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Introduction

The progress in cancer drugs has been observed to be
quite slow and high-priced. Repositioning drugs that
have been approved for other anticancer agents can speed

Abstract

Introduction: Here, the interaction behavior
between propyl acridones (PA) and calf thymus
DNA (ct-DNA) has been investigated to attain
the features of the binding behavior of PA
with ct-DNA, which includes specific binding
sites, modes, and constants. Furthermore, the |
effects of PA on the conformation of ct-DNA
seem to be quite significant for comprehending
the medicines mechanism of action and | -
pharmacokinetics. Pl N
Methods: The project was accomplished through |~ \\}_}/

means of absorbance studies, fluorescence | * .
spectroscopy, circular dichroism, viscosity
measurement, thermal melting, and molecular
modeling techniques.

Results: The intercalation of PA has been suggested by fluorescence quenching and viscosity
measurements results while the thermal melting and circular dichroism studies have confirmed
the thermal stabilization and conformational changes that seem to be associated with the binding.
The binding constants of ct-DNA-PA complex, in the absence and presence of EMF, have been
evaluated to be 6.19 x 10* M and 2.95 x 10* M! at 298 K, respectively. In the absence of EMF, the
AH’ and AS° values that occur in the interaction process of PA with ct-DNA have been measured to
be-11.81 kJ.mol* and 51.01 J.mol ’K'!, while in the presence of EMF they were observed to be -23.34
kJ.mol " and 7.49 J.mol 'K, respectively. These numbers indicate the involvement of multiple non-
covalent interactions in the binding procedure. In a parallel study, DNA-PA interactions have been
monitored by molecular dynamics simulations; their results have demonstrated DNA stability with
increasing concentrations of PA, as well as calculated bindings of theoretical AG®.

Conclusion: The complex formation between PA and ct-DNA has been investigated in the presence
and absence of EMF through the multi spectroscopic techniques and MD simulation. These
findings have been observed to be parallel to the results of KI and NaCl quenching studies, as
well as the competitive displacement with EB and AO. According to thermodynamic parameters,
electrostatic interactions stand as the main energy that binds PA to ct-DNA. Regarding the cases
that involve the T _of ct-DNA, EMF has proved to increase the stability of binding between PA and
ct-DNA.
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up the availability of new drugs. Propyl acridones are
known as biotic active molecules, obtained from organic
sources, which are regarded as essential components
for health maintenance due to their wide therapeutic
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value. Propyl acridones are well known to contain anti-
cancerous, anti-bacterial, and antihypertensive qualities,
as well as several other biological activities." In the field
of medicinal chemistry, organic materials attract much
attention due to their molecular and unique spectral
properties.! Current literature has revealed that the
organic architecture is capable of displaying a versatile
utility, caused by the synthetic scaffolds, regarding the
construction of molecular therapeutics® to gene delivery
vectors in the field of molecular biotechnology.’ Targeting
DNA at the molecular level with specificity will not only
resolve the assessments for new curative but also advance
the development of highly sensitive diagnostic agents.’

DNA is a significant drug target, particularly in cancer
treatment, since many compounds that damage or bind
covalently and/or non-covalently to DNA are employed.
Regarding anticancer therapy, the specific interactions
of the molecule with the genomic DNA may be useful
for preventing further data retrieval from DNA and
thus, causing the arrest of cell division. DNA stands as
the intracellular target for most anticancer, antibiotic,
and antiviral drugs. Therefore, investigating the binding
mechanisms of ligands and DNA take part in a vital role
in comprehending the other clinical activities and rational
designs of the new, DNA-aimed drugs.**

Multi-drug resistance (MDR) is known as an obstacle
in cancer treatment. The attempt to search for new
compounds in order to surpass this problem has ended
up with discovering a class of natural alkaloids, which are
acknowledged asacridones. Synthetic Alkylacridones,such
as propyl acridone, are modulators of P-glycoproteins (P-
Gy) while containing an anticancer activity with satisfying
cytotoxic performance against various cancerous cells.
The MDR modulation of acridones occurs in interaction
with P-Gy transporter receptors, while the anticancer
activities are observed after a destructive interaction with
host DNA.*

In this paper, the binding interaction between PA
(its chemical structure is in the inset of Scheme 1)
and ct-DNA has been studied by the means of UV-
visible absorption, fluorescence, circular dichroism
(CD), viscosity measurement, and molecular dynamics
simulations to acquire the detailed information about
the binding behavior of PA with ct-DNA, which includes
specific binding site, modes, and constant. Furthermore,
the effects of PA on the conformational state of ct-DNA
with PA molecule seem to be quite significant to clarify
the mechanisms of action and pharmacokinetics.

