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Summary

Telomerase is the ribonucleoprotein enzyme that replenishes telomeric DNA and maintains
genome integrity. Minimally, telomerase activity requires a templating RNA and a catalytic
protein. Additional proteins are required for activity on telomeres /n vivo. Here we report that the
Pop1, Pop6, and Pop7 proteins, known components of RNase P and RNase MRP, bind to yeast
telomerase RNA and are essential constituents of the telomerase holoenzyme. Pop1/Pop6/Pop7
binding is specific and involves an RNA domain that is highly similar to a protein-binding domain
in the RNAs of RNase P/MRP. The results also show that Pop1/Pop6/Pop7 function to maintain
the essential components Est1 and Est2 on the RNA /7 vivo. Consistently, addition of Popl allows
for telomerase activity reconstitution with wild type telomerase RNA /in vitro. Thus, the same
chaperoning module has allowed the evolution of functionally and, remarkably, structurally
distinct RNPs, telomerase and RNases P/MRP, from unrelated progenitor RNAs.

Introduction

The ends of eukaryotic chromosomes are capped by telomeres, which ensure that these
physiological ends are not perceived as DNA double-strand breaks (Palm and de Lange,
2008). The underlying telomeric DNA is composed of particular short direct repeats to
which a complex set of proteins bind. In order to maintain the functionality of telomeres and
ensure genome stability, a certain minimal tract of those telomeric repeats must be present at
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each individual telomere (Hockemeyer and Collins, 2015; Sarek et al., 2015). However, the
conventional replication machinery alone is unable to completely duplicate the DNA at
physical ends of chromosomes, an effect dubbed the end-replication problem that affects all
organisms with linear chromosomes (Watson, 1972). In virtually every system tested, this
problem is solved by the presence of a specialized catalytic ribonucleoprotein (RNP)
complex called telomerase (Greider and Blackburn, 1985; Egan and Collins, 2012). In
humans, telomerase activity is subject to strict developmental control and loss of this
regulation is strongly associated with cancer etiology (Schmidt and Cech, 2015). A minimal
telomerase that shows activity /n vitro contains a catalytic protein subunit related to reverse
transcriptases and a constitutively associated RNA moiety that provides the template for
telomeric repeat synthesis (Greider and Blackburn, 1987). However, in all organisms,
additional subunits are essential for its function on telomeres /n vivo (Egan and Collins,
2012; Schmidt and Cech, 2015). Intriguingly, whereas the basic function of telomerase at
telomeres via a reverse transcriptase-like mechanism is highly conserved in all organisms,
the composition of the species-specific RNPs varies significantly. While the telomerase
RNAs from various organisms do harbor conserved structural elements that are associated
with catalytic protein binding (Qi et al., 2013), they differ significantly in their overall sizes,
predicted secondary structures as well as in how they are transcribed, matured, and how their
3’-ends are stabilized (Egan and Collins, 2012; Podlevsky and Chen, 2012). The reasons and
evolutionary origin of this variability are unknown, and in order to understand the biology of
it, a knowledge of the complete composition of a number of different telomerase RNPs is
required.

In budding yeast, the core RNA moiety of telomerase is Tlcl, a 1158 nt IncRNA for which a
general secondary structure prediction has been compiled (Dandjinou et al., 2004; Zappulla
and Cech, 2004). The catalytic protein Est2 associates in a central domain that includes the
templating sequence, a characteristic pseudo-knot, and a template limiting stem (Singer and
Gottschling, 1994; Livengood et al., 2002; Seto et al., 2003; Chappell and Lundblad, 2004).
Other known subunits that associate with sub-elements of the RNA include Est1 (Lundblad
and Szostak, 1989; Seto et al., 2002), the RNA stabilizing Sm7-complex (Seto et al., 1999),
and the yeast Ku complex (Stellwagen et al., 2003). The Est3 subunit is also essential for
telomerase-mediated telomere lengthening /n vivo (Lendvay et al., 1996), but it is not clear
whether this protein interacts directly with the RNA. The relatively large size of the Tlcl
RNA appeared to be an obstacle for an /n vitro reconstitution of telomerase as only a
shortened and simplified RNA yielded robust and reproducible activity (Zappulla et al.,
2005). It has been proposed that the yeast telomerase RNP differs from other large RNPs in
that the long RNA subunit serves as a flexible scaffold and that the overall architecture
would not be determined by the RNA structure, as is the case for example in RNases P/MRP
or ribosomes (Zappulla and Cech, 2006). This idea is supported by the fact that the Tlc1
RNA allows permutations of large parts of the RNA and certain predicted long stems can be
stiffened (Zappulla and Cech, 2004; Lebo and Zappulla, 2012). These possibilities were
complicated by recent phylogenetic and mutational analyses of fungal telomerase RNAs that
suggested the presence of additional essential elements (Gunisova et al., 2009; Lubin et al.,
2012; Laterreur et al., 2013). Moreover, their function as well as the complete composition
of the native holoenzyme remained elusive.
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The results shown here demonstrate that the protein Popl and the Pop6/Pop7 protein
heterodimer associate with high affinity to a sub-domain on the yeast telomerase RNA,
previously called TeSS (Telomerase Stimulating Structure). We now show that this domain
corresponds to a protein-binding platform known as the P3 domain in the RNAs of
eukaryotic, and the Tlcl P3 domain is functionally interchangeable with the P3 domains of
RNase P/MRP in vivo. In addition, our data show that purified and active budding yeast
telomerase RNPs expressed at native levels contain the Popl and the Pop6/Pop7 proteins.
Moreover, their presence is required for stabilizing the Estl and Est2 proteins on the RNP
and, accordingly, for telomerase activity /n vivo. Finally, adding recombinant Popl to an /n
vitro telomerase reconstitution system results in readily detectable activity even with the
wild-type full-length telomerase RNA. Therefore, our results show that, similar to
eukaryotic RNase PMRP RNPs, the yeast telomerase RNP is built upon and depends on a
P3-like domain and proteins associated with it. Thus, an identical central organizing module
can forge the architecture of completely different RNPs that hitherto had no structural
similarity.

