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ABSTRACT: A fluorescent molecule DANP that binds to cytosine bulge DNA and emits characteristic fluorescence was
conjugated to pyrene to give a new fluorescence probe PyDANP. Temperature- and solvent-dependent absorption changes
showed that DANP and pyrene chromophores stacked at room temperature in an aqueous buffer solution and quenched
fluorescence. Upon binding of DANP moiety in PyDANP to cytosine bulge DNA, the fluorescence from DANP bound to C-
bulge increased by ~12-fold, showing that PyDANP is a turn-ON probe for the detection of C-bulge DNA.

he development of molecular probes that can monitor

biochemical processes by interacting with a particular
analyte is an important area of research. In recent years, many
fluorescent probes have been effectively used to monitor
biochemical processes and assays.' > One of the most
important bioprobes is the fluorescent molecular probe for
selective detection of specific DNA sequences and struc-
tures."”"> The key for successful design of these fluorescent
probes is to maximize the fluorescence change in the absence
and presence of the target DNA. Chemistry often used in these
molecular probes involves Forster resonance energy trans-
fer'*™"® and photoinduced electron transfer'”~>" because these
interactions can be sensitively modulated by the analyte
binding. Besides these fluorescent probes using dynamic
quenching,”*™*" static quenching was also used for ON-OFF
type probes.”*”**

Static quenching is usually associated with the formation of
inter- or intramolecular ground-state complexes”” >’ and can
be controlled by electronic properties and spatial orientation of
two chromophores.”®™** Our research group has developed
2,7-diamino-1,8-naphthyridine (DANP) ligand, which binds to
cytosine bulge (C-bulge) in duplex DNA upon protonation of a
ring nitrogen with concomitant induction of a bathochromic
shift of absorption and emission peaks by 30 nm.*~*” This
bathochromic shift enabled us to selectively excite and detect
the DANP bound to the C-bulge in the presence of unbound
DANP to establish a novel method to monitor the PCR
progress.38_41 The free DANP, however, still absorbs some
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energy to give background fluorescence, resulting in lowering

the signal to background ratio.
We herein report new fluorescent molecular probe PyDANP

(Scheme 1a), where DANP was conjugated with pyrene

Scheme 1. (a) Structures of PyDANP and DANP with a
Hydrogen Bonding Scheme to Cytosine upon Protonation
and Reference Compound PyL. (b) Proposed Equilibrium of
PyDANP in the OFF State Regarding Fluorescence Emission
with the ON State of Complex with C-Bulge DNA
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Figure 1. (a) UV absorption spectra of 10 uM PyDANP (red line), DANP (black solid line), and PyL (black dotted line) in 10 mM sodium
cacodylate buffer (pH 7.0) containing 100 mM sodium chloride at 25 °C. (b) UV absorption spectra of PYDANP with increasing temperature from 2
°C (blue line) to 85 °C (red line). (c) Absorption spectra of ligands (10 #M) in methanol (PyDANP, blue line; PyL, black dotted line; DANP, black
line) with comparison of spectra of PyDANP in an aqueous buffer solution (red line) at 25 °C. (d) Fluorescence spectra of PyDANP with various
methanol contents: 0 (red), 25, S0, 75, and 100% (blue) at 25 °C. Excitation wavelength is 365 nm, which is characteristic of a free DANP moiety.

(Figure S1 and S2). Covalent attachment of two chromophores
increases the probability of intramolecular stacking interaction
in aqueous environment, and we could anticipate that the
fluorescence of both chromophores would be suppressed by
static quenching (Scheme 1b). As a counterpart to DANP
chromophore pyrene was selected because of wide aromatic
surface facilitating the molecular stacking. Among several
linkers we examined, the linker containing piperazine showed
the most effective ON—OFF properties. In addition to primary
amine and the 2,7-diaminonaphthyridine moiety, one of the
nitrogens in piperazine remained basic and protonated at
neutral pH, making PyDANP quite soluble in aqueous buffer
solution. On the basis of this molecular design, the equilibrium
of DANP stacking with pyrene could be modulated by the
presence of C-bulge DNA. This would drive the equilibrium
toward the DANP—C-bulge complex to release DANP from
stacking with pyrene and emit characteristic fluorescence. In
fact, fluorescence of PyDANP was kept at a low level in the
absence of C-bulge and increased by 12-fold in the presence of
C-bulge DNA with A-T flanking base pairs.

