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Abstract: Wound healing is associated with many proteins, among them GSK3-f, which is crucial for
cutaneous wound healing. However, no particular treatment option is available to target this protein.
Therefore, researchers are actively involved in the urgent development of new wound healing agents
that are more effective against the GSK3- protein. This study aims to identify and forecast potential
curcumin analogs to inhibit GSK3-f protein function using an in-silico approach. A series of
computational approaches, such as ADMET, molecular docking, molecular dynamics simulation, and
MM-PBSA. Eight curcumin analogs were identified using the Swiss similarity score. Then, four
potential compounds were screened using Druglikeness and ADMET-based assay. Consequently,
molecular docking results showed that CHEBI3962 (-40.9219 kcal/mol) and CHEBI165737 (-35.5336
kcal/mol) bound with the lowest interaction energy compared to the co-crystalized ligand (-29.1169
kcal/mol). Furthermore, molecular dynamics simulation revealed that CHEBI65737 is more stable at
the active site of GSK3-B. Additionally, MM-PBSA results confirmed that CHEBI65737 (-21.51+4.24
kcal/mol) has the highest binding affinity compared to CHEBI3962 (-15.01+3.99 kcal/mol) and the co-
crystalized ligand (-17.49+3.70 kcal/mol). Hence, curcumin analogue CHEBI65737 presents as a
promising candidate for further investigation and development as a GSK3-f inhibitor.

Keywords: wound healing; curcumin analogs; GSK3-p protein; molecular docking; MD simulation;
MM-PBSA.
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1. Introduction

Wound healing is a complex biological process involving various cellular and
molecular mechanisms such as cellular infiltration, inflammation, and proliferation that arise
during wound healing and lead to the formation of mature scar tissue and new cell matrices
and tissue remodeling [1,2]. These processes are tightly regulated by various growth factors,
cytokines, and signaling molecules [3,4]. Glycogen synthase kinase-3 beta (GSK3-p) plays a
significant role in wound healing processes by modulating various cellular events crucial for
tissue repair and fibrogenesis [5,6]. Studies have shown that GSK3-f influences wound closure,
collagen production, cell apoptosis, alpha-SMA expression, and myofibroblast formation
during wound healing [6]. Notably, fibroblast-specific deletion of GSK3-f in mice has been
linked to accelerated wound closure, increased fibrogenesis, and excessive scarring,
highlighting the pivotal role of GSK3-p in regulating these processes[7,8]. Researchers
demonstrated that inhibition of GSK3-p promotes cell migration and proliferation, leading to
faster wound closure [4,9]. Alternatively, the suppression of GSK-3B impacts epithelial
differentiation during wound healing [10]. Furthermore, researchers also highlighted that the
activation of GSK3-B has been associated with delayed wound healing and impaired tissue
regeneration in various experimental models [11]. Researchers claim that GSK-3 is actively
involved in angiogenesis, which has a crucial impact on the progress of diabetic wound healing
[12]. Challenges in targeting GSK3-p for wound treatment lie in the intricate balance required
for optimal wound healing. While GSK3-f inhibition can enhance wound repair by promoting
cell proliferation and reducing apoptosis, excessive inhibition can lead to abnormal tissue
repair, fibrosis, and scarring. Currently, no approved treatments that specifically target GSK-
3p for wound healing. Therefore, screening and assessing the effects of various wound-healing
drug candidates targeting GSK3-p as a potential therapeutic target for developing novel wound-
healing drugs is important.

Natural products have long been used for their wound-healing properties, and some
products contain various bioactive compounds that can promote tissue regeneration and reduce
inflammation. Some examples of natural products with wound-healing properties include aloe
vera, honey, turmeric, and tea tree oil. These substances have been found to accelerate the
healing process, enhance collagen production, and prevent wound infection [13-16]. Natural
products often have fewer side effects than synthetic alternatives, making them a preferred
choice for many individuals seeking effective wound care solutions. Among several natural
compounds, curcumin, a polyphenolic substance derived from Curcuma longa, has exhibited
notable beneficial effects on human physiology [16]. Numerous investigations have
underscored curcumin's efficacy as a potent agent possessing anticancer, anti-inflammatory,
antibacterial, antiviral, antifungal, and wound healing attributes [16-19]. Curcumin analog is a
compound that shares structural similarities with curcumin [20]. An in vitro study claimed the
curcumin analog is a potential a-glucosidase inhibitor [21]. Furthermore, the research
highlighted the potential anti-inflammatory and antibacterial properties of EF24 curcumin
analogs through the inhibition of the HIF-1a protein [22]. Noteworthy findings from in vivo
and in vitro studies indicated the capability of curcumin analogs to impede the PFATP6 protein
in malaria [23]. Computational analysis identified six curcumin analogs as potential ALK5
inhibitors [24]. Recent investigations have spotlighted the curcumin analog DB11672 as a
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prospective inhibitor of dengue NS2B/NS3 protease [20]. Despite existing research, the
exploration of curcumin analogs targeting GSK3-f3 remains limited. Therefore, this study aims
to evaluate the curcumin analog as a potential inhibitor of GSK3-4.

