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ABSTRACT: The Schizosaccharomyces pombe protection of telomeres 1 (SpPot1) protein recognizes the 30
single-stranded ends of telomeres and provides essential protective and regulatory functions. The ssDNA-
binding activity ofSpPot1 is conferred by its ssDNA-binding domain, Pot1-DBD (residues 1-389), which can
be further separated into two distinct domains, Pot1pN (residues 1-187) and Pot1pC (residues 188-389).
Here we show that Pot1pC, like Pot1pN, can function independently of Pot1-DBD and binds specifically to a
minimal nonameric oligonucleotide, d(GGTTACGGT), with a KD of 400 ( 70 nM (specifically recognized
nucleotides in bold). NMR chemical shift perturbation analysis indicates that the overall structures of the
isolated Pot1pN and Pot1pC domains remain intact in Pot1-DBD. Furthermore, alanine scanning reveals
modest differences in the ssDNA-binding contacts provided by isolated Pot1pN and within Pot1-DBD.
Although the global character of both Pot1pN and Pot1pC is maintained in Pot1-DBD, chemical shift
perturbation analysis highlights localized structural differences within the G1/G2 and T3/T4 binding pockets
of Pot1pN in Pot1-DBD, which correlate with its distinct ssDNA-binding activity. Furthermore, we find
evidence for a putative interdomain interface on Pot1pN that mediates interactions with Pot1pC that
ultimately result in the altered ssDNA-binding activity of Pot1-DBD. Together, these data provide insight
into the mechanisms underlying the activity and regulation of SpPot1 at the telomere.

Eukaryotic chromosomes terminate in a conserved 30 single-
stranded DNA overhang. If left unattended, this overhang
triggers the activation of the DNA damage response leading to
chromosomal abnormalities that halt cellular proliferation (1).
This outcome is circumvented by the protective functions of
specialized telomere-associated proteins collectively referred to as
the telomere end-protection (TEP)1 family. In addition to their
protective functions, TEP proteins also participate in numerous

regulatory functions at telomeres, including controlling the
nucleotide addition activity of telomerase (2-7), coordinating
lagging (30 f 50) strand synthesis (8), fixing the termination point
of lagging strand resection (9), and controlling the formation of
higher order telomere structure (i.e., t-loops and G-quartet
structures) (7, 10, 11). As a result of the critical nature of these
regulatory activities, TEP proteins are essential for normal
cellular proliferation and long-term survival.

A universally shared feature of TEP proteins is their ability to
specifically bind to the 30 ssDNA ends of telomeres through a
conserved ssDNA-binding domain (DBD). Structural and bioin-
formatic (12) studies of TEP DBDs from TEBPR/β (13-15) in
ciliates, Cdc13 in Saccharomyces cerevisiae (16), and the Pot1
proteins from Schizosaccharomyces pombe (17) and humans (18)
reveal that TEP DBDs are structural homologues, containing the
conserved OB (oligonucleotide/oligosaccharide-binding) super-
fold (19, 20). The characterization of a wide array of proteins and
individual domains reveals a trend in which the ssDNA-binding
activity of TEP proteins is mediated bymultiple OB-folds, a feature
also shared by other ssDNA-binding proteins, such as Escherichia
coli SSB (21) and human replication protein A (RPA) (22).

The DBD in S. pombe protection of telomeres 1, Pot11-389

(hereafter referred to as Pot1-DBD), is formed from one
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structurally characterized N-terminal OB-fold domain, Pot1pN
(17, 23), and a second uncharacterized domain, Pot1pC (24, 25).
Pot1-DBD binds specifically to a minimal dodecameric oligonu-
cleotide, d(GGTTACGGTTAC), with a tight binding affinity of
46 pM at 50 mM NaCl (specifically recognized nucleotides in
bold) (24). The Pot1pN domain of Pot1-DBD can be indepen-
dently expressed and exhibits altered ssDNA-binding activity
relative to Pot1-DBD. Pot1pN binds a minimal oligonucleotide
consisting of a single repeat of the conserved hexameric S. pombe
telomere sequence (25), d(GGTTAC), with an affinity of 190 nM
at 50 mM NaCl (specifically recognized nucleotides shown in
bold) (23). Structural characterization of this domain reveals a
ssDNA-recognition interface composed of a single face of the
OB-fold β-barrel (consisting of β3 and β5) and two structured
loops (loop12 and loop45), that together form a well-defined
binding groove (Supporting Information Figure 1). This ssDNA-
binding interface contains three distinct binding pockets that
constrain the bound oligonucleotide in a highly compacted
orientation: the G1/G2, T3/T4, and A5/C6 binding pockets
(Supporting Information Figure 1). The bound oligonucleotide
interacts with the protein via internucleotide stacking interac-
tions between the protein and G1/G2, T3/T4, and A5/C6 as well
as a complex array of hydrogen bonds formed primarily between
the protein and the nucleotide bases. These interactions are
augmented by the presence of noncanonical hydrogen-bonding
interactions between G1/T3 and G2/T4 (17). The extensive
biochemical and structural information available on isolated
Pot1pN is contrasted by the absence of corresponding data
regarding the ssDNA-binding activity of Pot1pC. Comparing
and contrasting the individual ssDNA-binding characteristics of
these independent domains with that of Pot1-DBD will provide a
means toward understanding how these two domains coopera-
tively functionwithin Pot1-DBDto facilitate telomere recognition.

To further our biochemical understanding of Pot1pC, we have
cloned, expressed, and assessed its ability to bind ssDNA
independently of Pot1-DBD. Pot1pC (residues 178-389), like
Pot1pN, is a well-folded domain that can be readily expressed
and purified from E. coli. Furthermore, this domain is biochemi-
cally active and specifically binds a minimal nonamer oligonu-
cleotide, d(GGTTACGGT), with a KD of 400 nM at 50 mM
NaCl (specifically recognized nucleotides are indicated in bold).
These results indicate that, like Pot1pN, the ssDNA-binding
activity of Pot1pC is distinct from that exhibited by Pot1-DBD.
To understand how Pot1pN and Pot1pC synergize within Pot1-
DBD to facilitate the recognition of telomeric ssDNA, we
performed a structural and biochemical comparison of Pot1-
DBDwith the isolated domains using alanine scanningmutagen-
esis and NMR minimal chemical shift perturbation analysis.
Alanine scanning of ssDNA-contacting residues within Pot1pN
and Pot1-DBD indicates that the overall ssDNA-binding inter-
face defined by the Pot1pN/d(GGTTAC) complex is generally
preserved in Pot1-DBD. Furthermore, MCSP studies indicate
that the global backbone amide conformations of isolated
Pot1pN and Pot1pC are retained in Pot1-DBD. In spite of these
conserved characteristics, a detailed MCSP analysis of Pot1-
DBDdetects the localized perturbation of residueswithin theG1/
G2 and T3/T4 binding pockets of the Pot1pN domain of Pot1-
DBD that appear to contribute to the different ssDNA-binding
activities of these two proteins. Finally, we identify a putative
domain/domain interface mediating interactions between
Pot1pN and Pot1pC within Pot1-DBD. Mutagenesis experi-
ments support a role for this interface in dictating the specific

nucleotide recognition demonstrated by Pot1-DBD and indicate
that the coupling of these two domains leads to the nonadditive
binding affinity observed for Pot1-DBD. Taken together, these
results suggest that the ssDNA-binding activities of Pot1pN and
Pot1pC in isolation are not fully retained in Pot1-DBD but are
subtly altered to produce the ssDNA-binding activity exhibited
by Pot1-DBD.

