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ABSTRACT OF THE DISSERTATION

Structural and Functional Characterization of the Tetrahymena Telomerase Holoenzyme

by

Henry Chan
Doctor of Philosophy in Biochemistry and Molecular Biology
University of California, Los Angeles, 2017

Professor Juli F. Feigon, Chair

This dissertation describes the structural characterization of the telomerase holoenzyme from
the ciliate Tetrahymena thermophila using a combination of X-ray crystallography, cryogenic
electron microscopy, and nuclear magnetic resonance spectroscopy. Telomerase is the
ribonucleoprotein complex that iteratively reverse transcribes telomeric repeats to the ends of
linear chromosomes in actively replicating eukaryotic cells. Previous biochemical and genetic
studies of Tetrahymena telomerase holoenzyme identified the components TERT (the reverse
transcriptase), TR (the internal RNA template), and six other accessory proteins (p65, Teb1, p50,
p75, p45, and p19). Of these, p50, p75, p45, and p19 were largely uncharacterized and possessed no
known homology to other proteins. A major focus of this work was to study p75-45-p19 which was
known to form a trimeric complex. In the course of this work, crystal structures of p19 and the p45
C-terminal domain were solved and shown to be structurally homologous to the Ten1 and Stn1
proteins of the Replication Protein A (RPA)-like telomeric Ctc1-Stn1-Ten1 (CST) complex that is
found in plants, vertebrates, and yeast, leading to the conclusion that p75-p45-p19 is Tetrahymena

CST. In addition, the ongoing structural characterization of the p75 protein is discussed, in which a

ii



specific interaction between p75 and p50 is identified. The work in this thesis also contributed to
the overall structural characterization of the entire holoenzyme through an electron microscopy
(EM) collaboration with the Zhou lab where negative stain and cryogenic EM (cryo-EM) structures
of Tetrahymena telomerase were solved to 25 and 9 A resolution respectively. These EM structures
led to the characterization and unambiguous placement of all of the then known subunits including
the placement of a homology model of the p75-p45-p19 trimeric core, based on the structure of p19
and the structure of the RPA trimeric core, into the cryo-EM structure, further confirming the
characterization of p75-p45-p19 as Tetrahymena CST. The cryo-EM structure also led to the
identification of two new subunits Teb2 and Teb3 by mass spectrometry, which were determined
to form another trimeric RPA-like subcomplex, TEB, with Teb1. The identification and
characterization of these TEB proteins led to the discovery that Teb2 and Teb3 are shared subunits
with Tetrahymena RPA and of a new RPA-like protein, Rlp2, which forms an alternative complex

with Teb3.
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CHAPTER ONE

Introduction



Overview

Actively replicating eukaryotic cells face two challenges at the ends of their linear chromosomes
which threaten the integrity of their genome. The first is that the ends of their chromosomal DNA
are vulnerable to degradation and fusion by DNA acting enzymes (Figure 1.1a). The second is that
multiple rounds of DNA replication lead to progressive shortening of their linear chromosomes,
also known as the ‘end replication problem’ [1] (Figure 1.1b). To address these problems,
chromosome ends are packaged into protective structures called telomeres and their length is
maintained in part by the enzyme telomerase [2-5].

Telomeres are comprised of the telomeric DNA at the ends of linear eukaryotic chromosomes
and telomeric DNA binding proteins [2, 6-8]. Telomeric DNA are hundreds to several thousand
base-pairs of tandem G-rich repeats that are processed to end in a single stranded 3’ overhang [9,
10]. These non-coding repeats act as a buffer against the end replication problem and can allow the
cell to replicate until the ‘Hayflick limit’ is reached [11-14]; the point at which telomeric DNA
becomes too short leading to cellular senescence and/or apoptosis [15]. The double stranded and
single stranded telomeric repeats are packaged into telomeres by specific telomeric DNA binding
protein complexes that protect telomeric DNA from degradation by DNA-exonucleases and non-
homologous end joining (NHE]) by DNA repair enzymes [16, 17] (Figure 1.1a). Telomeres also
participate in regulating the maintenance of its own telomeric DNA length through the recruitment
or inhibition of telomerase [7, 8].

Telomerase is the ribonucleoprotein enzyme complex that uses an internal telomerase RNA (TR)
[18] and a telomerase reverse transcriptase (TERT) [19] for the reverse transcription of telomeric
repeats (GGTTAG in humans and GGGTTG in Tetrahymena) to the 3’ ends of linear chromosomes,
thus reversing the progressive shortening that occurs during DNA replication (Figure 1.2).
Together, TERT and TR comprise the ‘catalytic core’ of telomerase, which are the minimum

components necessary for telomeric repeat addition in vitro [20, 21].
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Figure 1.1. Telomere end protection and end replication problem. (a) Telomeres are
protective nucleoprotein structures located at the ends of linear chromosomes. Unprotected
chromosome ends are subject to degradation by DNA exonucleases as well as chromosome end to
end fusion by DNA repair enzymes. (b) Initiation of DNA synthesis requires an RNA primer due to
the requirement of DNA polymerase for a free 3’ hydroxyl for DNA synthesis. The end gaps left by
the RNA primers cannot be filled in and lead to a shortened daughter strand at the 5’ end. Repeated
replication of shortened strands lead to progressively shorter chromosomes in daughter cells.
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Figure 1.2. Extension of telomeric 3’ overhang by telomerase. Telomerase lengthens telomeres
through the reverse transcription of the telomerase RNA template onto the 3’ single stranded ends
of linear chromosomes. After the successful extension of a single telomeric repeat, telomerase shifts
register by one whole repeat in a process known as translocation. After this step, which is
considered the enzymatic bottleneck for repeat addition processivity, extension can reinitiate.



Due to the direct correlation between telomeres and telomerase and the ability of the cell to
maintain sustained or ‘immortal’ replication, research in telomeres and telomerase is of active
interest to the study of cancer (90% of cancers have upregulated telomerase activity) and cellular
aging [22-27]. Additionally, mutations in telomerase proteins, telomerase RNA, and telomere
associated proteins are linked to a wide variety of inherited diseases; such as dyskeratosis
congenita and other progeria-like diseases of rapid aging [7, 22, 28-30].

Overview of Tetrahymena and human telomerase-telomere interactions

Human telomeres are packaged by the shelterin complex which is comprised of: RAP1, TRF1 and
TRF2 which bind double-stranded telomeric DNA (dstDNA) as homodimers, the single-stranded
telomeric DNA (sstDNA) binding POT1, and TPP1 and TIN2 which serve as mediators for shelterin
assembly and telomerase recruitment [2, 31-35] (Figure 1.3a). Telomerase is recruited primarily
by a direct interaction between the TEN (TERT essential N-terminal) domain and TPP1 [35-37].
Human TERT and TR, along with the H/ACA RNP complex, important for TR biogenesis and
maturation, form the human ‘telomerase RNP core’ [8, 38-43]. After sufficient telomere extension,
the CST complex (formed from Ctc1, Stn1, and Ten1) is recruited by TPP1:POT1 for the recruitment
of DNA polymerase-alpha primase (pol-a) for complementary strand synthesis [44-46]. CST is also
thought to act as a terminator for telomerase activity [45, 47].

Telomerase activity was first detected in Tetrahymena thermophila [48, 49], a ciliated single
celled eukaryotic organism that possesses a germline micronucleus and a somatic macronucleus
[50]. This somatic macronucleus which performs the transcriptional duties for the cell can possess
~20,000 telomere capped mini-chromosomes, making Tetrahymena an excellent model organism
for studying telomerase and source of endogenous enzyme [50]. Tetrahymena telomeric DNA are
packaged at their 3’ singled stranded overhang by the four protein complex Potl, Tptl, Patl and

Pat2 [51-53] (Figure 1.3b). These proteins protect the chromosome ends and prevent runaway
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Figure 1.3. Overview of Human and Tetrahymena telomerase and interaction at telomeres.
(a) Human telomeres are packaged by the six protein component shelterin comprising: RAP1,
dstDNA binding TRF2 & TRF1, hub and recruitment proteins TIN2 & TPP1, and dstDNA binding
POT1. The telomerase RNP core comprising TERT, TR, and the H/ACA RNP is recruited to the
3’overhang by a direct interaction between the TERT TEN domain and TPP1. After sufficient
telomere repeat elongation, CST is recruited by TPP1-POT1 for termination of telomerase activity
and stimulation of pol-a primase for C-strand synthesis. (b) Tetrahymena sstDNA is packaged by the
Pot1-Tptl-Patl-Pat2 complex. TEB (Teb1-Teb2-Teb3) binding to sstDNA facilitates the association
and recruitment of telomerase to telomeres. The central hub p50 bridges the interaction to the RNP
core (TERT-TR-p65) via a direct interaction with the TERT TEN domain. Tetrahymena CST (p75-
p45-p19) is constitutively associated to the holoenzyme via an interaction with p50 and facilitates
recruitment of pol-a primase.



telomere elongation by telomerase [52]. The Tetrahymena telomerase holoenzyme is comprised of
one telomerase RNA (TR), one telomerase reverse transcriptase (TERT), and eight other accessory
protein subunits [54-58] (Figure 1.3b), two of which Teb2 and Teb3 were discovered in the course
of this work. Previously, these accessory proteins were not thought to have direct orthologues to
human telomerase. However, the work presented in this thesis and recent work from the Feigon lab
indicates otherwise. p65 is the TR chaperone that assists in assembly of the Tetrahymena
telomerase RNP core, comprising TERT, TR and p65 [56, 59, 60]. Recruitment to telomeres is
mediated by TEB:p50, which we propose to be the functional orthologue of POT1:TPP1 [54, 56, 61-
63]. We identified TEB to be an RPA-like trimeric complex, comprising Teb1, Teb2 and Teb3, that is
specific for sstDNA. It bridges the RNP core to telomeres via an interaction with p50, which
associates with TERT via an interaction with the TERT TEN domain [54, 55, 61, 63]. The remaining
proteins p75-p45-p19 were known to form a trimeric complex that was determined here to be
Tetrahymena CST by solving the crystal structure of p19 and the p45 C-terminal domain. These
proteins are involved in DNA polymerase o-primase (pol-a) recruitment [54, 64]. Unlike most other
organisms, the Tetrahymena telomerase ‘holoenzyme’ appears to be ‘constitutively’ assembled with
its recruitment and sstDNA binding factors as well as the CST complex [61, 65].
Motivation

Telomerase has long been a challenging target for structural and molecular biology. The
components that constitute a stable ‘holoenzyme’ have historically been difficult to define, while
apparent divergence amongst different organisms in the accessory proteins (components other
than TERT and TER) make parallel studies in model organisms difficult to interpret and generalize
relative to humans. In addition, telomerase proteins are notoriously difficult to express and purify
and are often conformationally flexible or prone to aggregation when purified to concentrations
relevant for structural biology. Thus, many structural aspects of the mechanism of telomerase

activity, translocation, function, and recruitment remain unexplained. The goal of my thesis work



was to determine the structure and function of Tetrahymena telomerase accessory proteins p19,
p45, and p75. This work also led to the discovery of the TEB complex and insights into how these
complexes interact with p50, the central hub of Tetrahymena telomerase interaction with
telomerase subcomplexes as well as recruitment to telomeres.

Thesis Synopsis

The work presented in this thesis seeks to structurally characterize the Tetrahymena telomerase
holoenzyme, with an emphasis on the accessory proteins, primarily using a combined structural
biology approach with electron microscopy (EM), x-ray crystallography, and nuclear magnetic
resonance (NMR) spectroscopy.

Chapter 2 presents the published manuscript which describes the first EM structure of a
telomerase holoenzyme [55]. This work, performed primarily by postdocs Jiansen Jiang and
Edward Miracco, determined the 25 A negative stain EM structure of the Tetrahymena telomerase
holoenzyme with the locations of each of the then known subunits (TERT, TR, p65, Teb1, p50, p75,
p45, p19) as determined by affinity labelling. This work was in collaboration with the Zhou lab (for
EM) and the Collins lab (for Tetrahymena strains and activity assays). My contribution to this work
was the localization of the TR Stem-loop2 (SL2) in the 25 A negative stain EM structure of the
holoenzyme. MS2 coat protein was used to pulldown telomerase holoenzyme at a modified SL2
hairpin on the TR. The MS2 coat protein dimer was visible by negative stain 2D class averages and
facilitated placement and orientation of known elements of the TR relative to the SL2 along with the
TERT TRBD-RT-CTE ring relative to the TERT TRBD, which binds SL2, into the 25 A map. A detailed
description of the protocol used is described after the paper reprint.

Chapter 3 presents the published manuscript describing the 9 A cryo-EM structure of the
Tetrahymena telomerase holoenzyme in collaboration with Professor Hong Zhou and postdoc
Jiansen Jiang (for EM) [54]. In this work, a model, which utilized the unambiguous docking of

crystal, NMR, and homologous structures into the EM density was, built for 8 of the 9 proteins



subunits and the TR of the holoenzyme. This work led to the discovery of two new proteins by EM
and mass spectrometry, Teb2 and Teb3, which form an RPA-like heterotrimer with Teb1. The
previously uncharacterized p75, p45, and p19 proteins were identified as Tetrahymena CST.
Important contacts and interactions proposed by the model were validated by activity assays
performed by our collaborators in the Collins lab. My contributions to this work was preparing the
holoenzyme samples for cryo-EM and for the mass spectrometry which was performed in
collaboration with the Loo lab, for which I assisted in the data analysis. In addition, I solved crystal
structures of p19 and the p45 C-terminal domain, leading to their identification as the Tenl and
Stn1 subunits of Tetrahymena CST.

Chapter 4 describes ongoing structural investigation into the Tetrahymena telomerase protein
p75. Identification of the previously uncharacterized p75, p45, and p19 subunits as Tetrahymena
CST greatly improved our understanding of these accessory proteins. Namely, the comparisons of
the p19 and p45 crystal structures to other known Tenl and Stnl structures aided greatly in
gaining this insight, while docking models of the 9 A cryo-EM structure provided an unprecedented
view into the architecture of the trimeric complex. However, the largest subunit of the CST complex
(Ctcl in vertebrates, p75 in Tetrahymena) remains the most mysterious. Based on the proposed
homology of p75 to Ctcl, the N-terminal domain of p75 (p75N) was identified and purified for
study by NMR. Additionally, inspired by EM and biochemical data, a small fragment of p50 that
binds to p75N was identified which could explain in part the interaction of CST with the
holoenzyme. This p75N:p50 complex will aid in the structural investigation of this interaction by
NMR and crystallography.

Chapter 5 describes the identification and partial characterization of a new RPA protein in
Tetrahymena, Rlp2 (RPA like protein 2). As discussed above, we identified two new RPA32-like and
RPA14-like subunits, Teb2 and Teb3, in Tetrahymena telomerase holoenzyme as part of the RPA-

like telomerase TEB complex. In lieu of other RPA32 and RPA14 homologs in the Tetrahymena



proteome and their expression levels relative to other telomerase proteins, it was proposed and
confirmed that Teb2 and Teb3 were shared subunits between the RPA70-like Teb1, Rpal, and Rlp1,
to each form distinct RPA-like heterotrimers TEB, RPA, and RTT respectively [66]. Separately, Rlp2
was identified as an RPA32 homolog that binds to Teb3 but not to Teb1. Preliminary domain and
interaction characterization for Rlp2 is described.

Chapter 6 presents the published review on the structural biology of Tetrahymena and human
telomerase [56]. It reviews the current literature with an emphasis on Tetrahymena telomerase
structures in the context of relating to and understanding human telomerase structure and
function. Owing to the divergence of the Tetrahymena telomerase proteins from human telomerase
proteins, analogous functions and interactions were previously difficult to identify. However,
recently solved high resolution structures and the 9 A cryo-EM structure of Tetrahymena
telomerase reveal that the majority of telomerase subunits, subdomains, and subcomplexes have
direct analogs. In addition, the constitutively assembled nature of the Tetrahymena telomerase
holoenzyme provides an unprecedented opportunity to study analogous interactions which are
transient in vertebrates, as illustrated in Figure 1.3. Parallel findings and trends among different
organisms present in the RNP core, CST subcomplex, telomere binding, and telomerase recruitment
proteins are discussed. [My written contributions to this review are the Introduction, the section on
DNA handling and telomerase recruitment, the CST section, and Future prospects. Figures

contributed are 1, 6 & 7, and partial contribution to Figure 5.]
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The architecture of Tetrahymena
telomerase holoenzyme
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7. Hong Zhou'*, Kathleen Collins" & Juli Feigon®?

Telomerase adds telomeric repeats to chromosome ends using an internal RNA template and a specialized telomerase
reverse transcriptase (TERT), thereby maintaining genome integrity. Little is known about the physical relationships
among protein and RNA subunits within a biologically functional holoenzyme. Here we describe the architecture of
Tetrahymena thermophila telomerase holoenzyme determined by electron microscopy. Six of the seven proteins and the
TERT-binding regions of telomerase RNA (TER) have been localized by affinity labelling. Fitting with high-resolution
structures reveals the organization of TERT, TER and p65 in the ribonucleoprotein (RNP) catalytic core. pS0 has an
unanticipated role as a hub between the RNP catalytic core, p75-pl9-p45 subcomplex, and the DNA-binding Tebl. A
complete in vitro holoenzyme reconstitution assigns function to these interactions in processive telomeric repeat
synthesis. These studies provide the first view of the extensive network of subunit associations necessary for
telomerase holoenzyme assembly and physiological function.

Telomerase is a unique endogenous eukaryotic reverse transcriptase
(RT) required for maintenance of linear chromosome ends and is a
highly regulated determinant of cellular ageing, stem cell renewal and
tumorigenesis'*. TER contains a region of sequence complementarity
to the telomeric repeat that is used as a template for addition of
successive repeats to the 3’ end of chromosomes, for example addition
of the repeat TTAGGG in humans. The specialized telomerase cata-
lytic cycle of telomeric repeat synthesis has been extensively investi-
gated for the human enzyme and biochemically similar enzymes from
model organisms such as the telomere-rich ciliate Tetrahymena ther-
mophila®. Whereas only TERT and TER are required for telomerase
catalytic activity in vitro, the physiologically functional holoenzyme is
a multi-subunit RNP**. Affinity purification, mass spectrometry and
subunit tagging assays have identified eight telomerase-specific, reci-
procally co-purifying subunits of Tetrahymena telomerase holo-
enzyme, each essential for telomere length maintenance®” (Fig. 1a).
Three of these subunits are required for in vivo assembly of a cataly-
tically active RNP: TERT, TER and the La-family protein p65°. The
p65 Laand RRM1 domains increase p65 affinity for TER, but only the
carboxy-terminal xRRM2 domain (Fig. 1a) is critical for the TER
folding that enhances TERT RNP assembly in vitro and in vivo®™'".
Two TER regions, loop 4 (L4) next to the p65 xRRM2 interaction site
and the TERT high-affinity binding element (TBE) 5’ to the template
(Fig. 1a), bind to the TERT high-affinity RNA binding domain
(TRBD)'>*, The TERT TRBD, RT domain and C-terminal extension
(CTE) form a ring that encircles an active site cavity, with a fourth
TERT amino-terminal (TEN) domain (Fig. 1a) positioned in a TER-
dependent but otherwise unknown location'*",

Little is known about the configuration and roles of the five addi-
tional Tetrahymena telomerase holoenzyme proteins required for in
vivo telomere elongation (p75, p50, p45, p19 and Teb1; Fig. 1a); only
Tebl has a known domain structure. Like the paralogous large sub-
unit of the single-stranded DNA (ssDNA) binding factor replication
protein A, Teb1 has four OB-fold domains, NABC (Fig. 1a); Aand B

bind ssDNA with high affinity and C is necessary for holoenzyme
association®®?', Tebl is required for the particularly high DNA prod-
uct interaction stability of an endogenously assembled Tetrahymena
telomerase holoenzyme, evident as high repeat addition processivity
(RAPY) in vitro®***'. The holoenzyme subunits p75, p19 and p45, here
designated 7-1-4, form a subcomplex that remains assembled upon
micrococcal nuclease-induced dissociation of the other holoenzyme
subunits in vitro®*". Little is known about p50, which seems sub-
stoichiometric on silver-stained gels of affinity purified holoenzyme®.

Here we report the native electron microscopy structure and a
complete in vitro reconstitution of Tefrahymena telomerase holo-
enzyme. This first physical and functional network architecture of a
telomerase holoenzyme provides unprecedented detail about the
structure of the RNP catalytic core and reveals the organization of
holoenzyme subunits that confer processivity and bridge telomerase
to telomeres.

Overall structure and localization of subunits

Tetrahymena telomerase holoenzymes were prepared for electron
microscopy (Supplementary Fig. 1) by affinity purification® from 10
different strains bearing N- or C-terminal 3xFlag (F) and tandem
protein A (Z7) tags (ZZF or FZZ, respectively) on TERT or other
holoenzyme subunits (Supplementary Table). Comparison of the
class averages from negative staining electron microscopy images of
telomerase purified using TERT-FZZ (TERT-F telomerase, which
results from cleavage of the ZZ tag) to those from cryo-electron
microscopy images (Fig. 1b and Supplementary Fig. 2a, b} shows that
the negative stain did not change the structure within experimental
resolution. In addition to the predominant (‘stable’) conformation of
the complete holoenzyme particle, constituting 31% of the total part-
icles, the class averages show additional particle subpopulations of
varying conformation and subunit composition (described below
and Supplementary Fig. 2). The class averages from both negative
staining electron microscopy images and cryo-electron microscopy
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images show a strongly preferred orientation (Supplementary Fig. 2).
To overcome the problems of preferred orientation and structural
variability, the electron microscopy image acquisition and three-
dimensional (3D) reconstructions were carried out using an automated
random conical tilt (RCT) method* (Supplementary Fig. 3). The 3D
structures of TERT-F and Teb1-F telomerase holoenzymes are indis-
tinguishable (Supplementary Fig. 4a), and Teb1-FZZ gave higher yields
of holoenzyme. A 3D structure (Fig. 1c) of the ~500kDa Tebl-F
telomerase holoenzyme from 3D reconstruction of 2,220 particles with
a resolution of ~25A (Supplementary Fig. 4b) demonstrates well-
ordered holoenzyme density occupying about 200 X 150 X 80 A.

To locate each protein subunit within the overall holoenzyme struc-
ture, telomerase was purified from strains harbouring FZZ-tagged
TERT, p75, p65, p45, p19 or Tebl in place of the corresponding
untagged protein®. During purification, the ZZ portion of the tag was
removed by proteolytic cleavage, leaving only the short F tag that was
labelled using the antigen-binding fragment (Fab) derived from mono-
clonal anti-Flag antibody (see Methods). Each tagged protein can bind
up to three Fabs, as illustrated in some of the class averages and 3D maps
(Fig. 1c and Supplementary Fig. 5), which pinpoint to a single spot and
localize the binding site of Fab unambiguously. Affinity purification of
the biologically functional C-terminally tagged p50 (p50-FZZ) does not
enrich sufficient holoenzyme for silver staining detection in SDS-
PAGE, probably due to proteolysis between the C-terminal tag location
and the region of p50 required for holoenzyme assembly®. Instead we
used N-terminally ZZF-tagged p50 (ZZF-p50) expressed in partial
replacement of the endogenous locus, which did purify holoenzyme
to homogeneity (Supplementary Fig. 6). All holoenzyme protein sub-
units were localized by Fab labelling except p45, which was identified by
process of elimination (see Methods). In addition, we affinity purified
telomerase from a strain with biologically functional tagged TER har-
bouring a small hairpin tag (MS2hp), which is recognized by the MS2
coat protein (MS2cp), appended to TER stem 2 (S2)** (Fig. 1c and
Supplementary Fig. 5g). The MS2cp dimer bound to this tag appears
as extra density in the class averages and thus provides the approximate
location of the TBE 5’ to the template (Fig. 1a).

The positions of the TERT and Tebl C termini and the p50 N
terminus could be precisely mapped in the 3D reconstructions of

Tetrahymena telomerase holoenzyme and
subunit localization. a, Holoenzyme subunits and
domains (top) and TER secondary structure
(below). b, Representative class averages of
negative staining electron microscopy and cryo-
electron microscopy images of TERT-F
telomerase. ¢, 3D reconstruction of Tebl-F
telomerase (front and side views) and class
averages of affinity-labelled telomerase particles.
Lines with circle heads indicate attachment point of
Fab (red arrows) and MS2cp (white arrow). Side-
lengths of class averages in this and subsequent
figures are 350 A. d, Subunit schematic (front
view).

Side
view

the respective Fab-labelled telomerase particles (Supplementary Fig.
5a-c), whereas a less precise location of the C termini of p65, p75 and
p19 (which due to low purification yield did not give sufficient part-
icles for RCT data collection) was obtained from the class averages
(Supplementary Table, Fig. Ic and Supplementary Fig. 5d-f).
Approximate subunit boundaries (schematized in Fig. 1d) could be
modelled after fitting the holoenzyme density with known TERT'*'%,
TER***%, p65* and Teb1** high-resolution domain structures com-
bined with comparisons of class averages and 3D reconstructions
across different complexes as described below. These data reveal that,
in the ‘front’ view in Fig. 1c (schematized in Fig. 1d) with p65 at the
bottom, TERT occupies the centre of the particle and 7-1-4 subunits
form the top. Teb1 projects from the middle layer to the right. The p50
subunit is also part of the middle layer, networked between TERT,
7-1-4 and Tebl (Fig. lc, d). Numerous inter-subunit appositions
generate an intricate and highly contoured surface.

The structure of the RNP catalytic core

Based on the determined subunit locations we fit the crystal and NMR
structures of TER and protein domains in the electron microscopy
density map of Tebl-F telomerase to generate a model of the entire
RNP catalytic core (Fig. 2a and Supplementary Video). The RT and
CTE domains of Tetrahymena TERT were homology modelled* from
the Tribolium castaneum TERT crystal structure'® and combined with
the crystal structures of Tetrahymena partial TRBD'® and TEN'®
domains as described in Methods. The modelled TERT TRBD-RT-
CTE fits in only one orientation (Fig. 2a, b and Supplementary Fig. 7a,
b). The position of the TERT CTE is consistent with the location of the
C terminus identified in the 3D reconstruction of TERT-F-Fab tel-
omerase (Fig. 1c and Supplementary Fig. 5a)"”. The TEN domain was
placed into density remaining after determination of subunit bound-
aries of the adjacent Teb1C and p50, and oriented based on the
homology model of human TERT*. The modelled Tetrahymena
TERT TRBD interacts with the CTE, which is consistent with the
Tribolium TERT crystal structures'”® and isolated human TERT
domain interactions'®. There is electron microscopy density linking
the TEN and CTE regions and the TEN and TRBD regions, which
could correspond to the ~70 amino acids of potentially unstructured
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TEN-TRBD linker** and adjacent TRBD sequence missing from
high-resolution structures'>'¢, which crosslinks to ssDNA and improves
template boundary definition'*".

The C terminus of p65 is at the bottom of the particle, below TERT
(Fig. 1d and Supplementary Fig. 5d}. In the class averages and 3D
reconstructions we observed particle subpopulations lacking part of
the density at the bottom left of the particle (Fig. 2c and Supplementary
Figs 2, 3¢ and 5d), which must arise from loss of p65 N-terminal
domain(s) due to partial proteolysis of this subunit common during
holoenzyme purification® and/or consequent loss of positional con-
straints on the remaining La and RRM1 domains. The structure of the
p65 C-terminal domain xRRM2-stem 4 (S4) complex® could therefore
be localized and fit to the density present in all the 3D reconstructions
(Fig. 2a, d and Supplementary Fig. 7¢, d). The remaining parts of
$1-8L4 and p65 La and RRM1 could then be modelled (see Methods).
The p65 N-terminal domain (near $1) and the long 3233 loop within
xRRM2 that was deleted in the crystal structure could occupy the
remaining unmodelled density (Fig. 2a)**. Together these fittings
provide the overall topology of p65-TER interaction (Fig. 2a, d).

Tetrahymena TER contains two major domains, the template/
pseudoknot (t/PK) and SL4, which are connected by S1 (Fig. 1a).
Starting with the defined locations of the template in the active site
of TERT", S2 by MS2cp labelling, and SL4 in complex with p65
xRRM2* (Fig. 2d, magenta), and considering topological restrictions
based on the length of the single-stranded regions of TER, a model
structure of the PK, and 81, we traced a potential trajectory of the
entire TER (Fig. 2a, d, ) fit into the remaining electron microscopy
density. The template recognition element (TRE) seems to be close to
the TEN domain, as implicated biochemically*, and the bottom of the
PK is close to L4 (Fig. 2a, d). The locations of TER elements in the
model are consistent with the large body of biochemical data on TER
structure and function®***, Of particular significance are the well-
determined locations of the two TRBD binding elements, the TBE and
14719132 which we find bind to two distinct regions of the TRBD, near
the top left and bottom of the TERT ring, respectively (Fig. 2b, d, e).