A compound structurally similar to the query molecules, curcumin, was identified using
the web-based tool SwissSimilarity, which provides a user-friendly interface for ligand-based
virtual screening of chemical libraries [25]. The available compound libraries, including
licensed medications, recognized bioactive compounds, commercially accessible compounds,
and synthetically accessible compounds, can be screened using the SwissSimilarity tool [26].
A publicly available database that includes more than 12,000 molecular entities, groups, and
classes is now represented by CHEBI [27,28]. This study used Chemical Entities of Biological
Interest (CHEBI) libraries and pharmacophore-based screening to screen the curcumin-like
bioactive molecules (Figure 1) for wound healing studies targeting the GSK3-4 protein. Thus,
eight compounds were screened using a similarity score (1.000-0.900) from the ChEBI
database using pharmacophore-based screening for further studies. Consequently, an ADMET,
physicochemical properties, and drug-likeness study was conducted to screen the molecules.
Discovery Studio (DS.3) was used for the molecular docking of the selected molecules. Finally,
the protein-ligand binding interaction behavior of the lead compound was confirmed through
GROMACS for 100 ns duration, and MM-PBSA was performed to evaluate the protein-ligand
binding free energy and stability. The current study aims to evaluate the GSK3-4 inhibitory
potential of curcumin and its analogs through their interaction at the GSK-3p active site.
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Figure 1. Structure of curcumin and curcumin analog molecules (SwissSimilarity score:1.00 to 0.900)
2. Materials and Methods

2.1. Selection and preparation of ligands.

SwissSimilarity, available at http://www.swisssimilarity.ch, is an online tool offering a
user-friendly interface for ligand-based virtual screening of chemical libraries. It provides
access to various compound libraries, such as approved drugs, bioactive molecules,
commercially available compounds, and synthetically accessible compounds. By utilizing
diverse 2D and 3D molecular fingerprints, SwissSimilarity enables the calculation of molecular
similarity in different digital formats, facilitating the identification of compounds similar to a
query molecule [26]. Curcumin and its closely related curcumin analogs were chosen for this
study. The curcumin simile notion obtained from the PubChem
((https://pubchem.ncbi.nlm.nih.gov/) database was pasted into the SwissSimilarity
(http://www. swisssimilarity.ch/), an online program to screen structurally similar curcumin
https://nanobioletters.com/ 30f 18
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analogs molecules from Chemical Entities of Biological Interest (ChEBI) database through
pharmacophore-based screening [26]. Eight molecules of curcumin analogs with a Swiss
similarity score in a range between 1.000 and 0.900 were selected (Figure 2).

2.2. Preparation of the structure of ligands and protein.

The 2D structure of curcumin and its analogs was created using the ChemDraw
program. The curcumin (CHEBI3966) and eight analogs included CHEBI67263
(dihydroxybergamottin), CHEBI176651 (oxydipropyldibenzoate), CHEBI65737
(demethoxycurcumin), CHEBI176657 (kobusin), CHEBI176667 (glycerin), CHEBI176637
(xanthohumol C), CHEBI5352 (gingerenone A), and CHEBI70703 (dentatin) utilized for
further in-silico study. Meanwhile, the GSK3-B protein was chosen from the literature and
downloaded from the RCSB protein data bank with the PDB ID 5K5N [6].
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Figure 2. Research flow diagram of this study.
2.3. Evaluation of physicochemical properties and drug-likeness study.

The physicochemical characteristics and applicability of all the selected compounds as drug
candidates were evaluated based on Lipinski's rule of five using the SwissADME
(http://www.swissadme.ch). The six factors assessed included molecular weight, topological
polar surface area, molar refractivity, hydrogen bond acceptor, hydrogen bond donor, and the
number of rotatable bonds according to Lipinski’s rule. The drug-likeness study was
determined using the bioavailability score of a compound and the threshold values of Lipinski,
Ghose, Egan, Veber, and Muegge.

2.4. Evaluation of ADMET properties.

The ADMET assay used the admetSAR (http://Immd.ecust.edu.cn/admetsar2)
prediction web-based tool. The AdmetSAR methodology is a widely used approach for
predicting and evaluating the compounds' absorption, distribution, metabolism, excretion, and
toxicity properties. It combines various computational models and algorithms to provide
comprehensive information on compounds' pharmacokinetic and toxicological behavior.
Blood-brain barrier (BBB) penetration, human intestinal absorption (HIA), caco-2
https://nanobioletters.com/ 40f 18
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permeability, respiratory toxicity, p-gp substrate, p-gp inhibitor, human ether-a-go-go-related
gene (hERG) inhibition, AMES mutagenesis, carcinogens toxicity, and LogS values were
obtained by using the admetSAR tool, and values are evaluated.

