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The new dicationic pyridine-2,6-dicarboxamide-based compound 1 bearing two N-alkylquinolinium units

was synthesized, structurally determined by single-crystal X-ray diffraction, and studied in-depth as

a fluorescent receptor for nucleotides and inorganic phosphorylated anions in pure water. The addition

of nucleotides to 1 at pH ¼ 7.0 quenches its blue emission with a selective affinity towards adenosine 5′-

triphosphate (ATP) and guanosine 5′-tripohosphate (GTP) over other nucleotides such CTP, UTP, ADP,

AMP, dicarboxylates and inorganic anions. On the basis of the spectroscopic tools (1H, 31P NMR, UV-vis,

fluorescence), MS measurements and DFT calculations, receptor 1 binds ATP with high affinity (log K ¼
5.04) through the simultaneous formation of strong hydrogen bonds and p–p interactions between the

adenosine fragment and quinolinium ring with binding energy calculated in 8.7 kcal mol−1. High affinity

for ATP/GTP is attributed to the high acidity of amides and preorganized rigid structure of 1. Receptor 1

is an order of magnitude more selective for ATP than GTP. An efficient photoinduced electron transfer

quenching mechanism with simultaneous receptor–ATP complexation in both the excited and ground

states is proposed. Additionally, multiple spectroscopic studies and molecular dynamics simulations

showed that 1 can intercalate into DNA base pairs.
Introduction

Selective recognition of nucleoside polyphosphates (NPPs) by
luminescent molecular receptors remains an active and
important area in supramolecular chemistry and analytical
sciences1–7 due to their key biochemical functions in genetic
information and cellular energy transduction.8 Among the
NNPs, adenosine triphosphate (ATP) is the most abundant
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nucleotide in cells and is the primary chemical energy source in
living systems.9 On the other hand, guanosine triphosphate
(GTP) regulates a wide variety of cellular processes ranging from
protein synthesis, the citric acid cycle and RNA synthesis.10 A
variety of human illnesses such as kidney diseases, Alzheimer's,
hypoglycemia and cancer are associated with deviations in ATP
or GTP levels.11–13 While the need for efficient and selective
optical receptors for purine nucleotides (ATP/GTP) is evident, so
far, fewmolecular receptors able to operate efficiently in neutral
aqueous media at sub-micromolar concentrations have been
described.

Fluorescent recognition of ATP/GTP has been dominated by
organic articial receptors containing arrays of hydrogen bond
donors of NH/CH type or polycationic moieties as binding sites
for the polyphosphate fragments.14–24 Typically, these receptors
show binding constants between 102 and 104 M−1.25,26 Conse-
quently, they are suitable to recognize ATP/GTP in the milli-
molar concentration range, but not signicantly below. These
receptors also frequently require an organic cosolvent to oper-
ate, which seriously limits their intended applications.14,27–31
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Fluorescent receptors 1 and 2 employed in this study.
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Optical recognition of ATP or GTP by molecular hosts in
water can be achieved with uorescent imidazolium salts,14,18,27

cyclophanes,19,29 quinoline-based Zn-complexes,3,32 lanthanide
complexes4 and bis- 2,6-formylphenol derivatives.16 These
luminescent receptors undergo changes in their photophysical
properties due to the binding of the polyphosphate motif with
the hydrogen bond donors or by coordination to the metal
center.33 However, in many cases they are not particularly
selective towards purine nucleotides because their chemical
structures only contain binding sites for the polyphosphate
moieties.7,34 Thus, interference from other nucleotides (CTP,
UTP, TTP, ADP, AMP, GDP),16,30,33,35 adenine dinucleotide
(NADH)36 and pyrophosphate (PPi)34 can be a problem.

In principle, it should be possible to overcome these limi-
tations by developing a uorescent molecular receptor with
specic, high-affinity, and cooperative binding points for ATP or
GTP that includes hydrophilic fragments in its chemical struc-
ture. However, the creation of a potent, and selective receptor
for GTP/ATP able to operate in a neutral aqueous phase is an
ongoing challenge.7 Recent reports in the context of oxyanion
recognition have displayed that pyridine-2,6-dicarboxamide-
based pincer receptors are able to bind phosphorylated
anions through hydrogen bonds.37 Previously, we reported
a series of dicationicN-methylated bisquinolinium pyridine-2,6-
dicarboxamide receptors with a moderate affinity towards PPi
and ATP ranging between 300 and 5400 M−1 in water where the
anion-binding is driven mainly by the acidication of the amide
NH groups.38

On the hand, quinoline-based dyes as quaternary salts have
found many applications in uorescent molecular recognition
of inorganic anions39,40 and as pH-probes.41 They have also been
used as efficient DNA intercalators42,43 and G-quadruplex
ligands44,45 where the supramolecular complex formed is
stabilized by p-stacking interactions between p-electron-rich
rings from guanine or adenine and the cationic aromatic p-
electron-decient ring from quinolinium.46

Taking this into account, we surmised that a sensitive optical
recognition of ATP/GTP in water is possible with a combination
of two binding sites based on a water-soluble pyridine-2,6-
dicarboxamide cationic receptor with a high affinity for poly-
phosphate fragments and uorescent quinolinium units as
a cooperative binding site for purine rings via p–p interactions.
The results obtained for a new nucleotide receptor 1 based on
bisquinolinium pyridine-dicarboxamide including synthesis,
crystal structure, acid–base properties, spectroscopic recogni-
tion studies and theoretical DFT calculations are summarized
below. For comparison purposes, a related N-alkyl quinolinium
benzamide derivative 2 lacking a polyphosphate binding site
was also studied.

