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Hybridization-Sensitive On-Off DNA Probe: Application of the Exciton
Coupling Effect to Effective Fluorescence Quenching

Shuji Ikeda and Akimitsu Okamoto**!

Abstract: The design of dyes that emit
fluorescence only when they recognize
the target molecule, that is, chemistry
for the effective quenching of free
dyes, must play a significant role in the
development of the next generation of
functional fluorescent dyes. On the
basis of this concept, we designed a

when the probe was in a single-strand-
ed state, whereas an absorption band
at approximately 510 nm became pre-
dominant when the probe was hybrid-
ized with the complementary strand.
The shift in the absorption bands
shows the existence of an excitonic in-
teraction caused by the formation of an

H aggregate between dyes, and as a
result, emission from the probe before
hybridization was suppressed. Dissocia-
tion of aggregates by hybridization
with the complementary strand result-
ed in the disruption of the excitonic in-
teraction and strong emission from the
hybrid. This clear change in fluores-

doubly fluorescence-labeled nucleoside.
Two thiazole orange dyes were cova-
lently linked to a single nucleotide in a
DNA probe. An absorption band at ap-
proximately 480 nm appeared strongly

Introduction

Many fluorescent dyes have been developed for detection of
a target biomolecule from amongst a range of candidates in
extract mixtures, blotting analysis, and chromatographic
fractions, to be used for observation of the functions of bio-
molecules in cells, such as detection of DNA, RNA, and
proteins, and for measurement of membrane potentials.!!
These conventional fluorescent dyes always emit fluores-
cence when excitation light is shone on fluorescence-labeled
samples. Therefore, dye molecules that do not take part in
labeling of the target biomolecule have to be completely re-
moved from the sample through several troublesome wash-
ing processes to extinguish the background fluorescence.
Design of a “fluorescent dye” in which the fluorescence is
turned off when the dye does not recognize the target bio-
molecule is very important for the establishment of bioimag-
ing without the repetitive washing process, resulting in a
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cence intensity that is dependent on
hybridization is useful for visible gene

aggrega- .
analysis.

highly reliable, labor-saving, and real-time-operating fluores-
cence observation. The chemistry of fluorescence quenching
of dyes in the free state is a significant key for the design of
the next generation of functional fluorescent dyes. So far,
photophysics and photochemistry, such as excimer formation
and dissociation,”! photoinduced charge transfer,” photoin-
duced electron transfer,” and energy transfer between
dyes,”” have been applied to the molecular design of fluores-
cent probes that contain an “on-off” switching system.

In the design of on-off fluorescent DNA probes, the
probes should show negligible emission for a single-stranded
state and emit strongly upon binding with the target strand.
Various DNA probes that give signals in a sequence-specific
fashion, as exemplified by molecular beacons, have been
widely used.”) These probes have detected DNA sequences
by using the change in the fluorescent intensity caused by
the change in the distance between a fluorescent dye and a
quencher dye that is linked at the strand ends by hybridiza-
tion with the target sequence. However, many problems
remain: 1) two types of dyes are required in a probe, thus
they involve higher costs and difficult synthesis; 2) in most
cases, both strand ends are occupied by dyes, thus biological
applications such as PCR probes are limited; 3) probes re-
quire formation of higher-order structures such as a hairpin
structure for efficient fluorescence quenching, thus they
need sequences for structure formation, not for sequence
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recognition; 4) each probe is labeled with one emission dye
and multiple labeling is difficult because of the fluores-
cence-quenching mechanism; 5) the conformational degrees
of freedom of dyes covalently linked to the strand ends
strongly affect the quenching efficiency. Therefore, DNA
probes that solve these problems need to be developed as
the next generation of fluorescent probes.

Herein, we report a new concept for the design of fluores-
cent DNA probes. We used the fluorescence quenching by
the exciton coupling effect of dyes to achieve turning off of
fluorescence. The probe that we designed showed strong
emission when it hybridized with the target strand, whereas
the emission was suppressed strongly in the single-stranded
state. This on—off probe overcomes the drawbacks suffered
by conventional fluorescent probes.

Results and Discussion
Design of an Emission-Controlled Nucleoside

We focused on the photophysical behavior of the fluorescent
dye thiazole orange. An important property of thiazole
orange is the enhancement of fluorescence intensity upon
intercalation with a DNA duplex; that is, this dye emits
strong fluorescence in a DNA-binding state, whereas the
fluorescence of the free dye is very weak.”! The change in
the fluorescence behavior of thiazole orange is due to the
restriction of rotation around the methine bond between the
two heterocyclic systems, and this increased rigidity as a
result of the structural modifications prevents nonradiative
deactivation.

The molecule produced by dimerization of thiazole
orange is referred to as TOTO (Scheme 1a), which is used
as a good DNA fluorescent stain.”®! Covalent linkage of two
thiazole orange dyes through a biscationic linker to form a
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Scheme 1. Thiazole orange dimers: a) TOTO; b) newly synthesized fluo-
rescent nucleotide, 1.

bichromophore increases the nucleic acid binding affinity.
TOTO binds to DNA with a high DNA-binding ability
through bis intercalation from the minor-groove side."”!

Much research on linking such a thiazole orange dye to
an artificial DNA molecule or DNA analogue and its appli-
cation to gene analysis has already been reported.t"!!
Indeed, these probes show strong fluorescence, but the
quenching efficiency in the single-stranded state is often
low. A demonstration of the use of a tethered thiazole
orange dye for applications involving peptide nucleic acid
(PNA) probe molecules has been reported previously.'”! In-
corporation of thiazole orange into PNA somewhat im-
proved the quenching efficiency in the single-stranded state,
but the improvement is still small because the fundamental
photophysical property of thiazole orange is scarcely con-
trolled. In addition, the extraordinary costs in labor and
money for synthesis of PNA labeled with thiazole orange
are unavoidable. Although there are such problems, there is
no doubt that thiazole orange is a very effective dye for
DNA detection, as described above. A more precise design
of fluorescent DNA based on characteristic photophysical
properties of thiazole orange would give us more-sensitive
DNA probes.

