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Abstract: Background: G-quadruplex (G4) forming sequences are recurrent in telomeres and pro-
moter regions of several protooncogenes. In normal cells, the transient arrangements of DNA in
G-tetrads may regulate replication, transcription, and translation processes. Tumors are character-
ized by uncontrolled cell growth and tissue invasiveness and some of them are possibly mediated
by gene expression involving G-quadruplexes. The stabilization of G-quadruplex sequences with
small molecules is considered a promising strategy in anticancer targeted therapy. Methods: Molec-
ular virtual screening allowed us identifying novel symmetric bifunctionalized naphtho[1,2-b:8,7-
b’]dithiophene ligands as interesting candidates targeting h-Telo and c-MYC G-quadruplexes. A set
of unexplored naphtho-dithiophene derivatives has been synthesized and biologically tested through
in vitro antiproliferative assays and spectroscopic experiments in solution. Results: The analysis of
biological and spectroscopic data highlighted noteworthy cytotoxic effects on HeLa cancer cell line
(GI50 in the low µM range), but weak interactions with G-quadruplex c-MYC promoter. Conclusions:
The new series of naphtho[1,2-b:8,7-b’]dithiophene derivatives, bearing the pharmacophoric assump-
tions necessary to stabilize G-quadruplexes, have been designed and successfully synthesized. The
interesting antiproliferative results supported by computer aided rational approaches suggest that
these studies are a significant starting point for a lead optimization process and the isolation of a
more efficacious set of G-quadruplexes stabilizers.

Keywords: planar heterocyclic scaffold; molecular docking; synthesis; G-Quadruplex; h-Telo; c-MYC;
antiproliferative effect

1. Introduction

In recent years it has emerged that the binding to G-quadruplex DNA structures by
small molecules could be a promising targeted anticancer strategy [1–6]. A G-quadruplex
(G4) is a non-canonical arrangement that both DNA and RNA nucleic acids can adopt [7].
Formed only in guanine-rich sequences, it consists of π-π mediated assembly of guanine
tetrads stacked on top of each other and connected by looping bases. These structures are
held by the interactions formed between guanine residues, playing the alternative role of
acceptors and donors of Hoogsteen hydrogen-bonds and by the presence of monovalent
cations, usually, K+ or Na+, which form electrostatic interactions with the central negative
cavity lead by carbonyl oxygen atoms (guanine O6) [4].

G-quadruplex structures are recurrent in the human genome, especially in telomers,
but also in several promoter regions of oncogenes like c-KIT [8], c-MYC [9], k-RAS [10], B-
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RAF [11], BCL-2 [12], RET [13], with some of them giving rise to multiple adjacent G4s, e.g.,
c-KIT. The formation of this non-canonical structure is implicated in numerous crucial phases
of cellular regulation: inhibition of telomerase activity or gene’s transcription, alteration
of recombination and splicing [1]. In this light, G-quadruplex stabilization can result in a
blockage of telomere elongation, transcription, translation and accordingly down-regulation
of the corresponding gene, with the possible result to prevent uncontrolled cell growth [3,14].
Consequently, G4s are considered interesting targets in anticancer therapy [1–3].

From a structural point of view, a molecule acting as a G4 stabilizer is characterized
by a planar and often symmetric ring system, with a central aromatic scaffold able to stack
on the ending tetrads of the G4. Furthermore, in a small molecule designed as a G4-binder
candidate, the presence of side chains with positively charged or protonable nitrogen atoms
can strengthen the interaction with the G4 via insertion within its grooves [2,4,15].

A plethora of planar and symmetric compounds have been developed with this
mechanism of action, including pyridostatin and analogues [16,17], perylene derivates
(PIPER) [18], and acridine compounds (BRACO-19), (Figure 1) [19–21]. Some ligands have
seen improved binding abilities when complexed with a transition metal as an alternative
strategy [15,22–24].
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Figure 1. G-quadruplex stabilizers compounds and novel naphtho[1,2-b:8,7-b’]dithiophene ligands 1.

Based on our continuous effort in the synthesis of bioactive planar heterocyclic ring
systems, [25–28] and taking advantage of virtual screening results, we designed and synthe-
sized novel symmetric bifunctionalized naphtho[1,2-b:8,7-b’]dithiophene (NDT) ligands 1
as potential G-quadruplex stabilizers (Figure 1). These compounds present ideal features
for G4 binding as they show an extended aromatic planar area and protonable side chains.
We investigated the in vitro antiproliferative activity of the synthesized molecules against
HeLa cancer cell line and we tried to unravel the G4 binding capabilities of the naphtho[1,2-
b:8,7-b’]dithiophene scaffold combining computational and experimental assays.

2. Results and Discussion
2.1. Computational Studies

With the aim to identify new G4 stabilizers, a large database of symmetrical and planar
cores, symmetrically substituted, was built to conduct in silico structure-based studies.

The Virtual Screening Workflow implemented in Glide (Maestro suite) was applied
to screen the in-house database against selected G-quadruplex sequences. The attention
was focused on two of the most studied and characterized G4s, the c-MYC promoter and
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the h-Telo telomeric G4s [4], stored in Protein Data Bank (PDB, www.pdb.org, accessed on
1 June 2021).

In detail, the NMR-resolved structure of the c-MYC promoter G4 [5′-d(TGAGGGTGGG
TAGGGTGGGTAA)-3′] complexed with the benzofuran derivative DC-34 (PDB id: 5w77) [20],
and the h-Telo telomeric G4 (PDB id: 3CE5), a bimolecular human telomeric G-quadruplex
sequence [5′-d(TAGGGTTAGGGT)-3′] co-resolved with BRACO-19 [21], were selected and
appropriately prepared (see Section 3).

The protocol consisted of three steps (Glide High Through-put Virtual Screening
(HTVS), Glide Standard Precision (SP) and Glide Extra Precision (XP) docking), able to
skim rapidly the database and select the best ranked structures in each step (see Section 3).

The analysis of the Glide XP docking data highlighted the naphtho[1,2-b:8,7-b’]
dithiophene symmetric scaffold as interesting and unexplored heterocyclic ring system.
This core resulted efficiently able to interact with the quartets of the selected G4 struc-
tures. All the best ranked NDT structures 2–6, illustrated in Figure 2, confirmed the
above mentioned pharmacophoric assumptions. The selected NDT molecules presented
a central planar and aromatic core and side-moieties with exchangeable protons (amines
and carboxylate). To reinforce the interactions with the G4 grooves, the NDT core was
symmetrically derivatized with benzoyl portions (derivatives 4–6).
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Figure 2. Structures of designed napthodithiophene compounds 2–6 as G4s stabilizers.

Thus, to gain additional insight into the binding mode of the selected hits, these
were submitted to further steps of structure-based studies (Induced Fit Docking, IFD),
considering the flexibility of the selected G4s sequences.

Induced Fit Docking Analysis

The selected compounds were analyzed by means of Induced Fit Docking simulation
within the chosen G4 structures. As reference compound, the symmetric perylene deriva-
tive PIPER (Figure 1), with proved c-MYC and h-Telo G4 stabilization capability [29–31],
was docked applying the same virtual IFD protocol.

Table 1 shows the Induced Fit Docking results (Docking Scores, Prime Energy, and
IFD Score) of the identified NDT molecules (Figure 2) and PIPER in complex with both
c-MYC and h-Telo sequences.

Overall, all the selected NDT derivatives displayed IFD scores better than the well-
known G4 stabilizer PIPER. This result could be due to the capability of the key central
NDT core to stably stack over the guanine tetrads, forming strong π-π interactions with
the nucleotide bases. Regarding the symmetrical functionalization of the NDT core with

www.pdb.org
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side moieties, both the free amines and the carboxamide groups efficiently form different
H-bonds with the DNA bases, while the substituted benzoyl portions, oriented to the
grooves, confirm their importance to further stabilize the ligand-nucleotide complex.

Table 1. Prime energy, Docking and Induced Fit Docking (IFD) scores of the studied compounds in complex with h-Telo
and c-MYC G4 oligonucleotides.

h-Telo G4 c-MYC G4

Title Docking Score Prime Energy IFD Score Docking Score Prime Energy IFD Score

2 −7.124 −3437.0 −178.97 −4.855 −3254.1 −167.56

3 −5.162 −3460.1 −178.19 −4.683 −3239.2 −166.67

4b −9.782 −3490.7 −184.32 −6.755 −3261.2 −169.82

4a −8.480 −3450.3 −180.99 −6.365 −3266.3 −169.68

5a −7.934 −3439.7 −179.92 −5.598 −3245.1 −167.86

5c −8.695 −3426.5 −180.02 −6.711 −3231.0 −168.26

5b −9.793 −3466.8 −183.13 −7.479 −3241.6 −169.56

6a −7.441 −3470.5 −180.97 −4.093 −3260.4 −167.11

6b −4.875 −3518.7 −180.81 −3.752 −3265.9 −167.05

Correlate ligand a,b −9.645 −3497.8 −184.74 a −5.399 −3267.9 −168.98 b

PIPER −8.272 −3393.2 −177.93 −7.433 −3175.8 −166.23

The correlate ligand: a BRACO-19; b DC-34.

