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Telomerase is a multisubunit enzyme that maintains genome
stability through its role in telomere replication. Although the
Est3 protein is long recognized as an essential telomerase com-
ponent, how it associates with and functions in the telomerase
complex has remained enigmatic. Here we provide the first evi-
dence of a direct interaction between Saccharomyces cerevisiae
Est3p and the catalytic protein subunit (Est2p) by demonstrat-
ing that recombinant Est3p binds the purified telomerase essen-
tial N-terminal (TEN) domain of Est2p in vitro. Mutations in a
small cluster of amino acids predicted to lie on the surface of
Est3p disrupt this interaction with Est2p, reduce assembly of
Est3p with telomerase iz vivo, and cause telomere shortening
and senescence. We also show that recombinant Est3p stimu-
lates telomerase activity above basal levels in vitro in a manner
dependent on the Est2p TEN domain interaction. Together,
these results define a direct binding interaction between Est3p
and Est2p and reconcile the effect of S. cerevisiae Est3p with
previous experiments showing that Est3p homologs in related
yeast species influence telomerase activity. Additionally, it con-
tributes functional support to the idea that Est3p is structurally
related to the mammalian shelterin protein, TPP1, which also
influences telomerase activity through interaction with the
Est2p homolog, TERT.

Telomeres are protein-DNA complexes that protect chro-
mosome termini from nucleolytic digestion and distinguish
natural chromosome ends from internal DNA breaks.
Although the majority of telomeric DNA is double stranded,
the G/T-rich strand forms a protruding 3'-overhang. In the
absence of a counteracting mechanism, telomeres shorten dur-
ing each cell division, ultimately activating cell cycle check-
points and cellular senescence (1). If these checkpoints are dis-
rupted or bypassed, end-to-end fusions and bridge breakage
cycles can ensue. Telomerase, a ribonucleoprotein complex,
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promotes telomere maintenance and genomic stability by elon-
gating the 3'-overhang by reverse transcription (2).

In budding yeast, telomerase consists minimally of four ded-
icated subunits: TLC1 RNA, the template RNA (3); Estlp, an
accessory protein important for recruiting and activating
telomerase at the telomere (4, 5); Est2p, the reverse transcrip-
tase (2); and Est3p, an additional accessory protein necessary
for proper activity in vivo (6). Deletion of any of these compo-
nents eliminates telomerase function in vivo, yielding the Ever
Shorter Telomere (EST)* phenotype (3, 7, 8).

Although these and other telomerase components have been
known for well over a decade, few details of their assembly into
the ribonucleoprotein complex are understood. Described
interactions are largely confined to protein associations with
the RNA template. Est1p and Est2p independently bind distinct
regions within the central portion of TLC1 RNA (9-11). Sm
proteins facilitate RNA stability through interaction with a site
near the 3’-end of the RNA (12), and association of the catalytic
core of telomerase with the telomere in G, phase is mediated by
interaction of the yKu heterodimer with TLC1 RNA (13). Pro-
tein/protein interactions are less well understood. Estlp and
Est2p may interact in an RNA-independent manner (5, 14).
When Estlp is tethered to an internal chromosomal site via
fusion with the Gal4 DNA binding domain, Est2p is recruited to
that site in the absence of TLC1 RNA (14). Furthermore,
recombinant Est1p and Est2p can bind directly, although TLC1
RNA enhances this interaction (5).

Both the function of Est3p and the mechanism of its assem-
bly into the telomerase complex are unknown. Est1p stimulates
the association of Est3p with telomerase in a cell cycle-depen-
dent manner that requires Est2p (15). Very recently, Estl pro-
tein purified from yeast was shown to bind recombinant Est3
protein, yielding strong evidence for a direct interaction
between these two proteins (16). Genetic evidence suggests that
Est3p interacts with the N-terminal (TEN) domain of Est2p, but
no direct protein/protein or protein/RNA interactions have
been reported (6, 17, 18). It has been suggested that Est3p binds
nucleic acid and possesses helicase activity (19). However, sen-
sitive analysis by NMR spectroscopy of Est3p in the presence
and absence of DNA failed to detect an interaction (18).

Although Est3p has been reported to be dispensable for the
catalytic activity of Saccharomyces cerevisiae telomerase (20),

4 The abbreviations used are: EST, ever shorter telomere; MBP, maltose-bind-
ing protein; OB, oligonucleotide/oligosaccharide-binding; TEN, telomer-
ase essential N-terminal.
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recent work in the related species Saccharomyces castelli impli-
cates the Est3p homolog in stimulating nucleotide addition
processivity (18). In addition, Est3p from Candida albicans is
required for robust telomerase activity in vitro with specific
primers (21). These data raise the possibility that Est3p affects
enzymatic activity in S. cerevisiae but that technical limitations
have, to date, precluded the detection of such effects.

Here we show the first biochemical evidence that Est3p binds
directly to the TEN domain of Est2p. We also show that recom-
binant Est3p stimulates telomerase activity during in vitro
primer extension and that the interaction of Est3p with the
Est2p TEN domain appears required for this function.