The Popl/Pop6/Pop7 proteins associate with yeast telomerase RNA

Given the large size of the Tlc1 RNA and the fact that the complete protein composition of
the native yeast telomerase RNP is unknown, we reasoned that additional subunits could be
associated with this RNA and affect telomerase function. In order to determine telomerase
RNP composition, we used a fully functional tagged Tlc1 RNA that contains 10 MS2 stem-
loop elements inserted near its 3’-end and that is expressed at endogenous levels (Gallardo et
al., 2011). The same cells also expressed an MS2-ProA fusion protein that was used to
enrich for telomerase RNPs on IgG beads. As quality control for these preparations, we
asked that the known telomerase associated protein Est1, which carried a Myc tag in these
experiments, was co-enriched and that the final preparations contained high telomerase
activity (Figure 1A, B).

These preparations were then analyzed using mass spectrometry. The results revealed that
the three proteins, Popl, Pop6, and Pop7 were amongst the top prevalent proteins exclusive
for preparations with MS2-tagged Tlcl RNA (Figure 1C, Figure S1A). These proteins are
common subunits of the yeast RNase P/MRP complexes, two related, highly conserved and
essential RNPs that are involved in the processing of tRNA, rRNA and certain mMRNAs
(Esakova and Krasilnikov, 2010). Both RNPs contain a catalytic RNA subunit (Nmel RNA
for the RNase MRP and Rprl RNA for the RNase P) and ten and nine protein components,
respectively. Eight of those proteins are the same for RNase P and RNase MRP and include
the Pop1/Pop6/Pop7 trio identified here as well as in preparations derived with highly
overexpressed telomerase (Lin et al., 2015).

We used RNA co-immunoprecipitation with tagged components of the RNase MRP RNP in
order to verify whether the detection of those proteins in the proteomic approach was
specific. Indeed, precipitates obtained with extracts from cells in which either of the three
proteins was tagged did contain Tlc1 RNA, as detected by northern blots (Figure 2A).
However, none of four other components of the RNase MRP complex (Pop4, Pop5, Rmpl,
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Rpp1l) brought down any Tlcl RNA, even though the Nmel RNA was readily detected, as
expected (Figure 2A, 2B). Consistently, no peptide for any other component of the RNase P/
MRP RNPs were detected in any of the MS determinations (Figure S1A; see complete data
sets at http://proteomecentral.proteomexchange.org). The efficiency of the immune-
depletion of the Nmel RNA from the extracts in these experiments was 59+15% when using
Pop6-TAP and 53+5% for Pop7-TAP. Depletion of Tlc1l RNA in the same experiments was
46x7% for Pop6-TAP and 55+10% for Pop7-TAP (see methods for details). These very
similar immunoprecipitation efficiencies combined with the fact that all RNase MRP RNPs
do contain the Pop6/Pop7 proteins suggest that the Pop6/Pop7 proteins are constitutively
associated with the telomerase RNA. As a second verification for the association of the
Pop1, Pop6, and Pop7 proteins with telomerase, we assayed activity in immunoprecipitates
generated with anti-ProA antibodies and extracts of strains expressing Pop6-TAP or Pop7-
TAP, or with anti-HA antibodies in conjunction with HA3-Pop1l (Figure 2C). Importantly,
telomerase activity could readily be detected in these precipitates, as it was detected in
precipitates with ProA-Est2 as positive control, but no activity was detected when extracts
from cells with TAP-tagged Pop4 were used (Figure S1B).

The telomerase RNA contains a functional P3-like domain

Proteins Pop6 and Pop7 associate with a specific substructure in the Nmel and Rprl RNAs,
a helix-loop-helix area called the P3 domain (Perederina et al., 2007; Perederina et al.,
2010). This domain is a conserved essential feature of the protein-rich eukaryotic RNases
P/MRP RNAs and it differentiates them from the bacterial and archaeal RNases P, which
have a more simple protein composition (Lindahl et al., 2000; Ziehler et al., 2001; Piccinelli
et al., 2005). The appearance of the P3 domains in eukaryotic RNases P/MRP was
accompanied by the acquisition of three proteins that do not have homologues in bacterial
and archaeal RNases P: Popl, Pop6, and Pop7. Based on the results of structural, mutational,
crosslinking and footprinting studies, it was proposed that the P3 RNA domain serves as a
protein-binding hub in the eukaryotic RNases P/MRP (Ziehler et al., 2001; Perederina et al.,
2007; Perederina et al., 2010; Hipp et al., 2012; Khanova et al., 2012; Fagerlund et al.,
2015). Specifically, proteins Pop6 and Pop7 form a heterodimer that binds to the P3 domain
and, together with the P3 RNA, form a platform that in turn binds the bigger Pop1 protein.
This latter covers large parts of the RNase P/MRP holoenzyme structures and serves as a
global RNP scaffold, interacting with other protein components as well as with several
specific parts of RNA scattered across the structure (Fagerlund et al., 2015). Consistent with
common function, the P3 domains of RNase P and RNase MRP are interchangeable
(Lindahl et al., 2000).