Materials and Methods

Apparatus

UV-Visible absorption spectra have been measured
through a Jasco V-630 (Japan) spectrophotometer, which
utilized a 1.0 cm quartz cell. Fluorescence measurements
have been performed with a 150-W xenon lamp and
a thermostatic bath, employing a 1.0 mm path length
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Scheme 1. "H-NMR spectra of PA, inset; chemical structure of PA.

quartz cuvette, while the viscosity experiments have been
obtained through the usage of an Ubbelohde viscometer
(Shanghai, China). An electronic thermostatic water
bath has been utilized to control the temperature. Unless
otherwise specified, the entire experiment shave been
performed at room temperature. The propyl acridone was
synthesized in accordance with the Tanasescu reaction
method and their chemical structures were determined by
analyzing the spectra provided by 'H-NMR spectroscopy.
A Varian NMR spectrometer (300 MHz) was applied in
order to collect the NMR spectra.’

Type I ct- DNA (sodium content 6%) has been obtained
from Sigma-Aldrich chemicals (USA). The purity of
DNA has been acquired by calculating the ratio of ultra-
violet absorbance, A260/A280. The ratio was observed
to be 1.82, which indicates that the purity of DNA has
been achieved.® In order to prepare the desired aqueous
solutions; deionized water (resistance 18.2Q)) from the
Millipore water purification system has been applied.
Other chemicals and reagents that have been utilized in
this research were of analytical grade and utilized as they
were provided.

Solutions

ct- DNA (1% w/v) was made ready in 10 mM Tris-HCI
buffer (pH = 7.4) and retained at 8 C for the duration of 24
hours. To ensure the state of homogeneity in the ct-DNA
solution, the solution was stirred frequently. The final
concentration of the ct-DNA stock solution was measured
spectrometrically by utilizing the e = 6600 cm'M™,” which
was observed to be 10 mM. The PA-ct-DNA complex
solutions were performed at various concentrations of PA
with a continual concentration of ct-DNA.

The UV-Visible studies were carried out through the
usage of PA concentrations that ranged from 0 mM to 0.02
mM, along with 2.5 mM of ct-DNA concentration. ct-
DNA solution (2.5 mM) was enhanced to a 1.0 cm quartz
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cuvette while being titrated through the consecutive
addition of PA to obtain the final concentration of 5 x 10~
mM. After leaving the solution aside for 5 min in order to
equilibrate, the fluorescence spectra were put down at three
different temperatures; 208 K, 303 K, and 308 K, while in
the range of 410-510 nm, \_ = 400 nm was observed. Both
the excitation and emission slit widths were set at 5.0 nm.
The appropriate blanks that corresponded to the Tris-HCI
buffer solution were deduced to perform an acceptable
condition for the fluorescence background.

All of the fluorescence intensities were corrected to
absorb the exciting light and re-absorb the emitted light.
The following equation has been utilized to correct the
inner-filter effect®:

F =F e® 1)

Where F_ and F_ were the corrected and observed
fluorescence, respectively, while A and A, were the
reported absorbances of ct-DNA at A _and A _respectively.

Ligand and receptor optimization and docking

The structure of 8-chloro-3-propyl-3H-imidazo [4,5-a]
acridin-11(6H)-one, which is acknowledged as propyl
acridone (PA), has been built by ChemOffice, and
energy minimized through semi-empirical methods by
HyperChem software. The final structure was converted
into mol format. Gasteiger charges were added through
the utilization of Auto Dock Tools 5° and the final Auto
Dock ligand format (pdbqt) was prepared.

The B-DNA receptor structure has been procured
from Protein Data Bank (PDB ID = 1BNA). The receptor
Gasteiger charges have been also calculated and the final
rigid along with flexible receptor formats (pdbqt) have
been prepared by AutoDock tools.

All of the docking procedures have been performed
on the Windows platform by using Auto Dock 4 within
the Auto Dock Tools. The search algorithm has been
chosen to be Lamarckian GA2 and the number of genetic
algorithm runs (GA runs) has been set directly in the file
of each docking parameter. The grid box resolution has
been set to 0.375 A and the remaining parameters have
been arranged on defaults.

The first docking was carried out when the grid box
was set to be wrapped around the whole structure of the
receptor (35 x 40 x 65) to confirm the propensity of the
ligand binding sites. In this particular case, “the number
of GA runs” was decided to be a hundred. For the second
and optimized docking, the grid box was limited to the
intercalated site that seemed to be the most probable for
the binding procedure of the ligand.

