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a-glucosidase is an enzyme that catalyzes the release of a-glucose molecules through hydrolysis reactions.
Regulation of this enzyme can increase sugar levels in type-2 diabetes mellitus (DM) patients.
Pyranocoumarin derivatives have been identified as a-glucosidase inhibitors. Through an in silico
approach, this work studied the inhibition of three pyranocoumarin compounds against the a-
glucosidase at the molecular level. Molecular docking and molecular dynamics simulation were
performed to understand the dynamics behavior of pyranocoumarin derivatives against a-glucosidase.
The prediction of free binding energy (AGping) Using the Quantum Mechanics/Molecular Mechanics-
Generalized Born (QM/MM-GBSA) approach for each system had the following results, PCl-a-Glu:
—13.97 kcal mol™, PC2-a-Glu: —3.69 kcal mol™, and PC3-a-Glu: —13.68 kcal mol™ . The interaction
energy of each system shows that the grid score, AGping, and AGe,p values had a similar correlation, that
PCl-a-Glu > PC3-a-Glu > PC2-a-Glu. Additionally, the decomposition energy analysis
(AGES9U®) was carried out to find out the contribution of the key binding residue. The results showed
that there were 15 key binding residues responsible for stabilizing pyranocumarin binding with criteria of
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AGES9Ue < —1.00 kcal mol™t. The evaluation presented in this work could provide information on the
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Introduction

a-Glucosidase is a carbohydrase enzyme that catalyzes the
release of a-glucose molecules.” In general, several types of
glucosidase are found in the small intestine, namely maltase-
glucoamylase and sucrose-isomaltase, which play a role in the
release of glucose monomers.> The glucosidase enzyme is
located in the small intestine area, specifically in epithelial
cells. Excessive activity of this enzyme causes the release of
glucose which is absorbed by the small intestine lumen and
enters through blood circulation. The glucose release causes
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enzyme based on computational studies.

blood sugar levels and uncontrolled hyperglycemia to increase
in type-2 diabetes mellitus (DM) patients.* a-Glucosidase is one
of the glucosidase enzymes, which is responsible for the
mechanism of DM. a-glucosidase catalyzes the hydrolysis
reaction in breaking the a -(1,4)-glycosidic linkage of carbohy-
drates to become a free monosaccharide (a-p-glucose) before it
penetrates the bloodstream.* It has been reported that several
inhibitors from small compounds can bind to the active site of
a-glycosidase and delay the absorption of carbohydrates by the
small intestine. It makes the a-glucosidase become an essential
target in reducing blood sugar levels.*” Inhibition of this
enzyme is expected to reduce the process of releasing glucose
from the breakdown of oligosaccharides and disaccharides into
their monomers. Therefore, drug candidates are needed that
can interfere with and inhibit the activity of this enzyme. The
inhibitory mechanism can be studied through molecular
studies on the a-glucosidase active site as a targeted protein.*
Several previous studies stated that inhibition of the a-gluco-
sidase was a promising main target in treating type-2 DM
patients.>”

Inhibition of the a-glucosidase is expected to stop its activity
in breaking down carbohydrates into glucose molecules. It
should be noted that a-glucosidase inhibitors are small mole-
cules that act as competitive inhibitors.* The investigation for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The chemical structure of pyranocoumarin derivatives: 2,2-dimethyl-10-(2-methylbut-3-en-2-yl)-8-oxo-2H,8H-pyrano[3,2-glchro-
men-5-yl 3-chlorobenzoate (PC1), 2,2-dimethyl-10-(2-methylbut-3-en-2-yl)-8-oxo-2H,8H-pyrano[3,2-glchromen-5-yl 3-bromobenzoate
(PC2), and 2,2-dimethyl-10-(2-methylbut-3-en-2-yl)-8-oxo-2H,8H-pyrano[3,2-glchromen-5-yl 4-iodobenzoate (PC3).

