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Abstract

Telomeres are protein—-DNA complexes that protect chromosome ends from illicit ligation and resection. Telomerase is
a ribonucleoprotein enzyme that synthesizes telomeric DNA to counter telomere shortening. Human telomeres are com-
posed of complexes between telomeric DNA and a six-protein complex known as shelterin. The shelterin proteins TRF1
and TRF2 provide the binding affinity and specificity for double-stranded telomeric DNA, while the POT1-TPP1 shelterin
subcomplex coats the single-stranded telomeric G-rich overhang that is characteristic of all our chromosome ends. By
capping chromosome ends, shelterin protects telomeric DNA from unwanted degradation and end-to-end fusion events.
Structures of the human shelterin proteins reveal a network of constitutive and context-specific interactions. The shelterin
protein—DNA structures reveal the basis for both the high affinity and DNA sequence specificity of these interactions, and
explain how shelterin efficiently protects chromosome ends from genome instability. Several protein—protein interactions,
many provided by the shelterin component TIN2, are critical for upholding the end-protection function of shelterin. A survey
of these protein—protein interfaces within shelterin reveals a series of “domain—peptide” interactions that allow for efficient
binding and adaptability towards new functions. While the modular nature of shelterin has facilitated its part-by-part struc-
tural characterization, the interdependence of subunits within telomerase has made its structural solution more challenging.
However, the exploitation of several homologs in combination with recent advancements in cryo-EM capabilities has led to
an exponential increase in our knowledge of the structural biology underlying telomerase function. Telomerase homologs
from a wide range of eukaryotes show a typical retroviral reverse transcriptase-like protein core reinforced with elements
that deliver telomerase-specific functions including recruitment to telomeres and high telomere-repeat addition processiv-
ity. In addition to providing the template for reverse transcription, the RNA component of telomerase provides a scaffold
for the catalytic and accessory protein subunits, defines the limits of the telomeric repeat sequence, and plays a critical role
in RNP assembly, stability, and trafficking. While a high-resolution definition of the human telomerase structure is only
beginning to emerge, the quick pace of technical progress forecasts imminent breakthroughs in this area. Here, we review
the structural biology surrounding telomeres and telomerase to provide a molecular description of mammalian chromosome
end protection and end replication.
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Introduction

Eukaryotic chromosomes are linear and end in nucleoprotein

complexes called telomeres. Telomeric DNA is composed of
a repetitive sequence (GGTTAG/CCAATC in humans) that
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fully replicate chromosome ends. During lagging strand
DNA replication, the RNA primer at the extreme 5’ end is
removed, leaving a gap that cannot be filled by DNA poly-
merase. This results in the loss of DNA at the very ends of
chromosomes during each replication cycle [2]. The spe-
cialized ribonucleoprotein enzyme telomerase counteracts
this DNA attrition by synthesizing new telomeric repeats
at chromosome ends (Fig. 1) [3]. The protein subunit of tel-
omerase, called telomerase reverse transcriptase (TERT),
contains a catalytic reverse transcriptase domain for DNA
synthesis [4-6]. The RNA subunit of telomerase called Tel-
omerase RNA component (TERC or TR) contains, amongst
other elements, the template for telomeric repeat addition
(Fig. 1) [7, 8].

Telomerase is expressed in both germ line and somatic
stem cells to facilitate their continued cell division [9]. It
is, therefore, not surprising that mutations in telomere- and
telomerase-associated genes result in inherited stem cell-
dysfunction diseases collectively known as “telomeropa-
thies”, the most notable of which is dyskeratosis congenita
or DC [10-12]. Normally, nondividing cells lacking tel-
omerase enter a non-proliferative state called senescence
once their telomere length falls below a certain threshold
[13]. This is an anti-tumorigenic mechanism to prevent
uncontrolled cell division. However, if a rare cell escapes
senescence and aberrantly resumes telomerase expression
to re-establish telomere length maintenance, it could attain
“replicative immortality”, a hallmark of cancer [14, 15]. In
fact, an overwhelming majority of cancers (~80%) show
telomerase expression [16, 17], and thus, this enzyme is a
promising target for anti-cancer drug discovery.

end protection end replication
I 1l 1

G strand - IR
POT1 3’
ATM ATR
1 1
1 1
NHEJ HR

Fig.1 Schematic showing the composition of complexes involved in
chromosome end protection and end replication. The shelterin com-
plex (POT1, TPP1, TRF1, TRF2, TIN2, and Rapl proteins) protects
chromosome ends from ATM kinase and ATR kinase-mediated DNA
damage response pathways. The telomerase RNP (TERT protein and
TR RNA subunits) adds telomeric DNA de novo at the 3’ ends of
chromosomes
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While telomerase solves the end-replication problem,
linear chromosomes must also solve the end protection
problem. The end protection problem occurs when the
natural ends of linear chromosomes are misrecognized by
the DNA damage response and repair machinery, as double
strand breaks requiring repair [1]. The six-protein complex
shelterin, consisting of proteins POT1, TPP1, TIN2, TRF1,
TRF2, and Rap1, solves the end protection problem by coat-
ing telomeric DNA (Figs. 1, 2) [1, 18-28]. While TRF1
and TRF2 recognize ds telomeric DNA, POT1 binds the
ss overhang with high specificity and affinity [21, 29]. By
coating telomeric DNA, the shelterin complex sequesters
it away from the ATM and ATR-mediated DNA damage
response pathways (Fig. 1) [1, 11]. Although continuously
dividing cells must protect chromosome ends from the DNA
damage response machinery, they must also allow recruit-
ment of telomerase to those ends. This is the essence of the
telomerase recruitment problem, which is primarily solved
by the telomere protein TPP1 [30]. Finally, telomeres also
perform an essential function in meiosis. During prophase
I in meiosis, homologous chromosomes pair together and
undergo DNA recombination, a process central to gener-
ating genetic diversity [31]. Telomeres play an essential
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Fig.2 Domain diagrams of the six human shelterin proteins. DC hot-
spot indicates a stretch of amino acids in TIN2 that is host to muta-
tions associated with telomeropathies such as dyskeratosis congen-
ita (DC). TBD indicates the TIN2-binding region of TPP1. TBM of
TIN2 contains the TRF1-binding F-X-L-X-P motif
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role in this process by attaching chromosomes to the inner
nuclear membrane (INM), and facilitating homolog pairing
and genetic crossover [32-36]. Telomere—INM engagement
is achieved by interaction of the shelterin component TRF1
with the meiosis-specific complex TERB1-TERB2-MAJIN
that localizes at the INM [37]. In this review, we will focus
on the structural biology surrounding telomeres and telomer-
ase to describe our current understanding of how the coordi-
nated action of various protein—protein and protein—nucleic
acid interactions results in the proper maintenance of chro-
mosome ends and genome stability.

