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Abstract: Fucoxanthin (FX) is a marine carotenoid from brown algae that is metabolized in the body 

into fucoxanthinol (FXOH) and amarouciaxanthin A (AXA). Previous studies state that FX exhibits 

strong antioxidant activity, reduces free fatty acid synthesis, and modulates lipid metabolism. However, 

its inhibitory potential on SREBP Cleavage-Activating Protein (SCAP) remains unexplored. This study 

employed in silico techniques to assess the binding efficiency of FX and its derivatives against SCAP, 

using fatostatin and UT-59 as reference inhibitors. ADME profiling revealed that all natural ligands 

were lipophilic and poorly water-soluble. Molecular docking showed that AXA had the strongest 

binding affinity (-7.543 kcal/mol), followed by UT-59 (-6.846 kcal/mol), fatostatin (-5.743 kcal/mol), 

FXOH (-4.853 kcal/mol), and FX (-4.175 kcal/mol). AXA formed a key hydrogen bond with residue 

A268 in the SCAP luminal domain. Molecular dynamics simulations over 100 ns confirmed stable 

protein-ligand interactions, with RMSD values ranging between 7.5 and 9 Å. MM-GBSA binding free 

energy for FX (-55.09 kcal/mol) and AXA (-35.86 kcal/mol) supported their favorable interactions. 

Fucoxanthin derivatives, especially AXA, demonstrate promising SCAP inhibitory potential and could 

be explored further for natural, cholesterol-lowering therapeutics. Further, in vitro and in vivo 

experimental validations are needed for natural drug formulation. 

Keywords: cholesterol; fucoxanthin; fucoxanthinol; amarouciaxanthin A; SREBP cleavage-activating 

protein; docking; molecular dynamics simulation.  

© 2026 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 

distribution, and reproduction in any medium, provided the original work is properly cited. The authors retain copyright of 

their work, and no permission is required from the authors or the publisher to reuse or distribute this article, as long as proper 

attribution is given to the original source. 

1. Introduction 

Fucoxanthin (FX) is a xanthophyll carotenoid derived from marine brown algae. 

Marine brown algae include diatoms (Class: Bacillariophyceae) and brown seaweeds (Class: 

Dictyotaceae) [1–3]. FX has attracted significant attention due to its diverse biological 

activities, dietary benefits, and potential therapeutic applications [4]. An allenic link (C=C=C), 

a 5,6-monoepoxide, and a conjugated carbonyl group (C=O) are among the distinctive 

structural characteristics of fucoxanthin, contributing to its remarkable bioactivity [5,6]. 

Fucoxanthin exhibits antioxidant activity, primarily by scavenging free radicals and reactive 

oxygen species (ROS) and by enhancing endogenous antioxidant defense systems, making it a 

crucial physiological component [7–10]. Fucoxanthin reduces fat storage and enhances 

thermogenesis by raising energy expenditure through the upregulation of uncoupling protein 1 
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(UCP1) in white adipose tissue [11,12]. Its anti-obesity effect, one of its most studied 

properties, is partially due to its ability to regulate lipid metabolism [13,14]. An in vivo 

experimental study using a mouse model revealed that dietary supplementation with wakame 

(Edible seaweed; Undaria pinnatifida) lipids (WLs), rich in fucoxanthin, may improve insulin 

resistance and modulate lipid metabolism altered by a high-fat (HF) diet. These findings 

confirm that fucoxanthin-rich WLs serve as a functional meal to reduce diabetes and obesity-

related conditions [15]. Additionally, dietary supplementation with FX dramatically lowers 

hepatic lipid levels in mice, increases fecal lipid excretion, and decreases plasma triglyceride 

concentrations [16].  

Apart from its distinct biological effects, the metabolic derivatives of fucoxanthin in 

the human body enhance its bioactivity far more than its individual biological effects. When 

FX is administered orally to mice, it is deacetylated in the gastrointestinal system by either 

lipase or cholesterol esterase to produce its primary metabolite, fucoxanthinol (FXOH), which 

is subsequently de-epoxidized in the liver to produce amarouciaxanthin A (AXA). These 

metabolites have higher bioavailability and support the long-term biological effects of 

fucoxanthin, especially in lipid metabolism and anti-inflammatory reactions [17,18]. 

Cardiovascular health is improved by fucoxanthin, which also lowers cholesterol and decreases 

the production of arterial plaque. According to an in vivo investigation by Ha and Kim (2013), 

mice fed with a high-fat diet containing 0.2% fucoxanthin (HF+Fxn) for four weeks showed 

higher HDL levels, lower hepatic total lipids, cholesterol, and triglycerides, and higher 

excretion of these lipids in the feces as compared to the high-fat diet (HF) control group. 

Moreover, at the mRNA level, the HF+Fxn-treated group showed lower hepatic mRNA 

expression of Acetyl-CoA carboxylase (ACC), Glucose-6-phosphate dehydrogenase 

(G6PDH), Fatty acid synthase (FAS), and Sterol regulatory element-binding protein-1C 

(SREBP-1C), along with reduced expression of Hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase and Acyl-CoA cholesterol acyltransferase (ACAT), and an elevated 

expression of Lecithin-cholesterol acyltransferase (LCAT) [19]. Thus, fucoxanthin promotes 

lipid metabolism and cholesterol removal by suppressing HMG-CoA reductase and increasing 

the expression of LDL receptors, hence preventing atherosclerosis. 

