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ABSTRACT

Tecoma stans (L.) Juss. Ex Kunth is widely used in folk medicine. In ethnomedicine, it is applied as a car-
dioprotective, hepatoprotective, antiarthritic, antinociceptive, anti-inflammatory, and antimicrobial. The
aqueous extract is considered antidiabetic, and is used as a traditional remedy in Mexico. More than 120
chemical constituents have been identified in its leaves, barks, and roots. However, less is known about
the phytochemical properties of T. stans flower extracts. The herbal plant Nervilia concolor (Blume) Schitr.
is native to Vietnam, and is used in traditional Chinese medicine to treat diseases such as bronchitis,
stomatitis, acute pneumonia, and laryngitis. Only two previous reports have addressed the chemical con-
tent of this plant. Bouea macrophylla Griff., commonly known as marian plum or plum mango, is a tropical
plant that is used to treat a range of illnesses. Phytochemical analysis of B. macrophylla suggests the pres-
ence of volatile components and flavonoids. However, existing data have been obtained from screening
without isolation. As part of our ongoing search for alpha-glucosidase inhibitors from Vietnamese medic-
inal plants, we conducted bioactive-guided isolation of the whole plant N. concolor, the flowers of T. stans,
and the leaves of B. macrophylla. We isolated and structurally elucidated five known compounds from T.
stans: ursolic acid (TS1), 3-oxours-12-en-28-oic acid (TS2), chrysoeriol (TS3), ferulic acid (TS4), and teco-
mine (TS5). Three known compounds were isolated from Nervilia concolor: astragalin (NC1), isoquercitrin
(NC2), and caffeic acid (NC3). From B. macrophylla, betullinic acid (BM1), methyl gallate (BM2), and 3-0-
galloyl gallic acid methyl ester (BM3) were isolated. All compounds showed promising alpha-glucosidase
inhibition, with ICsq values ranging from 1.4 to 143.3 uM. The kinetics of enzyme inhibition showed BM3
to be a competitive-type inhibitor. An in silico molecular docking model confirmed that compounds NC1,
NC2, and BM3 were potential inhibitors of the o-glucosidase enzyme. Molecular dynamics simulations
were carried out with compound BM3 demonstrating the best docking model during simulation up to
100 ns to explore the stability of the complex ligand-protein.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Tecoma stans (L.) Juss. Ex Kunth (common names: yellow-elder
or yellow-bell) is a globally-used folk medicine. In Mexico, it has
been used to treat diabetes. Comprehensive reviews have
identified its use as a hypoglycemic, cardioprotective, cytotoxic,
anticancer, hepatoprotective, antimicrobial, antinociceptive, anti-
inflammatory, antiarthritic, antispasmodic, antiadiarrrheal, and
antiulcer agent (Anand and Basavaraju, 2020; Raju et al., 2011a,
b; Kumar and Boopathi, 2018; Dohnal, 1977). The aqueous extract
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shows significant antidiabetic properties, reflecting its traditional
uses (Taher et al., 2016; Aguilar-Santamaria et al., 2009). Phyto-
chemical analyses of Tecoma stans have isolated over 120 com-
pounds with a diversity of skeletons. They include monoterpene
alkaloids, flavonoids, terpenoids, glycosides, and volatile compo-
nents. All parts of the plant have been chemically analysed
(Anand and Basavaraju, 2020), though little is understood about
the chemistry of the flowers. Earlier studies have reported two car-
otenoids and four glycosides from floral extracts (Anand and
Basavaraju, 2020). The crude extracts have been evaluated for
antioxidant, anti-proliferative (Marzouk et al., 2006), nephrotoxic
(Raju et al., 2011a,b), hepatoprotective (Kameshwara et al.,
2013), and antimicrobial (Costantino et al., 2003) properties.

The herbal plant Nervilia concolor (Blume) Schitr. (Orchidaceae)
(syn. N. aragoana) is native to Vietnam, and is widely distributed in
high-altitude areas. It is used in traditional Chinese medicine to
treat a variety of conditions including bronchitis, stomatitis, acute
pneumonia, and laryngitis (Gale et al., 2007; Chen et al., 2013; Qiu
et al,, 2013; Tian et al., 2009; Zhou et al., 2009; Zhang et al., 2012).
Previous studies of the native Vietnamese species N. concolor (syn.
N. aragoana) have reported two new cycloartane glycosides, 12 fla-
vonoids, and one novel compound (Tran et al., 2019a, 2019b).

Bouea macrophylla Griff., commonly known as marian plum or
plum mango, is a medicinal plant that grows in tropical regions
(Thummajitsakul and Silprasit, 2017), including South East Asia.
It is used as a folk medicine for the treatment of a range of illnesses
(Nguyen et al., 2020). The ethanol extracted from its leaves has
been used as an adjuvant for cancer treatment in South Kalimantan
(Dechsupa et al., 2019; Fitri et al., 2018). However, few phytochem-
ical data are available, and those that exist rely mainly on screen-
ing without isolation (Nguyen et al., 2020; Dechsupa et al., 2019;
Fitri et al., 2018; Sukalingam 2018). The methanolic extract from
the leaves provides a rich source of alkaloids, anthraquinones,
triterpenoids, saponins, flavonoids, phenolic compounds, and vita-
min C (Rajan and Bhat, 2016). HPLC and LC/MS analyses have iden-
tified pentagalloyl glucose (PGG), ethyl gallate, and gallic acid in
the hydroethanolic extracts from B. macrophylla seeds (Dechsupa
et al., 2019). A recent study of the ethanolic extract using GC-MS
methods reported the isolation of 14 volatile compounds
(Nguyen et al., 2020).

