



THE MOLECULAR MECHANISM OF DICOFOL AS AN AGONIST OF THE HUMAN ESTROGEN RECEPTOR: INSIGHTS FROM MOLECULAR DOCKING AND MM-GBSA STUDIES.

ABSTRACT
	The risk to human health has increased worldwide due to the widespread use of organochlorine pesticides. Dicofol (DCF), an organochlorine pesticide, is one of the most contentious endocrine disruptors; it can interact with nuclear receptors and interfere with their regular function. A member of the steroid hormone receptor family, the estrogen receptor (ER) is found in many bodily tissues. It binds to androgens and controls the activity of genes that are responsive to androgens. There is a chance that DCF will disrupt the estrogen receptor. In light of these specifics, we tested the ER disruption and related mechanisms of DCF using Molecular Docking, Generalized Born, and Surface Area Continuum Salvation (MM GBSA) in Molecular Mechanics. Dicofol may bind to the ER with efficiency, according to the docking results that were obtained. The MMGBSA results demonstrated that lipophilic interactions were the primary driver of the stable binding process. The current study supports the structural evidence that DCF is an endocrine disruptor and provides crucial guidance for finding safer alternatives.
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INTRODUCTION
	There is increasing awareness of the potential health risks associated with endocrine-disrupting chemicals (EDCs). EDCs are chemicals found in our food, environment, and consumer goods that disrupt hormone metabolism, biosynthesis, or action, leading to a disruption in normal homeostatic control or reproduction (Diamanti-Kandarakis et al., 2009). Many EDCs are synthetic and are released into the environment by the plasticizers, organotins, pesticides, or alkylphenols industries (Metcalfe et al., 2022; Li et al., 2015). Numerous substances discharged into the environment have physicochemical characteristics in common with natural ligands, which enable them to attach to nuclear receptors (NRs) and either activate or inhibit their function, leading to a variety of abnormalities in human and wildlife development, reproduction, neurological function, and metabolism (Delfosse et al., 2015). Organochlorine pesticides (OCPs) are synthetic poly chlorinated hydrocarbon derivatives that are widely used in agriculture and the chemical industry. However, because of their high toxicity, slow degradation, and bioaccumulation, overuse of these chemicals raises the possibility of toxicity to non-target species (Jayaraj et al., 2016). Many persistent OCPs exert reproductive and develop breast cancer, through interaction with the human estrogen receptor (Høyer et al., 2001; Okubo et al., 2004; Vasanth et al., 2024). Numerous attempts have been made in recent years to look into the specific effects of EDCs on mammal systems. While direct pesticide exposure is possible, secondary poisonings like consuming pesticide-exposed prey or groundwater contamination and runoff are the most common ways that pesticides affect mammals. 
	Dicofol is a organochlorine insecticide has a chemical structure of C14H9Cl5O that is very effective against spider mites (PubChem, n.d.). According to Ahmad et al., (2024) humans have been exposed to a variety of hazardous chemicals in the workplace and environment in recent years, particularly pesticides. According to the US EPA, (2013), dicofol can enter the human body through the mouth, skin, or lungs. Since dicofol shares a structure with DDT, it is viewed with similar concerns. This is because DDT has detrimental effects on both humans and animals, including bioaccumulation, long-range transport, persistence, endocrine disruption, and reproductive toxicity (A. Ahmad & Ahmad, 2017; Clark Jr. et al., 1990; El-Kashoury et al., 2010; Qi et al., 2022).  However, use of this has caused criticism by many environmentalists; due to its persistence in environment and human samples (Fujii et al., 2011). Moreover, WHO categorized the dicofol as a level II moderately hazardous pesticide. Numerous pieces of evidence indicate that the mechanisms underlying OCPs involve different pathways, such as agonist and antagonist actions on the androgen and estrogen receptors (Hoekstra et al., 2006; Qi et al., 2022; Yang & Chen, 1999; Zhuang et al., 2012).
	Dicofol has attracted considerable attention and controversy as an endocrine disruptor. Meanwhile, it has been hypothesized that exposure to dicofol causes impairment in reproductive, system in mammals (Jadaramkunti and Kaliwal, 2002; El-Kashoury et al., 2010). At present, many lines of evidence revealed that dicofol could interact with nuclear hormone receptors such as estrogen receptor (Okubo et al., 2004). Estrogen receptor ERs are ligand-dependent transcription factors that facilitate the normal biological functions of estrogens by controlling gene transcription through estrogen response elements (EREs). However, a number of illnesses, including reproductive system failure, can be brought on by aberrant ER signaling (Chen et al., 2022). In the meantime, endocrine disruptors from the external environment can also interact with the ligand binding domains (LBDs) of nuclear receptors, which can lead to a disorder of the signaling pathways downstream. However, dicofol has been demonstrated in numerous biological tests to disrupt the regular operation of nuclear receptors (Thiel et al., 2011). The precise molecular mechanism underlying the interaction between dicofol and the estrogen receptor has yet to be identified. To estimate the free energy of the binding of the receptor–ligand complex and to ascertain the affinities and modes of binding of particular receptor targets, Molecular docking and Molecular Mechanics Generalized Born and Surface Area continuum solvation (MM/GBSA) have proven to be very useful and effective (Morris & Lim-Wilby, 2008; Wang et al., 2019; Zhang et al., 2017). In order to study the complex interactions of dicofol with estrogen receptor LBDs and uncover the mechanism by which dicofol interacts with nuclear receptors, we employed molecular docking and molecular mechanics generalized born surface area (MM-GBSA) computations. The interaction between AR and testosterone was also examined using the docking score and MM-GBSA in order to determine whether dicofol interacts with nuclear receptors by simulating the action of its natural agonist of nuclear receptors.
MATERIALS AND METHODS
Software: 
The computational studies are conducted with the Schrödinger suite 2018 by maestro 9.9 (Schrödinger 2018: Maestro, version 9.9, Schrödinger, LLC, NY, 2018), a 64-bit Intel® Core i5-2500 CPU running at 3.30 GHz, and a Linux CentOS 6 operating system.
Protein preparation:
Estrogen receptor α protein crystal structure was accessed from Protein Data Bank (PDB ID – 5WGD) and it was designed using Schrodinger module. Schrödinger's Small-Molecule Drug Discovery Suite (Schrödinger Release 2018-3: Protein Preparation Wizard; Epik version 2.9, Schrödinger, LLC, NY, 2018; Impact version 6.4, Schrödinger, LLC, NY, 2018; Prime version 3.7, Schrödinger, LLC, NY, 2018) was used to prepare the protein structure for docking using the protein preparation wizard (Sastry et al., 2013). At a pH of 7.4, all hydrogens were added, and protonation states were ascertained. Using prime, missing side chain atoms and loops were filled, and then the H-bond was optimized. In order to correct the molecular geometries and preserve particular chirality, the entire protein is finally reduced to the lowest energy state needed for docking using the OPLS (Optimized potential for liquid simulations) 2005 force field. 
Ligand preparation:
The structures of dicofol ligand were downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/compound/dicofol#section=Top). The LigPrep tool was used to prepare these structures, as described by Sastry et al., (2013). Version 3.1 of LigPrep, Schrödinger, LLC, New York, 2018. A number of procedures are involved in ligand preparation, including conversions from 2D to 3D, ionization at biological pH 7.4 to preserve particular chirality, ring conformation minimization, and molecular geometries correction using the OPLS-2005 force field. 

