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Abstract

	 Hyperpigmentation disorders, characterized by aberrant melanin accumulation, pose a 
significant clinical challenge, driving the search for novel therapeutic agents. Rifampicin, a clinically 
approved antibiotic, has recently emerged as a potential candi-date for regulating melanogenesis, 
with preliminary evidence indicating it may target key proteins involved in melanin synthesis and 
signaling pathways-specifically tyrosinase-related protein 1 (TYRP1), phosphoinositide 3-kinase 
(PI3K), protein kinase A (PKA), p38 mitogen-activated protein kinase (p38 MAPK), and glycogen 
synthase kinase-3β (GSK-3β). To elucidate the underly-ing molecular mechanism, this study 
employed molecular docking and molecular dynamics (MD) simulations. Molecular docking analyses  
revealed strong binding of rifampicin to TYRP1 (−6.6 kcal/mol), p38 MAPK (−9.6 kcal/mol), PKA 
(−9.2 kcal/mol), and GSK-3 (−8.5 kcal/mol), with affinities comparable to or exceeding those of 
their native ligands. In contrast, its affinity for PI3K was lower (−7.8 kcal/mol), suggesting limited 
involvement in the PI3K/AKT pathway. MD simulations confirmed the stability of rifampicin-protein 
complexes, as evidenced by consistent root-mean-square deviation (RMSD), radius of gyration, and 
sol-vent-accessible surface area (SASA) values, alongside minimal residue fluctuations and stable 
hydrogen bonds. Gibbs free energy landscape analysis further validated the compact, stable nature 
of these complexes. MM/GBSA calculations yielded favorable binding free energies (ΔG_total:–50.07 
to –30.8 kcal/mol), with van der Waals interactions identified as the primary driver of binding. Key 
interacting residues included Leu382 (TYRP1), Tyr35 (p38 MAPK), Lys896 (PKA), Ile62 (GSK-3β), 
and Phe439 (PI3K). These findings support a multitarget mechanism for rifampicin in melanogenesis 
regulation and underscore its potential for repurposing as a therapeutic agent for hyperpigmentation.
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Introduction

	 Drug repurposing is a cost-effective strategy 
that accelerates clinical translation by exploring 
new uses for existing drugs1-4. Its application in 

cosmeceutical development enables the safe 
and efficient transformation of well-characterized 
pharmaceuticals into functional skincare ingredients, 
offering significant advantages over traditional 
ingredient discovery5. This strategy has already 
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proven successful for several drugs, such as 
thalidomide6, aspirin7,8, sildenafil9,10, acetylsalicylic 
acid, and dimethyl fumarate11, and others.

	 Several pharmaceutical compounds have 
been successfully repurposed as active cosmetic 
ingredients. Clinically used skin-whitening agents, 
such as hydroquinone, inhibit tyrosinase activity and 
induce melanocyte cytotoxicity12,13. In addition to 
tyrosinase inhibition, azelaic acid also suppresses 
thioredoxin reductase activity14. Retinoids, such 
as retinol, are employed for anti-aging purposes15, 
while tranexamic acid16,17 and cysteamine18 have 
demonstrated efficacy in inhibiting hyperpig-mentation. 
Dexpanthenol is commonly used in sensitive-skin care 
due to its moisturizing and soothing properties19,20. 
In addition, drugs like acenocoumarol (targeting 
NF-κB and MAPK pathways)21, miglitol (modulating 
PKA, MAPK, and GSK-3β/β-catenin signaling)22, 
imperatorin (activating PKA/CREB, ERK, AKT, and 
GSK-3β/β-catenin pathways)23, and tobramycin 
(enhancing p38 MAPK phosphorylation)24 have 
demonstrated regulatory effects on melanogenesis or 
inflammation, highlighting their potential applications 
in functional skincare product development.

	 Effective skin depigmentation strategies 
involve the inh ib i t ion of  melanogenesis, 
downregulation of MITF transcriptional activity, 
modulation of the melanocortin 1 receptor (MC1R) 
signaling pathway, and suppression of melanosome 
transport25. Melanin plays a critical role in maintaining 
skin pigmentation homeostasis and protecting 
against ultraviolet (UV) radiation damage26. However, 
abnormal melanin accumulation can lead to various 
pigmentary disorders, including melasma, freckles, 
and post-inflammatory hyperpigmentation27. During 
melanogenesis, tyrosinase (TYR) and its related 
enzymes TRP-1 and TRP-2 act as rate-limiting 
enzymes, all of which are transcriptionally regulated 
by the microphthalmia-associated transcription factor 
(MITF)28. Multiple intracellular signaling pathways-
including Wnt/β-catenin, MAPK, PI3K/AKT, and 
cAMP/PKA/CREB-are involved in regulating the 
expression of MITF and its downstream targets29,30.