EXPERIMENTAL PROCEDURES
Plasmid and Strain Construction

Plasmids for Protein Expression—The plasmid pET Duet
EST3 (for expression of His,-EST3) was made by moving EST3
from YCPlac33 EST3 using primers M090 and M091 (supple-
mental Table S1) into pET Duet-1 (Novagen) using restriction
sites BamHI and Sall. EST3 mutants K71A (lysine 71 to ala-
nine), ETN (glutamate 114, threonine 115, and asparagine 117),
and DQ (aspartate 166 and glutamine 167) were introduced
into pET Duet EST3 by QuikChange™ (Stratagene) using
primer pairs K71A forward and K71A reverse, ETN114AAK
forward and ETN114AAK reverse, and DQ forward and DQ
reverse, respectively. A vector for expression of MBP-EST2"*N
was made by cloning EST2 "V (residues 1-162) from pKF404
(22) using primer pair LM204.1 forward and LM204.1 reverse
into pLM204a (gift of L. Mizoue) using restriction sites EcoRI
and Pstl. The MBP-EST2"*N fusion gene was then moved into
the EcoRV and Kpnl sites of pET Duet-1 using primer pair
EcoRV MBP forward and Kpnl Est2RI reverse to create pET
Duet MBP-EST2™™™, MBP alone was cloned into the EcoRV
and Kpnl restriction sites of pET Duet-1 from pLM204a using
primer pair EcoRV MBP forward and Kpnl MBP reverse to
create pET Duet MBP.

Plasmids for in Vivo Characterization—pKF441 (CEN EST3
URA3) was created by PCR amplification of the EST3 promoter
and frameshift-corrected gene from pVL901 (gift of V. Lund-
blad) using primer pair UEprimer]l and UEprimer4 to create an
EcoRI site upstream of the promoter and a Kpnl site immedi-
ately before the EST3 stop codon. The endogenous EST3 ter-
mination sequence was amplified using primer pairs UEp-
rimer5 and UEprimer6 to create a HindIII site downstream of
the terminator. UEprimer1 and UEprimer6 were then used to
amplify the full-length insert using these two PCR products as
templates. The resulting fragment was cloned into YCplac33
(CEN URAS3) using EcoRI and HindIII. pKF442 (CEN EST3HA
URA3) was created by PCR amplification of the HA, tag from
pVLI01 using primer pair Kpnl forward and Xbal reverse and
ligation into pKF441 using Kpnl and Xbal. EST3 and EST3HA
were subsequently moved into pRS315 or pRS425 (CEN LEU?2
and 2 um LEU2, respectively) (23, 24) using the Pvull sites of
pKF441 or pKF442. The ETN and K71A alleles were subcloned
from pET Duet-1 (see above) using restriction sites Mscl and
Xhol. DQ was created by QuikChange™" using the same prim-
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ers as above and subcloned using Spel and Xmal. All point
mutations were verified by sequencing.

Yeast Strains

YKF122 (AVL78 est3::KANX) was created by standard one-
step gene replacement. The kanamycin-resistance gene was
amplified by PCR from pFA6a-kanMX6 using primers Est3Kan
forward and Est3Kan reverse. The PCR product was cloned into
the SacI and Kpnl sites of pKF441 to create pKF441 est3::KAN.
The deletion construct was transformed into AVL78 using a
standard lithium acetate protocol. YKF126 (AVL78 est3:KAN®
EST2-Gg-Myc,s (G: glycine)) was created by linearizing
pRS304-Est2-G8-Myc18 (gift of V. Zakian) with Swal and
transforming it into YKF122 + pKF441. Strains and plasmids
used in this study are shown in supplemental Table S2.

Complementation and Growth Assay

Functional complementation of the est3 mutant alleles was
tested in YKF122 (AVL78 est3::KAN®) using mutant constructs
created in pRS315 (CEN LEU2). YKF122 was complemented
with pKF442 (CEN EST3HA URA3); loss of the complementing
plasmid was selected on 5-fluoroorotic acid plates, and the
wild-type or mutant pRS315 plasmids were subsequently trans-
formed using the standard lithium acetate method. Resulting
single colonies were restreaked three times on plates lacking
leucine. Cell viability was assessed visually, and telomere length
was determined by Southern blotting using Xhol as described
previously (17).

Protein Purification

BL21 cells containing pET Duet EST3 were grown in 6 liters
of standard Luria broth (LB) with 50 ug/ml ampicillin at 37 °C
to an Ay, 0.3—0.4. After shifting the culture to 16 °C for 1 h,
protein expression was induced with 500 um isopropyl 1-thio-
B-p-galactopyranoside overnight with moderate shaking (110
rpm). Cells were harvested by centrifugation at 4 °C and resus-
pended in 10 ml of TG buffer (+100 mm NaCl) per liter of
original culture (TG: 50 mm Tris, pH 7.5, 10% glycerol, and 3
mM B-mercaptoethanol). Cells were lysed using an EmulsiFlex
(Avestin) by passing cells three or four times through the
machine at 20,000 psi. The resulting extract (60 ml) was incu-
bated with 7.5 ml of Talon® resin (Clontech) for 1 h at 4 °C with
gentle agitation and gravity-packed into an empty glass Econ-
Column™ (Bio-Rad). Resin was washed with 10 column vol-
umes of TG + 300 mm NaCl and 10 mm imidazole. Protein was
eluted with 5 column volumes TG + 100 mm NaCl and 100 mm
imidazole. The eluate was dialyzed (Spectra/Por® no. 7; 10,000-
kDa (Spectrum Laboratories)) at 4 °C overnight into TG buffer,
bound to a Source™ 15Q HR16/10 column (GE Healthcare),
and eluted using a linear salt gradient (TG + 0 mm NaCl to
TG + 1 M NaCl). The purest fractions were pooled and applied
to a Superdex™ 200 26/60 gel filtration column (GE Health-
care) using TG + 100 mm NaCl buffer. Again, His,-Est3p frac-
tions were pooled and concentrated to 3 ml using a 15-ml,
10-kDa cutoff Amicon® ultraconcentrator (Millipore) and dia-
lyzed into TG + 100 mm NaCl + 50% glycerol. The protein was
stored at —20 °C. Mutant proteins were purified in the same
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manner except that ETN and DQ were purified at pH 8.0. The
Est3 protein sequence was verified by mass spectrometry.

