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The interaction between proteins and single-stranded DNA
(ssDNA) plays an important role in the regulation of critical
biological processes such as telomeric-end protettmn DNA
replication and repa#.The recognition of ssDNA by protein

receptors occurs predominantly through aromatic and electrostatic

interactions involving protein side chains extending from a solvent-
exposeds-sheet surface, known as the OB-fold (oligonucleotide/
oligosaccharide-binding fold)Aromatic stacking interactions are
believed to play a pivotal role in the ability of OB-fold proteins to
distinguish ssDNA from duplex DNA (dsDNA) since the aromatic
bases are buried within the-stack of the duplex and are less
accessible to stack with protein aromatic side chéins.

Although many proteins bind ssDNA onfasheet surface, there
have been no examples@airpin peptides as molecular receptors
for ssDNA or RNAS Such systems present a direct approach for
elucidating the factors controlling proteimucleic acid recognition
while providing a potential scaffold for disrupting proteissDNA
interactions. In a previous report, we have introduced a designed
12-residues-hairpin, WKWK , which binds ATP with an affinity
of 170 uM in water® One face of thes-hairpin displays two Trp
and two Lys residues which interact with ATP through aromatic
and electrostatic interactions. In this Communication we describe
the extension of this system tgiehairpin receptor for ssDNA with
a binding affinity that rivals that of natural protein receptors,
providing a minimalist mimic of the OB-fold.

Peptide(WKWK) , is a dimer of our ATP receptdrlinked by
a disulfide bond between N-terminal Cys side chains (Figure 1).
The structure of WKWK) , creates two nucleotide binding sites
which were expected to be well-structured due to the highly
populated-hairpin conformation ofWKWK .62 Indeed, NMR
characterization ofWKWK) , using standard methods including
Hq and Gly chemical shiftsand cross-strand NOEs indicates that
it is as folded as the parent peptidd KWK (see Supporting
Information).
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Figure 1. Structure of peptid@WKWK) ». The residues in bold create the
nucleic acid binding face.
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Figure 2. Change in . and H3 chemical shifts o WKWK) » in the
presence of 1 equiv of dA10 mM acetateal; buffer, pH 5.0, at 298 K (the
turn sequence, Asn-Gly, is omitted).

protons by 0.30.4 ppm and of the adenine aromatic protons by
>0.3 ppm was observed, indicating that stacking interactions are
involved in complex formation. Additionally, th&dGly value and
cross-strand NOE correlations of the dimer in the presence of dA
indicate that theg-hairpin conformation is not disrupted upon
binding to the pentanucleotide (see Supporting Information). These
results demonstrate th(KWK) , binds the oligonucleotide while
maintaining ap-hairpin conformation through interactions with
cationic and aromatic residues on one face of#mirpin, similar
to the binding motif of the OB-fold.

The dissociation constant for binding to gxas found to be 12

The recognition of single-stranded pentanucleotide sequenceyM in pH 7.0 buffer (Table 1), which is weaker than that in pH

5'-d(AAAAA)-3' (dAs) by (WKWK) , was investigated by fluo-
rescence titrations following the Trp quenching with increasing
oligonucleotide concentration. In pH 5.0 buff§t’WKWK) , was
shown to bind dA with an affinity in the submicromolar range
and was beyond the detection limit of Trp fluorescehde.l:1
binding stoichiometry for thé VKWK , interaction with dA was

5.0 buffer, possibly due to incomplete protonation of the Lys side
chains at pH 7.02 Investigation of sequence selectivity indicates
that the interaction with dAis —0.3 to —0.6 kcal/mol stronger
than the interaction with sequencessdhd dT (Table 1). The
modest selectivity pattern is not surprising, given that ssDNA-
binding proteins interact with their oligonucleotide targets in a

demonstrated using the molar ratio variation method (see Supportinglargely sequence-independent mariaétowever, it should be noted

Information)?

The interaction of dAwith the peptide was probed by measuring
the change in chemical shifts of the side-chain protons of
(WKWK , in the presence of 1 equiv of the oligonucleotide. The
magnitude of the upfield shifting of side-chain protons was generally

that the binding affinity for dA may be attenuated due to a tendency
for intramolecular stacking between the bases in the ssDNA
sequencé? whereas intramolecular stacking in g&nd dG is
unlikely to occur under the solvent conditions in this stdly.

We investigated the binding qfWKWK) , to an 11-residue

larger at the Lys and Trp residues of the peptide, suggesting a directsingle-stranded oligonucleotide and its corresponding duplex to
interaction between the oligonucleotide and these side chains ofdetermine the selectivity for ssDNA relative to dsDNA (Table 1).
the peptide (Figure 2). Significant chemical shift deviations were We found tha{WKWK) , binds the 11-residue oligonucleotide with
also observed at the Arg residues of the peptide, suggesting that ita K4 of 3 M in 100 mM NacCl, pH 7.0 buffer (Table 1). This is
may also contribute to binding. Upfield shifting of the Trp aromatic comparable to the binding affinity of Cold Shock protein for
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Table 1. Affinity Constants for (WKWK), with DNA Sequences?

