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Abstract
Background/Aims: A multi-component enzyme system called NADPH oxidase (NOX) helps 
innate immunity by generating reactive oxygen species (ROS). NOX hyperactivation has been 
associated w several diseases. This enzyme is a membrane-bound complex made up of six 
subunits when it is active. These enzymatic subunits are considered to be potent inhibitors of 
enzyme activity and good targets for reducing oxidative stress. Methods: The present study 
aimed to analyze the possible targets: the different subunits of NOX, for their interactions 
with apocynin to identify its possible mechanism of inhibition for NOX, using in silico tools. 
Monomer, dimer, and trimer of apocynin were docked to various subunits of NOX. Results: 
Comparable glide scores were obtained when the monomer and dimer of apocynin were 
docked with p47phox complete subunit of NOX and were better than in comparison to trimer. 
Free Energy of Binding (FEB) was highest in the case of the trimer (-37.4 Kcal/mol), followed by 
the dimer (-21.2 Kcal/mol) and monomer (-18.2 Kcal/mol). Dimer obtained the highest glide 
score of 8.25 (FEB =-25.1 Kcal/mol) with p67phox-isoform 2. The PH domain of p47phox and 
the SH3 domain of p67phox have their own best binding energy with dimmer. While molecular 
docking with Rac-Zn-GD, P, dimer, and trimer have shown comparable FEB. The residues, on 
which the ligands were found to interact, were of major significance being present in those 
domains that vicinity to inhibit or activate the complex and are important for the protein 
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structure and functioning. MDS studies have confirmed the findings that the Apocynin trimer 
molecule has superior stability and interactions with the enzyme complex. Conclusion: It can 
be concluded from the study that trimer and dimer have better interactions in terms of FEB 
with p67phox and p47phox, indicating the reported findings in the literature.

Introduction

NOX is a multi-component enzyme system that supports innate immunity by producing 
ROS during phagocytosis [1]. Chronic Granulomatous Disease (CGD), atherosclerosis, 
pancreatic fibrosis, and some other inflammatory disorders have been linked to NOX 
hyperactivation [1-4]. In its active form, this enzyme is found as a membrane-bound complex 
featuring six subunits (Membrane components- Nox2/gp91phox, p22phox, cytosolic 
components- p47phox, p67phox, p40phox, GTP-Rac) [1, 5]. These enzymatic subunits are 
thought to be effective targets for inhibiting enzyme function and mitigating oxidative stress 
or inflammation [2]. Earlier it has been screened and identified as various natural and 
synthetic inhibitory compounds for NOX [6-9].

In resting cells, p47phox, p67phox, and p40phox establish a ternary complex in the 
cytoplasm, whereas Rac is complexed with Rho-GDP, the dissociation inhibitor [10].   The 
synthesis of the catalytic oxidase complex at the membrane is essential for gp91phox /
Nox2 activation. Activation involves stimulus-induced membrane translocation of p47phox, 
p67phox, p40phox, and Rac [11]. The presence of p22phox on stimulation drives the ternary 
complex to translocate to the membranous system [12]. The PRR domain of the NOX subunit 
p22phox is largely made up of a proline-rich helix that is responsible for binding to the two 
SH3 domains of p47phox. The PX domain at the N-terminal end with two neighboring SH3 
domains, one AIR domain, and one PRR domain at the C-terminal end make up p47phox, 
which serves as an integrator for all the subunits [13]. The PX domain and SH3 domains 
are responsible for translocation to membrane components, whereas the AIR domain is 
involved in p47phox activation, and the PRR domain, in the end, is responsible for binding 
p67phox via its lone SH3 domain [10]. It also comprises a TPR domain (also known as an 
activator) that binds to Rac, an activation domain (AD) that activates NOX, and a PB1 domain 
sandwiched between two SH3 domains [14]. The P67phox PB1 domain has been reported 
to be responsible for binding to the p40phox PB1 domain [10] which suggests that p40phox 
may aid in the recruitment of p47phox and p67phox to membranes. It also has a PX domain 
that binds phosphatidylinositol 3-phosphate as well as a PB1 domain that recruits p67phox. 
When all the subunits are coupled together, signal transduction occurs, and oxygen radicals 
are generated catalytically at gp91phox /Nox2. These radicals then react with oxygen to 
yield ROS such as oxygen ions and peroxides such as H2O2. Six more Nox2 homologs have 
similar functions but are structured differently [5]. P67phox homologs encompass isoforms 
1, 2, and 3 as well as p67-like proteins [15]. As previously noted, NOX has been inhibited 
by a variety of natural and synthetic compounds. To design/screen potential inhibitors for 
NOX, all subunits can presumably be targeted. Apocynin has been around for a long time, 
and its clinical utility has been studied both in vivo (in rats) and in vitro [16]. Interestingly, 
apocynin inhibits the NOX activity meanwhile; it does not obstruct the phagocytic or any 
other defense roles of granulocytes [17]. This was discovered in Canadian hemp, and it was 
later discovered in Picrorhiza kurroa, which is now a major source of this compound All 
subunits can presumably be targeted to design/screen potential inhibitors for NOX [16]. It 
has been demonstrated to be an efficient antioxidant, anti-inflammatory, hepatoprotective, 
anti-asthmatic, and anti-arthritic activity [4, 17]. When myeloperoxidase (MPO) dimerizes 
or trimerizes apocynin in the presence of H2O2 [17], it inhibits NOX [17]. Its further functions 
in MPO-secreting cells, not in MPO-deficient ones. Moreover, it was discovered that if 
neighboring cells provide MPO, apocynin can still be effective in inhibiting NOX in non-
MPnon-MPO-producing [17]. The principal mechanism of apocynin’s inhibitory activity on 
NOX is thought to be its interference with p47phox and/or p67phox translocation [4, 10, 16, 
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Fig. 1. Structure of different forms of Apocynin made using 
ChemSketch 12.1.

