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DNA-templated organic synthesis (DTS)[1] has attracted a great
deal of attention in the fields of organic, bioorganic, and ana-
lytical chemistry. Conventional DTS involves hybridization of
two oligonucleotide probes with each other[2] or with a tem-
plate-strand,[3,4] followed by a bond-forming reaction between
reactive substituents conjugated on each strand. Several meth-
odologies for sequence-specific DNA and RNA detection have
been developed based on conventional DTS.[5–11] Examples
ACHTUNGTRENNUNGinclude PNA-based ligation probes[6–8] and quenched autoliga-
tion probes.[9–11] The PNA-based ligation probe exhibited high
mismatch selectivity,[6, 7] and quenched autoligation probes,
coupled with fluorescence resonance energy transfer (FRET)
technology, have been used to do imaging in living cells.[10,11]

Bond cleavage reactions promot-
ed by hybridization with DNA
templates comprise a new class
of DTS and should be useful for
novel DNA sensing technologies.
In fact, successful results have
been reported by Mokhir et al[12]

and Taylor et al.[13] These ap-
proaches will likely prove advan-
tageous in improving the sensi-
tivity of DNA or RNA detection
due to catalytic turnover.
Oligonucleotides with P3’!N5’ phosphoramidate linkages

(5’-amino-DNA; Scheme 1A) can be cleaved at the phosphora-
midate bond under mild acidic conditions.[14] Several technolo-
gies for DNA sequence determination have been proposed

based on this property,[15,16] but 5’-amino-DNA has only a limit-
ed range of application because of its’ weak ability to hybrid-
ize.[17] To overcome this problem, we developed bridged nucle-
ic acids (BNAs) bearing 5’-amino groups, namely, 5’-amino-
2’,4’-BNA[18] and 5’-amino-3’,5’-BNA[19] (Scheme 1A), which are
conformationally locked or restricted analogues of 5’-amino-
DNA. The former has an N-type sugar moiety and the latter
has a restricted g dihedral angle (N5’�C5’�C4’�C3’). Further-
more, both have enhanced abilities to form duplexes and tri-
plexes. Herein, we report a site-specific bond cleavage of the
oligonucleotide probe triggered by hybridization with a
double-stranded DNA (dsDNA) template. We found that the
acid-mediated P�N bond cleavage is significantly accelerated
by sequence-selective triplex formation with the dsDNA tem-
plate.[20] By incorporation of a fluorophore and a quencher into
the oligonucleotide probe, we successfully achieved sequence-
specific double-stranded DNA (dsDNA) sensing.
Initially, we assessed the effect of triplex formation on acid-

mediated cleavage of a P3’!N5’ phosphoramidate linkage in
the third strand. Oligonucleotides 1–3, each of which has a
single 5’-amino-DNA, 5’-amino-2’,4’-BNA (R=H), or 5’-amino-

Scheme 1. Structures of 5’-amino-DNA and 5’-amino-BNAs. A) Structures of
5’-amino-DNA, 5’-amino-2’,4’-BNA, and 5’-amino-3’,5’-BNA. The P�N linkage
is highlighted in red, and the artificial bridged structure is shown in blue.
B) Sequences of the oligonucleotides containing the 5’-amino-DNA and 5’-
amino-BNAs (1–4) and the dsDNA targets (5–8). In sequences 1–4, C indi-
cates 2’-deoxy-5-methylcytidine.

Table 1. Effect of triplex formation on cleavage of oligonucleotides 1–3.[a]

oligonucleotide 1 oligonucleotide 2 oligonucleotide 3
60 min 240 min 60 min 240 min 60 min 240 min