	 Rifampicin, a first-line broad-spectrum 
antibiotic used for treating tuberculosis and leprosy31-33, 
has recently garnered attention for its potential 
in pigmentation modulation due to its tyrosinase-
inhibitory activity34. In our previous study35, rifampicin 

(<40 μM) exhibited no significant cytotoxicity in 
B16F10 melanoma cells, while reducing intracellular 
melanin content and tyrosinase activity by ~20.24% 
and ~29.12%, respectively-comparable to the 
effect of 200 μM arbutin. Mechanistically, rifampicin 
suppressed MITF and its downstream targets (TYR, 
TRP-1, TRP-2), primarily via the PKA, p38 MAPK, 
and GSK-3β/β-catenin pathways, with minimal 
involvement of PI3K/AKT signaling. Similar anti-
melanogenic effects were also ob-served in human 
epidermal melanocytes (HEMn-MP), indicating cross-
species efficacy and translational relevance.

	 To elucidate the molecular mechanisms 
underlying rifampicin’s anti-melanogenic effects, 
an in silico study integrating mo-lecular docking 
and MD simulations was conducted targeting five 
key melanogenesis-related proteins: TYRP1, PKA, 
p38 MAPK, GSK-3β, and PI3K. Binding affinities 
at the active sites were evaluated, followed by MD 
simulations to assess the stability of the complexes 
and characterize critical interactions. Subsequent 
trajectory analyses and free energy calculations 
provided molecular and thermodynamic insights, 
supporting rifampicin’s multi-target regulatory potential 
in melanogenesis and offering a structural basis for its 
repurposing in the treatment of pigmentary disorders.

Results and Discussion

Molecular Properties and Drug Likeness
	 In comparing the ADMET (Absorption, 
Distribution, Metabolism, Excretion, and Toxicity) 
properties of rifampicin and kojic acid, rifampicin 
exhibited several advantages. While kojic acid 
demonstrated superior Caco-2 permeability (0.637 
cm/s) and higher human intestinal absorption 
(93.152%), rifampicin excelled in other critical 
aspects. It had a significantly higher plasma 
protein binding rate (77.7%) compared to kojic 
acid (23.3%), indicating a greater likelihood 
of maintaining therapeutic concen-trations in 
circulation. Additionally, rifampicin was identified as 
a P-gp substrate with potential for improved cellular 
retention and effectively inhibited P-gp I activity. This 
inhibition may reduce the active efflux of substrates 
carried by P-gp36, potentially increasing rifampicin 
retention in cells and enhancing intestinal absorption 
and systemic bioavailability by improving membrane 
fluidity for better transmembrane transport37.

	 Regarding safety and toxicity, both 
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compounds showed no hepatotoxicity, Ames 
toxicity, or skin sensitization; however, ri-fampicin's 
hERG II inhibition suggested a greater potential for 
cardiac effects38. Importantly, rifampicin's volume of 
distribu-tion (2.185 L/kg) indicated effective tissue 
penetration, whereas kojic acid showed a negative 
volume of distribution (-0.086 L/kg), implying limited 
distribution. Overall, rifampicin presented a more 
balanced profile, particularly in plasma protein 
binding and distribution characteristics, suggesting 
its suitability for therapeutic applications.

	 The drug-likeness predictions showed 
that rifampicin complied with the Pfizer Rule39 
but did not meet the "rule of 5" (Ro5)40 or GSK 
Rule41 criteria, whereas kojic acid satisfied all 
three (Ro5, Pfizer, and GSK) criteria. Despite 
falling outside the Ro5 space, rifampicin achieved 
over 50% oral bioavailability, even with its high 
molecular weight (~800 Da) and six hydrogen bond 
donors42. In contrast, rifaximin, with a zwitterionic 
pyridoimidazo nucleus, showed minimal intestinal 
absorption, suggesting that small structural 
differences could greatly influence absorption 
characteristics compared to rifampicin43. High 
TPSA may restrict passive diffusion across cell 
membranes44, but can enhance interactions with 
transporter proteins, facilitating cellular uptake and 
improving bioavailability45, making this dual effect 
crucial in drug design. Additionally, rifampicin’s 
log P value (3.77) indicated moderate lipophilicity, 
which supported transmembrane diffusion and may 

partially compensate for the poten-tial permeability 
limitation caused by its higher TPSA (220.15 Å²).

