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Nucleolar protein PinX1p regulates
telomerase by sequestering its protein
catalytic subunit in an inactive complex
lacking telomerase RNA
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Human TRF1-binding protein PinX1 inhibits telomerase activity. Here we report that overexpression of yeast
PinX1p (yPinX1p) results in shortened telomeres and decreased in vitro telomerase activity. yPinX1p
coimmunoprecipitated with yeast telomerase protein Est2p even in cells lacking the telomerase RNA TLCl,
or the telomerase-associated proteins Estlp and Est3p. Est2p regions required for binding to yPinX1p or TLC1
were similar. Furthermore, we found two distinct Est2p complexes exist, containing either yPinX1p or TLC1.
Levels of Est2p—-yPinX1p complex increased when TLC1 was deleted and decreased when TLC1 was
overexpressed. Hence, we propose that yPinX1p regulates telomerase by sequestering its protein catalytic

subunit in an inactive complex lacking telomerase RNA.
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Telomerase is required for complete replication of chro-
mosomal ends and for genome stability (Blackburn
2000). Without telomerase, loss of telomeric sequence
due to incomplete DNA replication and nuclease action
leads to telomere shortening and eventual cellular senes-
cence. The core telomerase enzyme is minimally com-
posed of two subunits: the reverse transcriptase protein
TERT (Est2p in Saccharomyces cerevisiae) and the tem-
plate-containing RNA component TER (TLC1 in S. cer-
evisiae). These two components from various organisms
can reconstitute in vitro enzymatic activity (Weinrich et
al. 1997; Beattie et al. 1998; Licht and Collins 1999).
Although additional proteins are required for telomerase
to act in vivo (Blackburn 2000; Blasco 2002), little is
known about other factors that may regulate telomerase
activity.

Telomerase action on telomeres is regulated during
the cell cycle and developmentally. Studies of telomer-
ase in S. cerevisiae demonstrated that the enzyme is
most active on shortened telomeres in late S phase or
G,/M phase, the time when telomeres are replicated
(Diede and Gottschling 1999; Marcand et al. 2000). In the
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ciliate Euplotes crassus, telomerase complexes with dis-
tinct biochemical and structural properties can be puri-
fied during different developmental stages (Greene and
Shippen 1998). Telomerase activity is constitutively ex-
pressed in human germ-line and other dividing cells, but
is diminished in many normal somatic cells. The vast
majority of primary tumors and tumor-derived cell lines
have robust telomerase activity, whereas inhibition of
telomerase or interference with its action limits the
growth of human cancer cells (Blasco and Hahn 2003).
Thus, stimulation of telomerase activity in cancer cells
is a key step toward tumorigenesis.

Telomerase activity can be regulated at multiple lev-
els. In yeast, although Est2p protein and TLC1 RNA are
present throughout the whole cell cycle, addition of telo-
meric DNA is restricted to late S phase or G,/M phase. It
was proposed that telomerase is only activated during
these phases of the cell cycle (Marcand et al. 2000; Tag-
gart et al. 2002; Taggart and Zakian 2003). A similar
model was suggested for human telomerase (Loayza and
De Lange 2003). TERT expression can be regulated both
transcriptionally and posttranscriptionally. In E. crassus,
three different TERT variants with different expression
profiles have been found, and a switch between different
catalytic subunits was proposed to occur during devel-
opment (Karamysheva et al. 2003). Although hTERT
transcription is low in many human tissues, it is com-
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monly reactivated in tumors (Blasco and Hahn 2003). In
addition, posttranslational phosphorylation of hTERT
has been observed during T-cell activation (Liu et al.
2001). Translocation of telomerase between cytoplasm
and nucleus, and between nucleolus and nucleoplasm,
have also been proposed as activity regulation mecha-
nisms (Seimiya et al. 2000; Liu et al. 2001; Wong et al.
2002).

Sequestration into alternative complexes is a known
mechanism for regulating the function of many proteins.
For example, NF-«kB, a protein important for inflamma-
tory, immune, and antiapoptotic responses in mammals
(Ghosh et al. 1998), is sequestered in the cytoplasm by
binding to a family of inhibitory proteins, IkBs. NF-«B is
released upon ubiquitination of IkBs and subsequently
translocates to the nucleus to function as a transcrip-
tional activator (Baldwin 1996). Similarly, separase, the
protease that cleaves the chromosomal cohesin complex,
is regulated by its binding partner securin, which di-
rectly inhibits the proteolytic activity of separase by pre-
venting separase from binding its substrates (Concannon
et al. 2001; Hornig et al. 2002; Waizenegger et al. 2002).

The possibility that telomerase might be regulated by
sequestering TERT in an alternative complex has not
been previously explored. Here we report evidence for a
novel molecular mechanism for telomerase regulation,
in which the yeast telomerase catalytic protein can form
an inactive complex that contains nucleolar protein
yPinX1p but not the essential RNA component of the
telomerase enzyme. Human PinXlp, initially identified
as a protein that interacts with the telomeric protein
TRF1/Pin2, was previously reported to bind to hTERT
and directly inhibit telomerase activity in in vitro assays
(Zhou and Lu 2001). Depletion of hPinX1p increases tu-
morigenicity in a mouse host, suggesting that hPinX1p
might be a tumor suppressor (Zhou and Lu 2001). How-
ever, the molecular mechanisms of PinX1p action were
unknown.

