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Telomerase is a ribonucleoprotein complex that counteracts the
shortening of chromosome ends due to incomplete replication.
Telomerase contains a catalytic core of telomerase reverse tran-
scriptase (TERT) and telomerase RNA (TER). However, what defines
TERT and separates it from other reverse transcriptases remains a
subject of debate. A recent cryoelectron microscopy map of Tetra-
hymena telomerase revealed the structure of a previously unchar-
acterized TERT domain (TRAP) with unanticipated interactions
with the telomerase essential N-terminal (TEN) domain and roles
in telomerase activity. Both TEN and TRAP are absent in the puta-
tive Tribolium TERT that has been used as a model for telomerase
for over a decade. To investigate the conservation of TRAP and
TEN across species, we performed multiple sequence alignments
and statistical coupling analysis on all identified TERTs and find
that TEN and TRAP have coevolved as telomerase-specific do-
mains. Integrating the data from bioinformatic analysis and the
structure of Tetrahymena telomerase, we built a pseudoatomic
model of human telomerase catalytic core that accounts for almost
all of the cryoelectron microscopy density in a published map, in-
cluding TRAP in previously unassigned density as well as telomer-
ase RNA domains essential for activity. This more complete model
of the human telomerase catalytic core illustrates how domains of
TER and TERT, including the TEN-TRAP complex, can interact in a
conserved manner to regulate telomere synthesis.
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In eukaryotic cells, the ends of chromosomes are capped by re-
petitive telomeric DNA, which functions as a buffer for the
shortening of linear chromosomes during DNA replication and
recruits telomere-binding proteins that prevent activation of DNA
damage responses (1). Shortened telomeres can lead to genome
instability and cellular senescence (2-4). Telomerase functions to
extend the 3’ ends of chromosomes by synthesizing species-specific
DNA telomere repeats using a unique telomerase reverse tran-
scriptase (TERT) with an integral RNA template contained within
its larger telomerase RNA (TER). Telomerase activity is mostly
undetectable in somatic cells, but a majority (~90%) of cancers
require up-regulated telomerase activity to maintain immortal cell
replication (2, 5). Additionally, telomerase insufficiency or dysre-
gulation due to mutations in TERT, TER, and telomere-associated
proteins are linked to a wide variety of inherited diseases in humans,
such as dyskeratosis congenita and idiopathic pulmonary fibrosis
(6-9). All sequences identified as TERT to date contain the palm
and fingers (reverse-transcriptase domain, RT) and thumb (C-ter-
minal extension, CTE) domains common to reverse transcriptases,
and an RNA binding domain (RBD) (Fig. 14) (10). The size of
TER varies among species (11, 12), but it has two evolutionarily
conserved domains, template/pseudoknot (t/PK) and stem-terminus
element (STE), stem-loop 4 (SL4) in Tetrahymena and conserved
region 4/5 (CR4/5) in vertebrates, that independently bind TERT
and are required for catalysis. Additional TER domains bind
species-specific proteins required for biogenesis (11, 13).

While the RT domain within TERT is highly conserved, the
sequences and sizes of annotated TERTs vary widely, so it has not
been entirely clear which domains define TERT. Crystal struc-
tures of the putative TERT from the red flour beetle Tribolium
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castaneum (hereafter referred to as Tribolium TERT-like) revealed
that the RBD-RT-CTE domains form a ring structure (TERT ring)
(14, 15). The Tribolium TERT-like structure has been a useful
model for guiding telomerase biochemistry and structural studies
(16-24). Despite the similarity of Tribolium TERT-like ring struc-
ture to those subsequently identified in Tetrahymena and human
cryoelectron microscopy (cryo-EM) structures (21-25), the anno-
tation of Tribolium TERT-like as an authentic TERT (26) has been
controversial as it lacks the telomerase essential N-terminal domain
(TEN), which is required for telomerase’s unique feature of repeat
addition processivity (RAP) in human and Tetrahymena (16, 27-29).
Absence of identification of a TER and genome sequencing of
Tribolium telomeres that showed that they are a mixture of
TCAGG telomere repeats and retrotransposons (30) further call
into question annotation of Tribolium TERT-like as a bona fide
TERT. The recently reported human telomerase model based on 7-
to 10-A cryo-EM maps revealed its overall architecture, which
comprises a TERT-TER catalytic core and an H/ACA small Cajal
body ribonucleoprotein (scaRNP) (24). Due to resolution limita-
tion, TERT was modeled by rigid body-fitting the Tribolium TERT-
like and Tetrahymena TERT TEN domain into the cryo-EM map.
The 4.8-A cryo-EM structure of Tetrahymena telomerase with
telomeric DNA provides a near complete atomic model of TERT
(25). One of the key features is the structurally characterized motif
within the insertion in fingers domain (IFD), named TRAP, which
forms an unexpected complex with the TEN domain. Like the TEN
domain, residues corresponding to TRAP are absent in Tribolium
TERT-like, which only has a short linker between two IFD helices
(Fig. 14).

Significance

Among reverse transcriptases, telomerase reverse transcriptase
(TERT) has the unique ability to replenish DNA repeats at chro-
mosome ends by repetitively using its integral RNA template.
TERT shares a variety of common features with other reverse
transcriptases as well as telomerase-specific motifs/domains.
Among them, TEN and TRAP are not obviously present in all
annotated TERT sequences, yet they form a complex in Tetra-
hymena telomerase that is essential for telomerase’ distinctive
activities. Using bioinformatic and structural analysis we show
that TEN and TRAP have coevolved and propose that they are
defining features of TERT. We present a model for human telo-
merase that fits into the published cryoelectron microscopy map
that will facilitate studies of mechanism, recruitment, and mu-
tations linked to disease.
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TEN and TRAP have coevolved as telomerase specific domains. (A) Schematics comparing domains of TERT from Tetrahymena thermophila (Tt) and

domain. For the TEN domain, the conserved GQ motif is annotated. For RBD,

besides the common CP, QFP, and T motifs, CP2 in ciliates (TFLY in vertebrates), and vertebrate-specific domain VSR are annotated. TERT domains are colored

as follows: RT and IFD-TRAP, purple and violet; CTE, sky blue; RBD, blue; TEN,

cyan. (B) Bioinformatic workflow for the identification of TEN and TRAP motifs

from TERT sequences. (C) Selected sequence alignments of regions of TERT TRAP and TEN domains showing the conservation of $14 of TRAP and $6 of TEN,
respectively. See S/ Appendix, Figs. S6 and S7 for more complete alignment. The Inset shows the TEN-TRAP structure of Tetrahymena TERT (25), illustrating the
interaction between these two p-strands. Mus musculus (Mm), Xenopus tropicalis (Xt), Oryzias latipes (Ol), Gallus gallus (Gg), Saccharomyces cerevisiae (Sc),
and Euplotes aediculatus (Ea). (D) Species distribution of the 447 annotated TERT sequences spanning vertebrates, invertebrates, protists, fungi, and plants.

