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The antioxidant power of eugenol and vitamin C was examined by analyzing the ability of these ligands to bind to the NADPH oxidase
protein target and evaluating their bond interactions with critical residues. The results confirm that docked ligands are more stable in the
specified active region of 2CDU during a MD simulation of 100 ns and 2CDU protein-ligand interactions with docked ligands showed
significant hydrogen bond, hydrophobic, and water bridge formation. Eugenol exhibits hydrogen bond interactions with critical residues
in the selective pocket in comparison to vitamin C. Also, eugenol had a similar binding orientation and very considerable stability in the

selective pocket of 2CDU with a high binding energy with lipophilic energy. The electrostatic potential maps indicate that for eugenol,

the ~OH and —~OCH; sites, while that the ~OH and —CO functional groups in vitamin C are responsible of the antioxidant activities of
these compounds. HAT and SET mechanisms suggest that eugenol may become a better antioxidant than vitamin C.

Keywords: vitamin C; eugenol; antioxidant power; docking; molecular dynamics.

INTRODUCTION

The role of free radicals and reactive oxygen species in the
development of several chronic diseases has motivated an intense
research for simple or complex compounds that have the power to
scavenge or neutralize them.'? These compounds, called antioxidants,
may neutralize free radicals by donating some of their electrons.
They work as a natural free radical kill switch that interrupts chain
reactions involving other molecules. In this sense, vitamin C is one
of the preferred antioxidants, because, in addition to other biological
vital roles,? it is able to donate electrons. Once vitamin C loses an
electron, it is converted to a free radical, ascorbic semihydroxy
acid or ascorbyl radical, which is relatively stable with a half-life of
10 2 5 seconds and is pretty unreactive. Thus, ascorbate can interact
with a reactive and potentially dangerous free radical. The amount
of the reactive free radical is decreased, and a less reactive ascorbyl
radical is produced in its place.*® Alternatively, some compounds with
phenolic groups have long been recognized to possess antioxidant
capabilities,”® quenching free radical species through the loss of an
atom of hydrogen and the antioxidant phenolic group is converted
into a radical species. Normally the resulting phenoxyl radical is less
harmful and does not react with many substrate molecules. Moreover,
the ease with which the phenolic group can lose an electron or electrons
in order to scavenge a radical determines whether it has antioxidant
properties.’ In this regard, eugenol, one of many phenolic chemicals and
a component of many plants, is a strong antioxidant.'” Also, eugenol
has therapeutic, nonmutagenic and noncarcinogenic properties and is
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generally regarded as safe,'"" with an tolerable daily intake of up to
2.5 mg kg! body weight in humans.' In addition, eugenol exhibits an
exceptional reducing and it is able to donates phenolic hydroxyl group
that can react with free radicals.'> Furthermore, the antioxidant power
of eugenol is superior to that of most known or standard antioxidants
such as Trolox.! Interestingly here, eugenol has both antioxidant and
oxidative effects, where the latter contribute to its cytotoxicity.'® Thus,
at low concentrations, eugenol behaves as an antioxidant minimizing
ROS-mediated oxidative stress, whereas at high concentrations it
acts as a prooxidant and it increases ROS production.'*'"' The
above mentioned suggest that it is important to understand the action
mechanism of eugenol, at molecular level, to understand its antioxidant
power. In this sense, molecular docking has aided in the elucidation of
the antioxidant activity of many compounds by analyzing the binding
free energy and the interactions of ligands with the receptor. Thus, in
this work we performed an in silico study of eugenol analyzing the
ability of eugenol to bind to the NADPH oxidase protein target and we
compare these results with those exhibited by vitamin C.

EXPERIMENTAL PART
Lipinski’s rule and ADMET prediction

Lipinski’s rule and ADMET parameters,” of vitamin C and
eugenol, were calculated using SwissADMET,?! and pkCSM,** web
servers, respectively. Lipinski’s rule including; number hydrogen
bonds donor, number of hydrogen bonds acceptor, number of rotatable
bonds, molecular weight and logP were determinate. Molecules
violating more than one of these parameters may have problems
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with bioavailability and a high probability of failure to display drug-
likeness.”® We used preADMET server to predict the absorption,
distribution, metabolism and excretion (ADMET) properties of the
studied molecules.

