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SUMMARY

Telomerase is a DNA polymerase that extends the 3" ends of chromosomes by processively
synthesizing multiple telomeric repeats. It is a unique ribonucleoprotein (RNP) containing a
specialized telomerase reverse transcriptase (TERT) and telomerase RNA (TER) with its own
template and other elements required with TERT for activity (catalytic core), as well as species-
specific TER-binding proteins important for biogenesis and assembly (core RNP); other proteins
bind telomerase transiently or constitutively to allow association of telomerase and other
proteins with telomere ends for regulation of DNA synthesis. Here we describe how nuclear
magnetic resonance (NMR) spectroscopy and X-ray crystallography of TER and protein do-
mains helped define the structure and function of the core RNP, laying the groundwork
for interpreting negative-stain and cryo electron microscopy (cryo-EM) density maps of
Tetrahymena thermophila and human telomerase holoenzymes. As the resolution has im-
proved from ~30 A to ~5 A, these studies have provided increasingly detailed information
on telomerase architecture and mechanism.
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1 INTRODUCTION

The linear chromosomes of higher organisms present a
special problem for DNA replication. DNA replication nor-
mally starts with an RNA primer that pairs to the opposite
strand and provides the free 3’-OH required for DNA po-
lymerases to initiate synthesis. The RNA primers are sub-
sequently removed and replaced by DNA. At the 3’ ends of a
replicating chromosome, the removal of the RNA primer
would result in loss of ~20 nucleotides (nt) for each round
of DNA replication. Eventually, this loss of DNA leads to
cellular senescence (Armanios and Blackburn 2012). This
“end replication problem” led to the search for a specialized
enzyme that might maintain the DNA at the ends of chro-
mosomes and the discovery of telomerase (Greider and
Blackburn 1989). The DNA at the ends of eukaryotic chro-
mosomes has a repetitive sequence, the telomeric repeat,
that is generally a 6-8-nt G-rich sequence (e.g., TTGGGG
in ciliates, TTAGGG in vertebrates) on the 3’-end strand
(G-strand) and ends with a single-stranded overhang of
variable length (Blackburn and Collins 2011). Telomerase
extends the 3" end by synthesizing multiple copies of the
telomere repeat using its specialized telomerase reverse
transcriptase (TERT) and its telomerase RNA (TER), which
contains the template that directs repeat synthesis (Black-
burn et al. 2006; Blackburn and Collins 2011). The TER
template is complementary to 1.5-1.8 telomere repeats
and comprises an alignment region followed by the tem-
plating region (Greider and Blackburn 1987; Podlevsky and
Chen 2016). TERT contains conserved reverse transcriptase
(RT, palm and fingers) and carboxy-terminal element
(CTE, thumb) domains found in other reverse transcriptas-
es, as well as an RNA-binding domain (RBD), that together
form a TERT ring structure (Gillis et al. 2008; Chan et al.
2017; Wang and Feigon 2017). It also contains a telomerase
amino-terminal domain (TEN) that is connected to the
RBD by a long linker. In contrast to the relatively conserved
TERT, TER is highly divergent in length (varying from
~150 nt in ciliates to >2000 nt in some yeasts) and struc-
tural motifs (Podlevsky et al. 2008). This is explained by
TER being a rapidly evolving noncoding (nc)RNA (Nelson
and Shippen 2015; Podlevsky and Chen 2016). TER is an
RNA polymerase III transcript in ciliates but is transcribed
by RNA polymerase II in vertebrates, yeasts, and plants
(Greider and Blackburn 1989; Egan and Collins 2012).
This divergence has allowed multiple solutions for biogen-
esis and processing of TER, assembly of TER with TERT,
cellular localization, and recruitment to telomeres (Fig. 1).
However, TERs have two regions that are conserved to
interact with TERT—the template/pseudoknot domain
(t/PK), which forms a circle including the template and a
pseudoknot, and the stem-terminus element (STE), which

includes a hairpin (Figs. 1 and 2A,B) (Theimer and Feigon
2006; Zhang et al. 2011; Podlevsky and Chen 2016).

An understanding of telomerase structure and mecha-
nism has become increasingly important as it has been
recognized as a key determinant of human health, longev-
ity, and tumorigenesis (Marrone et al. 2005; Fujii et al. 2009;
Artandiand DePinho 2010; Armanios and Blackburn 2012;
Bernardes de Jesus and Blasco 2013; Shay 2016). Even slight
imbalances in telomerase levels can lead to debilitating dis-
eases in humans. Telomerase insufficiencies are associated
with premature aging and stem cell renewal disorders in-
cluding dyskeratosis congenita, aplastic anemia, and pul-
monary fibrosis (Townsley et al. 2014; Sarek et al. 2015;
Shay 2016). In contrast, telomerase is up-regulated in
>80% of human cancers, rendering tumor cells immortal
and driving runaway cell proliferation (Blasco 2003; Stewart
and Weinberg 2006; Artandi and DePinho 2010).

Despite its enormous medical interest, telomerase has
been and remains a challenging target for structural studies,
in part because of the low cellular abundance of telomerase
in most cells (e.g., approximately 240 in human cells) (Xi
and Cech 2014), the propensity for TERT to aggregate, and
difficulties in assembling telomerase from its components
in vitro. It has also been challenging to experimentally de-
fine the telomerase components and their stoichiometry
from different organisms. The catalytic core of TERT and
TER is sufficient in vitro for processive telomere repeat syn-
thesis, but in vivo activity requires other species-specific
proteins that bind alone or as complexes to TER, forming
the core ribonucleoprotein (RNP) (Schmidt and Cech 2015;
Wu et al. 2017b). Additional proteins associate constitu-
tively or transiently during telomeric DNA synthesis for
G-strand handling, recruitment of proteins for C-strand
synthesis, and termination (Fig. 1) (Nandakumar and
Cech 2013; Schmidt and Cech 2015; Chan et al. 2017; Wu
etal. 2017b). Regions of TER outside the t/PK and STE vary
greatly among organisms, as TER has evolved different so-
lutions for telomerase biogenesis, assembly, and localiza-
tion. In ciliates, a La-related protein group 7 (LARP7)
(Bousquet-Antonelli and Deragon 2009) protein (p65 in
Tetrahymena thermophila) (Witkin and Collins 2004) func-
tions in 3'-end protection and assembly of TER with TERT.
Human TER has a specialized H/ACA scaRNA domain
(Mitchell et al. 1999a) that binds the H/ACA scaRNP pro-
teins (Egan and Collins 2010). The much larger fission and
budding yeast TERs bind different sets of proteins (Wu et al.
2017b), including various Sm and LSm proteins and, for
budding yeast the Pop1-Pop6-Pop7 subcomplex from mi-
tochondrial ribonuclease (RNase) P (Fig. 1C) (Lin et al.
2015; Lemieux et al. 2016), which will not be discussed
further here. With the exception of a Saccharomyces cerevi-
siage Ku70/80-TER hairpin crystal structure (Chen et al.
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Figure 1. Telomerase ribonucleoprotein (RNP) complexes and their interactions at telomeres. Telomerase RNPs and
telomere-associated proteins and interactions are illustrated schematically for (A) human, (B) Tetrahymena ther-
mophila, (C) budding yeast (Saccharomyces cerevisiae), and (D) fission yeast (Schizosaccharomyces pombe). Protein
identities are indicated and colors chosen to highlight structural or functional conservation between species. Three
principal complexes are illustrated: The telomerase core RNP (TER-TERT catalytic core and TER-binding proteins),
telomerase accessory proteins (CST complexes, p50/TPP1/Est3, TEB/POT1), and shelterin/shelterin-like complexes.
Black lines with arrows represent recruitment and/or enhancement of activity, whereas blunted black lines denote

inhibition or termination of activity.

