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Abstract

Telomerase is the ribonucleoprotein (RNP) reverse transcriptase responsible for synthesizing the
3’ ends of linear chromosomes. It plays critical roles in tumorigenesis, cellular aging, and stem cell
renewal. The past two years have seen exciting progress in determining telomerase holoenzyme
architecture and the structural basis of telomerase activity. Notably, the first electron microscopy
structures of telomerase were reported, of the Tetrahymena thermophila telomerase holoenzyme
and a human telomerase dimer. In addition to new structures of TERT and TER domains, the first
structures of telomerase protein domains beyond TERT, and their complexes with TER or
telomeric single-stranded DNA, were reported. Together these studies provide the first glimpse
into the organization of the proteins and RNA in the telomerase RNP.

Introduction

The telomerase holoenzyme is a multi-subunit ribonucleoprotein (RNP) primarily
responsible for maintaining and elongating the 3’ ends of linear chromosomes. These ends,
known as telomeres, contain repeating G-rich DNA that terminate in a 3’ single-stranded
overhang and a complex of species-specific proteins (e.g., shelterin in mammals) [1]. Due to
the end replication problem, telomeres shorten after each round of cellular division [2], and
once eroded past a critical length, telomere shortening results in cellular senescence and, in
some cases, apoptosis [3]. Healthy somatic cells do not have active telomerase, whereas the
majority of cancer cells do; this dichotomy has made telomerase inhibition an attractive
target for the development of anti-cancer drugs [4].

Telomerase holoenzymes are composed of multiple subunits, including the highly conserved
catalytic telomerase reverse transcriptase (TERT), the telomerase RNA (TER), and a suite of
species-specific proteins. The four domains of TERT include the TERT essential N-terminal
(TEN) domain, the TERT RNA binding domain (TRBD), the reverse transcriptase (RT)
domain, and the C-terminal extension (CTE) [5]. The domain architecture of TERT is
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similar to other reverse transcriptases [5], with differences arising from the use of an internal
template, and the requirement for translocation for processive telomere repeat synthesis and
for TER binding, which are provided by the telomerase specific TEN domain and the TRBD
[6,7].

TER varies greatly in size between organisms, from 159 nucleotides (nt) in the ciliated
protozoan Tetrahymena thermophila [8] to over 2,000 nt in the yeast Candida glabrata [9].
All TERs identified to date share a core set of conserved motifs, which include a telomere-
complementary template, a template boundary element (TBE), and a pseudoknot, usually
enclosed by a helix to form a template/pseudoknot (t/PK) domain [10-14]. Additionally,
almost all TERs contain a telomerase-stimulating structure (e.g., Stem-Loop 4 in ciliates and
CRA4/5 in vertebrates) [15]. Vertebrate TERs also contain a small Cajal body RNA
(scaRNA) domain that binds H/ACA scaRNA proteins to form a scaRNP and target
telomerase to Cajal bodies [16,17].

Due to its importance to human health and longevity, a structural understanding of
telomerase function is of enormous interest; however, structural studies have proved
remarkably difficult. The low natural abundance of telomerase and a general inability to
solubly overexpress the full-length proteins, as well as the lack of a complete
characterization of telomerase holoenzyme components, have limited past structural work
mainly to individual domains of TERT and TER (reviewed in [5,18,19]). In the past two
years exciting progress has been made in determining the architecture of the telomerase
holoenzyme and the structural basis of telomerase activity. Two milestone electron
microscopy (EM) structures were published, one of human telomerase and the other of the
complete Tetrahymena telomerase holoenzyme [20,21]. New information on telomerase
holoenzyme assembly and function was obtained from structures of domains of telomerase
holoenzyme proteins and RNA, including Tetrahymena p65 and Teb1 both free and in
complex with TER and telomere DNA, respectively [22,23], Takifugu rubripes TERT
TRBD [24], and yeast Kluyveromyces lactis TER pseudoknot [25]. These new structures and
what we have learned from them are the focus of this review. Additionally, although not
reviewed in detail here, information on how the H/ACA proteins might assemble and
interact with the scaRNA domain of vertebrate TER has been obtained from X-ray crystal
and solution NMR structures of S. cerevisiae H/ACA RNP proteins [26-29].

