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Telomerase is essential for continuous cellular proliferation. Sub-
stantial insights have come from studies of budding yeast telo-
merase, which consists of a catalytic core in association with two
regulatory proteins, ever shorter telomeres 1 and 3 (Est1 and Est3).
We report here a high-resolution structure of the Est3 telomerase
subunit determined using a recently developed strategy that
combines minimal NMR experimental data with Rosetta de novo
structure prediction algorithms. Est3 adopts an overall protein fold
which is structurally similar to that adopted by the shelterin
component TPP1. However, the characteristics of the surface of
the experimentally determined Est3 structure are substantially dif-
ferent from those predicted by prior homology-based models of
Est3. Structure-guided mutagenesis of the complete surface of the
Est3 protein reveals two adjacent patches on a noncanonical face
of the protein that differentially mediate telomere function. Map-
ping these two patches on the Est3 structure defines a set of
shared features between Est3 and HsTPP1, suggesting an analo-
gous multifunctional surface on TPP1.
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Telomerase is a telomere-dedicated DNA polymerase that is
responsible for telomere-length maintenance in most eu-

karyotes. In cells that lack telomerase, gradual erosion due to
incomplete replication of duplex telomeric DNA leads to an
eventual block to cellular proliferation. Ectopic expression of
telomerase in human cells is sufficient to confer cellular im-
mortality (1) and it is up-regulated in over 90% of tumor biopsies
(2). Conversely, reduced telomerase activity is responsible for
the age-dependent effects on organs that rely on continual re-
plenishment throughout a normal human life span and can lead
to bone marrow failure, pulmonary fibrosis, or aplastic anemia
(3). Hence, an increased understanding of the roles of telomerase
and its accessory proteins in telomere length homeostasis has the
potential to impact several different aspects of human health.
The yeast telomerase holoenzyme is composed of three pro-

teins [the catalytic ever shorter telomere 2 (Est2) subunit, along
with the Est1 and Est3 regulatory proteins], which together form
a complex with the TLC1 RNA (4, 5). In vivo, telomerase is
highly regulated, in that only a subset of telomeres are elongated
in each cell cycle (6); however, the mechanism that restricts
telomerase to a limited number of substrates is still poorly un-
derstood. This deficit stems at least in part from the fact that the
surface of yeast telomerase represents a largely unexplored ter-
ritory. Even though there are numerous interaction surfaces on
the three Est proteins with the potential to regulate important
interactions, the only well-characterized regulatory step involving
Est proteins is the recruitment of telomerase to the telomere
through the direct interaction of Est1 and the end-binding protein
Cdc13 (7), which was originally uncovered using a labor-intensive
genetic approach (8).
High-resolution structural information provides a straightfor-

ward route to identifying functionally important surfaces, but ob-
taining soluble, well-behaved recombinant telomerase proteins
in sufficient quantities for biochemical and structural analysis

has proven to be particularly challenging. We have overcome
this hurdle for the Est3 telomerase protein, allowing us to solve
the high-resolution structure of this yeast telomerase subunit.
The overall topology of Est3 was revealed to be an OB-fold, a
motif that is increasingly common in telomere-associated pro-
teins (9). We have probed this structure with saturation muta-
genesis of the complete surface of Est3. This comprehensive
approach, which is only possible once structural information is
available, allows identification of all functionally relevant resi-
dues on the surface of the protein. Strikingly, residues that me-
diated telomere replication in vivo clustered to a single face of
the Est3 protein, which is distinct from the normal ligand-bind-
ing surface used by OB-fold proteins. This surface could be di-
vided into two adjacent yet functionally distinct regions. The first
is a telomerase interaction surface of Est3 that is shared with its
closest structural homolog, HsTPP1 (formerly known as TINT1,
PTOP, and PIP1) (10–12), which has been called the “TEL
patch.” We find that immediately adjacent to this TEL patch is
a second functional surface that is required for yeast telomere
replication in vivo. The strong structural similarities between Est3
and HsTPP1 suggest that this second surface might be functional
on TPP1. This study illustrates how structure-driven mutagenesis
of the surface of a protein, performed at saturation levels, reveals
unexpected insights into the function of the protein.

