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Introduction

Fluorescence-labeled nucleic acids are widely used for investi-
gating the structure and dynamics of nucleic acids,[1] and for
detecting nucleic acids containing target sequences.[2] At pres-
ent, a large number of fluorophores, such as fluorescein,
TAMRA, JOE, Alexa 594, BODIPY, and cyanine dyes, have been
developed, and a variety of analyzers and imagers adjusted to
the emission wavelength of these fluorophores are commer-
cially available. However, the fluorescence of these known fluo-
rophores is relatively insensitive to conjugated DNA sequences,
with the exception that it is often decreased by a guanine
base located in the neighborhood of an attached fluoro-
phore.[3,4] Thus, such fluorophores are unsuitable for direct de-
tection of a small change in DNA microenvironment.

We have recently reported a quite different type of fluoro-
phore, base-discriminating fluorescent (BDF) nucleosides,
which can distinguish bases on a complementary DNA strand
by the fluorescence change.[5±8] For example, oligodeoxynu-
cleotides (ODNs) containing a synthetic nucleoside benzopyri-
dopyrimidine (BPP), one of the BDF nucleosides developed, se-
lectively emit a strong fluorescence when the complementary
base of BPP is A and can be used as an effective BDF probe for
the detection of a single nucleotide alteration where an A base
is concerned.[5] Such fluorescence behavior of BDF nucleosides
has a remarkable advantage that is not observed for the com-
monly used fluorophores. However, the fluorescence wave-
length of the BDF nucleosides is slightly too short to allow the
use of commercially available DNA fluorescence analyzers. If
the fluorescence wavelength of BDF nucleosides can be shifted
to that of conventionally used fluorophores, then the BDF
method will become a more powerful tool for the detection of
single nucleotide alterations.

Herein, we report on a new method for the detection of a
base at a specific site in a DNA sequence by monitoring the
fluorescence emission of fluorescein. To achieve this goal, we
developed a new BDF nucleobase, naphthodeazaadenine (NDA),
which shows a strong fluorescence resonance energy transfer
(FRET) emission to fluorescein only when its complementary
base is C.

Results and Discussion

The novel BDF nucleoside NDA was synthesized from 2-nitro-
naphth-1-ol (1) (Scheme 1). After condensation with ethyl cya-
noacetate, two ring-closure reactions were carried out to
afford 5. Chlorination of 5, followed by coupling with protect-
ed deoxyribose gave 7. Compound 7 was converted to NDA
nucleoside (8) by treating it with methanolic ammonia. Sub-
sequently, nucleoside 8 was protected and incorporated via
phosphoramidite 11 into the ODNs by using a DNA synthesiz-
er. The NDA-containing and the complementary ODNs used in
this study are summarized in Table 1.

Prior to measurements of the fluorescence spectra, the ab-
sorption spectra of 2.5 mm of ODN(NDA) hybridized with strands
containing different bases opposite NDA, ODN(N) (N=C, T, G,
or A) in sodium phosphate buffer (pH 7.0) were initially meas-
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We report on a new method for the detection of a base at a spe-
cific site in a DNA sequence by monitoring the fluorescence emis-
sion of fluorescein. To achieve this goal, we developed a new
base-discriminating fluorescent (BDF) nucleobase, naphthodeaza-
adenine (NDA). The fluorescence spectrum of the duplex possess-
ing a cytosine base as a complementary base of NDA showed a
fluorescence peak at 383 nm when using an excitation wave-
length of 350 nm. When the complementary base of NDA was one
of the other bases, the fluorescence intensity was very low. The
fluorescence emission spectrum of NDA overlapped with the fluo-
rescence excitation spectrum of fluorescein in the wavelength

range of 400±500 nm. Thus, we designed FRET-BDF probes con-
taining NDA as the FRET donor and fluorescein as the acceptor.
The interaction of these two fluorophores, which are separated
by defined base pairs, allowed an efficient energy transfer that
resulted in a dominant fluorescence emission of fluorescein at
520 nm when using an excitation wavelength of 350 nm. Fluores-
cence emission from FRET-BDF probes was observed only when
the complementary base of NDA is C, thus achieving a clear dis-
tinction of a C base on the complementary DNA strand. However,
the general utility of our method is limited due to the quenching
of the NDA fluorescence by a G/C base pair flanking NDA.
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ured (Figure 1). When the complementary base of
NDA was G, T, or A, the absorption spectra had their
maxima lmax at 352 nm. In contrast, the absorption
spectrum given from the ODN(NDA)/ODN(C) duplex
broadened, and lmax was observed at 354 nm, that
is, shifted 2 nm longer than those of the other
duplexes.

