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ABSTRACT. Telomere end binding proteins from diverse organisms use various forms of an ancient protein
structure to recognize and bind with single-strand DNA found at the ends of telomeres. To further understand
the biochemistry and evolution of these proteins, we have characterized the DNA binding properties of
the telomere end binding protein froEuplotes crassu$EcTEBP). ECTEBP and its predicted amino-
terminal DNA-binding domain, ECTEBP-N, were expresselscherichia coliand purified. Each protein
formed stoichiometric (1:1) complexes with single-strand DNA oligos derived from the precisely defined
d(TTTTGGGGTTTTGG) sequence found at DNA terminikuplotes Dissociation constants for DNA
EcTEBP and DNAECTEBP-N complexes were comparablé,-—pna = 38 £ 2 nM for the full-length

protein andKp-pna = 60 £+ 4 nM for the N-terminal domain, indicating that the N-terminal domain
retains a high affinity for DNA even in the absence of potentially stabilizing moieties located in the
C-terminal domain. Rate constants for DNA association and DNA dissociation corroborated a slightly
improved DNA binding performance for the full-length protekla € 45+ 4 uM~1s71, kg = 0.10+ 0.02

s relative to that of the N-terminal domaiky(= 18 £ 1 uM~1s71, kg = 0.15+ 0.01 s'%). Equilibrium
dissociation constants measured for sequence permutations of the telomere repeat spanned the range of
55—-1400 nM, with ECTEBP and EcCTEBP-N binding most tightly to d(TTGGGGTTTTGG), the sequence
corresponding to that of mature DNA termini. Additionally, competition experiments showed that ECTEBP
recognizes and binds the telomere-derived 14-nucleotide DNA in preference to shotiacétion variants.
Compared with the results for multisubunit complexes assembled with telomere single-strand DNA from
Oxytricha naa, our results highlight the relative simplicity of the crassussystem where a telomere

end binding protein has biochemical properties indicating one protein subunit caps the single-strand DNA.

Chromosomes in eukaryotes are typically capped by copies of a protein folding motif called the oligonucleotide/
specialized nucleoprotein structures called telomeres thatoligosaccharide/oligopeptide binding fold (OB fold) that was
protect DNA ends and distinguish natural ends from breaks first described by Murzin for nontelomeric proteins, including
caused by DNA damage. Telomere DNA consists of multiple the single-strand DNA binding protein from filamentous
tandem repeats of a short sequence such as TTGGGG imphage {8, 19). X-ray and NMR structures of the telomere-
Tetrahymena thermophil@), TTTTGGGG in spirotrichs3), associated OB fold-containing proteins in complex with
and TTAGGG in vertebrates, molds, and fundgi—@; telomere-derived DNA fragments revealed the use of OB
reviewed in re®). The T- and G-rich strand terminates with  folds in establishing sequence-specific contacts with DNA
a 3-OH group and is longer than its complementary A- and (20—23). In the case of theo telomere protein from
C-rich strand 2, 10, 11). Consequently, a conserved feature Oxytricha naa (Sterkiella n@a), an OB fold is also used
of telomere ends is a stretch of single-strand DNA. to establish proteinprotein interactions with a second

Telomere single-strand DNA binds with telomere end Protein subunit required for high-affinity DNA binding@,
binding proteins such as CDC13 in budding ye&g},(POT1 24, 29).
found in a broad spectrum of organisms, including fission  Ciliated protozoa such &. naa and Euplotes crassus
yeast, plants, and vertebratek3), and telomere binding  (Moneuplotes crassyisiave a remarkable genome structure
proteins from ciliates{4—16). Deletion of the gene encoding ~ With large and transcriptionally silent diploid chromosomes
POTL1 in fission yeastl@) and RNA interference studies in  located in germ-line micronuclei and small gene-sized pieces
Stylonychia lemnagl7) showed that these telomere-specific 0f DNA that are amplified to high copy numbers in
proteins are essential for cell viability and normal telomere macronuclei 26—28). Each end of the macronuclear DNA
function. Related by a low level of similarity in amino acid is capped by a precisely defined short telomere repeat

sequence, members of this family each contain one or moresequence and &-8rminal single-strand DNA, also precisely
defined in length and sequence, that binds with one or two
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telomere end binding proteins. M. nova, the single-strand
DNA forms a ternary complex with one subunit and one

"B subunit @0, 24, 29, 30). This DNA can also bind one or

two o subunits in the absence 6124, 31, 32). In E. crassus
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Ficure 1: Telomere proteins and telomere protein homologues
from ciliates. A dendrogram shows phylogenetic relationships

among telomere end binding proteins and homologues from ciliates.

The presence of & telomere protein in theOxytricha and
Stylonychisspecies is indicated with/a EuplotesandTetrahymena
do not have & homologue but may use another protein in place
of 3. The possibility of a nonhomologous analogugs$ indicated
with an italic b next to ECTEBP, EcRTP, and Tt(40.m00237).

Bootstrap support for branches is indicated for most parsimonious,

maximum likelihood (double dagger) and neighbor joining analyses
(section mark).

the single-strand DNA forms a complex with a telomere end

binding protein 83, 34) and may also interact with a second

telomere protein homologue during DNA syntheSs, 36).
Figure 1 shows a phylogenetic relationship deduced from

amino acid sequences of the ciliate telomere end binding

proteins and telomere binding protein homologues. The

dendrogram agrees with those inferred from more complete

analyses of actin and ribosomal RNA geng&g{39) in that
the E. crassudineage is deeply branched relative to that of
the Oxytricha and Stylonychiaspecies. Given the large
evolutionary distance separatiri® noa and E. crassus
comparison of their telomere end binding proteins should
enable a deeper understanding of the evolution of this
important protein and provide insight into common themes
and diversity for the biochemistry of protecting telomere
single-strand DNA.

Differences betwee®. nava andE. crassusndicate their
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to that provided bys may exist in Euplotes and this
possibility of a8 analogue is indicated with an italic b in
Figure 1.

As with nucleoprotein complexes i®. nawa (14, 16),
telomere-associated proteinkn crassugprotects DNA from
nucleases and remains attached to DNA even at high salt
concentrations33). E. crassugienes encoding a basic 446-
amino acid telomere protein and an acidic 460-amino acid
telomere protein homologue were identified on the basis of
sequence similarity with a gene for tle naa o telomere
protein @0). The 460-amino acid telomere protein homo-
logue (ECRTP in Figure 1) is transiently expressed coincident
with DNA synthesis and is thought to be involved with
telomere replication3b). The 446-amino acid protein studied
here (ECTEBP in Figure 1) associates tightly with telomere
DNA, and previous characterization of its DNA binding
properties suggested that this protein plays an important role
in establishing the precise length of telomere DNAEN
crassus(34).