We designed a doubly fluorescence-labeled nucleoside
(Scheme 1b). The dye is known to show little emission from
the exciton coupling effect!” when several fluorescent dyes
arrange in parallel (H aggregation).'! This effect is caused
by a splitting of the excited state of dyes into two energy
levels, and excitation to the upper energy level is followed
by internal conversion to the lower energy level. The emis-
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sion from the lower excitonic level is very weak because of
the redistribution of the whole oscillator strength to the
upper excitonic level transition. If two thiazole orange dyes
were linked covalently to a DNA probe, the emission could
be suppressed strongly in the single-stranded state by the ex-
citon coupling effect. In contrast, strong emission would be
observed when the probe binds to the target DNA because
the aggregate is probably dissolved and each dye is expected
to bind to the duplex structure. Therefore, design of probes
showing the exciton coupling effect by the coupling of two
fluorescent dyes is expected to produce a highly sensitive
DNA probing system.

Based on this molecular-design concept, we designed a
doubly fluorescence-labeled nucleoside as shown in
Scheme 1b. Two thiazole orange dyes were linked to C5 of
2'-deoxyuridine because this is convenient for the intercala-
tion of drugs from the major groove of DNA duplexes and a
reduction in the synthetic steps. Additionally, on the basis of
structural information reported earlier that quinoline rings
locate at the minor-groove side and benzothiazole rings
locate at the major groove in the DNA-binding structure of
TOTO,” the nitrogen atom of the benzothiazole ring of
thiazole orange was linked to a uracil base in a newly de-
signed nucleoside.

Synthesis

The synthetic route is outlined in Scheme 2. The synthesis of
a thiazole orange derivative 4, (n=3-6) was attained
through a conventional dye synthetic protocol from a benzo-
thiazole derivative with various lengths of carboxy linkers,
2.,-"! To avoid damage to the dyes during the DNA syn-
thetic process, we prepared a DNA strand containing a syn-
thetic nucleoside with two amino linkers prior to the incor-
poration of carboxylate-activated dyes. A synthetic nucleo-
side with two amino linkers was prepared from a uridine de-
rivative with an acrylate group at C5, 5.'! Two primary
amino groups obtained by the coupling of 5 with tris(2-ami-
noethyl)amine were protected by trifluoroacetyl groups to
give nucleoside 6. Protection of the 5-hydroxy group and
the following phosphoramidation of the 3'-hydroxy group
gave 7, which was then incorporated into DNA strands
through a conventional phosphoramidite method by using a
DNA autosynthesizer. A DNA strand containing a doubly
fluorescence-labeled nucleotide 1, was synthesized by
mixing a diamino-modified DNA strand 8 with an activated
dye 4,. The short DNA strands (oligodeoxynucleotides;
ODN) that were modified with dyes and their complemen-
tary strands that were prepared for the experiments de-
scribed below are summarized in Table 1.

Photophysics of Fluorescent DNA

We measured absorption, excitation, and emission spectra of
1,-containing ODNs with a variety of sequences and dye-
linker lengths before and after hybridization with the com-
plementary strands. The photophysical data and spectra of
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Scheme 2. Synthesis of artificial DNA containing the doubly dye-labeled
nucleotide. Reagents and conditions: a) quinoline methiodide, triethyl-
amine, dichloromethane, 25°C, 16 h, 43% (n=3),28% (n=4),26% (n=
5), 22% (n=6); b) N-hydroxysuccinimide, ethyl N,N-dimethylamino-
propyl carbodiimide (EDCI), DMF, 25°C, 16 h, no isolation; c) 1. N-hy-
droxysuccinimide, EDCI, DMF, 25°C, 3h, 2. tris(2-aminoethyl)amine,
acetonitrile, 25°C, 10 min, 3. ethyl trifluoroacetate, triethylamine, aceto-
nitrile, 25°C, 16 h, 37 %; d) 4,4'-dimethoxytrityl chloride, pyridine, 25°C,
16 h, 80%; e)2-cyanoethyl N,N,N',N'-tetraisopropylphosphordiamidite,
1H-tetrazole, acetonitrile, 25°C, 2 h, quant.; f) DNA autosynthesizer with
a standard phosphoramidite method, then 28 % aqueous ammonia, 55°C,
4h and then 25°C, 16 h; g) 4(,,, DMF, 100 mm sodium carbonate buffer
solution (pH 9.0), 25°C, 16 h. DMTr =4,4'-dimethoxytrityl.

1,-containing ODN samples are summarized in Table 2 and
Figure 1, respectively. Two absorption bands were observed
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Table 1. Artificial DNA used in this study.

Sequences (5'—3")

ODN1 CGCAAT1,, TAACGC
ODNT GCGTTAAATTGCG

ODN1” GCGTTAGATTGCG

ODN2 TTTTTTl TTTTTT

ODN?2 AAAAAAAAAAAAA

ODN3 TGAAGGGCTT1,TGAACTCTG

ODN¥ CAGAGTTCAAAAGCCCTTCA

ODN4 CGCAATY,, TAACGC

ODN3 CGCAATY,9,AACGC

ODN (anti4.5 ) GCCTCCT1,CAGCAAATCCl, ACCGGCGTG
ODN (antiB1) CCTCCCAAG1,,GCTGGGAT1,AAAGGCGTG

Table 2. Photophysical properties of 1,-incorporated DNA..

Amax [nM] Aem ‘pf[cl I/
[nm]" 11

480 (117000) 510 537  0.096 — -

(93800)

ODN1 (7=3)/ODNT 505 (145000) 529 0298 76 66

ODN1 (n=4) 479 (156000) 509 538  0.059 - -
(104000)

ODN1 (7=4)/ODNT 509 (179000) 528 0272 144 65

ODN1 (n=5) 480 (139000) 510 538  0.043 — -
(107000)

ODN1 (7=5)/ODN1 508 (172000) 529 0208 81 67

ODN1 (n=6) 479 (139000) 509 536 0.053 - -
(93300)

ODN1 (7=6)/ODN1 509 (164000) 528 0265 109 65

5-CGCAATT- - - -

TAACGC-3/ODNT

T, [°C]

ODN1 (n=3)

ODN2 478 (221000) 505 545 0010 - -
(115000)

ODN2/ODN?2' 513 (209000) 536 0469 160 62

ODN3 482 (146000) 510 535  0.074 - -
(145000)

ODN3/ODN3 509 (191000) 530 0232 45 74

[a] 2.5 um DNA, 50mm sodium phosphate buffer solution (pH 7.0),
100 mM sodium chloride. [b] Excited at 488 nm. [c] Excited at 4, (longer
wavelength when there are two A, values). [d] The ratio of the fluores-
cence intensities at the A, of duplex and single-stranded states.

at 400-550 nm for all the 1,-containing ODN samples. An
absorption band at shorter wavelength (ca.480nm) ap-
peared more strongly when 1,,-containing ODN samples
were in a single-stranded state, whereas an absorption band
of longer wavelength (ca.510nm) became predominant
when 1,)-containing ODN samples were hybridized with the
complementary strands. The absorption band at approxi-
mately 510 nm is a typical band observed for a monomeric
thiazole orange.”