Single-stranded chromosome end
protection

Ciliates provide the first insights

The very end of any eukaryotic chromosome is single-
stranded and thus a potential substrate for illicit homology-
driven recombination or repair. Thus, a major challenge
in end protection involves preventing this DNA from par-
ticipating in such processes. The G-rich 3’ ss overhang of
telomeric DNA is also involved in end replication, as it
provides the site for telomerase to bind and extend chro-
mosome ends. Both of these functions are either directly
dictated by (in case of end protection) or facilitated by (in
case of end replication) proteins that bind the ss overhang.
The first major structural insights into G-rich 3’ ss DNA-
binding proteins came from the structure of the Sterkiella
nova (S. nova; formerly Oxytricha nova) proteins TEBP-a
and TEBP-p, which bind as a heterodimer to ss DNA at chro-
mosome ends (left; Fig. 3a) [38, 39]. The TEBP-a protein is
composed of three oligosaccharide/oligonucleotide binding
(OB) domains. The two N-terminal OB domains collectively
form a DNA-binding domain (DBD) that binds specifically
to the 3’ ss overhang of the telomeric DNA. [39, 40]. The
protein—DNA interface is formed between residues on both
TEBP-a and B, and the bases and deoxyribose groups of
the DNA. Thus, this interface is rich in hydrogen bonding,
and hydrophobic and pi-stacking interactions. In fact, almost
every base in the protein—-DNA co-crystal structure stacks
with an aromatic amino acid or another base. Following the
track that the DNA takes through the structure reveals that
the 3’ end interacts not only with TEBP-a, but also several
residues in TEBP-P (left; Fig. 3a). The terminal 3’ nucleo-
tide G11 folds back to stack with nucleotide T7 burying the
extreme end of the chromosome within the protein-DNA
complex (Fig. 3a, c). Because of these extensive interactions,
the TEBP-a and TEBP-f heterodimer is able to protect the
ss tail of the telomere from potential interactions with DNA
damage response proteins. Although this structure provides
a compelling solution to the end protection problem, it is

likely that the TEBP-a-B-DNA complex undergoes a con-
formational change to allow telomerase to access and extend
the DNA ends.

Protection of ss DNA at chromosome ends by human
POT1-TPP1

Human telomeres are longer than that of S. nova and are
comprised of more proteins, but they still must overcome
the same biological hurdles. The protein that protects the
ss overhang at human chromosome ends is called POT1
(Figs. 1, 2), a homolog of which also exists in Schizosac-
charomyces pombe (S. pombe) [23]. Not surprisingly, both S.
pombe and human POT1 have a similar overall structure to
that of S. nova TEBP-« [29, 41]. The DNA-binding domain
(DBD) of human POT1 uses two N-terminal OB domains
(OB1 and OB2) to bind to the ss overhang of telomeric
DNA (right; Fig. 3a). A crystal structure of this complex
details how OB1 of POT1 is able to interact with the first six
bases of the 10 nt telomeric sequence (1-TTAGGG-6) (left;
Fig. 3b) in a fashion similar to that of the homologous S.
pombe POT1pN protein fragment (not shown). Both struc-
tures detail stacking interactions between aromatic residues
in POT1 and the bases of the telomeric DNA. In addition
to these stacking interactions, OB1 makes several hydro-
gen bonds with the telomeric DNA. OB2 of human POT1
makes less extensive hydrogen bonds with telomeric DNA,
but the four 3’ bases in the crystal structure (7-TTAG-10) all
stack with aromatic residues present on OB2 (right; Fig. 3b).
Interestingly, OB2 of S. pombe Potl exhibits lower sequence
specificity compared to the adjacent OB1 domain and binds
optimally to a 9-mer DNA sequence [42]. Although the over-
all structure of human POT1’s DBD is very similar to that of
TEBP-a’s DBD, the track of the DNA through the two OB
domains in these structures is strikingly different (Fig. 3c).
In POT1, the DNA is kinked, as it passes from OB1 to OB2.
This occurs, because the two OB domains in the POT1 struc-
ture are oriented differently relative to one another than
they are in the S. nova structure (Fig. 3a). In addition, the
3’ end of the DNA does not curve back towards POT1, as
it does in the S. nova structure (Fig. 3c). These differences
may be attributed to the fact that the S. nova structure con-
tains the full TEBP-a-f complex bound to DNA, while the
POT1-DNA structure lacks both TPP1 (mammalian TEBP-f
homolog) and the TPP1-binding domain of POT1. Alter-
natively, these structural differences may suggest distinct
species-specific solutions for end protection (see discussion
of human POT1-TPP1-DNA SAXS data below).

The high affinity and specificity of POT1 for ss telomeric
DNA provide an elegant mechanism for protection against
an ATR kinase-mediated response and subsequent homolo-
gous recombination (HR) at chromosome ends [41, 43]. An
essential initial step for HR is binding of the participating

@ Springer



64

E. M. Smith et al.

Fig.3 Structural basis for
single-stranded chromosome
end protection. a Left: the struc-
ture of TEBP-a-f in complex
with ss DNA (5-d(GGGTTT
TGGGG)-3') (PDB ID: 210Q).
The DBD and TEBP-B-binding
domain of TEBP-a are shown in
forest green and split pea green,
respectively. The TEBP-a bind-
ing domain and OB domain of
TEBP-f are shown in blue and
cyan, respectively. Right: the
human POT1 DNA-binding
domain (DBD; PDB ID: 1XJV)
shown in green in complex

with telomeric DNA [5'-d(TTA
GGGTTAG)-3']. The DNA is
shown in cartoon representa-
tion. b Views showing stacking
interactions between the two
OB domains of hPOT1 DBD
and telomeric DNA. The stack-
ing protein and DNA residues
are shown in stick representa-
tion. ¢ Views of TEBP-a DBD
in complex with telomeric DNA
(left; from the TEBP-a—pf-DNA
structure) and POT1 DBD in
complex with telomeric DNA
(right) to highlight the different
tracks adopted by the DNA mol-
ecules in the two structures. The
proteins are shown in surface
representation and the DNA is
rendered in cartoon representa-
tion. d Left: the central domain
of human CTC1 (PDB ID:
5SW2L). Center: high-resolution
structure of the human STN1-
TEN1 complex (PDB ID: 4]JOI).
STNI is shown in wheat and
TENI is shown in pale violet.
Right: heterodimeric structure
of RPA14 (yellow) and RPA

32 (blue) of the trimeric RPA
complex (PDB ID: 1QUQ)

CTC1

ss DNA with replication protein A (RPA), a heterotrimer
composed largely of OB domains (Fig. 3d) [44]. By binding
ss telomeric DNA with high affinity and sequence speci-
ficity, POT1 blocks access of RPA to prevent ATR activa-
tion at chromosome ends (Fig. 1) [45]. Indeed, mutations
in the DNA-binding domain of POT1 are associated with
chromosome end aberrations including fusions in several
chronic lymphocytic leukemias (CLL) and familial mela-
nomas (FM), highlighting the importance of this protein in
maintaining genome integrity [46, 47].

Faithful protection of ss chromosome ends not only man-
dates POTI1 to outcompete RPA, but also requires POT1
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to avoid binding to TERRA, a non-coding ss G-rich RNA
that is transcribed from and localized to the telomeres [48,
49]. TERRA contains many potential POT1 binding sites
and is more abundant than the ss overhang. Yet, POT1 is
able to avoid this RNA decoy and selectively bind to telo-
meric DNA. Binding studies and a structure of the POT1
DBD complexed with dTrTUd(AGGGTTAG) have revealed
that the introduction of a ribonucleotide (rU) at the second
dT position from the 5’ end severely weakens the interac-
tion between POT1 and its cognate nucleic acid, provid-
ing the basis for DNA versus RNA discrimination by POT1
[50]. The preference for DNA over RNA of POT1 is further
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increased by binding of TPP1 [50], although the structural
basis for this remains unknown.

