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ABSTRACT

Antigenes, which are substances that inhibit gene
expression by binding to double-stranded DNA
(dsDNA) in a sequence-speci®c manner, are cur-
rently sought for the treatment of various gene-
related diseases. As such antigenes, we developed
new nuclease-resistant oligopyrimidine nucleotides
that are partially modi®ed with 2¢-O,4¢-C-ethylene
nucleic acids (ENA), which are constrained in the
C3¢-endo conformation and can form a triplex with
dsDNA at physiological pH. It was found that these
oligonucleotides formed triplexes similarly to those
partially modi®ed with 2¢-O,4¢-C-methylene nucleic
acids (2¢,4¢-BNA or LNA), as determined by UV melt-
ing analyses, electromobility shift assays, CD spec-
tral analyses and restriction enzyme inhibition
assays. In our studies, oligonucleotides fully modi-
®ed with ENA have d torsion angle values that are
marginally higher than those of 2¢,4¢-BNA/LNA. ENA
oligonucleotides present in 10-fold the amount of
dsDNA were found to be favorable in forming trip-
lexes. These results provide useful information for
the future design of triplex-forming oligonucleotides
fully modi®ed with such nucleic acids constrained
in the C3¢-endo conformation considering that oligo-
nucleotides fully modi®ed with 2¢,4¢-BNA/LNA do
not form triplexes.

INTRODUCTION

Oligopyrimidine nucleotides can bind to the major groove of
double-stranded DNA (dsDNA) in parallel with the corres-
ponding purine strand of dsDNA (1,2). These complexes are
known as triplexes and the oligonucleotides of the third strand
are called triplex-forming oligonucleotides (TFOs). Thymine
and cytosine in the TFO strand can form hydrogen bonds with
the adenine of the A:T base pair and the guanine of the G:C

base pair in Hoogsteen fashion, to give the triple bases, T*A:T
and C*G:C, respectively. To make stable triplexes, the N-3 of
the cytosine in C*G:C should be protonated under acidic
conditions. Incorporation of 5-methylcytosine in the TFO
gives us a more stable triplex, because of the increase in pKa

for 5-methylcytosine (4.3) compared with cytosine (4.15)
(3,4).

Recently, we have reported that the thermal stability of a
triplex containing oligopyrimidine nucleotides partially modi-
®ed with 2¢-O,4¢-C-methylene nucleosides, which are known
as bridged nucleic acids (2¢,4¢-BNA) or locked nucleic acids
(LNA), and ®xed in the C3¢-endo conformation (Fig. 1A) was
greater than that of a triplex containing natural 2¢-deoxyribose
units, at physiological pH (5±7). Further, based on our kinetic
evaluation of the 2¢,4¢-BNA/LNA-DNA mixmers, an increase
in the association constant, which is due to a decrease in the
dissociation rate, was observed. However, fully modi®ed 2¢,4¢-
BNA/LNA did not bind to target dsDNA (8).

In addition, we have synthesized novel nucleosides, 2¢-O,4¢-
C-ethylene nucleosides, as shown in Figure 1A (9). 1H-NMR
and X-ray structure analyses showed that the 2¢-O,4¢-C-
ethylene linkage of these nucleosides restricts the sugar
puckering to the C3¢-endo conformation, as is the case for the
linkage of 2¢,4¢-BNA/LNA (5,7,10,11). Moreover, it has been
reported that 2¢,4¢-BNA/LNA and ethylene-bridged nucleic
acids (ENA) show a high binding af®nity for the complemen-
tary RNA strand and that ENA are more nuclease-resistant
than natural DNA and 2¢,4¢-BNA/LNA (9).

