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Abstract Type 2 diabetes mellitus (T2DM) is a chronic disease, in which the body failed to
regulate blood glucose level due to insulin resistance. This condition may lead to high glucose
level, which could potentially causes many serious health problems associated with
cardiovascular system, nerve, eye and kidney. In treatment of T2DM, enzymes such as alpha-
glucosidase (AG) and dipeptidyl-peptidase IV (DPP-4) have become the main targets since these
enzymes play important roles in controlling the blood glucose level in the human body. In this
study, the computational approach using molecular docking simulation study was used to predict
the interaction and binding affinity of polyphenol compounds from Anacardium occidentale (A.
occidentale) towards the AG and DPP-4 enzymes. The results were analysed based on three
parameters: binding energy value, hydrogen bond formation and hydrophobic interaction between
the compound and the protein at the binding site. The result showed that myricetin interacted with
AG with the lowest binding energy of -7.6 kcal/mol and formed only one hydrogen bond to the
Asp327 residue. In contrast, acarbose the positive control, interacted with many residues such as
Asp327, Asp443 and Asp542 with the binding energy of - 6.0 kcal/mol. As for DPP-4 enzyme,
sitagliptin was predicted as the best binder out of 15 polyphenols with binding energy of -9.2
kcal/mol. At the DPP-4 enzyme druggable region, sitagliptin formed an interaction with Tyr547
residue. In conclusion, our result suggested alpha-glucosidase as the most promising enzyme
interacted with polyphenol compounds with favourable inhibitory effect since it can interact better
than the current anti-diabetic drug, acarbose.
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Introduction

Diabetes mellitus is a disease where the insulin, a hormone to control the blood glucose level is secreted
insufficiently by the pancreas or the state that the body unable to use the secreted insulin efficiently
causing a high glucose level in the bloodstream [31]. According to the World Health Organization [31],
diabetes mellitus is the ninth leading cause of death in 2019 which recorded the death of 12.9 per 100000
populations in Malaysia. There are two main types of diabetes mellitus, which are Type 1 Diabetes
Mellitus (T1DM) and Type 2 Diabetes Mellitus (T2DM). T2DM is one of the common health problems
faced by the people worldwide due to the resistance of insulin by the body to control the blood glucose
level which leads to many serious health problems such as nerve and kidney damages, eye problems
and cardiovascular diseases. Therefore, the research regarding T2DM has drawn many attentions of the
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researchers around the world in developing an anti-diabetic drug to treat this inherited disease.
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Figure 1: Rank of diabetes mellitus disease in the top ten Malaysia causes of deaths in 2019 [31].

As for the treatment of T2DM, alpha-glucosidase (AG) and dipeptidyl-peptidase IV (DPP-4) have been
one of the main targets since these enzymes play important roles in controlling the blood glucose level
in the human body. Many anti-diabetic drugs such as acarbose and sitagliptin have been clinically used
to treat the patients with T2DM by inhibiting the activity of AG and DPP-4 enzymes, respectively [15].
However, these drugs are known to have some side effects to the patients such as stomach pain and
diarrhea. Therefore, the potential therapeutic effects of the natural compounds from the plants with
minimum side effects are widely being studied.

In recent years, the interest in discovering and researching the health benefits provided by the plant
products has grown over the past decades [32]. Indeed, it has been scientifically proven that many of
herbal plants could be utilized as an alternative medicine in the prevention and management of T2DM
as they possess anti-hyperglycemic, anti-hyperlipidemic and antioxidant properties [2, 18, 24]. A.
occidentale shoots extract has been reported to contain several total phenolic compounds such as
flavonoids, anthocyanins and tannins that are recognized for the treatment of several conditions including
cardiovascular diseases [6]. As mentioned by Okpashi et al. [23] in their studies, A. occidentale shoots
extract has antidiabetic, antibacterial, anti-inflammatory, and antiulcerogenic properties. Therefore, 15
polyphenol compounds from A. occidentale namely caffeic acid, salicylic acid, sinapic acid, catechin,
genistein, robustaflavone, kaemferol, quercetin, myricetin, apigenin, vanillic acid, gallic acid, ferulic acid,
protocatechuic acid and p-coumaric acid were selected in this study and its binding interaction with the
targeted enzymes associated with T2DM was studied using molecular docking approach.

