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ABSTRACT 
 
We present the results of docking and quantum-chemical studies of the relationships between the 
electronic/molecular structure and the inhibitory activity against the mTOR kinase by a group of recently 
synthesized thienopyrimidine derivatives bearing a chromone moiety. The electronic structure, including full 
geometry optimization, was obtained at the DFT B3LYP/6-31G(d,p) level. All molecules were also docked to a 
simplified model of mTOR kinase. Good results relating electronic structure and inhibitory percentage against 
mTOR kinase at a concentration of 10µM in vitro were obtained and the corresponding pharmacophore is 
proposed. Docking results suggest that all molecules interact with the same site and that short-range interactions of 
the C-H…O kind predominate. The question of the relationships between QSAR and docking results is analyzed. 
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INTRODUCTION 

 
The PI3K/AKT/mTOR pathway is an intracellular signaling pathway important in the regulation of the cell cycle 
(see Fig. 1 and [1, 2]). It is directly associated to cellular cancer, longevity, proliferation and quiescence. The PI3K 
pathway, in addition to its pro-proliferative and anti-apoptotic effects on tumor cells, is known to contribute to 
DNA-damage repair (DDR). Once activated, the PI3K/Akt/mTOR pathway can be propagated to a variety of 
substrates, including mTOR, a primary regulator of protein translation. The finding of PI3K/AKT/mTOR alterations 
and their roles in tumorigenesis, and its critical role in cell growth and survival, has made one of the preferred 
targets for the development of new molecules with potential for developing effective anticancer treatment. mTOR is 
a serine/threonine protein kinase that regulates aging, cell growth, cell proliferation, cell motility, cell survival, 
growth, immunity, memory, metabolism, protein synthesis, synaptic plasticity and transcription [3-58]. Abnormal 
mTOR activation leads to enhanced survival signaling in acute myeloid leukemia cells. mTOR belongs to the 
phosphatidylinositol 3-kinase-related kinase protein family. mTOR is the catalytic subunit of two distinct complexes 
called mTOR complex 1 (mTORC1) and mTORC2. The active site mTOR inhibitors represent a promising new 
approach to target the PI3K/AKT/mTOR pathway. Several molecules targeting different elements of this pathway 
have been synthesized and tested [8, 32, 59-105]. 
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Figure 1. The PI3K/Akt/mTOR pathway (with permission of Selleckchem.com) 
 
Here we present the results of docking and Density Functional Theory studies of the relationships between the 
electronic/molecular structure and the inhibitory activity against the mTOR kinase by a family of recently 
synthesized and tested thienopyrimidine derivatives bearing a chromone moiety [59]. We expect that these results 
will provide new information for a better understanding of mTOR inhibition. 
 
METHODS, MODELS AND CALCULATIONS 
A method to obtain physically-based structure-activity relationships is grounded on the following idea [106]. First, 
we suggest a model to explain a biological activity. Next, we apply one or more scientifically-based approximations 
and translate the assumptions of the model into one or more mathematical expressions. In our case, we started from 
the statistical-mechanical definition of the equilibrium constant, we have developed a formal method relating the 
electronic structure of drugs to their in vitro receptor affinity constant (K) [107-112]. The final result of this 
procedure is that, for the case of n molecules, we have the following system of n linear equations: 
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where Ki is the affinity constant, M is the drug’s mass, σ its symmetry number, ABC the product of the drug’s 
moments of inertia about the three principal axes of rotation, Qi  is the net charge of atom i, E

iS   and iSN   are, 

respectively, the total atomic electrophilic and nucleophilic superdelocalizabilities of Fukui et al., Fi,m is the Fukui 
index (i.e., the electron population) of atom i in occupied (empty) MO (molecular orbital) m (m’) [113]. E

iS ( )m is the 

electrophilic superdelocalizability of atom i in occupied MO m, E
iS ( ')m is the nucleophilic superdelocalizability of 

atom i in empty MO m’. The last bracket on the right side of Eq. 1 contains local atomic reactivity indices obtained 
by an approximate reorganization of part of the remaining terms of the series expansion used in the model [114]. jµ , 
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jη , jω , jς  and max
jQ  are the local atomic electronic chemical potential of atom j, the local atomic hardness of atom 

j, the local atomic electrophilicity of atom j, the local atomic softness of atom j and the maximal amount of 
electronic charge that atom j may accept. These new local atomic reactivity indices (LARIs) are expressed in eV like 
the global ones and not in eV·e as are the usual projected local reactivity indices coming from Density Functional 
Theory [114]. With this method, very good structure-activity relationships were obtained for a variety of drugs and 
receptors [115-128]. During year 2012 this method was extended to any biological activity with excellent results 
[129-149] 
 
The selected molecules are shown in Fig. 2 and Table 1. The biological activity selected for this study is the 
inhibitory percentage against mTOR kinase at a concentration of 10µM in vitro (inhibitory % at 10µM). It is worth 
mentioning that this is first time that this kind of activity is analyzed with our method. 
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Figure 2. Molecules selected 

 
Table 1. Molecules and biological activity 

 
Mol. R log(inhibitory % at 10µM) 

1 Cl 1.46 
2 Br 1.62 
3 Me 1.69 
4 Et 1.51 
5 t-Bu 1.40 
6 OH 1.65 
7 NO2 1.73 
8 Carboxyl 1.79 
9 H 1.56 
10 i-Pr 1.34 
11 F 1.47 
12 Cl 1.49 
13 Br 1.49 
14 Me 1.62 
15 Et 1.43 
16 t-Bu 1.54 
17 OH 1.91 
18 Carboxyl 1.99 
19 H 1.63 

 
We worked with the common skeleton hypothesis holding that the variation of the values of a group of reactivity 
indices belonging to a group of atoms common to all the molecules analyzed (the common skeleton) that accounts 
for almost all the variation of the biological activity. The effect of the substituents consists in modifying the 
electronic structure of this common skeleton and/or influencing the correct placement of the drug. The common 
skeleton is shown in Fig.  3 together with the atom numbering employed in the resulting equations. 
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Figure 3. Common skeleton numbering 
 
Molecular geometries were fully optimized at the B3LYP/6-31G(d,p) level of theory with the Gaussian package 
[150]. From the corrected Mulliken Population Analysis results [151] we obtained numerical values for all 
electronic local atomic reactivity indices (LARIS) appearing in Eq. 1. D-CENT-QSAR software was used [152]. 
Considering that the system of linear equations cannot be solved because the number of molecules is smaller than 
the number of unknown coefficients, a linear multiple regression analysis (LMRA) was carried out. The Statistica 
software was used [153]. For the docking study the Autodock Vina software was employed with a 40x30x40 box 
[154]. A truncated mTOR model was downloaded from the Protein Data Bank (PDB Id: 4JT6) and prepared for use 
with Autodock Vina after deleting a segment located very far from the binding site (Fig. 5). 
 

 
Figure 5. Original (left) and final (right) mTOR fr agment 

 
The lowest energy conformer of each study was selected for its analysis with Autodock Vina and Discovery Studio 
Visualizer [155]. 
 