Table 1: Pharmacokinetic properties of the compounds

	 ADMET properties	 Rifampicin	 Kojic acid

	 Absorption
	 Caco-2 permeability (cm/s)a	 0.383	 0.637
	 P-gp protein inhibitora	 Yes	 No
	 P-gp protein inhibitora	 No	 No
	 P-gp substratea	 Yes	 No
	Human intestinal absorptiona   	 56.061%	 93.152%
	 Distribution		
	 Plasma protein bindingb 	 77.7%	 23.3%
	Volume distribution (log L/kg)a	 2.185	 -0.086
	 Blood–brain barrierc	 No	 No
	 Metabolism	
	 CYP450 
	 CYP1A2 inhibitorc	 No	 Yes
	 CYP2C19 inhibitorc	 No	 No
	 CYP2C9 inhibitorc	 No	 No
	 CYP2D6 inhibitorc	 No	 No
	 CYP3A4 inhibitorc	 No	 No
	 Excretion
	 Clearance rate (mL/min/kg)a	 -0.558	 0.638
	 T1/2 (h)b	 0.502	 1.827
	 Toxicity
	 Hepatotoxicitya    	 No	 No
	 Ames toxicitya	 No	 No
	 Skin sensitizationa	 No	 No
	 hERG inhibitiona   	 No	 No
	 hERG inhibitiona	 Yes	 No
	LD50 of acute toxicity (mol/kg)a	 2.552	 2.037

LD50: lethal dose 50; CYP450: cytochrome p450; T1/2: time required 
for the plasma concentration of a drug to decrease by 50%; hERG: 
human Ether-a-go-go-Related Gene; a: pkCSM; b: ADMETlab 
3.0; c: admetSAR 3.0.

Table 2: Drug-likeness properties of the compounds

	Compound	 MWa (g/mol)	 HBAa	 HBDa	 RBa	 TPSAa (Å2)）	 Log Pa	 MRb	 Ro5c	 Pfizer Rulec	 GSK Rulec

											         
	Rifampicin	 823	 15	 6	 5	 220.15	 3.77	 234.22	 No	 Yes	 No
	Kojic acid	 142	 4	 2	 1	 70.67	 -0.56	 33.13	 Yes	 Yes 	 Yes

MW: molecular weight; HBA: number of H-Bond acceptors; HBD: number of H-Bond donors; RB: number of rotatable bonds; 
TPSA: Topological Polar Surface Area; MR: molar refractivity; a: ADMETlab 3.0; b: SwissADME; c: admetSAR 3.0.

Molecular Docking Simulation
	 To fur ther investigate the potential 
molecular targets and mechanisms of rifampicin 
in the regulation of melanogenesis, molecular 
docking analyses were performed on several 
proteins c losely associated wi th melanin 
biosynthesis. The selected targets included TYRP1 
(PDB ID:5M8M), PI3K (PDB ID:5TBP), PKA (PDB 
ID:1AB8), p38 MAPK (PDB ID:1A9U), and GSK-3 
(PDB ID:3Q3B). Each protein structure contained 
a co-crystallized inhibitor: kojic acid for TYRP1, 
[(1Z)-5-fluoro-2-methyl-1-{[4-(propan-2-yl)phenyl]

methylidene}-1H-inden-3-yl]acetic acid for PI3K, 
forskolin for PKA, 4-[5-(4-fluorophenyl)-2-(4-
methanesulfinylphenyl)-3H-imidazol-4-yl]pyridine 
for p38 MAPK, and 4-(4-hydroxy-3-methylphenyl)-
6-phenylpyrimidin-2(5H)-one for GSK-3β. To 
validate the reliability of the docking protocol, re-
docking of the native ligands was first performed. 
The calculated RMSD values for all ligands were 
below 2.0 Å (ranging from 0.001 to 1.979 Å), 
confirming the ability of the docking parameters 
to accurately reproduce the experimental binding 
conformations (Table 3, Figure 1). 
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	 Subsequently, docking of rifampicin was 
carried out using the same protocol. Binding energy 
analysis showed that rifampicin exhibited favorable 
binding affinities toward multiple targets. Notably, 
rifampicin showed stronger binding to TYRP1 (−6.6 
kcal/mol) than the co-crystallized ligand kojic acid 
(−5.9 kcal/mol), suggesting potential TYRP1 inhibition. 
This is consistent with previous findings showing that 
rifampicin reduced melanin content and tyrosinase 
activity in B16F10 cells, and downregulated MITF 
and its targets (TYR, TRP-1, TRP-2), supporting a 
possible TYRP1-mediated mechanism. 