To select the best-docked conformation for further
molecular dynamics simulations, the binding energy,
inhibitory constants, and intermolecular energies of the
docking results have been considered and enquired into;
then, the most suitable conformation with the minimum

energy has been introduced and labeled for the mentioned
purpose.

Molecular dynamics simulations

Molecular dynamics simulation has been carried out
through the means of GROMACS-5.0 package'® and
AmberSB" Force field. The parameters of ligand have
been taken from Generalized Amber Force-Field (GAFF)
that was included in the Antechamber package on the
ACPYPE web server.'? The server was capable of preparing
ligand topology with AMI1-BCC partial charges. The
molecules were centered in a cubic box that contained
explicit water (TIP3P water model) with a 1 nm distance
from the edges of neighbor boxes. 22 Sodium molecules
were replaced with water molecules to neutralize the
system. The steepest descent minimization algorithm was
used to relax the system and also remove any unwanted
van der Waals that could overlap or bond deformations.
As the next step, the system was equilibrated in 100 ps
NVT and NPT simulations. To finish the process, the
system was equilibrated in a 30 ns MD simulation.

Free binding energy (AG) was obtained by the usage of
g mmpbsa, which is known as a tool for implementing
Molecular mechanics Poisson-Boltzmann surface area
(MM-PBSA) and calculating the binding energies out
of Gromacs trajectories.”” Graphics has been analyzed
through the utilization of VMD molecular graphics.'

To perform a quantitative calculation for DNA stability,
the RMSDs of the DNA and DNA-ligand complex
simulations have been plotted. RMSD stands as the
first criterion after MD simulation for estimating the
conformational stability of the DNA during the whole
simulation process. This factor indicates the averaged
atomic distances of the molecules to the referenced

structures.

2)

In equation 2, M is the number of equivalent atoms and
o, or would be the existing distance between atom i and
reference structure after the fitting.'*

Van der Waals interactions have been calculated by
utilizing the g_energy standard tool of the GROMACS
software. L] potentials between DNA and PA have been
achieved from equation 3, in which ¢ stands for the
strength of the interaction, 6 would be a length scale, and
r defines the distance.

S 12 S 6
ojrif) = 4¢l(;z) ~(75) ] 3)
At the very least, AG . of PA and DNA was calculated
through the equation 4-6." In theory, the binding Gibbs
free energy of a DNA double-strand with a ligand in a

solvent can be calculated by means of equation 4.
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AG G (Gppu + Gpy) (4)

binding ~  DNA/PA

In this equation, the term (G, ,,) denotes the free
energy of the DNA/PA complex, and the values for (G ,)
and (G,,) represent the free energy of DNA and PA alone
in the solvent. The G, 1\ .. bxa o pa iD the solvent can be
estimated by the use of equation number 5.

G EMM - TS + Gsalvation (5)

DNA/PA or DNA or PA =
In this equation, (E,,,) is the molecular mechanics'
potential energy, T and S indicate the temperature and
entropy, respectively and TS demonstrates the role of
entropy in the free energy in vacuum. The term (G_ . )
is the free energy of solvation. The value for (E,,,) can be
assessed by equation number 6.

E +(E,, +E,) (6)

MM = Ebonded + Enonbonded = Ebonded vdw

Where molecular mechanics potential energy (E,, )
is the summation of E,_,  and E _ . Non-bonded
energies can be calculated from van der Waals (E , ) and
electrostatic energies (E ).

In this study, three scenarios for the assessment of the PA-
ct DNA interaction were designed. In the first and second
scenarios, the groove binding and intercalation sites were
selected as the active sites and the interaction studies were
evaluated by docking studies. The best-docked structures
were introduced to the MD simulations to assess the
stability of the interactions. In the third scenario, twenty
PAs were positioned randomly around one template DNA
in a box of water and ions and the random interaction
studies were evaluated by MD simulation.