Computer-aided drug design (CADD) is one of the effective methods to identify potential lead compounds
for the developments of possible drugs for a wide range of diseases [5]. It is a valuable tool for screening
new compounds as potential diabetic enzymes inhibitors. Molecular docking can be defined as a
computational process commonly utilized for rapidly predicting the binding modes and affinities of small
molecules against their target molecules (usually proteins) in a non-covalent fashion [5]. Molecular
docking procedures have been extensively used to predict the binding affinity against many diabetic
target enzymes such as aldose reductase, glucokinase, fructose-6-phosphate amidotransferase and
pyruvate dehydrogenase kinase isoform 2 [3, 10, 12, 19]. Recently, an in vitro study by Nur Athirah
Zabidi et al. [21] had demonstrated that inhibition of DPP-IV and AG can help stimulate the secretion of
insulin and reduce glucose level in the bloodstream. Thus, both of these enzymes may be targeted for
designing more potent anti-diabetic drugs.

This study aims to predict the binding interaction and to explore the binding mode of polyphenol
compounds from A. occidentale with AG and DPP-4 enzymes by using molecular docking simulation
technique. Here, the interactions between the polyphenol compounds from A. occidentale with AG and
DPP-4 enzymes were assessed by evaluating the binding energy, the formation of the hydrogen bond,
electrostatics and hydrophobics with the active site residues of both target proteins. This study improves
understanding of the ligand interaction with the target proteins, in which it provides the potential binding
modes and binding interaction which could be further exploited computationally and experimentally as
the potential inhibitor for diabetic enzymes of potential targets for future new anti-diabetic drug design.
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Materials and Methods

The crystal structure AG and DPP-4 enzymes were retrieved from Protein Database while the structure
of polyphenol compounds was retrieved from Pubchem database. Bioinformatics tools such as AutoDock
4.2 and AutoDock Vina software were utilised to perform the molecular docking simulation to gain insight
on the interaction that occurred between polyphenol compounds and the enzymes. The docking results
were then analysed using different software such as AutoDock 4.2, PyMOL and Ligplot. Besides, the
workstation was well-equipped with a computer which its processor was Intel® Core™ i5-4590 CPU @
3.30GHz % 4 while its Operating System (OS) was Ubuntu 16.04 LTS.

Protein Selection Ligand Selection
Retrieve 3D structure of proteins Retrieve chemical structure of
from Protein Database (PDB) selected compounds from PubChem
database

| |

Protein and Ligand Preparation
. AutoDock v4.2

|

Docking simulation
e AutoDock Vina

1

Visualization and Data Analysis
e AutoDockv4.2
e PyMOL
e  LigPlot

Figure 2. Workflow for the computational study of protein-ligand interaction

Protein preparation

Three-dimensional (3D) structure of the two target proteins related to diabetes which are AG and DPP-
4 enzymes were retrieved from Protein Data Bank (PDB) database with PDB ID 2QMJ and 20NC,
respectively, and were saved in PDB file format. As shown in Figure 3, both enzymes were in the complex
form which AG enzyme was in complex with acarbose while DPP-4 enzyme was in a complex with
alogliptin. Only the protein was used in this study. At the same time, all crystal water and heteroatoms
such as acarbose and alogliptin were removed from the protein structure.

Figure 3. The 3-D structure of diabetic enzymes retrieved from the PDB database. (A) AG enzyme in
complex with acarbose (Representation: Cartoon = AG enzyme, Stick = Acarbose). (B) DPP-4 enzyme
in complex with alogliptin (Representation: Cartoon = DPP-4 enzyme, Stick = Alogliptin).
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Ligand preparation

An earlier study by Abdullah Thaidi et al. [1] had reported a positive inhibition effect on a-amylase and
DPP-4 enzymes by using the crude extract of A. occidentale shoots, and had been analysed using high
performance liquid chromatography (HPLC) to contain phenolic acids and flavonoids compounds which
were gallic acid, ferulic acid, quercetin, kaempferol and p-coumaric acid. Besides, other studies had also
mentioned the presence of polyphenol compounds in the A. occidentale which are caffeic acid, salicylic
acid, sinapic acid, catechin, genistein, robustaflavone, myricetin, apigenin, vanillic acid and
protocatechuic acid [1, 4, 8-9, 25-27]. Thus, a total of 15 polyphenols from A. occidentale namely caffeic
acid, salicylic acid, sinapic acid, catechin, genistein, robustaflavone, kaemferol, quercetin, myricetin,
apigenin, vanillic acid, gallic acid, ferulic acid, protocatechuic acid and p-coumaric acid were selected to
conduct this current study and predict for future reference. The chemical structure of each polyphenol
compound was retrieved from PubChem compound database and saved as Structure Date File (SDF)
format, which then converted into PDB file format using PyMOL. Figure 4 shows the chemical structure
of all compounds used in this study.
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Figure 4. Chemical structure of 15 natural polyphenol compounds from A. occidentale retrieved from PubChem database. (a) Caffeic
acid, (b) Salicylic acid, (c) Sinapic acid, (d) Catechin, (e) Genistein, (f) Robustaflavone, (g) Kaempferol, (h) Quercetin, (i) Myricetin, (j)
Apigenin, (k) Vanillic acid, (1) Gallic acid, (m) Ferulic acid, (n) Protocatechuic acid, (o) P-coumaric acid.
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esides, two types of synthetic drug compounds, acarbose and sitagliptin, which acted as AG and DPP-
4 inhibitors, respectively were used as a control to analyse the interaction between the polyphenol
compounds from A. occidentale and the targeted enzymes. These two chemical structures were also
retrieved from PubChem database [20] and showed in Figure 5.

