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Abstract:

Telomerases are ribonucleoprotein (RNP) enzymes that are related to reverse transcriptases.
While they maintain genome stability, their composition varies significantly between species.
Yeast telomerase RNPs contain an RNA that is comparatively large and its overall folding
shows long helical segments with distal functional parts. Here we investigated the essential
stem IVc module of the budding yeast telomerase RNA, called Tlcl. The distal part of stem
IVc includes a conserved sequence element CS2a and structurally conserved features to
which bind the Pop1/Pop6/Pop7 proteins and which together function analogously to the P3
domains of the RNase P/MRP RNPs. A more proximal bulged stem with the CS2 element is
thought to associate with Estl. Previous data showed that changes in CS2a cause a loss of
all of the proteins, not just the Pop-proteins, from stem IVc. The results here show that the
association of Estl with stem IVc indeed requires both the proximal bulged stem and the
presence of the Tlc1l P3 domain with the associated Pop-proteins. Separating the P3-domain
from the Estl binding site by inserting only 2 base pairs into the helical stem between the two
sites causes a complete loss of Estl from the RNP and hence a telomerase-negative
phenotype in vivo. Still, the distal P3 domain with the associated Pop-proteins remains intact.
Moreover, the P3 domain also ensures Est2 stability on the RNP independently of the Estl
association. Therefore, the recruitment module of the Tlcl RNA requires a very tight

architectural organization for telomerase function in vivo.
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Introduction:

Inside cells, ends of linear DNA molecules incur losses during each round of DNA duplication.
This occurs because of the so called “end-replication problem” which is caused by the inability
of the canonical semi-conservative replication machinery to completely copy both strands of
DNA (Watson 1972; Wellinger and Zakian 2012; Wu et al. 2017). Given that this problem is
inherent to the structure of DNA and the way all DNA polymerases work, dividing cells of all
eukaryotes with linear chromosomes are confronted with it. A cornerstone for a solution to the
problem is the enzyme telomerase, which re-synthesizes one strand of the species-specific
telomeric repeats at the telomeres (Greider and Blackburn 1987), while the other strand will
be completed by canonical DNA polymerases (Diede and Gottschling 1999; Adams Martin et
al. 2000). Telomerase is a ribonucleoprotein (RNP) enzyme that adds telomeric repeat DNA
via reverse transcription (Greider and Blackburn 1987). The reverse transcriptase activity is
carried out by the central and conserved protein subunit called Telomerase Reverse
Transcriptase, TERT (Est2 in yeast), that is associated with an essential RNA moiety, the
Telomerase RNA, TR; (Tlcl in yeast), which provides the templating sequences (Greider and
Blackburn 1989; Shippen-Lentz and Blackburn 1990; Singer and Gottschling 1994; Lingner et
al. 1997; Nakamura et al. 1997). For humans, a telomeric repeat tract of minimal length is
essential to maintain genome stability and critically short telomeres are associated with
several genome destabilizing mechanisms, most of which are classical preludes to cancer
(Maciejowski and de Lange 2017). Furthermore, the absence of telomerase in somatic cells
limits the renewal capacity of cells, which eventually contributes to organismal aging (Opresko
and Shay 2017). Both anti-cancer and promoting healthy aging approaches thus stand to

profit from molecular insights into telomerase function.
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Given the essentiality of telomeres on eukaryotic chromosomes, telomerase RNPs are
found in a wide variety of organisms, including ciliates, fungi and vertebrates. While the
telomerase-mediated reverse transcriptase based mechanism conceptually is the same in all
of those organisms, the essential RNA moiety is remarkably different between them. Indeed,
the telomerase RNAs display a high variability in virtually all possible RNA characteristics: the
RNA polymerase synthesizing it, overall RNA length, type of 3’-end and particularly the
primary sequence (see (Podlevsky and Chen 2016; Vasianovich and Wellinger 2017; Wu et
al. 2017) for reviews). Consistent with this variability, the identity of the associated proteins in
the telomerase holo-complex also varies significantly with only the conserved TERT/Est2
protein being universally recognizable. Nevertheless, commensurate with the RT-mechanism
for telomeric repeat synthesis, certain structural elements in the TR/TIc1 RNAs are highly
conserved. These concern particularly regions at the core of the reverse transcriptase
function: single stranded template region; a template boundary element; a distal stem-loop or
three way junction element and an RNA pseudo-knot structure that is crucial for TERT/Est2
binding (Chen and Greider 2004; Egan and Collins 2012; Kuprys et al. 2013; Podlevsky and
Chen 2016; Wu et al. 2017). The other, more variable areas of the RNAs are thought not to
be crucial for telomerase catalytic activity per se, but rather for binding factors that mediate or
stabilize RNA architecture and which will determine RNP assembly, transport, final
localization and recruitment to telomeres (Vasianovich and Wellinger 2017; Wu et al. 2017).
With the exception of the RNP in the ciliate T. thermophila, which contains a very short
telomerase RNA, no general overview structures of telomerase RNPs have been determined
(Jiang et al. 2013; Jiang et al. 2015). Therefore, the detailed three-dimensional architecture of
the RNPs with larger RNAs (> 500 nts) remains to be determined. This is particularly the case

for the yeast telomerase RNPs that contain what appear to be the largest telomerase RNAs.
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Indeed, budding and fission yeast TRs all are over 900 nts long and can be over 2 kb,
much longer than those of ciliates (around 140 to 210 nts) and vertebrates (310 to 560
nts)(Podlevsky and Chen 2016). The TR of S. cerevisiae, called TIcl (for TeLomerase
Component 1), is a prime example, being 1157 nt long (Singer and Gottschling 1994;
Dandjinou et al. 2004). The Tlc1l RNA is transcribed by RNA polymerase II, contains a typical
Sm consensus site near the 3’-end, a 5'-trimethylguanine cap and is non-polyadenylated, like
a snRNA (Vasianovich and Wellinger 2017). The predicted two-dimensional structure of the
RNA, derived from phylogenetics and biochemical probing, revealed grouped together core
telomerase elements associated with the RT (template, template boundary element and the
pseudo-knot) and from there, three helical elements fan out (Dandjinou et al. 2004). At the
end of the first are the conserved three-way junction and the actual 5’ and 3’-ends of the RNA
(see Fig. 1A). The second arm terminates with a specific stem-loop structure that is important
for yKu binding and which helps in nuclear retention of the RNP (Peterson et al. 2001;
Gallardo et al. 2008). The distal portion for the third arm containing stem IVc on the RNA
contains a bulged stem (CS2) that binds Estl (Seto et al. 2002). In addition it also
encompasses a bulged stem-loop arrangement with the conserved sequence element CS2a
that is highly similar to the P3 domains of the Nmel and Rprl RNAs (Fig. 1A)(Frank et al.
2000; Gunisova et al. 2009; Esakova and Krasilnikov 2010; Lemieux et al. 2016). These latter
RNAs are the central and essential moieties of the highly conserved yeast RNaseMRP and
RNaseP RNP enzymes (Esakova and Krasilnikov 2010). Further work showed that the Tlcl
P3-like domain associates with the Popl/Pop6/Pop7 proteins; most likely via a similar
architecture as determined for the Nmel P3 domain in the yeast RNaseMRP (Perederina et
al. 2007; Perederina et al. 2010; Fagerlund et al. 2015; Lemieux et al. 2016). Previous results

also showed that a deletion of the Tlc1 P3-like domain caused a complete loss of Estl from
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the telomerase RNP and Est2 binding was reduced (Lemieux et al. 2016). Given that Est1l is
essential for telomerase recruitment to telomeres in vivo, cells that express a Tlc1 RNA
without the P3-like domain behave like telomerase null cells (Laterreur et al. 2013; Lemieux et
al. 2016). However, it remains unclear how the P3-like domain affects Est1 binding and how it
interacts with the rest of the RNP. Interestingly, the budding yeast telomerase RNA does
allow permutations of certain parts of the RNA. For example, the yKu-binding stem-loop as
well as the complete stem Ill/stem IV arm domain can be moved to other locations in the RNA
without complete loss of functionality (Zappulla and Cech 2004; Zappulla et al. 2011).
Therefore, it was suggested that the yeast telomerase RNP may be quite flexible in its
architecture and the underlying RNA may function like a modular scaffold (Zappulla and Cech
2006).