2.5. Molecular docking study.

The computer-aided docking studies were carried out to evaluate the binding location
and affinity and determine the interaction between the protein and ligand. Additionally, this
approach was used to visualize the receptor-ligand interactions in detail, which allowed for a
comprehensive understanding of the molecular interactions between the ligands and the GSK3-
S protein [6]. Additionally, it provided valuable insights into potential therapeutic targets for
developing wound healing potential medicine [29]. The crystal structure suitable for GSK3-3
was downloaded from the Protein Data Bank (https://www.rcsb.org/). The molecular docking
was carried out using the crystal structure of GSK3-4 (PDB ID: 5K5N; Resolution: 2.20 A),
and selected compounds were docked using Discovery Studio 3.1 (DS31.1) [30]. The water
molecules and salt ions were removed from the protein by using DS3.1, and hydrogen atoms
or the “Prepare Protein” protocol were added to the needed loops. Consequently, protein was
minimized, and clean geometry was applied. The rigid docking was used to predict the protein-
ligand interaction using the CDOCKER protocol. The CDOCKER used the CHARMmM force
field in DS3.1 to develop a grid box by the input of PDBQT files of protein in DS3.1. The grid
box consisted of 11.45 A, 14.04 A, and 16.85 A around the active region, and the grid spacing
was 22.87 A while other parameters were set as default. The binding energy was determined
in kcal/mol, where a lower value indicated interactions between the protein and the protein
[31]. The 2D interaction forms of the docked complex were used to observe the amino acids
present in the protein-ligand binding site. The best two compounds were selected by comparing
them with the reference compound (co-crystallized ligand) for a molecular dynamics
simulation study and binding free energy calculations to further confirm the selected complex's
stability.

2.6. Molecular dynamic simulation and MM-PBSA.

Following the docking studies, CHEBI3962 and CHEBI65737 and co-crystalized
ligand PF-04802367 were subjected to MD simulation studies for the evaluation of their
binding efficacy and to illustrate the effect of compounds binding on the internal dynamics of
GSK3-4 protein. The MD simulations were performed using the GROMACS (Version 2023.2)
molecular dynamics software package, with a CHARMM27 force field for all complexes. The
protein and ligand topology were generated using the CHARMM27 force field and TIP3P
water model [32]. A total of 17464 water molecules with randomly added Na+ have been
introduced to neutralize the simulation system, which is a dodecahedron box. After performing
energy minimization, the system was equilibrated with 300 ps NVT (equal particle number N,
volume V, temperature T) and NPT of 300 ps (equal particle number N, pressure P, temperature
T) followed by MD simulation at 310 K, 1 bar, and 0.002 ps timestep. The Particle-Mesh-
Ewald (PME) and linear constraint solver (LINCS) algorithms were used to calculate
electrostatic interaction and Hydrogen bonds in the system [33]. The Verlet truncation scheme
was used to calculate the van der Waals interaction. In this process, the Parinello-Rahman
method for the pressure coupling scheme and the modified Berendsen thermostat were used
for the temperature coupling scheme [34,35]. The MD simulation was performed for 100 ns
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duration, with three times being carried out for each simulation system, and each (protein and
complex) trajectories were stored for the entire simulation period. The RMSD, RMSF, radius
of gyration (Rg), SASA, and energies were calculated using the GROMACS utility. MM-
PBSA analysis was performed to determine the binding energy of selected CHEBI3962,
CHEBI65737, and co-crystalized ligand (PF-04802367) with the protein GSK3-4. The MM-
PBSA calculations were conducted utilizing the g_mmpbsa tool, which is compatible with the
GROMACS software, as detailed by Kumari et al. (2014) [36].

3. Results and Discussion

3.1. Evaluation of physicochemical properties and drug-likeness study

The  drug-likeness  studies  were carried out using  SwisSADME
(http://www.swissadme.ch/) server drug scan tools to optimize the druggability of the
compounds. Lipinski's rule of five is a widely used guideline in the drug discovery process
[37]. This study was used to filter out all of the chosen compounds' physicochemical properties,
such as molecular weight, lipophilicity, hydrogen bond donors, and hydrogen bond acceptors,
to determine their potential as drug candidates. The six parameters that were considered were
molecular weight, topological polar surface area, molar refractivity, hydrogen bond acceptor,
hydrogen bond donor, and number of rotatable bonds. The threshold approaches developed by
Lipinski, Ghose, Veber, Egan, and Muegge and the compound's bioavailability score were used
to find the drug-like compounds [38-41]. The physicochemical properties and drug-likeness of
curcumin and eight curcumin analogs were evaluated, and the results are shown in Table 1.

