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ABSTRACT
Tuberculosis is an infectious disease caused by Mycobacterium tuberculosis. It remains a major public health problem worldwide. In 2022, 10.6 million people contracted tuberculosis and 1.3 million died from it.  This manuscript presents our work, the aim of which is to find new inhibitors of Pks13, the enzyme responsible for the final stage in the synthesis of the mycolic acids that ensure the permeability and integrity of the Mtb cell wall. Using the computer-aided rational design method, a virtual library of 28,350 new benzofuran analogues was designed and then filtered using Lipinski's rule of five. After filtering, the reduced-size library obtained, which contained 5,194 benzofuran analogues, was screened using the PH4 inhibition of Pks13. At the end of the screening, the predicted activity of the molecules selected by PH4 was evaluated using the equation  : , QSAR model illustrating the linear correlation between experimental inhibition potential ()  and the Gibbs free energy with respect to a reference ligand () in an aqueous medium. Analogues with greater predictive inhibitory activity than TAM2 (the most active ligand in the test set) and an excellent pharmacokinetic profile were identified. Of these new analogues, the most active had a predictive activity 96 times greater than that of TAM2.
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1. INTRODUCTION
In 2023, among the causes of death of people in worldwide, the tuberculosis is of them one. In the same year, out of 10.8 million people infected, this disease killed 1.25 million people according to the World Health Organization [1]. This infectious and contagious disease is caused by a mycobacterium called Mycobacterium tuberculosis [2]. Tuberculosis frequently attacks the lungs (pulmonary tuberculosis), but other organs can be affected by the tuberculous bacillus (extrapulmonary tuberculosis) [3]. The pulmonary form represents the usual source of contamination [3]. Transmission is essentially interhuman and is done airborne [4]. Efforts are consented as part of the fight against tuberculosis in terms of diagnosis, prevention and curative treatments. According to the WHO, these efforts allowed of save 79 million lives since 2000 [1]. Despite this, the statistical data regarding mortality and incidence rates are always alarming. In 2022, tuberculosis was responsible of the deaths of 1.3 million people out of 10.6 million infected people [5]. All age groups are affected by this pathology. In 2022, 55% of people who developed the disease were men, 33% women and 12% children (aged 0 to 14) [5].
Tuberculosis is one of the main causes of mortality in people living with HIV [1]. In 2023, out of 1.25 million deaths caused by tuberculosis, 161,000 presented HIV infection [1]. 
Resistant or multidrug-resistant tuberculosis is a threat to health security and provoke a crisis at the level public health. In 2022, 410,000 people developed resistant or multi-resistant tuberculosis [5]. To face the resurgence of tuberculosis, it is necessary or even urgent, to find new therapeutic strategies capable of destroying strains resistant to current treatments. Drugs that target cell wall synthesis have historically been effective in treatment infections due to bacteria and fungi [6]. Most of the compounds that constitute the mycobacterial envelope are essential for the survival of the tuberculous bacillus and play a preponderant role in the pathogenicity of the bacterium. Among these compounds we have long chain fatty acids called mycolic acids [7]. These acids having a waxy nature are specific to the genus Mycobacterium. Disruption of mycolic acid biosynthesis has been a strategy exploited in the current therapeutic arsenal [6]. Two antituberculous (isoniazid and ethionamide) important in current treatment target InhA [6]. This enzyme is one of the fatty synthase II acid involved in the elongation of the long chain (C40-C60), components of fatty acid of mycolic acids [6]. Like the antituberculous agents that target the cell wall are effective, research is moving towards new molecules that inhibit these enzymes or other enzymes involved in the biosynthesis of mycolic acids [8]. Identify as the enzyme responsible for the last step of the mycolic acids synthesis, polyketide synthase 13 (Pks13) is involved in the condensation reaction of two fatty acid chains into a α-alkyl β-ketoacyl [9, 10]. This latter is the direct precursor of mycolates. Pks13 possesses catalytic domains required for this condensation: an acyl transferase domain, a ketosynthase domain, acyl carrier protein (ACP) domains and a thioesterase (TE) domain [9]. The TE domain is a domain that has dual functions [10,11]. It initially behaves as a hydrolase by breaking the thioester bond and forming an ester bond between mycolic β-ketoesters and the hydroxyl group of the Ser1533 residue of the TE domain [10,11].  Finally, it manifests as an acyltransferase for the formation of trehalose monomycolate (TMM) which is subsequently transported and bound to arabinogalactan [10,11]. The thioesterase domain of Pks13 (Pks13-TE) has been revealed as a therapeutic target for the development of anti-tuberculosis drugs [12,13]. Thus, Pks13 becomes an essential element for the survival of Mycobacterium tuberculosis. Therefore, it represents an important target to find future anti-tuberculosis agents. Several compounds including benzofurans have been reported as Pks13-TE inhibitors [14]. The results obtained on this series of Pks13 inhibitory molecules open up avenues for the search for anti-tuberculosis drugs [14]. The development of therapeutic molecules is a very difficult, long and expensive task which know to many failures [15-18]. Several techniques including computer-aided drug design are used for the discovery and development of these molecules. Today, this approach has attracted considerable attention and has been recognized as indispensable in the drug discovery process [19]. This method permit accelerate drug discovery by reducing the time and financial means necessary to identify avenues for drug marketing. Computer-aided rational design has been used for drug discovery such as nelfinavir, imatinib, and zanamivir [20].
In this work, our objective is to propose new benzofuran analogues as potential anti-tuberculosis drug candidates with an excellent pharmacokinetic profile, based on computer-aided rational design techniques. To reach it, we screened a virtual library composed of benzofuran analogues using the Pks13 inhibition pharmacophore model obtained in our previous study [21]. Then, the predicted activity of the analogues retained by PH4 was evaluated from the equation of the QSAR model in aqueous medium elaborated in our recent work [21]. Finally, the predicted pharmacokinetic profile of the best designed analogues was calculated.