We have cloned expression vectors encodindetherassus
telomere end binding protein (ECTEBP) and its predicted
N-terminal DNA-binding domain (EcTEBP-N) that enabled
purification of milligram quantities of both full-length and
truncated forms of the protein. The DNA binding properties
of recombinant ECTEBP and EcTEBP-N were, to some
degree, similar to those observed previously for the protein
isolated directly fromE. crassus(34). Because of the
improved yield and solubility of the bacterially expressed
proteins, we could for the first time determine binding
stoichiometries, equilibrium dissociation constants, and
kinetic rate constants and further evaluate how DNA length
and sequence register relate to DNA binding affinity. The
DNA binding properties measured here are consistent with
the idea proposed earli€4) that the telomere end binding
protein plays a critical role in determining an exact length
and sequence for the single-strand extension terminating
DNA molecules inEuplotes(41, 42). Compared with those
for multiprotein complexes assembled with telomere single-
strand DNA inO. nava, our results highlight the relative
simplicity of theE. crassusystem in which a single telomere
end binding protein caps the single-strand DNA.

telomeres, although related, may adopt substantially differentpmATERIALS AND METHODS

structures. Both of these ciliated protozoa use a,@{r

telomere repeat sequence, but DNA length is species-specific. Amino Acid Sequence Alignment and Phylogenetic Analy-

Double-strand telomere DNA consists of 20 bgdrytricha
and 28 bp irEuplotes2). Single-strand, 'terminal telomere
DNA comprises 16 nucleotides, two full repeatsQrytricha
and 14 nucleotides, d(TTTTGGGGTTTTGG),Huploteq(2).

sis.Amino acid sequences were aligned using the multiple-
sequence option ALUSTAL X(43). The crystal structure
of theO. nava a. telomere proteinZ0, 44) provided a context
relevant for interpretation of this sequence alignment and

Possibly related to these DNA length differences, telomere guided modest repositioning of three gaps for relocation of

protein composition is also distinct. A homologue for the
O. nava 3 protein has not been found B crassug40) or,
for that matter, in many other organisms, includifig
thermophila yeast, plants, and vertebrates, even though
proteins that are similar to the DNA-binding portions of the

these at connecting loops as opposed to core regions of the
protein. The aligned sequences may be inspected in Figure
S1 of the Supporting Information. The tree shown in Figure
1 was tested with bootstrap simulations using maximum
likelihood, neighbor joining, and most parsimonious analyses

O. naa o protein in sequence and structure appear to be implemented irPHYLIP (45).

widespread 13, 40). The current view holds that and
telomere proteins work cooperatively to cap telomeres in
Oxytricha and Stylonychiaspecies 17, 20, 24, 25), while

an a-like protein works more independently to protect
telomere single-strand DNA iEuplotes(33). Of course, a
completely unrelated protein that serves a function similar

Cloning, Expression, and Purification of Proteii3NAs
encoding full-length ECTEBRs (446 amino acids) and two
forms of its N-terminal domain, ECTEBP,B} (288 amino
acids) and ECTEBP-No (300 amino acids), were prepared
by PCR, digested with restriction enzymes, and ligated with
pET9a (Novagen) vector DNA. The resulting expression
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vectors were propagated in Dblpand the inserted DNAs For pairwise competition experiments, conditions were
were verified by sequencing. slightly different. In these binding reactions, protein and

For expression of protein, BL21(DE3) bacteria harboring Unmodified DNAs were preincubated for 90 min prior to
the pLysS plasmid were transformed with expression vector addition of CyS-modified DNA. Reactions continued to
DNA, and transformants were selected using /AgimL equilibrate fo 4 h before analysis by electrophoresis. During
chloramphenicol and 40g/mL kanamycin. Single-colony the final equilibration phase, the concentrations of each
inoculums were grown until they were cloudy and then Macromolecule were as follows: ;@ ECTEBP, 2uM Cy5-
subcultured into three 750 mL volumes of either LB or d(TTTTGGGGTTTTGG), and differing levels of unmodified
2x YT medium supplemented with 5 mM glucose, 30 mM DNA which ranged from 0.5 to 200M. At the higher DNA
potassium phosphate (pH 7.8), and antibiotics. These 750and protein concentrations employed for these pairwise
mL cultures were contained in 2-L baffle flasks and grown COmMPpetition experiments, the complex was less susceptible
at 37°C with shaking at 200 rpm. When the optical density 0 dls_somatl_on during elec_trophore5|s as indicated by control
at 600 nm reached 1.2, cultures were slowly cooled to 16 réactions with no competitor DNA.
°C before induction with 0.5 mM IPTG. After continued Equilibrium Analytical UltracentrifugationEcTEBP and
incubation for 20 h at 18C, bacterial cells were harvested its complex with Cy5-d(TTTTGGGGTTTTGG) were ex-
and combined by centrifugation. Cell extracts were preparedchanged into binding buffer [0.15 M sodium chloride and
by one freezethaw cycle followed by sonication. 0.05 M Tris (pH 7.5)] by gel filtration chromatography.

Proteins were purified using the same procedures describeds‘.”Imples were Ioadgd into .ceIIs fitted with qua}rtz or sapphire
for the 0. nava telomere end binding protein subunit 20) windows and centrifuged in a Beckman Optima XL-I ana-

and engineered alphdeta fusion protein®2§). Briefly, this lgt'r(.:r?l ?At;i%er;gg%gfiﬁes:mglr'er?]evr\:?rgarg'(::P;?Jlgsg);r:cgenscans
involved ammonium sulfate precipitation, two sequential urng u Xper ' '

cation-exchange chromatography steps (SP-Sepharose anjy©'® obtained using incident light qt 280 nm, 0.001 cm step
Mono-S), and a size-exlusion chromatography step (Super_mcrements, at rotation speeds ranging from 20 OQO to 25 000
dex-75). All purification steps were carried out at°@. rpm. E"’.‘Ch scan was the average .Of 10 r'e'pllcas. In the
Enriched fractions were identified by SBBolyacrylamide calculation of_model curves, the partial specific volumg (
electrophoresis. Protein solutions were concentrated tomc each protein or_proteiﬁDNA cor_nplex was set at 9'737
~10 mg/mL and stored on ice. Detergents were avoided ato"n thg basis of es.t|m.ates from amino acid composition. The
all steps during cell extraction and protein purification. density of the binding bufferp) was 1.0044 g/mL as

} ) o determined experimentally.

