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Abstract

Telomerase, oncogenes and tumor suppressors are closely associated
with tumour occurrence, therefore these structures are being recognized as
targets for the development of new anticancer drugs.

The efficacy of several molecules in telomerase inhibition and regulation
of genes expression, by adduct formation with G-quadruplexes (G4), has been
studied by biophysical and biochemical methods with promising results. We
report here the synthesis and structural characterization of a small positively
charged diketopyrrolo[3,4-c]pyrrole derivative, identified as DPP(PyMe)., that
showed very promising results as G4 stabilizing ligand.

The data obtained from UV-Vis and fluorescence experiments suggest
that DPP(PyMe): presents high affinity to G4 structures. Docking studies and
molecular dynamics simulations unraveled the binding modes of the ligand
with four G4 structures. The obtained results also allowed us to conclude that
the DPP(PyMe): ligand binds into the top G-tetrad or in a mixed binding mode
depending on the GQ structure.

A remarkable selectivity of DPP(PyMe): for c-MYC and KRAS 32R in the
presence of ds26 was observed by circular dichroism (CD) and fluorescence

resonance energy transfer (FRET) melting experiments. CD titrations revealed a
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stabilization higher than 30 °C in the case of c-MYC G4 structure and, for the
same sequence, DPP(PyMe). showed the ability to block the activity of Tag
polymerase in a dose-dependent manner. The subcellular localization obtained
with confocal microscopy corroborates the results obtained by the other
techniques and the obtained data suggests that DPP(PyMe): is an attractive

ligand for the development of G4 labelling probes.
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1. Introduction

During cell division, telomeres undergo shortening as a result of
interruptions in the DNA replication process. As a defense, the reverse
transcriptase enzyme telomerase adds specific and repetitive DNA sequences to
the 3' telomere end of the chromosomes, preventing the mechanism involved in
telomeres shortening.! The over-expression of this enzyme was identified in
almost 90% of human cancers? and telomerase has been recognized as a target
for the development of new anticancer drugs. Other important targets for
anticancer agents are tumour suppressor genes and oncogenes (a mutated
version of proto-oncogenes responsible by encoding proteins for normal cell
division, stimulation and death end) due to their closely association with the
initiation and progression of tumours.

The possibility of targeting secondary structures, such as the G-
quadruplexes (G4) present in most human oncogene promoters, and also in
telomeres, using interactive ligands is being considered a promising

antineoplastic strategy since can contribute to downregulate transcription or to



block telomere elongation in cancer cells, by stalling the DNA replication
machinery.?

More specifically, the presence of G4 at the end of telomeres (whose
function is to protect their ends from nuclease attack) enables indirect targeting
of telomerase.** G4 are recognized and partially unwound by telomerase for 3’
end extension, thus binding of stabilizing compounds to G4 structures will
“lock” the telomeres in the quadruplex configuration, preventing telomere

lengthening by telomerase (Figure 1).
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Figure 1 - Indirect telomerase inhibition by G-quadruplex stabilization

by ligands.

G4 structures are also present in other genome regions such the 5" and 3'
untranslated regions (UTRs), recombination hotspots, transposable elements
(TEs), among others.®'* Due to G4 conformation diversity and to the correlation
between G4 structure, stabilizing ligands and resolution by helicase,
quadruplex structures are considered to be strongly controlled during specific
cellular processes and are being recognized to have an important regulatory
role in genes transcription, translation, replication initiation, recombination,
aptamer binding and mRNA processing.!%1520 More recently, it has been shown
that the presence of G4 structures is also tightly associated with cytosine-
guanine (CpG) dinucleotide islands hypomethylation in the human genome;
this DNA methylation level is a critical factor for gene regulation.?!

So, considering that the stabilization of G-quadruplexes can open new

perspectives in terms of anticancer therapeutics, the efficacy of some molecules
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to stabilize G4 strucures with the consequent telomerase inhibition and
regulation of gene expression has been evaluated using different biophysical
and biochemical methods with promising results.?>3

It is accepted that the G4 recognition can occur through outside stacking
on the ends of the G-tetrad core, also known as end-stacking, interaction with
the backbone (core and loop bases) known as groove or loop binding and by
intercalation.?? Since the G4 structure is rigid and stable, the distortion caused
by a hypothetic intercalation of a ligand will have a higher energetic cost than
the outside stacking on the top, loops or grooves, seen as the more favourable
binding modes.* Thus, to our knowledge, ligand intercalation in G4 structures
was never experimentally demonstrated.

Structural attributes of ligands such as the presence of a heteroaromatic
moiety that can interact on the G-quartet surface of a quadruplex by n-n
stacking and flexible cationic charged terminal side chains are pointed as
essential features for effective ligand binding to a quadruplex structure.* Other
important structural characteristics are the presence of bulky substituents, to
prevent intercalation with double-stranded DNA, and high affinity for G4s (Ko
> 10° M1). The solubility of DNA ligands in aqueous media is also an essential
aspect.

Some of these structural features are present in ligands such as those
depicted in Figure 2, that have recognized activity as G4 stabilizers and
telomerase inhibitors. Among them, the fused heteroaromatic polycyclic
derivative Quarfloxin is the only G4 interactive small molecule reaching phase
IT clinical trials.* The two macrocycles Telomestatin and the cationic 5,10,15,20-
tetrakis(N-methyl-4-pyridinium)porphyrin (TMPyP), are one of the most active
known G4 ligands* and one of the most studied tetrapyrrolic derivative,?3
respectively. Other ligands, with non-fused heteroaromatic structures, like
Pyridostatin and analogues are also known to present striking growth-

inhibitory effects on cancer cell lines after a few days of exposure.®
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Metalloorganic complexes such as salphen and terpyridine derivatives, are also

meriting the attention of the scientific community.%
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Figure 2 — Examples of ligands that are G4 stabilizers.

Substituted anthraquinones” and tri-substituted acridines, such as
BRACO* (Figure 2), owning a planar backbone, intrinsic fluorescence and
cellular uptake with known nucleus penetrating ability, are described to

interact with G4 by quartet stacking or in quadruplex grooves and loops.>*42



Diketopyrrolopyrroles (DPP) are a family of small molecules with a
planar structure that can induce strong m-m stacking with neighboring
molecules and intermolecular hydrogen bonding. These heterocycles represent
a class of brilliant red and strong fluorescent high-performance dyes and
pigments, that gained wide attention in recent years due to their outstanding
properties. The excellent photostability, high fluorescent quantum yields, and
environment and thermal stability makes them excellent candidates as
fluorescent sensors. The potential biological application of DPP, namely in
photodynamic therapy, has been reported in recent years.®* Additionally, due
to their chemical stability and solubility in aqueous media, these molecules
were also described as good fluorescent DNA biosensors.*4

Following our interest in developing molecules with adequate features to
act as G4 ligands, 3502 3 new dicationic DPP derivative (DPP(PyMe)., (Figure
3 and Scheme 1) was designed, synthetized and investigated as a potential
ligand for G4. To our knowledge, this is the first example of using the DPP
scaffold in the design of G4 ligands, opening new perspectives in terms of G4
labelling agents.

The interactions of this new molecule with G4 structures (see Table 1),
formed in telomeric [AGs3(T2AGs)s] and in oncogene (c-MYC, KRAS-22-RT)
promoter regions, and with double stranded DNA structures (ds26 and calf
thymus) were evaluated. The presence of positive charges in DPP(PyMe):
structure increased its solubility in the water while also enhancing its

electrostatic interactions with the negatively charged DNA structures.



DPP(PyMe),

Figure 3 - Structure of the DPP(PyMe):

The stability of DPP(PyMe):-DNA quadruplex and duplex
conformations was evaluated using UV-Vis titrations. The analysis of the
hypochromic and bathochromic effects in the ligand UV-Vis spectra suggested
a high affinity of this molecule for G4 conformations.