A comparison of the distal end of the stem IVc of the yeast telomerase RNA, a substructure
that harbors a highly conserved sequence element CS2a and also includes TeSS (Gunisova et
al., 2009; Laterreur et al., 2013), with the P3 domains in the Nmel and Rprl RNAs shows
striking similarities (Figure 3A and Figure S2A). These include a large internal loop flanked
by two stems and the most critical nucleotides for function of the two P3 domains are also
conserved in CS2a/TeSS (Figure S2A and Ziehler et al., 2001). The area with the most
sequence conservation between the P3 elements and TeSS corresponds in fact to the
conserved sequence element CS2a (Gunisova et al., 2009) and analogous similarities in this
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substructure can be found in a number of yeast species, including S. pombe and H.
polymorpha (Figure S2B).

These striking similarities between the P3 domains in the RNAs of yeast RNases P/MRP and
CS2a/TeSS in the telomerase RNA thus raised the possibility that CS2a/TeSS is in fact a P3-
like domain. We thus asked whether the P3 domains in the Nmel or the Rprl RNAs could
replace the Tlcl CS2a/TeSS (Figure 3B). In cells that lack Tlc1 altogether or that harbor a
tlc1 allele in which the CS2a/TeSS is missing, telomeres shorten upon outgrowth, cells enter
crisis and eventually, telomerase-independent mechanisms maintain telomeric DNA, as
shown previously (Figure 3B, lanes 6 and 9 and (Singer and Gottschling, 1994; Gunisova et
al., 2009)). Telomeres in cells carrying the hybrid Tlc1 RNAs with either the Nmel P3 or the
Rprl P3 in place of the CS2a/TeSS did not change in length (Figure 3B, lanes 12 and 15).
These cells also grew like wt cells for extended periods, indicating that telomerase function
with the hybrid RNAs is indistinguishable from that with a wt Tlc1 RNA. In addition, the
CS2a/TeSS domain of the Tlc1 RNA can replace the P3 domain in the essential Nmel RNA
without effects on cell growth (Figure 3C).

In order to demonstrate the functionality of a P3 domain on Tlcl /n vivo, we took advantage
of a known conditional allele, nme1-11, that maps to the P3 domain in the Nmel RNA
(Shadel et al., 2000). The Nmel1-11 RNA lacks the distal stem on P3 (nts. 45-64 in Figure
3A) and cells expressing the nme1-11 allele grow at 30°C, but do so very poorly at 17°C
(Shadel et al., 2000). We thus constructed the nme1-11 allele into the hybrid Tlc1-P3NME1
RNA by deleting the corresponding nucleotides. If the function of the P3 domain of Nmel in
the telomerase RNP is affected by the mutation in the same way as in the RNase MRP, the
tlc1::P3nme1-11 allele should cause a telomerase deficiency and a temperature-dependent
shortening of telomeres. Cells harboring the Tlc1-P3Nme1"Wt RNA maintain normal length
telomeres that are very similar as those in cells with a wt Tlcl RNA, whether cells were
grown at 30°C or 18°C for 110 generations (Figure 4, lanes 2—4 and 18-20). Cells that
harbor the Tlc1-P3nmel-11 hybrid RNA and which are grown at 30°C manage to maintain
telomeres, albeit at slightly shorter than wt lengths (Figure 4, lanes 22-23). These same cells
grown at 18°C for 110 generations exhibit extremely short telomeres, significantly shorter
than when grown at 30°C (Figure 4, compare lanes 23 with 24). We also constructed the
equivalent of what the nme1-11allele is in NMEZ in the TeSS domain of 7LCI by deleting
nucleotides 616-630 (Figure 3A), yielding the mutant allele called #/c1-AS (previously
called SL-del; Gunisova et al., 2009; see predicted structure in Figure S4A). Remarkably, in
cells expressing this Tlc1-AS RNA, a comparable temperature dependent decrease of
telomere size is observed (Figure 4, compare lane 15 with 16). We conclude that the CS2a/
TeSS domain in the Tlcl RNA is a P3-like domain and functions analogously to the P3
domains in RNase P/MRP RNPs /n vivo.

The Pop6/Pop7 proteins bind directly to the Ticl1 P3 in vitro and in vivo

Previously, Pop6/Pop7 binding to the P3 domain of the Nmel RNA was analyzed by in vitro
reconstitution experiments, crosslinking, and structural analyses (Perederina et al., 2007;
Perederina et al., 2010; Hipp et al., 2012; Khanova et al., 2012). Incubation of recombinant
Pop6/Pop7 heterodimer with an RNA fragment mimicking the complete stem V¢ of Ticl
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resulted in binding with an apparent Kd of about 70 nM (Figure 5A, Figures S3B, S3C),
comparable to the P3 domain of Nmel (about 150 nM, Perederina et al., 2007). Deleting
portions of stem 1\VVc of Tlcl that have been described to be involved in Est1 association had
no effect on Pop6/Pop7 binding (Figure 5A, mutants IVVc ACS2 and TeSS, see Figure S3A
for predicted structures). However, when the distal portion of stem V¢ was mutated to
interfere with the formation of the large internal loop (IVc SA3) or when the CS2a sequence
was mutated (IVc SUB; previously called CS2a-sub, Gunisova et al., 2009), Pop6/Pop7
binding was dramatically reduced (Figure 5A, Figures S3B, S3C). These findings parallel
the fact that when these latter two alterations were incorporated into the Tlc1 RNA /n vivo,
telomerase function at telomeres was completely lost (Gunisova et al., 2009; Laterreur et al.,
2013) and telomerase activity recovered from these strains was dramatically reduced
(Laterreur et al., 2013, and Figure S4B).

