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ABSTRACT

A Density Functional Theory study was carried awtfind relationships between the electronic struetand
antiviral activity, integrase inhibition and proteibinding effects in a series of naphthyridinoneivdgives.
Statistically significant equations were obtained &ntiviral and integrase inhibition, and the cesponding 2D
pharmacophores were built. These pharmacophorebeamployed to select the atoms for future syistloésnore
active compounds. In the case of protein binditfigces no statistically significant results were aibed. For this
last case it is suggested that the experimentalemigal results correspond to different action memisans.

Keywords: HIV-1 integrase, QSAR, DFT, Naphthyridinone, &imtl activity.

INTRODUCTION

The human immunodeficiency virus (HIV) is a membEthe genud.entivirus part of the familyRetroviridae It is
the causative agent of HIV infection and acquiregnunodeficiency syndrome (AIDS). The life cycle lofv
contains several critical steps which can be usedrgets for chemotherapeutic intrusion. In onthese steps the
virus must insert DNA copies of its RNA genome itlhe host chromosomes. This integration is catalynethe
viral-encoded integrase enzyme (IN). HIV IN is ald2a protein produced from the C-terminal portidrtte Pol
gene product. Since HIV-1 IN was recognized asgaiitant antiretroviral drug target, an impressivember of
studies were carried out to find molecules inhitgjtthis enzyme [1-31]. During year 2007, the U.BAFapproved
the IN inhibitor raltegravir. In 2012 the second iiibitor, elvitegravir, was approved. These ekpental studies
have been complemented with theoretical analyses3a-52]. In earlier works we carried out studigth different
molecules for HIV-1 reverse transcriptase inhilifiprotection against cytopathic effects, cytostatifects and
HIV-1 replication [53-55]. Recently, a group of mjpyridinone derivatives was synthesized and tefiedHlV-1
integrase enzyme inhibition, antiviral activity apdotein binding effects [56]. Here we present thsults of a
Density Functional Theory analysis linking sevdoalal atomic reactivity indices of the aforemengdmmolecules
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 &eglained in a very detailed manner in practicelrgry paper
we have published on this subject, we decided fer rine reader to the literature [57-63]. Therefosme shall
discuss below only the resulting equations. Thetenasquation relating any biological activity withectronic
structure is the only member of the class of mddaled methods. It contains local atomic reactiiniyices
describing almost all possible molecule-site atdowainteractions. For the caseibfvitro ligand-site interactions
expressed as equilibrium constants (or affinitystants) or |G, values (that are indirectly related to equilibrium
constants by the Cheng-Prusoff equation, for tfeetselationship see [64]) this method producediewt results
[55, 59, 65-90]. For the case of &mvivo or in vitro multistep and/or multimechanistic action mechanismn
method requires that all the steps and all the am@isms inside each step be the same for all thepgsbmolecules
under analysis. Very good results were obtainedfeariety of molecules and biological activiti®&3[ 54, 72, 91-
107]. This approach is called the Klopman-Peradi¢jGimez method (KPG).

Selection of molecules and biological activity

The molecules were selected from a recent study 466 are shown in Table 1 and Fig. 1. The experiaie

biological activities analyzed in this paper are thsults of a biochemical enzymatic integrasendtteansfer assay
(*"ICsp), a single-round pseudotyped antiviral assayazinilj a luciferase reporte?{V1Csy) and a protein-adjusted
ICs0 (PMVPAICs,, determined using 40 mg/mL of purified human sealbumin in the pHIV assay). A preliminary
analysis of the experimental results shows thastatistically significant relationship exists betmeany couple of

them.
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Figure 1. General structure of the selected naphthidinone derivatives

Calculations

We worked within the common skeleton assumptiorerdisg that there is a set of atoms, common tothedl
molecules analyzed, that explains almost all tldolgical activities. The effect of the substitueistdo modify the
electronic structure of this common skeleton andifiuencing the correct placement of the drug. Toenmon
skeleton is presented in Fig. 2, together withateen numbering used in the resulting statisticalagigns.
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Table 1. Naphthyridinone derivatives and their expemental biological activities

Mol. R: R, Rs Log"ICsc | LogP™ICs. | LogP ™V PAICs
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 0.6 0.9¢ 1.22
5 CH.CH,CH,CH, Me 1.11 0.69 1.20
6 H 4N 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 R Me 0.90 0.77 1.52
11 H ---:--/\ca Me 0.85 0.18 1.18
12 H /\/°\ Me 0.83 0.57 1.96
13 H /vl\ 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 RN 0.76 1.23 1.54
17 Me Me AN 0.60 0.49 0.95

