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Abstract

During genome replication, telomerase adds repeats to the ends of chromosomes to balance the
loss of telomeric DNA. The regulation of telomerase activity is of medical relevance, as it has been
implicated in human diseases such as cancer, as well as in aging. Until recently, structural
information on this enzyme that would facilitate its clinical manipulation had been lacking due to
telomerase very low abundance in cells. Recent cryo-EM structures of both the human and
Tetrahymena thermophila telomerases have provided a picture of both the shared catalytic core of
telomerase and its interaction with species-specific factors that play different roles in telomerase
RNP assembly and function. We discuss also progress towards an understanding of telomerase
RNP biogenesis and telomere recruitment from recent studies.
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Introduction

Telomerase is a ribonucleoprotein (RNP) complex that maintains telomeres by synthesizing
terminal telomeric repeats in compensation for incomplete genome replication [1]. For
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repeat synthesis, telomerase relies on two components: a specialized telomerase reverse
transcriptase (TERT) and a template provided by telomerase RNA (TER or hTR in human)
[2]. Telomerase activity is highly regulated through human development. Early embryos and
some adult stem cells have active telomerase, but telomerase activity is undetectable in all
but a few somatic cells [3-5]. During oncogenesis, telomerase is reactivated, allowing cancer
cells to gain proliferation immortality [6]. Human diseases such as dyskeratosis congenita,
aplastic anemia, and pulmonary fibrosis can arise from mutations that compromise
telomerase function [7].

Besides TERT and TER, additional factors required for telomerase function /n vivo are also
associated with telomerase holoenzymes [8]. While TERT is highly conserved, TER differs
significantly in size, predicted secondary structure and biogenesis pathways across different
eukaryotic species [9,10]. Consequently, there is a remarkable diversity of holoenzyme
composition and architecture (Figure 1). Structural studies of telomerase have proved
extremely challenging due to its very low abundance. Telomerase holoenzyme from the
ciliate 7etrahymena thermophila was the first to be fully characterized biochemically and
structurally [11-14]. On the other hand, human telomerase composition was unclear due to
contradictory conclusions [15-18]. In 2013, negative-stain electron microscopy (EM)
structures of both 7. thermophila and human telomerase at 25-30 A resolution were
reported, revealing their overall 3D architectures and the remarkable differences between
them [12,14,17]. Taking advantage of recent developments in cryo-EM, structures of human
and 7. thermophila telomerase holoenzymes have been determined at higher resolution
[13,19,20]. The structure of a complete fungal telomerase has yet to be determined, but
recently additional progress has been made in defining both subunit composition and subunit
structures [9,10,21-25]. In this review, we first discuss the cryo-EM structures of the human
and 7. thermophila telomerase (Figure 2) [19,20]. These structures not only provide detailed
architectural insight into the common design principles of the catalytic core of telomerase
holoenzymes, but also reveal the physical coordination of additional species-specific factors
and their roles in telomerase RNP assembly. Subsequently, we highlight recent progress in
our understanding of telomerase RNP biogenesis and telomere recruitment in 7.
thermophila, human, Saccharomyces cerevisiae and Schizosaccharomyces pombe.

Cryo-EM structures of the human and T. thermophila telomerase

holoenzymes

Transient overexpression of human TERT and hTR in HEK 293T cells is commonly used in
telomerase studies because of telomerase low natural abundance and inefficient
reconstitution from purified subunits. Single molecule fluorescence and negative stain EM
studies showed that RNPs produced by this method are heterogeneous in terms of
oligomeric states and catalytic activity [17,18]. Guided by activity assays and negative-stain
EM, we developed a purification protocol that enriched for the active RNP population and
allowed structural determination of human telomerase by cryo-EM (Figure 1a and 2a) [19].
Although the purification was performed via hTR and a tag on TERT, other protein factors
required for biogenesis and localization were also present in the purified sample. Single-
particle EM analysis showed that human telomerase has a bilobal architecture, similar to that
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observed in the previous 30 A negative stain reconstruction [17], with the two lobes adopting
a wide range of relative positions with respect to each other. Through extensive localized
refinement/classification, cryo-EM maps at 7-8 A resolution were obtained for each of the
two lobes individually, allowing unambiguous fitting of known crystal and NMR structures
or homology models of components, and idealized RNA helical segments. The resulting
structure revealed an assembly of ten protein subunits around an hTR scaffold, with TERT
located in one lobe, bound to a DNA substrate, and a single TCAB1 and two of each mature
H/ACA protein (dyskerin, GAR1, NHP2 and NOP10; described below) in the other lobe
(Figure 2a). We refer to the two lobes as the catalytic core and H/ACA lobe, respectively.
Our interpretation of the cryo-EM density is different from that of the previous low-
resolution negative-stain reconstruction, where each lobe was proposed to contain a copy of
TERT and hTR [17]. A monomeric TERT and hTR subunit composition in human
holoenzyme parallels that in holoenzymes from single-cell eukaryotes [12,26].

