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In the last decade, increased efforts have been directed toward the development of oligonucleotide-based
technologies for genome analyses, diagnostics, or therapeutics. Among them, an antigene strategy is one promis-
ing technology to regulate gene expression in living cells. Stable triplex formation between the triplex-forming
oligonucleotide (TFO) and the target double-stranded DNA (dsDNA) is fundamental to the antigene strategy.
However, there are two major drawbacks in triplex formation by a natural TFO: low stability of the triplex and
limitations of the target DNA sequence. To overcome these problems, we have developed various bridged nucleic
acids (BNAs), and found that the 2',4’-BNA modification of oligonucleotides strongly promotes parallel motif
triplex formation under physiological conditions. Some nucleobase analogues to extend the target DNA sequence
were designed, synthesized, and introduced into the 2’,4’-BNA structure. The obtained 2’',4’-BNA derivatives
with unnatural nucleobases effectively recognized a pyrimidine-purine interruption in the target dsDNA. Some
other examples of nucleic acid analogues for stable triplex formation and extension of the target DNA sequence

are also summarized.
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Introduction

In April 2004, a joint proclamation on the completion of
the Human Genome Project was made by the heads of gov-
ernment of six countries. The completion of the human
genome sequence that has approximately three billion base
pairs will effect a revolution in biomedical sciences and
related industries. In particular, tailor-made medications,
molecular targeted therapies, and genetic medicines based on
human genomic information are attracting much attention
worldwide. To establish new technologies that will be the
fundamentals of various medications and industries in the
post-genome era, we have been studying chemical synthesis
of artificial nucleic acid analogues. An antigene strategy is
one promising technology to regulate gene expression
(Fig. 1). In a living cell, genetic information is transferred
from double-stranded DNA (dsDNA) to mRNA during tran-
scription and then from mRNA to protein during translation.
In the flow of genetic information, the antigene technology
inhibits the transcription step by using an oligonucleotide,
while the antisense strategy blocks the translation step
(Fig. 1). In the antigene strategy, an oligonucleotide
hybridizes with dsDNA to form a triplex structure and inhibit
the binding of a transcription factor to dsDNA. Eventually,
the flow of genetic information is stopped at the transcription
step. However, there are some technical problems in the
formation of a stable triplex. To overcome the problems,
development of novel and chemically modified oligonu-
cleotides is required.” Furthermore, highly functional
oligonucleotide analogues will provide new methodologies
not only for blocking genetic information but also for stimu-
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lating gene expression” and inducing or repairing genetic
mutations.” In addition, nucleic acids and their analogues
will play important roles in many post-genome technologies.

Nucleic acids consist of three parts: a nucleobase, a sugar,
and a phosphodiester backbone (Fig. 2). In DNA and RNA,
there are five nucleobases: adenine (A), guanine (G), cyto-
sine (C), thymine (T), and uracil (U). Adenine and guanine
are called purines (Pu), and cytosine, thymine, and uracil are
called pyrimidines (Py). The sugar observed in nucleic acids
is a five-membered pentose sugar. The pentose in RNA is
ribofuranose and that in DNA is 2’-deoxyribofuranose. The
nucleobase attaches to the pentose sugar at the C1’ position
to form a nucleoside. The nucleosides are simultaneously
linked via a phosphodiester linkage between the 5'- and 3'-
hydroxy groups. Among these parts of nucleic acids, we have
focused on the sugar moiety. In general, the furanose ring in
the sugar moiety of nucleic acids is not planar.® The fura-
nose ring in nucleosides or single-stranded nucleic acids has
conformational flexibility and it is in equilibrium between
various conformations. When a nucleic acid forms a duplex
or a triplex, however, the conformational freedom is drasti-
cally restricted. Thus the formation of a duplex or triplex is
entropically unfavorable. To prevent the loss of entropy,
preorganization of the sugar conformation in a suitable form
would be a promising strategy. Based on this concept,
various nucleic acid analogues have been proposed and some
have been developed.>® The bicyclo-DNA’—” developed by
the group of Leumann et al. has a bicyclic sugar moiety to
restrict the conformational flexibility of the furanose ring and
the backbone of nucleic acids (Fig. 3). Although the bicyclo-
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DNA shows only moderate triplex-forming ability, it is a
pioneering result in this field and has had considerable effect
on subsequent related research.

