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Abstract

A β-sheet mini-protein based on the FBP11 WW1 domain sequence has been redesigned for the 

molecular recognition of ssDNA. A previous report showed that a β-hairpin peptide dimer, 

(WKWK)2, binds ssDNA with low micromolar affinity but with little selectivity over duplex DNA. 

This report extends those studies to a three-stranded β-sheet mini-protein designed to mimic the 

OB-fold. The new peptide binds ssDNA with low micromolar affinity and shows about 10-fold 

selectivity for ssDNA over duplex DNA. The redesigned peptide no longer binds its native ligand, 

the polyproline helix, confirming that the peptide has been redesigned for the function of binding 

ssDNA. Structural studies provide evidence that this peptide consists of a well structured β-hairpin 

made of Strands 2&3 with a less structured first strand that provides affinity for ssDNA but does 

not improve the stability of the full peptide. These studies provide insight into protein-DNA 

interactions as well as a novel example of protein-redesign.
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Protein-DNA interactions play a crucial role in many biological processes. Interactions 

involving protein recognition of single-stranded DNA (ssDNA) are essential in processes 

such as DNA recombination, replication and repair (1–4), telomere regulation (5–6), and 

cold shock response (7–12). Proteins recognize ssDNA primarily through an 

oligonucleotide/oligosaccharide binding motif (OB-fold, Figure 1a). The binding site of the 

OB-fold is a solvent-exposed beta-sheet surface composed of two three-stranded anti-

parallel β-sheets (3, 4). These proteins interact with ssDNA through a combination of 

electrostatic and aromatic interactions on the exposed β-sheet surface as well as hydrogen-

bonding interactions.

Although much research has been performed to determine the mechanisms by which 

proteins interact with dsDNA, the interactions between β-sheet proteins and ssDNA are less 

well studied. This laboratory previously reported a β-hairpin peptide dimer designed as a 
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minimalist OB-fold mimic. The peptide (WKWK)2 consists of two well folded beta-

hairpins, each with a binding cleft made up of two diagonal Trp sidechains and two Lys 

residues, which binds ssDNA with a Kd of 3 µM (13). This is comparable to the 6 µM Kd of 

cold shock protein A with ssDNA, which consists of a single OB-fold (9). (WKWK)2 

loosely mimics an OB-fold in that it uses a combination of aromatic and electrostatic 

interactions on the face of a β-sheet to bind to the unpaired nucleotides in ssDNA (13–15) 

However, (WKWK)2 was found to bind dsDNA with a similar affinity, albeit primarily 

through electrostatic interactions (13). Structure-function studies demonstrated additional 

differences in the mechanism of binding to ss- and dsDNA (16). In particular, these studies 

indicated that binding to duplex DNA may be occurring via groove-binding. Thus, we 

hypothesized that addition of a third strand may inhibit binding to duplex DNA while 

maintaining or increasing affinity for ssDNA. To this end, a three-stranded β-sheet peptide 

based on the FBP11 WW1 domain peptide (Figure 1b) has been designed for binding to 

ssDNA. While WW domains have been studied extensively in the areas of protein folding 

and protein design (17–26), the potential for DNA binding has never been explored. The 

WW domain proteins are three-stranded β-sheet mini-proteins known for their conserved 

tryptophan residues. The natural ligands for WW domains are proline-rich sequences which 

often form polyproline helices (27–38) with the FBP11 WW1 domain ligand being PPLP 

(27–32). Knowledge of the structural features of this class of proteins combined with data 

from previous ssDNA binding peptides from this laboratory led to this redesign of a WW 

domain mutant (Figure 2) which binds ssDNA in the low micromolar range with about 10-

fold selectivity over duplex DNA. This manuscript describes the redesign of a WW domain 

peptide as a molecular receptor selective for ssDNA, mimicking the natural OB-fold domain. 

These model systems provide a method to reveal factors contributing to protein-nucleic acid 

recognition.

Experimental Procedures

Peptide Synthesis and Purification

Peptides were synthesized via automated solid phase peptide synthesis using an Applied 

Biosystems Pioneer Peptide Synthesizer. Fmoc protected amino acids were used with a 

PEGPAL-PS resin. Amino acid residues were activated with HBTU (O-benzotriazole-

N,N,N’,N’,-tetramethyluronium hexafluorophosphate) and HOBT (N-hydroxybenzotriazole) 

along with DIPEA (diisopropylethylamine) in DMF (N,N-dimethylformamide). Amino 

acids were deprotected with 2% DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) and 2% 

piperidine in DMF for approximately 10 minutes. Each amino acid was coupled on an 

extended cycle of 75 minutes to improve coupling. The N-terminus of each peptide was 

acetylated using 5% acetic anhydride and 6% lutidine in DMF for 30 minutes. Cleavage of 

the peptides from the resin as well as side chain deprotection was performed in 95% 

trifluoroacetic acid (TFA), 2.5% H2O, and 2.5% triisopropylsilane (TIPS) for three hours. 

TFA was evaporated by bubbling with nitrogen, and ether was added to the resulting 

product. The peptide was then extracted with water and lyophilized to a powder.

Peptides were purified by reversed-phase HPLC. A Vydac C-18 semi-preparative column 

was used for separation with a gradient of 5–35% solvent B over 25 minutes with solvent A 
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95:5 water:acetonitrile, 0.1% TFA and solvent B 95:5 acetonitrile:water, 0.1% TFA. Peptides 

were then lyophilized and peptide sequence was confirmed by MALDI mass spectrometry. 