In Figure 3, as an example, the best pose of the naphtho-dithiophene 2 in complex
with both G4 sequences is considered. The side and the top views show a well-fitting of the
NDT planar core, standing on top of the G4s, stacking over the guanines, and surrounding
the central ion channel. These representations indicate that the NDT core, common to all
the tested derivatives, is the key portion for the interaction with G4 structures.
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Interestingly, IFD scores suggest that the introduction of two side aromatic moieties
in symmetric positions of the naphtho-dithiophene scaffold leads to reinforced groove
binding capability. Among all, 4b, whose best poses are reported in Figure 4, was the
compound which gave the best G4 binding results, with IFD scores comparable or higher
than the co-resolved ligands. Thus, based on the encouraging in-silico results, we decided
to synthetize the selected NDT compounds.
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2.2. Chemistry

Synthetic approaches for the preparation of the naphtho[1,2-b:8,7-b’]dithiophene ring
system are rarely reported in the literature. As a cosequence, we planned a new synthetic
strategy for the preparation of the naphtho-dithiophene series, as depicted in Scheme 1.

In detail, the 1,8-dichloro-2,7-naphtalenediol 8 was prepared in good yield (86%)
from the reaction of 2,7-naphtalenediol 7 and N-chlorosuccinimide (NCS) under inert
atmosphere and strict temperature control at −15 ◦C, to drive selectively the chlorination
at C-1 and C-8 positions.

Compound 8 was then treated with trifluoromethanesulfonic anhydride to convert
the 2,7-dihydroxy substituents into good leaving groups, (derivative 9, yield 75%). The
subsequent nucleophilic substitution with zinc cyanide in the presence of catalytic amount
of tetrakis(triphenylphosphine), afforded 2,7-dicarbonitrilonaphthalene 10 (yield 69%).

The presence of both CN and Cl substituents in vicinal positions to each other en-
hanced the aromatic nucleophilic substitution with ethyl thioglycolate 11. Therefore, the
in situ intramolecular cyclization and the consequent ring aromatization afforded the
thiophene rings and the isolation of the title Naphtho-DiThiophene (NDT) ring system
(compound 2, yield 73%).
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Reagents and conditions: (i) NCS, CH3CN, −15 ◦C, N2, (yield 86%); (ii) pyridine, Tf2O, 0 ◦C, (yield
75%); (iii) Zn(CN)2, Pd(PPh3)4, DMF, N2, (yield 69%); (iv) N(Et)3, DMSO, rt, (yield 73%).

The ethyl-2,9-dicarboxilate functions of compounds 2 were hydrolyzed with sodium
hydroxide to obtain the NDT analogue 3, yield 50% (Scheme 2). These two naphtho-
dithiophene derivatives rise from the virtual screening and could be used as lead com-
pounds for the preparation of a new set of NDT derivatives.
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Symmetrical dicarboxylic compound 3 was subjected to reaction with appropriate ben-
zylamines 12a,b, in the presence of (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), (Scheme 3).
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The amidation of the carboxylic groups afforded the isolation of naphtho-dithiophenes
4a,b, owning the pivotal requirements for a G4 stabilizer: a symmetrical π-delocalized
ring system, suitable for the π-π top-stacking interactions, and two side moieties with
amines groups able to bind to the grooves of the G4. Furthermore, the steric bulk of the
benzyl portions could selectively drive the compounds 4a,b to stabilize G4s, preventing
compound intercalation within the double-stranded DNA.

Similar structural features were also introduced in derivatives 5a–c by an alternative
functionalization of the side groups, (Scheme 4). To obtain these compounds, the symmetri-
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cal amino derivative 2 was treated with substituted benzoyl chlorides 13a–c with pyridine
acting both as solvent and base promoting the nucleophilic substitution. Notwithstanding,
any other reaction conditions led to a significant decrease in yields with a substantial
recovery of starting material.
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The same reaction conditions were adopted for the synthesis of dicarboxylic NDT
compounds 6a,b, starting from derivative 3 (Scheme 5).
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From a chemical point of view, the symmetrical functionalization of the naphthodithio-
phene scaffold led to a general significant decrease in yields, probably due to the reduction
of the reactivity of the central core after the reaction of the first functional group.

2.3. Biological Activity
In vitro Antiproliferative Activity

The antiproliferative activity of NDT derivatives was tested using the MTT assay
on HeLa cell line. The tested compounds were incubated for 48 h using a concentration
range between 0.01 and 50 µM. The NDT compounds 2, 4b, and 5a revealed concentration-
dependent antiproliferative activity (Figure 5) with GI50 values in the low micromolar
range (Table 2).

Table 2. The antiproliferative activity of the tested NDT compounds (incubation time: 48 h) against
HeLa cell lines expressed as GI50 values (GI50 ± SE (µM)).

Compound GI50 (µM)

2 1.53 ± 0.15

3 >50

4a >50

4b 1.77 ± 0.31

5a 3.74 ± 0.57

Concerning the symmetrical functionalization of the NDT core with 3,8-diamine
groups, the ethyl carboxylate ester derivative 2 showed a remarkable antiproliferative
activity with a GI50 = 1.53 µM (Figure 5A), while the hydrolysis of the ester moieties to the
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corresponding carboxylic acid (NDT 3) resulted in a detrimental effect with a complete loss
of activity (Figure 5D, black line).
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Symmetrical amidation of the carboxylic moieties produces different results based
on the substituents on the benzyl ring. Indeed, while the 4-methoxy substituted 2,9-
dicarboxamides derivatives 4b, showed strong activity (Figure 5B), with GI50 comparable
to the NDT compound 2, the corresponding 4-methyl substituted derivative 4a, had no
inhibitory effects on tumor cell growth.

Finally, good activity was found for the 3,8-(benzoylamino) NDT compound, 5a
(Figure 5C) with GI50 of 3.74 µM.

2.4. Spectroscopic Studies in Solution

The NDT compound 2, showing the best cytotoxic activity so far, was then tested
for its G4 binding ability in solution using UV-Vis and circular dichroism (CD) titrations.
Furthermore, a Förster Resonance Energy Transfer (FRET) melting assay was employed to
verify its G4 stabilization properties. For these studies we have selected the G4 forming
sequence of the c-MYC promoter, which is known to form a parallel G4 with the ending
tetrad exposed for stacking interactions, as also showed in our docking calculations.

As observed in Figure 6, the characteristic band of compound 2 centered around
350 nm (black solid line), was only slightly affected (hypocromic effect) by the addition
of increasing amounts of the c-MYC G4 oligonucleotide, indicating a minor binding in
these experimental conditions. Circular dichroism measurements revealed that the typical
character of the secondary c-MYC structure, characterized by a positive maximum at
264 nm and a negative minimum at 240 nm, is preserved upon interaction with our lead
NDT compound 2. Furthermore, it can be observed that the ellipticity at 264 nm slightly
increases upon compound binding, accounting for an interaction between the two species
in solution.
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FRET melting experiments using the c-MYC G4 sequence properly labelled (see
Section 3), further confirmed these spectroscopical results, pointing out a scarce stabilisation
of the DNA secondary structure by 2, with only ca. 1 ◦C increase of the melting temperature
of the G4 in the presence of 5 Equation of the NDT derivative.

3. Materials and Methods
3.1. Computational Structure-Based Studies Experimental
3.1.1. Ligand Preparation

The ligands and the G4 sequence–ligand complex used for the in silico studies were
prepared as follows. The default setting of the LigPrep tool implemented in Schrödinger’s
software (Version 2021-2, New York, NY, USA) was used to prepare the ligands for dock-
ing [32]. All possible tautomers and the combination of stereoisomers were generated at
pH 7.0± 0.4 using the Epik ionization method. Energy minimization was subsequently
performed using the integrated OPLS 2005 force field [33].

