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Interstrand H-aggregates of cationic dyes have been
prepared by hybridization of two DNA-dye conju-
gates involving a Naphthyl Red moiety and spacer
alternately in the middle of the sequence. At pH 5.0
where Naphthyl Red is positively charged, a single-
stranded DNA-Naphthyl Red conjugate involving
three dye groups and three spacer residues exhibited
a broad absorption spectrum with A, at around
530nm. However, hybridization of two DNA-
Naphthyl Red conjugates that were complementary
provided different spectra: a much narrower absorp-
tion band appeared at 507 nm, that is 23nm shorter
than the single-stranded conjugates. This spectroscopic
behavior indicates that the dyes in the duplex are
H-aggregated and excitons are strongly coupled in the
aggregate. In addition to the appearance of the narrow
H-band, the melting temperature dramatically
increased by the H-aggregation of the stacked cationic
dyes compared with that of the natural duplex without
dye and spacer residues. Thus, the positive charge on
the stacked dyes did not interfere with the duplex
formation by electrostatic repulsion, but in fact
promoted the hybridization.
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INTRODUCTION

Oligodeoxyribonucleotide (DNA), a natural supra-
molecule composed of four nucleotides, forms
a stable double helix spontaneously with its comple-
mentary strand through hydrogen bonding
and hydrophobic stacking interaction. After
the pioneering work of Kool and colleagues [1-5],

various artificial nucleobases were synthesized
for the expansion of the genetic alphabet [6-9]
and the design of DNA-based supramolecules
[10-12]. For these new nucleobases, hydrogen
bonding is no longer essential for connecting two
strands.

Previously, we have synthesized H-aggregates
of Methyl Reds, in which the dyes are axially
stacked in an antiparallel manner along the helix
axis, from DNA-dye conjugates [13,14]. For the
design of these aggregates, the dye moiety on the
threoninol linker was used in place of the natural
nucleobase and a 1,3-propanediol unit was used
as a counterpart, and these artificial scaffolds
were introduced alternately into the middle of
the DNA (see Scheme la). On hybridization
of these two complementary strands, H-aggre-
gates of the dyes were successfully prepared:
both hypsochromic shifts and induced circular
dichroism (ICD), which are characteristic of
H-aggregation, were observed. Interestingly,
although they involved some non-natural scaf-
folds, small but distinct increases in the melting
temperature (Ty,), compared with the natural
duplex without these scaffolds, were also
observed. This indicated that the aggregated
dyes could sufficiently stabilize the duplex only
by interstrand stacking interaction in DNA [15].

Our later interests shifted to the effect
of positive charge on the H-aggregation for
the following two reasons: the first is to narrow
the absorption band due to the strong exciton
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NS3A: 5-GGT-ATC-NSNSNS-GCA-ATC-3'
5'- NS3B: 3'-CCA-TAG-SNSNSN-CGT-TAG-&'
é NS2A: 5-GGT-ATC-NSNS-GCA-ATC-3'

NS1A: 5-GGT-ATC-NS-GCA-ATC-3'

KL NS2B: 3'-CCA-TAG-SNSN-CGT-TAG-5'
S

NS1B: 3-CCA-TAG-SN-CGT-TAG-5
b NSOA: 5-GGT-ATC-GCA-ATC-3'
O=P-OH  Nso0B: 3-CCA-TAG-CGT-TAG-5'

SCHEME 1 Schematic illustration of (a) the strategy for the preparation of H-aggregates of the dyes and (b) DNA-Naphthyl Red

conjugates synthesized in this study.

coupling [16], as distinct narrowing of the
absorption band is often observed for cationic
dyes such as cyanine [17,18].* Narrowing of the
band makes the absorption coefficient at Apax
greater and raises the efficiency of photoinduced
electron transfer at specific wavelength regions
[19]. Furthermore, strong exciton coupling affects
some interesting optical features such as enhance-
ment of nonlinear optical properties, which are
significant for optical materials. The other reason
is to stabilize the duplex: if positive charges are
provided to the dyes of these aggregates
as illustrated in Scheme la, is the duplex
stabilized or not? Estimation of charge effects
on the stability of the duplex should contribute
to the design of even more effective non-
natural bases and artificial supramolecules. Here,
we report the interstrand assembly of cationic
dyes to estimate the effect of positive charge on
the H-aggregation. Both narrowing of the band

and significant stabilization of the DNA duplex
by the stacked dye cations are attained.

