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ABSTRACT: Various biologically relevant G-quadruplex
DNA structures offer a platform for therapeutic intervention
for altering the gene expression or by halting the function of
proteins associated with telomeres. One of the prominent
strategies to explore the therapeutic potential of quadruplex
DNA structures is by stabilizing them with small molecule
ligands. Here we report the synthesis of bisquinolinium and
bispyridinium derivatives of 1,8-naphthyridine and their
interaction with human telomeric DNA and promoter G-
quadruplex forming DNAs. The interactions of ligands with quadruplex forming DNAs were studied by various biophysical,
biochemical, and computational methods. Results indicated that bisquinolinium ligands bind tightly and selectively to quadruplex
DNAs at low ligand concentration (∼0.2−0.4 μM). Furthermore, thermal melting studies revealed that ligands imparted higher
stabilization for quadruplex DNA (an increase in the Tm of up to 21 °C for human telomeric G-quadruplex DNA and >25 °C for
promoter G-quadruplex DNAs) than duplex DNA (ΔTm ≤ 1.6 °C). Molecular dynamics simulations revealed that the end-
stacking binding mode was favored for ligands with low binding free energy. Taken together, the results indicate that the
naphthyridine-based ligands with quinolinium and pyridinium side chains form a promising class of quadruplex DNA stabilizing
agents having high selectivity for quadruplex DNA structures over duplex DNA structures.

■ INTRODUCTION
G-quadruplexes are tertiary nucleic acid structures made up of
multiple Hoogsteen base paired G-quartets stacked on top of
each other (Figure 1).1,2 Putative G-quadruplex forming
sequences are found at the end of eukaryotic chromosomes
(telomeres),3 in promoter regions4 of important proto-
oncogenes such as c-kit5 and c-myc,6,7 in introns,8 and in the
untranslated regions (UTRs) of mRNAs.9 G-quadruplex
structures are considered to play important roles in the
regulation of gene expression and the maintenance of telomere
length. For example, formation of a quadruplex at the telomeric
end can halt the function of the telomerase enzyme.10

Formation of quadruplex structures at the promoter regions
can regulate gene expression at the transcriptional level,7 and
induction of quadruplexes at the UTRs can modulate gene
expression at the translational level.11−13 The discovery that
telomeric DNA is get transcribed into noncoding telomeric
RNA (TERRA) adds further structural and functional complex-
ities of potential quadruplex structures in biological systems.14

Notably, a recent study in yeast has provided evidence for the
existence of quadruplex structures in vivo and their effects on
DNA replication.15−18

G-quadruplexes are structurally diverse due to their strand
direction, sequence, loop orientation, and the nature of metal
cation stabilizing the quadruplexes.2,19,20 G-quadruplex struc-
tures can be intermolecular (bi- and tetramolecular) or
intramolecular (unimolecular) in nature.21 The orientation of
the strands in the quadruplex can be parallel or antiparallel in

direction.21 The length and sequence of intertwining loops are
important for the formation and the stability of quadruplex
structures.22−24 Even though G-quadruplexes can adopt
different conformations, they still typically share a common
planar quartet structural feature,7 which offers a platform to
induce and stabilize the quadruplexes by means of small organic
molecules that stack on top of quartets. However, this common
structural feature poses challenges for the design of ligands with
considerable selectivity toward one type of quadruplex over
other G-quadruplex structures. Since the loop sizes vary from
one type of quadruplex form to the other, it is important to
consider ligand interactions with different types of loops and
grooves. Such interactions, coupled with end stacking, can be
used to achieve better selectivity and discrimination among
various quadruplex topologies.25−27

G-quadruplex nucleic acids are potential therapeutic targets
for anticancer therapy.7,28,29 Ever since the ligand 2,6-
diamidoanthraquinone mediated quadruplex stabilization was
shown to inhibit telomerase activity,30 many classes of ligands
have been studied as G-quadruplex stabilizing agents.31−33 For
example, acridine-based ligand (BRACO-19),34 pentacyclic
acridinium ligand (RHPS4),35 bisquinolinium compounds
(360A),36 cationic porphyrin (TMPyP4),37 macrocyclic natural
product (telomestatin),38 and their analogues have been
investigated in both in vitro and in vivo settings. Though
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numerous types of ligands have been reported as potential G-
quadruplex interacting/stabilizing agents, few have shown
specificity toward the targeted quadruplex structure over
other quadruplex topologies.39,40 Moreover, the mechanism of
anticancer action of many of the quadruplex targeting ligands is
not well understood. It has been shown that many of the
ligands reported in the literature may not be the direct
inhibitors of telomerase. Instead they compete with or displace
the telomere binding proteins such as hPOT1 and thereby
induce a DNA damage response.28,29 It has also been proposed
that formation of quadruplex structures at telomere ends may
lead to DNA strand breakage and thereby impart anticancer
activity.28,29,41

In addition to the potential therapeutic applications, strong
and selective quadruplex binding agents can be used to probe
the presence of quadruplexes in vivo.42 Therefore, the search for
novel, selective G-quadruplex stabilizing agents has been
extensively pursued. Along these lines, here we report the
synthesis of bisquinolinium and bispyridinium derivatives of
1,8-naphthyridine (Figure 2) and characterization of their
interactions with quadruplex DNA. The potent G-quadruplex
stabilizing agent 360A36 is used as a reference compound in our
studies. Binding efficacy of ligands has been tested with human
telomeric DNA as well as promoter DNAs such as c-kit1, c-kit2,
and c-myc. The discriminatory ability of the ligands to target
quadruplex DNA over duplex DNA was also investigated. We
employed various biophysical [fluorescence intercalator dis-
placement (FID) assay, CD titration, and CD melting] and
biochemical techniques (Taq polymerase stop assay and
nondenaturing gel electrophoresis), as well as molecular
dynamics (MD) simulations, to study the interaction of ligands

with quadruplex DNA. All ligands were found to have strong
selectivity toward quadruplex DNA over duplex DNA. The
results presented here suggest that in addition to the structural
features of the central core of the ligand, the side chains also
play critical roles in achieving selective quadruplex DNA
stabilization.

■ RESULTS AND DISCUSSION
Ligand Design and Synthesis. Bicyclic heteroaromatic

compounds such as 1,8-naphthyridine can be utilized to
assemble potential G-quadruplex stabilizing ligands. Though a
dimeric form of 1,8-naphthyridine has been used to inhibit the
function of telomerase, its mode of action stems from an
interaction with a nonquadruplex structure at the telomere
end.43 Moreover, to the best of our knowledge, naphthyridine
based ligands have not been explored as G-quadruplex DNA
stabilizing agents. Therefore, herein, three representatives of a
new class of 1,8-naphthyridine based ligands (3AQN, 6AQN,
and 3APN) were designed and synthesized to achieve specific
quadruplex stabilization (Figure 2). The potent G-quadruplex
stabilizing agent 360A, which has a pyridinium central core and
two quinolinium side chains, was prepared and used as
reference compound.36 The rationale for the design of our
ligands is that the internal H-bonds between the NH of amide
bond and the naphthyridine- N atom can lock the ligand
conformation into a planar crescent-shaped form.44 Addition-
ally, the large aromatic core of the naphthyridine ring
potentially offers better stacking on G quartets, and the
cationic side chains can interact with the negatively charged
phosphate backbone of loops of the quadruplex via electrostatic
interactions.45 The side chains of the ligands may also improve

Figure 1. Structure of a G-quartet and a G-quadruplex. G-quartet is formed by the planar arrangement of four guanines connected by eight
Hoogsteen hydrogen bonds shown in dotted lines. The metal ion coordinates to O6-atoms of guanines in the quartet. The G-quartets are stacked on
top of each other to form a G-quadruplex; the conformer shown is the antiparallel basket-type structure.

Figure 2. Structures of G-quadruplex DNA stabilizing ligands. Ligands 3AQN and 6AQN contain a naphthyridine central core with quinolinium side
chains; the ligand 3APN contains a 1,8-naphthyridine central core with pyridinium side chains, and the reference compound 360A contains a
pyridine central core with quinolinium side chains.
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the selectivity for quadruplex DNA over duplex DNA. The
quinolinium side chains, previously identified through a
screening assay,46 were chosen for our ligands because of
their presence in several potent quadruplex stabilizing ligands
such as triazine derivative (12459),46 pyridine-dicarboxamide
(360A, 307A),47 phenanthroline-dicarboxamide (Phen-DC3
and Phen-DC6),

48 and bis(2-quinolinyl)pyridine-dicarboxa-
mide (RR 82, RR 110).42,49,50 Since the position of the
positive charges on the side chain varies in the 3-amino-
quinolinium (3AQN) and 6-aminoquinolinium (6AQN)
compounds, these new molecules offer an opportunity to
compare the efficiency of the side chain interactions with the
loops and grooves of the quadruplex structures. The pyridinium
side chain was selected to probe the structural differences in the
side chains, which affect the quadruplex recognition.
The synthetic strategy used to assemble the naphthyridine

ligands is shown in Scheme 1. The key intermediate, 2,7-
naphthyridinedicarboxylic acid 3, was prepared in six steps
using reported procedures51−54 with slight modifications.
Compound 1 was prepared as previously described,51 and the
subsequent dechlorination using Pd(5%)/CaCO3 at 4 atm of
H2 was found to be low-yielding in our hands.52 However,
dechlorination by ammonium formate55 and Pd(10%)/C
yielded compound 2 in 86% yield. Oxidation of compound 2
by SeO2 followed by HNO3 treatment furnished 3 in 39%
yield.53,54 The direct coupling of 3 with 3-aminoquinoline by
using EDC·HCl, HOBt, and DMAP produced the amide 4a in
48% yield. Employing similar reagents and conditions with 6-
aminoquinoline and 3-aminopyridine, the amides 4b and 4c
were synthesized in 51% and 23% yield, respectively.