Table 1. Predicted physicochemical and drug-likeness properties of curcumin and curcumin analogs.
Drug-likeness

Compound Physicochemical properties Lipinski | Ghose Egan Muegge | Ghose

name MW |M:R: | TPSA[H-A HD N.R.|Pr| Vi |Pr| Vi |Pr|VilPr | Vi | Pr | Vi|] BS
CHEBI3962 | 368.38 [102.80 | 93.06 | 6 2 8 |Yes| O |Yes| O |Yes| O [Yes 0 Yes | 0| 0.55
CHEBI67263 | 372.41 [102.17 | 93.06 | 10| 6 2 |Yes|] O |[Yes|] O |Yes| O [Yes| O Yes | 0| 0.55
CHEBI176651 | 342.39 | 95.67 | 83.83 | 9 5 2 |Yes|] O |Yes| O |Yes| O Yes| O |[Yes| 0| 055
CHEBI65737 | 338.35 | 96.31 | 83.83 | 7 5 2 |Yes| O |Yes| O |Yes| O Yes| O |Yes| 0| 055
CHEBI176657| 370.40 | 102.4 | 93.06 | 9 6 2 |Yes| O |Yes| O |Yes| O [Yes 0 Yes | 0| 0.55
CHEBI:176667| 382.41 |107.27 | 82.06 | 9 6 1 |Yes| O |Yes| O |Yes| O [Yes 0 Yes | 0| 0.55
CHEBI176637| 352.38 |102.13 | 75.99 | 7 5 2 |Yes|] O |Yes| O |Yes| O Yes| O |[Yes| 0| 055
CHEBI5352 | 356.41 [101.49 | 7599 | 9 5 2 |Yes|] O |Yes| O |Yes|] O Yes| O |[Yes| 0| 055
CHEBI70703 | 326.39 | 95.00 | 66.76 | 8 4 2 |Yes| O |Yes| O |Yes| O [Yes 0 Yes | 0| 0.55

Molecular weight: MW; Molar refractivity: M.R; Topological polar surface area: TPSA; Num. hydrogen bond
acceptor: H-A; Num. hydrogen bond donor: H-D; Num. rotatable bonds: N. R; Pr: Prediction; Vi: Violation.

Curcumin and six other compounds among them successfully passed each assessment
in the drug-likeness investigations without failing any of them, including CHEBI3962,
CHEBI176651, CHEBI65737, CHEBI176637, CHEBI5352, CHEBI176653, CHEBI70703.
From Table 1, all the compounds showed molecular weight values ranging from 326.39 to
382.41, not above 500, and the molar refractivity of the measured compounds ranged from
95.00 to 102.80, which are less than 130, as well as the TPSA values ranging from 66.76 to
93.06A2. Consequently, the compound number of hydrogen bond acceptors (H-A) is 6-10,
which complies with the reference value (less than 10). On the other hand, the number of
hydrogen bond donors of the compounds CHEBI 3962, CHEBI 176651, CHEBI 65737,
CHEBI176637, CHEBI5352, CHEBI176653, CHEBI170703 ranged from 2-5, which complied
with the reference value (not more than 5). However, the number of hydrogen bond donors of
the compounds CHEBI 67263, CHEBI176657, CHEBI67262, and CHEBI176667 was 6,
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which did not comply with the reference value. A molecule's number of rotatable bonds is
essential for conformational changes and, eventually, receptor or channel interaction. The
results showed that all the compounds showed fewer rotatable bonds ranging from 1-8, which
follows the accepted range value. The six compounds that effectively achieved the above-
mentioned criteria were expected and considered potential lead compounds with good
druggability and thus selected for the ADMET-based study.

3.2. Evaluation of ADMET study.

The results shown in Table 2 provide a comprehensive overview of the ADMET
properties of the examined curcumin and curcumin analogs. The AdmetSAR software
efficiently analyzed various factors such as absorption, distribution, metabolism, excretion, and
toxicity to evaluate their potential effects.

Table 2. Predicted ADMET profile of curcumin and curcumin analogs.

ADMET CHEBI3962 | CHEBI176651 | CHEBI65737 | CHEBI176637 | CHEBI5352 | CHEBI70703
P R P R P R P R P R P R
HIA + 0.980 | + 0968 | + 0981 | + 0990 | + 0986 | + 0.987
BBB - 0.625 | - 0.775 | - 0.675 | - 0.700 | - 0.650 | - 0.675
Caco-2 - 0.765 | - 0.656 | - 0.788 | - 0596 | - 0.589 | - 0.653
P-gp substrate - 0.936 | - 0.629 | - 0.887 | - 0952 | - 0.881 | - 0.776
P-gp Inhibitor + 0.596 | - 0.644 | - 0.726 + 0.634 + 0.660 - 0.590
Respiratory No | 0.822 | No 0.566 | No | 0.833 | No 0.900 | No | 0.533 | No | 0.577
toxicity
Hepatotoxicity No | 0.919 | No 0.775 | No | 0919 | No 0.755 | No | 0.862 | No | 0.825
Carcinogen No 0.789 | No 0.799 No 0.789 No 0.764 No | 0.792 No 0.792
Biodegradation - 0.800 | - 0.800 | - 0.850 | - 0875 | - 0925 | - 0.900
Acute oral toxicity | Il 0.634 | 1l 0.734 | 1l 0.625 | Il 0.665 | Il | 0.697 | Il 0.626
Aqueous solubility -3.36 -3.32 -3.08 -3.82 -3.89 -3.7
(logS)

P: Probability; R: Results; Blood-brain barrier: BBB; Human intestinal absorption: HIA; Cancer coli-2: Caco-2;
P-glycoprotein: P-gp.

