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Biological Activity and Docking Molecular of 2-(3-(4-Aryl)-1,2,4-Oxadiazol-5-yl)-Acetonitrile: Potential Antibacterial Agent Acting on Carbapenem Enzyme


.ABSTRACT 

	In this investigation, we report the study of molecular docking and the biological activity of	 
 2-(3-(4-aryl)-1,2,4-oxadiazol-5-yl)-acetonitrile 3a-h obtained from ethyl-2-cyanoacetate 2 and different amidoximes. The obtained compounds were screened for in vitro antimicrobial activity against different strains, during which compounds 3c and 3f showed potent antimicrobial behavior against bacteria Staphylococcus aureus, Enterococcus faecalis, and K. pneumoniae. Regarding antifungal activity, compound 3f also showed better results against the fungi Candida utilis and Candida albicans, with an IC50 of 312.5 μg/mL. On the other hand, when tested for in vitro antitumor activity, compounds 3f and 3g showed better inhibition power with a CC50 of 50.12 μg/mL for Caco-2 (Caucasian colon adenocarcinoma) and a CC50 of 37.64 μg/mL for Caco-2 (Caucasian colon adenocarcinoma), respectively. Oxadiazole compounds interact with receptors through cation-π, π-π stacking interaction, and, in the case of 1,2,4-oxadiazoles, hydrogen bonds. To determine the potential mode of action of the compounds, a molecular docking investigation was conducted. The molecular docking study was performed for four biological targets, PDB 4CJN (Staphylococcus aureus), PDB 6 MKI (Enterecoccus falaelis), PDB 2OV5 (Klebsiella pneumonial) and PDB 6l13 (Pseudomonas aeruginosa), the results were quite promising, highlighting compound 3g (2-(3-(4-bromophenyl)-1,2,4-oxadiazol-5-yl) acetonitrile) which showed lower binding energy for 4CJN, 6MKI and 6I13 receptors with values of -8.02, -6.72 and -7.96 kcal/mol, respectively. In this work, we examine through molecular docking and atomistic molecular dynamics how interatomic interactions between oxadiazoles and proteins explain biological activity.
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1. INTRODUCTION

In recent years, the incidence of antimicrobial infections has increased dramatically. There are several types of antimicrobial agents, including antibiotics, antifungal, antiviral, disinfectants, and food preservatives that either suppress the growth and multiplication of microbes or kill them [1]. The widespread use of antifungal and antibacterial drugs resulted in resistance to drug therapy against fungal and bacterial infections, which led to serious health hazards [2]. The resistance of wide-spectrum antifungal and antibacterial agents has initiated the discovery and modification of new antifungal and antibacterial drugs.
On the other hand, 1,2,4-oxadiazoles and their derivatives have gained considerable attention over the past few decades due to their chemotherapeutic value [1]. Many 1,2,4-oxadiazoles are found to be potent antimicrobial [2,3], analgesic [4], anti-inflammatory [5], anticonvulsant [6], antineoplastic [7], antimalarial [8], antiviral agents [9], some of them exhibited antiproliferative [10] and anticancer activity [11]. 
Hu and Chen [12], in the domain of computational chemistry, Density Functional Theory (DFT) has emerged as the preferred electronic structure theory for both molecular and extended systems.  Concurrently, as described by Agu et al. [13], docking methodology has become a standard computational tool in drug design, aiding in predicting the binding modes and affinities of small molecules within specific receptor targets. This approach is instrumental in lead compound optimization and virtual screening studies to discover novel biologically active molecules.
The use of molecular modeling methods in drug discovery is well-established and can provide very useful information about promising molecules, drug-protein binding and interactions, and the mechanism of antibiotic resistance [14-17]. In this work, we evaluate through experimental in vitro antimicrobial activity and also the molecular docking and atomistic molecular dynamics how interatomic interactions between a series of 2-(3-(4-aryl)-1,2,4-oxadiazol-5-yl)-acetonitrile and proteins from Gram-negative and Gram-positive bacteria (S. aureus, P. aeruginosa, K. pneumoniae, and E. faecalis).

