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ABSTRACT

In this work, a theoretical study of the relationship between the electronic structure and the activity of the P2X7R receptor from 2-hydroxy-1,4-naphthoqui-
none derivatives, using the KPG method, was performed. The electronic structure of the molecules was calculated at level B3LYP / 6-31G (d, p) with full geometry 
optimization. A statistically significant equation was obtained by relating the variation of biological activity with the variation of a set of indices of local atomic 
reactivity. Based on the analysis of the results, a two-dimensional pharmacophore was proposed.
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INTRODUCTION

The P2X7 receptor is a ligand-dependent ion channel that belongs to the 
type 2 purinergic receptor family (P2)[1]. The P2 receptor family comprises 
the P2Y G protein-coupled receptors (P2Y1, 2, 4, 6, 11-14) and the P2X 
(P2X1-7) receptors, which are ion channels regulated by ligand. P2X7 is the 
receptor subtype most widely studied from an immunological perspective[2, 
3]. Its activity can be found in a limited number of cell types, but it is easily 
detectable in hemopoietic lineage cells that include macrophages, microglia, 
and specific lymphocytes, and mediates the influx of Ca2+ and Na+, as well as 
the release of pro-inflammatory cytokines[4, 5]. The P2X7 receptor can initiate 
large-scale intracellular ATP release through its intrinsic pore-forming ability, 
therefore, potentiating purinergic signaling and inflammation[6, 7]. Since many 
diseases involve inflammation and immune responses, and P2X7R regulates 
inflammation, there has been a recent interest in the pathophysiological 
functions of P2X7R and the potential of P2X7R antagonists to treat a variety of 
diseases[8, 9]. These include neurodegenerative diseases, psychiatric disorders, 
epilepsy and a range of diseases of peripheral organs, including cardiovascular, 
respiratory, kidney, liver, bladder, skin and loco-motor systems[10, 11].

P2X7R inhibiting substances have been used as therapeutic agents[12, 13]. 
However, clinical trials in patients with rheumatoid arthritis using AZD-9056 
and CE-224535 showed no improvement in the disease compared to the cur-
rent clinical treatment. Thus, arises the need to try new selective inhibitors 
for this receptor. Consequently, the use of quinones, which is found in nature, 
could be a good response to this need[13, 14]. For which it is essential to know 
the type of molecular interaction using a theoretical study of the electronic 
structure of the 2-hydroxy-1,4-naphthoninone derivatives (Table 2) and their 
possible  interaction with the P2X7R receptor, to obtain information, from this 
biological process. 2-hydroxy-1,4-naphthoninone derivatives have recently 
been proposed as potent, selective antagonists of P2X7 activation, which al-
lows carrying out clinical trials in inflammatory disorders and mediated by the 
immune system [15, 16].

The 1,4-naphthoquinone structure is found in a large number of com-
pounds of natural origin and is associated with various biological properties 
[17]. In most cases, the biological activity of naphthoquinones has been related 
to their oxidation-reduction and acid-base properties, which can be modulated 
by synthetically modifying the substituents attached to the 1,4-naphthoquinone 
ring (Fig 1). The synthesis of new 1,4-naphthoquinone derivatives is of particu-
lar importance since these compounds show essential activities as antiparasitic, 
antibacterial, antifungal and anticancer agents [18, 19].

Figure 1. General structure of 2-Hydroxy-1,4 naphthoquinone

A theoretical study based on quantum chemistry, on the pharmacologi-
cal effects in the interaction of the 1, 4-naphthoquinone derivatives with the 
P2RX7 receptor, is of interest, since it allows knowing the biological process, 
involved in said interaction at atomic level. Until now, no theoretical studies 
have been reported on pharmacological effects on the interaction between de-
rivatives of 1,4.naphthoquinone with the P2RX7 receptor.

