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A B S T R A C T   

Transcription factors (TFs) have a remarkable role in the homeostasis of the organisms and there is a growing 
interest in how they recognize and interact with specific DNA sequences. TFs recognize DNA using a variety of 
structural motifs. Among those, the ribbon-helix-helix (RHH) proteins, exemplified by the MetJ and ARC re
pressors, form dimers that insert antiparallel β-sheets into the major groove of DNA. A great chemical challenge 
consists of using the principles of DNA recognition by TFs to design minimized peptides that maintain the DNA 
affinity and specificity characteristics of the natural counterparts. In this context, a peptide mimic of an anti
parallel β-sheet is very attractive since it can be obtained by a single peptide chain folding in a β-hairpin structure 
and can be as short as 14 amino acids or less. Herein, we designed eight linear and two cyclic dodeca-peptides 
endowed with β-hairpins. Their DNA binding properties have been investigated using fluorescence spectroscopy 
together with the conformational analysis through circular dichroism and solution NMR. We found that one of 
our peptides, peptide 6, is able to bind DNA, albeit without sequence selectivity. Notably, it shows a topological 
selectivity for the major groove of the DNA which is the interaction site of ARC and many other DNA-binding 
proteins. Moreover, we found that a type I’ β-hairpin folding pattern is a favorite peptide structure for inter
action with the B-DNA major groove. Peptide 6 is a valuable lead compound for the development of novel an
alogs with sequence selectivity.   

1. Introduction 

Gene transcription is regulated by transcription factors (TFs) which 
bind to operator DNA, influencing the ability of RNA polymerase to 
initiate transcription. In eukaryotic organisms, protein transcription 
stands at the beginning of the process by interplay among multiple 
general transcription factors, activators/repressors, mediator/coac
tivators, multiple regulatory sequences (proximal and distant), chro
matin and its impact on transcription, co-transcriptional RNA 
processing, regulation of transcriptional regulators [1]. 

Although TFs recognize DNA using a variety of structural motifs, in 

many cases they share similar structural recognition motifs, which 
facilitate a classification into families [2,3]. In many of these families the 
most relevant contacts to DNA occur in the major groove from amino 
acids of α-helical regions, known as recognition helices, embedded in 
those motifs. Among those, there are the bihelical DNA-binding motif 
(helix-turn-helix), zinc-finger domains, and the basic region-leucine 
zipper (bZIP) motif. 

In addition to the above motifs, there are TFs and other DNA-binding 
proteins that do not rely on α-helices for specific DNA recognition, 
although they are less common. For instance, the ribbon-helix-helix 
(RHH) proteins, exemplified by the MetJ and ARC repressors, form 
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dimers that insert antiparallel β-sheets into the major groove of DNA 
with the side chains on the face of the β-sheet contacting the base pairs. 

Taking into account the great importance of TFs role in the homeo
stasis of the organisms, there is a growing interest in how TFs recognize 
and interact with specific DNA sequences. It is well known that aberrant 
recognition properties of some proteins stand at the origin of several 
diseases such as cancer, prion diseases, and muscular Duchenne dys
trophy [4–6]. 

Therefore, the molecular basis of their supramolecular behaviors is a 
hot topic in biochemistry, as well as in medicinal chemistry for the 
development of non-natural DNA binding protein mimetics. 

ARC is a protein commonly expressed at low levels from the phage. 
Solution properties of ARC repressors (wild-type and F10H variant) from 
Salmonella bacteriophage P22 and their complexes with operator DNA 
were described by Dostál et al. by circular dichroism, fluorescence, and 
Raman difference spectroscopy and compared with the crystal structures 
of free and DNA-bound ARC repressors (wild-type and F10V variant) 
[7]. Data indicate that the binding of ARC in the major groove of the 
DNA involves hydrogen bonds of amino acid residues with DNA nucle
obases, together with slight perturbations of the deoxyribose ring sys
tems. Furthermore, the key residue Trp14 of ARC repressor monomer 
acts as a sensitive probe for modifications of the hydrophobic core of the 
protein [7]. 

Building synthetic ARC mimetics able to recognize specific double 
stranded DNA (ds-DNA) and the design of small molecules capable to 
control ARC activity, could be valuable approaches in medicinal 
chemistry [8]. 