RESULTS 
 

Docking results 
Figs. 5 to 9 show the docking results. Table 2 shows the definitions of the colors representing the interactions. 
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Figure 5. Docking results for molecules 1 (upper left), 2 (upper right), 3 (lower left) and 4 (lower right) 

 
Figure 6. Docking results for molecules 5 (upper left), 6 (upper right), 7 (lower left) and 8 (lower right) 
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Figure 7. Docking results for molecules 9 (upper left), 10 (upper right), 11 (lower left) and 12 (lower right) 
 

 
Figure 8. Docking results for molecules 13 (upper left), 14 (upper right), 15 (lower left) and 16 (lower right) 
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Figure 9. Docking results for molecules 17 (upper left), 18 (upper right) and 18 (lower) 

 
Table 2. List of colors for docking figures analysis 

 
Interaction Color name RGB 

Pi-alkyl (hydrophobic) Cotton candy (255,200,255) 
Alkyl (hydrophobic) Cotton candy (255,200,255) 
Pi-sigma (hydrophobic) Heliotrope (200,100,255) 
Carbon-hydrogen bond Honeydew (220,255,220) 
Conventional H-bond Lime (0,255,0) 
Salt bridge (attractive charge) Orange peel (255,150,0) 
Pi-anion Orange peel (255,150,0) 
Pi-Pi stacked Neon pink (255,100,200) 
Pi-Pi T shaped Neon pink (255,100,200) 
Halogen Aqua (0,255,255) 
Attractive charge Orange peel (255,150,0) 
Carbon-hydrogen bond, halogen Honeydew (220,255,220) 
Pi-sulphur Tangerine yellow (255,200,0) 
Unfavorable donor-donor Red (255,10,0) 
Unfavorable positive-positive Red (255,10,0) 
Pi-cation Orange peel (255,150,0) 
Unfavorable acceptor-acceptor Red (255,10,0) 

 
Local Molecular Orbitals 
Tables 3 and 4 show the local molecular orbital structure of some atoms appearing in the QSAR result (Reading: 
Molecule’s number (HOMO)/ (HOMO-2)*, (HOMO-1)*, (HOMO)*- (LUMO)*, (LUMO+1)*, (LUMO+2)*). Lp 
(lp) means lone pair. 
 
 
 
 
 
 
 



Juan S. Gómez-Jeria et al Der Pharmacia Lettre, 2015, 7 (5):211-229 
______________________________________________________________________________ 

218 
Scholar Research Library 

Table 3. Local molecular orbital structure of atoms 8, 12 and 20 
 

Mol. Atom 8 (O) Atom 12 (C) Atom 20 (N) 
1 (114) 109π113π114π-115π116π118π 108π109π113π-115π116π117π 112π113π114π-116π117π118π 
2 (123) 120π122π123π-124π125π127π 119π120π122π-124π125π126π 121π122π123π-125π126π127π 
3 (110) 107π109π110π-111π112π114π 106π107π109π-111π112π113π 108π109π110π-113π114π115π 
4 (114) 111π113π114π-115π118π123π 110π111π113π-115π116π117π 112π113π114π-117π118π119π 
5 (122) 119π121π122π-123π126π127π 119π121π122π-123π124π125π 120π121π122π-125π126π127π 
6 (110) 108π109π110π-111π112π114π 108π109π110π-111π112π113π 107π109π110π-113π115π116π 
7 (117) 112π116π117π-119π120π122π 110π111π112π-118π120π122π 115π116π117π-120π121π123π 
8 (117) 112π116π117π-118π119π120π 111π112π116π-118π119π120π 115π116π117π-120π121π122π 
9 (106) 101π105π106π-107π110π116π 100π101π105π-107π108π109π 104π105π106π-109π110π111π 
10 (118) 115π117π118π-119π122π123π 114π115π117π-119π120π121π 116π117π118π-121π122π123π 
11 (110) 107π109π110π-111π112π114π 105π107π109π-111π112π113π 108π109π110π-112π113π114π 
12 (114) 111π113π114π-115π116π117π 109π111π113π-115π116π117π 112π113π114π-116π117π118π 
13 (123) 120π122π123π-124π125π126π 119π120π122π-124π125π126π 121π122π123π-125π126π127π 
14 (110) 107π109π110π-111π114π115π 106π107π109π-111π112π113π 108π109π110π-112π113π114π 
15 (114) 112π113π114π-115π118π119π 111π112π113π-115π116π117π 111π113π114π-116π117π118π 
16 (122) 119π121π122π-123π126π127π 118π119π121π-123π124π125π 120π121π122π-124π125π126π 
17 (117) 115π116π117π-119π120π122π 110π111π112π-118π120π122π 115π116π117π-120π121π122π 
18 (117) 114π116π117π-118π119π120π 112π114π116π-118π119π120π 115π116π117π-120π121π122π 
19 (106) 103π105π106π-107π110π111π 101π103π105π-107π108π109π 104π105π106π-108π109π110π 

 
Table 4. Local Molecular Orbital Structure of atoms 24 and 30 

 
Mol. Atom 24 (O) Atom 30 (H) 
1 (114) 111lp112ip113ip-134Ip137Ip138σ 105σ110σ112σ-125σ126σ128σ 
2 (123)  121Ip122Ip123Ip-140Ip143Ip146σ 111σ114σ121σ-134σ135σ137σ 
3 (110) 105Ip107Ip109Ip-130Ip133σ134σ 99σ101σ108σ-121σ123σ129σ 
4 (114) 109Ip111Ip113Ip-134Ip138σ140σ 103σ105σ112σ-125σ126σ127σ 
5 (122) 118Ip119Ip121Ip-146Ip149Ip150σ 111σ113σ120σ-134σ135σ136σ 
6 (110) 106Ip108Ip109Ip-127Ip130Ip133σ 99σ101σ107σ-121σ122σ123σ 
7 (117) 115Ip116Ip117Ip-135Ip138Ip140σ 108σ113σ115σ-129σ131σ133σ 
8 (117) 115Ip116Ip117Ip-138Ip141Ip143σ 106σ107σ115σ-129σ130σ131σ 
9 (106) 102Ip103Ip105Ip-122Ip125Ip128σ 96σ97σ104σ-117σ118σ119σ 
10 (118) 113Ip115Ip117Ip-139Ip144σ145σ 107σ109σ116σ-129σ130σ132σ 
11 (110) 107Ip109Ip110Ip-129Ip134Ip135σ 99σ101σ108σ-120σ121σ122σ 
12 (114) 111Ip113Ip114Ip-134Ip138Ip139σ 103σ105σ112σ-124σ125σ127σ 
13 (123) 120Ip122Ip123Ip-143IP147Ip148σ 111σ114σ121σ-133σ134σ136σ 
14 (110) 105Ip107Ip109Ip-130IP134Ip135σ 99σ101σ108σ-119σ120σ121σ 
15 (114) 112Ip113Ip114Ip-130Ip133Ip137σ 96σ104σ105σ-123σ124σ132σ 
16 (122) 119Ip121Ip122Ip-144Ip150σ151σ 111σ113σ120σ-132σ133σ134σ 
17 (117) 115Ip116Ip117Ip-137Ip141Ip142σ 108σ113σ114σ-127σ128σ129σ 
18 (117) 114Ip116Ip117Ip-138Ip142σ143σ 105σ107σ115σ-128σ129σ130σ 
19 (106) 103Ip105Ip106Ip-125Ip129Ip130σ 95σ97σ104σ-115σ116σ117σ 

LMRA results 
The best equation obtained was: 

