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ABSTRACT 
 
We present the results of an analysis of the relationships between the electronic structure and the HIV-1 inhibition 
by a group of pyrazine-1,3-thiazine hybrid analogues. The electronic structure of all molecules was calculated 
within the Density Functional Theory at the B3LYP/6-31g(d,p) level with full geometry optimization. Linear multiple 
regression analysis techniques were employed to find the best relationship between inhibitory capacity and local 
atomic reactivity indices belonging to a common skeleton. We found statistically significant results. The 
corresponding partial inhibition pharmacophore suggest several atomic places to be employed for substitutions. The 
inhibition process seems to be mainly orbital-controlled. 
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INTRODUCTION 
 
During year 2016 research on HIV-1 viruses showed great activity in all fronts (see for example [1-11]. Our 
Quantum Pharmacology Unit has done some research about HIV-1 inhibition by some families of chemical 
compounds [12-16]. To produce more knowledge concerning this subject, here we present that results of a 
theoretical study searching for relationships between electronic structure and HIV-1 inhibitory capacity of a group of 
pyrazine-1,3-thiazine hybrid analogues. There is a second important goal. Up to this date we have calculated the 
electronic structure of many different molecular systems with the same quantum-chemical method (B3LYP/6-
31G(d,p), collecting information about the values of local atomic reactivity indices of more than 100,000 atoms. 
This information will be used to carry out a research for the possible creation of a database of values to be used for a 
first screening of molecules avoiding the quantum chemical calculations. 
 

MATERIALS AND METHODS 
 

The technique for finding the relationships between electronic structure and inhibition constants is now a standard 
one used in our Unit. We refer the reader to [17-21] and references therein. The linear system of equations to be 
solved has the form: 
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The local atomic reactivity indices appearing in Eq. 1 have been discussed in several publications (see for example 
[20, 21]. Therefore, we shall discuss below only those indices appearing in the Results section. This model-based 
method [22] has shown its power when applied to very different classes of molecules and biological activities (see 
[12, 13, 23-32] and references therein). The selected molecules are shown in Fig. 1 and Table 1 [33]. The biological 
activity analyzed here is the percentage of inhibition of the replication of TZM-bl cells infected with the HIV-1 NL-
4.3 virus. 
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Figure 1. Pyrazine-1,3-thiazine hybrid analogues 
 

Table 1. Pyrazine-1,3-thiazine hybrid analogues and inhibitory activity 
 

Mol. R2 R3 R4 
log(I) 
HIV-1 

1 H H H 1.08 
2 H H OMe 1.46 
3 H OMe H 1.38 
4 OMe H H 1.23 
5 H H Me 1.36 
6 H Me H 1.40 
7 Me H H 1.45 
8 H H OH 1.74 
9 H OH H 1.71 
10 OH H H 1.72 
11 H H NO2 1.97 
12 H NO2 H 1.93 
13 NO2 H H 1.92 
14 H H Cl 1.84 
15 H Cl H 1.81 
16 Cl H H 1.83 
17 H H F 1.90 
18 H F H 1.87 
19 F H H 1.85 

 
Full geometry optimization and single point calculations were carried out with the Gaussian suite of programs [34]. 
From these results the values of the LARIs were obtained with the D-CENT-QSAR software. Mulliken Population 
Analysis results were corrected to avoid negative electron populations or MO populations greater than 2 [35, 36]. 
Keeping in mind that it is not possible to solve the system of linear equations because we have not enough 
molecules, we employed Linear Multiple Regression Analysis (LMRA) to find those LARIs whose variation is 
responsible of the variation of the inhibitory activity. For the LMRA, we built a matrix containing the logarithm of 
the dependent variable (log(I)), the LARIs of the atoms of the common skeleton as the independent variables The 
Statistica software was used [37]. The common skeleton is shown in Fig. 2. 
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Figure 2. Common skeleton numbering 
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RESULTS 
 

The best equation obtained is: 
N E E
2 3 24

E
20 12 23

4

log(I)=1.90+0.11S (LUMO+2)*-0.82S (HOMO-1)*-7.31S (HOMO-2)*+

+25.21F (HOMO-2)*+0.91S (HOMO-2)*+6.59F (HOMO)*+

+0.31F (HOMO-2)*  (2)

