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Abstract: Medicinal plants have been a rich source of bioactive compounds used in treating various
diseases since ancient times. Diabetes, a long-term metabolic condition, is affecting a large portion of
the global population. Hyperglycemia, which leads to diabetes mellitus, can be managed by inhibiting
the human pancreatic a-amylase enzyme. This study aims to identify potential a-amylase inhibitors
from Piper longum L. using different computational methods. From the molecular docking calculations,
piperadione, coumaperine, and cepharanone B exhibited good binding affinities of -8.8 kcal/mol, -8.6
kcal/mol, and -8.3 kcal/mol, respectively, better than that of the reference drugs. All the adducts showed
significant geometrical stability with smooth RMSD curves from 150 ns molecular dynamics
simulations. The thermodynamic stability evaluated through the MMPBSA method in terms of binding
free energy changes demonstrated consistent feasibility and spontaneity of the reactions. The hit
candidates could be proposed for diabetes management after verification through in vitro and in vivo
experiments.

Keywords: diabetes; docking scores; protein-ligand complex; molecular dynamics simulations; Gibbs
free energy.
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1. Introduction

The use of herbal remedies for treating various illnesses dates back to ancient times and
continues in contemporary approaches [1]. Medicinal plants are a rich source of bioactive
compounds that can be utilized to treat and manage numerous diseases. Plants produce a variety
of secondary metabolites, and their therapeutic properties are the reason for their disease-curing
ability [2]. According to the World Health Organization, medicinal plants are an excellent
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source of a wide range of medications, with 80% of the developing world still relying on them
[3].

Piper longum L. (P. longum), commonly referred to as long pepper, is a flowering,
climbing plant belonging to the Piperaceae family [4]. It is an aromatic plant and is
characterized by dioecious traits, trailing growth, and perennial woody roots with jointed stems,
thriving in warm environments [5]. P. longum has gained significant attention as it is
recognized for its potential therapeutic properties against diabetes, depression, cancer, and
inflammation [6,7].

Diabetes mellitus is a chronic metabolic disorder characterized by elevated blood sugar
levels resulting from inadequate insulin production or insulin resistance in cells [8]. As per the
IDF Diabetes Atlas (2021), approximately 540 million individuals worldwide are currently
affected by diabetes, and this figure is projected to rise by 46% by the year 2045 [9]. It has
become a leading cause of death globally, claiming approximately 1.5 million lives each year,
predominantly in low and middle-income nations [10]. The consumption of starch and its
absorption causes a significant increase in postprandial blood glucose levels, and this process
is facilitated by the enzyme a-amylase, which catalyzes the breakdown of a-(1,4)-D-glycosidic
bonds found in starch, converting it into smaller glucose fragments [8]. The inhibition of a-
amylase can manage type Il diabetes, and drugs such as voglibose, miglitol, and acarbose are
considered effective a-amylase inhibitors. However, they have numerous side effects like
diarrhea, abdominal pain, flatulence, and bloating [11]. These side effects have prompted
further research on identifying other potential a-amylase inhibitors from natural sources with
lower or no adverse effects.

The advancement of computational methods has reduced the expenses and time
required for experimental procedures to determine complex structures possessing bioactive
properties [12]. These methods aim to predict the likely binding modes and affinities between
receptors and ligands [13]. Utilizing protein structures, molecular docking evaluates and tests
numerous potential binding orientations at the catalytic sites. This research employs a
combination of molecular docking, binding free energy calculations, and molecular dynamics
simulations (MDS) to identify spatially and thermodynamically the most stable complex and
the ligand that could inhibit the receptor protein. This computational study aims to find
potential inhibitors of a-amylase among selected compounds that were isolated from Piper
longum L. for diabetes management.

2. Materials and Methods

2.1. Ligands selection and preparation.

The ligands were selected from the literature review of isolated compounds of P.
longum [14-17] (Figure 1). Their 3D structures were obtained in SDF format from the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/) [18]. The bond order and molecular
structure of selected ligands were examined using the Avogadro software [19].
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Figure 1. Chemical structures of the compounds of Piper longum.

2.2. Protein preparation.

The high-resolution 3D crystal structure of the human pancreatic a-amylase enzyme
with PDB ID: 2QV4 (X-ray resolution= 1.97 A, expression system: Komagataella pastoris)
(https://doi.org/10.2210/pdb2QV4/pdb) was retrieved from the RCSB protein data bank server
(https://www.rcsbh.org/) [20]. The protein was visualized using the PyMOL program, cleaned,
polar hydrogen was added, and saved in PDB format [21]. The AutoDock Tools was then
employed to incorporate polar hydrogen atoms and Kollman charges into the protein structure,
after which it was converted to the PDBQT format necessary for molecular docking
calculations [22].