Three-liter cultures of BL21 cells containing pET Duet MBP-
EST2""N were grown and harvested as described above. Cells
were lysed as above in 10 ml of TEG-200 per liter of original
culture (TEG-200: 20 mm Tris-HCI, pH 7.4, 200 mm NaCl, 1 mm
EDTA, 10% glycerol). Extract was incubated with 10 ml of amy-
lose resin for 2 h at 4 °C and was packed similarly as above. Resin
was washed with 15 column volumes of TEG + 500 mm NaClL
MBP-Est2p ™ was eluted with TEG-200 + 5 mm maltose.
Fractions containing MBP-Est2p ™™™ were further purified over
an 5200 gel filtration column using TG + 100 mm NaCl buffer.
MBP-Est2p ™ was concentrated as described for His,-Est3p
and dialyzed into TG + 100 mm NaCl, 50% glycerol. Protein
was stored at —20 °C. The Est2™N protein sequence was veri-
fied by mass spectrometry.

All purified proteins were separated by 12% SDS-PAGE to
determine purity. All protein preparations used were judged by
Bio-Safe™ Coomassie (Bio-Rad) staining to be at least 95%
pure. Protein concentration was determined either by spectro-
photometry or by comparison of a serial dilution with a known
concentration of protein standard. Maltose-binding protein
(MBP) was purchased from New England Biolabs and diluted to
20 uM in TG + 100 mMm NaCl + 50% glycerol.

In Vitro Pulldown Assay, Inmunoprecipitation, and Western
Blot Analysis

MBP or MBP-Est2p™™ (200 pmol) was incubated with 25 ul
of amylose resin in buffer I (20 mm Tris-HCI, pH 7.4, 200 mm
NaCl, 1 mm EDTA, 0.05% Tween 20, and 10% glycerol) for 2 h at
4 °C with gentle agitation. 1 nmol of His,-Est3p or mutant Est3
protein was added and incubated for 3 h at 4 °C. The resin was
washed three times for 5 min with 1 ml of buffer I, resuspended
in 100 wl of buffer I, loaded into a 700-ul spin cup (Pierce), and
washed with 1.5 ml of buffer I. Retained resin was resuspended
in 40 ul of buffer I, and 20 ul was separated by 12% SDS-PAGE.
For detection of MBP and MBP-Est2p ™Y, proteins were blot-
ted onto nitrocellulose (GE Healthcare) and blocked with 5%
milk/PBS, pH 7.4, with 0.05% Tween (PBS-T). For detection of
His,-Est3, proteins were blotted onto Hybond P membrane
(GE Healthcare) and blocked with 5% BSA/PBS-T. HRP-conju-
gated anti-MBP (New England Biolabs) was used at a dilution of
1:50,000 in 5% milk/PBS-T. Primary antibody for detection of
the His, tag (Santa Cruz Biotechnology) was diluted 1:1,000 in
5% BSA/PBS-T. Secondary antibody was peroxidase-conju-
gated mouse anti-rabbit (Chemicon) at 1:10,000 in 5% milk/
PBS-T. ECL plus Western Blotting Detection system (GE
Healthcare) was used for detection.

Yeast protein extract was prepared as described (22).
Extracts were normalized to 20 mg/ml and incubated with anti-
bodies as described previously (15, 22). 10 ul of anti-Myc
immunoprecipitated material (1/6 of total) or anti-HA immu-
noprecipitated material was separated by 10-12% step-gradi-
ent SDS-PAGE. Proteins were transferred to Hybond P mem-
brane (GE Healthcare). The membrane was blocked with 5%
milk/PBS-T followed by incubation with primary antibodies
(HA: 1:500 dilution murine monoclonal HA.11 (Covance) or
Myc: 1:250 dilution of murine monoclonal Myc Ab-1 (OP10L,
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EMD Biosciences)) in 5% milk/PBS-T. Secondary antibody was
peroxidase-conjugated goat anti-mouse (Chemicon) used at a
1:10,000 dilution in 5% milk/PBS-T. Detection was done as
described above.