Another protein complex that localizes to telomeres and
which can bind to ss DNA is the CST (CTC1-STN1-TEN1)
complex [51]. This complex was first identified in yeast and
is essential to protect yeast telomeres. In humans, CST is
able to act as terminator of telomerase activity [52] and is
responsible for recruiting polymerase-a-primase for fill-in
synthesis of the C-strand after telomerase extension of the
G-strand [53]. CST has been reported to bind both POT1 and
TPP1, providing a possible mechanism for how this complex
is recruited to telomeres [52, 54]. The role of CST in fill-
in synthesis extends beyond telomeres, as it is now known
that CST is recruited to double-stranded breaks containing
53BP1, RIF1, and the shieldin complex to counteract resec-
tion [55]. Yeast and human CTC1 and STN1-TEN1 struc-
tures have been solved [56-59]. Both STN1 and TEN1 have
OB folds that resemble that of the RPA complex, suggesting
that the CST complex evolved from an RPA-like ancestral
complex (Fig. 3d). More recently, human STN1-TENI1 has
been shown to help counteract replication fork stalling, fur-
ther suggesting that these proteins perform a wide array of
functions that extends beyond their role at telomeres [60,
61].

POT1-TPP1 interface

The first structural insights into how the POT1-TPP1 het-
erodimer forms to protect chromosome ends came from the
analysis of the TEBP-o—f complex. TEBP-a has a third
C-terminal OB domain that makes extensive interactions
with a C-terminal region of TEBP-p that is partly helical,
but mostly extended in conformation (Fig. 3a). However, the
C-terminus of POT1 does not share much sequence simi-
larity with TEBP-a making it unclear if TPP1 and POT1
would interact in a similar manner. Two similar structures
of the C-terminus of POT1 in complex with the POT1
binding domain (PBD) of TPP1 were solved using X-ray
crystallography [62, 63]. These structures revealed that the
C-terminus of POT1, like that of TEBP-a, forms an OB
domain that is able to make extensive interactions with TPP1
(Fig. 4a). Unexpectedly, the authors also identified an addi-
tional TPP1-binding element within POT1: a holiday junc-
tion resolvase-like domain (HJRD) inserted within POT1’s
third OB domain (OB3). In both structures, the two a-helices
and a 3, helix of TPP1’s PBD lie in grooves formed by
the OB3 and the HIRD domains of POT1. Somatic muta-
tions associated with several CLL and FL malignancies are
mapped to the TPP1-binding region of POT1 [62, 63]. This
is not surprising, because the inability to bind TPP1 will pre-
vent recruitment of POT1 to telomeres, thereby unleashing
chromosome end deprotection (see section on Hierarchical
assembly of shelterin at telomeres below) [45, 64, 65].

TPP1 (PBD

TEBP-B (OB) TPP1 (OB)
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) TPP1 (TBD)

Fig.4 Crystal structures of TPP1 domains and related protein—pro-
tein interfaces. a Crystal structure of the C-terminal domains of
POT1 (green) in complex with the PBD of TPP1 (blue) (PDB ID:
S5UN7 and 5H65). b Left: overlay of the human TPP1 OB domain
(dark blue; PDB ID: 2I46) and the OB domain of TEBP-f (cyan;
PDB ID: 210Q). Right: surface view of the TPP1 OB domain. TEL
patch residues are shown in red and NOB residues are shown in
orange. K170, deletion of which is implicated in telomeropathies
such as DC, is shown in yellow. ¢ High-resolution structure of TIN2’s
TRFH domain (brown) bound to TPP1 (blue) and TRF2 (brown)
(PDB ID: 5XYF)

Although there is no high-resolution structure for the
human POT1-TPP1-DNA complex, small-angle X-ray
scattering (SAXS) analysis of the TPP1-N-POT1-DNA
complex has revealed an elongated V-shaped envelope. In
the model generated with these data, TPP1 OB is proposed
to be distal to both the DBD of POT1 and the telomeric
DNA [62]. This is in stark contrast to the overall heart-
shaped structure of TEBP-a—p—DNA that brings both
subunits in close proximity and allows them to interact
simultaneously with ss DNA. A high-resolution human
POT1-TPP1-DNA structure will be instrumental to
address the apparent differences in how ss DNA ends are
protected in S. nova versus human.
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To protect chromosome ends or to allow telomerase
access?

One major question that still eludes the field is how telom-
erase accesses a chromosome end that is so efficiently pro-
tected by POT1-TPP1. POT1-TPP1 plays a dual role at tel-
omeres by stimulating telomerase activity and processivity
while also protecting telomeric DNA with the help of POT1
[66]. POT1 tethers TPP1 close to the 3’ end, where TPP1
is able to directly recruit telomerase to the telomere using
its N-terminal OB domain [66—68]. The crystal structure
of the TPP1 OB domain illustrates a five-stranded f-barrel
that resembles the OB domain found in TEBP-f (Fig. 4b)
[66]. Several independent studies led to the discovery of
the TEL patch [TPP1 glutamate (E) and leucine (L)-rich
patch] in TPP1 OB as a critical surface element for binding
telomerase [69—71]. Three critical glutamate residues in the
TEL patch (E168, E169, and E171) lie in a long flexible loop
that protrudes from the p-barrel and ends in a short a-helix
(Fig. 4b). Indeed, deletion of residue K170, which is flanked
by these three glutamate residues, is associated with telom-
eropathies in two unrelated families, further highlighting the
role of this patch in telomerase function (Fig. 4b) [72-74]. In
the asymmetric unit of the TPP1 OB crystal structure, TPP1
forms a non-physiological dimer using its largely hydropho-
bic N-terminal tail. This region, termed the NOB (N-ter-
minus of the OB domain), is also involved in recruiting
telomerase (Fig. 4b) [75]. Although much has been uncov-
ered about the surface of TPP1 that recruits telomerase, far
less is known about the surface of telomerase that interacts
with TPP1. To date, only one direct salt-bridging interac-
tion is firmly mapped between human TPP1 and telomerase
[76]. While structural information is lacking for the human
TPP1-telomerase interaction, provocative insights into this
interface can be obtained from the existing structures of Tez-
rahymena thermophila telomerase holoenzyme (discussed
later). Future structural analysis of POT1-TPP1-DNA in the
presence and absence of telomerase is necessary to under-
stand how telomeres switch between the end-protection state
provided by POT1-TPP1 and the more open end-replication
state that allows for telomerase action.

Double-stranded chromosome end
protection

Shelterin and telomere-associated proteins

While sequestration of the ss G-rich overhang is an essential
part of end protection, telomeric DNA is mostly double-
stranded in nature [1]. Therefore, a major task of shelterin
is to coat and protect ds telomeric DNA. TRF1 and TRF2
constitute the ds DNA-binding proteins of shelterin [21, 77].
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Both proteins have a similar domain layout, with each having
a dimerization domain and a C-terminal DNA-binding myb
domain (Fig. 2) [1]. At the N-terminus, TRF1 contains a
region rich in acidic residues, while TRF2 contains a highly
basic stretch of amino acids known as the basic domain or
GAR (Gly/Arg-rich) region. TRF1 and TRF2 assemble the
remaining shelterin proteins (TIN2, TPP1, POT1, and Rap1)
qualifying these as critical determinants of chromosome
end protection [78]. Given their importance in maintaining
genome stability, it is not surprising that knock out of either
TRF1 or TRF2 results in mouse embryonic lethality [79,
80]. TRF1 aids DNA replication through the G-rich repeti-
tive telomeric DNA sequences. As a result, TRF1 deficiency
leads to the characteristic “fragile telomere” phenotype [81].
TRF2 plays a pivotal role in end protection by preventing
activation of the ATM kinase DNA damage response (Fig. 1)
[82—-84]. TRF2 also facilitates formation of telomeric struc-
tures known as t-loops, which bury the ss telomeric DNA
end presumably to help prevent its recognition by the DNA
damage response machinery [8§5-87]. In addition to their
direct roles in maintaining chromosome integrity, TRF1
and TRF2 serve as docking sites for transiently recruiting
accessory factors in a biological context-specific manner
(discussed later) [88].