Method, models and calculations.
The method used in this work relates the variation of a biological activity, 

measured in vivo or in vitro, with the variation of the numerical values of a set 
of indexes of local atomic reactivity (LARI) [20]. The introduction of local 
atomic reactivity indices within the Hartree-Fock scheme plus the orientation 
parameter of the substituents has produced excellent results between electron 
structure relationships and biological activity for many different molecules and 
biological measurements. This method is known as KPG (Klopman-Perade-
jordi-Gómez). This QSAR method is characterized by using only parameters 
that come from quantum chemistry [21]. All this in order to make a theoretical 
prediction of the biological activity that allows the theoretical design of pos-
sible new drugs, avoiding going through the trial process and organic synthesis 
error [22].

In 1967, Klopman and Hudson presented a general perturbation model for 
chemical reactivity that includes ionic and unrestricted interactions only to π 
electron [23, 24] . In its model, the change of electronic energy, ΔE, associated 
with the interaction of atom i of molecule A with atom j of molecule B is given 
by [23] :
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                          (1)

A qualitative compression of the vast majority of chemical phenomena 
(but not all) is using a model based on the interaction between molecular 
orbitals. The type of drug-receptor interaction studied is weak and does not 
involve the formation of covalent bond.

The first term on the right side of Eq. Represents the electrostatic 
interaction between two atoms with net charge Qi and Qj. The following two 
terms introduce the interactions between the occupied and empty OMs of the 
drug with the OMs of the recipient. Note that the interactions are of the general 
type OM (busy) -OM (empty).

Where is the net charge of the atom I, miF  is the Fukui index of OM m 
of the atomi, ijβ  is the integral of resonance (supposedly be independent of 
the type of atomic orbitals (OA) because the AB complex does not involve 
covalent bonds) mE  ( ´

mE ). Is the energy of m-sm occupide MO ( ´m
for the empty MOs) of the molecule A. n  and ´n it refers to  molecule B. 
The sum of p reffers to all the pairs of átoms that interact. The first term on 
the right side of equation 1 represents the electrostatic interaction between 
the atom with net charges iQ  and jQ . The next two terms introduce the 
interactions between occupied MO of one molecule with the empty MO of the 
other molecule and vice versa. As this model represents the interaction energy 
regarding atom-atom.It was proposed that the constants of inhibitory velocity, 
affinity constant can be expressed as [25] :

     (2)

Where  is the drug-receptor equilibrium constant. Now, considering 
the state of the thermodynamic stability and a 1: 1 stoichiometry in the forma-
tion of the involved drug receptor:

    (3)

iD  is the drug,  R is the receptor and iD R is the  complex  drug-
receptor

 According to statistical thermodynamics, the equilibrium constant is writ-
ten as:

            (4)

Where 
iD RQ , 

iDQ and RQ , are the functions of partitioning the drug-
receptor complex, K  is Boltzmann’s constant and the absolute temperature. 

0
iε∆  is the energy difference of the ground state of the drug-receptor complex 

(
iD RQ ) and the energies of the fundamental state of the drug (

iDQ ) and the  
receptor ( RQ ):

         (5)

Peradejordi et al. consider that the terms of the partition function and the 
solvation energy are constant. After some considerations and approximations, 
the linear equations are obtained:

            (6)

where A , pa , pb , , are constants to determine. ,b pQ  is the net 
charge. ,

E
b pS  is the total atomic electrophilic super-localization of the atom 

p y ,
N
b pS  is the total atomic nucleophilic atomic super location of the atom 

P. Work continued on interaction energy from the drug site arriving at the fol-
lowing equation:

The following linear equation (Eq. 7) represents this method [26] . This 
equation is applicable drug-receptor interactions[27].