2018), most have been studied structurally only in contexts
other than telomerase, and no electron microscopy (EM)
structures for yeast telomerase have been reported to
date. For function at telomeres, human telomerase core
RNP binds to telomere-associated proteins that enhance
processivity, TPP1-POT1 (which are also components
of telomere shelterin complex) (de Lange 2005; Palm
and de Lange 2008), or inhibit telomerase and recruit
DNA polymerase o-primase for synthesis of the C-strand
dCCCTAA,,, CTC1-STN1-TENI (CST) (Fig. 1A) (Chen
et al. 2012; Chen and Lingner 2013). As revealed by struc-
tural studies described below, homologs of these proteins
associate constitutively with Tetrahymena telomerase (Fig.
1B) (Jiang et al. 2015; Chan et al. 2017).

The first studies of telomerase structure focused on de-
fining TER domains, almost exclusively by nuclear magnet-
ic resonance (NMR) spectroscopy, and TERT domains, by
X-ray crystallography (Chan et al. 2017). As other protein
components of telomerase were discovered and TER-TERT
domain complexes defined, structural studies were extend-
ed to them, and recently many new protein domain struc-
tures have been reported (Chan et al. 2017; Chen et al.
2018). These studies have been paralleled by structural stud-
ies of telomere-interacting proteins (Price et al. 2010; Wan

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a032383

et al. 2015; Hoffman and Skordalakes 2016), which are
beyond the scope of this review; some of these are also
associated with telomerase at least during telomeric DNA
synthesis. In 2013, the first negative-stain EM structures of
telomerase, from Tetrahymena and human, at ~25-30 A
resolution, were reported (Jiang et al. 2013; Sauerwald
et al. 2013). EM overcomes in part the problem of low
cellular abundance of telomerase because it requires orders
of magnitude less sample than NMR or crystallography. A
cryo-electron microscopy (cryo-EM) structure of Tetrahy-
mena telomerase at a resolution of 9 A followed two years
later in 2015 (Jiang et al. 2015). Cryo-EM has undergone a
resolution revolution during the past few years, leading in
favorable cases to atomic resolution structures of complexes
such as the ribosome and spliceosome (Fica and Nagai
2017; Frank 2017). In 2018, both the first cryo-EM structure
of human telomerase holoenzyme with DNA substrate, at a
resolution of 8-10 A (Nguyen et al. 2018), and a 4.8 A
resolution cryo-EM structure of Tetrahymena telomerase
with telomeric DNA (Jiang et al. 2018), were published.
In the following, we discuss how structural studies using
NMR, crystallography, and EM of Tetrahymena and human
telomerase have been applied to and evolved our under-
standing of telomerase RNP structure and function.
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Figure 2. Tetrahymena and human telomerase core RNP and structures of TER domains. Schematics of telomerase
core RNP of (A) Tetrahymena and (B) human telomerase. Proteins are shown at their approximate relative size and
interactions, and the shape of TER is based on structural studies described in the text. (C) Nuclear magnetic
resonance (NMR) structure of the free Tetrahymena stem-terminus element (STE; stem loop 4) (Protein Data
Bank [PDB]: 2FEY) and model of the Tetrahymena p65 atypical RNA recognition motif (xRRM)-stem loop 4
complex based on the crystal structure of p65 xRRM-stem 4 (PDB: 4ERD) and NMR structure of loop 4 (PDB:
2M21). (D) Solution structures of minimal pseudoknots (PKs) from human (PDB: 2K95) and Tetrahymena (PDB:
5KMZ). Secondary structure schematic of the human P2b-P3 minimal PK is shown on the top. Dashed rectangle
highlights the three U-A-U triples. (E) Comparison of secondary structures of free Tetrahymena TER and the folded
PK, determined by NMR (Cash and Feigon 2017). The template residues are underlined. (F) Molecular model of
human template/pseudoknot domain (t/PK). The solution NMR structure of the minimal PK (P2b/P3), P2b-J2a/b-
P2a (P2ab), and residual dipolar coupling (RDC)-MC-Sym model of P2a.1-J2a.1-P2a (P2ala) were computationally
combined to model the full-length P2/P3 pseudoknot (Zhang et al. 2010). The single-stranded region (gray)
containing the template (black) is shown bound to telomeric DNA (cyan). (G) Solution NMR structure of the 3’
apical stem loop (conserved region 7 [CR7]) containing the TCAB1 and NHP2 binding interfaces, determined by
NMR and mutagenesis (Theimer et al. 2007). (H) NMR structure of free medaka (Oryzias latipes) STE (CR4/5)
(PDB: 2MHI) compared with crystal structure of the CR4/5-RNA-binding domain (RBD) complex (PDB: 4026).
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2 SOLUTION NMR STUDIES OF TER STRUCTURE
AND DYNAMICS

In parallel with the identification of a consensus structure
for TER elements required for catalysis (Chen and Greider
2004), comprising the t/PK and STE domains that indepen-
dently bind TERT (Fig. 2A,B), the first structures of
domains of TER were reported (Fig. 2C-H) (Comolli
et al. 2002; Leeper et al. 2003; Theimer et al. 2003; Leeper
and Varani 2005; Theimer et al. 2005; Chen et al. 2006;
Richards et al. 2006a; Richards et al. 2006b; Kim et al.
2008). NMR has proven particularly useful for structural
studies of TER domains, although it was clear from the start
that care needed to be taken to ensure that these structures,
removed from the context of their protein partners and the
full-length TER, were biologically relevant. In a typical
study, the biological importance of structural features of
the TER domain being studied were investigated by assay-
ing the effect of nucleotide substitutions on structure, telo-
merase activity in the context of TERT and TER assembled
in vitro and/or holoenzyme assembled in vivo, telomere
length in vivo, and assembly with TERT using electropho-
retic mobility shift assays.