Protein preparation

The RCSB Protein Databank (https://www.rcsb.org/) was used
to obtain the three-dimensional crystallographic structure of water-
forming NADPH oxidase protein.2 [2CDU (resolution: 1.80 A)].
The protein crystal structures were created by eliminating all solvent
molecules as well as receptor-binding chemicals (FAD: flavin adenine
dinucleotide and ADP: adenosine 5-diphosphate) from the solution.
It was then stored in PDBQT format, the preferred input format for
AutoDock Vina.?

Ligand preparation

Following data cleaning, a spatial data file of eugenol
ligand was created. The ligand was discovered using PubChem
(https://pubchem.ncbi.nlm.nih.gov/).?” As a control ligand, the
reference ligand vitamin C (Vit C) was employed. The Open Babel
program,® was used to convert the files to PDB format. Using the
MMFF94 force field and a 0.1 RMS gradient, ChemDraw Ultra
v19.1 decreased the ligands’ energy to the lowest possible value. The
structures produced were saved in the PDBQT format.

Docking studies

AutoDock Vina was used to screening the chemical produced as
a ligand against prepared protein receptors.’ The grid box size for
the targets at x, y, and z coordinates was set to 80 x 80 x 80 A, and
the detailed grid centers for x, y, and z were 10.03, —1.81, and 0.608,
respectively. To finalize the receptor’s development, AutoDock 4.2
was employed. Eliminating solvent molecules and receptor-associated
binding chemicals from each protein chain enhanced the composition
of each. After the receptor had been updated to incorporate polar
hydrogens and charges, it was exported in PDBQT.*** PyMOL was
used to visualize and predict the structure of the active pockets.’!
To test the docking approach’s performance, the root-mean-square
deviation was calculated by re-docking the crystalline ligand into the
assigned protein. The compounds were subsequently subjected to a
molecular docking analysis. Molecular docking was carried out in
triplicate using AutoDock Vina on the Windows 10 platform (64-bit)
with a Lenovo YOGA C930 Personal Computer (Intel Core Intel(R)
Core (TM) 17-8550U CPU Processor 1.99 GHz, 16 GB memory).

Molecular dynamics (MD) simulation
To investigate receptor stability and ligand interaction, the
Schrodinger program, Desmond 2019-4 package,* was used to run

Molecular dynamics (MD) simulations on the two docked complexes

Table 1. Lipinski’s rule Vitamin C and Eugenol
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at 100 nanosecond time intervals. For each system, the simulation
used three identically parameterized simulations. During the 100 ns
MD simulation, the TIP3P water model was utilized to fill the system,
which was centered in a cubic box. All of the water molecules injected
into the complicated system by eugenol and Vit C were: 14685 and
14682 water molecules, respectively. For orthorhombic simulation,
a buffer distance of 10 A was built between the edge of the box and
the complex atoms. After introducing the required counter-ion, the
isosmotic condition of the simulation box could be maintained with
0.15 mol L' NaCl. Following reducing the system’s energy usage, the
complex underwent a development run in the NPT ensemble class.
All runs were performed at a temperature of 300 K and a pressure
of 1,013 bar, with a total of 1000 frames taken and saved for the
trajectory. A simulation interaction diagram (SID) tool from the
Desmond Package was also used to investigate the precise interactions
between ligands and proteins. The RMSD, RMSF, and protein-ligand
interaction patterns were shown to represent the ligand’s stability for
both the protein and the ligand-bound protein.

Molecular mechanics/generalized Born surface area
(MM-GBSA) calculation

The molecular mechanics generalized Born surface area
(MM/GBSA) computation was used to calculate the relative binding
free energy for the NADPH oxidase protein-eugenol combination and
the reference complex. This robust quantum mechanics computation
aids in the reduction of false-positive molecular docking outcomes.
The Prime MM/GBSA module from the Schrodinger suite was used
in this study to investigate the effect of interactions on ligand-protein
stability. Schrodinger’s thermal mmgbsa.py python script was used
to run the MM-GBSA computations. It takes a Desmond trajectory
file, separates it into individual snapshots, and executes it on each
frame, producing the average and standard deviation of the binding
energy estimated over a time period of 100 ns.

