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Saccharomyces cerevisiae Est3p dimerizes in vitro
and dimerization contributes to efficient telomere

replication in vivo
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ABSTRACT

In Saccharomyces cerevisiae at least five genes,
EST1, EST2, EST3, TLC1 and CDC13, are required
for telomerase activity in vivo. The telomerase cata-
lytic subunit Est2p and telomerase RNA subunit Tic1
constitute the telomerase core enzyme. Est1p and
Est3p are the other subunits of telomerase holo-
enzyme. In order to dissect the function of Est3p in
telomere replication, we over-expressed and purified
recombinant wild-type and mutant Est3 proteins. The
wild-type protein, as well as the K71A, E104A and
T115A mutants were able to dimerize in vitro, while
the Est3p-D49A, -K68A or -D166A mutant showed
reduced ability to dimerize. Mutations in Est3p that
decreased dimerization also appeared to cause
telomere shortening in vivo. Double point mutation
of Est3p-D49A-K68A and single point mutation of
Est3p-K68A showed similar telomere shortening,
suggesting that the K68 residue might be more
important for telomerase activity. The ectopic co-
expression of K71A or T115A mutant with wild-type
Est3p using centromere plasmids caused telomere
shortening, while co-expression of the D49A, K68A,
D86A or F103A mutants with wild-type Est3p had no
effect on telomere length regulation. These data
suggested that dimerization is important for Est3p
function in vivo.

INTRODUCTION

Telomeres are the physical ends of chromosomes and are
composed of simple repeated telomeric DNA and its associ-
ated proteins (1). Telomeres protect chromosome ends from

nucleolytic digestion, distinguish normal chromosome ends
from DNA breaks and facilitate complete chromosomal rep-
lication (2-4). In Saccharomyces cerevisiae, the telomeric
DNA is ~300 + 75 bp of C;_3A/TG,_3 sequence (5). Telo-
meric DNA elongation is mediated by telomerase, a special-
ized reverse transcriptase that catalyzes the addition of
telomeric DNA sequence to chromosome ends by using
Tlcl, the RNA component as template (6,7). In budding
yeast S.cerevisiae, at least five genes, EST2, TLCI, ESTI,
EST3 and CDC13, are required for telomerase activity in
vivo. Deficiency of any one of these genes leads to a common
phenotype of initial viability with gradual telomere shortening
and most cells dying after ~100 generations (8—10).

EST2 encodes the catalytic subunit of telomerase with
distinctive motifs common to all reverse transcriptases as
well as motifs that are specific to telomerase (11-13). TLC1
encodes the 1.3 kb RNA subunit which contains a template
region for the elongation of telomeric DNA (10). Est2p and
Tlc1 are essential and sufficient for elongation activity of oligo
primer in vitro and are believed to constitute the telomerase
catalytic core (6,7). Cdc13p binds single-stranded telomeric
DNA in vitro and in vivo, and appears to be a component of the
telomere (14—17). Studies of different alleles of CDC13 reveal
that Cdcl13p is involved in both telomere protection and
telomerase recruitment (16,18,19). Estlp binds the single-
stranded G-rich telomeric DNA in vitro (20) and interacts
with Tlcl in vivo (21-23). In addition, Estlp interacts with
Cdc13p in yeast two-hybrid analysis and glutathione S-trans-
ferase (GST)-pull down assay (24), and the Estlp-Cdcl3p
interaction recruits telomerase to telomeres (25,26). Recently,
Estlp has been suggested to convert an inactive telomerase
into an active form (17).

EST3 encodes two forms of protein, one is a truncated
protein resulting from translation of only the first open reading
frame and the other is the full-length Est3 protein which has
been translated through the frame-shift site (27). Only the
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full-length Est3p (181 amino acid) with a molecular weight of
20.5 kDa is required for its in vivo telomere maintenance
function (27). The est3 deletion strain gives rise to the
same telomerase-deficient phenotypes observed in est2 and
tlcl mutants (8). Immunoprecipitation of either Est3p or
Estlp allows for the isolation of telomerase activity that is
attributed to Est2p and Tlcl (21,28), and Est3p is associated
with Tlc1 through interactions with Est2p (28). These obser-
vations suggest that telomerase holoenzyme contains Estlp
and Est3p subunits in addition to the Est2p/Tlc1 core enzyme.
Genetic studies suggest that Est3p interacts with the N-
terminal domain of Est2p because over-expression of Est3p
is able to rescue the temperature sensitivity of esr2" alleles
containing mutations in the N-terminal Region I (13). To date,
the mechanism for the function of Est3p in telomere replica-
tion is poorly understood.