Several complementary methods, namely fluorescence, circular
dichroism (CD), polymerase chain reaction (PCR) and confocal microscopy,
were used in these studies to confirm the ligand affinity, to evaluate its
selectivity towards G4, ability to block the activity of Tag polymerase and

cellular localization.

2. Materials and methods

2.1. Chemicals

The chemicals were purchased as analytical grade and used without
further purification. Lyophilized DNA oligonucleotides were purchased from
Eurogentec (Belgium). When required, aqueous solutions were prepared in
MiliQ water.

For oligonucleotides the provided molar extinction coefficient values were

considered. Stock solutions of DPP(PyMe): were prepared in DMSO and stored
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at 4 °C. Before each assay, an aliquot of the stock solution was diluted to the
desired final concentration in PBS buffer.

The solvents were used as received or distilled and dried by standard
procedures.®® Analytical thin layer chromatography (TLC) was carried out on
precoated sheets with silica gel (Merck 60, 0.2 mm thick). Column
chromatography was carried out using silica gel (Merck, 35-70 mesh). *H and
13C NMR spectra were recorded on Bruker Avance 300 or Bruker Avance 500. CDCls
and DMSO-ds were used as the deuterated solvents and tetramethylsilane
(TMS) as the internal reference. The chemical shifts are expressed in d (ppm)

and the coupling constants (]) in Hertz.

2.2. Preparation of DNA structures (double-stranded and G-quadruplexes)

A PBS solution containing 20 mM of phosphate buffer (10 mL of KH2POx 1
M and 200 pL of K:HPOs 1 M) and 100 mM of KCl was prepared with pH
adjusted to 6.8. The PBS solution was used as the solvent for oligonucleotide
solutions.

After solubilisation in PBS, each oligonucleotide was heated up to 85 °C for
10 min and left to cool overnight to assure the correct folding into double-
stranded or G4 structures. The solutions were stored at -20 °C. The sequences
and abbreviation of the studied G4 and double-strandedDNA structures are

presented in Table 1.

Table 1. Sequence, occurrence and abbreviation of studied oligonucleotides

Oligonucleotide sequence Occurrence Abbreviation
5-AGG GTT AGG GTTAGG GTT AGGG-3'
. Telomere AGs3(T2AGs)s
(human telomeric repeat)
5-TGA GGG TGG GTA GGG TGG GTA A-3 Oncogene promoter c-MYC
5 - AGG GCG GTG TGG GAA TAG GGA A-3 Oncogene promoter KRAS-22-RT
5'-
AGGGCGGTGTGGGAAGAGGGAAGAGGGGGAGG-  Oncogene promoter KRAS-32R
3!
Double-
5-CAA TCG GAT CGA ATT CGA TCC GAT TG-3' ouble-stranded ds26

DNA




Double-stranded
Long double strand DNA DNA CT

2.3 — Synthesis of the dicationic diketopyrrolo[3,4-clpyrrole DPP(PyMe):
2.3.1 — Synthesis of the neutral pyridyl precursor DPPPy:

To a suspension of DPPCl: (0.100 g, 0.201 mmol), 4-pyridylboronic acid
(0.320 g, 2.01 mmol) and KsPOs (0.270 g, 0.804 mmol) in butan-1-ol (20.0 mL)
were added a catalytic amounts of Pd(OAc): (5%) and SPhos (10%). The
resulting mixture was heated at reflux overnight under a nitrogen atmosphere
and then it was left to cool down to room temperature. The mixture was diluted
with CH2Cl: and water, the organic layer was separated and washed with water
and brine. The product was purified by preparative TLC using a mixture of
dicloromethane/hexane (2:1) as eluent. Compound DPPPy2 was obtained in 51%
yield. Mp: 251.8-252.4 °C; 'H NMR (CDCls, 300 MHz), d (ppm): 8.74 (4H, d, | =
6.0 Hz), 7.99 (4H, d, ] =9.0 Hz), 7.84 (4H, d, ] =9.0 Hz), 7.62 (4H, d, ] = 6.0 Hz),
3.81 (4H, t, 7.5 Hz), 1.69-1.73 (4H, m), 1.24-1.29 (8H, m), 0.85 (6H, t, ] = 6.0 Hz).
BC NMR (CDCls, 75 MHz), & (ppm): 162.7, 150.4, 147.8, 147.2, 140.7, 129.5, 128.8,
121.6, 110.3, 42.1, 29.3, 28.9, 22.2, 13.9. MS (ESI) m/z: 583.5 [M+H]*, 292.5
[M+2H]*. HRMS-ESI(+): m/z caled for CsHs0Oe 583.3054 [M+H]", found
583.3056.

2.3.2 — Methylation of DPPPy:
To a solution of DPPPy: (30 mg) in DMF (3 mL) in a sealed tube was

added methyl iodide (16 pl, 4 equiv.). The mixture was stirred for at room
temperature until total conversion of the starting material (5 h). Diethyl ether
(10 ml) was added to the solution to form a suspension, wich was filtered and
rinsed with additional diethyl ether. The compound was dried and obtained in
quantitive yield (30.6 mg). Mp: 272.8-274.4 °C; 'H NMR (DMSO, 300 MHz), &
(ppm): 9.09 (4H, d, ] = 6.0 Hz), 8.63 (4H, d, ] = 6.0 Hz), 8.33 (4H, d, ] = 9.0 Hz),



8.12 (4H, d, ] = 9.0 Hz), 4.37 (6H, s), 3.79 (4H, t, ] = 7.5 Hz), 1.43-1.48 (4H, m),
1.13-1.23 (8H, m), 0.76 (6H, t, ] = 6.0 Hz). ®C NMR (DMSO, 75 MHz), & (ppm):
161.9, 153.3, 147.6, 146.3, 136.3, 131.1, 130.2, 129.1, 124.9, 110.3, 47.7, 41.4, 28.8,

28.62, 21.9, 14.2; HRMS-ESI(+): m/z calcd for CaoH4O2N4 306.1727 M?*, found
306.1724.

2.4. UV-Vis spectroscopy

UV-Vis absorption spectra were recorded in a Shimadzu UV-2501-PC
spectrophotometer in the range between 350-700 nm, using a quartz cuvette of 1
cm length; the temperature was controlled at 25 °C using a Huber Compatible
Control CC1. The titrations were performed by successive additions of the
adequate oligonucleotide solution to a solution of DPP(PyMe): in PBS with the
initial concentration of 5 uM and were ended after 3-5 values of constant
absorbance.> The dilution effects in the spectra were mathematically corrected
using the formula Abscr = [(VitVad)/Vi]*Abs, where Abscr is the corrected
absorbance, Vi is the initial volume of the ligand in the cuvette, Vad is the
volume of DNA added and Abs is the absorbance of each point of the titration.
To ensure the reproducibility of results, all experiments were performed in
triplicate.

The percentage of hypochromicity of the absorption band was calculated
using the following equation: % hypochromicity = [(Efree - Ebound)/Efrec] X100, where
Ebound Was calculated using the Beer’s Law (Ebound = Abound/Cbound) and Eswee is the
extinction coefficient value calculated, in PBS, for DPP(PyMe)., €7 = 19152 M-
lem™.