This led us to investigate whether TEN and TRAP are hall-
marks of true TERT. To test this hypothesis, we first analyzed
known TERT sequences and found that, for all organisms, TEN
is always present when TRAP is present in the RT domain and
that elements of TRAP secondary structure and sequences at the
TEN-TRAP interface are conserved. A statistical coupling anal-
ysis across both TEN and TRAP further provided evidence that
these two domains have coevolved. Using this bioinformatics in-
formation, the atomic model of Tefrahymena telomerase catalytic
core determined from the 4.8-A cryo-EM map (25), and NMR
and crystal structures of domains of human TERT (31) and TER
(32-34), we modeled the human telomerase catalytic core into the
previously reported 7.7-A cryo-EM focused refinement map of
human telomerase catalytic core (24). The homology-modeled
TRAP fits into previously unassigned density in the cryo-EM
map. This study reveals that human and Tetrahymena telomer-
ase catalytic core, especially TERT, share most features, including
a conserved TEN-TRAP complex that we suggest is a defining
feature of functional TERT. Our human telomerase model also
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provides additional structural basis for interpreting biochemistry
data and mutations linked to diseases of telomerase insufficiency.

Results and Discussion

Identification of Putative TRAP and TEN Domains in Annotated TERT
Sequences. The TERT RT domain has the standard RT (palm and
fingers) 1, 2, A, B/, C, D, E motifs, plus two additional motifs,
motif 3 and IFD (Fig. 14) (12, 35-37). Motif 3 has been proposed
to facilitate the realignment between DNA and RNA in telo-
merase (35) and to play a role in DNA primer handling (28). The
IFD is located between the RT A and B’ motif, and Tribolium
TERT-like contains two helices (IFDa and IFDc) connected by a
short linker (5 aa). The linker between IFDa and IFDc is much
longer for Tetrahymena and human telomerase (104 and 68 aa,
respectively), and it was this region (IFDb) (35) that was originally
identified by sequence analysis as part of IFD (36) (Fig. 14). The
Tetrahymena TERT IFDDb region was recently structurally char-
acterized as an ordered structure comprised primarily of f-strands
and loops, and renamed TRAP because of its structural and
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functional importance to RAP (25). Although originally thought
to be unique to TERT, motif 3 and IFD (the helices IFDa and
IFDc) are also found in group II intron reverse transcriptases and
Penelope-like element (PLE) reverse transcriptases (38-40), as
well as Tribolium TERT-like. In Tetrahymena telomerase, TRAP
and TEN form a complex, in part via an extended p-sheet across
the two domains (Fig. 1C). TEN-TRAP is located above the
TERT ring, with the TER single-stranded region on the 3'-side of
the template running between the CTE and TRAP (25).

To assess the general conservation of the IFD-TRAP
(IFDa-TRAP-IFDc) and TEN domains within TERT, we devel-
oped a workflow (Materials and Methods and Fig. 1B) to analyze
447 putative TERT sequences spanning organisms representing
vertebrates, invertebrates, protists, fungi, and plants (Fig. 1D).
Sequences potentially corresponding to either [IFD-TRAP or TEN
were isolated from the full TERT sequence using the locations of
the A and B’ motifs, and CP motif, respectively. To identify se-
quences as putative TRAP motifs, we ran a secondary structure
prediction to determine the presence of the IFDa and IFDc he-
lices that flank TRAP, as well as the potential B-strand content of
each sequence. Thirty-two sequences lacking A/B’ motifs or only
having a single continuous helix predicted in the IFD-TRAP re-
gion were automatically excluded from further analysis (Fig. 1B).
Three additional sequences, corresponding to the insects 7. cas-
taneum, Bombyx mori, and Bemisia tebaci, had only two to five
residues between IFDa and IFDc. Sequence lengths for predicted
TRAP ranged from 37 to 122 residues (S Appendix, Fig. S1).

To identify putative TEN domains, we analyzed the potential
disorder for all residues between the CP motif and the N ter-
minus for the same 447-sequence dataset to identify the linker
region between the TEN domain and the RBD (Fig. 1B). We
noted a greater degree of variability in this region compared to
the IFD-TRAP mainly due to the large difference in the number
of N-terminal residues preceding the TEN domains. Sequence
lengths for predicted TEN ranged from 67 to 296 residues (S
Appendix, Fig. S2), after excluding 8 very short sequences that
were apparent truncations due to misannotation of the start site
at an internal methionine, as described below.