The emission spectra were observed at ~530nm as a
single broad band. Hybridization of 1,-containing ODN
with the complementary strand is clearly distinguishable
using the change in the emission intensity. The 1,-contain-
ing ODN samples hybridized with the target DNA strands
showed strong emission, whereas the emission intensity of
the samples before hybridization was much weaker. In par-
ticular, the fluorescence of ODN2, which consists of a poly-
pyrimidine sequence, was almost completely quenched in
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the single-stranded state. The ratio of emission intensities of
duplex and single-stranded states (Ii/I,) of ODN2 at the
wavelength of the emission maximum reached 160. A 20-
mer ODN strand with a general sequence ODN3 also
showed a clear change in emission intensity before and after
hybridization. The length of dye—uracil linkers may be im-
portant for fluorescence emission control. However, in the
range of the linker length we investigated, the influence of
the linker length on the [/l value of ODNI1 was very
small, and the emission intensity clearly changed depending
on the structural states of the ODN samples (Figure S1 in
the Supporting Information).

The excitation spectra displayed a single broad peak at
about 510 nm regardless of their structural states. This wave-
length is in good agreement with the wavelength of one of
the absorption bands. This indicates that the absorption par-
ticipating in the fluorescence emission is only the band ob-
served at approximately 510 nm and the absorption band at
about 480 nm makes a negligible contribution to the emis-
sion.

Intramolecular Aggregation of Fluorescent Dyes

The non-emissive character observed in the single-stranded
state is accepted as a general feature of the H aggregates of
the dyes. Interaction between the dyes has been explained
by Kasha in terms of the exciton coupling theory in which
the excited state of the dye dimer splits into two energy
levels (Figure 2).'77 On the basis of the exciton theory, the
transition to the upper excitonic state is allowed for the H
aggregates, which rapidly deactivate to the lower excitonic
state. The excitonic coupling energy was estimated as
1230 cm™! from the shift of the absorption band from 510 to
480 nm upon dimerization, which is similar to the energy re-
ported for the coupling in H aggregates of cyanine dyes.'*]
Emission from the lower energy level is theoretically forbid-
den and thus the singlet excited state of the aggregate gets
trapped in a non-emissive state.

To further investigate the mechanism of emission suppres-
sion of 14)-containing ODN samples, we measured the ab-
sorption spectra of ODN1 (n=4) under a variety of temper-
atures and concentrations. The change in sample tempera-
ture altered the ratio of the absorbance of two absorption
bands (Figure 3a). With an increase in sample temperature,
the absorption band at 479 nm decreased gradually and the
band at 509 nm increased. At 487 nm, an isosbestic point is
observed, showing the presence of two spectroscopic compo-
nents. On the other hand, the change in concentration of
ODN1 (n=4) did not affect the ratio of absorbance of the
two bands (Figure 3b). On increasing the sample concentra-
tion, an increase in absorbance of both absorption bands
was observed. The plot of log(A,;) versus log(Asy), that is,
the ratio of the logarithm of the absorbance of each band,
was found to be linear (inset of Figure 3b), suggesting that
the ratio of the two spectroscopic components was almost
constant regardless of the concentration of ODN. These
spectral changes indicate the formation of an intramolecular
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Figure 1. Absorption, excitation, and emission spectra of 1,)-containing ODNs. Absorption spectra are shown
in the left-hand panels and excitation and emission spectra are shown in the right-hand panels. Spectra of 1-
containing ODNs were measured in 50 mM sodium phosphate buffer solution (pH 7.0) containing 100 mm
sodium chloride at 25°C. Black trace: single-stranded ODN (ss); gray trace: ODN hybridized with the corre-
sponding complementary DNA (ds). a) ODN1 (n=4; 2.5 um). Excitation spectra were measured for emission
at a wavelength of 534 and 528 nm for ss and ds, respectively, and emission spectra were excited at 519 and
514 nm for ss and ds, respectively. b) ODN2 (2.5 um for the left-hand panel and 1 pm for the right-hand panel).
Excitation spectra were measured for emission at a wavelength of 534 and 537 nm for ss and ds, respectively,
and emission spectra were excited at 517 and 519 nm for ss and ds, respectively. ¢) ODN3 (2.5 um). Excitation
spectra were measured for emission at a wavelength of 535 and 530 nm for ss and ds, respectively, and emis-
sion spectra were excited at 518 and 516 nm for ss and ds, respectively.
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H aggregate by the bichromo-
phoric system of ODN. Two
conformational modes exist in a
sample solution: an absorption
band with a shorter wavelength
(479 nm) is derived from a di-
meric structure and one with
longer wavelength (509 nm),
which was enhanced with heat-
ing, is from monomeric dyes. A
spectral band with the same
wavelength as the absorption
band with shorter wavelength
was not observed in the excita-
tion spectra, as shown in
Figure 1, and this phenomenon
is well explained on the basis of
the exciton coupling theory
shown in Figure 2.

Binding Mode of Dyes to
Duplex

The duplex formed by 14-in-
corporated probes and their
complementary strands was
highly emissive and the struc-
ture was thermally stable. The
melting temperature (7,) of
ODN1 (n=4)/ODN1 in-
creased 7-9°C compared with a
natural duplex 5-CGCAATT-
TAACGC-3/ODNY (Table 2).
The increase in the T, values
suggests that two cationic probe
dyes effectively bind to duplex-
es formed with the target se-
quence. We also measured the
CD spectrum of ODN1 (n=4)/
ODNY'. This duplex showed a
broad negative signal and a
sharp positive signal at 450-
550 nm (Figure 4). These signals
might result from mixed Cotton
effects derived from different
binding modes of dyes to DNA,

2 which consist of a negative Cotton effect for dyes intercalat-

E' (Forbidden) mumm -~ © ing into a DNA duplex and a split-Cotton effect for dyes

Non-emissive

binding to the DNA groove.'¥ The characteristic spectrum
shape was also observed for the ODN2/ODN2’ duplex (see
Emissive Figure S2 in the Supporting Information). The results of T},
and CD measurements suggest that the dyes of 1, bind to
the DNA duplex through intercalation and/or binding to the

G L- — G major groove and thermally stabilize the duplex structures.

