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elomeres consist of an elaborate,

higher-order DNA architecture, and
a suite of proteins that provide protection
for the chromosome terminus by block-
ing inappropriate recombination and
nucleolytic attack. In addition, telomeres
facilitate telomeric DNA replication by
physical interactions with telomerase and
the lagging strand replication machin-
ery. The prevailing view has been that
two distinct telomere capping complexes
evolved, shelterin in vertebrates and a tri-
meric complex comprised of Cdc13, Stnl
and Tenl (CST) in yeast. The recent dis-
covery of a CST-like complex in plants
and humans raises new questions about
the composition of telomeres and their
regulatory mechanisms in multicellular
eukaryotes. In this review we discuss
the evolving functions and interactions
of CST components and their contribu-
tions to chromosome end protection and

DNA replication.

Telomere Protein Complexes:
Shelterin versus CST

Vertebrate telomeres are bound by six
telomere-specific proteins that assem-
ble into a complex termed shelterin'
(Fig. 1A). The individual components,
TRF1, TRF2, TIN2, Rapl, TPP1 and
POT]I, each play defined roles in telo-
mere protection. These include limiting
DNA degradation, preventing ATM and
ATR-activation and inhibiting DNA
repair activities such as non-homologous
end joining or homology directed repair.?
TRF1 and TRF2 bind to the duplex
region of the telomere while POT1 binds
to the 3' overhang on the G-rich strand.
TIN2 and TPP1 form a bridge between
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TRF1/2 and POTT1 linking the telomere
duplex and the G-overhang.! POT1 binds
to the overhang via two adjacent oligo-
nucleotide-oligosaccharide binding folds
(OB-folds).** Fission yeast telomeres also
assemble with a shelterin-like complex
that contains obvious orthologs of verte-
brate TRF1/2 (Tazl), Rapl and POT1S
Although the vertebrate and fission yeast
complexes differ in subunit arrangement,
the overall structure seems quite similar as
the S. pombe duplex binding protein Tazl
is linked to Potl and the G-overhang via
a series of bridging proteins which include
Rapl, Pozl, Tpzl and Ccql (Fig. 1C).
Tpzl appears to be the functional homo-
log of TPP1.

Intriguingly, budding yeast telomeres
are not protected by a shelterin-like com-
plex. Although the double-strand region
of the telomere is bound by Rapl and
two associated factors, these proteins are
not involved in chromosome end protec-
tion. Instead this function is fulfilled by
a trimeric complex, CST, comprised of
Cdcl3, Stnl and Tenl, which associates
with the G-overhang (Fig. 1B).° None
of the CST components show obvious
sequence identity to POT1, TPP1/Tpzl
or other shelterin constituents.* S. cere-
visiaze CST plays a dual role in telomere
protection and modulation of telomere
replication.” Although Cdcl3 is the main
DNA-binding subunit, all three proteins
function in end-protection and removal
of any subunit results in degradation of
the telomeric C-strand, accumulation of
long G-overhangs, activation of a DNA-
damage response and a late S/G, cell cycle
arrest. Cdcl3 and Stnl play key roles
in telomere replication.*!® During late
S/G,, phosphorylation of Cdcl3 promotes
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Figure 1. Telomere capping complexes in vertebr
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adirect interaction between Cdcl3 and the
Estl subunit of telomerase.!’ This interac-
tion enhances telomerase extension of the
chromosome  terminus.'>”®  Subsequent
dephosphorylation of Cdc13 limits telom-
erase action by reducing Estl binding and
increasing Stnl binding."™* Cdcl3 and
Stnl then appear to coordinate fill-in of
the complementary C-strand by recruit-
ing DNA Pola/primase through direct
interactions with the Poll and Pol12 sub-
units of DNA Pola.”>'® Despite the lack
of sequence similarity to POT1, the DNA
binding domain of Cdcl3 consists of an
OB-fold that is structurally similar to the
OB-folds in the DNA-binding domain of
POT1.>%" This discovery led to the idea
that Cdcl3 is the functional homolog of
POT]1 and further suggested that shelterin
had replaced CST in vertebrate cells. This
impression was reinforced when POT1
or TPP1 depletion was shown to cause
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a severe telomere uncapping phenotype
analogous to that observed after removal
of the S. cerevisiae CST complex.!82°
However, recent genetic and structural
studies reveal that budding yeast CST is
more closely related to Replication Protein
A (RPA) than to POT1-TPP1.21:2