Remarkably, only the apical loop of SL4 connects to the density
assigned to TERT, resulting in a U-shape at the bottom of the holoen-
zyme formed by TER S1/SL4 bound by p65. (Fig. 2a, d, ¢). The inter-
action of distal SL4 with TERT explains how it can stimulate
telomerase activity when added to the t/PK in trans™* and how
binding of p65 xRRM2 to S4 mediates hierarchical assembly of
p65-TER with TERT*'". The electron microscopy structure and
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Figure 2 | Structure of the RNP catalytic core.

a, 3D reconstruction of Tebl-F telomerase with
TERT, p65 and TER (black), plus Teb1C modelled
into the electron microscopy density. The dashed
line indicates the top boundary of TERT/TER.

b, Zoomed and rotated view of a showing TERT
domains TEN, CTE, TRBD and RT, with TER
template and essential Mg2 " at the active site in
magenta. ¢, Class averages of p65-F telomerase
(top) and 3D reconstructions (bottom) of TERT-F
telomerase with p65 (left) and p65 missing
N-terminal density (right, black arrows). d, TER
maodel structure (well determined, magenta;
remaining, black) and interactions with TERT
TRBD and TEN and p65 La, RRM1, and xRRM2
domains. e, Secondary structure schematic of TER
with TRBD. f, Modelled interaction between TBE
(pink) and TRBD T-CP pocket. g, Modelled
interactions of distal SL4 with CTE and bottom of
TRBD. In f, g, TRBD is shown as GRASP surface.

model reveal that the TRBD bridges the TBE and L4, which are
~40 A apart. In the model, distal SL4 approaches the 3’ end of the
PK, consistent with reported high fluorescence resonance energy
transfer (FRET) between L4 and an internal PK position”. Although
detailed interactions await a high-resolution structure, in the model the
TBE contacts the TRBD in the T-pocket and CP-motif region (T-CP
pocket) (Fig. 2f}, which is consistent with biochemical data''*'*, and
distal SL4 is flanked by the CTE and TRBD (Fig. 2g), potentially con-
tributing to folding of TERT around TER.

p>0 anchors the accessory proteins

The catalytic activity associated with telomerase purified using ZZF-
p50 has low RAP, in contrast with the high-RAP activity enriched by
the much lower yield of holoenzyme purified by p50-FZZ (Fig. 3a).
The Fab labelling showed that the N terminus of p50 and the C
terminus of Tebl are relatively close together (Fig. 1c and Sup-
plementary Fig. 5b, ¢). Comparison of the class averages of F-p50
and Teb1-F telomerase shows that all F-p50 telomerase particles lack
density for Teb1 and reveals the boundary of Teb1 by difference map
(Fig. 3b). The boundary of p50 was further defined by comparing class
averages from a small subclass of particles containing only the RNP
catalytic core, which was observed only in the MS2cp-bound MS2hp
telomerase, with class averages containing p50 (Fig. 3c). Super-
positions of 3D reconstructions of Fab—F-p50 and Teb1-F telomerase
on TERT-F telomerase lacking Teb1 (see below) show that Fab bound
to the N terminus of F-p50 occupies the same space as Tebl (Fig. 3d).
Together, these results identify the locations of Tebl and p50, show
that p50 interacts directly with the RNP catalytic core, and reveal that
Tebl is in close proximity to the N terminus of p50 and to TERT. The
holoenzyme structure therefore explains the low-RAP activity of puri-
fied N-terminally tagged p50 (Fig. 3a), because enzyme purification by
the N-terminal ZZF-p50 tag disrupts Tebl binding. Beyond density
assigned to the RNP catalytic core, Tebl, and p50, the remaining
density in the top part of the 3D map is occupied by the 7-1-4 sub-
complex. Taken together, 3D reconstructions reveal a central location
for p50 in holoenzyme architecture, as an interaction hub between
TERT, 7-1-4 and Tebl (schematized in Fig. 3f).

Assigning function to subunit architecture

In parallel with structural analysis, we developed a method for holoen-
zyme reconstitution from entirely recombinant subunits. RNP catalytic



Figure 3 | p50 anchors TERT, 7-1-4 and Tebl. a, Primer extension assay of
Flag antibody purifications from cell extracts lacking a tagged subunit {mock)
or with F-p50 or p50-F. b, Class averages of F-p50 telomerase (1), Tebl-F
telomerase (2), difference map by subtracting (1) from (2) (seen in 3), and map
of statistically significant (>4 o) regions in the difference map (4). Black arrow
points to Tebl density. ¢, MS2hp telomerase class averages containing MS2cp
without p50 (1), with p50 (2), difference map (3), and statistically significant
regions (4) as in b. White and black arrows point to MS2cp and p50 densities,
respectively. 7-1-4 is not seen in these class averages. d, Back view of 3D

core with TERT-F was preassembled in rabbit reticulocyte lysate (RRL)
and then combined with RRL-expressed p50 and/or 7-1-4 and/or bac-
terially expressed Teb1BC (see Methods)*' (Fig. 3g). Direct primer-
extension assays showed that addition of 7-1-4 or Teb1 alone did not
alter the low-RAP product synthesis profile of the RNP catalytic core,
but addition of p50 alone stimulated enzyme activity and the synthesis
of multi-repeat products (Fig. 3g, lane 3). For p50-containing enzymes,
7-1-4 alone increased the amount of product (Fig. 3g, lane 5), Tebl
alone increased product length (lane 7), and their combination into
complete holoenzyme was synergistic for increased activity level and
long product synthesis (lane 8). These i1 vitro biochemical activities of
p50, 7-1-4 and Tebl were evident within a 5-min reaction time that
allowed all product DN As to be resolved by gel electrophoresis (Fig. 3g)
or with the additional time and concentration of dGTP that supported
very long product synthesis (Supplementary Fig. 8). The p50-dependent
activity of 7-1-4 and Teb1 explains the presence of p50 in virtually all of
the electron microscopy structures.

Previous reconstitution assays combined RRL-assembled recom-
binant RNP catalytic core, bacterially expressed Tebl and endogen-
ously assembled Tetrahymena proteins that remained bound to p45-F
after micrococcal nuclease treatment of purified holoenzyme®***, We
found that the 7-1-4 complex isolated by this method does not com-
pletely dissociate p50, which as a full-length protein co-migrates with
p45-F (Supplementary Fig. 6). The presence of residual p50 accounts
for the reconstitution of holoenzyme-like catalytic activity by comple-
mentation of the RNP catalytic core and Tebl in previous assays™>"*,
Reconstitutions using entirely recombinant holoenzyme subunits
demonstrate a p50-dependent influence of 7-1-4 or Tebl on RNP
catalytic activity (Fig. 3g), consistent with their locations in the electron
microscopy structures (Fig. 3e, f).

Tebl domains are positionally flexible

All telomerase preparations except for those with tagged Teb1 have
~5% of particles missing density for Teb1 in the class averages and 3D
reconstructions (Fig. 3e and Supplementary Fig. 2). This is not sur-
prising, because Tebl is sensitive to proteolysis and dissociation
during holoenzyme affinity purification®. To identify specific Tebl
domains in the structures, we constructed strains in which TERT
was C-terminally tagged at its endogenous locus with only tandem
protein A domains (TERT-ZZ) and an N-terminally F-tagged Teb1C

+ pso
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+ - - + + - +7-1-4
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reconstructions of TERT-F telomerase lacking Teb1 (gold) overlaid with (top)
Fab-F-p50 (grey mesh) and (bottom) Teb1-F telomerase (grey mesh) showing
that Fab (red arrow) occupies the same site as Teb1 (black arrow). €, 3D
reconstructions of TERT-F telomerase lacking 7-1-4 (left), lacking Teb1
{middle), and holoenzyme {right). f, Schematic of subunit interactions.

g, Primer extension assay of the RNP catalytic core (TERT-TER-p65)
reconstituted with additional combinations of 7-1-4, p50, and/or Teb1 BC.
Reactions were for 5 min. RC is a radiolabelled oligonucleotide added to
telomerase products as a precipitation recovery control.

or Teb1BC was expressed from an integrated transgene. Holoenzyme
particles isolated by tandem affinity purification of TERT-ZZ/F-
Teb1C or TERT-ZZ/F-Teb1BC had the expected high RAP (Fig. 4a)
and virtually identical class averages and 3D reconstructions to each
other and to those from purified Tebl-F (Fig. 4b-d and Sup-
plementary Fig. 4a). Because Teb1C mediates Teb1 association with
other holoenzyme proteins™ and the N-terminal tag on Teb1BC abso-
lutely requires the associated holoenzyme to contain Teb1B, we con-
clude that the TeblB domain is positionally flexible and therefore did
not appear in the class averages and 3D reconstructions. Similarly, for
Teb1-FZZ purified particles, which could contain all of the
TebINABC domains, only TeblC is visible in the majority of class
averages. Teb1C was modelled into the electron microscopy density
map (Fig. 2a) based on the position of the C terminus identified by Fab
labelling and the best fit with the shape of the electron microscopy
density. The orientation around the y axis is not definitive. We
observed a small set of class averages (containing <<5% of the particles)
of F-Teb1BC and Tebl-F telomerases that show a weak extra density
above Teb1C (Fig. 4c, d), which we assign to Teb1B. The conforma-
tional flexibility of Tebl NAB domains relative to Teb1C is consistent
with structural studies of the paralogous large subunit of replication
protein A, which has three DNA-binding OB-fold domains that
become ordered relative to each other only upon binding to ssDNA™.

7-1-4 subcomplex has multiple orientations

Neither high-resolution structures nor exact biological functions of
the 7-1-4 subunits are known. Both the electron microscopy struc-
tures and previous biochemical data®' indicate they constitute a sta-
bly assembled subcomplex. Because no class averages lacking an
individual 7-1-4 subunit were observed, inter-subunit boundaries
could only be inferred from the class averages and Fab labelling of
the C termini of p19 and p75, which showed that these two subunits
are close together. In all class averages and 3D reconstructions, the
major class of particles had a 7-1-4 conformation with p75 positioned
across the top of the RNP catalytic core (Fig. 1c and Supplementary
Fig. 2) in the stable conformation (Fig. 5). All telomerase samples
show other positions of 7-1-4 in which it hinges away from the
RNP catalytic core while maintaining a physical connection to p50
(Fig. 5 and Supplementary Fig. 3¢). In these other conformations, the
region of the class averages where 7-1-4 is located appears ‘fuzzier’

20



BC C

— -

kDa
130—
55

434
34
26—

- TERT-ZZ

-F-Teb1BC

et F~Teb1C

Figure 4 | Contribution of Teb1 domains to holoenzyme structure and
activity. a, Cell extract western blots and two-step purified enzyme primer
extension assays of F-Teb1BC (BC, lane 2) and F-Teb1C (C, lane 3) telomerase.
Cell extract with TERT-ZZ alone (-, lane 1) is a negative control for specificity
of F-Teb1BC and F-Teb1C binding to Flag antibody. b-d, Comparison of class
averages (left column) of F-Teb1C (b), F-Teb1BC (c) and Teb1-F (d)
telomerases. Density assigned to Teb1B (white arrows) was seen in <5% of
particles, whereas density for Teb1C (black arrow in b) occupies a fixed position
in all particles. Class averages without and with TeblB density are represented
by the upper and lower rows of ¢ and d, respectively. Difference maps (middle
column) by subtracting b from the respective class averages and maps of
statistically significant (>4 ¢) regions in the difference maps (right column) in
c and d show Teb1B density (white arrows).

than the rest of the particle, consistent with conformational variability
in this part of telomerase holoenzyme. In ~10% of class averages from
every purification, including those with tagged p75 or p45, no 7-1-4
density is visible, indicating that some 7-1-4 positions are not well
defined relative to the RNP catalytic core (Fig. 3e and Supplemen-
tary Fig. 2). Binding of MS2cp to MS2hp holoenzyme seems to favour
p75 displacement from the stable position (Fig. 1c and Supplementary
Fig. 5g). Analysis of the various conformations indicates that 7-1-4 is
rotating as an intact substructure (Fig. 5). Telomerase product DNA
can be ultraviolet crosslinked to p45 as well as the TERT TEN
domain®*, which suggests that at least some orientations of 7-1-4
must bring p45 close to DNA.

Other conformations

Stable conformation

Figure 5 | Positional dynamics of 7-1-4. a, Teb1-F telomerase class averages
with p75 indicated (black arrows). b, 3D reconstructions of Teb1-F telomerase
showing different positions of 7-1-4.
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Implications for holoenzyme assembly and function
TERT and TER comprise a minimal set of telomerase subunits for
repeat synthesis in vitro™', but despite extensive efforts the 3D
arrangement and molecular interactions between TERT and TER
have not been previously defined. Although divergent in size and
sequence, TERs contain a t/PK domain and almost without exception
aseparate activating domain (SL4 in Tetrahymena), each with a TERT
binding site****. Here we have unambiguously located two elements of
Tetrahymena TER that constitute known binding sites for TERT and
modelled a path of the entire TER. The functional equivalent of
Tetrahymena TER distal SL4 in vertebrate TER is P6/P6.1, which
ultraviolet crosslinks to the same region of the TRBD where L4 is
located in our model®™. Our model structure thus provides insight
into human telomerase TERT-TER interactions and explains the
separable interactions of the TERT binding elements on the t/PK
and activating domains of TER.

Using classification and/or 3D reconstruction of 16 differently
labelled telomerase samples (Supplementary Table), we were able to
identify the subunit arrangement of the holoenzyme. The electron
microscopy results together with reconstituted enzyme activity assays
suggest a subdivision of holoenzyme functional units: the TERT-TER-
p65 catalytic core, p50-Tebl, and 7-1-4. Both structure determination
and activity assays of reconstituted holoenzyme subcomplexes estab-
lish a central role for p50, a subunit lacking any predicted domain folds.
The electron microscopy data reveal that 7-1-4 is a structural unit with
dynamic orientation relative to the rest of the holoenzyme. We suggest
that the positional dynamics of 7-1-4 coordinate telomerase holo-
enzyme with additional telomere synthesis or processing activities.

In the model for holoenzyme subunit interactions, the TERT TEN
domain, the lower region of p50 and TebIC have a triangulated
arrangement that suggests coordination by pairwise direct contacts.
The TERT TEN domain is required for RAP and has been implicated
in both ssDNA and TER binding>*"**. Although Tebl seems to con-
tact TERT, subcomplex structures never have Tebl in the absence of
p50, and reconstituted enzyme activity assays do not show Tebl func-
tion in the absence of p50. The assembly of p50 with the RNP catalytic
core markedly increases processive repeat synthesis, indicating that
p50 stabilizes enzyme association with ssDNA in potential functional
analogy to yeast Est3 and vertebrate TPP1**~**, favouring a productive
TERT TEN domain conformation and/or providing additional ssDNA
contact. Subsequent p50-dependent recruitment of Tebl further
enhances activity, which we speculate could occur through interaction
of p50 and the Teb1C OB fold. The physical location of p50 determined
by electron microscopy and its functional significance determined by
reconstitution assays suggest that p50 could be a critical determinant of
holoenzyme assembly in vivo. This first view of the architecture of a
complete telomerase holoenzyme provides unprecedented opportun-
ity to understand the biological mechanisms for coupling of telomerase
to its telomere substrates.

METHODS SUMMARY

Tetrahymena strain constructions and steps of tag-based affinity purification
were done as described® and as in Methods. To label the tagged subunit for
electron microscopy, telomerase particles were first purified using anti-Flag M2
antibody resin then bound to rabbit-IgG resin. The telomerase-bound IgG resin
was then incubated with Fab derived from anti-Flag M2 IgG, and elution was
effected by protease cleavage. Negatively stained electron microscopy specimens
were prepared with fresh telomerase samples, stained with 0.8% uranyl formate,
and examined with an FEI Tecnai F20 electron microscope operated at 200kV.
Frozen hydrated specimens were prepared using Quantifoil grids and imaged
with an FEI Titan Krios electron microscope operated at 120kV. The image
processing tasks, including image classification and RCT reconstruction, were
performed as described in Methods.

Telomerase activity assays were performed at room temperature using purified
telomerase complexes on Flag antibody resin with standard Tetrahymena holoen-
zyme reaction conditions using 0.3 pM **P-labelled dGTP. Holoenzyme recon-
stitution used synthetic genes encoding TERT-F, p75, p65, p50, p45 and p19 for



expression in RRI; TER purified following in vifro transcription by T7 RNA
polymerase; and N-terminally Hisq-tagged Teb1BC purified following bacterial
expression”.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS

Strain construction, growth and analysis. Tetrahymena strains TERT-FZZ,
Tebl-FZZ, p75-FZZ, p65-FZZ, p50-FZZ, MS2hp, p45-FZZ and p19-FZ7Z were
previously described™”. New strains ZZF-p50, TERT-ZZ/F-Teb1C and TERT-
ZZ/F-TeblBC were selected for targeted replacement of the endogenous locus
(ZZF-p50 or TERT-ZZ) and/or for MTT1 promoter-driven transgene integ-
ration at BTUI (F-Teb1C, F-Teb1BC) using the neo2 and bsr2 cassettes®.
Cells were grown to mid-log phase (2-4 10 cells per ml) at 30 °C in modified
Neff medium (0.25% proteose peptone (EMD Milipore Chemicals), 0.25% BD
Bacto yeast extract (Becton Dickinson), 0.2% glucose, 30 uM FeCl,). For large-
scale purifications, transgene expression was induced by addition of 6 pM CdCl,
1 h before harvesting. Cell extract preparation and affinity purifications for sub-
unit identification and activity assays were performed as described®. Genotypes
were verified by Southern blots and western blots using rabbit IgG (Sigma) to
detect the Z7 tag or anti-Flag M2 mouse monoclonal antibody (Sigma) to detect
the Flag tag. Reconstituted enzyme activity assays were performed at room tem-
perature using purified telomerase complexes on Flag antibody resin following
standard Tefrahymena holoenzyme reaction conditions (50 mM Tris-acetate,
pH 8.0, 10mM spermidine, 5mM 2-mercaptoethanol, 2 mM MgCl,, 100 nM
d(GT,G3)s, 200uM dTTP, and 0.3 uM **P-labelled dGTP) for 5min or with
3.0 M *?P-labelled dGTP for 15 min®. Holoenzyme reconstitution used synthetic
genes encoding TERT-FZZ, p75, p65, p50, p45 and p19 for expression in RRL;
TER purified following in vitro transcription by T7 RNA polymerase; and
N-terminally Hise-tagged Teb1BC purified following bacterial expression®.
Cell extract preparation and affinity purification for electron microscopy.
Cells were collected by centrifugation (5min, 2,100g), washed in 20 mM
HEPES NaOH, pH 8.0, and then resuspended in lysis buffer (30 ml per 1 of
growth) containing H2EG50 (20mM HEPES NaOH, pH8.0, 50 mM NacCl,
1 mM EDTA TS, 1 mM TCEP HCI, and 10% glycerol) supplemented with 0.1%
Triton X-100, 0.2% IGEPAL CA-630, 0.1 mM PMSF, 5 pM proteosome inhibitor
MG-132, and 1,000-fold dilution of Sigma Protease Inhibitor Cocktail P8340. To
effect cell lysis, resuspensions were rotated end-over-end for 20 min and cleared
by ultracentrifugation (1 h, 145,000g).

To minimize proteolysis, all purification steps were carried out at 4 °C and
additional washes were used in the early steps of purification as described below.
Rabbit-TgG agarose slurry (Sigma) (3 pl per ml of cell extract) was washed 3 in
lysis buffer, then added to cell extract for binding with end-over-end rotation
overnight. Resin was collected by centrifugation (1 min, 3,200¢) and washed 3
with no incubation and then 3> with end-over-end rotation (10 min) in wash
buffer (20 mM HEPES NaOH, pH 8.0, 50 mM NaCl, 1 mM MgCl,, 1 mM TCEP
HCI, 10% glycerol, and 0.1% IGEPAL CA-630). Telomerase was eluted with
tobacco etch virus (TEV) protease (30 nM) in wash buffer for 1 h. After elution,
supernatant containing holoenzyme was incubated with washed anti-Flag M2
affinity gel (Sigma) for 1 h (4 pl slurry per g of pelleted cells). After binding, anti-
Flag M2 affinity gel was washed as above. Elution was effected by addition of
glycerol-free wash buffer containing 3> Flag peptide (Sigma, 200 ngpul ).

Fab labelling for subunit identification. Anti-Flag Fab was prepared by incub
ating monoclonal mouse anti-Flag M2 IgG (Sigma) with resin-immobilized
papain {Thermo Scientific Pierce) and purified according to the manufacturer’s
protocol. To prevent masking of the 3 X Flag epitope present on the target subunit
by the 3 X Flag peptide required for elution, the tandem purification was done in
reverse order with anti-Flag M2 affinity gel purification followed by rabbit-IgG
agarose purification. Washing and elution were done as described above. To effect
Fab labelling, holoenzyme-enriched rabbit-TgG agarose was incubated (1h, 4 °C)
with wash buffer containing anti-Flag Fab (7.5 pgml ™ "). Excess Fab was removed
by washing 5X with wash buffer. Labelled holoenzyme was eluted with wash
buffer containing Hise-TEV protease (2nM). After elution, Hise-TEV protease
was removed from the elution by incubating with washed Ni-NTA agarose
(30 min, 4 °C).

Holoenzyme purification by MS2cp. Tetrahymena expressing MS2hp TER were
collected, lysed and clarified as described above. N-terminal Hiss-ZZF-MS2cp
bacterially expressed from pET28 was purified using Ni-NTA agarose. Rabbit-
IgG agarose was incubated with Hisq-ZZF-MS2cp in a 1:1 stoichiometry to
anticipated holoenzyme yield based on previous preparations. The enriched rab-
bit-IgG agarose was then washed 3 and added to clarified extract for overnight
incubation. Purification then proceeded as described above.

Electron microscopy specimen preparation and data collection. For negative
staining electron microscopy, 2 pl of telomerase sample was applied to a glow-
discharged grid coated with carben film. The sample was left on the carbon film for
10, followed by negative staining with 0.8% uranyl formate. Negatively stained
specimens were carefully examined by electron microscopy, and only the regions
with particles fully embedded in stain were selected for imaging. Electron micre
scopy micrographs were recorded on a TIETZ F415MP 16-megapixel CCD
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camera at 68,027 magniﬁcation in an FEI Tecnai F20 electron microscope oper-
ated at 200 kV. The micrographs were saved by 2X binning and had a pixel size of
4.4 A. Toovercome the problems of preferred orientation and structural variability
of the samples, 3D reconstructions were carried out using RCT method, which
takes advantage of classification to differentiate different conformations and tilting
to get lateral views for 3D reconstruction®. RCT images were collected with the
grids tilted at two angles successively (65 and 07) for each specimen area of interest
with the assistance of Leginon automation software™*'. To minimize the potential
smearing/stretching on 3D maps due to the missing cone problem in RCT data
collection, a high tilt angle (65°) was used. For samples where only 2D image
analysis was performed, micrographs were taken without tilting of the grids.
Total numbers of micrographs and particles used for analysis are summarized
in the Supplementary Table.

For cryo-electron microscopy, 2.5l of sample was applied to a glow-dis-
charged Quantifoil R2/1 grid. The grid was then blotted with filter paper to
remove excess sample, and flash-frozen in liquid ethane with an FEI Vitrobot
Mark TV. The grid was loaded into an FEI Titan Krios electron microscope
operated at 120kV. Micrographs were acquired with a Gatan UltraScan4000
16-megapixel CCD camera at 65,162 magnification with defocus values ranging
from —1.9 to —4.0 pm and an exposure dose of 20e ~ A~ %, and without tilting of
the grids. The micrographs with a pixel size of 2.3 A were used for data processing
without binning.
2D image reference-free classification. Particles from the untilted micrographs
were automatically picked using DoGpicker™. All particles in the micrographs,
including a small number of aggregated particles, were initially picked to aveid
bias in selecting particles. Particles were boxed out in 96 X 96 pixels (or 144 X 144
pixels for cryo-electron microscopy images) using batchboxer in EMAN™. The
defocus value of each micrograph was determined by CTFFIND** and the part-
icles were corrected for contrast transfer function (CTF) by phase-flipping with
the corresponding defocus and astigmatism values using bsoft™. The phase-cor-
rected particles were then iteratively (normally 9 iterations) classified using the
refine2d.py program in EMAN. The classification for each sample was done
independently without using any model or reference. The aggregated particles
clustered in the few classes showing poor structures were manually eliminated
during the iterations of classification. For the samples at very low concentration
(Fab-labelled p75-F, p19-F and p65-F telomerase, and MS2cp-labelled MS2hp
telomerase), a looser criterion for DoGpicker was used to pick more particles and
consequently some ‘fake’ particles from the stain background were also selected.
The class averages were visually inspected at several different iterations of clas-
sification to remove the ‘fake’ particles that were clustered in a small set of class
averages that show no structural features.

For the RCT 3D reconstructions (Supplementary Table), the screened particles
from the above steps were re-classified using the Correspondence Analysis
method in SPIDER . The class averages from the above EM AN classification step
were used as references for multi-reference alignment in SPIDER. Each new class
from this analysis was used for an RCT 3D reconstruction.

RCT 3D reconstruction and refinement. Corresponding particles from tilt pairs
(657 and 07) were picked using ApTiltPicker.py in Appion®* modified to optimize
automatic particle picking and verified by visual inspection. The 0 tilt particles
were classified as described above. Next, 3D RCT maps were reconstructed from
657 tilt particles. Particles within each class of the 0 tilt data set all have the same
conformation and the same orientation except in-plane rotation. Their corres-
ponding 657 tilt particles have different orientations due to in-plane rotation and
were combined to reconstruct one 3D map. Each 3D map was iteratively refined
with SPIDER followed by FREALIGN™ by refinement of the centre of 65° tilt
particles in the corresponding class. A representative refinement procedure is
shown in Supplementary Fig. 3b. The orientations of 65° tilt particles were cal-
culated from the in-plane rotation of the corresponding 0° tilt particles and the
geometric relationship between the 65° and 0° tilt micrographs, and kept fixed
during structure refinement. Multiple 3D maps were generated from RCT 3D
reconstruction because particles in different conformations were classified into
different classes each of which generated an individual 3D map. Representative
3D maps are shown in Supplementary Fig. 3c. Each 3D map was refined using
only the 657 tilt particles in its corresponding class. The defocus value of each 65°
tilt particle was calculated by CTFTILT program™ and then applied to 3D recon-
structions with FREALIGN for proper correction of phase and amplitude in CTF.

To estimate the resolution of the representative 3D map of Teb1-F telomerase
in the ‘stable’ conformation, the 2,220 65° tilt particles used to reconstruct that 3D
map were split into odd- and even-numbered halves and the halves of data were
used to reconstruct two 3D maps with FREALIGN using the determined orienta
tions and image centres, respectively, to calculate Fourier shell correlation (FSC).
The resolution is 25 A at FSC = 0.5 (Supplementary Fig. 4b). For comparison, the
FSC was also calculated using the recently introduced ‘gold standard” FSC



method®, in which the halves of data (both 65° and 0° tilt) were split at the
beginning for independent orientation determination, 3D reconstruction, and
refinement to generate two independent 3D maps. The ‘gold standard” FSC
suggests resolutions of 29A at FSC=0.5 and 24A at FSC=0.143
(Supplementary Fig. 4b). Since a high tilt angle (65°) was used for RCT 3D
reconstructions, the missing cone was minimized and did not have notable
impact on the structural interpretation of the 3D maps at the present resolution.
Evaluation of sample integrity by size-exclusion chromatography (SEC). To
confirm that the affinity-purified telomerase holoenzymes were intact after puri-
fication and that negative staining did not induce significant aggregation, we
obtained an SEC profile of a sample of affinity purified TERT-F telomerase
and electron microscopy images from the peak fractions (Supplementary Fig.
1c, d). The sample {50 pl) was run at 50 plmin~ ' on a Superdex 200 column in
the same buffer used for the electron microscopy samples except IGEPAL CA-630
was replaced by Tween-80. The SEC profile shows that the telomerase holoen-
zyme runs as a single peak with a constant A ym/A280nm ratio indicative of a
largely intact RN A -protein complex. The class averages of particles from the peak
fraction are identical to those for the affinity-purified sample (data not shown).
There are no later eluting peaks from dissociated subunits (which would have
different Asgo nm/A280 nm ratios).