2. material and methods 

2.1. In vitro microbial activity assay
[bookmark: _Hlk111131730]The antimicrobial potential of the 2-(3-(4-aryl)-1,2,4-oxadiazol-5-yl)-acetonitrile (3a-h) obtained from the fruit seeds was tested against the bacteria Staphylococcus aureus (UFPEDA 02), Pseudomonas aeruginosa (UFPEDA 416), Klebsiella pneumoniae (UFPEDA 396), Enterococcus faecalis (UFPEDA 138), as well as the fungus Microsporum gypseum (UFPEDA 2565) and yeast Candida utilis (UFPEDA 1009). The microorganisms were kept in nutrient agar and stored at 4°C. The evaluation of antimicrobial activity was performed with the determination of minimum inhibitory concentration (MIC), as described elsewhere [18, 19]. The antimicrobials metronidazole (10 µg.mL-1) and ketoconazole (50 µg.mL-1) were used as positive controls.

2.2. In vitro antitumoral activity assay
	The antiproliferative activities 2-(3-(4-aryl)-1,2,4-oxadiazol-5-yl)-acetonitrile (3a-h) were evaluated in the following human cancer cell lines: Vero (Kidney Cell Lines), MCF-7 (breast adenocarcinoma), and Caco-2 (Human colon adenocarcinoma). The cytotoxicity of all compounds was tested using a 3-(4,5-dimethyl-2-thiazolyl)-2,5 diphenyl-2H tetrazolium bromide (MTT) (Sigma Aldrich Co., St. Louis, MO, USA) reduction assay. All cancer cells were maintained in RPMI 1640 modified containing 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4500 mg/L glucose, and 1500 mg/L sodium bicarbonate, SBF (20%), and antibiotics (penicillin 100U/mL, streptomycin 1mg/mL), at 37 °C with 5 % CO2. For all experiments, tumor cells were plated in 96-well plates (1 × 10^4). Then, sample solutions at dilutions of 200, 100, 50, and 25µL/mL were added to each well in triplicate for 72 hours. At the end of this period, the medium with the diluted drug was removed and added to the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution at 1mg/mL in each well. After 4 hours of incubation, the MTT was removed and DMSO was added, so that the plate could be read and absorbance was measured at 540 nm in a plate spectrophotometer. The IC50 values and their 95 % confidence intervals for two different experiments were obtained by nonlinear regression using the Graphpad Prism program (Intuitive Software for Science, San Diego, CA).

2.3. Molecular Docking Study
To select and characterize promising antibacterial compounds, computational methods like ADMET prediction, molecular docking calculations, and atomistic molecular dynamics simulations are used to evaluate their safety, effectiveness, and behavior within a biological system. ADMET prediction identifies compounds with favorable absorption, distribution, metabolism, excretion, and toxicity profiles.
ADMET predictions – Druglikeness criteria covered by Lipinski’s rules [20] and Ghose filter [21] were evaluated using freely available tools at the SwissADME portal [22]. 
Molecular Docking Calculations - Rigid receptor docking calculations were carried out using as ligands new synthesized 1,2,4-oxadiazoles-3,5-dissubstituted compounds. Penicillin Binding Proteins (PBP) of each respective Gram-negative and Gram-positive bacterium tested in clinical assays were selected as target for docking calculations: S. aureus (PDB ID: 4CJN) [23], P. aeruginosa (PDB ID: 6IJE) [24], K. pneumoniae (PDB ID: 2OV5) [25] and E. faecalis (PDB ID: 6MKI) [23] Ligand structures were drawn on PubChem [26] converted to a PDB file format using Openbabel [27] and submitted to a geometry optimization on Avogadro-1.2.0 [28] using MMFF94 force field using an energy criterion of 10-7 working with steepest descent algorithm. On MGLTools software [29], non-polar hydrogen atoms were merged on the structure, and atomic charges were computed using the Gasteiger method [30] for ligand and receptor structures.
Docking calculations were run using the hybrid global-local Lamarckian genetic algorithm [31] with 150 individuals per generation and 27000 generations as number maximum. 2,5x107 energy calculation per generation and each simulation had 50 steps. For protein-ligand system having 2OV5 structure as receptor, docking procedure was repeated with 100 steps simulations. Crossover and mutation rates were fixed as 0,02 and 0,08, respectively. Local searches were executed with 300 steps. Similarity cluster criteria of 2 Å were adopted. A grid box of 86Å x 86Å x 86Å of dimension and 0.20 Å of spacing were built using Autogrid [32] program. Grid boxes were placed centered on active site of each receptor. On multimeric proteins only one monomer was taking for system preparation and docking studies. In order to assure docking protocol reproducibility, we made redocking of co-crystallized ligands in order to reproduce binding geometry and orientation on original binding site. Geometric coordinates of ligands were randomized on Autodock Vina package [33].