12 30

N N N
8 24 20

log(inhibitory % at 10 M) 1.23 3.53F (LUMO)*0.13F (LUMO+1)*

0.00007S (LUMO+2)* 1.32S (LUMO+2)* 0.003S (LUMO+2)*

µ = + +

− + −
   (2) 

 
with R= 0.99, R²= 0.97, adj-R²= 0.97, F(5,12)=84.345 (p<0.000001) and a standard error of estimate of 0.03. No 

outliers were detected and no residuals fall outside the ±2σ limits. Here, 12F (LUMO)*  is the Fukui index (i.e., the 

electron population) of the lowest empty MO localized on atom 12, 30F (LUMO+1)*  is the Fukui index of the 

second lowest empty MO localized on atom 30, N
8S (LUMO+2)*  is the nucleophilic superdelocalizability of the 

third lowest MO localized on atom 8, N24S (LUMO+2)*  is the nucleophilic superdelocalizability of the third 

lowest MO localized on atom 24 and N20S (LUMO+2)* is the nucleophilic superdelocalizability of the third lowest 

MO localized on atom 20. Table 5 shows the beta coefficients and the results of the t-test for significance of 
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coefficients of Eq. 2. Table 6 displays the squared correlation coefficients for the variables appearing in Eq. 2, 
showing that there are no significant internal correlations. Fig. 10 displays the plot of observed vs. calculated 
log(inhibitory % at 10 M)µ  values. The associated statistical parameters of Eq. 2 indicate that this equation is 

statistically significant and that the variation of the numerical value of a group of five local atomic reactivity indices 
of atoms of the common skeleton explains about 97% of the variation of the inhibitory percentage. 
 

Table 5. Beta coefficients and t-test for significance of coefficients in Eq. 2 
 

Variable Beta t(12) p-level 

12F (LUMO)*  
0.94 18.28 <0.0000001 

30F (LUMO+1)*  
0.21 3.82 <0.002 

N
8S (LUMO+2)*  

-0.42 -8.01 <0.000004 

N
24S (LUMO+2)*  

0.38 7.07 <0.00001 

N
20S (LUMO+2)*  

-0.28 -4.66 <0.0006 

 
 

Table 6. Matrix of squared correlation coefficients for the variables in Eq. 2 
 

 
12F (LUMO)*  30F (LUMO+1)*  N

8S (LUMO+2)*  
N
24S (LUMO+2)*  

30F (LUMO+1)*  
0.0 1.00   

N
8S (LUMO+2)*  

0.02 0.01 1.00  

N
24S (LUMO+2)*  

0.002 0.04 0.002 1.00 

N
20S (LUMO+2)*  

0.06 0.14 0.04 0.02 
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Figure 10. Observed vs. calculated ( )log 10 M inhibitory %µ  values. Dashed lines denote the 95% confidence interval 

 
 



Juan S. Gómez-Jeria et al Der Pharmacia Lettre, 2015, 7 (5):211-229 
______________________________________________________________________________ 

220 
Scholar Research Library 

DISCUSSION 
 

Docking results 
Table 7 shows the kinds, partners and distances of the interactions (see also Fig. 3). 

 
Table 7. Summary of intramolecular interactions of thienopyrimidine derivatives with the mTOR binding site from Figs. 5-9 

 
Mol. Interactions 
1 Alkyl interaction between Cl with  Ile-2356 (4.36 Å) and Ile-2237 (5.23 Å), π-alkyl  interaction of Cl and Tyr-2225 (4.43 Å), π-alkyl  

interaction between ring A with Leu-2185 (5.42 Å) and Ile-2237 (4.55 Å), π-σ interaction of ring A with Ile-2356 (3.74 Å), π-alkyl  
interaction between ring B with Ile-2356 (4.97 Å), π-σ interaction of ring B with Ile-2237 (3.95 Å), carbon H-bond interaction of C9-H 
with Glu-2190 (2.51 Å), carbon H-bond interaction of C3-H with Asp-2195 (2.39 Å), attractive charge interaction of N2 with Asp-2357 
(3.57Å) and Glu-2190 (3.83Å), salt bridge, attractive charge interaction of H31 and Asp-2195 (2.99Å and 2.97Å), π-anion interaction of 
ring C and Asp-2357 (3.97 Å), carbon H-bond interaction between C25-H with Gln-2167 (2.54Å) and carbon H-bond interaction of C23-
H and Asp-2357 (2.37 Å). 

2 Alkyl interaction between Br and Ile-2356 (4.62 Å), π-alkyl  interaction of Br and Tyr-2225 (4.31 Å), π-alkyl  interaction between ring A 
with Leu-2185 (5.33 Å) and Ile-2237 (4.57 Å),  π-σ interaction of ring A with Ile-2356 (3.77 Å), π-alkyl  interaction of ring B with Lys-
2187 (5.48 Å) and Ile-2356 (4.79 Å), π-σ interaction of ring B with Ile-2237 (3.85 Å),  carbon H-bond interaction of C9-H and Glu-2190 
(2.71 Å), attractive charge interaction between N2 with Asp-2357 (3.41 Å), Glu-2190 (3.63 Å) and Asp-2195 (3.82 Å), carbon H-bond of 
C3-H and Asp-2195 (2.43 Å), π-anion interaction of ring C and Glu-2190 (4.04 Å) and carbon H-bond interaction between C25-H and 
Lys-2187  (3.04 Å and 3.05 Å). 

3 Alkyl interaction between methyl substituent of ring A with Ile-2356 (4.51 Å) and Ile-2237 (5.29 Å), π-alkyl  interaction between methyl 
substituent of ring A and Tyr-2225 (4.35 Å), π-alkyl  interaction of ring A with Leu-2185 (5.36 Å) and Ile-2237 (4.58 Å), π-σ interaction 
of ring A and Ile-2356 (3.75 Å), π-σ interaction between ring B and Ile-2237 (3.96 Å), π-alkyl  interaction of ring B and Ile-2356 (4.71 
Å), carbon H-bond interaction of C9-H and Glu-2190 (2.84 Å), carbon H-bond interaction of C3-H and Asp-2195 (2.42 Å), attractive 
charge interaction  between N2 with Glu-2190 (3.64 Å) and Asp-2357 (3.31 Å), salt bridge; attractive charge interaction of H31 and Asp-
2195 (3.15 Å), carbon H-bond interaction of C23-H and Asp-2357 (2.43 Å), carbon H-bond interaction between C26-H and Gln-2167 
(2.99 Å) and π-anion interaction of ring C and Glu-2190 (4.01 Å)  

4  π-alkyl interaction between ethyl substituent of ring A and Trp-2239 (4.30 Å and 4.31 Å), alkyl interaction between ethyl substituent of 
ring A with Leu-2185 (5.08 Å), π-alkyl interaction of ring A with Leu-2185 (5.00 Å) and Ile-2237 (5.22 Å), π-σ interaction of ring A and 
Ile-2356 (3.50 Å), π-alkyl  interaction of ring B with Ile-2356 (4.68 Å), Lys-2187  (5.41 Å) and Ile-2237 (4.79 Å), unfavorable acceptor-
acceptor interaction of O10 and Tyr-2225 (2.87 Å),  carbon H-bond interaction of C9-H and Glu-2190 (2.74 Å), attractive charge 
interaction  between N2 with Glu-2190 (3.61 Å) and Asp-2357 (3.38 Å), salt bridge; attractive charge interaction of H31 and Asp-2195 
(2.81 Å), carbon H-bond interaction of C23-H and Gln-2167 (2.82 Å), π-sulfur interaction of S27 with Trp-2429 (5.93 Å), π-anion 
interaction between ring C with Glu-2190 (3.93Å) and carbon H-bond interaction of C22-H with Asp-2357 (2.93Å). 

