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ABSTRACT 
 
A Density Functional Theory study was carried out to find relationships between the electronic structure and 
antiviral activity, integrase inhibition and protein binding effects in a series of naphthyridinone derivatives. 
Statistically significant equations were obtained for antiviral and integrase inhibition, and the corresponding 2D 
pharmacophores were built. These pharmacophores can be employed to select the atoms for future synthesis of more 
active compounds. In the case of protein binding effects no statistically significant results were obtained. For this 
last case it is suggested that the experimental numerical results correspond to different action mechanisms. 
 
Keywords: HIV-1 integrase, QSAR, DFT, Naphthyridinone, antiviral activity. 
_____________________________________________________________________________________________ 
 

INTRODUCTION 
 

The human immunodeficiency virus (HIV) is a member of the genus Lentivirus, part of the family Retroviridae. It is 
the causative agent of HIV infection and acquired immunodeficiency syndrome (AIDS). The life cycle of HIV 
contains several critical steps which can be used as targets for chemotherapeutic intrusion. In one of these steps the 
virus must insert DNA copies of its RNA genome into the host chromosomes. This integration is catalyzed by the 
viral-encoded integrase enzyme (IN). HIV IN is a 32 kDa protein produced from the C-terminal portion of the Pol 
gene product. Since HIV-1 IN was recognized as a significant antiretroviral drug target, an impressive number of 
studies were carried out to find molecules inhibiting this enzyme [1-31]. During year 2007, the U.S. FDA approved 
the IN inhibitor raltegravir. In 2012 the second IN inhibitor, elvitegravir, was approved. These experimental studies 
have been complemented with theoretical analyses [19, 32-52]. In earlier works we carried out studies with different 
molecules for HIV-1 reverse transcriptase inhibition, protection against cytopathic effects, cytostatic effects and 
HIV-1 replication [53-55]. Recently, a group of naphthyridinone derivatives was synthesized and tested for HIV-1 
integrase enzyme inhibition, antiviral activity and protein binding effects [56]. Here we present the results of a 
Density Functional Theory analysis linking several local atomic reactivity indices of the aforementioned molecules 
with these biological activities.  
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MATERIALS AND METHODS 
 
METHODS, MODELS AND CALCULATIONS 
The QSAR method 
Considering that the method employed here has been explained in a very detailed manner in practically every paper 
we have published on this subject, we decided to refer the reader to the literature [57-63]. Therefore, we shall 
discuss below only the resulting equations. The master equation relating any biological activity with electronic 
structure is the only member of the class of model-based methods. It contains local atomic reactivity indices 
describing almost all possible molecule-site atom-atom interactions. For the case of in vitro ligand-site interactions 
expressed as equilibrium constants (or affinity constants) or IC50 values (that are indirectly related to equilibrium 
constants by the Cheng-Prusoff equation, for the exact relationship see [64]) this method produced excellent results 
[55, 59, 65-90]. For the case of an in vivo or in vitro multistep and/or multimechanistic action mechanism our 
method requires that all the steps and all the mechanisms inside each step be the same for all the group of molecules 
under analysis. Very good results were obtained for a variety of molecules and biological activities [53, 54, 72, 91-
107]. This approach is called the Klopman-Peradejordi-Gómez method (KPG). 
 
Selection of molecules and biological activity 
The molecules were selected from a recent study [56] and are shown in Table 1 and Fig. 1. The experimental 
biological activities analyzed in this paper are the results of a biochemical enzymatic integrase strand-transfer assay 
(STIC50), a single-round pseudotyped antiviral assay utilizing a luciferase reporter (pHIVIC50) and a protein-adjusted 
IC50 (

pHIVPAIC50, determined using 40 mg/mL of purified human serum albumin in the pHIV assay). A preliminary 
analysis of the experimental results shows that no statistically significant relationship exists between any couple of 
them. 
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Figure 1. General structure of the selected naphthyridinone derivatives 
 

Calculations 
We worked within the common skeleton assumption asserting that there is a set of atoms, common to all the 
molecules analyzed, that explains almost all the biological activities. The effect of the substituents is to modify the 
electronic structure of this common skeleton and/or influencing the correct placement of the drug. The common 
skeleton is presented in Fig. 2, together with the atom numbering used in the resulting statistical equations. 
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Table 1. Naphthyridinone derivatives and their experimental biological activities 
 

Mol. R1 R2 R3 Log STIC50 Log pHIVIC50 Log pHIVPAIC50 
1 H H Me 0.88 0.34 1.75 
2 H Me Me 0.97 0.52 1.34 
3 Me Me Me 0.97 0.77 1.28 
4 Et Et Me 0.64 0.96 1.23 
5 CH2CH2CH2CH2 Me 1.11 0.69 1.20 