Results and discussion
Synthesis and crystal structures

Compounds 1 and 2 (Scheme 1) were successfully synthesized
by the two-step procedure described in Scheme S1†.47 The
synthesis of 1 was initiated by reacting 2,6-pyridinedicarbonyl
dichloride with 3-aminoquinoline in dry toluene, and
© 2022 The Author(s). Published by the Royal Society of Chemistry
subsequent prolonged treatment with ethyl bromoacetate in dry
DMF.

The bromide salts of 1 and 2 were isolated in good yield as
pale-yellow crystalline powders and pure according to 1H, 13C,
DEPT, HSQC NMR spectroscopy (Fig. S1–S18†), and elemental
analysis (C, N, H).

X-ray crystal structures were obtained for bromide salt of 1
and triate salt of 2 by slow evaporation of methanolic solutions
(see Table S1 in the ESI† for crystallographic data). Parameters
for selected hydrogen bonding interactions within the crystal
packing are collected in Tables S2–S3.†

Perspective views of molecular structures of 1 and 2 are
shown in Fig. 1. Crystallographic analysis for 1 shows that it
possesses a rather high degree of planarity: the dihedral angles
between N-alkylated quinolinium rings and the central pyridine
ring are 4 ¼ 11.63 and 22.78�. The two carboxamide groups are
turned inside the cle toward each other and are coplanar with
the central pyridine ring, this syn–syn conformation has been
commonly observed for crystal structures of pyridine-2,6-
dicarboxamide derivatives for both macrocyclic50–53 and acyclic
species30,34,38,39,47–51 as result of intramolecular hydrogen bonds
between the central pyridine and the NH carboxamide groups.

Since the high planarity between the quinolinium rings and
the carboxamide groups, the ortho-CH bonds from quinolinium
rings show an optimal orientation towards the intracavity,
therefore, 1 is a preorganized receptor with a well-dened cavity
for recognition of anions. The distances NH/HN and ortho-(15)
CH/HC(29) of 1 are 3.132 and 4.384 Å, respectively. The size of
the cavity formed by NH and ortho-CH hydrogen bond donors is
favorable for hosting halide ions2 and phosphorylated anions,
which induce a peak selectivity over other anions, as has been
demonstrated in previous works.52,53

The carbon–nitrogen bond distance Csp2–Nsp2 ¼ 1.364(5) Å of
the carboxamide groups in 1 is signicantly longer than that found
for neutral related derivatives in the range of 1.323–1.350 Å.50

This difference can be induced by the positive charges of
lateral quinolinium moieties. The crystal of 1 is strongly
hydrated with the consequence that the receptor cavity is
occupied by a water molecule where the NH bonds of both
carboxamide groups are oriented towards the oxygen atom from
the water forming two N–H/O hydrogen bonds (Table S2†). It
can be expected that a similar binding mode for tetrahedral
anions such as phosphorylated-derivatives might occur also via
charged-assisted N–H/−O–P interactions.48,51,52

Crystal of 2 shows coplanarity between quinolinium and
benzyl ring with a dihedral angle of 4¼ 9.58�, similar structural
RSC Adv., 2022, 12, 27826–27838 | 27827
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Fig. 1 Perspective views of molecular structures of bromide salt of 1 (additional water and methanol molecules were omitted for clarity) and
triflate salt of 2. Ellipsoids are drawn at the 30% probability level.
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View Article Online
properties have been reported previously for a benzamide
derivative.54 The positive charge of 2 is stabilized by a triate via
N–H/O interactions (Table S3†).
Optical and acid–base properties

Acid–base properties of bromide salts of 1 and 2 were studied by
UV-vis and uorimetric pH-titrations. Absorption and emission
maxima in water at pH ¼ 7.0 are collected in Table 1 and the
family of spectra at different pH values are compiled in Fig. 2. In
N-alkylquinolinium salts, the long-wavelength absorption band
near 350 nm is typically attributed to n / p* electronic tran-
sitions55 and the blue/green uorescence is originated by
intramolecular charge transfers (ICT) in the excited state.56

Buffered aqueous solutions (10 mM MOPS, pH ¼ 7.0) of
bromide salts of 1–2 were stable for several days and followed
very well to the Lambert–Beer law up to 50.0 mM, thus these
conditions were used for further studies.

On increasing pH, the absorbance at shorter wavelengths
(�275 nm) decreases while at longer wavelengths it increases
(�350 nm) and the blue emission is strongly quenched for both
salts. For 2, spectrophotometric titration experiment (Fig. 2B)
shows three clear isosbestic points at 282, 330 and 360 nm
indicating the chemical equilibrium between the protonated/
deprotonated species of the amide group.

In the case of 1, two processes are observed (Fig. 2A), the rst
one given in the pH range 6.0–8.61 by a sharp decrease in
absorbance at the maximum 276 nm with three isosbestic
points at 302, 335, and 369 nm. The second process at pH > 8.8
Table 1 Absorption and emission maxima (nm) and pKa values of 1 (10 m

labs (log 3) (pH ¼ 7.0)

UV-vis

pKa1 pKa2

1 276(4.43), 350(3.90) 7.70 � 0.02 10.10 � 0
2 270(4.16), 346(3.73) 10.57 � 0.02 —

27828 | RSC Adv., 2022, 12, 27826–27838
with an increase in absorbance at longer wavelengths. The pKa

values calculated are shown in Table 1.
In general, the acid-base dissociation constants are signi-

cantly lower than those typical for common amides due to the
combination of the strong electron-accepting properties of the
central pyridyl ring and the positive charge on quinolinium
rings. The absence of the electron-accepting effect by the pyridyl
ring in 2 is reected in a higher pKa value closer to ordinary
amides. Species with deprotonated carboxamide groups in 1
and 2 are practically not uorescent by an intramolecular
photoinduced electron transfer (PET) caused by deprotonation
in the excited state, forming a non-emitting conjugated base.38

The pKa values of 1 calculated by uorescence spectroscopy
are slightly lower than those calculated by UV-vis suggesting
a contribution of the excited state deprotonation (Table 1).

