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ABSTRACT 
The major obstacle in controlling malaria is the mosquito’s resistance to insecticides, including pyrethroids. The 

resistance is mainly due to the over-expression of detoxification enzymes such as cytochromes. Insecticides 

tolerance can be reduced by inhibitors of P450s involved in insecticide detoxification. Here, to design potential 

CYP6P3 inhibitors, a homology model of the enzyme was constructed using the crystal structure of retinoic acid-

bound cyanobacterial CYP120A1 (PDB ID: 2VE3; Resolution: 2.1 Å). Molecular docking study and 

computational modeling were employed to determine the inhibitory potentials of some phytoligands isolated from 

Ficus sycomorus against Anopheles coluzzii modeled P450 isoforms, CYP6P3, implicated in resistance. Potential 

ligand optimization (LE) properties were analyzed using standard mathematical models. Compounds 5, 8,and 9 

bound to the Heme iron of CYP6P3 within 3.14, 2.47 and 2.59 Å, respectively. Their respective binding energies 

were estimated to be -8.93, -10.44, and -12.56 Kcal/mol. To examine the stability of their binding mode, the 

resulting docking complexes of these compounds with CYP6P3 were subjected to 50 ns MD simulation. The 

compounds remained bound to the enzyme and Fe (Heme):O (Ligand) distance appeared to be maintained over 

time. The coordination of a strong ligand to the heme iron shifts the iron from the high- to the stable low-spin form 

and prevented oxygen from binding to the heme thereby inhibiting the catalytic activity. The LE index showed the 

high potential of these compounds (5 and 8) to provide a core fragment for optimization into potent P450 inhibitors. 

Keywords: Homology modeling; CYP6P3; Molecular docking; Molecular dynamics simulation ligand efficiency; 

CYP6P3 inhibitors. 

 

INTRODUCTION 

Malaria vector control strategy generally uses 

traditional approach to decrease global malaria cases. 

These measures include space spraying, indoor residual 

spraying, long-lasting insecticidal nets, larval source 

management, bio-larvicide application, etc (1). The world 

health organization (WHO) recommends the use of 

pyrethroid insecticides only for adult mosquitoes in 

current vector control program (1)(2). In recent times, 

resistance of the adult mosquitoes to these insecticides was 

reported widely, making research targeted at new classes 

of insecticides incredibly important (1)(3). Also, some 

insecticides/pesticides have apparent environmental 

shortcomings, due to their persistence in the surroundings. 

These persistent insecticides are prone to resistance by 
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insects much more commonly than non-persistent 

insecticides. Photo-degradation by sunlight is one of the 

pathways that destroy pesticides when release to the 

environment (4). 

Cytochrome (P450) monooxygenase, a protein of 45–55-

kDa, is a structurally different family of hydrophobic, heme-

containing, membrane associated enzymes involved in the 

metabolism of xenobiotics such as insecticides in mosquitoes, 

thereby causing resistance. In insects, P450s are inducible and 

metabolize diverse collection of substrates. This usually 

results in the detoxification of the insecticide to more soluble 

and less toxic forms. Thus, P450s play important role in 

numerous aspects of insect biology, physiology and the 

insecticide resistance (5)(6). The resistance linked to P450s 

occurs probably due to gene(s) over expression (6). Cis- and 

trans-regulating factors involved in P450 gene expression are 

also implicated in the insecticide resistance. This may be 

responsible for the resistance and consequences of malaria 

cases in the region. The mosquitoes have a genomic collection 

of over 100 P450 genes (7)(8)(9), that can mount defense against 

the insecticides leading to insecticide resistance. The CYP6 

family of P450 enzymes has been reported to be up-regulated 

in the majority insecticide resistant malarial vectors (10). 

CYP6M2, CYP325A3, CYP6Z1, CYP6Z2 CYP6Z3, 

CYP6P3, CYP9K1 and CYP4G16 (10)(11)(12)(13), has been 

established to be up-regulated in adults pyrethyroids resistant 

mosquito strains. These enzymes are recognized for mono-

oxygenase activities, in which they catalyze the transfer of one 

atom of molecular oxygen (O2) to a substrate (e.g., 

insecticides) and reducing the other oxygen to water during the 

reaction. They also show other catalytic properties such as 

being oxidases, reductases, desaturases, dealkyalases, 

isomerases, C-C cleavage and dimerization reactions (14). 