candidate inhibitors that can bind to the active site is a prom-
ising opportunity to control the release of a-p-glucose molecules
into epithelial cells.® Inhibition of a-glucosidase activity slows
down the digestion of carbohydrates, thereby reducing glucose
absorption into the blood and controlling blood sugar levels.
Acarbose has been known as an inhibitor to have good activity
in inhibiting a-glucosidase.'®'* It binds very well to the o-
glucosidase active site compared to the native substrate (o-
glucose, disaccharides, and oligosaccharides). As a result, the
carbohydrate hydrolysis pathway at the a-glucosidase active site
can be stopped.'* Therefore, the development of a-glucosidase
inhibitors needs to be studied to find more efficient drug
candidates. Previous studies showed that coumarin derivatives
played a promising role in inhibiting the activity of a-
glucosidase.””™* One of them is nordentatin, where nordentatin
is the majority secondary metabolite compound of Clausena
excavata. This compound was modified using a semi-synthetic
method into ester derivatives to develop anti-diabetic candi-
dates.** The availability of nordentatin from natural products
has advantages in anti-diabetic development. Therefore, the
study of structural modification becomes crucial in developing
anti-diabetic candidates. As reported by our previous work,
structural modification of nordentatin through the semi-
synthetic reaction of pyranocoumarin can increase the inhibi-
tory activity of the a-glucosidase compared to acarbose (ICsq:
7.57 mM) as the positive control. Some of them, namely PC1
(IC50: 1.54 mM), PC2 (IC5¢: 4.87 mM), and PC3 (ICs,: 2.43 mM).*
Based on the report, three semi-synthetic pyranocoumarin
derivatives (Fig. 1) are selected as the main focus in this study
for further study of the mechanism of a-glucosidase inhibition
at the molecular level.

The structure-based approach is known as one of the reliable
in silico approaches. It helps predict free energy binding
(AGpina) between ligands and targeted proteins. The advantage
alternative that can be offered is to combine molecular docking
and molecular dynamics (MD) simulation, which can predict
the value of AGpinq more accurately in representing the ligand-
receptor binding affinity. The AGping can be calculated using
two approaches, namely conventional (MM) and hybrid (QM/

© 2023 The Author(s). Published by the Royal Society of Chemistry

MM). Conventional or molecular mechanics are computa-
tional approaches that are often relied upon in AGp;nqg calcula-
tion. This approach can be used through two solvent models,
such as Poisson-Boltzmann surface area (PBSA) and generalized
Born surface area (GBSA)." It is known that the PBSA solvent
model takes considerable computation time compared to GBSA.
Therefore, the GBSA solvent model attracts more attention for
further development in AGpnq calculations for several
computing systems. One way is to use a hybrid approach with
the GBSA solvent model. In the QM approach, the internal
energy is calculated using several basis sets, such as PM3 and
DFTB methods. However, the DFTB method requires a high
computational cost compared to the PM3 method. Additionally,
the QM method is focused on the ligand, whereas the MM
method is focused on the receptor. The application of this
approach in conducting AGping analysis has proven to be
successfully applied to many systems.'® Therefore, the predic-
tion of AGping values can be calculated through the Quantum
Mechanic/Molecular Mechanic-Generalized Born Surface Area
(QM/MM-GBSA) approach. Its calculated prediction can detail
the AGping values of each system, such as ligand, receptor, and
complex.”® Additionally, the calculation of AGp;ng using a hybrid
approach (QM/MM) is considered to have better prediction
accuracy than the conventional approach (MM). The expectancy
is that the prediction of AGpnq using this method has a level of
accuracy close to the experimental results.

Structural units and functional groups affect the activity of
a drug candidate through a series of targeted protein-inhibitory
mechanisms in the human body. Therefore, molecular studies
play a crucial role in understanding the inhibitory mechanism
of a drug candidate."” The goal is to be able to determine the key
binding residue that plays regulation in the inhibition of the
target protein. In addition, the advantages of molecular studies
are being able to provide promising lead compounds to be
continued in modifying functional groups through semi-
synthesis methods. In this present study, we tried to study the
inhibitory mechanism of pyranocoumarin derivatives (PC1,
PC2, and PC3), which have good inhibitory activity against the
a-glucosidase at the molecular level through computational

RSC Adv, 2023, 13, 3438-3447 | 3439
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studies. Molecular studies regarding the activity of pyr-
anocoumarin derivatives (PC1, PC2, and PC3) against a-gluco-
sidase are first reported in this paper. Several main variables
measured in this study are conformational dynamics, binding
affinity, and key binding residue. The information and data
obtained from this study are expected to be a reference for
future drug designs based on pyranocumarin compounds.

