MOLECULAR AND CELLULAR BIOLOGY, Mar. 2004, p. 2091–2102
0270-7306/04/$08.00⫹0 DOI: 10.1128/MCB.24.5.2091–2102.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Vol. 24, No. 5

Cell Cycle Localization, Dimerization, and Binding Domain
Architecture of the Telomere Protein cPot1
Chao Wei and Carolyn M. Price*
Department of Molecular Genetics, Biochemistry, and Microbiology, University of
Cincinnati College of Medicine, Cincinnati, Ohio 45267-0524
Received 10 October 2003/Returned for modification 21 November 2003/Accepted 12 December 2003

the specialized G-strand-binding proteins that are an essential
part of the protective cap. These G-strand-binding proteins
include Cdc13 from budding yeast, TEBP (telomere end-binding protein) from the ciliates Oxytricha and Euplotes, and Pot1
(protection of telomeres), a protein that is present in vertebrates, plants, and fungi (49). TEBP, Cdc13, and Pot1 are
functional and, to a certain extent, structural homologs that are
each required for telomere end protection (45).
The Oxytricha TEBP is a dimeric protein that can bind DNA
either as an ␣␤ heterodimer or as an ␣2 homodimer (18, 38).
In the crystal structure of the ␣␤-DNA complex, the terminal
12 nt of telomeric DNA lie in a cleft between the ␣ and ␤
subunits, which explains why the protein is so effective at protecting the DNA terminus (23). The DNA-binding surface is
made up of a series of oligonucleotide-oligosaccharide (OB)binding folds (11, 23, 35, 36). The ␣ subunit contains three such
folds, while the ␤ subunit has one. The two N-terminal folds
from the ␣ subunit cooperate to make the DNA-binding surface in the ␣2 homodimer, while these same folds interact with
the ␤ subunit fold to form the binding surface in the ␣␤ heterodimer. The OB fold seems to be a structurally conserved
motif that is generally used by G-overhang-binding proteins.
The only significant region of sequence identity between the
Oxytricha TEBP and the Pot1 protein family corresponds to
the N-terminal fold of the TEBP ␣ subunit (3). In Saccharomyces pombe Pot1, this conserved region serves as the DNAbinding domain and the X-ray crystal structure indicates that it
exists as an OB fold (29, 30). Although Cdc13 shares little
sequence identity with TEBP or Pot1, the DNA-binding domain is also comprised of an OB fold that is structurally similar
to the N-terminal fold of the TEBP ␣ subunit (34, 45).
In vivo studies with S. cerevisiae have revealed that Cdc13 is
an essential protein that is required for telomere protection,
with loss of Cdc13 resulting in extensive degradation of the
telomeric C strand (19). Cdc13 also functions in telomerase

Telomeric DNA is composed of a length of duplex repeated
sequence that terminates in a single-strand overhang on the 3⬘
G-rich strand. It is packaged by proteins that bind to the singleand double-strand regions of the telomeric tract (33) to form a
complex that acts as a protective cap over the end of the
chromosome. This cap hides the DNA terminus from nucleases and the DNA repair activities that would otherwise detect
the terminus as a double-strand break and promote chromosome fusions or signal cell cycle arrest (6, 8, 14). However, the
cap must also allow regulated access to the DNA terminus by
telomerase, the specialized reverse transcriptase that adds new
repeats onto the telomeric G strand, and to other activities that
are needed to maintain the telomeric DNA.
This regulated access seems to be achieved both via the active recruitment of telomerase and other replication enzymes
to the telomere (16) and by the telomere cycling between
closed and open states (6). The closed, protective structure is
thought to render the DNA terminus inaccessible during much
of the cell cycle, while the open structure would make it available to telomerase during S phase. In some organisms, the
closed structure seems to involve folding of the DNA to form
a lariat-like structure (termed a t loop) on the chromosome
end (21). T loops result from the 3⬘ overhang invading the
duplex region of the telomeric tract, an event that is promoted
by the duplex telomere-binding protein TRF2 (43).
3⬘ Overhangs range in length from 14 nucleotides (nt) in
ciliates to 150 to 350 nt in mammals and are present at both
chromosome ends (49). The overhangs are an important aspect
of telomere structure because they allow telomerase to maintain both telomeres and because they provide a substrate for
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Pot1 is a single-stranded-DNA-binding protein that recognizes telomeric G-strand DNA. It is essential for
telomere capping in Saccharomyces pombe and regulates telomere length in humans. Human Pot1 also interacts
with proteins that bind the duplex region of the telomeric tract. Thus, like Cdc13 from S. cerevisiae, Pot 1 may
have multiple roles at the telomere. We show here that endogenous chicken Pot1 (cPot1) is present at telomeres
during periods of the cell cycle when t loops are thought to be present. Since cPot1 can bind internal loops and
directly adjacent DNA-binding sites, it is likely to fully coat and protect both G-strand overhangs and the displaced G strand of a t loop. The minimum binding site of cPot1 is double that of the S. pombe DNA-binding domain.
Although cPot can self associate, dimerization is not required for DNA binding and hence does not explain the
binding-site duplication. Instead, the DNA-binding domain appears to be extended to contain a second binding
motif in addition to the conserved oligonucleotide-oligosaccharide (OB) fold present in other G-strand-binding
proteins. This second motif could be another OB fold. Although dimerization is inefficient in vitro, it may be
regulated in vivo and could promote association with other telomere proteins and/or telomere compaction.
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MATERIALS AND METHODS
Library screening and 5ⴕ RACE. The cPot1 gene was isolated from a ZAPII
chicken embryonic fibroblast cDNA library as recommended by the manufacturer (Strategene) by using the human Pot1 (hPot1) DNA-binding domain as a
probe (3). cPot1 genomic DNA was isolated from a Fix II library containing
DNA from the DT40 cell line. Sequence alignments were performed by using the
GCG Wisconsin package (Accelrys, San Diego, Calif.). RNA for 5⬘ rapid amplification of cDNA ends (RACE) was obtained by lysing DT40 cells in guanidinium thiocyanate followed by extraction with acidic phenol. 5⬘ RACE was
performed with the GeneRacer kit (Invitrogen) by using a cPot1 gene-specific
reverse primer, cPot1-R1 (5⬘-CATCCACTTTTGCCTTCCCTAC-3⬘), and a universal 5⬘ nested primer (5⬘-GGACACTGACATGGACTGAAGGAGTA-3⬘).
The products were cloned with a TOPO cloning kit (Invitrogen) and sequenced.
Antibody production and cPot1 detection. A 5⬘ fragment of the cPot1 cDNA
encoding the extra N-terminal domain (END) and DNA-binding domain (amino
acids 1 to 253) was cloned into pQE30 (QIAGEN) and expressed in Escherichia
coli M15 (QIAGEN). His-tagged cPot1 protein was purified by using Ni2⫹charged chelating Sepharose (Amersham Pharmacia). Polyclonal antibody was
generated in rabbits (Covance) and purified by using a cPot1 affinity column. The
cTRF1 antibody was also generated in rabbits by using purified cTRF1 as previously described (15). Nuclei were released from DT40 cells (ATCC CRL-2111)
by homogenization in 10 mM HEPES (pH 7.9)–10 mM KCl–1.5 mM MgCl2–

