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Abstract

Telomerase is an ancient ribonucleoprotein (RNP) that protects the ends of linear chromosomes 

from the loss of critical coding sequences through repetitive addition of short DNA sequences. 

These repeats comprise the telomere, which together with many accessory proteins, protect 

chromosomal ends from degradation and unwanted DNA repair. Telomerase is a unique reverse 

transcriptase (RT) that carries its own RNA to use as a template for repeat addition. Over decades 

of research, it has become clear that there are many diverse, crucial functions played by telomerase 

RNA beyond simply acting as a template. In this review, we highlight recent findings in three 

model systems; ciliates, yeast and vertebrates, that have shifted the way the field views the 

structural and mechanistic role(s) of RNA within the functional telomerase RNP complex. Viewed 

in this light, we hope to demonstrate that while telomerase RNA is just one example of the myriad 

functional RNA in the cell, insights into its structure and mechanism have wide-ranging impacts.
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Cross-species conservation of telomerase RNA structure and function

Introduction

Telomeres are specialized nucleoprotein structures built upon sequences of repetitive DNA 

present at the ends of linear chromosomes (1). Telomeres serve the critical function of 

sheltering the ends of linear genomes from recognition by robust cellular DNA damage 

repair systems. Failure to do so can result in deleterious end-to-end chromosome fusion 

events that lead to genome instability. Although it is not precisely known when telomeres 

arose during evolution, it is likely these structures emerged as organisms transitioned from 

genomes organized within closed circular DNA molecules to individual linear DNA strands 

(2). The advent of the linear genome presented a challenge to the conventional replication 

machinery, which requires an RNA primer to initiate synthesis of DNA. Thus, when the 

replisome approaches the end of a linear DNA molecule, the ends cannot be completely 

replicated, a situation often termed the ‘end replication problem’ (3, 4). Most eukaryotes 

employ a unique reverse transcriptase in a clever work-around to this problem (2, 5). This 

unique enzyme together with its associated non-coding RNA is called telomerase and adds 

short DNA repeats to chromosome ends; a simple solution to the end-replication problem 

that requires a complex ribonucleoprotein (RNP) enzyme to enact.

The telomerase RNP is minimally composed of the telomerase reverse transcriptase (TERT) 

protein and the integral telomerase RNA (TR) (Fig. 1A and 1B). To extend telomeres, 

telomerase binds to the 3’ single-stranded DNA tail and uses a short segment within TR as a 

template for a TERT-catalyzed reverse transcription reaction (Fig. 1C). Telomerase is unique 

among reverse transcriptases in its ability to reiteratively use its internal RNA template for 

processive addition of multiple telomere DNA repeats before dissociation from its DNA 

substrate. This repeat addition processivity (RAP) relies on the functional interdependence 

of specialized protein and RNA domains, as well as the unique structural properties of 

telomere DNA. Specifically, upon completion of one round of telomere DNA repeat 

synthesis, translocation must occur. To accomplish this, the nascent 3’ end of the DNA 

substrate must correctly realign with the downstream region of the RNA template. The 

resultant short RNA-DNA hybrid must then stably bind in the TERT active site to initiate 

synthesis of the next telomere DNA repeat. The precise sequence of events that underlies 

this complex catalytic cycle and how telomerase RNA contributes to function beyond 

serving as a template continue to be a focus of mechanistic telomerase research.

The TERT subunit is highly conserved across species and contains several domains: the 

telomerase essential N-terminal (TEN) domain the telomerase RNA-binding domain 

(TRBD), the reverse transcriptase (RT) domain, and the C-terminal extension (CTE) (Fig. 

1B) (5). Within these domains lie many conserved motifs, for example the CP and T-FLY 

motifs in the TRBD, and the GQ motif in the TEN domain. The RT domain has many motifs 

shared with other reverse transcriptases, such as the 1 and 2 motifs (fingers), the 3 motif 

(template grip), the ABCDE and IFD motifs (palm and primer grip). The CTE domain is a 

homolog of the canonical thumb domain of reverse transcriptases, and as such is important 

for retaining DNA binding once TERT has found the telomere (6–8).
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TR has far more divergent sequence conservation than TERT. It is variable in size across 

phyla, ranging from over 2000 bases in Neurospora to just under 150 bases in killifish. 

Despite the variability in sequence and size of TRs, there exists a conserved organization of 

several RNA elements: a template region, a pseudoknot (PK) fold, a template boundary 

element (TBE), and a stem terminus element (STE) (Fig. 1A) (9–12). The template is a 

single-stranded region that the reverse transcriptase uses during addition of telomere repeats 

to chromosome ends. The pseudoknot fold is a vital part of the telomerase enzyme (13–16); 

genetically inherited mutations within the pseudoknot of human TR destabilize RNA 

folding, giving rise to several pre-mature aging syndromes (17). Despite its clear importance 

to telomerase function, the precise role of the PK fold remains enigmatic. The template 

boundary element acts to stop run-through reverse transcription past the template, and can be 

enforced in various ways depending on the specific telomerase enzyme (18–20). 

