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Abstract: Mitragyna speciosa is famous for its addictive effect. On the other hand, this plant has good poten-
tial as an antioxidant agent, and so far, it was not explicitly explained what the most contributing compound
in the leaves to that activity is. This study has been conducted using several computational methods to deter-
mine which compounds are the most active in interacting with cytochrome P450, myeloperoxidase, and NADPH
oxidase proteins. First, virtual screening was carried out based on molecular docking, followed by profiling the
properties of adsorption, distribution, metabolism, excretion, and toxicity (ADMET); the second one is the molec-
ular dynamics (MD) simulations for 100 ns. The virtual screening results showed that three compounds acted
as inhibitors for each protein: (-)-epicatechin, sitogluside, and corynoxeine. The ADMET profiles of the three
compounds exhibit good drug ability and toxicity. The trajectories study from MD simulations predicts that the
complexes of these three compounds with their respective target proteins are stable. Furthermore, these com-
pounds identified in this computational study can be a potential guide for future experiments aimed at assessing
the antioxidant properties through in vitro testing.
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1 Introduction

The current pollution level increases are directly proportional to the number of diseases associated with oxida-
tive stress. Therefore, the urgency of discovering antioxidants is currently needed. In laboratory tests as in vitro
methods, antioxidant agents must stabilize the radical 2,2-diphenyl-1-picrylhydrazyl (DPPH). While in the human
body, an antioxidant agent could have various modes of action, and it can inhibit the protein cytochrome P450,
myeloperoxidase, or NADPH oxidase [1]. Cytochrome P450 (CP450) enzymes are expressed throughout the body
and are essential to human physiology. They are involved in the metabolism of drugs and xenobiotics and the
biosynthesis of endogenous molecules. Nevertheless, during the CP450 catalytic cycle, reactive oxygen species
(ROS) can be produced by uncoupling the enzymatic cycle [2]. On the other hands, HOCI can be produced by
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the interaction of chloride and H,0, when myeloperoxidase (MP) is activated. Additionally, MP causes oxidative
stress by stimulating the generation ROS and reactive nitrogen species (RNS), influencing the polarisation and
signalling pathways associated with inflammation in neutrophils and microglia [3]. The production of reactive
oxygen species (ROS), principally superoxide anion (O, ), though H,0, can also be produced, is attributed to the
NADPH oxidase (NO), an electron-transporting membrane protein. Increased ROS cause oxidative stress, which
has been linked to numerous inflammatory and degenerative diseases [4]. One of the most prevalent diseases
associated with oxidants is cancer, which has become the second leading cause of death. Antioxidants obtained
from natural resources are believed to be one of the ways to prevent the disease [5].

Kratom (Mitragyna speciosa) is a tropical plant commonly found in Indonesia. The rampant increase in
kratom consumption is also marked by the many ordinary plant farmers turning to kratom farmers because this
plant’s cultivation is considered more economically promising. Moreover, it was recorded that until July 2021,
kratom exports to the United States had reached 400 tons. Even so, this plant has been becoming polemic in
Indonesia due to its extract being categorized as an addictive substance [6]. Despite that, this plant has emerged
as a potential source of natural compounds with diverse biological activities, including an antioxidant agent, as
reported by Firmansyah et al. [7]. Fifty-four compounds were found in kratom, and 17 were successfully isolated
from the leaves [8, 9]. However, among the various compounds in kratom leaves, neither in silico nor in vitro
analysis currently exists that elucidates which compound exerts the most significant antioxidant effect.

In silico methods have been implemented in many fields. In drug discovery, it was used as a tools to search
promising lead compound, one of the technique is docking [10, 11]. Another recent in silico using was in drug
management, in example for personalized medicine [12]. In silico approach is the focus of this study, and one of
the methods of this approach is Virtual screening (VS). This method has become one of the computational studies
widely used to define the most compromising molecule to a particular bioactivity from natural products [13-17].
There are two approaches in VS, ligand-based (LBVS) and structure-based (SBVS) virtual screening, which have
been more prevalent recently [18]. SBVS is based on molecular docking, in which the interaction between protein
and ligand can be studied further through the energy profiles of the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) because the interaction occurs between the two orbitals
[18].

