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Abstract

The rapid evolution of telomere proteins has hindered identification of orthologs from diverse species
and created the impression that certain groups of eukaryotes have largely non-overlapping sets of tel-
omere proteins. However, the recent identification of additional telomere proteins from various model
organisms has dispelled this notion by expanding our understanding of the composition, architecture and
range of telomere protein complexes present in individual species. It is now apparent that versions of the
budding yeast CST complex and mammalian shelterin are present in_multiple phyla. While the precise
subunit composition and architecture of these complexes vary between species, the general function is
often conserved. Despite the overall conservation of telomere protein complexes, there is still considerable
species-specific variation, with some organisms having lost a particular subunit or even an entire complex.
In some cases, complex components appear to have migrated between the telomere and the telomer-
ase RNP. Finally, gene duplication has created telomere protein paralogs with novel functions. While one
paralog may be part of a conserved telomere protein complex and have the expected function, the other

paralog may serve in a completely different aspect of telomere biology.
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Telomere proteins and telomere function

Telomeres have two main functions: to protect the
chromosome terminus from unwanted nuclease and
DNA repair activities, and to provide a mechanism to
compensate for the inability of DNA polymerase to rep-
licate the 5" end of a linear chromosome (Verdun and
Karlseder, 2007). Telomeric DNA is packaged by a core
group of proteins that bind the DNA duplex and the
3’ G-overhang on the chromosome terminus (Rhodes
et al., 2002). These telomere proteins form a protec-
tive cap that prevents the chromosome end from being
sensed as DNA damage and eliciting a DNA damage
response (Palm and de Lange, 2008). If the cap struc-
ture is defective, the resulting damage response leads
to a cell cycle checkpoint and/or attempts to repair
the chromosome end by non-homologous end joining

(NHE]) (Riha et al., 2006). The NHE] leads to end-to-
end fusion of chromosomes followed by chromosome
breakage.

Although it is essential to have the DNA terminus
sequestered from nuclease and DNA repair activi-
ties for much of the cell cycle, during S-phase the tel-
omere must be made accessible to telomerase and the
DNA replication machinery. To achieve this change in
access, the overall chromatin structure of the telomere
is thought to cycle from a closed protective configura-
tion into a more open, S-phase conformation (Figure 1)
(Teixeira et al., 2004; Gilson and Geli, 2007). In the
protective configuration, access to the DNA terminus
appears to be reduced by the telomeric tract folding
back on itself to form a loop or hairpin type structure.
In some organisms, the fold-back structure is stabi-
lized by protein-protein interactions. However, in
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plants, vertebrates and some other organisms, the DNA
appears to form a T-loop where the G-overhang invades
and base-pairs with segments of the telomere duplex
(Griffith et al., 1999; Cesare et al., 2003; de Lange, 2004;
Cesare ef al., 2008). During S-phase, the T-loop is prob-
ably removed by passage of the replication fork.
During DNA replication, most of the telomere is
replicated by a standard replication fork. However, a
number of extra steps are needed at the DNA termi-
nus to ensure that telomere length is maintained and
the protective cap structure is reassembled (Figure 2)
(Gilson and Geli, 2007; Verdun and Karlseder, 2007).
These steps include DNA processing to generate or
extend the 3" G-overhang on the leading or lagging
strand telomere, extension of the overhang by telom-
erase, and fill in of the complementary C-strand by
Pol a-primase. The process of telomere replication is
achieved through the combined action of replication
factors, telomere proteins and components of the
DNA repair machinery (Verdun and Karlseder, 2007).
The telomere proteins help recruit telomerase and
Pol a-primase, and some may also facilitate passage
of the replication fork through the telomeric duplex
DNA (Miller et al., 2006; Bianchi and Shore, 2008;
Sfeir et al., 2009). The repair factors recognize the
DNA terminus and appear to initiate a transient DNA
damage response that is an integral part of the repli-
cation process (Verdun and Karlseder, 2007; Bianchi
and Shore, 2008). The initial damage response seems

A. Closed T-loop conformation

Displaced
G-strand DNA

G-overhang

B. Open conformation I

" 5 ¥

G-overhang

Figure 1. Telomere cycling between (A) closed and (B) open
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Figure 2. Steps during telomere replication. Adapted from (Price, 2009).

% G-strand h——-
’ 3/
5
C-strand _
“ ’ >

Processing of C-strand
to generate G-overhang

Telomere protein complexes 435

to result in phosphorylation of telomere proteins and
modification of their activity (Tseng et al., 2006; Wu
et al., 2007). However, activation of a full DNA damage
response is prevented, most likely by binding of the
telomere proteins at the DNA terminus (Palm and de
Lange, 2008). Thus, telomere proteins function at mul-
tiple levels in telomere replication and chromosome
end-protection.

In addition to telomere proteins and replication or
repair factors, a large number of other proteins can be
present at a telomere. For example, approximately 200
different proteins were identified when stretches of
telomeric chromatin were isolated from human cells
and analyzed by mass spectrometry (Dejardin and
Kingston, 2009). In general, these 200 proteins differ
from dedicated telomere proteins in that they tend to
have well established, non-telomeric functions and
to exhibit evolutionary conservation in their primary
sequence. The telomeric role of most of these proteins
is unclear but some may be needed to transcribe and
package TERRA RNA (Telomere Repeat contain-
ing RNA) (Azzalin et al., 2007), while others may be
involved in organizing higher order telomeric chroma-
tin structure (Blasco, 2007).

