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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 placesto 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 showeshtgactivity in all fronts (see for example [1-1DQur
Quantum Pharmacology Unit has done some researcht atlVV-1 inhibition by some families of chemical
compounds [12-16]. To produce more knowledge caregrthis subject, here we present that resultsa of
theoretical study searching for relationships betwelectronic structure and HIV-1 inhibitory cappaf a group of
pyrazine-1,3-thiazine hybrid analogues. There @eeond important goal. Up to this date we haveutailed the
electronic structure of many different moleculasteyns with the same quantum-chemical method (B36YP/
31G(d,p), collecting information about the valuddazal atomic reactivity indices of more than 1000 atoms.
This information will be used to carry out a reséafior the possible creation of a database of walade used for a
first screening of molecules avoiding the quantirargical calculations.

MATERIALS AND METHODS

The technique for finding the relationships betweésttronic structure and inhibition constants asvra standard
one used in our Unit. We refer the reader to [1J&1d references therein. The linear system of timpmto be
solved has the form:

log(BA) = a+2[eij +f,SF +sjsﬂ+
j

2,2 [y (M)F, () +x, (M)SF(m) |+ 3" [ 1, (M)F, (m) +t,(m)S}' (m) ] +
Joom jom
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The local atomic reactivity indices appearing in Echave been discussed in several publicatioresf(geexample
[20, 21]. Therefore, we shall discuss below onlgsth indices appearing in the Results section. fradel-based
method [22] has shown its power when applied ty different classes of molecules and biologicalviteds (see
[12, 13, 23-32] and references therein). The seteniolecules are shown in Fig. 1 and Table 1 [BBg biological
activity analyzed here is the percentage of intabibf the replication of TZM-bl cells infected Wwithe HIV-1 NL-
4.3 virus.

[ 9,4, ki, + 0,6, + 2,6, +wQM ]+
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Figure 1. Pyrazine-1,3-thiazine hybrid analogues

Table 1. Pyrazine-1,3-thiazine hybrid analogues anhhibitory activity

log(1)

Mol. R> Rs R4 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 NG 1.97
12 H NG H 1.93
13 NG 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 caltiglas were carried out with the Gaussian suiterogmms [34].
From these results the values of the LARIs weraiobtl with the D-CENT-QSAR software. Mulliken Pogitidn

Analysis results were corrected to avoid negatieeteon populations or MO populations greater tBaj35, 36].

Keeping in mind that it is not possible to solves thystem of linear equations because we have rmigén
molecules, we employed Linear Multiple Regressiamalfsis (LMRA) to find those LARIs whose variatids

responsible of the variation of the inhibitory ait§i. For the LMRA, we built a matrix containingeHogarithm of
the dependent variable (log(l)), the LARIs of thenas of the common skeleton as the independendblas The
Statistica software was used [37]. The common $ielis shown in Fig. 2.

r
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Figure 2. Common skeleton numbering
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RESULTS

The best equation obtained is:

log(1)=1.90+0.11§ (LUMO+2)*-0.825 (HOMO-1)7.31S;, (HOMO-2)*+
+25.21F (HOMO-2)*+0.915 (HOMO-2)*+6.59F (HOMO)*+

+0.31F (HOMO-2)* )
with n=19, R=0.98, R2=0.96, adj-R?2=0.94, F(7,11)362(p<0.000001) and a Std. error of estimate 6% ONo
outliers were detected and no residuals fall ostdtie +2 limits. Here, $'(LUMO+2)* is the nucleophilic
superdelocalizability of the third lowest empty M6calized on atom 2, JHOMO-1)* is the electrophilic
superdelocalizability of the second highest MO lzeal on atom 3, §(HOMO-2)* is the electrophilic
superdelocalizability of the third highest MO ldged on atom 24, /i{HOMO-2)* is the Fukui index (the electron
population) of the third highest occupied MO lozali on atom 20, ;5(HOMO-2)* is the electrophilic
superdelocalizability of the third highest occupM@® localized on atom 12 ,HOMO)* is the Fukui index of the
highest occupied MO localized on atom 23 ag@dHPMO-2)* is the Fukui index of the third highestaupied MO
localized on atom 4. Tables 2 and 3 show the bmtéficients, the results of the t-test for sigrafice of coefficients
and the matrix of squared correlation coefficiefus the variables of Eq. 2. There are no significarternal
correlations between independent variables (TaplEiure 3 displays the plot of obserwed calculated log(l).