2.3. Molecular docking calculations.

Molecular docking studies are used to investigate the binding modes between the
receptor and ligands and estimate the binding affinity [23]. The AutoDock Vina software was
used for molecular docking, where the ligands were allowed to be flexible while keeping the
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protein rigid. Parameters such as 20 number of modes, energy range of 4 units, and 32
exhaustiveness were selected for the docking process. The grid center of (14.761, 50.038,
20,977) and the box size of 46x44x46 A3 with 0.375 A spacing were employed. The protein-
ligand adduct with the highest binding affinity (kcal/mol) was identified, and their 2D and 3D
interactions were visualized using the Biovia Discovery Studio program [24]. The docking
protocol was validated by obtaining a good RMSD of 1.30 A through the superimposition of
the native ligand from the crystalline complex with the re-docked ligand in the docked
complex, as illustrated in Figure 2.

Figure 2. Superimposition of the pose of native ligand in the crystal structure (cyan) with the pose of the same
ligand obtained from molecular docking calculations (magenta); Heavyatom RMSD= 1.3 A.

2.4. Molecular dynamics simulation (MDS).

MDS of the top protein-ligand complexes were performed using the GROMACS
software (version 2021.2) [25] and Charmm27 force field parameters from the SwissParam
server (https://www.swissparam.ch/) [26]. TIP3P water model was used to solvate the adducts
in a triclinic box system of 10 A spacing at the sides, and the system was neutralized with
counter ions. 0.15 M isotonic NaCl solution was added to the system. The equilibration process
was carried out at 310 K in four stages: two NVT equilibriums followed by two NPT
equilibriums, each lasting for 500 ps. Additional parameters were taken from recent literature
[23], and the final production run for 150 ns with 2 fs step size was carried out.

2.5. Binding free energy calculation (AGgre).

The binding free energy change (AGsre) of the complex was calculated using the
MMPBSA method (Poisson Boltzmann solvation model) [27]. The feasibility and spontaneity
of the forward reaction were assessed through the free energy changes where an equilibrated
portion (20 ns) of the MD trajectory was used.

The end-state binding free energy change of the complex is given by the equation:

AGgpg = AGcomplex - AGprotein - AGligand (1)

Where AGiigana= free energy of ligand, AGceomplex= free energy of protein-ligand

complex, and AGprotein= free energy of protein

3. Results and Discussion

3.1. Docking scores.

The docking scores in terms of binding affinity were assessed through molecular
docking calculations, which resulted in determining the best binding pose of ligands at the
protein’s active site [13]. Molecular docking calculation revealed that most of the ligands
exhibited better binding affinity compared to that of the reference drugs, as shown in Table 1.
However, none of the docked compounds displayed a binding affinity better than that of the
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native ligand (-10.4 kcal/mol). Piperadione, coumaperine, and cepharanone B stood out as the
top ligands with higher binding affinities, signifying a stronger interaction and binding with
the alpha-amylase receptor. The best docking score was obtained, with piperadione having a
binding affinity of -8.8 kcal/mol. Coumaperine and cepharanone B demonstrated the binding
affinities of -8.6 kcal/mol and -8.3 kcal/mol, respectively.

Similarly, the binding affinities of -8.2 kcal/mol and -8.1 kcal/mol were observed with
pluviatilol and piperolactum A, respectively. These values suggested that the ligands were
docked at the protein's active site and significant interactions with the amino acid residues were
present. Therefore, the compounds from Piper longum could potentially inhibit the normal
functioning of a-amylase.

Table 1. Binding affinities of ligands of Piper longum with human pancreatic a-amylase (PDB ID: 2QV4).

Ligands PubChem CID Binding affinity (kcal/mol)
Piperadione 184116 -8.8
Coumaperine 10131321 -8.6
Cepharanone B 162739 -8.3
Pluviatilol 70695727 -8.2
Piperolactam A 3081016 -8.1
Dehydropipernonaline 6439947 -8.0
Norcepharadione B 189168 -8.0
Piperchabaoside A 44521560 -7.9
Piperlonguminine 5320621 -7.5
Piperolein B 21580213 -1.4
Aphanamol | 11031884 -1.4
1,2-dihydroxybisabola-3,10-diene 52951624 -7.3
Dihydropiperlonguminine 12682184 -7.2
Tetrahydropiperine 581676 -7.2
Sylvatine 131750975 -7.2
Guineensine 6442405 -7.1
Brachystamide B 10047263 -7.1
Methyl piperate 9921021 -7.1
Piperchabamide B 44453655 -7.0
Pipercide 5372162 -7.0
Cinnamyl acetate 5282110 -6.2
Pellitorine 5318516 -6.0
Native 24755467 -10.4
Acarbose 41774 -7.6
Voglibose 444020 -6.1
Miglitol 441314 5.8