Telomerase Assay and Northern Blot Analysis

Telomerase was partially purified from wild-type yeast
(YPH499) by chromatography over DEAE-Sepharose fast flow
resin (GE Healthcare) and Mono Q resin (GE Healthcare) as
described previously (5, 25) and used in telomerase DNA exten-
sion assays. Briefly, partially purified telomerase extract was
incubated with 2 pmol of a 7-base 3’-overhang template
(GTGTGTG) immobilized on streptavidin paramagnetic beads
(Promega) and extension buffer (50 mm Tris, pH 8.0, 1 mm
MgCl,, 1 mm spermidine, 1 mm DTT, 0.5% glycerol, 50 um
dTTP, 10 uCi of [a-**P]dGTP (3,000 Ci mmol *; Amersham
Biosciences)). The 7-base 3'-overhang template was generated
by annealing biotin-conjugated Backbonel primer (supple-
mental Table S1) to GTG7 base consensus primer. Reactions
were incubated for 30 min at 30 °C followed by magnetic col-
lection of DNA-bound beads. The beads were washed twice
with 1 X EcoRI buffer (New England Biolabs). Beads were
resuspended in 50 ul of 1 X EcoRI buffer, 100 wg/ml BSA, and
10 units of EcoRI and incubated for 1 h at 37 °C. The beads and
cleaved DNA fragments were separated magnetically. A PNK
(T4 polynucleotide kinase (New England Biolabs)) end-labeled,
27-base oligonucleotide was added, and the DNAs were etha-
nol-precipitated. DNA was reconstituted in formamide-NaOH
loading buffer and run in a 14% acrylamide denaturing gel and
subsequently visualized using a Phosphorlmager. For the
experiments in Fig. 4, BSA or recombinant His,-Est3p was
titrated into the extension buffer at varying concentrations
before addition of telomerase extract (5).

For Northern blot analysis, RNA was isolated from immuno-
precipitation beads and detected by Northern blotting as
described previously (15, 22). Whole cell RNA was prepared
from 10 ml of mid-log phase cultures (26).

RESULTS

Est2p™N and Est3p Interact Directly in Vitro—The previ-
ously reported allele-specific suppression of temperature-sen-
sitive mutations within the Est2p TEN domain by overproduc-
tion of Est3p (17) may reflect a direct interaction between the
two proteins. To test this hypothesis, EST3 was fused with an
N-terminal His, tag, and the TEN domain of EST2 (EST2"*N,
residues 1-162) was fused to the C terminus of MBP. Tagged
proteins were individually expressed in Escherichia coli and
purified to >95% apparent homogeneity (Fig. 14). An 'H-'>N
heteronuclear single quantum correlation (HSQC) experiment
was used to assess Hisg-Est3p tertiary structure. Unfolding of
the protein is expected to cause a collapse of cross-peaks in the
region near 8 ppm. Instead, the HSQC of Est3p revealed excel-
lent spectral dispersion with backbone amide peaks that range
from ~6.1 to 9.9 ppm in the proton dimension (supplemental
Fig. S1).

The individually purified proteins were mixed, and their co-
purification was monitored. His,-Est3p did not detectably asso-
ciate with amylose resin alone (Fig. 1D, lane 6) or when co-in-
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FIGURE 1. MBP-Est2p™ interacts directly with His,-Est3p. A, Coomassie-stained gel of recombinant proteins purified from E. coli. Marker sizes (M) are
shown in kDa. MBP, MBP-Est2p™, and His¢-Est3p are 42, 62, and 21 kDa, respectively. The proteins were estimated to be >95% pure. B, 200 pmol of MBP or
MBP-Est2p ™ incubated as indicated (+) with 1 nmol of Hiss-Est3p, Hisg-Est3pP%, or Hiss-Est3p=™ and captured on amylose resin. Input (1% of total; left panel)
and amylose-bound proteins (right panel) were analyzed by Western blotting (WB) using anti-MBP and anti-His antibodies. Data shown are representative of
fourindependent experiments. C, quantification of data shown in B.-fold reduction in recovery of Hiss-Est3p°? and His4-Est3p™ compared with wild type was
averaged over four independent experiments. Bars are S.E. Both His4-Est3pP2 and His4-Est3pt™ binding are statistically different from His4-Est3p by one-tailed
paired t test (p values 0.0002 and 0.0007, respectively) as denoted by *. D, 200 pmol of MBP or MBP-Est2p™" incubated as indicated (+) with 1 nmol of
Hisg-Est3p or Hiss-Est3p*”" and captured on amylose resin. Input (1% of total; left panel) and amylose-bound proteins (right panel) were analyzed by Western
blotting using anti-MBP and anti-His antibodies. Data shown are representative of three independent experiments.

cubated with MBP (Fig. 1B, lane 7). In contrast, Hiss-Est3p
robustly co-purified with MBP-Est2p™™ (Fig. 1B, lane 10),
indicating that His,-Est3p and MBP-Est2p™ ™™ bind directly in
vitro.

To examine the specificity of the interaction between Est3p
and Est2p™™, we created and characterized EST3 mutants
known or suspected to influence telomerase assembly and/or
function. Based on structural modeling, these mutations are
predicted to affect surface-exposed residues and to have minor
effects on protein stability (27). Est3p*"** (lysine 71 mutated to
alanine) has been shown to disrupt telomere maintenance but
retain assembly with telomerase in vivo, as assessed by co-pu-
rification of the mutant protein with TLC1 RNA (27). In con-
trast, individual mutations in residues glutamate 114, threonine
115, or asparagine 117 were shown to shorten telomeres and
reduce Est3p association with TLC1 RNA (27). To disrupt this
charged region completely, we simultaneously mutated all
three residues to create Est3p™''*4 TH15A NITK (Eg3nETN)
Aspartate 166 also contributes to the association of Est3p with
TLC1 RNA (27). Because glutamine 167 is conserved in re-
lated Dfg/r\l%ali\species, we mutated both residues to create

e (Est3pP9).