On the other hand, we have designed and synthesized
various novel bridged nucleic acids (BNAs) to develop an
ideal antisense oligonucleotide.'®'? The target molecule in
the antisense strategy is RNA, the sugar conformation of
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which is predominantly the N type in solution, and eventu-
ally the duplex consisting of RNA prefers to form an A-type
helical structure (Fig. 4).¥ Therefore restriction of the sugar
conformation to the N type is likely promising for the devel-
opment a nucleic acid analogue with high binding affinity to
its RNA complement. We designed a nucleoside analogue
with a methylene bridge between the 02’ and C4’ atoms and
successfully achieved the first synthesis of the bridged
nucleic acid analogue, 2',4'-BNA, the sugar conformation of
which is completely restricted to the N type (Fig. 5).!¥
Oligonucleotides containing the 2',4’-BNA monomer(s)
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Fig. 4. Illustrations of A-Type Helical Structure and N-Form Sugar Con-
formation (Left), and B-Type Helix and S-Form Sugar Conformation (Right)
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showed unprecedentedly high hybridization ability with RNA
complements.'® In addition, other BNAs have been designed
and synthesized (Fig. 5).'> 2 Each BNA has its own sugar
conformation and shows unique and interesting properties
when it is incorporated into oligonucleotides. Among these
BNAs, 2',4'-BNA was independently synthesized by the
group of Wengel et al. immediately after our first report,> 2"
and it is called a locked nucleic acid (LNA) and is now com-
mercially available.®® The design and synthesis of BNAs
(especially 2',4'-BNA/LNA) have been summarized,'®'?
and some properties such as the duplex-forming ability of
2’ 4’-BNA/LNA were also reviewed by our''® and other
groups.”®#%31 In this account, I focus on the triplex-forming
oligonucleotide (TFO) that is fundamental to the antigene
strategy and describe our attempts to develop nucleic acid
analogues for ideal and practical TFOs.

Background of the Triplex

The fact that nucleic acid can form a triplex structure was
observed in 1957,3%* and the mode of nucleobase triads was
experimentally determined by Hoogsteen.***® It was re-
vealed from the following studies that the triplexes can be di-
vided into two types: parallel and antiparallel.*® In the
parallel motif triplex, the third strand is a homopyrimidine
sequence, and the third strand and the Pu strand of the target
duplex are in parallel orientation. The base triads form Hoog-
steen hydrogen bondings in the parallel motif triplex (Fig. 6).
On the other hand, the antiparallel-type triplex has the third
strand with a homopurine sequence, and the third strand and
the Py strand of the duplex are in antiparallel orientation.
The base triads have reverse-Hoogsteen hydrogen bondings
(Fig. 6). Generally, triplex formation has some drawbacks
compared with duplex formation. First, to form a stable
triplex, a homopurine—homopyrimidine tract is required in
the target duplex. Second, both Hoogsteen and reverse-Hoog-
steen triads have only two hydrogen bondings, while the
Watson—Crick base pairs have two or three hydrogen bond-
ings. This is one reason for the low stability of the triplex
structure. In addition, the cytosine nucleobase in a parallel
motif TFO must be protonated at its N3 position to form a
stable nucleobase triad C*#GC (in which * means Hoogsteen
bonds), which means that the stability of a parallel motif
triplex drastically decreases under neutral or basic conditions
although it is sufficiently stable under acidic conditions. An
antiparallel motif triplex does not show such pH-dependent
effects; however, the antiparallel motif TFO sometimes forms
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a complicated high-ordered structure by itself due to the high
content of the purine nucleobase. Of the two triplex motifs,
we have focused on the parallel motif, in which problems
could be overcome by an appropriate chemical modification
of nucleic acids.

Stabilization of the Parallel Motif Triplex

As mentioned above, the parallel motif triplex has two
significant limitations: relatively low stability of the triplex
under physiological conditions and restriction of the target
DNA sequence. Some efforts to improve the stability of the
triplex structure are summarized below.

It is very important to know the exact three-dimensional
structure of triplexes for the molecular design of chemically
modified TFOs. Many studies on the structural analysis of
the triplex have been reported; however, the strand conforma-
tions of a triplex depend on the method of structural analysis,
the sequence of triplexes, and other conditions. Some data
show that the strands in triplexes have an A-type helical
structure, while other data support a B-type structure.*® Thus
the exact overall structures of triplexes are still unclear.

