
 

 https://biointerfaceresearch.com/  1 of 14 

 

Article 

Volume 14, Issue 5, 2024, 121 

https://doi.org/10.33263/BRIAC145.121 

 

Enhancement of the Activity of Organophosphorus 

Hydrolase (OPH): An in Silico Approach using Docking, 

Molecular Dynamics Simulation, and MM-PBSA 

Mostafa Akbariqomi 1 , Taleb Badri 2 , Mozafar Mohammadi 3, Said Yaghoob Sehri 4 , Gholamreza 

Farnoosh 3,*  

1 Tissue Engineering and Regenerative Medicine Research Center, Baqiyatallah University of Medical Sciences, Tehran, 

Iran; makbariqomi@gmail.com (M.A.); 
2 Neuroscience Research Center, Baqiyatallah University of Medical Sciences, Tehran, Iran; dr.badri52@gmail.com (T.B.); 
3 Applied Biotechnology Research Centre, Baqiyatallah University of Medical Sciences, Tehran, Iran; 

mohammadi8390@gmail.com (M.M.); rzfarnoosh@yahoo.com; (G.F.); 
4 Nephrology and Urology Research Center, Baqiyatallah University of Medical Sciences, Tehran, Iran; 

saidyaghoobsehri@yahoo.com (S.Y.S); 

* Correspondence: rzfarnoosh@yahoo.com; (G.F.);  

Scopus Author ID 55855454400 

Received: 28.08.2023; Accepted: 23.11.2023; Published: 21.07.2024 

Abstract: Enzymatic detoxification of Organophosphorus (OP) compounds such as nerve agents and 

some pesticides using enzymes is an ideal and promising approach to address environmental risks. 

Therefore, producing enzymes with high catalytic activity is necessary to degrade OP compounds. In 

this study, in silico methods have been studied to assess the effect of mutations in 176 and 184 residues 

of Brevundimonas diminuta Organophosphorus Hydrolase (OPH) in interaction with paraoxon. 

According to the molecular docking results, the binding affinity of the native enzymes, A176V, and 

L184M for paraoxon was -4.57, -4.6, and -4.6kcal/mol, respectively. Likewise, the hydrogen bond was 

formed in all three complexes between paraoxon and His 257. The 100ns Molecular Dynamic (MD) 

simulation study showed that the induced mutations have no negative effects on the protein structure's 

stability, folding, and flexibility. However, RMSF results indicate the possibility of strong and 

appropriate interactions between the ligand and some of the residues in mutant enzymes. Based on the 

Molecular-Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) study, it was found that the 

higher free-binding energy (ΔGbind) was related to L184M, A176V, and native complexes, 

respectively; thus, L184M and A176V mutations increased the affinity of OPH to paraoxon. Among 

the energy components, the greatest effect on binding energy is related to polar solvation energy. The 

results of this computational study can be useful in the production of engineered OPH to increase 

catalytic efficiency and affinity to paraoxon.  

Keywords: organophosphorus hydrolase; molecular dynamic; mutation; paraoxon; protein 

engineering. 
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1. Introduction 

The high toxicity of Organophosphorus (OPs) compounds such as insecticides and 

Nerve Attenuation Syndrome (NAS) is related to their anticholinesterase activity, which 

suppresses the activity of acetylcholinesterase (AchE, EC 3.1.17) in the hydrolysis of 

cholinesterase (Ach) and terminates nerve stimulation at the site of neuronal synapses [1,2]. 

Therefore, these compounds are a serious hazard to the environment and humans. It is 
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necessary to develop efficient and appropriate detoxification methods for them. These methods 

must be safe, environment-friendly, and cost-effective, with a wide range of action [3]. Physical 

and chemical methods for decontamination of OPs are expensive and require special conditions 

[4]. An effective and safe alternative method is using organophosphorus-degrading enzymes. 

