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ntingia calabura leaves: structural
elucidation and SAR for a-glucosidase inhibition by
in vitro and in silico evaluation†
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Phytochemical investigation of Muntingia calabura leaves led to the isolation of three new calaburones (1–

3) and 12 known flavones (4–15). Their structures were elucidated by using advanced spectroscopic

techniques and compared with existing literature. In vitro assay revealed that 12 out of the 15 flavones

demonstrated potential a-glucosidase inhibitory activity compared to a positive control, acarbose. The

three most potent compounds (3, 14, and 15), having IC50 values of 5.4, 12.8, and 3.1 mM, respectively,

were further investigated using molecular dynamics (MD) simulations to explore the structure–activity

relationship (SAR) and assess their interactions with the a-glucosidase enzyme. The SAR analysis suggests

that the presence of methoxy groups at C-3 and C-8, along with a hydroxyl group at C-5, plays a crucial

role in the a-glucosidase inhibitory activity of these compounds. Molecular docking and molecular

dynamics (MD) simulations show that these compounds form strong interactions with key amino acids of

a-glucosidase, particularly hydrogen bonds and hydrophobic interactions, leading to the structural

stability of the enzyme when bound with the ligand. Compound 15 exhibits the most substantial binding

with a-glucosidase, primarily through interactions at the allosteric site, enhancing the stability of the

enzyme–ligand complex. These results suggest compound 15 is the most promising candidate for

development as an a-glucosidase inhibitor in anti-diabetic drug discovery.
Introduction

Diabetes mellitus is a chronic metabolic disorder characterized
by persistent hyperglycemia, posing a signicant global health
challenge due to its rising prevalence and associated socioeco-
nomic burden. Among various therapeutic strategies, the
regulation of postprandial glucose levels plays a critical role in
diabetes management. a-Glucosidase, a key carbohydrate-
hydrolyzing enzyme located in the brush border of the small
intestine, facilitates the breakdown of oligosaccharides into
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glucose. Inhibiting a-glucosidase is an established therapeutic
approach that delays carbohydrate digestion and absorption,
thereby mitigating postprandial hyperglycemia.1,2 Clinically
approved a-glucosidase inhibitors (AGIs), such as acarbose,
voglibose, and miglitol, effectively manage type 2 diabetes
mellitus (T2DM).2,3 However, their long-term use is oen asso-
ciated with gastrointestinal side effects, underscoring the need
for alternative inhibitors with improved efficacy and safety
proles.

Natural products have long been recognized as valuable
sources of bioactive compounds for drug discovery. Among
them, avones have garnered considerable attention for their
diverse pharmacological activities, including antioxidant, anti-
proliferative, anti-tumor, antimicrobial, antidiabetic, estrogen-
like, acetylcholinesterase-inhibiting, and anti-inammatory
effects. Flavones are also applied in the treatment of cancer,
cardiovascular conditions, and neurodegenerative diseases.4

Structurally, avones are characterized by a benzopyranone
(C6–C3–C6) core, with various hydroxylation, methoxylation,
and glycosylation patterns inuencing their biological activity.
The polypharmacological potential of avones has been
increasingly recognized, as these compounds can interact with
multiple molecular targets and pathways, which may contribute
© 2025 The Author(s). Published by the Royal Society of Chemistry
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to both their therapeutic efficacy and side effect proles. While
avones are generally considered safe, the potential toxicolog-
ical risks associated with chronic or high-dose exposure,
particularly in the context of long-term antidiabetic therapy,
should not be overlooked and warrant further investigation.5,6

Recent studies have explored the potential of avones as a-
glucosidase inhibitors, highlighting their ability to modulate
enzyme activity through specic structural features.7 However,
compared to other avonoid subclasses such as avonols and
isoavones, comprehensive structure–activity relationship
(SAR) studies on avone-a-glucosidase interactions remain
relatively limited.

SAR investigations have revealed that specic hydroxylation
and methoxylation patterns signicantly impact the inhibitory
potency of avones. Hydroxyl groups at positions C-5, C-7, and
C-40 have been reported to enhance hydrogen bonding inter-
actions with key amino acid residues in the active site of a-
glucosidase, thereby increasing binding affinity.8–10 Conversely,
methoxylation or alkylation at positions C-6 or C-30 has been
associated with stronger hydrophobic interactions, which
contribute to ligand stabilization within the enzyme's binding
pocket.10 Molecular docking and enzymatic assays have identi-
ed crucial amino acid residues involved in avone binding,
including Asp242, Arg315, and Glu411, with avones primarily
interacting through hydrogen bonding, electrostatic forces, and
p–p stacking with aromatic residues such as Phe178 and
Tyr158.11,12 Additionally, some avones have been suggested to
bind to allosteric sites, leading to non-competitive inhibition,
which may offer advantages over active-site inhibitors by
reducing the risk of resistance development.7,13

Despite these ndings, the current understanding of avone-
based a-glucosidase inhibitors remains fragmented. It is crucial
that we shi our focus from isolated avone derivatives to
establishing a comprehensive SAR framework. Furthermore,
while in vitro enzyme inhibition assays are widely employed, in
silico molecular modeling and in vivo validation remain
underdeveloped, limiting the translational potential of these
compounds. The lack of systematic evaluation of avone
derivatives across diverse structural modications further
hampers the rational design of more potent and selective
inhibitors. To advance this eld, future studies should prioritize
expanding SAR analysis by incorporating a broader range of
avone analogs, employing molecular dynamics simulations to
assess binding stability, and validating promising inhibitors
through preclinical and clinical studies. Given the increasing
global burden of diabetes and the demand for safer, more
effective therapeutic options, avone-based a-glucosidase
inhibitors represent a promising yet underexplored avenue in
drug discovery.