2. MATERIALS AND METHODS 
      2.1. Model building 
From the crystallographic structure of the reference complex (Pks13-TAM1) containing the training set inhibitor, TAM1 [21] bound to Pks13 (Protein Data Bank entry code 5V3X at 1.94 Å resolution [14]), the molecular models of the different Pks13-TAMx complexes (E:I), of the Pks13 enzyme alone (E) and of the free inhibitors (I) were obtained using insightII, a molecular modeling software [22].The structures of the E and E:I complexes  were taken at an appropriate physiologically relevant pH of 7 with capped neutral N- and C-terminal residues and all protonated and ionized residues charged. Crystallographic water molecules were not included in the model. The inhibitors were built into the crystallographic structure of the reference complex by in situ modification of the R-groups that derive from the scaffold of benzofuran compounds. An exhaustive conformational search on all rotatable bonds of the replacing functional group, coupled with a careful stepwise simulation of the modified ligand and the active site residues of Pk13 located within 5Å of the ligand were used to find the resulting low energy conformations of the modified ligand. This technical has been previously used successfully for the modeling of virus, bacteria, and protozoal protease inhibitor complexes and for the design of peptidomimetic, hydroxynaphthoic, and thymidine-based inhibitors [23-29].

      2.2. Molecular Mechanics
Modeling of ligands, of the Pks13 and of complexes E:I  was performed by the   molecular  mechanics (MM) method as already detailed [30]. The optimization of the ligand models, the Pks13 enzyme and their complexes was done with the atomic and charge parameters of the CFF97 force field. To account for the proteins shielding effect, the dielectric constant was kept at 4 in all MM calculations. In the geometry minimization process, the molecular structure is gradually relaxed through a sufficient number of steepest descent steps followed by iterative conjugate gradient cycles whose convergence criterion for the average gradient is 0.01 kcal.mol-1. Å-1.
      2.3. Conformational search
The conformations of the free inhibitor were obtained from their conformations in the E:I complexes by progressive relaxation towards the nearest local energy minimum as previously explained [23, 24, 30]. On all so-called rotatable bonds (except for those in the rings), a Monte Carlo search was done (for 50,000 iterations) for low energy conformations using Discovery Studio [31]. Unique stable conformations numbering 200 were generated for each inhibitor by randomly varying the torsion angles of the last retained conformer by ± 15◦ at 5000 k before energy minimization. Over the minimization, a dielectric constant equal to 80 was used in order to approximately account for the dielectric screening effect of hydration on the generated conformers. The conformer with lowest total energy was selected and then minimized again for a dielectric constant fixed at 4.
      2.4. Solvation Free Gibbs Energies
The electrostatic component of solvation Gibbs free energy [32] which also includes the effects of ionic strength through solving the nonlinear Poisson-Boltzmann equation [33,34] was evaluated by the DelPhi module of Discovery Studio [31] as previously described [23]. This program considers the solvent as a continuous medium of high dielectric constant (80) and the solute as a cavity of low dielectric constant (4) with boundaries related to the molecular surface of the solute, which encloses the atomic charges of the solute. The numerical resolution of the molecular electrostatic potential and the reaction field around the solute is done with the finite difference method. With the Delphi module, the calculations were performed on a cubic grid (235 × 235 × 235) for the E:I and free E complexes, and on a grid (65 × 65 × 65) for free I. Full Coulombic boundary conditions were applied. Two subsequent focusing steps led to a similar final resolution of approximately 0.3 Å per grid unit at 70% solute grid filling. Two subsequent focusing steps resulted in a similar final resolution of approximately 0.3 Å per grid unit at 70% filling of the grid by solute. A physiological ionic strength set at 0.145 mol.dm–3, partial atomic charges and radii defined on all CFF force field parameters [31], and a probe sphere radius of 1.4 Å were used. The calculation of the electrostatic component of the Poisson-Boltzmann solvation Gibbs free energy was performed in the same way that the reaction field energy [35–37].
      2.5. Calculation of the Entropic contribution
The change in vibrational entropy when the inhibitor binds to the enzyme was assessed by normal mode analysis of the inhibitor vibrations via the simplified method of Fischer et al [38]. In this approach, vibrational analyses of the inhibitor bound to the active site of a “frozen” enzyme and the low-energy conformer of the free inhibitor are carried out for fully optimized structures.