A great chemical challenge consists of using the principles of DNA 
recognition by TFs to design minimized peptides that maintain the DNA 
affinity and specificity characteristics of the natural counterparts [9,10]. 

Recently, we described the first synthetic analogue of ARC repressor 
as β-sheet mimetic peptide based on the structural moiety of the native 
protein. This novel entity was able to bind both the DNA sequence 
containing the consensus target (TAGA) and one with a double mutation 
in the consensus sequence, deceiving the expecting specificity for the 
consensus target site [11]. In this context, a peptide mimic of an anti
parallel β-sheet is very attractive since it can be obtained by a single 
peptide chain folding in a β-hairpin structure and can be as short as 14 
amino acids or less [12]. 

Herein, with the aim to discover biomimetic peptides of ARC 
repressor able to recognize specific sequences on the DNA major groove, 
we designed eight linear and two cyclic dodeca-peptides (Table 1) 
endowed with β-hairpins. β-hairpin structures promote the protein 
folding through the participation in hydrophobic core’s formation, 
providing a scaffold for the building of more complex structures, so as 
they can be considered as the simplest model of a β-sheet structure [13]. 

The DNA binding properties have been investigated using fluores
cence spectroscopy and anisotropy assay together with the peptide 
conformational analysis through circular dichroism (CD) and solution 
NMR. Molecular docking calculations were also carried out to disclose 

atomic details of the binding. 

2. Materials and methods 

2.1. Chemicals 

Calf thymus DNA, EB, MG, and H33258 dyes were purchased from 
Sigma Aldrich (Merck Group). Each dye was dissolved as a concentrated 
stock solution (~5 mg/mL) in H2O, and serial dilutions were made from 
this stock. Concentrations of the dyes were determined in H2O using the 
following extinction coefficients supplied by Molecular Probes: EB = 5.5 
× 103 M− 1 cm− 1 (546 nm); MG = 85.3 × 103 M− 1 cm− 1 (638 nm). The 
concentration of H33258 was determined in methanol using the 
extinction coefficient of 46 × 103 M− 1 cm− 1 (344 nm). DNA1 (5′- 
GCGAGTAGAGCTTTTTGCTCTACTCGC-3′) and DNA2 (5′-GCGAGCA
CAGCTTTTTGCTGTGCTCGC-3′) oligomers were provided from Biomers 
(Germany) and used without further purification. DNAs were dissolved 
in 10 mM Tris-HCl buffer (pH 7.4) and then annealed to allow the for
mation of their corresponding hairpin structures [14]. Peptides 1–10 
were purchased from China Peptides (Shangai, China). They were 
analyzed by analytical RP-HPLC and ESI-MS to assess their purity and to 
confirm chemical identity (Supplementary Material, Table S1). 

2.2. Circular dichroism (CD) 

CD spectra were carried out on a Jasco-715 coupled with a ther
mostat Nestlab RTE-11, using an acquisition range: 250–190 nm; band 
width: 2.0 nm; resolution: 0.2 nm; accumulation: 3 scans; sensitivity: 10 
mdeg; response time: 0.25 s, speed: 100 nm/min. CD measurements 
were made in a 2 mm cell at 20 ◦C. Peptides 1–10 (125 µM) were dis
solved in 10 mM phosphate buffer (pH 7.5) containing 100 mM of NaCl. 

2.3. NMR spectroscopy 

The samples for NMR spectroscopy were prepared by dissolving the 
appropriate amount of peptide 2, 3, 4, 6, or 8 in 0.18 mL of H2O and 
0.02 mL of 2H2O (pH 5.5), to obtain a concentration 1 mM in peptide 
solution. NMR spectra were recorded on a Varian INOVA 700 MHz 
spectrometer equipped with a z-gradient 5 mm triple-resonance probe 
head. All the spectra were recorded at a temperature of 25 ◦C. One- 
dimensional (1D) NMR spectra were recorded in the Fourier mode 
with quadrature detection. The water signal was suppressed by gradient 
echo [15]. 2D DQF-COSY [16–18], TOCSY [19], and NOESY [20] 
spectra were recorded in the phase-sensitive mode using the method 
from States [21]. Data block sizes were 2048 addresses in t2 and 512 
equidistant t1 values. Before Fourier transformation, the time domain 
data matrices were multiplied by shifted sin2 functions in both di
mensions. A mixing time of 80 ms was used for the TOCSY experiments. 
NOESY experiments were run with a mixing time of 100 ms. The qual
itative and quantitative analyses of DQF-COSY, TOCSY, and NOESY 
spectra, were obtained using the interactive program package XEASY 
[22]. Almost complete 1H NMR chemical shift assignments were effec
tively achieved for all peptides according to the Wüthrich [18] pro
cedure via the usual systematic application of DQF-COSY, TOCSY, and 
NOESY experiments with the support of the XEASY software package 
(Supplementary Material, Tables S2–S6). 

