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Abstract: It is said that “hindsight is 20-20,” so, given the current year, it is an opportune time to
review and learn from experiences studying long noncoding RNAs. Investigation of the Saccharomyces
cerevisiae telomerase RNA, TLC1, has unveiled striking flexibility in terms of both structural and
functional features. Results support the “flexible scaffold” hypothesis for this 1157-nt telomerase
RNA. This model describes TLC1 acting as a tether for holoenzyme protein subunits, and it also may
apply to a plethora of RNAs beyond telomerase, such as types of lncRNAs. In this short perspective
review, I summarize findings from studying the large yeast telomerase ribonucleoprotein (RNP)
complex in the hope that this hindsight will sharpen foresight as so many of us seek to mechanistically
understand noncoding RNA molecules from vast transcriptomes.

Keywords: telomerase; RNA; lncRNA; RNP; flexible scaffold; scaffold; noncoding RNA; ncRNA;
TLC1; telomere; senescence

1. Introduction

Scientists, like sailors, know that only a fraction of what actually exists in this world is currently
within one’s “arc of visibility” (i.e., what is visible to the horizon at a given time). In terms of the physical
organization of biological macromolecules and how they behave in space and time, what we can see and
understand at this point is based largely on highly ordered matter. This is a consequence of methods
such as X-ray crystallography and cryo-EM being our main visualization tools. These approaches
are magnificently powerful, but they also only produce intelligible pictures if the purified target is
structured (or can be made to be). Nevertheless, biologists ultimately aim to perceive what is beyond
the proverbial horizon in terms of the molecules of life, and this requires conceiving of an expanse
of physically disordered macromolecular complexes that are currently beyond our vantage. In this
perspective, I briefly review results that have demonstrated pronounced organizational flexibility of
the large telomerase RNA-protein complex, and then extrapolate what these findings may mean about
the nature and extent of flexible RNPs possibly residing outside our current “arc.”.

Life evolves based on DNA mutations that lead to fitness improvements. Genes are expressed as
RNA and, in turn, frequently also as protein. If an evolutionary advantage for an organism would be
obtained by building a highly flexible molecular complex based on one of these two gene-encoded
polymers, one would be apt to argue that RNA provides more potential. This is because of (1) RNA’s
larger size (per residue, and in terms of secondary structure), and (2) RNA’s chemical composition,
with its higher solubility in aqueous cellular environments than proteins, as evidenced by what happens
in a phenol extraction of a cell lysate. Life on earth began with RNA [1], and the fact that RNA evolved
as the initial biochemical building block in itself should also tell us something about the scope of
its capabilities. Furthermore, the wide variety of transcribed long noncoding RNAs (lncRNAs) that
comprise the “dark matter” of eukaryotic transcriptomes could provide a diverse and useful array of
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flexible scaffolds on which proteins and other highly structured molecules may swing and slide to
execute fundamental molecular biological processes.

The nature and extent of flexibility of RNA in RNP complexes has been highlighted in the last two
decades by studies of the telomerase RNP enzyme in the yeast S. cerevisiae. The telomerase RNP is
required by most eukaryotes to address the inadequacy of DNA polymerases to entirely finish copying
chromosome ends [2]. Structure–function studies of yeast telomerase reverse-transcriptase RNP
commenced around the year 2000, once both the telomerase RNA (TLC1) and the reverse transcriptase
protein subunit (TERT; Est2 in yeast) had been identified [3,4]. Other subunits of yeast telomerase
beyond the TLC1•TERT core enzyme had been found previously, and some of these are also essential
for telomerase in vivo to avoid cellular senescence. Among these other subunits are the critical Est1
protein (the first telomerase-subunit gene identified) [5,6], the Ku70/80 heterodimer [7,8] (also known
for its central role in DNA end-joining), and the Sm7 heteroheptamer [9] (which also binds snRNAs of
the spliceosome).

In the following section of this perspective, I first synopsize the results that we have obtained
from investigating S. cerevisiae telomerase RNP structure and organization that led us to the model that
the large TLC1 RNA flexibly scaffolds the holoenzyme’s protein subunits. In Section 3, I then turn to
discussing what the flexible scaffold model may imply for other large RNPs.

2. Results from Investigating Yeast Telomerase RNA

2.1. Rapid Evolution

As the genomes of budding yeast species were sequenced in the years following the completion of
Saccharomyces cerevisiae in 1997, related telomerase RNA genes were identified and aligned. Telomerase
RNA gene identification is very difficult, since these sequences evolve so fast that even distantly
related fungi have no discernible sequence identity. The identification of multiple Saccharomyces and
Kluyveromyces species’ telomerase RNAs led to a flurry of initial insights about conserved local secondary
structure elements and their protein-binding partners. Articles reporting these discoveries showed
that these other budding yeast telomerase RNAs are also >1 kb in length, and are divergent in primary
structure (i.e., sequence) [6,10–12]. Even within the genus Saccharomyces, overall nucleotide sequence
identity is, strikingly, less than 50% [11,13,14]. The rate of evolution of telomerase RNA sequences is
far faster than other essential noncoding RNAs, such as the ribosome, RNase P, and snRNAs, at 80–99%
identity [13]. Nevertheless, there are multiple patches of well-conserved sequences scattered across the
length of the large telomerase RNAs [11].

2.2. Identifying S. cerevisiae Telomerase RNA Secondary Structure

The identification of budding yeast telomerase RNA sequences provided the starting point for
next determining secondary structure. But the RNAs were very large, and so rapidly evolving in
sequence and length that it made alignment in some sections rather difficult. The large RNAs and
rapid evolution challenged computational modeling and identification of covarying nucleotides that
could help solve the secondary structure. In 2002, the Cech lab reported that large truncations could be
made in the S. cerevisiae TLC1 gene without causing senescence, whereas central conserved segments
were essential, and tended to overlap with regions required for binding to the Est2/TERT and Est1
essential subunits [15]. At this time, a question was emerging: why was so much of yeast telomerase
RNA evolving as if it were a form of “junk” RNA?

