
         

BNAs: novel nucleic acid analogs with a bridged sugar moiety

Takeshi Imanishi* and Satoshi Obika 
Graduate School of Pharmaceutical Sciences, Osaka University, 1-6 Yamadaoka, Suita, Osaka 565-0871,
Japan. E-mail: imanishi@phs.osaka-u.ac.jp; Fax: +81 66879 8204; Tel: +81 66879 8200

Received (in Cambridge, UK) 13th February 2002, Accepted 9th April 2002
First published as an Advance Article on the web 24th April 2002

This article deals with our recent studies on the synthesis of
BNAs (Bridged Nucleic Acids), novel nucleic acid analogs
bearing a preorganized sugar conformation by a bridged
structure. Duplex- and triplex-forming abilities of the BNA
modified oligonucleotides are also described.

Introduction
The sequencing of the human genome provides various new
tools and new opportunities for researches of life-science in the
21st century. In the context of the post-genome-sequencing era,
the development of a general technology to regulate the targeted
gene expression is highly important. Based on the fundamental
features of the strict nucleobase recognition by means of
Watson-Crick and Hoogsteen (reverse-Hoogsteen) hydrogen
bondings, nucleic acids form duplex and triplex structures (Fig.
1). The oligonucleotides with high and sequence-specific
binding affinity to single-stranded (ss) RNA and/or double-
stranded (ds) DNA could serve as promising materials in
antisense and/or antigene methodology (Fig. 2) not only for
potential genomic drugs discovery but also for various diag-
nostic and biological applications. The oligonucleotides for an
antisense and/or antigene application should fulfill some criteria
such as (i) high-affinity and sequence selectivity towards
ssRNA and/or dsDNA targets, (ii) stability towards enzymatic

hydrolysis, and (iii) efficient preparation on a DNA synthesizer,
and so on. Due to the instability under physiological conditions
of natural oligonucleotides, numerous artificial nucleoside
(oligonucleotide) analogs have been developed and their
utilization in antisense or antigene strategy has been tried.1–10

Recently, the first antisense drug for CMV retinitis using a
phosphorothioate oligonucleotide (S-oligo) was approved by
FDA.11 However, the phosphorothioate modification was
known to decrease the binding affinity of the oligonucleotides
towards the target sequences, and to show a nonspecific
interaction with some biomolecules in a cell.9 Therefore, further
chemical innovations are still desired for development of ideal
antisense and/or antigene oligonucleotides.

Takeshi Imanishi (b. 1944) obtained his doctoral degree in
Pharmaceutical Chemistry from Osaka University in 1972,
spent some years at the Faculty of Pharmaceutical Sciences,
Osaka University, as a Research Associate and then moved to
Kanazawa University as an Associate Professor at the Faculty
of Pharmaceutical Sciences. He returned to Osaka University in
1983 and was promoted to a Professor of Organic Chemistry at
the Faculty of Pharmaceutical Sciences in 1990. He received
the Award for Young Scientist from the Pharmaceutical Society
of Japan in 1983. Now he is Professor of Bioorganic Chemistry
at the Graduate School of Pharmaceutical Sciences. His current
research activities are in the areas of organic and bioorganic
chemistry, focused on developing useful bio-functional or bio-
related compounds, such as artificial analogues of nucleic
acids, coenzymes, lipids, peptides and amino acids. He is also
engaged in synthetic studies on biologically active natural
products.

Satoshi Obika (b. 1967) received his MSc degree in 1992 from
the Graduate School of Pharmaceutical Sciences, Osaka
University under the supervision of Professor Takeshi Imanishi,
and joined the faculty immediately afterwards as a Research
Associate. In 1998, he obtained his PhD in Pharmaceutical
Chemistry from Osaka University. His current research inter-
ests are the synthesis and properties of modified nucleic
acids.

Fig. 1 Watson-Crick-type base pairs, G·C and A·T (upper), and Hoogsteen-
type base triads, C+·G·C and T·A·T (lower).