2.4. Structure calculation 

The NOE-based distance restraints were obtained from NOESY 
spectra of peptide 6. The NOESY cross peaks were integrated with the 
XEASY program and were converted into upper distance bounds using 
the CALIBA program incorporated into the program package CYANA 
[23]. Only NOE derived constraints were considered in the annealing 
procedures. An ensemble of 100 structures was generated with the 
simulated annealing of the program CYANA. Then, 10 structures were 

Table 1 
Amino acid sequences of the novel synthetic peptides.  

Structure Type Compounds Sequencesa 

β-sheet portion ARC protein P-Q-F-N-L-R-W-P//P-Q-F-N-L-R-W-P 
Linear β-hairpins 1 Q-F-N-L-R-N-G-Q-F-N-L-R-NH2 

2 Q-F-N-L-R-G-N-Q-F-N-L-R-NH2 

3 Q-F-N-L-R-p-P-Q-F-N-L-R-NH2 

4 Q-F-N-L-R-P-p-Q-F-N-L-R-NH2 

5 Q-W-N-W-R-N-G-Q-W-N-W-R-NH2 

6 Q-W-N-W-R-G-N-Q-W-N-W-R-NH2 

7 Q-W-N-W-R-p-P-Q-W-N-W-R-NH2 

8 Q-W-N-W-R-P-p-Q-W-N-W-R-NH2 

Cyclic β-hairpins 9 Q-F-N-c[CR-N-G-QC]N-L-R-NH2 

10 Q-c[CNLR-N-G-QFNC]R-NH2  

a Lower case letter indicates D-amino acids. In bold are shown the conserved 
natural residues. In italics are shown the β-turn inducers. 
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chosen, whose interproton distances best fitted NOE derived distances, 
and refined through successive steps of restrained and unrestrained 
energy minimization calculations using the Discover algorithm (Accel
rys, San Diego, CA) and the consistent valence force field [24]. The 
minimization lowered the total energy of the structures; no residue was 
found in the disallowed region of the Ramachandran plot. The final 
structures were analyzed using the InsightII program (Accelrys, San 
Diego, CA). Molecular graphics images were realized using the UCSF 
Chimera package [25]. 

2.5. Methyl green displacement assay 

Methyl Green (MG) displacement experiments were performed at 
20 ◦C on a FP-8300 spectrofluorometer (Jasco) equipped with a Peltier 
temperature controller accessory (Jasco PCT-818). A sealed quartz 
cuvette with a path length of 1 cm was used. Fluorescence spectra were 
recorded with excitation at 640 nm and emission from 645 to 750 nm. 
Excitation and emission slits were set both at 5 nm. For the assay 8.2 μg/ 
mL (1 μM single strand, or 27 μM per nucleotide) of pre-folded DNA1 or 
DNA2 targets and 100 μg/mL (312 μM per nucleotide) CT-DNA were 
used. DNA/MG solutions were prepared by mixing each DNA with MG 
(1.26 µM in the case of DNA1 and DNA2 or 15.3 μM for CT), and the 
corresponding mixtures were stirred at room temperature for 1 h before 
use. The ability of peptides 2, 3, 4, 6, and 8 to displace MG from DNA1, 
DNA2 was evaluated by adding each peptide to a final concentration of 
35 µM (450 µM for CT). Stock solutions of peptides were prepared in 
ultra-pure H2O at a concentration of 2 mM. All DNA/MG/peptide mix
tures were equilibrated for 3 min before spectra acquisition. 

