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Telomeres are nucleoprotein complexes that cap and protect the ends of
linear chromosomes. In humans, telomeres end in 50-300 nt of G-rich
single-stranded DNA (ssDNA) overhangs. Protection of telomeres 1 (POT1)
binds with nanomolar affinity to the ssDNA overhangs and forms a dimer
with another telomere-end binding protein called TPP1. Whereas most
previous studies utilized telomeric oligonucleotides comprising single
POT1-TPP1 binding sites, here, we examined 72- to 144-nt tracts of
telomeric DNA containing 6-12 POT1-TPP1 binding sites. Using electro-
phoretic mobility gel shift assays, size-exclusion chromatography, and

Edited by ]. Doudna

Keywords: electron microscopy, we analyzed telomeric nucleoprotein complexes
telomeres; containing POT1 alone, POT1-TPP1, and a truncated version of POT1
telomerase; (POT1-N) that maintains its DNA-binding domain. The results revealed
POT1,; that POT1-N and POT1-TPP1 can completely coat long telomeric ssDNA
TPP1 substrates. Furthermore, we show that ssDNA coated with human POT1-

TPP1 heterodimers forms compact, potentially ordered structures.

© 2011 Elsevier Ltd. All rights reserved.

Telomeres are nucleoprotein complexes that com-
prise the ends of eukaryotic chromosomes. Telo-
meres contribute to genomic stability, in part, by
preventing deleterious events such as chromosome
end-to-end fusions and degradation. In addition,
telomeres are intimately involved in recruiting and
regulating enzymatic complexes necessary for telo-
meric DNA modification, replication, and 1’epair.1
Both the protective capabilities of telomeres and
their regulation of cellular processes including

*Corresponding authors. E-mail addresses:
derek.taylor@case.edu; thomas.cech@colorado.edu.

Abbreviations used: ssDNA, single-stranded DNA;
TRF, telomere-repeat binding factor; EMSA,
electrophoretic mobility shift assay; EM, electron
microscopy; POT1, protection of telomeres 1.

senescence, DNA damage response, subnuclear
localization, and gene expression involve specific
proteins that bind to the telomeric DNA.*™

In humans, telomeric DNA has a repeating,
hexameric sequence of TTAGGG that extends for
several thousand base pairs.® Telomeric DNA ends
in 3’ single-stranded overhangs, which are about
50-300 bases in mammals.”” Both the double- and
single-stranded regions of the telomeric DNA are
bound by various telomeric proteins. Telomere-
repeat binding factors (TRFs) 1 and 2 are sequence-
specific proteins that bind the double-stranded
telomeric DNA.'” The single-stranded portion of
the telomere DNA is recognized and bound with
nanomolar affinity by protection of telomeres 1
(POT1), also in a sequence-specific manner.''™"?
Other proteins interact with TRF1, TRF2, and POT1
to form a six-membered core complex called
shelterin that contributes to chromosome-end

0022-2836/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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Fig. 1. EMSAs depicting the ability of POT1-N to coat long tracts of telomeric DNA. ssDNA oligos were synthesized by
Integrated DNA Technologies. Oligos ranged from 24 nt to 48 nt and contain four to eight telomere hexameric repeats.
Every two hexameric repeats (5'-GGTTAG GGTTAG-3') is suitable for binding individual POT1 molecules. DNA was 5’'-
radiolabeled, and gel shifts were performed essentially as previously described.?® For each reaction, a 10-pL solution was
prepared containing 400 nM ssDNA spiked with approximately 4% 5’-**P-labeled DNA. POT1-N was added to each
reaction at molar ratios indicated on top of the gel. The molar ratio indicated is calculated for the ratio of protein added per
dodecameric repeat (5'-GGTTAG GGTTAG-3') in the oligonucleotide in each lane. Reactions were conducted in buffer
containing 25 mM Tris (pH 8.0), 150 mM NaCl, 10 mM DTT, and 5% glycerol. After 30 min on ice, reactions were analyzed
by gel electrophoresis on 6% acrylamide gels in 0.5x Tris-borate—ethylenediaminetetraacetic acid buffer. Gels were dried
and imaged on a Typhoon phosphorimager (GE Life Sciences).

protection and telomere homeostasis.>'* Sub-
complexes have been identified that consist of
only three to five of the shelterin components.'*'®
The multimerization state may be important for
conducting interactions with enzymes functioning
at the telomere. For example, the binding of one
shelterin protein (TIN2) has been shown to protect
another member of the shelterin complex, TRF1,
from selective ubiquitination.'”

