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G-quadruplexes are non-canonical DNA secondary structures putatively present in the promoter regions
of oncogenes in the human genome. The targeting of promoter G-quadruplex structures to repress
oncogene transcription represents a potential anticancer strategy. Here, we have used high-throughput
virtual screening to identify FDA-approved drug methylene blue (MB) as a promising scaffold for binding
the c-myc oncogene G-quadruplex DNA. Based on molecular docking analysis of MB to the c-myc
G-quadruplex, we designed and screened 50 MB derivatives containing side chains that could interact
with the G-quadruplex grooves. As a proof-of-concept, the highest-scoring compounds were synthesized
and the interactions with the c-myc G-quadruplex were investigated using the FID assay. The results
showed that the methylene blue derivatives 6a—c were able to bind to the c-myc G-quadruplex with
greater binding affinity compared to the known G-quadruplex binding ligand, crystal violet. The activity
of the most potent compound identified from the FID assay, 6b, as an inhibitor for polymerase-drive DNA
extension was examined using a PCR-stop assay and compared against that of the parent compound
methylene blue. The results of the PCR-stop assay showed that the addition of the side chain improved
the activity of the derivatives as an inhibitor compared to the parent compound. The MB derivative 6b
was shown to be highly selective towards c-myc G-quadruplex over double-stranded DNA and other
biologically relevant G-quadruplexes using UV—visible spectroscopy and mass spectrometry, respec-
tively. The MB derivative 6b could induce or stabilize c-myc G-quadruplex formation in both cell-free and
cellular biological models, and displayed higher cytoxicity against human hepatocarcinoma cells
compared to the parent compound, MB.
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1. Introduction of cancers [3]. Small molecules that can stabilize the G-quadruplex

secondary structure could act as chemotherapeutic agents by

G-quadruplexes are DNA secondary structures formed from
planar arrangements of four guanines stabilized by Hoogsteen
hydrogen bonding and monovalent cations [1]. G-quadruplexes
have received much attention recently due to their putative exis-
tence in telomeres and in the promoter regions of oncogenes such
as c-myc [2]. These non-canonical DNA secondary structures have
emerged as a potentially new avenue for therapeutic intervention
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inhibiting telomerase activity or by blocking oncogene transcrip-
tion [3]. Quarfloxin (CX-3543), a first-in-class G-quadruplex-
binding chemotherapeutic drug that has entered Phase II clinical
trials for chronic lymphocytic leukaemia, is believed to exert its
potent antitumour effects through disruption of the nucleolin/
rDNA G-quadruplex complex in the nucleolus, arresting ribosomal
RNA biogenesis [4].

The c-myc gene encodes a transcription factor that is understood
to regulate 15% of all gene expression, including those involved in
cell growth and apoptosis, and the overexpression of c-myc has
been implicated in the tumourigenesis of malignant cancers [5].
The nuclease hypersensitivity element IlI; (NHE III;) is a guanine-
rich 27 base-pair sequence located upstream of the c-myc P1
promoter, and controls 80—90% of c-myc transcription [6]. Several
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small molecule ligands have been reported to stabilize the c-myc
NHE III; G-quadruplex and inhibit c-myc oncogene transcription,
including cationic porphyrins [7], quindoline derivatives [8] and
platinum complexes [9]. We have recently identified a natural
product-based c-myc G-quadruplex binder using high-throughput
virtual screening [10a].

Pharmaceutical discovery and development is a highly difficult
and expensive process. Repurposing is an attractive strategy
whereby existing drugs are redeveloped for new uses [11]. With
known pharmacokinetic and toxicological profiles, such drugs can
enter Phase II clinical trials rapidly, allowing a 40% reduction in the
overall cost due to the bypassing of preliminary assessments [12].
Furthermore, existing drugs tend to have more favourable
absorption, delivery, metabolism and excretion (ADME) profiles.
Consequently, marketed drugs can be considered to represent
privileged scaffolds for the development of new therapeutics.

Structure-based design has emerged as a powerful tool in drug
design and discovery, complementing existing combinatorial and
high-throughput techniques [13]. By identifying potent small
molecule binders in silico, the number of compounds to be tested in
vitro can be vastly reduced. Abagyan and co-workers have identi-
fied nonsteroidal antiandrogens from a library of marketed oral
drugs using high-throughput virtual screening [14]. Encouraged by
these ideas, we set out to apply high-throughput virtual screening
methods to identify interesting molecular scaffolds from existing
drugs that could be developed as effective G-quadruplex binders.
From the virtual screening results, we identified methylene blue
(MB) as a promising candidate for further structure-based lead
optimization (Fig. 1). MB contains a positively charged, aromatic
scaffold suitable for G-quadruplex end-stacking. Functional groups
can be attached to the parent MB scaffold to interact with the
G-quadruplex grooves, increasing the binding affinity of the MB
derivatives to the G-quadruplex. We report herein our structure-
based lead optimization of FDA-approved drug MB as a c-myc
G-quadruplex binding ligand. Using a unique c-myc NHE Il
G-quadruplex model developed by our group, we designed and
screened 50 MB derivatives containing various side chains for
c-myc G-quadruplex binding ability. As a proof-of-concept of our
approach, we synthesized the highest-scoring MB derivatives 6a—c
containing 4-bromophenyl moieties linked by short alkyl chains
(Fig. 1). These analogues displayed improved c-myc G-quadruplex
binding ability and selectivity profiles compared to the parent
compound (MB), as demonstrated through spectroscopic experi-
ments and in vitro biological assays.