Methodology
Ligand and receptor preparation

The inhibition target selected in this study was the o-glucosi-
dase enzyme from Saccharomyces cerevisiae. Meanwhile, the
selection of the protein code: 3A4A for the a-glucosidase enzyme
is obtained from the protein data bank (https://www.rcsb.org/
structure/3ada). The selected protein is a crystal complex of
the o-glucosidase enzyme successfully characterized from
Saccharomyces cerevisiae.* Reconstruction of the standard
missing residue using the modeller 9.21 package. In addition,
at the o-glucosidase active site, there is a native ligand,
namely o-p-glucopyranose (PDB ID: GLC). The GLC
coordinates were used as a reference for determining the o-
glucosidase active site. Acarbose is also performed in this
study as a control. Meanwhile, the pyranocoumarin
derivatives (PC1, PC2, and PC3) modeled in this study have
been successfully synthesized and characterized by previous
studies."* For the preparation of pyranocoumarins, the
electrostatic potential (ESP) charges were calculated using
semiempirical quantum parametric method-3 (SQM-PM3) via
Gaussian 16 package.'® Additionally, the addition of hydrogen
atoms, AMBER FF14SB force field, and AM1-BCC aims to
calculate missing parameters, such as bonded, non-bonded,
and charge.

Molecular docking

All stages of molecular docking were performed using the
DOCK6 package.” The cluster sphere is determined using the
sphgen tool to find the coordinates of the receptor active site.
Furthermore, native ligand coordinates are used to select
cluster spheres with a radius of 10.0 A based on GLC ligand
coordinates using the sphere_selector tool. The selected cluster
sphere is used as a coordinate where ligand and receptor
interaction occurs. Grid-box preparation uses several crucial
parameters, such as grid-spacing (0.3 A), center (X: 20.53, Y:
—10.11, Z: 22.38), and dimensions (X: 27.31, Y: 29.51, Z: 29.35).
Meanwhile, the interaction energy of ligand-o-Glu was calcu-
lated using a functional gird scoring with an anchor-and-grow
algorithm.* The ligand-receptor scoring process (Eqn. (1))
takes place in the gaseous state with energy considerations in
the form of van der Waals (E,gw) and electrostatic (Ee)
energies.

Grid-Score = Eyqw + Eepe (1)
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System preparation for MD simulation

The topology preparation before the simulation is carried out
through the tleap tool** contained in the AMBER22 package,
which consists of ligand, receptor, solvated receptor, complex,
and solvated complex topologies. The ligand topology is
prepared using the parmchk tool to generate a frcmod file
containing bond, angle, dihedral, improper, and non-bond
parameters. The preparation of receptor topology consists of
standard amino acids with the leaprc_source_protein tool
based on force field ffSB14.>* The complex topology combines
the ligand and receptor coordinates obtained previously using
the amberparm tool available in the AMBER22 package.
Meanwhile, the solvated topologies are applied through sol-
vatebox TIP3PBOX (distance: 12 A) with the leaprc.water.tip3p
tool. The addition of sodium ions (Na*) is done to neutralize the
system randomly. Then, the system minimization is performed
in three stages, that are (i) water molecules and sodium ions, (ii)
ligand-receptor, and (iii) the whole system. The crucial param-
eters in the minimization process are the steepest descent: 1500
steps and conjugate gradient: 500 steps. Finally, the minimi-
zation process is calculated using the sander tools available in
the AMBER22 package. The minimization process aims to keep
the formed system does not experience excessive fluctuations
during the simulation process due to the influence of bad
atomic contacts.”

MD simulation

The simulation process is carried out through several stages,
followed by heating, equilibrium, and production using
PMEMD.cuda tool contained in the AMBER22 package. First,
the heating stage is carried out for 200 ps with temperature
settings from 10 K to 310 K gradually. Second, the system is
equilibrated for 1300 ps at a temperature of 310 K in stages with
harmonic restraints of 30, 20, 10, and 5 kcal ~* mol~* A% Third,
the production stage is carried out for 100 ns under NPT
ensemble conditions (1 atm and 310 K). Furthermore, the
trajectories generated during the simulation process are
analyzed using cpptraj** and MMPBSA.py" tools, which are
available in the AMBER22 package. Trajectories analysis is used
to analyze several variables, such as conformational dynamics,
binding affinity, key binding residue, inhibitor-a-glucosidase
interaction, and water accessibility.

