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Abstract—A unique conformationally-restricted peptide library was constructed using a loop structure as a structural scaffold. This
library was used for the screening of the amino acid sequences that control the interaction between nucleobase triplets. The peptides
have PNAs at the C-terminus as the recognition site and the random amino acid sequence at the N-terminus as the effector for the
interaction between PNA and its complementary DNA triplets. From the peptide libraries constructed by the positional scanning
method, the sequences that affect the interaction between PNA and complementary DNA were selected. The difference in the
characteristic results by using A–T and G–C pairs was presented. This study would also give us some useful information about
interaction between peptides and nucleic acids, such as relevancies between these biomolecules in a prebiotic era. # 2002 Elsevier
Science Ltd. All rights reserved.

The combinatorial peptide library has been widely used
as a useful tool for screening of the bioactive ligands
and/or recognition motifs against specific molecules.1

The random peptide libraries, however, generally have
considerable conformational flexibility; thus they do not
always meet the consensus sequence nor produce an
expected affinity compound. According to these aspects,
kinds of conformationally restricted peptide libraries
have been reported recently.2�4 Examples include the
strategies for presenting random sequences in a con-
formationally restricted manner, grafting randomized
positions onto a protein scaffold,2 cyclizing via flanking
cysteins,3 or using a-helical peptides as a structural
scaffold by de novo peptide design.4 In these libraries,
however, screening methods still depend on the tradi-
tional method based on the intermolecular interaction
between library peptides and target molecules. Thus, it
is difficult to find a weak binder or effector-like molecule
which controls the interaction between other molecules.

Here, we propose a unique conformationally-restricted
peptide library including the intramolecular interaction
between a library peptide and a target molecule by using

a loop structure as a structural scaffold and peptide
nucleic acids (PNAs) as a recognition site. So far, there
have been a lot of studies on the folding of loop pep-
tides derived from natural proteins as well as b-hairpins
designed by the de novo method.5 Hence, a well-
designed loop peptide sequence is available to determine
the structure to gather the two parts in both termini to
interact in close proximity. On the other hand, PNA is a
DNA mimic with the nucleobases on a pseudopeptide
backbone composed of N-(2-aminoethyl)glycine units.6

It has been revealed that a PNA molecule has the ability
to bind DNA with high efficiency and sequence-specifi-
city. Furthermore, it can be easily conjugated with the
peptide structure since PNA has a pseudopeptide back-
bone. Therefore, PNA is a useful tool to introduce the
recognition site against nucleic acids in the peptide
structure. In our peptide design, 3mer PNAs were con-
jugated with the C-terminus of a peptide structure to
introduce a defined recognition site to its com-
plementary DNA. The library sequence consisting of
3mer random amino acids was placed at the N-terminus
of peptide connected via a loop sequence so as to be in
close to the PNA–DNA complex (Fig. 1). By using this
structure, we carried out the effective screening of short
amino acid sequences that control the interaction
between nucleobase triplets with relatively weak inter-
action. Such a weak interaction may not be elucidated
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when the library peptides, PNA and DNA were mixed
separately.

Designed libraries were synthesized using the spot-
synthesis method7,8 as an individual spot on a cellulose
membrane. To detect the binding of DNA that has a
complementary sequence to PNA, we used a biotinyl-
ated DNA and peroxidase-labeled streptavidin. Amount
of bound DNA was estimated by the depth of color
with 3,30,5,50-tetramethylbenzidine as a substrate of
peroxidase.9

Initially, we determined the sequence of the loop peptide
as a scaffold of the b-hairpin structure using (APNA)3 as
the C-terminus PNA (Fig. 2). To optimize the assay con-
dition, we compared the binding affinity of biotinylated

(dT)3 to the full library, XXX, with that to the reference
sequence, GGG, where X represents an equal distribu-
tion of 19 amino acids (20 natural amino acids except
for Cys). The results under the optimized conditions10

indicated that the loop peptide sequences designed
based on an antibody loop11 showed a non-specific
binding to DNA, possibly due to the existence of Arg
residue in the loop sequence [Fig. 2(1) and (2)]. In con-
trast, the sequences based on the peptide designed to
form a stable b-hairpin structure5a showed a good con-
trast between XXX and GGG [Fig. 2(3) and (4)]. Fur-
thermore, the molecular modeling study suggested that
the 9mer sequence including the Gly residue as a linker
was more suitable to interact with PNA–DNA region.
Therefore, we selected this 9mer sequence (4) as a
scaffold of the loop structure.

