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The enzyme telomerase, which elongates chromosome termini, is a critical factor in determining long-term cellular
proliferation and tissue renewal. Hence, even small differences in telomerase levels can have substantial
consequences for human health. In budding yeast, telomerase consists of the catalytic Est2 protein and two
regulatory subunits (Estl and Est3) in association with the TLC1 RNA, with each of the four subunits essential for in
vivo telomerase function. We show here that a hierarchy of assembly and disassembly results in limiting amounts of
the quaternary complex late in the cell cycle, following completion of DNA replication. The assembly pathway,
which is driven by interaction of the Est3 telomerase subunit with a previously formed Est1-TLC1-Est2 preassembly
complex, is highly regulated, involving Est3-binding sites on both Est2 and Est1 as well as an interface on Est3 itself
that functions as a toggle switch. Telomerase subsequently disassembles by a mechanistically distinct pathway due
to dissociation of the catalytic subunit from the complex in every cell cycle. The balance between the assembly and
disassembly pathways, which dictate the levels of the active holoenzyme in the cell, reveals a novel mechanism by
which telomerase (and hence telomere homeostasis) is regulated.
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In most species, the primary pathway for telomere
maintenance relies on the enzyme telomerase, which
replenishes chromosome termini to ensure continuous
cellular proliferation (Lundblad and Szostak 1989; Bodnar
et al. 1998). Even subtle differences in telomerase func-
tion as either increases or decreases can have a significant
impact on human health. Reduced telomerase activity
confers a broad spectrum of disease syndromes, referred
to as “syndromes of telomere shortening” (Armanios
2009; Armanios and Blackburn 2012). For example, a mul-
tigenerational germline mutation in hTERT (encoding
the telomerase reverse transcriptase component) that
attenuates one aspect of telomerase enzymatic activity
confers a progressive decline in lung function late in life
(Alder et al. 2011). Conversely, telomerase activity is up-
regulated in many human cancers; this increased expres-
sion is often due to mutations in the promoter of hTERT,
which can occur in multiple types of both familial and
recurrent sporadic cancers (Heidenreich et al. 2014).
Telomerase performs its role at telomeres as a ribonu-
cleoprotein particle (RNP) composed of a highly conserved
catalytic core as well as regulatory proteins (Collins 2011).
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Catalysis relies on the TERT protein subunit bound to an
integral RNA, with the latter providing a template that
dictates the sequence of the telomeric repeat added onto
the 3’ end of chromosome ends. Additional telomerase-
associated proteins contribute activities that are essential
for holoenzyme function in vivo. This includes factors
required for telomerase biogenesis, which are often shared
with other RNPs; for example, budding and fission yeast
share RNA biogenesis factors with the splicing machinery
(Seto et al. 1999; Tang et al. 2012), whereas vertebrate
telomerase relies on the ribosome biogenesis factor dys-
kerin (Mitchell et al. 1999). The ATPases pontin and reptin
also contribute as preassembly factors to promote cell
cycle-specific assembly of human telomerase but are not
associated with the mature telomerase complex (Venteicher
et al. 2008). In contrast, TCABI, which controls transit of
telomerase through Cajal bodies, is a stable subunit of the
active telomerase holoenzyme (Venteicher et al. 2009), as
is dyskerin (Cohen et al. 2007).

Budding yeast telomerase similarly relies on two regu-
latory subunits: Estl and Est3 (Lundblad and Szostak
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1989; Morris and Lundblad 1997; Hughes et al. 2000;
Livengood et al. 2002). Although these two proteins are
dispensable for enzyme catalysis (Cohn and Blackburn
1995; Lingner et al. 1997), est1-A or est3-A mutant strains
exhibit a telomere replication defect that is indistinguish-
able from that of strains bearing mutations in telomerase
RNA or the reverse transcriptase (called TLC1 and EST2,
respectively) (Singer and Gottschling 1994; Lendvay et al.
1996). In vitro, Est2 and TLC1 are sufficient to reconsti-
tute enzyme activity (Zappulla et al. 2005). However,
Est2 and TLC1 do not exist as a discrete subcomplex in
vivo; instead, the Est2-TLCI1 catalytic core associates
with the Estl regulatory subunit throughout most of the
cell cycle (Tucey and Lundblad 2013). This pattern of
association for Estl argues against a model proposing that
the catalytic core of telomerase is constitutively bound to
telomeres in an inactive state and only becomes “acti-
vated” in late S phase due to Est1 association (Taggart et al.
2002). Instead, we proposed that Estl performs its regula-
tory function as a telomerase recruitment factor through
an interaction with the telomere-bound Cdc13 (Nugent
et al. 1996; Evans and Lundblad 1999). These two proteins
interact through surfaces defined by the location of re-
ciprocally cosuppressing mutations in EST1 and CDC13
(Pennock et al. 2001); notably, a biochemical association
between Estl and Cdc13 can be observed even in the G1
phase of the cell cycle, when telomerase does not elongate
telomeres (Tucey and Lundblad 2013). These studies as
well as others (Bianchi et al. 2004; Gallardo et al. 2011) are
consistent with a simple model in which telomere elon-
gation is initiated by binding of Cdc13 to telomeres late in
the cell cycle, followed by recruitment of a previously
assembled telomerase holoenzyme.

Potential insights into the function for the Est3 regula-
tory subunit have come from a recent study that has
provided the first structure of a yeast telomerase protein
(Rao et al. 2014). This was coupled with an unbiased
mutagenesis of every solvent-accessible residue on the
Est3 protein surface, which showed that residues required
for telomere replication cluster to a single face. This
cluster can be further delineated into two functionally
distinct patches: A narrow extended interface mediates
association of Est3 with telomerase, with an adjacent
surface used for a second function distinct from telomerase
binding. The landscape of the Est3 protein surface also
reveals features that are shared with the human TPP1
protein; in particular, Est3 and TPP1 use similar surfaces
(the “TEL” patch) to associate with the telomerase RNP
(Nandakumar et al. 2012; Zhong et al. 2012; Rao et al.
2014). Since TPP1 performs its role as a subunit of the
shelterin complex, whereas Est3 is a subunit of telome-
rase, these two proteins are not obvious orthologs. Never-
theless, their shared structural features suggest that in
addition to the TEL patch there may be further telomere-
related functions common to both proteins.