The fluorescence spectra of ODN(NDA) hybridized
with ODN(N) are shown in Figure 2a. The fluores-
cence spectrum of the duplex possessing a C base as
a complementary base of NDA, ODN(NDA)/ODN(C),
showed a fluorescence peak at 383 nm when using
an excitation wavelength of 350 nm (F=0.027). In
contrast, when the complementary base of NDA was a
base other than C, the fluorescence intensity was
very low (F<0.005). The fluorescence of ODN(NDA)/
ODN(C) was approximately nine times stronger than
that observed for ODN(NDA)/ODN(T). For single-
stranded ODN(NDA), an appreciably strong fluores-
cence was observed at 378 nm (F=0.010), which
was comparable to the peak intensity observed for
ODN(NDA)/ODN(C).

The fluorescence character of NDA-containing BDF
probes would be useful for the typing of a single nu-
cleotide polymorphism (SNP) where a C base is con-
cerned. For example, a BDF probe ODN(BRCA-NDA)
was designed for the human breast cancer type 1
gene (BRCA1) sequence, which possesses a C/T SNP
site,[9, 10] ODN(BRCA-N) (N=C or T; Table 1). Upon hy-
bridization with the target sequence, ODN(BRCA-
NDA) showed an C-allele-specific fluorescence (F=

0.069), whereas the fluorescence of ODN(BRCA-NDA)
hybridized with a T-allele sequence was weak (F=

0.018). However, when NDA is flanked by a G/C base
pair, its fluorescence is considerably suppressed.
When a 15-mer DNA strand containing an angiotensi-
nogen gene C/T SNP site,[9, 11] ODN(AGT-N) (N=C or
T), was used as target sequences, the fluorescence of

Scheme 1. Reagents and conditions: a) tosylchloride, pyridine, RT, 6 h, 55%; b) potassium
tert-butoxide, ethyl cyanoacetate, THF, reflux, 7 h, 65%; c) AcOH, Zn powder, sonication,
44 8C, 7 h, 67%; d) sodium methoxide, formamide, 220 8C, 6 h, 37%; e) POCl3, p-dioxane,
reflux, 3 h, 67%; f) i) sodium hydride, acetonitrile, 55 8C, 1 h, ii) 12, RT, 15 min, 86%; g) meth-
anolic ammonia, 150 8C, 7 h, 95%; h) DMF dimethylacetal, DMF, RT, 3 h, 66%; i) 4,4’dimeth-
oxytrityl chloride, 4-(dimethylamino)pyridine, pyridine, RT, 4 h, 30%; j) (iPr2N)2PO(CH2)2CN,
1H-tetrazole, acetonitrile, RT, 1.5 h, quant.

Table 1. Oligodeoxynucleotides used in this study.

Sequences

ODN(NDA) 5’-d(CGCAATNDATAACGC)-3’
ODN(N)[a] 5’-d(GCGTTANATTGCG)-3’
ODN(BRCA-NDA) 5’-d(GGTACCANDATGAAATA)-3’
ODN(BRCA-N)[b] 5’-d(TATTTCANTGGTACC)-3’
ODN(AGT-NDA) 5’-d(GGCTCCCNDATCAGGGA)-3’
ODN(AGT-N)[b] 5’-d(TCCCTGANGGGAGCC)-3’
ODN(F-3-NDA)[c] 5’-d(FAATNDATAACGCACACG)-3’
ODN(N-3)[a] 5’-d(CGTGTGCGTTANATT)-3’
ODN(F-3-A)[c] 5’-d(FAATATAACGCACACG)-3’
ODN(3-NDA) 5’-d(AATNDATAACGCACACG)-3’
ODN(F-4-NDA)[c] 5’-d(FAAATNDATAACGCACACG)-3’
ODN(N-4)[a] 5’-d(CGTGTGCGTTANATTT)-3’
ODN(F-5-NDA)[c] 5’-d(FAAAATNDATAACGCACACG)-3’
ODN(N-5)[a] 5’-d(CGTGTGCGTTANATTTT)-3’

[a] ™N∫ denotes C, T, G, and A. [b] ™N∫ denotes C and T. [c] ™F∫ denotes 6-
(fluorescein-6-carboxamido)hexanol.

