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The N-biphenyldihydroisoquinolinium scaffold as
a novel motif for selective fluorimetric detection
of quadruplex DNAfY}
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The spectroscopic investigation of the DNA-binding properties of (S)-6,8-dimethoxy-2-(4'-methoxy-
[1,1'-biphenyl]-4-yl)-1,3-dimethyl-3,4-dihydroisoquinolin-2-ium revealed the cationic donor—acceptor-
substituted biaryl unit as a promising motif for selective fluorimetric detection of particular quadruplex
DNA (G4-DNA) forms. The title compound exhibits the characteristic solvent-dependent dual emission of
biaryl fluorophores; however, the emission quantum yields are very low (&g < 0.01) because of radiation-
less deactivation of the excited state by conformational changes. In contrast, the emission intensity of the
biaryl derivative increases by a factor of 2-10 on association with G4-DNA (Kz = 8 x 10* M™*-4 x 10°
M), because the structural relaxation of the exited ligand is suppressed in the binding site. The signal
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pattern of the dual emission, specifically the relative contribution of each band, varies with the different
G4-quadruplex forms 22AG, c-kit, c-myc, c-kras, and h-rasl, most likely caused by the different dynamic
flexbility of the ligand in the distinct binding sites. These effects enable the fluorimetric identification of
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Introduction

The selective staining and detection of nucleic acids is an
important bioanalytical technique in chemistry and biology.
For this purpose, organic fluorescent probes figure as valuable
and versatile tools.” Specifically, dyes with a very low emission
intensity that increases upon association with the target
analyte, often referred to as fluorescent “light-up probes”, have
proven to be very useful and provide valuable chemosensors
for the fluorimetric detection of DNA and similar targets
in vitro and in vivo.® In this context, especially the non-canoni-
cal quadruplex DNA (G4-DNA) is an important target.*
Quadruplex DNA is formed upon folding and assembly of
guanine-rich DNA strands to a stack of usually three neighbor-
ing guanine quartets.” The structures of quadruplex DNAs vary
depending mainly on the particular sequence of the parent
single strand(s).® Most importantly, G4-DNA structures have
essential biological functions, for example in the promoter
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sterically constrained binding sites, such as in c-kit and h-rasl, even with the naked eye.

regions of oncogenes, which influence the growth of cancer
cells,” or in the single-stranded overhang of telomeric DNA.?
Therefore, G4-DNA is an attractive target for the development
of fluorescent probes that enable the detection and monitoring
of this DNA form.’ Indeed, various fluorescent probes have
already been developed that may be used to detect G4-DNA
structures and to differentiate them from other DNA forms™°
in vitro™ and in cells."® Hence, it has been demonstrated that
suitable cationic dyes, for example distyrylpyridinium deriva-
tives such as 1, bind selectively to particular target G4-DNA
structures and that this complex formation is accompanied by
a characteristic, G4-DNA-specific fluorescence light-up effect
(Scheme 1).™* As another notable example, the cyanine dye 2
exhibits a strong fluorescence light-up effect upon selective
association with the G4-DNA form c-myc (Scheme 1),'* which
has been used to identify and distinguish this quadruplex
form from other nucleic acid structures.”® But, despite the
highly favorable detection properties of these and other*'?
fluorescent probes, there is still demand for novel approaches
and for structural features that enable the selective detection
of G4-DNA. Thus, there are, so far, only few examples of fluo-
rescent probes available that are able to distinguish
different topologies of G4-DNA with sufficient selectivity.'® At
the same time, it appears that selectivity is more easily accom-
plished for some G4-DNA forms, e.g. for c-myc,'*"'® whereas
fluorescent probes for others, such as c-kit,"” are still rare.
Against this background, we report the coincidental
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Scheme 1 (A) Structures of distyrylpyridinium and cyanine dyes 1 and 2

and of the biphenyl-substituted 3,4-dihydroisoquinolin-2-ium 3. (B)
Schematic representation of the fluorescence light-up effect of ligands
upon binding to G4-DNA; grey: structure of a guanine quartet, dR =
deoxyribose residue of the DNA backbone.

