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ABSTRACT 33 

Endosulfan is an organochlorine insecticide widely used for agricultural pest 34 

control. Many nations worldwide have restricted or completely banned it due to its 35 

extreme toxicity to fish and aquatic invertebrates. Arthrobacter sp. strain KW has 36 

the ability to degrade α, β endosulfan and its intermediate metabolite endosulfate; 37 

this degradation is associated with Ese protein, a two-component flavin-dependent 38 

monooxygenase (TC-FDM). Employing in silico tools, we obtained the 3D model of 39 

Ese protein, and our results suggest that it belongs to the Luciferase Like 40 

Monooxygenase family (LLM). Docking studies showed that the residues V59, 41 

V315, D316, T335 interact with α-endosulfan. The residues: V59, T60, V315, 42 

D316, and T335 are implicated in the interacting site with β-endosulfan, and the 43 

residues: H17, V315, D316, T335, N364, and Q363 participate in the interaction 44 

with endosulfate. Topological analysis of the electron density by means of the 45 

Quantum Theory of Atoms in Molecules (QTAIM) and the Non-Covalent Interaction 46 

(NCI) index reveals that the Ese-ligands complexes are formed manly by 47 

dispersive forces, where Cl atoms have a predominant role. As Ese is a 48 

monooxygenase member, we predict the homodimer formation. However, 49 

enzymatic studies must be developed to investigate the Ese protein's enzymatic 50 

and catalytic activity.  51 

Keywords: Ese, Arthrobacter, Docking, Molecular dynamics simulation, α-52 

endosulfan, β-endosulfan, endosulfate. 53 

 54 
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1. Introduction 55 

Endosulfan (6,7,8,9,10,10-Hexachloro-1,5,5a,6,9,9a-hexahydro- 6,9-methano-56 

2,4,3-benzodioxathiepine-3-oxide) is a cyclodiene organochlorine pesticides 57 

(OCPs) legacy of persistent organic pollutants (POPs) used extensively in crops, 58 

pest, and mite vectors of animal and human diseases, besides of public health 59 

control (Kataoka and Takagi, 2013; Khuman and Chakraborty, 2019). POPs share 60 

four basic characteristics: persistence, bioaccumulation, transport, and adverse 61 

effects (Rosenfeld and Feng, 2011; Menezes et al., 2017). 62 

Endosulfan is semi-volatile and persistent in the environment; it is deposited in 63 

crops, soil, or water due to its long-way transport. It may remain in the soil for 64 

several years before its degradation. It is highly toxic to fish and a lesser degree, to 65 

aquatic invertebrates (Rosenfeld and Feng, 2011). Mammals are susceptible to 66 

endosulfan, which causes neurological, renal, liver, respiratory, and reproductive 67 

toxicity (Naqvi and Vaishnavi, 1993). It can produce mutations and DNA damage in 68 

mice, fish, birds, and humans (Rosenfeld and Feng, 2011). Due to its 69 

environmental persistence and risk for wildlife and human, exploring new 70 

alternatives to eliminate endosulfan from the environment is necessary.  71 

Different methods have been reported for treating contaminated endosulfan sites, 72 

such as photocatalytic degradation (Begum and Gautam, 2011; Thomas et al., 73 

2011), ozone oxidation (Yazgan et al., 2003), adsorption, advanced oxidation 74 

processes, and biological methods, among those, are phytoremediation, fungi, 75 

microalgae and bacterial degradation (Kataoka and Takagi, 2013; Supreeth and 76 

Raju, 2017; SureshKumar et al., 2018). 77 
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Bacterial degradation is an efficient way to remove contaminants in the most 78 

environmentally friendly way (Bhatt et al., 2019; Kataoka and Takagi, 2013; 79 

Supreeth and Raju, 2017); however, only a few enzymes have been identified 80 

participating in this biodegradation process. Ese-protein from Arthrobacter sp. KW, 81 

a two-component flavin-dependent monooxygenase (TC-FDM), can degrade both 82 

endosulfan isomers, α-endosulfan and β-endosulfan, and their intermediate 83 

metabolite endosulfate, which is even more persistent (Weir et al., 2006). The Esd 84 

protein from Mycobacterium sp, is a TC-FDM member, which degrades β-85 

endosulfan (Sutherland et al., 2002). Both enzymes, Esd and Ese, are TC-FDM 86 

members and require reduced FMN supplied by a NAD(P)H-dependent flavin 87 

reductase (Sutherland et al., 2002; Weir et al., 2006).  88 

Ese-protein belongs to the LLM family, which is TC-FDM; these enzymes possess 89 

a TIM-barrel domain and utilize flavin or the flavin analogue F420 as a coenzyme. 90 

Besides, dimerization has been reported on the LLM members, which suggests 91 

that Ese may also form homodimers (Cao et al., 2018). 92 

Here, we presented the in silico characterization of Ese-protein and investigated 93 

Ese-protein's interacting site with α-endosulfan, β-endosulfan, and endosulfate. In 94 

addition, we explored the association of the homodimer formation of Ese-protein. 95 