Results

Conformational changes of ct-DNA by propyl acridone
(PA)

In the absence of ct-DNA, PA was observed to release a
weak luminescence in Tris-HCl (pH = 7.4) buffer at 25°C,
with a maximum emission at 426 nm, when it was excited
at 400 nm. As the effect of ct-DNA on the fluorescence
of PA is demonstrated in Fig. 1A, one can notice that the
fluorescence emission bound of PA can be quenched if
the concentration of ct-DNA is increased (over a range of
0-5 x 10° mM) and the PA is fixed with a concentration
of 0.5 mM. The occurrence of changes in the emission
intensity is major caused by the PA since it penetrates
a hydrophobic environment inside the DNA. It can be
deduced that the interaction between the ct-DNA and
PA has occurred. Therefore, fluorescence quenching
may be dynamic, like the result of a scattering collision
between the ligand and the fluorophore over the lifetime
of the excited state or arising from the formation of a non-
fluorescent (fluorophore-quencher) base state complex.!”
Dynamic and static quenching can be determined by their
various dependency on temperature and the lifetime of the

excited state. Being restricted by the spectrofluorometer,
we failed to measure the lifetime of the excited state. The
following simple method has been employed to find out
the quenching type. In general, the dynamic quenching of
emission has been analyzed in accordance with the Stern-
Volmer equation':

F,/F=1+K_[Q] 7)

Where F and F stand for the fluorescence intensities of
PA in the absence and presence of ct-DNA, K is the Stern-
Volmer constant, and [Q] would be the concentration of
the quencher. The linear Stern-Volmer plots have been
represented at three different temperatures (Fig. 1B.),
while in the case of PA and ct-DNA, it has been indicated
that the nature of the quenching would be either of its
pure dynamic or static mode."® The values of K  at three
various temperatures have been recorded in Table 1. It
has been discovered that the K values can be reduced
as the temperatures are enhanced, which signifies that
the quenching was not following the dynamic type.
Additionally, the order of magnitude regarding the
kq at different temperatures have been computed to
be 10> Lmol's", which is supposedly more than the
maximum diffusion collision quenching rate constant of
biomolecules, 2.0 x 10" Lmol's™.” These outcomes have
verified that the type of quenching was static rather than
being a dynamic quenching.

When molecules are independently attached to the asset
of identical sites which exist on a bio-macromolecule, the
binding constant (K,) and number of binding sites (n) can
be represented through the following equation®:

Log [(F, - F) / F] =log K, + nlog [D] (8)

Hence, Eq. 8 has been used to determine the K, and n by
employing a plot of log [(F, - F) / F] versus log [D].

As a powerful and insightful approach, parsing the free
energy into component terms can result in a detailed view
of the interaction. The AH®, G°, and AS° of the PA binding
to ct-DNA can be obtained from the equation as below?":

InK, = -(AH%/RT) + SR 9)
AG® = -RT InK, (10)
AG® = AH® - TAS® (11)

Where K, is the binding constant, T stands for the
absolute temperature, and R would be the gas constant;
in addition, the AH’, AG» and AS® values have been
recorded in Table 2. The thermodynamic parameters
values regarding the ct-DNA-PA complex formation have
been achieved from the linear relationship between InK_
and the reciprocal absolute temperature, as it is displayed
in Fig. 1C. The negative sign for AG’ indicates that the
binding behavior had been spontaneous.

The interaction of PA with c¢t-DNA in EMF (100
kHz) has been also examined through the usage of

8 | Biolmpacts, 2023, 13(1), 5-16
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Fig. 1. (A) Fluorescence emission of PA with increasing concentration of ct-DNA (0.5 x 10°mM). PA concentration is fixed (0.5 mM). The excitation wavelength
is 400 nm in the absence of EMF (A), and the presence of EMF (D). The Stern-Volmer plots of PA quenching the fluorescence of ct-DNA in three temperatures:
298 K open circles; 303 K closed circles; and 308 K open diamonds, in the absence of EMF (B); and in the presence of EMF (E). Van’t Hoff plot for the
interaction of ct-DNA with PA in the absence of EMF (C); and in the presence of EMF (F).

fluorescence titrations. Fig. 1D illustrates the fluorescence
emission spectra of PA along with the effects of ct-DNA
concentrations on the fluorescence emission spectra of
PA at 100 kHz. The fluorescence emission was observed
to gradually decreases the amount of ct-DNA increased,
suggesting that the PA fluorescence has been efficiently
quenched throughout the binding process to ct-DNA.
Fig. 1E demonstrates the Stern-Volmer equation of ct-
DNA-PA complex at 298 K, 303 K and 308 K at 100 kHz.

