The Pot1a-associated proteins Tpt1 and Pat1
coordinate telomere protection and length
regulation in Tetrahymena
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ABSTRACT We have identified two new telomere proteins, Tpt1 and Pat1, from the ciliate
Tetrahymena thermophila. Although Tetrahymena telomerase is well characterized, only one
telomere protein had previously been identified. This was the G-overhang binding-protein
Pot1a. Tpt1 and Pat1 were isolated as Pot1a binding partners and shown to localize to telom-
eres. As Tpt1 and Pat1 were both found to be essential, conditional cell lines were generated
to explore their function. Tpt1 depletion caused a rapid growth arrest and telomere elonga-
tion in the absence of cell division. The phenotype was similar to that seen after Pot1a deple-
tion suggesting that Tpt1 and Pot1a function together to regulate telomere length and pre-
vent telomere deprotection. In contrast, Pat1 depletion had a modest effect on cell growth
but caused progressive telomere shortening similar to that observed upon TERT depletion.
Thus Pat1 appears to be needed for telomerase to maintain the chromosome terminus.
Analysis of Pot1a-Tpt1-Pat1 complex formation using purified proteins indicated that Tpt1
interacts directly with Pot1a while Pat1 interacts with Tpt1. Our results indicate that Tpt1 is
the Tetrahymena equivalent of mammalian TPP1, Schizosaccharomyces pombe Tpz1, and
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INTRODUCTION

Telomeres have two primary functions: to shield the chromosome
terminus from unwanted DNA repair activities and to provide a
mechanism for maintaining the chromosome terminus by solving
the end replication problem (O'Sullivan and Karlseder, 2010). They
exist as DNA-protein complexes in which telomeric DNA is pack-
aged by a series of unique telomere proteins. The telomeric DNA
generally consists of tandem repeats of a simple G-C-rich sequence
that ends in single-stranded overhang on the 3’ G-rich strand. The
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proteins sequester the DNA terminus from DNA damage sensors,
thus preventing the chromosome end from being treated as a DNA
double-strand break. At the same time, they render the DNA termi-
nus accessible to telomerase, the enzyme that maintains the chro-
mosome end by synthesizing additional telomeric repeats.
Telomere proteins generally act as part of a multiprotein com-
plex (Linger and Price, 2009). Although all the components are re-
quired for the complex to be fully functional, the individual telomere
proteins are responsible for specific aspects of telomere mainte-
nance. For example, the mammalian shelterin complex contains the
DNA binding proteins TRF1, TRF2, and POT1 in addition to three
other proteins — TIN2, TPP1, and RAP1 (Palm and de Lange, 2008;
Stewart et al., 2011). TRF1 and TRF2 bind to the double-stranded
telomeric DNA whereas POT1 binds to the 3" G-rich overhang that
serves as the substrate for telomerase. TIN2 holds the complex to-
gether by interacting with TRF1, TRF2, and TPP1. TPP1 serves as a
bridge between the duplex DNA and the G-overhang binding pro-
teins. POT1 binding to the overhang is required to exclude ATR and
hence to prevent the overhang from activating a DNA-damage
checkpoint (Denchi and de Lange, 2007; Guo et al., 2007). TPP1
serves a regulatory role as it not only enhances POT1 DNA binding
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affinity but also interacts with telomerase and enhances telomerase
processivity (Abreu et al., 2010; Latrick and Cech, 2010).

Although telomeres from different organisms are packaged by
proteins that share similar functions, the overall organization of the
protein complexes is variable. In budding yeast, the duplex DNA
and the G-overhang are packaged by separate complexes with the
double-stranded DNA (dsDNA) bound by Rap1, Rif1, and Rif2 and
the overhang bound by Cdc13 Stn1 and Ten1 (Linger and Price,
2009). In contrast, fission yeast telomeres are packaged by a single
complex that is structurally similar to shelterin. The complex con-
tains a duplex DNA binding protein, Taz1, a G-overhang binding
protein, Pot1, and a series of bridging proteins, Rap1, Poz1, and
Tpz1, that link Taz1 to Pot1 (Miyoshi et al., 2008). Pot1 is part of a
three-protein subcomplex that contains Pot1, Tpz1, and Ccql. In
some ways, Tpz1 appears to be a functional homologue of mam-
malian TPP1 as it dimerizes with Pot1, and depletion of Tpz1 or Pot1
causes a similar loss of telomere protection (Wang et al., 2007; Kibe
et al., 2010). Ccq1, however, is responsible for telomerase recruit-
ment and interacts with Tpz1 rather than Pot1 (Miyoshi et al., 2008;
Tomita and Cooper, 2008). As described later in the text, the ciliate
Tetrahymena also has a Pot1 complex that contains proteins respon-
sible for telomere protection and telomere length regulation.

Studies with ciliated protozoa have contributed a wealth of in-
formation about telomere biology because these organisms have
a unique nuclear organization that results in each cell containing
thousands of telomeres and an abundance of telomerase (Price,
2006). Tetrahymena thermophila has been particularly useful be-
cause it is both genetically tractable and amenable to biochemical
analysis (Turkewitz et al., 2002). Indeed, many of the fundamental
paradigms for telomerase biogenesis and catalytic mechanism
have come from studies with Tetrahymena, and the telomerase
holoenzyme from Tetrahymena is arguably the best characterized
from any species (Jacobs et al., 2006; Zaug et al., 2008; Min and
Collins, 2009, 2010; Berman et al., 2010; Robart et al., 2010; Zaug
et al., 2010). The holoenzyme consists of five unique telomerase-
specific subunits, in addition to the catalytic subunit TERT and the
telomerase RNA TER that are each essential for telomere mainte-
nance (Min and Collins, 2009). The various subunits contribute to
different aspects of telomerase assembly, catalytic mechanism,
and telomere association.