To investigate the function(s) of Est3p in telomerase activ-
ity and potential interactions of Est3p with other subunits of
telomerase, we carried out biochemical and genetic studies of
Est3p. Wild-type and 13 mutant Est3 proteins were purified,
and gel filtration analysis revealed that Est3p forms homo-
dimer. Mutations that disrupted protein dimerization in vitro
also showed telomere shortening in vivo. Our data suggest that
the dimerization of Est3p contributes to telomere maintenance
and may have implications for understanding the mechanism
of how Est3p and the telomerase holoenzyme function in
telomere replication.

MATERIALS AND METHODS
Yeast strains

Unless otherwise stated, all the yeast strains used in this work
were derived from the YPH499 background (29). The est3
deletion strain was retrieved by tetrad dissection of a diploid
strain with one wild-type EST3 allele, and selected on the
synthetic glucose (SD) medium with different nutritional
requirements and Southern blot.

Plasmids

The coding sequence of EST3 gene was amplified by a two-
step PCR of yeast genomic DNA with primers flanked with
BamHI and EcoRI sites and was cloned into over-expression
vectors pGEX-4T-1 (from Invitrogen™ life technologies) and
pYES3/CT (from Invitrogen™ life technologies). The nucle-
otide at position 277 in genomic EST3 gene was deleted during
this two-step PCR cloning. The pRS316-EST3 centromere
plasmid was constructed by cloning a 1278 bp fragment,
which contains the Est3p coding region, and its upstream
493 bp and downstream 238 bp regions into the BamHI-
HindIII sites of pRS316. The EST3 alleles for either over-
expression or endogenous level expression were confirmed
by DNA sequencing. Mutants of EST3 were created by site-
directed mutagenesis with primer-specific two-step PCR using
wild-type pRS316-EST3 plasmid as template to change
the desired amino acids into Alanine (A) or Glutamate
acid (E). All the mutants were cloned in yeast centromere
plasmid pRS315 and confirmed by DNA sequencing. Two
independent colonies of each mutant were isolated and tested
for its function on telomere length regulation. All the mutants

were also cloned into both pGEX-4T-1 and pYES3/CT over-
expression vector.

Recombinant Est3p over-expression, purification and
gel filtration

The pGEX-4T-1 plasmid that contained either wild-type or
mutant EST3 was transformed into Escherichia coli strain
BL21, and over-expression of Est3p was induced at an
ODgqo of 0.5 with 0.5 mM IPTG (Isopropyl--p-thiogalacto-
pyranosid) at 16°C for 12—16 h. The GST-Est3 fusion proteins
were purified according to the manufacturer’s instructions
using 250 ul glutathione beads per liter culture. All the pro-
cedures of purification were carried out at 4°C. The cells were
collected and resuspended in 10 bed volumes of ice-cold
phosphate-buffered saline (PBS) containing 1% Triton
X-100. The cells were disrupted by two passages through a
homogenizer (EmulsiFlex-C5, AVESTIN), and the supernat-
ant was loaded on a glutathione column. The column was
washed with PBS containing 1% Triton X-100 and PBS con-
taining both 1% Triton X-100 and 1 M NaCl. The purified
recombinant GST—Est3 proteins that were bound to GST beads
were digested with thrombin in 5 bed volumes of thrombin-
digestion buffer (20 mM Tris, pH 8.5, 100 mM NaCl, 0.33 mM
CaCl, and 1 mM DTT) at 4°C for 3 h under the condition of
1 U of thrombin/mg of GST-Est3p. The released Est3 proteins
were dialyzed and aliquoted for further use. For Gel filtration,
100 ug of purified wild-type or mutant Est3 proteins in 100 pl
buffer (20 mM Tris, pH 8.5, 50 mM NaCl) was loaded on an
analytical size exclusion superdex 75 column (Pharmacia
Biotech), which was calibrated with protein standard mar-
kers including BSA (67 kDa), ovalbumin (43 kDa),
chymotrypsinogen A (25 kDa), ribonuclease A (13.7 kDa)
according to the vendor’s protocol. The column was developed
with elution buffer (20 mM Tris, pH 8.5, 50 mM NaCl) at 0.3
ml/min, and 1 ml fractions were collected. The eluate of Est3p
was analyzed by SDS-PAGE and western blot.

