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Abstract

Linear chromosomes terminate in specialized nucleoprotein structures called telomeres, which are

required for genomic stability and cellular proliferation. Telomeres end in an unusual 3′ single-

strand overhang that requires a special capping mechanism to prevent inappropriate recognition by

the DNA damage machinery. In Schizosaccharomyces pombe, this protective function is mediated

by the Pot1 protein, which binds specifically and with high affinity to telomeric ssDNA. We have

characterized the thermodynamics and accommodation of both cognate and noncognate telomeric

single-stranded DNA (ssDNA) sequences by Pot1pN, an autonomous ssDNA-binding domain

(residues 1–187) found in full-length S. pombe Pot1. Direct calorimetric measurements of cognate

telomeric ssDNA binding to Pot1pN show favorable enthalpy, unfavorable entropy, and a negative

heat-capacity change. Thermodynamic analysis of the binding of noncognate telomeric ssDNA to

Pot1pN resulted in unexpected changes in free energy, enthalpy, and entropy. Chemical-shift

perturbation and structural analysis of these bound noncognate sequences show that these

thermodynamic changes result from the structural rearrangement of both Pot1pN and the bound

oligonucleotide. These data suggest that the ssDNA-binding interface is highly dynamic and, in

addition to the conformation observed in the crystal structure of the Pot1pN/d(GGTTAC)

complex, capable of adopting alternative thermodynamically equivalent conformations.

Protein recognition of nucleic acids is a key underlying molecular recognition event that

guides replication, transcription, recombination, and other essential biological processes. To
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date, a number of structural, biochemical, and thermodynamic studies have provided a

fundamental understanding of how protein/double-stranded DNA (dsDNA)1 recognition

occurs. These studies reveal that dsDNA recognition is mediated by direct and indirect

protein contacts that form intricate networks of hydrogen bonds with the bases (1–3).

Thermodynamically, dsDNA recognition is generally characterized by negative enthalpy,

positive entropy (ascribed to water/ion release), and large negative heat-capacity changes

(ascribed to surface exclusion of the solvent) (4). Furthermore, the specific recognition of

dsDNA typically leads to larger negative heat-capacity changes when compared to its

nonspecific counterpart (1, 2). Although these characteristics are common, they can be

modulated by many physical processes, including (1) conformational changes of the

molecules upon binding (5), (2) redistribution of ion atmospheres, (3) dynamic behavior,

and (4) hydration patterns of the molecules (reviewed in ref 6). For example, the binding of

a protein to the major groove of dsDNA tends to be an enthalpically driven process, whereas

minor groove binding is typically entropically driven because of the different hydration

properties of each groove (7).

The characteristics that govern dsDNA binding cannot be directly extrapolated to ssDNA

binding because of the differences in the mode of recognition and the extended nature of

free ssDNA. Unlike dsDNA, the recognition of ssDNA is dominated by extensive stacking

interactions between DNA bases and aromatic amino acids, which are augmented by

hydrogen-bonding interactions in the case of specific recognition of ssDNA (8–18). Also, in

comparison to dsDNA, ssDNA is inherently more flexible, which provides for a greater

number of possible binding configurations. Thermodynamically, the recognition of ssDNA

is typically an enthalpically driven process with a negative heat-capacity signature (10, 13,

16, 18, 19). However, unlike dsDNA recognition, our understanding of ssDNA recognition

and accommodation of noncognate sequences is less well-developed in terms of correlating

structural features with thermodynamics.

A more comprehensive understanding of ssDNA recognition can be achieved from parallel

structural and thermodynamic studies within a well-defined system. The telomere end-

protection (TEP) family of proteins provides an ideal system to probe the structural and

thermodynamic underpinnings of specific ssDNA recognition. Telomeres terminate in a

unique 3′ single-stranded overhang that must be distinguished from unnatural ends. TEP

proteins provide this essential protective function by binding specifically to this ssDNA

overhang, thus preventing unwarranted DNA damage responses at telomere ends (20, 21).

To better understand this mode of recognition, structures have been solved of the ssDNA-

binding domains (DBDs) of TEBPα/β (22–25) in ciliates, Cdc13 in the Saccharomyces

cerevisiae (26), and the Pot1 proteins from Schizosaccharomyces pombe (27) and Homo

sapiens (28). These studies reveal that TEP family members share a common protein fold

that facilitates ssDNA binding and recognition, the OB (oligonucleotide—oligosaccharide

1Abbreviations: BME, 2-betamercapthoethanol; DBD, DNA-binding domain; DSC, differential scanning calorimetry; dsDNA,
double-stranded DNA; G1I, d(IGTTAC); G2I, d(GITTAC); HSQC, hetero-nuclear single-quantum coherence; ITC, isothermal
titration calorimetry; MCSP, minimal chemical-shift perturbation; MWCO, molecular-weight cutoff; NMR, nuclear magnetic
resonance; NOE, nuclear Overhauser effect; OB-fold, oligonucleotide/oligosaccharide fold; Pot1, protection of telomeres 1; Pot1pN,
residues 1–187 of full-length S. pombe Pot1 with N-terminal His6 tag; ssDNA, single-stranded DNA; TEP, telomere end protection;
T3dU, d(GGUTAC); T4dU, d(GGTUAC).
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binding) protein superfold (21, 29). Although structurally and functionally homologous,

each TEP family member has a unique recognition interface for specifically recognizing and

binding ssDNA (reviewed in ref 21), indicating that a common shared mechanism for

specific ssDNA recognition has not emerged.

One of the most well-characterized TEP DBDs is the N-terminal 187-residue Pot1pN

domain from the Pot1 protein found in S. pombe, which binds tightly (Kd of 83 nM) to a

minimal telomeric ssDNA sequence, d(GGTTAC) (30). The high-resolution crystal structure

of the Pot1pN/d(GGTTAC) complex reveals that the ssDNA adopts a remarkable compact

conformation that is characterized by the self-recognition of nonsequential nucleotides

through single hydrogen bonds (27). This compact DNA conformation is in pronounced

contrast to the extended DNA conformations found in other TEP family members (21). In

the complex, the ssDNA forms two non-Watson–Crick G-T base pairs and extensive intra-

and intermolecular base-stacking between bases with hydrophobic extensions into the

protein: G1 stacks with G2, which connects with L122, T3 stacks with T4, which stacks

onto F88, and A5 stacks with C6, which stacks with Y115 (Figure 1). In addition to these

extensive hydrophobic stacking interactions, there is an extensive array of hydrogen bonds

formed between the oligonucleotide and the protein.

To further our understanding how telomeric ssDNA is recognized by TEP proteins, we have

performed a parallel thermodynamic and structural study on the binding of both cognate and

noncognate telomeric ssDNA oligonucleotides to Pot1pN. We have determined the

thermodynamic signatures for the binding of the cognate telomere sequence, d(GGTTAC),

to Pot1pN using isothermal titration calorimetry (ITC). In addition to these studies with

cognate ligand, we have also investigated the mechanism of specific recognition exhibited

by Pot1pN by measuring the thermodynamic impact of targeted modifications of this

cognate sequence. Because of unexpected changes in binding free energy, enthalpy, and

entropy for these noncognate oligonucleotides, we probed for structural changes in both the

protein and bound oligonucleotide using the nuclear magnetic resonance (NMR) techniques

of minimal chemical-shift perturbation (MCSP) mapping and analyzing DNA–DNA

contacts via nuclear Overhauser effect (NOE) measurements. These structural studies

indicate that the protein and/or bound oligonucleotide undergo structural rearrangements to

accommodate each specific mutation and, depending upon the context of the modification,

allow for the re-establishment of key thermodynamic contacts. The observed

thermodynamic and structural changes indicate that the conformation of protein and

oligonucleotide observed in the high-resolution crystal structure of the Pot1pN/d(GGTTAC)

complex are not fixed. These studies expand and generalize the nucleotide-shuffling model

for noncognate oligonucleotide recognition proposed by Theobald et al. (31) by suggesting

that structural changes are not limited to the oligonucleotide but rather significant changes in

protein structure also allow for recovery of lost thermodynamic contacts. Finally, these

studies suggest that the specific recognition of ssDNA is facilitated by structural

accommodation and is not limited to the specific hydrogen-bonding patterns observed in the

high-resolution crystal structure of the Pot1pN/d(GGTTAC) complex.
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MATERIALS AND METHODS