EXPERIMENTAL PROCEDURES

Chemicals, Reagents, and Proteins. All chemicals and
reagents were obtained from Fisher Scientific unless otherwise
indicated. Chromatography materials were purchased from GE
Healthcare. Oligonucleotides were commercially synthesized and
reversed-phase HPLC purified (Integrated DNA Technologies).
The plasmid encoding Pot1pN was graciously provided by
Professor Thomas Cech (23). All mutagenesis performed on
Pot1pN and Pot1-DBD was performed using the reagents and
protocols provided in the Quikchange II Site-DirectedMutagen-
esis Kit (Invitrogen). NMR studies were performed with com-
plexes of 15N-labeled protein and their respective cognate ssDNA
oligonucleotides at 1.25 mM (Pot1pN), 350 μM (Pot1pC), and
400 μM (Pot1-DBD). All samples contained an excess of 0.5 mol
equiv of ssDNA to ensure that all available proteinwas present in
a homogeneous, ssDNA-bound complex. Pot1pN studies were
conducted in NMR sample buffer 1 (50 mM potassium phos-
phate, pH 6.13, 50 mM sodium chloride, 1 mMdeuterated DTT,
10% deuterium oxide), while Pot1pC and Pot1-DBD studies
were performed in NMR sample buffer 2 (100 mM triethanola-
mine, pH 8.5, 100 mM potassium chloride, 10 mM DTT, 10%
deuterium oxide).
Pot1pC Expression and Purification. The 26 kDa, C-

terminally hexahistidine-tagged Pot1pC domain (residues 178-
389) from the S. pombe Pot1 protein was cloned into pET21b
(Novagen) and expressed in BL21(DE3)C41 E. coli (26). E. coli
were grown at 37 �C in 2�YT media containing 50 μg/mL
ampicillin to an OD600 of 0.5-0.6. Cells were then placed on ice
for 1 h after which protein productionwas induced by addition of
0.5 mM IPTG and continued shaking at 220 rpm for 18 h at
15 �C. Cells were harvested by centrifugation following the
induction period.

For purification, cells were thawed on ice, resuspended in lysis
buffer (25 mM Tris, pH 8.0, 50 mM potassium phosphate,
300mM sodium chloride, 2 mM imidazole, 200 μg/mL lysozyme,
10% glycerol, 3 mM BME, and 10 mM magnesium chloride),
lysed by sonication, and treated with 40 μg/mLDNase I (Roche)
for 30 min at 4 �C. Cell debris was removed by centrifugation,
and the soluble fraction was batch incubated with Ni-charged
Fast Flow Chelating Sepaharose (GE Healthcare) at 4 �C for
∼18 h. Following elution with 600 mM imidazole, Pot1pC-
containing fractions were extensively dialyzed at 4 �C against
50 mM potassium phosphate, pH 8.0, 150 mM sodium chloride,
and 3 mM BME. Dialyzed Pot1pC was then further purified by
Superdex S200 16/60 (GEHealthcare) size exclusion chromatog-
raphy (SEC) in the same buffer containing 5 mM BME.
Monomeric Pot1pC was obtained in ∼2-3 mg/L purified yields
and was judged >95% pure by Coomassie brilliant blue stained
SDS-PAGE (Supporting Information Figure 2, inset). Pot1pC
was routinely concentrated to 200 μM, flash frozen in liquid
nitrogen, and stored at -70 �C in gel filtration buffer.

Expression, purification, and preparation of uniformly 15N-
labeled Pot1pC for NMR studies were performed as described
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above with the following modifications. Uniform 15N-labeling
was performed by expressing Pot1pC in modified minimal M9
media containing 1.5 g/L 99% (15NH4)2SO4 with purified yields
of ∼1 mg/L (27).
Expression and Purification of Pot1pN and Alanine

Mutant Constructs. The 22 kDa, N-terminally hexahistidine-
tagged Pot1pN domain from the S. pombe Pot1 protein and
various alaninemutants were expressed in BL21(DE3)E. coli (26),
purified, and stored according to the protocols established by Lei
et al. (23) with final purified yields of ∼25 mg/L. Expression,
purification, and preparation of uniformly 15N-labeled Pot1pN
for NMR studies were performed as described previously (28).
Expression and Purification of Pot1-DBD and Alanine

Mutant Constructs. The 47 kDa, C-terminally hexahistidine-
tagged Pot1-DBD domain from the S. pombe Pot1 protein and
various alanine mutants was expressed in BL21(DE3)C41 E.
coli (26), purified, and stored according to the protocols estab-
lished by Croy et al. (24) with final purified yields of∼3-4mg/L.
Expression, purification, and preparation of uniformly 15N-
labeled Pot1-DBD for NMR studies were performed as for
unlabeled Pot1-DBD with the following modifications. Due to
complications arising from the misfolding and aggregation of
Pot1-DBDwhen expressed in minimal media, it was necessary to
coexpress Pot1-DBD with the folding chaperones GroEL and
GroES (data not shown). BL21(DE3)C41 E. coli (26) were
prepared by transformation with pGRO7 (Takara Bio Inc.)
which contains a chloramphenicol selection marker with GroEL
and GroES under control of an L-arabinose-inducible promoter.
BL21(DE3)C41_pGRO7 cells were then transformed with
pET21b which contains an ampicillin selection marker with
Pot1-DBD under an IPTG-inducible promoter. E. coli were
grown at 37 �C in M9 minimal media containing 50 μg/mL
ampicillin, 10 μg/mL chloramphenicol, and 0.5 mg/mL L-arabi-
nose to an OD600 of 0.5-0.6. Cells were immediately placed on
ice for 1 h, after which Pot1-DBD expression was induced by
addition of 0.5 mM IPTG and continued shaking at 220 rpm for
6 h at 37 �C. Uniformly 15N-labeled Pot1-DBD was extracted
and purified in yields of∼2-3mg/L as previously described (24).
Electrophoretic Mobility Shift Assay (EMSA) of the

ssDNA Binding Activity of Pot1pC. All oligonucleotides
(Table 1) were 50-end labeled with [γ-32P]ATP using T4 poly-
nucleotide kinase according to standard protocols (Invitrogen).

Free [γ-32P]ATP not incorporated onto the oligonucleotide
was removed by passage through a G25 spin column (GE
Healthcare). Labeled oligonucleotides were stored at 4 �C and
typically used within 1 week of labeling. Active concentration of
Pot1pC was determined using an EMSA assay with concentra-
tions of ssDNA (6.7 μM) which were approximately 15-fold
above the estimated KD typically measured for Pot1pC. Pot1pC
was serially diluted over a broad concentration range (7 nM-
100 μM) in binding buffer (20 mMpotassium phosphate, pH 8.0,
50 mM sodium chloride, 3 mM BME, 10% glycerol), and
complexes were formed with 32P-radiolabeled ssDNA at 4 �C
for 1 h. Pot1pC/ssDNA complexes were loaded onto 5%
nondenaturing polyacrylamide gels containing 1� TBE
(89 mM Trizma base, 89 mM boric acid, and 2 mM ethylene-
diaminetetraacetic acid) and 5% glycerol and run in 1� TBE
buffer at 100V for 30min at 4 �C. Following electrophoresis, gels
were dried on filter paper (Whatman), exposed to phosphorima-
ging screens, and visualized on a Typhoon Phosphorimager (GE
Healthcare). Data were quantified using ImageQuant version 5.1
(GE Healthcare) and KaleidaGraph version 4.0 (Synergy Soft-
ware). EMSA experiments used to determine the KD were
performed in an identical fashion with the following differences:
The concentration of ssDNA (typically ∼100 pM) was kept
∼100-fold below the measured KD, and Pot1pC was diluted over
a lower concentration range (8 nM-100 μM). EMSA data were
collected using triplicate independent experiments, each per-
formed on separate days with different batches of protein. Raw
data from each trial were quantified by phosphorimaging,
converted to normalized fraction bound (Fbound), and globally
fit using nonlinear curve regression to a standard two-state
binding model to calculate the KD. For the weaker Pot1pC/
ssDNA interactions complete shifting of the labeled oligonucleo-
tide could not be achieved due to the limitations in the maximum
stable concentration of Pot1pC (200 μM). Therefore, a lower KD

limit for these binding reactions was determined by the inclusion
of a synthetic limiting data point for saturation at high Pot1pC
concentration (10mM) if binding greater than 20%was observed
at the highest concentrations. Errors in the reported KD values
are the standard error of the mean extracted from the global fits
and are a measure of the reproducibility of the experiment.
However, due to the limitations of EMSA, we have conserva-
tively considered changes of less than 2-fold insignificant.