After purification, all peptides were desalted with a Pierce D-Salt Polyacrylamide 1800 

desalting column.

DNA Sample Preparation

DNA sequences were purchased from IDT (Integrated DNA Technologies). All DNA 

samples were dissolved in 10mM Na2HPO4, 100 mM NaCl, adjusted to pH 7.0. 

Concentrations of both DNA strands were determined using a Perkin Elmer Lambda 35 

UV/Vis Spectrometer. Absorbance values were determined at 260 nm, and concentrations 

were calculated using the extinction coefficients of the two DNA strands (ε260, ssDNA = 

95,500 M−1·cm−1 and ε260, dsDNA = 112600 M−1·cm−1). Equal concentrations of the two 

strands (in sodium phosphate buffer, pH 7.0) were pooled in a final concentration of 100 

mM NaCl. The solution was heated at 95 °C for 5 minutes to anneal the strands and was 

then allowed to cool to room temperature before storing at −20 °C.

Fluorescence Titrations

To determine the recognition of single-stranded and double-stranded oligonucleotides by the 

peptides, fluorescence titrations were performed which followed the Trp quenching with 

increasing oligonucleotide concentration. Peptide and nucleotide samples were prepared in 

10 mM sodium phosphate buffer, 100 mM NaCl, pH 7.0. Peptide concentrations were 

determined in 5 M guanidine hydrochloride by recording the absorbance of the Trp residues 

at 280 nm (ε = 5690 M−1cm−1) by UV/vis spectroscopy. Concentrations of nucleotides were 

determined by UV/vis spectroscopy by observing the absorbance at 260 nm. Fluorescence 

scans were obtained on a Cary Eclipse Fluorescence Spectrophotometer from Varian. The 

experiments were performed at 298 K using an excitation wavelength of 297 nm. 

Fluorescence emission intensities of the Trp residues at 348 nm were fit as a function of 

nucleotide concentration to the binding equation (Equation 1) on Kaleidagraph using non-

linear least squares fitting (39).

Equation 1

where I is the observed fluorescence intensity, Io is the initial fluorescence intensity of the 

peptide, I∞ is the fluorescence intensity at binding saturation, [L] is the concentration of 

added nucleotide, and Kd is the dissociation constant. Oligonucleotides have an observable 

absorbance at the excitation wavelength of Trp (297 nm), and therefore there is an inner 

filter effect for which one must take account. The absorbance of the oligonucleotides at 297 

nm was monitored at known concentrations and the extinction coefficient was determined. 

New absorbance values were determined for each oligonucleotide concentration. Corrected 

fluorescence values were determined from the following equations (Equation 2 and Equation 

3) (40).

Equation 2
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Equation 3

where Fc is the corrected fluorescence, Fo is the fluorescence observed, and Ci is the 

correction factor for each absorbance value (i). Ai is the new absorbance value for each 

concentration determined by the extinction coefficient.

Stoichiometry of Binding

The stoichiometry of binding was determined by the molar variation method following the 

quenching of tryptophan fluorescence (41). The peptide concentration was held constant and 

the amount of DNA was increased. The concentration of the peptide was above the Kd so 

that as the DNA is added, the majority of it is bound, maximizing the change in signal. Thus, 

when saturation is reached, there is no more change in signal, and saturation represents the 

binding stoichiometry. Peptide concentrations were in the range of 25–50 µM, depending on 

the maximum DNA concentrations used. The conditions were limited to low DNA 

concentrations (~60 µM for ssDNA and ~40 µM for duplex DNA) because of the inner filter 

effect. After correction for the inner filter effect, the fluorescence intensity was plotted 

against the ratio of DNA/peptide concentrations to give the stoichiometry of binding. The 

stoichiometry of binding is shown in plots (Figures S1 and S2) with the X-intercept of the 

dashed lines indicating the stoichiometry for each.

Oligoproline Binding

Fluorescence titrations using the oligoproline ligand were performed using the same 

procedures as with DNA, but the increase in Trp fluorescence with increased oligoproline 

was measured. This increase in Trp fluorescence has been ascribed to the increased 

hydrophobic environment upon oligoproline binding. Fluorescence scans were obtained on a 

Cary Eclipse Fluorescence Spectrophotometer from Varian. The experiments were 

performed at 298 K using an excitation wavelength of 297 nm. Fluorescence emission 

intensities of the Trp residues at 340 nm were fit as a function of polyproline concentration 

to the following equation (Equation 4) on Kaleidagraph using non-linear least squares fitting 

(28).

Equation 4

where Ffree is the fluorescence intensity without ligand added and Fsat is the fluorescence 

intensity of a saturating concentration of ligand titrated. [WL] is the fraction of WW domain 

bound to ligand and is obtained by Equation 5. [W0] is the total WW domain concentration 

used.