Figure 1. Absorption spectra of ODN(NDA) (2.5 mm) hybridized with ODN(T),
ODN(C), ODN(G) or ODN(A) (2.5 mm, 50 mm sodium phosphate, 0.1m sodium
chloride, pH 7.0, RT). ™ss∫ denotes single-stranded ODN(NDA).
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the designed BDF probe ODN(AGT-NDA) was very
weak, regardless of the nature of the base opposite
NDA (F=0.003±0.004). Thus, the C detection
method with an NDA-containing probe cannot be
used for sequences containing a G/C base pair
flanking the SNP site.

The fluorescence emission spectrum of NDA
(lmax

em =375 nm) overlapped with the fluorescence
excitation spectrum of fluorescein (lmax

exc =494 nm) in
the wavelength range 400±500 nm (Figure 2b).
Thus, the interaction of these two fluorophores,
which are separated by defined base pairs, might
allow an efficient energy transfer that results in a
dominant fluorescence emission of fluorescein at
520 nm when using an excitation wavelength of
350 nm. As shown in Table 1, we designed a series
of FRET-BDF probes containing NDA as the FRET
donor and fluorescein as the acceptor separated by
three (ODN(F-3-NDA)), four (ODN(F-4-NDA)), or five
(ODN(F-5-NDA)) A/T base pairs to systematically ana-
lyze the fluorescence properties. Initially we investi-
gated the fluorescence properties of the ODN(F-3-
NDA) FRET-BDF probe. The fluorescence spectra of
the ODN(F-3-NDA)/ODN(N-3) duplex, measured with
various complementary bases of NDA (N), are shown
in Figure 3a. The fluorescence emission from

ODN(F-3-NDA)/ODN(N-3) was observed selectively when N was
C. The quenching efficiency (QF) of NDA in ODN(F-3-NDA)/
ODN(C-3) was 83%. The fluorescence lifetime of ODN(F-3-
NDA)/ODN(C-3) obtained after excitation at 337 nm was
0.59 ns, which was much shorter than that of ODN(3-NDA)/
ODN(C-3), which does not possess a FRET acceptor fluorescein
(1.10 ns). These observations suggest that effective FRET from
NDA to fluorescein occurs in ODN(F-3-NDA)/ODN(C-3). In con-
trast, the hybridization of ODN(F-3-NDA) with ODN(N-3) where
N is T, G, or A results in a weaker emission, as shown in Fig-
ure 3a. These weak fluorescence peaks become negligible
after subtraction of the fluorescence spectra of the NDA-free
duplex ODN(F-3-A)/ODN(N-3) occurring as the background
spectrum; this suggests that these weak fluorescence peaks
arise from the NDA-independent excitation of fluorescein (Fig-
ure 3b). The fluorescence behavior showed that the fluores-
cence emission of ODN(F-3-NDA) by FRET occurs only when the
complementary base of NDA is C. In addition, it is noteworthy
that the fluorescence in the single-stranded state is effectively
suppressed by the use of a FRET system, unlike the strong fluo-
rescence in single-stranded ODN(NDA).

The difference in fluorescence intensities could be detected
more conveniently and precisely with a fluorescence imager, as
shown in Figure 3c. The sample solutions were illuminated at
312 nm, and the fluorescence images were taken through a
400 nm long pass emission filter (Figure 3c). The fluorescence
emission from ODN(F-3-NDA)/ODN(C-3) was very strong and
clearly distinguishable from the poor fluorescence from the
other duplexes. Therefore, the present FRET-BDF probe
method that makes use of the interaction between NDA and

Figure 2. a) Fluorescence spectra of ODN(NDA) (2.5 mm) hybridized with 2.5 mm
ODN(T), ODN(C), ODN(G) or ODN(A) (2.5 mm, 50 mm sodium phosphate, 0.1m
sodium chloride, pH 7.0, RT). Excitation wavelength was 350 nm. ™ss∫ denotes
single-stranded ODN(NDA). b) Overlap of an emission spectrum of ODN(3-NDA)
(purple) and an excitation spectrum of ODN(F-3-A) (green).

