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ARTICLE INFO ABSTRACT

Keywords: In order to further investigate mechanism of the styryl dye — DNA interaction, three different bis(styryl)pyr-
Bisstyryl dye idinium dyes possessing OMe or/and NMe; substituents in phenyl ring were selected and interaction of these
DNA compounds with the calf thymus DNA (ct-DNA) was monitored by using of UV-vis and fluorescence spectro-
gffiiia;?n ding scopic techniques, circular dichroism (CD), Hoechst 33258 displacement experiments and quantum-chemical
FRET calculations. The experimental results indicated a higher fluorescence enhancement for dyes containing NMey

group upon binding with DNA. The results proved the interaction of the molecules with ct-DNA occurs through
the formation of aggregates in minor groove at high dye concentration. Bis(styryl) dye with OMe substituent
forms the helical dye aggregates of right-handed chirality, whereas, dye containing NMe, group demonstrates
formation of left-handed chiral aggregates in minor groove of DNA. As the DNA concentration increases, the dyes
begin to spread out along the minor groove. This research provided a better understanding of mechanism of

styryl dye - DNA interaction and effect of dye structure on interacting mode with DNA.

1. Introduction

The spontaneous noncovalent assembly of cyanine dyes within the
minor groove of ds DNA causes the formation of helical dye aggregates
in the DNA template which differ in the size and shape [1-5]. The
formed well-defined aggregates exhibit induced chirality and interesting
optical properties. A second feature arising from the noncovalent as-
sembly is that dimerization is highly selective for A-T sequences over
G-C [6]. One important advantage of these aggregates is that their
structure and size can be controlled by the DNA template.

Binding of cyanine dyes to DNA can occur with significant fluores-
cence enhancement due to restricted internal rotation upon binding to
nucleic acid [7]. Thus, a variety of dyes based on benzoxazole, benzo-
thiazole, quinolone, pyridine heterocycles exhibits the increase of the
fluorescence intensity up to 260-fold upon binding to calf thymus DNA
[8-10].

Another well-studied example is binding of DNA to the natural
product distamycin [11-15]. This compound binds as a face-to-face
dimer in the minor groove of certain DNA sequences, including alter-
nating A-T sequences.

The selectivity, sensitivity and binding properties of the mono- and
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bis(styryl) dyes interacting with DNAs have been also investigated
[16-25]. Dyes exhibit the properties of long-wave emission, large Stokes
shifts, water solubility, and large fluorescent enhancement towards
nucleic acids. The formation of aggregates within the minor groove of
double stranded DNA is less studied compared to cyanine dyes. Two
reports mentioned of styryl dye aggregates have been found in litera-
ture. Thus, for the 4-alkoxystyryl(pyridinium) dye series, the presence of
the second DNA-binding unit led to the minor groove binding accom-
panied by the aggregation [26]. Bis(styryl) dyes, in which two styr-
ylpyridine moieties are connected to each other through the oxo- or
azacrown ether unit and constructing in tail-to-tail mode, at low DNA
concentration form the aggregates located in minor groove [27]. Also
analysis of the dye-DNA binding results demonstrated that crown ether
macrocycle included in the dye is localized near G-C pairs through the
hydrogen bonds.

In this study, we investigated the effect of substituents in bis(styryl)
pyridine dyes 1a,b, 2 on the formation of aggregates in DNA template
and fluorescent response on binding with DNA. In the composition of
dyes the substituents in the phenyl ring were OMe or/and NMe; groups.
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2. Experimental section
2.1. General methods

'H NMR spectra were recorded at 400 MHz, and '3C NMR spectra
were recorded at 101 or 151 MHz at ambient temperature using 5 mm
tubes. Chemical shifts were determined with the accuracy of 0.01 and
0.1 ppm for 'H and 3C spectra, respectively, and are given relative to
the residual signal of the solvent that was used as an internal reference.
The coupling constants were determined with the accuracy of 0.1 Hz.
Electrospray ionization (ESI) mass spectra were detected in the mode of
full mass scanning of positive ions on a tandem dynamic mass spec-
trometer equipped with a mass analyzer with an octapole ionic trap.
Melting points were measured on Melt-temp melting point electro-
thermal apparatus and were uncorrected. Elemental analysis was per-
formed on a Carlo Erba 1108 elemental analyzer at the Laboratory of
Microanalysis of A. N. Nesmeyanov Institute of Organoelement Com-
pounds of RAS, Moscow, Russia.

2.2. Synthesis of the compounds 1a,b, 2, 5a,b

4-[4-(Methoxy)styryl]lpyridine 3a [28], 4-[4-(dimethylamino)styryl]
pyridine 3b [29], (E)-4-[4-(methoxy)styryl]-1-methylpyridinium iodide
5a and (E)-4-[4-(dimethylamino)styryl]-1-methylpyridinium iodide 5b
[30] were prepared by literature procedures. All other reagents and
solvents were obtained from commercial sources and used as received.

2.2.1. General procedure for the synthesis of bis-styryl 1a and 1b

A mixture of styrylpyridine 3a or 3b (0.47 mmol) and dibromopro-
pane (0.235 mmol) in DMF (5 mL) was stirred at 80 °C for 24 h. After
being cooled at room temperature, 10 mL ethyl acetate was added and
the precipitate was filtered off. The precipitate was washed with hexanes
and ethyl acetate and dried.

2.2.2. (E)-1,1’-(propane-1,3-diyl)bis(4-(4-methoxystyryDpyridinium)
bromide (1a)

Yellow solid, yield 36 %, m.p. 256-258 °C. H NMR (400 MHz,
CD5CN): 2.67 (m, 1H, H-0); 3.84 (s, 3H, CHs); 4.68 (t, 2H, H-p, J = 6.9,
6.8); 7.01 (d, 2H, H-9, H-11, J = 8.8); 7.21 (d, 1H, b, Jyans = 16.2); 7.66
(d, 2H, H-8, H-12, J = 8.8); 7.81 (d, 1H, a, Jyqns = 16.2); 7.98 (d, 2H, H-
3, H-5, J = 6.9); 8.77 (d, 2H, H-2, H-6, J = 6.9). 3¢ NMR (400 MHz,
CD3CN): 32.0 (C-w), 55.3 (CH3) 56.7 (C-p), 114.6 (C-9, C-11), 120.2 (C-
b), 123.7 (C-3, C-5), 127.4(C-7), 130.2 (C-8, C-12), 141.8 (C-a), 143.9
(C-2, C-6), 154.6 (C-4), 162.0 (C-10). Anal. calcd for C31H32Br2N202:
C,59.63; H, 5.17; N, 4.49; found: C, 59.65; H, 5.12; N, 4.45. ESI-MS 1a in
H,0, m/z: caled 232.3; found 232.9 [1a]2".