Localization of Fab-labelled subunits. Each protein was assigned by identifying
the characteristic Fab density in the class averages and 3D reconstructions. The
3XFlag tag allows up to three Fabs to bind simultanecusly. Fab was observed
attached to all tagged telomerase particles except for p45-F. For p45-F telomer-
ase, Fabs were observed bound to free p45-F protein, while the p45-F telomerase
holoenzyme particles appeared unchanged. The location of p45 in the holoen
zyme was therefore assigned based on the density remaining after assignment of
TERT-F, Tebl-F, p75-F, p65-F, F-p50 and p19-F.

Fitting of atomic models into the 3D electron microscopy maps. The homology
model of Tetrahymena TERT RT-CTE domains was built using amino acids 520-
1117 and the Tribolium TERT crystal structure (PDB ID: 3KYL) as a template
with SWISS-MODEL”. The model of Tetrahymena TERT (TRBD, RT, and CTE
domains) was built by joining the crystal structure of Tetrahymena TRBD (PDB
ID: 2R4G) and the homology model of RT-CTE domains using the Tribolium
TERT crystal structure as reference for structural alignment. The model of
Tetrahymena TERT was then manually placed in an approximate position in
the electron microscopy density map, followed by docking into the electron
microscopy density map accurately using the “Fit in Map” function in UCSF
Chimera®. The location of the TEN domain, absent in Triboliuni TERT", was
supported by definition of the subunit boundaries of the adjacent TeblCand p50.
The crystal structure of Tetrahymena TERT TEN domain (PDB ID: 2B2A) was
manually placed into the electron microscopy density map. Its position was
iteratively adjusted to fit the empty density adjacent to the boundaries of Tebl
and p50 and the rest of TERT. Because the orientation of the TEN domain could
not be determined based on the electron microscopy density due to the limit of
resolution, we oriented it to be consistent with the homology model of human
TERT™. For fitting of p65 xRRM2:SL4, the putative electron microscopy density
of p65-TER cut from the full electron microscopy density map was used in order
to avoid interference from unrelated structures. The model of p65 xRRM2:SL.4*
was manually placed in the electron microscopy density map based on the loca-
tion of the C terminus determined by Fab labelling and then docked using the “Fit
in Map” function in UCSF Chimera. Its position was further manually adjusted to
avoid clashing with the model of TERT. To confirm the fittings of TERT and p65
xRRM2:SL4, these two structures were also fit into the electron microscopy
density map using the colores program in Situs®. The fitting with colores was
automated by 6D-space search and contour-based matching, and did not require
manual placing of high-resolution structures to approximate positions in electron
microscopy density maps. The crystal structure of Teb1C (PDB ID: 3U50) was
manually placed into the electron microscopy density map and its orientation was
adjusted so that the position of its C terminus was consistent with the result from
the Fab labelling experiment. The homology model of p65 La-RRML:AUUUU-
3'%61 was manually placed into the electron microscopy density map, and its
orientation was adjusted to match the shape of the electron microscopy density
map. Cross-correlation for the fittings were: TERT TRBD-RT-CTE, 0.91; TERT
TEN, 0.84; p65 xRRM2:SL4, 0.80; p65 La- RRM1I:AUUUU-3', 0.86; and Teb1C,
0.82. Although the position and orientation of p65 xRRM2:SL4 are well deter-
mined, the cross-correlation coefficient reflects the absence of the f2-p3 loop and
amino acids linking xRRM2 to RRM1 in the crystal structure®.

Structures of SL2, distal SL4 and the PK. Previously reported NMR structures of
SL2 and distal SL4*** were re-refined using a new nuclear Overhauser enhancement
(NOE) restraint list derived from re-analysis of all previously obtained 2D nuclear
Overhauser enhancement spectroscopy (NOESY) and 3D NOESY -heteronuclear
multiple quantum correlation (HMQC) spectra and a new set of residual dipolar

couplings (RDC) restraints {63 for SL.2 and 48 for distal SL4) collected using pfl
bacteriophage for the alignment media. The new PDB accession numbers for SL2
and distal SL4 are 2M22 and 2M21, respectively, and BMRB accession numbers are
18892 and 18891, respectively. A grid search produced optimal values for the mag-
nitude and asymmetry of the RDC alignment tensor of D, = —22.3 Hz, R = 0.38 for
S1.2, and D, = —17.5Hz, R = 0.40 for SLA. The structures were calculated from an
extended, unfolded RNA conformation using XPLOR-NIH v.2.9.8%* following
standard XPLOR protocols. A model structure of the PK was generated based on
the secondary structure and two U-A-U triples predicted by sequence analysis®.
XPLOR-NIH was used to calculate the structure from an extended RN A conforma-
tion as previously described®>*. A mock NMR restraint list was derived based on the
solution structure of the human telomerase PK*". For the two stems, A-form RNA
restraints were used for the dihedral angles and NOEs. NOEs for residues in the
stems include H6/H8 (Py/Pu) to its own sugar protons and to the sugar protons
{H1',H2',H3', H4") of the n — 1 residue, H6/H8 to H6/H8 sequential, and imine
sequential NOEs. For the PK loop 1, base-triple hydrogen bond restraints, planar-
ity restraints with PK stem 2 residues, and sequential stacking NOEs were used to
form the structured triple helix. PK loop 2 was given H6/118 sequential NOEs and
He6/H8-H1' NOEs within the minor groove of PK stem 1 to place itin the expected
conformation.

Modelling of TER. First, the position of the template in TER was determined by
matching the crystal structure of Tribolium TERT-nucleic acid complex (PDB ID:
3KYL) with the docked model of Tetrahymena TERT. Second, the position of SL4
was determined by the docking of the atomic model of p65 xRRM2:5L4 complex
into the electron microscopy density map. Third, the atomic model of SL2 was
manually placed into the electron microscopy density map and its position was
iteratively adjusted to match the result from MS2cp labelling experiment. S1
{modelled as A-form RNA) and the PK were placed into the electron microscopy
density map based on physical constraints with the restof TER. S1 is connected to
$4 by 4 nucleotides and to S2 by 10 nucleotides. The model of the 31 nucleotide
PK, which is connected to S1 by 3 nucleotides and to the template by the TRE, was
fit into the only region of unoccupied density, between the TRBD and TEN
domains, remaining after all the other major elements of TERT and TER were
localized. Although the modelled positions of the TRE 3” to the template (Fig. 1a)
and the top of the pseudoknot could potentially be swapped with the TEN
domain, they would still be on the same side (right side or behind in Fig. 2a or
2b, respectively) of the TERT TRBD-RT-CTE ring that has the active site and
bound template. In either case, the TRE appears to be close to the TEN domain.
The single-stranded regions of TER (except the template) were initially modelled
as ideal A-form single-stranded RNA and their structures were modified using
the “Minimize structure” function in UCSF Chimera to connect with their
respective folded RNA fragments. The electron microscopy density maps and
the modelled protein and RNA structures were visualized with UCSF Chimera.
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CONTRIBUTION TO:
THE ARCHITECTURE OF TETRAHYMENA TELOMERASE HOLOENZYME
Introduction

In Jiang & Miracco et al. 2013 Nature [1], the negative stain electron microscopy structure of
Tetrahymena telomerase is reported at 25 A resolution. In this work the authors were able to
determine the relative locations of six out of seven of the known protein subunits through fab
labelling of an engineered 3x FLAG tag on the C-termini of TERT, p65, Teb1, p75 and p19, and on
the N-terminus of p50 [2]. The C-terminus of p45 was also labelled but 2D class averages failed to
identify a convergent position for the fab. To localize the RNA subunit, an optimized hairpin that
binds to the bacteriophage MS2Z coat protein [3, 4] was introduced, via replacement at the
endogenous locus, to the end of Stem-loop II (SL2) on TER (Figure 2.6) by our collaborators in the
Collins lab. This mutation was previously shown to not interfere with telomerase activity in vivo
and in vitro [5].

The MS2 coat protein binds the MS2 hairpin (MS2-hp) as a 30 kDa dimer that is distinguishable
by negative stain EM. By comparing the negative stain 2D class averages of the MS2 bound
telomerase with that of free telomerase, the relative location of the MS2 hairpin and thus SL2 can be
determined. To obtain a homogenous and MS2 labelled sample, the purification was performed
using ZZtag-TEVsite-FLAGtag-MS2 coat protein to pull down telomerase. The V75E, A81G MS2 coat
protein mutant which allows dimerization but suppresses capsid formation was used [6].

Results

The purification of MS2-telomerase was ~1/2 - 1/4 of a normal yield and much less pure (Figure
2.7). However, the negative stain EM images of the sample yielded 2D class averages of sufficient
quality to identify and locate the MS2 coat protein dimer bound to the telomerase RNA (Figure 2.8)
relative to the holoenzyme. Interestingly, in many of the class averages, p75, p45 and p19 appear to

be sterically hindered by the MS2 coat protein and cause the p75-p45-p19 subcomplex to adopt an
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alternative conformation relative to the holoenzyme or be completely displaced. The results and

implications are discussed in detail in Jiang & Miracco et al. 2013 Nature [1].
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Figure 2.6. MS2-hp addition to Tetrahymena TR stem-loop Il. (a) Wild-type Tetrahymena
telomerase RNA. (b) Tetrahymena telomerase RNA with residue A28 (*) replaced by a 19 residue

hairpin (red) optimized for MS2 coat protein binding.
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MS2 TERT-FZZ
telomerase telomerase

Figure 2.7. Silver stained 4-12% SDS PAGE gels of MS2 purified telomerase. MS2 purified (left)
compared to TERT-FZZ purified (right) telomerase. The molecular weight standard used is the
Benchmark unstained ladder from Invitrogen.
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Figure 2.8. Localization of stem-loop Il of Tetrahymena telomerase TR. (a) Representative
negative stain EM class averages of purified MS2 bound telomerase. C-terminus of p75 is denoted
with a black arrow and the MS2 coat protein dimer is indicated with a white arrow. (b) Typical 2D
class average of telomerase with no MS2 or fab labelling and final 25A 3D reconstruction with
TERT (blue), TR (black), p65 (green), and Teb1C (orange) modelled in. SL2 is located ‘behind’
TERT.
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Methods

12 liters of Tetrahymena culture at ~400,000 cells/ml (~75g pellet) were harvested by
centrifugation (4,000 g), lysed by detergent, and clarified by ultracentrifugation (150,000 g) to
generate ~300 mls of soluble lysate. MS2-hp telomerase was pulled down from the lysate by
overnight end over end incubation of 300 ul of “MS2 resin” (ZZtag-tevsite-FLAGtag-MS2 bound IgG
resin). Resin was collected and washed 3 times “fast” and 3 times “slow” (10 minute incubations in
wash buffer rotating end over end). FLAGtag-MS2 bound telomerase was “eluted” from the resin
using 500 ul of wash buffer with 10 ug of TEV protease with end over end rotation for 1 hour. The
cleavage eluate is further purified by binding to 50 ul of FLAG resin, 3 fast and 3 slow washes, and
elution with 50 ul of 1mg/ml FLAG-peptide.

To generate “MS2 resin,” Histag-ZZtag-TEVsite-FLAGtag-MS2 was first purified by nickel affinity
and size exclusion chromatography from recombinant expression in E. coli. 10 ug of purified Histag-
ZZtag-TEVsite-FLAGtag-MS2 which represents ~5x stoichiometric excess of theoretical telomerase
yield (~10 ug) was bound to 300 ul of IgG resin. This amount and method was chosen to optimize
pulldown of MS2-hp telomerase while preventing oversaturation of the IgG with free MS2 which

could compete with MS2-telomerase in the final FLAG purification step.
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Structure of Tetrahymena telomerase
reveals previously unknown subunits,
functions, and interactions
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Telomerase helps maintain telomeres by processive synthesis of telomere repeat DNA

at their 3-ends, using an integral telomerase RNA (TER) and telomerase reverse
transcriptase (TERT). We report the cryo—electron microscopy structure of Tetrahymena
telecmerase at ~9 angstrom rescluticn. In addition to seven known holoenzyme proteins, we
identify twe additional proteins that form a complex (TEB) with single-stranded telomere
DNA-binding protein Tebl, paralogous to heterotrimeric replication protein A (RPA).

The p75-p45-pl19 subcomplex is identified as another RPA-related complex, CST
(CTC1-STNI-TENI). This study reveals the paths of TER in the TERT-TER-p65 catalytic
core and single-stranded DNA exit; extensive subunit interactions of the TERT essential
N-terminal domain, p50, and TEB; and other subunit identities and structures, including
p19 and p45C crystal structures. Our findings provide structural and mechanistic insights

inte telomerase holoenzyme function.

elomerase is a ribonucleoprotein (RINF) com-

plex that extends the telomere DNA at the

3 ends of linear chromosomes, thereby

counteracting the loss of DNA from repli-

cation and nucleolytic processing (7, 2). Al-
though telomerase is largely inactive in somatic
cells, it is active in stem cells and highly active in
most cancer cell lines, where its activity is neces-
sary for their immortal phenotype (3-5). Thus,
telomerase is an important regulator of aging,
tumorigenesis, and stem cell renewal. Telomer-
ase uses a template contained within the integral
telomerase RNA (TER) and a telomerase reverse
transcriptase (TERT) to synthesize multiple copies
of the G-strand telomere repeat (TTGGGG in
ciliates and TTAGGG in vertebrates). Telomerase
recruitment to telomeres is regulated by the cell
cycle, where its activity requires interplay be-
tween telomere end-protection and telomerase
proteins (6). Telomere end-maintenance also re-
quires coordinated recruitment of telomerase
and DNA polymerase « for synthesis of the G and
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C strands, respectively (7, 8). In humans, telomerase
is recruited to telomeres by components of shelterin
(6). Specifically, the TERT essential N-terminal
(TEN) domain interacts with TPP1 (9-11), which,
in complex with protection of telomeres 1 (POTT),
is a processivity factor (6, 72, 13). The budding
veast telomerase holoenzyme subunit Est3 is
a structural homolog of the oligosaccharide/
oligonucleotide-binding (OB) fold of TPP1 (I4)
and, like TPPI, interacts with the TEN domain
(15). In addition to recruiting telomerase, the
human TPPI-POTI complex recruits the replica-
tion protein A (RPA)-like CST (CTCI-STNI-TENT)
complex. RPA binds sequence-nonspecifically to
single-stranded DINA (ssDINA) and plays a cen-
tral role in DNA replication and repair through
protein recruitment (76); CST complexes have
been proposed as telomere-specific RPAs (J7).
CST stimulates DNA polymerase o for C-strand
synthesis and has other diverse functions in dit-
ferent organisms (8, 718-20). Mammalian CST acts
as an inhibitor of telomerase action, determines
telomeric 3’ overhang structure, and plays broader
roles in telomere duplex replication and genome-
wide replication restart (&8, 18, 20, 2I). Budding
yeast CST (Cdecl3-Stnl-Tenl) subunit Cdel3 re-
cruits the telomerase holoenzyme to telomeres
via interaction of Cdel3 with telomerase subunit
Estl, associated with Est3 (22-24).

Telomerase can synthesize telomere repeats in
vitro with only TERT and TER, but physiclogical
function requires a variety of other proteins (25, 26).
Unlike yeast and mammalian telomerase, Tetra-
hymena telomerase is constitutively assembled
(27, 28), making it possible to purify and study all
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holoenzyme components in a stable complex (2¢).
In addition to TERT and TER, the Tetrahymena
telomerase holoenzyme contains six other known
proteins: pa5, P75, p4s, P19, pa0, and Tebl (28).
TER contains a template/pseudoknot (t/PK) do-
main, which encloses a template with sequence
complementarity to ~1.5 telomere repeats, and a
separate activating domain (39). Although TER is
essential for activity, the physical arrangement of
TER on TERT has remained largely unknown.
TERT comprises a telomerase RNA binding do-
main (TRBD), reverse transcriptase (RT), and C-
terminal extension (CTE) that form a TERT “ring”
(31, and a separate TEN domain (32) that is im-
portant for DINA handling and telomere repeat
addition processivity (RAP) (6, 26). p65 binds the
TER activating domain [stem-loop 4 (SL4)], in-
ducing a large bend in the RNA that facilitates
assembly of TERT with TER to form the RNP
catalytic core (33, 34). Tebl is a paralog of hu-
man RPA70, the large subunit of RPA (16, 28).
Direct single-stranded telomere DNA binding
by Tebl is necessary for telomerase recruitment
to telomeres (27), where it may compete for bind-
ing with the Tetrahymenc telomere end-binding
Potla (35). p75, p45, and p19 form a ternary com-
plex whose structure and function remain largely
unknown (28). The 25 A resolution negative-stain
electron microscopy (EM) structure and individ-
ual subunit affinity labeling revealed the overall
architecture of Tetrahymena telomerase, where
TERT occupies the center of the holoenzyme
with p65 bound to SL4 below (29). p50, which
forms a central hub linking the TERT-TER-p65
catalytic core, p75-p46-pl9, and Tebl, can greatly
increase RAP and, with Tebl, can dramatically
enhance the rate and processivity of long-product
synthesis (29, 36). A detailed mechanistic descrip-
tion of telomerase and its interaction at telomeres
has been hampered by a lack of structural mod-
els, due to difficulties in obtaining samples of
sufficient quantity and quality, as well as subunit
complexity and flexibility and low sequence iden-
tity among subunits from different organisms.
Here we report 9.4 and 8.9 A cryo-electron mi-
croscopy (cryo-EM) structures of Tetrahymena
telomerase holoenzyme. Combining the cryo-EM
structures with data from x-ray crystallography,
nuclear magnetic resonance (NMR) spectroscopy,
negative-stain EM, and mass spectrometry, we
discovered two RPA-related complexes: an RPA
paralog TEB, comprising Tebl and previously
undetected proteins Teb2 and Teb3, and a CST
complex comprising the previously structurally
uncharacterized p75-p45-pl9. Both are tethered
to p50, a potential structural and funetional homo-
log of TPPL, which in turn binds TERT. A pseu-
doatomic model of the TERT-TER-p65 catalytic
core reveals the path of TER on TERT and the
location of the TEN domain, and an exit path for
the telomeric repeat DNA is proposed, together
providing insights into the enzyme mechanism.

Cryo-EM reconstruction and
overall structure

Telomerase holoenzyme endogenously assembled
in Tetrahymena thermophila was affinity-purified



from a strain bearing a C-terminal 3xFlag (F) and
tandem protein A (ZZ) tag on TERT (TERT-FZZ)
(29). Cryo-EM specimens of Tetrahymmena telo-
merase holoenzyme were prepared using “holey”
carbon grids and imaged using a Gatan K2 Sum-
mit direct electron detection camera with dritt
correction (fig. 81). In addition to the preferred
front view, particles showed various orientations,
which are required for three-dimensional (3D
reconstructions (fig. S2 and methods). Using
40,754 particles, we obtained the intact structure
of the Tetrahymenda telomerase holoenzyme at
an overall resolution of 9.4 A (Fig. 1, Ato €, and
fig. 81). The negative-stain EM study revealed that
the p75-p45-p19 subcomplex is conformationally
dynamic (29), which is also apparent in the eryo-
EM images (fig. 81, C and D). Therefore, to im-
prove the resolution of the less flexible region, we
used a soft mask to exclude the p75-p45-p19 sub-
complex from the cryo-EM structure refinement.
The resulting reconstruction has an overall re-
solution of 8.9 A, with distinguishable secondary
structure elements of proteins and RNA (Fig. 1,D
to F, and figs. S1 and S3).

Using the features of the secondary structure
elements, we were able to rigid-body fit the avail-
able atomic-resclution and homology models of
protein domains and RINA helical elements (table
$1) unambiguously into the 8.9 A cryo-EM map,
except for p75-p45-p19 homologs that were fit into
the 9.4 A cryo-EM map (Fig. 1 and fig. 83). All
helical elements of TER—i.e., stem 1 (S1), stem-
loop 2 (SL2), SL4, and the pseudoknot (PK)—are

clearly visible with distinct grooves (Fig. 1F), and
the path of the single-stranded regions can be ap-
proximately traced, although bases cannot be dis-
cerned. This allowed us to build a pseudoatomic
model of the TERT-TER-p&5 catalytic core and
TeblC. The locations of these subunit domains
are the same as modeled in the negative-stain EM
map within experimental resolution (29), with two
exceptions: TebIC [whose C terminus was correctly
localized by Fab labeling (29)] is behind the TEN
domain where the PK had been placed, whereas
the PK is on the opposite side of TERT by the CTE.
In addition, as discussed below, Tebl forms a heter-
otrimer with two newly identified proteins, whose
location was previously assigned to TebIC. The p75-
P45-pl9 ternary complex, whose subunit bounda-
ries could not be determined in the negative-stain
EM map (29), is revealed to contain an RPA-like
heterotrimer of OB-fold proteins with the domain
structure of a CST complex. Overall the pseudo-
atomic models of the TERT-TER-p65 catalytic core,
Tebl-Teb2-Teb3, and p75-p46-pl9, which are all
linked to p50 in the cryo-EM maps, reveal an intri-
cate network of interactions between the subunits.

The TER t/PK domain encircles
the TERTring

Tetrahymena TERT TRBD-RT-CTE forms a ring-
shaped structure and was modeled using the
crystal structure of a partial Tetrahgmena TRBD
(residues 259 to 265 and 277 to 519) (37) and a
homology model based on the RT-CTE in the
Tribolim (flour beetle) TERT crystal structure

Fig. L Cryo-EM reconstructions of Tetrahymena telomerase holoenzyme. (A) Front view of the 94 A
cryo-EM map, with the catalytic core, TeblC-TebZN-Teb3 (TEB), p7/5C-p45N-plS {CST), and p50ON colored
in blue, gold, copper, and red, respectively. {B) Front view of the 94 A cryo-EM map (gray surface) with
pseudoatomic models of the TERT-TER-p6&b catalytic core, Teb1C-Teb2N-Teb3, and p75C-p45N-plg.
(C) Side view of the eryo-EM map and pseudcatomic models shown in (B). (D)} Back view of the 89 A
crye-EM map colored as in (A). (E) Back view of the 8.9 A cryo-EM map, showing pseudoatomic models
of TERT-TER-pB5 and TeblC-Teb2N-Teb3. {F) Close-up views of fitting of TER helical domains PK, SL2, 51,
and SL4 and TEN domain into the 8.9 A cryo-EM map. TERT domains are TEN {cyan), TRBD (dark blug),
RT (violet, with IFD labeled in violet), and CTE {light blue). Cther proteins and TER are colored individually.
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(Fig. 2A) (31, 38). Tribolium TERT lacks the TEN
domain, and therefore the position of TEN rela-
tive to the TERT ring has remained uncertain.
Fitting of the Tetrahgmena TEN domain crystal
structure (32) into the cryo-EM map (Fig. 1F) re-
vealed its location on the active-site side of the
TERT ring, stacked over the CTE, (Fig. 2A and fig.
54A). Residues 640 to 740 of the insertion in
fingers domain (IFD) in the RT [which are not
modeled, as the Tribolium TERT IFD is much
shorter than in Tetrahymena and other organ-
isms (39, 40)] appear to be near the TEN domain
(Figs. 1B and 2A). The evolutionarily noncon-
served sequence (residues 178 to 258) that con-
nects TEN to the TERT ring has no available
atomic structure and appears undefined in the
cryo-EM maps. Consistent with this lack of a fixed
conformation, the TEN domain can be assembled
in trans with TER and the TERT ring to form an
active catalytic core without linker residues 195
to 215 (41, 42).

Tetrahymena TER comprises a circular t/PK
domain, closed by a short 81, that contains the
template, the 3'-flanking template recognition
element (TRE), the template boundary element
(TBE; also called the TERT binding element),
SL2, and PK; and an activating domain (SL4),
which is connected to S1 by a short single-stranded
linker (Fig. 2B) (30). TER was modeled by fitting
previously determined (SL2, p65xRRM:54, 14) and
newly determined (PK) (table 54) NMR structures
into the cryo-EM density (see methods). The core
t/PK domain encircles the TERT ring approxi-
mately perpendicularly, such that the template
extends across the bottom of the RT domain on
one side of the TERT ring, whereas the PK is on
the other side next to the CTE (Fig. 2, Cto E, and
fig. 849. The bottom of 52 is adjacent to the TRBD
CP motif, and the 3’ end of the TBE is also near
the T motif (Fig. 2C and fig. S4), as predicted
(29, 37).

The PK, a conserved element of TER that has
been proposed to contribute directly to catalysis
(43), is on the opposite side of the TERT ring and
far from the active site (~20 A away) (Fig. 2, C
and E, and fig. $4A). The PKs of human and yeast
TERs contain conserved interactions that stabi-
lize the PK fold through formation of base triples
between loops and stems that are important for
activity (43-45). The smaller Tetrahymenc telo-
merase PK has two base triples in the NMR strue-
ture at 10°C and is not stably folded at higher
temperatures in the absence of TERT (44). Based
on the position of the PK on TERT, we conclude
that, rather than contributing directly to cataly-
sis, the correct PK fold is important for proper
positioning of TER on TERT. [t is plausible that
the PK acts like a watchband ratchet clasp during
catalytic core assembly, partially or completely un-
folding to allow the TER t/PK domain to fit around
the TERT ring and then locking onto the TERT
ring by folding of the PK. An indirect effect on
assembly may explain why mutations that either
stabilize or destabilize the PK, at least for human
TER, affect telomerase activity in vitro (45).

Outtside of the TER t/PK domain, only L4in S1/8L4
comes into contact with TERT (Fig. 2, C, E, and F;



Fig. 2. Structure of the TERT-TER-p65 catalytic core. {A) Madel structure of TERT, showing the
putative IFD (light violet), active-site catalytic triad residues {red), linker {dctted blue line), and TER TRE.
{B) Secondary structure of TER. Lacations of CTE and TRBD on TER are indicated with dotted lines.
{C) Pseudoatomic model of TERT ring-TER, showing TBE-template-TRE and L4 on TERT, viewed from the
active-site side of TERT. (D) Front view of the 8.9 A crya-EM map, showing a pseudoatomic model of
TER. {E) Front view of the pseudoatomic model TERT-TER-p65 catalytic core. The putative location of
IFD is shown as viclet oval. (F) A region of the 89 A cryo-EM map and pseudeatomic madel showing L4
at the interface of TRBD (helix a8) and CTE (helix a22a, residues 975 to 983). The numbering of
Tetrahymena TERT secandary structure elements follows that of the Tribolium TERT structure.

and fig. S4A). The p65 La-RRMI binds the 3
polyU tail (33, 47). La-RRMI has low resolution
in the eryo-EM map, probably due to flexibility or
partial disassociation (fig. 81), but appears to be
associated with both the 3’ tail and the 5 end of
S1, thereby possibly linking the 3" and 5’ ends of
TER (Fig. 2E). p65 C-terminal xRRM2 (33) binds
to and bends 54, inserting L4 between the end of
TRBD helix ¢8 and a short helix from the CTE
(022a) that does not exist in Tribolingm TERT but
has well-defined density in the 89 A cryo-EM
map (Fig. 2F). In complex with p&5, S14 stim-
ulates activity, hierarchal assembly, and holo-
enzyme stability (33, 34, 47, 48). L4 binds with
high affinity to the TRBD, but its specificity for
the CTE remains unknown. A hypothesis consist-
ent with the above, as well as the location of L4
far from the active site and PK, proposes that L4
stabilizes a closed conformation of the TERT ring
via specific interactions with TRBD and CTE.
The TER single-stranded region containing
TRE, the template, and 3'TBE spans the active-
site side of the TERT ring between the CTE and
the TEN domain, across the RT, and over the
TRBD T/CP pocket, respectively (Fig. 2C). The
cryo-EM structure is of telomerase in the apo
state before binding telomeric ssDINA. The TRE
nucleotides, on the 3' side of the template, pass
between the CTE and the TEN domain and could
contact the TEN domain. There is clear cryo-EM
density for the 3 half of the template only (fig.
S3E), suggesting flexible positioning of the &’ res-
idues close to the TBE. Based on the distance from
TER 82, the template appears to be positioned
near where it would be at the end of telomere
repeat synthesis—i.e., the 5" end of the template

is closest to the active site. The template also
appears to be displaced by ~7 A from its posi-
tion at the active site in the crystal structure of
Tribolion TERT in complex with an RNA-DNA
hybrid helix (38), as propesed for the strand-
separation step (49). The position of S2/TBE on
TERT relative to the 5’ end of the template sug-
gests a structural mechanism for template bound-
ary definition. The single-stranded residues of
the TBE, which flank S2, wrap on either side of
the TERT ring (Fig. 2C and fig. $4B). At the end
of telomere repeat synthesis, the S2 and TBE-
TRBD interactions could act as an anchor to prevent
residues beyond the template from being pulled
into the active site (Fig. 2C and fig. S4B).