While accessible sources of Tecoma stans have been phytochem-
ically investigated, little is known about the chemical profiles of N.
concolor and B. macrophylla. In particular, no previous studies have
investigated alpha-glucosidase inhibition by extracts from N. con-
color, the flowers of T. stans, or the leaves of B. macrophylla. In this
paper, we report the bioactive-guided isolation of such extracts.
The chemical structures of eleven known compounds (TS1-5,
NC1-3, BM1-3) were elucidated using spectroscopic data, and the
results compared with those available in the literature (Fig. 1).
The isolated compounds were evaluated for alpha-glucosidase
inhibition and molecular docking studies were performed to eluci-
date the mechanisms involved.

2. Experimental
2.1. General experimental procedures

NMR spectra were recorded on a Bruker Avance Il spectrometer
(500 MHz for '"H NMR and 125 MHz for '*C NMR) using residual
solvent signals as internal references: acetone ds at 8y 2.05, 8¢
29.84 and chloroform-d at 8y 7.26, ¢ 77.18. Thin layer chromatog-
raphy (TLC) was carried out on precoated silica gel 60 Fys4 or silica
gel 60 RP-18 F,545 (Merck), and spots were visualized by spraying
with 10% H,SO,4 solution followed by heating. Gravity column
chromatography was performed on silica gel 60 (0.040-
0.063 mm, Himedia).

1030

Saudi Journal of Biological Sciences 29 (2022) 1029-1042
2.2. Source of plant material

Whole N. condolor plants were collected in Cu M’gar district,
Dak Lak province, in August 2020 and identified by Assoc. Prof.
Dr. Tran Hop, Institute of Tropical Biology, Vietnam Academy of
Science and Technology, Ho Chi Minh City, Vietnam. A voucher
specimen (No. NA-0621) was deposited with the Bioactive Com-
pounds Laboratory, Institute of Chemical Technology.

Leaves of B. macrophylla were collected in Vinh Long Province,
Vietnam in May 2020. The scientific name of the plant was authen-
ticated by Dr. Tran Cong Luan, Tay Do University. A voucher spec-
imen (No. UP019) was deposited with the Department of
Chemistry, Ho Chi Minh University of Education.

Flowers of T. stans were collected in Ho Chi Minh City, Vietnam
between April and June 2020. The scientific name of the plant was
authenticated by Dr. Tran Cong Luan, Tay Do University. A voucher
specimen (No. UP020) was deposited with the Department of
Chemistry, Ho Chi Minh University of Education.

2.3. Alpha-glucosidase inhibition assay

Saccharomyces cerevisiae o-glucosidase (E.C 3.2.1.20), acar-
bose, and 4-nitrophenyl B-D-glucopyranoside (pNPG) were
obtained from Sigma-Aldrich Co (Saint Louis, MI, USA). The
alpha-glucosidase (0.2 U/mL) and substrate (5.0 mM p-
nitrophenyl-B -D-glucopyranoside) were dissolved in 100 mM of
pH 6.9 sodium phosphate buffer (Devi et al., 2020). The inhibitor
(50 uL) was preincubated with alpha-glucosidase at 37 °C for
20 min, then 40 pL of substrate was added to the reaction mixture.
The enzymatic reaction was carried out at 37 °C for 20 min and
stopped by adding 0.2 M Na,CO3 (130 pL). The method followed
that in a previous report (Devi et al., 2020).

2.4. Inhibitory type assay of BM3 on alpha-glucosidase

The mechanism of alpha-glucosidase inhibition by BM3 was
determined using Lineweaver-Burk plots (Microsoft Excel 2010,
Washington, USA), following methods reported in the literature
(Tran et al., 2021). Enzyme inhibition at the different BM3 concen-
trations was evaluated from the substrate. Using Lineweaver-Burk
double reciprocal plots 1/enzyme velocity (1/V) vs. 1/substrate
concentration (1/[S]), the inhibition type was determined at pNPG
substrate concentrations of 1 mM, 2 mM, and 4 mM in the pres-
ence of test compound concentrations of 0, 9.3, 18.6, and
37.2 pM. Three replications were used. The mixtures were incu-
bated at 37 °C and the optical density was measured at 405 nm
over 30 min, at intervals of 1 min, using a Clariostar Labtech micro-
plate reader (Ortenberg, Germany). ICso values were used to
identify the optimal test compound concentrations. The inhibition
constants were obtained graphically from secondary plots
(Microsoft Excel 2010, Washington, USA).

2.5. Molecular docking study

The calculations performed in the molecular docking model,
which was based on previous article (Duong et al., 2020). The dock-
ing steps performed in Scheme 1 by AutoDockTools-1.5.6rc3 pack-
age. The docking parameters set up in grid logic file (dock.gpf) with
the values of grid point spacing, user-specified grid points, and
coordinates of central grid Point of maps, which installed 0.608
Angstroms, (126, 100, 124 points), and (6.403, 0.143, 9.743),
respectively. One receptor was the crystal structures of enzyme
o-glucosidase enzyme, which has code 4J5T (code: 4J5T). It has
collected from protein data bank. The ligands have been used for
docking was NC1, NC2, BM3, and Acarbose (standard drug).
Before making docking, the ligand has conducted the optimal
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conformation by MMFF94 method by Avogadro software and saved
as by file name of ligand.pdb. For receptor, 4]5T, it was deleted the
water molecules, the small ligands, and the heteroatom atoms,
which were available in co-crystal structure. Finally, it was saved
as by a file name of receptor, receptor.pdb. The validation of dock-
ing or redocking method has followed the article (Sibanyoni et al.,
2020). After completing of docking calculation, the best stable con-
formation ligand of one ligand was selected and docked to crystal
structure of an enzyme o-glucose, 4]5T, which was target enzyme
or receptor.