Of the 447 TERT sequences analyzed, we found 409 that
apparently contained TRAP and 400 that contained TEN (in-
cluding those anomalous sequences discussed above). All 400
that contained TEN also had TRAP, and the 9 that apparently
contained TRAP but not TEN were from vertebrates, specifically
Pteropus alecto (black flying fox), Pelodiscus sinensis (Chinese
softshell turtle), Chinchilla lanigera (long-tailed chinchilla),
Corvus brachyrhynchos (American crow), Galeopterus variegatus
(Sunda flying lemur), Tursiops truncatus (common bottlenose
dolphin), Pantholops hodgsonii (Tibetan antelope), Oryctolagus
cuniculus (European rabbit), and Pan paniscus (bonobo) (SI
Appendix, Figs. S1 and S2). Closer manual inspection of the P.
alecto sequence revealed a lack of a conventional CP motif that
was being used to identify the N-terminal linker region, and re-
analysis identified a TEN domain. The P. sinensis sequence be-
gins with a cysteine (C) residue (S Appendix, Fig. S2), suggesting
that the start site may have been incorrectly annotated. Align-
ment to closely related species revealed the presence of a TEN
domain, with ~40 to 80 residues of the N terminus being absent
(SI Appendix, Fig. S3). As annotated, C. lanigera TERT is ~322
residues shorter than the TERT of its close relative Cavia por-
cellus. Alignment of the two sequences showed that the first 30
residues of C. lanigera TERT align exactly with a sequence in C.
porcellus TERT 300 residues downstream of the N terminus,
both starting with a methionine residue (SI Appendix, Fig. S4).
Alignment of the two sequences from this point on has an 84%
sequence identity. Together, these data suggest an incorrectly
identified start codon resulting in the elimination of 300 residues
from the N terminus of the C. lanigera sequence, inclusive of the TEN
domain. Similar truncations were also noted for C. brachyrhynchos, G.
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variegatus, T. truncatus, P. hodgsonii, O. cuniculus, and P. paniscus
following alignment to related sequences.

Manual inspection of the isolated TEN domains revealed an-
other six vertebrate sequences (Anser cygnoides domesticus, Croc-
odylus porosus, Dipodomys ordii, Erinaceus europaeus, Nomascus
leucogenys, and Panthera tigris altaica) and two invertebrate se-
quences (Aplysia califormica and Dinoponera quadriceps) that
seemed suspicious as they were much shorter than other TEN
domains, contained little secondary structure, and aligned poorly
to other sequences. To determine the cause of this we aligned the
full-length TERT sequence from these organisms to full-length
TERT from closely related species. The start of all of the anom-
alous sequences aligned to a methionine residue within the dis-
ordered linker of their close relatives. The high sequence similarity
past the disordered region suggest that these sequences as anno-
tated represent truncations. Therefore, we used 394 TEN se-
quences, including P. alecto and P. sinensis, for the final alignment.
We conclude that all of the apparently anomalous vertebrates do
have TEN domains, and that all known vertebrate TERTS have
TRAP and TEN sequences.

Among Insects Only Hymenoptera Have TERT TRAP and TEN. Multiple
sequence alignments were performed on the identified TRAP
and TEN sequences to determine potential conserved regions
within the TEN and TRAP motifs. For all TERT sequences with
a known TER (i.e., from confirmed telomerases), we find that
both the TEN and TRAP have large portions of the sequence
that are highly conserved irrespective of phylum (SI Appendix,
Figs. S1 and S2). This also extends to sequences from species
closely related to those with a known TER, including all verte-
brate species that we analyzed. As previously noted, the TERT
sequence is highly conserved across all vertebrates, with pairwise
identity ranging from 20 to 99% and an average identity of
50.3% compared to the human sequence (12, 41).

The nematode TERT sequences, including Caenorhabditis
elegans, are short compared to other TERTS (<600 residues), but
still contain a significant insertion (30 to 55 residues) between
the IFDa and IFDc helices, consistent with TRAP, as well as a
GQ motif (42), consistent with TEN, although shortened com-
pared to vertebrates (80 to 120 compared to 180+ in verte-
brates). To date, no TERs have been identified for insects (12),
but presumptive TERTs have been identified for 65 insect spe-
cies, while Drosophila melanogaster is known to lack telomerase
(43). The Tribolium TERT-like and similar putative TERT of B.
mori have insertions of less than six residues between IFDa and
IFDc and lack both a TEN domain and GQ motif. In fact, the
majority of the sequences automatically excluded from our
analysis belonged to insects of the order Lepidoptera and Cole-
optera (19 sequences), for which no TER has been identified.
The putative TEN domains of insects in these orders also align
poorly to those of other species, with many having few residues
upstream of the CP motif in the RBD or lacking a canonical CP
motif entirely, as has previously been reported (44).

Among insects, members of the Hymenoptera family, including
Apis mellifera (honey bee), have the largest insertion between
IFDa and IFDc (40+ residues compared to an average length of
67 across all TERT sequences analyzed) between the IFDa and
IFDc helices, with several secondary structure elements pre-
dicted. Alignment of the Apis species N-terminal regions to those
of vertebrate sequences reveals a shared I/L/V, KKx motif, and
asparagine (N) residue in a region associated with the GQ motif
in the TEN domain that is not present in other insects (S Ap-
pendix, Fig. S2). Phylogenetic clustering of IFD-TRAP from ar-
thropods reveals that Hymenoptera species exist in a cluster
distinct from many other insect species and have a large phylo-
genetic distance from both Lepidopteran and Coleopteran species
(8I Appendix, Fig. S5). The presence of TRAP in Hymenoptera
sequences and the dissimilarity to other insect sequences suggest
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that they may have retained a functional TERT that was lost in
other insects. In summary, we find that in all cases where TEN
appears to be truly absent (not the result of accidental truncation
due to genomic misannotation), TRAP is also absent from the
sequence. Conversely, TEN and TRAP appear to always occur
together, and among insects are only present among the
Hymenoptera family.

Sequences Corresponding to the TEN-TRAP Interface in Tetrahymena
Are Conserved and Coevolved. The IFDa and IFDc helices at the
IFD N and C termini, respectively, are highly structurally con-
served (SI Appendix, Fig. S1). Within the TRAP, the greatest
variation is observed in the middle of the sequence and can be
attributed to the presence of an apparently unstructured loop
region that varies in length across different species. Both se-
quence and length are highly variable, even within a highly
conserved class of TERTS, such as those found in vertebrates.
Close inspection of the aligned sequences of IFD-TRAP and of
TEN, however, uncovers several regions where conserved resi-
dues are clustered. Cross-referencing these regions with the cryo-
EM structure of Tetrahymena telomerase TERT (25) reveals that
they align with f6 of TEN (SI Appendix, Fig. S6) and p14 of
TRAP (SI Appendix, Fig. S7), respectively. These two B-strands,
far apart in TERT sequence, interact to form an extended
B-sheet that is part of the TEN-TRAP interface (Fig. 1C). Given
how well conserved both sequence and biochemical properties of
the residues in these regions are, these results suggest that the
interaction between TEN and TRAP is a conserved and essential
element of TERT.

