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Abstract: Two new benzophenones: garcimangophenones A (6) and B (7) and five formerly reported
metabolites were purified from the pericarps EtOAc fraction of Garcinia mangostana ((GM) Clusiaceae).
Their structures were characterized by various spectral techniques and by comparing with the litera-
ture. The α-amylase inhibitory (AAI) potential of the isolated metabolites was assessed. Compounds
7 and 6 had significant AAI activity (IC50 9.3 and 12.2 µM, respectively) compared with acarbose (IC50

6.4 µM, reference α-amylase inhibitor). On the other hand, 5 had a moderate activity. Additionally,
their activity towards the α-amylase was assessed utilizing docking studies and molecular dynamics
(MD) simulations. The docking and predictive binding energy estimations were accomplished using
reported crystal structure of the α-amylase (PDB ID: 5TD4). Compounds 7 and 6 possessed highly
negative docking scores of −11.3 and −8.2 kcal/mol, when complexed with 5TD4, respectively while
acarbose had a docking score of −16.1 kcal/mol, when complexed with 5TD4. By using molecular
dynamics simulations, the compounds stability in the complexes with the α-amylase was analyzed,
and it was found to be stable over the course of 50 ns. The results suggested that the benzophenone
derivative 7 may be potential α-amylase inhibitors. However, further investigations to support these
findings are required.

Keywords: benzophenones; Garcinia mangostana; Clusiaceae; amylase inhibitory; diabetes; docking
study; molecular dynamics

1. Introduction

Diabetes is a major severe health problem worldwide. Its treatment without any side
effects is still a great challenge. It is characterized by chronic hyperglycemia with carbo-
hydrate, protein, and lipid metabolic disturbances due to defects in insulin action and/or
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insulin secretion [1–4]. It is associated with various macrovascular (e.g., peripheral vascular
and ischaemic heart diseases and stroke) and microvascular (e.g., nephropathy, neuropathy,
and retinopathy) complications [5,6]. Fruits are considered as one of the major sources of
bioactive secondary metabolites such as carotenoids, polyphenols, glucosinolates, sterols,
and saponins, as well as vitamins and fibers [7]. It was reported that the consumption of
whole fruits and vegetables reduces the risk for developing diabetes and diabetes-related
complications [5,8]. Tropical fruits consumption has significantly increased due to growing
knowledge of their health-promoting and nutritional properties [9]. One of the therapeutic
strategies for diabetes management is the postprandial hyperglycemia reduction by hin-
dering glucose absorption via suppressing carbohydrate-hydrolyzing enzymes such as
α-glucosidase and α-amylase [10]. The α-amylase inhibition is singled out as an effective
therapeutic target in treating type II diabetes and obesity [11,12]. Synthetic α-amylase
inhibitors (AAIs) are reported to cause many critical side effects, such as liver disorders [13].
Nowadays, many researchers try to find a safe AAI with no or least side effects. Pheno-
lic metabolites have been systematically proven to have a remarkable effect in reducing
postprandial hyperglycemia and improving diabetes-associated complications [14].