Results
Determination of the Est3 Structure Using a Novel Strategy. Est3 has
been a remarkably elusive structural target. This challenge has
stemmed from both poor intrinsic expression as well as the strong
tendency of the protein to form both soluble and insoluble
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aggregates. To overcome this, extensive optimization of the pro-
tein construct and sample conditions as well as multiple solubility
enhancing tags were investigated (13, 14), with the best results
obtained with the fusion of a His10–SUMO tag to the N termi-
nus of the Est3 protein (15). Still, the 15N-HSQC spectrum and
heteronuclear NOE (HetNOE) NMR measurement of Est3
suggested the presence of a disordered region within the full-
length protein (Fig. S1A). Deletion of 12 N-terminal residues,
found to constitute this flexible region, further significantly en-
hanced protein stability. Additionally, serine-scanning muta-
genesis of the putative nonconserved surface cysteine residues
(Cys64, Cys76, Cys109, and Cys142) identified Cys142Ser as a
mutation that reduced aggregation. Hence, Est3 with a 12-resi-
due N-terminal deletion and a Cys142Ser mutation (hereafter
called “Est3ΔN”) was used for our structural studies. Overlay of
the wild-type and Est3ΔN 15N-HSQC spectra (Fig. S1A) confirmed
that the optimized Est3ΔN protein retained the structural confor-
mation of the full-length protein.
Even with these improvements, the Est3ΔN structure could not

be obtained using either traditional NMR or crystallographic
strategies, due to equilibrium between aggregated and nonag-
gregated states as well as low sample stability. Instead, we used
resolution-adapted structural recombination (RASREC) Rosetta,
a novel structure determination strategy combining NMR ex-
perimental data with database-derived conformational sampling
(16–19), allowing the structures of poorly behaved, larger pro-
teins to be solved (16, 17). To increase sensitivity, NMR data
were collected on deuterated samples (20). Nearly complete (97%)
backbone resonance assignments were obtained using standard
transverse relaxation-optimized spectroscopy–type through-bond
triple resonance experiments (21) (Fig. S1B). Long-range re-
straints were obtained from 37 amide–amide and 91 methyl–
methyl NOEs, the latter obtained after selective Ile, Leu, and
Val methyl protonation (22), and complete methyl proton as-
signment (Fig. S1C). Finally, orientational information was ob-
tained from residual dipolar coupling (23) data for 112 N-H
bond vectors, collected on an oriented sample. The set of 20
lowest-energy RASREC Rosetta structures using this experi-
mental data generated a well-defined ensemble, with an overall
backbone RMSD of 1.5 ± 0.16 Å and greater convergence in

the core region (residues 66–163), which exhibits an RMSD of
0.89 ± 0.13 Å (Table S1, 10 lowest energy structures super-
positioned in Fig. 1A). The somewhat higher variability for loops
outside the central β-barrel is likely due to increased flexibility
of the loops, as indicated by the 15N-{1H} heteronuclear NOE
NMR measurements and order–parameter random coil index
(RCI) S2 values (Fig. S2A) (24).
Several structure validation strategies were used to evaluate

the ensemble. Analysis of the final structures showed no residues
in disallowed regions, indicating that our structures agreed well
with the expected conformational space for residues (Table S1).
To ensure that the structures were not adversely biased by in-
dividual experimental restraints we also performed several struc-
ture calculations with various randomly selected subsets of the
NOE constraints (90% and 77% of the final set). All of these
calculations produced structure ensembles with good agreement
to that of the full calculation (Table S2). Moreover, mapping of
the H/D exchange protected residues to mostly the core β-barrel
also supported the calculated structure (Fig. S2B). Finally, a
Rosetta-independent, external validation was done by using chem-
ical shifts and assigned NOEs as input for a more traditional
structure calculation using CYANA-2.1 (25). Although the en-
semble RMSD of structures from CYANA-2.1 is increased rel-
ative to the RASREC Rosetta structure ensemble and this
strategy did not, as expected, yield a well-converged ensemble
(Fig. S3A), the overall topology of the structures agrees well with
the RASREC Rosetta structure (Fig. S3B), confirming that our
observed topology is not biased by the Rosetta input.