+ target 5 50% 4% 42% 2% 25% 0%
� target 5 83% 48% 95% 74% 50% 3%

[a] Oligonucleotides 1–3 were treated at pH 3 for the indicated time period in the presence or absence of a
perfectly matched dsDNA target, 5. The percentage of remaining intact oligonucleotide was determined by
HPLC.
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3’,5’-BNA modification at the center of the sequence
(Scheme 1B), were annealed with a perfectly matched dsDNA
target (5) to form a triplex structure, after which the reactions
were acidified and the remaining oligonucleotide was analyzed
by HPLC (Table 1). For the
dsDNA target 5, each reaction
was completed within 240 min
at pH 3. We found that 48% of
1 and 74% of 2 remained at
240 min in the absence of a
dsDNA target 5, whereas for 3,
the reaction proceeded com-
pletely, even in the absence of a
target. Thus, cleavage of the 5’-
amino-2’,4’-BNA-modified oligo-
nucleotide 2 is accelerated by
triplex formation with 5
(Scheme 2), whereas the cleav-
age reaction was less (or not)
enhanced for 1 and 3. In addi-
tion, the triplex-forming ability
of 5’-amino-2’,4’-BNA was great-
er than that of 5’-amino-DNA
(UV melting curves in the Sup-
porting Information); therefore,
we selected 5’-amino-2’,4’-BNA
for further evaluation.
The rate of the acid-mediated

cleavage of a phosphoramidate
linkage is related to the structure
of the substituent on the nitro-
gen atom in the phosphorami-
date, that is, on the basicity of
the nitrogen atom.[21] To achieve
more rapid digestion under
milder acidic pH conditions, we
synthesized a 5’-amino-2’,4’-BNA

derivative bearing a methyl
group on the 5’-nitrogen atom
(Supporting Information). As
shown in Figure 1A, oligonucleo-
tide 4 containing the 5’-amino-
2’,4’-BNA (R=Me) showed
prompt fission of the P-N linkage
when hybridized with the dsDNA
target 5. Notably, oligonucleo-
tide 4 was completely cleaved at
20 min, whereas 50% of 1 and
42% of 2 remained even after
60 min (Table 1). The pseudo-
first-order rate constant for 4
with target 5 was (3.1�0.7)I
10�3 s�1, which was about 20
times higher than that for 4
alone ((1.5�0.3)I10�4 s�1). Even
at pH 4, the P�N bond cleavage
of 4 triggered by triplex forma-

tion proceeded smoothly and was approximately 60% com-
plete after 20 min (Figure 1B). The ability of oligonucleotide 4
to ACHTUNGTRENNUNGdiscriminate among bases was evaluated at pH 3 with
dsDNA targets 5–8 (Figure 1C). The results clearly indicate that

Scheme 2. Schematic representation of the cleavage of a P3’!N5’ phosphoramidate linkage triggered by triplex
formation.

Figure 1. Acid-mediated cleavage of oligonucleotide 4 triggered by triplex formation. Oligonucleotide 4 alone
(blue) or pre-annealed with perfectly matched dsDNA target 5 (red) were treated under the following conditions:
A) pH 3, B) pH 4 (both at 40 8C for the indicated amount of time), C) Oligonucleotide 4 was treated with a
matched target, 5, or mismatched targets, 6–8, for 10 min at pH 3 and 40 8C. A sample of the intact oligonucleo-
tide was analyzed by HPLC. Error bars indicate SD (n=3–7).
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the cleavage reaction was accelerated only when oligonucleo-
tide 4 formed a triplex structure with a perfectly matched
Hoog ACHTUNGTRENNUNGsteen-type base triad.
Although further evaluation is still needed, molecular model-

ing of a triplex structure involving a P3’!N5’ phosphorami-
date linkage in the third strand suggests a mechanism for the
dsDNA-templated cleavage of the phosphoramidate linkage
(Figure 2). First, it appears that phosphorous atoms in the
backbone of the third strand are located outside of the triplex
(Figure 2A and B); therefore, water molecules can easily access
the phosphorous atom of the phosphoramidate linkage, even
though it is enclosed in the triplex structure. In addition, the

water molecules access the phosphorous atom predominantly
from the backside of the leaving nitrogen atom (Figure 2B).
This geometry of the P3’!N5’ phosphoramidate linkage in the
third strand is quite favorable for cleavage of the P�N bond.
Second, hydrolysis of five-membered cyclic phosphorami-
dates[22] or phosphodiesters[23,24] is much faster than that of the
acyclic congeners. The third strand hybridized with the dsDNA
target is conformationally constrained, and, thus, the environ-
ment of the phosphoramidate in the triplex structure may be
similar to those in the cyclic phosphoramidates (Figure 2C and
D). The modeling study reveals that the g dihedral angle (N5’�
C5’�C4’�C3’) of the phosphoramidate backbone in the third