Molecular docking studies
[bookmark: _GoBack]In-Silico molecular docking studies were done in the Sophisticated Analytical Instrument Facility (SAIF) centre, Karnatak University, Dharwad. The Glide program (Small-Molecule Drug Discovery Suite 2018-3: Glide, version 6.4, Schrödinger, LLC, NY, 2018) used the Glide algorithm for docking, as described by Friesner et al., (2004). The program used the XP mode with flexible ligand sampling, which includes options for sample ring conformation and nitrogen inversion adding epik state penalty. Van der Waals radii of 0.8 and partial charge cut off of 0.15 are the receptor grid scaling of the ligands to be docked. Pose viewer files are created that show each ligand's optimal position in the specific site, posing the more nonbonding interactions that are then examined. 
Binding free energy calculation
Binding free energy was calculated as described by Wang et al., (2019). The binding free energy was calculated using Prime MM-GBSA (Prime, version 3.6, Schrödinger, LLC, NY, 2018) with the pose viewer files produced by docking. The salvation model VSGB was set with force field OPLS 2005, and the sampling techniques were configured to minimize side chains. The binding free energy was calculated using Prime MM-GBSA (Prime, version 3.6, Schrödinger, LLC, NY, 2018) with the pose viewer files produced by docking. The salvation model VSGB was set with force field OPLS 2005, and the sampling techniques were configured to minimize side chains. of salvation model VSGB with force field OPLS 2005 and the sampling methods were set to do minimization of side chains.