In this study, we show that two discrete pathways
promote assembly and disassembly of the yeast telomerase
RNP. The assembly pathway is driven by binding of the
Est3 protein to an Est1-TLCI1-Est2 preassembly complex
late in the cell cycle to form the holoenzyme. This process
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is highly regulated, as formation of the quaternary com-
plex relies on sites on both Estl and Est2 that bind Est3 as
well as a toggle switch on the surface of Est3. Telomerase
is subsequently subjected to a cell cycle-regulated disas-
sembly process due to dissociation of Est2 from the
enzyme to yield an inactive complex composed of Estl,
Est3, and TLC1. These mechanistically distinct pathways
therefore provide two distinct means by which telomerase
biogenesis is regulated: The assembly pathway ensures
that the holoenzyme is not formed until late in the cell
cycle, and the subsequent disassembly pathway ensures
that active enzyme levels remain low. This dynamic
balance between the telomerase quaternary complex and
its subcomplexes reveals a new regulatory contribution to
telomere homeostasis in budding yeast; a similar process
of assembly and disassembly may ensure that active
telomerase is maintained at low levels in other systems
as well.

Results

Assembly of the telomerase quaternary complex
occurs late in the cell cycle

Previous studies have shown that a complex containing
the Estl and Est2 proteins bound to the TLC1 RNA in
a 1:1 ratio can be recovered following anti-Est2 immu-
noprecipitation (Fig. 1A; Lubin et al. 2012). This experi-
ment was performed with a strain in which Est1 and Est2
contained identical (myc),, epitopes, with an additional
(Flag); epitope on Est2. Anti-Flag immunoprecipitation
targets the limiting protein subunit of the complex (Est2),
which is quantitatively depleted from extracts (Supple-
mental Fig. S1A; Tucey and Lundblad 2013). The pres-
ence of (myc);,-tagged Estl and Est2 proteins in anti-Est2
immunoprecipitates are detected simultaneously on
a single anti-myc Western, thereby providing a highly
accurate assessment of the relative ratio of these two
proteins. This provides a much more sensitive assay for
defects in the ability to form the Est]1-TLC1-Est2 sub-
complex than the conventional approach, which mea-
sures the relative levels of the Estl or Est2 proteins and
the TLC1 RNA in separate immunoprecipitates. Using
this assay, the Est1:Est2 ratio was unperturbed in an est3-
A strain (Fig. 1A), indicating that formation of the Est1-
TLC1-Est2 intermediate is independent of the Est3
telomerase subunit.

To monitor association of Est3 with the Est1-TLC1-Est2
subcomplex, a variant of the above strain was constructed
in which all three Est protein subunits bore (myc)i,
epitopes, with the (Flag); epitope on Est2. When anti-Est2
immunoprecipitations were examined through the cell
cycle, the Est1-TLC1-Est2 intermediate could be detected
throughout most of the cell cycle in immunoprecipitations
(Fig. 1B), with slightly substoichiometric association of
Estl in Gl phase, as previously observed (Tucey and
Lundblad 2013). In contrast, binding of Est3 to the Estl-
TLC1-Est2 subcomplex was nearly undetectable in G1 and
remained at very low levels through S phase, with appre-
ciable levels of association only as cells progressed into the
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Figure 1. Est3 associates with the Estl-TLCI-Est2
subcomplex late in the cell cycle. (A) The levels of
Estl and Est2 proteins in anti-Est2 immunoprecipita-
tions (IPs), as assessed by an anti-myc Western of anti-
Flag immunoprecipitations prepared from strains bear-
ing identical (myc);, epitopes present on the C and N
termini of Estl and Est2, respectively, and with the
indicated mutations. (B) The pattern of association of
the three Est proteins through the cell cycle following
anti-Flag immunoprecipitation of Est2 using a strain
with all three proteins bearing the same (myc),, epitope
plus an additional (Flag); epitope on Est2; epitope-tagged
constructs were integrated in place of the endogenous
genes. Extracts were isolated from cultures taken at the
indicated time points following release from a G1 arrest
and analyzed by FACS (Supplemental Fig. S1C) at each
time point. Subsequent anti-Flag immunoprecipitations
were monitored by anti-myc Westerns; in the two lanes
with asterisks, a different exposure was inserted to
compensate for the slightly lower amounts of sample
loaded in these two lanes. The ratios of Estl and Est3
proteins in anti-Est2 immunoprecipitations at the 80-
min time point (relative to the Est2 protein) are shown
at the right; quantitation for all time points is presented
in Supplemental Figure S1C. The strain used in this
experiment contains a frameshift correction of the Est3
ORF with a corresponding increase in Est3 protein
levels (Morris and Lundblad 1997); however, Supple-
mental Figure SIB demonstrates that the extent of
interaction of Est3 with the Est1-TLC1-Est2 subcom-
plex is comparable in strains with or without the
frameshift-corrected allele. (C, top) Anti-myc Western
of immunoprecipitation samples monitoring levels of

(myc)»-Est2 following anti-Flag immunoprecipitation of Est3-(Flag); from two independent cultures arrested with a factor or
nocodazole; “0.25X” indicates the amount of immunoprecipitation loaded relative to the amount loaded in “1X” lanes. The mock
anti-Flag immunoprecipitation from a strain lacking a (Flag); epitope on Est3 (first two lanes) demonstrates that the low levels of the
(myc);,-Est2 protein in the a-factor-arrested cultures are biologically relevant and not due to nonspecific binding. (Bottom) The anti-
Flag Western shows comparable amounts of Est3 in immunoprecipitations from a-factor-arrested (lanes 5,6) or nocodazole-arrested
(lanes 7,8) cells and also shows that the Est3-(Flag); protein is depleted from extracts; “2X” indicates that twice as much of the
supernate following anti-Flag immunoprecipitation was loaded in lanes 3 and 4 relative to the volume loaded in lanes 1 and 2.

G2/M phase of the cell cycle (Fig. 1B). Nevertheless, even
late in the cell cycle, only a portion (~25%]) of the Estl-
TLC1-Est2 precursor complex was bound by Est3 to form
the quaternary telomerase holoenzyme (Figs. 1B; Supple-
mental Fig. S1B,C). This restricted pattern of association as
well as the cell cycle dependency could not be attributed to
insufficient levels of the Est3 protein, as this subunit was
in excess throughout the cell cycle relative to Est] and Est2
(Supplemental Fig. S1B; Tuzon et al. 2011).