For the displacement titration, different amounts of peptide 6 (from a 
20 mM stock solution) were added to the DNA/MG solution (from 0 to 
78 μM in the case of DNA1, from 0 to 39 μM for DNA2, and from 0 to 423 
μM in the case of CT) followed by a 3 min equilibration time before 
spectra acquisition. The percentage of displacement was calculated as 
follows: MG displacement (%) = 100 − [(F/F0) × 100], where F stands 
for the intensity of the fluorescence emission signal at 660 nm of MG 
bound to DNA after each ligand addition and F0 without added ligand. 
The percentage of displacement was then plotted as a function of the 
concentration of added ligand. DC50 values were designed as the 
required concentration to displace 50% MG from each investigated 
DNA. 

2.6. Hoechst 33258 displacement assay 

Hoechst 33258 (H33258) displacement experiments were performed 
as already reported for MG, except for the fact that fluorescence emis
sion spectra were recorded in the 350–650 nm range upon excitation at 
344 nm. For each assay 3 μg/mL (0.37 μM single strand, or 10 μM per 
nucleotide) of pre-folded DNA1 or DNA2 targets and 1 μg/mL (1.87 μM) 
of H33258 were used, and the corresponding DNA/H33258 mixtures 
were stirred at room temperature for 1 h before use. Next, each peptide 
(2, 3, 4, 6, and 8) was added to the corresponding DNA/dye solution to a 
final concentration of 56 µM. Stock solutions of peptides were 2 mM in 
ultra-pure H2O. 

2.7. Ethidium bromide displacement assay 

Ethidium bromide (EB) displacement spectra were obtained with a 
Jobin-Yvon Fluoromax-3 (DataMax 2.20) coupled to a Wavelength 
Electronics LFI-3751 temperature controller, using the following set
tings: increment: 1.0 nm; integration time: 0.1 s; excitation slit width: 
4.0 nm; emission slit width: 6.0 nm at 20 ◦C. In the case of ethidium 
bromide, the excitation wavelength applied was 540 nm and the emis
sion spectra were acquired from 565 to 650 nm. For each assay 1 µM of 
pre-folded DNA1 or DNA2 targets and 4.5 μM of EB were used, and the 
corresponding DNA/EB mixtures were stirred at room temperature for 1 
h before use. Next, each peptide (2, 3, 4, 6, and 8) was added to the 

corresponding DNA/dye solution to a final concentration of 15 µM. 
Stock solutions of peptides were 2 mM in ultra-pure H2O. 

2.8. Anisotropy assay 

Measurements were made with a Jobin-Yvon Fluoromax-3, (Data
Max 2.20) coupled to a Wavelength Electronics LFI − 3751 temperature 
controller, using a Hellma micro cuvette of 1 mL. Settings: integration 
time: 2.0 s; excitation slit width: 5.0 nm; emission slit width: 20.0 nm; 
excitation wavelength 559 nm; emission wavelength 585 nm. For each 
assay, 1 µM of pre-folded tetramethylrhodamine (TMR)-DNA1 or TMR- 
DNA2 (5 μL, 100 μM) was added to 495 μL of Tris-HCl buffer 20 mM pH 
7.5, 100 mM NaCl, and the anisotropy was measured. Aliquots of a stock 
solution in ultra-pure H2O (1 mM) of the peptide 6 were successively 
added to this solution, and the anisotropic value was recorded after each 
addition. 

Experimental data were fitted with the DynaFit 4.0 software, which 
performs a numerical treatment of the system [26,27]. The program is 
available free of charge for academia at http://www.biokin.com/dynafit/. 

2.9. Viscosity study 

Viscosity of CT-DNA (50 μM) in the Tris-HCl buffer solution (pH =
7.4) was measured in absence (ηo) or presence (ηP) of the peptide 6 in 
order to evaluate the effect of peptide 6 addition on CT-DNA solution 
viscosity as a consequence of their interactions. Peptide concentration 
was varied to obtain a concentration ratio (r = CCT− DNA

Cp
) equal to 0.1, 0.6, 

1.2 and 1.5. Viscosity measurements were performed by shear experi
ments using a rotational rheometer (MalvernKinexus), equilibrated at 
20 ◦C. Shear viscosity values of the solutions were recorded at fixed 
shear rate values equal to 0.1, 1 and 10 s− 1. 