Free energy binding

The calculation of free energy binding A(Gping) uses the last 20
ns (80-100 ns) of trajectories with a hybrid-based approach. The
enthalpy (AH) term is calculated by using the Quantum
Mechanics/Molecular Mechanics-Generalized Born (QM/MM-
GBSA) approach.”® Furthermore, several crucial parameters,
such as the generalized Born solvation model: 5 and QM level
theory: PM3 method, were utilized in this work. Meanwhile, the
entropy change (—TAS) term is calculated based on the normal
mode approach (NMODE). In summary, the AGpinq can be
calculated through eqn (2). Free energy decomposition
(AG{Sffg“e) is also calculated to find the interaction energy

© 2023 The Author(s). Published by the Royal Society of Chemistry
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between the ligand and the amino acid residue responsible for
the interaction on the receptor site. The
AGESdue  caleulation is  calculated using the Molecular
Mechanics-Generalized Born (MM-GBSA) approach. Mean-
while, the experimental AGp;nq calculation uses eqn (3), the ICsq
value as a reference variable.”® The variables R and T are the
ideal gas constant (1.9872 x 10~ ® kcal K~! mol™ ') and room
temperature (300 K), respectively.

active

AGbind =AH—- TAS (2)

AGexp =R Tln(IC50) (3)

Results and discussion
Molecular docking analysis

The molecular docking aims to determine the initial orientation
of each ligand on the targeted protein active site. The molecular
docking stage begins with determining the active site through
the redocking method. This step has advantages in determining
the active site of targeted proteins very well.”” It should be noted
that the coordinates of the native ligand obtained from the co-
crystal are known. Briefly, GLC coordinates have been extracted
using the chimera version 13 package. The cluster spheres on
the receptor surface are shown in Fig. S1.T It shows that each
color of the cluster spheres indicates the possible coordinates of
the interactions on the receptor surface. The selection of
spheres clusters is based on the GLC coordinates as the native
ligand of the a-glucosidase. The redocking shows a good
superposition with an RMSD value of 0.99 A (Fig. 2). It also
identified that the superposition of the redocking result (pose)
gave coordinate values similar to the native ligand from the co-
crystal.’?*?® Hence, the obtained coordinate from redocking is
feasible for further analysis.

The second stage is to dock the ligand to the a-glucosidase
active site. The variables measured at this stage are energy and
type of interaction on the receptor active site. Docking results
show that each ligand is well occupied to the receptor active

RMSD: 0.99 A

Fig. 2 Redocking analysis: the grid-box coordinate is based on the
selected cluster sphere. The GLC superposition between co-cristal
(white) and pose (grey).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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site. Several amino acid residues are responsible for the inter-
action process for each ligand, such as GLC-a-Glu: eight, AC1-a-
Glu: seven, PC1-o-Glu: six, PC2-a-Glu: seven, and PC3-a-Glu:
seven (Fig. S27). In particular, the pyranocoumarin derivatives,
which are this study's main focus, show several interactions
with amino acid residues on the receptor active site. In detail,
PC1-a-Glu (K153, Y155, F300, F311, R312, and N412), PC2-a-Glu
(K153, Y155, H277, F300, F311, R312, and D349), and PC3-g- Glu
(K153, Y155, H277, F300, F311, R312, and N412). More specifi-
cally, the hydrogen bond shows that PC1-o-Glu and PC3-a-Glu
have one hydrogen bond with the residue N412. Meanwhile,
PC2-a-Glu did not show any hydrogen bonds. This finding will
be discussed further in the next section to look at the hydrogen
bond occupation of pyranocoumarin derivatives. The interac-
tion energy showed that the pyranocumarins have a better grid
score than acarbose and GLC (Fig. 3). This result is indicated by
the increasingly negative value of the grid score (kcal mol ).
The grid score value is obtained from the contribution of energy
in the gas phase, namely van der Waals (E,qw) and electrostatic
(Eele) energies. In particular, E,qw shows a significant energy
contribution (>—60.00 kcal mol ) to the interaction energy of
pyranocoumarins against a-glucosidase. Overall, the grid score
analysis showed an inhibitory activity (ICs,) which is similar to
the results of the in vitro test that we previously reported,** PC1 >
PC3 > PC2 > AC1. We assume that the contribution of E,qw has
a significant contributor to the interaction energy between
pyranocumarins and o-glucosidase, thermodynamically. It
should be noted that this assumption needs to be studied
further through the MD simulation, which is explained in detail
in the next section. Therefore, the analysis of pyranocoumarins
(PC1, PC2, and PC3) is feasible to study their dynamic behavior.
This consideration was taken based on its excellent inhibitory
activity against the a-glucosidase in the form of IC5, and grid
score values. The obtained coordinates from molecular docking
were used for further analysis, such as conformational
dynamics, binding affinity, key binding residue, water accessi-
bility, and inhibitor-a-glucosidase interaction.