P450s almost always act as monooxygenases, or 

mixed-function oxidases, using the stoichiometric 

mechanism shown in equation (1).The reaction utilizes the 

pyridine nucleotide NADH or NADPH as a cofactor which 

deliver electrons via a flavoprotein or an iron-sulfur 

protein. (15) 

R + NAD(P)H + O2                       NAD(P)+  + RO +  

H2O…………………………(1) 

 

Where: R is the insecticide or xenobiotics.  

 

The P450s enzymes are generally inhibited by 

mechanism-based inhibition through covalent 

modifications of the active site amino acid residues and / 

or the central heme group of the enzyme which result to 

irreversible enzyme inhibition (16). This P450s inhibition 

leads to prevention of insecticides detoxification in 

mosquitoes and restore the efficacy of the insecticides in 

mosquitoes’ resistance strains. The most frequently use 

P450s inhibitor nowadays is Piperonyl butoxide (PBO).  It 

has being use as insecticide synergist of pyrethroids 

against mosquito vectors (17)(18). Additive or synergistic 

applications through combination of PBO and another 

insecticide such as pyrethroids with different mode of 

action may completely restore the efficacy of pyrethroid 

insecticides on resistant Anopheles mosquitoes (19)(20).The 

PBO have reported to have some environmental, non-

target organisms and human toxicities (21)(22). As such, it 

warrants formulating a new insecticides or synergists or 

potentiating agents that are human and eco-friendly (20). 

Over-expression of CYP6P3 isoform of P450 has been 

reported in Benin and Nigeria malaria vectors (23). The 

CYP6P3 isoform is known to metabolize insecticide such as 

pyrethroids and bandiocarb (24)(25). After many decades of 

insecticides pressure, mosquito populations have become 

resistant to multiple chemical insecticide families, 

compromising the effectiveness of chemical-based control 

(26). Many insecticides, including the organochlorines, 

organophosphates and carbamates, persist in the environment 

as toxic waste (27) and are neurotoxic not only to humans, but 

to livestock (28). Furthermore, the redundant mode of action of 

insecticides may accelerate the emergence of cross-resistance 

to other insecticides (27).  

The resistance of insects to insecticides can be 

minimized or enhanced by inhibitors of cytochrome P450s 
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involved in insecticide detoxification. Today, there is an 

urgency to develop alternative control methods, including 

novel insecticides, to better manage resistance and 

maintain effective tools for fighting vector-borne diseases 

such as malaria.  Insights into molecular mechanisms of 

interactions of natural compounds with some mosquito 

P450s implicated in resistance can be of important for the 

rational design of new insecticides or insecticide 

synergists, and for insecticide resistance management 

control of malaria vectors. The insecticidal and acricidal 

activities of plant called Ficus sycomorus have been 

reported by Rhome (29). The study identified 22 main 

compounds in the leaf extract that were more toxic in 

fumigant toxicity test than contact phase to insects. Ficus 

benghalensis and Ficus sarmentosa var. henryi were 

proven to have larvicidal activities against different larval 

stages of both Culex and Anopheles mosquitoes (30).  

Phytochemicals act at multiple, novel target sites 

(31)(32)(33)(34), thereby reducing the potential for resistance 

(32)(35)(36). Some bioactive compounds, rhinacanthin-A, -B, 

and –C (Figure 1), isolated from Rhinacanthus nasutus 

exhibited potent inhibitory activity against both 

CYP6AA3 and CYP6P7 isoform from Spodoptera 

frugiperda cells (37). 