Nonhyhbrid Hybrid The binding of the dye to DNA strongly prevents the forma-

Figure 2. Schematic representation of the energy levels of the single- and tion of a bichromophoric aggregate. As shown in Figure 1,
double-stranded states of 1,-containing ODN. an absorption band with longer wavelength derived from

962 www.chemasianj.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Effects of temperature and concentration on the absorption-
band shape. Absorption spectra of ODN1 (n=4) were measured in
50 mm sodium phosphate buffer solution (pH 7.0) containing 100 mm
sodium chloride. a) Change in solution temperature. The ODN concen-
tration was 2.5 um. The spectra were recorded at 10°C intervals between
10 and 90°C. b) Change in solution concentration. The spectra were mea-
sured at 25°C by using 0.5, 0.75, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, 4.0, and 5.0 um
of the ODN. Inset: plot of log(absorbance at 479 nm) against log(absorb-
ance at 509 nm).
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Figure 4. CD spectrum of ODN1 (n=4)/ODNY. CD spectra of the
duplex (2.5 um) were measured in 50 mm sodium phosphate buffer solu-
tion (pH 7.0) containing 100 mm sodium chloride at 25°C. [0] shown in
[deg cm?dmol '].

monomeric dyes became predominant because of dissocia-
tion of the aggregates. Dissociation of the aggregates, that is,
the disruption of the excitonic interaction, contributes to en-
hancement of the strong fluorescence emission.

To gain information on the effect of the base opposite the
14, base of ODN1 (n=4) on fluorescence intensity, the fluo-
rescence of the “mismatched” duplex with ODN1” (i.e., the
strand containing a guanine base opposite 1) was mea-

Chem. Asian J. 2008, 3, 958 —968

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL

sured (see Figure S3 in the Supporting Information). The
fluorescence spectrum of the mismatched duplex showed a
fluorescence signal at 529 nm that was weaker than that ob-
served for “full-matched” ODN1 (n=4)/ODNY’, but is still
5.8 times stronger than that for the single-stranded state.
The small change in fluorescent intensity suggests that a de-
crease in DNA-binding ability of dyes caused by a mis-
matched base pair was not significant; the neighboring base
pairs that are binding sites of dyes still remain in an ordered
duplex structure even though the 14/G mismatched base
pair partially disorders the duplex structure.

Photophysics of Singly Dye-Incorporated DNA

To verify the quenching ability of doubly dye-incorporated
DNA, we prepared a singly dye-incorporated DNA mole-
cule (Scheme 3). We synthesized a fluorescent ODN,

= o o] o
|
Q\N/\/\/,”\N/A\/NH‘/\NM’ ‘ NH
S N H s)H /g
B N™ ~O
= o O
oy
A
94) 0-P-0
(e}
N
N

Scheme 3. Singly dye-incorporated DNA containing a nucleotide 9.

ODN4, which contains an artificial nucleotide modified
with one thiazole orange dye, 94, (Table 1, and Scheme S1
in the Supporting Information), and measured its absorption
and emission spectra. The absorption spectra of ODN4 ex-
hibited one absorption band at approximately 510 nm in
both single-stranded and duplex states (Figure5 and
Table 3). Observation of no shift of the absorption band to
shorter wavelength in the single-stranded state suggests that
ODN4 did not form a H aggregate. Because the exciton
coupling effect does not work when a H aggregate is not
formed, the fluorescence quenching in the single-stranded
state is small, although there is still the structural control of
fluorescence owing to the constrictive DNA environment.!"!

Although emission suppression in the single-stranded
ODN4 that contains a 9, nucleotide was small, the design
of a 94-consecutive sequence, ODNS, recovered effective
fluorescence quenching (Figure 6 and Table 4). The absorp-
tion spectra of ODNS showed a band shift to a shorter
wavelength in the single-stranded state, which suggests that
the dyes of two 9, nucleotides in ODNS formed an inter-
nucleotide H aggregate. This dimerization resulted in
quenching of a single-stranded ODN S molecule, such as was
observed for the 1,-containing ODN. Formation of a H ag-
gregate by the dyes of two 94, nucleotides in ODNS caused
exciton coupling between dyes, which is responsible for effi-
cient quenching of fluorescence emission. The DNA probe
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Figure 5. Absorption, excitation, and emission spectra of 94-containing
ODN, ODN4. Spectra of ODN4 (2.5 um) were measured in 50 mm
sodium phosphate buffer solution (pH 7.0) containing 100 mm sodium
chloride at 25°C. Black trace: single-stranded ODN4 (ss); gray trace:
ODN4 hybridized with ODN1’ (ds). a) Absorption spectra. b) Excitation
and emission spectra. Excitation spectra were measured for emission at a
wavelength of 532 and 526 nm for ss and ds, respectively, and emission
spectra were excited at 520 and 512 nm for ss and ds, respectively.

Table 3. Photophysical properties of 94 -incorporated DNA.*!
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Figure 6. Absorption, excitation, and emission spectra of 9)-containing
ODN, ODNS. Spectra of ODNS (2.5 um) were measured in 50 mm
sodium phosphate buffer solution (pH 7.0) containing 100 mm sodium
chloride at 25°C. Black trace: single-stranded ODNS5 (ss); gray trace:
ODN S5 hybridized with ODN1T’ (ds). a) Absorption spectra. b) Excitation
and emission spectra. Excitation spectra were measured for emission at a
wavelength of 534 and 514 nm for ss and ds, respectively, and emission
spectra were excited at 528 and 519 nm for ss and ds, respectively.

Table 4. Photophysical properties of doubly 94-incorporated DNA.

Amax [nm] Ao [n]® @ Ly T, [°C] Amax [nm] e nm]® @I T, [°C)
(e [em™'M7T]) I (e [em™'M71]) I
ODN4 515 (123000) 532 0.120 - - ODNS5 483 (123000) 511 545 0.059 - -
ODN4/ 509 (125000) 526 0.307 3.4 65 (118000)
ODNY ODNS5/ 509 (180000) 528 0275 103 71
ODNY

[a] 2.5um DNA, 50 mm sodium phosphate buffer solution (pH 7.0),
100 mM sodium chloride. [b] Excited at 488 nm. [c] Excited at 4, (longer
wavelength when there are two A,,,, values). [d] The ratio of the fluores-
cence intensities at the A, of duplex and single-stranded states.

containing a 94—94, sequence might only be useful for the
detection of the DNA containing an AA sequence.