It is proposed that telomere length in the yeast
Saccharomyces cerevisiae is regulated by the number
of Raplp proteins coating the double-stranded,
telomeric DNA.'® In such a protein-counting mech-
anism, a greater number of Raplp molecules
stabilize the formation of a compact structure that
prevents access of telomerase, the ribonucleoprotein
enzyme that synthesizes telomeric DNA. As telo-
mere length increases, more Raplp molecules coat
the telomeric DNA, and telomerase activity is
inhibited. A similar counting mechanism has been
proposed in mammals, where the number of TRF1
and TRF2 proteins regulates the length of the
double-stranded region of telomeres.!??* How the

length of the single-stranded region of the telomere
is regulated and whether it is coated by multiple
telomeric proteins are less clear. TPP1 (formerly
named PTOP/PIP1/TINT1?""?%) heterodimerizes
with POT1 and binds the single-stranded 3’ over-
hang of human telomeres.”* The in vivo stoichiom-
etry of POT1-TPP1 (50-100 copies per telomere) is
potentially more than enough to coat the single-
stranded DNA (ssDNA),* although such coating
has not been previously demonstrated.

Information regarding the role of the POT1-TPP1
heterodimer in telomere extension and protection
indicates a fascinating balance of function. One role
of TPP1 is to recruit telomerase to its natural
substrate, the telomere.’*?” In addition, the POT1-
TPP1 heterodimer stimulates the processivity of
telomerase, at least in vitro.”**® In a second opposing
role, the POT1-TPP1 heterodimer binds single-
stranded, telomeric DNA and shields it from
degradation, repair, and recombination.* !

Multiple splicing variants of human POT1 have
been identified in vivo.'"** The primary products of
the splicing variants are the full-length protein and a
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truncated isoform, representing only the N-terminal
half of the protein. Both isoforms bind single-
stranded, telomeric DNA. The crystal structure of
the truncated version of POT1, referred to here as
POTI1-N, has been solved at atomic resolution in
complex with a telomeric decanucleotide.®> This
structure reveals the basis for the sequence specific-
ity of POT1 for telomeric DNA. The C-terminal
portion of full-length POT1 is important for coordi-
nating protein—protein interactions with TPP1 and
other members of the shelterin complex.'>** Struc-
tural information regarding TPP1 is currently
limited to the oligosaccharide—oligonucleotide bind-
ing fold domain (residues 90-250 of 544) of the
protein.”* While TPP1 by itself does not interact with
ssDNA, the POT1-TPP1 heterodimer exhibits an
approximate 10-fold increase in affinity compared to
POTT1 alone.***® Our studies use a truncated version
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of TPP1 (89-334) that maintains both its POT1- and
telomerase-interacting domains and therefore re-
tains its protective and recruitment properties,
respectively. We refer to the truncated TPP1 simply
as TPP1 throughout this study.

The minimal DNA bound with high affinity by a
single human POT1 protein in vitro is 9 or 10 nt, with
the sequence 5'-TTAGGGTTAG-3"."*?% POT1 binds
short oligonucleotides (<2 telomere hexameric re-
peats, 12 nt) with higher affinity when the telomeric
sequence resides at the 3’ terminus of the oligonu-
cleotide substrate.'>**?* The inclusion of TPP1
increases the affinity for the dodecamer telomere
sequence, even in the presence of a 3’ non-telomeric
extension up to 4 nt.** Whether multiple human
POT1 binding events are cooperative and what
TPP1 contributes to POT1 binding to long strands of
telomeric DNA have not been reported.