Natural insecticides such as azadirachtin, pyrethrins, 

rotenone, spinosad and abamectin were proved to be 

effective against insects (38). But selectivity durability and 

safety of botanical insecticides are not total and some natural 

insecticidal compounds are very toxic to humans and non 

target organisms (38). Pyrethrum or pyrethrins, extracted 

from Chrysanthemum cineraria seed has been used locally 

as an insecticide to control insects for centuries. The 

pyrethrins are particularly labile when exposed to the UV 

element of sunlight (Fig. 1). This fact significantly restricted 

the use of this natural insecticide outdoors. A study 

previously reported the pyrethrins half-life on tomato and 

bell pepper fruits grown in a field were 2 h or less than that 

(39). This problem of pyrethrins labiality created the need for 

the search of new or development of synthetic derivatives 

that are more stable in sunlight, effective, non-toxic to non-

target organisms and eco-friendly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Chemical structures of some natural insecticides: Azadirachtin (B) and Pyrethrins and its derivatives (B) (38). 
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According to Jones et al.(40), understanding the 

complexity of insecticide resistance mediated by P450s 

relies on homology modeling since the crystal structures is 

not available. Such modeling, as explained by de Graaf et 

al. (41), has greatly improved the understanding of the 

complexity of insecticide resistance. In this study, 

homology model of CYP6P3 is built and binding of Ficus 

sycomorus phytoligands to the protein was investigated 

using molecular docking. Molecular docking allows for 

prediction of binding mode and binding affinity of these 

potential inhibitors. Ligand efficiency (LE) calculation 

was performed to further evaluate the potency of the 

compounds.  Molecular dynamics simulation was used to 

rapidly validate results obtained from both docking and LE 

calculation. 

Methods 

Computational Methods 

Homology modeling and system setting 

FASTA sequence files of the target proteins were 

retrieved from the Uniprot database (42). Crystal structure 

of retinoic acid bound cyanobacterial CYP120 A1 (PDB 

ID: 2VE3; Resolution: 2.1 Å) was retrieved from the 

protein data bank (43). Modeler structure prediction 

software (44) was used to construct the homology model of 

mosquito’s CYP6P3. Structural validation was carried out 

using ProSAweb server (https://prosa. services. came. sbg. 

ac.at/prosa.php) on which the overall quality of the model 

was calculated by comparing its z-score with the z-score 

values of the protein structures determined experimentally. 

This model was found to be within the region of structures 

determined by X-ray crystallography (Figure 2A), and 

with minimum residual energy content (Figure 2B). The 

model was then prepared, preprocessed, corrected the 

bond orders, added hydrogens and disulfide bonds where 

necessary, assign correct atom charges based on the 

protonation state using predicted pKa values at 

physiological pH. The charge state was optimized, and 

restrained minimization was carried out.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Structural validation of the best model:  ProSA-web z-scores of protein chains from protein data bank 

that were determined by X-ray crystallography (light blue) and NMR spectroscopy (dark blue) with respect to their 

length. The plot showed that CYP6P3 (black spot) with the z-score value -8.00 is within the range of native 

conformation (A). The energy plot showing the local model quality by plotting energies as a function of amino acid 

sequence position i—positive values correspond to erroneous parts of the model (B).
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Molecular docking and ligand optimization calculation 

Dockings were done using the Glide software (45). The 

extra precision (XP) scoring function of the GLIDE was 

used to model ligand-protein interaction with increased 

accuracy (46)(47). The template crystal structures were used 

to create docking grid file.  The grid file was generated 

using a van der Waals scaling factor of 1 and a partial 

charge cutoff of 0.25.  Ligands were docked into the 

generated grid of the protein receptor using an OPLS3 

force field and their docking scores were calculated using 

Glide XP scoring function (48). 

 The XPG score optimized the ligand binding energy 

on the behalf of the force field parameters, and penalties 

that had significant influences over the receptor-ligand 

binding. The following equation denotes the formulae for 

XPG calculations. 

Score= a*vdW+b*Coul+Lipo+Hbond+Metal+BuryP+Ro

tB+Site…….(2) 

Where: vdW, Coul, Lipo, H bond, metal, BuryP, Rot 

B, and Site denote van der Waals energy, Coulomb energy, 

lipophilic contacts, hydrogen-bonding, metal-binding, 

penalty for buried polar groups, penalty for freezing the 

rotatable bonds, and polar interactions with the residues in 

the active site, respectively; a = 0.065 and b = 0.130 are 

coefficient constants of van der Waals energy and 

Coulomb energy, respectively. 

Ligand optimization predictions 

The Ligands optimization parameters were determined 

using mathematical equations below: 

Ki= 10(ΔG/1.366) (49)………   .(3) 

LE = ΔG° / HA = (-2.303RT/HA) ×log(Kd/C°) (LE 

≥0.3)(50)……         ……..(4) 

 

Where: ΔGo = -2.303RT×log (Kd/C°) 

R is the ideal gas constant (1.987x10-3 kcal/K/mol) and 

T is the temperature in Kelvin (K), Co is the standard 

concentration, and Kd is the binding constant.  