DNA Detection

The fluorescence intensity of the 1,-containing ODN was
effectively alterable by the assistance of an excitonic interac-
tion between the dyes tethered to a single nucleotide. This
clear change in fluorescence that depends on hybridization
with the target strand will be useful for quantitative and visi-
ble gene analysis. The fluorescence intensity of 1,-contain-
ing ODN exhibited a linear relationship with the amount of
the complementary DNA at a constant concentration of the
ODN. As seen in Figure 7a, the fluorescent intensity of an
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[a] 2.5 um DNA, 50 mm sodium phosphate buffer solution (pH 7.0),
100 mm sodium chloride. [b] Excited at 488 nm. [c] Excited at 4,,,, (longer
wavelength when there are two A,,,, values). [d] The ratio of the fluores-
cence intensities at the ., of duplex and single-stranded states.

ODNI1 (n=4)-containing solution increased in proportion to
the amount of the added ODNY’, and reached a plateau
when the ODN1/ODN1' ratio became 1:1. The 1) -contain-
ing ODN allows determination of the existence of the hy-
bridizable target strand with the naked eye. As shown in
Figure 7b, hybridization of ODN1 (n=4) with the comple-
mentary ODNT’ resulted in emission of a light-green fluo-
rescence upon irradiation with a 150-W halogen lamp. Emis-
sion from the hybrid was clearly distinguishable from a very
weak fluorescence observed for nonhybridized ODN1 (n=
4).

Having established the fluorescence character of the new
hybridization-sensitive probes, we tested the DNA analysis
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Figure 7. DNA detection. a) Linear relationship between the amount of
ODN1Y' and the fluorescence intensity of ODN1 (n=4). The fluorescent
intensity of ODN1 (1.0 um) at 529 nm was measured in a solution of
50 mm sodium phosphate buffer solution (pH 7.0) and 100 mm sodium
chloride containing 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, and 3.0 um of ODNY’
at 25°C. b) Fluorescence emission in cuvettes. The fluorescence from a
solution containing 2.5 py ODN1 (n=4) (left) or ODN1 (n=4)/ODN1’
(right) was measured in 50 mm sodium phosphate buffer solution
(pH 7.0) containing 100 mm sodium chloride upon irradiation with a 150-
W halogen lamp.

by means of dot blotting with the new probes. The target
DNA sequences were the short DNA fragments that con-
tained a B1 RNA sequence, which is one of the short inter-
spersed nuclear elements in rodent genomes,” and the
short DNA fragment containing a 4.5S RNA sequence,
which is one of the small nuclear RNA molecules isolated
from rodent cells and has extensive homology to the Bl
family.?!! We prepared blotting probes ODN (antiB1) and
ODN (anti4.58S) in which two 14 nucleotides were incorpo-
rated for higher fluorescence intensity and higher sensitivity.
Multiple incorporation of 1, into a single probe is one of
the valuable merits of our probes that is different from
single fluorescence labeling of a conventional on—off probe,
such as a molecular beacon. A nylon membrane sheet in
which the denatured DNA fragments were spotted was incu-
bated in a solution of the probe, ODN (anti4.5S) or ODN
(antiB1). The fluorescence of the blot spots was immediately
readable at room temperature with a fluorescence-imaging
instrument without repetitive washing processes after the
blotting assay (Figure 8). As a result of incubation with the
new probes, a strong emission from the spots of a 4.5S se-
quence was obtained for the addition of ODN (anti4.5S),
whereas the emission from the spots of a B1 sequence was
negligible. In contrast, the addition of ODN (antiB1)
showed a strong fluorescence signal for the spots of a B1 se-
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Figure 8. Dot blotting of DNA. a) Illustration of a nylon membrane in
which different DNA sequences were applied. The four upper spots are
for 458 RNA sequence-containing DNA, and the four lower spots are
for B1 RNA sequence-containing DNA. b) Fluorescence emission from
the membrane after incubation in a solution containing ODN (anti4.5S).
¢) Fluorescence emission from the membrane after incubation in a solu-
tion containing ODN (antiB1).

quence, whereas a very weak fluorescence was observed for
the spots of a 4.5S sequence. Our probes did not require nu-
merous washing processes or antibody and enzyme-treating
processes after blotting, which is quite different from the
conventional blotting assays.

Conclusions

In conclusion, we designed conceptually new on—off fluores-
cent DNA probes. We used fluorescence quenching by the
exciton coupling effect of thiazole orange dyes. Aggregation
of two dyes tethered to a single nucleotide in DNA dramati-
cally changes the photophysical properties of the dyes, as
demonstrated by the large spectral shifts relative to the ab-
sorption of the monomeric dyes binding to DNA. Although
the fluorescent intensity of our probes was effectively altera-
ble by control of an excitonic interaction between the teth-
ered dyes, it is still unavoidable that the quenching ability
changes to some degree depending on the probe sequence,
as seen in Figure 1. However, the present approach with an
excitonic interaction exhibits a quenching ability that is high
enough to work as an on—off probe, and also includes many
advantages that are quite different from conventional
assays: 1) the same two dyes covalently bind to one nucleo-
tide, thus permitting lower costs and easy synthesis; 2) the
strand ends do not need to be occupied by dyes, thus appli-
cation to biological studies, such as the primers of PCR and
the capture probes of DNA chips, may be unlimited; 3) it is
not necessary to prepare any sequences for a higher-order
structure formation to control fluorescence intensity, thus all
of the probe sequence can be used for sequence recognition;
4) any thymines in a sequence can be replaced by the la-
beled nucleotides, thus multiple labeling of a strand is easy
from the point of view of probe synthesis and effective for
enhancement of fluorescence intensity, as in the experiment
with ODN (anti4.5S) and ODN (antiB1); 5) mobility of dyes
covalently linked to one nucleotide is restricted, thus fluo-
rescence quenching is effectively controlled. Design of such
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an on-off fluorescent nucleotide is very important for the
establishment of bioimaging assays without repetitive wash-
ing processes. The photophysical property exhibited by exci-
ton-controlling probes is not only unique, but also applicable
to the design of new fluorescent DNA probes for DNA se-
quencing, genotyping, monitoring of DNA structural transi-
tions, and observation of gene expression.

Experimental Section

Materials and Methods

'H, BC, and *'P NMR spectra were measured with a JEOL JNM-a400.
Coupling constants (J value) are reported in hertz. The chemical shifts
are shown in ppm with residual dimethyl sulfoxide (6=2.48 in 'H NMR,
0=39.5 in B*CNMR) and methanol (0=3.30 in 'HNMR, 0=49.0 in
BCNMR) as internal standards. An external H;PO, standard (0=
0.00 ppm) was used for *'P NMR measurements. ESI mass spectra were
recorded on a Bruker Daltonics APEC-II. Reversed-phase HPLC was
performed on CHEMCOBOND 5-ODS-H columns (10 x 150 mm?) with
a Gilson Chromatograph, Model 305 by using a UV detector, Model 118,
at 260 nm. UV and fluorescence spectra were recorded on a Shimadzu
UV-2550 spectrophotometer and RF-5300PC spectrofluorophotometer,
respectively.

