination and amplification (25), did not affect survivor
formation (Fig. 5D) and Rad51-mediated Y� amplification ef-
fectively took place to repair telomeres (Fig. 5E). To validate
that est1-D514A mutant cells amplified Y� efficiently to escape
senescence, we randomly selected 50 colonies that were de-
rived from est1� (Fig. 6A) or est1-D514A (Fig. 6B) spores after

three serial restreaks on solid medium. A telomere Southern
blot revealed that all of the colonies derived from est1-D514A
spores displayed shortened TG tracts and Y� amplification,
resembling the phenotypes of type I survivors (Fig. 6B). Con-
sistent with a previous report (12), inactivation of Yku resulted
in short but stable telomeres as well as Y� amplification (Fig.
6C). Taken together, we concluded that as in the yku mutant,
Y� amplification functions as a telomere repair mechanism that
is activated in the est1-D514A mutant.

Est1 normally inhibits Y� amplification. In any of the est�
mutants, about 90% of postsenescent survivors maintain telo-
meres by Y� amplification to form type I survivors, and about
10% of postsenescent survivors maintain telomeres by TG
recombination to form type II survivors (55). If Est1 normally
inhibits Y� amplification, physically tethering Est1 to telomeres
via a Cdc13-Est1 fusion should decrease the frequency of type
I survivor formation in telomerase null cells. To test this
hypothesis, we prepared est2� cells and immediately trans-
formed the pRS415-CDC13-EST1, pRS415-CDC13-est1-D514A,
pRS314-CDC13, or pRS415 plasmid into est2� cells, respec-
tively. Due to the lack of Est2, cells expressing Cdc13-Est1,
Cdc13–Est1-D514A fusion protein, or Cdc13 alone underwent
senescence and survivors were recovered after the third serial

FIG. 5. Y� amplification takes place in the est1-D514A mutant to repair deprotected telomeres. (A) QAOS analysis of the est1 mutant as
described in the legend to Fig. 2B. est1�, est1-D514A, and est1-60 haploid strains were generated from tetrad dissection. Wild-type and yku80� cells
cultured at 30 or 37°C or the cdc13-1 mutant cells cultured at 23 or 37°C were used as negative or positive controls. (B) Cell viability assay for the
est1 mutants. Dissected est1� spores carrying empty vector, pRS316-EST1, or pRS316-est1-D514A plasmid were grown in selective medium until
the culture reached growth saturation, and each culture was diluted to an OD600 of �0.05 every day (24 h) for 14 days. The total cell number was
determined after each indicated day. (C) Analysis of the telomere length of the est1 mutant strains. Genomic DNA was isolated from the yeast
cells in panel B, digested with XhoI, and subjected to Southern blot analysis with a TG probe. The numbers at the top indicate the number of days
the cells were grown. (D) Growth analysis of rad50� est1-D514A and rad51� est1-D514A mutants. est1� rad50� or est1� rad51� cells carrying either
the pRS316-EST1 or the pRS316-est1-D514A mutant plasmid were grown repeatedly in Ura� medium until survivors were generated, and the 6th
restreak is shown. (E) Telomere Southern blot analysis of rad50� est1-D514A and rad50� est1� mutant strains. Genomic DNA isolated from the
indicated isogenic strains was digested with XhoI and subjected to Southern blot analysis using a TG probe. The numbers at the top indicate the
numbers of days the cells were passaged.
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restreak on the solid medium. More than 50 colonies for each
strain were subsequently isolated, and telomeres of individual
colonies were analyzed by Southern blotting. The percentage
of survivor types is summarized in Fig. 6D. Consistent with a
previous report, est2� postsenescent cells produced 9.9 and
90.1% of type II and type I survivors, respectively (55). In
contrast, est2�/pRS415-CDC13-EST1 postsenescent cells gave
rise to 36.0 and 64.0% of type II and type I survivors, respec-
tively, indicating that the telomere-tethered Est1 increased the

rate of type II survivor formation and decreased the rate of
type I survivor formation. In a manner that paralleled est2�
cells, est2�/pRS314-CDC13 postsenescent cells yielded 8.8
and 91.2% of type II and type I survivors, respectively,
and est2�/pRS415-CDC13-est1-D514A postsenescent cells
yielded 7.7 and 92.3% of type II and type I survivors, re-
spectively. These results support a model in which the telo-
mere association of a functional Est1 inhibits Y� recombi-
nation and the G-quadruplex-promoting activity of Est1 is
required for this inhibitory role.