The structural difference between the duplexes consisting
of RNA and DNA is well studied.” Similarly, the stability of
the triplexes formed from certain combinations of RNA and
DNA strands was systematically evaluated, and it was found
that the triplexes containing RNA as the third strand were
generally more stable than that containing DNA as the third
strand.’” Y In addition, it was also observed that the 2'-O-
Me derivative of RNA was able to form a stable triplex with
target dsDNA.*’*® These data confirm that the structural
(or conformational) features of RNA promote stable triplex
formation.

The group of Gryaznov et al. reported that oligonucleotide
analogues, of which the phosphodiester linkage was replaced
by an N3'—5" phosphoramidate linkage, showed high bind-
ing affinity with dsDNA (Fig. 7).*>*" The oligonucleotide
N3'—5’ phosphoramidate has a nitrogen atom at the 3'-posi-
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tion instead of an oxygen atom. This replacement results not
only in a change in the property of the phosphodiester link-
age but also in a change in the conformation of the sugar
moiety. The less electron-withdrawing property of the nitro-
gen atom at the 3'-position makes the sugar conformation the
N type,*® and this conformational change may result in
enhanced triplex-forming ability.

On the other hand, we have evaluated the triplex-forming
ability of 2',4’-BNA/LNA, which has a methylene bridge
between the O2" and C4’ atoms to restrict the sugar confor-
mation in the N type.*’>? The data from various experi-
ments, such as UV melting experiments,*’—* gel-retardation
experiments,*®*? and isothermal titration calorimetry (ITC)
measurements,**” showed that TFOs containing 2',4'-
BNA/LNA monomers formed extremely stable triplexes
under physiological conditions. The UV melting experiments
revealed that triplex formation by the 2',4’-BNA/LNA
oligonucleotides was sequence specific,’” and the gel-retar-
dation experiments indicated that the triplex containing the
2',4"-BNA/LNA oligonucleotide as a third strand was more
than 300-fold more stable compared with the corresponding
DNA triplex (Fig. 8).* In addition, it was observed that the
TFO containing 2',4'-BNA/LNA effectively inhibited the
dsDNA-transcription factor interaction.*® These results
clearly indicate that restriction of the sugar conformation of
TFOs to the N type is one promising strategy for stable
triplex formation and, further, for an antigene technology to
regulate gene expression at the transcription step. Very
recently, detailed analysis of the effects of 2',4'-BNA/LNA
modifications on the triplex stability has been reported.’”
Moreover, the triplex-forming ability of ethylene-bridged
nucleic acid (ENA), which has an ethylene bridge between
the 02’ and C4’ atoms, was also evaluated.>?

In addition to the foregoing, various nucleic acid
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analogues, such as intercalator-tethered oligonucleotides®”
and 2’-aminoethoxy-DNA,*» have been developed to stabi-
lize triplex structure under physiological conditions.

Extension of Target Sequence in the Parallel Motif
Triplex

In the parallel motif triplex, the adenine nucleobase in the
AT base pair and guanine in the GC pair can be recognized
by thymine and cytosine nucleobases, respectively, via Hoog-
steen hydrogen bondings.*® However, it is difficult to recog-
nize thymine in the TA base pair and cytosine in the CG base
pair by triplex formation.>® To overcome this problem, many
nucleobase analogues have been synthesized to date.”
A nucleoside analogue with a phenylimidazole derivative
(D) was developed by the group of Dervan et al. (Fig. 9).°®
The D, was designed to recognize the shape of the PyPu base
pair in the major groove. The TFO containing D, recognized
the PyPu interruption in the homopurine-homopyrimidine
sequence and formed a stable triplex. However, it was not
obvious how D, recognizes the PyPu base pairs. A subse-
quent study showed that D, did not recognize the edge of the
PyPu base pairs but worked as an intercalator.’” Based on
these results, a novel nucleobase analogue (S) for exact
recognition of a TA base pair was reported by Guianvarc’h
et al. (Fig. 9).® The hydrogen bonding scheme between
S and the TA base pair was proposed. Recently, another
analogue (B') was prepared by the same group, and its TA
recognition ability was also evaluated (Fig. 9).%%