      2.6. Calculation of Binding Affinity
The calculation of binding affinity in GFE complex formation has been wholly described previously [23, 24, 30].

      2.7. Interaction Energy
The calculation of MM interaction energy (Eint) between receptor residues and the inhibitor was done with a protocol of Discovery Studio [31] as previously explained [24, 30].

      2.8. Pharmacophore Generation
In this work, we did not generate a new pharmacophore model of Pks13 inhibition, but we used the one designed in our previous work on Pks13 inhibitors [21]. We recall that the procedure for elaboration PH4 is the same as that described previously [39].

      2.9. ADME Properties
Predicted pharmacokinetic properties of inhibitors were calculated using the QikProp program [40] which is based on the methods of Jorgensen [41-43]. This program allows  calculate of pharmacokinetic properties such as octanol/water partitioning coefficient, aqueous solubility, blood/brain partition coefficient, Caco-2 cell permeability, serum protein binding, number of probable metabolic reactions, and other descriptors related to  adsorption, distribution, metabolism and excretion (ADME properties) of the inhibitors. According to the methods used, the experimental results of more than 710 compounds were correlated with calculated physicochemical descriptors, and this made it possible to accurately predict the pharmacokinetic profile of the new molecules considered. Drug likeness (#Stars), the number of property descriptors out of 24 selected descriptors calculated by QikProp [40], located outside the range of values ​​determined for 95% of known drugs, was exploited as an additional compound selection filter linked to ADME.

      2.10. Virtual Library Generation
The design of the virtual library was done as previously described [30].  Analogue model building was carried out with the Discovery Studio software [31]. The analogues library was enumerated by attaching the R groups (fragments, building blocks) to the scaffold of benzofuran derivatives using the Enumerate Library from Ligands protocol of the Discovery Studio program [31].

      2.11. Pharmacophore-Based Library Searching
The pharmacophore model (PH4) resulting from the conformations of TAMs bound at the Pks13 active site was a tool that served for library search and in silico screening as previously described [39]. The designed virtual library was refined by the ligand pharmacophore mapping protocol of Discovery Studio [31]. In the process, the geometry of each conformer of the analogs generated was optimized using the CFF force field for up to 500 energy minimization steps and then aligned and mapped to the pharmacophore model to retain the top-ranked overlaps.

      2.13. Inhibitory Potency Prediction
The conformer with best mapping on the PH4 in each cluster of the focused library subset was selected for ∆∆Gcom calculation and  evaluation by the complexation QSAR model as explained previously [39].

3. RESULTS 
      3.1. Virtual Library and In Silico Screening of news Inhibitors of Pks13 
The application of the in silico screening technique of a virtual library designed by the combinatorial approach can provide excellent results, as demonstrated by recent our study on the design of Pks13 inhibitors [21].

     
 3.2. Virtual Library
The previous study on the design of Pks13 inhibitors [21] was helpful in choosing fragments for the design of a new virtual library containing benzofuran analogues. Substitutions made at positions R1, R2, R3 and R4 of the benzofuran derivatives scaffold led to the elaboration of a virtual library of the size of: R1 x R2 x R3 x R4 = 50 x 7 x 27 x 3 = 28,350 analogues. The R-groups used to build this virtual library by the so-called combinatorial approach are listed in Table 1. To design drug analogues and orally administrable, Lipinski's rule of five was applied to the 28,350 molecules in the virtual library. This first filtering phase allowed to obtain a reduced virtual library containing 5,194 compounds, or approximately 18% of the initial size. Subsequently this latter has been submitted to in silico screening in order to identify effective analogues against Pks13.  

	Table1. R1, R2, R3 and R4 groups used in the design of the initial diversity virtual library of benzofuran analogues
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	*R1-groups : 1 – 50 ; R2-groups : 77 – 84 ; R3-groups : 50 – 77 ; R4-groups : 85 – 87 



      3.3. In silico screening of the virtual library
Screening of the reduced virtual library (5,194 molecules) was performed using the 3D-QSAR model of Pks13 inhibition pharmacophore obtained in the previous study [21]. After screening, 135 analogues aligning at least at four functionalities of the pharmacophe model were selected. The variation of the free enthalpy of complexation compared to the reference ligand (TAM2) as well as its components of these molecules were evaluate The predicted activity of these compounds was also expressed through the equation of the solvated medium built complexation QSAR model in the previous study [21]. Following these calculations, 64 molecules were retained and their predicted activities are recorded in Table 2.

      3.4. Substituents of novel Pks13 inhibitors
The individual occurrence frequency of each fragment of the R-groups of the 135 hits which come from the screening by the PH4 model of Pks13 inhibition is presented in Figure 1. It also allows examining the results of in silico screening of the virtual library in order to identify fragments likely to improve the activity of new benzofuran analogues. Position R1 has been more occupied by fragments such as:  No.17(frequency : 13), 1(12), 42(12), 41(10), 43(10), and 37(8). Five fragments are more observed at the position R2: 79(48), 78(28), 80(24), 82(14) and 81(13). At position R3, the substituents of largest occurrence are: 76(28), 77(10), 54(8), 62(7) and 65(7). The substituent 85(113) appears more at the R4 position. We note that most of these fragments allowed us to have new molecules more active than TAM2 (table 2).