3.1.2. Macromolecules Preparation

The crystal structure of a bimolecular parallel-stranded human telomeric G4 (PDB
id 3CE5) [34] and the NMR resolved structure of the MYC G4 (PDB id: 5W77) [35] were
downloaded from the Protein DataBank (PDB) [36,37]. The Protein Preparation Wizard
of Schrödinger software was subsequently employed for further preparations of the G4
structures using the default settings [38,39]. Bond orders were assigned, and hydrogen
atoms, as well as protonation of the heteroatom states were added using the Epik-tool
(with the pH set at biologically relevant values, i.e., at 7.0± 0.4). The H-bond network was
then optimized. The structures were subjected to a restrained energy minimization step
(the RMSD of the atom displacement for terminating the minimization was 0.3 Å), using
the Optimized Potentials for Liquid Simulations (OPLS) 2005 force field [33].
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3.1.3. Docking Validation

Molecular docking was performed by the Glide program [40–42]. The grid preparation
was performed by assigning the original ligand as the centroid of the grid box. The
generated 3D conformers were docked into the G4 sequence model using three different
levels of precision sequentially (HTVS, High Throughput Virtual Screening; SP, Standard
Precision; XP, Extra Precision) as the scoring functions. The proposed docking procedure
was validated by the re-dock (XP mode) of the original co-resolved ligands within the
binding nucleotides of 3CE5 and 5W77 by Glide XP docking. The results obtained were
in good agreement with the experimental poses, showing an RMSD of 0.71 and 0.83,
respectively.

3.1.4. Induced Fit Docking

Induced fit docking simulation was performed using the IFD application as avail-
able [43,44] in the Schrödinger software suite (release 2021-2) [45], which is demonstrated
to be an accurate and robust method to account for both ligand and G4 flexibility [46].
The IFD protocol was carried out as follows [47]: the ligands were docked into the rigid
G4 models with scaled-down Van der Waals (VdW) radii. The Glide Extra Precision (XP)
mode is used for the docking [40–42], and 20 ligand poses are retained for G4 structural
refinements. The docking boxes were defined to include all the nucleotides within the
dimensions of 25 Å × 25 Å × 25 Å from the center of the original ligands; the induced-fit
G4–ligand complexes were generated using the Prime software [48,49]. The 20 structures
from the previous step were submitted to the backbone refinements. All nucleotides with
at least one atom located within 5.0 Å of each corresponding ligand pose were included
in the refinement by Prime. All the poses generated were then hierarchically classified,
refined, and further minimized into the active site grid before being finally scored using
the proprietary GlideScore function, defined as follows in Equation (1):

GScore = 0.065 vdW + 030 Coul + Lipo + Hbond + Metal + BuryP + RotB + Site (1)

where: VdW is the van der Waals energy term, Coul is the Coulomb energy, Lipo is a
Lipophilic contact term which rewards favorable hydrophobic interactions, Hbond is an
H-bonding term, Metal is a metal-binding term (where applicable), BuryP is a penalty term
applied to buried polar groups, RotB is a penalty for freezing rotatable bonds and Site is a
term used to describe favorable polar interactions in the active site.

Finally, the IFD score which accounts for both G4–ligand interaction energy and
total energy of the system, was calculated (Equation (2)) and used to rank the IFD poses
considering that the more negative is the IFDscore, the more favorable is the binding.

IFD score = 1.0 Glide_Gscore + 0.05 Prime_Energy (2)

3.2. Chemistry
3.2.1. General Information

Unless otherwise indicated, all reagents and solvents were purchased from commercial
sources and used without further purification. All melting points (◦C) were determined
on a Tottoli capillary apparatus (Büchi) and are uncorrected; IR spectra were determined
in bromoform with a FT/IR 5300 spectrophotometer (Jasco). 1H-NMR and 13C-NMR
spectra were respectively recorded, at 200 and 50.3 MHz in CDCl3 or DMSO-d6 solution,
using an AC-E series 200 MHz spectrometer (Bruker). Chemical shifts values are given
in ppm and referred as the internal standard to tetramethylsilane (TMS). The following
abbreviations are used: br s = broad signal, s = singlet, d = doublet, t = triplet, q = quartet,
m = multiplet, rt = room temperature. The purity of all compounds screened in biological
assays was determined to be >95% by HPLC/MS analysis. Thin layer chromatography was
performed on precoated (0.25 mm) silica gel GF254 plates, compounds were detected with
254 nm UV lamp. Column chromatography was performed with silica gel ASTM (230 and
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400 mesh, Merck), or with a FLASH40i chromatography module (prepacked cartridge
system, Biotage).

3.2.2. Experimental Procedures and Product Characterization
Synthesis of 1,8-Dichloro-2,7-naphtalenediol (8)

A suspension of N-chlorosuccinimide (833.2 mg, 6.24 mmol) in dry acetonitrile was
added to a solution of 2,7-naphtalenediol 7 (499.2 mg, 3.12 mmol) in dry acetonitrile
(15 mL), at −15 ◦C and under inert atmosphere. The mixture was stirred, at rt for about
12 h, and then the solvent was evaporated under reduced pressure. The crude was purified
by column chromatography on silica gel, using petroleum ether: ethyl acetate (v/v, 5:1)
as eluent. Compound 8 was obtained as light-sensitive white needles (609.8 mg). Yield
86%. Mp 188–189 ◦C. IR νmax: 3450 cm−1. 1H-NMR (CDCl3) δ: 6.39 (br s, 2H, OH), 7.18
(d, J = 8.0 Hz, 2H, H-3, H-6) 7.65 (d, J = 8.0 Hz, 2H, H-4, H-5). 13C-NMR (DMSO-d6) δ:
110.4, 115.2, 124.8, 129.1, 153.7, 179.4. ESI-HRMS calcd for C10H6Cl2O2 [M + H]+: 227.9745,
[M + H]+: 227.9750.

Synthesis of 1,1,1-Trifluoromethanesulfonic Acid-1,1′-(1,8-dochloro-2,7-naphatlendiyl)
Ester (9)

To a mixture of 8 (458.1 mg, 2 mmol) and pyridine (0.94 mL, 11.6 mmol) in dry
dichloromethane (15 mL), trifluoromethanesulfonic anhydride (0.74 mL, 4.5 mmol) was
slowly added at 0 ◦C. After stirring for 4 h at rt, water (10 mL) and hydrochloric acid
(1 M, 10 mL) were added. The resulting mixture was extracted with dichloromethane
(30 mL × 3) and the combined organic layer was dried with Na2SO4 and concentrated in
vacuo. The crude was purified by column chromatography in silica gel, using petroleum
ether: ethyl acetate (v/v, 5:1) as eluent, to give 9 as white solid (739.7 mg). Yield 75%. Mp
120–121 ◦C. 1H-NMR (DMSO-d6) δ: 7.98 (d, J = 8.0 Hz, 2H, H-4, H-5), 8.40 (d, J = 8.0 Hz, 2H,
H-3, H-6). 13C-NMR (DMSO-d6) δ: 121.2, 122.5, 123.3, 127.5, 131.6, 134.2, 146.3. ESI-HRMS
calcd for C12H4Cl2F6O2S2 [M + H]+: 491.8730, [M + H]+: 491.8736.

Synthesis of 2,7-Dicarbonitrile-1,8-dichloronaphthalene (10)

To a degassed solution of 9 (493 mg, 1 mmol) in dry N,N-dimethylformamide (5 mL),
under inert atmosphere, was added zinc cyanide (2.2 mmol) and tetrakis-(triphenylphosphine)
palladium (155.4 mg, 0.1 mmol). The mixture was stirred for 12 h at 80 ◦C, then cooled
to rt, diluted with ethyl acetate (50 mL) and poured into a saturated NaHCO3 solution.
The white precipitated was filtered off, and the organic layer of filtrate was washed with
water, extracted, dried with Na2SO4 (50 mL), and concentrated in vacuo. The obtained
crude was purified by column chromatography in silica gel, using petroleum ether: ethyl
acetate (v/v, 5:1) as eluent, to give 10 as white solid (170.5 mg). Yield 69%. Mp 253–254 ◦C.
IR νmax: 2360 (CN) cm−1. 1H-NMR (DMSO-d6) δ: 8.16 (d, J = 8.0 Hz, 2H, H-4, H-5), 8.32
(d, J = 8.0 Hz, 2H, H-3, H-6).13C-NMR (DMSO-d6) δ: 110.3, 115.0, 124.3, 130.2, 131.0, 134.9,
153.8. ESI-HRMS calcd for C12H4Cl2N2 [M + H]+: 245.9751, [M + H]+: 245.9749.