The catalytic core of human telomerase is formed by TERT and just the two activity-
essential domains of hTR: the template/pseudoknot (t/PK) and phylogenetically defined
conserved regions 4/5 (CR4/5) (Figure 1a, 3a—c) [27], in agreement with previous findings
that catalytically active RNP can be assembled in both rabbit reticulocyte lysate and cells
from just TERT and hTRmin, which contains only t/PK and CR4/5 connected by a short
linker [28,29]. There are no observed RNA or protein interactions between the H/ACA RNP
lobe and the catalytic core, consistent with the bypass of the H/ACA-domain requirement for
active telomerase assembly using a different 3’ end-processing pathway [29]. However, a
recent study suggested a direct role for TCAB1-hTR interaction in folding CR4/5 [30].
Given that TCAB1 and CR4/5 are distant in our structure (Figure 2a), the subtle TCAB1
influence on hTR CR4/5 could reflect an indirect TCABL role, for example in CR4/5
modification [31,32] and/or RNP stability overall.

The TERT telomerase RNA binding domain (TRBD), reverse transcriptase (RT) domain,
and C-terminal extension (CTE) form a so-called TERT ring (Figure 3a) with a central
cavity that accommodates the RNA template-DNA substrate duplex (Figure 3c and d), as
first revealed by a Tribolium castaneum TERT structure [33]. The telomerase essential N-
terminal (TEN) domain packs against the TERT ring above the active site cavity (Figure 3c
and d), as first evident in the negative stain EM structure of telomerase holoenzyme from 7.
thermophila [12]. In the catalytic core, RNA tertiary structure forms a rigid layer outside the
TERT TRBD and CTE domains, with folding of individual RNA elements consistent with
prior hTR structural studies [34,35].

Vertebrate TERs have a double-hairpin H/ACA motif (Figure 3b) that is critical for nascent
RNA processing to mature hTR and for mature hTR biological stability and RNP
accumulation [36,37]. This H/ACA motif is shared with a large family of H/ACA small
nucleolar RNAs (snoRNAs) and small Cajal body RNAs (scaRNAs). The H/ACA motif
assembles with a set of four evolutionarily conserved proteins, dyskerin, GAR1, NHP2 and
NOP10, on each of the hairpins, forming an H/ACA RNP [38]. The human telomerase
structure not only confirmed the presence of a full H/ACA RNP in human telomerase
(Figure 1a and 2a) [19], but also yielded the first structural insight into an intact eukaryotic
H/ACA RNP. The heterotetramers on the two H/ACA hairpins are held together, not only by
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interactions with hTR, but also by newly revealed interactions between the two dyskerin
molecules. Telomerase deficiency caused by H/ACA protein missense mutations underlie
several forms of the bone marrow failure syndrome dyskeratosis congenita [7,39]. It was
unclear from the previous single-hairpin H/ACA RNP structures [40,41] how these
mutations affect the integrity of the two-hairpin RNP, and how they could affect hTR
accumulation more severely than other snoRNAs or scaRNAs. Intriguingly, a large number
of disease mutations in dyskerin are clustered at the dyskerin-dyskerin interface [19].
Telomerase depends on the 3’ hairpin to assemble proteins on the 5’ hairpin, and this
asymmetry would make the cross-hairpin dyskerin interactions particularly critical in the
hTR H/ACA RNP.