As studies progress, the bioactive potential of fucoxanthin and its derivatives is 

recognized for its important role in managing health and illness. In the current study, the 

chemical characteristics and inhibitory potential of fucoxanthin and its natural derivatives on 

SREBP Cleavage-Activating Protein (SCAP, also abbreviated in some articles as SREBP-Cap) 

are assessed by computational approaches. SCAP is an essential ER-resident cholesterol sensor 

and escort protein that regulates the activation of Sterol Regulatory Element-Binding Proteins 

(SREBPs), including SREBP-1c and SREBP-2. SCAP plays a critical role in cholesterol and 

lipid homeostasis by controlling the movement of SREBP precursors from the endoplasmic 

reticulum (ER) to the Golgi apparatus [20]. Under low sterol conditions, SCAP binds to 

SREBPs and transports them to the Golgi, where Site-1 Protease (S1P) and Site-2 Protease 

(S2P) cleave SREBP, releasing its active form of transcription factor. This mature SREBP then 

translocates to the nucleus and upregulates lipid biosynthesis genes. However, when cellular 

sterol levels are sufficient, SCAP interacts with insulin-induced gene-1/2 (Insig-1 or -2) 

proteins, retaining SREBPs in the ER and preventing their activation. Dysregulation of SCAP 

mediated SREBP activation contributes to metabolic disorders such as non-alcoholic fatty liver 

disease (NAFLD), obesity, and hyperlipidemia, making SCAP a potential therapeutic target for 

lipid-related diseases [21]. 
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The lipophilicity, high membrane diffusion, and low bioavailability of fucoxanthin and 

its derivatives enhance their therapeutic potential for lipid metabolic and neurological disorders 

[22,23]. However, its binding affinity and interaction modes with SREBP cleavage-activating 

protein (SCAP) remain unclear. The current study employs in silico approaches to evaluate the 

potential of fucoxanthin and its derivatives as SCAP inhibitors by comparing their efficiency 

and specificity with the synthetic drugs fatostatin and UT-59. We hypothesize that fucoxanthin 

and its derivatives can regulate sterol biosynthesis by suppressing SCAP activity more 

efficiently than fatostatin and UT-59. This computational study explores fucoxanthin and its 

derivatives as potential SCAP inhibitors, offering a natural strategy for managing lipid-related 

metabolic disorders. 

2. Materials and Methods 

2.1. Structural characterization of SCAP. 

The primary structure of the Sterol Regulatory Element-Binding Protein Cleavage-

Activating Protein (SCAP) was predicted by the ProtParam server 

(https://web.expasy.org/protparam/) (Table S1). The physicochemical properties of the protein, 

including molecular weight, isoelectric point (pI), aliphatic index, instability index, grand 

average of hydropathicity (GRAVY) of the protein (Table S2), and secondary structure of the 

protein, were predicted through NetSurfP 3.0 [24] (Figure S1). The functional domain of the 

targeted protein is predicted through PROSITE [25] (Table S3). 

2.2. Protein preparation for docking. 

The human SCAP protein cryo-electron microscopy structure (PDB ID: 7ETW) was 

retrieved from the Protein Data Bank (PDB, https://www.rcsb.org/). The 3-dimensional 

structure has a resolution of 4.10 Å. Before docking, the retrieved protein structure was 

prepared in the preparation wizard by adding hydrogen atoms, filling missing side chains, 

assigning bond orders, generating states with Epik, and reconstructing missing loops with 

Prime. Protein chains were reviewed and optimized, the structure was reviewed, 

crystallographic water molecules were removed, and disulfide bonds were created. Then, 

constrained minimization was performed using the impact refinement module with the PLS4 

force field to optimize the protein shape and reduce its energy [26]. 

2.3. Active site prediction and grid generation. 

The Sitemap module was used to anticipate the SCAP active site [27]. The active site 

with the highest site score, D-score (Druggability score), and size was selected. The Receptor 

Grid Generation module was utilized to produce active site coordinates using the Receptor Grid 

Generation, which was employed through the default right-handed Cartesian coordinate 

system. In grid generation, the van der Waals radii scaling was set to 1.0, the partial charge 

cutoff was set to 0.25, and the remaining parameters were kept in default settings as per 

Schrödinger (Schrödinger 2024-4). Thereafter, the Glide docking module was used for 

molecular docking experiments to assess ligand interactions inside the anticipated active site 

[28]. 
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2.4. Ligand preparation. 

The marine xanthophyll compounds, such as fucoxanthin and its derivatives, were 

selected as ligands to evaluate their potential to inhibit SCAP and reduce cholesterol synthesis. 

Publicly available SDF files of ligands were retrieved from the PubChem database (Figure 1). 

Ligand preparation was performed using the LigPrep module [29] with the following options: 

i) applied OPLS4 force field; ii) ionization generation with possible states at a target pH 

between 7±2 via Epik Classic; iii) stereoisomer computation was performed to retain the 

specified chirality of ligands. Moreover, Absorption, Distribution, Metabolism, and Excretion 

(ADME) properties were predicted through the QikProp module [30]. The toxicity of each 

ligand was predicted through the ProTox-3.0 server [31]. Subsequently, well-known SCAP 

inhibitory synthetic drugs such as fatostatin and UT-59 were used as a reference control to 

compare the inhibition potential of fucoxanthin and its derivatives. 

 
Figure 1. Chemical structure of fucoxanthin and its natural derivatives (Fucoxanthinol and Amarouciaxanthin 

A), reference drugs (Fatostatin and UT-59). 

2.5. Identification of SCAP inhibitor using the glide module. 

Molecular Docking (MD) was performed to identify an effective active fucoxanthin 

derivative that had the potential to inhibit the SCAP protein. Docking was employed using the 

Glide docking method in standard precision (SP) to evaluate the ligand binding score. Glide 

docking was performed using pre-processed protein and ligand output files from the protein 

and ligand preparation processes [28]. Ligand binding poses were assessed based on docking 

scores and the best pose for further interaction analysis, binding affinity, and molecular 

dynamics simulation studies. 