Equation 5
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Fluorescence Anisotropy

A fluorophore, 5’-Bodipy 630/650-X NHS Ester, was attached to the ssDNA sequence for 

all binding studies. For duplex DNA binding, the labeled DNA was annealed to the 

complementary sequence as above stated. The fluorophore has an absorbance maximum at 

638 nm and an emission maximum at 653 nm. Its molar extinction coefficient is 101000 /

M·cm. Fluorescence anisotropy was measured using a Varian Cary Eclipse Fluorescence 

Spectrophotometer with a temperature controller. Bodipy-labeled DNA samples (low 

micromolar concentrations) were titrated with peptide samples (0-low millimolar 

concentrations) in 10 mM Na2HPO4, 100 mM NaCl, pH 7.0. Fluorescence samples were 

analyzed at 298 K and were excited at 638 nm with excitation and emission slit widths of 2.5 

nm. Fluorescence was observed at 653 nm, and the anisotropy was determined by the 

software that came with the instrument. The anisotropy was fit to the following equation 

(Equation 6) using Kaleidagraph to determine the binding constant

Equation 6

where F is the fluorescence anisotropy, Io is the initial fluorescence intensity of the peptide, 

I∞ is the fluorescence intensity at binding saturation, [L] is the concentration of added 

nucleotide, [P] is the peptide concentration for each fraction, and Kd is the dissociation 

constant. Equation 6 was derived from equations given by Wang and coworkers (42).

Another fluorophore employed was 5-(and -6)-Carboxytetramethylrhodamine, mixed 

isomers (TAMRA), which was purchased from Biotium. TAMRA was coupled onto the 

peptide Mut1 at Orn21. The synthesis was completed by coupling Lys(ivDde) in the original 

ornithine position (Orn21Lys). The ivDde protecting group was orthogonally deprotected by 

treatment with 2% hydrazine in DMF. Manual coupling of TAMRA was performed with 

four equivalents of HOBT, HBTU, and DIPEA in DMF. Cleavage from the resin and side 

chain deprotection was completed as with all other peptides. The resulting peptide was 

purified by HPLC and its sequence and purity determined by mass spectrometry. Peptide 

concentrations were determined by UV-Vis using TAMRA’s extinction coefficient of 91000 

M−1·cm−1 at wavelength 559 nm. This extinction coefficient was supplied by Integrated 

DNA Technologies, www.idtdna.com. The excitation wavelength used in the experiments is 

559 nm, and the observed emission wavelength is 583 nm. Anisotropy experiments were 

performed using the same methods as with the Bodipy-labeled DNA experiments.

Circular Dichroism

CD measurements were obtained using an AVIV 62 DS Circular Dichroism spectrometer or 

an Applied Photophysics Chirascan Plus spectrometer. CD data was obtained for the WW 

Domain peptides at 30 µM from 260–185 nm. The peptides were dissolved in 10 mM 

Na2HPO4, pH 7.0. Wavelength scans were performed at 25 °C. Thermal denaturations were 

performed by measuring the ellipticity at 227 nm from 4 to 96 °C, with 4 degree temperature 

steps. Equilibration times were ten minutes at each step.
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CD measurements for thermal denaturation and renaturation of Mut1 were obtained using an 

Applied Photophysics Chirascan Plus spectrometer at 30 µM in a 10 mM Na2HPO4, pH 7.0 

buffer. CD data was obtained from 235–210 nm at 4 to 95°C with 4 degree temperature 

increments. The sample was equilibrated at each increment for 5 minutes. Spectra from 260–

185 nm were obtained at 4, 24, 64, and 95°C for both denaturation and renaturation of Mut1.

NMR spectroscopy

NMR experiments were carried out on either a Varian Inova 600 MHz or Bruker Ultrashield 

600 MHz Plus spectrometer. 2D TOCSY data was acquired with a 1 mM concentration 

sample prepared in 50 mM KD2PO4, 0.5mM DSS in 90% H2O and 10% deuterium oxide 

adjusted to pH 7.0 with sodium deuteroxide. TOCSY spectra were acquired using 36 scans 

per increment and 128 increments in the indirect dimension with a mixing time, D9, of 

0.0200 sec. Solvent suppression was applied with the Varian software.

2D NOESY data was acquired with a 1 mM concentration sample prepared in 50 mM 

KD2PO4, 0.5 mM DSS and buffered to pD 7.0 (uncorrected) with sodium deuteroxide. 

NOESY spectra were acquired using 36 scans per increment and 128 increments in the 

indirect dimension with a mixing time, D8, of 0.0750 sec. Solvent suppression was applied 

with the Varian software.

Peptide proton assignments of Mut1 S12 and S23 were determined using standard methods 

(43). The proton assignments of Mut1 were determined using the 90% H2O 2D TOCSY and 

2D TOCSY (D2O only buffer) spectra, using the 2D TOCSY and NOESY spectra of Mut1 

S12 and S23 as a guide. Additionally, the 2D NOESY spectrum of Mut1 was used to 

confirm the assignments (See Supporting Information).

Deviations in alpha hydrogen chemical shifts from random coil values, ΔδHα, were 

calculated according to Equation 7,

Equation 7

where δHα,obs is the observed chemical shift of a given alpha hydrogen in the peptide, and 

δHα,RC is the random coil chemical shift of the corresponding proton determined from 

unstructured control peptides, Mut1-S1, Mut1-S2, and Mut1-S3 (Figure 3)

The extent of folding at the turn for each peptide can be determined by calculating the 

fraction folded from the Gly splitting from Gly residues in the turns (residues 10 and 20), as 

in equation 8 (54),

Equation 8

where ΔδGlyobs is the observed glycine diastereotopic protons splitting for the peptide, and 

ΔδGly100 is the glycine splitting for the fully folded control peptide that is presumed to take 

on a 100% fold. The following disulfide-linked cyclic peptides were used as the fully folded 

control peptides, as is precedented in the literature (44). The underlined residues indicate the 
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position of cyclization. The bold residue is the Gly in the turn for which the splitting was 

measured. The ΔδGly100 values were found to be 0.41 ppm and 0.70 ppm for Mut1-S12-cyc 

and Mut1-S23-cyc, respectively.