Tetrahymenatelomeres consist of 250- to 350-base-pair G4To"CsA;,
repeats that are packaged into a non-nucleosomal DNA-protein
complex (Blackburn and Chiou, 1981; Cohen and Blackburn, 1998;
Price, 2006). The G-rich strand terminates in a 3’ overhang of ~14 or
20 nt that is bound by the telomerase subunit Teb1 and then ex-
tended through the action of TERT and TER (Jacob et al., 2001; Min
and Collins, 2010). Although Tetrahymena telomerase is well studied,
Potla is the only Tetrahymena telomere protein to be described thus
far (Jacob et al., 2007). We now report the identification of two ad-
ditional telomere proteins Tpt1 and Pat1 that associate with Pot1a.
Tpt1 binds directly to Potla and appears to be equivalent to the
Pot1/TEBPa. interaction partners from mammalian cells (TPP1), fis-
sion yeast (Tpz1), and Oxytricha (TEBPB). Pat1 is a novel protein that
is required to prevent progressive shortening and likely functions by
promoting telomerase access to the chromosome terminus.

RESULTS

Identification of Tpt1 and Pat1

To identify new telomere proteins from Tetrahymena, we used mass
spectrometry (MS) to analyze proteins that copurified with Pot1a.
Nuclear extracts were made from a Tetrahymena cell line expressing
TAP-tagged Potla (Jacob et al., 2007), and the tagged protein was
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isolated on immunoglobulin G (IgG) Sepharose. Bound protein
complexes were eluted with TEV protease and the released proteins
analyzed by MS against the predicted proteome of the T. thermo-
phila macronuclear genome (Eisen et al., 2006; Coyne et al., 2008).
Two TAP-tagged Pot1a samples and two control samples (mock pu-
rification from a Tetrahymena cell line not expressing TAP-Pot1a)
were prepared. Proteins identified in the control samples were sub-
tracted from the TAP-Pot1a samples.

Through this analysis, we identified two proteins that specifically
copurified with TAP-Pot1a in both experimental samples but in nei-
ther control sample (Supplemental Figure 1). For each protein, we
identified multiple peptides that mapped to single predicted open
reading frames (Supplemental Table 1 and Supplemental Figure 2).
RT-PCR was used to verify the corresponding full-length cDNA se-
quence. The encoded proteins have predicted molecular weights of
61.4 and 44.7 kDa and are subsequently referred to as Tptl
(TPP1/Tpz1 in Tetrahymena thermophila) and Pat1 (Pot1 associated
Tetrahymena), respectively. Secondary structure prediction and ter-
tiary structure threading failed to identify any known folds or obvious
functional motifs in Pat1 or Tpt1. Preliminary analysis of Pat1 and
Tpt1 (described later in the text) suggested that Pat1 is a novel pro-
tein and Tpt1 appears to be equivalent to the primary POT1 binding
partner previously identified in Schizosaccharomyces pombe (Tpz1),
vertebrates (Tpp1), and other ciliates (TEBPB) (Wang et al., 2007;
Miyoshi et al., 2008; Baumann and Price, 2010).

Verification that Tpt1 and Pat1 are telomere proteins

To confirm that Tpt1 and Pat1 are telomere proteins, we sought to
verify the interaction with Pot1a and to demonstrate telomere local-
ization. To this end, we generated cell lines expressing either N-
terminal TAP-tagged Tpt1 (TAP-Tpt1) or Pat1 (TAP-Pat1), or C-termi-
nal hemagglutinin-tagged Pat1 (Pat1-HA). In each case, the cDNA
encoding the tagged version of the protein was recombined into
the endogenous gene locus to replace a segment of the native
gene (Figure 1). The genes encoding the TAP-tagged proteins were
placed under control of a cadmium-regulated metallothionein
(MTT1) promoter whereas the Pat1-HA gene retained the endoge-
nous promoter. The TAP affinity tag contained a 6-His motif followed
by two protein A motifs and a TEV cleavage site. For Pat1, we ob-
tained full replacement of the endogenous gene indicating that the
TAP and HA tags did not interfere with protein function (Figure 1D
and Supplemental Figure 3A). For Tpt1, replacement was almost
complete with the TAP-tagged allele (Figure 1E and Supplemental
Figure 3B); however, only partial replacement was obtained with a
C-terminal HA-tagged allele, suggesting that the C-terminal tag
could not be tolerated (unpublished data).