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

Variable Beta|t(11)
SV (LUMO+2)* |1.03 |15.5¢|<0.00000.1
S5(HOMO-1)* |-0.55-6.73 |<0.00003
SF(HOMO-2)* |-0.34 |-4.62 |<0.0007
Fac(HOMO-2)* |0.46 |5.91 | <0.0001
S1,5(HOMO-2)* |0.32 |4.41 |<0.001
F2:(HOMO)*  |0.21 |3.21 |<0.008

F4(HOMO-2)* |0.15 |2.37 |<0.04

p-level

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

SMLUMO+2)* |SF(HOMO-1)* |S,F(HOMO-2)* |Foo(HOMO-2)* |Si,5(HOMO-2)* |Fos(HOMO)*

S5 (HOMO-1)*
S,F(HOMO-2)*
F2o(HOMO-2)*
S ,F(HOMO-2)*
F2:(HOMO)*
F4(HOMO-2)*

0.00
0.06
0.03
0.04
0.08
0.00

2.1

1
0.10
0.19
0.01

0.08
0.14

0.02
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Figure 3. Plot of predictedvs. observed log(l) values (Eq. 2). Dashed lines deadhe 95% confidence interval
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The associated statistical parameters of Eq. Zatelithat this equation is statistically significamd that the
variation of the numerical values of a group ofe&evocal atomic reactivity indices of atoms of tt@mmon

skeleton explains about 94% of the variation ofllpod-igure 3, spanning about 0.9 orders of magigtishows that
there is a good correlation of obserwedsus calculated values.

Local Molecular Orbitals

Tables 4 and 5 show the local MO structure of atémwslved 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, dnd 12

Equation 2 shows that there is a linear relatign&t@tween the variation of the biological prop€tog(l)) and the
variation of the numerical values of a set of loa@mic reactivity indices. Before the analysis sowords are
appropriate. No clear mechanism for inhibition m@Wn. Our previous studies about HIV inhibition [12-16] also
obtained equations with several variables strosghgesting that, if the inhibitory process issult of more than
one process, all the molecules seem to undergaudhrall of them. Note also that, despite the fduett tthe
substitutions are in ring C, no local reactivitgéx of this ring appear in Eq. 1. Table 2 shows tiiaimportance of
variables in Eq. 1 is S(LUMO+2)*> S;5(HOMO-1)*> F,((HOMO-2)*> S,,S(HOMO-2)*> S,F(HOMO-2)*>
F,3(HOMO)*> F,(HOMO-2)*. The analysis of Eq. 2 shows that a highibitory activity is associated with large
negative numerical values foi,¥HOMO-2)*, with high negative values forSHOMO-1)* and $,5(HOMO-2)*,
and with large values for,fHOMO-2)*, F(HOMO)* and R(HOMO-2)*. If S;N(LUMO+2)* is positive, then a