The above formulae assumed that the binding ΔG is 

directly proportional to the number of heavy atoms or non-

hydrogen atoms in the ligand. And the standard reference 

assumption for the formulae is aqueous solution at 300 K, 

pH = 7, all other concentrations being 1 M. At this 

experimental state, the formulae term -2.303RT is 

approximately -1.37 kcal/mol, when the Kd is expressed 

as the logarithm to base 10 (log Kd). LE does not state that 

a change in the heavy atom count of +1 results in a log 

order change in affinity (pKd=1) (51). Projected suitable 

values of LE for good candidates are >~0.3 kcal/mol/non-

hydrogen atom (HA) (based on a <10nM molecule having 

HA of 38 (~500 Da) (52) and cLogP (Desolvation) of <3 (53). 

To play down the important of ligand size in the 

binding affinity, two size-independent modifications of LE 

indices using heavy atom count only have been proposed. 

These are Fit Quality (FQ) (54) and Size Independent 

Ligand Efficiency (SILE) (55). 

Fit Quality (FQ) = LE/LEscale…………………(5) 

LEscale = 0.873e-0.026×HA   - (0.064)    (FQ ≥0.8 as hit) 

(52)……………..(6) 

SILE = pIC50 or pKi ÷ HA0.3 

………………………….(7) 

Or = -RTln (pKi)/ (NHA)0.3………………………(8) 

 

Reducing the ligand size and lipophilicity tends to 

increase ligand efficiencies, and the individual target 

datum suggests that doing so may not necessarily be 

detrimental to affinity for many targets. 

Molecular dynamics simulation 

The free form of CYP6P3 enzyme and its docking 

complexes with compounds 5, 8, and 9 were prepared for 

MD simulation. Input files were generated using 

CHARMM-GUI server (http://www.charmm.org) (56), via 

which the ligands were parameterized using CHARMM 

General Force Field (CGenFF) server 

(https://cgenff.paramchem.org/) (57). MD simulation was 

performed using Nanoscale MD (NAMD) software (58). A 

1000-steps minimization by steepest descent method; 5 ns 

equilibration in standard number of particles, volume, and 

temperature (NVT) ensemble; and unrestrained 50 ns-
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production MD simulations in standard number of 

particles, pressure, and temperature (NPT) ensemble were 

performed. The simulation was carried out at 2 fs time 

scale, and the trajectory frame was collected every 100 ps. 

To identify the dominant structure, each trajectory was 

clustered using RMSD cutoff of 3.0 Å using Chimera(59). 

Ligand binding mode stability was assessed by computing 

root mean-square deviation (RMSD), root mean-square 

fluctuation (RMSF), radius of gyration (Rg), and Fe 

(Heme)- O(Ligand) distance over the entire simulation 

period. 

Results 

Molecular docking of phytoligands in the active site of 

CYP6P3 is presented in table 1 below. Eight (8) compounds 

from the GC-MS analysis of active fraction of F. sycomorus 

with 1 standard inhibitor (Compound 9- the PB0) (Fig. 3) 

were docked into the active site of the enzyme. The binding 

energies for compound 1, 2, 5, 8 and 9 were 3.77, 2.89, 8.93, 

10.44 and 12.56 Kcal/mol, respectively. However, 

compounds 3, 4, 6 and 7 were too large to fit into the active 

site of the CYP6P3. Compounds 5, 8 and 9 bound to the 

heme-iron at a regioselective distance or putative 

hydroxylation sites of 3.14 Å (Fig. 4), 2.47 Å (Fig. 5) and 2.59 

Å (Fig. 6), respectively, which is less than the maximum 

distance required for reactivity (6 Å) with Fe-atom of the 

heme group. The common interacting amino acid residues in 

the binding pocket were Phe123, Val310, Pro379 and Val380 

(Fig. 4-6). These and other residues contributed to the stability 

of the enzyme-ligand interactions via hydrophobic and π-π 

interactions (Fig. 4-6). Estimating the binding affinity of a 

small molecule in the active site of the receptor helps to 

understand ligand-protein interaction. These molecular 

interactions occur through hydrogen bond and phi-

interaction. Phyto-ligands 5and 8 bound well to the heme iron 

at close distance to CYP6P3 and thus may be potential 

inhibitors (Table 1). The amino acid residues such as Phe123 

close to the heme/porphyrin of the modeled CYP6P3 

indicates that it may be involve in π-π interactions with the 

heme ring, and make available, the electrons that can be 

supplied for the formation of the activated and stabilizing 

oxygen atom during the reaction with the ligand (Fig. 4-6). 