Figure 3. a) Fluorescence spectra of ODN(F-3-NDA) (2.5 mm) hybridized with ODN(T-3),
ODN(C-3), ODN(G-3) or ODN(A-3) (2.5 mm, 50 mm sodium phosphate, 0.1m sodium chlo-
ride, pH 7.0, RT). Excitation wavelength was 350 nm. ™ss∫ denotes single-stranded ODN(F-3-
NDA). b) The spectra given by subtracting fluorescence spectra of ODN(F-3-A) (2.5 mm) hybri-
dized with ODN(T-3), ODN(C-3), ODN(G-3) or ODN(A-3) (2.5 mm) from spectra (a). c) Fluo-
rescence image of ODN(F-3-NDA) (2.5 mm) hybridized with ODN(T-3), ODN(C-3), ODN(G-3)
or ODN(A-3) (2.5 mm, 50 mm sodium phosphate, 0.1m sodium chloride, pH 7.0, RT). The
sample solutions were illuminated with a 312 nm transilluminator. The image was taken
through a 400 nm long pass emission filter. ™ss∫ denotes single-stranded ODN(F-3-NDA).
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fluorescein constitutes a powerful tool for typing single-
nucleotide alterations where a C base is concerned.

To further analyze the character of the FRET interaction
through NDA in detail, we examined the fluorescence properties
of ODN(F-4-NDA)/ODN(C-4), in which two fluorophores are sep-
arated by four A/T base pairs, and compared the fluorescence
to that from ODN(F-3-NDA)/ODN(C-3) (Table 2). The fluores-

cence quenching efficiency of NDA in ODN(F-4-NDA)/ODN(C-4)
was 66%, which is much lower than that observed for ODN-
(F-3-NDA)/ODN(C-3). The decrease in FRET efficiency also ap-
peared in the fluorescence decay profile of ODN(F-4-NDA)/
ODN(C-4). The fluorescent decay profile of ODN(F-4-NDA)/
ODN(C-4) was fitted to a biexponential function. The major
short-lived component, which corresponded to the FRET
quenching of NDA, had an extended lifetime, and a new longer-
lifetime component, which corresponded to the quenching of
NDA itself, appeared. This observation clearly shows the de-
crease in the efficiency of the FRET from NDA to fluorescein.
The lowering of this FRET efficiency had a serious effect on the
complementary-base selectivity in the fluorescence emission of
fluorescein. As clearly seen in Table 2, a remarkable decrease in
C selectivity in the fluorescence emission was observed in
ODN(F-4-NDA)/ODN(C-4). The decrease in FRET efficiency was
more marked in the duplex in which the two fluorophores
were more separated (ODN(F-5-NDA)/ODN(C-5)). The QF of
ODN(F-5-NDA)/ODN(C-5) decreased to 48%, and the C selectivi-
ty in the fluorescence emission was approximately half that of
ODN(F-3-NDA)/ODN(C-3). The results of these fluorescence
measurements for a series of fluorescence-labeled ODNs imply
that the FRET efficiency between NDA as a FRET donor and fluo-
rescein as an acceptor is strongly correlated with the com-
plementary base selectivity in the fluorescence emission of
fluorescein.

Conclusion

In conclusion, it has been possible to clearly distinguish the
presence of a cytosine base on a complementary DNA strand
by using FRET-BDF probes. By using FRET-BDF probes that con-
tain both NDA and fluorescein, the complementary base-selec-
tive fluorescence of NDA was transferred to fluorescein. This
system facilitates the detection of a single-nucleotide alteration
in a target sequence at the wavelength of fluorescein emission.
However, our method cannot be used if the sequence contain-

ing a G/C base pair that flanks the NDA, because the fluores-
cence of NDA is then quenched.

Experimental Section

General : 1H NMR spectra were measured on a Varian Mercury 400
(400 MHz) spectrometer. Coupling constants are reported in hertz.

