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ABSTRACT 
 
The present paper presents and discusses the relationship between molecular-electronic structure and hCB2 
receptor binding affinity of a family of 4-oxo-1,4-dihydroquinoline-3-carboxamide derivatives with a formal method 
recently enlarged by the author. The electronic structures of all molecules were calculated within Density 
Functional Theory at the B3LYP/6-311g(d,p) level. We obtained a statistically significant equation relating the 
variation of hCB2 receptor binding affinities with the variation of a definite set of local atomic reactivity indices. 
For the case analyzed here, the interaction of the molecules with the hCB2 receptor is mainly charge-controlled. 
More studies of different series are needed to expand our knowledge of the hCB2 interaction pharmacophore. The 
common skeleton hypothesis seems to work well enough to be applied in this kind of studies. 
_____________________________________________________________________________________________ 
 

INTRODUCTION 
 

Before the 1980s, it was frequently speculated that cannabinoids produced their physiological and behavioral effects 
by means of nonspecific interactions with cell membranes, instead of interacting with specific membrane-bound 
receptors. The discovery of the first cannabinoid receptors in the 1980s helped to decide this dispute. These 
receptors are common in animals, and have been found in mammals, reptiles, birds and fishes.  There are at least 
two kinds of cannabinoid receptors called CB1 and CB2 [1,2]. Ligands activating these G protein-coupled receptors 
comprise the phytocannabinoid ∆9-tetrahydrocannabinol, a variety of synthetic compounds, and endogenous 
compounds (endocannabinoids). The CB2 receptor is expressed mainly in the cells and tissues of the immune 
system including thymus, tonsils, B and T cells, macrophages, monocytes and NK cells and, to a far lesser amount, 
in brain. In both central nervous system and peripheral tissues, the CB2 receptor is up-regulated near the beginning 
of inflammatory events [3,4]. Several kinds of ligands bind to the CB2 receptor [5]. They have been classified as 
classical cannabinoids, non-classical cannabinoids, cannabimimetic indoles, pyrazoles and 2-oxoquinolines. 
 
The exact knowledge of the mode of binding of these different ligands to cannabinoid receptors is of paramount 
importance for designing new ligands with enhanced receptor affinity. The apparently very distinct chemical 
structure of the ligands binding to these receptors makes it necessary to carry out extensive studies of several 
different families of molecules in order to detect their common features. In general terms, this observation is still 
valid today, not only for cannabinoids but for all molecules presenting any kind of biological activity. These studies 
must be carried out with model-based methods [6] able to deal with the fact that the molecular properties that are 
directly responsible for the molecular interactions leading to the pharmacological effect are encoded in the entire 
molecular structure [7]. Usually experimentalists publish papers containing one or more Tables with experimental 
results (receptor affinities, anti-proliferative activity, toxicity, etc.) of a group of molecules. In the main body of the 
paper they transform these Tables into a list of requirements for enhanced or diminished activity. These lists of 
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requirements are included within the broadest meaning of “structure-activity relationships” (SAR) but, technically, 
they are no more than a verbal translation of the results reported in these Tables. At most, these lists are vaguely 
supported by general statements taken from organic chemistry or related areas. 
 