Identification of OPs-degrading enzymes such as microbial enzymes including 

Organophosphorus Acid Anhydrolase (OPAA) (EC 3.1.8.2), Methyl Parathion Hydrolase 

(MPH) (EC 3.1.8.1), SsoPox (EC 3.1.8.1), and Organophosphorus Hydrolase (OPH) (EC 

3.1.8.1) have been researchers hopeful about using these green catalysts in the detection, 

destruction, and treatment of OPs poisoning [5,6]. 

OP degradation gene (opd) encodes OPH, which was first isolated from Brevundimonas 

diminuta MG (previously Pseudomonas diminuta) and Sphingobium fuliginis ATCC 27551 

(previously Flavobacterium sp). The OPH is a 72-kDa homodimer metalloenzyme with two 

divalent cations in the active site, such as Zn+ 2, Cd+ 2, Co+ 2, Ni+ 2, or Mn+ 2. This enzyme can 

break down P-O, P-F, P-CN, and P-S phosphorus bonds in various organic phosphorus 

compounds; thus, it is an enzyme with a broad substrate specificity [7]. However, the best 

substrate for this enzyme is paraoxon. The broad substrate specificity of the OPH makes it an 

excellent candidate for catalytic decontamination of organophosphorus chemicals. 

Notwithstanding, the catalytic properties of the OPH can be improved by protein engineering 

methods to use them more efficiently. The OPH's protein engineering targets include enzymatic 

catalysis, protein stability, stereoselectivity, and substrate preference [8]. 

Nowadays, computers and computational analysis play a vital role in many studies, 

especially in molecular biology. While experimental methods are laborious and time-

consuming, in silico methods using the computer are both time and cost-effective [9]. 

Therefore, Molecular Docking, Molecular Dynamics (MD) Simulation, and Molecular 

Modeling (MM) methods can be used to obtain the degradation enzymes of the 

organophosphorus compounds with the desired properties [10]. For instance, MD simulation, 

MM-PBSA, and MM-GBSA analysis revealed that the reason for the stereochemical 

specificity of the PTE enzyme to SP-enantiomers is due to the closer interaction of His230 with 

paraoxon [11]. Mirzaei et al. (2015) used bioinformatics and MD simulation studies to increase 

the thermal stability of DFPase enzyme. The results show that Phe124Cys and Tyr305Cys 

mutation increase enzyme stability due to disulfide bond formation [12]. In another study on 

the DFPase enzyme using docking and MD simulation methods, it was found that the formation 

of disulfide bonds through V24C mutations with C76 amino acid increased the temperature 

stability of the DFPase [13]. The creation of disulfide bonds at some of the OPH enzyme sites 

was studied using rational design and in silico studies. Molecular and in vitro dynamics studies 

have shown that disulfide bonds increased the thermal stability of T128C/G153C and 

A204C/T234C mutant enzymes [14]. Investigation of methyl parathion hydrolase enzyme 

structure isolated from Burkholderia jiangsuensis illustrated that T64 was in the substrate-

binding packet. In the native enzyme, only one hydrogen bond has been formed with A267 in 

the loop inside of the active site. In the T64N mutant enzyme, in addition to the hydrogen above 

bond, four hydrogen bonds with A25, G65, Y66, and P272 have been formed; thus, an 

enhancement of the polar bonds, enzyme structure stability, and enzyme-substrate interaction 

has been observed [15]. Molecular docking of the OPH isolated from Acinetobacter sp in the 

presence of the methyl parathion as substrate indicated that the I211A mutation reduced the 

size of the side chain and thereby created more space for movement of the flexible loop 10, 

which facilitated the movement of the loop and made it easier for the His157 on the loop to 
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approach the methyl parathion methoxyl group. The mentioned alteration resulted in a stronger 

interaction with methyl parathion in the mutant protein than in the native enzyme. This is 

because the mutation adjusted the structure near the binding pocket and stabilized the substrate-

binding [16].  