These mutant proteins were purified as His, fusion proteins
from E. coli and their secondary structure characterized by cir-
cular dichroism. Both the wild-type Est3p and each of the
altered Est3 proteins displayed strong evidence of secondary
structure, suggesting that the amino acid changes did not
strongly perturb protein folding (supplemental Fig. S2). Com-
pared with the interaction observed for wild-type His,-Est3p,
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co-purification of His.-Est3p™™ with MBP-Est2p™™N was
greatly decreased (Fig. 1, B and C; 17-fold, p = 0.0007). In con-
trast, the interaction between recombinant MBP-Est2p = and
His,-Est3pP<? was only slightly decreased compared with wild
type (Fig. 1, Band C; 1.5-fold, p = 0.0002). The identification of
point mutations that disrupt the Est3p/Est2p**" interaction in
vitro suggests that the association between these two proteins is
both direct and specific. Furthermore, residues near Glu''*
contribute to the association of Est3p with the TEN domain of
Est2p.

Surprisingly, no association between His,-Est and
MBP-Est2p™ N could be detected in the pulldown assay (Fig.
1D, lane 10), even though this mutant can assemble with the
telomerase complex in vivo (27) (Fig. 2). This result may suggest
that Est3p can assemble with telomerase through additional
interactions in vivo. However, we cannot dismiss the possibility
that mutation oflysine 71 to alanine disrupts the integrity of the
recombinant protein.

EST3 Mutant Alleles Alter Telomerase Assembly and Func-
tion in Vivo—Because the est3"™;

31(71A

and est3”? alleles evaluated
in this study are different from those investigated previously
(27), we characterized their in vivo phenotype. Telomerase
assembly was monitored by co-immunoprecipitation of HA-
tagged Est3p with TLC1 RNA and with Myc,¢-tagged Est2p
(Fig. 2). The strain background utilized lacked endogenous
EST3. EST2 was epitope-tagged at its N terminus by two-step
integration of 18 copies of the Myc epitope at the endogenous
locus. To avoid complications that might arise from measuring
telomerase assembly in senescent strains, the epitope-tagged
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FIGURE 2. Est3p™ shows reduced association with telomerase in vivo. A, whole cell RNA (lanes 1-6) or anti-HA immunoprecipitations (lanes 7-12) were
generated from yeast strains AVL78 (untagged; lanes 1 and 7) or YKF126 (EST2-MYC, 4 est3::KANR) with pKF441 (CEN EST3 URA3) and pKF448"* (CEN EST3-HA,
LEU2), or pKF449" (2 um est3/7'4 ETN. or DQ_HA | FJ2) as indicated. TLC1 and U1 RNA were detected by Northern blotting (upper panel); M is marker in bp. The
amount of TLC1 retained in each co-immunoprecipitation (normalized to the wild-type value) is notated under lanes 9-12. This value was determined by first
subtracting the amount of TLC1 bound nonspecifically (untagged Est3p; lane 8) from the amount of TLC1 observed in each lane and then dividing by the
wild-type value (lane 9). Est3p-HA; recovery was measured by Western blotting (WB; lower panel; lanes 13-18) in the identicalimmunoprecipitation. Results are
representative of two independent biological replicates (see supplemental Fig. S3). B, protein extracts were isolated from strains AVL78 (lanes 1 and 8), YKF126
containing plasmid pKF441 (lanes 2 and 9), YKF122 (est3:KAN®) containing pKF442"* (CEN EST3-HA; URA3; lanes 3 and 10), or YKF126 containing plasmids
pKF441 and pKF448"* or pKF449"* mutants, as indicated. Anti-Myc immunoprecipitations were analyzed by Western blotting with monoclonal anti-Myc and
anti-HA antibodies (lanes 8-14). Input (1% of total) was probed with anti-HA and anti-Rap1p antibodies as a loading control (lanes 1-7). Results are represent-

ative of two biologically independent experiments.

EST3 variants were expressed from a plasmid in the presence of
an untagged CEN EST3-complementing plasmid. Previous
work has shown that the untagged Est3 protein does not inter-
fere appreciably with the ability of epitope-tagged Est3p to co-
immunoprecipitate with its binding partners (27).

We first verified that TLC1 RNA levels are not affected by the
EST3 mutations. As shown in Fig. 2A (lanes 1-6), TLC1 RNA
levels detected by Northern blotting from total cellular RNA
are equivalent across strains. Est3p was immunoprecipitated
from whole cell extract, and an aliquot was analyzed by West-
ern blotting (Fig. 24, lower panel). Each of the mutant proteins
was expressed at a level equivalent to or slightly higher than
wild-type Est3p (mutants are expressed from a high copy num-
ber 2 um plasmid). TLC1 RNA was detected by Northern blot-
ting in the identical immunoprecipitates (Fig. 24, lanes 7-12).
After correcting for minor nonspecific recovery of TLC1 RNA
from control extract lacking the HA tag on Est3p (Fig. 24, lane
8), the amount of TLC1 RNA immunoprecipitated with each
mutant protein was expressed as a fraction of the association
observed for wild-type Est3p. Highly congruent results were
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obtained in two independent biological replicates (Fig. 2A
and supplemental Fig. S3). Est3p""™™-HA, and Est3p”<?-HA,
showed very little if any residual association with TLCI, in
agreement with the effects previously observed for the corre-
sponding single amino acid mutations in EST3. Est3p*"**-HA,
consistently retained higher levels of association with TLC1
than the other mutants, but was reduced to ~10% of the wild-
type level (Fig. 24).