Given this proposed flexibility, here we investigated whether the Estl-binding element
on Tlcl (the bulged stem with the CS2 element, see Fig. 1A) could be separated from the
distal P3-like element with CS2a binding the Popl/Pop6/Pop7 proteins. Co-
immunoprecipitations and assays probing in vivo telomerase function show that the
Popl/Pop6/Pop7 proteins bind to the P3-like element without the requirement for Estl
binding. In contrast, their presence is required for Estl association with the RNP. Moreover, if
the stem between the two binding elements was lengthened by more than one base pair (bp),
Estl association with the RNA was completely lost, but the Popl/Pop6/Pop7 proteins remain
associated with the intact distal P3-like domain. Selective 2'-Hydroxyl Acylation analyzed by
Primer Extension (SHAPE) experiments show that this effect was not due to RNA misfolding
in the domain. Therefore, while an intact P3-like domain on stem IV of the Tlcl RNA is
sufficient for the association of the Pop proteins, the association of Estl has at least three

requirements: i) the presence of the bulged stem CS2 site; ii) the presence of the Pop-
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proteins, and iii) a very specific and constrained architecture of the two sited towards each
other. By extension, these results strongly predict that one of the Pop-proteins interacts
directly with Estl. Furthermore, the presence of the P3-like domain and its associated
proteins also stabilizes the catalytic Est2 protein on the RNP. This interaction however
appears not dependent on a specific architecture and is still observed in the RNA variant that
binds the Pop-proteins, but not Estl. These results therefore indicate that the 3D RNA
structure on at least one sub-module of the yeast telomerase RNP is very distinct and not

malleable, while the global structure can be flexible in its organization.

Results:

Estl association with the telomerase RNP requires both the P3-like domain and the bulged
stem binding site on the RNA.

Previous results showed that the distal bulged stem-loop, including the CS2a element, of
stem IVc of the Tlc1l RNA is functionally interchangeable with the P3 domain of the Rprl and
Nmel RNAs (Fig. 1A and (Lemieux et al. 2016). Co-immunoprecipitation experiments also
demonstrated that this part of the Tlcl RNA was required for the association of the
Pop6/Pop7 and the Popl proteins. Furthermore, telomerase RNPs that contained a version of
the Tlcl RNA without this P3-like domain also lacked Estl (Lemieux et al. 2016).
Consequently, telomerase with this variant of the Tic1 RNA lost its ability to elongate
telomeres in vivo (Laterreur et al. 2013; Lemieux et al. 2016). This physical proximity of the
Estl binding site occurring on the proximal bulged stem of stem IVc (with the CS2 element)
and the distal P3-like domain (with the CS2a element, see Fig. 1A), raised the question
whether stem 1Vc would define a complete subdomain of telomerase or whether the Estl and

Pop-protein associations could occur in an independent fashion. We therefore assessed
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protein co-immunoprecipitation with Tlc1 RNA constructs that were predicted to not bind
either Estl (CS2A, (Seto et al. 2002)), the Pop-proteins (AP3, (Lemieux et al. 2016)) or in
which a short stem between the two binding sites was increased in size (WT+3 contains three
extra bps between the sites, see Fig. S1). The respective RNAs also contained 10 MS2 core
protein (MS2CP) binding stem-loops near the 3’-end of the RNA which, in conjunction with the
expressed MS2Cp-ProA fusion protein, can be used to immunopurify the RNP (Gallardo et al.
2011; Lemieux et al. 2016). The precipitates were then analyzed for the presence of tagged
proteins on Western blots (Est1, Est2, Popl and Pop6, Fig. 1B) as well as for Tic1 RNA as
positive control and the Nmel RNA as negative control on Northern blots (Fig. 1C). When
strains were expressing MS2-tagged WT Tlcl RNA, all proteins are detected in the
precipitates of the extracts, as expected (Fig. 1B, lane 6). In strains expressing an untagged
Tlcl RNA, no proteins (Fig. 1B, lane 7) nor RNA (Fig. 1C, lane 5) are immunoprecipitated,
again as expected. Consistent with previous results, immunoprecipitates of tagged CS2A-Ticl
RNA failed to include the Estl protein (Seto et al. 2002), but the Est2, Popl and Pop6
proteins do remain associated with the RNP (Fig. 1B, lane 10). On the other hand, the AP3
RNA lost the Popl/Pop6 association as well as Est1, but did retain some Est2 (Fig. 1B, lane
8). Remarkably, the WT+3 Tlc1 RNA only lost Estl association, all other proteins appear
bound to it as to the WT RNA (Fig. 1B, lane 9). These results indicate that the Popl and Pop6
proteins, plus presumably the Pop7 protein, associate with the distal P3-like domain
independently of Estl binding. On the other hand, these data show that the proximal bulged
stem around the CS2 element alone is not sufficient for stable Estl association.

In order to verify whether these co-immunoprecipitation results with native RNPs had
functional repercussions on telomerase function in vivo, telomere maintenance was monitored

in cells that expressed the variant Tlcl RNAs (Fig. 2). As shown before, the AP3 Tlcl RNA
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caused telomeric DNA losses and after a number of generations, the patterns of the terminal
restriction fragments in such strains became very poorly defined. This is the expected and
classical phenotype of survivor cells that lack telomerase altogether and replenish telomeric
repeats via recombination (Fig. 2A, lanes 4-9). A single bp insertion into the short stem
between the bulged stem CS2 and the P3-like domain was tolerated and cells expressing this
variant of ticl harboured wt telomeres (Fig. 2A, lanes 10-12, Fig. S1 for construct). However,
insertion of two bps or more completely abolished in vivo telomerase activity (Fig. 2A, lanes
13-18; Fig. 2B, lanes 7-15). This effect is not due to a sequence specific effect of the inserted
bases. The Tlcl P3-like sequence can be replaced with the P3 domain of the Nmel RNA or
the P3 domain of the Rprl RNA without any effect on telomere maintenance (Fig. 1A, lanes
19-21; Fig. S2A, lanes 11-13 and 23-25; (Lemieux et al. 2016)). Yet, inserting either of these
two P3 elements does change the primary sequence composition of the short stem between
the bulged stem and the P3 element. In this case again however, inserting three bps between
the bulged stem CS2 element and the P3 domain from the Nmel RNA completely abolished
telomerase activity in vivo (Fig. 2A, lanes 22-24), as did adding up to nine base pairs (Fig.
S2A, lanes 14-22). Furthermore, inserting more bps into the same place in the WT Tlc1 never
allowed a recovery of in vivo functionality, even if in theory with 12 bps a full helix turn and
perhaps more was achieved (Fig. 2B; (Arias-Gonzalez 2014). These results underscore the
requirement for a very tight organization along the stem IVc. As a control, we also tested
whether inserting additional bps at the base of stem IVc had any effect on telomerase activity
(Fig. S3). Inserting three bps proximal of the bulged stem CS2 site, in effect lengthening the
stem IVc overall at its base, had no discernible effect on telomere length maintenance in vivo
(Fig. S3, lanes 7-9). Taken together, these results suggest that stem V¢ with the P3-like

domain and the Estl binding site is a tightly organized module in the yeast telomerase RNP.
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While the stem can be lengthened at its base without any measurable effect on telomerase
function, it is very sensitive to perturbations within.

