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ABSTRACT. The fission yeast Potlp(otectionof telomeres) protein is a single-stranded telomeric DNA-
binding protein and is required to protect the ends of chromosomes. Its N-terminal DNA-binding domain,
Potl1pN, shows sequence similarity to the first OB fold of the telomere-binding proteiubunit of
Oxytricha n@a. The minimal-length telomeric ssDNA required to bind Pot1pN was determined to consist
of six nucleotides, GGTTAC, by gel filtration chromatography and filter-binding askay= 83 nM).

PotlpN is a monomer, and each monomer binds one hexanucleotide. Experiments with nucleotide
substitutions demonstrated that the central four nucleotides are crucial for binding. The dependence of
PotlpN-ssDNA binding on salt concentration was consistent with a single ionic contact between the
protein and the ssDNA phosphate backbone, such that at physiological salt condition 83% of the free
energy of binding is nonelectrostatic. Subsequent binding experiments with longer ssDNAs indicated that
Pot1pN binds to telomeric ssSDNA with 8nd preference and in a highly cooperative manner that mainly
results from DNA-induced proteifprotein interactions. Together, the binding properties of Pot1pN suggest
that the protein anchors itself at the vefyeBd of a chromosome and then fills in very efficiently, coating

the entire single-stranded overhang of the telomere.

The telomere is the DNAprotein complex found at the cerevisiae (22) and telomere end binding proteins (TEBP)
termini of all linear eukaryotic chromosomes, serving from Oxytricha haa andEuplotes crassu23—28). Func-
multiple functions in cells1—4). The DNA component of  tions of telomere proteins include capping the ends of
telomeres usually consists of tandem repeats of a shedt 5 chromosomes, preventing nucleolytic degradation and thus
base pair sequence. Although the exact sequence of theconfering stability 29, 30), and the positive and negative
telomeric DNA varies from species to species, clusters of regulation of telomerase3{—34).
three or more guanine residues are usually found on one Recently, a distant homologue of thesubunit of TEBP,
strand. This G-rich strand is always oriented in th&o53 Potlp, was identified by taking advantage of the complete
direction toward the end of the chromosonze §, 5). genome of fission yeas8(35). Accordingly, Potlp protein

Most of the telomeric DNA is double stranded, but the 3 Wwas shown to bind specifically to the single-stranded G-rich
ends are single stranded in all organisms investigated to datetelomeric sequence of fission yeast in vitro. Moreover,
including ciliates 6), budding yeast?), fission yeast §), deletion of thepot1™ gene resulted in rapid loss of telomeric
and humang—11). These single-stranded extensions serve DNA as well as chromosome missegregation and chromo-
as substrates for the enzyme called telomerase, whichsome circularization, diagnostic features of end-to-end
elongates the'3ends using an internal RNA subunit as the chromosome fusion. Several Potl homologues, including
template to direct the sequence addéd1Q—17). By this human Potl, have been found by means of BLAST searches
means, telomerase ensures the complete replication ofagainst sequence databas®sKlowever, database searches

chromosome ends, which otherwise shorten with each cellhave not revealed sequences corresponding t§ tubunit
division. of Oxytricha TEBP, which forms a ternary complex with

Telomere proteins that bind sequence-specifically to the & subunit and sSDNAZE, 36).

double-stranded telomeric DNA include budding yeast Raplp |N€ sequence similarity between Potlp and T&B®
(18), fission yeast Taz1pl@), and human TRF1 and TRF2 restricted to the OB (oligonucleotide/oligosaccharide binding)

(20, 21). Other factors are specific to single-stranded fld (37) at their N-termini, and this 20 kDa fragment of
telomeric DNA, such as Cdcl13pgrom Saccharomyces

1 Abbreviations: Potlp or Potl protein, protection of telomeres
protein; Pot1pN, N-terminal domain &. pombePotlp consisting of
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Single-Stranded Telomeric DNA-Binding Protein

Schizosaccharomyces pontbeatlp, Pot1pN, has been shown
to bind single-stranded telomeric DNAB)( There is a
tradition of studying the interactions of DNA-binding
domains of proteins with their DNA sites, such as in the

Biochemistry, Vol. 41, No. 49, 20024561

Filter-Binding Assay.Filter-binding experiments were
performed in a 96-well dot blot apparatus essentially as
described38, 39). All oligonucleotides used in filter-binding
experiments were radiolabeled withy-}?P]JATP by T4

case of transcription factors and repressors, and with Potlppolynucleotide kinase. Radiolabeled oligonucleotides were
the ease of expression of the N-terminal domain has providedseparated from freey{32P]JATP on denaturing polyacryl-
a great practical advantage. To begin to understand howamide gels. Trace amount (.05 nM) labeled oligonucleo-

Potlp interacts with telomeres, we have analyzed the DNA-
binding properties of its N-terminal domain. The results of
both gel filtration chromatography and filter-binding assays
reveal that a six base long single-stranded DNA (GGTTAC)
defines the minimum binding site for Pot1pN and that this

tides were incubated with Pot1pN in a G0 total volume

of binding buffer (20 mM Tris-HCI, pH 7.5, 1 mM DTT,
and 15-450 mM NaCl as indicated) fol h at room
temperature £23 °C). The mixtures were then filtered
through a membrane sandwich containing a top layer of

sequence is bound with high specificity. We also demonstrateprotein nitrocellulose membrane (Millipore), a middle of

that multiple Pot1pN proteins can bind along long telomeric
ssDNA with high cooperativity with a'8nd preference.