We verified that endogenous Pot1a interacts with Tpt1 and Pat1
through pull-down experiments with Ni-Sepharose and extracts from
TAP-Tpt1- or TAP-Pat1-expressing cells (Figure 2A) or Potla anti-
body (Jacob et al., 2007, and Supplemental Figure 3C) and extracts
from Pat1-HA—expressing cells (Figure 2B). Western blot analysis in-
dicated that in each case the tagged protein copurified with Pot1a.
Note that TAP-Tpt1 and TAP-Pat1 can be visualized with secondary
antibody alone because of the protein A motif in the tag (Figure 2A),
thus both Pot1a and Tpt1 or Pat1 can be observed in blots with the
Pot1a antibody. To ensure that the interaction with Pot1a was not
mediated by DNA or RNA, nuclear extracts were treated with micro-
coccal nuclease or ethidium bromide before TAP-Tpt1 or TAP-Pat1
pull-down (Figure 2A, panels | and I, lane 8; Supplemental Figure
3D and unpublished data). Neither treatment disrupted copurifica-
tion of Pot1a with Tpt1 or Pat1, indicating that the interaction be-
tween these proteins is not dependent on nucleic acid.
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FIGURE 1: Generation of cell lines with Tpt1 or Pat1 gene
replacements. (A-C) Gene-targeting constructs used to make
modified Tpt1 or Pat1 cell lines. In each case, the gene-targeting
construct was recombined into the native gene locus (panel Il). Exons
are in gray. Southern blot probes are shown as black bars. X, Xbal; H,
Hindlll; N, Ndel restriction sites. (A) Constructs used to make
TAP-Tpt1 (I) and Tpt1 KD cells (1ll). (B) Pat-HA (1) and TAP-Pat1 (Ill)
cells. (C) Pat1 KD cells (I). (D and E) Southern blots showing Pat1 or
Tpt1 gene replacement. Bands from endogenous, knockout, or HA- or
TAP- tagged genes are marked. (D) () Pat1 KD or Pat1-HA (HA),
Hindlll digest. (Il) Pat1 KD or TAP-Pat1, Xbal digest. (E) WT, KD, or
TAP-Tpt1 (TAP), Ndel digest.

We tested for Tpt1 and Pat1 localization to macronuclear telom-
eres using chromatin immunoprecipitation (ChIP). Cells expressing
TAP-tagged Tpt1 or Pat1 were formaldehyde cross-linked and frag-
mented by sonication, and chromatin associated with the TAP-
tagged protein was precipitated with IgG Sepharose. The precipi-
tated DNA was then amplified by multiplex PCR using primer pairs
corresponding either to a region immediately adjacent to the telom-
ere or to an internal region of the ribosomal DNA (rDNA) mini-chro-
mosome (Figure 2C and Jacob et al., 2007). As shown in Figure 2C,
precipitation of either TAP-Tpt1 or TAP-Pat1 enriched for telomeric
DNA (Tel) relative to the internal region (Int). The level of enrichment
was similar to that seen in the positive control with Pot1a antibody. In
contrast, ChIP with wild-type (WT) cells or TAP-Pat1 cells grown in the
absence of cadmium to repress Pat1 expression (see Figure 5 later in
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this paper) did not result in enrichment of the telomeric fragment.
These results confirm that both Tpt1 and Pat1 localize to telomeres.

Depletion of Tpt1 leads to growth arrest and telomere
elongation

To learn more about Tpt1 function, we attempted to generate a
simple gene replacement by substituting the ~45 copies of the ma-
cronuclear TPTT gene with a selectable marker cassette (Figure 1A).
Selection for drug resistance, however, yielded cells with only ~50%
replacement of the WT gene locus (Figure 1E). This inability to re-
place all endogenous copies of TPT1 indicated that it is essential.
Despite the incomplete gene replacement, we isolated genomic
DNA to examine the length of the rDNA telomeric restriction frag-
ments. Southern hybridization revealed that Tpt1 knockdown (KD)
resulted in longer telomeres, suggesting that the protein plays a
role in telomere length regulation (Figure 3A).

Because the TPT1 gene is essential, we turned to the conditional
TAP-Tpt1 cell line in which the endogenous promoter is replaced
with the MTT1 promoter. By growing the cells in cadmium to allow
TAP-Tpt1 expression, we were able to obtain almost complete re-
placement of the endogenous TPTT gene (Figure 1E and Supple-
mental Figure 3B). We then examined the effect of Tpt1 depletion
by growing the cells in the absence of cadmium. Tpt1 depletion
caused a rapid growth arrest such that the population underwent at
most two population doublings (Figure 3B). The arrested cells then
became large and round (Figure 3C). Both the growth arrest and
abnormal morphology were reversed if cadmium was added back
to the culture after 24 h (Figure 3B and unpublished data), suggest-
ing that Tpt1 depletion had activated a cell-cycle checkpoint. When
we isolated DNA and used Southern hybridization to examine the
size of telomeric restriction fragments from the rDNA, we found that
Tpt1 depletion had caused them to become much longer and more
heterogeneous in size (Figure 3D).

Because the apparent increase in telomere length caused by
Tpt1 depletion occurred in the absence of continued division (un-
published data, but see Figure 3B), it was unclear whether the in-
crease in size of the telomeric restriction fragments reflected actual
telomere growth or merely extension of the G-overhang in the ar-
rested cells. To address this possibility, we examined G-overhang
length by using a ligation-mediated primer extension protocol
previously developed for this purpose (Jacob et al., 2001). This
approach indicated that G-overhang length was unchanged by
Tpt1 depletion (Supplemental Figure 4A). As the primer extension
step used in this protocol is inadequate to measure overhang
length if the overhangs are long (>75 nt; C. Price and N. Jacob,
unpublished results), we also examined overhang length by com-
paring the migration of telomeric restriction fragments in agarose
gels before and after treatment with Exo1 to degrade the over-
hangs (Supplemental Figure 4B). Again, the Exo1 treatment did
not cause a noticeable change in migration pattern, indicating that
Tpt1 depletion had little effect on G-overhang length. Thus Tpt1
depletion causes telomere growth, indicating that Tpt1 functions
in telomere length regulation.