Method of continuous variation, or Job plot method, was used in order to
obtain the binding stoichiometries. Job diagrams were obtained by plotting F(x)

against the molar fraction of the ligand (), according to the expression:

F(X) — Aobs_(Clig-glig+CDNA-SDNA) (2)

CiigtCpNa
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where Adbs corresponds to the observed absorbance of the solution after
each DNA addition, Cigz and Cona correspond, respectively, to the total
concentration of DPP(PyMe). and DNA, and €i; and €onxa are the extinction
coefficients of the DPP(PyMe). and DNA structure, respectively, at a given
wavelength. The stoichiometry corresponds to the maximum or minimum

observed.
2.4. Fluorescence

2.4.1 - Fluorescence Titrations

The spectra obtained from fluorescence titrations were recorded in a
Horiba FluoroMax-4 spectrofluorometer at 25 °C and using a quartz cuvette
with a path length of 1 cm. As before, the ligand was excited at 485 nm and the
fluorescence emission collected between 500-750 nm; the excitation and
emission slits were fixed at 5 nm. The association constant between each G4 and
the ligand was assessed by measuring the change in fluorescence after titrating
the ligand solution at 2.5 uM with the adequate oligonucleotide at
concentrations varying between 0 to 4.7 uM. Data was converted into fraction
of bound ligand (a) plots using the following equation:

free
b d free
Iloun _I/1

where I is the fluorescence intensity of each ligand:G4 ratio and Iree and Ivound
are the fluorescence intensity of the free and fully bound ligand, respectively.
Data points were then fitted (see Figure S1) to a hyperbolic function (OriginPro

8) and Kb values were determined from the following saturation binding model:
A
"~ Kp+[DNAJ®

where a is the fraction of ligand bound, [DNA] is the concentration of the DNA

and 7 is the Hill constant which describes cooperativity of ligand binding.
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2.4.2 — Fluorescence Intercalator Displacement (FID) studies

For the fluorescence displacement studies, stock solutions of each
oligonucleotide at 10 uM and of thiazole orange (TO) at 35 uM were prepared.
The previous solutions were mixed, in the proportion of 1:1, and after 10 min of
orbital shaking at 500 rpm, the fluorescence of the obtained TO-oligonucleotide
complex was measured in a Fluoromax-3 spectrofluorometer (Horiba), using
the excitation wavelength at 485 nm and analyzing the emission between 510-
750 nm; the excitation and emission slits were set at 10 nm.

The DPP(PyMe): ligand was then added to each TO-oligonucleotide
solution at concentrations ranging from 0 to 4 uM. The resulting fluorescence
was measured using the previous experimental parameters. The percentage of
displacement was calculated using the equation:

F,
% displacement = 100 — F_A * 100
A0

where Fy = F — Fypo and Fyy = Fy — Fyp0; F is the fluorescence intensity of each
sample, Frzo the fluorescence intensity of mili-Q and Fo the fluorescence from
the fluorescent probe bound to DNA without added ligand. The DCso
corresponds to the concentration for which 50% of TO was displaced from the

DNA structure.

2.4.3 - Fluorescence Resonance Energy Transfer (FRET) melting studies

FRET-melting experiments were performed in a 96-well plate using a
CFX Connect™ Real-Time PCR Detection System (Bio-Rad, USA), equipped
with a FAM filter (Aex = 492 nm; Aem = 516 nm). The c-MYC and KRAS 32R
oligonucleotides ~ were  labelled  with  fluorescein = (FAM) and
tetramethylrhodamine (TAMRA). In order to assess the selectivity of the ligand
to the G4 sequences, FdxT  d(TATAGCTAT-hexaethyleneglycol-
TATAGCTATA) also labelled with FAM and TAMRA was used. The

measurements were performed in 10 mM lithium cacodylate (pH 7.2)
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supplemented with 10 mM KCI + 90 mM LiCl for c-MYC and KRAS 32R, and
100 mM KCI for FdxT. The experiments were performed with the
oligonucleotides at 0.2 uM and the ligand concentration used were 0.2, 0.4, 0.8,
1.6 and 3.2 uM. The oligonucleotide solutions were annealed at 95 °C by 10 min,
following by a slowly cooling in ice for 30 min. For competition studies, 3 and
10 uM of double-stranded ds26 was added to the wells. Subsequently, samples
were incubated 30 min at room temperature. After an initial incubation at 25 °C
for 5 min, the thermocycler was set to perform a stepwise increase of 1 °C every
1 min, from 25 °C to 95 °C, and the FAM emission measures after each step. The
melting temperatures were determined from the normalized curves as the
temperature for which the normalized emission was 0.5. Selectivity Factor (S
factor) corresponds to the relative DPP(PyMe): stabilization remaining in the

presence of the competitor® and was determined using the following equation.

ATy, in presence of competitor

S factor =

ATy, without competitor

2.5 - Time dependent Density-functional theory (TD-DFT) calculations

All calculations were carried out using the Gaussianl16* software
package without symmetry constrains. Density Functional Theory (DFT)* and
Time-Dependent DFT (TD-DFT)*® were used for computation of the ground
state and vertical excitations, considering the 12 lower lying transitions. See SI

for details.
2.6 - Circular dichroism (CD) spectroscopy

CD spectra were acquired in a Jasco J-815 spectrometer (Jasco, USA),
using a DPeltier temperature controller (model CDF-4265/15). G4
oligonucleotides were annealed as previously described. The experiments were
performed in a quartz cell with an optical length of 1 mm at 25 °C. CD spectra
were recorded using an instrument scanning speed of 200 nm min™ with a

response time of 1 s through wavelengths ranging from 220 to 340 nm. The
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recording bandwidth was 1 nm with 1 nm step size. For CD titration, 10 uM
strand concentration of oligonucleotides was used in 20 mM phosphate buffer
(10 mM KH:POs, 10 mM K:HPOs, pH 7.1) containing 1 mM KCI + 99 mM LiCl
for c-MYC, and 10 mM KCI + 90 mM LiCl for KRAS 22RT, KRAS 32R and
telomeric sequences.

A stock solution of 10 mM of the ligand was prepared in DMSO. The
volume required for the titrations was added to the quartz cell.

CD melting studies were performed in the temperature range 25-95 °C
with a heating rate of 2 °C min™ by monitoring the ellipticity at 262 nm. Spectra

were acquired in the range of 0 to 8 molar equivalents of ligand.

f= cp-cpn
- max min
CD,™"—-CD),

Data were converted into fraction folded (0) plots using the
aforementioned equation and fitted to a Boltzmann distribution (OriginPro

2016) and the melting temperature (Tm) was obtained.
2.7 - PCR-stop assay

PCR stop assay experiment was performed to evaluate the binding and
stability of c-MYC G4 structure by DPP(PyMe): ligand. The oligonucleotides
used in this study were Pu77 (intramolecular c-MYC G4 structure), Pu77-mut
and primer RevPu77, and are presented in Table 2. Oligonucleotides at a final
concentration of 10 uM were annealed in 20 mM phosphate buffer (10 mM
KH2POs, 10 mM K:HPOs, pH 7.1) and 100 mM KCl by heating to 90 °C during
10 min, and gradually cooled to room temperature. Each reaction mixture was
performed to a final volume of 25 pL containing the annealing buffer, 0.2 mM
dNTPS, 400 nM of each DNA template and 100 nM primer. The reactions were
further incubated with different concentrations of the ligand (0.8 uM, 1.6 uM,
3.2 uM, 6.4 uM and 12.4 uM) for 1 h at room temperature. Thereafter, 1 unit of

Tag DNA polymerase was added, and the reaction mixture was incubated in a
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thermal cycler (Bio-Rad, Hercules, USA) with the following cycling conditions:
94 °C for 2 min, followed by 30 cycles of 94 °C for 30 s, 58 °C for 30 s and 72 °C
for 30 s. PCR products were resolved on a 15% non-denaturing polyacrylamide
gel in TBE 1x and stained with stains-all solution under continuous and gentle

agitation overnight followed by discoloration in water before visualization.

Table 2. List of the oligonucleotides used in the PCR-stop assay.