17]. These investigations do 
not say if apocynin interacts 
directly with these subunits 
or works in the background to 
prevent the enzyme complex 
from accumulating on the 
plasma membrane. Race 
protein, the sixth component 
of NOX, has been shown to 
limit cell migration, which is 
an essential task of NOX. Such 
response has been linked to a 
combination of apocynin oxidation products at pH 8, which could be mostly attributable to 
the trimer of apocynin [16]. There are possibilities that, they block different sites at different 
subunits which are ultimately involved in blocking the assembly of the enzymes, therefore it 
is necessary to analyze the interaction of various Apocynin forms with the various subunits 
and with the entire family of NOX (isoforms present at different locations in a biological 
system) to postulate the inhibitory effects in total and thereby finding out their effectiveness 
in various locations in the body, which will, in turn, help us to deduce the mechanism of 
apocynin’s action/inhibition [16].

The present study is based on viewing the interaction(s) of different subunits of NOX 
and related proteins with apocynin. In this study interaction of apocynin with the enzyme 
subunits was investigated by computational methods. Interactions were seen with the 
monomer, dimer, and trimer of apocynin (shown in figure 1) with different enzyme subunits 
separately and in combinations.

Materials and Methods

In silico Molecular docking
Different forms of Apocynin viz. monomer, dimer, and trimer were prepared using ChemSketch 12.1 

[18] and the builder module in Schrödinger [19]. They were then used for blind docking over the sub-units 
and biologically active domains of NOX enzyme to find the possible interaction sites on the enzyme and then 
to correlate with their biological functions [20, 21]. Moreover, the different Apocynin forms also satisfied 
Lipinski’s rule of five. This property shows the drug-likeness of these forms [22]. Molecular Docking of 
Apocynin forms was carried out on the following proteins/peptides/subunits:

•	 PX domain of p47phox (PDB ID-1GD5) [23],
•	 C-terminal SH3 domain of p67phox (From PDB ID-1K4U) [24],
•	 Complex of the SH3 domain of p67phox with C-terminal tail region of p47phox (PDB ID-

1K4U),
•	 RAC-Zn-GTP complex (PDB ID-2P2L),
•	 Complete structures of p47phox (predicted from I-TASSER)
•	 Complete sequence structures p67phox (I-TASSER outputs for: NCF2/ p67phox -ISF1 and 

NCF2/ p67phox –ISF2, NCF2/ p67phox –ISF3)
In order to estimate the binding affinity for the Receptor-Apocynin form complex, the free energy 

of binding was calculated for all the docked structures using the Prime MM-GBSA module of Prime v2.2 
(shipped by Schrödinger) and subsequently analyze values were compared with values obtained from 
different forms of Apocynin (monomer, dimer, trimmer at pH7, and trimmer at pH8).