Rapid evolution of telomere proteins

Given that telomeres from diverse organisms play
the same essential role in chromosome maintenance
(Bianchi and Shore, 2008), one might expect telomere
proteins to be highly conserved. However, a simple
amino acid sequence comparison quickly reveals that
this is not the case (Table 1). Even within a single taxo-
nomic class such as mammals, telomere proteins dem-
onstrate less conservation than other chromosomal
proteins or DNA replication and repair factors. Some
telomere proteins have clear orthologs in several phyla,
but even these proteins have obviously undergone a
rapid rate of change during evolution. Other telomere
proteins that are essential for a particular function in
one species, appear to be absent from a related species
and that function is served by a completely different set
of proteins. This striking variation in telomere protein
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Table 1. Percentage identity between telomere proteins (TRF1, TRF2,
RAP1, POT1), histones (H3), DNA repair factors (MRE11) and DNA
replication factors (POLo. and MCM?2) from various species. Human
(Hs), mouse (Mm), chicken (Gg), frog (X1), or fission yeast (Sp).

Protein Hsversus Mm Hsversus Gg Hsversus Xl Hs versus Sp

TRF1 65 42 34 112
TRF2 82 33 36 92
RAP1 84 39 32 10
POT1 75 (72)! 61 50 10
H3 98 97 97 91
MRE11 88 74 71 34°
POLa 88 72 71 34
MCM2 95 88 88 51
Mouse Potla (Potlb)

2SpTazl

3SpRad32

composition initially suggested the telomere protein
complexes from different organisms might have evolved
independently.

Subsequent structural analysis of telomere proteins
from yeast, humans and ciliates revealed the pres-
ence of conserved protein motifs in the DNA-binding
domain. This finding indicated a conservation of struc-
ture and function despite the lack of sequence identity.
Recently, an even more striking level of conservation
has become apparent. The identification of many addi-
tional telomere proteins has made it feasible to com-
pare the overall protein composition of telomeres from
multiple organisms. These comparisons indicate that,
despite the rapid rate of telomere protein evolution,
the core telomere protein complexes are in fact quite
conserved. However, they show organism-specific
variations in composition and function. In the follow-
ing sections, we will explore this apparent “variation
on a theme” by first examining the similarities and dif-
ferences between the well-characterized telomere pro-
tein complexes from budding yeast and humans. We
will then discuss a series of newly identified proteins
that have revealed the basal conservation but func-
tional and compositional fluidity of telomere protein
complexes.

Budding yeast versus mammalian telomere
proteins: a different means to the
same end?

Telomeres from the budding yeast, Saccharomyces cer-
evisiae, are bound by two separate protein complexes
(Figure 3A): one that binds the G-strand overhang and
one that binds the DNA duplex (Lundblad, 2006). The
complex that interacts with the G-overhang does so
through sequence-specific binding of the Cdc13 protein.
Cdc13 recruits two binding partners, Stnl and Tenl, to

e ey 5/
TRF2 TRF1  POT1

Figure 3. Organization of telomere protein complexes in (A) S. cer-
evisiae and (B) human cells.

form a trimeric complex (Gao et al., 2007). The Cdc13/
Stn1/Tenl (CST) complex is essential for chromosome
end-protection and defects in any one CST component
lead to degradation of the C-strand, accumulation of ss
G-rich telomeric DNA, a DNA-damage response and
cell cycle arrest (Garvik et al., 1995; Grandin ef al., 1997;
2001). Stnl and Tenl seem to be primarily responsible
for telomere protection as overexpression of Stnl plus
Tenl rescues the lethality of Cdc13 depletion (Grandin
et al., 1997; Petreaca et al., 2006).

The CST complex also plays a key role in telomere
replication. Cdc13 recruits telomerase to the telomere
through a direct interaction with the telomerase subu-
nit Estl (Pennock et al., 2001; Bianchi et al., 2004). In
contrast, Stnl is thought to inhibit telomerase action
by competing with Estl for Cdc13 binding (Chandra
et al., 2001; Puglisi et al., 2008; Li et al., 2009). The
interaction between Cdcl3 and Estl is mediated by
a Cdkl-dependent phosphorylation of Cdcl3 which
promotes preferential binding to Estl over Stnl (Li
et al., 2009). In addition to recruiting telomerase, CST
recruits Pol a-primase, the enzyme needed for telo-
meric C-strand synthesis (Grossi et al., 2004; Qi and
Zakian, 2000). Cdcl3 interacts with Poll, the catalytic
subunit of Pol o-primase, while Stnl interacts with
the Poll2 accessory subunit. Thus, CST coordinates
synthesis of both strands of the telomere. Cdc13 first
mediates G-strand synthesis by direct recruitment of
telomerase. Additional elongation is then blocked by
Stnl, with Cdcl13 and Stnl subsequently recruiting the
C-strand synthesis machinery (Chandra et al., 2001;
Puglisi et al., 2008; Li et al., 2009).