6 H 
 

Me 0.96 0.74 1.15 

7 H 
 

Me 0.89 0.51 1.08 

8 H  Me 0.64 0.41 0.88 
9 H t-Bu Me 0.84 0.68 1.20 

10 H  Me 0.90 0.77 1.52 

11 H 
 

Me 0.85 0.18 1.18 

12 H  Me 0.83 0.57 1.96 

13 H 
 

Me 1.34 1.62 1.92 

14 H OMe Me 0.76 0.52 1.11 
15 Me Me  0.48 0.97 2.29 

16 Me Me  0.76 1.23 1.54 

17 Me Me  0.60 0.49 0.95 

18 Me Me 
 

0.81 0.56 1.91 

19 Me Me 
OH

 

1.36 0.86 1.38 

20 Me Me 
 

0.93 1.28 1.40 

21 H H  0.89 0.63 1.34 

22  H  0.86 0.48 1.26 

23  H  0.93 0.52 1.59 

24 
 

H  0.79 0.51 1.76 

25 
 

H  1.04 0.38 1.30 

26 
 

H  1.65 1.43 2.09 

27 CH2CH2CH2CH2  1.62 0.58 1.04 

28 CH2CH2CH2CH2CH2  0.67 0.56 1.08 

29 CH2CH2OCH2CH2  0.88 0.54 0.83 

30 CH2CH2N(Me)CH2CH2  1.45 0.72 1.11 
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Figure 2. Common skeleton numbering of naphthyridinone derivatives 
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Molecular geometries were fully optimized at the DFT B3LYP/6-31G(d,p) level of theory with the Gaussian 
package [108]. From the corrected Mulliken Population Analysis results, we obtained numerical values for all 
electronic local atomic reactivity indices (LARIS) appearing in the master equation [109, 110]. D-CENT-QSAR 
software was used for this purpose [111]. Since 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 employed [112]. 
 

RESULTS 
 

pHIV IC50 Results (antiviral activity). 
After successive LMRAs to eliminate the outliers from the original set (n=30), we obtained the following equation: 
  

pHIV
50 15 10 9

18 8 25

log( IC ) 9.16 1.43 0.002 ( 2)* 2.66 ( 2)*

3.67 ( )* 3.69 1.20 ( 1)*

N E

N N

S LUMO S HOMO

S LUMO s S LUMO

µ= + − + − − +

+ − − +
  (1) 

 
with n=28, R=0.96, R2=0.92, adj R2=0.90, F(6,21)=42.95 (p<0.000001) and SD=0.09. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 15µ  is the local atomic electronic chemical potential of atom 15, 

10 ( 2)*NS LUMO+  is the nucleophilic superdelocalizability of the third lowest vacant MO localized on atom 10, 

9 ( 2)*ES HOMO−  is the electrophilic superdelocalizability of the third highest occupied MO localized on atom 9, 

18( )*NS LUMO  is the nucleophilic superdelocalizability of the lowest vacant MO localized on atom 18, 8s  is the 

local atomic softness of atom 8 and 25( 1)*NS LUMO+  is the nucleophilic superdelocalizability of the second 

lowest MO localized on atom 25. Table 2 displays the beta coefficients and the results of the t-test for significance 
of coefficients of Eq. 1. Table 3 shows the squared correlation coefficients for the independent variables appearing 
in Eq. 1, showing that there are no significant internal correlations. Fig. 3 shows the plot of observed vs. calculated 
log(pHIVIC50) values. The associated statistical parameters of Eq. 1 indicate that this equation is statistically 
significant and that the variation of the numerical value of a group of six local atomic reactivity indices of atoms of 
the common skeleton explains about 90% of the variation of the antiviral activity. 
 

Table 2. Beta coefficients and t-test for significance of the coefficients in Eq. 1 
 

Variable Beta t(21) p-level 

15µ  0.92 12.62 <0.000001 

10( 2)*NS LUMO+  -0.51 -8.13 <0.000001 

9 ( 2)*ES HOMO−  -0.78 -9.70 <0.000001 

18( ) *NS LUMO  0.65 6.97 <0.000001 

8s  -0.28 -3.98 <0.0007 

25( 1)*NS LUMO+  -0.18 -2.81 <0.01 

 
pHIV PAIC50 Results (protein binding effects). 
No statistically significant equation was obtained for the whole set. We created a new set without including the five 
highest experimental values. No statistically significant equation was obtained. Another set built without the lowest 
five experimental values did not produce any statistically significant result. For all the LRMA results no outliers 
were detected and no residuals fall outside the ±2σ limits. The only possible explanation is that the action 
mechanism(s) producing the pHIVPAIC50 experimental values is not the same for all the molecules. We have 
commented on this possibility earlier as possible source of failure of the method employed here [53]. 
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Table 3. Matrix of squared correlation coefficients for the variables appearing in Eq. 1 
 