5 Alkyl interaction between the t-butyl substituent of ring A with Ile-2356 (4.72Å), Met-2345 (5.47Å) and Leu-2185 (5.38Å), π-σ 
interaction between the t-butyl substituent of ring A with Trp-2239 (3.61Å), π-alkyl interaction of ring A with Leu-2185 (5.49Å) and 
Ile2237 (4.64Å), π-σ interaction between ring A and Ile-2356 (3.69Å), π-alkyl interaction of ring B with Ile-2237 (5.41Å), π-σ 
interaction between ring B and  Ile-2356 (3.79Å), conventional H-bond interaction between O8 with HN of Asp-2357 (2.61Å), carbon H-
bond interaction between N1 with HE1 and HE2 of Lys-2187 (2.76Å and 2.87Å), salt bridge; attractive charge interaction of H31 with 
OE2 of Glu-2190 (2.85Å), conventional H-bond interaction between N20 with HE21 of Gln-2167 (2.77Å), carbon H-bond interaction of 
C22-H with O10 (2.79Å), carbon H-bond interaction of C25-H with O10 (3.03Å) and carbon H-bond interaction of C26-H with O10 
(2.67Å).   

6 π-alkyl  interaction of ring A with Leu-2185 (5.31 Å) and Ile-2237 (4.70 Å), π-σ interaction of ring A and Ile-2356 (3.64 Å), π-alkyl  
interaction of ring B with Ile-2356 (4.83 Å) and Lys-2187  (5.48 Å), π-σ interaction between ring B and Ile-2237 (3.96 Å), carbon H-
bond interaction of C9-H and Glu-2190 (2.60 Å), carbon H-bond of C3-H and Asp-2195 (2.50 Å),  attractive charge interaction of N2 
with Asp-2195 (3.80 Å),  Glu-2190 (3.71 Å) and Asp-2357 (3.58 Å),  π-anion interaction of ring C and Asp-2357 (3.83 Å), carbon H-
bond interaction of C23-H with Asp-2357 (2.40 Å) and carbon H-bond interaction of C25-H and Gln-2167 (2.57Å). 

7 Conventional H-bond between the nitro substituent of ring A and Val-2240 (2.66 Å), π-π T-shaped interaction of ring A with Tyr-2225 
(5.04 Å), π-σ interaction of ring A and Ile-2356 (3.66 Å), π-alkyl interaction of ring A with Ile-2237 (5.28 Å), π-σ interaction between 
ring B with Ile-2237 (3.95 Å) and Ile-2356 (3.81 Å), π-alkyl  interaction of ring B and Leu-2185 (5.49 Å), salt bridge; attractive charge 
interaction of H31 and Glu-2190 (2.62 Å), attractive charge interaction between N2 and Asp-2357 (3.36 Å), π-anion interaction of ring C 
and Glu-2190 (4.69 Å) and alkyl interaction of ring D with Pro-2169 (5.37 Å). 

8 π-alkyl  interaction of ring A with Leu-2185 (5.22 Å) and Ile-2237 (4.72 Å), π-σ interaction of ring A with Ile-2356 (3.69 Å), π-alkyl  
interaction of ring B with Ile-2356 (4.81 Å) and Lys-2187  (5.38 Å), π-σ interaction between ring B with Ile-2237 (3.82 Å), carbon H-
bond interaction of C9-H and Glu-2190 (2.66 Å), π-anion interaction between ring C and Glu-2190 (3.98 Å),  carbon H-bond interaction 
of C25-H with Gln-2167 (2.84 Å) and carbon H-bond interaction of C26-H with Asp-2357 (2.72Å). 

9 π-alkyl  interaction of ring A with Leu-2185 (5.04 Å) and Ile-2237 (5.20 Å), π-σ interaction of ring A with Ile-2356 (3.48 Å), π-alkyl  
interaction of ring B with Ile-2356 (4.78 Å), Lys-2187  (5.35 Å) and Ile-2237 (4.74 Å), carbon H-bond between C9-H and Glu-2190 
(2.57 Å), salt bridge; attractive charge interaction of H31 and Asp-2195 (2.61 Å), attractive charge interaction between N2 with  Asp-
2357 (3.48 Å) and Glu-2190 (3.96 Å) and π-anion interaction between ring C with Asp-2357 (3.68 Å), and carbon H-bond interaction 
between C26-H and Asp-2357 (2.42Å). 

10 Alkyl interaction between the  isopropyl substituent of ring A with Leu-2185 (4.46 Å), Ile-2356 (4.65 Å) and Ile-2237 (5.39 Å and 5.23 
Å), π-alkyl  interaction between the isopropyl substituent of ring A with Tyr-2225 (3.78 Å) and Trp-2239 (4.55 Å and 4.26 Å), π-alkyl  
interaction of ring A with Leu-2185 (5.20 Å) and Ile-2237 (4.85 Å), π-σ interaction of ring A with Ile-2356 (3.60 Å), π-alkyl  interaction 
of ring B with Ile-2356 (4.82 Å) and Ile-2237 (4.85 Å), carbon H-bond interaction of C9-H and Glu-2190 (2.67 Å), attractive charge 
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interaction between N2 with  Asp-2357 (3.85 Å), Asp-2195 (3.65 Å) and Glu-2190 (3.82 Å), π-anion interaction of ring C with Asp-2357 
(3.76 Å), carbon H-bond of C3-H with Asp-2195 (2.90 Å and 2.21 Å) and carbon H-bond interaction between C22-H and Asp-2357 
(2.65Å). 

11 π-π T-shaped interaction of ring A with Tyr-2225 (5.21 Å), π-σ interaction of ring A with Ile-2356 (3.93 Å), π-σ interaction of ring B 
with Ile-2356 (3.75 Å and 3.80 Å) and Ile-2237 (3.88 Å), carbon H-bond interaction between O10 and C25-H (2.74 Å), salt bridge; 
attractive charge interaction of H31 and Glu-2190 (2.14 Å), attractive charge interaction between N2 with  Asp-2357 (4.67 Å), carbon H-
bond between C22-H with Ser-2165 (2.65 Å) and π-donor H-bond interaction of ring E and Gln-2167 (3.04 Å). 

12 π-anion interaction of ring B with Glu-2190 (4.51 Å), attractive charge interaction between N2 with  Asp-2357 (3.78 Å) and Glu-2190 
(4.15 Å), salt bridge; attractive charge interaction of H31 and Asp-2195 (2.12 Å), π-alkyl  interaction of ring C with Ile-2356 (4.84 Å) 
and Ile-2237 (5.07 Å), carbon H-bond interaction between C25-H with Glu-2190 (3.02 Å and 2.92 Å), π-alkyl  interaction of ring E with 
Ile-2237 (4.63 Å),  π-σ interaction of ring E with Ile-2356 (3.69 Å), carbon H-bond interaction of C3-H with Asp-2357 (2.61Å) and Asp-
2195 (2.93Å), carbon H-bond interaction of C23-H with Asp-2357 (2.34Å) and carbon H-bond interaction of C22-H with Asn-2343 
(2.97Å). 