Previous studies of POT1 binding focused on
DNA substrates containing a small number of
telomeric repeats, but within human cells, the
single-stranded telomeric DNA is 50-300 nt. We
therefore characterized telomere protein assembly
on long ssDNAs containing multiple POT1 binding
sites. Electrophoretic mobility shift assay (EMSA)
data indicated that these longer oligonucleotides
could be successively bound by POT1-N until the
binding sites were saturated (Fig. 1). The EMSAs
suggest that, at suitable ratios of protein-DNA
binding sites, POT1-N molecules bind consecutively
to every two hexameric DNA repeats. Full-length

Fig. 2. EMSAs of POT1-N (a), POT1 (b), and POT1-
TPP1 (c and d) binding to a 72-mer telomeric DNA
substrate. Gel shifts were performed essentially as
described in Fig. 1. Briefly, 200 nM DNA solution
(containing ~4% 5'-32P-labeled DNA) was incubated
with increasing concentrations of protein for 15 min on
ice in 10 pL buffer containing 25 mM Hepes (pH 8.0),
150 mM NaCl, 5 mM DTT, and 5% glycerol. The protein
concentration in each reaction ranged from 0 to 6 uM in
1.2-uM increments. POT1 and POT1-N were expressed as
glutathione S-transferase fusion proteins in baculovirus-
infected insect cells as previously described.”® TPP1(89-
334) was expressed with an N-terminal 6xHis tag. POT1-
TPP1 heterodimers were purified after co-expression in
insect cells using both affinity tags and size-exclusion
chromatography. After incubation, the protein-DNA
complexes were subject to electrophoresis in a non-
denaturing polyacrylamide gel and dried. In (a) to (d),
line markers on the left side of gel indicate one, two, three,
four, five, or six proteins bound to the DNA; arrow
indicates position of wells. (e) The relative abundance of
each complex was quantified using a Typhoon Imager (GE
Life Sciences) and the ImageQuant TL software (GE Life
Sciences). For quantification, the number of counts
representing ssDNA forming the specific complex with
six proteins was divided by the total number of counts in
each lane (including the aggregates) and plotted as a
percentage.
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POT1 demonstrated similar binding properties on
long tracts of ssDNA (Fig. 2). The observation of
sequential loading of POT1 to give intermediate
complexes also indicates little, if any, cooperativity
in multiple binding events.

Additional gel shift experiments were used to
monitor the binding of POT1-N (Fig. 2a) and full-
length POT1 (Fig. 2b) to a 72-nt telomeric DNA
substrate. When a molar ratio of 0.5 POT1-N
molecules per POT1 binding site on the ssDNA
was used (Fig. 2a, lane 2), a clear ladder was seen,
indicating one to six POT1-N molecules loaded onto
the ssDNA substrate. At increasing concentrations,
POTI1-N largely saturated the 72-nt substrate with
the maximum six POT1-N proteins per ssDNA
molecule. Full-length POT1 exhibits binding affini-
ties for a 10- to 12-nt ssDNA substrate with a single
POT1 binding site that are similar to that of POT1-N.
At molar ratios of POT1 to DNA binding site up to
2:1, we observed efficient formation of a specific
complex corresponding to six POT1 proteins per
72-mer. However, at higher protein concentrations,
the POT1-ssDNA complexes began to aggregate
and were no longer able to enter the non-
denaturing gels (Fig. 2b, lanes 6-11).

We reasoned that TPP1, which binds to the
C-terminal domain of POT1,”** might facilitate
proper folding and solubility of telomeric DNA-
protein complexes. Indeed, the presence of TPP1
(Fig. 2c) prevented aggregation of the complex so
that it now entered the non-denaturing gel, even at
5x molar excess of the POT1-TPP1 heterodimer over
POT1 binding sites on the ssDNA substrate. This
phenomenon was also observed when TPP1 was
added to the reaction mixture after 15 min of POT1-
ssDNA incubation (Fig. 2d). At stoichiometric
concentrations of POT1-TPP1 to POT1 binding
sites on the ssDNA substrate, approximately 85%
of the ssDNA molecules were fully saturated with
six POT1-TPP1 heterodimers bound (Fig. 2c, lane 3;
Fig. 2e). Surprisingly, even at higher molar excess of
POT1-TPP1, the ssDNA was never completely
saturated by the heterodimer. This observation
was in contrast to POT1-N alone, which was able
to saturate the DNA substrate entirely (Fig. 2a). We
speculate that the discrepancy between POT1-N and
POT1-TPP1 saturations may be due to a higher
affinity for DNA by the heterodimer, which would
limit its ability to rearrange and optimize its
interactions with the DNA substrate (see below).