Mol. Mol. Atom 2 Atom 3 Atom 4 Atom 12
1(82) 3a 86816825-831841851 | 798008165-83n85187n | 806816825-83n84n87n | 77679%82r1-83n 84n85n
2(90) 3b 8786m885-91192193r | 85186m885-91192793r | 885896906-91192795r | 88t89n90r-91792793n
3(90) 3c 86876885-91n92193r | 86n876885-91n92193r | 885896900-91192795r | 87n89m90r-91n92193n
4(90) 3d 8G876885-91192193r | 86n876885-91192193r | 876886900-91192793r | 88t89190r-91792193n
5(86) 3e 84850866-87n88189n | 830840855-87n88189n | 840850860-87188n91n | 83185086m-87188n89n
6(86) 3f 838405865-87188189n | 8218306840-87188n89n | 840850860-87188n91n | 83t85n86m-87188n89n
7(86) 3g 888468605-87188189 | 821836845-87n881 89t | 846850865-87188t 89t | 83185086m-87188n89
8(86) 3h 81821845-87n88189n | 81n821845-87n88189n | 840850865-87n88191n | 84n85186n-87n88189n
9(86) 3i 82830845-87188189% | 821830840-87188189% | 840850860-87n88191n | 83185n86m-87188189
10(86) 3 83840860-87n88189n | 821830845-87n88189n | 8308405865-87n88189n | 84n85186n-87n88189n
11(93) 3k 95926936-95196n971 | 90t916925-95196n97n | 916926936-95196n100t | 9059279 3rn-94195r96m
12(93) 3l 95926936-95196n97n | 90n916925-95796n97n | 916926936-95196n97r | 90592193r-94n95196n
13(93) | 3m | 9%926935-95196n97r | 90r911n925-95196n97n 911926936-95196n97n | 9059219 3r-94195796n
14(90) 3n 88896906-91192193r | 8718806895-911937951 | 886896905-91192793nr | 860688190r-91192793r
15(90) 30 88895906-91192193r | 876885895-91n93195t | 8856895900-91192793n | 85088190r-917192793n
16(90) 3p 88895906-91192193r | 8718806895-91192793r | 88568965905-91192796n | 860588190r-91192793n
17(86) 3q 84850865-87188189n | 8318406856-87n8Mm91n | 8408508605-87188191n | 82684n86m-87n88n89n
18(86) 3r 84850860-87188n89 | 830840850-87189m90n | 840850860-87n88191n | 83184n86m-87188n89%
19(86) 3s 84850860-87188189t | 831846850-87n88189r | 840850860-87n88192n | 82684n86m-87n88189n
Table 5. Local molecular orbitals of atoms 20, 23ral 24
Mol. Atom 20 Atom 23 Atom 24