2.6. Molecular dynamics simulation

Molecular dynamics (MD) were simulated on the docked com-
plex BM3-4]5T by using GROMACS program with Amber99SB-
IDLN (Lindorff-Larsen et al., 2010). Antechamber software was
adopted to construct the topology and general Amber force field
parameters for ligand BM3, and those parameters were converted
by ACPYPE python script (Sousa da Silva and Vranken, 2012) to
make them readable on GROMACS. Later, TIP3P water molecules
(Jorgensen et al., 1983) were embedded into the system and a
dodecahedron periodic boundary condition box. Then, the whole
system was neutralized with the water removal and sodium ions
addition. The neutral solvated system was firstly minimized of
energy with 50,000 steps of steepest integrator, secondly equili-
brated in 100 ps of NVT ensembles (T = 300 K) and 100 ps of
NPT ensembles (T = 300 K, P = 1 atm). The MD simulations were
lastly performed with 100 ns of an integrator with a time interval
of 2 fs. Two independent trajectories were executed for further
analysis.

Those emerging trajectories were analyzed by embedded mod-
ules of GROMACS for root-mean-square deviation (RMSD), root
mean square fluctuations (RMSF) on the C-alpha residue; radius
of gyration (Rg); solvent accessible surface area (SASA), and the
hydrogen bond by gmx rms, gmx rmsf, gmx gyrate, gmx sasa, and
gmx hbond respectively. Then the graphs were extracted using
XMGRACE software. Additional RMSD value was also calculated
between reference structure and MD-refined structure obtained
by clustering method with 1.5 A cut-off over equilibrium interval
of 50-60 ns.

The molecular mechanics/Poisson-Boltzmann surface area
(MM/PBSA) method was applied to estimate the binding free
energy based on previous MD studies (Ngo et al., 2021; Poli
et al., 2020). The free energies calculated over 50 frames of an
interval of 50-100 ns were obtained from the following sum:

AEelec + AEvdW + AGpolar + AGsa

where the two first terms are electrostatic and van der Waals inter-
actions (Al-Shabib et al., 2020) in gas phase, the two last terms are
the free energy for polar and apolar solvations. Herein, the non-
polar solvation energy is modeled on the relation to solvent acces-
sible surface area (SASA).

2.7. Extraction and isolation

2.7.1. Isolation of Tecoma stans

Dried T. stans (5.2 kg) flowers were crushed and extracted for
24 h with MeOH (3 x 20 L) at ambient temperature. The filtrated
solution was evaporated to dryness under reduced pressure to
obtain a crude extract (315 g). This was successively partitioned
by n-hexane, n-hexane: EtOAc (1:1, v/v), and EtOAc to afford
extracts H (28 g), HEA (67 g), and EA (88.0 g). Fraction HEA
(67 g) was subjected to silica gel column chromatography (CC),
using an isocratic mobile phase consisting of n-hexane: EtOAc: ace-
tone (8:1:1, v/v/v) to obtain fractions HEA1 (5.3 g), HEA2 (11.4 g),
HEA3 (21.2 g), HEA4 (6.9 g), and HEA5 (14.8 g). Fraction HEA4
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(6.9 g) was dissolved in methanol to obtain HEA4T as a solid and
HEA4S in solution. The HEA4T (1.3 g) was subjected to silica gel
column chromatography, using a solvent system of n-hexane:
CHCl3: EtOAc: acetone (10:6:2:1, v/v/v/v), yielding compounds
TS1 (620 mg) and TS2 (4.9 mg). The HEA4S (5.4 g) was subjected
to Sephadex LH-20 gel chromatography, eluted with methanol, to
obtain fractions S1-4. Fraction S1.3 (2.9 g) was subjected to silica
gel CC using a solvent system of n-hexane: CHCl3: methanol
(5:6:0.5,v/v/v/v), affording fractions S1.3.1- S1.3.8. Fraction S1.3.3
(201 mg) was fractionated by silica gel CC using the same solvent
system, affording compound TS4 (2.1 mg). Fraction $1.3.7 (101 mg)
was subjected to C-18 reverse-phase silica gel CC eluted with
MeOH: H,0 (2 :1, v/v), yielding compounds TS3 (7.9 mg) and TS5
(2.1 mg).

2.7.2. Isolation of Nervilia condolor

Whole N. condolor (4.1 kg) plant was powdered then extracted
three times (3 x 30 L) with 96% EtOH at room temperature. Sol-
vents were removed under low pressure to provide a crude extract
(281 g). The residue was dried then successively re-extracted using
solvents of increasing polarity: n-hexane (H, 110 g), CHCl5 (C, 30 g),
and EtOAc (EA, 91 g). The extract EA (91 g) was subjected to silica
gel column chromatography and eluted with a gradient of chloro-
form-methanol (50:1 — 0:10 %) to afford fractions EA1 (14.5 g),
EA2 (27 g), EA3 (21 g), EA4 (15 g), and EA5 (8.5 g). Fraction EA5
(8.5 g) was chromatographed over silica gel CC, eluting with
CHCI3-MeOH (15:1, v/v), to obtain fractions EA5.1-6. Fraction
EA5.2 (1.5 g) was rechromatographed by silica gel CC, eluted with
CHCl3: MeOH: H,O (10:1:0.1, v/v/v), to yield compound NC3
(31 mg). Fraction EA5.5 (2.1 g) was subjected to silica gel CC, eluted
with CHCl3: MeOH: H,0 (7:1:0.1, v/v/v), to yield compounds NC1
(17 mg) and NC2 (14 mg).