Double-stranded telomeric DNA binding by TRFI and
TRF2: TRF1 and TRF?2 are able to specifically bind ds telo-
meric DNA via a C-terminal DNA-binding domain (Fig. 5a)
related to the DNA-binding region of the transcriptional acti-
vator protein c-myb [21]. In both structures, the Myb-related
domain adopts a similar three-helix conformation, where the
third helix specifically contacts the major groove, binding
to the double-stranded sequence 5" AGGGTT 3’ [§9-92].
Although in vivo dimerization of TRF1 and TRF2 enhances
their DNA-binding abilities, there seems to be no constraint
on the distance between bound myb domains, allowing these
TREF proteins to induce loops and higher order structures in
telomeric DNA [89]. This is facilitated by the presence of a
long-linker region between the TRFH and myb domains of
both TRF1 and TRF2 (Fig. 2).

Homodimerization of TRF1 and TRF2: The TRF homol-
ogy domain (TRFH) not only accomplishes homodimeriza-
tion of TRF1 and TRF2 proteins, but also prevents their
heterodimerization [93]. Although the TRFH domains of
TRF1 and TRF2 have a relatively low sequence identity
(27%), their overall structures are almost indistinguishable
[93]. Nine alpha-helices make up one monomer, with a sym-
metrical horseshoe-shaped dimer being formed from two
antiparallel monomers (Fig. 5b). The TRFH structures show
that a large homodimeric interface is formed by helices 1, 2,
and 9 from each monomer. Helices 1 and 2 from one mono-
mer stack against the corresponding helices from the second
monomer forming an antiparallel helical bundle. Helix 9
from each monomer packs perpendicular to its respective
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Fig.5 Structural biology of TRF1, TRF2, and binding partners. a
Myb domain of TRF1 (left; PDB ID: 1WOT) and TRF2 (right; PDB
ID: 1WOU) bound to ds telomeric DNA. The protein is shown in
cartoon representation and the DNA is rendered in stick representa-
tion. b Structure of the TRFH dimerization domains of TRF1 (Left;
PDB ID: 1H60) and TRF2 (Right; PDB ID: 1H6P). ¢ Overall heart-
shaped structure of heterodimeric TRFH domain of TRF1 bound to
two TIN2 peptides (PDB ID: 3BQO). TRFH is shown as a cartoon
in green and the TIN2-TBM is shown as sticks in yellow. d Overlay

helix 1, helping to stabilize this bundle. A large hydrophobic
core formed between the helices at the interface explains
what drives TRF1 and TRF2 to exist as stable homodimers
in vitro and in vivo [93]. The TRFH structures also explain
why these two proteins with similar properties, domain
architecture, and overall structures do not heterodimerize.
A combination of differences in helix length and interacting
side chains would result in charge and steric clashes between
approaching TRF1 and TRF2 monomers.

TRF1 and TRF2 form docking sites for telomere
accessory proteins

In addition to facilitating homodimerization and prevent-
ing heterodimerization, sequence differences between the
TRFH domains of TRF1 and TRF2 enable them to recruit
distinct sets of client proteins to telomeres. It has been
shown that TRF1 has an affinity for proteins which contain
an F-X-L-X-P motif (where X can be any amino acid),

of TIN2-bound (yellow; PDB ID: 3BQO) and TERB1-bound (orange;
PDB ID 5WIR and 5XUP) TRF1 TRFH structures. e Top: overlay
of Apollo-bound (blue; PDB ID: 3BUA) and NBS1-bound (ruby;
PDB ID: 5SWQD) TRF2 TRFH structures. Bottom: structure of TRF2
TRFH bound to a Y-X-L-X-P containing peptide in the BRCT
domain of Rapl (PDB ID: 4RQI). f Structural basis for phosphoryla-
tion regulated dissociation of TRF1-TERBI1 (top; PDB ID: SWIR and
5XUP) and TRF2-NBS1 (PDB ID: 5SWQD; bottom) interactions

the most notable of which is fellow shelterin protein TIN2,
while TRF2 has a preference for binding proteins con-
taining a Y-X-L-X-P motif, examples of which include
Apollo/SNM1B and NBS1 (Fig. 5c—e) [88].

TRF1 and TRF1-binding proteins: TIN2 is able to
bind ds DNA-binding proteins TRF1 and TRF2, as well
as TPP1, thereby bridging the ds and ss DNA-binding
proteins in the shelterin complex [1]. It is, therefore, not
surprising that removing TIN2 has a negative effect on
shelterin assembly and stability. In mice, TRF1, but not
TRF2, is required to recruit TIN2 to telomeres [94]. It has
been shown that TIN2 utilizes an F-X-L-X-P-binding
motif (P8 ENLAP?%?) to interact with a docking site formed
by alpha-helices 3 and 4, and loop 34 of the dimeriza-
tion domain (TRFH) of TRF1 (Fig. 5d) [88]. The struc-
ture shows that two TIN2 TRF-binding motifs (TBMs)
can bind to a single TRF1 dimer and this stoichiometry
has also been suggested by biochemical analysis of the
full-length protein (Fig. 5c) [88, 95].
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Although TIN2 is the primary TRF1-binding protein in
the cell, the TBM docking site of TRF1 is also exploited by
other proteins that require temporary access to telomeres
in particular biological contexts. TERB1 (telomere-repeat-
binding bouquet formation protein 1) is one such protein,
which is expressed specifically in meiotic prophase I during
which it binds TRF1 [96]. Along with two other meiotic
proteins, TERB2 and MAJIN, TERBI initiates the forma-
tion of a meiotic complex that connects telomeres to the
inner nuclear membrane (INM) [37, 96-98]. This allows
chromosomes to be tethered to the cytoskeletal motors, via
proteins that span the nuclear membrane. Rapid chromo-
some movements that result from these cytoskeletal forces
facilitate homologous chromosome pairing during meiosis
[36]. The telomere—INM link results from direct binding of
TERB1 to the TRFH domain of TRF1 [96]. Two recently
solved structures of TRF1™FH bound to its binding part-
ner site in TERB1 (called TERB1™®M) demonstrated that
TERBI utilizes an [-X-L—-X-P motif (645 ILLTPRRR 652)
to bind TRFI, a slight variation on that of the TIN2TBM
(258 FNLAPLGRRR 267), with both TBMs containing a
downstream arginine tail for making additional interactions
with TRF1 (Fig. 5d) [95, 99]. The structures show that the
TERBI1 isoleucine 645 is excluded from the hydrophobic
pocket that the corresponding phenylalanine 258 of TIN2
binds, explaining the weaker affinity of TERB1™®M for TRF1
compared to TIN2™M, Mutations in the TRF1-TERBI inter-
face resulted in a decrease in telomere—INM tethering in
mouse spermatocytes [95, 99]. The physiological impor-
tance of the TRF1-TERBI1 interface is further highlighted
by the finding that interface mutants slow down spermato-
genesis, allowing autosomes but not X-Y chromosomes to
pair [99]. This results in male-specific infertility in mice and
may be explained by the limited region of pairing between
X-Y chromosomes that would result in a greater dependence
on intact TRF1-TERB1 binding.