Nevertheless, apart from certain yeasts, strict use of a precise template is a hallmark of 

telomerase activity, resulting in the repetitive telomere DNA sequences that are the 

foundation of telomere structure. Finally, the STE within TR is absolutely required for 

telomerase activity in most systems that have been studied (12, 21), and like the PK-fold, its 

precise role in promoting telomerase catalysis is not well understood.

The initial discovery of telomerase in the mid-1980’s by Greider and Blackburn was quickly 

followed by the demonstration that telomerase activity is up-regulated in most human 

cancers (22–24). Since this time, the intriguing properties of the telomerase RNP enzyme, 

together with the potential biomedical significance of telomerase-based therapeutics (25), 

has fueled tremendous efforts to better understand the structure, function, and regulation of 

this fascinating enzyme. There are many excellent review articles that cover in detail recent 

advances in telomerase structure and biogenesis, as well as evolutionary origins of the 

telomerase complex (2, 8, 26–34). Therefore, rather than provide a comprehensive review of 

the telomerase literature, we have elected to highlight recently reported discoveries from the 

three best-studied telomerase systems: ciliates, yeasts, and vertebrates. Specifically, we have 

chosen recent findings that have changed our view of the how RNA contributes to the unique 

functional properties of the telomerase complex. These recent discoveries also reinforce the 

notion that telomerase provides fertile ground for discovery of novel RNA function within 

RNP complexes.

Telomerase RNA Function in Ciliates

Ciliate telomerase RNAs are among the smallest that have been identified, with the 

extensively studied Tetrahymena telomerase RNA (tTR) being composed of a 159-

nucleotide long transcript. Unlike TRs from most species, ciliate TRs are transcribed by 

RNA polymerase III (35). Ciliate telomerase is constitutively expressed and assembled by 

RNP biogenesis pathways shared with other RNAP III transcripts. Telomerase was first 

discovered in Tetrahymena, in part because Tetrahymena expresses telomerase at high levels 

compared to most eukaryotes (22). Over the years, researchers have used the model ciliate, 

Tetrahymena thermophila, to analyze the structure-function relationship of tTR in vitro and 

in vivo. The ability to reconstitute Tetrahymena telomerase into catalytically active RNP 

complexes in vitro and in vivo has proved a crucial tool in studying telomerase. Even after 

decades of research on Tetrahymena telomerase, this model system continues to provide new 
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insights into the functional properties of TRs, some of which appear unique to ciliate 

telomerases, while others are more widely conserved.

Telomerase has remained an extraordinarily challenging target for high-resolution structure 

determination, in part because of its intrinsic flexibility, and its ability to exist in a 

heterogeneous mixture of conformations. Knowledge of tTR architecture was significantly 

enhanced by several recently reported high-resolution structures of partial telomerase RNA 

and protein-RNA complexes. For example, the structure of tTR STE (stemloop IV, SLIV) 

bound by the C-terminal domain (CTD) of RNP assembly-cofactor p65 has defined a new 

class of RNA recognition motifs (xRRM) (Fig. 2A) (36). The p65-CTD/STE structure also 

helped reveal the molecular mechanism underlying the role of p65 during RNP assembly; 

binding of p65 to the STE stabilizes a bend in the RNA, which in turn facilitates recruitment 

of the TERT subunit. A high-resolution structure of stem loop II, the ciliate TBE, bound to 

the TERT-RNA binding domain (TRBD) of Tetrahymena provided key insight into the 

mechanism of template definition during catalysis (Fig. 2B) (37). Strong protein-RNA 

contacts between the TBE helix and TRBD are mediated by the conserved CP2 motif of 

TRBD, which defines the template boundary by limiting RNA access to the RT active site.

Most recently, an NMR structure of the Tetrahymena tTR pseudoknot (PK) fold was 

reported (Fig. 2C) (38). The structure reveals several base triples that act to stabilize the 

compact PK fold. Notably, in Tetrahymena, the PK fold in full-length tTR is not stable in the 

absence of TERT, but rather forms a competing stem-loop structure. This finding is 

consistent with earlier single-molecule FRET and biochemical experiments of Tetrahymena 

PK. Recently, a medium resolution ~ 9 angstrom cryo-EM structure of endogenously 

assembled Tetrahymena telomerase revealed the shape of a complete holoenzyme (39). This 

work found several exciting new holoenzyme subunits and, notably, provided the first 

opportunity to model full-length telomerase RNA in the context of the functional RNP (Fig. 

2D). The comprehensive high-resolution work on each component of tTR facilitated this 

detailed modeling, and provides the first picture of telomerase RNA structural organization 

within the holoenzyme.