2.7.3. Isolation of Bouea macrophylla

Fresh B. macrophylla leaves (47 kg) were washed under running
tap water and air-dried. The ground powder (20 kg) was macerated
with MeOH (3 x 30 L) at room temperature. After filtration, the sol-
vent was evaporated to dryness under reduced pressure, yielding
the crude MeOH residue (792 g). This was subjected to liquid-
liquid extraction using solvents of n-hexane, n-hexane-EtOAc
(1:1, v/v) and EtOAc to yield n-hexane (H, 214 g), n-hexane-
EtOAc (HEA, 30.6 g), and EtOAc (EA, 390 g) extracts. The HEA
was loaded onto Sephadex LH-20 CC and eluted with MeOH to give
fractions HEA1-5. HEA3 (7.6 g) was washed with methanol (5x100
mL). The resulting solid was crystallized in acetone to obtain com-
pound BM1 (1.3 g). Fraction HEA4 (6.2 g) was rechromatographed
using Sephadex LH-20 CC, providing fractions HEA4.1-4.4. The
HEA4.3 (1.9 g) was subjected to silica gel CC and eluted with a sol-
vent system of n-hexane-EtOAc (2:1, v/v) to obtain sub-fractions
HEA431-435. The HEA434 (101 mg) was subjected to silica gel
column chromatography and eluted with a solvent system of
n-hexane-EtOAc (1:1, v/v) to give BM2 (210 mg) and BM3 (5 mg).

3. Results

Extracts/fractions from N. concolor, T. stans, and B. macrophylla
were evaluated for alpha-glucosidase inhibition (Table 1). The
most active extract of each plant was selected for further isolation.

3.1. Phytochemical identification and alpha-glucosidase inhibition of
isolated compounds of Tecoma stans

From Tecoma stans, five known compounds were isolated from
the bioactive fraction HEA4 of T. stans: ursolic acid (TS1), 3-
oxours-12-en-28-oic acid (TS2), chrysoeriol (TS3), ferulic acid
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Table 1
Alpha-glucosidase inhibition (ICsq) by extracts and fractions.

Bio-source Extracts IC50 ng/mL

Tecoma stans Crude MeOH 205.7
n-Hexane (Extract H) >200
n-Hexane: ethyl acetate (Extract HEA) 89.8
Ethyl acetate (Extract EA) >200
Fraction HEA1 >200
Fraction HEA2 >200
Fraction HEA3 137.2
Fraction HEA4 87.8
Fraction HEA5 >200

Nervilia concolor Crude EtOH 79.9
n-Hexane (Extract H) 37.6
Chlroform (Extract C) 354
Ethyl acetate (Extract EA) 184

Bouea macrophylla Crude MeOH 185.4
n-Hexane (Extract H) >200
n-Hexane: ethyl acetate (Extract HEA)  98.3
Ethyl acetate (Extract EA) >200
Fraction HEA1 >200
Fraction HEA2 >200
Fraction HEA3 78.8
Fraction HEA4 96.4
Fraction HEA5 >200

(TS4), and tecomine (TS5). The compounds were readily identified
from their 1D- and 2D-NMR spectra (Table S1, Fig. S1-5). All iso-
lated compounds were the first to be reported from the studied
plant.

Ursolic acid (TS1). White amorphous powder. 'H NMR
(500 MHz, Acetone dg) and '>C NMR (125 MHz, Acetone dg) data
were consistent with those reported in the literature (Basir et al.,
2014).

3-Oxours-12-en-28-oic acid (TS2). White amorphous powder.
TH NMR (500 MHz, Acetone dg) data were consistent with those
reported in the literature (Basir et al., 2014).

Chrysoeriol (TS3). Light yellow amorphous powder. '"H NMR
(500 MHz, DMSO dg) and *C NMR (125 MHz, DMSO dg) data were
consistent with those reported in the literature (Bashyal et al.,
2019). See Table S2, Fig. S8.

Ferulic acid (TS4). White amorphous powder. 'H NMR
(500 MHz, Acetone dg) data were consistent with those reported
in the literature (Shimomura et al., 1988).

Tecomine (TS5). White amorphous powder. 'H NMR (500 MHz,
Acetone dg) data were consistent with those reported in the litera-
ture (Lins and Felicio, 1993) (Fig. S9).

The isolated compounds TS1-5 were evaluated the
alpha-glucosidase inhibition. All exhibited potent inhibition of
alpha-glucosidase with ICso values ranging from 39.2 to
143.3 uM. This exceeded the ICso 332.5 pM of the acarbose
standard (Table 2).

3.2. Phytochemical identification and alpha-glucosidase inhibition of
isolated compounds of Nervilia concolor

From Nervilia concolor, three known compounds were isolated:
astragalin (NC1), isoquercitrin (NC2), and caffeic acid (NC3) from
the active extract EA.

Astragalin (NC1). Yellow amorphous powder. 'H NMR
(500 MHz, DMSO dg) and '>C NMR (125 MHz, DMSO dg) data were
consistent with those reported in the literature (Rezende et al.,
2019). See Table S2, Fig. S10.

Isoquercitrin (NC2). Yellow amorphous powder. 'H NMR
(500 MHz, DMSO dg) and 3C NMR (125 MHz, DMSO dg) data were
consistent with those reported in the literature (Napolitano et al.,
2012). See Table S2, Fig. S11.
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Table 2
Alpha-glucosidase inhibition (ICsg) by compounds
NC1-3, TS1-5, and BM1-3.

Compounds ICsp M
TS1 39.2+06
TS2 82.7+19
TS3 64.7 £ 3.9
TS4 984 +6.2
TS5 143.3+9.7
NC1 35.6 £2.5
NC2 36.8+1.6
NC3 14+03
BM1 61.0 £ 1.7
BM2 71.0 £ 2.1
BM3 182+0.8
Acarbose (positive control) 3325

Caffeic acid (NC3). White amorphous powder. 'H NMR (500 MHz,
Acetone dg) and '>C NMR (125 MHz, Acetone dg) data were consis-
tent with those reported in the literature (ToSovic, 2007) (Fig. S12).