RESULTS AND DISCUSSION

Interstrand H-aggregation of Naphthyl Reds

In this study, Naphthyl Red was used because the
charge on this dye is controllable by the pH of
solution (see Scheme 1b): neutral Naphthyl Red
gives Amax at 450 nm, which shifts towards around
530nm when it is protonated, as shown in Fig. 1.
Its pK, was determined as 6.5 from this spectral
change [20]. The ab initio calculation of this dye
revealed that positively charged and neutral forms
had similar planar structures as shown in Fig. 2.
Therefore, structural differences between the
charged and non-charged forms are minimized
and the effect of positive charge on the melting
temperature (T,,) of the duplex can be examined

*This suggests that a positive charge on the dye might facilitate the exciton coupling, although the effect of charge on the exciton
coupling (narrowing of the band) has not yet been examined with an identical dye.



15:16 29 January 2011

Downl oaded At:

H-AGGREGATION OF CATIONIC DYES ON DNA 461

0.5

—pH 5.0
o4+ pH 8.0
0.3

0.2

Absorbance

01 L~

00 I 1 I 1 I
350 400 450 500 550 600 650

Wavelength / nm

FIGURE 1 Effect of pH on the UV-Vis spectra of the single-
stranded NS3B at 0°C in the presence of 0.1 M NaCl.

with the identical dye by changing only the pH of
the solution.

Naphthyl Red was introduced into the DNA on
D-threoninol instead of the natural deoxyribose
framework (N residue in Scheme 1b) [20], and
1,3-propanediol (S residue in Scheme 1b) was used
as a counterpart. The UV-Vis spectrum of single-
stranded NS3B involving three N and three S
residues at pH 5.0, where Naphthyl Red is
positively charged, is shown as a dotted line in
Fig. 3. Although NS3B is chiral and optically pure,

FIGURE 2 Energy-minimized structures of Naphthyl Reds in the
(a) neutral and (b) the protonated forms determined from the ab
initio calculation (basis set HF/6-31G¥).
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FIGURE 3 UV-Vis spectra of single-stranded NS3B (dotted line)
and NS3A /NS3B duplex (solid line) at 0°C in the presence of 0.1 M
NaCl at pH 5.0, under which conditions the Naphthyl Reds are
protonated. The broken line represents the simple sum of the
spectra of single-stranded NS3A and NS3B. The melting
temperature of this duplex is 55.2°C under these conditions.

circular dichroism (CD) was almost nonexistent
(data not shown), indicating that the Naphthyl
Reds were essentially isolated due to the inserted
S residue. The absorption spectrum of NS3A was
almost the same as that of NS3B, and a simple
sum of these two spectra is shown as the broken
line in Fig. 3. However, hybridization of these two
complementary strands provided a different
spectrum: a much narrower absorption band
appeared at 507nm, which is 23nm shorter than
the single-stranded NS3B. The half-line-width of
the NS3A/NS3B duplex at 0°C was 3110cm ™!,
whereas that of NS3B was 4320cm™'. Strong
induced CD (ICD), which is characteristic of the
aggregated dyes, was also observed (solid line in
Fig. 4a). These spectroscopic behaviors demon-
strate that H-aggregates with strong exciton
coupling among the stacked dyes were formed in
the duplex. Thus, the narrowing is attained on
hybridization of two complementary DNAs invol-
ving cationic Naphthyl Reds and spacers alter-
nately. Similar narrowing was also observed for
NS1A/NS1B and NS2A/NS2B duplexes at pH 5
(Fig. 5). In addition to the narrowing, a small but
distinct hypsochromic shift was induced by
increasing the number of aggregated dyes: Apmax
shifted from 520nm (NS1A/NS1B) to 507 nm
(NS3A/NS3B) with accumulation of the dyes.
This shift is also consistent with the property of
aggregation predicted by McRae and Kasha [21].
As expected, broadening of the sharp H-band of
NS3A/NS3B and a bathochromic shift occurred
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FIGURE 4 Effect of the temperature on the CD spectra of the NS3A /NS3B duplex at (a) pH 5.0 and (b) 8.0 in the presence of 0.1 M NaCl.
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FIGURE 5 UV-Vis spectra of the NSIA/NSIB (dotted line),
NS2A /NS2B (broken line) and NS3A /NS3B (solid line) duplexes
at 0°C in the presence of 0.1 M NaCl at pH 5.0.

on elevating the temperature above T, due
to the dissociation of the duplex (Fig. 6a).
Concurrently, strong ICD at around 500nm
derived from the stacked dyes disappeared
(compare the solid line with the dotted line in
Fig. 4a). Thus, H-aggregation of the Naphthyl
Reds could be reversibly regulated by the
temperature.

In contrast with the sharp spectra at pH 5.0, the
absorption band was rather broad at pH 8.0 where
the dye was non-charged: the UV-Vis spectra did
not change at all even when the temperature was
changed from 60 to 0°C (see Fig. 6b), despite

the appearance of ICD at around 500nm (see
Fig. 4b)." Thus, positive charges in the aggregates
enhanced the exciton coupling among the stacked
dyes and made the UV-Vis spectra sharp.