Oligonucleotide Sequence (from 5’ to 3") Description
TCCAACTATGTATACTGGGGAGGGTGGG Wild-type c-myc
Pu77myc GAGGGTGGGGAAGGTTAGCGGCACGCA
ATTGCTATAGTGAGTCGTATTA template
TCCAACTATGTATACTAAGGAAAGTAA Mutant c-myc
Pu77-mut GGAAAGTAAGGAAGGTTAGCGGCACG
CAATTGCTATAGTGAGTCGTATTA template
RevPu77
Complementary TAATACGACTCACTATAGCAATTGCGTG Primer
sequence

2.8 — In silico studies

Molecular docking studies were performed with four different high-
resolution DNA G4 structures (telomeric G4 (PDB: 4GOF), c-MYC (PDB: 1XAV),
KRAS 22R (PDB: 512V) and KRAS 32R (PDB: 6SUU)) and the ligand
DPP(PyMe): using AutoDockTools package. Both the G4 structure and ligand
was first optimized for docking using the DockPrep tool of USCF Chimera
software. After assigning empirical atomic partial charges (Gasteiger) and polar
hydrogens, docking simulations were carried with AutoDock 4.2.6 program
using Lamarckian genetic algorithm. The grid was placed on the entire G4
structure. Each run consisted of an initial population of 150 random
individuals, a maximum number of evaluations set to 2.5 x 107, the rate of
mutation and crossover set to 0.02 and 0.8, respectively, and an elitism value of

1. All torsions of the ligands were set as flexible while the structure of the G4
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was kept rigid. Each run provided 10 different ligand structures. The most
representative structures were selected based on the binding free energy.

The most energetically favourable binding poses were energy minimized
using GROMACS 2020.6 package. Ligand topology was generated using
ACPYPE server®. Energy minimization was carried out using AMBER DNA
OL15 force field® and TIP3P water model. DNA-ligand complexes were
solvated in a 10 A dodecahedron box. K* counterions were added to neutralize
the system total charge. Energy minimization (steepest descent algorithm) was
run for a maximum of 50000 steps until the maximum force < 10.0 kJ/mol.
Unless otherwise stated, each replicate was then simulated for 100 ns, using the
particle mesh Ewald (PME) method to treat long-range electrostatic interactions
with a Fourier grid spacing of 0.16 nm and a cut-off of 1.2 nm for direct
contributions. Lennard-Jones interactions were calculated using a neighbour
pair list with a cut-off of 1.2 nm and using a Verlet scheme® . The temperature
was maintained at 300 K using a modified Berendsen thermostat and the
pressure was kept constant by Parrinello-Rahman barostat. Coordinates were
collected in trajectory files every 10 ps. MD trajectories were analysed with
VMD 1.9.3 and representative images were rendered using UCSF ChimeraX
1.2.5 software. 2D diagrams of G4/DPP(PyMe): complexes were determined by
using LigPlot+ v.2.2.4.

2.10 - Confocal microscopy

Normal human dermal fibroblasts (NHDF) were grown in RPMI
medium, supplemented with 10% FBS, 1% streptomycin-penicillin antibiotic,
0.01 M HEPES, 0.02 M L-glutamine and 1 mM sodium pyruvate. Additionally,
the HeLa cervical cancer cell line was grown in DMEM medium, supplemented
with 10% FBS and 1% streptomycin-penicillin antibiotic. Cultures were
maintained in a humidified chamber at 37 °C and 5% CO:. The cell lines were

subsequently harvested, counted using the trypan blue exclusion method and
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seeded in u-slide 8-well flat bottom imaging plates (Ibidi GmbH, Germany) at a
plating density of 1 x10° cells/mL and incubated for cell attachment for 24 h at
37 °C and 5% CO:. Thereafter, cells were washed 3 times with PBS 1x and
stained with Hoechst 33342® nuclear probe (1 uM) for 15 min. Subsequently, the
cells were washed 3 times with PBS 1x to remove the excess of probe and
incubated with DPP(PyMe): (10 uM). Thereafter, the cells were transferred to a
Zeiss LSM 710 confocal laser scanning microscope (CLSM; Carl Zeiss SMT Inc.,
USA) equipped with a plane-apochromat 63x/DIC objective and processed in
Zeiss Zen software, in order to evaluate the cellular colocalization and uptake.

The fluorescence images were obtained at 40x magnification.
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3 - Results and Discussion

31 - Synthesis and structural characterization of the dicationic

diketopyrrolo[3,4-clpyrrole derivative DPP(PyMe):

The new dicationic diketopyrrolo[3,4-c]pyrrole DPP(PyMe). was
prepared in three steps, as illustrated in scheme 1, starting from the
commercially available dichlorinated DPP derivative Pigment Red 254. After
the N,N-dialkylation with 1-iodopentane as previously reported,® the neutral
pyridyl precursor DPPPy2 was obtained in 51% yield by a Suzuki-Miyaura
reaction between DPPCl: and 4-pyridylboronic acid, following a recently
reported procedure.®® The quaternization of the pyridyl groups with methyl
iodide afforded the desired dicationic derivative DPP(PyMe): in quantitative

yield.

DPP(PyMe), Me

Scheme 1 - Synthetic route to the dicationic DPP derivative.

The structures of the neutral scaffold and of the dicationic ligand were
unambiguously established from their NMR and mass spectra (see

experimental part and also SI, figures S1-57). The 'H NMR spectrum of the
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dicationic DPP(PyMe). when compared with the neutral precursor DPPPy,
displays, as expected, an extra singlet at 4.37 ppm due to the resonance of the
six N-CHs protons.

The molecular weight of both derivatives was confirmed by mass
spectrometry (MS-ESI and HRMS-ESI); the spectrum of the neutral derivative
showed the presence of two peaks at m/z 583.5 and 292.5, corresponding
respectively to [M+H]* and [M+2H]*. The spectrum of the dicationic derivative
showed a peak at 306.2 corresponding to the M?*ion.

The absorption and emission spectra of DPP(PyMe): are shown in Figure
4. The absorption spectrum displays two bands at 322 nm and 488 nm and the
emission spectrum revealed a Stokes shift of 99 nm when the sample was
excited at 488 nm. The fluorescent quantum yield or Jr of DPP(PyMe)s, in
dimethylformamide (DMF) is 0.77.

322 DPP(PyMe), sg7

Fluor
0.75

0.5
488

0.25

: NN

250 350 450 550 650 750

Normalized absorbance / fluorescence

Wavelength (nm)

Figure 4 - Normalized absorbance and fluorescence spectra of
DPP(PyMe): (Aexe = 488 nm) obtained in PBS solutions (5 and 2.5 uM,

respectively)

The development of photostable fluorescent dyes with large Stokes

shifts (> 80 nm) is particularly relevant for biological applications.*** These
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large Stokes shift can minimize the cross-talk between the excitation source
and the fluorescent emission improving the signal-to-noise ratio for cellular
imaging. Besides, the photostability of this type of dyes is also beneficial when
noninvasive long-term cellular imaging is being investigated.®® The molecular
relaxation following DPP-PyMe excitation was studied by time-dependent
density functional theory calculations (TD-DFT) in order to shed light on the

electronics of the system and the reason behind the large Stokes shift.

3.2 - Time-dependent density functional theory calculations (TD-DFT)

The vertical excitations of the molecule were studied by TD-DFT at the
CAM-B3LYP/6-31G(d,p)® level of theory after optimization in gas phase (see
Table S1 for detail in the first six transitions). The preliminary analysis of the
frontier orbitals shows that the HOMO of the system is located at the
diketopyrrolopyrrole unit while the LUMO is mostly spread among the
peripheral aromatic moieties (Figure 5a). The least energetic transition (So —
S1) calculated is only 0.17 eV underestimated by the method (Aexp = 488 nm vs
Acal = 522 nm). This is in good agreement with the experimental data and the
discrepancy attributed to solvatochromic effects not considered in the gas-
phase calculations. Analysis of other vertical excitations shows that the next
transition in the absorbance spectrum should correspond to So — Si as small
oscillator strength values (f<0.01) were determined for lower excited states,
despite the underestimation by the method (0.29 eV, Aexp = 322 nm vs Acal = 348
nm).

