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Structural biology of telomerase and its interaction at telomeres

Yagiang Wang and Juli Feigon¥
Department of Chemistry and Biochemistry, University of California Los Angeles, Los Angeles,
CA 90095-1569, USA

Abstract

Telomerase is an RNP that synthesizes the 3" ends of linear chromosomes and is an important
regulator of telomere length. It contains a single long non-coding telomerase RNA (TER),
telomerase reverse transcriptase (TERT), and other proteins that vary among organisms. Recent
progress in structural biology of telomerase includes reports of the first cryo-electron microscopy
structure of telomerase, from 7etrahymena, new crystal structures of TERT domains, telomerase
RNA structures and models, and identification in Tetrahymenatelomerase holoenzyme of human
homologues of telomere-associated proteins that have provided a more unified view of telomerase
interaction at telomeres as well as insights into the role of telomerase RNA in activity and
assembly.
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Introduction

Telomerase is a ribonucleic acid-protein complex (RNP) composed of a single long non-
coding (Inc) RNA, called telomerase RNA (here abbreviated TER), and associated proteins,
including telomerase reverse transcriptase (TERT). Telomerase functions to extend the 3
ends of linear chromosomes by synthesizing multiple copies of the species-specific DNA
telomere repeat sequence (G-strand), utilizing a complementary template contained in the
TER [1]. Telomerase may also play a role in regulating synthesis of the complementary
strand (C-strand) [2]. TERT and TER assembled /n vitro can catalyze some level of telomere
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repeat synthesis, but /n vivo telomerase activity requires association with proteins involved
in biogenesis, recruitment to telomeres, and telomere G- or C-strand DNA binding and
synthesis [3]. Telomerase activity is mostly undetectable in somatic cells, moderate in stem
and germ line cells, and high in most cancer cells [4]. Telomerase insufficiency due to
mutations in TER, telomerase proteins, or promoter elements manifests as genetic diseases
such as dyskeratosis congenita (DC) and idiopathic pulmonary fibrosis, while its aberrant
upregulation is a prerequisite for the immortal phenotype of most cancer cells [5-7].

Telomerase has been a challenging target for structural studies for a variety of reasons,
including its low cellular abundance, sequence and structural variability of TER among
species, divergent protein composition except for TERT, and difficulties in protein
expression, purification, and RNP assembly /n vitro. Starting around 2003, structural studies
focused on domains of TER, particularly the essential pseudoknot, TERT, and TERT-TER
domains complexes [8,9]. In 2013, negative stain electron microscopy (EM) structures at
about 25 A resolution of human telomerase [10] and the ciliated protozoan 7etrahymena
were reported [11]. Two TERTSs were located in a human telomerase dimer, while for the
monomeric Tetrahymenatelomerase, the architecture of the complete holoenzyme was
defined. Somewhat more rapid structural progress had been made with telomere binding
proteins, especially from yeasts [12]. During the past couple of years, a surge of progress has
been made on structural biology of telomerase, including reports of the first cryo-electron
microscopy (cryo-EM) structure of telomerase, from Tetrahymena [13], crystal structures of
TERT and TERT-interacting protein domains [14-17], telomerase RNA structures and
models [18,19], and identification in 7etrahymenatelomerase holoenzyme of human
homologues of telomere-associated proteins [13,20] that have provided a more unified view
of telomerase interaction at telomeres [21]. Here we review these and other studies
published since 2015 on structural investigations of primarily 7efrahymenaand vertebrate
telomerase and its interaction at telomeres. We also refer the interested reader to more
comprehensive recent reviews on telomerase mechanism [3], proteins and RNA structure
and function [8,22,23], and single-molecule FRET (SMFRET) studies [24], including studies
of plant, fungal, and yeast telomerase not discussed here [25-28] due to space limitations
and limited structural information.