Effect of Positive Charge on the Melting
Temperature

Positive charges on the dye aggregates also
significantly affected the stability of the duplex.
At pH 8.0, Ty, slightly increased with the number of
aggregated dyes due to the stacking interaction
as shown by the right column in Table I. Increase
in the T, by dye accumulation (NS3A/NS3B vs.
NSOA /NSOB) was 4.9°C at pH 8.0 where dyes were
neutral. Interestingly, Ty, of all the H-aggregated
duplexes increased when the pH was lowered from
8.0 to 5.0, whereas the natural NSOA/NSOB duplex
was largely destabilized due to the protonation of
cytidine. Under acidic conditions, the increase in the
T was as large as 15.4°C. Thus, positive charges on
the stacked dyes did not interfere with the duplex
formation by electrostatic repulsion, but in fact
promoted the hybridization. These facts demonstrate
that anionic phosphodiesters on the backbone
of DNA can sufficiently compensate for these
positive charges and enable accumulation of positive
charges as is observed in tetraplexed telomere
DNA [22].

In conclusion, narrowing of the H-band is attained
on hybridization of two complementary DNAs
involving cationic Naphthyl Reds and spacers
alternately. Accumulation of positive charge does
not interfere with the hybridization, but significantly
stabilizes the duplex. Thus, incorporation of cationic
dyes into the DNA is effective for stabilization

"The appearance of induced CD indicates that the dyes are stacked although the UV -Vis spectra were unchanged.
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FIGURE 6 Effect of the temperature on the UV-Vis spectra of the NS3A/NS3B duplex (a) at pH 5.0 and (b) 8.0 in the presence of

0.1M NaClL

TABLE I Melting temperatures of Naphthyl Red conjugates at
different pH values

Tw/°C*
Number of dyes
Duplex in the aggregate pH 5.0 pH 8.0
NSOA /NS0B 0 39.8 46.1
NS1A/NS1B 2 49.5 48.6
NS2A /NS2B 4 52.2 49.7
NS3A/NS3B 6 55.2 51.0

*Melting temperatures were determined from the maximum in the first
derivative of the melting curve, which was obtained by measuring the
absorbance at 260 nm as a function of temperature.

of the duplex, especially at low pH where the natural
duplex is destabilized. Narrowing of the absorption
spectrum based on strong exciton coupling is also
promising for the application to the DNA-based
optical materials. These findings will contribute to
the design of new non-natural nucleobases and
supramolecules based on DNA.

MATERIALS AND METHODS

Synthesis of the Modified DNA involving
Naphthyl Red

All conventional phosphoramidite monomers, CPG
columns, reagents for DNA synthesis and Poly-Pak
cartridges were purchased from Glen Research Co.
The modified DNAs carrying both N and S residues
were synthesized on an ABI DNA/RNA Synthesizer
Model 394 by typical phosphoramidite chemistry
with the corresponding phosphoramidite monomers
synthesized according to our previous paper [20].

All the modified DNAs listed in Scheme 1b were
purified by reversed-phase HPLC and characterized
by MALDI-TOFEMS. MALDI-TOFMS for NS3A:
obsd. 5463 (calcd. for [NS3A-H']: 5462), NS3B:
obsd. 5464 (calcd. for [NS3B-H']: 5462). NS2A:
obsd. 4857 (calcd. for [NS2A-H"]: 4856). NS2B: obsd.
4856 (calcd. for [NS2B-H™"]: 4856). NS1A: obsd. 4250
(caled. for [NSIA-H']: 4249). NSI1B: obsd. 4250
(caled. for [NS1B-H™] 4249).

Spectroscopic Measurements

The UV-Vis spectra and CD spectra were
measured on a JASCO model V-530 and a JASCO
model J-725 with a 10mm quartz cell, respectively.
Both instruments were equipped with pro-
grammed temperature-controllers. Conditions of
the sample solutions were as follows: [NaCl] =
0.1M, pH 8.0 (10 mM Tris buffer) or pH 5.0 (10mM
MES buffer), [DNA] =5uM. The T,, value was
determined from the maximum in the first
derivative of the melting curve, which was
obtained by measuring the absorbance at 260 nm
as a function of temperature. The temperature

ramp was 1.0°C min L.

Quantum Chemical Calculation

The energy-minimized structure of Naphthyl Red in
either the neutral or the protonated form was
determined from the ab initio calculation by use of
Spartan ‘02 (Wavefunction, Inc.) on a personal
computer (Windows). The HF/6-31G* basis set was
applied to this calculation.
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