 

 
with n=19, R=0.98, R²=0.96, adj-R²=0.94, F(7,11)=42.36 (p<0.000001) and a Std. error of estimate of 0.07. No 
outliers were detected and no residuals fall outside the ±2σ limits. Here, S2

N(LUMO+2)* is the nucleophilic 
superdelocalizability of the third lowest empty MO localized on atom 2, S3

E(HOMO-1)* is the electrophilic 
superdelocalizability of the second highest MO localized on atom 3, S24

E(HOMO-2)* is the electrophilic 
superdelocalizability of the third highest MO localized on atom 24, F20(HOMO-2)* is the Fukui index (the electron 
population) of the third highest occupied MO localized on atom 20, S12

E(HOMO-2)* is the electrophilic 
superdelocalizability of the third highest occupied MO localized on atom 12, F23(HOMO)* is the Fukui index of the 
highest occupied MO localized on atom 23 and F4(HOMO-2)* is the Fukui index of the third highest occupied MO 
localized on atom 4. Tables 2 and 3 show the beta coefficients, the results of the t-test for significance of coefficients 
and the matrix of squared correlation coefficients for the variables of Eq. 2. There are no significant internal 
correlations between independent variables (Table 3). Figure 3 displays the plot of observed vs. calculated log(I). 
 

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

Variable Beta t(11) p-level 

S2
N(LUMO+2)* 1.03 15.59 <0.000001 

S3
E(HOMO-1)* -0.55 -6.73 <0.00003 

S24
E(HOMO-2)* -0.34 -4.62 <0.0007 

F20(HOMO-2)* 0.46 5.91 <0.0001 

S12
E(HOMO-2)* 0.32 4.41 <0.001 

F23(HOMO)* 0.21 3.21 <0.008 

F4(HOMO-2)* 0.15 2.37 <0.04 

 
Table 3. Matrix of squared correlation coefficients for the variables in Eq. 2 

 

 
S2

N(LUMO+2)*  S3
E(HOMO-1)*  S24

E(HOMO-2)*  F20(HOMO-2)*  S12
E(HOMO-2)*  F23(HOMO)*  

S3
E(HOMO-1)*  0.00 1     

S24
E(HOMO-2)*  0.06 0.10 1    

F20(HOMO-2)*  0.03 0.19 0.02 1   

S12
E(HOMO-2)*  0.04 0.01 0.18 0.19 1  

F23(HOMO)* 0.08 0.08 0.01 0.00 0.03 1 

F4(HOMO-2)*  0.00 0.14 0.01 0.04 0.02 0.00 
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Figure 3. Plot of predicted vs. observed log(I) values (Eq. 2). Dashed lines denote the 95% confidence interval 
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The associated statistical parameters of Eq. 2 indicate that this equation is statistically significant and that the 
variation of the numerical values of a group of seven local atomic reactivity indices of atoms of the common 
skeleton explains about 94% of the variation of log(I). Figure 3, spanning about 0.9 orders of magnitude, shows that 
there is a good correlation of observed versus calculated values. 
 
Local Molecular Orbitals 
Tables 4 and 5 show the local MO structure of atoms involved in Eq. 2. Nomenclature: Molecule (HOMO) / 
(HOMO-2)* (HOMO-1)* (HOMO)* - (LUMO)* (LUMO+1)* (LU MO+2)*. 
 

