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ARTICLE INFO ABSTRACT

Guanine (G) quadruplexes (G4) are nucleic acid secondary structures formed by G-rich sequences, commonly
found in human telomeric and oncogene-promoter regions, have emerged as targets for regulation of multiple
biological processes. Considering their importance, targeting the G-quadruplex structure with small molecular
binders is extremely pertinent. In this work, red emitting water soluble fluorophores bearing push-pull sub-
stituents were synthesized and examined for their interaction with human telomeric G4 and duplex (ds) -DNAs.
The presence of a strong electron donating (dimethylamino) and electron withdrawing (cationic pyridinium)
groups linked through a conjugated double bond helps in water solubility and enabling the emission in the near
IR region (> 700-nm). Binding of this cationic dye to the G4-DNA yields multiple-fold emission enhancement
(~70 fold with G4-DNA vs. ~7 fold with ds-DNA) along with hypsochromic wavelength shifts (35 nm with G4-
DNA and 8 nm with ds-DNA). The remarkable emission changes, ~2-4 fold enhanced binding efficiency noted
with the antiparallel conformation of G4-DNA indicates preferential selectivity over ds-DNA. The molecular
docking and dynamics studies of the ligands with duplex and G4-DNA were performed, and they provide insights
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into the mode of binding of these dyes with G4-DNA and supplement the experimental observations.

1. Introduction

Guanine quadruplexes (G4) are secondary DNA structures com-
posed of planar Hoogsteen- paired G tetrad structures. In the presence
of suitable monovalent metal ions such as sodium or potassium, the G-
quartets stack on top of each other yielding four-stranded structures
[1]. Several studies have linked the formation of G4 structures in vivo
with biological processes such as gene expression, transcription, and
telomerase inhibition [2-5]. Stabilization and selective recognition of
G4 structures over duplex DNA (ds-DNA) by using small molecular li-
gands is thus an attractive area of interest [6-8]. Such recognition
approach using small fluorescent molecules have found significant in-
terest in analytical biochemistry and medicine [9]. Typically these
probes show a strong fluorescence signal (light-up) upon binding the
biomolecule of interest. Considering their efficiency, newer fluores-
cence probes that exhibit such enhanced emission are sought for de-
tection of biomacromolecules [10,11]. Previously known probes that
show G4 binding as well as fluorescence/luminescence light-up prop-
erties include Ru (II) metallopeptides [12], antibodies [13], thioflavin-T
[13,14], pyrenyl derivatives [15], cyanine dyes [16], isaindigotones
[17], styryl coumarin dyes with quinoline or quinazolinium [18,19],
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benzothiazole dyes [20], and triphenylamine derivatives [21,22]. Sev-
eral other ligands and molecules were also reported for their selective
stabilization towards G4-DNA over ds-DNAs [23]. However, it is still
challenging to develop novel small molecular ligands for selective re-
cognition of the G4-DNA along with emission in the red region.

In this work, we designed the fluorophores with an intention to
create probes having water solubility, show emission in the red region,
and capable of interaction with the nucleic acid structures. Naphthalene
derivatives have been used as stabilizers for the G4-DNA nucleic acids
structures [24-28], as the DNA “base” equivalent [29] and for biolo-
gical imaging [30-32]. The presence of donor and acceptor substituents
induces strong intramolecular charge transfer (ICT) yielding the ab-
sorption and emission in the longer wavelength regions, and the pre-
sence of charged groups may help in water solubility. With this
strategy, we designed fluorophores bearing naphthalene moiety,
bearing a donor group in the form of dimethylamine, a charged and
electron withdrawing group in the form of the pyridinium group
(Scheme 1). It is expected that the naphthalene scaffold assists in
stacking interactions with G-quartet, the cationic groups assist in
electrostatic interactions apart from improving the water solubility and
the push-pull substituents yield emission greater than > 650 nm. The
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Scheme 1. Synthetic route used to obtain the pyridinium derivatives. Reagents and conditions: i) Na,S,0s, NHMe,, H>0, 140 °C, 48 h; ii) n-BuLi, DMF, THF, —78 °C,
8 h; iii) Piperidine, Zn(OAc),, ethanol, 80 °C, 3 h; iv) DMF, 100 °C, 7 h; v) Piperidine, ethanol, 100 °C, 12 h.

synthesis, absorption and emission studies and the binding interaction,
stability and selectivity of these ligands towards G4-DNA and duplex
(ds) DNAs have been explored by various biophysical methods such as
CD titration, CD melting, fluorescence. The results are rationalized by
using molecular docking and molecular dynamics simulations.