EXPERIMENTAL PROCEDURES

Oligonucleotide PreparationTelomeric ssDNAs were
made on an Applied Biosystems 380B DNA synthesizer and
purified by polyacrylamide gel electrophoresis.

Purification of S. pombe Pot1pN Expressed in Escherichia
coli. SpPot1N was expressed i coli BL21(DE3) cells
harboring plasmid pET11a (Novagen). Cells were grown in
2 L baffled flasks containig 1 L of PTY medium to which
ampicillin was added to 10@g/mL. The cells were grown
at 37°C in a shaker incubator to an optical density of D

layer of Hi-bond positively charged nylon membrane (Am-
ersham), and a bottom layer of filter paper (Whatman).
Before sample application, the filter was pretreated with 200
uL of the binding buffer. After application of the samples,
the filters were washed twice with 1@ of binding buffer.
A flow rate of ~20uL/s was used to give optimal data. Then
the membranes were separated and dried at room temperature
for 30 min and quantified using a Phosphorimager (Molec-
ular Dynamics). The data were analyzed with GraphPad
Prism software.

lonic Strength Dependence of PotlpNelAA Complex
Formation. The salt dependence of the binding of PotlpN
to TelAA was determined by conducting titration experiments
in filter-binding buffer with different sodium chloride

~0.6 and were then cooled to room temperature and grownconcentrations. The effect of the salt concentration on

to an Oy of ~1.0. Production of the protein was induced
by addition of isopropy! thiogalactoside (IPTG) to 0.2 mM,
and the cells were grown for an additionat® h at room

complex formation has been described by the relation

—3In[Kp]/aIn [Na] = mw (1)

temperature. The cells were harvested by centrifugation and

stored at—20 °C. Expression of the PotlpN protein was
confirmed by western blotting with antis@His antibody
(Invitrogen). Approximately 20 g of cells (wet weight) were
resuspended in 50 mL of lysis buffer (25 mM Tris-HCI, pH
8.0, 150 mM NaCl, 2 mM 2-mercaptoethanol, 5 mM
benzamidine, and 1 mM PMSF) and incubated on ice for
40 min. Then DNase | and 15 mM MgQClere added to
the cells, which sat on ice for another 20 min. The cells were
lysed by sonication, and cell debris was removed by
centrifugation. The supernatant containing His-Pot1pN pro-
tein was mixed with 5 mL of Ni-NTA-agarose beads and
rocked at 4°C for 4—5 h before elution with 50 mM

wherem' is the number of ion pairs formed anH is the
fraction of counterion bound per phosphate group, which is
assumed to be 0.74@). Assuming thatn' is equivalent to
N, the number of ion pairs, the nonelectrostatic contribution
to the standard free energy of binding&°,y) has been
estimated according to the equation:

AG® .= AG° {1 M Na") — NAG® (2)
where AG®qs is the standard free energy at [Na= 1 M
[AG°0s= RTIn Kp(1 M NaCl)] andAG® s is the standard
free energy of formation of a single lysin@hosphate ionic

Lys

imidazole. Then 3C protease was added to remove theinteraction and corresponds t00.18 kcaimol™* at [Na']

N-terminal 6< His tag. Pot1pN protein was further purified
by gel filtration chromatography (Superdex 75 from Phar-
macia). Protein at this stage was99% pure and was
concentrated to 22 mg/mL by Centricon 10 (Millipore) and
stored at—80 °C.

Gel Filtration ChromatographyProtein dilutions were
made up fresh for each experiment. Typically, a gel filtration
sample included %uL of 1 mM protein and 10uL of
telomeric ssDNA at a molar ratio of 1:1.2 and 10D of
binding buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl,
and 1 mM DTT). Reaction mixtures were allowed to
equilibrate fo 1 h at 4°C before injection onto a Superdex
75 gel filtration column. The column was preequilibrated in
the binding buffer and run at 4C. The entire process was
monitored at two absorption wavelengths, 260 and 280 nm.
The elution volume and ratio ofs0/Azg0 Were evaluated
using the software provided by Pharmacia.

=1M.

Cooperatie Free Energies of Pot1pNTleb and Pot1pN-
TelCGTelC ComplexesThe cooperative free energy of the
binding of PotlpN protein to Tegland TelCGTelC was
determined by fitting the filter-binding data to a model
involving two cooperative binding sites:

Y = ((K; + KRIP] + KKK PP/
(1 + (K + KYIP] + KKK JPT) (3)

(4)

whereY is the fraction of DNA bound, [P] is the concen-
tration of Pot1pN proteink. is a cooperativity factor, and
K; and K; are the equilibrum association constants for
binding to the 3and 3 end telomere repeats of Tebr
TelCGsTelC, respectively41).