13 π-alkyl  interaction of Br and Trp-2239 (3.77 Å and 3.90 Å), alkyl interaction of Br and Met-2345 (4.99 Å), π-π T-shaped interaction of 
ring A with Tyr-2225 (5.14 Å), π-σ interaction of ring A with Ile-2237 (3.98 Å) and Ile-2356 (3.65 Å), π-alkyl  interaction of ring A with 
Leu-2185 (5.43 Å),  π-σ interaction of ring B with Ile-2356 (3.87 Å and 3.79 Å ),  π-alkyl  interaction of ring B and Ile-2237 (4.40 Å), 
salt bridge; attractive charge interaction of H31 and Glu-2190 (2.30 Å), attractive charge interaction between N2 with  Asp-2357 (3.26 
Å),  π-anion interaction of ring C with Asp-2357 (3.97 Å) and Glu-2190 (4.55 Å), π-donor H-bond interaction of ring C and Gln-2167 
(2.90 Å), π-donor H-bond interaction of ring E and Gln-2167 (2.54 Å) and carbon H-bond interaction between C3-H and Ser-2165 (2.76 
Å). 

14 π-alkyl interaction between the methyl substituent of ring A with Tyr-2225 (4.34 Å),  alkyl interaction between the methyl substituent of 
ring A with Ile-2356 (4.49 Å) and Ile-2237 (5.34 Å), π-σ interaction of ring A with Ile-2356 (3.76 Å), π-alkyl  interaction of ring A with 
Ile-2237 (4.58 Å) and Leu-2185 (5.35 Å), π-σ interaction of ring B and Ile-2237 (3.91 Å), π-alkyl  interaction between ring B and Ile-
2356 (4.73 Å), carbon H-bond interaction between C9-H and Glu-2190 (2.80 Å), carbon H-bond interaction between C3-H and Asp-2195 
(2.78 Å), attractive charge interaction between N2 with  Asp-2357 (3.33 Å), Asp-2195 (3.81 Å) and Glu-2190 (3.66 Å),  carbon H-bond 
interaction between C26-H and Gln-2167 (3.02 Å), carbon H-bond interaction between C22-H with Asp-2357 (2.83Å), carbon H-bond 
interaction of C25-H with Gln-2167 (2.80Å), conventional H-bond interaction between S and Asp-2191 (2.95 Å) and π-Sulfur interaction 
of S and Trp-2429 (5.08 Å). 

15 Π-alkyl interaction between the ethyl substituent of ring A and Trp-2239 (5.19Å), π-alkyl  interaction between ring A and Ile-2163 (4.99 
Å), π-alkyl interaction between ring B with Ile-2163 (4.83Å), π-σ interaction of ring C with Ile-2356 (4.16 Å) and Ile-2237(4.30Å), π-
alkyl interaction between Tyr-2225 (5.06Å) and Trp-2239 (5.38Å and 5.17Å), alkyl interaction of ring D with Ile-2356 (5.22Å), 
conventional H-bond interaction of O24 and Val-2240 (2.08Å), carbon H-bond interaction between C22-H with Gly-2238 (2.95Å) and 
carbon H-bond interaction between C26-H and Gly-2238 (2.88Å). 

16 Alkyl interaction between t-butyl substituent of ring A with Ile-2356 (4.96 Å) and Leu-2185 (5.15 Å), π-σ interaction of ring A with Ile-
2237 (3.91 Å) and Ile-2356 (3.80 Å), π-alkyl  interaction of ring A with Leu-2185 (5.45 Å), π-alkyl  interaction of ring B with Ile-2237 
(5.33 Å), π-σ interaction of ring B with Ile-2356 (3.84 Å), conventional H-bond interaction of O8 with Asp-2357 (2.71 Å),  conventional 
H-bond interaction of N20 and Gln-2167 (2.05 Å), π-anion interaction of ring C with Glu-2190 (4.21 Å) and carbon H-bond interaction 
between C23-H and Asp-2357 (2.52 Å). 

17 Conventional H-bond between the nitro substituent of ring A with Val-2240 (2.70 Å), π-π T-shaped interaction of ring A with Tyr-2225 
(5.03 Å), π-alkyl  interaction of ring A with Ile-2237 (5.28 Å), π-σ interaction of ring A with Ile-2356 (3.65 Å), π-σ interaction of ring B 
with Ile-2356 (3.83 Å) and Ile-2237 (3.93 Å), salt bridge; attractive charge interaction of H31 and Glu-2190 (2.70 Å), attractive charge 
interaction between N2 with  Asp-2357 (3.32 Å), π-anion interaction of ring C and Glu-2190 (4.64 Å), π-donor H-bond interaction 
between ring D with Gln-2167 (2.56 Å) and alkyl interaction between ring E and Pro-2169 (5.35 Å). 

18 π-π T-shaped interaction of ring A with Tyr-2225 (5.08 Å), π-alkyl  interaction of ring A with Ile-2237 (5.40 Å), π-σ interaction of ring 
A with Ile-2356 (3.65 Å), π-σ interaction of ring B with Ile-2356 (3.82 Å) and Ile-2237 (3.91 Å), conventional H-bond interaction 
between H31 and Glu-2190 (2.73 Å), alkyl interaction between ring D and Pro-2169 (5.38 Å), π-donor H-bond interaction between ring 
E with Gln-2167 (2.54 Å) and  π-anion interaction of ring C and Glu-2190 (4.64 Å). 

19 π-alkyl  interaction of ring A with Leu-2185 (5.02 Å) and Ile-2237 (5.29 Å), π-σ interaction of ring A with Ile-2356 (3.45 Å), π-alkyl  
interaction of ring B with Ile-2356 (4.67 Å), Ile-2237 (4.83 Å) and Lys-2187  (5.44 Å), unfavorable acceptor-acceptor interaction of O10 
and Tyr-2225 (2.84 Å), carbon H-bond interaction between C9-H and Glu-2190 (2,71 Å), carbon H-bond interaction of C3-H with Asp-
2195 (3.06Å), salt bridge; attractive charge interaction of H31 and Asp-2195 (2.66 Å), attractive charge interaction between N2 with  
Asp-2357 (3.43 Å) and Glu-2190 (3.80 Å), carbon H-bond interaction between C23-H with Asp-2357 (2.29 Å), carbon H-bond 
interaction of C26-H with Asp-2357 (2.55Å), amide-π stacked interaction of ring E with Glu-2190 (5.39 Å) and π-sulfur interaction of S 
and Trp-2429 (5.54 Å). 