Fig. 2 Representation of antisense and antigene strategies.

Th is journa l i s © The Roya l Soc ie ty of Chemist ry 2002

D
O

I: 
10

.1
03

9/
b

20
15

57
a

1653CHEM. COMMUN. , 2002, 1653–1659

D
ow

nl
oa

de
d 

by
 V

an
de

rb
ilt

 U
ni

ve
rs

ity
 o

n 
21

 S
ep

te
m

be
r 

20
12

Pu
bl

is
he

d 
on

 2
4 

A
pr

il 
20

02
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
20

15
57

A
View Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/b201557a
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC002016


One attractive strategy for construction of oligonucleotide
analogs having high binding affinity with ssRNA and/or
dsDNA would be ‘restriction of a conformational flexibility into
a proper shape’, as proposed earlier.6,12–15 A single-stranded
oligonucleotide has some freely rotating single bonds in its
sugar and phosphate backbone, so that it is considered as a
relatively flexible molecule. The hybridization step of the
flexible oligonucleotide with ssRNA or dsDNA is entropically
unfavorable owing to fixation of the internal bond rotations. If
the oligonucleotide flexibility decreases and its 3D structure is
fixed (preorganized) in a suitable form for hybridization
beforehand, the entropy loss will decrease significantly. Based
on this concept, some interesting nucleic acid analogs such as
bicyclo-16,17 or tricyclo-DNA,18 anhydrohexitol nucleic acid
(HNA),19,20 and oligonucleotide N3A?P5A phosphoramidate21

have been developed. Since bicyclo-DNA was reported by
Leumann et al.,16,17 some other nucleic acid analogs with a
bridged sugar moiety have been synthesized.13–15,22–27 The
structures of selected nucleic acid analogs are illustrated in Fig.
3. We synthesized and developed novel types of conformation-

ally restricted nucleic acid analogs, Bridged Nucleic Acids
(BNAs),28 such as 2A,4A-BNA/LNA,14,15,29,30 3A-amino-2A,4A-
BNA and 3A,4A-BNA (Fig. 4). The 2A,4A-BNA/LNA,14,15,29,30

which would be the most promising chemical modification of
nucleic acids for antisense and/or antigene applications, was
independently developed by us and by WengelAs group.31 In this
article, we would like to review briefly the synthesis and some
properties of BNAs.

Synthesis of the BNA monomers
2A,4A-BNA/LNA (a linear route)

The five-membered furanose ring in nucleosides is flexible and
exists in an equilibrium of two major conformations (N- and S-
type conformations). In contrast, the RNA duplex exists
predominantly in an A-type double helix with N-type sugar
conformation, while the DNA duplex has a B-type helix with S-
conformation (Fig. 5).32 On the other hand, it was reported that

the homopyrimidine RNA oligonucleotides form a more stable
triplex with dsDNA than the corresponding DNA oligonucleo-
tides.33 This finding suggests that the sugar ring in the third
strand of the triplex prefers N-type conformation to the S-type.
Therefore, oligonucleotides containing nucleoside analogs with
a rigid N-type sugar conformation are expected readily to
enhance the hybridizing ability towards ssRNA and dsDNA.

To fix the flexible sugar-unit conformation of nucleosides
into an N-type, we designed a novel nucleoside analog, 2A-O,4A-
C-methyleneribonucleoside (2A,4A-Bridged Nucleic Acid; 2A,4A-
BNA), and accomplished the first synthesis of the 2A,4A-BNA/
LNA monomers by a linear approach starting from uridine in
1997.34,35 The synthetic outline is shown in Scheme 1. The
crucial step in this synthesis was a selective recognition
between 2A- and 3A-hydroxy groups in 1, which was fairly
achieved by a regioselective and reductive C–O bond cleavage
of the benzylidene intermediate 2 to give 3. Its ring-closure
reaction followed by debenzylation afforded the desired 2A,4A-
BNA monomer. On the other hand, a direct cyclization of 1
under various conditions resulted in exclusive formation of
3A,4A-BNA monomer. Conversion of uracil nucleobase to
cytosine in 2A,4A-BNA/LNA was readily carried out by a
conventional method.37