Structural Study of Endogenously Assembled Tetrahymena Telomerase
Holoenzyme by Electron Microscopy

Telomerase and telomeres were first discovered in the ciliated protozoan Tetrahymena
thermophila [30,31], which fragments its macronuclear genome into ~20,000 mini-
chromosomes. Tetrahymena requires a relatively large amount of telomerase for telomere
maintenance, making it an ideal model organism for studying telomerase structure and
function [32]. The proteins of the Tetrahymena telomerase holoenzyme were identified by
reciprocal affinity pull-down and mass spectrometry to include Tebl (p82), p75, p65, p50,
p45, and p19, in addition to TERT and TER [33-35]. p65 facilitates assembly of TERT with
TER, acting as an RNA chaperone and a stable component of the RNP catalytic core TERT-
TER-p65 [36-38]. The subunits p75, p45, and p19, which have no identified domains, form
a stable sub-complex (7-1-4) that stimulates activity in vitro and may be involved in
telomerase recruitment to telomeres [39]. Teb1, which is paralogous to replication protein A
(RPAL, RPAT70 in humans), enhances both activity and processivity in vitro likely by
anchoring telomere DNA [35,39]. Little was known about p50 prior to the EM structure
determination and the functional studies described below.

Curr Opin Struct Biol. Author manuscript; available in PMC 2015 February 04.
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The negative-strain EM structure of the Tetrahymena telomerase holoenzyme was
reconstructed at 25 A [21] using the model-free random conical tilt (RCT) method of 3D
reconstruction [40]. Cryoelectron microscopy (cryoEM) images of the holoenzyme were
also collected and analyzed, validating the negative-stain EM structure. The holoenzyme is
~500 kDa and has a highly contoured, asymmetric structure with approximate dimensions of
200x150%80 A (Figures 1a,b). Using telomerase isolated from different strains each bearing
a single TAP-tagged protein, the location of the C-terminus (for TERT, p75, p19, Tebl, p65,
and p45[41]) or N-terminus (for p50) of the subunits was identified by affinity labeling with
Fab bound to the 3xFLAG tag left on after purification. The location of the TER Stem 2,
which includes part of the TBE, was identified from a strain of Tetrahymena with the
sequence of Stem-Loop 2 modified to bind dimeric MS2 coat protein [21,42]. Combining
the information from class averages and EM maps of affinity tagged telomerase and of
particles lacking one or more subunits, and modeling (described below), the precise
boundaries for TERT, p65, Teb1C, and p50 and the general locations of the proteins in the
7-1-4 sub-complex [35] were identified (Figure 1a). The EM model shows that Tetrahymena
telomerase holoenzyme is a monomer, as previously proposed [43], containing one copy of
each protein plus TER. A major finding was that p50 functions structurally as a central hub,
contacting the TERT-TER-p65 RNP catalytic core, Teb1C, and 7-1-4. This finding was
complemented functionally by activity assays on telomerase holoenzyme reconstituted in
vitro; notably, the activity stimulation previously attributed directly to Tebl requires p50
[21].

Using the available crystal structures of TERT from Tribolium castaneum [44,45],
Tetrahymena TERT TRBD [7] and TEN [6] domains, and the C-terminal domain of p65
bound to TER Stem 4 [22], and the NMR structures of TER Loop 4 [46] and Stem-Loop 2
[47], a complete model of the TERT-TER-p65 RNP catalytic core was fit into the EM map
(Figure 1b). The TERT model fits well into the central core of the EM map in only one
orientation (cross-correlation coefficient of 91%), and a model of p65 bound to Stem-Loop 4
and Stem 1 fit into the U-shaped EM density at the bottom. While details of the RNP
catalytic core model remain to be confirmed by high-resolution cryoEM and/or X-ray
crystallography, it is remarkably consistent with known biochemical and functional data
[48-53]. For example, the TBE and TER Loop 4 contact opposite ends of the TRBD. Loop 4
is near the intersection of the TRBD and CTE domains of TERT, potentially functioning to
close the TERT ring [50] (Figure 1b,c) thereby stimulating activity. The functional
equivalent of Stem-Loop 4 in vertebrate TER is P6/P6.1, which crosslinks to the same
region of the TRBD where Loop 4 is located in the model [50]. The TERT TEN domain and
the pseudoknot were placed into the density next to TERT, where they can interact with
telomere DNA [54], but their relative locations remain to be definitely defined.