 
The amino acids participating in the ligand-site interaction are shown in Table 8. 
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Table 8. Summary of the amino acids participating in the ligand-site interaction 
 

Mol. Amino acids. 
1 Asp-2195, Asp-2357, Gln-2167, Glu-2190, Ile-2237, Ile-2356, Leu-2185, Tyr-2225. 
2 Asp-2195, Asp-2357, Gln-2167, Glu-2190, Ile-2237, Ile-2356, Leu-2185, Lys-2187, Tyr-2225. 
3 Asp-2195, Asp-2357, Gln-2167, Glu-2190, Ile-2237, Ile-2356, Leu-2185, Tyr-2225. 
4 Asp-2195, Asp-2357, Gln-2167, Glu-2190, Ile-2237, Ile-2356, Leu-2185, Lys-2187, Trp-2239, Trp-2429, Tyr-2225. 
5 Asp-2357, Gln-2167, Glu-2190, Ile2237, Ile-2356, Leu-2185, Lys-2187, Met-2345, Trp-2239. 
6 Asp-2195, Asp-2357, Gln-2167, Glu-2190, Ile-2237, Ile-2356, Leu-2185, Lys-2187. 
7 Asp-2357, Glu-2190, Ile-2237, Ile-2356, Leu-2185, Pro-2169, Tyr-2225, Val-2240. 
8 Asp-2357, Gln-2167, Glu-2190, Ile-2237, Ile-2356, Leu-2185, Lys-2187. 
9 Asp-2195, Asp-2357, Glu-2190, Ile-2237, Ile-2356, Leu-2185, Lys-2187. 
10 Asp-2195, Asp-2357, Glu-2190, Ile-2237, Ile-2356, Leu-2185, Trp-2239, Tyr-2225. 
11 Asp-2357, Gln-2167, Glu-2190, Ile-2237, Ile-2356, Ser-2165, Tyr-2225. 
12 Asn-2343, Asp-2195, Asp-2357, Glu-2190, Ile-2237, Ile-2356. 
13 Asp-2357, Gln-2167, Glu-2190, Ile-2237, Ile-2356, Leu-2185, Met-2345, Ser-2165, Trp-2239, Tyr-2225. 
14 Asp-2191, Asp-2195, Asp-2357, Gln-2167, Glu-2190, Ile-2237, Ile-2356, Leu-2185, Trp-2429, Tyr-2225. 
15 Ile-2163, Ile-2237, Ile-2356, Leu-2185, Trp-2239, Tyr-2225, Val-2240. 
16 Asp-2357, Ile-2237, Ile-2356, Gln-2167, Glu-2190, Leu-2185. 
17 Asp-2357, Gln-2167, Glu-2190, Ile-2237, Ile-2356, Pro-2169, Tyr-2225, Val-2240. 
18 Ile-2237, Ile-2356, Gln-2167, Glu-2190, Pro-2169, Tyr-2225. 
19 Asp-2195, Asp-2357, Glu-2190, Ile-2237, Ile-2356, Leu-2185, Lys-2187, Trp-2429, Tyr-2225. 

 
From Table 8 we can see that the amino acid percentage appearing as interaction partners is: Ile-2237 and Ile-2356 
in 100% of cases, Glu-2190 in 94.74%, Asp-3257 in 84.21%, Leu-2185 in 78.95%, Tyr-2225 and Gln-2167 in 68.42 
%, Asp-2195 in 47.37%, Lys-2187 and Trp-2239 in 36.84% of cases. Other amino acids appear in smaller 
percentages (Pro-2169 and Val-2240 in 15.79% of cases, Met-2345, Trp-2429 and Ser-2165 in 10.53%, Ala-2248 
and Asp-2191 in 5.26% of cases). An acceptable conclusion is that the molecules analyzed here share the same 
binding site.  For a better analysis, and like in previous works, we used Table 7 to classify the ligand-site 
interactions in short- (d≤3Å), medium- and long-range (d>5Å) ones. Table 9 shows the short-range interactions. 
 

Table 9. Short-range ligand-site interactions (d≤3Å) 
 

Mol. Interactions 
1 Carbon H-bond interaction of C9-H with Glu-2190 (2.51 Å), carbon H-bond interaction of C3-H with Asp-2195 (2.39 Å), salt bridge, 

attractive charge interaction of H31 and Asp-2195 (2.99Å and 2.97Å), carbon H-bond interaction between C25-H with Gln-2167 (2.54Å) 
and carbon H-bond interaction of C23-H and Asp-2357 (2.37 Å). 

2 Carbon H-bond interaction of C9-H and Glu-2190 (2.71 Å), carbon H-bond of C3-H and Asp-2195 (2.43 Å), carbon H-bond interaction 
between C25-H and Gln-2167 (3.04 Å and 3.05 Å). 

3 Carbon H-bond interaction of C9-H and Glu-2190 (2.84 Å), carbon H-bond interaction of C3-H and Asp-2195 (2.42 Å), carbon H-bond 
interaction of C23-H and Asp-2357 (2.43 Å), carbon H-bond interaction between C26-H and Gln-2167 (2.99 Å). 

4 Unfavorable acceptor-acceptor interaction of O10 and Tyr-2225 (2.87 Å), carbon H-bond interaction of C9-H and Glu-2190 (2.74 Å), salt 
bridge; attractive charge interaction of H31 and Asp-2195 (2.81 Å), carbon H-bond interaction of C23-H and Gln-2167 (2.82 Å) and 
carbon H-bond interaction of C22-H with Asp-2357 (2.93Å). 

5 Conventional H-bond interaction between O8 with HN of Asp-2357 (2.61Å), carbon H-bond interaction between N1 with HE1 and HE2 
of Lys-2187 (2.76Å and 2.87Å), salt bridge; attractive charge interaction of H31 with OE2 of Glu-2190 (2.85Å), conventional H-bond 
interaction between N20 with HE21 of Gln-2167 (2.77Å), carbon H-bond interaction of C22-H with O10 (2.79Å), carbon H-bond 
interaction of C25-H with O10 (3.03Å) and carbon H-bond interaction of C26-H with O10 (2.67Å). 

6 Carbon H-bond interaction of C9-H and Glu-2190 (2.60 Å), carbon H-bond of C3-H and Asp-2195 (2.50 Å), carbon H-bond interaction 
of C23-H with Asp-2357 (2.40 Å) and carbon H-bond interaction of C25-H and Gln-2167 (2.57Å). 

7 Conventional H-bond between the nitro substituent of ring A and Val-2240 (2.66 Å), salt bridge; attractive charge interaction of H31 and 
Glu-2190 (2.62 Å). 

8 Carbon H-bond interaction of C9-H and Glu-2190 (2.66 Å), carbon H-bond interaction of C25-H with Gln-2167 (2.84 Å) and carbon H-
bond interaction of C26-H with Asp-2357 (2.72Å). 

9 Carbon H-bond between C9-H and Glu-2190 (2.57 Å), salt bridge; attractive charge interaction of H31 and Asp-2195 (2.61 Å), and 
carbon H-bond interaction between C26-H and Asp-2357 (2.42Å). 

10 Carbon H-bond interaction of C9-H and Glu-2190 (2.67 Å), carbon H-bond of C3-H with Asp-2195 (2.90 Å and 2.72 Å) and carbon H-
bond interaction between C22-H and Asp-2357 (2.65Å). 

11 Carbon H-bond interaction between O10 and C25-H (2.74 Å), salt bridge; attractive charge interaction of H31 and Glu-2190 (2.14 Å), 
carbon H-bond between C22-H and Ser-2165 (2.65 Å) and π-donor H-bond interaction of ring E and Gln-2167 (3.04 Å).. 

12 Salt bridge; attractive charge interaction of H31 and Asp-2195 (2.12 Å), carbon H-bond interaction between C25-H with Glu-2190 (3.02 
Å and 2.92 Å), carbon H-bond interaction of C3-H with Asp-2357 (2.61Å) and Asp-2195 (2.93Å), carbon H-bond interaction of C23-H 
with Asp-2357 (2.34Å) and carbon H-bond interaction of C22-H with Asn-2343 (2.97Å). 

13 Salt bridge; attractive charge interaction of H31 and Glu-2190 (2.30 Å), π-donor H-bond interaction of ring C and Gln-2167 (2.90 Å), π-
donor H-bond interaction of ring E and Gln-2167 (2.54 Å) and carbon H-bond interaction between C3-H and Ser-2165 (2.76 Å). 