Muntingia calabura L. (Muntingiaceae), commonly known as
“Trứng cá” in Vietnam, is a tropical plant widely used in
traditional medicine for treating diabetes, inammation, and
bacterial infections.14 Phytochemical studies have revealed that
the plant is rich in tocopherols, avonoids, chalcones, and
sterols. In our previous study, we identied six d-tocopherol
derivatives, four avonoids, and ve steroids from the ethyl
acetate extract ofM. calabura leaves, in which there was a newly
© 2025 The Author(s). Published by the Royal Society of Chemistry
described trimeric d-tocopherol derivative.15–20 Moreover,
avones are a dominant component of the avonoid content,
which has led to increasing interest in their bioactive potential.
While extracts from M. calabura have shown promise for their
antioxidant, anti-inammatory, antidiabetic, and antimicrobial
properties, their ability to inhibit a-glucosidase, a key enzyme
involved in glucose metabolism, has yet to be comprehensively
studied.21,22

Therefore, this study identies and evaluates the a-glucosi-
dase inhibitory potential of avones isolated from M. calabura
leaves through a combination of experimental and computa-
tional approaches. This study led to the isolation of three new
avones, calaburone A (1), calaburone B (2), and calaburone C
(3), along with 12 known avones (4–15). The objectives include
isolating avones, determining their chemical structures, and
assessing their a-glucosidase inhibitory activities to elucidate
the role of structural features in modulating bioactivity. Addi-
tionally, in silico docking and binding energy calculations will
be performed to explore interactions between the avones and
the active site of a-glucosidase, identifying key binding motifs
and energetically favorable conformations. The ndings of this
study will not only deepen our understanding of the structural
basis of a-glucosidase inhibition by avones but also position
M. calabura as a promising natural source of antidiabetic
agents. By integrating in vitro and in silico approaches, this
study aims to identify novel a-glucosidase inhibitors from
natural product sources.

Results and discussion

The dried leaves of M. calabura L. were subjected to sequential
extraction with n-hexane, ethyl acetate (EtOAc), and methanol
(MeOH) using a Soxhlet extraction system, yielding n-hexane,
EtOAc, and MeOH extracts. Through a combination of chro-
matographic methods, including normal-phase silica gel, RP-18
silica gel, and preparative thin-layer chromatography (TLC),
three novel compounds (1–3) and twelve previously known
compounds (4–15) (Fig. 1) were successfully isolated from the
EtOAc extract. The previously identied compounds were
characterized as 7-hydroxyavone (4),23 7-hydroxy-8-
methoxyavone (5),24 3,7-dimethoxyavone (6),25 5,7-
dimethoxy-6-hydroxyavone (7),26 kaempferol (8),27 40-hydrox-
ywogonin (9),28 6,7-dimethoxy-5,40-dihydroxyavone (10),29 5-
hydroxy-7,40-dimethoxyavone (11),30,31 7-hydroxy-40-methoxy-
avone (12),32 quercetin 3,7-dimethyl ether (13),33 quercetin 3,30-
dimethyl ether (14)34 and 5,7,40-trihydroxy-3,8-dimethoxyavone
(15).35

Compound 1 was isolated as a yellowish amorphous solid.
The compound showed a pseudo-molecular ion atm/z 329.1035
[M + H]+, corresponding to the empirical formula C18H17O6

+

(calculated for 329.1025), thereby conrming the molecular
formula as C18H16O6 in HR-ESI-MS. The IR spectra showed
absorption bands at 3458 cm−1 (stretching of O–H), 2925 cm−1

(stretching of C–H), 1737 cm−1 (stretching of C]O), 1509 cm−1

(stretching of C]C), 1366 cm−1 (bending of O–H), 1104 cm−1

(bending of C–O), and 702 cm−1 (bending of C–H). The 1H-NMR
spectrum displayed signals of ve aromatic protons [dH 8.14–
RSC Adv., 2025, 15, 26444–26454 | 26445
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Fig. 1 Structures of three new flavones (1–3) together with twelve
known flavones (4–15) isolated from M. calabura L. leaves.

Fig. 3 Binding poses and 2D interactions between the a-glucosidase
and compound 3 (A), compound 14 (B), and compound 15 (C).
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7.56 (5H; m; H-20, H-30, H-40, H-50, H-60)] corresponding to the
mono-substituted benzene and one isolated aromatic proton
[dH 6.50 (1H; s; H-5)], together with three methoxyl groups [dH
3.92–3.85 (9H; s; 3-OCH3, 6-OCH3, 7-OCH3)] and a free hydroxyl
group [dH 9.19 (1H; s; 8-OH)]. Additionally, the 13C-NMR and
DEPT spectra revealed the signals of a ketone carbonyl carbon
[dC 172.5 (C-4)], two oxygenated olenic carbons [dC 151.5 (C-2),
141.4 (C-3)], twelve aromatic carbons [dC 96.0 (C-5), 156.4 (C-6),
128.8 (C-7), 154.6 (C-8), 151.2 (C-9), 108.8 (C-10), 131.3, (C-10),
127.9 (C-20, C-60), 128.6 (C-30, C-50), 130.2 (C-40)], and three
methoxyl carbons [dC 59.1 (3-OCH3), 55.6 (6-OCH3), 60.9 (7-
OCH3)]. The compound was thus a tetra-oxygenated avone
having a hydroxyl and three methoxyl groups. In the 1H–1H
COSY and HSQC spectra, the B-benzene ring was determined as
the mono-substituted benzene because of the bold lines in the
Fig. 2 forming the segment C(10)–C(20)H–C(30)H–C(40)H–C(50)H–

C(60)H. In the HMBC spectrum, the isolated aromatic proton at
dH 6.50 correlated to the carbonyl carbon (C-4) and three
aromatic carbons (C-6, C-7, C-10) showed that it was affixed to
the C-5 of the avone skeleton. The location of two of three
methoxyl groups at C-6 and C-7 is based on the HMBC
Fig. 2 The key HMBC (solid arrows) and NOESY (dashed arrows) correla

26446 | RSC Adv., 2025, 15, 26444–26454
correlations of themethoxyl proton at dH 3.85 with dC 156.4 (C-6)
and of the methoxyl proton at dH 3.92 with dC 128.8 (C-7), higher
magnetic eld, as being between two oxygenated aromatic
carbons C-6 and C-8. Meanwhile, the HMBC spectrum also
presented the interactions from the free hydroxyl proton at dH
9.19 to two aromatic carbons (C-7, C-8), affirming that C-8 bears
a hydroxyl group. The remaining methoxyl group was attached
to the C-3 due to the HMBC correlation between the methoxyl
protons with an oxygenated aromatic carbon (C-3). Two adja-
cent methoxyl groups were conrmed by the NOE correlation in
Fig. 2. Compound 1 was, therefore, an 8-hydroxy-3,6,7-
trimethoxyavone named calaburone A.