Taking into account the uorescence emission, the high
acidity of the amide groups, the preorganization of the NH/CH
donors, and the dicationic nature of water at pH ¼ 7.0 of 1, we
explored this compound as a receptor for a series of phos-
phorylated anions by experimental and theoretical studies.
NPPs recognition studies

The rst evidence for the high affinity of ATP/GTP for 1 was
obtained by 31P and 1H NMR measurements. The phosphate
binding modes of sodium salts of ATP/GTP with 1 were inves-
tigated by 31P NMR spectroscopy in neutral D2O solutions
(Fig. 3). The free ATP has signals at −10.77 (g-P), −11.21 (a-P),
and −22.93 (b-P) and the addition of 1.0 equiv. of 1 induces
M) and 2 (10 mM) in water

Emission Fluorimetric titration

(lexc ¼ 350 nm) pK` pKa2

.09 415 7.12 � 0.03 9.23 � 0.05
410 10.37 � 0.04 —

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 UV-vis pH-titrations of buffered aqueous solutions (10 mMMOPS and CAPS) of 1 (A) and 2 (B) at 25 �C. Fluorescence (lex ¼ 350 nm) pH-
titrations of buffered aqueous solutions of 1 (C) and 2 (D) at 25 �C. The insets show pH-titration profiles observed at absorbance and emission
maxima.

Fig. 3 Partial 31P NMR spectra (121.5 MHz, 25 �C) of sodium salts of
ATP and GTP (3.0 mM) in the presence of 1.0 equiv. of 1 in D2O at pD¼
7.0 (10 mM MOPS).

Fig. 4 Partial 1H NMR spectra (400 MHz, 25 �C) of sodium salt of ATP
(3.0 mM) + 1 (0.5, 1.0, 2.0 equiv.) in D2O at pD ¼ 7.0 (10 mM MOPS).
Blue dotted lines show upfield shifting in H8, H2 and H1′ protons of the
adenosine ring.
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a considerable broadening of terminal g-P signal with evident
downeld shi (Dd ¼ 1.67 ppm) which can be assigned to the
formation of N–H/O–P-g hydrogen bonds. The nature of this
shi can be ascribed to a “partial protonation” of the g-P
phosphate as would be expected by the interaction with the NH
© 2022 The Author(s). Published by the Royal Society of Chemistry
carboxamide groups. In the case of GTP, the shi of g-P signal
was signicantly lower than that observed for ATP. Similar NMR
spectroscopic changes, in particular, the downeld shi of 31P-
RSC Adv., 2022, 12, 27826–27838 | 27829
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Fig. 5 Spectrophotometric titration experiment of buffered aqueous
solution of 1 (40 mM) upon the addition of increasing amounts of ATP
at pH ¼ 7.0 (10 mM MOPS, 25 �C). Inset: shows the profile of absor-
bance at 389 nm for increasing amounts of ATP. The solid lines were
obtained by fitting the experimental data to a 1 : 1 model. The ionic
strength was adjusted to 0.05 M of NaCl.
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signals have been observed with organic polyammonium-based
receptors and they are assigned to the formation of strong
hydrogen bonds.57 To gain further information regarding the
interaction of adenosine fragment to quinolinium rings, 1H
NMR experiments were performed. Fig. 4 shows the aromatic
region of 1H NMR spectra of free ATP and with increasing
amounts of 1. Clearly, protons of adenine H2, H8 and proton of
ribose fragment H1 undergo signicant upeld shis by 0.31–
0.58 ppm indicating interactions between adenosine moiety
and 1.

Such 1H NMR spectral changes have been observed in
supramolecular-complexes of ATP with receptors derivatives of
acridine-appended polyammonium as a result of p-stacking
interactions.22 Reports in the context of ATP-binding proteins
have shown that aromatic amino acids drive the binding with
the adenosine ring inducing selectivity over the rest of the
NPPs.58

There are several examples of receptors for ATP recognition
containing aromatic groups linked to polyammonium groups
operating through electrostatic and p-stacking interactions
with the adenosine ring typically at acid pH.7,22 A new property
of receptor 1 is that it provides two simultaneous two-point
recognition capable of operating in neutral pure water as
observed in NMR experiments.

Addition of ATP and GTP to buffered aqueous solutions of 1
at pH ¼ 7.0 induced small, but clearly observed changes in UV-
vis spectra. As an example, Fig. 5 displays the family of UV-vis
spectra obtained when a neutral aqueous solution of 1 is
titrated with ATP. The inset shows the increase of absorbance at
389 nm on the progressive addition of ATP. This prole
remained practically unchanged when the 1/ATP ratio reached
1.0 equiv. The variation in the absorbance (DA� 0.05) at 389 nm
with increasing ATP concentration ts perfectly to 1 : 1 stoi-
chiometric model with a binding constant of log K ¼ 4.94 �
0.11. An isosbestic point at 374 nm is observed, which suggests
that only two species are in equilibrium (free 1 and its
27830 | RSC Adv., 2022, 12, 27826–27838
complexed form with ATP). The mass spectrum of 1 in the
presence of 1.0 equiv. of ATP by a positive scan of ESI showed
practically one species at 652.06 m/z, which was isotopically
resolved, and it can be assigned to the dicationic complex 1 : 1,
{12+ + ATP2− + Br− + 3Na+ + 2H2O}

2+ (676.6 m/z). The experi-
mental signals, separated by 0.5, match well the theoretical
isotopic distribution for a complex 1 : 1, ATP : 1 as is shown in
Fig. S20.† These experiments unambiguously conrm the
binding of ATP with 1 in neutral water.