AG —RTInK,

coop
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Ficure 1: Expression and purification of Pot1pN. Protein samples 0 . . . . . - s
were resolved by SDSPAGE (4-20%) and stained with Coo- 800
massie Brilliant Blue. Lanes: 1 and 7, protein marker (Invitrogen); C 5 7004
2, crude cell lysate from PotlpN-expressikg coli; 3, soluble 6004
fraction after sonication; 4, flow-through after the Ni-NFAgarose % 5004
affinity column; 5, bound fraction on the Ni-NTAagarose affinity 2 4004
column; 6, fraction after the Superdex 75 gel filtration column. 3 2004
o
8 200-
. . . . . < 100
Gel Mobility Shift AssayPot1pN in binding buffer (25 0 : e
mM HEPES/NaOH, pH 7.5, 50 mM NaCl, 40 mM KCI, 7% D e
glycerol, 1 mM EDTA, and 0.1 mM DTT) was mixed with 3 500 PotoNT
1 uM %P-labeled telomeric sSDNAs (20mer, 30mer, and E, ] oHPN Tel [\ Tk
43mer) in a total volume of 2QL. The reaction mixtures g /aN /A
were incubated at room temperature for 10 min. Then the 3 3001 i N\ / y
mixtures were directly loaded onto a20% nondenaturing 3 200 / \ / 4
polyacrylamide gel. Electrophoresis was carried out in TBE <009 N ' \_—

buffer at 150 V for 85 min at 4C. The gels were dried, and T N 5 B N o 1

radiolabeled ssDNA was visualized using a Phosphorimager. Elution Volume (m)

Ficure 2: Binding of PotlpN to telomeric sSDNA revealed by

RESULTS gel filtration chromatography. The absorbances at 260 Asgy)(
) o ) ) and at 280 nm Azgg) are shown in dashed and solid lines,
Expression and Purification of Pot1pl. protein consist- respectively. The elution volumes of three marker proteins (albumin,

ing of amino acids 4185 of Pot1p (hereafter called Pot1pN) 67 kDa; ovalbumin, 45 kDa; chymotrypsinogen, 25 kDa) are

; iv hictidi _ ; indicated. Panels: (A) PotlpN; (B) telomere ssDNAA#] (C)
with six histidines tagged at the N-terminus was produced the PotLpN-TeIAA complex: (D) the PotlpNTel, complex.

in E. coliBL21(DE3), which expresses T7 RNA polymerase  gycess Telwas mixed with the purified Pot1pN protein so that a
when induced with isopropyj3-p-thiogalactopyranoside  peak corresponding to free ssDNA could also be observed.

(IPTG). Overproduction of PotlpN was conducted at room
temperature to increase the solubility of the protein. Pot1pN Table 1: PotlpN Binds a Minimum Six-Base Telomeric ssDNA,

accumulated to about-5L0% of total protein in thé. coli GGTTAC, As Assessed by Gel Filtration Chromatography
cells (Figure 1). Two chromatographic steps (a Ni-NTA elution
agarose affinity column and gel filtration) yielded protein at  oligo- position
least 99% pure as judged by Coomassie Brilliant Blue hucleotide sequence (ML) Assd/Asgo binding’
staining of an SDSpolyacrylamide gel (Figure 1). The Tek GGTTACAGGTTACA  10.19 1.14 yes
typical yield of Pot1pN was 5060 mg of pure protein/L of ~ TelGG GGTTACAGG 1188  1.16 yes
- TelAA GGTTAC 11.84 1.16 yes

growth med!um' . . . permute 1 GTTACG 11.96 0.84 yes*

PotlpN Binds a Minimum Six-Base Telomeric ssSDNA.  permute 2 TTACGG 12.16 0.58 no
has been shown that a 43mer single-stranded telomeric DNA permute 3 TACGGT 12.16 0.58 no
is bound by Potlp and PotlpN in gel shift assa8)s To permute 4 ACGGTT 1212 0.58 no
determine the minimum binding site of Pot1pN, we synthe- permute 5 no SSSI\IGETTA 1121"292 09'5%6 n{)es

sized a panel of telomeric ssDNAs of varying length and s ol  SSDNADindina abiity of PotloN. Y
sequence and examined their PotLpN binding propertes by, S/TIT %05 EOTerc ssDIV& bvang a0y o Pt Yes e,
gel filtration chromatography. In these experiments, highly gissociation rate, respectively.
concentrated protein and a slight molar excess of telomere
ssDNAs were used to prevent dissociation of the pretein  complexes were earlier than that of Pot1pN itself, as expected
ssDNA complexes (Figure 2, Table 1). for entities with increased molecular mass. Moreover, the
Chromatography of Pot1pN relative to protein standards ratio of the absorbance at 260 nm versus 280 AgsP2s0)
revealed a molecular mass expected for a protein monomereflects the composition of the peaks of gel filtration
(Figure 2A). The elution positions of PotlpfdésDNA chromatography. The protein alone hagdAzs = 0.58,
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Ficure 3: Characterization of the interaction of Pot1pN with XAlby filter-binding assay. (A) Determination of the dissociation constant