Figure 5. 2D structures of (a) acarbose and (b) sitagliptin retrieved from Pubchem database respectively

Molecular docking of polyphenol compounds with AG and DPP-4

enzymes

AutoDock Vina program was used to run docking simulation. A total of 15 polyphenol compounds from
A. occidentale were docked with AG and DPP-4 enzymes at the binding site. Then, as a control,
acarbose and sitagliptin each was docked to AG and DPP-4 enzymes respectively. The docking
coordinate and parameter file for proteins and ligands were prepared by using Autodock 4.2 version.
The preparation of the coordinate file included the addition of hydrogen atoms, Kollman charges and
Gasteiger charge to the protein or target receptor [28]. Then, the output file for the protein was saved in
PDBAQT file format. Next, the grid boxes with the size 20x24x24 and 24x20x26 were set using AutoGrid
on AG and DPP-4 enzymes respectively, which covered all the targeted binding site regions which the
ligand was supposed to bind. The grid spacing was 1.000 A and the search was based on the Lamarckian
Genetic Algorithm to search the best conformer [28]. As for ligands, all compounds were assigned with
Gasteiger charges and saved as PDBQT file format [14]. As all the coordinate files for protein and ligands
were prepared, the docking simulation was run using AutoDock Vina program which the protein was
treated as a rigid body. In contrast, the ligand was flexible during the docking process. Based on the
docking result, the binding energy of the protein-ligand complexes was evaluated.

Visualisation and analysis

The result of molecular docking was analysed using different software such as AutoDock 4.2, PyMOL
and LigPlot program. PyMOL program was mainly used for visualisation of the structures. The main
parameters for molecular docking analysis were the binding energy values of the protein-ligand
interaction, hydrophobic interaction and the number of hydrogen bond formation. The binding energy
value for each compound was shown as a result of molecular docking and the best interacting compound
of both enzymes was selected. Besides, the number of hydrogen bonds formation and the residues that
formed the hydrogen bonds with the ligand were identified using AutoDock 4.2 software. The distance
of hydrogen bonding between the ligand and the interacting residue was being calculated using PyMOL.
Also, AutoDock 4.2 software was used to reveal all the interacting residues of the protein, and each
ligand; meanwhile, Ligplot software was used to visualise the hydrophobic interaction of the protein and
the ligands.

Results and Discussion

Molecular docking simulation is essential especially for the screening of potential new drug compounds.
The results from our molecular docking simulation of polyphenol compounds with AG and DPP-4
enzymes were compared with the commercial AG inhibitor, acarbose and DPP-4 inhibitor, sitagliptin to
evaluate the potential of natural polyphenol compounds as the new inhibitor for both enzymes. Apart
from that, the result of molecular docking of polyphenol compounds with AG and DPP-4 enzymes were
analysed to predict the most promising enzyme which shown the best interaction with polyphenol
compounds.
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Molecular docking analysis of AG enzyme with polyphenol

compounds

The first parameter in molecular docking study was the value of binding energy predicted by Autodock
for AG and polyphenol compound complexes. The results of the molecular docking for each complex
were showed in Table 1, with their corresponding binding energy values. The resulted binding energies
were used for the binding affinity prediction of the complexes to determine the best polyphenol compound
that formed the most favourable interactions with AG. Besides, the value of binding energy was used as
an indicator of the binding affinity of the complexes.

Table 1. The binding energy of AG enzyme with 15 polyphenol compounds and acarbose from the lowest to the highest values.