RPA is a heterotrimer that binds
ssDNA through a series of OB-folds®
(Fig. 2). RPA70 contains four OB-folds,
three of which contact DNA. RPA32
contains one OB-fold that also con-
tacts DNA and a C-terminal winged
helix (WH) protein interaction domain.
RPA14 is comprised of a single OB-fold
that is needed for complex formation.
Protein structure prediction first sug-
gested that Stnl and Tenl might contain
OB-folds resembling those of RPA32
and RPA14.?' X-ray crystallography has
since confirmed that budding yeast (C.
tropicalis) Stnl-Tenl and Rpa2-Rpa3
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(RPA32-RPA14) complexes have substan-
tial structural similarity in their OB-fold
motifs, subunit interaction surfaces and
in the Stnl N- and C-terminal extension
regions®* (Fig. 2). However, there are sig-
nificant differences in the relative orien-
tation of the subunits and in the structure
of most of the connecting loop regions.
Also, the C-terminal extension of Stnl
contains two WH motifs instead of the
single motif found in Rpa2.>?* Thus,
while CST shares significant structural
features with RPA, it is tailored to per-
form a different biological function.

Conservation of the CST Complex

The rapid evolution and resulting sequence
divergence of telomere proteins makes
it difficult to identify orthologs from
other species using purely bioinformat-
ics approaches.* When database searches
revealed potential Stnl orthologs in a
wide range of organisms,?"% it was unclear
whether they were bona-fide telomere
proteins. The same cross-species data-
base searches failed to identify orthologs
of Tenl and Cdcl3. The potential Stnl
orthologs showed low sequence identity
with budding yeast Stnl (17.7% iden-
tity and 54.4% similarity for ScStnl vs.
Arabidopsis STN1; 21.5% identity and
59.5% similarity for ScStnl vs. human
STN1), but structure prediction programs
revealed OB-fold domains similar to that
found in RPA32 (Fig. 2). Subsequent dis-
ruption of the S. pombe STNI gene dem-
onstrated a role in telomere protection as
the cells exhibited rapid telomere loss and
end-to-end fusion of chromosomes.” A
tentative Splenl ortholog with a putative
OB-fold was then identified by more sen-
sitive bioinformatic analyses. 7ENI gene
disruption gave the same telomere loss
and end fusion phenotype as the STNI
disruption. The Tenl protein was also
shown to interact with Stnl and to co-
localize with Stnl and Potl at telomeres.”
Interestingly, the Stnl-Tenl complex does
not appear to interact with Potl, suggest-
ing that fission yeast contain separate
Stnl-Tenl and Potl/shelterin-like com-
plexes that are both required for telomere
protection. Thus far an ortholog of Cdc13
or the plant and vertebrate CTCl remains
to be identified in S. pombe.
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Figure 2. Similar domain structure in CST and RPA. The predicted domain structure is shown for CTC1 from humans and Arabidopsis and STN1 and
TEN1 from humans, Arabidopsis, S. pombe and S. cerevisiae. For comparison, human RPA structure is shown.

