Jurnal Riset Sains dan Teknologi e-ISSN: 2549-9750
Volume 10 No. 1, March 2026 (C.54 - C.68) p-ISSN: 2579-9118

Discovery of Novel GLUT4 Inhibitors from Kawista (Limonia Acidissima
L.) Bioactive Compounds Through in Silico Approaches

M. Artabah Muchlisin!2, Engrid Juni Astuti*:3, Aura Lintang Ayu Cahyani?,
Felia Rahma Cahya Andital, Nur Islami Vikri Abdillahl,
Aghnia Fuadatul Inayah'4, Taufik Muhammad Fakih>

1Department of Pharmacy, Faculty of Health Sciences,
University of Muhammadiyah Malang, Malang, Indonesia
2Laboratory of Chemistry, University of Muhammadiyah Malang, Malang, Indonesia
3Central Laboratory, University of Muhammadiyah Malang, Malang, Indonesia
4Department of Apothecary Program, Faculty of Health Sciences,
University of Muhammadiyah Malang, Malang, Indonesia
5Department of Pharmacy, Faculty of Mathematics and Natural Sciences,

Universitas Islam Bandung, Bandung, Indonesia

*Corresponding author: engridjuni81 @umm.ac.id

DOLI:
10.30595/jrst.v10i1.28366

Article information:
Received:
01/10/2025

Revised:
21/12/2025

Accepted:
03/02/2026

ABSTRAK

GLUT4 (Glucose Transporter Type 4) is a key regulator of glucose
homeostasis in muscle and adipose tissues. Although inhibition of
GLUT4 may exacerbate hyperglycemia in diabetes, it represents a
potential therapeutic strategy in cancer by limiting glucose uptake in
cells reliant on aerobic glycolysis (the Warburg effect). Natural
secondary metabolites are promising candidates for modulating GLUT4
activity. This study aimed to identify potential GLUT4 inhibitors from
bioactive compounds of Limonia acidissima (kawista) using in silico
approaches. Secondary metabolites of kawista were screened for
ADMET properties and oral bioavailability. Molecular docking was
performed against the cryo-EM structure of GLUT4 (PDB ID: 7WSM),
followed by 200 ns molecular dynamics simulations for the top-ranked
ligands. Structural stability was evaluated using RMSD, RMSF, radius of
gyration (Rg), and solvent-accessible surface area (SASA). Binding free
energies were calculated using the MM-PBSA method. Docking analysis
showed that the native ligand cytochalasin B exhibited strong binding
affinity (-9.13 kcal/mol, Ki 202.26 nM). Among 43 kawista metabolites,
stigmasterol (-8.6 kcal/mol, Ki 494.04 nM) and lupeol (-7.91 kcal/mol,
Ki 1.58 uM) demonstrated the most favorable binding affinities.
Molecular dynamics simulations revealed stable protein-ligand
complexes, with RMSD values ranging from 2.0 to 3.5 A. RMSF analysis
indicated stable key binding residues (GIn298, GIn299, Asn304, Gly400,
Trp428, and Asn427), except for Trp404, which showed higher
fluctuation in the lupeol complex. Rg and SASA values remained
relatively constant, indicating compact and stable complexes. MM-PBSA
analysis confirmed that stigmasterol exhibited the most favorable
binding free energy, closely comparable to cytochalasin B. These
findings suggest that stigmasterol and lupeol from Limonia acidissima
are promising GLUT4 inhibitors, with stigmasterol demonstrating the
most stable interaction and favorable binding profile. This study
highlights the potential of kawista-derived metabolites as lead
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compounds for further development of GLUT4-targeted anticancer

agents.

Keywords: (GLUT4, in silico, Limonia acidissima, molecular
docking, molecular dynamic

1. INTRODUCTION

GLUT4 (Glucose Transporter Type 4) is a
facilitative glucose transporter predominantly
expressed in adipose tissue and skeletal muscle,
playing a crucial role in glucose homeostasis.
Upon insulin stimulation, GLUT4 translocates to
the plasma membrane to enable glucose uptake
into cells (van Gerwen et al., 2023). Dysregulation
of GLUT4 activity or expression impairs glucose
transport and is strongly associated with the
development of insulin resistance and type 2
diabetes (Zhao et al,, 2023). In addition to its role
in metabolic disorders, GLUT4 has also been
implicated in obesity, where it contributes to lipid
accumulation (Chandrasekaran & Weiskirchen,
2024). Conversely, certain types of cancer
(malignant pancreatic tumors, adenocarcinoma,
colon cancer, ovarian tumor cells, gliumo tumor,
lymphoma, and multiple myeloma) exhibit
increased GLUT4 expression to support their high
glucose demand (Szablewski, 2022).