The first cryo-EM structure of telomerase, from Tetrahymena

The publication of ~9 A resolution cryo-EM structures of Tetrahymena telomerase
holoenzyme and pseudoatomic model of TERT, TER, and most of the other proteins marked
a major breakthrough in our understanding of telomerase structure and interaction at
telomeres [13]. The study employed an integrative structural biology approach, combining
information from negative stain and cryo-EM, X-ray crystallography, NMR spectroscopy,
and mass spectrometry. Tetrahymenatelomerase holoenzyme is constitutively assembled
and comprises 9 proteins and TER (Figure 1a,b). Only TERT and the La-related group 7
protein p65 contact TER, defining the RNP core required for biogenesis and catalysis. The
structure provided the first view of the path of TER on TERT (discussed below). The
accessory proteins p50 and a complex of p75-p45-p19, previously thought to have no
homologues in other species, were found to have structural and functional homologies to
human telomere associated proteins TPP1 and CTC1-STN1-TEN1 (CST), respectively
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(Figure 1d,e). Tebl, a paralog of the large subunit of Replication Protein A (RPA70), was
found to form a ternary complex with two previously unknown proteins, Teb2 and Teb3,
whose identities were confirmed by mass spectrometry. The p50-Teb1 complex promotes
telomerase repeat addition processivity (RAP) in a manner homologous to the activation
function of human TPP1-POT1 (Figure 1c,e) [21]. The TERT TEN domain, which had been
implicated in TER binding, single-stranded DNA (ssDNA) handling, and RNA-DNA duplex
stabilization was revealed to have numerous interactions — with p50, Tebl, the TERT
insertion-in-fingers domain (IFD), and potentially TER and the template-DNA duplex
(Figure 1a).

TER is a rapidly evolving IncRNA with a size range of ~150 nt to >10,000 nt in some yeasts
(~159 ntin Tetrahymena, 451 nt in human, 1157 nt in Saccharomyces cerevisiae [22,29].
Almost universally, there are two domains (template/pseudoknot (t/PK) and stem-terminus
element (STE)) that independently bind TERT and are required for catalysis, and a
biogenesis domain that binds species-specific proteins involved in TER stabilization and
assembly (Figure 1) [22,30]. By analogy to the constitutively assembled 7etrahymena
telomerase holoenzyme, the human telomerase RNP core is minimally TER, TERT, and the
H/ACA scaRNP proteins (Figure 1d). Several telomere-associated proteins also interact
transiently with the telomerase RNP core to promote G-strand and/or C-strand synthesis,
specifically TPP1-POT1 and CTC1-STN1-TENL1 [3,8,12].

New structures of TERT domains

TERT contains the palm and fingers (RT) and thumb (CTE) domains common to reverse
transcriptases and a telomerase specific TEN (telomerase essential N-terminal domain) and
TRBD (telomerase RNA binding domain) (Figure 2). The TEN and TRBD domains are
separated by a long linker of low sequence complexity [31]. The first structure of a TERT,
from the flour beetle ( 7ribolium casteneum) that atypically lacks a TEN domain, revealed
that TRBD-RT-CTE form a ring (Figure 2a) [32]. Here we illustrate the structure in the
classic right hand view for polymerases with palm, fingers, and thumb. The pseudoatomic
model of TERT built into the cryo-EM map from crystal structures of 7etrahymena TEN and
partial TRBD and the flour beetle RT and CTE domains revealed that the TEN domain
stacks over the thumb (CTE) with a single-stranded region of TER 3" to the template
between the two domains (Figures 1a,b and 2b).

Several new TERT domain crystal structures were recently reported, the beetle TERT in
complex with the inhibitor BIBR1532 [33] (Figure 2a), a 7etrahymena TRBD-TER complex
(Figure 2c) [14], and the thumb (CTE) domain of human TERT (Figure 2d) [15]. There is
also a preliminary NMR study of a TEN domain from the thermostable yeast Ogataea
polymorpha that indicates it forms a folded domain [34]. TERT TRBD specifically binds
two domains of TER, the template boundary element (TBE) and the STE (loop 4 in
Tetrahymena and CR4/5 in vertebrates) (Figure 2b), and examples of each of these
interactions have now been solved. The 7etfrahymena TRBD-TBE structure encompasses the
complete TRBD (aa 217-516 vs 254-519 in the earlier structure [35]), which includes the
CP2 motif important for TER binding [14]. This CP2 motif was shown to be sequence and
structurally homologous to the TFLY motif identified in the vertebrate TRBD [36]. A
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vertebrate (Medaka) STE-TRBD complex showed complex interactions at the CR4/5 three-
way junction, but the loop of P6.1, which is proposed to insert between the TRBD and CTE
is not visible in the crystal structure [37]. In the beetle TERT-inhibitor structure, BIBR1532
binds on the thumb domain at a novel FVYL motif, and it is proposed that in human
telomerase this interaction would disrupt binding of the P6.1 loop. The human CTE crystal
structure is the first of any domain of human TERT [15]. This domain, comprising 6 a.-
helices, is highly similar to the beetle TERT (Figure 2d). The structure shows that some
mutations associated with a plastic anemia and idiopathic pulmonary fibrosis are on a region
of the CTE predicted to interact with the template-DNA duplex.