One potential caveat to the above observations was that
although a strain with both Estl and Est2 bearing (myc);,
epitopes has wild-type telomere length (Tucey and Lundblad
2013), the additional (myc);, epitope on Est3 resulted in
substantially impaired function (Supplemental Fig. S1C;
Tuzon et al. 2011). To address this concern, the above
experiment was repeated in an alternative strain bearing
a (Flag); epitope on Est3, which has only a minor effect on
telomere length (Supplemental Fig. S1C; Rao et al. 2014,
with Est2 tagged with (myc);,. Extracts were prepared from
cells arrested in G1 or G2/M with a-factor or nocodazole,
respectively, and anti-myc Westerns monitored the level of
the Est2 protein following anti-Flag immunoprecipitation

of Est3. The results once again showed that Est3 exhibited
highly regulated association with telomerase, as Est2 pro-
tein levels in anti-Est3 immunoprecipitations were ~20-
fold higher in cultures arrested in G2/M versus G1 (Fig.
1C); the association between Est1 and Est3 showed a similar
cell cycle dependency (Supplemental Fig. S1D). This pat-
tern of association was not due to variations in immuno-
precipitation efficiency at different points in the cell cycle,
since the Est3 protein was depleted from extracts in
these anti-Flag immunoprecipitations (Fig. 1C); how-
ever, the less abundant Est2 protein was not codepleted
(Supplemental Fig. S1E), consistent with the substoi-
chiometric association of Est3 with the Est1-TLC1-Est2
subcomplex observed in Figure 1B. Thus, limited Est3
association was observed regardless of whether the
epitope used for immunoprecipitation was present on
Est3 or a subunit of the Est]1-TLCI1-Est2 subcomplex.
This demonstrates that the Est1-TLC1-Est2 preassem-
bly complex is the primary telomerase species through
most of the cell cycle, with the active holoenzyme
formed only after genomic DNA replication is essen-
tially complete.
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An interaction between Est3 and Est2 requires binding
of Est2 to TLC1

Association of Est3 to form the holoenyzme must depend
on an interaction between Est3 and one (or more) of the
subunits of the Estl-TLC1-Est2 preassembly complex.
Genetic studies have suggested that the Est3 subunit
associates with telomerase through the Ten domain of
Est2 (Friedman et al. 2003), potentially through a direct
interaction (Talley et al. 2011; Yen et al. 2011}, although
these in vitro protein-binding studies are challenged by
the propensity of the Est3 protein to form both soluble
and insoluble aggregates (Rao et al. 2014). We initially
tested this proposed association using Saccharomyces
castellii Est2 and Est3 proteins expressed in Saccharo-
myeces cerevisiae in order to minimize the possibility that
an interaction between these two S. castellii proteins
would be bridged by additional telomerase components.
In extracts prepared from a S. cerevisiae strain bearing the
appropriate plasmid constructs, the full-length S. castellii
Est3 protein and the 186-amino-acid S. castellii Est2 Ten
domain with C-terminal (Flag), and (myc);; epitopes,
respectively, could be readily detected, indicating that
both were stably expressed. However, following immu-
noprecipitation of the S. castellii Est3 protein, no associ-
ation with the S. castellii Est2 Ten domain was observed
when compared with a mock immunoprecipitation with
an untagged version of Est3 (Supplemental Fig. S2A).
The inability to detect binding of S. castellii Est3 to the
21.5-kDa Est2 Ten domain might be due to improper
folding of the 186-amino-acid Ten domain or other
potential artifacts stemming from cross-species protein
expression. Therefore, as an alternative means of exam-
ining this presumed direct interaction, we asked whether
an association between the full-length S. cerevisiae Est2
and Est3 proteins could be observed in a strain in which
Est2 could not bind the RNA. Two previously character-
ized tlc1™ mutations in a stem-loop of the RNA required
for Est2-TLC1 binding were used: a 61-nucleotide (nt)
deletion that removes the entire stem-loop structure
(tIc1-59) and a 4-nt mutation that prevents base-pairing
of an Est2-binding stem (tlc1-30); Supplemental Figure
S2B shows the position of these mutations on the TLC1
RNA. These two mutations were previously shown to
substantially impair Est2-TLC1 binding (with tlc1-59
exerting a more severe defect than tIc1-30) without affect-
ing the Est1-TLC1 interaction (Chappell and Lundblad
2004). Both tic1™ mutations were integrated into a strain
bearing (myc);, and (Flag); epitopes on Est2 and Est3,
respectively, and the Est2-Est3 interaction was assessed
following anti-Est3 immunoprecipitation with anti-Flag
antibodies. Unexpectedly, when Est2 was no longer capable
of binding the telomerase RNA, the levels of Est2 in anti-
Est3 immunoprecipitations were substantially reduced.
A titration series comparing immunoprecipitations from
the wild-type TLC1 strain versus the two mutant tlc1~
strains demonstrated that the Est2-Est3 interaction was
reduced by ~15-fold in the tlc1-59 strain and approxi-
mately threefold in the less impaired tlc1-30 strain (Fig. 2A).
This argues that Est3 and Est2 cannot form a stable inter-
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action if Est2 is not bound to the RNA. This result invokes
two possibilities: Either prior binding of Est2 to the RNA
results in a conformation change that presents a surface
that can be recognized by Est3 or binding of Est3 to an
additional subunit of telomerase is necessary for assembly
of the quaternary complex.

Binding of Est3 to telomerase also depends
on an Est1-TLC1 interaction

If Est3 associates with telomerase through a subunit other
than or in addition to Est2, the obvious alternative is Estl.
Therefore, an experiment analogous to that shown in Figure
2.A was performed by assessing whether Est1 and Est3 could
interact in a strain in which Estl was unable to bind the
RNA. The rationale for this experiment was the same as
described above, which was to determine whether an
interaction between Estl and Est3 could be observed even
when Estl was not physically associated with the telome-
rase complex. To test this, an Est1-(myc),, Est3-(Flag); strain
was constructed that contained a mutation in TLC1 bearing
a deletion of the previously well-characterized 5-nt bulge in
the Estl-binding arm of TLCI (Seto et al. 2002). As pre-
viously shown, this tlc1~ mutation abolishes the ability of
Estl to associate with TLC1 but has no impact on the Est2—
TLC1 interaction (Fig. 1A; Seto et al. 2002; Chappell and
Lundblad 2004). In this mutant strain, the ability of Est1 and
Est3 to coimmunoprecipitate was reduced by ~10-fold to
15-fold (Fig. 2B), demonstrating that Est1 and Est3 could not
interact if the Estl telomerase subunit was not RNA-bound.
Furthermore, Est3 was unable to associate with an Estl-
TLC1 complex if Est2 was not bound to the RNA (Supple-
mental Fig. S2C); reciprocally, Est3 also was unable to
interact with a TLC1-Est2 subcomplex lacking Estl (data
not shown). Collectively, these observations establish that
stable Est3 association requires prior binding of both Estl
and Est2 to the RNA.

Identification of Est1-Est3 and Est2-Est3 interfaces
required for telomerase assembly

The above results suggest two possible models. The first is
that a physical interaction between the TLC1 RNA and the
Estl and Est2 proteins induces an RNA structure that
becomes competent to bind Est3. Alternatively, association
of Est3 to form a stable quaternary complex depends on
protein interactions with both Estl and Est2, as depicted in
Figure 2C. Below, we describe single missense mutations in
both EST1 and EST2 that reduce the association of Est3
with the Est1-TLC1-Est2 intermediate, consistent with the
premise that there are Est3-binding interfaces on two
different telomerase protein subunits.

