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ABSTRACT 
 
Aims: Polyketide synthase 13 (Pks13) is an essential enzyme in the synthesis of mycolic acids 
in Mycobacterium tuberculosis (Mtb). Therefore, Pks13 is a promising drug target for 
tuberculosis treatment. Here we report the in silico design and evaluation of novel Pks13 
inhibitors made of benzofuran derivatives with favorable predicted pharmacokinetic profile. 
Methodology: A 3D model of Pks13-TAMx complexes was prepared for a training set of 18 
TAMs with experimentally determined inhibitory potencies (half-maximal inhibitory 
concentrations ICହ଴

ୣ୶୮) by using in situ modifications of the crystal structure of the TAM1-Pks13 
complex (PDB entry 5V3X). A linear QSAR model was prepared which correlated computed 
gas phase enthalpies of formation (∆∆H୑୑) of Pks13-TAMx complexes with the ICହ଴

ୣ୶୮  in order 
to find active conformations of the 18 TAMs. Furthermore, taking into account the solvent 
effect and entropy changes upon ligand binding yielded a superior QSAR model correlating 
computed complexation of Gibbs free energies ∆∆Gୡ୭୫. Using the active conformations of the 
training set TAMs, we obtained a pharmacophore model (PH4) which enabled us to virtually 
screen novel analogs included in a virtual combinatorial library (VCL) of compounds containing 
benzofuran scaffolds. The PH4 model screened the VCL formerly filtered by Lipinski’s rule-of-
five to identify new benzofuran analogs. 
Results: Gas phase QSAR model: − logଵ଴൫ICହ଴

ୣ୶୮൯ = pICହ଴
ୣ୶୮ = −0.1822 × ΔΔH୑୑ + 6.9135, 

Rଶ = 0.89 ; superior aqueous phase QSAR model pICହ଴
ୣ୶୮ = −0.2182 × ΔΔGୡ୭୫ + 7.0853, 

Rଶ = 0.98 and PH4 pharmacophore model: pICହ଴
ୣ୶୮ = 1.0003 × pICହ଴

୮୰ୣ − 0.0019, Rଶ = 0.91. The 
PH4 screening retained 109 new and predicted pharmacokinetic profiles of the new analogs, 
which were afterwards compared to current orally administered antituberculosis drugs, and the 
former were found to be almost 92 times more active than TAM2 (ICହ଴

ୣ୶୮ = 0.12µM). 
Conclusion: This computational approach, which combines molecular modeling, 
pharmacophore model, analysis of Pks13-TAMs interaction energies, in silico screening of 
VCL compounds, and ADME properties resulted in a set of new suggested Pks13 inhibitors. 
 
Keywords: ADME properties prediction, Polyketide synthase 13, in silico screening, QSAR, 
Mycobacterium tuberculosis, inhibitors, benzofuran, pharmacophore model. 
1. INTRODUCTION 
 
Tuberculosis is a contagious disease caused by a mycobacterium called Mycobacterium 
tuberculosis. This disease can be spread through bacillus-charged airborne droplets from a 



 

 

tuberculosis’infected person while they cough [1]. Although there are antituberculosis 
treatments, incidence and mortality rates remain significant. In 2019, about 10 million people 
contracted tuberculosis and 1.4 million people died from it. Moreover, the surge of drug-
resistant tuberculosis strains keeps threatening the public health system. Almost 500,000 
people in 2019 contracted a rifampicin-resistant tuberculosis strain; 78% of them carried a 
multidrug-resistant strain [2]. Also; boasting infection of a quarter of the world’s entire 
population along with a 1.5 million death count, tuberculosis has been deemed a health 
emergency by the WHO [3]. Given these alarming statistics, looms a pressing need of 
antituberculosis drugs with new therapeutical strategies targeting the molecules involved in 
the survival of Mycobacterium tuberculosis inside its host. 
The cell wall of tuberculosis’ mycobacterium plays a key role in its lifespan and virulence [4]. 
Thus, the enzymes which intervene in its synthesis are relevant targets when it comes to 
researching and conceiving new antituberculosis chemicals [4]. Mycolic acids are long-chain 
fatty acids which are important for the permeability and integrity of the mycobacterial cell wall 
[5]. The shakeup of the biosynthesis path of the mycolic acids is a strategy for the discovery 
of antituberculosis drugs, and this has been validated by numerous first- and second-stage 
antituberculosis drugs; such as isoniazid, ethionamide, ethanbutol and the Mmpl3 clinical 
inhibitor SQ109 [6]. 
Polyketide Synthase 13 (Pks13) is a key enzyme which completes the last step of the 
biosynthesis of mycolic acids by a Claisen-type condensation reaction [7]. Several studies 
showed the importance of Pks13 for the mycobacterial lifespan [8,9]. Therefore, Pks13’s 
inhibition disrupts the critical path of the synthesis of mycolic acids as well and kills the 
tuberculosis bacillus [8,9]. Among the discovered categories of Pks13 inhibitors, figures the 
benzofuran derivatives [10]. In this research project, our goal is to conceive new analogs of 
benzofuran derivatives with better inhibiting activities and a decent pharmacokinetic profile 
from the structural information’s and the experimental activities provided by Aggarwal et al 
[11]. To reach that goal, we are going to elaborate a QSAR model of complexation, build a 
pharmacophore model to enable us to screen a library in silico and evaluate the activity and 
the pharmacokinetic profile of the best analogs.  
 
2. MATERIAL AND METHODS  
 
2.1 Training And Validation Sets 
 
Chemical structures and biological activities (ICହ଴

ୣ୶୮) of training and validation sets of 
benzofuran derivatives inhibitors of Pks13 used in this study were taken from this article by 
Aggarwal et al. [11]. 
These compounds span a large gamut of half-maximal inhibitory concentrations (0.12 ≤
ICହ଴

ୣ୶୮ ≤ 35.8µM) to allow the design of a QSAR model. The dataset, provided by the 
literature [11], has been divided by a protocol called « Generate training and test data », 
within the Discovery Studio 2016 software, into a training set (TS) containing 18 benzofuran 
inhibitors and a validation set (VS) including 5 benzofuran inhibitors. 
 
2.2 Model Building 
 
3D molecular models of enzyme-inhibitor (E-I) complexes Pks13-TAMx, free enzyme Pks13 
and free inhibitors TAM were prepared from high resolution (1.94 Å) crystal structure of a 
reference complex containing the training set compound TAM1 bound to the Pks13 (Protein 
Data Bank entry code 5V3X [11]) using Insight-II molecular modeling program [12].  
The structures of Pks13 and the E-I complexes whose pH stood at 7, whose N- and C-
terminal residues were neutral, had all their protonizable and ionizable residues charged. 
Crystallographic water molecules were left out of the model. The inhibitors were built into the 
reference structure 5V3X [11] by continuously in situ changing derivatized groups in the 



 

 

molecular scaffold of the template inhibitor TAM1. An exhaustive conformational search over 
all rotatable bonds of the replacing function groups, along with a minitious gradual energy-
minimization of the modified inhibitor and of active site residues of the Pks13 within 5Å of the 
inhibitor, helped us find low-energy bound conformations of the modified inhibitor. The 
subsequent low-energy structures of the E-I complexes were then refined by minimizing the 
whole complex. This procedure has been often used with much success to build models of 
viral, bacterial and protozoal enzyme-inhibitor complexes and to design peptidomimetic, 
hydroxynaphthoic, thymidine, triclosan, pyrrolidine carboxamide, nitriles and chalcone-based 
inhibitors [13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23]. 
 
2.3 Molecular Mechanics 
 
Modeling of inhibitors, Pks13 and E-I complexes was carried out by molecular mechanics as 
described earlier [13].  
 
2.4 Conformational Search 
 
As mentioned earlier, free inhibitor conformations were derived from their bound 
conformations in the E-I complexes through gradual relaxation to the nearest local energy 
minimum [13].  
 
2.5 Solvation Gibbs Free Energies 
 
The electrostatic component of solvation Gibbs free energy (GFE), which also includes the 
effects of ionic strength through the solution of the nonlinear Poisson–Boltzmann equation 
[24,25] was computed by the Delphi module in Discovery Studio [26] as aforementioned 
[13].  
 
2.6 Calculation Of Binding Affinity And QSAR Model 
 
The computation of binding affinity expressed by the GFE complexation has been discussed 
in more depth earlier [13].  
 
2.7 Interaction Energy 
 
The computation of MM interaction energy (Eint) between enzyme residues and the inhibitor 
CFF97 force field was performed as described earlier [13]. 
 
2.8 Pharmacophore Generation 
 
Bound conformations of inhibitors out of the models of E-I complexes were used to build a 
3D-QSAR pharmacophore (PH4) model via the Catalyst HypoGen algorithm [27] 
implemented in Discovery Studio [28] as described earlier [13]. 
 
2.9 ADME Properties 
 
The pharmacokinetic profile of TAMs were computed by the QikProp program [28] as 
described earlier [13]. 
 
2.10 Virtual Library Generation 



 

 

 
The virtual library generation was performed as described earlier [13]. 
 
2.11 ADME-Based Library Searching 
 
The drug-likeness selection criterion served to downsize the initial virtual library into one 
that’s more useful for our purposes [13]. 
 
2.12 Pharmacophore-Based Library Searching 
 
The pharmacophore model (PH4) described in Section 2.8 and derived from the bound 
conformations of TAMs at the active site of Pks13 made up the library searching tool, as 
described earlier [13]. 
 
2.13 Inhibitory Potency Prediction 
 
The conformer with the best mapping on the PH4 pharmacophore in each cluster of the 
focused library subset was used to compute ΔΔGୡ୭୫ and ICହ଴

ୣ୶୮ estimation (virtual screening) 
through the complexation QSAR model as described earlier [13]. 
.  
3. RESULTATS AND DISCUSSION 
 
3.1 Training And Validation Sets 
 
The training set of 18 TAMs and the validation set of 5 TAMs (Table 1) were selected from 
this article by Aggarwal et al. [11]. Substitutions made at five positions R1, R2, R3, 5’and 6’ 
of the benzofuran scaffold and R -group, as shown in (Table 1), made up the entire series. 
The experimental half-maximal inhibitory concentrations (0.12 ≤ ICହ଴

ୣ୶୮ ≤ 35.80	µM) [11] 
cover a sufficiently wide concentration range to build a reliable QSAR model. 
 