2.2.3. (E)-1,1’-(propane-1,3-diyl)bis(4-(4-(dimethylamino)styryl)
pyridinium) bromide (1b)

Red solid, yield 33 %, m.p. 176—178 °C (dec.). 'H NMR (400 MHz,
CD3CN): 2.55 (m, 1H, H-w0); 3.04 (s, 6H, CH3); 4.44 (t, 2H, H-5, J = 7.6,
7.3); 6.76 (d, 2H, H-9’, H-11’, J = 8.9); 7.02 (d, 1H, b’, Jyans = 16.2);
7.57 (d, 2H, H-8’, H-12’, J = 8.9); 7.77 (d, 1H, &’, Jyrqns = 15.9); 7.85 (d,
2H, H-3’, H-5’, J = 6.9); 8.33 (d, 2H, H-2’, H-6", J = 6.7). 1°C NMR (400
MHz, CD3CN): 31.2 (C-w), 39.0 (CH3), 56.2 (C-8), 111.6 (C-9’, C-11°),
116.2 (C-b’), 122.0 (C-7"), 122.4 (C-3’, C-5’), 130.2 (C-8’, C-12°), 142.7
(C-2°, C-6°),143.1 (C-a’), 152.4 (C-4’), 154.9 (C-10’). Anal. calcd for
C33H38Br2N4: C, 60.93; H, 5.89; N, 8.61; found: C, 60.98; H, 5.84; N,
8.58. ESI-MS 1b in Hy0, m/z: calcd 245.3; found 245.3 [1b]3+.

2.2.4. (E)-1-(3-bromopropyD)-4-(4-(dimethylamino)styryDpyridinium
bromide (4)

A solution of compound 1b (0.1 g, 0.45 mmol) in DMF (10 mL) was
very slowly added dropwise to a solution of 1,3-dibromopropane (0.454
g, 2.25 mmol) in DMF (2 mL) under continuous stirring at 80 °C in the
argon atmosphere. After the addition was completed the obtained
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mixture was stirred at 80 °C during 4 h. After being cooled at room
temperature, 5 mL ethyl acetate was added and the precipitate was
filtered off. The precipitate was washed with cold methanol and hot
ethyl acetate and dried. Red solid, yield 25 %, m.p. 168—172 °C (dec.).
'H NMR (400 MHz, CD3CN): 2.48 (m, 2H, H-0); 3.04 (s, 6H, CH3); 3.49
(t, 2H, H-p, J = 6.4, 6.4); 4.51 (t, 2H, H-5,J=7.1,7.1); 6.79 (d, 2H, H-9’,
H-11’,J = 8.9); 7.06 (d, 1H, b’, Jyrqns = 16.1); 7.58 (d, 2H, H-8’, H-12", J
=8.9); 7.77 (d, 1H, a’, Jyans = 16.1); 7.88 (d, 2H, H-3’, H-5’, J = 6.9);
8.42 (d, 2H, H-2’, H-6’, J = 6.9). 13C NMR (400 MHz, CD3CN): 28.6 (C-
B), 32.6 (C-m), 39.0 (CH3), 57.8 (C-5), 111.7 (C-9°, C-11"), 116.3 (C-b’),
122.1 (C-77), 122.5(C-3’, C-5’), 130.1 (C-8’, C-12), 142.7 (C-a’), 143.1
(C-2°, C-6’), 152.3 (C-10’), 154.7 (C-4’). Anal. calcd for C18H22Br2N2:
C, 50.73; H, 5.2; N, 6.57; Br, 37.5.; found C, 50.69; H, 5.25; N, 6.61. ESI-
MS 4 in MeCN, m/z: caled 345.1; found 345.1 [4]™.

2.2.5. 4-(4-(dimethylamino)styryl)-1-(3-(4-(4-methoxystyryl) pyridinium-
1-yDpropyDpyridinium iodide bromide (2)

A mixture of styrylpyridine 4 (0.14 mmol), 3a (0.14 mmol) and KI
(0.14 mmol) in MeCN (5 mL) was stirred at 80 °C for 100 h. After being
cooled at room temperature the solvent was evaporated and the ob-
tained residue was recrystallized from methanol, the precipitate was
filtered off. The precipitate washed with hot ethyl acetate and dried. Red
solid, yield 50 %, m.p. 195—-198 °C. H NMR (400 MHz, DMSO-dg): 2.62
(m, 2H, H-w); 3.02 (s, 6H, N(CH3)5); 3.83 (s, 3H, OCH3); 4.58 (t, 2H, H-5,
J=7.6,7.6); 4.65 (t, 2H, H-p, J = 7.3, 7.3); 6.78 (d, 2H, H-9’, H-11" J =
9.0); 7.06 (d, 2H, H-9, H-11, J = 8.4); 7.2 (d, 1H, b’, Jyqns = 16.0); 7.39
(d, 1H, b, Jirans = 16.2); 7.59 (d, 2H, H-8, H-12, J = 8.9); 7.71 (d, 2H, H-
8, H-12’,J=8.1); 7.95 (d, 1H, a’, Jyqns = 16.0); 8.03 (d, 1H, a, Jyans =
16.2); 8.09 (d, 2H, H-3’, H-5", J = 5.8); 8.22 (d, 2H, H-3, H-5, J = 5.4);
8.84 (d, 2H, H-2’, H-6’, J = 5.8); 8.98 (d, 2H, H-2, H-6, J = 5.4). 13¢
NMR (400 MHz, DMSO-dg): 31.3 (C-0), 39.5 (N(CH3)2), 55.4 (OCH3)
56.0 (C-3), 56.4 (C-p), 111.9 (C-9°, C-11), 114.7 (C-9, C-11), 117.1 (C-
b’), 120.7 (C-b), 122.4 (C-3°, C-5’), 123.3 (C-7°), 123.4 (C-3, C-5), 127.8
(C-7), 130.1 (C-8, C-12), 130.3 (C-8°, C-12°), 141.2 (C-a), 142.5 (C-a’),
143.6 (C-2’,C-6’), 144.2 (C-2,C-6),152.0 (C-10"), 153.6 (C-4), 154.0 (C-
4’), 161.3 (C-10). Anal. caled for C32H35BrIN30: C, 56.15; H, 5.15; N,
6.14; found C, 56.25; H, 5.11; N, 6.1. ESI-MS 2 in MeCN, m/z: calcd
238.8; found 238.9 [2]%*.