Interestingly, the effect of Tpt1 depletion was strikingly similar
to what we observed after Potla depletion, which also causes
growth arrest within two population doublings, appearance of
large round cells, and comparable telomere elongation in the ab-
sence of cell division with little change in G-overhang length
(Jacob et al., 2007). This similarity in phenotypes led us to ask
whether, as observed for mammalian TPP1 and POT1 (Liu et al.,
2004), Tpt1 is required for localization of Potla to the macronu-
cleus. Immunolocalization studies to analyze Potla distribution
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FIGURE 2: Tpt1 and Pat1 bind Pot1a and associate with telomeres. (A and B) Tpt1 and Pat1 copurify with Pot1a.

(A) Ni-Sepharose precipitation (PPT) of nuclear extracts (NE) from WT or conditional TAP-Tpt1 (TAP) cells (panel I) or
TAP-Pat1 (TAP) cells (panel Il). Western blot with Pot1a antibody. Lanes 7 and 8, extract was treated with MNase before
pull down. (B) Immunoprecipitation (IP) of nuclear extracts (NE) from Pat1-HA cells with no antibody (NA) or Pot1a
antibody (Pot1). Western blot with HA antibody. *, Cross-reacting bands. (C) Tpt1 and Pat1 are present at rDNA
telomeres. (I) Schematic of rDNA telomere. Arrows indicate positions of PCR primers used to amplify subtelomeric (Tel)
and internal (Int) regions. (Il) Multiplex PCR of ChlIP products from WT or conditional TAP-Tpt1 or TAP-Pat1 cells grown +
cadmium. Lanes 1-5, fourfold dilutions of input DNA; lane 6, protein A beads, no antibody (NA); lane 7, Protein A beads
+ Pot1a antibody (Pot1); lane 8, IgG Sepharose to precipitate Tap-tagged Tpt1 or Pat1 (TAP). (lll) Quantification of
multiplex PCR to show fold enrichment of telomeric DNA. Minimum of three experiments.

after Tpt1 depletion indicated that this is indeed the case. In cells
expressing Tpt1, Potla localized to the macronucleus as previ-
ously observed (Figure 3E; Jacob et al., 2007). After Tpt1 deple-
tion, however, Pot1a was no longer apparent in the macronucleus,
indicating that Tpt1 is required for either Pot1a stability or nuclear
localization. Thus our results indicate that Tpt1 and Pot1a function
together to regulate telomere length and hide the chromosome
terminus from the DNA damage-sensing machinery.

Depletion of Pat1 leads to progressive telomere shortening
When we attempted to generate a simple PATT gene disruption, we
were again unsuccessful, indicating that Pat1 is also essential. This
time we were able to replace ~80% of the endogenous copies of the
macronuclear gene with the selectable marker cassette (Figure 1C
and D). As before, we isolated DNA from the KD cell line and exam-
ined the length of the rDNA telomeric restriction fragments. In con-
trast to what was observed after Tpt1 depletion, Pat1 KD resulted in
shorter telomeres (Figure 4A).

To examine the effect of more complete Pat1 depletion, we
again turned to a conditional cell line. In this case, the PAT1 gene
was replaced by a TAP-Pat1 allele under control of the MTT1 pro-
moter (Figure 1, B and D). By selecting for drug resistance in the
presence of cadmium, we were able to obtain full replacement of
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the endogenous PAT1 gene locus (Figure 1D and Supplemental
Figure 3A). When we then removed cadmium to examine the effect
of Pat1 depletion on cell growth, we did not observe an immediate
phenotype. When the cells were kept in continuous log phase cul-
ture in the absence of cadmium, however, the growth rate slowed
slightly such that by day 6 the cells divided every 3.4 h instead of
every 3 h (unpublished data). The slower growth was accompanied
by an enlargement of both the cells and the macronuclei, suggest-
ing a problem with cell division (Figure 4B). On subsequent days
these changes gradually reversed so that by day 9 ~95% of the cells
had returned to their original size and nuclear morphology. The
growth rate also increased by day 9, but it did not return to that
observed when the cells were grown in cadmium.

Examination of the rDNA telomeres from cells harvested each
day during continuous growth without cadmium revealed that
telomere length decreased in parallel with the decline in growth
rate. For the first 5-6 d after cadmium removal, the telomeres be-
came progressively shorter and less heterogeneous in length
(Figure 4C). They then stopped shortening, however, and reached a
new length set point. Southern blot analysis verified that the TAP-
PATT1 allele had been retained and the endogenous PATT allele was
undetectable even after 9 d without cadmium (unpublished data).
The telomeres of conditional TAP-Pat1 cells grown with cadmium

Molecular Biology of the Cell
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showed a slight increase in length over the 9 d of log phase growth.
This telomere elongation was expected as WT cells also exhibit te-
lomere elongation when maintained in log phase culture (Jacob
et al., 2004). Analysis of G-overhang length by ligation-mediated
primer extension indicated that this was unaltered by Pat1 depletion
(Supplemental Figure 4A).