We considered the possibility that inserting three base pairs in a sensitive area of the RNA
could alter the overall local RNA organization and hence cause the loss of Estl independently
of the distal P3-like domain. While mFold predicted two-dimensional structures that were
consistent with an intact bulged stem CS2 area and a native P3-like domain folding, we
probed the structures adopted by the various variants of the stem IVc RNAs by SHAPE in
vitro. As shown previously, such SHAPE analyses on the WT stem IVc RNA yield nucleotide
reaction patterns that are in complete agreement with the predicted structures (Fig. 3 WT and
(Laterreur et al. 2013)). Furthermore, in vivo DMS probing of this part of the RNA also yielded
results that are consistent with this overall arrangement (Forstemann and Lingner 2005). The
RNA construct with the three base pairs inserted into the stem, WT+3, as well as the CS2A
RNA construct yielded base reactivities that overall also are entirely consistent with the
predicted structures (Fig. 3). Altogether, these results therefore are entirely consistent with
the conclusion that for the WT+3 construct, loss of Estl from the RNP was not due to the
inserted bases in the RNA nor was it due to local misfolding of the RNA and a loss of the CS2

bulge for example.

Pop1 association with the RNP occurs on the P3 domain and stabilizes Est2 binding.
Previous results showed that a tagged Pop1l protein can be used to immunoprecipitate active
telomerase and that recombinant Pop1 stimulated telomerase activity in vitro (Lemieux et al.
2016). However, it remained possible that the Popl association with telomerase occurred via
multiple interactions with the RNA and other proteins, as it does on the RNaseP/MRP RNPs

(Esakova and Krasilnikov 2010; Fagerlund et al. 2015). We therefore analyzed
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immunoprecipitated telomerase that were obtained with an anti-HA antibody and extracts
from cells that expressed an HA tagged Popl combined with the various Tlc1l RNAs
described above (Fig. 4A; top panels: Western blots). Co-immunoprecipitating Ticl RNAs or
Nmel RNA (as positive control) were detected on Northern blots (Fig. 4A; bottom panels:
Northern blot). HA-Popl immunoprecipitated the wt Tlc1l RNA, as expected, as well as the
CS2A Tlcl RNA (Fig. 4A, lanes 3 and 6). Moreover, the WT+3 Tlcl RNA also was efficiently
precipitated, consistent with the results obtained with the co-immunoprecipitation experiments
reported above (Fig. 4A, lane 5; Fig. 1). However, there was no detectable AP3 Tlcl RNA in
the precipitates yet the positive control Nmel RNA was readily detected (Fig. 4A, lane 4). The
Myc-tagged Est2 protein followed that pattern as well: it was only detectable in the
immunoprecipitates when a complete P3-like domain was present on the Tcll RNA (WT Tlcl
RNA, CS2A RNA and the WT+3 RNA) but not with the AP3 Tlcl RNA (Fig. 4A). Actual
telomerase activity followed the presence or absence of Est2 in the precipitates, as would be
predicted (Fig. 4B). These experiments therefore establish that Popl binding on the Tic1 RNA
does require the P3-like domain. Moreover, its binding appears sufficient for supporting full
telomerase activity in the in vitro assay, even if the RNA contains mutations in the stemlV
domain (the WT+3 or the CS2A RNAS).

In order to verify telomerase activity in vivo, we introduced the above variants of the
Tlc1l RNA into strains in which the Est2 protein is directly fused to the telomere-binding
protein Cdc13. This fusion protein mediates a forced recruitment of telomerase to telomeres
allowing telomeric repeat maintenance even in the absence of endogenous Estl (Evans and
Lundblad 1999). This setup therefore allowed an examination of in vivo telomerase activity
independently of Estl. In cells without the endogenous Estl protein (estlA-cells) that express

that Cdc13-Est2 fusion protein, the Tlc1l RNAs with the CS2A or the WT+3 mutations allowed
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telomere maintenance in a fashion that is very similar to the wt Tlcl RNA (Fig. 5A, compare
lanes 5-9, with lanes 23-27 and 29-33; also Fig. S4). Upon long-term culturing of these cells,
telomeres gradually lengthen beyond the wt length, an effect that was not previously
observed (Fig. 5A, lanes 6-9). On the other hand, just like in the situation of a complete
absence of the Tlcl RNA (tic1A-cells), the AP3 Ticl RNA could not support telomere
maintenance: the mechanism switched to a recombination based elongation and the terminal
restriction fragment patterns changed to one typically seen in such survivor cells (Fig. 5A
lanes 11-21, Fig. S4 lanes 5-10; (Wellinger and Zakian 2012)). In cells in which Est1l was
expressed, conceptually similar results were obtained for the mutant RNAs: the AP3 Ticl
RNA caused telomere loss as observed in cells lacking Tlcl RNA altogether (tlc1A-cells; Fig.
5B, compare lanes 9-13 with lanes 14-18, and Fig. S5 after 300 generations). In contrast,
cells that contained the WT+3 RNA or the CS2A RNA eventually maintained telomeres at
about 400 to 500 bps (Fig. 5B, lanes 22-23 and 27-28, and see Fig. S5, lanes 26-27 and 32-
33 for long term culturing), similar to what is seen in the cells without Estl (est1A-cells; Fig.
5A lanes 7-9 after 300 generations). These data therefore directly demonstrate that the WT+3
and the CS2A Tlcl RNAs both support telomerase activity in vivo. Furthermore, they show
that the AP3 Tlcl RNA does not support enough telomerase activity to maintain telomeres in
vivo, and that this effect is independent of the loss of Estl. Hence, the absence of the P3-like
domain in the AP3 Tlcl RNA causes a loss of telomerase catalytic activity that is independent
from the loss of the Estl protein mediated recruitment.

Finally, these results also show that Estl plays a direct role in telomere elongation dynamics.
For example, in the presence of a wt Tlcl RNA and the Estl protein, telomeres are over-
elongated to reach equilibrium lengths of over 2 kb, as previously described (Fig. 5B, lane 8;

Fig. S5, lanes 8, 9; (Evans and Lundblad 1999)). In contrast, in all three situations in which
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Estl is lost from the RNP, the eventual equilibrium length of telomeres is much shorter. First,
with both Tlcl variants that lose Estl-association (CS2A and WT+3), even if Estl is
expressed, telomere length stabilizes at about wt length (Fig. 5B, lane 23 and 28; Fig. S5
lanes 26-27 and 32-33). These sizes are very comparable to what is observed in estl1A-cells
that express a wt Tlcl RNA (see Fig. S4 lanes 3-4), again essentially a telomerase RNP
without Estl. These results therefore show that Estl association with the telomerase RNP
influences elongation characteristics of the enzyme in a way that is independent from its

function in telomerase recruitment.