To investigate coevolution between TEN and TRAP more
quantitively, we conducted statistical coupling analysis (SCA) to
identify conserved, coevolving groups of residues (45-48). Such
coevolving groups are called sectors, and typically comprise
physically contiguous residues in three-dimensional (3D) space.
We applied SCA to the multiple sequence alignment of 394 se-
quences identified as containing both TEN and TRAP and com-
puted the positional conservation represented by the relative
entropy D; for each individual position in the alignment (Fig. 24).
As described above, residues comprising 6 of TEN and p14 of
TRAP, located at the TEN-TRAP interface in the Tetrahymena
structure, were found to be well conserved. To examine which re-
gions of TEN and TRAP potentially had conserved interactions, we
calculated a conservation-weighted covariance matrix C;; between
all aligned positions of TEN and TRAP (Fig. 2B). Inspection of the
matrix clearly indicates there are significant correlations between
many residues of TEN and TRAP. Automated sector identification
based on the resulting pattern of coevolution identified a single
sector composing 95 residues, ~30% of amino acid positions of
TEN and TRAP. Mapping these sector residues onto the 3D
structure of Tetrahymena TEN and TRAP shows that they form
physically contiguous units in the tertiary structure, including the
B-strands at the TEN-TRAP interface (Fig. 2 C and D). The
identification of coevolving residues that show structural contiguity
between TEN and TRAP reveals coevolution between the
two domains.

TRAP can Be Modeled into Previously Unassigned Density in the
Human Telomerase Cryo-EM Map. To date, cryo-EM structures of
telomerase from two species have been reported: Human at 7 to
10 A (24) and Tetrahymena at 8.9 and 4.8 A (22, 25). The human
telomerase cryo-EM structure, which revealed the architecture
of telomerase catalytic core and H/ACA RNP, was conserva-
tively modeled using rigid body-fitting of then known domains
(24), thus the TRAP motif was not modeled. To determine if a
homologous TEN-TRAP interaction fits to the human cryo-EM
map, we obtained a more complete model of the human telo-
merase catalytic core (Fig. 3 4 and B) using information from the
subsequently available 4.8-A Tetrahymena telomerase structure
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(Fig. 3C), crystal and solution structures of TERT and TER
domains, and sequence alignments of TERT (SI Appendix, Figs.
S1 and S2). TERT TEN, RT including the IFD and TRAP,
RBD, and CTE (SI Appendix, Fig. S8), were modeled as de-
scribed in Materials and Methods (31, 49-52). Comparison of the
modeled human and Tetrahymena TERTSs show that they su-
perimpose well, with the main differences occurring on the
outside of the TERT ring, especially for the CTE (Fig. 3D).

In the model, the IFD helices are positioned similarly to those
in Tetrahymena telomerase on the outer edge of the TERT ring
(Fig. 44). The homology model of human TRAP fits into
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Fig. 2. Statistical coupling analysis of TEN and TRAP. (A) Positional con-

servation of TEN and TRAP. Conservation is computed as the Kullback-
Leibler relative entropy (D;) and residue positions are numbered according
to Tetrahymena TERT. The graph is aligned with the matrix below. (B)
Conservation-weighted positional covariance matrix C;; for aligned TEN and
TRAP sequences. The color of the diagonal elements reflects the conserva-
tion of individual positions, with red and blue of the spectrum corre-
sponding to high and low conservation. Color of the off-diagonal elements
reflects the correlation between two residues, with the red end of the
spectrum reflecting a strong correlation, while the blue end of the spectrum
reflects no correlation. (C) Structure of Tetrahymena TEN and TRAP (PDB ID
code 6D6V) with secondary structure elements labeled. TEN is colored in
cyan and TRAP is colored in purple. (D) Mapping of sector residues onto the
Tetrahymena TEN and TRAP structure (PDB ID code 6D6V). Residues that are
coevolving as a sector are shown as dark blue spheres (the light blue are
interior residues). Nonsector positions are shown as a gray surface.
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Fig. 3. Structure of human telomerase catalytic core. (A) Model of human
TERT and TER from this work fit into the previously reported cryo-EM density
map (EMDB 7518). TER is magenta and TERT subdomains are colored as in
Fig. 1. (B) Schematic of TERT and TER subdomain arrangements of human
telomerase catalytic core. (C) cryo-EM structure of telomerase catalytic core
of Tetrahymena (PDB ID code 6D6V). (D) Model of human TERT RBD-RT-CTE
(blue, purple, light blue) superimposed on Tetrahymena TERT (PDB ID code
6D6V) (gray). TRAP (purple in the shade) and TEN (cyan) are omitted for
clarity in the Upper view.

previously unassigned density in the cryo-EM map and is at-
tached at each end to the IFDa and IFDc helices, respectively
(Fig. 44). The overall L-shaped human IFD-TRAP is similar to
the Tetrahymena IFD-TRAP, and it is also comprised primarily
of p-strands and loops. For the homology-modeled TEN domain,
due to the low resolution of the cryo-EM map especially in this
region, its orientation cannot be unambiguously fixed. Based on
the sequence conservation noted above, the TEN domain was
positioned such that an extended p-sheet, with a shared TEN-
TRAP interface (14 in TRAP and $6 in the TEN domain using
Tetrahymena TERT numbering), was formed as seen in the
Tetrahymena TERT structure (Fig. 3D). TEN is on top of TRAP
and does not directly contact the TERT ring (Fig. 4 A-C).
Tetrahymena telomerase TRAP has 26 more residues in the
middle of its sequence that are absent in human TRAP. Inter-
estingly, there is no visible cryo-EM density for those additional
residues, indicating considerable flexibility (25), whereas in hu-
man the entire TRAP is apparently ordered and can be modeled
(Fig. 4A4). Several mutations in the IFD-TRAP are associated
with diseases of telomerase insufficiency, including dyskeratosis
congenita [M773T (53), V777L (54), R811C (55)], bone marrow
failure [Q722X (56)], idiopathic pulmonary fibrosis [R742H (57),
V747A (58), VT77L (54)], aplastic anemia [T726M (59), Y772C
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(60)], and acute myeloid leukemia [P785L (61)], indicating the
importance of this region for telomerase activity (Fig. 4D). In ad-
dition, V791, whose substitution to Y results in defects on telomere
length maintenance and cell immortalization (62), is located at the
TEN-TRAP interface, as previously predicted based on the Tetra-
hymena telomerase structure (25). These disease mutations high-
light the importance of the TRAP for telomerase activity.