Mutational and biochemical structure-function analysis, using either RNP assembly or 

catalytic activity as a readout, has provided an important platform for analyzing the role of 

telomerase RNA. Several regions within the tTR core necessary for wild-type activity have 

been identified in this manner. Mutations in sequences 5’ of the template can give rise to 

template boundary defects, whereas mutations 3’ of the template impact proper TERT 

binding and lower replication fidelity of the reverse transcriptase domain (40, 41). 

Interestingly, separate core and STE fragments added in trans can support reconstitution of 

functional telomerase RNP, albeit at a lower level than the intact RNA (20, 42). Recent 

studies have investigated the role of specific STE nucleotides in promoting telomerase 

assembly and function in vivo (43). Surprisingly, mutations which alter catalytic properties 

in vitro displayed wild-type catalysis within endogenously assembled telomerase. However, 

when assayed in vitro and in vivo, several of these mutants showed reduced RNP assembly, 

suggesting an important role for the STE in producing active telomerase complexes. These 

studies also highlight the importance of combining in vitro and in vivo analyses to gain a 
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complete view of how perturbations to TR can result in subtle, yet crucial, changes to 

telomerase function.

The complex catalytic properties of telomerase have lead researchers to propose a range of 

models for how RNA dynamics might mediate enzyme function. However, testing these 

models has remained a challenge. Recent advances in single-molecule science have enabled 

direct interrogation of RNA conformational changes within individual telomerase complexes 

(31, 44). Specifically, single-molecule FÖrster resonance energy transfer (smFRET) has 

emerged as a method of choice for analyzing telomerase structure and dynamics. In a typical 

smFRET experiment, dynamic molecular motions can be followed in real-time as the 

distance-dependent efficiency of energy transfer between fluorescent probes strategically 

incorporated into telomerase RNP complexes (see (45) for a comprehensive explanation of 

smFRET). In the context of Tetrahymena telomerase research, smFRET was first employed 

to analyze the p65-induced bending of the STE (SLIV) (46), a finding that was subsequently 

validated by the mid-resolution structure (Fig. 2A). More recently, smFRET was used to 

demonstrate that the Tetrahymena PK fold samples multiple conformational states in the 

absence of the TERT protein subunit (47), consistent with reported biochemical and high-

resolution structural analysis of this same RNA fold (38, 48). It does not however, appear to 

exhibit conformational dynamics, within the time-resolution of the reported measurements, 

once assembled into the complete RNP complex (Fig. 2E). It has been proposed that 

dynamics in the pseudoknot could act as a molecular switch during the catalytic cycle of 

telomerase (49); however, since no such dynamics were found it is unlikely that the 

pseudoknot fills this role. As will be discussed further in this review, smFRET studies in 

vertebrate telomerase systems have begun to shed light on the important functional role of 

the pseudoknot. The Tetrahymena telomerase core was studied with smFRET to monitor the 

flexibility of short connecting segments of RNA that flank the template region (50). This 

work lead to the ‘RNA accordion model’ of telomerase dynamics, which posits that the 

RNA elements proximal to the template exhibit reciprocal extension and compaction during 

telomerase translocation (Fig. 2F). Looking ahead, single-molecule experiments, combined 

with the growing body of structural and biochemical data, will likely continue to illuminate 

how RNA structure and dynamics contribute to the functional properties of telomerase from 

the important Tetrahymena model system.

Telomerase RNA Function in Yeasts

While yeast share many structural features of telomerases with other branches of life, the 

telomerase RNA sequences are significantly longer than that of vertebrates and ciliates (Fig. 

1A). Extensive alignments and folding models performed in over 55 yeast species (51) have 

revealed that the same essential RNA elements found in vertebrate and ciliate species are 

shared in yeasts. Over the years, yeast telomerase research has complemented work from 

other model systems, in large part because of its genetic tractability. In this way, the in vivo 

consequences of mutations to the telomerase RNP, the holoenzyme, and telomere proteins 

can be rapidly assessed and compared with in vitro functional assays, providing important 

insight into their cellular function(s).
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The size of yeast telomerase RNAs makes in vitro reconstitution of active RNP complexes 

using the full-length RNA difficult. In an effort to circumvent this challenge, a minimal 

yeast telomerase RNA (miniT) from the 1,157 nucleotide Saccharomyces cerevisiae was 

developed. This RNA reconstituted robust telomerase activity in vitro, but displayed a 

telomere shortening phenotype in vivo (52). These early experiments provided a tractable 

platform for studying yeast telomerase RNA requirements for catalysis in vitro, and pointed 

to the functions of the extended RNA regions for telomerase function in vivo. In an earlier 

study, it was shown that much of this long RNA sequence is entirely dispensable, acting 

instead as a flexible scaffold around the functional regions of TR (53). With few constraints, 

these functional components can even be moved around in the long intervening TR sequence 

with little impact on activity (54).