Discussion:

The large telomerase RNAs found in yeast species have been described as providing flexible
scaffolds for protein tethering to the RNP (Zappulla and Cech 2006). The strongest evidence
supporting this hypothesis is provided by experiments showing that large parts of the RNA
can be moved to different positions in the RNA without loss of telomerase function (Zappulla
and Cech 2004; Zappulla et al. 2011). The overall idea then was that Protein-RNA
interactions were required for overall tethering but that the final organization of the RNP could
be heterogeneous and achieved in various ways (Zappulla and Cech 2006). However, more
recent data showed that at least for the short RNA telomerase from T. thermophila, there is a
specific overall structure of the RNP which is strongly molded by sub-modules comprising
multiple proteins (Jiang et al. 2013; Jiang et al. 2015). The general principles of the
tridimensional organization of the telomerase RNPs therefore still need to be worked out.
Here we present results showing that in budding yeast, the RNA domain required for

telomerase recruitment to telomeres does not allow much architectural change. In particular,
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the two main protein-binding sites on stem IVc of the RNA appear to closely interact with each
other and adding more than 1 bp in the short stem between them causes a complete loss of
the Estl protein (Fig. 1). As a consequence, these insertions also caused a telomerase-
negative phenotype in vivo (Fig. 2). These findings are most easily explained if there was a
direct interaction interface between Estl and any of the three Pop-proteins associated with
the distal P3-like domain. Insertion of 2 bps into the intervening stem could cause the distal
P3-like domain to be rotated by up to 65° with respect to the Estl protein and also introduce
some additional distance between them. The data do show that these insertions still allow the
Pop6/Popl proteins, plus presumably the Pop7 protein, to associate with the distal P3-like
domain, suggesting that the complete P3-domain will bind the Pop-proteins independently of
any other proteins. We note that these in vivo results are completely consistent with
previously established in vitro binding assays (Lemieux et al. 2016). However, the Estl
protein is lost from the RNP in the insertion mutants. We do not yet have evidence for the
predicted interaction surface on any of the proteins and therefore, the possibility of
independent associations of Estl and the Pop-proteins with the RNA without any interactions
between them cannot completely be excluded. However, this latter possibility predicts that
Estl contacts the RNA somewhere distal to the CS2 bulged stem. A number of observations
strongly disfavour this possibility: 1) the sequence of the short stem between the Estl binding
site and the P3 domain (nts 600-604:640-644 in Fig. 1A, see also Fig. S1) can be changed
without loss of function. For example, it differs on the RNA of very closely related
Saccharomyces species or introduction of the P3-elements of the Nmel or Rprl RNAs also
cause that sequence to change, yet telomerase in all these cases remains fully functional in
vivo (Dandjinou et al. 2004; Lemieux et al. 2016). The insertion of 3 bps into that stem (see

Fig. S1) does not alter the structure of the RNA in this area, as assessed by SHAPE (Fig. 3)
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and therefore could not by itself be the reason for a loss of Estl. Conversely, a Tlcl variant in
which the more distal CS2a sequences were mutated but the short stem between CS2 and
CS2a remained WT caused a complete loss of telomere maintenance (Gunisova et al. 2009;
Lemieux et al. 2016). Therefore, the loss of Estl from the WT+3 construct cannot be due to a
loss of an Estl binding site at the place of insertion. 2) The crystal structure of the Po6/Pop7
proteins bound to the P3 domain RNA shows extensive protein-RNA interactions, particularly
for the bulged single stranded RNA nucleotides of the CS2a element and the opposing bulge
(Perederina et al. 2010). Moreover, our previous data strongly suggest that the Pop6/Pop7 -
P3-like RNA complex is a constitutive unit on the telomerase RNP (Lemieux et al. 2016).
Therefore, direct contacts of Estl with these single-stranded bases are highly unlikely. 3) The
above would leave interactions of Estl with the terminal stem loop on stem IVc (nts 615-630
in Fig. 1A). However, that stem-loop is not absolutely essential for telomerase activity as it
can be removed from the Tlcl RNA and telomeres are still maintained (Lemieux et al. 2016).
In addition, the Estl protein would have to wrap around and over the Pop6/Pop7 proteins to
reach these distal nucleotides, which is improbable by itself. For all of these reasons, the
simplest and most likely scenario explaining all the data is that Est1 interacts directly with one
or more of the Pop-proteins. Given the strength and solidity of the Pop6/Pop7 - P3-RNA
complex, it might not be very flexible and therefore, its orientation with regard to the Estl
binding site on the CS2 site be relatively restrained. Hence, introducing additional nucleotides
between the CS2 and the CS2a sites would cause a rotational change and the loss of Est1.
In addition, the results presented here include in vivo evidence that the Estl protein
makes a contribution to catalytic telomerase activity that is independent from its recruitment
function. Previous genetic and biochemical experiments already suggested that Estl

contributes to telomere maintenance in ways that are independent from its interactions with
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Cdc13, and hence recruitment (Evans and Lundblad 2002; Wu and Zakian 2011). Our data
show that if telomerase recruitment is bypassed via expression of a Cdc13-Est2 fusion
protein, final steady state telomere lengths are different when Est1 is associated with
telomerase (Fig 5B, Tlcl wt; and Fig. S5, Tlc1 wt) as compared to when it is not associated
with telomerase (Fig. 5B, TIc1-CS2A or Tlc1-WT+3; Fig. S5, Tlc1-CS2A or Tlc1-WT+3). Note
that in all these experiments, a wtEstl protein is expressed and present in the cells and the
results therefore cannot be ascribed to a lack of the Estl protein in general with pleiotropic
effects or an inability to interact with Cdc13. In addition, the terminal telomere length
phenotype in these cells with the TIc1-CS2A or Tlc1-WT+3 RNAs is also different from the
one observed in cells lacking the Tlcl RNA altogether (Fig 5B and Fig. S5). In the latter, no
telomerase is present and telomere maintenance eventually switches to a recombination
based mechanism. Taken together, telomere elongation in the cells expressing the Cdc13-
Est2 fusion protein is telomerase dependent but Tlcl RNA mutants, which are unable to
associate with Estl mediate a much reduced elongation as compared to wt Tic1l RNA.
Therefore, these results directly show that, at least in the Cdc13-Est2 fusion situation, Estl
also contributes to telomere elongation during the reaction cycle and not only via its
interaction with Cdc13.

Finally, the results obtained with the WT+3 construct demonstrate that a functional P3 domain
with the associated Pop-proteins does stabilize the Est2 protein on the RNP. In contrast to the
Estl interaction, this stabilization is not affected by RNA sequence modifications on stem IVc
as long as they leave the P3-like domain intact (Fig. 4). Therefore, the actual orientation of
distal P3-like domain on the RNP is flexible with respect to Est2, but not with respect to Est1.
In summary, the results presented here demonstrate that the stem IVc domain of the budding

yeast telomerase RNA Tlc1 is a very tightly organized module that minimally comprises the
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proper RNA structure, the Estl and the Popl/Pop6/Pop7 proteins. Furthermore, in order for a
functional telomerase RNP to assemble, Estl most likely directly interacts with the Pop-
proteins. Next, while previously this domain was thought to be required exclusively for
telomerase recruitment to telomeres, the combined evidence (Fig. 6 in (Lemieux et al. 2016)
and Fig.1 here) suggest that the distal P3-like domain also serves to stabilize Est2 on
telomerase. Finally, using specific constructs that bypass the requirement for the recruitment
function of Estl, we established that Estl contributes to the telomere elongation reaction
directly. Further structural and functional studies will be needed to describe what this

contribution is and how it is integrated in the general telomere maintenance mechanisms.
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Material and Methods:

Strains and plasmids

A list of all strains with the associated genotypes and plasmids with general properties
used in this study can be found in Tables 1 and 2. Strains EBYHO03, NLYH55 and NLYH59
were used for telomere length analyses of the different TLC1 variants. The strains were
transformed with the various TLC1 plasmids and pAZ1. After growth on FOA-TRP-LEU plates
to select for the loss of the WT copy of TLC1, cells were passaged for the indicated
generations on selective media. Strains NLYH55 and NLYH59 contain pVL1107 (CDC13-
EST2). For western and northern blots, as well as telomerase activity assays, the strain
YVL3493 was used as a base to create NLYH125, NLYH128 and NLYH494. HA3-POP1 was
integrated by linearizing pNLO9 with Spel, grown on Sc-URA, and then on 5-FoA to select for
clones that have lost the plasmid backbone. Clones were screened for HA3-Popl expression
by western blot. Tagging of POP6 with the HA3 epitope in NLYH125 was achieved by PCR-
based gene targeting using the pFA6a-3HA-KMX plasmid and this generated strain NLYH128

(Bahler et al. 1998). Strain NLYH494 was created as described in (Lemieux et al. 2016).