To date, only three quantum-chemical studies correlating the full description of the entire molecules exhibiting a 
biological activity have been published in the cannabinoid field. By description we mean the account, in quantum-
chemical terms, of the reactivity of all atoms forming the molecule and the geometric effects of the substituents. It is 
important to stress that a necessary condition is that this description must appear in a formal manner within a model 
linking biological activity and electronic structure [6]. The first paper analyzed the CB1- and CB2-mediated 
inhibition of adenylyl cyclase by a group of classical cannabinoid derivatives [8]. In the second one we presented 
structure-receptor affinity relationships for the in vitro interaction of a group of classical, indole-derived and 
aminoalkylindole-derived cannabinoids [9]. On the basis of these results a new molecule was proposed that should 
help to distinguish between both receptor sites.  The results of these two studies are very encouraging taking into 
account that the numerical values for the local atomic descriptors were obtained with a semiempirical method. In the 
most recent study a search was carried out to find relationships between hCB1 and hCB2 receptor binding affinity 
and molecular structure for a group of 1-aryl-5-(1H-pyrrol-1-yl)-1H-pyrazole-3-carboxamides [10]. The present 
paper shows and discusses the relationships between molecular-electronic structure and hCB2 receptor binding 
affinity of a family of 4-oxo-1,4-dihydroquinoline-3-carboxamide derivatives [11]. As the methods employed here 
are the same used in the previous paper [10], a secondary goal is to analyze the feasibility of a comparison between 
the results of both. For a short review of earlier theoretical studies see Ref. [10]. For historical aspects of cannabis 
see Refs. [12-18]. For the use of cannabis and chemicals obtained from it for antidiabetic activity and weight loss in 
obese patients see Refs. [19, 20]. 
 

MATERIALS AND METHODS 
 
METHODS, MODELS AND CALCULATIONS  
The method 
Given that the model-based method relating drug-receptor equilibrium constants with molecular structure has been 
described in great detail elsewhere, we present here only the final results [9,21-30]. The drug-receptor affinity 

constant,logK i , is a linear function of several local atomic reactivity indices (LARIs) and has the following general 

form: 
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where M is the drug’s mass, σ its symmetry number and 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 
N
iS

 are, respectively, the total atomic 
electrophilic and nucleophilic superdelocalizabilities of Fukui et al., Fi,m (Fi,m’) is the Fukui index of the occupied 
(empty) MO m (m’) located on atom i. Si

E(m) is the atomic electrophilic superdelocalizability of MO m on atom i, 
etc. The total atomic electrophilic superdelocalizability of atom i corresponds to the sum over occupied MOs of the 
Si

E(m)’s and the total atomic nucleophilic superdelocalizability of atom i is the sum over empty MOs of the 
Si

N(m)’s. The last bracket of the right side of Eq. 1 contains new local atomic reactivity indices obtained directly 
from Molecular Orbital Theory by an approximate reorganization of part of the remaining terms of the series 
expansion used in the model [31,32].  
 
The moment of inertia term can be expressed as: 

1/2 2
, ,log ( ) i t i t t

t t t

ABC m R O−  = =  ∑∑ ∑
                                                                                                         (2) 

where the summation over t is over the various substituents of the molecule, mi,t is the mass of the i-th atom 
belonging to the t-th substituent, Ri,t being its distance to the atom to which the substituent is bonded.  A molecular 

property was thus transformed into a sum of substituent properties. We proposed that the appearance of any tO  in a 



Juan S. Gómez-Jeria                                         Der Pharmacia Lettre, 2014, 6 (1):95-104 
______________________________________________________________________________ 

97 
Scholar Research Library 

QSAR equation is related to its influence on the fraction of molecules attaining the correct orientation to interact 

with the receptor. We called the tO ’s Orientational Parameters [24,25]. In summary, for n molecules we have a set 

of n simultaneous equations 1. This system of simultaneous equations holds for the atoms of the molecule directly 
perturbed by their interaction with the receptor. Combined with the standard multiple-regression techniques, these 
equations can be usefully applied to estimate the relative variation of log Ki in terms of the variation of the values of 
a definite set of LARIs. Here statistical analysis is used only to find the best structure-activity relationships. This 
method has been successfully applied to many different kinds of receptors and ligands [9,10,21,24, 26-28,30,33-43]. 
 
Selection of the experimental data 
The experimental data employed in this study are to the receptor binding affinities measured in CHO cells 
transfected with the cDNA sequences encoding the human CB2 cannabinoid receptor (hCB2). Molecules were 
selected from a set reported in Ref. [11]. The molecules are shown in Fig. 1 and Table 1. Figure 2 shows the 
numbering of atoms used in the linear multiple regression analysis (LMRA). 
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Figure 1. 4-oxo-1,4-dihydroquinoline-3-carboxamide derivatives. 
 