Synthesis of Ethyl 3,8-Diaminonaphtho[1,2-b:8,7-b’]dithiophene-2,9-carboxylate (2)

To a stirred mixture of triethylamine (0.65 mL, 4.7 mmol) in dry DMSO (3 mL), ethyl
thioglycolate 11 (0.3 mL, 2.67 mmol) was added. After stirring at rt for 20 min, a solution
of 10 (220 mg, 0.89 mmol) in dry DMSO (3 mL) was added dropwise. The reaction was
stirred at room temperature for further 3 h and then was poured onto water/ice. The
precipitate was collected by filtration and dried to give orange-red solid of 2 (269.3 mg),
crystallized from ethanol. Yield 73%. Mp 241–242 ◦C. IR νmax: 3495, 3367, 1659 cm−1.
1H-NMR (DMSO-d6) δ: 1.38 (t, J = 6.0 Hz, 6H, CH3 × 2), 4.37 (q, J = 6.0 Hz, 4H, CH2 × 2),
7.33 (br s, 4H, NH2 × 2), 8.08 (d, J = 8.7 Hz, 2H, H-5, H-6), 8.37 (d, J = 8.7 Hz, 2H, H-4, H-7).
13C-NMR (DMSO-d6) δ: 14.6, 60.0, 96.7, 99.5, 121.6, 125.3, 129.3, 133.6, 134.6, 150.2, 164.3.
ESI-HRMS calcd for C20H18N2O4S2 [M + H]+: 414.0707, [M + H]+: 414.0714.
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Synthesis of 3,8-Diaminonaphtho[1,2-b:8,7-b’]dithiophene-2,9-dicarboxylic Acid (3)

To a suspension of 2 (0.9 mmol) in ethanol (15 mL), a solution of NaOH 10% (5 mL)
was added. The reaction mixture was heated to reflux for 3 h, and then, after cooling,
HCl 6 N was added. The precipitate was collected by filtration, washed and dried to
give 3 (161.3 mg). Yield 50%. Mp 268–269 ◦C. IR νmax: 3450, 3331, 1627 cm−1. 1H-NMR
(DMSO-d6) δ: 6.66 (bs s, 4H, NH2 × 2), 7.92 (d, J = 8.0 Hz, 2H, H-5, H-6), 8.05 (d, J = 8.0 Hz,
2H, H-4, H-7). 13C-NMR (DMSO-d6) δ: 99.5, 113.8, 119.7, 123.8, 130.3, 131.1, 131.9, 142.9,
169.0. ESI-HRMS calcd for C16H10N2O4S2 [M + H]+: 358.0081, [M + H]+: 358.0075.

Synthesis of 3,8-Diamino-N-benzylnaphtho[1,2-b:8,7-b’]dithiophene-2,9-dicarboxamides
(4a,b)

To a solution of acid 3 (1.0 mmol), in ethyl acetate (15 mL), HBTU (2.2 mmol) and
triethylamine (3 mmol) were added. The mixture was stirred at rt for 30 min, and the
appropriate benzylamine 12a,b (2.0 mmol) was added. The reaction was allowed to proceed
for further 12 h stirred at rt. The solvent was evaporated and the crude was purified by
column chromatography in silica gel, using petroleum ether ethyl acetate as eluent.

4a: Yield 43%. Mp 256–257 ◦C. 1H-NMR (DMSO-d6) δ: 2.28 (s, 6H, CH3), 4.43 (d,
J = 6.0 Hz, 4H, CH2), 7.12-7.28 (m, 12H, H-2′, H-6′, H-3′, H-5′, NH2), 8.08 (d, J = 8.0 Hz,
2H, H-5, H-6), 8.28 (d, J = 8.7 Hz, 2H, H-4, H-7), 8.38 (t, J = 6.0 Hz, 2H, NH). 13C-NMR
(DMSO-d6) δ: 20.6, 42.1, 100.8, 127.4, 128.7, 130.2, 132.3, 135.7, 137.0, 145.8, 147.1, 149.9,
151.0, 153.9, 164.9. ESI-HRMS calcd for C32H28N4O2S2 [M + H]+: 564.1653, [M + H]+:
564.1660.

4b: Yield 36%. Mp 259–260 ◦C. 1H-NMR (DMSO-d6) δ: 3.73 (s, 6H, OCH3), 4.40 (d,
J = 2.0 Hz, 4H, CH2), 6.90 (d, J = 8.0 Hz, 4H, H-3′, H-5′), 7.18 (br s, 4H, NH2), 7.30 (d,
J = 8.0 Hz, 4H, H-2′, H-6′), 8.07 (d, J = 8.7 Hz, 2H, H-5, H-6), 8.28 (d, J = 8.7 Hz, 2H,
H-4, H-7), 8.36 (t, J = 2.0 Hz, 2H, NH). 13C-NMR (DMSO-d6) δ: 43.9, 55.4, 100.8, 127.4,
129.0, 129.9, 132.3, 135.9, 138.0, 145.9, 147.3, 150.0, 151.1, 154.0, 165.0. ESI-HRMS calcd for
C32H28N4O4S2 [M + H]+: 596.1551, [M + H]+: 596.1559.

Synthesis of Ethyl 3,8-(Benzoylamino)-naphtho[1,2-b:8,7-b’]dithiophene-2,9-dicarboxylates
(5a–c), 3,8-(Benzoylamino)-naphtho[1,2-b:8,7-b’]dithiophene-2,9-dicarboxylic Acids (6a,b)

To a suspension of 2 or 3 (0.37 mmol) and pyridine (0.56 mmol) was added the
appropriate benzoyl chloride 13a–c (0.56 mmol). The reaction mixture was stirred at room
temperature over about 12 h, and then poured onto stirred water/ice. The precipitate was
collected by filtration, dried overnight. The crude was purified by column chromatography
in silica gel, using petroleum ether: ethyl acetate as eluent.

5a: Yield 24%. Mp 269–270 ◦C. IR νmax: 3607, 1687, 1679 cm−1. 1H-NMR (DMSO-d6) δ:
1.36 (t, J = 6.0 Hz, 6H, CH3), 4.38 (d, J = 6.0 Hz, 4H, CH2), 7.37–7.68 (m, 6H, C6H5), 7.82 (d,
J = 8.1 Hz, 2H, H-5, H-6), 8.13 (d, J = 8.1 Hz, 2H, H-4, H-7), 8.19–8.36 (m, 4H, C6H5), 10.71
(s, 2H, NH). 13C-NMR (DMSO-d6) δ:14.3, 62.3, 118.0, 119.9, 123.3, 124.3, 124.9, 127.9, 129.0,
132.8, 134.3, 134.8, 136,6, 141.0, 164.1, 165.3. ESI-HRMS calcd for C34H26N2O6S2 [M + H]+:
622.1232, [M + H]+: 622.1227.

5b: Yield 30%. Mp 276–277 ◦C. IR νmax: 3601, 1696, 1672 cm−1. 1H-NMR (DMSO-d6)
δ: 1.38 (t, J = 6.0 Hz, 6H, CH3), 3.82 (s, 6H, OCH3), 4.37 (d, J = 6.0 Hz, 4H, CH2), 7.02 (d,
J = 8.0 Hz, 4H, H-3′, H-5′), 7.90 (d, J = 8.0 Hz, 4H, H-2′, H-6′), 8.09 (d, J = 8.1 Hz, 2H, H-5,
H-6), 8.39 (d, J = 8.1 Hz, 2H, H-4, H-7), 12.64 (s, 2H, NH). 13C-NMR (DMSO-d6) δ: 14.3,
55.3, 61.3, 113.5, 117.9, 119.8, 122.7, 124.7, 124.8, 127.1, 129.6, 134.8, 136.7, 141.1, 162.3, 164.5,
165.6. ESI-HRMS calcd for C36H30N2O8S2 [M + H]+: 682.1443, [M + H]+: 682.1437.

5c: Yield 23%. Mp 273–274 ◦C. IR νmax: 3606, 1700, 1677 cm−1. 1H-NMR (DMSO-d6)
δ: 1.37 (t, J = 6.0 Hz, 6H, CH3), 2.40 (s, 6H, CH3), 4.28 (d, J = 6.0 Hz, 4H, CH2), 7.28 (d,
J = 8.0 Hz, 4H, H-3′, H-5′), 7.41 (d, J= 8.0 Hz, 4H, H-2′, H-6′), 8.07 (d, J = 8.1 Hz, 2H, H-5,
H-6), 8.41 (d, J = 8.1 Hz, 2H, H-4, H-7), 12.64 (s, 2H, NH). 13C-NMR (DMSO-d6) δ: 14.3,
21.4, 61.3, 117.8, 119.8, 122.6, 124.7, 124.8, 128.1, 129.6, 131.2, 134.9, 136.7, 141.1, 142.3, 164.5,
165.6. ESI-HRMS calcd for C36H30N2O6S2 [M + H]+: 650.1545, [M + H]+: 650.1539.
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6a: Yield 20%. Mp 279–280 ◦C. 3603, 3130, 1695, 1636 cm−1 IR νmax: 3603, 3129,
1672, 1629 cm−1. 1H-NMR (DMSO-d6) δ: 7.59–7.77 (m, 6H, C6H5), 7.81 (d, J = 8.1 Hz, 2H,
H-5, H-6), 8.11–8.25 (m, 6H, C6H5, H-4, H-7), 10.71 (s, 2H, NH). 13C-NMR (DMSO-d6) δ:
117.5, 119.3, 122.6, 124.6, 124.6, 127.8, 129.0, 132.2, 134.1, 135.0, 137.4, 141.5, 166.2, 169.2.
ESI-HRMS calcd for C30H18N2O6S2 [M + H]+: 566.0606, [M + H]+: 566.0613.