Protein Preparation. The PDB files of the required proteins and various complexes (like the complex 
of p47phox with p67phox) were downloaded from the RCSB protein database (PDB, NCBI) [25]. Complete 
structures for p47phox, p67phox, and other homologs or isoforms were not available on PDB (Protein 
database) and they were predicted using the I-TASSER server [26]. In the case of downloaded PDB 
files, proteins with ligand-free, are cleaned and optimized using the protein preparation wizard tab in 
Schrödinger [27]. Complete structure outputs of I-Tasser were subjected to optimization and secondary 
structure prediction using prime tab.
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Receptor Grid generation. Receptor Grids were prepared subsequently after concluding downloading 
of protein structure for blind or site-specific docking. The grids were generated using a Receptor Grid 
Generation Panel under Glide Tab for the complete protein stretch to find out all probable active sites for all 
forms of apocynin. The grid size was modified depending on the size of the protein [28].

Ligand Preparation. Ligand structures were prepared using the LigPrep Module (shipped by 
Schrödinger 2021-2). 2D structures of the Ligands were made using Chemsketch v12.0 and were used as an 
input for LigPrep. Ionization states were generated at a specific pH range using the ionizer program for use 
by Glide. Unwanted water molecules and counterions were removed using the Desalt Program of LigPrep 
[29].

Active Site Molecular Docking
Ligand docking was performed using the Extra Precision (XP) algorithm of Glide (Glide v91117, 

Schrödinger, LLC, New York, NY, 2021-2) [21, 30, 31]. After it was ensured that, both the protein and the 
ligands are in suitable forms required for docking, calculations were performed using the Ligand Docking 
Tab of Glide [21]. Both the receptors and ligands were given as input along with the grid generated. Glide 
searches for favorable interactions between the receptor and ligand. Glide poses were internally generated 
and were passed through a series of hierarchical filters that evaluate the interaction of ligands with the 
receptor [21]. At this stage, the initial filters which use a grid-based method, test the spatial fit of the Ligand 
to the active site and these filters also examine the complementarity in interactions between the ligands 
and the receptor. Poses that made it through these initial screens enter the final stage of the algorithm, 
which includes evaluation and minimization of a grid approximation to the OPLS-AA non-bonded ligand-
receptor interaction energy. Energy minimized poses are further exposed to the final scoring. By default, 
Schrödinger’s GlideScore scoring function is used to score the poses and to generate a single best pose as an 
output for each input ligand [29, 31].

Gscore = 0.065* vdw + 0.130* Coul + Lipo + Hbond + Metal +BuryP + RotB + Site
ʋ; vdW = van der Waal energy; Coul = Coulomb energy; Lipo = lipophilic contact term; HBond = 

hydrogen bonding term; Metal=metal-binding term; BuryP = penalty for buried polar groups; RotB = penalty 
for freezing rotatable bonds; Site = polar interactions at the active site.

Prime MM GBSA and Free Energy of Binding (FEB)
For the calculation of FEB, the MMGBSA panel of Prime is used. Prepared protein and Ligand were used 

as an input for the Prime MM GBSA program [21, 30]. Output is obtained in the form of a Maestro Structure 
file and consists of the following properties [32] including coulombic energy, the covalent binding energy 
of the complex, van der Waals energy of the complex, generalized Born electrostatic solvation energy of 
the complex, MMGBSA energy of the complex, free Ligand & non-complexed receptor along with MMGBSA 
energy of receptor-ligand complex [33]. The energy difference is calculated for each of the Ligands and the 
Receptor using the equation:

ΔE = Prime MMGBSA Complex Energy- Prime MMGBSA Ligand Energy- Prime MMGBSA Receptor 
Energy

Where, ʋ; ∆E is Free Energy of Binding.
The protein targets were first chosen selectively and were then prepared to be docked with 3 forms of 

apocynin viz. Monomer, Dimer, Trimer (at two different pH7, pH8) [1].
Molecular Dynamic Simulation
GROMACS-2018.1 has been used to perform Molecular dynamics simulation on the coordinates of 