In order to determine the Pop6/Pop7 binding site in vivo, we engineered cells that expressed
two versions of the Tlc1 RNA, one wt, and the other containing the MS2 stems near the 3’-
end such that the two RNAs can be distinguished on northern blots by size. In these cells the
Pop6 or Pop7 protein carried the TAP tag and we used extracts for RNA co-1Ps (Figure 5B
and see Figure S4A for the predicted RNA structures of all stem I\VVc alleles). When both
Tlcl RNAs had a wt stem V¢ sequence, both RNAs were found in the precipitates of Pop7-
TAP targeted immunoprecipitations (Figure 5B, lane 4), even though the MS2-version of the
Tlcl RNA was expressed at slightly lower levels (Figure 5B, lane 3). In addition and as
expected, the Nmel RNA was also immunoprecipitated. We then either completely (#/c1-
AL) or partially (t/c1-AS) deleted the P3-like domain from stem I\Vc of the MS2-containing
RNA (Figure S4A). Using these alleles in the same experiment as above showed that these
versions of the MS2-tagged RNAs were not immunoprecipitated anymore, while the wt
RNA remained in the precipitates just as the Nmel RNA did (Figure 5B, lanes 7 and 10).
Virtually identical results were obtained with Pop6-TAP as target protein (Figure S5A). As
an independent confirmation of these association data, we also used co-IP experiments in a
strain that contained a Myc-tagged Smel that is part of the Sm-complex binding Tlc1 near
its 3’-end (Seto et al., 1999). When we used anti-Myc antibodies for immunoprecipitations
with extracts from a strain expressing this Smel-Myc,3 protein and a wt Tlc1 RNA, the
Pop7-TAP protein co-immunoprecipitated (Figure 5C, lane 6). However, Pop7-TAP was
virtually absent when the cells harbored the Tlc1-AL RNA (Figure 5C, lane 7) or the Tlcl-
SUB RNA (Figure 5C, lane 8). Identical results were obtained when strains expressed Pop6-
TAP (Figure S5B). The reduced detection of Pop7-TAP or Pop6-TAP was not due to a loss
of the mutated Tlcl RNAs from the strains, as very comparable amounts of Tlc1-AL or
Tlc1-SUB RNAs can be detected in these strains (Figure S5C), as well as in previously
reported strains (see Laterreur et al., 2013).

These data demonstrate that the Pop6/Pop7 heterodimer binds the telomerase RNA P3-like
domain /n vitroand /n vivo. Furthermore, the Popl protein is also associated with active
telomerase (Figure 2C) as it is with active RNase P/MRP RNPs. Collectively, this suggests
that all three RNPs contain an analogous P3 module that consists of a highly related
structure on the three RNAs plus the Popl and Pop6/Pop7 proteins that associate with this
structure.
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The Tlcl P3 domain is required for stable Estl and Est2 association with the Tlc1 RNA

We next wished to investigate the function of the Tlc1 P3 domain in the telomerase RNP. We
surmised that if its function in telomerase was analogous to that in the RNase PMRP RNPs,
the P3 domain may be required for holoenzyme integrity. Therefore, we performed co-
immunoprecipitation experiments with extracts from cells that contained an HA-tagged
Smel protein that is part of the Sm; complex binding the Tlc1l RNA near its 3’-end, various
forms of the Tlc1 RNA, and in which both Est1 as well as Est2 proteins contained Myc tags.
When we used anti-HA antibodies to pull down wt Tlc1l RNA, Estl and Est2 could be
readily detected in the precipitates, as expected (Figure 6A, lane 6; (Tucey and Lundblad,
2014)). However, when cells contained the Tlc1-AL or Tlc1-SUB RNAs, there was no more
Estl detectable in the precipitates and the amount of Est2 was significantly reduced (Figure
6A, lanes 7 and 8, respectively). As internal control for IP efficiency, the amounts of the
three Tlcl RNA versions in the precipitates were comparable (Figure 6A, lower northern
panel). Therefore, the Tlc1 P3 domain is required for a stable association of Est2 and
particularly Estl on the Tlcl RNA. Consistent with these results, immuno-precipitations
performed with extracts from strains with a tagged Pop6 protein also yielded strong Est1 and
Est2 co-enrichment, similar to what is observed with the tagged Sme1l protein (Figure S5D).