The strictly locked N-type conformation of 2A,4A-BNA/LNA
monomers is quite obvious from their bicyclic structural feature
and was further confirmed by 1H NMR spectral data and an X-
ray crystallographic analysis, depicted in Scheme 1. The
pseudorotation phase angle32 of the 2A,4A-BNA/LNA-U mono-
mer, determined from the X-ray structure, was 17°, character-

Fig. 3 Structures of selected nucleic acid analogs bearing a bridged sugar
moiety.

Fig. 4 Structures and conformations of BNA monomers.

Fig. 5 Helical structures of A-RNA and B-DNA (upper), and N- and S-type
sugar puckerings (lower).
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istic of the typical C3A-endo sugar puckering. In addition, it is
noteworthy that all the signals for H1A, H2A and H3A appeared as
singlets in 1H NMR spectra.

2A,4A-BNA/LNA (convergent routes)

A little later, Wengel et al. reported an alternative synthesis of
the 2A,4A-BNA/LNA monomers by employing the coupling
reaction of a nucleobase and 1,2-di-O-acetyl-4-tosyloxyme-
thylribofuranose derivative 5 as a key step (Scheme 2).38–40

Independently, we have also achieved the convergent synthesis
of the 2A,4A-BNA/LNA monomers in a similar manner.41 A
minor drawback to this convergent route was the difficulty
incurred in selective protection of two hydroxy groups in 4.
Very recently, a solution to the problem was found by Koshkin

et al. Namely, mesylation of two hydroxy groups in 4 was
followed by introduction of nucleobase and subsequent cycliza-
tion to provide the convenient route (Scheme 3).42

3A-Amino-2A,4A-BNA

The effectiveness of an N3A?P5A phosphoramidate linkage in
progressing duplex- and triplex-forming ability of oligonucleo-
tides was reported by Gryaznov et al.21 Furthermore, the
phosphoramidate modification of oligonucleotides significantly
enhanced their resistance to enzymatic hydrolysis.43 Therefore,
3A-amino-2A,4A-BNA, the combination of an N3A?P5A phos-
phoramidate linkage and 2A,4A-BNA structure is also of great
interest (Fig. 6).

A representative 3A-amino-2A,4A-BNA monomer was synthe-
sized as shown in Scheme 4.44 Successive modification of the
two hydroxy groups in 6, which was easily derived from D-
glucose via the known dibenzoate, gave 7. Its acetolysis
followed by coupling with an activated thymine afforded the b-
anomer of 3A-azido-3A-deoxythymidine derivative 8 effectively.
The deacetylation and subsequent ring-closure reaction yielded
9, which was desilylated to give 3A-azido-2A,4A-BNA-T, an
analog of AZT. More recently, the same compound was also
prepared in a similar manner by Wengel et al., who showed that
this AZT analog did not have any anti-HIV activities.45 3A-
Azido-2A,4A-BNA-T was readily reduced by a catalytic hydro-
genation to afford the desired product, 3A-amino-2A,4A-BNA-T.

Heterodimer unit 10, another good synthon for preparation of
3A-amino-2A,4A-BNA oligonucleotides, was also synthesized as
shown in Scheme 5.46 After protection of the 5A-hydroxy group
in the 3A-azido-2A,4A-BNA monomer, the 3A-azido group was
successfully reduced to give the 3A-amino derivative 11. The
Atherton-Todd-type oxidative phosphorylation reaction47,48

between 11 and the 5A-H-phosphonate counterpart followed by
desilylation afforded the heterodimer 10.