In contrast to UV-vis measurements, uorescence experi-
ments provided strong and reproducible changes of 1 by addi-
tions of NPPS. Thus, the interaction of receptors 1–2with several
NPPs and PPi were studied by uorimetric titration experiments
under the same conditions. Next, the addition of ATP and GTP
to an aqueous solution of 1 induced a strong quenching as is
shown in Fig. 6A and S19.†

The Stern–Volmer (S–V) plot at 415 nm (lex ¼ 350 nm) with
increasing ATP concentration up to 65 mM shows a clear
downward curved prole. This curve shape is typically observed
by a combination of static and dynamic quenching. This prole
can be very-well tted to the theoretical eqn (1) proposed by
Fabbrizzi59 which takes into account simultaneous static and
dynamic quenching when the ground state complexation does
not quench the emission completely and the receptor–guest
complex still possesses a residual uorescence intensity
(factor r).

I0

I
¼ ð1þ KSV½anion�Þð1þ KA½anion�Þ= ð1þ rKA½anion�Þ (1)

The estimated binding constant (log K(ATP) ¼ 5.01 � 0.03) for
static quenching is consistent with that obtained by UV-vis,
indicating that complexation is mainly formed in the ground
state. High affinities of 1 towards ATP/GTP (log K(ATP) ¼ 5.01 �
0.03 and log K(GTP) ¼ 4.70 � 0.05) can be attributed to the
cooperative two-point recognition which was supported by NMR
experiments.47

S–V plots for ATP, GTP, CTP, UTP, ADP and AMP are shown
in Fig. 6B. In general, titrations for all NPPs show non-linear
proles similar to ATP and GTP with downward curves but
with a small quenching effect at saturation.

The calculated parameters corresponding to binding
constant with 1 : 1 stoichiometry (KA), dynamic quenching
constant (KSV) and residual factor r using eqn (1) for NPPs and
PPi are listed in Table 2.

Eqn (1) is approximate because it considers similar
quenching with a single KSV value for both free and complexed
forms of the uorophore as well as similar rates of photoexci-
tation of free and its complexed form. A more exact equation
was described by Boens,60 however, it includes many adjustable
parameters, which cannot be reliably determined from the
tting of plots as those shown in Fig. 6. Another limitation of
eqn (1) is that if the static quenching is very strong, the esti-
mated KSV values may have large errors including values of
dynamic quenching rate constants (Kq) that can exceed 100% of
the upper diffusion limit for dynamic quenching in water which
is physically impossible.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Changes of emission spectra (lex ¼ 350 nm) of buffered aqueous solutions at pH ¼ 7.0 (10 mM MOPS) of 1 (12 mM) upon addition of
increasing amounts of ATP at 25 �C. The inset shows the S–V plot at 415 nm. The solid line was obtained by fitting to eqn (1). S–V plots for
fluorimetric titration experiments of 1 (B) and 2 (C) (lex¼ 350 nm, emission at 415 and 410 nm for 1 and 2 respectively) with a series of NNPs at pH
¼ 7.0. (D) The fluorescence quenching at 415 nm of aqueous solution of 1 upon additions of different anions as sodium salts (0.50 mM), average
of triplicate experiments.
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Fig. 6D illustrates anion selectivity of 1 at a single wavelength
in terms of the uorescence quenching (Io/IF) induced by
additions of different nucleotides, oxyanions and halides
([X−]total ¼ 0.50 mM). In general, inorganic anions, dicarbox-
ylates, pyrimidine nucleosides, ADP and AMP gave a very low
Table 2 Binding and quenching constants for receptors 1 and 2 with N

1

log KA log KSV r Io/I

ATP 5.01 � 0.03 3.57 � 0.02 0.24 3.6
GTP 4.70 � 0.05 3.32 � 0.03 0.30 3.0
CTP 3.46 � 0.08 2.70 � 0.06 0.40 1.2
UTP 3.35 � 0.09 2.59 � 0.10 0.50 1.2
ADP 3.77 � 0.09 2.79 � 0.10 0.33 1.4
AMP 3.16 � 0.11 1.30 � 0.04 0.70 1.0
PPi 2.57 � 0.07 1.25 � 0.07 0.74 1.0

a Io/I indicates the relative quenching parameter of the uorescence inte
presence of 0.1 mM of the corresponding NPPs. b These data were tted t

© 2022 The Author(s). Published by the Royal Society of Chemistry
response. The addition of GTP resulted in a considerable
quenching in emission intensity, but it was still lower than that
observed for ATP. This quenching effect by ATP/GTP addition is
not unexpected because it is well-known that uorescent
aromatic rings with electron deciency as quinolinium rings
PPs and PPi at pH 7.0