In 2004, secondary structure models for TLC1 were reported (Figure 1). The two models were
nearly identical and were independently derived from (1) bioinformatic modeling of lowest-free-energy
RNA conformations and (2) alignments of the TLC1 sequences from several Saccharomyces species
to identify covarying nucleotides [13,14]. It was rather heretical to consider that an Mfold software
prediction of a large RNA could be accurate (although the software does tend to correctly predict an
average of ~70% base pairings [16]). Nevertheless, I generated Mfold secondary structure predictions



Molecules 2020, 25, 2750 3 of 13

for the range of truncated TLC1 sequences published by Livengood and Cech (2002) [13] while I was
postdoc in the Cech lab, and noticed an essentially perfect correlation between the major differences
between these TLC1 alleles’ Mfold predictions compared to wild type and the severity of the observed
phenotypes. However, the Mfold lowest-free-energy modeling required some important constraints to
accommodate covarying nucleotides; these supported the existence of some long-range base pairings
and helices not present in the lowest-free-energy structure computed by Mfold. These covarying
base pairs I identified with help from RNAalifold [17]. Primarily, these constraints were necessary for
correctly modeling the core-enclosing helix and the overall structure of the highly branched multi-way
junction at the central core’s hub (Figure 1). In other regions of TLC1, the covarying nucleotides
were independently predicted to be paired in the Mfold energetics-driven modeling, adding further
confidence and encouragement that the data were leading towards a compelling consensus. The model
ultimately published by us [13] and another by the Wellinger group [14] were essentially identical,
adding yet further confirmation.
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regions outside of the brackets that are the more conserved modules that tend to bind to proteins at 115 

Figure 1. The Saccharomyces cerevisiae telomerase RNA: a paradigm for RNA as a flexible scaffold
of a large RNP. Shown is the secondary structure model reported originally [13] along with the
dynamic pseudoknot (PK) region in the central core, which was worked out in detail over the following
decade [18–22]. Positions used for moving the binding sites for the Est1 [13], Ku [23], and Sm subunits
(along with the RNA ends) [24] are indicated by colored arrows. Large green brackets indicate the
rapidly evolving regions, which were deleted, in the case of making the miniaturized TLC1 allele
Mini-T [25], or stiffened, in the case of triple-stiff-arm TLC1 (TSA-T) [26]. Thus, it is the regions outside
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of the brackets that are the more conserved modules that tend to bind to proteins at the tips of the
arms, and coordinate catalysis with TERT (Est2) in the central core. Also indicated on the model
are the conserved secondary structure elements, most of which have well-defined binding partners
(e.g., the region above the Est1-binding bulged stem has been shown to bind to Pop1/6/7 (Pop3)
complex [27,28]) or are part of the catalytic core. The function of the three-way junction at the tip of
the terminal arm is an exception in that it is well-conserved (even with strong structural homology
to the human telomerase RNA (hTR) CR4/5 domain, which binds to hTERT), yet it is dispensable in
yeast [15,25] and has no known binding partner or function. ARC, area of required connectivity [29].
CEH, core-enclosing helix [30]. PK, pseudoknot [19]. TBE, template-boundary element [10,12].

Overall, the TLC1 secondary structure has three major, mostly helical RNA arms that radiate
away from a central core, containing the template for reverse transcription, and the segments of the
RNA required to bind to TERT [13,14] (Figure 1). Near the tip of each arm is a binding site for a
holoenzyme subunit: either Est1, Ku, or Sm7. (Since then, Pop1/6/7 have also been shown to bind
the RNA near Est1 [27,28,31,32].) We found that this organization of the large, rapidly evolving,
truncation-tolerant yeast telomerase RNA supported our hypothesis that it functions as a flexible
scaffold for these arm-bound subunits. As unusual as the flexible scaffold hypothesis was at the time,
it did fit with the modeling and experimental results.

2.3. Functional Repositioning of Holoenzyme Subunits and the Ends of TLC1

Encouraged by the accumulating evidence supporting the hypothesis that yeast telomerase RNA
is essentially a tether for the holoenzyme protein subunits, we set out to test this in vivo. If telomerase
RNP had a physical organization that did not require precise positioning of RNA-bound protein
subunits in 3D space, then if we relocated, for example, the essential Est1 protein’s binding site to other
arms, hundreds of bases away from its natural location, it should theoretically still perform its function
in recruiting telomerase to chromosome ends and also activating it [33,34]. Indeed, we found that this
was the case: in all three new locations tested (positions 220, 450 and 1033), the essential Est1 protein
provided its function in telomerase and allowed cells to grow well and avoid senescence [13] (Figure 1,
orange arrows).

2.3.1. Est1

The fact that an essential protein subunit of telomerase could be moved to diverse locations on
the RNA secondary structure, as mentioned above, is particularly significant when one considers how
different this result would be in other essential enzymatic RNPs. If one relocated a binding site in an
rRNA for a protein subunit to a location distant from its native position, that subunit (and potentially
the ribosome) would almost certainly not function. Thus, it was probable that telomerase has a different
physical organization than other well-studied RNP complexes.

2.3.2. Ku

The Ku70/80 heterodimer is well known for its key role in DNA repair, but it also binds to
telomerase RNA in yeast and also in humans [7,35]. In yeast, it is clear that Ku recruits telomerase to
chromosome ends by binding to the transcriptional silencing factor Sir4 [36,37]. The evidence mounted
further for the TLC1 flexible scaffold hypothesis when we tested whether the Ku heterodimer’s binding
position in TLC1 could also be moved with retention of function. Indeed, it did; moving the Ku site
supported an increase in telomere length compared to a Ku-binding-defective allele, and even more
clearly with Ku-binding-defective sites at the same positions [23].
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2.3.3. Sm7 and the 5′ and 3′ ends

The Sm7 complex, which binds to a consensus sequence near the 3′ end of TLC1 [9], can also
function at alternate locations in Mini-T and full-length TLC1 [24,29]. One additional facet of these
experiments was that the 5′ and 3′ ends of TLC1 needed to be co-relocated (i.e., the RNA was circularly
permuted) along with the Sm7 subunit in these alleles, since Sm7 binding location participates in the
proper processing of the 3′ terminus. Thus, since these circularly permuted Sm7-repositioned TLC1
constructs were functional, TLC1 tolerates relocation of its termini—a feature of the RNA that begets a
different co-transcriptional folding pathway, due to the altered order in which the RNA polymer is
synthesized, in addition to causing local structural changes at the new end sites.

In summary, with the above relocations of holoenzyme-specific subunits, including the essential
Est1, and important Ku and Sm7 complex components, we showed that these subunit-binding sites are
functional modules, and likely all represent structured domains, in the context of the RNP as a whole.
In fact, the crystal structure of yeast Ku bound to the TLC1 hairpin was recently solved, showing details
of this particularly discrete module [38]. TLC1 RNA provides a flexible scaffold for these subunit
modules, presumably since they need to function in cis on the RNP, but clearly with multiple locations
at which each can work.

2.4. Deleting or Stiffening the Presumably Pliable TLC1 RNA Arms

Given that subunits’ binding sites can be repositioned on the yeast telomerase RNA with retention
of their function, demonstrating that the holoenzyme subunits are modular in nature, to what extent
does this show that they are orchestrated by TLC1 in a physically flexible, or pliable, manner in
wild-type telomerase? In terms of what we know of TLC1 secondary structure, since the overall
long-armed, Y-shaped molecule (Figure 1) is littered with bulges and loops [13], it certainly looks
as though it would be a floppy tether. A recent atomic force microscopy study in physiological
conditions showed that junctions such as this in nucleic acids can allow 100◦ freedom, for example [39].
We performed two different experiments that directly address the question of physical pliability:

1. We deleted the bulk of the three rapidly evolving RNA arms to test whether they were
important [25]. These 384–500-nt “Mini-T” RNAs still contained all of the conserved patches of
sequences that bind to proteins; they only have the rapidly evolving medial segments of the RNA
arms excised (Figure 1).