The interactions responsible for the Ese-protein-endosulfan complex formation 96 

were studied by means of electronic structure calculations and quantum chemical 97 

topology analysis. Results obtained evidenced the active participation of Ese in the 98 

organochlorine insecticide degradation process. 99 
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2. Results and Discussion 100 

2.1. Ese-protein possesses the IR regions of monooxygenases 101 

An iterative search of Ese-like proteins was done using BLASTp (Blanco-Míguez et 102 

al., 2018), where the following crystal structures were found: LadA (A4IU28), 103 

DmoA (E9JFX9), MoxC (O34974), RcaE (A0A3B6UEK8), BdsA (Q8GRC7), and 104 

NTA-MO (Q3JIP8), all the enzymes are flavin-dependent, belonging to the LLM 105 

family (Moore and James, 1995; Fisher et al., 1996; Shima et al., 2000). The 106 

results shows the TIM-Barrel domain, and the five insertion regions (IR) 107 

characteristics of the LLM family are conserved in Ese-protein (Fig. 1) (Li et al., 108 

2008; Okai et al., 2017; Cao et al., 2018). Interestingly, the residues F10, F55, 109 

T104, N133, S230, F245 are conserved and placed in the FMN binding site as 110 

reported in other LLM (Li et al., 2008; Okai et al., 2017; Cao et al., 2018) (Fig. 1). 111 

2.2. The 3D model of Ese-protein conserved its structure as monooxygenase  112 

The 3D homology model was predicted in the I-TASSER server using the following 113 

crystal structures from PDB as templates 6AK1: 3B9N, 5W48, 5TLC, 3SDO. Ese-114 

protein possesses a TIM-barrel domain; it consists of eight α-helices and eight β 115 

strands. These structures form a solenoid, where the eight antiparallel β strands 116 

are inside the barrel, and the α-helices are exposed (Fig. 2A). Ese presents five IR, 117 

(IR1 to IR5) and a long carboxy-terminus upon the TIM-barrel, as reported in other 118 

monooxygenases (Fig. 2B) (Li et al., 2008; Okai et al., 2017; Cao et al., 2018). IR1 119 

consists of 24 residues (M12 to D35) located between the β1 and α1; IR2 has 27 120 

(A57 to D84) located between the β2 and α2; IR3 comprises 18 residues (T136 to 121 
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D153) located between β4 and α4; IR4 consists of 48 residues from G174 to P222, 122 

with two antiparallel hairpins between the α4 and β5; and IR5 with 84 residues 123 

from G286 to T370, located between β7 and α7 (Fig. 2B and 2C). The carboxy-124 

terminus (450 to 475) is similar to DmoA, which is elongated (Li et al., 2008; Cao et 125 

al., 2018). 126 

To verify that the 3D model obtained from I-TASSER has a good quality, we 127 

performed a 3D structural alignment with the crystal structures of other 128 

monooxygenases, DmoA (PDB: 6AK1), LadA (PDB: 3B9N), BdsA (PDB: 5TLC), 129 

MoxC (PDB: 1TVL), NTA-MO (PDB: 3SDO), and RcaE (PDB: 5W48) (Fig. S1). 130 

The results show that the 3D-structure of Ese-protein is conserved as 131 

monooxygenase. The double hairpin on the IR4 is characteristic in all the analyzed 132 

enzymes and participates in the dimer and tetramer formation among the 133 

monooxygenase family  (Li et al., 2008; Cao et al., 2018). 134 

The Ese-FMN was obtained by positioning the FMN in Ese-protein using the 135 

COFACTOR tool from I-TASSER (Zhang et al., 2017). The FMN is horizontally 136 

positioned on the TIM-barrel between the β4 y β5, interacting with the residues 137 

F10, F55, T104, N133, S230 and F245 (Fig. S2).  138 

2.3. Homodimer structure analysis  139 

LLM family enzymes are predisposed to form dimers, tetramers, and other 140 

quaternary structures (Eichhorn et al., 1999; Li et al., 2008; Cao et al., 2018), 141 

which suggests that Ese-protein could form homodimers. Therefore, protein-protein 142 

docking with the Ese-FMN was carried out. The homodimer obtained by docking 143 

presented a ∆G= -4055.4 (Fig. S3), bound by four salt-bridges and 19 hydrogen-144 
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bonds with an interatomic distance ranging from 2.66 Å to 3.12 Å (Table S1). Ese-145 

protein's homodimer formation is given through the IR1, IR2, IR3, and IR4, which 146 

coincides with the reported for LadA, DmoA and BdsA (Li et al., 2008; Okai et al., 147 

2017; Cao et al., 2018). The two hairpins present in the elongated IR4 seem 148 

decisive for the homodimer formation. The first hairpin lies over the IR1, projecting 149 

towards the groove formed by the α1 and α8 of the TIM-barrel in both monomers. 150 

Contrastingly, the second hairpin projects opposite the first hairpin, interacting with 151 

the IR2 and IR3 of the second monomer (Fig. S3). 152 

2.4. Molecular dynamics simulation of Ese-protein  153 

To refine the 3D-structure of Ese-protein, a Molecular dynamics simulation (MDs) 154 

of 200 ns was performed for the apoenzyme (Ese) and the holoenzyme (Ese-155 

FMN), while the homodimer (Ese-Dimer) was refined through 150 ns. Trajectories 156 

were analyzed by calculating the root mean square deviation (RMSD), root mean 157 

square fluctuation (RMSF), and the radius of gyration (Rg).  158 

The RMSD indicates that Ese and Ese-FMN systems reach equilibrium after 50 ns 159 

of MDs. The trajectory has ±1 Å of difference, which suggests that the FMN 160 

absence does not significantly affect the stability of the mature enzyme (Fig. 3A).  161 