TERTSs have an IFD that is a short helix in beetle TERT, but in 7efrahymena is much larger
and could not be homology modeled in the cryo-EM map [13]. Nevertheless, the density
attributed to the IFD contacts both the TEN domain and p50. Recent studies show that the
IFD affects telomerase processivity and recruitment to telomeres by TPP1, suggesting that
the IFD interacts with TPP1 [38,39]. Finally, we note that crystal structures of the RT
domain of two group Il intron-encoded reverse transcriptases and a cryo-EM structure of a
group Il intron and its bound reverse transcriptase have been reported [40,41], and possible
ancestral relationships to TERT are discussed. An IFD is one of the common elements of
TERT and group Il intron reverse transcriptases.

TER structure and assembly with TERT

Telomerase assembly and activity requires extensive TER interactions with TERT in
addition to the template. The cryo-EM structure of 7etrahymenatelomerase revealed that the
template/pseudoknot domain, which forms a circle closed by stem 1, encircles the TERT
ring with the template on one side and the pseudoknot on the other. The STE (loop 4) inserts
between the TRBD and CTE on the opposite side of the TERT ring from the pseudoknot,
positioned by the interactions of p65 with stem-loop 4 (Figures 1a,b and 2b).

The length of the pseudoknot stems, especially stem 2, varies greatly among organisms [22].
The structures of a minimal human telomerase pseudoknot, containing the stem and loop
nucleotides that define the fold, revealed a conserved triple-helix around the stem-stem
junction [42]. These interactions, including several major groove U-A-U triples, have been
shown to be important for activity in human and yeast telomerase [42,43]. The solution
NMR structure of the Tetrahymena pseudoknot, which has a much shorter stem 2 than yeasts
and vertebrates, was more recently reported [13,19]. The free Tetrahymena pseudoknot is
much less stable than those of yeasts and vertebrates, and includes only two major groove
triples: a U-A-U and a novel C-G-A. The location of the pseudoknot on the opposite side of
the TERT ring from the template apparently precludes any direct interaction of the
pseudoknot in catalysis. Instead, the pseudoknot may act like a watch-band ratchet clasp to
tighten the t/PK around TERT during a late step in assembly.

A model of the t/PK domain of human TER in complex with TERT was previously
calculated by combining solution NMR structures of 3 sub-domains of the full-length
pseudoknot [44,45], i.e. the minimal pseudoknot, a central helical region containing a 5 nt
bulge-loop, and a terminal helical region containing several mismatches and nucleotide
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bulges. A similar approach was recently used to model the t/PK of medaka fish (Orzyis
lapites), which has the smallest vertebrate TER [46]. This structural study of medaka
pseudoknot domains showed that the tertiary stem-loop interactions are identical to human
TER except it lacks a single nt bulge near the stem-stem junction, the predicted 6 nt bulge-
loop is actually a 5 nt loop with the same structure as in hTER, and the adjacent predicted
single-strand region forms a small hairpin that stacks on the adjacent helix [18]. Based on
the model structures of the medaka and human t/PK and the locations of TER elements in
Tetrahymena, models of medaka and human TERT in complex with the t/PK were presented
(Figure 2e). Interestingly, the bulge region, which creates a 90° bend between helices,
appears to allow the long helical region of the hTER PK to fold around TERT, whereas in
Tetrahymena this region is single-stranded. A similar model for human t/PK bound to TERT
was independently determined based on Rosetta modeling using restraints from smFRET
data and the solution NMR structures of human TER domains and modeled human TERT
[47].