2. Experimental Section

The chemicals that were used for the synthesis and studies were
purchased from Sigma Aldrich, S. D. Fine, Alfa Aesar and Acros. UV-V
is absorption spectra were recorded using Analytik Jena Specord 210
plus or Perkin Elmer Lambda Bio + UV spectrophotometers.
Synthesized samples were characterized using 500 MHz Bruker Avance
NMR spectrometer. Mass spectral data were obtained using the Waters-
Synapt G2S high-resolution mass spectrometer [ESI-QToF] equipped
with UPLC. The DNA oligomers 22AG (5-AGGGTTAGGGTTAGGGTTA
GGG-3’) and ds-DNA (5-GGGTTACTACGAACTGG-3’ and its com-
plementary strand 3’CCCAATGATGCTTGACC-5") purchased from
Xcelris Labs were purified using denaturing PAGE (20%, 7 M urea),
followed by excision and desalting by Sep-Pak column. The DNA con-
centration was measured at 260 nm using the appropriate molar ab-
sorption coefficients (¢). For biophysical experiments, the ligand 1 was
prepared in DMSO (5 mM), and the ligand 2 was prepared in water
(5 mM).

3. Fluorimetric Titration Studies

The fluorescence emission studies were carried out using Horiba-
Jobin Yvon Fluolorog-3 spectrofluorometer and Fluoromax- 4 spectro-
fluorometers at the excitation wavelength of 450 nm for the synthesized
fluorophores. Fluorimetric titration was performed using a 100 uL
quartz cuvette having a 1 cm path length. The quadruplex and duplex
DNA of 100uM concentration were prepared in 100 mM sodium
chloride solution and 10 mM lithium cacodylate buffer (pH7.4). To
make ds or G4-DNA structures, DNA oligomers were annealed by
heating at 95 °C for 5min followed by gradual cooling to room tem-
perature for 3-4h. A fixed concentration (10uM) of the dye was
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titrated with increasing concentration of the DNA (12 to 18 uM) at an
excitation wavelength of 450 nm. The solution was allowed to saturate
for 3 min post addition of DNA to the dye solution before recording the
emission spectra. The normalized emission spectra were plotted against
the logarithm of the concentration of ligand, and the curve fitting was
carried out using the nonlinear regression obeying Hill equation (Eq.
(1.
Fy=Fy+ (& - Fo)(%)
[Kql* + [DNAT* €))
Fy, the normalized fluorescence intensity, Fy is the intensity in the
absence of DNA, F; is the maximum fluorescence intensity upon sa-
turation, n is the number of cooperative binding sites, and K, is the
dissociation constant (1/K,).

4. CD melting and Titration Experiments

Circular dichroism (CD) spectra were recorded at room temperature
on a JASCO J-815 spectrophotometer. DNA solutions (10 uM G4-DNA
and 15 pM ds-DNA) were prepared in 10 mM lithium cacodylate buffer
in the presence of 50 mM NacCl, at pH 7.4. DNA samples were annealed
at 95 °C for 5 min and allowed to cool down to room temperature. After
addition of 5 equivalents of dye (50 uM, 75 uM for G4 and ds-DNA re-
spectively) into the DNA, the solution was allowed to incubate over-
night. The melting temperature (T,,) curves were recorded from 20 °C to
95 °C with an increment of 1 °C/min. As the ionic strength is known to
modulate the binding of the cationic ligand to the negatively charged
DNA, for all melting experiments, the total ionic strength of 110 mM
was maintained with the help of Li* ions, which does not alter the
structure and stability of the Na* induced G4-DNA. The spectra were
recorded from 200 to 500 nm with a scanning speed of 100 nm/min in
1 mm path length quartz cuvette. The baseline correction was done
using NaCl, Lithium cacodylate buffer [pH 7.4]. All the spectra were
collected as an average of three measurements.
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5. Molecular Modelling and Dynamics Studies