The yeast homolog of PinX1p (also called Gnolp, G-
patch nucleolar protein 1) is an essential protein in-
volved in rRNA and snoRNA maturation (Guglielmi and
Werner 2002). yPINX1 deletion cells have poor growth
with a doubling time of ~4.9 h compared with 1.5 h for
wild-type cells (Guglielmi and Werner 2002). Guglielmi
and Werner (2002) previously concluded, because telo-
meres in AypinX1 cells were slightly shorter than those
in wild-type cells, that yPinX1p is not a telomerase in-
hibitor, unlike its human counterpart.

Here we show that overexpression of yPinX1p causes
telomere shortening and decreased in vitro telomerase
enzymatic activity. We provide evidence that the same
central region of Est2p is required for binding of yPinX1p
or TLC1 RNA. A new in vivo Est2p complex, containing
yPinX1p but not TLC1, was detected. The level of this
Est2p-yPinX1p complex was increased in a Atlc] strain
and decreased upon TLCI overexpression, indicating
that yPinX1p competes with TLCI1 for binding to Est2p.
Taken together, we propose that PinX1p inhibits telo-
merase activity by sequestering the protein reverse tran-
scriptase subunit into an inactive complex.
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Results

Overexpression of yeast PinX1p shortens telomeres
and decreases in vitro telomerase activity

To determine whether yeast PINX1 plays a role in telo-
mere maintenance, we assayed the effects of yPinXlp
overexpression on telomere length. We cloned yPINX1
under the GALI promoter on a CEN/ARS plasmid. To
determine the yPinX1p overexpression level, we tagged
both the endogenous yPINX1 gene and the GalPinX1
plasmid with 13 myc tags at the C termini and compared
the expression levels by Western blotting using an anti-
myc antibody. We found that when induced with galac-
tose, yPinX1p was expressed approximately fourfold over
its endogenous level (data not shown). Wild-type yeast
cells, transformed with the yPINX1 overexpression plas-
mid or the control vector lacking the yPINX1 ORF, were
grown under noninducing (glucose) or inducing (galac-
tose) conditions, and telomere length was examined by
Southern blotting. Telomeres in cells overexpressing
yPinX1p were ~70-80 bp shorter than telomeres in con-
trols cells (Fig. 1A, cf. V and P lanes). This shortening
was not caused by a difference in the medium, because
telomere length was identical in control cells grown in
glucose or galactose medium (Fig. 1A cf., V lanes + and -).
Telomere shortening was visible by 25 generations of
growth on galactose (data not shown), and became more
pronounced at the third streak, as shown in Figure 1A.
Therefore, these data suggested a role for yPINX]1 in telo-
mere maintenance.

Telomere shortening upon yPINX1 overexpression
could potentially result from decreased telomerase enzy-
matic activity per se, or from decreased telomerase ac-
tion caused by structural and/or conformational changes
at the telomeres. In yeast, telomere length is negatively
regulated by Raplp and its binding partners Riflp and
Rif2p. It was proposed that Raplp binds to telomeric
DNA in a sequence-specific manner and recruits Riflp,
Rif2p, and other proteins to form a higher-order com-
plex that limits access of telomerase to telomeres
(Marcand et al. 1997). Telomeres become elongated
when RIF1 or RIF? is deleted (Hardy et al. 1992; Wotton
and Shore 1997). To determine whether the telomere
shortening by yPinX1p overexpression requires Riflp
or Rif2p, we overexpressed yPinX1p in RIF1 or RIF2
deletion strains. If the telomere shortening effect of
overexpression of yPinX1p is mediated through the Rif
proteins, such shortening should be alleviated by dele-
tion of Riflp or Rif2p. However, in both Arif1 and Arif2
strains, significant telomere shortening was still ob-
served upon yPinXlp overexpression (Fig. 1B). Hence,
telomere shortening caused by overexpression of
yPinX1p is not solely dependent on either Riflp or Rif2p,
although some role for either protein cannot be com-
pletely excluded.

We overexpressed telomerase protein subunit Est2p in
addition to yPinX1p. Expression of Est2p under its en-
dogenous promoter from a high-copy 2n plasmid caused
slight lengthening of telomeres (Fig. 1C, left part, cf. V
and P + E lanes when PinX1p was not overexpressed).
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Figure 1. Overexpression of yPinX1p leads to shortened telo-
meres and decreased in vitro telomerase activity. (A) Southern
blot of telomeres in wild-type cells (strain BY4705) overexpress-
ing yPinX1p. (B) Arif1 (yEHB0234) and Arif2 (yEHB0235) strains
overexpressing yPinXlp. (C) Wild-type cells overexpressing
both yPinX1p and Est2p. (V) Vector plasmid; (P) yPinX1 over-
expression plasmid with Gal promoter (pRS316GalPinX1); (E)
Est2myc overexpression plasmid (pRS424Est2myc); (-) cells
grown in glucose medium; (+) cells grown in galactose me-
dium. In B, results from two independent transformants with
pRS316GalPinX1 are shown. (D) In vitro telomerase activity
assay. (LC) Loading control. A y-3>P-ATP-labeled oligonucleo-
tide was added to the assay as the loading control. Products with
1-6 nt added to the primer are indicated.