No. Polyphenol compounds Binding energy (kcal/mol)
1 Myricetin -7.6
2 Quercetin -7.5
3 Apigenin -7.5
4 Kaempferol -7.4
5 Catechin -7.4
6 Genistein -7.1
7 Caffeic acid -6.3
8 Salicylic acid -6.2
9 Gallic acid -6.0
10 p-coumaric acid -6.0
11 Protocatechuic acid -5.9
12 Ferulic acid -5.9
13 Sinapic acid -5.7
14 Vanillic acid -5.6
15 Robustaflavone -3.6
16 Acarbose (control) -6.0

As mentioned by Kondo et al. [17], the binding energy consists of positive and negative values which the
positive value refers to the complex binding destabilisation while the negative value indicates the
complex binding stabilisation. Based on the result in Table 1, it showed that the binding energy values
for all complexes were negative that the stabilisation of complex binding had occurred and the polyphenol
compounds were all favourable towards the targeted binding site of AG enzyme. Besides, the molecular
docking simulation of 15 polyphenol compounds and acarbose with AG enzyme revealed some of the
polyphenol compounds with lower binding energy compared to acarbose which were myricetin,
quercetin, apigenin, kaempferol, catechin, genistein, caffeic acid and salicylic acid with the binding
energy of -7.6 kcal/mol, -7.5 kcal/mol, -7.5 kcal/mol, -7.4 kcal/mol, -7.4 kcal/mol, -7.1 kcal/mol, -6.3
kcal/mol and -6.2 kcal/mol, respectively as compared to acarbose which was -6.0 kcal/mol. There was
only a slight difference in the binding energy value of all complexes except for AG-robustaflovone
complex.

Among these complexes, AG-myricetin complex had the lowest binding energy value which was the best
possible ligand that formed a complex with AG enzyme. It was due to the lower the value of binding
energy, the greater the binding affinity of the protein-ligand complex which indicated the stronger
interaction of the complex binding. Thus, it emphasised that myricetin bound to AG binding site was
stronger than the acarbose. This result suggested that myricetin is the best binder to AG and could
potentially be a good drug candidate against this enzyme. In contrast, AG-robustaflavone had the highest
value for binding energy which was -3.6 kcal/mol, and it showed that robustaflavone has less binding
affinity towards AG.

Formation of the hydrogen bond between AG enzyme and

polyphenol compounds

The second parameter for molecular docking analysis was the formation of hydrogen bonds. AutoDock
v4.2 and PyMOL was used to observe the presence of hydrogen bonding formed by the AG-myricetin
complex and AG-acarbose complex. PyMOL software measured the distance of the hydrogen bond
meanwhile AutoDock v4.2 software calculated the number of hydrogen bond formed by the complexes
and showed the residues of protein that formed a hydrogen bond with the compound. According to Berg,
Tymoczko and Stryer [7], the most favourable distance for hydrogen bond was between 1.5-2.6 A
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approximately. Besides, the strength of the hydrogen bond interaction was determined by its bond
distance. The shorter the length of hydrogen bond formed by each complex would indicate the greater
of the binding affinity of the complex hence it had a stronger interaction of the protein-ligand complex. If
the distance of hydrogen bond formed by the complex binding is exceeded 3.0 A, the hydrogen bond
would be assumed to have a weak interaction and it could be easily disrupted [29]. Also, Hubbard [13]
stated that the energy provided by a single hydrogen bond was 20 to 25 kJ/mol approximately, which
contributed to the protein structure stability. Table 2 showed the number of hydrogen bond formation and
the interacting residues for each complex that were analysed using AutoDock v4.2 and the distance of
hydrogen bond formation which was measured using PyMOL.

Table 2. Hydrogen bond formation and interacting residues of AG enzyme with each polyphenol compound that were analysed by
Autodock v4.2 and PyMOL.