Chemicals, Reagents, and Proteins

All chemicals and reagents were obtained from Fisher Scientific (Pittsburgh, PA) unless

otherwise indicated. ATP (γ-32P) was obtained from Perkin-Elmer Life and Analytical

Sciences (Wellesley, MA). Oligonucleotides, d(GGTTAC), d(IGTTAC), d(GITTAC),

d(GGUTAC), and d(GGTUAC), were commercially synthesized (Operon, Huntsville, AL)

and reversed-phase purified over a semipreparative C18 column (Grace-Vydac, Hesperia,

CA) in 1% triethanolamine acetate/H2O and eluted with a 5–40% gradient of 1%

triethanolamine acetate/19% H2O/80% acetonitrile. Purified oligonucleotides were dialyzed

extensively against 1 M NaCl to remove excess triethanolamine, followed by dialysis

against deionized water. Desalted oligonucleotides were stored at 4 °C. All protein

chromatography media were purchased from GE Healthcare (Piscataway, NJ). All buffers

were filtered through a 0.2 μm membrane (Fisher Scientific) and degassed prior of use. The

plasmid encoding Pot1pN was graciously provided by Professor Thomas Cech (30).

Expression and Purification of Pot1pN

The 22 kDa, N-terminal (His)6-Pot1pN was expressed, purified, and stored according to the

protocols established by Lei et al. (30) and Croy et al. (32) with a final yield of 60 mg/L.

Pot1pN used for NMR backbone assignment studies was expressed in Escherichia coli and

purified in the same manner as the nonlabeled Pot1pN protein, except as follows. Expression

of uniformly 13C,15N-labeled Pot1pN was accomplished by growing in minimal M9 media

[25 mM Na2HPO4, 22 mM KH2PO4, 25 mM NaCl, 1× MEM vitamin solution (Invitrogen,

Carlsbad CA), 1 μM FeCl3, 46 nM H3BO4, 102 nM CaCl2, 0.19 nM CoCl2, 0.78 nM

CuSO4, 1.02 μM MgCl2, 1 nM MnCl3, 3 pM Na2MoO4, and 1.7 nM ZnCl2], supplemented

with 11 mM (15NH4)2SO4 and 10.7 mM 13C-glucose as the sole nitrogen and carbon

sources, respectively (33, 34).

Concentration Determination of Oligonucleotides and Protein

Protein and oligonucleotide concentrations were calculated from A280 and A260 values,

respectively. The molar extinction coefficient (ε280) for Pot1pN was calculated to be 27 900

M–1 cm–1 by the ±GndHCl method by Pace et al. (35). The molar extinction coefficients

(ε260) for d(GGTTAC), G1I, G2I, T3dU, and T4dU, were the estimates of 54 995, 53 204,

53 204, 56 951, and 56 951 M–1 cm–1, respectively, of the manufacturer.

Differential Scanning Calorimetry (DSC) of the Pot1pN/d(GGTTAC) Complex

DSC experiments were performed on a VP-DSC (Microcal LLC, Northampton, MA) with

an active cell volume of 0.5 mL at 1.5 atm overpressure using scanning rates of 0.5, 1, and

1.5 °C/min. A total of 70–100 μM of free d(GGTTAC) and Pot1pN and complex

(protein/DNA ratio of ~1:1.2) were monitored from 5 to 95 °C in 50 mM Na2HPO4 at pH

7.5, 150 mM NaCl, and 1 mM BME. Apparent thermal transition midpoint temperatures

were obtained, because the system was not reversible under the experimental conditions

used. Specifically, the post-transition baseline did not reach a steady baseline level but rather

drops sharply following denaturation for the first run (Supplemental Figure S1 in the
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Supporting Information), and there is no transition/excess enthalpy on repetitive runs on the

same sample. Visual inspection of each sample following heat denaturation yielded an

opaque/milky solution indicative of nonreversibly aggregated/precipitated protein. Measured

transition midpoint temperatures show no significant scan rate dependence suggesting that

actual values were obtained. Buffer subtraction, concentration normalization, baseline

correction, and data analysis were performed using the DSC module in the Origin version

7.0 (Microcal LLC, Northampton, MA).

ITC of the Pot1pN/Oligonucleotide Complexes

ITC studies were performed on a VP-ITC (Microcal LLC, Northampton, MA) with an active

cell volume of 1.3 mL and a 250 μL syringe. The instrument was calibrated by titration of

18-crown-6 with BaCl2 (36, 37). Pot1pN and oligonucleotides were dialyzed separately

against buffer (50 mM Na2HPO4 at pH 7.5, 150 mM NaCl, and 1 mM BME) using a 3500

Da molecular-weight cutoff (MWCO) Slide-a-Lyzer dialysis cassette (Pierce, Rockford, IL)

and a 500 Da MWCO Float-a-Lyzer (Spectrum Laboratories, Rancho Dominguez, CA),

respectively, for at least 10 h with 2–3 buffer changes. The last buffer change from the

protein dialysis solution was used to dilute protein and oligonucleotide samples and wash

the ITC before each run. Samples were thoroughly degassed on a Thermovac (Microcal

LLC) for 5 min at ~5 °C lower than the experimental temperature and then titrated at

temperatures ranging from 5 to 35 °C (in 5 °C increments). Reference power was set to 12

μcal/s, and the stirring rate was 300 rpm. Typically, each experiment consisted of a single 2

μL injection followed by 19 injections of 4 μL of 115–130 μM d(GGTTAC) into 4–5 μM

Pot1pN with injection intervals of 3 min. Reverse titration was performed at 20 °C with 130

μM Pot1pN titrated into 4 μM d(GGTTAC) with the same parameters as above. Titrations of

G1I and T3dU were performed at 20 °C and consisted of a single 2 μL injection followed by

24 injections of 4 μL of 100–150 μM DNA into 6 μM Pot1pN with injection intervals of 4

min. Titrations of G2I and T4dU were performed at 20 °C and consisted of a single 2 μl

injection followed by 69 injections of 4–5 μL of 700–900 μM DNA into 50 μM Pot1pN with

injection intervals of 4 min. Visual inspection after each titration experiment revealed a clear

solution at every temperature. Experiments were performed in 3–5 replicates with different

preparations of protein and oligonucleotides.

ITC gives reliable thermodynamic data within an affinity regime defined by the c value (c =

Ka[cell component] for a 1:1 binding reaction, where Ka is the equilibrium association

constant) (38). A high c value gives a steeper binding curve with less data points in the

transition region (c > 1000), whereas a low c value (c < 1) gives too shallow of a curve for

good estimates of thermodynamic parameters. The c values in this study ([Pot1pN] = 4 μM)

are between 1000 at 5 °C and 67 at 35 °C, suggesting that the conditions are within the ideal

range for ITC analysis.