Compound 2 was obtained as a yellowish amorphous solid.
Its HR-ESI-MS showed a pseudo-molecular ion at m/z 345.0990
[M + H]+ (calcd for 345.0974), corresponding to the molecular
formula C18H16O7. The IR spectrum of 2 indicated absorptions
tions of three new calaburones A–C (1–3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 MD simulation of RMSD (A) and hydrogen bond number (B) over times of a-glucosidase with calaburone C (a-glucosidase/3; blue),
quercetin 3,30-dimethyl ether (a-glucosidase/14; orange), 5,7,40-trihydroxy-3,8-dimethoxyflavone (a-glucosidase/15; green), and without
binding (a-glucosidase; red).
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of hydroxyl (3358, 1377 cm−1), ketone carbonyl (1723,
1107 cm−1), and benzene (1626, 1510, 1454 cm−1) groups. The
1H and 13C NMR spectra of 2 exhibited signals of a avone unit
consisting of an isolated olenic proton [dH 6.71 (1H; s; H-3) and
dC 106.2 (C-3)], a conjugated carbonyl carbon [dC 176.5 (C-4)],
a 1,2,3,4-tetrasubstituted A-benzene ring [dH 7.73 (1H, d, J =
8.8 Hz, H-5), 7.03 (1H, t, J= 8.8 Hz, H-6) and dC 120.5 (C-5), 114.4
(C-6), 154.7 (C-7), 135.3 (C-8), 150.7 (C9), 118.8 (C10)], a 1,3,4,5-
tetrasubstituted B-benzene ring [dH 7.24 (1H, d, J= 2.2 Hz, H-20),
7.27 (1H, d, J = 2.2 Hz, H-60) and dC 128.0 (C-10), 101.9 (C-20),
153.7 (C-30), 139.3 (C-40), 151.0 (C-50), 107.1 (C-60)], along with
three methoxyl groups [dH 4.08 (3H; s; 8-OCH3), 4.00 (3H; s; 30-
OCH3), 3.87 (3H; s; 40-OCH3) and dC 61.1 (8-OCH3), 55.6 (30-
OCH3), 60.0 (40-OCH3)] and two free hydroxyl groups [dH 9.24
(1H; s; 7-OH), 8.39 (1H; s; 50-OH)]. In the HMBC spectrum
(Fig. 2), the isolated olenic proton (H-3) displayed cross-peaks
with the carbonyl carbon (C-4) and two substituted aromatic
carbons (C-10, C-10).

Twometa-coupled aromatic protons (H-20, H-60) correlated to
the oxygenated olenic carbon (C-2), indicating that the 1,3,4,5-
tetrasubstituted B-benzene ring was attached to the C-2. There
had the hydroxyl group (dH 8.39) at C-50 based on the HMBC
correlation from it to the oxygenated aromatic carbon (dC 151.0),
Fig. 5 MD simulation of DRMSF (A) over amino acid residues of a-gluc
dimethyl ether (a-glucosidase/14; green), 5,7,40-trihydroxy-3,8-dimetho
in the fluctuation of amino acid residue, while the positive ones exhibit an
up view. The active sites are represented in spheres, and other amino acid
the allosteric site are labeled in red.

© 2025 The Author(s). Published by the Royal Society of Chemistry
and two methoxyl groups at C-30 and C-40 which was higher
shielding eld than that of C-30 since the carbone C-40 was
between two oxygenated aromatic carbons C-30 and C-50. This
was supported by the NOE correlation in Fig. 2. One of the two
ortho-coupled aromatic protons (H-5) correlated to the carbonyl
carbon (C-4), and the other correlated to the substituted
aromatic carbon (C-10). The other hydroxyl group was C-7, and
the other methoxyl group was C-8, with stronger eld magnetic
resonance because of their HMBC correlations. The compound
2 was hence a 7,50-dihydroxy-8,30,40-trimethoxyavone, which
was named calaburone B.

Compound 3 was obtained as a yellowish amorphous solid
with themolecular formula C17H14O7, as determined by HR-ESI-
MS. The IR spectrum of 3 illustrates absorptions of hydroxyl
(3420, 1314 cm−1), ketone carbonyl (1648, 1081 cm−1), and
benzene (1599, 1514, 1455 cm−1) groups. The 1H- and 13C-NMR
spectra showed that a part of these data closely resembled those
for 5,7,40-trihydroxy-3,8-dimethoxyavone (15)35 and indicated
the presence of a avone skeleton with a chelated hydroxyl, two
free hydroxyl groups, and two methoxyl groups. However, it
appeared signals for a 1,3-disubstituted B-benzene ring [dH 7.66
(1H, t, J = 2.5 Hz, H-20), 7.64 (1H, dt, J = 8.0 & 2.5 Hz, H-40), 7.41
(1H, t, J = 8.0 Hz, H-50), 7.05 (1H, dt, J = 8.0 & 2.5 Hz, H-60) and
osidase with calaburone C (a-glucosidase/3; orange), quercetin 3,30-
xyflavone (a-glucosidase/15; red). Negative values indicate a decrease
increase. The 3D structure of a-glucosidase (B) is presented in a close-
s at the binding pocket are illustrated as magenta sticks. Amino acids in

RSC Adv., 2025, 15, 26444–26454 | 26447
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Fig. 6 The binding free energy of compounds 3, 14, and 15 was calculated using the MMPBSA method.
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dC 131.9 (C-10), 115.0 (C-20), 155.3 (C-30), 119.5 (C-40), 129.8 (C-50),
118.1 (C-60)] in 3 and disappeared signals for a 1,4-disubstituted
B-benzene ring in 15. From the HMBC experiment, a free
hydroxyl group [dH 8.99 (1H; s; 30-OH)] showed a cross-peak with
an O-bearing aromatic carbon [dC 155.3 (C-30)], which is a lower
shielding eld. The compound 3 was consequently a 5,7,30-
trihydroxy-8,30-dimethoxyavone, which was named calaburone
C.

The a-glucosidase inhibitory activity36 of the isolated
compounds was evaluated with an assay performed at
Table 1 The 1H- and 13C-NMR data of compounds 1–3 in CD3COCD3

Position

1 2

dH (J in Hz) dC, type dH (J in H

2 151.5, C
3 141.4, C 6.71, s
4 172.5, C
5 6.50, s 96.1, CH 7.73, d (8.
6 156.4, C 7.03, d (8.
7 128.8, C
8 154.6, C
9 151.2, C
10 108.8, C
10 131.3, C
20 8.14–8.11, m 127.9, CH 7.24, d (2.
30 7.56–7.51, m 128.6, CH
40 7.59–7.57, m 130.2, CH
50 7.56–7.51, m 128.6, CH
60 8.14–8.11, m 127.9, CH 7.27, d (2.
3-OCH3 3.86, s 59.1, CH3

6-OCH3 3.85, s 55.6, CH3

7-OCH3 3.92, s 60.9, CH3

8-OCH3 4.08, s
30-OCH3 4.00, s
40-OCH3 3.87, s
5-OH
7-OH 9.24, s
8-OH 9.19, s
30-OH
50-OH 8.39, s