Compounds NC1-3 exhibited strong inhibition of alpha-
glucosidase with ICsq values of 1.4, 35.6, and 36.8 1M, respectively
(Table 2).

3.3. Phytochemical identification and alpha-glucosidase inhibition of
isolated compounds of Bouea macrophylla

Betullinic acid (BM1), methyl gallate (BM2), and 3-O-
galloylgallic acid methyl ester (BM3) were isolated from the bioac-
tive HEA extract of B. macrophylla.

Betullinic acid (BM1). White amorphous powder. 'H NMR
(500 MHz, Acetone dg) data were consistent with those reported
in the literature (Hossain and Ismail, 2013) (Fig. S13).

Methyl gallate (BM2). White amorphous powder. 'H NMR
(500 MHz, Acetone dg) data were consistent with those reported
in the literature (Kamatham et al., 2015) (Fig. S14).

3-0-Galloyl gallic acid methyl ester (BM3). White amorphous
powder. '"H NMR (500 MHz, Acetone dg) and '3C NMR (125 MHz,
Acetone dg) data were consistent with those reported in the litera-
ture (Newsome et al., 2016) (Figs. S15, S16).

Compounds BM1-3 were evaluated the alpha-glucosidase inhi-
bition, showing strong activity with the ICso values of 18.2, 61.0,
and 71.0 pM, respectively (see Table 2).

3.4. Alpha-glucosidase inhibition type and inhibition constants of BM3

To examine the inhibition mechanism of BM3, activity at pNPG
concentrations of 0, 9.3, 18.6, and 37.2 uM was recorded. Linewea-
ver-Burk plots showed linearity at each concentration, intersecting
the y-axis in the first quadrant (Fig. 2).

3.5. In silico molecular docking model of compounds NC1, NC2, and
BM3

The best conformation ligand NC1, NC2, BM3, and Acarbose
(anti-diabetic drug) which had demonstrated low ICsq values, were
selected for investigation of molecular docking, indicating the con-
sistency between in vitro and in silico studies of these compounds.
The significant results obtained from docking procedure of confor-
mations of ligands, NC1, NC2, and BM3, with the crystal structures
of target protein in silico molecular docking model were summa-
rized in Table 3.

3.6. Molecular dynamics simulation of BM3

The RMSD graph (Fig. 13) illustrated the variations of internal
atomic coordinates in the conformations are in the range of
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Fig. 2. Lineweaver-Burk plot for a-glucosidase inhibition by compound BM3 (left) and secondary plot of slope vs inhibitor concentration (right).

0.25-0.28 nm and 0.25-0.30 nm for first and second trajectories,
respectively, which indicates a system in equilibrium and stability
after 30 ns. The RMSD value between MD-refined and original
configurations was approximately 0.2 nm being within successful
rate of simulation (Al-Shabib et al., 2020). The similarity in the
poses of two previously mentioned configurations was illustrated
in Fig. 18.
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4. Discussion

Our literature review showed that crude extracts of T. stans
have previously been evaluated for alpha-glucosidase inhibition.
They include the aqueous extract from T. stans leaves, which
demonstrated an ECso value of 0.73 mg/mL against intestinal
alpha-glucosidase (Aguilar-Santamaria et al., 2009), while the
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Table 3
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Significant results from the in silico molecular model of docking and enzyme alpha-glucosidase based on free energy of binding (AG), inhibitor constant of fifty percent (K;),

number of hydrogen bonds, and the length of hydrogen bonds in units of A.

Entry Free Energy of Binding!®! of the best docking pose KIPI

The number of hydrogen bonds!! The property and bond length!“!

NC1 -7.73

(Pose: 177/200)

NC2 -7.03

(Pose: 106/200)

BM3 -6.73

(Pose: 134/200)

—6.54
(Pose: 52/200)

Acarbose

2.15

7.08

11.72

15.98

A:ILE362:N-NC1:0 (2.54 A)
NC1:H-A:LEU364:0 (1.92 A)
NC1:H-A:ILE362:0 (2.18 A)
NC1:H-A:GLN447:0 (1.95 A)
A:GLN447:N-NC2:0 (2.96 A)
A:ASN448:N-NC2:0 (3.09 A)
A:ASN448:N-NC2:0 (3.14 A)
NC2:H- A:ILE362:0 (2.08 A)
NC2:H-A:ASP568:0 (1.73 A)
NC2:H-A:ASP568:0 (2.01 A)
NC2:H-A:PHE444:0 (1.94 A)
NC2:H - A:VAL446:0 (2.25 A)
A:ARG428:N-BM3:0 (2.64 A)
A:ARG428:N-BM3:0 (3.11 A)
BM3:H- A:ILE362:0 (2.20 A)
BM3:H- A:ILE362:0 (2.34 A)
BM3:H-A:GLN447:0 (1.97 A)
BM3:H-A:GLN447:0 (1.96)
BM3:H-A:GLU429:0 (2.09)
A:ARG428:N-Acarbose:0 (2.84 A)
Acarbose :H-A:VAL446:0 (2.28 A)
Acarbose:H-A:VAL446:0 (2.36 A)
Acarbose :H-A:GLU443:0 (2.28 A)
Acarbose:H-A:GLU443:0 (2.26 A)
Acarbose:H-A:GLN445:0 (2.01 A)
Acarbose:H-A:GLN442:0 (2.18 A)
Acarbose:H-A:GLN442:0 (2.01 A)
Acarbose:H - A:LEU364:0 (2.20 A)
Acarbose :H - A:GLU443:0 (2.06 A)
Acarbose:H-A:GLU443:0 (1.95 A)
Acarbose :H-A:ILE362:0 (1.82 A)