Interestingly, telomere length was restored to wild-type
upon overexpression of both Est2p and yPinXlp to-
gether, consistent with the possibility that yPinXlp in-
fluences telomerase enzymatic activity directly (Fig. 1C,
cf. P and P + E lanes under yPinX1p overexpression con-
ditions). This possibility was confirmed by comparison
of in vitro telomerase activity in extracts of cells over-
expressing yPinX1p to those containing only the vector
control. Telomerase was partially purified by DEAE
chromatography as previously described (Cohn and
Blackburn 1995). To make quantitative comparisons,
the TLC1 peak fraction was used, and each assay con-
tained equal amounts of TLC1 RNA. Cells overex-
pressing yPinX1p had a decreased in vitro activity (33%
of the control, after normalization and correction for
background signal; see Fig. 1D). Taken together, these
results show that overexpression of yPinX1p decreases
telomerase enzyme activity and telomere length in yeast
cells.

PinX1 sequesters telomerase reverse transcriptase

yPinX1p associates with Est2p in vivo

Because yPinX1p is involved in rRNA and snoRNA pro-
cessing, we first tested whether overexpression of
yPinX1p alters the levels of two RNAs involved in
telomerase activity: TLC1 RNA and EST2 mRNA. In-
duction of yPinX1p overexpression did not change either
the TLC1 RNA or the EST2 mRNA levels (Supplemental
Fig. S1A). Furthermore, Western blotting analysis of
Est2p tagged with 13 tandem myc epitopes (Est2p-myc)
expressed from its endogenous locus showed no change
in the total Est2p protein level upon yPinX1p overex-
pression (Supplemental Fig. S1B). However, despite the
same levels of total Est2p-myc in whole cell extracts, we
found that the amount of Est2p-myc immunoprecipi-
table with anti-myc antibody was significantly decreased
in the cells overexpressing yPinX1p, compared with the
vector control cells (Supplemental Fig. S1C). These re-
sults indicated that even though yPinX1p overexpression
does not alter the total levels of Est2p, the myc epitopes
on Est2p became less accessible to antibody binding.
Human PinXlp has been shown to interact with
hTERT both in vitro and in vivo (Zhou and Lu 2001). We
therefore examined whether yPinX1p is associated with
Est2p in vivo by coimmunoprecipitation. yPinX1p was
tagged with the TAP tag (Puig et al. 2001), and Est2p was
tagged with the 13-myc tag in strain yEHB4114, with
both proteins expressed from their endogenous chromo-
somal loci. Strain yEHB4008, containing myc-tagged
Est2p, but untagged yPinX1p, was used as the control.
Both strains grew as healthily as a wild-type strain and
had normal telomere length (data not shown), indicating
that the tagged proteins were fully functional. Est2p-myc
copurified with yPinX1p-TAP on IgG beads, which bind
to the ZZ domain in the TAP-tag (Puig et al. 2001), but
was not copurified in the control strain that contained
the untagged yPinX1p (Fig. 2A), suggesting that the two
proteins associate in vivo. To further confirm the inter-
action between Est2p and yPinXlp, we performed the
same experiment in strains with Est2p TAP-tagged and
yPinX1p myc-tagged. As with the previous tagged strains,
the Est2p-TAP/yPinX1p-myc (yEHB4109) and yPinX1p-myc
(yEHB4107) strains had normal growth and telomere
length (data not shown). Consistent with the result above,
yPinX1p-myc also copurified with Est2p-TAP on IgG
beads (Fig. 2B). Taken together, these results suggest that
yPinX1p binds, directly or indirectly, to Est2p in vivo.
yPinX1p has previously been shown to be involved in
rRNA and snoRNA processing (Guglielmi and Werner
2002). Because telomeres in AypinX1 cells were slightly
shorter than those in wild-type cells, it was concluded
that yPinX1p is not a telomerase inhibitor, unlike its
human counterpart (Guglielmi and Werner 2002). How-
ever, such slight shortening might have been explained
by a pleiotropic effect of the defective processing of
rRNA and snoRNA in the deletion strain. We were able
to uncouple the effects of yPinX1p on telomere length
from its role in snoRNA and rRNA processing. A point
mutant, yPinX1p-W38A, does not support cell growth
when the wild-type yPINX1 gene is replaced by it, pre-
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Figure 2. Coimmunoprecipitation of yPinX1p and Est2p. (A)
Coimmunoprecipitation of Est2p-myc with yPinX1p-TAP using
IgG beads. (B) Coimmunoprecipitation of yPinX1p-myc with
Est2p-TAP using IgG beads. For Western blotting (WB), 2% of
the extract used for coimmunoprecipitation experiments was
loaded in whole-cell extract lanes.

sumably because of its defects in rRNA and snoRNA
processing (data not shown). In agreement with this, mu-
tation of the same amino acid residue to serine, W38S,
was reported to be defective in rRNA and snoRNA pro-
cessing (Guglielmi and Werner 2002). Notably, however,
when overexpressed, yPinX1p-W38A was still capable of
causing telomere shortening to the same degree as the
wild-type yPinXl1p. Furthermore, yPinX1p-W38A still
copurified with Est2p (Supplemental Fig. S2). Therefore,
the functions of yPinX1p in rRNA/snoRNA processing
and telomere maintenance are separable.