Thermodynamic Analysis of ITC Data

Data analysis was performed using the ITC module in the software Origin version 7.0

(Microcal LLC, Northampton, MA). Thermograms were analyzed with a standard 1:1

binding model included in the software to obtain the binding enthalpy (ΔHcal), Kd, and

binding stoichiometry (n). The binding free energy (ΔG) was calculated as RT ln(Kd), and
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the binding entropy (ΔS) was calculated as (ΔH – ΔG)/T after rearrangement of the Gibbs

free-energy equation. Errors for n, Kd, ΔG, ΔHcal, and –TΔS represent the standard deviation

obtained from the individual fits of replicate data. The molar heat-capacity change (ΔCp)

was obtained from plots of the binding enthalpy versus the temperature (ΔH versus T) fitted

to the equation ΔH = ΔCp(T – TH), where TH is the reference temperature at which ΔH = 0,

using Kaleidagraph version 3.5 (Synergy Software, Reading PA). Errors associated with

ΔCp were obtained from the fitting of ΔH versus temperature (K).

NMR Backbone Assignment of the Pot1pN/d(GGTTAC) Complex

Purified, monomeric Pot1pN was exchanged into NMR sample buffer [50 mM KH2PO4 at

pH 6.15, 50 mM NaCl, 1 mM deuterated dithiothreitol (DTT)-d, and 10% D2O] through

several rounds of concentration and dilution with NMR buffer. Complexes of 1

mM 13C,15N-labeled Pot1pN and high-performance liquid chromatography (HPLC)-purified

d(GGTTAC) were formed by adding a 0.5 M excess of ssDNA to ensure that all Pot1pN

was completely bound to d(GGTTAC). NMR analysis of the Pot1pN/d(GGTTAC) complex

showed that it was in slow chemical exchange with respect to the experimental time scales

used. Standard Varian BioPack pulse-derived two- and three-dimensional sensitivity-

enhanced, gradient-selected non-TROSY assignment experiments [15N and 13C HSQC,

HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH, C(CO)NH–TOCSY, HN(CA)CO, and

HNCO (39)] were acquired at 30 °C on a Varian Inova 500 MHz spectrometer equipped

with a HCN warm probe or a Varian 600 Inova MHz spectrometer equipped with a HCN

cold probe. NMR data were processed using the nmrPipe software suite (40), and backbone

resonance assignments were made using the ANSIG version 3.3 software package (41) and

CCPNMR analysis version 1.0 software package (42).

1H/15N MCSP Analysis of the Pot1pN/Oligonucleotide Complexes

Complexes of 15N-labeled Pot1pN and each HPLC-purified oligonucleotide [d(GGTTAC),

G1I, G2I, T3dU, and T4dU] were formed at ~300 μM with a 1:1.5 molar ratio of protein/

ssDNA to ensure that all protein present was bound to oligonucleotide. Gradient-selected,

sensitivity-enhanced 15N HSQC spectra for each Pot1pN/ssDNA complex were acquired at

30 °C on a Varian Inova 600 spectrometer equipped with a HCN cold probe using Varian

BioPack pulse sequences with minor modifications. Acquired spectra were analyzed using

CCPNMR analysis version 1.0 software package (42). Values for the MCSPs were

calculated according to the following equation:

(1)

Assignment and DNA–DNA NOE Analysis of the Pot1pN/Oligonucleotide Complexes
13C,15N-labeled Pot1pN was prepared in 100% D2O containing NMR buffer (50 mM

KH2PO4 at pH 6.17, 50 mM NaCl, 1 mM DTT-d, and 100% D2O) as described above.

Complexes of 13C,15N-labeled Pot1pN and each HPLC-purified oligonucleotide

[d(GGTTAC), G1I, G2I, T3dU, and T4dU] were formed at ~1.5 mM by mixing a 1:0.8

molar ratio of protein/ssDNA to ensure that all ssDNA in solution was bound to
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Pot1pN. 13C (ω1,ω2) NOESY and 13C (ω1,ω2) TOCSY spectra for each Pot1pN/ssDNA

complex were acquired at 25 °C (because of instability of free Pot1pN at 30 °C) on an

Varian Inova 900 spectrometer equipped with a HCN warm probe using pulse sequences

with minor modifications (43, 44). Assignment and analysis of NOE cross-peaks for each

Pot1pN/oligonucleotide complex was performed using CCPNMR analysis version 1.0

software package (42).

Calculation of the Solvent-Accessible Area for Pot1pN

GetArea (45) was used to calculate the polar and apolar accessible surface area (ASA)

present in the complexes and the free states. Because only the complex structures are

known, free-state structures were first approximated assuming no conformational changes

upon binding. The ASAs for free states were subtracted from the complex values and heat-

capacity changes calculated using the approach by Spolar and Record (46) with the equation

ΔCp = 0.32S – 0.14P, where S is the apolar ΔASA and P is the polar ΔASA. To obtain a

more realistic estimate of the surface exclusion upon binding, we recalculated the accessible

surfaces areas in a randomized model of free d(GGTTAC) generated with software X-PLOR

with standard parameter settings containing no DNA–DNA constraints (47).

RESULTS

Thermodynamic Characterization of the Pot1pN/ssDNA Interaction

Enthalpic and entropic contributions to the binding free energy of Pot1pN binding to

d(GGTTAC) were determined from ITC experiments measuring the total heat released upon

titration of d(GGTTAC) into Pot1pN. Thermograms collected over the temperature range of

5–35 °C in 5 °C increments (Figure 2 and Table 1) were fit at all temperatures and yielded

stoichiometric values close to unity, consistent with previously published X-ray

crystallographic (27) and NMR titration studies (data not shown), indicating a 1:1 complex.

DSC data show a midpoint transition temperature of 52.9 °C for free Pot1pN and 57.2 °C for

the complex (Supplemental Figure S1 in the Supporting Information), demonstrating that

there is no unfolded protein influencing the binding parameters at the experimental ITC

temperatures (DSC data are further discussed in the Supporting Information). The ITC

results were not dependent upon the order of reagent addition, because ITC values obtained

with a reverse titration [Pot1pN titrated into d(GGTTAC)] at 20 °C gave similar results as

d(GGTTAC) titrated into Pot1pN (data not shown). Formation of the Pot1pN/d(GGTTAC)

complex was found to be exothermic, and the heat released increased with a higher

temperature (from –16.3 to –28.2 kcal mol–1) (Figure 3 and Table 1). The negative molar

heat-capacity change (ΔCp = –372 ± 19 cal K–1 mol–1, with TH = 233) obtained from fitting

a plot of the binding enthalpy versus temperature to the equation ΔH = ΔCp(T – TH), where

TH is the reference temperature at which ΔH = 0 (Figure 4), is consistent with previously

reported negative heat-capacity changes for protein–ds/ssDNA interactions (1, 2, 13, 18,

46). Our ITC measurements of the binding affinity of Pot1pN for d(GGTTAC) were in

reasonable agreement with previously measured values using filter-binding techniques (30).

The equilibrium dissociation constant for Pot1pN binding to d(GGTTAC) is temperature-

dependent and ranged from 4 to 60 nM (from –10.7 to –10.2 kcal mol–1) (Table 1 and inset
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in Figure 3), with the tightest binding observed between 10 and 15 °C (Figure 3 and Table

1). The entropic term (–TΔS) for binding was found to be unfavorable (positive) and varied

in magnitude with an increasing temperature (Figure 3 and Table 1). The entropic and

enthalpic terms make compensatory contributions to the binding free energy, resulting in a

narrow Gibbs free-energy range. This phenomenon is commonly observed in biological (and

other) systems composed of many weak interactions and can be ascribed to statistical

thermodynamic laws (48, 49).

