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ABSTRACT: We explored the effect of R-helical stabiliza-
tion upon the binding of short peptides to DNAs. The short
peptides were designed according to the binding domains of
DNA-binding proteins and were cross-linked between their
side chains with diacetylenic or isophthalic cross-linking
agents to keep stable R-helices. The binding abilities of the
peptides to DNAs were evaluated by fluorescence resonance
energy transfer analysis. When a cross-linked peptide based
on the homeodomain of the transcription factor was titrated
with a target DNA duplex, its dissociation constant (Kd) was
calculated to be ∼0.5 nM. This value was the double-digit
smaller than that of the corresponding non-cross-linked
peptide. The cross-linked peptide showed high substrate
specificity for DNAs at the same level as the original DNA-
binding protein.

Protein-biomacromolecule (protein and DNA/RNA) inter-
actions play a central role in numerous biological functions in

organisms. Therefore, powerful inhibitors for the interactions are
expected to bring breakthroughs in the resolution of intractable
diseases and to be next-generation drugs. Such inhibitors are
required to cover large contact areas upon the binding sites of the
target macromolecules, and it is hard for conventional inhibitors
with small molecular weights to accomplish this mission. Although
protein-based inhibitors promise high inhibition efficiency, there are
serious problemswith their use as practical inhibitors with respect to
molecular size, cell permeability, chemical modification, folding,
large-scale synthesis, etc.

In view of these difficulties, artificial helical foldamers or stable
R-helices of short peptides are considered to be potent candi-
dates for the above mission because of the importance of R-helices
in protein-biomacromolecule interactions.1 Several artificial helical
foldamers have been developed on the basis of, for example, pyridyl
pyridinone, benzourea, and β-peptide skeletons.2,3 However, their
unnatural bodies not only need many synthetic efforts but also
complicate the faithful replication ofR-helical architectures. Indeed,
the β-peptide-based foldamers tend to adopt 14-helices, implying
that the relative positions and directions of their side chains differ
from those of the R-helices seen in their original proteins. On the
other hand, stable R-helices of short peptides are divided into three
classes:miniature proteins,4 hydrogen-bonding surrogates (HBSs),5

and side-chain cross-linked helices.6 Miniature proteins consist of
only natural amino acids, including avian pancreatic polypeptide or
Trp-cage as a helix stabilizer.4 Although the stabilization method
can be applied to a variety of native proteins, miniature proteins
readily suffer from degradation with protease. HBS R-helices show

relatively high binding affinities for target macromolecules and
resistance to protease. Recently, the inhibition of a transcription
coactivator interaction by using anHBSR-helix has been reported.5a

However, the HBS helices need much higher binding affinity to
mature into practical inhibitors. We previously reported a general
method for stabilizing R-helices of short peptides by using a variety
of cross-linking agents.6a This methodology can copy R-helix
domains out as faithfully as possible and result in high R-helicities
of the “isolated” peptides. Therefore, such copies are expected to be
practical inhibitors for biomacromolecular interactions. In the
present work, we synthesized short helical peptides based on the
binding domains of DNA-binding proteins and examined their
strong affinities to the target DNAs.

We chose homeodomains of transcription factors in eukaryotic
genes as a helix-domain source among various DNA-binding
proteins because the homeodomain and its variants have been
comprehensively studied for their binding properties.7 One of the
variants, QK50, has been reported to strongly bind to a specific
DNA duplex, QRE, with a dissociation constant (Kd) of ∼0.01
nM.7c We designed the sequence of peptide qk-1 according to the
crystal structure of the complex ofQK50 andQRE (Figure 1a). The
original sequence of the binding domain in QK50 is peptide qk-2.
Two ornithine (Orn) residues were placed at the i and i þ 11
positions on qk-1 for a cross-linking reaction in place of two Ile
residues onqk-2. On the basis of the crystal structure of the complex
of QK50 and QRE, their side chains should point in the direction
opposite to those of the binding residues. Therefore, the resulting
cross-linkerswere expected not only to reproduce theoriginal bindings
but also to have little direct influence upon the bindings. Further-
more, three Ala residues were introduced into qk-1 instead of Trp,
Phe, and Lys to simplify the sequence because their bulky side
chains make little contribution to the association with QRE. For
fluorescence resonance energy transfer (FRET) analysis, the amino
termini of the peptides were modified with a Tokyo Green (TG)
derivative,8 while one strand of the duplex QRE was labeled with
TAMRA at its 50 end; “A” is used as the abbreviation of the
labeled duplex (Figure 1b,c). The emission property of the TG
fluorophore is similar to that of fluorescein, a FRET donor
against TAMRA. Among a series of cross-linking agents pre-
viously reported by us, the diacetylenic molecule 19 was used to
afford a cross-linked peptide qk-1∧1 because of its high ability for
stabilizing theR-helices of short peptides at the i and iþ 11 cross-
linking positions (Figure 1d).