26448 | RSC Adv., 2025, 15, 26444–26454
concentrations ranging from 10 to 250 mM. The result showed
that 14 out of 15 compounds were able to inhibit more than
50% of the enzyme at 250 mM, and 12 of them displayed an
inhibition rate greater than 50% at 100 mM. Notably,
compounds 3 and 15 were found to be inhibitory over 50% at 10
mM, so they continued to be tested for the a-glucosidase
inhibitory assay at ve lower concentrations, ranging from 25–1
mM. In Table 2, except for compounds 4 and 11, the other
compounds demonstrated greater potency than that of a posi-
tive control, acarbose (IC50; 185.2 mM), which is currently used
3

z) dC, type dH (J in Hz) dC, type

162.1, C 157.6, C
106.2, CH 139.4, C
176.5, C 179.0, C

8) 120.5, CH 157.1, C
8) 114.4, CH 6.32, s 98.7, CH

154.7, C 156.9, C
135.3, C 127.7, C
150.7, C 149.0, C
118.8, C 105.1, C
128.0, C 131.9, C

2) 101.9, CH 7.66, t (2.5) 115.0, CH
153.7, C 155.3, C
139.3, C 7.64, dt (8.0, 2.5) 119.5, CH
151.0, C 7.41, t (8.0) 129.8, CH

2) 107.1, C 7.05, dt (8.0, 2.5) 118.1, CH
3.89, s 59.6, CH3

61.1, CH3 3.91, s 61.0, CH3

55.6, CH3

60.0, CH3

12.37, s
9.62, s

8.99, s

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 a-Glucosidase inhibitory activity of all isolated compoundsa

Compounds

Inhibition (I, %)

IC50 (mM)250 mM 100 mM 50 mM 25 mM 10 mM

1 b 96.8 � 2.5 49.1 � 1.9 20.4 � 2.7 8.2 � 3.0 52.8
2 b 98.7 � 1.0 72.6 � 4.4 20.0 � 2.4 3.0 � 1.7 39.2
4 37.1 � 1.2 7.2 � 3.5 c c c >250
5 b 89.3 � 2.8 42.7 � 2.7 6.5 � 1.9 c 61.9
6 b 91.7 � 3.8 23.24 � 1.7 11.5 � 3.0 c 42.9
7 98.4 � 3.8 69.6 � 2.1 21.15 � 1.5 7.09 � 4.3 c 78.7
8 b 98.5 � 2.2 84.9 � 1.1 44.1 � 2.9 8.6 � 1.4 28.6
9 b b 94.9 � 2.6 58.2 � 1.3 20.5 � 4.2 19.5
10 b 97.5 � 1.0 86.64 � 1.8 45.1 � 2.2 23.4 � 1.2 22.8
11 52.0 � 1.4 15.7 � 2.4 3.7 � 2.6 c c 244.8
12 85.1 � 2.7 34.4 � 1.7 16.3 � 2.9 7.4 � 1.0 c 143.6
13 86.4 � 1.2 50.1 � 1.5 23.4 � 3.3 14.2 � 3.6 5.9 � 4.8 ∼100
14 b 96.8 � 1.3 94.91 � 1.4 69.3 � 3.2 43.1 � 1.8 12.8
Acarbosed 63.8 � 1.0 26.8 � 1.0 21.0 � 1.6 9.3 � 1.2 5.45 � 0.68 185.2

Compounds

Inhibition (I, %)

IC50 (mM)25 mM 10 mM 5 mM 2.5 mM 1 mM

3 92.2 � 1.6 74.9 � 1.5 47.0 � 2.4 20.2 � 1.2 6.8 � 2.0 5.4
15 96.3 � 1.2 82.5 � 0.8 62.1 � 2.9 40.1 � 2.1 24.7 � 1.4 3.1

a IC50 results are expressed as the average of three independent replicates. A p-value less than 0.05 was considered statistically signicant.
b Inhibition > 99%. c Inhibition < 1%. d Positive control.
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clinically in combination with either diet or anti-diabetic agents
to control the blood glucose levels of patients.37 Signicantly,
the new calaburone C (3) and 5,7,40-trihydroxy-3,8-
dimethoxyavone (15) have been the most active compounds
with their IC50 values of 5.4 and 3.1 mM, respectively.

The a-glucosidase inhibitory activity of these compounds
was dependent upon the nature of the substitution, and careful
evaluation of the IC50 values led to the correlation between
structure and activity. Firstly, all of the 3-methoxylated avones
had stronger activity with IC50 values lower than 43 mM. For
example, the inhibitory activity of 5,7,40-trihydroxy-3,8-
dimethoxyavone (15; IC50 = 3.1 mM) was more potent than
that of 40-hydroxywogonin (9; IC50 = 19.5 mM). Additionally,
a methoxyl group at C-8 of avones played a crucial role in
vigorous a-glucosidase inhibitory activity (5 [ 4). Finally,
compounds 3, 8–10, 14, and 15, which were a chelated hydroxyl
Table 3 Binding energy and interactions between key amino acids of th

Compounds
Binding energy
(kcal mol−1)

3 −8.4

14 −8.1

15 −8.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
group at C-5, had their IC50 values lower than 30 mM, indicating
it being a stronger activity than those without substituent at the
same position. These results proved that the most vigorous
activity of compounds 3 and 15 might be attributable to the
presence of two methoxyl groups at C-3 and C-8 and a hydroxyl
group at C-5. Besides, the presence of the methoxyl group at C-40

was highly essential for the a-glucosidase inhibitory activity (12
> 4). While these in vitro results provide valuable insights into
the a-glucosidase inhibitory activity of the compounds, molec-
ular docking and dynamics simulations were employed to
further elucidate the binding interactions and provide a struc-
tural basis for the observed activity.