2.6. Evaluation of protein-ligand dynamics stability. 

The stability of the selected fucoxanthin derivatives in the SCAP binding site was 

assessed using the Desmond module in Schrödinger viaolecular dynamics simulation (MDS) 

for 100 ns [32]. To neutralize the system, counterions were introduced after the protein-ligand 

combination was put in a TIP3P water box with periodic boundary conditions. The OPLS4 
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force field was used to minimize and equilibrate the system [33]. The NPT ensemble was used 

to do simulations with a time step of 2 fs at 300 K and 1 atom. While performing simulations, 

the stability of the protein-ligand complex was evaluated using Root Mean Square Deviation 

(RMSD) trajectory analysis. The stability of the ligand within the binding pocket was evaluated 

by creating an RMSD plot for the protein-ligand complex's backbone atoms. Maestro 14.2 

version (Schrödinger 2024-4) was utilized for the analysis and visualization of the SCAP-

inhibitor complex. 

2.7. Prediction of MM-GBSA.  

To calculate the binding free energy (ΔG bind) of ligand molecules through the 

Molecular Mechanics Generalized Born Surface Area (MM-GBSA) method [34], the 

Schrödinger suite module's OPLS4 force field was used for the main MM-GBSA computation 

involving the ΔG bind between protein and ligand complexes. The primary MM-GBSA 

technique was used to determine the ΔG bind of each selected ligand. The G ratings were then 

applied to the top compounds that were extracted from the docking pathway. The protein-

ligand complexes' ΔG binding was determined using the MM-GBSA analysis included in the 

GLIDE Prime module [35]. 

ΔGbinding was calculated based on the following formula: 

𝛥𝐺𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑑 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 −

 (𝐸𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑑 𝑙𝑖𝑔𝑎𝑛𝑑 +  𝐸𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑑 𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟)          (1) 

3. Results 

3.1. Structural characterization of SCAP. 

The targeted protein SCAP comprises 1279 amino acids with an isoelectric point (pI) 

of 6.41. Its primary structure, amino acid composition, and physicochemical properties were 

illustrated in Tables S1 and S2. The isoelectric point (pI 6.41) suggests that SCAP was slightly 

acidic. An instability index of 53.68 indicates its instability, whereas a high aliphatic index of 

97.31 represents thermostability. A positive GRAVY value (0.022) represents SCAP 

containing more non-polar residues. The secondary structure of the protein SCAP was 

presented in Figure S1, illustrating α-helix, β-sheets, turns, and coils. The α-helices were 

represented in orange, β-strands in blue, and the coils in pink. Relative surface accessibility 

was represented as follows: red indicates exposed regions, blue denotes buried regions with a 

20% threshold, and grey indicates disorder regions. The thickness of the line equals the 

probability of disordered residues. The PROSITE domain analysis identified three functional 

domains (i.e., PS50156, PS50294, PS50082) in the SCAP protein. Out of three, the PS50156 

domain was the most conserved and had the highest score (43.285) (Table S3). After reviewing 

all properties, the protein's three-dimensional (3D) structure was downloaded, and the active 

site was predicted in the luminal domain of SCAP using the sitemap module (Figure 2). The 

site was selected based on the highest Dscore and Site score (Dscore: 1.123 & SiteScore: 1.079) 

of sitemap results. Based on these results, the receptor grid generation module was used to 

develop the grid for the targeted protein. Further Glide was used in molecular docking studies 

with the extra precision (XP) method. 
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Figure 2. Active site of the SCAP protein predicted using Sitemap, shown as red ball-like structures. 

3.2. Drug-likeness, ADME, and toxicity analysis. 

3.2.1. Drug-likeness. 

The drug-like properties of fucoxanthin, its derivatives, and reference compounds are 

presented in Table 1. Drug-likeness is determined by several factors, such as polar surface area 

(7.0 – 200.0), H-bond donors (0.0 – 6.0), H-bond acceptors (2.0 – 20.0), projected 

octanol/water partition coefficient (−2.0 – 6.5), and molecular weight (130 - 725). The ligands 

that were chosen in this study showed satisfactory pharmacophore characteristics, except 

variations in the anticipated values of the octanol/water partition coefficient (QPlogPo/w). 

Table 1. Drug likeness property of the compounds. 

Compounds Fucoxanthin Fucoxanthinol Amarouciaxanthin A Fatostatin UT-59 

MW 658.917 616.879 614.864 294.414 406.440 

QplogPo/w 9.860 8.917 9.096 5.194 3.171 

donorHB 1 2 2 0 2 

accptHB 7.450 7.150 6.200 2.500 7.000 

PSA 110.798 96.643 106.592 21.589 119.599 
1MW: Molecular weight (130 to 725), QplogPo/w: Predicted octanol/water partition coefficient (−2.0 to 6.5), 

donorHB: H-bond donor (0.0 to 6.0), accptHB: H-bond acceptor (2.0 to 20.0), PSA: Polar Surface Area (7.0 to 

200.0). The acceptable range of drug-likeness parameters as per QikProp (Schrödinger 2024-4). 

3.2.2. ADME and toxicity analysis. 

The ADME analysis of FX, FXOH, and AXA revealed favorable pharmacokinetic 

profiles, indicating good drug-likeness. These compounds exhibited acceptable absorption, 

distribution, and metabolic (ADME) properties, with no major violations of drug-likeness rules 

(Table 2). The predicted aqueous solubility level (QplogS) of FX, FXOH, and AXA showed (-

12.274, -10.931, and -11.213) higher negativity as compared to the reference drugs fatostatin 

(-6.340) and UT-59 (-6.824). Similarly, the conformation-independent predicted aqueous 

solubility (CIQPlogS) also showed higher negativity for FX (-9.569), FXOH (-8.734), and 
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AXA (-9.394) than the reference drugs. From this observation, the FX, FXOH, and AXA have 

lower water solubility than fatostatin and UT-59. The drug permeability parameters, such as 

apparent gut-blood barrier permeability (QPPCaco), Skin permeability (QplogKp), 

Brain/blood partition coefficient (QplogBB), and IC50 value for blockage of hERGK+ 

channels (QPlogHERG), showed an acceptable range. Central nervous system activity for FX, 

FXOH, AXA, and UT-59 was less inactive (-2) than fatostatin (1). Similarly, transdermal 

absorption was poor as compared to fatostatin. From these findings, the FX, FXOH, and AXA 

exhibited low predicted BBB permeability, indicating limited potential for central nervous 

system (CNS) exposure. This may be advantageous in reducing the risk of CNS-related side 

effects. Despite the low BBB permeability, all three compounds demonstrated high 

gastrointestinal (GI) absorption, supporting their suitability for oral administration. 

