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Abstract: Diabetes mellitus, a chronic metabolic disorder, represents a serious threat to human
health. The gut enzyme maltase–glucoamylase (MGAM) has attracted considerable attention as a
potential therapeutic target for the treatment of type 2 diabetes. Thus, developing novel inhibitors of
MGAM holds the promise of improving clinical management. The dipeptides, Thr-Trp (TW) and
Trp-Ala (WA), are known inhibitors of MGAM; however, studies on how they interact with MGAM
are lacking. The work presented here explored these interactions by utilizing molecular docking
and molecular dynamics simulations. Results indicate that the active center of the MGAM could
easily accommodate the flexible peptides. Interactions involving hydrogen bonds, cation-π, and
hydrophobic interactions are predicted between TW/WA and residues including Tyr1251, Trp1355,
Asp1420, Met1421, Glu1423, and Arg1510 within MGAM. The electrostatic energy was recognized
as playing a dominant role in both TW-MGAM and WA-MGAM systems. The binding locations of
TW/WA are close to the possible acid-base catalytic residue Asp1526 and might be the reason for
MGAM inhibition. These findings provide a theoretical structural model for the development of
future inhibitors.

Keywords: diabetes; maltase–glucoamylase; peptide inhibitors; binding mechanism; molecular
dynamics simulation

1. Introduction

Diabetes mellitus is a chronic metabolic disorder characterized by hyperglycemia
caused by insufficient insulin secretion and/or insulin resistance. According to reports
by the International Diabetes Federation, nearly 500 million people live with diabetes
worldwide [1–3]. At present, treatment of type 2 diabetes primarily relies on oral insulin
secretion enhancers, insulin secretion pattern regulators, biguanides, and acarbose, to
control hyperglycemia [2]. Acarbose is a mature α-glucosidase inhibitor used widely in
the treatment of type 2 diabetes [4]. However, long-term oral therapy can produce side
effects, highlighting the need to develop novel inhibitors that are safe and effective. Human
maltase–glucoamylase (MGAM) is an α-glucosidase that hydrolyzes linear α-1,4-linked
oligosaccharide substrates. As such, it plays a key role in releasing glucose from complex
carbohydrates in the human small intestine [2,4]. Recently, MGAM has emerged as a
potential drug target for the treatment of type 2 diabetes and obesity [5–7]. MGAM consists
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of two domains, the N-domain and C-domain [5], with the C-domain exhibiting higher
enzymatic activity [3]. The C-domain of MGAM can be divided into five different structural
units, including a trefoil type-P domain, an N-terminal domain, a catalytic domain, a
proximal C-terminal domain, and a distal C-terminal domain. The catalytic center domain
is composed of residues 1221 to 1632 consisting of a (β/α)8-barrel with two loop inserts [8].

Natural plants are the main sources of α-glucosidase inhibitors [4,9,10]. Several tradi-
tional natural compounds have been isolated and studied in order to guide the identification
and screening of novel α-glucosidase inhibitors [3,11]. Such inhibitors have been identified
from apricot kernels, walnuts, ginkgo, peanut, malt root, and other plants [12]. These in-
hibitors include polypeptides, phenolic acids, and other compounds [10]. While numerous
studies focused on identifying inhibitors, studies on their mechanism of action are lacking.
In the study from Gu et al., two kinds of high activity α-glucosidase peptide inhibitors,
Thr-Trp (TW) and Trp-Ala (WA), were isolated and purified from apricot kernel protein
hydrolysates via ultrafiltration, molecular sieve, and reversed-phase high-performance
liquid chromatography. The experimental results showed that TW and WA could inhibit
α-glucosidase at IC50 22.93 µmol/L and 23.97 µmol/L in vitro [12]. However, there are few
studies on the mechanism of interaction between TW or WA and α-glucosidase. This study
explored the potential interaction mechanism between two peptides and the C-domain of
MGAM, a representative α-glucosidase subunit [13].

Furthermore, as these peptides are flexible, studying the interactions between any of
them and MGAM might be helpful in predicting how the active center of the enzyme ac-
commodates substrates. To explore the mechanisms of MGAM inhibition by these peptides,
molecular docking, molecular dynamics simulation, and free-energy calculations were car-
ried out [14–18]. The results of this study might be useful for future exploration of efficient
drug targets and provide theoretical insight into a new mechanism of MGAM inhibitors.