Besides activity, other essential properties in drug discovery are drug ability and toxicity. The drug ability of
a compound determines its fate as it passes through the gastrointestinal tract until it reaches the expected target
protein. This property is primarily expected to be unchanged in antioxidant compounds which are generally
reactive. Drug ability is generally described through adsorption, distribution, metabolism, and excretion (ADME)
profiles [19]. At the same time, the toxicity of a compound is also important to study in several organs, such as the
liver, cytochromes, and its potential as a carcinogen [20, 21]. As a form of initial screening, several platforms are
currently available to predict the properties of ADME and the toxicity of compounds, i.e., admetSAR, ProTox-II,
DrugMint, FAF-Drugs4, DLF, SwissADME, and ADMETLab [21].

For further study, the docked protein-ligand complexes from SBVS are then studied via molecular dynamics
(MD) simulations to ensure their stability [22]. The MD simulations have been applied to the antioxidant activities
studies [23-25]. Several aspects neglected in docking are involved using the MD simulation, such as the presence
of water and protein molecules, which are set to move dynamically [26, 27]. This method brings more accurate
data because the molecular setup is more similar to the actual situation.

In this study, structure-based virtual screening (SBVS) was executed to cytochrome P450, myeloperoxidase,
or NADPH oxidase proteins associated with antioxidant activity and followed by frontier molecular orbital pro-
filing. Hence, the ADMET properties of selected molecules were also predicted, and the stability of protein-ligand
complexes was analyzed with molecular dynamics (MD) simulation for 100 ns. It is important to emphasize
that this study does not encompass in-vitro testing. However, the validity of these methods can be evaluated by
comparing the results with prior research demonstrating the reliability and validity of similar computational
approaches [28-30].
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2 Materials and methods

2.1 Protein and ligand preparation

The targeted proteins used in this study were obtained from the RCSB database (https://www.rcsh.org/) with a
PDB ID of 10G5 (Cytochrome P450, CP450) and 1DNU (human myeloperoxidase, MP) and 2CDU (NADPH oxidase,
NO). All the proteins were separated from non-standard residues using the DockPrep function in Chimera 1.16
[31] and then charge-assigned using the Gasteiger methods [32]. The ligands studied in this work were retrieved
from the PubChem database (https://pubchem.ncbhinlm.nih.gov/) with the CID of 65080, 72276, 94160, 120678,
441975, 3000341, 3034396, 3037629, 5742590, 9930064, 10475115, 10948612, 11726520, 15560576, 44301524, 44568160,
and 102183193. The ligands were also prepared using DockPrep in Chimera 1.16, including adding hydrogen atoms
and structural minimization using AM1-BCC methods [33, 34].

2.2 Virtual screening

Structure-based virtual screening was performed using Autodock Vina [35], implemented in the PyRx 0.8 pack-
age [36]. The position and the size of grid boxes were adjusted by the natural ligand (for COX-1) and the literature
(for CP450 and MP) [37]. The native ligands used were diclofenac to COX-1, fluorouracil to CP450, and melatonin
to MP. The average size of grid boxes was around 20 X 20 X 20 A, and the exhaustiveness was set to 20. The result-
ing protein-ligand complexes were evaluated based on the binding affinity values and the type of interactions
using the Biovia Discovery Studio Visualizer [38]. The chosen ligand had the most comparable interactions with
the positive controls.

2.3 Calculation of frontier molecular orbital

The energy levels of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) from the ligands and interacting amino acid residues were calculated using the Gaussian 16W package
[39]. All the molecular structures were optimized using the DFT level of theory, the B3LYP functional, and the
6-311G(d,p) basis set [40].

2.4 Prediction of ADMET properties

The ADME properties of selected ligands were predicted using the SwisSADME server (http://www.swissadme
.ch/index.php) by submitting the SMILES codes of the ligands [41]. The collected data included GI absorption,
BBB permeant, CYP inhibition, Lipinski violation, synthetic accessibility, and bioavailability. At the same time,
the toxicity profiles of the selected ligands were computed by the ProTox-II server (https://tox-new.charite.de/
protox_II/index.php?site&tngx3d;home) [42].