The findings showed that all the compounds can pass through the intestine, ranging
from 0.968 to 0.990. Similarly, all compounds can cross the blood-brain barrier and enter the
brain. This is crucial in understanding how these compounds can affect brain function and
behavior. All the compounds and reference compounds showed negative results for the P-gp
substrate, which indicated that the tested compound is not a substrate for P-glycoprotein (p-
gp). This suggests that the compound is unlikely to be actively transported out of cells by P-
glycoprotein, which may affect its pharmacokinetic properties and potential drug-drug
interactions. Additionally, compound CHEBI3962 and tested compounds CHEBI176637 and
CHEBI5352 showed a likelihood score of 0.596 and 0.634, 0.660, respectively, which are P-
glycoprotein inhibitors, while compound CHEBI176651, CHEBI165737 and CHEBI70703 did
not block the action of p-glycoprotein. The positive results for P-glycoprotein inhibitors are
promising because this protein plays a crucial role in drug resistance [42]. This inhibition
increases drug efficacy and improves treatment outcomes, particularly in cases where P-
glycoprotein is overexpressed. Additionally, these positive results highlight the potential of p-
glycoprotein inhibitors as a promising strategy to overcome multidrug resistance in various
diseases, including cancer [43]. Respiratory toxicity of compounds refers to the harmful effects
on the respiratory system. This can include irritation, inflammation, lung and airway damage
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[44]. All the tested compounds are free from respiratory toxicity. Hepatotoxicity refers to the
ability of a compound to cause damage or injury to the liver [45]. This can occur due to the
compound's direct toxic effects on liver cells or interference with normal liver function. On the
other hand, carcinogenicity refers to the ability of a compound to cause cancer [46]. It is
essential to assess both hepatotoxicity and carcinogenicity when evaluating the safety profile
of a compound, as these adverse effects can have severe implications for human health. The
results demonstrated that all the compounds are free from hepatotoxicity and carcinogenicity,
indicating that they are safe for use (Figure 3). A compound's log S solubility results provide
valuable information about its ability to dissolve. This data is often used in drug discovery and
formulation processes to assess the compound's bioavailability and potential for oral
administration. The acute oral toxicity results showed that all the substates are harmless. The
aqueous solubility (logS) results ranged from -3.08 to 3.89, demonstrating that all the
compounds have good solubility. Thus, it can be concluded that all the compounds have good
potential for use as medicine.

LPO uPO LPO

FLEX SIZE FLEX SIZE FLEX SIZE

- =
/ [ J
|
|
-~ St 3 )
INSATU POLAR INSATU POLAR INSATU N POLAR
INSOLU INSOLU INSOLU
CHEBI 3962 CHEBI 176651 CHEBI 65737
LIPO LPO
LIPO
FLEX SIZE FLEX SIZE
FLEX size
INSATU POLAR INSATU POLAR
INSATU POLAR
INSOLU INSOLU
INSOLU
CHEBI 176637 CHEBI 5352 CHEBI 70703

Figure 3. Prediction of the physicochemical characteristics of the curcumin analogs. (Lipophilicity: LIPO;
Insolubility: INSOLU; Insaturation: INSATU; Flexibility: FLEX; Polarity: POLAR). For oral bioavailability,
the colored zone is the ideal physicochemical region.

Lipophilicity and solubility are two essential properties that determine the behavior of
a substance in different environments [47]. Lipophilicity refers to the ability of a compound to
dissolve in lipids or fats, while solubility is the ability of a substance to dissolve in a given
solvent. These properties play a crucial role in drug development, as lipophilic compounds tend
to have better absorption and distribution in the body. At the same time, solubility determines
how easily a drug can be formulated into various dosage forms of the compound [48]. As shown
in Figure 3, all the compounds demonstrated the expected lipophilicity and solubility.

3.3. Molecular docking study.

Based on the ADMET screening, four compounds were selected and subjected to
molecular docking against GSK3-4. GSK3-/4 is an important promising target for the treatment
of wound healing [9,49,50]. Additionally, GSK3-4 plays a significant role in various cellular
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processes, making it an attractive target for drug development beyond wound healing
treatments [51]. Understanding these compounds' binding mechanisms and affinities within
GSK3-f's active site is essential for advancing effective wound healing therapies. This study
employed molecular docking to investigate the binding mechanisms and affinities of the
compounds within GSK3-f's active site. The calculated binding energies (kcal/mol) and

associated amino acid residues are detailed in Table 3.
Table 3. The binding energy and bound amino acids of compounds with the wound healing target GSK3-p.