Telomere blot

Genomic DNA prepared from saturated yeast cultures of each
yeast strain was digested with Xhol, separated by 1% agarose
gel and transferred to HyBond N+ membranes (Amersham
Pharmacia Biotech), cross-linked by UV and then probed
with C,_3A/TG;_5 specific telomeric probe as previously
documented (30).

Preparation of polyclonal antibodies against Est3p

Polyclonal antibody against Est3p was generated by immun-
ization of rabbits with a GST-Est3 fusion protein. The antisera
were affinity purified by antigen cross-linked column as
previously documented (30,31).

RESULTS
Over-expression and purification of recombinant Est3p

To study the function of Est3p in telomere replication, we
started with purification of recombinant Est3p in vitro.
Since a programmed frame-shift occurs during the translation
of full-length Est3p of 181 amino acids in S.cerevisiae (27),
the nucleotide adenine (A) at position 277 in EST3 gene was



deleted to ensure the production of full-length Est3p when it is
expressed in E.coli and S.cerevisiae. The modified gene was
still considered to be EST3 because it encodes full-length
wild-type Est3 protein. The EST3 gene was inserted into
pGEX-4T-1 plasmid to express the GST-Est3p fusion in
E.coli. The over-expression and purification of recombinant
Est3p were as described in Materials and Methods. The Est3p
was purified to near homogeneity as examined by Coomassie
blue staining of an SDS-PAGE gel (Figure 1A) and confirmed
by western blot with affinity purified antibodies against Est3p
(Figure 1B). The GST fusion Est3p was over-expressed in
E.coli and purified with a GST column (Figure 1A and B,
lanes 1-3). Telomere Southern blot analysis revealed that
the GST-Est3p fusion was not able to fully complement the
wild-type Est3p in vivo as the telomeres in the cells that
expressed GST-Est3p were shorter than those in EST3
wild-type cells (Figure 1C). For this reason the GST-tag
was cleaved with thrombin before it was further characterized
in vitro. The thrombin digestion released untagged Est3p from
the glutathione beads (Figure 1A and B, lane 4). A 60 kDa
protein was co-purified with Est3p and detected with a faint
signal in the western blot analysis (Figure 1B). Other groups
have also co-purified a similar 60 kDa protein and according to
previous studies by Thain et al., this protein is likely to be the
E.coli molecular chaperone GroEL, which plays an important
role in helping protein folding in bacteria (32-34). The reason
why the antibody raised against Est3p could cross-react with
the chaperone is that the antigen, recombinant GST-Est3p
used for immunizing rabbits, was likely contaminated with
the 60 kDa chaperone (Figure 1A and B, lane 3).

Est3p forms homodimer

Telomerase has been suggested to function as a dimer or
oligomer during the synthesis of telomeres (35-38). Since
Est3p is a subunit of telomerase holoenzyme, we wanted to
know whether Est3p could form a dimer or oligomer in vitro.
The purified un-tagged recombinant Est3p (Figure 1A) was
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loaded onto an analytical size exclusion column that was
calibrated with standard markers including BSA (67 kDa),
ovalbumin (43 kDa), chymotrypsinogen A (25 kDa) and ribo-
nuclease A (13.7 kDa) (Figure 2A). The elution profile of
Est3p revealed three peaks corresponding to molecular
weights of about 80, 40 and 20 kDa, respectively, with the
40 kDa peak being the most prominent (Figure 2A). Both
silver staining and the western blot using specific primary
antibody against Est3p showed that the 40 and 20 kDa
peaks represented the Est3p while the 80 kDa peak was the
molecular chaperone combined with Est3p (Figure 2B and C).
These data suggest that the purified recombinant Est3p is able
to form a homodimer in vitro.