Kp of the PotlpN-TelAA complex. The telomere ssDNA T&A (GGTTAC) was incubated with the indicated concentration of Pot1pN
under the conditions described in Experimental Procedures. The solid curve represents a theoretical ckp/es\8BmM. (B) Scatchard

plot (v/[Pot1pN] versuy, wherev is the moles of PotlpN bound per mole of sSDNA) for the formation of the PotT¥AA complex
showing noncooperative binding (a linear plot) and the 1:1 stoichiometry of the binding (intercept of the abscissa). (C) Hill plot of Pot1pN
binding to TeAA. The Hill coefficient of 1.1, derived from the slope of the Hill plot, indicates noncooperative binding between Pot1pN
and TelAA. fb = fraction bound. (D) Dependence of the binding of Pot1pN taAPebn the NaCl concentration. The data were analyzed

as described in Experimental Procedumasis the estimated number of ion pairs formed in the complex.

while ssDNA hasAgedAzso = 1.8 (Figure 2A,B). The  then Kp = [PotlpN][TelAA]/[PotlpN—TelAA], where
protein—ssDNA complexes had unique, intermediate values [PotlpN], [TeAA], and [PotlpN-TelAA] are the respective
of Assd/Azso, @ feature which differentiated them from protein  equilibrium concentrations. A filter-binding assay (Figure
or ssDNA. 3A) shows a typical hyperbolic curve for the interaction of
Although the S. pombetelomeric repeat sequence is Vvarious concentrations of protein with a fixed concentration
somewhat heterogeneous, it has been summarized a®f DNA. The shape of the binding curve is not sigmoidal,
TTAC(A)(C)G1-g (42, 43). However, Table 1 clearly shows and the corresponding Scatchard plot is linear (Figure 3B),
that a circular permutation of this sequence, GGTTAC, is indicating that Pot1pN binds to T&A in a simple binding
in fact the “core telomeric sequence” with respect to Pot1pN equilibrium. This is further confirmed by the Hill constant
binding, as other permutated versions such as TTACGG gave(on = 1.1) (Figure 3C). The stoichiometry of the Pot1pN
no binding. All of the telomeric ssSDNAs, six bases or longer, TelAA complex obtained from the abscissa intersept corre-
that included the core telomeric sequence GGTTAC were sponds to one PotlpN molecule bound perArel(Figure
capable of binding Pot1pN (Table 1). To the contrary, bind- 3B). The apparent dissociation constigtfor the Pot1pN-
ing efficiency dropped rapidly with ssDNAs of length under TelAA complex (15 mM NaCl, 23C) is calculated to be
six bases. Two five-base ssDNAs (GGTTA and GTTAC) 83 nM, which is similar to that of TEB®-TTTTGGGG of
showed intermediate results in terms of both the elution O. naa (36) and is almost 80-fold higher (weaker) than that
position and the ratio of,sd/Aze0. The simplest explanation  of Cdc13-TG(1-3) of S. cereisiae (44).
is that these elution peaks represented mixtures of the protein  To obtain some indication of the sort of proteiBNA
(PotlpN) itself and the proteirssDNA complex. For interactions that contribute to binding, the salt concentration
simplicity, hereafter we define Tel as GGTTACA, so Aél dependence of the dissociation constant for Poti1paIAA
represents the core sequence GGTTAC. was examined. Increasing the NaCl concentration from 15
Dissociation Constant, Stoichiometry, and Salt Depend- to 450 mM reduced the apparent affinity by a factor of 13.3,
ence.To determine the equilibrium dissociation constag)( revealing a relatively weak contribution of electrostatic
of the Pot1pN-TelAA complex, the dependence of the ratio interactions to the stability of the Pot1pNelAA complex
of the bound to free ssDNA ([PotlpNrelAA]/[ TelAA]) under our experimental conditions. When the data were
on protein concentration ([Pot1pN]) was measured (Figure plotted as—In Kp versus In [NaCl], a linear dependence of
3). Assuming Pot1pN binds T&A at a molar ratio of 1:1, the binding on NaCl concentration was observed (Figure 3D).
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Table 2: Telomeric ssDNA Binding Specificity of Pot1pN

Table 3: Telomeric ssDNA with Multiple Telomeric Repeats Binds
Multiple Pot1pN Molecules

telomeric elution

sequence position (ML)  Agsd/Azso  binding? Kp (nM) elution

GGTTAC 1184 114 ves 83 oligonucleotidé  volume (ML)  Agsd/Azso  PotlpN/ssDNA

CGTTAC 11.98 0.89 yes* ~18000 Tel, (28) 12.34 1.16 4

GCTTAC 12.21 0.66 no >100000 Tel; (21) 13.04 1.17 3

GGATAC 12.27 0.55 no >100000 Tel (14) 13.57 1.18 2

GGTAAC 12.29 0.58 no >100000 Tel (7) 15.43 1.14 1

gg¥%€ ﬁgg (1)85 ;gs* ~35§)gg0 a Numbers in parentheses denote the number of nucleotides in the
GTTAC 1201 0.75 yes* ~50000 telomeric ssDNAP In all four caseoed/Asgo ~ 1.14, so there must be
GGTTA 11.95 0.94 yes* ~20000 one PotpN per Tel repeat arPot1pN/Tel.

aYes, no, and yes* represent binding, no binding, and binding with
high dissociation rate, respectively.