We first identified a cluster of residues in the Ten
domain of Est2 that mediate association of Est3 with the
telomerase complex as part of an in-progress mutagenesis
study of EST2. This group of amino acids resides along an o
helix that is immediately adjacent to the highly conserved
“GQ" motif, based on the structure of the Ten domain of
the Tetrahymena Tert protein (Supplemental Fig. S3A,B;
Jacobs et al. 2006). Mutations in comparable residues
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(Asn150-His156)in the S. cerevisiae EST2 gene resulted in
short telomeres (Fig. 3A). These same mutations also
disrupted telomere length when overexpressed in a wild-
type strain of yeast (Supplemental Fig. S3C), to a degree
that correlated well with the loss-of-function phenotypes
shown in Figure 3A; we previously argued that such
a correlation provides a rigorous means of distinguishing
properly folded mutant proteins from unstable proteins
(Lubin et al. 2013). Consistent with this premise, mutant
protein levels in extracts were unchanged when compared
with the wild-type Est2 protein (Fig. 3B), which contrasts
with reduced protein stability resulting from mutations in
the invariant Gln146 and Gly149 residues that define this
motif (Friedman et al. 2003; Lue and Li 2007). These three
Est2 mutant proteins were also indistinguishable from the
wild-type protein in their ability to form an Est1-TLC1-
Est2 complex, as the Estl:Est2 ratio following anti-Est2
immunoprecipitation was not affected by any of these
three mutations (Fig. 3B). In contrast, this cluster of est2'”
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Est3 - (FLAG),

Est1-(myc),,

Assembly and disassembly of telomerase

Figure 2. Association of Est3 with telomerase requires
prior binding of both Estl and Est2 to the telomerase
RNA. (A,B) Anti-myc Westerns (top) monitoring levels
of (myc)ip-Est2 (A) or Estl-(myc);, (B) following anti-
Flag immunoprecipitation (IP) of Est3-(Flag); (bottom)
in TLC1 versus the indicated tlcI mutant strains; tlcl
mutations (shown in Supplemental Fig. S2B) were in-
tegrated into the genome in place of the wild-type TLC1
gene. Serial dilutions of the anti-Flag immunoprecipi-
tations from the wild-type strains demonstrate the
detection range for these Westerns (see also Tucey and
Lundblad 2013); Supplemental Figure S2D shows inputs
for these strains, and Supplemental Figure S2E shows
that the Est3 protein was depleted from extracts for
both of these anti-Flag immunoprecipitations. (C) Sche-
matic of the TLC1 RNA secondary structure showing
Estl and Est2 bound to independent sites on the RNA,
with Est3 association dependent on both Est1-Est3 and
Est2-Est3 protein interactions.

mutations substantially impaired the ability of Est3 to
associate with the telomerase complex, which was assayed
using a strain bearing (myc),, and (Flag); epitopes on Est2
and Est3, respectively, with each est2"” mutation inte-
grated into the genome. Anti-Est3 immunoprecipitations
revealed that the ability of the Est3 protein to bind to the
telomerase complex was reduced by as much as 10-fold in
est2” strains bearing these three Ten domain mutations
(Fig. 3C; Supplemental Fig. S3D). Comparable results for
this panel of mutations were obtained in an independent
coimmunoprecipitation (co-IP) experiment that used an
(HA); epitope on Est3 instead of (Flag); (data not shown).
Based on these observations, we propose that this cluster of
amino acids forms an interface that mediates a direct
interaction between Est2 and Est3. Notably, this Est2-
Est3 interface overlaps with a site on Est2 that helps bind
the telomeric primer (Jacobs et al. 2006); the implications of
a dual role for this Est2 surface are considered further in the
Discussion.
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In parallel, as part of a genetic analysis of EST1 (J Lubin,
TM Tucey, and V Lundblad, in prep.), we identified an
est]” mutation in the N-terminal domain of Estl (est1-
R269E) that exhibited the expected properties for a defect
in the predicted Estl-Est3 interaction. The est1-R269E
mutation conferred short telomeres in a loss-of-function
assay (Fig. 4A) and was also capable of disrupting telomere
maintenance when overexpressed in an otherwise wild-
type strain (Supplemental Fig. S4A). The Estl-R269E
mutant protein was present at wild-type levels in extracts
(Fig. 4B) and formed an Estl-TLCI-Est2 complex in
a manner comparable with the behavior of the wild-type
Estl protein, as assessed by immunoprecipitation (Fig. 4B);
thus, both protein stability and the Est1-TLC1 interaction
were unperturbed by this Arg — Glu mutation. However,
the ability of Est3 to associate with a telomerase complex
containing the Estl-R269E protein was disrupted, as
revealed by a comparison of wild-type Estl versus mutant
Est1-R269E protein levels in anti-Est3 immunoprecipita-
tions (Fig. 4C). Similar results were obtained when the
ability of Est2 and Est3 to coimmunoprecipitate in an est1-
R269E strain was monitored (Fig. 4D); this argued that this
Est3-Estl interface functioned as a part of the Est1-TLC1-
Est2 subcomplex (which is also consistent with the results
in Fig. 2B). The residue implicated in this analysis (Arg269)
is highly conserved (as either arginine or lysine) (Supple-
mental Fig. S4B). The comparable residue is located on the
surface of the human SMG7 protein (Fig. 4E; Fukuhara
et al. 2005), which has also been referred to as EST1C
(Reichenbach et al. 2003; Snow et al. 2003); given the high
degree of sequence conservation between the human
SMG7/ESTI1C and yeast Estl proteins, this predicts that
Arg269 is similarly located on the Estl protein surface.
These findings indicate that we identified an additional

2082 GENES & DEVELOPMENT

(Flag); epitope on Est2. (C) Anti-myc Westerns (top)
show levels of wild-type and mutant Est2 proteins
following anti-Est3 immunoprecipitation with anti-Flag
antibodies in a strain with a (Flag); epitope on Est3 and
a (myc);, epitope on Est2; equivalent amounts of the
Est3-(Flag); protein were present in each immunopre-
cipitation sample, as shown by the anti-Flag Western
(bottom).

anti-
myc

anti-
FLAG

interface corresponding to a conserved surface on the Estl
protein, which promotes an interaction with the Est3
telomerase subunit.