2.3. Preparation and handling of DNA solutions

Calf thymus DNA (type I; highly polymerized sodium salt, Sigma)
was dissolved without further purification in 10 mM sodium phosphate
buffer at a concentration of 1-2 mg mL ™! and kept at 4 °C for at least 16
h. After that the solution was filtered through a PVDF membrane filter
(pore size 0.45 pm) to remove any insoluble material. The concentra-
tions of DNA samples were determined by absorption measurements of
the diluted stock solution (1 : 20), using the molar absorption coefficient
£260 = 12 824 cm "M 1(in base pairs, bp).

2.4. Spectroscopic studies

Electronic absorption spectra were recorded on a Varian-Cary 300
spectrophotometer. Fluorescence spectra were recorded on a Cary
Eclipse spectrofluorometer. The spectra of circular dichroism were
recorded on the automatic recording dichrograph SKD-2MUF. All mea-
surements were carried out in conventional quartz cells of 10 mm path
length at 20 °C. The preparation and handling of the solutions were
carried out under red light. The experiments were performed in the
phosphate buffer solution at pH = 7 or in deionized water. The fluo-
rescence lifetime T was measured in correlated photon counting mode
using a Horiba Jobin Yvon Fluorolog 3-221 spectrofluorimeter with 369
and 455 nm nanoleds.

The fluorescence quantum yield measurements were carried out in
buffer solutions at 20 & 1 °C; the concentrations of the studied com-
pounds were 5 x 1075M. All measured fluorescence spectra were
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corrected for the nonuniformity of the detector spectral sensitivity.
Coumarin 343 in ethanol (¢g = 0.63) and coumarin 6 (¢g = 0.78) in
ethanol was used as a reference for the fluorescence quantum yield
measurements. The fluorescence quantum yields were calculated using
Eq. (1):

fl_ (/,”i.(] — 107")n? @
RSx (1 —104)nd

wherein ¢ and ¢l are the fluorescence quantum yields of the studied
solution and the standard compound respectively; A and Ag are the
absorptions of the studied solution and the standard respectively; S and
Sg are the areas underneath the curves of the fluorescence spectra of the
studied solution and the standard respectively; and n and ng are the
refraction indices of the solvents for the substance under study and the
standard compound.

2.5. Molecular modeling calculations

The 3D models of 1a, 1b, 2 and DNA were built using molecular
graphics software package Sybyl-X software (Certara, USA). Partial
charges on la, 1b and 2 atoms were calculated according to the
following scheme. First, to find the minimum energy conformation,
scanning of the conformational space of the 1a, 1b and 2 was performed
with the application of molecular-mechanical approach and Monte-
Carlo method by using Molsoft ICM-Pro 3.8.6 [31]. To calculate inter-
atomic interactions the force field MMFF [32] was used at this stage.
Further optimization of the conformation found at the first step for the
purpose of searching geometry with the smallest energy and calculation
of electron density distribution were performed by using second-order
Mgller—Plesset perturbation theory (MP2) [33] and implicit consider-
ation of the solvent effect with application of the conductor-like polar-
izable continuum model (CPCM) [34] and cc-pvdz basis sets. Then
Merz-Singh-Kollman scheme [35] was applied to obtained electron
density distribution for calculation of grid for the electrostatic potential
fitting with the following parameters: (6/41 = 10) - the number of
surfaces around the atoms and (6/42 = 17) - the density of test points on
these surfaces. The RESP (Restrained ElectroStatic Potential) method
[36] was applied to fitting of the grid obtained in the previous step for
calculation of partial atomic charges. All quantum mechanics simula-
tions were carried out using Gaussian 09 program [37]. To define the
most probable binding site of the ligands on the target surface, the
procedure of flexible ligand docking was performed using ICM-Pro
3.8.6. DNA conformation remained invariable during the docking pro-
cedure. Before starting a docking procedure the structures of DNA and
la, 1b and 2 were converted into an ICM object according to the ICM
method, the molecular models were described using internal co-
ordinates as variables. The parameters needed for interatomic energy
calculation and the partial charges for atoms of the targets were taken
from the ECEPP/3 [38] and from force field MMFF for atoms of 1a, 1b
and 2. The biased probability Monte Carlo (BPMC) minimization pro-
cedure [39] was used for global energy optimization. Finally confor-
mational stack obtained from docking procedure was sorted by scoring
function. The selected complexes were used as targets during the second
docking procedure with subsequent optimization in modeling the pos-
sibility of aggregation of the ligands on the surface of the DNA. In the
second stage, the complexes, obtained by Molsoft ICM-Pro 3.8.6, were
minimized by using SYBYL X and Powell method [40]. The following
settings were used: partial charges on the DNA from Amber7 ff02 force
field, parameters for interatomic interactions and from Tripos force field
[41], a non-bonded cut-off distance equal to 8 ;\, a distance-dependent
dielectric function, the number of iterations equal to 500, the simplex
method in an initial optimization, and an energy gradient convergence
criterion of 0.05 kcal/mol/A.