2.5 Molecular dynamics simulation

In the SBVS step, we choose the three protein-ligand complexes that show the most similar interaction to the
native ligand and have a remarkable binding affinity. To determine the stability of the docked complexes, we
used molecular dynamics (MD) simulation with the Amber22 package [43, 44]. The proteins and ligands were
prepared before the simulation using the Antechamber module [34]. The complexes were then minimized for
5ns using the steepest gradient descent methods and equilibrated for 10 ns, with the temperature adjusted to
300 K using a Langevin thermostat and the density adjusted to 1 atm applying Berendsen barostat in the SHAKE
algorithm [45]. Once the complexes were equilibrated, they were subjected to a simulation without restraint for
100 ns, employing a timestep of 2 fs. The simulation employed a Langevin thermostat and a Berendsen barostat,
consistent with the equilibration step. The stability of complexes was analyzed based on the profile of root mean
square of deviation (RMSD), root mean square of fluctuation (RMSF), the radius of gyration (RoG), hydrogen
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bond, and Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) free energy using AmberTools for
the last 30 ns of the simulation [46].

3 Result and discussion

3.1 Virtual screening

The result of the virtual screening is shown in Table 1. The most influential parameter in molecular docking
based methods was the binding affinity, where the compound that shows the most negative binding affinity to
the targeted protein was assumed to have the strongest affinity to the protein in the experimental study [47].
As the pharmacological activity of a ligand was not only dependent on its binding affinity, we also considered
the interaction types of the ligands to the targeted proteins. To proceed with further analysis, we selected the
ligand that exhibited the interactions most similar to those of the positive control. In the docking-based methods,
a protocol is considered valid if the protocol could result in similar interactions compared to the experimental
or the root mean square of deviation (RMSD) was below 2 A [10]. For the CP450, fluorouracil was used as the
positive-control ligand and showed a similar interaction to warfarin as the native ligand [48]. The same result
was found for MP protein, where we used melatonin as the control ligand and showed the hydrogen bond to
HIS336, similar to the experimental result [49].

For the first protein, CP450, the screened ligand was (-)-epicatechin (CID: 72276) since it had the most similar
interaction to fluorouracil as the positive control. The essential residue inhibited by the antioxidant agent in
CP450 protein, especially fluorouracil, was GLY90 and PHE100 [37]. Moreover, (-)-epicatechin shows more hydro-
gen bond interactions, including toward LEU208 and GLN214, as shown in Figure 1. Adding hydrogen bonds leads
to a stronger binding affinity, while the CP450-fluorouracil complex had —4.6 kcal/mol of binding affinity, and
the CP450-epicatechin complex had —8.3 kcal/mol.

Table 1: The result of virtual screening against CP450, MP, NO proteins, in which Fluorouracil, Melatonin, and Dextromethorphan are the
positive control, respectively.

Ligand CID Binding affinity (kcal/mol)

CP450 MP NO
Fluorouracil —4.6
Melatonin -8.1
Dextromethorpon —6.3
(-)-Epicatechin 72276 -8.3 -93 -7.8
Sitogluside 5742590 -5.9 —9.0 —4.9
Corynoxeine 44568160 -8.5 =717 -7.4
7-Epi-Vogeloside 102183193 -7.8 -85 =71
7-Hydroxymitragynine 44301524 =71 —8.8 —6.7
Ajmalicine 441975 -9.5 —9.0 -85
Corynantheidine 3000341 —7.8 —8.2 —6.4
Corynoxine 10475115 =75 =79 —55
Isocorynantheidine 10948612 —8.6 -9.0 -7.0
Isomitraphylline 11726520 -8.2 -84 -7.0
Mitragynine 3034396 -7.9 -8.2 —6.5
Mitraphylline 94160 —-83 —8.8 -7
Paynantheine 3037629 =79 =81 -8.3
Phenyl beta-D-glucopyranoside 65080 —6.9 —8.0 —6.5
Quinovic acid 120678 -8.1 -7.9 —4.7
Roseoside 9930064 —7.8 —8.6 —6.4
Speciociliatine 15560576 -7.6 —-8.5 —6.9

*The bold type number shows the selected ligand from each of the protein.
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Figure 1: The interactions between fluorouracil (a) and (-)-epicatechin (b) with CP450 protein.