As an alternate measure of telomerase complex assembly, we
monitored the co-immunoprecipitation of each Est3p variant
with Myc, ¢-Est2p. In agreement with the effects on TLC1 asso-
ciation, Est3p*"™-HA, and Est3p®2-HA, were reduced in their
ability to co-immunoprecipitate with Myc,¢-Est2p (Fig. 2B).
Interestingly, Est3p*”**-HA, immunoprecipitated with
Myc,s-Est2p at a level similar to wild type. The discordance
between the ability of Est3p*”**-HA, to immunoprecipitate
with TLC1 and Myc,4-Est2p suggests that the interaction
between TLC1 RNA and Est3p (likely indirect) is more easily
disrupted by the wash conditions than the interaction between
Est2p and Est3p. In agreement with previous results (27), we
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FIGURE 3. EST3*™ does not complement an est3A strain even when overexpressed. A, yeast strain YKF122 complemented with pKF441 was transformed
with pRS315 (CEN LEU2 empty vector), pKF448 (CEN EST3 LEU2), or pKF448 mutants (CEN est3<”"# ETN.orPQ | F)2) and loss of the URA3-complementing plasmid
was selected on plates containing 5-fluoroorotic acid. Cells were restreaked four times; numbers represent restreaks following loss of the complementing
plasmid. B, DNA was extracted from cells grown in liquid culture from the third restreak of strains shown in A. DNA was digested with Xhol, Southern blotted,
and probed with a telomeric fragment. (=) indicates the empty vector control. Y’ elements are bracketed. Two independent transformants are shown. M is
marker in kb. C, YKF122 (est3:KANF) complemented with pKF441 (CEN EST3 URA3) was transformed with pRS425 alone (2 um LEU2), lane 1; pKF449 (2 um EST3
LEU2), lane 2; or pKF4495™ (2 um EST35™ LEU2), lane 3. After selection for loss of the complementing plasmid on plates containing 5-fluoroorotic acid, cells were
restreaked three times on plates lacking leucine. Telomere blots were performed as described in B. Y’ elements are bracketed. D, AVL78 was transformed with
pKF449 (2 um EST3 LEU2) expressing the indicated EST3 alleles. After three successive restreaks, genomic DNA was digested with Xhol, blotted, and probed with
a telomeric fragment. Two biological replicates are shown. The parental wild-type strain (AVL78) is shown for reference.

conclude that the residues near glutamate 114 and aspartate
166 are important for Est3p assembly with telomerase, whereas
residue lysine 71 plays a less critical role in vivo.

est3¥™ Does Not Retain Function in Vivo—To address the
ability of the EST3 variants to support telomere replication,
each allele was expressed from a low copy number centromere
plasmid in yeast lacking endogenous EST3. The resulting
strains were monitored for the ability to support growth over
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three consecutive restreaks on solid medium. As expected, the
yeast expressing wild-type EST3 maintained robust cellular
growth, whereas the empty vector control senesced after three
restreaks (Fig. 3A). Interestingly, the strain expressing est3"™
resembled the empty vector control for growth (Fig. 3A),
whereas est3%7“ and est3”? looked similar to wild type. As a
more sensitive measure of telomerase function, the telomere
length of cells taken from the final restreak was measured by
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Southern blotting. In cells with normal telomerase function,
Xhol releases a terminal fragment of ~1.2—1.3 kb from chro-
mosomes possessing one or more subtelomeric Y’ elements
(Fig. 3B, lanes 2 and 3). In contrast, cells containing either
empty vector or expressing est3°’™ displayed hallmarks of
telomerase dysfunction (Fig. 3B, lanes 1, 6, and 7). Cells that are
unable to utilize telomerase instead use a RADS52-dependent
recombination pathway to maintain telomeres, manifested on
the Southern blot as stochastic lengthening of the TG-rich telo-
meric repeats (Fig. 3B, lane 6) or amplification of Y’ elements
(brackets, Fig. 3B, lanes 1 and 7) (28). Expression of est3"™
from a high copy number 2-um plasmid allowed the protein to
accumulate at wild-type levels (Fig. 2B, compare lanes 4 and 6)
but did not improve complementation for either growth (data
not shown) or telomere length (Fig. 3C), indicating that low
protein levels alone do not account for the lack of telomere
maintenance.

Although both est3”<? and est3%”4 supported normal cellu-
lar growth (Fig. 3A4), the telomeres in cells expressing these
EST3 alleles were maintained at a length shorter than wild type
(Fig. 3B), similar to a previous report (27). All of the est3 alleles
were dominant negative when overexpressed in the presence of
wild-type Est3p, suggesting that they are expressed and retain
some function (Fig. 3D). Together, these data reveal that resi-
dues Glu''*, Thr''®, and Asn''” are critically important for
telomerase assembly both in vivo and in vitro, whereas Asp'©®
and GIn'®” appear to have a lesser role in vitro. As described
previously (27), Lys”" has a less severe effect on telomerase
assembly in vivo, although mutation of this residue to alanine
disrupts the interaction between Est3p and the TEN domain of
Est2p in vitro (see “Discussion”).

Est3p Stimulates Telomerase Activity in Vitro—The function
of Est3p in S. cerevisiae has remained elusive since its discovery
as a telomerase complex component (6). Although early studies
did not detect an obvious loss of catalytic activity upon EST3
deletion (20), more recent studies of S. castelli and C. albicans
have demonstrated roles for these Est3p homologs during
primer extension in vitro (18, 21). These observations raise the
possibility that Est3p from S. cerevisiae may have a similar func-
tion but that the particular assay conditions utilized either min-
imize or mask that effect.

