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ABSTRACT

The chromone derivatives are playing a prominent role in many plant cycles, for instance, the regula-
tion of growth, stimulation of oxygen uptake in plants, and essential food constituents with valuable
pro-health properties. Determination of the antioxidant activity of these compounds is an interesting
approach to drug design and development. The antioxidant activity of the novel fifteen chromone
compounds was estimated by using a spectrophotometric Dichloro-5,6-dicyano 1,4-benzoquinone
(DDQ) assay method and the mechanism of antioxidant activity was discussed based on the Density
functional theory (DFT) calculations. The compounds showed significant antioxidant activity which was
correlated to their molecular structure by considering various molecular descriptors. Further, by using
regression analysis QSAR-modeled equation was proposed and it has shown a high correlation coeffi-
cient value (0.946. We perform molecular docking and molecular dynamics simulations against the
cyclooxygenase (COX2) enzyme to investigate the molecule’s anti-inflammatory activity and stability of
protein-ligand complexes. Molecular docking and dynamics simulations revealed the compounds B3
and B8 were interacting with essential residues TYR385, HIS386, ASN382, TRP387, and HIS388 in the
binding site that were crucial for optimizing heme and the resultant peroxidase and cyclooxygenase
activities. The root mean square displacement and root mean square fluctuation plots revealed the sta-
bility of the B3-COX2 and B8-COX2 complexes. Based on our results, B3 and B8 compounds are con-
sidered as best antioxidants as well as COX2 inhibitors.
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1. Introduction scavenging (antioxidant) system that is mainly composed of
both enzymatic (superoxide dismutase, lipid peroxidase, and
catalase) and non-enzymatic (vitamin C, glutathione, and uric
acid) molecules that can maintain the adverse effects of
these free radicals (Alam et al., 2013). During diseases or

under stressful conditions, the cell’s antioxidant production

Free radicals are endlessly produced in the human cellular
metabolism in the form of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) and these species can dam-
age normal tissues and biomolecules such as proteins, DNA,

and lipid membranes (Halliwell & Gutteridge, 2015; Kruk,
1997; Termini, 2000; Valko et al., 2007). However, the cellular
system is also well-resourced with an efficient free radical

decreases, which increases the ROS/antioxidant ratio, which
is called oxidative stress (Pizzino et al., 2017). Oxidative stress
(lipid peroxidation) is a major cause of many pathological
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diseases such as neurodegenerative disorders like
Alzheimer’s, inflammation, diabetes, liver disorders, hyperten-
sion, and rheumatoid arthritis (De Vries, 2006; Fu et al., 1990;
Hawkey, 2005; Pizzino et al., 2017). According to the review,
the author Markus Laube et al. (2016) reported that as a
result of ROS-mediated stimulation of a cascade of enzymes
such as Phospholipase A2, transcription factors such as
nuclear factor kappa B pathways, E2 promoter binding factor-1,
hypoxia-inducible factor 2o, and the radiation therapy induces
extreme production of cyclooxygenases (COXs)-mediated eicosa-
noids (prostaglandins and thromboxane).

COXs are also known as Prostaglandin-endoperoxide H
synthases (PGHSs), which are rate-limiting enzymes for the
conversion of arachidonic acid to prostaglandins, two mole-
cules of Oy, and two electrons to prostaglandin endoperox-
ide H, (PGH,). In order to form PGH2, arachidonate is first
oxygenated to yield prostaglandin G2 (PGG2) using the
enzyme’s cyclooxygenase activity, and then the 15-hydroper-
oxyl group of PGG2 is reduced to produce PGH2 using the
enzyme’s peroxidase. PGHSs exist in two isoforms, PGHS-1
(COX1) is a constitutive enzyme, whereas PGHS-2 (COX2) is
the inducible isoform (Kujubu et al., 1991; Marnett et al.,
1999; Smith et al, 2000; Xie & Herschman, 1996).
Inflammatory sites are primarily affected by COX2, respon-
sible for the induced production of prostaglandins. There is
substantial evidence suggesting that COX2 overexpression is
associated with chronic inflammatory diseases such as
rheumatoid arthritis, neurodegenerative disorders such as
Parkinson’s disease, as well as a wide range of cancers (De
Vries, 2006; Fu et al, 1990; Hawkey, 2005). This enzyme
exhibits several unique properties that make it an interesting
and drug-able target (Laube et al., 2013). Our work mainly
aims to substantiate the development of novel chromone
compounds as antioxidant COX2 inhibitors. Chromones are
naturally occurring secondary metabolites, especially in the
plant kingdom which are oxygen-containing heterocyclic
compounds. Recent reviews and research articles reported
that chromone is a core moiety of natural products such as
flavonoids, isoflavonoids, and polyphenols which exerts anti-
oxidant (Preeti et al., 2014), anti-inflammatory, anti-arthritic,
anti-cancer, and anti-allergic activities (Reis et al, 2017).
Chromones inhibit various mechanisms, including COX1 and
COX2 enzymes, and NO synthesis, which are responsible for
their anti-inflammatory effects. Several naturally occurring
chromones have anti-inflammatory properties, including nor-
cimicifugin, eugenin, petersinone 1, stellatin, and aloesin
(Gamal-Eldeen et al.,, 2007; Gautam et al.,, 2010; Yagi et al,,
2002). In addition, chromones can scavenge many types of
ROS and inhibit lipid peroxidation (Laube et al., 2016). In this
regard, we calculated the free radical scavenging activity of
novel chromone derivatives (Bandari et al., 2017; Bandari &
Kommu, 2016) (Figure 1) against 2,3-Dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) (Rao et al., 1972) and performed in sil-
ico analysis to explore the anti-inflammatory activity. The
DDQ assay method utilizes the concept of charge transfer
(CT) complex phenomena in between donor-acceptor and
the stability of CT complex discussed with theoretical density
functional theory (DFT) calculations. Scavenging of free
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Figure 1. Molecular structure of chromone derivatives.