DNA. QI|gonuclegUdesCyS-'IabeIed, b|ot|n-tag_ged, and Data from multiple absorbance scans were simultaneously
unr_nodlfled DNA ollgonucleo_tldes were synthe5|z¢(_j by the analyzed by a program written @ (M.P.H.) that employs
University of Utah DNA/Protein Core Research Facility. Cy5 5 honiinear least-squares algorithm to optimize parameters
and biotin modifications were attached to theebd of for molecular weightM, andA, in eq 1
oligonucleotides so that these telomere-derived fragments '
would retain a 30H group as found in authentic single- A, _
strand telomere DNA. Oligonucleotides were purified by = caculaed
reverse-phase HPLC in both a trityl group-protected form Asiiser T Ao EXPM(L — vp)?(r® — r,2)/(2RT)] (1)
and following removal of trityl groups. For HPLC purifica-
tion, acetonitrile gradients were developed over a butyl whereRis 8.3145x 107 erg mol* K. TheAgsiset parameter
10 mm x 250 mm semipreparative column (Vydac) with accounted for small5%) absorbance discrepancies in the
buffer A containing 20 mM triethylamine ammonium acetate reference buffer and dilution buffer. Removal of this
(TEAA) (pH 6) and buffer B containing 20% (v/v) 20 mM  parameter did not change the main conclusion of the analysis,
TEAA (pH 6) and 80% (v/v) acetonitrile. Lyophilized DNA  that the 1:1 ECTEBPDNA complex does not oligomerize.
was washed repeatedly with water and relyophilized to  Uncertainties in the values of fitted parameters were
remove trace HPLC solvents. Pure DNA was suspended ingptained by a Monte Carlo bootstrap methd@)( Measured
solutions containing 5 mM Tris (pH 6) and 0.5 MM EDTA.  data were sampled with replacement to generate several
DNA concentrations were determined from absorbance mea-simulation data sets in which any given data point from the
surements using extinction coefficients at 260 nm calculated original experiment was represented zero, one, two, and very
by the dinucleotide methodt6) or the extinction coefficient  rarely three times. Fitted parameter values were determined
of the Cy5 group at 648 nnedss = 250 000 Mt cm™). for each simulation data set to test how sensitive parameter

Mobility Shift Assay.Binding reaction mixtures were Vvalues are with respect to removal or duplication of randomly
prepared by combining 4 pmol of Cy5-d(TTTTGGGG- selected data points. The sample standard deviation of these
TTTTGG) with different amounts of ECTEBP or ECTEBP- parameter values is reported as the uncertainty. This method
N300 ranging from 0 to 500 pmol in 2@L volumes and gives a realistic estimate of uncertainty, comparable to the
allowing the samples to equilibraterft h atroom temper-  variance obtained in those cases where it is feasible to repeat
ature. The resulting free DNA and DN#protein species ~ an experiment several times in real life.
were separated by electrophoresis in an agareJAE gel Fluorescence Anisotropy TitratiodSNA and protein were
for 25 min at room temperature, 60 mA, and 70 V. Tests diluted in solutions of binding buffer containing 0.05 M Tris
with acrylamide gels proved this gel material is unsuitable adjusted to pH 7.5 and 0.15 M sodium chloride or lithium
since acrylamide quenched the Cy5 fluorescence signal.chloride. Sodium ions stabilize G-quartet DNA structures
Fluorescently labeled DNA was detected with a Typhoon that readily form for G-rich DNA. Use of lithium chloride
fluorescence imager (Amersham). in place of sodium chloride for some of the binding studies
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1 |2

ensured that results would not be confounded by intramo-
lecular or intermolecular DNA association reactions. In the

94 -
case of DNAs with a weak tendency to form G-quartet -
structures such as d(TTTTGGGGTTTTGG), binding con- gg: .
stants were the same when measured in sodium- or lithium- P

containing solutions.
Fluorescence anisotropy data were obtained at an ambient
temperature of approximately 28. Fluorescence anisotropy
titrations for 14-nucleotide Cy5-d(TTTTGGGGTTTTGG)
DNA were performed as previously describé&b)(using a

dedicated single-channel spectrofluorimeter fitted with polar- : ) )
. ! S . - of pure protein was loaded in each lane and detected by Coomassie
izing filters for incident and emitted light and a 20 nm band- gining™ The apparent molecular masses of EcTgBREnd

pass filter to minimize stray scattered light. DNA binding EcTEBP-Ngswere 52+ 2 and 32+ 2 kDa, respectively, in close
reaction mixtures for 12-nucleotide telomere repeat permuta-agreement with the values of 51.4 and 32.9 kDa, respectively,
tion DNAs were prepared in triplicate, and fluorescence calculated on the basis of amino acid sequence and confirmed by
anisotropy values were measured using a SpectraMax mij-Tass spectrometry.
:;r(;]tlter plzlate rehadfer (Moleculir D?‘V'Cﬁ) r‘]’\"th I?” |n(<j:|dfeént binding model comprising the pair of coupled differential
ight wave gngt 0 625 nm an (.am|tt.e ight collected after equations shown in egs 5a and 5b.
a 680 nm high-pass filter. The microtiter plate reader format
was less sensitive but enabled rapid measurement of all datad[pTN, J/dt = —k [PTN,,.J(DNA
. . . . . inned inne

ensuring comparable conditions. The signal-to-noise ratio
was enhanced through 10-fold signal averaging of multiple
readings.