[NacCl], Ka, Kqy AG (error),?
entry sequence mM Mt uM kcal/mol
1 5-AAAAA-3' 0 8x 100 12 —6.7(0.1)
2 5-TTTTT-3 0 3x10* 30 -6.1(0.1)
3 5-CCCCC-3 0 5x10® 20 —6.4(0.1)
4 5-CCATCGCTACC-3 100 3x 1P 3 —75(0.1)
5  OCCATCGCTACC3 100 5 16 5 —-72 0.2)

3-GGTAGCGATGG-5

aln 10 mM sodium phosphate buffer, pH 7.0, at 298 KErrors
determined from two to four separate titration experiments.

m ssDNA
= dsDNA

n

»
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S| |y =-2.6492x + 3.0239 I
R? = 0.9973
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Figure 3. Dependence of lo¢ values for(WKWK) ; binding to ssDNA
sequence'SCCATCGCTACC-3on log [Na'] in 10 mM sodium phosphate

buffer, pH 7.5, at room temperature. Each point represents the average of

2—4 runs.

ssDNA, which contains a single OB-foldThe stronger interaction
with the 11-mer relative to the pentanucleotides can be attributed
to an increased number of favorable contacts that are possible with
the longer oligonucleotide.

whereas binding to the duplex gives= 0.62, indicating significant
differences in the contribution of electrostatic interactions to binding.
Importantly, the difference in salt dependence of the binding
oligoLys peptides to ss- or dmlynucleotides is less than that
observed here fowligonucleotides due to the polyelectrolyte
effect: v = 0.74 for ssDNA andp = 0.88 for dsDNAS Hence,
greater selectivity for binding dfVKWK) , to sSSDNA is expected

in polynucleotides relative toligonucleotides at physiological salt
concentrations.

In summary, the designegthairpin receptofWKWK) , binds
ssDNA in aqueous solution with an affinity that is comparable to
that of naturally occurring protein receptors for ssDNA. The results
are consistent with a stacking interaction of a base with each Trp
binding pocket of the dimerigs-hairpin. The aromatic and
electrostatic interactions that regulate recognition in our system are
similar to those that regulate ssDNA binding by protein receptors.
Moreover, the contribution of aromatic interactions is much more
significant than observed with unstructured (LY¥)p)m peptides.
Thus, by incorporating Trp side chains into a structured peptide
that is preorganized for binding, we have gained specificity that is
not observed for unstructured peptides. PepfitKWK) , intro-
duces an excellent scaffold for investigating protein interactions
with ssDNA and has implications for drug design pertaining to
antigene and antisense therapeutfcs.

Acknowledgment. This work was supported in part by an NSF
Career Award (CHE-0094068). S.M.B. gratefully acknowledges a
Hiskey fellowship from UNC Department of Chemistry.

Supporting Information Available: Experimental procedures,
NMR data, and binding curve fits. This material is available free of
charge via the Internet at http://pubs.acs.org.

Comparison of the 11-mer to its corresponding duplex at 100
mM NaCl demonstrates modest energetic preference for ssDNA
(Table 1). We performed a salt study to quantify the effect of
aromatic and electrostatic interactions on the binding affinity (Figure
3). Extrapolationd 1 M salt demonstrates a binding free energy
of approximately-4.2 kcal/mol for the 11-mer (Figure 3). As the
electrostatic interactions are screened M salté we estimate that
—4.2 kcal/mol represents the contribution of aromatic interactions
to binding. This is much greater than has been previously observed
in unstructured (Lys){Trp)m peptides with ssDN& or found here
for (WKWK) , with the duplex (Figure 3), where the non-
ionic contributions for binding were found to be less that
kcal/mol5213 Previously, we have shown that stacking of ade-
nine between the diagonal Trp residues WKWK is worth
approximately—1.8 kcal/mol®@ Therefore, it appears that, for the
11-mer, a base is intercalating within both aromatic binding pockets
of the dimer, with each interaction providing abot® kcal/mol.

Although stacking interactions provide selectivity for ssDNA,
the affinity for the dsDNA sequence at 100 mM NacCl results from
the greater negative charge density of duplex DNA.linear
decrease in the magnitude of l&g with increasing log [Na] was
found for both the 11-mer and the duplex due to electrostatic
screening of the phosphates, but the duplex exhibited a greater

dependence on salt concentration than the single-stranded oligo-

nucleotide (Figure 3). Equation 1 correlates the salt sensitivity of

)

peptide-nucleic acid interactions with the charge of the pepfide,
and a proportionality constany;, which has been correlated with
the fraction of cation releasédlhe net charge fo(WKWK) , is
+8, such that binding dfWKWK) , to the 11-mer giveg = 0.33,

dlogK/dlog [Na'] = —zp
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