Arabidopsis CST  was uncovered
through a combination of bioinformatic
and genetic approaches.’®” A putative
STNI ortholog was identified in the plant
genome and the in vivo function was
determined by analyzing the phenotype
of STNI null plants.”® Mutants showed
profound defects in chromosome end
protection and telomere maintenance (see
below). Bioinformatics was also used to
reveal a putative TEN1 ortholog based on
similarity to human TENI. As in yeast,
AtSTN1 and AfTENI interact in vitro
(Leehy K and Shippen D, unpublished
data). CTC1 (Conserved Telomere main-
tenance Component 1) was identified
using a genetic screen for mutations that
cause telomere capping defects.”” CTCl
lacks sequence identity to any known
gene but structure prediction programs
(HHpred and Metaserver) indicate that
the encoded protein contains multiple
OB-folds with homology to the OB-folds
from RPA70 (Fig. 2). CTC1 and STNI
interact in vitro and the phenotype of a
CTClI null plant is similar to that of a
STNI1 mutant or the CTC1/STN1 double
mutant. Thus, CTCl and STNI1 appear

to function in the same pathway for
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chromosome end protection and telomere
maintenance in Arabidopsis.

The plant CTCl
employed in database searches using PSI-
BLAST and HHpred to identify verte-
brate CTC1.” While the overall level of
sequence identity was low (14% identity,
26% similarity between the human and
Arabidopsis CTCl), the predicted sec-
ondary structure was similar throughout
the length of the protein and the potential
OB-folds again resembled those of RPA70
(Fig. 2). Subsequent siRNA knockdown
of human CTCI resulted in various telo-
mere defects and genomic instability (see
below). Mammalian CTC1 and the CST
complex were identified independently
through analysis of the putative STNI
ortholog.?® Mass spectrometry of STNI-
interacting proteins uncovered CTCl
and TENI. Subsequent analysis demon-
strated that these proteins form a trimeric

sequence  was

complex.

Although S. pombe Stnl-Tenl and
Arabidopsis and mammalian CST clearly
localize to telomeres and play a role
in telomere maintenance, the level of
sequence conservation between proteins
identified as being homologous to Stnl,
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Tenl or CTC1 is extremely low. Thus, one
has to ask whether these proteins are true
orthologs of S. cerevisiae Cdcl3, Stnl and
Tenl. For Cdcl3 and CTCl, this is still an
open question as structural information is
available for only a single OB-fold from
Cdcl13. Since Cdcl3 and CTCI1 are both
predicted to contain multiple OB-folds, it
is possible that the two proteins will turn
out to resemble each other and RPA70.
An orthologous relationship between
the budding yeast Stnl and Tenl and
STNI1 and TENI proteins in other organ-
isms is supported by several lines of evi-
dence. First, the crystal structure of the
SpStnl-Tenl complex has essentially the
same architecture as the Stnl-Tenl com-
plex from the budding yeast C. tropicalis.”?
Second, similar to ScStnl and ScTenl the
OB-folds of SpStnl and SpTenl resemble
those of Rpa2 and Rpa3 (corresponding
to HsRPA32 and HsRPA14, respectively).
Finally, the C-terminal domain of SpStnl,
although shorter than that of ScStnl,
is also predicted to contain two WH
motifs. Similarly, the C-terminal domain
of hSTNI encodes at least one predicted
WH domain, and NMR analysis confirms
the existence of this motif in mouse STN1
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Figure 3. Stn1 and Rpa32 cluster in distinct monophyletic groups. Shown is an unrooted maxi-
mum likelihood phylogeny of the OB-fold domains of STN1 and RPA32 inferred using the WAG
amino-acid transition model in RAXML* from the alignment of Gao et al.?' with the addition of
STN1 from plants and green algae. Numbers along branches are bootstrap percentages from 500
replicates and indicate that STN1 and RPA32 form distinct monophyletic groups. Arrows indicate
the placement of Arabidopsis. Other species are: Ag, Ashbya gossypii; An, Aspergillus nidulans; Cg,
Candida glabrata; Dh, Debaryomyces hansenii; Dr, Danio rerio; Gg, Gallus gallus; Gz, Gibberella zeae;
Hs, Homo sapiens; Kl, Kluyveromyces lactis; Nc, Neurospora crassa; Mm, Mus musculus; Os, Oryza
sativa; Ol, Ostreococcus lucimarinus; Sc, Saccharomyces cerevisiae; Xt, Xenopus tropicalis.