observation of the selective fluorimetric response of an
N-biphenyldihydroisoquinolinium fluorophore upon binding
to G4-DNA, which may contribute to the search for novel func-
tional features of G4-DNA-targeting fluorescent probes. During
our studies of the DNA-binding properties of dihydroisoquino-
linfjum-based natural products,'® we have noticed that the very
weakly fluorescent cationic biphenyl-substituted derivative 3
showed a distinct fluorescence in the presence of nucleic
acids, especially pronounced with G4-DNA. Therefore, we
investigated the photophysical and the DNA-binding pro-
perties of this particular biphenyl derivative. And we will
demonstrate herein that, indeed, this compound is a promis-
ing starting point for the development of G4-DNA-selective
fluorescent probes.

Results and discussion

For a first orientation, the absorption and emission properties
of biphenyl 3 were investigated in different solvents (Fig. 1 and
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Fig. 1 Absorption (c = 10 pM) (A) and normalized emission spectra (B)
(lex = 350 nm) of 3 in H,O (green), DMSO (blue), MeOH (black), EtOH
(magenta), MeCN (red), and glycerol (orange).
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Table 1 Absorption and emission properties
different solvents

of compound 3 in

Solvent Aabs”/Mm e/L mol™ em™ Ap“/nm &g ¢

H,O0 350 (264) 21300 439 <0.01
DMSO 352 (272) 22280 428 (580) 0.01
MeOH 353 (267) 25532 555 (429) <0.01
EtOH 354 (269) 23713 560 0.01
MeCN 352 (268) 19 849 426 (552) <0.01

“ Long-wavelength absorption maximum; ¢ = 10 uM. ” Molar extinction
coefficient. “Emission maximum; Ae, = 350 nm. ?Fluorescence
quantum yield relative to anthracene in cyclohexane (&5 = 0.36). The
smaller maximum is given in parantheses.

Table 1). The absorption spectra of compound 3 are almost
independent of the solvent, and the long-wavelength maxima
only changed in a small range, from 350 nm in water to
354 nm in EtOH (Fig. 1A). In contrast, the fluorescence pro-
perties of compound 3 were found to depend on the solvent
(Fig. 1B). While in water, a blue-shifted emission maximum
was detected at 439 nm, a red-shifted maximum at 560 nm
was found in EtOH. At the same time, dual emission of biphe-
nyl 3 was observed in MeOH, MeCN, and DMSO, namely with
two distinct emission bands at 352-353 nm and 556-580 nm
(Fig. 1B and Table 1). In all employed solvents the emission
quantum yields of 3 are very low (@g < 0.01, Table 1).

Dual emission has been frequently observed in fluorescent
biphenyl derivatives that are integrated in a donor-acceptor
system. And it is commonly explained by the dynamic photo-
physical processes in the excited state and the resulting
different emitting excited species.'® Specifically, the excitation
induces an intramolecular charge transfer (CT), which is often
referred to as charge shift (CS) in the case of ionic chromo-
phores, and to conformational changes in the excited state
leading to twisted (TICT) or planar structures (PICT).'*?%°
Accordingly, the emission properties of compound 3 are also
influenced by the donor-acceptor interplay between the elec-
tron-donating methoxy group and the electron-withdrawing
iminum functionality, in combination with the conformational
changes of the biphenyl unit. Thus, compound 3 showed the
expected emission band of a biphenyl chromophore at around
435 nm, which was assigned to the locally excited (LE) state,
most likely formed after conformational change to an almost
planar structure and a resonance-type excited state
(Scheme 2).2% After further rotation around the biaryl axis, the
TICT/CS state is formed with an almost perpendicular biphe-
nyl structure, which results in the red-shifted emission band
at ca. 550 nm (Scheme 2).2%?! Apparently, these two states are
stabilized or destabilized to a different extent by several
solvent properties, because there is no obvious relationship
between the formation of the emission bands with the solvent
parameters.’*“>> As the fluorescence quantum yields are very
low in all tested solvents, an additional non-radiative de-
activation of the excited state obviously takes place with high
efficiency, which may be caused by torsional relaxation around
the biphenyl bond or around the C,-N or the C,~O bond of
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Scheme 2 State diagram of the photoexcitation and deactivation path-
ways of the N-biphenyldihydroisoquinolinium 3.