In Saccharomyces cerevisiae, circular permutants made in the stem and loop of a small helix 

3’ of the template were still capable of nucleotide addition, however when the backbone was 

broken 5’ of the template, between the TBE and the core enclosing helix (CEH), activity was 

lost. This work described an Area of Required Connectivity (ARC), encompassing the core 

of telomerase RNA, which must be physically linked in order for telomerase activity to 

occur (Fig. 3A) (55). Not only must this region be connected but, unlike other regions of 

yeast TR, shuffling the order and placement of the functional core components is not 

tolerated. The junctions between the pseudoknot and the template, the template and the 

TBE, and the TBE and the CEH are not sequence dependent, but they must be organized in a 

precise way for activity and binding to TERT. Circular permutants of the pseudoknot loop 

facing away from the template region retained activity, while permutants of the loop facing 

the template did not.

The high-resolution structure of a minimal pseudoknot from Kluyveromyces lactis 

telomerase RNA has recently been determined by NMR (Fig. 3B) (56). The structure 

revealed that the pseudoknot of this yeast is similar to other telomerase pseudoknots in 

tertiary structure, despite being arranged differently in the primary sequence. It retains the 

canonical RNA triplex core region stabilized by a number of critical base triples that are 

flanked by several RNA bulges. While the exact locations of the junction base-triples are 

different from vertebrate PK folds, the resultant structure contains the same length triple-

helix. The human pseudoknot has only one bulge located past the triple helical region, 

which, when deleted, decreases enzymatic activity. K. lactis on the other hand, has three 

bulges within the junction, which don’t appear to contribute to catalytic activity. Comparison 

of the NMR structures of the K. lactis and human PK folds revealed that the orientations of 

the different RNA bulges likely underlie their disparate contributions to telomerase function. 

The finding that the tertiary fold of the yeast TR PK domain is extraordinarily similar to that 

of other telomerase systems provides an illuminating example of structural constraints on the 

evolution of telomerase RNA.

Recent studies of yeast telomerase RNA biogenesis revealed that maturation of the 

premature TR transcript in S. pombe proceeds via an unanticipated partial processing by the 

spliceosome (Fig. 3C) (57–60). As is the case for many TR genes, the RNA that is 

transcribed is much longer than the final mature form. In yeasts, the premature transcript is 

initially bound by the Sm proteins, which protect the 3’ end from processing by the 
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exosome. This binding site is also quite close to what will become the 3’ end of the mature 

transcript. Sm proteins enable binding of the transcript to the spliceosome, which initiates 

lariat formation from the 5’ end to the branchpoint adenine. Normally, the second step of 

splicing would cause the free 3’ hydroxyl group of the 5’ end of the transcript to attack 

nucleotides just beyond the branchpoint, facilitated by the proper positioning of each splice 

site by the spliceosomal snRNAs. Unlike normal spliceosome-processed transcripts, S. 

pombe TR has an unusually long intervening sequence between the branchpoint nucleotide 

and the 3’ splice site, accompanied by a weak polypyrimidine tract. These features together 

reduce the efficiency of the U2 snRNP-dependent second step of intron splicing, while 

leaving the initial U1 snRNP-mediated transesterification unhindered. Additionally, there is 

poor complementarity between the U2 snRNA and the transcript, making it less able to 

properly align the free hydroxyl of the 5’ end of the transcript with the 3’ splice site. 

Together, these unusual features of the S. pombe telomerase RNA slow the activity of the 

spliceosome, causing it to release the transcript without completing ligation of the 5’ and 3’ 

splice sites, producing the mature and active form of TR.

Another unusual feature of yeast is that some species, such as Saccharomyces cerevisiae and 

Schizosaccharomyces pombe, have variable length telomere repeats with inconsistent repeat 

sequences. The inconsistency in telomere DNA repeat length and sequence is related to the 

structure of the template boundary region in these species (61). In line with studies in 

Tetrahymena, the fission yeast TBE is composed of a short helical region 5’ of the template, 

that forms a block preventing run-through replication. Unlike Tetrahymena, the TBE-helix 

extends two bases into the template sequence. A bulged nucleotide follows this, which 

reduces the stability of the paired template nucleotides. This allows for the partial opening of 

the helix, and complete replication of the template. However, because of the necessarily 

weak closing of the TBE helix, there is a reduced ability to enforce the template boundary, 

giving rise to repeat sequences that contain not only the telomere repeat but also portions of 

the TBE (61, 62).