2

a log KA log KSV r Io/I

1 3.13 � 0.09 1.41 � 0.02 0.78 1.08
7 2.54 � 0.10 1.38 � 0.05 0.85 1.05
2 — 1.39 � 0.08b — 1.04
0 — 1.23 � 0.10b — 1.03
7 — c — —
4 — c — —
3 — c — —

nsity at 415 and 410 nm of 1 (10 mM) and 2 (10 mM) respectively in the
o classic Stern–Volmer eqn (2). c not calculated.
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have a strong luminous quenching ability when they are bound
to anions through a photoinduced electron transfer (PET)
process. Fitting of the S–V plots (Fig. 6C) of 2 with ATP and GTP,
gives small binding constants (Table 2) with values of�2 orders
of magnitude lower than those estimated for 1. CTP and UTP
showed no association with 2 and their proles can be tted to
the classic linear Stern–Volmer equation indicating only
dynamic quenching. The binding constant of 1 towards ATP is
better than most previously reported water-soluble receptors
bearing dicarboxamide groups as binding sites.35,62–66
DFT studies

To gain further insight into the recognition mode of 1 towards
ATP/GTP density functional theory calculations were carried
out. Final structures of 1 : 1 complexes between ATP/GTP and 1
are presented in Fig. 7.
Fig. 7 Optimized structures of 1 : 1 complex of ATP (A) and GTP (B) wit

Fig. 8 Non-Covalent-Interactions-Index of GTP : 1, ATP : 1, CTP : 1 and

27832 | RSC Adv., 2022, 12, 27826–27838
These structures show the presence of strong hydrogen bond
interactions between terminal phosphate groups of the nucle-
otides and NH carboxamide groups of 1, while the nucleotide
aromatic ring interacts with a quinolinium group of 1 across p–
p interactions. These calculations are consistent with those
observed by NMR experiments.

Interaction energy estimated for all nucleotide bases, pre-
sented in Table S4†, shows the affinity order ATP� GTP > CTP >
UTP, where ATP is the nucleotide with the highest affinity (Eint
¼−40.30 kcal mol−1), and UTP (Eint ¼−22.50 kcal mol−1) is the
nucleotide with the lowest affinity for 1. The difference in
affinities can be explained in terms of the p–p surface inter-
action between purine rings and 1, represented by NCI plot,
Fig. 8. Clearly, the complexes with the largest interaction
surface show the best interaction energies. On the basis of
experimental studies and DFT calculations, the chemical equi-
librium of the ATP recognition by 1 is shown in Scheme 2.
h 1, obtained at the PBEh-3c method.

UTP : 1 supramolecular complexes, obtained at the PBEh-3c method.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Exploring interaction mode of 1 with DNA

The binding of 1 to DNA was also explored by spectroscopic
titrations and molecular docking simulations. The binding
mode can be preliminarily inferred by UV-vis measurements
when comparing the effect of DNA on the absorption spectrum
of 1 with the effect of a well-known standard DNA intercalator
such as ethidium bromide (EB).67

UV-vis spectra of 1 upon increasing amounts of DNA in
aqueous solutions at pH ¼ 7.0 are shown in Fig. S21A.† The
absorption peak of 1 at 350 nm decreases by the addition of
DNA with a considerable bathochromic effect �14 nm, addi-
tionally, one isosbestic point at 369 nm was observed. Typically,
these red-shi and hypochromic effects are spectral changes
when small molecules intercalate with DNA.68 For example, EB
is a potent intercalating agent for DNA and the supramolecular
complex formed is stabilized by p–p stacking interactions. The
effect of DNA on the absorption spectrum of EB under the same
conditions of 1 is shown in Fig. S21B.† The addition of DNA to
aqueous solutions of 1 and EB induced similar absorption
changes suggesting intercalation of 1 with DNA. It is well
documented that the structural changes of quinolinium deriv-
atives induced by intercalation with DNA reduce the p–p*

transition energies resulting in a hypochromic effect.45,68

To verify the interaction of 1 with DNA, steady-state
competitive titration experiments were conducted using EB as
Fig. 9 (A) Fluorescence spectra (lex ¼ 520 nm) of DNA–EB upon the add
and EB total concentrations are 250 mM and 50 mM, respectively. The
quenching of system DNA–EB by 1 at 25 and 37 �C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
a uorescent indicator/intercalator. In the presence of DNA, EB
emits at 605 nm due to its efficient intercalation between the
adjacent DNA base pairs. In contrast, free EB has a very weak
emission as is shown in Fig. 9A.

This displacement assay is based on the quenching of
emission resulting from the displacement of EB by an inter-
calator molecule, where the quenching effect is due to the
reduction of the number of binding sites on the DNA that are
available to the EB.68–70

The family of spectra of DNA-bound EB in the absence and
the presence of increasing amounts of 1 at 25� is given in
Fig. 9A. There is a signicant reduction in the emission inten-
sity about of 77% at saturation of 1. These results indicate that
the DNA-bound EB is partially replaced by 1 and the molecules
of 1 intercalate into DNA, which is consistent with the above
results obtained by UV-vis.

The nature of this quenching effect can be quantitatively
analyzed by the linear Stern–Volmer eqn (2).69

Io

IF
¼ 1þ Kqso½Q� ¼ 1þ KSV½Q� (2)

where Io and IF are the uorescence intensities in the absence
and presence of 1. In this medium, the quencher is 1 and [Q]
indicates the concentration of 1. KSV expresses the S–V
quenching constant and it is determined by linear regression of
the plot of Io/IF against [Q] (Fig. 9B). Kq is the DNA-bound EB
ition of increasing amounts of 1 at pH¼ 7.0 (10 mMMOPS, 25 �C). DNA
ionic strength was adjusted to 50 mM of NaCl. (B) S–V plots for the

RSC Adv., 2022, 12, 27826–27838 | 27833

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05040d


Table 3 1-DNA–EB complex interaction parameters; quenching constants (KSV), quenching rate constant (Kq), binding constants (KA) and
binding site numbers (n) at different temperatures