Table 1. 4-oxo-1,4-dihydroquinoline-3-carboxamide derivatives and their hCB2 receptor binding affinity*. 
 

Mol. R1 R2 R3 R4 R5 R6 log Ki (nM) 
1 H H H 4-fluorobenzyl H 1-(3,5-dimethyl)adamantanyl 1.92 
2 H H H 2-phenylethyl H 1-(3,5-dimethyl)adamantanyl 2.52 
3 H H H 3-phenylpropyl H 1-(3,5-dimethyl)adamantanyl 2.20 
4 H H H 2-(morpholin-4-yl)ethyl H 1-(3,5-dimethyl)adamantanyl 2.34 
5 H H H n-C5H11 H (+)-1-(1,2,3,4-tetrahydronaphthyl) 1.62 
6 H H H n-C5H11 H (-)-1-(1,2,3,4-tetrahydronaphthyl) 3.00 
7 H H H 2-(morpholin-4-yl)ethyl H 1-adamantanyl 2.18 
8 H H H n-C5H11 H 1-(adamantanyl)methyl 1.70 
9 H H H n-C5H11 H (-)-1-(adamantanyl)ethyl 1.15 
10 H H H n-C5H11 H (+)-1-(adamantanyl)ethyl 2.31 
11 H H H n-C5H11 Me 1-(3,5-dimethyl)adamantanyl 2.30 
12 H H H n-C5H11 C6H5 1-(3,5-dimethyl)adamantanyl 2.08 
13 H H H n-C5H11 Me (-)-1-(phenylethyl) 1.43 
14 H H H n-C5H11 Me 1-adamantanyl 2.53 
15 H H H n-C5H11 H 1-(3,5-dimethyl)adamantanyl 1.26 
16 Cl H H n-C5H11 H 1-(3,5-dimethyl)adamantanyl 1.74 
17 H Cl H n-C5H11 H 1-(3,5-dimethyl)adamantanyl 2.02 
18 H H Cl n-C5H11 H 1-(3,5-dimethyl)adamantanyl 1.44 
19 Cl H H n-C5H11 H (+)-1-(1,2,3,4-tetrahydronaphthyl) 2.08 
20 Cl H H n-C5H11 H (-)-1-(adamantanyl)ethyl 2.37 
21 Cl H H n-C5H11 H (+)-1-(adamantanyl)ethyl 2.16 
22 H Cl H n-C5H11 H (-)-1-(adamantanyl)ethyl 1.42 
23 H Cl H n-C5H11 H (+)-1-(adamantanyl)ethyl 2.42 
24 H H H n-C5H11 H 1-(3,5-dimethyl)adamantanyl 2.41 
25 -- H H n-C5H11 H 1-(3,5-dimethyl)adamantanyl 1.49 
26 H H -- n-C5H11 H 1-(3,5-dimethyl)adamantanyl 1.37 
27 H H H n-C5H11 H 1-(3,5-dimethyl)adamantanyl 1.97 

* In mol. 24 atom marked a is nitrogen, in mol. 25 atom marked b is nitrogen and in molecule 26 atom marked c is nitrogen. In molecule 15 atom 
marked d is sulphur. 
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Figure 2. Numbering of atoms used in the LMRA 
 
Calculations 
The electronic structures of all molecules were calculated within Density Functional Theory at the B3LYP/6-
311g(d,p) level. The Gaussian suite of programs was used [44]. After full geometry optimization all the information 
necessary to obtain numerical values for all the electronic local atomic reactivity indices of Eq. 1 was extracted from 
the Gaussian results with software written in our Unit. Negative electron populations arising from Mulliken 
Population Analysis were corrected as usual [45]. Molecular orbitals (MO) and Molecular Electrostatic Potentials 
(MEP) were depicted using GaussView. Orientational parameters were calculated as usual. We made use of LMRA 
techniques to find the best solution. For each case, a matrix was built containing the dependent variable (the 
biological activity) and the local atomic reactivity indices of all atoms of the common skeleton as independent 
variables [29]. The Statistica software was used for the LMRA [46]. 
 