Table 1. Training Set (TS) and validation set (VS) of benzofuran derivatives 
inhibitors  
of Pks13 [11] used in the preparation of QSAR models of inhibitor binding. The R-
groups are numbered as #R ≡ group index. 
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Training Set TAM1 TAM2 TAM3 TAM4 TAM5 TAM6 

#R1-#R2-#R3 1-5-8 1-5-9 1-5-15 1-5-16 1-5-11 1-5-17 

ICହ଴
ୣ୶୮ (µM) 0.26 0.12 0.24 0.28 0.71 1.57 

Training set TAM8 TAM9 TAM11 TAM12 TAM13 TAM14 a 

#R1-#R2-#R3 1-5-14 1-5-10 1-5-13 1-6-10 2-5-10 1-5-10 

ICହ଴
ୣ୶୮ (µM) 11.90 0.26 19.60 0.29 0.17 35.80 

Training set TAM15 b TAM17 TAM18 TAM20 c TAM21 TAM23 

#R1-#R2-#R3 1-5-10 3-5-10 4-6-10 2-5-10 1-5-12 2-5-12 

ICହ଴
ୣ୶୮ (µM) 2.00 0.36 0.33 0.45 0.42 0.28 

Validation Set TAM7 TAM10 TAM16 TAM19 c TAM24  

#R1-#R2-#R3 1-5-18 1-7-10 2-6-10 2-6-10 1-6-12  

ICହ଴
ୣ୶୮ (µM) 20.00 6.60 0.19 0.57 2.10  

 

 
a TAM14: 5’ – MeO; b TAM15: 5’ – H; c TAM19 and TAM20: 5’ – H, 6’ – OH. 

 
3.2 QSAR Model 
 
3.2.1 Single-descriptor QSAR models   
 
Each of the 18 training sets (TS) and 5 validation sets (VS) Pks13-TAMs complexes (table 
1) was prepared by in situ modification of the refined template crystal structure (pdb entry 



 

 

code 5v3x [11]) of the complex Pks13-TAM1 as described in the Methods section. Further, 
the relative Gibbs free energy of the Pks13-TAMx upon complex formation (ΔΔGୡ୭୫) was 
computed for each of the 23 optimized enzyme–inhibitor complexes. (Table 2) lists 
computed values of ΔΔGୡ୭୫ and its components for the TS and VS of benzofuran derivatives 
[11]. The QSAR model explained variation in the TAMs experimental inhibitory potencies 
(pICହ଴

ୣ୶୮	 = − logଵ଴൫ICହ଴
ୣ୶୮൯) [11]) by correlating it with computed GFE ΔΔGୡ୭୫ through a linear 

regression. In addition, significant correlation obtained in this QSAR relationship permitted to 
determine the active bound conformation of the TAMs at the Pks13 binding site and enabled 
generation of inhibition PH4 pharmacophore. In search for better insight into the binding 
affinity of TAMs towards Pks13, we have analyzed the enthalpy of complexation in gas 
phase by ΔΔH୑୑correlating it with the pICହ଴

ୣ୶୮	. The validity of this linear correlation (for 
statistical data of the regression, see (Table 3, Equation A) allowed assessment of the 
significance of inhibitor-enzyme interactions (ΔΔH୑୑) when solvent effect and loss of 
entropy of the inhibitor upon binding to the enzyme were neglected. This correlation 
explained about 89% of the variation in pICହ଴

ୣ୶୮	 data and underlined the role of the enthalpic 
contribution to the binding affinity of the ligand. More, the advanced descriptor, namely the 
GFE of the Pks13-TAMx complex formation including all components: ΔΔH୑୑, ΔΔTS୴୧ୠ and 
ΔΔGୱ୭୪ , has been assessed (for statistical data see Table 3, Equation B). Relatively high 
values of the regression coefficient Rଶ, adjusted 	R୶୴

ଶ	  and Fischer F-test of the correlation 
show the importance of the entropic term in a biological environment and suggest a good 
relationship between the 3D model of inhibitor binding and the observed inhibitory potencies 
of the TAMx [11] .Therefore, structural information derived from the 3D models of Pks13–
TAMx complexes is expected to lead to reliable prediction of Pks13 inhibitory potencies for 
novel benzofuran analogs based on the QSAR model B, (Table 3).  
 
Table 2. Gibbs free energy (binding affinity) and its components for the training set 
of Pks13 inhibitors and validation set inhibitors [11] 
 

Training Set a MW 
b ΔΔHMM

 c ΔΔGsol
 d ΔΔTSvib

 e ΔΔGcom
 f ۷۱૞૙

ܘܠ܍  g 

[g.mol-1] [kcal.mol-1] [kcal.mol-1] [kcal.mol-1] [kcal.mol-1] [µM] 
TAM1 393.48 3.84 -2.98 -1.10 1.96 0.26 
TAM2 393.48 0.00 0.00 0.00 0.00 0.12 
TAM3 365.42 0.82 -0.23 -1.43 2.02 0.24 
TAM4 393.48 1.95 -0.87 -1.41 2.49 0.28 
TAM5 381.42 5.16 -2.52 -1.79 4.43 0.71 
TAM6 339.39 5.73 -0.80 -0.92 5.85 1.57 
TAM8 372.41 7.21 -3.06 -5.11 9.26 11.90 
TAM9 379.45 0.81 -0.28 -1.65 2.18 0.26 
TAM11 378.46 13.09 -3.71 -1.76 11.14 19.60 
TAM12 364.44 1.72 0.44 -0.74 2.90 0.29 
TAM13 395.45 -0.11 0.21 -1.46 1.56 0.17 
TAM14 393.48 12.79 -3.35 -2.11 11.55 35.80 
TAM15 363.45 6.49 0.97 0.26 7.20 2.00 
TAM17 396.44 4.09 -2.74 -1.88 3.23 0.36 
TAM18 398.43 3.84 -2.09 -1.38 3.13 0.33 
TAM20 395.45 3.79 -2.00 -1.35 3.14 0.45 
TAM21 409.48 2.68 -0.96 -1.29 3.01 0.42 
TAM23 425.47 3.29 -0.52 -0.80 3.57 0.38 



 

 

 
a  for the chemical structures of training set and validation set see (Table 1) ; b Mw is the molar mass of 
inhibitors ; c  ΔΔHMM is the relative enthalpic contribution to the GFE change related to E:I complex 
formation derived by MM ; ∆∆ܪெெ ≅ :ܧ}ெெܧ] {௫ܫ −[௫{ܫ}ெெܧ− :ܧெெ൛ܧൣ ௥௘௙ൟܫ −  ௥௘௙ is theܫ ,௥௘௙ൟ൧ܫெெ൛ܧ
reference inhibitor TAM2 ; d ΔΔGsol is the relative solvation Gibbs free energy contribution to the Gibbs 
free energy related to E:I complex formation : ∆∆ܩ௦௢௟ = :ܧ}௦௢௟ܩ] −{௫ܫ −[௫{ܫ}௦௢௟ܩ :ܧ௦௢௟൛ܩൣ ௥௘௙ൟܫ −
 ; ௥௘௙ൟ൧ܫ௦௢௟൛ܩ

e ΔΔTSvib is the relative entropic contribution of the inhibitor to Gibbs free energy to E:I 
complex formation : ∆∆ܶ ௩ܵ௜௕ = [∆∆ܶܵ௩௜௕{ܫ௫}ா − ∆∆ܶ ௩ܵ௜௕{ܫ௫}]− ቂ∆∆ܶܵ௩௜௕൛ܫ௥௘௙ൟா − ∆∆ܶ ௩ܵ௜௕൛ܫ௥௘௙ൟቃ; 

f 
ΔΔGcom is the relative Gibbs free energy  related to E:I complex formation : ∆∆ܩ௖௢௠ ≅ ெெܪ∆∆ +
௦௢௟ܩ∆∆ − ܶ∆∆ܵ௩௜௕  ; g ܥܫହ଴

௘௫௣ is the experimental half-maximal inhibition concentration obtained from 
reference [11] ; h ratio of predicted and experimental half-maximal concentrations ܥܫ݌ହ଴

௣௥௘/ܥܫ݌ହ଴
௘௫௣.  

ହ଴ܥܫ݌
ா௫௣ = ହ଴ܥܫଵ଴൫݃݋݈−

௘௫௣൯ was predicted from computed ΔΔGcom using the regression equation for 
Pks13 show in (table 3, B). 
 
 
Table 3. Analysis of computed binding affinities ઢઢ۵ܕܗ܋, its enthalpic component 
ઢઢ۶ۻۻ and experimental half-maximal inhibitory concentrations 
۷۱૞૙ܘ

ܘܠ܍ = ૚૙൫۷۱૞૙܏ܗܔ−
 ൯ of TAMs towards Pks13 [11]ܘܠ܍

 
Statistical Data of Linear Regression A B 

۷۱૞૙ܘ
ܘܠ܍ = −૙.૚ૡ૛૛ × ઢઢ۶ۻۻ + ૟.ૢ૚૜૞        (A)   

۷۱૞૙ܘ
ܘܠ܍ = −૙.૛૚ૡ૛ × ઢઢ۵ܕܗ܋ + ૠ.૙ૡ૞૜       (B)   

Number of compounds n 18 18 

Squared correlation coefficient of regression Rଶ 0.89 0.98 

LOO cross-validated squared correlation coefficient R୶୴
ଶ  0.87 0.98 

Standard error regression σ 0.24 0.09 

Statistical significance of regression, Fisher F-test 136.85 1008.07 

Leve of statistical significance α > 95% 

Range of activities ICହ଴
ୣ୶୮ [µM] 0.12 - 35.80 

 
The statistical data confirmed validity of the correlation Equations (A) and (B) plotted on 
(Figure 1). The ratio pICହ଴

୮୰ୣ/pICହ଴
ୣ୶୮ ≅ 1 (the pICହ଴

୮୰ୣ values were estimated using correlation 
Equation B, Table 3) calculated for the validation set TAM7, TAM10, TAM16, TAM19, 
TAM24 documents the substantial predictive power of the complexation QSAR model from 
Table 2. Thus, the regression Equation B (Table 3) and computed GFE ΔΔGcom can be used 
for prediction of inhibitory potencies ICହ଴

ୣ୶୮ against Pks13 for novel benzofuran analogs 
provided they share the same binding mode as the training set.  

Validation Seta MW
  b ΔΔHMM 

c ΔΔGsol
  d ΔΔTSvib

  e ΔΔGcom
 f ۷۱ܘ૞૙

 /܍ܚܘ
۷۱૞૙ܘ

 h      [g.mol-1] [kcal.mol-1] [kcal.mol-1] [kcal.mol-1] [kcal.mol-1]ܘܠ܍
TAM7 282.29 9.93 -1.71 -4.30 12.52 0.93 
TAM10 351.40 9.04 -2.66 -1.82 8.20 1.02 
TAM16 380.44 0.18 0.71 -0.48 1.37 1.01 
TAM19 380.44 4.57 -0.98 -0.66 4.25 0.99 
TAM24 394.46 5.84 -0.89 -1.94 6.89 0.98 



 

 

 
Fig. 1. (A) Plot of correlation equation between ۷۱ܘ૞૙

  and relative enthalpic contribution ܘܠ܍
to the GFE ΔΔHMM [kcal.mol-1] (B) Similar plot for relative complexation Gibbs free energies 
of the Pks13-TAMx complex formation ΔΔGcom [kcal.mol-1] of the training set [11].  