Est3-binding sites on both Estl and Est2 might suggest
that two molecules of Est3 associate with the Est1-TLC1-
Est2 preassembly complex. However, in a strain expressing
Est3-(myc)s and Est3-(myc)s-(HA)s, the Est3-(myc)s variant
was not detectable in an anti-HA immunoprecipitation,
arguing against telomerase complexes with a stoichiome-
try of 2 for the Est3 subunit (Supplemental Fig. S4C).
Alternatively, either Est3-binding site might be sufficient
for holoenzyme formation, which was tested by combin-
ing defects in these two Est3-binding sites. This resulted in
an additive effect, as a strain bearing both the est1-R269E
mutation and an est2'“" mutation exhibited a more severe
phenotype. In single-mutant strains bearing mutations in
either of these two binding sites, the telomere length
decline (Figs. 3A, 4A) was not severe enough to confer
a senescence phenotype (Fig. 4F). In contrast, the double-
mutant est1-R269E est2-N150D strain exhibited telomere
shortening and an accompanying growth defect that was
comparable with that of an est3-A-null strain (Fig. 4F; data
not shown). This was accompanied by an additive defect in
the ability of Est3 to bind to a telomerase complex bearing
est1-R269E and est2-N150D mutations (Supplemental Fig.
S4D). We conclude from these results that binding surfaces
on both Estl and Est2 are required for full association of
Est3 with the Est1-TLC1-Est2 preassembly complex.

A toggle switch on the surface of Est3 also regulates
telomerase assembly

The above analysis provided information about binding
surfaces on Est1 and Est2 that recruit Est3 to the telomerase
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Figure 4. Identification of an Est3-binding
interface in the N-terminal domain of Estl.
(A) Telomere length assessed as in Figure 3A,
comparing EST1 and est1-R269E strains, with

est1-R269E the est1-R269E mutation integrated into the
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genome. (B) Anti-myc Westerns monitoring
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the association between Estl and Est3 in
EST1 and est1-R269E strains, with Estl and
Est3 tagged with (myc);, and (Flag)s, respec-
tively. (D) Experiment performed as described
in Figure 3C, showing that the estI-R269E
mutation also impairs the ability of Est2 to
coimmunoprecipitate with Est3. (E) The struc-
ture of the human SMG7 protein, amino acids
143-236 (Fukuhara et al. 2005), which corre-
sponds to the second TPR-like domain (com-
posed of helices a5-a6 and a7-a8) and the
adjacent helix o9 (indicated in gray); Lys216 (in
red), protruding from the hinge between heli-
ces a8 and a9, is highly conserved as either
lysine or arginine, as shown by the alignment

est1-R269E
T

est2-N150D

in Supplemental Figure S4B. (F) Single colony streak-outs of isogenic strains with the indicated genotypes, generated following dissection
of a diploid strain bearing the integrated est1-R269E and est2-N150D mutations. The results shown here are representative of the behavior
of four tetratype tetrads: All four double-mutant est1-R269E est2-N150D strains exhibited a senescence phenotype, whereas none of the

eight single-mutant strains showed a growth defect.

complex. However, left unaddressed is why Est3 shows
such limited association with telomerase (Fig. 1B,C) de-
spite the fact that Est3 is in excess relative to the other
subunits (Supplemental Fig. S1B). This implies that Est3
binding is actively inhibited. If so, this predicts that relief
of a negative regulatory step would increase the interac-
tion of Est3 with telomerase, with a corresponding impact
on telomere length. As the result of our ongoing genetic
analysis of EST3, we fortuitously identified an est3™
mutation at amino acid S113 that fulfilled both of these
predictions: The est3-S113Y mutant strain exhibited elon-
gated telomeres (Fig. 5A), which was accompanied by an
increased association of the mutant Est3-S113Y protein
with telomerase (Fig. 5B). This residue therefore defines an
inhibitory site on the surface of Est3 that we call TEL-I (for
TEL inhibitory) that regulates the interaction between
Est3 and telomerase. Notably, this negative regulatory site
is immediately adjacent to an interface on the experimen-
tally determined surface of Est3 that promotes binding
(Fig. 5C), as Est3 proteins bearing mutations in residues in
this adjoining surface (the TEL patch) show reduced associ-
ation with telomerase and a corresponding decrease in
telomere length (Rao et al. 2014). Thus, these two surfaces
appear to act as a toggle switch by which the two sides of
the switch either inhibit or promote Est3 binding. Both
Estl-Est3 binding and Est2-Est3 binding are regulated by
this toggle switch, as evidenced by the partial alleviation
of the telomere length defect displayed by est2*" or est1-
R269E mutant strains that also contain the est3-S113Y
toggle switch mutation (Supplemental Fig. S5A). The role of

the TEL-I site in mediating binding of Est3 to telomerase is
not restricted to late in the cell cycle, as increased associ-
ation of Est3-S113Y was also observed in cells arrested in
the G1 phase (Supplemental Fig. S5B).

Assembly of the quaternary complex is followed
by disassembly due to dissociation of Est2

The anti-Est2 immunoprecipitations shown in Figure 1
demonstrated that Est3 exhibited limited association
with the Est1-TLC1-Est2 subcomplex. However, in the
anti-Est3 immunoprecipitations in Figures 2 and 3 that
examined the ability of either Estl or Est2 to interact
with Est3, we consistently observed an increased associ-
ation of Estl with Est3 relative to the Est2-Est3 in-
teraction (Supplemental Fig. S6A). To assess this more
carefully, anti-Est3 immunoprecipitations were prepared
from a single strain in which both Estl and Est2 were
tagged with the same (myc);, epitope, which revealed an
unexpected Est1:Est2 ratio when Est3 was immunoprecip-
itated. In anti-Est2 immunoprecipitations, the Estl:Est2
ratio was 1:1, but in anti-Est3 immunoprecipitations, the
Estl:Est2 ratio was increased to ~4:1 (Fig. 6A; Supplemen-
tal Fig. S6B), indicating that the Est3 telomerase subunit
was associating with substantially more Estl than Est2.
This difference could not be easily attributed to a technical
artifact (such as a difference in immunoprecipitation
efficiency), as the immunoprecipitated protein was de-
pleted from extracts in both immunoprecipitations. These
results suggested that the anti-Est3 immunoprecipitations
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Figure 5. Adjacent positive and negative regulatory sites on the
surface of the Est3 protein. (A) Telomere length, assessed after 75
generations of growth, following introduction of single-copy EST3
or est3-S113Y plasmids into an est3-A strain. (B) Anti-Flag immu-
noprecipitations in a (myc);,-Est2 strain with single-copy plasmids
expressing either wild-type Est3-(Flag); or mutant Est3-S113Y-
(Flag)s; a similar enhancement was observed when association of
the Est3-S113Y protein was monitored in an Est1-Est3 co-IP (data
not shown). (C) Surface representation of the Est3 protein (Rao
et al. 2014) depicting adjacent positive and negative regulatory
sites (TEL and TEL-I), indicated in green and red, respectively, that
either promote or inhibit association of Est3 with telomerase;
a third cluster of residues (in blue) promotes a separate function for
Est3, which we previously showed is unrelated to telomerase
assembly (Rao et al. 2014).

were sampling two distinct Est3-associated complexes: the
quaternary telomerase complex and an additional more
abundant subcomplex containing Estl but lacking Est2.
We show below that this second subcomplex is derived
from the quaternary complex through disassociation of the
Est2 subunit to form a catalytically inactive disassembly
complex.