Table 1: KD and Free Energy Changes for Pot1pC Bound to Telomeric ssDNA Oligonucleotides of Varying Length

oligonucleotide name oligonucleotide sequence KD (nM)a ΔΔG (kcal/mol)b fold changec

12mer GGTTACGGTTAC 700 ( 200 0.31 ( 0.09 1.8

11mer-30 GGTTACGGTTA 600 ( 100 0.24 ( 0.04 1.6

10mer-30 GGTTACGGTT 280 ( 40 -0.20 ( 0.03 1.4 f

9mer-30 GGTTACGGT 400 ( 65

8mer-30 GGTTACGG 1900 ( 340 0.86 ( 0.15 4.8

7mer-30 d GGTTACG >10000 >2 >30

6mer GGTTAC NDBe

11mer-50 d GTTACGGTTAC >3200 >1 >8

10mer-50 d TTACGGTTAC >11000 >2 >30

9mer-50 d TACGGTTAC >30000 >2 >80

8mer-50 d ACGGTTAC >20000 >2 >50

7mer-50 d CGGTTAC >40000 >3 >100

a KD values were obtained from three independent EMSA experiments conducted at 50mMsodium chloride, 20mMpotassiumphosphate, and 3mMBME,
pH 8.0 at 4 �C. Errors represent the standard error of equilibrium binding constants obtained from three independent binding experiments. bΔΔG = RT ln
(KD/KD9mer-30), R = 1.9872 cal mol-1 K-1, and T = 277.15 K cFold difference is relative to the 9mer-30 sequence. dSaturation was not observed for these
weak Pot1pC/ssDNA interactions. KD values were calculated using a synthetic data point as described in the Experimental Procedures and represent a lower
limit for binding. eNDB = no detectable binding was observed for this oligonucleotide. fOligonucleotide binds more tightly than 9mer-30.
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Filter Binding Analysis of the ssDNABinding Activity of
Pot1pN, Pot1-DBD, and Alanine Mutant Constructs.
Filter binding assays to determine active concentration and
apparent binding affinity for Pot1pN and Pot1-DBD were
carried out essentially as described in Lei et al. (23) and Croy
et al. (24) using a dual layer filter system. Filter binding assays for
Pot1pN were conducted with binding buffer containing 15 mM
NaCl. However, due to sensitivity limitations arising from the
extremely tight affinity of Pot1-DBD for d(GGTTACGGTTAC)
(the binding is not measurable at 15 mM and is 46 pM at 50 mM
NaCl), filter binding experiments were conducted at increased
NaCl concentrations (400 mM). These conditions attenuate the
apparent binding affinity to reasonably detectable levels. Briefly,
filter binding assays used to determineKD values were performed
with concentrations of ssDNA kept at least 10-fold below the
respective nonactivity corrected KD values of Pot1pN and Pot1-
DBD (∼100 pM for both Pot1pN and Pot1-DBD). Raw data
from each binding experiment were quantified by phosphorima-
ging and converted to fraction bound (Fbound) and globally fit
using nonlinear curve regression to a standard two-state binding
model to calculate the KD. Saturation of the nitrocellulose filters
occurred at protein concentrations of 10 μM; as such, complete
saturation of binding for the weaker Pot1pN/ssDNA and Pot1-
DBD/ssDNA interactions could not be achieved. Therefore, a
lowerKD limitwas determined by inclusion of a synthetic limiting
data point at high protein concentration. Errors in theKD values
represent the standard error of the mean extracted from the
global fits and are a measure of the reproducibility of the
experiment. However, due to the limitations of the filter binding
experiment, we have conservatively considered changes of less
than 2-fold insignificant.

1H-15NMinimal Chemical Shift Perturbation (MCSP)
Analysis of the Pot1/Oligonucleotide Complexes. Varian
Biopack gradient-selected, sensitivity-enhanced 15N-1H HSQC
spectra for the Pot1pN/d(GGTTAC) complex were collected on
a Varian Inova 600 equipped with a cold probe. Varian Biopack
gradient-selected, sensitivity-enhanced TROSY 15N-HSQC spec-
tra for the Pot1pC/d(GGTTACGGT) and Pot1-DBD/d
(GGTTACGGTTAC) complexes were collected on a Varian
Inova 800 or 900 MHz spectrometer equipped with a cold or
room temperature probe, respectively. 15N-HSQC pulse se-
quences were derived from Varian BioPack pulse sequences with
minor modifications. Acquired spectra were analyzed using
CCPNMR analysis v2.0.6 (29). Values for the minimal chemical
shift perturbationswere calculated according to the equation (30):

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔppmmin

1HÞ2þð0:17Δppmmin
15NÞ2

q
ð1Þ

RESULTS

Pot1pC Represents an Autonomous Domain Present in
Pot1-DBD. Full telomeric ssDNA-binding activity of S. pombe
Pot1 is conferred by residues 1-389 which form an independent,
biochemically active ssDNA-binding domain, Pot1-DBD
(Figure 1A) (24). Pot1-DBD contains one structurally character-
ized OB-fold domain, Pot1pN (17), followed by a second,
uncharacterized domain, Pot1pC (Figure 1A). Although this
domain contains no significant sequence similarity to other
members of the TEP family, secondary structure analysis sug-
gests it may also adopt an OB-fold structure (24, 25). Building
upon the notion that Pot1pN can be expressed independently of

Pot1-DBDand specifically bindsGT-rich ssDNA,we set forth to
determine whether or not Pot1pC is autonomous or requires
association with Pot1pN for activity. We identified two potential
constructs of Pot1pC for cloning and protein expression tests:
residues 178-389 and residues 189-389. Expression tests re-
vealed that the construct spanning residues 178-389 yielded
more soluble protein when compared with the one spanning
residues 189-389. Therefore, the construct spanning residues
178-389 was further characterized as Pot1pC. A C-terminal
hexahistidine tag was added to Pot1pC to facilitate purification
via affinity chromatography followed by gel filtration. Mono-
meric Pot1pC could be concentrated to 5-10 mg/mL without
signs of oligomerization or aggregation/precipitation (data not
shown), suggesting that this construct is well behaved in solution
and represents a stable, independent domain of Pot1-DBD.
A Minimum of Nine Nucleotides Is Required for High-

Affinity Pot1pC-ssDNA Binding. Pot1-DBD and Pot1pN
recognize the conserved hexameric d(GGTTAC) repeats within
S. pombe telomeres, either singly (Pot1pN/d(GGTTAC)) or in
tandem (Pot1-DBD/d(GGTTACGGTTAC)) (23, 24). These
observations suggest that, if the ssDNA-binding properties of
Pot1-DBD are an additive function of its respective domains,
then the Pot1pC domain of Pot1-DBD should recognize the
hexameric d(GGTTAC) oligonucleotide. Surprisingly, we find
that Pot1pC exhibits very weak affinity for d(GGTTAC) (KD .
40 μM). However, when we tested the binding of the Pot1-DBD
minimal sequence, d(GGTTACGGTTAC), toPot1pC,we found
a significant increase (>57-fold) in binding affinity for this longer
oligonucleotide (700 ( 200 nM) (Figure 1B,C and Table 1).
This binding is specific for a GT-rich telomeric sequence, as no
affinity was observed to the complementary C-rich sequence,
d(CCAATGCCCAATGC) (data not shown).