2.10. Docking study 

DNA1 and DNA2 models were built in B-DNA conformation using the 
Biopolymer tool of the InsightII program (Accelrys, San Diego). Only the 
double helix segments of the oligonucleotides were included in the 
models (bases 1–11 and 17–27). The poses for the 6/DNA complex were 
generated by docking the lowest energy conformers of peptide 6 ob
tained by NMR to the DNA1 and DNA2 models using the program 
AUTODOCK 4.2 [28]. Docking statistics are reported in Table S7 of the 
Supplementary Material. Refinement of lowest energy pose of both 6/ 
DNA1 and 6/DNA2 complexes was achieved by in vacuo energy mini
mization with the Discover algorithm using the steepest descent and 
conjugate gradient methods until a RMSD of 0.05 kcal/mol per Å was 
reached. Energy terms in Table S7 refer to these optimized complexes. 

3. Results and discussion 

3.1. Design 

In the design of the novel β-hairpin peptides we explored different 
types of structural modifications involving the native amino acid 
sequence of the ARC protein, primarily by conserving the key amino 
acids of each β-strand (e.g. QFNLR) to guarantee the sequence specific 
interactions with the DNA. A series of well-known dipeptide β-turn in
ducers have been incorporated between the two strands in place of Trp- 
Pro sequence, to promote the β-hairpin formation (Fig. 1) [29]. 

A β-turn is a stable pseudo cyclic secondary structure, made of 10 
atoms, and formed by four residues, where the second and third residues 
have a key role in the folding of the peptide [30]. Only specific dipeptide 
sequences are able to induce and stabilize the formation of a β-turn 
structure [29]. Once a β-turn is formed and stabilized by an intra
molecular H-bond, it is capable to fold a peptide into a β-hairpin 
structure [31]. 
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In particular, Asn-Gly (N-G) dipeptide is a type I’ β-turn and Gly-Asn 
(G-N) dipeptide is a type II’ β-turn inducer [12]. Also, DPro-Pro (p-P) has 
been used as nucleating turn of β-hairpins promoting a type II′ β-turn 
[32]. Furthermore, the enantiomeric Pro-DPro (P-p) sequence was 
attempted. One-by-one insertion of these four dipeptide β-turn inducers 
gave peptides 1–4 reported in Table 1. Then, considering that in the 
crystal structure of ARC repressor in complex with its DNA target site 
(PDB: 1PAR), Phe and Leu residues are buried into the protein hydro
phobic core, they were replaced with Trp residues in all peptides 1–4 to 
obtain a Trp-Zip like structure [33], resulting in compounds 5–8, 
respectively (Table 1). To further force the folding of the Asn-Gly β-turn 
containing peptides into a β-hairpin secondary structure, two cysteine 
residues have been inserted in place of the faced residues Leu and Phe 
[7], in order to close the cycle by a disulfide bridge. In this way two 
novel constrained peptides have been obtained (compounds 9–10). All 
the original sequences have been prepared as C-terminal amide to avoid 
undesirable unspecific ionic interactions with DNA. 

3.2. Conformational analysis 

In order to verify the 3D conformational arrangement of the 

peptides, CD and solution NMR spectra have been recorded. From CD 
spectra (Figure S1, Supplementary Material) analysis based on BestSel 
algorithm [34], peptides 2, 3, 4, 6, and 8 were found to be compatible 
with a β-hairpin folding (% of β-sheet structure > 30%; Table 2). In 
particular, 3 and 6 showed the highest β-sheet content (about 50%) in 
the series. 

Starting from CD results, NMR analysis was performed on peptides 2, 
3, 4, 6, and 8. NMR spectra of all peptides in water solution showed a 
clear tendency of these peptides to adopt the β-hairpin structure 
(Tables S2–S7, Supplementary Material). In particular, a medium range 
NOE Hαi-HNi+2 between residue 6 and residue 8 indicated the presence 
of a β-turn structure about residue 6–7; strong sequential NOEs in the 
segments 1–5 and 8–12 indicated that those regions are in extended 
conformation; moreover, inter-strands NOEs between residues 2–11 and 
4–9 are clearly diagnostic of an antiparallel β-sheet (Table S8), thus 
defining an overall β-hairpin structure. Structure calculation was also 
performed on peptide 6, which showed the most interesting binding 
properties (see below). The simulated annealing protocol based on the 
NMR constraints gave the structure displayed in Fig. 2. Peptide 6 shows 
a quite well-defined β-hairpin structure with a type I’ β-turn on its tip. 
The four Trp residues form a zipper structure on one side of the β-hairpin 
while Gln (1,8), Arg (5,12) and Asn (3) are oriented on the other side 
forming a polar surface. 