To address this issue, we measured the ability of recombinant
Est3p to stimulate the primer extension activity of partially
purified yeast telomerase. Biotin-labeled yeast telomeric prim-
ers were bound to streptavidin beads and incubated in the pres-
ence of radiolabeled nucleotides and wild-type telomerase
extract that was partially purified over DEAE and Mono Q res-
ins (5, 29). As previously demonstrated, yeast telomerase adds
seven nucleotides (5'-GGTGTGQG) to the end of the primer and
then terminates elongation. Titration of Hisy-Est3p into this
reaction increased overall telomerase activity in a dose-depen-
dent manner, whereas a BSA control did not (Fig. 44). Impor-
tantly, Est3p does not appear to affect the processivity of telom-
erase in this assay because neither the maximal length of the
extended product nor the relative intensity of each band is
altered. We conclude that Est3p (like Estlp) (5) stimulates
telomerase activity by increasing the fraction of extended
primers.
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FIGURE 4. Recombinant Est3p stimulates telomerase activity in vitro in a

manner dependent on the Est3p/Est2p ™" interaction. A, partially purified

telomerase extracts were prepared from YPH499 cells and incubated with a
7-base 3'-overhang-immobilized DNA primer in the presence of dTTP and
[a-32P1dGTP. In lane R, RNaseA was added to telomerase prior to addition of
the primer. BSA or recombinant Hisg-Est3p (0.5, 1, 2.5, 5, or 10 um) was titrated
into DNA extension reactions as indicated. (—) indicates basal telomerase
activity. O indicates a 27-mer loading control added prior to DNA precipita-
tion. B, recombinant His-Est3p (wild type or indicated mutant; 0.25,0.5, 1, 2.5,
and 5 um) was titrated into DNA extension reactions as described above. (—)
indicates basal telomerase activity. ¢ indicates a 27-mer loading control
added prior to DNA precipitation. C, recombinant Hisg-Est3p (wild type or
mutant) was added at 2.5 um to DNA extension reactions. Signal intensity of
three replicates was determined using ImageQuant software, and signifi-
cance was assessed using an analysis of variance (ANOVA) post hoc Dunnett's
(control = His,-Est3p). The stimulatory activity of His,-Est3p™ was lower
than wild-type Hiss-Est3p (p = 0.03), whereas His4-Est3pP? activity was simi-
lar to wild type (p = 0.87). Bars represent S.E., and * denotes a p value <0.05.

Having established that recombinant Est3p stimulates
primer extension by telomerase, we next determined the effect
of each previously characterized mutant Est3 protein in this
assay. Est3p"™ was significantly reduced in its ability to stim-
ulate telomerase activity compared with wild-type Est3p (Fig. 4,
Band C; p = 0.03). Because the association of Est3p*"™ with the
Est2p TEN domain was dramatically reduced in vitro (Fig. 1),
this result suggests that the interaction between Est3p and
Est2p™ is required for telomerase stimulation. Consistent
with its ability to bind Est2p™™ in vitro, Est3p”< retained the
capacity to stimulate telomerase (Fig. 4, B and C; p = 0.87).
Given the reduced assembly and activity of this mutant in vivo,
this result suggests that Est3pP? affects a different, yet unchar-
acterized function of Est3p. Overall, these data show that S.
cerevisiae Est3p can stimulate telomerase activity in a manner
dependent on direct interaction with Est2p™®N,

DISCUSSION

Although the major components of yeast telomerase have
been known for more than a decade, it has been difficult to
determine the details of subunit interactions within the com-
plex. Here we provide the first evidence of a direct Est2p/Est3p
interaction in S. cerevisiae. Recombinant Est3p binds the puri-
fied TEN domain of Est2p in vitro, and this interaction is largely
dependent upon several predicted surface residues of Est3p,
including residues glutamate 114, threonine 115, and aspara-
gine 117 (Fig. 1). Additionally, recombinant Est3p stimulates
telomerase activity in vitro in a manner dependent upon the
Est2p TEN domain interaction (Fig. 4). This result reconciles
the effect of S. cerevisiae Est3p with previous experiments
showing that Est3p homologs in related yeast species influence
the enzymatic activity of telomerase (18, 21).
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A Direct Est2p/Est3p Interaction Contributes to the Assembly
of Est3p with Telomerase—We showed previously that Estlp
stimulates the assembly of Est3p with telomerase (15). How-
ever, our failure to detect an Estlp/Est3p interaction by co-
immunoprecipitation from cell extract in the absence of Est2p
suggested that Est1p might not be the primary binding site for
Est3p (15). Additionally, ESTI function is bypassed in a strain
expressing a Cdc13-Est2 fusion protein, whereas EST3 remains
essential (4). This result implies that Est3p can, in some circum-
stances, assemble and contribute to telomerase function in the
absence of Estlp. Prior to work presented here, genetic results
revealed that overexpression of Est3p suppresses mutations
located in the Est2p TEN domain, but evidence for a direct
interaction between these components was lacking (17).

Here we have combined an in vitro co-purification assay
using recombinant proteins with experiments that assess both
RNA and protein interactions in the native telomerase complex
to gain a clearer understanding of telomerase complex assem-
bly. Using these assays, we demonstrate that the Est2p TEN
domain (residues 1-162) interacts directly with Est3p in vitro
(Fig. 1). Mutation of three predicted surface-exposed residues
(Glu*, Thr''®, and Asn'"”) of Est3p (27) significantly perturbs
this interaction in vitro, while also disrupting the assembly of
Est3p with telomerase in vivo (Figs. 1 and 2).