Mut1-S12-cyc: Ac-C-R-W-T-E-H-K-S-N-G-R-T-Y-Y-W-N-K-C-NH2

Mut1-S23-cyc: Ac-C-T-Y-Y-W-N-K-V-N-G-O-W-Q-K-T-W-E-C-NH2

Aggregation Studies

To assess possible aggregation, 1D spectra of Mut1 were acquired using 36 scans with 

solvent presaturation at four concentrations: 212 µM, 500 µM, 1000 µM, and 1317 µM. 

Concentrations were determined in 5 M guanidine hydrochloride by recording the 

absorbance of Trp (ε = 5690 M−1cm−1) and Tyr (ε = 1280 M−1cm−1) residues at 280 nm by 

UV/vis on a Thermoscientific Nanodrop 2000 spectrophotometer. Peak widths were 

determined for five distinct peaks and line broadening was not observed over these 

concentrations (see Supporting Information).

Results

Sequence Design

The FBP11 WW1 domain peptide (Figure 3a) used in these studies corresponds to residues 

15–42 of the native peptide (residues 144–171 of the full mammalian FBP11 WW1 protein) 

(32–33), with an additional glycine residue coupled to the C-terminus for ease in synthesis. 

Using the same principles as with WKWK and (WKWK)2 (13–16), the FBP11 WW1 

domain was mutated to form a putative binding cleft for ssDNA to give Mut1 (Figure 2; 3b). 

The C-terminal β-hairpin was mutated such that a Trp binding pocket was placed on the 

binding face with two flanking Lys residues cross-strand to the two tryptophans. The turn 

sequences were changed to Asn-Gly turns since these gave well folded turns in the hairpins 

used previously for nucleotide binding studies (13–16) and the mutations taken together 

gave the peptide a +5 net charge. The C-terminal β-hairpin sequence mimics the binding 

face of the β-hairpin peptide, WKWK. Position 16 (Position 2 in Mut1 (45)) is varied in 

several known FBP WW domains (32–33). Arginine was placed in that position for Mut1 

since Arg is known to provide favorable contacts in DNA binding (46–49). Residues 2 and 4 

are cross-strand from the binding pocket in strands 2 and 3 and may make favorable contacts 

to the DNA to improve binding affinity and selectivity. These additional interactions were 

not present in the WKWK monomer and dimer.

Two additional mutants were designed to further understand the characteristics that drive the 

interactions of interest. Mut2 (Figure 3c) was designed with no proline on the C-terminus. 

This residue is conserved in many different WW domains and has been shown to be crucial 

in the folding of native WW domain peptides (27). To determine if this residue is still 

important for folding and ssDNA recognition in Mut1, structure and binding studies of Mut2 

were performed.

Research by Kelly, et al., has shown that the native turn between strands 1 and 2 is important 

for structure and stability (17) leading to another mutant made with the native turn one 
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sequence replacing the Asn-Gly turn that was introduced in the original mutant. The other 

mutations remained the same to give Mut3 (Figure 3d).

The isolated hairpins made up of strands 1 and 2 (Mut1-S12) or strands 2 and 3 (Mut1-S23) 

as well as single strands (Mut1-S1, Mut1-S2, and Mut1-S3; Figure 3e–i) were also 

characterized as additional means to understand the role of each strand in folding and 

binding to ssDNA. An additional hairpin composed of strands 2 and 3 with an E27Q 

mutation, Mut1-S23-E27Q (Figure 3j), was also characterized to better understand the role 

of stability and electrostatic interactions in ssDNA recognition by Mut1. Structural and 

binding studies of Mut1-S23 and Mut1-S23-E27Q were also compared to WKWK monomer 

(Figure 3k).

A polyproline sequence based on a peptide used in studies as an FBP11 WW1 domain 

ligand (Figure 3l) (28) was synthesized to determine if binding to this sequence is affected 

by the mutations made. This polyproline helix contains the PPLP motif known as the ligand 

specific to the FBP11 WW1 domain (28, 34, 35).

CD Characterization of Folding

Structural studies on Mutants 1–3 were performed by CD and compared to the native FBP11 

WW1 domain to determine the effect of the mutations on β-sheet structure (Figure 4). The 

CD spectra of the mutants differ from that of the native WW domain. In particular, the native 

protein displays a larger exciton coupling peak at 227 nm than the mutants. This is likely 

due to differences in orientations of the aromatic sidechains. Nonetheless, the mutants 

clearly exhibit β-sheet structure, as indicated by the minima at 210 nm. Although β-sheets 

typically have minima at about 215 nm, the shift to 210 nm is likely due to the contributions 

of the Trp residues, and the differences in these spectra could be due to the number and 

relative conformations of tryptophans in each peptide. The minimum near 195 nm may 

represent random coil due to some degree of fraying or some extent of polyproline helix 

character due to the KPG sequence at the C-terminus of the peptide, as a minimum is also 

observed in that region for the native protein. Mut3 displays a more significant minimum 

near 195 nm, which may be attributed to the more flexible turn sequence between strands 1 

and 2.

The Mut1 control peptides Mut1-S12 and Mut1-S23 were also analyzed by CD (Figure 5). 