The least energetic transition is clearly dominated by the HOMO —
LUMO transition (lower inset table in Figure 5b), being accompanied by a
small contribution of excitation to LUMO+2. As the vertical transition is
mostly composed by excitation between the frontier orbitals, this translated

into the dominance of an intramolecular charge transfer from the heterobicylic
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core of the molecule into the peripheral aryl substituents. The graphical
analysis of the natural transition orbitals (Figure 5b), shows that the charge
transfer is accompanied by considerable local excitation at the central fused
rings, accompanied by excitation at the phenyl rings, while the pyridyl rings
work solely as electron-acceptor units. The band at 322 nm, assigned to the So
— S4 transition is mostly derived from electron occupation of the LUMO+2
orbital, from HOMO. This corresponds to local excitation of the
diketopyrrolopyrrole core accompanied with partial charge transfer to the

peripheral pyridyl substituents.
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Wave Cl
function

H->L+2  0.64973 (84%)
H>L 0.22124 (10%)
H->L+8  0.10550 (2%)

State Wave Cl
function
S; H->L 0.65985 (87%)

H->L+2  0.23543 (11%)

Figure 5 - a) Graphic representation of frontier molecular orbitals and
respective energies; b) Graphic representation of natural transition orbitals
and wave functions involved in the 1st and 4t vertical excitations, obtained at
TDDFT/CAM-B3LYP/6-31G(d,p) based on optimized ground state geometries

in gas phase.

In order to characterize the impact of the excitation on the conformation
of the molecule, the geometry of the lowest excited state S1 was optimized at
TD-DFT to find the minimum energy point in the excited state potential
energy surface. The comparison of the ground state geometry and the
resultant geometry upon excitation (Figure 6) shows a planarization of the
aromatic system. The angles between the m-system of the peripheral aromatic
rings with the central diketopyrrolopyrrole change from average 30.27° to

20.97°, accompanied by the pyridyl substituents and the phenyl ring
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approaching to coplanarity by decreasing the angles from -31.71° to -22.76°

(average values).

Figure 6 - Overlap of optimized geometries of So (balls and sticks) and relaxed

Si1 (sticks) at CAM-B3LYP/6-31G(d,p) level of theory.

3.3 - UV-Vis Spectroscopy

The electronic absorption spectrum of DPP(PyMe): prompted us to
monitor its interactions with the selected oligonucleotides AGs(T2AGs)s, c-MYC,
KRAS-22-RT, ds26 and CT (see Table 1) using UV-Vis spectroscopy. In general,
the alterations observed on the position and intensity of the ligand absorption
band maximum (batho or hypsochromic shifts and hypo or hyperchromic
effects) at the end of the titrations can give an important insight about the
affinity, selectivity and type of interaction of the binding process.

When groove or outside bindings are involved, since less direct contact
between m-systems occurs, less pronounced changes in the UV-Vis absorption
spectra are expected and red shifts lesser than 8 nm have been described.®
Typical values of hypochromicity (higher than 35%) and red shifts (AA) higher
than 15 nm in the UV-Vis bands are expected when intercalative binding
processes take place. Precaution must be taken regarding these values as
reference since they were determined for long pieces of duplex DNA where the
end-stacking is not significant.®

The alterations observed in the DPP(PyMe). UV-Vis absorption spectrum

during the successive additions of each DNA sequence in a phosphate buffer
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(PBS) are summarized in Figure 7 (see also Table 3). These titrations were
performed with DPP(PyMe): at an initial concentration of 5 pM and were
stopped after the addition of 195 ul of the oligonucleotide. This amount was
considered since no significative changes were observed for both double-
stranded sequences (calf thymus and ds26) after three consecutive additions. We
decided to consider this point for ending also the titrations with the G4

sequences for comparative purposes.

a) Telomeric b) eMYC c) KRAS-22RT

Normalized Absorbance
Normalized Absorbance

450 550 S50 3500 450 550 450 550
Wavelength (nm) Wavelength (nm) Wavelength (nm)

d) calf thymus e) double chain ds26 f) PBS
4B

Normalized Absorbance

Normalized Absorbance
Normalized Absorbance

450 550 450 550 450 550
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 7 — UV-Vis absorption spectra (350-700 nm) for the titrated solutions of
DPP(PyMe): (5.0 uM) with a) telomeric G4, b) c-MYC, c) KRAS-22-RT, d) calf
thymus, e) ds26 and f) PBS ; [DNA] =0 to 4.8 uM.

The most remarkable changes were observed in the presence of G4 DNA
sequences with surprisingly high red shifts: 52 nm for the telomeric DNA, 47
nm for c-MYC and 37 nm for KRAS. In contrast, the double-stranded sequences

calf thymus and ds26 showed insignificant deviations of 2 and 4 nm.
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Concerning the observed hypochromic effect (see Figure 7 and Table 3),
the most pronounced intensity decreases were observed in the case of telomeric
and c-MYC G4 structures that present a maximum hypochromism of 62 and
51%, respectively, and at the end of titrations of 49 and 28%. For the KRAS G4
structure a less pronounced hypochromism of about 50% was observed. In the
case of the double stranded DNA, calf thymus and ds26, hypochromism of 58%
and 48% were observed, respectively.

When the titrations were performed just in the presence of the PBS buffer
solution a decrease in the absorbance of 30% was observed. Considering that
this decrease in the case of the double strand structures occurred in almost the
same wavelength values, between 488 and 492 nm, the hypochromic effect for
the double strand structures were corrected by the value observed for PBS. The
red shift and hypochromic effect obtained at the end of each individual titration

as well as the binding stoichiometry are summarized in table 3.

Table 3 — Red shifts and hypochromic percentages observed with the different

DNA structures obtained from UV-Vis titrations

Telomeric v KkRraAs Calf ds26  PBS
G4 thymus
Red shift
52 47 37 4 2 0
(nm)
Hypochromic 62/49 51/28 57/50 28 18 30
effect (%)*

Stoichiometry o ole  1G42lig 1G42lig  1ds:llig  1dsllis -
DNA:lig

* In the case of the G4 structures the hypochromic effect maximum and at the
end of the titration were presented. For the double stranded structures, the
hypochromic percentages were corrected to the one observed when

DPP(PyMe): was titrated with PBS (30%)

25



The described behaviour points out to the formation of new species,
probably stable adducts DPP(PyMe).—-G4, if the red shift is also considered. The
hypochromic effects (28 and 18%) detected in the presence of the double-
stranded DNA sequences were accompanied by insignificant shifts (AA =2 and 4
nm) in the absorbance band of DPP(PyMe).. The obtained data suggests that
DPP(PyMe): presents high affinity and interacts strongly with G4 structures
and in a selective way. Moreover, the results are highly suggestive of the
occurrence of intercalation of DPP(PyMe): in the G4 structures, since the
observed red shifts were significantly higher than the value of 15 nm usually
associated to this type of process.

The binding stoichiometries, DNA:Lig, obtained using the continuous
variation approach, of 1G4:3DPP(PyMe): and of 1ds:1DPP(PyMe). also
corroborate the higher affinity of DPP(PyMe): for the studied G4 topologies
(Table 3).

Along with the red shifts and hypochromic effects observed in the case
of the telomeric and c-MYC sequences, it is possible to identify the existence of
isosbestic points, that are indicative of the existence of two different species in

equilibrium, probably the DPP(PyMe): and its adduct with the G4 structure.

3.4 - Fluorescence Studies
3.4.1 - Fluorescence Titrations

The alterations of DPP-PyMe intrinsic fluorescence in the presence of the
DNA structures was also used to determine the apparent equilibrium
dissociation constants. The spectra obtained from the fluorometric titrations are

presented in Figure 8.
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Figure 8 - Fluorescence titrations of DPP(PyMe). (2.5 uM in PBS) with a)
telomeric G4, b) c-MYC, c) KRAS-22-RT, d) calf thymus, e) ds26 and f) PBS;
[DNA] =0 to 4.8 uM; Aexc =485 nm

The results show that a pattern of fluorescence quenching was observed
in all the performed titrations, but the impact of that quenching was
significantly different for the telomeric and oncogene promotors G4s when
compared with both double-strandedDNA, ds26 and calf thymus. A titration
with PBS was also performed not only to correct the observed hypochromic
effect (14%) for the DNA structures but also to better understand the effect of
the water molecules in the DPP(PyMe): molecule, since aggregation processes
can also be related to quenching phenomena.