Est2p associates with yPinX1p in the absence

of TLC1, Estlp, or Est3p

In addition to Est2p and TLCI, yeast telomerase holoen-
zyme contains at least two protein components that are
essential for its function in vivo, Estlp and Est3p. Estlp

Table 1. Strains used in this study

binds to TLC1 and telomeric DNA and is proposed to
recruit/activate telomerase at the telomeres (Evans and
Lundblad 1999, 2002; Seto et al. 2002; Taggart et al.
2002). Est3p is another component of telomerase holo-
enzyme whose biochemical function remains un-
known (Hughes et al. 2000). We found that the associa-
tion between Est2p and yPinX1p is not dependent on
TLC1, Estlp, or Est3p. This was shown by coimmuno-
precipitation experiments in strains singly deleted for
each one of these three genes (see Table 1 for strains
used in this study). EST2 was cloned into a 2 plasmid
together with its endogenous promoter and ADH ter-
minator, and was tagged at its C terminus with 13 myc
epitopes. This EST2 plasmid (pRS424Est2myc), to-
gether with a plasmid expressing TAP-tagged yPinX1p
from the GAL1 promoter (pRS316GalPinX1TAP; see
Table 2), was transformed into yeast strain yEHB4084,
which is deleted of its endogenous EST2 and maintains
its telomeres by the alternative Rad52-dependent re-
combination pathway (Lundblad and Blackburn 1993).
We immunopurified yPinX1p-TAP in two steps with
IgG beads and calmodulin beads using the published
protocols for TAP-tag purification (Puig et al. 2001) and
then performed Western blot analysis to detect Est2p-
myc. As with the endogenously expressed tagged Est2p
and yPinX1p, wild-type Est2p-myc overexpressed from
the 2p plasmid was readily detectable in the purified
fractions (Fig. 3A). Furthermore, wild-type Est2p-myc
still efficiently copurified with yPinX1p-TAP in TLCI,
EST1, or EST3 deletion strains (Fig. 3B). Hence, Est2p-
myc associates with yPinX1p independently of TLC1
RNA, Estlp, or Est3p.

The same region in Est2p is required for yPinX1p
and for TLC1 binding

The Est2p protein contains six recognizable conserved
domains (Fig. 4A) found in other TERTs (Xia et al.
2000). The GQ domain in yeast Est2p is required for its
binding to Est3p, another component of the yeast
telomerase holoenzyme (Hughes et al. 2000; Friedman

Strain Genotype

VY4705 MATa ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trp1A63 ura3A0

yEHB0234 MATa ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trp1A63 ura3 AO rif1A::TRP1

yEHB0235 MATa ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trp1A63 ura3 AO rif2A::KAN

yEHB4008 MATa ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trp1A63 ura3A0 est2::EST2-13myc-KanMX6

yEHB4084* MATa ade2A::hisG his3A200 leu2A0 Iys2A0 met15A0 trp1A63 ura3A0 est2::HIS3

yEHB4100? MATa ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trp1A63 ura3A0 est2::HIS3 tic1A::KAN

yEHB4104 MATa ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trp1A63 ura3A0 TLC1::GALTLCI1::TRP1

yEHB4107 MATa ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trp1A63 ura3A0 pinx1::PINX1-13myc-KanMX6

yEHB4109 MATa ura3-1 leu2-3,112 his3-11 trp1-1 ade2-1 canl-100 barlA Iys2A est2::EST2-TAP::HIS3
pinX1::PINX1-13myc-KanMX6

yEHB4114 MATa ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trp1A63 ura3A0 est2::EST2-13myc-KanMX6
pinx1::PINX1-TAP::HIS3

yEHB4120? MATa ade2A::hisG his3A200 met15A0 trp1A63 ura3 A0 est1A::HIS3

yEHB4121? MATa ade2A::hisG his3A200 met15A0 trp1A63 ura3 A0 est3A::HIS3

2These strains are survivors.
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Table 2. Plasmids used in this study

PinX1 sequesters telomerase reverse transcriptase

Plasmid Description

pRS414GalCyc GALI promoter and CYC terminator cloned into pRS414

PRS414GalPinX1 PinX1 OREF clones between GAL1 promoter and CYC terminator of pRS414GalCyc

pRS316GalPinX1 GALI promoter, PinX1 ORF, and CYC terminator cloned into pRS316

pRS316GalPinX1TAP GALI1 promoter, PinX1 ORF, TAP tag, and CYC terminator cloned into pRS316

pRS316Est2 Est2 expressed from its endogenous promoter and terminator, cloned into pRS316

PRS423Est2myc Est2 tagged with 13-myc at its C terminus, expressed from its endogenous promoter cloned into pRS423
pRS424Est2myc Est2 tagged with 13-myc at its C terminus, expressed from its endogeous promoter cloned into pRS424
PRS424Est2mycAN Same as pRS424Est2myc, except the N domain of Est2 deleted

PRS424Est2mycAGQ Same as pRS424Est2myc, except the GQ domain of Est2 deleted

PRS424Est2mycACP Same as pRS424Est2myc, except the CP domain of Est2 deleted

PRS424Est2mycAQFP Same as pRS424Est2myc, except the QFP domain of Est2 deleted

PRS424Est2mycAT Same as pRS424Est2myc, except the T domain of Est2 deleted

PRS424Est2mycART Same as pRS424Est2myc, except the RT domain of Est2 deleted

et al. 2003). The CP, QFP, and T domains of telomerases
are involved in binding to TER in various organisms
(Friedman and Cech 1999; Bryan et al. 2000; Armbruster
et al. 2001; Lai et al. 2001; Moriarty et al. 2002b). The RT
domain shares sequence homology with other reverse
transcriptases and contains amino acid residues that di-
rectly participate in catalysis (Nakamura et al. 1997).
The function of the very N-terminal region is unclear.
Deletional and mutational analyses have shown that all
six regions are necessary for normal telomerase function
(Kelleher et al. 2002).