Mut1-S12 is primarily unstructured with a minimum at 198 nm corresponding to random 

coil but with a shoulder at 215 nm, which is indicative of β-sheet structure. Mut1-S23 gives 

a minimum CD signal at about 215 nm, which is consistent with beta-sheet peptides and 

proteins. This peptide also has a minimum at about 195 nm, which may be due to fraying or 

the KPG tail at the C-terminus. Thus, it appears that the random coil nature of the three-

stranded sheets primarily comes from strand one. Each of the three control peptides, Mut1-

S1, Mut1-S2, and Mut1-S3, produced CD wavelength data consistent with random coil 

peptides, as expected (Figure S9).

Thermal denaturation studies were conducted for the native WW domain and for Mutants 1–

3 to determine the stability of the mutants compared to the native peptide. Thermal 

denaturations were performed following the Trp exciton coupling peak at 227 nm over a 
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range of temperatures. The native FBP11 WW1 domain has a melting temperature similar to 

that of the hPin1 and FBP28 WW domains (17). Mutants 1 and 3 have similar stability to 

that of the native WW domain, but Mut2 appears to be less stable (Figure 6). The reduced 

stability of Mut2 verifies the role of Pro27 in stabilizing the mutants, as has been observed in 

the native protein (27).

A thermal renaturation study was also performed for Mut1 to investigate the folding 

behavior of the mutant. Although Mut1 showed no sign of aggregation up to 1.3 mM by 

NMR (see Experimental Section and Supporting Information, Figure S12), thermal 

renaturation did not reproduce the same CD spectrum as was initially observed (see 

Supporting Information, Figure S10), indicating that the mutations have resulted in a peptide 

that is not as well behaved as the native protein. Nonetheless, this finding does not impact 

the results described below.

Characterization of the Peptide-ssDNA Interactions

The stoichiometry of binding was determined for Mut1 as well as Mut1-S23 and ssDNA by 

fluorescence quenching using the molar variation method (see Experimental Section). A 1:1 

binding stoichiometry for the interaction between Mut1 and the 11-mer ssDNA sequence 

(Figure 3m) was determined, in agreement with the stoichiometry reported for the 

(WKWK)2 interaction with dA5 and with the same 11-mer ssDNA (see Supporting 

Information, Figure S1) (14–16). The binding stoichiometry for the interaction between 

Mut1-S23 and ssDNA was also determined to be 1:1 (see Supporting Information, Figure 

S2).

Binding of ssDNA to each of the peptides was determined by quenching of the tryptophan 

fluorescence as described in the Experimental Procedures. A correction for the inner filter 

effect arising from absorbance of the nucleobases at the excitation wavelength of Trp was 

performed for all binding data (see Experimental Procedures).

As a reference point, the dissociation constant of the WKWK monomer to the 11-mer 

ssDNA sequence was determined to be 39.3 µM (Table 1). This affinity is much weaker than 

that of (WKWK)2, presumably due to the lack of the second DNA binding pocket provided 

by the dimer as well as a lower net charge. WKWK can be compared to Mut1 and Mut1-S23 

to gain information regarding structural and sequence related aspects of ssDNA binding for 

each.

Mut1 was designed with two strands mimicking the binding pocket of the β-hairpin WKWK 

and has a net charge of +5. The additional N-terminal strand was intended to allow 

additional contacts to improve the binding to ssDNA. Fluorescence quenching experiments 

determined that Mut1 binds ssDNA with an affinity of 16.6 µM (Table 1). This peptide does 

not bind ssDNA as well as the WKWK dimer, which has a net charge of +8 and two 

aromatic binding pockets (14–16). However, Mut1 displays more than 2-fold tighter binding 

than the WKWK hairpin monomer, which has a similar aromatic binding cleft as Mut1 and a 

+4 charge. This suggests that strand 1 contributes to the binding affinity and provides some 

additional contacts favorable for binding. Whether these additional contacts are electrostatic 

or not was explored further, as described below.
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The C-terminal proline was removed in Mut2 to determine if the residue is important in 

binding since it has been shown to be critical for folding of the native peptide (27). Pro37 in 

the native WW domain (Pro29 in Mut1) interacts with a small hydrophobic pocket made up 

of the N-terminal Trp12 as well as Tyr24, which stabilizes the structure (27). Thermal 

denaturations suggest that it contributes to the stability of the mutants as well. Binding of 

Mut2 to ssDNA is weaker than Mut1, with a Kd of 34.2 µM (Table 1). This indicates that 

stability of the three-stranded sheet influences binding, confirming the importance of the 

folded structure.

Replacing the Asn-Gly turn sequence in turn 1 of Mut1 with the native turn sequence in 

Mut3 also weakened the binding as compared to the original mutant by about three-fold (Kd 

= 45.8 µM, Table 1). It may be that strand 1 is less folded in Mut3, which would explain the 

more negative peak at 195 nm in the CD spectrum for Mut3 relative to Mut1 (Figure 4).

To further explore the role of strand 1 in Mut1, the binding of Mut1-S23 to ssDNA was 

analyzed by fluorescence quenching. The affinity was reduced by about two-fold (Kd = 32.4 

µM, Table 1). The overall charge of the peptide is +4 versus the +5 charge for the full 

peptide, which could explain the difference in binding. However, Mut1-S23 binds ssDNA 

more strongly than does WKWK even though the charge is the same. Mut1-S23 has a longer 

sequence and additional contacts may enhance binding.

To determine whether charge is the only factor affecting the difference in binding of ssDNA 

for Mut1 versus Mut1-S23, a glutamic acid in strand 3 of Mut1-S23 was mutated to a 

glutamine (E27Q), resulting in a peptide with the same net charge as Mut1. The binding 

affinity of Mut1-S23-E27Q was intermediate to the full peptide and strands 2&3, with a Kd 

of 22.9 µM (Table 1). This indicates that the increased net positive charge improves the 

binding affinity, but the data suggests that strand 1 in Mut1 also contributes to binding in 

some way other than simply net charge.

