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INTERRUPTED 2′-O,4′-C-AMINOMETHYLENE BRIDGED NUCLEIC

ACID MODIFICATION ENHANCES PYRIMIDINE MOTIF

TRIPLEX-FORMING ABILITY AND NUCLEASE RESISTANCE UNDER

PHYSIOLOGICAL CONDITION

Hidetaka Torigoe,1 S. M. Abdur Rahman,2 Hiroko Takuma,2 Norihiro Sato,1

Takeshi Imanishi,2 Satoshi Obika,2 and Kiyomi Sasaki1

1Department of Applied Chemistry, Faculty of Science, Tokyo University of Science,
Tokyo, Japan
2Graduate School of Pharmaceutical Sciences, Osaka University, Osaka, Japan

� Due to instability of pyrimidine motif triplex DNA at physiological pH, triplex stabilization at
physiological pH is crucial in improving its potential in various triplex formation-based strategies
in vivo, such as regulation of gene expression, mapping of genomic DNA, and gene-targeted mu-
tagenesis. To this end, we investigated the effect of our previously reported chemical modification,
2′-O,4′-C-aminomethylene bridged nucleic acid (2′,4′- BNANC) modification, introduced into in-
terrupted and continuous positions of triplex-forming oligonucleotide (TFO) on pyrimidine motif
triplex formation at physiological pH. The interrupted 2′,4′-BNANC modifications of TFO increased
the binding constant of the triplex formation at physiological pH by more than 10-fold, and signif-
icantly increased the nuclease resistance of TFO. On the other hand, the continuous 2′,4′-BNANC

modification of TFO showed lower ability to promote the triplex formation at physiological pH than
the interrupted 2′,4′-BNANC modifications of TFO, and did not significantly change the nucle-
ase resistance of TFO. Selection of the interruptedly 2′,4′-BNANC-modified positions in TFO was
more favorable for achieving the higher binding affinity of the pyrimidine motif triplex formation
at physiological pH and the higher nuclease resistance of TFO than that of the continuously 2′,4′-
BNANC-modified positions in TFO. We conclude that the interrupted 2′,4′-BNANC modification of
TFO could be a key chemical modification to enhance pyrimidine motif triplex-forming ability and
nuclease resistance under physiological condition, and may eventually lead to progress in various
triplex formation-based strategies in vivo.
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INTRODUCTION

In recent years, triplex nucleic acid has attracted considerable interest
because of its possible biological functions in vivo and its wide variety of po-
tential applications in vivo, such as regulation of gene expression by antigene
technology, mapping of genomic DNA, and gene-targeted mutagenesis.[1–5]

A triplex nucleic acid is usually formed through the sequence-specific inter-
action between a single-stranded homopyrimidine or homopurine triplex-
forming oligonucleotide (TFO) and the major groove of homopurine-
homopyrimidine stretch in duplex DNA.[3,4] In the pyrimidine motif triplex,
a homopyrimidine TFO binds parallel to the homopurine strand of the tar-
get duplex by Hoogsteen hydrogen bonding to form T•A:T and C+•G:C base
triplets.[3,4] On the other hand, in the purine motif triplex, a homopurine
TFO binds antiparallel to the homopurine strand of the target duplex by
reverse Hoogsteen hydrogen bonding to form A•A:T (or T•A:T) and G•G:C
base triplets.[3,4]

Because protonation of the cytosine bases in a homopyrimidine TFO
is required to bind with the guanine bases of the G:C target duplex, the
formation of the pyrimidine motif triplex needs an acidic pH condition and
is, thus, extremely unstable at physiological neutral pH.[6–8] On the other
hand, the pH-independent formation of the purine motif triplex is avail-
able at neutral pH. However, the purine motif triplex formation is severely
inhibited by physiological concentrations of certain monovalent cations, es-
pecially K+.[9,10] Undefined association between K+ and the guanine-rich ho-
mopurine TFO has been applied to explain the inhibitory effect.[9,10] Thus,
stabilization of the pyrimidine motif triplex at neutral pH is quite necessary
for improving the potential of the triplex in various triplex formation-based
strategies in vivo. Replacement of the cytosine bases in a homopyrimidine
TFO with 5-methylcytosine[7,11–13] or other chemically modified base ana-
logues,[14–18] and conjugation of different DNA intercalators to TFO[19,20]

have been used to overcome the requirement of an acidic pH for the pyrim-
idine motif triplex formation and to stabilize the pyrimidine motif triplex at
neutral pH.

We first synthesized and developed a new class of chemical modifica-
tions of nucleic acids, 2′-O,4′-C -aminomethylene bridged nucleic acid (2′,4′-
BNANC) (Figure 1a), in which 2′-O and 4′-C of the sugar moiety were bridged
with the aminomethylene chain.[21,22] The thermal stability of the triplex with
2′,4′-BNANC-modified TFO at neutral pH was much higher than that with the
corresponding natural phosphodiester TFO, which was shown by UV melt-
ing to analyze the dissociation process of the triplex.[21,22] However, the for-
mation process of the triplex involving 2′,4′-BNANC-modified TFO has not
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2′,4′-BNANC-Modification Effect on Triplex Formation 65

