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Abstract 

Molecular docking plays an essential role in drug discovery because it is more efficient and more affordable compared to traditional synthesis methods and biological assays. Molecular docking determines the conformation and affinity of non-covalent bonds between macromolecules (receptors) and small molecules (ligands) computationally. Energy minimization carried generally out by using the Merck Molecular Force Field 94 (MMFF94) force field produces ligands with the most stable conformation. MarvinSketch and Open Babel for energy minimization were utilized in this docking study of acetylacetone-based oxindole derivatives to 2,3-dioxygenase indoleamine macromolecules (IDO-1, PDB: 2D0T). The results showed that MarvinSketch provides better binding energy than energy minimization with Open Babel. Molecular docking indicated different interactions between 2D0T macromolecule residues with ligands that have been prepared using MarvinSketch, Open Babel, and without energy minimization.
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Introduction
Molecular docking predicting non-covalent bonds, conformation and bond affinity between ligands and target proteins computationally, is more effective than traditional synthesis and bio-assay methods (Zhang et al., 2018). The docking procedure includes validation by via re-docking followed by cross-docking and works after ligands and protein preparation which is generally represented by the energy of minimization. The binding affinity resulted from docking process illustrates binding energy between ligands and proteins, where the low binding affinity indicates a strong, high affinity, and more stable conformations (Hari, 2019; Nisha et al., 2016).
The minimization energy of ligands is an important step in molecular docking because it determines the ligands stability. The Universal Force Field (UFF) and the Merck Molecular Force Field 94 (MMFF94) are the two prevalent molecular mechanics methods used in minimization step. The parameters of elements, hybridization, and connectivity are generally used by the UFF method, while the MMFF94 calculation is divided into seven types of energy which are independently calculate the partial energies of various interactions in the molecule. It is known that the UFF method is less precise than other molecular mechanics due to its ability in the calculation of electrostatic interactions in hydrogen bonding. On the contrary, the MMFF94 method is generally applied in molecular simulations and organics calculations because it is more precise and computationally intensive than the UFF (Jász, Rák, Ladjánszki, & Cserey, 2019).
[bookmark: _Hlk143694596]The minimization of energy using MMFF94 method can be performed with several applications such as MarvinSketch (ChemAxon, 2020, http://www.chemaxon.com) and Open Babel (O'Boyle et al., 2011) in Pryx (Dallakyan & Olson, 2015). The MarvinSketch program utilizes the divide and conquer algorithm (Imre, Veress, Volford, & Farkas, 2003), while Open Babel program in Pryx applies the conjugate gradient algorithm (Cormen, Leiserson, & Rivest, 2009). This research studies of energy minimization influence on the molecular docking of oxindole derivative 1-(5-chloro-3-hydroxy-2-oxindoline-3-yl) pentane-2,4-dione (1) (Figure 1). The study was conducted using the MarvinSketch and Open Babel in Pryx for energy minimization, and without minimization, followed by docking of ligand 1 to indoleamine 2,3-dioxygenase (IDO1; PDB ID: 2D0T) using the Autodock Vina (Trott & Olsson, 2012) in Pryx (Dallakyan & Olson, 2015). The docking results were compared to 1-methyltryptophan (L-1MT) (Figure 1), a common inhibitor of IDO1 using the same treatment (Zhang et al., 2018). The results were evaluated based on the minimization energy, binding affinity, and the interaction of ligands with the macromolecule.