It is tempting to assume that the inconsistent nature of some telomere repeats is therefore 

caused by a general mechanism wherein the TBE helix opens completely, and replication 

simply continues straight through. However, in Schizosaccharomyces pombe, run-through 

transcription into the TBE is hallmarked by the presence of a rare cytosine at the end of the 

repeat, which occurs in only 12% of repeats (63). A recent study in this fission yeast system 

suggests the true cause of inconsistent repeats is ‘stuttering’, where the RT active site can 

slip and incorporate extra dG residues early in the telomere DNA repeat synthesis reaction 

(Fig. 3D). The resulting product is a repeat that is both longer than the templated sequence, 

and contains a duplicated portion of guanine stretches. Surprisingly, a mutation in the STE 

stem loop altered the frequency of stuttering and run-through transcription, reducing the 

amount of guanine tracts and increasing the rare cytosines (63). This finding indicates that 

the STE is not only functionally interacting with the TBE, but that it is actually influencing 

the mechanism of repeat addition and possibly translocation. This work further 

demonstrated that Taz1, a yeast telomere binding protein, preferentially binds repeats with 

guanine tracts (produced by stuttering) compared to perfectly replicated repeat sequence. 

Mutants of the STE loop that reduced the frequency of guanine tracts generated by the 

stuttering mechanism resulted in aberrant telomere protein binding. Thus, stuttering, a 
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seemingly detrimental change in the telomerase mechanism, is in fact beneficial in this 

particular yeast species.

Telomerase RNA Function in Vertebrates

Phylogenetic co-variation analysis has traditionally been considered the most powerful 

method for inferring higher order structure of RNA. Consistent with this notion, early study 

of diverse vertebrate TRs revealed an evolutionarily conserved secondary structure model 

(Fig. 1A) (9). This vertebrate secondary structure model shares significant overlap with the 

seemingly unrelated telomerase RNAs of ciliates and yeasts (10), suggesting these 

conserved RNA structures are important for telomerase function. Due to the crucial nature of 

telomerase catalysis in regards to human disease, we will focus our attention on features of 

vertebrate TRs that are required for catalytic function; however it is also important to 

recognize that RNA structures in the vertebrate TR play important roles in biogenesis and 

trafficking (33). Here, we highlight selected examples of recent findings from human 

telomerase research as well as from the more streamlined telomerase RNA derived from the 

teleost fish Oryzias latipes (Medaka).

Structural studies of vertebrate TRs have largely focused on the PK fold and the STE 

fragment, known as conserved regions 4 and 5 (CR4/5) in vertebrates. Structural analysis of 

a minimal PK fragment was the first to reveal, at atomic detail, a unique RNA triple helix 

that lies at the core of the pseudoknot (Fig. 4A) (16, 64). Mutational analysis of the base 

triples in this region resulted in significant structural destabilization of the pseudoknot, and 

loss of telomerase activity (15, 65). Interestingly, NMR studies of the minimal human 

pseudoknot showed that disease-associated mutations are also strongly destabilizing to the 

PK fold, providing a mechanistic explanation for how these hTR mutations contribute to 

telomerase dysfunction disorders (17, 65). Recent NMR structures of the RNA segments 

proximal to the PK triplex, including a conserved five-nucleotide bulge, permitted modeling 

of the full-length pseudoknot/template core domain of hTR (Fig. 4B)(66). The model 

indicates that the conserved bulge region induces a bend in the core domain of the RNA, 

forming the apex of a triangular architecture. This same architecture is found in the core 

domain of the Medaka telomerase RNA (67), and is easily modelled onto the solved 

Tribolium casteneum TERT structure (26, 39, 68), reinforcing the conserved nature of this 

bend. Given its position around the pseudoknot, it has been postulated that this bend may 

serve as a hinge-point for dynamic motions during the catalytic cycle.

In concert with that of Tetrahymena and yeast, the vertebrate STE harbors a high-affinity 

binding site for TERT. The STE motif is composed of three helical segments connected by 

an internal loop, giving rise to a two-prong forked structure (Fig.1A and 4C). Mutational 

analysis, together with protein-RNA crosslinking studies, demonstrated that much of the 

STE RNA surface serves as a binding interface with the TRBD domain (69, 70). Indeed, a 

crystal structure of the Medaka STE (CR4/5) in complex with TRBD revealed significant 

binding contacts within the conserved stems (Fig. 4C) (71). Previous mutational analyses of 

nucleotides in stem loop P6.1 suggested this region, which is not ordered in the crystal 

structure, is essential for telomerase catalysis (72, 73). Based on the position of the P6.1 

stem in the medaka structure, modeling with the T. casteneum TERT structure, and results 
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from UV-crosslinking work, it appears that this critical stem loop is oriented towards the 

TERT C-terminal extension (CTE), and may therefore impact catalysis through a protein-

RNA interface. Comparison of the TRBD-CR4/5 structure with the structure of the CR4/5 

RNA alone determined by NMR (74), reveals a dramatic remodeling of the three-way 

junction helical orientation upon protein binding (Fig. 4C), which is stabilized by significant 

reorganization of base pairing interactions in the junction loop region. Surprisingly, 

mutations in the medaka STE designed to perturb the protein-free STE structure do not 

impact the catalytic properties of the assembled RNP complex (74). Taken together, these 

structural data suggest that the essential STE motif must undergo a large-scale 

conformational change during RNP assembly, perhaps providing an opportunity to regulate 

telomerase assembly and function in vivo.