The chemical shifts are expressed
in ppm downfield from tetra-
methylsilane, with residual chloro-
form (d=7.24) and dimethylsulfox-
ide (d=2.48) as internal standards.
FAB mass spectra were recorded
on a JEOL JMS DX-300 or JMS SX-
102A spectrometer.

2-nitronaphthyl p-toluenesulfo-
nate (2): 2-Nitronaphth-1-ol (1;
95%, 10.0 g, 50.1 mmol) was dis-
solved in pyridine (150 mL), and
p-toluenesulfonyl chloride (12.0 g,

62.9 mmol) was added at 0 8C. The mixture was stirred at room
temperature for 6 h, then concentrated in vacuo. The crude prod-
uct was purified by silica gel chromatography with chloroform to
give 2 (9.4 g, 27.4 mmol, 55%) as an orange solid. 1H NMR (CDCl3)
d=8.18 (d, J=8.8 Hz, 1H), 7.84±7.94 (5H), 7.67 (ddd, J=8.8, 7.2,
1.2 Hz, 1H), 7.59 (ddd, J=8.8, 7.2, 1.2 Hz, 1H), 7.37 (d, J=8.8 Hz,
2H), 2.49 (s, 3H); MS (FAB) (NBA/CDCl3): m/z : 343 [M]+ ; HRMS (FAB)
calcd for C17H13O5NS: 343.0514 [M]+ , found 343.0514.

Cyano(2-nitronaphthalene-1-yl)acetic acid ethyl ester (3): Potassi-
um tert-butoxide (4.78 g, 42.6 mmol) was added to an ice-cold sol-
ution of ethyl cyanoacetate (4.62 mL, 42.6 mmol) in anhydrous THF
(170 mL). The suspension formed was stirred for 15 min, then treat-
ed with 2 (7.3 g, 21.3 mmol) and heated at reflux for 7 h. The solu-
tion was poured into water, and the aqueous mixture was acidified
to pH 2 with concentrated HCl. The mixture was extracted with
ether (3î ), and then the combined organic phases were dried and
concentrated in vacuo. The crude product was purified by silica
gel chromatography (chloroform/methanol 10:1) to give 3 (3.7 g,
13.8 mmol, 65%) as a yellow solid. 1H NMR ([D6]DMSO) d=8.43 (d,
J=8.4 Hz, 1H), 8.34 (d, J=9.2 Hz, 1H), 8.23 (m, 1H), 8.14 (d, J=
9.2 Hz, 1H), 7.87 (m, 2H), 6.87 (s, 1H), 4.22 (dq, J=7.2, 1.2 Hz, 2H),
1.18 (t, J=7.2 Hz, 3H).

3,11-Dihydro-benzo[e]pyrimido[4,5-b]indol-4-one (5): A solution
of 3 (3.7 g, 13.8 mmol) in acetic acid (150 mL) was treated with a
single charge of Zn dust (3.9 g, 60 mmol). The mixture was heated
at 44 8C and sonicated for 3.3 h, then treated with more Zn (2.4 g,
36.7 mmol). After being heated and sonicated for another 3.3 h,
the mixture was filtered. The filtrate was concentrated in vacuo.
The crude product was purified by silica gel chromatography
(chloroform/methanol 20:1) to give 4 (2.34 g, 9.2 mmol, 67%) as a
black solid. MS (FAB) (NBA): m/z : 254 [M]+ ; HRMS (FAB) calcd for
C15H14O2N2: 254.1055 [M]+ , found 254.1056. Subsequently, a solu-
tion of 4 (1.1 g, 4,33 mmol), sodium methoxide (1.0 g, 18.5 mmol),
and formamide (40 mL) was heated at 220 8C for 6 h and distilled
at 220 8C to a solid. The solid was triturated in methanol and then
filtered. The filtrate was concentrated to a solid. The crude product
was purified by silica gel chromatography (chloroform/methanol
10:1) to give 5 (379 mg, 1.61 mmol, 37%) as a yellow solid.
1H NMR ([D6]DMSO) d=12.63 (s, 1H), 12.29 (s, 1H), 9.93 (d, J=
8.0 Hz, 1H), 8.13 (s, 1H), 7.96 (d, J=8.0 Hz, 1H) 7.83 (d, J=8.8 Hz,
1H), 7.65 (d, J=8.8 Hz, 1H) 7.57 (t, J=8.8 Hz, 1H) 7.44 (t, J=