3.3. Interaction of β-hairpin-forming peptides with DNA oligomers 

The study of peptide-DNA interactions was limited to those mole
cules able to form a β-hairpin structure (i.e. peptides 2, 3, 4, 6, and 8), 
being it a favorable condition for DNA recognition and binding in the 
major groove. Such investigation concerned both the ds-oligonucleotide 
DNA1 containing the consensus target TAGA (ds-DNA1: 5′-GCGAG 
TAGA GC TTTTT GC TCTA CTCGC-3′) and DNA2 with a double muta
tion in the consensus sequence (ds-DNA2: 5′-GCGAG CACA GC TTTTT 
GC TGTG CTCGC-3′), as well as the calf thymus DNA (CT). To gain in
sights into the affinity of the investigated peptides towards such DNAs, 
methyl green displacement assays were performed. Briefly, this assay is 
based on the displacement of the methyl green (MG) from DNA upon 
addition of increasing amounts of a putative peptide-ligand. MG is a 
triphenylmethane dye able to bind to the DNA major groove with a 
stoichiometry of one molecule per thirteen nucleotides and showing a 
preferential binding for AT-rich regions [35,36] which is also the 
interaction site of the ARC repressor. MG is almost non-fluorescent when 
free in solution, while it becomes intensely fluorescent when bound to 
DNA [35]. Thus, a peptide-induced MG displacement produces a fluo
rescence intensity decrease which can be monitored as a function of the 
peptide concentration, thus allowing the evaluation of its relative 
binding affinity to the DNA under examination. We first performed a 
qualitative analysis of the MG displacement from DNA1 and DNA2 
induced by addition of a molar excess of peptides 2, 3, 4, 6, and 8. 
Results of these experiments, reported in Fig. 3, indicate that peptide 6, 
which is characterized by one of the highest β-sheet content, was the 
most effective of the series in displacing MG from both DNA1 and DNA2. 

Fig. 1. Native ARC β-sheet and β -turn inducer sequences incorporated in the 
novel peptides. 

Table 2 
Percentage of secondary structure from CD spectra.  

Peptide Helix β-sheet Turn Others 

1 25.0 0.0 8.0 67.0 
2 0.0 30.9 18.4 50.7 
3 0.0 51.2 0.0 48.8 
4 0.0 32.4 21.8 45.7 
5 5.6 10.3 17.4 66.7 
6 13.7 47.1 1.9 37.3 
7 44.1 12.3 0.0 43.6 
8 2.5 37.1 20.5 39.8 
9 24.7 0.0 12.0 63.4 
10 63.5 0.0 0.0 36.5  
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Furthermore, in the case of DNA1 an almost selective MG displace
ment by the peptide 6 was observed. Indeed, except for peptide 2, which 
induces a slight decrease in the MG fluorescence, all the other peptides 
do not produce any significant fluorescence variation with DNA1. On the 
contrary, in the case of DNA2 most of the investigated peptides (with the 
exception of 8) seem to induce fluorescence changes in the MG-DNA 
complex, probably due to low-specific interaction with this DNA 
sequence. Again, peptide 6 is the most effective followed by peptide 2. 
Interestingly, these two peptides share the same GN turn sequence 
(Table 1) suggesting that a type I’ β-turn is the best suited within a 
β-hairpin peptide for the interaction with the DNA major groove. 

Next, the affinity of 6 for DNA1 and DNA2 was evaluated by 
measuring the concentration of ligand required to decrease the fluo
rescence of the probe by 50% (DC50) and determined after non-linear 

fitting of the displacement curve. Results of such experiments showed 
in Fig. 4 clearly revealed that the binding of peptide 6 does not strictly 
depend on the DNA sequence, since DC50 values of 25.5 (±1.3) and 12.8 
(±0.7) µM were obtained for DNA1 and DNA2, respectively. 