Tebl forms an RPA-like complex with two
newly identified proteins

Although Tebl has four OB-fold domains (N, A,
B, and C) (50), only the TeblC domain and, in
some cases, very weak density for TeblB were
apparently visible in the negative-stain EM class
averages of Tetrahymena telomerase (29). Fitting
of TeblC into the cryo-EM map revealed density
of unknown origin in the “knob” next to TeblC
(Fig. 3 and fig. S5A). An exhaustive analysis of the
potential positions and fittings of other holoen-
zyme proteins revealed no known candidates for
the knob density (fig. S5A). Because Tebl is an
RPAT0 paralog, we investigated whether this part
of the cryo-EM map might contain paralogs of the
other two RPA subunits (RPA32 and RPAT4). We
found that the crystal structure of the RPA heter-
otrimeric core complex (RPAT0C-RPA32N-RPAT4)
(51) fit particularly well into the cryo-EM map,
with RPATOC positioned in the cryo-EM density
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Fig. 3. Identification of two previously unknown
holoenzyme proteins, Teb2 and Teb3. Shown are
twa views of the knob and TeblC region of the 88 A
cryo-EM map with a model of Teb1C-Teb2N-Teb3
based on fitting of RPA7OC-RPA3ZN-RPA14 into
the cryo-EM map, followed by replacement of
RPA70OC with TeblC, except for the RPA7OC C-
terminal ¢ helix. The TEN domain is shown in cyan.
The three-helix bundle between the C-terminal res-
idues of Teb1C, TebZN, and Teb3 {maodeled from
RPA) is highlighted with dashed lines. The inset
shows the corresponding back view of the holo-
enzyme for reference.

for Teb1C and the RPA32N and RPAl4 OB folds
in the knob (Fig. 3). RPA trimerization requires
the formation of a three-c-helix bundle from the
CAermini of RPA70, RPAT4, and RPA32N. The pre-
dicted C-terminal o helix of Teb1C is disordered in
the crystal structure (50). However, in the cryo-EM
map there is clear density of three a helices in-
volved in the trimerization, with one of them
near the C terminus of TeblC, which we modeled
in from the RPA70 structure (Fig. 3 and fig. S3H).

To confirm the presence of putative Tebl het-
erotrimer proteins in the holoenzyme, we used
liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) to analyze telomerase purified
from the TERT-FZZ strain. All seven of the known
Tetrahymena telomerase proteins, plus two addi-
tional hypothetical proteins (TTHERM_ (01113129
and TTHERM_00439320) (www.ciliate.org), were
detected with high confidence (table 52A). PSI-
BLAST (Position-Specific [terated Basic Local Align-
ment Search Tool) (52) searches of corrected cDINA
sequences of these 31- and 14-kD proteins showed
homology with predicted RPA32 and RPAT4 ho-
mologs, respectively. Secondary structure predic-
tions by Jpred4 (53) are consistent with an OB
fold for the 14-kD protein and an N-terminal OB
fold and C-terminal winged-helix (WH) domain
for the 31-kD protein. Multiple sequence align-
ments of these domains with RPA32 and RPAT4
orthologs show high similarity (fig. $6). We pre-
viously observed that telomerase purified from



a Tetrahymena strain containing N-terminally
ZZF-tagged p50 (F-p50 telomerase) lacks the
knob (fig. S5B) and has low RAP, which was
attributed to the loss of Tebl induced by the ZZF-
tag on p50 (29). We analyzed F-p50 telomerase
by LC-MS/MS and found that the two newly
identified proteins and Tebl are absent (table S2B),
which confirms that these two additional proteins
are located at the knob in the cryo-EM map and
form a complex with Tebl. We conclude that
there are two previously undetected proteins in
the Tetrahymena telomerase holoenzyme that
form a heterotrimer with Tebl, here named TEB,
paralogous to the ssDNA binding RPA, except spe-
cific for telomeric G-strand DNA. In Tetrahymena,
only the large subunit of RPA, Rfal, has been
identified (54). Transcript expression levels of
the two newly discovered Tebl-binding proteins,
here named Teb2 and Teb3, are much higher
than other telomerase proteins and more similar
to the level of Rfal, as judged by expressed se-
quence tag abundance (55). These observations
suggest that these two subunits may be shared
between Tetrahymena RPA and TEB.

Multiple interactions between TEN, TEB,
and p50 regulate telomerase activity

The TEN domain has been identified as a major
determinant of telomerase activity (6, 42). In ad-
dition to its potential TRE interaction (Fig. 2),
the cryo-EM map reveals that TEN is adjacent to
P50, Teb1C, Teb2N, and the IFD (Fig. 4, A and B).
TEN, TeblC, and p50 contact each other in a
triangular arrangement. The Teb1C-TEN inter-
action is clearly defined in the pseudoatomic
models (Fig. 4C). A Tebl Phe™°—Ala®* (F500A)/
F648A double mutant was previously shown to
ablate purification of telomerase by Tebl-FZ7
expressed in cells (27). These two residues of
Tebl are on the Teb1C-TEN interface (Fig. 4C),
accounting for the loss of function. In the cryo-
EM map, the density of TEN is also in contact
with that of Teb2. TEN residues 77 to 87, which
are missing in the crystal structure due to dis-
order (32), might form a structured interface
with Teb2lN in the holoenzyme (Fig. 4D). In vitro
telomerase reconstitution activity assays, which
lacked Teb2 and Teb3, showed that deletion of
the TebIC putative C-terminal o helix (ACToH)
had little effect on activity (27, 54). However,
purification of Teb1(ACTaH)-FZZ expressed in
vivo did not recover any telomerase activity or
holoenzyme subunits, indicating no in vivo telo-
merase assembly with TebI(ACTaH) (27). Thus,
Teb2 and Teb3, which interact with the TebI C-
terminal o helix, likely stabilize association of Tebl
with telomerase.

To provide biochemical evidence for these in-
teractions, we used in vitro reconstitution of com-
plexes with individual TEB subunits expressed in
rabbit reticulocyte lysate (RRL) to investigate
whether Teb2-Teb3 had any etfect on telomerase
activity (Fig. 4E). Our activity assays were designed
to be sensitive to improved holoenzyme assem-
bly of Tebl by the use of a very low level of Tebl
expressed in BRI, rather than a. saturating concen-
tration of purified bacterially expressed protein,

and by purification of RNP from unbound Tebl
before the activity assay. Addition of Tebl to the
catalytic core plus p50 greatly increases RAP, as ex-
pected from previous studies (29, 34). Coexpression
of Teb2-Teb3 with Tebl further increased overall
activity, consistent with additional stabilization
from synergistic interaction of Teb2 with the TEN
domain and TebIC. Addition of Teb2-Teb3 alone,
without Tebl, provided no activity enhancement.
Together, the cryvo-EM structure, activity assays, and
in vivo functional studies (27) discussed above sup-
port the notion that the TEN-TEB protein interac-
tion network has crucial physiological importance.

The cryo-EM density of p50N appears to con-
tact the TEN domain, as well as TeblC, the IFD,
and p75-p45-plo (Figs. 1, B and E, and 4A). p50,
which has no known sequence or structural ho-
mology to other proteins, has a 30-kD N-terminal
domain (p50N) that is required for the high level
of processive repeat synthesis conferred by p50
binding to the catalytic core (36). Only pSON is
apparently visible in the class averages and 3D
reconstructions of negative-stain EM images (36)
and also in the cryo-EM maps. Like TPP1, p50
contacts the TEN domain (Fig. 4, Aand B), and

Fig. 4. Subunit inter-
actions between p50,
TEN, IFD, TeblC,
Teb2N, and Teb3. (A)
Region of the 88 A
cryo-EM map showing
density linking p50N,
TEN, IFD, and TEB. The
inset shows a sche-
matic of the interac-
tions. Dotted lines
represent inferred inter-
actions from the cryo-
EM density and atomic
models fitted to the
cryo-EM map. {B)
Interactions between
phON (red, cryo-EM
density), TEN, TeblC,
and Teb2N. The TEN
residue K80 side chain
corresponding to the
human TEN domain
residue K78 that inter-
acts with TPP1, R137,
and the B3-B4 hairpin
{residues 112 to 120)
is highlighted in violet.
{C) Interactions
between TEN and
TeblC. TeblC F530/
F&48 residues {orange

like TPP1-POT1 (13), p50-Tebl greatly increases
RAP (36). These data suggest that p50 could be
a structural and functional ortholog to verte-
brate TPP1. Although TPP1 was initially iden-
tified as a telomere binding protein complex
with POT1 bound to the G-strand overhang to
block telomerase access, it has emerged as also
being the direct mediator of telomerase recruit-
ment, activation, and homeostasis set-point reg-
ulation (6, 7, 56, 57). We fit the structure of the
TPP1 OB fold into the 89 A cryo-EM map, but
only the characteristic OB-fold B barrel matches
well to the cryo-EM density (fig. 53, M to O). This
is not surprising, due to the expected cofolding of
P50 loops and helices with its interaction part-
ners. Though the fitting does not provide defini-
tive structural homology to TPFP1, it does provide
evidence that p50N is an OB fold.

The TEN domain has an extensive interface
with p50 that apparently includes residues 122 to
127, which are missing in the crystal structure
due to disorder (32) (Fig. 4B) and may cofold with
p50. We tested whether other TEN domain in-
teractions with p50 inferred from the pseudoa-
tomic model and cryo-EM map were important
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stick) that together abrogate the Teb1C-TEN interaction and the TEN B3-B4 hairpin (viclet) are indicated.
TEN residues 122 ta 127, disordered in the crystal structure, are represented by dotted lines in (B) and
{C). (D) Interactions between TEN and Teb2N. TEN residues 77 ta 87, disordered in the crystal structure,
are shown as a dashed line. Pseudoatomic models of TEN, TeblC, and Teb2N interactions are based on
crystal structures of TEN, TeblC, and RPA3ZZN-RPAl4 fit into the 8.9 A eryo-EM map. (E and F) In vitro
reconstitution telomerase activity assays for the effect of (E) TER proteins and (F) TEN domain
mutations on the catalytic core assembled with p5ON30. TEN domain mutations were tested without
{lanes 1 to 4) and with {lanes 5 ta 8) TEB. WT, wild type; RC, recovery control.
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for RINP activity stimulation by p50, in a manner
similar to TEN interactions with TPP1 and Est3.
A cluster of residues on human TPP1 (and Est3),
called the TEL patch, has been identitied as the
surface of interaction with TEN (9-11, 14, 586, 57).
This interaction is essential for human telomer-
ase recruitment to telomeres. Human TEN res-
idues whose substitution disrupts the interaction
of telomerase with TPP1 without greatly affecting
catalytic activity have been identified; among
these, a direct interaction between Lys™ (K78)
and TPP1 has been demonstrated (57). The equiv-
alent Tetrahymena TEN residue based on ho-
mology modeling of human TEN with the crystal
structure of Tetrahymena TEN is K90, which is
located near the density for p50 in the eryo-EM
map (Fig. 4B). We used our in vitro telomerase
reconstitution activity assay to investigate whether
K90A at the putative TEN-p50 TEL patch interface
imposes a defect in ps0 stimulation of telomerase
activity (Fig. 4F). KO0A had a modest but notable
effect on overall activity. The same results were
obtained for TEN R137A (R, Arg), which is also
located at the TEN-p50 interface in the crvo-EM
map. These results support similar interactions
between Tetrahymerna TEN-p50 and human TEN-
TPPL TEN K90A and RI37A did not abrogate
TEB stimulation of high RAP (Fig. 4F), consistent
with direct TEN domain interactions with TEB
and p50-bridged TERT-TEB association. TEN
residues 112 to 120 form a B hairpin, exclusive to
Tetrahymena TEN, that inserts at the interface be-

I

tween p50, TebIC, and Teb2NN (Fig. 4B). An adjacent
block sequence substitution TEN(; gg115NAAIRS)
(N, Asn; I, Ile; 8, Ser) abolishes p50 binding (42).
In our experiment, we replaced the B hairpin with
GSSG (G, Gly). This substitution abolished p50
activity stimulation, even with added TEB, which
is eonsistent with disruption of both p50 and TEB
interactions, but did not affect catalytic core ac-
tivity. Taken together, these results validate the
network of TEN-p50-Teb1C-Teb2N interactions
proposed based on the cryo-EM structure (Fig. 4,
A to D) and provide supporting evidence that p50
is a structural and functional paralog of TPP1.

The cryo-EM density that we attribute to the
IFD appears to independently contact p50 and
the TEN domain N terminus, which is disor-
dered in the crystal structure (32) (Figs. 1B and
4A). The IFD is exclusive to TERTs and is import-
ant for the translocation step required for RAP
(39, 40). We suggest that the human TERT IFD
may have parallel, as yet undetected, interactions
with the TPP1 OB fold and TEN domains.

P75-p45-pl9 is a CST complex

We determined a 2.3 A x-ray crystal structure of p19
(table $3), which revealed an OB fold most struc-
turally homologous to human TenI (Fig. 5A and fig.
87), suggesting the possibility that p75-p46-pl9
might be a CST- or second RPA-like complex.
‘We found that human RPATOC-RPA32ZN-RPAT4,
which fit the cryo-EM density of TEB as described
above, also fit equally well in the density at the

Telomerase

Fig. 5. Identification of p75-p45-pl9 as a Tefrafiymena CST complex. (A) Crystal structure of pl3, an
OB fold. {B) Mode! of p75C-p45N-p19 based on fitting of RPA7OC-RPA3Z2N-RPAI4 into the 84 A crya-EM
map, followed by replacement of RPA14 by pl9, except for the RPA14 C-terminal helix. pl9 o2 and ¢3
account for the density at the end of the tip. Gold and crange arrowheads point to the locations of the
pl19 and p75 C termini, respectively, previously determined by Fab labeling in negative-stain EM {29). The
three-helix bundle between the C-terminal residues of p7b, p45N, and pl8 (madeled from RPA) is iI-
|ustrated with dashed lines. (€C) Crystal structure of p45C, a WH-WH domain. B5 is domain-swapped
fram a neighboring protein in the crystal lattice. (D) {Top) Negative-stain EM images of four typical p45b-
Fab—labeled telomerase holoenzyme particles, showing a cluster of 3 Fab bound to the C terminus of p45 at
various locations near the holaenzyme. The side length of each image box is 44 nm. {Bottom) Cor-
responding outlines of telomerase and Fabs are shown in black and blue, respectively. Red dots indicate the
p45C (attached to 3 Fab) and p45N (on telomerase) domains; dotted lines represent the linker.
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“tip” of the p75-p46-p19 subcomplex in the 9.4 A
cryo-EM map (Fig. 5B). For our model, RPAT4 was
then replaced with the pI9 crystal structure, except
for its unstructured C terminus, which forms an «
helix in a three-helix bundle with the other two
proteins in the RPA complex (Fig. 5B). pl9 ¢2 and
a3, which are lacking in RPAM4, fit well into the
cryo-EM density at the very end of the tip.

The positions of the C-terminal a helices of
RPA7T0C and RPAT4 correspond to the locations
of the C termini of p75 and pl9 determined by
Fab labeling in negative-stain EM (Fig. 5B) (29).
‘We used copurification and limited proteolysis
to establish that p4$ is composed of an N-terminal
domain (p465N) that binds pl9 and an indepen-
dently folded C-terminal domain (p46C) (see meth-
ods). These results are consistent with the hypothesis
that p45 is a Stnl or RPA32 homolog. Previous
attempts to locate the position of p45 in the holo-
enzyme by Fab labeling of its € terminus were
unsuccesstul, as Fab was apparently not visible
in negative-stain EM class averages of telomerase
holoenzyme (29). Based on the above, we hypothe-
sized that p45C might be connected to p45I in the
p75-p45-pl9 subcomplex via a flexible linker, and
thus Fab-bound p46C was not visible in holoen-
zyme class averages due to positional flexibility
relative to the holoenzyme. We screened »2000
negative-stain EM particles of Fab-labeled p45-F
telomerase. The majority had a cluster of three
Fab (the 3xFLAG tag can bind up to three Fab)
located in various positions ~100 A from the lo-
cation of p45N (Fig. 5D and fig. $8). The Cterminal
domains of RPA32 and Stnl are composed of WH
and tandem WH (WHI1-WH2) domains, respec-
tively (17, 19, 58, 59). We determined a 2.4 A
crystal structure of p46C (table 83) and found that
it comprises the WHI-WH2 domains (Fig. 5C).
The OB fold followed by two WH domains sug-
gests that p45 is a Stnl homolog (17, 18, 58, 59).
Structural alignments (fig. 87), sequence align-
ments {fig. S6), and phylogenetic cluster analysis
(fig. 89) of pl9 and p45 domains also support
their identification as Tenl and Stnl orthologs,
despite low sequence homology of CST proteins
between kingdoms. In the 9.4 A cryo-EM map,
the remaining unmodeled density in the p75-p46-
p19 complex, which appears to confain at least
two additional OB folds and contacts p50, can
only be attributed to p75 (Fig. 5B). Consistent
with this observation, among p75-p45-pl9, p75
is necessary and sufficient to bind p50 in vitro
(36). There are distinct differences between p75
and Tebl in terms of their interaction with p50
and their effect on telomerase activity. The cryo-
EM maps show that p75 contacts p50 with a do-
main near its N terminus; in contrast, Tebl binds
p50 and the TEN domain with its C-terminal OB
fold. How the potential p75 ortholog CTCI in-
teracts with telomerase is unknown, but it is in-
teresting to note that the functionally divergent
Cdel3 binds yeast telomerase holoenzyme pro-
tein Estl through a recruitment domain adjacent
to its N-terminal OB fold (8, 17, 24). In vitro re-
constitution assays show that the addition of p75
(or p75-pA5-pl19) to the catalytic core plus p50 stim-
ulates activity slightly but without an increase in



RAP; in contrast, TebI-p50 interaction stimulates
high RAP (29, 36). We conclude that p75-p45-pl9
is structurally and functionally distinct from TEB
and is most similar to a CST complex. CST has
been identified in yeasts, plants, and mammals
(8, 19); this is the first evidence for the presence
of CST in ciliates.

The telomeric DNA exits the template
toward TeblC

To obtain information on the path of telomere
DNA on telomerase, we prepared a holoenzyme
bound to a short telomeric DNA, biotin-5-d
(GTTGGG),GTLTLGL GG, where Ty and G are
locked nucleic acid (LNA) nucleotides (60). For
this DNA, six nucleotides (nts) should bind the
template and 13 nts should extend out from its 3’
end. We then bound biotin with streptavidin,
linking two telomerase holoenzymes together via
the biotin binding sites in each streptavidin tetra-
mer. Visualization of these dimers of the telomer-
ase holoenzyme by negative-stain EM confirms
that the telomere DNA is bound (Fig. 6, A to C).
The class averages and 3D reconstructions show
clearly visible density of streptavidin located near
Teb1C-Teb2N and the putative location of Teb1B
(29) on the backside of the telomerase holoen-
zyme (Fig. 8, B to D). These results reveal that
telomeric DN A exits the template from the back-
side of telomerase and toward TeblC (Fig. 6D).
Furthermore, within the resolution (~30 A) of
negative-stain EM, there is no large-scale struc-
tural rearrangement of TERT between the apo
structure without DINA and the structure with
telomeric DNA bound to the template, consistent
with the erystal structure of Triboliusn TERT with-
out TER (37) versus with an RNA-DNA hairpin
mimicking a template-DINA hybrid (38).

Implications for telomerase catalytic
activity and association with telomeres

The cryo-EM structures, p46C and pl9 crystal
structures, PK NMR structure, domain modeling,
and mass spectrometry data presented here reveal
a complex RNP composed of three ternary com-
plexes tethered by p50: a TERT-TER-p#5 catalytic
core; an RPA paralog TEB, comprising Tebl-
Teh2-Teb3; and a Tetrahymena CST complex com-
prising pr5-p465-plo. TER wraps around the TERT
ring and interacts with all four domains of TERT.
The TEN domain is close to TER, the TERT ring
IFD, p590, Tebl, and Teb2, signaling its importance
in the catalytic cycle of telomerase. [n addition to
the protein domains visible in the cryo-EM map,
there are several domains that are not observed
due to flexible positioning or intrinsic disorder in
the absence of binding partners; these are Tebl
N, A, and B; putative Teb2C, p45C, p50C, p85IN;
and possibly p75N (schematized in Fig. 7A). TeblA
and TeblB bind telomere DNA (54), whereas the
others (except for p65N) may recruit proteins in-
volved in C-strand synthesis, nucleolytic end-
processing, unwinding of G quadruplexes, telomere
end-binding, and DINA repair, thereby coordinat-
ing telomere maintenance.

In the catalytic core, the TER interactions with
TERT are exclusively from the t/PK domain and

Telomerase

Fig. 6. Telomere ssDNA exits from the backside of the Tetrahymena telomerase holoenzyme.
{A) Negative-stain EM class averages of the telomerase holoenzyme dimerized by primer-biatin-
streptavidin-biotin-primer. The side length of each image box is 42 nm. (B and €) Random conical tilt
{RCT) reconstruction of dimeric telomerase holoenzymes. One of two telomerase holoenzymes in
{C) shows uninterpretable features due to flexible positioning of the two holoenzymes relative to
each cther. (D) A 94 A cryo-EM map of the telomerase holoenzyme (gray surface) and the position
af primer-attached streptavidin (black dashed circle), as identified by negative-stain EM RCT
reconstruction in (B) and (C). Teb1B (purple) and ssDNA (green) exiting through TeblC are modeled
by fitting the crystal structure of the RPA:ssDNA complex (FDB 1D 4GNX).

Fig. 7. Schematics of the complete Tetrahymena telomerase holoenzyme and DNA exit path.
(A) Arrangement of the subunits and domains of the Tetrahymena telomerase catalytic core, TEB, and
CST complexes tethered to pb0, shown as front view. Domains connected by flexible linkers and not seen
in the cryo-EM map are shown with oval outlines. {B) Arrangement of the holoenzyme with proposed path
of telomere ssDNA, shown as back view. TeblAB domains are presumed to be ordered when DNA-bound.

L4. Because a t/PK and a stem terminus element
like L4 are almost universally found in other or-
ganisms (2, 30) and TERT is highly conserved,
Tetrahymena telomerase provides general insights
into TER-TERT interactions and assembly. Human
TER has a much larger pseudoknot, but the re-
gion containing the tertiary stem-loop interactions
is comparable in size and probably interacts with
TERT at the same location near the CTE, and the
human TER t/PK could similarly encircle the
TERT ring. This would place the other end of
the pseudoknot close to the TEN domain, as im-
plicated biochemically (47). Vertebrate telomer-
ase contains a conserved three-way junction, the
CR4-CR5 domain, that binds the TRBD (61) and
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has a stem-loop (P6.1) that is critical for activity
(62). The P6.1 loop probably inserts at the TRBD-
CTIE interface (61, 63), similarly to Tetrahymena
TER L4

In the cryo-EM structure of apo telomerase
presented here, the template is apparently po-
sitioned with the 5’ end near the active site. This
places the 3’ end of the template close to TeblC,
where the telomeric DNA binds as it exits the
holoenzyme. We suggest that this would facili-
tate (re)binding of the primer to the template 3'
end before translocation. Based on homology with
the crystal structures of the RPA-ssDNA complex
(51), a model of TebIAB bound to ssDINA based on
the PotlAB-ssDNA complex (50), and the position



of the 5 end of telomeric DNA on telomerase
revealed by streptavidin labeling, we can model a
possible path of the telomere DNA on telomerase
(Fig. 78). Although the DNA is shown going
straight from the template to Tebl, it is possible
that during the catalytic cycle the DNA strand
may interact with TEN, TRBD, and/or CTE.
Within the catalytic core, the TEN domain has
been implicated to play a role in ssDNA handling
and act as an anchor site (32, 64) and/or in
active-site use of the DNA-template RINA hybrid
(41). The TEN domain is positioned so that the
exiting end of the short DNA-template helix
could contact its (unmodeled) N and C termini at
the end of a complete telomere repeat synthesis,
where this interaction could facilitate template
DNA strand separation and help direct the DNA
toward Tebl (fig. $10).

The identification of two RPA related complexes
in the Tetrahymena telomerase holoenzyme and
their constitutive rather than cell-cycle-regulated
association allows us to use studies of the Tetrafiy-
mena telomerase holoenzyme to inform models
for interaction and function of human TPP1-POT1
and CST. Like p50-TEN, the interaction between
human TPPT and TEN is essential for bridging
telomerase to telomeres (9, 17, 56, 57). Although
TeblIC is homologous to RPA7OC, TeblAB is more
similar to POTI (50), which suggests that TEB
functions to temporarily prevent rebinding of
the telomere-bound Tptl-Potla complex (65). Con-
sistent with the conformational flexibility of p75-
p45-pl9 around p50 (25), this CST complex could
bind the telomeric DINA as it exits Tebl to recruit
DNA polymerase o for coordinated C-strand syn-
thesis. In summary, the structure of the Tetrafymena
telomerase catalytic core and identification of telo-
merase holoenzyme subcomplexes homologous
to those found at mammalian, plant, and veast
telomeres provide new mechanistic insights and
suggest commonalities of telomerase interaction,
action, and regulation at telomeres.

Materials and methods
EM specimen preparation and
data collection

Tetrahymena telomerase holoenzyme was puri-
fied following the previously described protocol
(29), with some modifications. Briefly, 12 liters of
cell culture of TERT-FZZ strain was used for tan-
dem affinity purification following the established
procedures (29). The final Flag elution was ef-
fected by incubating the telomerase-bound anti-
Flag M2 affinity gel with 1.5 ml of elution buffer
(20 mM HEPES-NaOH at pH 8.0, 50 mM Nacl,
1 mM MgCl,, 1 mM TCEP-HCL, 0.025% IGEPAL
CA-630, and 200 ng/ul of 3xFlag peptide) at 4°C.
The eluate was incubated with 30 mg of Bio-
Beads SM-2 absorbent (Bio-Rad) at 4°C for 2
hours by end-over-end rotation. The supernatant
was then concentrated to 30 pul using a Microcon
YM-10 centrifugal filter (Millipore).

For eryo-EM, 2.5 pl of the sample was applied
to a glow-discharged Quantifoil R2/1 grid. The
grid was blotted with filter paper to remove ex-
cess sample and was flash-frozen in liquid ethane
with FEI Vitrobot Mark IV. The frozen-hydrated

grids were loaded into an FEI Titan Krios electron
microscope operated at 300 KV for automated
image acquisition with Leginon (66). Micrographs
were acquired with a Gatan K2 Summit direct
electron detection camera operated in the electron-
counting mode at a calibrated magnification of
36,764 (pixel size of 1.36 A on the sample level)
and defocus values ranging from -2.0 to -7.0 pm.
A GIF Quantum L8 Imaging Filter (Gatan) was
installed between the electron microscope and
the K2 camera, but the energy filter (slit) was not
used. The dose rate on the camera was set to ~8
electrons (e”) per pixel per second, and the total
exposure time was 12 s fractionated into 48
frames of images with a 0.25-s exposure time for
each frame. Frame images were aligned and av-
eraged for correction of beam-induced dritt using
the graphics processing unit-accelerated motion
correction program (67). The average images from
all frames were used for defocus determination
and particle picking, and those from the first 28
frames (corresponding to ~30 e /A of total dose
on sample) were used for further data process-
ing, including image classitication and 3D struc-
ture refinement. A total of 4210 micrographs were
used in the data processing.