During meiotic prophase I, after telomere attachment to
the INM, phosphorylation of TERBI triggers a phenom-
enon known as telomere cap exchange [37]. During this
process, the shelterin complex appears to be temporarily
displaced from the telomeric DNA, and replaced by mei-
otic proteins TERB1, TERB2, and MAJIN. Cap exchange
suggests that these meiotic proteins can somehow ful-
fill the function of protecting chromosome ends even in
the absence of shelterin bound to the DNA, although a
molecular/structural basis for this mechanism is currently
lacking. The TRF1T™RFH_TERB1™M structures show that
phosphorylation of T648 in TERB1 would cause an elec-
trostatic clash with negatively charged E106 of TRF1 pro-
viding a structural basis for how TERB1 post-translational
modification facilitates cap exchange (top; Fig. 5f) [95,
99]. It has also been shown that a gain of function 1645F
mutation in TERB1 (that reinstates the F—-X-L—X—P motif
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found in TIN2) perturbs TRF1-TERB1 dissociation in the
late pachytene stage of prophase I [95]. These observations
suggest that the TERB1-TRF1 interaction is optimally
tuned, such that it is strong enough to facilitate initial tel-
omere—INM tethering, but can subsequently be severed
later in meiosis via phosphorylation of TERB1. The recent
discovery of meiosis-specific proteins TERB1, TERB2,
and MAJIN provides a fertile ground for future research on
the structural biology of telomere—INM tethering.

TRF2 and TRF2-binding proteins: Like TRF1, TRF2
also utilizes its dimerization domain to recruit acces-
sory proteins to telomeres. However, the F—-X-L—-X-P
motif is non-optimal for an interaction with TRF2, as
TRF2 binds TIN2™M with much less affinity than TRF1
[88]. TRE2™RFH binds strongly to at least two other tel-
omere-associated proteins that are important for TRF2’s
role in ATM repression: exonuclease Apollo-SNMI1B,
and NBS1, a member of the double strand break sens-
ing complex MRN (MRE11-RAD50-NBS1) [100]. Both
Apollo-SNM1B and NBS1 utilize a Y-X-L-X-P motif to
bind TRF2, and crystallographic studies have shown that
these TRF2 TBMs bind to TRF2™™ in a highly similar
fashion (top; Fig. 5e) [88, 100]. NBS1’s decreased affin-
ity for TRF2 compared to that of Apollo is explained by
differences in the N-terminal regions of the two TBMs.
The Apollo™M N-terminal residues form short helices
which are able to pack on helices 2 and 3 of the TRF2TRFH
domain, whereas the N-terminus of the NBS1™M forms
either a pseudo-helix or is largely unstructured (in the two
protomers that bind to the two TRF2 monomers), neither
of which makes substantial contacts with TRF2. It is inter-
esting to note that while additional interactions C-terminal
to the F-X-L-X-P motif give rise to stronger interac-
tions with TRF1, regions N-terminal to the Y-X-L-X-P
accomplish the same goal with TRF2.

NBSI1 contains a CDK2 phosphorylation site which regu-
lates its binding to TRF2 [100]. In stage G1 of the cell cycle,
NBSI is maintained in a dephosphorylated state, promoting
its interaction with TRF2. In S/G2 phase, CDK2-mediated
phosphorylation of NBS1 releases NBS1 from TRF2. This
allows Apollo-SNM1B to bind TRF2 and protect leading
strand telomeres from NHEJ-mediated repair. Phosphoryl-
ated NBS1 is able to promote ATM signaling at telomeres,
where TRF2 and Rapl are absent. Conversely dephospho-
rylated NBS1 is necessary to promote ATR signaling at tel-
omeres devoid of POT1 and TPP1 [100]. This model shows
that TRF2 and its interacting proteins are key in manag-
ing DNA repair pathways and end protection [100]. Both
TRF2-NBS1 and TRF1-TERBI1 interactions seem weaker
than with canonical ligands [88], and are disrupted by CDK-
mediated phosphorylation, suggesting a common theme
of post-translational modification-mediated regulation of
TRF1/2 binding by client proteins (Fig. 5f).
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TRF2 and Rapl: Another critical feature of TRF2 is
its ability to recruit shelterin protein Rapl to telomeres.
Unlike S. cerevisiae Rapl, mammalian Rap1 has no telo-
meric DNA-binding function and thus depends entirely on
TRF2 for recruitment [27]. Although Rapl does not help
TRF2 repress ATM signaling, Rap1 is important in repress-
ing homology directed repair (HDR), which can alter tel-
omere length and cause chromosome fusions [101, 102].
The structure of the mammalian TRF2RBM (Rap1-binding
motif) in complex with Rap1®T (Rap1 C-terminal domain)
has been solved [103]. The Rap1R“T contains six alpha-
helices divided into two three-helix bundles. The TRF2REM
contains a helix—turn—helix motif that stacks against two
of the Rapl helices forming a bundle that brings the two
proteins together. Interestingly, there is a secondary interac-
tion between TRF2 and Rap1. The C-terminus of the BRCT
domain of Rap1 contains a Y-X-L—X-P motif that is able to
bind to the dimerization domain of TRF2 (bottom; Fig. 5e)
[104]. This raises the possibility that the TBM-binding site
of TRF2 is normally blocked by Rap1, probably to prevent
binding of non-cognate TRF1 ™ ._pinding proteins to this
site. Indeed, the measurable (non-physiological) binding
between TERB1™M~ and TRF2 in vitro is lost when Rapl
protein is also present [95].

The TRF2-Rap1 duo plays an important role in prevent-
ing unnecessary homology directed repair (HDR) at telom-
eres. Rapl cooperates with the basic domain of TRF2 to
prevent telomere resection and chromosome fusions [101].
The basic domain of TRF2 binds to the holiday junction
(HJ) formed during t-loop formation and strand invasion,
which prevents PARP localization to telomeres [105]. This is
important for end protection, because PARP1 recruits to tel-
omeres the protein SLX4 that is capable of resolving t-loops
and exposing telomeric DNA ends [106, 107]. Rapl1 plays an
important role in this process insofar as chromosome fusions
in the context of the basic domain deletion of TRF2 were
only observed when Rapl was also absent [101].

Hierarchical assembly of shelterin at telomeres

POT1 is required for telomere maintenance, yet it cannot
arrive at the chromosome end without being recruited by its
binding partner TPP1 (Figs. 1, 4a) [64]. Before recruiting
POT1, TPP1 must itself localize to telomeres with the help
of shelterin protein TIN2 (Fig. 1) [68, 108]. TIN2 plays a
central role at telomeres, as it is able to bind TRF1, TRF2,
and TPP1 (Fig. 1). TIN2 recruitment to telomeres requires
binding to TRF1 [94], the structural basis of which is already
discussed above. Although binding to TRF2 is not manda-
tory for TIN2 recruitment to telomeres, it is important for
stabilizing TRF2 protein for proper repression of ATM-
mediated damage response [109]. Due to the hierarchical
nature of shelterin assembly, defects in TIN2 recruitment or