the donor and acceptor substituents.>® To verify this assump-
tion, the fluorescence spectra were recorded in media with
different viscosity, namely in glycerol/water with increasing gly-
cerol content (Fig. S4, c¢f ESI}), because the viscosity of the
solvent has a considerable effect on the rate of conformational
changes, thus, on the emission quantum yield of excited mole-
cules.”* Indeed, it was observed that in glycerol/water mixtures
with higher viscosity, namely with glycerol fraction >40%, the
emission intensity of 3 increased significantly with increasing
glycerol content (Fig. 1B and Fig. S4 ¢f. ESIf). Usually, this
observation indicates a non-radiative deactivation of the
excited state by conformational changes, such as torsional
relaxation,”® because in highly viscous glycerol the confor-
mational changes are slowed down and emission becomes
competitive.”® Hence, torsional relaxation from either the LE
state or the TICT/CS state of 3 to a non-emitting conformer
most likely contributes to a significant extent to the non-radia-
tive deactivation of the excited state.

The interactions of biphenyl 3 with calf thymus (ct) DNA, as
a typical duplex DNA structure, and with representative quad-
ruplex DNA (G4-DNA) forms 22AG, c-kit, c-kras, c-myc, and
h-ras1 were investigated. These G4-DNA forms relate to
specific, biologically relevant DNA sequences and have a
unique sequence and structure, as defined by the arrangement
of the G-quartets and loop regions.”” The ligand-DNA inter-
actions were monitored by photometric and fluorimetric titra-
tions in aqueous buffer solutions. In almost all cases, a con-
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Fig. 2 Photometric titration of 3 (c = 20 uM) with ct DNA (A) in BPE
buffer (cna+ = 16 mM, pH = 7.0), and with 22AG (B) and c-kit (C) in
K-phosphate buffer (cx+ = 95 mM, pH = 7.0). The arrows indicate the
development of the absorption bands during the titration. Inset: plot of
the absorption at 1 = 351 nm versus cpna. D: LD spectra of 3 in the pres-
ence of ct DNA (c = 20 uM) in BPE buffer (cna+ = 16 mM, pH = 7.0) at
LDR = 0.0 (black), 0.2 (red), 0.5 (blue), 1.0 (magenta), 1.5 (green).

tinuous decrease of the absorption maxima of compound 3 at
351 nm and a slight red shift (Adepna = 3 DM, Adypag = 6 N,
Al = 9 nm) were observed upon addition of DNA (Fig. 2A, B,
C and Fig. S1, ¢f. ESI). This effect was most pronounced upon
addition of G4-DNA c-kit. Moreover, during titrations with G4-
DNA, an isosbestic point was formed at 365 nm, whereas with
ct DNA an initially formed isosbestic point faded during titra-
tion. The binding isotherms derived from the photometric
DNA titrations of compound 3 were used to determine the
binding constants K, (Table 2 and Fig. S2, ¢f. ESI}),”® which
revealed moderate binding affinities towards ct DNA (K. =
1.3 x 10* M™") and to G4-DNA (Kpzag = 7.6 X 10* M™%; Ky = 1.6
X 10° M™%} Keteras = 1.8 X 10° MY, Kenye = 4.3 X 10° M, Kiypas1 =
3.1 x 10°> M™"). However, the fitting curves of the binding iso-
therms of ct DNA, c-kras, and h-ras1 showed deviations, pre-
sumably because of heterogeneous binding at relatively high
or low ligand loading on the DNA. To further assess the
binding mode of compound 3 with duplex DNA, the DNA-
ligand complexes were analyzed by linear dichroism (LD) spec-
troscopy in the hydrodynamic field of a rotating cuvette.”® In
the presence of ct DNA, a negative LD signal between 300 nm
and 400 nm was observed, that is in a range where only the
ligand 3 absorbs. And the intensity of these LD bands