Table 1. The values of K observed in three different temperatures in the
absence of EMF

T (K) K, (M)

298 (6.12 +0.04) x 10
303 (3.96 £ 0.04) x 10°
308 (1.99 + 0.04) x 10

Thermodynamic parameters have been obtained from
Fig. 1F and also reported in Table 3.%

Table 2. The values of AH°, AG? and AS° obtained in different temperatures
in the absence of EMF

T (K) AG/k). mol? AH/K). mol? AS/).mol*K*
298 -27.01

303 -27.27 -11.81 51.01
308 -27.52

Table 3. The values of AH?, AG® and AS°obtained in different temperatures
in the presence of EMF

T (K) AG/k). mol? AH/k). mol? AS/).mol*K*
298 -25.67

303 -25.61 -23.34 7.49
308 -25.65

Biolmpacts, 2023, 13(1), 5-16 |9
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Fig. 2. (A) Effect of PA in competition with AO at an excitation wavelength of 490 nm over ct-DNA. (B) Effect of PA in competition with EB at an excitation

wavelength of 440 nm over ct-DNA.

Competitive binding of PA with ethidium bromide and
acridine orange

In order to verify the binding way of PA on ct-DNA, a
profitable binding experiment has been performed
through the application of ethidium bromide (EB) and
acridine orange (AO), which are capable of strongly
binding to ct-DNA via an intercalator that is known as
a classical fluorescent probe.” By gradually adding the
amount of PA, the fluorescence emission spectra of the
fixed amount of ct-DNA and EB along with the AO in
Tris-HCl buffer solution (pH = 7.4) have been detected. As
the results of this experiment are illustrated in Figs. 2 (A
and B), it can be indicated that the fluorescence intensities
of ct-DNA-EB and ct-DNA-AO solutions have decreased
as the concentrations of PA have gradually increased.
Meanwhile, there has not been any sign of a reaction
from PA towards EB and AO that could have caused an
alteration in their fluorescence intensity.

ct-DNA transition studies

The double-stranded DNA can be unfolded into a single
strand through the heated transition point (T ). The
intercalation of small molecules into the double-stranded
DNA is known as the cause of base stacking stabilization
and the increase in the helix transition point.** In the
double-helical form, the DNA bases absorbance is

—
>
=

S

Relative absorbance at 260 nm

20 30 40 50 60 70 80 90
TI°C

set at 260 nm which seems to be much less than in the
single-stranded form; hence, melting the helix can lead
to hyperchromic effects in the absorption process. The
DNA melting curves in the absence and presence of PA
are shown in Fig. 3A. Although the Tm of ct-DNA was
observed to be 57.7°C under the experimental conditions,
it faced an increase to 60°C in the presence of PA. After a
constant amount of PA was added to the ct-DNA solution,
the Tm of the complex was evidently raised. Therefore,
the mentioned results have obviously supported the
intercalation of PA into the double-helical DNA.

Fig. 3B demonstrates the pure ct-DNA and ct-DNA
conjugate under the electromagnetic force of 100 kHz.
As one can perceive, the value of Tm for ct-DNA in the
absence of PA is 60°C, while the melting temperature of
ct-DNA in the presence of PA is observed at about 65°C.
In accordance with the outcomes, the binding mode
of ct-DNA with PA and in the presence of 100 kHz has
been intercalative, which seemed to be presumably an
intercalator binding mode. When the existing Tm in Fig.
3A and Fig. 3B are compared, it can be indicated that the
ct-DNA-PA complex formation is by far more stable in the
presence of 100 kHz.

Viscosity evaluations
The viscosity of ct-DNA can be influenced by the

C

=3
=

06

04

02

Relative absorbance at 260 nm

20 30 40 50 60 70 80 90 100

Fig. 3. (A) Melting point of pure ct-DNA (open circle) and ct-DNA conjugate (closed circle). The Tm of ct-DNA was 57.7°C and it was increased to 60 °C in the
presence of PA. (B) The melting point of pure ct-DNA (open circle) and ct-DNA conjugate (closed circle) in the presence of 100 kHz. The Tm of ct-DNA was

60 °C and it was increased to 65°C in the presence of PA.
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Fig. 4. The relative viscosities (n/;)1/3 of ct-DNA were plotted versus
binding ratio r (r = [PA] / [ct-DNA]) in the absence of EMF (©) and in the
presence of EMF (). The viscosity of ct-DNA solution increased after the
addition of PA in the presence and absence of 100 kHz.

induced alterations in its length. A classical intercalation
binding can cause an increase in the DNA viscosity, since
lengthening its helix can widen the space of the adjacent
base pair to accommodate the binding ligands.”® In the
cases of electrostatic or groove binding occurrences
through the binding process, one can notice few changes
in the viscosity of DNA.* In the present study, the relative
viscosities (/n)"”* of ct-DNA have been plotted versus the
binding ratio r (r = [PA] / [ct-DNA]). As it is illustrated in
Fig. 4, the achieved outcomes have suggested that there are
obvious changes in the relative viscosity of ct-DNA-PA,
in the presence and absence of 100 kHz. In this case, the
relative specific viscosity of ct-DNA-PA has increased in
the absence and presence of 100 kHz which is comparable
to the classical intercalator.”®