Table 1: showing calculated docking score of estradiol and dicofol with ERα
	Compounds
	G score
	Docking score

	Estradiol 
	-11.71 Kcal/Mol
	-11.78

	Dicofol
	-9.64 Kcal/Mol
	-09.88



Table 2: Calculated glide score and binding free energy with its components based on docking and MM-GBSA scoring method
	
	dG bind Coulomb
	dG bind
Covelent
	dG bind
H- bond
	dG bind
Lipo
	dG bind
Packing
	dG bind
Solvation GB
	dG_Bind
Van der Waals
	Total
dG Bind

	Estradiol 
	-12.94
	1.25
	-1.30
	-67.15
	-0.78
	14.58
	-44.66
	-111.01

	Dicofol
	0.10
	5.53
	0
	-82.10
	-0.80
	10.310
	-11.05
	-78.00




RESULTS AND DISCUSSION
Molecular Docking Study: A flexible ligand is docked to a rigid receptor binding pocket in molecular docking studies to evaluate the binding sites of dicofol and its detailed mechanism of interaction with ER. The Glide program, which is used in structure-based drug designing, is used to predict the binding affinity (Friesner et al., 2004). A docking study is conducted between dicofol and ER in comparison to the powerful estrogen compound estradiol. As the most common form of estrogen, estradiol is also essential for male spermatogenesis  (Schulster et al., 2016). As shown in Fig. 1, hydrogen bonding with amino acid Leu 387 and Pi-Pi stacking with Phe404 are the primary mechanisms that favor the estrogen receptor-estradiol interaction, as indicated by the docking results, which showed a docking score of -11.71 kcal/mol. Glu353, Ala350, Leu349, Phe404, Thr 347, Leu346, Met343, Arg394, Leu391, Met388, Leu387, Leu384, Trp383, Met528, Leu525, His524, Gly521, Ile424, and Met421 are additional amino acids that comprise the active site. Crucially, dicofol binds in the same hydrophobic pocket of the ER active site by forming Pi-Pi stacking with Phe 404 in chain A of ER, as indicated by table 1 and figure 1, with a docking glide score of -9.64 kcal/mol. The occupation of this area may also be a significant characteristic of ERα agonism, according to our findings of Nettles et al., (2007) and  Zhuang et al., (2012). 
.[image: M:\PhD Work\Estrogen\Photos\Fig 2.jpg]
Fig. 1. Interaction diagrams of the ligand-binding domain of ERα (PDB ID-5WGD) with its ligands: (A) Estradiol; (B) Dicofol.


Binding Free Energy Calculations by MM GBSA:
In thermodynamics, free energy refers to the amount of internal energy of the system that can be used to do work, and it determines the direction of the thermodynamic process as well as the probability that the system will remain in a given state. Since experimental measurements of the thermodynamic properties of biomolecular systems are often expensive and time-consuming, accurate theoretical calculations of their free energies by numerical simulation are becoming more and more important in many research fields, such as rational drug design, protein folding, protein–protein interactions (Wang et al., 2019). The MM energy is calculated with the OPLS protein force-field enhanced by several physics-based corrections. In order to gain insight into the contribution spectrum of binding energy for estradiol and dicofol to estrogen receptor, the total energy contributions during the docking studies were calculated for each system using the MM-GBSA method and were shown in (Table 2).
Natural estrogenic hormone estradiol bound to the ER with the strongest affinity of binding free energy of -111.01 kcal/mol. However, dicofol is also binding to the ER with the total binding free energies of -78.00kcal/mol. It indicates dicofol binds to ER with slightly lowered binding energy as compared to estradiol. The total contribution of various energy components of binding free energies are sown in Table 2. The current study indicates that dicofol has greater covalent and lipophilic binding potencies to the ER than does estradiol in the binding site. According to our calculations the ligand binds stronger to the ER due to its closer contacts with Phe404 and Arg394. Therefore, stabilization of the interaction in the biding site is another explanation for the remarkable agonistic activity of dicofol. The findings are consistent with those of Zhuang et al., (2012).
CONCLUSION
This study used MM-GBSA calculations and molecular docking to examine the molecular mechanism of dicofol binding to the ER. According to the docking results, dicofol can attach itself to the hydrophobic pocket and establish a long-lasting bond with the ER. According to binding mode analysis, dicofol can imitate the actions of the natural estrogen hormone estradiol in order to remain in the active site and interact with the important residues in the pocket. Furthermore, the binding process is primarily fueled by covalent van der Waals and lipophilic interactions, and the calculated binding free energies are favorable for dicofol binding. It is evident from the obtained results that dicofol exhibits estrogen receptor agonistic activity structurally. Therefore, we advise looking for safer dicofol alternatives.
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