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ABSTRACT

Deoxyribonucleic Acid (DNA) has been a known cellular target for many antibacterial and anticancer agents due
to its gene expression tendencies. The interaction of drugs with nucleic acid is one of the important features in
pharmacology and plays a significant role in understanding the mechanism of drug action and in designing of
more efficient drugs with minimal side effects. Furans have been known since long and are often claimed to have
possessed various medicinal and therapeutic tendencies. In the current research work, two class of molecules viz,
2,4-bis(4-amidinophenyl)furans and reversed diamidino 2,5-diarylfurans, were computationally studied for their
relative binding strengths and stable complex formation tendencies with DNA (PDB Id: 4AHO0). Molecular docking
was performed to predict binding pocket of the drug in the vicinity of DNA and molecular dynamics was performed
to study the interaction dynamics in support of the predicted binding mode. Docking revealed that the binding
site was AT-rich region, as preferred by minor groove binders. RMSD and RMSF analysis were done from the
obtained from MD studies; the former study revealed that ligands remain bound to the preferred binding positions
of the DNA without any considerable deviations in its minor groove; however, the later revealed the topological
structure of DNA remaining intact during the entire course of the simulation, inferring the stability of drugDNA
complexes. This study describes the properties and dynamics of DNA on the interaction with furan derivatives,
taking the account of deformation upon binding which can play significant role in the discovery of new minor
groove binder as a regulator of gene expression. The results also proved themselves to be of significant importance
regarding computational studies of biomolecular systems and confirmed the claim of structural and conformation
stabilities, binding affinities, strong hydrogen interactions and compactness of DNA double helix. In this study, we
also performed Natural Bond Orbital (NBO) Analysis using Gaussian 09 program package for the calculation of
intra and intermolecular orbital bonding and interaction in the optimized electronic chemical structure, particularly
charge transfer and stabilization gain energy.
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INTRODUCTION

DNA minor groove is the target for many anticancer and
antitumor drugs. The forces that are involved in DNA-minor
groove binding are electrostatic, van der Waal’s, hydrophobic, and
hydrogen bonding [1]. Sequence specificity is important key tool
for the drug-DNA interaction. Another important factor for the
interaction is that the small molecule has a crescent shape which
is complementary to the minor groove of DNA and thus minor
groove binding is favored [2]. Frequently, minor groove shows
selectivity towards AT region, several factors are responsible
for this, first one is the electrostatic potential of AT-rich region

is higher than that of GC-filled ones and another one is that the
AT-rich grooves are narrower and deeper than GC ones [3]. DNA
minor groove with alternating A and T, allows favorable van der
Waal’s contacts between the drug and DNA instead of GC-rich
region where the geometry of groove is altered by bulky amino
groups of guanine bases [4,5].

In the current study, some different class of minor groove binder's
(2,4-bis(4-amidinophenyl) furans and reversed diamidino
2,5-diarylfurans), labeled as mol-1, mol-2 mol-3 and mol-4 are
taken, followed by a DNA sequence (PDB Id: 4AHO0). Molecular
modeling techniques such as geometry optimization, molecular
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docking and molecular dynamics simulation were used for the
current research.

The ligands were first geometrically optimised in order for
them to attain a minimum potential, as this would lead them to
have electrostatically optimized chemical structure. Molecular
Docking is simplest computational representation of DNA-
ligand interactions [6]. After geometry optimization, ligands
were docked to the selected DNA sequence for the identification
of possible binding site followed by corresponding site binding
energy was also obtained.

Various literatures have reported that, the minimum the site
binding energy, the better the corresponding docked pose [7]. After
geometry optimization and docking, the drug-DNA complexes
were put to coarse grained molecular dynamics simulation for Sns
keeping in mind the de-nurturation of DNA may occur. Obtained
results not only predicted the conformational stability of the DNA
with the ligands having had inserted between its base pairs but
also gave a firm affirmation regarding the time dependence of the
interaction and stability of drug-DNA complexes [8].

This article ends on a note that the three out of the four selected
ligands had formed stable complexes with DNA; none of
them had ruptured the DNA double helix over 5ns time scale
simulation; interactions between drug and DNA was strong and
significant; and helps in enriching the computational studies of
drug-DNA interactions database and also paves ways for further
sophisticated research viz, QM and QM/MM calculations [9,10].
The extension of such studies involving computational techniques
is not only limited to drug design and molecular modelling but
also to drug metabolism involving enzymes and their involved
catalytic mechanisms [11].