The minimal binding sequence for Pot1pC was determined
using a series of truncated oligonucleotides based on d(GGTTA-
CGGTTAC) oligonucleotide. Table 1 shows the effects on
binding affinity resulting from progressive individual truncations

FIGURE 1: Constructs used and characterization of the ssDNA-bind-
ing activity of Pot1pC using EMSA/gel shift assays. (A) Residue
boundary limits for the ssDNA-binding domain of S. pombe Pot1,
Pot1-DBD, and the independently expressed Pot1pN and Pot1pC
domains aregiven. (B)Representativedata fromanEMSAexperiment
showing the binding of Pot1pC to d(GGTTACGGTTAC) (top panel)
but not to d(GGTTAC) (lower panel). (C) Normalized data collected
from triplicate independent EMSA studies of Pot1pC binding to d
(GGTTACGGTTAC) (filled circles) and binding to d(GGTTAC)
(filled squares). Data are plotted as a function of the fraction of each
respective oligonucleotide bound versus Pot1pC concentration (nM).
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made from either the 50 or 30 end of d(GGTTACGGTTAC).
Removal of the terminal 30 nucleotides (TAC-30) from
d(GGTTACGGTTAC) had a negligible impact (<2-fold) on
the apparent binding affinity. However, continued 30 truncation
resulted in significantly weakened binding affinities (4.8-fold and
>30-fold, respectively, for further one- and two-nucleotide
truncations) (Table 1). In contrast, removal of 50 nucleotides
fromd(GGTTACGGTTAC)was not tolerated as removal of the
50 guanosine resulted in an 8-fold decrease in binding affinity
(Table 1). These results indicate that Pot1pC recognizes a
minimal nonameric oligonucleotide sequence of d(GGTT-
ACGGT) with an apparent KD of 400 ( 70 nM (Table 1). In
light of these results we examined whether the nonadditive
characteristics of Pot1-DBD binding to d(GGTTACGGTTAC)
results from the truncation of a preferred oligonucleotide con-
taining a complete Pot1pN and Pot1pC minimal binding se-
quence. These studies revealed minimal changes in binding
affinity with either the 15 nucleotide sequence d(GGTTACGGT-
TACGGT) or other longer sequences (Supporting Information
Table 1). Taken together, these data support amodel inwhich the
individual biochemical functions of Pot1pN and Pot1pC are
nonadditive in the context of Pot1-DBD.
Positions 2 and 7Are Specifically Recognized byPot1pC

in d(GGTTACGGT). To determine which nucleotides in
d(GGTTACGGT) are specifically recognized by Pot1pC, indi-
vidual bases were substituted with their corresponding comple-
ment, (GSC) and (AST). Table 2 andFigure 2 show the effects
on apparent binding affinity of Pot1pC for d(GGTTACGGT)
resulting from the series of individual complementary nucleotide
substitutions. In order to maintain consistency with the Pot1-
DBD studies (24), we set the thermodynamic threshold for
specific nucleotide recognition at ΔΔG of >1 kcal/mol. Using
this criterion, we found that substitutionsmade at positions 2 and
7 resulted in significant changes in apparent binding affinity,
while the remaining nucleotides wereminimally affected (ΔΔG<
1 kcal/mol) (Figure 2 and Table 2). These results indicate that the
biochemically derived specificity profile for Pot1pC bound to
the minimal nonamer oligonucleotide can be represented as
d(GGTTACGGT) (specifically recognized nucleotides in bold).
Combined with binding affinity data obtained for Pot1pC in
isolation, the nucleotide specificity results indicate that the
ssDNA-binding characteristics observed for Pot1-DBD do not

simply result from the additive functions of its constitutive
domains, Pot1pC and Pot1pN.
TheOverall Structure of Pot1-DBD IsWell Represented

by the Isolated Pot1pN and Pot1pCDomains. The observed
differences between the biochemical behaviors of Pot1-DBD,
Pot1pN, and Pot1pC may be due to structural perturbations of
Pot1pN and Pot1pC relative to their independent structures. We
usedNMR 15N-1H chemical shift mapping to probe for changes
in the local chemical environments of individual backbone
amides in Pot1pN and Pot1pC in the context of Pot1-DBD.
The instabilities of Pot1-DBD and Pot1pC in the absence of
ssDNA precluded a comparative assessment between the
ssDNA-free structures of Pot1-DBD, Pot1pN, and Pot1pC by
NMR. The addition of cognate ssDNA to Pot1-DBD and
Pot1pC significantly improved their solution behaviors, allowing
for an assessment of their respective backbone structures. An
overlay of the individual spectra of the Pot1pN/d(GGTTAC)
and Pot1pC/d(GGTTACGGT) complexes provides a very good
approximation of the spectrum observed for Pot1-DBD/d
(GGTTACGGTTAC) (Figure 3 and Supporting Information
Figure 3). Such a large degree of spectral overlap indicates that
the structures of isolated Pot1pN and Pot1pC are largely con-
served in the context of Pot1-DBD. Our minimal chemical shift
perturbation (MCSP) analysis indicates that isolated Pot1pN is
not significantly perturbed relative to Pot1-DBD (Figure 3 and
Supporting Information Figures 3 and 4). Of the 154 peaks
present in the 15N-1H HSQC spectrum of Pot1pN/d
(GGTTAC), we find that 10 peaks (6%) are strongly perturbed
(>0.1 ppm), 15 peaks (10%) are moderately perturbed (0.071-
0.1 ppm), and 23peaks (15%) areweakly perturbed (0.051-0.070
ppm), while the remaining 106 peaks (68%) exhibit no detectable
perturbation when compared with Pot1-DBD (Supporting In-
formationFigure 4). Similar to Pot1pN,MCSP analysis indicates
that the majority of peaks present in isolated Pot1pC are
minimally perturbed in the context of Pot1-DBD. Of the 172
peaks present in the 15N-1H HSQC spectrum of isolated
Pot1pC,we find that 8 peaks (5%) are strongly perturbed (MCSP
> 0.1 ppm), 8 peaks (5%) are moderately perturbed (0.071-
0.1 ppm), and 6 peaks (4%) are weakly perturbed (0.051-
0.070 ppm), while the remaining 150 peaks (86%) exhibit no
detectable perturbation when compared with Pot1-DBD.
Taken together, these results indicate that the overall backbone

Table 2: KD Changes for Pot1pC Bound to d(GGTTACGGT) Comple-

ment Mutant Oligonucleotides

oligonucleotide

name

oligonucleotide

sequence KD (nM)a fold changeb

9mer-30 GGTTACGGT 400( 60

9mer_G1C CGTTACGGT 1000( 140 2.5

9mer_G2C GCTTACGGT 2600( 630 6.5

9mer_T3A GGATACGGT 600( 130 1.5

9mer_T4A GGTAACGGT 720( 320 1.8

9mer_A5T GGTTGCGGT 420( 70 1.1

9mer_C6G GGTTAGGGT 310( 50 1.3c

9mer_G7C GGTTACCGT 3400( 540 8.5

9mer_G8C GGTTACGCT 780( 240 2.0

9mer_T9A GGTTACGGA 1600( 420 4.0

a KD values were obtained from three independent EMSA experiments
conducted at 50 mM sodium chloride, 20 mM potassium phosphate, and 3
mM BME, pH 8.0 at 4 �C. Errors represent the standard error of apparent
equilibrium binding constants obtained from three independent experi-
ments. bFold difference is relative to the 9mer-30 sequence. cOligonucleo-
tide binds more tightly than 9mer-30.