Methylation of compounds 4a, 4b and 4c by methyl triflate
gave the final product 3AQN in 55%, 6AQN in 52%, and
3APN in 57% yield, respectively. All ligands contain triflate
counterions, which increase ligand solubility in water unlike
widely used iodide counterions. All compounds were fully
characterized by 1H NMR, 13C NMR, and HRMS.

Fluorescence Intercalator Displacement (FID) Assay.
Ligand binding affinity and selectivity toward quadruplex DNAs
were determined by the FID assay.56 This assay is based on the
decrease in the fluorescence intensity due the displacement of
thiazole orange (TO) dye from the quadruplex structures upon
titration of quadruplex stabilizing ligands.56 FID curves (Figure

Scheme 1. Synthesis of G-quadruplex DNA Stabilizing Agentsa

aReagents and conditions: (i) ammonium formate, Pd (10%)/C, MeOH, 6 h, rt; (ii) (a) SeO2, 1, 4-dioxane, 12 h, rt, (b) conc HNO3 3 h, 80 °C;
(iii) 3-aminoquinoline, EDC·HCl, HOBt, DMAP, DMF, 24 h, rt; (iv) 6-aminoquinoline, EDC·HCl, HOBt, DMAP, DMF, 24 h, rt; (v) 3-
aminopyridine, EDC·HCl, HOBt, DMAP, DMF, 24 h, rt; (vi) MeOTf, DMF, 80 °C for 4 d.

Figure 3. FID assays of ligands with telomeric G-quadruplex DNA and
duplex DNA in the presence of 100 mM NaCl, 10 mM sodium
cacodylate buffer, pH 7.2, and 0.5 or 0.75 μM thiazole orange. (A)
Prefolded telomeric quadruplex (0.25 μM) with ligands (0 to 10 molar
equiv). (B) Duplex DNA (0.25 μM) with ligands (0 to 10 molar
equiv).
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3A and Figure S1, Supporting Information) were obtained by
plotting percentage of displacement of thiazole orange versus
concentration of ligand. The displacement concentration
(G4DC50, concentration of ligand to displace 50% thiazole
orange from G-quadruplex DNA) values are reported in Table

1. For human telomeric DNA, Na+ (100 mM) salt was used
rather than K+ salt, since under Na+ salt conditions the
sequence forms the antiparallel quadruplex exclusively.57

Moreover in the presence of K+ ions, time-dependent increase
in fluorescence intensity was observed with thiazole orange, and
this hampers the accurate measurement of ligand binding
efficiency. For the telomeric sequence, low concentration (0.2
μM) of 3AQN and 6AQN was required to displace 50%
thiazole orange, suggesting higher binding affinity of these
ligands for the quadruplex. These values are quite comparable
with that of reference compound 360A (G4DC50 = 0.41 μM).

However, the ligand 3APN, which has pyridinium side chains,
showed very weak binding to the quadruplex DNA (G4DC50 >
2.5 μM). The large aromatic core of naphthyridine, together
with bisquinolinium side chains, (3AQN and 6AQN) offer
better affinity for the quadruplex.
To determine the selectivity of the ligands toward quadruplex

DNA over duplex DNA, self-complementary duplex DNA
(ds26) was used in FID assays. All ligands showed dsDC50
values of >2.5 μM (>10 molar equiv), indicating ligands are
highly selective toward quadruplex DNA over duplex DNA
(Figure 3B and Table 1). The estimated selectivity toward
quadruplex over duplex DNA of 3AQN and 6AQN were found
to be 33- and 16-fold, respectively. Further, to determine the
affinity of ligands toward other quadruplex DNA structures, the
promoter sequences such as c-kit1, c-kit2, and c-myc were also
utilized. The reference compound 360A binds to all promoter
G-quadruplex DNAs with similar affinity (Table 1). However,
3AQN binds 2-fold more strongly to telomeric DNA over
promoter DNAs (G4DC50 > 0.4 μM). Similarly, 6AQN shows 2-
fold preference for telomeric DNA over c-myc DNA (G4DC50 >
0.4 μM). Ligand 3APN, which has pyridine chains, exhibited
binding only to the promoter sequences such as c-myc and c-
kit2 (Table 1). Though the exact reason for this preference of
3APN toward promoter sequences is not clear, it can perhaps
be attributed to the different preferred topologies of promoter
quadruplexes compared to the telomeric quadruplex.

Circular Dichroism Studies. CD studies were performed
to explore the potential of new ligands to induce quadruplex
formation in different DNAs. In the absence of monovalent
metal cations, ligand may induce a particular quadruplex
structure. However, in presence of metal cations, ligand may
selectively bind to one kind of quadruplex. Interpretation of CD
spectra requires spectra of well characterized quadruplex
structures for comparison.58 For example, the CD spectra of
human telomeric quadruplex DNA under Na+ conditions shows
a positive peak around 292 nm and a negative peak around 262
nm. These peaks have been assigned as characteristics of
unimolecular antiparallel quadruplex topology, and this

Table 1. Binding Affinities of Ligands to Various Quadruplex
and Duplex DNA Measured from Fluorescence Intercalator
Displacement (FID) assay

G4DC50 (μM)a

ligands telomeric c-kit1 c-kit2 c-myc

dsDC50
(μM)
duplex
(ds26)

selectivityb for
human telomeric

DNA over
duplex

3AQN 0.20 0.49 0.50 0.47 >2.5 33
6AQN 0.19 0.35 0.25 0.46 >2.5 16
3APN >2.5 >2.5 1.95 1.47 >2.5
360A 0.41

(0.29c)
0.40 0.31 0.44 >2.5 33 (42c)

aDC50 is the concentration of ligand needed to displace 50% of
thiazole orange (TO). Experiments were duplicated and estimated
error values are within ±5%. bThe selectivity of the ligands was
estimated using the formula 2.5/G4C. (G4C was calculated as follows: at
2.5 μM ligand concentration, the percentage of TO displacement from
the duplex DNA was calculated. The concentration of ligand to
achieve this much displacement from the telomeric quadruplex is
known as G4C.) cReported in the literature.56

Figure 4. CD titration spectra of ligand 3AQN (0−5 molar equiv) to quadruplex DNA (12.5 μM) in Tris buffer (50 mM, pH 7.2) in the presence
and in the absence of monovalent cations at 25 °C. (A) Telomeric DNA in the absence of monovalent cations. (B) Telomeric DNA in the presence
of K+ (100 mM). (C) Telomeric DNA in the presence of Na+ (100 mM). (D) c-kit1 DNA in the absence of monovalent cations. (E) c-kit2 DNA in
the absence of monovalent cations. (F) c-myc DNA in the absence of monovalent cations.
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structure was supported by NMR studies.59 It should be noted
that although CD is useful in assigning topology of ligand-
induced quadruplex structures, this assignment needs to be
further supported by NMR studies60 or 125I-radioprobing
experiments.61