(PDB1wj5). Interestingly, AtStnl lacks a
C-terminal domain altogether (Fig. 2). In
ScStnl the C-terminal domain is required
for telomere length control, but plays no
detectable role in telomere capping.'
Since the OB-fold domain and adjacent
a-helix mediate the interaction between
STN1 and TENL? it is possible that
the WH motif is required for a function
that was lost in the 1.5 billion years since
plants, humans and yeasts shared a com-
mon ancestor.

Separate domains in multi-domain
proteins often have different evolutionary
histories.?”*® Phylogenetic analysis of the
OB-fold domains of STN1 and RPA32
(Rpa2) from 16 different eukaryotes
(Fig. 3) indicates that STN1 and RPA32
form distinct monophyletic groups:
ScStnl and all other putative Stnl ortho-
logs, including AtSTNI, form a statis-
tically well-supported clade while the
putative RPA32 orthologs form a second
separate clade. Thus, all identified STNI
proteins are likely orthologs; the ability to
bind TENI is conserved and for all STN1
sequences identified using bioinformatic
approaches, their OB-fold domains are
related by common ancestry.

From a functional standpoint, evidence
is also emerging that the various activities
of CST are conserved, although there is
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there is considerable species to species vari-
ation in the relative importance of each
activity. Both S. pombe and Arabidopsis
STNI play an essential role in telomere
protection,”* and as discussed below,
Arabidopsis CST may also contribute to
telomeric DNA replication. In contrast,
the vertebrate CST appears to have lost its
essential function in telomere protection
perhaps as shelterin components emerged,
but it has retained a specialized role in
telomere replication.

Plant CST

CTC1 localizes to telomeres in both
cycling and non-cycling Arabidopsis cells
as expected for a protein involved in chro-
mosome end protection.”’” Although null
mutations in telomere capping proteins
are lethal events in mammalian cells and
even yeast (e.g., loss of CDC13, STNI or
TENI in budding yeast, STNI, TENI or
POTI in fission yeast and TRF2 or POT1
in vertebrates'), Arabidopsis mutants
lacking STN1 and CTCIl are viable at
least initially.?*?” Telomere length in null
mutants is much more heterogeneous, and
overall significantly shorter than in wild-
type plants. 20-35% of mitotic cells from
mutant pistils contain end-to-end chromo-
some fusions, and these are predominately

Cell Cycle

subtelomere-to-subtelomere fusion events.
In addition, extrachromosomal telomeric
circles, a marker for telomere recombina-
tion, are observed in null mutants, argu-
ing that telomere stability is decreased in
the absence of CST components.

As in yeast and vertebrate CST
mutants, plants lacking CTC1 or STNI
display increased G-overhang signals, in
this case three to four times higher than
in wild-type. While this phenotype could
result from loss of C-strand protection,
it is also possible that the Arabidopsis
CST has an additional function in telo-
mere replication. In vitro co-immuno-
precipitation experiments support this
conclusion by revealing an interaction
between the C-terminus of CTCl and
the C-terminus of the catalytic subunit of
Pola, Incurvata2 (ICU2)* (Fig. 4). These
data indicate that the physical association
between CST and lagging strand replica-
tion machinery is conserved and further
that the Arabidopsis CST complex may
participate in both telomere capping and
telomeric DNA replication.

Only a subset of the vertebrate shel-
terin components have been identified
in plants; no RAPI, TPP1 or TIN2 can
be discerned. Arabidopsis encodes mul-
tiple TRF-like proteins, which bind ds
telomeric DNA in vitro and negatively
regulate telomere length in vive®¥
(Fig. 5A). Notably, the two POT1 para-
logs in Arabidopsis, POT1a and POT1b,
do not bind single-strand telomeric DNA
in vitro® and do not function in telomere
capping® (Nelson A., Shakirov E. and
Shippen D., unpublished data). Rather,
these proteins associate with the telom-
erase RNP»3¢ (Fig. 5A). These findings
raise the possibility that chromosome
end protection proceeds by a fundamen-
tally different mechanism in plants ver-
sus other eukaryotes. This hypothesis is
refuted by recent analysis of POT1 from
the moss Physcomitrella patens® P. pat-
ens POT1 binds G-rich telomeric DNA
in vitro and is critical for chromosome
end protection in vivo. Thus, the telo-
mere capping function of POTTI is con-
served in early diverging land plants, but
appears to have been lost in Arabidopsis.
P. patens also encodes STN1, TENI and
CTCl orthologs (Fig. 5B). The extent to