	Table 2. Relative GFE value calculated and components of 64 analogues benzofuran retained by in silico screening of the combinatorial library. The molecules numbering concatenates the index of each fragment R1 to R4 with the fragment numbers taken from table 1.  

	


	Nº
	Designed 
analogues
	∆∆HMM a
	∆∆Gsol b
	∆∆TSvib c
	∆∆Gcom d
	

	
	
	(kcal.mol-1)
	(kcal.mol-1)
	(kcal.mol-1)
	(kcal.mol-1)
	(nM)

	Ref
	TAM2
	0.00
	0.00
	0,00
	0.00
	120.00f

	1
	TAM-1-78-65-86
	-7.73
	5.32
	-1.04
	-1.37
	41.36

	2
	TAM-17-78-54-86
	-9.97
	6.19
	-4.36
	0.57
	109.66

	3
	TAM-18-78-59-85
	-10.45
	4.37
	1.58
	-7.66
	1.75

	4
	TAM-25-78-65-85
	-9.08
	2.78
	1.33
	-7.64
	1.77

	5
	TAM-41-78-60-85
	-10.14
	2.78
	0.62
	-7.98
	1.49

	6
	TAM-42-78-54-85
	-8.88
	2.91
	0.93
	-6.89
	2.58

	7
	TAM-42-78-74-85
	-10.87
	2.34
	-0.25
	-8.28
	1.28

	8
	TAM-43-78-54-85
	-6.95
	2.17
	-0.58
	-4.19
	10.00

	9
	TAM-43-78-59-85
	-8.78
	4.45
	0.36
	-4.68
	7.82

	10
	TAM-47-78-76-87
	-10.48
	2.56
	0.24
	-8.15
	1.37

	11
	TAM-1-79-54-85
	-5.64
	3.10
	1.72
	-4.26
	9.64

	12
	TAM-49-78-75-85
	-9.11
	2.37
	-0.44
	-6.31
	3.46

	13
	TAM-2-79-76-85
	-11.32
	3.72
	-0.29
	-7.31
	2.09

	14
	TAM-1-79-72-85
	-5.25
	4.29
	-2.01
	1.04
	138.86

	15
	TAM-1-79-52-86
	-17.12
	7.70
	-2.04
	-7.39
	2.01

	16
	TAM-4-79-62-85
	-10.80
	5.05
	-0.72
	-5.03
	6.55

	17
	TAM-4-79-51-85
	-11.28
	3.87
	-1.35
	-6.06
	3.92

	18
	TAM-4-79-59-87
	-6.70
	4.84
	-2.22
	0.35
	98.02

	19
	TAM-9-79-54-85
	-6.35
	3.11
	3.04
	-6.28
	3.49

	20
	TAM-7-79-76-85
	-12.11
	3.97
	0.01
	-8.16
	1.36

	21
	TAM-12-79-65-87
	-7.03
	4.22
	-0.06
	-2.76
	20.54

	22
	TAM-17-79-66-85
	-3.94
	3.31
	0.26
	-0.89
	52.56

	23
	TAM-17-79-66-87
	-2.13
	3.87
	-0.36
	2.10
	235.60

	24
	TAM-19-79-77-87
	-14.74
	5.72
	-2.67
	-6.35
	3.39

	25
	TAM-23-79-76-85
	-11.03
	3.96
	0.86
	-7.93
	1.53

	26
	TAM-26-79-76-85
	-12.27
	3.85
	-2.08
	-6.34
	3.39

	27
	TAM-26-79-54-85
	-9.65
	3.57
	0.40
	-6.49
	3.16

	28
	TAM-25-79-54-86
	-11.08
	8.16
	-0.32
	-2.60
	22.27

	29
	TAM-28-79-76-85
	-10.41
	3.88
	-0.45
	-6.08
	3.87

	30
	TAM-33-79-65-85
	-8.80
	3.37
	0.31
	-5.74
	4.59

	31
	TAM-33-79-73-87
	-2.09
	2.58
	-1.76
	2.25
	254.68

	32
	TAM-37-79-76-85
	-13.30
	4.04
	-1.82
	-7.44
	1.96

	33
	TAM-41-79-60-85
	-9.92
	4.44
	-0.10
	-5.38
	5.50

	34
	TAM-38-79-67-85
	-8.90
	3.83
	1.25
	-6.32
	3.43

	35
	TAM-41-79-51-85
	-10.26
	3.62
	-0.97
	-5.66
	4.78

	36
	TAM-41-79-76-85
	-7.54
	2.77
	1.20
	-5.98
	4.08

	37
	TAM-42-79-56-85
	-7.21
	3.03
	0.82
	-5.01
	6.63

	38
	TAM-41-79-77-86
	-10.28
	4.29
	-1.36
	-4.64
	8.00

	39
	TAM-43-79-76-85
	-9.52
	2.94
	-0.03
	-6.55
	3.05

	40
	TAM-43-79-60-85
	-10.44
	4.57
	-2.42
	-3.45
	14.49

	41
	TAM-43-79-71-85
	-12.68
	5.20
	-0.42
	-7.06
	2.37

	42
	TAM-47-79-59-85
	-10.98
	4.72
	0.33
	-6.59
	3.00

	43
	TAM-48-79-74-86
	-9.11
	2.89
	1.44
	-7.66
	1.75

	44
	TAM-49-79-73-87
	-6.97
	4.12
	1.35
	-4.20
	9.96

	45
	TAM-1-80-72-85
	-7.09
	4.49
	1.43
	-4.03
	10.86

	46
	TAM-1-80-74-85
	-9.98
	2.80
	1.15
	-8.32
	1.25

	47
	TAM-50-79-73-87
	-8.45
	4.69
	1.91
	-5.67
	4.76

	48
	TAM-4-80-76-87
	-9.94
	4.14
	-0.18
	-5.62
	4.89

	49
	TAM-17-80-55-85
	-8.64
	3.92
	1.11
	-5.83
	4.39

	50
	TAM-17-80-55-87
	-11.25