Human telomeric DNA and promoter DNAs were studied in
presence and absence of Na+ and K+ ions. Telomeric DNA, in
the absence of any added monovalent cations, shows positive
peak around 290 and 252 nm and a small negative peak at 235
nm (Figure 4A). Upon addition of ligands (3AQN, 6AQN, and
3APN) at 0.5−3 equiv relative to the DNA, a negative peak at
262 nm, a positive peak at 292 nm, and a minor positive peak at
245 nm appeared (Figure 4A, Figure S2A and B, Supporting
Information). As mentioned earlier, these are characteristic
peaks for antiparallel quadruplex structure reported in the
literature.59,62 These results clearly suggest that ligands 3AQN,
6AQN, and 3APN induce antiparallel quadruplex structures,
producing an effect similar to that of reference compound
360A (Figure S2C, Supporting Information). Although a slight
decrease in the ellipticity was observed at higher concentration
of of ligands (4−5 equiv), the characteristic peaks for
antiparallel topology were retained.
In the presence of 100 mM KCl, telomeric DNA exhibits a

mixture of parallel and antiparallel structures, which have a
characteristic positive peak at 290 nm with a shoulder peak at
270 nm, a small positive peak at 250 nm, and a small negative
peak at 234 nm (Figure 4B).62 Upon addition of ligands 3AQN
and 6AQN, a negative peak appeared at 260 nm and the
positive peak at 290 nm was retained, suggesting the induction
of antiparallel quadruplex structure (Figure 4B and Figure S3A,
Supporting Information). However, the ligand 3APN did not
induce the antiparallel form (Figure S3B, Supporting
Information). Like 3AQN and 6AQN, the reference compound
360A also induced similar antiparallel quadruplex topology
(Figure S3C, Supporting Information). In the presence of Na+

ions, telomeric DNA exists in an antiparallel basket-type
conformation (Figure 4C).59,62 Upon addition of ligands, this
antiparallel structure was retained (Figure S3D and E,
Supporting Information). Overall, these results indicate that
irrespective of the nature of metal ions, all ligands selectively
induce or stabilize the antiparallel quadruplex form of telomeric
DNA.
The promoter DNA sequence c-kit1, in the absence of any

monovalent ions, exhibits a small positive peak at 260 nm
indicative of a parallel quadruplex structure (Figure 4D).40

Interestingly, addition of 3AQN resulted in a negative peak at
260 nm and a positive peak at 290 nm. This is a clear indication
of an antiparallel conformation being induced by ligand 3AQN
(Figure 4D). However, in the presence ligand 6AQN, induction
of both parallel and antiparallel structures was observed (Figure
S4A, Supporting Information). Similar to 3AQN, both 3APN
and reference compound 360A stabilize the same topology
(Figure S4B and C, Supporting Information). Moreover, c-kit1
in the presence of K+ ions exists as a parallel structure, which
has a characteristic positive peak centered around 260 nm and a
negative peak at 240 nm (Figure S5, Supporting Informa-
tion).38 As it was already well stabilized by K+ metal ions, no
increase in CD ellipticity upon addition of ligands was
observed, and the parallel structure was retained.
In the absence of monovalent ions, c-kit2 exists predom-

inantly as a parallel structure as evidenced by the major positive
peak at 260 nm and minor negative peak at 240 nm (Figure
4E).40 Increasing the concentrations of 3AQN, 6AQN, and

3APN led to formation of a peak around 290 nm and decrease
in the ellipticity at 260 nm (Figure 4E and Figure S6,
Supporting Information). The reference compound 360A also
induced the similar quadruplex topology (Figure S6C,
Supporting Information). These results indicate that parallel
quadruplex structures were induced to form a mixture of
parallel and antiparallel structures. In the presence of K+ ions, c-
kit2 exhibited a positive peak at 260 nm and a negative peak at
240 nm indicating the parallel structure (Figure S7, Supporting
Information).40 In general, in the presence of K+ ions, addition
of ligands did not affect the peaks at 260 and 240 nm,
suggesting the quadruplex structure retains the parallel
topology (Figure S7, Supporting Information).
In the absence of any added monovalent metal cations or

ligands, the c-myc DNA exists in a parallel topology (Figure
4F).40 When 3AQN, 6AQN, and 3APN were added to the c-
myc DNA, parallel structure was further stabilized as evidenced
by the increase in ellipticity at 263 nm. Similar quadruplex
stabilization was observed with 360A as well (Figure S8,
Supporting Information). In the presence K+ ions, c-myc DNA
shows a positive peak around 263 nm and a negative peak at
243 nm, which are characteristic peaks for parallel quadruplex
structure.40 Addition of ligands 3AQN and 6AQN to c-myc
DNA did not perturb the quadruplex structure, which was
already induced and stabilized by K+ ions (Figure S9,
Supporting Information).

CD Melting Studies. Thermal stabilization of various
quadruplex DNA and duplex DNA in the presence of ligands
was studied using the CD melting experiment. Thermal
denaturation of antiparallel telomeric quadruplex DNA in
presence of Na+ was monitored at 295 nm. Monovalent metal
cation concentration (LiCl and NaCl) was adjusted to 100 mM
so as to obtain a Tm value around 50 °C in the absence of
ligands.63 This was expected to provide a large Tm window to
analyze the ligand stabilizing effects. All ligands increased the
stability of quadruplex DNAs (Figure 5). We observed that

3AQN enhanced telomeric DNA quadruplex stability by 21.0
°C, which is 3 °C higher than that of the reference compound
360A (Table 2). The ΔTm values of 6AQN and 3APN were
15.1 and 7.7 °C, respectively (Table 2). Furthermore, duplex
DNA was monitored by CD melting studies to examine the
effect of ligands on duplex stabilization. Even when increasing
the ligand concentration 3-fold, only a slight increase (up to 1.6
°C) of thermal stability was observed (Figure S10A, Supporting

Figure 5. CD melting curves of telomeric DNA (5 μM, 10 mM NaCl,
90 mM LiCl, and 10 mM sodium cacodylate buffer pH 7.2) with 3
molar equiv of ligands (15 μM). Ligand 3AQN provided higher
stabilization than 3APN. ΔTm values are listed in Table 2.
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Information and Table 2). These results underscore the fact
that ligands selectively stabilize quadruplex DNA over duplex
DNA. The ΔTm of values of 3AQN and 6AQN for telomeric
DNA and duplex DNA were comparable with that of reference
compound 360A.
The melting temperatures of parallel promoter quadruplex

DNAs such as c-kit1 and c-kit2 were monitored at 263 nm. All
ligands enhanced quadruplex stability similarly to reference
compound 360A (Table 2). Since very high stabilization was
observed with ligands 3AQN, 6AQN, and 360A, we were not
able to determine accurate melting temperatures from the
melting curves (Figure S10B and C, Supporting Information).
Ligand 3APN increased the Tm of c-kit1 by 28.9 °C and c-kit2
by 23 °C. In the case of the highly stable parallel c-myc
quadruplex DNA, thermal denaturation experiments were
performed in the absence of K+ ions. The ligands 3AQN and
6AQN enhanced the stability of the c-myc quadruplex more
than 30 °C (Table 2). Since a stable baseline curve was not
achieved even above 90 °C, accurate measurement of Tm was
also not possible in this case (Figure S10D, Supporting
Information). Tm enhancement of 3AQN and 6AQN were
comparable to that of 360A. Interestingly, ligand 3APN has
enhanced the stability of c-myc quadruplex by 21 °C (Table 2).
This is in agreement with FID studies, where it was found that
3APN binds specifically to c-myc and c-kit1 DNAs. This shows
that 3APN stabilizes promoter quadruplexes much better than
human telomeric quadruplex.
Taq Polymerase Stop Assay. Quadruplex stabilization by

the ligands was further tested by concentration-dependent Taq
DNA polymerase stop assay.64 Primer extension of DNA is
inhibited by the stabilization of a quadruplex structure in the
template sequence. DNA templates containing telomeric
sequence and c-myc sequence were used in these studies. For
telomeric DNA, the assay was carried out in the presence of
100 mM NaCl. Though quadruplex formation was favored in
the presence of salts, primer extension was not inhibited in
absence of ligands. This indicates that unstable quadruplex
DNAs unfold easily and can be extended by Taq polymerase
leading to full extension product (Figure 6A). Stabilization of
quadruplex structure by ligands 3AQN, 6AQN, and 360A
inhibited the formation of full length products. As a result, stop
products at the quadruplex forming sites were observed with
increasing ligand concentration (Figure 6A). Normalized stop
products in each lane was plotted against concentration of
ligands, and IC50 values were calculated (Figure S11,
Supporting Information). Ligands 3AQN and 6AQN have
lower IC50 values of ∼0.8 and ∼0.7 μM, respectively, suggesting
improved stabilization of quadruplex at lower ligand concen-

tration. The IC50 value 360A was slightly higher (∼1.2 μM).
Ligand 3APN did not inhibit the primer extension by Taq
polymerase. These results are in agreement with the results of
FID and CD melting experiments where bisquinolinium
derivatives of naphthyridine (3AQN and 6AQN) exhibit higher
quadruplex binding affinity and melting temperature than the
pyridinium based 3APN ligand.
For c-myc DNA, the assay was carried out at 55 °C to

destabilize the preformed quadruplex structures that could
otherwise interfere with ligand induced stabilization.65 A pause
at quadruplex forming sites was observed for extension
products in presence of all ligands (Figure 6B). The reference
compound 360A and ligands 3AQN and 6AQN have lower
IC50 values of ∼0.5, ∼0.7, and ∼1.0 μM, respectively (Figure

Table 2. Thermal Stability of Various Quadruplex DNA and Duplex DNA with Ligands Measured by CD Melting Experiments