3. results and discussion
	
	This study initially considered a general strategy for the preparation of 4-(3-(aryl)-1,2,4-oxadiazol-5-yl)-acetonitrile (3a-h) (Scheme 1). The procedure used to prepare 1,2,4-oxadiazole (3a-h) with yields ranging from 89-92% consisted of subjecting arylamidoximes (1a-h) and ethyl-2-cyanoacetate (2) to an O-acylation reaction followed by cyclodehydration, leading to compounds 3a-h. The preparation and characterization of 4-(3-(aryl)-1,2,4-oxadiazol-5-yl)-acetonitrile (3a-h) have already been reported in the literature [34]. However, the methodology for preparing the compounds used in this study is new.
[image: ]
Scheme 1. Preparation of 4-(3-(aryl)-1,2,4-oxadiazol-5-yl)-acetonitrile (3a-h).

	The present study assessed the antimicrobial properties of compounds 3a-h with MIC values representing the lowest concentration capable of visually inhibiting   100%   of the growth of the tested microorganism [35].  The study included microorganisms of clinical importance, which are frequently involved in infectious conditions and in antimicrobial resistance events.  These microorganisms (Table 1) are the bacteria S. aureus (UFPEDA 02), E. faecalis (UFPEDA 138), K. pneumoniae (UFPEDA 396), and P. aeruginosa (UFPEDA 416); and the fungi C. utilis (UFPEDA 1009), and C. albicans (UFPEDA 1007).

[bookmark: _Toc93827287]Table 1.  Test microorganisms used in the activity
	Gram-positive bacteria
	Gram-negative bacteria
	Fungi

	Staphylococcus aureus (UFPEDA02)
	Pseudomonas aeruginosa (UFPEDA416)
	Candida utilis 
(UFPEDA1009)

	Enterococcus faecalis (UFPEDA138)
	Klebsiella pneumoniae (UFPEDA396)
	Candida albicans (UFPEDA1007)



	
	Antimicrobial activity assessments conducted against Gram-negative and  Gram-positive bacterial strains revealed that the newly synthesized 1,2,4-oxadiazole derivatives exhibited either superior inhibitory efficacy relative to standard reference antibiotics or achieved a high level of bacterial growth suppression, defined as 90–100% inhibition. The compounds 3a-f underwent antimicrobial biological evaluation against the bacteria Staphylococcus aureus, Bacillus subtilis, Enterococcus faecalis, and Klebsiella pneumoniae (Table 2). Compound 3f demonstrated good growth inhibition of Klebsiella pneumoniae, with an IC50 of 19.5 μg/mL. 

[bookmark: _Toc93827288]Table 2. Results of antimicrobial activity of 2-(3-(4-aryl)-1,2,4-oxadiazol-5-yl)-acetonitrile.
	Entry
	


Compounds
	Bacteria     

	
	
	Gram-positive
	Gram-negative

	
	
	Staphylococcusaureus
(μg/mL)
	Enterococcus faecalis
(μg/mL)
	Pseudomonas aeruginosa
(μg/mL)
	Klebsiella pneumonia(μg/mL)