Early studies identified a minimal pseudoknot (PK) in
human TER, with most of the conserved nucleotides in the
full-length PK, that contains the stem loop interactions
(P2b/P3 in vertebrates) (Theimer et al. 2005). Ciliates
have the smallest PK (~30 nt), whereas vertebrates and
yeasts have PKs with an extended stem 1 (P2 in human)
and loop 2 that are outside the minimal PK (Fig. 2A,B,D)
(Theimer et al. 2005; Kim et al. 2008; Cash et al. 2013; Wang
et al. 2016; Cash and Feigon 2017). In human TER, the full-
length PK includes the P2b/P3 minimal PK, a central stem
region with a 5-6-nt asymmetric internal loop (P2a-J2a/b-
P2b), and an irregular helical extension (P2a.1-]J2a.1) (Fig.
2B,F). The solution NMR structure of the human minimal
PK established that its fold is stabilized by tertiary interac-
tions between the loops and stems and also highlighted the
structural importance of U-A-U base triples within the PK
(Fig. 2D) (Theimer et al. 2005; Kim et al. 2008; Zhang et al.
2010). A correlation between PK stability and telomerase
activity was shown by mutagenesis and thermodynamic
analysis (Theimer et al. 2005). Structural and functional
studies on ciliate, yeast, and other vertebrate (e.g., medaka
fish [Oryzias latipes]) TER PKs have confirmed the impor-
tance of base triples (triple helix) for PK stability and telo-
merase function across various species (Shefer et al. 2007;
Qiao and Cech 2008; Cash et al. 2013; Wang et al. 2016;
Cash and Feigon 2017). The recent cryo-EM structures of
Tetrahymena and human telomerase show that the solution
NMR structures of the PKs fit well to the EM density maps
of the holoenzymes (Jiang et al. 2015, 2018; Nguyen et al.
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2018), confirming that the structures of the isolated do-
mains obtained by NMR are biologically relevant. NMR
structures of the other helical domains of Tetrahymena
TER, stem loop 2 (Richards et al. 2006a), and stem loop 4
(Chen et al. 2006; Richards et al. 2006b) were also deter-
mined. The p65 carboxy-terminal domain binds and bends
stem 4 at a conserved GA bulge (Fig. 2C) (Singh et al. 2012),
as discussed in Section 3.

The structures and dynamics of the remaining subdo-
mains of the TER full-length PK in vertebrates (human and
medaka fish) have also been extensively investigated by sol-
ution NMR (Kim et al. 2010; Zhang et al. 2010; Kim et al.
2014; Wang et al. 2016). The human P2ab domain consists
of P2a, P2b, and a 5-nt J2a/b pyrimidine-rich asymmetric
bulge (Fig. 2B), conserved in location but not sequence. Its
NMR structure showed that the J2a/b bulge loop has a
characteristic S-shape and creates an ~90° bend with a sur-
prisingly low twist (~10°) between the flanking helices
(Zhang et al. 2010). The J2a/b bulge loop is intrinsically
flexible but the interhelical motions across the loop are
remarkably restricted. Nucleotide substitutions in J2a/b
that affect the bend angle, direction, and interhelical dy-
namics are correlated with telomerase activity. The other
PK subdomain, P2a.1, which was proposed to be specific to
mammals, is connected to P2 by J2a.1. This region, which
contains a flexible internal loop that forms an irregular
helix, was modeled by combining the RNA modeling pro-
gram MC-Sym (Parisien and Major 2008) with residual
dipolar couplings (RDCs). A model of the complete human
PK was then calculated by computationally combining the
NMR structures encompassing the three subdomains (Fig.
2F). This model structure showed that the J2a/b bulge
defines the overall arc-shaped topology of the full-length
PK. The NMR analysis of medaka PK showed it has a
similar topology, despite differences in sequence and size,
including a cryptic P2a.1 (Wang et al. 2016).

Other vertebrate TER catalytic core domains that have
been studied by NMR are the human and medaka con-
served region 4/5 (CR4/5) (Kim et al. 2014), which rear-
ranges when in complex with medaka TERT RBD (Fig. 2H)
(Huang et al. 2014), and the P6.1 region of human CR4/5,
which contains two pseudouracils (Kim et al. 2010). In the
H/ACA domain, a structure-function study of the CR7
stem loop identified conserved elements for TCAB1 and
NHP2 binding (Fig. 2G) (Theimer et al. 2007).

Recent NMR studies of Tetrahymena TER showed that
the Tetrahymena PK does not form in the free TER. Instead,
part of the PK sequence pairs with and sequesters the tem-
plate (stem 3alt) (Fig. 2E) (Cash and Feigon 2017). This
alternative structure may function in vivo to shield template
and PK residues from unproductive interactions or cleavage
by endonucleases while still leaving the high-affinity TER
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RBD-binding sites available for assembly with TERT. Se-
quence analysis indicates that human t/PK may also form
an alternative structure, and this is supported by single-
molecule fluorescence resonance energy transfer (FRET)
studies (Hengesbach et al. 2012).

3 USING NMR TO STUDY PROTEIN-RNA
INTERACTIONS AND OPTIMIZE CONSTRUCTS
FOR CRYSTALLOGRAPHY: p65-TER COMPLEX

NMR has also been used to study telomerase protein do-
mains and interactions with TER and has proven useful in
optimizing constructs for crystallography. Good examples
are the studies of the Tetrahymena telomerase biogenesis
and assembly protein p65 and its interaction with TER
(Singh et al. 2012). The LARP7 protein p65 associates
with the 3’ end of TER and is essential for assembly in
vivo (Prathapam et al. 2005; O’Connor and Collins 2006;
Singh et al. 2013). In addition to a La module (La motif and
RNA recognition motif [RRM]) (Bousquet-Antonelli and
Deragon 2009) that binds the TER 3'-UUUU talil, it has a
carboxy-terminal domain that binds to and bends stem 4
(Stone et al. 2007; Berman et al. 2010; Akiyama et al. 2012;
Singh et al. 2012). Many different protein constructs of the
carboxy-terminal domain were made and NMR was used to
evaluate whether they were stably folded, identify flexible
regions, and define domain boundaries (Singh et al. 2012).
The initial assay for this is a simple 'H-""N heteronuclear
single-quantum correlation (HSQC) experiment, which
provides one cross peak for each peptide NH. Once good
spectra are obtained, backbone assignments can be deter-
mined from standard triple-resonance experiments. In the
case of p65, a flexible carboxy-terminal tail and a large
unstructured internal loop were deleted and truncated, re-
spectively, ultimately yielding a construct that was suitable
for NMR structure determination. Binding and assembly
assays using isothermal titration calorimetry (ITC) and
electrophoretic mobility shift showed that the carboxy-ter-
minal tail, but not the internal loop, is important for TER
binding and assembly of p65-TER with TERT. The solution
structure identified the domain as a new type of atypical
RRM, named xRRM, and the partially deleted internal loop
at a highly flexible (but dispensable) region connecting the
B2 and B3 strands (Fig. 2C) (Singh et al. 2013). NMR was
also used to assay RNA constructs for structure and bind-
ing. This information guided the design of protein con-
structs to obtain a crystal structure of the p65 xXRRM with
TER. The carboxy-terminal tail, which is essential for RNA
binding, was retained and various constructs with partial or
full deletion of the f2-B3 loop were screened, ultimately
yielding a crystal structure with TER stem 4, which revealed
the structural basis of the conformational change in stem

loop 4 induced by p65 that facilitates assembly of p65-TER
with TERT (Fig. 2C).