Garcinia mangostana ((GM) purple mangosteen, mangosteen, mangkhut, queen of
fruits) is a tropical fruit that is widely cultivated in Myanmar, Thailand, Vietnam, India,
Cambodia, Malaysia, Netherlands Antilles, Sri Lanka, Philippines, Colombia, Central
America, and tropical Africa [15]. This fruit has gained increasing acceptance due to its
pleasant sweet-sour taste and distinctive aroma. It is also a rich source of nutrients and
health-promoting phytochemicals, including carotenoids, ascorbic acid, oxygenated and
prenylated xanthones, flavonoids, anthocyanins, phenolic acids, and benzophenones which
possess a wide extent of bioactivities [16–22]. In Southeast Asia, it is used as a traditional
medicine for treating dysentery, abdominal pain, suppuration, wound infections, and
chronic ulcers [23–25]. Various in-vivo and in-vitro studies proved that GM pericarp ex-
tracts (GME) had substantial insulin-sensitizing and glucose-lowering potentials [26,27].
GME displayed a hypoglycemic potential via increasing the insulin-producing β-cells’ pop-
ulation, which was attributed to their antioxidant-phenolic metabolites [27]. Adnyana et al.
reported that α-mangostin and the pericarp extract of GM had a concentration-dependent
α-amylase inhibitory potential [28]. Moreover, GM bettered the STZ (streptozotocin)-
produced impairment to β-cells and pancreatic glands through enhancing insulin pro-
duction and amending the sensitivity to insulin decrease in diabetic mice [29]. Besides, it
retarded the glucose absorption via suppressing the enzymes accountable for carbohydrates
hydrolysis such as α-amylase and α-glucosidase [30]. Interestingly, many GM xanthones
have been reported as α-glucosidase and α-amylase inhibitors as they lessened postpran-
dial hyperglycemia by prohibiting the absorption of glucose [2–4,12,31]. A clinical study
by Watanabe et al. reported that GME supplementation for 26 weeks resulted in improving
glucose hemostasis and increasing insulin sensitization in obese insulin-resistant female
patients [32]. Our previous studies of GM reported the isolation of xanthones, flavonoids,
and phenolics with cytotoxic, vasodilatation, hepato-protective, antioxidant, and glycation
end-product and α-amylase inhibitory capacities [18–20,24,25,31,33,34]. In continuing of
our goal to discover structurally diverse bio-metabolites from GM, this work described the
purification and structural elucidation of two new benzophenone derivatives, along with
five known metabolites from its EtOAc-soluble extract (Figure 1). They were elucidated
unambiguously by NMR and MS techniques, in addition to comparing their data with the
known related compounds. Their α-amylase inhibition capacity was estimated. Addition-
ally, docking studies and molecular dynamics (MDs) simulations towards α-amylase were
carried out.
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Figure 1. Structures of the isolated compounds (1–7).

2. Materials and Methods
2.1. General Experimental Procedures

Spectrometer Hitachi-300, Shimadzu-400 Infrared, and digital polarimeter JASCO/DIP-
370 were utilized for UV, IR, and optical rotation measurements. ESI- and HR-ESIMS
measuring was performed on LCQ/DECA and Micromass-Qtof 2 mass spectrometer, re-
spectively. NMR analyses were accomplished using the 400 and 850 BRUKER/AVANCE
instrument. SiO2 60, Sephadex LH-20, and RP-1 were used for chromatographic analysis.
The purification was performed on a 6-mL solid-phase LiChrolut/RP-18 extraction tube.

2.2. Plant Material

The fruits were obtained from a Saudi local market in March 2019. Its verification was
proven by Dr. Emad Al-Sharif (Faculty of Science and Arts, King Abdulaziz University) and
a voucher (no. GM1424) specimen was maintained in the Faculty of Pharmacy‘s herbarium,
KAU.