Furthermore, no hepatotoxicity was predicted, suggesting a favorable safety profile. These 

pharmacokinetic properties support the potential of these fucoxanthin derivatives as effective 

and safe SCAP-targeting agents. These findings support their potential for further development 

as SCAP-targeting agents. 

Table 2. Absorption, distribution, metabolism, and excretion (ADME) properties of the compounds. 

Compounds Fucoxanthin (FX) Fucoxanthinol (FXOH) Amarouciaxanthin A (AXA) Fatostatin UT-59 

QplogS -12.274 -10.931 -11.213 -6.340 -6.824 

CIQPlogS -9.569 -8.734 -9.394 -5.185 -4.762 

QPPCaco 470.495 398.358 257.907 6230.163 160.961 

#metab 7 8 10 4 1 

CNS -2 -2 -2 1 -2 

QplogBB -2.742 -2.763 -3.035 0.332 -1.777 

QplogKp -1.543 -1.691 -2.022 -0.694 -3.270 

Jm 0 0 0 0.027 0 

QPlogHERG -7.211 -6.961 -7.014 -5.978 -5.774 

2QplogS: Predicted aqueous solubility level (−6.5 to <0.5), CIQPlogS: Conformation-independent predicted 

aqueous solubility (−6.5 to 0.5), QPPCaco: Predicted apparent gut-blood barrier permeability (<25 = Poor, >500 

= Great), #metab: Number of likely metabolic reaction (1 to 8), CNS: Central nervous system activity (−2 = 

Completely inactive, −1 = Very low activity, 0 = Low activity, 1 = Medium activity, 2 = Completely active), 

QplogBB: Predicted brain/blood partition coefficient (−3.0 to 1.2), QplogKp: Predicted skin permeability (−8 to 

−1), Jm: Predicted maximum transdermal transportrate, QPlogHERG: Predicted IC50 value for blockage of 

hERGK+ channels (concern below −5). 

Toxicity parameters of FX, FXOH, and AXA were assessed and compared with 

reference drugs, and the results were summarised in Table 3. The toxicity prediction reveals 

that the oral consumption of amarouciaxanthin A (AXA), fatostatin, and UT-59 was less toxic 

than FX and FXOH. Fucoxanthin and its derivatives were predicted to be non-hepatotoxic, 

whereas the reference drugs showed mild hepatotoxicity. Additionally, all compounds were 

classified as non-toxic concerning neurotoxicity, mutagenicity, cytotoxicity, and 

cardiotoxicity. However, carcinogenicity was considered mildly active for FX, FXOH, and 

UT-59 compounds. From these observations, AXA demonstrated no toxicity across all toxicity 

parameters. 

Table 3. Toxicity prediction of the compounds and reference drugs. 

Toxicity 

parameters 

Name of the compound 

Fucoxanthin 

(FX) 

Fucoxanthinol 

(FXOH) 

Amarouciaxanthin A 

(AXA) 
Fatostatin UT-59 

Predicted LD50 130 mg/kg 130 mg/kg 900 mg/kg 
1000 

mg/kg 

1000 

mg/kg 

Toxicity Class 3 3 4 4 4 

Hepatotoxicity Inactive Inactive Inactive 
Mild-

Active 

Mild-

Active 
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Toxicity 

parameters 

Name of the compound 

Fucoxanthin 

(FX) 

Fucoxanthinol 

(FXOH) 

Amarouciaxanthin A 

(AXA) 
Fatostatin UT-59 

Neurotoxicity Inactive Inactive Inactive Inactive Inactive 

Carcinogenicity Mild-Active Mild-Active Inactive Inactive 
Mild-

Active 

Mutagenicity Inactive Inactive Inactive Inactive Inactive 

Cytotoxicity Inactive Inactive Inactive Inactive Inactive 

Cardiotoxicity Inactive Inactive Inactive Inactive Inactive 
3LD50 – Lethal dose 50; mg/kg – Milligrams per kilogram; Toxicity class (1 to 6), 1 is toxic and 6 is non-toxic. 

3.3. Protein-ligand binding interaction analysis. 

The SREBP cleavage-activating protein (SCAP) is a transmembrane protein found in 

the endoplasmic reticulum (ER) membrane, where it is associated with Insulin-induced gene 1 

or 2 (INSIG 2) to form the SCAP/INSIG complex. SCAP consists of two major segments: one 

is a cytosolic segment, and the other is a luminal segment. Sitemap analysis identified a 

potential binding pocket in the SCAP luminal segment. Moreover, protein-ligand docking 

analysis revealed interactions between SCAP and ligands (i.e., FX, FXOH, AXA, fatostatin, 

and UT-59), including docking scores, hydrogen bonds, and hydrophobic interactions; the 

forming residues were summarized in Table 4. 

Table 4. Binding interaction analysis of the compounds and the reference drug, binding score, and hydrophobic 

interaction residues. 

Compound Docking Score (XP) H-Bond Hydrophobic Interaction 

Fucoxanthin (FX) -4.175 - 
L148, V150, Y640, I642, A91, V90, P89, A88, Q241, H242, 

Y243, H244, A245, K246, E80, Q81, P82, E83, W84 

Fucoxanthinol 

(FXOH) 
-4.853 Y640 

L148, V150, D152, F637, I642, R647, A91, V90, P89, A88, 

V86, W84, E83, P82, Q81, Q241, H242, Y243, H244, A245. 