Thermodynamic Consequences of DNA Substitutions

The unusual self-recognition DNA motif observed in the Pot1pN crystal structure has been

investigated biochemically by making targeted nucleotide substitutions that probe the

importance of specific hydrogen-bonding and hydrophobic interactions to the overall

binding affinity (27). We have extended these studies to further understand the

thermodynamic origins of these targeted mutations on the overall binding free energy

(Figure 5). Specifically, the individual substitution of G1 and G2 with inosine eliminates the

self-recognition hydrogen bonds formed between G1/T3 and G2/T4, respectively, by

eliminating the C-2 NH2 group and hence removing the hydrogen-bond donor that contacts

the thymine C-4 carbonyl oxygen (blue spheres in parts C and D of Figure 1). Furthermore,

individual substitution of T3 and T4 with deoxyuracil (dU) eliminates the hydrophobic

packing interactions of the C-5 CH3 group in the protein/DNA interface (white spheres in

parts C and D of Figure 1).

Substitution of G1 with inosine results in very little change in the overall binding affinity for

Pot1pN (decreased less than 2-fold) (Table 2). Thermodynamically, elimination of this

hydrogen bond impacts both the enthalpy and entropy of binding in a compensatory fashion.

In comparison to d(GGTTAC), binding of G1I exhibits a +2.5 kcal/mol (unfavorable)

change in enthalpy and a compensating –2.2 kcal/mol (favorable) change in entropy, netting

a negligible change in binding free energy [0.3 kcal/mol, relative to d(GGTTAC)].

Conversely, the substitution of G2 with inosine results in a drastic 115-fold loss of binding

affinity to 2.7 μM (ΔΔG = 2.8 kcal/mol) at 20 °C. Although the same molecular interaction

present in G1I was disrupted in G2I, the thermodynamic signatures for these two mutants

differ substantially. Instead of the compensating enthalpic and entropic changes observed in

G1I, we find that removal of the same hydrogen-bond interaction in G2I results in a

favorable enthalpic change (ΔHG2I–d(GGTTAC) = –1.7 kcal/mol) and a larger unfavorable

entropic change [Δ(–TΔS)G2I–d(GGTTAC) = 4.4 kcal/mol]. Thus, the thermodynamic origin of

the reduced binding affinity is not due to unfavorable enthalpic changes associated with the

loss of the hydrogen bond but rather results from unexpected unfavorable entropic changes.

Substitution of T3 with deoxyuracil leads to minimal changes in the overall binding affinity

(a decrease of less than 0.5-fold) (Table 2). The loss of the T3 C-5 CH3 group, which is

more solvent-exposed in the structure than the T4 C-5 CH3 group, results in a modest

unfavorable enthalpic change of 1.0 kcal/mol. This change in enthalpy is completely

compensated by a favorable entropic change of –1.0 kcal/mol leading to a negligible net

change in binding free energy [decreased 0.2 kcal/mol relative to d(GGTTAC)]. However,

unlike T3, the C-5 CH3 group of T4 is buried in a hydrophobic pocket formed by the DNA
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and the protein and upon removal results in a 45-fold binding affinity drop to 1.1 μM (ΔΔG

= 2.3 kcal/mol) at 20 °C. This loss in binding affinity is due in large part to a sizable

unfavorable enthalpic change (ΔΔHT4dU–d(GGTTAC) of 1.8 kcal/mol), as well as a modest

unfavorable entropic change [0.4 kcal/mol relative to d(GGTTAC) binding]. All of the

measured binding affinities for these targeted mutants are in agreement with previous

measurements obtained by filter-binding methods (30).

Backbone Atom Assignment of Pot1pN Bound to d(GGTTAC)

The variable range of thermodynamic changes observed in our noncognate oligonucleotide

binding studies led us to investigate whether the structure of Pot1pN and/or the bound

oligonucleotide was altered from that of the high-resolution crystal structure, particularly

when bound to the noncognate oligonucleotides. To assess these changes using NMR, the

backbone atoms (1HN, 15N, 13CO, 13Cβ, and 13Cα) of Pot1pN bound to d(GGTTAC) were

assigned using standard triple-resonance experiments (Table S2 in the Supporting

Information) and are plotted onto the 15N HSQC spectrum of the Pot1pN/d(GGTTAC)

complex (Figure 6). The construct of Pot1pN used in these experiments contains 189

observable residues, of which 155 (82%) have been completely assigned (assigned

in 1HN, 15N, 13CO, and 13Cα) and 8 (4%) have been partially assigned (assigned only

in 13CO, 13Cα, and where applicable, 13Cβ). Chemical-shift indexing (CSI) (50) of

composite resonances (13Cα, 13CO, 13Cβ, and 15NH) are consistent with the secondary-

structure elements present in the high-resolution crystal structure of the Pot1pN/

d(GGTTAC) complex (27). A total of 12 peaks could not be assigned in the 15N HSQC

spectrum of the Pot1pN/d(GGTTAC) complex because of their absence in the triple-

resonance data and/or because of intervening proline residues. All but one of these

unassigned residues clusters either to the N or C termini or to a region of the protein directly

adjacent to the ssDNA-binding interface.

Assignment of Sugar and Base Protons in Free and Pot1pN-Bound d(GGTTAC)

Differences in the conformation of both cognate and noncognate oligonucleotides bound to

Pot1pN were also probed using NMR techniques. Assignments for nonexchangeable sugar

(1H1′) and base (1H5/6/8/7*) protons in both free and 13C,15N-labeled Pot1pN-bound

d(GGTTAC) were made using standard 1H–1H NOESY/TOCSY experiments and 13C

(ω1,ω2) double half-filtered NOESY experiments, respectively (Table S3 in the Supporting

Information). The NOE data obtained for free d(GGTTAC) reveals six distinct spin systems

that contain very few sequential NOE cross-peaks and no nonsequential NOEs, indicating a

single extended conformation. Unlike the extended state of free d(GGTTAC), upon binding

to Pot1pN, d(GGTTAC) adopts a ordered conformation as indicated by the large number of

sequential and nonsequential NOEs that are formed upon binding (Table 3). Because of the

proton-poor nature of Pot1pN-bound d(GGTTAC), the chemical-shift degeneracy present in

the H2′/H2″, H3′, H4′, and H5′/H5″ protons, and the large amount of conformational

space allotted to d(GGTTAC), we were unable to calculate a high-resolution de novo

structure of d(GGTTAC) bound to Pot1pN. However, analysis of the DNA-DNA NOEs

reveals that the observed internucleotide interactions are consistent with the high-resolution

crystal structure of the Pot1pN/d(GGTTAC) complex (27).
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Chemical-Shift Perturbation Mapping of Pot1pN/Oligonucleotide Complexes

To assess structural changes occurring in each Pot1pN/oligonucleotide complex, we used

NMR to monitor changes in the local chemical environment surrounding the individual

backbone amino acids in Pot1pN. Because backbone assignments were available for the

Pot1pN/d(GGTTAC) complex and not for the Pot1pN/noncognate oligonucleotide

complexes, the use of MSCP (51) represents the most conservative calculation of change

relative to that of the Pot1pN/d(GGTTAC) complex. MCSP values (see eq 1 in the Materials

and Methods) were obtained by comparing the minimal change in the individual amide peak

positions present in the 15N HSQC spectra for each Pot1pN/noncognate oligonucleotide

complex with the assigned reference position in the 15N HSQC spectrum of the Pot1pN/

d(GGTTAC) complex. A comparative analysis of the MCSP data for each Pot1pN/

noncognate oligonucleotide complex relative to the Pot1pN/d(GGTTAC) complex follows

below.