TPP1 Can Be Docked onto the TERT Model. Both TEN and TRAP
have been implicated in recruitment of telomerase to telomeres
and activation, via interaction with TPP1 (62, 63), a component of
human shelterin (64). Human TPP1 transiently associates with
telomerase TEN via a TEL patch (TPP1 glutamate [E] and leu-
cine [L]-rich patch) and N-terminal of the oligonucleotide/oligo-
saccharide-binding (OB)-fold (NOB) to recruit it to telomeres
(65-71). In Tetrahymena telomerase, the constitutively associated
p50 serves a similar function as TPP1 (10, 22, 72) and is critical for
telomerase recruitment and activation (73, 74). pS0 interacts with
both TEN and TRAP and has been proposed to stabilize¢ TRAP
folding and the TEN-TRAP complex, to help activate telomerase
(25). Although TPP1 is not a component of the purified human
telomerase (24), we modeled the TPP1 OB-fold onto the human
telomerase catalytic core based on the orientation of the p5S0 OB-
fold and its interaction with TEN (Fig. 4E). The model shows that
the TEL patch and those residues (K78, N125, T128, L139) on
TEN that are supposed to interact with it (71) are on facing sur-
faces. Additionally, the TPP1 NOB is positioned near the IFD-
TRAP at the corner of the L shape, similar to the interaction
between p50 and Tetrahymena IFD-TRAP (25). These results
provide further support for the reliability of the model and es-
sential function of the TRAP motif in telomerase recruitment, as
well as activity (discussed further in Summary and Conclusions).

Fig. 4. TEN-TRAP interaction is conserved. (A) View of TRAP modeled into
previously unassigned density in the cryo-EM map of human telomerase and
interaction with TEN. (B) View of the TEN domain showing interactions with
the end of P2a.1 duplex and TRAP. (C) Side view of the catalytic core
showing TEN stacked on TRAP, which is above the TERT ring. (D) Ribbon
depiction of the TEN-TRAP interaction, with positions of TRAP (red) and TEN
(green) residues whose substitutions are associated with human disease or
affect activity labeled. The numbering of human TRAP TEN secondary
structure elements follows that of the Tetrahymena TERT structure. (E)
Modeled interaction between TPP1, TRAP, and TEN. TEL patch and NOB are
highlighted. Residues proposed to be involved in interactions between TPP1
(PDB ID code 2146) and TEN or TRAP are shown as spheres.
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Modeling of TER in the Human TERT-TER Catalytic Core. To complete
the model of the human telomerase catalytic core and evaluate the
TERT-TER interactions, we modeled the t/PK, STE (CR4/5),
and connecting RNA into the cryo-EM map with the homology
modeled TERT (Fig. 3 4 and B). Previous modeling of TER used
only individual subdomain structures from the human t/PK, the
teleost fish medaka CR4/5, and A-form helices (24). Based on the
path and the relative location of the conserved structural motifs in
Tetrahymena telomerase (Fig. 3C) and biochemical and structural
studies (32-34, 49, 75-77), we added previously unmodeled re-
gions, including the human CR4/5 (Fig. 3 A and B). The general
features of TER in this more complete model largely conform to
those regions previously described (24), but together with TERT
reveal several important TERT-TER interactions, as discussed
below and in the following section. In the model, the t/PK forms a
circle (Fig. 54) that wraps around the equator of the TERT ring
(Fig. 5B) with the template on RT, 5’ template-flanking single-
stranded residues on the RBD, 3’ template-flanking residues be-
tween CTE and TRAP, and the double-stranded region contain-
ing the P2/P3 PK on the RBD and CTE. In the PK, there is an
asymmetric internal loop (J2a/b) that results in an ~90° bend be-
tween the P2a and P2b helices, consistent with the solution NMR
structure of P2ab (Fig. 5B) (33), which facilitates wrapping of the
PK around the TERT ring. P2b, the region of the PK with the
loop-stem interactions that form a triple-helix, and P2a are an-
chored on the CTE, while the P3 region is on the RBD (Fig. 5B).
In Tetrahymena, which has a smaller PK, the region corresponding
to P2 is single-stranded. P2a.1 is a mammalian-specific domain
and it is a linear extension on P2a (Fig. 5B), as predicted (33). The
end of P2a.1 abuts the TEN domain (Fig. 4B), positioning TEN
relatively further from the TERT ring than in Tetrahymena.

The TER P1-P4-P5 connecting t/PK and CR4/5 form a large
U-shape below the TERT ring (Fig. 3 4 and B), which is com-
posed of helices interspersed with internal loops that allow it to
bend. In Tetrahymena, the equivalent region S1-S4 forms a
smaller U-shape below the TERT ring (Fig. 3C) that is bound by
La-related protein p65. The much larger U-shape below the
TERT ring in human TER (Fig. 3 4 and B) provides space for
the binding of one set of H/ACA RNP proteins.