Compounds 3, 14, and 15, with the highest values of IC50,
were subjected to molecular docking and molecular dynamics
(MD) simulation to give insights into the molecular interactions
between ligands and enzyme a-glucosidase. Three compounds
e a-glucosidase and compounds 3, 14, and 15

Residue interactions

H-bond: Ser241 (2.2 Å), Asp242 (3.3 Å), Arg315 (2.8 Å)
p–p stacked: Tyr158 (4.3 Å)
p-alkyl: Lys156 (4.2 Å), Arg315 (4.0 Å)
H-bond: Glu277 (2.1 Å)
Alkyl: Val216 (3.3 Å)
p-alkyl: Phe178 (2.8 Å), Arg315 (3.5 Å)
Unfavorable donor–donor: Arg315 (1.7 Å)
H-bond: Asp242 (2.9 Å), Arg315 (3.1 Å), Gln353 (2.1 Å), Glu411 (3.8 Å)
p-anion: Glu411 (4.5 Å)

RSC Adv., 2025, 15, 26444–26454 | 26449
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docked at the active site of the a-glucosidase exhibit a strong
binding energy, more than 8.0 kcal mol−1 (Table 3). As shown in
Fig. 3, these three compounds adopt the L-shape conformation
in the binding pocket, forming key interactions with the cata-
lytic residues, including Glu277, Gln353, and Tyr158. These
residues, located at the C-terminal of a barrel in domain A
(residues 1–113 and 190–512), plays a crucial role in the enzy-
matic activity of a-glucosidase by facilitating the binding of the
substrate and the subsequent catalysis.38 Additional hydrogen
bonds between the carbonyl oxygens of the avone ring with
Asp242 and Arg315 highlight the binding affinities of the
compounds 3 and 15 bound to a-glucosidase. Notably,
compound 3 binds to a unique allosteric site, forming two
hydrogen bonds between Ser241 (2.2 Å), Asp242 (3.3 Å), and the
hydroxyl group of the phenyl ring. Hydrophobic interactions
were also observed between Val216 and Phe178 and the
methoxy group of the phenyl ring in compound 14. Electrostatic
interaction was illustrated between the benzopyranone ring of
compound 15 and the Glu411 amino acid residue.

In addition to molecular docking, we employed molecular
dynamics (MD) simulations to further evaluate the stability and
behavior of the ligand–protein complexes under near-
physiological conditions. Unlike docking, which assumes
a static binding mode, MD simulations incorporate the
dynamic nature of both the ligand and the protein, thereby
addressing a major limitation of rigid docking. The results
obtained from root mean square deviation (RMSD) and root
mean square uctuation (RMSF) analyses provided valuable
insights into the structural stability and exibility of the
complexes over time. Consequently, MD simulations allow for
the prioritization of compounds by ltering out unstable or
weakly interacting complexes, thereby increasing the reliability
of computational predictions prior to costly in vitro and in vivo
validation. Multiple MD simulations for free and ligand-bound
enzymes were performed during 100 ns to assess the structural
stability. The structural analysis of these trajectories revealed
that the RMSD values decreased almost half from 4.0–4.5 Å in
the ligand-free to 2.0–2.5 Å in compounds 14 and 3-bound
enzyme structures, respectively, and these structures stabilized
aer 60 ns of simulation. In the case of compound 15, the
RMSD values are below 3.0 Å during simulation time with slight
uctuation. In summary, these RMSD patterns reveal that
ligand-bound enzyme structures are more stable than the free
enzyme. Aligning with the molecular docking analysis and
RMSD results, the hydrogen numbers of ligand-bound enzymes
are highest (3–5 hydrogen bonds) for a-glucosidase/15 complex
and lowest (2–3 hydrogen bonds) for a-glucosidase/3 complex.
Compound 14 bound a-glucosidase reaches a stable state only
aer 35 ns (Fig. 4A). Meanwhile, hydrogen bond numbers
increase aer this period (Fig. 4B). The RMSF analysis was
carried out to assess the uctuation of individual amino acid
residues.

Accompanying the docking and RMSD analysis, the MD
simulation of DRMSF results reveal the mixed nature of inhi-
bition of these three compounds as competitive or uncompet-
itive inhibitors. In general, the negative peaks at Tyr158,
Phe178, Pro312, and Arg315 were observed for all three
26450 | RSC Adv., 2025, 15, 26444–26454
compounds, showing a decrease in the residue uctuation due
to the rigidity aer forming the ligand-bound enzyme. As in the
previous study, Tyr158, His280, and loop 310–315 are located at
the entrance of the active site pocket; therefore, their mobility
enables the substrate to enter the active site.38 However, loop
310–315 is not highly exible enough to be considered an
entrance exit for the release of products in a “trap-release”
mechanism. Interestingly, some other residues exhibit high
positive variations, including Ser344, Tyr347, and Leu439, that
are in a turn, a turn, and an a helix secondary structures,
respectively; in other meaning, the formation of complex
enhances the mobility of the residues.

Furthermore, the signicant difference in the uctuation of
amino acids Thr237, Asp283, and Val410–Gly424, which are in
a loop, a turn, and an a helix in domain A (as shown in red in
Fig. 5B), is observed, demonstrating the importance of the
allosteric site in binding affinity. To support this hypothesis, as
can be seen in Fig. 2, the differences in RMSF values of amino
acids at the active site are conversely with those of amino acids
at the allosteric site. Compounds 15 show a signicant effect of
the allosteric site compared with binding the active site, while
compounds 3 and 14 are affected less by the allosteric site.
These results are consistent with the nature of allosteric sites as
they indirectly affect the active site.39

The Molecular Mechanics Poisson-Boltzmann Surface Area
(MMPBSA) method was applied to estimate the binding free
energy of three compounds, as shown in Fig. 6. van der Waals
interactions (VDWAALS) and electrostatic interactions (EEL)
were identied as the main contributors to the gas phase energy
(GGAS), while GSOLV was the total of polar (EPB) and nonpolar
(ENPOLAR) interactions. For each system, the total free energy
was the sum of the gas phase energy (GGAS) and the solvation
energy (GSOL). EMPOLAR interactions, with the lowest values,
were found to be indistinguishable from EEL interactions
among the three ligands, with an approximate value of
−3 kcal mol−1. van der Waals interactions varied among the
ligands, with the most signicant contribution observed in the
case of compound 3, with a value of −31.53 kcal mol−1. The
ratio between GGAS and GSOL was found to be conversed
between compound 3 and compounds 14 and 15, resulting in
the highest binding free energy of compound 15 bound enzyme
with −11.92 kcal mol−1, followed by compound 14 with
−10.03 kcal mol−1 and the lowest one of compound 3 bound
enzyme with −3.48 kcal mol−1.