Other amino acid residues lining the active site have no π-

electron to contribute except for the hydrophobic side chains 

(Fig. 4-6).  These side chains could be engaged in steric 

interaction with the heme group (Fig. 4-6).  

 

Table 1: Binding energies and Ligand-heme iron Distance of CYP6P3 interactions with F. sycomorus 

phytoligands 

Compounds Name of Ligand ΔG (Kcal/mol) Distance from heme (Å) 

1 Dodecane, 4,6-dimethyl- -3.77 - 

2 Heptadecane -2.89 - 

3 Eicosane Non-inhibitor - 

4 4,8,12,16-Tetramethylheptadecan-4-olide Non-inhibitor - 

5 Bis(2-ethylhexyl) phthalate -8.93 3.14 

6 Tetracontane Non-inhibitor - 

7 Squalene Non-inhibitor - 

8 Sigmasterol -10.44 2.47 

9 Piperonyl butoxide (PBO) -12.56 2.59 
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Figure 3. The phytoligands from active fraction of Ficus sycomorus obtained from GC-MS analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Docking pose and interaction diagram of compounds 5 with CYP6P3. Compound 5 bound to CYP6P3 

by coordinating with Fe2+ of the heme group via oxygen and hydroxyl groups. 
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Figure 5. Docking pose and interaction diagram of compounds 8. Compound 8 bound to CYP6P3 by 

coordinating with Fe2+ of the heme group via oxygen and hydroxyl groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Docking pose and interaction diagram of compounds 9. Compound 9 bound to CYP6P3 by 

coordinating with Fe2+ of the heme group via oxygen and hydroxyl groups.
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Ligand optimization prediction 

From molecular docking studies, most of the 

pytoligands appeared to be too big to fit into the active site 

of the enzymes generally due to molecular structure and 

size. The ligand optimization potentials of these promising 

fragments were evaluated, and the result is presented in 

Table 2. The ligand efficiency parameters: ligand 

efficiency, size independent ligand efficiency and Fit 

quality potentials of the fragments from F. sycomorus 

active fraction (LE, SILE and FQ) showed characteristics 

potential for molecular optimization. 

 

Table 2: Physiochemical/bioactivity prediction of Phytoligands from F. sycomorus for potential optimization 

Compound Ki(M) LE(kJ/mol/HA SILE LEscale FQ 

1 27.60 0.27 12.49 0.54 3.65 

2 21.16 0.17 9.04 0.50 2.48 

5 65.37 0.37 24.03 0.36 6.47 

8 76.43 0.36 27.59 0.34 7.50 

9 - - - - - 

 

Compounds 5 and 8 have LE of 0.37 and HA of 0.36 

kcal/mol/, respectively. This is within the range of   

standard LE of developable drug fragment (≥ 

0.3Kcal/mol/HA). While compound 1 can be enhanced, 

compound 2 appears to be poor target fragment with LE 

0.17 kcal/mol/HA (Table 2). The SILE and FQ of these 

phytoligands were good with the best being compound 8 

(FQ= 7.50; SILE = 27.59) and can be good starting 

material for optimizations. 

Molecular dynamics simulation  

Molecular dynamics simulation has proven to be a 

powerful tool used for examining the stability of ligand 

binding mode (60) The four systems simulated showed 

increased RMSD trend until halfway through the 

simulation, beyond which convergence was reached until 

the end of the simulation (Fig. 7A). This increased RMSD 

trend of the modeled structure of CYP6P3 showed 

structural adjustment and transition to potential active 

structure (61). Nevertheless, the ligands slightly reduced the 

structural deviation toward the end of the simulation. 