Syntheses

24): 2-Methylbenzothiazole (11.7 mL, 92 mmol) and 5-bromovaleric acid
(13.7 g, 76 mmol) were mixed and stirred at 150°C for 1h. Methanol
(50 mL) and then diethyl ether (200 mL) were added to the reaction mix-
ture. The precipitate was filtered and washed with diethyl ether. The resi-
due was dried under reduced pressure to give a light-purple powder
(19.2 g). As the powder was a mixture of 2, and 2-methylbenzothiazoli-
um bromide, the yield of 2, was calculated from the ratio of the areas of
the proton peaks at 8.5 and 8.0 ppm of the 'H NMR spectrum of the mix-
ture in [D4]DMSO, which were derived from 2, and 2-methylbenzothia-
zolium bromide, respectively. The yield of 24, was estimated as 9.82 g
(14 mmol, 32 %). This mixture was used for the next reaction without fur-
ther purification.

2): The compound was synthesized according to the synthetic protocol
of 2. The yield of 23, was 4 %.

2;): The compound was synthesized according to the synthetic protocol
of 2. The yield of 2, was 35 %.

2): The compound was synthesized according to the synthetic protocol
of 2. The yield of 2, was 22 %.

3 Quinoline methiodide (1.36 g, 5.0 mmol) and triethylamine (7.0 mL,
50 mmol) were added to a mixture (3.24 g) of 24 and 2-methylbenzothia-
zolium bromide in dichloromethane (100 mL). The resulting clear solu-
tion was stirred at 25°C for 16 h. The solvent was removed under re-
duced pressure. Acetone (200 mL) was then added to the residue. The
precipitate was filtered and washed with acetone. The residue was dried
under reduced pressure and the red residue was washed with distilled
water (50 mL). The precipitate was filtered and washed with distilled
water. The residue was dried under reduced pressure to give 34 as a red
powder (654 mg, 1.39 mmol, 28%): '"HNMR ([D¢]DMSO): 6=38.74 (d,
J=83Hz, 1H), 851 (d, /=73 Hz, 1H), 7.94-7.89 (m, 3H), 7.74-7.70 (m,
1H), 7.65 (d, J=8.3 Hz, 1H), 7.55-7.51 (m, 1H), 7.36-7.32 (m, 1H), 7.21
(d, /=73 Hz, 1H), 6.83 (s, 1H), 447 (t, J=7.1 Hz, 2H), 4.07 (s, 3H),
222 (t, J=6.6 Hz, 1H), 1.77-1.63 ppm (m, 4H); *CNMR ([D4]DMSO,
60°C): 0 =174.6, 158.8, 148.4, 144.5, 139.5, 137.6, 132.7, 127.9, 126.8,
125.5, 124.1, 123.7, 123.6, 122.4, 117.5, 112.6, 107.6, 87.4, 45.6, 42.0, 35.5,
26.2,22.3 ppm; HRMS (ESI): calcd for C,3H»;N,0,S: 391.1480 [M—Br]t;
found: 391.1475.

33 The compound was synthesized according to the synthetic protocol
of 3. Yield=43%. 'H NMR ([D,]DMSO): §=8.85 (d, J=8.3 Hz, 1H),
8.59 (d, /=73 Hz, 1H), 8.02-7.93 (m, 3H), 7.78-7.70 (m, 2H), 7.61-7.57
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(m, 1H), 7.42-7.38 (m, 1H), 7.31 (d, J=6.8 Hz, 1H), 7.04 (s, 1 H), 4.47 (t,
J=8.1Hz, 2H), 4.13 (s, 3H), 2.52-2.48 (m, 2H), 1.99-1.92 ppm (m, 2H);
13C NMR ([D,JDMSO, 60°C): 6 =174.3, 158.9, 148.6, 144.5, 139.5, 137.7,
1327, 127.9, 126.7, 125.6, 124.1, 124.0, 123.7, 122.5, 117.5, 112.5, 107.6,
87.7, 45.6, 42.0, 31.6, 22.4 ppm; HRMS (ESI): caled for C,,H,N,0,S:
377.1324 [M—Br]*; found: 377.1316.

3): The compound was synthesized according to the synthetic protocol
of 3. Yield=26%. 'HNMR ([D,JDMSO): 6=8.70 (d, J=8.3 Hz, 1H),
8.61 (d, J=6.8 Hz, 1H), 8.05-8.00 (m, 3H), 7.80-7.73 (m, 2H), 7.60-7.56
(m, 1H), 7.41-7.35 (m, 2H), 6.89 (s, 1H), 4.59 (t, J=7.3 Hz, 2H), 4.16 (s,
3H), 2.19 (t, /=73 Hz, 1H), 1.82-1.75 (m, 2H), 1.62-1.43 ppm (m, 4H);
“C NMR ([D¢]DMSO, 60°C): § =174.5, 159.0, 148.6, 144.7, 139.7, 137.8,
132.9, 127.9, 126.9, 1252, 124.2, 123.8, 123.6, 122.6, 117.8, 112.6, 107.7,
87.4, 45.6, 42.1, 36.0, 26.3, 25.9, 24.9 ppm; HRMS (ESI): calcd for
CH,sN,0,S: 405.1637 [M—Br]*; found: 405.1632.

3): The compound was synthesized according to the synthetic protocol
of 3. Yield=22%. 'HNMR ([D,JDMSO): =872 (d, /=83 Hz, 1H),
8.62 (d, J=6.8 Hz, 1H), 8.07-8.01 (m, 3H), 7.81-7.75 (m, 2H), 7.62-7.58
(m, 1H), 7.42-7.38 (m, 2H), 6.92 (s, 1H), 4.61 (t, J=7.3 Hz, 2H), 4.17 (s,
3H), 2.18 (t, /=73 Hz, 1H), 1.82-1.75 (m, 2H), 1.51-1.32 ppm (m, 6 H);
C NMR ([Dg]DMSO, 60°C): 6 =174.0, 159.1, 148.6, 144.7, 139.8, 137.8,
132.9, 127.9, 126.8, 125.0, 124.2, 123.8, 123.6, 122.6, 118.0, 112.7, 107.8,
87.4, 45.5, 42.1, 33.4, 27.9, 26.4, 25.5, 24.1 ppm; HRMS (ESI): calcd for
CysHyN,0,S: 419.1793 [M—Br]*; found: 419.1788.