expression negatively impact TRF2, POT1, and TPP1 func-
tion. Indeed depletion of TIN2 results in the activation of
both ATM and ATR DNA damage response pathways [94].
A new structure consisting of a TRF2-TIN2-TPP1 interface
provides insights into how TIN2 binds cooperatively to both
TRF2 and TPP1 to help bridge the ss and ds DNA-binding
shelterin components [110]. Although the F—-X-L-X-P
motif of TIN2 can also bind TRF2™RFH it does so with low
affinity [88]. Instead, a different region, TIN227292 contains
the primary site for binding both TRF2 and TPP1 (Fig. 2).
Interestingly, it adopts a helical structure related to that of
the TRFH domains of TRF1 and TRF2, suggesting that
TRF1, TRF2, and TIN2 may have structurally (and func-
tionally) diverged from a common ancestral telomeric pro-
tein with TRFH topology (Fig. 4c) [110]. The first seven
helices of the TIN2 structure align with helices 3-9 of the
TRF1/2 TRFH domains. In addition, the TRFH-like domain
of TIN2, like its counterparts in TRF1 and TRF2, serves as
a protein—protein interaction domain. TIN2272°2 forms two
helical bundles that pack against each other, with one bundle
interacting with TRF2 and the other contacting TPP1. Helix
7 of TIN227202 contacts both TPP1 and TRF2 to give rise to
cooperativity of binding, such that binding of TPP1 to TIN2
enhances binding of TIN2 to TRF2. This structure suggests a
TRF2-TIN2-TPP1-POT1 connection that is critical for end
protection. In vitro studies showing the proficiency of this
complex to stimulate telomeric DNA end extension suggests
that it might play a similarly important role in end replica-
tion too [111]. Further structural and functional studies will
be required to understand how specific the roles of TRF1 and
TRF?2 are in recruiting the remaining shelterin components
and dictating their biological functions.

Chromosome end replication by telomerase

Although telomerase does not play a direct role in end pro-
tection, it does prevent the severe erosion of telomeres (in
continuously dividing cells) that could ultimately result in
genome instability. The core telomerase enzyme is made of
an RNA subunit termed telomerase RNA (TR), and a protein
subunit termed telomerase reverse transcriptase (TERT) [4,
6-8]. This section will focus on our current understanding of
the structural organization of TERT, TR, and the RNP core
of the telomerase holoenzyme.

Telomerase RNA

Although the length and sequence of telomerase RNA
can vary widely between species, the RNA often contains
three structurally conserved domains: the template/pseudo-
knot, the CR4/5 (STE) domain, and the H/ACA box [112,
113]. The secondary structure conservation of these motifs
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highlights the essential role they play in telomere mainte-
nance. The 5" end of TR folds into a template-containing
pseudoknot. The template is flanked by a 5" template bound-
ary element (TBE) and a 3’ template recognition element
(TRE) [114-118]. The ss TRE helps TERT recognize and
position the template in the active site of the enzyme to facil-
itate repeat addition processivity. The template boundary
element (TBE) prevents the addition of nucleotides outside
of the defined telomeric repeat. Telomerase is a processive
enzyme, adding multiple telomeric repeats per replication
cycle, which is a property unique to telomerase and absent
in any other known DNA/RNA polymerase. It is still unclear
how the template is translocated to the end of the nascent
terminal repeat to facilitate continued addition, although a
few models have been proposed. Single-molecule FRET and
biochemical experiments suggest an accordion model. In this
model, the TBE and template recognition element (TRE)
expand and contract to allow movement of the template dur-
ing the catalytic cycle [119]. Another hypothesis is inspired
by the mode of action of translesion DNA polymerase v. It
suggests that after synthesis of a telomeric repeat, the GT-
rich newly added DNA loops out into a non-canonical hair-
pin, while the template translocates to pair with the AG at
the 3' end. Ultimately, an incoming dGTP allows the DNA
to realign, so another step of synthesis can proceed [120].
Further biophysical and structural studies will be necessary
to gain a better understanding of telomerase repeat addi-
tion processivity. Outside of the template, the pseudoknot
is formed by a series of helices and loops for which several
structures from ciliates, yeast, and vertebrates exist. We
point the readers to two articles that describe these structures
in great detail [121, 122].

Following the pseudoknot is the CR4/5 domain (SL4
region in Tetrahymena thermophila), which is the major
TERT-binding domain within telomerase RNA. Crosslink-
ing studies [123] combined with the solved crystal structure
of the CR4/5 domain bound to the TRBD (telomerase RNA-
binding domain) from the fish Oryzias latipes (medaka)
[124] have provided atomic details of the interface between
the core telomerase RNA and protein subunits that depends
both on sequence and conformation of the RNA. The CR4/5
domain forms a three-way junction that takes on an L-shape.
Two stems, P6 and P6.1, of the CR4/5 domain directly inter-
act with TERT by forming hydrogen bonds between their
RNA backbone and residues on two separate TERT surfaces
(Fig. 6b) [124]. When comparing this structure to that of
CRA4/5 alone [125], it can be seen that upon TRBD binding,
there is a change in the spatial orientation of stem P6.1 rela-
tive to P6. While the structure of the human CR4/5 domain
remains unsolved, there is an NMR structure of human stem
P6.1 that is structurally similar to that of Oryzias latipes
(medaka), suggesting that the human CR4/5 may interact
with TERT in a similar manner [126].
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The TRBD forms the protein half of the interface between
TERT and the CR4/5 of TR. Sequence conservation sug-
gests that TERT TRBDs from many organisms contain
three motifs (CP, QFP, and T motifs) that are important for
binding TR (Fig. 6a). Vertebrate TRBDs have an additional
vertebrate-specific RNA-binding motif (VSR) found on the
N-terminal portion of the TRBD. All four of these motifs
have been shown biochemically to take part in TR binding at
some capacity [123, 124, 127]. Atomic details of this inter-
face have been elucidated with the help of TRBD structures
from Tetrahymena thermophila, medaka, and Tribolium cas-
taneum. Each of these structures has been solved in complex
with a TR fragment, while the structure of the TRBD from
Takifugu rubripes (Japanese puffer fish) has been solved
in apo form [124, 127-131]. In all the cases, the TRBD is
mostly helical with the differences in the structures residing
mainly in the N-terminal linker region. In medaka, a portion
of the QFP motif along with N-terminal residues of the a2
helix of TRBD is responsible for interacting with CR4/5
in a sequence and conformation specific manner (Fig. 6a)
[124]. Alanine-scanning mutagenesis of surface exposed
residues in Takifugu rubripes TRBD found a TFLY motif
in a pocket formed by the conserved T-CP domains that is
important for binding to the TBE and orienting the template
in the active site (Fig. 6a). In fact, loss of binding to TBE
in this region results in a loss of telomerase activity and
processivity [127]. The Tribolium castaneum TERT struc-
ture also places this region close to the T-CP cleft [130].
The solved crystal structure of Tetrahymena thermophila
TERT TRBD in complex with its cognate TR further depicts
TERT’s ability to bind and orient the TBE in a manner that
prevents nucleotides outside of the telomeric repeat from
being aberrantly incorporated. Ciliate TRBDs have a con-
served CP2 motif that is structurally analogous to the highly
conserved TFLY motif found in higher eukaryotic homologs.
The structure revealed that, along with the CP2 motif, the
CP and T motifs all take part in making polar contacts with
the TBE. These extensive protein—RNA interactions help
prevent nucleotides outside of the template from entering
the active site of TERT (for the context of TBE in the holo-
enzyme structure, see Fig. 7c) [131].

At the far 3’ end of the mature, RNA lies the H/ACA
domain. The H/ACA domain ensures TR stability by acting
as a scaffold for proteins such as Dyskerin, GAR1, NHP2,
and NOP10 [132-134]. One such element within the H/ACA
domain is the CAB box, which is responsible for binding the
telomerase accessory protein TCAB1 and essential for Cajal
body localization of telomerase [135-137]. TCAB1 stimu-
lates telomerase activity through an interaction between its
WD40 repeat domain and the CAB box of TR. This interac-
tion is proposed to stabilize the CR4/5 domain allowing it
to interact with the TRBD of TERT and generate an active
conformation of telomerase [138]. Structures of the H/ACA
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Fig.6 Crystal structures of 194

318 TRBD 594 939 1132

telomerase domains and related
interfaces. a Domain diagram of

Y

hTERT. b Oryzias latipes TERT
RNA-binding domain (TRBD)
bound to the CR4/5 domain of
cognate TR (PDB ID: 4026).