2A,4A-BNA C-nucleoside

C-Nucleosides are nucleoside analogs containing a carbon–
carbon linkage between the furanose and the heterocyclic base,
instead of the carbon–nitrogen linkage in the natural N-
nucleosides. They are very intriguing nucleoside analogs as
antitumor, antibacterial or antiviral agents. Concerning the

Scheme 1 Reagents: i, ref. 36; ii, (a) TsCl, Py; (b) TFA–H2O (98+2); iii,
NaHMDS, THF; iv, PhCHO, ZnCl2; v, NaBH3CN, TiCl4, MeCN; vi, (a)
NaHMDS, THF; (b) H2, Pd/C, MeOH; vii, (a) DMTrCl, DMAP, Py; (b)
Ac2O, Py; (c) 4-chlorophenyl phosphorodichloridate, 1,2,4-triazole, Py; (d)
NH3 aq., dioxane.

Scheme 2

Scheme 3

Fig. 6 Structures of oligonucleotide N3A?P5A phosphoramidate and 3A-
amino-2A,4A-BNA.
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sugar puckering, the two stereoelectronic effects, the gauch
effect between O3A and O4A and the anomeric effect between C1A
and N1, influence the conformational equilibrium of the N-
nucleosides. The former effect drives the conformational
equilibrium towards S-type, while the latter drives it towards N-
type.49 The C-nucleosides are known to exist in S-type
conformation predominantly for lack of an anomeric effect (Fig.
7).50 Therefore, restriction of the sugar puckering of C-
nucleosides, especially in N-type conformation, is thought to
contribute towards discovery of the novel biological activities
of C-nucleosides. Furthermore, C-nucleosides, unlike the
natural nucleosides, can possess a great variety of heterocycles;
therefore, C-nucleoside analogs with fixed N-conformation
would be useful for antisense and antigene applications, along
with their biological activities.

A number of C-nucleosides with 2A,4A-BNA modification
were synthesized as shown in Scheme 6.51–53 Coupling reaction
between the magnesium derivatives of some aromatic hetero-
cycles and the aldehyde 12, which was prepared from D-ribose
or D-glucose, gave the corresponding diols 13 with desirable
stereoselectivity. Their cyclization under the Mitsunobu condi-
tions successfully proceeded to give the b-anomers of 14, and
finally the 2A,4A-BNA C-nucleosides were obtained by debenzy-
lation of 14. X-ray crystallography of the 2A,4A-BNA C-
nucleoside (Ar = oxazol-5-yl) shows that its sugar conforma-

tion was restrained in a typical C3A-endo mode (pseudorotation
phase angle was 18°) and that both the endocyclic torsion angles
and the pseudorotation phase angle of this C-nucleoside analog
are almost identical to those of the 2A,4A-BNA N-nucleoside
(2A,4A-BNA/LNA-U monomer).

3A,4A-BNA

In most DNAs and RNAs, nucleoside units are connected via a
3A,5A internucleoside phosphodiester linkage. On the other hand,
there are some biologically active nucleic acids bearing a 2A,5A
internucleoside phosphodiester linkage (Fig. 8). For example, a
2A,5A-linked oligoadenylate (2-5A) is well known to enhance the
activity of 2-5A dependent RNase L, which plays an important
role in prevention of virus infection.54 Furthermore, it was
reported that the 2A,5A-linked oligonucleotides have a tendency
to hybridize with their RNA complements rather than DNA
complements, and that they also have resistance towards several
types of nucleases.55 These characters of the 2A,5A-linked

Scheme 4 Reagents: i, K2CO3 aq., MeOH; ii, (a) TBDPSCl, Et3N, CH2Cl2;
(b) TsCl, Et3N, DMAP, CH2Cl2; iii, cat. H2SO4, Ac2O, AcOH; iv, silylated
thymine, SnCl4, ClCH2CH2Cl; v, K2CO3, MeOH; vi, TBAF, THF; vii, H2,
Pd/C, EtOH.

Scheme 5 Reagents: i, (a) DMTrCl, DMAP, Py; (b) Ph3P, Py, then NH4OH
aq.; ii, (a) CCl4, Et3N, MeCN; (b) TBAF, THF.