2. Results

A series of computational methods were applied in this study. First, molecular docking
was carried out to derive the initial MGAM-TW and MGAM-WA complexes. Subsequently,
the 200 ns molecular dynamics simulations were performed to explore the detailed binding
modes of TW or WA. After obtaining stable simulated trajectories, the binding free energy
was calculated to evaluate the binding potential of TW or WA to MGAM. Experimental
details are shown in Section 4.

2.1. Validation of the Docking Protocol

In order to validate the docking method, the acarbose was re-docked to the MGAM
with Autodock 4. The top scoring pose extracted from docking results was overlapped to
the acarbose from the crystal structure. As illustrated in Figure S1, the acarbose could be
re-docked to the active center of the MGAM accurately. The root-mean-square deviation
(RMSD) between two structures of acarbose was at approximately 3.0 Å. Given the chain
flexibility of acarbose, the RMSD value calculated above was considered to be acceptable.
Based on the above results, the reliability of the docking method was confirmed. Subse-
quently, the TW and WA were docked into the active pocket of the MGAM via applying
the same procedure. The lowest energy structures were selected from the most clustered
class of docking results as the initial structures for molecular dynamics simulations.

2.2. Reliability Considerations and Cluster Analysis of Investigated Complexes

After 200 ns simulations, the radius of gyration (Rg) of the main chain and RMSD
of the backbone Cα atoms of the two complexes were calculated to evaluate if these
complex systems could reach equilibrium during the simulations [19,20]. As illustrated in
Figure 1a, the Rg of the MGAM-TW and MGAM-WA complexes could be stabilized around
2.90~2.93 nm. The results indicated that the volume and shape of the MGAM could be in
stable states during the simulations. As shown in Figure 1b, most of the RMSD values in
the MGAM-TW and MGAM-WA complexes could be stabilized at around 0.25~0.35 nm.
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However, the RMSD values of MGAM-WA complexes increased significantly over the time
period of 80 ns to 100 ns, indicating that the backbone of MGAM-WA might have been
perturbed during this time period. Based on the above results, the structures during 100
to 200 ns stages were considered to analyze the optimal binding configurations between
MGAM and the peptides [21].
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Figure 1. (a) Rg plots and (b) RMSD plots of MGAM-TW and MGAM-WA complexes during 200 ns
molecular dynamics simulations.

To identify which conformations could be formed preferentially during 100 to 200 ns,
a cluster analysis of MGAM-TW and MGAM-WA complexes was implemented. The cluster
analysis was performed using the g_cluster package included in the GROMACS software.
The program first calculated the RMSD, measuring the structure difference for each frame,
and then applied the specific algorithm and the threshold value to complete the clustering.
In this study, the “gromos” method was applied to carry out the cluster analysis and the
RMSD cut-off was set to 0.1 nm [22].

Cluster distributions and cluster transitions are shown in Figure 2. The conformations
of TW could be classified into three different structural clusters during 100 to 200 ns, with
cluster 1 being the most prominent (Figure 2a). During 100 to 200 ns, most conformations
of TW tended to fall into cluster 1. Figure 2b shows that the molecular conformations
could transfer among cluster 1, cluster 2, and cluster 3. The conformations of WA were
classified into 12 different structural clusters as shown in Figure 2c, most of these belonging
to cluster 1. During 100 ns and 125 ns, most conformations could be observed in cluster 2,
while, after 125 ns, the conformations in cluster 1 were dominated. The transitions of
conformations could be observed either between cluster 1, cluster 4, and cluster 5, or
between cluster 2, cluster 4, and cluster 6, as shown in Figure 2d.