 15µ  10 ( 2)*NS LUMO+  
9 ( 2)*ES HOMO−  

18( )*NS LUMO  
8s  

15µ  1 
    

10( 2)*NS LUMO+  0.0001 1 
   

9 ( 2)*ES HOMO−  0.008 0.02 1 
  

18( )*NS LUMO  0.1 0.02 0.3 1 
 

8s  0.002 0.006 0.0009 0.1 1 

25( 1)*NS LUMO+  0.05 0.04 0.0004 0.01 0.0001 
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Figure 3. Plot of predicted vs. observed log(pHIV IC50) values from Eq. 1. Dashed lines denote the 95% confidence interval 
 
STIC50 Results (inhibition of the strand transfer step of HIV-1 integrase). 
After successive LMRAs to eliminate the outliers from the original set (n=30), we obtained the following equation: 
 

ST
50 24 10 15

14 7 23

log( IC ) 1.78 0.57 ( 1)* 0.002 ( 2)* 0.24 ( )*

0.006 ( 2)* 0.28 ( 2)* 0.0008 ( 1)*

E N N

N N N

S HOMO S LUMO S LUMO

S LUMO S LUMO S LUMO

= − − − + + +

+ + + + +
(2) 

 
with n=27, R=0.97, R2=0.94, adj R2=0.92, F(6,20)=56.64 (p<0.000001) and SD=0.08. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 24( 1)*ES HOMO−  is the electrophilic superdelocalizability of the 

second highest occupied MO localized on atom 24, 10( 2)*NS LUMO+  is the nucleophilic superdelocalizability of 

the third lowest MO localized on atom 10, 15( )*NS LUMO  is the nucleophilic superdelocalizability of the lowest 

vacant MO localized on atom 15, 14( 2)*NS LUMO+  is the nucleophilic superdelocalizability of the third lowest 

vacant MO localized on atom 14, 7 ( 2)*NS LUMO+  is the nucleophilic superdelocalizability of the third lowest 

MO localized on atom 7 and 23( 1)*NS LUMO+  is the nucleophilic superdelocalizability of the second lowest MO 
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localized on atom 23. Table 4 displays the beta coefficients and the results of the t-test for significance of 
coefficients of Eq. 2. Table 5 shows the squared correlation coefficients for the independent variables appearing in 
Eq. 2, showing that there are no significant internal correlations. Fig. 4 displays the plot of observed vs. calculated 
log(STIC50) 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 six local atomic reactivity indices belonging to atoms of 
the common skeleton explains about 92% of the variation of the inhibition of the strand transfer step of HIV-1 
integrase. 
 

Table 4. Beta coefficients and t-test for significance of the coefficients in Eq. 2 
 

Variable Beta t(20) p-level 

24( 1)*ES HOMO−  -0.55 -9.66 0.000000 

10( 2)*NS LUMO+  -0.58 -10.00 <0.000001 

15( )*NS LUMO  0.42 6.82 <0.000001 

14 ( 2)*NS LUMO+  0.52 9.15 <0.000001 

7 ( 2)*NS LUMO+  0.22 3.86 <0.001 

23( 1)*NS LUMO+  0.20 3.39 <0.003 

 
Table 5. Matrix of squared correlation coefficients for the variables appearing in Eq. 2 

 

 24( 1)*ES HOMO−  
10( 2)*NS LUMO+  

15( ) *NS LUMO  
14 ( 2)*NS LUMO+  

7 ( 2)*NS LUMO+  

10( 2)*NS LUMO+  0.02 1 
   

15( )*NS LUMO  0.08 0.0001 1 
  

14 ( 2)*NS LUMO+  0.0004 0.0004 0.07 1 
 

7 ( 2)*NS LUMO+  0.01 0.0009 0.08 0.003 1 

23( 1)*NS LUMO+  0.003 0.1 0.03 0.01 0.005 
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Figure 4. Plot of predicted vs. observed log(STIC50) values from Eq. 2. Dashed lines denote the 95% confidence interval 
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Table 6. Local molecular orbitals of atoms 7, 9 and 10 
 