Tebl has four oligonucleotide/oligosaccharide binding (OB) folds, as described below, but
only the structure of the C-terminal domain of Tebl (Teb1C) was fit into the EM map,
because the Teb1l N and A domains were not visible and only weak density was observed for
Teb1B. This apparent inherent flexibility of Tebl agrees with the proteolytic sensitivity and
propensity for dissociation seen previously [35]. In the EM structure, 7-1-4 was seen in
multiple conformations, rotating as an intact substructure hinged on p50 [21]. Further
structural and biochemical studies are required to elucidate the role of 7-1-4 and whether or
not its movement is biologically relevant. In the subunit map, p50 appears to contact p45 but
not p75 (Figure 1a,b), but recent biochemical studies indicate that p75 is required for
recruitment of p19 and p45 to p50 and that this interaction requires only the N-terminal 30
kDa of p50 [41]. This N-terminal 30 kDa is necessary and sufficient for holoenzyme
assembly, activity, and processivity. Consistent with this, EM maps from endogenously
assembled telomerase containing only the N-terminal 30 kDa of p50 in complete

Curr Opin Struct Biol. Author manuscript; available in PMC 2015 February 04.
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replacement of full-length p50 appeared identical to the previously reported EM maps [41].
It is likely that only p50-N30 is present in at least some of those particles.

Structural Basis of Conformational Change in Tetrahymena TER Induced

by p65

p65 is a LARP7 member of the La related proteins that bind the UUU-3” ends of RNAP Il
transcripts using a La module and also function as RNA folding chaperones (Figure 2a) [55].
The C-terminal domain (CTD) of p65 was shown to be necessary and sufficient to induce a
structural change in TER Stem-Loop 4 required for hierarchical assembly of p65-TER with
TERT using biochemical methods and single molecule FRET [36,38,56,57]. However,
sequence alignment of the p65 CTD revealed no known structural modules. Singh and co-
workers determined solution NMR and crystal structures of p65 CTD (Figure 2a), which
revealed that it is a cryptic atypical RRM with a Bappaf2pa topology [22]. The RRM
contains a 46 amino acid loop between 32 and 33 (hence it was cryptic), which was partially
and completely deleted in the NMR solution and X-ray crystal structures, respectively. The
atypical RRM features are an extra p42 strand, absence of the RNP1 and RNP2 sequence on
33 and 1, respectively, and an extra helix a3 that lies across the surface of the B-sheet
where single-strand nucleotides typically bind. While deletion of the flexible p2-3 loop had
no effect on p65-TER binding or hierarchical assembly with TERT, deletion of the 20
residues at the C-terminus, which are unstructured both in solution and in the crystal
structure, dramatically decreased binding and abolished hierarchical assembly. The structure
of p65 CTD in complex with Stem 4 revealed that the first 12 of these residues form a
helical extension on a3, called a3x (Figure 2a). Based on sequence homology with other La
and LARP7 proteins the authors propose that this is a new class of RRM, called xRRM
(extended RRM) [58]. TER Stem 4 contains two helices flanking a conserved GA bulge
(Figure 2a). In the complex, the xXRRM a3x binds across the major groove between the G-C
base pairs on either side of the GA bulge and wedges open the base pairs by inserting 3
aromatic residues (Figure 2a). The G and A bases are flipped out and bind in a pocket
between helix a3 and the -sheet, revealing how the RRM can still bind single-stranded
nucleotides on its B-sheet face despite the presence of helix a3. The RNA in the complex is
bent by 105°, which is the structural change required for hierarchal assembly of p65-TER
with TERT (Figure 1c). The structure of the complex, combined with the modeling in the
EM map, reveals how p65 facilitates assembly of TER with TERT by positioning Loop 4 in
contact with TERT TRBD and CTE.