We next used indirect immunofluorescence to monitor Pat1 distri-
bution within the TAP-Pat1 cells. When the cells were grown in cad-
mium, we observed macronuclear staining with antibody to Pat1
(Figure 5A and Supplemental Figure 3A). This staining, however, was
completely gone 3 d after cadmium removal. As was previously re-
ported for Pot1a (Jacob et al., 2007), we failed to see staining in the
micronucleus, suggesting that either Pat1 protein is absent or its lev-
els are too low for detection. ChIP analysis of conditional TAP-Pat1
cells grown without cadmium for 3 d verified that Pat1 had been lost
from the telomere (Figure 2C, panel Il). Taken together, these results
indicate that loss of Pat1 from the telomere results in progressive te-
lomere shortening.

Because our initial attempts to disrupt PATT indicated that the
gene is essential, we suspected that the eventual stabilization of
telomere length and the return of the conditional TAP-Pat1 cells to

FIGURE 4: Pat1 depletion results in shorter telomeres. (A) Southern
blot showing length of rDNA telomere in WT and Pat1 KD cells.

(B) Phase contrast (PC) images of conditional TAP-Pat1 cells grown
with (+Cd) or without (-Cd) cadmium for 6 d. Nuclei were stained
with DAPI. (C) Southern blot showing length of rDNA telomeres in
conditional TAP-Pat1 cells grown + Cd for 1-9 d.
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(D) Southern blots showing rDNA telomere length in conditional TAP-Pat1 cells (TAP-Pat1) and
conditional TERT knockout cells (TERT-KO) after growth without cadmium for 2-16 d.

a near WT growth rate might be due to up-regulation of the MTT1
promoter in cells with critically short telomeres. Such promoter up-
regulation had previously been observed in a conditional TERT
knockout cell line in which the rescuing allele was also expressed
from the MTT1 promoter (Jacob et al., 2003). Indeed, RT-PCR con-
firmed that, although the level of TAP-Pat1 mRNA was greatly de-
creased after 3 d growth without cadmium, it became slightly ele-
vated after 6 d and further elevated by 9 d (Figure 5B). Thus PAT1
expression becomes reactivated at approximately day 6, but the
level of expression is insufficient for telomeres to return to their
original length. Re-addition of cadmium after 9 d resulted in
substantial telomere elongation within just 6 h (approximately two
cell divisions) with the telomeres achieving WT length within 24 h
(Figure 5C). This finding indicates that the effect of Pat1 depletion is
readily reversible.

As progressive telomere shortening is characteristic of telom-
erase-deficient cells, we next asked whether Pat1 and TERT deple-
tion affect telomere lengths in a similar manner. To do this, we com-
pared the telomere shortening profile in conditional TAP-Pat1 and
conditional TERT knockout cells. Although the TERT conditional
cells started with longer telomeres, the overall rate and extent of
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telomerase from TAP-Pat1 cells grown with
and without cadmium and compared the
level of enzyme activity. Depletion of Pat1
did not alter the level of activity relative
to that observed from WT and TAP-Pat1-
expressing cells (Figure 6A). This result
was markedly different from the dramatic
drop in activity observed on TERT deple-
tion. Thus Pat1 does not appear to be an
essential component of the telomerase
holoenzyme.

As Patl and Tpt1 both alter telomere
length (albeit in opposite directions) in a
manner consistent with them somehow reg-
ulating telomerase action, we next exam-
ined whether we could detect a stable inter-
action between telomerase and either
protein. In initial experiments, we made te-
lomerase extracts from TAP-Pat1- or TAP-
Tpt1-expressing cells by conventional ap-
proaches, affinity purified the TAP-tagged
protein, and assayed for copurifying telom-
erase activity. We were unable to detect any
activity by this approach (unpublished data). These Tetrahymena
telomerase preparations, however, were made by following the
standard protocol in which cells are extracted with non-ionic deter-
gent (Igepal CA630) and 0-100 mM sodium acetate. The insoluble
material is then discarded. Under these conditions, Pat1 and Tpt1
are not removed from the telomere (B. Linger, unpublished observa-
tions), so the experiments assayed only for an interaction between
telomerase and soluble nontelomere-bound Pat1 or Tpt1.

Because telomerase may interact with Pat1 or Tpt1 only in the
context of a whole telomere, we developed a procedure to prepare
cell extracts that contained both telomerase and telomere-bound
Pat1 and Tpt1. Cells were subjected to a series of 5-s sonication
pulses to lyse the cells and fragment the genomic DNA into small
enough pieces to remain soluble. This sonicated lysate was then
centrifuged to remove the insoluble material. Lysates prepared in
this way contained active telomerase (Figure 6B, lanes 1-4), and a
control experiment with a cell line expressing TERT-TAP verified that
that telomerase activity could be affinity purified (Figure 6B, lane é).
Affinity purification of TAP-Pat1or TAP-Tpt1 from sonicated lysates,
however, still failed to recover telomerase activity (Figure 6B, lanes
6-8). To verify that this extraction procedure released soluble
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FIGURE 6: Lack of interaction between Pat1 or Tpt1 and telomerase.
(A) Telomerase activity in extracts made from WT cells and TAP-TERT
or TAP-Pat1 conditional cells grown £ cadmium. RC, recovery control
for telomerase product isolation. (B) Telomerase activity precipitated
with IgG beads and extracts from WT cells or cells expressing
TAP-tagged TERT (TT), TAP-Pat1 (Pat1), or TAP-Tpt1 (Tpt1) (lanes 5-8).
Input activity is shown in lanes 1-4.