Table 4: Each Telomeric Sequence Binds One PotlpN Protein with
3 End Preference

The slope of the linear regression of the data enables the
calculation of the apparent number of counterionsf)Na

elution Kb
oligonucleotidé volume (ML) AgsdAzzo POtlpN/ssDNA (nM)

released from backbone phosphates upon binding of the Tel, (14) 10.19 1.14 2 19
protein @0, 45, 46). A value ofd(In Kp)/d(In [Na*]) = 0.72 TelA7 (14) 11.51 16 1 1590
was obtained. Given tha¥ (the fraction of a counterion ﬁ‘qe'% (14) 11.63 1.57 1 1580

. : 7Tel (14) 11.54 1.62 1 420
bound per phosphate for single-stranded DNA) is 040), ( Tel (7) 11.87 1.15 1 88

m' (the number of ion pairs formed between basic residues N . —
. umbers in parentheses denote the number of nucleotides in the

of Pot1pN and the phosphate backbone) is equal to 1.01. Inigjomeric ssSDNAP For TelAy, AsTelAs, and ATel, Avsy/Aoso ~ 1.6,
the case of the MS2 coat proteiRNA interaction, the  so there must be fewer Pot1pN molecules per 14 nt than with the Tel
number of ion pairs inferred from this sort of analysis agrees complex.
very well with the number observed in the X-ray crystal
structure of the same comple&# 48). The nonelectrostatic  almost 200-fold reduction in binding affinity, another 12-
contribution to the free energy of binding can also be fold decrease compared with that of GGTTAG.
estimated (eq 2; see Experimental Procedur48)) (n our Multiple PotlpN Molecules Bind Longer Telomeric
case, the value oAG°,psis about—7.84 kcaimol™* (from ssDNAs with 3End PreferenceThe length of the 3end
the plot of IfKp versus In[Nd] extrapolated to 1 M). telomeric overhang varies from species to speciesS.In
Estimating that the ion pair destabilizes bindind &M NaCl pombe the single-stranded region is 505 bases long (P.
by AG°s = AG°rq = 0.18 kcaimol™ (45), the non- Baumann, unpublished data). To ascertain whether such a
electrostatic contributionAG®,. corresponds to—8.02 long telomeric ssDNA can provide multiple Potlp binding
kcalmol™!. This indicates that under our filter-binding sites, Pot1pN protein was mixed with telomeric ssSDNAs of
conditions about 83% of the total free energy is contributed various lengths (Tel, Tel Tek, and Tel) (Table 3). In these
by nonelectrostatic interactions at physiological salt concen- experiments, both protein and telomeric SSDNA concentra-
tration. tions were far above the dissociation constant with the

Sequence Specificity of Bindingo identify sites critical condition of DNA excess maintained. By calibrated gel
for formation of stable Pot1lpNTelAA complexes, a series filtration chromatography of Pot1pNssDNA complexes, we
of telomeric ssDNAs containing substitution of each nu- found that the elution positions of Pot1pNel, (n = 1—4)
cleotide in the parental GGTTAC sequence was evaluatedcorresponded to apparent molecular masses of 25, 60, 80,
for interaction with Pot1pN. Using the filter-binding assay and 100 kDa, respectively (Table 3); because the incremental
(Table 2), substitution at any of the six nucleotides caused increase in molecular mass due to the DNA is only 2 kDa,
a dramatic decrease in binding. G2, T3, and T4 appear to bewe infer that Tel bindsn Pot1pN molecules. Moreover, all
the most important nucleotides for the PotipRelAA of the protein-ssDNA complexes have the same value of
interaction, with very little £2%) binding of sSDNA with the ratio of AxedAzgo (Table 3), indicating that all of the
substitutions at these sites even at Pot1pN concentrations asomplexes have the same ratio of “protein/Tel”, which in
high as 10QuM. turn suggests that each PotlpNel, complex represents