Hydrogen bonds became the most studied interaction in molecular docking and MD simulation since they
had the most vital energy among the non-covalent interaction between protein and ligand [50]. In the sec-
ond protein, MP, the selected ligand predicted to be responsible for the antioxidant activity was sitogluside
(CID: 5742590). This ligand interacted in hydrogen bond mode with the protein via HIS336 residue, similar to
the melatonin as a positive control (Figure 2). Interestingly, the binding affinity of the MP-sitogluside complex
(—9.0 kcal/mol) was more substantial than MP-melatonin (—7.4 kcal/mol). This result is due to other interactions
in the MP-sitogluside complex, which strengthen the binding affinity; they were alkyl and pi-alkyl interactions.

The third studied protein was NO, which had GLY180 as a primary interacting residue, according to the
docking result against dextromethorphan. Based on this fact, the selected ligand from the virtual screening
was corynoxeine (CID: 44568160) since this ligand was shown a hydrogen bond to GLY180 and the ASP179 and
VAL214, as shown in Figure 3. Corynoxeine had more hydrogen bonds than dextromethorphan which impli-
cated the stronger binding affinity (—7.4 kcal/mol compared to —6.3 kcal/mol). Therefore, overall, we selected
ligands that exhibit a strong binding affinity and identical interactions compared to the positive control from
the docking procedure. The parameter we used to choose these ligands was the binding affinity since this value
corresponded to the inhibition constant (Ki). Furthermore, we also identified the hydrogen bonds between the
ligand and the protein, as pharmacologically, similar bioactivity will show when a compound interacts with
the protein similarly to the positive control. Based on these parameters, we take these three ligands, i.e. (-)-
epicatechin, sitogluside, and corynoxeine, as the specific compounds interacting with proteins CP450, MP, and
NO, respectively. To ensure the stability of the protein-ligand complexes, they were subjected to the next step in
molecular dynamics simulation.
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Figure 2: The interactions between melatonin (a) and sitogluside (b) with MP protein.

3.2 Frontier molecular orbital profile

Since it was sentenced that the interacting molecular orbital in intermolecular interaction was between the
LUMO of the protein and the HOMO of the ligand [18], we conducted a study of the frontier molecular orbitals
(MOs) of the primary residues of the proteins and the selected ligands. The profile of those MOs is shown in
Figure 4. The energy gap between HOMO and LUMO was about 5-6 eV, which is small enough for the electron
from the HOMO of the ligand to interact with the LUMO of the targeted protein and was stable [51].

Figure 4 showed that the LUMO orbital in phenylalanine was located in the phenyl moiety, while in epicat-
echin, the HOMO was located in ring A of the flavonoid. In histidine, the LUMO was concentrated around the
zwitterion part of the amino acid, and the HOMO of sitogluside was located in the cyclohexane attached to three
hydroxyl groups. The LUMO of glycine was observed around the amino acid’s carboxyl part, while the HOMO of
corynoxeine was concentrated in its amide part. The hydrogen bond interaction occurred between the HOMO
of the ligand (as the donor) and the LUMO of the amino acid of the protein (as the acceptor), as reported by
previous similar studies [52-55].

3.3 ADMET properties

The result of ADMET prediction is shown in Table 2. The three compounds were predicted to have good drug-
ability and were not toxic. Sitogluside was predicted to have a low gastrointestinal (GI) absorption, while the
other two compounds were predicted to have a high one. The prediction resulted in low GI absorption due to
the ratio between the calculated lipophilicity (WLOGP) and surface area (TPSA) being relatively high [56]. On
the contrary, corynantheidine was predicted as the BBB permeant, which can permeate the brain. Fortunately,
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Figure 3: The interactions between dextromethorphan (a) and corynoxeine (b) with NO protein.

the three selected compounds were not inhibiting the CYP isoenzyme. If a compound inhibits the isoenzyme,
it can cause the reduced clearance and buildup of the compound or its metabolites, resulting in toxic or other
unfavorable side effects [57].