FIGURE 2: Effect of complementary base substitutions on the bind-
ing of Pot1pC to d(GGTTACGGT).ΔΔG values for each nucleotide
substitution were calculated as follows: ΔΔG = RT ln(KDsub/KDd

(GGTTACGGT)), where R = 1.9872 cal/(mol 3K), T = 277.15 K, and
KDd(GGTTACGGT) = 400 nM. Asterisks represent binding reactions
for which binding was observed, but saturation was not reached. To
maintain consistency with the Pot1-DBD studies (24), any nucleotide
substitution displaying a change in ΔΔG > 1 kcal/mol (outside the
shaded box) was designated as specifically recognized.
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structures of isolated Pot1pN and Pot1pC are well conserved in
Pot1-DBD.
MCSP Analysis Indicates a Rearrangement of the

ssDNA-Binding Surface of Pot1pN in Pot1-DBD. The lack
of pronounced widespread chemical shift perturbations in the
Pot1pN domain of Pot1-DBD indicates that the observed
changes in biochemical activity arise from limited alterations in
structural character. The backbone assignments of isolated
Pot1pN have been previously reported (28), and the structure

of the Pot1pN/d(GGTTAC) complex is known (17). This
information allows for a more detailed per residue analysis of
the perturbations that occur within Pot1pN to specify the regions
of structural alteration. Mapping of the MCSPs onto the
structure of the Pot1pN/d(GGTTAC) complex (17) indicates
that the majority of strong and moderate perturbations occur
within residues found in the ssDNA-binding cleft (Figure 4A,B).
The first group of clustered perturbations localizes to two
residues found within the G1/G2 binding pocket: Asp 125 and
Gln 126. Asp 125 hydrogen bonds directly with the base of
guanosine at position 1 (Figure 4C) (17), while Gln 126, which is
not directly involved in making contact with the bound oligonu-
cleotide, hydrogen bonds with the amide backbone of Asp 125
and helps to stabilize the protein structure in that region
(Figure 4C) (17). The second group of strong to moderate
perturbations is found within the structured loop connecting
β1 and β2 (loop12, Figure 4B,D), which forms the centerpiece of
the T3/T4 binding pocket (17). Specifically, we observed pertur-
bations in the backbone amides of select residues that directly
hydrogen bond to the base and phosphate backbone of T4 (Gly
61 and Lys 63), as well as the phosphate backbone of A5 (His 60)
(Figure 4D). Finally, we also observed a few strong to moderate
perturbations in non-ssDNA contacting residues: Thr 41, Ile 42,
Thr 53, and Arg 116 (Figure 4A). Though these residues do not
directly contact the ssDNA, they are located proximal to the
perturbed binding pockets present in the ssDNA-binding inter-
face. Taken together, these studies indicate that localized struc-
tural changes occur in the G1/G2 and T3/T4 binding pockets of
the Pot1pN domain of Pot1-DBD relative to isolated Pot1pN.
Alanine Scanning Mutagenesis Indicates That the Over-

all Thermodynamic Profile of the ssDNA-Binding Cleft in
Pot1-DBD Is Similar to That of Isolated Pot1pN. To
further explore the impact of the structural perturbations that

FIGURE 3: Select region of the 15N-1H HSQC spectrum for the
Pot1pN/d(GGTTAC) complex (blue) and the 15N-1H HSQC-
TROSY spectra for the Pot1pC/d(GGTTACGGT) (black) and
Pot1-DBD/d(GGTTACGGTTAC) (red) complexes. Spectra were
collected on Varian 900 (Pot1-DBD), 800 (Pot1pC), and 600
(Pot1pN) MHz spectrometers equipped with either cold (600 and
800 MHz) or room temperature (900 MHz) probes at 30 �C for
Pot1pNandPot1-DBDand at 25 �C forPot1pC. Peaks present in the
Pot1pN/d(GGTTAC) complex spectra have been annotated with
their respective one letter amino acid designations and respective
positions (peaks corresponding to Pot1pC and Pot1-DBD have not
been assigned and are unlabeled).

FIGURE 4: (A)Surface and (B) ribbon representationsof thePot1pN/d(GGTTAC)crystal complexhighlighting regionsofno (white),weak (yellow),
moderate (orange), and strong (red)MCSPdifferencesbetween isolatedPot1pNand in the contextofPot1-DBD.Aminoacids of interest are labeled,
and the bound oligonucleotide, d(GGTTAC), is represented by a blue stick model. Ribbon and stick model representation of residues within the
(C)G1/G2 and (D) T3/T4 binding pockets that displayMCSP differences between Pot1pN in isolation and in the context of Pot1-DBD.Hydrogen-
bonding contacts from these residues (<4 Å) are represented by black dashed lines, and all atoms represented by stick model have been colored as
follows: white = carbon, orange = phosphorus, red = oxygen, and blue = hydrogen. All figures were made using PyMOL version 1.0 (38).
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occur within the G1/G2 and T3/T4 binding pockets, we per-
formed alanine scanning mutagenesis of select ssDNA-binding
residues in the context of both isolated Pot1pN and Pot1-DBD
(Figure 5A). Specifically, we targeted residues in isolated Pot1pN
that participate in stacking/van der Waals interactions (Phe 88,
Leu 122, and Tyr 115), as well as those residues that hydrogen

bond with the ssDNA (Thr 62, Asp 64, and Ser 123) within each
respective binding pocket (G1/G2 (Figure 5B), T3/T4
(Figure 5C), and A5/C6 (Figure 5D)). As expected based on
the interactions observed in the Pot1pN/d(GGTTAC) crystal
complex, all of the residues mutated contribute to the binding of
Pot1pN to d(GGTTAC) (Figure 5A and Table 3). Our results

Table 3: KD Changes for Various ssDNA-Binding Interface Alanine

Mutants of Pot1pN Bound to Cognate d(GGTTAC)

Pot1pN construct KD (nM)a fold changeb

Pot1pN_WT 30 ( 20

Pot1pN_T62A 490 ( 50 16

Pot1pN_D64A 430 ( 30 14

Pot1pN_F88Ac >40000 >1000

Pot1pN_Y115A 300 ( 20 10

Pot1pN_L122Ac >9000 >300

Pot1pN_S123A 100 ( 7.0 3.3

aFilter binding experiments were conducted at 15 mM sodium chloride,
20 mM potassium phosphate, and 3 mM BME, pH 8.0 at 4 �C. Errors
represent the standard deviation of equilibrium binding constants obtained
from three independent binding experiments. bFold difference is relative to
Pot1pN_WT. c Saturation was not observed for these weak Pot1pN/
ssDNA interactions.KD values were calculated using a synthetic data point
as described in the Experimental Procedures and represent a lower limit for
binding.

Table 4: KD Changes for Various ssDNA-Binding Interface Alanine

Mutants of Pot1-DBD Bound to Cognate d(GGTTACGGTTAC)

Pot1-DBD construct KD (nM)a fold changeb

Pot1-DBD_WT 1.2 ( 0.07

Pot1-DBD_T62A 87 ( 3.0 73

Pot1-DBD_D64Ac >3000 >3000

Pot1-DBD_F88Ac >3000 >3000

Pot1-DBD_Y115A 80 ( 4.0 67

Pot1-DBD_L122A 89 ( 7.0 74

Pot1-DBD_S123A 30 ( 2.0 25

aFilter binding experiments were conducted in 400mMsodium chloride,
20 mM potassium phosphate, and 3 mM BME, pH 8.0 at 4 �C. Errors
represent the standard error of equilibrium binding constants obtained
from three independent binding experiments. bFold difference is relative to
wild-type Pot1-DBD (Pot1-DBD_WT). c Saturation was not observed for
these weak Pot1-DBD/ssDNA interactions. KD values were calculated
using a synthetic data point as described in the Experimental Procedures
and represent a lower limit for binding.