20% glycerol–1 mM dithiothreitol–0.5 mM phenylmethylsulfonyl fluoride–104
M AEBSF (4-[2-aminoethyl]benzeuesulfonyl fluoride hydrochloride)–0.08 M
aprotinin–2.1  M leupeptin–3.6 M bestatin–1.5 M pepstatin A–1.4 M E-64
and collected by centrifugation. The isolated nuclei were resuspended in sodium
dodecyl sulfate (SDS) sample buffer and sonicated prior to loading on an SDS
gel.
Indirect immunofluorescence. Subcellular localization of cPot1 was performed
by using chicken DT40 and LMH (ATCC CRL-2117) cells as previously described (42). In brief, DT40 cells were treated with RSB buffer (10 mM Tris [pH
7.4], 10 mM NaCl, and 5 mM MgCl2), fixed with 3.7% formaldehyde for 10 min,
and then centrifuged onto Alcian Blue-treated coverslips. The LMH cells were
grown and fixed directly on collagen-coated coverslips. Cells were then permeabilized with 0.5% IGEPAL CA-630 (NP-40) for 20 min. To prepare metaphase
chromosome spreads, DT40 cells were treated with colcimid (0.1 g/ml) for 90
min prior to the addition of RSB buffer. Endogenous cPot1 and cTRF1 were
detected with affinity-purified polyclonal cPot1 or cTRF1 antibody and fluorescein isothiocyanate-conjugated secondary antibody (Jackson ImmunoResearch).
DNA was stained with DAPI (4⬘,6⬘-diamidino-2-phenylindole) (0.2 g/ml). Cells
were photographed with a SPOT digital camera. To examine cPot1-TRF1 colocalization, DT40 and LMH cells were transfected with pTET-Flag-hTRF1 or
pCMV-Flag-hTRF1. Expressed hTRF1 was detected with mouse anti-Flag antibody (M2) and Cy5-conjugated secondary antibody (Jackson ImmunoResearch)
by using a Zeiss LSM 510 confocal microscope. hTRF1 was used instead of
cTRF1 because the chicken cDNA may be missing a few bases from the 5⬘ end
(15).
To examine whether Pot1 is present at telomeres during early or late S phase
and G2/M phase, DT40 cells were cultured in the presence of aphidicolin (5
g/ml) for 12 h. The cells were then washed to remove the drug, grown for 0 to
4 h under normal culture conditions (RPMI supplemented with 10% fetal calf
serum, 1% [vol/vol] chicken serum, 50 M 2-mercaptoethanol, 100 U of penicillin/ml, 50 g of streptomycin/ml, and 2 mM glutamine), and fixed as described
above. Fluorescence-activated cell sorter analyses were performed to determine
the synchrony of the culture.
Yeast two-hybrid analysis. Full-length and truncated cPot1 cDNAs were
cloned into yeast two-hybrid vectors pACT2 (Clontech) and/or pBTM116 (2) to
generate either a Gal4 activation domain (GAD) fusion (GAD-cPot1) or a LexA
DNA-binding domain fusion (LexA-cPot1). Full-length cTRF1, cTRF2, cRap1,
cKu70, and the ankyrin domain of chicken tankyrase 1 (amino acids 370 to 736)
were also cloned into the pACT2 and pMTM116 vectors to generate GAD and
LexA fusion proteins. Constructs were transformed into the S. cerevisiae strain
L40 (22) and selected on SD plates without leucine or tryptophan (⫺Leu/⫺Trp).
To screen for interactions, yeast cells containing the relevant plasmids were
grown on SD plates ⫺Leu/⫺Trp/⫺His with 30 mM 3-aminotriazole (3-AT).
␤-Galactosidase activities were measured by liquid assay as previously described
(15) by using o-nitrophenol-␤-D-galactopyranoside as the substrate. Constructs
that failed to give a positive result in the two-hybrid assay were checked for
protein expression by Western blotting of yeast extracts.
Protein expression and glutathione S-transferase (GST) pull downs. Fulllength cPot1 was cloned into the baculovirus expression vector pFastBac1 (Invitrogen) and expressed in insect Sf21 cells. His-cPot1 protein was purified by
using Ni2⫹-charged Sepharose. To prepare GST-cPot1 fusion, full-length cPot1
was cloned into the vector pGEX4T2 (Amersham Pharmacia) in frame with
GST. The recombinant GST-cPot1 was expressed in E. coli BL21 (DE3) pLysS
and allowed to attach to glutathione Sepharose (Amersham Pharmacia). The
beads were washed and then resuspended in pull-down buffer (phosphate-buffered saline, 10% glycerol, 1 mM dithiothreitol, 0.1% Triton X, 0.5 mM phenylmethylsulfonyl fluoride, 104 M AEBSF, 0.08 M aprotinin, 2.1 M leupeptin,
3.6 M bestatin, 1.5 M pepstatin A, 1.4 M E-64). For GST pull-down analysis,
20 pmol of purified His-cPot1 was incubated with 40 pmol of Sepharose-bound
GST-cPot1, Sepharose-bound GST, or protein-free glutathione Sepharose beads
for 2 h at 4°C. The beads were washed with pull-down buffer and resuspended in
SDS sample buffer before being loaded on SDS gels.
DNA-binding assays. Mobility shift assays were performed as previously described (39). In brief, oligonucleotides were 5⬘ end labeled, and the relative
labeling efficiency was determined by DE81 assay or PhosphorImaging. Each
sample was then adjusted to a standard counts per minute per picomole by
addition of cold oligonucleotide. 32P-labeled oligonucleotide (0.2 pmol) was
incubated with ⬃10 pmol of purified His-tagged cPot1 for 60 min at 37°C in 10
mM Tris [pH 8.0]–15 mM EGTA–100 mM NaCl–1 g sonicated calf thymus
DNA, and the sample was then loaded on 4 to 20% or 8% acrylamide gels. In
competition experiments, the cold competitor was either mixed with labeled
TelG oligonucleotide prior to addition of cPot1 or the cold competitor was
incubated with cPot1 for 15 min prior to addition of the labeled oligonucleotide.
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recruitment, telomerase repression, and coordination of Gand C-strand synthesis (9, 37). It achieves these multiple functions by binding the G-strand overhang and acting as a landing
pad that recruits a series of unique protein complexes that each
perform a different task (32). Although the Pot1 protein family
has not been as extensively characterized as Cdc13, these proteins also function in telomere protection and/or length regulation. Deletion of the S. pombe Pot1 gene results in a cell
division defect leading to elongated cells that fail to divide
further and a high incidence of chromosome missegregation
(3). Those cells that survive undergo rapid loss of telomeric
and subtelomeric sequences, followed by chromosome circularization. In mammalian cells, Pot1 localizes to telomeres and
loss of the G-strand overhang causes a reduction in Pot1 binding (4, 31). Overexpression of either the full-length protein or
a C-terminal fragment lacking the DNA-binding domain can
cause rapid telomere lengthening, indicating that Pot1 somehow regulates telomerase access to the DNA terminus (12, 31).
To learn more about how Pot1 functions in telomere protection and length regulation in vertebrates, we have identified
and characterized chicken Pot1 (cPot1). We chose to study the
chicken protein because the chicken DT40 cell line provides an
excellent system for making gene disruptions, due its high level
of homologous recombination. Thus, we may be able to correlate future studies of Pot1 knockout cells with information from
the present biochemical analysis. The work described here
examines the subcellular location of cPot1 throughout the cell
cycle and its binding specificity and binding-domain architecture. Our studies indicate that cPot1 is likely to bind both to
G-strand overhangs when they are exposed during S phase and
to the internal regions of single-stranded G-strand DNA that
are thought to be present during much of the cell cycle as a
result of t-loop formation. We also show that cPot1 requires
two full and directly adjacent telomeric repeats for binding.
Although the protein can self associate to form dimers or multimers, the DNA-binding surface is unlikely to be composed of
OB folds from two separate subunits because dimerization is
inefficient and is not required for DNA binding. We speculate
that the binding surface may instead be composed of two tandem OB folds that cooperate to form one long binding groove.
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To determine the fraction of protein able to bind DNA, 2.3 pmol of cPot1 (the
protein concentration was estimated by comparison to bovine serum albumin
standards) was incubated with 0.1 to 3.5 pmol of 32P-labeled minimum binding
site (MBS) oligonucleotide, and the products were separated in 4 to 20% gels
and quantified by PhosphorImager. To convert the PhosphorImager values to
molar concentrations, a standard curve was generated for each experiment by
loading known quantities of 32P-labeled MBS oligonucleotide on gels and exposing the gels to the same PhosphorImager cassette as the gels containing the
DNA/protein complex and free DNA.