Multiple methods exist for reconstituting catalytically active human telomerase in vitro (75, 

76), affording the opportunity to conduct biochemical structure-function experiments to 

complement the available high-resolution structural data. In one study, a collection of 

circularly permuted hTRs were reconstituted with hTERT in vitro, to map regions of 

required physical RNA connectivity for telomerase function (77). Disruption of backbone 

connectivity between the 3’-end of hTR and the PK-fold severely compromised telomerase 

RAP. In addition, hTR tolerated backbone discontinuities localized within the loop II 

(J2aIII) of the PK-fold, but not within the conserved five-nucleotide bulge (J2a/b) or within 

the core RNA triplex. With respect to the STE domain, introduction of a backbone nick into 

conserved bulge or stem-loop regions elicited the expected knockdown in telomerase 

activity. Lastly, truncation of the 5’ end of hTR increased the overall level of telomerase 

activity. This finding is consistent with independent reports suggesting that the 5’ end of 

hTR may fold into an G-quadruplex structure, which inhibits telomerase function (78–80).

One important question that emerges from these in vitro hTR structural studies is to what 

extent hTR folds independently in vivo. To address this question, researchers recently 

analyzed the DMS-protection pattern of hTR expressed in HEK293 cells in the presence or 

absence of TERT, and compared the results to in vitro hTR protection patterns (81). The 

general conclusion of this work was that the hTR core domain, including the PK fold, is pre-

organized in the absence of TERT. This result is consistent with in vitro biochemical 

structure probing and single molecule biophysical analysis of full-length hTR core domain 

folding (82, 83). In addition, the in vivo DMS-modification studies mapped changes in the 

CR4/5 domain upon TERT binding, consistent with the high-resolution structures of this 

hTR domain from the related Medaka system.

The most intriguing aspect of the telomerase mechanism, from a structure-function 

perspective, is its ability to reposition the internal RNA template for repeated use over many 

rounds of processive telomere repeat synthesis. Moreover, telomerase inhibitors that reduce 

repeat addition processivity (RAP) have shown therapeutic potential in some cancer types 

(84) prompting further investigation into the functional requirements for processive 

telomerase action. Several recent in vitro studies of the requirements for RAP in human 

telomerase have significantly refined our view of this complicated rearrangement within the 

telomerase-DNA complex. Borrowing from prior studies of Tetrahymena telomerase (73), 

researchers developed a ‘template-free’ human telomerase system in which a hybrid 
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DNA/RNA double strand, composed of the template RNA and product DNA, can be added 

in trans to a telomerase RNP lacking the template region (85). This novel method permits 

detailed dissection of the requirements for binding the short RNA-DNA hybrid, which is a 

required intermediate for each round of telomere repeat synthesis. Using this system, it was 

shown that the TERT active site interacts directly with the template-product hybrid to initiate 

RNA-dependent DNA synthesis, and mutations that reduce the binding affinity for this 

hybrid correlate with knock down of telomerase catalysis. Strikingly, experiments that used 

an intact core domain with the template region, supplemented in solution with a competitor 

RNA-DNA hybrid, found that the exogenous hybrid can still access the active site and is 

even extended by the complete telomerase RNP. This surprising result lead to the suggestion 

that during telomerase translocation, wherein the RNA template must dissociate from the 

DNA product and realign with the 3’ end of the nascent DNA strand, there is sufficient 

compliance within hTR to permit the template-product hybrid to vacate the active site 

entirely during realignment. In a related study, a ‘template-free’ hTR system was paired with 

a trans TEN-domain TERT complementation approach (86). Many lines of evidence have 

suggested that the telomerase essential N-terminal (TEN) domain in TERT is functionally 

required for RAP, but the precise mechanism for this domain during catalysis remains 

unknown. Using the combined trans TEN and hTR template system, it was shown that 

hTERT-TEN is required to recognize short RNA/DNA hybrids during catalysis. This result 

is in good agreement with single-molecule biophysical studies of Tetrahymena telomerase 

that also demonstrated a role for the TERT-TEN domain in stabilizing short RNA/DNA 

hybrids (87).