METHODS

System selection and preparation

The lead molecules (mol-1, mol-2, mol-3 and mol-4) were
selected from literature [12]. Their chemical structures are shown
in Figure 1. The DNA sequence; 4AHO [13] was obtained from
Protein Data Bank [14]. Its structural data including its specific
nucleic acid bases sequences and PDB Id. is mentioned in Table 1
as obtained from Discovery Studio software package [15]. Water
molecules and other residues, from selected DNA sequence
were removed using UCSF Chimera before the start of docking
calculations [16].
Table 1: Nucleic Acid Report for 195D as obtained from Discovery
Studio Software.

Basic Information for
Molecule

Cell Space Group: 19

S. PDB Nucleic Acid Sequence from
No. 1d. Available Structure

B-DNA DODECAMER
(5-D(CGC TTTGCG)3) (P212121 Or;&;m 1 Choice:
Crystallographic
Resolution: 1.20A
1 4AHO Chain A: CGCAAATTTGCG  Molecular Weight of
Nucleic Acid Chains:
7268.84
Number of Nucleic Acids:
Chain B: CGCAAATTTGCG 24

Experimental pH: 6.5
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Figure 1: Chemical structures of the selected ligands.

Molecular geometry optimization

Using optimizedligand geometry before docking and other
computational calculations is of utmost importance. The reason
behind this is that geometry optimization would put the entire
system in the lowest possible energy state; having least steric
hindrances and charge repulsions; as the system would then have
attained a maximized distance between the bonds, the angles and
the dihedrals. Further, the electrostatic charges also tend to get
well distributed throughout the surface of the system leading
to the electron transfer between definite pair of atoms; and
eventually no distortions in the chemical structures are offered
[17]. Here, the geometry optimization of selected ligands was
carried out using Gaussian 09 software [18] using B3LYP hybrid
functional at 6-31G** level of theory for their potentials to attain
a local minima. These optimized ligands were then docked to the
selected DNA sequence. Frequency calculation at the above level
characterize the obtained point as minima on the potential energy
surface in the optimize geometries.

Molecular docking studies

Molecular Docking is a widely used computational technique to
predict the binding pocket of potent inhibiters in the vicinity of
target molecules. The ability to determine the binding affinity of
protein-ligand complexes is the key objective of computational
docking [19]. Here, molecular docking was carried out using
Autodock 4 software [20]. Docking calculations were set up using
Lamarckian Genetic Algorithm (LGA). Gasteiger charges were
added to each drug-DNA complex using Autodock Tools (ADT)
before starting the docking simulations. A grid box, having various
dimensions along the three coordinate axes, was prepared for each
drug-DNA complex that enclosed the macromolecule. A 20 LGA
run with a maximum cycle of 2500000 energy evaluations was
performed for each of the drug-DNA complex. The docked pose
with the least binding affinity was extracted and aligned with the
receptor (DNA) for further analysis.

Molecular dynamics simulation

Molecular Dynamics is computational technique that is to study
the dynamic characteristics, viz, protein folding, unwinding and
other conformational changes including complex stability, over a
specified period of time. Its applications have gained significant
importance dueto lack of experimental resources[21]. Inthe present
work, GROMACS 5.0.4 software package [22] was used to carry
out the molecular dynamics simulations. A total of four drug-DNA
complexes were generated, after docking for molecular dynamics
simulations viz, (4AHO+mol-1, 4AH0+mol-2, 4AH0+mol-3 and
4AHO+mol-4). These drug-DNA complexes were put to for 5000ps
time scale simulation. There are many studies for the comparison
of force fields for the nucleic acids but AMBER force fields [23]
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seems to be good for nucleic acid simulation due to the presence
of specific topologies for the terminal nucleotides. Amber 03
force field already embedded in GROMACS software suite was
used to generate the topology for the selected DNA sequence and
antechamber module of AMBER program was used to generate
topology of selected ligands through a python script: ‘acpype.py’
[24].The Ligand-DNA complex was solvated in a box of varying
dimensions using TIP3P water model at 298K [25]. Sodium ions
were then added to the solvated box containing the DNA-ligand
complex by randomly replacing the water molecules in order to
neutralize the system. Particle Mesh Ewald (PME) was used to
handle long-range electrostatic interactions in periodic boundary
conditions [26]. Energy minimization of the whole system was
carried out in 25000 steps using Steepest Descent leap- Frog
Integration Method followed by NVT ensemble equilibration at a
constant temperature of 300K for 50s using Berendsen thermostat
[27]. The system was then equilibrated with NPT ensemble at a
constant pressure of latm in 25000 steps using steepest descent
leap-frog integrator [27]. Particle Mesh Ewald (PME) was used to
handle long-range electrostatic interactions in periodic boundary
conditions and all the bonds involving hydrogen atoms were
constrained using the LINCS algorithm [28]. Graphs were plotted
using XMgrace software [29].