It has been reported that the binding constant of
POT1 with a 12-nt telomeric substrate increases
9-fold with the addition of TPP1 (K3=63 nM for
POT1 versus 7 nM for POT1-TPP1).>#*° We found a
similar situation with the 72-mer telomeric sub-
strate, with the POT1-TPP1 heterodimer binding at
lower protein concentrations than full-length POT1
or POT1-N alone (Fig. 2e). When POT1 and TPP1
were added sequentially, with a 15-min delay, more

protein was needed to reach maximum binding (Fig.
2e). We attribute this observation to the fact that full-
length POT1 appears to aggregate and thus inhibits
POT1-ssDNA binding interactions. While this ad-
verse effect is fully reversible upon the addition of
TPP1, more TPP1 is required presumably to disrupt
aberrant POT1-POT1 aggregations and facilitate
proper complex formation. These data support the
conclusion that TPP1 assists in proper folding of the
C-terminal domain of POT1, thus preventing aggre-
gation and enhancing the ability of POT1 to coat
long single-stranded telomeric tracts.
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Fig. 3. Gel-filtration chromatography of telomeric
complexes. (a) Characterization of a reconstituted telo-
meric complex. Size-exclusion chromatography reveals a
sharp peak at 1.3 mL representing a complex of 132-mer
DNA coated with 11 POT1-TPP1 heterodimers. The
smaller peak (1.8 mL) represents excess POT1-TPP1
heterodimer. (b) Chromatogram of 132-mer telomeric
DNA alone. Telomeric complexes were assembled by
combining telomeric ssDNA with purified, recombinant
POT1-N, POT1, or POT1-TPP1 heterodimer. Reactions
(30 uL), containing 160 nM DNA and protein at a 2x molar
excess to POT1 binding sites on the ssDNA substrate, were
incubated for 15 min on ice and then separated on a
Superose 6 PC 3.2/30 chromatography column using a
SMART system (Pharmacia). Approximately 20 pL was
injected on the SMART system, and 25-uL fractions were
collected.
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Fig. 4. Negative-stain EM of telomeric complexes. (a) A typical micrograph of telomeric complexes assembled from
144-nt telomeric DNA saturated with 12 POT1-TPP1 heterodimers. The particles are globular in shape and monodisperse
on the grid. The scale bar represents 100 nm. (b) Two-dimensional class averages of the 144-nt POT1-TPP1 telomeric
complexes. The purified complexes were brought to a final concentration of approximately 50 ug/mL in 25 mM Hepes,
pH 8.0, and 150 mM NaCl Grids were prepared using the sandwich method* and stained in 0.75% uranyl formate as
described previously.*® Micrographs were recorded on a 4Kx4K Gatan CCD camera with a Tecnai F20 electron
microscope operating at an accelerating Voltage of 200 keV and a magnification of 39,000x. Pixel sizes, after binning, were

552 A per pixel on the object scale. All image processing was performed with the SPIDER software.”

A total of 3664

particles were picked and classified into 57 class averages using reference-free alignment and K-means classification
procedures. Class averages are windowed in boxes with 440 A x440 A dimensions.

The increased affinity of POT1-TPP1 for DNA
may explain why it only saturates about 85% of the
DNA molecules, whereas POT1-N is capable of
saturating 100% of the POT1 binding sites. POT1-N
might be able to dissociate and rebind or may slide
along the substrate to insure that consecutive POT1
molecules bind every 12 nt on the DNA. Conversely,
the tighter-binding POT1-TPP1 heterodimer may
not slide along the DNA and thus would be unable
to accommodate additional POT1-TPP1 dimers at
increasing stoichiometries. Unexpectedly, a small
percentage of 72-mer telomeric DNA never bound
more than one or two POT1-TPP1 dimers (see lower
bands, Fig. 2c). This observation indicates that as
few as one POT1-TPP1 heterodimer is capable of
interacting with a long piece of DNA and affects
subsequent binding events, possibly by looping the
DNA into unique structures that reduce the acces-
sibility of the remaining POT1 binding sites.