Mol. Atom 7 (F) Atom 9 (C) Atom 10 (C) 
1 (100) 98π99π100π-104π108π111π  98π99π100π-101π102π104π 97π99π100π-101π102π105π 
2 (104) 92π102π103π-108π112π115π 102π103π104π-105π106π108π 98σ100π104π-105π106π109π 
3 (108) 102π105π106π-111π112π117π 106π107π108π-109π110π111π 105σ107π108π-109π110π111π 
4 (116) 103π109π113π-120π125141π 113σ115π116π-117π118π119π 114π115π116π-117π118π119π 
5 (115) 113π114π115π-119π121π124π 113π114σ115π-116π117π119π 109σ114π115π-116π117π120π 
6 (112) 110π111π112π-116π117π120π  110π111σ112π-113π114π116π 110π111π112π-113π114π117π 
7 (112) 110π111π112π-116π117π120π 110π111π112π-113π114π115π 106σ111π112π-113π114π117π 
8 (111) 97π110π111π-115π116π120π 109π110π111π-112π113π115π 109π110π111π-112π113π114π 
9 (116) 102π114π115π-120π125π127π 114σ115π116π-117π118π120π 112π115π116π-117π118π121π 
10 (115) 101π114π115π-119π120π124π 113π114π115π-116π117π119π 113π114π115π-116π117π118π 
11 (120) 115π119π120π-125π126π128π 118π119π120π-121π122π123π 118π119π120π-121π122π124π 
12 (116) 114π115π116π-120π121π124π 114π115π116π-117π118π120π 109σ115π116π-117π118π121π 
13 (120) 117π118π119π-124π125π128π 117π118π119π-121π122π124π 113σ118π119π-121π122π125π 
14 (108) 106π107π108π-113π114π116π 106π107π108π-109π110π112π 104π107π108π-109π110π112π 
15 (115) 100π101π114π-119π124π127π 113π114σ115π-116π117π119π 113π114σ115π-116π117π119π 
16 (116) 102π109π113π-120π125π129π 113σ115π116π-117π118π119π 113σ115π116π-117π118π119π 
17 (120) 112π113π116π-124π129π133π 118π119π120π-121π122π123π 116σ119π120π-121π122π123π 
18 (124) 109π117π121π-127π128π133π 122π123π124π-125π126π127π 121σ123π124π-125π126π127π 
19 (131) 113π128π129π-135π136π140π 125π129σ131π-132π133π134π 128π129π131π-132π133π134π 
20 (135) 119π126π130π-138π139π144π 130σ133π135π-136π137π138π 130σ133π135π-136π137π138π 
21 (112) 98π110π111π-116π120π124π 110π111π112π-113π114π116π 106σ108π112π-113π114π117π 
22 (123) 107π122π123π-127π128π132π 121π122π123π-124π125π127π 121π122π123π-124π125π126π 
23 (127) 111π126π127π-132π136π140π 125π126π127π-128π129π131π 125π126π127π-128π129π130π 
24 (124) 122π123π124π-128π129π132π 122π123π124π-125π126π128π 118π123π124π-125π126π129π 
25 (132) 118π131π132π-137π138π140π 130π131π132π-133π134π135π 130π131π132π-133π134π136π 
26 (132) 129π130π131π-136π137π140π 129π130π131π-133π134π136π 124σ130π131π-133π134π137π 
27 (127) 125π126π127π-131π133π136π 125π126σ127π-128π129π131π 121σ126π127π-128π129π132π 
28 (131) 115π130π131π-135π136π139π 129π130π131π-132π133π135π 128π130π131π-132π133π134π 
29 (131) 129π130π131π-136π139π147π 129π130π131π-132π133π135π 129π130π131π-132π133π134π 
30 (135) 118π129π130π-139π143π144π 130σ133π134π-136π137π138π 129π130π134π-136π137π138π 

 
Table 7. Local molecular orbitals of atoms 14, 15 and 18 

 
Mol. Atom 14 (C) Atom 15 (C) Atom 18 (N) 