radicals can be accomplished through rapid hydrogen trans-
fer. In this regard, an antioxidant capacity of a compound is
influenced greatly by several factors such as the arrangement
or substitution pattern of functional groups and the number
of donating or withdrawing groups present in the molecules.
A small change in the above-listed factors can significantly
influence the physicochemical and biological properties of
the molecules. Therefore, in this paper, we calculated the
Quantitative structure-activity relationship (QSAR) to correlate
the molecular descriptors with their estimated antioxidant
activity. The DFT method was utilized to calculate the
molecular descriptors of chromones.

In this study, molecular docking and molecular dynamics
(MD) simulations are performed to explore the inhibitory
activity of chromones against the COX2 target (Amira et al.,
2022; Jones Lipinski et al., 2021). Molecular docking and MD
simulations are powerful computational methods in the drug
design and discovery process. The MD simulations may pro-
vide information about the inhibitor's key interactions and
structure-dynamic characteristics at the molecular level of
COX2’s binding site. Ultimately, the work will contribute to
the development of more potent COX2 inhibitors through
structure-based drug discovery.

2. Materials and methods

The materials DDQ (98%), triethyl amine (TEA; 99%), and
acetonitrile (98%) are purchased from Sigma Aldrich online
sources. UV-Visible absorption spectra were analyzed in the
nanometer region using SHIMADZU UV-2600 and UV-VIS
spectrophotometer. The main reaction scheme and synthesis
procedure for selected chromone derivatives were published
in our previous report (Bandari et al., 2017; Bandari &
Kommu, 2016) and the synthesis reaction scheme (Scheme
S1) is also provided in the supplementary data.

2.1. Evaluation of antioxidant activity

The standard solution of the donor (TEA) 0.72M was pre-
pared by dissolving 0.726g (0.726 g/cc) in acetonitrile in a
10ml volumetric flask. From the above standard solution,
5.0 x 10"*mol. L~ was created in a separate volumetric flask
by diluting the solution with the same acetonitrile solvent.
The standard stock solution of the acceptor (DDQ) is
10 2mol. L' was produced by dissolving 0.023g in aceto-
nitrile solvent in a 10 ml standard flask, and the same solu-
tion was diluted to 5.0 x 10 *mol. L™ in a 25ml standard
flask using acetonitrile solvent. Necessary arrangements were
made to protect the produced stock solutions of TEA and
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Scheme 1. Mechanism of CT Complex formation with the acceptor (DDQ) and donor (TEA).

DDQ from direct light. By mixing equal molar concentration
of 50 x 10~*mol. L™" in the ratio 1:1 between TEA and DDQ
in acetonitrile solvent a reddish-brown color was obtained as
CT complex. The molar concentration of 10 >mol. L™" chro-
mone compounds was added into test tubes and dissolved
in acetonitrile to obtain a series of solutions. Then, 2ml of
CT complex solution was added to each tube containing
1 ml of solution, stirred, and allowed to rest/stand for 5 min
at room temperature. The maximum absorbance of the final
mixture was measured at 450 nm and ascorbic acid was con-
sidered as the standard/control sample to calculate the rad-
ical scavenging activity of the test compounds. The radical
scavenging activity of DDQ was calculated using the follow-
ing equation.

Ap — Aq

100
Ap

% Radical Scavenging Activity (Rs) =

where A, = Initial absorbance of the CT complex and A, =
Absorbance of the test/standard compound.

The antioxidant activity of the compounds was expressed
in 1C5o which means the concentration of the test compound
inhibits 50% of the DDQ radicals.

2.2. Computational details

The molecular structures of chromone compounds, DDQ,
TEA, and CT complex were constructed and the energy mini-
mization was carried out using Gaussian 16 program (Frisch
et al,, 2016). The Becke-Lee-Yang-Parr hybrid exchange-cor-
relation three-parameter functional (B3LYP) and basis set 6-
31G(d) (Becke, 1993, 1996) was employed to optimize the
molecular structures and to compute the vibrational frequen-
cies of chromones. The Berny optimization algorithm is a
standard algorithm used to optimize molecular structures by
minimizing the potential energy surface. Vibrational frequen-
cies can provide valuable information about the molecular
structure, such as bond lengths and bond angles. This

algorithm iteratively adjusts the atomic positions until local
minima are found. We performed the population analysis to
unveil the electron density distributions of the frontier
molecular orbitals. The geometrical parameters of the CT
complex such as bond lengths, bond angles, highest occu-
pied molecular orbital (HOMO), lowest unoccupied molecular
orbital (LUMO) isodensity surfaces, and molecular electro-
static potential (MEP) map of the CT complex were calcu-
lated by using the same level of theory. Molecular
descriptors viz, ionization potential (IP), electron affinity (EA),
hardness (n), HOMO, LUMO, polarizability (POL), dipole
moment (DM), chemical potential (n), entropy (S), electro-
philic index (@), and heat capacity (Cv) of chromone com-
pounds were calculated using DFT method. To correlate the
experimental activity with molecular descriptors of the com-
pounds, regression analysis was carried out using SPPSS10
software (n.d.). In the Molinspiration tool (http://www.molins-
piration.com/), partition coefficient (LogP) and enzyme inhibi-
tor score (El) were calculated to understand the nature
(hydrophilic/hydrophobic) of chromone derivatives and their
antioxidant potential.