	4.62
	1.10
	-7.73
	1.69

	51
	TAM-17-80-76-87
	-11.39
	4.46
	0.72
	-7.65
	1.76

	52
	TAM-25-80-54-87
	-7.29
	4.69
	0.29
	-2.88
	19.31

	53
	TAM-41-80-72-85
	-7.33
	3.78
	-0.43
	-3.12
	17.17

	54
	TAM-42-80-72-85
	-10.18
	4.57
	-0.87
	-4.74
	7.60

	55
	TAM-1-81-76-85
	-10.97
	3.28
	-1.07
	-6.62
	2.95

	56
	TAM-17-81-62-85
	-10.95
	4.56
	0.55
	-6.94
	2.52

	57
	TAM-41-81-59-85
	-8.33
	4.20
	2.29
	-6.42
	3.26

	58
	TAM-43-84-54-85
	-7.98
	3.36
	1.80
	-6.42
	3.26

	59
	TAM-42-84-75-85
	-11.01
	3.93
	-0.50
	-6.58
	3.01

	60
	TAM-4-82-65-85
	-9.59
	3.73
	1.49
	-7.35
	2.05

	61
	TAM-17-82-57-85
	-11.68
	5.59
	1.61
	-7.70
	1.71

	62
	TAM-43-82-65-85
	-10.19
	3.61
	1.70
	-8.28
	1.28

	63
	TAM-41-82-73-87
	-7.64
	4.18
	2.39
	-5.85
	4.35

	64
	TAM-17-82-73-86
	-3.51
	3.53
	-0.05
	0.08
	85.43

	a  ΔΔHMM is the relative enthalpic contribution to the GFE change of the Pks13-TAM complex formation ΔΔGcom ; b  ΔΔGsol is the relative solvation GFE contribution to ; c ΔΔTSvib is the relative (vibrational) entropic contribution to ΔΔGcom ; d ΔΔGcom is the relative Gibbs free energy (GFE) change related to the enzyme–inhibitor Pks13-TAM complex formation  ; e  is the predicted inhibition potency towards Pks13; f Experimental value  is given for the reference inhibitor TAM2 instead of the predicted value.
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	Figure 1. Histograms of frequency of occurrence of individual R-groups in the 135 best-retained analogues mapping to features of the PH4. For the structures of the substituents see table 1.



      
      3.5. Pharmacokenetic Profile of novels benzofuran analogues




In this work, the pharmacokinetic descriptors of the best designed benzofuran analogues and drugs used in the treatment of tuberculosis or in clinical trials were calculated with the QikProp program. The analysis of these values ​​presented in table 3, shows that for our new benzofuran analogues, no violation of descriptors is observed [40]. Indeed, the novel designed analogues display favorable #stars descriptor values ​​equal to zero for all molecules except one. Drug likeness of our new analogues is better compared to some molecules used in the treatment of tuberculosis such as Pyrazinamide, Ethambutol, Isoniazid, Bedaquiline. Moreover, fourteen designed benzofuran analogues have a percentage oral absorption (%HOA) greater than or equal to 80%. The other six analogues have an oral absorption percentage between 67% and 79%. These values ​​are higher than or equal to those of certain drugs used in anti-tuberculosis therapies (Rifampicin, Isoniazid, Pyrazinamide, Ethambutol). All these ADME properties indicate that our new benzofuran analogues can be considered as potential drug candidates. Thus, in the process of discovery and development new anti-tuberculosis drugs, these analogues can constitute an excellent starting point for the pharmaceutical industry.
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	Table 3. Predicted ADME-related properties of 6 best designed benzofuran analogs and known antitubercular agents either in clinical use or currently undergoing clinical testing computed by QikProp [40]