On the other hand, some nucleobase analogues with sim-
pler chemical structures have been employed for recognition
of a CG base pair. Prévot—Halter and Leumann reported that
the novel thymine nucleobase analogue *"T (Fig. 10), which
lacks a carbonyl oxygen at the 4-position, effectively recog-
nized a CG base pair.®” This result included two possibilities
for hydrogen bonding between *'T and a CG base pair: 1) the
N3 atom in *"'T and the 4-amino group in C and 2) the 02
atom in *"'T and the 4-amino group in C. We independently
observed that T and C nucleobases in the third strand were
able to interact with a CG base pair in dsDNA.*” This result
indicates that the O2 atom in Py nucleobases plays an impor-
tant role in the recognition of a CG base pair. To clarify
this point, we selected 2-pyridone (P) as a nucleobase

Fig. 7. Structure of N3'—5’ Phosphoramidate Oligonucleotide (Fig. 10).61763) The homopyrimidine TFO containing P suc-
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cessfully recognized a CG base pair in a homopurine—ho-
mopyrimidine dsDNA and formed a triplex structure, which
means that the O2 atom in T, C, or *'T form a hydrogen bond
with the 4-amino group of C in a CG base pair. Thus the
simple nucleobase P effectively recognized a CG base pair;
however, the stability of the P*CG triad was insufficient.
Next, we introduced the P nucleobase into the 2'.4'-
BNA/LNA structure to improve the stability of the triplex
including the P+*CG triad. As expected, the TFO containing
the 2',4'-BNA-P monomer formed a stable triplex with a
homopurine—homopyrimidine dsDNA including a CG base
pair (Fig. 11, Table 1)."~°® Furthermore, a 15-mer TFO
containing three 2',4’-BNA-P monomers successfully
hybridized with the corresponding DNA target that had three
CG interruptions.®” Thus a combination of the sugar modifi-
cation to stabilize the triplex structure and the nucleobase
modification to recognize a CG base pair works well and
results in the desired nucleic acid analogue for the antigene
strategy. Other 2-pyridone derivatives were also introduced
into the 2',4'-BNA/LNA structure, and the properties of
these nucleoside analogues were evaluated.**%®

As shown above, the importance of the combination of
unnatural nucleobases and 2',4'-BNA/LNA is increasing. To
prepare 2',4’-BNA/LNA derivatives with a variety of unnat-
ural nucleobases, we have successfully developed a synthetic
route for the C-nucleoside analogue of 2',4’-BNA/LNA
(Fig. 12).%7 This synthetic route involves a stereoselective
coupling reaction between the aldehyde and the lithium or
magnesium derivative of aromatic heterocycles, followed by
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Table 1. T, Values (°C) of the Triplexes Comprising Modified TFOs
5-TTTTT"CTXT"CT"CT"CT-3’
5'-GCTAAAAAGAYAGAGAGATCG-3’
3'-CGATTTTTCTZTCTCTCTAGC-5’
YZ
X
CG GC TA AT
2',4'-BNA-P 33 19 14 23
2',4'-BNA-"P 32 21 14 23
2',4'-BNA-Q 29 20 16 15
P 24 16 15 15
T 25 20 17 44

Conditions: 140 mm KCl, 10 mm MgCl,, 7mm Na,HPO, buffer (pH 7.0).
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Fig. 12. Synthetic Route for the C-Nucleoside Analogues of 2'.4'-

BNA/LNA

a ring-closure reaction using Mitsunobu conditions. Using
this synthetic scheme, various C-nucleoside derivatives of
2’4’-BNA/LNA have been synthesized.®® *® Very recently,
we have succeeded in preparing the 2'4'-BNA/LNA
analogues bearing phenols as a nucleobase to recognize a TA
or UA interruption in a homopurine-homopyrimidine DNA
sequence (Fig. 13).979

Conclusion

Based on the concept of “preorganization of the nucleic
acid conformation in a suitable form by a bridged structure,”
we have developed a variety of BNAs. Among these BNAs,
2',4"-BNA/LNA showed significant hybridization ability to
its dsDNA target under physiological conditions. A combina-
tion of unnatural nucleobases and the 2’,4’-BNA/LNA struc-
ture effectively functioned and recognized PyPu interruptions
in a homopurine—-homopyrimidine DNA sequence. Thus
2',4’-BNA/LNA is a promising candidate for a practical anti-
gene molecule. Applications of 2',4’-BNA and other BNA
families to various post-genome technologies are now in
progress.
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