Gel filtration chromatography of these substituted ssDNAs Pot1pN molecules binding adjacent to one another along an
confirmed the filter-binding experiments (Table 2). Pot1pN oligonucleotide withn telomeric repeats.
did not bind four of the substituted ssDNAs; two separate As an alternative way to assess whether long telomeric
elution peaks were observed, with positions corresponding DNA can bind to multiple Pot1pN molecules, we synthesized
to those of PotlpN and free ssDNA, respectively. Further- another set of telomeric sSDNAs (TelA\;Tel, and ATelA3)
more, the ratio ofAxso/Azs0 also indicated the absence of of identical size harboring the telomeric sequence at various
ssDNA in the protein elution fraction (Table 2). Substitutions locations (Table 4). Pot1pN proteins were mixed with them,
at G1 and G6 resulted in intermediate values for both the and the proteifrsSSDNA complexes were again analyzed by
elution position and theAxsdAgso, indicating a weaker  gel filtration chromatography. As expected, if only a single
interaction between PotlpN and these substituted ssDNAsprotein were bound, all three oligos containing a single Tel
as seen in the filter-binding experiments. Although C6 is unit eluted later than PotlpNTel, but similar to PotlpN
the least important nucleotide for specificity, the presence Tel. In addition, the ratio afysd/Azso Was significantly higher
of some nucleotide at position 6 remains an important factor than that of the PotpNTel, complex (Table 4), indicating
for the binding, since the pentanucleotide GGTTA had an a higher DNA/protein ratio. These results indicate that
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Ficure 4: PotlpN binds to Teland TelCGTelC with high cooperativity. (A, C) Equilibrium binding curves for Teind TelCGTelC

binding to Pot1pN. The solid lines represent the theoretical bindi

ng curves with Hill coefficients of 1.6 and 1.7, respectively. The dotted

lines represent the theoretical binding curves with a Hill coefficient of 1, which do not fit the experimental data. (B, D) Hill plots of Tel

and TelCG@TelC binding to Pot1pN.

binding of two Pot1pN molecules rather than the effect of
seven extra nucleotides explains the elution positionfagd
Acgo ratio of the PotlpN-Tel, complex.

To explore the 3end specificity of the Pot1pNssDNA

free energyAGeoof Tek), can also be calculated (egs 3 and
4; see Experimental Procedure4)); Considering Pot1pN’s
3" end binding preference to telomeric ssDNKp[A7Tel)/
Ko(TelA7) = 1590/420= 3.7] (Table 4) andp of PotlpN-

interaction, the dissociation constants of Pot1pN complexes TelAA being 83 nM,K; andKo, the equilibrium association

with TelA7, A7Tel, and ATelA; were measured by the filter-

constants for Pot1pN binding to thé &hd 3 end telomere

binding assay. As shown in Table 4, extra nucleotides at therepeats, can be estimated as 0.012 hkhd 0.0033 nM,
3 end interfere with the interaction between the protein and respectively. Equation 3 accurately fits the binding data of

telomeric ssDNA, causing a 4-fold reduction in affinity
(1590/420). Interestingly, the dissociation constant of PotlpN
A-Tel is almost 5-fold higher than that of Pot1pNel (420/
83). This can be ascribed to interference of the seven A’s a
the 8 end.

Long Telomeric ssDNA Binds Multiple Pot1pN Molecules
Cooperatiely. If the interaction between Pot1pN and ssDNA
were noncooperative, gel filtration chromatographic experi-
ments performed at approximately equimolar protein and
ssDNA would yield multiple peaks for Te{n = 2—4). Yet,
as shown in Table 3, we only observed one protaisDNA
peak for each Tglwhose apparent size was abouk 22
kDa, suggesting that multiple Pot1pN molecules bind, Tel
(n = 2—4) cooperatively. The remaining ssDNA remained
protein free. The cooperativity was confirmed by examining
the formation of PotlpNTel; at very low [ssDNA] (<0.05
nM) and increasing protein concentration using a filter-
binding assay. The Pot1pNrel, complex gave an apparent
dissociation constam€p@Pof 19 nM and a sigmoidal binding
curve (Figure 4A), diagnostic of a cooperative interaction
with the level of cooperativity reflected in the slope of the
Hill plot (Figure 4B). Te} binding showed a slope of 1.6,
which indicates relatively high cooperativity. The cooperative

PotlpN-Tel, with a cooperative factorK. = 39, corre-
sponding to cooperative energy .2 kcatmol™ (eq 4).

The cooperative binding energy therefore makes a substantial
tcontribution to the overall binding affinity of Teto Pot1pN
protein, since under these conditions the free energy for
Pot1pN binding to TelA is —9.7 kcatmol™2.

As an alternative means of assessing cooperative binding,
a DNA gel shift assay was conducted in which the ssDNA
concentration was fixed. In these experiments, both protein
and oligonucleotide concentrations were above the dissocia-
tion constant, with reaction conditions proceeding from
ssDNA excess to protein excess. These conditions are ideally
suited for revealing a successive ladder of complexes if the
interaction were noncooperative. Instead, for 20mer, 30mer,
and 43mer, PotlpN bound ssDNA in an “all-or-none”
manner (Figure 5A). There were only two bands observed,
corresponding to PotlpN-bound and unbound states of
ssDNA. This suggests that long telomeric ssSDNA binds
multiple Pot1pN proteins highly cooperatively.