2. Materials and methods
2.1. Materials

Calf thymus DNA (ct DNA) was purchased from Sigma Chemical
Co. Ltd. and purified according to literature methodology [15a]. The

Br

Methylene Blue (MB)

DNA per base-pair concentration was determined by UV—Vis
absorption spectroscopy using the following molar extinction coef-
ficient at the indicated wavelength: calf thymus DNA,
&0 = 13200 cm~! M~! (base-pair) [15b]. DNA oligomers were
obtained from Tech Dragon Limited (Hong Kong). The sequence for
oligomer Pu27 is [ 5-TGGGGAGGGTGGGGAGGGTGGGGAAGG-3']. The
intramolecular c-myc G-quadruplex structure was prepared by
incubating Pu27 in Tris/KCl buffer, which was heated to 95 °C for
10 min and cooled to room temperature overnight. The expected
G-quadruplex secondary DNA structure was confirmed by a positive
CD peak at 262 nm and a negative CD peak at ca. 240 nm. Unless
otherwise stated, spectroscopic titration experiments were per-
formed in 10 mM Tris/HCl (pH 7.5) containing 10 mM KCI. Stock
solutions of 6a—c (10 mM) were made in dimethyl sulfoxide (DMSO).
Further dilutions to working concentrations were prepared with
double-distilled water. Tag DNA polymerase was purchased from
QIAGEN (Valencia, CA, USA). Del 4 plasmid harbouring a 22-bp c-myc
P1 promoter G-quadruplex forming sequence [5'-GGGGAGGGTG
GGGAGGGTGGGG-3'] upstream of the luciferase reporter gene was
obtained from Addgene (Cambridge, MA, USA). G4-mutant plasmid
GM2 was kindly provided by Prof. Chowdhury (Proteomics and
Structural Biology Unit, Institute of Genomics and Integrative Biology,
CSIR, Delhi, India). Lipofectamine 2000 was obtained from Invitrogen.
Passive Lysis Buffer and Luciferase Reporter Assay System were
obtained from Promega (Madison, WI, USA). Methylene blue
was obtained from Merck (Darmstadt, Germany). All other chemicals
were obtained from Sigma—Aldrich (St. Louis, MO, USA).

2.2. Fluorescence intercalator displacement (FID) assay

The oligonucleotide Pu27 prior to use in the FID assay was
annealed in a 10 mM TRIS buffer solution (pH 7.4, 100 mM KCl) by
incubating at 95 °C for 10 min and cooled to room temperature
gradually (0.1 °Cs~1). To a solution of the annealed Pu27 (0.25 pM)
and thiazole orange (0.5 uM, TO) in 20 mM TRIS buffer (pH 7.4,
100 mM KCl), an increasing amount of the appropriate methylene
blue derivative was added and the emission spectrum was
measured between 510 and 750 nm with an excitation wavelength
of 501 nm using a PTI QM4 spectrometer. The area under the curve
was determined using Graphpad Prism 5.0 which was then used to
calculate the percentage of TO displacement using the following
equation (1) [16]:

%TO displacement = 100 — [(fluorescence area of sample/
fluorescence area of standard) x 100] (1)

where the fluorescence area of standard is defined as the area
under the curve for an emission spectrum measured in the absence
of methylene blue derivative. The DCs¢ value was estimated by
taking the first concentration after which the percentage
displacement of TO is greater than or equal to 50%.
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Fig. 1. The chemical structures of methylene blue (MB) and MB derivatives 6a—c.
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2.3. Absorption titration

Absorption spectra were recorded on a Perkin—Elmer Lambda
19 UV—Visible spectrophotometer. A solution of 6b or MB (10 uM)
was prepared in Tris/HCl buffer (10 mM, pH 7.4) containing 10 mM
KCl, and aliquots of a millimolar stock solution of Pu27 in Tris/KCl
buffer were added. Absorption spectra were recorded in the spec-
tral range A = 200—600 nm after equilibration at 20.0 °C for 10 min.
The intrinsic binding constant, K, was determined from a plot of D/
Ae,p vs D according to equation (2) [17]:

D/Aeap = D/Ae +1/(Ae x K) 2)

where D is the concentration of DNA, Aep = |ea — ¢f|,
ea = Agpslligand], and Ae = |eg — ¢¢|; ep and ep correspond to the
extinction coefficients of DNA—ligand adduct and unbound ligand,
respectively. Similar absorption titration experiments were per-
formed using ct DNA.

2.4. PCR-stop assay

The PCR-stop assay was performed by using a modified protocol
of the previously reported method [8]. The reactions (40 pL) were
performed in 1x PCR buffer, containing each pair of oligomers
(10 mM), deoxynucleotide triphosphate (0.16 mM), Taq polymerase
(2.5 U), and increasing concentrations of the compound
(0—250 pM). The reaction mixtures were incubated in a thermo-
cycler under the following cycling conditions: 94 °C for 3 min fol-
lowed by 30 cycles at 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s.
The amplified products were resolved on 1.3% agarose gel and
visualized by ethidium bromide staining.