To determine which region in Est2p is required for its
interaction with yPinXl1p in vivo, we tested six EST2
mutants, each deleting one single conserved domain as
indicated in Figure 4A (see also Table 2). Each EST2 do-
main mutant was cloned into a 2p plasmid with the
endogenous EST2 promoter and the ADH terminator,
and tagged with 13-myc epitopes at the C terminus. Re-
placement of the wild-type EST2 gene by each mutant
EST2 plasmid caused telomere shortening and senes-
cence at the same rate as an EST2 deletion (data not
shown). We examined whether each EST2 domain dele-
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Figure 3. Coimmunoprecipitation of yPinX1p and Est2p is in-
dependent of TLC1 RNA, Estlp, or Est3p. (A) Overexpressed
Est2p-myc copurified with yPinX1p-TAP in strain yEHB4084
containing wild-type TLC1, EST1, and EST3. Est2p-myc was on
a 2p plasmid (pRS424Est2-myc), and yPinX1-TAP was ex-
pressed from the Gal promoter on plasmid pRS316GalPinX1-
TAP. (B) Est2p-myc copurified with yPinX1p in Atlc1, Aest1, or
Aest3 strains. (S) S100; (B) IgG beads; (E) eluate from IgG beads.
Fractions 1-5 are eluate from calmodulin beads. For Western
blotting, 0.2% of total extract, 2% of IgG beads after binding,
2% of IgG beads eluate, and 20% of calmodulin eluate were
loaded.

tion mutant protein was stably expressed by Western
blot analysis using an anti-myc antibody. Whereas
Est2pAN-myc was expressed at a lower level than the
wild type, the other five mutants were at levels similar
to wild type (Fig. 4C).

To determine whether these mutant EST2 proteins
could copurify with yPinX1p-TAP, each EST2 domain
deletion mutant plasmid was transformed into yeast
strain yEHB4084, together with plasmid pRSGALPinX1-
TAP. We immunopurified yPinX1p-TAP and performed
Western blot analysis to detect Est2p-myc. Three of the
six mutants—ACP, AQFP, and AT—which delete the
central region of Est2p, failed to copurify with yPinX1p-
TAP (Fig. 4B), whereas the other three mutants—AN,
AGQ, and ART—still copurified with yPinX1p-TAP (Fig.
4B). Thus, the central region of Est2p encompassing the
CP, QFP, and T domains is required for yPinX1p asso-
ciation. Interestingly, immunoprecipitated ACP, AQFP,
and AT mutant proteins also failed to pull down TLC1
RNA, in contrast to the other three mutants (Fig. 4C).
This result is consistent with previous studies of hu-
man and Tetrahymena TERT proteins, where deletion
or mutation of the CP, QFP, and T domains each reduced
or abolished TER binding (Armbruster et al. 2001; Lai et
al. 2001; Moriarty et al. 2002b). Thus, the regions in
Est2p necessary for either TLC1 or yPinXlp binding
overlap.

Two distinct Est2 complexes contain
either TLC1 or yPinX1

The above results showed that association of Est2p with
yPinX1p or TLC1 required the same Est2p region. To
determine whether these three molecules are in the
same or different complexes, we fractionated telomerase
using the previously reported DEAE chromatography
method (Prescott and Blackburn 1997a,b) from a yeast
strain expressing wild-type Est2p-myc from a 2p plasmid
and yPinX1p-myc from its endogenous chromosomal lo-
cus. Cells were lysed, and the S100 extract was loaded
onto a DEAE column. As shown by Northern blot analy-
sis, the vast majority of TLC1 bound to the column, with
no TLC1 detected in the flowthrough (Fig. 5A). However,
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Figure 4. The same region in Est2p is required for both
yPinX1p and TLC1 binding. (A) Diagram of Est2p domain struc-
tures. (B) Est2p mutant proteins deleted of domain N, GQ, RT,
or C copurify with yPinX1p. Est2p mutant proteins deleted of
domain CP, QFP, or T do not copurify with yPinXlIp. (S) S100;
(B) IgG beads; (E) eluate from IgG beads. Fractions 1-5 are eluate
from calmodulin beads. For Western blotting, 0.2% of total ex-
tract, 2% of IgG beads after binding, 2% of IgG beads eluate, and
20% of calmodulin eluate were loaded. (C) Est2p mutant pro-
teins deleted of domain CP, QFP, or T do not bind TLC1. (Top
panel) Western blotting of Est2p domain deletion mutants.
(Lower panel) Northern blotting of TLC1 RNA. (WCE) RNA
prepared from whole-cell extracts; (IP) RNA prepared from cell
extracts immunoprecipitated with anti-myc antibody 9E10. For
RNA preparation, 10% of input whole-cell extract was used and
was loaded in WCE lanes.