In order to calculate 1, u, and ®, we calculated the ioniza-
tion potential and electron affinity using the following
equations.

IP = —Enomo
EA = —ELumo
n=1IP — EA/2
n=—EA — IP)2
o=p’/2n

2.3. Molecular docking simulations

To develop novel chromones as antioxidant COX2 inhibitors,
the most efficient computer-aided drug design technique
molecular docking was utilized. The X-ray crystallographic
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structure of the target enzyme COX2 was retrieved from the
RCSB protein data bank with a PDB code of 4COX (Amira
et al., 2022; Jones Lipinski et al.,, 2021). The molecular dock-
ing studies were performed with two well-known docking
programs such as Genetic Optimization for Ligand Docking
(GOLD) (Jones et al, 1997) and AutoDock 4.2 (Morris et al.,
2008) tool. The GOLD program uses a genetic algorithm to
search the best-fit positions and orientations of the ligand
within the binding site. One of the key features of GOLD is
its ability to account for ligand conformational flexibility dur-
ing the docking process. In other words, the GOLD can
explore multiple possible conformations of the ligand and
evaluate their fit within the binding site, rather than assum-
ing a fixed conformation. In addition, it allows for partial
flexibility of the protein, which means certain parts of the
protein binding site can move slightly to accommodate the
ligand during the docking process. We prepared the protein
using the method described by Jones et al. (1997), in which,
the water molecules and hetero atoms were removed, then
hydrogen atoms were added according to protonation states.
After preparing the protein, the molecular structures of all
ligands were also prepared and energetically minimized
using Gaussian 16 program. The GOLD program requires that
the user select the protein-ligand interaction distance and
active site radius, then we set these parameters as 1.5 and
10 A (Srimai et al., 2013), respectively, and the other parame-
ters such as population size of 100 and selection pressure of
1.1 were fixed to default values. We used the GOLD program
to evaluate two scoring functions: Fitness score, which meas-
ures the geometric fit of the ligand in the binding site, and
Chem score, which estimates the intermolecular interactions
between the ligand and the receptor.

AutoDock tool provides a user-friendly graphical interface
for performing tasks such as the creation of ligand and pro-
tein files, adding hydrogens, assigning charges, and generat-
ing grid maps for docking simulations. The protein structure
was typically prepared by removing water molecules and
any other non-protein components, adding hydrogen atoms
to the structure, and assigning partial charges to the atoms.
All the ligands were prepared by adding Gasteiger charges
and the maximum number of torsions were set as 5 and
saved as pdbqgt files. A grid map is generated around the
protein to define the search space for docking simulations.
This involves defining the center of the grid and the spacing
between the grid points. During the docking simulation, the
ligand is moved around the search space defined by the grid
map, and the energy of the ligand-protein complex is calcu-
lated for each position. The results of the docking simulation
were analyzed to identify the binding site of the ligand and
to rank the binding poses based on the calculated energy.

2.4. Molecular dynamics simulations

As a result of molecular docking, the best two protein-ligand
complexes (lowest binding energy and highest fitness score)
are analyzed for their stability and dynamics under solvent
conditions using molecular dynamics simulations. Desmond
in Schrodinger suite v2022-1 (Bergdorf et al., 2021; Bowers

et al., 2006) was utilized to perform the MD simulations of
the protein-ligand complexes. Using a ‘system builder’ mod-
ule, the predefined TIP3P water model is filled in an ortho-
rhombic box along with a buffer at a distance of 10A from
the box edge to the center. The periodic boundary condition
box volume was calculated as per complex type along with
the counter ions Na*/ClI" were added to neutralize the pro-
tein-ligand systems. OPLS_2005 force field parameters were
used to minimize the solvated systems. To restrain heavy
atoms on the solute, the Berendsen NVT ensemble was used
to simulate the system. Under isothermal isobaric conditions
and a thermostat relaxation time of 100 ps, MD simulations
were carried out with a temperature of 300K, and a pressure
of 1atm. The Nose-Hoover thermostat and Martyna-Tobias-
Klein barostat approaches have been employed for MD simu-
lations in order to maintain 300K and 1atm temperature and
pressure. The NPT ensemble was initiated following the
simulation process which runs for 50 ns production. For every
5 picoseconds, the simulation progress was recorded step by
step.

3. Results and discussion

3.1. The free radical scavenging activity of chromone
compounds

The radical scavenging activity of fifteen chromone com-
pounds (Table 1) was calculated by using the DDQ assay
method. The method utilizes the concept of a CT complex
between the electron donor and acceptor which absorbs
radiation at the visible region (Brame & Dekker, 1972; Foster,
1969). The absorbance of novel chromone compounds was
calculated using a UV-visible spectrophotometer. It is a well-
known fact that the DDQ and TEA act as good m-electron
acceptors and donors, respectively, and form a stable and
highly intense colored CT complex (Salem, 2002). The reac-
tion mechanism involved in the CT complex formation of
DDQ-TEA was explained in Scheme 1. It represents the for-
mation of the CT complex followed by the DDQ radical
anion. The odd electron which is present on DDQ abstracts
H-atom from an antioxidant (chromones). The CT complex
which was obtained by the interaction between the donor

Table 1. Free radical scavenging activity of chromone compounds and stand-
ard ascorbic acid.