In vertebrates, the CR4/5 that forms the STE has a three-way
junction (3WJ) structure with P5, P6 (P6a and P6b in human
TER), and P6.1 stem-loops (Fig. 5C), and P6a and P6.1 hairpin
are required for telomerase activity (75, 76, 78, 79). Solution NMR
and X-ray crystal structures of the smaller internal loop in medaka
CRA4/5 show that it is highly structured (Fig. 5 D and F) (34, 49). In
the 3WJ, secondary structure prediction by Mfold (80), SHAPE
chemical probing (81), and sequence conservation of G253-G254-
C255 and G319-C320-C321 among vertebrate TERs (82) (SI
Appendix, Fig. S9) suggest that these nucleotides form a 3-base
pair helix, here named P5.1, with internal loops (J5/6 and J5.1) on
each side (Fig. 5D). This more structured internal loop along with
helices PS5, P5.1, P6.1, and P6 fit well into the cryo-EM map. In the
modeled CR4/5 structure, P6 and P6.1 form an L shape with P6.1
as the short arm and P6 stacked on P5.1 (Fig. 5E). Both P6.1 and
P6 interact with the RBD, which binds in the corner of L between
the two helices, while only the P6.1 loop and top of the stem
contact the CTE (Fig. 5G). Interestingly, the two conserved
pseudouridines (¥306 and ¥307) in the P6.1 (76) are located in
the P6.1-CTE interface, suggesting they might contribute to af-
finity. We conclude that the human STE functions to stabilize the
closed form of the TERT ring by bridging the RDB and CTE,
similar to Tetrahymena loop 4 that inserts between RBD and CTE
(Fig. 5G). The t/PK positions the template and template-adjacent
residues on TERT for regulation of telomere repeat synthesis.

Single-Stranded Regions that Flank the Template May Function as

Template Boundary Elements. The single-stranded residues between
P1b that closes the t/PK circle and P2a.1 at the end of the PK

Wang et al.

traverse the RBD (5’ of the template), the RT (template), and pass
between the CTE and TRAP (3’ of the template) all on one face of
the TERT ring. During telomeric DNA repeat synthesis, the single-
stranded telomeric DNA has to base pair with the alignment region
of the template and then the template has to move through the
active site as each of the 6 nt of the telomeric repeat are successively
added. In Tetrahymena telomerase, structural studies showed that
the bottom base pair and single-stranded nucleotides that flank
stem 2 are anchored on the RBD to prevent nucleotides beyond
the end of the template from moving into the active site, acting as
a template boundary element (TBE) (19, 22), while nucleotides
between the 5’ end of the template and the 3’ end of the TBE,
named TBE, (25), are proposed to allow flexibility for the tem-
plate to move. Previous studies suggested that the TBE in human
TER is the PK-enclosing helix P1b and flanking 3’ single-stranded
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Fig. 5. Interactions between TERT and TER. (A) Sequence and predicted

secondary structure of t/PK and site of interactions with TERT domains.
(B) Interaction of P2-P3 PK (ribbon) with TERT ring (space-fill) showing
that the P2-P3 PK wraps around the TERT ring and bends at J2a/b. (C)
Sequence and predicted secondary structure of human CR4/5. Residues
100% conserved among vertebrate TER are shown as capital letters in
red, and 80% conserved as lowercase letters in red. The 3WJ region is
boxed by the blue dashed line. (D) Secondary structure of human CR4/5
model reported here. (E) Interactions of t/PK and CR4/5 with TERT ring.
(F) Secondary structure of medaka CR4/5 based on crystal structure (PDB
ID code 4026) with the predicted P5 and J5.7 loop colored in gray and
Tetrahymena SL4 cryo-EM structure (PDB ID code 6D6V). (G) Model of the
structure of CTE-RBD-CR4/5. The nucleotides 306 and 307 in P6.1 are
in green.

PNAS | December 8,2020 | vol. 117 | no.49 | 31083

BIOCHEMISTRY

BIOPHYSICS AND

COMPUTATIONAL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011684117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011684117/-/DCSupplemental

Downloaded at UCLA on December 20, 2020

Fig. 6. TBE-template-TRE. (A and B) Comparison of human (A) and Tetra-
hymena (B) interactions of TBE-template-TRE with TERT ring. TRAP and TEN
have been removed for clarity. The outline of TRAP above the TERT ring is
shown as light transparent purple shadow. (C) Close-up view of single-
stranded RNA 3’ of the template (TRE,)) passing between TRAP and CTE.
P2a.1 at the end of the PK is also shown abutting the TEN domain. (D) Ribbon
model of RBD showing the interaction of proposed human TBE UUUUUzg 4
(orange) residues 5’ of the template with the TFLY motif (green).

nucleotides (11, 83). However, P1b is located further from the
template than stem 2 is in Tetrahymena telomerase (~8 nt vs. 4 nt)
(Fig. 54). The vertebrate RBD has a TFLY motif that is equiv-
alent to CP2 in Tetrahymena (SI Appendix, Figs. S8 and S10) (49,
50). The UUUUUj3g 4, located 3’ of P1b wrap around the TFLY
of RBD and are positioned similarly to the TBE in Tetrahymena at
the CP2 motif (Fig. 6D).

On the other side of the template, the single-stranded TER
threads between the CTE and TRAP (Fig. 6 A and C), in ap-
parent homology to the region defined as template recognition
element linker (TRE) in Tetrahymena (Fig. 6B). In Tetrahymena
the TRE, is proposed to be captured by TRAP as the template
moves during telomere repeat synthesis (25), while the 3’ adja-
cent single-stranded region (TRE, between TRE; and PK) is
anchored on the CTE (Fig. 6B). In human TER, with its larger
PK, our proposed TRE, is followed by the double-stranded P2.
While P2a.1 sticks out from the CTE to contact TEN (Figs. 4C
and 6C), P2a and P2b apparently interact with the CTE to an-
chor that part of the PK (Fig. 5B). In summary, we propose that
the single-stranded TER on either side of the template in Tet-
rahymena and human telomerase that span one side of the
TERT ring are structurally and functionally conserved elements,
TBE, and TRE;, that allow the RNA to expand and compress
during each round of telomere repeat synthesis, as proposed for
Tetrahymena telomerase (Fig. 6 A and B) (19, 22, 25, 84). Fur-
thermore, a stretch of UUUUUsg 4, 5’ of TBE;, rather than P1b,
functions as the TBE.