While most therapeutic strategies focus on
enhancing GLUT4 activity to improve glycemic
control in diabetes (Flores-Opazo et al., 2020;
Zhou et al., 2016), GLUT4 inhibition holds distinct
biological significance (Wei et al, 2017). In
cancer, increased GLUT4 expression is often
linked to the Warburg effect—a metabolic
reprogramming in  which tumor cells
preferentially rely on aerobic glycolysis despite
oxygen availability (Zhong et al., 2022). Inhibiting
GLUT4 in this context may reduce glucose supply
to tumor cells, thereby limiting their growth and
proliferation (Pliszka & Szablewski, 2021).
Additionally, suppressing GLUT4 activity in
adipose tissue may help reduce lipid
accumulation, suggesting potential utility in
obesity management (Fang et al., 2017).

Our previous studies have suggested that Limonia
acidissima (kawista) bioactive compounds are
involved in pathways related to diabetes and
cancer, including response to insulin, insulin
resistance, pathways in cancer, and apoptosis, as
identified through network pharmacology
analysis(Hentu et al., 2024; Wahyuni et al., 2024).

These pathway associations provide a
mechanistic rationale for investigating kawista
metabolites as potential modulators of GLUT4, a
central regulator linking metabolic dysregulation
and cancer-associated glucose dependence. An in
vitro study reported that a specific fruit fraction
of kawista suppressed the proliferation of human
breast cancer cell lines, including SKBR3 and
MDA-MB435, partly through G2/M phase cell
cycle arrest (Pradhan et al, 2012). In line with
these findings, an in vivo study demonstrated that
the methanolic extract of kawista fruits
significantly inhibited tumor development in
Dalton ascitic lymphoma-induced mice (Eluru et
al, 2015). Furthermore, another in vivo study
showed that the ethanolic fruit extract of kawista
exerted antitumor activity in Ehrlich ascites
carcinoma-bearing mice (Narayanasamy et al.,
2013).

In silico methods offer an efficient platform for
the exploration of bioactive compounds as GLUT4
inhibitors, including molecular interaction
profiling through molecular docking and stability
evaluation via molecular dynamics simulations
(Fakih et al, 2021). Previous studies have
demonstrated the successful application of in
silico modeling in identifying GLUT4-selective
inhibitors for cancer therapy, highlighting its
utility in structure-based drug design despite the
absence of a full crystal structure for GLUT4
(Mishra et al.,, 2015). Recently, the availability of
the cryo-EM structure of human GLUT4 (PDB ID:
7WSM) has enabled more accurate structure-
based analysis (Yuan et al, 2022). This
advancement allows direct molecular docking
and dynamics simulations using experimentally
resolved GLUT4, enhancing the reliability of in
silico inhibitor screening.

This study aims to evaluate kawista bioactive
compounds as potential GLUT4 inhibitors
through in silico approaches. The research
encompasses molecular docking to assess binding
affinity and interaction patterns, and molecular
dynamics simulations to analyze the structural
stability of ligand-GLUT4 complexes under
dynamic conditions.

JRST (Jurnal Riset Sains dan Teknologi) - Vol. 10 (1) 2026 - (C.41 - C.68) C.55



M. Artabah Muchlisin, Engrid Juni Astuti, Aura Lintang Ayu Cahyani, Felia Rahma Cahya Andita, Nur Islami
Vikri Abdillah, Aghnia Fuadatul Inayah, Taufik Muhammad
Discovery of Novel GLUT4 Inhibitors from Kawista (Limonia Acidissima L.) Bioactive Compounds Through in Silico Approaches