2.5. Selectivity experiments using mass spectrometry

Stock solutions of all oligonucleotides (500 M) were prepared
in ammonium acetate buffer (pH 7.6, 500 mM), stock solution of 6b
(400 uM) was prepared in methanol. A solution (100 pL) of the
appropriate oligonucleotide (100 pM, final concentration) and 6b
(200 puM, final concentration) was prepared in 100 mM ammonium
acetate buffer containing 50% methanol and left to stand at room
temperature for 1 h and injected directly into the ESI-TOF-MS. The
injection rate was 3 pL min~’. Each sample of DNA—6b complex
solution was made in duplicate. ESI-TOF-MS experiments were
conducted in the negative-ion mode with a Bruker micrOTOFQ
mass spectrometer. All oligonucleotides were purchased from
Invitrogen. The capillary voltage was set at +3500 V, and the dry N>
gas flow was 4.0 L min~! at 100 °C. Data were analyzed by the
software Bruker Daltonics Data Analysis.

The oligonucleotide sequences used in the mass spectrometry
experiments are shown below:

(i) c-myc: 5-TGGGGAGGGTGGGGAGGGTGGGGAAGG-3'
(ii) c-kit 1: 5'-AGAGGGAGGGCGCTGGGAGGAGGGGCT-3’
(iii) c-kit 2: 5'-CCCGGGCGGGCGCGAGGGAGGGGAGGT-3’
(iv) truncated bcl-2: 5'-CGGGCGCGGGAGGAAGGGGGCGGGAGC-3’

2.6. Transfection and luciferase assay

Exponentially growing HepG2 cells cultured in DMEM media
supplemented with 10% FBS were seeded in a 24-well plate on Day
1. Del 4 or G4-mutant plasmid GM2 (1 ug) was transfected into the
HegG2 cells growing at 75% confluency using Lipofectamine 2000
as per manufacturer’s protocol. After 5 h of transfection, the cells
were washed 1x with PBS and fresh media was added into each
well. The cells were incubated with 6b or MB (0—12.5 uM) for 24 h.

The cells were lysed with 1x Passive Lysis Reagent buffer with
continuous pipetting at room temperature for 30 min. The
homogenate was centrifuged for 2 min at 10,000 g. The supernatant
was used for protein estimation by Bicinchoninic Acid (BCA)
method. Luciferase assay was performed for three biological
replicates and luciferase activity was normalized by total protein
concentration.

2.7. Cytotoxicity test (MTT assay)

Hela cells were seeded in a 96-well flat-bottomed microplate at
8000 cells/well in growth medium solution (100 pL; FBS (10%),
L-glutamine (1%), and Penicillin streptomycin (1%) in MEM). Serial
dilutions of compounds 6a or MB were added to each well. The
microplate was incubated at 37 °C in CO/air (95:5) in a humidified
incubator for 24 h. After incubation, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrasodium bromide (MTT) (10 pL, 5 mgmL™') was
added to each well. The microplate was reincubated at 37 °C in 5%
CO, for 4 h. Solubilization solution (100 pL; sodium dodecyl
sulphate (10%), 10 mM HCl) was added to each well. The microplate
was left in an incubator for 24 h. The absorbance at A = 570 nm was
measured by a microplate reader. The IC5q values of the compounds
were determined by the dose dependence of the surviving cells
after exposure to the compounds for 24 h.

2.8. Synthesis

Compounds 2 [18] and 4b—c [19] were synthesized according to
literature procedures and the purity was confirmed by comparison
with literature spectroscopic data. The amines 5b—c were synthe-
sized according to a general procedure and the purity of 5b
confirmed by comparison with literature spectroscopic data [20].
Compounds 1, 3b—c and 5a were purchased from Sigma—Aldrich
and used as received.

2.8.1. General procedure for 5b—c

The appropriate iodide 5 (5 mmol) and aq. methylamine (40%,
60 mL) were stirred in THF at room temperature for 3 h. The
volatiles were removed under reduced pressure. Then water
(100 mL) was added, and the solution was acidified to pH 2 using
5 M HCL. The solution was washed with ether (2 x 100 mL) and the
aqueous layer was basified to pH 12 using 10 M NaOH. The solution
was extracted with ether (2 x 100 mL), and the organic layers were
combined, dried (MgSO4) and evaporated to give 6a as a pale yellow
oil (1.03 g, 4.8 mmol, 90%).

2.8.2. N-Methyl-2-(4-Bromophenyl)ethylamine (5b)

Yellow oil (1.03 g, 90%). 'H NMR (300 MHz, CDCl3): 6 7.42
(d,J = 8.3 Hz, 2H), 7.08 (d, ] = 8.3 Hz, 2H), 2.85—2.72 (m, 4H), 2.43
(s, 3H), 1.25 (bs, TH).

2.8.3. N-Methyl-2-(4-Bromophenyl)propylamine (5c)

Yellow oil (0.83 g, 89%). '"H NMR (300 MHz, CDCl3): ¢ 7.39
(d,J = 8.3 Hz, 2H), 7.06 (d, ] = 8.3 Hz, 2H), 2.64—2.56 (m, 4H), 2.42
(s, 3H), 1.83—1.73 (m, 2H), 1.30 (bs, 1H). 3C NMR (100 MHz, CDCl5):
0 140.9, 1314, 130.1, 119.5, 51.1 36.1, 32.9, 30.7. HR-MS (ESI-TOF)
calcd. for C1gH14BrN [M + H]": 228.0387. Found: 228.0385.

2.84. General procedure for 6a—c [21]

The appropriate amine (1.5 mmol) was added to a solution of
phenothiazinium salt 2 (181 mg, 0.25 mmol) in MeOH (50 mL), and
the reaction was stirred at room temperature for 40 min or until 3
was consumed as monitored by TLC (3% MeOH/CHCl3). The solvent
was removed under reduced pressure and the residue was redis-
solved in CH,Cl,. The solution was washed with 1% HCI (4 x 50 mL)
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and water (2 x 20 mL), and the organic layer was dried (MgSO4)
and concentrated in vacuo. The product was precipitated by the
addition of ether and collected by filtration. Further purification if
necessary could be carried out by flash column chromatography on
silica gel (CHCI3—3% MeOH/CHCl3).