Amarouciaxanthin 

A (AXA) 
-7.543 A268 

V90, A88, G87, V86, W84, E83, P82, Q81, E80, L271, 

E269, L266, G249, R252, A245, Y243, H242, Q241. 

Fatostatin -5.743 - 
Y92, V90, A88, G87, V86, W84, E83, P82, Q81, E80, 

Q241, H242, Y243, S650, L271 

UT-59 -6.846 D136 
L146, E145, L143, R141, S138, S137, L248, F247, H244, 

Y243, H242, F240, V239, L238, Y92, V93, Q94 

Fucoxanthin exhibited a binding energy of -4.175 kcal/mol, and it was stabilized by 

hydrophobic interactions with L148, V150, Y640, I642, A91, V90, P89, A88, Q241, H242, 

Y243, H244, A245, K246, E80, Q81, P82, E83, W84 (Figure 3) within the active site of SCAP. 

Similarly, the binding energy of fucoxanthinol (FXOH) was -4.853 kcal/mol and formed an H-

bond with the Y640 side chain at a distance of 2.43 Å. The hydrophobic interactions with 

residues of L148, V150, D152, F637, I642, R647, A91, V90, P89, A88, V86, W84, E83, P82, 

Q81, Q241, H242, Y243, H244, and A245 stabilize the binding of FXOH in the (Figure 4). 

Whereas, Amarouciaxanthin A (AXA) has -7.543 kcal/mol binding energy and forms a H-bond 

with the A268 side chain with a distance of 2.03 Å. The compound was stabilized by 

hydrophobic interactions with residues of V90, A88, G87, V86, W84, E83, P82, Q81, E80, 

L271, E269, L266, G249, R252, A245, Y243, H242, and Q241 in the binding site of SCAP 

(Figure 5). Fatostatin showed a binding energy of -5.743 kcal/mol, and it was stabilized through 

hydrophobic interactions with residues Y92, V90, A88, G87, V86, W84, E83, P82, Q81, E80, 

Q241, H242, Y243, S650, and L271 within the active site of SCAP (Figure 6). UT-59 exhibited 

-6.846 kcal/mol of binding energy and formed an H-bond with the D136 side chain at a distance 

of 2.02 Å. Additionally, its binding was reinforced by hydrophobic interactions involving 

L146, E145, L143, R141, S138, S137, L248, F247, H244, Y243, H242, F240, V239, L238, 

Y92, V93, Q94 (Figure 7). From these observations, Amarouciaxanthin A exhibited the highest 
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binding interaction (-7.543) with SCAP compared to FX (-4.175), FXOH (-4.853), fatostatin 

(-5.743), and UT-59 (-6.846). FX and fatostatin did not form hydrogen bonds with the targeted 

protein SCAP. 

 
Figure 2. Molecular Docking Analysis of SCAP-Fucoxanthin (FX) binding interactions (a) Fucoxanthin (green) 

binding position inside the SCAP active site, interacting with the blue chain; (b) Schematic diagram illustrating 

key molecular interactions between SCAP and Fucoxanthin. 

 
Figure 3. Molecular Docking Analysis of SCAP-Fucoxanthinol (FXOH) binding interaction (a) FXOH (green) 

binding position inside the SCAP active site, interacting with the blue chain; (b) Schematic diagram illustrating 

key molecular interactions between SCAP and Fucoxanthinol and hydrogen bond interaction (Pink) with Y640. 
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Figure 4. Molecular Docking Analysis of SCAP-Amarouciaxanthin A (AXA) binding interactions (a) AXA 

(green) binding position inside the SCAP active site, interacting with the blue chain; (b) Schematic diagram 

illustrating key molecular interactions between SCAP and Amarouciaxanthin A, and hydrogen bond interaction 

(Pink) with A268. 

 

Figure 5. Molecular Docking Analysis of SCAP-Fatostatin binding interactions (a) Fatostatin (green) binding 

position inside the SCAP active site, interacting with the blue chain; (b) Schematic diagram illustrating key 

molecular interactions between SCAP and Fatostatin. 
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Figure 6. Molecular Docking Analysis of SCAP-UT-59 binding interactions (a) UT-59 (green) binding position 

inside the SCAP active site, interacting with the blue chain; (b) Schematic diagram illustrating key molecular 

interactions between SCAP and UT-59 and hydrogen bond interaction (Pink) with D136. 

3.4. Molecular dynamics simulation (MDS). 

3.4.1. Root mean square deviation (RMSD) analysis. 

The structural stability of the SCAP-ligand complex was verified for 100 ns, and its 

molecular dynamics simulations were recorded in RMSD plots (Figure 8).  

 

 
Figure 7. RMSD plot demonstrating the Protein-Ligand complex stability during a 100 ns period. The ligand 

RMSD (red, right Y-axis) and protein RMSD (blue, left Y-axis), which shows stability and variances in 

structure (a) SCAP-Fucoxanthin; (b) SCAP-Fucoxanthinol; (c) SCAP-Amarouciaxanthin A complex. 
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In the SCAP-FX complex, the protein maintained the RMSD values in the range of 7 

Å to 9 Å after attaining equilibrium at 40 ns. The ligand FX maintained the RMSD values in 

the range of 13 Å to 15 Å after attaining equilibrium at 40 ns. This suggests that the ligand 

undergoes conformational changes, yet it fits well into the protein's active site, indicating the 

stability of the complex (Figure 8a). In the SCAP-FXOH complex, the protein maintained the 

RMSD values of ~ 9 Å after attaining equilibrium at 40 ns. The ligand FXOH maintained the 

RMSD values of ~ 7.5 Å after attaining equilibrium at 40 ns. This suggests that the ligand 

undergoes conformational changes, yet it fits well into the protein's active site, indicating the 

stability of the complex (Figure 8b). In the SCAP-AXA complex, the protein maintained the 

RMSD values between 9 Å and 10 Å after attaining equilibrium at 40 ns. The ligand (AXA) 

RMSD exhibited higher fluctuations, reaching 11 Å between 50 and 80 ns. After that, AXA 

maintained the RMSD values of 7.5 to 9 Å at 100 ns. This suggests that the ligand undergoes 

conformational changes, yet it fits well into the protein's active site, indicating the stability of 

the complex (Figure 8c). 