14 Carbon H-bond interaction between C9-H and Glu-2190 (2.80 Å), carbon H-bond interaction between C3-H and Asp-2195 (2.78 Å), 
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carbon H-bond interaction between C26-H and Gln-2167 (3.02 Å), carbon H-bond interaction between C22-H with Asp-2357 (2.83Å), 
carbon H-bond interaction of C25-H with Gln-2167 (2.80Å), conventional H-bond interaction between S and Asp-2191 (2.95 Å) 

15 H-bond interaction of O24 and Val-2240 (2.08Å), carbon H-bond interaction between C22-H with Gly-2238 (2.95Å) and carbon H-bond 
interaction between C26-H and Gly-2238 (2.88Å). 

16 Conventional H-bond interaction of O8 with Asp-2357 (2.71 Å), conventional H-bond interaction of N20 and Gln-2167 (2.05 Å) and 
carbon H-bond interaction between C23-H and Asp-2357 (2.52 Å). 

17 Conventional H-bond between the nitro substituent of ring A with Val-2240 (2.70 Å), salt bridge; attractive charge interaction of H31 and 
Glu-2190 (2.70 Å), π-donor H-bond interaction between ring D with Gln-2167 (2.56 Å)  

18 Conventional H-bond interaction between H31 and Glu-2190 (2.73 Å), π-donor H-bond interaction between ring E with Gln-2167 (2.54 
Å)  

19 Unfavorable acceptor-acceptor interaction of O10 and Tyr-2225 (2.84 Å), carbon H-bond interaction between C9-H and Glu-2190 (2,71 
Å), carbon H-bond interaction of C3-H with Asp-2195 (3.06Å), salt bridge; attractive charge interaction of H31 and Asp-2195 (2.66 Å), 
carbon H-bond interaction between C23-H with Asp-2357 (2.29 Å), carbon H-bond interaction of C26-H with Asp-2357 (2.55Å). 

 
We can see that the predominating interaction in almost all molecules is the carbon H-bond interaction of the form 
C-H….O. This bond is rather weak [156, 157]. The number of these contacts indicates that they play a role in 
stabilizing the ligand-site complex. In some molecules this kind of interaction seems to be the only one present at 
distances d≤3Å. Note that in other cases this kind of carbon H-bond is not present or is not the main short-range 
interaction [121, 122, 158, 159]. Table 10 shows the long-range interactions. 
 

Table 10. Long-range ligand-site interactions (d>5Å) 
 

Mol. Interactions 
1 Alkyl interaction between Cl with Ile-2237 (5.23 Å), π-alkyl interaction between ring A with Leu-2185 (5.42 Å), π-alkyl interaction 

between ring B and Ile-2356 (4.97 Å). 
2  π-alkyl interaction between ring A with Leu-2185 (5.33 Å),  π-alkyl  interaction of ring B with Lys-2187 (5.48 Å). 
3 Alkyl interaction between the methyl substituent of ring A with Ile-2237 (5.29 Å), π-alkyl interaction of ring A with Leu-2185 (5.36 Å). 
4 Alkyl interaction between the ethyl substituent of ring A with Leu-2185 (5.08 Å), π-alkyl interaction of ring A with Leu-2185 (5.00 Å) 

and Ile-2237 (5.22 Å), π-alkyl interaction of ring B with Lys-2187 (5.41 Å) and π-sulfur interaction of S27 with Trp-2429 (5.93 Å). 
5 Alkyl interaction between t-butyl substituent of ring A with Met-2345 (5.47Å) and Leu-2185 (5.38Å), π-alkyl interaction of ring A with 

Leu-2185 (5.49Å), π-alkyl interaction of ring B with Ile-2237 (5.41Å). 
6 π-alkyl interaction of ring A with Leu-2185 (5.31 Å),  π-alkyl  interaction of ring B with Lys-2187  (5.48 Å). 
7 π-π T-shaped interaction of ring A with Tyr-2225 (5.04 Å),  π-alkyl interaction of ring A with Ile-2237 (5.28 Å), π-alkyl  interaction of 

ring B and Leu-2185 (5.49 Å),  alkyl interaction of ring D with Pro-2169 (5.37 Å). 
8 π-alkyl interaction of ring A with Leu-2185 (5.22 Å),  π-alkyl  interaction of ring B with Lys-2187  (5.38 Å). 
9 π-alkyl interaction of ring A with Leu-2185 (5.04 Å) and Ile-2237 (5.20 Å), π-alkyl  interaction of ring B with Lys-2187  (5.35 Å). 
10 Alkyl interaction between the isopropyl substituent of ring A with Ile-2237 (5.39 Å and 5.23 Å), π-alkyl interaction of ring A with Leu-

2185 (5.20 Å). 
11 π-π T-shaped interaction of ring A with Tyr-2225 (5.21 Å). 
12  π-alkyl interaction of ring C with Ile-2237 (5.07 Å). 
13 Alkyl interaction of Br and Met-2345 (4.99 Å), π-π T-shaped interaction of ring A with Tyr-2225 (5.14 Å), π-alkyl interaction of ring A 

with Leu-2185 (5.43 Å). 
14 Alkyl interaction between the methyl substituent of ring A with Ile-2237 (5.34 Å), π-alkyl interaction of ring A with Leu-2185 (5.35 Å), 

π-sulfur interaction of S and Trp-2429 (5.08 Å). 
15 π-alkyl interaction between the ethyl substituent of ring A and Trp-2239 (5.19Å), π-alkyl interaction between ring A and Ile-2163 (4.99 

Å), π-alkyl interaction between Tyr-2225 (5.06Å) and Trp-2239 (5.38Å and 5.17Å), alkyl interaction of ring D with Ile-2356 (5.22Å). 
16 Alkyl interaction between the isopropyl substituent of ring A with Ile-2356 (4.96 Å) and Leu-2185 (5.15 Å), π-alkyl interaction of ring A 

with Leu-2185 (5.45 Å), π-alkyl interaction of ring B with Ile-2237 (5.33 Å). 
17 π-π T-shaped interaction of ring A with Tyr-2225 (5.03 Å), π-alkyl  interaction of ring A with Ile-2237 (5.28 Å), alkyl interaction 

between ring E and Pro-2169 (5.35 Å). 
18 π-π T-shaped interaction of ring A with Tyr-2225 (5.08 Å), π-alkyl  interaction of ring A with Ile-2237 (5.40 Å), alkyl interaction 

between ring D and Pro-2169 (5.38 Å). 
19 π-alkyl interaction of ring A with Leu-2185 (5.02 Å) and Ile-2237 (5.29 Å), π-alkyl  interaction of ring B with Lys-2187  (5.44 Å), 

amide-π stacked interaction of ring E with Glu-2190 (5.39 Å) and π-sulfur interaction of S and Trp-2429 (5.54 Å). 