To understand the binding modes, stability and interactions of the
ligands with the G4-DNA, docking studies, molecular dynamics, and
binding energy evaluation were carried out. [33] Coordinates for the
anti-parallel telomeric G4-DNA (PDB:143D) were obtained in the same
way as described previously [34]. Ligand structures were constructed
using GaussView 5.0 and optimized using the HF/6-311 + G(d,p) basis
set on the R.E.D server [35] which uses Gaussian 09. Docking studies
were performed using the Lamarckian genetic algorithm in Autodock
4.2 [36].The optimized structure of ligands was used to perform rigid
docking of the ligand with G4-DNA. The PDB file was modified for
docking purposes [34]. A grid space spanning the entire DNA was
constructed and the ligand was randomly placed inside it. Default
parameters in Autodock 4.2 were used to generate 250 independent
docked conformations. Clustering of the docked conformations with
RMSD 0.5, 1.0, 2.0 and 3.0A was performed, and accordingly, a re-
presentative structure of a cluster with a maximum number of con-
formations was chosen for further analysis.

To prepare the systems for subsequent MD studies, the generalized
AMBER force field (GAFF) [37] and ff09bscO [38] were used to para-
meterize the ligand and DNA respectively. Restrained electrostatic po-
tential (RESP) [39] charges were obtained by calculating the electro-
static potential using Gaussian 09 followed by charge assignment using
Antechamber module of AMBER 14 [40]. Further, the DNA and ligand
docked complex was solvated using TIP3P water molecules extending
to a size of 10A in a truncated octahedron. K* ions were added to
neutralize the system. The solvated system was subjected to 10,000
steps of minimization holding the DNA and ligand restraint followed by
5000 steps of unrestrained steepest descent minimization, 100 ps of
heating to 300K using Langevin dynamics, 100 ps of density equili-
bration which was finally followed by 100 ns of unrestrained dynamics
with coordinates saved for every 2 ps. The time step for the run was 2 fs,
and it was carried out using the GPU accelerated version of PMEMD in
AMBER 14 [41,42]. The binding free energies were calculated using the
MM-PBSA method [43] (MMPBSA.py module in AMBER 14) for the last
50ns. Every 5th frame was sampled from the final trajectory which
accounts for a total of 5000 frames considered for the binding energy
calculations. RMSD of heavy atoms of backbone, ligand atoms, and G-
quartet atoms, RMSF values of DNA residues. Hoogsteen H-bond oc-
cupancies every calculated for every 5th frame (10ps) using the
CPPTRAJ [44] module in AMBER 14. For defining the H-bond, a dis-
tance cut-off of 3.5 A between heavy atoms was used. Every 50th frame
and a total of 1000 frames were considered for the calculation of
stacking distances and angles. To visualize and analyze the MD tra-
jectories, UCSF Chimera [45] was used. PyMOL (http://www.pymol.
org) was used to visualize the structures and generate the images.

6. Synthetic Procedures
6.1. 6-Bromo-2-Dimethylaminonaphthalene (7) [46]

A mixture containing dimethylamine (50% in H,O0, 4mlL,
44.85 mmol), 6-bromo-2-naphthol (2.0 g, 8.97 mmol), Na,S,05 (3.57 g,
17.94 mmol), and H,O (20 mL) in a sealed tube was stirred at 145 °C for
48h. The product obtained was collected by filtration, washed with
water, and the combined filtrate was extracted with methylene chloride
and purified by column chromatography to afford 7 (white solid,
1.72 g, 65.8%).

'H NMR (500 MHz, CDCls): & 7.86 (s,1H), 7.64-7.63 (d, J = 9 Hz,
1H), 7.56-7.54 (d, J = 9Hz, 1H), 7.46-7.44 (d, J = 8.5Hz, 1H), 7.29
(s, 1H), 7.20-7.19 (s, J = 8.5Hz, 1H), 6.89 (s,1H) 3.08 (s, 6H); *°C
NMR (125 MHz, CDCl3): § 130.7, 130.0, 128.9, 127.7, 126.7, 126.7,
126.6, 125.5, 123.8, 120.7, 116.5, 106.4, 96.1, 77.2, 76.9, 76.7.
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6.2. 6-Formyl-2-Dimethylaminonaphthalene (6) [47]

Compound 8 (1.5g, 6.0 mmol) was dissolved in THF (15mL) and
cooled to —78 °C under N, atmosphere. 1.6 M BulLi in hexane (0.8 mL,
7.2 mmol) was added at —78 °C to the reaction contents and stirred for
30 min. This is followed by addition of DMF (7.2 mmol) and the reac-
tion was warmed upto 0 °C. Progress of the reaction was monitored by
TLC and upon completion, the reaction was quenched with water. The
contents were extracted with dichloromethane, and the desired product
was purified through silica-gel column chromatography (ethyl acetate/
hexane (5/95, v/v) as eluent) to yield 6 (yellow solid, 1.0 g, 85%).