Image processing

The defocus value of each cryo-EM micrograph
was determined by CTFFIND (68), and the mi-
crographs were corrected for contrast transfer
function (CTF) by phase-flipping with the corre-
sponding defocus and astigmatism values using
Bsoft (69). A total of 478,698 particles were auto-
matically picked using DoGpicker (70) and win-
dowed out in dimensions of 255 pixels by 256
pixels using batchboxer in EMAN (77). The par-
ticles were binned to dimensions of 128 pixels by
128 pixels (pixel size of 2.72 A) before the follow-
ing processing, The binned particles were subjected
to 2D and 3D classifications by RELION (72), fol-
lowing the recommended procedure (www2.
mre-lmb.cam.acuk/relion/). We performed two
consecutive rounds of 2D classifications; in each
round, the particles were classified into 100 classes
for 25 iterations. After each round of 2D classifi-
cation, class averages were visually inspected,
and particles in the “bad” classes (i.e., those with
fuzzy or uninterpretable features or fuzzy density
of the p75-p45-p19 subcomplex) (fig. S1B) were re-
moved. About 20% of the class averages were kept
after each round of 2D classification, and 47,251
particles were selected for the fllowing 3D classifi-
cation. The previously obtained negative-stain EM
reconstruction at 25 A resolution (29) was low-pass
filtered to 60 A to serve as the initial model for 3D
classification. The 3D classification generated five
classes (fig. SID), four of which showed an intact
holoenzyme structure and were combined into a
data set of 40,754 particles for 3D autorefinements
by RELION as follows: First, a 3D autorefinement
was performed using a spherical mask. The resolution
was estimated to be 94 A by the relion_postprocess
program using the “gold-standard” Fourier shell
correlation at a 0.143 criterion, with a soft mask
for which the masking effect was corrected by phase
randomization. Second, the density corresponding
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to the flexible p75-p45-p19 subcomplex was re-
moved from the 9.4 A cryo-EM map using the
“Volume Erase” tool in UCSF Chimera (73), and
the resulting map was used to generate a soft-edge
mask by the relion mask_create program. This
soft-edge mask was then used in the other 3D auto-
refinement, in which the p75-p46-pl9 subcomplex
was excluded during the structure refinement and
only included in the final reconstruction. The res-
olution of this focused refinement was 8.9 A, es-
timated as described above. The cryo-EM maps
were sharpened with B-factor and low-pass filtered
to the stated resolution using the relion_postprocess
program. The local resolution was calculated with
ResMap (74), using two cryo-EM maps indepen-
dently refined from halves of data.

Tetrahymena telomerase holoenzyme particles
adopted a preferred front view in negative-stain
EM grids (29) or in eryo-EM Quantifoil grids with
holey carbon or coated with continuous carbon
film, probably due to its irregular and flattened
shape. We tried numerous sample and cryo-EM
grid conditions to overcome this preferred orien-
tation problem. The current protocol involving
Bio-Beads had the most improved effect on the
orientation distribution. However, ~60% of the
particles were still in the front view configuration
in the cryo-EM images. To assess the effect of
preferred orientation on reconstruction resolution,
the particles were divided into halves (“uniform”
and “preferred”) that showed more uniform or
more preferred orientation distribution, respec-
tively (fig. $2). Briefly, the particle orientation file
(the “data.star” file generated by RELION 3D auto-
refinement) of 40,754 particles was analyzed to
group particles with the same orientation (same
AngleRot and AngleTilt). A threshold of parti-
cle count was set so that the particles above the
threshold in each orientation group (where the
particle count in that group was larger than
the threshold) were sent to the preferred half, and
the rest were Rept in the uniform half. Separa-
tion of particles within an orientation group was
random. These two halves of the data set were
then subjected to 3D autorefinement, using the
same parameters as those for the 8.9 A recon-
struction. Comparisons of orientation distributions
and 3D reconstructions show that the uniform
half had sufficient orientations to obtain a high-
quality 3D reconstruction at an overall resolution
better than 9.3 A, and addition of the preferred half
only improved the resolution modestly (fig. S2).

Fitting of atomic models into the

cryo-EM maps

For the pseudoatomic model of TERT-TER-p&5
and TeblC, the x-ray crystal and NMR structures
of Tetrahymena TERT TRBD [Protein Data Bank
identification code (PDB ID) 2R4G] (37), TERT
TEN (PDB ID 2B24) (32), TebIC (PDB ID 3U50)
(50), TER SL2 (PDB ID 2FRL) (29), the model of
pB5 xBRM2:514 (33), and the homology model
of Tetrahymena TERT RT-CTE domains based
on Triboliwam TERT (PDB IDs 3DUS and 3KYL;
TERT CTE residues 1058 to 1117 were not modeled
due to low sequence homology to Triboléum TERT)
(29, 81, 38)—which were previously assembled



together by fitting into the negative-stain EM
3D reconstruction (29)—were placed as a whole
in an approximate position in the cryo-EM maps,
followed by fitting the individual domain struc-
tures into the cryo-EM map using the “Fit in Map”
function in UCSF Chimera (73). These domain
structures or models fit into the eryo-EM map
with subtle rotations and translocations, except
for TeblC, which was moved to the cryo-EM den-
sity behind TEN and next to TRBD and matched
this with high consistency. The PK structure (PDB
ID 2N6Q) was manually placed into the crvo-EM
density matching its size and shape, as identified
by exhaustive visual inspection of the cryo-EM
map, and then fit into the density using UCSF
Chimera. 81 was modeled as an ideal A-form helix
and fit into cryo-EM density that matched its
shape near the PK and SL4. The template was
located by fitting the crystal structure of Tribolium
TERT in complex with an RNA-DNA hybrid helix
(PDB ID 3KYL) (38) into the eryo-EM map and
finding unmodeled density near the RNA strand.
The density assigned for the template is displaced
by ~7 A relative to that in the fitted Tribolium
TERT. The remaining single-stranded regions of
TER connecting the above fitted structure elem-
ents were modeled into the cryo-EM densities
using Coot (75) as follows: First, ideal A-form
single-stranded RNA fragments were approxi-
mately placed between the flanking high-resclution
RNA structures. The bond angles of the RINA
backbone were then manually adjusted until the
backbone fit into the cryo-EM density that was
assigned to the RNA after the protein subunits
were fit into the cryo-EM map. Last, standard
bond angles and lengths of the backbone of the
single-stranded RINA fragments were achieved
with the use of the “Regularize Zone” tool in Coot.
Because the RNA bases were not distinguishable
in the 8.9 A cryo-EM map, only the backbone of
the single-stranded regions was modeled. For the
pseudoatomic model of Tebl-Teb2-Teb3, RPATOC:
RPA3IN:RPAT4 from the crystal structure of RPA
(PDB ID 1L10) (67) was fit into the cryo-EM maps
by the colores program of Situs, using the exhaus-
tive 8D search algorithm (75). The structure of the
RPA trimer fit with high consistency into the cryo-
EM map in the density assigned for Teb1C and the
adjacent knob. For the final model, RPA70C was
replaced by TeblC, which fits in the same density,
except for the C-terminal helix that is disordered
in the TeblC crystal structure but is apparently
well ordered in the cryo-EM maps. RPA32N and
RPAl4 in the model are paralogs of Teb2 and
Teb3, respectively. During the Situs fitting of
RPATOC:RPA3IN:RPAT4 to the 94 A cryo-EM
map, a. second location, corresponding to the tip
of the density assigned to the p75-p45-p19 sub-
complex, was identified with high confidence,
which suggests that it was also an RPA homolog.
For the pseudoatomic model of p75C-p45N-pI19,
RPAT4 was manually replaced by pl9 (FDB ID
5DFM), except for its C-terminal helix that is dis-
ordered in the p19 crystal structure. The crystal
structure of the TPP1 OB fold (PDB 1D 2146) (13)
was placed in the cryo-EM density assigned to
p50N and then fit using UCSF Chimera. The

cryo-EM maps and the modeled protein and
RIVA structures were visualized with UCSF Chi-
mera and PyMOL (77).

Structure determination of pI9, p45C,
and TER PK

Full-length p19 (28) was fused via a triple alanine
linker to the wild-type maltose binding protein
(MBP) vector as described in (78), expressed in
Escherichic coli, and purified by amylose affinity
and size exclusion chromatography (SEC). To ob-
tain diffracting native crystals, a 2.1 mixture of
12 mg/ml of MBP-p19 and the reservoir solu-
tion (0.1 M sodium acetate at pH 4.6 and 2.0 M
ammonium sulfate) was set up in a 24-well hang-
ing drop format. Full-length p45 (79) was fused to
His-tagged MBP via a tobacco etch virus (TEV)
protease cleavage site, expressed in E. cofi, and
copurified with cells expressing 6xHis-tagged
P19 using Ni-nitrilotriacetic acid (INTA) affinity
and SEC. p45C (residues 162 to 373) was identi-
fied via limited chymotrypsin proteolysis of
full-length p45 bound to pl9. p46C was fused to
His-tagged MBP via the TEV protease cleavage
site, expressed in F. cold, and purified by Ni-INTA
affinity and SEC. To obtain diffracting native crys-
tals, a. 1.1 mixture of 14 mg/ml of p45C and the
reservoir solution [0.1 M Na-HEPES at pH 7.5, 5%
(v/v) MPD, and 10% (w/v) polyethylene glycol
6000) was set up in a 24-well hanging drop for-
mat. Data were collected at 100 K at Advanced
Photon Source-Northeastern Collaborative Access
Team (APSNECAT) beamline 24-ID-C on a DECTRIS
PILATUS 6 M pixel detector. Data were indexed,
integrated, and scaled using XDS/XSCALE (80).
Structures were solved with the molecular re-
placement program PHASER (81), using initial
models from SeMet data sets. Final models were
iteratively built and refined in Coot (75) and
PHENIX (82). In the crystal structure of p4&C, p5
in WH2 is domain-swapped from a neighboring
protein in the crystal lattice. This domain-swapped
B5 was used to build a biological unit model of
PA6C (Fig. 5C). NMR assigniments were obtained,
and solution structure of the TER pseudoknot
(nuclectides 68 to 100) was determined following
established protocols for human and yeast TER
pseudoknots (44, 45, 83). Sample conditions were
~1mM BNA in 10 mM NaPO,, at pH 6.3 and 50 mM
KCl at 10°C. The structures were calculated
with a total of 414 nuclear Overhauser effect
distance, 171 dihedral angle, 82 H bond, and 79
residual dipolar coupling restraints using stan-
dard protocols in Xplor-NIH 2.9.8. Pairwise root
mean square deviation for the 10 lowest-energy
structures (out of 100) was 0.83 A for all heavy
atoms (table S4).

Mass spectrometry

Telomerase was purified from Tetrahymena TERT-
FZZ and ZZF-p50 strains as described in (28), up
to the final anti-FLAG resin wash step before
elution. Telomerase was batch-washed on the
resin three times by incubation in 1 ml of IGEPAL-
free wash buffer at 4°C, rotating end-over-end for
10 min, and was eluted twice by incubation at
room temperature with 50 pl of 0.1% trifluoro-
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acetic acid for 30 min each time. For enzymatic
digestion of the samples, 70 ul of deoxycholic
acid (0.1% w/v) in 1M NH,HCO; was added to
the elution. Cysteines were alkylated by adding
iodoacetamide to 4 mM and incubating at room
temperature. After 30 min, excess dithiothreitol
was added to quench residual iodoacetamide, and
trypsin (300 ng) was added to initiate digestion.
The sclution was incubated at 37°C overnight,
after which it was acidified to pH 2 with tri-
fluoroacetic acid, to precipitate the deoxycholic
acid. The deoxycholic acid was extracted from
the aqueous layer with three 200-ul aliquots of
water-saturated ethyl acetate (84). The digested
peptides were dried and resuspended in 1% form-
ic acid. The resulting tryptic peptides were mea-
sured by LC-MS/MS, using an EASY-nLC 1000
(Thermo Scientific, Waltham, MA) coupled to a
Q-Exactive Orbitrap mass spectrometer (Thermo
Scientific) and an EASY-Spray nano-electrospray
ionization source. Peptides were injected onto a
75 wm by 16 cm, 3 wm, 100 A PepMap C18 reversed-
phase LT column and separated using a linear
gradient from 5% solvent B (0.1% formic acid in
acetonitrile) and 95% solvent A (0.1% formic acid
in water) to 50% solvent B in 2 hours at a con-
stant flow rate of 300 nl/min. Eluted peptides
were analyzed with a top-ten data-dependent ac-
quisition method and identified using Proteome
Discoverer (version 14; Thermo Scientific) coupled
to MASCOT (version 24.1; Matrix Science,
London). Orbitrap MS resolving power was set
to 70,000 at a mass/charge ratio (/=) of 200 for
MS1 and 17,500 at a m/z of 200 for MS2. Tryptic
peptides with up to two missed cleavages were
searched against a T thermophila protein data-
base (www.ciliate.org) supplemented with com-
mon protein contaminant and enzyme sequences
(27,046 sequences), with dynamic modifications
for carbamidomethyl (C), oxidation (M), deami-
dation (N, Q), and peptide N-terminal cvclization
to eliminate NH;; (Q, carbamidomethyl-cys) or ELO
(E) (C, Cys; M, Met; Q, Gln; E, Glu). Precursor- and
product-ion mass tolerances were set to 10 parts
per million (or less) and 0.01 daltons, respectively.

Telomerase reconstitution and

activity assays

Telomerase subcomplexes were assembled sepa-
rately and then combined. The RNP catalytic core
was assembled by TERT expression in RRL in the
presence of purified bacterially expressed p65 and
in vitro transcribed TER. Additional RRL synthe-
sis reactions generated p5ON30, Tebl, or coex-
pressed TEB complex subunits. One subunit was
tagged with 3xFLAG (p50IN30-F for TEB subunit
function studies or TERT-F for TERT TEN domain
mutational analysis). Subcomplexes were combined,
bound to FLAG antibody resin, and assayed by
primer extension as described previously (29),
using radiolabeled deoxyguanosine triphosphate
(dGTP) and primer (GTTGGG); at a final con-
centration of 200 nM. Elongation time was 10 min
unless otherwise indicated. Products were re-
solved by denaturing gel electrophoresis, including
an end-labeled oligonucleotide added betore
product precipitation as a recovery control.



Preparation of DNA-LNA-bound
telomerase linked by streptavidin and
negative-stain EM

Three-repeat biotinylated LNA/DNA primer was
purchased from Exiqon as bictin-5"-GTTGGGG-
TTGGGGT T GLGLG. Telomerase was purified
asdescribed (28) from TERT-FZZ strain up to the
TEV protease cleavage step, during which 5 pM
three-repeat primer and 50 uM dGTP were added
to the immunoglobulin G resin. Immediately
before the 10-min wash steps of the telomerase-
bound flag resin, the resin was split, and one-half
was incubated in 50 pl of wash buffer, whereas
the other was incubated in 50 pl of wash butfer
with 5 pM streptavidin, rotating end-over-end at
4°C for 30 min. Three wash steps were then per-
formed as usual, after which the two resins were
recombined and batch-eluted with 3xFLAG pep-
tide, according to the original protocol. Negative-
stain EM samples were prepared, imaged, and
processed as previously described (29).
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Fig. S1. Cryo-EM of Tetrahymena telomerase holoenzyme and resolution estimation. (A) A
tull-size (3710 x 3710 pixels) drift-corrected cryo-EM micrograph of Tetrahymena telomerase
holoenzyme acquired at -4.9 um defocus. (B) Representative cryo-EM 2D class averages of
particles that are assessed as “good’ (left) or “bad” (right) classes by visual inspection during data
processing. (C) Cryo-EM 2D class averages of front-view particles. Red arrowheads depict the
missing or fuzzy density of the flexible p75-p45-p19 subcomplex. The side length of each image
box in (B) and (C) is 35 nm. (D) Cryo-EM 3D reconstructions generated by 3D classification.
The density for p75-p45-p19 is missing in class 5 due to its flexibility. The particles sorted to the
classes (1-4) that show an intact holoenzyme structure were combined together for the 3D auto-
refinement. (E) ‘Gold standard” FSC curves between two independently refined maps from the
3D auto-refinement that were carried out with a spherical mask including all subunits (blue) or
with a soft-edge mask excluding p75-p45-p19 subcomplex (black). Each FSC curve was
calculated with an auto-mask that was corrected by phase randomization. The resolutions were
estimated at the 0.143 criterion. (F-I) Surface views (F, H) and cut-through views (G, I) of the
unsharpened cryo-EM maps refined with a spherical mask (F, G) and with a soft-edge mask
excluding the p75-p45-p19 subcomplex (H, I). The cryo-EM maps are colored by local
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resolution estimated by ResMap using two cryo-EM maps independently refined from halves of
data. The region corresponding to the masked p75-p45-p19 is depicted by the dashed line in (H).

The inset is the schematic of the subcomplex organization shown in the same view as the local
resolution maps.
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Fig. S2. Assessment of orientation distribution of Tefrahymena telomerase holoenzyme
particles and its impact on reconstruction resolution. (A-C) Euler angle distributions,
generated by RELION 3D auto-refinement, of all particles (A) used in the 8.9-A reconstruction,
the half of all particles that are more uniformly distributed (‘uniform half”) (B), and the other
half that show strongly preferred orientation (“preferred half”) (C). Note the histograms show
relative particle counts at different orientations within each data set and are not comparable
across data sets for absolute particle counts. The 3D auto-refinements of three data sets were all
carried out with a soft-edge mask excluding p75-p45-p19 subcomplex using the same parameters
in RELION. (D-F) Projections (30° interval) of the untiltered 3D reconstructions from all
particles, the ‘uniform half’, and the ‘preferred half’. Some projections from the ‘preferred half®
(F) show striped artifacts resulting from missing information; the projections from all particles
(D) and the ‘uniform half” (E) are isotropic without the artifacts, indicating that the quality of
reconstruction from all particles or the ‘uniform half” was not degraded by the problem of
preferred orientation existing in the ‘preferred half”. (G) Close-up view of representative
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projections that show striped artifacts from the ‘preferred half” but not from all particles or the
‘uniform half”. (H) ‘Gold standard’ FSC curves of the refinements using all particles (grey), the
‘uniform half” (blue), and the ‘preferred half” (red). (I) Comparison of representative projections
(‘Proj’) from the 9.4-A cryo-EM map and the corresponding class averages (‘Class’). The side
length of each image box in (D-G and I) is 35 nm.

48



Fig. S3. Fitting of atomic structures or homology models in the cryo-EM maps. (A-M)
Fitting of TERT (A) TEN, (B) TRBD, (C) homology model of RT and (D) homology model of
CTE, (E) TER, (F) p65 xRRM2, (G) Teb1C, (H) RPA32N for Teb2N, (I) RPA14 for Teb3, (J)
RPA70C for p75C, (K) RPA32N for p45N, and (L) p19, (M) TPP1 for p5ON. Three views are
shown to illustrate good fit of OB-fold -barrel (red); loops and helices are in gray. (N, O)
Horizontal cross section through density of (N) p5SON and (O) Teb2N to show the hole in the
density corresponding to the center of the OB-fold 3-barrel. The atomic or homology models
used in the fitting are summarized in table S1. Atomic or homology models are shown as ribbons

and cryo-EM maps are show as transparent surfaces. 8.9-A and 9.4-A cryo-EM maps are used in
(A-I, M-O) and (J-L), respectively.

49



Fig. S4. Model of the TERT-TER complex. (A) Front view of TERT-TER complex illustrating
the positions of the PK and template on opposite sides of TERT ring, the TEN domain, and the
TRE between the TERT ring and TEN domain, with possible contact to TEN. (B) Close-up view
of the interaction between TER SL2/TBE and TERT TRBD illustrating the location of TBE
single-strand nts on either side of TERT ring near CP motif. The T and CP motif of TRBD and
TER TBE are colored in brown, green, and cyan, respectively.
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Fig. S5. The cryo-EM density of the newly discovered proteins Teb2 and Teb3. (A) “Back
view” of the 9.4-A cryo-EM map fit with known structures (ribbons and space-fill model). The
cryo-EM density assigned to previously known subunits is superimposed with a shade of purple.
Based on exhaustive fitting of available atomic models and visual inspection, the “knob” density
does not correspond to any previously identified subunits. (B) Negative-stain EM class average
of p50-F telomerase. Sample preparation, data acquisition, and processing have been described
previously (29). Red dashed circle marks the location of the missing “knob™ density. The side
length of the image box is 35 nm.
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G. Ten1 aligned with p19
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Fig. 86. Multiple sequence alignments of TEB2/3, RPA2/3, Stnl, Tenl, p4S and pl9.
Secondary structures from the previously reported crystal structures of human proteins and
crystal structures of Tefrahymena proteins reported here (p45C WHI1/WH2 and p19) are shown
as “.” for gaps, “-” for loops, “E” for beta-sheet, and “l” for alpha-helix. Conserved or similar
residues are highlighted according to their chemical characteristics: [RpT SIS, SO
MEEEENEIN charged, pREIINEIN charged. (A) RPA32N OB-fold aligned with Teb2N OB-fold.
(B) RPA32 WH domain aligned with Teb2 WH domain. (") RPA14 aligned with Teb3. (I))
Stn 1N OB-fold aligned with p43N OB-fold. (E) Stnl WH1 domain aligned with p45 WHI1
domain. (F) Stnl WH2 domain aligned with p45 WH2 domain. (G) Tenl aligned with p19.
Alignments reveal close homology of Teb2/3 with RPA2/3. Consistent with previous
observations of low sequence homology of Stnl and Ten1 across kingdoms, p45 and p19 show
lower sequence homology with Stnl and Tenl proteins. Multiple sequence alignments were
performed using CLLUSTAL.
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p45C-WH2

P2l hStn1-WH2

ScStn1-WH1

Fig. 87. p19 and p45C are structurally similar to Ten1 and Stn1C. (A) Structural alignment
of p19 (yellow) with human Ten1 [PDB 4JOI| (purple). RMSD = 2.5A. (B) Structural alignment
of p45 WHI1 (orange) and WH2 (yellow-orange) domains with S. cerevisiae Stn1C-WHI1 [PDB
3KEY] (blue) and human Stn1C-WH2 [PDB 4JQF] (teal), respectively. RMSD =2.8 and 1.9,
respectively. Structural alignments were made using the Dali server
(http://ekhidna.biocenter.helsinki.fi/dali_server).

54



Fig. S8. Fab-labeled p45-F telomerase holoenzyme. (A) Randomly selected negative-stain EM
particle images of telomerase homoenzyme with the C-terminus of p45-F labeled with anti-
FLAG Fab. Distinguishable densities of Fab are marked with yellow arrowheads. Particles are
rotated to match the orientation of telomerase holoenzyme among them for the ease of
visualization. The Fab density mostly appears in the top-left corner of the image that is near the
position of p45N. (B) Negative-stain EM class averages of Fab-labeled p45-F telomerase
holoenzyme particles. Two families of class averages are observed: telomerase holoenzyme (first
row) and 3 Fab attached to the C-terminus of p45 (second row). Red arrowheads mark the
density of the C-terminal domain of p45. No class averages show these two structures together
due to the flexible positioning between them, attributed to unstructured linker residues. The side
length of each image box in (A) and (B) is 56 nm and 42 nm, respectively. Sample preparation,
data acquisition, and processing have been described previously (29).
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Ag: Ashbya gossypii

An: Aspergillus nidulans

At: Arabidopsis thaliana

Cg: Candida glabrata

Dh: Debaryomyces hansenii
Dr: Danio rerio

Gg: Gallus gallus

Gz: Gibberella zeae

Hs: Homo sapiens

Kl: Kluyveromyces lactis

Nc: Neurospora crassa

Mm: Mus musculus

Os: Oryza sativa

Ql: Ostreococcus lucimarinus
Sc: Saccharomyces cerevisiae
Sp: Schizosaccharomyces pombe
Tt: Tetrahymena thermophila
Xt: Xenopus tropicalis

Fig. S9. Phylogenetic cluster analysis of Stn1/Rpa2 and Ten1/Rpa3. (A) Stnl and Rpa2 and
(B) Tenl and Rpa3 cluster in distinct monophyletic groups. Shown is a rooted maximum
likelihood phylogeny of Stnl and Rpa2 (A) and Tenl and Rpa3 (B) inferred using the WAG
amino-acid transition model in RAXML [A. Stamatakis: "RAXML Version 8: A tool for
Phylogenetic Analysis and Post-Analysis of Large Phylogenies" in Bioinformatics, 30, 1312-
1313, 2014] from sequence alignment generated with Clustal W2. Alignments of the two protein
families were conducted simultaneously and the cluster analyses show that (A) p45 clusters with
Stnl while Teb2 clusters with Rpa2 and (B) p19 clusters with Tenl while Teb3 clusters with
Rpa3.
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TERT ring ‘ =
(TRBD, RT, CTE) %\ 5

Fig. S10. Model of ssDNA exiting the template. Models of DNA (green) paired with the
template (purple) and bound to Teb1C are based on the fitting of the crystal structures of
Tribolium TERT (PDB ID: 3KYL) and RPA:ssDNA complex (PDB ID: 4GNX), respectively.
The green dots indicate the region connecting the ssDNA from the two model structures. The N-
and C-termini of the crystal structure of TEN are depicted by its amino acid numbers. TERT ring
is in gray, active site catalytic triad residues are shown in red, and TEN is in cyan.
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Table S1. X-ray crystal and NMR structures used in the fitting of the cryo-EM maps of
Tetrahymena telomerase holoenzyme

. . . Related
Subunit  Domain Structure fitted in the cryo-EM maps PDR ID Ref
TEN Tetrahymena TERT TEN 2B2A (32)
TRED Tetrahymena TERT TRBD 2R4AG (37)
TERT RT Homology model derived from Tribolium IDUG G
TERT
Homology model derived from Tribolium
CTE TERT 3DU6 3h
QI 4 Model derived from Tetrahymena p6o5 4ERD, (29, 33,
xRRM2/TER S4 complex and 1.4 2M21 85)
S1.2 Tetrahymena TER S1.2 2M22 (29, 86)
TER PK Tetrahymena TER PK 2N6Q) this work
Homology model derived from 7ribolium
Template b A DNA hybrid complex SKYL - (38)
S1 Ideal A-form RNA helix -- --
p63 xRRM?2 p65 xRRM2/TER 84 complex 4ERD (33)
p65 LatRRM1 hl.acomplex 2VOP (33, 87)
Tebl C Tetrahymena Teb1C 3050 (50)
Teb2 N RPA32N in human RPA trimer 11.10 (31
Teb3 RPA14 in human RPA trimer 11.10 (6F))
p75 C RPA70C in human RPA trimer 1L10 (62))
p45 N RPA32N in human RPA trimer 11.10 (7))
pl9 Tetrahymena p19 SDFM this work
p30 N Human TPP1 2146 (13)
Telomere Tribolium TERT/RNA-DNA hybrid and  3KYL, (38, 88)
ssDNA fungal RPA/ssDNA complexes 4GNX ’
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Table S2A. Telomerase proteins identified from TERT-FZZ telomerase preparations by

LC-MS/MS

Replicate 1 Replicate 2 Replicate 3
TTHERM MW | Uni. Sig. % Uni. Sig. %o Uni. Sig. %
ID Protein  (kDa) | Pep® Pep" Cov* Score® | Pep® Pep® Cov"  Score' | Pep® Pep® Cov*®  Score!
00112560 TERT 134.1 30 22 22 393 84 70 53 2440 37 22 30 370
000318539  p6s 64.6 22 17 41 300 49 42 62 1447 36 20 50 358
01049190 pso 50.3 14 8 29 276 27 26 45 2539 11 7 29 147
0059040 p7s 74.3 21 10 24 150 42 31 50 935 28 15 40 437
0083360 p4s 43.8 17 11 34 201 30 27 39 1475 14 7 33 198
00658760 p19 19.5 7 3 38 88 9 8 50 223 1 1 8 39
00218760 Tebl 82.6 12 7 15 148 18 15 21 1479 5 2 ] 251
00113129 Teb2 31.1 9 7 42 414 15 13 49 858 8 5 35 334
00439320 Teb3 14.0 8 7 44 406 9 8 51 507 5 3 40 409

Table S2B. Telomerase proteins identified from ZZF-pS0 telomerase preparations by L.C-

MS/MS

Replicate 1 Replicate 2
TTHERM MW Uni. Sig. % Uni. Sig. %o
1D Protein  (kDa) | Pep® Pep” Cov°  Score® | Pep®  Pep® Cov’ Score’
00112560 TERT 134.1 15 3 12 40 40 33 31 616
000318539 p6s 64.6 7 3 12 74 36 29 47 828
01049190 ps0 50.3 16 8 38 118 30 24 60 1218
0059040 p7s 74.3 24 15 33 256 25 19 37 334
0083360 p4s 43.8 12 6 27 128 20 15 50 746
006358760 p19 19.5 7 4 33 79 9 7 44 241
00218760 Teb1 826 1} 0 - - 0 1} - -
00113129 Teb2 31.1 0 0 - - 1 1 - -
00439320 Teb3 14.0 0 0 - - 0 [} - -

"Number of unique peptide sequences identified at < 10 ppm mass accuracy
"Number of unique peptide sequences identified with E-value < 0.05 (»95% confidence that the match was not

random)

‘Percentage of theoretical sequence covered by identified peptides
Mascot score employing all peptides with E-value < 0.05
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Table 83. X-Ray Data Collection and Refinement Statistics

MBP-p19

P45C

Data Collection

Space group

Unit cell dimensions

P2,3

F222

a,b, ¢ (&) 150.60, 150.60, 150.60 88.03,124.62, 173.77
o By () 90.00, 90.00, 90.00 90.00, 90.00, 90.00
Reflections observed 0993 408 101,012
Unique reflections 50,601 18,884
Multiplicity 196 53
Wavelength (A) 0.9795 0.9791
Resolution (A) 2.30 2.38
Highest Resolution Shell (A) 2.30 —2.36 238-2.45
Ry (%0)° 11.9¢103.3) 6.4 (72.8)
Ry i (%)° 3.9 (30.4) 33(30.7)
CC(1/2) 99.9 (90.0) 99.9 (86.7)
I's 194 (3.4) 141 (2.5)
Completeness (%) 999 (98.7) 97.8 (78.6)
Wilson B value (A% 40.16 53.10
Refinement
Resolution (A) 86.80 —2.30 86.80 —2.38
Resolution (A) (last shell) 2.30-233 238-2.45
Reflections used 50,569 18.334

Ruor{%) / Ripee %)° 17.5/22.6,(22.7/31.4) 20.7/26.4;(32.9/41.5)
Protein mo_leculgs in 5 5
Asymmetric Umt
Number of non-H atoms
Protein 7784 2730
Non-protein 207 6
RMS Deviations
Bond lengths (A) 0.008 0.008
Bond angles (") 1.14 1.01
Average B-factor (A%)
Protein atoms 452 62.8
Non-protein atoms 56.8 50.4
Ramachandran plot regions®
Favored 97.2 98.19
Allowed 2.8 1.81
Outliers 0.00 0.00

Highest resolution shell shown in parenthesis

Rogm = 100 x Z(FLimean))” 2D’

"Ry im = 100 x ZNU/N-1DE (Flimean)) | E(D°

where [is the observed intensity of the reflection HKL and the sum is taken over all reflections HKL and N is the redundancy
Riczor = 100 X Z[[Fops| - [Fogiel| / 2| F o

Feae and F o are the caleulated and observed structure factor amplitudes, respectively. Ryoq refers to the Rgg,, for the data
utilized in the refinement and Rg.. refers to the R, for 5% of the reflections randomly chosen that were excluded from the
refinement

“Percentage of residues in Ramachandran plot regions were determined using Molprobity (Chen et.al 2010).

