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A nucleobase-conjugated peptide, derived from HIV-1 Rev,
was designed and synthesized, and the peptide which
contained the cytosine moiety at the L-a-amino acid side
chain bound RRE IIB RNA with high affinity and high
specificity. 

RNA–protein interactions play important roles in nature. Many
cellular functions, including transcription, RNA splicing and
translation, depend on the specific interaction of proteins and
RNA. RNA-binding proteins seldom target fully double-
stranded tracts for recognition, but interact with secondary
structural domains such as hairpin loops, internal loops, and
bulges of RNA.1 In most cases, an RNA-binding domain of a
protein forms a suitable conformation such as an a-helix or a b-
strand to recognize a structured RNA, and amino acids
orientated exactly in the protein structure make specific contacts
to the RNA backbone and bases, resulting in high affinity and
high specificity in the RNA binding. The study of the design and
synthesis of novel molecules that recognize the structure of
RNA might lead to drugs targeting RNA.

Peptide nucleic acid (PNA) is a DNA mimic with the
nucleobases on a pseudopeptide backbone composed of N-
(2-aminoethyl)glycine units.2 A PNA molecule has the ability
to efficiently and sequence-specifically bind both single-
stranded DNA and RNA as well as double-stranded DNA.
However, a simple PNA molecule itself may not recognize
highly structured RNA with high specificity, because PNA
alone would not have the ability to form the various conforma-
tions that proteins or peptides do. We have attempted to design
peptides containing nucleobases that combine the advantages of
peptides (formation of rigid structure such as a-helices) and
nucleobases (specific recognition of a base in RNA). For this
purpose, we have utilized an artificial L-a-amino acid, with a
nucleobase at the side chain, in peptides for keeping the peptide
conformation.

In order to demonstrate the applicability of a nucleobase
amino acid (NBA) in peptides, we have chosen the regulatory
protein of virion expression (Rev) of human immunodeficiency
virus type-1 (HIV-1)3–6 from among the enormous range of
examples of proteins which bind RNA specifically. The Rev
protein binds the corresponding response region of HIV-1
mRNA (RRE), and this protein–RNA interaction plays a key
role in HIV-1 virus replication. The arginine-rich domain
(34–50) of the Rev protein binds specifically the stem-loop IIB
region of RRE RNA (Fig. 1) by forming an a-helix conforma-
tion.7 The a-helix potential of the Rev34–50 peptide affects the
binding affinity and specificity of the peptide to RRE IIB
RNA.7,8 Moreover, it has been proposed that the Gln36 residue
in the Rev34–50 peptide is placed close to the guanine-48 base in
the internal loop region of the RRE IIB RNA by NMR structural
analyses.9

On the basis of these informations, we designed and
synthesized the nucleobase-conjugated peptide, Q36CNBA, in
which L-a-amino g-cytosine butanoic acid (cytosine nucleobase
amino acid: CNBA) was introduced instead of Gln36 in Rev34–50

(Fig. 1), and examined the effect of the introduction of the CNBA
unit on the peptide conformation and the RNA-binding affinity.
It was expected that the cytosine base in Q36CNBA could
interact with the guanine-48 base in RRE IIB RNA and that the
interaction may lead to an increase in affinity and specificity of
the peptide for the RNA. Furthermore, the chiral CNBA unit
possibly gives a rigid conformation in the peptide. For the
elucidation of the structural importance of Q36CNBA, Q36CPNA,
in which Gln36 and Ala37 were replaced by Nielsen type
cytosine PNA (CPNA),2 was also designed (Fig. 1). The two
amino acids were replaced by CPNA, because a PNA monomer
has the length equivalent of two amino acids in the main chain.
Q36A and Q36GG were used to evaluate the effect of
introduction of the cytosine moiety in Q36CNBA and Q36CPNA,
respectively (Fig. 1). To increase the stability of the a-helix
structure, the N-terminal amino and C-terminal carboxy groups
of the peptides were succinylated and amidated, respectively.7,8

To introduce the CNBA unit in the peptide, (2S)-4-(N4-
benzyloxycarbonylcytosin-1-yl)-2-(fluoren-9-ylmethoxycarbo-
nyl)aminobutanoic acid [Fmoc-CNBA(Z)-OH] was synthesized
according to the method in ref. 10 with some modifications.
Peptides were synthesized by the solid phase method using an
Fmoc-strategy11 and purified by HPLC with high purity ( > 98%
on analytical HPLC). The peptides Q36CNBA and Q36CPNA
gave a molecular ion peak at m/z 2602.3 [(M + H)+] (calc. =
2603.9) and 2588.6 [(M + H)+] (calc. = 2589.9), respectively,
by matrix assisted laser desorption ionization time-of-flight
mass spectrometry. RRE IIB RNA was prepared by in vitro
transcription from a synthetic DNA template using T7 RNA
polymerase and purified by polyacrylamide gel electrophor-
esis.12

Circular dichroism studies revealed that none of the peptides
including Rev34–50 had a rigid structure in aqueous buffer (pH

Fig. 1 (a) Amino acid sequences of Rev34–50 and designed peptides; (b) the
secondary structure of RRE IIB RNA; (c) structures of CNBA and CPNA.
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7.5). On the contrary, in TFE, which is known to be an a-helix
forming solvent,13 the peptides showed an a-helix CD pattern.
The a-helicity14 (Table 1) of Q36CNBA was 60%, similar to that
of Rev34–50 (59%), suggesting that the CNBA unit had a similar
potential to the Gln36 residue in the Rev peptide for forming an
a-helix structure. However, the a-helicity of Q36CPNA was
decreased to 41% despite it being in TFE solution. These results
indicate that the a-helix structure is disturbed by the flexible
and achiral PNA unit, but not by the rigid and chiral CNBA.

