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a b s t r a c t 

In order to develop specific inhibitors of CYP3A4, we chose new derivatives of adipic acid the 2,5-(5-aryl tetrazol- 
2yl) dimethyl adipate L1 -L5 . During this study, the Ritonavir molecule known as inhibitor of the cytochrome 
CYP3A4 are chosen as a reference. A molecular docking simulation on the enzyme 7UAZ is conducted for the lig- 
ands L1 -L5 , in order to study the predictive binding affinity and the interaction mechanism of the 5-aryltetrazolyl 
substituents introduced at positions 2 and 5 of adipic acid. A molecular docking study revealed that the relative 
activation energy level ranged from –10.1 to –7.6 kcal/mol, falling within the range of Ritonavir at –9.0 kcal/mol, 
which confirms the stability of the ligands within the studied enzyme. The results show that the binding mode 
of the ligands on the enzyme 7UAZ varies significantly depending on the substituent at the -C5 position of the 
tetrazole, with the best results obtained for the ligands L2 and L5 . Then a comparative study based on silico 
ADMET properties selected only L2 as a potential inhibitor of CYP3A4. A 100 ns molecular dynamics simulation 
on the ligand-protein complex highlights the stability of ligand L2 within the 7UAZ protein. 
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. Introduction 

In accordance with the tetrazole ring is isosteric from the carboxylic
cid action. Moreover, the heterocycle is regarded as particularly impor-
ant in a variety of disciplines, including pharmacology, biochemistry,
nd enzymology. Also, substituted tetrazoles have a variety of biologi-
ally distinctive properties [ 1–8 ]. The key to developing new treatments
or chronic and infectious immune diseases is the development of new
iomolecules with encouraging pharmacological properties and promis-
ng synthesis. In medicinal chemistry, tetrazolic compounds are used
n the manufacture of medicines. Cefamandole is an antibiotic, while
lmesartan, losartan, and candesartan are antihypertensives that act on
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ngiotensin II inhibition. Also, cenobamate (ontozry) is an antiepileptic
 Fig. 1 ) [ 9–11 ]. They also, treat acquiredImmune deficiency syndrome
AIDS) [ 12 ] and cancer [ 13 ]. Studies have shown that further nitrogen-
ased compounds have the ability to non-covalently bind to specific
eceptors and demonstrated their effectiveness in antiviral treatments
 14 ]. 

Ritonavir ( Fig. 2 ), the reference compound used in this study, has
een identified in the literature as an inhibitor of the CYP3A4 enzyme
 15 , 16 ]. This enzyme is definitively deactivated by ritonavir through a
rocess that remains uncertain [ 17 ]. 

CYP3A4, the primary human enzyme in this work, belongs to the
ytochrome P450 superfamily. It is responsible for the biosynthesis and
MTARA) . 
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Fig. 1. Illustrations of drugs containing the tetrazole ring. 

Fig. 2. 2D structure of Ritonavir. 
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etabolism of xenobiotics [ 18 ]. It is essential to monitor one’s activ-
ty in order to assess the metabolism of medications and identify po-
entially harmful drug interactions. In addition, the functions as an an-
iretroviral (anti-HIV) agent by inhibiting the aspartyl protease of the
uman immunodeficiency virus [ 19 ]. Human immunodeficiency virus
2 
HIV) protease inhibitors render the enzyme unable to synthesize the
olyprotein precursor Gag-pol, resulting in the production of HIV parti-
les that are morphologically immature and incapable of initiating new
nfectious cycles. However, in addition to its very low inhibitory activ-
ty on human aspartic proteases, the adverse effects of Ritonavir make
t necessary to develop new CYP3A4 inhibitors with improved pharma-
ochemical properties. Combining C5-aryltetrazole with an adipic acid
AA) analogue is an interesting approach to creating hybrid molecules
ith considerable pharmacological effects. 

In this study, we used starting precursors such as methyl meso-2,5-
ibromodimethyladipate and 5-aryltetrazole to form the bidentate 2,5-
is (5-aryl tetrazol-2-yl)-dimethyl adipate. In addition, computational
tudies and molecular docking calculations have also been performed
o verify the action potential of these molecules on selected receptor,
UAZ. Subsequently, these products were subjected to specific ADME-
ox criteria to evaluate their potential pharmacodynamic (PD) and phar-
acokinetic (PK) efficiency. In the final phase of this study, a molecular
ynamics simulation is conducted to analyze the stability of the com-
lexes obtained during molecular docking. 