1 (100) 95σ99π100π-101π102π103π  95σ98π99-101π103π105π 98π99π100π-101π102π105π 
2 (104) 98σ103π104π-105π106π107π 98σ102π103-105π107π109π 102π103π104π-105π106π109π 
3 (108) 105π107π108π-109π110π111π 104π107π108-109π113π115π 104π107π108π-109π110π111π 
4 (116)  113σ115π116π-117π118π119π 112π115π116-117π121π123π 114π115π116π-117π118π119π 
5 (115) 113π114π115π-116π117π119π 109σ113π114π-116π119π121π 113π114π115π-116π117π119π 
6 (112)  105π110π111π-113π114π116π 106σ110π111π-113π115π116π 110π111π112π-113π114π116π 
7 (112) 105σ110π111π-113π114π116π 106σ110π111π-113π115π116π 110π111π112π-113π114π116π 
8 (111) 106π109π110π-112π113π115π 105σ106π109π-112π114π115π 109π110π111π-112π113π115π 
9 (116) 110σ115π116π-117π118π119π 114π115π116π-117π119π121π 112π114π116π-117π118π121π 
10 (115)  111σ113π114π-116π117π119π  109σ110π113π-116π118π119π 113π114π115π-116π117π119π 
11 (120) 116π118π119π-121π122π124π 115σ116π118π-121π1π23π124π  118π119π120π-121π122π123π 
12 (116) 107π114π115π-117π118π120π 109σ114π115π-117π11π9π120π 114π115π116π-117π118π119π 
13 (120) 112π117π118π-121π122π124π 113σ117π118π-121π123π124π 117π118π119π-121π122π123π 
14 (108) 103π106π107π-109π110π112π 102σ103π106π-109π111π112π 106π107π108π-109π110π111π 
15 (115) 113π114π115π-116π117π121π 111σ113π115π-116π119π1π20π 113π114π115π-116π117π120π 
16 (116) 113σ115π116π-117π118π119π 112π115π116π-117π121π123π 112π115π116π-117π118π121π 
17 (120) 116σ119π120π-121π122π123π 115π119π120π-121π125π127π 114π119π120π-121π122π125π 
18 (124) 121π123π124π-125π126π127π 120σ123π124π-125π129π131π 119π123π124π-125π126π127π 
19 (131) 125π126π128π-132π133π135π 128π129π131π-132π133π134π 128π129π131π-132π133π135π 
20 (135) 127σ133π135π-136π137π138π 130σ133π135π-136π140π142π 133π134π135π-136π137π138π 
21 (112) 110π111π112π-113π114π115π 106σ110π111π-113π115π117π 110π111π112π-113π114π117π 
22 (123) 117π121π122π-124π125π127π 115σ116σ121π-124π126π127π 121π122π123π-124π125π127π 
23 (127) 121π125π126π-128π129π131π 119π120π125π-128π130π131π 125π126π127π-128π129π130π 
24 (124) 116π122π123π-125π126π128π 117σ122π123π-125π127π128π 122π123π124π-125π126π127π 
25 (132) 127π130π131π-133π134π136π 126σ127π130π-133π135π136π 130π131π132π-133π134π135π 
26 (132) 123π129π130π-133π134π136π 124σ129π130π-133π135π136π 129π130π131π-133π134π135π 
27 (127) 125π126π127π-128π129π131π 119σ120σ125π-128π131π132π 125π126π127π-128π129π131π 
28 (131) 128π129π130π-132π133π135π 124σ128π129π-132π134π135π 129π130π131π-132π133π135π 
29 (131) 125π128π130π-132π133π135π 124σ128π129π-132π134π135π 128π130π131π-132π133π134π 
30 (135) 129π133π134π-136π137π138π 129π130π133π-136π140π141π 132π133π134π-136π137π140π 

 
Local Molecular Orbitals 
Tables 6-8 show the local molecular orbital structure of several atoms appearing in Eqs. 1 and 2 (nomenclature: 
molecule (HOMO) / (HOMO-2)* (HOMO-1)* (HOMO)*-(LUMO)* (LUMO+1)* (LUMO+2)*). 
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Table 8. Local molecular orbitals of atoms 23, 24 and 25 
 