The protein complex associated with the DNA duplex
is bound to DNA by the Rap1 protein (Lundblad, 2006).
The C-terminal domain of Rap1 then recruits two addi-
tional proteins, Rifl and Rif2, which are responsible
for telomere length regulation (Marcand et al., 1997).
Length regulation occurs via a negative feedback loop

RIGHTS LI N Kdx



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

where the increased binding of Rifl and Rif2 at longer
telomeres inhibits Tell (ATM) association (Hirano et al.,
2009). Since Tell is required for efficient telomerase
recruitment (Goudsouzian et al., 2006), this leads to less
frequent extension of long telomeres (Bianchi and Shore,
2007; Chang et al., 2007; Hector et al., 2007; Sabourin
et al., 2007; Viscardi ef al., 2007). In addition to recruiting
Rif1 and Rif2, Rapl is also capable of recruiting a second
group of proteins, Sir3 and Sir4, that promote hetero-
chromatin formation and telomere silencing (Lundblad,
2006).

Human telomeres are bound by a protein complex
called shelterin that contains six different proteins:
TRF1, TRF2, TIN2, RAP1, TPP1, and POT1 (Liu et al,
2004a; Palm and de Lange, 2008). With the excep-
tion of RAP1, none of these proteins share obvious
sequence identity with the telomere proteins from
S. cerevisiae and even the homology between the Rapl
proteins is quite limited (Li et al., 2000). Unlike the
yeast CST and Rap1 complexes, shelterin contains both
dsDNA and G-overhang binding proteins. As a result,
the telomere duplex and the G-overhang are physi-
cally linked (Figure 3B). The duplex DNA is bound by
TRF1 and TRF2 while POT1 binds to the G-overhang.
TIN2 and TPP1 then provide the bridge between TRF1/2
and POT1 (Houghtaling et al., 2004; Liu ef al., 2004b;
Ye et al., 2004a; 2004b). TIN2 is a central component of
the complex as it binds simultaneously to TRF1, TRF2
and TPP1 while TPP1 binds POT1 and links it to TIN2.
RAP1 interacts with TRF2. All six shelterin components
can be isolated together from nuclear extracts, suggest-
ing that they form a stable complex in the absence of
telomeric DNA (Liu et al., 2004b; Ye et al., 2004b). A
number of sub-complexes have also been identified,
however their functions remain largely unknown (Liu
et al., 2004b; Kim et al., 2008).

Although all six shelterin components help protect
the chromosome terminus and prevent it from being
recognized as DNA damage, TRF2 and POT1 play a key
role in this process. POT1 prevents the G-overhang from
activating an ATR-mediated DNA damage response
by competing with RPA for binding to the G-strand
DNA (Denchi and de Lange, 2007; Guo et al., 2007;
Churikov and Price, 2008). TRF2 prevents removal of the
G-overhang, activation of an ATM-mediated DNA dam-
age response, and end-to-end fusion of chromosomes
(Celli and de Lange, 2005; Denchi and de Lange, 2007;
Konishi and de Lange, 2008). It is not clear exactly how
TRF2 functions in this capacity, but its ability to assem-
ble T-loops is probably important. Formation of a T-loop
would protect the G-overhang from being removed by
a nuclease, thus preventing the DNA terminus from
becoming a substrate for NHE]. TRF2 can promote the
formation of higher-order DNA structures by binding
DNA as a multimer and inducing positive supercoiling
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(Amiard et al., 2007; Poulet et al., 2009). The resulting
DNA unwinding leads to strand invasion, a key step in
T-loop formation (Stansel ef al., 2001). It is notable that
both human and yeast telomere proteins play an essen-
tial role in protecting the DNA terminus, but in humans
the process is mediated in part by alteration of the DNA
structure not merely through envelopment of the DNA
by protein molecules.

As in yeast, human telomere proteins are important
for telomere length regulation; however, their mode of
action is not fully understood. Studies with TRF1, TRF2
and POT1/TPP1 suggest that shelterin components
may function at several different levels (Smogorzewska
and de Lange, 2004). First, loading of shelterin on the
DNA duplex by TRF1 and TRF2 probably enhances
formation of T-loops or another protective chromatin
structure that restricts telomerase access (Stansel et al.,
2001; Amiard et al., 2007; Baker et al., 2009). Second,
shelterin binding may impact telomere length by
increasing the amount of POT1 at the DNA terminus
(Hockemeyer et al., 2007; Loayza and De Lange, 2003).
POT1 appears to play a complex role in telomere length
regulation. In vitro assays indicate that it can inhibit
telomerase action by sequestering the DNA terminus
(Lei et al., 2005). In vivo studies support this inhibitory
activity as removal of POT1 from the telomere leads to
telomerase-dependent telomere growth (Loayza and
De Lange, 2003; Churikov and Price, 2008). Formation
of a POT1/TPP1 dimer increases the in vitro affinity of
POT1 for G-strand DNA by ~10 fold (Xin et al., 2007).
This suggests that the in vivo association of POT1 with
TPP1 would enhance binding of POT1 to the overhang
and hence might increase sequestration of the DNA
terminus from telomerase. However, in vitro studies
indicate that this may not be the case. Rather, TPP1 can
interact directly with telomerase and the POT1/TPP1
heterodimer actually enhances telomerase activity by
increasing the processivity of repeat addition (Wang
et al., 2007; Xin et al., 2007). Thus, POT1/TPP1 seems to
act both as a positive and a negative regulator of telom-
erase. Currently, it is unclear how the protein complex
switches between these two modes.