Combining the analysis of RMSD, hydrogen bond number,
RMSF, and free binding energy of the top three compounds,
compound 15 demonstrated the most favorable binding with a-
glucosidase. The predominance of the nonpolar interactions in
compound 3, 14 is also consistent with a hydrophobic binding
cavity in the molecular docking step and underscores the
importance of the allosteric site. Accompanying the docking
and RMSD analysis, the MD simulation of DRMSF results
reveals the mixed nature of inhibition of these three
compounds as competitive or uncompetitive inhibitors. In
general, the negative peaks at Tyr158, Phe178, Pro312, and
Arg315 were observed for all three compounds, showing
a decrease in the residue uctuation due to the rigidity aer
© 2025 The Author(s). Published by the Royal Society of Chemistry
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forming the ligand-bound enzyme. As in the previous study,
Tyr158, His280, and loop 310–315 are located at the entrance of
the active site pocket; therefore, their mobility enables the
substrate to enter the active site.38 However, loop 310–315 is not
highly exible enough to be considered an entrance exit for the
release of products in a “trap-release” mechanism.
Conclusion

In conclusion, three new avones (1–3) and 12 known
compounds (4–15) were isolated from the EtOAc extract of
Muntingia calabura L. leaves. Among them, 12 avones (1–3, 5–
10, 13–15) showed signicant a-glucosidase inhibitory activity,
outperforming acarbose. Notably, compounds 3, 14, and 15
exhibited the strongest inhibition, with compound 15 showing
the lowest IC50 (3.1 mM). SAR analysis indicated that methoxyl
groups at C-3 and C-8 and a hydroxyl at C-5 enhance activity.
While limited by the number of isolated avones, molecular
docking and MD simulations conrmed strong and stable
interactions with key a-glucosidase residues, especially for
compound 15 at the allosteric site. These results suggest
compound 15 as a promising a-glucosidase inhibitor. However,
further in vitro and in vivo studies are required to determine
their therapeutic window and minimize unintended interac-
tions with non-target proteins or cell types.
Experimental section
Instruments

Multiple experimental techniques were utilized to gather
comprehensive analytical data. Optical rotations were deter-
mined using an A.KRÜSS Optronic P8000 polarimeter. Infrared
(IR) spectra were obtained using a JASCO FT/IR-6600 spec-
trometer from JASCO International Co., Ltd. Ultraviolet (UV)
spectra were measured with a Shimadzu UV-1800 spectropho-
tometer from Shimadzu Pte., Ltd. Nuclear Magnetic Resonance
(NMR) spectra were recorded on a Bruker Avance III 500 spec-
trometer (Bruker BioSpin AG), employing deuterated solvents as
internal references, with chemical shis noted as d values.
High-resolution electrospray ionizationmass spectrometry (HR-
ESI-MS) was conducted using an Xevo G2-XS QTOF Mass Spec-
trometer supplied by Waters and an X500R QTOF supplied by
Sciex. Column chromatography was performed with silica gel 60
(0.06–0.2 mm, Scharlau, Barcelona, Spain) and LiChroprep RP-
18 (40–63 mm, Merck KGaA, Darmstadt, Germany). Thin-layer
chromatography (TLC) was conducted using Kieselgel 60 F254
or RP-18 F254 plates from Merck (Merck KGaA, Darmstadt,
Germany).
Chemicals

Enzyme a-glucosidase from Saccharomyces cerevisiae and p-
nitrophenyl-a-D-glucopyranoside were sourced from Sigma-
Aldrich Pte. Ltd. Acarbose, Na2CO3, and DMSO from Merck
were used for analysis. All other chemicals were of the highest
available purity.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Plant materials

The leaves of Muntingia calabura L. were collected in May 2017
from Ho Chi Minh City, Vietnam. The plant's botanical identi-
cation was veried by Dr Anh Tuan Dang-Le from the Faculty
of Biology and Biotechnology at the University of Science, Ho
Chi Minh City, Vietnam. A voucher specimen (MDC-9002) has
been properly archived in the Department of Medicinal Chem-
istry, Faculty of Chemistry, University of Science, Ho Chi Minh
City, Vietnam.
Extraction and isolation

From 3.0 kg of driedMuntingia calabura leaves, the material was
cut into small pieces and sequentially extracted using a Soxhlet
apparatus with solvents of increasing polarity: n-hexane, ethyl
acetate, and methanol. The extracts were concentrated under
reduced pressure to recover the solvents, yielding crude extracts
of n-hexane (143.8 g), ethyl acetate (139.1 g), and methanol
(286.0 g). The ethyl acetate extract (139.1 g) was subjected to
normal-phase column chromatography using a gradient elution
system of acetone–n-hexane (v/v, 0 : 100 / 100 : 0), resulting in
13 fractions designated as A (15.7 g), B (9.2 g), C (1.4 g),D (3.0 g),
E (447.5 mg), F (2.5 g), G (2.8 g),H (9.7 g), I (7.2 g), J (3.2 g), K (2.7
g), L (30.2 g), and M (17.9 g).

Fraction G (2.8 g) was subjected to silica gel column chro-
matography using acetone–n-hexane mixtures (v/v, 0 : 100 /

100 : 0) as the eluent, resulting in the separation into twelve
subfractions (G1–G12). Subfraction G4 (239.8 mg) was further
puried through silica gel column chromatography and eluted
with acetone–n-hexane mixtures (v/v, 0 : 100/ 100 : 0), yielding
ve subfractions (G4.1–G4.5). Subfraction G4.2 was puried by
normal phase preparative TLC with a CHCl3–n-hexane mixture
(v/v, 20 : 80) to furnish 6 (1.7 mg) and 11 (6.7 mg).

Fraction J (3.2 g) was applied to a silica gel column and
eluted with acetone–CHCl3 mixtures (v/v, 0 : 100 / 40 : 60) to
yield nine fractions (J1–J9). Fraction J2 (43.0 mg) was submitted
to a silica gel column chromatography and eluted with acetone–
n-hexane mixtures (v/v, 0 : 100 / 100 : 0), and then followed by
normal-phase preparative TLC with ethyl acetate–n-hexane
mixture (v/v, 30 : 70) to give 5 (10.0 mg). Fraction J4 (272.5 mg)
was loaded onto a silica gel column and eluted with EtOAc–n-
hexane mixtures (v/v, 0 : 100 / 100 : 0) to yield four sub-
fractions (J4.1–J4.4). Subfraction J4.3 was chromatographed on
silica gel with MeOH–CHCl3 mixtures (v/v, 0 : 100 / 60 : 40),
and the resulting fractions were puried by normal phase
preparative TLC with a MeOH–CHCl3 mixture (v/v, 5 : 95) to
furnish 4 (9.8 mg).