Compound CDOCKER - .
. Bound amino acids
name mteraction energy
CHEBI3962 LYS 183, ARG220, GLN185 (Conventional hydrogen bond); SER219
(Curcumin) -40.9219 (Van der Waals); ASP181, SER203 (Carbon hydrogen bond); CYS 218
(Amide Pi- Stacked Bond)
CHEBI176651 -33.6905 LYS 183, PTR216 and SER66 (Conventional hydrogen bond)
i SER203, CYS218, PTR216, TYR 221 (Conventional hydrogen bond);

CHEBI65737 355336 SER219 (Carbon hydrogen bond); ARG220 (Pi-Alkyl)
CHEBI70703 -34.6742 SER219, LYS 183, CYS218, SER203 (Conventional hydrogen bond)
CO'CI%S;?(;“ZM 291169 LYS 183, SER219 (Conventional hydrogen bond); PTR216 (Carbon
(PF-04802367) hydrogen bond); ARG220 (Pi-Cation); ARG220 (Pi-Alkyl)

Furthermore, the interactions of bioactive and reference compounds with GSK3-p were
visualized using the BIOVIA Discovery Studio visualizer tool, as depicted in Figure 4.
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Figure 4. Molecular docking interaction analysis of (a) CHEBI13962; (b) CHEBI176651; (c) CHEBI65737; (d)
CHEBI70703; (e) PF-04802367 (co-crystallized ligand) with GSK3-B (5K5N).

The results revealed that all the tested compounds showed the lowest interaction energy
compared to the co-crystallized ligand (reference compound). However, the CHEBI3962
showed the best binding affinity and lowest binding interaction energy -40.9219 kcal/mol by
forming a conventional hydrogen bond with LYS 183, ARG220, GLN185, van der Waals
interaction with SER219, carbon-hydrogen bond with ASP181, SER203 and amide pi- stacked
bond with CYS 218 residues. Consequently, CHEBI176651 formed conventional hydrogen
bonds with LYS 183, PTR216, and SER66 residues and interacted with a binding energy of -
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33.6905 kcal/mol. Meanwhile, CHEBI65737 has a binding interaction energy of -35.5336
kcal/mol and forms conventional hydrogen bonds with residues at the hinge region, particularly
with SER203, CYS218, PTR216, TYR 221, carbon-hydrogen bonds with SER219 and
exhibited pi-alkyl bond with ARG220. This specific orientation of CHEBI65737 within the
binding site, adopting propeller-like conformations, contributes to its lower interaction energy.
Furthermore, CHEBI170703 formed a conventional hydrogen bond with LYS 183 SER219 and
exhibited pi-cation, pi-alkyl bonds, and a binding interaction energy of -34.6742 kcal/mol.

Moreover, the co-crystallized ligand (PF-04802367) developed a conventional
hydrogen bond with LYS 183, SER219, a carbon-hydrogen bond with PTR216, a pi-cation
bond with ARG220 and pi-alkyl with ARG220 residues and an interaction energy of -
29.1169Kkcal/mol. The best binding affinity of GSK3-3 was exhibited with the CHEBI3962.

In conclusion, Both CHEBI3962 and CHEBI165737 displayed distinct interactions with
proteins, establishing a significant number of hydrogen bonds crucial for the stability of the
complex. Therefore, the best binding affinity of GSK3-p was exhibited with the CHEBI3962
and CHEBI65737 as compared to co-crystal ligands (PF-04802367). Furthermore, GSK3-
B/CHEBI3962 and GSK3-B/CHEBI65737 complexes have been chosen for subsequent
investigation using Molecular Dynamics simulations to assess the stability of the complex.

3.4. Molecular dynamic simulation analysis.

The protein-ligand complex and the protein backbone were evaluated using the RMSD
plot for their dynamic conformational stability. As shown in Figure 5(a), the RMSD plot
revealed that the CHEBI65737-GSK3-# and PF-04802367-GSK3-5 complexes were in
equilibrium, and the protein-ligand complexes maintained stability with a low deviation
throughout the MD simulation time with RMSD of 0.25 and 0.48nm, respectively. However,
the CHEBI3962-GSK3-4 complex was more stable until 55 ns; after that, a slight deviation
was found, which may have been due to binding confirmation change, but the compound still
interacted with the residue at the binding pocket.
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Figure 5. Molecular dynamics simulation (a) RMSD plot of compounds and reference; (b) RMSF plot of
compound and reference with GSK3-f protein. CHEB13962- GSK3-B protein complex (blue); CHEBI165737-
GSK3-p protein complex (red); PF-04802367-GSK3-p protein (green) complex.

The root mean square fluctuation (RMSF) was further examined to evaluate the residual
fluctuations left over after simulating the ligand-bound protein complex. By calculating the
RMSF of atomic positions over time, researchers can gain insights into the flexibility and
dynamics of molecules. Additionally, RMSF analysis can help identify regions that undergo
significant conformational changes, which is valuable for understanding protein folding, ligand
binding, and other molecular interactions. Figure 5(b) demonstrates the CHEBI3962-GSK3-f3,
CHEBI65737-GSK3-B, and PF-04802367-GSK3-B complexes RMSF value. All the
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complexes showed RMSF plots that were below 0.5 nm, and the average was below 0.25 nm,
which supports that the compounds strongly interacted with the active site of the GSK3-p
protein. The dynamic stability of the CHEBI13962-GSK3-p, CHEBI165737-GSK3-, and PF-
04802367-GSK3-B complexes was maintained due to the presence of conventional hydrogen
bonds between the compounds and the residues of GSK3-p.