While the differences in composition and architec-
ture of human and S. cerevisiae telomeres are striking,
the general principals of telomere protein function are
the same. In both cases, they protect against unwanted
nuclease and repair activities by sequestering the DNA
terminus, they actively promote telomerase activity
through direct interactions with telomerase subunits,
and they regulate telomere length by formation of a
chromatin structure which limits telomerase access.
These mechanistic similarities, together with the con-
served nature of telomere maintenance by telomerase,
have led to debate about the apparent lack of conser-
vation in telomere protein composition and telomere
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architecture and whether this merely reflects an incom-
plete understanding of the composition and structure of
the underlying protein complexes.

Conservation of structural domains

Although telomeric duplex and G-overhang bind-
ing proteins from different species frequently show
minimal sequence identity, they do share common
structural motifs. This first became apparent when
S. cerevisiae Rapl and human TRF1 were both found
to contain Myb motifs in their DNA binding domain
(DBD) (Chong et al., 1995; Bilaud et al., 1996; Konig and
Rhodes, 1997). Myb motifs were subsequently found
in mammalian TRF2, and in telomere duplex binding
proteins from a variety of other organisms including
S. pombe Tazl, Arabidopsis TRFLs and Trypanosome
TRF (Karamysheva et al., 2004; Li et al., 2005; Bilaud
et al., 1997; Broccoli et al., 1997; Cooper et al., 1997).
The Myb motif has a well defined consensus sequence
and it is composed of a distinct tertiary structure con-
taining three helices with the second and third helices
forming a helix-turn-helix variant motif (Figure 4A)
(Ogata et al., 1994). The motif was originally found in
the c-Myb transcriptional activator and it is frequently
found in transcription factors (Klempnauer and Sippel,
1987). Interestingly, the physical arrangement of the
Myb motifs used for DNA binding can vary. At least
two Myb motifs are required for high affinity binding
(Ogata et al., 1994; Bianchi et al., 1997); however, these

may or may not be within the same protein subunit.
S. cerevisiae Rapl contains two motifs and can bind
DNA as a monomer (Konig and Rhodes, 1997). In con-
trast, TRF1 and TRF2 contain only one Myb motif and
they must form homodimers to generate a functional
DNA-binding domain (Court et al., 2005). Human RAP1
resembles TRF1 and TRF2 in that it also contains only
one Myb motif (Hanaoka et al., 2001). However, RAP1
does not dimerize, which explains why it cannot bind
DNA directly but must instead be tethered to shelterin
via TRF2.

Structural conservation between G-overhang bind-
ing proteins was more difficult to discern because the
underlying protein motif, the OB-fold (oligonucleotide/
oligosaccharide-binding fold), lacks a well defined con-
sensus sequence (Theobald et al., 2003). Structurally,
the OB-fold is composed of a five-stranded 3-sheet that
forms a closed p-barrel structure, usually capped by
an o-helix (Figure 4B) (Murzin, 1993). It is a common
protein domain that is frequently used to recognize
single-stranded nucleic acids (Croy and Wuttke, 2006).
The OB-fold was first identified as a telomeric G-strand
DNA-binding motif when the crystal structure of
Oxytricha nova TEBP (telomere end-binding protein)
was solved (Horvath et al., 1998). TEBP functions as a
heterodimer with the a-subunit binding the DNA via
tandem OB-folds. The (3-subunit alone does not bind
DNA, but it also has an OB-fold through which it con-
tacts the DNA, thus increasing the binding affinity of
the heterodimer. The Pot1 protein family was eventually
identified because the human and S. pombe proteins

| HsPOT1

123% ID

I 16% ID I14% ID

I 10% ID

| SpPot1

I11% ID

OnTEBPa

Figure 4. Structural domains of telomeric DNA binding proteins. (A) Ribbon diagram of the Myb domain from human TRF1 bound to ds telom-
eric DNA. (B) OB-fold 1 (OB1) from human POT1 bound to telomeric G-strand DNA. Purple, telomeric DNA; red, a-helicies; yellow, (3-strands;
green, loops. (C) Domain structure of POT1 homologs from H. sapiens, S. pombe and O. nova with % identity shown between OB1, OB2, or the

full-length protein.
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showed weak sequence homology (~15%) to the first
OB-fold in the TEBPa DBD (Figure 4C) (Baumann and
Cech, 2001). However, it only became apparent that the
OB-fold motif is characteristic of telomeric G-strand
binding proteins when the structure of the Cdc13 DBD
was solved and found to contain an OB-fold closely
related to those from TEBPa (Mitton-Fry et al., 2002).
The DBDs of human and S. pombe Potl were subse-
quently crystallized and also found to contain related
OB-folds (Lei et al., 2003; 2004).