As a pioneer in defining drug-likeness, Lipinski’s rule of five is still considered in drug discovery today. The
rules were limiting the value of the molecular weight, log P, hydrogen bond donor, and hydrogen bond acceptor
of a compound to have an excellent oral administration [58]. Among the three compounds, only sitogluside was
predicted to violate one of the rules. However, it still can be concluded to obey Lipinski’s rules and could be
approved by FDA. Moreover, it was found that some of the approved drugs violated one or two of the rules [59].
Slightly different from Lipinski, Brenk et al. define the other limitations for a compound to consider as a good
lead in drug discovery [60]. In this case, sitogluside violated three rules, including more than 27 heavy atoms,
more than eight rotatable bonds, and a value of ClogP/ClogD of more than 4. This fact suggests that sitogluside
was not favorable to be derivated. While corynantheidine only violates one rule, and even (-)-epicatechin did
not violate the rule; hence the two compounds were favorable to be lead compound.

The bioavailability score of the three compounds was calculated as 0.55. This number represents that the
compounds were predicted to pass Lipinski’s rule of five, while below the number were considered to fail the
rules [61]. Meanwhile, sitogluside was predicted to not shows the PAINS alert. However, another two compounds
were shown one PAINS alert. This alert was related to the potency of the compound to be reactive in the human
body, represented by the number of zero to six in the range [62]. The last ADME property predicted was synthetic
accessibility, which shows that sitogluside was the most challenging compound to be synthesized among the
three compounds, and (-)-epicatechin was the most accessible compound [63].

In terms of predicted toxicities, only corynantheidine tends to be toxic. This was represented by the num-
ber of predicted LDs, (300 mg/kg) and the class of toxicity (class 3). Corynantheidine can be made into the
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LUMO of glycine HOMO of corynoxeine Figure 4: The frontier molecular orbitals of the proteins’ pri-
mary residues and selected ligands.
Table 2: The result of ADMET prediction.
Parameter Prediction result
Sitogluside Corynantheidine (-)-Epicatechin
GI absorption Low High High
BBB permeant No Yes No
CYP inhibitor No No No
Lipinski #violation 1 0 0
Leadlikeness #violations 3 1 0
Bioavailability score 0.55 0.55 0.55
PAINS #alerts 0 1 1
Synthetic accessibility 8.02 4.27 3.50
Predicted LD, 8,000 mg/kg 300 mg/kg 10,000 mg/kg
Predicted toxicity class 6 3 6
Hepatotoxicity Inactive Inactive Inactive
Carcinogenicity Inactive Inactive Inactive
Immunotoxicity Active Inactive Inactive
Mutagenicity Inactive Inactive Inactive
Cytotoxicity Inactive Inactive Inactive
Tox21-nuclear receptor signaling pathways Inactive Inactive Active
Tox21-stress response pathways Inactive Inactive Inactive

related derivative compounds to cope with this. In general, the predicted organ toxicities of the three com-
pounds showed inactivity, except for the immunotoxicity of sitogluside and the receptor signaling pathways of
(-)-epicatechin. Hence, it can be stated that all three compounds are non-toxic.
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3.4 MD simulation

Due to the existence of water molecules and the protein being set to be flexible during simulation, molecular
dynamics (MD) represents a more similar natural situation than molecular docking. Figure 5 shows the results
of the RMSD profiles of protein and ligand backbone studied in this work using the cpptraj function [64]. Based
on the profiles, the sitogluside-CP450 and corynantheidine-MP complexes showed stability after 25 ns. While the
(-)-epicatechin shows more stability than the NO as its targeted protein, which indicates the ligand interacted
with the protein’s active site. This phenomenon was in line with our SBVS result in Table 1 which shows that the
binding affinity of the complex was relatively strong.

If the RMSD shows the fluctuation of atoms during the simulation time, the RMSF shows the fluctuation of
a particular protein residue on average. The result is shown in Figure 6. Generally, the residues of the three
proteins still fluctuated within an acceptable range of RMSF, between 1 and 3 A [65]. Among the three pro-
teins, NO showed the most fluctuating one since the residues with a number around 200 have an RMSF value
reaching 3 A.