Table 1. The list of secondary metabolites of kawista

No. Comp d Code Comp d Name SMILES Pubchem ID

1 Mol1 Bergapten C0C1=C2C=CC(=0)0C2=CC3=C1C=C03 2355

2 Mol2 Demethylsuberosin CC(=CCC1=C(C=C2C(=C1)C=CC(=0)02)0)C 5316525

3 Mol3 Isopimpinellin COC1=C2C=C0C2=C(C3=C1C=CC(=0)03)0C 68079

4 Mol4 Osthenol COC1=C2C=C0C2=C(C3=C1C=CC(=0)03)0C 5320318

5 Mol5 Psoralen C1=CC(=0)0C2=CC3=C(C=C03)C=C21 6199

6 Mol6 Xanthotoxin COC1=C2C(=CC3=C10C=C3)C=CC(=0)02 4114

7 Mol7 Gallocatechin C1[C@@H]([C@H](0C2=CC(=CC(=C21)0)0)C3=CC(=C(C(=C3)0)0 65084
)0)O

8 Mol8 Saponarin C1=CC(=CC=C1C2=CC(=0)C3=C(C(=C(C=C302)0[C@H]4[C@@H]([441381
C@H]([C@@H]([C@H](04)C0)0)0)0)[C@H]5[C@@H]([C@H]([C
@@H]([C@H](05)C0)0)0)0)0)0