As a control, we measured the binding of the native FBP11 WW1 domain to ssDNA. While 

all of the data for the mutants binding to ssDNA and duplex DNA were obtained by 

fluorescence quenching, the binding affinity for the native peptide to these DNA sequences 

was too weak to be determined using that method due to inner filter effects. Fluorescence 

anisotropy was therefore employed to determine the binding of the native peptide to the 

DNA sequences. A fluorophore, 5’-Bodipy 630/650-X NHS Ester, was attached to the 

ssDNA sequence. Fluorescence anisotropy data gave a Kd in the millimolar range, providing 

evidence that the native peptide has little affinity for ssDNA (Figure 7, Table 1). Mut1 binds 

Bodipy-labeled ssDNA with a Kd of about 26 µM, similar to that determined by 

fluorescence quenching. This provides further evidence that the native WW domain has been 

redesigned to bind ssDNA (Figure 7). Control experiments were performed to confirm that 

the peptide does not bind to the fluorophore directly.

Based on previous studies of (WKWK)2, which does not exhibit any sequence selectivity, 

the sequence-selectivity of Mut 1 for ssDNA was not investigated. We expect that Mut1 will 

not be sequence selective, as binding appears to be driven by aromatic interactions and 

electrostatic interactions, as is the case with the OB fold.
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Characterization of the Mut1-dsDNA Interaction

Because of inner filter effects due to DNA absorption at the excitation wavelength of Trp, 

fluorescence quenching of Trp could not be used for the duplex DNA binding studies with 

Mut1. Instead, fluorescence anisotropy was utilized to determine a more accurate 

dissociation constant for the binding interaction between Mut1 and duplex DNA. (5-(and 

-6)-Carboxytetramethylrhodamine (TAMRA) was coupled onto the peptide Mut1 at position 

21 for these binding experiments via attachment to a Lys sidechain (see Experimental 

Procedures). This amino acid substitution has been shown to have minimal effects on 

stability and folding in model β-hairpins (50). As a control, fluorescence anisotropy was also 

used to measure the binding of Mut1 to ssDNA. The fluorescence anisotropy data for 

binding to ssDNA is consistent with the fluorescence quenching data, giving a dissociation 

constant of 20.4 µM (Table 2). The anisotropy data shows that Mut1 binds ssDNA with 

about 10-fold selectivity over duplex DNA (Kd = 189 µM, Table 2; Figure 8). This 

selectivity for ssDNA versus duplex DNA is much greater than that observed for WKWK 

dimer (13, 16). This is consistent with earlier studies that suggested WKWK dimer is a 

groove binder (16). The three-stranded sheet in Mut1 is likely too big to function as a groove 

binder and results in significantly greater selectivity for ssDNA.

Control experiments showed that binding of the native WW domain to duplex DNA was 

very weak, as is the case with ssDNA. This provides further evidence that Mut1 has been 

successfully redesigned to bind DNA and that the native peptide has little affinity for any 

DNA sequence.

Binding to the Native Polyproline Helix

The ability of Mut1 to bind the natural ligand of FBP11 WW1 domain was investigated by 

conducting fluorescence experiments with a polyproline helix containing a PPLP consensus 

sequence (Figure 3l) and comparing that to binding of the consensus sequence to the native 

WW domain peptide. The binding affinity for the polyproline helix with the native WW 

domain was 59.6 µM (Table 2, Figure 9) (51). In contrast, no measurable binding was 

observed between Mut1 or Mut3and the polyproline helix (Table 2, Figure 9). This 

demonstrates the loss of function for its natural ligand and verifies that the WW domain has 

been redesigned to bind ssDNA.

NMR Characterization of Mut1

NMR experiments were conducted to more fully characterize the folding of Mut1 and the 

role of strand 1 in stability and binding. Mut1, Mut1-S12, and Mut1-S23 were studied by 

one- and two-dimensional NMR. TOCSY experiments were used to assign peaks and 

NOESY experiments verified correct strand register (see Supporting Information, Figure 

S11). Interestingly, NOEs also clearly indicated the interaction of Pro29 with the aromatic 

pocket on strands 1 and 2, as is found in the native protein.

Glycine splitting and α-hydrogen (Hα) chemical shift values were determined to 

characterize the full peptide, both hairpins, the three individual strands, and their respective 

stabilities. The Hα chemical shifts of the hairpins relative to the random coil peptides 

indicate the degree of β-sheet structure for each residue along the peptide backbone. 

Stewart et al. Page 11

Biochemistry. Author manuscript; available in PMC 2017 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Downfield shifting of Hα protons is evidence of increased hairpin population, with a 

chemical shift difference of greater than 0.1 ppm taken to indicate β-sheet structure (52–53). 

A second method to determine the extent of folding of each peptide is to determine the Gly 

Hα splitting values for Gly residues in the turns (54). As folding of the hairpin increases, the 

splitting of the hydrogens increases as well, giving a measure of stability at the turn. A 

comparison of the Gly splitting in the β-hairpin with that of a fully folded cyclic control 

peptide gives the extent of folding and overall stability for the peptide (See Experimental 

Procedures and Supporting Information).