4. N-Hydroxysuccinimide (4.6 mg, 40 umol) and 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride (7.7 mg, 40 pmol) were added
to a solution of 34, (9.4 mg, 20 pmol) in N,N-dimethylformamide (DMF;
0.50 mL) and stirred at 25°C for 16 h. The reaction mixture was used for
the next reaction with DNA 8 without purification.

4., 4, and 4. The compound was synthesized according to the syn-
thetic protocol of 4.

6: N-Hydroxysuccinimide (460 mg, 4.0 mmol) and 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride (767 mg, 4.0 mmol) were added
to a solution of (E)-5-(2-carboxyvinyl)-2’-deoxyuridine (5; 597 mg,
2.0 mmol) in DMF (5.0 mL) and stirred at 25°C for 3 h. After the addi-
tion of acetic acid (0.5 mL), the solution was dropped into the mixture of
dichloromethane (100 mL) and water (100 mL) with vigorous stirring.
The precipitate was filtered and washed with water. The residue was
dried under reduced pressure overnight. The white residue was suspend-
ed in acetonitrile (50 mL) and vigorously stirred. Tris(2-aminoethyl)-
amine (3.0 mL, 20 mmol) was added to the suspension and was stirred at
25°C for 10 min. Ethyl trifluoroacetate (4.8 mL, 40 mmol) and triethyl-
amine (5.6 mL, 40 mmol) were added to the suspension and stirred at
25°C for 16 h. The mixture was concentrated under reduced pressure and
purified by silica gel column chromatography (5-10 % methanol/dichloro-
methane). The solvent of the fraction that contained 6 was removed
under reduced pressure. The residue was dissolved in a small amount of
acetone. A white powder precipitated from the mixture upon the addition
of diethyl ether. The precipitate was filtered and washed with ether and
then dried under reduced pressure to give 6 as a white powder (453 mg,
37%). 'HNMR (CD;OD): 6=8.35 (s, 1H), 7.22 (d, J=15.6 Hz, 1H),
7.04 (d, J=15.6 Hz, 1H), 6.26 (t, /J=6.6 Hz, 1H), 4.44-4.41 (m, 1H),
3.96-3.94 (m, 1H), 3.84 (dd, /=122, 29 Hz, 1H), 3.76 (dd, J=122,
3.4 Hz, 1H), 3.37-3.30 (m, 6H), 2.72-2.66 (m, 6H),2.38-2.23 ppm (m,
2H); "*CNMR (CD;0OD): 6=169.3, 163.7, 159.1 (q, J=36.4 Hz), 151.2,
143.8, 134.3, 122.0, 117.5 (q, /=286 Hz), 110.9, 89.1, 87.0, 71.9, 62.5, 54.4,
53.9, 41.7, 389, 38.7ppm; HRMS (ESI): caled for C,H,F¢N¢Oq:
619.1951 [M +H]*; found: 619.1943.

7: A solution of 6 (618 mg, 1.0 mmol) and 4,4’-dimethoxytrityl chloride
(373 mg, 1.1 mmol) in pyridine (10 mL) was stirred at 25°C for 16 h.
Water (0.5 mL) was added to the reaction mixture and then the mixture
was concentrated under reduced pressure. The residue was purified by
silica gel column chromatography (2-4% methanol and 1% triethyl-
amine in dichloromethane). The fraction containing the product was then
concentrated. Saturated aqueous sodium bicarbonate was added to the
residue, and then the mixture was extracted with ethyl acetate, washed
with brine, and dried under reduced pressure to give the tritylated prod-
uct as white foam (735 mg, 80%): '"HNMR (CD;OD): 6=7.91(s, 1H),
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7.39-7.11 (m, 9H), 7.02 (d, /=15.6 Hz, 1H), 6.93 (d, /=15.6 Hz, 1H),
6.80-6.78 (m, 4H), 6.17 (t, J=6.6 Hz, 1H), 4.38-4.35 (m, 1H), 4.06-4.04
(m, 1H), 3.68 (s, 6H), 3.32-3.22 (m, 8H), 2.66-2.55 (m, 6H), 2.40 (ddd,
J=13.7, 5.9, 29 Hz, 1H), 2.33-2.26 ppm (m, 1H); "C NMR (CD;O0D):
0=168.9, 163.7, 160.1, 159.1 (q, J=36.9 Hz), 151.0, 146.1, 143.0, 137.0,
136.9, 134.1, 131.24, 131.16, 129.2, 1289, 128.0, 122.5, 117.5 (q, J=
286.7 Hz), 114.2, 110.9, 88.1, 87.9, 87.6, 72.6, 65.0, 55.7, 54.2, 53.9, 41.7,
38.9 ppm, 38.6; HRMS (ESI): calcd for C,;3H,FeNgO,o: 921.3258 [M+
H]*; found: 921.3265. Acetonitrile (5.0 mL) and 2-cyanoethyl N,N,N',N'-
tetraisopropylphosphordiamidite (191 pL, 0.60 mmol) were added to a
mixture of tritylated nucleoside (188 mg, 0.20 mmol) and 1H-tetrazole
(28 mg, 0.40 mmol) dried in a round-bottom flask. The mixture was
stirred at 25°C for 2 h. After confirmation of the end of the reaction by
TLC, the reaction mixture was diluted with a saturated aqueous solution
of sodium bicarbonate and extracted with ethyl acetate. The organic
phase was washed with brine, dried over anhydrous magnesium sulfate,
filtered, and concentrated in vacuo to give 7. *'P NMR (CDCL): 0=
149.686, 149.430; HRMS (ESI): caled for Cs,HgFoNgO P: 1121.4336
[M+H]"; found: 1121.4342. Compound 7 was used for automated DNA
synthesis without further purification.