Compounds R1 R2 R3 %RS  1Cso (MM)  Activity (mM)
B1 H CH3 -C6H5 55.90 0.890 3.05
B2 H CH3  -pC6H4CH3  55.11 0.907 3.04
B3 H CH3  -pC6H40CH3 59.84 0.830 3.08
B4 H CH3  -pC6H4C2H5 51.18 0.976 3.01
B5 H CH3  -mC6H4NH2 50.39 0.992 3.00
B6 CH3 CH3 -C6H5 55.90 0.890 3.05
B7 CH3 CH3  -pC6H4CH3  34.09 1.466 2.83
B8 CH3 CH3 -pC6H40CH3 62.90 0.794 3.10
B9 CH3 CH3  -pC6H4C2H5 54.54 0.916 3.04
B10 CH3 CH3  -pC6H4NH2 42.50 1.174 293
B11 CH3 -C6H5 -C6H5 52.27 0.956 3.02
B12 CH3 -C6H5 -pC6H4CH3 45.45 1.100 2.93
B13 CH3 -C6H5 -pC6H40CH3 43.93 1.138 2.94
B14 CH3 -C6H5 -pC6H4C2H5 46.82 1.061 2.97
B15 CH3 -C6H5 -mC6H4NH2 58.73 0.850 3.07
Ascorbic Acid 45.60 1.096 2.96




and acceptor will act as a source of free radicals. Out of
these 15 compounds, 11 compounds have exhibited high
scavenging activity compared to that of standard ascorbic
acid. The compounds B8, B3, and B15 have shown significant
antioxidant activity with IC50 values of 0.794 mM, 0.830 mM,
and 0.850 mM, respectively.

3.2. Interpretation of CT complex formation with
theoretical DFT studies

3.2.1. Estimation of bond lengths and bond angles

To explain the CT complex formation between donor and
acceptor, theoretically, we optimize the geometries of TEA,
DDQ, and TEA-DDQ CT complex by using DFT calculations.
The change in bond lengths of C-O in optimized geometries
of DDQ and CT complex confirms the electron transfer from
TEA to DDQ (acceptor) (Arunapriya et al., 2017; Nampally
et al., 2022; Venkatesh et al.,, 2019). In DDQ, the bond length
of C-O (C2=08 and C5=08) increased from 1.213A to
1216 A (C23=030) and 1.215A (C26 =029) in the CT com-
plex. Furthermore, we observed the changes in bond lengths
of optimized geometries of TEA isolated and the complex. A
bong length of 1.468A is changed to 1.475, 1.468, and
1.474 A for each of the three N-C bonds (N1-C2, N1-C9,
and N1-C16). The CT complex formation in between DDQ
and TEA can also be confirmed by the change in bond
angles of DDQ alone and CT complex. Two bond angles with
values of each 117.274°, such as C24-C23-C28 and C25-C26-
C27, were changed to 117.037° and 116.99°, respectively.

3.2.2. Molecular electrostatic potential surface maps
(MEPs)
In order to electrophilic and nucleophilic centers in a mol-
ecule, MEPs are the most appropriate graphical representa-
tions. The MEPs were calculated from the optimized
geometries of the TEA, DDQ, and CT complex and are shown
in Figure 2. MEP surfaces are characterized by three colors,
namely blue, red, and green which represent positive, nega-
tive, and neutral regions, respectively. In the DDQ (acceptor),
the positive dark blue color region (0.0625 au) located on the
phenyl ring switched to light blue (0.0451 au), and the nega-
tive regions which were located on the C=0 and C=N
groups changed from —0.023 and —0.0403 au to —0.023 and
—0.034au, respectively. The donor (TEA) major negative

2
P g
J"* J 'IJ

9

TEA

DDQ

Figure 2. Molecular electrostatic potential surface maps of TEA, DDQ, and CT complex.
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region (red) is located on the N atom (—0.0439au) and
decreased to 0.0246 au converting to a positive region upon
complexation. The MEP results indicate that charge transfer
takes place from donor to acceptor to form a stable CT
complex.

3.2.3. Frontier molecular orbitals CT complex

The HOMO and LUMO electron density isosurfaces of the CT
complex obtained from the DFT method are shown in Figure
3 and it is clear that the LUMO of the CT complex is mainly
localized on the DDQ molecule, while the HOMO is situated
on only TEA. When we observe the energy levels of HOMO
and LUMO of TEA, DDQ, and CT comple, it is interesting to
notify that, the HOMO energy of CT complex (—6.44¢V) is
nearly close to the HOMO energy of TEA (—5.55eV) and the
LUMO energy of CT complex (—4.62¢eV) is close to LUMO
energy of DDQ (—5.09eV). Therefore, the orbital interaction

Ecr = 1.82 eV

HOMO

Figure 3. Electron density distribution in frontier molecular orbitals of CT
complex.

J‘J N
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energy mainly arises due to the charge transfer from the
HOMO of TEA to the LUMO of DDQ which clearly indicates
the formation of the CT complex.

3.3. Molecular descriptors calculated for QSAR modeling

In the present study, the antioxidant activity of fifteen chro-
mones was considered for QSAR modeling. A total of thir-
teen molecular descriptors were calculated for each
compound to correlate the antioxidant activity of the chro-
mones (Tables S1 and S2). The antioxidant activity was calcu-
lated in the form of ICso, it can be converted to PICs, by
using a formula (-loglCsp). Finally, the multiple linear regres-
sion method was applied to develop the QSAR models and
the resulting model has a high correlation coefficient (R)
value. To validate the predictive potential of QSAR models,
the leave-one-out cross-validation method was applied.
Finally, the best model was obtained after the elimination of
the B7 compound as an outlier, which increase in a square
of correlation coefficient R*> with acceptable predicted and
residual values. As shown in Figure 4, the experimental

3.1

3.08 -
3.06

= 3.04 - L
3.02 - .