The validation set data points are shown in red color. 
 
 
3.2.2 Binding mode of TAMs   
 
The structural information from the Pks13-TAMx complexes help identify key interactions 
which explain the affinity of benzofuran derivatives with Pks13. In fact, the key interactions 
which are involved in the shaping of Pks13-TAMx complexes and which justify the affinity of 
benzofuran derivatives with Pks13, are hydrogen bindings, Van der Waals bindings, 
hydrophobic connections, etc. On (figure 2), the TAM2 binding mode inside the Pks13 active 
site is also indicated. Two hydrogen bindings are observed with residues Asp16444 and 
Asn1640. The van der Waals interactions have also been observed with residues such as 
Tyr1663. We notice the presence of π-π stacking with residues Tyr1582 and Phe1670. 
There are also hydrophobic connections with residues Ile1643 and Ala1667. As shown on 
Figure 2, several residues interact with TAM2. Most training set molecules have the same 
interaction mode as TAM2. On the other hand, certain less active molecules of the training 
set (TAM14, TAM15, TAM6) lose either the hydrogen interaction with the Asp1644 residue, 
or the van der Waals interactions and stacking with some other residues such as Tyr1663 
and Tyr1674. Some of the other less active molecules (TAM11, TAM8) have cyclical 
fragments on location R3 of the benzofuran scaffold but lack the nitrogen atom needed to 
retain one of the key hydrogen interactions with the Asn1640 residue when the molecules 
are in the solvent [11,35]. Indeed, the Asp1644, Tyr1674, Tyr1663 and Asn1640 residues 
are among the key residues in the affinity of benzofuran derivatives for Pks13 [11,36]. In this 
work, the key interactions with these residues have been successfully preserved. 
 



 

 

  

 
 
Fig. 2. (a) 3D structure of the Pks13 active site with bond inhibitor TAM2; (b) 2D  
schematic   interaction diagram of the most potent inhibitor TAM2 [11] at the active  
sit; (c) connolly surface of the pks13 active site for TAM2. surface coloring legend: 
red=hydrophobic, blue= hydrophilic and white= intermediate.  
 
 
3.2.3 Interaction Energy   
 
Additional information about the interaction mode of the ligands of the training set are 
provided by the interaction energies diagram. This diagram is derived from the individual 
energetic contributions of each residual of the Pks13 active site with the training set ligands.  
The breakout of the interaction energy into individual contributions of the residuals of the 
Pks13 active site is important in picking substitutes for the improvement of the binding 
affinity of benzofuran analogs with Pks13 to strengthen their inhibitory ability. The individual 
contributions of the interaction energies are classified into the three following groups 
according to the activity level of the training set ligands: the most active ligands, the 
moderately active ligands and the least active ligands (figures 3: (a), (b) and (c)). The 
comparative analysis of these contributions with respect to their interaction energies 
facilitates the identification of the residuals whose contribution to binding affinity is most 
significant. Upon analyzing it further, we notice that the level of contribution with respect to 
interaction energies of residuals of the Pks13 active sites is almost the same for the three 
categories of inhibitors. And so, we make no specific suggestion for substitutes which could 
potentially improve binding affinity. In designing new inhibitors out of benzofuran derivatives, 

(a) (b) 

(c) 



 

 

a (so-named) combinatory approach is adopted. Through this approach, we generated an in 
silico library screening of 169,136 benzofuran analogs. 
 

 
Fig. 3. Molecular mechanics intermolecular interaction energy breakdown to residue   
contributions in [kcal.mol-1] :(a) the most active inhibitors; (b) moderately active 
inhibitors; (c) less active inhibitors, (Table 2) [11]. 

 
3.3 3D-QSAR Pharmacophore Model 
 
The 3D pharmacophore model of Pks13 is elaborated from the active conformations of the 
training set ligands and evaluated by the validation set ligands. The generation process of 
the pharmacophore model based on the HypoGen algorithm which is implemented in the 
CATALIS package of DS 2.5, is conducted through three consecutive steps: the constructive 
step, the subtractive step and the optimization step [29]. During the constructive step, one of 
the training set molecules TAM2 has been selected to generate pharmacophore hypotheses 
for it alone yielded an activity which fits the threshold criterion: ICହ଴

ୣ୶୮ ≤ 1.26 × 0.12	µM ; 



 

 

In the subtractive stage, the features available in more than half of the inactive molecules 
are withdrawn. Then the hypotheses generated from these molecules which lost no feature 
are kept aside. A molecule is deemed inactive by the HypoGen algorithm when its inhibitory 
activity fulfills the following condition: ICହ଴

ୣ୶୮ > 0.12 × 10ଷ.ହµM = 379.47µM  
Given that principle, no molecule from the training set was classified as inactive. As a result, 
no initial PH4 feature was lost. At the optimization stage, the remaining hypotheses are 
optimized and the 10 best are selected. The cost values, the correlation coefficients; the 
root-mean-square deviations (RMSD), the pharmacophores’ features and the maximal 
adjustment value of the 10 highest-ranked hypotheses are compiled in the (table 4). 
These 10 hypotheses have been selected according to their statistical parameters such as a 
high R2 correlation coefficient, a low total cost value and a low root-mean-square. After its 
conception, the pharmacophore model has been afterwards evaluated for its reliability on the 
basis of the parameters of computed costs ranging from 82.64 (Hypo1) to 169.80 (Hypo10). 
The relatively low gap between the parameter of the highest cost and that of the least 
predictably fits the homogeneity of the generated hypotheses and the coherence of the 
training set molecules. For this PH4 pharmacophore model, the difference between the cost 
of each hypothesis and the null cost is superior to 82. Also, the fixed cost (42.14) is inferior 
to the null cost (481.72) with a difference of ∆ = 439.58. The fact that this difference is 
superior to 70 (∆ > 70), means that the odds are strong; precisely better than 90%, that the 
pharmacophore model is predictive and represents a true correlation [29]. In order to be 
statistically significant, a hypothesis must have a total cost closer to the fixed cost and 
further from the null one. For these 10 hypotheses altogether, the difference between the 
null cost and the total cost is superior or equal to 311.92, which illustrates the high quality of 
this pharmacophore model. The RMSD between the hypotheses ranges from 2.12 to 3.75 
and the R2 correlation coefficient is situated between 0.85 and 0.95. The first hypothesis 
(Hypo1) totaling a cost of 82.64 which is the closest to the fixed cost (42.14) and the furthest 
from the null cost (481.72), the best RMSD (2.12) and the best R2 (0.95) has been selected 
for a deeper analysis. The configuration cost (8.53 for all hypotheses) being inferior to 17 
confirms this pharmacophore as reasonable [29].  
What links the confidence level 98% and the number of 49 random executions for each 
hypothesis is based on the following formula: S = ቂ1 − ଵାଡ଼

ଢ଼
ቃ× 100 [29] 

Whereby X is the total number of hypotheses whose total cost is inferior to that of the initial 
hypothesis (Hypo1) and Y the total number of HypoGen executions (initial execution + 
random executions): X = 0 et Y = (1 + 49), so  98% = ቂ1 − ଵା଴

ଵାସଽ
ቃ × 100 .  

The first hypothesis has been evaluated by a Fischer-test. The Cat Scramble program has 
been used to randomly sample the experimental activities of all the training set molecules. At 
a 98% confidence level, each of the 49 random executions resulted in 10 valid hypotheses, 
using the same characteristics and parameters as these of the generation of the 10 
hypotheses of the initial pharmacophore. Among them, the value of the cost of the first 
hypothesis is the lowest, as opposed to the 49 randomly generated hypotheses ; as we can 
observe in (Table 4) where the lowest cost of the 49 random executions is compiled for each 
initial hypothesis, and none of them was as predictive as the initial generated hypotheses 
displayed in table 4.  
Thus, there is a 98% chance that the first hypothesis constitutes a pharmacophore model of 
the inhibitory activity of the benzofuran derivatives with a comparable predictive power to 
that of the QSAR model of complexation in an aqueous environment. Another evaluation of 
the first hypothesis is the mapping of the most active ligand (TAM2) of the training set 
(Figure 4). 
 
 



 

 

 
Table 4. Parameters of 10 generated PH4 pharmacophoric hypotheses for Pks13 
inhibitors [11] after the Cat Scramble validation procedure (49 scrambled runs for 
each hypothesis at the selected level of confidence of 98%) 
  

Hypothesis RMSD a R2 b Total Cost c Costs  
Difference d 

Closest 
Random e 

Hypo1 2.12 0.95 82.64 399.08 186.17 

Hypo2 2.26 0.95 87.92 393.79 254.60 

Hypo3 2.55 0.93 100.63 381.09 299.02 

Hypo4 3.30 0.88 140.83 340.89 317.62 
Hypo5 3.36 0.88 144.68 337.03 322.95 

Hypo6 3.56 0.86 157.16 324.55 323.07 

Hypo7 3.65 0.86 163.91 317.80 323.46 

Hypo8 3.72 0.85 167.91 313.81 334.99 

Hypo9 3.72 0.85 167.91 313.81 335.53 

Hypo10 3.75 0.85 169.80 311.92 336.90 
 

a Root Mean Square Deviation; b Squared correlation coefficient; c Overall cost parameter 
of the pharmacophore (PH4); d Cost difference between Null cost and hypothesis total 
cost; e Lowest cost from 49 scrambled runs at a selected level of confidence of 98%. The 
Fixed Cost = 42.14 with RMSD = 0, the Null Cost = 481.72 with RMSD = 7,07 and the 
Configuration cost = 8.53. 
 

 

 



 

 

 
 
                                                
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                    

                                                   (e) 
 
Fig. 4. (a) features of the pharmacophore of Pks13 inhibition; (b) distances between 
centers; (c) angle between centers of pharmacophoric features; (d) pharmacophore 
mapping with the most potent molecule TAM2 ( ۷۱૞૙

ܘܠ܍ = ૙.૚૛ૄۻ ). The features are 
colored green for Hydrogen Bond Acceptor (HBA), orange for aromatic ring (Ar), blue 
for hydrophobic and red for pos ionizable; (e) correlation plot of experimental Vs. 
predicted inhibitory activity (open circles correspond to TS). 
 
Then, a linear regression was computed between the experimental biological activities and 
the ones predicted by the first hypothesis in order to measure the predictable power of the 
pharmacophore. The following equation for the line of best fit has been obtained as follows:  
pICହ଴

ୣ୶୮ = 1.0003 × pICହ଴
୮୰ୣ − 0.0019 (n = 18, Rଶ= 0.91, R୶୴

ଶ = 0.87, σ = 0.22, F-test = 161.48, 
ߙ > 98%) is also plotted in (Figure 4). 
 
3.4 Virtual Screening 
 
The in silico screening of a (combinatory) virtual library can facilitate the identification of 
better outcomes, as was shown in the works of Kouassi et al. [30], N’Guessan et al. [13] and 
Allangba et al. [26] about inhibitors design. 
 