3.2. Protein-ligand interactions.

The 2D and 3D representations of the best three complexes with interactions are shown
in Figure 3, and the top three ligands occupied the same catalytic site. Both hydrophilic and
hydrophobic interactions like Hydrogen bonds, Pi-Alkyl, Alkyl, Pi-Sigma, Pi-Pi T-shaped, Pi-
Anion, van der Waals, and Pi-Pi Stacked were observed between the amino acid residues of
the protein and ligands as depicted in Table 2. The amino acid residue GLNG63 interacted with
piperadione and coumaperine, forming strong hydrogen bonds, whereas hydrogen bonds with
cepharanone B were observed with ASP197 and ALA198. A carbon-hydrogen bond was
formed between piperadione and amino acid residues ASP300 and HIS305. The alkyl
interaction was observed with amino acid residue LEU165 with ligands piperadione and
coumaperine.
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Similarly, the hydrophobic interaction and Pi-interactions were seen between the amino
acid TRP59 and all the ligands. ASP300 exhibited Pi-Anion interaction with cepharanone B.
Coumaperine and cepharanone B interacted with the catalytic triad: ASP197, GLUZ233, and
ASP300, whereas piperadione interacted with ASP300, forming a hydrogen bond. Several van
der Waals interactions were observed between the amino acid residues and ligands.
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Figure 3. 3D representation of the docked ligand at the binding site (left) and 2D interaction (right) of the top
three ligands with a-amylase (PDB I1D: 2QV4).
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The interactions of the top three ligands with the amino acid residues showed different
favorable hydrophilic and hydrophobic interactions and could potentially inhibit the normal
functioning of a-amylase.

Table 2. Types of interaction between the top three ligands and amino acid residues of a-amylase along with

distance.
Ligands Structures Type of interactions Active site residues (Distance A)

Conventional
hydrogen bond GLNG3 (2.53)

Carbon hydrogen ASP300 (3.16), HIS305 (3.64)

bond
Piperadione Alkyl LEU165 (4.72)
pi-Alky] TRP58 (5.34), LEU165 (5.22), HIS305
(4.34)

Pi-Pi Stacked TRP58 (5.69), TRP59 (4.05)
Pi-Pi T-shaped TRP59 (5.01, 5.61)

van der Waals

TYR62, HIS101

Conventional
hydrogen bond

GLN63 (2.01), ASP300 (2.21)

Alkyl LEU165 (4.75)
Coumaperine ™ N Pi-Alkyl TRP59 (5.67)
o Pi-Pi Stacked TYR62 (4.08)

van der Waals TRP58, ARG195, ASP197, GLU233,

HI1S299
Conventional
O/CHS hydrogen bond ASP197 (2.52), ALA198 (3.06)

Pi-Sigma LEU162 (3.92)

Pi-Alkyl LEU165 (5.34, 5.47), HIS305 (4.59)
CEphaéa”O”e Pi-Pi Stacked TYR62 (5.64)
Pi-Pi T-shaped TRP59 (5.58)
Pi-Anion ASP300 (4.91)

van der Waals

TRP58, GLN63, VAL98, HIS101,
GLU233, ILE235

3.3. Stability during production run.

The stability of the protein-ligand adducts is assessed through the root mean square
deviation (RMSD) profile retrieved from the MDS trajectory and is shown in Figure 4 [28].
The greater stability of the protein-ligand system is indicated by the lower RMSD of ligands
and the smooth nature of curves. All three compounds showed good stability with a-amylase
with acceptable ligand RMSD values. Coumaperine demonstrated greater stability among
ligands with an RMSD < 4 A. Similarly, piperadione and cepharanone B also showed good
stability with an RMSD of around 8 A throughout the simulation run. Despite some spikes in
the trajectory, all the ligands attained equilibrium in the last 20 ns of the MDS period.

The protein backbone displayed an exceptionally smooth curve with an RMSD below
2.0 A, indicating the stability of the protein structure upon ligand binding. No notable structural
changes were observed, and the spatial study of the system was hinted at.

The root mean square fluctuation (RMSF) measures the degree of variation and
flexibility of protein's amino acid residues over a 150 ns production run. Elevated RMSF values
suggest increased flexibility during the simulation, whereas lower values indicate limited
changes, signifying a tightly bound protein-ligand complex and improved system stability [29].
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Figure 4. (A) RMSD profile of ligands, Coumaperine (orange), Piperadione (magenta), and Cepharanone B
(indigo) with respect to protein backbone; (B) RMSD profile of protein backbones with respect to protein
backbone in the complexes of Coumaperine (blue), Piperadione (green), and Cepharanone B (red) with the

receptor protein.