We next characterized the POT1-TPP1-ssDNA
complexes using size-exclusion chromatography. To
assemble nucleoprotein complexes, we incubated a
2-fold molar excess of highly purified, recombinant
POT1-TPP1 with ssDNA containing 72, 120, 132, or
144 nt. Each assembled telomeric complex eluted
from the gel-filtration column as a sharp peak,
indicative of a homogenous population (sample
data for the 132-mer shown in Fig. 3a). In contrast,
the free ssDNA eluted as a broad peak (Fig. 3b). In
the chromatogram of the POT1-TPP1 assembled
complexes, a smaller peak representing excess
POT1-TPP1 heterodimer follows the peak repre-

senting the complex. The OD,4p:0D,g ratios of the
two peaks are consistent with the larger faster-
eluting complex containing DNA. The slower-
eluting peak represents protein only and therefore
possesses a lower ODygp:OD,gy ratio. Whereas a
small percentage of complexes (<15% total)
appeared to be less than saturated in the EMSA
analysis, there was no indication of smaller com-
plexes in the size-exclusion chromatograms. This is
likely due to the relative abundance of any one sub-
complex being too low for detection in our
experiments.

Multiple complexes were assembled using dif-
ferent lengths of DNA and saturated with either
POT1-N or POT1-TPP1 heterodimer. Complexes
assembled with 72-nt, 132-nt, and 144-nt telomeric
DNA substrates and proposed to contain 6, 11, and
12 telomere proteins, respectively, were analyzed
using gel filtration. The peak representing the
telomeric complex eluted at different volumes in
the chromatogram (Supplemental Fig. 1). The total
mass of complexes ranged from ~250 kDa for a
complex consisting of a 72-mer DNA coated with
six POT1-N proteins up to ~1.2 MDa for a complex
composed of 144-nt telomeric DNA coated with 12
POT1-TPP1 dimers. Calibration of the gel-filtration
column using molecular weight standards revealed
that the telomeric complexes eluted at volumes
corresponding to the predicted molecular masses.

Next we used electron microscopy (EM) to
visualize assembled telomeric complexes consisting
of 12 POT1-TPP1 heterodimers bound to a 144-mer
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ssDNA substrate. Complexes were assembled,
purified using gel filtration, and then stained in
uranyl formate. The predominant species observed
in the electron micrographs were globular mono-
disperse particles measuring approximately 230 A in
diameter (Fig. 4a). To improve the signal-to-noise
ratio and, thus, the interpretability of the imaged
complexes, we classified the particles into two-
dimensional averages (Fig. 4b). All class averages
presented a similar shape consisting of compact
globular structures with cavities or pits throughout
the structures. In each of the two-dimensional class
averages, the pits are arranged in a criss-crossing
pattern. The pattern visualized within the class
averages is consistent with the string of telomeric
DNA, coated by POT1-TPP1 dimers, folding into an
ordered assembly.

Although similar in size and general shape, the
various class averages exhibited some differences,
which likely reflect limited compositional heteroge-
neity (as seen with the 72-mer in Fig. 2), and other
differences that could be due to orientational or
conformational heterogeneity. It is also possible that
the telomeric complex projections have slightly
different structures due to distortions from adsorp-
tion onto the EM grid or alterations from the
negative stain. For example, some of the particles
may be irregularly compressed due to staining in a
sandwich of two carbon films, which has been noted
previously with this technique.”® Nonetheless, the
images and two-dimensional class averages
obtained by EM indicate that the telomeric com-
plexes form compact globular structures. The direct
visualization, combined with characterization of the
complexes using gel filtration and gel shifts, in-
dicates that POT1-TPP1 heterodimers coat single-
stranded, telomeric DNA to form complexes that
appear to have specific, ordered structures. We note
that POT1-N saturating a 132-nt telomeric oligonu-
cleotide also revealed a compact structure by EM
(data not shown).

Implications for telomere maintenance

The primary role of telomeres is to cap and protect
the ends of chromosomes from degradation and
repair pathways. If left exposed, the telomeric
ssDNA overhang at the extreme 3’ termini of
chromosomes would be susceptible to DNA repair
or end-to-end fusion events.3?> POT1 shields this
ssDNA from deleterious events by binding it in a
deep groove within two N-terminal oligosaccharide—
oligonucleotide binding folds,® and TPP1 in-
creases the affinity of this interaction.”* Our data
demonstrate that multiple POT1-TPP1 molecules
can coat a long ssDNA substrate and form
compact structures. These data suggest that the
individual POT1-TPP1 heterodimers may bend
and direct the telomeric DNA in a way that

compresses the ssDNA overhang into a compact
and ordered nucleoprotein complex.