protein-ligand complexes [34], and the protein interactions were given with the CHARMM36 force field 
[35]. CGenFF server has been used to generate the ligand parameters [36]. Each protein-ligand complex has 
been then solvated with water molecules TIP3P and localized in the center of a cubic simulation box with 10 
Å from the edges. The ions (Na+ Cl−), 0.15 M have been added in order to neutralize the simulated system. 
The boundary condition was specified in all the coordinates i.e. x, y, and z directions [37], the electrostatic 
interactions were evaluated using particle-Ewald summation [37], and the vdW interactions were calculated 
using a cut-off of 10 Å. The energy consumption of the generated systems was minimized using the steepest 
descent and conjugate gradient techniques. For 50, 000 steps, energy minimization was conducted. 
Equilibration was primarily conducted in an NVT ensemble for 500 ps, and subsequently in an NPT ensemble 
for another 500 ps. Parrinello–Danadio–Bussi thermostat [38] and a Parrinello–Rahman pressure [39] has 
been used to set at Temperature of 300 K and pressure of 1 bar, respectively. The integration step was set to 
2 fs. The system has been simulated for 100 ns and taking snapshots in every 10 ps for subsequent analysis 
of the MDS [40, 41].
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Results

Docking with the complete structure of p47phox
Optimized protein/subunits and ligands were docked using ligand docking under Glide. 

Glide generates glide scores, E-model, and other energies like Vdw forces, good contacts, 
and bad contacts. H-bonds with receptors were viewed using H-bonds to the receptor tab 
in the Pose viewer submenu. Free energy of binding has been calculated using the Prime-
MM GBSA module of Schrödinger which is based on molecular mechanics generalized Born 
surface area. Figure (2a, 2b) shows the docking results of the Monomer of Apocynin with 
p47phox complete protein structure. As, it is indicated that, monomer of the apocynin binds 
on PX domain (Glide score -3.818, E model =-32.3, Prime energy =-15046.47 Kcal/mol, FEB 
-29.56 Kcal/mol). Compared to monomer, the dimer has a slightly high glide score (Glide 
score= -4.603, E model= -54.4, Prime 
energy= 15045.24 Kcal/mol, FEB= 
-32.67 Kcal/mol) as shown in Figure 
(2c, 2d).

Figures (2e, 2f, 2g, and 2h) 
depict the docking of trimer at pH 7 
and at pH 8 with p47phox complete 
unit, which are having equal glide 
scores of -4.99 and Prime energy = 
-15046.65 Kcal/mol, however, FEB is 
higher in case of trimer at native pH 
which is equal to -48.1 kcal/mol and 
interactions were seen at THR53, 
LEU127, PHE50, THR238, ARG 
121, and GLY 242 at SH3 domain 
in comparison to trimer at pH8 
which shows only one interaction 
at TYR237 AIR domain with FEB 
-48.1 Kcal/mol. It can be analyzed 
from this data that trimer is a better 
binder than dimer and other forms 
of Apocynin.

Docking results of apocynin 
forms with the complete structure of 
ISF1 of p67phox

Docking results of p67phox 
isoform1 (NCF2-ISF1) with all 
forms of apocynin. The monomer 
of apocynin were docked on TPR 
domain of p67phox binding (Glide 
score= -4.283, E model= -30.3, Prime 
energy= -19682.34 Kcal/mol, FEB= 
-35.06 Kcal/mol). Dimer again, is 
seen being docked on TPR domain 
binding to residues GLU 122 and GLN 
169 (Glide score= -6.475, E-model= 
-49.5, Prime energy= -38.1 Kcal/mol, 
FEB=-38.1Kcal/mol). Trimer at pH 7 
and pH8 have shown no interactions 
with p67phox isoform1 (NCF2-ISF1) 
(Fig. 3).

Fig. 2. a) Docking of p47phox with the monomer of apocynin: 
The monomer of apocynin binds to the PX domain of the 
p47 subunit. b) Ligand Interaction diagram of the docking 
of p47phox with the monomer of apocynin. c) Docking of 
p47phox with apocynin dimer: Dimer of apocynin binds 
to the AIR domain of the subunit. d) Ligand Interaction 
diagram of the docking of p47phox with apocynin dimer. e) 
Docking of p47phox with apocynin trimer (pH7): Apocynin 
trimer shows docking at AIR domain of p47phox. f) Ligand 
Interaction diagram of the docking of p47phox with apocynin 
trimer. g) Docking of p47phox with apocynin trimer (pH8): 
Trimer at pH 8 shows docking at SH3 domain of p47phox. h) 
Ligand Interaction diagram of p47phox with apocynin trimer 
(pH8)
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Docking results of 
apocynin forms with the 
complete structure of ISF2 of 
p67phox