By using the sequence selected as above for the loop
structure, several sets of peptide libraries were con-
structed by the positional scanning method with
(APNA)3 sequence at the C-terminus. At first, the library
OXX, which has 18 defined amino acid (Cys and Trp
were omitted because of the synthetic problems) at the
O position, was synthesized. In this series, a stronger
binding of biotinylated (dT)3 was observed for posi-
tively charged amino acids such as Arg, Lys, His, as well
as large hydrophobic amino acids such as Phe, Tyr at
the O site [Fig. 3(a)]. However, there was no significant
difference in the reference assay using biotinylated (dC)3
for positively charged amino acids and Tyr. These
results suggested that the peptides with these amino
acids have a binding affinity non-specific to DNA. In

Figure 1. Schematic representation of this system.

Figure 2. Determination of the loop sequences by the comparison
between the full library (XXX) and the reference sequence (GGG).
The peptide sequences were described by the usual one-letter code of
amino acids except for the boldfaced A which represents the adenine
PNA. The rectangular in the sequences (1)–(4) denote XXX or GGG.
X represents an equal distribution of 19 amino acids (20 natural amino
acids except for Cys).

Table 1. A part of results of the positional scanning libraries with

adenine PNA

Sequence (dT)3 (dC)3 Sequence (dT)3 (dC)3

FXX 54.9 49.0 (PNA/TAA)
FGX 61.7 38.4 FGP 49.0 24.7
FGP 60.0 12.9 HGP 49.0 7.8

25.9 (with (dA)3) IGP 37.6 3.9
FXP 25.5 19.2

X represents an equal distribution of 19 amino acids. The values are
the binding efficiency of each DNA represented as a modal value of
gray% of each oval selection. [biotinylated (dT)3 or (dC)3]=0.2 mM,
non-labeled (dA)3=1.0 mM.

Figure 3. Results of the positional scanning libraries using adenine PNA: (a) first generation: OXX; (b) second generation: FOX; (c) third genera-
tion: FGO. O represents the defined amino acids (horizontal axis). Black bar and white bar represent the results with complementary target DNA
[biotinylated (dT)3] and non-complementary target DNA [biotinylated (dC)3], respectively.
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contrast, the peptide which has Phe at the O position
(FXX) showed slightly weaker binding to biotinylated
(dC)3 (Table 1), indicating that this peptide has some
specificity for (dT)3, complementarily interacting to
(APNA)3 in the peptide. On the other hand, no charac-
teristic result was observed from the library XOX and
XXO (data not shown). According to these results, the
second library which has FOX at the library sequence
was synthesized. In this O position, the introduction of
amino acids with a relatively small side chain such as
Ala, Gly, Asn, and Thr showed a good contrast in the
results between biotinylated (dT)3 and (dC)3 as a ligand
[Fig. 3b and Table 1]. To the contrary, positively
charged residues, Arg and Lys, again caused a non-specific
binding to (dT)3 and (dC)3. In this study, Gly was selected
at this position to the library in the next generation.

From the third library, FGO, the FGP sequence was
selected as the strongest binder of (dT)3.

12 In contrast,
this peptide showed a rather lower ability in the binding
to (dC)3 [Fig. 3c and Table 1]. Furthermore, the binding
of biotinylated (dT)3 to the FGP peptide was sig-
nificantly inhibited by the coexistence of non-labeled
(dA)3 [5 equiv to biotinylated (dT)3 (0.2 mM)], while no
significant inhibition was observed for the peptides that
have other amino acids at the O position (Table 1).
These results suggest that the selected FGP sequence
has a higher specificity to enhance the interaction of
APNA–TDNA base pair. In addition, we also synthesized
another library, FXO, which has a defined amino acid
at the third position and X at the second position. In
this library, FXP sequence also gave some contrast
between the binding of (dT)3 and (dC)3 (Table 1), indi-
cating that the Pro residue at the third position is
important to the selective binding of the complementary
DNA. However, the contrast was smaller than the case
of FGP, possibly due to the existence of the peptides
which have larger amino acids at the X position. This
result suggests that the Gly residue at the second posi-
tion is also important to the effective interaction of
complementary nucleobases. According to above
results, it was possibly suggested that the Pro and Gly
residues may contribute to structural suitability, while
the aromatic ring in the side chain of Phe residue may
interact to APNA–TDNA base pair directly.