FIGURE 5: Alanine scanning mutagenesis studies targeting residues within the ssDNA-binding interface of isolated Pot1pN and in the context of
Pot1-DBD reveal a similar thermodynamic profile. (A) Plot of ΔΔG values as a function of Pot1pN (blue) and Pot1-DBD (red) ssDNA-binding
interface alanine mutants. ΔΔG values for alanine mutants were calculated as follows: ΔΔG = RT ln(KDsub//KDd(GGTTAC) (for Pot1pN)
or ΔΔG = RT ln(KDsub//KDd(GGTTACGGTTAC) (for Pot1-DBD), where R = 1.9872 cal/(mol 3K), T = 277.15 K, KDd(GGTTAC) = 30 nM, and
KDd(GGTTACGGTTAC)= 1.2 nM.Asterisks represent binding reactions for which binding was observed, but saturation was not reached. Stickmodel
representation of targeted residueswithin the (B)G1/G2, (C) T3/T4, and (D)A5/C6binding pockets of Pot1pN.Hydrogen-bonding contacts arising
from these residues (<4 Å) are representedbyblackdashed lines, andall atoms representedby stickmodel havebeen coloredas follows:white (DNA)
or cyan (protein)= carbon, orange=phosphorus, red=oxygen, and blue=hydrogen. Individual amino acids and nucleotides have been labeled
according to their respective one letter amino acid or nucleotide code and numeric position. All figures were made using PyMOL version 1.0 (38).
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indicate that both Leu 122, Phe 88, and Tyr 115, which provide
foundations for stacking interactions within the G1/G2, T3/T4,
andA5/C6 binding pockets, respectively, are essential for ssDNA
binding (Figure 5). Residues involved in hydrogen bonding in the
T3/T4 binding pocket were found to display almost identical
contributions to the binding free energy (Thr 62 and Asp 64).
Interestingly, the Ser 123/G2 hydrogen bond interaction within
theG1/G2 pocket appears to contribute less to affinity than other
residues studied (Figure 5B).

These same mutations were also important to the ssDNA-
binding affinity of Pot1-DBD (Table 4 and Figure 5A). Overall,
most of the residues had a similar effect on binding in Pot1pN
and Pot1-DBD (ΔΔGPot1-DBD - ΔΔGPot1pN < 1 kcal/mol),
suggesting that the binding cleft is largely preserved. However,
we found that the contributions of a few of these residues to the
free energy of ssDNA binding were differentially altered with
respect to isolated Pot1pN (Table 3). The most striking change
occurred when the Asp 64 to Ala mutation was examined in the
context of Pot1-DBD, which exhibited an ∼3 kcal/mol change
relative to Pot1pN (ΔΔGPot1-DBD - ΔΔGPot1pN) (Figure 5A).
The dramatic shift in the thermodynamic importance of this
residue may be related to structural perturbations within the T3/
T4 binding pocket of Pot1-DBD as detected in our MCSP
analysis and is likely a function of the altered specificity profile
within Pot1-DBD. However, since the majority of residues
showed little alteration andweobservemodest structural changes

via MCSP analysis, these results support a model in which the
overall binding surface observed in the Pot1pN/d(GGTTAC)
crystal structure is largely preserved in the context of Pot1-DBD,
with some subtle rearrangements in localized regions.
MCSP Analysis Suggests the Presence of a Domain/

Domain Interaction Interface in the Pot1pN Domain of
Pot1-DBD. In addition to the localized changes within the
ssDNA-binding cleft of the Pot1pN domain in Pot1-DBD, we
also detected a second groupof perturbed residues distant from the
ssDNA-binding residues discussed in the previous section
(Figure 6A,B). These residues are located on a single face of
Pot1pN, with the majority located in the structured loop connect-
ing β3 and β4 (loop34) (Gln 91, Asn 93, Asp 94, Val 97, Lys 99),
with the remaining two residues (Ser 139 and Thr 142) located in
the nonregular structured loop connecting β5 with the C-terminal
helix (loopPostβ5; Figure 6A,B). The crystal structure of the
Pot1pN/d(GGTTAC) complex indicates that these residues are
distinct from the ssDNA-binding interface (17). Therefore, we
hypothesized that these perturbations arise from a domain/
domain interface between the Pot1pN and Pot1pC domains
within Pot1-DBD. The presence of such an interaction surface
provides a means to alter the binding properties of both domains
relative to their isolated forms through an allosteric type of
mechanism.

We were not able to detect a Pot1pN/Pot1pC interaction
directly in trans using solution-based NMR-based chemical shift

FIGURE 6: MCSP analysis reveals a putative domain/domain interface on the Pot1pN domain of Pot1-DBD. (A) Surface and (B) ribbon
representations of the Pot1pN/d(GGTTAC) crystal complex highlighting regions of no (white), weak (yellow), moderate (orange), and strong
(red) MCSP differences between Pot1pN in isolation in the context of Pot1-DBD. Amino acids of interest are labeled, and the bound
oligonucleotide, d(GGTTAC), is represented by a blue stick model. Loops involved in forming the putative interdomain interface have been
labeled. (C) Plot of ΔΔG values as a function of individual nucleotide substitution for Pot1-DBD (black), Pot1-DBD_Q91A (red), and Pot1-
DBD_V97A (blue). ΔΔG values for each nucleotide substitution were calculated as follows:ΔΔG= RT ln(KDsub//KDd(GGTTACGGTTAC)), where
R=1.9872 cal/(mol 3K),T=277.15K, andKDd(GGTTACGGTTAC)=670 pMfor Pot1-DBD, 7.0 nMfor Pot1-DBD_Q91A, and 9.6 nMfor Pot1-
DBD_V97A. Asterisks represent binding reactions for which binding was observed, but saturation was not reached. All figures were made using
PyMOL version 1.0 (38).
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perturbationmethods in either the presence or absence of ssDNA
(data not shown) suggesting that the interactions of the Pot1pC
and Pot1pN domains within Pot1-DBD are weak. To probe this
potential interface, we instead performed alanine mutagenesis of
residues present in loop34 to see if disruption of this putative
Pot1pN/Pot1pC interaction leads to changes in the ssDNA-
binding activity of Pot1-DBD. Of the residues targeted, only
Pot1-DBD_Q91A and Pot1-DBD_V97A were soluble and mon-
omeric in solution (data not shown). Pot1-DBD_Q91A and
Pot1-DBD_V97A displayed a 10- and 15-fold reduction in
binding affinity for d(GGTTACGGTTAC), respectively, when
compared with wild type Pot1-DBD, suggesting that they con-
tribute to the overall ssDNA-binding activity (24) (Table 5). We
also tested whether disruption of this interface altered the specific
nucleotide recognition profile for Pot1-DBD by measuring the
impact on binding affinity for individual complementary nucleo-
tide substitutions within the first hexameric core repeat of
d(GGTTACGGTTAC). Interestingly, we found that the ther-
modynamic profile describing the specific recognition of indivi-
dual nucleotides by Pot1-DBD was significantly altered in the
context of both Pot1-DBD_Q91A and Pot1-DBD_V97A. Spe-
cifically, in addition to the trinucleotide GTT recognized bywild-
type Pot1-DBD, these mutant proteins displayed an added
preference for guanosine at position 1, adenosine at position 5,
and cytosine at position 6 (Table 5 and Figure 6C). These results
point to a reversion to isolated Pot1pN binding characteristics
for the Pot1pN domain upon disruption of this putative domain/
domain interface. These data lead us to test whether the
decoupling of Pot1pN and Pot1pCwithin Pot1-DBD also causes
a change in sequence length preference to accommodate
nonoverlapping binding sequences for Pot1pN and Pot1pC.
We examined binding to both a 15 nucleotide sequence
d(GGTTACGGTTACGGT) and a 24 nucleotide sequence

d(GGTTACGGTTAC)2 (Table 5). Surprisingly, we found
>100-fold tighter binding affinity for both oligonucleotides in
the context of Pot1-DBD_Q91A and Pot1-DBD_V97A but not
for wild-type Pot1-DBD (Table 5 and Supporting Information
Table 1). These results suggest that interaction between the two
domains within Pot1-DBD negatively impacts the free energy of
binding, as well as alters the specific recognition profile exhibited
by Pot1-DBD.