3.4.2. Root mean square fluctuation (RMSF) analysis. 

RMSF plots represent the fluctuations of protein and ligand atoms during simulation. 

In the SCAP-FX complex, the FX RMSF plot showed a high fluctuation at the atom positioned 

at C38 with 7 Å (Figure 9a). Protein RMSF analysis showed that most residues remained rigid, 

except for loop region residues ranging from 220 to 260, which exhibited fluctuation of ~ 8 Å 

(Figure 9b). A similar trend was observed in the SCAP-FXOH complex, where fucoxanthinol 

exhibited its highest at atom C2 with ~ 6.5 Å (Figure 10a), and the SCAP protein remained 

rigid, except for a loop region residue ranging from 220 to 260, whose values reached ~ 4.5 Å 

(Figure 10b). In the SCAP-AXA complex, Amarouciaxanthin A showed the highest fluctuation 

at the atom positioned at C2 with ~ 7 Å (Figure 11a). The SCAP protein maintains stability 

except for loop region residues ranging from 220 to 260, with the highest fluctuation ~ 6.5 Å 

(Figure 11b). 

 
Figure 8. Root Mean Square Fluctuation (RMSF) graphs of ligand and protein (a) Fucoxanthin fit on protein; 

(b) Protein RMSF peaks indicate areas of the protein that fluctuate the most during the simulation. SCAP 

residues that interact with the FX are marked with green-coloured vertical bars. 
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Figure 9. Root Mean Square Fluctuation (RMSF) graphs of ligand and protein (a) Fucoxanthinol fit on protein; 

(b) Protein RMSF peaks indicate areas of the protein that fluctuate the most during the simulation. SCAP 

residues that interact with the FXOH are marked with green-coloured vertical bars. 

 
Figure 10. Root Mean Square Fluctuation (RMSF) graphs of ligand and protein (a) Amarouciaxanthin A  fit on 

protein; (b) Protein RMSF peaks indicate areas of the protein that fluctuate the most during the simulation. 

SCAP residues that interact with the AXA are marked with green-coloured vertical bars. 

3.4.3. Protein-ligand contacts. 

The MDS revealed specific residues involved in hydrogen bonding for each SCAP-

ligand complex. In the SCAP-FX complex, fucoxanthin (FX) showed hydrogen bonds with 

residues in chain B: PRO78, THR79, GLU80, GLN81, GLU83, TRP84, VLA86, ALA88, 

TRY92, GLN149, THR151, ASP152, GLN241, HIS242, TYR243, ARG252, HIS273, 

THR643, ARG647 (Figure 12a). In the SCAP-FXOH complex, fucoxanthinol (FXOH) formed 

hydrogen bonds in chain B, including GLU80, GLN81, PRO82, GLU83, TRP83, SER137, 
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GLN149, THR151, GLN241, TYR243, TYR640, ASN641, THR643, ARG647 (Figure 12 b). 

In the case of the SCAP-AXA complex, Amarouciaxanthin A (FXOH) formed hydrogen bonds 

with residues in chain B, including ARG141, GLU144, GLU145, GLN149, VLA150, THR151, 

ASP152, ASN641, and SER650 (Figure 12c). From MM-GBSA analysis, the binding energy 

of SCAP-FX complex had Coulombic energy (-16.23 kcal/mol), Covalent energy (-15.06 

kcal/mol), Solvation (VSGB) was (37.17), Van der Waals energy contribution was (-10.45 

kcal/mol), and total binding free energy of complex (-55.09 kcal/mol). Whereas the total 

binding free energies of SCAP-FXOH (-16.31 kcal/mol), SCAP-AXA (-35.86 kcal/mol), 

SCAP-fatostatin (-41.96 kcal/mol), and SCAP-UT-59 (-12.56 kcal/mol) (Table 5). 

Table 5. Free binding energy calculation of SCAP-Ligand complexes. 

Parameters 

Ligands and Binding energy (kcal/mol) 

Fucoxanthin 

(FX) 

Fucoxanthinol 

(FXOH) 

Amarouciaxanthin A 

(AXA) 
Fatostatin UT-59 

Bind -55.09 -16.31 -35.86 -41.96 -12.56 

Coulomb -16.23 -18.01 -18.08 -27.22 -17.14 

Covalent -15.06 42.89 35.33 4.13 46.68 

Solv GB 37.17 62.80 -94.47 -9.34 5.62 

vdW -10.45 -32.22 -17.43 -16.90 -6.50 

 

Figure 11. Protein-Ligand contacts (a) SCAP-Fucoxanthin; (b) SCAP-Fucoxanthinol; (c) SCAP-

Amarouciaxanthin A complex. 
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4. Discussion 

Fucoxanthin (FX) is a marine epoxyxanthophyll carotenoid found in brown algae. FX 

and its natural derivatives, such as fucoxanthinol (FXOH) and amarouciaxanthin A (AXA), 

contain long hydrocarbon chains, conjugated carbonyl groups, polyene structure, and oxygenic 

functional groups, including hydroxyl, epoxy, and carboxy moieties. Lipophilic compounds 

(Xanthophylls) can effectively diffuse through lipid bilayers and engage with hydrophobic 

binding sites inside membrane-bound receptors, ion channels, and transporters [22]. These 

features contribute to their high lipophilicity, increasing their membrane permeability and 

affinity for lipid-rich environments [23]. From the ADME prediction, fucoxanthin (FX) and its 

derivatives, FXOH and AXA, had lower water solubility and hydrophobicity than reference 

drugs (fatostatin and UT-59). The lipophilic compound can efficiently integrate into lipid 

bilayers, thereby improving the targeting efficiency of transmembrane proteins such as SCAP. 