As a direct test of the proposal that there were two Est3-
containing complexes, we used immunodepletion to frac-
tionate extracts into (1) an Est2-containing fraction and (2)
a fraction lacking Est2 in order to ask whether a telomerase
subcomplex was present in the latter. To do so, we
constructed a strain that would allow successive immu-
noprecipitations of Est2 and Est3 due to (Flag); or (HA);
epitopes, respectively, on these two proteins. A schematic
illustration of the experiment performed with this strain is
shown in Figure 6B. Extracts prepared from this strain
were initially subjected to anti-Flag immunoprecipita-
tions, thereby depleting Est2-containing complexes from
the extract (Fig. 6C, lane 2). Since both Estl and Est3 are
excess relative to the Est2 catalytic subunit (Supplemental
Fig. S1B), the levels of these two telomerase subunits were
only partially depleted by the anti-Est2 immunoprecipita-
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tion (lane 2 in Fig. 6C,D, respectively). This allowed us to
assess whether a separate complex containing Estl and
Est3 could be detected in the absence of Est2 by subjecting
the Est2-depleted extract to a second immunoprecipitation
using anti-HA antibodies targeting Est3. This anti-Est3
immunoprecipitation quantitatively removed the Est3
protein (Fig. 6D, lane 3), and, as expected, the catalytic
Est2 subunit was not detectable in these immunoprecip-
itations (Fig. 6C, lanes 5,6). However, Estl was readily
detected in the anti-HA immunoprecipitation from this
Est2-depleted extract (Fig. 6C, lanes 5,6), thereby providing
direct support for a subcomplex containing Estl and Est3
but not Est2.

As an additional step in this analysis, we asked whether
the telomerase RNA was a component of this subcomplex.
To do so, we used a previously described variant of the
yeast TLC1 telomerase RNA containing 10 tandem re-
peats of the MS2 stem-loop [TLC1-(MS2);¢] (Gallardo et al.
2011). These MS2 repeats, which have only a minimal
effect on TLC1 function (Supplemental Fig. S6C), can be
bound by the MS2-binding protein; in a strain expressing
an HA-tagged version of the MS2-binding protein, this
allows immunoprecipitation of the TLC1 RNA. In anti-
HA immunoprecipitations, both Estl and Est2 could be
detected as expected, since both proteins bind the TLC1
telomerase RNA (Livengood et al. 2002; Seto et al. 2002;
Chappell and Lundblad 2004). However, the Est1:Est2 ratio
in these anti-TLC1 immunoprecipitations was substan-
tially different from the 1:1 ratio previously observed
in anti-Est2 immunoprecipitations (cf. Figs. 6E and 1A).
Instead, the Estl:Est2 ratio in anti-TLC1 immunopre-
cipitations was strikingly similar to the ratio observed in
anti-Est3 immunoprecipitations (Fig. 6E). The simple
interpretation of this experiment is that both Est2-contain-
ing and non-Est2-containing complexes were detected by the
anti-TLC1 immunoprecipitations, which is consistent with
the presence of a more abundant second complex containing
Estl and TLCI, but lacking Est2, in the anti-TLC1 immu-
noprecipitations. As a further confirmation of this result,
we performed an additional experiment analogous to
that shown in Figure 6B where we queried Est2-depleted
extracts for the presence of a second TLC1-containing
extract using the MS2-tagged TLC1 strain. The results,
shown in Supplemental Figure S6D, provide additional
support for an inactive Est3-Estl-TLC1 subcomplex
that can be recovered from extracts that have been
depleted for Est2. As an aside, this experiment also dem-
onstrates that Est2 is the limiting telomerase subunit
rather than TLC1, as previously assumed. Thus, fraction-
ation of extracts by immunodepletion has identified two
discrete Est3-containing telomerase complexes: the telo-
merase holoenzyme present in the Est2-containing fraction
and a second complex containing Estl, Est3, and TLCI in
the Est2-depleted fraction.