NMR data revealed that the N-terminal β-hairpin, Mut1-S12, has a glycine splitting value of 

0.11 for Gly10, giving a fraction folded of 26% (Table 3). The C-terminal β-hairpin, Mut1-

S23, is significantly more stable, with a glycine splitting value of 0.67 for Gly20 and a 

fraction folded of 89% (Table 3). This is similar to the WKWK peptide, which has a 

reported percent folding value of 96% (14–15).

Comparison of Gly splitting for the full Mut1, Mut1-S12, and Mut1-S23 indicate that while 

the hairpin formed by strands 1&2 alone is poorly folded, addition of strand 3 in the full-

length peptide adds stability to this hairpin, exhibiting an increase in structure from 26% to 

62% folded for Gly10 (Table 3). This data suggests some degree of cooperative folding of 

the three-stranded sheet. This type of cooperativity is not unprecedented (55–60). For 

example, Searle et al., found that the N-terminal strand of their three-stranded beta sheet 

(peptide 1–24) cooperatively stabilized the C-terminal hairpin of the peptide (55–57). 

Likewise, Kelly and coworkers have shown that the hPin1 WW domain and various mutants 

exhibit cooperative unfolding (59–60). In contrast to Mut1-S12, strands 2&3 alone are as 

well folded in Mut1-S23 as in the full peptide, with a percent folded of 89% and 91% for 

Gly20, respectively (Table 3).

Hα chemical shift differences for the two hairpins and the full peptide are consistent with 

both the CD data and the NMR glycine splitting data (Figure 10). This data indicates that 

Mut1-S12 is only marginally folded at best, but when incorporated into the full length 

peptide, strand 1 exhibits modestly increased downfield shifting, corresponding to an 

increase in folding. In contrast, strands 2 and 3 are well folded in both Mut1 and Mut1-S23.

Discussion & Conclusions

We have found that introduction of a WKWK binding pocket into a three-stranded β-sheet 

via mutation of a native WW domain leads to a change in function of the native protein from 

a polyproline helix binder to a ssDNA receptor. In contrast, the native WW domain exhibits 

no binding to ssDNA. Structure/function studies indicate that Pro29 helps to stabilize the 

folded state of the mutant, as has been observed for the native protein, and this also impacts 

ssDNA binding affinity. In addition, Mut1, which has an Asn-Gly turn between strands 1 

and 2, was determined to have a stronger binding affinity to ssDNA than did Mut3, which 

has the native turn sequence at that position. CD studies suggest that Mut3 has a higher 

random coil population than does Mut1, presumably due to a less structured turn region and 

less-well folded strand 1, which may explain the weaker binding of Mut3. Comparison of 

Mut1 to the truncated peptides, Mut1-S23 and Mut1-S23-E27Q, confirms that strand 1 
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contributes to ssDNA binding, albeit weakly. NMR studies indicate that Mut1 is well folded 

at strands 2 and 3, but that strand 1 is less well folded. Nonetheless, strand 1 influences 

binding to ssDNA.

This three-stranded motif provides substantial (approximately 10-fold) selectivity for ssDNA 

over dsDNA, unlike the (WKWK)2, which has less than 2-fold selectivity for ssDNA (13). 

Previous studies suggest that (WKWK)2 binds to duplex DNA via groove binding (16). 

Thus, the selectivity observed for Mut1 may be due to inhibition of groove binding due to 

the additional strand (strand 1).

These studies provide insight into features that can provide structure-selectivity in protein-

DNA interactions. This model system represents a conceptual mimic of the OB-fold, which 

consists of a beta-sheet surface that binds ssDNA. As such, it provides insight into the 

minimal features responsible for ssDNA binding in OB-fold-containing proteins, such as 

replication protein A, which is involved in DNA replication and repair (1–4). This study also 

provides a novel example of protein redesign, conceptually similar to the protein grafting 

approach developed by Schepartz (61), but in this case grafting a designed peptide motif 

onto a native protein. It is also one of the few examples of a redesigned functional β-sheet 

(62). Further mutation studies are underway to optimize binding affinity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

FBP11 WW1 domain forming binding protein 11 WW1 domain

ssDNA single-stranded deoxyribonucleic acid

dsDNA double-stranded DNA or duplex DNA

WKWK peptide designated by two tryptophan residues cross-strand 

from two lysine residues on the binding face of the peptide

OB-fold oligonucleotide/oligosaccharide binding fold

Mut1-S1 Mutant 1 Strand 1

Mut1-S2 Mutant 1 Strand 2

Mut1-S3 Mutant 1 Strand 3

Mut1-S12 hairpin composing Mutant 1 Stands 1 and 2

Mut1-S23 hairpin composing Mutant 1 Strands 2 and 3
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CD circular dichroism

NMR nuclear magnetic resonance

TAMRA 5-(and -6)-Carboxytetramethylrhodamine, mixed isomers

DMF N,N-dimethylformamide

TFA trifluoroacetic acid

DIPEA Diisopropylethylamine

TIPS Triisopropylsilane

HOBT N-hydroxybenzotriazole

HBTU O-benzotriazole-N,N,N’,N’,-tetramethyluronium 

hexafluorophosphate
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Figure 1. 
(a) Structure of a single OB-fold in cold shock protein B from Bacillus subtilis bound to dT6 

(pdb: 2es2)3b; (b) Structure of the FBP11 WW1 domain bound to a polyproline helix (pdb: 