Although both ISF2 
and ISF1 are isoforms 
(p67phox) but, each of them 
shows different interactions 
with all forms of Apocynin. 
Figure 4a and 4b show, 
Monomer gets docked on 
SH3 domain (Glide score= 
-3.835, E model=-35.1, 
Prime energy= -180760.09 
Kcal/mol, FEB= -29.29 
Kcal/mol). Dimer gets 
docked on TPR domain 
(Glide score = -4.176, 
E model = -69.8, Prime 
energy = -18767.96 Kcal/
mol, FEB = -25.44 Kcal/
mol). Dimer has proved 
out to be a better binder in 
terms of Glide scores and 
FEB. Trimer is shown to 
be docked on SH3 domain 
(Glide score= -3.347, 
E model= -59.4, Prime 
energy=-18758.92-31.19 
Kcal/mol, FEB=-31.19). 
Trimer at pH 8 Trimer 
is shown to be docked 
on SH3 domain (Glide 
score= -3.347, Prime 
energy=-18758.92-31.19 
Kcal/mol, FEB=-31.19). 

Fig. 3. a) Docking p67phox 
with monomer: Monomer 
of apocynin docked on TPR 
domain. b) Ligand Interaction 
diagram of the docking 
p67phox with monomer 
c) Docking p67phox with 
dimer: Dimer of apocynin 
docked on TPR domain. d) 
Ligand Interaction diagram 
of the docking p67phox with 
dimer

Fig. 4. a) Docking of Monomer with ISF2 of p67phox: Monomer of 
apocynin docks in the SH3 domain. b) Ligand Interaction diagram 
of Monomer with ISF2 of p67phox. c) Docking of Dimer with ISF2 
of p67phox: Dimer of apocynin docks in the SH3 domain. d) Ligand 
Interaction diagram of the dimer with ISF2 of p67phox. e) Docking 
of trimer with ISF2: Trimer of apocynin docked in the SH3 domain. f) 
Ligand Interaction diagram of ISF2 p67phox. g) Docking of ISF2 with 
trimmer at pH8: No interactions were observed in this case. h) Ligand 
Interaction diagram of docking ISF2 with apocynin trimmer at pH8
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Docking results of apocynin 
forms with the complete 
structure of ISF3 of p67phox
Similarly, the docking results of 

ISF3 of p67phox have been shown 
below. As indicated, ISF3 when 
docked with monomer it interacts in 
TPR and SH3 domains, respectively. 
The glide score obtained in case 
of monomer was -4.356, (Prime 
energy= -16829.75 Kca/mol, FEB=-
30.75) and in the case of dimer, it was 
-6.151(Prime energy= -16858.71 
Kca/mol, FEB=-50.15). In the case 
of dimer, GLU 154 of ISF3 interacts 
in the TPR domain. No hydrogen 
bonds were obtained with trimmer 
at both the pHs viz 7 or 8. The glide 
score obtained in case of trimmer 
at pH7 was -4.136, (Prime energy= 
-16829.05 Kca/mol, FEB=-33.04) 
with the glide score at trimmer pH8 
was same as trimmer pH7 see Fig. 
5).

Docking results of apocynin 
forms with the SH3 domain of 
p67phox

The SH3 domain of p67phox 
is important as it interacts with 
the PRR domain of p47phox; it was 
docked separately with all forms 
of apocynin. Monomer of apocynin 
is seen to dock with Glide score= 
-2.944, E model = -34.1, Prime 
energy = -927.71Kcal/mol, FEB = 
=-30.89Kcal/mol. In case of dimer, it 
was observed that, dimer is having 
the lowest FEB as well as glide 
score (FEB = -39.09Kcal/mol, Glide 
score = -3.77, E model= -54.6, Prime 
energy = -951.83 Kcal/mol). Trimer 
was found to have a Glide score = -2.093, E model = -46.5, Prime energy = -928.82 Kcal/mol, 
FEB = -31.23 Kcal/mol. In this case, also, dimer has the best FEB in comparison to others. In 
all the cases these forms were docked into the same C-terminal SH3 domain. In the case of 
trimer at pH8, the trimer is seen to interact with THR332 (Fig. 6).

Table 1 shows the glide scores and the prime energies (in brackets) of docking that are 
indicative of the affinity of a particular ligand towards the target site or protein in question.