2.8.5. 3,7-Bis(4-bromophenylamino )phenothiazin-5-ium iodide
(6a)

Purple powder (44 mg, 25%). 'H NMR (500 MHz, CDCls): 6 8.08
(d, ] = 2.4 Hz, 2H), 7.87 (d, ] = 9.4 Hz, 4H), 7.70 (d, ] = 8.6 Hz, 4H),
7.21(d,] = 8.6 Hz, 4H), 7.09 (dd, | = 9.4, 2.4 Hz), 3.78 (s, 6H).>C NMR
(125 MHz, CDCl3): ¢ 154.0, 143.1, 138.5, 137.6, 136.5, 134.3, 128.5,
123.0, 1211, 108.0, 43.0. HR-MS (MALDI-TOF) calcd. for
C26H20Br2N351 [M+]I 565.9720. Found: 565.9733.

2.8.6. 3,7-Bis((4-bromophenylethyl)(methyl)amino )phenothiazin-
5-ium iodide (6b)

Purple powder (30 mg, 16%). '"H NMR (400 MHz, CDCls): 6 7.88
(d,J = 9.5 Hz, 2H), 7.70 (s, 2H), 7.43 (d, ] = 8.3 Hz, 4H), 7.17—7.12 (m,
6H), 4.00 (t, ] = 4.9 Hz, 4H), 3.25 (s, 6H), 3.04 (t, ] = 4.9 Hz, 4H). °C
NMR (100 MHz, CDCls): ¢ 153.3, 138.5, 136.5, 136.1, 135.5, 132.0,
130.7,128.1, 121.1, 107.1, 55.4, 41.1, 33.5. HR-MS (MALDI-TOF) calcd.
for C3gHpgBraN3SI [M™T]: 622.0365. Found: 622.0356.

2.8.7. 3,7-Bis((3-(4-bromophenyl)propyl)(methyl)amino)
phenothiazin-5-ium iodide (6c)

Purple powder (37 mg, 19%). 'H NMR (400 MHz, CDCl3): 6 7.90
(d, ] = 9.6 Hz, 2H), 7.57 (s, 2H), 7.44 (d, ] = 8.1 Hz, 4H), 7.15-7.12
(m, 6H), 3.73 (t, ] = 6.7 Hz, 4H), 3.36 (s, 6H), 2.77 (t, ] = 7.4 Hz, 4H),
2.10—2.05 (m, 4H). 13C NMR (100 MHz, CDCl3): 6 153.5,139.7, 138.8,
136.1, 1354, 131.9, 130.5, 128.4, 120.3, 107.0, 53.4, 46.5, 32.4, 29.0.
HR-MS (MALDI-TOF) calcd. for C3;H3pBrpNsSI [M*]: 650.0678.
Found: 650.0682.

2.9. Molecular modelling

Molecular docking was performed by using the ICM-Pro 3.6-1d
program (Molsoft) [22]. According to the ICM method, the molec-
ular system was described by using internal coordinates as vari-
ables. Energy calculations were based on the ECEPP/3 force field
with a distance-dependent dielectric constant. The biased proba-
bility Monte Carlo (BPMC) minimization procedure was used for
global-energy optimization. The BPMC global-energy optimization
method consists of: 1) a random conformational change of the free
variables according to a predefined continuous probability distri-
bution; 2) local-energy minimization of analytical differentiable
terms; 3) calculation of the complete energy including non-
differentiable terms such as entropy and solvation energy; 4)
acceptance or rejection of the total energy based on the Metropolis
criterion and return to step (1). The binding between the
compounds and DNA was evaluated by binding energy, including
grid energy, continuum electrostatic, and entropy terms. The initial
model of loop isomer was built from X-ray crystal structures of
human intramolecular telomeric G-quadruplex (PDB code: 1KF1)
[23], according to a previously reported procedure [8,9]. Briefly, the
structure of human intramolecular telomeric G-quadruplex was
imported into Insight Il package (Accelrys Inc., San Diego, CA), and
necessary modifications were carried out including replacements
and deletions of bases. Missing loop nucleotides were added using
single-strand B-DNA geometry using the Biopolymer module.
Potassium ions were placed between the G-tetrad planes to stabi-
lize the tetrad structure. The initial models were then immersed in
a box of TIP3P water molecules, and an appropriate number of
sodium ions was added to neutralize the negative charge of the
phosphate backbone. The molecular dynamics simulations were

carried out in NAMD with VMD monitoring the process. The
CHARMM force field parameter was assigned to every atom, and
the Particle Mesh Ewald electrostatics was used to compute long-
range electrostatic interactions. Hydrogen atoms were added and
minimized by 3000 steps of conjugate gradient minimization. After
4000 steps of conjugate gradient minimization, two stages of
molecular dynamics simulations were carried out at 300 K. In the
first stage, only the loop area atoms were allowed to move, and this
process involved a 20 ps equilibration and 100 ps simulations. The
second stage involved unrestrained molecular dynamics simula-
tions with 20 ps equilibration and 100 ps simulations at 300 K.
Trajectories were recorded every 0.1 ps, and the most stable
structure was extracted and further refined by 2500 steps of
conjugate gradient minimization. In the docking analysis, the
binding site was assigned across the entire structure of the DNA
molecule. The ICM docking was performed to find the most
favourable orientation. The resulting trajectories of the complex
between the compounds and G-quadruplex DNA were energy
minimized, and the interaction energies were computed.