The Tetrahymena STE (loop 4) appears to be positioned near the TRBD by bending of stem-
loop 4 by p65 C-terminal XRRM. In contrast, the higher affinity binding of the human STE
(CR4/5 P5-P6-P6.1 three-helix junction) apparently does not require additional proteins, as a
minimized hTER with the H/ACA protein binding region deleted assembles an RNP in vivo
that maintains stable telomere length homeostasis [48].

SmFRET studies and SHAPE chemical probing indicated that the 7etrafiymena pseudoknot
does not fold in the free TER [49,50]. Solution NMR studies of the entire t/PK as well as
smaller RNA constructs provided additional details of the t/PK secondary structure and
determined that the entire pseudoknot sequence is sequestered in an alternative helical
structure that includes the template nucleotides (Figure 3a) [19]. This free TER structure has
both of the high affinity TERT TRBD binding sites exposed (TBE and STE/loop 4); the
authors propose that TERT assembly with TER could be initiated at the TBE. A similar
alternative structure for free human TER was also proposed based on sequence analysis [19],
and this structure is consistent with smFRETdata [51]. SHAPE analysis supports pseudoknot
folding for S. cerevisiae and human TER t/PK [52]. A recent study using in vivo chemical
probing (DMS) also apparently showed that the pseudoknot does form in the protein-free
human TER, but the template is sequestered and becomes more exposed on TERT binding
[53]. However, the chemical probing data may be equally consistent with the alternative
model for free human TER discussed above.

Mechanism and dynamics of telomere repeat synthesis

In most species, the G-strand telomere repeat is 4-8 nt long and is copied off the RNA
template that contains about 1.5 sequence-complementary repeats. The 3”-end of the
telomere DNA initially pairs with the 5° end of the template leaving one full repeat unpaired
and a complete telomere repeat is then synthesized, followed by strand-separation and
pairing of the newly synthesized 3" end with the 5" end of the template (Figure 3c).
Processive synthesis of multiple telomere repeats also requires that the template translocate
in the active site to the start site of synthesis. Elegant biochemical experiments have been
conducted to try to define the steps that allow proper template alignment, copying, strand
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separation, translocation, and the path of the exiting DNA [3]. Mutational studies identified
a template boundary element (TBE), i.e. nucleotides important for preventing copying
beyond the end of the template, that in 7etrahymena is the bottom base pairs of stem 2 and
single-strand nucleotides on either side [54]. Both the cryo-EM model (Figures 1a and 2b)
and the crystal structure of the TRBD-TBE complex (Figure 2c) showed that the single-
strands flanking stem 2 wrap around either side of the TRBD, and suggested a model where
the TBE interactions act as an anchor to prevent nts beyond the template from being pulled
into the active site (Figure 3c).

The structural basis of the strand separation-translocation steps still remains to be
determined. An intriguing model based in part on the large conformational dynamics of
translation DNA polymerases was proposed whereby the DNA forms a hairpin at the end of
a telomere-repeat cycle, the template translocates, the hairpin unfolds and reforms base pairs
with the 3" end of the template (Figure 3d) [55]. This model requires a large movement of
the thumb (CTE) relative to the palm (RT). The sSmFRET data of human TERT-TER
complexes (discussed above) with primer bound (stalled) and actively synthesizing DNA
showed three different positions of the pseudoknot fold relative to the template [47]. The
authors propose that the pseudoknot moves during the telomere repeat synthesis cycle
(pseudoknot tracking model); however, since they assumed a rigid structure for TERT in
their Rosetta modeling they also suggest that the PK fold motion stabilizes the alternative
conformation of TERT CTE proposed by Wang [18]. Most recently, a comprehensive
mutational screen of TERT identified a ssDNA retention surface (SRS) within the CTE
(Figure 3c), which is proposed to maintain placement of the 3" end of the nascent DNA
telomere repeat in the active site during template translocation, thereby contributing to
repeat addition processivity [56]. A detailed pathway for telomere repeat synthesis is
proposed that is compatible with but does not require DNA hairpin formation.

The telomeric ssSDNA exits from the template, which lays along the RT on the inner edge of
the TERT ring, toward the TEN domain and over Teb1C on the side facing away from TEN
(Figure 3b). The EM model suggests that the template-DNA duplex buts up against the TEN
domain [13]. SmFRET and earlier biochemical studies of 7etrahymenaand human TERT-
TER complexes, respectively, support a role for the TEN domain in stabilizing the short
template-DNA hybrids that initiate each round of telomere repeat synthesis [57,58], thereby
enhancing RAP. Details and physical confirmation of the models discussed above await high
resolution structures of telomerase with bound DNA to provide snap-shots of the telomere
repeat synthesis cycle.