Western blot analysis showed that a significant portion
of Est2p was in this flowthrough (Fig. 5A), suggesting
that a fraction of Est2p is TLC1-free. TLC1 was eluted,
and its concentration peaked in fraction 5 (Fig. 5A). Est2p
protein copurified with these TLC1 fractions, with the
peak fraction of Est2p coinciding with the TLC1 peak
(Fig. 5A). As previously reported, these fractions con-
tained active telomerase complex (Prescott and Black-
burn 1997a,b). Notably, no yPinX1p was detectable in
these fractions (Fig. 5A, bottom panel). Therefore, active
telomerase complex containing Est2p and TLC1 RNA
does not contain detectable levels of yPinX1p.

Next, we used an independent method to test whether
TLC1 RNA is present in the yPinX1p-Est2p complex.
TAP-tagged yPinX1p was purified from yeast using IgG
beads as described above. As shown above, Est2p-myc
was found to copurify with yPinX1p (Fig. 5B, bottom left
panel). However, no TLC1 was detected in the yPinX1p-
TAP pull-down (Fig. 5B, top left panel). As a positive
control, the same extract was immunoprecipitated with
anti-myc antibody to pull down Est2p-myc, and TLC1
RNA was readily detected (Fig. 5B, right panels). Taken
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together, these results show that there are at least two
distinct Est2p complexes: the enzymatically active
telomerase containing Est2p and TLC1 (possibly with
other proteins), which does not contain yPinX1p; and an
inactive complex containing Est2p-yPinXlp, but not
TLC1 RNA.

Evidence that active telomerase is a dimer with two
active sites and two interacting RNAs has been reported
previously (Prescott and Blackburn 1997a; Beattie et al.
2001; Wenz et al. 2001; Ly et al. 2003). In human telo-
merase, TERT itself is known to interact via TERT-
TERT protein—protein binding in vitro (Arai et al. 2002).
Using coimmunoprecipitation experiments with cells
expressing HA-tagged Est2p from one allele and myc-
tagged Est2p from the other allele, we found that Est2p-
Est2p in vivo association could still occur even in strains
in which the other essential telomerase holoenzyme
components Estlp, Est3p, or the telomerase RNA gene
(TLC1) were deleted (Supplemental Fig. S3). This prop-
erty of independence from other telomerase holoenzyme
components was shared by the Est2p-yPinXlp associa-
tion described above. Therefore, we delineated the do-
mains of Est2p that are required for this Est2p-Est2p
interaction in vivo, by coexpressing the wild-type Est2p
(tagged with 13xmyc) and each of the Est2p single-do-
main deletion mutants (tagged with 3xHA), both from
the endogenous promoter on 2pn plasmids. Deletion of
the T or RT domain, but not of the CP or QFP domains,
significantly disrupted the in vivo physical association
between Est2p molecules (Supplemental Fig. S4). Hence
the region(s) of Est2p required for its physical Est2p-
Est2p interaction in vivo overlaps with, but is not iden-
tical to, the common region required for the mutually
exclusive PinX1p or TLC1 binding. These results suggest
the possibility that yPinx1p binding may also interfere
with telomerase dimerization.

A SFTW1 2 3456789

| e —— TLC1 RNA
- — Est2p-myc
— yPinX1p-myc
B IP by 1gG IP by o-myc
P FT_ P

S FT S
[ ) S SR S TLCT RNA

-1 -“ — e Est2p-myc

Figure 5. Detection of two distinct Est2p complexes: Est2p—
TLC1 and Est2p-yPinX1p. (A) DEAE purified fractions contain
TLC1 and Est2p, but no detectable yPinX1p. (S) S100 extract;
(FT) flowthrough from DEAE column; (W) last wash from DEAE
column; (#1-9) DEAE eluted fractions. (B) yPinX1p-TAP com-
plex purified with IgG contained Est2p, but not TLC1. (S) S100
extract; (FT) flowthrough from IgG beads; (IP) immunoprecipi-
tated samples. (Top panel) Northern blot analysis probed for
TLC1 RNA. (Bottom panel) Western blot analysis probed for
Est2p-myc. For Western blot analysis and preparation of RNA
for Northern blot analysis, 10% of the input extract was used.
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TLC1 levels influence yPinX1-Est2p binding efficiency

The above results showed that Est2p exists in alternative
complexes, containing either yPinXlp or TLC1 RNA.
The overlap of the Est2p regions required for binding of
PinX1p or TLC1 further suggested that PinXlp and
TLC1 may compete for Est2p. Therefore, we tested
whether TLC1 RNA levels influence the level of the
yPinX1-Est2p complex. We determined the effects of
TLC1 deletion or overexpression on the extent of coim-
munoprecipitation of Est2p-myc with yPinX1p-TAP.
TAP-tagged yPinX1p was expressed from a GALI pro-
moter in strains containing either wild-type TLC1, TLC1
deletion (Atlc1), or TLC1 overexpressed from a GALI
promoter. Compared with the wild-type TLC1 strain, the
total level of Est2p-myc protein slightly increased in the
TLC1 overexpression strain, and reproducibly decreased
dramatically in the AtlcI strain (Fig. 6A). Strikingly, de-
spite this lower level of total Est2p-myc, in the Atlcl
strain more Est2p-myc was reproducibly coimmunopre-
cipitated by yPinX1p-TAP than in the control TLCI
wild-type strain (Fig. 6A). In contrast, in the TLC1 over-

A whole cell extract 1gG pull down
TLC1 WT A OFE WT A OIE
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Figure 6. TLCI levels influence yPinX1-Est2p binding effi-
ciency. (A) Deletion of TLC1 results in more Est2p associated
with yPinX1p, and overexpression of TLC1 results in less Est2p
associated with yPinX1p. (O/E) TLC1 overexpressed from the
GAL1 promoter. PGK serves as the loading control for Western
blotting. The amount of TLC1 RNA is shown on the bottom
with actin mRNA as the loading control. (B) A model for
yPinX1p-mediated inhibition of telomerase activity. See text for
description.