T (�C) log KSV Kq � 1012 (Lmol−1 s−1) R2a log KA(DNA–1) n R2b

25 4.22 1.71 0.9994 4.42 1.06 0.9983
37 4.45 2.80 0.9995 4.88 1.13 0.9986

a R2 (KSV).
b R2 (KA(DNA–1) and n) are the correlation coefficients.
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complex quenching rate constant, so is the average lifetime of
uorophore in the absence of 1 and its value is 10−8 s (taken
from literature).69

The quenching process is classied into two types: dynamic
and static quenching. Dynamic quenching is a collisional
quenching and an increase in quenching rate constant values
(Kq; KSV ¼ Kqso) with the increase in temperature is distinctive
for this process due to increasing the temperature results in
a higher diffusion coefficient. The upper Kq limit value for
a dynamic quenching is 2.0 � 1010 L mol−1 s−1.68,69

Next, the nature of the quenching of system DNA–EB by 1
was inferred by comparison of the behavior of the S–V plots at
different temperatures (Fig. 9B). Kq values for the studied
system were 1.70 � 1012 and 2.80 � 1012 Lmol−1 s−1 at 25 and
37 �C (Table 3). The increase of Kq and KSV values at higher
temperatures supports the dynamic quenching processes
between system EB and 1. However, the values of Kq are larger
than the upper value for dynamic quenching which indicates
a contribution of static quenching.68,70,71 Thus, the quenching
mechanism of system DNA–EB with 1 can be interpreted as
a combined quenching process.

Considering hypothetically that the static binding quench-
ing between DNA and 1 takes place with similar and indepen-
dent binding sites, the binding constant (KA) and the number of
binding sites (n) can be determined by Scatchard eqn (3).68

log
Io � IF

IF
¼ logKA þ nlog½Q� (3)
Fig. 10 Starting position of the MD simulations. Three molecules of 1 w

27834 | RSC Adv., 2022, 12, 27826–27838
KA and n values were obtained from the intercept and slope of
the linear plot of log(Io − IF)/IF versus log [Q] (Fig. S22†)
respectively and shown in Table 3. At 25 �C, KA value indicated
that 1 is tightly bound to DNA in the micromolar concentration
range. The number of binding sites was obtained to be 1.06,
indicating 1 : 1 stoichiometry between 1 and DNA.

On the other hand, it is known that the secondary structure
of DNA can be modied by the intercalation of small molecules,
and this structural change can be detected by circular
dichroism. If the CD-spectrum strongly changes by the addition
of a small molecule, conrms an intercalative binding
process.71 Otherwise, when the spectrum remains unchanged,
indicates groove binding or simple electrostatic interactions.72

Compound 1 was added to DNA neutral aqueous solution and
the CD spectra were recorded. As shown in Fig. S22,† the
negative and positive peaks at 242 nm and 282 nm of DNA
increase their intensities by adding 1 with a slight shi of the
maxima at higher wavelengths. These observed results are
consistent with an intercalative binding of 1 with DNA.

Molecular dynamics simulation

Finally, to study the modes of interaction of 1 with a segment of
double-stranded DNA, we used the 28-mer palindromic
sequenced (CATGCATGCATGCATGCATGCATGCATG). The
reduce any bias with regards of the interaction of the molecules
with the DNA, three copies of 1 where manually placed near the
center of the DNA using a distance of 10 Å from the helical
center (Fig. 10).
ere places at 10 Å from the helical center of the 26-mer.

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05040d


Fig. 11 Most populated position of each of the three independent
molecules of ligand 1 present in the simulations (left). Representative
modes of interaction of 1 with DNA (right).
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To detect the interactions of each ligand from the MD
simulations, a 3D-histogram was constructed using the entire
36 ms of sampling time calculated. The 3D-histogram grid
(depicted in Fig. 11) shows the most populated position of each
of the three independent molecules present in the simulations.
It is clear that two of the molecules of 1 form a stacking inter-
action with the terminal base pairs of the DNA for the entire MD
simulation. When the molecules are not forming interactions
with the bases at the ends of the DNA, they explore different
conformations which, suggesting by the 3D histogram, the
mainmode of interaction is minor groove binding within one of
the CATG regions. In Fig. 11, panel A we can observe a repre-
sentative mode of interaction in the 5′ terminal base-pairs with
1 forming an intercalation type of binding mainly formed
between the aromatic rings of the A/T base-pairs and the
aromatic rings of 1. In the same gure, panel B we can observe
the minor groove type of interaction that is formed between the
aromatic rings of 1 and the back-bone of the DNA.
Conclusions

The dicationic derivative N,N-bis(N-alkylquinolinium)pyridine-
2,6-dicarboxamide 1 can be used as a uorescent receptor for
purine nucleotides in neutral aqueous solution in the micro-
molar concentration range with good selectivity over other
nucleoside polyphosphates and phosphorylated inorganic
anions.

At pH ¼ 7.0, the addition of nucleoside polyphosphates
quenches the blue-emission of 1 with the highest efficiency for
ATP, which displays highly selective recognition (log KA ¼ 5.01).
The quenching process could be explained by a static ATP-
complexation PET mechanism possibly in both the excited
and the ground state.

The crystal structure of 1, NMR spectroscopic experiments
and DFT calculations showed that ATP is bound to 1 through
two cooperative binding points involving: (1) strong hydrogen
bonds of the type N–H/O–P(g), driven by the high acidity of the
amide groups and preorganization of the receptor 1, and (2)
© 2022 The Author(s). Published by the Royal Society of Chemistry
stacking interactions between p-electron-rich ring from
adenine and the aromatic p-electron-decient ring from
quinolinium.