To test whether one PotlpN molecule can bind to more
than one oligonucleotide, two different size telomeric
ssDNAs (20mer and 43mer) were mixed together with
PotlpN. Complexes were resolved on a nondenaturing
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A 051248 051248 0.51 24 8 PotlpN (uM)

¥ | Pot1pN - ssDNA
- .' o - o) complexes

free DNA

b —
abcdef ghij k1!l mnowpaqrtr

B 0 001248168 8 PotipN (M)

—Pot1pN - 43mer
at . ".- —Pot1pN - 20mer

“- — 43mer
- [T — 20mer

abcde fghi|j

Ficure 5: Gel mobility shift assay. (A) &M 20mer (lanes af), 30mer (lanes gi), and 43mer (lanes mr) was incubated with increasing
amounts of PotlpN as indicated. Sequences were based on those of actual cloned telomeres: 20mer, 3 rApdats, Jeer, 4
repeats, TelCTegG; 43mer, 6 repeats, TelCEE(TelAA),G. (B) 1 uM 20mer plus 1uM 43mer incubated with increasing concentrations
of PotlpN. Complexes were then analyzed by nativR@% PAGE. The gradual decrease in mobility of the complexes with increasing
protein concentration may perhaps be explained by transient binding of additional proteins to the-gsDfdilh complexes at the beginning

of the electrophoresis.

polyacrylamide gel. No complexes of intermediate mobility TelCGTelC and PotlpNTel: AG° = RTIn(Kp2*P?
were observed, indicating that each Pot1pN molecule only AG°(TelCGsTelC) = —21.36 kcaimol™!, AG°(Tek) =
possesses one telomeric ssDNA-binding site (Figure 5B). —20.97 kcaimol™t, andAG°(TelCGsTelC) — AG°(Tel,) =

To test whether adjacent binding sites on the DNA are —0.39 kcaimol™!. This indicates that the cooperative
necessary for cooperative interaction among the PotlpNinteraction is stronger when there are some nucleotides
molecules, another ssDNA was synthesized with two telo- between the two telomeric repeats. These extra nucleotides
meric sequences separated by six G’s, the longest linkermay allow the proteirrsSSDNA complex to adopt an optimal
between two telomeric sequences observedirpombe conformation for the cooperative interaction.
TelCGTelC (B-GGTTACACGGGGGGGGTTACAC-3was Kinetic Stabilities of PotlpNssDNA ComplexesThe
synthesized and analyzed for its binding to PotlpN by the PotlpN-TelAA and PotlpN-Tel, or PotlpN-TelCGTelC
filter-binding assay. Once more, the data clearly demonstratedcomplexes have completely different kinetic stabilities. In a
highly cooperative binding with an apparent dissociation cold chase experiment, Pot1pN was incubated with a trace
constantKp?PP, of 15 nM and a Hill constantyy, of 1.7. amount of radioactively labeled DNA to allow complex
We thereby conclude that the proteiprotein interaction formation. A 10-fold excess of unlabeled T&A or Tel, or
among PotlpN molecules is strong enough to “loop out” TelCGsTelC was then added to the binding reactions to
intervening nontelomeric DNA and result in highly coopera- capture any dissociated proteins, and the amount of radio-
tive binding of multiple Pot1pN molecules. active telomeric substrates bound to protein was analyzed

Similar to PotlpN-Tel,, the cooperative free energy as a function of time. As revealed in Figure 6, the Pot3pN
AGcoodTelCGsTelC) can be obtained to be2.6 kcatmol™ TelAA complex dissociates very quickly<0.5 min), which
(egs 3 and 4). It seems that the cooperativity interaction of defines a lower limit for the dissociation raté&d{ > 10
PotlpN-TelCGTelC is a little bit stronger than that of min™1). SinceKp is 83 nM for TeAA, the association rate,
PotlpN-Tel, [AGeood TEICGTEIC) — AGcoofTek) = —0.40 kon, must be larger than 8M~* s™1, which is within the
kcalmol™1]. This can be independently calculated as the range for a diffusion-controlled binding event. On the other
difference in standard free energy between PotipN hand, the decay rates for both the Potipriel, and
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1.09 contrast, the binding affinity of Cdc13 to its telomeric SSDNA
(Kp ~ 1 nM) (44) is much higher than those of Pot1pN and
TEBP, consistent with a longer minimum Cdc13 binding
Tel, site (11 nucleotides).
The Cdc13 DNA-binding domain adopts an OB fold that
0.57 is structurally similar to the OB fold of TEBR suggesting
] TelCGgTelC that the OB fold may represent an evolutionarily conserved
TelAA domain for the binding of telomeric ssDNAQ). However,
0.14 O a there are still some major differences among these OB-fold
L o telomeric DNA-binding proteins. TEBPneeds its first two
0.0 25 5.0 75 100 100 OB folds for ssDNA binding, and the first 36 residues from
Time (min) the N-terminus preceding the first OB fold are dispensable