9 Mol9 Vitexin C1=CC(=CC=C1C2=CC(=0)C3=C(02)C(=C(C=C30)0)[C@H]4[C@@ 5280441
H]([C@H]([C@@H]([C@H](04)C0)0)0)0)0

10 Mol10 Gallic acid C1=C(C=C(C(=C10)0)0)C(=0)0 370

11 Molll 4-Hydroxybenzoicacid  C1=CC(=CC=C1C(=0)0)0 135

12 Moll12 Acidissiminol CC(=CCC(/C(=C/COC1=CC=C(C=C1)CCNC(=0)C2=CC=CC=C2)/C)0) 14506785
C

13 Mol13 Acidissiminol epoxide C/C(=C\COC1=CC=C(C=C1)CCNC(=0)C2=CC=CC=C2)/C(CC3C(03)(5363185
c)QA)o

14 Moll4 Dihydroxyacidissiminol ~ C/C(=C\COC1=CC=C(C=C1)CCNC(=0)C2=CC=CC=C2)/C(CC(C(C)(C 101676196
)0)0)o

15 Moll5 N-benzoyltyramine C1=CC=C(C=C1)C(=0)NCCC2=CC=C(C=C2)0 577614

16 Moll6 Acidissimin CCCccecceccececcec(=0)oc(ce=c(c)c)/c(=c/coc1=cc=C(c=C 6442730
1)CCNC(=0)C2=CC=CC=C2)/C

17 Moll7 Suberenol CC(C)(/C=C/C1=C(C=C2C(=C1)C=CC(=0)02)0C)0 5375166

18 Mol18 Columbianetin CC(C)([C@@H]1C€C2=C(01)C=CC3=C20C(=0)C=C3)0 92201

19 Mol19 Limodissimin A CC(=C)[C@@H](CC1=C(C=CC2=C10C(=0)C=C2)0C3=CC4=C(C=C3)163183899
C=CC(=0)04)0

20 Mol20 Marmesin CC(C)([C@@H]1CC2=C(01)C=C3C(=C2)C=CC(=0)03)0 334704

21 Mol21 Seselin CC1(C=CC2=C(01)C=CC3=C20C(=0)C=C3)C 68229

22 Mol22 Syringaldehyde COC1=CC(=CC(=C10)0C)C=0 8655

23 Mol23 Syringaresinol COC1=CC(=CC(=C10)0C)C2C3COC(C3C02)C4=CC(=C(C(=C4)0OC)O 100067
)oc

24 Mol24 Yangambin COC1=CC(=CC(=C10C)0C)[C@@H]2[C@H]3CO[C@@H]([C@H]3C 443028
02)C4=CC(=C(C(=C4)0C)0C)0C

25 Mol25 Physcion CC1=CC2=C(C(=C1)0)C(=0)C3=C(C2=0)C=C(C=C30)0C 10639

26 Mol26 3-Formylindole C1=CC=C2C(=C1)C(=CN2)C=0 10256

27 Mol27 4-Methoxy-1-methyl-2- CN1C2=CC=CC=C2C(=CC1=0)0C 182073

quinolone

28 Mol28 4-Methoxy-2-quinolone  COC1=CC(=0)NC2=CC=CC=C21 600167

29 Mol29 Edulitine COC1=CC=CC2=C1INC(=0)C=C20C 826073

30 Mol30 N, N-dimethyltryptamine CN(C)CCC1=CNC2=CC=CC=C21 6089

31 Mol31 Tanakamine CC(C)(C(Cco)C1=CNC2=CC=CC=C21)0 101417302

32  Mol32 Tanakine CC(C)(C(CC1=CNC2=CC=CC=C21)0)0 57357311

33 Mol33 Tembamide COC1=CC=C(C=C1)C(CNC(=0)C2=CC=CC=C2)0 177583

34 Mol34 Hederatriol C[C@]12CC[C@@H]([C@®@](C1CC[C@@]3(C2CC=C4[C@]3(CC[C@ 44144287
@]5([C@H]4CC(CC5)(C)C)Cco)C)C)(C)co)o

35 Mol35 Limonin C[C@@]12CC[C@H]3[C@]([C@@]14[C@H](04)C(=0)O[C@H]2C5 179651
=C0C=C5)(C(=0)C[C@@H]6[C@@]37COC(=0)C[C@@H]70C6(C)C
)C

36 Mol36 Lupeol CC(=C)[C@@H]1CC[C@]2([C@H]1[C@H]3CC[C@@H]4[C@]5(CC[ 259846
C@@H](C([C@@H]5CC[C@]4([C@@]3(CC2)C)C)(C)C)0)C)C

37 Mol37 Obacunone C[C@®@]12CC[C@@H]3[C@]4(C=CC(=0)OC([C@@H]4CC(=0)[C@] 119041
3([C@@]15[C@H](05)C(=0)0[C@H]2C6=COC=C6)C)(C)C)C

38 Mol38 Rutaevin C[C@@]12CC[C@H]3[C@]([C@@]14[C@H](04)C(=0)O[C@H]2C5 441805
=COC=C5)([C@H](C(=0)[C@@H]6[C@@]37COC(=0)C[C@@H]70
Cc6(C)c)o)c

39 Mol39 Stigmasterol CC[C@H](/C=C/[C@@H](C)[C@H]1CC[C@@H]2[C@@]1(CC[C@H 5280794
13[C@H]2CC=C4[C@@]3(CC[C@@H](C4)0)C)C)C(C)C

40 Mol40 Orientin C1=CC(=C(C=C1C2=CC(=0)C3=C(02)C(=C(C=C30)0)[C@H]4[C@ 5281675
@H]([C@H]([C@@H]([C@H](04)C0)0)0)0)0)0

41 Mol41 Aurapten CC(=CCC/C(=C/CoC1=CC2=C(C=C1)C=CC(=0)02)/C)C 1550607

42  Mol42 Dihydrosuberenol CC(C)(Ccc1=C(C=C2C(=C1)C=CC(=0)02)0C)0 14077805

43  Mol43 Osthol CC(=CCC1=C(C=CC2=C10C(=0)C=C2)0C)C 10228
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2. MATERIAL AND METHODS
2.1 Preparation of ligand structure

The kawista’s bioactive compounds was obtained
from literature (Murthy & Dalawai, 2020) and
then screening and searching for the structure
from PubChem database
(https://pubchem.ncbi.nlm.nih.gov) (Table 1).
The compounds was prepared for 3D structure
with Avogadro 1.2.0 (Hanwell et al, 2012) and
geometry optimization with GFN.xTB
(Bannwarth et al., 2019).

2.2 Preparation of macromolecules

The crystallographic structure of GLUT4 bound to
cytochalasin B, a known GLUT inhibitor (Temre et
al,, 2022), as native ligand (PDB ID: 7WSM) was
obtained from Protein Data Bank (https://
www.rcsb.org) (Yuan et al, 2022). GLUT4 was
separated from native ligand using Biovia Studio
Visualizer v21.1.0.20298 (Dassault Systémes,
2020) and save each in pdb format.