18 Me Me ></ 0.81 0.56 1.91
19 Me Me , Q 1.36 0.86 1.38

20 Me Me i NQ 0.93 1.28 1.40
21 H H NN 0.89 0.63 1.34
22 -+ H R N 0.86 0.48 1.26
23 4> H SN 0.93 0.52 1.59
24 4< H /\/°\ 0.79 0.51 1.76
25 | e, H NN 1.04 0.38 1.30
26 /\/I\ H NN 1.65 1.43 2.09
27 CHCH,CH,CH;, NN 1.62 0.58 1.04
28 CHCH,CH;CH,CH, NN 0.67 0.56 1.08
29 CH,CH,OCH,CH, NN 0.88 0.54 0.83
30 CHCH;N(Me)CH,CH, NN 1.45 0.72 1.11

s N

- J

Figure 2. Common skeleton numbering of naphthyridione derivatives
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Molecular geometries were fully optimized at the TDB3LYP/6-31G(d,p) level of theory with the Gaussia
package [108]. From the corrected Mulliken PopolatAnalysis results, we obtained numerical valums il
electronic local atomic reactivity indices (LARIGppearing in the master equation [109, 110]. D-CE]FAR
software was used for this purpose [111]. Sincestfstem of linear equations cannot be solved becdiesnumber
of molecules is smaller than the number of unknoafficients, a linear multiple regression analy&igIRA) was
carried out. The Statistica software was employd@].

RESULTS

PHIVIC50 Results (antiviral activity).
After successive LMRAS to eliminate the outliersrrthe original set (n=30), we obtained the follegvequation:

l0g("™" ICy) = 9.16+ 1.434,~ 0.008), (UMO+ 2)* 266 KHOMO- 2 )
+3.675" (LUMO)*-3.695 - 1.203. (LUMG- 1)*

with n=28, R=0.96, B=0.92, adj B=0.90, F(6,21)=42.95 (p<0.000001) and SD=0.09. hitiers were detected and
no residuals fall outside the &¢dimits. Here, (/- is the local atomic electronic chemical potentiélatom 15,

Sl'\(l)( LUMO+ 2)* is the nucleophilic superdelocalizability of therd lowest vacant MO localized on atom 10,
Sf( HOMO-2)* is the electrophilic superdelocalizability of ttnérd highest occupied MO localized on atom 9,
S (LUMO)* is the nucleophilic superdelocalizability of thewest vacant MO localized on atom 18, is the

local atomic softness of atom 8 arﬁz'\é( LUMO+1)* is the nucleophilic superdelocalizability of thecend

lowest MO localized on atom 25. Table 2 displayes ltleta coefficients and the results of the t-tessignificance
of coefficients of Eq. 1. Table 3 shows the squaedelation coefficients for the independent ales appearing
in Eq. 1, showing that there are no significaneingl correlations. Fig. 3 shows the plot of obsdms. calculated
log(P""VIC50) values. The associated statistical parametérEq. 1 indicate that this equation is statidhca
significant and that the variation of the numericalue of a group of six local atomic reactivitylices of atoms of
the common skeleton explains about 90% of the tranaf the antiviral activity.

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

Variable Beta| t(21) p-level
His 0.92 | 12.62| <0.000001

Sh(LUMO+2)* | 051 | -8.13| <0.00000]
SS(HOMO-2)* | -078| -9.70| <0.00000]
S(LUMO* 0.65 | 6.97 | <0.000001

S 028 -398| <0.0007
SE(LUMO+1)* | -018| -281| <0.01

PHIVPA|C 5, Results (protein binding effects).

No statistically significant equation was obtairfedthe whole set. We created a new set withoutiding the five
highest experimental values. No statistically digant equation was obtained. Another set builhwitt the lowest
five experimental values did not produce any diatily significant result. For all the LRMA ressglino outliers
were detected and no residuals fall outside the lidits. The only possible explanation is that thetion
mechanism(s) producing tH&"YPAICs, experimental values is not the same for all thdemdes. We have
commented on this possibility earlier as possiblegee of failure of the method employed here [53].
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Table 3. Matrix of squared correlation coefficientsfor the variables appearing in Eq. 1

M | SH(LUMO+2)* | S(HOMO-2)* | Si(LUMO* | S
Fas 1
Sh(LUMO+2)* | 0.0001 1
S (HOMO-2)* | 0.008 0.02 1
S (LUMO* 01 0.02 0.3 1
S 0.002 0.006 0.0009 0.1 1
SE(LUMO+1)* | o0.05 0.04 0.0004 0.01 0.0001
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Figure 3. Plot of predictedvs. observed logf™" IC50) values from Eq. 1. Dashed lines denote the @5confidence interval

STIC50 Results (inhibition of the strand transfer st of HIV-1 integrase).