The telomeres were shortened in est3 mutants

Besides biochemical characterization of Est3p, we also
used genetic approach to screen for mutants of Est3p that
would cause a change in telomere length. To facilitate our
site-directed mutagenesis, we compared the sequences of
S.cerevisiae Est3p (ScEst3p) and Candida albicans Est3p
(CaEst3p) (39), and found out that they share 21% identity
and 35% similarity (Figure 3A). The conserved amino acids
were subjected to site-directed mutagenesis. Because little
information about the structure or function of Est3p was avail-
able, we arbitrarily generated point mutations in 37 amino
acids spanning nearly the full-length of Est3p (Figure 3A).
In each mutant construct, a single amino acid was changed.
The conserved amino acid [e.g. Lys (K), Ser (S), Pro (P), Asp
(D), Thr (T), Phe (F), Glu (E), Leu (L), Tyr (Y), Gln (Q)] was
changed to Ala (A), and the conserved Ala was changed to Glu
(E) (see Figure 3A and Table 1). The mutations in Est3p will
be referred to using the following abbreviation format of K3A,
which stands for Ala (A) replacing the Arg (K) at amino acid
position 3 of Est3p.

To determine the consequence of these single amino
acid substitutions, the mutated est3 alleles were introduced
into the est3A yeast strain. Each strain carrying a different
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Figure 1. The purification and characterization of recombinant Est3p. (A) The GST-Est3p fusion was purified with glutathione Sepharose™ 4B beads (Amersham
Biosciences) and the GST-tag was removed with thrombin digestion, the proteins were further analyzed with SDS-PAGE gel followed by Coomassie blue staining.
Lane 1, uninduced total extract; lane 2, induced total extract; lane 3, purified GST-Est3p on glutathione beads; lane 4, Est3p after the GST-tag cleft by thrombin.
Protein size standards are indicated in kilodaltons (kDa). (B) The purification of Est3p was examined by western blot with affinity purified primary antibody against
Est3p. Prestained protein size standards (NEB) are indicated in kilodaltons (kDa). (C) GST-Est3p complementation experiment. Genomic DNA from each cell
culture was prepared, digested with Xhol, separated on a 1% agarose gel and probed to a poly(GT) telomere specific probe. Isogenetic strains were as follows: wt
(wild-type strain: YPH499), GST-EST3 (YPH499 background). Both X and Y’ telomere fragments are indicated.



410 Nucleic Acids Research, 2006, Vol. 34, No. 2

N
A &
,fp
>
& AF
N O N
S N
F &Y
AL F
Q & \é @
/\“ 6\ () ‘)0
SO
Fot & &
Py
€ |
E |
S “
[-=]
S
: |
(%] |
e _
© . |
2 [ |
8 !‘;\‘_)II U
2 J gy -

“= chaperon

- --" — Est3p

14 -

C

3456 7891011121

“~chaperon

“~Est3p

3456 7891011121314

Figure 2. The purified wild-type Est3p forms dimer with gel filtration analysis.
(A) Elution profile of gel filtration with an analytical size exclusion column
superdex 75. The standard markers are as indicated: BSA (67 kDa), Ovalbumin
(43 kDa), chymotrypsinogen A (25 kDa) and Ribonuclease A (13.7 kDa). The
fractions near or within the peaks (from Fraction 3 to 14) were examined by
silver staining (B) and western blot (C). Affinity-purified anti-Est3p antibody
was used for western blot.

mutant allele of est3 was restreaked on Leu™ plates four times,
with each restreak allowing for ~25 generations of growth
during colony formation. We found out that the substitution of
Ala for Asp at position 86 (D86A) caused cell senescence,
while other 36 mutants shown in Figure 3A and Table 1 did not
display the similar senescence phenotype (Figure 3B and data
not shown). To confirm the senescence of mutant D86A and to
characterize other est3 mutants, the telomere length of each
strain was determined by Southern blot analysis using a spe-
cific telomeric TG;_; probe (Figure 3C and data not shown).
Of the 37 mutants, 24 mutants showed little or no change of
telomere length (Table 1 and data not shown). Twelve mutants
(K3A, D49A, K68A, K71A, F72A, A82E, S87A, FI95A,
F103A, E104A, T115A and DI166A) showed telomere

shortening in the range of 50-200 bp (Figure 3C). One mutant,
D86A, showed progressive telomere shortening and amplifica-
tion of TG, _; repeat telomeres (Figure 3C), a result consistent
with telomerase-independent type II survival phenotype after
senescence (40,41). None of the mutants showed telomere
lengthening (Figure 3C and Table 1). Most of the mutations
that resulted in telomere shortening were located in the N-
terminal two-thirds of EST3 (amino acids 1-120), with only
one mutation (D166A) located in the C-terminus. The mutants
with shortened telomeres showed no temperature sensitivity
when cultured at 37°C (Figure 3D and data not shown).