Interestingly, the est3”? mutation decreases the co-immu-
noprecipitation of Est3p with both TLC1 RNA and Myc,g-
Est2p in vivo (Fig. 2), but has a fairly minor (< 2-fold) effect on
Est2p TEN binding in vitro (Fig. 1, B and C). One interpretation
of these data is that the interaction between Est3p and Est2p ™
is insufficient for the assembly of Est3p with the telomerase
complex in vivo, consistent with a model in which Est3p makes
multiple contacts with telomerase components. This proposal
is consistent with the recent report that Est3p interacts directly
with Estlp (16).

However, because telomere length is only moderately af-
fected by the DQ mutation, it is also possible that the co-immu-
noprecipitation experiment overemphasizes the defect of Est3p
association iz vivo. Indeed, even though the general trends are
the same for Est3p""™-HA, and Est3p®<?-HA,, each mutation
has an apparently more severe effect on TLC1 RNA association
than on the ability to co-immunoprecipitate with Myc, g-Est2p
(compare Fig. 2A, lanes 11 and 12, with Fig. 2B, lanes 13 and 14),
suggesting that TLC1 RNA might be more sensitive to co-im-
munoprecipitation conditions than Est2p. This effect is even
more pronounced with the Est3p*”**-HA, mutation. Although
the co-immunoprecipitation of TLC1 is reduced to ~10% of
wild-type levels, the association of Est3p™"**-HA, with Myc, ¢-
Est2p is equivalent to that of wild-type Est3p. This difference
may arise because Est3p and Est2p interact directly, whereas
Est3p and TLC1 do not.

Although Est3p*”'*-HA, and Myc,-Est2p co-immunopre-
cipitate from cellular extract, the est3*” 14 mutation abolishes
the in vitro interaction between MBP-Est2p™ ™™ and His,-Est3p
(Fig. 1D). This result may suggest that a second site of interac-
tion between Est3p and telomerase, such as the interaction with
Estlp (16), can mediate Est3p assembly when the TEN domain
interaction is compromised. If true, the est3“"™ mutation must
disrupt both contacts. However, we cannot eliminate the pos-
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sibility that the Est3"7'* protein has defects in vitro (such as a
minor disruption in tertiary structure) that are not reflected in
vivo.

S. cerevisiae Est3p Contributes to Telomerase Activity in Vitro—
Two recent papers have demonstrated that the Est3p homologs
in C. albicans and S. castelli influence telomerase activity in
vitro (18, 21). We report here that S. cerevisiae Est3p also stim-
ulates basal telomerase activity (Fig. 4). Interestingly, His,-
Est3p”%, the mutant that retains assembly with the Est2p TEN
domain, stimulates telomerase activity, whereas two mutants
that compromise the Est3p/Est2p™™ interaction (est3“™™ and
est3"7*) do not (Fig. 4 and data not shown). These results sug-
gest that Est3p requires interaction with the Est2p TEN domain
to mediate its stimulatory effect. The requirement for this
interaction in the stimulation assay may simply reflect a defect
in the recruitment of recombinant Est3p to the telomerase
complex in vitro. However, it is also plausible that the stimula-
tory effect of Est3p requires a specific interaction with the TEN
domain that is separable from complex assembly.

Are Est3 and TPPI1 Evolutionarily Related?—TPP1 is a mem-
ber of the telomere-binding shelterin complex in mammals and
influences the processivity of telomerase in vitro (30, 31). Based
on prediction algorithms, fungal Est3p has a similar structure to
the oligonucleotide/oligosaccharide-binding (OB) fold domain
of TPP1, although this observation alone does not imply an
evolutionary relationship between the two proteins (27, 32).
Intriguingly, deletion of the TPP1 OB fold disrupts telomerase
localization to the telomere in human cells (33). Additionally, a
sequence-specific interaction between TPP1 and the human
TEN domain of TERT is important for telomerase processivity
(34). Our observation that the Est2p TEN domain mediates a
critical interaction with Est3p that influences both telomerase
assembly in vivo and stimulation of telomerase activity in vitro
provides an intriguing parallel between the two proteins. The
glutamate 114, threonine 115, and asparagine 117 of the Est3p
primary structure align near some surface-exposed residues
within a small a-helix of the OB fold of TPP1: arginine 159,
glutamate 160, aspartate 163, and threonine 164. Determining
whether these residues influence telomerase function in higher
eukaryotes could give insight into a possible evolutionary rela-
tionship between Est3p and TPP1.

Acknowledgments—We thank Drs. Victoria Lundblad, Virginia
Zakian, and Laura Mizoue for strains and reagents; L. M. and Dr.
Markus Voehler for assistance with NMR and CD; L. M. and the Cen-
ter for Structural Biology at Vanderbilt University for help with pro-
tein purification; Dr. David Friedman for mass spectrometry analysis;
Margaret Platts for technical assistance; and Jenifer Ferguson and Dr.
Christopher Brown for critical reading of the manuscript.

Note Added in Proof—A direct interaction between Est3p and
the TEN domain of the Est2p homologs in two Candida species
was recently reported by Yan et al. (Yan, W.-F., Chico, L., Lei,
M., and Lue, N. F. (2011) Proc. Natl. Acad. Sci. U.S.A. doi:
10.1073/pnas.1017855108).
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