Summary and Conclusions

Since the first TERT was identified three decades ago (85),
multiple protein domains/sequence motifs have been proposed
as telomerase-specific features to separate telomerase from
other reverse transcriptases. These include TEN with a GQ motif
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(42), motif 3 and IFD within the RT domain (12, 35-37), and the
CP, CP2 or TFLY, and T motifs in the RBD (50, 86-88). The
difficulties of identifying TERT arise for two reasons. First,
motifs initially thought to be telomerase-specific were later dis-
covered in other related reverse transcriptases: That is, motif 3
and IFD in group II intron RTs; and motif 3, IFD, and RBD in
PLE RT. Second, identification of the corresponding TER that
would help validate the presence of telomerase remains chal-
lenging, due to sequence, length, and structural diversity across
species (11). Here, using an integrative approach combining
bioinformatics and structural biology, we identified TEN and
TRAP as hallmarks of functional TERTSs. Multiple sequence
alignments and statistical coupling analysis not only revealed the
simultaneous presence of TEN and TRAP in TERT from all
species known to have telomerase, but also showed that TEN
and TRAP have coevolved. Molecular modeling of the human
telomerase catalytic core into the published cryo-EM map (24)
provided structural evidence for a conserved TRAP structure
and TEN-TRAP interface in human telomerase, as previously
observed by cryo-EM in Tetrahymena (25).

This is in striking contrast to Tribolium TERT-like (14), whose
annotation as a TERT was based on the sequence alignment on
RBD and RT domains and the detection of TCAGG repeats at
chromosome ends (26). However, Tribolium TERT-like intrin-
sically lacks the TEN domain, and its partner telomerase RNA
have not been identified to date. The TEN domain is required
for telomerase’s unique mechanism of RAP (16, 27-29). Indeed,
only reverse-transcription activity but no RAP has been observed
in Tribolium TERT-like (15). Analysis of the complete genome of
Tribolium shows that its telomeres are a mix of retrotransposons
and simple TCAGG repeats, suggesting that although the 7ribo-
lium TERT-like shares some domains with bona fide TERTsS, it
has either lost telomerase function or never possessed it (30).
Strikingly PLE, a class of telomere-associated retroelements,
possess an identical domain organization to Triboliurn TERT-like
(40). Taken together, this finding lends further support to the
conclusion that the “streamlined” Tribolium TERT-like is not a
functional TERT, but may represent an intermediate stage be-
tween a telomerase-based mechanism and a retrotransposon-
based mechanism of telomere maintenance. Similarly, other pu-
tative TERTS that share Tribolium TERT-like’s domain archi-
tecture and lack TEN and TRAP (i.e., from B. mori) are all
expected to not have telomerase function. Indeed, to the best of
our knowledge, no telomerase activity has been shown in any or-
ganisms that fall into this category.

Turning back to functional TERTS, structural data together
with previous biochemical data (35, 36, 62, 67, 89) indicate that
TRAP and TEN serve three essential functions in Tetrahymena
and human telomerase that we suggest are common to all telo-
merases. First, TRAP and TEN are involved in what is likely the
last step of assembly of the telomerase catalytic core. Formation
of the TEN-TRAP complex requires that TRAP extends down
from the RT, from the top of the TERT ring over the TER in the
t/PK, while TEN, which is connected to the RBD by a flexible
linker, extends up from the bottom of the TERT ring to bind on
the outside of TRAP, thereby physically sequestering the t/PK on
the TERT ring and likely stabilizing the TRAP fold (25). Second,
TRAP in the TEN-TRAP complex physically interacts with the
single-stranded RNA on the 3’ side of the template, thereby
participating in nucleotide addition processivity and RAP by a
mechanism whose structural details remain to be elucidated.
TRAP may also play a role in stabilizing the initial short
template-primer duplex, a function previously attributed to the
TEN domain (16, 27-29). Third, both TRAP and TEN have
binding epitopes with TPP1 (p50 in Tetrahymena), which is re-
quired for telomerase recruitment to telomeres and may also
stabilize a more active form of telomerase.
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Finally, comparison of the model of human telomerase catalytic
core reported here to the published structure of Tetrahymena
telomerase (25), highlights that single-stranded RNA segments
(TRE-template-TBE) and their interactions with TERT largely
govern telomere repeat synthesis. Thus, despite large differences
in TER size and structure in both species, there are extensive
mechanistic similarities. The STE holds TERT in a ring confor-
mation by acting as a keystone; the single-stranded TER segments
that flank the template are optimally positioned relative to the
active site by TEN-TRAP and RBD. Given the central role of
TEN-TRAP in establishing this structural framework for telo-
merase activity, we conclude that the presence of TEN-TRAP, as
evidenced through the bioinformatics workflow presented here,
can be used to identify true TERTS, and we predict conserved
roles and interactions for TEN-TRAP in functional telomerases.

Materials and Methods

Alignment of IFD-TRAP Sequences. An initial list of 390 TERT sequences was
retrieved from the National Center for Biotechnology Information (NCBI)
gene database that were labeled as orthologous or similar to TERT. An ad-
ditional 57 sequences not listed as similar to TERT but listed in the telomerase
database (12) were retrieved from the NCBI protein database to bring the
total number of sequences to 447. IFD-TRAP sequences were isolated from
the full-length sequence using a custom Python script. The script first iden-
tified the B’ motif and worked backward through the sequence one residue
at a time until the A motif was encountered, and the region in between was
used in subsequent alignments. This script eliminated 19 sequences were no
B’ or A motif could be located. Putative IFD-TRAP regions were prescreened
for potential secondary structure by PsiPred v2.6 (90). Using the secondary
structure prediction, IFDa and IFDc helices were identified and the residues
in between extracted for further alignment. Sequences with only a single
predicted helix or fewer than six residues between IFDa and IFDc (19) were
excluded from subsequent analysis. For three of the sequences, IFDc was
misidentified, causing an artificial truncation. Manual inspection was re-
quired for these sequences to extract the entire TRAP sequence. The
resulting 409 sequences, ranging in length from 37 to 122 residues, were
used for final alignments. Multiple sequence alignments were performed
using PROMALS followed by slight manual adjustments (91, 92).