Furthermore, throughout this research, we discovered the signifi-
ance of the aromatic side group C5-phenyltetrazolyl, which is compa-
able to Phe2 from Ritonavir, in the formation of hydrophobic contacts
etween the ligands under investigation and the amino acid residues
rom CYP3A4. As shown in Table 1 , the L1 -L5 structures have been pro-
osed as alternatives to Ritonavir. 

To select new bidentate tetrazolyl-adipate candidates for anti-HIV
rugs, major pharmaceutical companies are increasingly focusing on in-
ovation by adopting new research methodologies and advancing the
evelopment of novel compounds. Molecular modeling studies, such as
olecular docking, molecular dynamics, and ADMET analysis, are es-

ential tools for identifying and predicting the efficacy of these new drug
andidates [ 20 , 21 ]. 
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Table 1 

Chemical structure 2D of bidentate 2, 5-bis (5-aryl tetrazol-2yl)-dimethyl adipate L1 –L5 . 

L1 L2 L3 L4 L5 

Chemical structure 
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. Material and methods 

.1. Molecules studied 

The synthesis of bidentate 2, 5-bis (5-aryl tetrazol-2yl)-dimethyl adi-
ate, L1 -L5 series was carried out by reaction of 5-aryltetrazole with
ethyl meso-2, 5-dibromodimethyladipate 1, which was obtained from

dipic acid. The 5-aryletetrazole groups were introduced by successive
ubstitutions of the two bromine atoms and purified firstly by recrys-
allization from a CH2 Cl2 /hexane mixture and then a second recrystal-
ization from a diethyl ether/ethyl acetate mixture [ 22 ]. These different
olecules have already been synthesized in previous work [ 21 ]. 

.2. Molecular docking and molecular dynamic studies 

The materials of this search were conducted using the software
utoDockTools-1.5.7, Chem3D Pro 12.0, ChemDraw Ultra 12.0. During

his work, we also used Biovia Discovery Studio 2016 client to interpret
he results, in order to visualize the existing interactions between the
ifferent ligands and the proteins studied. In addition, we revealed the
harmacokinetic properties and toxicity of the ligands using PreADMET
 23 ]. 

Molecular docking is a highly reliable method that aims to predict
he likely interactions between ligands (inhibitor) and the amino acids
hat make up the receptor (enzyme) in order to minimize the time re-
uired for in silico drug discovery [ 24 ]. The 3D structure of the 7UAZ
rotein was obtained by downloading it in PDB format from the PDB
atabase. Anchoring of the L1 -L5 compounds in the active site of the
UAZ protein was carried out using Auto Dock Vina according to the
tandard protocol [ 25 , 26 ]. The ChemOffice drawing tool (ChemDraw
6.0) is first used in an appropriate 2D orientation to determine the L1 -

5 structures, then using Chem3D 16.0 we adopted the structure with
inimized energy [ 27 ]. 

The structures of the various ligands L1 to L5 were optimized by the
YBYL-X2.0 software, then introduced into Auto Dock Vina to carry out
he simulation by molecular docking [ 28–30 ]. The crystal structure of
he receptor of Escherichia coli BL21E (PDB ID: 7UAZ), was downloaded
rom the Protein Data Bank (PDB). 

Next, the protein was prepared according to the standard protocol by
rst removing the crystallized ligand, then the selected water molecules
nd the cofactors. The grid box was constructed using 40, 40, and 40,
riented in x , y , and z directions, with a grid point spacing of 0.375 Å.
he center grid box for 7UAZ (–19.168 Å, –23.904 Å and –14.616 Å).
uring the modeling process with Auto Dock Vina, the docking algo-

ithm provided a maximum of nine conformers for each ligand consid-
red. Subsequently, through Discovery Studio and PyMOL software, we
nalyzed and visualized the interactions between the ligands and the tar-
et receptor. Finally, molecular dynamic (MD) simulation of the 7UAZ-
igand complex was performed for 100 ns with the Desmond module of
he Schrödinger programmer to assess the binding stability and orienta-
ion patterns of the acquired leads from virtual screening [ 20 , 23 , 31 ]. 
3 
.3. Prediction of ADMET properties and in-silico drug-likeness predictions 

An additional study of the prediction of compounds L1 to L5 by the
DMET method of absorption, distribution, metabolism, excretion, and

oxicity was prepared using the Swiss ADMETweb server [ 32 ]. The skin
ermeability value K p indicates information on the cutaneous absorp-
ion of the molecules. In silico, K p values for all compounds were within
he Ritonavir dosage range of –9.09 cm/s, indicating a low skin per-
eability range from –5.69 to –7.70 cm/s. Similarly, the distribution

nd absorption of drug molecules is indicated by the blood-brain bar-
ier (BBB) and gastrointestinal (GI) permeation [ 33 , 34 ]. 