RESULTS
Identification of cPot1. The cPot1 gene was isolated by
screening a chicken cDNA library with a probe corresponding
to the DNA-binding domain of the hPot1 protein (3). cDNAs
were isolated from several positive plaques, and the longest
was found to contain a 2,334-bp open reading frame (ORF),
144-bp 5⬘ untranslated region (UTR), and 1,572-bp 3⬘ UTR.
To ensure that the first ATG in the cDNA was the true start
codon, we performed 5⬘ RACE by using a primer located
downstream of the putative DNA-binding domain (see below).
Sequencing of the products identified an additional 43 bp of 5⬘
UTR. Although two ATGs were located within the resulting
187-nt 5⬘ UTR, they were both followed by stop codons.
The open reading frame (ORF) encodes a protein of 778
amino acids that is clearly recognizable as a Pot1 homolog, as
it has 61% overall sequence identity with hPot1 and 75%
identity within the region corresponding to the DNA-binding
domain (Fig. 1A and B) (3, 4). The main difference between

the chicken, human, and mouse Pot1 proteins is that cPot1 has
a 144-amino-acid extension at the N terminus, termed the
END. This extra domain is unlikely to be an artifact created by
template switching during cDNA synthesis because it was
found in three independent cDNA clones and was present in
the 5⬘ RACE products. It also occurs in a cPot1 expressed
sequence tag that contains the adjacent DNA-binding domain
and is present on genomic DNA restriction fragments that
contain the DNA-binding domain (data not shown).
The cPot1 gene resembles hPot1 in that the 5⬘ UTR contains
multiple ATGs that are followed by in-frame stop codons (4).
However, the cPot1 gene has only two such ATGs, while the
hPot1 gene has nine, so the start codon that gives rise to
full-length hPot1 is preceded by a series of short ORFs. Conceptual translation of the longest (71-codon) ORF and the
adjacent region of the hPot1 5⬘ UTR revealed a surprising
degree of sequence similarity to portions of the chicken END.
The ORF has 38% identity and 49% similarity, while the adjacent region of 5⬘ UTR has 24% identity and 42% similarity
(Fig. 1C). Overall, these two regions of the hPot1 5⬘ UTR align
with a sequence encoding ⬃120 out of 144 amino acids in the
cPot1 END. This finding suggests that the cPot1 END has
been lost from mammalian Pot1 during evolution. Translation
of the hPot1 5⬘ UTR to generate an END would require
complex frame-shifting events, and there is no evidence that
this occurs (4). Moreover, the mouse Pot1 gene has a much
shorter 5⬘ UTR that lacks obvious sequence identity to the
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FIG. 1. Identification of cPot1. (A) Domain structure of chicken, human, and S. pombe Pot1. The box marked with diagonal lines is the END,
the shaded box represents the DNA-binding domain (DBD), and the open box is the C-terminal domain. The overall amino acid sequence identity
between the human and chicken or human and S. pombe proteins is shown to the left, and the identity between domains is shown below each
domain. (B) Sequence alignment of the S. pombe DNA-binding domain with the equivalent regions of human and chicken Pot1. (C) Comparison
of the cPot1 END to conceptually translated regions of the hPot1 5⬘ UTR. Numbers beside the cPot1 sequence indicate the number of amino acids
from the initiating methionine. Numbers beside each hPot1 sequence represent the number of codons from the 5⬘ end of the UTR. The upper
alignment is with the 71-codon ORF translated in reading frame 3; the lower alignment is with the adjacent region of 5⬘ UTR translated in reading
frame 1. The star represents a stop codon. (D) Lanes 1, 2, and 4 to 6, Western blots with cPot1 antibody showing endogenous and recombinant
cPot1; lanes 1 and 4, nuclei isolated from chicken DT40 cells; lanes 2 and 5, purified His-tagged cPot1 expressed in baculovirus; lane 6, mix of
nuclear proteins and recombinant Pot1; lane 3, purified His-tagged cPot1 stained with Coomassie blue.
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FIG. 2. cPot1 colocalizes with TRF1 at telomeres. (A) Panels 1 and
2, chicken DT40 cells; panels 3 and 4, LMH cells stained with antibody
to cPot1 (1 and 3) or cTRF1 (2 and 4). (B) Confocal microscopic
images showing hTRF1 and cPot1 colocalization. Chicken LMH cells
were transiently transfected with a Flag-tagged hTRF1 expression construct and then were fixed and stained with antibody to cPot1 (1 and 4)
or the Flag tag (2 and 5). Panels 3 and 6 show an overlay of the cPot1
and hTRF1 staining.