2. We stiffened the arms by converting them all (and each single- and double-arm combination) to
perfect double-stranded RNA (dsRNA) rod-like struts by removing all of the bulges and loops
that connect all the dsRNA segments [26] (Figure 1). The triple-stiff-arm RNA was called TSA-T.
As with Mini-T, TSA-T did not have altered structure in the conserved patches that we knew
bound to protein subunits. (N.B., long, perfect stretches of dsRNA do not feed into a siRNA
pathway in S. cerevisiae cells, since the organism lacks miRNA-processing components.)

Mini-T and TSA-T RNAs were functional, supporting sufficient telomerase activity in cells to
maintain stable telomeres and prevent senescence. However, the fitness of a truncated-arm construct,
Mini-T(500), was tested quantitatively and shown to be reduced, and all of the Mini-T constructs
supported very short telomeres [25].

Perhaps not surprising for Mini-T, due to having two-thirds of the natural telomerase RNA
nucleotides removed, and therefore experiencing a simplified folding landscape (and avoiding
misfolding [40]), these constructs performed better than TLC1 in vitro [25]. Wild-type TLC1 is nearly
completely inactive when reconstituted with TERT in vitro, yet Mini-T RNAs provided robust activity
for yeast telomerase [25]. This then opened the door for biochemistry experiments to determine the
basic function of proteins such as the telomeric DNA end-binding protein, Cdc13, which we showed
inhibits telomerase, akin to the human telomere end-binding protein, Pot1 [41,42].
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Some things that we learned collectively from Mini-T and TSA-T about the flexible arms of the
wild-type TLC1 RNA in yeast include (1) the wild-type arms are required for full fitness of the cells,
(2) they are not essential for basic telomerase maintenance of shorter but stable telomeres, and (3) even
in the case where the arms can no longer physically bend due to excision of all of the hinges (loops and
bulges), telomerase RNA still functions, even in vivo. This last result supports the mounting evidence
that Est1, Ku, and Sm7 function as modules that do not need to bind to each other or to the catalytic core
for their function even in cis. Furthermore, these essential and important modules flexibly scaffolded
by TLC1 are also unlikely to coordinate with each other in trans, since S. cerevisiae telomerase has been
shown to function as a monomer [43].

2.5. TLC1 RNA Has Some Important Secondary and Tertiary Structure within Subunit-Binding Modules

Approximately 40% of TLC1 RNA comprises well-conserved patches of sequence, based on
alignments with closely related budding yeast species. Within these patches (see non-bracketed
RNA sections in Figure 1), there are some covarying nucleotides that do appear to reproducibly form
base pairs in vivo and in vitro [6,13,14,38,44–46], showing that these regions’ secondary structures
are also conserved, at least amongst closely related yeasts. This is not surprising, given that these
regions make specific contacts with protein subunits. Furthermore, in the catalytic core, where TLC1
interacts with TERT [15,20,30], there are specific secondary structures that are nearly universally
conserved among telomerase RNAs, including ciliates [47], from which telomerase was first isolated [2],
and mammals [48], where telomerase plays a critical role in aging and cancer [49–51].

Examples of conserved regions in TLC1 are in the Est1 arm, where there is a Second Essential
Est1-arm Domain (SEED) [45] or CS2a region [11,31] shown to bind to Pop1/6/7 proteins [28], and in the
core, where there is an Area of Required Connectivity (ARC) [29] and core-enclosing helix (CEH) [30]
(Figure 1). The conserved core region of TLC1 is about the size of the ciliate telomerase RNAs (~150 nts),
and this is consistent with these streamlined telomerase RNAs/RNPs (needed in vast quantities in
macronuclei) being amenable to structural biology studies using cryo-EM [52]. Interestingly, Mini-T
RNAs are about the size of human telomerase RNA, hTR (451 nts), and hTR has “hypervariable regions”
identified from the very beginning of vertebrate telomerase RNA secondary structure reports [53].

Thus, the fraction of 1157-nt yeast telomerase RNA that is conserved among budding yeasts
essentially represents the portion of TLC1 that is shared with the Mini-T-sized 451-nt human telomerase
RNA, and this is greater than the “Micro-T”-size 150-nt ciliate (catalytic core only) telomerase
RNAs [19,25]. Our SHAPE chemical probing in vitro of the conserved core and Est1-arm region of
TLC1 provides further evidence that these regions are indeed largely structured domains [18,45].
Therefore, TLC1 RNA provides more than a template for reverse transcription and a flexible scaffold:
it also has some more “conventional,” and certainly fascinating, structured elements that provide
beneficial and sometimes also essential functions. In the case of the holoenzyme-specific protein
subunits (e.g., Est1, Ku, Sm7) of yeast telomerase RNPs, these modules have been shown to be flexibly
scaffolded as reviewed in sections above, whereas, in the case of the catalytic core, there is some very
interesting and impressive flexibility [29,30], yet it also has very clear limitations [29,30], consistent with
the enzymatic coordination with the TERT protein and the DNA substrate.

In theory, the structured modules that comprise the minority of the overall TLC1 RNA molecule
could come together in 3D space on a large flexible-scaffolding RNA to ultimately form a holoenzyme
RNP with overall precisely coordinated positioning. This is important to consider and test. The data
acquired thus far do not support this possibility, however. First, as mentioned above, the triple-stiff-arm
allele, TSA-T is functional in vivo despite the holoenzyme-binding modules being held apart by
rigidified rod-like arms that would prevent the Est1, Ku, and Sm7-binding regions from coming
together in cis. Second, Mini-T is functional despite its presumably pliable long arms being excised,
and these truncations thus “reel in” the holoenzyme subunits in towards, and nearly abutting,
the catalytic core. This would confine the amount of physical sampling of these subunits in space
relative to the RNP as a whole. Thus, the most compelling and parsimonious view is that holoenzyme
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subunits function quite independently, with the TLC1 simply flexibly tethering these modules to the
RNP complex.