Tetrahymena Tebl1 has Four OB Folds and Binds Telomeric Single-
Stranded DNA

The Tetrahymena telomerase protein Teb1 (telomerase binding protein 1) subunit is
paralogous to RPA70, which has three DNA-binding OB folds that become ordered upon
ssDNA binding [59]. Crystal structures of domains A, B, and C of Teb1 were recently
solved, revealing all have OB folds (Figure 2b) as predicted [23]. Knock-down of Tebl in
Tetrahymena leads to telomere shortening, and in vitro addition of recombinantly expressed
Tebl rescued low-processivity endogenously-assembled telomerase [35]. In addition to the
crystal structure of the individual Tebl A, B, and C domains, Zeng and co-workers
cocrystalized a construct of Teb1AB, where the 59 residue loop connecting Teb1A and
Teb1B domains was deleted (Teb1AAB), with d[GGGTTGGGGT] (Figure 2b). Sequence
specific binding was observed between Teb1A on the concave face—formed by the -sheet
and 42, 3, and 5 and loops 45 and 12—and the 5’GGGT bases via extensive stacking and
hydrogen bonding interactions to the Watson-Crick faces. Since no interactions between the
3 half of the DNA and Teb1B were resolved in the electron density, their proposed

Curr Opin Struct Biol. Author manuscript; available in PMC 2015 February 04.
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interactions with Teb1B were investigated by mutagenesis [23]. Although by sequence
alignment Teb1 is most similar to RPA70, Teb1A and B are structurally more similar to the
telomere end-binding protein protection of telomeres 1 (POT1) A and B domains, which
also utilizes nucleobase-specific interactions to bind single-stranded telomeric DNA,
consistent with its apparent function [59,60].

The C-domain of Teb1 contains an OB-fold lined with basic residues on its concave face, a
zinc ribbon motif, and additional a-helices reminiscent of RPA70C (Figure 2b) [35,59].
Although Teb1C does not independently bind DNA, the binding affinity of telomeric DNA
to Teb1BC (residues 324-701) is 10-fold higher than to Teb1B alone, and when the basic
OB-fold residues of Teb1C are mutated to alanines in Teb1BC, DNA binding affinity,
activity, and processivity are all dramatically reduced [23]. This result suggests Teb1C
participates in telomere DNA binding in cooperation with Teb1B. Interestingly, deletion of
the zinc finger motif did not impact DNA binding but did impact processivity, suggesting
the possibility in light of the EM model that the zinc ribbon motif coordinates the protein-
protein interaction between Tebl and TERT and/or p50 [21,41]. So far structures of
telomerase holoenzyme and telomere proteins suggest most species have evolved their own
proteins for telomerase function and telomere maintenance [1]. The similarities between
Tebl and POT1 hint that a unified theory of telomere and telomerase holoenzyme proteins
may exist, but additional structural and genetic work is required.

Electron Microscopy Structure of Dimeric Human Telomerase

The known stable components of human telomerase holoenzyme include TERT, TER, the
H/ACA RNP components dyskerin, Nop10, Garl, and Nhp2, and the Cajal-body
localization protein WDR79/TCAB1 [17]. Canonical H/ACA RNPs function in site-specific
pseudouridylation using the internal loops in their RNA subunit as a template [61]. In the
case of telomerase, the H/ACA proteins bind TER to ensure proper folding and biogenesis
and not for use as a guide for RNA pseudouridylation [62]. Although the Tetrahymena
telomerase holoenzyme exists as a monomer, whether human telomerase is a monomer or
dimer is still debated [17,19].

Structural studies of human telomerase are significantly more challenging than Tetrahymena
telomerase due to its even lower level of cellular expression and cell cycle regulation of the
subunit composition, making homogeneous purification difficult [62]. Sauerwald and co-
workers [20] overcame the problem of low de novo concentration by purifying telomerase
from human embryonic kidney 293T cancer cells transiently transfected with plasmids
containing the genes for TERT and TER [63]. Mass spectrometry of the purified sample
detected Dyskerin and Nop10 in addition to the overexpressed TERT and TER [20].