Est3p dimerization in vitro is affected in some of the
Est3 mutants

Because we observed that purified recombinant Est3p could
form a homodimer in vitro (Figure 2), we wondered whether
there was a functional connection between dimerization and
telomere length regulation. Therefore, we purified 13 mutant
proteins alongside wild-type Est3p in E.coli. The SDS-PAGE
gel stained with Coomassie blue and western blot analysis
indicated that the mutant proteins were purified to near homo-
geneity (Figure 4A and B). However, for the Est3p mutants
D49A, F72A, A82E, D86A, FO5A, F103A, E104A or T115A,
much more molecular chaperone was co-purified (Figure 4A).
Additionally, for unknown reasons, mutant proteins, Est3p-
AS82E, Est3p-D86A, Est3p-FO95A, Est3p-F103A showed
slower mobility in the SDS-PAGE gel than wild-type Est3p
(Figure 4A). It is possible that some mutations of Est3p would
cause conformational changes, and formation of a complex
with molecular chaperone might help to stabilize these mutant
proteins.

Each purified mutant Est3p was assayed on the same gel
filtration column and western blots were performed to follow
the elution of mutant Est3 proteins (Figure 5). The elution
profiles of purified mutant Est3 proteins seemed to fall into
several typical patterns. Within the D49A, K68A and D166A
mutants, the 40 kDa-dimer peak was much less prominent
compared with the wild-type Est3 protein (Figure 5A). In
the A82E, D86A, FO5A and F103A mutants, the 80 kDa
peak was the major one, while both the 40 and 20 kDa
peaks seemed to have disappeared (Figure 5B). In the K3A,
F72A, S87A mutants (Figure 5C), the 40 kDa peak was
observed, but was reduced in abundance when compared
with wild-type Est3p. In the K71A, E104A and TI115A
mutants (Figure 5D), the 40 kDa peak was comparable with
the 20 kDa. From these data, we concluded the following. The
K3A, D49A, K68A, F72A, A82E, D86A, FO5A, S87A, F103A
and D166A mutant proteins have reduced (or lost) the ability
to form stable homodimer in vitro. The A82E, D86A, FO5A
and F103A mutant proteins form a stable complex with the
bacterial molecular chaperone, while the K71A, E104A and
T115A mutant proteins were able to dimerize as well as wild-
type Est3p.

Over-expression of wild-type and mutant Est3 proteins
in S.cerevisiae

The correlation between the defect in dimer formation in vitro
(Figure 5A) and the telomere length shortening in mutants,
D49A, K68A or D166A in vivo (Figure 3C) suggests that
dimer formation is important for Est3p function in vivo. For
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Figure 3. Mutations of conserved residues in EST3 result in telomere shortening and do not show temperature sensitivity. (A) Sequence comparison of ScEst3p and
CaEst3p. Sequences of EST3 in S.cerevisiae and C.albicans were obtained from SGD (Saccharomyces Genome Database: http://db.yeastgenome.org/cgi-bin/locus.
pl?locus=Est3) and aligned with GENEDOC program. Positions that were mutated are indicated above the sequence of ScEst3p. Open circles indicate that mutation at
this position caused telomere shortening; the asterisk indicates that the cell went senescence, while the solid circles mean little or no telomere shortening. (B) Growth
of est3 mutant cells. The wild-type and mutant yeast cells (D49A, K68A, K71A, D86A and T115A) were streaked on selective SD plates four times, with each streak
being counted as 25 generations. Only the first and fourth streaks are presented here. (C) Telomere Southern blot of est3 mutants. The mutant icons are labeled on the
top. (D) Temperature sensitivity test of esz3 mutants. The 30°C overnight cultured yeast cells were diluted to ODgoo = 0.3, 3 pl of 10-fold serially diluted cells were
spotted on the Leu SD plates and the plates were incubated at 30 and 37°C, respectively. Isogenic strains tested are noted at the left.