FIGURE 1 a) Structural formulas for phosphodiester (PO) and 2′-O,4′-C -aminomethylene bridged
nucleic acid (2′,4′-BNANC)-modified backbones. b) Oligonucleotide sequences for the target duplex
(Pur23A•Pyr23T), the specific TFOs (Pyr15TM, Pyr15BNANC5-1, Pyr15BNANC5-2, and Pyr15BNANC5-
3), and the nonspecific oligonucleotide (Pyr15NS2M).

been well-characterized yet. To explore the possibility for the application
of 2′,4′-BNANC-modified TFO to the various triplex formation-based strate-
gies in vivo, the investigation of the formation process of the triplex in-
volving 2′,4′-BNANC-modified TFO may be more important than that of
the dissociation process of the same triplex. In the present study, there-
fore, we have examined the effect of the 2′,4′-BNANC modification of TFO
on the pyrimidine motif triplex formation at neutral pH. To investigate
whether the difference in 2′,4′-BNANC modified positions may affect the
ability of the pyrimidine motif triplex formation at neutral pH, we have
used both the interruptedly and continuously 2′,4′-BNANC-modified TFOs.
The effect of the interrupted and continuous 2′,4′-BNANC modifications on
the pyrimidine motif triplex formation between a 23-base pair homopurine-
homopyrimidine target duplex (Pur23A•Pyr23T) (Figure 1b) and each of its
specific 15-mer 2′,4′-BNANC-unmodified homopyrimidine TFO (Pyr15TM)
(Figure 1b), the corresponding interruptedly 2′,4′-BNANC-modified TFOs
(Pyr15BNANC5-1 and Pyr15BNANC5-2) (Figure 1b), and the corresponding
continuously 2′,4′-BNANC-modified TFO (Pyr15BNANC5-3) (Figure 1b) has
been analyzed by electrophoretic mobility shift assay (EMSA),[23–29] isother-
mal titration calorimetry (ITC)[24–26,28,30–33] and BIACORE interaction
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analysis system.[34,35] To explore the possibility for the application of 2′,4′-
BNANC-modified TFOs in vivo, the resistance of each of the 2′,4′-BNANC-
unmodified TFO and the corresponding interruptedly or continuously 2′,4′-
BNANC-modified TFOs against nuclease degradation in human serum has
been also investigated by anion-exchange high-performance liquid chro-
matography (HPLC). We have found that the interrupted 2′,4′-BNANC mod-
ifications of TFO increased the binding constant for the pyrimidine motif
triplex formation at neutral pH by more than 10-fold. The continuous 2′,4′-
BNANC modification of TFO also promoted the pyrimidine motif triplex for-
mation at neutral pH, but it showed lower ability to promote the pyrimidine
motif triplex at neutral pH than the interrupted 2′,4′-BNANC modifications of
TFO. We have also revealed that the nuclease resistance of the interruptedly
2′,4′-BNANC-modified TFOs in human serum was significantly higher than
that of the 2′,4′-BNANC-unmodified TFO. In contrast, the continuous 2′,4′-
BNANC modification of TFO did not significantly change the nuclease resis-
tance of the TFO. Thus, selection of the interruptedly 2′,4′-BNANC-modified
positions in TFO was more favorable for the triplex-forming ability at neu-
tral pH and the nuclease resistance of TFO than that of the continuously
2′,4′-BNANC-modified positions in TFO. The ability of the interrupted 2′,4′-
BNANC modification to promote the pyrimidine motif triplex formation at
neutral pH and achieve the significantly higher nuclease resistance of TFO
under physiological condition would support further progress in the various
triplex formation-based strategies in vivo.

EXPERIMENTAL

Preparation of Oligonucleotides

We synthesized 23-mer complementary oligonucleotides for the target
duplex, Pur23A and Pyr23T (Figure 1b), a 15-mer 2′,4′-BNANC-unmodified
homopyrimidine TFO with 5-methycytosine modification specific for the
target duplex, Pyr15TM (Figure 1b), and a 15-mer nonspecific homopy-
rimidine oligonucleotide with 5-methycytosine modification, Pyr15NS2M
(Figure 1b), on an ABI DNA synthesizer using the solid-phase cyanoethyl
phosphoramidite method, and purified them with a reverse-phase HPLC
on a Wakosil DNA column. The 15-mer interruptedly 2′,4′-BNANC-modified
homopyrimidine TFOs, Pyr15BNANC5-1 and Pyr15BNANC5-2 (Figure 1b),
and the 15-mer continuously 2′,4′-BNANC-modified homopyrimidine TFO,
Pyr15BNANC5-3 (Figure 1b), with 5-methycytosine modification specific
for the target duplex were synthesized and purified as described previ-
ously.[21,22] 5′-biotinylated Pyr23T (Bt-Pyr23T) was prepared using biotin
phosphoramidite. The concentration of all oligonucleotides was determined
by UV absorbance. Complementary strands, Pur23A and Pyr23T, were an-
nealed by heating at up to 90◦C, followed by a gradual cooling to room
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temperature. The annealed sample was applied on a hydroxyapatite column
(BIORAD Inc. USA) to remove unpaired single strands. The concentration
of the duplex DNA (Pur23A•Pyr23T) was determined by UV absorption
considering the DNA concentration ratio of 1 OD = 50 µg/ml, with a M r of
15180.