(7)

Where pKi   is the logarithm of the constant (Ki, EC50, IC50, etc.). Qj is 
the net charge of atom j, Sj

E y Sj
N are, respectively, the total electrophilic and 

nucleophilic superdelocalizability of Fukui. These are defined as the summa-
tion over all the occupied OMs (electrophilic) of the atom j, and the summation 
over all the empty OMs (nucleophilic) of the atom j. Fj,m  (Fj,m

,) is the Fukui 
index of the occupied molecular orbital (m) and empty molecular orbital (m,) 
respectively, located on the j atom. Sj

m (m) is the atomic electro-physical super-
localization of OM m located at atom j, etc. In equation 1, the terms enclosed in 
brackets contain a series of local reactivity indices, obtained in the framework 
of the Hartree-Fock models LCAO-MO and DFT [28]. Within indexes of local 
atomic reactivity can be mentioned: it is the local atomic hardness of the atom 
j, jµ  is the local atomic electronic chemical potential of the atom j jω , is 
the local atomic electrophilicity of the atom j, jς , is the local atomic softness 
of the atom j 

max
jQ  and is the maximum amount of electronic charge that the 

atom j can accept from another site,
 jη is the local atomic hardness of the 

atom j. The other terms of equation 1 are constant to determine. These indexes 
of local reactivity are associated with local molecular orbitals: HOMO j * is 
defined as the highest occupied local molecular orbital, while LUMO j *, is the 
lowest occupied empty local molecular orbital [25, 29, 30].

      (8)

The summation runs for the different substituents of the molecule (Eq. 8), 
where ,i tm is the mass of the atom i-th corresponding to the substituent t-th 
and 

2
,i tR  is the distance at which the atom of the substituent is bound. The 

physical interpretation of the orientation parameter represents the fraction of 
molecules that reach the correct orientation to interact with the receptor [31].

The HFR method has provided, over time, a set of local reactivity indices 
that have shown their usefulness in fields ranging from chemical reactivity 
to studies of structure-activity relationships [32] . Two types of data are 
interesting: a matrix that contains the LCAO coefficients and another that 
includes the eigenvalues (the OM energies). In general, by using the LCAO 
coefficient matrices and the coating matrix we can assign electronic populations 
(that is, a whole or fractional number of electrons) to each atomic orbital of the 
base used and to each OM. This makes the population analysis of Mulliken 
fundamental to obtain these populations and calculations of eigenvalues of the 
energy of molecular orbitals [21, 33].

The idea is from the new indexes of local atómic reactivity. It can be 
sumarized in the following figure 1 [26]:

Where the circles represent populations of electrons. As shown, there are 
higher OMs occupied as (HOMO-1)* and (HOMO-2)* with non-zero electronic 
populations, as in the case of the lowest voids (LUMO+1)* and (LUMO+2)*. It 
is also possible to obtain a (HOMO)* local or (LUMO)* local when these coin-
cide or not with the respective OMs. When the HOMO and the occupied OM 
that lie beneath it are energetically close, it is necessary to include them both 
within an index of reactivity [34, 35]. In Figure 2, the arrows indicate the local 
atomic hardness as an example. Within this scheme, a hard atom resists the 
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exchange of electrons with the atoms of the other molecule. Thus, the highest 
occupied local molecular orbitals and the lowest empty local molecular orbit-
als, different from the molecular HOMO and LUMO, with non-zero electronic 
populations, are important in the atom-atom interactions, mainly in the weak 
interactions.

Figure 2. Diagram of molecular orbitals for three different atoms of the 
same molecule.

The new local atomic reactivity indexes (LARIs) of Eq. 7 are defines in 
the following manner:  

Local atomic electronic chemical potential:

            (9)

Where ε is the energy of the local molecular orbital of the atom i.

Local atomic hardness:

        (10)

Local electrophilic superdelocalizability of the HOMO* of atom i and 
local nucleophilic superdelocalizability of the LUMO* of atom i:

        (11)

     (12)

Where F is the Fukui index of the atom i.

Local atomic softness of the atom i:

    (13)

Where iη  is the hardness of the atom i.

Local atomic electrophilicity of atom i:

     (14)

The maximal amount of charge atom i may receive:

     (15)

The physical meaning of these indices is summarized in Table 1.