telomeric DNA fragments with associated telomere proteins, we
isolated DNA present from TAP-Pat1 affinity-purified samples or
samples precipitated with Pot1a antibody and assayed for enrich-
ment of telomeric over nontelomeric DNA. Multiplex PCR demon-
strated that the precipitated material contained DNA and that telo-
meric DNA was enriched over nontelomeric DNA (unpublished
data). Thus our results indicate that telomerase does not form a
stable complex with either soluble or telomere-bound Pat1or Tpt1.
We cannot, however, rule out an interaction that is too transient or
labile to be detected by an affinity purification approach.

Organization of the Pot1a-Tpt1-Pat1 complex

The original affinity purification used to identify Tpt1 and Pat1 indi-
cated that they form a complex with Pot1a but did not give informa-
tion about the configuration of the complex. We therefore per-
formed a series of pull-down experiments with purified proteins to
determine which proteins interact. TAP-tagged Potl1a was isolated
from Tetrahymena after overexpression from an rDNA expression
vector (Supplemental Figure 5A; Yao et al., 2007). Tpt1 and Pat1
were expressed in Escherichia coli with a 6His-SUMO tag (Supple-
mental Figure 5, B and C). Experiments were performed with both
tagged and untagged forms of each protein. When Pot1a and Pat1
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FIGURE 7: Configuration of the Pot1a-Tpt1-Pat1 complex.

(A) Protein—protein interactions within the complex. (I) His-SUMO-
tagged Tpt1 was incubated with Pot1a and Pat1, complexes were
isolated on Ni-Sepharose, and copurified proteins were detected by
Western blotting. Lane 1 shows the input protein. (Il) As for (1) but
with SUMO-Pat1 and Pot1a. (B) Mobility shift gels to examine Pot1
and Tpt1 binding to telomeric DNA. (I) Addition of increasing
amounts of Pot1a (~0.25-50 nM) to 15 pM TelGy oligonucleotide
TG4(T,G4),T,G. (Il) Addition of increasing concentrations of Tpt1 to
15 pM TelGyg = ~25 nM Pot1a. Lanes 1-7, 50-1000 nM Tpt1; lane 8,
Pot1a alone; lanes 9-11, 50-200 nM Tpt1 + Pot1a. (C) Model showing
organization of the Pot1a telomeric complex.

were incubated with SUMO-Tpt1 either individually or together,
both proteins copurified with the SUMO-Tpt1 on Ni-Sepharose
(Figure 7A). Similar results were seen when SUMO-Pat1 was incu-
bated with Tpt1 plus Pot1a (unpublished data). When SUMO-Pat1
was incubated with Potla alone, however, the proteins did not
copurify (Figure 7A). This was also the case when Pat1 alone was
incubated with TAP-Pot1a (data not shown). Since TAP-Pot1a is fully
functional in vivo (Jacob et al., 2007), these results indicate that the
lack of interaction was unlikely to be caused by the affinity tags.
Thus, within the Pot1a-Tpt1-Pat1 complex, Tpt1 interacts with both
Potla and Pat1, but Pot1a and Pat1 do not appear to interact di-
rectly with each other (Figure 7C). The direct interaction between
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Potla and Tpt1, together with the similar telomere length and
growth arrest phenotypes after Potla and Tpt1 depletion, raised
the possibility that Tpt1 is the functional homologue of mammalian
TPP1. TPP1 also binds POT1, and depletion of TPP1 causes a similar
phenotype to a Pot1 knockout (Wang et al., 2007; Kibe et al.,
2010).

Because dimerization with mammalian TPP1 is known to enhance
binding of POT1 to telomeric G-strand DNA (Wang et al., 2007), we
used gel-shift assays to examine the effect of Tpt1 on Potla bind-
ing. We were not able to obtain sufficient purified Pot1a to perform
a full analysis of binding constants; however, preliminary experi-
ments indicated that Pot1a bound robustly to oligonucleotides with
the same sequence as the Tetrahymena telomeric G-strand over-
hang (Figure 7B). The minimum length needed for binding was 10-
12 nt of T,Gy4 repeat (unpublished data). Addition of an excess of
Tpt1 did not appear to alter the affinity of Pot1a for a 20 nt G-strand
oligonucleotide, the length of the G-overhang on many Tetrahy-
mena telomeres (Figure 7B; Jacob et al., 2001). Although addition
of Tpt1 did not alter the mobility of the Pot1a-DNA complex,
supershift experiments with either Pot1a or Tpt1 antibody confirmed
that the complexes contained both Potla and Tpt1 (unpublished
data). Titration experiments with Tpt1 or Pat1 alone indicated that
neither protein bound specifically to single- or double-stranded te-
lomeric DNA (Figure 7B and unpublished data).