Another example of the complementarity of NMR and
crystallography are the studies of TERT TEN (Fig. 3E) (Ja-
cobs et al. 2005; O’Connor et al. 2005; Jacobs et al. 2006).
Tetrahymena TEN was identified as a soluble domain of
TERT by high-throughput screening and characterized as
an independently folded domain by NMR (Jacobs et al.
2005). It was subsequently crystallized (Jacobs et al. 2006).
Recently the structure of another TEN domain from the
thermotolerant yeast Hansenula polymorpha (hpTEN)
was determined by both crystallography and NMR (Polsha-
kov et al. 2016; Petrova et al. 2018). The protein core in the
NMR and crystal structures has the same overall organiza-
tion, with a backbone atom root-mean-square deviation
(RMSD) of 0.8 A, but there are flexible regions that differ
between the two structures, including helices a5 and a6
present in only the crystal or NMR structure, respectively.

4 X-RAY CRYSTALLOGRAPHY OF TERT DOMAINS
AND COMPLEXES WITH TER

TERT needs to be assembled with TER to be functional in
synthesizing telomeric DNA repeats. In vitro, telomerase
activity can be recovered from TERT and TER assembled
in rabbit reticulocyte lysate (Min and Collins 2010); how-
ever, the vast majority of the protein is aggregated and not
functional. Not surprisingly then, TERT has been notori-
ously difficult to purify and crystallize.

Almost all TERTS contain four major domains, two of
which are unique to TERT (i.e., the TEN domain and RBD)
and two domains found in other reverse transcriptases (i.e.,
RT [palm and fingers] and CTE [thumb]) (Fig. 3A) (Kel-
leher et al. 2002; Autexier and Lue 2006; Mason et al. 2011).
A major breakthrough was the crystal structure of the pu-
tative TERT from the flour beetle Tribolium castaneum
reported in 2008 (and with an RNA-DNA hairpin mim-
icking a template-DNA duplex in 2010), which revealed
that the RBD-RT-CTE domains form a ring structure
(Fig. 3G) (Gillis et al. 2008; Mitchell et al. 2010). Tribolium
TERT is atypical in that it lacks a TEN domain (Fig. 3A) and
it has no known TER. The genome sequence of Tribolium
revealed that its telomeres are composed of a mix of retro-
transposons and simple repeats that are mostly, but not
exclusively, TCAGG, suggesting that telomerase, as a telo-
mere maintenance mechanism, was lost in Tribolium (Tri-
bolium Genome Sequencing Consortium et al. 2008); thus,
Tribolium TERT is unlikely to be a true TERT. Nevertheless,
the Tribolium TERT ring structure has proven useful for
modeling into negative-stain and cryo-EM maps of Tetra-
hymena and human telomerase (Jiang et al. 2013, 2015;
Nguyen et al. 2018). The Tribolium TERT structure has

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a032383
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Figure 3. TERT domains and structures. (A) Schematics comparing domains of reverse transcriptases (RTs) from
human telomerase, Tetrahymena telomerase, Tribolium castaneum telomerase, Penelope-like element (PLE; Adineta
vaga), and Group IT intron (Geobacillus stearothermophilus). Domains and conserved motifs are aligned using the RT
domains. Note that Tribolium “TERT” is more similar to the A. vaga PLE RT than to the true TERTSs from human and
Tetrahymena. Crystal structures (B-G) of (B) Takifugu rubripes RBD (PDB: 4LMO), (C) medaka RBD-STE complex
(PDB: 4026), (D) Tetrahymena RBD-template boundary element (TBE) complex (PDB: 5C9H), and (E) free
Tetrahymena telomerase amino-terminal domain (TEN) (PDB: 2B2A, cyan) superimposed with cryo-EM structure
of TEN in Tetrahymena telomerase holoenzyme (PDB: 6D6V) (gray). Regions interacting with p50, TEB, and TRAP
are indicated. Blue dashed lines represent the missing loops in the crystal structure. (F) Human carboxy-terminal
element (CTE) (PDB: 5UGW) and (G) Tribolium TERT with an RNA-DNA hairpin mimicking a template-DNA
duplex (PDB: 3KYL). (H) Cryo-EM structure of Tetrahymena TERT-TER with template-DNA duplex (PDB:
6D6V). TRAP is mostly covered by TEN, so is difficult to see in this view. The TRAP and TEN domains are unique
to TERT, whereas motif 3 and IFD are found in closely related RT's from group II introns and PLEs. For G and H, the
polymerase “hand” view is shown.
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also provided structural and biochemical insights into the
mechanism of nucleotide addition, revealing the location of
many features found in other reverse transcriptases such as
the primer grip, thumb loop, and thumb helix, as well as two
previously unknown motifs, the insertion in fingers domain
(IFD) (Lingner et al. 1997; Lue et al. 2003) and motif 3 (Xie
et al. 2010) in the RT domain (Gillis et al. 2008; Mitchell
et al. 2010). However, the two IFD helices and motif 3,
originally thought to be TERT-specific, were subsequently
also found in group II intron (Qu et al. 2016; Zhao and Pyle
2016; Stamos et al. 2017) and some Penelope-like element
(PLE) RTs (Fig. 3A,G) (Gladyshev and Arkhipova 2007).
Notably, structures of the TERT ring alone do not reveal
how template boundaries are determined or how translo-
cation occurs (e.g., what separates the template-DNA du-
plex and what keeps the telomeric DNA from dissociating
during translocation). Comparison with the structure of the
Tetrahymena TERT-TER catalytic core from the 4.8 A
cryo-EM map (discussed later) highlights the structural dif-
ferences of a true TERT containing the telomerase unique
TRAP and TEN domains, a larger RBD, and an integral
TER (Fig. 3A,G,H).

The TERT RBD has distinct binding sites for the TER
template boundary element (TBE) and STE domains (Lai
et al. 2001), and these have been structurally characterized
by EM (Jiang et al. 2015, 2018) and in greater atomic detail
by crystallography (Fig. 3B-D) (Harkisheimer et al. 2013;
Huang et al. 2014; Jansson et al. 2015). RN A-binding motifs
were suggested from crystal structures of Tetrahymena and
vertebrate fish (Takifugu rubripes and O. latipes) RBD, as
well as sequence analysis and mutagenesis (Harkisheimer
et al. 2013; Huang et al. 2014; Jansson et al. 2015). A 3.0 A
crystal structure of Tetrahymena RBD bound by the TBE
shows that the single-stranded nucleotides on either side of
stem 2 bind two sides of the RBD, making a network of
polar contacts to three conserved motifs in the RBD (i.e.,
CP2 [TFLY in vertebrates], CP, and T) (Fig. 3D) (Jansson
et al. 2015). These interactions anchor the TBE onto TERT,
thereby determining the 5'-template boundary by physical-
ly preventing nucleotides beyond the last template nucleo-
tide from moving into the active site.

The TER STE (distal stem loop 4 in Tetrahymena and
P6.1 in CR4/5 in vertebrates) (Fig. 2A,B) binds to both the
RBD and CTE (Bley et al. 2011; Huang et al. 2014; Jiang
et al. 2015, 2018), which interface to close the TERT ring
in the absence of TER in Tribolium TERT. A 3.0 A crystal
structure of medaka RBD bound to the CR4/5 domain
provided details of the RBD part of the interaction
(Fig. 3C) (Huang et al. 2014). The conserved motif QFP
and the amino-terminal region of helix o2 interact exten-
sively at a unique three-way junction in CR4/5. However,
density for the P6.1 loop is missing and it appears that the

missing loop could interact with the CTE (Nguyen et al.
2018).