Lastly, a recent study of template definition in human telomerase unexpectedly discovered a 

sequence-specific pause signal within the hTR template that reinforces the template 

boundary (Fig. 4D) (85). Earlier studies of template boundary requirements in hTR revealed 

a role for the P1 stem that lies 5’ of the template region. Disruption of the P1 stem elicits 

detectable template boundary defects in a manner reminiscent of mutations to the 

Tetrahymena template boundary element (TBE) located at the base of tTR stem II. However, 

the discovery of a kinetic pause during telomere repeat addition that is an intrinsic property 

of a self-regulating template sequence introduces a previously overlooked aspect of how 

telomerase regulates the fidelity of processive telomere repeat addition. As in the case of 

Tetrahymena telomerase studies, single-molecule biophysical approaches have recently been 

employed to analyze human telomerase RNA structure and dynamics. In an early study, 

folding requirements for the hTR pseudoknot within the context of the full-length core 

domain were investigated using smFRET. Surprisingly, these studies demonstrated that the 

pseudoknot will fold stably in the absence of TERT, but only when the concentration of 

magnesium matches the physiological concentrations of the cell (82). This result is distinct 

from similar studies of the Tetrahymena TR, wherein TERT binding was shown to be 

necessary to stabilize the PK fold (47). Thus, it appears that expansion of the sequences 

surrounding the conserved PK fold permits the hTR core domain to fold independent of 

telomerase assembly, consistent with the in vivo structure probing of hTR described earlier 

in this review.

An exciting smFRET study analyzing hTR folding and architecture within catalytically 

active RNP complexes has provided crucial insight to the enigmatic role of the pseudoknot 
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in telomerase catalysis (88). FRET states from a series of different probe positions around 

hTR provided distance constraints for automated computational modeling using a modified 

ROSETTA energy-minimization approach (89). The best scoring models (corresponding to 

the lowest energy complexes), placed the conserved PK-fold in close proximity with the C-

terminal extension, which is distal to the active site. This result is consistent with the 

independently reported cryo-EM structure of the Tetrahymena telomerase RNP, and suggests 

that the PK-fold is not directly required to mediate catalysis in the telomerase active site, as 

had been previously suggested. Moreover, modeling of human telomerase RNP complexes 

during active catalysis suggests the PK-fold exhibits nanometer scale movements that are 

required for function. Interestingly, a break in the connectivity between the RNA template 

and the PK-fold abolished this conformational rearrangement and knocks down telomerase 

processivity. Based on these data, a new ‘pseudoknot tracking’ model was proposed, 

wherein the PK fold serves to stabilize an alternative conformation of the CTE domain upon 

completion of one round of telomere DNA repeat synthesis, which in turn triggers 

subsequent rearrangements required for repeat addition processivity (Fig. 4E).

Conclusions

Telomerase is a crucial and complicated part of eukaryotic cell biology. It has been studied 

for many years and has been implicated in processes ranging from cellular aging, the stress 

response, homeostasis, DNA repair and tumorigenesis. Telomerase has become a hotly 

pursued target for gene therapy, immunotherapy, and chemotherapy for cancer and other 

diseases. The work highlighted in this review has shed new light on the mechanisms of 

telomerase function and structure. Furthermore, we have emphasized the cross-species 

breadth of work that is so essential to the telomerase field. Telomerase research continues to 

push the bounds of scientific methodology and broaden our understanding of a wide range of 

fields. For example, work in Tetrahymena revealed an entirely new class of RNA-binding 

motif (xRRM). This novel motif has subsequently been identified in other chaperone 

proteins, and likely plays a critical role in biogenesis of many RNA Pol III transcripts. 

Studies of yeast telomerase lead to the surprising discovery of an entirely novel mechanism 

of spliceosomal processing, with intriguing similarities to the processing of viral RNA 

transcripts. Additionally, this new mechanism of processing hints at broader connections 

between the biogenesis of many long non-coding RNAs. Pursuit of the complete structure of 

the human telomerase RNP lead to the development of a new modeling system, in which 

structural data from single-molecule FRET work is used to constrain and inform the 

ROSETTA modeling algorithm. This has dramatically improved the way that complex RNPs 

can be studied bioinformatically, and has pushed the utility of smFRET to new heights. Even 

as such discoveries are made, new knowledge still lies buried within the enigmatic 

telomerase RNP. What fresh insights lie ahead can only be guessed, but it is certain that the 

dogged pursuit of this structural puzzle will have huge impacts on science and humanity for 

decades to come.
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Figure 1. Telomerase Subunits and Catalytic Mechanism
(A) Conserved structural elements of telomerase RNA (TR) secondary structural models 

from Ciliates, Vertebrates, and Yeasts are shown. The template boundary element (TBE) 

(red), template (yellow), RNA pseudoknot (PK) fold (blue), and stem terminus element 

(green) are indicated for each organism. A dashed line indicates regions that are hyper-

variable between species within each category. (B) Domain organization of telomerase 

reverse transcriptase (TERT) catalytic protein subunit from Ciliates, Yeasts, and Vertebrates. 