Structure of Est3ΔN Reveals an OB-Fold Protein. Est3ΔN adopts a
classic OB-fold topology (Fig. 1B): a five-stranded β-barrel capped
by two helices (H1 and H5) (26). Overall, the region that is
N-terminal to the β1-strand of the OB-fold, composed of the
first 64 residues of the protein, makes a spiral-shaped structure
that caps the top of the β-barrel (Fig. 1B). The β-barrel is formed
by two three-stranded sheets composed of β1, β4, and β5 and β1,
β2, and β3. The bottom of the β-barrel is capped by a 23-residue
stretch between β3 and β4, which forms helix H5 poised at the
base of the β-barrel. L12 and L23 are short looped-turns that span
five and four residues, respectively, whereas L45 is unusually

Fig. 1. The structure of Est3 is an OB-fold that resembles that of HsTPP1. (A) Ensemble of 10 best-scored Est3ΔN structures demonstrates structural con-
vergence. (B) Ribbon representation of the lowest energy Est3ΔN structure with secondary structure elements labeled. (C) Superposition of Est3ΔN (sand) and
HsTPP1-OB (gray) [Protein Data Bank (PDB) ID code 2I46] with the structurally similar W/D motif highlighted. The models were prepared using PyMOL (34).
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long, adopting a short helical element. The structure of L45 is
supported by chemical shifts that define the helix (H6) and
loop secondary structure elements in addition to two intra-L45
long-range NOEs that define the hairpin conformation of the
L45 (Fig. S4A). L45 is also highly structured as confirmed by
HetNOE and RCI S2 values (Fig. S2A) and it packs against
the face of the barrel as defined by four long-range NOEs to
the strands β1, β3, and β4 (Fig. S4A). Further, orientational re-
straints comprising 10 N-H bond vectors in the L45 region validate
its calculated orientation in the context of Est3ΔN. Following β5,
which completes the barrel, is the 19-residue C-terminal tail,
which sits over the antiparallel β-sheet formed by β1, β2, and β3.
Much of this C tail is dynamic as indicated by the HetNOE NMR
measurements and order–parameter RCI S2 values (Fig. S2A).
Even though Est3 has no known sequence homologs in ver-

tebrates, our structure reveals significant similarities to the OB-
fold of human TPP1 (HsTPP1-OB) (27) with a Dali (28) Z score
of 11.2. Est3 and HsTPP1-OB superimpose with an RMSD of
0.83 Å over all atoms of the OB-fold residues (Fig. 1C and Fig.
S4B). Although all hits from the Dali search with a Z score of
≥2.0 are OB-fold proteins, only HsTPP1-OB and telomere end-
binding protein β (SnTEBPβ), and to a lesser extent HsRPA70
and archaeal SSB, share several distinguishing structural ele-
ments with Est3ΔN. First, the N- and C-terminal regions are
proximal and antiparallel to each other; second, the C terminus
crosses over the antiparallel β-sheet made by β1–β3; and third,
helix H1 is adjacent to L23 (Fig. S4B). Furthermore, the in-
teraction between conserved amino acids Trp21 on helix H1 and
Asp86 on loop L23 is preserved within the Trp98/Asp148 pair in
HsTPP1 and Phe14/Asp54 pair in SnTEBPβ (Fig. S4B). HsTPP1-
OB, SnTEBPβ, and Est3ΔN also share an H5 positioned at a
characteristic angle of ∼40° to the vertical axis of the β-barrel
(Fig. S4B). These shared elements further support the structural
homology among these proteins, even in the absence of detect-
able sequence identity.