To increase the activity of OPH, we used a combination of in silico methods such as 

molecular docking, MD simulation, and MM-PBSA to design a novel mutant OPH with higher 

affinity and binding free energy to paraoxon. 

2. Materials and Methods 

2.1. Design and selection of mutations. 

To determine the conservation of the target residues and choose the substitution amino 

acid, amino acid profiles of the selected positions were investigated using the Homology-driven 

Secondary Structure Prediction (HSSP) database. The HSSP is a database consisting of an 

alignment of homolog sequences of known 3D structures in PDB database [17]. It is a derived 

database by merging structural (3-D) and sequence (1-D) information. Modeller ver. 9.11 has 

been used to generate interesting mutations. For the mentioned purpose, OPH (1HZY) structure 

has been applied as a modeling template. Among the created models of each mutated enzyme, 

the best model was selected based on the lowest score of Discrete Optimized Potential Energy 

(DOPE) [18].  

2.2. Molecular docking. 

The best OPH substrate found to date is the paraoxon. The paraoxon structure was 

downloaded from the PubChem [19] database and converted into PDB format using Discovery 

Studio software. Preparation of the ligand was carried out using AutoDock Tools (ATD), and 

during the process, gasteiger charges were added to the ligand. Then, the final files have been 

saved in PDBQT format. Preparation of native and mutant OPH structures was performed to 

simulate docking using ADT. This preparation involves adding hydrogen atoms and Kollman 

charges to the protein and merging the non-polar hydrogen. Finally, the structures were saved 

in PDBQT format. 

AutoDock 4.2 software has been applied to analyze molecular docking. Conformation 

with the least energy has been considered the best binding conformation between ligand and 

protein [20]. Using this software requires the preparation of two files named gpf (Grid 

Parameter File) and dpf (Docking Parameter File). The gfp file provides three-dimensional 

searching space for all ligand atoms by determining three-dimensional points in the selected 

grid and their spacing. The grid size was set to 126, 126, and 126Å for X, Y, and Z, respectively. 

The distance between the grid points was considered to be 0.175Å. The center of the grid for 

X, Y, and Z was 46.581, -3.019 and 27.29Å, respectively. The dpf file contains information on 

the algorithm applied to the docking process. This file was generated using the Lamarkin 

Genetic Algorithm (LGA). Docking parameters include a population size of 150, a maximum 

number of evaluations of 2,500,000, a maximum number of generations of 27,000, a maximum 

number of the top individuals that automatically survived 1, a gene mutation rate of 0.02, and 

a crossover rate of 0.8 [20]. Enzyme and substrate interaction was illustrated in 2D and 3D 

using LigPlot + V.1.4.5 [21] and Discovery Studio Visualizer software, respectively. 
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2.3. Molecular dynamics simulation. 

The docked complexes were subjected to MD simulations using GROMACS 5.0.7 with 

topologies of native and mutant OPH generated using the GROMOS96 53a6 force–field 

parameters [22]. Inanition PRODRG server was utilized to prepare the ligand topology file. 

After successfully generating the topology files, the Simple Point Charge (SPC) model was 

used for water molecules. The system's total charge was then neutralized by adding sodium and 

chloride ions as required. One thousand steepest descent energy minimization steps were 

carried out without constraints to minimize the system’s energy. After energy minimization, 

the equilibration of the system was made in two phases: first, NVT (constant number of 

particles, volume, and temperature) equilibration, with constant temperature (300K) for 100ps; 

second, an NPT (constant number of particles, pressure and temperature) equilibration with 

constant pressure of 1 bar and constant temperature of 300K also for 100ps. Finally, a 100ns 

MD simulation was executed on the equilibrated system, and final structures were extracted 

for further analysis. All the trajectory files were analyzed using the trajectory analysis module 

embedded in the GROMACS simulation package. The trajectory files were analyzed by 

using gmx confirms, gmx rmsd, gmx rmsf, gmx gyrate, gmx sasa and gmx hbond GROMACS 

utilities to extract the graph of Root-Mean-Square Deviation (RMSD), Root-Mean-Square 

Fluctuation (RMSF), Radius of gyration (Rg), and Hydrogen bond (H-bond).  