4

12

[a]. Calculated using AutoDockTools-1.5.6rc3 and reported in units of kcal.mol™". [b]. Inhibition constants K;, uM derived using AutoDockTools-1.5.6rc3. [c],[d]. Based on

Discovery Studio (DSC) software.

methanol and ethyl acetate extracts from the bark showed ICs, val-
ues of 0.645 mg/mL (Evangeline et al., 2015). However, our study is
the first to report alpha-glucosidase inhibition by extracts from T.
stans flowers. The monoterpene alkaloid tecomine (TS5) is abun-
dant in the leaves and fruits (Marzouk et al., 2006), and has been
experimentally demonstrated to produce a significant reduction
in the blood sugar of rabbits (Costantino et al., 2003). Rahman
et al. (2019) demonstrated that this compound inhibited the

alpha-glucosidase enzyme in silico. The hydrochloride salt of teco-
mine (TS5) is known to reduce plasma cholesterol (Costantino
et al., 2003). Chrysoeriol (TS3) extracted from T. stans leaves shows
strong inhibition of the pancreatic lipase enzyme [28]. Ursolic acid
(TS1) is known to exhibit strong inhibition of alpha-glucosidase
(Wu et al., 2017). The compound 3-oxours-12-en-28-oic acid
(TS2) is less potent than TS1, suggesting that the 3-OH group of
the ursane skeleton plays a key role in alpha-glucosidase

Fig. 3. Most stable conformation of ligand NC1 linked to pocket of the receptor 4J5T. Crystal structure of a-glucosidase enzyme.
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1447

Fig. 4. Hydrogen bonds between amino acids of enzyme protein 4J5T and active
atoms on conformation ligand NC1.

inhibition. Adisakwattana et al. (2009) undertook kinetic studies
for caffeic acid (NC3) and ferulic acid (TS4), and concluded that
both are non-competitive types.

Astragalin (NC1) and isoquercitrin (NC2) also inhibited alpha-
glucosidase, consistent with published results (Hong et al., 2013;
Pereira et al. 2011). Caffeic acid (NC3) showed the highest activity,
which again was consistent with the literature (Oboh et al., 2015).
Adisakwattana et al. (2009) undertook kinetic studies for caffeic
acid (NC3) and concluded that both are non-competitive types. A
molecular docking model (Damian-Medina et al., 2020) has con-
firmed the consistency between in vitro and in silico studies of

Interactions

l:] van der Waals

- Conventional Hydrogen Bond
I:l Carbon Hydrogen Bond
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the two compounds, so no in silico or kinetic analysis of caffeic acid
(NC3) was performed in the current work.

Gallic acid and its ester, methyl gallate (BM2) are well- known,
widely distributed in many higher plants. Betullinic acid is a pop-
ular triterpene which could be found as a major compounds deriv-
ing from natural sources. Alpha-glucosidase inhibition of these
compounds have been investigated extensively. However, little is
known about the activity of 3-O-galloylgallic acid methyl ester
(BM3). Thus, BM3 was used to explore the inhibition mechanism
based on its low IC5q value among tested compounds.

The in silico docking profile of ligand NC1 and alpha-glucosidase
enzyme, code 4]5T (protein data bank: PDB), is shown in Figs. 3-6,
S1, and Table 3. As can be seen from Fig. 3, in the most stable con-
formation ligand NC1, docking pose 106/200 (200 models) (brief:
ligand) was bound to the pocket on the crystal structure of the glu-
cosidase enzyme 4]5T: PDB with the lowest negative free Gibb
energy, AG®, of —7.73 Kcal.mol~! and inhibition constant, Ki, of
2.15 pM. The residual amino acids of A chain the enzyme inter-
acted with active atoms on ligand NC1. As can be seen from Table 3
and Fig. 4, the residual amino acids of the enzyme A chain estab-
lished four hydrogen bonds with hydrogen, and with the oxygen
atoms of the phenolic hydroxy groups of ligand NC1. These were
A:ILE362:N-NC1:0, NC1:H-A:LEU364:0, NC1:H-A:ILE362:0, and
NC1:H-A:GLN447:0. The NC1:H-A:LEU364:0, hydrogen bond
was the strongest, due to the shortest bond length. Fig. 5 shows
the main interactions (ligand and residual interactions) as a simple
2D diagram. They included classical hydrogen, pi-sigma, pi-alkyl,
Van der Waals forces, and carbon hydrogen bond. In Fig. 5, the
most stable ligand NC1 is the capro group (protein identification)
via the following ligand interactions: pi-alkyl of Val446 of A chain
with the aromatic ring, and the pi-sigma interaction of Leu364 of
the A chain with a ring of the conjugation carbonyl with the alkene
group, and aromatic ring of ligand NC1. The linker part of ligand NC
was not identified, while the functional groups of ligand NC1
linked from Ile362, Leu364, GIn447, and Gly556 of the A chain to
hydrogens of the hydroxy phenolic rings or hydroxy benzyl group

I:l Pi-Donor Hydrogen Bond
I Fisigma
I:l Pi-Alkyl

Fig. 5. 2D diagram showing important interactions between conformation ligand NC1 and amino acids of DNA of receptor, 4]J5T.
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Glu 361

lle 451

Fig. 6. Ligand map showing interactions between NC1 and 4J5T such as hydrogen bonds (brown lines), steric interactions (light blue lines), and overlap interactions (purple

circles).

on ligand NC2. Residual Van der Waals interactions formed from
Glu361, Ile361, Lys363, Leu365, Arg428, Glu443, Phe444, Asn448,
Leu563, and Pro564 of the A chain of the enzyme pocket with
ligand NC1. The ligand NC1 has potential for drug delivery because
of the lack of a part of the linker identification. As shown in Fig. 6,
the ligand map, secondary interactions formed from active amino
acid of A chain to active atoms on ligand NC2 such as hydrogen
bonds (from Ile362, Gly556, Glu361, GIn447, and Leu 364 to

Fig. 7. The ligand BM3, the best conformation ligand (color molecule) has bond to
active sites on the crystal structure of enzyme o-glucosidase, code: 4]5T: PDB.

conformation ligand NC1), steric interactions (from Val446,
Glu361, and 1le451 to ligand NC1), and overlap interactions (violet
circles). Those interactions determined the strength interactions of
ligand NC1 and receptor during docking processing.