Structure-Guided Mutagenesis of the Complete Est3 Protein Surface.
A striking feature of the Est3ΔN structure is that the long L45
loop occludes the canonical OB-fold ligand-binding surface, sug-
gesting that accessibility to a ligand-binding surface might be
regulated in vivo. Surprisingly, however, a strain expressing a
variant of Est3 lacking the 19-residue L45 loop exhibited wild-
type telomere length (Fig. S5A). Furthermore, missense muta-
tions introduced into this presumed ligand-binding surface (in
the variant of EST3 deleted for the occluding L45 loop) did not
impair telomere length, providing further support for the dis-
pensability of this face of Est3 in telomere biology.
The above results indicated that Est3 employs one or more

noncanonical surfaces in telomere replication. We therefore pur-
sued an unbiased comprehensive survey of the entire surface of
the Est3 protein by examining the in vivo consequences of
mutations introduced into every solvent-accessible surface resi-
due identified in the structure. Analysis of surface exposed res-
idues revealed 112 residues with side chains touching the
surface envelope and therefore these were designated as surface-
exposed side chains of Est3 (Table S3). These surface residues
were mutated by the introduction of a charged amino acid
[rather than mutagenesis to alanine, which can often fail to de-
tect functionally important residues (29)], and the resulting
mutant collection was examined for effects on telomere repli-
cation as previously described (29, 30) (see SI Materials and
Methods for more details). Strikingly, this comprehensive anal-
ysis revealed that much of the protein surface is dispensable for
the functions tested. We clearly identified a total of 15 surface
residues which, when mutated, resulted in an inability to main-
tain telomere length in vivo (29, 30) (Fig. 2 and summarized in
Table S3). Notably, these 15 residues map to a noncanonical

surface of the Est3 protein which is not commonly used by OB-
fold–containing proteins for ligand binding.
Coimmunoprecipitation of wild-type and mutant Est3 proteins

with the Est2 catalytic subunit of telomerase revealed that this
collection of surface residues comprised two functionally distinct
groups of residues that could be distinguished by their impact on
association of Est3 with the telomerase complex (Fig. 2 A and
C). Mutations in one set of residues resulted in a greatly reduced
ability of Est2 to coimmunoprecipitate with Est3 (Fig. 2A), which
was accompanied by a telomere length defect (Fig. 2B), whereas
a second set of residues did not impair association of Est3 with
telomerase when mutated (Fig. 2C) but nevertheless conferred
a profound telomere maintenance defect in vivo (Fig. 2D).
Mapping these residues on the surface of Est3 revealed that the
residues that mediated association with the telomerase complex
defined a narrow contiguous interface, which extended along one
face (Fig. 3A–C) of the Est3 surface along the base of the β-barrel.
The second set of residues (Lys71 and Leu171), although distant
in sequence, also form a contiguous interface (TELR) located
immediately adjacent to this telomerase interaction surface,
thereby defining a second, unique function for Est3 (Fig. 3 A–C).
Recent genetic and biochemical studies in human cells have

also identified a telomerase interaction surface on the human
TPP1 protein, the TEL patch (10–12) (Fig. 3 E and F). Com-
parison of this surface with the functionally analogous surface
on Est3 reveals that these surfaces are essentially completely

Fig. 2. Two functionally distinct activities on the surface of Est3. (A and C)
Coimmunoprecipitation of wild-type (Wt) and mutant Est3 proteins with the
catalytic Est2 subunit, bearing (FLAG)3 and (myc)12 epitopes, respectively; the
functionality of these two tagged proteins is shown in Fig. S5B. In a subset of
the wild-type lanes (indicated by a bracket), 0.2× volume of immunopre-
cipitate was loaded, to illustrate the detection range. (B and D) Telomere
length (assessed after ∼75 generations of growth) of est3-Δ strains trans-
formed with single copy plasmids expressing wild-type EST3 or the indicated
est3− missense mutations; mutations that resulted in a telomere maintenance
defect severe enough to confer senescence are indicated by an asterisk.
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coincident (Fig. 3D). Furthermore, the second functional Est3
patch (TELR) maps to chemically similar amino acids in TPP1,
which predicts that there is a second function for TPP1 that is yet
to be elucidated.