To defend this study and reinforce the results obtained by molecu-
ar docking, we opted to evaluate and compare certain pharmacokinetic
nd physicochemical properties that dominate the ADMET criteria of
ompounds L1 to L5 and Ritonavir. Several studies suggest that a par-
icular organic molecule can be orally active and is part of drug design
f it has high activity towards the chosen target and check the ADMET
roperties and meet the five rules of Lipinski’s [ 35 ]. Hydrogen bond ac-
eptors (NHAs) should be less than 10, molecular weight should be less
han 500 Da, hydrogen bond donors (NHDs) should be less than 5, total
olar surface area (TPSA) should not be more than 140 Å, and log P
hould not be less than 5 [ 36 ]. 

. Results and discussion 

.1. Molecular docking studies 

Analysis of the results obtained by molecular docking showed that

1 -L5 bidentate ligands of 2,5-dimethyl-bis (5-(aryl-2-yl)-2H-tetrazol-2-
l) hexanedioate have binding affinities 7UAZ in energy values ranging
rom –8.1 to –10.1 kcal/mol whereas the binding affinity of ritonavir on
he same receptor was –9.0 kcal/mol ( Table 2 and Fig. 3 ). 

Compound L4 formed five hydrogen bond interactions with Cys-442,
rg-105, Ile-443, Gly-444, and Pro-434 of the protein. Compounds L3 
nd L5 showed four hydrogen bond interactions with the active site
mino acids Arg-105, Cys-442, Gly- 444, Ala-305, and Arg-105, Cys-
42, Gly-444, and Ser-119. Compounds L1 and L2 showed three hy-
rogen bond interactions with Arg-105, Gly-444, Phe-435 and Arg-105,
le-443, and Gly-444 of the protein, respectively. Ritonavir showed four
ydrogen bond interactions with Arg-105, Ser-119, Arg-375, and Ile-
43. Hydrophobic interactions were observed for compound L5 with
la-305, Ala-448, Ile-369, Ile-443, Cys-442, Phe-447, Val-313, and Met-
52. Compound L2 showed interactions with Ile-369, Ile-443, Gly-444,
ys-442, Phe-435, Ala-305, and Ala-370; compound L1 with Ala-305,
ly-444, Phe-435, Ile-369 and Cys-442, and compound L3 with Phe-435,
la 370, Val-313, Leu-364, and Ile-369. Compound L4 showed interac-

ions with Ile-301, Ile-369, Phe-435, and Ala-305. 
These results suggested that L2 and L5 might be better inhibitors of

he human enzyme CYP3A4 than L1 , L3 and L4 , because they showed
ore significant molecular interactions in addition to a better bind-

ng energy of –9.9 and –10.1 kcal/mol in comparison to Ritonavir’s –
.0 kcal/mol. 
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Table 2 

Binding affinity and residual amino acid interactions of Compounds L1 -L5 and Ritonavir with the 7UAZ receptor. 

Compounds Affinity (kcal/mol) Hydrogen-Bonds 
Residual Amino Acid Interactions Hydrophobic/Pi-Anion/ 
Pi-Cation/Pi-Alkyl/Pi-Sulfur /Other interactions Van-der Walls Interactions 

L1 –8.3 Arg-105, Gly-444, Phe-435 Ala-305, Gly-444, Phe-435, Ile-369, Cys-442 Ile-443 
L2 –10.1 Arg-105, Ile-443, Gly-444 Ile-369, Ile-443, Gly-444, Cys-442, Phe-435, Ala-305, 

Ala-370 
Ser-119 

L3 –8.8 Arg-105, Cys-442, Gly- 444, Ala-305 Phe-435, Ala-370, Val-313, Leu-364, Ile-369 Ser-119, Ile-118, Ile-443, 
L4 –8.1 Arg-105, Cys-442, Ile-443, Gly-444, Pro-434 Ile-301, Ile-369, Phe-435, Ala-305 Arg-375, Ser-119 
L5 –9.9 Arg-105, Cys-442, Gly-444, Ser-119 Ala-305, Ala-448, Ile-369, Ile-443, Cys-442, Phe-447, 