Until recently, the absence of a conserved consen-
sus sequence made it difficult to identify OB-fold-
containing proteins from their primary sequence.
However, an increase in the number of crystal struc-
tures, together with advances in protein threading
programs, now allows OB-fold-containing regions to
be recognized with reasonable certainty (Theobald
and Wuttke, 2004; Croy and Wuttke, 2006). This has led
to the identification of new telomeric ssDNA-binding
proteins and to the detection of OB-folds in previously
known telomere or telomerase-associated proteins.
Two such newly identified telomere proteins include
the C. elegans proteins CeOB1 and CeOB2 (Raices
et al., 2008). CeOBI1 appears to contain an OB-fold that
is related to OB2 from human POT1 (Figure 4C) while
CeOB2 is predicted to contain an OB-fold that is related
to OB1. Interestingly, CeOB1 binds telomeric G-strand
DNA while CeOB2 binds telomeric C-strand DNA.

OB-folds have now been identified in a surprisingly
large number of previously characterized telomere or
telomerase-associated proteins. Discovery of an OB-fold
in a protein has in some cases lead to the realization that
this protein is the structural and functional homolog of
a telomere protein from another species. Human TPP1
is a case in point. TPP1 had been recognized as a POT1
interacting protein for some years; however, it only
became apparent that TPP1 might be the mammalian
homolog of O. nova TEBPP when structure prediction
suggested that TPP1 might contain an OB-fold. X-ray
crystallography then revealed that the OB-folds from
TPP1 and TEBP are closely related, while biochemical
analysis indicated that TPP1 resembles TEBPf in that
it increases the affinity of the TPP1/ POT1 (TEBPa/f3)
heterodimer for telomeric DNA (Wang et al., 2007; Xin
etal., 2007).

Interestingly, the Est3 telomerase subunits from
S. cerevisiae and C. albicans each appear to contain a
single OB-fold that is structurally related to the OB-folds
from TPP1 and TEBPp (Lee et al., 2008; Yu et al., 2008).
This structural similarity, together with the observation
that TPP1 and TEBPp both physically interact with tel-
omerase and enhance telomerase catalytic activity (Xin
et al., 2007; Paeschke et al., 2008), has led to the sug-
gestion that Est3, TPP1 and TEBPf have evolved from
a common ancestor (Lee et al., 2008; Yu et al., 2008).
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Presumably such a scenario would have involved the
switching of the ancestral protein from one multiprotein
complex to become part of a different protein complex.
Other examples of such subunit shuffling are discussed
in a later section.

The new view of telomere protein
complexes: variations on a theme

The past couple of years have seen important advances
in our overall understanding of the general form and
function of several key telomere protein complexes.
The critical step was identification of additional tel-
omere proteins and telomere protein complexes from
a range of organisms including Schizosaccharomyces
pombe and Arabidposis thaliana. Analysis of these
proteins or complexes has revealed that versions of
shelterin and the CST complex exist in many organisms
where they play similar, but not necessarily identical,
roles.

Until recently, the organization of S. pombe telom-
eres remained enigmatic because the known telomere
proteins resembled components of vertebrate shel-
terin rather than subunits of S. cerevisiae CST (Kanoh
and Ishikawa, 2003). Specifically, S. pombe Potl shows
no apparent sequence identity to Cdc13 but instead is
orthologous to mammalian POT1 (Baumann and Cech,
2001). Likewise, Tazl resembles TRF1 and TRF2 rather
than budding yeast Rap1 in that it contains a single Myb
motif and must form a homodimer in order to bind
telomeric DNA (Cooper et al., 1997; Spink ef al., 2000).
S. pombe Rapl also resembles mammalian Rapl as it
contains a single Myb motif but cannot dimerize and
bind DNA directly (Kanoh and Ishikawa, 2001). It instead
associates with the telomere via Tazl.

Despite the conservation between S. pombe and
mammalian Potl, Tazl/TRF1/2 and Rapl, other
components of shelterin cannot be discerned in the
S. pombe genome. Thus, it appeared that the overall
organization of the telomere protein complexes must
be different. However, the recent identification of a
series of Potl-interacting proteins has dispelled this
idea. Purification of tagged Potl from S. pombe cells
revealed a Potl complex that contained three addi-
tional proteins: Tpzl, Pozl and Ccql (Miyoshi et al.,
2008). Tpz1 and Poz1 are novel proteins with no appar-
entsequence identity to known telomere proteins. Ccql
had previously been identified in a histone deacetylase
complex and shown to function in bouquet formation
during meiosis (Flory et al., 2004; Sugiyama et al., 2007).
Analysis of the interactions between components of the
Potl complex revealed a striking organizational simi-
larity to shelterin (Figure 5). Tpz1 binds to Potl and to
Pozl and seems to be the S. pombe homolog of TPP1.
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Ten1 Stn1

Figure 5. Organization of the shelterin complex from S. pombe.