3.4.1 Virtual library   
 
The substitutes made in the respective positions R1, R2 and R3 of the skeleton of the 
endogenous ligand (TAM2) of the training set allowed us to generate a virtual library of the 
size R1 x R2 x R3 = 248 x 22 x 31 = 169,136 benzofuran analogs.  
The names of the R1, R2 and R3 fragments are mentioned in the (Table 5). In order to 
conceive new drug-like analogs which are also orally administrable, the Lipinski’s rule of five 
[31] has been applied to the library’s 169,136 analogs. This first filtering led to the obtention 



 

 

of a relatively smaller library containing only 10,919 analogs. This downsized library then 
went through in silico screening. 
Table 5. R1 to R3 -groups (fragments, building blocks, substituents) used in the 
design of the initial diversity virtual combinatorial library of benzofuran derivatives 
 

 
R-groups * 

1 3-ethylphenyl 2 3-ethyl-4-hydroxyphenyl 3 4-hydroxy-3-isopropylphenyl 

4 3-isopropylphenyl 5 3-ethyl-5-methylphenyl 6 3-ethyl-4-hydroxy-5-
methylphenyl 

7 3-isopropyl-5-methylphenyl 8 3-ethyl-4-isopropylphenyl 9 5-ethyl-2-hydroxy-4-
isopropylphenyl 

10 5-ethyl-2,4-dihydroxyphenyl 11 3-ethyl-cyclohexyl 12 3-ethyl-5-methylcyclohexyl 

13 5-ethyl-2,4-
dihydroxycyclohexyl 14 3-isopropylcyclohexyl 15 3-isopropyl-5-

methylcyclohexyl 

16 3-ethyl-4-isopropylcyclohexyl 17 5-ethyl-2-hydroxy-4-
isopropylcyclohexyl 18 5-ethyl-2-hydroxycyclohexyl 

19 2-hydroxy-5-
isopropylcyclohexyl 20 3-ethylpiperidin-1-yl 21 3-ethyl-5-methylpiperidin-1-yl 

22 3-isopropylpiperidin-1-yl 23 2-hydroxy-5-
isopropylpiperidin-1-yl 24 5-ethyl-2-hydroxypiperidin-1-

yl 

25 3-ethyl-4-hydroxypiperidin-1-
yl 26 3-ethyl-4-

isopropylpiperidin-1-yl 27 5-ethyl-2-hydroxyl-3-
mehtylpiperidin-1-yl 

28 5-ethyl-2-hydroxy-4-
isopropylpiperidin-1-yl 29 3-ethyl-4-

methoxypiperidin-1-yl 30 5-ethyl-2-hydroxyphenyl 

31 2-hydroxy-5-isopropylphenyl 32 4-(1H-pyrrol-3-yl)phenyl 33 4-(furan-3-yl)phenyl 

34 4-(1H-pyrrol-1-yl)phenyl 35 3-ethyl-4-(1H-pyrrol-1-
yl)phenyl 36 2-hydroxy-4- (1H-pyrrol-1-

yl)phenyl 

37 5-ethyl-2-hydroxy-4-(1H-
pyrrol-1-yl)phenyl 38 2-hydroxy-5-isopropyl-4-

(1H-pyrrol-1-yl)phenyl 39 3-isopropyl-4-(1H-pyrrol-1-
yl)phenyl 

40 3-ethyl-4-(1H-pyrrol-3-
yl)phenyl 41 5-ethyl-2-hydroxy-4-(1H-

pyrrol-3-yl)phenyl 42 2-hydroxy-5-isopropyl-4-(1H-
pyrrol-3-yl)phenyl 

4’ 

5’ 

6’ 



 

 

43 3-isopropyl-4-(1H-pyrrol-3-
yl)phenyl 44 4-(3-hydroxy-1H-pyrrol-1-

yl)phenyl 45 3-ethyl-4-(3-hydroxy-1H-
pyrrol-1-yl)phenyl 

46 
5-ethyl-2-hydroxy-4-(3-
hydroxy-1H-pyrrol-1-
yl)phenyl 

47 
2-hydroxy-4-(3-hydroxy-
1H-pyrrol-1-yl)-5-
isopropylphenyl                                                                           

48 4-(3-hydroxy-1H-pyrrol-1-yl)-
3-isopropylphenyl 

49 3-ethyl-4-(furan-3-yl)phenyl 50 5-ethyl-4-(furan-3-yl)-2-
hydroxyphenyl 51 4-(furan-3-yl)-2-hydroxy-5-

isopropylphenyl 

52 4-(furan-3-yl)-3-
isopropylphenyl 53 5-ethyl-2-methylphenyl 54 5-ethyl-2,3-dimethylphenyl 

55 5-ethyl-2-hydroxy-3-
methylphenyl 56 3-ethylcycloheptyl 57 6-ethyl-2-methylcycloheptyl 

58 3-ethyl-6-methylcycloheptyl 59 3-ethyl-5-
methylcycloheptyl 60 6-ethyl-2-hydroxycycloheptyl 

61 6-ethyl-2-hydroxy-3-
methylcycloheptyl 62 6-ethyl-2-hydroxy-4-

methylcycloheptyl 63 6-ethyl-2-hydroxy-3,4-
dimethylcycloheptyl 

64 3-isopropylcycloheptyl 65 6-isopropyl-2-
methylcycloheptyl 66 3-isopropyl-6-

methylcycloheptyl 

67 3-isopropyl-5-
methylcycloheptyl 68 6-isopropyl-2,4-

dimethylcycloheptyl 69 6-isopropyl-3,4-
dimethylcycloheptyl 

70 6-isopropyl-2,3-
dimethylcycloheptyl 71 2-hydroxy-6-

isopropylcycloheptyl 72 2-hydroxy-6-isopropyl-3-
methylcycloheptyl 

73 2-hydroxy-6-isopropyl-3,4-
dimethylcycloheptyl 74 2-hydroxy-6-isopropyl-4-

methylcycloheptyl 75 3-ethylazepan-1-yl 

76 6-ethyl-2-methylazepan-1-yl 77 3-ethyl-6-methylazepan-
1-yl 78 3-ethyl-5-methylazepan-1-yl 

79 6-ethyl-2,4-dimethylazepan-
1-yl 80 6-ethyl-2,3-

dimethylazepan-1-yl 81 6-ethyl-3,4-dimethylazepan-
1-yl 

82 6-ethyl-2-hydroxyazepan-1-
yl 83 6-ethyl-2-hydroxy-3-

methylazepan-1-yl 84 6-ethyl-2-hydroxy-4-
methylazepan-1-yl 

85 6-ethyl-2-hydroxy-3,4-
dimethylazepan-1-yl 86 3-isopropylazepan-1-yl 87 6-isopropyl-2-methylazepan-

1-yl 

88 3-isopropyl-6-methylazepan-
1-yl 89 3-isopropyl-5-

methylazepan-1-yl 90 6-isopropyl-2,4-
dimethylazepan-1-yl 

91 6-isopropyl-2,3-
dimethylazepan-1-yl 92 3-isopropyl-4,6-

dimethylazepan-1-yl 93 2-hydroxy-6-
isopropylazepan-1-yl 

94 2-hydroxy-6-isopropyl-3-
methylazepan-1-yl 95 2-hydroxy-6-isopropyl-

3,4-dimethylazepan-1-yl 96 2-hydroxy-6-isopropyl-4-
methylazepan-1-yl 

97 3-ethyl-4-methoxyphenyl 98 5-ethyl-2,3-
dimethylcyclohexyl 99 indolizin-2-yl 



 

 

100 8-ethylindolizin-2-yl 101 3-hydroxyindolizin-2-yl 102 8-ethyl-3-hydroxyindolizin-2-
yl 

103 3-hydroxy-8-
isopropylindolizin-2-yl 104 8-isopropylindolizin-2-yl 105 6-ethylpyridin-2-yl 

106 6-ethyl-5-hydroxypyridin-2-yl 107 6-ethyl-3-hydroxypyridin-
2-yl 108 6-ethyl-3,5-dihydroxypyridin-

2-yl 

109 6-ethyl-4-methylpyridin-2-yl 110 6-isopropylpyridin-2-yl 111 6-isopropyl-4-methylpyridin-
2-yl 

112 3-hydroxy-6-
isopropylpyridin-2-yl 113 5-hydroxy-6-

isopropylpyridin-2-yl 114 3,5-dihydroxy-6-
isopropylpyridin-2-yl 

115 4-cyclobutyl-3-ethylphenyl 116 4-cyclobutyl-3-ethyl-5-
methylphenyl 117 4-cyclobutyl-5-ethyl-2-

hydroxyphenyl 

118 4-cyclopropyl-3-ethylphenyl 119 4-cyclopropyl-3-ethyl-5-
methylphenyl 120 4-cyclopropyl-5-ethyl-2-

hydroxyphenyl 

121 4-cyclopropyl-3-
isopropylphenyl 122 4-cyclopropyl-3-

isopropyl-5-methylphenyl 123 4-cyclopropyl-2-hydroxy-5-
isopropylphenyl 

124 4-cyclopropyl-2-hydroxy-5-
isopropyl-3-methylphenyl 125 4-cyclopropyl-5-ethyl-2-

hydroxy-3-methylphenyl 126 4-cyclobutyl-5-ethyl-2-
hydroxy-3-methylphenyl 

127 4-cyclopentyl-3-ethylphenyl 128 4-cyclopentyl-3-ethyl-5-
methylphenyl 129 4-cyclopentyl-5-ethyl-2-

hydroxy-3-methylphenyl 

130 4-cyclopentyl-5-ethyl-2-
hydroxyphenyl 131 4-cyclopentyl-3-

isopropylphenyl 132 4-cyclopentyl-3-isopropyl-5-
methylphenyl 

133 4-cyclopentyl-2-hydroxy-5-
isopropyl-3-methylphenyl 134 4-cyclopentyl-2-hydroxy-

5-isopropylphenyl 135 4-(1H-pyrrol-1-yl)cyclohexyl 

136 3-ethyl-4-(1H-pyrrol-1-
yl)cyclohexyl 137 3-ethyl-5-methyl-4-(1H-

pyrrol-1-yl)cyclohexyl 138 5-ethyl-2-hydroxy-4-(1H-
pyrrol-1-yl)cyclohexyl 

139 5-ethyl-2-hydroxy-3-methyl-
4-(1H-pyrrol-1-yl)cyclohexyl 140 3-isopropyl-4-(1H-pyrrol-