MD simulations were performed using Amber 18 software [42]. The
solvent effect was simulated using the OPC3 water model [43]. The
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simulation performed by using periodical boundary conditions and
rectangular box. The buffer between DNA-ligand complex and the pe-
riodic box wall was at least 15 A. For neutralizing of the negative charge
of DNA backbone K ions and positive charge of 1a, 1b and 2 Cl~ were
used. The parameters needed for interatomic energy calculation, were
taken from the force fields OL15 [44,45] for DNA and from general
amber force field (gaff2) for 1a, 1b and 2. At the beginning of the
calculation, the systems under study were minimized in two steps. At the
first stage, the location of solvent molecules was optimized using 1000
steps (500 steps of the steepest descent, followed by 500 steps of the
conjugate gradient), while the mobility of all solute atoms was
restrained with a force constant of 500 kcal*mol'*A™2. At the second
stage, the optimization was carried out without any restrictions using
2500 steps (1000 steps of the steepest decent, 1500 steps of the conju-
gate gradient). Then, gradual heating to 300 K in 20 ps was performed.
To avoid too large fluctuations for the systems under study, weak har-
monic constraints with a force constant of 10 kcal*mol*A2 were used
at this stage for all atoms except the solvent atoms. SHAKE algorithm
was applied to constrain bonds to hydrogen atoms, that allowed to use 2
fs step. Scaling of nonbonded van der Waals and electrostatic in-
teractions were performed by the standard Amber values. The cut off
distance for non-bonded interactions was equal to 10 A and the
long-range electrostatics was calculated using the particle mesh Ewald
method. The MD simulations in production phase were carried out using
constant temperature (T =300 K) and constant pressure (p = 1 atm) over
80 ns. To control the temperature Langevin thermostat was used with
the collision frequency of 1 ps™. Snapshot visualization was performed
using VMD. Energy was estimated using the MM-GBSA approach. The
polar contribution Egg was computed using the Generalized Born (GB)
method and the algorithm developed by Onufriev et al. for calculating
the effective Born radii [46]. The non-polar contribution to the solvation
energy (Esurf), which includes solute-solvent van der Waals interactions
and the free energy of cavity formation in solvent, was estimated from a
solvent-accessible surface area (SASA). Snapshot visualization was
performed using VMD with a donor-acceptor distance of 3.2 A and angle
cut off of 20 degrees. To simulate the interaction of an ensemble of li-
gands with DNA, the distribution of ligands in the rectangular box was
Ionodeled using the PACKMOL package [47] with tolerance distance 10
A.

3. Results and discussion
3.1. Synthesis of bisstyryl dyes 1a, 1b and 2

Symmetric bis(styryl) dyes 1a [48] and 1b [49] were obtained in a
two-step synthesis (Scheme 1). In the first step, aldol condensation of
4-picoline with benzaldehyde was performed according to published
protocols [28,29] resulting in the mono(styryl) dye 3a and 3b. In the
second step, mono(styryl) dyes reacted with 1,3-dibromopropane in
ratio 2:1 to give bis(styryl) dyes 1a and 1b. The asymmetric bis(styryl)
dye 2 was obtained in 51 % yield by quaternization of the intermediate 4
with 1,3-dibromopropane followed by alkylation of 3b with 1,3-dibro-
mopropane. All dyes 1a, 1b and 2 were identified and fully character-
ized by NMR spectroscopy, mass spectrometry and elemental analysis
(Fig. S1 in Electronic Supporting Information).

3.2. Optical properties of dyes 1a, 1b and 2

The absorption spectra in the phosphate buffer (BPE) solution at pH
= 7 of symmetric bis(styryl) dyes 1a and 1b exhibit long wavelength
absorption bands (LAB) centered at 380 and 468 nm since each of them
contains two identical chromophore fragments (Table 1). The positions
of LABs are similar to those of corresponding analogue mono(styryl)s 5a
and 5b (Table 1). The observed absorption spectra are attributed to an
intramolecular charge transfer from the donor OMe or NMe; fragment to
the acceptor heterocyclic moiety. Absorption spectrum of
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Scheme 1. Synthesis of the dyes 1a,b and 2 and structures of monostyryl dyes 5a,b [30]. *Reaction condition for obtaining of 3a. ** Reaction condition for obtaining

of 3b.

Table 1

Optical characteristics of dyes 1a,b, 2, 5a,b and their complexes with DNA (Aaps, Aem - absorption and emission spectral maximum wavelengths; I, — fluorescence
intensity of free or I, pna - DNA-bound dye at Aep; 7 - fluorescence lifetime at A, wavelength).

max 1

ANEX nm AmaX nm Stoke’s shift, cm™ b, % T, nS (Aem, NmM) ~
Dye free dye in the free dye dye in the free dye in the I 'galiA/ I free dye in the free dye dye in the presence
dye presence of presence of dye presence of (hem L-DNA) dye presence of of DNA (Caye/Cpna =
DNA DNA DNA DNA 1:50)
<0.1 0.32 (507) 84 %
5a 373 395 501 501 6850 5360 2.1 1.2 2.3 lE/E:O7) 100 1.74 (507) 16 %
0.19 1.26 (620) 43 %
5b 448 491 615 615 6060 4110 60 0.26 6.2 5220) 100 2,78 (620) 57 %
< 0.1 0.33 (510) 96 %
5210) 100 5.47 (510) 4%
la 380 395 510,694 505 6710 5520 3.2 0.47 1.47 1.57 0.41 (560) 87 %
5260) 100 7.95 (560) 13 %
0.21 0.42 (620) 63 %
1b 468 492 627 615 5420 4070 60 0.05 2.82 [(,220) 100 2.57 (620) 37 %
2 401, 408, 507 500, 495, 615 0 o 3.2,23 0.04 0.6 (()41‘:)) 100 8§§ Egzgi ;g?)/:/"
503 > 623 ’ 3830°  3460" - ) ’ % 2.4 (620) 22 %

# . fluorescence decay curves are represented in ESI, Fig. S3.
@ - Stoke’s shift for O-chromophore in bisstyryl dye 2.

b _ Stoke’s shift for O-chromophore in bisstyryl dye 2.