	 For p38 MAPK and PKA, rifampicin binds 
strongly to p38 MAPK (−9.6 kcal/mol) and PKA 
(−9.2 kcal/mol), with affinities comparable to their 
co-crystallized ligands. These results suggest 
that rifampicin may modulate these pathways 
by mimicking classical inhibitor binding, thereby 
suppressing MITF expression.

	 In the case of GSK-3β, rifampicin showed a 
binding energy of −8.4 kcal/mol, close to that of the 
native inhibitor (−8.5 kcal/mol). Interaction analysis 
revealed that rifampicin formed stable hydrogen bonds 
and hydrophobic interactions within the GSK-3β active 

Table 3: Molecular docking results of 
rifampicin and native ligands with target 

proteins

	Protein	 RMSD (Å)	     Binding energy (kcal/mol)
			   Original	 Rifampicin

	TYRP1	 1.935	 −5.9	 −6.6
	 PI3K	 1.979	 −9.0	 −7.8
	 PKA	 0.001	 −9.6	 −9.2
	 p38	 0.001	 −9.8	 −9.6
	GSK-3β	 0.012	 −8.5	 -8.4

site, supporting its potential role in modulating GSK-
3β activity and promoting β-catenin degradation. In 
contrast, rifampicin exhibited relatively weaker binding 
to PI3K (−7.8 kcal/mol) compared to its high-affinity 
co-crystallized inhibitor (−9.0 kcal/mol), reflecting its 
limited effect on the PI3K/AKT pathway observed in 
previous biological studies.

	 Collectively, the docking results demonstrate 
that rifampicin interacts favorably with multiple 
proteins involved in melano-genesis, particularly 
TYRP1, p38 MAPK, PKA, and GSK-3β. The 
predicted binding interactions support rifampicin’s 
multitarget regulation of melanin biosynthesis and 
its potential as a safe, effective skin-whitening agent.
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Fig. 1. Binding interactions between target proteins and ligands. Gray and orange represent native ligand conformations 
before (pre-docked) and after (post-docked) docking, respectively; yellow represents rifampicin docking poses. (a) 

Alignment of TYRP1 ligand conformations; (b) TYRP1 with rifampicin; (c) Alignment of PI3K ligand conformations; (d) 
PI3K with native ligand; (e) PI3K with rifampicin; (f) Alignment of PKA ligand conformations; (g) PKA with native ligand; (h) 
PKA with rifampicin; (i) Alignment of p38 MAPK ligand conformations; (j) p38 MAPK with native ligand; (k) p38 MAPK with 

rifampicin; (l) Alignment of GSK-3β ligand conformations; (m) GSK-3β with native ligand; (n) GSK-3β with rifampicin

Molecular Dynamics (MD) Simulation
RMSD analysis
	 To fur ther evaluate the dynamics of 
ligand-target protein binding, the adaptability of 
the binding pocket, the stability of in-teractions, 
and free energy changes, we conducted a 100 
ns MD simulation. The RMSD analysis provides 
insights into the con-formational stability and 
dynamic behavior of protein–ligand complexes. 
As shown in Fig. 2, the RMSD profiles of the 
TYRP1, PKA, p38, and GSK-3β complexes with 
both their native ligands and rifampicin exhibited 

comparable fluctuation, predominantly within the 
range of 1.5–3.0 Å, indicating stable conformations 
throughout the simulations. An exception was 
observed in the PI3K–rifampicin complex, which 
displayed larger fluctuations ranging from 3.0 to 
8.0 Å, possibly reflecting greater conformational 
flexibility or domain movement. These results 
suggest that rifampicin exhibits higher structural 
stability and conformational resil-ience to TYRP1, 
PKA, p38, and GSK-3β complexes compared to 
PI3K, indicating a potentially stronger binding 
affinity with these targets.

Fig. 2. Comparative RMSD analysis of protein–ligand complexes: (a) TYRP1; (b) PI3K; (c) PKA; (d) p38; (e) GSK-3β
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RMSF analysis
	 The RMSF profiles Fig. 3 revealed that 
the residue-level fluctuations for TYRP1, PKA, p38, 
and GSK-3β complexes re-mained below 10Å 
throughout the simulation, with minimal deviations 
observed, reflecting stable backbone dynamics. The 

PI3K-rifampicin complex, however, showed notable 
fluctuations exceeding 10Å at the C-terminal region, 
suggesting localized flexibility in this domain. Importantly, 
rifampicin binding did not significantly alter the RMSF 
curves compared to the native ligands, further confirming 
that global protein flexibility was not adversely affected.