2.4. MM-PBSA energy analysis. 

The g_mmpbsa is a GROMACS tool that implies the Molecular Mechanics/Poisson-

Boltzmann Surface Area (MM-PBSA) method to compute the ligand-free binding energies 

(ΔGbind) [23, 24]. The g_mmpbsa tool calculates each parameter for the energy of protein and 

ligand in an aqueous solvent; therefore, it calculates the free energy of binding the ligand 

associated with the protein. The ΔGbind of the protein-ligand complex in the aqueous solvent is 

given by the following equation: 

ΔGbind = Gcomplex - (Gprotein + Gligand)       (1) 

Where Gcomplex is the energy of the protein-ligand complex, Gprotein and Gligand are the 

energy of protein and ligand in an aqueous solvent, respectively. The free energy for each of 

the above is calculated as follows: 

Gx = Ebonded + (Evdw + Eelec) + Gpolar + Gnon-polar       (2) 

Gnon-polar = γSASA + b       (3) 

Where Gx (can be Gcomplex, Gprotein, or Gligand), Ebonded denotes the energy contributed by 

bonded interactions and is always equal to zero, whereas Evdw is the van der Waals energy and 

Eelec is the electrostatic energy. Gpolar is the electrostatic solvation-free energy, and Gnon-polar is 

the apolar solvation-free energy. Also, SASA is the solvent-accessible surface area, whereas γ 

is a surface tension coefficient, and b is the fitting parameter [24]. 

3. Results and Discussion 

3.1. Generation of mutant’s structures. 

The HSSP has been applied to determine the conservation score of Alanine 176 and 

Leucine 184. The entropy for these positions was 1.36 and 0.83, respectively (Table 1). Entropy 

indicates the degree of conservation for the target site, and the lower entropy, the higher the 

conservation [17]. The type and frequency of amino acids related to the two positions, 176 and 
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184, are presented in Table 1. The results of HSSP showed that in position 176, 3% of the 

frequency was related to alanine, and the highest was related to Valine. At position 184, the 

highest frequency was related to leucine. In the selection of alternative amino acids, the 

frequency and the type of amino acids were considered. Alanine is a non-polar amino acid; 

thus, Valine, both non-polar and most abundant in this position, has been selected for the 

mutation (A176V). At position 184, methionine has been selected as an alternative amino acid 

instead of tyrosine (the most abundant and polar amino acid at position 184) because 

methionine is non-polar and the most abundant amino acid after tyrosine (L184M) (Table 1). 

The structure of mutant enzymes was generated with Modeller 9.11 software, and the best 

model for each structure was selected based on DOPE [18]. 

Table 1. HSSP analysis results for Ala176 and Leu184.  
V L I M F W Y G A P S T C H R K Q E N D ENTROPY 

A176 46 17 26 7 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 1.364 

L184 0 80 4 5 2 0 6 0 2 0 0 0 0 0 0 0 0 0 0 0 0.834 

3.2. Molecular docking. 

Molecular docking is a theoretical simulation method that analyzes the interaction and 

behavior of small molecules, such as ligands, at the active site of the enzyme and predicts 

binding modes and affinities based on computer analysis [25, 26]. Therefore, in the current 

study, molecular docking of native and mutant OPH with paraoxon was carried out using 

AutoDock 4.2 software. This software calculates torsional and internal energies and uses them 

to estimate the binding energy [27, 28]. The structure of the OPH is shown in Figures 1A and 