signals. There was very little difference in the number of cells
with punctate cPot1 and cTRF1 staining (96 versus 94%) (Fig.
3A), suggesting that there was little cell cycle-related difference
in the relative location of the two proteins.
To look more closely at cells in S phase and G2, cultures
were blocked in early S phase with aphidicolin, released, and
harvested 0, 2, or 4 h later. When the cells were processed for
indirect immunofluorescence, there was again little difference
in the fraction of cells that exhibited punctate cPot1 and
cTRF1 staining regardless of whether they were in early or
mid-S phase or late S/G2. Moreover, when the pattern of cPot1
staining was compared between the unsynchronized and various S phase/G2-enriched cultures, no significant difference was
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cPot1 END. Thus, loss of the domain from hPot1 appears to be
the result of mutations that prevent it from being translated,
while in mice the END has been completely removed from the
gene, probably by a chromosomal rearrangement (41).
Although hPot1 transcripts are subject to alternative splicing
reactions that generate mRNAs encoding variants that have
quite different sizes and DNA binding affinities (4), we did not
see any evidence of alternative splicing in the three cPot1
cDNA clones that were sequenced. We were also unable to
detect splice variants when we examined the endogenous cPot1
protein by Western blotting. Antibody was generated against a
fragment of recombinant cPot1 that included both the END
and the DNA-binding domain, so it should be able to detect
translation products equivalent to those generated by four out
of the five human splice variants. When affinity-purified antibody was used to perform Western blotting with either whole
cells or nuclei from chicken DT40 cells, only a single band was
observed. Thus, splice variants must be absent from, or expressed at very low levels in, this cell line (Fig. 1D, lanes 1 and
4 and data not shown). Although purified recombinant Pot1
migrated more slowly than the endogenous protein, this difference in mobility was probably caused by a combination of
the His tag and the higher concentration of total protein in the
nuclear preparation containing endogenous Pot1. When the
purified protein was mixed with total nuclear proteins, the
recombinant and endogenous proteins migrated together (Fig.
1D, lanes 4 to 6), indicating that the antibody is specific for
cPot1.
Subcellular localization of endogenous cPot1 during the cell
cycle. Since transiently transfected hPot1 had been show to
localize to telomeres (4), we next checked whether the endogenous chicken protein also had a telomeric location. Both the
DT40 B-cell line and LMH hepatocytes were fixed and incubated with antibody to either cPot1 or the duplex telomeric
DNA-binding protein cTRF1 (15). As shown in Fig. 2A, the
two antibodies gave rise to a similar punctate pattern of nuclear staining, suggesting that cPot1 was also present at telomeres. To further examine the localization of cPot1, we transiently expressed Flag-tagged hTRF1 in DT40 and LMH cells
and determined the degree of Pot1 and TRF1 colocalization by
using a mouse monoclonal antibody to the TRF1 Flag tag and
the rabbit polyclonal cPot1 antibody. When the Pot1 and
TRF1 staining patterns were overlaid, it was apparent that
much of the cPot1 colocalized with TRF1 (Fig. 2B and data not
shown), indicating that cPot1 is indeed present at telomeres.
Although human and yeast Pot1 have the appropriate substrate specificity to bind telomeric G-strand overhangs, the
likelihood that the G overhangs are sequestered into t loops
for much of the cell cycle has raised questions about the timing
of Pot1 association (3). T-loop formation should render an
overhang inaccessible to Pot1, but invasion of the overhang
into the duplex region of the telomeric tract appears to cause
displacement of a more internal region of the G strand. Since
it was unclear whether this displacement loop would also be a
substrate for Pot1 binding, we set out to determine whether
cPot1 binds to telomeres only during S phase, when t loops
become dissociated, or whether it is also present at telomeres
during the rest of the cell cycle. To achieve this, we first stained
unsynchronized cells with antibody to cPot1 or cTRF1 and
counted the number of cells with punctate (i.e., telomeric)
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observed in the number of cells with punctate staining (Fig.
3A). Since telomeres appear to be replicated throughout S
phase (50), our analysis would not detect the transient release
of cPot1 while individual telomeres are being replicated. Nonetheless, our results indicate that cPot1 is present at telomeres
throughout most of S and G2 of the cell cycle.
To determine whether Pot1 is also present at telomeres
during metaphase and early G1, as opposed to the G1/S boundary (the stage of the aphidicolin block), cells at these stages in
the cell cycle were identified by microscopy and examined for
telomeric staining. Newly divided G1 cells exhibited a punctate
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staining pattern similar to that of other interphase cells (Fig.
3B), indicating that Pot1 remains associated with telomeric
DNA throughout interphase. Thus, cPot1 is present at telomeres during stages of the cell cycle when t loops are also
thought to be present. Although cPot1 staining could sometimes be seen in metaphase cells, the signal was frequently
weak, and staining was absent from many of the cells even
when we tried to maximize chromatin decondensation by swelling the cells prior to fixation or digesting them briefly with
micrococcal nuclease (data not shown). It is possible that the
reason for the decreased cPot1 staining is that compaction of
the chromosomes during metaphase renders the protein inaccessible to the antibody. However, since cTRF1 staining was
not noticeably decreased at this time (data not shown), it is
also possible that some of the Pot1 is released from the chromosome.
cPot1 self association. Telomere-binding proteins frequently
interact with themselves and/or other telomere proteins to
form large multiprotein complexes (15, 17, 37, 40, 52). To
determine whether this is also the case for cPot1, we used a
yeast two-hybrid analysis to look for self association and/or
interaction with cTRF1, cTRF2, cRap1, cKu70, or the ankyrin
repeat domain of tankyrase 1. The various telomere proteins
were expressed both as GAD and LexA DNA-binding-domain
fusions, and interactions were detected by growth on selection
plates. Growth was observed in cells expressing the cPot1 activation- and binding-domain fusions (data not shown), suggesting that the protein can form homodimers or multimers. In
contrast, no interaction was detected between Pot1 and any of
the other telomere proteins (data not shown). As hPot1 has
recently been shown to interact with the TRF1/tankyrase/Tin2
complex (31), the lack of association between cPot1 and
cTRF1 or tankyrase 1 is somewhat unexpected. However, the
native interaction could be between cPot1 and cTin2 (the
chicken Tin2 gene has not yet been isolated) or with a region
of tankyrase outside the ankyrin domain.
To confirm the cPot1 self association, we performed pulldown experiments with recombinant His-tagged Pot1 and a
GST-Pot1 fusion protein. When His-tagged Pot1 was incubated with the GST-cPot1 bound to glutathione beads, the
His-tagged protein copurified with the beads (Fig. 4A, lane 6),
which did not occur when the His-tagged protein was incubated with GST bound to beads or the beads alone (Fig. 4A,
lanes 5 and 7), indicating that the Pot1-Pot1 self association
was specific.
We next used the two-hybrid assay to map the domain responsible for cPot1 self association. We generated a series of
LexA-cPot1 fusion constructs lacking various portions of Pot1
and tested for their association with the full-length Gal4-cPot1
fusion protein (Fig. 4B). Interactions were detected between
an ⬃400-amino-acid C-terminal Pot1 fragment and the fulllength protein (construct set 3). Interaction was also detected
when the same C-terminal fragment was expressed from both
the GAD and LexA vectors (set 7). Interestingly, this interaction was consistently stronger than that observed with the fulllength protein, suggesting that the N-terminal portion of the
protein may exert an inhibitory effect. The interaction between
C-terminal fragments was reduced by removal of a further
⬃100 N-terminal amino acids and abolished by removal of the
C-terminal ⬃100 amino acids (sets 4 and 6). No interaction
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FIG. 3. cPot1 is present at telomeres throughout interphase.
(A) Histogram showing the percentage of cells with punctate cPot1
and cTRF1 staining. Cells were synchronized with aphidicolin, removed from the drug, and isolated 0, 2, or 4 h later. Synchronized and
unsynchronized (unsync) cells were then fixed and stained with antibody to cPot1 or cTRF1. The fluorescence-activated cell sorter analysis
for each population of cells is shown to the left. The total number of
cells counted for each sample is shown to the right. Aph⫹, aphidicolin
treated; T0, time zero; T2, and T4, 2 and 4 h, respectively, after
aphidicolin removal. (B) cPot1 staining in G1 cells. Panel 1, cPot1
antibody; panel 2, DAPI; panel 3, overlay of cPot1 and DAPI.
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was observed between the full-length protein and a fragment
containing the END plus the DNA-binding domain (set 2).
Thus, it appears that cPot1 self associates through portions of
the C-terminal domain. This domain is fairly conserved in the
vertebrate Pot1 proteins but is diverged in the related ciliate
TEBPs.
cPot1 DNA-binding specificity. To examine the binding
specificity of cPot1, purified protein (Fig. 1D, lane 3) was incubated with a variety of telomeric and nontelomeric substrate
oligonucleotides, and binding was monitored by mobility shift
assay. The protein-bound oligonucleotides corresponded to
extended stretches of the chicken telomeric G strand (T2AG3)
but not to the telomeric C strand, duplex telomeric DNA, or
nontelomeric DNA (Fig. 5A, Table 1, and data not shown).