unsymmetrical dye 2 contains two peaks in the long wavelength region
at 401 and 503 nm, which are characteristic of both mono(styryl) dyes
5a and 5b. Differences in intensity and some red shift (20-30 nm) in the
peak positions on going from equimolar mixture of corresponding mono
(styryl)s 5a (O-chromophore), 5b (N-chromophore) can be explained by
their intramolecular interaction and the increased polarization of the
chromophores and, hence, the more pronounced ICT interaction,
resulting from proximity of two positive charges in the structure of 2.
Dyes 1a, 1b and 2 demonstrate large Stoke’s shift (5420-6710 cm ™).
The fluorescence spectrum of dye 1a has a maximum at about 510 nm,
corresponding to the O-chromophore 5a, and a maximum at 694 nm.
Since the ratio of the intensity of fluorescence signals at 505 nm and 694
nm does not depend on the concentration of 1a in solution, it can be

concluded that the long-wavelength peak corresponds to the excimer
fluorescence. Thus, two styryl fragments of dye la can form intra-
molecular face-to-face sandwich H-dimer in aqueous solution (Fig. 1).
The fluorescence decay curves of dyes 5a,b and 1b in water are
monoexponential, which indicates the presence of only one type of
molecules in the excited state. Time-resolved measurements of la
showed the existence of short-lived and long-lived components, indi-
cating a relaxation process in the dye molecule with a linear structure
and in the form of an intramolecular excimer. When DNA is added to the
dyes, the fluorescence decay of the resulting solutions becomes multi-
exponential, which indicates that solutions contain two or more com-
ponents with different fluorescence lifetimes. The average fluorescence
lifetime of solutions also increases (Table 1). The large increase in the
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Fig. 1. Fluorescence of la at 20°C in BPE buffer and proposed structure of
H-dimer.

fluorescence lifetime is primarily due to the fact that interaction with
DNA reduces the efficiency of torsional motion of dyes in an excited state
around the C=C double bond, making it difficult to form the non-
fluorescent Z-isomer. In addition, due to the increased viscosity of
samples with a large mass percentage of DNA, the relaxation rate of the
excited state of the dye through the formation of the TICT state
decreases.

The fluorescence quantum yields of 1b, 1a and 2 are very low,
obviously due to the presence of efficient competitive nonradiative
relaxation processes involving the formation of twisted states and E-Z-
isomerization [50]. As shown earlier, the relaxation of the exited state of
ligands similar to 1b goes mainly through the formation of twisted states
with a subsequent non-radiative relaxation to the ground state via ‘loose
bolt’ mechanism [51]. To support the proposition, the measurements of
quantum yields of the fluorescence of dyes 1a, b and 2 in different
solvents have been done (Table S1 in ESI). In viscous glycerol and
ethylene glycol, an increase in fluorescence quantum yield was observed
by 5-6 times for 1a, 40 times for 1b and 32 times for 2 due to the
suppression of the possibility of rotation around single and double
bonds. Also in non-polar solvent the quantum yields of fluorescence are
higher than those in polar (Table S1 in ESI). This fact indicates the
possibility of the fluorescence enhancement for the dyes under study,
when, upon binding to DNA, the dyes pass from water to the hydro-
phobic environment of the nucleic acid.

The asymmetric dye 2 possesses two different chromophore units
between which the occurrence of energy transfer could be. To estimate
the possibility and mechanism of it, electrochemical study has been
prepared. The redox potentials of dyes 5a, 5b and 2 were investigated by
cyclic wave voltammetry in MeCN containing tetrabutylammonium
hexafluorophosphate as supporting electrolyte on Pt-electrode. The
resulting voltammograms, electrochemical data, its analysis and derived
HOMO-LUMO energy levels are summarized in ESI (Figs. S6-S8,
Table S3.) The mutual arrangement of HOMO-LUMO of 5a and 5b is
shown in Fig. 2.

As shown in Fig. 2, the LUMOs of the O-chromophore and the N-
chromophore of the asymmetric dye 2 are close in energy. They are also
located closely on positively charged pyridinium fragments separated
only by a short alkyl bridge, which makes possible an electron transfer
from an excited chromophore to another one in the ground state.
However, the HOMOs of both fragments are localized at the far ends of
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Fig. 2. Mutual arrangement of 5a and 5b HOMO-LUMO obtained from elec-
trochemical data.

two chromophores, and the distance between chromophores is 12.3 A
(see Fig. S4 in ESI), which is quite far for Dexter electron transfer [52].
At the same time, the fragments are close enough for FRET (Forster
resonance energy transfer), and the HOMO-LUMO gap of 5b is less than
that of 5a, so FRET from O-chromophore to N-chromophore can occur.
The presence and efficiency of FRET was calculated by the optical
spectroscopy.

The equimolar mixture of mono(styryl) dyes 5a and 5b demonstrates
two absorption bands at 382 and 452 nm belonging to O- and N-chro-
mophores (Fig. 3a). Upon excitation the equimolar mixture of 5a and 5b
with 382 nm light, which is mostly absorbed by O-chromophore 5a, the
emission band at 505 nm is observed similar to that in the spectrum of
5a (Fig. 3b). The absorption spectrum of 2 recorded under the same
conditions is consisted of the same 382 nm and 495 nm bands (Fig. 3c).
But irradiation of 2 produces the red-shifted signal at 627 nm belonging
to the N-chromophore fluorescence (Fig. 3d). This result indicates
occurring of RET from O-chromophore unit to N-chromophore part of 2.
Noteworthy, comparison of the fluorescent spectra of 2 and 5b pre-
sented in Fig. 3b and d shows that the short wavelength part of the
emission band of 2 (Fig. 3d) is broadened to some extent by the residual
fluorescence of the donor unit. Using the emission intensities at 500 nm
where the acceptor chromophore does not emit light (see Fig. 3b) for
compound 2 (I) and equimolar mixture of 5a and 5b (Ip), the energy
transfer efficiency was calculated to be as high as 0.97 (97 %) according
to the equation:

Dger = 1 — ILO

A rather close value of ®ggr (99 %) was obtained using the theo-
retical calculations by the Forster model. Theoretical calculation of ®ggt
is presented in part 3, Figs. S4, S5 and Table S2 in ESI.