8: DNA oligomers were synthesized by a conventional phosphoramidite
method by using an Applied Biosystems 392 DNA/RNA synthesizer.
Commercially available phosphoramidites were used for dA, dG, dC, and
dT. The synthesized DNA oligomer was cleaved from the support with
28 % aqueous ammonia and deprotected at 55°C for 4 h followed by in-
cubation at 25°C for 16 h. After removal of ammonia from the solution
under reduced pressure, the DNA was purified by reversed-phase HPLC
on a 5-ODS-H column (10x150 mm?, elution with a solvent mixture of
0.1™ triethylamine acetate (TEAA), pH 7.0, with a linear gradient over
30 min from 5% to 30% acetonitrile at a flow rate of 3.0 mLmin"). For
determination of the concentration of each DNA molecule, the purified
DNA was fully digested with calf-intestine alkaline phosphatase (50 U/
mL), snake-venom phosphodiesterase (0.15 U/mL), and P1 nuclease (50
U/mL) at 25°C for 16 h. Digested solutions were analyzed by HPLC on a
CHEMCOBOND 5-ODS-H column (4.6 x 150 mm), eluted with a solvent
mixture of 0.1m TEAA, pH 7.0, flow rate of 1.0 mLmin~'. The concen-
tration was determined by comparing peak areas with a standard solution
containing dA, dC, dG, and dT at a concentration of 0.1 mM. The DNA
was also identified by MALDI-TOF mass spectrometry. CGCAATS-
TAACGC, caled for C3H;7,N5,O4Py,: 4103.8 [M+H]*; found: 4107.0;
TTTTTT8TTTTTT, caled for C;33H;;N3,OgPy,: 4077.8 [M +H]*; found:
4076.9; TGAAGGGCTTS8TGAACTCTG, caled for CyysHyesN77015,P ot
63482 [M+H]*; found: 63487, GCCTCCT8CAGCAAATC-
C8 ACCGGCGTG, caled for CpgsHi76N1050160P27: 8855.0 [M +H]*; found:
8854.8; CCTCCCAAGSGCTGGGATS8AAAGGCGTG, caled for
CogoH376N1160165P27: 8999.1 [M +H]™; found: 9002.2.

Bis(thiazole orange)-containing DNA 1,,: A solution of N-hydroxysucci-
nimidyl esters of thiazole orange, 4,, (50 equiv to an active amino group
of DNA) in DMF was added to a solution of deprotected DNA in
100 mm sodium carbonate buffer solution (pH 9.0) and incubated at 25°C
for 16 h. The reaction mixture was diluted with water and passed through
a 0.45-um filter. The product was purified by reversed-phase HPLC on a
5-ODS-H column (10x 150 mm?, elution with a solvent mixture of 0.1M
TEAA, pH 7.0, linear gradient over 30 min from 5% to 30 % acetonitrile
at a flow rate of 3.0 mLmin"'). The concentration of the fluorescent
DNA was determined by the same method as described in the DNA syn-
thesis. The fluorescent DNA was identified by MALDI-TOF mass spec-
trometry. ODN1 (n=3), CGCAAT1;TAACGC, caled for
C2sH13N5sOP1,S,: 4820.7 [M—H]*; found: 4818.9; ODN1 (n=4),
CGCAAT1, TAACGC, caled for CigH,;N5O7PS, 4848.8 [M—H]*;
found: 4751.4; ODN1 (n=5), CGCAAT15TAACGC, caled for
C5oH N5gOP,S,: 4876.8 [M—H]*; found: 4875.6; ODN1 (n=6),
CGCAAT1,TAACGC, caled for CigH,sNscO7P1,S,: 4904.9 [M—H]*;
found: 4903.6; ODN2, TTTTTT1, TTTTTT, caled for
CigH,: N3, O00P .S, 48228 [M—H]|*; found: 4821.4; ODN3,
TGAAGGGCTT1, TGAACTCTG, caled for Cp5iH30sNgOyp4P16S,:
7093.2 [M-H]*; found: 7092.3; ODN (anti4.58S),
GCCTCCT1, CAGCAAATCC1, ACCGGCGTG, caled for
CyHysgN1160173P5;S,: 103449 [M—-3H]*; found: 10342.7;, ODN
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(antiB1), CCTCCCAAG14,GCTGGGAT1,AAAGGCGTG, caled for
Cy51Hus6N124017,P»,S,: 10489.0 [M—3H]*; found: 10489.8. The synthetic
protocol of 9),-containing DNA, ODN4 and ODNS, and their mass data
are described in the Supporting Information.

Absorption, Fluorescence, and CD Measurements

Absorption, fluorescence, and CD spectra of the fluorescent probes
(2.5 um, single strand or duplex concentration) were measured in 50 mm
sodium phosphate buffer solution (pH 7.0) containing 100 mm sodium
chloride by using a cell with a 1-cm path length. The excitation and emis-
sion bandwidths were 1.5 nm.

Melting-Temperature Measurements

The T,, values of duplexes (2.5 pm, final duplex concentration) were mea-
sured in 50 mM sodium phosphate buffers (pH 7.0) containing 100 mm
sodium chloride. The absorbance of the samples was monitored at
260 nm from 10°C to 90°C with a heating rate of 0.5°Cmin'. From
these profiles, first derivatives were calculated to determine the value of
T

Dot-Blot Analysis

We prepared two DNA fragments: a DNA duplex containing a 4.5S
RNA sequence, 5-d(GCCGGTAGTGGTGGCGCACGCCGGTAG-
GATTTGCTGAAGGAGGCAGAGGCAGGAGGATCACGAGTTC-
GAGGCCAGCCTGGGCTACACATTTTTTT)-3’ and its complementa-
ry DNA; and a DNA duplex containing a Bl RNA, 5-
d(GCCGGGCATGGTGGCGCACGCCTTTAATCCCAGCACTTGG-
GAGGCAGAGGCAGGCGGATTTCTGAGTTCGAGGCCAGCCTG-
GTCTACAGAGTGAG)-3’ and its complementary DNA. The DNA du-
plexes were denatured in 0.5M sodium hydroxide and 1M sodium chlo-
ride. Aliquots of DNA were dotted onto a positively charged nylon mem-
brane (Roche). After wetting the membrane sheet with 50 mm sodium
phosphate and 100 mm sodium chloride, the sheet was incubated in
50 mm sodium phosphate, 100 mm sodium chloride, and 100 pgmL™"
salmon sperm DNA at 50°C for 30 min. After the addition of a solution
of probe (150 pmol of ODN (anti4.5S) or ODN (antiB1)) in 50 mm
sodium phosphate and 100 mm sodium chloride, the sheet was incubated
at 50°C for 1h. The hybridization buffer solution was removed after
being cooled to room temperature, and then the fluorescence from the
membrane sheet was observed in a fresh sodium phosphate buffer solu-
tion by using a VersaDoc imaging system (BioRad). The light from a UV
transilluminator Model-2270 (Wakenyaku) through a UV/blue converter
plate (UVP) was used as the excitation light.
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