Recombinant Popl allows telomerase activity reconstitution in vitro

In vitro reconstitution of robust telomerase activity with a wt Tlc1 RNA has not been
reported, but telomerase activity can be reconstituted using a shortened Tlc1 RNA called
mini-T, combined with a transcription-translation system in rabbit reticulocyte lysates (RRL;
Zappulla et al., 2005). If binding of the Pop1/Pop6/Pop7 proteins to the P3 domain is
important for a stable association of Est2 on the RNA /n vitro as well, their addition to the
system should increase reconstituted RNP stability and detectable activity. We tested this
possibility directly by setting up the /n vitro reconstitution system using the mini-Tlcl RNA
as well as the wt Tlc1l RNA. Of note, the mini-Tlcl RNA still includes the Tlc1 P3 domain
studied here. When recombinant Popl or when all three Pop1/Pop6/Pop7 proteins were
included in the reactions, telomerase activity with the mini-Tlc1 RNA increased by about
60% (Figure 6B, bottom panel). Moreover, in the presence of the Pop1 protein, telomerase
activity can now be detected with wt Tlcl RNA (Figure 6C). These increases in activity
observed for the mini-Tlcl or the wt Tlcl RNA are not due to elevated levels of Est2 (Figure
6B, 6C bottom panels). Note that the addition of the Pop6/Pop7 proteins to the RRL mix
(Figure 6B; lane 3) does not lead to a reproducible decrease in telomerase activity (see
below, Figure 7A, lane 7). However, if Popl is added together with the Pop6/Pop7 proteins,
the latter may increase the efficiency of Popl association with the P3 domain. We tested this
possibility by setting up /n vitro RRL-mediated telomerase reconstitution with mini-T RNA
and varying concentrations of Popl in the presence or absence of Pop6/Pop7 (Figure 7A).
While the stimulation of telomerase activity by Popl could be detected in both conditions,
the stimulatory effect was about 20% stronger in the presence of Pop6/Pop7 in this assay
(Figure 7A, right). These results therefore show that, as is the case for the /n vivo activity, in
vitro reconstitution of telomerase activity requires at least the Popl protein. Given that
minimal telomerase activity is thought to depend on Est2 and Tlc1l RNA only, these data
directly demonstrate the positive function of the Tlc1 P3 domain for reconstituting
telomerase activity /n vitro, a result that is entirely consistent with its function /n vivo.
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Discussion

Collectively, our results demonstrate that the yeast telomerase RNA contains an essential
domain that is structurally and functionally equivalent to the P3 domains in the Rprl and
Nmel RNAs of yeast RNases P/MRP. In each of these divergent catalytic RNPs, the P3
RNA domain serves as binding platform for the Pop6/Pop7 and Popl proteins and in all
three cases, the association of these proteins is required to stabilize the respective RNP.
Consistently, all three P3 domains are fully functionally interchangeable (Figure 3 and
Lindahl et al., 2000). All these components are absolutely essential for cell viability, given
that they all are required for RNase P/MRP stability and enzymatic activity (Esakova and
Krasilnikov, 2010).

In the case of the telomerase RNP, previous experiments had shown that complete removal
of what we now call Tlcl P3, as well as the substitution of sequences in the P3 internal loop
(the tlc1-AL and the t/c1-SUB alleles) caused a complete loss of telomerase activity at
telomeres /n vivo (Gunisova et al., 2009). Moreover, the activity of immunopurified
telomerase containing Tlcl RNAs with these mutations was markedly reduced (Figure S4B).
It is intriguing that the association site for the recruitment factor Estl is in very close
proximity of the P3 domain described here (Figure 7B; Seto et al., 2002). In this respect, our
results also show that a loss of the P3 domain also causes a complete loss of Estl and, to a
large extent, the Est2 proteins from the RNA (Figure 6A), which explains the /in vivo
phenotype of these mutations. Several experiments indicate that it is the association of
proteins on the Tlc1l P3 domain that stabilizes Est1 and Est2 proteins on the RNP and not the
RNA structure alone. First, the presence or absence of the Estl protein does not affect the
level of telomerase activity as assayed /n vitro, but mutations in the RNA that cause a loss of
the P3 function cause a strong reduction in detectable activity (Figure S4B, Lingner et al.,
1997; Laterreur et al., 2013). Second, the nme1-11 allele causes a cold sensitive phenotype
because of a reduced binding of Popl to RNase MRP (Shadel et al., 2000). When this allele
was engineered into the T/c1-P3Nmel allele, or when we used the corresponding deletion of
the P3 region of the 7L CI gene itself, we observed a cold-sensitive shortening of telomeres,
which strongly suggested that an analogous loss of Popl binding from the Tlc1 RNA causes
a decrease in telomerase activity /n vivo (Figure 4, Figure 5B). Third, the stimulation of the
reconstituted telomerase activity with the mini-T RNA and the generation of detectable
activity with wt Tlc1 RNA was dependent on the addition of the Pop1 protein and occurred
in the absence of Estl (Figures 6B, 6C). We therefore conclude that the Pop1-Pop6/Pop7 P3
module is an essential component of budding yeast telomerase and that it is required for
stable Est1 and Est2 association to the active RNP.

The association of the Pop1 and Pop6/Pop7 proteins with telomerase initially was detected
in partially purified active telomerase RNP preparations (Figure 1 and S1A). These assays
also correctly identified known telomerase components, such as Estl, Est2, or Smz-complex
components (Smd2, Smb1, Smd3). However, we did not detect either of the Yku-complex
proteins (Yku70 or Yku80) nor Est3 in our experiments. It has been estimated that there are
only 10-30 telomerase RNPs per individual yeast cell (Mozdy and Cech, 2006) and given
that we had to start with large cell cultures, it is possible that during RNP affinity
purification, weakly associated proteins may have been reduced to levels below detection.
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Previously, it was suggested that the role of Pop6/Pop7 in RNases P/MRP is limited to the
stabilization of the binding of Pop1, which serves as the major scaffolding element. Of note,
the binding of Pop1l to the Nmel and Rprl RNAs does not require the presence of the Pop6/
Pop7 heterodimer, but the presence of the latter strengthens Popl binding (Fagerlund et al.
2015). The /n vitro reconstitution telomerase experiments with the mini-T RNA are in
complete agreement with this proposed scenario (Figure 7A). It may thus be that the
relatively high concentration of the components in the /n vitro assays may partly alleviate
the necessity of the additional stabilization of Popl binding by the Pop6/Pop7 heterodimer.
In previous reconstitution experiments with the mini-T RNA, telomerase activity was limited
to only one round of repeat addition (Zappulla et al., 2005; Figure 6B, lane 2). When Pop1 is
added to these experiments, we now observe addition of at least two repeats (Figure 6B,
lanes 4-5). It is therefore possible that the Tlc1 P3 domain is also important for a limited
repeat addition processivity that has been suggested to occur on very short telomeres /in vivo
(Chang et al., 2007). However, we cannot exclude the possibility that these additional
extension reactions are due to the increased stability of the complex.