Both oncogene promotor G4 structures, c-MYC and KRAS showed the
most pronounced quenching, ca 92% and 88%, respectively, followed by the
telomeric sequence with a quenching of 62%. For these three G4s structures a
bathochromic effect of 9 nm was also observed. For the calf thymus and for the
ds26 double-stranded DNA quenching of 55% and 51%, respectively , with no
wavelength deviation was observed.

The observed fluorescence intensity quenching is commonly associated
to an electron transfer between the excited ligand and DNA structures.
Considering that the guanine residues are the most easily oxidized, when
compared with the other DNA bases, and the high number of guanines that
constitute G4s, this electron transfer process is favourable.”” Additionally,
considering that end-stacking or external binding involving G-quartets is the
most common binding site of a large number of ligands, it is not unexpected
that binding of many fluorescent ligands comprises an effective quenching of
their fluorescence. From these fluorimetric titrations it was possible to calculate
the apparent equilibrium dissociation constants (see details in experimental

section) for the G4 structures, however, in the case of the double stranded DNA
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structures, in the same experimental conditions, the Kd determination was not
possible. These results is indicative of a lower affinity of DPP(PyMe): to the
double stranded DNA structures.

The results summarized in Figure S8 and Table 4 show Kb values in the

same range for both DNA structures.

Table 4 - Apparent equilibrium dissociation constants obtained from

fluorescence titrations (n.a — non available)

Tel i
COMENE  «MYC  KRAS Calf ds26
G4 thymus
Ko / pM 1.39 £ 0.06 1.22 £ 0.08 0.50 £0.01 n.a. n.a.
DGCso / uM 1.52 1.05 1.01 2.77 3.22

3.4.2 - G4-FID assay

The high affinity observed for all the selected DNA structures led us to
perform the G4 fluorescent intercalator displacement (G4-FID) assay* to clarify
if the ligand has any selectivity towards G4 or to duplex DNA structures.?? This
assay is based on the loss of fluorescence of a probe like thiazole orange (TO) as
a result of its displacement from each DNA sequence by a ligand (see details in
the experimental section). The concentration of ligand required to decrease by
50% the probe fluorescence (DCs0) was determined from the percentage of
displacement. The obtained results are compiled in Figure 9, and the DCso

values indicated in table 4.
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% displacement DPP(PyMe),

—8—9% DC50GQ c-myc
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/

100
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Figure 9 - G4-FID assay performed in PBS at 25 °C for DPP(PyMe): and the

different DN A structures.

Lower values of Dcso were obtained for the G4 structures, in special for
the oncogene promotor sequences. A very considerable difference was found
for both double-stranded structures in special for ds26 sequence (DCso = 3.22)
that was found to be approximately three times higher than the obtained in the
case of c-MYC (DCso = 1.02) and KRAS (DCso = 1.05) and more than two times
higher than the obtained for the telomeric sequence (DCso = 1.52). The obtained
data from these G4-FID assays points to a pattern of selectivity of the ligand to
G4 structures that are in agreement with the results obtained from UV-Vis and
was validated by the selectivity factor (S) obtained from the FRET melting
studies (see below).

The affinity of DPP(PyMe): towards G4 structures combined with its
pattern of selectivity to these structures is of extreme relevance for targeting of
the telomeres, considering the ultimate delivery of the drug at the cellular
nucleus where a larger amount of duplex DNA is present. The undesired
interaction of the ligand with duplex DNA would reduce its availability as
ligand, thus resulting in a reduction of its telomerase inhibition and/or

regulatory function.”

3.5 - In silico studies
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A deeper insight into the binding mode of DPP(PyMe): and different G4
structures was obtained by molecular docking combined with molecular
dynamics studies. @ The crystal structure of human telomeric DNA
dAGGG(TTAGGG)s (PDB code: 4G0F) and NMR structures of c-MYC (PDB
code: 1XAV), KRAS-22RT (PDB code: 512V) and KRAS-32R GI9T conformer
(PDB code: 65UU) were used as docking models for simulation using Autodock
4.2.6. Each run provided 10 different conformers of the interaction between
DPP(PyMe). and G4s. A list with the free binding energies for each
G4/DPP(PyMe): conformer was showed in Table S2. The most energetically
favorable binding poses of each G4/DPP(PyMe): pair are highlighted in Figure
S9. Next, the lowest binding energy conformers (Figure S9) obtained from
docking studies were further subjected to molecular dynamic simulations. The
conformational stability of the G4/ligand complexes was evaluated by
measuring the RMSD during the simulations (Figure S10). The RMSD values of
the complexes between the ligand and telomeric and KRAS-22RT G4s indicated
that stable complexes were achieved at RMSD values ~0.4-0.5 A (Figure S10A
and S10C). This indicates that the ligand/G4 contacts remained intact after
stable complexes were attained. On the other hand, the RMSD plot of the
complex c-MYC/ligand showed a significant fluctuation in the first 5 ns (~1 A),
but a stable complex at ~0.5 A in the remaining simulation time. The RMSD plot
of the ligand on KRAS-32R conformer G9T showed a significant fluctuation of
the ligand during the first 60 ns. After that, RMSD drop down and a relatively
stable RMSD at ~0.6 A was attained. (Figure S10D). Therefore, from RMSD
analysis it is clear that KRAS-32R ligand-binding orientation changed
significantly over the first 60 ns of simulation time.

The site-specific binding of the ligand towards G4 structures is depicted
in snapshots presented in Figure 10, while the final MD snapshots showing side

and top views are shown in Figure S11.
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Regarding telomeric G4, the binding mode of the ligand, after 100 ns of
simulation, changes from loop/groove binding in the initial docking conformer
to stacking mode in the final MD structure (Figure 10A and S11A). In the final
structure, the ligand stacks over the top G-tetrad formed by G2-G8-G14-G20.
Interestingly, nucleobase Al stacks over the ligand, which is sandwiched
between the top G-quartet and nucleobase Al. The nucleobases A7 and A19
from G4 loops also interact with the ligand.

In the particular case of the complex c-MYC/ DPP(PyMe)., the final
snapshot also showed the stacking of the ligand with the first 5-end
nucleobases and the top G-tetrad (Figure 10B and S11B). Specifically, the ligand
interacts on a binding pocket formed by T1 and A3 in the bottom, and G2 on the
top forming a cap. Moreover, stacking interactions of the ligand with
nucleobases G8 and G13 of c-MYC top G-tetrad were also observed.

The binding mode of the ligand to KRAS-22RT G4 is similar to that
obtained from molecular docking experiments. The final snapshot of the
molecular dynamic structure showed an end-stacking binding mode of the
ligand with the bottom G-tetrad G4-G9-G13-G20 (Figure 10C and S11C). The
ligand binds to a cavity between the bottom G-tetrad and nucleobases T8, A21
and A22, which build up a cap over the ligand.

Finally, the ligand binding to the KRAS-32R G4 structure was evaluated.
The final snapshot of the molecular dynamic simulation showed the attachment
of the ligand on the bottom of the G4 structure (Figure 10D and S11D). The
ligand interacts with G29, G31 and G32 by stacking interactions. By creating a
cap over the G-tetrad, these three nucleobases seem to hinder the access and
interaction of the ligand to the bottom G-tetrad.