Substitution of G1 with inosine leads to perturbation of residues throughout the ssDNA-

binding interface, with a majority of the strong and moderate changes occurring in the

binding pocket of G1/G2 and residues that make direct contact with T3 (Figure 7A). The

widespread scope of these changes do not reflect the perturbations expected from the simple

removal of the C-2 NH2 group from G1, which, on the basis of the conformation in the

Pot1pN/d(GGTTAC) complex, would only lead to perturbations of the directly contacting

residues K90 and D125 (27). Instead, a total of 26 residues (21% of the total assigned

residues) undergo perturbation, of which five (T53, G92, N93, D125, and Q126) are

strongly perturbed (Δppm ≥ 0.11), five (Q57, S89, K90, I110, and Q91) are moderately

perturbed (Δppm = 0.081–0.1), and 16 are weakly perturbed (Δppm = 0.051–0.080). The

strongly and moderately perturbed residues were found to cluster to the irregularly

structured region of β-strand 5 (β5) and loop 3–4 (L3–4), which contact the nucleotides G1

and T3, as well as to loop 1–2 (L1–2), which makes contact with the nucleotides A5 and C6

(21, 27) (Figure 7A). Of these residues that are perturbed in Pot1pN, three are known to

make direct contact with the bound nucleotides (21, 27) (T53 → C6, D125 → G1, and K90

→ T3). The remaining residues that are perturbed surround these ssDNA-contacting

residues.

Substitution of G2 with inosine also leads to the perturbation of residues throughout the

ssDNA-binding interface (Figure 7B). These widespread changes are more than expected for

the simple removal of the C-2 NH2 group from G2, which, on the basis of the crystal

structure of the Pot1pN/d(GGTTAC) complex is expected to impact the directly contacting

residues F88, L122, and S123 in the absence of conformational changes (27). We instead

find a total of 24 (15% of the total assigned residues) residues are perturbed: 3 (K90, T111,

and D125) are strongly perturbed (Δppm ≥ 0.11), 2 (T53 and S123) are moderately

perturbed (Δppm = 0.081–0.1), and 19 are weakly perturbed (Δppm = 0.051–0.080). Similar

to G1I, the majority of strongly and moderately perturbed residues were found to cluster to

the unstructured regions of β5 and L3–4. In addition to this region, there is a single residue

that is perturbed in β4 (T111). Furthermore, every strongly and moderately perturbed

residue is known to make direct contact with the ssDNA oligonucleotide in the Pot1pN/
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d(GGTTAC) complex crystal structure (T53 → C6, K90 → T3, T111 → G2, S123 → G2,

and D125 → G1) (21, 27).

In comparison to the G1I and G2I mutants, substitutions of T3 with deoxyuracil lead to

fewer overall perturbations in the protein chemical environment (Figure 7C). Although

fewer total perturbations were observed, they were unexpected, because none of the residues

make direct contact with the C-5 CH3 group of T3 in the crystal structure of the Pot1pN/

d(GGTTAC) complex (27). Of the total 16 residues (10% of the total assigned residues) that

undergo perturbation, 2 (Q91 and K124) are strongly perturbed (Δppm ≥ 0.11), 3 (L59,

S123, and L95) are moderately perturbed (Δppm = 0.081–0.1), and 11 are weakly perturbed

(Δppm = 0.051–0.080). Similar to the G1I and G2I mutations, the majority of strongly and

moderately perturbed residues localize to the irregularly structured region of β5 and L3–4,

even though the region lies in a distinct part of the binding interface (Figure 7C). Of these

moderately and strongly perturbed residues, three are known to make contact with the

ssDNA in the Pot1pN/d(GGTTAC) crystal structure (K124 → G1, S123 → G2, and L59

→ A5) (21, 27), with the remaining noncontact residues neighboring these contact residues.

Substitution of T4 with deoxyuracil lead to the smallest perturbations in protein chemical

environment when compared to the Pot1pN/d(GGTTAC) complex (Figure 7D). Although

modest, these perturbations are more than would be expected upon removal of the C-5 CH3

group of T4 based on the Pot1pN/d(GGTTAC) structure, because only two residues make

direct contact with the oligonucleotide: F88 and L122 (27). Of the 17 (11% of the total

assigned residues) residues that were perturbed, only 1 (T65) was moderately perturbed

(Δppm = 0.081–0.1), while the remaining 16 perturbations were weakly perturbed, including

F88 (Δppm = 0.051–0.080). The lone moderately perturbed residue, T65, resides in L1–2 and

makes contact with the C6 nucleotide in the Pot1pN/d(GGTTAC) complex crystal structure

(21, 27). The T4dU mutant in contrast to G1I, G2I, and T3dU showed very minor

perturbations of the unstructured region of β5 and L3–4 (Figure 7D).

Probing Conformational Changes in Pot1pN-Bound Cognate and Noncognate
Oligonucleotides

The MCSP data cannot distinguish between conformational changes occurring in Pot1pN or

a restructuring of the bound ssDNA oligonucleotide. Therefore, we employed 13C (ω1,ω2)

double half-filtered NOESY experiments of the 13C,15N-labeled Pot1pN/d(GGTTAC)

complex (43) to directly probe the changes occurring in the Pot1pN-bound noncognate

oligonucleotides (Figure 8). Assignments for the nonexchanged sugar proton (H1′) and base

proton (H5/6/7*) in the Pot1pN-bound noncognate oligonucleotides were made in the same

fashion as that of the Pot1pN-bound d(GGTTAC) using 13C (ω1,ω2) double half-filtered

NOESY and TOCSY experiments (Table S3 in the Supporting Information). The

comparative DNA-DNA NOE analysis of each individually Pot1pN-bound noncognate

oligonucleotide with that of Pot1pN-bound d(GGTTAC) follows below.

Substitutions of G1 with inosine lead to significant changes in the NOE patterns observed

near the site of mutation (at the 5′ end). Relative to the Pot1pN-bound d(GGTTAC), NOE

cross-peaks connecting the sugar proton of I1 to the sugar proton of G2, the sugar proton of

I1 to the base proton of G2, the sugar proton of I1 to the base proton of T3, and the sugar
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and base proton of T4 to sugar proton of C6 are completely eliminated in the GI1-substituted

oligonucleotide (Table 3). Additionally, we observe substantial increases in the intensity of

the NOE connecting the base proton of I1 to the sugar proton of G2 (~17-fold) and moderate

increases in NOE intensities connecting the base proton of T3 and the base proton of T4

(~5-fold), as well as the base proton of T4 to the sugar proton of G2 (~3-fold) (Table 3).

Taken together, the MCSP and DNA–DNA NOE changes indicates significant differences

in the conformation of both the bound oligonucleotide and Pot1pN, specifically in the

binding pocket of G1/G2 and key residues that make direct contact with T3, relative to that

of the Pot1pN/d(GGTTAC) complex. These structural changes in the absence of changes in

the binding affinity (Table 2) imply that both the protein and DNA undergo a significant

reconfiguration, resulting in an alternate yet thermodynamically equivalent conformation as

found in the Pot1pN/d(GGTTAC) complex (Figure 1).

Substitution of G2 with inosine lead to no major changes in the NOE cross-peak pattern

relative to Pot1pN-bound d(GGTTAC), with the exception of the NOE connecting the sugar

and base proton of T4 with the sugar proton of C6 (Table 3). Additionally, no substantial

changes in NOE intensity were observed in this noncognate oligonucleotide, but rather very

modest increases in the NOEs connecting the sugar proton of I2 to the base proton of T4

(~4-fold) and the methyl base proton of T3 to the base proton of T4, (~3-fold) were

observed (Table 3). The lack of changes in the NOE patterns coupled with the very modest

changes in NOE intensity suggest that the bound conformation of the G2I mutant is very

similar to that of Pot1pN-bound d(GGTTAC). Although conformation of Pot1pN-bound

d(GITTAC) remains similar to that of Pot1pN-bound d(GGTTAC), MCSP data suggest that

Pot1pN undergoes significant rearrangement within the G1/G2-binding pocket (Figure 7B).