The representative conformations from the clusters of TW are listed in Table 1, and
cluster 1 to cluster 6 of WA are listed in Table 2. The transitions between similar clusters
(for example, cluster 1, 2, 3 of TW) could be caused by the deflection of the side chain,
and no significant differences could be observed in their backbones. While, in those
clusters without transitions, obvious variations could be observed in their backbones and
side chains. Detailed information on cluster sizes is listed in Tables 1 and 2 as well. As
shown in Table 1, 9957 possible conformations were settled to cluster 1 of TW, covering
99.56% of potential conformations. The probability of existent conformations in cluster 2
to cluster 3 were all less than 1%. Total 7213 conformations were settled to cluster 1
and 1834 conformations to cluster 2 in Table 2, covering 72.12% and 18.34% of the WA
conformations, respectively. The conformation number of WA from cluster 2 to cluster 12
is much less than those from cluster 1, as shown in Tables 2 and S1, suggesting that the
conformations of WA in these clusters could not be attached to the active center of MGAM
stably. The diversification of structural clusters could be correlated with the flexibility
of peptides.
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Table 2. The cluster size and the representative conformations of WA collected in the first six clusters.

Cluster Size Percentage Conformation

1 7213 72.12%
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The conformations of TW and WA from cluster 1 and cluster 2 within the active site
of MGAM are shown in Figure 3. The results revealed that TW could be trapped in a
pocket located at the catalytic active center of MGAM, as shown in Figure 3a. Evidently,
the binding orientations of TW at the active site of MGAM from cluster 1 and cluster 2
are similar. The conformation of TW observed from cluster 2 gave a more extended form
compared with that from the cluster 1 structures. Models of the representative structures of
the MGAM-WA complex are shown in Figure 3b. These results revealed that WA could
also be captured in the pocket located at the catalytic center. The backbone of WA appeared
in a significant deflection when the conformations converted from cluster 1 to cluster 2.
The above results indicated that TW or WA could regulate their conformation according
to the changes in the shape of the active center, ensuring the effective binding. At the
same time, it seems that the active center of the MGAM could provide much more freedom
for the binding of flexible peptides. Due to the fact that most of the conformations in
both complexes could be concentrated in cluster 1, the conformations collected in cluster 1
extracted from the MGAM-TW complex and MGAM-WA complex could be applied for the
binding modes analysis.
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2.3. Total Binding Free Energy of the Complexes

In this section, the molecular mechanics Poisson–Boltzmann surface area (MMPBSA)
method was used to provide approximate estimates and compare the binding poten-
tial between the peptides and MGAM. The commonest 200 conformations of cluster 1
from MGAM-TW were collected to calculate the binding energy of the system. The
energy distributions of the MGAM-TW complex are shown in Figure S2 and the aver-
age energy values are listed in the Table 3. The binding energy of cluster 1 from the
MGAM-TW complex was around −229.93 ± 38.66 kJ/mol, indicating that TW could give
a strong binding ability with MGAM. As shown in Table 3, the values of electrostatic
energy were −495.18 ± 69.46 kJ/mol, suggesting that electrostatic interactions could play
a dominant role in total binding energy. Nonetheless, van der Waals energy also con-
tributed to the binding between TW and MGAM. The values for van der Waals energy
were −106.66 ± 12.52 kJ/mol. The values for SASA energy were −14.49 ± 0.89 kJ/mol, as
shown in Table 3, indicating less contribution to the binding between TW and MGAM.

Table 3. Energy components of the MGAM-TW complex.

Energy Components Energy of Cluster 1 (kJ/mol)

Van der Waals energy −106.66 ± 12.52
Electrostatic energy −495.18 ± 69.46

Polar solvation energy 386.41 ± 42.82
SASA energy −14.49 ± 0.89

Binding energy −229.93 ± 38.66

Similarly, most potential conformations of the MGAM-WA complex were also ag-
gregated in cluster 1. Thus, 200 conformations from these clusters were collected to
evaluate the binding energy of the MGAM-WA complex. Energy distributions are shown
in Figure S2 and the average energy values are listed in the Table 4. As shown in Figure S2
and Table 4, the binding energy of cluster 1 from the MGAM-WA complex was around
−112.53 ± 38.68 kJ/mol, indicating that WA could also provide strong interactions with
MGAM. In addition, the values of electrostatic energy were −250.50 ± 55.65 kJ/mol in
cluster 1, indicating that electrostatic interactions could provide the dominant energy con-
tribution in the formation of both MGAM-WA and MGAM-TW complexes. Van der Waals
interaction also contributed to the binding between WA and MGAM. As shown in Table 4,
the van der Waals energy value in cluster 1 was −100.78 ± 10.06 kJ/mol. The values for
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SASA energy were −13.22 ± 1.04 kJ/mol, as shown in Table 4, indicating less contribution
to the binding between WA and MGAM.