N . for this interaction 27, 28). In contrast, Pot1pN is predicted
Ficure 6: Kinetic stability of the PotlpNsSDNA complexes. . e .
Reactions containing 500 nM protein and 50 nM labeled sSDNA to contain only one OB fold. Furthermore, its first 22 residues

were incubated at room temperature for 30 min prior to challenge @re required for its correct folding, as evidenced by the fact
with unlabeled ssDNAs. Zero time points were taken prior to that a construct without the N-terminal 22 residues yields
competitor addition. Plots: 4) PotlpN-Tel; (<) PotlpN- insoluble protein products when expressedEincoli (data
TelCGsTelC; (O) PotlpN-TelAA. not shown). Finally, the ssDNA-binding domain of Cdc13
(451-693) is located in the middle of the proteid4],
whereas those of TERPand Potlp are at the N-terminus.
Cooperatve ssDNA Binding of Potlp and Its Possible
Biological Significance.This work also has shown that
multiple Pot1p proteins bind to telomeric sSSDNA in a highly
cooperative manner. Pot1pN is monomeric in solution even
at concentrations-0.5 mM, yet it oligomerizes readily in
the presence of telomeric repeat DNA. This suggests that
Potl proteins could efficiently bind the entirety of 3
DISCUSSION telomeric overhangs in vivo. Cooperativity reflects the fact
that a protein binds with higher affinity to a DNA molecule
Potlp is an essential telomeric ssDNA-binding protein to which protein is already bound than to an unliganded DNA
protecting the 3end telomeric overhang. Deletion of the molecule. This can result from protetprotein interactions
potl" gene inS. pombeesults in telomere shortening and  between nearest neighbors or protein-induced conformational
chromosome end fusions. Its biological importance provides change in adjacent DNA. Our data with Telgl@IC, where
the incentive to elucidate the interaction of this protein with cooperativity was maintained when two telomeric repeats
telomeric ssDNA. Toward this end, we have expressed andwere separated by a nontelomeric spacer, indicate that
purified the N-terminal ssDNA-binding domain of Potlp, protein—protein interactions play an important role in the
PotlpN, whose sequence shows limited similarity to the cooperative binding. Cooperative binding is a rare feature
N-terminal OB fold of the TEBRx subunit ofO. nava. With for a sequence-specific single-stranded nucleic acid-binding
this purified monomeric protein, the telomeric sSDNA- protein. One example occurs with tle nava TEBP a and
binding properties were characterized. It is evident from our g subunits 25, 36), although these form a heterodimer rather
biochemical experiments that Pot1pN binds to telomere than the Potl homooligomer. Cooperative binding of sequence-
ssDNA with moderately high affinity and extraordinary nonspecific ssDNA-binding proteins is observed for SSBs
sequence specificity. Additionally, our data reveal highly that aid DNA replication §1-53) and DNA recombination
cooperative interactions between multiple Pot1pN molecules proteins such as rec/54, 55).
and long telomeric ssDNA, thereby enhancing our under-  What insight might cooperative binding provide about
standing of the functional potential of this protein. Strictly functions of the Pot1 protein i. pomb@ The 3end binding
speaking, our results pertain only to the N-terminal domain; preference as well as the potential for multiple proteins to
if full-length Potl protein exists as a dimer or higher cooperatively bind to the same strand suggests a potential
oligomer, then we would expect that the affinity, specificity, function as a switch between different telomeric states.
and cooperative proteirprotein interactions described here  During most of theS. pombecell cycle, telomerase is
would apply to the individual DNA-binding domains of the  inactive, and the '3telomeric overhang must be protected
oligomer. The studies reported here do not eliminate the needfrom degradation and from DNA-repair activities. The 3
for future studies with the full-length protein. G-rich strand overhang could associate with Pot1p molecules
Comparison of Telomeric ssDNA Binding by PotlpN, to form an unfolded Potlp-coated state. Alternatively, the
TEBRy, and Cdc13.n the present work, we have shown protection of the telomere ends could be achieved by the
that Pot1pN possesses sequence specificity for its telomericformation of a t-loop structuré&s6—58), in which the duplex
ssDNA, a property shared by both TE8Bf O. nawa and DNA is invaded by the free'3end of the G-rich strand
Cdcl13 of S. cereisiae The minimum binding site for  overhang. The transition from t-loop to Potlp-coated state
PotlpN is a hexanucleotide telomeric ssSDNA (GGTTAC), could proceed via an ordered pathway: a Potl protein first
which is bound with moderate affinitygKc = 83 nM). This competes off part of the t-loop and binds to tHeeBd of
affinity is similar to that of the interaction between TE@P  the G-rich overhang, and then other Potlp molecules, because
of O. nawa and its telomeric SSDNA (TTTTGGGGJ6). In of the highly cooperative binding, help to unfold the t-loop

Fraction Bound

PotlpN-TelCGsTelC complexes are biphasic. The fast
dissociation occurs within 3 min after the cold chase and
accounts for 75% of the complexes. The slow dissociation
accounts for 25% of the complexes with a half-life time of
15 min. For either case, the calculatedis too small for a
diffusion-controlled binding event, consistent with a complex
assembly and disassembly process.
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and efficiently fill in and coat the entire single-stranded
overhang. This may allow the later recruitment of telomerase,
which elongates the' 3ermini of chromosomes.

NOTE ADDED IN PROOF

The description of Potl homologues in other organisms
has now been publishe&9).
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