These trends are consistent with residual fluctuation 

(RMSF) (Fig. 7B), and radius of gyration—a measure of 

protein structural compactness (Fig. 7C). Furthermore, 

owing to the potential role of Fe2+coordination by ligand, 

timeline of distance between Fe2+ and O on the ligands was 

computed. This distance showed stable trends (especially, 

for compound 8 and 9) over time (Fig. 7D).  

Trajectory clustering identified dominant structure 

representing 78%, 69% and 64% respectively, compound 

5, 8, and 9 systems. For these structures, the Fe2+:O 

distance was found to be 2.98 (Fig. 8A), 2.77 (Fig. 8B) and 

2.27 Å (Fig. 8C) respectively, for compound 5, 8, and 9. 
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Figure 7. Molecular dynamics simulation results: (A) root mean-square deviation (RMSD) (B); root mean-

square fluctuation (RMSF); (C) radius of gyration; and (D) Fe2+:O distance profiles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Analysis of binding mode of ligands following 50 ns MD simulation: (A) compound 5; (B) compound 8; 

and (C) compound 9.
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Discussion 

Computational studies using molecular docking and 

modelling are generally vital tools used by many 

researchers for new drug design and development. The 

docking simulations are also reported as a useful tool, 

illustrating for example, the cytochrome P450 isoforms 

that can metabolize insecticides. The docking simulation 

can also rationalize the observed heterogeneities of 

substrate preferences and metabolism detected among the 

P450 enzymes family (62)(63). In the absence of crystal 

structure of P450 isoform, the knowledge of the molecular 

structure of the insect P450s have only been possible 

through homology modelling (40). In silico homology 

modelling study is an explanatory tool rather than 

predictive tool (64), and can be used to investigate structure-

function of the enzyme targets. 

The docking scores showed promising inhibitory 

potentials of some pytoligand from F. sycomorus active 

fraction against CYP6P3 isoform. Out of the 10 

compounds assessed, only 4 ligands fitted into active site 

of the enzyme— 3 of which formed contacts with the 

central heme iron, whereas the rest were too big to fit in 

the active site of CYP6P3. Several studies have revealed 

that the molecular properties that impact the binding of a 

substrates are the ligand linear planarity, the Highest 

Occupied Molecular Orbital (HOMO) energy, Phe residue 

𝜋 − 𝜋 stacking, optimum placement of acceptor and donor 

substituent for interaction with the polar residues in the 

active site, and desolvation (ClogP) (65)(66). The 

ligand/molecule planarity (area/depth2 ratio) and 

molecular mass were established to be the vital requisites 

for ligand to be particularly P450s substrates/inhibitors. 

The chemistry of the F. sycomorus ligands used in this 

study showed that they have a relative molecular mass 

ranging from 198-562 Da. 

Compounds 5, 8, and 9 docked well into the active site 

of CYP6P3, whereas compounds 3, 4, 6 and 7 were 

practically unfit due to steric clashes. Due to the rigid 

protein target approximation used in Glide programs, the 

ligands with steric clashes for a specific protein 

conformation are not good scorers. These ligands are 

referred to as non-inhibitors of CYP6P3. This may be due 

certain factors, such as, the rotamer side chain that may 

obstruct ligand atoms from binding to their favored spot in 

the binding site. The fitting ligands are ranked by Glide XP 

whereas the unfitting ligands need an induced-fit modus 

operandi (67)(68) to suitably assess their binding affinities (69). 

The best distance linking the substrate/inhibitor atom 

of oxidation to the heme iron atom (4.0 Å - 7.5 Å range) is 

regarded as the important yardstick for determining the 

best mode of inhibitor/substrate binding. The 6.0 Å 

distance or less between the heme iron and an atom in the 

substrate/inhibitor were marked as reactive since 

activation of the C-H bond by the heme-Fe-O reaction 

complex during catalysis is likely (70). A general method to 

identify a successful docking pose of P450 is to necessitate 

that an inhibitor/substrate’s site of metabolism (SOM) is 

within a specific range or distance from the heme central 

iron in a state of lowest binding energy conformation. 