2.4.1. The IR regions exhibited the principal fluctuations  162 

The Rg shows the Ese system exhibits a lower compaction rate than the Ese-FMN  163 

(Fig. 3B); this could be due to the FMN presence on the Ese-FMN that promotes 164 

the opening of the enzymatic pocket where the cofactor is positioned and functions 165 

as a catalytic site (Lobanov et al., 2008). 166 
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Both systems exhibit five flexible zones in RMSF with a similar fluctuation pattern, 167 

corresponding to the IR of the enzyme. The first peak is located at H20-Q30, 168 

belonging to IR1, the second peak from T60-F70 belonging to IR2; the third 169 

fluctuation, from D140-Q150 inside the IR3; the fourth peak, from A180–K195 in 170 

IR4, the last one at A320-G355 inside IR5 (Fig. 3C). These regions have an 171 

essential role in the catalysis and dimer formation, as reported for other LLM family 172 

proteins (Li et al., 2008; Cao et al., 2018). The C-terminus has significant 173 

fluctuations; this could be due to its long-loop nature.  174 

In the Ese-Dimer system, the RMSD analysis of the protein reached equilibrium at 175 

80 ns (Fig. 3D). The Rg exhibited a similar compaction rate as the Ese and Ese-176 

FMN (Fig. 3E). Interestingly, the RMSF showed the same five flexible regions with 177 

higher fluctuation than the Ese system (Fig. 3F).  178 

Previous studies of the enzymes LadA, BdsA and DmoA confirmed that the IRs 179 

participate in forming the active site (Okai et al., 2017; Cao et al., 2018). In LadA 180 

IR1, IR2, IR3, and IR4 mainly constitute the wall of this pocket, where FMN is 181 

embedded in a protein scaffold formed by several residues, particularly those on 182 

IR2, IR3, and IR4 (Li et al., 2008). In Ese-protein, the IRs play an important role in 183 

forming the catalytic site due to the structurally conserved regions in the enzyme 184 

and the residues that participate in the FMN cofactor binding (Fig.S2).  185 

Once the MDs were done, the conformation of the FMN did not change 186 

significantly. FMN interacted with F10, F55, T104, N133, and F245 residues, 187 

mainly by the isoalloxazine ring. Meanwhile, S230 interacted with the phosphate 188 

group (Fig S2). These residues seem crucial to the FMN binding with the protein, 189 



9 
 

which coincides with previous reports from other proteins of the LLM family (LadA, 190 

DmoA, MoxC, RcaE, BdsA, NTA-MO) (Li et al., 2008; Okai et al., 2017; Cao et al., 191 

2018). Furthermore, the MDs showed that in Ese-protein, S230 seems to function 192 

as an anchoring site to the phosphate group of the FMN, being vital for the ligand 193 

stability within the enzyme. 194 

The Ramachandran plots exhibited that the 3D model of Ese-protein before the 195 

MDs presents 421 residues (89 %) inside the favoured region, 33 (7.0 %) in the 196 

allowed region, and 19 (7 %) outside the allowed region (Fig. S4A). The refined 197 

model (200 ns) presents 364 residues (82.9%) in the favoured region, 63 (14%) in 198 

the allowed region, and 12 (2.7%) outside the allowed region (Fig. S4B). A 199 

considerable decrease in the amino acids in the outlier region and an increase in 200 

the stereochemical quality of the models can be noticed, indicating that certain 201 

residues were refined through the MDs. 202 

2.5. Docking analysis with endosulfan and metabolites. 203 

Once we obtained the refined structures by MDs, molecular dockings calculations 204 

were carried out into the active site of the Ese-FMN with the ligands: α-endosulfan, 205 

β-endosulfan, and endosulfate using AutoDock software (version 4.2). The 206 

resulting ligand structures were further used as initial coordinates for 50 ns MDs.  207 

Ese-FMN complexes showed the following binding energies: -7.37 kcal/mol; -7.14 208 

kcal/mol, and -7.28 kcal/mol, for α-endosulfan (Ese-alpha), β-endosulfan (Ese-209 

beta), and endosulfate (Ese-endosulfate), respectively (Table 1, Fig. 4). The 210 

ligands were bound near FMN into the enzyme catalytic cavity. The residues 211 
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involved in protein-ligand interaction are V59, V315, D316, T335 with α-endosulfan 212 

(Fig. 4A); V59, T60, V315, D316, T335 with β-endosulfan (Fig. 4B); and H17, 213 

V315, D316, T335, N364, Q363 with endosulfate (Fig. 4C). H17 is conserved in 214 

DmoA and LadA, reporting a vital role in the substrates catalysis in LadA, and 215 

where mutagenesis caused the loss of enzymatic function (Li et al., 2008; Cao et 216 

al., 2018). Thus H17 could be crucial for the catalytic activity in Ese-protein. 217 