RESULTS AND DISCUSSION
Lipinski’s rule and ADME prediction

The Lipinski’s rule including molecular weight, number of
rotatable bonds, number of hydrogen bonds acceptor, number
hydrogen bonds donor and logP were shown in Table 1.

Vitamin C and eugenol respect the conditions mentioned in
Lipinski’s rule, without any Lipinski violations. The ADMET
prediction was used in this study to calculate the pharmacokinetics
parameters of vitamin C and eugenol that respect the conditions
mentioned in Lipinski’s rule (Table 2).

Vitamin C and eugenol have low BBB. Eugenol is completely
absorbed (94.327%); whereas vitamin C has acceptable absorption
percentage 28.877%. For metabolism, the both molecules could not
be inhibitors for all cytochromes except eugenol that could inhibit
CYP1A2. Additionally, the other pharmacokinetics parameters

Property
H-bond H-bond Rotatable Molecular weight Lipinski
Log P 4 S

acceptor donor bonds (g mol™) violations
Compound Rule <4.15 <10 <5 <10 <500 <1
N° Name
1 Vitamin C -2.6 4 2 176.12
2 Eugenol 2.01 164.2
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Table 2. In silico ADMET properties of vitamin C and eugenol
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Property Model Name Unit Vitamin © Eugenol
Predicted value
Water solubility Numeric log (mol L) -0.15 —2.066
Caco2 permeability (Pag)“ir:ir(i)i lc‘iﬁ o ~0.406 1.342
Intestinal absorption (human) Numeric (% Absorbed) 28.877 94.327
Absorption Skin permeability Numeric (log Kp) -3.082 -2.395
P-glycoprotein substrate Categorical (Yes/No) No No
P-glycoprotein I inhibitor Categorical (Yes/No) No No
P-glycoprotein II inhibitor Categorical (Yes/No) No No
VDss (human) Numeric log (L kg!) 0.398 0.19
Fraction unbound (human) Numeric (Fu) 0.7 0.335
Distribution
BBB permeability Numeric (log BB) —-0.994 0.342
CNS permeability Numeric (log PS) —4.277 -1.627
CYP2D6 substrate Categorical (Yes/No) No No
CYP3A4 substrate Categorical (Yes/No) No No
CYP1A2 inhibitior Categorical (Yes/No) No Yes
Metabolism CYP2C19 inhibitior Categorical (Yes/No) No No
CYP2C9 inhibitior Categorical (Yes/No) No No
CYP2D6 inhibitior Categorical (Yes/No) No No
CYP3A4 inhibitior Categorical (Yes/No) No No
Excretion Total clearance Numeric log (ml min™ kg™') 0.642 0.314
Renal OCT2 substrate Categorical (Yes/No) No No
AMES toxicity Categorical (Yes/No) No No
Max. tolerated dose (human)  Numeric (log mg kg day™) 1.526 0.929
hERG I inhibitor Categorical (Yes/No) No No
hERG II inhibitor Categorical (Yes/No) No No
Oral rat acute toxicity (LD50) Numeric (mol kg) 1.413 1.955
Toxicity Oral rat chronic toxicity Numeric 387 229
(LOAEL) (log mg kg bw day™)
Hepatotoxicity Categorical (Yes/No) No No
Skin sensitisation Categorical (Yes/No) No Yes
T. pyriformis toxicity Numeric (log ug L) 0.285 0.505
Minnow toxicity Numeric (log mmol L) 2.687 1.191

BBB: in vivo blood-brain barrier penetration (C.brain/C.blood). Buffer_solubility: water solubility in buffer system (SK atomic types, mg L'). HIA: human

intestinal absorption (HIA, %). Pgp_inhibition: in vitro P-glycoprotein inhibition. SK logD in pH 7.4 (SK atomic types). SK logP (SK atomic types).

such as human intestinal absorption (HIA) and water solubility
(log mol L) are all acceptable.