Table 3 and Figs S2-S6 show the interaction profile between
NC2 and the 4J5T target enzyme. The conformation ligand NC2,
docking pose 106/200 binds to enzyme 4]5T with a AG® value of
—7.03 Kcal.mol ! and Ki value of 7.08 uM, as shown in Table 3.

Ile362

Fig. 8. Hydrogen bonds linking residual amino acids to active sites on ligand BM3.
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- Unfavorable Donor-Donor

|:] Pi-Sigma

Fig. 9. 2D diagram showing major interaction profile of ligand BM3 and enzyme.

Ligand NC2, pose 106 forms hydrogen bonds with residual amino
acids: A:GLN447:N-NC2:0, A:ASN448:N-NC2:0, A:ASN448:N-
NC2:0, NC2:H-A:ILE362:0, NC2:H-A:ASP568:0, NC2:H-A:
ASP568:0, NC2:H-A:PHE444:0, and NC2:H - A:VAL446:0. Fig. S2
shows conformation ligand NC2 dipping into a pocket of the target
enzyme. Ligand NC2 is moderate hydrophilic. The 2D diagram
shows the major interactions between ligand NC2 and the target
enzyme via hydrogen bonds, pi-sigma, Van der Waals forces, unfa-
vorable donor-donor, and unfavorable acceptor-acceptor in
Fig. S3. The ligand binds weakly as the linker of ligand NC2 does
not interact with the active amino acids and cap group does not
identify much more. In the cap group, part of identification of the
protein of the ligand detects interactions including pi-sigma (Leu
563: A to aromatic ring). The functional group of ligand NC2 was
identified via the hydrogen bonds from amino acids such as Asp
568, Ile362, GIn447, Phe444, Asn448, and Val446 of the A chain
to atom hydrogens and oxygen at hydroxy group of ligand NC2.
Residual interactions include weak Van der Waals bonds formed
from the amino acids of the enzyme pocket to ligands Glu443,
Lys363, Leu364, Arg428, Glu429, and Ile451 of the A chain. The
interaction profile of the most stable conformation ligand BM3,
docking pose 134/200 is shown in Table 3, Fig. 7-10, and Fig. S7.
In Fig. 7, the most stable conformation of ligand BM3, docking pose
134 shows interacting with the active sites of alpha-glucosidase
4]5T: PDB at an enzyme pocket site. In Table 3 and Fig. 8, ligand
BM3, docking pose 134 has bound with the target enzyme with a
AG® of —6.73 Kcal.mol™! and K; of 11.72 pM. The docking pose
134 has formed seven hydrogen bonds with residual amino acids
such as A:ARG428:N-BM3:0, A:ARG428:N-BM3:0, BM3:H-A:
ILE362:0, BM3:H-A:ILE362:0, BM3:H-A:GLN447:0, BM3:H-A:
GLN447:0, BM3:H-A:GLU429:0. The BM3:H-A:GLN447:0 bond
was strongest, having the shortest bond length. The 2D diagram
in Fig. 9 shows the main interactions between ligand BM3 (docking
pose 134) and the target enzyme. These include the hydrogen
bond, pi-sigma, unfavorable donor-donor, carbon hydrogen bond,
and Van der Waals interactions. The conformation ligand BM3
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(docking pose 134) is a potential drug delivery because it has three
parts that recognize the protein of enzyme 4]5T. The protein iden-
tification area of ligand BM3 has pi-sigma interaction via Leu 364
of A chain with one aromatic ring. The linker exposes an unfavor-
able donor-donor interaction of Arg428 of the A chain with an oxy-
gen atom of phenolic hydroxy group of conformation BM3. The
functional group identification part of the ligand formed so many
hydrogen bonds linking from Arg428 (3.61 A), GIn447 (3.95 A),
Gln447 (3.43 A), 1le362 (4.91 A), 11e362 (5.39 A), and Glu429
(4.20 A) to hydro atoms and oxygen atom in the aromatic rings.
As shown in Fig. 10, the ligand map shows the secondary

Phe 444

Arg 423

Fig. 10. Ligand map from residual amino acids to atoms on ligand BM3.
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Fig. 11. The best docking poses of the most stable conformation ligands have docked to the same active pocket of the crystal structure of enzyme o-glucosidase, 4J5T: PDB.
Ligand BM3: the best pose 134 (brown color), ligand NC1: the best pose 177 (dark green color), ligand NC2: the best pose 106 (red color), and ligand Acarbose (standard drug):
the best pose 52 (purple color).

415T

Fig. 12. The docking pose of the most conformation ligands, BM3 (pose 134, brown color), NC1 (pose 177, dark green), NC2 (pose 106, red color), and Acarbose (pose 52,
purple color) have linked to the same cavity of enzyme, 4]5T.