Mol. Atom 23 (N) Atom 24 (O) Atom 25 (C) 
1 (100) 94π97σ99σ-105π106π123π 98π99π100π-105π106π122π 86π93π97π-101π102π104π 
2 (104) 101π102π104π-109π110π117π 102π103π104π-109π110π117π 90π96σ100π-105π106π108π 
3 (108) 105π106π107π-113π114π115π 106π107π108π-113π114π115π 102σ103σ104π-109π110π111π 
4 (116) 114π115π116-121π122π123π 114π115π116π-121π122π123π 109σ110σ112π-117π118π119π 
5 (115) 110σ112π114σ-120π121π126π  113π114π115π-119π12π0121π 99π108σ110π-116π117π120π 
6 (112) 109π110π111π-116π117π118π 110π111π112π-116π117π118π 104σ105σ107π-113π114π115π 
7 (112) 109π110π111σ-116π117π118π 110π111π112π-116π117π118π 104σ105σ107π-113π114π115π 
8 (111) 106σ108π109σ-115π116π117π 109π110π111π-115π116π117π 103σ104σ106π-112π113π116π 
9 (116) 112π113π116π-121π122π129π 114π115π116π-121π122π144π 99π108σ112π-117π118π120π 
10 (115) 110π111π113π-119π120π121π 113π114π115π-119π120π121π 108σ110π111π-116π117π118π 
11 (120) 116π118π119π-124π125π126π 116π118π119π-123π124π125π 106π114σ116π-121π122π123π 
12 (116) 113π114π115π-120π121π122π 114π115π116π-120π121π122π 107σ108σ111π-117π118π119π 
13 (120) 115π117π118π-124π125π126π 117π118π119π-124π125π126π 111σ112σ115π-121π122π123π 
14 (108) 104π106σ107σ-112π113π114π 104π106π107π-112π113π114π 93π101σ103π-109π110π111π 
15 (115) 113π114π115π-120π121π122π 113π114π115π-120π121π122π 106σ109σ112σ-116π117π119π 
16 (116) 113π114π115π-121π122π123π 114π115π116π-121π122π123π 108σ110σ112π-117π118π119π 
17 (120) 117π118π119π-125π126π127π 118π119π120π-125π126π127π 112σ113σ115π-121π122π123π 
18 (124) 121π122π123π-129π130π131π 122π123π124π-129π130π131π 116σ119π120σ-125π126π127π 
19 (131) 126π127π128π-135π136π137π 127π128π129π-135π136π137π 128σ130σ131π-132π138π139π 
20 (135) 132π133π135π-140π141π142π 132π133π135π-140π141π142π 129σ131π133σ-136π137π138π 
21 (112) 108σ110σ112π-117π118π136π 110π111π112π-117π118π136π 96π104σ108π-113π114π116π 
22 (123) 119π120π121σ-127π128π129π 121π122π123π-127π128π129π 114σ115σ117π-124π125π128π 
23 (127) 122π123π125π-131π132π133π 125π126π127π-130π131π132π 118σ119σ121π-128π129π130π 
24 (124) 120π122σ123σ-128π129π130π 122π123π124π-128π129π130π 106σ115σ118π-125π126π127π 
25 (132) 127π130σ131σ-136π137π138π 127π130π131π-135π136π137π 116π125σ127π-133π134π135π 
26 (132) 129π130σ132π-136π137π138π 129π130π131π-136π137π138π 122σ123σ125π-133π134π135π 
27 (127) 124π125σ126σ-131π132π133π 125π126π127π-131π132π133π 118σ119σ121π-128π129π132π 
28 (131) 128π129π130π-135π136π137π 129π130π131π-135π136π137π 122σ123π125π-132π133π134π 
29 (131) 129π130π131π-135π136π137π 129π130π131π-134π135π136π 122σ123σ125π-132π133π134π 
30 (135) 133π134σ135π-141π142π143π 133π134π135π-140π141π142π 119σ127σ128π-136π137π138π 

 
DISCUSSION 

 
Discussion of pHIV IC50 Results (antiviral activity) 

The beta values (Table 2) indicate that the importance of the variables is 15µ > 9 ( 2)*ES HOMO−  > 

18( )*NS LUMO > 10( 2)*NS LUMO+ >> 8s > 25( 1)*NS LUMO+ . A high antiviral activity is then associated 

with high negative values of 15µ  and 8s , and with low negative numerical values for9 ( 2)*ES HOMO− . The case 

of the nucleophilic superdelocalizabilities will be analyzed case by case below. Atom 15 is a carbon in ring C. A 

higher activity is associated with higher negative values of the local atomic chemical potential. 15µ  is the midpoint 

between HOMO15
* and LUMO15

* energies. Both MOs are of π nature (Table 7). LUMO15
* and HOMO15

*  do not 

always coincide with the molecular LUMO and HOMO (Table 7). Considering that a higher negative value of 15µ  

can be obtained by suppressing HOMO15
*  and/or by lowering the energy of LUMO15

* we suggest that atom 15 is 
interacting with an electron-rich center. Atom 10 is a carbon in ring B. HOMO10

*, LUMO10
*, (LUMO+1)10

* and 

(LUMO+2)10
* are of π nature (Table 6). Local (LUMO+2)10 appears in eq. 1. If 10 ( 2)*NS LUMO+  is positive, 

then a higher activity is associated with higher values of this index. Higher values for this index are obtained by 
lowering the (LUMO+2)10 energy. This, in turn, will push downwards the energies of the first two vacant local 

MOs, making them more reactive. If negative, low values of 10( 2)*NS LUMO+  are necessary for high activity. 

