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a b s t r a c t

Lys-based ‘chiral box’ Peptide Nucleic Acids (PNAs with three adjacent 2D-Lys-based chiral monomers)
have shown unsurpassed specificity in DNA recognition. In this Letter, the binding performances of argi-
nine-based chiral PNAs were evaluated for PNAs containing in the middle part of the strand either a
2D,5L-Arg monomer or three adjacent 2D-; 2D,5L-; 5L-Arg monomers (‘Extended Chiral Box’), a combi-
nation never studied before. The binding performances of the PNAs were studied by evaluating the melt-
ing temperatures of fullmatch and mismatch PNA–DNA and PNA–RNA hybrids and by studying their
structure by circular dichroism (CD). The data indicated that the arginine side chains inserted in the
PNA structure are perfectly equivalent to lysine side chains as far as oligonucleotide recognition is con-
cerned. The insertion of an ‘Extended Chiral Box’ into PNA differently influences the binding properties to
DNA and RNA: the additional side chains had no observable effect on binding affinity and selectivity
toward DNA, whereas, seemed to slightly disturb the binding affinity to RNA but at the same time highly
enhancing the recognition selectivity.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The development of new molecules able to efficiently bind spe-
cific nucleic acid sequences is one of the hot topics in the field of
nucleic acid chemistry. Improved DNA and/or RNA recognition is
actually mandatory for many diagnostic and therapeutic applica-
tions. Oligonucleotide-like molecules, either modified in the back-
bone1 or in the nucleobases,2 allowed to obtain, in some cases,
promising probes able to bind complementary sequences with en-
hanced affinity and specificity. Peptide Nucleic Acids (PNAs,
Fig. 1A) are among the most promising oligonucleotide analogs.3

PNAs are chemically different from natural nucleic acids, due to
their backbone structure based on a pseudopeptide motif and for
the carboxymethylene linker between the backbone and the nucle-
obases. Anyway, they are able to bind complementary DNA or RNA
sequences via Watson–Crick interactions. Due to the neutral back-
bone and the different structure, PNA–DNA and PNA–RNA com-
plexes show enhanced affinity and specificity, when compared to
DNA–DNA or DNA–RNA counterparts.3 Moreover, PNAs have a very
high enzymatic and chemical stability.4 Many modifications of the
basic PNA structure have been studied in order to further improve
their properties. The introduction of different type of modifications
within the backbone, based on cyclic or acyclic structures,5 led to
significant improvements in terms of affinity for complementary
sequences, selectivity, solubility, or bioavaibility.6

In particular, chiral amino acid-based PNAs seem to be particu-
larly interesting:5,7 these molecules are characterized by the pres-
ence of one or more chiral monomers substituted in position 2 or 5
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Figure 1. Structure of standard PNA (A) and of different generation of chiral PNAs:
2D (B); 5L (C); 2D,5L (D) and 2D-Chiral Box (E).
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(or both) with amino acid-derived side chains. Chiral PNAs modi-
fied with lysine side chains8 (Lys-PNAs) have been mostly investi-
gated,8,9 and the results demonstrated that 2D;10 5L,11 and 2D,5L12

Lys-PNAs (Fig. 1B, C, and D) have enhanced affinity for the comple-
mentary nucleic acid sequences compared to the unmodified mol-
ecules.13 As far as selectivity is concerned, all these modifications
showed improved specificity in mismatch recognition, and the
most selective modified PNAs were the so called ‘chiral box’
PNAs,14,15 obtained by inserting three 2D lysine-based modified
monomers in adjacent positions in the middle part of the PNA
strand (Fig. 1E). ‘Chiral box’ Lys-PNAs showed, together with a
good affinity for perfectly complementary sequences, an extremely
high selectivity, which usually results in a total absence of binding
when a single mismatch is introduced in the complementary DNA
sequence.14 This property has been exploited in several diagnostic
applications.16,17 Recently, a new class of chiral PNAs has been
introduced: arginine-based PNAs (Arg-PNAs), obtained by inserting
in position 2 or 5 or both of the backbone, an arginine rather than a
lysine side chain. Such molecules demonstrated interesting prop-
erties in terms of cellular and nuclear uptake,18,19 and good perfor-
mances in the realization of diagnostic devices on the surface,20

when high selectivity is required.
In order to further improve affinity and selectivity of chiral