1-yl)cyclohexyl 141 3-isopropyl-5-methyl-4-(1H-
pyrrol-1-yl)cyclohexyl 

142 2-hydroxy-5-isopropyl-4-(1H-
pyrrol-1-yl)cyclohexyl 143 

2-hydroxy-5-isopropyl-3-
methyl-4-(1H-pyrrol-1-
yl)cyclohexyl 

144 4-(furan-2-yl)cyclohexyl 

145 3-ethyl-4-(furan-2-
yl)cyclohexyl 146 3-ethyl-4-(furan-2-yl)-5-

methylcyclohexyl 147 5-ethyl-4-(furan-2-yl)-2-
hydroxycyclohexyl 

148 5-ethyl-4-(furan-2-yl)-2-
hydroxy-3-methylcyclohexyl 149 

4-(furan-2-yl)-2-hydroxy-
5-isopropyl-3-
methylcyclohexyl 

150 4-(furan-2-yl)-2-hydroxy-5-
isopropylcyclohexyl 

151 4-(furan-2-yl)-3-isopropyl-5-
methylcyclohexyl 152 4-(azetidin-1-yl)-3-

ethylphenyl 153 4-(azetidin-1-yl)-3-ethyl-5-
methylphenyl 

154 4-(azetidin-1-yl)-5-ethyl-2-
hydroxyphenyl 155 4-(azetidin-1-yl)-5-ethyl-

2-hydroxy-3- 156 4-(azetidin-1-yl)-3-
isopropylphenyl 



 

 

methylphenyl 

157 4-(azetidin-1-yl)-3-isopropyl-
5-methylphenyl 158 

4-(azetidin-1-yl)-2-
hydroxy-5-
isopropylphenyl 

159 4-(azetidin-1-yl)-2-hydroxy-5-
isopropyl-3-methylphenyl 

160 4-(aziridin-1-yl)-3-
ethylphenyl 161 4-(aziridin-1-yl)-3-ethyl-5-

methylphenyl 162 4-(aziridin-1-yl)-5-ethyl-2-
hydroxy-3-methylphenyl 

163 4-(aziridin-1-yl)-5-ethyl-2-
hydroxyphenyl 164 4-(aziridin-1-yl)-3-

isopropylphenyl 165 4-(aziridin-1-yl)-3-isopropyl-
5-methylphenyl 

166 4-(aziridin-1-yl)-2-hydroxy-5-
isopropyl-3-methylphenyl 167 

4-(aziridin-1-yl)-2-
hydroxy-5- 
isopropylphenyl 

168 3-methoxyphenyl 

169 5-ethyl-2-methoxyphenyl 170 3-ethyl-5-methoxyphenyl 171 3-methoxycyclohexyl 

172 5-ethyl-2-methoxycyclohexyl 173 3-ethyl-5-
methoxycyclohexyl 174 5-ethyl-2-methoxypiperidin-

1-yl 

175 3-ethyl-5-methoxypiperidin-
1-yl 176 3-methoxypiperidin-1-yl 177 6-ethyl-2-

methoxycycloheptyl 

178 3-ethyl-6-
methoxycycloheptyl) 179 3-methoxycycloheptyl 180 6-ethyl-2-methoxyazepan-1-

yl 

181 3-ethyl-6-methoxyazepan-1-
yl 182 3-methoxyazepan-1-yl 183 5-ethyl-2-methoxy-4-(1H-

pyrrol-1-yl)phenyl 

184 3-methoxy-4-(1H-pyrrol-1-
yl)phenyl 185 5-ethyl-4-(furan-3-yl)-2-

methoxyphenyl 186 4-(furan-3-yl)-3-
methoxyphenyl 

187 8-ethyl-3-methoxyindolizin-2-
yl 188 8-ethyl-5-

methoxyindolizin-2-yl 189 8-methoxyindolizin-2-yl 

190 6-ethyl-3-methoxypyridin-2-
yl 191 6-ethyl-4-methoxypyridin-

2-yl 192 6-methoxypyridin-2-yl 

193 4-cyclopropyl-5-ethyl-2-
methoxyphenyl 194 4-cyclopropyl-3-ethyl-5-

methoxyphenyl 195 4-cyclopropyl-3-
methoxyphenyl 

196 4-cyclobutyl-5-ethyl-2-
methoxyphenyl 197 4-cyclobutyl-3-ethyl-5-

methoxyphenyl 198 4-cyclobutyl-3-
methoxyphenyl 

199 4-cyclopentyl-5-ethyl-2-
methoxyphenyl 200 4-cyclopentyl-3-

methoxyphenyl 201 4-(azetidin-1-yl)-5-ethyl-2-
methoxyphenyl 

202 4-(azetidin-1-yl)-3-ethyl-5-
methoxyphenyl 203 4-(azetidin-1-yl)-3-

methoxyphenyl 204 4-(aziridin-1-yl)-5-ethyl-2-
methoxyphenyl 

205 4-(aziridin-1-yl)-3-ethyl-5-
methoxyphenyl 206 4-(aziridin-1-yl)-3-

methoxyphenyl 207 5-ethyl-2-methoxy-4-
(pyrrolidin-1-yl)phenyl 

208 3-methoxy-4-(pyrrolidin-1-
yl)phenyl 209 5-ethyl-2-methoxy-4-(1H-

pyrrol-1-yl)cyclohexyl 210 3-methoxy-4-(1H-pyrrol-1-
yl)cyclohexyl 



 

 

211 5-ethyl-4-(furan-2-yl)-2-
methoxycyclohexyl 212 4-(furan-2-yl)-3-

methoxycyclohexyl 213 5-ethyl-2-methoxy-4-(1H-
pyrrol-1-yl)piperidin-1-yl 

214 3-methoxy-4-(1H-pyrrol-1-
yl)piperidin-1-yl 215 5-ethyl-4-(furan-2-yl)-2-

methoxypiperidin-1-yl 216 4-(furan-2-yl)-3-
methoxypiperidin-1-yl 

217 3-ethyl-4-(1H-pyrrol-1-
yl)piperidin-1-yl 218 5-ethyl-2-hydroxy-4-(1H-

pyrrol-1-yl)piperidin-1-yl 219 3-ethyl-5-methyl-4-(1H-
pyrrol-1-yl)piperidin-1-yl 

220 3-ethyl-4-(furan-2-
yl)piperidin-1-yl 221 3-ethyl-4-(furan-2-yl)-5-

methylpiperidin-1-yl 222 5-ethyl-4-(furan-2-yl)-2-
hydroxypiperidin-1-yl 

223 6-ethylindolizin-8-yl 224 6-isopropylindolizin-8-yl 225 5-hydroxy-6-
isopropylindolizin-8-yl 

226 6-ethyl-5-hydroxyindolizin-8-
yl 227 3-ethylnaphthalen-1-yl 228 3-ethylisoquinolin-1-yl 

229 5-ethyl-1H-indol-1-yl 230 6-ethyl-1H-indol-1-yl 231 4-(1H-azirin-1-yl)-3-
ethylphenyl 

232 4-(1H-azirin-1-yl)-5-ethyl-2-
hydroxyphenyl 233 

4-(1H-azirin-1-yl)-5-ethyl-
2-hydroxy-3-
methylphenyl 

234 5-(1H-azirin-1-yl)-6-ethyl-3-
hydroxy-4-methylpyridin-2-yl 

235 5-(1H-azirin-1-yl)-6-ethyl-3-
hydroxypyridin-2-yl 236 5-(1H-azirin-1-yl)-6-ethyl-

4-methylpyridin-2-yl 237 
5-(1H-azirin-1-yl)-6-
isopropyl-4-methylpyridin-2-
yl 

238 
5-(1H-azirin-1-yl)-3-hydroxy-
6-isopropyl-4- methylpyridin-
2-yl 

239 
5-(1H-azirin-1-yl)-3-
hydroxy-6-
isopropylpyridin-2-yl 

240 4-(1H-azirin-1-yl)-3-
isopropylphenyl 

241 4-(1H-azirin-1-yl)-2-hydroxy-
5-isopropylphenyl 242 

4-(1H-azirin-1-yl)-2-
hydroxy-5-isopropyl-3- 
methylphenyl 

243 
3-
methyldecahydronaphthalen-
1-yl 

244 
3-
ethyldecahydronaphthalen-
1-yl 

245 3-ethyloctahydroquinolin-
1(2H)-yl 246 3-methyloctahydroquinolin-

1(2H)-yl 

247 
3-
methyloctahydroquinazolin-
1(2H)-yl 

248 
3-
ethyloctahydroquinazolin-
1(2H)-yl 

249 ethyl-formic acid-1-yl 

250 methyl-formic acid-1-yl 251 methyl-formic amid-1-yl 252 ethyl-formic amid-1-yl 

253 propyl-formic amid-1-yl 254 propyl-formic acid-1-yl 255 isobutyl-formic acid-1-yl 

256 isobutyl-formic amid-1-yl 257 (1H-pyrrol-1-yl)methyl-
formic acid-1-yl 258 (1H-pyrrol-1-yl)methyl-formic 

amid-1-yl 

259 cyclobutylmethyl-formic acid-
1-yl 260 azetidin-1-ylmethyl-

formic acid-1-yl 261 cyclopropylmethyl-formic 
acid-1-yl 

262 aziridin-1-ylmethyl-formic 
acid-1-yl 263 (1H-azirin-1-yl)methyl-

formic acid-1-yl 264 cyclobutylmethyl-formic 
amid-1-yl 



 

 

265 azetidin-1-ylmethyl-formic 
amid-1-yl 266 cyclopropylmethyl-formic 

amid-1-yl 267 aziridin-1-ylmethyl-formic 
amid-1-yl 

268 (1H-azirin-1-yl)methyl-formic 
amid-1-yl 269 2-methylallyl-formic acid-

1-yl 270 (2-methylallyl)-formic amid-
1-yl 

271 (4-methoxypiperidin-1-
yl)methyl 272 (4-ethoxypiperidin-1-

yl)methyl 273 ( (4-isopropoxypiperidin-1-
yl))methyl) 

274 (4-acetylpiperidin-1-yl)methyl 275 (4-propionylpiperidin-1-
yl)methyl 276 (4-isobutyrylpiperidin-1-

yl)methyl 

277 (4-isobutylpiperidin-1-
yl)methyl 278 (4-(pentan-3-yl)piperidin-

1-yl)methyl 279 (4-methoxy-3-
methylpiperidin-1-yl)methyl 

280 (3-ethyl-4-methoxypiperidin-
1-yl)methyl 281 

(3-isopropyl-4-
methoxypiperidin-1-
yl)methyl 

282 (3,4-dimethoxypiperidin-1-
yl)methyl 

283 (4-ethoxy-3-methylpiperidin-
1-yl)methyl 284 (4-ethoxy-3-

ethylpiperidin-1-yl)methyl 285 
(4-ethoxy-3-
isopropylpiperidin-1-
yl)methyl 

286 (4-ethoxy-3-
methoxypiperidin-1-yl)methyl 287 (4-methoxyazepan-1-

yl)methyl 288 (4-ethoxyazepan-1-yl)methyl 

289 (4-isopropoxyazepan-1-
yl)methyl 290 (3-isopropoxypyrrolidin-1-

yl)methyl 291 
(3-
(methoxymethyl)pyrrolidin-1-
yl)methyl 

292 
(3-
(isopropoxymethyl)pyrrolidin-
1-yl)methyl 

293 (4-acetylazepan-1-
yl)methyl 294 (4-propionylazepan-1-

yl)methyl 

295 (4-isobutyrylazepan-1-
yl)methyl 296 (3-acetylpyrrolidin-1-

yl)methyl 297 (3-propionylpyrrolidin-1-
yl)methyl 

298 (3-isobutyrylpyrrolidin-1-
yl)methyl 299 

(3-(3-
oxopropyl)pyrrolidin-1-
yl)methyl 

300 
(3-(2-methyl-3-
oxopropyl)pyrrolidin-1-
yl)methyl 

301 (3-(3-oxobutyl)pyrrolidin-1-
yl)methyl     

                    * R1-groups: 1 – 248; R2-groups: 249 – 270; R3-groups: 271 – 301. 
 