The helical contents of the peptide qk-1 and the cross-linked
peptide qk-1∧1were calculated to be∼20 and 60%, respectively,
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from the mean residue ellipticity at 222 nm (Figure S1 in the
Supporting Information).6c,9 This relatively high value for
qk-1∧1 reveals that the TG modification scarcely disturbed the
R-helical structure.6c This finding suggests that a variety of
functional groups can be introduced at the N-termini of cross-
linked peptides without damaging the R-helical stabilization.

Cross-linked qk-1∧1 was titrated with duplex A (QRE) at
25 �C by fluorescence spectroscopy. When duplex A was added
to a solution of qk-1∧1 under irradiation with excitation light at
500 nm, the fluorescence intensity from the TG fluorophore at
520 nm decreased (Figure 2a).10 Although the fluorescence de-
crease was also observed from the titration experiment involving the
combination of non-cross-linked qk-1 and duplex A (Figure S2),
the tendency was much more sluggish than that observed in the
case of qk-1∧1. This finding indicates that the helical qk-1∧1
binds to duplex A much more strongly than qk-1 does. To
quantitatively compare the binding affinities of qk-1∧1, qk-1, and
the original qk-2 for duplex A, their Kd values were estimated
from their binding isotherms according to a 1:1 binding mode by
nonlinear analysis (Figure 2b), and the values are presented in
Table 1. The Kd values for qk-1

∧1, qk-1, and qk-2 were <1.0,
30 ( 5, and 23 ( 4 nM, respectively. Unfortunately, it was
difficult to estimate exactly the binding affinity of qk-1∧1 for
duplexA at an NaCl concentration of 150mMbecause of the low
limit of detection. Thus, additional titration experiments were
performed at NaCl concentrations of 300 and 500 mM, where
the binding affinity was reduced as a result of electrostatic
interactions. In the presence of 300 (500) mM NaCl, the Kd

values of qk-1∧1 and qk-1 changed to 3( 1 (87( 5) and 165(
13 (>2500) nM, respectively, and ΔGqk-1∧1 - ΔGqk-1 ≈ 4 kJ/
mol at both NaCl concentrations (Figure S3). Since the differ-
ence in ΔG values could be considered independent of the salt
concentration, theKd value of qk-1

∧1 in the presence of 150mM

NaCl could be recalculated as ∼0.5 nM. This value is much
smaller than the values of 7.5 and 17 nM in the systems of
Woolley's side-chain cross-linked R-helix7a and Schepartz's min-
iature protein,7b respectively.

The Kd values were also determined by surface plasmon
resonance (SPR) analysis (Figure S4).11 TheKd values of nonlabeled
qk-1∧1, qk-1, and qk-2 for nonlabeled duplexAwere calculated to be
∼70, 6000, and 1000 nM, respectively, from their sensorgrams.
Although the order of the binding affinities, qk-1∧1 > qk-2 > qk-1,
was the same as that observed in the FRET analysis, the Kd values
were∼100 times as large as those in the FRET analysis at [NaCl] =
150 mM. The high values might have large errors because the molec-
ular weights of 2100-2400 made it hard to obtain strong signals and
good signal-to-noise ratios in the SPR analysis. On the other hand,
the Kd values were close to those (87 and >2500 nM for qk-1∧1 and

Figure 1. (a) Sequences of peptides qk-1, qk-2, and hnf-1 and of HNF-
3γ. The arrows indicate residues changed from the original sequences.
(b) Sequences of DNAs A-C. (c) Chemical structures of Tokyo Green
(TG) and tetramethylcarboxyrhodamine (TAMRA). (d) The diacety-
lenic and isophthalic cross-linking agents 1 and 2.

Figure 2. (a) Fluorescence spectra of qk-1∧1 (10 nM) titrated with
duplex A (QRE) (0-160 nM) in a 10 mM Tris-HCl buffer containing
150 mM NaCl and 6 mM MgCl2. (b) Isotherm curves for the
fluorescence titrations of qk-1∧1 (red) and qk-1 (black) in the presence
of 150 mM NaCl. The observation wavelengths were 520 and 518 nm
for qk-1∧1 and qk-1, respectively.