Table 4. Energy components of the MGAM-WA complex.

Energy Components Energy of Cluster 1 (kJ/mol)

Van der Waals energy −100.78 ± 10.06
Electrostatic energy −250.50 ± 55.65

Polar solvation energy 251.95 ± 35.69
SASA energy −13.22 ± 1.04

Binding energy −112.53 ± 38.68

2.4. Verification of the Binding Patterns of Complexes

As the previous results indicate, electrostatic energy provided the dominant contribu-
tion in the formation of both MGAM-TW and MGAM-WA complexes; yet, further potential
hydrogen bond (H-bond) interactions were explored. The number of H-bond evolutions
along the time are illustrated in Figure S3. As shown in Figure S3, the H-bond numbers
were 3 ± 2 and 2 ± 1 in the MGAM-TW and MGAM-WA complexes during most of the
time. Details of H-bonds from cluster 1 of the MGAM-TW complex are shown in Figure 4
and Table S2. As shown in Figure 4a, two H-bonds could be formed between the carbonyl
group of Asp1420 and the amino group of Thr1pep; the probability of these H-bonds was
82.25% (Table S2). Simultaneously, the carboxyl group of Glu1423 could establish a sin-
gle H-bond with the indole group of Trp2pep; the probability of this H-bond was 95.21%
(Table S2). As shown in Figure 4b, H-bonds between TW and Asp1420 and Glu1423 could
be in stable states between approximately 100 and 200 ns. Calculated distances between
TW and Asp1420 or Glu1423 during the simulations are shown in Figure S4. As shown
in Figure S4, the monitored distances could be stabilized at around 0.2 nm during 100 to
200 ns simulation.
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number of H-bonds between TW and Asp1420/Glu1423 during 100~200 ns simulation.

In addition to H-bonds, cation-π interactions also played vital roles in maintaining the
structures observed in MGAM-TW. As shown in Figure 5a, within structures in MGAM-TW
cluster 1, the cation-π interaction could involve Arg1510 and the indole group of Trp2pep.
The other cation-π interaction was between the amino group of Thr1pep and the indole
group of Trp1355.
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Figure 5. (a) The cation-π interaction of cluster 1 from MGAM-TW and (b) the energy contributions
of the vital residues of cluster 1 from MGAM-TW. The errors marked on the graph represent the
absolute errors of the data.

To further determine the binding ability between the active-site residues and TW, the
energy contributions of the residues mentioned above were calculated. As shown in Figure 5b,
the energy contributions of Trp1355, Asp1420, and Glu1423 were −1.95 ± 0.41 kJ/mol,
−58.15 ± 0.70 kJ/mol, and −15.32 ± 0.57 kJ/mol in cluster 1 of MGAM-TW, indicat-
ing Asp1420 and Glu1423 might be the vital residues for the binding of TW. Notably, the
binding energy values of Arg1510 were found to be positive in cluster 1, indicating that
the unfavorable energy contributions could be provided by Arg1510, although it could
potentially form a cation-π interaction with TW, as shown in Figure 5a.

As shown in Figure 6, the orientation change could be observed on the side chain of
Arg1510 during simulation. This change potentially permitted the binding site of MGAM
to accommodate an altered conformation of TW. Indeed, an angle deflection could also
be observed on the Arg1510 side chain during simulations, as illustrated in Figure S5.
During 0 ns to 27 ns, the deflection degree of Arg1510 side chain could reach up to 30◦

to 70◦. According to the further analysis, before 27 ns, Trp2pep could be found in the
proximity of the hydrophobic residues, Phe1559 and Phe1560, at the active site, implying
that hydrophobic interactions might play a critical role in the peptide binding process, as
shown in Figure 6a. However, the amino group of Thr1pep in the current pose was adjacent
to the guanidine group of Arg1510, causing the exclusion of positive electric groups. To
reduce the binding energy, the TW transferred into another pose after 27 ns, as shown
in Figure 6b. The results above indicated that the active center of MGAM could be very
permissive towards the binding of flexible peptides.