3. Repercussions

What lessons can be learned from what we have discovered so far about the large yeast telomerase
RNA’s flexible scaffolding of holoenzyme subunit proteins in this RNP? The repercussions of the studies
summarized above should be considered in the context of the broad range of conditions where RNA
may serve to scaffold a higher-order complex. One context is simply with respect to other telomerase
RNPs. A second is extrapolating to other RNPs in cells, while considering that RNA can serve as a
flexible scaffold for proteins in an RNP, even one that is enzymatic. We can use the case of the TLC1
flexible-scaffold RNA paradigm when considering other RNPs. How flexible are the best-characterized
RNP complexes, including those with enzymatic functions? Furthermore, with respect to what is
“beyond our visible horizon” in terms of flexible RNPs, is yeast telomerase a harbinger of many more
that are to be found next, such as from the class of RNAs currently referred to as long noncoding RNAs?

3.1. A Spectrum of RNP Flexibility

It is useful to conceive of the spectrum of physical and functional flexibility as it pertains to
RNA-protein complexes. A prior review by Tom Cech and me [54] covered many well-known and more
newly identified RNPs and whether they are likely to be flexibly scaffolded by RNA. Here, I focused
largely on the 13 years of progress on studying yeast telomerase RNP since our prior review [54],
and propose that RNA biologists endeavor to consider the extent of flexibility of known and novel
RNPs by plotting them along a continuum of flexibility. As alluded to above, flexibility can refer to the
functional organization of an RNP into modules that can function from different relative positions
along an RNA scaffold, and it can also refer to the often-related characteristic of the RNA scaffold being
physically dynamic and pliable (see [26]). These two forms of flexibility are likely to go hand-in-hand in
most, if not all cases, but it is also important to be explicit when considering these physical organization
principles, as we have tried to be in our studies.

3.1.1. Defining the Limits: The Most Rigid RNPs

RNase P and the ribosome may be viewed as some of the most rigidly structured large RNP
complexes characterized so far (Figure 2). It is these structured, famous RNPs that also dominate how
most of us envision RNP physical organization. The ribosome’s highly structured nature is presumably
correlated with the fact that it is amenable to X-ray crystallography [55,56], despite its massive size.
The same can be said of RNase P, except that it is just not as large or ornately complex. However,
the ribosome certainly does flex, and the large and small subunits disassociate, etc. Its physical
dynamism is critical for translating mRNA into protein (nicely brought to life in Venki Ramakrishnan’s
Nobel Prize lecture [57]). Thus, one can envision RNP complexes that could be even more structured
than the ribosome if they did not also happen to be constrained to carry out enzymatic actions,
which require dynamics to handle sequential enzymatic reaction steps of binding to substrates,
coordinating transition states, releasing products, etc. Such an RNP could be the Vault complex,
although its RNA composition appears to be far less than protein subunits. The Vault probably belongs
in the class of “protein-determined RNP structures” (for classes based on relative RNA vs. protein
composition in RNPs, see [54]).
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Figure 2. Physical organization of large RNA-protein complexes along a flexibility continuum.
An extreme hypothetical structured and floppy RNP scaffolded by RNA is shown on each end of the
continuum. Noncoding RNAs that bind to proteins in RNPs (in a broad sense of defining an RNP) are
listed below the continuum based on where one might plot them on the flexibility spectrum. Telomerase
RNA from yeast, TLC1, is shown as a schematic, since it is an archetype for flexible scaffolding RNAs
in an RNP. In cases where an RNP complex is known to have enzymatic (typically at least partially also
ribozyme) activity, the RNP is highlighted with an asterisk (*). Enzymatic activity tends to be a feature
requiring structure, so most enzymatic RNPs are on the structured size of the spectrum; in this regard,
yeast telomerase is exceptional, given it is a mixture of flexibility and modular structured domains
(foremost among them its catalytic core, bound to TERT) along the presumably floppy RNA tethering
scaffold that assembles and orchestrates the RNP’s functions. Furthermore, telomerase is shown several
times along the continuum, since in different species its physical organization is strikingly different.

3.1.2. Defining the Limits: The Most Flexible RNPs

In terms of the most flexible large RNPs, it is interesting to consider what would be theoretically,
as well as biologically, the most extreme case. In theory, single-stranded RNA would be most flexible
(this is the schematic on the far right of Figure 2), yet in physiologically relevant aqueous environments,
a large RNA cannot be expected to avoid base pairing, and even ssRNA will have base stacking
and other levels of structure formation not caused by Watson–Crick, G•U, and noncanonical base
pairings. So, in practical, biologically relevant terms, pre-mRNAs seem to fit this noncoding RNP
category best (Figure 2), since they have not “coded” for a protein yet, are large, and are complexed
with various proteins [58]. Although it may seem unconventional to consider a pre-mRNA bound
to proteinaceous factors a noncoding RNP, it would be neglectful not to keep this vastly diverse
population of RNA-protein complexes in mind. In the absence of knowing of great numbers of
single-stranded RNAs that avoid intramolecular pairings, it may be, in practical terms, that highly
helical RNAs, with little tertiary structure and littered with bulges and internal loops, which comprise
hinges, are about the most physically flexible RNA one is apt to find in cells. Notably, TLC1 mostly fits
this description (Figure 1).

However, like the ribosome, yeast telomerase is an enzyme, and I have mentioned above that it
has structured elements within its conserved domains. These modules bind to specific proteins and



Molecules 2020, 25, 2750 9 of 13

coordinate what is presumably a complex and elegant “dance” with its core-enzyme partner TERT
during rounds of template re-use in telomere synthesis. Thus, additional examples of such extremely
flexible RNPs are apt to be discovered, and presumably the most flexible will be classes of lncRNAs
that bind to proteins for the sole purpose of scaffolding them in a flexible fashion, presumably without
the constraints of also coordinating enzymatic RNP dynamics.

Some of the most flexible RNAs in large RNPs are likely to be lncRNAs. Therefore, although
lncRNAs are a broad classification, I have listed them to the right of yeast telomerase in Figure 2,
despite their physical organization remaining largely uncharacterized. Some lncRNAs, such as HOTAIR,
have, based on the example of TLC1, been proposed to provide flexible scaffolds for proteins [59,60].
Overall, it has been clear for some time that even human lncRNAs are rapidly evolving [61], which is
one of the central hallmarks of the telomerase RNA paradigmatic flexible-scaffold RNA, as described
in Section 2 above. Once more lncRNAs are evaluated in terms of biochemistry and mechanism,
and these candidates and others will be vetted and, in turn, can be plotted onto the continuum of large
RNP flexibility shown in Figure 2. Very recent results from using atomic force microscopy (AFM) and
EM for human HOTAIR, for example, are beginning to show that this lncRNA is strikingly flexible,
with many possible conformations observed in cells [39], consistent with it being a flexible scaffold.