Fraction K (2.7 g) was passed over a silica gel column chro-
matography, eluted with acetone–CHCl3 gradient mixtures (v/v,
0 : 100/ 70 : 30), to yield 10 subfractions (K1–K10). Subfraction
K4 (350.7 mg) was chromatographed over a silica gel column,
eluted with acetone–n-hexane gradient mixtures (v/v, 0 : 100 /

100 : 0), to give six subfractions (K4.1–K4.6). Subfraction K4.5
(24.7 mg) was recrystallized using CHCl3 as the solvent and
further puried through preparative thin-layer chromatography
with an ethyl acetate–CHCl3 mixture (v/v, 20 : 80) elution solvent
system to obtain 10 (9.0 mg). Subfraction K5 (1.4 g) was
RSC Adv., 2025, 15, 26444–26454 | 26451
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separated by column chromatography and eluted with acetone–
n-hexane gradient mixtures (v/v, 0 : 100 / 100 : 0) to yield ve
subfractions (K5.1–K5.5). Subfractions K5.2 (499.7 mg) were
subjected to further silica gel column chromatography. It was
eluted with acetone–n-hexane (v/v, 0 : 100/ 100 : 0) mixtures to
yield ten subfractions (K5.2.1–K5.2.10) and subfraction K5.2.4
(46.9 mg) then puried by preparative normal-phase TLC eluted
with MeOH–CHCl3 mixture (v/v, 6 : 94) to afford 14 (5.1 mg).
Subfraction K5.2.7 (99.9 mg) was again chromatographed with
isopropanol–n-hexane (v/v, 0 : 100 / 70 : 30) and then puried
by preparative TLC with isopropanol–ethyl acetate–CHCl3 (2 :
8 : 90) to afford 3 (3.2 mg) and by preparative TLC with meth-
anol–CHCl3–n-hexane (5 : 55 : 40) to obtain 15 (4.3 mg). Sub-
fraction K5.4 (121.2 mg) was subjected to passage over a silica
gel column with ethyl acetate–CHCl3 mixtures (v/v, 0 : 100 /

70 : 30) used for elusion to afford 1 (4.4 mg), 12 (5.5 mg), and 7
(2.5 mg). Subfraction K6 (857.7 mg) was chromatographed over
a silica gel column with acetone–n-hexane gradient mixtures (v/
v, 0 : 100 / 100 : 0) used for elution to give six subfractions
(K6.1–K6.6). Subfraction K6.3 (226.9 mg) was passed over
a silica gel column, by elution with acetone–n-hexane gradient
mixtures (v/v, 0 : 100 / 100 : 0), to obtain 13 (3.1 mg), while
subfraction K6.4 (301.5 mg) was puried by column chroma-
tography with acetone–n-hexane gradient mixtures (v/v, 0 : 100
/ 100 : 0), to afford 8 (4.9 mg). Subfraction K6.6 (72.8 mg) was
separated by chromatography over a silica gel column, by
elution with ethyl acetate–n-hexane gradient mixtures (v/v, 0 :
100 / 100 : 0) and then the resulting fractions were puried by
preparative TLC with isopropanol–ethyl acetate–CHCl3 (v/v, 2 :
8 : 90), to furnish 2 (2.6 mg) and 9 (2.4 mg).

Calaburone A (1). Yellowish amorphous solid; IR (KBr) nmax

(cm−1): 3458, 2925, 2855, 1737, 1637, 1509, 1459, 1366, 1213,
1104, 1036, 702; HR-ESI-MS m/z 329.1035 [M + H]+ (calcd for
C18H17O6

+, 329.1025); 1H NMR (CD3COCD3, 500 MHz) and 13C
NMR (CD3COCD3, 125 MHz) data are shown in Table 1 (Fig. S1–
S9†).

Calaburone B (2). Yellowish amorphous solid; IR (KBr) nmax

(cm−1): 3358, 2928, 2854, 1723, 1626, 1595, 1510, 1454, 1432,
1377, 1353, 1243 1208, 1170, 1107, 1038, 999, 825, 752; HR-ESI-
MS m/z 345.0990 [M + H]+ (calcd for C18H17O7

+, 345.0974); 1H
NMR (CD3COCD3, 500 MHz) and 13C NMR (CD3COCD3, 125
MHz) data are shown in Table 1 (Fig. S10–S16†).

Calaburone C (3). Yellowish amorphous solid; IR (KBr) nmax

(cm−1): 3420, 2928, 2856, 1648, 1599, 1514, 1455, 1314, 1236,
1164, 1081, 1022, 932, 877, 797; HR-ESI-MS m/z 331.0820 [M +
H]+ (calcd for C17H15O7

+, 331.0812); 1H NMR (CD3COCD3, 500
MHz) and 13C NMR (CD3COCD3, 125 MHz) data are shown in
Table 1 (Fig. S17–S23†).

7-Hydroxyavone (4). Yellowish amorphous solid; HR-ESI-
MS m/z 239.0685 [M + H]+ (calcd for C15H11O3

+, 239.0703); 1H
NMR (CD3COCD3, 500 MHz) and 13C NMR (CD3COCD3, 125
MHz) data are shown in ESI (Fig. S24–S26).†

7-Hydroxy-8-methoxyavone (5). Yellowish amorphous solid;
HR-ESI-MS m/z 269.0801 [M + H]+ (calcd for C16H13O4

+,
269.0809); 1H NMR (CDCl3, 500 MHz) and 13C NMR (CDCl3, 125
MHz) data are shown in ESI (Fig. S27–S29).†
26452 | RSC Adv., 2025, 15, 26444–26454
3,7-Dimethoxyavone (6). Yellowish amorphous solid; HR-
ESI-MS m/z 283.0969 [M + H]+ (calcd for C17H15O4

+, 283.0965);
1H NMR (CDCl3, 500 MHz) and 13C NMR (CDCl3, 125 MHz) data
are shown in ESI (Fig. S30–S32).†

5,7-Dimethoxy-6-hydroxyavone (7). Yellowish amorphous
solid; HR-ESI-MS m/z 299.0924 [M + H]+ (calcd for C17H15O5

+,
299.0914); 1H NMR (CD3COCD3, 500 MHz) and 13C NMR
(CD3COCD3, 125 MHz) data are shown in ESI (Fig. S33–S35).†

Kaempferol (8). Yellowish amorphous solid; HR-ESI-MS m/z
287.0565 [M + H]+ (calcd for C15H11O6

+, 287.0550); 1H NMR
(CD3COCD3, 500 MHz) and 13C NMR (CD3COCD3, 125 MHz)
data are shown in ESI (Fig. S36–S38).†

40-Hydroxywogonin (9). Yellowish amorphous solid; HR-ESI-
MS m/z 301.0748 [M + H]+ (calcd for C16H13O6