3.3. Study of the interaction of 1a, b and 2 with ct-DNA by optical
methods

The interaction of bis(styryl) dyes 1a,b and 2 with calf thymus DNA
was investigated by spectrophotometric and spectrofluorimetric titra-
tions in BPE buffer at pH = 7. The changes in optical spectra were
analyzed by varying concentrations of DNA in the presence of a constant
concentration of each dye. For all dyes two processes have been
observed. Initially the addition of DNA to the solution of bis(styryl) dyes
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trations of all compounds were 10 pM. Excitation wavelengths Ax were 450 nm for 5b and 382 nm for 2, 5a and mixture of 5a and 5b.

1a,b and 2 causes a decrease in the intensity of the absorption band with
a small red shift of the absorption maximum (Fig. 4a—c). The further
increase in DNA concentration leads to a rise of the intensity of the
absorption band and its bathochromic shift up to 15 nm for 1a and 24
nm for 1b (Fig. 4a and b). The addition of DNA to the solution of bis
(styryl) dye 2 showed smaller changes in position of bands and intensity
of absorption. Here the DNA induced spectral changes may be explained
in terms of change in local polarity around the dye. The polarity of the
environment around the dye decreases with the addition of DNA, and
the energy gap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) of the dye de-
creases, which is reflected as bathochromic shift [53].

089 |,
0.5
0.4

0.3

Absorbance
Absorbance

0.2

The interaction of monostyryl dyes 5a,b with DNA also demonstrates
the bathochromic shift of the long wavelength band in absorption
spectra (Figs S9 and S10 in ESI). The binding constants (Kp) and the
number of dsDNA base pairs occupied by one bound dye molecule (n) for
the dyes 5a,b were estimated by spectroscopic titrations. The approxi-
mation of the experimental results with the McGhee and von Hippel
equation shows that K}, values obtained for the dyes 5a and 5b were 4.9
x 10> M ! and 3.2 x 10% M ™! respectively, the number of dsDNA base
pairs occupied by one bound dye molecule (n) were correspondingly
3.74 and 3.80 [54].

The fluorimetric response of the dyes to the association with DNA is
even more complicated (Fig. 5). For the bis(styryl) dye 1a, the position
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Fig. 4. Photometric titration of ct-DNA to bis-styryl dyes 1a, cpna/c1a = 0-49 (a); 1b, cpna/cp = 0-44 (b); 2, cpna/ca = 0-42 (¢); cjig = 10 pM; in BPE buffer. The
arrows show the change in the intensity of the absorption bands upon the addition of ct-DNA.
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Fig. 5. Fluorimetric titration of ct-DNA to bis-styryl dyes 1a, cpna/C1a = 0-29 (a); 1b, cpna/c1p = 0-67 (b); 2, cpna/ca = 0-48 (c); ciig = 10 pM; in BPE buffer. The
arrows show the change in the intensity of the emission bands upon the addition of ct-DNA.

of the fluorescence maximum change after the addition of the first ali-
quots of DNA (cpya/C1a = 0.75 and 1.63), while the intensity increased
slightly. In this case, the destruction of the intramolecular excimer can
be observed, apparently when adding DNA to the dye, interaction with
ds-DNA becomes more beneficial. With the increasing concentrations of
DNA (cpna/Cla = 29), the emission intensity of la significantly
increased with a 5 nm blue shift of the maximum (Fig. 5a). The first
additions of DNA to a solution of bis(styryl) 1b did not in any way affect
the change in the dye fluorescence signal, but with a further increase in
the DNA concentration (cpya/c1p = 67), the intensity increased up to 60
times (Fig. 5b). For the dye 2, the first additions of DNA increased the
intensity of the far-wave fluorescence band, while the band at 500 nm
remained practically unchanged. Further, there was an intense increase
in fluorescence at 620 nm and a slight increase in the intensity of the
short-wavelength band (Fig. 5¢). Such changes confirm the presence of
energy transfer in the molecule, therefore the binding of each of the
chromophores led to an increase in the fluorescence intensity of the N-
chromophore at 620 nm. Similar to what we saw when dyes 1a,b and 2
demonstrated the enhancement of fluorescence in viscous solvent, the
fluorescence of dyes increased when they placed in the DNA solution.
The restricted motional freedom for rotation around single and double
bond results in styryl energy dissipation predominantly throughout
emission via fluorescence. Analogue to glycerol solution, the most pro-
nounced enhancement was found for 1b and 2 (Table 1).

3.4. Study of the interaction of 1a, 1b and 5 with ct-DNA by CD
spectroscopy

For a better understanding the structure of dye-ds-DNA complexes,
we used CD spectroscopy as a highly sensitive method for detecting
conformational changes in the secondary structures of nucleic acid [55].
Dye molecules 1a, b and 2 are achiral and do not give a signal in the CD
spectra. Small achiral molecules can acquire an induced CD spectrum
when bound to nucleic acid (usually analyzed in the > 300 nm range),
which can be useful for determining binding modes (intercalation, as-
sociation, groove binding, etc.) [56]. Fig. 6a—e show the DNA-induced
CD spectra of dyes 5a,b, 1a,b and 2. Minor groove binding of 5a and
5b to ds-DNA gives a low-intensive positive ICD band (Fig. 6a, b). In the
ICD spectrum of dye 1a the appearance of a strong exciton CD signal is
observed (Fig. 6¢). The exciton CD signal has a one positive and one
negative bands on either sides of the absorption maximum of the free
ligand [57,58]. Excitonic CD indicates the formation of dimers or higher
order complexes, either in the groove-binding mode or in the external
stacking-binding mode [56,59,60]. It is possible to propose the forma-
tion of a structure in which two dyes form a cofacial dimer within the
minor groove of DNA and adjacent dimers fill the minor groove along
the length of the DNA. The interaction between adjacent dimers in the
minor groove causes the splitting of the band into positive and negative
peaks [61]. The right-handed helical orientation of adjacent dimers re-
sults in order of the bands when positive is at long wavelength and
negative is at short wavelength. In the case of compounds 1la, the

isoelliptic points coincide with the zero transition and are centered at
the wavelengths corresponding to the absorption maximum of the dye
(la: 380 nm).This phenomenon is known as right-handed helical ag-
gregation in DNA template [62]. As the concentration of DNA increases,
the dimers begin to spread out along the groove. In CD spectra the rise in
DNA concentration leads to the splitting is lost (Fig. 6b-d).