2.6. Molecular dynamics simulation of Ese-protein with endosulfan and 218 

metabolites 219 

To understand the behaviour of the protein-ligands complexes, we performed a 50 220 

ns of MDs. The RMSD showed all systems converged at 10 ns with a difference of 221 

± 1 Å among them, showing the ligands stabilize the Ese-FMN under the same 222 

conditions (Fig. 5A). The Rg of the three complexes did not show significant 223 

differences over time, which indicates high stability during the simulation time (Fig. 224 

5B).  225 

The RMSF of Ese-alpha and Ese-beta complexes showed the same five fluctuating 226 

regions as the Ese-FMN (Fig. 5C). Nevertheless, a decrease was observed in the 227 

IR regions of the Ese-ensodulfate complex; IR3, IR4 and IR5 show ± 4 Å, ± 6 Å 228 

and ± 4 Å of decrease, respectively. This behaviour could be due to the structural 229 

arrangement needed for the ligand accommodation, which interacts with several 230 

protein residues stabilizing the protein structure (Fig. 5C).  231 

2.7. Binding free energy calculations of complex protein-ligand 232 



11 
 

Binding free energies (ΔGbind) of the protein-ligand complexes were calculated from 233 

the last 20 ns of the MDs once the system reached the equilibrium using the 234 

Molecular Mechanics Poisson–Boltzmann surface area (MM/PBSA) approach 235 

(Table 2). There were a few differences between the Ese-alpha and the Ese-beta 236 

complexes' binding free energies. However, the Ese-alpha complex is energetically 237 

more favourable than the Ese-beta (-20.6407 vs -19.454 kcal/mol). The binding 238 

free energy of the Ese- endosulfate complex becomes more positive, indicating a 239 

lesser favoured complex (-14.0214 kcal/mol).  240 

A more detailed inspection showed that non-polar contributions (ΔEnp= ΔEvdw + 241 

ΔGnp) contributed primarily to the binding free energy, where van der Waals term 242 

was the most significant contribution in comparison to the non-polar solvation term 243 

(ΔGnp). Instead, the polar solvation term (ΔGPB) was stronger unfavourable, while 244 

the electrostatic term (ΔEele) was favorable, but its contribution was minor. These 245 

findings suggest that the studied compounds mainly interact by hydrophobic 246 

interactions. 247 

2.7.1. Most populated cluster conformation 248 

The most-populated cluster conformation of each complex was obtained from the 249 

MDs by clustering analysis. Regarding, Ese-alpha complex did not show a higher 250 

difference against the initial conformation (RMSD= 1.262 Å), while Ese-beta 251 

(RMSD= 1.412 Å) and Ese-endosulfate showed higher differences (RMSD= 1.437 252 

Å) at a structural level (Fig. S5). These findings coincide with the geometrical 253 

parameters RMSD and Rg. The three complexes were slightly displaced from their 254 
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initial positions concerning the binding modes. In Ese-alpha, Ese-beta, in the 255 

beginning, the sulfite portion was closer to the hydroxyl groups of the FMN, but in 256 

the most populated cluster conformation, the molecules were moved toward the 257 

flavin moiety aromatic region of the FMN. A similar phenomenon occurs to Ese-258 

endosulfate, which initially oriented the Cl closer to the FMN towards the flavin 259 

moiety aromatic region. However, the most populated cluster conformation moves 260 

slightly away from the FMN. The quantum chemical calculations give more insight 261 

about the specific interactions that stabilize the Ese-protein-ligand complexes.  262 

2.7.2. Topological analysis 263 

In QTAIM, the bond critical points (BCP) and their corresponding bond paths (BP) 264 

indicate the presence of covalent and non-covalent (e.g.., hydrogen-bonds) 265 

interactions. The strength of each interaction can be determined quantitatively by 266 

the value of the electron density at the BCP (ρb), i.e., the larger ρb, the stronger the 267 

interaction. Besides, the interaction energy associated with each BCP can be 268 

approximated by the Espinosa-Molins-Lecomte equation, Eint = ½ ∙Vb, where Vb is 269 

the potential energy density evaluated at the BCP. For the three complexes, the 270 

Laplacian value of the electron density evaluated at the BCP is positive in all 271 

cases, implying that all the intermolecular contacts are non-covalent in nature.  272 

All the intermolecular BCP and BP formed between the ligands and the 273 

surrounding molecules in the Ese-alpha, Ese-beta and Ese-endosulfate complexes 274 

are depicted as orange dots and orange lines, respectively, in Fig. 6. The two most 275 

abundant interactions in all complexes are the non-canonical C-H∙∙∙Cl and C-H∙∙∙O 276 

hydrogen-bonds, which indicate the Cl atoms and the SO3 (SO4 in the case of Ese-277 



13 
 

endosulfate) groups have a predominant role in the stabilization of the Ese-protein-278 

ligand complexes. All complexes present the formation of C-H∙∙∙Cl interactions 279 

between the ligands and I392 and I18, and C-H∙∙∙O hydrogen-bonds between the 280 

ligands and V315. Additionally, Ese-alpha and Ese-endosulfate show more 281 

common specific interactions with identical neighbouring residues. For instance, 282 

both ligands form halogen bonds (Cl∙∙∙S) between chlorine and sulphur atoms of 283 