Val-313, Met-452 
Arg-440, Ile-118 

Ritonavir –9.9 Arg-105, Ser-119, Arg-375, Ile-443 Ile-369, Leu-373, Leu-482, Cys-442, Phe-435 Arg-440, Ile-118 

Fig. 3. Binding mode of Compounds L2 , L5 and 
Ritonavir with the 7UAZ Receptor 2D (left) and 
3D (right) views of the interaction of L2 , L5 and 
Ritonavir with the 7UAZ proteins. 

4 
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Table 3 

Drug-likeness predictions of compounds L1 –L5 , computed by SwissADME. 

S. NO Mol. Wt. (g /mol) NRB NHD TPSA (Å2 ) LogP (cLogP) Lipinski 

L1 474.52 11 0 196.28 2.58 Yes 
L2 462.46 11 0 139.80 2.57 Yes 
L3 442.39 11 0 166.08 1.28 Yes 
L4 440.42 11 2 171.38 0.94 Yes 
L5 531.35 11 0 139.80 3.64 No 

Table 4 

Drug-likeness predictions of compounds L1 to L5 , computed by SwissADME. 

Compounds 
Skin Permeation 
Value (log K p) cm/s 

GI 
Absorption 

BBB 
Permeability 

Inhibitor Interaction (SwissADME) 

P-gp 
Substrate 

CYP1A2 
Inhibitor 

CYP2C19 
Inhibitor 

CYP2C9 
Inhibitor 

CYP2D6 
Inhibitor 

CYP3A4 
Inhibitor 

L1 –6.64 Low No No Yes No No No Yes 
L2 –6.16 High No No Yes Yes Yes No Yes 
L3 –7.32 Low No No Yes No No No Yes 
L4 –7.70 Low No Yes Yes No No No Yes 
L5 –5.69 Low No No Yes Yes Yes No Yes 

GI (Gastro-Intestinal); BBB (Blood Bain Barrier); P-gp (P-GlycoProtein); CYP (Cytochrome-P). 

Fig. 4. Interactions observed between the protein ligand complexes during the 100 ns MD simulation. 
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.2. Prediction of ADMET properties 

Table 3 groups together the various results of in silico prediction of
he ADME of compounds L1 to L5 . Also, the tetrazole bidentate deriva-
ive L2 exhibits high gastrointestinal (GI) absorption. Moreover, several
ytochromes, including CYP1A2, CYP2C19, CYP2C9, and CYP3A4, are
ecessary for the biotransformation of drug metabolism. The Swiss web
n silico ADME prediction indicates that the substances from L2 and L5 
nhibit these cytochromes. 

According to the results obtained in Table 3 , the SwissADME predic-
ion study revealed that compounds L1 to L5 obey Lipinski’s five rules
nd can be orally active, with the exception of compound L5 . 

.2.1. In-silico drug-likeness predictions 

The probability of a compound being considered a drug candidate is
igh and proportional to the value of its score. All the results collected
re grouped together in Tables 3 and 4 . 

The ADME prediction results for the five compounds, including,
kin permeation value, gastrointestinal absorption, BBB permeability,
5 
-glycoprotein substrate, inhibition capacity, and cytochrome P450 en-
yme substrate, obtained from the Swiss ADME prediction are listed in
able 4 . Then, the SwissADME prediction website was used to calculate
he ADME properties. 

From Table 4 , it can be observed that strong gastrointestinal absorp-
ion is exhibited only by the L2 molecule among the five compounds.
urthermore, none of the selected molecules are capable of crossing
he BBB. Compound L4 was identified as a substrate of glycoproteins,
nd the four tested compounds were unable to inhibit the cytochrome
450 enzyme subtype 1A2. However, all the compounds inhibited the
ytochrome P450 enzyme subtype 2D6, while all five tested compounds
ere inhibitors of the cytochrome P450 enzyme subtype 3A4. In conclu-

ion, compound L2 , which conforms to the golden triangle rule, appears
o have a more favorable ADMET profile. 

.3. Molecular docking simulation 

Interpretation of the molecular docking results of this study revealed
n acceptable type of binding, but protein flexibility and solvent influ-
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Fig. 5. The RMSD visualized during the MD simulation of 100 ns to 7UAZ-L2 complexed target. 