The binding properties of the peptides with RRE IIB RNA
were evaluated by competition assay15 using the Rev peptide
modified with 5-carboxytetramethylrhodamine at the N-termi-
nal (Rhod-Rev) as a fluorescence tracer. The dissociation
constant (2.1 3 1029 mol dm23) of Rhod-Rev with RRE IIB
RNA was calculated from the anisotropy increase of the tracer
upon the addition of the RNA using an equation with 1+1
stoichiometry.15 In the mixture of Rhod-Rev (1.0 3 1028 mol
dm23) and RRE IIB RNA (2.5 3 1028 mol dm23), fluorescence
anisotropy values were decreased by the addition of the
designed peptides as a competitor, affording the free Rhod-Rev
(Fig. 2). This competition assay revealed that Rev34-50 bound
RRE IIB RNA strongly with a dissociation constant (Kd) of 3.4
x 1029 mol dm23 (Table 1). Interestingly, Q36CNBA showed a
Kd value of 1.7 3 1029 mol dm23. Even though Q36CNBA has
almost the same a-helix potential as Rev34–50, it could bind
RRE IIB RNA 2.0-fold stronger than Rev34–50. These results
suggest that the cytosine moiety of Q36CNBA contributes to the
interaction of the peptide with the RNA by making a contact
such as a hydrogen bond to a nucleobase of the RNA. Q36A
showed the same affinity for the RNA (Kd = 3.4 3 1029 mol
dm23) as Rev34–50. This result indicates that the higher a-helix
content (76% in TFE) of Q36A enables it to maintain the same
binding affinity as the Rev34–50. On the other hand, the binding
affinity of Q36CPNA for the RNA was significantly decreased
(Kd = 10.9 3 1029 mol dm23) to a level similar to Q36GG (Kd
= 9.9 3 1029 mol dm23), even if it has the same base in its
sequence. These findings suggest that the introduction of the
CPNA residue at the Gln36 position does not improve the
binding affinity with RNA. Furthermore, the decrease of the

binding affinity is also attributed to the lower a-helix potential
of Q36CPNA (41% in TFE).

In order to elucidate the selectivity of the designed peptide
Q36CNBA for RRE IIB RNA, a mutant RNA (G48A), in which
the guanine-48 base of RRE IIB RNA was replaced by adenine,
was also prepared. Rev34–50 bound G48A RNA with a
dissociation constant of 4.5 3 1029 mol dm23, comparable to
that of the wild-type RRE IIB RNA (1.3-fold decrease) (Fig. 3).
Q36A bound the mutant RNA with an affinity similar to
Rev34–50 (Kd = 4.6 3 1029 mol dm23). Q36CNBA bound the
mutant RNA with Kd = 5.5 3 1029 mol dm23, 3.2-fold weaker
than that of the wild-type RNA, that is, the affinity of Q36CNBA
to the mutant RNA was lower than that of the Rev34–50 and
Q36A peptides. It seems that the cytosine base in Q36CNBA may
interact with the guanine-48 moiety in RRE IIB RNA, and the
interaction enhances the binding specificity to RRE IIB RNA
more than Gln36 in Rev34–50 does.

In conclusion, the nucleobase-conjugated peptide, Q36CNBA,
derived from HIV-1 Rev was successfully designed and
synthesized. Introduction of the cytosine moiety as an artificial
L-a-amino acid to the Rev34–50 peptide increased the binding
affinity and specificity to RRE IIB RNA, without changing the
conformational properties of the peptide. This study should lead
to a new strategy applicable to the construction of molecules
that recognize a specific structure of an RNA molecule using
various nucleobase amino acids.
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Table 1 a-Helix contents of the peptides in TFE solution, and dissociation
constants (Kd) of the peptides with RRE IIB RNA

Peptide a-Helicity (%)a Kd/1029 mol dm23

Rev34–50 59 3.4 ± 0.3
Q36CNBA 60 1.7 ± 0.1
Q36CPNA 41 10.9 ± 0.7
Q36A 76 3.4 ± 0.1
Q36GG 52 9.9 ± 1.1

a a-Helix contents were estimated from [q]222 according to the method of
ref 14.

Fig. 2 Fluorescence anisotropy of Rhod-Rev containing RRE IIB RNA as a
function of Q36CNBA (5) and Q36CPNA (2) concentration in 1.0 3 1022

mol dm23 Tris·HCl buffer (pH 7.5) containing 1.0 3 1021 mol dm23 KCl,
1.0 3 1023 mol dm23 MgCl2, and 5.0 3 1024 mol dm23 EDTA at 25 °C.
[Rhod-Rev] = 1.0 3 1028 mol dm23 and [RRE IIB] = 2.5 3 1028 mol
dm23.

Fig. 3 Comparison of dissociation constants of the peptides with the wild-
type and the mutant RNA.
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