Fig. 5. a) Docking results of ISF3 of p67phox with apocynin 
monomer. b) Ligand Interaction diagram of docking results of 
ISF3 of p67phox. c) Docking results of ISF3 of p67phox with 
apocynin dimer. d) Ligand Interaction diagram of Docking 
ISF3 of p67phox with apocynin dimer. e) Docking results of 
ISF3 of p67phox with apocynin trimmer at pH7. f) Ligand 
Interaction diagram of docking results of apocynin trimmer 
at pH7 with ISF3 of p67phox. g) Docking results of ISF3 of 
p67phox with apocynin trimmer at pH8. h) Ligand Interaction 
diagram of Docking ISF3 of p67phox with apocynin trimmer 
at pH8
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Molecular Dynamics 
Simulation Analysis

Molecular dynamics 
(MD) simulation is 
performed in in silico 
drug discovery to assess 
the dynamic stability and 
intermolecular interactions 
between the protein and 
ligand in a docked complex 
with respect to time. In 
MD simulation, root mean 
square deviation (RMSD) is 
used to analyze the stability 
of docked protein-ligand 
complex, whereas the root 
mean square fluctuation 
(RMSF) is used to analyses 
the internal fluctuations 
of amino acid residues in 
protein and atoms in the 
ligands. In addition, protein-
ligand interaction mapping 
analysis in MD simulation 
is used to calculate 
intermolecular interactions 
in the docked complex with 
respect to time during the 
simulation to assess the 
stability of protein with the 
docked ligands. The RMSD 
and RMSF values along with 
the protein-ligand contact 
profiles are extracted 
from the respective 100 ns 
simulation trajectories as 
shown in Figure 7.

RMSD and RMSF 
Analysis. The RMSD and 
RMSF of protein and ligand 
in the Apo-dimer-ISF3 
docked complex were 
analyzed to were analyzed 
with respect to the initial 
pose as a reference frame. 
In the docked complex, the 
Apo-dimer is showing high 
deviation with the RMSF 
value of ~4.0 Å till 30 to 35 ns 
and later it deviated beyond 
4.0 Å and equilibrated at ~5.0 
Å. The ligand ISF3 showed 
continuous fluctuation 
till 50 ns followed by the 

Table 1. Comparative table of glide score* and the prime energies 
values of three forms of apocynin docked on subunits of NOX. *(ΔG 
Kcal/mol), Prime Energy given in brackets 

RECEPTOR MONOMER DIMER TRIMER TRIMER at pH8 

 Glide Score Prime 
Energies 

Glide 
Score 

Prime 
Energies 

Glide 
Score 

Prime 
Energies 

Glide 
Score 

Prime 
Energies 

p47phox -3.818 -15046.47 -4.603 -15045.24 -4.999 15046.65 -4.999 -15046.65 

p67phox -4.283 -19682.34 -6.75  - - -4.57 - 

NCF2/ p67phox -ISF1 -3.402 -18071.21 -5.358 -18091.74 - - - - 

NCF2/ p67phox -ISF2 -3.835 -18760.09 -4.176 -18767.96 -3.347 18758.92 -3.347 -18758.92 

NCF2/ p67phox –ISF3 -4.356 -16829.75 -6.151 -16858.71 -4.136 -16829.05 -4.136 -16829.05 

PX domain of p47phox -4.412 -4936.44 -4.87  - - - - 

p47phox +p67phox (C-
termini) -2.981  -3.802  - - - - 

The SH3 domain of 
p67phox 

-2.944 (-
927.71) -927.71 -3.77 -951.83 -2.093 -928.82 -2.093 -928.82 

 

Fig. 6. a) Docking SH3 domain of p67phox with monomer: Monomer 
of apocynin. b) Ligand Interaction diagram of the SH3 domain of 
p67phox with monomer. c) Docking SH3 domain of p67phox with 
dimer: Dimer of apocynin. d) Ligand Interaction diagram of the SH3 
domain of p67phox with dimer. e) Docking SH3 domain of p67phox 
with trimmer: Trimer of apocynin. f) Ligand Interaction diagram 
of the SH3 domain of p67phox. g) Docking SH3 domain of p67phox 
with trimmer at pH8: Monomer interacts with SH3 domain. h) Ligand 
Interaction diagram of the SH3 domain of p67phox with trimmer
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equilibrium attained at ~5.0 Å. The 
RMSD values of protein and ligand 
were supported by the respective 
RMSF values of amino acid residues 
in Apo-dimer (>4.0 Å) and atoms in 
the ISF3 ligand (4.0 0197), where 
the internal fluctuation was higher.