2.3 Molecular docking simulations

Molecular docking simulation was carried out
using PyRx 0.8 with AutoDock 4.2.1 protocols
(Dallakyan & Olson, 2015). Kawista’s bioactive
compounds and native ligand was docked GLUT4
at initial position with 10 points size and 1 A
space of grid box (x = 94.164; y = 98.065; z =
101.550). The docking protocols was run with
100 Lamarckian Genetic Algorithm conformation
runs (Anggraeni et al., 2023). Validation of this
protocal was done by re-docking the native ligand
to GLUT4. The protocal was declared valid if have
RMSD values <2 A (Anggraeni et al., 2023). The
docking pose with lowest free binding energy
(AG) in most favoured cluster was chosen as the
best docking pose (Muchtaridi et al., 2018). The
protein-ligand complexes from the docking
simulation were visualized using ProteinsPlus
(Schoning-Stierand et al, 2022). The two
compound with lowest docking score would
proceed to next step.

2.4 Molecular dynamics simulations

Molecular dynamics simulations were performed
on GROMACS v2024.2 using AMBER99SB-ILDN
force field (Hikmawati et al, 2022). The
simulation was employed for 200 ns with 10 ps
timestep. The TIP3P water cube model was used
on solvation of system (Mark & Nilsson, 2001),

and neutralization was carried out by adding Na*
and Cl- ions. Furthermore, analysis of the root-
mean-square deviation (RMSD), root-mean-
square fluctuation (RMSF), radius of gyration
(Rg), and solvent-accessible surface area (SASA)
as well as principal component analysis (PCA)
were conducted to evaluate the system stability of
the complexes.

3. RESULTS AND DISCUSSION
3.1 Molecular docking simulations

Molecular docking analysis was performed to
evaluate the binding affinity of secondary
metabolites from Limonia acidissima against
GLUT4 (PDB ID: 7WSM). Re-docking of native
ligand to GLUT4 protein showed good result with
RMSD (0.49-0.66 A) from 100 runs. Native ligand
exhibited a AG of -9.13 kcal/mol and a predicted
inhibition constant (Ki) of 202.26 nM (Table 2),
confirming its high affinity for GLUT4. Among the
tested compounds, mol39 demonstrated the
strongest binding affinity, with a AG of -8.60
kcal/mol and a predicted Ki of 494.04 nM, and
followed by mol36, with a AG of -7.91 kcal/mol
and a predicted Ki of 1.58 pM.

From the interaction perspective, the native
ligand formed four hydrogen bonds with amino
acid residues GIn298, GIn299, Gly400, and
Trp404, and two hydrophobic interactions with
GIn177 and Trp404. Moll5 shared three
hydrogen bonds with the native ligand (GIn298,
GIn299, and Trp404) but did not share any
hydrophobic interactions. Mol12 and Mol19
shared two hydrogen bonds (GIn298 and Trp404)
and conserved all hydrophobic interactions
observed in the native ligand. Mol36 and Mol39,
which exhibited the best docking scores, shared a
common hydrophobic interaction with Trp404
that was also present in the native ligand,
indicating binding within the same pocket. Unlike
the native ligand, both compounds formed only a
single hydrogen bond with Glu396 and relied
predominantly on hydrophobic interactions for
stabilization, as evidenced by the increased
number of hydrophobic contacts relative to
hydrogen bonds, which contributes favorably to
AG in docking scoring functions.
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Table 2. The molecular docking result of secondary metabolite of kawista to GLUT4

No. Compound Code AG (Kcal/mol) Predicted Ki
1 Mol1 -5.2 154,39 uM
2 Mol2 -5.2 154,03 uM
3 Mol3 -4.92 246,57 uM
4 Mol4 -5.35 120.11 uM
5 Mol5 -4.98 222.02 uM
6 Mol6 -4.58 441.97 uM
7 Mol7 -4.07 1.71 mM

8 Mol8 +69712.28 -

9 Mol9 -4.75 329.99 uM
10 Mol10 -2.53 13.96 mM
11 Mol11 -2.99 6.46 mM
12 Mol12 -5.49 95.01 uM
13 Mol13 -5.44 102.38 uM
14 Mol14 -4.65 389.21 uM
15 Mol15 -5.19 155.96 uM
16 Mol16 +12.12 -

17 Mol17 -5.70 66.67 uM
18 Mol18 -4.99 219.29 uM
19 Mol19 -6.31 23.77 uM
20 Mol20 -5.76 59.55 uM
21 Mol21 -5.34 122.81 uM
22 Mol22 -3.45 2.98 mM
23 Mol23 -3.75 1.79 mM
24 Mol24 -2.90 7.46 mM
25 Mol25 -5.86 50.55 uM
26 Mol26 -3.79 1.65 mM
27 Mol27 -4.55 458.77 uM
28 Mol28 -4.05 1.07 mM
29 Mol29 -4.21 822.68 uM
30 Mol30 -3.53 2.58 mM
31 Mol31 -3.32 3.68 mM
32 Mol32 -4.20 833.17 uM
33 Mol33 -4.63 401.14 uM
34 Mol34 +4.73 -