Absorption and fluorescence spectra of PyDANP and
reference compounds DANP and PyL were measured in the
buffer solution. While PyL and DANP showed defined peaks in
the absorption spectra at 340 and 362 nm, respectively,
PyDANP showed a peak at 343 nm and unstructured broad
peaks at ~380 nm (Figure la). The absorption spectrum of
PyDANP is not the sum of absorption spectra of PyL and
DANP, indicating the electronic interaction between two
chromophores in PyDANP. Since the electronic perturbations
were speculated due to the stacking interaction of two
chromophores, we then measured absorption spectra of
PyDANP at different temperatures (Figure 1b). As the
temperature increased from 2 to 85 °C, marked changes in
the absorption spectra involving the isosbestic point were
observed. The broad absorption peak at ~380 nm observed at 2
°C kept decreasing in absorption as the temperature increased.
These spectral changes were reversible (Figure S3). These
changes suggested the possibility of existence of intramolecular
folded structure, which can be easily disrupted at higher
temperature. To gain further insight into molecular interactions
which lead to the origin of broad absorption bands at ~380 nm,
we investigated the nature of absorption in organic solvent
(Figure 1c). The absorption spectrum of PYDANP in methanol
showed distinct peaks at 340 and 365 nm, which corresponded
well to the peaks observed for PyL and DANP in methanol,
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respectively (Figure S4). In contrast, the broad peak at 380 nm
was not detected for PyDANP spectra in methanol.

The fluorescence of PyDANP was measured in a buffer
solution with various methanol contents (Figure 1d). In the
aqueous buffer solution, the fluorescence of PyDANP was low
in intensity (fluorescence quantum yield ®; 0.02), although
both PyL and DANP emit intense fluorescence under the same
conditions (Figure SS). As the content of methanol increased,
the fluorescence of PyDANP increased. With 75% methanol in
the buffer solution, the fluorescence spectrum was almost
superimposable with the fluorescence spectrum in methanol.
Hydrophobic forces are not effective in methanol, and we could
observe the fluorescence from both pyrene and DANP moieties
of PyDANP. Linear correlation of absorbance and fluorescence
intensity of PyDANP with the ligand concentration up to 80
UM excluded the possibility of intermolecular aggregation
(Figure S6 and S7). Components of PyDANP (PyL, DANP,
and a mixture of PyL and DANP) also did not show any
significant shape and structural changes in absorption and
fluorescence spectra with increasing concentrations (Figures
S8—S10). Both temperature- and solvent-dependent absorption
and fluorescence changes observed for PyDANP suggested that
pyrene and DANP chromophores in PyDANP produced a
stacked complex in the aqueous buffer solution, where the
fluorescence of PyDANP was kept in a low intensity.

Cold spray ionization time-of-flight mass spectrometry (CSI-
TOF-MS) analysis of PyDANP binding to C-bulge DNA firmly
confirmed the formation of the 1:1 complex (Figure 2). The
hairpin DNA having C-bulge in the TCA/T_A sequence (10
uM) showed [TCA/T A]*~ and [TCA/T_A]® ions under the
conditions, and these ions decreased in intensity in the
presence of PyDANP (20 uM) with concomitant increase of
ions corresponding to [TCA/T_A+PyDANP]*~ and [TCA/
T_A+PyDANP]®", showing the formation of the 1:1 complex
of C-bulge DNA and PyDANP.