Mutagenesis of pTLC1TRP was achieved by two-step directed PCR mutagenesis to
generate pTLC1-WT+1, pTLC1-WT+2, pTLC1-WT+3, pTLC1-WT+6, pTLC1-WT+9, pTLC1-
WT+12 and the P3-replacement constructs. The different PCR fragments were used to
replace a Ncol-Nsil segment of TLC1. The clones were then verified by sequencing; see
specific inserted sequences in the plasmid descriptions in Table 2. pTLC1-10xMS2-[WT+3]
and pTLC1-10xMS2-CS2A were generated by Gibson assembly (Gibson et al. 2009). pNL09
was generated by 3-fragment Gibson assembly in order to clone a fragment containing 715
bps of the POP1 promoter, the 3HA epitope and 2625 bps of the POP1 genomic locus into

the pRS306 plasmid.
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Protein extracts for co-immunoprecipitations

Total protein extracts were prepared as described in (Laterreur et al. 2013). Briefly, 500 mL
of cells grown to an OD660 of 1.0 were pelleted, washed once with cold water and once with
TMG buffer (10 mM Tris-HCI pH 8.0, 1 mM MgCI2, 10% glycerol) supplemented with 200 mM
NaCl. The cell pellets were then frozen in liquid nitrogen and lysis was performed by grinding
the pellets in the presence of pieces of dry ice in a standard coffee mill (Krups). The cell
powder was thawed on ice and 1 pellet volume of TMG (200 mM NacCl, 0.1 mM DTT, 0.2%
Triton X-100, 0.2% NP40 and protease inhibitors) was added. Immunoprecipitations were
done on 3 mg of total proteins adjusted to 0.5% Tween-20 and to which 40 units of RNasin
(Promega, USA) was added per mL of extract. To study TLC1 variants binding to the
telomerase, Popl and Pop6 proteins, the adjusted extracts containing MS2-ProA were
supplemented with 50 pL rabbit IgG (Sigma) coated magnetic beads (Dynabeads antibody
coupling kit, Life technologies). Following an incubation of 3-4 hours at 4°C, the beads were
washed twice with 0.5 mL TMG2 (200 mM NacCl, 0.1 mM DTT, Complete mini EDTA free
protease inhibitor (Roche) and 0.5 % Tween-20) and twice with 0.5 mL TMGL1 (0.1 mM DTT,
protease inhibitor and RNasin added at 40U per 0.5 mL of TMG). The washed beads were
resuspended in 50 uL TMG3 (0.5 mM DTT, protease inhibitor and 40U of RNasin). For the
analysis of telomerase activity in TLC1 variants, protein extracts containing HAz-Popl were
prepared as mentioned above but were supplemented with 50 puL anti-HA conjugated

magnetic beads (Life Technologies). The beads were washed and resuspended as described.
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Western blots

After the removal of TMG3 from IP beads, input and IP samples were mixed with 2X
Laemmli loading buffer. The proteins were then denatured for 5 min at 98°C, separated on
either 8% or 15% SDS-PAGE gels. For Pop6-HA3 binding analyses, the samples were run on
15% SDS-PAGE gels. For HA3-Popl, Estl-Myc;, and FLAG3-Myc1,-Est2 visualization, inputs
and IP samples were mixed with 2X Laemmli loading buffer, heated and separated on 8%
SDS-PAGE gels. After transfer onto Hybond-ECL nitrocellulose membranes (GE Healthcare),
membranes were blocked in 5% milk/PBS-Tween and incubated with a 1:10,000 dilution of
mouse monoclonal anti-ProA (Sigma), or with a 1:5,000 rabbit polyclonal anti-ProA (Sigma),
or a 1:1,000 dilution of mouse anti-HA (Roche) antibodies. Secondary antibodies were HRP-
conjugated sheep anti-mouse IgG and donkey anti-rabbit IgG (GE Healthcare), diluted

1:5,000 in 1% milk/PBS- T. Blots were visualized with a LAS-4000 (GE Healthcare).

RNA-IP and northern blot analyses

RNA-IP and northern blot analyses were performed as described in (Lemieux et al. 2016).
Briefly, following immunoprecipitation of total protein extracts, TMG3 was removed from the
beads and 400 pL of LETS buffer (10 mM Tris-HCI pH 7.5, 100 mM LiCl, 20 mM EDTA pH
8.0, 0.2% SDS) were added to beads, input and flow-through fractions. For total RNA
extractions, 10 mL of yeast cells from TLC1-variants strains were grown to OD 0.8, collected,
washed, resuspended in 400 pL LETS Buffer and lysed by glassbeads. Samples (RNA-IP and
total RNA extracts) were then extracted twice with phenol/chloroform/isoamyl alcohol
(25:24:1) and once with chloroform/isoamyl alcohol (24:1). After the addition of NaOAc (final
conc. 150 mM) and glycogen (50 pg), the RNA was precipitated with 2 volumes of cold 100%

ethanol. Samples were then washed, dried and resuspended in 20 uL of nuclease-free water.
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To analyse RNAs, either 10 ug of total RNA extracts or 5 uL of input, IP and FT were mixed
with 1X MOPS (pH 7), 3.7% formaldehyde, 45% formamide and 1X RNA dye. RNAs were
separated in a 1.2% agarose-1X MOPS (pH 7)-2% formaldehyde gel by electrophoresis. The
gel was transferred to a Hybond N+ membrane (GE Healthcare). Following UV-crosslinking,
the membrane was pre-hybridized and hybridized with a radiolabeled TLC1-specific probe of
694 bps (Ncol-Nsil digestion of pTLC1-TRP) and a 5’-end labeled NME1-specific
oligonucleotide probe (5-GCAATAGAGGTACCAGGTCAAGAAG-3). Visualization and
guantification were performed using a Typhoon FLA9000 apparatus and the Quantity One

software.

Southern blot for telomere length analysis

After selection for cells that had lost pAZ1(TLC1 WT) on 5-FOA plates and consecutive
streaking on selective media up to the desired generations, cells from indicated passages
were grown in liquid media. Genomic DNA was extracted, digested with Xhol, subjected to
agarose gel electrophoresis (0.75% agarose), transferred to a nylon membrane and
hybridized to a 300 bps fragment containing 280 bps of telomeric repeats derived from pYLPV
(pCT300) (Wellinger et al. 1993) and a 447-bps PCR fragment amplified from the CEN4
genomic locus (primers: 5-ATGCTGTCTCACCATAGAGAAT-3 and 5'-
CGCTCCTAGGTAGTGCTTT-3). Probes for hybridization were obtained by random priming
labelling procedure (Feinberg and Vogelstein 1983). Data were visualized and analyzed using

a Typhoon FLA9000.