These values are obtained also by lowering the (LUMO+2)10
* energy. Therefore, we suggest that atom 10 is 

interacting with an electron-rich center through its first three vacant local MOs. Atom 9 is a carbon in ring B. 
HOMO9 has a π nature (Table 6). With some exceptions, (HOMO-1)9

* and (HOMO-2)9
* have also a π nature. A high 

activity is associated with low negative values for9 ( 2)*ES HOMO− . This is obtained by shifting downwards the 

associated eigenvalue, making this local MO less reactive. The appearance of (HOMO-2)9
*  indicates that the first 

two highest occupied local MOs also participate in the interaction. Joining these three facts, we suggest that atom 9 
is interacting with an electron-deficient center but with a repulsive interaction of (HOMO-2)9

* with an occupied MO 
of the site. Atom 18 is nitrogen in ring C. Table 7 shows that the three highest occupied local MOs and the three 
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lowest local vacant ones have a π nature. If the values of 18( ) *NS LUMO  are positive, then a high activity is 

associated with small positive values of this index. If the values of 18( ) *NS LUMO  are negative, then a high 

activity is associated with high negative values for this index. In both cases, the desired effect is obtained by shifting 
upwards the energy of the (LUMO)18

* eigenvalue. For these reasons we suggest that atom 18 is acting as an electron 
donor and it is probably interacting with an electron deficient center. Atom 8 is the carbon of the CH2 group linking 

rings A and B. All MOs are of σ nature. 8s , the local atomic softness of atom 8, is always a positive number. 

Therefore, a high activity is associated with high numerical values for this index. Being this index the inverse of the 
local atomic hardness of atom 8, high values will be obtained by diminishing the HOMO8

*-LUMO8
* distance.  

 
Table 9: Local Molecular Orbitals of atom 8 

 
Mol. Atom 8  Mol. Atom 8 

1 (100) 95 98 99-101104107  16 (116) 105109113-118120123 
2 (104) 98102103-105108111  17 (120) 109113116-122124127 
3 (108) 101102105-110112115  18 (124) 113117121-126128131 
4 (116) 106109113-118120123  19 (131) 120121129-133134136 
5 (115) 105109114-118119122  20 (135) 123126130-136137139 
6 (112) 102106112-115117119  21 (112) 102106111-113116119 
7 (112) 102106112-115117119  22 (123) 112116122-128130132 
8 (111) 101105110-116118120  23 (127) 120126127-132134136 
9 (116) 110114115-117120123  24 (124) 113117124-127129131 
10 (115) 109114115-118120122  25 (132) 122126132-135137139 
11 (120) 111115120-123125127  26 (132) 120124131-135137139 
12 (116) 106109116-119121123  27 (127) 116120126-130131134 
13 (120) 109113119-123125127  28 (131) 124130131-136138139 
14 (108) 99102108-111114115  29 (131) 119124131-136138139 
15 (115) 105108114-117118119  30 (135) 123126130-136139141 

 
We can see that in some molecules the local HOMO (a σ MO) coincides with the molecule’s HOMO (6, 7, 10-12, 
14, 23-25, 28 and 29) while in other the local LUMO (a σ MO) coincides with the molecule’s LUMO (1, 2, 9, 20, 
21, and 30). For the first case we may diminish the HOMO8-LUMO8 distance by a proper substitution localizing the 
molecular LUMO on atom 8, while for the last case we need to localize the molecular HOMO on atom 8. There are 
some molecules in which neither the local HOMO nor the local LUMO match the molecular frontier orbitals. 
Therefore, and from the information obtained in this study, we are not in position to suggest a specific atom8-site 
interaction. But we may confidently state that this interaction involves σ electrons from both partners. Atom 25 is a 

carbon bonded to carbonyl oxygen and to a nitrogen atom. 25( 1)*NS LUMO+  is involved in the regulation of the 

biological activity. LUMO25
* and (LUMO+1)25

* are of π nature in all molecules. Moreover, LUMO25
* corresponds 

to the molecules’ LUMO. Following an analogous reasoning used for atom 10, we suggest that atom 25 is 
interacting with an electron-rich center through its first two vacant local MOs. This is a logical conclusion 
considering that atom 25 is attached to two more electronegative atoms, O and N. All the above suggestions are 
shown in the partial 2D pharmacophore of Fig. 5. 
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Figure 5. Partial 2D pharmacophore for antiviral activity 
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Discussion of STIC50 Results (inhibition of the strand transfer step of HIV-1 integrase). 