Fig. 3. Comparative RMSF analysis of protein–ligand complexes: (a) TYRP1; (b) PI3K;  
(c) PKA; (d) p38; (e) GSK-3β

Rg analysis
	 The Rg primarily reflects the spatial 
structural characteristics and conformational 
compactness of molecules, providing im-portant 
quantitative evidence for the indirect assessment 
of ligand-target stability and their interactions. As 
illustrated in Fig. 4, the Rg values for all five protein–
ligand systems remained remarkably stable 

throughout the simulations, with the curves for  
na-tive ligand- and rifampicin-bound complexes 
showing high similarity. This suggests that rifampicin 
does not induce significant conformational 
expansion or contraction. These results further 
confirm that the structural compactness and 
folding of the pro-teins are well maintained upon 
ligand binding.

Fig. 4. Comparative Rg analysis of protein–ligand complexes: (a) TYRP1; (b) PI3K;  
(c) PKA; (d) p38; (e) GSK-3β
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SASA analysis
	 The SASA assesses the surface area  
of the protein–ligand complex that is exposed to 
the solvent, reflecting the interaction characteristics 
between the complex and the solvent. As  
shown in Fig. 5, the SASA values of the five 
complexes fluctuated within the range of 110–200 

nm², with no substantial differences observed 
between the native and rifampicin-bound forms. 
These stable SASA trends indicate that ligand 
binding did not lead to major conformational 
rearrangements, and the interaction profiles with 
surrounding solvent molecules remained largely 
unchanged.

Fig. 5. Comparative SASA analysis of protein–ligand complexes: (a) TYRP1; (b) PI3K;  
(c) PKA; (d) p38; (e) GSK-3β

H-bonds analysis
	 Hydrogen bonding plays a crucial role in 
stabilizing protein–ligand complexes. The number 
of hydrogen bonds formed between rifampicin and 
the target proteins remained stable throughout the 
simulation (Fig. 6). Specifically, rifampicin formed 
two per-sistent hydrogen bonds with TYRP1, PKA, 
p38, and GSK-3β. In the cases of p38 and GSK-3β, 
rifampicin even formed one more hydrogen bond 

than their respective native ligands, suggesting 
enhanced stabilization. In contrast, only one 
hydrogen bond was observed between rifampicin 
and PI3K, which was fewer than the two hydrogen 
bonds formed by the native ligand, potentially 
contributing to the slightly reduced stability observed 
in PI3K. These results collectively suggest robust 
and stable hydrogen bonding interactions between 
rifampicin and most target proteins.

Fig. 6. Hydrogen bonding interactions between rifampicin and target proteins during MD  
simulations. (a) TYRP1; (b) PI3K; (c) PKA; (d) p38; (e) GSK-3β
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Principal component analysis (PCA) analysis
	 The PCA was conducted to examine 
large-scale conformational motions and to identify 
dominant dynamic modes in the complexes  
Fig. 7. The axes represent the principal components 
of the protein's conformational space, with each point 
repre-senting a distinct configuration sampled during 
the simulation, and the color gradient (blue to red) 
indicating the temporal pro-gression from the initial to 

the final timestep. The first three principal components 
(PC1–PC3) accounted for the following vari-ance in 
the rifampicin-bound complexes: TYRP1 (73.69%), 
PI3K (55.27%), PKA (37.74%), p38 (36.9%), 
and GSK-3β (34.84%). These results suggest a 
pronounced conformational variation in TYRP1 and 
PI3K systems, possibly related to ligand-induced 
flexibility, while the lower percentages in PKA, p38, 
and GSK-3β indicate relatively constrained dynamics.

Fig. 7. Comparative PCA analysis of protein–ligand complexes: (a) TYRP1; (b) PI3K; (c) PKA; (d) p38; (e) GSK-3β

Dynamic Cross-Correlation Matrix analysis
	 Conformational changes of rifampicin 
with the proteins were further investigated using 

DCCM analysis. The DCCM analy-sis revealed 
both positive and negative correlations between 
amino acids, with values ranging from −1.0 to 1.0. 
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Correlations closer to 1.0 indicate synchronized 
residue movements (blue), while those closer 
to −1.0 represent opposite movements (pink). 
DCCM analysis Fig. 8 showed the presence of 
both positively and negatively correlated motions 
between residues upon rifampicin binding. The 

PI3K complex exhibited the strongest correlated 
and anticorrelated motions, followed by PKA, p38, 
GSK-3β, and TYRP1. These dynamic correlations 
reflect ligand-induced allosteric communication 
within the protein, potentially affecting downstream 
signaling or enzymatic activity.