Selective 2’'Hydroxyl Acylation analyzed by Primer Extension (SHAPE)
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Wild Type and mutant (P3+3, deltaCS2, deltaP3) RNAs were T7-transcribed from a DNA
template with a RT primer binding site at the 3’ end (CGCGGAGCTAAAGAGAAGCGGAAG),
essentially as described before (Laterreur et al. 2013). For the SHAPE reactions, 1 pmol of
RNA molecules were heated at 75CC, slow cooled at room temperature and incubated at
37ZC for 10 min with folding buffer (100 mM Tris-HCI ph 7.5, 100 mM KCI, 10 mM MgCl,).
Then, the samples were reacted with either 10mM N-methylisatoic anhydride (NMIA) or
DMSO for 30 min at 371C. Reverse transcription reactions were performed with InVitrogen
SuperScript-llll RT according to the supplier's protocol. Gels were exposed on GE
phosphorScreen and scanned. Nucleotide reactivity was analysed by QuantityOne. After
background adjustment, the reactivity ratio between treated (10 mM NMIA) and untreated
(DMSO) molecules was calculated for each position. To normalize the reactivity pattern, each
nucleotide was compared to the highest reactivity value (A21-WT), thus giving a ratio from O
to 1, where a value between 0.2 and 0.4 was considered significantly reactive and values

above 0.4 were considered highly reactive.

Telomerase assay

Yeast telomerase activity assays were carried out as previously described (Laterreur et al.
2013) with 10% of the IP-beads. Briefly, the extension of a telomeric primer (5'-
TAGGGTAGTAGTAGGG-3') in the presence of radiolabeled [a-*?P] dGTP was monitored to
determine telomerase activity. Extension products were separated on 18% polyacrylamide/8M
urea electrophoresis gels and visualized using a Typhoon FLA9000 apparatus (GE
Healthcare). As internal controls, 12-nt (5’- TTAGGGTTAGGG-3’) and 16-nt (5'-
TAGGGTAGTAGTAGGG-3) primers were 5’-end labeled and added to the samples before

ethanol precipitation at 2000 cpm/pL. Quantification was performed using the Quantity One
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program (Bio Rad) by adding telomerase extension products signals and dividing them by the

loading control signals to give Relative Telomerase Activity (RTA) ratios with respect to

wildtype conditions.
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Table 1: Yeast strains for this study

Name Genotype Reference
EBYHO3 MATa canl1-100 ura3-1 his3-11,15 leu2-3,112 trp1-1 (Lemieux et
barlA::LEU2 tlc1A::NatMX + pAZ1 al. 2016)
NLYH55 MAT oz ura3-52 lys2-801 ade2-101 trp1463 his34200 leu241 | (Laterreur et
VR-ADE2-T tlc14::NatMX cdc134::KanMX al. 2013)
NLYH59 MAT aura3-52 lys2-801 ade2-101 trp1463 his34200 leu241 | (Laterreur et
VR-ADE2-T tlc14::NatMX cdc134::KanMX estl14::LoxP al. 2013)
MATa leu2 trpl ura3-52 prb- prc- pep4-3 EST1-Glys-MYCy, :
NLYH125 FLAG3-MYCy,- Glys-EST2 tlc14:NatMX HAs-POP1 This study
MATa leu2 trpl ura3-52 prb- prc- pep4-3 EST1-Glyg-MYC12 .
NLYH128 FLAGg-MYCE— GIy6—ESTg HAF;-P(E)PE POP6-HA; :I)éMX This study
NLYH494 MATa leu2 trpl ura3-52 prb- prc- pep4-3 EST1-Glys-MYCy, (Lemieux et
FLAG3-MYCi,- Glye-EST2 tlc14..NatMX al. 2016)
YVL3493 MATa leu2 trpl ura3-52 prb- prc- pep4-3 EST1-Glys-MYCy, (Lubin et al.
FLAG3-MYCi,- Glye-EST2 2012)

Table 2: Plasmids used in the study

Name Description Reference
pAZ1 URA3, CEN, TLC1 (Beeler et al. 1994)
pTLC1TRP TRP1, CEN, TLC1 (Bah et al. 2004)

pTLC1-CS2A (pDel660)

TRP1, CEN, tlc1A648-659

(Seto et al.

2002)

pTLC1AP3 (pTLC1-ASL+IL)

TRP1, CEN, tlcl A602-642::GAATTC

(Gunisova et al. 2009)

TRP1, CEN, TLC1

pTLCL-WT+1 600_601insC,643_644insG This study
TRP1, CEN, TLC1 _

PTLCI-WT+2 600_601insTC,643_644insGA This study
TRP1, CEN, TLC1 .

PTLCI-WT+3 600 601inSATC,643 644insGAT This study
TRP1, CEN, TLC1 .

PTLCI-WT+6 600 601inSATCTAG,643 644insCTAGAT | 1 Nis study
TRP1, CEN, TLC1

pTLC1-WT+9 600_601inSATCTAGAAC This study
643_644insGTTCTAGAT
TRP1, CEN, TLC1

pTLC1-WT+12 600_601insATCTAGAACGTG This study
643_644insCACGTTCTAGAT

pTLC1-stemIVc+3 TRP1, CEN, TLC1589- This study

590insCAC,660_661insGTG

pTLC1-P3NME1

TRP1, CEN, tlc14601-643::NME1(31-76)

(Lemieux et al. 2016)

TRP1, CEN, tlc1A601-643::ATC-

pTLC1-P3NME1+3 NME1(31-76)-GAT This study
TRP1, CEN, tlc14601-643::ATCTAG- :

pTLC1-P3NME1+6 NME1(31-76)-CTAGAT This study

DTLC1-P3NME1+9 TRP1, CEN, tlc1A601-643:ATCTAGAAC- | . study

NME1(31-76)-GTTCTAGAT

pTLC1-P3RPR1

TRP1, CEN, tlc14601-643::RPR1(32-84)

(Lemieux et al. 2016)

pVL1107

LEUZ2, CEN, CDC13-EST2

(Evans and Lundblad

1999)
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URA3, HA,-POPLtrunc [-715+2625] .
pNLO9 ins3xHA This study
pTLC1-10xMS2 TRP1, CEN, TLC1-10xMS2 (Gallardo et al. 2011)

TRP1, CEN, TLC1- .
PTLC1-10xMS2-[WT+3] 10xMS2 600_601insATC,643_644insGAT | 1is study
PTLC1-10xMS2-CS2A TRP1, CEN, TLC1-10xMS2A648-659 This study

TRP1, CEN, TLC1-10XMS24602- .
pTLC1-10xMS2-AP3 (AL) 642 GAATTC (Lemieux et al. 2016)

Figure Legends:

FIGURE 1. Both the P3-like domain and the CS2 bulge sites on TLC1 are required for
association of Estl with the telomerase RNP. (A) Model showing the telomerase RNP and the
MS2 binding stems-loops (dark red) at the 3" end of the RNA. These will be bound by the
MS2 core protein (MS2CP) fused with Protein A (ProA). A detailed view of Tlc1l's Stem IVc is
shown on the left. The green nucleotides (nt 601-611) represent the CS2a element and the
area within the green square is the P3-like domain. The blue nucleotides (nt 646-659)
represent the CS2 bulge and the blue square represents the previously determined Estl
binding site. (B) Western blot after IP of telomerase components via the MS2 RNA stems and
Protein A tagged MS2CP. Extracts from NLYH128 containing both a WT TLC1 genomic copy
and the indicated plasmid variants of the MS2-tagged TLC1 were used. Lanes 1-5: 4% of the
inputs. Lanes 6-10: 20% of the IP fractions. The corresponding tagged proteins were revealed
using Myc- (Estl and Est2) and HA-(Popl, Pop6) specific antibodies. Strains of lanes 2 and 7
express a WT copy of TLC1 on the plasmid. (C) Northern blot analysis of co-
immunoprecipitated RNAs using IgG beads and extracts of NLYH128 (TAP-tagged MS2CP)
transformed with the various TLC1-tagged plasmids. Lanes 1, 4, 7, 10, 13: IN, inputs (2.5%).
Lanes 2, 5, 8, 11, 14: IP, immunoprecipitates (20%). Lanes 3, 6, 9, 12, 15: FT, flowthroughs
(2.5%). The strain used for lanes 4-6 expresses an untagged version of TLC1 on the plasmid,;

this RNA runs ahead of the tagged versions and is not visible on this part of the Northern. The
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top part of the blot was hybridized with a TLC1-specific probe and the bottom part was

hybridized with a NME1-specific oligo.