There are several prior examples of telomeric
proteins influencing the overall structure of telo-
meric DNA. TRF2 has been implicated in the
formation of large lariat loops called T-loops that
are thought to contribute to protecting telomeric
DNA.*® Later experiments revealed that TRF2 may
facilitate formation of T-loops by condensing and
supercoiling telomeric DNA.?* Human TRF1 homo-
dimers have been shown to bend long tracts of
double-stranded telomeric DNA, which may also
facilitate formation of T-loops.*’

Aside from the primary role in chromosome
protection and stability, another role of the telo-
mere-end binding proteins is to regulate telome-
rase. This regulation is often inhibitory, as the
deletion or truncation of many telomere-end bind-
ing proteins leads to longer telomeres.>**'~*> On the
other hand, telomere proteins have been shown to
stimulate telomerase activity by increasing enzyme
processivity and by recruiting the holoenzyme to
the 3’ end of the existing telomere.”****® Genetic
mutations have since localized G100 as a surface
amino acid of telomerase reverse transcriptase
(TERT) that is necessary for TPP1 interaction.**
Forming a compact structure at the 3’ ssDNA
overhang may offer the advantage that multiple
consecutively bound TPP1 molecules could more
efficiently recruit telomerase to the 3’ DNA sub-
strate. Alternatively, the compact structure may
represent a state that shields telomere DNA by
forming a protective “shell” around the ssDNA.

Conclusion

Our biochemical and structural data reveal that a
long single-stranded, telomeric DNA substrate can
be coated by multiple POT1-TPP1 heterodimers and
can adopt a compact, ordered structure. These
compact structures may be beneficial for protecting
the ssDNA, for regulating enzyme recruitment,
and/or for promoting telomerase processivity.

Supplementary materials related to this article can
be found online at doi:10.1016/j.jmb.2011.04.049

Acknowledgements

We thank Dr. Ming Lei (present address, Univer-
sity of Michigan) for his contributions to the early
stages of this project. We also thank Dr. Andy
Hoenger and the Boulder Lab for 3D Electron
Microscopy for use of the facilities. This work was
supported by National Institutes of Health Grant
GM28039 to T.R.C., National Institutes of Health


http://dx.doi.org/10.1016/j.jmb.2011.04.049

16

POT1-TPP1 Proteins Coat Telomeric ssSDNA

Grant CA127364 to D. ]J. Taatjes, and American
Cancer Society Grants IRG-91-022-15 and AHA-
11SDB5580010 to D. J. Taylor.

References

1. de Lange, T. (2009). How telomeres solve the end-
protection problem. Science, 326, 948-952.

2. deLange, T. (2005). Shelterin: the protein complex that
shapes and safeguards human telomeres. Genes Dev.
19, 2100-2110.

3. Abdallah, P., Luciano, P., Runge, K. W., Lisby, M.,
Geli, V., Gilson, E. & Teixeira, M. T. (2009). A two-step
model for senescence triggered by a single critically
short telomere. Nat. Cell Biol. 11, 988-993.

4. Khadaroo, B., T., M., Luciano, P., Eckert-Boulet, N.,
Germann, S. M., Simon, M. N. et al. (2009). The DNA
damage response at eroded telomeres and tethering to
the nuclear pore complex. Nat. Cell Biol. 11, 980-987.

5. Martinez, P., T., M., Carlos, A. R., Gémez-Lépez, G.,
Tejera, A. M., Schoeftner, S. et al. (2010). Mammalian
Rap1 controls telomere function and gene expression
through binding to telomeric and extratelomeric sites.
Nat. Cell Biol. 12, 733-735.

6. Moyzis, R. K., Buckingham, J. M., Cram, L. S., Dani,
M., Deaven, L. L., Jones, M. D. et al. (1988). A highly
conserved repetitive DNA sequence, (TTAGGG)n,
present at the telomeres of human chromosomes.
Proc. Natl Acad. Sci. USA, 85, 6622—6626.

7. Huffman, K. E., Levene, S. D., Tesmer, V. M., Shay,
J. W. & Wright, W. E. (2000). Telomere shortening is
proportional to the size of the G-rich telomeric 3’-
overhang. J. Biol. Chem. 275, 19719-19722.

8. Wright, W. E,, Tesmer, V. M., Huffman, K. E., Levene,
S. D. & Shay, J. W. (1997). Normal human chromo-
somes have long G-rich telomeric overhangs at one
end. Genes Dev. 11, 2801-2809.