RESULTS 
 

A LMRA including the whole set (n=27, Table 1) did not produce any statistically significant equation. We then 
built a new set comprising only those molecules having R3=n-pentyl (n=22). Consecutive LMRAs showed that 
molecules 23 and 24 appear as outliers and they were therefore removed from the final set (n=20). The best equation 
obtained was: 
 

2 14 3

8 6

log 11.78 0.005 23.96 8.54 ( )*

2.37 0.0003

N
i

R

K S Q F LUMO

Q

= − + + +
+ − Θ

                                                                       (3) 

 

with n=20, R=0.95, adj R2=0.94, F(5,14)=57.915  (p< 0.000001), outliers>2σ=0 and SD=0.14. 8Q  and 14Q  are, 

respectively, the net charges of atoms 8 and 14 (see Fig. 2 for atom numbering). 2
NS  is the total atomic nucleophilic 

superdelocalizability of atom 2, 6RΘ  is the orientational parameter of the R6 substituent and 3( )*F LUMO is the 

Fukui index (i.e., the electron population) of the highest molecular orbital located on atom 3. The beta coefficients 
and t-test for significance of coefficients of Eq. 3 are shown in Table 2. Concerning independent variables, Table 3 
shows that there are no significant internal correlations. Figure 3 shows the plot of observed vs. calculated values. 
The associated statistical parameters of Eq. 5 show that this equation is statistically significant and that the variation 
of a group of local atomic reactivity indices belonging to the common skeleton explains about 94% of the variation 
of the CB2 receptor affinity. 

 
Table 2. Beta coefficients and t-test for significance of coefficients in Eq. 3 

 
Variable Beta B t(14) p-level 

2
NS  -0.53 -0.005 -8.78 <0.000001 

14Q  0.64 23.96 9.94 <0.000001 

3( )*F LUMO  0.66 8.54 9.53 <0.000001 

8Q  0.32 2.37 4.96 <0.0002 

6RΘ  -0.20 -0.0003 -3.39 <0.0044 
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Table 3. Squared correlation coefficients for the variables appearing in Eq. 3 
 

 2
NS  3( )*F LUMO  8Q  14Q  6RΘ  

2
NS  1.00 

    

3( )*F LUMO  0.04 1.00 
   

8Q  0.007 0.19 1.00 
  

14Q  0.07 0.11 0.0004 1.00 
 

6RΘ  0.04 0.006 0.0008 0.04 1.00 
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Figure 3. Plot of predicted vs. observed log(Ki) values from Eq. 3. Dashed lines denote the 95% confidence interval 

 
DISCUSSION 

 
Molecular Electrostatic Potential 
Figure 4 shows the MEP of molecule 19. 
 
We can appreciate that the MEP presents a wide region of positive values around the n-pentyl substituent. The rest 
of the molecule is surrounded by a region of negative MEP. This MEP structure is representative of all the 
molecules studied here and could serve as a basis for comparison with more complex systems displaying affinity for 
the CB2 receptor. For example, Fig. 5 shows the MEP of a 1-aryl-5-(1H-pyrrol-1-yl)-1H-pyrazole-3-carboxamide 
derivative studied earlier [10]. 
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Figure 4. Molecular electrostatic potential of molecule 19 
The orange isovalue surface corresponds to negative MEP values (-0.0004) and the yellow isovalue surface to positive MEP values (0.0004) 

 

 
Figure 5. Molecular electrostatic potential of a 1-aryl-5-(1H-pyrrol-1-yl)-1 H-pyrazole-3-carboxamide derivative 

The orange isovalue surface corresponds to negative MEP values (-0.0004) and the yellow isovalue surface to positive MEP values (0.0004). 
 