The binding of a single molecule in the minor groove is favorable
based on the hydrophobicity of the dye. If a second dye enters the groove
to form a dimer, then the dyes will have more favorable van der Waals
interactions with each other. The assembly of one dimer widens the
minor groove, what do easer the assembly of additional dimers due to
the groove would already be pre-organized. The second level of coop-
erativity is the assembly of end-to-end aggregates in the minor groove at
high dye concentrations. While distorting the DNA should diminish the
face-to-face cooperativity, the van der Waals dye interactions are suffi-
ciently strong to compensate for this [2].

Since we did not detect the formation of dimers or aggregates in a
solution of the free dye 1b, and the cleavage of the CD signal indicates
the formation of aggregates in the DNA groove it can be assumed that
aggregates are formed already in the DNA body.

Upon the binding of 1b, the DNA helix preserves its right-handed
arrangement, whereas the exciton splitting of the dye ICD indicates
the formation of the left-handed helical assembly of the aggregating
chromophores [26]. For bisstyryl 1b the isoelliptic points appear at 476
and 537 nm, i.e. one is significantly red-shifted in comparison with the
absorption maximum of free 1b (AA = +69 nm) that may be indicative of
the formation of J-type dimers in the DNA groove.

In the case of compound 2, the isoelliptic points appear at 439 nm
and 477 nm, i.e. it is shifted in comparison with the absorption
maximum of free 2 (A} = +38 nm, Adp =—26 nm). The extent of ag-
gregation is not very high because of the relatively low intensity of the
CD exciton coupled band that arises from side interactions when the
dimers in the groove have tight contact with each other. Such changes in
the CD spectra may indicate that bis(styryl) dye molecules interact with
DNA by folding into the groove.

3.5. Competitive displacement assay by bisstyryl dyes 1a, 1b and 2

The DNA-binding mode of bis(styryl) dyes 1a, 1b and 2 was further
investigated using a dye displacement assay which is simply based on
the principle that if a small molecule or bis (styryl) replaces the DNA-
bound dye, this indicates that the molecule binds to DNA in a similar
way. Substitution of a dye for a small molecule results in changes in
fluorescence intensity which can be easily identified by changes in the
fluorescence spectra.

To this end, we first studied the dye displacement assay using MeGr
(methylene green), ligand for DNA major groove [63]. As shown in
Fig. S11a-c in ESI, subsequent addition of bis(styryl) dyes 1a, 1b or 2 had
no effect on MeGr-ct-DNA complex, indicating that bis(styryl)s do not
follow major groove binding mode.

To further investigate the groove-binding mode of binding we
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Fig. 6. Circular dichroism spectra of ct-DNA (cDNA = 0.1 mM b.p.) in the absence and presence of bis-styryl dyes 5a(a), 5b(b), 1a(c), 1b(d) and 2(e) at different LDRs
(ligand-DNA ratio): 0; 0.1; 0.3; 0.6. 5a, 5b, 1a, 1b, 2: in BPE buffer. The arrows show the changes in the bands with increasing dye concentration.

studied the displacement of the Hoechst 33258 dye, minor groove
binding dye [64]. The groove-binding molecules are able to displace
Hoechst 33258 from the minor groove of DNA helix, which leads to
decrease fluorescence intensity of the DNA-Hoechst system. As shown in
Figs. 7 and S12 in ESI, subsequent addition of dyes 1a, 1b or 2 to the
Hoechst-ct-DNA complex led to successive decrease in fluorescence
maxima intensity suggestive of minor groove binding mode of bis(styryl)

3.6. Molecular modeling calculations of binding of bisstyryl dyes 1a, 1b
and 2 with DNA

In order to determine the probable conformation of compounds 1a,
1b, and 2 in solution, quantum-mechanical optimization was carried out
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Fig. 7. Fluorimetric titration of complex Hoechst-ct-DNA by bis(styryl) dyes
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arrows show the change in the intensity of the emission bands upon the addi-
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using the second-order Moller-Plesset procedure and implicitly taking
into account the effect of the solvent in the framework of the conductor-
like polarizable continuum model. The results of quantum mechanical
simulation are shown in Fig. 8.

The results obtained in Fig. 8 indicate the possibility of the formation
of an intramolecular sandwich structure for all three molecules of bis-
styryl dyes in solution. The most stringent parallel arrangement of styryl
fragments is observed in the case of 1a; in the remaining molecules,
styryl fragments are displaced relative to each other. This is consistent
with the experimental fact that registration of excimer fluorescence is
observed only in the case of compound 1la. Molecular modeling also
showed the transition of dyes from a sandwich structure to a linear
structure as a result of thermal fluctuations. Future calculation analysis
of the bisstyryl dyes organization in solution is presented in ESI, part 7,
Figs S13, S14.

Modeling of compounds 1a, 1b and 2 with DNA was carried out in
two stages. The sequence 5’-AACCGGTTACGTACGT-3 ’was used to
build a DNA model. First, a docking procedure was carried out in order
to establish the probable geometry of the dye on the DNA surface.

1a

Fig. 8. Conformations of 1a, 1b and 2 obtained as a result of quantum me-
chanical optimization. Atoms are colored as follows: carbons - yellow, nitrogen
- blue, oxygen - red. Hydrogen is not shown.
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Fig. S15 in ESI shows the docking results. When interacting with DNA,
all compounds are located in a minor groove; the most probable
conformation is one in which the styryl fragments are in linear forms.

The docking procedure implicitly evaluates the effect of a solvent on
the mechanism of interaction with DNA; therefore, at the second stage of
calculations, to refine its results, we performed modeling using molec-
ular dynamics and adding interactions with solvent molecules to the
calculations. In the calculations, the starting conformations for all
compounds were taken in the form of both sandwich and open linear
structures. The starting conformations were localized at a distance that
almost excluded the interaction of ligands in the target. Analysis of the
simulation data showed that in the first close contact with the DNA
surface in all three cases occurred due to the convergence of the posi-
tively charged pyridine rings. During the interaction of 1a in the form of
a sandwich with DNA, it was observed to fold into a minor groove, as
well as the initial transition of the molecule into a linear form and
subsequent interaction with DNA. In cases 1b and 2, the conformation in
the form of a sandwich was retained when folded into the minor groove.
Fig. 9 shows the starting and obtained at the last step trajectories of the
conformation of DNA complexes with 1a, 1b, and 2, when the initial
conformation of the bisstyryl dye had a sandwich structure. Fig. 10
shows the process of interaction with DNA of linear dyes.