Pozl appears to be functionally equivalent to mamma-
lian TIN2 as it links the Potl complex to Tazl and the
DNA duplex via an interaction with Rapl. Thus, as in
shelterin, the S. pombe telomere protein complex con-
nects the G-strand overhang to the double-stranded
region of the telomeric DNA. Ccql turns out to be a
telomerase recruitment factor (Tomita and Cooper,
2008). It interacts directly with telomerase and serves
as a bridge between telomerase and the G-overhang.

It is striking that shelterin and the S. pombe protein
complex not only have a similar architecture, but they
also play much the same role in chromosome end-
protection and telomerase recruitment. Although the
fine details differ in terms of which duplex associated
protein contacts the Potl complex or which protein
recruits telomerase, the general principals are the same,
suggesting that the S. pombe complex should also be
called shelterin. It is notable that certain components
of mammalian and S. pombe shelterin are obviously
conserved, while other proteins have either evolved
extremely rapidly or arisen from different origins. It will
be interesting to learn the extent to which Tpz1 and Poz1
resemble TPP1 and TIN2 from a functional standpoint,
as this will indicate the degree of variation tolerated in
shelterin.

Given that fission yeast are more closely related to
budding yeast than to mammals, it has been perplex-
ing that fission yeast appeared to lack a CST complex.
However, this conundrum was solved when analysis of
the S. pombe genome revealed a gene related to S. cer-
evisiae STN1 (Martin et al., 2007). Subsequent analysis
revealed that S. pombe has a Stnl/Tenl complex that
is present at telomeres and is essential for chromo-
some end-protection. Deletion of either STNI or TENI
leads to rapid telomere loss and cell death, a pheno-
type similar to that observed after Potl depletion.
However, although the Stn1/Tenl and Pot1 (shelterin)
complexes both bind to the G-overhang there is no
evidence that they interact. Moreover, ChIP analysis
indicates that during telomere replication, the two
complexes bind the telomere with different kinet-
ics (Moser et al., 2009). Thus, S. pombe contains two
separate G-overhang binding complexes that are likely

to have distinct functions. To date, a Cdc13 homolog
has not been identified in S. pombe. However, recent
findings with Arabidopsis and mammalian cells sug-
gests that S. pombe Stn1 and Ten1 are likely to be part
of alarger CST complex with the remaining Cdc13-like
subunit too diverged to detect by primary sequence
analysis.

Evidence that Arabidopsis contains a CST com-
plex has come from two sets of studies. First, a poten-
tial STN1 ortholog was identified in the Arabidopsis
genome and the encoded protein was shown to co-
localize with telomeres (Song et al., 2008). Disruption of
Arabidopsis STNI causes severe morphological defects
and an acute telomere deprotection phenotype. The tel-
omere phenotype includes rapid telomere shortening,
a large increase in G-overhang and frequent telomere
fusions. Additional information about Arabidopsis
CST was obtained when a genetic screen for mutants
with dysfunctional telomeres uncovered a novel gene,
CTCI (Conserved Telomere maintenance Component
1) (Surovtseva et al., 2009). Disruption of CTCI results
in essentially the same morphological defects and tel-
omere deprotection phenotype observed after STNI
disruption. Moreover, the ctcl/stn1 double mutant has
the same phenotype as the single mutants, indicating
that CTC1 and STNI function in the same telomere
protection pathway. The two proteins also interact in
pull-down assays. These findings suggest that CTC1 and
Stn1 are part of a CST complex. In support of this idea,
a TEN1 homolog has been found in the Arabidopsis
genome and the protein shown to interact with Stnl
(D. Shippen, personal communication). CTC1 has no
apparent sequence homology to Cdc13. However, like
Cdc13 it is a large protein that appears to contain mul-
tiple OB-folds.

Database searches revealed CTC1 homologs in a wide
range of plant species and in many vertebrates. ChIP
and immunolocalization studies indicate that mamma-
lian CTC1 is present at telomeres, while knockdown of
human CTCI causes chromatin bridges, an increase in
G-overhang length and sporadic telomere loss (Miyake
et al., 2009; Surovtseva et al., 2009). Like the Arabidopsis
protein, mammalian CTC1 interacts with orthologs of
Stnl and Tenl. The three proteins co-purify from cell
extracts and they co-localize at telomeres. Thus, a CST
complex is present in mammalian cells and it is needed
for telomere maintenance. However, mammalian CST
may have both telomeric and non-telomeric functions
because not all CST localizes with telomeres and CTC1
knockdown causes DNA damage at non-telomeric
locations.

Interestingly, the CTC1 and Stn1 subunits of mam-
malian CST turn out to be identical to the two subunits
of Alpha Accessory Factor (AAF) (Casteel et al., 2009).
AAF was identified in 1989 as a factor that stimulates
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Pol a-primase activity, but the sequence of its subunits
(AAF132/CTC1 and AAF44/Stnl) was not published
until 2009. AAF functions by binding single-stranded
DNA and enhancing Pol a-primase association with
a DNA template. The finding that human CTC1-STN1
modulates Pol a-primase activity is striking because
this indicates that, as for budding yeast CST, mam-
malian CTC1-STN1 provides a link to the lagging
strand replication machinery. Given the role played by
S. cerevisiae CST in telomeric C-strand synthesis, one
attractive model for mammalian CST function is that
it recruits Pol a-primase to the telomeric G-strand
after telomerase action and/or C-strand processing
(Figure 6).