In the next step, it was studied if the interactions of designed peptides 
2, 3, 4, 6, and 8 with DNA, when they occur, are specifically directed 
towards the major groove. Indeed, the possibility that these peptides 
could interact with DNA through intercalation or minor groove binding 
cannot be excluded a priori especially in the case of peptides 6 and 8 
which have four tryptophan residues in their sequences [37]. Therefore, 
we decided to perform both ethidium bromide (EB) and Hoechst 33258 
displacement assays. EB is known to intercalate between DNA base pairs 
[38], while Hoechst 33258 preferentially binds to the AT-rich regions of 
the minor groove of DNA [39]. The fluorescence intensity of both dyes 
increases remarkably upon binding to DNA, while a marked quenching 
of the fluorescence is expected if the peptide competes for the same 
binding site of the dye. In the case of EB displacement assay, none of the 
investigated peptides induced a significant displacement of EB from 
both DNA1 and DNA2, apart a very slight effect observed for peptide 8 
(Fig. 5). To note that peptide 8 showed a very similar behavior with 
consensus DNA1 and mutated DNA2. These results would discard DNA 
intercalation of the peptides as the main DNA binding mode. 

Regarding the Hoechst 33258 displacement assay, an almost negli
gible decrease of the fluorescence band of the DNA/dye complex was 
observed upon addition of a molar excess of peptides 3 and 4, indicating 
that these peptides did not induce a significant displacement of Hoechst 
33258 from both DNA1 and DNA2 (Fig. 6), discarding minor groove 
binding as principal DNA binding mode. On the other hand, peptides 2, 
6 and 8 induced both a slight increase in intensity and a blueshift of the 
fluorescence band of the DNA/dye complex both in the case of DNA1 
and DNA2. This effect may arise from the spatial changes of the minor 
groove structure induced by the occupation of the major groove by 
peptides 2 or 6, or by the weak intercalation ability of 8 as determined 
by MG and EB displacement experiments, respectively. 

In order to obtain more information on the DNA binding process, we 
performed fluorescence anisotropy titrations by adding peptide 6 to a 
solution containing a tetramethylrhodamine (TMR)-labeled oligonu
cleotide, with both DNA1 or DNA2. The addition of 6 led to a progressive 
increase in the fluorescence anisotropy of the TMR label (Fig. 7). The 
data could be fitted to a simplified 1:1 binding model, calculating an 
apparent dissociation constant of 166 ± 23 µM for DNA1 and 236 ± 22 
µM for DNA2. 

3.4. Interaction of peptide 6 with polymeric calf thymus DNA 

Since peptide 6 turned out to displace MG from the major groove of 
DNA1 and DNA2 in a similar manner, its interaction mode was further 

Fig. 2. Lowest energy conformer of peptide 6. Backbone is evidenced as a 
ribbon. Side chains of the 10 lowest energy conformers are also shown as mesh 
surface. Surfaces are distinguished with different colors. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 3. Displacement of methyl green (MG) from (A) DNA1 and (B) DNA2 by the investigated peptides. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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investigated using double-stranded calf-thymus DNA (CT-DNA) as 
target. We first confirmed that peptide 6 was the best ligand of the series 
towards CT-DNA by performing a qualitative analysis of the MG 
displacement from this DNA induced by investigated peptides at high 
molar excess (Fig. 8A). Then, a titration experiment with stepwise 
addition of 6 to MG/CT-DNA complex was carried out. A concentration 
of 268 (±21) μM of 6 was required to displace 50% MG, thus indicating a 
markedly weaker affinity of such peptide for CT-DNA compared to 
DNA1 and DNA2 (Fig. 8B). 

Alternative binding modes for peptide 6 to calf thymus DNA were 

investigated. Viscosity measurement is often regarded as an effective 
and accurate method to determine the binding mode between ligands 
and DNA. It is generally suggested that a classical intercalative binding 
mode causes a significant increase of DNA viscosity because the inter
calative interaction requires the space of adjacent base pairs to be large 
enough to accommodate the bound small molecules and elongates the 
double helix [40]. However, for the electrostatic or groove binding, 
there is little effect on the viscosity of DNA. The viscosities of CT-DNA in 
Tris–HCl buffer solution (pH = 7.4) in the absence and presence of 
peptide 6 were measured and the results show that the viscosities of CT- 

Fig. 4. Plots of peptide 6-induced MG displacement for (A) DNA1 and (B) DNA2. Insets: fluorescence spectra in the presence of increasing amounts of 6.  

Fig. 5. Displacement of ethidium bromide (EB) from (A) DNA1 and (B) DNA2 by the investigated peptides.  