The 2.2 A crystal structure of the Tetrahymena TERT
TEN domain revealed a mixed o/B-fold with a highly basic
patch proposed to be a DNA-binding groove (Fig. 3E) (Ja-
cobs et al. 2006; Zaug et al. 2008; Wu and Collins 2014).
TEN has been proposed to function in binding TER (Tet-
rahymena loop 4 and the TRE) (O’Connor et al. 2005), as a
telomeric DNA anchor site (Jacobs et al. 2006; Zaug et al.
2008; Wyatt et al. 2009; Jurczyluk et al. 2011; Eckert and
Collins 2012), and more recently in stabilization of short
template-DNA duplexes (Robart and Collins 2011; Wuand
Collins 2014; Akiyama et al. 2015; Shastryet al. 2018). TERT
TEN domain is connected to the RBD by a long at least
partially unstructured linker, but its location relative to oth-
er TERT domains and TER was established only by the
cryo-EM studies, which revealed unexpected interactions
and functions (see Sec. 7) (Jiang et al. 2015, 2018).

Besides the RBD, the only other domain of vertebrate
TERT for which a crystal structure has been reported is of a
partial human CTE, missing the amino-terminal region
containing the thumb loop, at 2.3 A resolution (Fig. 3F)
(Hoffman et al. 2017). The all-helical bundle structure is
highly similar to the Tribolium CTE (thumb domain)
and revealed the locations of some human mutations asso-
ciated with the telomerase insufficiency disease dyskeratosis
congenita.

5 NEGATIVE-STAIN EM OF TELOMERASE

Reports of negative-stain EM structures of human and Tet-
rahymena telomerase in 2013 at 25-30 A resolution marked
a major breakthrough in structural studies of telomerase
(Jiang et al. 2013; Sauerwald et al. 2013), in part because
they showed that sufficient quantities of functional enzymes
could be purified at least for EM studies and suggested the
possibility of higher resolution structures to follow (Akiya-
ma and Stone 2013; Miracco et al. 2014). The negative-stain
EM structure of Tetrahymena telomerase provided the ar-
chitecture of a telomerase with locations of TERT, TER
domains, p65, and other known accessory proteins (Fig.
4A) (Jiang et al. 2013). Although negative-stain EM struc-
tures have largely been supplanted by cryo-EM structures
obtained with direct electron detectors, it is useful to discuss
the method and what was learned from it, as it made pos-
sible the higher resolution cryo-EM structures subsequently
reported. In addition, negative-stain EM is often useful to
screen samples for homogeneity and concentration, espe-
cially because it may be difficult to find good cryogenic
conditions for RNPs (e.g., sometimes RNPs do not survive
the freezing process intact). Negative-stain EM is also useful
for obtaining an initial unbiased model of a complex (i.e., no
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Figure 4. Comparison of negative-stain and cryo-EM density maps and models of Tetrahymena and human telo-
merase. (A-C) EM density maps and models of Tetrahymena telomerase. (A) A 25 A negative-stain EM map with
locations and estimated boundaries of subunits colored, based on affinity tagging of subunits, comparison of particles
lacking all or part of a subunit, and modeling of the catalytic core (Jiang et al. 2013) (EMDB: 5804). (B) A 9.4 A
resolution cryo-EM map (core RNP, blue; CST, tan; TEB, straw; and p50, red) and pseudoatomic models of the core
RNP and TEB and CST trimerization domains of three OB folds (Jiang et al. 2015). (C) An 180° rotated view of Bwith
modeled domains shown as space-fill on the cryo-EM map. Model of the catalytic core and TEB is based on the 8.9 A
resolution map. Additional domains of Tebl, Teb2, p45, p65, and p50 are not visible in the cryo-EM map because of
positional dynamics and are shown as crystal structures (TeblA [PDB: 3U4V], TeblB [PDB: 3U4Z], p45C [PDB:
5DEFN]), homology models (Teb2C based on PDB: 1DPU), or ovals. (D-G) EM density maps and models of human
telomerase. (D) A 30 A negative-stain EM map originally proposed to be a dimer (EMDB: 2310) (Sauerwald et al.
2013). Tribolium TERT was automatically fit into the map using UCSF Chimera (Pettersen et al. 2004). (E) Two views
of the 10.2 A resolution cryo-EM map of human telomerase holoenzyme (EMDB: 7521) with a modeled catalytic
core (top) and H/ACA scaRNP (bottom) (Nguyen et al. 2018). (F) A 7.7 A resolution cryo-EM map (EMDB: 7518)
from focused refinement and model of the catalytic core. (G) A 8.2 A resolution map (EMDB: 7519) from focused
refinement and model of the H/ACA scaRNP. TER is magenta in all models and TERT is blue. Proteins and TER
domains are labeled.

assumed starting model is used) (Jiang et al. 2013). For
negative-stain EM, aqueous samples are applied to an EM
grid and then stained with a heavy metal solution such as
uranyl formate.

Analysis of 3D reconstructions from negative-stain EM
data on human and Tetrahymena telomerase provided the
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endogenous locus (in most cases) with tandem 3xFLAG (F)
and two protein A (ZZ) tags separated by a TEV protease
cleavage site allowed purification and biochemical charac-
terization of an endogenously expressed enzyme (Min and
Collins 2009). A method was developed to bind the antigen-
binding fragment (Fab) of an anti-FLAG antibody during
the purification, and one to three bound Fabs could then be
visualized in negative-stain EM 2D class averages and 3D
reconstructions, thereby revealing the location of the car-
boxyl (or amino, for ZZF tags) terminus of the protein
where the Fab(s) bound. A different affinity tag, MS2 coat
protein, identified the location of TER stem loop 2, where
the loop was replaced by the MS2 coat protein-binding site.
Using this method, locations of all the subunits except p45
were determined, whose tag was not visible in the class
averages; this process was enhanced by comparison of 3D
reconstructions of particles lacking all or part of a subunit.
With the general subunit locations identified, known crystal
and NMR structures of telomerase subunits or homology
models (Tribolium TERT RT and CTE, Tetrahymena RBD
and TEN, p65-stem loop 4, and Teb1C) could be fit into the
negative-stain EM map. This analysis was notably success-
ful; locations of all tagged subunits (except p45) were sub-
sequently shown by cryo-EM to be correct.

Major discoveries in the negative-stain EM study were
the identification of p50, previously thought to be substoi-
chiometric, as a central hub binding TERT, Teb1C, and the
p75-p45-p19 complex (Fig. 4A), and that p50 was essential
to the processivity enhancement conferred by Tebl (Hong
etal. 2013; Jiang et al. 2013). Teb1 (Min and Collins 2009) is
paralogous to the large subunit of replication protein A
(RPA), a single-stranded DNA-binding trimeric complex
that is involved in all aspects of DNA replication and repair
(Prakash and Borgstahl 2012; Sugitani and Chazin 2015).
The EM map also provided the location of p65 relative to
TERT, defining the overall architecture of the core RNP. An
interesting footnote to the affinity labeling of p45 is the
subsequent discovery that the Fab was in fact bound but
not visible in the EM 2D class averages attributable to do-
main dynamics (i.e., it was bound to a carboxy-terminal
domain of p45 separated by a flexible linker to its amino-
terminal domain) (Fig. 4C). In images of single particles,
three Fabs could be seen in various locations relative to the
rest of the particle (Jiang et al. 2015).