Limited progress on lncRNA structure–function has been reported, although there have been
a substantial number of perspectives published on the topic, given the level of interest to RNA
biologists and relevance of lncRNAs to human health [54,62–64]. However, fundamentally, nearly
all lncRNAs remain wholly undefined in terms of whether they have substantial overall tertiary
structure, and even their secondary structures are largely only bioinformatically modeled, with a
few notable exceptions [62,64]. The relative lack of tertiary structure determination may be largely
because of lncRNAs being frequently devoid of overall reproducible 3D structure, which would inhibit
them from yielding high-resolution results in gold-standard structural biology techniques such as
crystallography and cryo-EM, but this can only be inferred from the paucity of publications reporting
lncRNA 3D structure.

3.2. What TLC1 Flexible Scaffolding Implies for other Telomerase RNPs

In terms of what yeast telomerase can tell us about telomerase flexibility in other species, as
pointed out in Section 2.5 above, there are some rapidly evolving parts of vertebrate telomerases,
including humans. The “hypervariable” region in hTR secondary structure presumably helps to tether
the essential CR4/5 domain TERT-binding interface to the catalytic core (where TERT also binds) in
order to provide full function of the enzyme. This hypervariable stem is composed of two rapidly
evolving regions that come together to pair in the secondary structure, and it seems to be one of the
areas of the RNA that will be hardest to “pin down” in 3D models as structural biologists in the
telomere field try to resolve a high-resolution vertebrate telomerase RNP structure [52,65,66]. It may
well be that even if the hypervariable region can be captured in a structure, that at least for this region,
its conformation would be one of many possible snapshots given its likely dynamic physical nature.

As for why telomerase in yeast is so flexible, and why it is rapidly evolving in sequence and size
throughout the Tree of Life, this is a fascinating question, but the answer remains elusive. Presumably,
there are facets of telomerase RNP biogenesis, assembly, catalytic mechanism, regulation, and more,
which are beyond our understanding at this point, leaving such large questions too far “beyond the
horizon” to be worthy of speculation just yet.

4. Conclusions

In summary, investigating yeast telomerase RNA has taught us about not just this particular RNP
enzyme, but also about the organization of an emerging multitude of other RNA-based complexes that
are also likely to be flexible. As the anatomy of other RNA-containing complexes is characterized, it will
be useful to consider the impressive possible, and likely extant, physical and functional flexibility of
RNA complex organization compared to TLC1. The proposed continuum of RNP complex flexibility in
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Figure 2 will hopefully help researchers to assess a given complex’s flexibility by plotting it relative to
benchmark RNPs along the continuum. There remain far more examples of structured noncoding RNPs
than ones demonstrated to be flexible, but this is apt to change substantially as the study of lncRNAs
expands and as RNP research shifts increasingly towards understanding physical organization and
functional mechanisms.

One of the best ways to identify a highly flexible RNA is based on a fast rate of sequence
evolution and by noting resistance to structure being captured in 3D by X-ray crystallography or
ensemble-averaging of cryo-EM data. However, even presumably flexible lncRNAs can be studied
biophysically, such as by AFM, EM, and other single-molecule approaches. These approaches are
likely to be more frequent as more researchers consider how the term “structure” tends to presuppose
rigidity of macromolecular RNP complexes. This research will seek increasingly more than structural
identification of three-dimensionally organized domains, but also biophysical characterization of
dynamically flexible full-length RNAs. As we have shown in studying yeast telomerase RNA, when a
large RNA is rapidly evolving overall, yet contains discrete islands of conserved sequence, this affords
the ability to test for functions in vivo and in vitro upon altering the relative arrangement of the
conserved modules along the transcript. Few studies of RNPs have been performed in this way, but this
approach will become more widespread, as it should reveal far more RNAs that function as flexible
scaffolds for proteins and other modular moieties.

Funding: I acknowledge current research support from the National Institute of General Medical Sciences of the
National Institutes of Health under award number R01 GM118757 as well as completed support under K99/R00
GM080400 and from March of Dimes Basil O’Connor Starter Scholar Award #5-FY12-91.

Acknowledgments: I thank Quentin Vicens, Allison Peeney, and the reviewers for helpful suggestions.

Conflicts of Interest: The author declares no conflict of interest. The funders had no role in the writing of
the manuscript.

References

1. Cech, T.R. Crawling Out of the RNA World. Cell 2009, 136, 599–602. [CrossRef]
2. Greider, C.W.; Blackburn, E. Identification of a specific telomere terminal transferase activity in tetrahymena

extracts. Cell 1985, 43, 405–413. [CrossRef]
3. Singer, M.; Gottschling, D. TLC1: Template RNA component of Saccharomyces cerevisiae telomerase. Science

1994, 266, 404–409. [CrossRef]
4. Lingner, J.; Hughes, T.R.; Shevchenko, A.; Mann, M.; Lundblad, V.; Cech, T.R. Reverse Transcriptase Motifs

in the Catalytic Subunit of Telomerase. Science 1997, 276, 561–567. [CrossRef]
5. Lundblad, V.; Szostak, J.W. A mutant with a defect in telomere elongation leads to senescence in yeast. Cell

1989, 57, 633–643. [CrossRef]
6. Seto, A.G.; Livengood, A.J.; Tzfati, Y.; Blackburn, E.H.; Cech, T.R. A bulged stem tethers Est1p to telomerase

RNA in budding yeast. Genes Dev. 2002, 16, 2800–2812. [CrossRef]
7. Peterson, S.E.; Stellwagen, A.E.; Diede, S.; Singer, M.S.; Haimberger, Z.W.; Johnson, C.O.; Tzoneva, M.;

Gottschling, D.E. The function of a stem-loop in telomerase RNA is linked to the DNA repair protein Ku.
Nat. Genet. 2001, 27, 64–67. [CrossRef]

8. Stellwagen, A.E.; Haimberger, Z.W.; Veatch, J.R.; Gottschling, D.E. Ku interacts with telomerase RNA
to promote telomere addition at native and broken chromosome ends. Genes Dev. 2003, 17, 2384–2395.
[CrossRef]

9. Seto, A.G.; Zaug, A.J.; Sobel, S.G.; Wolin, S.L.; Cech, T.R. Saccharomyces cerevisiae telomerase is an Sm small
nuclear ribonucleoprotein particle. Nature 1999, 401, 177–180. [CrossRef]

10. Tzfati, Y.; Fulton, T.B.; Roy, J.; Blackburn, E.H. Template Boundary in a Yeast Telomerase Specified by RNA
Structure. Science 2000, 288, 863–867. [CrossRef]

11. Tzfati, Y.; Knight, Z.; Roy, J.; Blackburn, E.H. A novel pseudoknot element is essential for the action of a
yeast telomerase. Genes Dev. 2003, 17, 1779–1788. [CrossRef]