According to the data shown in Fig. S17 in ESI, the free energy of the
dye in the sandwich form is lower than those of linear form. This is
explained by that the mutual arrangement of styryl fragments in the
sandwich leads to a twofold increase in the interacting pairs and the
appearance of n-n interactions between pyridine and benzene rings. The
analysis of the change in the binding energy of the dye with DNA with
time obtained in the performed calculations is shown in Fig. S16 in ESIL
From the data obtained, it can be concluded that the interaction energy
of 1a, 1b and 2 in the linear form with DNA is 10—15 kcal/mol lower,
even taking into account the fact that the transition from the sandwich
form to the linear one requires an energy of 8—10 kcal/mol. This is due
to the fact that, in the case of a sandwich, the area of contact with the
DNA surface is two times less, which leads to a significant decrease in the
Coulomb and Van der Waals interactions and the nonpolar component of
the solvation energy.

To analyze the formation of aggregates in the minor groove of DNA,
calculations of the DNA complex formed in the presence of 50 molecules
laand 1b were performed. Modeling for dye 2 was not performed, since,
according to experimental data, the aggregation process for this dye is
insignificant. The structure of aggregates in the groove of DNA formed
from dyes in a sandwich form is shown in Fig. 9. For compound 1a, the
most probable arrangement of molecules is along a narrow groove in
such a way that the pyridine site of one sandwich is adjacent to the aryl
fragment of the other. Aggregates formed from 1b fit into a minor groove
perpendicular to the DNA surface (Fig. 9). This type of molecular
packing provides a tighter packing and, consequently, a stronger hy-
drophobic interaction of molecules with the DNA groove.

Fig. 10 shows the calculated structures of dimeric aggregates formed
from dyes 1a and 1b in the minor groove of DNA. Fig. S18 in ESI presents
graphs characterizing the change in the mutual arrangement of styryl
dyes 1a and 1b in dimeric aggregates. As parameters, we used the dis-
tance between the centers of mass of the pyridine and benzene frag-
ments, and the angle between the vectors connecting the centers of mass
of the pyridine and benzene fragments related to the molecules located
one above the other. An analysis of the parameter values shows that the
arrangement of the styryl fragments of two molecules one above the
other is stable. The overlap occurs at an acute angle, the value of which
in case 1b is less than in case 1a. The shift of the styryl fragment relative
to the other along the minor groove is more pronounced in case 1a.

4. Conclusion

The investigation of mechanism of the bis(styryl) dye — ct-DNA
interaction has been done applying of three different bis(styryl)



M.A. Ustimova et al. Journal of Photochemistry & Photobiology, A: Chemistry 418 (2021) 113378

excess of 1a
——

formation of
aggregates in
minor groove

excess of 1b
—— -

formation of
aggregates in
minor groove

excess of 1a
B — ]

formation of
aggregates in
minor groove

excess of 1b
R —

formation of
aggregates in
minor groove

Fig. 10. Conformations, starting and obtained at the last step of MD calculations, of complexes DNA with 1a, 1b and 2 (initial dyes 1b and 2 in linear form, dye 1a as
H-dimer).

10



M.A. Ustimova et al.

pyridinium dyes possessing OMe or/and NMe, substituents in phenyl
ring by using of UV-vis and fluorescence spectroscopic techniques, cir-
cular dichroism (CD), Hoechst 33258 displacement experiments and
quantum-chemical calculations. According to MD calculations the initial
dyes can exist in water solution in linear and intramolecular sandwich
forms. The interaction with DNA can occur with both forms of dyes. For
all studied dyes the two step interaction with DNA has been found. At
high dye concentration the binding of a pair of dyes in the minor groove
forces the groove to widen, making it energetically favorable for a sec-
ond pair of dyes to bind adjacent to the first dimer along the long axis of
the minor groove. According to the MD calculations the formation of
aggregates can occurs from the dyes as in sandwich H-dimer as well as
linear forms. The formation of dye aggregates was confirmed by
experimental methods, but the obtained experimental data do not allow
making an unambiguous conclusion about what type of aggregation
(“folded” or “extended”) is observed for the dyes under study. Cooper-
ative assembly of multiple dyes in DNA minor groove results in the
formation of helical dye aggregates that exhibit large circular dichroism
(CD) signals. In case of bis(styryl) dye 1a containing OMe substituent in
phenyl ring, the obtained results indicate the formation of aggregates of
right-handed chirality. For bis(styryl) dye 1b the left-handed helical
assembly of the aggregating chromophores was revealed. We assumed
that the difference in aggregate chirality could be due to the fact that
formation of 1a aggregates occurs from “extended” dye form, whereas,
dye 1b forms the aggregates in “sandwich” form. Dye 2 composed from
OMe- and NMejy-containing chromophores is able to form the aggregates
in less extend if compare with dyes 1a and 1b. The formation of ag-
gregates in solution or in the body of DNA has not been found for
monostyryl dyes 5a, 5b. This is consistent with the lack of literature data
on the formation of aggregates of monostyryl dyes in the presence of
DNA.

The fluorescence response upon binding of dyes to DNA strongly
depends on the nature of the substituents in the dye molecules. Thus,
dyes 1b, 2 and 5b containing NMe, substituents demonstrate an increase
in fluorescence quantum yield up to 56 times upon binding to DNA.
Whereas for dyes 1a and 5a containing OMe groups, the increase in the
fluorescence quantum yield upon binding to DNA does not exceed 3.1
times.

In free and bound with DNA dye 2 the effective resonance energy
transfer was proved between OMe- and NMe,-containing chromophores.
Such chromophoric pair provides the system with large Stoke’s shift. It
absorbs at 408 nm and emits at 615 nm.

The study of bis(styryl) dye-DNA interaction reveals what structural
fragments in composition of dye provides the desirable mode of com-
plex, the investigation could be very important for designing an
improved imaging and therapeutic agents.
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