Fig. 7 Sugar puckering of N- and C-nucleosides.

Scheme 6 Reagents: i, Ar–MgBr, THF or THF–TMEDA; ii, DEAD, Ph3P,
THF or TMAD, Bu3P, benzene; iii, H2, Pd(OH)2/C, EtOH or cyclohexene,
Pd(OH)2/C.

1656 CHEM. COMMUN. , 2002, 1653–1659

D
ow

nl
oa

de
d 

by
 V

an
de

rb
ilt

 U
ni

ve
rs

ity
 o

n 
21

 S
ep

te
m

be
r 

20
12

Pu
bl

is
he

d 
on

 2
4 

A
pr

il 
20

02
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
20

15
57

A

View Online

http://dx.doi.org/10.1039/b201557a


oligonucleotides seem to be quite favorable for antisense
technology.

The conformationally restrained nucleoside analogs for 2A,5A-
linked oligonucleotide modification, 3A-O,4A-C-methylener-
ibonucleosides (3A,4A-BNA monomers), were synthesized by a
linear approach shown in Scheme 1.56,57 In addition, these
nucleosides were also obtained by a convergent route outlined
in Scheme 7, where the coupling reaction of the triacetate 15

with silylated nucleobases, and the oxetane-ring formation by a
treatment of diols 16 under alkaline conditions were employed
as key steps.57,58 The resulting 3A,4A-BNA monomers were
found to have relatively large coupling constants between H1A
and H2A in 1H NMR spectra (J1A2A = 7.3–7.6 Hz), regardless of
the type of nucleobase, meaning that the 3A,4A-BNA monomers
have predominantly an S-type sugar puckering. The same result
was obtained by a molecular modeling (PM3) study and X-ray
crystallographic analysis. The pseudorotation phase angle of the
3A,4A-BNA-T monomer was calculated to be 136° (C1A-exo-C2A-
endo sugar puckering) from the X-ray structure.

Properties of BNA modified oligonucleotides
General properties

The BNA monomers and the 3A-amino-2A,4A-BNA-type hetero-
dimer were easily converted to the corresponding amidites by a
conventional method, and the incorporation of these nucleoside
analogs into oligonucleotides was successfully undertaken by
using a standard phosphoramidite approach on a DNA synthe-
sizer (in some cases, prolonged coupling time was needed).

Purification of the BNA modified oligonucleotides can be
performed by a simple reversed-phase HPLC, and identification
of these oligonucleotide analogs can be made by MALDI-TOF-
Mass measurements. There was no problem in each step
(oligomerization, purification and identification) and also in the
aqueous solubility of the oligonucleotide analogs.

Duplex formation

Duplex-forming ability of the modified oligonucleotide can be
discussed in terms of the melting temperature (Tm value) of the
duplex consisting of the oligonucleotide and its DNA or RNA
complement. The Tm values of the BNA modified oligonucleo-
tides with their DNA or RNA complements were determined by
UV melting experiment under near physiological pH and salt
conditions (Table 1). The Tm values of the duplexes involving

the parent DNA oligonucleotides, 5A-d(GCGTTTTTTGCT)-3A,
and its RNA and DNA complements were 45 and 47 °C,
respectively (entry 1). In contrast, the 2A,4A-BNA/LNA mod-
ification of oligonucleotides significantly enhances hybridizing
ability towards the complementary strand (entries 2–5).59

Especially, remarkable thermal stability of the duplexes was
observed when RNA was used as a complementary strand (DTm

is +4 to +7 °C), which would come from the preorganized N-
type sugar conformation of the 2A,4A-BNA/LNA.59,60 The
thermodynamic parameters determined by vanAt Hoff plots
revealed that the hybridization step of the 2A,4A-BNA/LNA
oligonucleotide and its RNA complement is entropically
favourable compared with that of the parent DNA oligonucleo-
tide and RNA complement.59 The A-like helical structure of the
duplex involving a 2A,4A-BNA/LNA oligonucleotide was also
confirmed by CD measurement,59,61 1H NMR experiment61 and
X-ray crystallographic analysis.62