RPA-related proteins bridge the telomerase RNP core and telomere ssDNA

ends

RPA is heterotrimeric complex that binds ssSDNA sequence non-specifically and plays
essential roles in DNA replication and repair, e.g. recruitment of DNA polymerase a.-
primase (Pol a) and DNA repair proteins [59]. Its 3 subunits (Rpal-Rpa2-Rpa3; in humans,
RPAT70-RPA32-RPA14) associate via three OB-folds (Figure 4a). The large subunit, RPA70,
contains four OB- folds, N, A, B, C. OB-C includes a Zn*2-ribbon motif, and ssSDNA binds
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the A, B, and C domains while N is involved in protein recruitment (Figure 4b). The
Tetrahymena telomerase cryo-EM map and crystal structures of protein domains revealed
that the constitutively assembled 7etrahymena telomerase contains two RPA-like complexes:
TEB and p74-p45-p19 [13]. Each of these complexes is tethered to p50, which is tethered to
the RNP core by interactions with the TERT TEN domain (Figure 4c). RPA-related proteins
have now been universally found associated with telomeres and telomerase in ciliates,
yeasts, plants, and vertebrates [12].

TEB contains the same domain structure as RPA, including a C-terminal winged-helix (WH)
on Teb2 and a Zn*2-ribbon in Teb1C (Figure 4c). In Tetrahymena, the two smaller subunits
of RPA had not been previously identified, and expression levels of Teb2 and Teb3, which
are much higher than other telomerase proteins, suggested the possibility that these might be
shared subunits with 7etrahymena RPA. Remarkably, this is the case, despite the sequence
divergence for Tebl vs Rpal [60]. RPA binds ssDNA sequence non-specifically and Rpa2
enhances the binding, while TEB is specific for single-stranded telomere repeat DNA
(sstDNA) and Teb2 does not enhance DNA binding. TEB binds the sstDNA as it exits the
template (Figure 3b), facilitates RAP, and recruits 7etrahymena telomerase to telomeres in a
p50-dependent fashion [11,61,62]. Like Teb1, Potl, which is homologous to the large
subunit of RPA (RPAT70 or Rpal), binds sstDNA (at the 3" ends of telomeres).

Telomere end replication not only requires G-strand synthesis but also synthesis of the
complementary C-strand. The C-strand is filled in after synthesis of the G-strand by Pol a,
which is recruited by Cdc13/Ctcl and Stnl (Figure 4d) [63]. CST in humans has been
proposed to negatively regulate telomerase activity [2]. The cryo-EM map and crystal
structures of Tetrahymena pl9 and p45 revealed that 7etrahymena p75-p45-p19 as a ciliate
CST complex (Figure 4e) [13,20]. The Tetrahymena CST complex interacts with the
catalytic core as a subcomplex hinged on p50 via p75 (Figure 1a) [13]. Biochemical
evidence supports a role for p75-p45-p19 in recruiting Pol a [20].

Recruitment of telomerase to telomeres

In vertebrates and plants, the 3" sstDNA binds POT1, which forms a complex with TPP1
that bridges to the other shelterin proteins via TIN2 [64]. The ciliate Sterkiella nova
(formerly Oxytricha nova) telomere end-binding proteins TEBPa and TEBPP [65] were
subsequently identified as POT1 and TPP1 homologues, respectively, based on the crystal
structures [66,67]. Two crystal structures of human POT1 C-terminal domain in complex
with TPP1 POT1-binding motif (PBM) were recently reported [16,17]. POT1C has an
unusual architecture consisting of an OB-fold (OB3) that includes a Zn*2-ribbon motif and a
Holliday junction resolvase (HIJR)-like domain, formed from an insertion in the C-terminal
end of the primary sequence, that pack tightly against one another. In the complex, TPP1
PBM (residues 255-337), which forms 4 helices connected by structured linkers, interacts
extensively with both domains (Figure 4f) [17]. Based on the crystal structure of the
Oxytricha nova TEBPa—p-ssDNA complex and SAXS data on the TPP1-POT1 complex,
the overall architecture of the POT1-TPP1 complex has also been modeled (Figure 4f) [16].
Comparison of this model structure with the relative positions of p50, whose structure has
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not been determined, and Tebl in the cryo-EM map of Tetrahymenatelomerase reveals that
they are oriented similarly relative to each other.