Subsequently, the binding conformation was also evaluated in cluster 1 of the MGAM-
WA complex. As shown in Figure 7a,b, one H-bond was formed between the side chain of
Tyr1251 and the indole group of Trp1pep. In addition, a H-bond was also formed between
the side chain of Met1421 and the amino group of Trp1pep. It is known that the energy
of a H-bond formed with a sulfur atom may be slightly lower; however, even under
these circumstances, this H-bond could contribute positively to WA binding. As shown
in Figure 7c, the distance between the amino group of Trp1pep and the sulfur atom of
Met1421 was approximately 2.60 Å most of the time, which might be advantageous for
H-bond formation.
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In addition to the H-bonds, cation-π interactions also played a key role in the formation
of the MGAM-WA complex. As shown in Figure 8a, a cation-π interaction involving the
amino group of Trp1pep and the indole group of Trp1355 was observed in cluster 1. The en-
ergy contributions of the residues mentioned above were calculated. As shown in Figure 8b,
in cluster 1, the energy contribution of Tyr1251, Trp1355, and Met1421 represented relatively
low values at −7.92 ± 0.30 kJ/mol, −5.23 ± 0.44 kJ/mol, and −16.53 ± 0.61 kJ/mol, indi-
cating that the contribution of all the residues mentioned above were positive. Altogether,
the free-energy results clearly showed that H-bonds might be much more significant in the
formation in MGAM-TW and MGAM-WA complexes.
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3. Discussion

The degree of proteolysis is related to the length of the peptide chain. Short peptides
are easily absorbed into the metabolic system, and thus their biological activity can be easily
maintained [12]. Many short plant peptides have notable hypoglycemic action, due to their
ability of α-glucosidase inhibition. Recent work from Gu et al. showed that TW and WA
could inhibit α-glucosidase at IC50 22.93 µmol/L and 23.97 µmol/L. α-glucosidase could be
a promising target for the development of new therapeutic compounds for the management
of diabetes [11]. The C-domain of MGAM is a characteristic α-glucosidase subunit with
high enzymatic activity. This study aimed at elucidating the binding interaction between
the C-domain of MGAM and two of its natural peptide inhibitors, TW and WA. Exploring
the mechanism of how these short peptides interact with the active site of the enzyme is
likely to provide valuable clues towards designing new clinically usable inhibitors [12].

The performed structural analysis indicated that the binding of peptide inhibitors
at the active site of MGAM might be not rigid absolutely; in particular, the side-chain
angle of TW showed a considerable degree of rotation during simulations. Binding energy
calculations showed that this rotation could not affect the favorable binding between the
peptide and enzyme. The above results indicated that the active center of MGAM might
be very permissive to flexible peptides. The two peptides explored in this study have
similar structures, with both having large side-chain groups. Although a Trppep is present
in both TW and WA, it is located at the opposite terminal of the two peptides. Despite this
difference in location, the binding orientation of Trppep remained similar in both complexes.