Table 2 Binding constants, Ky, of compound 3 with ct DNA and G4-DNA, and shifts of melting temperature, AT,,, of G4-DNA in the presence of 3

ct DNA 22AGY/F21T? c-kit?/FkitT? c-kras®/FkrasT’ c-myc?/FmycT’ h-ras1
K,410* Mt 1.3 7.6 16 18 43 31
AT2/oC c 6 3 6 2 ¢

“Binding constant determined from photometric titrations with 22AG, c-kit, c-kras, c-myc, and h-ras1. ? Determined from fluorimetric analysis of
dye-labeled oligonucleotides; estimated error +0.5 °C. F21T = fluo-G;(TTAG;);-tamra, FKitT = fluo-AG;AG3CGCTG3AG,AG;-tamra, FmycT =
fluo-TGAG;TG;TAG;TG;TA-tamra, FkrasT = fluo-AG;CG,TG,A,GAG;A-tamra, fluo = fluorescein, tamra = tetramethylrhodamine. “ Not determined.
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increased with increasing ligand-to-DNA ratio (LDR) (Fig. 2D).
At the same time, the intensity of LD bands of the DNA bases
decreased during the titration.

Overall, the photometric analyses indicated the association
of the biphenyl 3 with nucleic acids. In particular, the changes
in the absorption spectrum, namely hypochromism and the
red shift of the absorption bands, are characteristic features of
ligands that bind to duplex DNA*® or G4-DNA.?' Moreover,
there are no large differences between the binding constants
with the employed nucleic acids, which showed that there is
no prounounced binding selectivity of the ligand towards a
particular DNA form. In the case of duplex DNA, the additional
LD-spectroscopic studies indicated an intercalation of the
ligand, as confirmed by the negative LD bands of the ligand,
which are characteristic of DNA intercalators.>* Accordingly,
the observed binding constant of 3 with ct DNA is in a range
commonly observed for cationic DNA binders.*® In contrast,
the affinity of this ligand towards G4-DNA is relatively low as
compared with the ones of known cationic ligands, which
usually have binding constants of K, > 10° M~".** In most
cases, ligands that intercalate into duplex DNA tend to bind
with G4-DNA by terminal = stacking to the quadruplex unit.*®
Therefore it is assumed that the ligand 3 binds with essentially
the same binding mode to c-kit, c-kras, c-myc, and h-ras1, and
that the low binding constants reflect a somewhat hindered fit
of the ligand structure to the binding site. The latter may be
caused by the three-dimensional steric demand of the ligand
as it does not have the required planar structure.

In addition, the stabilization of the dye-labeled G4-DNA
forms F21T, FkitT, FkrasT and FmycT towards thermally
induced unfolding after binding of ligand 3 was investigated
by thermal DNA-denaturation experiments (Table 2 and
Fig. S4, ¢f. ESI}).*° Analysis of the melting temperature after
ligand binding revealed a moderate stabilization of the quad-
ruplex forms F21T (AT, = 6 °C) and FkrasT (AT,, = 6 °C),
whereas FkitT (AT, = 3 °C) and FmycT (AT, = 2 °C) were only
slightly stabilized under the same conditions. These results
indicated that upon binding the ligand 3 stabilizes the G4-
DNA forms to a different extent depending on their topology.
Notably, the shifts of the melting temperatures, AT, of the
different G4-DNA forms in the presence of ligand 3 do not cor-
relate well with the binding constants. This apparent contra-
diction has been observed frequently during studies of ligand-
quadruplex interactions and may be explained by different
dependencies of equilibrium constants and Gibbs free ener-
gies on the temperature,®® specifically as the binding constant
was determined at temperatures below the respective DNA
melting temperature. Furthermore, it was shown exemplarily
that the stabilization of the G4-DNA FkitT by ligand 3 did not
significantly change in the presence of the double-stranded
DNA ds26 [d(CA,TCG,ATCGA,T,CGATC,GAT,G); (AAT,, =
—0.8 °C)], which indicated that the ligand binds selectively to
the G4-DNA in competition with duplex DNA.>”*8