Furthermore, multiple spectroscopic studies and molecular
dynamics simulations showed that 1 can intercalate into DNA
base pairs with a binding constant of log A(DNA–1) ¼ 4.98.

Overall, these results further highlight the utility of pyridine-
2,6-dicarboxamide-based preorganized pincer receptors bearing
uorescent units for supramolecular analytical applications.

Experimental section
General considerations

Chemicals, solvents and instrumentations are listed in ESI†.

Chemical synthesis

Compound 1 and 2 were prepared according to a modied
procedure reported previously.47 The detail procedure is
described in ESI†.

3,3′-((Pyridine-2,6-dicarbonyl)bis(azanediyl))bis(1-(2-ethoxy-
2-oxoethyl)quinolin-1-ium) bromide, 1. 1H-NMR (400 MHz,
DMSO-d6) d ¼ 12.12 (s, 2H), 10.39 (d, J ¼ 2.40 Hz, 2H), 9.89 (d, J
¼ 1.36 Hz, 2H), 8.62–8.57 (m, 4H), 8.50 (dd, 3JHH ¼ 8.52 Hz, 3JHH

¼ 6.96 Hz, 1H, 8.45 (d, J ¼ 9.16 Hz, 2H), 8.23 (td, J ¼ 8.42,
1.00 Hz, 2H), 8.08 (t, J ¼ 7.59 Hz, 2H), 6.36 (s, 4H), 4.28 (q, J ¼
7.10 Hz, 4H), 1.28 (t, J ¼ 7.08 Hz, 6H). 13C-NMR (125 MHz,
DMSO-d6) d 166.10, 162.60, 147.59, 145.92, 141.03, 137.58,
135.75, 134.90, 132.25, 130.50, 130.34, 129.21, 126.72, 118.86,
62.58, 57.99, 14.01. MS (ESI+) m/z ¼ 673.7, Calcd.
[C33H31O6N5Br

+ ¼ 673.14]. IR (ATR) 3304.18w (N–H), 2975.58w
(C–Harom), 1742.64m (C]O), 1675.32m (N–H), 1545.42m (N–H),
1371.41m (–CH3), 1203.64m (C–O). Anal. Calcd. For
C33H31Br2N5O6: C, 52.61; H, 4.15; N, 9.30. Found: C, 52.53; H,
4.27; N, 9.14.

3-Benzamido-1-(2-ethoxy-2-oxoethyl)quinolin-1-ium
bromide, 2. 1H-NMR (300 MHz, DMSO-d6) ¼ d 11.43 (s, 1H),
10.04 (d, J ¼ 2.22 Hz, 1H), 9.45 (d, J ¼ 2.3 Hz, 1H), 8.53 (dd, 3JHH

¼ 8.30, 4JHH ¼ 0.88 Hz, 1H), 8.40 (d, J ¼ 8.96 Hz, 1H), 8.18 (ddd,
3JHH ¼ 8.76, 3JHH ¼ 7.15, 4JHH ¼ 1.47 Hz, 1H), 8.11–8.00 (m, 3H),
7.77–7.58 (m, 3H), 6.25 (s, 2H), 4.26 (q, J¼ 7.10 Hz, 2H), 1.26 (t, J
¼ 7.10 Hz, 3H). 13C-NMR (75 MHz, DMSO-d6) d 166.35, 166.18,
145.56, 136.63, 135.54, 134.68, 133.54, 132.97, 130.44, 130.31,
129.38, 128.95, 128.01, 118.75, 62.63, 58.10, 14.00. MS (ESI+)m/z
¼ 334.7, Calcd. [C20H19N2O3

+ ¼ 335.1]. IR (ATR) 3411.51w (N–
H), 3029.37w (C–H, arom.), 2951.74w (C–H), 1748.19m (C]O),
1673.64m (N–H), 1570.51m (N–H), 1374.45m (–CH3), 1289.56m
(C–N), 1208.84m (C–O). Anal. Calcd. For C20H19BrN2O3 : C,
57.84; H, 4.61; N, 6.75. Found: C, 57.53; H, 4.77; N, 6.54.

Crystallographic investigations

The crystallographic data, renement details and hydrogen
bonds parameters for 1 and 2 are summarized in Tables S1–S3.†
Data for all compounds were collected on a Bruker APEX II CCD
diffractometer at 100 K; using MoKa radiation (k ¼ 0.71073 Å)
from an Incoatec ImuS source and a Helios optic mono-
chromator.73 Suitable crystals were coated with hydrocarbon oil,
RSC Adv., 2022, 12, 27826–27838 | 27835
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picked up with a nylon loop, and mounted in the cold nitrogen
stream of the diffractometer. The structures were solved using
intrinsic phasing (SHELXT) and rened by full-matrix least-
squares on F2 using the ShelXle GUI.74,75 The hydrogen atoms
of the C–Hbonds were placed in idealized positions whereas the
hydrogen atoms from the O–H moieties and hydrogens for
water were localized from the difference electron density map
and xed to standard distances using DFIX instructions, and
their position was rened with Uiso tied to the parent atom with
distance restraints. CCDC 2118468–2118469 contain the ESI†
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/datarequest/cif.

Fluorimetric titration experiments

Titration experiments were performed by adding aliquots of
stock solutions of NPPs to a buffered aqueous solution con-
taining MOPS (10 mM, pH ¼ 7.0) of 1 (15 mM). In all these
experiments the ionic strength was adjusted to 0.05 M with
NaCl. Aer addition of NPPs, the solution was equilibrated for
1 min. at r. t. before recording the emission spectrum (lex ¼ 350
nm) using a 10 mm quartz cuvette. The experimental data were
tted to corresponding eqn (1) using non-linear least-squares
regression with Microcal Origin 8.1 for 1 : 1 model. The selec-
tivity experiments were performed by adding aliquots of stock
solutions of the respective sodium salts of NPPs ([NPPs]nal ¼
0.5 mM) to buffered aqueous solutions containing MOPS at pH
¼ 7.0 of 1 (15 mM) and the emission intensities at 415 nm were
recorded. All spectrophotometric experiments were performed
in triplicate, and the mean values are reported.