3. Results and discussion
3.1. Virtual screening of FDA-approved drug database

Despite the publication of a solution-based structure of myc22
by Ambrus et al. [24], we have chosen to construct a model of the c-
myc NHE III; G-quadruplex loop isomer using the X-ray crystal
structure of the intramolecular human telomeric G-quadruplex
DNA (PDB code: 1KF1) [15]. NMR structures of biomolecules are
typically solved as a series of energy minimized conformations [24],
and as a result, for a given NMR structure there are multiple
conformations which needs to be considered during the virtual
ligand screening process. This does not only decrease the accuracy
of the virtual ligand screening, but also increases the computing
resources required to undertake such a study. This NHE III;
G-quadruplex loop isomer model has been previously employed to
study the interaction between quindoline compounds [8] and the
c-myc G-quadruplex. We have also used this model for the struc-
ture-based optimization of platinum(Il) Schiff base complexes that
has shown improved c-myc G-quadruplex binding activities
compared to the parent hit compound [9]. In the present study,
over 3000 compounds in a database of FDA-approved drugs were
screened in silico. To our knowledge, this is the first large-scale
application of high-throughput virtual screening of an approved
drug database for c-myc G-quadruplex stabilizing ligands. The
continuously flexible ligands were docked to a grid representation
of the receptor and assigned a score reflecting the quality of the
complex according to the ICM method [ICM-Pro 3.6-1d molecular
docking software (Molsoft)] [22]. Based on the database of FDA-
approved drugs, the phenothiazinium salt methylene blue (MB)
emerged as an attractive candidate for further structural
modification.

MB is a well-known DNA-intercalating chromophore that was
originally developed as a dyestuff during the late nineteenth century.
It possesses a broad range of biological activities, and has been used
for the treatment of malaria, nitrate poisoning, methemoglobinemia,
dementia and cancers through photodynamic therapy [25]. The
interaction between MB and the tetramolecular human telomeric
(5’-TTAGGG-3")4 G-quadruplex has been studied by spectroscopic
techniques, and a binding constant of approximately 1 x 108
dm? mol~! has been reported [26]. MB has also been reported to
display binding to a few G-quadruplex forms, including the human
telomeric sequence, as determined by competitive dialysis [27].
However, to our knowledge, MB has not yet been reported to be a c-
myc G-quadruplex ligand, nor has the G-quadruplex-binding efficacy
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of MB been evaluated in a biological system. Inspired by the phe-
nothiazinium template, we endeavoured to synthesize a series of MB
analogues as a proof-of-concept for our structure-guided lead opti-
mization approach. As MB is an FDA-approved drug, we reasoned
that it would be advantageous from a pharmacological point of view
to develop analogues of the phenothiazinium template rather than of
a heretofore unknown aromatic scaffold. Based on the phenothia-
zinium template, a total of 50 compounds were designed and
screened in silico (Table S1). Of the 50 compounds screened the
phenothiazinium-based compounds bearing the bromophenyl
pendant linked by an aliphatic side chain showed the highest binding
affinity as indicated by the negative binding energies. Based on the
predicted binding energies from the in silico screening, we decided to
synthesize the compounds 6a—c and examine their interaction with
the c-myc G-quadruplex.

3.2. Chemical synthesis

To synthesize methylene blue derivatives 6a—c, a modification
of Strekowski’s procedure was used [21]. 10H-Phenothiazine 1 was
first oxidised to phenothiazin-5-ium tetraiodide hydrate 2 using
excess iodine in chloroform at 0 °C (Scheme 1). The periodide 2 was
then reacted with amines 5a—c in methanol to yield the MB
derivatives 6a—c, which could be isolated by aqueous workup fol-
lowed by precipitation from a concentrated dichloromethane
solution using diethyl ether. Further purification if necessary could
be carried out by column chromatography on silica gel. The MB
derivatives 6a—c were obtained as dark purple solids that gave
intense blue solutions upon dissolution. N-methylamines 5b—c
were synthesized via conversion of the commercially available
alcohols 3b—c to the corresponding iodides 4b—c using the iodine/
triphenylphosphine/imidazole system, followed by nucleophilic
substitution with excess methylamine to afford the desired
N-methylamines 5b—c (Scheme 1).

We found that MB derivatives 6a—c were prone to light-induced
degradation. Therefore, these compounds were stored in the dark
at —20 °C and stock solutions of compounds were freshly prepared
before use in spectroscopic or biological experiments. As expected,
MB derivatives 6a—c exhibited reduced water solubility compared
to the parent compound (MB) due to the presence of additional
aliphatic and aromatic functional groups, but they could be dis-
solved at millimolar concentrations in aqueous solution containing
10% organic solvent. Stock solutions of 6a—c were thus prepared at
10 mM concentration in DMSO and these could be diluted with
aqueous buffer without any observable precipitation.