Additional insight into the telomerase catalytic core came from 7. thermophila telomerase
holoenzyme cryo-EM structure and its comparison to human telomerase (Figure 2b and 3d)
[13]. As revealed by previous proteomic and biochemical studies and the 9.4 A cryo-EM
reconstruction of the complex, 7. thermophila telomerase comprises a catalytic core of
TERT, TER and the La-family protein p65, and two distinct Replication Protein A (RPA)-
like complexes, p75-p45-p19 (analogous to CTC1-STN1-TEN1, CST) and Teb1-Teb2-Teb3
(TEB), which are tethered to the catalytic core via the p50 protein (Figure 1b) [11-14]. Teb2
and Teb3 are the only holoenzyme subunits that are not telomerase-specific, as they are also
subunits of RPA [42]. Recently, Jiang et al., captured the catalytic core with a DNA substrate
using a locked-nucleic-acid containing oligonucleotide to stabilize the DNA-RNA duplex
[20]. Using focused classification and refinement, a 4.8 A reconstruction was obtained for
the most stable part of the complex, which included TERT, TER, domains from the TEB
complex and p50 (Figure 2b). The improved resolution allowed tentative modeling of the
insertion in fingers domain (IFD) of the RT domain, which is absent in the evolutionarily
streamlined 7. castaneum TERT. This region, named TRAP, forms interactions with the TEN
domain above the active site (Figure 3d and €), suggesting an importance of this interface for
the TEN domain contribution to processive repeat synthesis [8].

Despite the significant differences in the RNA structures for the ciliate and human
holoenzymes (Figure 3b), there are clear similarities in the catalytic core. As initially
observed for the streamlined 7. castaneum TERT [33], the TERT ring encloses the
RNA/DNA duplex (Figure 3c and d). The PK and CR4/5 of hTR bind at the interface
between the TRBD and CTE domains of TERT, similar to the PK and stem 4 loop (SL4) of
7. thermophila TER (Figure 3c, d, f and g). Despite expanded complexity and rigidity of the
P2 stem connecting the template and PK in hTR, relative to the single-stranded (ss) template
recognition element (TRE) connecting template to PK in 7. thermophila TER, both straddle
the CTE (Figure 3c and d). In the 7. thermophila holoenzyme, due to the obstacles of the
TRAP and TEN domain, the DNA substrate 5* end and template 3* end emerge from the
active site cavity in opposite directions. The RNA winds over the CTE, while the DNA turns
towards the TEB complex and also forms an additional 3 bp with residues 5’ of the template
(Figure 3e and g), as anticipated by previous cross-linking data [43]. The p50-TEB complex
in 7. thermophila contributes critically to telomerase recruitment and activation [14,42].
Teb1 mediates telomeric repeat ssDNA binding via three tandem oligonucleotide/
oligosaccharide-binding (OB) folds. As predicted by previous biochemical studies [11], the
C-terminal OB-fold of Teb1 (Teb1C) interacts with the sSDNA exiting the TERT active site
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(Figure 2b and 3g). TEB is ciliate-specific. However, by analogy, it is possible that sSSDNA
exiting the template duplex of human telomerase holoenzyme could turn from the CTE to
cross over the RT domain towards one possible speculative positioning of TPP1 and POT1
(Figure 3f), discussed below. NMR studies of the TEN domain of telomerase from a
thermophilic yeast suggest a possible duplex splitting role that warrants future investigation
[44].

Telomerase assembly

Establishment of the complex networks of interactions between TERT, TER and other
holoenzyme subunits observed in the cryo-EM structures involves step-wise pathways of
RNP subunit assembly and folding. Although yeast and metazoan TERSs are transcripts of
RNA Pol Il, ciliate TERs are RNA Pol Il transcripts that require La-family proteins such as
p65 in 7. thermophila for stability and folding (Figure 1a) [45-47]. Fungal TERs require 3’
association of the heptameric Sm-protein complex for their processing and accumulation
(Figure 1c), a pathway shared with spliceosomal small nuclear RNAs [48,49]. In S. pombe,
the Sm complex is later replaced by an Sm-like (Lsm) complex [50]. Curiously, Lsm loading
is stimulated by Pof8, a La-family RNA-binding protein and recently discovered subunit of
S. pombe telomerase holoenzyme (Figure 1d) [22-24]. Also, budding yeast S. cerevisiae
telomerase RNA TLC1 was found to associate with the trimeric Pop1/Pop6/Pop7 protein
complex via a domain similar to the P3 domain of the RNAs of eukaryotic Ribonuclease P
and Ribonuclease for Mitochondrial RNA Processing (RNase P/MRP) [21]. This module of
TLC1 functions in maintaining stable co-assembly of two holoenzyme subunits, Estl and
Est2/TERT (Figure 1c).