¢ Tetrahymena thermophila
telomerase TEN domain (PDB
ID: 2B2A). d NMR structure

of the Hansenula polymorpha
TEN domain (PDB ID: SLGF).
e Atomic resolution structure

of the CTE (thumb) domain

of human TERT (PDB ID:
SUGW). Dyskeratosis congenita
(DC) associated mutations are
highlighted in red

domain bound to its partner proteins have been solved in
certain archaea and budding yeast species [139, 140]. Along
with these structures the recent cryo-EM structure of human
telomerase provides abundant structural insights into how
the H/ACA domain at the 3" end of TR interacts with and is
protected by Dyskerin, GAR1, NHP2, NOP10, and TCAB1
(discussed further below) [141].

TERT protein

The second major ingredient of the telomerase RNP is the
reverse transcriptase TERT. TERT is largely made up of
four conserved domains: the telomerase essential N-terminal
domain (TEN), the TERT RNA-binding domain (TRBD),
the reverse transcriptase domain (RT), and the thumb
domain also called C-terminal extension (CTE) (Fig. 6a)
[142]. Though the high-resolution structure of human TERT
remains unsolved, many studies have helped elucidate struc-
tural aspects of TERT in ciliates, yeast, and insects among
other species.

One major focus of structural studies has been the essen-
tial TEN domain, which is a TERT-specific element that

TFLYVSR CP QFP T o
IFD

HpTERT (TEN)

is absent in other known reverse transcriptase families.
Structural studies in Hansenula polymorpha and Tetrahy-
mena thermophila suggest that although the TEN domain
sequence varies widely between species, the core structure
is well conserved (Fig. 6c, d) [143, 144]. Although structural
data for the human TEN domain are unavailable, functional
data confirm that it is essential for recruiting telomerase to
telomeres. Mutations in the DAT (dissociates activities of
telomerase) region of the TEN domain render the enzyme
unable to function in vivo, yet it retains catalytic activity
in vitro (Fig. 6a) [145]. Indeed, in vivo telomerase function
is rescued by linking the mutant telomerase to either POT1
or TRF2, further suggesting a role for the DAT region in
telomerase recruitment to telomeres [146]. Three mutants in
the DAT region (K78E, G100V, and R132E) of human tel-
omerase have been implicated in reducing TPP1’s ability to
stimulate processivity [76, 147, 148]. Charge-swap experi-
ments suggest a direct interaction between residue K78 in
the DAT region of the TEN domain and E215 in the TEL
patch of TPP1 [76]. Although establishing this direct inter-
action was paramount towards building an understanding of
telomerase recruitment, much more remains to be learned
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Fig.7 Structures of telomer-
ase holoenzyme. a Tribolium
castaneum TERT ring bound
to an RNA-DNA hairpin (PDB
ID: 3KYL). Nucleic acid is
rendered in cartoon representa-
tion with the RNA in red and
DNA in black. The TRBD is
shown in mauve, the fingers
and palm are shown in yellow,
and the thumb is shown in blue.
b Atomic model of Tetrahy-
mena thermophila telomerase
(PDB ID: 6D6V). The RNA is
depicted in red and the DNA

in black. The TRBD is shown
in mauve, the CTE is shown in
blue, the RT is shown in yellow,
the TEN domain is shown in
cyan, the IFD-TRAP is shown
in purple, and p50 is shown in
green. TEB1C and TEB2 N are
shown in different shades of
brown and TEB3 is shown in
gold. ¢ TERT-TR-p65 core of
the Tetrahymena thermophila
telomerase holoenzyme struc-
ture highlighting components
of the catalytic core of the RNP
including the TBE (template
boundary element) and TRE
(template recognition element)
of TR (PDB ID: 6D6V)

regarding the remaining residues of the TEN domain and
other regions of telomerase that interact with TPP1. TPP1’s
OB domain, specifically the TEL patch and NOB regions,
are essential for telomerase recruitment to telomeres (right;
Fig. 4b) [69, 71, 75]. Together, these data strongly suggest
a direct interaction between the TPP1 TEL patch or NOB
region and the DAT region in the TEN domain of telomer-
ase. However, the possibility of a bridging protein cannot
be ruled out as a protein called Ccql has been implicated in
bridging the interaction between telomerase and the TPP1
homolog in S. pombe [149].

The TEN domain has also been implicated in binding
nucleic acids. HSQC NMR experiments with Hansenula
polymorpha TEN domain have revealed that it interacts
more specifically with DNA/RNA hybrids than DNA
or RNA alone [144]. This supports the fact that the TEN
domain helps facilitate recognition of the DNA-RNA tem-
plate hybrid in the active site [150]. In addition, crosslinking
data suggest that the TEN domain binds DNA in a fashion
that would allow it to act as an anchor site 5’ to the template/
DNA duplex [151, 152]. The interaction between the TEN
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domain and DNA/RNA could help facilitate telomerase pro-
cessivity by helping orient the primer/template hybrid for
proper catalysis.

The three subsequent domains make up the TERT ring
(Fig. 6a). The first of these is the TRBD, which is responsi-
ble for interacting with the CR4/5 domain of TR forming the
major interface between TERT and TR (discussed above).
High-resolution structural information about the rest of the
TERT catalytic subunit comes largely from crystal structures
of the T.castaneum catalytic subunit (TcTERT; Fig. 7) and
the human CTE domain (Fig. 6e) [129, 130, 153]. Structures
exist for both non-canonical RNA-DNA hairpin-bound and
apo TcTERT [129, 130]. Both structures suggest that the
catalytic core of the telomerase protein subunit is similar to
that of retroviral reverse transcriptases and viral RNA poly-
merases [129]. The structure is composed of an RT domain
and a CTE, which together form a hand-like structure com-
posed of fingers and palm domains in the RT, and a thumb
domain represented by the CTE. Together, the TRBD, fin-
gers, palm, and thumb form a ring with a positively charged
cavity, where the RNA-DNA hairpin resides. This TERT
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ring interacts with the RNA-DNA hairpin in a manner that
orients the RNA template in the active site, generating a con-
formation that allows for the synthesis of additional nucleo-
tides. To facilitate this, the 5’ end of the RNA interacts with
the fingers and palm regions, while the thumb interacts with
the minor groove formed by the RNA-DNA heteroduplex.
A rigid loop in the thumb domain forms the primer grip
region that directs the 3’ end of the DNA towards the active
site of the protein. The thumb domain is also in close contact
with the TRBD and has been shown to interact with CR4/5
through an FVYL motif [154]. The FVYL motif was further
shown to be important in both structural and biochemical
studies of the human CTE, where DC-associated mutations
have been found [153]. The fingers and CTE also contain
residues that have been implicated in recruiting telomer-
ase [71]. The CTE contains a second DAT region called
C-DAT that when mutated does not affect telomerase activ-
ity in vitro, but stops telomerase from maintaining telomere
length in vivo [155]. Unlike the N-DAT, it is less clear if the
C-DAT plays a direct role in telomerase recruitment, as it
was not tested if the in vivo telomere shortening phenotype
is rescued by linking the mutants to POT1 or TRF2 [155].
Finally, TERT is unique among reverse transcriptases in that
it has an insertion in fingers domain (IFD), residues in which
have also been implicated in TPP1 binding [156—158]. Spe-
cifically, an IFD mutant, h\TERT-V791Y, showed defective
telomerase recruitment and was not stimulated by TPP1
(and POT1) overexpression, suggesting that this mutation
interferes with TERT-TPP1 binding. Although the 7cTERT
structures have yielded unprecedented insight into telom-
erase structure and function, it should be noted that the T.
castaneum telomerase RNA subunit has not been identified.
Moreover, the TcTERT protein lacks a TEN domain and
contains a relatively inconspicuous IFD domain. Thus, it
remains possible that mammalian telomerase has acquired
new functionalities relative to its flour beetle counterpart or
that these orthologs perform some functions using divergent
structural mechanisms.