On the basis of the above results, we synthesized
another library with TPNA–APNA–APNA sequence at the
C-terminus and OGP sequence at the library position.
In the comparison between the binding of (dT)3 and
(dC)3, the selective binding to (dT)3 was observed with
His and Ile residues at the O position as well as Phe
(Table 1). In this case, the selected sequences still have
some specificity to (dT)3 despite a single base mismatch,
and some different amino acids were selected as
compared to (APNA)3.

We then constructed some sets of libraries with (GPNA)3
sequence at the C-terminus.13 In the case of the libraries
with GPNA, WXX, WRX, and WRR sequence at the
library position were continuously selected as selective
binders to (dC)3 rather than (dT)3 in the libraries of the
first, second, and third generation, respectively (Fig. 4).
In this case, however, the differences between the bind-
ing affinity to (dC)3 and (dT)3 are small even in the
library of the third generation. In addition, we also
synthesized other libraries, YOX, ROX, and RRO, but
no selective result was observed because of too strong
non-specific affinity. These results seem to be related to
the known property of Arg and/or Tyr, which has a
strong affinity to nucleic acids especially to the guanine
base.14 Therefore, it was suggested that relatively small
differences between the binding of complementary and
non-complementary DNA were caused by the too
strong affinity of selected arginine-rich sequence to
DNA. However, the differences in the binding of (dC)3
and (dT)3 indicated that the selected sequence may
interact stronger to GPNA–CDNA base pair than added
DNA alone.

In conclusion, we have demonstrated a unique con-
formationally-restricted peptide library using a loop
structure as a structural scaffold. This library was used
for the screening of the amino acid sequences that con-
trol the interaction between APNA–TDNA and GPNA–
CDNA triplets. In the results using APNA, it was sug-
gested that the selected amino acid sequences did not
simply bind to a DNA or PNA molecule, but enhanced
the interaction of APNA–TDNA base pairs. On the other
hand, from the libraries using GPNA, a very strong
binder to GPNA–CDNA was obtained, although the

Figure 4. Results of the positional scanning libraries using guanine PNA: (a) first generation: OXX; (b) second generation: WOX; (c) third genera-
tion: WRO. Black bar and white bar represent the results with complementary target DNA [biotinylated (dC)3] and non-complementary target
DNA [biotinylated (dT)3], respectively.
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selectivity to the complementary DNA is rather low.
Furthermore, this PNA–peptide conjugate system for
the screening of peptides that interact specific nucleo-
bases would give us some information about the inter-
action between amino acids and nucleobases, such as
relevancies between these biomolecules in a prebiotic
era. For example, it is known that the U bases in codon
(A in anticodon) often represent the relatively hydro-
phobic amino acids.15 Especially, UUU codon (AAA
anticodon) is corresponded to Phe, which is a selected
amino acid as the binder of (APNA)3–(dT)3 by this
study. In addition, Ile residue selected by the library
using (TAA)PNA sequence is corresponded to TAA
anticodon. On the other hand, however, the libraries
with (GPNA)3 did not give Gly or Pro as the selected
amino acids, which represent GGG or CCC codon,
respectively. Probably, such amino acids, which have no
characteristic side chain, are hard to interact to guanine
or cytosine base directly. Therefore, it was possibly
suggested that the amino acids having affinities to DNA
such as the arginine-rich sequence was selected from the
libraries with GPNA, and Gly or Pro residue was not
selected as a correspondent of GGG or CCC codon
directly. Throughout this study, it was indicated that the
library system used here is useful not only for obtaining
the binder to a specific base pair, but also for suggesting
the unique feature of nucleobases and/or base pairs in
the relevancies to amino acids, such as differences
between A–T and G–C pair. Furthermore, this system
using a loop scaffold can be utilized in the screenings of
various molecules such as drugs affording relatively
weak interaction.
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