Table 2. Fluorescence data of FRET-BDF probes.

t1 [ns] (%) t2 [ns] (%) tM [ns] QF
[a] C/T/ss ratio[b]

ODN(F-3-NDA)/ODN(C-3) 0.589 0.589 0.829 3.1:1.0:0.9
ODN(F-4-NDA)/ODN(C-4) 0.625 (98) 3.033 (2) 0.673 0.663 2.1:1.0:1.1
ODN(F-5-NDA)/ODN(C-5) 0.630 (97) 2.209 (3) 0.677 0.482 1.8:1.0:1.2
ODN(3-NDA)/ODN(C-3) 1.103 1.103 ± 9.5:1.0:8.6[c]

[a] QF is the quenching efficiency for NDA. [b] The C/T/ss ratio shows the ratio of the fluorescence intensities of
fluorescein (521 nm) from NDA/C duplexes, NDA/T duplexes, and single-stranded ODNs. [c] The ratio of the fluo-
rescence intensities of NDA (376 nm) from NDA/C duplexes, NDA/T duplexes, and single-stranded ODNs.
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8.8 Hz, 1H); MS (FAB) (NBA): m/z : 235 [M]+ ; HRMS (FAB) calcd for
C14H9ON3: 235.0746 [M]+ , found 235.0746.

4-Chloro-11H-benzo[e]pyrimido[4,5-b]indole (6): A mixture of 5
(200 mg, 0.85 mmol), POCl3 (20 mL), and p-dioxane (20 mL) was
heated at reflux for 3 h. The mixture was concentrated to solid,
then washed with water. The crude product was purified by silica
gel chromatography (chloroform/methanol 40:1) to give 6
(145 mg, 0.57 mmol, 67%) as a yellow solid. 1H NMR ([D6]DMSO)
d=13.31 (s, 1H), 9.55 (d, J=8.4 Hz, 1H), 8.78 (s, 1H), 8.15 (d, J=
8.8 Hz, 1H), 8.11 (d, 8.4 Hz, 1H), 7.79 (d, J=8.8 Hz, 1H), 7.23 (t, J=
8.4 Hz, 1H); MS (FAB) (NBA/DMSO): m/z : 254 [M+H]+ ; HRMS (FAB)
calcd for C14H8ClN3: 254.0485 [M+H]+ , found 254.0487.

4-Chloro-11-(2’-deoxy-3’,5’-di-O-p-toluoyl-b-d-erythro-pentofura-
nosyl)-11H-benzo[e]pyrimido[4,5-b]indole (7): Compound 6
(112 mg, 0.44 mmol) was suspended in dry acetonitrile (10 mL) at
room temperature. Sodium hydride (60% in oil ; 19.2 mg,
0.48 mmol) was added to this suspension, and the mixture was
stirred at 55 8C for 1 h. More sodium hydride (37 mg, 0.93 mmol)
was then added, and the mixture was stirred at 55 8C for 30 min.
Compound 12 (184 mg, 0.47 mmol) was added, and the mixture
was stirred for 15 min, then evaporated to dryness, and the residue
was purified by silica gel chromatography (chloroform/methanol
10:1) to give 7 (234 mg, 0.38 mmol, 86%) as a yellow solid.
1H NMR (CDCl3) d=9.62 (d, J=9.2 Hz, 1H), 8.76 (s, 1H), 7.99±8.03
(m, 6H), 7.89 (d, J=8.0 Hz, 1H), 7.70 (t, J=8.0 Hz, 1H) 7.64 (d, J=
8.8 Hz, 1H), 7.54 (t, J=7.2 Hz, 1H), 7.31 (d, J=8.0 Hz, 2H), 7.24±
7.27 (2H), 6.00 (m, 1H), 4.93 (dd, J=12.0, 3.2 Hz, 1H), 4.77 (dd, J=
12.0, 4.0 Hz, 1H), 4.64 (dd, J=7.2, 4.0 Hz, 1H), 3.56 (m, 1H), 2.65
(ddd, J=8.0, 6.4, 2.8 Hz, 1H) 2.46 (s, 6H); MS (FAB) (NBA/CHCl3):
m/z : 606 [M+H]+ ; HRMS (FAB) calcd for C35H28ClN3O8: 606.1796
[M+H]+ , found 606.1795.