	[bookmark: _Hlk119433227]TAMxa

	#Starsb

	Mwc
[g.mol-1]

	Smold
[Å2]

	Smol,hfoe
[Å2]

	Vmolf
[Å3]

	RotBg

	HBdonh

	HBacci

	logPo/wj

	logSwatk

	logKHSAl

	logB/Bm

	BIPcacon
[nm.s-1]

	#metao

	 p
[nM]

	HOAq

	%HOAr


	TAM-1-80-74-85
	0
	461.60
	834.03
	523.99
	1544.22
	10
	3
	6.75
	4.88
	-5.84
	0.92
	-0.69
	313.85
	6
	1.25
	3
	100

	TAM-42-78-74-85
	0
	467.56
	792.14
	495.65
	1492.53
	11
	3
	7
	4.08
	-4.88
	0.72
	-1.19
	112.39
	8
	1.28
	3
	87.53

	TAM-43-82-65-85
	0
	484.59
	785.45
	470.38
	1500.66
	10
	5
	8.95
	2.55
	-2.89
	0.34
	-0.67
	29.58
	8
	1.28
	2
	68.19

	TAM-7-79-76-85
	0
	482.58
	818.51
	520.85
	1509.43
	9
	4
	9.9
	2.93
	-4.67
	0.28
	-1.06
	133.23
	7
	1.36
	2
	82.15

	TAM-47-78-76-87
	0
	481.59
	808.44
	537.01
	1525.89
	10
	2
	9.4
	3.54
	-4.61
	0.45
	-1.03
	142.57
	5
	1.37
	3
	86.2

	TAM-41-78-60-85
	0
	481.59
	812.97
	506.95
	1523.46
	10
	3
	7.95
	4.14
	-5.10
	0.67
	-0.84
	214.31
	8
	1.49
	3
	92.90

	TAM-23-79-76-85
	0
	483.56
	815.47
	524.97
	1499.16
	9
	4
	10.9
	2.45
	-4.34
	0.09
	-1.1
	122.48
	7
	1.53
	2
	78.68

	TAM-17-80-55-87
	0
	487.64
	862.57
	547.18
	1599.93
	10
	3
	8.5
	4.37
	-5.77
	0.75
	-0.93
	205.3
	6
	1.69
	3
	93.93

	TAM-17-82-57-85
	0
	478.59
	824.23
	472.52
	1524.54
	10
	4
	9.45
	3.11
	-4.73
	0.35
	-1.32
	88.68
	7
	1.71
	2
	80.01

	TAM-18-78-59-85
	0
	493.60
	833.77
	531.42
	1557.40
	10
	3
	8.95
	3.74
	-5.14
	0.57
	-1.14
	124.90
	8
	1.75
	3
	86.39

	TAM-48-79-74-86
	0
	493.61
	836.88
	545.58
	1567.92
	12
	5
	7
	3.93
	-5.10
	0.68
	-1.57
	67.97
	7
	1.75
	2
	82.74

	TAM-17-80-76-87
	0
	478.59
	815.90
	476.21
	1511.74
	10
	3
	10.9
	2.73
	-4.23
	0.12
	-1.15
	121.13
	4
	1.76
	3
	80.21

	TAM-25-78-65-85
	0
	481.59
	830.84
	509.37
	1533.13
	9
	3
	9.45
	3.02
	-3.87
	0.46
	-0.52
	44.73
	8
	1.77
	2
	74.17

	TAM-37-79-76-85
	0
	469.54
	787.21
	445.62
	1444.01
	9
	4
	10.9
	2.00
	-3.91
	-0.03
	-1.33
	72.7
	6
	1.96
	3
	71.99

	TAM-1-79-52-86
	0
	474.60
	836.69
	478.88
	1534.32
	10
	4
	7
	4.18
	-5.63
	0.76
	-1.24
	111.19
	6
	2.01
	3
	88.05

	TAM-4-82-65-85
	0
	495.62
	822.22
	490.48
	1555.82
	10
	5
	9.7
	2.58
	-3.28
	0.34
	-0.76
	27.56
	8
	2.05
	2
	67.80

	TAM-2-79-76-85
	0
	466.58
	805.36
	517.87
	1490.63
	8
	3
	9.15
	3.45
	-4.93
	0.46
	-0.73
	219.03
	6
	2.09
	3
	89.03

	TAM-43-79-71-85
	0
	469.54
	781.22
	429.37
	1442.87
	9
	4
	9.45
	2.54
	-4.2
	0.21
	-1.32
	69.97
	8
	2.37
	2
	74.86

	TAM-17-81-62-85
	0
	492.62
	839.98
	540.35
	1577.44
	8
	3
	7.75
	4.63
	-5.95
	0.92
	-0.62
	276.90
	6
	2.52
	3
	100

	TAM-42-78-54-85
	1
	467.56
	781.98
	477.47
	1464.91
	9
	3
	7
	3.885
	-5.031
	0.73
	-1.10
	103.38
	8
	2.58
	3
	85.75

	Rifampicine
	1
	137
	314
	0.0
	480 *
	2
	3
	4.5
	-0.7
	0
	-0.8
	-0.8
	267.5
	2
	-
	2
	67