From NMR and X-ray structure analyses of a variety of
natural and modi®ed nucleosides and oligonucleotides, it has
become clear that the sugar±phosphate backbone torsion angle
d in¯uences the C3¢-endo or C2¢-endo conformation of
nucleosides (12). Recently, three types of triplex structures,
those with DNA, RNA or 2¢-O-Me-RNA as the third strand,
have been solved by NMR analyses and it has been shown that
the sugar puckerings of the nucleosides in the third strand are
in the C2¢-endo and C3¢-endo conformation (13,14). We have
shown that 2¢,4¢-BNA/LNA and ENA residues have C3¢-endo
conformation and do not change their conformation to the C2¢-
endo conformation (5,7,10,11). They are also structurally
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completely different from ¯exible, non-bridged RNA or DNA.
Taking into consideration the NMR data of the above-
mentioned triplexes for 2¢,4¢-BNA/LNA-DNA mixmers,
such as BNA-1 and BNA-2 (Table 1), as they contain
some ¯exible, natural DNA residues, which have the more

preferable C2¢-endo conformation, it can be presumed that
they can adjust their tertiary structure and form triplexes. It has
generally been assumed that fully modi®ed 2¢,4¢-BNA/LNA
oligonucleotides having no natural ribose do not allow triplex
formation with dsDNA because all the 2¢,4¢-BNA/LNA
residues are ®xed in the C3¢-endo conformation.

In this paper, in order to develop ideal antigene molecules
for intracellular studies, we investigated whether our oligo-
nucleotides modi®ed partially or fully with 2¢-O,4¢-C-ethylene
nucleosides in the C3¢-endo conformation could be used as
TFOs at physiological pH by comparing the triplex-forming
ability of ENA oligonucleotides with that of 2¢,4¢-BNA/LNA
oligonucleotides based on UV melting analyses, electro-
mobility shift assays, CD spectral analyses and restriction
enzyme inhibition assays.

MATERIALS AND METHODS

1-[3¢-O-[2-Cyanoethoxy(diisopropylamino)phosphino]-5¢-
O-(4,4¢-dimethoxytrityl)-2¢-O,4¢-C-ethylene-b-D-
ribofuranosyl]-5-methyl-4-(1,2,4-triazole-1-
yl)pyrimidinone (3)

To a stirred suspension of 1,2,4-triazole (2.78 g, 40 mmol) in
acetonitrile (50 ml) POCl3 was added slowly POCl3 (820 ml,
8.8 mmol) followed by triethylamine (0.84 ml, 6 mmol)
at 0°C. After stirring for 2 h at 0°C, a solution of 5¢-O-
(4,4¢-dimethoxytrityl)-2¢-O,4¢-C-ethylene thymidine-3¢-O-(2-
cyanoethyl)-N,N¢-diisopropylphosphoramidite 2 (990 mg,
1.26 mmol) (9) in acetonitrile was added slowly. After stirring
for another 2 h at 0°C, the reaction mixture was warmed to
room temperature and stirred for 1.5 h. The reaction was
quenched by the addition of saturated NaHCO3 solution
and then the mixture was extracted with CH2Cl2. The
residue was puri®ed by silica gel column chromatography
(AcOEt/n-hexane, 4:1) to afford compound 3 (470 mg, 47%).
1H-NMR (400 MHz, CDCl3): 1.0±1.3 (m, 15H), 2.06±2.13
(m, 1H), 2.34±2.38 (m, 1H), 2.54±2.59 (m, 1H), 3.27±4.05
(m, 15H), 4.45±4.50 (m, 1H), 4.55±4.58 (m, 1H), 6.19 (s, 1H),
6.83±6.89 (m, 4H), 7.26±7.47 (m, 9H), 8.05, 8.06 (ss, 1H),
8.52, 8.55 (ss, 1H), 9.25, 9.26 (ss, 1H). FAB-MS (mNBA):
[M+H]+ 839.