Protein-ligand Interaction 
Profiling. The Apo-dimer-ISF3 
docked complex were further 
considered for the protein-ligand 
interaction profiling against 
the reference docked complex 
concerning the hydrogen bonding, 
hydrophobic interactions, ionic 
interactions, and water bridge 
formation during the simulation 
time period during 100 ns MD 
simulation interval as shown in 
Figure 8.

In the docked complex, His36, 
Tyr82, and Lys92 showed the 
formation of hydrogen bonding 
for more than 20% of the total 
simulation time. The hydrophobic 
interaction was formed by residues 
Cys45, and Met79 for more than 
20% whereas, by residues Phe75, 
and Tyr82 for more than 30% of 
the simulation interval. Moreover, 
few residues also formed water 
bridge for shorter period during the 
simulation interval.

Discussion

NOX, the enzyme complex 
which is linked to many diseases 
of inflammation is being used as 
a target to inhibit the generation 
of superoxide radicals thereby 
reducing inflammation, and 
apoptosis [42]. Much research has 
been done on natural molecules 
and synthetic compounds to inhibit 
NOX. Apocynin has thus far been 
found to be one of the most effective 
inhibitors and has been proven to 
be a safer molecule than the rest, 
being a natural compound [43-45]. 
It has been reported that apocynin 
itself doesn’t show any activity 
unless it is dimerized in presence 

Fig. 7. RMSD plot of the Apo-dimer-ISF3 protein-ligand 
docked complex were extracted from 100 ns MD simulation 
trajectories of respective docked complexes.

Fig. 8. Protein-ligand interactions mapping for Apo-dimer-
ISF3 protein-ligand docked complex were extracted from 100 
ns MD simulation trajectories of respective docked complexes.

Table 2. Comparative table of Free Energy of Binding* (FEB) 
of three forms of apocynin docked on subunits of NOX 

RECEPTOR 
Free Energy of Binding (FEB) 

MONOMER DIMER TRIMER TRIMER at pH 8 

P47phox -29.56 -32.67 -48.1 -48.1 

P67phox -35.06 -38.1 -49.4 -40.7 

NCF2/ P67phox -ISF1 -22.32 -26.73 - - 

NCF2/ P67phox -ISF2 -29.29 -25.44 -31.19 -31.19 

NCF2/ P67phox –ISF3 -30.75 -50.15 -33.04 -33.04 

PX domain of p47phox -27.9 -32.0 - - 

P47phox +p67phox (C-
termini) -20.5 -2.9 - - 

The SH3 domain of p67phox -30.89 -39.09 -31.23 -31.23 
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of peroxidases [46]. Dimer has also been shown to inhibit the translocation of p47phox 
and p67phox and found to have a role to inhibit Rac and Rac related homologues [47]. In 
addition, not only dimeric but trimeric forms of apocynin have also been reported for its 
biological activity [1, 4, 14].  Therefore, based on literature, we had selected three forms 
of Apocynin: monomer, dimer, and trimer, to study its interactions with the enzyme NOX. 
It has been investigated whether apocynin is directly involved to interact with the enzyme. 
These three forms of apocynin were mainly docked on three subunits of NOX enzyme namely 
p47phox, p67phox and Rac 1, and on the complex of p47phox and p47phox. Out of all three 
forms, trimer was selected to be docked at two different pH levels, based on the studies in 
the literature, one being at 7±2 and other at 8±2.

As reported in the introduction, reasons for selecting specific structures discussed in this 
study were: p67phox & p47phox. Apocynin is reported to inhibit translocation of p67phox 
and SH3 domain is mainly responsible for binding to p47phox so if, apocynin interacts with 
either or both of them it may affect their recruitment at the membrane [4, 10, 16, 17, 48].

PX Domain of p47phox: PX domain of p47phox is responsible for primary activation 
and translocation of p47phox [49]. As it was reported that apocynin inhibits translocation of 
p47phox [16] so, this domain was selected to check if this interaction is responsible for the 
suggested findings.

p47phox & p67phox Complex: p47phox and p67phox exist as a complex in cytosol [10, 
50]. We selected this structure (PDB ID-1K4U) for viewing interactions with the three forms 
of apocynin to check whether any form of apocynin can stabilize this complex in the cytosol 
itself and further inhibit their translocation.