60



Table S4. NMR restraints and structure statistics for Tetrahymena TER pseudoknot

Parameter Value

NMR distance and dihedral restraints

Distance restraints

Total NOEs 414
Intraresidue NOEs 103
Interresidue NOEs 311
Sequential (Ji-j]) =1 176
Long range (Ji-j|) > 1 135
Hydrogen bond restraints*® 82
Total dihedral angle restraints 171
Sugar pucker 140

x 31
RDCs 79

Structure statistics
Violations (mean + SD)

Distance constraints (A) 0.054 £ .001
Dihedral angle constraints () 0.020 £.002
Maximum dihedral angle violation () 2.03
Maximum distance violation () 0.29

Deviations from idealized geometry

Bond lengths (A) 0.0057 =.0001

Bond angles (°) 0.95+.02

Impropers (%) 0.61 .04
Average pairwise rmsd (A) **

Heavy 0.83 £ 0.23

Backbone 0.84+0.24

* Two hydrogen bond restraints were used for each hydrogen bond.

** Pairwise RMSD was calculated for the lowest 10 energy structures.
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CHAPTER FOUR

Structural characterization of Tetrahymena p75 (Ctcl of CST)
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Introduction

The realization that the p75-p45-p19 subcomplex in Tetrahymena telomerase is a CST complex
was insightful albeit somewhat surprising [1, 2]. This chapter will discuss the discovery and
characterization of p75-p45-p19 as a CST complex along with ongoing work and unpublished data
on the characterization of p75 and its interaction with p50.

CST is a telomere associated protein complex that was first identified in Saccharomyces
cerevisiae as the heterotrimeric complex comprising Cdc13-Stn1-Ten1 [3-5]. In S. cerevisiae, CST
plays many roles in telomere maintenance including the recruitment and inhibition of telomerase
for G-strand synthesis as well as the recruitment of DNA polymerase-alpha (pol-a) primase
complex for C-strand synthesis [6, 7]. It is also the major single stranded telomeric DNA (sstDNA)
capping complex in S. cerevisiae, taking the role of POT1-TPP1 in humans [8]. Due to the low
sequence homology of the CST proteins, these proteins were initially thought to be unique to yeast.
However, more recent biochemical, genetic, and structural data have identified this protein
complex in vertebrates and plants [9-11]. In humans, CST (Ctc1-Stn1-Ten1) has also been shown to
be recruitment factors for DNA pol-a primase for C-strand synthesis and to inhibit telomerase
recruitment by blocking the interaction of the TERT-TEN domain with TPP1 [3, 5, 12-15].

Despite a lack of sequence homology for these proteins between different phyla, CST proteins
are conserved structurally. A breakthrough in understanding the structural biology of these
proteins was the realization that the trimeric CST is structurally similar and possesses similar
domain organization to the trimeric replication protein A (RPA) complex [16] (Figure 4.1).
Particularly the Stn1 and Ten1 proteins appear to be the most well conserved and crystal structures
of domains of human and yeast Stnl & Ten1 confirmed their structural homology to RPA32 &
RPA14 respectively, and to each other [17-19] (Figure 4.2). The largest subunit (Ctc1 in humans,
Cdc13 in yeast, p75 in Tetrahymena) is the most divergent and to date, only individual domain

structures of Cdc13 have been solved to atomic resolution [20-24].
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Figure 4.1. Domain organizations of trimeric human RPA and trimeric CST proteins. S.
cerevisiae, human, and T. thermophila CST proteins are compared. Well studied interactions are
indicated and domains without solved structures are labelled with red text.
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Figure 4.2. Structural superposition of RPA and CST proteins. (a¢) human RPA32N:RPA14 with
human Stn1N:Ten1; (b) human Stn1N:Ten1 with Schizzosaccharomyces pombe Stn1N:Ten1 and
Tetrahymena Stn1N:Ten1; (c) human RPA32C terminal WH superposed onto the C-terminal WH
domain of the Stn1C tandem WH domain; (d) human Stn1C WH-WH domain with the separated N
and C terminal WH domains from S. cerevisiae and Tetrahymena.
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Results

The crystal structures of p19 and of p45 C-terminal domain are structurally homologous to
human and yeast Ten1 and Stn1 C-terminal, indicating that p19 and p45 are the Tetrahymena
equivalents of Ten1 and Stn1 [1]. A co-crystal structure of the p19:p45 N-terminal domain (p45N)
complex has also been reported, further confirming the homology [2]. As p75-p45-p19 were known
to form a trimeric complex [25, 26], it follows that p75 is the large subunit of Tetrahymena CST.
This was supported by fitting a model of the p75C-p45N-p19 trimeric core, based on the RPA
trimeric core structure and the crystal structures of p19 and p45N, into the 9 A cryo-EM map
(Figure 4.3) [1, 2, 27]. As no structure of a trimeric CST has ever been solved, the data and fitting
provided in this 9 A structure provided the first glimpse of a trimeric CST [28, 29]. Interestingly,
these fittings and the EM map suggested the presence of only 3 OB folds in p75, though its proposed
homology to the largest subunit of RPA suggests it should contain four. It is possible that the most
N-terminal domain is flexible with respect to the core and therefore is invisible in the 3D cryo-EM
reconstruction.
P75 N-terminal domain expression and purification

Full length p75 remains recalcitrant to soluble recombinant expression in E. coli so we
attempted to produce the N-terminal domain of p75 (p75N). A range of domain limits were
proposed based on a secondary structure prediction of p75 [30] and the minimum secondary
structure requirement for OB-folds (5 beta strands and 1-2 alpha helices) [31] (Figure 4.4a). These
were cloned into an MBP-p75N-GFP construct for the purpose of expression testing and based on a
qualitative assessment of the fluorescence of the soluble fraction of a small scale expression, the
p75N(1-203) and p75N(33-203) constructs were chosen for initial expression (Figure 4.4b). Both
constructs were expressed in E. coli and were purified at scale for NMR; however, p75N(33-203)
precipitated after TEV cleavage from the MBP and GFP solubility tags, indicating that the N-terminal

motif of p75N is necessary for solubility of the free domain. !>N-labelled p75N(1-203) was purified
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Tetrahymena CST

Figure 4.3. Docking model of p75-p45-p19 trimeric core. (a) Region of Tetrahymena telomerase
9A cryo-EM map comprising the CST (p75C, p45N, p19) trimeric core with a model of the CST
trimeric core modeled in. Model is based on the p19-p45N crystal structure [SDOI] and the (b)
human RPA trimeric core crystal structure [1L10].
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to high purity and concentration (30mg/ml) by nickel affinity and size exclusion chromatography. A
2D [15N, 1H]-HSQC with relatively strong and dispersed peaks was obtained, indicating this
construct was well folded (Figure 4.5a). However, only 162 out of a possible 197 (82%) amide
peaks were counted, suggesting that the construct could possess an excess flexible tail. p75N
constructs (1-163, 183, 190, 230) were purified and 2D [15N, 1H]-HSQC spectra were collected
(Figure 4.5). Based on these data, construct p75N(1-183) (hereto referred as p75N) was used for
further structure determination.
NMR assignments of free p75N domain

Conventional triple resonance backbone assignment experiments (HNCACB, CBCA(CO)NH,
HNCA, HN(CO)CA) on 15N13C labelled p75N failed to yield spectra with sufficient signal to noise to
interpret, despite the quality of the 2D [!5N, tH]-HSQC spectra. This could be due to intrinsic
conformational flexibility of the protein occurring at a timescale that can cause the signal to relax
and decay too quickly. This issue appears to be common for telomeric OB-fold proteins as it was
previously experienced with Tetrahymena p19 as well as with the Est3 protein from S. cerevisiae,
whose structure revealed homology to the human TPP1 OB-fold [32]. To compensate, backbone
assignments were determined using the trHNCACB, trHN(co)CACB, trHNCA, trHN(co)CA, trHNCO,
and trHN(ca)CO spectra collected on an 800 MHz Bruker instrument with ‘triply labelled’ 2ZH13C 15N-
p75N [33, 34](Figure 4.6). Conventional sidechain assignment experiments (HCCH-TOCSY, HCCH-
COSY) on 1H13C15SN-p75N failed to yield spectra of sufficient quality to obtain interpretable spectra.
Thus a strategy to assign the protein by starting with assigning the protonated methyls in a ‘triple
labelled’ sample (based on Otten 2010 [35]) is currently being pursued.
Interaction of p75N with p50

Based on the p75-p45-p19 modeling and analysis of the cryo-EM density data, the C-terminal

domain of p75 possesses a zinc ribbon (Figure 4.3a). Analysis of the primary sequence of p75
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suggests that this zinc ribbon motif resides in residues 396-418, placing the N-terminus of p75 C-
terminal OB near residue 350 based on the domain limits of other RPA70C homologs relative to the
zinc ribbon [27, 36]. As OB-folds are generally 100-200 residues in size, this strongly suggests that
p75 possesses only 3 OB-folds and furthermore that p75N interacts with p50, bridging the entire
CST complex to the RNP core (Figure 4.7a). To study this interaction, a peptide consisting of
residues 213-265 of the p50 protein was cloned onto the C-terminus of MBP (Figure 4.7b). These
residues of p50 were chosen based on a previous study with negative stain EM fab labelling and
radioactive pulldown data [26, 37] and the 9 A cryo-EM structure [1] that suggested residue 252 of
p50 could be found near the N-terminal region of p75 (Figure 4.7c). To investigate the potential
interaction between p50(213-265) and p75N, 2D [15N, 1H]-HSQC spectra of titrations of unlabeled
MBP-p50(213-265) with 1N-p75N were obtained. The MBP tag on p50(213-265) was retained
because long stretches of unstructured peptide are likely to aggregate when purified and
concentrated (Figure 4.8). The titration data showed an initial broadening and disappearance of
many peaks at sub-stoichiometric ratios of p50(213-265) to p75N and re-appearance of peaks (at
new chemical shifts) at 1:1 and above, although with broader linewidths. This suggested an
interaction with the MBP-p50(213-265) that was saturating at 1:1. The general line broadening of
the p75N (21.7 kDa) signals is likely due to the higher molecular weight of the complex (49.1 kDa of
MBP-p50(213-265)). Therefore, TEV protease was added directly to the samples in the NMR tube to
remove the MBP. This gave improved 2D [15N, 1H]-HSQC spectra of p75N in complex with p50(213-
265) (27.7 kDa) with narrower linewidths due to release of the MBP (43 kDa) (Figure 4.9). These
spectra indicate that the interaction occurs at approximately a 1:1 stoichiometry and is in the slow
exchange regime on the NMR timescale. The reverse labelling scheme (!>N-p50(213-265) with
unlabeled p75N) was employed and 2D [15N, tH]-HSQC spectra were measured which are consistent

with the above data (data not shown).
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Attempts to measure the affinity of MBP-p50(213-265) to p75N by ITC failed to produce results
with sufficient signal to noise, suggesting that the interaction could be mediated primarily by
hydrophobic contacts and is thermodynamically driven by entropic/entropy changes. There could
also be a competition between MBP-p50(213-265) interacting with p75N vs. other p50 peptides.
These explanations are consistent with the observation that when cleaved and purified from MBP,
free p50(213-265) will aggregate in a concentration and temperature dependent manner. Notably,
this aggregation is markedly suppressed in the presence of stoichiometric amounts of p75N.

To determine the minimal p50 peptide that can still fully bind to p75N, a series of truncation
mutants were made to p50(213-265) and binding by 2D [15N, tH]-HSQC p75N chemical shift
perturbation was determined (Figure 4.10). Based on these data, p50(228-250) was determined to
be the minimal binding core of p50 to p75N, confirmed by NMR titration spectra which show all
major chemical shifts observed from p50(213-265) and binding in the slow exchange regime at 1:1
stoichiometry (Figure 4.11). As expected, reducing the size of the p50 peptide improved the quality
of the spectra of 15SN-p75N:p50 complex; however, the spectral quality was increased even when
compared with the apo 15Np75N spectra, as evidenced by a more uniform distribution of peak
intensity and greater peak dispersion. As a result, several previously unassigned backbone residues
from the apo 2H13C 15N-p75N protein could be assigned in the 2ZH13C 15N-p75N:p50(228-250)
complex, despite the increase in molecular weight from the 2.7 kDa peptide. This is possibly due to
the peptide contributing to the conformational stability of p75N, versus the apo p75N which is
suspected to be conformationally heterogeneous at a timescale unfavorable for NMR.

The reverse labelling scheme for the minimal peptide (13C15Np50(228-250) with unlabeled
p75N) was also employed for the purpose of assignment and structure determination of the
peptide. Comparison of the 2D [!5N, tH]-HSQC of the minimal p50 peptide with and without
unlabeled p75N reveal dramatic chemical shifts for nearly every residue of p50(228-250) with the

exception of the two most C-terminal residues (Figure 4.12a). In addition, despite the line
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broadening that occurred from association with the 21.7 kDa p75N domain, six missing and
unassigned peaks from the free peptide were visible and assignable in the complex. The amount
and size of the chemical shift perturbations of the free peptide vs. the p75N bound peptide support
the validity and specificity of this interaction. This is further supported by obvious chemical shift
changes in the amide side chain region of the spectra (Figure 4.12b).
DNA Pol-a primase interaction with p75N
One of the proposed functions of CST is the recruitment of DNA pol-a primase for

complementary strand synthesis after telomeric extension of the 3’ end by telomerase [12-14]. In S.
cerevisiae, structural evidence for this is given by a co-crystal structure of Cdc13 N-terminal domain
with a 35 aa peptide from the N-terminal regulatory region of Pol1, the catalytic subunit of the pol-
o complex [21]. To determine if an analogous interaction in Tetrahymena exists, fragments of from
the N-terminal region Tetrahymena Pol1 were tested for binding to p75N by NMR (Figure 4.13).
These preliminary data suggest that residues 85-125 of Tetrahymena Pol1 participate in an
interaction with p75N for recruitment of pol-a primase. However, the NMR data does not suggest
that the binding of the Pol1 peptide is tight as even a 1:6 titration of the peptide does not result in
line-broadened peaks returning in the HSQC. It remains possible that this peptide is interacting
non-specifically with p75N. It should be noted however that the shifted peaks from this interaction
do not overlap with the majority of the shifted peaks in the interaction with p50(228-250),
described above.
Conclusions/Future directions

The identification of p75, p45, and p19 as Tetrahymena CST greatly enhanced our
understanding of the Tetrahymena telomerase holoenzyme structure. Thus far, high resolution
crystal or NMR structures have proved invaluable in generating docking models for the
‘intermediate’ resolution cryo-EM structure of Tetrahymena telomerase. However, the largest and

most divergent subunit of CST (p75 and Ctc1) remains the most uncharacterized structurally
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[29, 38]. In addition, how CST interacts with p50 (TPP1 in humans) remains a subject of extreme
interest.

Here, we have determined domain limits for the N-terminal domain of p75, the largest subunit
of Tetrahymena CST and the minimal binding core from p50 that interacts with this construct. An
atomic resolution structure of p75 and its complex with p50 is simultaneously being pursued by
cryo-EM studies of the telomerase holoenzyme and NMR and crystallography studies of p75N with
the p50 peptide binding core.

Crystallography of P75N

A multitude of constructs for the crystallization of the p75N domain were attempted but all

failed to yield hits. These are listed in Table 4.1.

Methods

Unless otherwise stated, all protein samples were expressed in % liters of M9 minimal media
expression. Protein was purified using a 5 ml IMAC nickel affinity column followed by TEV protease
cleavage in dialysis. Reverse IMAC was employed to remove HisMBP and TEV protease. Size
exclusion chromatography was performed on a 330 mL S75 column. ‘Triple labelled’ (2H5N13C)
p75N was produced from % liters of D20, 2g of 13C glucose, 0.5g of 15N NH4 and the standard M9
minimal media protocol with standard reagents (not perdeuterated). For size exclusion
chromatography and data collection the following buffer conditions were determined to be optimal
by micro dialysis button test: 20 mM Tris pH 7.5, 50 mM NacCl;, 1 mM TCEP, 3 mM NaNs. 8% D20
was used for all NMR samples. For 3D backbone assignment spectra, protein samples were
prepared to 0.5 - 0.8 mM. For titration and binding studies protein samples were prepared to 0.1

mM.
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Construct

Label

Rationale

p75N(1-183)

minimal p75N construct as determined by NMR

p75N(1-183)

Se-met

p75N is very soluble, seleno-methionine
labelling can decrease solubility which can
facilitate crystallization

p75N(1-183)A10,13,17L

Changing these three residues on alpha helix of
p75N caused it to dimerize which can facilitate
crystallization

MBP-3xAla-p75N(1-183)

same MBP fusion construct that yielded crystals
for p19

MBP-3xAla-p75N(3-183)

changing the linker could alter crystal packing

MBP-3xAla-p75N(5-183)

MBP-3xAla-p75N(7-183)

nn

MBP(LLLL)-3xAla-
p75N(1-183)

MBP(LLLL) variant dimerizes and was shown to
crystallize more readily than WT MBP

Table 4.1. p75 N-terminal domain constructs attempted for crystal trials.
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Identification and characterization of Tetrahymena Rlp2

94



Introduction

The discovery of two new RPA related proteins, Teb2 and Teb3, and the trimeric RPA related
complex, TEB, in Tetrahymena telomerase led to several insights [1]. One is that POT1, the human
equivalent to Teb1, is more closely related to RPA70 than previously thought; a hypothesis which is
discussed at length in Chan et al. 2017 [2] (Chapter 6) and supported by recent crystal structures of
POT1 [3, 4]. Another, was that Teb2 and Teb3 were actually shared subunits between Tetrahymena
RPA and Tetrahymena telomerase TEB (Figure 5.1), a hypothesis confirmed by our recent
publication in collaboration with the Collins lab [5]. In the work leading up to that publication, a
new RPA32-like protein in Tetrahymena was discovered and briefly studied for the purpose of
future structural determination. This chapter will present the preliminary unpublished data on this
new protein, now called Rlp2, and discuss potential future directions.
Results

In previous work performed by the Collins lab, two RPA70 homologs were identified in
Tetrahymena and characterized [6]. However, the corresponding RPA32 and RPA14 subunits that
would complete the orthologous heterotrimer were not found. Thus, when Teb2 and Teb3 were
discovered, in our previous cryo-EM and mass spec studies [1], to be RPA32 and RPA14 homologs it
was thought that these could be the missing RPA32/RPA14 homologs and that they were shared
between the three RPA70 homologs, Teb1, Rlp1, and Rfal, to form three distinct RPA-like
heterotrimers. Though existing expression profiling and microarray data supported this proposal
[7, 8], it is surprising given that the sequence similarity between these proteins, Teb1, Rlp1, and
Rfal, is relatively low and they are all expected to interact with Teb2-Teb3 similarly, as predicted
by the RPA heterotrimer.

Thus a psi-BLAST was performed on the Tetrahymena proteome querying Teb2 and Teb3 in an
effort to identify any other possible RPA homologs. Surprisingly, the Teb3 search did not yield any

significant hits, further supporting the hypothesis that it is the RPA14 homolog. We note that the
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Figure 5.1. Schematic of RPA trimeric complexes in Tetrahymena. Teb2 and Teb3 subunits are
shared between Tetrahymena TEB, RTT, and RPA with different large subunits. The homologous
human RPA comprising RPA70, RPA32, and RPA14 is shown for comparison.
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RPA14-like p19 was not identified as a hit. This was expected due to the high sequence divergence
of CST proteins. However, RPA proteins are well conserved and are readily identifiable based on
sequence similarity across species (Teb2 and Teb3 possess significant sequence similarity to
RPA32 and RPA14 respectively). However, psi-BLAST of Teb2 identified a single protein with
sequence similarity and the appropriate size and predicted secondary structure elements
consistent with an RPA32, which will heretofore be referred to as Rlp2 (RPA like protein 2).

When expressed in E. coli and co-lysed with pellets expressing Teb1C and Teb3, Rlp2 could be
purified via nickel affinity chromatography. The size exclusion profile and resultant SDS-PAGE
suggested it forms a well-folded dimer of Rlp2-Teb3 that does not bind to Teb1C.

Domain limits of Rlp2

RPA32-like proteins generally possess two domains. An N-terminal OB-fold that interacts with
an RPA70C-like OB-fold and an RPA14-like OB-fold to form a RPA heterotrimeric core; and a C-
terminal winged-helix (WH) motif. Based on the secondary structure prediction of Rlp2, domain
limits for the Rlp2 C-terminal WH were proposed (Figure 5.2ab) with 229-283 representing the
minimal construct. Attempts to express and purify the C-terminal WH were successful but neither
RIp2(229-283) nor the larger construct of Rlp2(209-283) yielded a well folded-domain, as
determined by NMR (Figure 5.2cd).

A range of domain limits for the Rlp2 N-terminal OB-fold was expressed and purified (Figure
5.3a) and co-lysed with Teb3. Out of the tested constructs only Rlp2(18-228) and Rlp2(53-228)
expressed and purified as a monodispersed peak on SEC bound to Teb3. The expression tests of
these proposed domain limits are consistent with a multiple alignment of Rlp2, hRPA32, and Teb?2,
suggesting that the C-terminus of the Rlp2 N-OB was determined but the N-terminus could
potentially be further trimmed (Figure 5.3b). Interestingly, these constructs did not appear to form
a dimer of dimers based on the SEC profile suggesting that the dimerization of Rlp2-Teb3 is

facilitated by the C-terminal domain of RlpZ2.
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Figure 5.2. Structural characterization of C-terminal domain of Rlp2. (a) Sequence and
secondary structure prediction of Rlp2. Highlighted in blue is the putative winged-helix (WH)
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domain which has the minimum secondary structure requirements illustrated in (b) the structure
of the human RPA32 C-terminal (WH). (c) Overlay of the 15N-HSQCs of the putative minimal 229-
293 Rlp2 WH and an extended 209-293 construct. (d) Comparison of 15N-HSQC Rlp2(209-293)
with that of Teb2 C-terminal WH. These spectra strongly suggest that the recombinantly expressed
Rlp2 C-terminal domain does not form a well-folded WH domain.
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RPAd Construct Resus |

RPA4 (53-170) Eliminated during expression testing- did not express well
RPA4 (53-185) RPA4 in insoluble fraction, only one band in elution
RPA4 (53-197) Only one band in elution fraction, aggregated in dialysis
RPA4 (53-215) RPA4 in insoluble fraction, only one band in elution, one peak on SEC
RPA4 (53-228) Successful purification of complex, two peaks in SEC
RPA4 (18-170) RPA4 in insoluble fraction, only one band in elution, one peak on SEC
RPA4 (18-185) RPA4 in insoluble fraction, only one band in elution, one peak on SEC
RPA4 (18-197) RPA4 in insoluble fraction, only one band in elution, one peak on SEC
RPA4 (18-215) RPA4 in insoluble fraction, only one band in elution, one peak on SEC
RPA4 (18-228) Successful purification of complex, two peaks in SEC
hRPA32 ————— oo MWNSGFESYGSSSYGGAGGYTQS
TtTeb2 = ———m—m oo MSNRVQG---GFDNN
TtR1p2 MEQEILNQSLLKSPNRAIDESSMIVIPQQKKPNVQKKKLKINVSQSTEVSYG———ILVSP
18 53
hRPA32 PGGFGSPAPSQAEKKSRARAQHIVPCTISQL———LSAT ————————— LVDEVFRIGNVET
TtTeb2 SGNNQSA————QKQQAEKIPQITVPLNIFMINQIVKAAKENPQAH——SGNHYEWYGAFEN
TtR1p2 EGETRASSI-HHFEREKKWSQOSITPLTCLMLNKATANINLRLEVEGQPVELVELVGHVCA
hRPA32 SQV-—————————————= TIVGITRHAEKAPTNIVYKIDDMTAAP—---MDVRQWVDTDDT
TtTeb2 AITTAKFEFLOSINDSPKIMGKLSDSTG-CIEVVIQKSKMSDELPEFVQAYETELQNN--
TtR1p2 SLYGRAYTL———KGEQPFMAIQISDLSGICSAILYQPTNDEENLVEYLKRTENWQSNIDK
170
hRPA32 SSENTVVPPETYVKVAGHLRSEF-—-—--QNKKSLVAFKIMPLEDMNEFTTHILEVINAHMVL
TtTeb2  -——--- GNRHKYVRAMLKMRKN-—-—-- AQIQLLYFST--VNDANETSRHGLDLCLRYLQR
TtR1lp2 =  —————— MLNGTYVKVIVKIKYSVTESVWKNICIAIKI——IQNANEITQHN.DVIKCYLER
185 197 215
hRPA32 S SQPSAGRAPISNPG-MSEAGNFGGNSFMPANGLTVAQNQVLNLTIKACP--—-——-—-- R
TtTeb2 KBGIED--FMHMTNDKAHNNHNASAQKVHYQIDRN-—-QQPKEQVLELMRQILKHNPNDQT
TtR1p2 KDGIIQ——KVKSPIQNNPIYIKA———KQREEMEK————RNRIEISTLKESILQKDM——QI
228
hRPA32 PEGLNFQDLKNQLKHMSVSSIKQAVDFLSNEGHIYSTVDDDHEKSTDAE
TtTeb2 PKSKIIEFFQSQLNQVQT---NQILOQLVSANEIFSVGSDNYLLNV-——
TtR1p2 EEEH-——————- IQPIQ—————=———————————————————————————

Figure 5.3. RIp2 N-terminal domain construct design. (a) Table of Rlp2 N-terminal constructs
tested for soluble expression and Teb3 binding. (b) Multiple alignment of hRPA32, TtTeb2, and
TtRlp2 performed by Clustal Omega [9].
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Conclusions and future directions

The data presented in this chapter contributed to analysis of the pull down LC/MS/MS data
presented in Upton et al. 2017 [5]. Briefly, Teb3 was tagged at the endogenous locus and purified
from cell extract. RIp2 was identified as one of the components bound to Teb3. However, it remains
to be determined if Rlp2 exists in the cell as a dimer with Teb3 or if it forms a heterotrimeric
complex with Rlp1 which was also pulled down with Teb3.