EMSA

EMSA experiments were performed essentially as described previously
by a 15% native polyacrylamide gel electrophoresis.[24–29]

ITC

Isothermal titration experiments were carried out on a VP ITC system
(Microcal Inc., USA), essentially as described previously.[24–26,28] The TFO
and Pur23A•Pyr23T duplex solutions were prepared by extensive dialysis
against buffer A (10 mM sodium cacodylate-cacodylic acid at pH 6.8 con-
taining 200 mM NaCl and 20 mM MgCl2) or buffer B (10 mM sodium
cacodylate-cacodylic acid at pH 6.1 containing 200 mM NaCl and 20 mM
MgCl2). The Pur23A•Pyr23T duplex solution in buffer A or buffer B was
injected 20-times in 5 µl increments and 10 minute intervals into the TFO
solution without changing the reaction conditions. The heat for each in-
jection was subtracted by the heat of dilution of the injectant, which was
measured by injecting the Pur23A•Pyr23T duplex solution into the same
buffer. Each corrected heat was divided by the moles of the Pur23A•Pyr23T
duplex solution injected, and analyzed with Microcal Origin software sup-
plied by the manufacturer.

BIACORE Interaction Analysis System

Kinetic experiments were performed on a BIACORE J instrument (GE
Healthcare, USA), in which a real-time biomolecular interaction was mea-
sured with a laser biosensor.[34,35] The layer of a SA sensor tip with immobi-
lized streptavidin was equilibrated with buffer A at a flow rate of 30 µl/min.
40 µl of 50 mM NaOH containing 1 M NaCl was injected 3 times at a flow rate
of 30 µl/min to reduce electrostatic repulsion from the surface. After equi-
librating with buffer A, 160 µl of 0.2 µM Bt-Pyr23T•Pur23A duplex solution
was added at a flow rate of 30 µl/min to bind with the streptavidin on the
surface. After extensive washing and equilibrating the Bt-Pyr23T•Pur23A-
immobilized surface with buffer A, 70 µl of the TFO solution in buffer A
was injected over the immobilized Bt-Pyr23T•Pur23A duplex at a flow rate
of 30 µl/min, and then the triplex formation was monitored for 2 minutes.
This was followed by washing the sensor tip with buffer A, and the dissocia-
tion of the preformed triplex was monitored for an additional 2.5 minutes.
Finally, 40 µl of 100 mM Tris-HCl (pH 8.0) for Pyr15TM, or 40 µl of 10 mM
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NaOH (pH 12) for Pyr15BNANC5-1, Pyr15BNANC5-2, and Pyr15BNANC5-3
was injected at a flow rate of 30 µl/min to completely break the Hoogsteen
hydrogen bonding between the TFO and Pur23A, during which the Bt-
Pyr23T•Pur23A duplex may be partially denatured. The Bt-Pyr23T•Pur23A
duplex was regenerated by injecting 0.2 µM Pur23A. The resulting sen-
sorgrams were analyzed with the BIA evaluation software supplied by the
manufacturer to calculate the kinetic parameters.

CD Spectroscopy

CD spectra at 20◦C were recorded in buffer A on a JASCO J-720 spec-
tropolarimeter interfaced with a microcomputer. The cell path length was
1 cm. The triplex nucleic acid concentration used was 1 µM.

Stability of TFO in Human Serum Analyzed by Anion-Exchange HPLC
An amount of 1 nmol TFO was incubated at 37◦C in 20 µl of 50%

human serum from human male AB plasma (Sigma-Aldrich Co., USA). After
incubation for 20, 60, and 120 minutes, the samples were mixed with 13 µl
of formamide to terminate the reactions, and stored at −80◦C until HPLC
analyses. The samples were mixed with 400 µl of HPLC buffer [25 mM Tris-
HCl (pH 7.0), 0.5% CH3CN], and analyzed by anion-exchange HPLC on
JASCO LC-2000 Plus series with detection at 260 nm using a linear gradient
of 0–0.5 M NH4Cl in HPLC buffer over 45 minutes to resolve the products.
The HPLC column used was TSK-GEL DNA-NPR (Tosoh, Japan). Under
these conditions, peaks of all proteins from the human serum could be
resolved from those of the intact and degraded TFO. Degradation data from
the acquired chromatograms were processed using ChromNAV software as
supplied by the manufacturer.

RESULTS

EMSA of Pyrimidine Motif Triplex Formation at Neutral pH

The pyrimidine motif triplex formation of the target duplex
(Pur23A•Pyr23T; Figure 1b) with each of its specific 2′,4′-BNANC-unmodified
TFO (Pyr15TM; Figure 1b), the interruptedly 2′,4′-BNANC-modified TFOs
(Pyr15BNANC5-1 and Pyr15BNANC5-2; Figure 1b), and the continuously
2′,4′-BNANC-modified TFO (Pyr15BNANC5-3; Figure 1b) was examined at
pH 7.0 by EMSA (Figure 2). Total oligonucleotide concentration ([specific
TFO (Pyr15TM, Pyr15BNANC5-1, Pyr15BNANC5-2, or Pyr15BNANC5-3; Fig-
ure 1b)] + [nonspecific oligonucleotide (Pyr15NS2M; Figure 1b)]) was kept
constant at 1 µM to minimize loss of DNA during processing and to assess
sequence specificity. While incubation with 1 µM Pyr15NS2M alone did not
cause a shift in electrophoretic migration of the target duplex (see lane 1 for
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2′,4′-BNANC-Modification Effect on Triplex Formation 69