ΔTm
a

ligands telomeric c-kit1 c-kit2 c-myc duplex (ds17)

3AQN 21.0 ± 0.4 >20 >25 >30 1.1 ± 0.5
6AQN 15.1 ± 0.9 >20 >25 >30 1.6 ± 0.5
3APN 7.7 ± 0.4 28.9 ± 0.5 23.0 ± 1.2 21.2 ± 0.9 1.4 ± 0.4
360A 17.4 ± 0.8 >20 >25 >30 0

aΔTm represents difference in thermal melting [ΔTm = Tm (DNA + 3 molar equiv ligand) − Tm (DNA)]. The buffer used was 10 mM sodium
cacodylate buffer, pH 7.2. The Tm values are 44.5 ± 0.4 °C [telomeric DNA (5 μM) in 10 mM NaCl, 90 mM LiCl]; 46.5 ± 0.3 °C [c-kit1 DNA (15
μM) in 20 mM KCl, 80 mM LiCl]; 54.0 ± 0.5 °C [c-kit2 DNA (10 μM) in 5 mM KCl, 95 mM LiCl]; 47.6 ± 0.4 °C [c-myc DNA (5 μM) in 100 mM
LiCl]; 63.3 ± 0.5 °C [ds-17 DNA (15 μM) in 100 mM NaCl]. All experiments were triplicated, and the values reported are average of 3
measurements with the estimated standard deviation. The salt concentration was adjusted such that the melting temperature of DNA without ligand
is around 50 °C.63

Figure 6. Denaturing PAGE for the Taq polymerase based primer
extension stop assay in the presence of 360A, 3AQN, 6AQN, and
3APN ligands. (A) Template containing human telomeric DNA with
increasing ligand concentration (0, 0.5, 1, 2, 4 μM). Primer extension
reaction in the presence of 100 mM NaCl at 35 °C. (B) Template
containing c-myc DNA with increasing ligand concentration (0, 0.25,
0.5, 1, 2 μM). Primer extension reaction at 55 °C. Conditions: 200 nM
template, 50 nM primer, 0.2 mM dNTs in Taq polymerase buffer. P
denotes primer. Formation of full length products decreases with
increasing ligand concentration.
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S11B, Supporting Information). The IC50 value of ligand 3APN
was found to be more than 2.0 μM with c-myc DNA, suggesting
that at high ligand concentrations, 3APN could stabilize c-myc
quadruplex structure.
Nondenaturing Gel Electrophoresis. Ligand-induced

quadruplex formation was also studied by nondenaturing gel
electrophoresis. The quadruplex structures, being more
compact, move faster in gel compared to the unfolded
nonquadruplex forms.66 Telomeric DNA was titrated with
ligands in the absence of any added monovalent metal cations.
Interestingly, all ligands except 3APN accelerated the mobility
of telomeric DNA in the gel compared to the DNA in the
absence of ligands (Figure 7). The mobility of bands was

increased with increasing ligand concentration from 1 to 2
molar equiv. However, the mobility of quadruplex DNA with 5
molar equiv was the same as with 2 molar equiv (Figure 7).
This suggests that complete induction of quadruplex form
might have been attained with 2 equiv of ligands. Hence, no
effect was observed upon further addition of ligands.
Furthermore, the electrophoretic mobilities of quadruplex
structures induced by the ligands in the absence of salts were
higher than the mobility of the T12 marker. This behavior is
similar to the native gel mobility of human telomeric DNA
observed in K+ conditions.67 These results are consistent with
the observations from CD studies where ligands, in the absence
of monovalent ions, were shown to induce the telomeric DNA
into quadruplex form. Experiments were also performed in the
presence of NaCl. The addition of ligands did not have any
pronounced effect on the mobility (data not shown). This
supports the fact that Na+ induces the quadruplex structures
even in the absence of added ligands. Since the promoter
quadruplexes are much more stable and can be formed even in
the absence of ligands, native gel titrations were not performed
with those DNA sequences.
Molecular Modeling Studies. Initially the ligands were

energy optimized using Hartee-Fock method (HF/6-31G*,
Figures S12−S15, Supporting Information), and then they were
docked to the antiparallel human telomeric G-quadruplex DNA
(PDB entry 143D)57 using Autodock.69 As anticipated, ligands
readily bound to the pseudointercalation site at the top quartet.
On the basis of docking results, 20 ns MD simulations were
carried out for all ligands and quadruplex DNA complex using

AMBER 10.70 The structures shown in Figure 8 are the final
MD snapshot of each complex after 20 ns simulations.
Binding energies were estimated using molecular mechanics

Poisson−Boltzmann surface area (MM-PBSA)71 and nmode
analysis. The binding free energy components are summarized
in Table 3. The individual energy components (Table S1,
Supporting Information) allowed a better understanding of the
ligand−quadruplex interaction and their driving forces. For all
complexes the electrostatic energy, van der Waals energy, and
nonpolar solvation energy contributed favorably to the binding
free energies. The electrostatic solvation energy was found to
be unfavorable for all of the ligands. A direct comparison of the
energy components of 3AQN [ΔGbind = −89.2 ± 7.4] and
360A [ΔGbind = −84.8 ± 7.2] (Table S1, Supporting
Information) complexes enables a better understanding of the
structure and activity relationship. van der Waals energy for the
3AQN and quadruplex complex (−155.0 kcal mol−1) was more
than that of the 360A and quadruplex complex (−128.2 kcal
mol−1) (Table S1, Supporting Information). This can be
attributed to the presence of two aromatic rings in the central
core of 3AQN, which makes it a more efficient stacker on G-
quartets than 360A. nmode calculation revealed a more
negative ΔS for 3AQN (−62.2 kcal mol−1) and 6AQN
(−59.3 kcal mol−1) than that of 360A (−43.6 kcal mol−1)
(Table S1, Supporting Information). This indicates a decrease
in the rotational and translational freedom of 3AQN and
6AQN upon complexation with G-quadruplex when compared
to those of 360A. Although the number of aromatic rings
possessed by 3AQN and 6AQN are the same, ligand 6AQN
shows slightly higher binding free energy (ΔGbind = −80.4 ±
8.4). This indicates that minor changes in the position of
methylated nitrogen in quinolone play a key role in
determining the binding affinity of the ligands. The crescent-
like scaffold in the 3AQN molecule was maintained during MD
simulation, enabling it to stack more effectively with the G-
quartet (Figure 8A). The planar crescent-like conformation of
3AQN is stabilized by strong intramolecular hydrogen bonds
[(N−H···N) indicated as a red dotted line in Figure 8A].
However, a reorientation of the side chain of 6AQN from the
G-quartet surface to the nearby groove/backbone region was
observed, which results in the loss of planarity of the compound
(Figure 8B). This reorientation was not observed in 3AQN or
in 360A (Figure S16, Supporting Information), and this
indicates that the positively charged N-methyl group at the 6-
amino position of the quinoline side chain is attracted by
electrostatic force to the negatively charged backbone atoms
(Figure 8B).
The binding free energy of 3APN with quadruplex DNA is

not reported because after 3 ns of MD simulation, 3APN
moved away from the DNA with little disruption of the quartet
(Figure S17, Supporting Information). The pyridine side chains
of 3APN are positively charged and readily interact with the
backbone of the diagonal loop. Also, the pyridinium side chains
failed to form the stacking interaction with the quartet. The
strong interaction between the diagonal loop and side chain of
the ligand increases the distance between the diagonal loop and
the top quartet. Because of this, dG17 moves from the plane of
the quartet followed by dG18 in the middle quartet, which
moves toward the top quartet. Furthermore, the K+ ion is not
precisely coordinated when one of the guanines moves away
from the plane of the quartet (Figure S17, Supporting
Information).