Although binding was specific for G-strand DNA, the protein
did not display an absolute preference for the vertebrate telomeric sequence (T2AG3) because binding was competed by an
excess of cold T4G4 oligonucleotide corresponding to Oxytricha
telomeric DNA (Fig. 5A, lanes 14 to 16). Thus, cPot1 resembles hPot1 and the Oxytricha TEBP in that it binds preferentially to its own telomeric DNA sequence but will bind variations of this sequence with somewhat reduced affinity (3, 47).
Interestingly, binding to the labeled TelG oligonucleotide was
not completely abolished by 1,000⫻ the competitor of cold
TelG even when the cold competitor was added prior to the
hot oligonucleotide (data not shown), probably because the
increase in total amount of TelG drives more of the cPot1 to
bind DNA. Thus, while the ratio of hot to cold TelG present in
Pot1-DNA complexes decreases with increasing cold competitor, the overall increase in the amount of complex means a
significant amount of labeled DNA is still present.
The purified DNA-binding domain from S. pombe Pot1
binds G-strand DNA in a highly cooperative manner, so only
one shifted band is observed when the protein is incubated
with an oligonucleotide that has multiple Pot1 binding sites
(29). In contrast, binding of the full-length chicken protein to
a G-strand oligonucleotide with five T2AG3 repeats gave rise
to either one or two DNA protein complexes, depending on
the concentrations of DNA and protein used in the binding
reaction (Fig. 5A, lanes 6 to 8). Since the cPot1 was largely full
length (Fig. 1D), this observation suggested that binding of
cPot1 might be noncooperative. To test this possibility, increasing amounts of cPot1 were incubated with a constant amount
of G-strand oligonucleotide that contained eight T2AG3 repeats (Table 1, TelG48). As shown in Fig. 5B, three to four
different DNA-protein complexes could be seen, indicating
that the number of Pot1 molecules bound to each oligonucleotide molecule was variable. Thus, unlike the purified S. pombe
DNA-binding domain, binding of full-length cPot1 is largely
noncooperative.
Size of the minimum DNA-binding site. Although the S.
pombe Pot1 DNA-binding domain binds tightly to a substrate
of only six nucleotides (29), the binding site of the full-length
cPot1 protein appeared to be longer because a maximum of
two different DNA protein complexes were visible after binding to the G-strand oligonucleotide that contained five T2AG3
repeats (Fig. 5A, lanes 7 and 8, TelG). We therefore tested
whether cPot1 could bind to G-strand oligonucleotides that
contained all six possible permutations of a single or double
telomeric repeat (Table 1). No binding was observed with any
permutation of the single repeat (data not shown) or with five
of the six permutations of the double repeat (Fig. 6A). However, cPot1 did bind to the double repeat corresponding to the
sequence GGTTAGGGTTAG (Fig. 6A, lane 6, TelG12p5).
Thus, the binding site of full-length cPot1 appears to be approximately double that of the purified S. pombe DNA-binding
domain. Double-stranded-DNA-binding proteins commonly
use dimerization as a strategy to double the size of their binding sites, and some OB fold-containing single-stranded-DNAbinding proteins also use this approach to extend their DNAbinding surfaces (46). Thus, since the DNA-binding domain of
S. pombe Pot1 forms a single OB fold (30), it seemed likely that
the extended binding site of cPot1 might be the result of homodimerization placing the OB folds from two separate subunits
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FIG. 4. cPot1 self associates via the C-terminal domain. (A) Western blots showing association between His-tagged cPot1 and a GSTcPot1 fusion protein. Lanes 1 and 2, Coomassie blue stain of protein
released from the GST and GST-cPot1 beads; lanes 3 to 4 and 9, input
His-tagged Pot1 or GST-Pot1 fusion protein; lanes 5 to 8, His-tagged
cPot precipitated by glutathione beads coupled to GST, GST-cPot1
fusion protein, or beads alone. Detection was with Pot1 antibody
(lanes 3 to 4) or His-tagged antibody (lanes 5 to 9). (B) Two-hybrid
assay for interactions between different regions of cPot1. The pairs of
DNA-binding domain and activation domain constructs are illustrated
on the left, and the ␤-galactosidase activity is indicated at the right.
The Pot1 END plus DNA-binding domain is shaded gray, and the
C-terminal domain is unshaded. The values expressed are relative to
that of the cTRF2/cRap1 control (construct set 10) and represent the
average of the results obtained with two independent transformants.
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over adjacent 6-nt repeats. If this were the case, the isolated
cPot1 DNA-binding domain might also be able to bind a single
telomeric repeat. Unfortunately, we were unable to test this
possibility because multiple attempts to express a region containing the predicted DNA-binding domain yielded only insoluble protein. We therefore examined whether two complete
GGTTAG repeats are required for cPot1 binding, as might be
expected if the full binding domain is made up of two copies of
a single DNA-binding motif. Since the permutation of the
repeat was clearly important (Fig. 6A), we used oligonucleotides that had from 1 to 4 nt removed from either the 5⬘ end
(MBS 5⬘ series) or the 3⬘ end (MBS 3⬘ series) of the GGTTA
GGGTTAG double repeat but maintained the correct permutation at the other end. Binding was reduced ⬃80% by removal
of only one nucleotide from the 5⬘ end (Fig. 6B, lane 3) and
completely eliminated by removal of two or more nucleotides
from the 5⬘ end or one or more nucleotides from the 3⬘ end
(Fig. 6B, lanes 4 to 10). Binding was also eliminated if the final
length of the oligonucleotide was maintained at 12 nt but 2