2.3. Extraction and Separation

The dried pericarps (1.2 kg) were extracted using MeOH (4 L × 5, room temperature)
until exhaustion and the resulted extracts were evaporated under-vacuum. The methanol
extract (29 g, GMT) was mixed in distilled H2O (300 mL) and partitioned successively
among n-hexane and EtOAc (500 mL × 5, each) to furnish 3.1, 7.5, 15.9 g n-hexane, EtOAc,
and aqueous fractions, respectively. The EtOAc fraction (7.4 g) was submitted to silica gel
column chromatography (SiO2 CC), eluting with EtOAC/n-hexane gradient to afford four
subfractions: GME-1 (75:25), GME-2 (50:50), GME-3 (25:75), and GME-4 (100% EtOAc).
Subfraction GME-2 (1.19 g) was separated on SiO2 CC using n-hexane:EtOAc gradient to
obtain five fractions GME-2A to GME-2E. Fraction GME-2A (274 mg) was chromatographed
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on SiO2 CC, eluting with EtOAC/n-hexane gradient to obtain 1 (189 mg). Fraction GME-2B
(191 mg) was treated similar to GME-2A to obtain 2 (15 mg). Fraction GME-2C (378 mg)
was treated similar to GME-2B to afford 3 and 4 that were purified on RP-18 column (100 g,
50 × 3 cm) using H2O/MeOH gradient to yield 3 (17 mg) and 4 (31 mg). Subfraction GME-3
(2.19 g) was subjected to SiO2 CC (200 g × 50 × 3 cm) using MeOH/CHCl3 gradient to
obtain seven fractions; GME-3A to GME-3G. Fraction GME-3B (120 mg) was subjected to
SiO2 CC using MeOH/CHCl3 gradient, RP-18-LiChrolut extraction tube (acetonitrile:H2O
gradient) to furnish 5 (9.5 mg). Fractions GME-3C to GME-3E (746 mg) were gathered
based on TLC plate, their Sephadex LH-20 (50 g, 50 × 3 cm) using MeOH yielded 6 and
7. Their purification was achieved on RP-18 CC, using H2O:MeOH gradient to obtain 6
(11.2 mg) and 7 (15.7 mg).

2.3.1. Garcimangophenone A (6)

Light yellow powder; UV (MeOH) λmax (log ε): 206 (4.31), 223 sh, 296 (3.79), 318
(3.09) nm; IR (KBr) γmax: 3317, 1623, 1601, 1589 cm−1; HRESIMS: m/z 279.0515 [M+H]+

(calcd for C13H11O7, 279.0505), 1H and 13C NMR (Table 1).

Table 1. NMR spectral data of compounds 6 and 7 (CD3OD, 400 and 100 Hz).

No.
6 7

δH (m, J in Hz) δC m HMBC δH (m, J in Hz) δC m HMBC

1 - 106.3 C - - 109.4 C -
2 - 165.4 C - - 163.8 C -
3 5.83 brs 95.8 CH 1, 2, 4, 5, 7 6.06 d (2.4) 98.1 CH 1, 2, 4, 5, 7
4 - 165.4 C - - 161.7 C -
5 5.83 brs 95.8 CH 1, 3, 4, 6, 7 6.21 d (2.4) 95.7 CH 1, 3, 4, 7
6 - 165.5 C - - 159.5 C -
7 - 200.6 C - - 199.3 C -
1‘ - 123.9 C - - 119.2 C -

2‘ 6.52 d (2.4) 107.4 CH 4‘, 6‘, 1, 7 6.96 d (2.4) 114.2 CH 1‘, 4‘, 6‘, 1,
7

3‘ - 153.8 C - - 154.2 C -
4‘ 6.36 d (2.4) 112.1 CH 2‘, 5‘, 6‘ 7.18 brd (8.0) 121.4 CH 2‘, 5‘, 6‘
5‘ - 148.8 C - 7.22 d (8.0) 120.4 CH 1‘, 3‘, 4‘, 6‘
6‘ - 145.7 C - - 155.8 C -
1“ - - - 4.88 d (7.6) 101.6 CH 6
2“ - - - 2.92 m 74.6 CH 1“
3“ - - - 3.30 m 77.8 CH 1“
4“ - - - 3.29 m 71.0 CH 2“, 6“
5“ - - - 3.32 m 78.2 CH 3“, 6“

6“ - - - 3.86 dd (12.4, 2.0)
3.69 dd (12.4, 5.6) 62.5 CH2 4“, 5“

2.3.2. Garcimangophenone B (7)

Brown amorphous powder; [α]D +26.8 (c 0.2, MeOH); IR (KBr) γmax: 3342, 1632, 1608,
1578 cm−1; UV (MeOH) λmax (log ε): 209 (4.42), 220 sh, 286 (3.92), 308 (3.24); HRESIMS: m/z
425.1078 [M+H]+ (calcd for 425.1084 for C19H21O11); 1H NMR and 13C NMR (Table 1).