In Arabidopsis, the phenotype of CTC1 or STN1
depletion is severe telomere deprotection, whereas
knockdown of human CTC1 has a more modest effect.
While this difference may simply reflect the partial
depletion of the human protein, it is also possible that
in plants the CST complex is needed for both chromo-
some end-protection and telomere replication, but in
mammals it only functions in telomere replication.
As discussed in the next section, Arabidopsis POT1
has evolved to become a component of telomerase
rather than a G-overhang binding protein. Hence, as in
S. cerevisiae, Arabidopsis CST may be the only telomere
protein complex available to protect the chromosome
terminus.

Pol a-primase

Est

Telomerase

Telomerase

Ctc1

Pol

Stn1 o-primase

Figure 6. Model for telomere replication in budding yeast and mam-
mals. (A) Role of CST in S. cerevisiae. Cdcl3 recruits telomerase via
direct interaction with Est1. Cdc13 and Stn1 interact with subunits of
Pol a-primase, recruiting it for C-strand synthesis. (B) Role of shel-
terin and CST in mammalian cells. TPP1 promotes telomerase action
while CST recruits Pol a-primase for C-strand synthesis.
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New roles for telomere proteins: gene
duplication and shifts in function

The first evidence for evolution of telomere proteins via
gene duplication was obtained in the 1990s with discov-
ery of the Potl orthologs TEBPa and RTP (Replication
Telomere Protein) in the ciliate Euplotes crassus (Wang
etal., 1992), and TRF1 and TRF2 in mammals (Broccoli
et al., 1997). Characterization of these proteins quickly
revealed that telomere proteins can exist as gene
families with family members showing considerable
divergence in both sequence (Table 1) and function.
However, it has only recently become apparent that
gene duplication and functional divergence of the
encoded telomere proteins is quite widespread and a
stochastic process with closely related species exhibit-
ing quite different levels of duplication. For example,
the human genome contains only one POTI gene while
the mouse genome contains two (Hockemeyer et al.,
2006). Likewise, the Arabidopsis thaliana genome con-
tains three POTI genes but Carica papaya, a member
of a closely related family in the Brassicales order, has
only one (Shakirov et al., 2009). The Arabidopsis genome
also harbors gene duplications of TRF1/2-Like (TRFL)
genes (Karamysheva ef al., 2004). At least six of the
TRFL genes encode proteins with a single C-terminal
Myb repeat that dimerize and bind telomeric DNA. It is
interesting that not all telomere protein genes are sub-
ject to duplication, instead this phenomenon seems to
be limited to genes encoding TRF1/2 and POT1-related
proteins.

Proteins in the TRF1/2 family tend to have related
functions in that they bind telomeric duplex DNA and
participate in telomere length regulation and chromo-
some end protection (Karamysheva et al., 2004; Palm
and de Lange, 2008). However, as illustrated by human
TRF1 and TRF2, changes within individual domains
alter the specific details of protein function. Overall,
TRF1 and TRF2 have a similar domain structure as
they both have a C-terminal Myb DNA binding motif
and a TRFH (TRF homology) dimerization domain
(Figure 7). However, TRF2 has a basic N-terminal
domain whereas TRF1 has an acidic domain (Broccoli
et al., 1997). The acidic domain of TRF1 has evolved
quite rapidly and is missing in Xenopus and chickens
(De Rycker et al., 2003; Crumet et al., 2006). The differ-
ent roles played by TRF1 and TRF2 within the shelterin
complex reflect their dissimilar N-termini and the
significant sequence divergence in the TRFH domain.
The basic domain of TRF2 is required for the protein
to modulate DNA topology and stimulate strand inva-
sion, thus this domain is thought to be critical for
T-loop assembly and stabilization (Fouche et al., 2006;
Amiard et al., 2007). The TRFH domains of TRF1 and
TRF2 exhibit some primary sequence conservation
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TIN2 / PinX1
| Acidic | TRFH I Vb | TRF1
127% ID 56% ID Iza% ID
|Basic| TRFH [T T] TRF2
[ T T
Apollo RAP1 TIN2

Figure 7. Functional domains within human TRF1 and TRF2. Arrows indicate percent identity between domains or the full-length proteins.
Interactions partners are indicated and regions mediating the interaction are underlined.

and are structurally quite similar (Fairall et al., 2001).
However, sequence changes at key amino acids result
in the two proteins using this domain to interact with
a very different set of binding partners (Chen ef al.,
2008; Kim et al., 2009). For example, TRF2 uses the
TRFH domain to interact with Apollo but not TIN2,
while TRF1 uses this domain to interact with TIN2 and
PinX1 but not Apollo.

Duplication of the POTI gene is found in multiple
phyla, and while some POT1I paralogs exhibit consid-
erable similarity in both sequence and function, other
POT1 paralogs are highly diverged and have evolved
to fulfill novel telomeric functions. The mouse POT1I
genes, POTla and POTI1b, represent more closely
related family members (72% identical) that both par-
ticipate in chromosome end protection (Hockemeyer
et al., 2006). They have partially redundant functions
but Potla is most important for preventing a telomeric
DNA-damage response while Potlb regulates resec-
tion of the C-strand. In contrast, the POT1 paralogs
from ciliates and plants are more diverged and some
family members function in telomere replication or
new telomere synthesis rather than chromosome
end-protection (Wang et al., 1992; Jacob et al., 2007;
Surovtseva et al., 2007).