Table 1. Dissociation Constants (in units of nM) for Peptides
with the DNAs QRE and ERE at various NaCl concentrations
(in mM) Obtained from the FRET Analysis

QRE ERE

150 300 500 150

qk-1∧1 ∼0.5 3( 1 87 ( 5 11 ( 3

qk-1 30 ( 5 165 ( 13 >2500 34 ( 4

qk-2 23 ( 4 - - -
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qk-1, respectively) at theNaCl concentration of 500mMin theFRET
analysis. As shown in Figure S3b, the isotherm curves accompanying
small error bars afforded the relatively accurate Kd values at the NaCl
concentration of 500 mM. Thus, the Kd value of ∼0.5 nM for the
cross-linked qk-1∧1 in the FRET analysis at [NaCl] = 150 mM
expresses its real binding affinity.

To support the effect of the cross-linkage on the binding
affinity, the melting temperatures (Tm) of nonlabeled duplex A
(QRE) (1 μM) were measured in the absence and presence of
nonlabeled qk-1∧1 and qk-1. The Tm value was 69.0 �C in the
absence of the peptides. The value increased to 70.8 �C in the
presence of 3 equiv of qk-1∧1 but scarcely changed upon
addition of qk-1. This Tm increase also certifies the effect of
the R-helical stabilization upon the interaction between the
cross-linked peptide and the duplex.

To examine the specificity of the cross-linked qk-1∧1, fluores-
cence titration experiments were carried out with another DNA
duplex having a different sequence,B (ERE), which is known to bind
QK50 more weakly than QRE (Figure 1b).7c The Kd of qk-1

∧1 for
duplex B was ∼11 nM (Figure S5), and the Kd(A:QRE)/Kd(B:ERE)

ratio was 22, which is close to that for the original protein QK50
(34).7c On the other hand, the non-cross-linked qk-1 exhibited no
DNA specificity; the Kd for duplex B was ∼34 nM.

To show the generality of our cross-linking method, the DNA-
binding protein HNF-3γ was selected as another example.12 As
shown in Figure 1a, the sequence of a peptide hnf-1was arranged
on the basis of the original sequence of HNF-3γ. Four Ala
residues were introduced into hnf-1 for the same reason as for
qk-1mentioned above. Two Orn residues were positioned at the
i and iþ 7 on hnf-1 for the cross-linking reaction in place of the
Gln and Leu residues in the original sequence. The isophthalic
cross-linker 2 can effectively stabilize R-helices of short peptides
at the i and i þ 7 cross-linking positions.6a Furthermore, the
sequence of hnf-1 includes an extra Arg-repeated moiety at the
C-terminus. The original HNF-3γ was reported to bind to a
target DNA duplex through the R-helical and the Arg-repeated
moieties; the duplex labeled with TAMRA is abbreviated as “C”
(Figure 1b). Therefore, the Arg-repeated sequence was added to
the C-terminus of hnf-1. The helical contents of the peptide hnf-
1 and the cross-linked hnf-1∧2 were calculated to be ∼20 and
70%, respectively (Figure S6).6c,9 In the titration experiments
involving the peptides and duplex C, a binding enhancement by
the R-helical stabilization similar to that seen in the above case
was observed. The Kd value changed from 570 nM for the non-
cross-linked hnf-1 to 4 nM for the cross-linked hnf-1∧2 (Figure
S7). Thus, our strategy proved to be applicable for emulating
various DNA-binding proteins.

Finally, we explored the resistance property of the cross-linked
peptides against digestive enzymes. The cross-linked qk-1∧1 and
the non-cross-linked qk-1 (50 μM) were digested with trypsin
(0.5 μM), and the digested peptides were analyzed by HPLC
(Figure S8). The half-life for digestion (τ1/2) of qk-1

∧1 was 65
min, while the τ1/2 value for qk-1 was 15 min. Thus, the cross-
linked peptides could somewhat obtain the resistance property
against digestive enzymes because of the R-helical stabilization
and/or the presence of the cross-linking moiety. This finding
shows the possibility for future applications of the cross-linked
peptides such as to in vivo use.

In conclusion, cross-linked peptides with stableR-helices were
found to work well, like the original proteins. Their binding
affinities for DNAs were strong (sub-nanomolar level), and their
substrate specificities were comparable to those of the original

proteins. Furthermore, in the presence of digestive enzymes, the
cross-linked peptides survived much longer than native peptides.
These results have encouraged us to extend our strategy to
protein-protein interactions related to intractable diseases.
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