which these CST components contribute
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Figure 4. Arabidopsis CTC1 interacts with the catalytic subunit of DNA polymerase o (ICU2) in vitro. (A) Diagram of DNA polymerase o domain struc-
ture. (B) Co-immunopreciptiation was conducted with 3°S-Met labeled (asterisk) and T7-tagged unlabeled protein expressed in rabbit reticulocyte
lysate. The C-terminal half of AtCTC1 was used for binding reactions with different regions of ICU2. When bound to a tagged partner, labeled protein is
precipitated on T7-beads (b) from the unbound supernatant (u) fraction. Ku70/80 interaction served as a positive control.

to chromosome end protection, telo-
meric DNA replication or both processes
remains to be determined. Nevertheless,
the current data suggest that plants rep-
resent an evolutionary bridge between
S. cerevisiae, which has only CST as a cap-
ping complex and vertebrates, which use
shelterin for end protection and CST for
special replication functions.

Mammalian CST

While mouse and human CST localize to
telomeres as shown by both indirect immu-
nofluorescence and chromatin immu-
noprecipitation, several lines of evidence
suggest that mammalian CST has both
telomeric and non-telomeric functions.?®
First, only ~20% of CST-containing foci
localize to telomeres. The remaining
~80% are present in the nucleus but the
identity of these foci is unclear. They do
not correspond to replication foci and the
relative distribution of CST between telo-
meric and non-telomeric locations is unaf-
fected by cell cycle stage.

The DNA binding properties of mam-
malian CST also suggest non-telomeric as
well as telomeric functions.?® The com-
plex binds specifically to ssDNA, but the
interaction is not sequence specific and
all three subunits are required for high
affinity binding (nM Kd). Moreover, the
minimum binding site size is large and
binding affinity increases with increasing
length of DNA (20 nt<<34 nt<74 nt). This
contrasts with the situation in budding
yeast where binding of CST is sequence-
specific and only Cdcl3 is required for
high affinity binding to the well defined
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Figure 5. Model for telomere capping complexes in the flowering plant Arabidopsis thaliana

and the moss Physcomitrella patens. (A) CST functions as the major telomere capping complex in
Arabidopsis. Multiple TRF-like proteins have been described, but other shelterin-like components
cannot be identified in plant genomes. POT1a is a telomerase accessory factor and is not required
for chromosome end protection. (B) P. patens encodes two TRF-like proteins and a single POT1
protein. The moss POT1 binds single-stranded G-rich telomeric DNA and functions in a manner
analogous to vertebrate and yeast POT1. CST components are encoded in the P. patens genome,

11 nt consensus sequence.” The DNA-
binding properties of mammalian CST
more closely resemble those of RPA,
which also lacks sequence specificity and
prefers an extended DNA binding site.?>%
The extended RPA binding site (28—32 nt)
is thought to reflect the sequential bind-
ing of multiple OB-folds along the length
of the DNA. It will be interesting to learn
whether this also occurs with CST.
Depletion of either CTC1 or STNI1
results in a variety of telomeric and non-
telomeric  defects.””?* RNAi depletion
of either protein causes an elevation in
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H2AX phosphorylation and an increase in
anaphase bridges and chromatin bridges
between newly separated daughter cells.
The yH2AX foci do not localize to telo-
meres and telomere fusions between meta-
phase chromosomes are rarely observed.
Thus, CTC1 or STNI knockdown seems
to cause a general increase in genome
instability rather than a loss of telomere
protection. Other knockdown phenotypes
indicate a role for CST in telomere replica-
tion. Telomere FISH with cells depleted of
either CTC1 or STN1 shows an increase
in telomeres with aberrant structure and
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Figure 6. Knockdown of human CST components, CTC1 or STN1, results in multi-telomeric signals (MTS). (A) Examples of MTS in stable shRNA knock-
down clones of either CTC1 or STN1. Telomeric PNA-FITC probe (green); DAPI (blue). (B) Quantification of MTS. Black and gray bars represent indepen-