To assess the influence of the association of ligand 3 with
DNA on its emission properties, fluorimetric titrations with
duplex and quadruplex DNA were conducted. In aqueous
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buffer solution, compound 3 showed a weak, hardly detectable
emission band with a maximum at 460 nm. Upon addition of
ct DNA, 22AG, c-kit, c-kras, c-myc, and h-ras1, the emission
intensity of the bound ligand 3 increased; however, the devel-
opment of the emission bands varied distinctly with the
different DNA forms (Fig. 3A, B, C and Fig. S1, c¢f. ESII).
Specifically, the contribution of the two emission maxima
resulting from the dual fluorescence of the ligand 3 (see
above) depends on the respective DNA form. Upon addition of
ct DNA, only one clear emission band developed with a
maximum at 530 nm and with an increase of emission inten-
sity by a factor of 2 (at ligand : DNA = 2), whereas the band at
ca. 460 nm remained very weak. A similar development of the
red-shifted fluorescence band at 535-538 with an intensity
increased by a factor of 4-5 was observed with G4-DNA 22AG,
c-kras, c-myc, respectively. But in these cases, the intensity of
the initial blue-shifted band also gradually increased, albeit to
a smaller extent than the red-shifted band. In sharp contrast,
the addition of c-kit and h-ras1 to compound 3 led to a much
stronger increase of the emission intensity of the blue-shifted
band at 431 nm (c-kit) and 450 nm (h-ras1) by a factor of 5 and
10 (at ligand : DNA = 2), along with the rise of the red-shifted
band with smaller intensity. In each case, the fluorescence
light-up effect of the ligand 3 upon addition of DNA can be fol-
lowed by the naked eye (Fig. 3). Moreover, the solutions with
different DNA forms could be distinguished by different emis-
sion colors, whereas the distinct clear blue emission in the
presence of G4-DNA c-kit, and h-ras1 stood out as a special
indicative element.

The increased emission intensity of compound 3 after
addition of DNA is most likely caused by the limited confor-
mational freedom of the ligand within the DNA binding site,*”
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Fig. 3 Fluorimetric titration of 3 (c = 20 pM) with ct DNA (A), 22AG (B),
and c-kit (C); (A: in BPE buffer, cna+ = 16 mM, pH = 7.0, B and C: in
K-phosphate buffer, cx+ = 95 mM, pH = 7.0). The arrows indicate the
development of the absorption or emission bands during the titration.
Inset: plot of the emission at 4 = 330 nm or 4 = 431 nm versus cpa; of
ct DNA (A), 22AG (B), and c-kit (C). Structures in insets taken from the
Protein Data Bank (PDB, https://www.rcsb.org/; PDB ID: A, 2kOv; B, 1kf1;
C; 6gh0).
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which in turn suppresses the torsional relaxation of the biphe-
nyl unit as non-radiative deactivation pathway of the excited
molecule. Such a fluorescent light-up effect based on this
mechanism has been frequently observed for cationic DNA
binders that contain a biaryl substructure.>® Moreover, this
effect of the binding site on the fluorescence properties of the
ligand may also explain the varying development of its emis-
sion bands upon association with the different DNA forms
(Fig. 3). Specifically, the size and shape of the binding sites of
the employed DNA forms vary distinctly,>® so that the bound
ligand experiences different degrees of restricted confor-
mational freedom in each case. Such an effect of the binding
sites on the emission intensity and energy has already been
demonstrated with the structurally resembling compound
9-(4-dimethylamino)benzo[b]quinolizinium, which exhibits a
fluorescence light-up effect with different emission maxima in
duplex and quadruplex DNA.* Likewise, this influence of the
binding sites on the emission color has been explained by the
different conformational flexibility of the ligand within the
binding sites.*’