A recent study on the composition of telomerase in relation to the cell cycle suggests that the
association of the Estl and Est2 proteins changes and that these proteins are only a very
limited time together on the RNP (Tucey and Lundblad, 2014). While it is unknown how the
proposed associations and dissociations of the proteins are regulated, given that the Tic1 P3
domain affects the stability of both on the RNP, it could be the target of regulatory pathways
in this respect. (Figure 6A, Figure 7B).

The structure of the bacterial RNase P is stabilized by a network of tertiary RNA-RNA
interactions between auxiliary RNA elements (Reiter et al., 2010). During the evolutionary
transition to the large protein-rich eukaryotic RNases P/MRP, most of these RNA elements
have been lost and their role apparently was delegated to newly acquired protein
components. It was suggested that the P3 RNA domain, a feature that is unique to the
eukaryotic RNases P/MRP, provided an anchoring point for these proteins (Fagerlund et al.,
2015 and references therein). It is quite remarkable that this module, complete with the
associated proteins Pop6, Pop7, and Pop1, has found its way into the telomerase RNP, a
totally unrelated and structurally distinct entity but in which the P3 domain plays a similar
role. Curiously, the telomerase RNP permits that the stem 1\VVc arm that comprises the P3
domain and the Est1 binding site be relocated to other locations on the RNA and it can even
be supplied /n trans (Zappulla and Cech, 2004; Lebo et al., 2015). This permissiveness to a
permutation of certain parts of the RNP may be a consequence of the proposed modular
assembly. It will be interesting to determine how the seemingly identical organizing P3
modules are accommodated in the overall structurally divergent RNPs and how wide-spread
is this exchange of large functional modules between otherwise unrelated RNPs.

Experimental Procedures

Strains and Plasmids

Construction and genotypes of yeast strains and plasmid descriptions are provided in the
Supplemental Experimental procedures and Supplemental Tables.
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Native protein extracts and immunoprecipitations (IPs) for Mass Spectrometry

Native protein extracts for Mass Spectrometry were prepared as described in (Bajon et al.,
2015). Detailed procedures can be found in the Supplemental Experimental procedures.

Mass Spectrometry

Samples from 3 independent mass spectrometry-1Ps were subjected to trypsin digestion
directly on beads and the resulting peptides were separated using a Dionex Ultimate 3000
nanoHPLC system as described in (Drissi et al., 2015). Raw data issued from the MS were
processed, searched and quantified using the MaxQuant software package version 1.5.1.2
(Cox and Mann, 2008) employing the yeast W303_ALAV00000000 database (12/7/2012).
The settings used for the MaxQuant analysis were as described (Drissi et al., 2015). Specific
proteins were defined as those that were present in at least two mass spectrometry-1Ps and
identified exclusively in the TLC1-MS2 sample. The proteins were then sorted by sum of
peak intensity. The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE
partner repository (Vizcaino et al., 2013) with the dataset identifier PXD003273.

Total protein extracts for co-immunoprecipitations, RNA-IP and northern blot analyses

Total protein extracts were prepared as described in ref Laterreur et al., 2013. Following
immunoprecipitation of total protein extracts, RNA was extracted from the beads using a
standard phenol-chloroform-isoamyl technique followed by ethanol precipitation in presence
of salt and glycogen. Samples were then analyzed by northern blot using a 7. CZ-specific
probe as well as a radiolabeled NMEI-specific oligo. For calculating the fractions of the
Nmel and Tlcl RNA in the immunoprecipitations (Figure 2A and B), the signals for the
respective RNAs in the input (IN) and flowthrough (FT) fractions on Northern blots were
quantified using a Typhoon FLA9000 apparatus and Quantity One software. IP signal was
then calculated by using IN-FT/IN adjusted for loading and expressed as % of total. Values
reported were derived from at least three independent experiments each for Pop6-TAP and
Pop7-TAP.

Western-blots

After removal of TMG3 from IP beads, input and IP samples were mixed with 2x Laemmli
loading buffer. Proteins were then analysed by Western blots using standard procedures. A
more detailed description of the experiments can be found in the Supplemental Experimental
Procedures.

Cold sensitivity and viability assays

Strains transformed with the various plasmids as indicated (see Supplemental table 2) were
streaked on agar plates for extended growth at 18°C or 30°C for 5 and 2 days respectively.
For the calculations of numbers of cell divisions, cells in an average size isolated colony
were assumed to have divided 20 times. Genomic DNA from cells that have grown for the
indicated number of generations were prepared and subjected to telomere length analysis.
For the viability assays with hybrid Nmel RNAs, transformed clones were grown at 30°C.
For more details, see Supplemental Experimental procedures.
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Telomere length analysis

Genomic DNA isolation was performed using standard phenol/chloroform extraction and
southern blots were prepared as described previously (Laterreur et al., 2013). Data were
acquired with a Typhoon FLA9000 (GE Healthcare).