That these OB-folds are apparently interchangeable in the formation of these RPA-like
complexes is a subject of extreme interest to structural biology and the understanding of protein-
protein interactions. It will be interesting to note the differences between the interaction interfaces
between Teb3-Teb2 vs. Teb3-Rlp2. Optimal crystal constructs will likely require trimming the N-
terminus of the N-terminal OB fold of Rlp2 to generate the minimum OB fold that can still bind to
Teb3. Removal of the putative C-terminal dimerization domain may or may not be necessary as
dimerization can often facilitate crystal packing. It also remains to be determined if Teb3-Rlp2 can
interact with Tetrahymena Rlp1 or Rpal to form the trimeric complex and whether or not the
excess C-terminal or N-terminal domains are required or inhibit formation of the heterotrimer.
These complexes, if they form, also warrant structural investigation for reasons stated above as

well as for general understanding of RPA complexes.
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Abstract

Telomerase is an RNA—protein complex that extends the 3’ ends of linear
chromosomes, using a unique telomerase reverse transcriptase (TERT) and
template in the telomerase RNA (TR}, thereby helping to maintain genome
integrity. TR assembles with TERT and species-specific proteins, and
telomerase function in vivo requires interaction with telomere-associated
proteins. Over the past two decades, structures of domains of TR and TERT
as well as other telomerase- and telomere-interacting proteins have provided
insights into telomerase function. A recently reported 9-A cryo—electron
microscopy map of the Tetrabyneena telomerase holoenzyme has provided
a framework for understanding how TR, TERT, and other proteins from
ciliate as well as vertebrate telomerase fit and function together as well as
unexpected insight into telomerase interaction at telomeres. Here we review
progress in understanding the structural basis of human and Tetrahyniena
telomerase activity, assembly, and interactions.

103



Contents

IR TROIMUC TIROIN AN QWIETRWITERY ¢ 00 coosconoonasasaoceeanaacccaoonasnnnccans 200
Overview of Human and Tetrahymena T'elomerase and Interaction at T'elomeres... 202
TELOMERASE RNA DOMAIN STRUCTURES ........oiiiiiiiiiiiiiinees 203
Template/Pseudoknot Domain. ........oovviiiiiiiiiiiiiiiiiiiii i 204
Stem Terminus Element.......oooiiiiiiiiiiiiii i 206
Telomerase RNA Biogenesis Element and Protein Interactions................... 207
TELOMERASE REVERSE TRANSCRIPTASE DOMAIN STRUCTURES. ... .. 207
The Telomerase Reverse Transcriptase Ring. .. .....ooooiiii .., 207
Telomerase Reverse Transcriptase Domain Structures
and Telomerase RINA INteractions . ....couvieineirviieinerniiirnnreniennns 209
ELECTRON MICROSCOPY STRUCTURES OF TELOMERASE............... 209
Negative Stain Electron Microscopy Structures ...........ooiiiiiiiiiiiaaiian.. 209
Cryo-Electron Microscopy Structure of Tetrabymena Telomerase................. 209
THE CATALYTIC CORE OF HUMAN AND TETRAHYMENA TELOMERASE 211
Pseudoatomic Model of Tetrabymena Telomerase Ribonucleoprotein Core.... .. ... 211
Modeling the Vertebrate Telomerase Catalytic Core.........oooiiiiieinnona. 212
PROTEINS INVOLVED IN sstDNA HANDLING AND TELOMERASE
RECRUITMENT TO TELOMERES. .. ... i 212
TPPLand POTT ..o i 212
Tetrabymena 'T'elomerase Recruitment and Telomere End Protection ............. 214
CST PROTEINS INVOLVED IN C-STRAND SYNTHESIS
AND TELOMERASE REGULATTION ... .ottt 216
Stm1-Tenl Structure and Similarity to RPA......ooo i 216
Ctel/Cdel3 Structure and INteractions .....ouvvueiv it viiniiiiiiieiienienieunen. 217
FUTURE PROSPECTS ...t i e eaaas 217

INTRODUCTION AND OVERVIEW

Telomeres and telomerase are the nucleoprotein complexes that together protect the ends of
linear chromosomes and provide a solution to the end replication problem (10, 11). First detected
~30 years ago in the ciliated protozoan Tesrabyniena thermophila as a terminal transferase activity
(52, 53), telomerase was subsequently found to extend the 3" ends of linear chromosomes by reverse
transcription of telomeric repeats (TTAGGG in vertebrates and TTGGGG in Tetrabyniena)
through the use of an integral RNA template (10) (Figure 1#). Since its discovery, telomerase
has emerged as a major player in tumorigenesis, stem cell renewal, and cellular aging. Shortened
telomeres can lead to cellular senescence, and a majority of cancers require upregulated telomerase
activity to maintain immortal cell replication (4, 5, 9, 44, 100, 146). Additionally, telomerase
insufficiency or dysregulation due to mutations in telomerase proteins, telomerase RNA, and
telomere-associated proteins are linked to a wide variety of inherited diseases (4, 42, 68, 112, 137,
139, 146, 160). The catalytic core of telomerase comprises an integral telomerase RNA [TR; also
called h'TR or TERC (human), TER (ciliate), and TLC1 (yeast)], identified in 1989 (54), and the
telomerase reverse transcriptase (TER'T), identified in 1997 (92). Since then, a host of additional
proteins that aid in assembly, recruitment, regulation, activity, and nucleic acid handling have

been identified (38, 112, 140, 150).
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Figure 1

Schematics of telomere extension by telomerase and of human and Terrabymena telomerase and telomerase-associated proteins at the
telomeres. (#) Telomerase uses its integral RNA template for the reverse transeription of telomeric repeats onto the 3’ ends of
chromosomes. The 3" end of the DNA aligns with the 3" end of the template in register to allow synthesis of the telomere repeat. After
synthesis of a repeat (GG TTAG in humans), the telomerase template must shift register (translocate) by one repeat before nucleotide
addition can reinitiate. () The human telomerase RNP core (TERT, TR, H/ACA scaRNP proteins) is recruited to telomeres by the
shelterin complex. CST interaction with TPP1-POTT inhibits telomerase activity. (¢) Tetrabymena telomerase RNP core (TERT, TR,
p65) is constitutively assembled with the p50, TEB, and CST accessory proteins. Abbreviations: RNP, ribonucleoprotein; scaRINP,
small Cajal body ribonucleoprotein; TERT, telomerase reverse transcriptase; TR, telomerase RNA.

The protein components beyond 'TERT that constitute the telomerase holoenzyme have his-
torically been difficult to define. Many associate with the telomere and catalytic core transiently
as a function of cell cycle and lack obvious homology among different organisms (89, 91, 140).
In addition, TRs are divergent between species in sequence and size, ranging from 147 to 203
nucleotides (nt} in ciliates, 312 to 559 ntin vertebrates, and 928 to >2,425 nt in yeasts (121, 122),
and interact with apparently species-specific proteins. However, biochemical, genetic, and recent
structural studies of TR, TERT, and other telomere- and telomerase-associated proteins have
enhanced our understanding of their functions and revealed that these components often share
commonalities of structure, function, and evolutionary themes (91, 112, 122).

These commonalities were highlighted in the recent 9-A cryo—electron microscopy (EM) struc-
ture of Tetrabymena telomerase; nearly 30 years after the discovery, there is now a near complete
model of the Tetrabymena telomerase holoenzyme (69). An unexpected finding was that compo-
nents of the constitutively assembled Tesrabymena telomerase holoenzyme share homologies with
human, yeast, and plant protein complexes that interact with telomerase at telomeres. This study
has allowed three decades of data on telomerase function and interaction at telomeres from diverse
organisms to be placed in a structural context (41, 69). Here we review structural advances in the
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field for ciliate (primarily Tetrahymena) and vertebrate (primarily human) telomerase with respect
to TERT and TR domains, other proteins that bind to TR, and the proteins involved in G-strand
single-stranded telomere repeat DNA (sstDINA) handling.

Overview of Human and Tetrabymena Telomerase and Interaction at Telomeres

The minimal components for telomerase catalytic activity in vitro are TERT and TR. Early studies
established the basic mechanism for telomerase activity whereby TER'T processively synthesizes
multiple repeats of the G-strand telomeric sequence using the template, contained within the
larger TR and comprising ~1.5-1.8 repeats of a sequence complementary to the telomeric repeat
(53,122). The 3" end of the template aligns and base pairs with the 3" end of the G-strand overhang,
leaving template bases complementary to a single telomere repeat unpaired, and nucleotides are
processively added until the 5’ end of the template is reached (Figure 1a). Upon completion of
one telomere repeat, the template has to realign with the newly formed end of the telomere, a
process known as translocation, so that subsequent telomere repeats can be added. The complete
steps in the enzymatic cycle have been the subject of intense investigations that are beyond the
scope of this review (14, 119, 175), but many details, especially for the translocation step, remain
to be defined. Atsome point, the synthesis of the G-strand stops, and DNA-polymerase o-primase
is recruited to synthesize the complementary C-strand (Figure 15,¢).

"T'elomerase contains multiple proteins in addition to TER'T that bind directly or indirectly to
the single 'T'R. Here we define the telomerase ribonucleoprotein (RINP) core as TR, TER'T,
and additional proteins that bind directly to the TR and stay associated at least temporarily
after assembly (Figures 1 and 2). Depending on the organism, the telomerase ribonucleoprotein
(RNP) core can be constitutively associated or transiently associated via cell cycle regulation with
other accessory proteins. In humans, the telomerase core RNP includes, in addition to TERT,
the H/ACA small Cajal body RNP (scaRNP) complex proteins: dyskerin, NOP10, NHP2, and
likely GARI [although it contacts dyskerin and not TR (84, 130)], as well as TCABI (166) [also
called WDR79 (161)]—the gene product of WRAPS3 (97), which directs the telomerase RNP to
Cajal bodies (Figure 2a) (39, 140). Human telomeric DNA is protected by the six-component
shelterin protein complex composed of the following: RAP1; the double-stranded telomeric DNA-
binding TRF1 and TRF2; the sstDNA-binding POT1; and TIN2 and TPPI, which serve as
mediators for shelterin assembly and telomerase recruitment (Figure 1) (34, 60, 150, 169, 180,
189). Telomerase is recruited to telomeres primarily by a direct TPP1 interaction with TERT
(111, 145, 189), and telomerase activity requires a switch in TPP1-POTT function from telomere
end protection to telomerase processivity factor (144, 169). Association of human telomerase to
shelterin is mutually exclusive with and inhibited by a TPP1-POT1 interaction with the Ctel-
Sm1-Ten (CST) complex (24). In humans, the sstDINA-binding CST inhibits telomerase activity
and recruits the DNA-polymerase x-primase complex (Pol «-primase) for C-strand synthesis
(Figure 1b) (22, 24). CST is related to the trimeric replication protein A (RPA) complex, the
major single-stranded DNA-binding protein that plays numerous roles in DNA replication and
repair (123, 153).

In contrast to human telomerase, Tetrabymena telomerase is constitutively assembled (104,
165). TERT, TR, and the La-related protein p65 comprise the Tetrahymena telomerase RNP
core (Figures 1c and 2b), as revealed by the cryo-EM structure (69). p50 links TERT to the two
recently structurally characterized RPA-like sstDINA-binding complexes TEB (which comprises
Tebl, Teb2, and Teb3) and CST (61, 69, 70). TEB is important for proper recruitment of
telomerase to telomeres (69, 165), whereas Terrabymena CS'T, comprising p75, p45, and p19 (69),
is linked to C-strand synthesis (Figure 1¢) (168). The G-overhang is capped by a four-protein
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Schematics of human and Tetrabymena telomerase RNP cores illustrating ‘TR secondary structure and known protein components. TR
contains three major structural and functional domains: template/pseudoknot (t/PK), stem terminus element (STE), and biogenesis.
() Human telomerase core RNP includes TERT, TR, and the H/ACA proteins. Human TERT (#lice) interacts with the t/PK and the
STE [conserved regions 4 and 5 (CR4/5)] (violer). In the t/PK, the template, pseudoknot, and template boundary element (T'BE) are
highlighted in red, orange, and yellow, respectively. Helical regions are labeled as P (20). The biogenesis domain comprises an H/ACA
scaRNA motif that interacts with the H/ACA proteins dyskerin (dark green), NOP10 (light green), NHP2 ( gold ), GAR1 (pale blue), and
TCABI (fight purple). (b) Tetrabymena telomerase RNP core includes TR, TERT (blue), and p65 (dark green). Domains of the /PK and
STE are colored as in panel 4, with the addidon of the single-stranded template recognition element (I'RE) in orange. The biogenesis
domain at the 3’ end of TR is bound by p65; its N-terminal La module binds the TR polyU tail for biogenesis, and the C-terminal
xRRM binds stem 4 around the GA bulge for assembly. Abbreviations: nt, nucleotide; RNP, ribonucleoprotein; scaRINA, small Cajal

body ribonucleoprotein; TR, telomerase RNA.

complex—Patl, Pat2, ‘I'ptl, and Potla—and Potla is proposed to be mutually exclusive with
TEB/telomerase binding to the G-overhang (Figure 1¢) (124).

Although there are many seminal structural studies of telomere- and telomerase-associated
proteins from veast, specifically the Potl and CST proteins (48, 81, 108, 155), there are few
structures from veast TRs (17) and yeast telomerase RNP cores. For this reason and also space
limitations, this review focuses on human and ciliate Tetrabymena telomerase. We refer the inter-
ested reader to excellent reviews on yeast and plant telomerase (28, 77, 89, 94, 98, 120, 172, 173).
Advances in single molecule and fluorescence resonance energy transfer studies of telomerase are
covered in this volume by Parks & Stone.

TELOMERASE RNA DOMAIN STRUCTURES

The TR secondary structure and associated proteins of the human and Tetrabynena telomerase
RNP core are illustrated in Figure 2. TR variability in size, sequence, and domains can be ex-
plained by its identification as a rapidly evolving long noncoding RNA, with regions of struc-
tural homology attributed to its roles in TERT interaction and function (113, 122). Two nearly
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universally present structural elements that are required together for TERT binding and catal-
ysis in vitro have been identified: a template/pseudoknot (t/PK) (also called core or pseudoknot)
domain and a stem terminus element (STE) [also called activating domain and, in vertebrates, con-
served regions 4 and 5 (CR4/5)] (122,158, 187). In addition, TRs from diverse organisms contain
a 3’ species-specific RNA stability/biogenesis element (Figure 2). Differences between organisms
in the requirements for 3’-end processing, stabilization, and nuclear compartment localization
account for much of the diversity in TR and TR binding proteins (Figure 2) (39, 122, 167).

Template/Pseudoknot Domain

The t/PK includes the template, a 5" template-adjacent template boundary element (TBE) (21, 78,
162), and a pseudoknot connected to the 3" end of the template by a single-stranded region, usually
enclosed in a circle by a stem (Figure 2). Ciliates have the smallest and simplest H-type pseudo-
knots, with ~30 nt, whereas vertebrates and yeasts have pscudoknots with additional subdomain(s)
in their longer stem 1 (P2 in humans). In vertebrate telomerase, the full-length pseudoknot in-
cludes a minimal pseudoknot (P2b—P3), essentially equivalent to the complete ciliate pseudoknot,
containing most of the conserved bases (Figures 2 and 3a); an adjacent helical region that includes
a 5-6-nt bulge conserved in location but not sequence (P2a—J2a/b—P2b); and, at least in mammals,
a helical extension (P2a.1) (Figures 24 and 3b) (121). The structure of the human telomerase
minimal pseudoknot (Figure 34) (74, 157) established that the pseudoknot is stabilized by tertiary
interactions between the loops and stems and, in particular, a run of U- A - U base triples that has
become known as the triple helix (127, 147). A direct correlation between pseudoknot stability and
telomerase activity was demonstrated by thermodynamic analysis, through the use of nucleotide
substitutions and compensatory mutations (157). Biochemical, mutational, and structural studies
of veast and medaka fish pseudoknots have revealed a conserved structure and confirmed the im-
portance of the base triples for pseudoknot stability and telomerase function (Figure 3a) (17, 127,
147, 163, 171). A recent structure of the Tetrahyniena pseudoknot revealed a more limited set of
base triples, explaining in part its lower stability (Figure 3a) (18, 69).

Figure 3

Structures of TR domains. (#) Solution structures of minimal (P2b-P3) pseudoknots from human (Howmo sapiens) (PDB ID 2K95), yeast
(Khyveromyces lactis) (PDB 1D 2MS8K), and Tetrabymena (Tetrabymiena thermophilay (PDB ID 2N6Q)). Secondary structure schematic of
the human P2b-P3 pseudoknot is shown on far left (18, 74). (/) Sequence and secondary structure of the human TR t/PK domain.
Subdomains for which NMR structures have been determined are boxed with dashed lines: P2a—]2a.1-P2a.1 ( purple-black—orange),
P2a-]2a/b-P2b (PDB 1D 21.3E) (orange—green—red ), P2b—P3 pseudoknot (red-blue-gold). P1b (tan) is the closing helix of the TBE
(187). (&) Model structure of the human t/PK. For the model, the subdomain structures were cumputﬂtirma]]y combined to make the
P2-P3 pseudoknot (188). The single-stranded region ( gray) containing the template (back) is shown with a DNA primer (cya#) bound.
(d) Sequence and secondary structures of medaka (Oryzias latipes) STE (CR4/5), NMR structure (PDB 1D 2MHI), and crystal structure
of the complex with medaka TERT TRBD (PDB ID 4026). Nucleotides proposed to interact with TRBD are colored green.

(¢) Sequence and secondary structures of Tetrabymena STE (stem-loop 4), NMR structure (PDB ID 2FEY), and structure of the
complex with Tetrabymiena p65 and TERT TRBD [modeled from crystal structure of p65 xRRM-stem 4 (PDB ID 4ERD), NMR
structure of loop 4 (PDB ID 2M21) (149)], and TRBD from the eryo—electron microscopy model (69). The GA bulge nucleotides
involved in p63 binding are colored cyan. (f) Sequence and secondary structure of human TR biogenesis domain (H/ACA) and
secondary structure and solution NMR structure of the 37 apical stem-loop (CR7) containing the CAB and BIO boxes. Open boxes
within the CR7 indicate the location of the CAB box (smagenta) and BIO box ( green). Nucleotides important for TCABI and putative
NHP?2 binding are highlighted in magenta and green, respectively, in the secondary structure schematic and are colored by residue type
on the surface of the NMR solution structure of the CR7 hairpin (PDB ID 2QH2): A (orange), U ( green), G (blue), C (red). Human TR
domains are named P for paired regions and ] for junction regions (20, 159). Abbreviations: CR4/5; conserved regions 4 and 5; NMR,
nuelear magnetic resonance; STE, stem terminus element; TBE, template boundary element; TERT, telomerase reverse transcriptase;
t/PK, template/pseudoknot; TR, telomerase RNA; TRBD, telomerase RNA binding domain.
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Structures and dynamics of the additional subdomains of the pseudoknots of human and of
medaka, the latter of which contains the smallest known vertebrate TR (312 nt) (178), have also
been studied by nuclear magnetic resonance (NMRY) (73, 171, 188). The structure of the human
P2a-J2a/b-P2b subdomain [P2ab] showed that the 5-nt J2a/b bulge induces a large (89°) and
somewhat flexible bend between P2a and P2b (Figure 3b,c) that defines the overall topology of
the full-length pseudoknot (188). ITn mammals, P2a.1 is connected to P2a by an internal loop
that forms a series of mismatched base pairs, so P2a and P2a.1 [P2ala] essentially form a single
helix as shown for human TR. In medaka, this region was predicted to be single stranded but
appears to form a small hairpin stacked on P2a, extending the similarity between mammalian
and nonmammalian vertebrate TR full-length pseudoknots (171). The subdomain structures of
the full-length pseudoknot were computationally combined, and the single-stranded template
and adjacent nucleotides were included to make models of the ¢/PK for human TR (Figure 3¢)
and medaka TR (171, 188). These models approximate the structure of the t/PK when bound to
TERT; t/PK may form alternate structures when not bound to TER'T (30, 47, 59, 114).

The t/PK also contains the TBE, a short helix flanked by single-stranded DNA. In human TR,
this helix also closes the t/PK into a circle, whereas in Tetrabymiena, it is a hairpin located a few
nucleotides 5 of the template (Figure 2) (21, 67, 78, 133, 187). The TBE binds with high affinity
to the TERT TRBD (telomerase RNA binding domain) (117), providing an anchor point that
prevents TR nucleotides beyond the 5 end of the template from being pulled into the active site
(discussed below) (67, 69).

Stem Terminus Element

In vertebrate 'T'R, the STE is the CR4/5, which is a helical region extending from the 5" hairpin of
the H/ACA scaRNA domain (Figures 2 and 3d). This region of TR forms a three-way junction
(P35, P6, and P6.1 emanating from an internal loop); the P6.1 hairpin has a 3-nt loop and is
highly conserved in vertebrates (135). The binding site was mapped to TRBD by cross-linking
(Figure 3d) (12). The structure of medaka STE (CR4/5) has been solved both free from (73) and
bound to TERT TRBD (Figure 34 ) (63). Binding to the TRBD induces a large conformational
change in the position of P6.1 relative to P6 and a rearrangement of base interactions in the
three-way junction. P6.1 is almost parallel to P6 in the free RNA, but in complex with TRBD,
it is approximately perpendicular to and on the opposite side of P6. TRBD helices between the
QFP and T motifs insert deep into the cleft between the two stems, forming an extensive interface
(Figure 3d). Although the nucleotides of the P6.1 hairpin loop are not visible in the medaka
TRBD-CR4/5 crystal structure, the P6.1 apical loop is proposed to insert at the interface between
the TRBD and the C-terminal extension (CTE) (12, 63, 69). Two potential pseudouridine (1)
modification sites were identified in human P6.1 by N-cyclohexyl-N'-g-(4-methylmorpholinium)
ethylcarbodiimide p-tosylate probing at the highly conserved U307 and the loop closing U306,
and structural studies indicated that these 1p affected the loop conformation (72). More recent
genome-wide mapping by -seq has confirmed the U307 modification site (143), and it will be
interesting to see if it is important in the P6.1-CTE interaction.

In ciliates, the STE is simply a stem-loop, equivalent to P6.1. The structures of Tetrabynzena
stem-loop 4 (25), loop 4 (134), and stem 4 bound to the C-terminal xXRRM of p65 have been
solved (Figure 3e) (149). Binding of p65 xRRM at a conserved GA bulge in stem-loop 4 induces
a large conformational change that is important for hierarchical assembly of p65-TR with TERT
(Figure 3e) (116, 149, 152). Comparing the medaka CR4/5-TRBD structure with the pseu-
doatomic cryo-EM model of stem-loop 4~TRBD explains why the interaction of loop 4 with the
TRBD is much weaker than CR4/5 with the TRBD, because the single stem would not have the
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additional contacts afforded by P6 in vertebrates, and explains why p65 is required to help position
loop 4 interact with TERT.

Telomerase RNA Biogenesis Element and Protein Interactions

The biogenesis element in vertebrate telomerase is an H/ACA scaRNA domain and islocated at the
3" end of the mature TR (Figure 2). Like other eukaryotic H/ACA RNAs, it contains two hairpins
with large internal loops, a 5" and 3’ hairpin followed, respectively, by an H box and ACA box
(Figure 3f). These hairpins each bind a set of H/ACA RNP proteins (dyskerin, NOP10, NHP2,
GAR1) (Figure 2a) (37). However, unlike classical H/ACA scaRNAs, the internal loops do not
serve as guide sequences for site-specific pseudouridylation of snRNAs; rather, the TR H/ACA
RNP is important for TR stability, localization to Cajal bodies, and possibly assembly (31, 39, 167).
The 3’ hairpin apical loop contains the CAB box sequence (132) that binds TCABI (161, 166),
which targets telomerase to Cajal bodies (159, 166). Structures of single hairpin archaeal H/ACA
proteins, complexes, and H/ACA RNPs with bound substrates (56, 87, 99) and yeast H/ACA
dyskerin/Cbf5-NOP10-L7Ae-GARI1 complexes (35, 85, 86) as well as NHP2 alone (76) have
been reported and provide insight into how these proteins might assemble with TR (reviewed in
57,75,183). Archaeal H/ACA RNPs have the protein L7Ae, which specifically binds a kink-turn,
in place of NHP2.

The 5 hairpin of the vertebrate TR H/ACA domain is extended by the STE, the CR4/5
element that contains the three-way junction discussed above. The 3" hairpin apical loop con-
tains both the CAB box on the 5’ side and a region referred to as the BIO box on the 3’ side
(Figure 3f) (38). Structural and functional studies of wild-type and mutant hairpins established
the sequence and structural elements important for targeting to Cajal bodies and RNP biogen-
esis, respectively (38, 159). "The upper stem and conserved bulge U in the BIO box correspond
to the predicted binding site for NHP2 (Figure 3f) (76, 159). Tt is interesting to note that an
equivalent site with a bulge U does not appear to be present in the 5 hairpin. The BIO box
has been shown to contribute to the enhanced assembly of the dyskerin-NOP10-NHP2-NAF1
complex with the H/ACA domain that is required for biological accumulation of TR (38). Asso-
ciation of the dyskerin complex has also been shown to protect the 3’ end from exonucleolytic
digestion (39, 148). Thus, the 3" H/ACA RNP contributes to biogenesis, stabilization, and local-
ization. The H/ACA RNP may also contribute to positioning of the STE, but this remains to be
determined.

In Tetrabymena TR, stem 4 and its 3’ UUUU single-stranded end, in complex with p65,
function as the biogenesis element (Figure 2F). In contrast to the vertebrate TR transcribed by
RNAPITI, ciliate TR is transcribed by RNAP TIT (39, 54). The polyU tail at the 3" end of RNAP IIT
transcripts are cotranscriptionally bound and protected by the La module (composed of La and
RRM domains) of La protein. The N-terminal La module of p65, a LARP7 (La-related protein
group 7), replaces that of La on the 3’ end of stem-loop 4, while its C-terminal xRRM domain
binds and bends stem 4 (Figure 3¢} (149). Thus, p65 plays a dual role in TR stability and RNP
assembly.

TELOMERASE REVERSE TRANSCRIPTASE DOMAIN STRUCTURES

The Telomerase Reverse Transcriptase Ring

TERT contains four evolutionarily conserved functional domains: TER T-essential N-terminal

(TEN) domain, TRBD, reverse transcriptase (RT) domain, and CTE (Figure 4a) (6, 71, 102,
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TEN TRBD RT (fingers and palm) CTE (thumb)
V-la DAT T2 TFLYVSR CP T 12 3 A IFD B CD E E E-Il E-lIl E-IV
Human
194 318 594 939 1132
V-la DAT T2 TFLY VSR CP T 12 3 A IFD B CD E E-d  E-l E-EV
Medaka
190 307 561 897 1090
V-a DAT T2 CP2 CP T 12 3 A IFD B CD E EI1 EIl El
Tetrahymena
191217 519 888 mz
CcP T 1223 AIFD B CDE El E-IE-lll E-IV
Beetle
182 398 596

TEN TRBD TRBD-STE TRBD-TBE TERT-template-DNA
(Tetrahymena) (Takifugu) (Medaka) (Tetrahymena) (Tribolium)
Figure 4

Domains and structures of TERT. (#) Domains and conserved motifs of human, medaka, Tetrabymiena, and beetle TERT, aligned at
the RT domains. Crystal structures of (b)) Tetrabymena TEN (PDB 1D 2B2A) (¢} Takifugu TRBD (PDB 1D 4L.MO), (d) medaka
TRBD-STE complex (PDB 1D 4026), (¢) Tetrabymena TRBD-TBE complex (PDB ID 5C9H), and (f) flour beetle TERT-template—
DNA complex (PDB ID 3KYL). In panel b, residues that are proposed to be involved in interaction of the TEN domain with p30 (and
TPP1 in human) are red spacefill. RNA and DNA are magenta and pink, respectively. The active site in panel f is green spacefill.
Abbreviations: CTE, C-terminal extension; RT, reverse transcriptase; STE, stem terminus element; TEN, TERT -essential
N-terminal; TERT, telomerase reverse transcriptase; TRBD, telomerase RNA binding domain.