9. Makarov, V. L., Hirose, Y. & Langmore, J. P. (1997).
Long G tails at both ends of human chromosomes
suggest a C strand degradation mechanism for
telomere shortening. Cell, 88, 657-666.

10. Broccoli, D., Smogorzewska, A., Chong, L. &
de Lange, T. (1997). Human telomeres contain two
distinct Myb-related proteins, TRF1 and TRF2. Nat.
Genet. 17, 231-235.

11. Baumann, P. & Cech, T. R. (2001). Potl, the putative
telomere end-binding protein in fission yeast and
humans. Science, 292, 1171-1175.

12. Lei, M., Baumann, P. & Cech, T. R. (2002). Cooperative
binding of single-stranded telomeric DNA by the Pot1
protein of Schizosaccharomyces pombe. Biochemistry, 41,
14560-14568.

13. Loayza, D., Parsons, H., Donigian, J., Hoke, K. &
de Lange, T. (2004). DNA binding features of human
POT1: a nonamer 5-TAGGGTTAG-3’ minimal bind-
ing site, sequence specificity, and internal binding to
multimeric sites. J. Biol. Chem. 279, 13241-13248.

14. Liu, D., O'Connor, M. S., Qin, J. & Songyang, Z. (2004).
Telosome, a mammalian telomere-associated complex
formed by multiple telomeric proteins. J. Biol. Chem.
279, 51338-51342.

15. O'Connor, M. S., Safari, A., Xin, H.,, Liu, D. &
Songyang, Z. (2006). A critical role for TPP1 and

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

TIN2 interaction in high-order telomeric complex
assembly. Proc. Natl Acad. Sci. USA, 103,
11874-11879.

Ye,J. Z., Donigian, J. R., van Overbeek, M., Loayza, D.,
Luo, Y., Krutchinsky, A. N. et al. (2004). TIN2 binds
TRF1 and TRE2 simultaneously and stabilizes the
TRF2 complex on telomeres. |. Biol. Chem. 279,
47264-47271.

Zeng, Z.,, Wang, W., Yang, Y., Chen, Y., Yang, X,
Diehl, J. A. et al. (2010). Structural basis of selective
ubiquitination of TRF1 by SCFFbx4. Dev. Cell, 18,
214-225.

Marcand, S., Gilson, E. & Shore, D. (1997). A protein-
counting mechanism for telomere length regulation in
yeast. Science, 275, 986-990.

van Steensel, B. & de Lange, T. (1997). Control of
telomere length by the human telomeric protein TRF1.
Nature, 385, 740-743.

Smogorzewska, A., van Steensel, B., Bianchi, A.,
Oelmann, S., Schaefer, M. R., Schnapp, G. & de
Lange, T. (2000). Control of human telomere length by
TRF1 and TRF2. Mol. Cell. Biol. 20, 1659-1668.
Houghtaling, B. R., Cuttonaro, L., Chang, W. & Smith,
S. (2004). A dynamic molecular link between the
telomere length regulator TRF1 and the chromosome
end protector TRF2. Curr. Biol. 14, 1621-1631.

Liu, D., Safari, A., O'Connor, M. S., Chan, D. W.,
Laegeler, A., Qin, J. & Songyang, Z. (2004). PTOP
interacts with POT1 and regulates its localization to
telomeres. Nat. Cell Biol. 6, 673-680.

Ye, J. Z., Hockemeyer, D., Krutchinsky, A. N., Loayza,
D., Hooper, S. M., Chait, B. T. & de Lange, T. (2004).
POT1-interacting protein PIP1: a telomere length
regulator that recruits POT1 to the TIN2/TRF1
complex. Genes Dev. 18, 1649-1654.

Wang, F., Podell, E. R., Zaug, A.]., Yang, Y., Baciu, P.,
Cech, T. R. & Lei, M. (2007). The POT1-TPP1 telomere
complex is a telomerase processivity factor. Nature,
445, 506-510.

Takai, K. K., Hooper, S., Blackwood, S., Gandhi, R. &
de Lange, T. (2010). In vivo stoichiometry of shelterin
components. . Biol. Chem. 285, 1457-1467.

Xin, H., Liu, D., Wan, M., Safari, A., Kim, H., Sun, W.
et al. (2007). TPP1 is a homologue of ciliate TEBP-beta
and interacts with POT1 to recruit telomerase. Nature,
445, 559-562.