Human telomerase used for the negative-stain EM
structure (Sauerwald et al. 2013) was purified from
HEK293T cells transiently transfected with human TER
and TERT (Cristofari et al. 2007). Analysis of mass spec-
trometry data identified TERT, dyskerin, and NOP10 as
components of the enzyme. Based on molecular weight
estimated from native polyacrylamide gel electrophoresis
(PAGE) and activity assays on telomerases with two differ-
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ent affinity tags on TERT, the investigators concluded that
human telomerase is an obligate dimer with two TERT and
two TER molecules plus dyskerin and NOP10. The 3D
reconstruction from negative-stain EM and tomography
revealed a bilobal structure with an “open” and “closed”
lobe at the two ends bridged by density ~25 A in diameter
(Fig. 4D). The location of TERT was identified from the
position of nanogold-labeled bound telomeric DNA, which
showed up as dots in none (13.5%), one (50%), or both
(36.5%) of the lobes in the single particles. TERT was mod-
eled into the computationally isolated open monomer, and
it was concluded that there was one TERT in each lobe with
the connecting density proposed to be a TER helix. How-
ever, studies from the Collins laboratory where each of the
H/ACA scaRNP proteins had been individually tagged pro-
vided strong evidence that human telomerase was a mono-
mer with one TERT and TER and two sets of H/ACA
proteins bound to the scaRNA domain, which would be
about the same molecular weight as the proposed dimer
(Egan and Collins 2010). This was found to be unambigu-
ously the case for the recently reported cryo-EM structure
of human telomerase (Nguyen et al. 2018), discussed in
detail below. Comparison of the negative-stain EM maps
with the cryo-EM maps of human telomerase (Fig. 4) indi-
cates that they are very similar when the difference in res-
olution is accounted for, although for the negative-stain EM
sample it may be a mixture of active and inactive TERT
assemblies (Nguyen et al. 2018).

6 SUBNANOMETER RESOLUTION CRYO-EM
OF TELOMERASE

After the negative-stain EM structures of Tetrahymena
and human telomerase reported in 2013, it took another
two and five years, respectively, for cryo-EM structures, at
8-10 A resolution, to be reported (Jiang et al. 2015; Nguyen
et al. 2018).

6.1 Tetrahymena Telomerase

Taking advantage of the improvements in data collection
for cryo-EM and in particular the emergence of direct de-
tector cameras, cryo-EM structures of Tetrahymena telome-
rase holoenzyme were solved to 9.4 A resolution for the
entire particle (Fig. 4B,C) and to 8.9 A resolution excluding
the p75-p45-p19 complex, which negative-stain EM 3D
reconstructions had shown to be flexibly positioned around
p50 (Jiang et al. 2015). Processing of cryo-EM data using a
focused refinement is useful for increasing the resolution of
the part of the particle within a soft mask that excludes
other regions, and was used for both Tetrahymena and
human telomerase. It is also important to note that the
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reported EM resolutions use the “gold standard” approach
with a Fourier shell correlation FSC = 0.143 cutoff (Rosen-
thal and Henderson 2003; Scheres and Chen 2012), but the
resolution in different regions of the EM map varies de-
pending on flexibility and other factors.

The identification of protein subunits and a pseudoa-
tomic model of Tetrahymena telomerase catalytic core and
most of the accessory proteins in the cryo-EM map was a
tour de force that combined NMR spectroscopy, X-ray crys-
tallography, and mass spectrometry with the cryo-EM data.
The localization of subunits by affinity tagging and the
unbiased model obtained from the negative-stain EM struc-
ture (Jiang et al. 2013) were crucial for obtaining and inter-
preting the 9 A cryo-EM map. At this resolution, protein
helices and B-barrels and RNA helices can be discerned in
the density and crystal structures and the homology models
fit with certainty. For the Tetrahymena telomerase core
RNP, the known structures and models for TER were helical
domains (including a newly determined NMR structure of
the PK) (Richards et al. 2006a; Cash and Feigon 2017), the
p65 xRRM-stem 4 complex (Singh et al. 2012) and loop 4
(Fig. 2) (Richards et al. 2006b), and for TERT the RT and
CTE domains from the Tribolium TERT crystal structure
(Mitchell et al. 2010) and crystal structures of Tetrahymena
RBD (Rouda and Skordalakes 2007) and TEN domain (Fig.
3) (Jacobs et al. 2006). Rigid-body fitting of these TER,
TERT, and p65 domains provided a pseudoatomic model
of the RNP catalytic core, which showed that the t/PK en-
circles the TERT RBD-RT-CTE ring. The PK is positioned
over the CTE and the TEN domain is stacked over the CTE
on the other side of the TERT ring with the 3’ template-
adjacent single-stranded TER running between the two
(Fig. 4B). Stem 1 and stem loop 4 form a U-shape with
only loop 4 contacting TERT, apparently inserting at the
RBD-CTE interface. Loop 4 and the PK, both of which had
been previously proposed to contribute directly to catalysis
(O’Connor et al. 2005; Qiao and Cech 2008), are far from
the active site. Based on their positions in the cryo-EM
structure, the PK was proposed instead to act like a watch-
band ratchet clasp, with the PK fully folding only after the
t/PK assembled onto TERT (Jiang et al. 2015), and loop 4
was proposed to stabilize closure of the TERT ring.

For the rest of the particle, only Teb1C had a previously
known structure and the other proteins were thought to be
specific to Tetrahymena (or ciliates). We note that although
Tebl has four domains, TeblA, B, and N are connected by
flexible linkers and are invisible in the cryo-EM map (Fig.
4C). Teb1C is a large OB fold with a Zn-ribbon motif that
confers a characteristic C-shape (Zeng et al. 2011). Fitting of
Teb1C into the cryo-EM map revealed a surprise—al-
though its carboxyl terminus had been correctly located
by anti-FLAG Fab tagging (Jiang et al. 2013), it fit only
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part of the assigned density in a “knob” and the remaining
density could not be accounted for by any known Tetrahy-
mena telomerase protein. Because Teb1 is an RPA1 paralog,
the investigators surmised that the remaining density might
arise from previously undiscovered RPA2 and RPA3 paral-
ogs. A crystal structure of the RPA heterotrimer of three
OB-folds (Fan and Pavletich 2012) fit the density, sup-
porting this hypothesis, and the presence of these two pre-
viously unknown subunits (named Teb2 and Teb3) was
confirmed by liquid chromatography-mass spectrometry
(LC-MS/MS). A subsequent study showed that whereas
Tebl is unique to Tetrahymena telomerase, Teb2 and
Teb3 are shared subunits with Tetrahymena RPA (Upton
et al. 2017). Another surprise was the identification of the
p75-p45-p19 complex as Tetrahymena homologs of hu-
man CST. CST is another RPA-related complex, whose
STNI and TENI subunits are similar to RPA2 and RPA3
proteins, respectively, whereas CTC1 (Cdcl3 in yeasts) is
more divergent from RPA1 (Chan et al. 2017). Crystal
structures of p19 and of p45 carboxy-terminal domain re-
vealed an OB-fold and winged helix (WH)-WH, respec-
tively, that are structurally homologous to TEN1 and
STNI carboxy-terminal domain. An exhaustive 6D search
algorithm for automated fitting revealed that the RPA tri-
meric core also fits into the EM density assigned to p75-
p45-p19 in addition to the TEB density. The identification
of p75-p45-p19 as CST was independently verified by
structural and functional studies (Wan et al. 2015). Finally,
p50 was identified as a B-barrel, and its location near TEN,
Tebl, and p75 suggested that it is a homolog of TPPI,
although it could not be modeled. In humans, TEN inter-
acts directly with a region of TPP1 called the TEL patch, and
this interaction is required for recruitment to telomeres
(Zaug et al. 2010; Nandakumar et al. 2012; Sexton et al.
2012; Zhong et al. 2012; Schmidt et al. 2014). Thus, the
integrative structural biology studies of Tetrahymena telo-
merase revealed that it is constitutively assembled with ho-
mologs of CST and TPP1-POT1 that in humans and yeasts
only temporally associate with telomerase at telomeres. This
makes Tetrahymena an ideal model organism for investi-
gating how telomerase interacts with telomere-associated
proteins (Feigon et al. 2016; Chan et al. 2017).