Synthesis of modi®ed oligonucleotides containing 2¢-O,4¢-
C-ethylene nucleosides

Modi®ed oligonucleotides containing 2¢-O,4¢-C-ethylene
nucleosides were prepared by solid-phase phosphoramidite
chemistry using an Applied Biosystems DNA/RNA
Synthesizer 392. Reagent solutions were purchased from
Applied Biosystems. The coupling of 2¢-O,4¢-C-ethylene
nucleoside-3¢-phosphoramidite was performed under standard
synthesis conditions except for a longer coupling time
(15 min). In the synthesis of a ¯uorescein-modi®ed oligo-
nucleotide, 6-FAM amidite (Applied Biosystems) was
coupled with the oligonucleotide at the 5¢ end. After the
coupling reaction, the controlled pore glass (CPG) were
treated with concentrated aqueous ammonia at 60°C for 5 h.
The crude products were puri®ed by C18 silica gel column
(Cosmosil 75 C18-OPN, 8 3 100 mm; Nacalai Tesque, Japan)
chromatography with an acetonitrile gradient in 50 mM
triethylammonium bicarbonate, pH 7.5 treated with 80%

Table 1. Tm values of triplexes containing ENA or 2¢,4¢-BNA/LNA at
pH 6.6 and pH 7.2

TFO Sequence (5¢®3¢) Modi®cation Tm (°C)

pH 6.6 pH 7.2
DNA-1 TCTCTCTCCCTTTT Natural NDa NDa

BNA-1 TCTCTCTCCCTTTT BNA/LNA 41a NDa

ENA-1 TCTCTCTCCCTTTT ENA 52 ND
BNA-2 TCTCTCTCCCTTTT BNA/LNA 41a NDa

ENA-2 TCTCTCTCCCTTTT ENA 39 ND
BNA-3 TCTCTCTCCCTTTT BNA/LNA NDa NDa

ENA-3 TCTCTCTCCCTTTT ENA 42 ND
T5mC TCTCTCTCCCTTTT Natural, 5-Me-C 28a ND
BNA-4 TCTCTCTCCCTTTT BNA/LNA, 5-Me-C 54a 37a

ENA-4 TCTCTCTCCCTTTT ENA, 5-Me-C nd ND
BNA-5 TCTCTCTCCCTTTT BNA/LNA, 5-Me-C 55a 33a

ENA-5 TCTCTCTCCCTTTT ENA, 5-Me-C 58 ND
BNA-6 TCTCTCTCCCTTTT BNA/LNA, 5-Me-C NDa NDa

ENA-6 TCTCTCTCCCTTTT ENA, 5-Me-C 57 41

Modi®ed nucleotides are underlined. 5-Me-C, 5-methylcytidine analogs;
ND, not detected; nd, not determined because the transition from the triplex
to the duplex, although present, was not clear in the melting curve. The
buffer was 10 mM phosphate buffer (pH 6.6 and 7.2) and 100 mM NaCl.
aData from Obika et al. (5).

Figure 1. (A) Structures of 2¢,4¢-BNA/LNA and ENA and (B) a sequence
of a triplex. The arrow indicates the cleavage site of MlnI, a restriction
enzyme. The 5¢ -end of a pyrimidine-rich strand of the dsDNA was labeled
with ¯uorescein (FAM).
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acetic acid in water for 20 min and then puri®ed by reverse
phase HPLC (Wakosil DNA, 10 3 250 mm; Wako Pure
Chemical Industries, Japan) with an acetonitrile gradient in
0.1 M triethylammonium acetate, pH 7.0. The structures of the
modi®ed oligonucleotides were determined by negative ion
ESI mass spectroscopy. ENA-1, calculated 4358.94, found
4358.84; ENA-2, calculated 4358.94, found 4358.61; ENA-3,
calculated 4653.20, found 4653.47; ENA-4, calculated
4442.09, found 4442.93; ENA-5, calculated 4442.09, found
4442.62; ENA-6, calculated 4778.39, found 4778.87.

UV melting analysis

Measurements of the melting temperature (Tm) of triplexes
were performed according to a procedure previously
described (5).