FIGURE 2 EMSA of the pyrimidine motif triplex formation with each of the specific TFO (Pyr15TM,
Pyr15BNANC5-1, Pyr15BNANC5-2, and Pyr15BNANC5-3) at neutral pH. Triplex formation was ini-
tiated by adding 32P-labeled Pur23A•Pyr23T duplex (∼1 nM) with the indicated final concentra-
tions of the specific TFO (Pyr15TM, Pyr15BNANC5-1, Pyr15BNANC5-2, and Pyr15BNANC5-3). The
nonspecific oligonucleotide (Pyr15NS2M) was added to adjust the equimolar concentrations (1
µM) of TFO (Pyr15TM+Pyr15NS2M, Pyr15BNANC5-1+Pyr15NS2M, Pyr15BNANC5-2+Pyr15NS2M,
and Pyr15BNANC5-3+Pyr15NS2M) in each lane. Reaction mixtures involving each of Pyr15TM,
Pyr15BNANC5-1, Pyr15BNANC5-2 and Pyr15BNANC5-3 in 50 mM Tris-acetate (pH 7.0), 100 mM NaCl,
and 10 mM MgCl2 were incubated for 6 hours at 37◦C, and then electrophoretically separated at 4◦C on
a 15% native polyacrylamide gel prepared in buffer [50 mM Tris-acetate (pH 7.0) and 10 mM MgCl2].
Positions of the duplex (D) and triplex (T) are indicated.

Pyr15TM), those with each of Pyr15TM, Pyr15BNANC5-1, Pyr15BNANC5-2,
and Pyr15BNANC5-3 at particular concentrations caused retardation of the
duplex migration owing to triplex formation.[23] The dissociation constant,
K d, of triplex formation was determined from the concentration of the TFO,
which caused half of the target duplex to shift to the triplex.[23] The K d of
the triplex with Pyr15TM was estimated to be between 0.25 and 1 µM. In con-
trast, the K d of the triplex with each of Pyr15BNANC5-1 and Pyr15BNANC5-2
was ∼0.016 µM, indicating that the interrupted 2′,4′-BNANC modification of
TFO increased the binding constant, K a (=1/K d), of the pyrimidine motif
triplex formation at neutral pH by more than 16-fold. On the other hand, the
K d of the triplex with Pyr15BNANC5-3 was ∼0.063 µM, indicating that the
continuous 2′,4′-BNANC modification of TFO increased the K a of the pyrim-
idine motif triplex formation at neutral pH by only 4-fold. The magnitude of
the increase in K a by the continuous 2′,4′-BNANC modification of TFO was
smaller than that by the interrupted 2′,4′-BNANC modification of TFO.

Thermodynamic Analyses of Pyrimidine Motif Triplex Formation

by ITC

We examined the thermodynamic parameters of the pyrimidine motif
triplex formation between a 23-base pair target duplex (Pur23A•Pyr23T)
and each of its specific 15-mer 2′,4′-BNANC-unmodified TFO (Pyr15TM),
the interruptedly 2′,4′-BNANC-modified TFOs (Pyr15BNANC5-1 and
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FIGURE 3 Thermodynamic analyses of the pyrimidine motif triplex formation involving Pyr15BNANC5-
1 at 25◦C and pH 6.8 by ITC. a) Typical ITC profiles for the triplex formation between Pyr15BNANC5-1
and Pur23A•Pyr23T at 25◦C and pH 6.8. 114.7 µM Pur23A•Pyr23T solution in buffer A (See Experimental
Section) was injected 20 times in 5-µl increments into 3.59 µM Pyr15BNANC5-1 solution, which was
dialyzed against the same buffer. Injections were occurred over 12 seconds at 10-minutes intervals. b)
The titration plot against the molar ratio of [Pur23A•Pyr23T]/[Pyr15BNANC5-1]. The data were fitted
by a nonlinear least-squares method.

Pyr15BNANC5-2), and the continuously 2′,4′-BNANC-modified TFO
(Pyr15BNANC5-3) at 25◦C and pH 6.8 by ITC. To investigate the pH depen-
dence of the pyrimidine motif triplex formation, the thermodynamic pa-
rameters of the pyrimidine motif triplex formation between Pur23A•Pyr23T
and Pyr15TM were also analyzed at 25◦C and pH 6.1 by ITC. Figure 3a shows
a typical ITC profile for the triplex formation between Pyr15BNANC5-1 and
Pur23A•Pyr23T at 25◦C and pH 6.8. An exothermic heat pulse was observed
after each injection of Pur23A•Pyr23T into Pyr15BNANC5-1. The magnitude
of each peak decreased gradually with each new injection, and a small peak
was still observed at a molar ratio of the last injection. The area of the small
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peak was equal to the heat of dilution measured in a separate experiment by
injecting Pur23A•Pyr23T into the same buffer. The area under each peak
was integrated, and the heat of dilution of Pur23A•Pyr23T was subtracted
from the integrated values. The corrected heat was divided by the moles of
injected solution, and the resulting values were plotted as a function of a
molar ratio of [Pur23A•Pyr23T]/[Pyr15BNANC5-1], as shown in Figure 3b.
The resultant titration plot was fitted to a sigmoidal curve by a nonlinear
least-squares method. The binding constant, K a, and the enthalpy change,
�H , were obtained from the fitted curve.[32] The Gibbs free energy change,
�G , and the entropy change, �S, were calculated from the equation, �G =
−RT lnK a = �H − T�S, where R is gas constant and T is temperature.[32]

The thermodynamic parameters for the pyrimidine motif triplex formation
involving each of Pyr15TM, Pyr15BNANC5-2 and Pyr15BNANC5-3 at 25◦C
and pH 6.8 and those involving Pyr15TM at 25◦C and pH 6.1 were obtained
in the same way.