L
y =0.8964x+0.3129 ..
R* = 0.8964 5 e

ity

3 A i .
2.98 -

2.96 | ’
2.94

.
2.92 T T T T T T
291 294 297 3 3.03 3.06 3.09

Experimental activity (pIC50)

Predicted act

3.12

Figure 4. A plot between experimental antioxidant activity vs. predicted
activity.

activity of the chromone derivatives was highly correlated
with the predicted activity of the compounds.

Activity = 2.378+0.313 4+ 86.3(+ 25.1)+EA + 88.0(+ 25.2)xn
+0.588(=* 0.133)*m + 87.8(* 25.1)%u
+ 0.069(*0.0194) DM — 0.035(+0.006)LogP

R=0946, R*=0.89, R’,4;=081, S.E=0.024, F=10.09,
Significance F=0.0037, S.D=0.089, PRESS =0.0041, Q%, =
0.96, Q=39.416.

3.4. Molecular docking studies of celecoxib and ligands
against COX2 enzyme

To develop the novel chromone compounds as antioxidant
COX2 inhibitors, we performed the molecular docking studies
of chromones against COX2 enzyme by using two well-vali-
dated docking programs GOLD and AutoDock. The most prob-
able binding site and the active site residues of 4COX
complexed with an inhibitor indomethacin (crystal structure
bounded ligand) were identified by using Swiss PDB viewer
4.1.0 (Guex & Peitsch, 1997) software. The active site amino
acids of 4COX such as ARG120, VAL349, LEU390, TYR355,
TYR385, TRP387, MET522, VAL523, ALA527, and SER530 were
involved in interactions with indomethacin. Recent research by
Jones Lipinski et al. (2021) and Wang et al. (2010) reported
that the molecular docking studies of celecoxib against 4COX
have shown interactions with the active site residues ARG120
and TYR355. In order to understand the binding affinity and
binding orientation of our molecules, we initially carried out
the molecular docking analysis of a well-known drug and a
selective inhibitor of COX2, i.e. celecoxib, and calculated the
binding energy of —9.90kcal/mol. As shown in Figure 5, the
-NH2 group of celecoxib has two hydrogen interactions with
GLU524 and one C-H bond with ARG120 and other hydropho-
bic interactions with PRO84, VAL89, TYR155, VAL116, and

TYR
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Figure 5. Binding orientation of celecoxib in the active site of COX2 (4COX). The left and right figures represent the molecular interactions of the ligand in 3D and
2D diagrams, respectively. The celecoxib is shown in the ball-stick model and active site residues are shown as grey sticks.
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Table 2. The molecular docking results of chromone compounds with their inhibition constants.

Compounds Binding energy (kcal/mol) Chem-score Fitness score S(hb_ext) S(vdw_ext)
B1 —9.17 32.03 60.14 1.59 49.50
B2 —8.78 3242 61.96 7.02 47.90
B3 —9.02 32.51 73.87 9.96 51.94
B4 —9.59 16.01 14.46 0.04 59.68
B5 —8.90 34.96 65.93 9.58 46.68
B6 —9.32 28.31 58.69 7.25 44.80
B7 —9.26 31.71 58.93 0.07 48.98
B8 —8.36 28.37 68.93 8.34 53.49
B9 —-9.01 3043 61.33 2.81 50.06
B10 —8.42 28.26 59.50 3.08 48.05
B11 —9.66 32.86 69.81 2.00 57.20
B12 —9.87 31.88 66.14 2.01 54.90
B13 —435 33.65 68.30 1.99 59.18
B14 —4.51 3213 62.19 1.44 56.29
B15 —4.49 27.66 73.73 2.70 56.97
celecoxib —9.90 30.86 67.50 1.34 57.95
Ascorbic acid —4.59 32.64 59.71 6.25 46.09
S (hb_ext) protein-ligand hydrogen bond scores, S (Vdw_ext) protein-ligand van der Waals scores.
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Figure 6. Binding orientation of compound B3 in the active site of COX2 (4COX). The left and right figures represent the molecular interactions of the ligand in 3D
and 2D diagrams, respectively. The ligand B3 is shown in the ball-stick model and active site residues are shown as grey sticks. The interaction distances (A) are

shown in the 3D diagram.

TYR355. Our docking results also revealed the interactions of
celecoxib with active site residues ARG120 and TYR355 of
4COX. Therefore, our molecular docking results are well-vali-
dated with previously published articles. Then, we calculated
the binding energies, fitness scores, and chem scores for novel
chromone compounds (Table 2). As per the GOLD docking
results, the fitness and chem scores of the chromone com-
pounds are between 14.46-73.87 and 16.01-34.96, respectively.
Among the fifteen compounds, B3 and B8 compounds are the
best antioxidants as well as anti-inflammatory COX2 inhibitors.

3.4.1. Binding modes of B3 and B8 compounds in the
active site of COX2
The predicted binding mode of the active chromone com-
pound B3 is shown in Figure 6. A 2D diagram of the B3 com-
pound shows many interactions, such as hydrogen bonds, n-n
T-shaped, alkyl, m-alkyl, n-cation, and C-H bond with active site
residues of COX2. The inhibitory activity of B3 towards COX2
can be explained by these four hydrogen bond interactions
with the active site residues such as HIS214, ASN382, and
HIS388. Hydrogen bond interactions or the hydrophilic nature
of compounds play a crucial role in inhibitory activity. From

GOLD results, it is clear that compound B3 has a high fitness
score (73.87) and maximum external hydrogen bond score
(9.96) than the other compounds. The binding energy
(—9.02 kcal/mol) and chem-score value (32.51) also support the
inhibitory activity of compound B3. The compound B3 also
formed C-H bond interaction, rt-cation, -n T-shaped, alkyl, and
n-alkyl interactions with ALA446, HIS207, HIS214, ALA202,
LEU390, VAL447, and ALA 450.