1B, and the molecular docking results are shown in Figure 1C. Docking energy calculations 

are presented in Table 2 as well. Based on the results, it was found that the binding energy of 

paraoxon to OPH was -5.57kcal/mol, and the ligand with His257 formed a hydrogen bond with 

a length of 1.78Å. In the A176V complex, the ligand with energy -4.6kcal/mol is in the active 

site. In this complex, the hydrogen bond length between His257 and paraoxon is 1.64Å. The 

binding energy of the ligand to the L184M is -4.6kcal/mol. In this mutant, like the native 

enzyme, a hydrogen bond is formed between the ligand and His257, which is 2.68Å bond 

length (Table 2, Figure 1B). Hydrogen bonding plays an important role in the strong interaction 

of ligands and enzymes. A hydrogen bond was formed between the ligand and His257 in all 

three studied complexes. However, the length of this bond varies (A176V <WT <L184M). The 

shorter the hydrogen bond length, the stronger the bond. However, the binding energy in the 

natural OPH complexes and mutants with the ligand did not show a direct relationship with the 

length of the hydrogen bond, which could be related to the differences observed in other 

energies and effective bonds in binding paraoxon to the active site of the enzyme (Table 2). 

The intermolecular energy of each complex is determined by the amount of vdW + Hbond + 

desolv energy and electrostatic energy. Therefore, it is observed that the binding energy of 

paraoxon with A176V mutant, despite the shorter length of the hydrogen bond, is equal to the 

binding energy of paraoxon with L184M because the electrostatic energy in the L184M 

complex is less than the natural complex (Table 2). There are two Zn2 + in the active site of 

OPH, and the docking results indicate the presence of these ions in the active site (Figure 1B); 

thus, all three enzyme-ligand complexes are suitable for further analysis [29]. 
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Table 2. List parameters generated from molecular docking showing the interaction behaviors of native OPH 

and its mutants with paraoxon. 

Mutants Native A176V L184M 

Free energy of binding (kcal/mol) -4.57 -4.6 -4.6 

Inhibition constant (micromolar) 450.61 421.66 423.05 

Intermolecular energy (kcal/mol) -6.65 -6.69 -6.69 

vdW + Hbond + desolv energy (kcal/mol) -7.01 -7.31 -6.95 

Electrostatic energy 0.35 0.61 0.26 

Total internal energy (kcal/mol) -0.82 -0.83 -0.48 

Torsional energy (kcal/mol) 2.09 2.09 2.09 

 
Figure 1. (A) A ribbon diagram of OPH monomer. The helices, the sheets, and the loops are colored red, green, 

and yellow, respectively. And the zinc atoms are shown as red spheres; (B) The surface representation of OPH. 

The surface of OPH is colored dark grey. The orientation of panels A and B are the same; (C) 2D diagram 

showing interactions between paraoxon and native and mutated OPH amino acid residues obtained from 

molecular docking simulation. 

3.3. MD simulation of enzyme-ligand complexes. 

Molecular docking methods are useful in determining potential binding modes but do 

not provide complete information about the stability of the structure and the interaction of 

ligands and enzymes. Therefore, MD simulations are used to learn the details of this interaction 

[30]. The MD simulation is a computational technique that increases awareness and 

understanding of structure configuration changes over a specified period. This information is 

necessary to predict the stability of the enzyme-ligand complex and the correct ligand binding 

and to calculate biological complexes' kinetic and thermodynamic properties [31]. Since MD 

simulation can provide a comprehensive analysis of the effect of mutations on protein structure, 

the OPH complex and mutant with paraoxon were investigated using a 100ns MD simulation 

trajectory. The data of this simulation were applied using different Gromex modules to study 

the RMSD, RMSF, Rg, H-bond, and MM-PBSA indices of enzyme-ligand complexes. 