Table 1 summarizes the K a values for the pyrimidine motif triplex
formation with each of Pyr15TM, Pyr15BNANC5-1, Pyr15BNANC5-2, and
Pyr15BNANC5-3 at 25◦C and pH 6.8 and those with Pyr15TM at 25◦C and
pH 6.1, obtained from ITC. The K a for Pyr15TM at pH 6.1 was ∼10-fold
larger than that observed for Pyr15TM at pH 6.8, confirming, like others,[6–8]

that neutral pH is unfavorable for the pyrimidine motif triplex formation
involving C+•G:C triads. In addition, the K a for each of Pyr15BNANC5-1
and Pyr15BNANC5-2 was ∼10-fold larger than that observed for Pyr15TM
(Table 1), indicating that the interrupted 2′,4′-BNANC modification of TFO
increased the K a for the pyrimidine motif triplex formation at neutral pH,
which is consistent with the results of EMSA (Figure 2). In contrast, the K a

for Pyr15BNANC5-3 was only 3-fold larger than that observed for Pyr15TM
(Table 1). The magnitude of the increase in K a by the continuous 2′,4′-
BNANC modification of TFO was smaller than that by the interrupted 2′,4′-
BNANC modification of TFO, which is also consistent with the results of EMSA
(Figure 2).

TABLE 1 Thermodynamic parameters for the triplex formation between a 23-base pair target duplex
(Pur23A•Pyr23T) and a 15-mer TFO (Pyr15TM, Pyr15BNANC5-1, Pyr15BNANC5-2 or
Pyr15BNANC5-3) at 25◦C, obtained from ITC

K a �G �H �S
TFO pH K a (M−1) (relative) (kcal mol−1) (kcal mol−1) (cal mol−1K−1)

Pyr15TM 6.1a (5.81 ± 0.99) × 106 13.9 −9.23 ± 0.11 −92.0 ± 1.5 −278 ± 5
Pyr15TM 6.8b (4.19 ± 2.0) × 105 1.0 −7.67 ± 0.38 −38.5 ± 7.5 −103 ± 26
Pyr15BNANC5-1 6.8b (3.73 ± 0.43) × 106 8.9 −8.96 ± 0.07 −54.3 ± 1.5 −152 ± 5
Pyr15BNANC5-2 6.8b (3.82 ± 0.29) × 106 9.1 −8.98 ± 0.05 −53.8 ± 1.1 −150 ± 4
Pyr15BNANC5-3 6.8b (1.18 ± 0.10) × 106 2.8 −8.28 ± 0.05 −55.2 ± 1.4 −157 ± 4

a10 mM sodium cacodylate-cacodylic acid (pH 6.1), 200 mM NaCl and 20 mM MgCl2.
b10 mM sodium cacodylate-cacodylic acid (pH 6.8), 200 mM NaCl and 20 mM MgCl2.
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Kinetic Analyses of Pyrimidine Motif Triplex Formation at Neutral

pH by BIACORE Interaction Analysis System

To examine the putative mechanism involved in the increase in K a of the
pyrimidine motif triplex formation by the 2′,4′-BNANC modification of TFO
(Figure 2 and Table 1), we assessed the kinetic parameters for the association
and dissociation of TFO (Pyr15TM and the 2′,4′-BNANC-modified TFOs) with
Pur23A•Pyr23T at 25◦C and pH 6.8 by BIACORE. Figure 4a shows the sen-
sorgrams representing the triplex formation and dissociation involving the

FIGURE 4 Kinetic analyses of the pyrimidine motif triplex formation involving Pyr15BNANC5-1 at 25◦C
and pH 6.8 by BIACORE interaction analysis system. a) A series of sensorgrams for the triplex formation
and the dissociation of the formed triplex between Pyr15BNANC5-1 and Pur23A•Pyr23T at 25◦C and pH
6.8. The Pyr15BNANC5-1 solutions, diluted in the buffer A to achieve the indicated final concentrations,
were injected into the Bt-Pyr23T•Pur23A-immobilized cuvette. The binding of Pyr15BNANC5-1 to Bt-
Pyr23T•Pur23A and the dissociation of Pyr15BNANC5-1 from Bt-Pyr23T•Pur23A were monitored as the
response against time. b) Measured on-rate constants, kon, of the triplex formation in (a) were plotted
against the respective concentrations of Pyr15BNANC5-1. The plot was fitted to a straight line (r2 = 0.99)
by a linear least-squares method.
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2′,4′-BNANC-Modification Effect on Triplex Formation 73

various concentrations of Pyr15BNANC5-1. The injection of Pyr15BNANC5-
1 over the immobilized Bt-Pyr23T•Pur23A caused an increase in response.
As shown in Figure 4a, an increase in the concentration of Pyr15BNANC5-1
led to a gradual change in the response of the association curves. The on-rate
constant (kon) was obtained from the analysis of each association curve. Fig-
ure 4b shows a plot of kon against the Pyr15BNANC5-1 concentrations. The
resultant plot was fitted to a straight line by a linear least-squares method.
The association rate constant (kassoc) was determined from the slope of the
fitted line.[34,35] The off-rate constant (koff) was obtained from the analysis
of each dissociation curve (Figure 4a). As koff is usually independent of the
concentration of the injected solution, the dissociation rate constant (kdissoc)
was determined by averaging koff for several concentrations.[34,35] K a was cal-
culated from the equation, K a = kassoc/kdissoc. The kinetic parameters for
each of Pyr15TM and other 2′,4′-BNANC-modified TFOs were obtained in
the same way.