PNAs, in this work the synthesis and the study of a new class of
Arg-PNA will be presented, obtained with three consecutive chiral
Arg-based monomers, respectively, substituted in position 2(D-
Arg), 2(D-Arg), and 5(L-Arg) and 5(L-Arg). The synthesis of this
new PNA, never reported before, will be described and its binding
performances toward DNA and RNA will be studied and compared
with those of a 2D,5L-Arg PNA having the same sequence, in order
to further understand the structural determinants affecting PNA
performances. We called this new PNA an ‘Extended Chiral Box’
PNA, given the presence of four adjacent stereogenic centers.

2. Sequence design

Although 2D,5L-Arg PNAs have been already introduced in a
previous work,20 their performances have never been compared
with those of Lys-PNAs having the same sequence. For this reason
a 2D,5L-Arg PNA, homologous to the Lys-PNA studied in previous
works12,21 was first devised (sequence H-GTAGATCACT-NH2, with
the bold and underlined monomer bearing two 2D,5L stereogenic
centers with Arg-based side chains, PNA 1, Fig. 2). Then, starting
from PNA 1, two Arg-based side chains were designed on both
sides of the chiral monomer, on the account of the fact that close
proximity of the side chains seemed to help the recognition spec-
ificity on the ‘chiral box’ Lys-PNAs. In all cases, the chosen config-
urations were those already demonstrated to give the best
performances in nucleic acid recognition. For this reason a 2D-
Arg monomer was to be included at the N-terminal side of the
2D,5L-Arg-monomer and a 5L-Arg monomer was to be included
at the C-terminal side. In this way, a chiral Arg-based PNA bearing
four stereogenic centers in close proximity in the middle of the
strand was designed (sequence H-GTAGATCACT-NH2, with the
bold and underlined monomers bearing respectively one 2D, two
2D,5L, and one 5L stereogenic centers with Arg-based side chains,
‘Extended Chiral Box’ PNA 2, Fig. 2). Such a design has never been
reported before for chiral PNAs.

3. PNA synthesis

Chiral submonomers and chiral monomers were synthesized as
described in previous Letters.20,22 PNAs were synthesized by using
the common SPPS protocol based on the Boc strategy for the stan-
dard monomers and for the monomer bearing the modification on
the carbon atom in position 5, whereas the Boc submonomer strat-
egy was used for the monomers bearing the substituents in posi-
tion 2 or 2 and 5, in order to preserve the optical purity at the 2
position.23 According to previously reported procedures,20,23 the
chiral submonomers were inserted by manual coupling with the
HATU/DIEA protocol and, after Fmoc deprotection, the nucleobase
residues were introduced by a double coupling with DIC/DhBTOH.
All the PNA oligomers were purified by preparative RP-HPLC and
characterized by LC/ESI-MS and LC/UV.24

4. PNA–PNA duplexes

The helical preference of PNA 1 and 2 was studied in order to
demonstrate that the modifications inserted within the probe actu-
ally induced, as expected,13,21 a preference for right-handed helical
conformation, an essential pre-requisite for efficient DNA binding.

Figure 2. Chemical structure of PNA 1 (one 2D,5L-Arg monomer) and PNA 2
(adjacent 2D-Arg, 2D,5L-Arg, 5L-Arg monomers).

Figure 3. CD spectrum of PNA 1–PNA duplex (thin line), PNA 2–PNA duplex (thick
line) and 2D,5L-Lys-PNA–PNA duplex (dotted thick line) obtained at 15 �C.
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