	Isoniazid
	4
	123.1 *
	300
	0.0
	443 *
	1
	2
	5
	-0.6
	-0.5
	-0.8
	-0.7
	298.4
	4
	-
	2
	67

	Ethambutol
	2
	204.3
	476
	395.8
	806
	11
	4
	6.4
	-0.2
	0.6
	-0.8
	0.0
	107.8
	4
	-
	2
	62

	Pyrazinamide
	10
	823.0 *
	1090*
	850.0 *
	2300*
	25 *
	6
	20.3 *
	3.0
	-3.1
	-0.3
	-2.7
	38.2
	11 *
	-
	1
	34

	Gatifloxacin
	0
	375.4
	598
	355.7
	1093
	2
	1
	6.8
	0.5
	-4.0
	0
	-0.6
	17.0
	1
	-
	2
	52

	Moxifloxacin
	0
	401.4
	642
	395.6
	1168
	2
	1
	6.8
	1.0
	-4.7
	0.2
	-0.6
	20.9
	1
	-
	2
	56

	Rifapentine
	10
	877.0*
	1025*
	844.9*
	2333*
	24*
	6
	20.9*
	3.6
	-2.2
	-0.2
	-1.5
	224.40
	13
	-
	1
	51

	Bedaquiline
	4
	555.5
	787
	213.7
	1532
	9
	1
	3.8
	7.6*
	-6.9
	1.7
	0.4
	1562.2
	5
	-
	1
	100

	Delamanid
	2
	534.5
	796
	284.4
	1470
	7
	0
	6.0
	5.8
	-7.6
	1.0
	-1.0
	590.9
	2
	-
	1
	85

	Linezolid
	0
	337.4
	555
	337.2
	996
	2
	1
	8.7
	0.6
	-2.0
	-0.7
	-0.5
	507.0
	2
	-
	3
	79

	Sutezolid
	1
	353.4
	594
	330.6
	1047
	2
	1
	7.5
	1.3
	-3.4
	-0.4
	-0.4
	449.3
	0
	-
	3
	82

	Ofloxacin
	1
	361.4
	581
	337.0
	1044
	1
	0
	7.3
	-0.4
	-2.8
	-0.5
	-0.4
	25.9
	1
	-
	2
	50

	Amikacin
	14
	585.6
	739
	350.3
	1500
	22*
	17*
	26.9*
	-7.9*
	-0.2
	-2.1
	-3.5
	0
	14*
	-
	1
	0

	Kanamycin
	10
	484.5
	656
	258.9
	1291
	17*
	15*
	227*
	-6.7*
	2.0
	-1.4
	-3.1
	0
	12*
	-
	1
	0

	Imipenem
	0
	299.3
	487
	259.1
	880
	8
	3
	7.2
	1.0
	-1.8
	-0.7
	-1.4
	35.0
	3
	-
	3
	61

	Amoxicillin
	2
	365.4
	561
	164.6
	1033
	6
	4,25
	8.0
	-2.5
	-0.8
	-1.1
	-1.5
	1.0
	5
	-
	1
	12

	Clavulanate
	0
	199.2
	397
	184.6
	630
	4
	2
	6.5
	-0.8
	0.3
	-1.3
	-1.3
	13.3
	2
	-
	2
	42

	a designed benzofuran analogs and known antituberculotic agents, Table 2 ; b drug likeness, number of property descriptors (24 out of the full list of 49 descriptors of QikProp, ver. 3.7, release 14) that fall outside of the range of values for 95% of known drugs; c molar mass in [g.mol -1 ] (range for 95% of drugs: 130–725 g.mol −1 ) [40] ; d total solvent-accessible molecular surface, in [Å2 ] (probe radius 1.4 Å) (range for 95% of drugs: 300–1000 Å 2 ); e hydrophobic portion of the solvent-accessible molecular surface, in [Å2 ] (probe radius 1.4 Å) (range for 95% of drugs: 0–750 Å 2 ); f total volume of molecule enclosed by solvent-accessible molecular surface, in [Å3 ] (probe radius 1.4 Å) (range for 95% of drugs: 500–2000 Å3 ); g number of non-trivial (not CX3), non-hindered (not alkene, amide, small ring) rotatable bonds (range for 95% of drugs: 0–15); h estimated number of hydrogen bonds that would be donated by the solute to water molecules in an aqueous solution. Values are averages taken over several configurations, so they can assume non-integer values (range for 95% of drugs: 0.0–6.0); i estimated the number of hydrogen bonds that would be accepted by the solute from water molecules in an aqueous solution. Values are averages taken over a number of configurations, so they can assume non-integer values (range for 95% of drugs: 2.0–20.0) ; j logarithm of partitioning coefficient between n-octanol and water phases (range for 95% of drugs : −2 to 6.5) ; k logarithm of predicted aqueous solubility, logS. S in [mol·dm–3] is the concentration of the solute in a saturated solution that is in equilibrium with the crystalline solid (range for 95% of drugs: −6.0 to 0.5); l logarithm of predicted binding constant to human serum albumin (range for 95% of drugs: −1.5 to 1.5); m logarithm of predicted brain/blood partition coefficient (range for 95% of drugs: −3.0 to 1.2); n predicted apparent Caco-2 cell membrane permeability in Boehringer-Ingelheim scale in [nm s -1 ] (range for 95% of drugs: < 25 poor, > 500 nm s −1 great); o number of likely metabolic reactions (range for 95% of drugs: 1–8); p predicted  constants  ,  was predicted from computed  using the regression Equation (B) shown in (Table 3) ; q human oral absorption (1 = low, 2 = medium, 3 = high); r percentage of human oral absorption in gastrointestinal tract (<25% = poor, >80% = high); * star in any column indicates that the property descriptor value of the compound falls outside the range of values for 95% of known drugs.