Conformational dynamics of each system: stability,
compactness, and flexibility

For the conformational dynamics evaluation of each system, we
use 100 ns trajectories to analyze several variables, such as the
root-mean-square displacement (RMSD), total energy, the
radius of gyration (RoG), B-factor, and the root-mean-square
fluctuations (RMSF). These variables aim to see the quality of
each system.

The RMSD value identifies the system's stability formed
during the simulation time.>® Notably, the RMSD of each system
showed insignificant fluctuation, which is <0.4 nm (Fig. 4). The
RMSD value of each system rapidly increased during the first 2
ns and then fluctuated at ~0.19-0.25 nm in all systems until 100
ns. In particular, the last 40 ns trajectories (60-100 ns) show
good stability. From the thermodynamic aspect, the total energy
also shows that each system has converged because it does not
have excessive energy fluctuations during the heating, equilib-
rium, and production stages under NPT assembly. It can be

RSC Adv, 2023, 13, 3438-3447 | 3441
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Code
GLC-a-Glu
ACl1-0-Glu
PC1-0-Glu
PC2-0-Glu
PC3-0-Glu

Grid Score
-50.93
-51.79

Fig. 3 Ligand-receptor docking based on grid score functional (Eyqw + Eele)-

seen through the fluctuation plot (Fig. S31) and the average
value (Table S1t) of the total energy.

The analysis continued to see the compactness of the formed
structure during the simulation through RoG analysis. In tune
with system stability, the RoG value showed insignificant fluc-
tuation for each system (Fig. 4). Overall, the RoG values showed
an average fluctuation at ~2.41-2.42 nm. The insignificant
difference in RoG values indicates that each system's structure
is rigid and stably folded.** This statement is supported by
looking at the average structure during 100 ns simulation time
(Fig. 5). On the opposite, we also analyze the flexibility of each
system (Fig. 5) through B-factor and RMSF values.* The analysis
shows that the apoprotein structure is more flexible than the
three formed complexes. We suggest that pyranocumarins that
bind to the receptor active site can increase the rigidity of the
complex. It can be seen from the average values of the B-factor

and RMSF, which show a flexibility trend as follows o-Glu > PC1-
a-Glu > PC2- a-Glu > PC3- a-Glu (Table S17).

The conformational dynamics analysis shows that each
system has reached its equilibrium and is suitable for further
analysis. Based on the stability analysis that has been described,
we use the last 10 ns trajectories to calculate free energy binding
and energy decomposition.

Binding affinity of inhibitors against a-glucosidase

Free energy binding (AGpinq) was calculated using the
MMPBSA.py tool available in the AMBER22 package. The AGping
calculation uses 100 snapshots extracted from the last 10 ns
trajectories. It is because system stability has been achieved on
its trajectories range (Fig. 4). In addition, the pyranocoumarins
superposition extracted from the trajectories range does not
experience a significant change in coordinates on the receptor

F— oG PCl-a-Glu PC2-a-Glu PC3-a-Glu
1.0 2.60
= 2.55
T ~ 2.50
£ 06+ £
2 g 2451
=
S =~
2.40
235
0.0 T T g T T T T T 2.30 T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100

Time (ns)

Time (ns)

Fig. 4 The root-mean-square displacement of all atoms (left) and radius of gyration (right) for each system plotted along the 100 ns simulation

time.
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a-Glu - PCl-0-Glu PC2-a-Glu

PC3-a-Glu

200

160

B-Factor (nmz)

RMSF (nm)

Residue Number

T T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550

Fig. 5 System flexibility is shown by B-factor and the root-mean-square fluctuations (left) and the superposition of average structure (right)

plotted along 100 ns simulation time.

active site (Fig. 6). Therefore, visualization data is the indicator
that considered to analyze the AGpinq Of each system. In detail,
Energy component calculations from AGp;ng are listed in Table
1.