Finally, we asked whether the appearance of this inactive
subcomplex depended on prior formation of the quaternary
holoenzyme complex. To do so, we examined the relative
ratio of the two complexes in anti-Est3 immunoprecipita-
tions in a strain bearing a tIc1-59 mutation. As described in
Figure 2A, this mutation blocks the Est2-TLC] interaction
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Figure 6. The telomerase quaternary complex disassembles through Est2 dissociation. (A) Comparing anti-Est3 (left panel) or anti-
Est2 (right panel) immunoprecipitations (IPs), where Estl and Est2 proteins were tagged with (myc);, in both experiments, with
a (Flag)s; epitope on either Est3 (lanes 1,2) or Est2 (lanes 3,4). All four samples were run on the same 6% SDS-PAGE gel, but two
different exposures are shown to compensate for the reduced association of Est3 with the telomerase complex (a single exposure is
shown in Supplemental Fig. S6B); the difference in mobility of the Est2 protein in the left and right panels is due to the absence/
presence, respectively, of the (Flag); epitope. (B) Schematic depiction of complexes (the telomerase quaternary complex and the Est3—
Est1-TLC1 and Est-TLC1-Est2 subcomplexes) and free subunits (Estl and Est3) in extracts (left panel) and how these various factors
behave in consecutive Est2 and Est3 immunoprecipitations, as shown in C and D. For simplicity, the relative amounts of the three
complexes in extracts and immunoprecipitations are not indicated here, but see the Discussion and Figure 7C. (C) Results from the
experiment depicted in B, showing levels of the (myc);,-tagged Estl and Est2 proteins in inputs, supernates, and anti-Est2 versus anti-
Est3 immunoprecipitations, as indicated. The increased amount of supernate loaded in lane 2 (indicated as “2X”) relative to lane 1
emphasizes that Est2 has been substantially depleted by the anti-Flag immunoprecipitation. In contrast, the Estl telomerase subunit
is not fully depleted by the successive anti-Est2 and anti-Est3 immunoprecipitations (shown in lane 3), consistent with the results
shown in Figure 1C and Supplemental Figure S1E. (D) Levels of the Est3-(HA); protein in inputs, supernates, and immunoprecip-
itations corresponding to the experiment shown in C, which shows that the Est3 protein is efficiently immunoprecipitated (lanes
6,7), with a corresponding depletion from the relevant extract (lane 3). The low levels of the Est3 protein detected in the anti-Est2
immunoprecipitations (shown in lanes 4,5) also provide an independent confirmation of the results shown in Figure 1, B and C. (E)
Comparison of the relative levels of Estl and Est2 in anti-Est3 (lanes 1,2) and anti-TLC1 (lanes 3,4) immunoprecipitations from
a TLC1-(MS2)¢ strain, which contains Est3-(Flag); and a plasmid expressing the HA-tagged MS2-binding protein (MS2BP-HA) as well
as (myc);,-tagged Estl and Est2 proteins. Comparable volumes of anti-Flag (anti-Est3) and anti-HA (anti-TLC1) immunoprecipita-
tions prepared from the same extracts were loaded; the differences in immunoprecipitation efficiencies are consistent with the
reduced association of Est3 with the Est1-TLC1-Est2 complex, as shown in Figure 1 and Supplemental Figure S7.
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and subsequent formation of the quaternary complex. If the
Est3-Est1-TLC1 subcomplex is a product of the quaternary
complex (rather than a precursor), both Estl and Est2
protein levels should be substantially reduced in anti-Est3
immunoprecipitations and to the same degree (see Supple-
mental Fig. S7 for an illustration of this prediction). Con-
sistent with this expectation, protein levels for Estl and
Est2 were reduced by equal amounts (~20-fold) in anti-Est3
immunoprecipitations from the tIc1-59 strain as compared
with a TLC1 strain (Fig. 7A), demonstrating that formation
of both the quaternary complex (containing Est2) and the
Est3-Est1-TLCI1 disassembly (lacking Est2) were inhibited
if Est2 could not bind TLCI. In a similar manner, when
formation of the quaternary complex was blocked in est2""
strains that were defective for the Est2-Est3 interaction,
levels of both the Est2-containing and the non-Est2-contain-
ing complexes were also reduced by comparable amounts in
anti-Est3 immunoprecipitations (data not shown). Thus,
two Est2-dependent interactions (Est2-TLC1 and Est2-
Est3) that were critical for holoenzyme assembly were also
required for the formation of a complex that does not
contain Est2. This provides additional support for the
conclusion that the appearance of this catalytically inactive
Est3-Est]-TLC1 subcomplex relies on prior formation of
the telomerase holoenzyme complex. Furthermore, the
appearance of this disassembly complex was cell cycle-
regulated in a manner that parallels the appearance of the
quaternary complex, with the levels of both complexes

increased by ~20-fold in G2/M phase relative to G1 phase
(Supplemental Fig. SGE,F). These results invoke the possi-
bility that disassembly of the active complex to form this
catalytically inactive subcomplex is a key step in telomerase
regulation.

Discussion

In this study, we used a biochemical strategy that uses
a high-resolution assessment of the protein levels of
telomerase subunits in immunoprecipitates, which has
revealed that two subcomplexes exhibit a dynamic bal-
ance with the telomerase quaternary complex through
the cell cycle. Early in the cell cycle, formation of an
Est]1-TLC1-Est2 preassembly complex drives the sub-
sequent binding of Est3 to form the active holoenzyme,
containing the four components that are required for in
vivo telomerase function. Once formed, this quaternary
complex disassembles through loss of Est2 to give rise to
a catalytically inactive subcomplex composed of Estl,
Est3, and the telomerase RNA. By monitoring the relative
steady-state levels of the quaternary complex and the two
subcomplexes, two notable observations have emerged.
The first is that the telomerase holoenzyme is a transient
minority species in terms of both abundance and its
restricted appearance during a limited period late in the
cell cycle. This implies that there is a significant regula-
tory investment to ensure low levels of active telomerase.

A TLCT tlc1-59 Figure 7. The telomerase assembly and disassem-
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59 mutant strain; see Supplemental Figure S7 for
a schematic depiction of the predicted outcomes
for this experiment, depending on whether the
holoenzyme is a precursor of the Est3-Estl-
TLC1 disassembly complex. (B) A model pro-
posing that the Est3-binding surfaces on Estl and
Est2 form a single extended interface; we further
speculate that binding of Est3 to form the qua-
ternary holoenzyme complex may be accompa-
nied by a conformational change. (C) A proposed
model for the telomerase assembly and disas-
sembly pathways. Assembly of the quaternary
complex is driven by binding of Est3 to the
previously formed Estl-TLC1-Est2 complex
followed by disassembly due to dissociation of
the catalytic Est2 subunit. Supplemental Figure
S8 illustrates how this model is supported by
the immunoprecipitation data reported in this
study; we assume that our inability to detect
the proposed transient high levels of the qua-
ternary complex is presumably because immuno-
precipitation assays primarily provide information
on steady-state levels, with a more limited
capacity to detect complexes that are present
only transiently.
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The second unexpected conclusion is that assembly and
disassembly proceed through different pathways, as as-
sembly relies on Est3 association, whereas disassembly
proceeds through disassociation of the catalytic Est2
subunit. Below, we expand on these two observations
and discuss several implications of these findings.

Analysis of the assembly pathway indicates that Est3 sits
at a regulatory node, as the process by which Est3 joins the
Est1-TLCI1-Est2 subcomplex is surprisingly elaborate, in-
volving sites on both Estl and Est2 as well as a regulatory
interface on Fst3 that functions as an apparent toggle
switch. Two alternative models could explain the separate
Est3-binding surfaces on Estl and Est2. One possibility is
that there are successive binding events by which Est3 first
binds to one subunit followed by transfer of Est3 onto the
other subunit. Several observations, however, suggest an
alternative model in which the sites on Estl and Est2 form
a single interface that Est3 cobinds, as schematically
presented in Figure 7B. First, this proposed single interface
is consistent with our findings that both Est1 and Est2 must
be physically bound to the telomerase RNA in order for Est3
to associate with the telomerase complex. Furthermore, the
telomerase-binding surface of Est3 is itself composed of
a single extended interface (Fig. 5C; Rao et al. 2014) rather
than two discrete sites that would separately promote Estl—
Est3 or Est2-Est3 interactions. A speculative extension of
this model is that Est3 binding is accompanied by a confor-
mational change in the structure of the telomerase holoen-
zyme, as depicted in Figure 7B.