The 3A-amino-2A,4A-BNA oligonucleotide, bearing both a 2A-
O,4A-C-methylene-bridged sugar moiety and an N3A?P5A
phosphoramidate linkage, showed almost the same hybridizing
ability as the 2A,4A-BNA/LNA oligonucleotide (entries 2 and
6).46 This result is quite acceptable considering that the driving
force for the high binding affinity of both modifications, the
2A,4A-BNA and phosphoramidate linkage, would be a pre-
organization of sugar puckering into N-type conformation. The
unprecedented hybridizing properties of the 2A,4A-BNA/LNA
and 3A-amino-2A,4A-BNA oligonucleotides towards the RNA

Fig. 8 Structures of natural DNA/RNA and 2A,5A-linked nucleic acid.

Scheme 7 Reagents: i, (a) TBDPSCl, Et3N, CH2Cl2; (b) TsCl, Et3N,
DMAP, CH2Cl2; ii, (a) cat. H2SO4, Ac2O, AcOH; (b) H2, Pd/C, AcOEt–
CHCl3; (c) Ac2O, Py; iii, silylated base, TMSOTf, ClCH2CH2Cl; iv,
K2CO3, MeOH; v, NaHMDS, THF; vi, TBAF, THF.

Table 1 Duplex-forming ability of the BNA modified oligonucleotides with
DNA and RNA complementsa

Tm (DTm per mod.b)/°C 

Entry Oligonucleotides (5A?3A)
with RNA
complement

with DNA
complement

1 d(GCGTTTTTTGCT) 45 47
2 d(GCGTTT2BTTTGCT) 52(+7) 53(+6)
3 d(GCGT2BT2BT2BT2BT2BT2BGCT) 80(+5.9) 67(+3.3)
4 d(GCGTTU2BTTTGCT) 49(+4) 49(+2)
5 d(GCGU2BU2BU2BU2BU2BU2BGCT) 71(+4.3) 58(+1.8)
6 d(GCGTTTaBTTTGCT) 52(+7) 51(+4)
7 d(GCGTTT3BTTTGCT) 47(+2) 47(±0)
8 d(GCGT3BTT3BTT3BTGCT) 42(21) 33(24.7)
9 d(GCGT3BT3BT3BT3BT3BT3BGCT) 33(22) < 5( <27)

10 d(GCGTTU3BTTTGCT) 47(+2) 47(±0)
11 d(GCGU3BU3BU3BU3BU3BU3BGCT) 30(22.5) < 5( <27)
a C = cytidine monomer, G = guanosine monomer, T = thymidine
monomer, U = uridine monomer, T2B and U2B = 2A,4A-BNA monomer, TaB

= 3A-amino-2A,4A-BNA monomer, T3B and U3B = 3A,4A-BNA monomer. UV
melting experiments were carried out in 10 mM sodium phosphate buffer
(pH 7.2) containing 100 mM NaCl at a scan rate of 0.5 °C min21 at 260 nm.
The oligonucleotide concentration used was 4 mM for each strand. The
sequence of target DNA or RNA complements is 5A-AGCAAAAAACGC-
3A. b DTm per mod. = change in Tm per modification compared to the
unmodified reference strand (entry 1).
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complement are quite favourable for an antisense strategy, and
these oligonucleotide analogs should be promising candidates
for an antisense strategy in the coming generation.

On the other hand, the 3A,4A-BNA oligonucleotides showed
little depression or some increase in Tm towards complementary
RNA as compared with the parent DNA oligonucleotide, while
greater depression in Tm was observed towards DNA comple-
ment (entries 7–11).63 In particular, the oligonuceotides bearing
six successive 3A,4A-BNA modifications did not bind to their
DNA complement (entries 9 and 11). Meanwhile, these
oligonucleotides nearly maintained hybridizing ability towards
the RNA complement. Thus, the 3A,4A-BNA modification of
oligonucleotides promotes binding selectivity for RNA over
ssDNA, which comes from the destabilization of the duplex
between the 3A,4A-BNA and its DNA complement.