2.4. α-Amylase Inhibition

The new benzophenone derivatives (6 and 7) and the known xanthone (5) were
evaluated for their AAI potential at concentrations of 5, 10, 20, and 40 µM [2–4,35,36]. The
method is based on the assay of α-amylase using EnzChek® Ultra-Amylase Assay Kit
(E33651) (Thermo-Fisher Scientific Inc., Waltham, MA, USA). The provided stock solution
of dye quenching (DQTM) starch and porcine pancreatic α-amylase enzyme (Sigma-Aldrich,
Hamburg, Germany) were diluted with the reaction buffer (pH 6.9) according to the
reported protocol [36]. To the microplate wells, the tested compound (10 µL) in DMSO,
diluted enzyme (50 µL), and 40 µL of the reaction buffer were added and allowed to stand
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at room temperature for 5 min, then DQTM starch (100 µL) was added. The fluorescence
intensity of the digestion products from the DQTM starch (with or without compounds) was
measured using a Tecan Genios microplate reader at λmax 485 ± 10 nm starting from zero
min to 60 min at 10 min intervals. All experiments were performed in triplicate. Acarbose
was utilized as positive control. The IC50 values were calculated by linear regression
analysis [2–4,35,36].

2.5. Molecular Docking and Dynamics Studies
2.5.1. Preparation of PDB Structures

The human pancreatic α-amylase (5TD4) was selected for docking studies. It was
reported that the molecular models for the human and porcine pancreatic α-amylases are
extremely similar [37–39]. The structure of the target, 5TD4, was downloaded from the
Protein Data Bank and prepared and optimized using the “Protein preparation wizard”
tool of the Schrödinger suite [40]. Some modifications were performed for optimization
such as breaking the bonds to metals, adding zero-order bonds between metals and close
atoms, and correcting charges. LigPrep was also used for preparing ligands in which a
pH of 7.0 ± 2.0 was used for the generation of cofactors and metals het states. In addition,
PROPKA was used for enhancing hydrogen bonds at pH 7, water molecules more than 3 Å
from HET groups were extracted, and OSPL4 field was used for restrained minimization.

2.5.2. Receptor Grids Generation and Docking

Grid generation and the docking of ligands were both performed using Glide [41].
The grid was generated by using the crystal structure (PDB ID: 5TD4). For the PDB 5TD4,
the binding region was established by selecting the native inhibitor T163. The nonpolar
atoms were set for Van der Waals radii scaling factor to 1, and the partial charge cut-off was
0.25. The docking of ligands was performed using the “ligand docking” tool of Schrödinger
suite. The protocol was extra precision (XP) and all the other settings were kept in their
default form.

2.5.3. MD Simulation of Compound 7 and Acarbose in Complex with 5TD4

The Schrödinger suite [42,43] was used to run the molecular dynamic simulation. The
TIP3P solvent was selected, and an orthorhombic shape box was chosen. A side distance
box was set to 10 Å, and Na+ ions were added for the system neutralization. The molecular
dynamic calculations were continued for 50 ns per trajectory, and the number of atoms,
pressure, and temperature were kept constant throughout the simulation.

3. Results and Discussion
3.1. Purification of Compounds

The MeOH extract was suspended in H2O and partitioned between n-hexane and
EtOAc. The EtOAc fraction was successively treated utilizing Sephadex, SiO2, and RP-18
columns to provide two new (6 and 7) and five known metabolites (1–5) (Figure 1). These
metabolites were identified based on the spectral analyses and comparison with literature.