DISCUSSION

Here we describe two new telomere proteins, Tpt1 and Pat1, that
form a complex with the G-overhang binding protein Potla. Tpt1
seems to be the Tetrahymena version of the Pot1/TEBPa. interaction
partners from mammalian cells (TPP1), fission yeast (Taz1), and
Oxytricha (TEBP) as Tpt1 binds directly to Pot1a, and its depletion
causes the same telomere elongation and growth arrest phenotype
observed previously after Pot1a depletion. In contrast, Patl is a
novel protein that interacts with Tpt1 but not Potla. Removal of
Pat1 causes gradual telomere shortening rather than a sudden
growth arrest. Thus Pat1 appears to be required for telomerase ac-
tion at the telomere rather than for telomere protection.

The rapid telomere elongation that occurs in the absence of cell
division after Pot1a depletion is likely to result from the DNA termi-
nus becoming more accessible to telomerase after Pot1a is lost from
the 3’ overhang. Our observation that Tpt1 depletion causes a simi-
lar phenotype suggests that Tpt1 functions in conjunction with
Potla to limit telomerase access to the overhang. This hypothesis
fits with our finding that Tpt1 is needed for Pot1a to localize to the
nucleus. Given that Tpt1 does not increase the affinity of Pot1a for
G-strand DNA, it is unlikely to directly affect telomerase access by
enhancing the ability of Pot1a to compete with telomerase for bind-
ing to the 3’overhang. If the Pot1-Tpt1-Pat1 complex, however, is
linked to the proteins that bind the telomeric duplex DNA, the
Potl1a-Tpt1 interaction may also enhance overhang binding by serv-
ing to increase the local concentration of Pot1a.

The gradual nature of the telomere shortening seen after Pat1
depletion, together with the very minor effect on cell growth, indi-
cates that the loss of telomeric DNA is most likely caused by a defi-
ciency in telomerase action rather than nuclease activity following
telomere deprotection. Pat1 might function to promote telomerase
action in a number of ways. One possibility is that it acts like Est1
from budding yeast to form a bridge between telomerase and the
DNA terminus. It could also stimulate telomerase activity (DeZwaan
and Freeman, 2009; Li et al., 2009). Alternatively, Pat1 may not inter-
act with telomerase directly but may instead help alter the confor-
mation of the Pot1a-Tpt1 complex so that the G-overhang becomes

4168 | B.R. Lingeretal

accessible to telomerase. We favor the latter hypothesis in part be-
cause we were unable to detect a stable interaction between Pat1
and telomerase. Also the Teb1 subunit of telomerase seems to func-
tion as the Tetrahymena version of Est1 in that it has a high affinity
for telomeric G-strand DNA and is known to stabilize telomerase
binding to the G-overhang (Min and Collins, 2010). In Tetrahymena,
most G-overhangs are 14 or 20 nt, which is too short for Pot1
and Teb1 to bind simultaneously (Jacob et al., 2001). Thus it seems
likely that Pot1a binding will be subject to cell-cycle regulation,
which could occur via a conformational change modulated by Pat1
and/or Tpt1.

In some ways the organization of the Tetrahymena Potl1a-Tpt1-
Pat1 complex resembles the Pot1-Tpz1-Ccq1 complex found in fis-
sion yeast as, in contrast to the situation in mammalian cells, the
subunit that regulates telomerase action on the chromosome termi-
nus is not a direct Pot1 binding partner (Miyoshi et al., 2008; Latrick
and Cech, 2010). The Tetrahymena telomeric dsDNA binding pro-
teins have not yet been identified, however, and it remains to be
seen whether the telomeric DNA is packaged by a single complex
akin to that found in mammals or fission yeast or whether it is pack-
aged by separate duplex DNA and G-overhang binding complexes
as in budding yeast (Linger and Price, 2009).

MATERIALS AND METHODS

Tetrahymena growth and transformation

Tetrahymena thermophila cells were grown in 1.5x PPYS medium at
30°C as previously described (Jacob et al., 2001). To obtain growth
curves, the culture was adjusted regularly to keep the cells in log
phase (<2.0 x 10° cells/ml). For conditional TAP-Tpt1, TAP-Pat1, and
conditional TERT expression, cells were grown in 2 ug/ml CdCl,.
Cells expressing TAP-tagged Tpt1 or Patl and HA-tagged Pat1
were generated using biolistic transformation to introduce a gene
replacement construct into the native TPT1 or PATT gene locus
(Figure 1). The TAP-Tpt1 and TAP-Pat1 constructs replaced the en-
dogenous gene promoter with MTT1 along with an upstream neo-
mycin resistance cassette. Cells were selected in paromomycin to
obtain partial gene replacement and with paromomycin in the pres-
ence of 2 pg/ml CdCl; to obtain full replacement. Cells were checked
at regular intervals to ensure they retained the full gene replace-
ment and had not reverted to KD status. The affinity tag on TAP-
Tpt1 and TAP-Pat1 contains a 6-His motif followed by two protein A
motifs and a TEV cleavage site. The TAP-Pot1a cells have the affinity
tag added to the N terminus of the endogenous POT1A gene locus.
The tag consists of two protein A motifs, a TEV cleavage site, and
one calmodulin binding domain (Jacob et al., 2007). The TERT-TAP
cells have the TAP tag on the C terminus of the endogenous gene
locus. The tag consists of one calmodulin binding domain followed
by a TEV cleavage site and two terminally located protein A motifs
(Witkin and Collins, 2004). To overexpress Potla, cells were trans-
formed with an rDNA expression construct (Yao et al., 2007). The
Potla expression cassette was regulated by the MTT1 promoter,
and it encoded a Pot1a cDNA with an N-terminal TAP tag contain-
ing a 6-His motif, two protein A motifs, and a TEV cleavage site.