3.4. Root mean square deviation (RMSD). 

The RMSD is a comprehensive measurement of protein variation used to investigate 

the dynamic stability of proteins and ligands over a period of time, which can be used in MD 

simulation studies [32]. The RMSD analysis was carried out to examine deviation pattern 

changes between the native OPH complex and the mutant with paraoxon, which showed that 
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the deviation was between 0.15 (nm) and 0.25 (nm) in the native complex. The average RMSD 

values in the native, A176V, and L184M complexes were 0.18nm (Figure 2). The equality of 

RMSD indicates the stability of these three complexes and that mutations do not hurt enzyme 

stability. Together, these results indicate the stable dynamic behavior of the structures during 

MD simulation (Figure 2). It is known that the lower the RMSD value, the better the fixation 

of the ligand in a suitable position in the protein-ligand complex.  

 
Figure 2. Time-dependent root-mean-square deviation (RMSD) of the OPH (native and mutants) and paraoxon 

complexes. Black, red, and yellow colors represent native/paraoxon, A176V/paraoxon, and L184M/paraoxon 

complexes, respectively. 

3.5. Root mean square fluctuation (RMSF). 

The RMSF analysis is performed to estimate the fluctuation of each residue during the 

simulation [33]. Although RMSD and RMSF are similar, the main difference is that RMSD 

exhibits molecular stability while RMSF exhibits flexibility changes [34]. The amount of 

RMSF indicates the flexibility and rigidity of the structure; thus, the parts of the structure that 

have high RMSF include turns, bends, and coils, while the low RMSF indicates rigid secondary 

structures such as alpha-helix and beta plates [35]. The RMSF analysis of native and mutant 

complexes confirms that the most conformational changes observed in these complexes are 

related to loops. Loops 1, 7, and 8, which include residues 59-77, 258-270, and 304-325, 

respectively, form the entrance of the active site (Figure 3) [36].  

 
Figure 3. The root-mean-square fluctuation (RMSF) for OPH (native and mutants) and paraoxon complexes. 

Black, red, and yellow represent native/paraoxon, A176V/paraoxon, and L184M/paraoxon complexes, 

respectively. 
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Structural changes in these loops will likely cause tighter fitting of the paraoxon at the 

active site of the enzyme by widening the active site entrance [29]. The mean RMSF value of 

these three loops for the native complex is 0.22, 0.2, and 0.13nm, respectively. Likewise, in 

the A176V complex, the average RMSF value of loops 1, 7, and 8 is 0.1, 0.14, and 0.10nm, 

respectively. The fluctuation changes of the mentioned loops in the L184M complex are 0.22, 

0.16, and 0.13nm, respectively (Figure 3). It should be noted that the binding of the ligand 

reduces the fluctuation rate of residues with strong interaction with the ligand or adjacent to 

the ligand. It seems that the relative reduction in the fluctuation of the residues of these three 

loops in mutant complexes is due to more or stronger bonds of the residues in the active site 

with paraoxon. 

3.6. Radius of gyration (Rg). 

The stability of each complex was further evaluated by calculating the radius of 

gyration. The radius of gyration can provide functional information about the amount of folding 

or compaction level of the protein-ligand complex [37]. The higher the Rg rate, the lower the 

compaction [38]. The mean Rg of the native complexes and mutants is 1.9nm (Figure 4). 

Although the Rg of the A176V complex has fluctuated somewhat at times, it is in a constant 

range and confirms the stability of the complex. According to these results, the radius of the 

hydrodynamic gyration of mutant structures has not changed compared to the native (Figure 

4). 

 
Figure 4. Plot of radius of gyration vs. time for OPH (native and mutants) and paraoxon complexes. Black, red, 

and yellow colors represent native/paraoxon, A176V/paraoxon, and L184M/paraoxon complexes, respectively. 