Triplex formation
Compared with antisense technology, antigene methodology
has two major drawbacks preventing its practical use. The first
problem is that only homopyrimidine oligonucleotides can bind
with homopurine·homopyrimidine tracts in dsDNA via Hoogs-
teen-type hydrogen bonding (Fig. 1). In other words, there are
few nucleosides to recognize pyrimidine·purine base pairs, such
as C·G and T·A base pairs. The second one is that even for the
targets involving homopurine·homopyrimidine tracts, the tri-
plex stability under physiological conditions (or at neutral pH)
is insufficient because the protonation at N3 in cytosine
nucleobases is required for triplex formation.10 To overcome
these problems, we evaluated the triplex-forming properties of
the oligonucleotides with 2A,4A-BNA/LNA modification.

By means of various experimental techniques such as UV
melting, isothermal titration calorimetry (ITC) and gel-shift
analysis, it was demonstrated that the homopyrimidine oligonu-
cleotides with 2A,4A-BNA/LNA modifications form very stable
triplexes with the homopurine-homopyrimidine region of
dsDNAs.35,64–66 In the UV melting experiments of the triplexes
consisting of a 15-mer homopyrimidine oligonucleotide, 5A-
d(TTTTTmCTXTmCTmCTmCT)-3A, where mC means 5-me-
thylcytidine, and 21-bp dsDNA targets, only one 2A,4A-BNA/
LNA modification at the X-site in the triplex-forming
oligonucleotide (TFO) promoted marked triplex stabilization in
a highly sequence-selective manner (Table 2).64 The triplex-

forming ability of the 3A-amino-2A,4A-BNA oligonucleotide was
found to be comparable to that of the parent 2A,4A-BNA/LNA
oligonucleotide (Table 2, entry 5).46 Kinetic experiments for
triplex formation between the 2A,4A-BNA modified TFOs, e.g.
5A-d(C2BTC2BTT2BCT2BTT2BTC2BTT2BTC)-3A, and their target
dsDNA by resonant mirror method clearly revealed that the

increase in the binding affinity by the 2A,4A-BNA/LNA mod-
ification of TFO resulted from the considerable decrease in the
dissociation rate constant.65,66 The binding affinity of this 2A,4A-
BNA/LNA modified TFO, 5A-
d(TmC2BTmC2BTmC2BTmC2BmCmC2BTT2BTT)-3A, towards the
target duplex was elucidated by using gel-retardation assay,
where the dissociation constant (Kd) was estimated to be 2.5 3
1028 M at pH 7.0, which was at least 300-fold lower than that
of the parent DNA oligonucleotide. Furthermore, binding of the
transcription factor NF-kB (p50 subunit) to the target dsDNA
was effectively inhibited by triplex formation of this 2A,4A-BNA/
LNA modified TFO.35

On the other hand, some 2A,4A-BNA nucleosides bearing
unnatural nucleobases were prepared for recognition of pyr-
imidine·purine interruptions in the target dsDNA.51–53,67 From
the fact that T or C interacts with a C·G base pair (Table 2), we
considered that the 2-carbonyl oxygen of T or C plays an
important role in recognition of a C·G base pair. To avoid the
interaction of T or C with A·T or G·C base pair, we utilized the
2-pyridone, which has no other functional groups besides
2-carbonyl in T or C for selective interaction to a C·G base pair.
As depicted in Fig. 9, the TFO, 5A-

d(TTTTTmCTP2BTmCTmCTmCT)-3A, in which P2B means the
2A,4A-BNA monomer bearing a 2-pyridone, formed a stable
triplex involving a P2B·C·G triad under near physiological
conditions.67 Furthermore, the triplex formation by this TFO
was found to be highly sequence-selective.