CD spectra of TFO±dsDNA complexes

TFO and dsDNA were separately dissolved in a buffer
containing 10 mM cacodylate (pH 6.8), 200 mM NaCl and
20 mM MgCl2. Equal volumes of the two solutions were
mixed to give the TFO±dsDNA complexes. TFO of 5 or 50 mM
and dsDNA of 5 mM were used. The complexes were heated at
60°C for 10 min and left at room temperature for 1 or 24 h. The
CD spectra of the complexes were obtained with a JASCO
J-500C spectropolarimeter.

Electromobility shift assay

The ¯uorescein-labeled pyrimidine-rich oligonucleotide was
mixed with a purine-rich oligonucleotide to give labeled
dsDNA. TFO and the labeled dsDNA were separately
dissolved in an MlnI reaction buffer containing 10 mM
Tris±HCl (pH 7.2), 50 mM NaCl, 10 mM MgCl2 and
0.1 mg/ml bovine serum albumin. Equal volumes of the two
solutions were mixed to give the TFO±dsDNA complexes.
TFO of 5 or 50 mM and dsDNA of 5 mM were used. The
complexes were heated at 60°C for 10 min and left at room
temperature for 60 min. Then, the loading solution (30%
glycerol in water, 0.025% bromophenol blue and 0.025%
xylene cyanol FF) was added to the complexes. The complex
formation was analyzed by non-denaturing 10% PAGE in
50 mM Tris±HCl (pH 7.2) and 10 mM MgCl2 at 20°C. The
bands on the gel were visualized with a Molecular Imager FX
Fluoresent Imager system (Bio-Rad) and quanti®ed with
Quantity One software (Bio-Rad). The image of the gel was
optimized using Adobe Photoshop.

Restriction enzyme inhibition assay

TFO and the labeled dsDNA were separately dissolved in the
MlnI reaction buffer described above. Equal volumes of the
two solutions were mixed to give the TFO±dsDNA com-
plexes. TFO of 5 mM and dsDNA of 0.5 mM were used. The
complexes were heated at 60°C for 10 min and left at room
temperature for 5 min. Then, 1 U MlnI (MBI Fermentas) was
added and the reaction mixture was incubated at 37°C for 1 h.
The reaction was terminated by ethanol precipitation in the
presence of 0.25 M NH4Ac and 1.4 mg/ml glycogen. The
samples were resuspended in 50% formamide solution
containing 0.025% bromophenol blue and 0.025% xylene
cyanol FF and analyzed by denaturing 10% PAGE in 0.89 M
Tris±borate±EDTA solution. The bands on the gel were
visualized and quanti®ed as described above.

Stability of oligonucleotides

The stability of the oligonucleotides was measured according
to a procedure previously described (15). A modi®ed
oligonucleotide, 5¢-U(dC)8-3¢, where U is 2¢-O-t-butyldi-
methylsilyl uridine and dC is 2¢-deoxycytidine, was used as
an internal standard for the HPLC analysis.

RESULTS AND DISCUSSION

Chemistry

The synthesis of 2¢-O,4¢-C-ethylene-bridged pyrimidine
nucleosides as building blocks was previously reported (9).
To prepare ENA oligonucleotides containing 2¢-O,4¢-C-
ethylene 5-methylcytidine units, 2¢-O,4¢-C-ethylene thymi-
dine-3¢-O-phosphoramidite 2 was transformed to 4-triazo
derivative 3 (Scheme 1), which was then converted to
5-methylcytidine by treatment with an ammonia solution
at the time of deprotection of the oligonucleotides.
Oligonucleotides modi®ed with ENA residues were synthe-
sized by solid-phase phosphoramidite chemistry using a DNA/
RNA synthesizer and puri®ed by reverse-phase HPLC. The
structures of the oligonucleotides were con®rmed by negative
ion ESI mass spectroscopy.