Frequently, the maximum distance of 6 Å were suggested 

(71)(72). A lengthy distance from the heme iron produces a 

wide area above the heme plane in P450 structures which 

subsequently allowed room for other inhibitors/substrate 

atoms besides the SOM. This paves way for error prone 

process of identifying the SOM due to present of multiple 

substrate atoms at the active sites.  

The P450s have quite number of potentials inhibition 

stages in their reaction cycle, Viz: substrate binding, ferric 

(Fe3+) to ferrous (Fe2+)(one electron) reduction, oxygen 

binding to ferrous iron, second electron transfer to the 

ferrous-oxy-substrate complex and subsequent activated 

oxygen intermediate and water release, activated oxygen 

insertion to substrate and release of the oxygenated product 

and Ferric (Fe3+) form of the P450s (73). The substrate 

binding, Oxygen binding and transfer of activated oxygen to 

the substrate stages were more prone to inhibition (74). 

Several reversible inhibitors act by coordinating with the 

prosthetic heme iron atom as depicted in figure 3. This 
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coordination shifts the heme-iron from the high to the low 

spin form producing a difference spectrum product (75). The 

change in the iron spin state occurs concurrently with a 

change in the redox potential of the P450. This eventually 

makes reduction by the P450 reductase more difficult (76). 

Thus, the inhibition of CYP6P3 by these ligands is a 

consequence not only for the occupation of the sixth 

coordination site of the iron but also the altering the 

reduction potential of the heme central iron. 

These phytoligands may also form quasi-irreversible 

complexes with the heme central iron-atom. Some 

inhibitor compounds such as alkyl and aryl 

methylenedioxyl classes are generally catalyzed by P450 

to form intermediate species that tightly coordinate to the 

prosthetic group forming stable metabolite intermediate 

complexes (MI complexes) (77). Another proposed 

inhibition mechanism of these phytoligands is that they 

may be oxidized by P450s to an electrophilic reactive 

intermediate, which forms covalent bonding with the 

enzyme protein structure causing mechanism-based 

inhibition (78)(79). 

Hydrophobic side chain has been proposed to strongly 

interact with hydrophobic substrate/inhibitor and support 

water displacement from the active sites during binding (80) 

as proposed in this study. Consequently, hydrophilic group 

in the ligands can maintain the iron in low spin state and 

prevent dislodgment of water molecules from the enzyme 

active site and thus, inhibiting its activities. The placement 

of water molecules that are directly involved in binding 

and the rigidity of side chains can dramatically influence 

the posing of ligands. And where conformational changes 

upon binding occur, rigid active sites are limited in their 

ability to predict poses (81). This agreed with these study 

findings as hydrophilic groups from compounds 5, 8 and 9 

interact with heme iron and probably maintaining the heme 

iron in stable low spin state and inhibit oxygen binding. 

The computed LE decreases with increasing number of 

heavy atoms as previously observed by Reynolds et al. (54) 

and Reynolds et al.(82). This is contrary to our finding which 

showed increase in LE with increase of heavy atoms.  The 

contributing factors to the decrease LE for the larger ligands 

might be due to less favorable binding entropies for larger 

and flexible compounds (83).  Analysis of large numbers of 

protein-ligand complexes over a wide range of affinities (84) 

demonstrates that suitable/optimal, ligand efficiencies are 

analytically higher for small ligands than large ones. This 

agreed with the data of this study where compound 5 and 8 

showed efficiency greater than 0.3Kcal/mol/HA and thus, 

can potentially be optimized. Fit Quality (FQ) and SILE 

convert LE into a metric that is more consistent across wide 

ranges of molecular size. Similarly, this approach has also 

been applied to derive size independent enthalpy 

efficiencies, where free energy is replaced by enthalpy (84). 

Analysis of enthalpy and entropy efficiencies showed that 

the size dependency of a ligand is generally associated with 

enthalpy (85). In addition, MD simulation revealed the 

potentially stable binding mode of compound 5, 8, and 9, 

thereby further validating both the docking and ligand 

optimization results. 