Table 1. Local Atomic Reactivity Indices and their physical meaning.

iQ
Net atomic charge of 
atom i Electrostatic 

interaction
Electrostatic interaction

E
iS

Total atomic 
electrophilic

superdelocalizability 
of atom i

Total atomic electron-
donating

capacity of atom i
(MO-MO

interaction)

N
iS

Total atomic 
nucleophilic

superdelocalizability 
of atom i

Total atomic electron-
accepting

capacity of atom i (MO-
MO interaction)

( )E
iS m

Orbital atomic 
electrophilic

superdelocalizability 
of atom

i and occupied MO m

Electron-donating capacity
of atom i at occupied 

MO m
(MO-MO interaction)

´( )N
iS m

Orbital atomic 
nucleophilic

superdelocalizability 
of atom

i and empty MO m’

Electron-accepting 
capacity

of atom i at empty MO m’
(MO-MO interaction)

iF Fukui index of atom i
Total electron population 

of atom I (MO-MO 
interaction)

´m i
F

Fukui index of atom 
i and

empty MO m’

Electron population of 
empty MO m’ at atom I 
(MO-MO interaction)

iµ
Local atomic 

electronic
chemical potential of 

atom i

Propensity of atom i to 
gain or

lose electrons

iη
Local atomic 

hardness of atom i

Resistance of atom i to 
exchange electrons with 

a site

iς
Local atomic softness 

of atom i The inverse of iµ

iω
Local atomic 

electrophilicity
of atom i

Propensity of atom i to 
receive

extra electronic charge 
together with its resistance 
to exchange charge with 

a site

max
iQ

Maximal amount of 
electronic

charge atom i may 
receive

Maximal amount of 
electronic charge that atom 
i may receive from a donor 

site

These local indexes should provide information of interest in at least two 
cases. Within a molecule, they serve to identify the potentially most reactive 
sites accurately. They also serve to analyze, within an atom-atom interaction 
model, what could be the possible nature of the atom (s) with which they in-
teract. This is especially important when the nature of one of the systems that 
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interact is not known (one could know part of the structure of the interaction 
pharmacophore) [26] . Thus, the importance of this method lies in facilitating 
the processes of drug synthesis.

Table 2. Select 1,4 Naphthoquinone and their P2X7R functional activity 
(IC50).

Mol. Mol. R Log (IC50) P2X7R

1 AN-01 Hydroxyl 1,88

2 AN-02 Bromine -0,15

3 AN-04 benzyl 1,64

4 AN-12 4-metyl-bencyl 1,91

5 AN-13 3-fluoryne-bencyl 1,52

6 AN-14 4-methoxy-bencyl 1,9

7 AN-15 3-methoxy-bencyl 0,5

8 An-16 4-cyano-bencyl 1,66

Figure 3. Numbering of the common skeleton.

In the common skeleton, of the general structure of 2-Hydroxy-1,4 
naphthoquinone (Fig. 1), the rings A and B are represented, the oxygen atoms 
attached to ring B in positions 1, 2 and 4 and the first atom of the substituents 
in position 15 was considered (fig. 3). One of the functions of a substituent is 
to modify the electronic structure of the general skeleton [36]. The Functional 
activity (IC50) which indicates how much of a drug or other particular 
substance is needed to halve a given biological process (or component of a 
process) [37]. In this work, the inhibitory action of the derivatives of the 1,4 
naphthoquinone (Table 2) on the P2X7 receptor (P2X7R) is considered.

The optimization of the geometry of the molecules and the obtaining of 
the electronic structure was achieved using DFT at a level of theory B3LYP 
6-31G (d, p) with the Gaussian 09 software. The D-CENT-QSAR software 
[38] was used to obtain the local reactivity indexes. Multiple linear regression 
analysis (LMRA) was applied to discover which local atomic properties would 
be involved in the variation of biological activity throughout the series. The log 
(IC50) is considered as the dependent variable (8 values de IC50) and the local 
atomic reactivity indices, as the independent variables.