The EM structure shows a bilobal dimer, with the TERT catalytic pockets separated by ~185
A (Figure 3a) and seen in either an “open” or “closed” state, which is linked together by a
flexible interface. To provide support that the dimer is the functional unit in vivo, the authors
present evidence that both TERTS need to be active for catalytic activity in vitro. In other
words, a single catalytically inactive TERT has a dominant-negative impact on the activity
of the dimer [20]. The authors hypothesize that dimerization may allow telomerase to bind
and elongate two G-overhangs on sister telomeres simultaneously. The structures of the
monomers were reconstructed to 23 A for the open state and 21 A for the closed state by
splitting the raw particle images and performing model-based angular 3D reconstruction
from negative-stain EM [20]. The Tribolium TERT crystal structure was then fit into the
periphery of the open monomer (Figure 3b). The location of the template RNA was deduced
from visualization of colloidal gold-tagged DNA primer bound to the template RNA [20].
The authors also identify a continuous tubular density with a diameter of 25-30 A opposite

Curr Opin Struct Biol. Author manuscript; available in PMC 2015 February 04.
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to the proposed exit site of the telomere DNA, which they propose could be an RNA helix
(Figure 3b circled).

The EM structures of the Tetrahymena telomerase holoenzyme and human telomerase
monomer differ significantly (Figure 3b,c), which is not surprising given the difference in
holoenzyme components and the size of TER (451 nt in human versus 159 nt in
Tetrahymena). Significantly, the ring-shaped EM density assigned to TERT shows very
similar structural features in the two 3D reconstructions and each has the active sites facing
in toward the rest of the EM density. The proposed RNA helix in the human telomerase
structure is in a similar location to where the pseudoknot and TEN domain are modeled in
the Tetrahymena telomerase structure. However, in human telomerase, there is no density
for TER CR4/5, which is the functional equivalent of Tetrahymena TER Loop 4 and known
to bind the TERT TRBD (Figure 3b,c arrows) [50]. It is possible that some components of
human telomerase were missing due to over-expression of TERT and TER or disrupted
during purification due to proteolysis or buffer conditions, and that consequent structural
flexibility averaged out some elements such as CR4/5 during EM image processing.
Similarly, the N-terminal domain of p65 is absent in some EM images of the Tetrahymena
telomerase holoenzyme, but the CTD and TER Stem-Loop 4 are always seen [21].

Crystal Structure of the TERT RNA Binding Domain (TRBD) from Takifugu
rubripes, the Japanese Puffer Fish

The 2.4 A crystal structure of the TRBD from the Takifugu rubripes fish (TrTRBD) is the
first domain of a vertebrate TERT solved to date (Figure 2c) [24]. The structure has mainly
alpha helical topology similar to the Tribolium castaneum TRBD and the Tetrahymena
thermophila TRBD (Figure 2c) [44,50]. The major differences are mainly at the boundaries
between the TRBD and the reverse transcriptase (RT) domain and the N-terminal linker,
which joins the TRBD to the TEN domain. The N-terminal linker harbors the vertebrate-
specific RNA (VSR) binding motif and a newly discovered motif the authors coin “TFLY”
after its conserved TxxFLY sequence (Figure 2c) [24]. Amino acid substitutions within the
TFLY reduced TBE binding and also disrupted the activity and processivity of full-length E.
coli expressed TrTERT assembled with TER in vitro [24]. Substituting E515, which lies at
the tip of the T-motif and points toward the active site of TERT, with alanine caused only a
modest decrease in TBE binding but a significant disruption in activity, further supporting
the importance of the T-CP pocket in telomerase activity [7]. Three conserved residues
previously found to cross-link the TRBD [50] and TER CR4/5 of medaka fish (Oryzias
latipes) are clustered on one side of the TrTRBD (Figure 2c¢) [24], with W461 in a position
corresponding to the TRBD-CTE boundary in Tribolium TERT, and agreeing with the
hypothesis that P6.1 inserts between these two domains in the RNP. The high similarity
between the TRBD from Takifugu rubripes, Tetrahymena thermophila, and Tribolium
Castaneum is consistent with the importance of this domain for TER binding.