3.2. Structural Assignment of Compounds 6 and 7

Compound 6 was separated as a light-yellow powder and provided an FeCl3 positive
test, revealing its phenolic nature. Its HRESIMS demonstrated a pseudo-molecular peak at
m/z 279.0515 [M+H]+ (calcd for C13H11O7, 279.0505), consistent with a molecular formula
C13H10O7. This formula required nine degrees of unsaturation. The UV revealed bands at
206, 296, and 318 nm, suggesting 6 to have a benzophenone skeleton [44]. Characteristic
bands at 3317, 1623, and 1601 and 1589 cm−1 for chelated OH, carbonyl, and aromatic
C=C functionalities, respectively were observed in the IR spectrum [45]. The 13C and
HSQC spectra showed 13 carbon resonances, comprising four aromatic methines and nine
quaternary carbons, including one carbonyl at δC 200.6 (C-7) and six for oxygen-linked
carbons (Table 1). In the 1H NMR of 6, the appearance of an aromatic signal at δH 5.83
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(2H, brs, H-3, 5), relating with the carbon at δC 95.8 (C-3, 5) in the HSQC suggested the
presence of a symmetrically substituted phloroglucinol ring (ring A) in 6 [45]. This was
confirmed by the HMBC-cross-peaks of H-3/C-2, C-1, C-4, and C-5 and H-5/C-1, C-3,
C-4, and C-6. Moreover, the 1H NMR signals at δH 6.52 (d, J = 2.4 Hz, H-2‘) and 6.36 (d,
J = 2.4 Hz, H-4‘) were attributed to two m-coupled aromatic protons. They had HSQC-
cross-peaks to the carbons at δC 107.4 (C-2‘) and 112.1 (C-4‘). This was consistent with the
existence of a hydroxyquinol moiety (1,2,3,5-tetrasubstituted phenyl, ring B). In the HMBC,
the cross-peaks of H-2‘/C-4‘ and C-6‘ and H-4‘/C-2‘, C-5‘, and C-6‘ assured this moiety
(Figure 2). The link of rings A and B via the carbonyl group to provide the benzophenone
core was established based on HMBC correlations from H-3 and H-5/C-7 and H-2‘/C-7
and C-1. Based on the fore-mentioned evidences, the structure of 6 was elucidated and
named garcimangophenone A.
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Figure 2. Some key HMBC correlations of compounds 6 and 7.

Compound 7 was separated as an amorphous brown powder. It displayed bands
at 3342 (OH), 1632 (C=O), and 1608 and 1578 (C=C) cm−1 in the IR and at 209, 286,
and 308 nm, respectively, in the UV spectrum. It had a molecular formula C19H20O11,
which was specified from the observed pseudo-molecular ion peak in HRESIMS at m/z
425.1078 (calcd for 425.1084 for C19H21O11), requiring ten degrees of unsaturation. A
characteristic fragment ion peak at m/z 262.0433 [M+H-hexose]+ was observed in the
HRESIMS, indicating 7 had a hexose moiety. In the 13C and HSQC, 19 carbon signals were
observed, including one methylene, ten methines, and eight quaternary carbons five of
them for oxygenated aromatic carbons at 163.8 (C-2), 161.7 (C-4), 159.5 (C-6), 154.2 (C-3‘),
and 155.8 (C-6‘). Compound 7 had one degree of unsaturation and 146 mass units more
than 6. Its NMR spectral data were comparable with those of 6, except for the 1,2,3,5-
tetrasubstituted benzene unit in 6 that had been replaced by 1,2,5-trisubstituted benzene
unit in 7. In 1H and 13C NMR signals for a symmetrically-substituted phloroglucinol
(ring A) at δH 6.06 (d, J = 2.4 Hz, H-3)/δC 98.1 (C-3) and 6.21 (d, J = 2.4 Hz, H-5)/δC 95.7
(C-5) were observed, which was further assured by the HMBC-cross-peaks of H-3/C-1,
C-2, C-4, and C-5 and H-5/C-1, C-3, and C-4. Additionally, a doublet signal at δH 4.88
(J = 7.6 Hz, H-1“) for an anomeric proton, having HSQC cross-peak to the carbon at δC
101.6 characterized the β-D-glucopyranosyl unit in 7 [46]. The other sugar signals at δH
2.92 (H-1“)/δC 74.6 (C-1“), 3.30 (H-3“)/δC 77.8 (C-3“), 3.29 (H-4“)/δC 71.0 (C-4“), 3.32
(H-5“)/δC 78.2 (C-5“), and 3.86 and 3.69 (H-6“)/δC 62.5 (C-6“) were observed in the 1H and
13C NMR spectra. Further, the HMB-cross-peaks of H-3“and H-2“/C-1“, H-4“/C-2“ and
C-6“, H-5“/C-3“ and C-6“, and H-6“/C-4“ and C-5“ established the β-D-glucopyranosyl
unit. The HMBC cross-peak of H-1“ to C-6 (δC 159.5) indicated the connectivity of glucose
moiety at C-6 of ring A. Furthermore, 1H NMR spectrum also displayed three coupled
aromatic protons, resonating at δH 6.96 (H-2‘), 7.18 (H-4‘), and 7.22 (H-5‘). They had HSQC
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cross-peaks to the carbons at δC 114.2, 121.4, and 120.4, respectively, which characterized
the existence of a hydroquinone moiety in 7 (ring B) [44,45]. This was further secured
based on the observed HMBC cross-peaks of H-5‘/C-1‘ and C-3‘, H-4‘/C-2‘ and C-6‘, and
H-2‘/C-4‘ and C-6‘ (Figure 2). The connectivity of the carbonyl group (δC 199.3, C-7) at C-1
and C-1‘ of rings A and B, respectively, was established by the HMBC correlations of H-3,
H-5, and H-2‘ to C-7. Therefore, the structure of 7 was established as depicted and named
garcimangophenone B.