Affinity purification and immunoprecipitation

Nuclei (chromatin) were isolated as previously described (Black-
burn and Chiou, 1981). To prepare nuclear extract, nuclei were
resuspended in 20 mM Tris, pH 7.5, 200 mM NaCl, and 1.5 mM
MgCl; plus protease inhibitor cocktail (5 pg/ml antipain, 2 ug/ml
aprotinin, 16 pg/ml benzamidine, 6 pg/ml chymostatin, 1 ug/ml E64,
5 pg/ml leupeptin, and 1 pg/ml pepstatin A) and then incubated for
1 h at 4°C and centrifuged at 16,000 x g. To immunoprecipitate

Molecular Biology of the Cell



endogenous Potla, 500 pl of supernatant was incubated with
Pot1a antibody for 1 h at 4°C, and immune complexes were pre-
cipitated with protein A Sepharose for 1 h at 4°C. TAP-tagged pro-
teins were precipitated with IgG Sepharose for 1 h at 4°C. Beads
were washed three times with five volumes of 20 mM Tris, pH 7.5,
200 mM NaCl, and 1.5 mM MgCl; plus protease inhibitor cocktail.
For Ni pull-down, nuclei were extracted as described earlier in the
text but with 300 mM NaCl. é-His tagged proteins were precipi-
tated with chelating Sepharose charged with Ni. Beads were
washed twice with 8 mM imidazole in 20 mM Tris, pH 7.5, 300 mM
NaCl, and 1.5 mM MgCl; plus protease inhibitor cocktail and twice
with 40 mM imidazole in 20 mM Tris, pH 7.5, 300 mM NaCl, and
1.5 mM MgCl; plus protease inhibitor cocktail.

Mass spectrometry

TAP-tagged samples were eluted from IgG Sepharose with TEV
cleavage and precipitated with trichloroacetic acid. Two experimental
and two control samples (mock purification from a Tetrahymena cell
line not expressing TAP-Pot1a) were separated by one-dimensional
SDS-PAGE and visualized by colloidal Coomassie. The entire lane
was excised, divided into 16 pieces, and prepared for MS analysis
by in-gel reduction, alkylation, and trypsin digestion. The eluted sam-
ples were then analyzed by reverse-phase nano-electrospray tandem
MS as described previously (Mead et al., 2010). The MS/MS spectra
emanating from the gel slices for each lane were concatenated and
searched against tryptic peptides predicted from the Tetrahymena
genome (TTA1_08302006.pep; ftp://ftp.ciliate.org/Tetrahymena/se-
quence/) using the X!Tandem (www.thegpm.org/TANDEM) and
Mascot (Matrix Science, Boston, MA) search engines. Putative inter-
acting proteins were those identified in both experimental samples
and not in either control sample.

Protein purification

Tpt1 and Pat1 were expressed in E. coli from cDNAs that had the
codon usage altered to remove stop codons. Both proteins were
expressed with a 6-His-SUMO tag. The soluble protein was affinity
purified on Ni-Sepharose. The tag was removed by ULP1 cleavage
(Mossessova and Lima, 2000).

Tpt1 and Pat1 antibody

Pat1 antibody was made by giving injections to rabbits of native-
folded, full-length recombinant Pat1, and Tpt1 antibody was made
with denatured full-length recombinant protein. Both antibodies
were affinity purified using purified protein. Pot1a antibody was
previously described (Jacob et al., 2007). HA antibody (mouse
monoclonal 12CA5) was a gift from William Miller, University of
Cincinnati.

Chromatin immunoprecipitation (ChlIP)

Cells were fixed with formaldehyde and DNA sheared, and superna-
tant of each extract was prepared as previously described (Jacob
et al., 2007). Precipitation was performed for 1 h at 4°C with IgG
Sepharose for TAP-tagged proteins or with antibody and protein A
Sepharose for endogenous proteins. Precipitates were washed,
cross-linking reversed, and DNA purified as previously described
(Jacob et al., 2001). The DNA was analyzed by multiplex PCR using
the Int and Tel primers.

Telomere length analysis

Telomere length was determined by Southern hybridization to re-
striction-digested genomic DNA using a subtelomeric probe to the
rDNA telomere (Jacob et al., 2004).
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Telomerase activity assay

Cultures were grown to <5.0 x 10° cells/ml, lysed in T2MG (20 mM
Tris-HCI, pH 8.0, 100 mM NaCl, T mM MgCl,, 10% glycerol, and
2 mM dithiothreitol), and the extract was sonicated for 3 x 5 s pulses.
The extract was then centrifuged at 13,000 x g for 15 min. Telom-
erase was batch purified by incubating the supernatant with an
equal volume of DEAE Sepharose Fast Flow beads (Amersham,
Buckinghamshire, UK) in T2MG with 100 mM sodium acetate, fol-
lowed by elution in four volumes of T2MG with 350 mM sodium
acetate. Activity assays were performed as described previously
(Miller et al., 2000).
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