PinX1 sequesters telomerase reverse transcriptase

expression strain, lower amounts of Est2p-myc were co-
immunoprecipitated by yPinX1p-TAP. In summary,
these results strongly support the predictions of our
model that yPinX1p and TLC1 RNA compete for Est2p
binding.

Discussion

The results of this study support a novel mechanism for
telomerase activity regulation. Our results show that
Est2p forms two distinct complexes: the active telomer-
ase enzyme containing TLC1, and an alternative com-
plex containing yPinX1p but no TLC1. Furthermore, we
have provided evidence that yPinX1p competes with
TLC1 for Est2p binding in vivo. Thus, we propose that
yPinX1p sequesters Est2p to prevent assembly of Est2p
and TLC1 RNA into the enzymatically active telomer-
ase RNP (Fig. 6B).

PinX1p: a dual-function protein

yPinXlp is an essential nucleolar protein required for the
processing of rRNA and some snoRNAs (Guglielmi and
Werner 2002). The poor growth in yPINX1 deletion cells
is very likely caused by an inability to process rRNA and
snoRNAs. The rRNA and snoRNA processing functions
of PinXlp are conserved as the human PINXI gene
complemented the slow growth and rRNA maturation
defects of the yeast deletion strain (Guglielmi and
Werner 2002).

Because telomeres in AypinX1 cells were slightly
shorter than in wild-type cells, a previous report con-
cluded that yPinX1p is not a telomerase inhibitor, unlike
its human counterpart (Guglielmi and Werner 2002).
However, such slight shortening might have been ex-
plained by a pleiotropic effect of the defective processing
of rRNA and snoRNA in the deletion strain. In agree-
ment with this, two yPinX1p mutants (W38S and Al-
24) that caused slight shortening of telomeres are both
defective for rRNA processing; whereas another mutant
(A150-271) that retained rRNA/snoRNA functions, had
wild-type telomere length (Guglielmi and Werner 2002).
Furthermore, as described above (see Results and Supple-
mental Fig. 2S), the functions of yPinX1lp in rRNA/
snoRNA processing and telomere maintenance are sepa-
rable. We have shown here that yeast PinX1p binds to
CP, QFP, and T regions of telomerase catalytic protein
Est2p. Because these regions are conserved among all
telomerase catalytic subunits of all species, a similar
mechanism may exist for human Pinx1p-TERT binding.
In support of a conserved role for PinX1-mediated telom-
erase regulation, we overexpressed human PinXl1p in
yeast and observed decreased telomere length (data not
shown). Thus, we propose that yeast pinX1p, like its hu-
man counterpart, is also a dual-function protein involved
in both rRNA/snoRNA processing and telomerase
regulation.

Role of the nucleolus in telomerase activity

This proposed sequestration of telomerase into alterna-
tive complexes may, at least in part, underlie the trans-
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location between different subcellular compartments
that has been suggested as a mechanism of regulating
telomerase activity. The nucleolar localization of
hTERT can be influenced by transformation with a viral
oncogene or DNA damage (Wong et al. 2002). However,
no protein factors involved in such movement of telom-
erase have been identified. In addition, in human T-cells
and smooth muscle cells, hTERT is imported from the
cytoplasm to the nucleus upon growth factor stimula-
tion (Liu et al. 2001). The 14-3-3 signaling proteins have
been shown to interact with hTERT and prevent its
nuclear export. This suggested that 14-3-3 proteins are
required for the nuclear accumulation of hTERT, and
may thus be involved in another level of regulation of in
vivo telomerase activity (Seimiya et al. 2000).

The nucleolus has been strongly implicated in the bio-
genesis of telomerase and regulation of its activity.
Mammalian telomerase RNA shares domains with small
nucleolar RNAs that bind to several known nucleolar
proteins (Mitchell et al. 1999; Pogacic et al. 2000; Fu and
Collins 2003). Recently, movement of hTERT between
subnuclear compartments has been reported. hTERT in
primary cells was shown in culture to localize in the
nucleolus, but is apparently released into the nucleo-
plasm during the late S/G, stages of the cell cycle, coin-
cident with the replication of telomeres (Wong et al.
2002). In contrast, in transformed cells, hTERT has a
diffuse nucleoplasmic distribution (Wong et al. 2002). In
S. cerevisiae, overexpressed Est2p accumulated in the
nucleolus but was found throughout the nucleus upon
TLC1 overexpression (Teixeira et al. 2002). This redis-
tribution of overexpressed Est2p correlated with in-
creased in vitro telomerase activity, consistent with the
interpretation that enzymatically active telomerase is in
the nucleoplasm outside the nucleolus (Teixeira et al.
2002).