No. Polyphenol Interacting residues No. of H- H-bonded residue Distance (A)
compounds bond
L Tyr299, Asp327, Trp406, Asp542,
1 Myricetin Phe575 1 Asp327 2.0
. Tyr299, Met444, Arg526, Phe575, Arg526 2.0
2 Quercetin GIn603, Tyr605 3 GIn603 2.0, 2.1
. . Tyr299, Met444, Arg526, Asp542, Arg526 3.0
3 Apigenin Phe575, GIn603, Tyr605 2 Asp542 2.2
Tyr299, Asp443, Met444, Arg526, Arg526 2.9
4 Kaempferol Phe575, GIn603, Tyr605 2 Asp443 2.2
. Tyr299, Met444, Arg526, Asp542,
5 Catechin Phe575, GIn603, Tyr605 ! Arg526 3.0
6 Genistein Tyr299, Trp406, Met444, Phe450 Arg526, 1 Arg526 28
Phe575
7 Caffeic acid Glu182, His183, Val184, Pro206, Leu213, 5 Glu182 2.2
Leu540, Asn543, Asp549, Gly556, Phe560 Asn543 3.1
- . Tyr299, Asp327, Trp406, Arg526,
8 Salicylic acid Asp542, Phe575, His600 - - -
9 Gallic acid Glu182, His 183, Val184, Pro206, Leu540, 5 Glu182 21
Trp552, Gly556 His183 1.9
. . Tyr299, Asp327, Trp406, Trp441, .
10 P-coumaric acid Arg526, His600 1 His600 3.0
Protocatechuic Tyr299, Asp327, Trp441, Arg526,
1 acid Asp542, Phe575, His600 ! Arg526 3.1
. . Asp203, Tyr299, Asp327, Trp406,
12 Ferulic acid Trp441, Trp539, Asp542, His600 i - -
13 Sinapic acid Tyr299, Asp327, Phed50, Phe575, 1 His600 2.9
His600
- . Tyr299, lle364, Trp406, Trp539, Asp542,
14 Vaniliic acid Phe575, His600 ) ] )
Tyr299, Arg334, Trp406, Trp441, Arg526,
15 Robustaflavone Trp539, Asp542, Phe575, Arg598, - - -
His600, GIn603
Asp203, Tyr299, Asp327, lle364, Trp406, Asp327 2.1
16 Acarbose (control) Aspd43, Phe450, Asp542, Phe575, 3 Asp443 1.9
GIn603 Asp542 2.3

Based on the results in Table 2, myricetin formed only one hydrogen bond with Asp327 of the AG enzyme
with 2.0 Angstrom (A) — bond distance compared to acarbose, which formed three hydrogen bonds with
AG enzyme, and the residues that formed the hydrogen bonds were Asp327, Asp443, and Asp542 with
bond distance 2.1, 1.9 and 2.3 A, respectively. Hydrogen bond distances for both AG-myricetin complex
and AG-acarbose complex were in the range of the favourable length which are lower than 3.0 A [11].
Thus, the interaction was assumed to be stable for both complexes. The hydrogen bond interaction of
both complexes and the interacting residues were illustrated in Figure 6 below.
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Figure 6. Hydrogen bond formation and interacting residues of AG enzyme with (a) myricetin and (b) acarbose respectively from
AutoDock analysis and viewed in PyMOL. A blue dash presents the hydrogen bond. Interacting residues of (a) AG enzyme and myricetin
and (b) AG enzyme and acarbose are shown in stick representation. (Colour code: green = carbon C atom of AG enzyme residue, yellow
= C atom of myricetin, magenta = C atom of acarbose, grey = hydrogen H atom, red = oxygen O atom, blue = nitrogen N atom).

However, the visualisation using LigPlot software showed a different number of hydrogen bond formation
as compared to AutoDock v4.2 software. Based on the analysis from LigPlot software, AG-myricetin
formed only one hydrogen bond with amino acid residue Asp203 meanwhile AG-acarbose formed six
hydrogen bonds with residues Asp203, Asp327, Trp406, Asp443, Asp542 and GIn603 as shown in
Figure 7 with green-labelled residues. According to Klvana [16], the different number of hydrogen bond
formation was observed using the different software because of its cut off values and angle for detection
of hydrogen bond. Therefore, it is crucial to set a similar hydrogen bond cut off values of software to
detect an equal number of hydrogen bond formation.

Besides, the molecular docking analysis revealed the interacting residues of AG with each compound.
The residues that interacted with myricetin and acarbose were shown in Figure 6. From the analysis,
Tyr299, Asp327, Trp406, Asp542 and Phe575 were main residues that interacted with both ligands,
which showed that myricetin has the potential as a candidate for antidiabetic drugs.

Hydrophobic Interaction of AG enzyme and polyphenol

compounds

Another parameter that facilitates the binding interaction of AG binding residue with the polyphenol
compounds was the hydrophobic interaction. To analyse the hydrophobic interaction, AG-myricetin
complex and AG-acarbose complex were saved in PDB file format. This PDB file input was open in
LigPlot software which can generate the schematic 2-D image of the complex binding interaction,
including hydrogen bond and hydrophobic interaction automatically [30]. Residues that involved with the
formation of hydrogen bond were labelled in green colour. Besides, the hydrophobic interaction was
shown as the spokes radiated from an arc that represented residues of protein towards the contacted
atom of the ligand. The spokes from the contacted ligand atom were also radiating back towards the
residues of the protein [30].