H NMR (500 MHz, CDCl,): § 10.03 (s,1H), 7.64-7.63 (d, J = 9 Hz,
1H), 7.56-7.54 (d, J =9Hz, 1H), 7.46-7.44 (d, J = 8.5Hz, 1H),
7.20-7.19 (d, J = 9Hz, 1H), 6.89 (s, 1H), 3.08 (s, 6H); *C NMR
(125 MHz, CDCls): 6 191.8, 150.6, 138.6, 134.7, 130.7, 130.6, 126.8,
125.0, 123.5, 116.2, 105.4, 77.3, 77.0, 76.8, 40.3.

6.3. 4 Methyl-1-(3-(trimethyl ammonia)propyl) Pyridine-1-ium Bromide
3 [48]

A mixture of 4-methyl pyridine (15.3 mmol, 1.49 mL) and 3-Bromo-
N,N,N-trimethylpropan-1-aminium (7.7 mmol, 1.39 g) in DMF was he-
ated at 100 °C for 7 h. After cooling down to room temperature, the
solution was concentrated under reduced pressure. Ethyl acetate was
added and the suspension was stirred at room temperature for 8 h. The
precipitate was collected by centrifugation and dried to a constant
weight to give compound 3 (off-white solid, 1.41 g, Yield 80%).

'H NMR (500MHz, CDCl;): § 8.69-8.68 (d, J = 6Hz, 2H),
7.91-7.90 (d, J = 6.0 Hz, 2H), 4.66-4.63 (t, 2H), 3.51-3.48 (m, 2H),
3.15 (s, 9H), 2.64 (s, 3H), 2.59-2.53 (m, 2H), 3.08 (s, 6H); °C NMR
(125 MHz, CDCl3): § 159.7, 141.4, 129.8, 62.1, 136.4, 57.3, 52.9, 24.7,
21.9.

6.4. (E)-4-(2-(6-(dimethylamino) naphthalene-2-yl)vinyl)-1-
Methylpyridin-1-ium Iodide (1)

To a mixture of 1-methyl-4-pyridinium iodide (2.9 mmol, 0.7 g) and
6 (2.9mmol, 0.59g) in piperidine (~2-3 drops), zinc acetate
(0.1 mmol, 0.03g) in 20 mL of absolute ethanol was added and the
contents were heated at 80 °C. The deep-red colored mixture obtained
was cooled to room temperature yielding a red precipitate of 1 (0.42 g,
yield 67%).

'HNMR (500 MHz, DMSO-dg): § 8.79-8.78 (d, J = 6.5Hz, 2H),
8.16-8.15 (d, J = 6.5 Hz, 2H), 4.66-4.63 (t, J = 15Hz, 2H) 3.51-3.48
(m, J = 15 Hz, 2H), 3.15 (s, 9H), 2.64 (s, 3H), 2.59-2.53 (m, 2H), 3.08
(s, 6H); *°C NMR (125 MHz, DMSO-de): § 153.5, 150.0, 145.2, 142.0,
136.4, 130.6, 130.1, 128.8, 127.2, 125.9, 124.4, 123.4, 121.1, 117.0,
105.8, 47.8. HRMS: caled for CyoHaNo ™ [M] ™ 290.1700; found [M]*
290.1710 (error = 3.45 ppm).

6.5. (E)-4(2-(6-(dimethyl amino) napthalen-2-yl)vinyl)-1-(3-trimethyl
ammonia)propyl Pyridine (2)

Compound 6 (0.290 g, 1.45 mmol) and quaternary ammonium salt
(0.283 g, 1.46 mmol) was added to a dry round bottomed flask in the
presence of Nj. To this, ethanol (10 mL) followed by piperidine (2-3
drops) were added and the contents were refluxed for 12h at 100 °C.
Solvent was evaporated under reduced pressure and the desired com-
pound (2) is obtained by precipitation in ethanol (dark red solid, 0.15 g,
Yield 51%).