3.3. Fluorescence intercalator displacement (FID) assay

To determine the ability of the synthesized methylene blue
derivatives 6a—c to interact with the c-myc G-quadruplex,

a fluorescence intercalator displacement (FID) assay was per-
formed using thiazole orange (TO) as the fluorophore (Fig. 2).
Based on the concentrations of the MB derivatives 6a—c that were
required to reduce the TO fluorescence intensity by 50%, an indi-
cation of the binding affinity of the different MB derivatives 6a—c
towards the c-myc G-quadruplex could be determined. The
concentrations at which the fluorescence of TO was reduced by
50% (DCsg) were estimated for the MB derivatives 6a—c and the
reported G-quadruplex binding ligand crystal violet (CV) (Fig. 2).
The fluorescence spectrum and %TO displacement plots are shown
in Figs. S1-54.

The DCsq results shown in Fig. 2 show a trend that is consistent
with the binding scores predicted by molecular modeling
(Table S1). The methylene blue derivative 6a was predicted to be
the weakest c-myc G-quadruplex binder of the series, and this was
reflected by a DCsq value of >6 pM which is highest of the DCsq
values estimated from the FID assay. The most active compound
predicted by molecular modeling, 6b, showed a DCsg of 0.75 pM
suggesting that it has a higher binding affinity relative to CV based
on a comparison of the DCsy value estimated for CV under
comparable conditions. It is worth noting that the trends in the
binding energies were correlated with the binding affinity indi-
cated by the DCsg values of the MB derivatives 6a—c estimated
using the FID assay. This result validates the use of molecular
modeling as a tool for the structure-based lead optimization of hit
compounds.

3.4. PCR-stop assay

To provide additional validation of our molecular modelling
results, a dose response experiment with 6b was performed using
the PCR-stop assay. In this cell-free assay, the compound was
incubated with oligomer Pu27 and the complementary reverse
primer in the presence of Taq polymerase. Stabilization of the
intramolecular c-myc G-quadruplex structure by 6b prevents
hybridization of the complementary sequence. Taq polymerase is
unable to recognize the G-quadruplex structure and DNA amplifi-
cation is inhibited, which is manifested as a reduction in the 43 bp
PCR product observed after agarose gel electrophoresis Fig. 3. The
results show that the addition of 6b led to a dose-dependent
decrease in the 43 bp PCR amplification product). Partial inhibition
of Taq polymerase-mediated DNA amplification through stabiliza-
tion of the c-myc G-quadruplex structure was observed at 100 uM
of 6b and complete inhibition at 250 uM. By comparison, MB was
only slightly active at 250 uM (Fig. S5). This indicates that 6b is able
to induce or stabilize G-quadruplex formation in biological systems.
Furthermore, this result confirms that the MB derivative 6b binds
more strongly to the c-myc G-quadruplex compared to the parent
compound MB, which is in agreement with our molecular
modeling calculations.
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Scheme 1. Synthesis of methylene blue derivatives 6a—c.
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Fig. 2. Plot of the percentage displacement of thiazole orange (TO) as a function of the
concentration of: (a) 6a (@); (b) 6b (V¥); 6c (M); and crystal violet (A). Insert:
Table showing the DCs values for the compounds 6a—c and crystal violet estimated from
the fluorescence intercalator displacement assay. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

3.5. Molecular modeling and lead optimization

We performed molecular modeling of MB with the NHE III;
intramolecular G-quadruplex loop isomer model in order to
investigate the mode of binding. The 1:2:1 loop isomer is the
predominant isomer in the c-myc parallel G-quadruplex structure
[28]. Since neither NMR nor X-ray crystallographic information for
the NHE III; 1:2:1 loop isomer is available, a model was built from
the known, closely related X-ray crystal structure of the human
intramolecular telomeric G-quadruplex DNA. A truncated 18 base-
pair sequence [5-AGGGTGGGGAGGGTGGGG-3'] was used for this
work since nucleotides G2—G5 in the c-myc sequence
[5-TGGGGAGGGTGGGGAGGGTGGGGAAGG-3'] are not involved in
the G-quartet structure. The molecular docking results showed
that the positively charged aromatic scaffold of MB is end-stacked
at the 3’-terminus of the c-myc G-quadruplex, with a binding

6b/ pM
PR ————
OMSO 16 40 100 250

Fig. 3. Incubation of c-myc G-quadruplex oligomer: Pu27 with 6b (0—250 uM) caused
a dose-dependent decrease of the PCR amplification product at 43 bp. Representative
gel photograph image of replicate independent experiments shown.

Fig. 4. Hypothetical molecular models showing the a) Side view; b) Top view of the
interactions of MB with the c-myc G-quadruplex structure. The G-quadruplex is dis-
played as a ribbon representation (green), while MB is depicted as a space-filling
representation showing carbon (beige), nitrogen (blue), sulphur (green-yellow) and
bromine (purple) atoms. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

energy of —32.64 kcal mol~! (Fig. 4). We envisaged that the
introduction of longer side chains at the amine position could
increase the binding affinity and selectivity of the ligands for the c-
myc G-quadruplex by increasing interactions with the grooves and
loops of the G-quadruplex, which is a common strategy in the
design of quadruplex-binding ligands [3].