Telomerase and Rad52-dependent recombination are the
respective primary and alternative pathways used for telomere
elongation in yeast. Reintroduction of telomerase into type II
survivor cells gradually restored a wild-type telomere Southern
blot pattern (7, 56). To validate further that the lack of G-
quadruplex-promoting activity of Est1 might increase Y� re-
combination-mediated telomere repair, we reintroduced either
wild-type EST1 or mutant est1-D514A into type II survivor cells
that were derived originally from est1� cells. As expected,
reintroduction of wild-type EST1 gradually restored the wild-
type telomere Southern blot pattern (Fig. 7A). In contrast,
reintroduction of an est1-D514A mutant, but not an empty
vector, promoted Y�-element amplification and trimmed down
the TG tracts to a length shorter than that of the wild type
(Fig. 7A). Because only an inactive telomerase was assem-
bled at telomeres in the est1-D514A mutant (63), the type II
survivors derived from est1� cells likely transformed into
type I cells in the presence of the Est1-D514A mutant pro-
tein. These results further support our conclusion that the
G-quadruplex-promoting activity of Est1 inhibits Y� ampli-
fication (Fig. 7B).

DISCUSSION

As the natural ends of chromosomes, telomeres have to be
shielded by various associated proteins to distinguish them-
selves from undesired DNA double-strand breaks. Telomere
protection appears to involve at least three independent path-
ways, namely, the CST, Yku, and telomerase pathways. A de-
fect in one pathway usually doesn’t cause lethality; however, a
combinatorial deficiency in two protection pathways leads to
cell death. For example, both yku� est1� (or est2� or est3�)
and cdc13-1 yku� mutant cells are unviable (19, 36, 41).

The telomerase holoenzyme is made up of the core enzyme
complex of Est2/Tlc1 and the accessory subunits Est1 and Est3.
A previous study suggested the telomerase core enzyme was
involved in telomere protection (22). Since a lack of Est2 or
Tlc1 reduces Est1-telomere association, it remained a possibil-
ity that the telomere-protective role of telomerase core enzyme
is indirect and is instead mediated by the Est1 subunit (5). We
favor this model because the tethering of Est2 to telomeres via
fusion with Cdc13 did not suppress either the temperature
sensitivity of yku cells (Fig. 3A) or the synthetic lethality of the
yku� est1� cells (Fig. 1A), whereas the tethering of Est1 to
telomeres by fusion with Cdc13 rescued both the temperature
sensitivity of yku cells and the synthetic lethality of yku� est2�
cells (Fig. 3). These observations support a model in which
Est1 directly participates in telomere protection.

Overexpression of Est1-D514A, which possesses telomerase
recruitment activity, could not rescue the temperature sensi-

FIG. 6. Targeting Est1 to telomeres inhibits type I survivor forma-
tion. (A and B) Haploid est1� cells with pRS316 (A) or pRS316-est1-
D514A (B) plasmid were passaged on solid medium to generate sur-
vivors. Fifty independent clones were randomly picked, and their DNA
was subjected to a telomere Southern blot analysis to examine the
survivor types. The telomere phenotype of 46 clones is shown.
(C) Telomere Southern blot analysis of yku80� cells. Genomic DNA
from two independent clones of the yku80� strain cultured at 30°C was
subjected to telomere Southern blot analysis using a TG1–3 probe.
(D) The est2� strain with pRS415, pRS314-CDC13, pRS415-CDC13-
EST1 vector, or pRS415-CDC13-est1-D514A was passaged by serial
streakouts on solid medium to generate survivors, and DNA isolated
from the indicated independent clones was subjected to telomere
Southern blot analysis (data not shown). The survivor rate of est2�
strain cells with pRS415, pRS314-CDC13, pRS415-CDC13-EST1 vec-
tor, or pRS415-CDC13-est1-D514A plasmid was calculated according
to the telomere Southern blot analysis.
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tivity of a yku mutant (Fig. 4). In addition, when the Cdc13-
Est2 fusion protein was present, synthetic lethality was ob-
served in a yku and est1-D514A double mutant, but not in a yku
and est1-60 double mutant (Fig. 4). Moreover, inactivation of
Pif1 helicase, a G-quadruplex resolver (45, 46), could partially
rescue the temperature sensitivity of yku� cells and increase
the viability of yku70�/pRS415-CDC13-EST1 cells at 38.5°C
(Fig. 4F). Therefore, the G-quadruplex-promoting, but not
telomerase recruitment, activity of Est1 plays a complementary
role in the single-stranded DNA protection that is missing in a
yku mutant. The abrogation of the temperature sensitivity phe-
notype of the yku mutants via the overexpression of either Est2
or Tlc1 was therefore likely attributable to an increase of Est1
at telomeres due to an overabundance of Est2 and/or Tlc1 at
the telomeres. Since the precise role of Est3 in telomere main-
tenance is poorly understood, we could not rule out the pos-

sibility that Est3 is required for telomere protection through a
mechanism that employs Est1.