121, 122, 177). Crystal structures of Triboliun: castanenm TER'T without and with an RNA DNA
hybrid hairpin that mimics the template-DNA complex revealed that TRBD, RT, and CTE
form a ring (Figure 4f') (49, 106). Because Tribolium TER'T lacks the TEN domain and the TR
has not yet been found, questions have been raised about whether it might be another type of
RT (83); regardless, its ring shape is clearly consistent with the EM maps for both human and
Tetrabymena telomerase (69, 70, 105, 138). The R'T includes the enzyme active site where the TR
template is located, and the C'TE promotes telomerase processivity; these two conserved domains
correspond to the palm and fingers and the thumb domains, respectively, found in other poly-
merases (6, 177). The RT domain has two telomerase-specific regions—motif 3, which facilitates
the realignment between DNA and RNA (179), and the insertions of fingers domain (IFD), which
mediates telomerase processivity and facilitates telomerase recruitment to telomeres (26, 27, 49,
96). The Tribolium TFD is much smaller than that in human and Terrabymena, and there is no
good homology model in those organisms. The TRBID has specific binding sites for the TBE and
the STE (1, 12, 58, 67, 79). Tribolium TRBD is also much smaller than that of Tesrahyniena and
vertebrates (Figure 4a).
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Telomerase Reverse Transcriptase Domain Structures
and Telomerase RNA Interactions

Two Tetrabymiena and two vertebrate TRBD structures have been determined (Figure 4e—) (58,
63, 67, 136). The recently reported crystal structure of the complete Temrabymena TRBD with
the TBE revealed the interface between TRBD CP2 (1) and the TBE (SL.2 and its adjacent
single strands) (Figure 4e) (67). In vertebrates, the TFLY motif (equivalent to CP2 in ciliates)
(Figure 4¢) within the N-terminus of the Tukifugu rubripes TRBID has been shown to interact with
P1 and adjacent single strands (vertebrate TBE) (58). The crystal structure of medaka TRBD with
CR4/5 defined the TR interaction with this second TRBD high-affinity binding site (Figure 4d),
consistent with cross-linking resules (12). The TEN domain, which is connected by a linker of
variable length to the TRBD, is proposed to interact with DNA-template duplex and is essential
for processivity (Figure 4b) (66, 175, 184). The Tetrabymena TEN domain has a unique fold,
with phylogenetically conserved residues that are important for activity and implicated in sst DNA
binding (66). The location of the TEN domain relative to the TERT ring and TR was revealed
in the cryo-EM model structure of Temralyniena holoenzyme (Figure 5) (69).

ELECTRON MICROSCOPY STRUCTURES OF TELOMERASE

Negative Stain Electron Microscopy Structures

Negative stain EM structures at ~25-A resolution of human (138) and Tetrabymena (70) telom-
erase were first reported in 2013, A dimeric human telomerase was affinity purified using a DNA
trometry indicated it contained TER'T, TR, dyskerin, and NOP10 (138). The three-dimensional
reconstruction of human telomerase showed a dumbbell shape with TER'T fit into the density at
each of the knobs; the connecting rod was attributed to a duplex region of TR.

There has been conflicting data on whether human telomerase is a monomer (3, 37, 39, 176)
or obligate dimer (29, 138, 142, 174). A recent study established that in vitro human TERT-TR
reconstitution vields active monomers or dimers depending on the purification method, and the
dimerization can be suppressed both in vitro and in vivo by removing or modifying the linker
between TRBD and TEN (176). Tetrabymena and yeast telomerase have been clearly shown to be
monomers (7, 16).

In the negative stain EM study of Tetrabymena telomerase, samples with affinity tags on the
subunits were used to identity the location of six of the seven then-known proteins and of TR
domains (Figure 5a) (70). A surprise of the negative stain EM map was the identification of p50
as a central hub that links the catalytic core, T'ebl, and p75-p45-p19, and is essential for the

processivity enhancement conferred by Tebl.

Cryo-Electron Microscopy Structure of Tetrabymena Telomerase

In the cryo-EM map at 9-A resolution (69) protein «-helices, p-barrels, f-hairpins (but not -
sheets), and RINA helices can be readily identified when fit with known structures, but structures
cannot be built de noveo. Thus, the identification of subunit locations in the negative stain EM
structure (70) and the NMR, crystal, and homology model structures of telomerase subunit do-
mains (13, 49, 66, 69, 106, 136, 149, 169, 186) were crucial in constructing a pseudoatomic model
of most of the holoenzyme (Figure 5a) (41, 69). The pseudoatomic model of the telomerase RNP
core was built starting from fitting TR, TERTT, and p65 domain structures discussed above into
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Tetrahymena

Figure 5

Cryo—-electron microscopy (EM) structure of Tetrabymena telomerase and model of human TERT-t/PK. (#) Front view of the 9.4-A
cryo-EM map with the RNP core (blue), TEB (gold), CST (tan), and p50 (red ). Arrows indicate location of protein C-terminus (or
N-terminus for p50) and TR SL2 determined by Fab labeling and MS2 coat protein labeling, respectively, in negative stain EM (70).
(h) Same color designation and labeling scheme as panel # but with pseudoatomic models of the RNP core, TEB trimer of OB folds,
and CST trimer of OB folds. Additional domains of Tebl, Teb2, and p45, not visible in the cryo-EM map, are shown as crystal
structures [TebIA (PDB ID 3U4V), Teb1B (PDB ID 3U4Z), p45C (PDB ID 5DFN)], homology models (Teb2C based on PDB ID
1DPU), or ovals (70). (c) Schematic of Tetrabymena telomerase, 180° rotation from panel #, illustrating DNA bound to template and
exit path. (d) Schematic illustrating movement of the template through the active site for one round of telomere repeat synthesis, and
template boundary definition by the TBE. (¢) Pseudoatomic model of Tetrabymena telomerase catalytic core, showing the path of TR
on TERT. Inset shows schematic of the t/PK. TR elements in panels ¢ and fare colored as in Figure 2. (f) Model of human telomerase
catalytic core, based on the model of the human t/PK (171, 188), medaka CR4/5 with TRBD (PDB ID 4026) (63), and the positions of
homologous domains of Tetrabymena TR in the cryo-EM map. Inset shows schematic of the t/PK with TR elements colored as in the
model. Abbreviations: CR4/5, conserved regions 4 and 5; CTE, C-terminal extension; OB, oligonucleotide/oligosaccharide binding;
RNP, ribonucleoprotein; RT, reverse transcriptase; sstDNA, single-stranded telomere repeat DNA; STE, stem terminus element;
TBE, template boundary element; TEN, TERT-essential N-terminal domain; TERT, telomerase reverse transcriptase; t/PK,
template/pseudoknot; TR, telomerase RNA.
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the EM map (Figure 5F) (49, 66, 106, 136, 149). Of the TEB proteins, only Tebl had been pre-
viously discovered (104); Teb2 and Teb3 were identified by mass spectrometry after discovering
that the crystal structure of the three interacting oligosaccharide/oligonucleotide binding (OB)
folds from the paralogous RPA complex (13) fit into a region of the EM map that could not be
accounted for by the known proteins. Similarly, crvstal structures of p19 and p45C that showed
structural homology to Tenl (OB fold) and Sen1C tandem winged-helix (WH) domains, respec-
tively, suggested that the p75-p45-p19 complex is a CST, and the RPA complex also fit into a
second site corresponding to the known locations of p75 and p19 (69). Despite its identification
as a central hub, no homology or threading model of p50 could be identified that fit into the
cryo-EM map, although it too appears to be a -barrel, consistent with an OB fold. Of note,
several protein domains are not visible in the cryo-EM map, specifically Teb1N, TeblA, TeblB,
Teb2C, p50C, p65N, and p45C. These domains are apparently connected by flexible linkers and
therefore are averaged out in the class averages because of flexible positioning. This explains why
the location of p45 was not identified by Fab labeling in the negative stain EM (illustrated in
Figure 5b). In addition, the entire CST complex hinges as a unit around p50, as could be seen
in the class averages (69, 70). The biological significance, if any, of this motion remains to be
determined. The 9-A resolution cryo-EM structure of the Tetrabymena telomerase holoenzyme
provides a structural framework for understanding telomerase catalytic core assembly and TR in-
teractions and interaction of telomerase with telomere-associated proteins. In the sections below,
we compare and contrast Tetrabymena and human telomerase catalytic core and accessory protein
complexes.

THE CATALYTIC CORE OF HUMAN AND TETRAHYMENA
TELOMERASE

Pseudoatomic Model of Tetrabymena Telomerase Ribonucleoprotein Core

The cryo-EM structure of Tetrabymena telomerase provided the first view of the path of TR
on TERT for the apo-enzyme and indicated specific locations of the TR elements important
for function (Figure 5h—e), thus providing a physical basis for interpreting and/or corroborating
previous biochemical and mutational data on function. The TRBD-RT-CTE domains form the
expected TERT ring structure, and the TEN domain is stacked over the CTE on the template
side of the ring. The t/PK encircles the TERT ring approximately perpendicular to the plane of
the ring, and loop 4 of the STE inserts between the TRBD and CTE. Of particular significance
is the location of the conserved pseudoknot element on the opposite side of the TERT ring from
the template, near the CTE, as there was little biochemical data on its location (Figure 5b,e)
(128). The location of the pseudoknot, far from the active site, suggests a role in assembly of
TR on TERT, essentially locking the t/PK circle into place (18, 69), rather than a direct role in
catalysis as previously suggested (127). The TRBD has high-affinity binding sites for the TBE
and STE and threads through the t/PK circle to contact them (Figure 5d,e). The location of the
TBE relative to the template and TERT active site suggests that template boundary definition
is determined by physical anchoring of the TBE to the TRBD, with the TR between the end
of the template and the TBE maximally extended when the last DNA nucleotide is added to the
template (Figure 5d) (67, 69). This model is at least partially consistent with the TR accordion
model for template positioning (8). However, how the 3’ end of the template is repositioned into
the active site remains unknown. The single-stranded region on the 3 side of the template wraps
around the CTE (thumb domain), threading between the CTE and TEN domain but has no
apparent anchor (Figure 5b,e). The TEN domain is positioned such that the sstDNA-template

115



duplex could butt up against it at the end of a telomere repeat synthesis and play a role in strand
separation (Figure 5¢,d) (2, 36). The STE of Tetrabymena, distal stem-loop 4, inserts between
the TRBD and the CTE (Figure 5b—e) (69, 70). A remarkable feature of the telomerase structure
is the large hole at the so-called bottom, where stem 1-stem-loop 4 forms a U shape and only
loop 4 interacts with TERT (Figure 5b). Bending of stem 4 to ~105° by the C-terminal xRRM
domain of p65 (Figure 3e¢), apparently positions loop 4 to interact with TERT. In the absence of
p65 xRRM, loop 4 would point away from TERT (Figures 3e and 5).

Modeling the Vertebrate Telomerase Catalytic Core

Recently, model structures of vertebrate TERT—t/PK complexes have been proposed (Figure 5f)
(171) on the basis of the positions of TR (e.g., TBE, pseudoknot) and TERT domains in the cryo-
EM model structure of Tetrabynena telomerase (69, 70) and the NMR model structures of medaka
and human TR /PK (171, 188). The vertebrate pseudoknot has an extended helical region where
Tetralynena has a single-stranded region (Figure 2). The bend at the human 5-nt bulge (J2ab)
(Figure 3¢) allows the full-length pseudoknot to wrap around the TERT, with the end (P2a.1
helix) abutting the TEN domain (Figure 5f). NMR dynamics studies of human P2a-]2a/b-P2b
showed that the 5-nt bulge allows a limited range of motion of the two helices relative to each
other, which may allow further bending at the J2a/b bulge in the complex and/or the RNA to flex
during the telomere repeat cycle as the template moves through the active site (187, 188). The
region of mismatched base pairs between P2a.1 and P2a (Figure 2b,c) may provide a second hinge
site for TR bending. For this review, we also modeled the human STE (CR4/5) (Figure 2), which
is positioned on the TRBD based on the medaka TRBD-CR4/5 structure (Figure 5f). P6.1 is
predicted to insert to the TRBD-CTE interface (12, 63), similar to Tetrabymena loop 4 (69, 70).
However, to avoid steric clash with the CTE, the position of the P6.1 loop would have to be
changed. The vertebrate STE may be positioned for interaction with TERT by a bend induced
in the RNA by binding of the H/ACA proteins (Figure 24) and/or by the conformational change
in the CR4/5 three-way junction upon interaction with the TRBD (Figure 3b).

PROTEINS INVOLVED IN sstDNA HANDLING AND TELOMERASE
RECRUITMENT TO TELOMERES

Telomeric DNA ends in a 3’ single-stranded G-strand overhang that requires protection from
exonuclease activity as well as DNA repair enzymes (118). Telomere end-protection proteins
also play a dual role in the regulation of telomerase recruitment and activation. sstDNA-binding
proteins can sequester the telomeric 3 end, rendering the DNA inaccessible to telomerase and
other DNA acting enzymes (101). However, some of these same proteins are required to recruit
telomerase to telomeres and stimulate activity and processivity (112).

TPP1 and POT1

In humans, TPP1 is the major facilitator of telomerase activation and recruitment (112, 129, 180).
It binds directly with the TERT TEN domain (111, 141, 144, 185, 189), TIN2, and the sstDNA-
binding POT1, simultaneously bridging telomerase to shelterin components and the 3’ single-
stranded G-overhang (Figure 1b) (34, 93, 181, 183). TPP1 can also interact with the sstDINA-
binding complex CST, which occludes telomerase recruitment and access to telomeres (24).
Although the structural basis for how all of these factors cooperate to regulate telomerase
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Domains, interactions, and structures of telomere G-strand binding and telomerase recruitment proteins. (#) Superposition of Sterkiella
(Sterkiella nova) TEBP N-terminal OB (PDB ID 10TC) with human TPP1 N-terminal OB (PDB ID 2146). (b) Side-by-side
comparison of the two N-terminal OB folds of Sterkiella TEBP o and human POT'1, both bound to sstDNA. (¢) Structural alignment of
the most N-terminal sstDNA-binding OB fold from Sterkiella TEBP o (PDB ID 10TC), human POT1 (PDB ID 1X]V), and
Tetrabymena Tebl (PDB ID 3U4V). (d) Schematic representation of interaction network between TERT, p50, and TEB proteins in
Tetrabymena telomerase, based on the cryo-EM structure (69). (¢) Region of 9-A cryo-EM map with the p50 density and interactions
with the TEN domain (PDB ID 2B2A), TEB [modeled from RPA heterotrimer (PDB ID 1L.10) with Teb1C (PDB ID 3U50)
substituted for RPA70C], and the IFD. (f) Schematic of domains and interactions of Sterkiella TEBPo~TEBP 3, human POT1-TPP1,
and Tetrabymena Tebl-p50. Abbreviations: EM, electron microscopy; IFD, insertions of fingers domain; OB, oligonucleotide/
oligosaccharide binding; RPA, replication protein A; sstDNA, single-stranded telomere repeat DNA; TEN, TERT-essential
N-terminal; TERT, telomerase reverse transcriptase.

activity is unknown, structures of individual domains and apparently homologous complexes have
provided important insights.

Among the first studied telomere end-binding proteins were the Sterkiella nova (formerly
Oxytricha nova) telomere end-binding proteins, TEBPx and TEBP. Seminal structures of the
TEBPx-TEBPp-sstDNA complex revealed that TEBP« consists of three OB folds, with the two
N-terminal OB folds important for sssDNA binding, whereas the N-terminus of TEBPf consists
of a single OB fold with a C-terminal extension important for complex formation (Figure 64,b,f)
(62). Structures of POT1AB OB folds bound to sstDNA and of the free TPP1 N-terminal OB fold
revealed structural homologies to TEBP« and TEBP, respectively (Figure 64-c) (82, 169). The
TPPI N-terminal OB fold structurally aligns with the N-terminal domain of TEBP (Figure 64)
whereas the two N-terminal POT1 OB folds bound to sstDNA are similar to the corresponding
TEBPa N-terminal OB folds (Figure 6b,¢,f). Although not apparent in the crystal structure of
TPP1, a C-terminal region of the OB fold in both TPP1 and TEBP is important for interaction
with the C-terminal OB fold of POT1 (Figure 6a,f) (62, 169, 180). These striking similarities
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between the domain organizations suggest that POT1-TPPI may structurally and functionally
interact with each other in a similar manner to TEBPa~TEBPR. However, consistent with data
that TEBPax~TEBPp inhibits in vitro telomerase activity (43), the TEBPa—TEBPp-sstDNA
complex structure is in a conformation that occludes the 3" sstDNA end (62). This is in contrast
to observations that TPP1-POT1 activates telomerase and increases processivity in vitro (169). Tt
is possible that when bound to TERT, a distinct conformation of TPP1-POTT1 exists that allows
access to the 3" sstDNA end.

Recruitment of telomerase to telomeres is primarily facilitated by the TPP1 OB fold, which
binds to TERT at the TEN domain (144, 185, 189). A region of Glu- and Leu-rich residues have
been identified as the so-called TEL patch on TPP1 and have been shown to interact directly with
the TEN domain, and corresponding residues on the TEN domain have been shown to participate
in this interaction (Figure 4b) (111, 141, 185). Separation of function experiments support the
notion that in addition to facilitating interaction with TERT, these TEL patch residues can exert
a biochemical effect on telomerase that aids translocation independently of preventing primer
dissociation (33, 111). A mechanistic explanation for these observations will likely require high-
resolution structural understanding of translocation as well as of the TPP1-TEN interaction.

Tetrabymena Telomerase Recruitment and Telomere End Protection

In Tetrahyniena, recruitment of telomerase to telomeres requires p50 and the sstDNA-binding
protein T'ebl (165), which is part of the RPA-related TEB complex (69). Crystal structures of
TeblA and Teb1B showed that these domains and their mode of sstDNA binding are homologous
to those of POT1A and POT1B (Figure 6¢) (186). Teb1C is structurally homologous to RPA70C,
and Teb2 and Teb3 are RPA32 and RPA14 homologs, respectively. Intriguingly, a recent study
establishes that Teb2 and Teb3 are actually shared subunits with Tetrabymena RPA (164). The
domain topology of TEB is the same as that of RPA (Figure 7¢). Of the three TEB proteins,
only Tebl has been shown to bind directly to sstDNA (186), whereas Teb2 and Teb3 enhance
telomerase activity likely by stabilizing association of Tebl to telomerase (69, 164). Similar to
POTI1-TPPI, Tebl can stimulate processivity of the catalytic core but only in the presence of p50
(61, 70). The recenteryo-EM structure of Terrabymena telomerase provided the structural basis for
this observation. p50 interacts directly with the TERT TEN domain and Teb1C, mediating the
association of TEB with TERT (Figure 6d,¢) (69). Significantly, p50 interacts at the region on the
TEN domain that corresponds with the human TEN-TPP1 interface (141). On the basis of this,
pSO0-TEB is proposed to be functionally equivalent to TPP1-POT1, enhancing processivity and
bridging telomerase to telomeres (69). Interestingly and consistent with recent studies implicating
a TPPI-IFD interaction (26, 27), in the cryo-EM model the predicted IFD region of Tetrabynzena
TERT is next to p50 (69). Although there is no high-resolution structure of p50, the EM density
shows that the region identified as p50N is a B-barrel similar in shape to the TPPIN OB fold
(Figure 6¢) (69). If p50 is indeed a TPP1 homolog, then the cryo-EM structure provides a first
glimpse of a TERT-TPP1-POT1 interaction (Figure 6¢).

The discovery that the POT1 homolog Tebl is part of a heterotrimeric RPA-related complex
TEB (Figures 5b,c and 6d—f) suggests a closer relationship between POT1 and RPA than previ-
ously appreciated. The POT1AB OB folds are structurally similar to the RPA70AB OB folds and
bind DNA similarly. However, POT1C is not expected to be similar to RPA70C, nor is there evi-
dence for the presence of POTT binding RPA14/RPA32 homologs. Perhaps the smaller subunits
of RPA were lost during evolution of POT1. The recurring presence of RPA as an evolutionary
theme in telomerase (83) is also seen with the RPA-like CS'T complex (22), discussed in the next
section.
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Domains, interactions, and structures of RPA and CST proteins. (#) Superpositions of structures of human RPA14-RPA32D (PDB ID
1QUQ) and Ten1-Stn1N complexes. (b) Structure of human Stnl C-terminal tandem winged-helix domain (PDB ID 4JQF). Human
RPA32 C-terminal winged-helix (PDB ID 1DPU) superpositions with Stn1 WH2. (¢) Comparison of interactions and domain
topologies of the human RPA, Tetrabymena CST, human CS'T', and Saccharomyces CST wimeric complexes. (d) Region of Tetrahymena
telomerase cryo-EM density comprising the CST trimeric core with structures of Tenl-Stn1N (PDB ID 5DOI) and homology model
of p75C [based on RPA70C (PDB ID 11.10)] fit in (69). (¢) Structures of Saccharomyces Cde13 OBI1 complexed to Pol «-peptide (PDB
1D 301Q), OB2 (PDB ID 4HCE), and OB3-sstDNA complex (PDB ID 1540) and Candida Cdc13 OB4 (PDB ID 3RMH).
Abbreviations: EM, electron microscopy; OB, oligonucleotide/oligosaccharide binding; RPA, replication protein A; ssDNA,
single-stranded DNA; sstDNA, single-stranded telomere repeat DNA; WH, winged helix.

It should be noted that POT1-TPP1 homologs (Potla—Tptl) have previously been identified
in Tetrahymena (Figure 1c) (64, 90). The Potla—Tptl proteins are the single-stranded telomere
capping proteins for these ciliates (90), although no evidence suggests that they are directly involved
in the recruitment or stimulation of telomerase. Because the 3" overhang in Tetrahymena is short
(~2 to 3 telomeric repeats) (65), it is likely that the association of telomerase to telomeres via
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p50-Tebl is mutually exclusive with Tptl-Potl bound to the 3" sstDNA overhang (124). In
humans, TPP1-POT1 switches from being inhibitory to activating upon telomerase recruitment
(169, 180). In Tetrabyniena, displacement of Tptl-Potl by pS0-TEB could be the first step in
telomere extension.

CST PROTEINS INVOLVED IN C-STRAND SYNTHESIS
AND TELOMERASE REGULATION

CST was originally identified in S. cerevisize as the sstDNA-binding protein complex, compris-
ing Cdel3, Sml, and Tenl (50, 51, 115). In Saccharoneyces, it is the major capping mechanism
for 3’ single-stranded telomere ends, and Cdcl3 fulfills the roles of human POT1 in bind-
ing sstDNA and aiding recruitment of telomerase to telomeres (28, 88). Initially thought to
be unique to veast, because of the low sequence homology of these proteins, CST was subse-
quently identified in vertebrates and plants as Ctcl-Stnl-Tenl (110, 125, 156). In plants, yeasts,
and mammals, CST negatively regulates telomerase activity (24, 51, 80, 115), perhaps serving
as a stop point for the subsequent recruitment of Pol «-primase by CST for C-strand synthesis
(19, 24, 126). More recently, mammalian CST has been proposed to have extra telomeric roles
in genome-wide replication restart as well as recovery from DNA damage and replication stress
(151, 170).

A breakthrough in understanding the structural biology of CS'I" was the prediction that these
proteins have a domain organization akin to the trimeric RPA complex (45); this was later con-
firmed when the first structures of Stnl and Tenl from yeast were solved (48, 155). Most recently,
the Tetrabymena telomerase proteins p75, p45, and p19 were identified as a ciliate CST complex
(69, 168). Although the association of CS'T is transient in most other organisms, in Tetrabymena, it
is astable part of the holoenzyme (Figure 1¢) (69) and thus provides an unprecedented opportunity
for structural studies of CST-telomerase interactions (22, 125).

Stn1-Tenl Structure and Similarity to RPA

The RPA complex contains a trimeric core of three OB folds, comprising RPA14, RPA32D, and
RPA70C (Figure 7¢). Along with a three-helix bundle, formed at the C-terminus of each par-
ticipating OB fold, RPA32D bridges the interaction between RPA14 and RPA70C. RPA32 con-
tains an additional WH domain at its C-terminus, whereas RPA70, the largest subunit, possesses
three additional N-terminal OB folds (123, 153). The most well-conserved components of the
CST complex, Stnl and Tenl, also bear the most similarity to their RPA counterparts, RPA32
and RPA14, respectively. Tenl comprises a single OB fold that binds to the StnIN OB fold
(Figure 7a,c,d). Despite a lack of primary sequence similarity, structures of the human (15),
Tetrabymena (168), Candida, and Schizosaccharonyces Ten1-Stn1N (155) complexes all superpose
with high similarity to each other as well as to the structure of the human RPAI4-RPA32D
complex (Figure 7a) (13).

Like RPA32, Stnl contains a C-terminal domain connected to the N-terminal OB fold via a
flexible linker. However, whereas RPA32 contains a single WH, Stnl possesses a tandem WH
domain (Figure 7h,c) (15, 48, 69, 155, 168). The relative orientation of the two WH domains
with respect to each other is similar between Tetrabymena and Saccharomyces but different from
human (15, 48, 69, 155, 168). However, the short linker and large buried area between the tandem
domains in all three organisms suggest that indeed the two WH domains in Stnl function as a
structured unit (13, 48, 69, 155, 168). Interestingly, RPA32 WH superposes with both domains
but much more closely with the human Stnl WH2 than with the WHI1 (Figure 7b). The same
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is true for Tetrabymena but not for Saccharomyces, where its Stnl WH2 possesses a much more
divergent wing motif, comprising significantly longer f-strands (48, 69, 155, 168). Much work
has shown the involvement of RPA32 WH in the recruitment of proteins for DNA repair (153);
and recent work has implicated the Sl WH2 in the recruitment and activation of Pol «x-primase
for C-strand synthesis (46, 95).

Ctc1/Cdc13 Structure and Interactions

Numerous studies and the comparison to RPA suggest that Stn1 bridges the trimeric interaction
between the CST proteins (22). However, a high-resolution structure of the trimeric CST or
of the Ctc1/Cde13-Stn1 detailing this interaction remains to be determined. The 9-A cryo-EM
structure of Tetrabymena telomerase provided the first direct structural evidence of and insight
into a trimeric CST interaction (Figure 7d) (69). In the model, p45N sits in between and interacts
directly with p75C and p19, similar to the RPA trimeric core (13). Although p75C is based on a
homology model from RPA70C, the cryo-EM map shows clear density for the three-helix bundle
as well as a zinc-ribbon motif in p75C (Figure 7d) (69). Primary sequence analysis of p75 suggests
that the zinc-ribbon motif does indeed exist in the putative p75C (Figure 7¢), strongly suggesting
that the C-terminal domain of p75 is homologous to RPA70C. In contrast, the C-terminal OB
fold of Cdel3 is not predicted to contain a zinc ribbon, and its overall structure is different from
RPA70C (Figure 7e) (182). These differences highlight the apparent divergence of the large
subunit of CST.

Structures of Saccharonzyces Cde130B2 and Candida Cdc130B4 do not superpose with their
RPA counterparts. The main -barrel of Sacharronzyces Cde130B1 superposes with RPA7ON and
has been shown to interact with a small peptide of Pol «-primase as well as display sst DNA binding
(Figure 7¢) (107, 154). Cdc130BI and OB2 are expected to facilitate Cdel3 dimerization, which
is important for the proper functioning of Cdcl3 as well as formation of the trimeric CST
complex (103). Unlike RPA70, which displays cooperative ssDNA binding between its three C-
terminal OB folds, the sstDNA-binding activity of Cdc13 is performed primarily by OB1 and OB3
(Figure 7e) (107-109). Tetrabyniena p75 and human Ctel have also been shown to bind sseDNA
(23, 24, 55, 168), but the structural basis for this or high-resolution structures for these subunits
or their subdomains have yet to be determined.

Overall, structural and functional investigations of CST proteins have revealed both similar-
ities and differences between different organisms. There are now structures of Stntl and Tenl
from many organisms, but for the largest and most divergent subunit, only yeast Cde13 has been
structurally characterized. A structural basis for the large body of functional genetic and biochem-
ical data that has been gathered for Ctel (human, plants, Tetrabymena) (23, 24, 55, 131) will be
vital for understanding the role of CST in telomerase regulation and telomere maintenance.

FUTURE PROSPECTS

More than a quarter century after the discovery of telomerase, we now have a snapshot of how
the components of telomerase fit and function together at telomeres. Problems of solubility,
expression, and heterogeneity inherent to telomerase complexes remain a challenge for structural
biologists. With recentadvances in structural biology methods and biochemical characterization of
telomerase, in the next few years, we can expect the first structures of human and yeast telomerase,
higher-resolution structures of the telomerase RNP core with sstDINA, and details of telomerase
interaction at telomeres.
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