Now we have to solve the set of simultaneous linear equations. In this 
work, 18 atoms are belonging to the common skeleton, for 20 indices of 
reactivity. For this case 361 molecules are needed to obtain these parameters, 
constant included. Since data with so many molecules are usually not reported, 
multiple linear regression analysis should be used to find the most statistically 
significant equation [21, 26, 39]. Here the regression analysis is used, not to 
see if there is any structure-activity relationship, but to find the best of them. 

RESULTS AND DISCUSSION

The following results show that the pharmacophore would indicate that 
the ligand would be interacting with the receptor through the C4, C6 and C8, 
by means of local atomic reactivity indexes, which are now being discussed:

From the linear regression analysis, the following local reactivity indices 
were obtained for three atoms of the common skeleton. These results represent 
the specific sites of interaction of the pharmacophore with the receptor.

The best statistically significant equation obtained is the following:

(16)

with n=8, R= 0.99, R²= 0.99, adj. R²= 0.99, F (6,12) = 2334 (p<0.000001) 
and a standard error of estimate of 0.02. No outliers were detected, and no 
residuals fall outside the ±2σ limits.

Table 3. Squared correlation coefficients for the variables appearing in 
Eq. 16.

*
6 ( )ES HOMO 1.00

*
4 ( 2)F HOMO − 0.11 1.00

*
8 ( 2)ES HOMO − 0.21 0.07 1.00

max
6Q 0.41 0.03 0.02 1.00

Table 4. Beta coefficients and t-test for significance of the coefficients in 
Eq. 16.

Variable Beta t (3) p-level

*
6 ( )ES HOMO -1.13 52.21 < 0.00001

*
4 ( 2)F HOMO − -1.70 -55.14 < 0.00001

*
8 ( 2)ES HOMO − -1.14 -55.45 < 0.00001

max
6Q -0.44 -41.70 < 0.00003

max
6Q*

8 ( 2)ES HOMO −*
4 ( 2)F HOMO −*

6 ( )ES HOMO

Figure 4: Plot of predicted vs. observed IC50 values (Eq. 16). Dashed 
lines denote the 95%  confidence interval.

*
6 ( )ES HOMO  is the electrophilic superdelocalizability of the highest 

occupied local molecular orbital, localized on atom 9.
*

4 ( 2)F HOMO −  is the Fukui index (electron population) of the third 
highest occupied local molecular orbital, localized on atom 4.
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*
8 ( 2)ES HOMO −  is the electrophilic superdelocalizability of the third 

highest occupied local molecular orbital, localized on atom 8 
max
6Q  is the maximal amount of electronic charge that atom 6 may accept 

from another site.
Table 3 shows that the internal correlations between the independent 

variables are not significant. The statistical results related to the Eq. 16 show 
that this equation is statistically significant and corresponds to the variation of a 
group of four local atomic reactivity indices belonging to the general skeleton. 
These results explain approximately 99% of the variation of antagonist effects 
for the P2X7 receptor (P2X7R). Also, figure 4 shows that there is a good 
correlation between observed values versus calculated values and that the 
points are within the 95% confidence interval [41].

Table 5. Nomenclature: Molecule (HOMO) / (HOMO-2) * (HOMO-1) * 
(HOMO) * - (LUMO) * (LUMO + 1) * (LUMO + 2) *