Fig. 8. Comparative DCCM analysis of protein–ligand complexes: (a) TYRP1; (b) PI3K; (c) PKA; (d) p38; (e) GSK-3β

Gibbs FEL analysis
	 The Gibbs FEL Fig. 9 offers insights into 
the conformational energetics of the systems. In 
the Gibbs FEL plots, dark blue or purple regions 

represent low-energy, highly stable conformations, 
whereas red or yellow areas indicate higher-energy, 
less stable conformations. For TYRP1, PKA, p38, 
and GSK-3β complexes with rifampicin, a single, 
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well-defined energy basin was observed, indicative 
of stable binding conformations and minimal 
conformational heterogeneity. In contrast, the PI3K–
rifampicin complex displayed two distinct energy 

basins, suggesting the presence of two metastable 
states with potential conformational interconver-
sion, consistent with the increased flexibility and 
correlation dynamics seen earlier. 

Fig. 9. Gibbs FEL of protein–rifampicin complexes: (a) TYRP1; (b) PI3K; (c) PKA; (d) p38; (e) GSK-3β

MM/GBSA binding free energy analysis
	 The average binding free energies values 
were calculated as −30.80 kcal/mol for TYRP1, 
−55.07 kcal/mol for PI3K, −54.78 kcal/mol for 
PKA, −33.47 kcal/mol for p38 MAPK, and −41.43 
kcal/mol for GSK-3β (Table S1-S5). All values were 
negative, indicating that rifampicin binding to these 

targets is thermodynamically favorable. Notably, 
van der Waals interactions46 rep-resented the 
dominant energetic contribution in all complexes 
(−46.27 to −76.03 kcal/mol), highlighting the 
critical role of hydro-phobic interactions in 
stabilizing the ligand within the binding pockets 
of the respective proteins.
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Fig. 10. Average binding free energies of the rifampicin–protein complexes calculated by the MM/GBSA. VDWAALS, EEL, 
EGB, ESURF, GGAS, GSOLV, and TOTAL represent van der Waals energy, electrostatic energy, polar solvation energy, 

nonpolar solvation energy, gas-phase energy, solvation energy, and total binding free energy, respectively. (a) TYRP1; (b)
PI3K; (c) PKA; (d) p38; (e) GSK-3β

	 Per-residue energy decomposition analysis 
was conducted to identify key amino acids contributing 
significantly to the bind-ing free energy of rifampicin 
in complex with TYRP1, PI3K, PKA, p38 MAPK, and 
GSK-3β (Table S6-S10). In the TYRP1 com-plex, 
residues Leu382 (−2.52 kcal/mol), Gln390 (−1.89 
kcal/mol), Thr391 (−1.78 kcal/mol), Asn318 (−1.62 
kcal/mol), and Arg321 (−1.51 kcal/mol) provided 
major contributions, suggesting a strong polar and 
hydrophobic interaction network around the binding 

pocket. For PI3K, Phe439 (−3.64 kcal/mol), Trp305 
(−3.57 kcal/mol), and Ala272 (−3.20 kcal/mol) were 
identified as dominant residues, mainly involved in 
π-π stacking and hydrophobic interactions, although 
only a single hydrogen bond was observed (H-bonds 
analysis), potentially explaining the relatively lower 
binding stability. In the PKA complex, Lys896 
(−2.45 kcal/mol), Ser1028 (−2.34 kcal/mol), Pro893  
(−1.80 kcal/mol), and Ile940 (−1.70 kcal/mol) were 
key contributors located near the ATP-binding site, 
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indicating possible interference with kinase activity. 
For p38 MAPK, residues Tyr35 (−2.58 kcal/mol), 
Val30 (−2.43 kcal/mol), and Val38 (−1.46 kcal/mol) 
contributed significantly to stabilizing rifampicin 
within the catalytic domain. In the GSK-3β complex, 
Ile62 (−3.71 kcal/mol), Leu188 (−2.03 kcal/mol), 
and Thr138 (−1.56 kcal/mol) were identified as the 
most significant contributors, with Ile62 showing the 
strongest interaction among all targets. 