The radius of gyration (Rg) of all complexes was below 2.2 nm (Figure 6(a)).
Consequently, throughout the simulation of CHEBI13962-GSK3p, CHEBI65737-GSK3-£, and
PF-04802367-GSK3-$ complexes, the fraction of surface area solvents remained stable at an
average area of 160 nm? and 180 nm? (Figure 6(b)). Overall, the MD simulations and the
docking scores of the compounds CHEBI3962 and CHEBI65737 supported the potential
inhibitory nature toward the GSK3-4 protein.

25—
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- Protein-reference compound
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Figure 6. Radius of gyration (Rg) and Solvent Accessible Surface Area analysis (SASA). (a) Rg analysis of
compound; (b) SASA analysis of compound and reference.

The number of hydrogen bonds formed between compounds and the protein GSK3-§
is shown in Figure 7. It has been noticed that compounds CHEBI3962 and CHEBI65737
formed six and five hydrogen bonds, respectively, while PF-04802367 formed four hydrogen
bonds. These findings demonstrated that CHEB13962 and CHEBI165737 were bound inside the
active site of GSK3-# throughout the simulation. The common residues participating in
hydrogen bond formations were LYS183, ARG220, GLN185, SER203, CYS218, PTR216,
TYR 221 and SER219.
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Figure 7. Hydrogen bond profile of the GSK3-B with compounds (a) CHEBI3962; (b) CHEBI65737; (c) PF-
04802367.
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Overall, the RMSD plot indicated consistent stability of the CHEBI65737-GSK3p
complex during MD simulation, highlighting dynamic conformational stability. RMSF
analysis revealed lower average RMSF values for CHEBI65737-GSK3[3 compared to the co-
crystal ligand, indicating strong interactions with GSK3p active site residues. The Rg of
CHEBI65737-GSK3p remained lower than CHEBI165737 and the co-crystal ligand, with stable
solvent-accessible surface area fractions, confirming complex stability. Notably, CHEBI165737
formed crucial hydrogen bonds with key GSK3p active site residues (LYS183, ARG220,
GLN185, SER203, CYS218, PTR216, TYR221, SER219), underscoring robust binding
interactions. Overall, these MD simulation results and favorable docking scores support
CHEBI65737's potential as a potent GSK3 inhibitor. The observed stable binding interactions
and hydrogen bond formations suggest promising prospects for further exploration of these
compounds as GSK3p inhibitors for therapeutic purposes.

3.5. Binding free energy analysis.

The potential affinity of all the compounds with its targeted protein GSK3-4 was
analyzed using the MM-PBSA approach during 100-ns simulation trajectories. The potential
energy obtained from MM-PBSA, including van der Waals, electrostatic energy, polar
solvation energy, and MM-PBSA binding free energy, are all listed in Table 4. The greater the
negative value, the greater the binding affinity towards protein [29,52].

Table 4. Binding free energy calculations of selected compounds in GSK3- using MM-PBSA.

Compounds in complex

Van der Waal energy

Electrostatic energy

Polar solvation energy

Binding energy

with GSK3-B (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

CHEBI3962 -23.26%0.78 -17.88+£3.70 26.13+1.25 -15.01+ 3.99
CHEBI65737 -32.79+0.13 -20.40+4.21 31.68+ 0.40 -21.51+4.24
PF-04802367 -47.76x0.33 -21.44+6.4 48.09+0.18 -17.49+£3.70

From Table 4, it has been shown that demethoxycurcumin formed the most stable
complex with GSK3-4 (-21.51+4.24 kcal/mol), compared to curcumin (-15.01+ 3.99 kcal/mol)
and PF-04802367 (-17.49+£3.70 kcal/mol). It should also be noted that, apart from
demethoxycurcumin, both curcumin and PF-04802367 also formed stable bindings. It was also
observed that nonpolar interaction energy, i.e., the sum of van der Waal’s energy and nonpolar
solvation energy, contributes strongly towards the binding of two compounds, reference
ligands, and the protein GSK3-f, indicating hydrophobic forces favor the formation of the
complexes.

4, Discussion

Wound healing is a global health concern worldwide. Several inflammatory cytokines
regulate wound healing, such as TNF-a, TGF-B, and GSK3-4 [53]. Studies reported that high
levels of GSK3-4 beta delay the granulation tissue formation and failure of wound closure [8].
Therefore, GSK3-4, which has essential roles in regulating cell function, such as proliferation,
migration, and matrix synthesis, is a good target for wound healing treatment. Curcumin is a
famous traditional herbal medicine with antioxidant, anti-inflammatory, anti-fibrosis, anti-
diabetes, and wound healing properties [16]. However, curcumin analogs targeting the GSK3-
p are still unknown. Therefore, in this study, we aimed to investigate curcumin and its analog
targeting inhibition of the GSK3-f protein through an in-silico approach.