12. Seto, A.G.; Umansky, K.; Tzfati, Y.; Zaug, A.J.; Blackburn, E.H.; Cech, T.R. A template-proximal RNA paired
element contributes to Saccharomyces cerevisiae telomerase activity. RNA 2003, 9, 1323–1332. [CrossRef]

http://dx.doi.org/10.1016/j.cell.2009.02.002
http://dx.doi.org/10.1016/0092-8674(85)90170-9
http://dx.doi.org/10.1126/science.7545955
http://dx.doi.org/10.1126/science.276.5312.561
http://dx.doi.org/10.1016/0092-8674(89)90132-3
http://dx.doi.org/10.1101/gad.1029302
http://dx.doi.org/10.1038/83778
http://dx.doi.org/10.1101/gad.1125903
http://dx.doi.org/10.1038/43694
http://dx.doi.org/10.1126/science.288.5467.863
http://dx.doi.org/10.1101/gad.1099403
http://dx.doi.org/10.1261/rna.5570803


Molecules 2020, 25, 2750 11 of 13

13. Zappulla, D.C.; Cech, T.R. Yeast telomerase RNA: A flexible scaffold for protein subunits. Proc. Natl. Acad.
Sci. USA 2004, 101, 10024–10029. [CrossRef]

14. Dandjinou, A.T.; Levesque, N.; LaRose, S.; Lucier, J.-F.; Elela, S.A.; Wellinger, R.J. A Phylogenetically Based
Secondary Structure for the Yeast Telomerase RNA. Curr. Boil. 2004, 14, 1148–1158. [CrossRef]

15. Livengood, A.J.; Zaug, A.J.; Cech, T.R. Essential Regions of Saccharomyces cerevisiae Telomerase RNA:
Separate Elements for Est1p and Est2p Interaction. Mol. Cell. Boil. 2002, 22, 2366–2374. [CrossRef]

16. Mathews, D.H.; Sabina, J.; Zuker, M.; Turner, D.H. Expanded sequence dependence of thermodynamic
parameters improves prediction of RNA secondary structure. J. Mol. Boil. 1999, 288, 911–940. [CrossRef]

17. Hofacker, I.L. Vienna RNA secondary structure server. Nucleic Acids Res. 2003, 31, 3429–3431. [CrossRef]
18. Niederer, R.O.; Zappulla, D.C. Refined secondary-structure models of the core of yeast and human telomerase

RNAs directed by SHAPE. RNA 2015, 21, 1053. [CrossRef]
19. Qiao, F.; Cech, T.R. Triple-helix structure in telomerase RNA contributes to catalysis. Nat. Struct. Mol. Boil.

2008, 15, 634–640. [CrossRef]
20. Lin, J.; Ly, H.; Hussain, A.; Abraham, M.; Pearl, S.; Tzfati, Y.; Parslow, T.G.; Blackburn, E.H. A universal

telomerase RNA core structure includes structured motifs required for binding the telomerase reverse
transcriptase protein. Proc. Natl. Acad. Sci. USA 2004, 101, 14713–14718. [CrossRef]

21. Liu, F.; Theimer, C.A. Telomerase Activity Is Sensitive to Subtle Perturbations of the TLC1 Pseudoknot 3′

Stem and Tertiary Structure. J. Mol. Boil. 2012, 423, 719–735. [CrossRef] [PubMed]
22. Liu, F.; Kim, Y.; Cruickshank, C.; Theimer, C.A. Thermodynamic characterization of the Saccharomyces

cerevisiae telomerase RNA pseudoknot domain in vitro. RNA 2012, 18, 973–991. [CrossRef] [PubMed]
23. Zappulla, D.C.; Goodrich, K.J.; Arthur, J.R.; Gurski, L.A.; Denham, E.M.; Stellwagen, A.E.; Cech, T.R. Ku

can contribute to telomere lengthening in yeast at multiple positions in the telomerase RNP. RNA 2010, 17,
298–311. [CrossRef] [PubMed]

24. Hass, E.P.; Zappulla, D.C. Repositioning the Sm-Binding Site in Saccharomyces cerevisiae Telomerase RNA
Reveals RNP Organizational Flexibility and Sm-Directed 3′-End Formation. Non-Coding RNA 2020, 6, 9.
[CrossRef]

25. Zappulla, D.C.; Goodrich, K.; Cech, T.R. A miniature yeast telomerase RNA functions in vivo and reconstitutes
activity in vitro. Nat. Struct. Mol. Boil. 2005, 12, 1072–1077. [CrossRef]

26. Lebo, K.J.; Zappulla, D.C. Stiffened yeast telomerase RNA supports RNP function in vitro and in vivo. RNA
2012, 18, 1666–1678. [CrossRef]

27. Lin, K.-W.; McDonald, K.R.; Guise, A.J.; Chan, A.; Cristea, I.M.; Zakian, V.A. Proteomics of yeast telomerase
identified Cdc48-Npl4-Ufd1 and Ufd4 as regulators of Est1 and telomere length. Nat. Commun. 2015, 6, 8290.
[CrossRef]

28. Lemieux, B.; Laterreur, N.; Perederina, A.; Noël, J.-F.; Dubois, M.-L.; Krasilnikov, A.S.; Wellinger, R.J.
Active Yeast Telomerase Shares Subunits with Ribonucleoproteins RNase P and RNase MRP. Cell 2016, 165,
1171–1181. [CrossRef]

29. Mefford, M.A.; Rafiq, Q.; Zappulla, D.C. RNA connectivity requirements between conserved elements in the
core of the yeast telomerase RNP. EMBO J. 2013, 32, 2980–2993. [CrossRef]

30. Mefford, M.A.; Hass, E.P.; Zappulla, D.C. A 4-base pair core-enclosing helix in telomerase RNA is essential
and binds to the TERT catalytic protein subunit. bioRxiv 2020. [CrossRef]

31. Laterreur, N.; Eschbach, S.H.; Lafontaine, D.A.; Wellinger, R.J. A new telomerase RNA element that is critical
for telomere elongation. Nucleic Acids Res. 2013, 41, 7713–7724. [CrossRef] [PubMed]

32. Garcia, P.D.; Leach, R.W.; Wadsworth, G.M.; Choudhary, K.; Li, H.; Aviran, S.; Kim, H.D.; Zakian, V.A.
Stability and nuclear localization of yeast telomerase depend on protein components of RNase P/MRP.
Nat. Commun. 2020, 11, 1–19. [CrossRef] [PubMed]

33. Evans, S.K.; Lundblad, V. The Est1 subunit of Saccharomyces cerevisiae telomerase makes multiple
contributions to telomere length maintenance. Genetics 2002, 162, 1101–1115.