The beta values (Table 4) indicate that the importance of the variables is 10( 2)*NS LUMO+  > 

24( 1)*ES HOMO−  > 14( 2)*NS LUMO+  > 15( ) *NS LUMO  >> 7 ( 2)*NS LUMO+  > 23( 1)*NS LUMO+ . A 

high antiviral activity is then associated with low negative values for24( 1)*ES HOMO− . The case of the 

nucleophilic superdelocalizabilities will be analyzed case by case below. Atom 10 is a carbon of ring B (Fig. 2). The 

three lowest empty MOs are of π nature (Table 6). If the numerical values of 10( 2)*NS LUMO+ are positive, a 

high activity is associated with high numerical values for this index. If negative, high activity is associated with low 
negative values. Both cases demand that the (LUMO+2)10

*  eigenvalue be shifted downwards in the energy axis. 
Therefore, we suggest that atom 10 is interacting, through its three lowest vacant local MOs, with an electron rich 
center. Atom 24 is the oxygen of the CH2C(N)O moiety attached to N18 of ring C (Fig. 2). The three highest 
occupied local MOs are of π nature (Table 8). A high activity is associated with low negative values 

of 24( 1)*ES HOMO− . This suggests that this MO could be engaged in a repulsive interaction with occupied MOs 

of the partner and that the optimum situation should correspond to the interaction of the HOMO24
* with one or more 

empty MOs of the site. Atom 14 is a carbon of ring B (Fig. 2). The first three lowest vacant local MOs are of π 

nature (Table 7). If the numerical values of 14( 2)*NS LUMO+  are positive, a high activity is associated with low 

positive numerical values. These values are obtained by shifting upwards the corresponding eigenvalue in the energy 
axis, making this MO less prone to interact with occupied MOs of the site. The same situation occurs if the 

numerical values of 14( 2)*NS LUMO+  are negative. Therefore, it is suggested that atom 14 interacts with an 

electron rich center through its first two lowest vacant local MOs. Atom 15 is a carbon of ring C (Fig. 2). LUMO15
* 

has a π nature in all molecules (Table 7). If 15( ) *NS LUMO is positive, low numerical values of this index are 

associated with high activity. These values are obtained by shifting upwards the energy of the corresponding 
eigenvalue. Therefore, we suggest that atom 15 is interacting with an electron deficient center. Atom 7 is the 
fluorine atom bonded to atom C2 (Fig. 2). The first three lowest vacant MOs have π nature (Table 6). If the 

numerical values of 7 ( 2)*NS LUMO+ are positive, low values are associated with high activity. These values are 

obtained by shifting upwards the energy of the corresponding eigenvalue, making (LUMO+2)7
* less reactive. A 

similar situation occurs if the numerical values of7 ( 2)*NS LUMO+ are negative. Therefore, it is suggested that 

atom 7 is interacting with an electron rich center through its first two lowest vacant MOs (halogen bond?). Atom 23 
is the nitrogen of the CH2C(N)O moiety attached to N18 of ring C (Fig. 2). The first three lowest local vacant MOs 

are of π nature (Table 8). If the values of 23( 1)*NS LUMO+ are positive, a low value of this index is associated 

with high activity. These values are obtained by shifting upwards the energy of the corresponding eigenvalue. 
Therefore, it is suggested that atom 23 is interacting with an electron rich center through its LUMO23

* . All these 
suggestions are included in the 2D pharmacophore shown in Fig. 6. 
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Figure 6. Partial 2D pharmacophore for 
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From the historical point of view, the size of the molecules employed for QSAR studies has grown as a result of the 
increasing computational power. In the earlier days of Quantum Pharmacology, SCF ab initio, PPP, EHT, CNDO/2, 
PCILO, INDO, etc. methods were employed for conformational and electronic structure calculations for relatively 
small molecules [113-117]. In these cases the pharmacophores were easily suggested. Today the molecules that are 
studied have several dozens of atoms and, with some exceptions, have a great conformational flexibility. For this 
reason we always present our pharmacophores as two-dimensional drawings. With the method used here, the 
pharmacological active conformation is not easy to detect. It is worth to mention that the interpretation of the local 
reactivity indices appearing in Eq. 1 and 2 is in agreement with “intuitive” organic chemistry: an electron rich atom 
interacts with an electron deficient center and so on. 
 

CONCLUSION 
 

Satisfactory statistically significant equations were obtained for the antiviral activity and HIV-1 integrase inhibition 
for a series of naphthyridinone derivatives. From the pharmacophores built from our results it is possible to select 
one or more atoms for substitution to synthesize compounds with enhanced activity. 
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