UV melting temperature analysis

An NF-kB binding sequence in the promoter region of mouse
inducible nitric oxide synthase was selected as a target
oligopurine-oligopyrimidine sequence (Fig. 1B) (16). We
measured the UV Tm of this dsDNA combined with a series of
TFOs containing 2¢,4¢-BNA/LNA or ENA residues. It is
known that not all natural DNA as TFOs show a Tm value at
pH 6.6 and 7.2 (Table 1) (5). However, Tm values of partially
modi®ed TFOs, ENA-1 and ENA-2, and a fully modi®ed TFO,
ENA-3, were observed and were 52, 39 and 42°C, respect-
ively, which were similar to or higher than those of 2¢,4¢-BNA/
LNA TFOs, BNA-1, BNA-2 and BNA-3, as shown in Table 1.
In particular, the stability of the triplex containing ENA-3, a
TFO modi®ed fully with ENA, was greater than that of a
mixture of dsDNA and an oligonucleotide modi®ed fully with
2¢,4¢-BNA/LNA, which failed to bind to the dsDNA. Partially
modi®ed ENA-5 and fully modi®ed TFO ENA-6, with 5-
methylcytidine instead of cytidine, showed much higher Tm

values, of 58 and 57°C, respectively. These Tm values were
superior to those of 2¢,4¢-BNA/LNA oligonucleotides (BNA-5
and BNA-6) (5). Unfortunately, it was hard to evaluate and
determine the Tm value of ENA-4 with dsDNA. This is

Scheme 1. Synthesis of 4-triazole thymidine derivative. Reagents and condi-
tions: (i) [(iPr)2N]2P(OC2H4CN), N,N-diisopropylammonium tetrazolide;
(ii) 1,2,4-triazole, POCl3, triethylamine, CH3CN.
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probably because the Tm for the triplex and duplex are very
close (the Tm value of the duplex was 65°C). At pH 7.2, the Tm

values of the triplexes formed between these ENA oligonu-
cleotides and dsDNA could not be observed except for ENA-6
(Tm = 41°C) because the transition from the triplex to the
duplex, although present, was not clear in the melting curve. In
comparing TFOs containing ENA and 2¢,4¢-BNA/LNA
oligonucleotides, differences in the Tm values of these
triplexes of +11°C (ENA-1/BNA-1), ±2°C (ENA-2/BNA-2)
and +3°C (ENA-5/BNA-5) (Table 1) were observed. Such a
variation in Tm value differences may have occurred due to the
incorporation of 2¢-O,4¢-C-ethylene thymidine residues rather
than the cytidine residues into the TFOs. It may also be due to
a partial modi®cation of the TFOs owing to the incorporation
of ENA residues at odd numbered positions from the 5¢ end,
which increases the Tm values. Furthermore, for BNA-4,
BNA-5 and ENA-6, the increase in Tm per pH unit change was
>25°C (Table 1), which was unexpectedly large. Repeating the
experiment produced similar results (data not shown). This
large increase in Tm values is probably due to the novel
properties of these bridged nucleic acids. Although we could
not elucidate the reasons from the data we obtained, further
investigations such as the evaluation of the Tm values of
triplexes composed of pyrimidine-rich, modi®ed oligonucleo-
tides may shed more light on these matters. Since a series of
2¢,4¢-BNA/LNA and ENA with 5-methylcytidine units
showed better properties in forming triplexes than oligo-
nucleotides with cytidine units, ENA-4, ENA-5 and ENA-6
and BNA-4, BNA-5 and BNA-6 were selected for further
analyses in order to verify their triplex formation at neutral
pH.

Mobility gel shift analysis

In mobility gel shift analyses, triplexes move more slowly than
duplexes on the gel (5,8,17). We investigated the binding
activity of ENA oligonucleotides to dsDNA by gel analysis.
Each TFO was incubated with the dsDNA at a ratio of 1:1 or
10:1, for 10 min at 60°C. After they were left for 60 min at
room temperature, they were subjected to 10% PAGE with a
neutral buffer at pH 7.2 at 20°C. Although the mixmers,
ENA-4 and ENA-5, formed triplexes even at a ratio of 1:1, as
did BNA-4 and BNA-5, in the case of fully modi®ed ENA-6
only a faint band indicating triplex formation was observed
(Fig. 2A). At a ratio between TFO and dsDNA of 10:1, fully
modi®ed ENA-6 formed a triplex. However, the fully
modi®ed 2¢,4¢-BNA/LNA oligonucleotide BNA-6 completely
failed to bind to dsDNA (Fig. 2B). These results demonstrate
that oligonucleotides partially modi®ed with ENA can form
triplexes as well as 2¢,4¢-BNA/LNA and that fully modi®ed
ENA oligonucleotides can also be used as TFOs, as opposed to
the fully modi®ed 2¢,4¢-BNA/LNA oligonucleotides, which
fail to form a triplex, as previously reported (5).