34. Taggart, A.K.P.; Dulloo, A.G. Est1p As a Cell Cycle-Regulated Activator of Telomere-Bound Telomerase.
Science 2002, 297, 1023–1026. [CrossRef] [PubMed]

35. Ting, N.S.; Yu, Y.; Pohorelic, B.; Lees-Miller, S.P.; Beattie, T.L. Human Ku70/80 interacts directly with hTR,
the RNA component of human telomerase. Nucleic Acids Res. 2005, 33, 2090–2098. [CrossRef] [PubMed]

36. Fisher, T.S.; Taggart, A.K.P.; Zakian, V.A. Cell cycle-dependent regulation of yeast telomerase by Ku.
Nat. Struct. Mol. Boil. 2004, 11, 1198–1205. [CrossRef]

http://dx.doi.org/10.1073/pnas.0403641101
http://dx.doi.org/10.1016/j.cub.2004.05.054
http://dx.doi.org/10.1128/MCB.22.7.2366-2374.2002
http://dx.doi.org/10.1006/jmbi.1999.2700
http://dx.doi.org/10.1093/nar/gkg599
http://dx.doi.org/10.1261/rna.048959.114
http://dx.doi.org/10.1038/nsmb.1420
http://dx.doi.org/10.1073/pnas.0405879101
http://dx.doi.org/10.1016/j.jmb.2012.08.025
http://www.ncbi.nlm.nih.gov/pubmed/22954661
http://dx.doi.org/10.1261/rna.030924.111
http://www.ncbi.nlm.nih.gov/pubmed/22450759
http://dx.doi.org/10.1261/rna.2483611
http://www.ncbi.nlm.nih.gov/pubmed/21177376
http://dx.doi.org/10.3390/ncrna6010009
http://dx.doi.org/10.1038/nsmb1019
http://dx.doi.org/10.1261/rna.033555.112
http://dx.doi.org/10.1038/ncomms9290
http://dx.doi.org/10.1016/j.cell.2016.04.018
http://dx.doi.org/10.1038/emboj.2013.227
http://dx.doi.org/10.1101/2020.01.10.902601
http://dx.doi.org/10.1093/nar/gkt514
http://www.ncbi.nlm.nih.gov/pubmed/23783570
http://dx.doi.org/10.1038/s41467-020-15875-9
http://www.ncbi.nlm.nih.gov/pubmed/32358529
http://dx.doi.org/10.1126/science.1074968
http://www.ncbi.nlm.nih.gov/pubmed/12169735
http://dx.doi.org/10.1093/nar/gki342
http://www.ncbi.nlm.nih.gov/pubmed/15824061
http://dx.doi.org/10.1038/nsmb854


Molecules 2020, 25, 2750 12 of 13

37. Hass, E.P.; Zappulla, D.C. The Ku subunit of telomerase binds Sir4 to recruit telomerase to lengthen telomeres
in S. cerevisiae. eLife 2015, 4. [CrossRef]

38. Chen, H.; Xue, J.; Churikov, D.; Hass, E.P.; Shi, S.; Lemon, L.D.; Luciano, P.; Bertuch, A.A.; Zappulla, D.C.;
Geli, V.; et al. Structural Insights into Yeast Telomerase Recruitment to Telomeres. Cell 2018, 172, 331–343.e13.
[CrossRef]

39. Spokoini-Stern, R.; Stamov, D.; Jessel, H.; Aharoni, L.; Haschke, H.; Giron, J.; Unger, R.; Segal, E.;
Abu-Horowitz, A.; Bachelet, I. Visualizing the structure and motion of the long noncoding RNA HOTAIR.
RNA 2020, 26, 629–636. [CrossRef]

40. Uhlenbeck, O.C. Keeping RNA happy. RNA 1995, 1, 4–6.
41. Zappulla, D.C.; Roberts, J.N.; Goodrich, K.J.; Cech, T.R.; Wuttke, D.S. Inhibition of yeast telomerase action by

the telomeric ssDNA-binding protein, Cdc13p. Nucleic Acids Res. 2008, 37, 354–367. [CrossRef] [PubMed]
42. Lei, M.; Zaug, A.J.; Podell, E.R.; Cech, T.R. Switching Human Telomerase On and Off with hPOT1 Protein in

Vitro. J. Boil. Chem. 2005, 280, 20449–20456. [CrossRef] [PubMed]
43. Bajon, E.; Laterreur, N.; Wellinger, R.J. A Single Templating RNA in Yeast Telomerase. Cell Rep. 2015, 12,

441–448. [CrossRef]
44. Förstemann, K.; Lingner, J. Telomerase limits the extent of base pairing between template RNA and telomeric

DNA. EMBO Rep. 2005, 6, 361–366. [CrossRef]
45. Lebo, K.J.; Niederer, R.O.; Zappulla, D.C. A second essential function of the Est1-binding arm of yeast

telomerase RNA. RNA 2015, 21, 862–876. [CrossRef]
46. Dalby, A.B.; Goodrich, K.J.; Pfingsten, J.S.; Cech, T.R. RNA recognition by the DNA end-binding Ku

heterodimer. RNA 2013, 19, 841–851. [CrossRef]
47. Mason, D.X.; Goneska, E.; Greider, C.W. Stem-Loop IV of Tetrahymena Telomerase RNA Stimulates

Processivity in trans. Mol. Cell. Boil. 2003, 23, 5606–5613. [CrossRef]
48. Mefford, M.A.; Zappulla, D.C. Physical connectivity mapping by circular permutation of human telomerase

RNA reveals new regions critical for activity and processivity. Mol. Cell. Boil. 2015, 36, MCB.00794-15.
[CrossRef]

49. Shay, J.; Bacchetti, S. A survey of telomerase activity in human cancer. Eur. J. Cancer 1997, 33, 787–791.
[CrossRef]

50. Tomas-Loba, A.; Flores, I.; Fernández-Marcos, P.; Cayuela, M.L.; Maraver, A.; Tejera, A.M.; Borrás, C.;
Matheu, A.; Klatt, P.; Flores, J.M.; et al. Telomerase Reverse Transcriptase Delays Aging in Cancer-Resistant
Mice. Cell 2008, 135, 609–622. [CrossRef]

51. Blasco, M.A.; Lee, H.-W.; Hande, M.P.; Samper, E.; Lansdorp, P.M.; DePinho, R.A.; Greider, C.W. Telomere
Shortening and Tumor Formation by Mouse Cells Lacking Telomerase RNA. Cell 1997, 91, 25–34. [CrossRef]

52. Nguyen, T.H.D.; Tam, J.; Wu, R.A.; Greber, B.J.; Toso, D.; Nogales, E.; Collins, K. Cryo-EM structure of
substrate-bound human telomerase holoenzyme. Nature 2018, 557, 190–195. [CrossRef]

53. Chen, J.J.-L.; Blasco, M.A.; Greider, C.W. Secondary Structure of Vertebrate Telomerase RNA. Cell 2000, 100,
503–514. [CrossRef]

54. Zappulla, D.C.; Cech, T. RNA as a Flexible Scaffold for Proteins: Yeast Telomerase and Beyond. Cold Spring
Harb. Symp. Quant. Boil. 2006, 71, 217–224. [CrossRef]