or 6 nt from one of the two telomeric repeats was changed
to a nontelomeric sequence (Table 1, mMBS1 to MBS4).
Thus, the minimum binding site (MBS) for cPot1 is composed
of two complete GGTTAG repeats, supporting the idea that
the full DNA-binding domain is composed of a duplicated
DNA-binding motif.
To probe the architecture of the cPot1 DNA-binding domain, we next examined whether the two GGTTAG repeats
have to lie directly adjacent to each other or whether they can
be separated by one or more nucleotides. Although most homodimeric double-stranded-DNA-binding proteins recognize
a palindromic sequence, a few resemble cPot1 in that they bind
direct repeats (5, 26). Studies of these proteins have revealed
that half-site spacing requirements can be indicative of the way
in which this is achieved. For example, the telomere protein
TRF1 has a flexible linker between the DNA-binding and the
dimerization domains, so the DNA-binding domain can swivel
relative to the dimerization domain (5). This flexibility in the
linker region allows binding to the nonpalindromic telomeric
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FIG. 5. cPot1 binds to G-strand telomeric DNA with low cooperativity. Mobility shift gels with various telomeric oligonucleotides incubated
with (⫹) or without (⫺) purified cPot1 are shown. (A) Lanes 1 and 2, telomeric C-strand DNA (TelC); lanes 3 and 4, DNA duplex formed from
telomeric G- and C-strand DNA (TelG/C); lanes 5 to 16, telomeric G strand DNA (TelG); lanes 9 to 16, binding to labeled TelG in the presence
of 100-, 500-, and 1,000-fold excesses of cold TelG (lanes 11 to 13) or Oxytricha telomeric DNA (OxyTelG, lanes 14 to 16). The binding reactions
shown in lanes 1 to 6 and 9 to 16 contained 0.25 pmol of hot oligonucleotide and 10 pmol of cPot1; those in lanes 7 and 8 contained 0.4 and 6.4
pmol of TelG, respectively, and 2 pmol cPot1. (B) A constant amount of TelG48 was incubated with increasing amounts of cPot1. Lanes 1 and
2, a 4 to 20% gradient gel with electrophoresis time limited to retain the unbound DNA on the gel; lanes 3 to 5, an 8% gel with electrophoresis
time extended to separate the DNA-protein complexes. The arrow marks unbound oligonucleotide, and the arrowhead marks DNA-protein
complexes. The binding reaction shown in 1ane 2 contained 0.2 pmol of TelG48 and 2.5 pmol of cPot1; those shown in lanes 3 to 5 contained 0.4
pmol of TelG48 and 0.3, 0.6, or 3 pmol of cPot1, respectively.
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TABLE 1. Oligonucleotides used in electrophoretic
mobility shift assays
Oligonucleotide

Sequencec

Binding

GCCGAATTCG(TTAGGG)5
CCCTAA)5CGAATTCGGC
CGGCTTAAGC(G4T4)5GG
(TTAGGG)8

⫹
⫺
⫹
⫹

TelG6p1
TelG6p2
TelG6p3
TelG6p4
TelG6p5
TelG6p6

TTAGGG
TAGGGT
AGGGTT
GGGTTA
GGTTAG
GTTAGG

⫺
⫺
⫺
⫺
⫺
⫺

TelG12p1
TelG12p2
TelG12p3
TelG12p4
TelG12p5 (MBS)
TelG12p6

TTAGGGTTAGGG
TAGGGTTAGGGT
AGGGTTAGGGTT
GGGTTAGGGTTA
GGTTAGGGTTAGb
GTTAGGGTTAGG

⫺
⫺
⫺
⫺
⫹
⫺

MBS
MBS
MBS
MBS
MBS
MBS
MBS
MBS

GTTAGGGTTAG
TTAGGGTTAG
TAGGGTTAG
AGGGTTAG
GGTTAGGGTTA
GGTTAGGGTT
GGTTAGGGT
GGTTAGGG

(⫹)a
⫺
⫺
⫺
⫺
⫺
⫺
⫺

mMBS1
mMBS2
mMBS3
mMBS4

cgatacGGTTAG
GGTTAGcatagc
acTTAGGGTTAGGG
TTAGGGTTAGGGca

⫺
⫺
⫺
⫺

MBS^1
MBS^4
MBS^10
2 ⫻ MBS
3 ⫻ MBS ⫹ 12

GGTTAGcGGTTAG
GGTTAGccaaGGTTAG
GGTTAGgccgaattcgGGTTAG
(GGTTAGGGTTAG)2
gggagtgctaca(GGTTAGGGTTAG)3

⫺
⫺
⫺
⫹
⫹

Loop up

ggtagatgaatgtggcacct
(GGTTAGGGTTAG)3cggct
cgaagcttgagtgtt

⫹

5⬘-1
5⬘-2
5⬘-3
5⬘-4
3⬘-1
3⬘-2
3⬘-3
3⬘-4

Loop down

aacactcaagcttcgagccg
cttatgggactttcgtactt
ggctacacgtacgattaggt
gccacattcatctacc

⫺

a

(⫹), weak binding.
The minimum binding site.
c
Lowercase letters indicate nontelomeric sequences.
b

sequence, but it leads to a corresponding flexibility in half-site
spacing on the DNA such that the two half sites can be separated by a variable number of nucleotides. In contrast, the
transcription factor HapI has an extensive and highly asymmetric dimerization interface that places the two DNA-binding
surfaces a defined distance apart so that no variability is tolerated in half-site spacing (26).
To test for flexibility between the two halves of the cPot1
binding motif, oligonucleotides that had either 4 or 10 nt of
nontelomeric sequence inserted between the two GGTTAG
repeats (Table 1, MBSˆ4 and MBSˆ10) were used to compete
for binding to the 12-nt MBS oligonucleotide. As no competition was detected (data not shown), we performed a direct
binding assay with four times the standard concentration of
cPot1 to evaluate binding to both the oligonucleotide with the
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TelG
TelC
Eup-TelG
TelG48