M12. Interestingly, hydrogen-hydrogen-bonds (H∙∙∙H) (Matta et al., 2003) are also 284 

found in all complexes, although in less quantity than the other type of interactions, 285 

pointing out that the contribution of H atoms in the protein-ligand complex 286 

formation is non-negligible. Even though there are charged COO- groups near of 287 

the three complexes (D58 in Ese-alpha and Ese-beta, and D316 in Ese-288 

endosulfate), these do not interact directly with the ligands. Instead, they show 289 

affinity to form hydrogen-bonds with more polar H atoms (a N-H∙∙∙O with FMN in 290 

Ese-alpha and Ese-beta, and a O-H∙∙∙O with T335 in Ese-endosulfate) (Fig. S6).  291 

From the values of ρb and Eint (Table S2), it is observed that the strongest 292 

interactions in each complex are a N-H∙∙∙O hydrogen bond in Ese-alpha (-5.0 293 

kcal/mol), a C-H∙∙∙O contact in Ese-beta (-2.6 kcal/mol), and a H∙∙∙H interaction in 294 

Ese-endosulfate (-2.5 kcal/mol). These are manifested as blue or blue-green thick 295 

disks in the NCI isosurfaces depicted in Fig. S7, which are typical of strong or 296 

medium-strength localized interactions (contacts between two atoms), respectively. 297 

Most of the remaining contacts have an Eint lower than -2.0 kcal/mol. Moreover, 298 

they are embedded in green extended surfaces (Fig. S7) that are more abundant 299 

than the localized interactions and which are identified with regions of weak 300 
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delocalized interactions, i.e., zones of van der Waals forces. Thus, these results 301 

suggest that the three ligands show a preference for hydrophobic residues, and the 302 

complexes are stabilized mainly by dispersive interactions, which is consistent with 303 

the fact that the van der Waals terms are predominant in the free energies of 304 

binding (Table 2). 305 

Regarding FMN, the three ligands interact via dispersion forces between Cl, O and 306 

H with the aromatic and non-aromatic rings of the FMN, which are shown as green 307 

concave surfaces in the NCI graphical index (Fig. S7). In agreement, BCPs 308 

connecting the same ligand atoms with the C and N atoms of FMN were also found 309 

(Fig. 6). Additionally, to the dispersive component described by the NCI analysis, 310 

the ligand-FMN interactions also have an electrostatic contribution, as can be seen 311 

from the electrostatic potential (ESP) of the three complexes shown in Fig. 7. The 312 

positive and negative regions around the H and O atoms of the ligands, 313 

respectively, interact with zones of contrary sign in the ESP of the FMN rings. Due 314 

to polarization effects, the Cl atoms possess regions of positive and negative ESP 315 

and, therefore, are able to interact with different parts of the FMN rings. Finally, the 316 

PO4
-2 group of FMN, which has a very negative ESP, never interacts directly with 317 

the ligands, corroborating the latter's affinity for non-polar molecules. 318 

3. Conclusions  319 

Through in silico analysis, we explored the 3D-structure of the Ese-protein to 320 

evaluate the binding site to α-endosulfan, β-endosulfan and endosulfate. Docking, 321 

MDs and quantum chemical studies showed that the residues involved in the 322 
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interaction of Ese-protein with endosulfan and its metabolites fall into the catalytic 323 

site of Ese-protein, suggesting that Ese could degrade endosulfan and its 324 

metabolites. The topological analysis revealed that the three ligands prefer 325 

hydrophobic residues, and the protein-ligand complexes are mainly stabilised by 326 

dispersive interactions. Besides, Ese-protein possesses conserved motifs that 327 

contribute to the degradation of organochlorine compounds present in other 328 

monooxygenase enzymes. These results allow establishing the molecular basis for 329 

the interaction of this protein with this compound; however, further experimental 330 

studies are needed to demonstrate the endosulfate and metabolites degradation by 331 

Ese protein. 332 

4. Methods 333 

4.1. Multiple Alignments of Ese-protein 334 

Multiple alignments were done in BLASTp of The National Center for 335 

Biotechnology Information (NCBI) against the PDB database with the PSI-BLAST 336 

algorithm (Yoshinaga et al., 2014; Blanco-Míguez et al., 2018)  to find crystal 337 

structures similar to Ese from Arthrobacter; after that, multiple sequence 338 

alignments were carried out in Clustal Omega, using default parameters (Madeira 339 

et al., 2019). 340 

4.2. 3D-structure of Ese-protein and homodimer structure  341 

The 3D-structure of Ese-protein from Arthrobacter sp. KW was predicted from their 342 

amino acid sequence downloaded from UniProtKB, ID Q45N64 (UniProt, 2019), and 343 

submitted to the I-TASSER server (Zhang, 2009), where the model with the higher C-344 
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score was selected (Zhang, 2009; Roy et al., 2010; Yang et al., 2015). The following 345 

crystal structures were used as templates from I-TASSER to obtain the 3D model of 346 