3.7. Hydrogen bond (H-Bond). 

Hydrogen bonds are the most important weak interactions observed in chemistry and 

biology. A hydrogen bond occurs when a hydrogen atom covalently attached to a molecule 

interacts with an electronegative atom of the same molecule or other molecules. In nature, 

hydrogen bonds play an important role in molecular recognition and stability of protein 

structure [34, 39]. The high number of intermolecular hydrogen bonds increases the stability 

of the protein-ligand complex [40]. Therefore, in this study, the number of hydrogen bonds 

between paraoxon and OPH native and mutant structures was calculated using the hbond gmx 

module and based on the distance of 3.5Å and cutoff angle of 30 (Figure 5). This analysis 

showed that for the native complex, A176V, and L184M mutants, the number of hydrogen 
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bonds reached three and in most cases shows one or two bonds (Figure 5). Based on these 

results, the interaction between enzyme and substrate is stable in all complexes. 

 
Figure 5. A number of hydrogen bonds were calculated to evaluate protein-ligand interaction with respect to the 

time of the OPH (native and mutants) and paraoxon complexes. Black, red, and yellow colors represent 

native/paraoxon, A176V/paraoxon, and L184M/paraoxon complexes, respectively. 

3.8. Binding free energy calculation: MM/PBSA. 

To better understand the effect of applied mutations in the structure of OPH enzyme on 

the interaction between enzyme and substrate, MM-PBSA analysis was performed to calculate 

the binding energy [24]. For each complex, the van der Waals energy (Evdw), electrostatic 

energy (Eelec), polar solvation energy (Gpolar), non-polar solvation energy (G-nonpol), and 

binding free energy (ΔG binding) are calculated and presented in Table 3. The results showed 

that ΔG binding of all mutant complexes is higher than the native complex, indicating the 

positive effect of applied mutations on increasing enzyme activity and substrate binding. 

Likewise, based on separate components, binding, van der Waals, electrostatic, and polar 

solvation energies in A176V and L184M complexes are more than the natural complex and, 

thus, are desirable for stronger binding of the ligand to the enzyme because they have higher 

negative values. On the other hand, the energy value of APolar solvation is positive, thus 

preventing the formation of complexes (Table 3). Among these components, the most impact 

on binding energy is related to Polar solvation energy (Table 3). The significant difference 

between the binding energy components of the complexes is seen in the van der Waals energy, 

which in the A176V and L184M complexes is 3.54 and 3.24 times more than the native 

complex, respectively (Table 3). 

Table 3. Binding free energy and its components of paraoxon with native and mutated OPH calculated with 

MM-PBSA (Unit: kJ/mol). 

Complexes 
van der Waals 

Energy 

Electrostatic 

Energy 

Polar Solvation 

Energy 

APolar Solvation 

Energy 

Binding 

Energy 

Native -35.42 -18.42 -9887.03 344.34 -9595 

A176V -125.51 -23.79 -9973.38 351.62 -9770 

L184M -115.07 -22.87 -10335.56 355.74 -10117 

3.9. Effect of mutations on the enzyme structure and activity. 

Loops are important parts of protein structure due to their high flexibility; thus, 

modification of loops has been considered in protein engineering [41]. Studies have shown that 

mutations in loop 4 (171-178 aa) of the OPH can be useful in altering the catalytic activity of 
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this enzyme. For instance, the Thr172Ala and Thr173Ala mutants have improved the activity 

of this enzyme for the V-type nerve agent [42]. Based on the analysis, Ala176 was selected for 

mutation. In the native enzyme, Ala176 has a conventional hydrogen bond with a length of 

2.42Å with Gln211 and a carbon-hydrogen bond with a length of 2.42Å with Gln180. In the 

A176V, the conventional hydrogen bond length between Val176 and Gln211 and the carbon-

hydrogen bond length between Val176 and Gln180 are reduced to 1.92 and 1.93Å, respectively. 