Figure 7. Nondenaturing PAGE of human telomeric DNA (5 μM)
with increasing molar equivalents of ligands (0, 1, 2, and 5) in the
absence of monovalent cations at 4 °C. Induction of stable compact
quadruplex structure by ligands results in accelerated mobility of
telomeric DNA. M denotes unstructured size markers, dT12 and dT22,
and the retarded mobilities of the markers are in agreement with the
literature findings.68
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The stability of the ligand−quadruplex structures after 20 ns
MD simulations is examined by measuring the root-mean-
square deviation (rmsd) values of the heavy atoms of ligands
and DNA and H-bond occupancies in the quartets and between
ligand and DNA, and by performing single point energy
calculations. rmsd values for heavy atoms in the G-quartet were

monitored for all MD trajectories by comparing those with
NMR structure using the ptraj module implemented in
AMBER10 (Figure S18, Supporting Information). By inspect-
ing the rmsd values, it can be concluded that the G-quartets are
stable over the course of simulation with all of the ligands
except 3APN. To investigate the overall stability of quadruplex
DNA, the rmsd values of backbone atoms were monitored. A
sharp increase in rmsds was observed between 2 and 4 ns
simulation in all complexes, which can be attributed to the
backbone relaxation of the starting structure. The complexes
were stabilized after 5 ns, when the rmsd values converged to a
steady state (Figure S18, Supporting Information). The
backbone atoms were not significantly shifted from the starting
structure in three complexes. Although the average rmsd values
were the same for all three, upon close examination of rmsds,
we observed the least change in backbone atoms of the
3AQN−quadruplex complex (2.5 Å) in comparison to the
360A complex (3.5 Å) and 6AQN complex (3.2 Å) (Table S2,
Supporting Information). This is perhaps due to the additional
flexibility of nucleotides in the diagonal loop in the 360A−

Figure 8. Final MD snapshots of the ligand-quadruplex complexes after 20 ns simulations. Side views (left side) show the ligands bound onto the top
quartet of quadruplex DNA. DNA and ligands are represented as stick and sphere, respectively. The K+ ions, present in between the two quartets, are
shown as purple spheres. Axial views (right side) show the stick representation of top quartet and ligand. Hydrogen bonds present in the quartet are
shown in dotted lines. (A) 3AQN-quadruplex DNA complex. A hydrogen bond between carbonyl oxygen atom of ligand and N2 hydrogen atom of
dG-10 is indicated in red dotted line. (B) 6AQN-quadruplex DNA complex shows the reoriented side chain of the interacts with the backbone/
groove of quadruplex DNA.

Table 3. Estimated Free Energy of Binding (ΔG, kcal mol−1)
for Quadruplex and ds DNA with Each Ligand Calculated
from 20 ns MD Simulationsa

type of DNA 3AQN 6AQN 360A

human telomeric −89.29 ± 7.49 −80.42 ± 8.42 −84.81 ± 7.28
ds DNA −25.76 ± 2.3 −30.10 ± 3.4 −39.34 ± 2.12

aThe values reported from MM/PBSA and nmode analysis are the
average values of three independent MD simulations of the G-
quadruplex DNA and ligand complex. Different ligand conformations
at the same binding mode or position from docking results were used
in each MD run. As there was no significant interaction found between
3APN and quadruplex DNA after 3 ns of MD simulation, its energy
value is not reported here.
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quadruplex complex. To investigate this further, averaged
structures (Figure S19, Supporting Information) were obtained
from MD simulation snapshots that were taken from the final
10 ns of the MD trajectory with an interval of every 20 ps. The
averaged structures were superimposed onto their correspond-
ing initial equilibrated docked structures. It can be clearly seen
that the 3AQN binding to G-quartet has better backbone
stability compared to the binding of 360A (Figure S19,
Supporting Information). The ligand conformational changes
were also analyzed using rmsd values. Larger rmsd fluctuation
was observed in 6AQN because of the reorientation of its
quinolinium side chain as mentioned earlier; rmsd values of the
ligand heavy atoms show that 3AQN has rmsd (0.81 Å) lower
than those of 6AQN (1.07 Å) and 360A (1.04 Å) (Table S2,
Supporting Information). Further, the movements of metal ions
inside the quartet cavity and ions in the solvent were observed
during MD simulations. The K+ metal cation on the outermost
exposed quartet was released into the solvent. However, the
other two K+ ions stayed stable during simulations (Figure S20,
Supporting Information).
To study the impact of ligand binding to the G-quartet, the

hydrogen bond (N2−H···N7 and N1−H···O6) occupancies of
the quartet were calculated along all MD trajectories (Table S3,
Supporting Information). The inner hydrogen bond occupan-
cies in the middle and the bottom quartets were less than that
for the top ligand bound G-quartet. The average hydrogen
bond occupancy of all of the three G-quartets was slightly
higher for the 3AQN complex when compared to the 6AQN
and 360A complexes (Table S3, Supporting Information). This
suggests that 3AQN binding imparts more stability to G-
quartets. Hydrogen bond interactions between the quadruplex
and ligand were computed over the last 10 ns MD trajectories
keeping the distance cutoff as 3.0 Å and 35° of angle deviation.
There was only one stable hydrogen bond formed by the
3AQN carbonyl oxygen atom with DNA (NH2 atom in
Guanine-10 at the top quartet) (Figure 8A). Additionally,
3AQN and 6AQN interact with thymine base of diagonal loop
by means of π−π stacking (Figure S21, Supporting
Information).
Since G-quartets are stacked together by π−π interactions,

stacking energies between the quartets with and without ligand
bound were calculated to investigate the impact of small
molecules on quadruplex stabilization. All single point energies
were calculated using BH&H/6-311++ G (d,p) in Gaus-
sian03.72 In the absence of ions, the stacking energy between
G-quartets was found to be −186.7 kcal/mol, and a further
decrease in stacking energy was observed upon ligand binding
to the ion-free G-quadruplex DNA (Table S4, Supporting
Information). It is thus clear that ligands have a strong impact
on the stabilization of quadruplex DNA even in the absence of
any ions. It was also evident that the quadruplex structure in the
geometry of the 3AQN complex has stronger interquartet
interactions (−217.1 kcal/mol) (Table S4, Supporting
Information). Quadruplexes in the 6AQN (−209.4 kcal/mol)
and 360A (−210.6 kcal/mol) complex has approximately the
same interquartet interactions (Table S4, Supporting Informa-
tion). Also, no effect was observed in the interaction of the last
quartet when the ligand bound to the top quartet. Along with
the ligands, addition of K+ ions resulted in considerable
stabilization of quartets. In the presence of K+ ions, 3AQN has
more effect on quartet stabilization; while 6AQN and 360A
bound quartets have similar interquartet stacking energy (Table
S4, Supporting Information).

In order to determine the selectivity of the ligands toward
quadruplex DNA over duplex DNA, the interaction between
the ligands and ds DNA (17 bp) was examined using 20 ns of
MD simulation by employing the same protocol used for
quadruplex and ligand simulations. The final MD snapshot of
ds DNA and ligands, (Figure S22, Supporting Information)
binding energy values (Table 3 and Table S5, Supporting
Information), and rmsd graphs (Figure S23, Supporting
Information) showed that, overall, the ligands neither stabilize
nor destabilize the ds DNA.

■ CONCLUSIONS
We have synthesized three novel amide derivatives of 1,8-
napthyridine and studied their interaction with various
quadruplex DNAs. The FID assay indicates that naphthyridine
bisquinolinium ligands 3AQN and 6AQN have high binding
affinity and selectivity for quadruplex DNAs over duplex DNA.
Moreover, the concentration-dependent Taq polymerase stop
assay shows that ligands at low concentration stabilize the
quadruplex and thus inhibit the Taq polymerase enzyme
activity. Ligand 3APN with pyridinium side chains does not
stabilize the human telomeric quadruplex, which clearly
suggests that unstable quadruplexes can be easily unwound
and extended by polymerase enzymes.
CD studies show that ligands 3AQN and 6AQN induce and

stabilize only the antiparallel quadruplex form of human
telomeric DNA in both the absence and presence of
monovalent cations. Though 3APN induces the same form in
the absence of cations, it does not induce the antiparallel form
in the presence of K+ ions. This result indicates that formation
of the antiparallel quadruplex from the highly stable telomeric
quadruplex in K+ ions require strong stabilizing agents having
quinolinium side chains. It should be noted that the highly
potent quadruplex stabilizing ligand telomestatin also induces a
basket-type antiparallel quadruplex form in solution in the
presence of K+ ions.62 In fact, a recent study shows that the
parallel form of telomeric quadruplex may not be biologically
relevant.73 Therefore, ligands that could induce only antiparallel
quadruplex topology of human telomeric DNA may find use in
the therapeutic arena. Furthermore, stabilization of quadruplex
structures by ligands revealed by CD melting suggests that all
ligands could only stabilize quadruplex DNA structures and not
duplex DNA. More interestingly, ligand 3APN exhibited
enhanced stabilization of promoter quadruplexes (c-myc, c-
kit1, and c-kit2) and weak stabilization of telomeric quadruplex.
This underscores the importance of the side chains of ligands in
quadruplex topology recognition. Ligand 3APN could possibly
be fine-tuned to impart selective recognition of promoter
quadruplex topologies.
Modeling studies provide the relative stability of DNA

quadruplex−ligand complexes. The rmsd, single point energy,
and binding energy calculations from molecular dynamics
studies suggest that the 3AQN−quadruplex DNA complex is
the most stable among the four ligand−quadruplex DNA
complexes studied. It is interesting to note that the position of
the positive charge in the quinoline side chains appears to play
an important role in the orientation of the ligand when bound
to quadruplex DNA. Ligand 3APN contains a small pyridinium
side chain, which is inefficient in forming a strong stacking
interaction with the G-quartet. Instead, it is involved in
electrostatic interactions with the backbone of the diagonal
loop that leads to the disruption of quadruplex DNA. Ligands
3AQN and 6AQN with naphthyridine as the central core are
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able to impart increased stability to quadruplex structures in
comparison to 360A, which has pyridine as the central moiety.
Although achieving selectivity among various quadruplex

topologies is considered to be an important challenge, a recent
study shows that ligands that target and stabilize more than one
type of quadruplex topologies (telomeric and c-kit) could still
impart high anticancer activity.74 Our studies indicate that
further optimization of side chains could provide discriminatory
ability to ligands in targeting the loops of different quadruplex
topologies. This in turn could lead to enhanced selectivity
between various quadruplex structures.
In summary, this study presents an organized approach to

ascertain the importance of the central aromatic core of ligands
in quadruplex stabilization, which has been an important
criterion for design of quadruplex stabilizing ligands. Addition-
ally, our studies underscore the importance of side chains in
recognizing loops and discriminating among various quadruplex
topologies. Taken together, the results presented here clearly
suggest that naphthyridine derivatives are an important class of
G-quadruplex stabilizing agents with strong discrimination
against duplex DNA. Moreover, strong quadruplex stabilizing
agents such as the ones reported here may find applications to
sequester quadruplex forming sequences in vivo.42