'H NMR (500 MHz, CDs;OD): § 8.70-8.69 (d, J = 7Hz, 2H),
8.08-8.07 (d, J = 6.5Hz, 2H,), 7.99-7.96 (15, J = 16 Hz, 1H), 7.88 (s,
1H), 7.68-7.66 (d, J=9Hz, 1H) 7.27-7.23 (d, J = 20Hz, 1H),
6.62-6.60 (d, J = 10Hz, 1H) 6.35 (s, 1H), 4.54-4.51 (t, J = 7.5Hz,
2H), 3.49-3.46 (t, J = 7.5Hz, 2H), 3.29-3.28 (q, J = 5Hz, 4H), 2.52
(m, 2H) 1.09-1.07 (t, J = 5Hz, 3H).
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13C NMR (125 MHz, CD;0D,): § 162.6, 156.1, 154.6, 152.7, 145.4,
143.3, 136.6, 123.7, 121.6, 112.4, 110.9, 108.9, 96.3, 62.3, 56.6, 53.2,
44.9,24.5,11.9. HRMS: caled for CosH3sN32 ™+ [M/2] " 187.1293; found
[M/2]* 187.1301 (error = 4.27 ppm).

7. Results and Discussion
7.1. Ligand Design and Synthesis

The push-pull substituted naphthalene derivatives have been used
as excellent staining dyes for various biological applications due to their
ability to cross the blood-brain barrier [49]. The fluorophores (1 and 2)
were synthesized based on the synthetic route given in Scheme 1. The
reaction of bromonapthol 8 with dimethylamine (NHMe,) and sodium
metabisulfite (Na,S;0s) yielded dimethylaminobromonapthalene deri-
vative (7) [50]. The dimethylaminonaphthaldehyde 6 was obtained on
the reaction of 7 with BuLi and DMF at —78 °C [51]. The ligand 1 was
obtained by reaction of 6 with 4-methylpyridinium cation with piper-
idine, zinc acetate [52]. The reaction of 4-methylpyridine 5 with (3-
Bromopropyl) trimethylammonium bromide 4 yielded the dicationic 4-
methylpyridinium derivative 3 which on subsequent condensation with
aldehyde 6 in the presence of piperidine yielded the desired ligand 2
[481.

7.2. Absorption and Emission Studies

Ligand 1 absorbs at ~464 nm in dioxane and shows weak bath-
ochromic emission shifts (9 nm) with an increase in solvent polarity
(473 nm in methanol) (Fig. 1). However, in water, ligand 1 shows a
hypsochromic shift of 45nm. The ligand 2, having the same chromo-
phore, absorbs at 465 nm in dioxane and the absorption maxima shifts
to lower energy (420 nm in water) with an increase in solvent polarity.
The shifts in absorption are greater for 2 than for 1 due to the presence
of additional quaternary ammonium group. This additional positive
charge will cause perturbations to the solute-solvent dipole interactions
resulting in the observed bathochromic absorption shifts [53]. Like in 1,
ligand 2 also shows a strong hypsochromic absorption shift (48 nm) in
water. This hypsochromic shift in water is due to charge stabilization of
the positively charged cations with water (Fig. 1).

Ligand 1 exhibits strong solvatochromic emission shifts [~
+90nm] with change in solvent polarity [Fig. 2]. In dioxane, the
emission is noted at 638 nm and in polar solvents emission is red-shifted
with emission in the range of 730-736 nm. The emission band observed
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at lower wavelength band is due to locally excited species and the
emission at a longer wavelength is due to the charge transfer (CT) band.
In strongly polar solvents the CT band remains conspicuous. Ligand 2
shows similar trends with emission at 677 nm in dioxane with a
shoulder band at ~560 nm. In polar solvents, the emission is quenched
with emission maxima at 743-757 nm [Fig. 2]. In water, the emission is
weak, but the emission maximum is centred about ~758 nm. Similar to
the absorption trend, the ligand 2 emits at slightly longer emission
wavelengths [+21 nm] compared to the ligand 1 in H,O. This is at-
tributed to the presence of additional quaternary ammonium cation
leading to greater excited state charge stabilization resulting in bath-
ochromic emission shifts [53].