 
3.4.2 In silico screening of the virtual library   
 
The screening of the downsized virtual library (10,919 analogs) has been carried out by the 
3D-QSAR pharmacophore model of Pks13 inhibition. out of the screened analogs, 109 
exhibiting at least four features of the pharmacophore have been picked. the free enthalpy 
complexation variation with respect to the reference ligand and its components has been 
computed and reported in the (Table 6). then, the predicted activity of 109 analogs has been 
computed thanks to the QSAR equation of the aqueous-environment complexation. 
 
Table 6. GFE and their components for the top scoring 109 virtual benzofurans 
analogs. The analog numbering concatenates the index of each substituent R1 to R3 
with the substituent numbers taken from (Table 5) 



 

 

 

 
Nᵒ Designed 

analogs 
ܔܗܛa ∆∆۵  ۻۻ۶∆∆

b ∆∆܊ܑܞ܁܂ 
c ∆∆۵ܕܗ܋ d ۷۱૞૙

 e ܍ܚܘ

ିܔܗܕ.ܔ܉܋ܓ]  [ۻܖ] [૚ିܔܗܕ.ܔ܉܋ܓ] [૚ିܔܗܕ.ܔ܉܋ܓ] [૚ିܔܗܕ.ܔ܉܋ܓ]
Ref TAM2 0.00 0.00 0.00 0.00 120.00 
1 30-249-279 -8.06 1.74 1.92 -8.24 1.31 
2 34-249-271 -14.73 7.60 -0.37 -6.76 2.76 
3 108-249-283 -9 .07 2.04 0.81 -7.84 1.60 
4 113-249-299 -10.14 2.13 0.26 -8.26 1.30 
5 174-249-297 -7.74 3.90 3.29 -7.14 2.28 
6 3-250-279 -14.65 7.54 -0.86 -6.25 3.56 
7 13-250-279 -7.70 3.02 3.01 -7.68 1.73 
8 18-250-288 -1.43 0.82 5.98 -6.58 3.01 
9 21-250-280 -1.67 2.68 7.50 -6.49 3.15 
10 33-250-279 -5.46 4.30 -1.97 0.82 123.87 
11 62-250-287 -3.70 1.47 5.70 -7.93 1.53 
12 93-250-287 -2.57 2.27 6.80 -7.10 2.32 
13 106-250-283 -12.25 4.44 -0.10 -7.71 1.70 
14 108-250-283 -8.33 1.86 -0.27 -6.20 3.65 
15 27-250-296 -6.85 4.04 2.10 -4.91 6.97 
16 113-250-279 -12.13 7.88 2.20 -6.45 3.22 
17 171-250-297 -8.24 2.50 0.65 -6.39 3.31 
18 172-250-279 -7.68 2.48 1.98 -7.18 2.23 
19 172-250-290 -6.50 2.33 3.32 -7.50 1.90 
20 30-250-290 -5.90 1.19 0.30 -5.02 6.61 
21 190-250-281 0.95 2.79 1.86 1.88 211.34 
22 192-250-299 -9.99 1.79 -2.42 -5.78 4.51 
23 195-250-279 -15.64 8.58 0.00 -7.06 2.37 
24 235-250-279 -3.07 2.90 -1.05 0.88 127.77 
25 235-250-290 1.34 0.78 0.82 1.30 157.87 
26 30-251-283 -7.98 1.84 -0.61 -5.53 5.09 
27 5-251-297 -10.41 2.69 -0.72 -7.01 2.43 
28 10-251-283 -9.45 2.16 -0.38 -6.91 2.55 
29 11-251-279 -5.25 2.70 3.86 -6.40 3.30 
30 18-251-279 -7.41 3.42 2.80 -6.79 2.71 
31 21-250-285 5.00 2.13 5.87 1.26 155.07 
32 23-251-279 -5.67 2.74 4.46 -7.39 2.01 
33 24-250-298 -6.31 3.03 3.66 -6.94 2.51 
34 27-251-283 -7.07 3.62 4.54 -7.98 1.49 
35 31-251-293 -12.22 7.23 1.08 -6.08 3.87 
36 31-251-298 -10.67 3.14 -0.81 -6.72 2.81 
37 34-251-283 -14.20 8.15 0.70 -6.75 2.77 
38 44-251-296 -9.04 6.81 -3.75 1.52 176.32 

Nᵒ Designed 
analogs 

ܔܗܛa ∆∆۵  ۻۻ۶∆∆
b ∆∆܊ܑܞ܁܂ 

c ∆∆۵ܕܗ܋ d ۷۱૞૙
 e ܍ܚܘ

ିܔܗܕ.ܔ܉܋ܓ]  [ۻܖ] [૚ିܔܗܕ.ܔ܉܋ܓ] [૚ିܔܗܕ.ܔ܉܋ܓ] [૚ିܔܗܕ.ܔ܉܋ܓ]
39 60-251-290 -5.92 2.70 3.83 -7.04 2.39 

4’ 

5’ 

6’ 



 

 

40 82-251-274 -9.20 3.66 2.46 -8.00 1.47 
41 82-251-283 -3.71 1.91 6.44 -8.24 1.31 
42 87-251-297 -5.96 3.41 4.18 -6.73 2.79 
43 93-251-279 -5.42 3.61 5.66 -7.47 1.93 
44 105-251-283 -14.43 5.62 -1.11 -7.70 1.72 
45 106-251-279 -14.85 6.76 -1.02 -7.07 2.36 
46 108-251-283 -8.54 2.74 0.96 -6.76 2.75 
47 110-251-283 -15.19 7.95 -0.32 -6.92 2.53 
48 113-251-283 -12.68 7.17 0.68 -6.19 3.66 
49 113-251-297 -9.43 2.72 0.98 -7.68 1.73 
50 135-251-280 -1.01 4.88 1.20 2.67 313.68 
51 163-251-279 -6.08 2.76 2.97 -6.30 3.47 
52 171-251-279 -5.68 2.20 3.74 -7.22 2.18 
53 172-251-297 -9.26 3.99 1.33 -6.60 2.98 
54 191-251-279 -10.74 2.94 0.15 -7.96 1.51 
55 206-251-283 -7.27 1.46 1.98 -7.79 1.64 
56 223-251-298 -10.37 4.05 0.08 -6.40 3.30 
57 224-251-297 -11.56 4.14 -0.22 -7.20 2.20 
58 229-251-279 -15.62 9.23 0.32 -6.71 2.83 
59 3-252-287 -7.02 2.25 3.36 -8.12 1.39 
60 10-252-297 -12.16 3.03 -1.54 -7.58 1.82 
61 53-252-286 -11.43 6.38 1.05 -6.10 3.84 
62 55-252-296 -10.27 2.91 0.67 -8.03 1.45 
63 82-252-297 -6.34 3.92 5.11 -7.53 1.87 
64 110-252-300 -8.51 3.31 0.04 -5.25 5.89 
65 100-252-279 -8.73 2.83 1.86 -7.77 1.66 
66 105-252-298 -11.94 2.98 -1.78 -7.18 2.23 
67 113-252-279 -13.71 8.49 1.27 -6.49 3.16 
68 168-252-297 -8.13 2.78 -1.11 -4.24 9.77 
69 189-252-279 -9.74 2.97 1.28 -8.05 1.44 
70 192-252-298 -11.33 3.00 -0.43 -7.90 1.55 
71 195-252-279 -15.47 9.50 1.74 -7.70 1.72 
72 106-253-280 -15.13 9.06 1.37 -7.44 1.96 
73 107-253-297 -9.88 3.57 1.27 -7.58 1.82 
74 190-253-296 -10.12 3.23 -2.68 -4.22 9.88 
75 206-253-271 -11.08 4.57 1.56 -8.07 1.43 
76 99-254-299 -2.71 2.28 -0.45 0.02 83.12 
77 176-254-279 -8.07 3.02 3.11 -8.16 1.36 
78 192-254-297 -11.99 2.70 -1.43 -7.87 1.58 
79 113-256-291 -7.45 4.58 4.25 -7.13 2.29 
80 105-257-296 -15.63 7.45 -1.67 -6.51 3.12 
81 120-258-291 -9.67 5.82 4.05 -7.90 1.55 
82 192-259-279 -13.45 5.93 -1.17 -6.35 3.38 
83 176-260-296 -9.80 3.37 1.00 -7.43 1.97 
84 112-261-296 -8.56 2.82 -0.17 -5.57 5.01 
85 113-261-291 -6.21 3.59 -2.02 -0.60 60.63 
86 105-262-292 -5.79 2.64 -0.59 -2.57 22.62 
87 4-263-279 -16.35 7.81 -2.51 -6.04 3.96 
88 105-263-283 -0.33 1.30 -0.46 1.43 168.26 
89 112-263-291 -1.62 2.61 -3.34 4.33 724.13 

Nᵒ Designed 
analogs 

ܔܗܛa ∆∆۵  ۻۻ۶∆∆
b ∆∆܊ܑܞ܁܂ 

c ∆∆۵ܕܗ܋ d ۷۱૞૙
 e ܍ܚܘ

ିܔܗܕ.ܔ܉܋ܓ]  [ۻܖ] [૚ିܔܗܕ.ܔ܉܋ܓ] [૚ିܔܗܕ.ܔ܉܋ܓ] [૚ିܔܗܕ.ܔ܉܋ܓ]
90 107-264-291 -6.96 4.09 3.77 -6.63 2.93 



 

 

91 110-265-291 -6.49 4.25 3.90 -6.13 3.77 
92 1-266-298 -11.57 4.30 0.45 -7.71 1.71 
93 56-267-279 -5.78 3.14 3.95 -6.59 2.99 
94 179-267-297 -12.64 4.23 -0.31 -8.10 1.40 
95 192-267-279 -17.92 8.41 -1.93 -7.58 1.82 
96 2-268-296 -7.14 4.09 -6.10 3.05 381.13 
97 11-268-280 1.23 3.56 4.05 0.74 119.27 
98 20-268-271 -9.58 3.65 0.95 -6.87 2.60 
99 53-268-296 -3.09 3.51 -1.83 2.25 254.43 