telomeres with multiple hybridization
signals are particularly apparent (Fig. 6).
Such multi-telomeric signals indicate dis-
continuities in the telomeric chromatin
(akin to fragile sites) and are a hallmark
of defects in telomere replication.” Thus,
the appearance of multi-telomeric signals
after CTC1 or STNI knockdown sug-
gests mammalian CST may be impor-
tant for replication of the duplex region
of the telomeric tract. CTC1 or STNI1
knockdown also causes an increase in
single-stranded (ss) telomeric DNA.#7%
Analysis by non-denaturing hybridiza-
tion reveals that a portion of this ssDNA
is resistant to exonuclease 1 digestion
and hence must occur within the duplex
region of the telomere. Accumulation of
ssDNA within the telomeric tract fits with
replication defects that lead to replication
fork stalling. The remainder of the ssDNA
corresponds to an increase in G-overhang
length. This phenotype again suggests a
defect associated with telomere replication
such as increased G-overhang processing,
increased telomerase action or decreased
C-strand fill-in.*°

Although CST does not appear to play
a primary role in telomere protection, it
can complement the protective function
of POT1/TPP1.2® Knockdown of POT1
causes an increase in the number of telo-
meres with DNA damage signals (TIFs)
and this is exacerbated if both POT1
and STNI1 are depleted even though

no TIFs are observed after depletion of
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STN1 alone. Likewise, a POT1/STNI1
double knockdown causes an even greater
increase in G-overhang length than the
single STN1 knockdown.

Independent evidence that CST con-
tributes to telomere maintenance in
humans comes from a large genome-
wide association study looking for SNPs
associated with fluctuation in leukocyte
telomere length.*! In this study involving
3,417 participants, only two new genes
were identified as having association at
a genome-wide significance level. One
of these was STN1 (otherwise known as
OBFC1). Evidence for association was
also obtained for regions of TERC, the
telomerase RNA subunit. The associa-
tion between STN1/OBFCI1 and leuko-
cyte telomere length was replicated using
de novo genotyping and a retrospective
look-up analysis of data from additional
individuals.

Mechanism of Action

Clues concerning the mechanism of CST
action in mammalian cells come from
analysis of a DNA Pola accessory factor
called AAF (alpha accessory factor) that
was recently found to be composed of
CTCI and STN1.27?%% The complex of
AAF132/CTC1 and AAF44/STNI1 was
originally identified as a factor that co-
purified with DNA Pola..** Subsequent
biochemical studies indicated that AAF/
CTCI1-STNI functions by increasing the
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affinity of DNA Pola/primase for tem-
plate DNA, leading to the suggestion that
AAF/CTCI1-STN1 might assist DNA
Pola/primase in synthesis of the lagging
strand of a replication fork.* Given the
well established role of S. cerevisiae Cdcl3
and Stnl in recruiting DNA Pola/primase
to fill in the complementary C-strand fol-
lowing telomerase action,” it is striking
that both mammalian and Arabidopsis
CTC1 and/or STNI1 associate with DNA
Pola/primase (Fig. 4; reviewed in ref.
27) and the mammalian proteins act as a
template affinity factor.** These findings
lead us to suggest that plant and mamma-
lian CST may also serve to recruit DNA
Pola/primase for C-strand fill-in (Fig. 7).
The need for a specialized mechanism to
recruit DNA-Pola to the chromosome
terminus is anticipated because telomer-
ase acts after the replication fork reaches
446 Hence, the
components of the replication progression
complex that normally recruit DNA Polat/
primase to the replication fork (Andl and
Mcm10)7% are unlikely to remain at
the chromosome terminus at the time of
C-strand fill in.%