Thus, the 2A,4A-BNA modification of TFO promotes triplex-
forming ability under physiological conditions, and efficient
recognition of C·G interruption in homopurine·homopyrimidine
dsDNA was achieved by using the 2A,4A-BNA monomer with an
unnatural nucleobase.

Closing remarks
Thus, the preorganization of oligonucleotides into a desirable
N-type sugar conformation for duplex or triplex formation by a
bridged sugar structure is a promising strategy to develop
nucleic acid analogs with high binding affinity towards the
RNA or dsDNA target. However, there are some other criteria,
such as the recruitment of RNase H and the resistance to
enzymatic hydrolysis, to be satisfied for an ideal nucleic acid
analog. Concerning the activation of RNase H, a partial 2A,4A-
BNA modification of oligonucleotide (a gap-mer structure) was
found to allow RNase H-mediated degradation of the RNA
target,68,69 while the fully modified counterparts did not have
enough activity.69 In fact, the partially 2A,4A-BNA/LNA mod-
ified antisense oligonucleotides greatly inhibited the target gene
expression in in vitro68 and in vivo69 experiments without
notable cytotoxicity. The resistance to enzymatic hydrolysis of
the BNA oligonucleotides (2A,4A-BNA/LNA, 3A-amino-2A,4A-
BNA and 3A,4A-BNA) was also elucidated, and it was found that

Table 2 Triplex-forming ability of the BNA modified TFOs, 5A-
d(TTTTTmCTXTmCTmCTmCT)-3A, with the dsDNA targets, 5A-
d(GCTAAAAAGAYAGAGAGATCG)-3A/3A-d(CGATTTTTCTZTCTC-
TCTAGC)-5Aa

Tm/°C

Y·Z

Entry X A·T G·C T·A C·G

1 T 44 20 17 25
2 C 18 43 16 25
3 T2B 57 31 16 35
4 mC2B 27 53 15 33
5 TaB 55 31 16 32
a T = thymidine monomer, mC = 5-methylcytidine monomer, T2B and
mC2B = 2A,4A-BNA monomer, TaB = 3A-amino-2A,4A-BNA monomer. UV
melting experiments were carried out in 7 mM sodium phosphate buffer (pH
7.0) containing 140 mM KCl and 10 mM MgCl2 at a scan rate of 0.5 °C
min21 at 260 nm. The oligonucleotide concentration used was 1.5 mM for
each strand.

Fig. 9 Triplex-forming ability of the TFO containing the BNA monomer P2B

with the dsDNA targets. The sequences of the TFO and the dsDNA targets
are 5A-d(TTTTTmCTP2BTmCTmCTmCT)-3A and 5A-d(GCTAAAAA-
GAYAGAGAGATCG)-3A/3A-d(CGATTTTTCTZTCTCTCTAGC)-5A, re-
spectively. Other conditions are shown in the caption in Table 2.

1658 CHEM. COMMUN. , 2002, 1653–1659

D
ow

nl
oa

de
d 

by
 V

an
de

rb
ilt

 U
ni

ve
rs

ity
 o

n 
21

 S
ep

te
m

be
r 

20
12

Pu
bl

is
he

d 
on

 2
4 

A
pr

il 
20

02
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
20

15
57

A

View Online

http://dx.doi.org/10.1039/b201557a


these BNA modifications of oligonucleotides enhanced the
stability against enzymatic degradation.46,63,68,69 It was quite
noteworthy that the resistance of the 3A-amino-2A,4A-BNA
oligonucleotide, which contains an N3A?P5A phosphoramidate
linkage, against hydrolysis by snake venom phosphodiesterase
was superior to that of S-oligo.46 Although further biological
and pharmacological studies are of course needed, the BNAs
and related nucleic acid analogs should be promising candidates
as efficient antisense or antigene molecules for practical
applications not only in novel therapeutic drug discovery but
also in various diagnostic and biological uses.
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