Mol. Atom 4 Atom 6 Atom 8

1 (45) 39σ40π45π-
46π47π48π

41π43σ45π-
46π47π48π

41π43σ44π-
46π47π48π

2 (62) 57σ59π61π-
63π64π65π

58π60π61π-
63π64π65π

58π--62π-
63π64π65π

3 (65) 63σ64π65π-
66π67π68π

62σ63σ64σ-
66π67π68π

61π--65π-
66π67π68π

4 (69) 67σ68σ69π-
70π71π72σ

66σ67σ68σ-
70π71π72π

--66σ69π-
70π71π72π

5 (69) 67σ68σ69σ-
70π71π72π

66π67σ68π-
70π71π72π

67σ68π---
70π71π--

6 (73) 71π72σ73σ-
74π75π76σ

69σ70σ72σ-
74π75π76π

69π-- --- 
74π75π76π

7 (73) 69π71σ72π-
74π75π76π

67π70σ71σ-
74π75π76π

69π-- 
72π-74π75π76π

8 (71) 66π70π71π-
72π73π74π

-- 69σ70σ-
72π73π74π

68π-- 
71π-72π73π74π

The beta values (Table 4) show that the importance of the variables follows 
the following order:

*
4 ( 2)F HOMO − > *

8 ( 2)ES HOMO − > *
6 ( )ES HOMO > max

6Q The 
analysis of equation 16 shows that a high inhibitory capacity of the P2X7R 
receptor associated with high positive values for *

4 ( 2)F HOMO − [42]
. The 

atom 4 is a carbon of an aromatic ring to which it is attached to an oxygen 
atom. Table 5 shows that in all molecules, (HOMO-2) 4 * is of a nature σ and 
π. It is suggested that atom 4 is interacting with an electron deficient center 
[43], through its third-highest occupied local molecular orbital. Although the 
(HOMO-2) * does not have a physical sense, the literature shows that the 
approach used is consistent with the published [26, 33, 44-47].  

Low values   for *
8 ( 2)ES HOMO −  are associated with a high inhibitory 

capacity of the P2X7R receptor. For low values   of this index, it is possible 
to decrease the electron population, generating a less reactive local MO, or 
decreasing the eigenvalue of local MO energy. The decrease of the energy of 
the molecular orbital can be obtained by merely eliminating the location of the 
real (HOMO-2) 8 * so that an internal MO becomes the (HOMO) 8 *[42, 48]. 
The atom 8 is a carbon located in the aromatic ring A. According to table 5, 
its three highest local molecular orbitals occupied are of nature σ and π. It is 
suggested that atom 8 is interacting with an electron-rich center through its first 
two occupied higher molecular orbitals [23, 49].

Low values   for *
6 ( )ES HOMO are related to a high inhibitory power of 

the P2X7R receptor. The atom 6 is a carbon of the aromatic ring A (fig. 3). 
Table 5 shows that it’s (HOMO) 6 * is of nature σ and π and that the molecular 
(HOMO) coincide with the (HOMO) *. It is suggested that atom 6 is interacting 
with an electron-rich center of the receptor, though, its first highest occupied 
local orbital [50-52]. 

Equation 3 shows that a constant high inhibitory capacity of the P2X7R 
receptor is related to high values for max

6Q . How max   is the value of the 
relationship between electronic chemical potential and hardness. A high value 
can be obtained, for example, by lowering the value of 

6η  keeping constant
6µ . It is also possible to scroll down the value of on the energy axis [48, 53]. 

High values for max
6Q indicates that this atom (carbon of an aromatic ring) is 

interacting with a center rich in electrons and that it is a suitable acceptor of 
electrons. The above agrees perfectly with the result for  *

6 ( )ES HOMO .

These results are represented in figure 5.

Figure 5. 2D pharmacophore for receptor binding P2X7R.

CONCLUSIONS

The use of MLRA to reveal the interactions that govern the inhibition of 
the P2X7R receptor by the 2-hydroxy-1,4-naphthoninone derivatives seems to 
be an appropriate methodology for this purpose. The results showed that there 
are specific zones of these derivatives are potentially involved in the biologi-
cal process. The presence of the different substituents seems not to have direct 
participation in the interaction; their importance may be associated with the 
modification of the electronic structure of the common skeleton.

In summary, statistically significant relationships have been obtained be-
tween the electronic structure and the functional activity (IC50) for the P2X7R 
receptor. The corresponding pharmacophore was obtained. These results pro-
vide information that serves to a better understanding of this biological process.
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