	 Collectively, key residues such as Phe439 
in PI3K, Ile62 in GSK-3β, Leu382 in TYRP1, Lys896 

in PKA, and Tyr35 in p38 MAPK were identified as 
major contributors to binding stabilization. In this 
study, the MM/GBSA method, despite its limitations 
including reliance on conformational sampling, 
simplified solvent effects, and neglected entropy 
contributions47, remains ef-fective for investigating 
protein-ligand binding affinities due to its balanced 
efficiency and accuracy in large-scale virtual 
screen-ing. These findings underscore the potential 
of rifampicin as a multi-target modulator, primarily 
through favorable non-covalent interactions with 
critical residues across diverse signaling proteins.

Fig. 11. Residue energy decomposition analysis of protein-rifampicin complexes: (a) TYRP1; (b) PI3K; (c) PKA; (d) p38; (e) GSK-3β
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Conformational Analysis
	 Comparative analysis of MD snapshots 
at 0, 25, 50, 75, and 100 ns demonstrated 
that rifampicin formed stable and persis-tent 
interactions with key residues within the active 

sites of target proteins Fig. 12. The sustained 
nature of these interactions highlights strong 
binding stability, implying that rifampicin may 
influence protein conformational dynamics and 
inhibit enzy-matic function.

Fig. 12. Conformational comparison of protein–rifampicin complexes from MD snapshots: (a) TYRP1; (b) PI3K; (c) PKA;  
(d) p38; (e) GSK-3β. The configurations at different time points are represented as follows: 0 ns (green), 25 ns (blue),  

50 ns (purple), 75 ns (yellow), and 100 ns (pink)

Materials and Methods

Molecular Properties and Drug Likeness Analysis
	 Pharmacokinet ic parameters were 
evaluated by predicting the ADMET and drug-
l ikeness proper t ies using the compounds' 
SMILES information. This analysis was conducted 
comprehensively using several models, including 
ADMETlab 3.0, SwissADME (http://www.swissadme.
ch/; accessed on Oct 15, 2024), pkCSM (https://
biosig.lab.uq.edu.au/pkcsm/; accessed on Oct 15, 
2024), and the admetSAR 3.0 web server.

Molecular Docking Simulations Analysis
	 The docking procedure for TYRP1(PDB 
ID: 5M8M) followed a previously established 
protocol48. Crystal structures of TYRP1 (5M8M)49, 
PI3K(5TBP)50, PKA (1AB8)51, p38 MAPK (1A9U)52, 
and GSK-3β (3Q3B)53 were retr ieved from 
the Protein Data Bank (https://www.rcsb.org/; 
accessed on Mar 15, 2025) and visualized in 
PyMOL v3.0.3. Rifampicin and na-tive ligands 
were obtained from PubChem (https://pubchem.
ncbi.nlm.nih.gov/; accessed on Mar 15, 2025) and 
energy-minimized using the MMFF94 force field 
in OpenBabel 2.4.1. Prior to docking, hydrogen 
atoms were added to the protein structures and 

ligand molecules. Ligand torsions were defined, 
and partial charges were assigned using AutoDock 
Tools v1.5.6. Docking grids were generated based 
on the binding pocket defined by the original 
co-crystal ligands, with the following grid center 
coordinates (X, Y, Z):TYRP1 (−25.8, −26.1, 22.8), 
PI3K (4.0, 11.0, 25.0), PKA (46.6, 75.5, −12.0), 
p38 MAPK (−39.8, 10.5, 35.1), and GSK-3β 
(36.37, 12.0, 33.0), and a uniform grid box size 
of 30×30×30 Å³. Docking was conducted using 
AutoDock Vina v1.2.0 with a semi-flexible protocol 
and an exhaustiveness value of 25. Binding 
affinities and poses were analyzed to assess  
lig-and-protein interactions.
 
Molecular Dynamics (MD) Simulations Analysis
	 MD simulations were performed using 
GROMACS 2021 to investigate the structural 
dynamics of protein complexes with their native 
ligands and rifampicin. The AMBER14SB force field 
was applied to the protein, while ligand parameters 
were gener-ated using GAFF2 via the ACPYPE 
server (https://bio2byte.be/; accessed Mar 15, 
2025). Each system was solvated in a TIP3P water 
box with periodic boundary conditions, maintaining 
a 1.2 nm buffer between the solute and the box 
edge. Energy minimi-zation was conducted using 
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the steepest descent algorithm for up to 50,000 
steps, with a convergence threshold of 100 
kJ·mol-1·nm-1. A two-stage equilibration protocol 
was then employed. The first stage involved a 
1 ns simulation in the NVT en-semble at 310 K, 
using the V-rescale thermostat with a coupling 
constant τ = 0.1 ps. This was followed by a 1 ns 
NPT equilibration at 310 K and 1 atm, using the 
same thermostat (τ = 0.1 ps) and the Parrinello–
Rahman barostat (τ = 1.0 ps). Temperature 
cou-pling was applied separately to the protein–
ligand complex and the solvent (water and ions). 
During both equilibration phases, harmonic 
positional restraints (force constant = 1000  
kJ·mol-1·nm²) were applied to all heavy atoms 
of the protein and ligand to preserve structural 
conformation. Subsequently, production MD 
simulations were performed under NPT conditions, 
using the same thermostat and barostat settings, 
but without any positional restraints. Long-range 
electrostatic interactions were treated using 
the Particle Mesh Ewald (PME) method, with a 
1.2 nm cutoff applied for both electrostatic and 
van der Waals interactions. All bonds involving 
hydrogen atoms were constrained using the LINCS 
algorithm, allowing a 2 fs integration time step.