Altogether, these results are in agreement with the data obtained from
UV-Vis and fluorescence spectroscopy, suggesting that the ligand interacts with
the G4s mainly via m—mt stacking interactions. Indeed, the large aromatic nature

of the ligand favours stacking interactions with outer G-tetrads. However, the
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high flexibility of the side chains also permits interactions of the ligand with the
loop nucleobases. Several G4 binders have been reported as interacting with the
G4s mainly by m—mt stacking interactions. For instance, the binding of TMPyP4
to different human telomeric G4 topologies has been studied.”? The results
showed that TMPyP4 binds most efficiently with the parallel G4 topology due
to the prevalence m—mt stacking interaction of the G-quartets with the aromatic
moieties of the ligand. Nevertheless, TMPyP4 also establishes interactions with
G4 grooves and charged backbone by positively charged N-methylpyridinium
side chains. In the last few years, several studies have reported the synthesis
and development of G4 probes.” These studies showed that in many cases, -7t
stacking interactions are the main driving forces for ligand/G4 interactions. For
instance, the G4 optical probe IZFL-2, which specifically recognize c-MYC G4,
was characterized by experimental and in silico methods. The results revealed
that m—mt stacking interaction significantly contribute to the binding of the

ligand towards c-MYC G4.7

Telomeric c-MYC

KRAS 32R

Figure 10. Final snapshots of molecular dynamic simulations and 2D diagram
representations showing the binding site of DPP(PyMe): in (A) telomeric, (B) c-
MYC, (C) KRAS-22RT and (D) KRAS-32R conformer GI9T G4. G4 structures are

32



highlighted in blue with K* cations depicted as purple spheres, while

nucleobases are highlighted in red.

3.6 - FRET melting studies

The FRET melting assay was also used to validate the binding and stabilisation
of DPP(PyMe): towards G4 structures.”>’® The experiments were carried out
with G4 oligonucleotides as well as a duplex sequence d(TATAGCTAT-
hexaethyleneglycol- TATAGCTATA) labelled in 5 and 3" with FAM and
TAMRA (FdxT) in order to assess the selectivity of DPP(PyMe): ligand.. The G4
sequences used are localised at telomere ends and in oncogene promotors such
as, -MYC and KRAS. The data highlighted promisor stabilising effects of the
ligand in the G4 sequences. The results are depicted in Table 5 and show the
ATm values of oligonucleotides in the absence and presence of increasing ligand
concentrations.

The results suggest that the ligand is selective towards G4 over duplex
DNA, as a small stabilisation of the duplex was observed for DDP(PyMe)2
ligand at 8 molar eq. (ATm of 2.5 °C).

Table 5. DPP(PyMe):-induced thermal stabilisation measured by FRET melting
experiments.

ATn *(°C)
Ligand 1molar Eq. 2molar Eq. 4 molar Eq. 8 molar Eq.
FdxT® - - 05+0.1 25+04
FmycT-* 0.6+0.1 23+01 11.5+0.9 20.5+0.7
FKRAS32R4 0.6+0.2 20+0.6 72+19 16.6 +2.1
FKRAS22RT¢ 1.0+£0.3 6.1+1.6 11.2+0.6 15.6 £0.4
FtelomericT¢ 0.6+0.3 3.3+0.7 92+18 13.6 £1.7

aATm represents the difference in melting temperature of oligonucleotides (0.2 uM) in the
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presence of different molar equivalents of DPP(PyMe)2. The buffer used was 10 mM lithium
cacodylate pH 7.2 supplemented with » 100 mM KCI; <1 mM KCl and 99 mM lithium chloride
and 410 mM KCl and 90 mM lithium chloride.

Next, the impact of a non-G4 competitor sequence on the stabilisation of
G4 structures was evaluated. A FRET melting competition assay was performed
in the presence of 4 molar eq. of the ligand and an excess of ds26 (3 and 10 pM).
Furthermore, the selectivity factor (S factor) was determined and relies on the
relative stabilisation of DPP(PyMe): remaining in the presence of 3 and 10 uM
of the ds26 sequence.® The results are depicted in Table 6 and show that ds26 is
an ineffective competitor of G4 sequences. The S factors determined for the G4
sequences were near to 1 in the presence of 10 uM of ds26 (50 molar eq.). A
value of S factor closer to1l means that the binding of the ligand to ds26 is
almost negligible.”> Overall, the results showed that DPP(PyMe): can be

selective for G4 structures in the presence of ds26.

Table 6. FRET melting stabilisation of G4 sequences by DPP(PyMe): (0.8 uM)
in the presence of increasing concentrations of ds26 (0, 15 and 50 molar eq.). S
factor values for each G4 sequence in the presence of ds26 (15 and 50 molar eq.)

are depicted.

ATw (°C)? S factor
Ligand and Ligand and Ligand and Ligand and
Ligand 15 molar 50 molar 15 molar 50 molar
eq. ds26 eq. ds26 eq. ds26 eq. ds26
FmycT" 11.5 10.8 11.5 0.94 1
FKRAS32RTe 7.2 5.4 6.6 0.75 091
FKRAS22RTe 11.2 11.0 11.3 0.98 >1
FtelomericT* 9.2 9.4 8.7 >1 0.95

2ATm represents the difference in melting temperature of oligonucleotides (0.2 uM) in the presence
of 4 molar equivalents of DPP(PyMe)2 (4 molar eq.). The buffer used was 10 mM lithium cacodylate
pH 7.2 supplemented with ®1 mM KCl and 99 mM lithium chloride and <10 mM KCl and 90 mM

lithium chloride.
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3.7 - Circular dichroism experiments

CD titrations were further used to assess the ability of DPP(PyMe): to bind
and promote conformational changes on the oncogene G4 structures c-MYC
and KRAS (KRAS 32R and KRAS 22RT). The CD spectra were acquired in the
absence and presence of increasing concentrations of the ligand (Figure 11).
Upon titration of the G4 structures with the ligand, no significant changes were
observed in the characteristic bands of G4 structures (positive band ~ 260 nm
and negative band ~ 240 nm). In general, the results of CD titrations revealed
that ligand binds and preserves the G4 structures but does not change the initial
parallel stranded topology. On the other hand, the telomeric sequence in a K*
rich solution forms a mixed (3 +1) hybrid-type G4 structure (positive bands ~
291 and 255 nm and negative band ~ 230 nm).”77%” The addition of increasing
concentrations of the ligand leads to an increase in CD band at 262 nm at the
expense of the band at 291nm. Overall, the ligand could trigger topology
switching to the parallel topology from the hybrid-type G4 structure.® A similar
effect was previously observed by Yatsunyk et al. that showed the ability of N-
methyl mesoporphyrin IX to induce the parallel structure when the sequence is
annealed in the presence of ligand in potassium buffer.” Other G4 ligands such
as, the carbazole derivative BPBC# or the oxazole derivative DR4-4782 also
showed ability to induce such conformational remodelling of the telomeric G4

structure.

35



c-MYC
=—c-MYC = 0 e, DPP (Pyhe),
8 =u-MYC = 0.5 eq. DPP (PyMc),
e-MYC =1 cq. DPP (PyMce),
=——c-MYC + 2 ¢q. DPP (PyMe},
——¢-MYC = 4 eq. DPP (PyMe),
e oMY C 8 eq. DPP (PyMe),

KRAS 32R

= KRAS 3ZR * Qeq. DPP {P¥Me),

10 ——KRAS 32R ' 0.5 eq. DPT (Py)Me).

KRAS 32R ¢ 1 ¢q. DTT (D¥Me),
—KRAS 32R = 2 ¢q, PP (PyMe),
- ——KRAS 32R = 4 ¢q. DPP (PyMe),

W~ KRAS 32R = § eq. DPP (PyMe),

Ellipticity (mdeg)
[
Ellipticity (mdeg)

0 bt
|3
Vs
-21 0 \ /
-4
220 240 260 280 300 320 220 240 260 280 300 320
Wavelength (nm) Wavelength (nm)
C d .
) KRAS 22RT ) Telomeric
—— KRAS 22RT+ 0 ey, DPP (PyMo), lelomeric ~ 0 eq. DFP (FyMe),
10 —— KRAS 2ZRT + 0.5 . DPP (PyMe), 6 Telomeric | 0.5 eq. DPT (PyMe),
KRAS 22RT + 1 eq. DPF (PyMe) | Telomeric | 1 ¢q. DPP {PyMe),
—KRAS 22RT | 2 eq. DPP (Bv)Me), ———Telomeric = 2 ¢q. DPP (PyMe),
8 ——KRAS 22RT | 4 eq. DPT (P¥Mel, 4 Telomeric + 4 eq. DPT (PyMe),
7 — Telomuric = § cy. DPP (PyMel,

——KRAS 22RT + § eq. DPP (PyMe),

~Telomeric = 16 ¢q. DPP (PyMe),

Ellipticity (mdeg)
Ellipticity (mdeg)
=

0 = e 20
2 '
4
4
220 240 260 280 300 320 220 240 260 280 300 320

Wavelength (nm) Wavelength (nm)

Figure 11. CD titration spectra of (A) c-MYC (1 mM KCI and 99 mM LiCl), (B)
KRAS 32R, KRAS 22RT and (D) 22AG (10 mM KCI and 90 mM LiCl) in the

absence and presence of increased concentrations of DPP(PyMe)..