(a) 24
"~ Protein backbone
— ()-Epicatechin

Simulation time (ns)

(b) -
= Protein backbone
25k — Sitogluside

0 L 1 L 1 L 1 L 1 L 1

Simulation time (ns)

© oo
= Protein backbone
25k —— Corynoxeine

0 L 1 L 1 L 1 L 1 L 1

[ 20 40 60 80 100
Simulation time (ns)

Figure 5: The RMSD profile of CP450-(-)-epicathecin (a),
MP-sitogluside (b), and NO-corynoxeine (c) complex.
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We calculate the RMSF to ensure the primary interacting residue(s) in each protein was not fluctuating more
than 2 A (the maximum length of hydrogen bond). In CP450, the primary residue, GLY90 and PHE100, had around
1 A of fluctuation. The same phenomenon was observed in the MP protein, where HIS336 as the primary residue
fluctuated below 2 A. The last protein, NO, which has GLY180, ASP179, and VAL214 as the primary interacting
residues, shows low fluctuation for those three primary residues.

Furthermore, the RoG data in Figure 7 were not intended for a direct comparison of compactness across the
three complexes. Instead, this RoG shows each complex exhibited a relatively stationary pattern of RoG values
throughout the simulation period which indicate a stable conformation without significant structural changes. It
is also important to note that the RoG values are inherently influenced by the number of residues in each protein.
For instance, the MP complex, which comprises 578 residues, exhibited the largest RoG value among the three
complexes. In contrast, the CP450 and NO proteins, containing 490 and 451 residues respectively, showed smaller
RoG values.
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Figure 6: The RMSF profile of CP450 -(-)-epicathecin (a), MP-
sitogluside (b), and NO-corynoxeine (c) complex.
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) Figure7: The radius of gyration of the CP450-(-)-epicathecin,

MP-sitogluside, and NO-corynoxeine complexes.

System Acceptor DonorH Donor Occupancy (%) Average distance
CP450 complex PHE_98@0 LIG_462@H12 LIG_462@04 12.8 1.0128
GLY_100@0D2 LIG_462@H14 LIG_462@06 9.2 1.0092
LIG_462@05 ALA_268@H ALA_268@N 0.4 1.0004
GLY_69@0 LIG_462@HM LIG_462@03 0.2 1.0002
LIG_462@06 ALA_268@H ALA_268@N 0.2 1.0002
PRO_338@N LIG_462@H12 LIG_462@04 0.2 1.0002
ALA_77@0 LIG_462@H14 LIG_462@06 0.2 1.0002
MP complex MET_87@0 LIG_570@H11 LIG_570@03 7.4 1.0089
HIS_336@0 LIG_570@H12 LIG_570@04 6.8 1.0082
GLY_326@0 LIG_570@H11 LIG_570@03 0.6 1.0007
GLY_326@N LIG_570@H12 LIG_570@04 0.2 1.0002
ASP_94@0D1 LIG_570@H12 LIG_570@04 0.2 1.0002
ILE_327@NE2 LIG_570@H12 LIG_570@04 0.2 1.0002
NO complex ASP_178@0D2 LIG_451@H1 LIG_451@N2 56.9 17113
ASP_178@0D1 LIG_451@H1 LIG_451@N2 19.58 1.2447
LIG_451@01 GLY_179@HZ3 GLY_179@Nz 5.04 1.0630
LIG_451@01 LYS_212@HZ1 LYS_212@NZ 5.02 1.0628
LIG_451@01 LYS_212@HZ2 LYS_212@NZ 4.34 1.0542
LIG_451@N1 LYS_212@HZ3 LYS_212@NZ 1.42 1.0177
LIG_451@03 VAL_213@H VAL_213@N 1.38 1.0173
LIG_451@N1 LYS_212@HZ2 LYS_212@NZ 1.12 1.0140
LIG_451@N1 LYS_212@HZ1 LYS_212@NZ 1.02 1.0127
LIG_451@02 VAL_213@H VAL_213@N 0.74 1.0092
LIG_451@02 GLY_179@H GLY_179@N 0.06 1.0008
LIG_451@02 LYS_212@HZ1 LYS_212@NZ 0.02 1.0003
LIG_451@02 LYS_212@HZ3 LYS_212@NZ 0.02 1.0003

*LIG was the selected ligand for each of the protein.