We reasoned that longer side chains could interact with the
grooves of the c-myc G-quadruplex, which could improve the
binding potency and selectivity of the quadruplex ligands. We
therefore designed over 50 MB derivatives containing side chains
of various lengths and screened these compounds in silico. The 3,7-
bis(dialkylamino)phenothiazin-5-ium derivatives 6a—c contain-
ing 4-bromophenyl substituents linked by short alkyl chains
emerged as a promising series for in vitro testing. The bromide
group serves as a useful functional handle for future structural
modifications. Both derivatives showed higher molecular docking
energies compared to MB, with 6b exhibiting the highest binding
energy of —49.87 kcal mol~!, suggesting that a two-carbon unit is
the optimum length for the linker. Compared to MB (Fig. 4), 6b is
predicted to form more extensive m-stacking interactions with the
G-quartet through its additional aromatic substituent (Fig. 5).
Furthermore, the other aromatic ring of the phenothiazinium
scaffold appears to contact the side loops of the G-quadruplex,
potentially contributing favourable interactions to the binding
energy. Notably, the binding energy for an intercalative binding
mode is vastly higher for 6b (+32.79 kcal mol~!) compared to MB
(—13.66 kcal mol1), suggesting that the bulky side chains of 6b
prevent intercalation into the G-quadruplex presumably due to
steric effects (Fig. 6). Taken together, our molecular docking results
suggest that the presence of the additional side chains on the
phenothiazinium scaffold favour G-quadruplex end-stacking at
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Fig. 5. Hypothetical molecular models showing the a) Side view; b) Top view of the
interactions of 6b with the c-myc G-quadruplex structure. The G-quadruplex is dis-
played as a ribbon representation (green), while 6b is depicted as a space-filling
representation showing carbon (beige), nitrogen (blue), sulphur (green-yellow) and
bromine (purple) atoms. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

the expense of intercalation. The molecular modeling calculations
also predict that end-stacking of 6b at the 5'-terminus
(—34.11 kcal mol™!) is disfavoured relative to 3’-end stacking
(—49.87 kcal mol ™).

3.6. Absorption titration

The abilities of methylene blue derivatives 6b to bind c-myc
G-quadruplex DNA were first studied by an absorption titration
experiment. UV—visible spectrum of the MB derivative 6b with
increasing concentrations of the oligonucleotide Pu27 [5'-
TG4AG3TG4AG3TG4A2G,-3'] is shown in Fig. 7.

Hypochromic effects were observed in the UV—visible spectrum
of 6b with oligonucleotide Pu27, which is attributed to the strong
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Fig. 7. UV—Vis absorption titration of 6b (1 x 10~ M) in Tris/KCl buffer (10 mM KCl,
10 mM Tris—HCI, pH 7.5) with increasing amounts of c-myc oligomer Pu27 (0—8.8 x
10~7 M). Inset: plot of D/A¢p versus D. Absorbance was monitored at 678 nm.

interaction between 6b and the G-quadruplex (Fig. 7). The absor-
bance of 6b increased again upon addition of excess DNA (not
shown), a phenomenon previously observed with MB and calf
thymus (ct) DNA, suggesting the presence of more than one binding
mode [24]. Nevertheless, a relative value for the binding constant
could still be estimated from the initial decrease in absorbance [29]
using the Scatchard equation [16]. We thus determined the binding
constant K of 6b with the c-myc G-quadruplex to be ca. (2 + 1) x
10’ dm® mol~! based on two independent UV—visible titration
experiments. The parent methylene blue compound displayed
comparatively weaker binding affinities of ca. 5 x 10 dm? mol~!
for the c-myc G-quadruplex (Fig. S6, MB). We stress that due to the
complicated DNA-binding behaviour of these compounds, the
estimated binding constants are relative and not absolute values. To
investigate the selectivity of 6b for G-quadruplex DNA over duplex
DNA, a parallel UV—visible absorption titration experiment with ct
DNA was performed (Fig. S7). The K value of 6b for ct DNA was
estimated to be 9 x 10* dm® mol~!' using two independent
UV—uvisible titration experiments, which are at least one order of
magnitude lower than the binding constants of 6b for the c-myc G-
quadruplex. By comparison, the binding affinity of MB for ct DNA
was determined to be ca. 5 x 10° dm® mol~! (Fig. $8), which is
similar to the K value for the c-myc quadruplex and is consistent
with previously reported binding constant of MB to ct DNA under
a similar ionic strength [30]. Taken together, these data reveal that
6b exhibits a ten-fold higher selectivity for G-quadruplex DNA over
duplex DNA, whereas MB displays no significant selectivity for
either structural form. This suggests that the introduction of side
chains to the MB scaffold promotes c-myc G-quadruplex binding at
the expense of duplex DNA binding, which is consistent with the

Binding Energies (kcal/mol)

End-stacking
at 3’ (1)

-49.87

Intercalation
near 3’(2)e!

32.79
lelnumber of binding sites

Intercalation
near 5'(2)(

32.94

End-stacking
at 5’ (1)@

-34.11

Fig. 6. Calculated binding energies (in kcal mol~") for 6b bound to different sites of the intramolecular c-myc G-quadruplex.
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molecular docking results (see above). Compounds 6b exhibited
constant molar extinction coefficients over the concentration
ranges used in the absorption titration experiments.

3.7. Mass spectrometry

To examine the binding affinities of the MB derivative 6b against
other G-quadruplex structures, high resolution mass spectrometry
was used. Solutions of the appropriate oligonucleotide were incu-
bated in the presence of the MB derivative 6b at room temperature
for approximately 1 h. The mass spectra of the solution containing
the oligonucleotide in the presence or absence of 6b were then
measured using ESI-TOF-MS and a representative example shown
below in Fig. 8. In the mass spectrum of the c-myc G-quadruplex in
the absence of 6b (Fig. 8a), three peaks were identified, where each
peak corresponds to the different ionization state of the c-myc G-
quadruplex in the gas phase. Upon incubating the oligonucleotide
with the methylene blue derivative 6b, the resulting mass spectrum
shows the appearance of additional peaks at 1556.2023, 1867.4318
and 1991.8289 mass units, which corresponds to the [1:1]%,
[1:11°~ and [1:2]°~ c-myc—6b complex, respectively. The appear-
ance of the additional peaks in the mass spectra indicates that the
MB derivative 6b is bound to the c-myc G-quadruplex.