Figure 1. The structure of ligand 1 and L-1MT

Methodology
General
This study was performed on Acer Notebook running on Intel (R) Core i5-5200U CPU @ 2.20 GHz 2201 MHz 2 core (s) specification with 4 GB RAM and Nvidia GeForce 820M graphics using Microsoft Windows 10 Enterprise as the operating system. Ligand preparation and optimization were executed using MarvinSketch 20.8.0 (ChemAxon, 2020, http://www.chemaxon.com) and Open Babel Pryx (O'Boyle et al., 2011) in Pryx (Dallakyan & Olson, 2015). Macromolecule preparation, visualization, and data analysis were carried out with PyMOL 2.3.4 (Schrodinger LLC, 2015, https://pymol.org). The molecular docking was achieved using Autodock Vina (Trott & Olsson, 2012) in Pyrx (Dallakyan & Olson, 2015).
Molecular Docking
Indoleamine 2,3-dioxygenase 1 (IDO-1) at a resolution of 2.3 Å was retrieved from wwPDB (PDB ID: 2D0T) (Sugimoto et al., 2006) and prepared using PyMOL. The ligands were optimized by energy minimization using the MMFF94 force field on MarvinSketch 20.8.0 and Open Babel Pryx. As an initial step, the redocking of PIM co-crystal ligand was performed and followed by cross-docking of ligands using Autodock Vina in Pyrx. Molecular docking was carried out with a grid size of 12 x 12 x 12 Å and x, y, z dimensions of 60, 53, and 18 Å. PyMOL was used for visualization of molecular docking results.
Result and Discussion
Preparation and Optimization
Macromolecule 2D0T
Indoleamine 2,3-dioxygenase 1 (PDB ID: 2D0T) at a resolution of 2.3 Å was chosen for this study. This dimer-cross-linked macromolecule contains two identical chains and each chain bind to co-crystallized ligands namely 4-phenyl imidazole (PIM), 2-(N-cyclohexylamino) ethane sulfonate (NHE), and protoporphyrin IX containing Fe (HEM) (Sugimoto et al., 2006). Preparation was initially started by removing water molecules in order to avoid interference and complexity during docking process (Cole, Nissink, & Taylor, 2005). The two chains was then separated and docking process can be done only with one chain (Greco et al., 2016). The PIM co-crystallized ligand was removed from the binding site for creating docking position and this was centered at the coordinate x = 60; y = 53; and z = 18 Å. The 2D0T preparation was finished by the addition of hydrogen atoms for macromolecule-ligand interactions.

Energy Minimization of Ligands
The 2D structure of ligand 1 and L-1 MT was drawn using MarvinSketch and was converted into 3D structure based on the Minkowski matrix approach (Imre et al., 2003). The energy of the ligands was minimized by MMFF94 on MarvinSketch (a) and Open Babel (b), and without energy minimization (c). The minimization provided stable conformation with lowest potential energy (Mcmurry, 2010). This step gave strucutre with energy of 16.64, 21.86, and 23.52 Kcal/mol for 1a, 1b, and 1c, respectively. A slightly different pattern was found for L-1MT with energy of 73.90, 53.88, and 54.94 Kcal/mol for L-1MTa, L-1MTb, and L-1MTc (Figure 2). These results indicated that different algorithms combined with different bond angles and torsion of ligand structures produced divergent energy. The lowest energy of ligand 1a resulting from minimization using MarvinSketch implies that divide and conquer approach of MarvinSketch works better on ligand 1a. This algorithm resolves the problems into smaller sub-problems which are then recursively solved and combined to break the real problem (Cormen et al., 2009). Otherwise, the conjugate gradient algorithm of Open Babel developed for symmetric and non-symmetric systems, where the algorithm simplifies code and reduces storage space, was fit to L-1MTa. The later algorithm solves linear problems by finding the minimum point of the quadratic function of a vector (Hestenes & Stiefel, 1952). These data demonstrated that the proper molecular arrangement with low potential energy depends on the algorithm used in the minimization step and it cannot be generalized.





Figure 2. The structure conformation of ligand 1 and L-1MT resulting from minimization using (a) MarvinSketch, (b) Open Babel, and (c) without minimization


Molecular Docking
Docking Validation
The docking procedure was verified using the redocking method by removing the PIM ligand from 2D0T binding site and inserted back into the same site using Autodock Vina in Pyrx (Ramírez & Caballero, 2018; Tangyuenyongwatana, 2017). The MarvinSketch energy-minimized PIM ligand was successfully reattached to its binding site and gave root mean square deviation (RMSD) value of 0.019, resulting from alignment of all atoms of redocked PIM and co-crystallized ones. Further, visualization of redocked and co-crystallized PIM ligands showed similar interaction through amide group with the nitrogen atom of HEM in addition to phi-phi stacking between the pyrrole ring to HEM (Figure 3). The RMSD value (< 2.00 Å) and the resulting interactions indicate that redocking method is acceptable and the docking process can be used for the next evaluation (Bell & Zhang, 2019).