Table 4. Local molecular orbitals of atoms 2, 3, 4 and 12 
 

Mol. Mol. Atom 2 Atom 3 Atom 4 Atom 12 
1(82) 3a 80σ81σ82σ-83π84π85π 79σ80σ81σ-83π85π87π 80σ81σ82σ-83π84π87π 77σ79σ82π-83π 84π85π 
2(90) 3b 85π86π88σ-91π92π93π 85π86π88σ-91π92π93π 88σ89σ90σ-91π92π95π 88π89π90π-91π92π93π 
3(90) 3c 86π87σ88σ-91π92π93π 86π87σ88σ-91π92π93π 88σ89σ90σ-91π92π95π 87π89π90π-91π92π93π 
4(90) 3d 86π87σ88σ-91π92π93π 86π87σ88σ-91π92π93π 87σ88σ90σ-91π92π93π 88π89π90π-91π92π93π 
5(86) 3e 84σ85σ86σ-87π88π89π 83σ84σ85σ-87π88π89π 84σ85σ86σ-87π88π91π 83π85σ86π-87π88π89π 
6(86) 3f 83σ84σ86σ-87π88π89π 82π83σ84σ-87π88π89π 84σ85σ86σ-87π88π91π 83π85π86π-87π88π89π 
7(86) 3g 83σ84σ86σ-87π88π89π 82π83σ84σ-87π88π 89π 84σ85σ86σ-87π88π 89π 83π85σ86π-87π88π89π 
8(86) 3h 81π82π84σ-87π88π89π 81π82π84σ-87π88π89π 84σ85σ86σ-87π88π91π 84π85π86π-87π88π89π 
9(86) 3i 82π83σ84σ-87π88π89π 82π83σ84σ-87π88π89π 84σ85σ86σ-87π88π91π 83π85π86π-87π88π89π 
10(86) 3j 83σ84σ86σ-87π88π89π 82π83σ84σ-87π88π89π 83σ84σ86σ-87π88π89π 84π85π86π-87π88π89π 
11(93) 3k 91σ92σ93σ-95π96π97π 90π91σ92σ-95π96π97π 91σ92σ93σ-95π96π100π 90σ92π93π-94π95π96π 
12(93) 3l 91σ92σ93σ-95π96π97π 90π91σ92σ-95π96π97π 91σ92σ93σ-95π96π97π 90σ92π93π-94π95π96π 
13(93) 3m 91π92σ93σ-95π96π97π 90π91π92σ-95π96π97π 91π92σ93σ-95π96π97π 90σ92π93π-94π95π96π 
14(90) 3n 88σ89σ90σ-91π92π93π 87π88σ89σ-91π93π95π 88σ89σ90σ-91π92π93π 86σ88π90π-91π92π93π 
15(90) 3o 88σ89σ90σ-91π92π93π 87σ88σ89σ-91π93π95π 88σ89σ90σ-91π92π93π 85σ88π90π-91π92π93π 
16(90) 3p 88σ89σ90σ-91π92π93π 87π88σ89σ-91π92π93π 88σ89σ90σ-91π92π96π 86σ88π90π-91π92π93π 
17(86) 3q 84σ85σ86σ-87π88π89π 83π84σ85σ-87π89π91π 84σ85σ86σ-87π88π91π 82σ84π86π-87π88π89π 
18(86) 3r 84σ85σ86σ-87π88π89π 83σ84σ85σ-87π89π90π 84σ85σ86σ-87π88π91π 83π84π86π-87π88π89π 
19(86) 3s 84σ85σ86σ-87π88π89π 83π84σ85σ-87π88π89π 84σ85σ86σ-87π88π92π 82σ84π86π-87π88π89π 