By comparing the area under the peak associated with the free
c-myc G-quadruplex and the c-myc G-quadruplex—6b complex in
the mass spectrum, the relative binding affinity [31] can be esti-
mated. It is important to note that the binding affinities determined
using mass spectrometry are valid only in the gas phase and only
serves as an approximation for solution state binding affinities.
Repeating the mass spectrometry experiment with other biologi-
cally relevant G-quadruplex structures such as c-kit 1 (Fig. S9), c-kit
2 (Fig. S10) and bcl-2 (Fig. S11), a series of relative binding affinities

a c-myc

Table 1
Relative affinity of MB 6b with five intramolecular G-quadruplexes by ESI-TOF-MS
analysis.

G-quadruplex sequence Relative binding affinities

Average (n = 2)
0.8604 + 0.0125
0.5681 + 0.0038
0.4249 + 0.0078
0.4484 + 0.0036

c-myc (27nt)
c-kit 1 (27nt)
c-kit 2 (27nt)
bcl-2(27nt)?

2 A truncated bcl-2 sequence was used.

were determined and are summarized below in Table 1. Based on
the relative binding affinities [31] estimated from the mass spec-
trometry experiments, it showed that the methylene blue deriva-
tive 6b is selective towards the c-myc G-quadruplex with
a measured binding affinity of 0.86, which is higher compared to
the values determined for c-kit 1 (0.57), c-kit 2 (0.42) and bcl-2
(0.45).

3.8. Inhibition of c-myc promoter activity in HepG2 cells

We next examined whether compound 6b could inhibit c-myc
gene promoter activity in cancer cells. Human hepatocarcinoma
(HepG2) cells were transiently transfected with a Del 4 plasmid
which harbours a 22-bp c-myc P1 promoter G-quadruplex forming
sequence (5'-TG4AG3TG4AG3TG4-3') upstream of the luciferase
reporter gene [32]. Gratifyingly, addition of 6b caused a dose-
dependent decrease in luciferase activity with ICsg = ca. 1 uM
(Fig. 9). The induction or stabilization of the c-myc NHE Il
G-quadruplex by the compound is expected to decrease the
expression of luciferase as no inhibition (at concentrations up to

;:'5
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Fig. 8. ESI-TOF Mass spectra of: (a) the c-myc G-quadruplex; and (b) the c-myc G-quadruplex incubated in the presence of 6b in ammonium acetate buffer (500 mM, pH 7.6).
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Fig. 9. Relative luciferase activity after the incubation of HepG2 cells transfected with
the c-myc P1 promoter upstream of the luciferase reporter gene in the presence of
different concentrations of 6b and MB.

12.5 pM) was observed using the G4-mutant plasmid GM2 [33],
which contained specific base substitutions (TGGGGAGGGTGAA-
GAGAGTGGGGAAGG) that prevented the G-quadruplex formation
(Fig. S12). By comparison, the initial lead compound MB appeared
to be significantly less potent in this assay (ICs9 = ca. 6 uM).

3.9. Cytotoxicity test (MTT assay)

We examined the cytotoxicity of compound 6b using an MTT
assay. Our results revealed that compound 6b was toxic against the
human cervical cancer (HeLa) cell line with an estimated ICsg value
of 5 uM. By contrast, the cytotoxicity of the parent compound MB
against Hela cells was significantly lower (ICso = 15 pM) in this
assay. We hypothesize that the increased cytotoxicity of 6b
compared to MB against HeLa cells could be attributed, at least in
part, to the inhibition of c-myc gene promoter activity through
stabilization of the NHE III; G-quadruplex.

4. Conclusion

In conclusion, we have employed the unique intramolecular
G-quadruplex c-myc NHE III; loop isomer model developed by our
group to perform high-throughput virtual screening on an FDA-
approved drug database of over 3000 compounds. Methylene blue
emerged as an attractive scaffold for further structural modifica-
tions. As a proof-of-concept, we used a structure-based lead opti-
mization approach to generate MB derivatives that displayed
superior binding affinity and selectivity for the c-myc G-quadruplex
over double-stranded DNA or other G-quadruplex structures. The
binding of the compounds 6a—c were initially investigated using
fluorescence intercalator displacement and PCR-stop assay. Based
on the results of the FID and the PCR-stop assay, the methylene blue
derivative 6b was found to be the most potent of the series
consistent with the results of the molecular modeling. Mass spec-
trometry was also used to show that the MB derivative 6b was
selective towards the c-myc G-quadruplex over other biologically
relevant G-quadruplexes such as c-kit 1, c-kit 2 and bcl-2. UV—vi-
sible spectroscopy was used to show that the MB derivative 6b was
selective towards G-quadruplex over ct DNA. We have demon-
strated that 6b could induce or stabilize c-myc G-quadruplex
formation in both cell-free and cellular models. To our knowledge,
this is the first large-scale application of high-throughput virtual

screening of an approved drug database for c-myc G-quadruplex
stabilizing ligands. Given the selectivity of the methylene derivative
of the c-myc G-quadruplex, there is considerable scope for further
optimization of the MB core to improve the activity of the MB
derivatives as G-quadruplex stabilizing compounds.
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