7.3. CD Melting Studies

The synthesized fluorophores have two important characteristics i)
emission > 650 nm and ii) the water solubility due to the presence of
cationic groups. The presence of cationic groups favor interaction with
substrates such as DNA bearing negatively charged phosphate groups.
With these advantages in mind, we studied their interaction with a
telomeric G4-DNA and a 17-mer duplex DNA (ds-DNA). Their thermal
stability (T,,) was studied by monitoring the melting process by at
260nm and 295nm for ds-DNA and G4- DNA respectively. [Fig. 3]
Native G4-DNA melts at 51.1 °C and the corresponding Ty, for ds-DNA
was 53.3 °C. Addition of the ligands yield 2-8 °C rise with G4-DNA, but
the effects on ds-DNA is found to be less (1-2 °C) [Fig. 3]. The increased
melting indicates greater stability of the DNA structures in the presence
of these cationic ligands.

7.4. CD Titration Studies

To further understand the influence of added dye on the DNA
structure, CD titration experiments were carried out. The G4-strands
can adopt different topologies such as parallel, antiparallel structures
depending on G-tetrad stacking, cations or the presence of small mo-
lecules [1,54]. In the presence of NaCl, the CD spectra show positive
peaks at ~292nm, 245nm and a negative peak at 262nm [Fig. 4].
These are characteristic peaks of anti-parallel topology. After the ad-
dition of the ligands 1 and 2, no significant changes were noted, and the
anti-parallel topology of G4-DNA is preserved.

0.4 4
B ——1,4 Dioxane
——CH,CN
0.3 4 MeOH
——H,0

Absorbance

0.0

T T
400 500 600 700
Wavelength (nm)

T
300

Fig. 1. Absorption spectra of 10 pM of (A) ligand 1 and (B) ligand 2 in different solvents.
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Fig. 2. Emission of 10 uM of (A) ligand 1 and (B) ligand 2 in different solvents.

7.5. Fluorescence Emission Studies

The titration of ligand 1 with increasing concentration of ds-DNA
resulted in gradual enhancement of ligand fluorescence [~4.6 fold
enhancement] together with a hypsochromic shift (20 nm) [Fig. S1A].
Ligand 2 shows emission at ~758 nm and the addition of ds-DNA re-
sults in ~9 fold enhancement in intensity with concomitant hypso-
chromic emission shifts (25nm) [Fig. S1B]. These emission changes
indicate slightly stronger binding preference of the ligand 2 over the
ligand 1 with ds-DNA. With G4-DNA, ligand 1 shows a ~32-fold
emission intensity enhancement with ~35nm hypsochromic shift in
emission wavelength [Fig. 5A]. Ligand 2 leads to a ~73 fold intensity
enhancement with a ~43nm blue-shift in emission wavelength
[Fig. 5B]. Indeed, the ligand 2 bearing two cationic groups shows
stronger binding affinity with both duplex and G4-DNA. A comparative
plot of the change in emission intensity with added DNA concentration
is shown in Fig. 5C. The dissociation constant calculated for G4-DNA
with ligands 1 and 2 are [5.5 + 0.1 x10°°M] and
[5.01 + 0.05 x 10~ ®M] respectively. The corresponding values for
ds-DNA of 1 and 2 are found to be [11.4 + 1.59 x 10~ °M] and

A

1.0 ’
E o ds DNA (K+ Salt)y Tm 64.300C = -
£ |o Ligand1, T, 63.21°C
& |v Ligand2, T, 66.62°C
®
[
g 0.5
‘_v i
£
S
z

0.0 +#eL %)

20 3'0 4'0 5|0 610 7'0 8I0 9,0

Temperature (°C)

Normalized CD at 295 nm

[20.8 * 0.23 X 10~ °M] respectively (Fig. S2 and Table S1). These
values reveal ~ 2 fold [ligand 1], and ~4 fold [ligand 2] increased
binding efficiency of these ligands with G4-DNA over ds-DNA. The low
dissociation constants coupled with enhanced emission intensities of
ligands indicate preferential binding of these molecules towards G4-
DNA.