FIGURE 2. The P3-like domain and the CS2 bulge form a tightly organized binding
module. (A) Telomere length analyses in EBYHO3 harboring the indicated TLC1 alleles.
Lanes 1-3: WT,; lanes 4-6: tic1A; lanes 7-9: tlc1-AP3; lanes 10-12: tlc1-[WT+1]; lanes 13-15:
tlicl-[WT+2]; lanes 16-18: tlcl-[WT+3]; lanes 19-21: tlc1-P3NMEL; lanes 22-24: tlcl-
P3NME1+3. Schematics of stem IVc structures are represented on top. Red lines indicate the
site of nucleotide insertions. Green lines represent the NME1 stem-loop replacement within
TLCL1. +: strains carried a WT TLC1 gene on a URA3 plasmid. Black triangles: growth of cells
after loss of the WT TLC1 gene for 30 and 110 generations. The blot was hybridized with
telomere- and CEN4-specific probes. (B) Same telomere length analyses as in (A), except
that longer insertions as indicated were analyzed (lanes 7-9: tlc1-[WT+6]; lanes 10-12: tlc1-
[WT+9]; and lanes 13-15: tlc1-[WT+12]). Lanes with a ” + “, as well as the WT (lanes 1-3) and

tic1A (lanes 4-6) are as described above for (A).

FIGURE 3. SHAPE-reactivity results corroborate the predicted secondary structure
model of the stem IVc arm of the different Tlcl RNAs. SHAPE reactivity profiles of the stem
IVc arm in the context of the WT, [WT+3] and ACS2 constructs. The regions in which the
nucleotides are located in the predicted structures are indicated at the top. The relative
reactivities higher than 0.4, between 0.4-0.2, and lower than 0.2 are shown in red, orange and

black, respectively.
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FIGURE 4. Est2 binding is stabilized upon Popl binding to the RNP via the P3-like
domain. (A) Western blot (top) and Northern-IP (bottom) of the corresponding
Immunoprecipitation samples after pulldown of HA-tagged Popl. Lane 1: NLYH494 strain
expressing an untagged version of Popl. Lanes 2-6: NLYH125 strain expressing HAs-Popl
and the indicated TLC1 alleles (except for lane 2 that has no TLC1). The indicated tagged
proteins were revealed using Myc (Est2) or HA (Popl) antibodies. Immunoprecipitated RNAs
were visualized by hybridizing the northern membrane with TLC1- and NME1-specific probes.
(B) Telomerase activity assay performed on same immunoprecipitated extracts as in (A).
Indicated samples were treated with RNase to verify RNA-dependent activity (lanes marked
with +). 0+%?P: **P-end-labeled substrate oligo. Loading ctrl: 12-nt labeled oligo. Relative
activity/RNA ratios for the WT, WT+3 and CS2A samples were of 1.0, 1.1 and 1.0 respectively
(n=2). The relative band intensities of the extension products were quantified and values were
divided by the total RNA content verified by northern blots (data not shown). These were then
corrected by HAs-Popl protein signal shown in (A), middle panel. The obtained values were

adjusted relative to the WT Tlcl1, which was set as 1.

FIGURE 5. The P3 domain is necessary for Estl-independent telomerase activity in
vivo. (A) Telomere length analyses on DNA from estlA-cells expressing the CDC13-EST2
fusion protein. Cells from the NLYH59 strain containing the indicated TLC1 alleles (lanes 4-9
and 16-33) or in the absence of TLC1 (lanes 10-15) were grown either with a WT copy of
TLC1 (pAZ1, + lanes) or for 110, 210, 310, 410 and 510 generations (black triangles) without
TLC1 (no pAZ1 plasmid). Lane 1 contains radiolabeled 1kb+ DNA ladder (MW in kb). Lanes

2-3: control strains bearing a WT copy of TLC1 (pAZ1) and the CDC13-EST2-expressing
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plasmid. The blot was hybridized to a telomere-specific probe (pCT300) and a CEN4-specific
probe as internal control.

(B) Telomere length analyses on DNA from EST1wt-cells also expressing the CDC13-EST2
fusion protein. Cells from the NLYH55 strain containing the indicated TLC1 alleles (lanes 4-8,
14-28) or in absence of TLC1 (lanes 9-13) were grown either with a WT copy of TLC1 (pAZ1,
+ lanes) or for 50, 110, 150 and 210 generations (black triangles). Lanes 2-3: control strains
bearing a WT copy of TLC1 (pAZ1) and the CDC13-EST2-expressing plasmid. Lane 1: 1kb+

DNA ladder (MW in kb). Blot was hybridized as in (A).
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Figure Legends for Spplementary Fiqures:

FIGURE S1. MFold predicted secondary structures of the stem IVc arm of the Ticl
WT, AP3, ACS2 and [WT+3] RNA variants. Blue: CS2 bulge (Estl binding site). Green: CS2a
element (Pop6/Pop7 binding). Red: mutated nucleotides leading to the indicated variant.
Important sub-elements are indicated (Apical loop, 5 and 3’ bulges, CS2 bulge, CS2 and

CS2a elements).

FIGURE S2. TLC1 requires a very tight organization along Stem IVc to allow for
telomere maintenance. Strain EBYHO03 expressing the indicated TLC1 alleles (lanes 2-4 and
lanes 8-25) or bearing a TLC1-deletion (lanes 5-7) were grown in presence of a WT TLC1
copy (+) or for 30 and 110 generations without WT TLC1 (black triangles). The alleles of lanes
11-25 correspond to a Tlcl RNA in which the P3-like domain was replaced with that of Nmel
(lanes 11-22) or Rprl (lanes 23-25) RNAs. Lanes 11-13: no insertion. Lanes 14-16: 3 base
pairs insertion. Lanes 17-19: 6 base pairs insertion. Lanes 20-22: 9 base pairs insertion. Note
that gDNA was lost for sample in lane 20. Lane 1: 1kb+ DNA ladder (MW in kb). Blot was

hybridized as in Figure 1.

FIGURE S3. Telomere length of EBYHO3 harboring a WT (lanes 1-3), empty (lanes 4-
6) and a [stemIVc+3] (lanes 7-9) TLC1-containing plasmid. + and black triangles represent
the same growth conditions as in Fig. 2. Schematic representations of the different variants
are shown on top of the blot and red lines correspond to the site of the 3-bps insertion.

Hybridization was carried as in Fig. 2.
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FIGURE S4. Short term telomere length analyses in estlA-cells expressing the
CDC13-EST2 fusion protein. Cells from the NLYHS59 strain containing the indicated TLC1
alleles (lanes 2-4, 8-13) or in absence of TLC1 (lanes 5-7) were grown either with a WT copy
of TLC1 (pAZ1, + lanes) or for 30 and 110 generations (black triangles). Lane 1 contain
radiolabeled 1kb+ DNA ladder (MW in kb). Blot was hybridized to a telomere-specific probe

(pCT300) and a CEN4-specific probe as internal control.