Tetrahymena thermophila resembles mouse in that
it has two Potl proteins, however Tetrahymena Potla
and Potlb are only 42% identical and they have very
different functions. Potla is present at telomeres in
vegetative cells where it plays the role of a canonical
Potl protein in that it regulates telomere length and
prevents a telomeric DNA-damage response (Jacob
et al., 2007). Potla can be isolated from cells in a
complex with two other proteins: p61 and p45. p45 is
required for telomerase to access the telomere while
p61 is probably the Tetrahymena homolog of TPP1
(B. Linger and C. Price, unpublished results).
Tetrahymena Potlb differs from Potla in that it is
present only in cells that have mated and are under-
going the process of new telomere synthesis during
development of the macronucleus. Thus, this protein is
developmentally regulated and appears to function in

de novo telomere synthesis rather than end-protection
(S. Heyse and C. Price, unpublished results). TEBPa
from Euplotes crassus seems to be the Euplotes ortholog
of Tetrahymena Potla because it binds to telomeres
in vegetative cells and is present throughout the cell
cycle (Skopp et al., 1996). Surprisingly, Euplotes RTP
is not the functional ortholog of Tetrahymena Potlb.
RTP is expressed only in S-phase cells where it local-
izes to replication bands (the sites of DNA replication)
(Skopp et al., 1996). Thus, RTP appears to play a role
in telomere replication rather than end-protection or
new telomere synthesis.

The three POT1 proteins from Arabidopsis, POT1a,
POT1b, and POTlIc, are also highly diverged. POT1la
and POT1b both have two N-terminal OB-folds but
their sequence is only 31% identical (Shakirov et al.,
2005; Schrumpfova et al., 2008). POT1c has only a single
OB-fold and is a truncated version of POT1a. Although
POTla and POT1b have the OB-fold architecture
common to the DNA-binding domains of other Potl
proteins, neither Arabidopsis protein binds telomeric
DNA. For POTl1a, this lack of DNA binding appears to
reflect evolution of the protein to become part of the
telomerase RNP rather than a stable component of the
telomere (Rossignol ef al., 2007; Surovtseva et al., 2007).
POT1a has been shown to physically associate with the
active telomerase RNP and plants null for POT1a show
a dramatic decrease in telomerase activity and a pro-
gressive telomere shortening phenotype similar to that
observed after TERT disruption (Surovtseva et al., 2007).
Most recent studies indicate that POT1b and POT1c
are also telomerase components (D. Shippen, personal
communication). Thus, in Arabidopsis, CST may be the
only protein complex responsible for chromosome end-
protection.

While much remains to belearned about the function
of Arabidopsis POT1 proteins, the available data lead
one to speculate that POT1a is a telomerase recruitment
factor that has migrated from the telomere to become a
subunit of the telomerase RNP. It may function in much
the same way as the S. cerevisiae Estl telomerase subu-
nit, which binds simultaneously to telomerase RNA
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and Cdcl13, thus serving to bridge telomerase and the
CST complex on the G-overhang (Bianchi and Shore,
2008). Given that the POT1 proteins from Arabidopsis
and other plants seem unable to bind telomeric DNA
directly (Shakirov et al., 2009), it is possible that, as
in S. cerevisiae, plant CST is solely responsible for
chromosome-end protection. However, in contrast to
S. cerevisiae which appears to have lost the POT1 gene,
plants have retained POT1 but have shuffled it into the
telomerase complex. Thus, plants illustrate an extreme
form of telomere protein evolution.

Conclusions

The rapid evolution of telomere proteins means that it
is hard to identify orthologous proteins via bioinformat-
ics approaches. The resulting difficulty in identifying
telomere proteins from different organisms has led to
key telomere components remaining undiscovered for
many years and has made it appear asif distinct telomere
protein complexes arose independently during evolu-
tion. However, recent identification of new telomere
proteins from various organisms has revealed that this
is unlikely to be the case. Instead, it appears that a com-
mon eukaryotic ancestor probably had several distinct
telomere protein complexes with separate functions.
During the course of evolution, some organisms appear
to have lost or gained subunits from these complexes
while other organisms have lost an entire complex,
requiring that the remaining telomere proteins take on
new functions.

The telomerase RNP also appears to have entered
into this evolutionary mix, as in some organisms tel-
omere proteins have evolved into telomerase com-
ponents. The opposite may also be true. For yet other
proteins, it is difficult to know whether they should be
referred to as a telomere protein or a telomerase subu-
nit as they form a bridge between telomerase and the
telomere and association with both entities is quite
transient. Given the conserved nature of telomere
function, the extreme fluidity in the composition and
function of telomere protein complexes was quite
unexpected. However, it now seems likely that addi-
tional variations on a theme remain to be discovered
and analysis of telomere proteins from model organ-
isms will reveal further insight into the intriguing com-
plexity of nature.
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