the mutants A82E, D86A, FO5A, F103A, it remains possible
that telomere shortening in vivo might be a result of Est3p
instability rather than loss of dimerization. To determine
whether or not the mutant proteins were stable when expressed
in S.cerevisiae, we examined the Est3 proteins by western blot.
We used conditions of Est3p over-expression because the
endogenous expression level of Est3p was not detectable by
western blot (data not shown). The over-expression of the
wild-type and various mutant Est3 proteins is shown in
Figure 4C, with o-tubulin used as protein loading control.
Interestingly, the expression pattern of individual mutant in
S.cerevisiae is quite similar to that of what we observed in
E.coli. The expression level of the D49A, K71A, F72A,

E104A, T115A and D166A mutant proteins was about 2- to
3-fold less than that of the wild-type protein (Figure 4C). The
expression level of the K3A, K68A and S87A mutant proteins
was comparable with that of wild-type (Figure 4C). The
expression level of the A82E, D86A, FISA and F103A mutant
proteins was much lower than that of wild-type (Figure 4C).
These results suggested that the telomere shortening seen in
the K3A, D49A, K68A, F72A, S87A and DI166A strains
(Figure 3C) might have been caused by a reduced ability of
the Est3p mutants to dimerize, while telomere defect observed
in the A82E, D86A, FO5SA and F103A mutants might have
been caused by instability of the mutant proteins. The K71A,
E104A and T115A mutant Est3 proteins seemed to be stable in
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Table 1. esz3 mutants and telomere phenotype

Type Telomere phenotype Amino acid substitution
I Cell senescence D86A
11 Telomere shortening K3A, D49A, K68A
K71A, F72A, A82E
S87A, F95A, F103A
E104A, T115A, DI66A
111 Little or no telomere defect S8A, P12A, K23A
I42E, L45E, K47A
T58A, I59E, P63A
F66A, D77A, K79A
C99E, L119E, L127A
Y129A, S133A, K140A
S147A, V1I54E, Q159A
F163A, T173A, K179A
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Figure 4. Purification of wild-type and mutant Est3 proteins. The purified
proteins were analyzed with SDS-PAGE stained by (A) Coomassie blue
and (B) western blot using affinity purified polyclonal anti-Est3p antibody.
(C) The over-expression of Est3 mutants in S.cerevisiae. The upper panel is a
western blot probed with affinity purified polyclonal anti-Est3p antibody. The
lower panel shows a western blot of the o-tubulin in the same membrane as used
in the upper panel (loading control) probed with a monoclonal anti-o-tubulin
antibody.

both E.coli and S.cerevisiae (Figure 4A—C) and were able to
dimerize in vitro (Figure 5D), indicating that the telomere
shortening phenotype was due to something other than loss
of dimerization. Taken together, these data suggest that dimer-
ization of Est3p is important for maximum telomerase activity,
but not essential for the minimal telomerase activity.

The telomere length in est3-D49A-K68A
double mutation

The observations that the D49A or K68A amino acid change
reduced dimer formation of Est3p in vitro and resulted in
telomere shortening in vivo suggested that the two residues
are important for Est3p function. To examine further whether
Est3p dimerization is important for telomerase function in
vivo, we made the double mutant Est3p-D49A-K68A. As
shown in Figure 6A, the telomeres of est3-D49A-K68A double
mutant cells were shorter than D49A, but similar to that of
K68A, suggesting that the K68A mutation might have a
greater affect on telomerase activity in vivo. We further puri-
fied the double mutant Est3p-D49A-K68A, and the Coomassie
blue stained SDS-PAGE gel showed that much more molecu-
lar chaperone was co-purified during the purification of Est3p-
D49A-K68A (Figure 6B) than that of the mutant Est3p-D49A
or Est3p-K68A (Figure 5A). The elution profile of Est3p-
D49A-K68A in a size exclusion column (Figure 6C) appeared
to be different from that of Est3p-D49A or Est3p-K68A
(Figure 5A), but similar to that of the Est3p-A82E, -DS6A,
-F95A and -F103A (Figure 5B). These data suggest that Est3p-
D49A-K68A is unstable in vivo, and the loss of Est3p-D49A-
K68A dimerization might be a secondary consequence of its
instability.