The binding structure of compound B8 within the active
site of COX2 is shown in Figure 7. It has formed two hydrogen
bond interactions with HIS386 and HIS388 and one C-H bond
interaction with TRP387. The residue HIS207 is involved in
n-cation and m-nt T-shaped interactions with chromone moiety.
The other residues ALA202, HIS388, LEU390, and VAL447 are
involved in m-alkyl interactions with chromone compounds. As
per the docking results, compound B8 has a fitness score and
chem score of 68.93 and 28.37, respectively.

3.5. Molecular dynamic simulations of COX2-ligand
complexes

The MD simulations were carried out for three protein-ligand
complexes of celecoxib (known drug of COX2), B3, and B8
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compounds using Desmond with default protocols. The low-
est binding energy conformations of protein-ligand com-
plexes obtained from molecular docking were considered for
MD simulations to evaluate the system’s stability under solv-
ent conditions. The final trajectory files are considered to cal-
culate the ‘root mean square deviation’ (RMSD), and ‘root
mean square fluctuations’ (RMSF) of the protein-ligand
complexes.

3.5.1. RMSD and RMSF analysis of celecoxib-COX2 complex
The RMSD plot of celecoxib-COX2 is shown in Figure 8(a).
The COX2 alpha chain (blue) RMSD value is increased to
2.06 A with respect to its initial position at 1.89ns, then
decreased to 1.78 A at 3.02ns, and then increases again to
2.29A at 8.42ns. The celecoxib-COX2 system was gradually
tending to equilibrium after 9ns and the average RMSD
value is around 2.30A. During the simulation, such values
represent the most suitable structural reconstruction. In the
RMSD plot, ‘Lig fit Prot’ (maroon trajectory) shows the RMSD
of a ligand with respect to the COX2 backbone and indicates
how stable the ligand is in the protein active site.

The RMSD value of the ligand was lower than the RMSD
of COX2 throughout the simulation time which indicates that
the ligand was stabilized in the active site of COX2. RMSF
plots of the protein and ligand are useful to characterize the
local changes in the protein chain and internal fluctuations
in the ligand. As shown in Figure 9(a) it is expected that the
RMSF value at C- and N-terminal positions are higher than
any other part of the protein. The in-between part which
was composed of alpha-helices and beta-strands has shown
lower RMSF values compared to terminal positions. There
were mainly three fluctuations observed in the plot at resi-
due positions such as PHE52 (A chain; 2.12A), ASN144 (A
chain; 1.61A), and LYS215 (B chain; 3.18 A) and but the RMSF
values of these residues were in an acceptable range.
Therefore, the protein-ligand complex was stable throughout
the simulation there are no huge conformational changes
observed in the protein structure. The catalytic residues
(green color vertical bars) which are interacting with the

ligand have shown an RMSF value of less than 2.0A that
indicates, the catalytic site was stable during the simulation.

In addition, we investigated protein-ligand contact simula-
tion results to validate the docking scores and binding ener-
gies. The figure shows the number of contacts with each
residue and the type of interactions between residue and lig-
and such as hydrogen bonds, hydrophobic interactions, ionic
interactions, and water bridges. The histogram plot in Figure
10 shows the COX2-celecoxib contact and the dominant con-
tribution to this interaction is from the residue GLU524,
where, the H-bond and water bridge interactions form 0.62
and 0.54 interaction fractions (62% and 54% of the simula-
tion time), respectively. The residues LEU80, PRO84, VALS89,
LEU93, and TYR115 showed only hydrophobic interactions
with the ligand. The residues PHE470 and SER471 have
formed an H-bond interaction as well as a water bridge inter-
action with the ligand. In addition, as shown in Figures 10
and S1, MD simulation determined new C-H bond interac-
tions of residues LYS83 and PRO84 and a combination of
other interactions with residues TYR122 (H-bond, hydropho-
bic, and water bridge), ARG120, and LEU123 (H-bond, hydro-
phobic, and water bridge), ARG469 (water bridge), PHE470
(H-bond and water bridge), and SER471(H-bond and water
bridge) which played an important role for the stabilization
of celecoxib in the active site of COX2.

3.5.2. RMSD and RMSF analysis of B3-COX2 and B8-COX2
complex
As shown in Figure 8(b), the COX2 alpha chain (blue) RMSD
fluctuated initially and increased up to 3.20ns with a value
of 2.15A with respect to its initial position, then decreased
to 1.81A at 5.75ns after that the system inclined to equilib-
rium. The ligand RMSD with respect to protein fluctuated up
to 18ns after that it attained a stable energy position. The
RMSD of the ligand is always lower than the RMSD of pro-
tein which indicates the ligand was stabilized in the active
site during the simulation period. In the RMSF plot (Figure
9b), the major fluctuation was observed in the backbone at
residue LEUSO with a value of 440A and the catalytic resi-
dues which were interacted with the ligand have shown low
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with respect to the starting ligand, respectively.

RMSF values between 0.5-0.7A. The active site residues
ALA199 (0.65A), GLN203 (0.55A), TYR385 (0.52A), and
TYR386 (0.57 A) were shown low RMSF values which means
their fluctuations in the active site were very less and they
have formed stable interactions with ligand during the simu-
lation period. We calculated the RMSF plot (Figure 11) of the
B3 ligand to understand the fluctuations of the ligand with
respect to protein and internal fluctuations of the ligand
with respect to the initial position of the ligand. In the RMSF
plot, the fluctuation peaks were observed at atoms number
2 (2.80A), 9 (3.47A), 12 (2.76 A), 29 (2.80A), and 30 (3.01A).
These atoms are moving apart from the protein surface.