Circular dichroism (CD) analysis

It was reported that a negative cotton effect was observed at
~215 nm in the CD spectra of the triplex (17,18). We
evaluated the CD spectra of mixtures of dsDNA and a TFO
and searched for triplex formation based on the data obtained
by subtracting the CD spectra of the complex from those of the
dsDNA and TFO alone (blue lanes in Fig. 3). When dsDNA
was mixed with a variety of TFOs at a ratio of 1:1 at pH 6.8,

Figure 2. Electrophoretic mobility shift assay of triplex formation at pH 7.2.
(A) dsDNA:TFO, 1:1; (B) dsDNA:TFO, 1:10. dsDNA of 5 mM and TFO of
5 or 50 mM were used. A solution of 50 mM Tris±HCl (pH 7.2 at 20°C)
and 10 mM MgCl2 was used as the running buffer. MlnI reaction buffer
described in Materials and Methods was used as the reaction buffer.

Figure 3. CD spectra of triplexes. (A) dsDNA:TFO, 1:1; (B) dsDNA:TFO,
1:10. The buffer was 10 mM sodium cacodylate (pH 6.8), 200 mM NaCl
and 20 mM magnesium chloride. Red, TFO only; purple, dsDNA only;
green, complex between TFO and the dsDNA; blue, CD spectra of the
complex between TFO and the dsDNA (green) minus that of the dsDNA
(purple) and TFO (red).
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the CD spectra of the complexes with partially modi®ed ENA
oligonucleotides, ENA-4 and ENA-5, and partially modi®ed
2¢,4¢-BNA/LNA oligonucleotides, BNA-4 and BNA-5,
showed negative bands, which indicate the formation of a
triplex, at ~220 nm. However, fully modi®ed ENA-6 did not
show any negative bands, as was the case with fully modi®ed
BNA-6 (Fig. 3A). At a ratio between dsDNA and TFO of 1:10,
the negative cotton effect was observed at ~220 nm in the CD
spectra of the complex with fully modi®ed ENA-6 (Fig. 3B).
In the case of fully modi®ed BNA-6, no negative band was
observed. Furthermore, when the CD spectra of the above
dsDNA±oligonucleotide complexes were compared with CD
spectra taken 24 h later at room temperature, the results were
almost identical (data not shown). This shows that these
complexes, which had been incubated for 1 h, were in
equilibrium.

Restriction enzyme MlnI analysis

The selected NF-kB binding sequences have a recognition site
that is identi®ed by restriction enzyme MlnI (Fig. 1B). If a
TFO binds to this recognition site of the dsDNA, the MlnI
reaction would be inhibited. At pH 7.2, each TFO was
incubated with dsDNA at a ratio of 10:1 for 10 min at 60°C
and left for 5 min at room temperature. This was followed by
the addition of MlnI and incubation for 1 h at 37°C. Finally,
the resulting mixture was analyzed by denaturing 10% PAGE.
A natural DNA TFO, T5mC, did not inhibit MlnI cleavage at
all. However, partially modi®ed 2¢,4¢-BNA/LNA TFOs,
BNA-4 and BNA-5, had weak inhibitory activity (Fig. 4).
The ENA-containing TFOs, ENA-4, ENA-5 and ENA-6,
clearly showed a higher activity than the 2¢,4¢-BNA/LNA
TFOs, BNA-4, BNA-5 and BNA-6. In particular, fully
modi®ed ENA-6 inhibited MlnI cleavage but the fully
modi®ed 2¢,4¢-BNA/LNA TFO BNA-6 did not. These results
show that ENA oligonucleotides form triplexes more ef®-
ciently than 2¢,4¢-BNA/LNA oligonucleotides.