Abreu, E., Aritonovska, E., Reichenbach, P., Cristofari,
G., Culp, B., Terns, R. M. et al. (2010). TIN2-tethered
TPP1 recruits human telomerase to telomeres in vivo.
Mol. Cell. Biol. 30, 2971-2982.

Latrick, C. M. & Cech, T. R. (2010). POT1-TPP1
enhances telomerase processivity by slowing primer
dissociation and aiding translocation. EMBO ]. 29,
924-933.

Kibe, T., Osawa, G. A., Keegan, C. E. & de Lange, T.
(2010). Telomere protection by TPP1 is mediated by
POT1a and POT1b. Mol. Cell. Biol. 30, 1059-1066.
Else, T., Theisen, B. K., Wu, Y., Hutz, ]. E., Keegan,
C. E.,, Hammer, G. D. & Ferguson, D. O. (2007). Tpp1/
Acd maintains genomic stability through a complex
role in telomere protection. Chromosome Res. 15,
1001-1013.

Hockemeyer, D., Palm, W., Else, T., Daniels, ]. P.,
Takai, K. K., Ye, J. Z. et al. (2007). Telomere protection



POT1-TPP1 Proteins Coat Telomeric ssDNA

17

32.

33.

34.

35.

36.

37.

by mammalian Potl requires interaction with Tppl.
Nat. Struct. Mol. Biol. 14, 754-761.

Baumann, P., Podell, E. & Cech, T. R. (2002). Human
Potl (protection of telomeres) protein: cytolocaliza-
tion, gene structure, and alternative splicing. Mol. Cell.
Biol. 22, 8079-8087.

Lei, M., Podell, E. R. & Cech, T. R. (2004). Structure of
human POT1 bound to telomeric single-stranded DNA
provides a model for chromosome end-protection. Nat.
Struct. Mol. Biol. 11, 1223-1229.

Loayza, D. & De Lange, T. (2003). POT1 as a terminal
transducer of TRF1 telomere length control. Nature,
423, 1013-1018.

Valentine, R. C., Shapiro, B. M. & Stadtman, E. R.
(1968). Regulation of glutamine synthetase. XII
Electron microscopy of the enzyme from Escherichia
coli. Biochemistry, 7, 2143-2152.

Ohi, M., Li, Y., Cheng, Y. & Walz, T. (2004). Negative
staining and image classification—powerful tools in
modern electron microscopy. Biol. Proced. Online, 6,
23-34.

Frank, J., Radermacher, M., Penczek, P., Zhu, J., Li, Y.,
Ladjadj, M. & Leith, A. (1996). SPIDER and WEB:
processing and visualization of images in 3D electron
microscopy and related fields. |. Struct. Biol. 116,
190-199.

39.

40.

41.

42.

43.

44.

. Griffith, J. D., Comeau, L., Rosenfield, S., Stansel,

R. M., Bianchi, A., Moss, H. & de Lange, T. (1999).
Mammalian telomeres end in a large duplex loop. Cell,
97, 503-514.

Amiard, S., Doudeau, M., Pinte, S., Poulet, A., Lenain,
C., Faivre-Moskalenko, C. et al. (2007). A topological
mechanism for TRF2-enhanced strand invasion. Nat.
Struct. Mol. Biol. 14, 147-154.

Bianchi, A., Smith, S., Chong, L., Elias, P. & de Lange,
T. (1997). TRF1 is a dimer and bends telomeric DNA.
EMBO ]. 16, 1785-1794.

Hockemeyer, D., Daniels, ]. P., Takai, H. & de Lange,
T. (2006). Recent expansion of the telomeric complex
in rodents: two distinct POT1 proteins protect mouse
telomeres. Cell, 126, 63-77.

Wu, L., Multani, A. S., He, H., Cosme-Blanco, W.,
Deng, Y., Deng, J. M. et al. (2006). Potl deficiency
initiates DNA damage checkpoint activation and
aberrant homologous recombination at telomeres.
Cell, 126, 49-62.

Kim, S. H., Kaminker, P. & Campisi, J. (1999). TIN2, a
new regulator of telomere length in human cells. Nat.
Genet. 23, 405-412.

Zaug, A.]., Podell, E. R., Nandakumar, J. & Cech, T. R.
(2010). Functional interaction between telomere pro-
tein TPP1 and telomerase. Genes Dev. 24, 613-622.