S. cerevisiae H/ACA RNP Structures

Vertebrate H/ACA RNPs consist of dyskerin (Cbf5 in yeasts), Nhp2, Nop10, Garl, and a
site-specific guide RNA containing the conserved H-box and ACA sequence motifs (Figure
4a) [61,64]. Though most H/ACA RNPs function in template-guided pseudouridylation, an
H/ACA scaRNP domain is part of the vertebrate telomerase holoenzyme [16,65,66].
Mutations in dyskerin—as well as in other H/ACA RNP subunits and telomerase specific—
proteins can lead to improper telomere maintenance and genetic diseases including
dyskeratosis congenita (DC), aplastic anemia, and pulmonary fibrosis [67]. Structures of a
single H/ACA hairpin in complex with archaeal H/ACA RNP proteins have been previously
reported (see [61,68—70] for reviews). Recently, several structures of eukaryotic H/ACA

Curr Opin Struct Biol. Author manuscript; available in PMC 2015 February 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Miracco et al.

Page 7

proteins from S. cerevisiae were reported [26—29]. These are the first structures of Nhp2
[26], which is replaced by L7Ae in archaea, the ternary complex of Cbf5-Nop10-Garl [28],
and the H/ACA RNP assembly protein Shgl C-terminal SSD domain both free [27] and in
complex with Cbf5-Nop10-Garl [29]. S. cerevisiae telomerase RNA does not contain an H/
ACA scaRNA domain so we do not review these in detail here. These new structures will
allow for more accurate modeling of the Dyskerin-Nop10-Nhp2-Garl complex on the TER
H/ACA scaRNA domain and of known disease-related mutations in the N- and C-terminal
extensions of Cbf5, absent in the H/ACA RNP structure from archaea [71].

Telomerase RNA Pseudoknots

Previous structural studies revealed an essential triple helix in the pseudoknot of human
TER [72,73], and sequence analysis, mutatgenesis, and modeling has indicated that the triple
helix is a conserved element required for telomerase function [72—-76]. The NMR solution
structure of the Kluyveromyces lactis pseudoknot was recently reported, revealing that
despite significant sequence variation, it has a remarkably similar overall fold to the human
pseudoknot (Figure 4b) [25]. Both pseudoknots contain stacked stems and a stabilizing triple
helix. Surprisingly, the K. lactis pseudoknot contains 3 bulged nucleotides between
successive Watson-Crick base pairs in the triple helix region and 6 consecutive major
groove triples, 5 U-A-U and a single C-G-C, which span 11 base pairs of stem 2 (Figure 4b).
Based on this structure, the authors also propose a model for the triple interactions in the S.
cerevisiae TER pseudoknot (Figure 4c) that contains additional interactions not previously
predicted [76]. A single-molecule fluorescence resonance energy transfer (SmFRET) study
of the isolated human TER t/PK domain, lacking the core enclosing helix P1, showed that it
samples different conformations under different conditions, but the pseudoknot fold is
stabilized by Mg2* ions [51]. The Tetrahymena TER pseudoknot, on the other hand, is less
stable, and based on smFRET and MD studies only appears to fold properly in the context of
full-length TER in the presence of telomerase protein components [52,77].

The divergent size and sequence of TER has made it difficult to identify and characterize it
in a number of species. Recently, the first invertebrate TER, from S. purpuratus [78], as well
as a number of fungal TERs, including A. oryzae whose secondary structure was confirmed
by phylogenetic analysis [10,79] were identified. Predicted secondary structures of these
TERSs indicate that the conserved template/pseudoknot core domain, including a triple helix
in the pseudoknot (Figure 4c), and a distal stem terminus element are present in these
organisms.