Table 2 summarizes the kinetic parameters for the pyrimidine motif
triplex formation with each of Pyr15TM and the 2′,4′-BNANC-modified TFOs
at 25◦C and pH 6.8, obtained from BIACORE. The magnitudes of K a calcu-
lated from the ratio of kassoc to kdissoc (Table 2) were consistent with those
obtained from ITC (Table 1). The K a for each of the interruptedly 2′,4′-
BNANC-modified TFOs at pH 6.8 was ∼30-fold larger than that observed for
Pyr15TM at pH 6.8, indicating that the interrupted 2′,4′-BNANC modification
of TFO significantly increased the K a of the pyrimidine motif triplex forma-
tion at neutral pH, which supported the results of EMSA (Figure 2) and
ITC (Table 1). The interrupted 2′,4′-BNANC modification of TFO decreased
kdissoc by ∼15-fold, while it moderately increased kassoc by ∼2-fold. On the
other hand, the K a for the continuously 2′,4′-BNANC-modified TFO at pH
6.8 was ∼4-fold larger than that observed for Pyr15TM at pH 6.8. The contin-
uous 2′,4′-BNANC modification of TFO decreased kdissoc by ∼2.7-fold, while
it increased kassoc by ∼1.3-fold. Thus, the much larger K a by the 2′,4′-BNANC

modification of TFO resulted mainly from the decrease in kdissoc rather than
the increase in kassoc.

CD Spectroscopy of Pyrimidine Motif Triplex at Neutral pH

To further characterize the triplexes involving each of the 2′,4′-BNANC-
unmodified TFO (Pyr15TM), the interruptedly 2′,4′-BNANC-modified TFOs
(Pyr15BNANC5-1 and Pyr15BNANC5-2), and the continuously 2′,4′-BNANC-
modified TFO (Pyr15BNANC5-3), circular dichroism (CD) spectra of the
triplexes were measured at 20◦C and pH 6.8 (Figure 5). A significant negative
band in the short-wavelength (210–220 nm) region was observed for all the
profiles (Figure 5), confirming the triplex formation involving each TFO.[36]

The overall shape of the CD spectra was quite similar among all the profiles
(Figure 5), suggesting that no significant change may be induced in the
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FIGURE 5 CD spectra of the pyrimidine motif triplexes with each of the specific TFO (Pyr15TM,
Pyr15BNANC5-1, Pyr15BNANC5-2, and Pyr15BNANC5-3). The triplexes with each of Pyr15TM,
Pyr15BNANC5-1, Pyr15BNANC5-2, and Pyr15BNANC5-3 in buffer A (see experimental section) were
measured at 20◦C in the wavelength range of 205–320 nm. The cell path length was 1 cm. The triplex
nucleic acid concentration used was 1 µM.

higher-order structure of the pyrimidine motif triplex by the interrupted
and continuous 2′,4′-BNANC modifications of TFO.

Stability of TFOs in Human Serum Against Nuclease Degradation

A major difficulty associated with the use of oligonucleotides as in vivo
agents is the rapid degradation of oligonucleotides by nuclease in vivo.[37]

To explore the possibility for the application of 2′,4′-BNANC-modified TFOs
to the various triplex formation-based strategies in vivo, we examined the
resistance of the 2′,4′-BNANC-unmodified TFO (Pyr15TM), the interrupt-
edly 2′,4′-BNANC-modified TFOs (Pyr15BNANC5-1 and Pyr15BNANC5-2),
and the continuously 2′,4′-BNANC-modified TFO (Pyr15BNANC5-3) against
nuclease degradation by incubating the TFOs at 37◦C in human serum and
analyzing with anion-exchange HPLC. Figure 6 shows the percentage of the
intact oligonucleotides as a function of the incubation time. Only 20–30%
of intact Pyr15TM and Pyr15BNANC5-3 were detected after 20 minutes of
incubation with human serum, and most of them were degraded within
60 minutes. The continuous 2′,4′-BNANC modification did not significantly
change the nuclease resistance of TFO in human serum. In contrast, more
than 50% of Pyr15BNANC5-1 and Pyr15BNANC5-2 remained intact even
after 120 minutes of incubation with human serum. The interrupted 2′,4′-
BNANC modification significantly increased the nuclease resistance of TFO
in human serum.

DISCUSSION

The K a of the pyrimidine motif triplex formation with each of
Pyr15BNANC5-1 and Pyr15BNANC5-2 at pH 6.8 was ∼10-fold larger than
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76 H. Torigoe et al.