3.3. Identification of Known Metabolites

The known metabolites were specified as α-mangostin (1) [15,47], garcinone E (2) [48],
nor-mangostin (3) [49], gartanin (4) [50], and mangostanaxanthone VI (5) [23], by comparing
their spectral data to the formerly published data of related metabolites.

3.4. α-Amylase Inhibitory Activity

Benzophenones are known to have diverse bioactivities such as antioxidant, antibac-
terial, cytotoxic, antitrypanosomal, and leishmanicidal activities [51–54]. However, there
are limited reports regarding the AAI potential of Garcinia’s benzophenones. Therefore,
the AAI potential of the new benzophenone derivatives (6 and 7), along with compound 5
was assessed. The results showed that compounds 7 and 6 demonstrated noticeable AAI
potential (IC50 9.3 and 12.2 µM, respectively), compared with acarbose (IC50 6.4 µM). These
results are in good agreement with the previous study by Akoro et al. that reported the
potent AAI effect of gakolanone, a benzophenone derivative reported from G. kola [55]. On
the other hand, 5 displayed moderate activity with an AAI (IC50 16.1 µM). It is noteworthy
that previous studies revealed the AAI potential of 1–4 [2–4].

3.5. Molecular Docking and Dynamics Studies

The hydrolysis of the glycosidic linkage in starch is catalyzed by the α-amylase
enzyme [56]. The α-amylase active site consists of five major subsites that are necessary for
the binding of longer substrates [57]. Three residues in the active site, Asp 300, Asp 197,
and Glu 233 are important for the catalysis. The catalytic nucleophile, Asp 197, forms a
covalent bond with the glucosyl in the S-1 subsite. The Glu233 is the acid-base catalyst as it
protonates the leaving group and deprotonates the water. The Glu300 is also essential for
positioning the catalytic water for hydrolysis [58].

3.5.1. Preparations of Ligands and Proteins

Converting 2D structures to 3D structures, tautomerization, and ionization were all
performed using LigPrep and resulted in the generation of 121 minimized structures. The
5TD4 was prepared and optimized by the Protein Preparation Wizard. Optimization
included the H-bonding and minimization of the geometry, in addition to assigning the
appropriate charges and force field treatment.