DISCUSSION

The ssDNA-Binding Activity of Pot1-DBDResults from
the Nonadditive Functions of Its Constitutive Pot1pN and
Pot1pC Domains. Like Pot1pN, the C-terminal domain of
Pot1-DBD is capable of independently binding telomeric ssDNA
and exhibits ssDNA-binding activity that is distinct from both
Pot1pN and Pot1-DBD.We find that Pot1pC binds to aminimal
nonameric oligonucleotide, d(GGTTACGGT), with a binding
affinity of 400 nM at 50 mM NaCl (Table 1). This result was
surprising; as Pot1-DBD recognizes a minimal dodecamer (24)
and Pot1pN in isolation recognizes a minimal hexamer (23), we
expected Pot1pC to also bind a hexamer. Surprisingly, we
found that the overall binding affinity of Pot1-DBD for
d(GGTTACGGTTAC) (46 pM) was substantially weaker than
the sum of the energetic interactions of Pot1pN and Pot1pC in
isolation with their respective minimal cognate oligonucleotide
substrates (-8.1 kcal/molþ-8.5 kcal/mol =-16.6 kcal/mol or
80 fM). If the mode of binding were conserved, we would expect
the Pot1-DBD/d(GGTTACGGTTAC) interaction to poten-
tially be tighter than 80 fM due to additional energetic contri-
butions arising from the chelate effect (31). This unexpe-
cted behavior does not appear to result from an incomplete
ssDNA-binding site for both Pot1pN and Pot1pC in the 12mer
oligonucleotide since increasing the oligonucleotide length leads

Table 5: KD and Free Energy Changes of Pot1-DBD_Q91A and Pot1-DBD_V97A Binding to Various Oligonucleotides

oligonucleotide name oligonucleotide sequence KD (nM)a ΔΔG (kcal/mol)b fold changec

Pot1-DBD_Q91A

12mer GGTTACGGTTAC 7.0 ( 0.60

12mer_G1C CGTTACGGTTAC 45 ( 6.0 1.0 ( 0.1 6.4

12mer_G2Cd GCTTACGGTTAC >100 >1 >10

12mer_T3Ad GGATACGGTTAC >400 >2 >60

12mer_T4Ad GGTAACGGTTAC >400 >2 >60

12mer_A5T GGTTTCGGTTAC 27 ( 2.0 0.74 ( 0.06 3.9

12mer_C6G GGTTAGGGTTAC 80 ( 10.0 1.3 ( 0.2 11

15mer GGTTACGGTTACGGT 0.046 ( 0.004 -2.8 ( 0.3 150

24mer (GGTTACGGTTAC)2 0.065 ( 0.004 -2.6 ( 0.2 110

Pot1-DBD_V97A

12mer GGTTACGGTTAC 9.6 ( 0.060

12mer_G1C CGTTACGGTTAC 68 ( 7.0 1.1 ( 0.1 7.1

12mer_G2Cd GCTTACGGTTAC >200 >2 >20

12mer_T3Ad GGATACGGTTAC >400 >2 >40

12mer_T4Ad GGTAACGGTTAC >600 >2 >60

12mer_A5T GGTTTCGGTTAC 45 ( 4.0 0.85 ( 0.08 4.7

12mer_C6G GGTTAGGGTTAC 100 ( 10.0 1.3 ( 0.1 10

15mer GGTTACGGTTACGGT 0.041 ( 0.004 -3.0 ( 0.3 230e

24mer (GGTTACGGTTAC)2 0.058 ( 0.004 -2.8 ( 0.2 170e

aDue to the extremely tight binding affinity of Pot1-DBD for ssDNA, filter binding experiments were conducted at 400 mM sodium chloride, 20 mM
potassium phosphate, and 3 mM BME, pH 8.0 at 4 �C. Errors represent the standard error of equilibrium binding constants obtained from three independent
binding experiments. bΔΔG=RT ln(KD/KD12mer),R=1.9872 cal mol-1 K-1, and T=277.15 K. cFold difference is relative to Pot1-DBDmutants binding
to d(GGTTACGGTTAC). dSaturation was not observed for these weak Pot1-DBD/ssDNA interactions. KD values were calculated using a synthetic data
point as described in the Experimental Procedures and represent a lower limit for binding. eOligonucleotide binds more tightly than d(GGTTACGGTTAC).
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to only modest changes in overall binding affinity (Supporting
InformationTable 1).We also observed nonadditivity of Pot1pN
and Pot1pC in the context of Pot1-DBD with regard to
their respective individual nucleotide recognition patterns when
compared with Pot1-DBD. Pot1pN and Pot1pC recog-
nize d(GGTTAC) (23) and d(GGTTACGGT), respectively,
which are markedly altered in the context of Pot1-DBD,
d(GGTTACGGTTAC) (24) (specifically recognized nucleotides
in bold). Taken together, these data suggest that the ssDNA-
binding activity of Pot1-DBD is not a simple sum of its
constitutive parts. Rather, our results indicate that the ssDNA-
binding activity of Pot1-DBD is altered relative to the individual
activities of isolated Pot1pN and Pot1pC, suggesting that their
arrangement and interactions within Pot1-DBD influence the
binding characteristics of each domain.
The Observed Changes in ssDNA-Binding Activity Are

Not Due to the Global Refolding of the Isolated Domains.
Our MCSP analysis indicates that the altered ssDNA-binding
activities of isolated Pot1pC and Pot1pN relative to Pot1-DBD
originate from subtle, rather than dramatic, changes in their
respective structures (Figure 3 and Supporting Information
Figure 2).OurMCSP studies suggest that the structural character
of the majority of amide backbones in isolated Pot1pN and
Pot1pC are conserved in the context of Pot1-DBD. Of the
residues that are perturbed within the Pot1pN domain of Pot1-
DBD, the majority are localized to the ssDNA-binding interface
defined by the Pot1pN/d(GGTTAC) crystal complex (17). Ala-
nine scanning mutagenesis of the DNA-binding surface reveals
relatively few changes in the contributions of these residues to
the overall binding affinity when independent Pot1pN and
Pot1-DBD are compared (Tables 3 and 4 and Figure 5A). These
NMR and mutagenesis studies indicate that the ssDNA-binding
cleft of the Pot1pN domain of Pot1-DBD is quite similar to that
of the isolated protein. These results suggest that slight adjust-
ments in the molecular details governing the interactions of the
protein and oligonucleotide lead to the altered ssDNA-binding
features of Pot1-DBD relative to isolated Pot1pN and Pot1pC.
Subtle Rearrangements of the G1/G2 and T3/T4 Binding