Anisotropy measurements were analyzed with use of a

14 -

Ficure 2: SDS-polyacrylamide gel electrophoresis of the purified
E. crassugelomere end binding protein (lane 1) and its predicted
N-terminal DNA-binding domain (lane 2). Approximately 2@

total] -

[DNA-PTN]) + k,[DNA-PTN] +
kmass([PTNtotal] - [PTNinneJ) (5a)

program written inC (M.P.H.) to optimize parameters
describing the dissociation constakb(pna) and anisotropy
characterizing free DNA and the DNAprotein species. The
amounts of free protein, free DNA, and DN#rotein
complex that satisfied eqs-2 were found through numerical

d[DNA-PTNJ/ct = k[PTN, J(DNA ..] —
[DNA-PTN]) — k[DNA-PTN] (5b)

This two-compartment model provides a relatively simple
way of including diffusion and flow transport effects. In this

methods, an approach equivalent to solving the quadraticmodel, the rate constakt.ssdescribes movement of analyte
equation describing a two-state partition function but more from an “outer” compartment to an “inner” compartment
easily extended to other more complex syste?da. (Uncer- (48). In egs 5a and 5b, protein analyte contained within the
tainty in Kp—pna Was determined by a Monte Carlo bootstrap inner compartment, PTNe, binds DNA sites to form a
method as described above for the analysis of AUC data. DNA-PTN complex in a step described by the rate constant
ka (M~ s1). The DNA'PTN complex dissociates in a step

Ko-pna = [DNAg Jprotein;.J/[DNA —protein] (2)  described by the rate constakf (s%). These coupled
differential equations were integrated by numerical methods,
[DNA .ol = [DNA;.J + [DNA—protein]  (3) and values foks,, ky, and knasswere adjusted to minimize
the sum of least-squares residuals comparing the resulting
[protein,,l = [protein,.J + [DNA —protein] (4) computed curves with measured response curves.

Kinetics of DNA Association and DissociatioBNA RESULTS
binding and dissociation kinetics were analyzed with a  pyyification of ECTEBP and ECTEBP-Nhe full-length
BIACORE system in the Center for Biomolecular Interaction  tgjomere end binding protein froff. crassusEcTEBRus
Analysis. Biotin-d(TACATTTTGGGGTTTTGG) DNAwas  ang two versions of its predicted N-terminal domain,

captured on a CM4 sensor chip pre-immobilized with low- ECTEBP-Noo and ECTEBP-Ms! were expressed under
density levels of streptavidin. A total of seven response units -gntrol of a T7 promoter irEscherichia coli Obtaining

(RU) was associated with the sensor chip. Thésminal  rotein in a folded and soluble form required a carefully
d(TACA) nucleotides were necessary for obtaining a single ¢ontrolled culture temperature of 18 during protein
kinetic phase for DNA association and likely presented the jnqyction. Each protein was purified essentially to homoge-
telomere DNA in a manner that avoided steric effects close neity using ammonium sulfate precipitation, ion-exchange
to the surface of the chip. ECTEBR and ECTEBP-N-»s3 chromatography, and size-exclusion chromatography. During
proteins were diluted to starting concentrations of 100 nM ¢nhromatography, temperature continued to be an important
and further diluted to obtain protein solutions spanning-0.4 parameter, and it was necessary to carry out the ion-exchange
100 nM. Each protein solution was tested for DNA binding steps at £C to produce a reasonable yield of pure protein.
and release in triplicate. The dilution and running buffer was \yhen we started with 2.25 L of bacterial culture, 10 mg of
phosphate buffered saline adjusted to pH 7.4 with added pure ECTEBP and 18 mg of pure ECTEBP-N were obtained.

0.005% p20 (Biacore AB, Uppsala, Sweden) and 2 mg/mL Figyre 2 shows a Coomassie-stained SpSlyacrylamide
bovine serum albumin. The flow rate was@0'min. Signals

returned FO baseline durlng the dissociation phase so a 1 We will distinguish the full-length 446-amino acid protein from
regeneration wash was omitted. Data were collected at 25jts c-terminally truncated forms by indicating the carboxy-terminal
°C. Response curves were analyzed with a two-compartmentamino acid position in subscript.
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gel on which analysis 0f20 ug of pure ECTEBRs and A

EcTEBP-Ngs indicates the high level of quality of each ECTEBP,,, ECTEBP-N 4,

preparation. Each protein had the expected apparent molec- = = |l E

ular weight. Moreover, electrospray ionization mass spec- @ 141 o effh 141 &

trometry confirmed that each protein had been expressed and b s 85 S il

purified in an intact form with the initial f-Met residue

removed (data not shown). praes e
DNA—Protein Complex MolecularityTo determine the - pap— I

stoichiometry and molecularity for binding DNA, the DNA
protein complex was characterized with several methods,
including agarose gel electrophoresis, size-exclusion chro-

oo

matography, and analytical equilibrium ultracentrifugation g% g B8 & Standards (kDa)
(Figure 3). Pioneering work by Klobutcher and co-workers B Rt

(2) established that telomeres from mature macronuclei of I :

E. crassushave a 14-nucleotide, -3erminal, single-strand A Foky (3% ¢ SkDa)

DNA extension with a TTTTGGGGTTTTGG sequence.
Accordingly, we selected our telomere-derived DNA frag-

ments to contain this sequence and placed modifying groups
such as the Cy5 fluorophore at theesmd to retain the '3

. I DNA+protein (61 = 3 kDa)
OH group of authentic telomeres.

As monitored by agarose gel electrophoresis, titration of L : s .
fluorescently labeled Cy5-d(TTTTGGGGTTTTGG) with 5 10 15 20 25
increasing amounts of ECTEBP or ECTEBP-N shifted the RlUBON schesyie (e ]
position of the band corresponding with free DNA to a low-
mobility form, indicating formation of a DNAprotein
complex (Figure 3A). The concentration of DNA in this
experiment was close enough to the dissociation constant
that it is reasonable to expect titration end points at a slight
excess of protein relative to DNA. As is evident from
smeared bands at titration midpoints, there is a tendency for
protein and DNA to separate, possibly due to diffusion under .
the influence of an electric field. b ' i

When analyzed by size-exclusion chromatography, the 580 600 620 640 660 680 7.00
apparent molecular weights measured for the free protein e Ll
and its DNA—protein complex were consistent with mon- g re 3: Evaluation of formation of the DNAprotein complex
omeric ECTEBP and a DNAprotein complex with 1:1 by theE. crassugelomere end binding protein. (A) Agarose gel
molecularity (Figure 3B). Absorbance values measured at electrophoresis of fluorescently labeled Cy5-d(TTTTGGGGTTTTGG)
260, 280, and 648 nm also indicated equimolar amounts of DNA indicated formation of a DNA-protein complex. Free DNA