6b: Yield 20%. Mp 282–283 ◦C. IR νmax: 3601, 3125, 1696, 1630 cm−1. 1H-NMR
(DMSO-d6) δ: 3.89 (s, 6H, OCH3), 7.03 (d, J = 8.1 Hz, 2H, H-5, H-6), 7.15 (d, J = 8.0 Hz, 4H,
H-3′, H-5′), 7.90 (d, J = 8.1 Hz, 2H, H-4, H-7), 8.08 (d, J = 8.0 Hz, 4H, H-2′, H-6′), 12.64 (s, 2H,
NH). 13C-NMR (DMSO-d6) δ: 55.2, 113.6, 117.6, 119.3, 122.6, 124.6, 124.8, 127.1, 129.6, 135.0,
137.4, 141.6, 162.3, 165.9, 169.2. ESI-HRMS calcd for C32H22N2O8S2 [M + H]+: 626.0817,
[M + H]+: 626.0823.

3.3. Biology
3.3.1. Cell Culture

Human cervical cancer (HeLa), purchased from American Type Culture Collection
(Rockville, MD, USA), were cultured in Roswell Park Memorial Institute (RPMI) medium
supplemented with 5% fetal bovine serum (FBS), 2 mM L-glutamine, 50 IU/mL peni-
cillin, and 50 µg/mL streptomycin. Before antiproliferative experiments, HeLa cells were
trypsinized when their confluences reached 75–85%.

3.3.2. Antiproliferative Activity

The antiproliferative activity of the selected compounds was performed in in vitro
using 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay, as previ-
ously described [50]. Briefly, the cells were seeded into 96-well plates and incubated for
24 h at 5% CO2 and 37 ◦C. After this incubation time, the cell medium was discarded and
replaced with an equal volume containing fresh medium supplemented by 5% (v/v) FBS
and an opportune amount of the synthetized compounds. In particular, the synthetized
molecules were previously solubilized in dimethyl sulfoxide (DMSO) in order to obtain a
concentration equal to 20 mM, and then different dilutions (0.01–50 µM) were prepared
in fresh medium and added in each well for 48 h. In each experiment, the concentration
of DMSO never exceeded 0.25% (v/v) and cell treated simply with culture medium sup-
plemented with 0.25% (v/v) DMSO were used as control. After the treatment time, fresh
medium containing 0.5 mg/mL MTT reagent was added in each well, and then the plates
were again incubated for 3 h at 5% CO2 and 37 ◦C. The alive cells in the wells metabolize
MTT forming the formazan salt that is consequently dissolved in DMSO and spectrophoto-
metrically monitored at 570 nm using a microplate reader (GloMax® Multidetection Plate
Reader, Promega®). Since the absorbance read at 570 nm is directly proportional to the
number of living and metabolically active cells after the different treatments, the percentage
of growth (PG%) with respect to untreated cell control for each synthetized molecule was
calculated according to Equation (3) or Equation (4):

If (ODtest − ODtzero) ≥ 0, then (3)

If (ODtest − ODtzero) < 0, then (4)

where: ODtest is the average value related to the optical density measurements before
exposure of cells to the test extract; ODtzero is the average values related to the optical
density measurements after the desired period of time; ODctr is the average values related
to the optical density measurements after the desired period of time and with no exposure
of cells to treatment. The concentration necessary to inhibit the 50% cell growth (GI50) for
each synthetized compound was calculated using concentration—response curves and
linear regression analysis by fitting the test concentrations that give PG values above and
below the reference value. Each result is a mean value of five separate experiments.
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3.4. Spectroscopic Studies

G4 forming 20-mer sequence from c-MYC promoter (5′-GGGAGGGTGGGGAGGGTG
GG-3′) was purchased from IDT (Integrated DNA Technologies, Belgium) in HPLC purity
grade. The oligonucleotide was suspended in MilliQ water to yield a 100 µM stock solution.
Dilution to the desired concentration was performed using 50 mM Tris-HCl/100 mM KCl
buffer (pH 7.4). The G4 folding was obtained by heating the solutions up to 90 ◦C for 5 min
and then by slowly cooling down to room temperature overnight. Concentration of the
DNA sequence solutions was checked measuring their absorbance and using the extinction
coefficient provided by the manufacturer.

UV-vis spectra were collected on a Cary 100 double beam spectrophotometer, using
1 cm path-length quartz cuvettes. Titrations were carried out by adding increasing amounts
of c-MYC stock solution to a solution of compound 2 with constant concentration.

Circular dichroism spectra were recorded on a J-715 spectropolarimeter (Jasco), using
1 cm pathlength quartz cuvettes, at 25 ◦C with the following parameters: step resolution:
0.2 nm, speed: 200 nm min−1, accumulations: 4, response: 0.5 s, bandwidth: 1 nm.
Titrations were carried out by adding increasing amounts of 2 stock solution to a MYC
solution with constant concentration.

Stock solution of 2 was prepared in acetonitrile for both UV-Vis and CD experiments.
The final percentage of acetonitrile never exceeded 5% in the final solutions. Time interval
before each consecutive addition was of 5 min in both experiments.

3.5. FRET DNA Melting Assay

Föster resonance energy transfer (FRET) experiments were run on an Applied Biosystems®

QuantumStudio 5 Real-Time PCR thermocycler (Thermo Fisher Scientific, Waltham, MA,
USA) equipped with a FAM filter (λex = 492 nm; λem = 516 nm). The thermocycler was set
to perform a stepwise increase of 0.3 ◦C every 30 s, from 25 ◦C to 95 ◦C, and measurements
were acquired after each step.

The oligonucleotide was purchased from Eurogentec (Belgium) in HPLC purity grade.
The FRET probes used were 6-carboxyfluorescein (FAM) and 6-carboxytetramethylrhodamine
(TAMRA). The lyophilized fluorolabelled pu27-mer c-MYC, d[TGGGGAGGGTGGGGAGG
GTGGGGAAGG], (Tm = 66.20 ◦C), was firstly diluted in deionized water to obtain 100 µM
stock solutions. Stock solutions were diluted to a concentration of 400 nM in potassium
cacodylate buffer (10 mM, pH = 7.4), and then annealed to form G4 structures by heating
to 95 ◦C for 5 min, followed by cooling to room temperature overnight.

Experiments were carried out in triplicates in a 96-well plate with a total volume of
30 µL. The final concentration of the G4-oligonucleotide was set to 200 nM in potassium
cacodylate buffer (10 mM, pH = 7.4). Stock solutions of NDT 2 in acetonitrile (1 mM) were
freshly prepared prior to the experiments. The stock solutions were further diluted to a
final concentration of 1 µM (with a total percentage of acetonitirle of approx. 0.1%) in
potassium cacodylate buffer (10 mM, pH = 7.4) to achieve G4: 2 stoichiometry of 1: 5.

To compare different sets of data, FAM emission was normalized (0 to 1). Tm is
defined as the temperature at which the normalized emission is 0.5 and ∆Tm is defined
as the difference of Tm between treated samples and untreated controls. Independent
experiments were run in triplicate.

4. Conclusions

Computer-aided rational approaches allowed the identification of a new series of symmet-
rical planar heterocyclic compounds. The bifunctionalized naphtho[1,2-b:8,7-b’]dithiophene
derivatives own several pharmacophoric features recurrent in small molecules with a proved
stabilization effect on sequences able to fold in G-quadruplex arrangements. The com-
putational analysis of the interaction between the designed ligands and two G4 forming
sequences (h-Telo and c-MYC) highlighted an optimal stacking of the NDT scaffold on top
of the guanine tetrads with the formation of π-π interactions between the DNA bases and
the aromatic symmetrical core. The presence of two symmetrical side aromatic moieties
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fostered the binding of the complex with the G4 oligonucleotides. Both the amine groups
and the carboxamide functions establish H-bonds with the nitrogen atoms of the DNA
bases. Furthermore, bulky benzyl moieties reinforce the interactions with G4 grooves,
suggesting a selective activity towards G4 DNA, in spite of the intercalation within the
double-stranded DNA. The unexplored naphtho[1,2-b:8,7-b’]dithiophene derivatives, aris-
ing from the virtual screening, were successfully synthesized. In particular, the construction
of the NDT scaffold was carried out thought the applications of new selective synthetic
strategies.