35 Mol35 -5.3 129.36 uM
36 Mol36 -7.91 1.58 uM
37 Mol37 -7.27 4.71 uM
38 Mol38 -5.86 50.58 uM
39 Mol39 -8.6 494.04 nM
40 Mol40 -4.35 650.14 uM
41 Mol41 -5.72 64.57 uM
42 Mol42 -5.3 129.50 uM
43 Mol43 -5.08 350.12 uM
44 Cytochalasin B -9.13 202.26 nM
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Figure 1. Hydrogen bond and hydrophobic interaction profiles obtained from docking. Dark grey indicates
interaction, whereas light grey indicates no interaction.

JRST (Jurnal Riset Sains dan Teknologi) - Vol. 10 (1) 2026 - (C.41 - C.68) C.59



M. Artabah Muchlisin, Engrid Juni Astuti, Aura Lintang Ayu Cahyani, Felia Rahma Cahya Andita, Nur Islami

Vikri Abdillah, Aghnia Fuadatul Inayah, Taufik Muhammad
Discovery of Novel GLUT4 Inhibitors from Kawista (Limonia Acidissima L.) Bioactive Compounds Through in Silico Approaches

Figure 2. The structure of mol36 (left) and mol39 (right)
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Figure 3. The RMSD of native (green), mol39 (blue), and mol36 (red) during 200 ns simulation
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Figure 4. The average RMSD (A RMSD) in every 5 ns simulation of native (green), mol39 (blue), and mol36
(red)
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Figure 5. The RMSF plot of native (green), mol39 (blue), and mol36 (red)
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Figure 6. The Rg of native (green), stigmasterol (blue), and limonin (red) during 200 ns simulation
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Figure 7. The SASA of native (green), stigmasterol (blue), and limonin (red) during 200 ns simulation
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Figure 8. PCA 2D projection plot of complexes

3.2 Molecular dynamic simulations

Molecular dynamics simulations for 200 ns were
performed to evaluate the stability of GLUT4
complexes with the native ligand, Mol39, and
Mol36. The observed average RMSD values
exceeding 2 A (Figure 3) for all GLUT4-ligand
complexes are consistent with the structural and
dynamic characteristics of the GLUT4 transporter
and the simulation setup. GLUT4 is a multi-pass
transmembrane protein that exhibits intrinsic
conformational flexibility during substrate
binding and transport (Bai & Li, 2023; Thomas et
al, 2023). Membrane transporters undergo
substantial conformational rearrangements
during their functional cycle, including
transitions between outward-facing and inward-
facing states. These transitions involve collective
movements of transmembrane helices and loop
regions, which commonly result in higher RMSD
values in molecular dynamics simulations
(Garaeva & Slotboom, 2020; Liu et al., 2016).
Previous MD studies on transmembrane proteins
have reported RMSD values above 2 A while
maintaining structural stability. For example, the
UlaA transporter in Escherichia coli reached

equilibrium with RMSD values ranging from 5.8
to 6.7 A (Faghih-Mirzaee et al., 2017). Similarly,
simulations of the sarcolipin pentamer embedded
in a POPC membrane showed RMSD convergence
at approximately 3.2-3.5 A after 120 ns,
indicating a stable yet dynamically flexible
transmembrane assembly (Cao et al,, 2015).

RMSD analysis in the present study showed that
all three GLUT4-ligand complexes experienced
an initial increase in structural deviation during
the early equilibration phase (0-20 ns), followed
by stabilization for the remainder of the
simulation. To further assess short-term stability,
average RMSD changes (ARMSD) calculated at 5
ns intervals were analyzed. ARMSD refers to the
change in RMSD values over time or between
different states of a molecular system. It can
indicate conformational changes and stability
(Alwash et al., 2025). The ARMSD values for all
complexes remained within <1 A (Figure 4). A low
ARMSD value indicates that the structures are
similar and stable over time, while a high ARMSD
suggests greater conformational variability and
potential instability (Malau & Sianturi, 2017).
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Table 3. The RMSF value of GLUT4 key residue is about 6 A from native