: ) : . traveled toward the anode (below the gel), and the Bigfotein
protein and Cy5-labeled oligonucleotide for the DNA complex favored with increasing protein levels traveled more slowly

protein species eluting as a single peak in the size-exclusionoward the cathode (above the gel). Enhanced fluorescence for the
chromatography experiment. Integrated absorbance intensitiesample just preceding complex formation is reproducible and may

were conserved, demonstrating that the complex was morereflect protection from solvent quenching. (B) Gel-filtration Su-
stable than its behavior in agarose gels would suggest andP€rdex-200 chromatography of ECTEBP, Cy5-labeled DNA, and a

S . . 1:1 mixture of protein and DNA showed elution volumes indicating
that there was no nuclease activity in our protein preparations. oo meric protein and a DNAprotein complex with 1:1 mo-

Representative data for multiple analytical ultracentrifu- |ecularity. Note that the protein’s chromatogram is depicted with a
gation experiments are shown in Figure 3C. Over-&3 2-fold more sensitive relative absorbance scale. (C) Representative
uM concentration range, recombinat crassustelomere radial scans obtained from analytical ultracentrifugation of the
binding protein remained monomeric and the molecular size PNA'ECTEBP complex at three different concentrations. Data

shown here, obtained at 24 000 rpm, were analyzed together with
measured for the DNAECTEBP complex was as expected a4 at other angular velocities to determine the molecular size of
for a 1:1 molecular complex (Table 1). These results togetherthe DNA—protein complex and of the protein alone (Table 1).
with size estimates from the gel-filtration experiments and Under all conditions that were tested, the protein behaved as a
observation of two DNA species in titrations monitored by monomer and complexes with the 14-nucleotide telomere-derived
agarose gel electrophoresis led us to the conclusion that oné?Y>-d(TTTTGGGGTTTTGG) DNA were of 1:1 molecularity.
molecule ofEuplotestelomere binding protein binds with a
molecule of TTTTGGGGTTTTGG DNA. anisotropy measures without separating these species. Con-

DNA Binding Performance Compared for ECTEBP and sequently, dissociation constants could be determined under
EcCTEBP-N.To evaluate and compare the DNA binding true equilibrium conditions with this method. We realize that
performance of ECTEBP and its N-terminal domain, dis- the Cy5 moeity may influence binding; however, two obser-
sociation constants were determined from binding titrations. vations indicate that this effect is small. (1) Unmodified DNA
In binding titrations, the relative amounts of free and and Cy5-labeled DNA behave as expected in competition
complexed forms of fluorescently labeled Cy5-d(TTTT- experiments, and (2) in the related telomere DN#otein
GGGGTTTTGG) DNA were inferred from fluorescence system fromO. nava, dissociation constants measured for

relative absorbance (280 nm)
—
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Table 1: Molecular Masses (daltons) Measured by Equilibrium
Sedimentation

equilibrium sedimentation calculated
ECTEBP 50 80Gt 400 51413.4
EcCTEBPDNA 56 100+ 30 56 292.8

aErrors are the sample standard deviations measured from Monte
Carlo bootstrap simulation8 Cy5-TTTTGGGGTTTTGG adds 4879.4
Da assuming a 1:1 DN+#rotein complex.

0.34 I I I I I

Anisotropy

10

100
[protein] (nM)

Ficure 4: Binding isotherms for theéE. crassustelomere end
binding protein and its N-terminal domain. Fluorescence anisotropy
is plotted as a function of ECTEBR (squares) and ECTEBPp
(circles) concentration. Similar results were obtained with a second
form of the N-terminal domain, ECTEBP3) (data not shown).

1000

Model curves represent the results of nonlinear least-squares fitting

of the measured data to a simple one-site binding model. Full-
length ECTEBRys binds Cy5-d(TTTTGGGGTTTTGG) DNA with

a Kp-_pna Of 38 £ 2 nM, slightly lower than thép_pna Of 60 +

4 nM measured for the N-terminal DNA-binding domain.

unmodified DNA by isothermal titration calorimetr$2) and
for Cyb-labeled DNA by fluorescence anisotropy titrations
(25) are highly similar.

Figure 4 shows binding isotherms for ECTER{Pand
EcCTEBP-Ngs Fluorescence anisotropy versus protein con-
centration data could be satisfactorily modeled with simple
one-site binding reactions. Titrations performed with a DNA
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Ficure 5: Kinetics of DNA association and dissociation for the
full-length E. crassustelomere end binding protein (A) and its
N-terminal DNA-binding domain (B). Traces for each of six protein
concentrations were obtained in triplicate. Model curves represent
nonlinear least-squares fitting of multiple data sets. Values of kinetic
rate constants are reported in Table 2. Full-length EcT8#nds
DNA faster and dissociates more slowly than the ECTEBR:N
DNA-binding domain.

Table 2: Kinetic Constants Measured for Binding and Release of
Telomere DNA

ka Kd Kmass Ka'ka
protein (M~ts) (s) (RUMs™) (M)
ECTEBPus 4.5(4)x 100 0.10(2) 1.8 (2)x 10 2.2 (5)x 10°°

ECTEBP-Ngs 1.8 (1)x 107 0.15(1) 1.6 (2)x 16¢ 8.3 (7)x 10°°

concentration in substantial excess relative to the expected
dissociation constant indicated that recombinant ECTEBP and

ECTEBP-N proteins were essentially 100% active for binding
DNA (data not shown). The dissociation constéf(pna)
measured for DNAECTEBP was 38t 2 nM, slightly lower
than that measured for DNECTEBP-Ngs 60 + 4 nM.

These results demonstrate that the predicted N-terminal

domain of ECTEBP retains high DNA binding activity and

aUncertainty in the least significant digit is reported as two standard
error units in parentheses.

ECTEBP relative to those of its N-terminal DNA-binding
domain, ECTEBP-bs, corroborated a somewhat enhanced
DNA binding performance for the full-length protein.