Similar RMSF plots were obtained for all the studied complexes, as depicted in Figure
5(A). The fluctuation of a-carbon atoms was below 4.0 A for all amino acid residues, with an
exception at approximately 350 amino acid residue numbers.

08 T T T T T T T
/é\ L
206
Chadl
0.4
v
> 02
R Pl S Vo AT W s
0 50 100 150 200 250 300 350 400 450
Residue Number
(A)

|
25 50 75
Time (ns)
(©)
Figure 5. (A) RMSF; (B) Rg; (C) SASA of protein in Coumaperine (blue), Piperadione (green), and
Cepharanone B (red) protein complexes during MDS.
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The radius of gyration (Rg) determined from MD simulation indicates the
compactness of protein-ligand adducts, with smaller Rg values signifying a more compact
structure [30]. The Ry calculation showed a stable and smooth trajectory around 23.6 A,
suggesting the stability of all three complexes, as shown in Figure 5(B). The solvent-
accessible surface area (SASA) of protein in all three complexes was ca. 202+8 nm?, as
depicted in Figure 5(C). The SASA remained stable throughout the production run, with no
significant conformational surface change, indicating no variation in the protein's wettable
area upon ligand binding [31]. The SASA, RMSF, and Rg collectively indicated the
geometrical stability of the protein structure with time.

The stability of the adducts is also influenced by the number of conventional
hydrogen bonds formed between the ligands and protein molecules, as depicted in Figure 6.
An increase in the number of hydrogen bonds typically enhances the stability of the complex
[32]. Coumaperine formed a higher number of hydrogen bonds with the receptor compared
to piperadione and cepharanone B. This difference in hydrogen bond formation likely
contributed to the higher RMSD of piperadione and cepharanone B and the lower RMSD of
coumaperine, as shown in Figure 4.

125 150

75

AR A
|
25 50
Time (ns)

Figure 6. Number of hydrogen bond formations between the amino acid residues and Coumaperine (orange),
Piperadione (magenta), and Cepharanone B (indigo) during MDS.

100

Therefore, the comprehensive geometrical evaluation involving RMSD, SASA, Rg,
RMSF, and hydrogen bond count indicated the stability of all three complexes within the
catalytic pocket throughout the simulation run. This stability suggests their potential to inhibit
the normal functioning of human pancreatic a-amylase.

3.4. Binding free energy changes (4Ggrg).

The feasibility and spontaneity of complex formation are assessed through the change
in binding free energy, as shown in Table 3 and Figure 7. A smaller value of binding free
energy change (AGsre) corresponds to higher complex stability [33—-35]. When AGsre is less
than zero (AGere<0), it signifies the spontaneity of the complex formation reaction. The values
suggested the thermodynamic stability of the complexes, with -18.30+2.48 kcal/mol for
piperadione-amylase, -16.12+3.13 kcal/mol for coumaperine-amylase, and -18.98+2.02
kcal/mol for cepharanone B-amylase complexes, respectively. The negative values of AGsre
for all three complexes indicated the spontaneous nature of the complex formation reaction.
Therefore, the compounds piperadione, coumaperine, and cepharanone might be potential
inhibitors of human pancreatic a-amylase.

Table 3. Binding free energy change (AGgre) and its components in different complexes.

Complexes AEvbwaaLs AEeL AEprs AENPOLAR AGaas AGsoLv AGsre
Piperadione -29.94 + -11.82 £ 26.24 + -2.79 % -41.76 + 23.46 + -18.30 =
2.32 221 3.05 0.18 3.28 2.95 2.48
Coumaperine -25.70 £ -20.99 £ 33.89+ -3.33+% -46.68 = 30.56 + -16.12 =
2.90 3.95 4.26 0.18 4.47 4.20 3.13
Cepharanone B -27.29 £ -342+ 14.32 + -2.59 £ -30.71 11.73 + -18.98 +
1.74 2.31 2.48 0.11 3.02 2.44 2.02
https://biointerfaceresearch.com/ 9of 12
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Figure 7. Components of binding free energy changes of (A) piperadione; (B) coumaperine; (C) cepharanone
B complexes.

4. Conclusions

Among the various phytocompounds of Piper longum L., piperadione, coumaperine,
and cepharanone B showed the highest binding affinity against a-amylase through molecular
docking. The phytocompounds demonstrated good thermodynamical and geometrical stability
in complexes with the a-amylase protein and could inhibit its normal functioning, contributing
to the management of hyperglycemia. However, further in vivo and in vitro experiments are
necessary to validate the preliminary in silico results. Plant-based compounds could be a
potential alternative to control diabetes mellitus.
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