Residue Number Native Mol39 Mol36

Phe38 0.922 1.130 0.953
le42 0.882 0.891 0.743
Ser96 0.719 0.859 0.975
1le99 1.167 1.500 1.496
Gly150 0.664 0.524 0.624
Ser153 0.780 0.887 0.689
Gly154 0.800 0.875 0.800
Prol157 0.772 1.216 0.880
Asn176 0.894 1.507 1.303
GIn177 1.469 1.695 1.283
1le180 0.880 0.813 0.607
Val181 1.214 1.108 0.924
lle184 0.856 0.973 0.594
GIn295 0.652 0.983 0.594
GIn298 0.779 0.785 0.647
GIn299 1.068 0.659 0.642
[le303 0.799 0.717 0.721
Asn304 1.080 1.146 1.145
Phe307 1.195 1.100 1.093
Tyr308 1.094 0.666 0.602
Asn333 1.881 1.332 0.982
Phe395 0.727 0.662 0.680
Glu396 1.421 1.537 1.018
Pro399 0.836 0.678 0.705
Gly400 0.744 0.719 0.673
Pro401 0.826 0.831 0.787
Trp404 0.857 0.934 2.427
Ala423 0.674 0.959 0.666
Gly424 0.619 0.807 0.626
Phe425 0.983 1.266 1.037
Asn427 0.572 0.676 0.540
Trp428 0.658 0.614 0.705
Average RMSF 0.921 0.970 0.880

Table 4. The results of MM /PBSA

Energy Native Mol39 Mol36

Avan der Waal energy -65.02 + 3.93 kcal/mol  -61.87 + 5.10 kcal/mol  -55.02 * 2.93 kcal/mol
AElectrostattic energy -2.69 * 2.71 kcal/mol -2.05 + 2.12 kcal/mol -0.69 * 0.81 kcal/mol
APolar solvation energy 28.37 +3.77 kcal/mol ~ 24.86 + 2.69 kcal/mol  25.37 + 3.78 kcal/mol
ASASA energy -6.42 + 0.19 kcal/mol -5.93 + 0.19 kcal/mol -5.44 + 0.19 kcal/mol
ABinding energy -45.76 + 4.04 kcal/mol  -44.99 * 4.93 kcal/mol  -35.78 * 4.04 kcal/mol

JRST (Jurnal Riset Sains dan Teknologi) - Vol. 10 (1) 2026 - (C.41 - C.68) C.63



M. Artabah Muchlisin, Engrid Juni Astuti, Aura Lintang Ayu Cahyani, Felia Rahma Cahya Andita, Nur Islami

Vikri Abdillah, Aghnia Fuadatul Inayah, Taufik Muhammad

Discovery of Novel GLUT4 Inhibitors from Kawista (Limonia Acidissima L.) Bioactive Compounds Through in Silico Approaches

Among the tested ligands, Mol39 exhibited
slightly higher RMSD fluctuations compared to
Mol36, reflecting more dynamic protein-ligand
interactions, whereas Mol36 showed lower
average RMSD and reduced fluctuations,
suggesting a stabilizing effect on the GLUT4
structure.

To further investigate the stability of interactions
between GLUT4 and each ligand, residue
fluctuation (RMSF) analysis was performed on
key residues involved in hydrogen bonding and
hydrophobic interactions (Figure 5). The results
showed that almost all critical residues, such as
GIn298, GIn299, Asn304, Gly400, Trp428, and
Asn427, exhibited RMSF values below 1.5 A in all
three complexes, indicating high local structural
stability during the 200 ns simulation (Table 3).

GIn299, which plays a role in hydrogen bonding,
showed very low RMSF values in complexes with
mol39 (0.659 A) and mol36 (0.642 A), lower than
that of the native ligand (1.068 A). Trp404, a key
residue involved in both hydrogen bonding and
hydrophobic interactions, was highly stable in the
native ligand and mol39 complexes (RMSF
~0.85-0.93 A), but displayed significant
fluctuation in the mol36 complex (2.427 A). This
suggests a possible shift in binding or weaker
interaction between lupeol and the active site of
GLUTA4.