DNA association was remarkably fast, approaching dif-
fusion-limited rates. Slower DNA association kinetics were

suggest that the C-terminal domain may serve to augmentobserved for th®. naa o telomere protein49). Because

DNA affinity to a modest degree.
To further characterize the DNA binding performance of

of this high rate of DNA association, careful consideration
of mass transfer effects was necessary. Our initial trials using

ECTEBP and ECTEBP-N, DNA association and dissociation densely coated sensor chips were clearly limited by mass
kinetics were measured using surface plasmon resonanceransfer. During optimization of the experiment, we decreased
(BIACORE) to detect binding and release of bietin  the binding site density and presented the DNA binding site
d(TACATTTTGGGGTTTTGG) DNA attached to sensor farther from the chip surface with use of the bioetin
chips (Figure 5). Association reactions followed single-phase d(TACA) linker. Under these conditions, mass transfer still
bimolecular behavior, and dissociation reactions followed exerts an influence on binding response curves; however,
single-phase unimolecular behavior. Rate constants for DNA by including a kinetic parameter for mass transtefain
association and dissociation are reported in Table 2. TheTable 2), we could determine intrinsic association and
faster association and slower dissociation rates measured fodissociation rate constants with confidence.
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Table 3: Dissociation Constants Measured for 12-Nucleotide GGTTTTGG o GGGGTTTTGG o]
Telomere Repeat Permutatiéns - = = W i =
Sl e e
K ppwa (nM)
Index DNA EcTEBP,,, EcTEBP-N. SN S o I D D .. - o mm e mm oo
(a) +4 GGTTTTGGGGTT 1200 = 100 1400 + 200
(B +3 GGGTTTTGGGGT T30 £ 110 b
(c) +2 GGGGTTTTGGGG 430+ 30 440+ 70
- -
(d) +1 TGGGGTTTTGGG 1700+ 10 b
(e) 0 TTGGGGTTTTGG 55+ 3 57+ 5§
W -1 TTTGGGGTTTTG 160+ 10 b TTGGGGTTTTGG 5 TTTTGGGGTTTTGG g
- o - =)
(g) 2 TTTTGGGGTTTT 400+ 40 520+ 80 M S AL pEI ol - =
> ——-—'I"—————————-I = ——--r"""'_——————-l
(h) =3 GTTTTGGGGTTT 650 + 80 b
- - . e Tw £

aErrors are the sample standard deviations obtained from Monte
Carlo bootstrap simulation8Not determined.

The ratio ky/k, is lower thanKp-pna determined from

equilibrium titrations. Buffer conditions required for well- 1 — .“
behaved binding and surface regeneration in the BIACORE

experiments were substantially different from those employed Figyre 6: Pairwise competition experiments. Fluorescently labeled
in anisotropy-monitored binding titrations. Solution composi- 14-nucleotide DNA, Cy5-d(TTTTGGGGTTTTGG), competed for
tion differences together with the biotim(TACA) linker binding to ECTEBP with four different lengths of unmodified DNA.
employed in the kinetic experiments may account for the The concentrations of ECTEBP and Cy5-labeled DNA were each

. - o 2 uM. A control sample without unmodified competitor DNA
different estimates for stability of the DNA complex. Because (0:1) was included in each panel and is followed, from left to right,

of these differences, the more revealing comparison is py increasing amounts of unmodified competitor DNA at 0.5, 1, 2
between the full-length protein and its truncated N-terminal (1:1), 4, 8, 18, and 20@M (100:1).

domain. Kinetic measurements and the equilibrium binding
data are consistent with subtle but detectable enhancemen
of DNA binding performance attributable to the C-terminal
domain of theE. crassugelomere end binding protein.

hodeled with a simple one-site binding reaction. Table 3
reports the dissociation constants determined for each telo-
mere sequence permutation. A striking trend with respect to

~ Sequence Permutation and DNA Length PrefereDee- sequence register is apparent, with sequence permutajjon (
ing telomere DNA synthesis, intermediates built from which terminates with two Gs, binding most tightly and
d(T4G,) repeats but differing in the identity of-Berminal  stepwise increases Kb_ona Observed with each nucleotide

nucleotides are encounteret?). Mature DNA molecules,  displacement from this naturally occurring sequence. The
however, have an exact sequence always terminating withsequence preference measured here demonstrates that
d(G) (2). To determine the telomere sequence permutation EcTEBP can distinguish among telomere extension inter-
preferred by the telomere end binding proteirkEincrassus mediates.
blndlng isotherms were obtained for the elght pOSSibIe 12- DNA molecules in matur&. crassusnacronuclei termi-
nucleotide oligos that retain a characteristic 4%4) repeat  npate with exactly 14 nucleotides of single-strand telomere
sequence and which start and stop at different points alongrepeat DNA. To test whether all nucleotides are needed for
that sequence (Table 3). Initial trials demonstrated that a 5 stable DNA-ECTEBP complex, the relationship between
length of 12 nucleotides was sufficient for efficient protein pNA length and complex stability was examined through
binding. By using this slightly shorter DNA length, we pajrwise competition experiments. Fluorescently labeled Cy5-
minimized the number of DNAs with two full d(GGGG) d(TTTTGGGGTTTTGG) DNA and ECTEBP were mixed
tracts. One of these 12-nucleotide DNAs does contain two with increasing amounts of unlabeledstBuncation variants
d(GGGQG) tracts and is, therefore, more likely to form 12 10, or 8 nucleotides in length, and the resulting proportion
G-quartet-stabilized dimers than DNAs with only partial sets of fluorescence signal remaining in a DNArotein complex
of G-tracts. G-quartet formation requires cations such as Na \as evaluated by agarose gel electrophoresis. The 14- and
K*, or NHs*, which coordinate ®atoms of the G bases at  12-nucleotide unmodified oligos competed efficiently for
a central cavity 44, 50, 51). Lithium ions are smaller and  protein binding sites; approximately 50% of the fluorescence
more difficult to dehydrate and, therefore, do not promote sjgnal was released with equimolar unlabeled DNA (Figure
assembly of G'quartet structures. To minimize Complications 6) In contrast, the 8-nucleotide o|igo Competed poor|y for
arising from structured DNAs, these experiments were protein binding sites with a 100-fold excess of unlabeled
conducted in lithium chloride-containing solutions, and care gligo required for partial release of the fluorescence signal.
was taken to keep sodium and potassium ion concentrationsthe 10-nucleotide unmodified oligo fared nearly as well as
as low as practical. the 14- and 12-nucleotide oligos, although there is a
All DNAs that were tested formed DNAprotein com- noticeable difference in the amount of fluorescence signal
plexes, and in each case, anisotropy measures could beeleased in the 1:1 competition reaction comparing these
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' [ i EcTEBP-N could be purified to near homogeneity (Figure
2). Each protein formed a complex with the 14-nucleotide
solactad single-strand DNA derived from naturally occurring telom-
eres inE. crassugFigure 3). Molecular size measurements
were consistent with monomeric protein and a DNA complex
containing one protein and one DNA molecule (Table 1).
Efficient binding appeared to require 10 nucleotides, yet all
14 nucleotides interact with protein as the full-length DNA
outcompeted shorter versions in a binding selection experi-
TITGGGGTTTTGE ment (Figure 7). An important conclusion from these
experiments is that the d(TTTTGGGGTTTTGG) single-
strand DNA binds just one telomere proteinkn crassus
TTGGGGTTTTGGJ\ The m_oleculgrity of the telomg:-re nucleoprotein complex is
thus simpler inE. crassughan inO. nava where d(TTTT-
GGGGTTTTGGGG) single-strand DNA binds multiple

proteins 24, 30), either twoao. proteins 29, 32) or ano/f
GGGGWTGGA heterodimer Z0, 30).