The MD simulations of the B3-COX2 complex (Figures 12
and S2) have shown different interactions like H-bond inter-
actions, hydrophobic interactions, ionic interactions, and
water bridges with the residues ALA199, GLN203, THR212,
ASN382, TYR385, HIS386, TRP387, and VAL447. As shown in
the histogram plot (Figure 12), 59% of the simulation time

ALA199 residue is involved in strong H-bond interaction fol-
lowed by a water bridge with B3 ligand. The residues
GLN203 and THR212 are involved in H-bond and water
bridge interactions with a simulation time of 54%, and 37%
respectively. The residues TYR385, HIS386, and TRP387 are
involved in H-bond, hydrophobic, and water bridge interac-
tions with a simulation time of 42%, 57%, and 49%, respect-
ively. During the simulation, 2-8 residues of COX2 were
interacting with the ligand.

The RMSD and RMSF plots of the B8-COX2 complex are
given in Figures 8(c) and 9(c). According to Figure 8(c), the
RMSD variations were observed up to 10ns after that the
system underwent equilibrium and the ligand was stabilized
in the active site during the simulation. The RMSF plot of
COX2 has shown that the fluctuations in residues were less
than 3 A which was an acceptable value. The fluctuations in
the ligand concerning with protein active site were less than
2.3 A, and therefore the ligand was stable in the active site
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pocket. According to the RMSF plot (Figure 13), during the
simulation atoms number 5, 10, and 25 fluctuated more with
respect to protein at the active site. Protein-ligand inter-
action diagrams (Figures 14 and S3) were established stable
water bridge, H-bond, and hydrophobic interactions with
active site residues such as GLN203, THR206, HIS207,
ASN382, TYR385, and HIS388, and other residues were also

involved in interactions with less interaction fraction of less
than 0.2.

3.6. Discussions

UV-Visible spectra of the donor (TEA~5 x 10~* M), acceptor
(DDQ~5 x 10~% M), and CT complex are presented in Figure 15.



JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS . 1

I H-bonds & Hydrophobic Bl lonic B Water bridges |

1.0

e
®

2
o

Interactions Fraction

o
IS

celecoxib

0.0

-
NN

Total cont.

3orcp2
o

RESZES

o
2

sy
T8

0

P

53

.

.
dir
N

AT

2
RRA R

5

i

R~

!

m ImEE (0

LR

et il vi et v v eiera)
SRENESBE RN S EerHE LS

2%

N

00302 40 #

-

40 50

&

10 20

o

30

Time (nsec)

Figure 10. The histogram plot shows the interactions (H-bond, hydrophobic, ionic, and water bridge) of COX2 residues with the celecoxib. The blue trajectory
shows the total number of specific contacts the COX2 makes with the ligand during the simulation time. The bottom panel shows which residues interact with the

ligand in each trajectory frame.

30
\
29‘26

\

25—24
pe
e

27—28 g—7

IFit on Prof

3 1
\4/ \Z/ ~

10”7
|
9

teinM@Fit on Ligand

3.5

3.04

2.5 A

= 2.0

o 1.5

1.0 1

0.54

0.0

13 4
> 14
=

11 4
12 4

T T T T T T T T T T
s N M T N O~ 0 O o
—

Figure 11. The RMSF plot of B3 ligand during 50 ns of MD simulation period.

The recorded spectrum shows factual charge transfer bands at
586, 547, and 450 nm, which did not exist in both free TEA and
DDQ electronic absorption spectra. The CT-complex bands indi-
cate the flow of electrons from donor to acceptor ie. from
closely located HOMO of TEA to LUMO of DDQ in the ground
state. Moreover, it was detected as a red-brown color by mixing
the acceptor and donor at low concentrations, which is consid-
ered an indication of CT complex formation.

The positive inductive effect of ethyl groups around N-
atom in TEA and the high electron affinity of DDQ (~1.9eV)
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represent the donating and accepting natures of TEA and
DDQ, respectively, were responsible for the generation of the
radical ion pair. This is the trait of the radical ion pair result-
ing from the electron flow of TEA-N towards DDQ (quinone
moiety) (Scheme 1). The solvent acetonitrile (polar) is utilized
for the determination of the charge shift reaction between
TEA and DDQ. The appearance of new absorption bands of
the complex is stable for more than one hour at room tem-
perature (298K) in the acetonitrile medium. Then, we calcu-
lated the free radical scavenging activity of the chromone
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Figure 15. Observation of CT complex band from UV-Visible absorption
spectra.

compounds against the DDQ assay. The CT complex forma-
tion was successfully explained by DFT calculations using
MEPs and HOMO-LUMO isodensity plots.

In the present study, we developed a QSAR model for 15
chromone derivatives by considering various physiochemical
parameters. The multiple linear regression method was
applied by taking the antioxidant activity of the compounds
as the dependent variable and all the calculated parameters
as independent variables. The resulting QSAR model dis-
played a high correlation coefficient. Six molecular descrip-
tors such as EA, hardness, electrophilic index, LogP, DM, and
chemical potential were significantly correlated with the anti-
oxidant activity of chromones. It is evident from the QSAR
model that among the descriptors, EA, hardness, electrophilic
index, DM, and chemical potential are positively correlated,
which means the antioxidant activity increases when the val-
ues of these descriptors increase. On the other hand, the
parameter LogP is negatively correlated with their antioxi-
dant activity, which means activity increases when the values
of these parameter decrease.