6.2 Human Telomerase

The cryo-EM structure of human telomerase with substrate
DNA (T,,TTAGGG) at sub-nanometer resolution repre-
sents another landmark study, which defined the subunit
composition and overall architecture of human telomerase
and also provided the first model for a eukaryotic H/ACA
RNP (Fig. 4E-G) (Nguyen et al. 2018). To overcome the
problem of low cellular levels of telomerase, telomerase was
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reconstituted in vivo from human cells transiently trans-
fected with tagged ZZ-TEV-Twin Strep-TERT and TER,
similar to what was performed for the negative-stain EM
structure, and purified. A key step was identifying the eluted
telomerase fractions that were homogeneous by negative-
stain EM, the so-called active telomerase. Another impor-
tant step was identifying the locations of the catalytic core
and the scaRNP protein TCAB1/WDR?79 (tryptophan-—as-
partic acid repeat protein 79) in negative-stain 3D recon-
structions by comparison with samples prepared with TER
lacking the H/ACA domain and a TCAB1 mutant that does
not bind the H/ACA RNP, respectively. The TER interface
between the H/ACA RNP and the catalytic core of human
telomerase is highly dynamic, limiting the overall resolution
of a complete cryo-EM map to 10.2 A (Fig. 4E). Focused
refinement provided 3D reconstructions of the catalytic
core at 7.7 A (Fig. 4F) and the H/ACA scaRNP at 8.2 A
(Fig. 4G) resolution. The catalytic core was modeled by
rigid-body fitting of crystal structures of RT and CTE
from Tribolium TERT (Mitchell et al. 2010), RBD with
TER CR4/5 (P5-P6.1-P6a) from medaka (Huang et al.
2014), and TEN from Tetrahymena (Fig. 3) (Jacobs et al.
2006), and of NMR structures from the human t/PK model
described above (Fig. 2) (Zhang et al. 2010, 2011). A model
of the human telomerase catalytic core, built by homology
modeling human TERT and fitting the human t/PK NMR
model of TERT based on the TER path in the cryo-EM
structure of Tetrahymena telomerase (Wang et al. 2016;
Wang and Feigon 2017), fits the human telomerase cryo-
EM map remarkably well. Although the human t/PK has a
much larger helical region, it encircles TERT in a similar
way as does Tetrahymena t/PK, with the minimal PK on the
CTE and the single-stranded template-adjacent TER be-
tween the TERT ring and TEN domain (Fig. 4E,F). The
human STE element, CR4/5 domain, interacts with the
RBD. In the cryo-EM maps of Tetrahymena telomerase,
the STE element loop 4 inserts between the RBD and
CTE (Jiang et al. 2015, 2018). Although the P6.1 stem
loop of the CR4/5 domain is not modeled in the cryo-EM
map of human telomerase, it is proposed to insert in a
similar manner (Nguyen et al. 2018).

The H/ACA RNP, which is the human TER biogenesis
domain, was first identified by Collins (Mitchell et al.
1999a), leading to the proposal that dyskerin mutations in
dyskeratosis congenita are due to telomerase insufficiency
(Mitchell et al. 1999b). Numerous other disease mutations
associated with telomerase insufficiency have since been
identified in most human telomerase components (Fogarty
et al. 2003; Angrisani et al. 2014; Holohan et al. 2014; Weg-
man-Ostrosky and Savage 2017). Despite many structures
of H/ACA proteins and various complexes (Hamma and
Ferre-D’Amare 2004; Manival et al. 2006; Liang et al. 2007;
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Duan et al. 2009; Koo et al. 2011; Li et al. 2011a; Li et al.
2011b), as well as a complete single-hairpin archaeal H/
ACA snoRNP used in the modeling (Li and Ye 2006), no
structures of a complete eukaryotic H/ACA RNP have been
previously reported. The structure of the human telomerase
H/ACA RNP domain with its two sets of H/ACA proteins
and TCABI (found in H/ACA scaRNPs) thus provides the
first view of how the two hairpins are oriented with respect
to each other and the intersubunit interactions (Fig. 4G).
The 5 and 3’ hairpins are approximately perpendicular to
one another, and the two dyskerin molecules have an inter-
acting surface that maps to several disease mutations, pro-
viding a structural basis for understanding their disease
phenotype. Although dyskerin, NOP10, and NHP2 all con-
tact the 3’ hairpin RNA, only dyskerin directly binds the 5’
hairpin, which lacks an NHP2-binding loop and is extend-
ed to form the STE. The human telomerase H/ACA RNP
structure may also explain how Alu H/ACA RNPs with
especially short or long 5 hairpins assemble two sets of
H/ACA proteins (Ketele et al. 2016).