Conservation Does Not Fully Predict Functional Interfaces. An addi-
tional striking conclusion from the surface saturation mutagen-
esis was that a surprisingly large portion of the Est3 surface
appeared to be dispensable for telomere length maintenance in

vivo. This opens the possibility that Est3 performs a non–telomere-
related function not assessed in our assays. Alternatively, it may
be that a large segment of the surface is simply superfluous. As
one means of distinguishing between the two possibilities, we
compared a map of the functional surface of Est3 with a map of
conserved residues on the surface of Est3. Conserved residues
(based on a multiple sequence alignment of Est3 proteins from
22 different yeast species) (Fig. S6) were mapped onto the struc-
ture of Est3 (Fig. 4 A and B). As expected, most of the highly
conserved residues are internal and thus appear to contribute to
structure integrity, evident from the sequence conservation in the
core OB-fold region (β1–β5 and H5) (Fig. 4A, colored in pink).
Indeed, several of these core residues were already identified
as being critical to structural integrity, including Trp21, Ile22, and
Val157, based on their intolerance to mutation (29). Notably, an
assessment of conservation of surface residues indicated that the
region of Est3 dispensable for telomere-length regulation dis-
played a low level of conservation. In contrast, the functional map
overlapped, although not precisely, with the region of the surface
that displayed the highest degree of conservation. This lack of
precise overlap is considered further in Discussion.

Discussion
The components of the telomerase enzyme have been elusive
structural targets requiring nontraditional approaches. Until re-
cently, Rosetta was restricted to structure predictions of smaller-
sized proteins (<150 residues). New improvements in the Rosetta
algorithm due to RASREC have provided an effective means to
obtain structures of proteins >150 residues through the integration
of experimentally obtained long-range and orientation restraints
(16, 17). This current study illustrates the power of this approach,
especially in experimentally difficult systems.
We found that Est3 adopts an OB-fold with certain distinctive

features. The most notable discrepancy between Est3 and other
OB-fold proteins is that the canonical OB-fold ligand-binding
surface is dispensable for telomere function in Est3, which
explains the lack of robust nucleic acid-binding activity exhib-
ited by Est3 (31). Instead, a complete genetic survey of the ex-
perimentally defined protein surface revealed two contiguous
regions with differential functions in telomere maintenance.
Whereas one surface facilitates association with the telomerase
holoenzyme, the second serves a separate function in mediating
telomerase action. That these surfaces do not fully correspond
to those predicted based on conservation alone points to the
importance of conducting a comprehensive evaluation of the
available surface.
Although a protein fold for Est3 similar to that of TPP1 was

accurately predicted on the basis of threading algorithms (30, 32,

Fig. 3. The surface of Est3 reveals two distinct contiguous patches. (A)
Residues in Est3ΔN that mediate binding to telomerase (TEL patch: V75, Y78,
T112, E114, N117, D166, and V168) (Fig. 2A) are displayed as sticks in blue,
whereas residues not involved in telomerase interaction (TELR patch: K71
and L171) are displayed as sticks in red. (B) Sixty-degree rotation around
a horizontal axis shows that the telomerase-interacting residues cluster at
the base of the β-barrel. (C) A surface representation demonstrates that the
interacting residues form a continuous protein–protein interaction surface.
(D) Est3 and TPP1 have a common mode of telomerase association. Super-
position of the structure in 3A on HsTPP1-OB (PDB ID code 2I46) with re-
cently identified residues in HsTPP1-OB that mediate binding to telomerase
(D166, E168, and K170) (11), (D166-F172, L183 and E215) (10), and (E168,
E169, E171, R180, L183, L212, and E215) (12) are shown as sticks in green. The
telomerase interaction surface from the two proteins coincides perfectly,
indicating structural as well as functional similarity between the two. (E)
HsTPP1 structure from D is rotated 60° to show the cluster of telomerase-
interacting residues at the base of the β-barrel. Residue E119, identified from
structural superposition with K71 of Est3, is displayed as a stick in red. (F)
Surface representation of HsTPP1 (same orientation as E), displays two dis-
tinct functional patches on its surface. For simplification, the N-term tail has
been removed from this view; the structure starts at R96 instead of S90 in
the PDB 2I46 structure.