These observations also raise the question of why
there is such an investment in regulating telomerase
assembly. Since the Estl-TLCI1-Est2 subcomplex is
present throughout much of the cell cycle and the Est3
protein subunit is in excess, why not have the quater-
nary complex available throughout the cell cycle? The
answer may come from studies that have shown that
telomerase can act at nontelomeric sites, as revealed by
a GCR (gross chromosomal rearrangement) assay de-
veloped by Chen and Kolodner (1999). Roughly 50% of
GCR events are due to de novo addition of telomeres at
double-strand breaks (DSBs), with such breaks arising
most likely as the result of replication errors (Myung
et al. 2001). Thus, elongation of DSBs by telomerase
could block other repair mechanisms that would be
more likely to preserve genome integrity. One means
by which these telomerase-mediated events are kept in
check is through phosphorylation of Cdc13 by Mecl,
which inhibits accumulation of Cdcl13 at DSBs (Zhang
and Durocher 2010) and subsequent telomerase recruit-
ment to these ectopic sites (Bianchi et al. 2004). We
propose that late entry of Est3 into the telomerase
complex well after DNA replication has been completed
provides a second regulatory barrier to ensure that
telomerase is unable to heal DSBs that occur during
earlier stages of the cell cycle, when genomic DNA
replication is in progress.

This work has also led to the discovery of a pathway by
which telomerase disassembles, thereby resulting in an
inactive complex due to dissociation of Est2. The identifi-
cation of this disassembly complex suggests a potential
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paradox, as Figure 2 demonstrates that an inability of Est2
to bind the telomerase RNA blocks the formation of
a complex composed of Estl, Est3, and TLCI. Although
this subcomplex cannot form during assembly, it neverthe-
less is the product of disassembly. This implies that Estl,
Est3, and TLC1 must acquire the ability to stably associate
during formation of the quaternary complex, which further
argues for a conformational change during holoenzyme
assembly (as depicted in Fig. 7B). A proposed model for
the telomerase assembly and disassembly pathways is
presented in Figure 7C. This model incorporates a key
observation, which is that the quaternary complex is
detected at levels significantly lower than that of both the
preassembly and disassembly complexes. This suggests that
association of Est3 with the preassembly complex to form
the quaternary complex is followed by shuttling of a sub-
stantial proportion of the newly formed holoenzyme en-
zyme into the disassembly pathway, as illustrated in Figure
7C. Direct support for this proposal comes from our analysis
of relative amounts of telomerase proteins in the quaternary
complex and the two subcomplexes, as revealed by anti-
Est2, anti-Est3, and anti-TLC1 immunoprecipitations from
extracts as well as anti-Est3 and anti-TLC1 immunoprecip-
itations from Est2-depleted extracts (see Supplemental Fig.
S8 for a summary of these data). The dynamic balance
portrayed in Figure 7C may also reflect the proportion of the
holoenzyme that is actively engaged at the telomere. Fur-
thermore, the temporally linked appearance of the holoen-
zyme and disassembly complexes late in the cell cycle
(Supplemental Fig. S6) suggest that the appearance of the
disassembly complex may be tightly coupled with enzyme
synthesis. For example, disassembly may provide a mecha-
nism by which enzyme synthesis is terminated; if so, the
overlap between the Est2-Est3-binding site and the pre-
viously described “anchor” site on Est2 that binds telomeric
DNA (Jacobs et al. 2006) may contribute to this process.
Finally, the observations reported here argue that
previous chromatin immunoprecipitation (ChIP) studies
that probe the association of individual telomerase sub-
units with telomeric chromatin may need to be reinter-
preted, since these ChIP analyses cannot differentiate
between telomeric association of the active holoenzyme
and the preassembly or disassembly complexes. In partic-
ular, the observation that association of Est1 and Est2 with
telomeric chromatin is Est3-independent (Tuzon et al.
2011) may instead be due to a ChIP signal from the more
abundant Est1-TLC1-Est2 preassembly complex, which
would mask a potential Est3-dependent association of the
quaternary complex. This suggests that a role for Est3 in
mediating association and/or retention of the active telo-
merase holoenzyme with chromosome termini (which
would further extend the analogy between TPP1 and
Est3) (Nandakumar et al. 2012; Zhong et al. 2012) remains
an open question. More generally, the inability to distin-
guish between the quaternary complex and the assembly
or disassembly complexes in ChIP experiments compli-
cates the interpretation of how telomeric association of
telomerase changes in response to mutations that alter
telomere homeostasis; in particular, if such mutations
affect the assembly or disassembly pathways, altered
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ChIP patterns may be a secondary consequence of
a change in the level of the quaternary complex relative
to its subcomplexes.

Materials and methods

Telomere length was assessed from independent single colonies
following propagation for ~75 generations for each genotype by
comparison of isogenic strains (Supplemental Table S1) bearing
mutations integrated into the genome (with the exception of Fig.
5A). Mutations were integrated into the genome as URA3 inte-
grants (see Supplemental Table S2 for list of plasmids) followed by
screening for 5-FOA-resistant “pop-outs” that retained the muta-
tion; the molecular structure of the resulting “pop-out” mutant
strain was assessed by PCR and sequence analysis to confirm that
the relevant mutation was integrated without rearrangement of the
target gene and by phenotype (telomere length) in every case. The
full lists of strains and plasmids are in Supplemental Tables S1 and
S2, respectively.

For biochemical experiments, all mutations were integrated
into the genome in place of the wild-type gene (with the
exception of Fig. 5B) to eliminate possible effects on immuno-
precipitation efficiency due to incomplete gene expression by
plasmid-borne alleles (as a consequence of variations in plasmid
copy number and/or incomplete promoters) (see Lubin et al.
2012 for further discussion). For each immunoprecipitation,
two independent cultures were processed in parallel for each
genotype from exponentially growing cells unless otherwise
noted. Whole-cell extracts were incubated with anti-Flag M2
affinity gel (Sigma) or anti-HA affinity matrix (rat monoclonal
antibody clone 3F10; Roche), as described previously (Tucey
and Lundblad 2013). Immunoprecipitations containing Myc-,
HA-, or Flag-tagged proteins were resolved by 6% (for detection
of Estl or Est2) or 12% (for detection of Est3) SDS-PAGE and
probed with anti-myc 2272 (Cell Signaling Technology) at
1:1000 or anti-Flag F7425 (Sigma-Aldrich) at 1:5000 dilution
followed by anti-rabbit IgG HRP conjugate (Promega) at
1:10,000 or with HA-11 clone 16B12 (Covance, MMS-101P) at
1:1000 followed by anti-mouse IgG HRP-linked antibody (Cell
Signaling Technology) at 1:5000 and subsequent ECL (enhanced
chemiluminescence) detection with preflashed film. We
showed previously that this protocol can detect even twofold
differences with high reproducibility over a 10-fold detection
range (Tucey and Lundblad 2013).
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