In vitro telomerase reconstitution and assay conditions

Telomerase reconstitution assays were performed as reported (Zappulla et al., 2005) with
minor modifications (see Supplemental Experimental procedures for details). When
specified, RRL reactions were performed with the addition of 1 uM of recombinant proteins
Pop6/Pop7 and/or Popl as indicated. Yeast telomerase activity assays were carried out as
previously described (Friedman and Cech, 1999; Laterreur et al., 2013) with 30% of the IP-
beads. In case of native cell extracts 10% of IP-beads were used. Relative activities were
quantified by dividing the background corrected intensity of all extension products by the
0+P32 internal control using a Typhoon FLA9000 and Quantity One software. The activity in
reactions without any additional proteins was set as 1. For Figure S4B, the obtained activity
was also standardized over RNA abundance to obtain a relative telomerase activity (RTA,
Laterreur et al., 2013). In this case, the wt RNA was set as 1.

Stem IVc RNAs and recombinant Pop1/Pop6/Pop7 proteins

RNA constructs IVVc wt, IVc SUB, IVc SA3, IVc ACS2, and TeSS were produced by run-off
transcription with T7 RNA polymerase using DNA templates based on synthetic
oligonucleotides (Milligan et al., 1987). /n vitro transcription and sequences of the template
oligonucleotides are detailed in the Supplemental Experimental procedures. Pop 1 and Pop6/
Pop7 proteins were expressed in £.coliand purified as previously described (Perederina et
al., 2007; Fagerlund et al., 2015).

Gel mobility shift assays and estimation of dissociation constants

Prior to forming complexes with proteins, RNA was heated and refolded by slow-cooling to
room temperature. After end-labeling of the refolded RNA, radiolabeled RNA was mixed
with cold RNA. In order to estimate the binding constants, protein-RNA complexes were
mixed at a 1:1 molar ratio; RNA concentrations varied from 10 nM to 10 uM. Radioactive
RNA bands were quantified using Phosphorlmager (Molecular Dynamics). For a detailed
description of the assays, quantifications and dissociation constants determination, see
Supplemental Experimental procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mass spectrometry of endogenously expressed telomerase RNPs identifies the Popl/
Pop6/Pop7 proteins as part of active telomerase complexes

(A) Fractions from indicated steps during the purification as analyzed by western blotting.
Blots were probed with anti Myc-antibodies (top) or anti-ProA antibodies (bottom). IN:
input protein extract; FT: proteins in flow through; W1 BE: proteins retained on beads after
the first wash; Fin BE: final proteins on the beads fraction that was used for mass
spectrometry. The 7LCI alleles used are indicated on top. (B) Left: Telomerase activity
assays from cells expressing a ProA-Est2 protein and enriched with IgG as positive control.
Right: Final telomerase activity on the 1gG beads using the extracts from the cells as in panel
A. +/- RNase: sample treatment with RNase A. 0+P32- 32p end-labeled substrate oligo. Band
labeled with a star is a background band migrating at the +3 position. (C) Combined results
from three independent mass spectrometry determinations. Proteins identified are listed in
order of the sum of peak-intensities (right column). The total number of unique peptides for
each protein and the total protein coverage are indicated. Only proteins that were detected
exclusively in the MS2-tagged Tlcl fraction were considered and the top eight proteins are
listed. For a more extensive list, see Figure S1A.
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Figure 2. Binding of the Pop1/Pop6/Pop7 proteins to the Tlc1l RNA is specific
(A) Northern analysis of immunoprecipitations using 1gG covered beads with extracts from

strains expressing the indicated TAP-tagged proteins. For the HAz-Popl, anti-HA antibodies
were used. The blots were hybridized with probes specific for the Tlcl RNA and the Nmel
RNA at the same time. Ctrl RNAs on left: total RNAs from a wt strain or a strain that carried
a tlciAallele. IN: RNA from the input fraction IP: RNA from the immunoprecipitates; FT:
RNA extracted from the unbound fraction. (B) Northern analysis as performed in panel (A).
(C) Telomerase activity enrichment using a tagged Pop1, Pop6, or Pop7 protein. Top:
antibodies used for immunoprecipitations with extracts derived from strains harboring the
indicated tagged proteins. ProA-Est2 serves as positive control. Note that direct and indirect
anti-HA refers to whether the anti-HA antibody was directly coupled to magnetic beads or
whether antibody was first mixed with the slurry and then immunopurified with Protein A/G
coupled magnetic beads. For the HA-tagged Pop1 protein, the latter technique appears more
efficient in telomerase recuperation. Labeling as in Figure 1B. See also Figure S1B.
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Figure 3. The CS2a/TeSS domain is a P3-like domain in Ticl
(A) Schematic representation of the TeSS structure at the distal end of stem IVc of Tlcl