The ionic strength affect the absorbance values

In the present work, to control the ionic strength of the
solutions, NaCl and KI have been applied. In general,
when a molecule is intercalated into the adjacent base
pairs of ct-DNA, the absorbance does not appear to be
sensitive to the circumambient change” for electrostatic
binding mode and thus, Na* and K* ions incline to bind
with the phosphate groups of ct-DNA, which results in

(A) 06
0.4
o
g
H
o
s
<
0.2
0
0 0.1 0.2 03 04

INacl]/M

@) "

Absorbance

weakening the binding process of a small molecule with
ct-DNA. Accordingly, regarding the groove binding mode,
when the enhancement of NaCl and KI concentrations are
impended, the minor groove of DNA becomes narrower
and deeper, while the double-stranded DNA converges
continuing; this effect has proved to be useful for the
interaction between the small molecule and DNA and as
an outcome, the absorbance would be increased.?® As it
is taken from Fig. 5 (A, B) the absorbance of ct-DNA has
changed while the absorbance of ct-DNA-PA has faced an
increase when the concentrations of NaCl and KI ranged
from 0 to 0.4 mol.L"! and 4 x 10’ mol.L", respectively. It
can be suggested that the ionic strength is quite irrelevant
to ct-DNA and the change in absorbance of ct-DNA-PA,
which is induced by the enhancement of ionic strength,
has been definitely associated with PA. The achieved
results have proved that PA has bounded to ct-DNA in an
intercalated binding mode.

Circular dichroism spectral studies

Circular dichroism (CD) spectra are accurately sensitive
to the way of DNA interacts with small molecules.”” In
the absence and presence of PA, Fig. 6A demonstrates
the CD spectra of ct-DNA in Tris-HCI buffer solution.
It can be shown that there are two major characteristic
peaks in the range of 200 to 350 nm regarding the free
ct-DNA solution, which includes one negative peak at
244 nm and one positive peak at 275 nm, respectively.
These particular bands are compatible with the CD
spectrum of double-stranded helix DNA that belongs to
the B conformation.*® While, the negative peak at 244 nm
is related to the helical geometry of B-DNA, the positive
peak at 275 nm is allocated to the stacking forces of DNA
bases. The negative band at 244 nm is decreased to zero
level in intensity, whereas in the case of the positive band
at 275 nm, it has faced an increase. Decreasing the positive
DNA dichroic peak is probably due to a transition from
the extended nucleic acid double-stranded helix regard
to a more denatured state.” These changes are associated
with the helix unwinding® and can be connected to the

0.1

0 0.1 0.2 03 04

KX 10°/M

Fig. 5. (A) Effect of NaCl ionic strength on ct-DNA absorbance in the absence (open circle) and presence (closed circle) of EMF. (B) Effect of Kl ionic strength
on ct-DNA absorbance in the absence (open diamond) and presence (closed diamond) of EMF.
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Fig. 6. (A) CD spectra of ct-DNA in Tris-HCI buffer solution with an increasing concentration of PA in the absence of EMF and (B) in the presence of EMF.(C)
RMSD of DNA alone (black line) and DNA-ligand complex (grey line) from referenced structures in 30 ns simulation.

interactive actions of the PA. This spectrum absorption
has resulted from m-n* transitions, which can be quite
sensitive to the increased positive base pair of DNA. In
addition, the increased intensity of the band at 275 nm
has recommended that changes in orientation of ct-DNA
base pairs have taken placed.* According to Fig. 6B, the
CD spectra of ct-DNA in the EMF and at 100 kHz along
with a separate change in the spectral band, which seem
to be associated with the B-DNA conformation. It should
be also noted in regards to the negative band, that the
remarkable reductions in molar ellipticity are related to
destabilization and helix unwinding.*

Fig. 6C shows the elevating RMSD of DNA, which is
the outcome of the increasing concentrations of ligand.
The averaged RMSD has taken an increase of around 0.2
points in the presence of 20 ligands, indicating that PA can
cause a distortion in the B-form structure of DNA. When
intercalating agents enter the intercalation site, helical

(A) 2000

1500

0.02mM

500
omM

220 260 300 340
Wavelength/nm

unwinding or denaturation occurs; this fact can be clearly
perceived in the RMSD plot.