From the analysis using LigPlot software, AG-myricetin complex had nine hydrophobic interactions that
contacted with myricetin. It was observed that nine residues of AG enzyme that involved in hydrophobic
contact were Asp203, Tyr299, Asp327, 1le364, Trp406, Trp441 Phe450, Asp542 and Phe575 as shown
in Figure 7(a). For AG-acarbose complex, 12 residues formed the hydrophobic interaction with acarbose
via Asp203, Tyr299, Asp327, 1le364, Trp406, Asp443, Metd44, Phed50, Asp542, Phe575, Glu603 and
Tyr605. The schematic diagram of the AG-acarbose complex binding is shown in Figure 7(b). From 12
residues that formed hydrophobic interactions, three residues were involved in hydrogen bond formation
between the binding residues and acarbose which were Asp327, Asp443 and Asp542. According to
Nurul lilani [22], the size of the compound could affect the stability of the protein-ligand complex.
Therefore, AG-myricetin complex was more stable than that of AG-acarbose complex although AG-
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acarbose complex has formed 12 hydrophobic interactions. It was due to the size of acarbose which was
larger than myricetin as shown in Figure 7.

b

a TlpEMl

Figure 7. Schematic diagram of AG enzyme residues that formed hydrophobic interaction with (a) myricetin and (b) acarbose respectively
illustrated by LigPlot software. (Representation: Lig1 in (a) = myricetin, Lig1 (b) = acarbose, red arc with radiated spokes = residues that
involved in hydrophobic interaction, red dotted line = hydrophobic interaction, green-labelled residue = residue that involved in hydrogen
bond formation).

Molecular Docking Analysis of DPP-4 Enzyme with Polyphenol

Compounds

Similar to AG enzyme, all the selected polyphenol compounds and sitagliptin were successfully docked
at the targeted binding sites of the DPP-4 enzyme. The results of the molecular docking for each
combination that formed a complex with DPP-4 enzyme were summarized in Table 3 with their
corresponding binding energy values. In Table 4, it stated the results of the hydrogen bond formation
and the interacting residues of DPP-4 with each polyphenol compound and sitagliptin.

Binding interaction of DPP-4 enzyme with polyphenol compounds
Based on the molecular docking of polyphenol compounds with DPP-4 enzyme, all complexes had the
negative binding energy values as shown in Table 3 which indicated that all the ligand have the potential
to bind to both enzymes with different binding affinity. Robustaflavone showed the lowest binding energy
value which was -9.0 kcal/mol; meanwhile, both p-coumaric acid and protocatechuic acid showed the
highest binding energy value, which was -5.6 kcal/mol. The highest binding energy indicated that p-
coumaric acid and protocatechuic acid had the lowest binding affinity towards the DPP-4 enzyme.
Therefore, robustaflavone had the greatest binding affinity towards the DPP-4 enzyme since the binding
energy was the lowest. However, the binding energy value for sitagliptin, a commercial DPP-4 inhibitor
that acted as control was lower than that of robustaflavone, which was -9.2 kcal/mol. It indicated that the
binding affinity of sitagliptin towards DPP-4 enzyme binding site was greater than robustaflavone.
Therefore, the binding interaction of DPP-4-sitagliptin complex was the strongest; hence it is the most
favourable ligand for DPP-4 enzyme to exhibit the greatest inhibitory effect. All the selected natural
polyphenol compounds were unable to surpass the binding affinity of sitagliptin towards the binding site
of the DPP-4 enzyme, which means that sitagliptin is the best binder. However, robustaflavone was
predicted to bind to DPP-4 enzyme with higher binding energy comparable to sitagliptin, which suggested
that it may potentially be a good drug candidate against DPP-4 enzyme.
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Table 3. Binding energy of DPP-4 enzyme with 15 polyphenol compounds and sitagliptin from the lowest to the highest value.

No. Polyphenol compounds Binding energy (kcal/mol)
1 Robustaflavone -9.0
2 Catechin -8.0
3 Apigenin -7.9
4 Kaemferol -7.9
5 Myricetin -7.9
6 Quercetin -7.8
7 Genistein -7.7
8 Caffeic acid -6.0
9 Salicylic acid -6.0
10 Vanillic acid -5.9
11 Sinapic acid -5.9
12 Ferullic acid -5.7
13 Gallic acid -5.7
14 P-coumaric acid -5.6
15 Protocatechuic acid -5.6
16 Sitagliptin (control) -9.2

Hydrogen bond formation between DPP-4 enzyme and polyphenol

compounds

Table 4 showed the number of hydrogen bond formation and the interacting residues for each complex
that were analysed using AutoDock v4.2 and the distance of hydrogen bond formation which was
measured using PyMOL.