Pockets within the ssDNA-Binding Interface in Pot1pN
Contribute to the Altered ssDNA-Binding Activity of Pot1-
DBD. Pot1-DBD exhibits a weakened preference for G1 and A5
relative to Pot1pN in isolation (24). Specific recognition of G1 by
Pot1pN alone is thought to result from hydrogen-bonding
interactions formed between Asp 125 and G1 within the G1/
G2 binding pocket (23). Our MCSP analysis indicates that Asp
125 is strongly perturbed in the context of Pot1-DBD
(Figure 4A). These data suggest that structural alteration of this
binding pocket in Pot1-DBD disrupts hydrogen-bonding inter-
actions resulting in the decreased preference for G1. In contrast
to G1 recognition, the specific recognition of A5 arises from the
internucleotide interactions of the adenosine base with the
phosophodiester backbones of T3 and T4 (23). We find that
residues present in loop12, which forms the core of the T3/T4
binding pocket, are strongly perturbed in Pot1-DBD, indicating
that the T3/T4 binding pocket is altered in the context of Pot1-
DBD (Figure 4A). Dynamics studies of isolated Pot1pN indicate
that loop12 is unstructured in the absence of bound oligonucleo-
tide and formation of the T3/T4 binding pocket involves the
cofolding of loop12 and d(GGTTAC) (32). These results support
a model in which the T3/T4 binding pocket in Pot1-DBD is
present in an alternate conformation that no longer provides for
the specificity-dictating interactions between the phosphodiester

backbones of T3/T4 with A5 (Supporting Information Figure
1A). Further evidence for an altered T3/T4 binding pocket comes
from our alanine scanning studies, which show an increase in the
contributions of Asp 64 (which hydrogen bonds to the base of
T4 (Supporting Information Figure 1C)) to the overall binding
affinity in Pot1-DBD (Figure 5A). Additionally, these altera-
tions clarify why the importance of the noncanonical hydrogen-
bonding interaction formed between the exocyclic amine at
position 2 of G2 and the carboxyl at position 4 in T4 in Pot1pN
is no longer required for high-affinity binding in Pot1-DBD (24).
Alteration of the G1/G2 and T3/T4 binding pockets is not
unexpected as the ssDNA-binding cleft in Pot1pN is a highly
malleable surface that can accommodate several alternative
oligonucleotide conformations with varying degrees of thermo-
dynamic change (28).
Evidence for a Putative Domain/Domain Interface That

Mediates Interactions between Pot1pN and Pot1pC within
Pot1-DBD. In addition to the perturbation of residues within
the ssDNA-binding interface of Pot1pN, a second region of
perturbation was observed in residues that are distant (>10 Å)
from the ssDNA-binding interface within loop34 of Pot1pN
(Figure 6A,B). These residues define a putative surface that
facilitates interaction between the Pot1pN and Pot1pC domains
in Pot1-DBD. Support for this hypothesis can be obtained from
comparisons with the DBD from human Pot1, HsPot1_v2.
HsPot1_v2 contains two OB-fold domains (OB1 and OB2) that
associate with each other via an extensive domain/domain inter-
face in which hydrophobic residues in loop34 (residues 69-75)
provide a surface that facilitates the interaction of OB1 and
OB2 (18). Clustal (33) sequence alignments reveal that the
hydrophobic character of loop34 in HsPot1_v2 is conserved in
the Pot1pN domain of Pot1-DBD (Supporting Information
Figure 5). Consistent with this hypothesis, targeted disruption
of this putative domain/domain interface by alanine substitution
leads to changes in both the binding affinity and specific
nucleotide recognition exhibited by Pot1-DBD (Table 5). Muta-
tion of these interface residues also alters the oligonucleotide
length preference of Pot1-DBD to instead include the complete
binding sequences for both Pot1pN and Pot1pC, as bothmutants
display a >100-fold enhancement for these extended sequences
relative to d(GGTTACGGTTAC) (Table 5). In contrast, wild-
type Pot1-DBD, which maintains this putative domain/domain
interface, binds both the 12mer and 15mer oligonucleotides with
relatively similar affinities (Supporting Information Table 1).
Finally, the disruption of the interface results in a >10-fold
weaker binding affinity relative to wild-type Pot1-DBD binding
to its cognate 12mer sequence (40-60 pM for Pot1-DBD_Q91A/
d(GGTTACGGTTACGGT) or Pot1-DBD_V97A/d(GGTTA-
CGGTTACGGT) compared to the reported 670 pM (24) for
Pot1-DBD/d(GGTTACGGTTAC)). These results suggest that
the domain/domain interactions of Pot1pN and Pot1pC within
Pot1-DBD lead to their altered binding characteristics relative to
its constitutive domains.

In addition to residues in loop34, the domain/domain interface
inHsPot1_v2 also contains residues found in loop12 (Supporting
Information Figure 5). Unlike the conservation observed in
loop34, Clustal alignments indicate that loop12 is only modestly
conserved in the context of Pot1-DBD. This lack of conservation
is consistent with our MCSP studies that indicate minimal
perturbation of these residues. These results imply that only
certain aspects of the interface presented in HsPot1_v2 are
retained in the context of Pot1-DBD. The lack of complete



6874 Biochemistry, Vol. 48, No. 29, 2009 Croy et al.

conservation between the domain/domain interfaces in
HsPot1_v2 and Pot1-DBD and the decreased points of con-
tact between Pot1pN and Pot1pC domains in Pot1-DBD sug-
gest a more flexible interdomain interface relative to HsPot1.
Such an interface may allow for the reorientation of the Pot1pN
and Pot1pC domains with respect to one another, while still
maintaining the important domain/domain interactions, to
accommodate the heterogeneous spacer elements in S. pombe
telomeres.
Pot1DBD ssDNA-Binding Activity May Be Regulated

by Interdomain Allostery. Our results suggest that the inter-
actions formed between the Pot1pN and Pot1pC domains
within Pot1-DBD lead to the alteration of their individual
ssDNA-binding activities, ultimately resulting in the ssDNA-
binding activity exhibited by Pot1-DBD. Such domain/do-
main interactions in the context of the TEP family have not
been reported. However, the regulation of biochemical func-
tion through bimolecular protein/protein interactions is not
unprecedented in the TEP family. The Oxytrichia nova TEP
family member, TEBP, is a multimeric protein formed from
two distinct polypeptide subunits (R and β), which exhibit
ssDNA-binding activity independently of each other or to-
gether as a heterodimeric complex. In isolation the TEBPR
subunit (a tandem repeat of OB-folds) recognizes d
(TTTTGGGG) (specifically recognized residues in bold) with
an apparent KD of 125 nM (34). Addition of TEBPβ (a single
OB-fold) leads to an alteration of the ssDNA-binding activity
of TEBPR. Formation of the TEBPRβ heterodimer leads to a
dramatic shift in the binding affinity (from 125 to 2.8 nM),
oligonucleotide sequence recognized, minimal oligonucleotide
length required, and alteration of the specific recognition
profile exhibited by TEBPR to d(GGGGTTTTGGGG) in
TEBPRβ (specifically recognized residues in bold) (35, 36).
Protein/protein interactions have also been found to be
important in altering the ssDNA-binding activity of the hu-
man Pot1 protein (37). In the absence of the telomere-
associated protein, TPP1, HsPot1 binds to telomere ends
and blocks the nucleotide addition activity of telomerase.
Interaction of TPP1 with HsPot1 leads to a change in the
ssDNA-binding activity of HsPot1 (37). Association with
TPP1 also appears to alter HsPot1 interaction with telomer-
ase, resulting in an increase in the processive nature of
telomerase nucleotide repeat addition. Though protein/
protein-mediated allostery is commonly observed in the TEP
family, our studies indicate that TEP proteins may allos-
terically regulate their biological functions by manipulat-
ing interdomain interactions. Further insight into how these
interactions might be harnessed to regulate biological func-
tion and telomere end structure is a developing area of
investigation.
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