FIGURE S5. Telomere length analyses in the presence of a CDC13-EST2 fusion and
EST1. Cells from the NLYH55 strain containing the indicated TLC1 alleles (lanes 4-9 and 16-
33) or in absence of TLC1 (lanes 10-15) were grown either with a WT copy of TLC1 (pAZ1, +
lanes) or for 110, 210, 310, 410 and 510 generations (black triangles) without pAZ1. Lane 1
contain radiolabeled 1kb+ DNA ladder (MW in kb). Lanes 2-3: control strains bearing a WT
copy of TLC1 (pAZl) and the CDC13-EST2-expressing plasmid. The blot was hybridized as

in Figure S3.

Laterreur, page 33


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Dor_l.moaded fron]lrnajournal cshlp.org on July 19, 2018 - Published by Cold Spring Harbor Laboratory Press

Laterreur et al.

A

~
ula S~
C-G N
620-G-C
U-g

P3- I|ke Ge U

-630
domain -4
G-C

610-aA" u
A U
CG A
U, u
CS2a §§™
¢c  Stem IVc
soo—u-A |
U
X v 650
A-U 7
LIJ—AU c & /
Y
G- CS2

=9 ? 3/660 Yku70/80

anh G /665
I 1 I A
UUUAUGA 5

550

Input (4%) IgG-ProA IP (20%)
WT no-tag AP3 WT+3 CS2A WT no-tag AP3 WT+3 CS2A
- — - 4w 4|FLAG,Myc,,Est2

P — Est1-Myc,,

130 kDa =

130 kDa =

— s — | i -...-HA3—POp1

100 kDa = ) ] 2

25kDa- . . - - ' W [Pop6-HA,
1 2 3 4 5

pTLC1-MS2 pTLC1 pTLC1-MS2 pTLC1-MS2 pTLC1-MS2
WT untagged AP3 WT+3 CS2A

IN IP FT IN IP FT IN IP FT IN IP FT IN IP FT
P

Tlc1-MS2

~ |Nme1



http://rnajournal.cshlp.org/
http://www.cshlpress.com

Late rreur et al . ,Dﬁlfgﬂ?cé'oz rnajournal.cshlp.org on July 19, 2018 - Published by Cold Spring Harbor Laboratory Press

| SN

wrT tlc1A AP3 WT+1  WT+2 WT+3  P3yyer P3wuet3
R e R R R R R R |

CEN4 (int.ctrl)

Terminal
Restriction
Fragments
(TRF)

1 2 3 4 5 6 7 8 9 10 1112 13 14 15 16 17 18 19 20 21 22 23 24

wTt tic1A WT+6 WwT+9 WT+12
M 4+ allt —llt -t -+

| CEN4 (int ctrl)

_ ITRF

12 3 45 6 7 8 9 10 11 12 13 14 15


http://rnajournal.cshlp.org/
http://www.cshlpress.com

CS2 Bulge

loop 3’ Bulge

Apical

Downloaded from rnajournal.cship.org on July 19, 2018 - Published by Cold Spring Harbor Laboratory Press
5’ Bulge

60

40
Nucleotides

1.0

I
— \||||||I||||||||T |||||||||||| -~
' Y
— _ N
: Lo | —— - - = = <M |
IIIIIIIIII IIIIIIIIWIIIIIIOIIII(\ _ II/'IlIIIIIIIIIﬂ
i 6 — —
— |_IO —
— f— —I
7| — In
| —_— |
— — —
— "IO ——
||4 4 |
— — |”
—_— ] _—
— . | I
o
N
.......... ||||||-|||I||||||||||-..---------|||||||||-mu.---------------------I.:.,_
= —— N —
— — —
— — =
© © < N o = @ ®© © <+ o 9o
o o o o o o 0 © < N o — o o o o o
— o o o o o

W<02-04<

W<0.2

WT
WT+3
ACS2

m>04

20



http://rnajournal.cshlp.org/
http://www.cshlpress.com

Late rreur et al . ,Dﬁll’gﬂ?@oﬂ- rnajournal.cshlp.org on July 19, 2018 - Published by Cold Spring Harbor Laboratory Press

A
no tag a-HAIP : HA,-Pop1
WT ticiA WT AP3 WT+3 CS2A
& |FLAG,-Myc,-Est2
a-HAIP - - ’
(Western blot)
—— e s @Em @ HA.-Pop1
IP-RNA d o \gﬂm
(Northern blot) . .
-
1 2 | 3 4 5 N
B
no tag a-HA IP (HA,-Pop1)
WT ticiA WT AP3 WT+3 CS2A
+ -+ - + - + - + - + - RNase

-0 P

-, oacing ot
1 2 3 4 5 6 7 8 910 1 12 13



http://rnajournal.cshlp.org/
http://www.cshlpress.com

Late rreur et al . ,DFJI'QGT@OE rnajournal.cshlp.org on July 19, 2018 - Published by Cold Spring Harbor Laboratory Press

A
pCDC13-EST2 est1A
WT tic1A AP3 WT+3
> B> BB B
«-REEE it
5.0 B8 3 - - -
4,04 ' “ . - - -
3.0-....““". e,
4 s -
2.0
1.6
)t "" W e W (CEN4 (int.ctrl)
1.04 -... .'.
2 3 4 5 6 7 8 9 10 12 13
B
S
<<
o o
= d
%)) ~—
w3 NLYH55 (EST1) + pCDC13-EST2
83 pTLC1 pTLC1 pTLC1  pTLC1
L WT tle1A AP3 WT+3 _ CS2A
Zz t il il il e
- - : -
| [ | HITE
6.0 5 -
5.0- _ _
4.0 ‘ ' §F . ’
3.0- 1. . - . ‘ - !
- !
5 0- a il ' - .
: | - :
169 A ' CEN4 (int. ctrl)
1.04 .

123 4 567 8 910111213 141516 17 18 192021 2223242526 27 28



http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on July 19, 2018 - Published by Cold Spring Harbor Laboratory Press

ClE'(-k
A PUBLICATION OF THE RNA SOCIETY

The yeast telomerase recruitment module requires a specific RNA
architecture

Nancy Laterreur, Bruno Lemieux, Hannah Neumann, et al.

RNA published online May 18, 2018

Supplemental  http://rnajournal.cshlp.org/content/suppl/2018/05/18/rna.066696.118.DC1
Material

P<P  Published online May 18, 2018 in advance of the print journal.

Accepted  Peer-reviewed and accepted for publication but not copyedited or typeset; accepted
Manuscript manuscript is likely to differ from the final, published version.

Open Access  Freely available online through the RNA Open Access option.

Creative This article, published in RNA, is available under a Creative Commons License
Commons (Attribution 4.0 International), as described at
License http://creativecommons.org/licenses/by/4.0/.

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

Advance online articles have been peer reviewed and accepted for publication but have not yet
appeared in the paper journal (edited, typeset versions may be posted when available prior to final
publication). Advance online articles are citable and establish publication priority; they are indexed by

PubMed from initial publication. Citations to Advance online articles must include the digital object
identifier (DOIs) and date of initial publication.

To subscribe to RNA go to:
http://rnajournal.cshlp.org/subscriptions

Published by Cold Spring Harbor Laboratory Press for the RNA Society


http://rnajournal.cshlp.org/content/suppl/2018/05/18/rna.066696.118.DC1
http://creativecommons.org/licenses/by/4.0/
http://rnajournal.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by& saveAlert=no&cited_by_criteria_resid=rna;rna.066696.118v1&return_type=article&return_url=http://rnajournal.cshlp.org/content/early/2018/05/18/rna.066696.118.full.pdf
http://rnajournal.cshlp.org/subscriptions
http://rnajournal.cshlp.org/
http://www.cshlpress.com