Stability of partially modi®ed ENA oligonucleotides

We showed that oligonucleotides partially modi®ed with 2¢,4¢-
BNA/LNA or ENA had triplex-forming ability. The stability
of partially modi®ed oligonucleotides in approximately 100%
rat plasma was measured as shown in Figure 5. Natural DNA
[oligo(dT9)] was degraded rapidly when incubated in rat
plasma at 37°C. A partially modi®ed ENA oligonucleotide (5¢-
TTTTTTTTT-3¢, where T is 2¢-O,4¢-C-ethylene thymidine)
was much more stable than a 2¢,4¢-BNA/LNA oligonucleotide
with the same modi®cation pattern. These data con®rmed the
results of the in vitro nuclease assay reported previously (9).

Modi®cation of oligonucleotides for triplex formation

Antisense oligonucleotides have been widely used to inhibit
the translation of mRNA via duplex formation with and
without RNase H-mediated degradation of the mRNA (19,20).
As well, in the antigene approach, antigenes are used to inhibit
gene expression by binding to dsDNA in a sequence-speci®c
fashion. A large number of modi®ed oligonucleotides have
been synthesized and their binding af®nity has been tested to
evaluate their use as antisense and antigene oligonucleotides
(21). Recently, oligonucleotides containing modi®ed nucleo-
sides in the C3¢-endo sugar conformation, 2¢-O-alkylnucleo-
sides (22±24), phosphoramidate (3¢-NP DNA) (25±27),

2¢,4¢-BNA/LNA (6,7,11,28) and ENA (9), which were
synthesized as antisense oligonucleotides, have been success-
fully demonstrated to show stable duplex formation. Such
oligonucleotides had less entropy loss in forming duplexes.
Some of them greatly inhibited mRNA expression in a true
antisense manner. Furthermore, oligonucleotides with 3¢-NP
DNA (25,29) or nucleosides constrained conformationally,
such as 2¢,4¢-BNA/LNA (5), amino-BNA (30) and tricyclo-
DNA (31), form stable triplexes. As far as we know, only two
types of modi®ed DNA, 3¢-NP DNA and tricyclo-DNA, can
act as fully modi®ed triplex-forming oligonucleotides. In this
report, we have shown that ENA oligonucleotides can function
as TFOs under near physiological conditions, even fully
modi®ed ones, whereas fully modi®ed 2¢,4¢-BNA/LNA
oligonucleotides cannot (5). The difference between 2¢,4¢-
BNA/LNA and ENA is one carbon in the linkage that forms
the ®ve-membered and six-membered ring, respectively.
Based on a detailed conformational analysis of ENA (32)
and 2¢,4¢-BNA/LNA nucleosides (11), the reason for the
difference in triplex formation of the two types of fully
modi®ed oligonucleotides was investigated. When we
analyzed the crystal structures of a variety of bridged
nucleosides, such as 2¢,4¢-BNA/LNA and ENA, we found
that the average d values were 66° and 77°, respectively, and
that their difference was marginal (Table 2). In the case of
fully modi®ed oligonucleotides, it is considered that the
marginal difference for each nucleoside unit in sum may cause
a large difference in the end. More detailed structural
information on the oligonucleotides based on NMR or X-ray
analysis is necessary to explain the difference in their ability to
form triplexes.

Figure 4. Inhibition of MlnI cleavage due to triplex formation.