Ese-protein: 6AK1 (DmoA from Hyphomicrobium sulfonivorans, 3B9N (LadA from 347 

Geobacillus thermodenitrificans, 5W48 (RcaE from Herbiconiux), 5TLC (BdsA from 348 

Bacillus subtilis WU-S2B), 3SDO (Burkholderia pseudomallei), 1TVL (YtnJ from 349 

Bacillus subtilis), 5DQP (EmoA from Chelativorans sp. BNC1), 5WAN (RutA 350 

Escherichia coli), 1NQK (Alkanesulfonate monooxygenase from Escherichia coli) and 351 

2WGK (3,6- diketocamphane 1,6 monooxygenase from Pseudomonas putida). To 352 

obtain the correct position of the FMN cofactor in Ese-protein, the COFACTOR tool 353 

from I-TASSER was used, where model with the higest C-score was selected. 354 

The structural alignment of Ese-protein 3D model and the crystal structures from 355 

monooxygenase proteins was performed in Chimera using the following crystal 356 

structures PDB: 6AK1, 3B9N, 5TLC, 1TVL, 3SDO and 5W48 (Pettersen et al., 2004).  357 

After that, an MDs of 200 ns was run for the Ese and Ese-FMN. The refined structure 358 

of the Ese-FMN was used to predict the homodimer formation on ClusPro webserver 359 

(Comeau et al., 2004; Kozakov et al., 2017). The predicted homodimer was refined 360 

through 150 ns of MDs. Further, the Ese-FMN was used for docking studies with α-361 

endosulfan, β-endosulfan, and endosulfate in Autodock. All 3D-structure visualizations 362 

were done employing VMD (Visual Molecular Dynamics) software (Humphrey et al., 363 

1996). 364 

4.3. Molecular Dynamics Simulations   365 

Molecular dynamics simulations (MDs) were carried out using NAMD 2.8 (Phillips 366 

et al., 2005) using GPU-CUDA with video card graphics NVIDIA Tesla 367 

C2070/Tesla C2075. The force fields CHARMM22 and CHARMM27 (MacKerell et 368 
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al., 1998) were used to create the topologies for protein and lipids, respectively. 369 

The TIP3 model was used for water molecules. The system was solvated using the 370 

psfgen software in the VMD program (Humphrey et al., 1996), adding 13828, 371 

16946 water molecules and 17,19 sodium ions to Ese and Ese-FMN systems were 372 

added respectively. For Ese-dimer, 27048 water molecules and 38 sodium ions 373 

were added. The systems were minimized for 1000 steps, followed by equilibrium 374 

under constant temperature and pressure (NPT) conditions for one ns with protein 375 

and lipid atoms restrained. Afterwards, 150 ns MDs were run, considering Ese-376 

protein as soluble, without position restraints under PBC (periodic boundary 377 

conditions) and using an (Isothermal-Isobaric) NPT ensemble at 301.15 K, since it 378 

is the temperature where Arthorbacter KW, reported a successful growth (Weir et 379 

al., 2006).  380 

4.4. Trajectory analysis of MDs 381 

The stability and conformational changes of the system's trajectory were evaluated 382 

by analyzing RMSD, RMSF, and the Rg, calculated with the Carma program 383 

(Glykos, 2006), and the representative conformation used for docking purposes 384 

(Koukos and Glykos, 2013). Molecular graphics were performed in SigmaPlot 12.0.  385 

We evaluated the quality of the MDs's last frame compared to the I-TASSER 386 

obtained model, using Ramachandran's plot on the RAMPAGE server 387 

(http://mordred.bioc.cam.ac.uk/~rapper/rampage.php).  388 

4.5. Docking analysis  389 

The ligand structures were retrieved from the Zinc15 database with ID: 390 

ZINC2557938 for α-endosulfan, ZINC18069227 for β-endosulfan, and 391 

ZINC102213075 for endosulfate (Sterling and Irwin, 2015). Ligands were optimized 392 
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with Gaussian 9 (Frisch et al., 2016). Molecular docking of α-endosulfan, β-393 

endosulfan, and endosulfate was performed on Ese-protein using AutoDock 4.2 394 

(Morris et al., 2009). Both receptors and ligands were prepared with Autodock 395 

Tools 1.5.7 (Morris et al., 2009). Kollman and Gasteiger charges were assigned for 396 

proteins and ligands, respectively. The docking was performed with a grid box with 397 

a grid dimension of 40 Å and grid spacing of 0.35 Å, using the Lamarckian Genetic 398 

Algorithm as scoring sampling with an initial randomized population of 100 399 

individuals and a maximum number of energy evaluation of 1 × 107 and 100 runs. 400 

The lowest energy binding position predicted was considered for the analysis. The 401 

visualization and analysis were done in AutodockTools 1.5.7 (Morris et al., 2009). 402 

We obtained the ligands' initial coordinates from docking calculation and performed 403 

50 ns of MDs of each protein-ligand complex, carried out in NAMD 2.8 software 404 

(Phillips et al., 2005) as described above. The topologies and parameters for the 405 

substrates were generated with the SwissParam server (Zoete et al., 2011). The 406 

MDs were performed in the Laboratory of Molecular Modeling and Bioinformatics at 407 