These changes, unlike those that occur in G1I, do not allow for the formation of an

equivalent thermodynamic binding configuration, suggesting that the complex cannot

completely readjust to compensate for the loss in key thermodynamic contacts (Table 2).

Substitution of T3 with deoxyuracil lead to a pronounced loss of NOE cross-peaks when

compared to Pot1pN-bound d(GGTTAC). There is a noticeable absence of NOE cross-

peaks, extending from the 5′ end, that connect the sugar proton of G1 to the sugar proton of

G2, the base proton of G1 to the base proton of G2, the base proton of G1 to the sugar

proton of G2, the sugar proton of G2 to the base proton of dU3, the sugar proton of G2 to

the methyl proton of T4, the base proton of dU3 to the base proton of T4, and the sugar and

base protons of T4 to the sugar proton of C6 (Table 3). In addition to these absent NOEs, we

also observed a modest increase in the intensity of the NOE cross-peak connecting the sugar

proton of dU3 to the methyl base proton of T4 (~3-fold). Taken together, the MCSP and

NOE analysis suggests that coupled local environment changes in both dU3 and G1 lead to

the reconfiguration of the G1/G2-binding pocket (Figure 7C). Similar to the G1I mutant,

these conformational changes in oligonucleotide and protein allow for the reformation of

key thermodynamic contacts that result in little change observed in the overall binding

affinity of Pot1pN for T3dU (Table 2).

Substitution of T4 with deoxyuracil also leads to pronounced changes in the NOE patterns

and intensities relative to that of Pot1pN-bound d(GGTTAC). We observed a loss of NOE

cross-peaks that clustered around the site of mutation, involving the connections of dU4
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with neighboring nucleotides: the sugar proton of G1 to the base proton of dU4, the base

proton T3 to base proton of dU4, the base proton of T3 with the sugar proton of dU4, and

sugar and base protons of dU4 to the sugar proton of C6 (Table 3). In addition to these

absent NOEs, we also detected a subtle increase in the intensity of the NOE connecting the

base proton of G2 to methyl base proton T3 (~2-fold) (Table 3). Taken together, the changes

detected by NOE and MCSP indicate a local conformational change at the site of mutation

in dU4, which does not significantly impact the chemical environment of residues in

Pot1pN, relative to that observed in the Pot1pN/d(GGTTAC) complex (27). Similar to the

G2I mutant, these conformational changes do not allow for the full re-establishment of key

thermodynamic contacts, resulting in the reduced binding affinity observed (27) (Table 2).

DISCUSSION

Binding of Pot1pN to Cognate Telomeric ssDNA Is an Enthalphically Driven Process with a
Moderately Negative Heat-Capacity Change

Pot1pN binding to a cognate telomeric ssDNA, d(GGTTAC), is exothermic and

characterized by favorable enthalpic and nonfavorable entropic contributions. The

exothermic nature of Pot1pN binding to d(GGTTAC) indicates that a large net number of

hydrogen bonds and stacking/van der Waals interactions are formed upon binding, with

electrostatic interactions playing a negligible role (4). These observations are consistent with

the Pot1pN/d(GGTTAC) crystal structure, which shows an intricate network of inter- and

intramolecular hydrogen bonds as well as protein/DNA and DNA/DNA base stacking in

addition to van der Waals interactions formed upon binding (27). The negative enthalpy

(around –22 kcal/mol at room temperature) observed for Pot1pN binding to d(GGTTAC)

likely arises from a combination of the 5 stacking interactions and the 20 hydrogen bonds

formed between both the protein and ssDNA as well within the ssDNA itself. The overall

favorable enthalpic nature of Pot1pN binding to d(GGTTAC) is similar to that observed for

other specific ssDNA-binding systems, because the majority of the systems characterized

show favorable enthalpic contributions to the binding free energy between –3 and –25

kcal/mol at 20–25 °C (Table S4 and references therein in the Supporting Information).

Finally, the nonfavorable entropic contributions suggest that any contributions to the binding

free energy from water, ion release, or the hydrophobic effect are surpassed by unfavorable

entropy contributions from ssDNA ordering and loss of rotational and translational degrees

of freedom upon complex formation.

The binding of Pot1pN to d(GGTTAC) results in a moderately negative heat-capacity

change (ΔCp,exp) of –372 cal K–1 mol–1 in the temperature interval studied (5–35 °C).

Negative heat-capacity changes are common in protein–nucleic acid interactions (Table S4

in the Supporting Information) and are believed to arise from the burial of a nonpolar

surface area (46). One strategy for predicting theoretical heat-capacity changes is based on

solvation changes of the polar and nonpolar groups found in the ssDNA-binding interface

(46, 52). Using these methods, we calculate a theoretical heat-capacity change (ΔCp,theo = of

–193 cal K–1 mol–1 (Table S4 in the Supporting Information), which significantly

underestimates the ΔCp,exp of –372 cal K–1 mol–1. Differences between ΔCp,exp and ΔCp,theo

may result from the choice of binding parameters used in these calculations; as parameters
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used in protein–protein interactions may not be suitable for accurate estimations of heat-

capacity changes in nucleic acid/protein interactions. Additionally, observed differences

may result from other binding events, such as conformational change, protonation/

deprotonation, ion exchanges, DNA base–base unstacking, and vibrational mode changes,

all of which can impact the heat capacity. Indeed, we find that the differences between

ΔCp,exp and ΔCp,theo do not result from ion release or protonation events, because the

binding of Pot1pN to d(GGTTAC) shows only a modest sensitivity to NaCl concentrations

[(30) and data not shown] and minimal uptake/release of protons (data not shown).

Furthermore, large conformational changes in Pot1pN upon binding d(GGTTAC) is also

unlikely to be a major contributor, because 15N HSQC patterns of free and d(GGTTAC)-

bound Pot1pN do not suggest a global conformational change (data not shown). Rather, we

propose that these differences are most likely the result of the conformational changes

occurring in d(GGTTAC) from a dynamic extended state to a single fixed, compacted state

upon binding, as indicated by NOE data. These differences between ΔCp,exp and ΔCp,theo

based on changes in solvation are not limited to our studies, and analysis of structure and

thermodynamics data from other protein/ssDNA interactions also result in similar

discrepancies (Table S4 in the Supporting Information). Taken together, these results

suggest that heat-capacity changes based solely on the dehydration of nucleic acids and

solvent-accessible surface area cannot accurately calculate the expected heat-capacity

changes for protein/nucleic acid interactions (53).

A larger negative heat-capacity change and a lower salt dependence commonly separate

specific and nonspecific dsDNA recognition (1, 54), and these trends might apply to ssDNA

recognition as well. Indeed TEP proteins, which bind specifically to ssDNA, show a modest

salt dependence upon binding ssDNA (18, 30, 32), while nonspecific ssDNA-binding

proteins, such as E. coli SSB protein, show a strong salt dependence (11). This presumably

arises from more DNA backbone interactions/ionic interactions, protein–anion interactions,

and a lack of hydrogen-bond formation in the later system. It is more difficult to discern any

general difference in the magnitude of the heat-capacity changes upon binding within this

limited experimental data set. Rather, it appears that both specific and nonspecific ssDNA

recognition are characterized by significant negative heat capacities potentially originating

from major negative contributions from larger structural ordering of ssDNA compared to

dsDNA.