The conserved essential N-terminal domain (TEN), RNA binding domain (RBD), reverse 

transcriptase (RT) domain, and C-terminal element CTE) are all indicated. In addition, 
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specific sequence motifs that are evolutionarily conserved and have been shown to be 

important for telomerase function are indicated. (C) Cartoon schematic of the Tetrahymena 

telomerase catalytic cycle. The 3’ end of a single-stranded DNA substrate (green) binds in 

the active site of the telomerase complex and aligns with the RNA template through Watson-

Crick base pairing. This provides a short RNA/DNA hybrid that serves as the substrate for 

the catalytic RT domain within TERT to extend the telomere DNA using the integral 

telomerase RNA template. Upon reaching the template boundary, the newly formed 

RNA/DNA hybrid must dissociate and realign with the downstream region of the telomerase 

RNA template to support telomere DNA repeat addition processivity (RAP). For clarity, 

color-coding throughout the review article is consistent with the color scheme established in 

this figure.
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Figure 2. RNA structure and function in ciliate telomerase
(A) High-resolution structure of the Tetrahymena p65 protein xRRM protein domain bound 

to stem-loop IV of telomerase RNA. Figure adapted from (36) PDB 4ERD. (B) High-

resolution structure of the Tetrahymena TERT-RBD domain bound to the base of stem-loop 

II, comprising the template boundary definition complex. Figure adapted from (37) PDB 

5C9H. (C) High-resolution structure of the Tetrahymena RNA pseudoknot domain. Figure 

adapted from (38) PDB 5KMZ. (D) Schematic model of Tetrahymena telomerase RNA 

organization based upon the medium-resolution structure of the complete holoenzyme 

solved by cryo-electron microscopy. Figure adapted from (39). (E) Cartoon model for 
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reorganization of Tetrahymena RNA pseudoknot fold upon binding and assembly with 

TERT protein subunit. (F) The RNA accordion model for RNA structural rearrangements 

during telomerase catalysis. During telomere DNA repeat synthesis the RNA regions 

flanking each side of the template undergo compaction and expansion to facilitate movement 

of the template through the RT active site.
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Figure 3. RNA structure and function in yeast telomerase
(A) Schematic model of the core domain of yeast telomerase RNA, highlighting the area of 

required connectivity (ARC) outlined in dashed black box. Disruption of the RNA backbone 

in this region of the telomerase RNA disrupts catalytic activity. (B) High-resolution structure 

of the RNA pseudoknot fold from the budding yeast Kluyveromyces lactis. Figure is adapted 

from (56) PDB 2M8K. (C) Model for partial splicing during maturation of fission yeast 

telomerase RNA. After recognition by the yeast spliceosome, the first step of splicing 

produces a functional telomerase RNA with a mature 3’ end. The second step of splicing is 

highly inefficient and usually abortive for this transcript, but when it does proceed, the 

splicing product is an inactive telomerase RNA that is quickly degraded. (D) Model for 

active site ‘stuttering’ during yeast telomere DNA repeat synthesis. Many species of yeast 

possess irregular telomere repeat sequences. In the ‘Stuttering Model’, efficient template 

boundary definition is reinforced by the distal stem terminus element (STE), preventing run 

on reverse transcription beyond the template. After realignment of the 3’ end of the DNA 

substrate, the RT active site can incorporate extra dGTP nucleotides, resulting in telomere 

repeats of varying length and sequence.
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Figure 4. RNA structure and function in vertebrate telomerase
(A) High-resolution structure of a minimal human telomerase RNA pseudoknot was the first 

to reveal the conserved base triples that stabilize the RNA fold. Figure based on (64) PDB 

2K95. (B) Model for the human telomerase RNA core domain, which include the template 

and RNA pseudoknot fold. The model predicts a triangular organization of the RNA which 

is compatible with available structural data for the TERT protein subunit. Figure adapted 

from (66). (C) Structural analysis of the conserved region 4/5 (CR4/5) from the Medaka fish. 

This RNA fragment contains the essential STE (P6.1 in vertebrates) required for telomerase 

catalysis. High-resolution structures of this RNA domain bound to the TERT-RBD or in the 
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absence of protein demonstrate the large scale structural reorganization of the three-way 

junction upon RNP assembly. Figures based upon (71, 74) PDB 4O26 and PDB 2MHI. (D) 

Model for the self-regulating RNA template in human telomerase. Biochemical mutagenesis 

analysis demonstrated the presence of a pause signal in the nascent RNA/DNA hybrid. This 

A-T base pair induces a kinetic pause that serves to reinforce template boundary definition 

and promotes translocation of the DNA product. (E) RNA pseudoknot tracking model for 

human telomerase catalysis. Biophysical and computational modeling studies, using a 

combination of single molecule FRET measurements paired with ROSETTA based 

molecular modeling, revealed the human RNA pseudoknot fold exhibits a large-scale 

conformational rearrangement during telomerase catalysis. The proximity of the RNA 

pseudoknot to the TERT CTE domain, which represents the polymerase ‘thumb’ domain, 

suggests movement of the pseudoknot may serve to stabilize a conformation of the RT active 

site required for repeat addition processivity.
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