4. DISCUSSION

Figure 2 shows the mapping of the Pks13 inhibition pharmacophore with TAM2 (most active ligand of training set) and the best designed analogues. We find that the novel benzofuran analogues align well with the PH4 model of Pk13 inhibition. Indeed, all molecule that aligns perfectly with the PH4 model is considered active. As for Figure 3, it illustrates the different interactions between residues within the active site of Pk13 and TAM2, and the four best designed analogues. With the new fragments that allowed design of the four analogues, new interactions were observed with the residues of the active site of Pks13. Among these interactions, we can cite: hydrogen bonds with catalytic residues (Ser1533, His1699), Asn1640, Tyr1663 and Gln1633, Pi-Akyl interactions with residues Trp1579, Tyr1582, Tyr1637 and van der Waals interactions with Val1562, His1699 and Trp1579 (see Figure 3). To quantify the established interactions between the novel analogues and the active site residues of Pks13, we calculated the interaction energy individual contribution of the active site residues (see diagram in Figure 4). After analysis this diagram, we find that the interaction energy of the Ser1533 residue is stabilizing at more than 2 kcal.mol-1 for the new analogues than in the case of TAM2. The level of interaction energy contribution in of the Val562 residue is more than 2 times greater (more than 2.8 kcal.mol-1) with the new benzofuran analogues than with TAM2. In addition, fragments 1, 7, 42, 43, 65, 74, 76, 78, 79, 80, 82 and 85 (see Table 1) used in the design of the new analogues allowed to amplify the interactions between certain residues Trp1579, His1699, Tyr1674, Ala1667, Tyr1663, Ile1643, Tyr1582, Gln1633 and the new analogues (Figure 4). 
All these observations noted in terms of contribution in interaction energy justify the predicted activity of the new analoguesTAM-1-80-74-85 (TAM-42-78-74-85 (, TAM-43-82-65-85 ( and TAM-7-79-76-85 ( compared to TAM2 (.
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Figure 2. Mapping of analogues TAM2; TAM-1-80-74-85; TAM-42-78-74-85; TAM-43-82-65-85; TAM-7-79-76-85 to Pks13 inhibition pharmacophore.
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Figure 3. 2D schematic interaction diagram of the analogues TAM2; TAM-1-80-74-85; TAM-42-78-74-85; TAM-43-82-65-85; TAM-7-79-76-85.
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Figure 4. Molecular mechanics intermolecular interaction energy Eint breakdown to residue contributions, in [kcal.mol -1] shown for the best five designed novels benzofuran analogues (the color coding refers to ligands and is given in the legend).



5. CONCULSION
Our study was devoted to the in silico design of new analogues, inhibitors of Mtb Pks13 based on information linked to the structure of benzofuran derivatives. We opted for a combinatorial approach to design a virtual library of 28,350 molecules. Following in silico screening of the library, 135 molecules matched the functionalities of the pharmacophore. The Gibbs free energy and its components of these new molecules were calculated. The predicted inhibitory activity of these molecules was also evaluated using the QSAR equation in aqueous media (. In addition, 20 molecules were identified and their pharmacokinetic profile was compared with that of certain anti-tuberculosis molecules. Among these molecules (the best 20), a complete analysis of the mode of binding was carried out. The best-designed analogues show predictive inhibitory activity down to low nanomolar concentrations, with the most active having an inhibitory activity of 1.25 nM (TAM-1-80-74-85). These new analogues can be recommended for synthesis and biological evaluation in order to identify new anti-tuberculosis molecules with a good pharmacokinetic profile that can be administered orally.



ABBREVIATIONS
ADME : Absorption, Distribution, Metabolism, and Excretion
2D : Two-Dimensional
3D : Three-Dimensional
Eint : MM Enzyme–Inhibitor Interaction Energy per Residue
 : Relative Complexation GFE
GFE: Gibbs Free Energy
 : Relative Solvation GFE
 : Relative Entropic GFE
: Enthalpy Component of GFE
 : Half-Maximal Inhibitory Concentration
MM : Molecular Mechanics
PDB : Protein Data Bank
PH4 : Pharmacophore
Pks : Polyketide Synthase
QSAR : Quantitative Structure-Activity Relationships
TE : Thioesterase
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