Figure 5. Stability of oligo(dT9) and mixmers with ENA or 2¢,4¢-BNA/LNA
residues in rat plasma. Closed circles, 5¢-TTTTTTTTT-3¢, where T is
2¢-O,4¢-C-ethylene thymidine; open diamonds, T is 2¢-O,4¢-C-methylene
thymidine; open squares, natural DNA oligo(dT9).
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Binding constants of ENA oligonucleotides to dsDNA as
TFOs

It has been reported that the binding constants (Ka) of partially
modi®ed 2¢,4¢-BNA/LNA oligonucleotides and 3¢-NP DNA as
TFO were ~106 M±1 at near physiological pH (8,29). On the
basis of the results of the gel analysis in Figure 2, we can
speculate that the Ka of partially modi®ed ENA oligonucleo-
tides used as TFOs might be similar to that of 2¢,4¢-BNA/LNA,
and that the Ka of fully modi®ed ENA oligonucleotides might
be less by approximately 10-fold. These values are lower than
that of another type of TFO, oligopurine nucleotides (~109

M±1) (33). However, these oligopurine TFOs consist of
guanine-rich sequences that form a guanine quartet structure
leading to the undesired binding to proteins such as thrombin
(34), HIV gp120 (15,35) and HIV integrase (36). Therefore, an
oligopyrimidine TFO is considered to have better properties
than an oligopurine TFO. In relation to binding constants of
proteins to dsDNA, which are generally >108 M±1 (37), the
binding activity of 2¢,4¢-BNA/LNA and ENA as TFOs is
relatively too weak to compete with binding proteins and/or
suppress gene expression. Indeed, a high concentration (1 3
10±6 M) of 2¢,4¢-BNA/LNA oligonucleotides as TFOs was
necessary to prevent the binding of NF-kB (p50) to target
dsDNA in vitro (5). To improve the binding ability of 2¢,4¢-
BNA/LNA and ENA to dsDNA, introduction of crosslinkers
or intercalaters as reported previously (38,39) at the 3¢ or 5¢
end of the 2¢,4¢-BNA/LNA TFO or ENA TFO could be
effective.

Therapeutic application of antigene technology

One of the most important properties of antisense and antigene
oligonucleotides in their use as therapeutics is their nuclease
resistance. Phosphorothioate oligonucleotides are the most
common type of oligonucleotides having relatively high
nuclease resistance and have been introduced to the market
as drugs against cytomegalovirus-induced retinitis (40).
Oligonucleotides with an ENA residue at the second position
from the 3¢ end show much higher nuclease resistance than
those with an LNA residue at the same position (9). Although
Kurreck et al. reported that LNA oligonucleotides were stable
in human serum (41), in this study, partially modi®ed ENA
oligonucleotides were much more nuclease-resistant than
LNA oligonucleotides in rat plasma, as shown in Figure 5.
Moreover, oligonucleotides contiguously modi®ed with ENA
residues at the 3¢ and 5¢ end show more stability than those
partially modi®ed (data not shown). Thus, ENA oligonucleo-
tides have high potential as antisense and antigene agents that
can be used in vivo.

Conclusion

We showed that partially modi®ed oligopyrimidine ENA
oligonucleotides as well as partially modi®ed 2¢,4¢-BNA/LNA
oligonucleotides can be used as TFOs at near physiological
pH. Moreover, although no triplex is formed with fully
modi®ed 2¢,4¢-BNA/LNA, oligonucleotides fully modi®ed
with ENA, which have torsion angle d values that are
marginally higher than those of 2¢,4¢-BNA/LNA, were found
to have high triplex formation ability. We also found that a
TFO fully modi®ed with ENA, which are all in the C3¢-endo
conformation, combined with dsDNA at one-tenth the TFO
amount and formed a triplex, which has never been observed
before in structure analysis studies. These results provide
useful information for designing fully modi®ed TFOs con-
sisting of modi®ed nucleosides that are all in the C3¢-endo
conformation. We believe that these nuclease-resistant
oligopyrimidine ENA oligonucleotides with triplex-forming
ability are promising new antigene agents. Further investiga-
tion on the properties of such triplex-forming ENA oligo-
nucleotides is in progress.
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