As the most studied interaction in molecular modeling, hydrogen bonds are essential in determining the
protein-ligand complexes’ stability. Table 3 shows the result of the hydrogen bond analysis from the three com-
plexes in this work. The MD results confirmed the stability of molecular docking-produced complexes, as the

hydrogen bonds which occurred in the previous methods were also observed in the MD results.

In the first complex, the hydrogen bond between ligand ((-)-Epicatechin) and PHE98 was the most lasting,
while the second interaction between the ligand and GLY100 lasted for a slightly shorter time. In the MP com-
plex, the primary interaction was not the longest-lasting hydrogen bond. However, the hydrogen bond between
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Table 4: The components of free energy calculated by MMPBSA.

System Energy (kcal/mole)

AEvdw AEEI AEPB AENPoI AEDisp AGgas AGsolv AGtotal
CP450 complex —43.20 0 11.08 —22.91 47.42 —43.20 35.58 —7.61
MP complex —52.35 0 12.88 —24.37 49.39 —52.35 37.91 —14.44
NO complex —40.27 —23.39 42.96 —30.36 49.95 —63.66 62.55 -1.10

AE 4,: the van der Waals energies; Afyg: the Poisson-Boltzmann energies; AEyp,: the nonpolar contribution to the solvation energies;
AEp,: the dispersion energy; AGg,: the sum of A4, + AEg; AGgy,: the sum of AFpg + AEypo + Abpisy; AGyy: the sum of AGy,s +
AG,

solv*

the ligand and HIS336 had an occupancy of 6.8 %, which was still significant. Interestingly, the hydrogen bonds
formed between ligand and NO had the relatively highest occupancy, especially to the primary residues (ASP178
and GLY179). This result agreed with the RMSD profile of the ligand shown in Figure 5¢, which shows the flatten-
ing curve. Regarding interaction distance, all of the hydrogen bonds had a short distance, around 1 A, suggesting
that the interactions between the proteins and ligands are relatively strong [66]. However, the distance of the
hydrogen bond between the oxygen of ASP178 from protein NO and hydrogen from (-)-epicatechin was relatively
long compared to the others observed in the systems.

The MMPBSA methods provided more detailed information on the energies involved in protein-ligand inter-
actions, making it helpful in rescoring virtual screening results [67—-69]. Table 4 shows the result of free-energy
binding estimation. The van der Waals energy and dispersion energy contributions in the three systems were
around 40-50 kcal/mol, while the PB energy was similar for the CP450 and MP but not for the NO. The value
of PB energy above 40 kcal/mol shows that the solvent contribution in this system was dominant since the PB
term was calculating the electrostatic contribution to the solvation energy [46, 70]. Interestingly, no electrostatic
solvation contribution is observed in CP450 and MP complexes, while in NO, this term was calculated in a rela-
tively remarkable value. The nonpolar energy was similar among the three systems, which consists of cavitation
and repulsion energies [71]. The NO complex has the weakest value on the total Gibbs free energy, while Table 3
shows more hydrogen bonds than the other two complexes. This result is consistent with the statement by Klebe
and Bohm that the number of hydrogen bonds is not always related to the strength of the interaction [72].

This study successfully identified the compounds responsible for the antioxidant activity found in M.
speciosa leaves. The compounds (-)-epicatechin, sitogluside, and corynoxeine have been seen as the specific
compounds that interact with proteins CP450, MP, and NO, respectively. The results obtained from this computa-
tional study provide a solid foundation for future in vitro tests, assisting experimental researchers in validating
the antioxidant activity using these three most promising compounds.

4 Conclusions

This study demonstrates that there are several compounds responsible for the antioxidant activity of M. speciosa
leaves. The compounds were (-)-epicatechin, sitogluside, and corynoxeine to each targeted protein, namely
CP450, MP, and NO. The frontier molecular orbital profiles show the correlating explanation of the interaction
between the ligands and their targeted proteins. The molecular dynamics simulation confirmed the stabil-
ity of the protein-ligand complexes by the profile of RMSD, RMSF, RoG, and hydrogen bonds. We expect our
work to guide further experimental studies on the in vitro test to assess the antioxidant properties of the three
compounds identified in this computational study.
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