Comparison with Preious Characterization of ECTEBP
GGTTTTGG ) \

mixture

relative absorbance (260 nm)

BiochemistryThe results reported in this work agree in large
part with binding properties observed for the protein purified
. : L directly fromE. crassug34); however, noteworthy distinc-
e e 13 i i tions are apparent. ECTEBP purified from its natural source
Volume (mL) bound T- and G-rich single-strand DNA, but binding of the
Ficure 7: DNA length preference of thE. crassugelomere end 14-nucleotide d(TTTTGGGGTTTTGG) DNA required
binding protein. Each absorbance trace shows the lithium chloride attachment of this site to a longer piece of either single-

gradient elution of DNA from an anion-exchange Mono Q column. ctran r le-stran DN Additionally. whil
All four DNAs, d(GGTTTTGG), d(GGGGTTTTGG), d(TTeG-  Sanded or double-stranded DNB4. Additionally, while

GGTTTTGG), and d(TTTTGGGGTTTTGG), were combined to the full-length protein isolated fronk. crassusexhibited
generate an equimolar mixture. Total DNA extracted from DNA  differential binding of telomere repeat DNAs ending with
protein complexes (top trace, labeled selected) showed that thed(G;) and d(T), the N-terminal domain prepared by trypsin

telomere end binding protein preferentially binds full-length 14- digestion appeared to have diminished sequence specificity
nucleotide telomeric DNA. The leading shoulder apparent in the 514 formed complexes with both DNA sequencaé).(In
selected DNA trace indicates low-levet8%) binding of 12- - . S
nucleotide telomeric DNA. our experiments, short oligos formed DN#rotein com-
plexes as determined by several methods, and the N-terminal

DNAs (Figure 6). These results indicated that 10 nucleotides domain, ECTEBP-N, recapitulated DNA binding properties

may be the minimal DNA length required for a stable DNA measured for the full-length protein, including telomere

protein complex but also suggested that complex stability SedUence permutation preference (see Table 3).

continues to increase with DNA length beyond these 10 !t seems that the most likely factor accounting for these

nucleotides. differences is that we have used a recombinant expression
To further test DNA length preference, ECTEBP was system that allowed for high yield and quality of purified

incubated with a pooled mixture of d(TTTTGGGGTTTTGG), protein. Protein purified fronk. crassusvas susceptible to

d(TTGGGGTTTTGG), d(GGGGTTTTGG), and d(GGTTTT- aggreg.ation, especially a:.s.sensitized by detergents used in
GG) DNAs. In these reaction mixtures, each unlabeled DNA extraction steps3). Solubility of recombinantly expressed

was in a slight excess of total protein. Protein-bound DNA protein was also a concern, overcome ultimately by keeping

was isolated by size-exclusion chromatography followed by the preparation .COI.d and_ avoiding excursions to room
proteolysis. Analysis of the resulting selected DNA by Mono temperature during induction, extraction, _and purlflcatlpn
Q ion-exchange chromatography (Figure 7) showed that the StePs: We_ note that the .rec.ombmant protein was ess.en.tlally
telomere protein preferentially bound the longest DNA 100% active for DNA binding as determined by stoichio-

corresponding with full-length single-strand telomere DNA mitrlc SuorescenC(?da};lsotropy tltlratlons. luti diti
found at the ends of mature DNA moleculesEncrassus nother source of differences relates to solution conditions,

Examination of the DNA fractions that did not bind protein especially '_[he ionic strength of binding e>_<p_erime_nts. The S‘fi"
confirmed the presence of 12-, 10-, and 8-nucleotide oligos concentration was kept to an absolute minimum in the earlier

indicating that the absence of these DNAs in the protein- work to keep the G-rich DNA in a_largely extended con-
formation @4). In our studies, we either used short oligos