Docking studies

The current study utilized a crystalline structure of the water-
forming NADPH oxidase protein co-crystallized with FAD and ADP
(PDB ID: 2CDU) to understand better how the selected chemicals
interact with NADPH oxidase protein. In graphic representations
of protein-ligand interactions, hydrogen bonds are formed between
co-crystallized ligand ADP (through GLY 158, TYR 159, Ile 160,
GLY 180, HIS 181, TYR 188, and Val 214 amino acid residues),
co-crystallized ligand FAD (through HIS 10, ALA 11, MET 33,
Val 81, SER 115, ASP 288, PRO 298, ALA 300, THR 301 and
PHE 425 amino acid residues) and the active pocket of NADPH
oxidase protein (Figure 1).

Eugenol was examined for its ability to bind to an NADPH
oxidase protein target. The results were compared with vitamin C.

By introducing the selected ligands into the NADPH oxidase without
the initial inhibitor, and molecular docking was achieved. Binding
affinity energies were assigned a numerical value. Figure 2 shows the
docking results of the compounds and vitamin C. The binding affinity
energies of eugenol were measured for the NADPH oxidase target,
with a binding affinity of —6.2 kcal mol™'. Vit C displayed comparable
docking confirmation, with a binding affinity of —6.5 kcal mol™'.
Figure 3 depicts the molecular interactions between the
selected components and the therapeutic targets. As with the
eugenol compound, it forms a hydrogen bond with CSX 42, a
cysteine derivative of L-cysteine carrying an S-hydroxy-substituent.
Furthermore, residues like SER 41, ASP 282, and PRO 298 may
form hydrogen bonds. HIS 10, ALA 11, ALA 300, and ALA 303
residues helped form a strong hydrophobic contact with the ligand.
Furthermore, in Vit C compound, hydrogen interactions between the
residues THR 9, HIS 10, ALA 11, GLY 12, THR 112, and ASP 282
firmly secure the ligand in its binding pocket. Thus, it is clear that
the hydroxyl groups of eugenol and vitamin C are essential for the
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Figure 1. Protein-ligand interactions for 2CDU with co-crystallized ligand: (a) FAD, (b) ADP

FAD: -10.8

ADP: -10.0

Eugenol: -6.2

Vit C: -6.5

Figure 2. Ligands accommodation in water-forming NADPH oxidase active sites and the zoomed view of the ligands. The binding affinity in kcal mol” with 3D

structures of the compounds are represented in boxes

inhibitory activity on NADPH oxidase, a similar result was found
during the interaction of flavonoids with the xanthine oxidase.*
Using the re-docking technique, the current study validated
the docking procedure for docked molecules obtained by
AutoDock Vina. The PDB format of the co-crystal ligand (ADP)
was obtained from the “Protein Data Bank Japan database”
(https://pdbj.org/chemie/summary/ADP). The co-crystal ligand
(ADP) was re-docked into the catalytic binding site of NADPH
oxidase using the previously described technique; the observed
binding energy was —10.0 kcal mol"'. When the resulting conformer
was superposed in the active pocket of the NADPH oxidase, it was

revealed to have a significant overlap with the co-crystal ligand.
The PyMol software was used to compute the RMSD between
the re-docked complex and native co-crystal ligand positions. The
calibration of the docking procedure was confirmed by a low RMSD
value of less than 2 A. An RMSD of less than 2 A is appropriate for
computational validation of the ligand-protein.3*3

MD simulations

The Desmond package (Schrodinger 2019-4) was used to
undertake a molecular dynamics simulation to examine the stability of
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Figure 3. Binding mode visualization (3D-left and 2D-right) of eugenol and vitamin C with 2CDU

ligand-protein docked complexes of the NADPH oxidase receptor with
ligands eugenol and vitamin C. 2CDU-eugenol, and 2CDU-vitamin C
complexes were used in molecular dynamics simulations. When
calculating the scalar distance between the protein (Co backbone)
and the ligand throughput trajectory, the RMSD values of the protein
and ligand complexes were used to investigate the response of MD.
Accordingly, the RMSD method measured protein backbone and
ligand-protein complex structural stability. Figure 4 depicts the results
as a function of the simulation time. During the 100 ns simulation
interval, the eugenol ligand showed an acceptable variance (<3 A) in
structural conformation until 35 ns, then fluctuated and then somewhat
normalized at 95 ns for the duration of the simulation. Despite this, the
control ligand (Vit C) remained very steady (< 2 A) during the whole
simulation time. The RMSD of ligands as a function of simulation
time (Figure 5) reveal that the eugenol molecule and the control ligand
Vit C travel approximately 0.8 A relative to their reference location
within the active site throughout the simulation period.