1(82) 3a 78795805-836956960 506526536-87688589% 6366467 75-896906916

2(90) 3b 84860885-9161046105% | 55065606595-956966976 6165700856-9769859%

3(90) 3c 84865875-9161046105 | 536546605-945956960 706845856-9769859%

4(90) 3d 86875885-9161046105 | 556576605-926946966 706715856-9769859%

5(86) 3e 88830845-876995100 500526545-91692693c 576666815-936945950

6(86) 3f 8®826835-87699100c 506526546-91692693c 660675815-936946950

7(86) 39 883830845-87699101c 526556566-886906920 660675815-936946950

8(86) 3h 86825845-87610051015 | 516536545-91692693c 616675815-936945956

9(86) 3i 823836846-8761005101c | 526556575-906916926 676800815-936946950

10(86) 3 8©:830845-8756995100 526536576-886906920 67669815-936946950

11(93) 3k 96916925-9561076108 | 576595605-96699%1005 | 705726875-101510251036

12(93) 3l 96916925-9561075108 | 576616635-980699%51005 | 656700725-10161026103

13(93) | 3m | 96916925-9561076108 | 59616635-956996100 | 705726875-10161026103%

14(90) 3n 84875885-91610351046c | 5606580615-956966980 706845856-98699:100c

15(90) 30 86885895-91610351040 | 5506560585-956966980 625700845-98699:100c

16(90) 3p 84875885-91610461055 | 585600705-926956960 6606706865-98699100c

17(86) 3q 86830845-876995100 536566585-91692693c 676800815-936946950

18(86) 3r 82836845-87699100c 5265365576-906916926 676800815-936945950

19(86) 3s 86830846-87699%1005 526536575-906916920 67669815-936946950

DISCUSSION
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high inhibitory activity is associated with largamerical values for this index. Atom 12 is a carliomning B (Fig.
2). Table 4 shows that (HOM@) has ar nature in all molecules, (HOMO-}) has ar nature in all molecules but
three, and (HOMO-2)* has ac nature in nine molecules. The fact that (HOM@®2pppears in the QSAR
equation implies that the two highest occupiedlld@s are also involved in the interaction. Consiig that a low
electron donor capacity of the (HOMO¢2)is associated with a high inhibitory activity, veeiggest that for an
optimal inhibitory activity, the two highest localolecular orbitals of this atom must have aature and also they
must correspond to the two highest occupied madeddlOs with a high electron population. The befstagion is a
molecule in which the electron density of (HOMQ,2)is close to zero. Atom 12 is then interacting hwdn
electron-deficient center. Atom 3 is a carbon imgrA (Fig. 2). Table 4 shows that (HOM®has ac nature (this
seems to be a direct influence of the electromigctitre of the isopropyl substituent at positiora8)i (HOMO-1)*

is of o or natures. A high inhibitory activity is associateith large negative values fog BHOMO-1)*. Given the
nature of (HOMOJ*, it is suggested that a (HOMO-t)of a ¢ nature and with a high electron population is rogti
and that atom 3 is engageddrs and/ore-nt interactions. Atom 24 is one of the hydrogen atdiosded to N19
(Fig. 2). Table 5 shows that all listed MOs haveraature. Note that the highest occupied local M@eiy far from
the molecule’s HOMO. A high inhibitory activity @ssociated with large negative values of (HOMO-2)*. As
the first two highest occupied local MO are alsotipgpating in the activity, we suggest that theueement of
large electron densities in the first three highestupied local MOs is a strong indication thatnat@4 is
participating in a hydrogen bond. Atom 20 is thatca carbon atom of the isopropyl substituent (g Table 5
shows that all MOs have@anature. A high inhibitory activity is associatedwlarge values for fgf(HOMO-2)*.
The plot of B(HOMO-1)* vs. log(l) (not shown here) does not show a cleardrdrhe plot of E(HOMO)* vs.
log(l) shows an feeble trend suggesting that a tagdhe of this index seems to be associated witigla percentage
of HIV-1 inhibition. Then, it seems that atom 2Ceisgaged im-c interactions with alkyl chains localized inside an
apolar environment. Atom 23 is the other hydrogemabonded to N19 (Fig. 2). Table 5 shows thalistikd MOs
have ac nature. Note that the highest occupied local M®@eis/ far from the molecule’s HOMO. Large values of
F,s(HOMO)* are associated with a high inhibitory pemazge, indicating that this atom is also engagea in
hydrogen bond. Atom 4 is a nitrogen atom in ringF4g. 2). Table 4 shows that (HOMO22) (HOMO-1),* and
(HOMO),* have ac nature. A high inhibitory activity is associatedtiwlarge values of FHOMO-2)*. The first
three empty local MOs haverenature (Table 10). The plots of(HOMO-1)* and R(HOMO)* indicate that a high
inhibitory activity is associated with high values these indices. This suggests that atom 4 iagedjinc-c and/or
o-m interactions. Interestingly, atom 4 is locatedselto the isopropyl substituent that also seerhave these kinds
of interactions. Atom 2 is a carbon atom in ring(FAig. 2). A high inhibitory activity is associategith large
numerical values for S(LUMO+2)* if this index is positive. Table 4 showisat the first thee lowest vacant MOs
have ar nature. Large values are obtained by shifting deavds the associated eigenvalue and making this MO
more reactive. Therefore, we suggest that atomehgmged im-n interactions with an electron-rich center. All
these ideas are depicted in the partial two dinoeagi(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 analoges
It is worth to mention that this is the first tirreour QSAR studies that we find so many atomideen(atoms 3, 4

and 20 in Fig. 4) with interactions pointing towaad apolar area. Only more experimental resultsasihfirm or
discard such interaction.
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In conclusion, we have obtained interesting restdtscerning the inhibition of HIV-1 by the title tegules. No
local atomic reactivity indices belonging to thebstituted ring (C in Fig. 4) appeared in the resulthe
pharmacophore presents several atomic sites todlgzad with different substituents. This is anoteeample of
the fact that the substitution at any atomic cemtay cause a modification of the electronic striectaf other
centers located relatively far and not connectedrbynatic bridges.
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