The important point is forming a carbon-hydrogen bond between Val176 and Thr172 with a 

length of 2.72Å, which does not exist in the native enzyme between Ala176 and Thr172 (Figure 

6). In the native enzyme, Gly174 has a hydrogen bond with Asp108. It has been found that the 

removal of this bond reduces enzyme activity due to decreased stability of the enzyme structure 

[43, 44]. In the A176V, in addition to the hydrogen bond between Gly174 and Asp108, a 2.89-

length Å hydrogen bond is formed between Thr172 and Asp108. On the other hand, the 

hydrogen bond between Thr172 and Gln212, which is present in the structure of the native 

enzyme, has been removed by the A176V mutation (Figure 6). These results indicate that 

A176V mutation can have a positive effect on OPH activity by changing the pattern of 

hydrogen bonds. 

 
Figure 6. Comparison of the inter-atomic interaction in the native and A176V form. All the intra-conventional 

hydrogen bonds with the neighboring residues are shown in green dotted lines, whereas gray dotted lines signify 

carbon-hydrogen bonds. 

Based on the HSSP results, at 184 position, the L184M mutation was selected. It has 

already been determined that Thr172 in loop 4 is in close contact with the Leu184 side-chain 

in Helix 4, and the F216L mutation with an indirect effect on this residue as well as a slight 

increase in the fluctuation of Thr172 and Thr173 residues increased 50% of OPH kinetic 

efficiency [45]. In the native enzyme, the side-chain distance between Thr172 and Leu184 is 

4.228Å. Methionine has a longer side chain than leucine; thus, the distance between the side 

chains of Thr172 and Met184 in the L184M structure has been reduced to 3.028 angstroms 

(Figure 7). On the other hand, MD results showed that the RMSF values of the residues Thr172 

and Thr173 in the native complex are 0.099 and 0.165nm, respectively (Figure 7). In the 

L184M complex, the RMSF value of the Thr172 residue is 0.075, and the Thr173 residue is 

0.173nm. It can be concluded that the effect of L184M mutation in shortening the side-chain 

distance of M184 and Thr172 residues and also the change in the fluctuation of Thr172 and 

Thr173 residues are very similar to F216L mutation and is confirmed by MM-PBSA analysis. 

According to the results of MM-PBSA, the L184M mutation increased the ΔG binding (higher 

negative value) of the enzyme, indicating the positive effect of the applied mutation. 
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Figure 7. Comparison of the inter-atomic interaction in the native and L184M form. The distance between 

Thr172 and Leu184 (in native) and Thr172 and Met184 (L184M) is shown in the green line. 

4. Conclusions 

The ability of the Brevundimonas diminuta OPH to degrade a wide range of 

organophosphate compounds has made it an important target in the production of enzymes with 

high catalytic efficiency against OP compounds. In the current study, 176 and 184 positions of 

OPH were selected to increase its activity in paraoxon degradation. Therefore, A176V and 

L184M mutants were generated, and then the effect of these mutations on OPH activity was 

investigated based on in silico methods. Based on the RMSD and Rg profiles obtained from 

MD simulations, the applied mutations do not hurt the stability and rigidity of the enzyme, and 

the enzyme-ligand complexes are stable in them, confirming the molecular docking results. On 

the other hand, the observed changes in RMSF may indicate a stronger interaction of some 

residues with ligands in mutant structures. A maximum of 3 H-bonds was formed between 

paraoxon and enzyme in the three studied complexes. The MM-PBSA analysis showed that the 

applied mutations reduced ΔG binding and increased affinity, and Polar solvation energy 

played the most important role in this increase. It seems that A172V affects OPH activity 

mutation by changing the hydrogen bonding network of residues such as Gly174, Thr172, and 

Asp108, while L184M mutation increases OPH affinity to paraoxon by changing the 

fluctuation of Thr172 and Thr173 residues and getting closer to the side-chain of Met184 and 

Thr172. This is the first report revealing that mutation in positions 176 and 184 can increase 

OPH activity to paraoxon. Finally, it should be noted that validation of the results of the in 

silico analyses requires experimental studies to determine the exact effect of these mutations 

on enzyme activity. 
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