Having confirmed that PyDANP showed weak fluorescence
in aqueous buffer solution at room temperature and that
PyDANP produces a 1:1 complex with C-bulge hairpin DNA,
we then investigated the equilibrium toward the bound state
which may be driven by the C-bulge hairpin DNA and may
result in the emission of characteristic fluorescence from the
DANP-C-bulge complex (Scheme 1b). The absorption
spectrum of PyDANP with DNA containing C-bulge flanked
by TA/AT base pairs (TCA/T_A) showed a bathochromic
shift in the peak at 342 to 350 nm and the unstructured peak at
380 to 390 nm with increased absorbance (Figure 3a).
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Figure 2. CSI-TOF-MS spectra of (a) C-bulge hairpin DNA TCA/
T_A and (b) TCA/T_A with PyDANP. Solution conditions: 1:1
aqueous solution of methanol containing S0 mM ammonium acetate
with 10 yuM DNA and 20 yM PyDANP solution. TCA/T_A: §'-
GTCA TCA ACAACTTTTGTTGTTATGAC-3'. Bulge site is shown
in bold type.
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Figure 3. (a) Absorption and (b) emission spectra of PyYDANP (10
uM) (dotted line) in the presence of DNA (10 uM). Key: C-bulge
TCA/T_A (red); C-bulge GCG/C_C (blue); full match dsDNA
(black) Solution conditions: 10 mM sodium cacodylate buffer (pH
7.0) containing 100 mM sodium chloride 25 °C. Excitation wavelength
was 375 and 390 nm in the absence and presence of DNA,
respectively. GCG/C_C: §'-GTCAGCGACAACTTTTGTTGTCC-
TGAC-3'; FM: 5'-GTCAGGACAACTTTTGTTGTCCTGAC-3'.
Bulge site is shown in bold type.

Similar spectral changes were also observed for the DNA
containing C-bulge flanked by GC/GC base pairs (GCG/
C_C). With the fully matched double-stranded DNA (GC/
GC), we observed peak shift at 342 nm, but the peak shift at
380 nm was not significant. The shift in absorption maxima at
350 nm might be attributed to pyrene interaction with DNA
(Figure S11). The fluorescence spectrum of PyDANP was most
apparent with the TCA/T A DNA to show fluorescence at 410
nm with increased intensity (®p 0.17) (Figure 3b). This
emission peak shows approximately 20 nm bathochromic shift
from that of PyDANP alone, confirming that the emission is
from the DANP—C-bulge complex (cf. DANP fluorescence
spectra in Figure S5). In contrast, a marked increase of
fluorescence intensity was not observed with GCG/C_C DNA
(®g 0.04), although the absorption change was most significant.
This is likely because G—C base pairs flanking the C-bulge
facilitate the DANP binding by the stacking stabilization in the
C-bulge—DANP complex, but G—C base pairs simultaneously
quench the fluorescence from the neighboring DANP—C-bulge
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complex.”® The presence of fully matched DNA did not
increase the fluorescence intensity (®p 0.06), further
confirming that the increased fluorescence at 410 nm was in
fact the result of DANP binding to the C-bulge in the TCA/
T_A sequence.

Finally, we compared the relative fluorescence change of
PyDANP upon binding to C-bulge hairpin DNA in the TCA/
A T sequence with that observed for the parent molecule
DANP (Figure 4). Both PyDANP and DANP were excited at
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Figure 4. Relative fluorescence change for a) DANP (10 uM) and b)
PyDANP (10 M) upon binding with TCA/T_A DNA (20 uM). All
solution were prepared in 10 mM sodium cacodylate buffer (pH 7.0)
containing 100 mM sodium chloride 25 °C. Excitation wavelength was
fixed at 390 nm, which is characteristic for DANP bound to cytosine..

the same wavelength of 390 nm regardless of the absence and
presence of C-bulge hairpin DNA. The fold increase of
fluorescence at 410 nm observed for PyDANP in the presence
of C-bulge DNA was about 12.7, whereas it was 6.4 for DANP.
This is due to the decreased fluorescence intensity of the
unbound state of PyDANP by the static quenching with pyrene
as compared to that state of DANP.

In conclusion, the new ligand PyDANP showed ~12-fold
increase in fluorescence intensity in the presence of a C-bulge
hairpin DNA with the TCA/T_A sequence. Temperature- and
solvent-dependent changes in the absorption spectra suggested
the intramolecular stacking of DANP moiety with pyrene,
resulting in a fluorescence quenching. The intramolecular
stacking state of PyDANP causing quenching of DANP
fluorescence was in equilibrium with DANP-bound state with
the C-bulge, resulting in emission of DANP fluorescence by
cancelling pyrene stacking. These results demonstrated that
PyDANP could be used as a turn-ON probe for the detection
of C-bulge DNA with higher signal to background ratio than
the parent molecule DANP shows. Further studies on the
potential application of PYDANP are now underway in these
laboratories.
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