Throughout 100 ns simulation trajectories, the local modifications
and flexibility of the NADPH oxidase receptor and the screening
ligand in their respective complexes were analyzed using RMSF
(Figure 6). The RMSF is the cumulative displacement of an atom

20

RMSD /A

Ll ‘M‘wm

0 10 20 30 40

— Eugenol

or atom group relative to the reference structure. It can be used to
investigate a structure’s time-dependent dynamics. It is common
practice to use the RMSD to identify if a structure is stable during a
simulation or drifting away from its original coordinate system.> The
N- and C-terminal tails of proteins naturally change more than any
other protein part. Secondary structural components of a protein, such
as alpha helices and beta strands, are often stiffer than the unstructured
segment and exhibit less variation than loop regions. The output shows
that during the 100 ns simulation procedure, the loop region and the
C-terminal of NADPH oxidase receptor showed similar changes in
the amino acid residues of the protein in the docked complexes of
the screened ligands (RMSF: 1.5-3.0 A). Consequently, the computed
results confirm that docked ligands are more stable in the specified
active region of 2CDU during the 100 ns MD simulation.
Furthermore, the stability of docked NADPH oxidase-ligand
complexes was investigated for intermolecular interactions between
proteins and ligands such as hydrogen bonds, hydrophobic, ionic,
and water bridges (Figure 7). The docked ligands interacted well with
the amino acid residues in the selective pocket of the 2CDU crystal
structure throughout the 100 ns simulation run. Furthermore, 2CDU
protein-ligand interactions with docked ligands showed significant

50 60 70 80 90 100

t /ns
—— Vitamin C

Figure 4. Root mean square deviation (RMSD) plot for Co. atoms (A) with the ligands
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hydrogen bond, hydrophobic, and water bridge formation. The compared to the control ligand (Vit C). Compared to the control
selected eugenol was assessed for hydrogen bond interactions with ligand, the eugenol ligands had a similar binding orientation and very
critical residues (ALA 11) in the selective pocket of NADPH oxidase considerable stability in the selective pocket of 2CDU.
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Table 3. Prime MM-GBSA analysis results for ligands binding at the active site of 2CDU

Compound AG binding Lipo Coulomb Solv GB Covalent H-bond
(kcal mol™) (kcal mol ™) (kcal mol™) (kcal mol™) (kcal mol ™) (kcal mol ™)

Eugenol -1024 -23.10 -12.69 11.56 8.30 -1.21

Vit C -48.38 -18.02 -89.28 83.21 5.16 -2.47

Prime MM-GBSA calculation

Additional analysis was performed using 200 pictures with a
50 ps gap to establish the average binding energy for an equilibrated
MD trajectory. The binding energy was calculated using the
previously known formulae.’” Schrodinger’s thermal mmgbsa.py
python script was used to calculate the average MM-GBSA binding
energy, as well as the Coulomb (Coulomb), lipophilic energy (Lipo),
generalized Born electrostatic solvation energy (Solv GB), covalent
binding energy (Covalent) and hydrogen-bonding energy (H-bond).
The data collected is summarized in Table 3. In comparison to the
control ligands, eugenol has high binding energy with lipophilic
energy, according to the MM-GBSA data (Vit C). On the other hand,
the eugenol ligand had a more unfavorable Coulomb energy.