To evaluate the antiproliferative effect of the synthesized compounds, in vitro cyto-
toxic assays were performed on HeLa cancer cell line. After treatment with NDT deriva-
tives, interesting values of GI50 in the low µM range (GI50 = 1.53 µM and GI50 = 1.77 µM
respectively for 2 and 4b) were measured.

Spectroscopic studies in solution (UV-Vis, CD, and FRET melting assays) using com-
pound 2 and the c-MYC promoter sequence as models of NDT and G4, respectively, were
performed to have a first glimpse of what kind of interaction between the synthesized
derivatives and G4 structures can subsists. Contrary to expectation, minor binding and a
scarce stabilization of the selected DNA structure was observed, at least in our experimental
settings. The encouraging antiproliferative effects and the favorable features as G4 binders
of these compounds so far demand for further investigations and interaction studies using
different G4s as well as different compounds at increasing concentrations.

In an attempt to improve the G4-biding properties of the naphtho[1,2-b:8,7-b’]dithiophene
compounds, coordination to metals like Ni(II) and Pt(II) are currently considered and will
be the subjects of new studies. This modification should result in an increased π-π inter-
actions with the G-quartets as those observed by using porphyrin scaffolds [51–54]. This
enhanced affinity towards the tetrads might very likely discourage any flanking bases
binding, accounting instead for an increased G4-stabilisation.

Supplementary Materials: The following are available online, S1: 1H NMR spectrum of ethyl ester
3,8-diamino-naphtho[1,2-b:8,7-b’]dithiophene-2,9-carboxilate 2, S2: 13C NMR spectrum of ethyl
ester 3,8-diamino-naphtho[1,2-b:8,7-b’]dithiophene-2,9-carboxilate 2, S3: 13C DEPT spectrum of
ethyl ester 3,8-diamino-naphtho[1,2-b:8,7-b’]dithiophene-2,9-carboxilate 2, S4: 1H NMR spectrum
of 3,8-diamino-naphtho[1,2-b:8,7-b’]dithiophene-2,9-dicarboxylic acid 3, S5: 13C NMR spectrum
of 3,8-diamino-naphtho[1,2-b:8,7-b’]dithiophene-2,9-dicarboxylic acid 3, S6: 1H NMR spectrum of
3,8-diamino-N2,N9-bis(4-methylbenzyl)naphtho[1,2-b:8,7-b’]dithiophene-2,9-dicarboxamide 4a, S7:
1H NMR spectrum of 3,8-diamino-N2,N9-bis(4-methoxybenzyl)naphtho[1,2-b:8,7-b’]dithiophene-2,9-
dicarboxamide 4b, S8: 1H NMR spectrum of diethyl 3,8-bis(4-methoxybenzamido)naphtho[1,2-b:8,7-
b’]dithiophene-2,9-dicarboxylate 5b, S9: 1H NMR spectrum of 3,8-bis(4-methoxybenzamido)naphtho
[1,2-b:8,7-b’]dithiophene-2,9-dicarboxylic acid 6b.

Author Contributions: Conceptualization, A.L. and A.M.; methodology, A.L., G.L.M., A.B., A.T.,
R.B., C.G., G.M. and A.M.; software, A.L.; validation, A.L., G.L.M., A.B., A.T., R.B., C.G., G.M. and
A.M.; formal analysis, A.M.; investigation, A.L., G.L.M., A.B., A.T., G.M., R.B. and A.M.; resources,
A.L., A.T., C.G., R.B. and A.M.; data curation A.L., G.L.M., A.B., A.T., G.M., R.B. and A.M.; writing—
original draft preparation, A.L., G.L.M., A.B., A.T., G.M., R.B. and A.M.; writing—review and editing,
A.L., G.L.M., A.B., A.T., R.B., C.G., G.M., A.M.A., G.B. and A.M.; supervision, A.L. and A.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was in part funded by PJ_RIC_FFABR_2017_161161 Grant—University
of Palermo and by the European Union 2014–2020 PON Ricerca e Innovazione grant from the
Italian Ministry of Education, University and Research, entitled “PROGEMA—Processi Green per
l’Estrazione di Principi Attivi e la Depurazione di Matrici di Scarto e Non” (ARS01_00432).

Data Availability Statement: The data used to the findings of this study are included within the
article and the Supporting Information file.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2021, 26, 4309 16 of 18

Abbreviations

G-quadruplex (G4); Naphtho[1,2-b:8,7-b’]dithiophene (NDT); Protein Data Bank (PDB); In-
duced Fit Docking (IFD); Glide High Through-put Virtual Screening (HTVS); Glide Standard Preci-
sion (SP); Glide Extra Precision (XP); N-chlorosuccinimide (NCS); (2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU); Circular Dichroism (CD); Förster Resonance
Energy Transfer (FRET).

References
1. Varshney, D.; Spiegel, J.; Zyner, K.; Tannahill, D.; Balasubramanian, S. The regulation and functions of DNA and RNA G-

quadruplexes. Nat. Rev. Mol. Cell Biol. 2020, 21, 459–474. [CrossRef]
2. Neidle, S. Quadruplex nucleic acids as targets for anticancer therapeutics. Nat. Rev. Chem. 2017, 1, 41. [CrossRef]
3. Asamitsu, S.; Obata, S.; Yu, Z.; Bando, T.; Sugiyama, H. Recent Progress of Targeted G-Quadruplex-Preferred Ligands toward

Cancer Therapy. Molecules 2019, 24, 429. [CrossRef] [PubMed]
4. Lauria, A.; Terenzi, A.; Bartolotta, R.; Bonsignore, R.; Perricone, U.; Tutone, M.; Martorana, A.; Barone, G.; Almerico, A.M.

Does ligand symmetry play a role in the stabilization of DNA G-quadruplex host-guest complexes? Curr. Med. Chem. 2014, 21,
2665–2690. [CrossRef]

5. Spiegel, J.; Adhikari, S.; Balasubramanian, S. The Structure and Function of DNA G-Quadruplexes. Trends Chem. 2020, 2, 123–136.
[CrossRef] [PubMed]

6. Chen, J.; Hickey, B.L.; Wang, L.; Lee, J.; Gill, A.D.; Favero, A.; Pinalli, R.; Dalcanale, E.; Hooley, R.J.; Zhong, W. Selective
discrimination and classification of G-quadruplex structures with a host-guest sensing array. Nat. Chem. 2021, 13, 488–495.
[CrossRef]

7. Awadasseid, A.; Ma, X.; Wu, Y.; Zhang, W. G-quadruplex stabilization via small-molecules as a potential anti-cancer strategy.
Biomed. Pharm. 2021, 139, 111550. [CrossRef] [PubMed]

8. Ducani, C.; Bernardinelli, G.; Högberg, B.; Keppler, B.K.; Terenzi, A. Interplay of Three G-Quadruplex Units in the KIT Promoter.
J. Am. Chem. Soc. 2019, 141, 10205–10213. [CrossRef] [PubMed]

9. Ma, D.L.; Wang, M.; Lin, S.; Han, Q.B.; Leung, C.H. Recent Development of G-Quadruplex Probes for Cellular Imaging. Curr. Top.
Med. Chem. 2015, 15, 1957–1963. [CrossRef]

10. Francisco, A.P.; Paulo, A. Oncogene Expression Modulation in Cancer Cell Lines by DNA G-Quadruplex-Interactive Small
Molecules. Curr. Med. Chem. 2017, 24, 4873–4904. [CrossRef]

11. Wei, D.; Todd, A.K.; Zloh, M.; Gunaratnam, M.; Parkinson, G.N.; Neidle, S. Crystal structure of a promoter sequence in the B-raf
gene reveals an intertwined dimer quadruplex. J. Am. Chem. Soc. 2013, 135, 19319–19329. [CrossRef] [PubMed]

12. Cheng, Y.; Tang, Q.; Li, Y.; Zhang, Y.; Zhao, C.; Yan, J.; You, H. Folding/unfolding kinetics of G-quadruplexes upstream of the P1
promoter of the human. J. Biol. Chem. 2019, 294, 5890–5895. [CrossRef]

13. Wang, F.; Wang, C.; Liu, Y.; Lan, W.; Han, H.; Wang, R.; Huang, S.; Cao, C. Colchicine selective interaction with oncogene RET
G-quadruplex revealed by NMR. Chem. Commun. 2020, 56, 2099–2102. [CrossRef] [PubMed]

14. Ohnmacht, S.A.; Neidle, S. Small-molecule quadruplex-targeted drug discovery. Bioorg. Med. Chem. Lett. 2014, 24, 2602–2612.
[CrossRef] [PubMed]