(left), the P3 domain of Nmel RNase MRP RNA (middle) and the P3 domain of the Rprl
RNase P RNA (right). Dark blue shading: identical nucleotides, light blue: purines and
pyrimidines are conserved. Purple blue line on left of Tlc1: CS2a (Conserved Sequence
element 2a; Gunisova et al., 2009). Dark green line on Nmel RNA: nucleotides protected by
Pop6/Pop7 binding (Perederina et al., 2007). For more details, see Figure S2A). (B)
Telomere length analyses in strains harboring the indicated 7.CZ alleles. 7TLCZ: wild type;
A: tlclA; AL: tle1-AL allele that lacks the TeSS/P3 domain (see Figure S4); PSNMEL:
tlc1::P3NMEI, the TeSS/P3 domain in the Tlcl RNA was replaced with the one from the
Nmel RNA; P3RPRI; tlc1.:P3RPRI, the TeSS/P3 domain in Tlcl was replaced with the one
from the Rprl RNA. +: Strain carried awt 7LCZ gene on a URA3 plasmid. Black wedges
indicate outgrowth of strains after loss of the plasmid borne 7L CI gene; last lane reflects
growth for 110 generations. Schematic structures on top are color coded as the nucleotides
in panel (A). (C) Growth assays of cells that contain the indicated NMEZ alleles: nmelA,
complete deletion of NME1,; AP3: nmel-AP3allele that lacks the P3 domain;
nmel::P3TLCIthe NMEIP3 domain was replaced with the 7LC2I TeSS/P3 domain.

Bottom plate: all strains contained a wt NMEI gene on a plasmid with the URA3 marker
Top plate: growth of cells after loss of the URA3, NME1 containing plasmid. Schematic
structures and color coding as in panel A.
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Figure 4. A cold sensitive allele of the NME1 P3 domain confers cold-sensitive telomere

shortening
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Telomere length analyses in strains harboring the indicated 7. C7 alleles. Lanes 1-4: TLCI,
lanes 5-8: t/c1A; lane 9-12: tlc1-AL; lanes 13-16: t/c1-AL, lanes 17-20: tlc1-P3NMEI,

lanes 21-24: tlc1-P3nmel-11. Schematics of stem I\Vc structures and color coding as in

Figure 3 (see also Figure S4A). +: Strain carried awt 7L CI gene on a URA3plasmid. Black
triangles: growth of cells after loss of the wt 7L CZ gene at 30°C for 30 and 110 generations.
Lanes with the blue star: strains were grown at 18°C for 110 generations. The red/blue bar at
bottom indicates the temperatures the respective strain was grown at.
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Figure 5. Binding characteristics of the Pop6/Pop7 heterodimer to the Tlcl P3 domain in vitro

and in vivo

(A) Binding curves and apparent Kds of the Pop6/Pop7 heterodimer binding to indicated
RNA oligonucleotides (see predicted structures, complete binding curve and gel assays in
Figure S3). (B) Northern blot analysis of co-immunoprecipitated RNAs using 1gG beads and
extracts of strains that harbored TAP-tagged Pop7, a wt Tlcl RNA and a 400 nt longer MS2-
tagged Tlcl RNA. The latter either contained a wt stem 1Vc, lanes 3-5; lacks the most distal
stem-loop, MS2-t/c1-AS.: lanes 6-8; or lacks the TeSS/P3 completely, MS2-t/c1-AL, lanes 9-
11. IN: input (2.5%); IP: immunoprecipitates (10%); FT: flowthrough (2.5%). (C) Western
blot of input (left) and immunoprecipitates (right) from strains harboring a Myc,3-tagged
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Smel protein and Pop7-TAP. 7CL1 alleles as indicated. See Figure S4A for predicted
structures of the stem IVc in these mutated RNAs.
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Figure 6. The Tlcl TeSS/P3 domain is required for telomerase RNP integrity and function in vivo

and in vitro

(A) Western blots of input (left) and IPs (right) with extracts from strains harboring a HA3-
tagged Smel protein and in which the Estl as well as Est2 proteins carried a Mycy,-tag.
TLCI1 alleles as indicated. Below, Northern blot of RNA extracted from equal amounts of
the inputs (left) or IPs (right) as used for the Western, and which was hybridized to a 7LCI-
specific probe. (B) Telomerase activity assays with /n vitro reconstituted RNPs using the
Mini-T RNA (Zappulla et al., 2005). ProA-Est2 levels after the RRL reaction are indicated

below. Recombinant rPop6/Pop7 heterodimer and/or rPopl proteins were added as

indicated. After the RRL assay, telomerase was enriched using 1gG beads and activity was
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assayed as in Figure 1. Bar graph depicts quantified telomerase activities standardized to the
one obtained without Pop protein addition (lane 2; * p < 0.05 as determined in an unpaired t-
test with Welch’s correction). (C) Telomerase activity assays with in vitro reconstituted
RNPs using a full-length wt Tlc1 RNA. Indications as in (B).
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Figure 7. Model for core structure of the active yeast telomerase RNP
(A) Telomerase activity assays with /in vitro reconstituted RNPs using the Mini-T RNA,

increasing amounts of Popl with or without Pop6/Pop7 addition as indicated. Final Popl
concentrations are 0 (lanes 3, 7); 0.11 uM (lanes 4, 8); 0.33 uM lanes 5, 9) and 1 UM lanes 6,
10). Quantification of relative telomerase activities is indicated on the right. No additional
protein addition (lane 3) was set as 1; data are averages from two experiments. (B) Binding
of the Pop6/Pop7 and Popl proteins are modeled on top of the newly identified 7.CZ P3
domain of the yeast telomerase RNA. The presence of the Tlc1l P3 domain provides a
protein binding platform that keeps the essential Est1 and Est2 proteins on the active RNP.
Note that physical interactions between the Pop-proteins and Estl or Est2 as well as the
placement of Est3 in the model are hypothetical.
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