To explore the inhibitory activity of chromones, we per-
formed molecular docking studies against the COX2 enzyme.
GOLD software was utilized to calculate the fitness scores
and chem scores of the molecules, and the binding energies
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Figure 16. The conformational changes in the molecular structures of B3 and B8 during the MD simulation.

were calculated from AutoDock tools. To validate our results,
first, we performed molecular docking of celecoxib (COX2
inhibitor) and calculated its binding energy. The ligand cele-
coxib was prepared by adding Gasteiger charges and 5 max-
imum number of torsions. The grid coordinates are defined
as center x=22332A; center y=26.138A and center_
z=13.373 A; these grid coordinates are considered for fur-
ther docking studies.

From molecular docking, we have identified the binding
modes of our chromone derivatives in the active site of
COX2. Further, we investigated the stability of docked com-
plexes by calculating the RMSD, RMSF, and protein-ligand
contact simulations using the MD simulations. The RMSD
and RMSF plots of B3-COX2 and B8-COX2 complexes
revealed that the complexes were stable throughout the
simulation time. The results of protein-ligand contact simula-
tions revealed key interactions of ligands with COX2.
Interestingly, the MD simulation of B3-COX2 revealed new H-
bond, Hydrophobic, and water bridge interactions with the
residues ALA199, GLN203, THR212, TYR385, HIS386, and
TRP387, and these interactions were maintained over the
simulation with a considerable amount of time (Figures 12
and S2). The residues TYR385 and TRP387 are the most crit-
ical residues in permitting the cyclooxygenase to convert ara-
chidonic acid (AA) to prostaglandins. A tyrosyl radical
produced by TYR385 is crucial to initiate the rate-limiting
step of cyclooxygenase catalysis, abstraction of 13-pro-S-
hydrogen from AA (Thuresson et al., 2001); TRP387 residue
forms a stable interaction with C-11 of arachidonic acid,
resulting in an efficient endoperoxide synthesis. The residue
His386 is positioned in the extended helix of PGHS
(MEFNQNLYHWHPL; 378-390), which contains two important
residues, TYR385 cyclooxygenase active site residue, and the
other HIS388, the proximal ligand to the heme group.
HIS386 is more important for maintaining the structure of
the unique extended helix of cyclooxygenase involving resi-
dues and it is in turn, necessary for optimizing heme and the
resultant peroxidase and cyclooxygenase activities (Seibold
et al, 2003; Smith & Song, 2002). Hydrogen bonding
between heme propionate groups and amino acid side
chains is another important mechanism for binding heme to

proteins. By eliminating this type of hydrogen bond, heme’s
binding strength to proteins gradually decreases (Poulos
et al.,, 1997). In PGHSs, THR212 H-bonds through its backbone
nitrogen and its side chain oxygen to the carboxylate oxygen
of the D-ring propionate. ASN382 also hydrogen bonds to
one of the oxygen of the D-ring propionates. Thus, the
extended helix structure and robust propionate hydrogen
bonding provide factors stabilizing the heme to compensate
for weaker iron/His interactions (Thuresson et al., 2001). Also,
the molecular docking and MD simulations of B8-COX2
revealed the interactions with these critical residues (TYR385,
HIS386, ASN382, THR212, and HIS388) which are playing a
key role in cyclooxygenase and peroxidase activities.

In addition, during the MD simulation relaxation steps,
before the solvation of the protein-ligand complex, the sys-
tem was allowed to relax for 12 ps. After relaxation, as shown
in Figure 16, we observed the conformational changes in the
molecular structure and new bonds formation of ligands B3
and B8 with the active site residues. The compound B3
formed a new C-H bond with TYR385 which facilitates the
abstraction of Hydrogen from the B3 compound,
Hydrophobic interaction with HIS386 and LEU390, and H-
bond with ALA202. HIS207 is involved in mt-cation interaction
in the docking that has changed to m-alkyl interaction. These
interactions are also observed after the completion of 50 ns
of MD simulation time. Also, the B8 ligand established a C-H
bond with TYR385 and LEU294, =n-cation interaction of
HIS207 has changed to two C-H bonds. Finally, based on our
observations from molecular docking and dynamics the com-
pounds B3 and B8 interacted with the key residues which
were essential for cyclooxygenase and peroxidase catalytic
reactions. Therefore, the molecules B3 and B8 are proposed
as the best antioxidant and COX2 inhibitors.

4. Conclusions

In conclusion, we have estimated the free radical scavenging
activity of fifteen novel chromone derivatives by using of
DDQ assay method. This method utilizes the CT complex for-
mation concept which is obtained by the chemical inter-
action between the electron donor and acceptor. The CT



complex formation was discussed with theoretical DFT calcu-
lations by considering MEPs and HOMO-LUMO isodensity sur-
face plots. We have successfully derived the QSAR model to
correlate the experimental antioxidant activity with the
molecular descriptors of the chromone compounds and dis-
played a high correlation coefficient value. The QSAR model
helps to estimate the antioxidant activity of newly designed
chromone compounds from their molecular descriptors. In
continuation, molecular docking studies of celecoxib and
chromones were carried out to understand the inhibitory
activity of the chromone compounds. Based on molecular
docking results, the compounds B3 and B8 are found to be
the best inhibitors of COX2. Further, we performed MD simu-
lations of celecoxib, B3, and B8 ligands with COX2 complexes
to explore the stability of the complexes by calculating the
RMSD and RMSF plots. The three complexes are stable
throughout the simulation time and no significant fluctua-
tions were observed. Our compounds, B3 and B8 have strong
interactions with the key amino acids (ASN382, TYR385,
HIS386, TRP387, and HIS388) in the binding site. The in vitro
bioassay reveals the compounds B3 and B8 have high free
radical scavenging activity, whereas, the molecular docking
and MD simulations confirm that these compounds are
strong inhibitors of COX2.
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