Facultad de Ciencias Químico Biológicas de la Universidad Autónoma de Sinaloa, 408 

and in the Hybrid Cluster Xiuhcoatl (http://clusterhibrido.cinvestav.mx) of the 409 

CINVESTAV-IPN, México. 410 

4.6. Binding free energy calculation of complex protein-ligand 411 

The MM/PBSA approach was employed to estimate the binding free energy of the 412 

protein-ligand complexes. The calculations were performed with the CAFE 1.0 413 

software (Liu and Hou, 2016). For the calculations, the last 20 ns of the MDs of 414 

each system were sampled, analyzing 200 frames. MM/PBSA is a method that 415 
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combines molecular mechanics and continuum solvent, where the binding free 416 

energy (ΔGbind) is estimated as follows: 417 

ΔGbind = Gcomplex – (Gprotein-Gligand)     (1) 418 

Where, Gcomplex is the energy of the protein-ligand complex, and Gprotein and Gligand 419 

correspond to the unbound protein and free ligand in the complex, respectively. 420 

The individual free energies of each one of the components (1), are estimated as 421 

follows: 422 

ΔGbind = ΔEMM + ΔGsolv – TΔS      (2) 423 

Where, ΔEMM is the vacuum molecular mechanics energy due to the interaction of 424 

the ligand and protein in vacuum, ΔGsolv is the solvation energy, and TΔS 425 

corresponds to the entropic contribution, which is not calculated in the present 426 

work; because it involves a higher computational cost and the current methods 427 

remain inaccurate, and it has been suggested that this item can be omitted 428 

because it does not improve the results in large sets (Homeyer and Gohlke, 2012). 429 

Therefore, in the present work, only effective energy is calculated. In addition, 430 

MMPBSA methods render better, more accurate results if effective free energy is 431 

determined (Genheden and Ryde, 2015), therefore, only the effective energy was 432 

calculated. Further, ΔEMM and ΔGsolv are calculated as follows: 433 

ΔEMM  = ΔEvdW + ΔEelec 434 

ΔGsolv  = ΔGPB + ΔGnp 435 
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ΔEvdW and ΔEelec are the van der Waals and electrostatic, respectively; these terms 436 

are contributions due to the vacuum binding between ligand and receptor. In 437 

contrast, ΔGPB and ΔGnp are the electrostatic solvation free energy and non-polar 438 

contributions to the solvation free energy (Kollman et al., 2000; Genheden and 439 

Ryde, 2015). 440 

4.7 Clustering analysis 441 

Aiming the obtention of a representative conformation from the MD simulations of 442 

the ligand-protein complexes to study the structural changes occurred and the 443 

interactions established between the protein and the ligands, a method to reduce 444 

the dimension of the conformation was used. Since MD simulations generate 445 

thousands of conformations of the systems studied, one of the major challenges is 446 

reducing dimensionality of the conformational space and extract accurate 447 

information for further calculations (De Paris et al., 2015). Currently, there are 448 

available several statistical methods to reduce the conformational space and allow 449 

to select representative conformations that captures the average properties of the 450 

system, such as principal component analysis (PCA), clusterin analysis or optimal 451 

wavelet signal compression algorithm (OWSCA), where this last one was 452 

successfully used to extract conformations for further carry out quantum mechanics 453 

(QM) calculations (Wolf and Kirschner, 2013; Gonçalves et al., 2016). Here, 454 

clustering analysis was selected as method of reduction because it groups together 455 

similar conformations into clusters. Therefore, the most populated cluster of 456 

conformations can be identified and use this for further studies (Abramyan et al., 457 

2016). Specifically, the GROMOS algorithm was employed in the current study, 458 
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which allow the obtention of representative ensembles by geometrical similarity 459 

using an RMSD cutoff of 2.0 Å (Lindahl et al., 2001). Further, the most populated 460 

cluster conformation of each complex was used for quantum calculations.  461 

4.8 Quantum chemical calculations 462 

For the quantum chemical calculations, a model was constructed for Ese alpha, 463 

Ese-beta and Ese-endosulfate from a representative structure of the clustering 464 

analysis, considering all residues whose atoms lay within a 5 Å radius around the 465 

ligand. By integrating the electron density in the NCI isosurfaces at different radii 466 

for the 3 systems (Figure S8), it is observed that beyond a cutoff radius of 4 Å no 467 

relevant change is observed. It has been shown in benchmark studies that the 468 

values of these integrations show a strong correlation with interaction energies 469 

computed at the quantum-mechanical golden standard CCSD(T)/CBS (Coupled 470 

Cluster Single-Double and perturbative Triple/Complete Basis Set) level of theory 471 

(Boto et al., 2020). Also, the NCI integrals have shown to be useful for a 472 

quantitative assessment of ligand-protein interactions (Peccati, 2020). Thus, it is 473 

expected that all Ese-ligand interactions beyond 5 Å will be negligible for the 474 

purpose of the topological analysis. 475 

The terminal CO and NH functional groups of the cut residues were completed with 476 

OH and H groups, respectively. Single point calculations (on the model 477 

geometries) were performed with a B3LYP/def2-SVP level of theory with the 478 

Gaussian 16 program (Frisch et al., 2016). A topological study of the DFT-479 

computed electron density was carried out by means of the Non-Covalent 480 



22 
 

Interaction index (NCI) (Johnson et al., 2010), the Quantum Theory of Atoms in 481 