The comparison of Figs. 4 and 5 shows that, despite the difference in their molecular structures, both systems have 
clearly similar positive and negative MEP regions. Therefore, this similar MEP structure might correspond to that 
participating in the earlier stages of the drug-receptor recognition process [23,47]. 
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Molecular Orbital localization 
 

 
 

Figure 6. Localization of the highest occupied molecular orbital (HOMO) of molecule 19 (isovalue = 0.02) 
 
We can see in Fig. 6 that the HOMO is mainly of π nature and is localized mainly on the phenyl rings and carbonyl 
oxygen atoms. Note that the HOMO is not localized on some atoms of the common skeleton rings (for example on 
atom 2). 
 

 
 

Figure 7. Localization of the lowest empty molecular orbital (LUMO) of molecule 19 (isovalue = 0.02) 
 
The LUMO is localized only on atoms belonging to the common skeleton rings.  
 
Relationships between electronic structure and receptor binding affinity 
The results reported here indicate that the variation of the hCB2 receptor binding affinity is related to the variation 
of a set of local atomic reactivity indices belonging to specific atoms of the common skeleton. The results obtained 
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are very good considering the approximations used to build the model. It is important to point out that, as we are 
working with the variation of the reactivity indices, the contributions that are constant throughout the series will not 
appear in the final equation. 
 

The beta values (Table 2) indicate that the importance of variables is 14Q = 3( )*F LUMO  > 2
NS  > 8Q  > 6RΘ . 

Table 3 shows that there is no significant correlation between any pair of variables. Figure 3 shows that only a few 
points lay just outside the 95% confidence limit. This is a good hint that the common skeleton hypothesis works well 
for this case. The standard error of estimate is 0.14, a value that is lower than those normally obtained in theoretical 
studies of 1:1 in vitro drug-receptor interaction.  
 

  
 

Figure 8. Localization of the highest occupied molecular orbital (HOMO) of molecule 22 (isovalue = 0.02) 
 
A variable-by-variable analysis of Eq. 3 suggests that high hCB2 receptor binding affinity is associated with 
negative net charges on atoms 8 and 14, a high value for the orientational parameter of the R6 substituent (Fig. 1), a 
high value of the local atomic nucleophilic superdelocalizability of atom 2 and a low electron population of the local 
HOMO* of atom 3. Net charges on atoms 8 and 14 suggest that an electrostatic interaction occurs with a positively 
charged area in the hCB2 receptor (such as a guanidinium group for example). Note that in one previous paper a 
similar area appears involved in electron transfer (see Fig. 15 of Ref. [10]). A high value required for the 
orientational parameter of R6 suggests that this moiety could serve for slowing the rotational velocity of the whole 
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molecule to provide enough time for the recognition process [23]. A similar term also appeared in our earlier work 

[10]. A high value for 2
NS  indicates that atom 2, alone or as a part of the aromatic system, participates as an electron 

acceptor center with a counterpart on the receptor. Note that if the HOMO is not localized on atom 2 the process for 
electron acceptance is facilitated. Figure 6 shows that this is the case for molecule 19. Figure 8 shows the HOMO of 
molecule 22. This MO is also not localized on atom 2. 
 
Within this analysis, a low electron population of the local HOMO* of atom 3 could be an indirect indication that 
the receptor’s electron-donor center interacting with atom 2 is a bulky one (a group of neighboring carboxylate or 
carbonyl groups for example) needing a minimal repulsive interaction with the electrons of atom 3. Figure 9 shows 
the two dimensional (2D) interaction pharmacophore. 
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Figure 9. 2D interaction pharmacophore for 4-oxo-1,4-dihydroquinoline-3-carboxamide derivatives 
 

CONCLUSION 
 

The main conclusions of this work are as follows. 1. We obtained a statistically significant equation relating the 
variation of hCB2 receptor binding affinities with the variation of a definite set of local atomic reactivity indices. 2. 
For this case, the interaction of the molecules with the hCB2 receptor is mainly charge-controlled. 3. More studies of 
different series are needed to expand our knowledge of the CB2 interaction pharmacophore. 4. The common 
skeleton hypothesis seems to work well enough to be applied in this kind of studies. 
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