Other residues that consistently remained stable
across all complexes, such as Ile42, I1e180,
GIn298, and Gly400, indicate that the binding
domain of GLUT4 was structurally maintained in
the presence of any ligand. However, the mol39
complex showed a fluctuation pattern most
similar to the native ligand, whereas mol36,
although more stable overall (RMSD),
experienced local instability at the critical residue
Trp404.

Rg was analyzed to assess complex stability
between folded and unfolded states. Lower Rg
suggests greater stability in conformation
(Hikmawati et al, 2022). SASA provided
additional insight into ligand-protein stability.
SASA offer a quantitative assessment of the
surface area exposed to solvent (Wang et al,
2020). PCA was performed to evaluate protein-
ligand fluctuations, with eigenvector direction
and amplitude examined through 2D trajectory
projections to characterize complex dynamics
(Pitaloka et al., 2021).

The Rg analysis (Figure 6) indicated that the
native ligand complex exhibited a more compact
conformation (average Rg = 23.02 A, range =
22.67-23.46 A) compared with Mol36 (23.61 A;
22.88-23.61 A) and Mol39 (23.56 A; 22.86-23.56
A). The narrower range of the native complex
suggests lower structural fluctuations, reflecting
higher overall stability. In contrast, Mol36
showed the widest range, implying greater
flexibility during the simulation, while Mol39
displayed intermediate behavior. Notably, the Rg
values of all complexes converged at the end of
the 200 ns simulation (native = 23.06 A, Mol36 =
23.11 A, Mol39 = 23.05 A), indicating that despite
minor differences, all systems maintained a stable
folded state without significant unfolding events.

SASA analysis (Figure 7) revealed that the native
complex maintained an average solvent-
accessible surface area of 19,850.2 A? (range:
18,741.9-21,092.8 A?), whereas Mol39 and
Mol36 exhibited averages of 19,663.9 Az
(18,589.9-21,307.2 A% and 19,982.6 A?
(18,742.3-21,538.3 AZ), respectively. Mol39
showed the lowest average SASA, suggesting a
slightly more compact conformation, although its
wide fluctuation range indicated transient
structural expansions. Mol36 demonstrated the
highest average SASA with the broadest range,
reflecting greater conformational flexibility and
solvent exposure. In comparison, the native
complex displayed a balanced profile,
characterized by moderate SASA values and
narrower fluctuations, consistent with higher
structural stability during the simulation.

PCA plots (Figure 8) showed that the native
complex formed a compact cluster, reflecting high
structural stability. Mol39 displayed moderate
dispersion, suggesting intermediate stability,
whereas Mol36 exhibited the widest spread,
indicating greater conformational flexibility and
conformational variability compared with the
other systems.

The MM/PBSA binding free energy calculations
(Table 4) revealed that the native complex
exhibited the strongest binding affinity (-45.76
4.04 kcal/mol), followed closely by mol39 with
-44.99 + 4.93 kcal/mol, whereas mol36 showed
considerably weaker binding (-35.78 * 4.04
kcal/mol). Van der Waals interactions were the
primary driving force for complex stabilization,
with the native complex showing the most
favorable contribution (-65.02 * 3.93 kcal/mol).
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Electrostatic interactions also favored the native
complex (-2.69 + 2.71 kcal/mol) over mol39 and
mol36. Although polar solvation energies
opposed binding in all systems, they were
particularly high in the native complex (28.37 +
3.77 kcal/mol). Nevertheless, the non-polar
solvation (ASASA) contribution further stabilized
the native complex (-6.42 + 0.19 kcal/mol).
Overall, these results suggest that the native
ligand remains the most stable binder, with
mol39 providing a comparable alternative, while
mol36 demonstrates substantially weaker
binding affinity.

3. CONCLUSION

Based on molecular docking and molecular
dynamics analyses, Stigmasterol (Mol39)
demonstrated better interaction stability
compared to Lupeol (Mol36). PCA results
indicated that the Mol39 complex was more
compact and stable throughout the simulation
than Mol36. The Abinding energy analysis further
supported this finding, showing that Mol39
(-44.99 % 4.93 kcal/mol) was close to the native
ligand (-45.76 = 4.04 kcal/mol), whereas Mol36
exhibited weaker binding energy (-35.78 + 4.04
kcal/mol). Therefore, Stigmasterol shows greater
potential as a candidate GLUT4 inhibitor
compared to Lupeol.
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