■ EXPERIMENTAL SECTION
General. Thin-layer chromatography (TLC) was performed on

silica gel plates precoated with fluorescent indicator with visualization
by UV light (254 nm). 1H NMR (400 or 300 MHz), 13C NMR (100
MHz), and 19F NMR (376 MHz) were recorded on a 400 or 300 MHz
instrument. The chemical shifts in parts per million were referenced to
the residual proton signal of deuterium solvents (1H NMR CDCl3: δ
7.26 ppm; 13C NMR CDCl3: δ 77.2 ppm;

1H NMR DMSO-d6: δ 2.50
ppm; 13C NMR DMSO-d6: δ 39.5 ppm). Multiplicities of 1H NMR
spin couplings are reported as s (singlet), d (doublet), t (triplet), q
(quartet), dd (doublet of doublets), or m (multiplet and overlapping
spin systems). Values for apparent coupling constants (J) are reported
in hertz. High resolution mass spectra (HRMS) were obtained in
positive ion electrospray ionization (ESI) mode. DNA sequences were
synthesized using automated synthesizer by employing standard
phosphoramidite chemistry.
Preparation of 2,7-Dimethyl-1,8-naphthyridiene (2). To a

solution of compound 151 (4 g, 20.7 mmol) and ammonium formate
(6.5 g, 103.2 mmol) in methanol (70 mL) and water (4 mL) was
added a small piece of dry ice to make an oxygen-free atmosphere. To
this solution was added Pd (10%)/C (1 g), and the reaction mixture
was stirred for 6 h in room temperature. Then the reaction mixture
was filtered through a Celite pad, and the filtrate was evaporated. The
resulting residue was dissolved in DCM (200 mL) and washed with
water (100 mL). The organic layer was dried over anhydrous Na2SO4.
Solvent was removed under reduced pressure to furnish compound 2
as a yellow solid (2.8 g, 86% yield). Rf = 0.40 (5% MeOH in DCM);
1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 8.0 Hz, 2H), 7.31(d, J =
8.0 Hz, 2H), 2.78 (s, 6H); 13C NMR (100 MHz) δ 162.7, 155.7, 136.6,
122.2, 118.7, 25.7; HRMS (ESI) calcd for C10H11N2 (M + H)
159.0922 found 159.0919 (Δm −0.0003, error −1.8 ppm).
General Procedure for Introduction of Amide Side Chains in

the Naphthyridine Core. To a stirred solution of diacid compound
353,54 (1 equiv) in 8 mL dry DMF under N2 atm were added the
corresponding amine (2 equiv), EDC·HCl (2.5 equiv), HOBt (0.2
equiv), and DMAP (0.2 equiv). The mixture was stirred for 24 h at
room temperature and then kept in a freezer for 6 h. The precipitate
formed was filtered through a sintered funnel and washed with
saturated NaHCO3, water, acetone, and diethyl ether to furnish the
amide.
N,N′-Di(quinolin-3-yl)-1,8-naphthyridine-2,7-dicarboxamide

(4a). Compound 3 (200 mg, 0.92 mmol) in 8 mL of dry DMF, 3-
aminoquinoline (264 mg, 1.83 mmol), EDC·HCl (440 mg, 2.30

mmol), HOBt (25 mg, 0.18 mmol), and DMAP (22 mg, 0.18 mmol)
were used (210 mg, 48% yield). Rf = 0.38 (5% MeOH in DCM); 1H
NMR (300 MHz, DMSO-d6) δ 11.40 (s, 2H), 9.36 (d, J = 2.6 Hz, 2
H), 9.02 (d, J = 2.6 Hz, 2H), 8.93 (d, J = 8.4 Hz, 2 H), 8.51 (d, J = 8.4
Hz, 2 H), 8.02 (d, J = 8.4 Hz, 4H), 7.74−7.61 (m, 4H); 13C NMR
(100 MHz, DMSO-d6) δ 163.4, 154.0, 152.5, 145.6, 144.7, 140.4,
132.1, 128.7, 128.5, 128, 127.7, 127.3, 125.6, 123.9, 121.5; HRMS
(ESI) calcd for C28H19N6O2 [M + H]+ 471.1569, found 471.1559 (Δm
−0.0010, error −2.3 ppm).

N,N′-Di(quinolin-6-yl)-1,8-naphthyridine-2,7-dicarboxamide
(4b). Compound 3 (200 mg, 0.92 mmol) in 8 mL of dry DMF, 6-
aminoquinoline (264 mg, 1.83 mmol), EDC·HCl (440 mg, 2.30
mmol), HOBt (25 mg, 0.18 mmol), and DMAP (22 mg, 0.18 mmol)
were used (222 mg, 51% yield). Rf = 0.52 (5% MeOH in DCM); 1H
NMR (300 MHz, DMSO-d6) δ 11.22 (s, 2 H), 8.92−8.85 (m, 4 H),
8.71 (s, 2 H), 8.49 (d, J = 8.4 Hz, 2 H), 8.38 (d, J = 8.1 Hz, 2 H), 8.27
(d, J = 8.4 Hz, 2 H), 8.08 (d, J = 8.8 Hz, 2 H), 7.54 (dd, J = 8.1, 4.0
Hz, 2 H); 13C NMR (100 MHz, DMSO-d6) δ 162.8, 154.1, 152.3,
149.6, 145.1, 140.3, 136.2, 135.8, 129.6, 128.3, 125.4, 124.2, 122.0,
121.3, 116.6; HRMS (ESI) calcd for C28H19N6O2 [M + H]+ 471.1 569,
found 471.1552 (Δm −0.0017, error −3.7 ppm).

N,N′-Di(pyridin-3-yl)-1,8-naphthyridine-2,7-dicarboxamide
(4c). Compound 3 (100 mg, 0.45 mmol) in 4 mL dry DMF, 3-
aminopyridine (94 mg, 1.0 mmol), EDC·HCl (220 mg, 1.14 mmol),
HOBt (12 mg, 0.08 mmol) and DMAP (22 mg, 0.18 mmol) were used
(40 mg, 23%). Rf = 0.16 (5% MeOH in DCM); 1H NMR (300 MHz,
DMSO-d6) δ 11.14 (s, 2 H), 9.13 (d, J = 1.8 Hz, 2 H), 8.90 (d, J = 8.4
Hz, 2 H), 8.45 (d, J = 8.4 Hz, 2 H), 8.39−8.36 (m, 4 H), 7.47 (dd, J =
8.4, 4.8 Hz, 2 H); 13C NMR (100 MHz, DMSO-d6) δ 163.2, 154.0,
152.4, 144.7, 141.7, 140.3, 135.2, 128.1, 125.5, 124.0, 121.5; HRMS
(ESI) calcd for C20H15N6O2 [M + H]+ 371.1256, found 371.1267 (Δm
+0.0011, error +2.9 ppm).

General Procedure for N-Methylation of Side Chains. To a
stirred solution of corresponding amine compound (1 equiv) in dry
DMF (2 mL) was added methyl triflate (∼58 equiv). It was heated at
80 °C, and stirring was continued for 4 days. The reaction mixture was
then cooled to room temperature followed by keeping at −20 °C for 3
h. The cooled reaction mixture was filtered through sintered funnel,
and the residue was washed with cold acetone and diethyl ether to
furnish the desired product.