4-Amino-11-(2’-deoxy-b-d-erythro-pentofuranosyl)-11H-benzo[e]-
pyrimido[4,5-b]indole (8, NDA): A suspension of 7 (101 mg,
0.167 mmol) in methanolic ammonia (40 mL, saturated at �76 8C)
was stirred at 150 8C in a sealed bottle for 7 h. The mixture was
evaporated to dryness, and the residue was purified by silica gel
chromatography (chloroform/methanol 10:1) to give 8 (55.6 mg,
0.158 mmol, 95%) as a white solid. 1H NMR ([D6]DMSO) d=8.77 (d,
J=8.8 Hz, 1H), 8.33 (s, 1H), 8.16 (d, J=8.8 Hz, 1H), 8.05 (d, J=
8.8 Hz, 1H), 7.93 (d, J=8.8 Hz, 1H), 7.65 (t, J=8.8 Hz, 1H), 7.45 (t,
J=8.8 Hz, 1H), 7.07 (s, 2H), 6.99 (t, J= 7.6 Hz, 1H), 5.35 (d, J=
4.0 Hz, 1H), 5.23 (t, J=5.2 Hz, 1H), 4.52 (m, 1H), 3.91 (d, J=3.2 Hz,
1H), 3.74 (m, 1H), 3.70 (m, 1H), 2.90 (m, 1H), 2.11 (ddd, J=8.8, 6.4,
2.0 Hz, 2H); MS (FAB) (NBA): m/z : 351 [M+H]+ ; HRMS (FAB) calcd
for C19H19O3N4: 351.1457 [M+H]+ , found 351.1449.

4-(N,N’-Dimethylaminomethylidenyl)amino-11-(2’-deoxy-b-d-
erythro-pentofuranosyl)-11H-benzo[e]pyrimido[4,5-b]indole (9):
A solution of 8 (55.6 mg, 0.158 mmol) and N,N-dimethylformamide
dimethylacetal (5 mL, 28 mmol) in dimethylformamide (5 mL) was
stirred for 3 h at room temperature, then the solvent was concen-
trated in vacuo. Silica gel chromatography (chloroform/methanol
10:1) yielded 9 (42.5 mg, 0.105 mmol, 66%) as a yellow solid.
1H NMR ([D6]DMSO) d=10.90 (d, J=8.4 Hz, 1H) 9.03 (s, 1H), 8.53
(s, 1H), 8.18 (d, J=8.4 Hz, 1H), 7.99 (d, J=8.0 Hz, 1H), 7.93 (d, J=
8.0 Hz, 1H), 7.58 (t, J=8.0 Hz, 1H), 7.46 (t, J=8.0 Hz, 1H), 7.05 (t,
J=7.2 Hz, 1H), 5.37 (d, J=5.2 Hz, 1H), 5.25 (t, J=5.6 Hz, 1H), 4.53
(m, 1H), 3.91 (m, 1H), 3.72 (m, 2H), 2.92 (m, 1H), 2.11 (m, 1H); MS
(FAB) (NBA/CDCl3): m/z : 406 [M+H]+ ; HRMS (FAB) calcd for
C22H24O3N5: 406.1879 [M+H]+ , found 406.1882.