 
Table 5. Local molecular orbitals of atoms 20, 23 and 24 

 
 Mol. Atom 20 Atom 23 Atom 24 

1(82) 3a 78σ79σ80σ-83σ95σ96σ 50σ52σ53σ-87σ88σ89σ 63σ64σ77σ-89σ90σ91σ 
2(90) 3b 84σ86σ88σ-91σ104σ105σ 55σ56σ59σ-95σ96σ97σ 61σ70σ85σ-97σ98σ99σ 
3(90) 3c 84σ86σ87σ-91σ104σ105σ 53σ54σ60σ-94σ95σ96σ 70σ84σ85σ-97σ98σ99σ 
4(90) 3d 86σ87σ88σ-91σ104σ105σ 55σ57σ60σ-92σ94σ96σ 70σ71σ85σ-97σ98σ99σ 
5(86) 3e 82σ83σ84σ-87σ99σ100σ 50σ52σ54σ-91σ92σ93σ 57σ66σ81σ-93σ94σ95σ 
6(86) 3f 80σ82σ83σ-87σ99σ100σ 50σ52σ54σ-91σ92σ93σ 66σ67σ81σ-93σ94σ95σ 
7(86) 3g 82σ83σ84σ-87σ99σ101σ 52σ55σ56σ-88σ90σ92σ 66σ67σ81σ-93σ94σ95σ 
8(86) 3h 80σ82σ84σ-87σ100σ101σ 51σ53σ54σ-91σ92σ93σ 61σ67σ81σ-93σ94σ95σ 
9(86) 3i 82σ83σ84σ-87σ100σ101σ 52σ55σ57σ-90σ91σ92σ 67σ80σ81σ-93σ94σ95σ 
10(86) 3j 80σ83σ84σ-87σ99σ100σ 52σ53σ57σ-88σ90σ92σ 67σ69σ81σ-93σ94σ95σ 
11(93) 3k 90σ91σ92σ-95σ107σ108σ 57σ59σ60σ-96σ99σ100σ 70σ72σ87σ-101σ102σ103σ 
12(93) 3l 90σ91σ92σ-95σ107σ108σ 57σ61σ63σ-98σ99σ100σ 65σ70σ72σ-101σ102σ103σ 
13(93) 3m 90σ91σ92σ-95σ107σ108σ 59σ61σ63σ-95σ99σ100σ 70σ72σ87σ-101σ102σ103σ 
14(90) 3n 84σ87σ88σ-91σ103σ104σ 56σ58σ61σ-95σ96σ98σ 70σ84σ85σ-98σ99σ100σ 
15(90) 3o 87σ88σ89σ-91σ103σ104σ 55σ56σ58σ-95σ96σ98σ 62σ70σ84σ-98σ99σ100σ 
16(90) 3p 84σ87σ88σ-91σ104σ105σ 58σ60σ70σ-92σ95σ96σ 66σ70σ86σ-98σ99σ100σ 
17(86) 3q 80σ83σ84σ-87σ99σ100σ 53σ56σ58σ-91σ92σ93σ 67σ80σ81σ-93σ94σ95σ 
18(86) 3r 82σ83σ84σ-87σ99σ100σ 52σ53σ57σ-90σ91σ92σ 67σ80σ81σ-93σ94σ95σ 
19(86) 3s 80σ83σ84σ-87σ99σ100σ 52σ53σ57σ-90σ91σ92σ 67σ69σ81σ-93σ94σ95σ 

 
DISCUSSION 

 
Equation 2 shows that there is a linear relationship between the variation of the biological property (log(I)) and the 
variation of the numerical values of a set of local atomic reactivity indices. Before the analysis some words are 
appropriate. No clear mechanism for inhibition is known. Our previous studies about HIV inhibition [12, 14-16] also 
obtained equations  with several variables strongly suggesting that, if the inhibitory process is the result of more than 
one process, all the molecules seem to undergo through all of them. Note also that, despite the fact that the 
substitutions are in ring C, no local reactivity index of this ring appear in Eq. 1. Table 2 shows that the importance of 
variables in Eq. 1 is S2

N(LUMO+2)*> S3
E(HOMO-1)*> F20(HOMO-2)*> S24

E(HOMO-2)*> S12
E(HOMO-2)*> 

F23(HOMO)*> F4(HOMO-2)*. The analysis of Eq. 2 shows that a high inhibitory activity is associated with large 
negative numerical values for S12

E(HOMO-2)*, with high negative values for S3
E(HOMO-1)* and S24

E(HOMO-2)*, 
and with large values for F20(HOMO-2)*, F23(HOMO)* and F4(HOMO-2)*. If S2

N(LUMO+2)* is positive, then a 
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high inhibitory activity is associated with large numerical values for this index. Atom 12 is a carbon in ring B (Fig. 
2). Table 4 shows that (HOMO)12* has a π nature in all molecules, (HOMO-1)12* has a π nature in all molecules but 
three, and (HOMO-2)12* has a σ nature in nine molecules. The fact that (HOMO-2)12* appears in the QSAR 
equation implies that the two highest occupied local MOs are also involved in the interaction. Considering that a low 
electron donor capacity of the (HOMO-2)12* is associated with a high inhibitory activity, we suggest that for an 
optimal inhibitory activity, the two highest local molecular orbitals of this atom must have a π nature and also they 
must correspond to the two highest occupied molecular MOs with a high electron population. The best situation is a 
molecule in which the electron density of (HOMO-2)12* is close to zero. Atom 12 is then interacting with an 
electron-deficient center. Atom 3 is a carbon in ring A (Fig. 2). Table 4 shows that (HOMO)3* has a σ nature (this 
seems to be a direct influence of the electronic structure of the isopropyl substituent at position 3) and (HOMO-1)3* 
is of σ or π natures. A high inhibitory activity is associated with large negative values for S3