Although computational ADME prediction can save expensive experimental procedures, it 

results in unnecessary testing of compounds that are bound to fail. Predicted ranges are 

provided using 95% of the known drugs. 

Moreover, Protox prediction FX, FXOH, and AXA were Inactive for neurotoxicity, 

mutagenicity, cytotoxicity, cardiotoxicity, and hepatotoxicity as compared to fatostatin and 

UT-59. These results corresponded to the previous findings of Karpiński et al.; the 

pharmacokinetic parameters of xanthophylls predicted using SwissADME imply no AMES 

toxicity, hepatotoxicity, and skin permeability. The acute and chronic toxicity of xanthophylls 

in rats is comparable to that of control drugs. It is interesting that ivermectin and ritonavir 

exhibit hepatotoxicity. It indicates that xanthophylls are less harmful than these two 

medications approved by the FDA [36]. An in vivo experimental study found that a single oral 

administration of fucoxanthin (160 nmol) in mice led to the accumulation of metabolites 

fucoxanthinol (FXOH) and amarouciaxanthin A (AXA) in the adipose tissue, erythrocytes, 

kidneys, heart, liver, lungs, plasma, and spleen of all tested specimens. In contrast, FX (parent 

compound) was not found in any specimens [37]. Another study involving human volunteers 

reported that oral administration of fucoxanthin-enriched (31 mg) kombu (Saccharina 

japonica) extract led to FXOH concentration in plasma 44·2 nmol/l after 4 hours and 663·7 

nmol/l after 24 h. These observations suggested that the bioavailability of fucoxanthin was 

lower than that of its metabolites [38]. The lipophilicity, high membrane diffusion, and low 

bioavailability of fucoxanthin and its derivatives enhance their therapeutic potential for lipid 

metabolic and neurological disorders [13,39–41]. However, its binding affinity and mode of 

interaction with SREBP cleavage-activating protein (SCAP) remain unclear. The current 

hypothesis provides insights into the binding affinities and interaction modes of FX, FXOH, 

and AXA with SCAP via molecular docking and molecular dynamics simulations, identifying 

key molecular interactions that contribute to their inhibitory potential. 

Sterol regulatory element-binding factors (SREBFs) are a class of transcription factors, 

including SREBP1a, SREBP1c, and SREBP2, that are involved in lipid biosynthesis and play 

a critical role in the synthesis of SREB proteins. SREBPs can monitor cellular sterol levels by 

interacting with two membrane proteins, the insulin-induced gene 1 (INSIG and the SREBP 

cleavage-activating protein (SCAP) [20]. SCAP is a heterodimer peptide containing 1248 

amino acids. SREBPs are stored as precursor forms in the endoplasmic reticulum (ER). In the 

presence of cholesterol, SCAP and SREBPs undergo conformational changes and form a stable 

complex with Insulin-induced gene 1 (INSIG1) to stay in the ER. The human SCAP/INSIG1 

https://doi.org/10.33263/BRIAC162.061


https://doi.org/10.33263/BRIAC162.061  

 https://biointerfaceresearch.com/   16 of 22 

 

complex has a sterol-sensing domain (SSD) on the transmembrane segment of the SCAP 

[42,43]. 

The cryo-EM structure (PDB: 7ETW) reveals that SCAP promotes the activation and 

trafficking of SREBPs. SCAP contains eight transmembrane (TM) helices, whereas INSIG 2 

has 6 helices. The majority of the loops in SCAP are short, except L6 (94 residues), L1 (239 

residues), and L7 (176 residues). In INSIG1, all TM helices are linked by short loops. The 

SCAP-INSIG1 interaction is mostly mediated by TM helices, with minimal contacts between 

their cytosolic loops and few luminal interactions involving L1 and L7 [44]. SCAP protein 

characterization is essential to determine its structural morphology, identify new inhibitors 

[34], and proceed with structural characterization. A positive GRAVY value (0.022) suggests 

that more non-polar residues are present in SCAP, which are hydrophobic [35]. SCAP plays a 

crucial role in the prerequisite for transporting and activating all three SREBP isoforms. 

Targeting SREBPs seems to be an attractive strategy for treating metabolic diseases. Hence, 

this study predicted the SCAP inhibitory potential of natural marine-derived fucoxanthin and 

its derivatives using computational tools and compared it with synthetic drugs. 

From docking analysis, the binding interactions of protein-ligands Amarouciaxanthin 

A exhibited the highest binding interaction (-7.543) with SCAP compared to FX (-4.175), 

FXOH (-4.853), fatostatin (-5.743), and UT-59 (-6.846). FX and fatostatin did not form 

hydrogen bonds with the targeted protein SCAP. While hydrogen bonding plays a crucial role 

in molecule recognition, poor binding does not always result from its absence. Even a ligand 

with significant electrostatic or hydrophobic interactions can have biological activity and a high 

binding affinity [45]. In a previous study, Shimeng et al. have identified UT-59, a small 

molecule that binds to the cholesterol-binding region of SCAP, which prevents SREBP 

activation and lipid synthesis [46].  

The docked protein-ligand complexes were further validated using molecular dynamics 

(MD) simulations, which helped determine structural stability, binding efficiency, and protein-

ligand interactions. After analyzing the MD simulation results, we observed that all complexes 

showed good stability throughout the simulation period (100 ns). RMSF revealed the difference 

between flexible and rigid regions in proteins. In contrast to loop areas, alpha helices and beta 

strands tend to be more rigid, whereas the N- and C-terminal tails typically show greater 

fluctuations. In the current study, we found that the SCAP protein remained structurally stable 

across all ligand complexes, with fluctuations primarily occurring in the loop region (220–

260), while ligand flexibility varied, with FX and AXA exhibiting higher atomic fluctuations 

than FXOH. Protein-ligand contacts play a crucial role in molecular interactions within 

biological systems. Protein-ligand contacts are categorized into hydrogen bonds, hydrophobic, 

ionic, and water bridges. These contacts provide molecular specificity and stability to binding. 