4-(N,N’-Dimethylaminomethylidenyl)amino-11-(2’-deoxy-5’-O-di-
methoxytrityl-b-d-erythro-pentofuranosyl)-11H-benzo[e]pyrimi-

do[4,5-b]indole (10): A solution of 9 (42.5 mg, 0.104 mmol), 4,4’-di-
methoxytrityl chloride (46.0 mg, 0.135 mmol), and 4-dimethylami-
nopyridine (3.1 mg, 0.026 mmol) in anhydrous pyridine (15 mL)
was stirred for 4 h at room temperature. The solvent was concen-
trated in vacuo to a brown oil. The crude product was purified by
silica gel chromatography (chloroform/methanol 10:1) to give 10
(22 mg, 0.031 mmol, 30%) as a white solid. 1H NMR (CDCl3) d=
10.82 (d, J=8.4 Hz, 1H), 8.87 (s, 1H), 8.57 (s, 1H), 8.07 (d, J=
8.8 Hz, 1H), 7.83 (d, J=7.2 Hz, 1H), 7.55±7.15 (m, 12H), 6.77 (d, J=
8.4 Hz, 4H), 4.95±4.91 (m, 1H), 4.10 (ddd, J=4.0 Hz, 1H), 3.54 (dq,
J=25.6, 4.0 Hz, 2H), 3.73 (s, 6H), 3.44 (s, 6H), 3.26 (s,1H), 2.36 (s,
1H).

4-(N,N’-Dimethylaminomethylidenyl)amino-11-(2’-deoxy-5’-O-di-
methoxytrityl-b-D-erythro-pentofuranosyl-3’-O-cyanoethyl-N,N’-
diisopropylphosphoramidite)-11H-benzo[e]pyrimido[4,5-b]indole
(11): A solution of 10 (22 mg, 0.031 mmol), 2-cyanoethyl tetraiso-
propylphosphorodiamidite (10.75 mL, 0.034 mmol), and tetrazole
(2.38 mg, 0.034 mmol) in acetonitrile (0.40 mL) was stirred at room
temperature for 1.5 h. The mixture was filtered and used for ODN
synthesis with no further purification.

Modified ODN synthesis : The modified ODNs were synthesized by
a conventional phosphoramidite method with an Applied Biosys-
tems 392 DNA/RNA synthesizer. Synthesized ODNs were purified
by reverse-phase HPLC on a 5-ODS-H column (10î150 mm, elution
with a solvent mixture of triethylammonium acetate (0.1m, TEAA),
pH 7.0, linear gradient over 30 min from 5% to 20% acetonitrile at
a flow rate 3.0 mLmin�1). Mass spectra of ODNs purified by HPLC
were determined with a MALDI-TOF mass spectroscopy (accelera-
tion voltage 21 kV, negative mode) with 2’,3’,4’-trihydroxyaceto-
phenone (THAP) as matrix and T8 ([M�H]� 2370.61) and T17

([M�H]� 5108.37) as internal standards.

ODN(NDA): MALDI-TOF [M�H�] calcd: 4025.72, found: 4026.37.
ODN(BRCA-NDA) MALDI-TOF [M�H�] calcd: 4707.17, found:
4706.16; ODN(AGT-NDA) MALDI-TOF [M�H�] calcd: 4675.10, found:
4676.98; ODN(F-3-NDA) MALDI-TOF [M�H�] calcd: 5189.59, found:
5190.14; ODN(3-NDA) MALDI-TOF [M�H�] calcd: 4652.14, found:
4651.62; ODN(F-4-NDA) MALDI-TOF [M�H�] calcd: 5502.80, found:
5503.86; ODN(F-5-NDA) MALDI-TOF [M�H�] calcd: 5816.01, found:
5817.27.

Fluorescence measurements : All the fluorescence spectra of the
DNA duplexes were taken at room temperature in a buffer solution
(pH 7.0) containing sodium phosphate buffer (50 mm) and sodium
chloride (100 mm). The fluorescence spectra were obtained by
using a SHIMADZU RF-5300PC spectrofluorophotometer; path
length=1 cm, bandwidth=1.5 nm. Fluorescence imaging was per-
formed by using a Bio-Rad VersaDoc 3000 imaging system. The
sample solutions were illuminated with a 312 nm transilluminator.
The image was taken through a 400 nm long pass emission filter.

Fluorescence decay measurements : Fluorescence decay was
measured by a two-dimensional photon-counting method with the
picosecond fluorescence lifetime measurement system (C4780,
Hamamatsu). A N2 laser (337 nm) was used as the excitation light
source. The fluorescence emission was collected at 380 nm.

Keywords: DNA ¥ fluorescence resonance energy transfer ¥
fluorescent probes ¥ nucleobases ¥ single-nucleotide
polymorphism
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