Acarbose is a pseudo-tetrasaccharide that is composed of an acarviosine group α-(1-4)
linked to a maltose. In the crystal structure (PDB ID: 3TOP) [8], the sugar rings 1 and
sugar rings 2 of acarbose are the main groups acting with the MGAM. By comparison,
the binding positions of the Trppep of TW and WA in the active center were similar to the
sugar ring 1 of acarbose in the 3TOP (Figure 9). As shown in Figure 9, the sugar ring 1 of
acarbose could bind close to the Asp1526 residue, a previously reported possible acid-base
catalytic site [8]. The carboxyl group of Asp1526 could form H-bonds with the -OH and
-NH groups of the sugar ring 1 and ring 2. Compared with acarbose, the molecular weights
of TW and WA are lower; however, the special binding positions of TW and WA might also
give them better inhibitory potentials as shown in Figure 9b,c. As shown in Figure 9b,c,
although TW and WA were close to the Asp1526, no significant interactions were found
between them and Asp1526. TW and WA have the activity of α-glucosidase inhibition in
micromolar range and still need to be optimized to achieve higher inhibitory activity (e.g.,
in low nanomolar range). The results suggested that a series of derivatives with stronger
inhibitory potential based on the dipeptide structures might be designed in future studies.
Tryptophane has a unique indole ring structure that possesses more modification sites
than other amino acids [23]. For example, based on the structure of WA, the addition of
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H-bond donors to the indole group of Trp1pep might be benefitial to increase the H-bonds
interactions between WA and Asp1526. In addition, following the bioisostere method used
in the earlier development of captopril, a marketed inhibitor of the angiotensin-converting
enzyme, it could be tried to replace -CH2 of WA-Trp1pep (Figure 9c) with -NH and evaluate
the activity of the derivatives in a future study [24].
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In the design of future α-glucosidase inhibitors, incorporating aromatic groups and
hydrophobic groups may be considered to strengthen the compounds localization at the
active site of MGAM. However, the results of binding energy calculations demonstrate
that, although aromatic groups may aid the positioning of new inhibitors, H-bonds are
likely to remain the most important factor in influencing the affinity of potential drugs to
the enzyme. Large numbers of polar residues could be found in the active center of the
MGAM. The region consists of H-bond acceptors and donors potentially aiding the binding
of ligands. Both the addition of H-bond donors and acceptors should be considered to
further stabilize the binding of compounds. More generally, our experience shows that
studying binding characteristics between flexible peptides and enzymes may be a helpful
tool in predicting how potential ligands may bind to the targeted site of the enzyme.

4. Materials and Methods
4.1. Preparation of Initial Complexes

MGAM was chosen as the preferred model to study the binding conformation of two
known inhibitory peptides, TW and WA. The three-dimensional structure of MGAM was
obtained from the Research Collaboratory for Structural Bioinformatics Protein Data Bank
(RCSB PDB ID: 3top) [8]. All structural elements of the MGAM crystal were retained, but
unstructured atoms, molecules, and crystal water were removed for the purposes of the
simulations [21]. Peptide sequences were derived from the study of Gu et al. [12].

4.2. Molecular Docking

Flexible docking studies were attempted to explore the binding conformation of
peptide inhibitors within the 3D model (PDB ID: 3top) of MGAM using Autodock 4 [25].
Before docking, polar H atoms were added to the MGAM, followed by Gasteiger charge
calculation using Autodock tools. The flexible residues were set to contain Asp1157,
Tyr1251, Asp1279, Trp1355, Trp1369, Trp1418, Asp1420, Asp1526, Phe1559, Phe1560, and
His1584. The PDB file of MGAM was then saved in pdbqt format, ready to be used for
docking analysis. TW or WA centered maps were generated using the AutoGrid program
with a spacing of 0.375 Å and grid dimensions of 60 × 60 × 60 Å3. Gridbox center was set to
coordinates −31.373, 32.061, and 29.534 on the x, y, and z axis respectively. Polar H charges
of the Gasteiger-type were assigned, non-polar-H atoms were merged with the carbons, and
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internal degrees of freedom and torsions were set. For all other parameters, default settings
were used [25–27]. The lowest energy structure was selected from the most clustered class
of docking results as the initial structures for molecular dynamics simulation.