Future Prospects

Significant progress has been made in the past two years on the structural biology of
telomerase. These studies were greatly facilitated by the combined use of NMR, X-ray
crystallography, and electron microscopy, as well as other biophysical techniques such as
single-molecule FRET. Significant challenges remain in getting ordered and homogeneous
holoenzymes and protein-RNA complexes for structural studies. Future high resolution
structures will provide unprecedented opportunity to study the mechanism of action and for
structure based drug design of this remarkable enzyme.
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Figure 1. Subunit architecture and model of the catalytic corein the Tetrahymena EM structure
(@) The 25 A EM model of the Tetrahymena telomerase holoenzyme with locations and
known boundaries of subunits colored in. (b) Model of the Tetrahymena telomerase
holoenzyme with the complete TERT-TER-p65 RNP catalytic core plus Teb1C (PDB ID:
3U50) modeled into the EM map. Modeled domains of TER are represented by tube and
ladder and NMR structures are shown with atoms. (c) NMR solution structure of
Tetrahymena TER Stem 4 (PDB ID: 2FEY) [80] and Loop 4 (PDB ID: 2M21) and crystal
structure of Tetrahymena p65 xRRM bound to Stem 4 (PDB ID: 4ERD) with Loop 4
modeled.
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Figure 2. Crystal structures of Tetrahymena p65 xRRM, Teb1 A, B, and C, and Takifugu
rubripes TRBD

(a) p65-TER interactions. At top, schematic of domain structure of p65. (left) Secondary
structure schematic of Tetrahymena TER with Stem-Loop 4 bulge guanosine (cyan)
adenosine (orange) colored (center) p65 xRRM (green) free (PDB ID: 4EYT) and in
complex with Stem 4 (PDB ID: 4ERD). The unstructured a.3x in the free XRRM is shown as
a dashed dark green line, and is structured in the complex with Stem 4 (magenta). (b) Tebl
domains and interaction with telomere DNA. At top, schematic of domain structure of Teb1.
Crystal structures of (left) TeblA from Teb1AB co-crystal structure (blue) with telomeric
DNA (grey) (PDB ID: 3U58), (middle) Teb1B (yellow) (PDB ID: 3U4Z), and (right) Teb1C
(orange) with zinc (silver) coordinated by four cysteines of the zinc ribbon (PDB ID: 3U50).
(c) Takifugu rubripes TERT TRBD structure. At top, schematic of domain structure of
Takifugu rubripes TERT. (left)Takifugu rubripes (PDB ID: 4LMO) and (right) Tetrahymena
TRBD (PDB ID: 2R4G) crystal structures. T-motif (magenta) and CP (orange) form the T-
CP pocket, which is elongated in the Takifugu rubripes TRBD by the TFLY (green) motif.
Vertebrate-specific RNA binding motif (red) and homologous UV active residues (orange,
green, and yellow) are all located in a similar location.

Curr Opin Sruct Biol. Author manuscript; available in PMC 2015 February 04.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Miracco et al.

Page 15

(@) 185 A

Open Closed

Tetrahymena

Figure 3. EM structures of Tetrahymena telomer ase holoenzyme and human telomer ase dimer
(a) EM structure of bilobal human telomerase dimer (EMDB: 2310). (b) and (c) EM
structures of the “open” (EMDB: 2311) monomer of human telomerase dimer b and the
Tetrahymena telomerase holoenzyme (EMDB: 5804) (c) with the TRBD, RT, and CTE of
TERT and the template of TER modeled in. Proposed region of dsRNA in b is indicated
with oval outline. The structures from Tetrahymena and human are shown with TERT (PDB
ID: 3KYL) in the same orientation for comparison. The arrows point to the putative binding
site of TER CRA4/5 in human telomerase b and the modeled binding site of TER Stem 4 in
the Tetrahymena telomerase holoenzyme c.
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Figure 4. Solution structures of telomer ase pseudoknots

(a) Secondary structure schematic of human TER with t/PK, CR4/5, and the H/ACA
scaRNA motifs boxed. (b) Secondary structure schematic and NMR solution structure of the
human P2b-P3 pseudoknot (left) (PDB ID: 1YMO) and K. lactis (right) (PDB ID: 2M8K).
(c) Proposed pseudoknot secondary structure from (top) S. cerevisiae (budding yeast) [25],
(middle) S purpuratus (purple sea urchin) [78], and A. oryzae (filamentous fungi) [79].
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