In the presence of ct DNA, the emission bands resemble
the ones in glycerol and indicate the restricted free volume
within the DNA binding site, which, in turn, should hinder
conformational changes. Accordingly, the relaxation to the
non-emissive conformation is suppressed under these con-
ditions. But obviously, minor structural changes to a relaxed
TICT/CS state are still possible, so that the related red-shifted
emission band is also formed. In contrast, upon binding to
G4-DNA a clear dual emission of the bound ligand was
observed, which indicates that both the LE state and the TICT/
CS state are populated to a significant extent within the
respective binding sites. However, as a striking difference the
contribution of each emission band varies with the different
G4-DNA forms. And in the case of c-kit and h-ras1, the blue-
shifted emission band dominates the overall spectrum, and
this combination of bands results in an overall blue emission.
For an explanation of this special effect, it is proposed that
this effect is caused by the exceptional binding pocket pro-
vided by the quadruplex structure.>* Specifically, in the case
of c-kit the particular loop structures allow the formation of a
cleft at the 3"-end of the quadruplex in which organic ligands
may be accommodated.”’ Indeed, simple docking studies?
with the ligand 3 and c-kit revealed that the biphenyl 3 may
bind in this binding pocket (Fig. 4) and point to a suppression
of conformational freedom of the biphenyl unit in this con-
strained environment. As a result, the emission occurs mainly
from the LE state leading to a distinct blue emission.*?
Likewise, it is proposed that the conformational flexibility of
ligand 3 is similarly restricted in the binding site of h-ras1. In
this particular case, the available free volume is probably even
more confined because the fluorescence light-up factor is
larger. The “regular” terminal n stacking of the ligand at the
other G4-DNA forms c-kras, c-myc, 22AG, by contrast, leaves
sufficient conformational freedom to give mainly the red-
shifted emission of the relaxed state. Notably, these latter G4-
DNA forms have different quadruplex structures regarding the

5758 | Org. Chem. Front,, 2024, 11, 5754-5761

View Article Online

Organic Chemistry Frontiers

Fig. 4 Structure of the complex between ligand 3 and G4-DNA c-kit
(PDB ID: 203M) as estimated from molecular docking (AutoDock Vina,
UCSF Chimera 1.15).

DNA-strand orientation, namely parallel (c-kras, c-myc) and
hybrid (22AG); and likewise, the quadruplex forms, with which
a more pronounced blue shift was observed, have different
strand alignment (c-kit: parallel, h-rasl: antiparallel).
Therefore, it may be concluded that this particular structural
parameter does not influence significantly the emission pro-
perties of the bound ligand 3. At the same time, it cannot be
excluded that the different polarity and/or availability of hydro-
gen bonds within the binding sites of the different G4-DNA
forms also contributes to the varying emission properties of
the bound ligand, because similar effects were observed in
different solvents (Fig. 1). In this context, it should be empha-
sized that the different fluorescence response of the ligand 3
upon association with different DNA forms is not the result of
a selective DNA recognition, because the binding studies
revealed similar affinities to all tested DNA forms (see above).
Instead, the varying emission properties are most likely caused
by the different binding modes in combination with the high
sensitivity of the dual emission of the biphenyl fluorophore on
the surrounding medium.

Conclusions

In summary, we have identified the cationic, donor-acceptor-
substituted biphenyl structure 3 as a promising complemen-
tary motif of quadruplex DNA binders. It has, to the best of
our knowledge, not been introduced to this research field so
far. However, biaryl-type fluorophores are already known that
may be used for fluorimetric DNA detection, with thioflavin T
(ThT) being the most prominent example.** But these fluo-
rescent probes do not exhibit dual emission, so that their
response to DNA binding is a fluorescence light-up effect
without a color change.

In the present case, neither the affinity nor the selectivity of
the ligand towards a particular DNA form was especially pro-
nounced. But still, the high sensitivity of the emission pro-
perties of the biphenyl unit, specifically the pronounced dual
emission, to the surrounding medium may be used to detect
and characterize different binding sites of G4-DNA by distinct
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emission properties of the bound ligand. Specifically, sterically
constrained binding sites, such as the one in c-kit, may be
identified by the characteristic stronger contribution of the
blue-shifted emission band. Therefore, it is proposed that
similar cationic biphenyl derivatives with optimized structures
for stronger binding affinities will figure as useful and efficient
tools for the fluorimetric analysis of quadruplex DNA.
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