 
We can see in Table 10 that long-range interactions are of π-π, π-σ and σ-σ that do not involve charge transfer. 
Within a static approach in which only the influence of the closer amino acids participating in the ligand-site 
interaction is considered, these interactions can be viewed as the ones involved in the long-range orientation and 
guiding of the ligand. Table 11 shows the interactions of the substituents that do not belong to the common skeleton 
with the site. 
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Table 11. Substituent-site interactions 
 

Mol. Interactions. 
1 Alkyl interaction between Cl with Ile-2356 (4.36 Å) and Ile-2237 (5.23 Å), π-alkyl interaction of Cl and Tyr-2225 (4.43 Å). 
2 Alkyl interaction between Br and Ile-2356 (4.62 Å), π-alkyl interaction of Br and Tyr-2225 (4.31 Å). 
3 Alkyl interaction between the methyl substituent of ring A with Ile-2356 (4.51 Å) and Ile-2237 (5.29 Å), π-alkyl interaction between the 

methyl substituent of ring A and Tyr-2225 (4.35 Å). 
4 π-alkyl interaction between the ethyl substituent of ring A and Trp-2239 (4.30 Å and 4.31 Å), alkyl interaction between the ethyl 

substituent of ring A with Leu-2185 (5.08 Å). 
5 Alkyl interaction between the t-butyl substituent of ring A with Ile-2356 (4.72Å), Met-2345 (5.47Å) and Leu-2185 (5.38Å), π-σ 

interaction between the t-butyl substituent of ring A with Trp-2239 (3.61Å). 
7 Conventional H-bond between the nitro substituent of ring A and Val-2240 (2.66 Å). 
10 Alkyl interaction between the isopropyl substituent of ring A with Leu-2185 (4.46 Å), Ile-2356 (4.65 Å) and Ile-2237 (5.39 Å and 5.23 

Å), π-alkyl interaction between the isopropyl substituent of ring A with Tyr-2225 (3.78 Å) and Trp-2239 (4.55 Å and 4.26 Å). 
13 π-alkyl interaction of Br and Trp-2239 (3.77 Å and 3.90 Å), alkyl interaction of Br and Met-2345 (4.99 Å). 
14 π-alkyl interaction between the methyl substituent of ring A with Tyr-2225 (4.34 Å), alkyl interaction between the methyl substituent of 

ring A with Ile-2356 (4.49 Å) and Ile-2237 (5.34 Å). 
15 π-alkyl interaction between the ethyl substituent of ring A and Trp-2239 (5.19Å). 
16 Alkyl interaction between the t-butyl substituent of ring A with Ile-2356 (4.96 Å) and Leu-2185 (5.15 Å). 
17 Conventional H-bond between the nitro substituent of ring A with Val-2240 (2.70 Å). 

 
We can see in Table 11 that some substituents are engaged in short-range interactions with the binding site. They are 
of the conventional H-bond kind and they should be included with all short-range interactions in the formal model 
employed for the LMRA analysis. Unhappily we still cannot find a formal way to do it. 
 
Structure-activity results 

The beta values (Table 5) indicate that the importance of the variables is 12F (LUMO)*  >>  N
8S (LUMO+2)*  > 

N
24S (LUMO+2)* > N

20S (LUMO+2)*  > 30F (LUMO+1)* . A variable-by-variable (VbV) analysis of Eq. 2 

indicates that a high inhibitory percentage is associated with high values for 12F (LUMO)*  

and 30F (LUMO+1)* . The case of the nucleophilic superdelocalizabilities should be analyzed as follows. 
N
8S (LUMO+2)*may have a positive or negative numerical value. If the value of N

8S (LUMO+2)*  is positive, 

and because of the negative sign accompanying it in Eq. 2, a high inhibitory percentage is associated with a small 

value of N
8S (LUMO+2)* . The contrary must occur if the sign is positive. In the first case a small value of 

N
8S (LUMO+2)*  is obtained by shifting upwards the associated eigenvalue and making *

8(LUMO+2)  less 

reactive. For the second case the analysis leads to the same conclusion. This same reasoning applies 

to N
20S (LUMO+2)* : a less reactive *

20(LUMO+2)  is associated with a high inhibitory percentage. In the case of  
N
24S (LUMO+2)* the sign accompanying it in Eq. 2 indicates that a high inhibitory percentage is associated with 

high values of this variable if its numerical value is positive. If the numerical value of N24S (LUMO+2)*  is 

negative, a high inhibitory percentage is associated with a highly negative numerical value forN24S (LUMO+2)* . 

Both conditions are associated with a more reactive *
24(LUMO+2) . Two important facts are that the variation of 

the inhibitory percentage is fully orbital-controlled and involves only vacant molecular orbitals. Atom 12 is a carbon 

one located in ring A. *
12(LUMO)  is a π MO (Table 3). A high 12F (LUMO)*  value suggests that this atom is 

interacting with an electron deficient center. Inspecting the docking results (Figs. 5-9) atom 12 seems to participate 

in π-alkyl and/or π-σ interactions. Atom 30 is the hydrogen bonded to C3. *
30(LUMO+1) is a σ MO (Table 4). A 

high value of 30F (LUMO+1)*  is suggesting that *
30(LUMO)  (also a σ MO) and *

30(LUMO+1) are interacting 

through a carbon H bond with a carbonyl oxygen. This interaction appears in several dockings (see Figs. 5-9). Atom 

8 is an oxygen atom in ring B. *
8(LUMO+2)  is a π MO (Table 3). *

8(LUMO)  and *
8(LUMO+1) , both of π 

nature, do not appear in Eq. 2. It is highly probably that the two highest occupied MOs of atom 8 form part of the 
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aromatic system of ring B engaged in π-alkyl interactions. Nevertheless, a low value for N
8S (LUMO+2)*suggests 

that this MO seems to be engaged in an unfavorable MO-MO interaction with vacant MOs localized close to it. 

Atom 20 is a nitrogen atom in ring C. *
20(LUMO+2)  is a π MO (Table 3). *

20(LUMO+1)  and *
20(LUMO)  

have also a π nature. A low value for N
20S (LUMO+2)* can be interpreted like the previous case: an unfavorable 

interaction with vacant MOs of a moiety. Atom 24 is an oxygen atom in ring D. *
24(LUMO+2)  is a σ MO (Table 

4). *
24(LUMO)  and *

24(LUMO+1)  are of lone pair nature. We can expect therefore that atom 24 be engaged in 

H-bonds (conventional and/or carbon H bonds). The fact that a high value for *
24(LUMO+2)  is associated with a 

high inhibitory percentage suggest that σ electrons are also participating in interactions with a residue (σ-alkyl 
interactions for example). All these ideas are encompassed in the corresponding two dimensional (2D) 
pharmacophore shown in Fig. 11.  
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Figure 11. 2D pharmacophore from Eq. 2 

 
 
What is the exact nature of the relationships between QSAR and docking results? LMRA results show only those 
reactivity indices whose numerical variation gives an account of the variation of the biological activity studied. 
Those indices having a constant numerical value do not appear in the final QSAR equations. This seems to be a 
shortcoming of the formal method but it helps by providing clear atomic targets serving for possible chemical 
modifications. In this sense the indices appearing in the QSAR equations must be present, in a way or another, in the 
docking results. Regarding the docking modus operandi, it is not a quantum-chemical method. Sometimes very 
different results are obtained when we allow conformational flexibility to a number of residues forming or being 
close to the binding site. Sometimes ligands bind to a common site but their common skeleton is located in different 
forms. Presenting an experimentally measured biological activity of a given number of molecules together with only 
the crystallized ligand-site structure of one or two molecules can be misleading for some cases. For the moment the 
wisest approach is to carefully analyze all available information before undertaking a QSAR study.  
 
Selleckchem.com is gratefully acknowledged for allowing the reproduction of Fig. 1. 
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