2dyf).
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Figure 2. 
WW domain Mut1. Turn mutations are shown in red and the WKWK binding cleft is shown 

in blue and green.
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Figure 3. 
Sequences of native FBP11 WW1 domain, WW domain mutants and controls, polyproline 

helix, and DNA sequences used in binding studies. Residues in the turn sequences and in the 

binding pocket are highlighted as in Figure 2, with turn sequences in red, Trp residues in the 

binding pocket in blue, and Lys residues in the binding pocket in green. Other mutations are 

shown in bold.
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Figure 4. 
CD spectra for the native WW domain and WW domain mutants. Data was recorded at 30 

µM peptide, 10 mM Na2HPO4, 25 °C, pH 7.0.
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Figure 5. 
CD data for WW domain mutant control peptides. Data was recorded at 30 µM peptide, 10 

mM Na2HPO4, 25°C, pH 7.0.
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Figure 6. 
Thermal denaturation plots for the Native WW domain and the mutant peptides. Thermal 

denaturations were followed by CD at 227 nm from 4–96 °C with 4°/step. Data was 

recorded at 30 µM peptide, 10 mM Na2HPO4, pH 7.0. Lines are meant to guide the eye.
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Figure 7. 
Bodipy-ssDNA titrated with the native WW domain and Mut1. Fluorescence monitored by 

fluorescence anisotropy; 1.5 µM Bodipy-ssDNA for Mut1; 50 µM Bodipy-ssDNA for native 

WW domain; 10 mM sodium phosphate buffer, 100 mM NaCl, pH 7.0, 25 °C. The error for 

Mut1 is less than 8% for each point, with the exception of the point at 150 µM, for which the 

error is 15%. The error for the Native WW domain was not determined.
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Figure 8. 
Fluorescence anisotropy titrations of TAMRA-WW domain Mut1 titrated with unlabeled 

ssDNA (blue) and duplex DNA (red); 2 and 20 µM peptide, respectively, 10 mM sodium 

phosphate buffer, 100 mM NaCl, pH 7.0, 25 °C.
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Figure 9. 
Fluorescence titrations of the native WW domain, Mut1, or Mut3 with oligoproline peptide 

(Figure 3l) following the increase in Trp fluorescence upon binding to the oligoproline 

peptide; 15 µM WW domain peptide, 0–600 µM polyproline helix; 10 mM sodium 

phosphate buffer, 100 mM NaCl, pH 7.0, 25 °C. This data was normalized by subtracting the 

initial peptide observed fluorescence from each fluorescence value. The error is less than 3% 

for each data point.
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Figure 10. 
NMR chemical shift differences for Mut1, Mut1-S12, and Mut1-S23 relative to unfolded 

controls (Mut1-S1, Mut1-S2, and Mut1-S3). Downfield shifting of > 0.1 ppm indicate beta-

sheet structure. Upfield shifting of Asn9 and Asn19 is consistent with a beta-turn 

conformation. Upfield shifting of K24 is due to ring current effects from the cross-strand 

Trp15. Conditions: 25 °C, 50 mM potassium dideuterium phosphate, pD 7.4 (uncorrected), 

referenced to DSS. Error is ± 0.01 ppm, as determined by the acquired points and spectral 

width.
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Table 1

Dissociation constants for the binding interaction between WW domain peptides and ssDNAa

Peptide Kd,
(error)

µM

Native WW domain 12500b

WKWK 39 (2)

WKWK dimer 3.5 (0.2)c

Mut1 17 (2)

Mut1-S23 32 (2)

Mut1-S23-E27Q 23 (1)

Mut2 34 (1)

Mut3 46 (3)

(a)
Conditions: 10 mM sodium phosphate buffer, 100 mM NaCl, pH 7.0, 25 °C. Each value is the average of at least two measurements. The error is 

from the fitting.

(b)
This data was collected using fluorescence anisotropy. The conditions are the same as with the fluorescence quenching binding measurements.

(c)
Reported previously.5–6
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Table 2

Comparison of dissociation constants for the binding interaction between WW domain peptides and ssDNA 

and dsDNA sequences and Polyproline Helixa

Peptide ssDNA
Kd, µM (error)

dsDNA
Kd, µM (error)

Polyproline Helix
Kd, µM (error)

Native FBP11 WW1 domain >6000b >500b 60 (6)

WKWK dimer 3.5 (0.2)c 4.6 (0.4)c n. d.d

TAMRA-Mut1 20 (4) 190 (20) No binding observed

(a)
Conditions: 10 mM sodium phosphate buffer, 100 mM NaCl, pH 7.0, 25 °C. Each value is the average of at least two measurements. The error is 

from the fitting. n.d. denotes a measurement that was not determined.

(b)
This data was collected using fluorescence anisotropy with Bodipy-labeled DNA.

(c)
These values were reported previously.5–6

(d)
n. d. = not determined.
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Table 3

Fraction folded for Mut1 and the beta-hairpins Mut1-S12 and Mut1-S23.a

Peptide Gly chemical shifts, ppmb ΔδGly, ppmb Fraction Folded
(Gly Splitting)c

Mut1-S12 3.91, 4.02 0.11 0.26

Mut1-S23 3.45, 4.12 0.67 0.89

Mut1 3.82, 4.08 (turn 1) 0.26 0.62

3.38, 4.06 (turn 2) 0.68 0.91

(a)
Conditions: Values calculated from data obtained at 25 °C, 50 mM potassium dideuterium phosphate, pH 7.0 (uncorrected), referenced to DSS.

(b)
Error is ± 0.01 ppm, determined by as determined by the acquired points and spectral width.

(c)
Error is ± 0.02, based on the error in ΔδGly.
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