Fig. 6 The ligand superposition on the a-glucosidase active site was
extracted in 10 snapshots from the last 10 ns trajectories: PC1-a-Glu
(top), PC2-a-Glu (middle), and PC3-a-Glu (bottom).

© 2023 The Author(s). Published by the Royal Society of Chemistry

The enthalpy energy component (AH) is divided into two
main categories, that is, gas (AGgs) and solvation (AG)
terms.*” In detail, the AGg,, term is obtained from the contri-
bution of van der Waals (AE,qw) and electrostatic (AE,.) ener-
gies.**** Meanwhile, the AGg, term is obtained from the
contribution of the generalized Born model (AGSS,) and
solvent-accessible surface area energy (AGLRP°'a), The results
show that AGg,, is the most significant main contribution to AH
for each system compared to AGg,. More specifically, AE,qw is
the main contributor to the AGpig value. It is inseparable from
the results of molecular docking analysis, which show a similar
trend. In particular, in calculations using the QM method, self-
consistent energy (AGgcr) also contribute to the AGping value of

Table 1 Energy components (kcal mol™) of each system were
calculated by using QM/MM-GBSA approach. Data are shown as mean
+ standard error of the mean (SEM)

Energy Components PC1-o-Glu PC2-0-Glu PC3-0-Glu
QM/MM (PM3)

AEqw —50.53 £ 0.21 —42.96 £ 0.25 —50.48 £ 0.42
AE¢e —0.30 & 0.00 0.93 £ 0.00 0.68 £ 0.00
AGgas —50.83 £ 0.21 —42.03 £0.25 —49.79 £ 0.42
AGscr —17.67 £ 0.29 —14.48 £0.63 —22.14 £ 0.61
GBSA

AGES, 40.79 + 0.32  33.50 +0.49  41.00 + 0.51
AGRoppolar —6.43 £0.01 —5.16 £0.03 —6.07 £ 0.03
AGg) 34.36 £ 0.31 28.34 £ 0.51 34.93 + 0.50
NMODE

—TAS 20.17 £ 1.26 24.48 £+ 0.98 23.32 £ 1.34
Hybrid-based free energy binding

AH —34.14 £ 0.27 —28.17 £0.26 —37.00 £ 0.46
AGhing —~13.97 —3.69 —13.68
Experimental free energy binding

AGep —3.86 —3.17 —3.58

RSC Adv, 2023, 13, 3438-3447 | 3443
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each system®** It should be noted that the pyranocoumarin
molecules are treated as a QM region using the SQM-PM3
method. Interestingly, the value of AGgcr shows a significant
difference for each system. It indicates that the differences in
functional groups (Cl, Br, and I) in each pyranocoumarins
significantly influence the AGscr value. Meanwhile, changes in
entropy (—TAS) make a crucial contribution to the value of free
energy binding.>® It can be seen through eqn (2), described in
the previous section. Briefly, the free energy binding value (kcal
mol ") shows a good correlation between the predicted (AGpinq)
and experimental (AG.y,) results with the binding affinity
strength as follows: PC1 > PC3 > PC2. Interestingly, the grid
score from molecular docking also shows a similar trend
(Fig. 3). Based on AGpinq, PC3 has -I (larger size) as a functional
group showing better binding affinity in comparison to -Br
(PC2). However, the PC1 having —Cl (smallest in size) is showing
the best results. It should be noted that PC1, PC2, and PC3
structures have different halogen atoms on the 4” and 5” posi-
tions of the phenyl ring. Additionally, the difference in the size
of the halogen atom can increase the possibility of interaction
with amino acid residues on the a-glucosidase active site.
Meanwhile, the difference in position leads to a change in the
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binding orientation of the phenyl ring in each inhibitor.
Differences in size and position also affect the interaction
energy of AGscr, AH, and —TAS (Table 1). These factors are the
main reasons for determining the binding affinity of each
system thermodynamically. Systems with a more substantial
AGping value are expected to bind well on the a-glucosidase
active site and inhibit the regulation of carbohydrate hydrolysis
into glucose monomers by this enzyme.