Resonance light scattering (RLS) technique

RLS is known as a method of measuring the formation
of complex and providing valuable information about
this topic. The RLS spectra of ct-DNA in complex,
with increasing concentrations of PA in the presence
and absence of EME have been plotted in Fig. 7. As the
molecular numbers of small molecules were supplemented,
the scattering seemed to be altered and the intensity of
RLS elevated, which signifies the interaction of PA with
ct-DNA. It is also concluded that the interaction between
ct-DNA and PA has occurred. As it can be observed, the
RLS values differed in the presence and absence of EMF,
intimating that the structural changes of the binding
modes had been affected.

(B) 4000

3000

0.02mM
2000

[ RLS

1000

omMm

220 260 300 340 380
Wavelength/nm

Fig. 7. (A) RLS spectra of ct-DNA and PA complex in the absence of EMF and (B) in the presence of EMF.
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Fig. 8. (A) Stern-Volmer plots of PA by ss,ct-DNA (closed circle)and ds,ct-DNA (open circle)in the absence of 100 kHz EMF.(B) Stern-Volmer plots of PA by
ss,ct-DNA (closed diamond) and ds,ct-DNA (open diamond) in the presence of 100 kHz EMF.

Comparison of the native and denatured ct-DNA upon
interaction with PA in the absence and presence of EMF
The behavior binding of native (ds, ct-DNA) and
denatured (ss, ct-DNA) ct-DNA with PA has been plotted
in Fig. 8. In accordance with the performed assessments,
the fluorescent quenching of ss, ct-DNA seemed to be
less than ds, ct-DNA. This discovery has suggested an
intercalation mechanism for the binding behavior of PA
to ct-DNA. In the absence of EMF, K  has been evaluated
to be 2.65 x 10° M and 2.28 x 10° M for ds, ct-DNA,
and ss, ct-DNA, while in the presence of 100 kHz EME,
K, has been measured to be 3.05 x 10° M" and 2.29 x 10°
M regarding ds, ct-DNA, and ss, ct-DNA respectively;
these obtained numbers indicate a higher binding affinity
in the presence of EME Accordingly, we have concluded
a different behavior in the formation of a complex in the
presence of EME

Docking and molecular simulations

We carried out the docking procedure for the case of PA
with a wide grid box that had been set to be wrapped
around the whole DNA macromolecule for the purpose
of discovering the best active site. Most of the ligand
conformations have been noticed around the intercalating
sites and a few results have displayed the minor groove as
an active site. After detecting the most probable binding
site, the grid box was limited to the intercalation site of the
DNA while docking energies were being calculated. The
docking results have been summarized and illustrated in
Table 4.

The outcomes of the dockings in both active sites
(intercalation and groove binding) were introduced to the
molecular dynamics simulations to determine the stability
of PA in each of the active sites. Fig. 9 demonstrates the
snapshots of DNA-PA complex during the simulations. A
looser interaction was perceived when the PA was arranged
in the groove binding site. As a circumstance, PA gradually

Table 4. Energies calculated out of the docking results of PA in the active site

dissociated from the groove binding site and moved
towards the surrounding area. Although throughout the
rest of the simulation, PA was positioned at the end of
the DNA double-strand molecule and interacted with
the terminal nucleotides, yet when the ligand was docked
to the intercalation site, it remained in the same spot
throughout the whole duration of the process. As it can
be perceived from the 2D view of the ligand in the ctDNA
intercalation site, four arene-arene interactions and one
hydrogen-arene interaction strengthened the interactions.
Thus, because of the potent m-m interactions, the ligand
remained constant in the intercalation site during the
whole time of the simulation.

In Fig. 10, the values of L] potentials of the DNA-PA
interactions have been plotted in the last five seconds
of the simulation. When PA was positioned in the
intercalation site, a consistent L] value of potentials was
clearly noticed (average of -173.26 kJ/mol), signifying
that PA had a stable interaction and a minimum distance
with the DNA nucleotides. However, next to observing
no consistent interaction, even in some periods the L]
potentials seemed to be around zero (e=rij) when PA was
located in the groove binding site; this fact indicates that
no potent interaction between DNA and PA had existed.
All of the available information proves the existence of an
intercalator mechanism for the interaction between PA
and DNA.

Theoretical AG, , regarding the PA-DNA interaction
in water solution has been calculated to be -115.3 kJ/mol,
where E | and E have been measured to be -173.26 k]J/
mol and -18.4 kJ/mol, respectively.