Egﬁqnedoftrﬁglg?ﬂgif_ not the consequence of degradation OrWith at most one full d(GGGG) tract or replaced sodium
ions with lithium ions, and in this way, we could perform
DISCUSSION binding experiments at close to physiological ionic strength
without complications arising from structured DNA. Despite
To better understand telomere end structure and evolution,these experimental differences, both this work and previous
we sought to more completely characterize the DNA binding work reach the same important conclusion that the telomere
properties of theE. crassuselomere end binding protein, end binding protein has biochemical properties well suited
ECTEBP, and its predicted N-terminal DNA-binding domain, to recognize, bind, and protect the single-strand DNA termini
EcCTEBP-N. Recombinantly expressed ECTEBP and of telomeresirk. crassug34). The advantages of our recom-
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binant expression system allowed for quantitative measuresdifference in binding affinity AAG) of —2 kcal/mol likely
of DNA binding not previously possible, which is significant reflects real differences in functional requirements for the
because we can now make new comparisons with the OnTEBPo/g protein inO. nawa and ECTEBP irE. crassus
telomere binding systems of other organisms. The DNA—protein complex inE. crassusmay be weaker
Role of ECTEBP in Determining Telomere DNA Length since less energy is required to resolve or prevent the
and Structure.Telomere addition is closely coupled with formation of folded DNA structures in this organism as a
chromosome fragmentation during macronuclear develop-consequence of having only two Gs in th&t@&minal
ment @7, 28, 52). Telomere DNA isolated from anlagen, a telomere repeat.
term applied to developing macronuclei, was longer and more  Role of the C-Terminal Domain in Telomere Protection.
heterogeneous in length and sequence register than th€@ne motivation for this work was to potentially uncover a
precisely defined telomeres of mature macronucts).( biochemical role for the C-terminal domain in tBecrassus
Many anlagen-derived telomeres terminated with J@r system. Possible roles are provided by analogy withQhe
d(Ts) (42). Interestingly, our in vitro binding studies showed nova system where the C-terminal domain @fmediates
that while the telomere protein interacts most strongly with extensive proteirprotein interactions with thg protein @O0,
the telomere repeat permutation terminating with Qi(@&e 24). Working under the assumption that there is fio
protein will also bind with alternative permutations, including homologue inE. crassuswe reasoned that the C-terminal
those corresponding with de novo telomere extension domain may establish homotropic cooperative interactions
intermediates (Table 3). Its biochemical behavior suggestsbetween multiple telomere protein subunits or may make
the E. crassudelomere protein participates in a mechanism direct contact with some form of telomere DNA. Molecular
that determines the final length and sequence register ofsize determination of the DNAprotein complex (Table 1)
single-strand telomere DNA. By making weaker interactions and also the observed protein concentration dependence of
with telomere repeat DNA encountered during telomere DNA binding equilibria (Figure 4) and DNA binding
addition, the protein could facilitate DNA exchange of these association reactions (Figure 5 and Table 2) make multimeric
unfinished molecules with endonucleases thought to processEuplotestelomere protein intermediates appear unlikely, at
telomeres. By making a significantly stronger interaction with least for these short DNA oligonucleotides. The similar
single-strand DNA corresponding to mature telomeres and binding performance of recombinantly expressed ECTEBP
thereby physically excluding nuclease access, the proteinand its N-terminal domain (Figure 4) appears to also rule
could then positively identify the finished molecules, in out a direct role for the ECTEBP C-terminal domain in DNA
effect, a molecular coronation by binding. binding, although structural studies will be required to
Another possible role for ECTEBP relates to folded confirm this conclusion.
structures accessible to telomere DNA. G-Rich single-strand The C-terminal domain is a well-conserved entity for
DNA readily adopts G-quartet-stabilized structures in vitro telomere proteins and telomere protein homologues in ciliated
(53—-56); however, G-quartet DNA has not generally been protozoa. Pairwise sequence comparisons emphasized con-
found inside of cells. If unchecked, these folded DNA served elements among N-terminal portions of these proteins
structures would pose a formidable challenge for telomere (40), but when considered as a group, highly conserved sites
DNA synthesis since nucleotidyl transfer catalyzed by both are distributed uniformly between N- and C-terminal domains
telomerase and DNA polymerase requires that thergninal (Figure S1 of the Supporting Information). If the C-terminal
nucleotides adopt an open and extended structife5g). domain of theEuplotesprotein is dispensable for telomere
Folded DNA structures are resolved upon binding with DNA binding, why is it so well preserved in this organism?
telomere end binding proteins in vitro, and the resulting The C-terminal domain could be interacting with other
DNA—protein complexes can either inhibit telomerase or conserved proteins to facilitate events critical for telomere
serve as especially efficient substrates for telomerase de-biology. Precedence for this suggestion comes from the
pending on how much of the'-Berminus remains exposed Saccharomyces ceafigiaetelomere system in which telomere
(31, 59-61). Recent RNA interference experiments $n protein CDC13 uses one portion to recognize single-strand
lemnaesuggest that telomere end binding proteins carefully DNA (21, 62, 63) and other parts to recruit telomerade,(
regulate the formation of these folded DNA structures in vivo 64—66). The C-terminal domain of thE. crassudelomere
as well @L7). protein could be acting similarly to direct telomerase to
The use of multiple subunits to achieve high binding telomere DNA in a regulated manner timed with DNA
affinity in O. nava may relate to the high stability of folded  synthesis, potentially acting in concert with tke crassus
G-quartet-stabilized DNA structures accessible to the 16- telomere replication proteir8p, 36).
nucleotide d(TG4T4Gs) DNA. In Euplotes the final d(GG) Binding Energy Is More Focused at thé-Berminus.
tract is shorter by two nucleotides and, therefore, is less likely While results from the DNA length experiments suggest that
to form stable G-quartet structures. The very tight binding the entire length of telomere single-strand DNA is important
[Kp-pna = 1.4+ 0.2 nM (AG = —12 kcal/mol)], observed  for DNA—protein complex stability, comparisons of the
for an alpha-beta fusion protein complexed witB. nawa dissociation constant measured for Cy5-d(TTTTGGGG-
single-strand DNA 25), reflects a DNA binding energy TTTTGG) (Figure 4) and those measured for the 12-
significantly greater than that measured here for Ehe  nucleotide sequence permutations (Table 3) indicate that the
crassuPDNA —protein complexKp-pna = 38+ 2 nM (AG 3'-terminal nucleotides are more critical for complex stability
= —10 kcal/mol)]. These proteins were each expressed andthan the 3distal nucleotides. Sequence permutati@s0d
purified using a similar bacterial expression system, and their (g) are related to the telomere-derived 14-nucleotide DNA
characteristic dissociation constants were determined undetby removal of two nucleotides from'5and 3-termini,
similar conditions with the same method. Consequently, a respectively. Sequence permutatiepi{as a DNAECTEBR4s
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dissociation constanKo-pna = 55 4 3 nM) which is nearly
equivalent to that measured for the full-length DN (pna

= 38 &+ 2 nM). When complex stability is determined with
the N-terminal domain, the DNACTEBP-Ngg dissociation

constants are, within experimental uncertainty, the same for

sequence permutatio®)(and the full-length DNA. These
comparisons indicate that theterminal nucleotides missing
in sequence permutatiore)(contribute very little to the
overall binding energy. Sequence permutatigpy 6n the

other hand, has a significantly higher dissociation constant

than the full-length 14-nucleotide DNA binding site for both
DNA-EcTEBR4s and DNAECTEBP-Ngs complexes, dem-
onstrating that the removed-&rminal nucleotides contribute
at least—1.2 kcal/mol to binding free energy.

A key question regarding the environment and structure

of 3'-terminal nucleotides in the DNACTEBP complex

remains. Our data are consistent with binding contacts

between protein and the-8rminal nucleotides. It is not

clear, however, whether the DNA adopts a loop structure

with the 3-OH group completely buried as found in the
crystal structure of a®. nawa a——DNA complex @0)

or whether the final nucleotides instead interact with a more

open pocket like that of th®. nawa o N-terminal domain
which retains a 30H group preference but which can
nonetheless accommodate additional nucleoti8®s1o, 67).
An E. crassustelomere DNA-protein complex structure,

to be determined in the future, may confirm one of these
possibilities or may reveal a distinct mechanism for capping

telomere ends.
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