Targeted Nucleotide Substitution of d(GGTTAC) Induces Structural Changes in Both
Pot1pN and Bound Oligonucleotide

To gain a better understanding of how the specific recognition of ssDNA is facilitated by

Pot1pN, a panel of noncognate oligonucleotides were studied that target the unusual

hydrogen bond formed between G1/T3 and G2/T4, as well the hydrophobic contacts made

by the methyl group found on T3 and T4. Consistent with previous studies (27), our ITC

results show that mutations G1I and T3dU do not affect binding affinity (<2-fold change),

while mutations G2I and T4dU show dramatic increases in the binding affinity (~100- and

~50-fold, respectively) (Table 2). The thermodynamic signatures of these noncognate

oligonucleotides were more varied than would have been expected on the basis of changes

introduced by the targeted mutations (Table 2). These results immediately suggested an

Croy et al. Page 14

Biochemistry. Author manuscript; available in PMC 2014 April 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



altered structural configuration present in these Pot1pN/noncognate oligonucleotide

complexes relative to the Pot1pN/d(GGTTAC) complex crystal structure. Consistent with

this hypothesis, MCSP mapping and NOE analysis indicate structural rearrangements in

each Pot1pN/noncognate oligonucleotide complex studied. Interestingly, parallel mutations

(G1I and G2I) that target the similar molecular interactions (loss of an DNA-DNA hydrogen

bond) appear to have differential effects with regard to conformational change and

accommodation by Pot1pN. Mutation of G1I leads to a rearrangement of both the protein

and bound oligonucleotide, which together result in the formation of a thermodynamically

equivalent binding configuration, relative to the Pot1pN/d(GGTTAC) complex (27).

Although similar in nature, the G2I mutation results in a markedly different response, in

which changes in the bound oligonucleotide conformation are not observed, but rather

conformational changes are limited to Pot1pN (Figure 7B). Unlike G1I, these changes do

not allow for the recapturing of key thermodynamic contacts and losses in binding affinity

are observed (Table 2). Similar differences in conformational change are observed in T3dU

and T4dU, which eliminate the hydrophobic contacts made by the CH3 group in the thymine

nucleotides. T3dU undergoes a local conformational change at the site of mutation (dU3)

that induces a conformational change in Pot1pN away from the site of mutation (Figure 7C).

Similar to G1I, these changes are sufficient for the formation of a thermodynamically

equivalent conformation relative to that in the Pot1pN/d(GGTTAC) complex. Conversely,

T4dU appears only to undergo changes in the bound oligonucleotide conformation and not

Pot1pN, resulting in an overall conformation that is incapable of reforming necessary

thermodynamic contacts. Contrary to our expectations, it should be noted that

conformational changes were observed in all oligonucleotide mutants studied and were not

limited to those mutations that resulted in decreases in binding affinity.

The number of thermodynamically equivalent conformations that are accommodated by

Pot1pN provides insight into how ssDNA is specifically recognized. The mechanisms

classically thought to drive the specific recognition of ssDNA in the TEP family is the

hydrogen-bonding interactions of basic, acidic, and (occasionally) aromatic amino acids

with individual nucleotide bases (21). In addition to specificity being determined by these

intermolecular interactions, our studies suggest that the principles that dictate specificity

should be expanded to include the ability of the interface to adjust and accommodate altered

states. This fluidity at the interface allows for a structurally distinct but thermodynamically

equivalent conformation to be achieved. These observations highlight the fact that the

ssDNA-binding interface present in Pot1pN is a dynamic surface that can actively

accommodate a number of different oligonucleotide structures that are altered from that

observed in the Pot1pN/d(GGTTAC) complex (30). Conformational rearrangement in

response to nucleotide mutation has been previously observed in the TEBPαβ/ssDNA

complex (31) and has been termed “nucleotide shuffling”. In these studies, the

oligonucleotide, in response to mutation undergoes changes in conformation, while the

protein remains fairly static, to reestablish the thermodynamic contacts lost (31), a situation

observed in the Pot1pN/d(GGTUAC) complex. In an elaboration of these studies, we find

that the bound oligonucleotide, as well as Pot1pN, can undergo significant conformational

adjustments to restore the thermodynamic contacts lost to mutation. Furthermore, we find

that gross nucleotide mutation (i.e., nucleotide addition or removal) is not necessary to
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invoke radical changes in the protein and/or bound oligonucleotide, but rather subtle

changes to the chemical nature of the individual nucleotides (i.e., the loss of a hydrogen-

bond donor) can invoke such changes. Our studies also indicate that nucleotide shuffling is

not limited to TEBPR but rather may be a general feature that is shared among TEP family

members.

Finally, the changes that we observe in the context of these targeted mutations may extend

to the differences that we have observed between Pot1pN and Pot11–389. In Pot11–389, we

have previously observed changes in binding specificity when an additional putative OB-

fold is added to Pot1pN to form Pot11–389 (32). One possibility is that there is a

conformational switch between a self-recognition and more extended mode of binding, a

state that can be achieved in Pot1pN with small changes in the substrate. The flexibility of

these ssDNA-binding sites might indicate an adaptation for the recognition of an inherently

conformationally flexible and heterogeneous ligand, suggesting a fluid mechanism of

accommodation within the ssDNA-binding interface.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Surface representation of the high-resolution crystal structure of the Pot1pN/

d(GGTTAC) complex (27) highlighting the compact conformation of bound

oligonucleotide, d(GGTTAC). Pot1pN is shown in a surface representation and colored

beige, and d(GGTTAC) is shown in a stick representation and colored standard atom

designation colors. (B–D) DNA–protein (black dashed lines), DNA–DNA (red dashed

lines), and ionic (−/+, red dashes) interactions are highlighted. Missing chemical moieties

present in the substituted oligonucleotides are represented as white (CH3) or blue (NH2)

opaque spheres (blue, G → I; white, T → U). All figures were made using PyMol version

1.0 (55).
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Figure 2.
Representative thermograms (upper part of panel) and binding isotherms (lower part of

panel) obtained by ITC measurements at 5 (left), 20 (middle), and 35 (right) °C. A total of

20 injections of 130 μM d(GGTTAC) was titrated into 5 μM Pot1pN in 50 mM Na2HPO4 at

pH 7.5, 150 mM NaCl, and 1 mM BME. Resulting data from the exothermic binding

reactions were nonlinear-fitted to a 1:1 model, yielding stoichiometry values close to unity

(see Table 1).
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Figure 3.
Thermodynamic signatures obtained by ITC for Pot1pN binding to d(GGTTAC) at various

temperatures. Data reveal a narrow binding free-energy range (ΔG, red bars) composed of a

favorable binding enthalpy (ΔH, blue bars) and an unfavorable binding entropy (–TΔS, green

bars). The inset shows a 14-fold decrease in the equilibrium dissociation constant (Kd) over

the considered temperature interval.
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Figure 4.
Binding enthalpy from ITC for Pot1pN binding to d(GGTTAC) as a function of the

temperature. A linear fit of the data yielded a binding ΔCp of –372 cal mol–1 K–1. Errors

were obtained as described in the Materials and Methods.
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Figure 5.
Representative ITC thermograms (upper) and isotherms (lower) for Pot1pN titrated with

noncognate oligonucleotides in 50 mM Na2HPO4 at pH 7.5, 150 mM NaCl, and 1 mM BME

at 20 °C. d(IGTTAC), 25 injections of 99 μM G1I titrated into 6 μM Pot1pN; d(GITTAC),

60 injections of 500 μM G2I titrated into 43 μM Pot1pN; d(GGUTAC), 25 injections of 144

μM T3dU titrated into 6 μM Pot1pN; and d(GGTUAC), 70 injections of 880 μM T4dU

titrated into 43 μM Pot1pN.