Discussion

Our results in fluorescence quenching data determined
that the interaction between ct-DNA and PA has
occurred. Besides, the curves have been linear which
demonstrates that a unique type of quenching, either static

PA molecule Inhibitory constant Binding energy

Intermol energy

Electrostatic energy Total energy

Intercalation site 2.89 uM -7.56 kcal mol*

-8.3 kcal mol?

-0.27 kcal mol* -0.17 kcal mol*
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Fig. 9. (A) Snapshots of simulations of DNA-PA interaction when PA positioned in the groove binding site at the beginning of simulation, (B) after 5 ns
simulation, (C) in the final nanosecond of simulation.(E) Snapshots of simulations of DNA-PA interaction when PA positioned in the intercalation site at the
beginning of simulation with a 2D view of the interaction between ligand and intercalation site nucleotides (nucleotides are shown as circles, bonds are shown
in dashed green lines and exposed atoms were highlighted in blue), (F) after 5 ns simulation, (G) in the final second of simulation.

or dynamic, has happened. According to the K values
which have decreased as the temperatures are increased;
it is suggested that the quenching was following the static
type. The data given by thermodynamic parameters
from Table 2 represents that AH’< 0 and AS®> 0, which
signifies that the electrostatic force plays the role of the
vital interaction force in the binding procedure of PA
and DNA in the absence of EMFE. The values of AG’< 0
reveal that the interaction process has been spontaneous.
The values of AH® and AS® at 100 kHz were perceived to
be -23.34 k].mol" and 7.49 J.mol'.K" respectively, which
suggest that electrostatic interactions contain a vital
functionality in the binding procedure of PA to ct-DNA
and also contribute to the stability of the complex. Based
on the competitive experimental results, it is deduced
that there exists a competitive binding between EB and
AO and PA to ct-DNA; hence, it can be stated that PA

binds to ct-DNA as an intercalator. Thermal denaturation
of ct-DNA and ct-DNA-PA complex in the absence and
presence of EMF determined the stability of the ct-DNA-
PA complex was more than standalone ct-DNA which
showed PA had an intercalator role upon interaction with
ct-DNA in the absence and presence of EMF. The relative
viscosity measurements revealed the enhancement of the
relative viscosity of ct-DNA upon interaction with PA
in the absence and presence of 100 kHz electromagnetic
force and PA played an intercalator role in complex
formation with ct-DNA as well. The effect of ionic force
on the ct-DNA-PA complex also showed an increase in
adsorption, which confirms the intercalation of PA in the
formation of the ct-DNA-PA complex. Furthermore, the
circular dichroism results of the binding between ct-DNA
and PA in the absence and presence of EMF revealed the
enhancement of ct-DNA ellipticity with increasing PA
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Fig. 10. LJ potential between DNA and ligand in the last 5 ns of simulations.
LJ potential between DNA ligand when the ligand located in the intercalation
site (black line) and the ligand located in the groove binding site (grey line).

concentration. Also, the increasing of ct-DNA ellipticity
values upon interaction with PA showed a decrease in
the ct-DNA helix and confirmed the intercalator role
of PA in ct-DNA-PA complex formation in the absence
and presence of EMFE. The RLS results from ct-DNA-PA
complex formation showed an increase in RLS intensity
of ct-DNA upon interaction with PA which confirmed
the complex formation and interaction conduct between
ct-DNA and PA in the absence and presence of EMFE
According to the acquired data, RLS intensity values for the
ct-DNA-PA complex in the presence of EMF were more
than those obtained in the absence of EMF which showed
the more binding affinity of PA to ct-DNA in the presence
of EME. The obtained results from the interaction between
PA with double-strand ct-DNA and single-strand ct-DNA
determined that the binding affinity of PA to double-
strand ct-DNA was more than its affinity to single-strand
ct-DNA. The K values of the interaction between PA with
two forms of ct-DNA determined that PA interacted with
ct-DNA as an intercalator. Additionally, the molecular
modeling validated the experimental data.

Conclusion

In this context, the interaction behavior between PA and
ct-DNA has been investigated in the presence and absence
of EMF through the employment of RLS, fluorescence
spectroscopy, CD  spectroscopy, and viscometry.
Molecular docking and molecular dynamics simulations
have facilitated a detailed structural mechanism for the
purpose of binding. These findings have been observed to
be parallel to the results of KI and NaCl quenching studies,
as well as the competitive displacement with EB and AO.
Thermodynamic parameters, such as AG® and AS’, have
suggested that electrostatic interactions stand as the
main energy contributors of PA to the ct-DNA binding.
Regarding the cases that involve the T _ of ct-DNA, EMF
has proved to cause a more stable binding between PA and
ct-DNA.
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