One obvious question concerns how
CST is loaded at the telomere given
its lack of DNA-binding specificity. A
recent study indicates that human STNI
interacts with TPP1,%° suggesting that
in mammalian cells CST loading may

the chromosome terminus.

occur through interactions with shelterin
(Fig. 7). Given that the telomeric function
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Figure 7. Model for CST in telomeric DNA
replication in budding yeast and vertebrates.
S. cerevisiae CST interacts with the Est1 com-
ponent of telomerase to promote telomeric
DNA synthesis on the G-overhang, and with
Pola/primase to facilitate lagging strand
replication of the C-strand. Vertebrate CST
associates with Pola/primase and stimulates
its priming activity. The shelterin component
TPP1 contacts telomerase and is postulated
to recruit it to the chromosome terminus.
TPP1 may also recruit CST to the telomere via
interactions with STN1.

of mammalian CST was discovered only
recently, it is also possible that CST is
brought to the chromosome terminus
through interactions with as yet uniden-
tified telomere proteins. TPP1 also inter-

5152 and enhances its

acts with telomerase
action by increasing enzyme processivity.”
Thus, TPP1 could potentially function in
a manner similar to Cdcl3 by serving to
first enhance telomerase activity and then
to recruit DNA Pola/primase via interac-
tions with CST.

The current data argue that mamma-
lian CST may have both telomeric and
non-telomeric functions. Specifically, this
complex may serve as a DNA Pola/pri-
mase recruitment factor elsewhere in the
genome (Fig. 8). Conditions that promote
replication stress, for example replication
through highly repetitive sequences or
after certain types of DNA damage, will
cause the polymerase to become uncoupled
from the MCMI-7 replicative helicase.
This scenario would lead to accumulation
of ssDNA and a need to re-initiate leading
or lagging strand synthesis. Recruitment
of CST to stalled replication forks could
stimulate synthesis by Pola/primase to
restart replication and thus contribute to
global genome stability.

Evolution of CST Function

It is striking how CST complexes from
different organisms perform similar activ-
ities in telomere protection and aspects of
DNA replication, but in any one organism
only a subset of these activities predomi-
nate. In terms of telomere protection, bud-
ding yeast and mammalian cells represent
the two ends of the spectrum as CST is
essential in S. cerevisiae, while in human
cells it only contributes when POT1/TPP1
is depleted. Plants provide a fascinating
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middle ground as some have evolved to
use CST as their main telomere protec-
tion complex, while others have retained
the capping function of POT1 (and likely
other shelterin components). The current
data indicate that budding yeast CST
function is confined to replication of the
extreme chromosome terminus. However,
it is conceivable that ScCST has additional
replication/repair functions resembling
those of the mammalian complex. Such
functions may not have been uncovered
because removal of CST subunits leads
to such a severe and immediate telomere
uncapping phenotype. In support of this
idea, when overexpressed, STN1 localizes
to replication forks and interferes with
the S-phase checkpoint in a DNA Pola-
dependant manner.*

Finally, the structural similarity
between CST and RPA is remarkable
given that the two protein complexes
have distinct biological roles. The simi-
larity suggests that CST may resemble
RPA in having multple interaction
partners and alternative DNA binding
modes that involve a variable number of
OB-folds. Such diversity in interactions
might allow CST to mediate the sequen-
tial events that take place during telo-
mere replication in much the same way
that RPA mediates nucleic acid transac-
tions during DNA replication, recom-
bination and repair.?>% It is noteworthy
that an RPA-like protein Tebl is a key
component of the telomerase holoenzyme
from Tetrahymena.”® The OB-folds from
Tebl bind telomeric G-strand DNA,
thus anchoring telomerase and allowing
enzyme processivity. Again the sequen-
tial binding of the multiple OB-folds
may be important as this could prevent
Potl binding as the telomere is extended.
Thus, RPA-like proteins may be much
more common than originally thought
and play key roles in a wide variety of
chromosomal processes.
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