15. Bonsignore, R.; Russo, F.; Terenzi, A.; Spinello, A.; Lauria, A.; Gennaro, G.; Almerico, A.M.; Keppler, B.K.; Barone, G. The
interaction of Schiff Base complexes of nickel(II) and zinc(II) with duplex and G-quadruplex DNA. J. Inorg. Biochem. 2018, 178,
106–114. [CrossRef] [PubMed]

16. Müller, S.; Sanders, D.A.; Di Antonio, M.; Matsis, S.; Riou, J.F.; Rodriguez, R.; Balasubramanian, S. Pyridostatin analogues
promote telomere dysfunction and long-term growth inhibition in human cancer cells. Org. Biomol. Chem. 2012, 10, 6537–6546.
[CrossRef] [PubMed]

17. Feng, Y.; Yang, D.; Chen, H.; Cheng, W.; Wang, L.; Sun, H.; Tang, Y. Stabilization of G-quadruplex DNA and inhibition of Bcl-2
expression by a pyridostatin analog. Bioorg. Med. Chem. Lett. 2016, 26, 1660–1663. [CrossRef]

18. Fedoroff, O.Y.; Salazar, M.; Han, H.; Chemeris, V.V.; Kerwin, S.M.; Hurley, L.H. NMR-Based model of a telomerase-inhibiting
compound bound to G-quadruplex DNA. Biochemistry 1998, 37, 12367–12374. [CrossRef]

19. Zhang, S.; Wu, Y.; Zhang, W. G-quadruplex structures and their interaction diversity with ligands. ChemMedChem 2014, 9, 899–911.
[CrossRef]

20. Sun, Z.Y.; Wang, X.N.; Cheng, S.Q.; Su, X.X.; Ou, T.M. Developing Novel G-Quadruplex Ligands: From Interaction with Nucleic
Acids to Interfering with Nucleic Acid-Protein Interaction. Molecules 2019, 24, 396. [CrossRef]

21. Burger, A.M.; Dai, F.; Schultes, C.M.; Reszka, A.P.; Moore, M.J.; Double, J.A.; Neidle, S. The G-quadruplex-interactive molecule
BRACO-19 inhibits tumor growth, consistent with telomere targeting and interference with telomerase function. Cancer Res. 2005,
65, 1489–1496. [CrossRef]

22. Farine, G.; Migliore, C.; Terenzi, A.; Lo Celso, F.; Santoro, A.; Bruno, G.; Bonsignore, R.; Barone, G. On the G-Quadruplex Binding
of a New Class of Nickel(II), Copper(II), and Zinc(II) Salphen-Like Complexes. Eur. J. Inorg. Chem. 2021, 2021, 1332–1336.
[CrossRef]

http://doi.org/10.1038/s41580-020-0236-x
http://doi.org/10.1038/s41570-017-0041
http://doi.org/10.3390/molecules24030429
http://www.ncbi.nlm.nih.gov/pubmed/30682877
http://doi.org/10.2174/0929867321666140217155156
http://doi.org/10.1016/j.trechm.2019.07.002
http://www.ncbi.nlm.nih.gov/pubmed/32923997
http://doi.org/10.1038/s41557-021-00647-9
http://doi.org/10.1016/j.biopha.2021.111550
http://www.ncbi.nlm.nih.gov/pubmed/33831835
http://doi.org/10.1021/jacs.8b12753
http://www.ncbi.nlm.nih.gov/pubmed/31244182
http://doi.org/10.2174/1568026615666150515150106
http://doi.org/10.2174/0929867323666160829145055
http://doi.org/10.1021/ja4101358
http://www.ncbi.nlm.nih.gov/pubmed/24295054
http://doi.org/10.1074/jbc.RA119.007516
http://doi.org/10.1039/D0CC00221F
http://www.ncbi.nlm.nih.gov/pubmed/32025680
http://doi.org/10.1016/j.bmcl.2014.04.029
http://www.ncbi.nlm.nih.gov/pubmed/24814531
http://doi.org/10.1016/j.jinorgbio.2017.10.010
http://www.ncbi.nlm.nih.gov/pubmed/29128495
http://doi.org/10.1039/c2ob25830g
http://www.ncbi.nlm.nih.gov/pubmed/22790277
http://doi.org/10.1016/j.bmcl.2016.02.065
http://doi.org/10.1021/bi981330n
http://doi.org/10.1002/cmdc.201300566
http://doi.org/10.3390/molecules24030396
http://doi.org/10.1158/0008-5472.CAN-04-2910
http://doi.org/10.1002/ejic.202100067


Molecules 2021, 26, 4309 17 of 18

23. Bonsignore, R.; Terenzi, A.; Spinello, A.; Martorana, A.; Lauria, A.; Almerico, A.M.; Keppler, B.K.; Barone, G. G-quadruplex vs.
duplex-DNA binding of nickel(II) and zinc(II) Schiff base complexes. J. Inorg. Biochem. 2016, 161, 115–121. [CrossRef] [PubMed]

24. Domarco, O.; Kieler, C.; Pirker, C.; Dinhof, C.; Englinger, B.; Reisecker, J.M.; Timelthaler, G.; García, M.D.; Peinador, C.; Keppler,
B.K.; et al. Subcellular Duplex DNA and G-Quadruplex Interaction Profiling of a Hexagonal Pt. Angew. Chem. Int. Ed. Engl. 2019,
58, 8007–8012. [CrossRef] [PubMed]

25. Lauria, A.; Abbate, I.; Gentile, C.; Angileri, F.; Martorana, A.; Almerico, A.M. Synthesis and biological activities of a new class of
heat shock protein 90 inhibitors, designed by energy-based pharmacophore virtual screening. J. Med. Chem. 2013, 56, 3424–3428.
[CrossRef] [PubMed]

26. Lauria, A.; Alfio, A.; Bonsignore, R.; Gentile, C.; Martorana, A.; Gennaro, G.; Barone, G.; Terenzi, A.; Almerico, A.M. New
benzothieno[3,2-d]-1,2,3-triazines with antiproliferative activity: Synthesis, spectroscopic studies, and biological activity. Bioorg.
Med. Chem. Lett. 2014, 24, 3291–3297. [CrossRef]

27. Lauria, A.; Patella, C.; Abbate, I.; Martorana, A.; Almerico, A.M. An unexpected Dimroth rearrangement leading to annelated
thieno[3,2-d][1,2,3]triazolo[1,5-a]pyrimidines with potent antitumor activity. Eur. J. Med. Chem. 2013, 65, 381–388. [CrossRef]

28. Martorana, A.; Pace, A.; Buscemi, S.; Palumbo Piccionello, A. Synthesis of tetrasubstituted 4,4′-biimidazoles. Org. Lett. 2012, 14,
3240–3243. [CrossRef]

29. Rangan, A.; Fedoroff, O.Y.; Hurley, L.H. Induction of duplex to G-quadruplex transition in the c-myc promoter region by a small
molecule. J. Biol. Chem. 2001, 276, 4640–4646. [CrossRef]

30. Taka, T.; Huang, L.; Wongnoppavich, A.; Tam-Chang, S.W.; Lee, T.R.; Tuntiwechapikul, W. Telomere shortening and cell
senescence induced by perylene derivatives in A549 human lung cancer cells. Bioorg. Med. Chem. 2013, 21, 883–890. [CrossRef]

31. Gabelica, V.; Baker, E.S.; Teulade-Fichou, M.P.; De Pauw, E.; Bowers, M.T. Stabilization and structure of telomeric and c-myc
region intramolecular G-quadruplexes: The role of central cations and small planar ligands. J. Am. Chem. Soc. 2007, 129, 895–904.
[CrossRef]

32. Schrödinger Release 2021–2, LigPrep; Schrödinger, LLC: New York, NY, USA, 2021.
33. Banks, J.L.; Beard, H.S.; Cao, Y.; Cho, A.E.; Damm, W.; Farid, R.; Felts, A.K.; Halgren, T.A.; Mainz, D.T.; Maple, J.R.; et al.

Integrated Modeling Program, Applied Chemical Theory (IMPACT). J. Comput. Chem. 2005, 26, 1752–1780. [CrossRef]
34. Campbell, N.H.; Parkinson, G.N.; Reszka, A.P.; Neidle, S. Structural basis of DNA quadruplex recognition by an acridine drug. J.