Conclusion 

Compounds 5, 8 and 9 bound to the Heme iron of 

CYP6P3 at proximity less than the maximum distance 

required for reactivity (6 Å). The binding energies indicate 

non-spontaneous interaction and energy consuming 

process with the enzyme active site. The most common 

amino acid residues in the binding pocket were Phe123, 

Val310, Pro379 and Val380. Some reversible and 

irreversible inhibitors act by coordinating with the 

prosthetic heme iron atom and formation of quasi-

irreversible complexes with the iron of the heme prosthetic 

group, respectively. The LE matrics showed high potential 

of these compounds (particularly, compound 5 and 8) to 

form core fragment for optimization into a potent P450s 

inhibitors via molecular tactics such as carbon atom 

replacement and lipophilic group addition. MD simulation 

performed for these complexes to assess the stability of 

ligand binding mode. The results show that in addition to 

being stable in the enzyme binding pocket, these 
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compounds maintained Fe2+(Heme):O (Ligand) distance 

over time. Thus, these compounds could serve as potential 

insecticide synergists and/or provide scaffold for further 

optimization into potent CYP6P3 inhibitors.  
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كمثبطات محتملة لإنزيم  Ficus sycomorusدراسات النمذجة الجزيئية لبعض النباتات النباتية من جزء 
 Anopheles coluzziمن  CYP6P3السيتوكروم 

 
 *4، عبد الله إبراهيم أوبا3، كمال يلكجي2إزانييكا، لورنس 2أنوسيك ، شيوما أ.*1،2أبا باباندي

 
 .بايرو، نيجيرياقسم الكيمياء الحيوية جامعة  1
 .، نيجيريالكيمياء الحيوية، جامعة نيجيرياقسم ا 2
 .قسم المعلوماتية الحيوية وعلم الوراثة ، كلية الهندسة والعلوم الطبيعية ، جامعة قادر هاس، تركيا 3
 .، الصينبكين لبحوث العلوم الحاسوبية، مركز قسم النظم المعقدة 4

  

 ملخـص
العقبة الرئيسية في مكافحة الملاريا هي مقاومة البعوض للمبيدات الحشرية، بما في ذلك البيرثرويد. ترجع المقاومة بشكل 
أساسي إلى الإفراط في التعبير عن إنزيمات إزالة السموم مثل السيتوكرومات. يمكن تقليل تحمل المبيدات الحشرية عن طريق 

المحتملة، تم إنشاء  CYP6P3، لتصميم مثبطات لسموم من المبيدات الحشرية. هنااالمشاركة في إزالة  P450sمثبطات 
 :PDB)معرف  CYP120A1نموذج تماثل للإنزيم باستخدام التركيب البلوري للبكتيريا الزرقاء المرتبط بحمض الريتينويك 

2VE3  :2.1؛ القرار Åحديد الإمكانات المثبطة لبعض النباتات(. تم استخدام دراسة الالتحام الجزيئي والنمذجة الحسابية لت 
، المتورط في  P450  ،CYP6P3النموذجي  Anopheles coluzziiضد  Ficus sycomorusالنباتية المعزولة من 

 9و  8و  5( باستخدام النماذج الرياضية القياسية. المركبات LEالمقاومة. تم تحليل خصائص تحسين الترابط المحتمل )
، على التوالي. قدرت طاقات الارتباط الخاصة بكل Å 2.59و  2.47و  3.14ضمن  CYP6P3لـ  Hemeمرتبطة بحديد 

كيلو كالوري / مول. لفحص ثبات وضع الربط الخاص بهم، تم إخضاع مجمعات  12.56-و  10.44-و  8.93-منها بـ 
 Feالمركبات مرتبطة بالإنزيم و  . ظلتMDنانوثانية  50لمحاكاة  CYP6P3الالتحام الناتجة من هذه المركبات باستخدام 

(Heme) يبدو أن مسافة :O (Ligand قد تم الحفاظ عليها بمرور الوقت. يؤدي التنسيق بين ليجند قوي إلى حديد الهيم )
إلى تحويل الحديد من الشكل العالي إلى شكل الدوران المنخفض المستقر ومنع الأكسجين من الارتباط بالهيم وبالتالي تثبيط 

 القوية. P450لتوفير جزء أساسي لتحسين مثبطات ( 8و  5القدرة العالية لهذه المركبات ) LEالنشاط التحفيزي. أظهر مؤشر 
 .CYP6P3؛ الالتحام الجزيئي كفاءة يجند محاكاة الديناميات الجزيئية؛ مثبطات CYP6P3نمذجة التنادد.  الكلمات الدالة:
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