Fig. 6. Displacement of Hoechst 33,258 (H33258) from (A) DNA1 and (B) DNA2 by the investigated peptides.  
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DNA almost do not change with the increasing concentration of peptide 
6, indicating that the binding mode of peptide 6 to CT-DNA is not the 
intercalative one (Supplementary Material, Figure S2). 

3.5. Interaction of peptide 6 with DNA1 and DNA2 by docking studies 

Interaction mode of peptide 6 with DNA1 and DNA2 was investi
gated by docking studies. NMR lowest energy structure of peptide 6 was 
docked with both DNA1 and DNA2 models. Docking procedures using 
the program AUTODOCK [28] clustered 100 poses in 24 clusters (10/ 
100 poses in the first cluster) for 6/DNA1 and 100 poses in 29 clusters 
for 6/DNA2 complexes (11/100 poses in the first cluster). Statistics and 
energy terms are reported in Table S7 (Supplementary Material). 
Clearly, the high number of clusters indicate that docking did not pro
vide a unique 6/DNA1 or 6/DNA2 complex (Fig. 9A,C) confirming that 
peptide 6 has not a sequence selectivity for DNA. Interestingly, peptide 6 
interacts with the major groove of B-DNA according to the experimental 
displacement results. Moreover, the polar face of the hairpin is mainly 
involved in the interactions with the DNA while the Trp zipper has only 
a scaffold stabilization function. Fig. 9B and 9D show details on the 
peptide-base contacts of the lowest energy pose of 6/DNA1 and 6/DNA2 
complexes, respectively. They include charge reinforced hydrogen 
bonds between guanidino and phosphate groups of Arg5 and A22, and 
Arg12 and A4; one hydrogen bond between Gln1 and A22; one hydrogen 
bond between Asn10 and T24 for 6/DNA1 complex. Considering 6/ 

DNA2 complex, charge reinforced hydrogen bonds between Arg5 and 
C2, Arg12 with A9 and G10; one hydrogen bond between Asn10 and 
T19; one hydrogen bond between Gln1 and G1 were observed. To note 
that the free energy of binding of 6/DNA1 is higher than 6/DNA2 
complex (− 4.29 vs − 7.99 kcal/mol, Table S7). Moreover, considering 
the lowest energy poses, peptide 6 does not interact within the TAGA 
box in the 6/DNA1 complex, while it displays various contacts with the 
corresponding CACA box in the 6/DNA2 complex. These findings can 
give the key to understanding the observed lower affinity of peptide 6 
for DNA1 compared to DNA2. 

4. Conclusion 

The design of peptides with a well-defined structure as ARC mimetics 
is an appealing task in the field of medicinal chemistry due to its novelty 
and specificity, because the binding to the DNA is made by a β-sheet 
domain, which is peculiar, being alpha helix often used for this process. 
In this paper, we have designed a series of linear and cyclic β-hairpin 
dodeca-peptides with the aim to mimic the 3D structure of the ARC 
β-sheet region interacting with DNA; among them, peptides 2, 3, 4, 6 
and 8 display a β-hairpin structure. We found that one of our peptides, 
peptide 6, is able to bind DNA, albeit without sequence selectivity. 
However, it shows a topological selectivity since it binds to the major 
groove of the DNA which, interestingly, is the interaction site of ARC 
and many other DNA-binding proteins. Moreover, we found that a type 

Fig. 7. Fluorescence anisotropy titration at 559 nm of a 1 µm solution of a tetramethylrhodamine-labeled oligonucleotide DNA1 (A) and DNA2 (B), with increasing 
concentrations of peptide 6. The best fit to a 1:1 binding model is also shown. Experimental data correspond to the mean of three independent titration experiments. 

Fig. 8. (A) Displacement of methyl green (MG) from CT-DNA by the investigated peptides. (B) Plot of peptide 6-induced MG displacement for calf thymus DNA. 
Inset: fluorescence spectra in the presence of increasing amounts of 6. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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I’ β-harpin folding pattern is a favorite peptide structure for interaction 
with the B-DNA major groove. Docking investigation gave atomic details 
about the interactions between peptide 6 and the considered oligonu
cleotides. Further work is under way in our laboratory to develop, 
starting from peptide 6, analogs with B-DNA sequence selectivity. 
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