Gibbs FEL Analysis
	 This study employed Gromacs scripts 
g_sham and xpm2txt.py to compute and analyze 
the Gibbs free energy landscape, focusing on 
the relationships among RMSD, Rg, and Gibbs 
free energy. RMSD and Rg were selected as key 
reaction coordinates, and g_sham was used to 
compute their distributions to generate the free 
energy data. The xpm2txt.py script converted the 
xpm output into numerical data for Gibbs free 
energy extraction, and Origin 2021 generated a 
3D color-mapped surface plot to visu-alize the 
energy distribution.

MM/GBSA and Residue Energy Decomposition 
analysis
	 Binding free energies of protein-ligand 
complexes were calculated using MM/GBSA 
with gmx_MM/PBSA on the last 20 ns of stable 
trajectories to ensure reliable interaction assessment, 
as expressed in the following equation:

DGbind = DGcomplex− DGReceptor − DGLigand

DTOTAL = DGGAS+DGSOLV

DGGAS = DVDWAALS + DEEL

DGSOLV = DEGB + DESURF

	 In this equation, DGcomplex represents the free 
energy of the TYRP1 structure in complex with the 
ligand, while DGreceptor and DGligand correspond to the 
free energies of the TYRP1 receptor and the ligand 
in aqueous solution, respectively. MM/PBSA meth-od 
evaluate energetic contributions by decomposing the 
total binding free energy (DTOTAL) into gas-phase 
(DGGAS) and solva-tion (DGSOLV) energy changes. 
The gas-phase energy further divides into van der 
Waals interactions (DVDWAALS) and electro-static 
interactions (DEEL), while solvation energy includes 
polar (DEGB) and non-polar (DESURF) contributions.

	 Residue energy analysis identified key 
residues within 4 Å of the ligand that significantly 
contribute to binding affinity.

PCA and DCCM analysis
	 PCA and DCCM calculations were 
conducted using the Bio3D package in RStudio 
to elucidate the collective motions and correlated 
residue fluctuations of the protein during the 
simulations. These analyses revealed key 
conformational changes and dynamic couplings 
essential to the protein’s function.

Conclusion

	 This study employed molecular docking 
and MD simulations to investigate the potential anti-
melanogenic mechanisms of rifampicin. Docking 
results demonstrated that rifampicin binds favorably 
to key melanogenesis-related proteins, including 
TYRP1, p38 MAPK, PKA, and GSK-3β, with affinities 
matching or surpassing their native ligands. These 
interactions suggest that rifampicin may inhibit 
melanin biosynthesis by directly targeting TYRP1 
and modulating signaling pathways such as MAPK, 
cAMP/PKA, and Wnt/β-catenin.

	 However, rifampicin exhibited relatively 
weaker binding affinity toward PI3K, as indicated by 
less favorable docking affinities. MD simulations further 
supported this finding, revealing fewer hydrogen bonds, 
higher RMSD values, and reduced conformational 
stability in the PI3K–rifampicin complex, suggesting 
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a limited role in PI3K/AKT pathway regulation. MD 
analyses confirmed the structural stability of rifampicin-
bound complexes, particularly for TYRP1, PKA, p38 
MAPK, and GSK-3β, as indicated by con-sistent 
RMSD, RMSF, Rg, and SASA profiles. Furthermore, 
MM/GBSA binding free energy calculations and Gibbs 
FEL analyses substantiated the thermodynamic 
favorability of rifampicin binding.

	 In summary, rifampicin exhibits multi-
target anti-melanogenic effects primarily through 
strong interactions with TYRP1, PKA, p38 MAPK, 
and GSK-3β, while exhibiting weaker interactions 
with PI3K. These findings support its potential 
repurposing as a safe and effective therapeutic agent 
for hyperpigmentation disorders.
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