Fig. 6. The tracing of the protein RMSF and the fit ligand L2 on the protein 7UAZ by a simulation at 100 ns. 
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nce were not fully considered. To support the results revealed during
his study of the therapeutic potential of the ligand L2 with the target
rotein, we further evaluated the conformational stability of this protein
nd the ligand-receptor complex docked as well as the established inter-
ctions ( Fig. 4 ). The results of molecular docking between the ligand L2 
nd 7UAZ receptor were validated via a 100 ns molecular dynamics sim-
lation (MDS). This method is based on the protocol established in the
tudies [ 37 ]. The stability of the conformations formed of the protein
igand complex, as well as the interactions and fluctuations produced
uring the MD trajectories, have been verified by the calculation of
he mean square deviation parameters (RMSD) and of the mean square
uctuations (RMSF) in Figs. 5 and 6 . Its two methods use an adapted
6 
orce field over a 100 ns time scale with the Schrodinger software
ackage. 

The alpha-carbon values for the protein-ligand complex have re-
ained stable since the start of the simulation at 10 ns and from 35 ns

o 100 ns. During the period 10–35 ns, it underwent minimal conforma-
ional movement in the tolerable range of 3 Å. Overall, the ligand L2 is
table in the cavity and does not separate from the protein despite some
uctuations in the permitted range. The analysis of the bonds estab-

ished by the ligand L2 with the target protein during 100 ns of the MD
imulation evolution to record the formation of a stable macromolecular
omplex via the elaboration of hydrogen bonds with Ser-119, Thr-309,
ro-434, Phe-435, Cys-442, Ile-443, and Gly-444, water bridges with
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rg-105, Ala-305, Arg-440, Asn-441, Cys-442, and Ile-443, and the hy-
rophobic interactions Ile-184 and 301, Phe-302, 435 and 447, Met-445,
nd Ala-448 ( Fig. 4 ). The RMSF values of the protein and the fit ligand

2 with the protein 7UAZ were also recorded in the tolerable range of
.8–1.6 Å. showed less fluctuations in the range of 0.6–2.8 Å, with the
xception of a few index residues between 180 and 225. In conclusion,
he ligand L2 has the capacity to form a stable complex with the protein
UAZ throughout the simulation ( Fig. 5 ). 

In conclusion, L1 -L5 structures have been proposed as less complex
nd less expensive alternatives to Ritonavir. Furthermore, L2 exhibits a
reater affinity for the CYP3A4 enzyme, making it a potential model for
he search for more effective inhibitors for this enzyme. 

. Conclusion 

In this study, a series of tetrazole bidentates are proposed as CYP3A4
nzyme inhibitors. The functional and structural data of compounds L1 
o L5 explain the significant interactions with enzymes. Furthermore,
he resulting interactions of the phenyls (Ph1 and Ph2) of the ligand (L2 )
imethyl hexanedioate 2, 5-bis (5-phenyltetrazol-2yl) with the enzyme
re fully compatible with the interactions detected of Ritonavir with the
ame enzyme. In particular, donor/acceptor groups, H-bonds, and the
romaticity of the Phe2 side group play a major role in the formation
f hydrophobic interactions. The results of the study also showed that
he binding capacity and affinity of the L2 and L5 ligands are better for
itonavir; these compounds are highly flexible and capable of adopting
n optimized conformation that induces significant key interactions be-
ween the ligands and the enzyme. This underlines the influence of polar
nteractions in CYP3A4-ligand assembly. More importantly, two of the
ompounds, L2 and L5 , have better affinity for the CYP3A4 enzyme, are
maller than Ritonavir, and could therefore provide a new model for
 second-generation inhibitor to further optimize the pharmacophore
odel. In addition, the bidentate diester L2 , whose phenyl rings are as-

ociated with two tetrazoles, satisfies both Lipinski’s and Pfizer’s rules.
n conclusion, compound L2 conforming to the golden triangle rule may
ave a more favorable ADMET profile. A further study is carried out us-
ng molecular dynamics simulation at 100 ns. Calculation of the RMSD
nd RMSF parameters demonstrated the stability of the L2 -7UAZ com-
lex. The L2 ligand exhibits stable behavior inside the 7UAZ protein
avity and does not leave it during the 100 ns. According to the vari-
us studies carried out in this project, the selected L2 molecule could be
sed as a new model of CYP3A4 cytochrome inhibitor. 
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