E(HOMO-1)*. Given the 
nature of (HOMO)3*, it is suggested that a (HOMO-1)3* of a σ nature and with a high electron population is optimal 
and that atom 3 is engaged in σ-σ and/or σ-π interactions. Atom 24 is one of the hydrogen atoms bonded to N19 
(Fig. 2). Table 5 shows that all listed MOs have a σ nature. Note that the highest occupied local MO is very far from 
the molecule’s HOMO. A high inhibitory activity is associated with large negative values of S12

E(HOMO-2)*. As 
the first two highest occupied local MO are also participating in the activity, we suggest that the requirement of 
large electron densities in the first three highest occupied local MOs is a strong indication that atom 24 is 
participating in a hydrogen bond. Atom 20 is the central carbon atom of the isopropyl substituent (Fig. 2). Table 5 
shows that all MOs have a σ nature. A high inhibitory activity is associated with large values for F20(HOMO-2)*. 
The plot of F20(HOMO-1)* vs. log(I) (not shown here) does not show a clear trend. The plot of F20(HOMO)* vs. 
log(I) shows an feeble trend suggesting that a high value of this index seems to be associated with a high percentage 
of HIV-1 inhibition. Then, it seems that atom 20 is engaged in σ-σ interactions with alkyl chains localized inside an 
apolar environment. Atom 23 is the other hydrogen atom bonded to N19 (Fig. 2). Table 5 shows that all listed MOs 
have a σ nature. Note that the highest occupied local MO is very far from the molecule’s HOMO. Large values of 
F23(HOMO)* are associated with a high inhibitory percentage, indicating that this atom is also engaged in a 
hydrogen bond. Atom 4 is a nitrogen atom in ring A (Fig. 2). Table 4 shows that (HOMO-2)4*, (HOMO-1)4* and 
(HOMO)4* have a σ nature. A high inhibitory activity is associated with large values of F4(HOMO-2)*. The first 
three empty local MOs have a π nature (Table 10). The plots of F4(HOMO-1)* and F4(HOMO)* indicate that a high 
inhibitory activity is associated with high values for these indices. This suggests that atom 4 is engaged in σ-σ and/or 
σ-π interactions. Interestingly, atom 4 is located close to the isopropyl substituent that also seems to have these kinds 
of interactions. Atom 2 is a carbon atom in ring A (Fig. 2). A high inhibitory activity is associated with large 
numerical values for S2

N(LUMO+2)* if this index is positive. Table 4 shows that the first thee lowest vacant MOs 
have a π nature. Large values are obtained by shifting downwards the associated eigenvalue and making this MO 
more reactive. Therefore, we suggest that atom 2 is engaged in π-π interactions with an electron-rich center. All 
these ideas are depicted in the partial two dimensional (2D) pharmacophore shown in Fig. 4. 
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Figure 4. Partial 2D pharmacophore for the inhibition of HIV-1 by pyrazine-1,3-thiazine hybrid analogues 
 
It is worth to mention that this is the first time in our QSAR studies that we find so many atomic centers (atoms 3, 4 
and 20 in Fig. 4) with interactions pointing toward an apolar area. Only more experimental results will confirm or 
discard such interaction. 
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In conclusion, we have obtained interesting results concerning the inhibition of HIV-1 by the title molecules. No 
local atomic reactivity indices belonging to the substituted ring (C in Fig. 4) appeared in the results. The 
pharmacophore presents several atomic sites to be analyzed with different substituents. This is another example of 
the fact that the substitution at any atomic center may cause a modification of the electronic structure of other 
centers located relatively far and not connected by aromatic bridges. 
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