MD simulation results confirm that the selected inhibitors bind effectively and remain stable 

within the active site, highlighting their potential efficacy.  

5. Conclusions 

Fucoxanthin (FX), a marine carotenoid, is metabolized into fucoxanthinol (FXOH) and 

amarouciaxanthin A (AXA) in the body. This study assessed their SCAP inhibitory potential 

using in silico methods, with fatostatin and UT-59 as reference drugs. ADME analysis revealed 

that all compounds were lipophilic, with low water solubility, high GI absorption, and low 

BBB permeability. AXA was predicted to be non-toxic, with no indications of hepatotoxicity, 

neurotoxicity, or mutagenicity. SiteMap identified a binding pocket in SCAP’s luminal 
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domain. Docking results showed AXA had the strongest affinity (-7.543 kcal/mol), followed 

by UT-59 (-6.846), fatostatin (-5.743), FXOH (-4.853), and FX (-4.175). AXA formed a 

hydrogen bond with residue A268. Molecular dynamics (100 ns) confirmed stable complexes 

with RMSD 7.5-9 Å. MM-GBSA binding free energies supported favorable interactions for 

FX (-55.09 kcal/mol) and AXA (-35.86 kcal/mol). These findings suggest that AXA is a 

promising natural SCAP inhibitor and support its further evaluation through in vitro and in vivo 

studies for potential use as a cholesterol-lowering therapeutic agent. 
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Abbreviation Definition 

ADME Absorption, Distribution, Metabolism, and Excretion 

CNS Central nervous system activity 

Fx  Fucoxanthin 

FXOH Fucoxanthinol 

MD Molecular Docking 

MDS Molecular Dynamics Simulation 

MM-GBSA Molecular Mechanics Generalized Born Surface Area 

NAFLD Non-alcoholic fatty liver disease 

RMSF Root Mean Square Fluctuation 

RMSD Root Mean Square Deviation 

SCAP SREBP Cleavage-Activating Protein 

SREBP Sterol regulatory element-binding factors 
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Supplementary Materials 

Table S1. Amino acid composition of SCAP protein. 

Sl. No. AA Quantity Percentage 

1 Ala (A) 81 6.3% 

2 Arg (R) 77 6.0% 

3 Asn (N) 25 2.0% 

4 Asp (D) 56 4.4% 

5 Cys (C) 34 2.7% 

6 Gln (Q) 46 3.6% 

7 Glu (E) 65 5.1% 

8 Gly (G) 106 8.3% 

9 His (H) 31 2.4% 

10 Ile (I) 59 4.6% 

11 Leu (L) 165 12.9% 

12 Lys (K) 35 2.7% 

13 Met (M) 15 1.2% 

14 Phe (F) 44 3.4% 

15 Pro (P) 108 8.4% 

16 Ser (S) 105 8.2% 

17 Thr (T) 72 5.6% 

18 Trp (W) 20 1.6% 

19 Tyr (Y) 35 2.7% 

20 Val (V) 100 7.8% 

21 Pyl (O) 0 0.0% 

22 Sec (U) 0 0.0% 

Table S2. Physicochemical properties of SCAP protein. 

Sl. No. Physicochemical characteristics Values 

1 Number of amino acids 1279 

2 Molecular weight 139729.03 

3 Theoretical pI 6.41 

4 Total number of negatively charged residues (Asp + Glu) 121 

5 Total number of positively charged residues (Arg + Lys) 112 

6 Total number of atoms 19743 

7 Extinction coefficient 164275 

8 Instability index 53.68 

9 Aliphatic index 97.31 

10 Grand average of hydropathicity (GRAVY) 0.022 

Table S3. Domains and their positions are present in the SCAP protein. 

Domain Start End score 

PS50156 284 442 43.285 

PS50294 1075 1235 22.544 

PS50082 1115 1155 12.547 

Table S4.  Experimental compounds or ligands and Simplified Molecular Input Line Entry System (SMILES). 

Name of the Ligand SMILES 

Fucoxanthin 
C/C(=C\C=C\C=C(/C)\C=C\C=C(/C)\C(=O)C[C@]12[C@](O1)(C[C@H](CC2(C)C)O)C)

/C=C/C=C(\C)/C=C=C3[C@](C[C@H](CC3(C)C)OC(=O)C)(C)O 

Fucoxanthinol 
C/C(=C\C=C\C=C(/C)\C=C\C=C(/C)\C(=O)C[C@]12[C@](O1)(C[C@H](CC2(C)C)O)C)

/C=C/C=C(\C)/C=C=C3[C@](C[C@H](CC3(C)C)O)(C)O 

Amarouciaxanthin A 
CC1=CC(=O)CC([C@]1(CC(=O)/C(=C/C=C/C(=C/C=C/C=C(\C)/C=C/C=C(\C)/C=C=C2

[C@](C[C@H](CC2(C)C)O)(C)O)/C)/C)O)(C)C 

Fatostatin CCCC1=NC=CC(=C1)C2=NC(=CS2)C3=CC=C(C=C3)C 

UT-59 CCOC(=O)C1=CC=C(NC(=O)NC2=CC=C(C3=NOC(C4CCC4)=N3)C=C2)C=C1 

https://doi.org/10.33263/BRIAC162.061


https://doi.org/10.33263/BRIAC162.061  

 https://biointerfaceresearch.com/   22 of 22 

 

 
Figure S1. Secondary structure of the SCAP protein. 
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