In the molecular docking simulation of DPP-4 enzyme with robustaflavone, the binding interaction of the
complex involved the formation of one hydrogen bond with residue Val546 at 2.3 Angstrom (A). The
bond length was within the favourable range which indicated that the hydrogen bond formation was
favourable. Besides, there were 11 residues of DPP-4 enzyme that interacted with robustaflavone which
were Glu205, Glu206, Val207, Ser209, Phe357, Arg358, Val546, Tyr547, Gly628, Trp629, Tyr662 as
shown in Figure 8.

Meanwhile, the binding interaction of DPP-4 enzyme and sitagliptin formed no hydrogen bond as was
analysed using AutoDock v4.2. As there was no hydrogen bond formation, the blue dash in Figure 9
indicated that there were other polar interactions involved in the binding of DPP-4-sitagliptin complex
such as Van Der Waal interaction. Also, there were only seven residues that formed the interaction with
sitagliptin which were Tyr547, Trp629, Ser630, Tyr631, Val656, Tyr662 and Tyr666 as shown in Figure
9.

However, it was observed that robustaflavone formed four hydrogen bonds with the binding residues of
DPP-4 enzyme which were Glu205, Val207, Arg358 and Val546 as shown in Figure 10(a). As for
sitagliptin, it was only hydrogen bond bound with one residue, Tyr547 as shown in Figure 10(b).
According to Kalhotra et al. [15], Tyr547 was one of the target drug regions for DPP-4 enzyme. Thus, it
indicated that Tyr547 was the most important binding residue for inhibitory activity of DPP-4 enzyme.
Although robustaflavone was interacted with more residues and formed a greater number of hydrogen
bonds with DPP-4 enzyme, sitagliptin was the most favourable towards the binding site of the DPP-4
enzyme because of the interaction with Tyr547.
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Table 4. Hydrogen bond formation and interacting residues of DPP-4 enzyme with each polyphenol compound analysed by Autodock
v4.2 and PyMOL

No. of H- H-bonded Distance

No. Polyphenol compounds Interacting residues bond residue A)

Glu205, Glu206, Val207, Ser209,
1 Robustaflavone Phe357, Arg358, Val546, Tyr547, 1 Tyr547 2.3
Gly628, Trp629, Tyr662

Arg125, Glu205, Ser209, Phe357,
2 Catechin Tyr547, Ser630, Tyr631, Tyr662, 1 Tyr631 3.2
Tyr666, Arg669

Glu206, Ser209, Phe357, Tyr547,

3 Apigenin Tyr631, Tyr662, Tyr666, Arg669 L Glu206 18
4 Kaemferol c?r';‘r%%ﬁ’, ?3:%%92’, ';:‘,‘:ggg : Zg’grgg; ' 1 Glu206 2.1
: Myricein Glu206, l;t;‘:gg; TT;/rrssgg, Tyr631, ) ) )
: Quercetin Arg125, Phe357, Ser630, Val656, ) ) )
Tyr662, Tyr666, VVal711, His740
P s SmGMmmemesmo o Gay g
8 Caffeic acid Glu205, Ser630, Tyr662, Tyr666 1 Glu205 2.1
9 Salioylic acid Glu2_(l)_5, Ser630, Val656, Tyr662, ) ) )
yr666, VVal711, His740
10 Vanillic acid Arg125, %:g’;g’, Lyrost Tyreez, 1 Tyr547 29
11 Sinapic acid Tyr547, Ser630, Tyr662, Tyr666 1 Tyr662 3.2
12 Ferullic acid Val546, Tyrsg;g;f’s“' Trp629, 1 Trp629 3.1
13 Gallic acid Ar91T23;6T63g,5:;’1$1eg,6\3;gi7T1y1r662' 1 Tyr547 3.0
14 P-coumaric acid Phe357, Tyr547 - - -
15 Protocatechuic acid Va|95rg,1 $§}glzll,zgfr’ssezr,6\?:|’7?1”,63"13'740 - - -
16 Sitagliptin (control) Tyr547, Trp629, Ser630, Tyr631, ) ) )

Val656, Tyr662, Tyr666
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GLU-205

SER-209 TYR-662

\

-
|
VAL-2M

'
/&

| TRP-629

VAL-546

Figure 8: Hydrogen bond formation and interacting residues of DPP-4 enzyme with robustaflavone from
AutoDock analysis and viewed in PyMOL. A blue dash presents the hydrogen bond. Interacting residues
of DPP-4 enzyme and robustaflavone are shown in stick representation. (Colour code: yellow = C atom
of DPP-4 enzyme residue, blue = C atom of robustaflavone, grey = H atom, red = O atom, blue = N
atom).