Molecules (QTAIM) framework (Matta et al., 2003), and the electrostatic potential, 482 

in order to characterize the intermolecular interactions that stabilize the protein-483 

ligand complexes. The B3LYP functional was selected because it has been 484 

observed that hybrid-GGA functionals are needed for a correct description of the 485 

electron density (and its derivatives), which is the fundamental property studied in 486 

topological analysis (Medvedev et al., 2017). Besides, the use of this functional 487 

along with double z basis sets has been successful in ligand-protein interaction 488 

studies (Kollar and Frecer, 2017; Frontera and Bauza, 2021; Gervasoni et al., 489 

2022). Since no interaction energies were computed with the DFT method (basis 490 

set superposition error is irrelevant), the def2-SVP basis set provides an optimal 491 

cost-benefit relationship. The Multiwfn (Lu and Chen, 2012) and NCIPLOT4 (Boto 492 

et al., 2020) software were employed for the QTAIM and NCI calculations, 493 

respectively. The results were visualized with the VMD (Humphrey et al., 1996) 494 

molecular graphics program.  495 
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Figures 692 

Figure 1. Multiple Sequence alignment of Ese with other bacterial luciferase 693 

monooxygenases family. Highly conserved regions are shown in green boxes. 694 

The secondary structure is above the alignment in blue. The head of the arrows 695 

(yellow) indicates residues reported in FMN binding. The IR regions are indicated 696 

as a dashed line. 697 

 698 

 699 

 700 

 701 

 702 

 703 
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 704 

 705 

Figure 2. Three-dimensional model of the Ese protein. A) 3D model of Ese 706 

protein. The TIM-barrel is represented by α-helices (purple) and β-sheets (yellow); 707 

the rest of the structure is shown in green. B) Stereo representation of Ese focused 708 

on the insertion regions' conformation, where the IR1 to IR5 are coloured in 709 

magenta, cyan, yellow, purple, and orange, respectively; the C-terminal extension 710 

is coloured red, and the TIM-barrel is shown in grey. C) Cartoon diagram of Ese 711 

protein and the corresponding insertion regions: yellow arrows: β-sheets; cylinders: 712 

α-helix. Axes: X: red Y: green Z: blue. 713 
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 714 

 715 

 716 

Figure 3. Trajectory analysis of molecular dynamics simulation of Ese and 717 

Dimer systems. A) RMSD. B) Rg. C) RMSF. The calculations for this system were 718 

done at 200 ns simulation. Ese trajectory (violet), Ese-FMN trajectory (purple). D) 719 

RMSD of the Dimer. B) RMSF of the Dimer. C) Rg of the Dimer. All calculations 720 

were performed after a simulation time of 150 ns. 721 

 722 

 723 

 724 
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 725 

 726 

 727 

Figure 4. Docking analysis of Ese-FMN with endosulfan and its metabolites. 728 

A) Ese-FMN docked with α-endosulfan. B) Ese-FMN docked with β-endosulfan. C) 729 

Ese-FMN docked with endosulfan sulfate. Hydrogen bonds are represented as 730 

green dot lines. 731 

 732 

Table 1. Docking results and interacting residues of Ese enzyme getting by 733 

Autodock 734 

Model Substrate  Binding energy 

(kcal/mol) 
Residue 

 

ESE 
α-endosulfan -7.37  V59, V315, D316, T335, FMN* 
β-endosulfan -7.14  V59, T60, V315*, D316, T335 
Endosulfate -7.28  H17*, V315, D316, T335, 

N364, Q363* 
 735 
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 736 

Figure 5. Trajectory analysis of molecular dynamics simulation of Ese 737 

protein with endosulfan and metabolites. A) RMSD. B) RMSF. C) Rg. All 738 

calculations were performed after 50 ns of MD simulation. Ese-alpha (black), Ese-739 

beta (blue), and Ese-endo-complexes (light blue). 740 

 741 

Table 2. Binding free energy components of complexes between ligands and Ese-742 
FMN protein (in units of kcal/mol). 743 

Complex ΔEvdw ΔEele ΔGPB ΔGnp ΔGbind 

Ese-Alpha 
-43.7806 -9.0074 36.8318 -4.6845 -20.6407 

Ese-Beta 
-35.7416 -2.9267 23.7527 -4.5384 -19.454 

Ese-Endo -43.5032 -9.1812 43.291 -4.628 -14.0214 

All energies are averaged over 200 snapshots at time intervals of 100 ps from the last 20 744 
ns-long MD simulations and are in kcal/mol.  745 
 746 

 747 
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 748 

Figure 6. Intermolecular specific interactions. A) Ese-alpha B) Ese-beta, and C) 749 

Ese-endo. Interactions are indicated by the BCPs and BPs (orange dots and lines, 750 

respectively). 751 

 752 

 753 
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 754 

Figure 7. Electrostatic potential of the complexes (drawn at 0.05 a. u.). A) Ese-755 

alpha. B) Ese-beta. C) Ese-endo. The scale is indicated at the top of the figure. 756 