3,3′-[1,8-Naphthyridinediyl-2,7-bis(carbonylimino)]bis(1-
methylquinolinium)triflate (3AQN). Compound 4a (50 mg, 0.106
mmol) in dry DMF (2 mL) and methyl triflate (0.7 mL, 6.19 mmol)
were used (47 mg, 55% yield). 1H NMR (400 MHz, DMSO-d6) δ
11.92 (s, 2 H), 10.07 (d, J = 1.8 Hz, 2H), 9.64 (s, 2H), 9.01 (d, J = 8.5
Hz, 2H), 8.56−8.50 (m, 6H), 8.24−8.20 (m, 2H), 8.06 (t, J = 7.5 Hz,
2H), 4.74 (s, 6H); 13C NMR (100 MHz, DMSO-d6) δ 164.0, 153.4,
152.6, 145.0, 141.1, 135.9, 134.7, 134.3, 132.8, 130.6, 130.2, 129.4,
126.3, 122.0, 119.3, 46.4; 19F NMR (376 MHz, DMSO-d6) δ −77.8;
HRMS m/z calcd for C30H24N6O2 [M/2]+ 250.0980, found 250.0981
(Δm +0.0001, error +0.4 ppm).

6,6′-[1,8-Naphthyridinediyl-2,7-bis(carbonylimino)]bis(1-
methylquinolinium)triflate (6AQN). Compound 4b (50 mg, 0.106
mmol) in dry DMF (2 mL), methyl triflate (0.7 mL, 6.19 mmol) were
used (44 mg, 52% yield). 1H NMR (400 MHz, DMSO-d6) δ 11.66 (s,
2H, N−H), 9.39 (d, J = 5.5 Hz, 2H), 9.30 (d, J = 8.3 Hz, 2H), 9.19 (d,
J = 2.3 Hz, 2H), 8.96 (d, J = 8.3 Hz, 2H), 8.71 (dd, J = 2.3, 9.7 Hz,
2H), 8.64−8.59 (m, 2H), 8.52 (d, J = 8.3 Hz, 2H), 8.15 (dd, J = 5.8,
8.3 Hz, 2H), 4.65 (s, 6H); 13C NMR (100 MHz, DMSO-d6) δ 163.7,
153.9, 152.4, 148.6, 146.5, 140.6, 139.1, 135.4, 130.2, 129.4, 125.8,
122.5, 121.7, 120.3, 117.6, 45.3.19F NMR (376 MHz, DMSO-d6) δ
−77.7; HRMS (ESI) calcd for C30H24N6O2 [M/2]+ 250.0980, found
250.0977 (Δm −0.0003, error −1.2 ppm).

3,3′-[1,8-Naphthyridinediyl-2,7-bis(carbonylimino)]bis[1-
methylpyridinium]triflate (3APN). Compound 4c (40 mg, 0.108
mmol) in dry DMF (2 mL) and methyl triflate (0.7 mL, 6.19 mmol)
were used (43 mg, 57% yield). 1H NMR (400 MHz, DMSO-d6) δ
11.89 (s, 2H, N−H), 9.66 (s, 2H), 8.98 (d, J = 8.5 Hz, 2H), 8.89 (d, J
= 8.5 Hz, 2H), 8.81 (d, J = 5.8 Hz, 2H), 8.50 (d, J = 8.5 Hz, 2H), 8.19
(dd, J = 5.9, 8.7 Hz, 2H), 4.45 (s, 6H); 13C NMR (DMSO-d6, 100
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MHz) δ 163.9, 153.3, 152.4, 141.0, 140.8, 138.4, 136.9, 135.2, 128.0,
126.1, 122.3, 121.9, 48.7; 19F NMR (DMSO-d6, 376 MHz) δ −77.7;
HRMS (ESI) calcd for C22H20N6O2 [M/2]+ 200.0824, found 200.0816
(Δm −0.0008, error −4.1 ppm).
3 ,3 ′ - [ 2 , 6 -Py r id ined iy lb i s ( ca rbony l im ino ) ]b i s [1 -

methylquinolinium]triflate (360A). The N,N′-bis(3-quilonyl)-
pyridine-2,6-dicarboxamide75 (0.05 g, 0.119 mmol) in dry DMF (2
mL) and methyl triflate (0.8 mL, 7.07 mmol) were used (51 mg, 57%
yield). Rf = 0.35 (7% MeOH in DCM). 1H NMR (400 MHz, DMSO-
d6) δ 11.89 (s, 2H), 10.10 (s, 2H), 9.65 (s, 2H), 8.59−8.47 (m, 7H),
8.24 (t, J = 8.0 Hz, 2H), 8.09 (t, J = 8.0 Hz, 2H), 4.78 (s, 6H); 13C
NMR (100 MHz, DMSO-d6) δ 162.5, 147. 5, 144.7, 141.2, 135.9,
134.5, 134.2, 132.3, 130.5, 130.0,129.3, 126.5, 122.3, 119.3, 49.2; 19F
NMR (DMSO-d6, 376 MHz) δ −77.77; HRMS (ESI) calcd for
C27H23N5O2 [M]+ 449.1852, found 449.1854 (Δm +0.0002, error +0.5
ppm).
Oligonucleotides. The following oligonucleotide sequences were

used for FID and CD and native gel experiments: human telomeric
DNA sequence (22AG: 5′-AGGGTTAGGGTTAGGGTTAGGG-3′);
self-complementary duplex sequence (ds26: 5′-CAATCGGATC-
GAATTCGATCCGATTG-3 ′); duplex sequence (ds17: 5 ′-
CCAGTTCGTAGTAACCC-3′and its complementary sequence 5′-
GGGTTACTA CGAACTGG-3′) and promoter DNA sequences (c-
kit1: 5 ′-GGGAGGGCGCTGGGAGGAGGG-3 ′ ; c-kit2 : 5 ′-
GGGCGGGCGCGAGGGAGGGG-3′; c-myc: 5′-TGAGGGTGGG-
TAGGGTGGGTAA-3′). For Taq polymerase stop assay, primer
sequence (5′-ACGACTCACTATAGCAATTGCG-3′), template con-
taining telomeric DNA sequence (5′-AGGGTTAGGGTTAGGGT-
TAGGGGCCACCGCAATTGCTATAGTGAGTCGT-3′, where bold
letters indicate quadruplex forming region) and template containing c-
myc sequence (5′-TGAGGGTGGGTAGGGTGGGTAAGCCACCG-
CAATTGCTATAGTGAGTCGT -3′, where bold letters indicate
quadruplex forming region) were used. All sequences were synthesized
on 0.2 μmol scale with appropriate controlled pore glass (CPG) beads
used as 3′ solid support. All oligonucleotides were deprotected and
PAGE (20%, 7 M urea) purified employing standard protocols. The
concentration of all oligonucleotides was measured at 260 nm in UV−
vis spectrophotometer using appropriate molar extinction coefficients
(ε). The integrity of oligonucleotides was confirmed by negative mode
of ESI-MS analysis.
Fluorescence Intercalator Displacement Assay. The FID

assay was carried out as described by Teulade-Fichou and co-
workers.76 The quadruplex forming DNA (0.25 μM) in KCl (100
mM) or NaCl (100 mM) and sodium cacodylate buffer (10 mM, pH
7.2) were annealed by heating at 95 °C for 5 min and cooling in ice for
10 min. Two molar equivalents of thiazole orange (TO, 0.5 μM for
quadruplex DNA) or 3 molar equiv (0.75 μM for duplex DNA) was
added. After TO addition, 2−3 h equilibration time was provided.
Experiments were performed at 20 °C by using thermostatted cell
holders. The excitation and emission wavelength used were 501 and
510−750 nm, respectively, and the slit width was 5 nm. Ligands stock
solution were made (500 μM) in DMSO. Each addition of ligand
(from 0 to 10 equiv, i.e., 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 1.25, 1.5,
2.0, and 2.5 μM) was followed by 3−4 min equilibration period. Each
curve was integrated using Origin 8.0 software to get the fluorescence
area. The fluorescence area was converted into percentage of
displacement (PD) by using the following equation. PD = 100 −
[(FA/FA0) × 100]; FA0 is fluorescence area of DNA−TO complex
alone (without ligand), and FA is fluorescence area in the presence of
added ligand. FID curves were obtained by plotting percentage of
displacement versus concentration of ligand used.
5′-End Radiolabeling of Oligonucleotides. Labeling of

oligonucleotide was carried out for stop assay and native gel. The
DNA (10 pmol) was mixed with T4 polynucleotide kinase (PNK)
enzyme (5 U) and [γ-32P] ATP (3000 Ci/mmol) in 1 x PNK buffer
(50 mM Tris-HCl (pH 7.6), 10 mM MgCl2, 5 mM DTT, 0.1 mM each
spermidine and EDTA) in a total volume of 10 μL. The reaction
mixture was incubated at 37 °C for 1 h followed by deactivation of
enzyme by heating at 70 °C for 3 min. The end labeled DNA was then

purified using a QIAquick nucleotide removal kit protocol provided by
Qiagen.