Natural bond orbital analysis

NBO analysis played the role of intermolecular orbital interaction
in the complex, particularly charge transfer in the given wave
function into localized form, corresponding to the one-center
(lone pairs) and two-center (bonds) elements of the chemist's
Lewis structure picture. In NBO analysis, the input atomic orbital
basis set is transformed via natural atomic orbitals (NAOs)
and natural hybrid orbitals (NHOs) into natural bond orbitals
(NBOs). The NBOs obtained in this fashion correspond to the
widely used Lewis picture, in which two-center bonds and lone
pairs are localized. This is carried out by considering all possible
interactions between filled donor NBOs and empty acceptor
NBOs and estimating their energetic importance by second-order
perturbation theory. For each donor NBO (i) and acceptor NBO
(j), the hyper energy conjugated interaction (stabilization gained
energy E(2) in kcal/mol) associated with electron delocalization
between donor NBOs and acceptor NBOs is estimated as

Where q; is the orbital occupancy, €, g are diagonal elements and
F is the off-diagonal NBO Fock matrix element [30].

RESULTS AND DISCUSSION

Present study was aimed to identify new leads, targeting binding
affinity, structural stability and applicability for antimicrobial
ligands with DNA. The results obtained through various
computational calculations are discussed and summarized as
follows:

Molecular geometry optimization

The geometry of the lead molecules needs to be optimized before
docking so that the repulsions between the nearest bonded atoms,
between their angles and between their dihedrals could get
minimized and the lead molecules would attain a state having
least repulsion and hence owing to maximum stability and
correspond to minimum energy [30]. The optimized geometries
of the selected ligands are shown below in Figure 2.
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Figure 2: Optimized structures of the selected ligands.

Molecular docking

The selected ligands (mol-1, mol-2, mol-3 and mol-4) which
were supposed to possess antimicrobial tendencies were docked
to 4AHO in search of best docked posed complex leading to
stability. The docking results, corresponding to the selected
DNA sequences are summarized below in Table 2. Docking
calculations revealed that 4AHO with mol-4 had least binding
energy of -12.39 kcal/mol. This indicates that since mol-4 had
lesser binding energy, it owes to maximum stability of the formed
complex. The docked pose corresponding to each drug-DNA
complex is shown in Figure 3. These figures reveal that both
the drugs bonded themselves to the minor groove of each DNA
sequence. Docking calculations also revealed that as bulky groups
were attached to base structure of furan and then docked to DNA
there were less no of hydrogen bonding interactions; owing to
more steric hindrances and consequently the fact that number
of hydrogen bonding interactions decrease on attaching bulky
groups complement the obtained results. These hydrogen bonding
interactions were obtained from Discovery Studio Visualizer [31].

Mol-1 Mol-2 Mol-3 Mol-4

Figure 3: Best docked posed complexes for 4AHO as obtained from
UCSF Chimera.

Table 2: Various docking results obtained for 4AHODNA sequence.

Binding Energy Docking RMSD

S. No. Ligand (keal/mol) ( A)
1 Mol-1 -12.03 6.165
2 Mol-2 -10.94 6.429
3 Mol-3 -12.06 6.163
4 Mol-4 -12.39 6.548

Following Figures 4 and 5 represent the atomistic binding sites
for each of the drug-DNA complexes and corresponding H-donor/
acceptor clouded regions at binding sites, due care while taking
images regarding the same has been taken in order to have the
same pose for both, binding site and H-donor/acceptor cloud,
respectively. Further Table 3 represents the donor and the acceptor
residues involved in the formation of hydrogen bond between the
DNA and ligands.
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Figure 4: H-bonds in best docked posed complexes for 4AHO as obtained
from Discovery Studio Visualizer.
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Figure 5: H-bond donor and acceptor regions in best docked posed
complexes for 4AHO as obtained from Discovery Studio Visualizer.
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Figure 6: Variations for Radius of Gyration.