3.5.2. Molecular Docking Studies

The Receptor Grid Generation tool of Glide in Maestro was used for defining the grid
box with the prepared α-amylase and then the 3D molecular structures (native inhibitor
T163, acarbose, 7, 6, and 5) were docked with the 5TD4 binding site (Figure 3) and the
docking scores were reported (Table 2). The scores are an indication of the most strongly
bound ligand and binding affinities. The T163 exhibited the highest docking score, followed
by acarbose, 7, 6, and 5 which were −19.081, −16.078, −11.297, −8.185, and −6.726
complexed with 5TD4, respectively.
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Table 2. In silico screening results of the different compounds against α-amylase (PDB: 5TD4).

Compd Docking Score XP GScore Glide GScore Glide eModel

Native_
Inhibitor_5TD4 −19.081 −19.081 −19.081 −104.865

Acarbose −16.078 −16.641 −16.641 −115.364
7 −11.297 −11.46 −11.46 −75.209
6 −8.185 −8.596 −8.596 −50.318
5 −6.726 −6.824 −6.824 −67.078

The docking analysis was performed to study the possible binding interactions be-
tween the different structures and the α-amylase (PDB ID:5TD4). The analysis of the
docking between T163, the native inhibitor, and 5TD4 revealed various hydrogen bonds
with the amino acid residues, most important are the hydrogen bonds with Asp197 and
Glh233 which are the catalytic amino acids (Figure 4).
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Figure 4. (a) The inter-molecular contact analysis of protein-ligand complexes and putative binding
mode of native inhibitor T163 in the binding site of α-amylase PDB: 5TD4. Native inhibitor is
represented as green sticks. The binding site amino acids residues are represented as grey sticks, and
H-bonds are represented in yellow dashed lines, (b) 2D depiction of the ligand-protein interactions.

Acarbose complexed with 5TD4 also showed hydrogen bonds with the catalytic amino
acid residues (Figure 5).

Compounds 7 (Figure 6) and 6 (Figure 7) also showed similar binding interactions;
however, compound 5 (Figure 8) lacked some of the major binding interactions which
decreased its activity.
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Figure 5. (a) The inter-molecular contact analysis of protein-ligand complexes and putative binding
mode of acarbose in the binding site of α = amylase PDB: 5TD4. Acarbose is represented as green
sticks. The binding site amino acids residues are represented as grey sticks, and H-bonds are
represented in yellow dashed lines, (b) 2D depiction of the ligand-protein interactions.
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Figure 6. (a) The inter-molecular contact analysis of protein-ligand complexes and putative binding
mode of compound 7 in the binding site of α-amylase PDB: 5TD4. Compound 7 is shown as green
sticks. The binding site amino acids residues are represented as grey sticks, and H-bonds are
represented in yellow dashed lines, (b) 2D depiction of the ligand-protein interactions.
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The movement of atoms with respect to time is computed through a molecular dy-
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Figure 7. (a) The inter-molecular contact analysis of protein-ligand complexes and putative binding
mode of compound 6 in the binding site of α-amylase PDB: 5TD4. Compound 6 is shown as green
sticks. The binding site amino acids residues are represented as grey sticks, and H-bonds are
represented in yellow dashed lines, (b) 2D depiction of the ligand-protein interactions.
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Figure 8. (a) The inter-molecular contact analysis of protein-ligand complexes and putative binding
mode of compound 5 in the binding site of α-amylase PDB: 5TD4. Compound 5 is presented as
green sticks. The binding site amino acids residues are represented as grey sticks, and H-bonds are
represented in yellow dashed lines, (b) 2D depiction of the ligand-protein interactions.