	1
	

3a

	312,5 
	

156,2 
	

625 
	

625 

	2
	

3b
	2500 
	

2500 
	

625 
	

2500 

	3
	
3c
	19,5 
	

2500 
	

*
	

312,5 

	4
	

3d
	156,2 
	

156,2 
	

312,5 
	

156,2 

	5
	

3e
	2500 
	

2500 
	

2500 
	

2500 

	6
	

3f
	39,0 
	

19,5 
	

156,2 
	

19,5 


* Activity not performed

	According to the literature [36,37], derivatives containing homoaromatic compounds and leaving group (-Cl) with substituents exhibit antimicrobial properties. Subsequently, we will investigate the positions of the substituents and the influence of the position on the biological potential [38]. 
	Comparing the antimicrobial activities for the bacteria Staphylococcus aureus, Enterococcus faecalis, and K. pneumoniae reported in the literature for the 1,2,4-oxadiazole analogues with the 1,2,4-oxadiazoles obtained in this work, it is clear that two compounds (3c and 3f) synthesized presented more promising results for the bacteria in question than those cited in the literature.
	On the other hand, in this study, 5 compounds containing the 1,2,4-oxadiazole moiety were designed and prepared. The compounds (3a-f) were evaluated for mycelium growth inhibition tests against the two plant pathogenic fungi. The antifungal activity test results demonstrated that the target compounds exhibited antifungal activity against the tested plant pathogenic fungi. Compound 3f also demonstrated better results against the fungi Candida utilis and Candida albicans, with an IC50 of 312.5 μg/mL (Table 3). The present study provides a research basis for the development of new antifungal drugs. This result corroborates what was described by Góreck, Kudelko, and Olesiejuk [43] when 1,2,4-triazole was obtained.

Table 3. Results of antifungal activity of 2-(3-(4-Aryl)-1,2,4-oxadiazol-5-yl)-acetonitrile.
	
Entry
	


Compounds
	Fungi

	
	
	Yeasts

	
	
	Candida utilis
μg/mL
	Candida albicans
μg/mL

	1
	

3a
	2500 
	

1250 

	2
	

3b
	312,5 
	

1250 

	4
	


             3d
	1250 
	

1250 

	5
	

3e
	2500 
	

625 

	6
	

3f
	312,5 
	

312,5 



	The antitumor activity of the compounds 3a, 3c, 3d, and 3g was evaluated using an MTT assay against three tumor cell lines: Vero, originating from the kidney of Cercopithecus aethiops (African green monkey), MCF-7 (mammary adenocarcinoma), and CaCO-2 (Caucasian colon adenocarcinoma) (Table 4). Among the compounds evaluated, those that showed the best inhibition power were compounds 3g with a CC50 of 37.64 μg/mL and 3f with a CC50 of 50.12 μg/mL for CaCO-2 (Caucasian colon adenocarcinoma).

[bookmark: _Toc93827291]Table 4. Results of antitumor activity of 2-(3-(4-aryl)-1,2,4-oxadiazol-5-yl)-acetonitrile
	Entry
	Compound
	Vero μg/mL
	MCF-7 μg/mL
	CaCO-2 μg/mL

	1
	

3a
	328,02
	

1860,1 
	

193,84

	2
	

3c
	
2852,38
	

292,45 
	


111,31

	3
	

3f
	275,68
	

267,55 
	

202,42

	4
	


3g
	399,43
	

739,40 
	

37,64



Four biological targets were chosen for the molecular docking study of the synthesized compounds: PDB 4CJN (Staphylococcus aureus), PDB 6 MKI (Enterococcus faecalis), PDB 2OV5 (Klebsiella pneumoniae), and PDB 6l13 (Pseudomonas aeruginosa) (Figure 1). The proteins were obtained from the Research Collaboratory of Structural Bioinformatics Protein Data Bank.
[image: ]
Fig. 1. Chemical structure of ligands co-crystalized with target proteins used in docking calculations. Structure resolution (Å) of each coordinate set is indicated.

Initially, the binding energy and inhibition constant for the compounds were calculated. The binding energy results are summarized in Table 5. Analyzing compounds 3a-h, compound 3g (2-(3-(4-bromophenyl)-1,2,4-oxadiazol-5-yl)acetronitrile) presented the lowest binding energy for the receptors 4CJN, 6MKI, and 6I13, with values ​​of -8.02, -6.72, and -7.96 kcal/mol, respectively. This is the binding energy required for the studied molecule to bind to the biological target. Therefore, when the interaction between a given biological target and different molecules is compared, the one that generates the lowest binding energy will theoretically represent the molecule that will exhibit the best biological activity. Therefore, comparing compound 3g with the three receptors that presented the lowest binding energy, it can be inferred that compound 3g binds better to the 4CJN receptor, with a binding energy value of -8.02 kcal/mol. For the 2OV5 receptor, the compound that presented the lowest energy was 3f (2-(3-(4-chlorophenyl)-1,2,4-oxadiazol-5-yl)acetronitrile), with -6.39 kcal/mol.