Molecular electrostatic potential (MEP)

A study of the charge density distribution on a molecule is useful
to find the charge abundance and charge deficiency sites on it. In
this sense, the determination of this charge distribution is generally
possible through an analysis of the molecular electrostatic potential
(MEP). Thus, MEP surfaces allow us to identify the nucleophilic and
electrophilic sites on the compound. Figures 8a and 8b depicts the
potential surface of eugenol and vitamin C, respectively. The MEP
surfaces are ranged from —0.07862 a.u. (deepest red) to 0.07862 a.u.
(deepest blue). In these Figures a red colour indicates the existence
of a higher electron density site while the blue colour is related to
charge deficiency while the shaded red colour indicates the presence
of electron pair in that region. Thus, the deep blue colour near the
hydrogen atoms around the ring indicates the presence of maximum
positive charges in that region and these sites are mostly preferential
for the nucleophilic attack. On the other hand, note that for eugenol
and vitamin C, in all cases the electrophilic sites are located near to the
oxygen atoms. Thus, in the case of eugenol the -OH and —OCHj sites,
and —~OH and —CO functional groups in vitamin C can be considered
as are highly abundant for the antioxidant activities.*** Also, from
these MEP surfaces, vitamin C exhibits more active hydrogen atoms
in comparison with eugenol.

& %
' e/

b) Vitamin C
Figure 8. Molecular electrostatic potential (MEP) maps of (a) Eugenol and

(b) Vitamin C plotted at a density isosurface (isovalue 0.002 ¢ A*), and ranged
from —0.07862 a.u. (deepest red) to 0.07862 a.u. (deepest blue)

a) Eugenol

HAT and SET mechanisms

Note that from the MEP surfaces depicted in Figure 8, it is
possible to qualitatively infer the ability of a molecule to be an

antioxidant. However, it is also possible to evaluate the antioxidant
capacity of a compound by analyzing its hydrogen atom transfer
capacity (HAT) or by a single electron transfer (SET) to free radical
(FRe).“*4! Tn this sense, the analysis of the thermochemistry in which
a hydrogen bond is broken and the hydrogen is transferred to a free
radical is relevant to understanding the HAT mechanism,*** which
can be summarized by the reaction 1:*

AR +FRe - AR _,* + FRH (1)

According to this reaction, a hydrogen atom is transferred from the
antioxidant (AR) to the free radical (FRe) and produces a non-radical
product (FRH) that is unable to propagate the chain reaction.” Thus,
a negative value of Gibbs free energy indicates that the reaction is
exergonic and energetically possible. In this work, we computed the
adiabatic Gibbs free energy for reaction 1, considering that AR (eugenol
or vitamin C) is interacting individually with the following free radicals:
CH,0e¢, CH,*, HOOe, OHe, and NO,e. The results are reported in Tables
1S and 2S as supplementary material. In all cases, the more negative
values for Gibbs free energies are related to HAT from eugenol to FRe,
suggesting a better antioxidant capacity of eugenol.

Additionally, SET was evaluated by the following reaction:*°

AR + FR* — AR* + FR- 2)

In reaction 2, a cation radical (AR*e) is formed and a single
electron is transferred to the free radical (FRe). The Gibbs’s free
energies associated with these reactions are reported in Table 3S
as supplementary material. In all cases the single electron transfers
from eugenol to FRe requires less Gibbs free energy in comparison
to vitamin C, which agrees with the evidence provided by the HAT
mechanism.

CONCLUSIONS

The antioxidant power of eugenol and vitamin C was evaluated
by molecular docking studies, molecular dynamics and electrostatic
potential maps. For both ligands, their binding capacity to the target
NADPH oxidase protein was studied and their interactions with critical
residues were evaluated. The results indicate that the ligands dock in the
specified active region of the 2CDU and remain stable for 100 ns, also
the docked ligands showed significant formation of hydrogen bonds,
hydrophobic bonds and water bridges in this region. Also, eugenol
had similar binding orientation and very considerable stability in the
selective pocket of the 2CDU with high binding energy with lipophilic
energy. The molecular electrostatic potential maps indicate that in the
case of eugenol the —OH and —OCH, sites, while that the -OH and
—CO functional groups in vitamin C may be related to the antioxidant
activities of these compounds. HAT and SET mechanisms suggest that
eugenol may become a better antioxidant than vitamin C.

SUPPLEMENTARY MATERIAL

Supplementary information is freely available at http://
quimicanova.sbq.org.br, in PDF format.
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