FIGURE 6 Stability of the specific TFOs (Pyr15TM, Pyr15BNANC5-1, Pyr15BNANC5-2, and
Pyr15BNANC5-3) in human serum. 1 nmol TFOs were incubated in human serum at 37◦C, and aliquots
were removed at the time points indicated and analyzed by anion-exchange HPLC. The percentage of
the intact oligonucleotides was determined and plotted as a function of the incubation time.

that observed with Pyr15TM at pH 6.8 (Table 1). The K a of the pyrimidine
motif triplex formation with Pyr15BNANC5-3 at pH 6.8 was 3-fold larger than
that observed with Pyr15TM at pH 6.8 (Table 1). The increase in K a at neu-
tral pH by the 2′,4′-BNANC modifications of TFO was supported by the results
of EMSA (Figure 2) and BIACORE (Table 2), although the magnitudes of
the K a (=1/K d) values were different between EMSA (Figure 2) and each of
ITC (Table 1) and BIACORE (Table 2) due to the difference in the exper-
imental buffer conditions. Our previous UV melting study showed that the
melting temperature of the triplex involving the singly 2′,4′-BNANC-modified
TFO at neutral pH was significantly higher than that involving the unmod-
ified TFO 21, 22, indicating that even the single 2′,4′-BNANC modification of
TFO had the ability to increase the thermal stability of the triplex at neutral
pH. The study also showed that the increase in the melting temperature
of the triplex by the three interrupted 2′,4′-BNANC modification of TFO at
neutral pH was a little higher than that by the three continuous 2′,4′-BNANC

modification of TFO,[21,22] which was consistent with the present results.
These results indicate that the 2′,4′-BNANC modification of TFO promotes
the pyrimidine motif triplex formation at neutral pH, although the degree
of the promotion at neutral pH were different between the interrupted and
continuous 2′,4′-BNANC modifications of TFO.

The magnitudes of K a for the interruptedly 2′,4′-BNANC-modified TFOs
(Pyr15BNANC5-1 and Pyr15BNANC5-2) at pH 6.8 and that for Pyr15TM
at pH 6.1 were similar and larger than that for Pyr15TM at pH 6.8
(Table 1), indicating the effective and stoichiometric triplex formations for
the interruptedly 2′,4′-BNANC-modified TFOs at pH 6.8 and for Pyr15TM at
pH 6.1. In contrast, the triplex formation involving Pyr15TM at pH 6.8 with
the significantly smaller magnitude of K a is less stoichiometric. Thus, the
comparison of the thermodynamic parameters (�H and �S) between the
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interruptedly 2′,4′-BNANC-modified TFOs at pH 6.8 and Pyr15TM at pH 6.8
is not valid due to the significantly reduced stoichiometry for Pyr15TM at pH
6.8. The comparison of �H and �S between the interruptedly 2′,4′-BNANC-
modified TFOs at pH 6.8 and Pyr15TM at pH 6.1 with similar stoichiometry
will provide a reasonable promotion mechanism for the triplex formation
by the 2′,4′-BNANC modification. Although the magnitudes of K a and �G
for the interruptedly 2′,4′-BNANC-modified TFOs at pH 6.8 and for Pyr15TM
at pH 6.1 were similar, the constituents of �G , that is �H and �S, were
different from each other. The magnitudes of the negative �H and �S for
the interruptedly 2′,4′-BNANC-modified TFOs at pH 6.8 were smaller than
those observed for Pyr15TM at pH 6.1. The observed �S upon the triplex
formation is mainly contributed by the two factors, a negative conforma-
tional entropy change due to the conformational restraint of TFO involved
in the triplex formation, and a positive dehydration entropy change from
the release of structured water molecules surrounding the TFO and the tar-
get duplex upon the triplex formation.[38–41] Therefore, one of the reason
for the smaller magnitudes of the negative �S for the 2′,4′-BNANC-modified
TFOs at pH 6.8 in comparison with that for Pyr15TM at pH 6.1 (Table 1)
may be based on the negative conformational entropy change. Because the
CD spectra showed that the higher-order structure of the formed triplexes
with each of the 2′,4′-BNANC-modified TFOs was quite similar to that with
Pyr15TM (Figure 5), the difference in the conformational entropy change
should result from the structural difference between the unmodified and
2′,4′-BNANC-modified TFOs in the free state. The 2′,4′-BNANC-modified TFO
in the free state may be more rigid than the corresponding unmodified TFO,
because the 2′-O and 4′-C positions of the sugar moiety of the 2′,4′-BNANC

are bridged with the aminomethylene chain. The increased rigidity of the
2′,4′-BNANC-modified TFO in the free state relative to the corresponding
unmodified TFO may cause the smaller loss of the conformational entropy
upon the binding of the 2′,4′-BNANC-modified TFO with the target duplex to
form the triplex at neutral pH. Another reason for the smaller magnitudes
of the negative �S for the 2′,4′-BNANC-modified TFOs at pH 6.8 relative to
that for Pyr15TM at pH 6.1 (Table 1) may be derived from the positive dehy-
dration entropy change. The nitrogen atom in the aminomethylene chain
may result in the increased degree of hydration of the 2′,4′-BNANC-modified
TFO in the free state relative to the corresponding unmodified TFO. The
increased degree of hydration of the 2′,4′-BNANC-modified TFO in the free
state may cause the larger gain of the dehydration entropy upon the binding
of the 2′,4′-BNANC-modified TFO with the target duplex to form the triplex
at neutral pH. These two possible reasons, the smaller loss of the conforma-
tional entropy and the larger gain of the dehydration entropy, may result in
the more entropy gain for the 2′,4′-BNANC-modified TFO relative to the un-
modified TFO, which provides a favorable component to the �G and leads
to the increase in the K a of the pyrimidine motif triplex formation at neutral
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pH. Thus, the increased rigidity and the increased degree of hydration of
the 2′,4′-BNANC-modified TFO in the free state may be important factors to
increase the K a of the pyrimidine motif triplex formation at neutral pH.