Spectrophotometric, 1H and 31P NMR titration experiments

The absorption spectra were recorded aer additions of aliquots
of ATP stock solution to a buffered (10 mM, MOPS at pH ¼ 7.0
and ionic strength of 0.05 M NaCl) aqueous solutions of 1 (40
mM) in a quartz cuvette placed in a compartment Cary 100 Agilent
spectrophotometer thermostated at 25 � 0.1 �C with a recircu-
lating water bath. 1H NMR titration experiments were performed
on a 400MHz spectrometer at 25 �C in D2O, adding aliquots with
more concentrated stock solutions of sodium salts of ATP or GTP
in D2O adding aliquots of them to solutions of 1 (2.0 mM)
directly to NMR tubes. For 31P NMR experiments, the spectra
were recorded at 121.5 MHz using H3PO4 as external standard.

Computational details

The geometry optimizations of corresponding 1 : 1 complexes
between nucleoside triphosphates and 1 were carried out with
the Grimme's three-fold corrected (3c) composite method
PBEh-3c. This methodology shows excellent performance for
non-covalent interaction energies in small and large
complexes.76 All structures were conrmed as a minimum of
energy according to a no-imaginary frequencies criteria. Inter-
action energy, Eint, was corrected due to solvent effect using the
implicit solvation model CPCM,77 with water as solvent and
calculated using the classical reaction model: Eint ¼ Ecomplex −
(Eligand + EB3QR), were Ecomplex refer to the energy of 1 : 1 complex
27836 | RSC Adv., 2022, 12, 27826–27838
and Eligand and EB3QR refer to energy of ligand and receptor
respectively. Non-Covalent-Interactions-Index, NCI, was used
for inter-molecular interactions analysis. All calculations were
carried out with orca 4.2.0,78 while Multiwfn 3.8 (ref. 79) was
used for NCI analysis.80

Competitive displacement assays by uorescence
spectroscopy

A stock solution of salmon sperm DNA was prepared by dis-
solving 5.0 mg in 10 ml of buffered aqueous solution (5.0 mM
Tris–HCl and 50.0 mMNaCl) at pH 7.0. A ratio of UV absorbance
A280 of 1.86 indicated that DNA was sufficiently free from
protein. The DNA concentration was calculated by UV spectro-
photometry, using the molar absorption coefficient
6600 M−1 cm−1 at 260 nm.72 The stock solution was diluted
accordingly to obtain a 1.0 mM working solution. 1 was dis-
solved in pure DMSO at stock concentrations of 5.0 mM. To get
insight the interaction between 1 and DNA, an ethidium
bromide competitive assay was performed. The experiments
were carried out in neutral buffered aqueous solutions (5.0 mM
Tris–HCl and 50.0 mM NaCl) using a 1.0 cm cuvette containing
xed nal concentration of DNA–EB at 250 mM and 50 mM,
respectively. This solution was titrated with a concentrated
solution of 1. Aer the addition of the aliquots, the sample was
mixed and allowed to equilibrate for 3 min and the uorescence
spectra were recorded at 25 or 37 �C (lex ¼ 520 nm).

All uorescence intensities were corrected by the equation;
Icor ¼ Iobse

(Aex+Aem)/2, where Icor and Iobs are the corrected and
observed intensities, Aex and Aem are the absorbances of 1 at
excitation and emission wavelengths.

Molecular dynamics simulation

The AMBERMolecular Dynamics engine (MD) was used to study
the interaction of 1 with the double stranded DNA with the
sequence: d (CATGCATGCATGCATGCATCATGCATG) built with
the DS Visualizer. The structure was solvated with the Optimum
Point Charge (OPC)81 water model and NaCl ions were added at
a 200 mM concentration to neutralize the charge using the
Joung–Cheatham model82 in a truncated octahedron unit cell.
Compound 1 was described by the General Amber Force Field83

with the charges calculated using the RESP methodology. Three
compounds where manually incorporated to the DNA model
and the entire system was minimized using the protocol
described by Roe.84 Double stranded DNA was described by the
OL15(ref. 85) optimized force eld and three independent
replicas where run using the GPU PMEMD code.86 Analysis was
performed using CPPTRAJ87 as available in AmberTools.
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Renedo, N. González-Rivas and A. Dorazco-González, Inorg.
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74 C. B. Hübschle, G. M. Sheldrick and B. Dittrich, ShelXle: A Qt
graphical user interface for SHELXL, J. Appl. Crystallogr.,
2011, 44, 1281–1284.

75 G. M. Sheldrick, SHELXT - Integrated space-group and
crystal-structure determination, Acta Crystallogr., Sect. C:
Struct. Chem., 2015, 71, 1–8.

76 S. Grimme, J. G. Brandenburg, C. Bannwarth and A. Hansen,
J. Chem. Phys., 2015, 143, 054107.

77 Y. Takano and K. N. Houk, J. Chem. Theory Comput., 2005, 1,
70–77.

78 F. Neese, F. Wennmohs, U. Becker and C. Riplinger, J. Chem.
Phys., 2020, 152, 224108.

79 T. Lu and F. Chen, J. Comput. Chem., 2012, 33, 580–592.
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