TPP1-POT1 switches from telomerase inhibitory to telomerase activating on interaction with
telomerase core RNP [66,68—71]. A so-called TEL patch surface on the conserved OB-fold
in TPP1 (and S. cerevisiae Est3) has been shown to interact directly with TERT TEN
domain for recruitment to telomeres [72] and to stabilize the association between telomerase
and sstDNA [73]. A crystal structure of TPP1 K170A, a mutation associated with DC,
showed that the deletion restructures a loop in the TEL patch [74]. There is apparently an
equivalent but constitutive interaction to that of human TPP1 and TEN between
Tetrahymena p50 and the TEN domain [13]. In 7etrahymena p50-TEB and Tptl-Potla [75]
may have evolved to separate the telomerase activator and inhibitor functions, respectively,
found together in TPP1-POTL1.

Telomerase is a functional monomer with diverse biogenesis proteins

among species

Many polymerases function as dimers, and the stoichiometry of TERT and TER in
telomerase has been extensively investigated. While functional and structural studies have
established 7etrahymenatelomerase as a monomer [11,76], questions have remained about
the dimerization state of yeast and human telomerase. Using fluorescence /n situ
hybridization experiments of two differentially tagged S. cerevisiae TERs (TLC1) Bajon et
al. were able to show that there is only one molecule of TER in yeast telomerase [77].
Because of its low cellular abundance (estimated at ~240 RNPs/cell [78]), most functional
and structural studies of human telomerase have utilized a telomerase RNP generated by
transient transfection and overexpression of TERT and TER in human cells. The negative
stain EM structure of human telomerase showed two areas of density that could be fit with
TERT and evidence for two bound DNA primers consistent with biochemical data
supporting two molecules of TERT and TER [10]. A recent study employing single-
molecule imaging of fluorescently labeled TERT in TERT-TER complexes assembled both
in vitro and in human cells showed remarkably heterogeneous complexes with TERT
composition varying with purification method [31]. TERT self-association was attributed to
a region of low sequence complexity in the long linker between the TEN and TRBD
domains, and could be suppressed by removing or modifying this sequence without affecting
activity. Thus, it appears that a monomeric architecture for telomerase is evolutionarily
conserved among species [31].

Recent studies indicate that there are previously unidentified proteins components in yeast
telomerase that are involved in biogenesis. These include the discovery in S. cerevisiae of
Popl/Pop6/Pop7 proteins that are common to RNase P/MRP and identification of a
homologous binding domain in TER [79,80]. These and other studies that have established
the minimal active human telomerase RNP /n vivo [31] should facilitate future investigations
of human and yeast telomerase structure.
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Highlights
. First cryo-EM structure of telomerase, from Tetrahymena, at ~9 A resolution.
. New TERT and TER domain structures and interactions.

. RPA-like proteins bridge the telomerase RNP core and telomere DNA 3’
ends.

. Insights into mechanism and dynamics of telomere repeat synthesis.
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Figure 1.
Tetrahymena and human telomerase holoenzymes. (a) Front (left) and back (right) views of

Tetrahymena telomerase cryo-EM map at ~9A resolution (RNP core, blue; CST, tan; TEB,
straw; and p50, red) and pseudoatomic models of the RNP core and TEB and CST
trimerization domains of 3 OB-folds [13]. 7efrahymena telomerase protein domains for
which structures have been determined are rendered as ribbons and with bases, respectively;
homology models are rendered with ribbons and cylinders. TER single-stranded regions are
shown as ribbons except the template which includes bases; folded domains are shown with
bases. (b, d) Schematics illustrating (b) 7etrahymenaand (d) human TER secondary
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structure and domains, TER interacting proteins, and proteins that interact with the RNP
core. Proteins or complexes with generally homologous functions between organisms are
colored the same, except H/ACA scaRNP proteins which are distinguished from each other.
(c, €) Schematics of (c) 7etrahymenaand (e) human interactions at telomere 3" ends.
Dashed green line indicates extension of the 3" end by telomerase. In (e), lines with
arrowheads indicate transient interactions and lines with bars indicate inhibitory interactions.
Panels b-e are modified from [8].
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Figure 2.
Structure of TERT and interaction with TER. (a) Structure of flour beetle TERT with bound