The nuclease resistance of the interruptedly 2′,4′-BNANC-modified TFO
was significantly higher than that of the unmodified TFO, although the nu-
clease resistance of the unmodified and continuously 2′,4′-BNANC-modified
TFOs was similar (Figure 6). The interrupted 2′,4′-BNANC modification in-
creased the nuclease resistance of TFOs in human serum. Previously, the nu-
clease resistance of the phosphorothioate backbone, in which a nonbridging
oxygen of a phosphodiester group was replaced by a sulfur atom, was known
to be significantly higher than that of the unmodified backbone.[42,43] How-
ever, the K a of the triplex formation with the phosphorothioate-modified
TFO was significantly smaller than that with the unmodified TFO.[33,44]

Thus, the phosphorothioate modification increased the nuclease resistance
of TFO, but it decreased the triplex forming ability. On the other hand, as
discussed above, the interrupted 2′,4′-BNANC modification of TFO increased
the triplex forming ability at neutral pH (Figure 2 and Table 1). Therefore,
the interrupted 2′,4′-BNANC modification enhanced both the nuclease resis-
tance of TFO and the triplex forming ability at neutral pH. We conclude that
due to these excellent properties the interrupted 2′,4′-BNANC modification
may be more favorable than the phosphorothioate modification upon the
application of TFO to the various triplex formation-based strategies in vivo.

The magnitude of the increase in K a at neutral pH by the continuous
2′,4′-BNANC modification was significantly smaller than that by the inter-
rupted 2′,4′-BNANC modification (Figure 2 and Table 1). In spite of the
same number of the 2′,4′-BNANC modification, the pyrimidine motif triplex-
forming ability at neutral pH was quite different between the interrupted
and continuous 2′,4′-BNANC modifications. In the continuously 2′,4′-BNANC-
modified TFO, the rigid region in the free state produced by the 2′,4′-BNANC

modification discussed above may be limited around the continuously mod-
ified region of TFO, but the overall region of TFO may be rigid in the free
state in the interruptedly 2′,4′-BNANC modified TFO due to the entire dis-
tribution of the modification. Thus, the conformational entropy loss due
to the conformational restraint of TFO upon the binding with the target
duplex may be larger for the continuously modified TFO. In fact, the magni-
tude of the negative �S for the continuously modified TFO was larger than
that for the interruptedly modified TFOs (Table 1). The more entropy loss
for the continuously modified TFO relative to the interruptedly modified
TFO may provide an unfavorable component to the �G and lead to the de-
crease in the K a of the pyrimidine motif triplex formation at neutral pH. On
the other hand, although the interrupted 2′,4′-BNANC modification signifi-
cantly increased the nuclease resistance of TFO, the continuous 2′,4′-BNANC

modification did not significantly change the nuclease resistance of TFO
(Figure 6). In spite of the same number of the 2′,4′-BNANC modification,
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the nuclease resistance of TFO was quite different between the interrupted
and continuous 2′,4′-BNANC modifications. In the interruptedly 2′,4′-BNANC

modified TFO (Pyr15BNANC5-1 and Pyr15BNANC5-2), the positions near
the 5′ and 3′ ends are modified with the 2′,4′-BNANC (Figure 1b) and may
be resistant to the exonuclease in the human serum. However, the posi-
tions near the 5′ and 3′ ends are unmodified (Figure 1b) and may be easily
hydrolyzed by the exonuclease in the continuously 2′,4′-BNANC modified
TFO (Pyr15BNANC5-3). The absence and presence of the 2′,4′-BNANC mod-
ification near the 5′ and 3′ ends may be one of the important factors for
the stability of TFOs in human serum against nuclease degradation in addi-
tion to the interrupted and continuous modifications. We conclude that the
positions of the 2′,4′-BNANC modification in TFO significantly affected the
pyrimidine motif triplex-forming ability at neutral pH and the nuclease resis-
tance of TFO. The interrupted modification in TFO was more favorable for
achieving the higher pyrimidine motif triplex-forming ability at neutral pH
and the higher nuclease resistance of TFO than the continuous modification
in TFO with the unmodified 5′ and 3′ ends.

The present study has clearly demonstrated that the interrupted 2′,4′-
BNANC modification of TFO increased the K a of the pyrimidine motif triplex
formation at neutral pH by more than 10-fold. It has also revealed that the
interrupted 2′,4′-BNANC modification of TFO significantly increased the nu-
clease resistance of TFO in human serum. Selection of the interruptedly
2′,4′-BNANC-modified positions in TFO was more favorable for achieving the
higher binding affinity of the pyrimidine motif triplex formation at neutral
pH and the higher nuclease resistance of TFO than that of the continuously
2′,4′-BNANC-modified positions in TFO. We conclude that the design of TFO
to bridge different positions of sugar moiety with polar atom-containing alkyl
chain, and the introduction of such chemical modification into not contin-
uous but interrupted positions in TFO are certainly promising strategies for
the promotion of the pyrimidine motif triplex formation under physiological
condition, and may eventually lead to progress in various triplex formation-
based strategies in vivo, such as regulation of gene expression by antigene
technology, mapping of genomic DNA, and gene-targeted mutagenesis.
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