strand adopts a + sc orientation,
which is different than that ob-
served in a solution structure of
the single-stranded 5’-amino-
DNA dimer.[25] Thus, triplex for-
mation may place a strain on
the phosphoramidate linkage,
which would accelerate cleavage
of the P�N linkage. This is also
supported by the fact that the
5’-amino-3’,5’-BNA, in which the
g angle is adjusted to a + sc ori-
entation by a bridged structure,
showed less of a difference in
the rate of P�N cleavage for the
single strand and triplex struc-
ture (Table 1).
To apply this finding to FRET-

based DNA sensing, we pre-
pared acid-mediated phosphora-
midate cleavage (APAC) probes,
which are oligonucleotide
probes bearing a fluorophore
and a quencher neighboring the
5’-amino-2’,4’-BNA modification
(Figure 3A). In the intact APAC
probes, the fluorophore (tetra-
methylrhodamine (TAMRA)) is in
close proximity to the quencher
(Black Hole Quencher-2 (BHQ-2)),
resulting in energy transfer be-
tween the fluorophore and the
quencher so that no fluores-
cence is observed. When the
APAC probe forms a triplex with
the dsDNA target, it is easily
cleaved at the phosphoramidate
linkage under mild acidic condi-
tions, resulting in separation of
the fluorophore and quencher
and, therefore, fluorescence de-
quenching. We measured the
emission spectra of the triplex
formed between probe A and
the corresponding target dsDNA

Figure 2. Molecular modeling of the triplex involving a P3’!N5’ phosphoramidate linkage in the third strand.
A) Overall view of the triplex. The dsDNA target is shown as a gray CPK model, and the third strand is shown as a
colored stick model. B) Side view of A) showing that the nucleophile (water molecule) can access the phospho-
rous atom from the backside of the 5’-nitrogen atom. In this panel, the third strand is represented by a colored
CPK model. C) Close-up of the view in A) showing that the conformational freedom around the P3’!N5’ phos-
phoramidate linkage is considerably restricted by triplex formation. The environment of the P3’!N5’ phosphora-
midate linkage resembles that of a cyclic phosphoramidate, which is known to be cleaved much faster than an
acyclic congener. D) Schematic representation of the nucleophilic attack of the water molecule to the P3’!N5’
phosphoramidate linkage (upper) and the structure of the trigonal-bipyramidal intermediate (lower). a, apical ; e,
equatorial. In the trigonal-bipyramidal intermediate, the 5’-nitrogen atom occupies a reactive apical position;
therefore, the cleavage of the P3’!N5’ phosphoramidate linkage is possible without pseudorotation.
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(target A) (Figure 3B, right) and of probe A alone (Figure 3B,
left). We observed a significant increase in fluorescence in the
presence of the dsDNA target (Figure 3B, right), but almost no
change in the intensity of the fluorescence in the absence of
the target strand (Figure 3B, left). We also found that DNA
sensing by the APAC probes was sequence-specific (Figure 3C).
Matched pairs of APAC probes and dsDNAs (probe A/target A,
probe B/target B, and probe C/target C) showed significant
fluorescence emission, whereas a mismatched combination
(for example, probe A and target B or C) did not, even when
there was only a single base mismatch (probe A and target A’).
Thus, the APAC probes not only detect the presence of the
dsDNA target but also distinguish between fully matched and
mismatched sequences.
In conclusion, we found that acid-mediated cleavage of the

P3’!N5’ phosphoramidate linkage incorporated into the third
strand of the pyrimidine motif is much faster when it is in a
ACHTUNGTRENNUNGtriplex than when it is in the single-stranded state. We also
showed that this attractive feature of the phosphoramidate
linkage can be applied to rapid and simple sequence-specific
DNA sensing based on fluorescence dequenching. Currently,
the sequence of the target strand is limited to homopurines
and homopyrimidines because of an essential restriction of
pyrimidine-motif triplex formation;[26] however, some nucleic
acid analogues have been recently developed for recognition
of pyrimidine-purine interruption in the target dsDNA.[26–28]

DNA sensing by the APAC probes should be widely applicable
using these nucleoside analogues.

Experimental Section

Experimental details for synthesis of the 5’-amino-2’,4’-BNA (R=
Me) monomer, oligonucleotide synthesis and acid-mediated cleav-
age of oligonucleotides 1–4 and APAC probes are described in the
Supporting Information.
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