Key binding residues

In this section, we suspect several key binding residues are the
main contributors to stabilizing the pyranocoumarins binding.
Therefore we evaluated the decomposition energy
(AGEEU) using the MM-GBSA approach.® The calculation of
AGESdUe aims to study the interaction energy of amino acids
that are at the receptor active site.>®> Meanwhile, consideration
of interaction energy criteria is indicated by the value of AG™"
due 4 < —1.00 keal mol™. The value of AGISidu® ig obtained
from the energy contribution of E,q, and E for each residue.
The results show that each system has key bindingresidues that
meet the criteria (Fig. 7), such as PC1-a-Glu (three residues:

AG; " (keal/mol)

Energy contribution (kcal/mol)

Weaker ‘

PCl1-a-Glu

residue

Fig.7 The energy decomposition (AGping
were plotted over the last 10 ns trajectories.
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) and energy contribution (E,qw + Eeie) Were calculated by using the MM-GBSA approach. The results
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F165, R312, and N412), PC2-a-Glu (seven residues: Y155, F156,
R210, R312, V407, R439, and R443), and PC3-a-Glu (eleven
residues: Y155, R173, R210, R219, F300, R312, Q350, R352,
R356, R439, and R443). In particular, PC1-a-Glu shows that the
residue R312 has AGESi{U which is —5.11 keal mol ™. It iden-
tifies that the residue is favorable to PC1 bindings. In addition,
we suspect that residue N412 is leading for PC1 bindings
because it has several crucial interactions, such as atomic
contact and hydrogen bond, which will be explained in the next
section. In the case of PC3-a-Glu, showing amino acid residues
that have a substansial AGLSS9U¢ contribution, that is, R210
(—8.98 kcal mol™'), R312 (—4.80 kcal mol '), and R439
(—6.54 kecal mol™*). The presence of the -I atom on the 5”
position of phenyl contributes to stabilizing three key binding
residues, namely F300, R312, and Q350 (Fig. 7). It is seen that
the phenyl-5"-I ring enters and binds the receptor pocket very
well (Fig. 6). The -I atom size may influence the binding
orientation of the PC3 molecule.

Therefore, the presence of the -I atom on the 5” position of
phenyl is crucial in stabilizing the interaction in the receptor
active site. Meanwhile, PC2-¢-Glu showed a contribution of
AGESIe from —1.02 to —2.63 keal mol ™. It is hoped that the
information obtained from the key binding residue can lead us
to understand the binding pattern of the ligand-receptor.> It is
helpful as a reference for consideration in the rational selection
of functional groups in obtaining reliable candidate a-glucosi-
dase inhibitors.

Inhibitor-a-glucosidase interaction in the binding pocket

For the following evaluation, we tried to describe the interaction
between the pyranocoumarins and the a-glucosidase at the
atomistic level. Here we describe two main variables, namely
atomic contact and hydrogen bond. Those variables are
analyzed using 100 ns trajectories. The results show that each
system has intense contact atoms with several amino acid
residues on the receptor active site (Fig. 8 and Table S27),
namely PC1-a-Glu: 13 contacts, PC2-o-Glu: 18 contacts, and

[ - PCl-a-Glu

PC2-0a-Glu PC3-a-Glu |

Atom Contacts

Time (ns)

Fig. 8 Inhibitor- a-glucosidase interaction: Atom contacts was
plotted along 100 ns simulation time.
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Table 2 The hydrogen bond was calculated using 100 ns trajectories
(the cut value: distance 3.5 A and angle 120°)