100 105-268-283 -2.41 2.28 -0.54 0.41 100.94 
101 113-268-296 -3.45 3.77 -1.70 2.02 226.39 
102 168-269-279 -11.75 5.24 -0.15 -6.36 3.37 
103 82-269-296 -5.05 3.57 4.80 -6.28 3.50 
104 171-270-280 -4.52 2.79 5.09 -6.81 2.68 
105 190-270-296 -12.14 3.71 -2.37 -6.06 3.92 
106 24-250-279 -3.92 2.75 4.71 -5.88 4.28 
107 209-250-296 -9.11 1.75 -1.51 -5.86 4.33 
108 105-266-279 -14.26 8.63 0.23 -5.86 4.33 
109 106-266-274 -21.11 11.14 -4.16 -5.81 4.44 
 

a ∆∆ܪெெ is the relative enthalpic contribution to the GFE change of the Pks13-TAM complex formation 
 ௦௢௟ is the relative solvation GFE contribution to ; cܩ∆∆ ௖௢௠ (for details see footnote of Table 2) ; bܩ∆∆
∆∆ܶܵ௩௜௕ is the relative (vibrational) entropic contribution to ∆∆ܩ௖௢௠ ; d ∆∆ܩ௖௢௠ is the relative Gibbs free 
energy (GFE) change related to the enzyme–inhibitor Pks13-TAM complex formation  ∆∆ܩ௖௢௠ =
ெெܪ∆∆ + ௦௢௟ܩ∆∆ − ∆∆ܶܵ௩௜௕; e ܥܫହ଴

௣௥௘ is the predicted inhibition potency towards Pks13;  Experimental 
value ܥܫହ଴

௘௫௣ is given for the reference inhibitor TAM2 instead of the predicted value. 
  
 
3.4.3 Analysis of novel benzofuran analogs substituents   
 
In this part of our study, the goal is to identify the substitutes which lead to new Pks13 
benzofuran inhibitors of Mycobacterium tuberculosis and whose predicted biological 
activities are better than the ones proposed by Aggarwal et al. To this end, histograms have 
been plotted to indicate the occurrence rate of substitutes on locations R1, R2 et R3 among 
the 109 leads given by the PH4 screening. These histograms revealed that the most 
frequent substitutes are (occurrence frequency between brackets): 113(8) , 105(7), 192(5), 
82(4), 106(4), 171(3), 176(4), 108(3), 172(3), 190 (3), 30 (3), 110 (3) in R1 ; 3(33), 2(22), 
4(13), 20(6), 1(5), 5(4), 6(3), 15(3), 18(3), 19(3), 22(3),  in R2; 9(29), 27(13), 13(14), 26(13), 
28(6), 21(5), 10(5), 1(3), 17(3), 20(3), 29(3),  in R3. 
 
 



 

 

 
Fig. 5. Histograms of frequency of occurrence of individual R-groups in the 109 best- 
selected analogs mapping to features of the PH4 pharmacophore hypothesis Hypo1 
 (for the structures of the fragments see Table 5). 
 
3.5 Pharmacokinetic Profile Of New Benzofuran Analogs 
 
The properties linked to ADME, the ratio of octanol to water, water-solubility, the ratio of 
blood to brain matter, the porosity to Caco-2 cells, serum protein binding, the number of 
likely metabolic reactions and 18 other ADME-related descriptors, new benzofuran analogs 
have been computed using the QikProp program [32]. This program is based on the 
Jorgensen method [33,34]. This method consists in using experimental data from more than 
710 compounds, including about 500 drugs and heterocycles. The data has been used to fit 
regression models of the computed and experimental descriptors which in turn, enable us to 
precisely predict the pharmacokinetic properties of the designed molecules. The drug-
likeness (number of stars) and the number of descriptive properties which fall outside the 
range of the optimal values determined for 95% of known drugs out of the 24 properties 
picked by QikProp have both been used as selection criteria in addendum to the ADME-
related ones. The values of the descriptors of the pharmacokinetic properties of the best 
conceived benzofuran analogs are computed and then compared to those of the drugs 
which are currently used to treat tuberculosis or undergoing clinical trials (Table 7). The 
analysis of these computed descriptors (Table 7) indicates that the newly conceived 
benzofuran analogs are drug-like. Thus, this constitutes an excellent starting point for the 
pharmaceutical industry in the discovery and development process towards new 
antituberculosis drugs. For most new analogs, the value associated to the drug-likeness 
descriptor (#star) is 0. Predictably, this indicates that no criterion pertaining to the drug-



 

 

likeness descriptors has been violated. Moreover, all these analogs have an acceptable oral 
absorption percentage (%HOA). 
 
Table 7. 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 [32] 
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30-249-279 0 467.56 793.70 525.06 1467.46 8 2 7.70 4.37 -5.27 0.70 -0.25 563.42 6 1.31 3 100 

3-252-287 0 480.60 825.57 598.96 1531.08 8 3 8.20 4.17 -5.56 0.72 -0.56 311.94 7 1.39 3 96 

176-254-279 0 474.60 813.94 658.11 1511.83 8 1 9.15 4.19 -5.05 0.52 -0.01 932.77 4 1.36 3 100 

179-267-297 0 497.63 863.00 672.06 1611.40 9 2 9.45 4.31 -5.68 0.69 -0.52 395.33 7 1.40 3 100 

113-249-299 0 480.56 816.08 486.93 1514.85 10 2 9.00 3.41 -4.88 0.49 -1.44 67.34 8 1.30 3 100 

82-251-283 0 487.64 844.22 662.99 1569.28 8 3 9.65 3.87 -5.41 0.56 -0.39 452.71 5 1.31 3 100 

Rifampine 1 137 314 0.00 480 * 2 3 4.5 -0.7 0 -0.8 -0.80 267.5 2 - 2 67 

Isoniazid 4 123.1 * 300 0.00 443 * 1 2 5 -0.6 -0.5 -0.8 -0.70 298.4 4 - 2 67 

Ethambutol 2 204.3 476 395.80 806 11 4 6.4 -0.2 0.6 -0.8 0.00 107.8 4 - 2 62 

Pyrazinamide 10 823.0 * 1090* 850.0 * 2300* 25 * 6 20.3 * 3.0 -3.1 -0.3 -2.70 38.2 11 * - 1 34 

Gatifloxacin 0 375.4 598 355.7 1093 2 1 6.8 0.5 -4.0 0 -0.60 17.00 1 - 2 52 

Moxifloxacin 0 401.4 642 395.6 1168 2 1 6.8 1.0 -4.7 0.2 -0.60 20.90 1 - 2 56 

Rifapentine 10 877.0* 1025* 844.9* 2333* 24* 6 20.9* 3.6 -2.2 -0.2 -1.50 224.40 13 - 1 51 

Bedaquiline 4 555.5 787 213.7 1532 9 1 3.8 7.6* -6.9 1.7 0.40 1562.2 5 - 1 100 

Delamanid 2 534.5 796 284.4 1470 7 0 6.0 5.8 -7.6 1.0 -1.00 590.9 2 - 1 85 

Linezolid 0 337.4 555 337.2 996 2 1 8.7 0.6 -2.0 -0.7 -0.50 507.0 2 - 3 79 

Sutezolid 1 353.4 594 330.6 1047 2 1 7.5 1.3 -3.4 -0.4 -0.40 449.3 0 - 3 82 

Ofloxacin 1 361.4 581 337.0 1044 1 0 7.3 -0.4 -2.8 -0.5 -0.40 25.9 1 - 2 50 

Amikacin 14 585.6 739 350.3 1500 22* 17* 26.9* -7.9* -0.2 -2.1 -3.50 0.00 14* - 1 0 

Kanamycin 10 484.5 656 258.9 1291 17* 15* 227* -6.7* 2.0 -1.4 -3.10 0.00 12* - 1 0 

Imipenem 0 299.3 487 259.1 880 8 3 7.2 1.0 -1.8 -0.7 -1.40 35.00 3 - 3 61 

Amoxicillin 2 365.4 561 164.6 1033 6 4 8.0 -2.5 -0.8 -1.1 -1.50 1.00 5 - 1 12 

Clavulanate 0 199.2 397 184.6 630 4 2 6.5 -0.8 0.3 -1.3 -1.30 13.3 2 - 2 42 

 
a designed benzofuran analogs and known antituberculotic agents, Table 6 ; 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 ) [32] ; 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 ܥܫହ଴

௣௥௘ , ܥܫହ଴
௣௥௘ was predicted from computed ∆∆ܩ௖௢௠ 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. 
 
3.6 Binding Mode Of New Inhibitors From In Silico Screening 
 
Figure 6 shows respectively the alignment to the Pks13 inhibition pharmacophore, the mode 
of binding and the Connolly surface of six of the best designed analogs. In the work of 
Wilson et al. [35] it was reported that the piperidine group on location R3 partially fills up the 
cavity that extends to the catalytic site of the Pks13 TE domain. Moreover, the works of 
Aggarwal et al. [11], and Wilson et al. [35] also indicated that the nitrogen of the piperidine 
group is important because in a solvent, this nitrogen protonates and one of the key 
hydrogen bonds is formed with the Asn1640 residue. Based on this information, the nitrogen 
position was maintained in all proposed substitutions for the R3 location of the benzofuran 
scaffold. 
The approach adopted in our study made it possible to identify the fragments at the R3 
location which best probe the catalytic pocket containing the residues Ser1533, His1699. 
Among these fragments we can cite: (4-methoxy-3-methylpiperidin-1-yl)methyl (279); (4-
ethoxy-3-methylpiperidin-1-yl)methyl (283) ; (3-(3-oxopropyl)pyrrolidin-1-yl)methyl (299); (4-
methoxyazepan-1-yl)methyl (287) and (3-propionylpyrrolidin-1-yl)methyl (297). With these 
fragments, (4-methoxy-3-methylpiperidin-1-yl)methyl (279); (4-ethoxy-3-methylpiperidin-1-
yl)methyl (283); (3-propionylpyrrolidin-1-yl)methyl (297); (3-(3-oxopropyl)pyrrolidin-1-
yl)methyl (299), a hydrogen binding has been observed with the Ser1533 residues (figure 6). 
The fragments (4-methoxy-3-methylpiperidin-1-yl)methyl (279) ; (4-methoxyazepan-1-
yl)methyl (287); (3-propionylpyrrolidin-1-yl)methyl (297) enter a hydrogen binding with 
residue His1699 and the fragments (4-ethoxy-3-methylpiperidin-1-yl)methyl (283); (3-(3-
oxopropyl)pyrrolidin-1-yl)methyl (299) enter a  π-alkyl and van der Waals interaction with the 
same residue. 
The π-alkyl and π-Sigma interactions are created with these fragments and the Tyr1674 
residue. The Tyr1663 residue yields the π-alkyl interactions, Van der Waals and carbon-
hydrogen kind of hydrogen bindings with these fragments (Figure 6). Alkyl interactions are 
also observed between these fragments and residues Ala1647 and Ile1643. Also, van der 
Waals interactions are observed with residues such as Val1562. With the same approach 
which helped identifying R3 fragments, the fragments which fit the pocket on location R1 
have been determined. Among these we can list: 4-hydroxy-3-isopropylphenyl (3); 6-ethyl-2-
hydroxyazepan-1-yl (82); 5-ethyl-2-hydroxyphenyl (30), 3-methoxypiperidin-1-yl (176); 3-
methoxycycloheptyl (179); 5-hydroxy-6-isopropylpyridin-2-yl (113). A hydrogen interaction 
has been observed between residue Asn1640 and the fragments 6-ethyl-2-hydroxyazepan-
1-yl (82); 5-ethyl-2-hydroxyphenyl (30) (Figure 6: 30-249-279; 82-251-283). This interaction 