3.5.3. Molecular Dynamic Simulation

The movement of atoms with respect to time is computed through a molecular dynam-
ics (MDs) simulation. The dynamics of the different atoms and the conformational stability
both play important roles in the functioning of the essential biological macromolecules
such as receptors and proteins [59]. For this reason, different properties of the systems
such as root mean square deviation (RSMD), Cα-root mean square fluctuations (RMSF),
the gyration radius (Rg), and location of inter-molecular H-bonds were studied in order to
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determine the dynamics of the system. The molecular docking predicts the binding mode
of ligands to receptors which is a good starting point to study the stability of interactions.
The Desmond software was used to study the frequency and stability of compound 7 and
acarbose complexed with the α-amylase protein (PDB ID:5TD4). Two MD simulations
were run for the complexes for 50 ns, and the complexes’ structures were fixed at a pH of
7.0 ± 2.0. The stability of the complexes was tested by analyzing the interaction map and
the root mean square deviation plot of the ligand and the protein.

Figure 9a,b represent the plots of the RMSD for the α-amylase (PDB ID: 5TD4) com-
plexed with compound 7 and acarbose, respectively. Looking at the RMSD values, it is clear
that the acarbose was stabilized with the protein at about 2 Å after 35 ns and remained
stable until 50 ns. However, the plot shows that the complex with compound 7 remained
stable during the whole simulation time (50 ns) in relation to the reference time (0 ns).
Although the plots showed some fluctuations at the time of simulation, all fluctuations are
considered non-significant, as they were within an acceptable range between 1 and 3 Å.
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Figure 9. RMSD analysis for (a) compound 7 and (b) acarbose complexed with α-amylase (PDB Code:
5TD4) of MD simulation trajectory. The 50 ns simulation time asserts the stability of the complex
without any changes in the structure.

The binding interactions between compound 7 and the residues of the α-amylase (PDB
ID:5TD4) are illustrated in Figure 10 which shows several interactions with residues Asp197
(one of the catalytic amino acids), His305, Thr163, Gln63, Asn300, Asp356, and Trp59.
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The interactions are mostly hydrogen bonds and water bridges with a few hydrophobic
interactions. The amino acid residue Asp197 interacts with the ligand through a hydrogen
bond directly or a hydrogen bond mediated by a water molecule which were retained for
more than 100% of the simulation time. The amino acid residue His305 interacts with the
ligand through three types of interactions: H bond, H bond mediated by a water molecule,
and a hydrophobic interaction during the simulation. Gln63 forms a hydrogen bond with
the ligand which is retained for 90% of the simulation time in addition to a hydrogen bond
through a water bridge. Hydrophobic interaction between Trp59 and an aromatic ring in
the ligand was maintained for 60% of the 50 ns simulation time.
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Figure 10. The α-amylase binding interactions with compound 7 throughout the simulation. The
major interactions that occurred are Hydrogen bonds, water bridges, and hydrophobic interaction.

The detailed schematic diagram of binding interactions between acarbose and the
residues of the α-amylase (PDB ID:5TD4) are illustrated in Figure 11. The docked poses
were controlled through the simulation time of 50 ns, i.e., molecular interactions with
residues Thr163, His305, Glu240, Trp59, Gln63, Asp197, Tyr151, Leu162, and Asn300 were
observed. Figure 11 shows the ligand-protein interactions classified into different types:
ionic, hydrophobic, hydrogen bonds, and water bridges. The interactions are mostly
hydrogen bonds, which play a significant role in ligand binding. Most of the interactions
remained for more than 100% of the simulation time which indicates multiple contacts of
the same subtype with the ligand.
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Figure 11. The α-amylase binding interactions with acarbose throughout the simulation. The major
interactions that occurred are Hydrogen bonds, water bridges, and hydrophobic interaction.

4. Conclusions

Two new benzophenones and five known metabolites were purified from the EtOAc-
soluble fraction of GM pericarps. They were characterized by various spectral techniques.
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Compounds 6 and 7 displayed AAI activity. They also exhibited highly negative docking
scores, when complexed with 5TD4. Their complexes with the α-amylase were found to be
stable over the course of 50 ns. These results supported the previous reports that GM can
potentially represent an appealing treatment of diabetes and its related disorders.
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