4.3. Molecular Dynamics Simulation

The complex systems were subjected to molecular dynamics simulation in periodic
boundary condition using the Gromacs 5.1.4 software package with a SPC (simple point
charge) water model [28–30]. The simulations were performed under neutral conditions,
and the protonation states of the ionizable residues were assigned using the H++ tools [31].
The Gromos 54 A7 force field was applied to describe both the peptides and MGAM [32].
The information on molecule systems is shown in Table S3. To keep the systems at an
electrically neutral state, 28 NA+ were added to randomly replace water molecules. First,
energies of the complex systems were relaxed with steepest-descent energy minimization
to eliminate steric clashes or incorrect geometry. Thereafter, 100 ps NVT (constant number
of particles, volume, and temperature) and NPT (constant number of particles, pressure,
and temperature) were alternately operated with position restraints on the peptides and
MGAM to make the relaxation of the solvent molecules in two phases [33,34]. The solvent
molecules were equilibrated with the fixed protein at 310 K, and the initial velocities were
chosen from a Maxwellian distribution. Subsequently, MGAM and the peptides were
relaxed in a stepwise fashion and heated to 310 K. The long-range electrostatic interactions
were described with the particle mesh Ewald algorithm, with an interpolation order of 4, a
grid spacing of 0.16 nm, and the Coulomb cutoff distance of 1.0 nm [35]. Temperature and
pressure coupling types were set with V-rescale and Parrinello–Rahman, respectively [36].
In the NVT ensemble, the temperature of the systems reached a plateau at the desired
value (reference temperature = 310 K; time constant = 0.1 ps). In addition, the equilibration
of pressure (reference pressure = 1.0 bar; time constant = 2.0 ps) was performed under
the NPT ensemble. The equilibrated ensembles were subjected to molecular dynamics
simulations conducted for 200 ns employing the LINear Constraint Solver (LINCS) and
SETTLE [37,38] algorithm for bond constraints and geometry of water molecules. The
200 ns molecular dynamics simulations were initiated for collecting data with a time step
of 2 fs, and coordinates were saved every 2 ps [39,40].

4.4. Binding Energy Calculations

The molecular mechanics Poisson–Boltzmann surface area method (MM-PBSA) was
applied as a scoring function in computational drug design to estimate free energies
in biomolecular interactions [41–43]. Using the command “gmx mmpbsa,” the bind-
ing free energy of a complex was calculated from 200 snapshots extracted from the
200 ns MD trajectory [14,15,44] Furthermore, the binding energy was decomposed on
a per-residue basis to analyze the individual energy contributions of each residue to the
MGAM-TW/WA interaction.

The binding free energy of a protein–ligand complex in a solvent can be obtained
by [21,42]:

∆Gbind = ∆Gcomplex − [∆Gprotein + ∆Glig]

In the formula above, the ∆Gcomplex is the total free energy of the complex, and the
∆Gprotein and ∆Glig represent the energies of the isolate protein and ligand, respectively.

The MM-PBSA method can be conceptually summarized as:

∆Gbind = ∆Egas + ∆Gsol = ∆Evdw + ∆Eele + ∆Gpolar + ∆Gnonpolar

∆Egas is the average molecular mechanics potential energy in a vacuum (i.e., gas-phase
energy), which includes van der Waals (∆Evdw) and electrostatic (∆Eele) interactions; ∆Gsolv
denotes contribution to the solvation free energy that consists of polar solvation (∆Gpolar)
and nonpolar solvation (∆Gnonpolar) energies [21,42]. Binding patterns were plotted using
Discovery Studio [45].
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5. Conclusions

The prevention and treatment of diabetes is a critical area of medical research. As an
effective drug target, MGAM provides new opportunities for the treatment of diabetes.
This study applied a series of approaches to explore the binding mechanism between
MGAM and two of its known inhibitors, TW and WA. The results indicated that TW
or WA could regulate their conformation according to the changes in the shape of the
active center, ensuring effective binding. It is shown that TW and WA could interact
with MGAM through the formation of H-bonds, hydrophobic interactions, and cation-
π, with electrostatic interactions providing most of the binding energy. This may be the
consequence of the active center of MGAM being rich in amino acid residues with positively
charged or cyclic side chains. The binding positions of TW and WA are close to the residue
Asp1526, a previously reported possible acid-base catalytic residue, thus this binding may
favor the inhibition of the enzyme. It is hoped that the results of the presented work will
provide clues in the development of an efficient new MGAM inhibitor.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/catal12050522/s1, Figure S1: The comparison between the re-
docked acarbose (blue) and the reference for the crystal structure (yellow). Figure S2: The binding en-
ergy distribution of MGAM-TW and MGAM-WA. Figure S3: The number of H-bonds evolution along
time (a) MGAM-TW (b) MGAM-WA. Figure S4: The distances between TW and Asp1420/Glu1423 in
MGAM-TW complex. Figure S5: The angle deflection of Arg1510 side chain during the simulations
in MGAM-TW complex; Table S1: The cluster size of WA in cluster 7 to cluster 12. Table S2: The
probability of H-bonds in the MGAM-TW complex. Table S3: Molecular systems.
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