In the catalytic core of human and 7. thermophila telomerase holoenzymes, the t/PK makes a
large arc across several domains of TERT (Figure 3). One remaining open question is the
role of alternative conformations of TER en route to this t/PK fold in active telomerase RNP.
In the absence of TERT, 7. thermophila TER does not have the PK fold [51]. Instead, the
template and PK sequence have the alternative fold of a long stem-loop [52]. The alternative
conformation could serve as an intermediate in RNP assembly that restrains PK formation
until template has threaded across the active site surface of TERT ring. An intermediate hTR
structure en route to the active hTR fold is also possible, although mutagenesis results
suggest that any secondary structure rearrangement would be less extensive or critical than is
the case for 7. thermophila TER [53].

Telomerase recruitment to telomeres

Similar to the diversity observed in telomerase holoenzyme composition and structure,
telomeres are divergent in length, sequence and bound protein factors across eukaryotic
species. As a consequence, mechanisms by which telomerase is recruited to telomeres are
also species-specific (Figure 1) [54]. In humans, telomerase is recruited to telomeres by the
shelterin complex, via the N-terminal OB-fold domain of TPP1 [55]. The molecular
specificity of TPP1-POT1 interactions was defined recently from structures of the C-
terminal portion of POT1, consisting of an OB-fold domain and a Holliday-junction
resolvase-like (HJIRL) domain inserted within the OB-fold, in complex with the POT1-
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binding motif (PBM) of TPP1 (Figure 4a and b) [56,57]. A structure of the telomeric repeat
factor homology (TRFH) domain of TINZ2 in complex with the distinct TIN2-binding motifs
(TBMs) of TPP1 and TRF2 was also determined (Figure 4c) [58]. However, a structural
understanding of how TPP1 and POT1 regulate telomerase recruitment, activation and
inhibition at telomeres remains elusive.

Recent structural work has yielded considerable insight into telomerase recruitment in
budding yeast [25]. In S. cerevisiae, telomerase recruitment is mediated by two pathways. In
the first, Ku70/80 heterodimer, assembled with TLC1 as part of the budding yeast
telomerase holoenzyme, targets telomerase to the telomeric double-stranded region via Ku
interaction with Sir4, a subunit of the silent information regulator complex [59]. Recent
crystal structures of Ku bound to the Ku-binding site (KBS) of TLC1 and of the Ku80 von
Willebrand factor type A (VWA) domain with the Sir4 Ku-binding motif (KBM), together
with associated mutational analyses, support the significance of Ku interactions to bridge
TLC1 and Sir4 for telomerase recruitment (Figure 4d, f and g) [25]. The second pathway
involves the telomeric repeat ssDNA binding protein Cdc13, which interacts with Estl, a
subunit of the holoenzyme, and recruits telomerase to the telomeric 3’-overhang [54]. Chen
et al. identified an Est1-binding motif (EBM) within the recruitment domain located
between the first and second OB-folds of Cdc13, and determined the crystal structure of a
large part of K. /actis Estl and the EBM of Cdc13 (Figure 4e and h) [25]. Residues at the
interface of Estl and Cdc13 are highly conserved between K. /actisand S. cerevisiae.
Disruption of the interface in S. cerevisiae predicted from K. /actis homology reduces
telomerase association with telomeres in S-phase [25]. It remains to be understood how the
interplay of the two recruitment pathways determines the activity of telomerase at telomeres.
It is also of interest to gain additional biochemical and structural understanding of the
dynamic interactions that recruit and activate S. pombe telomerase function at telomeres
[60].

Conclusions

The recent cryo-EM structures of the 7. thermophila and human telomerase holoenzymes
have greatly advanced our structural understanding of how their components form such
intricate networks of protein-protein and protein-RNA interactions to yield the functional
RNPs. They provide a framework for further biochemical, functional and structural work.
Particularly, improvement in the resolution of these EM structures will be necessary for
understanding the biochemical principles of telomerase activity and for future drug design
targeting telomerase. Crystallography and functional studies have also provided invaluable
insight into telomerase assembly, regulation and telomere recruitment.
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Figure 1.
Telomerase holoenzymes and telomerase recruitment to telomeres in (a) human, (b) 72

thermophila, (c) S. cerevisiae, and (d) S. pombe (illustrations not drawn to scale).
Telomerase holoenzyme and telomere protein complex schematics are shown, together with
predicted secondary structures of TERs, and their lengths in nucleotides (nt) are indicated in
parenthesis. TERTS are colored in light green and other holoenzyme proteins are placed and
colored based on their predicted or known interaction networks. Below the telomerase
holoenzyme schematics are schematics of telomere proteins (critical ones highlighted in
colors) that are important for telomerase recruitment. Black arrows indicate interactions that
recruit and activate telomerase at telomeres. In (b), it is possible that 7. thermophila TERT
interacts with Tptl by analogy to human and S. pombe systems, but this interaction may be
replaced by a p50-TERT interaction.
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Figure 2.
Cryo-EM structures of (a) human and (b) 7. thermophila telomerase holoenzymes in two