Electron microscopy structures of the telomerase
holoenzyme

Electron microscopy (EM) has been instrumental in pro-
viding initial insights into telomerase holoenzyme structure
[159-161]. The negative stain EM structures of the human
and Tetrahymena thermophila holoenzymes provided the
overall shape and structural layout of the full RNP. The low-
resolution EM map for human telomerase showed two glob-
ular lobes connected by a flexible linker region suggesting
telomerase may form a dimer. This dimer was hypothesized
to be mediated by the H/ACA domain of TR [159]. This
quaternary structure remains controversial; some reports
suggest human telomerase acts as a monomer, while others

suggest that dimeric telomerase is the functional enzyme
[159, 162-164]. Recent major breakthroughs in telomerase
structural biology have come in the form of two Tetrahy-
mena thermophila telomerase and one human telomerase
cryo-EM structures solved to~9 A, 4.8 A, and~8 A resolu-
tion, respectively [141, 160, 165]. The human telomerase
holoenzyme structure shows an overall bilobal architecture
consistent with the previously reported negative stain EM
map. However, the cryo-EM reconstruction of human telom-
erase shows that one of these lobes represents the catalytic
core of TERT and TR, while the other contains the TR H/
ACA domain bound to the biogenesis protein core composed
of one TCABI, two Dyskerin, two NOP10, and two GAR1
protein subunits [141]. The bilobal nature of human telom-
erase places TCAB1 on the opposite end of TR relative to
CR4/5 [140] failing to explain how TCAB1 might allosteri-
cally activate the CR4/5-TERT interaction [137]. It is pos-
sible that the TCAB1-mediated “switch” is not captured by
the conformation characterized in the cryo-EM structure.
Characterizing a greater fraction of the holoenzyme particles
in the active chromatographic fraction will likely lead to
the identification of additional conformational states. The
cryo-EM characterization of human telomerase also reveals
the presence of a small population of (bilobal) telomerase
that is dimeric, but the biological importance of this, if any,
remains unknown [141]. Although the current cryo-EM
data are insufficient to build a complete atomic model for
human telomerase, they are clearly consistent with the pres-
ence of a typical reverse transcriptase topology for TERT,
known structures of TR fragments, and predicted structures
of human telomerase biogenesis factors such as TCAB1.
Tetrahymena thermophila, the model system that led to
the discovery of telomeric DNA repeats and telomerase
activity, has provided the deepest structural insights into
the telomerase holoenzyme. The 8.9 A structure of Tetrahy-
mena thermophila telomerase published in 2015 allowed for
the identification of secondary structure elements and the
building of a pseudo-atomic model with the help of struc-
turally solved protein and RNA subunits/fragments (or their
close homologs) [160]. This structure, which confirmed the
monomeric status of Tetrahymena thermophila telomerase
RNP, afforded the first opportunity to place the TEN domain
with respect to the catalytic ring structure of TERT. The
Tetrahymena thermophila TEN domain was modeled above
the CTE on the front (active) side of the TERT ring. This is
also obvious in the most recent structure of the holoenzyme
described below (see Fig. 7b). While the TEN domain is in
the vicinity of the template—-DNA duplex in the cryo-EM
structure, further structural elucidation will be required to
confirm the direct interaction alluded by functional stud-
ies. The authors were also able to identify an RPA-like het-
erotrimeric TEB1-TEB2-TEB3 complex and a CST-like
P75-P45-P19 complex highlighting how a combination of
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cryo-EM and mass spectrometry could serve as a powerful
approach to discovering new subunits in a purified holo-
enzyme. For a full description of the RPA-like complexes
contained in this telomerase holoenzyme structure, we point
the readers to the following references [122, 160].

The recently published 4.8 A resolution structure of Ter-
rahymena thermophila telomerase reveals the structural
details of this complex interaction network by providing the
first structural information about both p50 and a new struc-
tural element within TERT called IFD-TRAP (Fig. 7b). The
IFD-TRAP forms an L-shape with two interacting terminal
helices forming the short arm of the L, and an extended
f-sheet region termed as the TRAP forming the long arm
(Fig. 7b). The IFD-TRAP is able to interact with the TEN
domain, RBD, and RT to form a ring that helps trap the
pseudoknot of TR onto the ring formed by the catalytic core
domains of TERT [165]. The TEN domain and IFD interact
to form a surface on TERT that is in close proximity to p50,
TEBI1, and TEB2. p50 is made up of a six-stranded p-barrel
that forms an OB fold like that of TPP1 (Fig. 7b) [165].
Thus, this structure provides the first three-dimensional
insights into how telomerase may be recruited to human tel-
omeres and supports previous data that implicate the TEN
and IFD domains in recruiting human telomerase to TPP1 at
telomeres. Finally, by determining the relative positioning of
various important motifs of TR (e.g., TBE, TRE; Fig. 7c) in
the context of the holoenzyme, the Tetrahymena thermophila
telomerase cryo-EM structures provide important structural
insights into the role of TR in facilitating telomere repeat
definition and processive synthesis.

Concluding remarks and perspectives

Structural data acquired over almost two decades have
led to the construction of a detailed, although incomplete,
structural framework for mammalian end protection and
replication. A strong theme emerges from the study of vari-
ous protein—protein interactions involving shelterin. Most
of these interfaces involve a “domain—peptide” interaction
mechanism [110]. The “domains” involved in these inter-
faces (e.g., TRFH, OB) were likely retained in evolution due
to their superior structural stability. However, the specificity
and affinity of these interactions originated and improved via
changes to the structurally unrestrained “peptide” partners.
Indeed a mere F or Y choice in the F/Y-X-L-X-P pep-
tide dictates preference of a client protein for TRF1 versus
TRF2. Thus, this domain-peptide combination offers a bind-
ing platform that is structurally robust yet readily tunable for
acquiring new or improved functions at telomeres. Major
unresolved areas in shelterin structural biology include
the structural analysis of partial/full complexes of shel-
terin (beyond just peptides and domains), the rules guiding

@ Springer

shelterin assembly and disassembly, and allosteric effects
within shelterin complexes that unravel the full potential of
individual components. Although a high-resolution structure
of human telomerase is still lacking, the enormous amount
of structural and functional data from various telomerase
components and complexes has led to a detailed under-
standing of human telomerase function. These studies help
rationalize how acquisition of telomerase-specific structural
elements such as TEN, IFD-TRAP, and TR allowed for con-
version of a basic HIV-like reverse transcriptase scaffold to
an extraordinary enzyme that can add multiple telomeric
repeats de novo at chromosome ends. However, aggressive
efforts to solve the human telomerase structure will continue
as success in these endeavors will provide an unparalleled
structural scaffold for designing drugs against telomerase,
which remains a prime target for anti-cancer drug design.
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