Alignment of TEN Domain Sequences. Putative TEN domains were first
extracted from the 447 full-length sequences by locating the CP motif and
then extracting all residues preceding it up until the N terminus. This elim-
inated 40 sequences from subsequent analysis as no CP motif could be
identified. Closer manual inspection of the 40 eliminated sequences revealed
2 that actually contained a noncanonical CP motif and were added back into
the analysis. DisoPred v3.1 (90) was used to identify the start of the linker
region between TEN and RBD by identifying a stretch of disordered residues
that existed for more than 10 consecutive residues. An additional seven
sequences were excluded at this stage due to an inability to identify the
disordered linker region. The sequence preceding this region was then used
as the TEN domain for multiple sequence alignments in PROMALS. Addi-
tionally, PsiPred was used to analyze the presence of secondary structure
elements within the TEN domain.

Alignment of Full-Length TERT Sequences. Alignment of the full-length P.
sinensis, C. lanigera, C. brachyrhynchos, G. variegatus, T. truncatus, P. hodg-
sonii, O. cuniculus, P. paniscus, A. cygnoides domesticus, A. californica, C.
porosus, D. quadriceps, D. ordii, E. europaeus, N. leucogenys, and P. tigris
altaica TERT sequences to their respective close relative sequences was per-
formed using Clustal Omega with default settings (93).

Statistical Coupling Analysis. For the SCA analysis of TEN and TRAP, the 394
TERT sequences containing both TEN and TRAP were used. Multiple sequence
alignments of both TEN and TRAP were concatenated together using T-Coffee
sequence reformatting tools for SCA analysis (48). The SCA was performed
using pySCA toolbox (http://reynoldsk.github.io/pySCA/). All calculations were
performed following the toolbox’s instruction, and the theoretical principles

1. Y. Doksani, T. de Lange, The role of double-strand break repair pathways at functional
and dysfunctional telomeres. Cold Spring Harb. Perspect. Biol. 6, a016576 (2014).

2. M. Armanios, E. H. Blackburn, The telomere syndromes. Nat. Rev. Genet. 13, 693-704
(2012).
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underlying SCA analysis were described in detail previously (47, 94). Briefly,
using the scaProcessMSA script, the final alignment was realigned with the
structure of Tetrahymena TEN and TRAP (PDB ID code 6D6V) as a reference,
during which the unaligned or highly gapped positions were truncated. After
removing these positions, sequences with less than 10% identity to the ref-
erence sequence were also removed. After the preprocessing step, a total of
301 sequences composed of 216 positions were retained for subsequent cal-
culations. Using the scaCore script, conservation values for individual amino
acid positions were calculated as the Kullback-Leibler relative entropy (D;) and
a conservation-weighted covariance matrix C;; between all pairs of amino acid
positions was obtained (94). To identify coevolving groups of residues within
the protein, spectral decomposition analysis was performed on the covariance
matrix. Automated sector identification was performed using the scaSectorIlD
script, which defined a single sector that includes 95 positions that are
coevolving within TEN and TRAP. The full analysis can be downloaded from
(https://github.com/marcusgj13/tert_ TRAP_TEN).

Modeling of Human TERT and TER. Fitting of atomic coordinates into the cryo-
EM maps was performed using Coot (95) and University of California, San
Francisco (UCSF) Chimera (96). The TERT TEN, RBD, RT, and CTE domains
were modeled as follows. The initial TEN homology model (residues 12 to
180) was generated by the SWISS-MODEL server using the cryo-EM structure
of Tetrahymena TEN (PDB ID code 6D6V) and Hansenula polymorpha TEN
(PDB ID code 5NPT). For placement of TEN into the cryo-EM map we took
advantage of the published structure of Tetrahymena telomerase (25), and
the sequence analysis described in this work, ensuring that the TEN-TRAP
interface remained consistent and did not become distorted. The human
RBD (residues 321 to 594) model was generated by the SWISS-MODEL server
based on the Takifugu RBD crystal structure (PDB ID code 4LMO). The human
RT domain (residues 595 to 964) is a homology model generated from Tet-
rahymena RT (PDB ID code 6D6V). The CTE domain (residues 993 to 1122)
was adapted from the crystal structure of human CTE (PDB ID code 5UGW)
excluding the N-terminal helix (residues 965 to 992), whose position in the
crystal structure is apparently in a nonnative conformation due to crystal
packing, so the N-terminal helix was manually fit to the density. The C ter-
minus of CTE (residues 1123 to 1132) was a homology model of Tetrahymena
CTE C terminus. All of the subdomains were connected and manually ad-
justed against the cryo-EM density (EMDB 7518) in Coot.

Human TER was modeled by fitting of NMR and crystal structures of
subdomains into the cryo-EM map (EMDB 7518) using UCSF chimera and
refining as follows. The NMR solution structures of P2ab (residues 77 to 92
and 122 to 132, P2a-J2a/b-P2b, PDB ID code 2L3E), P2ala (residues 64 to 76
and 133 to 145, P2a-P2a.1) (33), and PK (residues 93 to 121 and 170 to 184,
P2b-P3, PDB ID code 2K95). P1a, P1b, P4, P4.1, P4.2, P5, P5.1, and P6b were
built by RNAComposer (97). The model of CR4/5 (residues 253 to 265, 292 to
306, and 311 to 321) was adapted from a crystal structure of medaka CR4/5
(PDB ID code 4026) since they share a conserved 3WJ, and the P6.1 loop
(residues 307 to 310) was from the NMR structure (PDB ID code 2KYE). An
ideal 6-bp A-form helix for the DNA-RNA template duplex (RNA residues 50
to 55 and DNA residues 1 to 6) was fit into and refined to the density. All of
the subdomains were connected by corresponding single-stranded residues
(except nucleotides 148 to 168 of J2a/3) and manually adjusted against the
cryo-EM density in Coot. The telomerase human catalytic core comprises
1,132 amino acids (TERT) and 370 nucleotides (residues 1 to 370, including
t/PK, CR4/5, and connecting region), of which we modeled 981 aa and 332
nt. This model accounts for 87% of the TERT-TER catalytic core, and most of
the missing residues are from the disordered region between TEN and RBD.

The entire TERT-TER complex was refined in Phenix (98) using “phe-
nix.real_space_refine” with secondary structure, Ramachandran, and rotamer
restraints. Structural models were validated using Molprobity (99).

Data Availability. All study data are included in the article and supporting
information.
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