H-Bond Pys (%) AvgDist (A) AvgAng (°)
PC1-a-Glu

2C=0---H-ND2(N412) 90.88 3.04 153.10
PC2-0-Glu

1"C=0---H-NH1(R312) 1.43 3.25 126.54
8C-0---H-N(R312) 1.10 3.37 160.63
PC2-0-Glu

2C=0---H-ND2(N412) 19.25 3.08 151.98

PC3-o-Glu: 10 contacts. Furthermore, we found that among the
amino acid residues, several key binding residues have intense
contact with each of the pyranocoumarins. In particular,
residue N412, one of the key binding residues, experienced
intense contact with oxygen atoms (2C=0) from PC1 by 92.39%
during a simulation time of 100 ns. Furthermore, we analyzed
the hydrogen occupation for each system (Table 2). Hydrogen
bonds with an acceptable percentage of Pyp = 90% identify the
strong category.*® Once again, occupation N412 shows a good
hydrogen bond category with Pyp equal to 90.88%. This finding
reinforces our previous assumptions about residue N412 as
a guide for the binding pattern of PC1-a-Glu. In another site,
PC3-0a-Glu showed a Pyg value of 19.25% for residue N412 with
a weak hydrogen bond category. Meanwhile, PC2-a-Glu did not
show hydrogen bond criteria even though two bonds were
recorded with residue R312 during a simulation time of 100 ns.
It is because the two bonds have a tiny percentage of hydrogen
bond occupation, which is <10%. This finding shows a correla-
tion with the results of molecular docking (Fig. S2). It might
explain why PC2 has lower inhibitory activity than the other two
pyranocoumarin derivatives. Therefore, the selection of func-
tional groups greatly influences the binding orientation of
a molecule.

Water accessibility of inhibitor-o-glucosidase

The water molecules to access the receptor surface area were
presented through the solvent-accessible surface area
(SASA).*”*® The analysis process uses 100 ns trajectories during
the simulation time (Fig. 9). In particular, the solvent access to
the receptor pocket uses a radius of 5 A from the coordinates of
each ligand. The obtained results show the access value of water
molecules for each system, followed by PC2-o-Glu > PC3-a-Glu >
PC1-o-Glu (Table 3). We suspect that the difference in SASA
values in each system is caused by differences in the size (-Cl, -
Br, and -I) and position (meta/para) of the functional groups of
each molecule. The difference in SASA values in the pocket
surface area indicates that the difference in size and position of
the halogen atoms can impact the water molecule's access. In
general, access to water molecules can be affected by a ligand in
the receptor pocket area.* It is caused by the lack of free space
in the pocket surface area to be accessed by water molecules.
Meanwhile, the functional group position can change the
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Fig. 9 The solvent-accessible surface (SASA) plotted along 100 100 ns

simulation time: All surface area (top) and pocket surface area
(bottom).

Table 3 The average value of SASA was calculated using 100 ns
trajectories

Pocket surface

System All surface area (nm?) area (nm?)

PC1-a-Glu 192.65 + 5.65 7.07 + 1.43
PC2-a-Glu 202.28 + 8.86 11.14 + 3.32
PC3-a-Glu 201.77 £ 10.33 8.09 £ 2.19

orientation of a molecule in the binding pattern. Consequently,
this orientation affects the number of water molecules to access
the pocket surface area. As we know, the role of water molecules
is crucial for maintaining protein structure.*’

Conclusions

In this work, we describe the differences in the inhibitory
activity of three pyranocoumarin derivatives (PC1, PC2, and
PC3) against the a-glucosidase enzyme at the molecular level.
The analysis process is carried out through a structure-based
approach in the form of molecular docking and molecular
dynamics simulation. We found that the differences in the
functional groups and the positions of the halogen atoms in the
modeled molecular structures lead to differences in the inhib-
itory activity of the a-glucosidase. The simulation results
suggest that pyranocoumarins that bind to the receptor active
site can increase the rigidity and stability of the complex. From
the thermodynamic aspect, the binding affinity calculation
shows a good correlation with the predicted and experimental
free energy binding value, following the trend of PC1 > PC3 >
PC2. Meanwhile, we found that there are 15 key binding
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residues (AGHSd") that play a role in stabilizing the pyr-
anocoumarins binding, such as Y155, Y156, F165, R173, R210,
R219, F300, R312, Q350, R352, R356, V407, N412, R439, and
R443. Hopefully, obtained information from this work can
provide insight into designing candidates for o-glucosidase
enzyme inhibitors based on pyranocoumarin derivatives.
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