+, 301.0707); 1H
NMR (CD3COCD3, 500 MHz) and 13C NMR (CD3COCD3, 125
MHz) data are shown in ESI (Fig. S39–S41).†

6,7-Dimethoxy-5,40-dihydroxyavone (10). Yellowish amor-
phous solid; HR-ESI-MS m/z 315.0842 [M + H]+ (calcd for
C17H15O6

+, 315.0863); 1H NMR (CD3COCD3, 500 MHz) and 13C
NMR (CD3COCD3, 125 MHz) data are shown in ESI (Fig. S42–
S44).†

5-Hydroxy-7,40-dimethoxyavone (11). Yellowish amorphous
solid; HR-ESI-MS m/z 299.0934 [M + H]+ (calcd for C17H15O5

+,
299.0914); 1H NMR (CDCl3, 500 MHz) and 13C NMR (CDCl3, 125
MHz) data are shown in ESI (Fig. S45–S47).†

7-Hydroxy-40-methoxyavone (12). Yellowish amorphous
solid; HR-ESI-MS m/z 269.0829 [M + H]+ (calcd for C16H13O4

+,
269.0809); 1H NMR (CD3COCD3, 500 MHz) and 13C NMR
(CD3COCD3, 125 MHz) data are shown in ESI (Fig. S48–S50).†

Quercetin 3,7-dimethyl ether (13). Yellowish amorphous
solid; HR-ESI-MS m/z 331.0794 [M + H]+ (calcd for C17H15O7

+,
331.0813); 1H NMR (CD3COCD3, 500 MHz) and 13C NMR
(CD3COCD3, 125 MHz) data are shown in ESI (Fig. S51–S53).†

Quercetin 3,30-dimethyl ether (14). Yellowish amorphous
solid; HR-ESI-MS m/z 331.0842 [M + H]+ (calcd for C17H15O7

+,
331.0813); 1H NMR (CD3COCD3, 500 MHz) and 13C NMR
(CD3COCD3, 125 MHz) data are shown in ESI (Fig. S54–S56).†

5,7,40-Trihydroxy-3,8-dimethoxyavone (15). Yellowish
amorphous solid; HR-ESI-MS m/z 331.0805 [M + H]+ (calcd for
C17H15O7

+, 331.0813); 1H NMR (CD3COCD3, 500 MHz) and 13C
NMR (CD3COCD3, 125 MHz) data are shown in ESI (Fig. S57–
S59).†
a-Glucosidase inhibitory assay

All crude extracts and isolated compounds were rst dissolved
in 0.01 M phosphate buffer (pH 7.0) and tested at concentra-
tions between 1 and 250 mM. The reaction was initiated by
mixing a solution containing 1.5 mM p-nitrophenyl-a-D-gluco-
pyranoside (50 mL) and 0.1 U mL−1 a-glucosidase (50 mL) in
0.01 M phosphate buffer (pH 7.0) with the sample solution (525
mL). Reactions were carried out at 37 °C for 30 minutes and then
halted by adding 0.1 M Na2CO3 (375 mL). Enzymatic activity was
assessed by measuring absorbance at 401 nm using a Shimadzu
UV-1800 spectrophotometer. The inhibition percentage (I%)
was calculated with the following equation: I% = [(Acontrol −
Asample)/Acontrol] × 100%. Results were expressed as mean ±
© 2025 The Author(s). Published by the Royal Society of Chemistry
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standard error (n = 3). IC50 values were calculated using the
soware. Acarbose served as a positive control.
Molecular docking and molecular dynamics simulation

Molecular docking was performed on the complexes of the a-
glucosidase (PDB ID: 3A4A) and compound 3, 14, and 15.
The workow were as follows: SMILES formats of all ligands
were converted into 3D formats using the OpenBabel utility.
Prior to docking, protein and compound structures were
prepared by eliminating all non-standard residues, incorpo-
rating missing hydrogen atoms, and assigning charges via the
Dock Prep tool in UCSF Chimera (version 1.17.3). Docking
procedures were then performed with AutoDock Vina (version
1.1.2). Molecular docking on a-glucosidase was conducted at
active site with the docking box conguration as 35.20 Å× 27.12
Å × 30.7 Å with centre coordinates at x = 19.23, y = −10.14, and
z = 24. PyMOL 3.0 soware was employed to visualize 3D
docking poses, while Biovia Discovery Studio 21.1 was used to
illustrate 2D interactions between the enzyme and the
compounds.

Molecular dynamics (MD) simulations were carried out on
the native a-glucosidase and its docked complexes with the
ligands using GROMACS 2024.1. The topology of a-glucosidase
was generated with the CHARMS-36 force eld and TIP3P
GROMACS recommended water model. Ligand topologies were
prepared using CGENFF web server tool and then converted to
GROMACS compatible le using a Python script provided by the
Mackerell lab. The topology les for a-glucosidase and ligands
were manually merged using text editor. Next, the system was
then enclosed in a dodecahedron box with a minimum distance
of 1 nm between the system and the box wall. Solvation was
performed using the SPC216 explicit water model, followed by
neutralization with 20 Na+ ions. Energy minimization was
conducted using the steepest descent algorithm until atomic
forces dropped below 100 kJ mol−1 nm−1. Equilibration was
performed in two phases under position restraints, each with
a 2 fs time step and a duration of 1 ns. The rst phase used an
NVT ensemble with a V-rescale thermostat at 300 K, while the
second phase employed an NPT ensemble with a C-rescale
barostat at 1 bar. The Particle Mesh Ewald (PME) method
handled long-range electrostatics, and a 1 nm cutoff was
applied to short-range electrostatics and van der Waals inter-
actions. The LINCS algorithm constrained hydrogen bonds
during equilibration and production runs. Finally, a 100 ns
production simulation was conducted with trajectory snapshots
saved every 10 ps.

The free binding energies between protein and ligands were
calculated using the Molecular Mechanics/Poisson–Boltzmann
Surface Area (MMPBSA) method with gmx_MMPBSA v1.5.1.40,41

For this analysis, 800 frames were extracted from the nal 40 ns
of each molecular dynamics (MD) trajectory. The ligand binding
free energy (DTOTAL) was determined by subtracting the free
energies of the receptor and ligand from that of the complex. The
total free energy for each systemwas the sum of gas-phase energy
(GGAS) and solvation energy (GSOLV). GGAS was primarily
composed of van der Waals (VDWAALS) and electrostatic (EEL)
© 2025 The Author(s). Published by the Royal Society of Chemistry
interactions, while GSOLV included contributions from polar
(EPB) and nonpolar (ENPOLAR) interactions.
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