The SwissSimilary tool identified the 8 molecules that have a molecular structure
similar to curcumin based on the Swiss similarity score of 1.00- 0.900 (Figure 1). The drug-
https://nanobioletters.com/
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likeness study demonstrated that curcumin and its five analogs, CHEBI13962, CHEBI176651,
CHEBI65737, CHEBI176637, CHEBI5352, and CHEBI70703, comply with the
pharmacokinetics criteria (Table 1). Additionally, these compounds showed expected
lipophilicity and solubility (Figure 3). Consequently, the AMDET results show that
CHEBI3962, CHEBI176651, CHEBI65737, and CHEBI70703 are suitable for drug
development as they passed all the criteria (Table 2). Furthermore, the docking results revealed
that all the tested compounds showed the best binding affinity with a lower interaction energy
than the co-crystallized ligand (PF-04802367). However, among them, CHEBI3962 and
CHEBI65737 binding interaction were -40.9219 kcal/mol and -35.5336 kcal/mol, which are
significantly lower than co-crystallized ligand (-29.1169 kcal/mol). Additionally, CHEBI3962
formed a vital hydrogen bond with LYS 183, ARG220, GLN185 while CHEBI65737 formed
hydrogen bond with SER203, CYS218, PTR216, TYR221 (Figure 4 and Table 3). Study-
reported results indicated that the binding energy between the phenylethanoid glycosides and
GSK3-p ranged from —10.2 kcal/mol to a lower value, suggesting a stable interaction between
the ligand and the target protein [54]. Thus, these docking results indicate that the CHEBI3962
and CHEBI65737 are bound to the active site of the GSK3-4.

Furthermore, the CHEBI3962 and CHEBI65737 and co-crystalized ligands were
evaluated through a 100 ns MD simulation study to confirm the binding behavior of the
docking. The molecular dynamic simulation was analyzed to check the stability of the docked
compound by evaluating several parameters, including the RMSD, RMSF, Rg, SASA, and H-
bond occupancy during simulation events of protein-ligand complexes [55]. The RMSD plot
confirmed that the CHEBI65737 and PF-04802367 complex was below 0.25nm while
CHEBI3962 showed a low deviation after 55ns (Figure 5 (a)). A study reported that RMSD
values below 0.5 nm and 0.05 nm deviation indicate stable interaction of protein-ligand
complex, and no conformation change occurred [56]. A similar study reported that the RMSD
value of Kaempferol and COVID-19 Mpro was 0.617 nm, which was stable [57]. Another
study demonstrated that the RMSD value of a protein-ligand complex with an average of 0.757
nm is stable [58]. Therefore, it can be concluded that compound CHEBI65737 formed stable
binding in the active site of GSK3-p. The RMSF values of all CHEBI3962, CHEBI165737, and
co-crystalized complexes have been calculated and depicted in Figure 5(b). The low RMSF
values of amino acid residues define stable and rigid receptors. Our finding demonstrated that
CHEBI3962 (0.14+0.11) and CHEBI65737 (0.14+0.08) formed low fluctuation compared to
the co-crystalized ligand (0.15+0.07). This suggests that GSK3-p has formed a stable and rigid
complex with CHEBI3962 and CHEBI65737.

In contrast, the Rg was calculated on the intrinsic dynamics of GSK3-p and ligand
complexes (Figure 6 (a)). Rg is the structural folding, stability, and compactness indicator.>
Our results demonstrated that for the course of the 100 ns MD simulation, the average Rg for
all the complexes was 2.11. These findings indicated that all the ligands formed compact and
stable complexes with GSK3-3 compared to the co-crystal ligand. The SASA was found to be
lower for CHEBI65737 (167.09£2.90) compared to the CHEBI3962 (169.71+2.87) and co-
crystalized ligand (169.98+2.88) (Figure 6 (b)). Researchers reported hydrogen bonds are the
main stabilizing interaction factor between two molecules [55]. Our finding revealed that
CHEBI65737 and CHEBI3962 formed more stable hydrogen bonds than the co-crystalized
ligand at the inhibition site of GSK3-B (Figure 7). Likewise, the MM-PBSA assay identified a
more accurate binding free energy between GSK3-f and selected ligands at the receptor
inhibition site. Studies reported that the binding free energy defines the total of non-bonded
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interaction energies such as van der Wall, polar solvation, electrostatic, and energy between
receptor and ligand throughout the 100 ns MD simulation [55]. According to previous studies,
lower binding free energy indicates a better binding between the ligand and receptor [29,52].
Our finding showed that CHEBI65737 was bound in the active site of GSK3- with the lowest
interaction energy compared to the co-crystalized ligand (Table 4). Overall, our in-silico results
indicate that CHEBI3962 and its analog CHEBI165737 may have the potential to be developed
as inhibitors of GSK3-p for wound healing applications.

5. Conclusions

The compound similarity analysis was employed to evaluate the potential of curcumin-
like compounds as drug candidates, while docking analysis provided insights into their binding
affinity towards target proteins. The drug-likeness and ADMET analysis also assessed the
compounds' potential for absorption, distribution, metabolism, excretion, and toxicity in the
human body. Compared to the co-crystalized ligand, the results showed that CHEBI65737 had
the best binding affinity into the GSK3-4 protein and displayed acceptable physicochemical
and pharmacokinetic features. Therefore, the CHEBI65737 compound could potentially be
considered for further study as a lead agent for wound healing.
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