The influence of ligand on the thermal stability of G4 structures was also
assessed by using CD melting experiments. Firstly, the G4 structures in PBS
solution were adjusted for melting temperature. The ellipticity of promotor G4
structures was monitored at 262 nm, whereas the ellipticity of the telomeric G4
structure was monitored at 291 nm (Figure 12). The melting temperatures for c-
MYC, KRAS 32R, KRAS 22RT and telomeric sequences were 59.2, 62.1, 48.3 and
61.0 °C, respectively. Upon addition of 8 molar equivalents of the ligand, the c-
MYC and KRAS 22RT G4 structures were stabilized in more than 30 °C, while
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the KRAS 32R G4 structure is stabilized in a less extent way (ATm of 21.2 °C).
We hypothesize that this difference in thermal stability G4 structures could be
attributed to the different length of oligonucleotides, molecularity, and
polymorphism propensity.> Recently, it was reported the formation of the
dimeric forms of c-MYC and KRAS 22RT G4 sequences®® but was not found
evidence for the formation of a dimer complex in the wild-type sequence of
KRAS 32R.% Furthermore, Salgado et al. proved by NMR spectroscopy that the
KRAS 32R sequence can fold into two different G4 conformations. Other studies
performed on KRAS G4 sequences also suggested the presence of two
conformations of KRAS 32R with very different melting temperatures.®>% For
instance, Cogoi et al. also suggested the presence of two conformations (parallel
and antiparallel) of KRAS 32R with very different melting temperatures.®

The addition of the ligand to the telomeric G4 structure did not render
significant changes in the melting temperature. It is worth mentioning,
however, that this stabilization temperature is calculated relative to melting
temperature of the hybrid-type topology of telomeric sequence as in the
absence of ligand the sequence does not adopt a parallel topology and CD band
at 262 nm does not display temperature dependence.

Altogether, these pieces of evidence suggest that the ligand seems to have

a greater thermal effect on G4s with parallel topology.
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Figure 12. CD melting spectra of (A) c-MYC (1 mM KCl and 99 mM LiCl), (B)

KRAS 32R, (C) KRAS 22RT and (D) 22AG (10 mM KCl and 90 mM LiCl) in the

absence and presence of increased concentrations of DPP(PyMe)..

3.8 - PCR stop assay

Once CD and FRET-melting experiments revealed that DPP(PyMe):

stabilizes in a higher extension the c-MYC G4 structure over the KRAS 32R, the

ability of DPP(PyMe): in blocking the biological activity of Tag polymerase was

investigated by means of PCR stop assay?® using only c-MYC G4. Sequences of
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the Pu77 G4 (c-MYC) and Pu77-mut (c-MYC mutated) and the corresponding
complementary sequence (RevPu77) (Table 2) were incubated with increasing
concentrations of the ligand for 30 PCR cycles. The results are highlighted in
Figure 13. In the presence of 4 molar equivalents of the ligand, Pu77 extension
with Tag polymerase was partially inhibited and the final double-stranded
DNA PCR product was less detectable than in the lane without ligand (Figure
13A). Conversely, Pu77-mut sequence, which has mutations in the G-repeats,
remains almost unaffected in the presence of the ligand (Figure 13B). Even at
higher concentrations (16 and 32 molar equivalents) of the ligand the band of
the final PCR product remains well-defined and visible. In the presence of 32
molar equivalents, the final double-stranded DNA PCR product was not
observed and only a small smear is detected. Indeed, it is possible to observe

that the final PCR product was inhibited in a dose-dependent manner.

a) b)
Pu77 Pu77 mutated
DPP(PyMe), equivalents DPP(PyMe), equivalents

M 0 2 4 8 16 32 M 0 2 4 8 16 32

Figure 13.Polyacrylamide gel electrophoresis of (A) Pu77 G4 and (B) Pu77-mut
in the presence of increased concentrations of DPP(PyMe): (0 uM, 0.8 uM, 1.6
uM, 3.2 uM and 6.4 uM and 12.8 uM).

3.9 - Colocalization studies

Once the ligand has intrinsic fluorescence properties, confocal
microscopy was employed to assess its subcellular localization. The results are

highlighted in Figure 14. After treating HeLa cells with the ligand for 45 min,
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the DPP(PyMe): seems to be localized in the cytoplasm and partially in the
nucleus/nucleolus (Figure 14B). A more modest uptake of DPP(PyMe): was
detected in the cytoplasm of NHDF cells and the ligand was not detected in the
nucleus/nucleolus, which suggests tumour-selective properties of the ligand
(Figure 14A). This interesting feature makes the ligand attractive for the

development of G4 labelling probes.

a)
NHDF cells
Hoechst 33342 DPP(PyMe), Merge

b)
Hel a cells

Hoechst 33342 DPP(PyMe), Merge

Figure 14. Confocal microscopy images of (A) NHDF and (B) HeLa cells treated
for 45 min with 10 uM DPP(PyMe): (middle). Nuclear probe Hoechst 33342 (1

uM,, left) was used for colocalization (merge, right). Scale bar is 20 pM.
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4 — Conclusions

An efficient synthetic strategy was developed to obtain the novel
dicationic DPP derivative (DPP(PyMe)2, with a planar structure and with high
capacity to stablish strong m—m stacking interactions with G4s.

The data obtained from the spectroscopic analysis corroborate that the
ligand DPP(PyMe): presents a high affinity towards G4 structures, and is
particularly selective for oncogene promotors.

The results of MD simulations revealed that DPP(PyMe): binds to G4s
mainly by m—mt stacking interactions. These results agree with the data obtained
from the UV-Vis and fluorescence spectroscopy (high hypochromism and
efficient fluorescence quenching of G4s), which indicated the binding of the
ligand towards G4s mainly through an end-stacking mode, akin to that
observed for other G4/ligand complexes. Altogether, these results are in line
with the binding mode observed for G4 binders with a large aromatic surface.

CD and FRET melting experiments validate that DPP(PyMe): has
selectivity for G4s in the presence of ds26. CD titrations revealed that, upon
addition of 8 molar equivalents of the ligand, a stabilization higher than 30 °C in
the case of c-MYC G4 structure and of about 21.2 °C for the KRAS 32R G4
occurs. Once again, these results are in agreement with MD simulations, where
KRAS 32R established fewer contacts with the ligand, suggesting less potential
of the ligand to bind and stabilize the G4 structure. The results obtained by CD
titrations also showed that DPP(PyMe): switch the topology of telomeric G4
from a hybrid to a parallel type G4. Furthermore, the results from CD-melting
studies suggest a strong preference of DPP(PyMe): for parallel G4 structures.

From the PCR stop assay results, it was possible to demonstrate that
DPP(PyMe): has the ability to block the activity of Tag polymerase in a dose-

dependent manner, in the case of the c¢-MYC sequence. The subcellular
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localization obtained with confocal microscopy corroborates the results
obtained by the other techniques.

In the last few years, a range of G4 optical probes has been developed to
recognize G4s selectively.”” Indeed, DPP derivatives constitute a class of
pigments covering a colour range from yellow-orange to dark violet, which
open up a new framework to develop novel G4 fluorescent probes.

In conclusion, the data here reported suggest that DPP(PyMe): is an

attractive ligand for the development of G4 labelling probes.
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