7.6. Molecular Modelling and Dynamics Studies

To probe the possible binding modes and interactions of ligands 1 and
2 with G4-DNA, molecular modelling, and dynamics simulations were
carried out using antiparallel human telomeric G4 (PDB:143D) DNA
structure [55]. The energy optimized structures of ligands 1 and 2 [Figs.
S3 and S4] generated at the HF/6-311 + G(d,p) theory level were utilized
for docking with telomeric DNA structure using Autodock 4.2. Docking
results showed that both the ligands preferentially stack between the top
quartet and the diagonal loop (pseudo intercalation site) of the anti-
parallel G4-DNA. Utilizing each of these docked complexes, two systems
were prepared, each of which was subjected to a final MD run of 100 ns
using GPU accelerated version of PMEMD in AMBER 14 [41].

—0—22AG (Na* salt), T, 51.1

—o—5 eq of Ligand1, T, 53.3
—~—5 eqofligand 2, T 59.9
0.5 o
0.0 A
20 4‘0 SIO BlD 160

Temperature (°C)

Fig. 3. CD melting spectra of ligands 1 and 2 with dsDNA (15 pM) and the quadruplex DNAs (10 uM) in 10 mM lithium cacodylate buffer, pH 7.2 in the absence and
in the presence of 5 equiv. of ligands. (A) Duplex DNA (10 mM KCI and 90 mM LiCl); and (B) Telomeric DNA (10 mM NaCl and 90 mM LiCD).
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Fig. 6. Time-dependent root means square deviation (RMSD) plots of (A) ligand
1/G4-DNA complex and (B) ligand 2/G4-DNA complex. RMSDs of backbone
atoms of DNA (black), G-quartets (blue) and ligand atoms (red) are plotted
against time. Every 5th snapshot was taken, and a total of 10,000 frames were
considered. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

To get a qualitative overview of the general stability of the ligand-
bound DNA complexes, the root mean square deviation (RMSD) values
of atoms of the ligands, G-quartet and heavy atoms of the backbone
concerning the first frame were plotted against time. From a visual and
intuitive inspection of the nature of the RMSD plots, it is evident that
the G-quartets are well stabilized in the presence of both ligands 1 and
2 [Fig. 6A and B]. The fluctuations in the RMSD plot of the backbone
atoms were elucidated by the per-nucleotide root mean square fluc-
tuation (RMSF) values of the loop residues in G4-DNA. All the guanine
residues forming the quartets show lesser fluctuations than the other
nucleotides [Fig. S5A and B]. Ligand 1 showed lower values of RMSDs
when compared to ligand 2 due to the absence of the side chain. But it's
orientation with respect to the G-quartet was found to be highly vari-
able [Fig. S6]. Ligand 2 showed fluctuating RMSD values because of the
dynamic nature of its side chain while ligand 1 showed lesser fluctua-
tions, which arise mainly due to change in angles of the plane of the
rings with respect to the chain. The average Hoogsteen H-bond

134

Journal of Photochemistry & Photobiology, B: Biology 190 (2019) 128-136

occupancies of the G-quartets were found to be 94.2% for the ligand 1
and 93.6% for the ligand 2.

Ligand 1 was very indiscriminate in the binding poses it adopted as
there was no particular orientation, which was found favorable and
stable in contrast to the behavior of ligand 2. This could be reasoned out
by the observation that none of the rings of ligand 1 was involved in
any major stacking interactions, which were apparent in the final MD
snapshots [Fig. 7A and B]. The naphthyl moiety was mostly positioned
at the center of the top quartet while the pyridinium moiety interacts
with the loop residues. This is in contrast to the situation of ligand (2)
in which it was the ammonium cation of the side chain interacting with
the backbone oxygen atoms. The pyridinium moiety of ligand 1 was
observed to interact with the residues of the diagonal loop in such a
way that it caused the carbonyl oxygen atoms of the thymine residues
to reorient towards its positively charged pyridinium moiety. This is
particularly observed for residue dT10 (Fig. S7). In the absence of any
stacking interactions, ligand 1 is stabilized only by weak electrostatic
forces. Ion-dipole interaction is observed between 04 of dT10 (average
distance of 3.98 + 0.44 A) and pyridinium nitrogen of ligand 1 [Fig.
S7 and S8].