Table 3: The donor and the acceptor amino acid residues involved in the
formation of hydrogen bond between the DNA and ligand atoms.

No. of Interacting H-Bond
S No. Complex H-Bonds Species Length (A)
H-
1 4AHO0+Mol-1 1 DCI1.03' 2.679714
H-DT8:04'" 2.148102
H-DT7:02 3.06722
2 4AHO+Mol-2 4 H-DC11:02  2.689916
H-
DCIL.O3' 2.256256
H-
DCI1:04' 2.153036
3 4AHO+Mol-3 q
DCIL.O3' 2.520974
4 4AHO+Mol-4 1 H-DT9:03'" 2.656984

Molecular dynamics simulation

Structural stability of biomolecules under dynamical conditions
over a specifically mimicked environment for a pre-defined period
of time can be studied via molecular dynamics simulations. Such
studies hold significant importance in the structure and dynamics
of biomolecules owing to less experimental costs. Various
parameters were studied and analyzed for their contribution to
stability analysis of the drug-DNA complexes, and are discussed
as follows:

Variation in radius of gyration: In order to understand the
dynamic stability and compactness of DNA-ligand complexes,
Radii of Gyration values are determined. Clearly, the avg. radius
of gyration lies between 1.25 nm to 1.50 nm resp. The collective
Radius of Gyration variations for each drug-DNA pairs are shown
in Figure 6. The Radius of Gyration data reveals that mol-2, mol-3
and mol-4 with 4AHO sequence form themost stable complexes
whereas for mol-1, the radius remains intact till ~3500ps but
after that time limit there are frequent perturbations in the
conformations of the complex owing to minimized stability.

Drug Des, Vol.10 Iss.1 No:172

Root mean square deviation: The RMSD is treated as the measure
of the conformational stability of biological macromolecules. The
plots for RMSD of all the drug- DNA complexes are represented
in Figure 7. From the variations shown below, the RMSD for
corresponding to mol-2, mol-3 and mol-4 with 4AHO almost
lie between 0 to 0.5 nm representing least or no deviations.
However,4AHO+mol-1, shows deviations around 3400ps, 4000ps
and 4500ps and hence confirms for having had formed least stable
complex with considerable deviations in the DNA double helix.
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Time (ps)

Figure 7: RMSD for Drug-DNA Complexes.

Root mean square fluctuation: RMSF records the fluctuation
of each amino acid base pair including the fluctuations in the
flexible regions within the nucleic acid during the course of
the MD simulation. Well-structured regions and loosely bound
regions in DNA strands are distinguished by low and high root
mean square fluctuations values respectively. For small proteins,
a fluctuation between 1~3 A is acceptable. The graphs shown
below in Figure 8 suggest that, 4AH0+mol-2, 4AHO0+mol3 and
4AHO+mol-4 had the least fluctuations, and especially around and
beyond residue number 800 among and hence owe towards the
stability of the complexes.Here this range lies between 0~0.5A.
Whereas, 4AHO+mol-1 shows maximum deviations as seen from
the corresponding graph.
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Figure 8: RMSDF for Drug-DNA Complexes.
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Natural bond orbital analysis: Natural Bond Orbital (NBO)
analysis played a crucial role for the calculation of intra and
intermolecular orbital bonding and interaction in the optimized
electronic chemical structure, particularly charge transfer and
stabilization gain energy. Geometry, of the NBO analysis were
optimized at the level of B3LYP/6-31G (d) method using Gaussian
09 program package (Figure 9).
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Figure 9: Optimized geometries are showing the molecular orbital with
maximum electron density.

The NBO analysis is a suitable source of the charge transfer donner
to receptor in the orbital-based. The total hyper energy conjugated
interaction (stabilization gained energy) from NBO donor to
NBO acceptors were calculated by the second-order perturbative
theory. The estimates of donor-acceptor interactions in the NBO

basis and presented in the Tables supporting information (SI) S1-S4.

This analysis clearly indicates that the stabilization gained energy
is a few times higher in the total stabilization gain energy [32].
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