4-nt insertion and one with a 1-nt insertion (MBSˆ1). Again
binding was undetectable with the 4-nt insertion, and it was
reduced by ⬎95% with the 1-nt insertion (Fig. 6C and data not
shown). This result indicates that the two halves of the cPot1
DNA-binding domain must be anchored together in a rigid
manner to form one long, inflexible DNA-binding surface. This
rigidity in the DNA-binding domain could be achieved either
by having a single extended DNA-binding surface or through
formation of a rigid but asymmetric dimer or multimer that
brings the DNA-binding domains of two subunits into close
proximity.
cPot1 dimerization is not required for DNA binding. To
address more directly whether cPot1 binds DNA as a monomer
or a dimer, we used gel filtration to examine the extent of
dimerization in the presence and absence of DNA. As predicted from the two-hybrid and pull-down assays, we were able
to detect cPot1 in fractions that would be expected to contain
172-kDa dimers. However, the dimeric form of cPot1 represented only a few percent total protein (Fig. 7A). This was true
even when the cPot1 was prebound to a 10- to 15-fold molar
excess of MBS oligonucleotide, suggesting that dimerization
was not driven by DNA binding. As the small amount of dimer
could result from a high rate of subunit exchange with resultant
complex dissociation during the course of the experiment, we
next tried to detect cPot1 dimerization by cross-linking with
bis(sulfosuccinimidyl)suberate (BS3). The cross-linking yielded
some large cPot1 complexes, but again the fraction of dimers
(or multimers) to monomers was low and was not changed
significantly by binding the protein to the MBS oligonucleotide
prior to cross-linking (data not shown). We therefore conclude
that cPot1 self association is quite inefficient even in the presence of telomeric DNA. This result is consistent with our
observations in the GST pull-down experiments, where less
than 1% of the input His-tagged cPot1 copurified with the
GST-cPot1 beads (Fig. 4).
Although the above results indicated that our binding reactions contained only a low concentration of cPot1 dimers, it
remained possible that this concentration was sufficient to provide the observed cPot1 DNA-binding activity. If cPot1 resembles Cdc13 in having a dissociation constant in the 0.1- to
10-nM range (1, 25), less than 1.5% of the input protein would
have to form dimers in order to shift 50% of the MBS oligonucleotide. To determine the fraction of protein molecules
that were active for DNA binding compared to the fraction
that formed dimers, we performed a series of titrations to
measure how much of the input protein could bind DNA when
increasing amounts of 32P-labeled MBS oligonucleotide were
added to a set (200 ng or 2.3 pmol) amount of purified cPot1.
The cPot1/MBS complexes were separated from free DNA in
mobility shift gels, and bound oligonucleotide was quantified
by using a PhosphorImager. As cPot1 binds the MBS oligonucleotide at a 1:1 molar ratio (only one band shift is observed in
mobility shift assays), the moles of bound DNA equal the
moles of bound cPot1. Although we were not able to obtain full
saturation of the cPot 1 because the apparent Kd is quite high
(see below), we were routinely able to titrate 10 to 20% of the
protein into a complex with the MBS oligonucleotide. As these
experiments were performed with protein preparations where
only a few percent molecules existed as dimers (Fig. 7A), this
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result means that most of the cPot1 must have bound to DNA
as a monomer.
Although it is possible to determine the Kd of a protein from
titration curves plotting the amount of DNA-protein complex
formed as a function of DNA concentration (the concentration
of free DNA at half saturation is equal to the Kd), we were
unable to determine an accurate Kd for cPot1 because of our
inability to attain full saturation. When data from the beginning of each binding curve were fit to the Hill equation by using
a two-parameter fit, we obtained Kds that were substantially in
excess of 100 nM, the approximate Kd for SpPot1 (3, 29).
However, these values are likely to overestimate the true Kd
because there was a loss of total labeled DNA due to smearing
of the signal in the mobility shift gels, which is a known problem with gel shift assays that can lead to aberrantly low apparent affinities (10).

Binding to adjacent binding sites and internal loops. As
cPot1 is proposed to bind and protect G-strand DNA either at
G-strand overhangs or at t loops (4, 12, 31), we next tested how
closely cPot1 molecules can pack along a length of G-strand
DNA and whether the protein can bind to stretches of GG
TTAG repeats that are part of a structure designed to mimic a
t loop. To examine the spacing of cPot1 binding, we determined whether multiple protein molecules could bind an oligonucleotide that had two or three MBSs directly adjacent to
each other. As shown in Fig. 6D, assays with the 2⫻ MBS
oligonucleotide gave rise to bands corresponding to both one
and two protein molecules per DNA molecule (Fig. 6D, lanes
1 and 2), while a 3⫻ MBS oligonucleotide that had an additional 12 nt of nontelomeric DNA at the 5⬘ end gave rise to
three bands (Fig. 6D, lanes 3 and 4). These results indicate that
the protein can bind to directly adjacent binding sites.
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FIG. 6. cPot1 binding-site size and spacing. (A and B) The cPot1 minimum binding site is 12 nt. (A) Mobility shift gel with the six different
permutations of the 12-nt double repeat (TelG12p1 to TelG12p6) incubated with (⫹) or without (⫺) cPot1. (B) MBS oligonucleotides were
incubated with (⫹) or without (⫺) cPot1. MBS is the same as TelG12p5, MBS 5⬘-1 to MBS 5⬘-4 have 1 to 4 nucleotides removed from the 5⬘ end
of the MBS double repeat, and MBS 3⬘-1 to MBS 3⬘-4 have 1 to 4 nucleotides removed from the 3⬘ end. Binding reactions shown in panels A and
B contained 0.2 pmol of labeled oligonucleotide and 10 pmol of cPot1. (C and D) cPot1 can bind adjacent MBSs and DNA loops but not split half
sites. (C) Mobility shift gels showing reduced cPot1 binding to oligonucleotides containing the MBS, with one nucleotide inserted between the two
GGTTAG half sites. Binding reactions contained 0.2 pmol of labeled oligonucleotide and 9.2 pmol (lanes 2 and 5), 4.6 pmol (lane 4), or 18.4 pmol
(lane 6) of cPot1. (D) Binding of cPot1 to oligonucleotides containing two adjacent MBSs (lanes 1 and 2, 2⫻ MBS), three adjacent MBSs (lanes
3 and 4, 3⫻ MBS plus 12), the looped substrate containing three MBSs in the loop (lanes 6 to 9, loop up plus down [dn]), or the upper strand of
the loop (lanes 5 and 10 to 12, loop up). Binding reactions contained 0.2 pmol of labeled oligonucleotide and 10 pmol (lanes 2, 4, 8, and 11), 5
pmol (lanes 7 and 10), or 15 pmol (lanes 9 and 12) of cPot1.
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DISCUSSION

The substrate mimicking a t loop was made by annealing two
partially complementary oligonucleotides to generate a loop
that contained three minimum binding sites on the upper
strand, nontelomeric DNA on the lower strand, and 20-bp
nontelomeric duplex DNA on either side of the loop (Table 1
and Fig. 6D, diagram). A 10-fold excess of lower-strand oligonucleotide was used to ensure complete hybridization of the
upper MBS-containing oligonucleotide, and the efficiency of
duplex formation was monitored by looking for a decrease in
mobility in the gel shift assay (Fig. 6D, compare lanes 5 and 6).
As shown in Fig. 6D, lanes 7 to 9, cPot1 was clearly able to bind
to the loop substrate, although the efficiency of binding was
reduced relative to that of the upper-strand oligonucleotide.
Thus, while binding is enhanced by the presence of singlestranded DNA at either the 5⬘ or 3⬘ end, it is not required for
the protein to load onto an internal stretch of GGTTAG repeats. Our results therefore indicate that although cPot1 binding lacks cooperativity, the protein has the capacity to fully
coat and hence protect any pair of GGTTAG repeats regardless of whether they are present at the G-strand overhang or on
the displaced strand of a t loop.
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FIG. 7. cPot1 can bind DNA as a monomer. (A) Fractionation of
cPot1 on a Superdex 200 gel filtration column. Upper panel, purified
His-tagged cPot1; lower panel, purified cPot1 that had been incubated
with a 12-fold molar excess of MBS oligonucleotide in one-half times
PBS. cPot1 was detected by Western blotting with cPot1 antibody.
Peak fractions containing the marker proteins bovine serum albumin
and aldolase are indicated with bars. Fr, fraction. (B) Titration curve
for cPot1 binding to the MBS oligonucleotide. The plot shows the
quantity of complex-formed DNA versus the amount of input DNA
that accumulated when increasing amounts of labeled MBS oligonucleotide were incubated with a fixed amount (2.3 pmol) of cPot1.