Fig. 4. Conserved surface on Est3 coincides with part of its functional activity. (A) Conserved residues in Est3 (Fig. S6) are mapped on the structure. Residues
are color-coded maroon through turquoise indicating conserved through variable residues based on phylogenetic conservation as evaluated by the ConSurf
server (35). Residues involved in telomere maintenance are displayed. (B) A view of the structure rotated 60° to match Fig. 3C shows the co-occurrence of the
Tel patch with the conserved surface of Est3. (C) The predicted 3D model significantly differs from the calculated structure. The model generated by the PS2

structure prediction server (36) is the same as a recently reported model of Est3 (32). As a result of these differences, functionally important residues (same as
A) map to scattered locations on the predicted model’s surface unlike Fig. 3 where a contiguous functional surface was identified.
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33), the topology of the predicted Est3 protein surface was nev-
ertheless strikingly inaccurate. This prior model placed the rele-
vant Est3 surface residues across a wide surface area (Fig. 4C). In
contrast, we show here that Est3 mediates its telomere functions
through two tightly clustered patches located on a novel face
of the OB-fold (Fig. 3C). This illustrates the limitations of ho-
mology models, which can be particularly poor at predicting
loop conformations in cases where the proteins share scant se-
quence identity.
Although HsTPP1 and Est3 localize to telomeres through

distinct mechanisms, HsTPP1 through the shelterin complex and
Est3 as a component of the yeast telomerase holoenzyme, the
coincidence of the TEL patches suggests these divergent factors
share a common surface for telomerase association. Further-
more, the discovery of a second cluster of functional residues on
the surface of Est3 points to the use of additional mechanisms of
telomerase regulation by HsTPP1. A full understanding of the
activities performed by these surfaces on both Est3 and HsTPP1
may also address whether these two proteins share a common
ancestry or instead arose as the result of convergent evolution.

Materials and Methods
Further details can be found in SI Materials and Methods.

Expression and Purification of the Est3ΔN Protein. The Saccharomyces cerevisiae
Est3ΔN protein was expressed as a His10-Smt3 (Smt3 is yeast SUMO) fusion
and first purified by Ni2+-affinity chromatography. Gel filtration was used after
Ulp1 cleavage followed by a second round of Ni2+-affinity chromatography.

Est3 eluted at >95% purity. Selectively labeled samples were generated
similarly using various labeling schemes.

Structure Determination. All NMR data were collected at 25 °C on 280 μM
samples using either a VNMRS 800 or DD2 900 MHz spectrometer equipped
with a salt-tolerant proton/carbon/nitrogen cryogenically cooled probe; 97%
complete assignment of Est3ΔN backbone and chemical shifts were obtained
using standard strategies. Sparse distance and orientational restraints were
obtained as described in SI Materials and Methods. Structures were gener-
ated using RASREC Rosetta (16) as described in SI Materials and Methods.

Telomerase Coimmunoprecipitation Assays. Wild-type and mutant Est3 pro-
teins, bearing an in-frame (FLAG)3 epitope and under control of the native
EST3 promoter, which were expressed from the previously described single-
copy plasmid, pVL2076 (30), were introduced into a protease-deficient strain
bearing an integrated (myc)12–(Gly)6–Est2 construct. Extract preparation and
coimmunoprecipitation of Est3 and Est2 were assessed as previously de-
scribed (7, 30).
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