Ligand 2 undergoes significant reorientation during the dynamics
with the G4-DNA [Fig. S9]. This conformational flexibility gave an in-
sight into possible interactions that cause the ligand to bind and sta-
bilize the G4-DNA. From the different orientations adopted by ligand 2,
one particular orientation seemed to be quite favorable in terms of
stacking and electrostatic interactions. Initially, ligand 2 does not stack
over any of the bases and is held only by electrostatic interactions be-
tween the N-methyl ammonium cation and phosphate oxygens of
flanking nucleotides. As the dynamics progressed, one of the naphthyl
rings stack over dG1, while the pyridinium ring stacks partially over
dG13 (Fig. S9B). A remarkable feature of the structure of ligand 2 is
that the centre to centre distance of the naphthyl and pyridinium rings
is around the same as that of the distance between centres of the rings
of guanine residues 1 and 13 (Fig. S10). This facilitates efficient
stacking interactions between the rings of ligand 2 and the top quartet.
At around 80-90 ns, ligand 2 is hugely displaced from over the quartet
to the edge, which eventually comes back to the stacked position over
dG1 and dG13 as seen in the final snapshot (Fig. 7D). Stacking and
electrostatic interactions seem to contribute significantly towards the
stability of ligand 2 in complex with the G4-DNA. Quantitative esti-
mation of stacking interactions based on the centre-to-centre distance
between rings and angles between their planes are summarized in Table
S2. Larger deviations from the mean values occur because of complete
displacement of ligand 2 from the stacked position for around 10 ns of
the simulation. But, as observed, the interactions persist for a sig-
nificant 77% of the total simulation time. Including other minor
stacking interactions, the naphthyl ring comes out to be the pre-
dominant contributor towards stacking. To probe the electrostatic in-
teractions involved, the distance between the N-methylated ammonium
atom from the side chain, N3 (marked in Fig. S4), of ligand 2 and
neighbouring phosphate oxygen atoms of the G4-DNA backbone was
examined. The distance plots between the nitrogen and oxygen atoms
showed that N3 of ligand 2 shows electrostatic contacts on either side
with OP2 of dG13 (average distance of 3.78 * 0.15 10\) and OP2 of
dG21 (average distance of 3.77 = 0.15 A). (Figs. S11 and S12). Owing
to the steric crowding due to the bulky methyl group, the ligand doesn't
stay in proximity to either atoms, and hence the average distances are
relatively larger. These observations show that the ligand 2/G4-DNA
complex is more stable than that with ligand 1.

To validate this, binding free energies of both the ligands with the
G4-DNA were calculated using the MM-PBSA method [56]. The free
energy components are listed in Table S3. The electrostatic contribution
towards enthalpy in the case of ligand 2 is more as compared to ligand
1 because of the presence additional positive charge. But the entropy
contribution results in almost similar binding free energies, slightly
more favorable for the ligand 2 complex.
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dG9

dG1

Fig. 7. Final MD snapshots of ligands 1 and 2 bound to antiparallel telomeric G4-DNA at the end of 100 ns simulations. Side views (left side) show the ligands bound
onto the top quartet of G4-DNA. DNA and ligands are represented as sticks. The K* ions present in between the quartets are represented as violet spheres. Axial views
(right side) show the ligand over the top quartet. Dashed lines show the hydrogen bonds present in the quartet. (A) side view of ligand 1 bound to G4-DNA (B) axial
view of ligand 1 stacked over the top quartet (C) side view of ligand 2 bound to G4-DNA (D) axial view of ligand 2 over the top quartet. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

8. Conclusions

In conclusion, we designed and synthesized water-soluble cationic
styryl dyes bearing a dimethylamine donor and pyridinium acceptor
groups and investigated their interactions with double-stranded and
quadruplex DNAs. Owing to the presence of strong electron donating
and electron withdrawing groups, the molecules show emission >
700 nm in aqueous media with a large Stokes shift. The presence of two
positively charged groups in ligand 2 enables stronger binding affinity
along with notable emission changes (~70 fold intensity enhancement)
with G4-DNA. The water solubility, strong red-emission, preferential
binding provide a promising scope for the development of fluorescent
probes for targeting G4-DNAs having biological importance.
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