DNA Polymerase Stop Assay. This assay was done as reported
previously with slight modifications.64 Appropriate amount of labeled
primer oligonucleotide [∼15,000 counts per minute (CPM)] was
mixed with cold primer (50 nM) and template (200 nM). They were
annealed using an annealing buffer (5 mM Tris pH 7.5, 115 mM NaCl,
0.1 mM EDTA) by heating at 90 °C for 5 min followed by gradual
cooling to room temperature over 4−5 h. For c-myc stop assay,
corresponding primer−template duplex was annealed in the absence of
15 mM NaCl (5 mM Tris (pH 7.5), 0.1 mM EDTA). The annealed
primer−template was mixed with polymerase buffer [50 mM Tris, 0.5
mM DTT, 0.1 mM EDTA, 10 mM NaCl, 5 mM MgCl, 1 μg/μL BSA]
and dNTP (0.2 mM). The ligands in appropriate concentration were
added to the reaction mixture (10 μL total volume) and incubated for
30 min at room temperature. The primer extension reaction was
initiated by the addition of Taq DNA polymerase (0.5 U), and the
reactions were incubated at 35 and 55 °C for 30 min for telomeric and
c-myc DNA, respectively. The extension reaction was stopped by
adding 10 μL of 2× stop buffer (10 mM EDTA, 10 mM NaOH, 0.1%
each bromophenol blue (w/v) and xylene cyanole (w/v) in
formamide). The products were analyzed in 15% denaturing PAGE
(7 M urea) in which 1× TBE (89 mM of each Tris and boric acid and
2 mM of EDTA, pH 8.3) was used as running buffer. Autoradiograms
were generated and bands were quantified by ImageQuantTL software
provided by GE healthcare.

Nondenaturing Gel Electrophoresis. Appropriate amount of
labeled oligonucleotides (∼14,000 CPM) was mixed with correspond-
ing cold oligonucleotides (5 μM in 10 mM Tris pH 7.2). Various
amounts (1−5 equiv) of ligands were incubated with DNA at 4 °C for
overnight. The total volume was 10 μL. Prior to loading the reaction
mixture onto the gel, 1 μL of 10× glycerol dye [60% glycerol (v/v),
0.1% each bromophenol blue and xylene cyanol (w/v)] was added.
Analysis was carried out in 15% native PAGE at 4 °C in which 1× TB
(89 mM of each Tris and boric acid, pH 8.3) was used as running
buffer.

CD Titrations and Melting. CD spectra were measured in the
wavelength range of 225−330 nm using a quartz cuvette with 1.0 mm
path length. The scanning speed of the instrument was set to 100 nm/
min, and response time used was 2 s. The strand concentration of
oligonucleotide used was 12.5 μM, and ligand stock solution used was
1 mM in water. The quadruplex DNA solutions were annealed by
heating corresponding quadruplex forming DNA (12.5 μM) with
NaCl (100 mM) or KCl (100 mM) in Tris (50 mM, pH 7.2) buffer at
95 °C for 5 min and cooling in ice for 10 min. For the studies without
salt, DNA (12.5 μM) in Tris (50 mM, pH 7.2) buffer was used. Each
spectrum was an average of 3 measurements at 25 °C. All spectra were
baseline corrected and analyzed using Origin 8.0 software.

For melting studies, 5−15 μM strand concentration of oligonucleo-
tide in 10 mM sodium cacodylate (pH 7.2), required amount of
monovalent salts such as LiCl, KCl, or NaCl, and 3 molar equiv of
ligands (15−45 μM) were used. Telomeric DNA (5 μM DNA in 10
mM NaCl and 90 mM LiCl), c-kit1 (15 μM DNA in 20 mM KCl and
80 mM LiCl), c-kit2 (10 μM DNA in 5 mM KCl, and 95 mM LiCl), c-
myc quadruplex (5 μM in 100 mM LiCl), and duplex DNA (15 μM
ds17 in 100 mM NaCl) were annealed by heating at 95 °C for 5 min
followed by gradual cooling to room temperature. Thermal melting
was monitored at 295, 263, and 274 nm for telomeric, promoter and
duplex DNAs, respectively, at the heating rate of 1 °C/min. The
melting temperatures were determined from curve fit of melting
profiles using two state transition model implemented in Kaleida-
Graph.77

Molecular Modeling Studies. The binding mode and interaction
of ligand−G-quadruplex DNA complexes were studied by performing
docking, molecular dynamics, and binding energy evaluation by
following the protocol reported by Haider and Neidle.78 The
coordinates were derived from PDB code 143D, which is a 6 solution
NMR structure of human telomeric unimolecular antiparallel basket-
type G-quadruplex.57 The single point energies were calculated for all
of the 6 models in NMR structures using AMBER force-field FF03.79
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The structure with the lowest energy was taken as our study model.
The pseudointercalation binding site78 was created between the
diagonal loop (TTA) and the top G-Quartet using Biopolymer
building module implemented in Discovery Studio 2.5 from Accelrys
Inc.80 Ligand structures were constructed and optimized with Gaussian
0372 using Hartree−Fock method with 6-31G* as the basis set.
Docking studies were performed with Autodock4.0 program.69 Auto

dock-tools (ADT) was used to merge the nonpolar hydrogens of the
quadruplex DNA to their corresponding carbons. Following this partial
atomic charges were assigned. Similarly for the ligands, ADT was used
to merge nonpolar hydrogens and assign rotatable bonds. Grid maps
were generated for each atom type in the ligand using Auto grid. An
active site box was created and centered at the quadruplex DNA with a
grid spacing of 0.375 Å. Docking calculations were performed using
Lamarckian genetic algorithm. A population of random individuals
(size 150) was used with a maximum number of 25,000,000 energy
evaluations, a maximum number of 27,000 generations and a mutation
rate of 0.02. For each ligand, 200 independent dockings were carried
out. The resulting positions were subsequently clustered according to a
root-mean-square criterion of 0.5 Å.
On the basis of the structures derived from docking studies, MD

studies were carried out for the complexes with the SANDER module
in AMBER 10 with FF03 force field for DNA. Generalized AMBER
force field (GAFF) parameters were used for the ligand molecule.81

Partial atomic charges obtained with the restrained electrostatic
potential (RESP)82 were calculated using the Gaussian03 program at
HF/6-31G* level. The charges were assigned to the atoms using the
Antechamber program in AMBER 10. For MD simulations, G-
quadruplex DNA and ligands were solvated by a truncated octahedron
TIP3P water box extending to a distance of 10 Å from any solute
atom, which yielded 4500−4900 water molecules. K+ ions were added
to neutralize the DNA backbone charges, and three K+ ions were
manually added in the core of the G-quartets. The solvated structures
were subjected to two stages of minimization by using the well-defined
parameters.78 Subsequently, constant pressure MD simulation of 20 ns
was then performed in an NPT ensemble at 1 atm and 300 K. The
hydrogen bonds were constrained using SHAKE algorithm. For the
nonbonded interaction the residue based cutoff of 10 Å was used. The
output and trajectory files were saved for every 0.1 and 1 ps
respectively for the subsequent analysis. All trajectory analysis was
done with the ptraj module in the AMBER 10 suite and examined
visually using the Visual Molecular Dynamics (VMD).83

In MM/PBSA71 calculations, all of the ions and water molecules
were removed except the ions present in the core of the G-quadruplex.
Independent free energy estimates for the complex formed by G-
quadruplex and ligands were calculated from the collected snapshots
using the MM/PBSA energy analysis in AMBER 10.70 The solute
entropic contribution (TΔS) was estimated with the nmode module.
The Poisson−Boltzmann polar solvation free energy (ΔGPB) was
obtained with a built-in PBSA module in AMBER 10. The nonpolar
solvation free energy (ΔGnp), calculated by MOLSURF, was directly
related to the solvent-accessible surface area (SASA).84 To study the
impact of the ligand binding to the stability of the G-quartet, the
hydrogen bond occupancies of the G-quartet were calculated along all
MD trajectories.
Single point energy calculations85 were carried out to study π−π

stacking with the Becke’s half-and-half functional (BH&H/6-311++G
(d, p)) method in Gaussian. In these calculations the G-quadruplex
structures emerged from 20 ns MD simulations were studied after
removing the ligands. The G-quadruplex DNA is excised to the central
core of 12 guanine bases containing two K+ ions. Dangling bonds on
the guanines were terminated with hydrogen atoms leaving a total of
194 atoms. To compare the ligand impact on quartet stabilization,
stacking energy of G-quartets in the starting NMR structure was also
computed.
Molecular modeling studies of the interactions between ligand and

duplex DNA were performed following the same procedures and
parameters described for quadruplex-ligand complexes. A double
stranded duplex DNA (17 bp) was built using nucgen implemented in

AMBER 10. All of the structures were visualized and the figures were
generated using PyMOL v0.99 (http://www.pymol.org).
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