55. Ban, N. The Complete Atomic Structure of the Large Ribosomal Subunit at 2.4 A Resolution. Science 2000,
289, 905–920. [CrossRef]

56. Brodersen, D.E.; Clemons, W.M., Jr.; Carter, A.P.; Wimberly, B.T.; Ramakrishnan, V. Crystal structure of the 30
s ribosomal subunit from Thermus thermophilus: Structure of the proteins and their interactions with 16 s
RNA. J. Mol. Boil. 2002, 316, 725–768. [CrossRef]

57. Available online: https://www.nobelprize.org/prizes/chemistry/2009/ramakrishnan/lecture/ (accessed on
14 June 2020).

58. Singh, G.; Pratt, G.; Yeo, G.W.; Moore, M.J. The Clothes Make the mRNA: Past and Present Trends in mRNP
Fashion. Annu. Rev. Biochem. 2015, 84, 325–354. [CrossRef]

59. Guttman, M.; Donaghey, J.; Carey, B.W.; Garber, M.; Grenier, J.K.; Munson, G.; Young, G.; Lucas, A.B.; Ach, R.;
Bruhn, L.; et al. lincRNAs act in the circuitry controlling pluripotency and differentiation. Nature 2011, 477,
295–300. [CrossRef]

60. Rinn, J.L.; Chang, H.Y. Genome regulation by long noncoding RNAs. Annu. Rev. Biochem. 2012, 81, 145–166.
[CrossRef]

http://dx.doi.org/10.7554/eLife.07750
http://dx.doi.org/10.1016/j.cell.2017.12.008
http://dx.doi.org/10.1261/rna.074633.120
http://dx.doi.org/10.1093/nar/gkn830
http://www.ncbi.nlm.nih.gov/pubmed/19043074
http://dx.doi.org/10.1074/jbc.M502212200
http://www.ncbi.nlm.nih.gov/pubmed/15792951
http://dx.doi.org/10.1016/j.celrep.2015.06.045
http://dx.doi.org/10.1038/sj.embor.7400374
http://dx.doi.org/10.1261/rna.049379.114
http://dx.doi.org/10.1261/rna.038703.113
http://dx.doi.org/10.1128/MCB.23.16.5606-5613.2003
http://dx.doi.org/10.1128/MCB.00794-15
http://dx.doi.org/10.1016/S0959-8049(97)00062-2
http://dx.doi.org/10.1016/j.cell.2008.09.034
http://dx.doi.org/10.1016/S0092-8674(01)80006-4
http://dx.doi.org/10.1038/s41586-018-0062-x
http://dx.doi.org/10.1016/S0092-8674(00)80687-X
http://dx.doi.org/10.1101/sqb.2006.71.011
http://dx.doi.org/10.1126/science.289.5481.905
http://dx.doi.org/10.1006/jmbi.2001.5359
https://www.nobelprize.org/prizes/chemistry/2009/ramakrishnan/lecture/
http://dx.doi.org/10.1146/annurev-biochem-080111-092106
http://dx.doi.org/10.1038/nature10398
http://dx.doi.org/10.1146/annurev-biochem-051410-092902


Molecules 2020, 25, 2750 13 of 13

61. Derrien, T.; Johnson, R.; Bussotti, G.; Tanzer, A.; Djebali, S.; Tilgner, H.; Guernec, G.; Martín, D.; Merkel, A.;
Knowles, D.G.; et al. The GENCODE v7 catalog of human long noncoding RNAs: Analysis of their gene
structure, evolution, and expression. Genes Dev. 2012, 22, 1775–1789. [CrossRef]

62. Novikova, I.V.; Hennelly, S.P.; Tung, C.-S.; Sanbonmatsu, K.Y. Rise of the RNA Machines: Exploring the
Structure of Long Non-Coding RNAs. J. Mol. Boil. 2013, 425, 3731–3746. [CrossRef] [PubMed]

63. Zhang, X.; Rice, K.; Wang, Y.; Chen, W.; Zhong, Y.; Nakayama, Y.; Zhou, Y.; Klibanski, A. Maternally expressed
gene 3 (MEG3) noncoding ribonucleic acid: Isoform structure, expression, and functions. Endocrinol. 2009,
151, 939–947. [CrossRef] [PubMed]

64. Uroda, T.; Anastasakou, E.; Rossi, A.; Teulon, J.-M.; Pellequer, J.-L.; Annibale, P.; Pessey, O.; Inga, A.;
Chillón, I.; Marcia, M. Conserved Pseudoknots in lncRNA MEG3 Are Essential for Stimulation of the p53
Pathway. Mol. Cell 2019, 75, 982–995.e9. [CrossRef] [PubMed]

65. Sauerwald, A.; Sandin, S.; Cristofari, G.; Scheres, S.H.; Lingner, J.; Rhodes, D. Structure of active dimeric
human telomerase. Nat. Struct. Mol. Boil. 2013, 20, 454–460. [CrossRef] [PubMed]

66. Huang, J.; Brown, A.F.; Wu, J.; Xue, J.; Bley, C.; Rand, D.P.; Wu, L.; Zhang, R.; Chen, J.J.-L.; Lei, M. Structural
basis for protein-RNA recognition in telomerase. Nat. Struct. Mol. Boil. 2014, 21, 507–512. [CrossRef]

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1101/gr.132159.111
http://dx.doi.org/10.1016/j.jmb.2013.02.030
http://www.ncbi.nlm.nih.gov/pubmed/23467124
http://dx.doi.org/10.1210/en.2009-0657
http://www.ncbi.nlm.nih.gov/pubmed/20032057
http://dx.doi.org/10.1016/j.molcel.2019.07.025
http://www.ncbi.nlm.nih.gov/pubmed/31444106
http://dx.doi.org/10.1038/nsmb.2530
http://www.ncbi.nlm.nih.gov/pubmed/23474713
http://dx.doi.org/10.1038/nsmb.2819
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results from Investigating Yeast Telomerase RNA 
	Rapid Evolution 
	Identifying S. cerevisiae Telomerase RNA Secondary Structure 
	Functional Repositioning of Holoenzyme Subunits and the Ends of TLC1 
	Est1 
	Ku 
	Sm7 and the 5' and 3' ends 

	Deleting or Stiffening the Presumably Pliable TLC1 RNA Arms 
	TLC1 RNA Has Some Important Secondary and Tertiary Structure within Subunit-Binding Modules 

	Repercussions 
	A Spectrum of RNP Flexibility 
	Defining the Limits: The Most Rigid RNPs 
	Defining the Limits: The Most Flexible RNPs 

	What TLC1 Flexible Scaffolding Implies for other Telomerase RNPs 

	Conclusions 
	References