Functional interactions between Est3p dimers

If dimerization is important for Est3p function in vivo, a
heterodimer of mutant Est3p-K71A or Est3p-T115A with
wild-type Est3p would cause a defect in telomere replica-
tion, while the Est3p-D49A and Est3p-K68A mutations
would not be able to form a heterodimer with wild-type
Est3p to enhance telomere replication. Thus, we introduced
these mutant esz3 alleles into yeast cells with the low-
copy-number centromere plasmid pRS315 and introduced
the wild-type EST3 allele with pRS316, another low-copy-
number centromere plasmid. The co-expression of different
mutant and wild-type Est3 proteins resulted in the different
telomere lengths shown in Figure 7. Little or no telomere
length change was detected in the cells where we co-
expressed the wild-type Est3p and the Est3p mutants D49A
(lane 3), K68A (lane 4), D86A (lane 6) or F103A (lane 7). In
contrast, telomere shortening was seen in the cells where we
co-expressed the wild-type Est3p and the Est3p mutants K71A
(lane 5) or T115A (lane 8). These results suggest that the wild-
type Est3p is not able to form a heterodimer with and is not
affected by the D49A, K68A, D86A or F103A mutants, which
are also unable to efficiently form a homodimer on their own
(Figure 5SA and B). These data also suggest that the wild-type
Est3p is able to form a heterodimer with and is affected by the
K71A or T115A mutants, which are able to form a homodi-
mers by themselves (Figure 5D). The functional interaction of
mutant and wild-type Est3p further supported the idea that
Est3p forms a dimer in vivo, and the dimer form is more
efficient in promoting telomere maintenance.

DISCUSSION

Est3p is required for telomerase activity in vivo and is believed
to be a subunit of yeast telomerase holoenzyme, but its
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function in telomere replication is not yet clear. We purified
recombinant Est3p to near homogeneity (Figure 1A and B).
Our affinity purification strategy was straightforward and effi-
cient for the purification of wild-type Est3p. This method,
however, was not as robust in the preparation of some of
the Est3 mutant proteins (A82E, D86A, FOSA and F103A)
and a large amount of chaperone was co-purified with the
Est3p (Figure 4A) although further purification step was
employed (Figure 5B). We have also attempted to purify 6-
histidine tagged Est3p from E.coli and similar difficulties
were encountered (data not shown). Removing GST-tag
from Est3p by thrombin digestion was a required procedure
for in vitro characterization (Figure 1C); however, extensive
digestion lowered the yield of recombinant Est3p (data not
shown).

The purified Est3p was able to form a dimer when it
was fractionated in a size exclusion column (Figure 2). The
dimerization proficiency of Est3p observed in vitro correlated
well with its ability to function in vivo. The substitution
of alanine (A) for amino acid D49 or K68 in Est3p did not
affect the stability of either of the mutant proteins (Figure 4),
but did result in a reduction in their ability to dimerize in vitro
(Figure 5A) and led to telomere shortening in vivo (Figure 3C).
Co-expression of dimer-deficient D49A, K68A, DS86A or
F103A mutants with wild-type Est3p did not affect telomere
replication (Figure 5A and B and Figure 7), but co-expression
of dimer-proficient K71A or T115A mutant and wild-type
Est3p caused telomere shortening (Figures 5D and 7).
These lines of evidence strongly suggest that the dimerization
of Est3p is important for its function in vivo.
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It was previously reported that the telomerase RNA and
the catalytic reverse transcriptase subunit in S.cerevisiae,
Euplotes crassus and humans might form a dimer or multimer
as a functional unit (35-38). Since Est3p is one of the subunits
of the yeast telomerase holoenzyme, the dimerization of Est3p
may play arole in helping telomerase form a dimer to elongate
the telomere efficiently. This would explain our in vitro and
in vivo observations for some of the Est3p mutants, such as
D49A, K68A or D166A, but could not address the essential
role of Est3p to telomerase activity, or the down regulation of

wt&F103A
wt&T115A

L 0 WKT1A

* wtSK68A

kb

10.0 —

8.0 —

6.0 —

50 — e
. - . e
- - -

3.0 —

20 —

156 —

1.0 —

12 3 456 789

Figure 7. Est3 mutants retaining the ability to dimerize show telomere short-
ening in ectopic co-expression with wild-type. Both wild-type EST3 (inpRS316
CEN plasmid) and mutant est3 (in pRS315 CEN plasmid) were co-introduced
into est3 deletion cells, telomere Southern blot was performed, the isogenic
transformants were as following: wt (wild-type), wt&wt, wt&est3-D49A,
wt&est3-K68A, wt&est3-K71A, wt&est3-D86A, wt&est3-F103A, wt&est3-
T115A.