7 APPROACHING ATOMIC RESOLUTION:
TELOMERASE WITH TELOMERIC DNA

The cryo-EM structures of human and Tetrahymena telo-
merase discussed above show that the particle is remarkably
dynamic; this has so far limited the resolution that can be
obtained from cryo-EM maps. It took two and a half years
after the ~9 A structure of Tetrahymena telomerase was
reported to achieve a resolution of 4.8 A with telomeric
DNA and 6.4 A without DNA (Fig. 5A) (Jiang et al.
2018). In the 4.8 A cryo-EM structure the telomeric DNA
(GTTGGG);G is bound midway through a cycle of telo-
mere repeat synthesis, and the presence of DNA appears to
stabilize the catalytic core somewhat. A soft mask was used
to improve the resolution, and in the resulting density maps
the dynamic p75-p45-p19 (Tetrahymena CST) complex
was masked out. The cryo-EM maps were calculated start-
ing with more than three million particles of which <2%
were in the final data set for 3D reconstruction. At 4.8 A
resolution, it is just possible to do de novo modeling of
secondary structure elements in the regions of the map
where there is no starting crystal or NMR structure. Fortu-
nately, related structures (albeit distantly for some) exist for
most of the protein subunits or domains of Tetrahymena
telomerase as described above, including the catalytic sub-
unit TERT. Taking advantage of these evolutionary rela-
tionships in EM density-guided computational modeling
using the Rosetta package (Song et al. 2013) allowed an
ensemble of molecular models to be generated. Visual in-
spection of the highest scoring solutions, together with
rebuilding select regions and subsequent real-space refine-
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Figure 5. Cryo-EM of Tetrahymena telomerase at 4.8 A resolution provides insights into the mechanism. (A) A 4.8 A
resolution cryo-EM density map of Tetrahymena telomerase with telomeric DNA. (B) Atomic model of the TERT-
TER catalytic core, p65 xXRRM, p50, and TEB. The model of p65 xRRM is based on the crystal structure (PDB: 4ERD).
(C-D) Two views of the structure of the telomerase catalytic core with TERT as spacefill and TER as ribbon. TERT and
TER domains are labeled. TEN and TRAP are connected to the RBD and RT domains, respectively, from opposite
sides of the TERT ring, physically interlocking the t/PK and TERT. In D, black dashes between the TEN and RBD
domains denote the linker between them. The nascent telomeric DNA is shown exiting the template. (E) Cartoon of
template recognition element (TRE)-template-TBE interactions with TERT and telomeric DNA. Arrows indicate
directions of rotation of TER and DNA during telomere repeat synthesis, and anchors correspond to TER anchor
sites that define the template boundaries. TRE linker (TRE; ) and the TBE loop (TBE; ) are the single-stranded regions
between the template and TRE and TBE, respectively. (F) Cartoon illustrating the paths of TRE-template-TBE on
TERT and of telomeric DNA from the TERT active site to TEB; the TRAP-TEN interaction; the TRAP-TRE
interaction. The protein p50 is omitted from this schematic for clarity. (Figure panels are modified from Jiang
et al. 2018.)
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ment of protein and modeled TER using PHENIX (Adams
et al. 2010), ultimately allowed the determination of a com-
plete nearly atomic model of the DNA-bound TERT-TER
catalytic core, p50N, and Teb1C-Teb2N-Teb3 (Fig. 5B).
This model provided the first complete structure of a true
TERT, previously unknown details of the architecture of the
catalytic core, structures and interactions of p50-TEB, the
path of TER on TERT (Fig. 5C,D), and the path of telomeric
DNA from the six base-pair template DNA duplex to its exit
on Teb1C (Fig. 5E,F).

In addition to providing much more detail than the
lower-resolution cryo-EM model of DNA-free telomerase,
two previously unknown features of the catalytic core were
identified. First, TERT and TER are intricately interlocked,
with TER and TERT physically enclosing one another, ex-
plaining in part the difficulty of assembling telomerase in
vitro (Fig. 5B-D). Second, a long linker between the two
IFD helices, which among RTs is uniquely found in TERTS,
was revealed to form a structured mostly B-strand interface
with the TERT TEN domain (Fig. 5C-F). This region,
named TRAP, explains how TEN, which is connected to
the RBD by a long linker, can be stably positioned. The
single-stranded 3’ template-adjacent TER (named TRE
linker, TRE;) runs between the CTE and TRAP, and the
TRE binds a highly basic surface on CTE (Fig. 5C). The
structure shows that roles proposed for TEN in regulating
repeat addition processivity (Robart and Collins 2011; Wu
and Collins 2014; Akiyama et al. 2015; Shastry et al. 2018)
are mostly indirect through TRAP (Fig. 5E,F). The DNA-
template duplex occupies a large cavity in the TERT ring. As
the growing duplex exits toward TRAP, the looped out
TRE,, appears to be captured by TRAP, whereas the sin-
gle-stranded telomeric DNA makes a turn in the opposite
direction toward Teb1C (Fig. 5E,F). Intriguingly, the single-
stranded telomeric DNA seems to contact the 5" end of the
template, potentially forming another short helix. The op-
posing paths of the DNA and TRE suggest a mechanism to
limit the template-DNA duplex to 6-7 base pairs (Wang
et al. 1998; Forstemann and Lingner 2005; Wu et al. 2017a),
because of destabilization of the helix end and accumula-
tion of torsional stress (Fig. 5E). On the 5’ side of the tem-
plate the TBE is anchored to the RBD (Jansson et al. 2015),
and the TBE loop (TBE;) could go from looped out to
maximally stretched during synthesis of a telomere repeat.
Thus, TRE-TRE, and TBE;-TBE are proposed to define
the 3" and 5’ template boundaries during each telomere
repeat synthesis cycle by means of TRAP capture and re-
lease of TRE; and TBE, stretch and compaction, respec-
tively, adjacent to anchor sites (TRE on the CTE and TBE
on RBD) on each side. Other elements of TER apparently
function to stabilize the closed structure of the TERT
ring (loop 4) and in assembly of the t/PK on TERT (PK).
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The PK has a limited interaction surface with a basic patch
on the CTE. This overall architecture appears to be con-
served in human telomerase (Wang et al. 2016; Nguyen
et al. 2018).

In addition to forming a complex with TRAP that phys-
ically encloses the t/PK on the TERT ring, the TEN domain
binds p50 in the same way as predicted for human TEN-
TPP1 recruitment of telomerase to telomeres. The modeled
structure of p50 reveals that it contains an OB-fold oriented
to interact with TEN in the same way as predicted for the
TPP1 TEL-patch. The p50 interacting surface of TEN
changes conformation significantly compared with the
crystal structure of the TEN domain (Fig. 3E). The protein
p50 also binds Tebl, similar to TPP1-POT1, although de-
tails of the interaction appear to be different (Chen et al.
2017; Wang and Feigon 2017). The TEB complex is further
anchored to TERT through interactions with TEN (Fig. 3E),
an interaction that likely does not exist for POT1. In sum-
mary, the 4.8 A cryo-EM structure of Tetrahymena telome-
rase with telomeric DNA provided key new insights into
telomerase mechanism and DNA handling.

8 CONCLUDING REMARKS: TELOMERASE IS
A UNIQUE RNP

Unlike catalytic RNPs such as the ribosome and spliceo-
some in which the proteins are the scaffold and the RNA
does the catalysis (Cech and Steitz 2014), it is now clear that
the TERT protein does the actual catalysis. But in this
unique RNP, the RT has evolved to require domains specific
to TERT and elements of TER in addition to the template
that work together for processive synthesis of telomere re-
peats (Jiang et al. 2018). Another unusual feature of telo-
merase is the species-specific divergence of TER biogenesis
domains, which have co-opted protein complexes from
other RNPs for specialized function in telomerase. The first
substrate bound cryo-EM structures of Tetrahymena and
human telomerase have provided a treasure trove of details
of RNP architecture, mechanism, and interaction at telo-
meres. In the not too distant future, we expect atomic res-
olution structures of telomerase in which all side chains can
be modeled to provide atomic details, elucidating mecha-
nisms and enabling drug targeting and understanding of
disease mutations.
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