Rac & Rac Homologues: Apocynin was reported to play an inhibitory role over Rac and 
Rac homologues [1, 51, 52] to which p47phox and p67phox are ultimately recruited before 
complete activation of the enzyme. It was chosen for docking to check whether the inhibition 
of the enzyme takes place at this stage also. The results shown that there is no prominent 
interaction between all the forms of Apocynin with Rac and Rac homologues.

Rigid docking of dimer on the protein complex of C-terminal region of p47phox showed 
glide score of -4.83. It has been reported that, if SER379 is phosphorylated then, NOX cannot 
aggregate together and therefore becomes inactive [15, 16]. Monomer also docked on the 
same cavity but on a different residue SER381. This spanning region of residues from 359-
390 is the PRR domain region of p47phox, which is responsible for translocation of p67phox 
to membrane region as PRR domain, binds to the SH3 domain on p67phox [53]. Whereas, 
when p47phox is absent from the complex p47phox- p67phox, we observed that three forms 
of apocynin could readily bind to p67phox with a very good FEB. So, it was indicative that 
p67phox could also be inhibited directly by Dimeric and Trimeric forms of apocynin. In the 
SH3 domain of p67phox, LYS502 has been found common in binding with all three forms 
of apocynin so, there may be an activity involved with this residue. Also, it was seen that 
the trimer didn’t bind on p67phox when it is complexed with p47phox but showed activity 
when free SH3 domain of p67phox was present. Might be p47phox hides the active sites of 
p67phox or the same site is involved in binding with p47phox itself. It seems that, in both the 
cases of dimer and trimer, p47phox might be the main target. When only the PX domain of 
p47phox was used for docking with the three forms of apocynin, only monomer and dimer 
showed binding with dimer being the efficient binder as compared to monomer, showing 
hydrogen bond interactions with maximum number of residues.

Further, when three forms of apocynin were docked on p67phox complete subunit, once 
again trimer obtained the highest FEB. It can be inferred that trimer can readily bind with 
the p67phox complete subunit as compared to other three forms of apocynin and proved out 
to be the best binder amongst all three forms of apocynin. Also, trimer shows interactions 
with maximum number of residues, as was the case with p47phox complete subunit. 
Trimmer at pH8 has the lowest FEB hence, doesn’t show effective binding. When three forms 
of Apocynin docking with different isoforms of p67phox were compared it was found that, 
among all the isoforms except ISF-2, trimer showed the highest FEB, keeping it synonymous 
with the p67phox complete subunit results. In the case of ISF-2, dimer showed the best FEB 
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values amongst all three forms of apocynin. In case of ISF-3 docking with trimmer didn’t 
yield any hydrogen bond formation but, FEB of the complex was sufficiently large suggesting 
the trimer to dominate in this case as well, compared to all three forms of apocynin. Docking 
on NCF1-ISF1 shows that the three forms of apocynin have affinity of binding in the pocket 
region of PX domain and SH3 domain. This is an indicative of the reported inhibitory activity 
of apocynin even in isoforms of p67phox. In general, the glide scores and Free Energy of 
binding (FEB) of trimer were found to be better than dimer and monomer in most of the 
cases when docked on active domains of the subunits/subunit complex. According to MDS 
studies, the results have been validated that the Apocynin trimer molecule have a better 
stability and interaction with the enzyme complex which in turn shows to be more effective 
binder and may be a potential inhibitor for various subunits of this enzyme.

Conclusion

After conducting this study, it can be predicted that dimer and trimer of apocynin, both 
might have a significant role in interaction with NOX cytosolic subunits. The interaction of 
dimer on SER379 in p47phox- p67phox complex may have a significant role as this residue 
is thought to be of importance as when phosphorylated it can bring about total deactivation 
of NOX enzyme. In addition, the Rac-GDP complex also showed significant interactions with 
forms of apocynin hence suggesting a role in cellular signaling as reported in literature 
[16]. Interactions with trimer has also shown a better glide score and FEB when docked to 
p47phox and p67phox complete structure and its isoforms, and therefore it can be said that 
a trimer may as well play a role in inhibition of NOX. In case of p67phox isoforms as well, 
all three forms of apocynin turned out to be binders with high FEB, except for ISF-2 and 
trimmer combination. In the rest of the cases, the trimeric form of apocynin proved out to 
be the most effective binder amongst all three forms of apocynin. The study has been also 
validated by MDS revealing its better stability and interaction.
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