In wild-type cells, because telomerase maintains normal
telomere length and capping factors like the Yku and CST
complexes guard the single-stranded G tails, Y� amplifica-
tion and TG tract recombination are extremely rare events.
When a telomere protection factor is absent or dysfunc-
tional, the exposure of single-stranded TG DNA could be
recognized as a DNA lesion and subsequently become a
favorable substrate for homologous recombination (Fig.
7B). In yku mutant cells, although short and stable telo-
meres are maintained by telomerase, the deprotected single-
stranded TG DNA appears to be repaired through Y� am-
plification (Fig. 6C) (12). In the cdc13-1 mutant, a small
portion of cells could survive at a nonpermissive tempera-
ture of 37°C with recombination-repaired telomeres (16).
Likewise, in est1-D514 cells, the Est1-D514A mutant protein
can help to assemble telomerase at telomeres, but cannot
convert single-stranded TG DNA into a G quadruplex (63).
The deprotected single-stranded TG DNA in the est1-D514
cells was repaired by Y� amplification but not TG tract
recombination, thereby allowing cells to escape senescence
(Fig. 5). Interestingly, it is unclear why the est1� and est1-
D514A cells behaved differently in activating telomere re-
combination (Fig. 5B and C). In est1� cells, both Y� recom-
bination and TG tract recombination seem to be difficult to
initiate because the survivor formation rate is extremely low
(30). In contrast, in est1-D514A cells Y� recombination oc-
curred much more efficiently, and type I survivors arose
much earlier (Fig. 5B and C). One explanation was that in
the est1� cells, the absence of telomerase might result in
telomere recruitment of the factors that are involved in both
homologous recombination (Y� or TG tract recombination)
and nonhomologous end joining (NHEJ) (30, 39, 56), com-
peting for the same substrate to make any event less effi-
cient, while in the est1-D514A mutant, on one hand, telo-
mere-associated inactive telomerase inhibited both TG tract
recombination and NHEJ, and on the other hand, the lack of
G-quadruplex formation promoted Y� recombination (Fig. 5 to
7). Therefore, both Yku and Est1 protect single-stranded
TG DNA from Y� recombination, which serves as a means
of repairing deprotected telomeric DNA (Fig. 7B).

Because Est1 is expressed and associates with telomeric
DNA via interaction with Cdc13 in S phase (8, 38, 40, 43), it
is likely that Est1 exerts its protection function during telo-
mere elongation in S phase. However, since the expression
of the CDC13-EST1 fusion gene was under the promoter of
CDC13, it remains possible that due to an intrinsic telomere
association of Cdc13 (54), the Cdc13-Est1 fusion protein has
targeted Est1 to telomeres during all the phases of cell cycle.
The constant association of Est1 with telomeres may com-
pensate for the loss of Yku protection in the YKU null
mutant (Fig. 3B). We propose a model where upon C-strand
degradation by exonuclease (i.e., ExoI) (1, 32), Est1 binds to
and converts single-stranded TG DNA into a G quadruplex
(63). This transformation of G-rich DNA on one hand fa-
cilitates the activation of telomerase (63) and on the other
hand prevents single-stranded TG DNA from being recog-
nized by recombination machinery (Fig. 7B). Therefore, in
addition to activating telomerase, Est1 likely functions as

FIG. 7. Reexpression of Est1-D514A mutant protein switches the
est1�-derived type II survivor to a type I survivor. (A) Telomere
Southern blot analysis of type II survivors that express Est1-D514A
mutant protein. est1�-derived type II survivors transformed with
pRS315-EST1, pRS315-est1-D514A, or pRS315 plasmid were passaged
on Leu� medium. Genomic DNA from the indicated restreaks (at the
top) was digested by XhoI and subjected to Southern blot analysis
using a TG1–3 probe. (B) Model of Est1’s functions in telomere pro-
tection. In the presence of Est1, G tail could be converted into G
quadruplex. The higher-order DNA structure on one hand avoids
telomere being recognized by recombination factors and on the other
hand activates telomerase.
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the primary factor in the telomerase pathway that provides
the function of telomere protection (Fig. 7B).
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