inhibitor BIBR1532 (PDB ID: 5CQG). The model is shown in the classical polymerase hand
view (pale green) with RT palm (purple), fingers (orange), IFD (gold), CTE thumb (light
blue), and TRBD (blue). Active site on RT is space-filled red. (b) Hand view of structure of
Tetrahymena TERT with bound TER. Note that this view is rotated 180° at the Y-axis from
the cryo-EM model back view in Figure 1a. (c) 7efrahymena TRBD-TBE complex (PDB
ID: 5C9H), TBE is red, T motif is cyan, CP is gold, and CP2 is purple. (d) Human CTE
(thumb) (PDB ID: 5UGW). (e) Model of human TERT bound to human TER t/PK based on
the model of the human t/PK and the positions of homologous domains of 7etrahymena TR
in the cryo-EM map. The dash line indicates the proposed location of P6.1. Subdomains of
TERT and TR are colored as in Figure 1, except human TER J2a/b is colored as green.
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Figure 3.
Models for steps in 7etrahymena telomere DNA synthesis and assembly of TER with TERT.

(a) Schematic illustration of secondary structure of 7etrahymena TER bound to p65 (left)
and to p65 and TERT (right). In the p65 bound TER, the pseudoknot is sequestered in a
helix that prevents it from folding, but the TBE and loop 4 remain accessible for subsequent
binding to TERT. (b) Schematic illustrating DNA exit pathway and interaction with Teb1l,
based on [13]. (c) Schematics illustrating template movement through the active site at
beginning and end of synthesis of a telomere repeat. The template boundary element
interacts with TERT to physically restrain the RNA so that residues beyond the template are
not copied (right). A proposed sstDNA retention surface (SRS) within the CTE is colored as
dark blue [56]. (d) Schematic illustrating the DNA hairpin proposed to form after
translocation as part of the telomere repeat synthesis cycle [55]. This model assumes a large
movement of the CTE (thumb) domain during translocation, indicated by the arrowheads
connected by dotted line. The “hands” in the panels indicate the orientation of TERT in the
panels relative to the views in figure 2.
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Figure 4.
RPA, TEB, CST and their interactions. (a) Schematic of the RPA heterotrimer of Rpal-

Rpa2-Rpa3 (Rpa70, 32, and 14 in humans). Shared subunits Teb2/Rpa2 and Teb3/Rpa3
found in Tetrahymena are indicated by common colors with panel c. (b) Schematic of the
structure of a RPA-ssDNA complex, based on [81]. (¢) Schematic of the two RPA-like
complexes, CST (p75-p45-p19) and TEB (Tebl-Teb2-Teb3), in Tetrahymena telomerase and
their interactions with p50 and TEN domain; (d) Schematic of the two RPA-like complexes/
proteins that transiently associate with human telomerase, CST (CTC1-Stn1-Tenl) and Potl
(paralog of Rpal), their interaction with TPP1 (putative for CTC1), and the interaction of
TPP1 with the TEN domain. The human telomerase RNP core is recruited to telomere by
TPP1-POT. CST interaction with TPP1-POT1 inhibits telomerase activity; (e,f) Crystal
structures of (e) p45N-p19 complex (PDB ID: 5DOI) and p45C domain (PDB ID: 5DFN)
and (f) POT1C-TPP1 complex which is modeled based on crystal structures of POT1C-
TPP1 PBM complex (PDB ID: 5UN7), TPP1 (PDB ID: 2146), and TEBPa—B-ssDNA
complex (PDB ID: 10TC) [65]. In (a-d), barrels indicate OB-fold domains, single trapezoid
is WH domain, double trapezoid is tandem WH-WH domains, green star is a zinc-binding
motif. Homologous domains for Tetrahymenaand human telomerase/telomere proteins are
colored the same (c-d); for RPA (a, b) the two smaller subunits are identical with those of
TEB.
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