 

 

has been signaled in the works of Wang et al. The fragments, 6-ethyl-2-hydroxyazepan-1-yl 
(82); 5-ethyl-2-hydroxyphenyl (30); 4-hydroxy-3-isopropylphenyl (3) enter a π-alkyl 
interaction with residues Tyr1582, Trp1579. The Phe1670 residue enters π-alkyl and π- π 
stacking interactions with, respectively, fragment 3-methoxypiperidin-1-yl (176) and 
fragments 5-ethyl-2- hydroxyphenyl (30); 4-hydroxy-3-isopropylphenyl (3); 5-hydroxy-6-
isopropylpyridin-2-yl (113). The Ser1636 residue enters amide- π stacking interactions with 
fragments 5-ethyl-2-hydroxyphenyl (30). The fragments located on R2 have been determined 
through the same approach as those of R1 et R2. We can cite the following as identified 
fragments on location R2: ethyl-formic acid-1-yl (249); methyl-formic amid-1-yl (251); ethyl-
formic amid-1-yl (252); propyl-formic acid-1-yl (254); aziridin-1-ylmethyl-formic amid-1-yl 
(267). When it comes to the six among the best analogs which are presented in (figure 6), 
the methyl-formic amid-1-yl (251) fragment; ethyl-formic amid-1-yl (252);propyl-formic acid-1-
yl (254); aziridin-1-ylmethyl-formic amid-1-yl (267) and the Asn1640 residue contract a 
hydrogen binding. A π-alky interaction is often observed between the His1664 residue and 
the ethyl-formic acid-1-yl (249); propyl-formic acid-1-yl (254) fragments. Interactions with the 
benzofuran scaffold and residues Phe1670, Tyr1582, Asn1640 have been preserved. 
All these observed interactions, whose hydrogen bindings with catalytic residues Ser1533 
and His1699 along with residue Asn1640 as described in the works of Wang et al., justify the 
activity of the new analogs : 30-249-279 (ICହ଴

୮୰ୣ = 1.31nM) ; 3-252-287 (ICହ଴
୮୰ୣ = 1.39nM) ; 

176-254-279 (ICହ଴
୮୰ୣ = 1.36nM) ; 179-267-297 (ICହ଴

୮୰ୣ = 1.40nM) ; 82-251-283 (ICହ଴
୮୰ୣ =

1.31nM) ; 113-249-299 (ICହ଴
୮୰ୣ = 1.30nM). 
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Fig. 6.  Mapping of analogs 30-249-279; 3-252-287; 176-254-279; 82-251-283; 179-267-
297; 113-249-299 to Pks13 inhibition pharmacophore, 2D schematic interaction 
diagram of the analogs 30-249-279; 3-252-287; 176-254-279; 82-251-283; 179-267-297; 
113-249-299, Connolly surface of the active site of Pks13 with bound benzofuran 
analogs 30-249-279; 3-252-287; 176-254-279; 82-251-283; 179-267-297; 113-249-299. 
The binding site surface is coloured according to residue hydrophobicity: red - 
hydrophobic, blue – hydrophilic and white – intermediate. 
 
 
3.7 Interaction Energy Of New Inhibitors From In Silico Screening 
 
The visual analysis of the new designed Pks13-TAMs complexes revealed that several 
residues of the Pks13 active site, including catalytic residues, interact with the new analogs. 
Thanks to their interactions, these residues play a key role in the significant improvement of 
the inhibitive activity of the new analogs of benzofuran derivatives. These residues' 
individual contributions in terms of interaction energy is represented by the diagram below 
(Figure 7). From the diagram, we can notice that residues Asn1640, Phe1670, Asp1644, 
Tyr1637, Tyr1582, Tyr1674, Gln1633, Ser1636, Glu1671, Tyr1663, Asp1666, Ala1667, 
His1632, Ile1643, Val1562, Trp1579 and catalytic residues His1699 and Ser1533 turned out 
to matter a whole lot in Pks13 inhibition. Contrarily to the training set, the new analogs have 
a lower interaction energy with catalytic residues Ser1533 et His1699. This demonstrates a 
strong affinity of these residues for the fragments (279) : (4-methoxy-3-methylpiperidin-1-

113-249-299 (IC50
pre = 1.30nM) 179-267-297 (IC50

pre = 1.40nM) 

3-252-287 (IC50
pre = 1.39nM) 176-254-279 (IC50

pre = 1.36nM) 



 

 

yl)methyl ; (283) : (4-ethoxy-3-methylpiperidin-1-yl)methyl ; (287): (4-methoxyazepan-1-
yl)methyl; (297): (3-propionylpyrrolidin-1-yl)methyl; (299): (3-(3-oxopropyl)pyrrolidin-1-
yl)methyl of the analogs designed : 30-249-279 (ICହ଴

୮୰ୣ = 1.31nM) ; 3-252-287 (ICହ଴
୮୰ୣ =

1.39nM) ; 176-254-279 (ICହ଴
୮୰ୣ = 1.36nM) ; 179-267-297 (ICହ଴

୮୰ୣ = 1.40nM) ; 82-251-283 
(ICହ଴

୮୰ୣ = 1.31nM) ; 113-249-299 (ICହ଴
୮୰ୣ = 1.30nM). With the same fragments, the interaction 

energy between the best analogs and the residues Tyr1674 et Tyr1663 is lower than that 
scored by the training set ligands. The interaction energy between the new analogs and the 
Val1562 et Trp1579 residues is significant, more so than the training set ligands. The 
contribution in terms of interaction energy of residues Tyr1582 and Gln1633 has decreased  
for fragments (113) : 5-hydroxy-6-isopropylpyridin-2-yl ; (82) : 6-ethyl-2-hydroxyazepan-1-yl ; 
(30) : 5-ethyl-2-hydroxyphenyl ; (3): 4-hydroxy-3-isopropylphenyl; (176): 3-methoxypiperidin-
1-yl; (179): 3-methoxycycloheptyl of the  R1 position. Also, the interaction energy of the 
Tyr1637 residues for fragments (82) : 6-ethyl-2-hydroxyazepan-1-yl ; (30) : 5-ethyl-2-
hydroxyphenyl ; (176): 3-methoxypiperidin-1-yl; (179): 3-methoxycycloheptyl of the R1 
position decreased contrarily to that of the training set ligands. Generally, all fragments 
employed in the conception of better analogs enabled to improve interactions between the 
new analogs and the residues of the Pks13 active site, especially key residues like Asn1640, 
Phe1670, Asp1644, Ser1636 from Pks13 active site. All these observations about the 
individual contribution in terms of interaction energy of the on-site residues and of the 
catalytic residues, confirm the activity of the best designed analogs relative to TAM2.   
 

 

Fig. 7. Molecular mechanics intermolecular interaction energy Eint breakdown to 
residue contributions, in [kcal.mol-1] shown for the best six designed novels 
benzofuran analogs (the color coding refers to ligands and is given in the legend). 
 
 
4. CONCLUSION 
 
Pks13 is a promising target in the development of and the search for new antituberculosis 
drugs for it is involved in the final step of the mycolic acids’ synthesis [11]. 
The structural properties of benzofuran derivatives identified by Aggarwal et al. [11] as 
potentially antituberculosis, and whose target is Pks13, enabled us to design a QSAR 
complexation. This model explains more than 98% of the variation of the experimental 
inhibitive activity of the benzofuran derivatives by the activity of the free enthalpy of the 
Pks13-TAMs complex’s generation. Moreover, we generated a pharmacophore model of 
Pks13 inhibition which helped us confirm the reliability and efficiency or efficacy of our QSAR 



 

 

model. This pharmacophore model of inhibition explains in fact more than 90% of the 
variation of the experimental inhibitive activity by its predicted activity at the generation step. 
The analysis of the interaction mode of the benzofuran derivatives on the Pks13 active site 
helped us adopt a combinatory approach to the virtual library design. This virtual library was 
obtained by making substitutions at locations R1, R2 and R3. The initial library has been 
filtered according to Lipinski’s rule of five then screened by the pharmacophore. The free 
enthalpy of the best analogs from the screening have been computed to predict their 
inhibitive activity. Analogs with a predicted inhibitive activity have been determined as 
follows: 30-249-279 (ICହ଴

୮୰ୣ = 1.31nM) ; 3-252-287 (ICହ଴
୮୰ୣ = 1.39nM) ; 176-254-279 (ICହ଴

୮୰ୣ =
1.36nM) ; 179-267-297 (ICହ଴

୮୰ୣ = 1.40nM) ; 82-251-283 (ICହ଴
୮୰ୣ = 1.31nM) ; 113-249-299 

(ICହ଴
୮୰ୣ = 1.30nM). 

On top of their activities, these molecules exhibit an excellent predicted pharmacokinetic 
profile. These molecules not only preserve the interaction mode of the training and validation 
sets' ligands, but also interact in a particular manner with residues Ser1533 et Tyr1699. A 
hydrogen interaction has been observed with these residues. We wish for a partnership with 
a pharmaceutical company in order to move forward to the synthesis of these new analogs. 
 
 
ABBREVIATIONS 
 
ADME      Absorption, Distribution, Metabolism, and excretion 
2D             Two-dimensional 
3D             Three-dimensional 
Ar              Aromatic ring 
Eint                      MM enzyme–inhibitor interaction energy per residue 
∆∆Gୡ୭୫     Relative complexation GFE 
GFE          Gibbs free energy 
∆∆Gୱ୭୪       Relative solvation GFE 
∆∆TS୴୧ୠ    Relative entropic GFE 
HBA          Hydrogen bond Acceptor  
HBD          Hydrogen bond Donor 
∆∆H୑୑      Enthalpy component of GFE 
ICହ଴           Half-maximal inhibitory concentration   
LOO          Leave-one-out cross-validation 
MM           Molecular mechanics 
PDB          Protein Data Bank 
PH4           Pharmacophore 
Pks            Polyketide synthase  
QSAR       Quantitative Structure-Activity Relationships 
RMSD       Root-Mean Square Deviation 
TE             Thioesterase 
TS              Training set 
VLC          Virtual combinatorial library 
VS             Validation set 
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