Am. Chem. Soc. 2008, 130, 6722–6724. [CrossRef]
35. Calabrese, D.R.; Chen, X.; Leon, E.C.; Gaikwad, S.M.; Phyo, Z.; Hewitt, W.M.; Alden, S.; Hilimire, T.A.; He, F.; Michalowski, A.M.;

et al. Chemical and structural studies provide a mechanistic basis for recognition of the MYC G-quadruplex. Nat. Commun. 2018,
9, 4229. [CrossRef] [PubMed]

36. Burley, S.K.; Berman, H.M.; Bhikadiya, C.; Bi, C.; Chen, L.; Di Costanzo, L.; Christie, C.; Dalenberg, K.; Duarte, J.M.; Dutta, S.;
et al. RCSB Protein Data Bank: Biological macromolecular structures enabling research and education in fundamental biology,
biomedicine, biotechnology and energy. Nucleic Acids Res. 2019, 47, D464–D474. [CrossRef] [PubMed]

37. Burley, S.K.; Bhikadiya, C.; Bi, C.; Bittrich, S.; Chen, L.; Crichlow, G.V.; Christie, C.H.; Dalenberg, K.; Di Costanzo, L.; Duarte,
J.M.; et al. RCSB Protein Data Bank: Powerful new tools for exploring 3D structures of biological macromolecules for basic and
applied research and education in fundamental biology, biomedicine, biotechnology, bioengineering and energy sciences. Nucleic
Acids Res. 2021, 49, D437–D451. [CrossRef]

38. Sastry, G.M.; Adzhigirey, M.; Day, T.; Annabhimoju, R.; Sherman, W. Protein and ligand preparation: Parameters, protocols, and
influence on virtual screening enrichments. J. Comput. Aided Mol. Des. 2013, 27, 221–234. [CrossRef]

39. Schrödinger Release 2021-2: Protein Preparation Wizard; Epik, Schrödinger, LLC: New York, NY, USA; Impact, Schrödinger, LLC:
New York, NY, USA; Prime, Schrödinger, LLC: New York, NY, USA, 2021.

40. Friesner, R.A.; Banks, J.L.; Murphy, R.B.; Halgren, T.A.; Klicic, J.J.; Mainz, D.T.; Repasky, M.P.; Knoll, E.H.; Shelley, M.; Perry, J.K.;
et al. Glide: A new approach for rapid, accurate docking and scoring. 1. Method and assessment of docking accuracy. J. Med.
Chem. 2004, 47, 1739–1749. [CrossRef] [PubMed]

41. Friesner, R.A.; Murphy, R.B.; Repasky, M.P.; Frye, L.L.; Greenwood, J.R.; Halgren, T.A.; Sanschagrin, P.C.; Mainz, D.T. Extra
precision glide: Docking and scoring incorporating a model of hydrophobic enclosure for protein-ligand complexes. J. Med. Chem.
2006, 49, 6177–6196. [CrossRef]

42. Halgren, T.A.; Murphy, R.B.; Friesner, R.A.; Beard, H.S.; Frye, L.L.; Pollard, W.T.; Banks, J.L. Glide: A new approach for rapid,
accurate docking and scoring. 2. Enrichment factors in database screening. J. Med. Chem. 2004, 47, 1750–1759. [CrossRef]

43. Sherman, W.; Beard, H.S.; Farid, R. Use of an induced fit receptor structure in virtual screening. Chem. Biol. Drug Des. 2006, 67,
83–84. [CrossRef]

44. Sherman, W.; Day, T.; Jacobson, M.P.; Friesner, R.A.; Farid, R. Novel procedure for modeling ligand/receptor induced fit effects. J.
Med. Chem. 2006, 49, 534–553. [CrossRef] [PubMed]

45. Schrödinger Release 2021-2: BioLuminate; Schrödinger, LLC: New York, NY, USA, 2021.
46. Zhong, H.; Tran, L.M.; Stang, J.L. Induced-fit docking studies of the active and inactive states of protein tyrosine kinases. J. Mol.

Graph. Model. 2009, 28, 336–346. [CrossRef] [PubMed]
47. Wang, H.; Aslanian, R.; Madison, V.S. Induced-fit docking of mometasone furoate and further evidence for glucocorticoid receptor

17alpha pocket flexibility. J. Mol. Graph. Model. 2008, 27, 512–521. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jinorgbio.2016.05.010
http://www.ncbi.nlm.nih.gov/pubmed/27230387
http://doi.org/10.1002/anie.201900934
http://www.ncbi.nlm.nih.gov/pubmed/31002438
http://doi.org/10.1021/jm4002023
http://www.ncbi.nlm.nih.gov/pubmed/23520985
http://doi.org/10.1016/j.bmcl.2014.06.007
http://doi.org/10.1016/j.ejmech.2013.05.012
http://doi.org/10.1021/ol3013414
http://doi.org/10.1074/jbc.M005962200
http://doi.org/10.1016/j.bmc.2012.12.020
http://doi.org/10.1021/ja065989p
http://doi.org/10.1002/jcc.20292
http://doi.org/10.1021/ja8016973
http://doi.org/10.1038/s41467-018-06315-w
http://www.ncbi.nlm.nih.gov/pubmed/30315240
http://doi.org/10.1093/nar/gky1004
http://www.ncbi.nlm.nih.gov/pubmed/30357411
http://doi.org/10.1093/nar/gkaa1038
http://doi.org/10.1007/s10822-013-9644-8
http://doi.org/10.1021/jm0306430
http://www.ncbi.nlm.nih.gov/pubmed/15027865
http://doi.org/10.1021/jm051256o
http://doi.org/10.1021/jm030644s
http://doi.org/10.1111/j.1747-0285.2005.00327.x
http://doi.org/10.1021/jm050540c
http://www.ncbi.nlm.nih.gov/pubmed/16420040
http://doi.org/10.1016/j.jmgm.2009.08.012
http://www.ncbi.nlm.nih.gov/pubmed/19767223
http://doi.org/10.1016/j.jmgm.2008.09.002
http://www.ncbi.nlm.nih.gov/pubmed/18986818


Molecules 2021, 26, 4309 18 of 18

48. Jacobson, M.P.; Friesner, R.A.; Xiang, Z.; Honig, B. On the role of the crystal environment in determining protein side-chain
conformations. J. Mol. Biol. 2002, 320, 597–608. [CrossRef]

49. Jacobson, M.P.; Pincus, D.L.; Rapp, C.S.; Day, T.J.; Honig, B.; Shaw, D.E.; Friesner, R.A. A hierarchical approach to all-atom protein
loop prediction. Proteins 2004, 55, 351–367. [CrossRef]

50. Mannino, G.; Gentile, C.; Porcu, A.; Agliassa, C.; Caradonna, F.; Bertea, C.M. Chemical Profile and Biological Activity of
Cherimoya (Annona cherimola Mill.) and Atemoya (Annona atemoya) Leaves. Molecules 2020, 25, 2612. [CrossRef]

51. Pipier, A.; De Rache, A.; Modeste, C.; Amrane, S.; Mothes-Martin, E.; Stigliani, J.L.; Calsou, P.; Mergny, J.L.; Pratviel, G.; Gomez,
D. G-Quadruplex binding optimization by gold(iii) insertion into the center of a porphyrin. Dalton Trans. 2019, 48, 6091–6099.
[CrossRef]

52. Izbicka, E.; Wheelhouse, R.T.; Raymond, E.; Davidson, K.K.; Lawrence, R.A.; Sun, D.; Windle, B.E.; Hurley, L.H.; Von Hoff, D.D.
Effects of cationic porphyrins as G-quadruplex interactive agents in human tumor cells. Cancer Res. 1999, 59, 639–644.

53. Shi, D.F.; Wheelhouse, R.T.; Sun, D.; Hurley, L.H. Quadruplex-interactive agents as telomerase inhibitors: Synthesis of porphyrins
and structure-activity relationship for the inhibition of telomerase. J. Med. Chem. 2001, 44, 4509–4523. [CrossRef]

54. Dixon, I.M.; Lopez, F.; Tejera, A.M.; Estève, J.P.; Blasco, M.A.; Pratviel, G.; Meunier, B. A G-quadruplex ligand with 10000-fold
selectivity over duplex DNA. J. Am. Chem. Soc. 2007, 129, 1502–1503. [CrossRef] [PubMed]

http://doi.org/10.1016/S0022-2836(02)00470-9
http://doi.org/10.1002/prot.10613
http://doi.org/10.3390/molecules25112612
http://doi.org/10.1039/C8DT04703K
http://doi.org/10.1021/jm010246u
http://doi.org/10.1021/ja065591t
http://www.ncbi.nlm.nih.gov/pubmed/17283987

	Introduction 
	Results and Discussion 
	Computational Studies 
	Chemistry 
	Biological Activity 
	Spectroscopic Studies in Solution 

	Materials and Methods 
	Computational Structure-Based Studies Experimental 
	Ligand Preparation 
	Macromolecules Preparation 
	Docking Validation 
	Induced Fit Docking 

	Chemistry 
	General Information 
	Experimental Procedures and Product Characterization 

	Biology 
	Cell Culture 
	Antiproliferative Activity 

	Spectroscopic Studies 
	FRET DNA Melting Assay 

	Conclusions 
	References