Figure 3. Representation of co-crystallized (A) and redocked PIM (B) to 2D0T

Table 1. Binding energy of ligand 1 and L-1MT
	Ligand
	(Pose) Binding Affinity (Kcal/mol)

	1a
	(1) -0.4; (2)  2.4; (3)  2.4

	1b
	(1)  0.2; (2)  2.4

	1c
	(1)  0.3; (2)  2.3; (3)  2.7; (4)   2.9

	L-1MTa
	(1) -2.8; (2) -2.1; (3) -1.3; (4) -0.9; (5) -0.7; (6) -0.1

	L-1MTb
	(1) -1.0; (2) -0.9; (3) -0.7; (4) -0.6; (5) -0.2; (6) -0.2; (7) 0.6

	L-1MTc
	(1) -1.1; (2) -1.1; (3) -0.8; (4) -0.8; (5) -0.2; (6) 1.2; (7) 1.5; (8) 1.8




Docking of The Ligands
The docking process was executed in the binding site of PIM co-crystallized ligand at x, y, z coordinates of 60, 53, and 18 Å using a grid of 12  12  12 Å. The evaluation of binding affinity is important because this paramatere shows the strength of ligand-protein interactions. The lower binding affinity means the greater ligand-protein strength and interactions (Hari, 2019; Nisha et al., 2016). As shown in Table 1, the ligands energy minimization differences resulted in various binding affinity values. Both ligands 1 and L-1MT displayed comparable arrangement where ligands with MarvinSketch minimization showed the lowest binding energy at the best pose (pose 1). This fact indicated that energy minimization affected the docking process and is required to provide more stable ligand conformations. Moreover, the lower binding afinity values could be related to the different algorithms used in MarvinSketch and Open Babel as previously described (Imre et al., 2003; Samdani & Vetrivel, 2018). The L-1MT docking evaluation supported the results of ligand 1 and ensured that energy minimization affects the molecular docking process as expressed by the energy minimization and binding affinity values.

Interactions Analysis
The docking results were then visualized to determine the interactions between ligands and 2D0T residues. Visualization at a distance of ≤ 3.2 Å which indicates moderate bond strength (Yu, Chen, Wu, & Chen, 2014) pointed out that 1a and 1b interact with Tyr126, Ser167, and 7-propanoate HEM residues, but no Tyr126 connection with 1c (Figure 4). The Tyr126 residue is bound with the carbonyl group on the acetylacetone chain, while the amide group on the oxindole ring is bound to Ser167 residue through hydrogen-bonding interactions. The 5-chloro group on the benzene ring connects with 7-propanoate HEM by halogen-bonding interactions. Furthermore, phi-phi stacking interactions also occurred between benzene ring and HEM.
Visualization of L-1MT indicated different modes (Figure 4). L-1MT interacted with Gly262 residue through hydroxyl part of the carboxyl group and connects with Ser167 via the oxindole amide. The different minimization of L-1MT provided distinct interactions as shown by phi-phi stacking interactions between benzene and heme rings, the oxindole groups with heme, and the benzene rings with Tyr126 residues. The hydrogen-bonding interactions also occured between the amide groups of propanoate chain with Cys129 residue and between the hydroxyl groups of carboxyl group and Gly262 residue.
These visualizations illustrate that ligands minimization step has a significant impact on the value of energy minimization, binding affinity, and interactions. The MMFF94 minimization using MarvinSketch and Open Babel resulted in conformational structures of 1a and L-1MTa with lower energy minimization, respectively. MarvinSketch minimization gave lower binding affinity than others. 1 and L-1MT showed varied interactions with 2D0T macromolecular residues.





Figure 4. Interactions of ligand 1 and L-1MT with 2D0T


Conclusion
In this study, we explored the influence of MMFF94 energy minimization by MarvinSketch and Open Babel, and with no minimization, on the molecular docking of ligand 1 and L-1MT using AutodockVina in Pyrx. The redocking experiment was acceptable confirmed by RMSD value and the resulted interactions. The docking results indicated that minimization step affects the minimization energy, binding affinity, and interactions as well. The MMFF94 minimization by using MarvinSketch provided the lowest binding affinity.
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