Croy et al. Page 24

Biochemistry. Author manuscript; available in PMC 2014 April 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6.
Assigned 15N HSQC spectrum of the Pot1pN/d(GGTTAC) complex collected on a Varian

600 MHz spectrometer equipped with a HCN cold probe at 30 °C. Peaks representing the

individual amino acids present in Pot1pN have been labeled with their corresponding

residue assignments. For clarity, selected regions of the 15N HSQC spectrum have been

enlarged (A–D) to display selected assignments.
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Figure 7.
(Left) Surface representation of the high-resolution crystal structure of the Pot1pN/

d(GGTTAC) complex (27) highlighting the MCSPs resulting from the binding of each

substituted oligonucleotide, G1I, G2I, T3dU, and T4dU (site of variation highlighted in dark

blue on a stick model of DNA). (Right) Cartoon/ribbon model of the Pot1pN/d(GGTTAC)

complex highlighting the side chains of specific residues undergoing moderate and strong

perturbations in each Pot1pN/substituted nucleotide complex. Residues that make direct

contact with the oligonucleotide in the Pot1pN/d(GGTTAC) complex are designated with an

asterisk. (A) Moderate and strongly perturbed residues in Pot1pN/d(IGTTAC) complex

occur on loop1–2 (T53* and Q57), loop3–4 (S89, K90*, G92, and N93), β4 (I110), and β5

(D125* and Q126). (B) Moderate and strongly perturbed residues in the Pot1pN/

d(GITTAC) complex occur in loop1–2 (T53*), loop3–4 (K90*), β4 (I111*), and β5 (S123*

and D125*). (C) Moderate and strongly perturbed residues in the Pot1p/d(GGUTAC)

complex occur in loop1–2 (L59), loop3–4 (Q91 and L95), and β5 (S123* and K124*). (D)

The only moderately perturbed residue in the Pot1pN/d(GGTUAC) complex is found on

loop1–2 (T53*).
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Figure 8.
Individual strip plots taken from the 13C (ω1,ω2) double half-filtered NOESY experiments

for each Pot1pN/oligonucleotide complex. NOEs between the H8/H6 base proton with the

H1′ sugar proton of various nucleotides are highlighted. Individual NOE cross-peaks have

been labeled with their corresponding H1′ sugar proton assignment, and each strip plot has

been contoured to the same level to facilitate direct comparisons of NOE intensity for each

different Pot1pN/oligonucleotide complex. Data are quantitated in Table 3.
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Figure 9.
Cartoon model highlighting the malleable nature of the Pot1pN ssDNA-binding interface

and the thermodynamic accommodation of multiple distinct complex configurations.
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Table 1

Thermodynamic Parameters for Pot1pN Binding to d(GGTTAC) by ITC at Indicated Temperatures in 50 mM

Na2HPO4 at pH 7.5, 150 mM NaCl, and 1 mM BME

temperature (°C) n Kd (nM) ΔG (kcal/mol) ΔHcal (kcal/mol) –TΔS (kcal/mol)

5 1.02 ± 0.06 4.1 ± 1.6 –10.7 ± 0.2 –16.3 ± 0.4 5.6 ± 0.6

10 0.94 ± 0.02 3.6 ± 1.0 –11.0 ± 0.2 –18.9 ± 0.5 7.9 ± 0.6

15 0.97 ± 0.09 6.0 ± 1.4 –10.9 ± 0.1 –20.8 ± 0.6 9.9 ± 0.8

20 1.02 ± 0.03 9.7 ± 1.1 –10.8 ± 0.1 –22.8 ± 0.8 12.0 ± 0.8

25 1.03 ± 0.07 15.0 ± 3.1 –10.7 ± 0.1 –24.3 ± 0.6 13.6 ± 0.7

30 1.02 ± 0.05 27.3 ± 4.5 –10.5 ± 0.1 –25.3 ± 0.8 14.8 ± 0.9

35 1.06 ± 0.02 57.0 ± 4.1 –10.2 ± 0.04 –28.2 ± 0.1 18.0 ± 0.04

ΔCpcal (cal mol–1 K–1) –372 ± 19

TH (K) 233 ± 3

TS (K) 338
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Table 2

Thermodynamic Parameters of ssDNA Recognition by Pot1pN by ITC at 20 °C in 50 mM Na2HPO4 at pH

7.5, 150 mM NaCl, and 1 mM BME

DNA sequence n Kd (nM) ΔG (kcal/mol) ΔHcal (kcal/mol) –TΔS (kcal/mol)

d(GGTTAC) 1.0 ± 0.01 23.5 ± 2.3 –10.3 ± 0.04 –23.7 ± 0.2 13.5 ± 0.1

d(IGTTAC) 1.04 ± 0.06 39.5 ± 9.3 –10.0 ± 0.10 –21.3 ± 1.3 11.3 ± 1.3

d(GITTAC) 0.97 ± 0.08 2730 ± 232 –7.5 ± 0.05 –25.4 ± 0.1 17.9 ± 0.1

d(GGUTAC) 0.96 ± 0.07 31.7 ± 7.7 –10.1 ± 0.15 –22.8 ± 0.1 12.7 ± 1.0

d(GGTUAC) 1.06 ± 0.03 1070 ± 96 –8.0 ± 0.05 –21.9 ± 0.03 13.9 ± 0.03
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Table 3

Comparison of Normalized NOE Cross-peak Intensities Comparison of Pot1pN-Bound Cognate and Non-

cognate Telomeric ssDNA Sequences

NOE
a
 connectivity d(GGTTAC) NOE

peak intensity
b

G1I NOE peak

intensity
b

G2I NOE peak

intensity
b

T3dU NOE peak

intensity
b

T4dU NOE peak

intensity
b

1H1′–2H1′ 0.10
(---)

c 0.06
(---)

c 0.09

1H1′–2H8 0.22
(---)

c 0.19 0.33 0.23

1H1′–3H7* 0.74
(---)

c 0.45 N/A 0.66

1H8–2H8 0.31 0.40 0.21
(---)

c 0.31

1H8–2H1′ 0.05 0.82 0.04
(---)

c 0.08

1H8–3H7* 0.19 0.10 0.17 N/A 0.23

2H1′–3H6 0.12 0.13 0.07
(---)

c 0.11

2H1′–3H7* 0.54 0.65 0.42 N/A 0.69

2H1′–4H6 0.09 0.29 0.25 0.14
(---)

c

2H1′–4H7* 0.52 0.41 0.52
(---)

c N/A

2H8–3H7* 0.13 0.14 0.12 N/A 0.23

2H8–4H7* 0.13 0.09 0.08 0.16 N/A

3H1′–4H1′ 0.18 0.14 0.18 0.23 0.17

3H1′–4H7* 0.30 0.20 0.26 0.96 N/A

3H6–4H1′ 0.13 0.14 0.12 0.08 0.12

3H6–4H6 0.06 0.28 0.10
(---)

c
(---)

c

3H5–1H1′
N/A

d N/A N/A 0.10 N/A

3H5–4H7* N/A N/A N/A 0.65 N/A

3H6–4H7* 0.49 0.45 0.49 0.33 N/A

3H7*–4H1′ 0.11 0.11 0.10 N/A
(---)

c

3H7*–4H7* 1.0 1.2 1.0 N/A N/A

3H7*–4H6 0.10 3.20 0.35 N/A 0.12

4H1′–6H1′ 0.14
(---)

c
(---)

c
(---)

c
(---)

c

4H5–3H1′ N/A N/A N/A N/A 0.07

4H7*–6H1′ 0.11
(---)

c
(---)

c
(---)

c N/A

a
NOE connectivity is given as nucleotide position and atom to nucleotide position and atom, with H1′ representing nonexchangeable sugar proton

present at position 1′ and H5/H6 representing nonexchangeable base protons present at positions 5 and 6, respectively.

b
All NOE intensities have been normalized to the individual distance-fixed H5–H6 NOE present in each respective oligonucleotide.

c
No NOE was detected for these proton pairs.

d
N/A represents NOE cross-peaks that are specific to the targeted mutation and are not observed in the other sequences.
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