telomerase activity in the Est3p mutant K3A, K71A, F72A,
AB82E, D86A, S87A, FO5A, F103A, E104A and T115A, which
also showed shortened telomeres (Figure 3C and Table 1). In
other words, the dimerization of Est3p could be important for
maximum telomerase activity, but is not essential for min-
imum telomerase activity. Therefore, it was unclear how
the Est3 mutant proteins that retained the ability to homodi-
merize were affecting telomerase activity.

One possibility was that the mutant Est3 proteins were
unstable and could not function efficiently. For example,
the recombinant proteins carrying the mutations AS82E,
D86A, FOSA or F103A showed slower mobility than wild-
type in the SDS-PAGE gel (Figure 4A and C), and the over-
expression of the A82E, D86A, FO5A or F103A mutants were
present at lower levels than that of over-expressed wild-type
protein (Figure 4C). A possible explanation for this was that
mutation in this region caused a conformational change of
Est3p, and the telomere shortening observed in these mutants
might be caused by the Est3p instability rather than loss of the
ability to dimerize. The fact that mutant proteins form complex
with the bacterial molecular chaperone also indicated that they
were less stable (Figure 4A and C). The D86A mutation of
Est3p caused progressive telomere shortening and cell
senescence, while over-expression of Est3p-D86A in the
est3A cells could stabilize shortened telomeres and prevent
the cells from senescence (data not shown), suggesting that
Est3p-D86A is not stable enough to maintain the minimum
telomerase activity required for cell viability when it is present
at the wild-type level.

Previous genetic studies by Friedman and co-workers (13)
showed that over-expression of Est3p rescued the temperature



sensitivity of est2" specific alleles where the mutations were
located in Region I, suggesting that Est3p interacts with N-
terminal domain of Est2p. Thus, a second, but not exclusive
possibility is that mutation of Est3p affects its interaction with
the other subunits of telomerase holoenzyme, e.g. Estlp, Est2p
and/or Tlcl. For the K71A, E104A and T115A mutants, the
protein appeared to be stable in yeast (Figure 4C), and they
were able to form dimers (Figure 5D). The shortened
telomeres in these cells might be due to the loss of interaction
between Est3p and one of the other telomerase holoenzyme
components like Estlp, Est2p and/or Tlcl. However, due to
the very low abundance of Estl, Est2 and Est3 proteins, we
were unable to detect the interaction between them at the
endogenous level (data not shown). Since reasonable amounts
of the recombinant wild-type Est3p and the Est3p mutants
K3A, K71A, F72A, S87A, E104A and T115A (which did
not affect its dimerization, but caused telomere shortening
in vivo) were successfully purified, it becomes possible to
study direct interaction between Est3p and Est2p or Estlp
when purified recombinant Est2p or Estlp becomes available.

The telomerase holoenzyme of S.cerevisiae has the ability
to processively add more than one repeat per binding event
in vivo (42-44), yet the purified recombinant telomerase core
enzyme from S.cerevisiae can only add one-round of repetitive
telomeric DNA in vitro (45). A third possibility would be
that Est3p functions in the holoenzyme as a telomerase
processivity factor, and hence mutation of Est3p causes
telomere shortening in vivo. It has been proposed that the
telomerase might switch templates during telomere synthesis
(36). It remains possible that Est3p is a translocator for the
template switching. The findings that Est3p forms a dimer, and
the dimerization is important for its in vivo function seemed to
be trivial with regard to uncovering the essential role(s)
of Est3p in telomerase activity, but the constructed mutant
yeast strains and the purified recombinant wild-type and mut-
ant Est3 proteins will greatly facilitate the future genetic and
biochemical studies for the function of Est3p in telomere
replication.
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