TYR-547 TRP-629

Figure 9. Hydrogen bond formation and interacting residues of DPP-4 enzyme with sitagliptin from
AutoDock analysis and viewed in PyMOL. A blue dash presents the hydrogen bond. Interacting residues
of DPP-4 enzyme and sitagliptin are shown in stick representation. (Colour code: yellow = C atom of
DPP-4 enzyme residue, light purple = C atom of sitagliptin, grey = H atom, red = O atom, blue = N atom,
light blue = fluorine (F) atom).

Hydrophobic Interaction of DPP-4 enzyme and polyphenol

compounds

The binding of the DPP-4 enzyme with polyphenol compounds was also facilitated by hydrophobic
interaction. It was found that DPP-4-robustaflavone complex had 11 hydrophobic interactions that
contacted with robustaflavone. The residues of the DPP-4 enzyme involved in hydrophobic contact were
Glu205, Glu206, Val207, Ser209, Phe357, Arg358 Val546, Tyr547, Gly628, Trp629, Ser630 as shown
in Figure 10(a). Among these residues, Glu205, Val207, Arg358 and Val546 were known to have
participated in the formation of hydrogen bond in which contributed to the stabilisation of the complex
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binding interaction.

As for DPP-4-sitagliptin complex, the binding of a complex involved nine hydrophobic interactions with
amino acid residues Arg125, Tyr547, Ser630, Tyr631, Tyr656, Tyr629, Tyr662, Tyr666 and Val711 as
illustrated in Figure 10(b). Sitagliptin was tightly bound to amino acid Tyr547 of the DPP-4 enzyme by
forming hydrogen bond and hydrophobic interaction which caused a high binding affinity between the
complexes. The interaction of the complex was also facilitated by a strong hydrophobic contact with
Ser630 resulted into a significant binding of sitagliptin on DPP-4 enzyme binding site. Other than Tyr547,
Kalhotra et al. [15] stated that Ser630 was another important druggable region for DPP-4 enzyme, which
could be assisted in complex binding on an excellent inhibition activity.

As for comparison for both robustaflavone and sitagliptin in terms of the three parameters above,
sitagliptin was more stabilise than robustaflavone because the binding energy was the lowest and it
formed a strong interaction with the druggable region on DPP-4 enzyme. Furthermore, robustaflavone
was a larger substrate as compared to sitagliptin hence sitagliptin was the most favourable as a DPP-4
inhibitor for the treatment of T2DM.

A ray
Glu205

1666

Val6s6

Figure 10. Schematic diagram of DPP-4 enzyme residues that interact with (a) robustaflavone and (b) sitagliptin respectively, visualised
by LigPlot software. (Representation: Lig1 in (a) = robustaflavone, Lig1 in (b) = sitagliptin, red arc with radiated spokes = residues that
involved in hydrophobic interaction, red dotted line = hydrophobic interaction, green-labelled residues = residues that involved in
hydrogen bond formation).

Conclusions

In conclusion, our molecular docking simulation results revealed the binding interaction between natural
polyphenol compounds from A. occidentale with AG and DPP-4 enzymes. Our results suggest that
myricetin to be the best compound that may interact with the AG enzyme with comparable binding energy
to acarbose, and could potentially exhibit the inhibitory effect for the AG enzyme. The strong interaction
between myricetin and AG enzyme was facilitated by the formation of hydrogen bonds and hydrophobic
contacts. For DPP-4 enzyme, this study suggests that sitagliptin to be the most favourable compound to
inhibit the DPP-4 enzyme activity where it formed a strong interaction with the druggable region on DPP-
4 enzyme compared to robustaflavone. However, further studies are needed to investigate the dynamic
interaction of the protein-ligand interactions at atomic level via atomistic molecular dynamics simulations.
This study also suggests that myricetin and sitagliptin are the promising compounds that warrant further
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investigation using enzyme inhibition against AG enzyme and DPP-4 respectively to validate its potential
inhibition experimentally. Further works are necessary to establish the efficacy and plausible mechanism
for medicinal use of this compound. Our study suggests that AG and DPP-4 are the promising enzymes
as a target for management of T2DM using polyphenol compounds to be extracted from A. occidentale
in the future.
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