Under what physiological situations might PinX1p act
to regulate telomerase activity? PinXlp, like overex-
pressed Est2p, is predominantly a nucleolar protein, but
is also found in the nucleoplasm (Zhou and Lu 2001;
Teixeira et al. 2002). Interestingly, the nucleolar local-
ization domain of hTERT maps to amino acids 326-620
(Etheridge et al. 2002). The homologous region in Est2p
includes the yPinXlp-interacting region we have re-
ported here. We therefore propose that PinXlp is in-
volved in controlling the movement of TERT between
nucleolus and nucleoplasm. In support of this model,
human telomerase is found in the nucleoplasm at the
time during the cell cycle when telomeres are replicated,
and also upon transformation, which promotes cell cy-
cling. In addition, telomerase enzymatic activity detect-
able in cell extracts is very rapidly up-regulated in hu-
man leukemia HL-60 cells treated with clinical doses of
the DNA-damaging drug etoposide (Moriarty et al.
2002a). In S. cerevisiae, the level of yPINX1 mRNA de-
creases significantly upon DNA damage or general envi-
ronmental stress (Gasch et al. 2000, 2001). We suggest
that this increases Est2p levels in the enzymatically ac-
tive complex under these conditions.

In summary, the results reported here, together with
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the above findings, suggest that release of Est2p from its
sequestering PinX1p, to allow binding of telomerase
RNA, may constitute an efficient and responsive mecha-
nism to rapidly regulate telomerase.

Materials and methods

Southern blot analysis of telomeres

Cells were streaked on plates selective for the plasmids as speci-
fied. Genomic DNA was prepared and digested with Xhol and
run on 0.8% agarose gels. DNA was transferred from gels to
Hybond N* membranes (Amersham) and probed with a y-32P
end-labeled wild-type telomeric repeat oligonucleotide as de-
scribed previously (Prescott and Blackburn 1997b).

Immunoprecipitation and Western blot analysis

Cells were grown in selective media to an ODgy, of 0.5-0.6,
lysed with glass beads in IPP150 buffer (25 mM HEPES, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 0.1% NP-40, 10% glycerol, 1
mM DTT, and protease inhibitors). The lysates were centri-
fuged at 13,000 rpm for 15 min and 40,000 rpm for 30 min to
obtain the extracts. Typically, 2-3 mg of total protein was im-
munoprecipitated with anti-myc antibody 9E10 (Covance) and
protein A beads (Sigma) in a 400-uL total volume for 4 h, washed
with IPP150, and resuspended in SDS sample buffer. Immuno-
precipitation of TAP-tagged proteins was performed as reported
using 100-150 mg of total protein (Puig et al. 2001). Briefly,
extracts were incubated with IgG beads for 2 h at 4°C, and the
beads were washed with IPP150 buffer and resuspended in TEV-
cleavage buffer (25 mM HEPES, 150 mM NaCl, 0.5 mM EDTA,
1 mM EGTA, 0.1% NP-40, 10% glycerol, 1 mM DTT). TEV
protease (Invitrogen) was added, and the sample was rotated
overnight at 4°C. Eluate was collected from the TEV-cleaved
beads. Three volumes of calmodulin binding buffer (10 mM
B-mercaptoethanol, 25 mM HEPES, 150 mM NaCl, 1 mM Mg-
acetate, 1 mM imidazole, 2 mM CacCl,, 0.1% NP-40, 10% glyc-
erol), and calmodulin beads (Stratagene) were added, and the
eluate was rotated for 1 h at 4°C. The calmodulin beads were
washed with CBP binding buffer and eluted with calmodulin
elution buffer (10 mM B-mercaptoethanol, 25 mM HEPES, 150
mM NaCl, 1 mM Mg-acetate, 1 mM imidazole, 2 mM EGTA,
0.1% NP-40, 10% glycerol). Typically, 0.2% of total extract, 2%
of IgG beads after binding, 2% of IgG beads eluate, and 20% of
calmodulin elute were loaded for Western blotting, except in
Figures 2 and 5, where 2% and 3% of the extract used for co-
immunoprecipitation experiments were loaded in whole-cell
extract lanes for Western blotting.

For Western blot analysis, peroxidase-anti-peroxidase (Sigma)
antibody was used to detect TAP tag, and anti-myc clone 9E10
was used to detect myc tag. The same membrane was probed for
PGK using anti-PGK antibody (Molecular Probes) as the loading
control.

Northern blot analysis

RNA was extracted from total protein lysates, or from immu-
noprecipitated samples with phenol/chloroform and treated
with glyoxal (Sigma). RNA was run on 1.3% agarose gels, trans-
ferred to Hybond-NX membrane (Amersham) and hybridized
with probes made by random primers (RediPrime II; Amer-
sham). Signals were quantified with Phosphorlmager (Storm
860; Molecular Dynamics). The same membrane was probed for
actin mRNA as the loading control.
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DEAE fractionation and in vitro telomerase activity assay

DEAE fractionation was performed as described (Prescott and
Blackburn 1997b). RNA was prepared from total extract,
flowthrough, the last wash, and each fraction for Northern blot
analysis. Western blot analysis was performed with the same
samples.

In vitro telomerase activity assay was performed as described
(Prescott and Blackburn 1997b). Wild-type yeast cells (BY4705)
were transformed with either the vector control plasmid or the
yPinX1p overexpression plasmid. Cells were grown in galactose
medium to induce yPinX1p overexpression. S100 extraction and
DEAE fractionation were carried out as described. To normal-
ize, peak DEAE fractions from the vector control and yPinX1p
plasmids containing the same amount of TLC1 were used for
quantitative comparison.
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