1038
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interactions between ligand BM3 and target enzymes via hydrogen
bonds (brown lines), steric interactions (light blue lines), and over-
lap interactions (purple circles). These interactions determine
strengths of interactions between ligand BM3 and receptor 4J5T
during conformation docking.

The docking of Acarbose (standard drug) to enzyme, 4J5T
showed in Fig. S8-S10. The ligand Acarbose (docking pose
52/200) docked to crystal structure of enzyme, 4]5T at active sites
of receptor with a AG® value of —6,54 Kcal.mol~! and Ki value of
7.08 uM, as shown in Fig. S8 and Table 3. As can be seen from
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Fig. 18. Ligand sites of initial configuration (pink backbone) and MD-refined configuration (green backbone).

Table 4
MM]/PBSA terms calculated for binding energies.

AEgjec (kcal/mol) AEaw (kcal/mol)

AGpoar (kcal/mol) AGg, (kcal/mol) AGpinding (kcal/mol)

—-50.61
—-50.61

Trajectory 1
Trajectory 2

—51.05
-51.05

70.81
70.81

—5.52
—5.52

—-36.37
—-36.37

Table 3 and Fig. S9, the residual amino acids of the enzyme A chain
established twelve hydrogen bonds from them to hydro atoms and
oxygen on hydroxy groups of ligand Acarbose. They were A:
ARG428:N-Acarbose:0, Acarbose:H-A:VAL446:0, Acarbose:H-A:
VAL446:0, Acarbose :H-A:GLU443:0, Acarbose:H-A:GLU443:0,
Acarbose:H-A:GLN445:0, Acarbose:H-A:GLN442:0, Acarbose:H-
A:GLN442:0, Acarbose:H-A:LEU364:0, Acarbose :H-A:GLU443:0,
Acarbose:H-A:GLU443:0, and Acarbose :H-A:ILE362:0 (1.82 A)
as shown in Table 3 and Fig. S9. As can be seen from Fig. S10, ligand
Acarbose was fully identified as good drug deliver because three
parts of ligand find out well. The cap group linked from Glu443
to the heterocyclic oxygen (via an unfavorable acceptor-acceptor
interaction), the linker bound from Phe444 to oxygen atom of
method group (via an unfavorable acceptor-acceptor interaction).
The functional groups obtained via hydrogen bonds from Arg428,
[le362, Glu443, Val446, Leu364, GIn442, and GIn445 to hydro
atoms, oxygen atom on ligand Acarbose. The ligand BM3 docked
to enzyme, 4]5T better than that of ligand Acarbose because those
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values of free Gibbs energy and inhibition constant of ligand BM3
(docking pose 134) were lower than those of ligand Acarbose
(docking pose 52).

In silico docking model, the redocking has been made to prove
the validation of this docking. As shown in Fig. 11, the best stable
conformation docking of ligand such as BM3 (pose 134, brown
color), NC1 (pose 177, dark green color), NC2 (pose106, red color),
and Acarbose (standard drug) docked to the same active pocket of
the crystal structure of enzyme o-glucosidase, 4]5T: PDB, respec-
tively. As seen in Fig. 12, those docking poses of the ligand BM3,
NC1, NC2, and Acarbose docked to the same cavity of receptor
4]5T. Their structures are not superimposed because they are not
analog structures or conformation isomers. They mean docking
poses, which docked to the same cavity, when it was compared
to one stand drug, Acarbose as reference.

The analysis of RMSF, R,, SASA, hydrogen bond numbers
(Figs. 14-17) and MM/PBSA energies (Table 4) also show a highly
similarity in these two simulated trajectories. The MM/PBSA
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binding energies based on two MD trajectories shown in Table 1
are remarkably identical, at approximately —36.37 kj/mol. Due to
the considerably lengthy computational time required, the entro-
pic term of the binding energy was overlooked in the calculations
in MM/PBSA method. However, if only the terms of AGpinging Calcu-
lated by MM/PBSA, docking, and ICsy value were considered, it is
suggested that later study should explored the entropic terms for
more comprehensive energy estimations. In this study, the docking
method has been illustrated as faster, reliable, and applicable for
rapidly determining the binding energies as well as modeling the
spatial poses of ligand - alpha-glucosidase complexes with accept-
able accuracy.

The kinetics of enzyme inhibition confirmed that BM3 acted as
a competitive inhibitor. The kinetic analysis showed that an
increase in the BM3 concentration had no effect on the Vmax
(0.049 uM.min~1!), but increased the Km from 1.24 to 2.58. The
inhibition constant (Ki) was 31.22 uM.

5. Conclusions

The non-aqueous extracts of N. concolor, T. stans, and B. macro-
phylla showed strong alpha-glucosidase inhibition, guiding bioac-
tive isolation. Eleven compounds were isolated from these three
plants, and were elucidated as ursolic acid (TS1), 3-oxours-12-
en-28-oic acid (TS2), chrysoeriol (TS3), ferulic acid (TS4), ecomine
(TS5), astragalin (NC1), isoquercitrin (NC2), caffeic acid (NC3),
betullinic acid (BM1), methyl gallate (BM2), and 3-0-galloyl gallic
acid methyl ester (BM3). All compounds showed good alpha-
glucosidase inhibition, with ICso values ranging from 1.4 to
143.3 pM, indicating that those compounds might account for
the activity of the extracts. Among the compounds isolated, NC1-
3 and BM3 showed the strongest activity. The kinetics of enzyme
inhibition showed that BM3 was a competitive-type inhibitor of
alpha-glucosidase. An in silico molecular docking model indicated
that compounds NC1, NC2, and BM3 were inhibitors of the
alpha-glucosidase enzyme. The simulation of the molecular
dynamics was performed for compound BM3 and emphasized both
the affinity and stability of the ligand with the protein during con-
tacting in the 100 ns time period.
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