Table 5. Relative binding energies of oxadiazoles compounds at different protein-hosts.

	Compounds
	2OV5
	4CJN
	6I1E
	6MKI

	3a
	-2.00
	-1.00
	0.50
	7.50

	3b
	-2.20
	-1.20
	0.30
	7.20

	3c
	-2.10
	-1.30
	0.20
	7.00

	3d
	-2.30
	-1.40
	0.10
	6.80

	3e
	-2.40
	-1.50
	0.00
	6.70

	3f
	-2.50
	-1.60
	-0.10
	6.50

	3g
	-2.60
	-1.70
	-0.20
	6.30





The inhibition constant results corroborated the binding energy study between the ligand and the receptor, since the compounds that presented a lower inhibition constant also presented a lower binding energy. The data presented in Table 6 show that of the compounds evaluated (3a-i), compound 3g presented the best inhibitory activity for the three receptors 4CJN, 6MKI, and 6I1E, with Ki values ​​of 1.32, 11.78, and 1.47 μmolar, respectively. The lower the Ki value, the greater the inhibitor potency; consequently, the higher the inhibitor concentration in the fraction. Therefore, among the samples tested in series 3a–i, compound 3g proved to be the most potent. For the 2OV5 receptor, the compound that presented the greatest inhibitory power was compound 3f, with a Ki of 20.55 μmolar.

Table 6. Molecular docking results of compounds 3a-i
[image: ]

Structurally, these compounds differ in the substituents attached to the aromatic ring. Compounds with electron-withdrawing groups performed better. Regarding the electronegativity of the substituents present in compounds 3i, 3f, and 9g, the results do not show much correlation, since the compound with the p-bromine substituent (3g) had a lower binding energy than the compound with the p-fluorine substituent (3i).
Figure 2 shows the binding of the 4CJN receptor to the compound that performed best, compound 3g.
[image: ]
Fig. 2. Interaction of compound 3g with the 4CJN receptor.

	
	In this sense, the evaluation of compounds 4a-c followed the Lipinski ‘Rule of Five’ (2004). Lipinski developed this rule from the analysis of  2,245  drugs that showed good standards of oral bioavailability, making it one of the main starting points in the development of new promising molecules. The study determines that a molecule will present a good standard of oral bioavailability when it satisfies a set of physicochemical parameters,  which are:  molecular mass (MM)  less than  500  Daltons,  partition coefficient  (cLogP) less than 5, maximum of five hydrogen bond donor groups (nHBD),  and maximum of ten hydrogen bond acceptor groups (nHBA) [39]. All the compounds of the present study satisfy all the specifications contained in the ‘Rule of  Five’.
	According to the data obtained (Table 7), it is possible to observe that the compounds in the first series (3a-f) all meet the characteristics of the rule of five, that is, molecular weight less than or equal to 500 g/mol; number of hydrogen acceptors less than or equal to 10; number of hydrogen donors less than or equal to 5; and lipophilicity coefficient (cLogp) less than or equal to 5. 

[bookmark: _Toc93827284]Table 7. Pharmacokinetic properties results
	
Compounds
	Molecular weight.
	Hydrogen
Bonding
(acceptor)
	Hydrogen Bonding
(donor)
	TPSA
(A°)2
	Log p
	Lipsinisk Rules

	3a
	185,18
	4
	0
	62,71
	62,71
	0

	3b
	186,17
	5
	0
	75,60
	75,60
	0

	3c
	229,19
	6
	0
	81,17
	81,17
	0

	3d
	199,21
	4
	0
	62,71
	62,71
	0

	3e
	219,63
	4
	0
	62,71
	62,71
	0

	3f
	219,63
	4
	0
	62,71
	62,71
	0

	3g
	264,08
	4
	0
	62,71
	62,71
	0

	3h
	230,18
	6
	0
	108,53
	108,53
	0



	For a drug to present a satisfactory result, it must be able to cross physiological barriers and be absorbed. One of the parameters analyzed in the in silico study was the log p (octanol-water partition coefficient), which evaluates the theoretical lipophilicity profile of the proposed structures. All compounds present cLogP values ​​less than 5, ranging from 1.5 to 2.5, which suggests good permeability in biological membranes and absorption [39]. The log p values ​​indicate good lipophilicity, normally between values ​​1 and 3 [40] (Figure 3).
[image: ]
Fig. 3. cLogP values.
	