Although the members of the Pot1 protein family are required for telomere end protection and appear to be functional
homologs of Cdc13, we presently have very limited information
about how these proteins exert their protective function or
whether they play additional roles at telomeres. To broaden
our understanding of Pot1 function, we have identified the
chicken protein and have examined its distribution throughout
the cell cycle and its DNA-binding specificity and bindingdomain organization. As has been observed for other telomere
proteins, we have found that the domain structure and overall
amino acid sequence of Pot1 is quite well conserved between
chickens and mammals (15, 27, 44), indicating that protein
function is also likely to be similar. The main difference between the mammalian and avian proteins is that cPot1 has an
extra 144 amino acids at the N terminus. This N-terminal
extension appears to have been lost from mammalian Pot1
during evolution, because its remnants still exist in the 5⬘ UTR
of the human gene.
One question we have examined concerns the timing of Pot1
binding to the telomere. Because the telomeres of vertebrate
cells appear to cycle between a closed conformation where the
G overhang is incorporated into a t loop and an open structure
where the overhang is more accessible, it was unclear whether
Pot1 would bind to telomeres throughout the cell cycle. Our
localization studies indicate that cPot1 is present at telomeres
throughout most, if not all, of interphase. This means that Pot1
is bound to telomeres during stages of the cell cycle when the
G-strand overhangs are thought to be incorporated into t
loops. Consequently, cPot1 is unlikely to function only during
DNA replication when t loops are dismantled. Since we have
also shown that cPot1 binds telomeric repeats at internal loops
as well as at DNA termini and can fully coat a molecule
bearing multiple binding sites, our results indicate that cPot1 is
likely to protect not only G-strand overhangs but also the
G-strand DNA that is displaced when t loops are formed.
Although cPot1 clearly binds single-stranded telomeric
DNA with high specificity, several aspects of the immunofluorescence-staining pattern were unexpected for a protein that
binds only to G-strand overhangs or displaced G-strand DNA.
First, the intensity of staining was only slightly less than that
seen with the TRF1 antibody (Fig. 2A). As TRF1 binds along
the length of the 5- to 9-kb duplex telomeric tract, muchweaker staining would be anticipated for a protein that binds
solely to the short G-strand overhangs (24, 48). Second, the
degree of overlap between the cPot1 and hTRF1 staining was
surprisingly high, because although TRF1 would be expected
to bind the many large blocks of interstitial T2AG3 repeats that
are present on chicken chromosomes (28, 48), this would not
be expected for a G-overhang-binding protein. These two observations suggested that Pot1 might not be localized only at
the telomeric G-strand overhang or on displaced G-strand
DNA but that it may also be present along duplex regions of
T2AG3 repeats. This possibility is supported by a recent report
indicating that human Pot1 interacts with proteins that associate with the duplex region of the telomeric tract (the TRF1/
Tin2/tankyrase complex) and that a hPot1 mutant that is missing the DNA-binding domain is still able to localize to
telomeres (31). As neither the human nor the chicken Pot1
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ing, the function of the cPot1 self association is presently unclear. However, such self association is not without precedent
among G-overhang-binding proteins, because the ␣ subunit of
the Oxytricha TEBP forms ␣2 dimers in which the two DNAbinding domains remain independent and spatially separate
(36). Formation of the ␣2 dimer is thought to be a step in a
specific assembly pathway that results in formation of the ␣/␤/
DNA ternary complex (11). Positioning of the DNA in the
binding groove of the ␣/␤ heterodimer requires cofolding of
the protein subunits with the DNA, and the ␣2 dimer is
thought to promote ␤ subunit association and subsequent cofolding. Since cPot1 is likely to interact with a variety of telomere proteins (31, 32), it is possible that dimerization serves a
similar chaperone-like function to promote these associations.
An alternative but not mutually exclusive possibility is that
dimerization is important for telomere compaction or clustering. cPot1 might compact regions of G-strand DNA within a
telomere in a manner analogous to the compaction of the
duplex telomeric tract by TRF1 (20). Alternatively, like the
S. pombe telomere protein Taz1, cPot1 might be required to
bring together the termini of sister chromatids or even separate chromosomes (13). Given that cPot1 dimerization is so
inefficient in vitro and appears to be inhibited by the N-terminal domain, in vivo dimerization and hence the resultant downstream events may well be subject to some form of regulation.
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proteins can bind directly to duplex telomeric DNA, Pot1 is
unlikely to be directly responsible for telomere-end protection
when present at duplex regions of the telomeric tract. Instead,
Pot1 may resemble Cdc13 in that it plays different roles in
telomere maintenance, depending on its location or binding
partners, which might explain the reduced intensity of cPot1
staining at metaphase. The protein associated with the duplex
region of the telomeric tract might be preferentially released
from the telomere or assume a very different conformation at
this time so that it is rendered inaccessible to the Pot1 antibody.
Our finding that cPot1 needs a full 12 nt for binding was
unexpected because the purified DNA-binding domain from
S. pombe Pot1 requires only a single 6-nt telomeric repeat (29).
The much larger binding-site size of the chicken protein could
reflect the presence of a more extended DNA-binding surface
on each cPot1 subunit, or it could result from homodimer or
multimer formation positioning the DNA-binding motifs from
two separate subunits over adjacent GGTTAG repeats. The
ability of cPot1 to self associate together with the perfect doubling of the binding site compared to that of the S. pombe
DNA-binding domain initially favored the dimerization-multimerization model. However, when we examined the extent of
cPot multimerization, it became clear that most of the protein
exists as a monomer and that there was insufficient dimer or
multimer to give the level of binding observed in our assays.
Thus, cPot1 can bind DNA as a monomer and hence must have
an expanded DNA-binding surface relative to the isolated S.
pombe DNA-binding domain.
One way the size of the DNA-binding surface of an OB fold
can be expanded is by extending the length of one or more of
the loops that connect the five ␤ sheets that form the core of
the fold (46). This strategy is observed in Cdc13, where a
30-amino-acid loop connecting ␤2-␤3 provides much of the
surface used to recognize the 11-nt binding site (34). However,
it is unlikely to be the cause of the large cPot1 DNA-binding
surface, because sequence alignment indicates that the conserved region predicted to form the OB fold in the S. pombe
protein lacks amino acid insertions in the chicken protein (Fig.
1B). Thus, the expanded DNA-binding surface of the chicken
protein is likely to be formed from portions of the protein that
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folds in cPot1 would fit with our finding that the protein binds
two directly adjacent telomeric repeats, and it could explain
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