views [19,20]. Subunits are colored as labeled. A telomeric DNA substrate is bound to
template in both structures, but the template and template-paired DNA are buried in the
views shown; only the single-stranded 5’ region of unpaired DNA in the 7. thermophila
structure has visualized density rendered in these illustrations. In (b), the depicted 4.8 A 7.
thermophila telomerase structure was obtained from focused refinement of a structural core
containing only TERT, TER, p50 and some of the TEB complex; p65 and the p75-p45-p19
heterotrimer complex are absent in this map (see Figure 1a for the complete holoenzyme).
Only single domains of TEB subunits were resolved (Teb1C is Tebl1 C-terminal domain,
Teb2N is Teb2 N-terminal domain).
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Figure 3.
Structural analysis of the catalytic core of the human and 7. thermophila telomerase

structures [19,20]. (a) Domain architecture of TERT. The IFD (light green) is embedded in
the RT domain (dark green). (b) Secondary structure schematics of human and 7.
thermophila TERs. RNA domains described in the text are labeled; in addition, 7.
thermophila stem 2 (S2) is indicated, which is the template 5” flanking region labeled in
Figure 2b. The domain colors shown in (a) and (b) are used for the subsequent panels, which
look down into the active site. (¢ and d) Catalytic cores of human and 7. thermophila
telomerase, respectively. (e) Close-up view of TRAP in the IFD, highlighted in space-filling
representation. (f and g) Schematic representation of the architectures of the catalytic core in
human and 7. thermophilatelomerase, respectively. The positioning of human TPP1 and
POTL1 is only hypothetical. The interactions observed in 7. thermophila telomerase
holoenzyme between TERT, p50 and TEB may or may not be paralleled by TERT, TPP1 and
POT1 in human telomerase-telomere complexes.
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Figure 4.
Structures of protein domains and sub-complexes with important roles in telomerase

recruitment to telomeres. Structures recently determined are shown in colors. The shaded
wedges indicate interactions. (a) Domain architectures of human POT1, TPP1, TIN2 and
TRF2. OB indicates OB-folds. POT1 has three OB-fold domains and a Holliday junction
resolvase-like (HJRL) domain embedded within the third OB-fold. TPP1 has an OB-fold
domain, a POT1-binding motif (PBM), and a TIN2-binding motif (TBM). TIN2 has a TRFH
domain, a TRFH-binding motif (TBM) and a dyskeratosis congenita (DC) disease mutation
hotspot region. TRF2 has a basic domain, a TRFH domain, a RAP1-binding motif (RBM), a
TIN2-binding motif (TBM) and a Myb DNA-binding domain. (b) Structure of the third OB-
fold (OB3) and HIRL domains of POT1 in complex with the PBM of TPP1 (PDB 5H65)
[56,57]. (c) Structure of the TRFH domain of TIN2 in complex with the TBMs of TPP1 and
TRF2 (PDB 5XYF) [58]. (d) Domain architecture of S. cerevisiae Ku70, Ku80 and Sir4.
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Each of Ku70 and Ku80 contains a von Willebrand factor type A domain (VWA), a B-barrel
domain (BBD) and a C-terminal a-helical domain (CTD). Sir4 has a Ku-binding motif
(KBM), a Sir2-interacting domain (SID), a partitioning and anchoring domain (PAD), and a
coiled-coil (CC) domain. (e) Domain architecture of K. /actis Estl and Cdc13. Estl has a
tetratricopeptide repeat domain (TPR), a helical hairpin domain (HHD), and an insertion
motif (IM). Cdc13 has three OB-fold domains, OB1, OB2 and OB4, an Est1-binding motif
(EBM), a recruitment domain (RD), and a DNA-binding domain (DBD). (f) Structure of S.
cerevisiae Ku70/Ku80 and the Ku binding site of TLC1 (PDB 5Y58) [25]. (g) Structure of S.
cerevisiae Ku80 VWA domain with Sir4d KBM (PDB 5Y59) [25]. (h) Structure of K. /actis
Estl in complex with EBM of Cdc13 (PDB 5Y5A) [25].
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