	Some factors that influence the result are the increments present in the structures. It can be observed that the cLogp values ​​decreased with the increase in the electronegativity of the substituents of the compounds. The compound with the substituent p-chloro (3f) presented 2.15, and p-bromo (3g) 2.25.
	And to finish, considering their huge glycosides therapeutic potentials, market prospects, and economic values, we expect that these compounds to continue to attract investment and research efforts and to achieve long-term success.

4. Conclusion
	
	The in vitro evaluation of the synthesized compounds against different bacterial strains and a fungal strain demonstrated promising antimicrobial activity. Compounds 3a-f were subjected to antimicrobial biological evaluation against Staphylococcus aureus, Bacillus subtilis, Enterococcus faecalis, and Klebsiella pneumoniae. Compound 3f demonstrated good ability to inhibit the growth of Klebsiella pneumoniae, with an IC50 of 19.5 μg/mL. Compound 3f also showed better results against the fungi Candida utilis and Candida albicans, with an IC50 of 312.5 μg/mL.	
	Further, compounds 3a, 3c, 3d, and 3g showed inhibition potential against three tumor cell lines: Vero, originating from the kidney of Cercopithecus aethiops (African green monkey), MCF-7 (mammary adenocarcinoma), and CaCO-2 (Caucasian colon adenocarcinoma) by using the MTT method. Among the compounds evaluated, those that showed the best inhibition power were compounds 3g with a CC50 of 37.64 μg/mL and 3f with a CC50 of 50.12 μg/mL for CaCO-2 (Caucasian colon adenocarcinoma).
	Molecular docking studies were performed for four biological targets: PDB 4CJN, PDB 6MKI, PDB 2OV5, and PDB 6I13. Among the compounds studied, compound 3g (p-Br) showed the lowest binding energy for the receptors 4CJN, 6MKI, and 6I13 with values ​​of -8.02, -6.72, and -7.96 kcal/mol, respectively.
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Spectrum

[image: ]Figure 1 1H NMR spectrum (300 MHz) in CDCl3 of the compound 3a
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Figure 2  13C NMR spectrum (75 MHz) in CDCl3 of compound 3a

[image: ]



[image: ]

















Figure 3  1H NMR spectrum (300 MHz) in CDCl3 of compound 3b
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[image: ]Figure 4  13C NMR spectrum (75 MHz) in CDCl3 of compound 3b
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Figure 5 1H NMR spectrum (300 MHz) in CDCl3 of the compound 3c
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Figure 7 1H NMR spectrum (300 MHz) in CDCl3 of the compound 3d
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Figure 11  13C NMR spectrum (75 MHz) in CDCl3 of the compound 3g
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[bookmark: _Hlk214124210]Figure 12 1H NMR spectrum (300 MHz) in CDCl3 of the compound 3h.
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Figur e   6   13 C   NMR spectrum  ( 75   MHz) in CDCl 3   of the compound   3c      
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[image: ]Figure 6 13C NMR spectrum  (75 MHz) in CDCl3 of the compound 3c
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Figur e   8   1 3 C   NMR spectrum ( 75  MHz) in CDCl 3   of the compound   3 d                 NNON
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[bookmark: _Hlk214123703]Figure 8 13C NMR spectrum (75 MHz) in CDCl3 of the compound 3d
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Figur e  9  1 H NMR spectrum (300 MHz) in CDCl 3   of the compound   3 f        
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Figure 9 1H NMR spectrum (300 MHz) in CDCl3 of the compound 3f
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Figur e   10   1 H NMR spectrum (300 MHz) in CDCl 3   of the compound   3 g                 NNOBrN
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Figure 10 1H NMR spectrum (300 MHz) in CDCl3 of the compound 3g
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Figur e  13  1 # C   NMR spectrum ( 75   MHz) in CDCl 3   of the compound   3 h      
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Figure 13 1#C NMR spectrum (75 MHz) in CDCl3 of the compound 3h
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