After successive LMRAS to eliminate the outliersrirthe original set (n=30), we obtained the follegvequation:
|Og(STIC50)=1.78— 0.5'5254 HOMO- 1)*= 0.005‘0 LUMG 2)* 0.24% (LUMO)* @
0.00ESB (LUMO+ 2)*+ 0.283\' (LUMG+ 2)* 0.000@ (LUMG 1)*

with n=27, R=0.97, B=0.94, adj B=0.92, F(6,20)=56.64 (p<0.000001) and SD=0.08. hitiers were detected and
no residuals fall outside the ¢2imits. Here, SZE4( HOMO-1)* is the electrophilic superdelocalizability of the

second highest occupied MO localized on atom%%( LUMO+ 2)* is the nucleophilic superdelocalizability of
the third lowest MO localized on atom 1@';( LUMO)* is the nucleophilic superdelocalizability of trewest
vacant MO localized on atom 15_[1( LUMO+ 2)* is the nucleophilic superdelocalizability of tirérd lowest
vacant MO localized on atom 157'\'( LUMO+ 2)* is the nucleophilic superdelocalizability of tirérd lowest
MO localized on atom 7 an$2N3( LUMO+1)* is the nucleophilic superdelocalizability of thecend lowest MO
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localized on atom 23. Table 4 displays the betdffictents and the results of the t-test for sigrafice of
coefficients of Eq. 2. Table 5 shows the squaradetation coefficients for the independent variabég@pearing in
Eq. 2, showing that there are no significant intégorrelations. Fig. 4 displays the plot of obgetvs. calculated
log("IC50) values. The associated statistical paramefeEs|. 2 indicate that this equation is statishjcsignificant
and that the variation of the numerical value gffaup of six local atomic reactivity indices belamgyto atoms of
the common skeleton explains about 92% of the traniaf the inhibition of the strand transfer stepHIV-1
integrase.

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

Variable Beta| t(20) p-level
S, (HOMO-1)* | -0.55| -9.66 | 0.000000
Sh(LUMO+2)* | -0.58| -10.00| <0.000001
Si(LUMO* | 042 | 6.82 | <0.00000]
SH(LUMO+2)* | 052 | 9.15 | <0.00000]
SY(LUMO+2)* | 022 | 386 | <0.001
SL(LUMO+1)* | 020 | 339 | <0.003

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

SL(HOMO-1)* | SR(LUMO+2)* | SY(LUMO* | Si(LUMO+2)* | SY(LUMO+2)*
Sh(LUMO+2)* 0.02 1
Sk (LUMO* 0.08 0.0001 1
Sh(LUMO+2)* 0.0004 0.0004 0.07 1
S (LUMO+2)* 0.01 0.0009 0.08 0.003 1
Sh(LUMO+1)* 0.003 0.1 0.03 0.01 0.005
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Figure 4. Plot of predictedvs. observed logf'IC50) values from Eq. 2. Dashed lines denote the @5confidence interval
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Table 6. Local molecular orbitals of atoms 7, 9 and0

Mol.

Atom 7 (F)

Atom 9 (C)

Atom 10 (C)

1(100)

9&991100r-1041108t111n

9819911001-10171021104n

97n991100r-101710211 05t

2 (104)

921021103t-1081112t1 15t

102r103r104n-105t106t108t

985100t104r-105t106r109t

3 (108)

10210511067-111n112t11 7

106t10771081-109t110r111n

10551071108t-109110n111n

4 (116)

1031097113r-120n12514 %

1135115t116n-11721181119

114n1150116n-1171118t1 19

5 (115)

113114n1151-1191121n124n

113t11461151-116111 71119

10%511411151-116111 711200

6 (112)

11@111n1127-116111 701200

110t1116112-113t114n1 161

1100111n112r-1131114n1 170

7 (112)

11@111n1127-116111 701200

110t111n1120-113t11421 150

1065111n112n-113t114n117n

8 (111)

9%110n111n-115t1 1621200

1091110r111n-11211137115¢

109110n111n-1121113e1 14

9 (116)

102114r1151-1200125t127n

114511511161-11721181120c

11201151116n-1171118t121n

10 (115)

104114n115n-119n12011 240

113t114n115t-116n11 72119

113t114n115n-116n11721 180

11 (120)

1151191120n-12511261128t

118711971208-121t1227123n

11811197120r-121n1221124%

12 (116)

1141151116n-1200121n1 240

11421151116n-11711181120n

10%11511161-11711181121n

13 (120)

1171181119-124112511280

1172118r119-121n122n1 240

11351181119:-121n12211 250

14 (108)

1061071108t-1131114n116n

106t107r108t-109t110t112n

104t107r108t-1091110e1 120

15 (115)

10@101n114n-11912421271

113111461151-116111 71119

11311146115t-1161117111%

16 (116)

1021091113r-120n125112%

1135115t116n-11721181119

1131151116n-11701181119%

17 (120)

1121131116n-12411293133n

118t11911200-121n122t123t

116511911200-121n12211 23t

18 (124)

1091171121n-12711281133t

1221123n124n-12511261127n

121651231124r-1251126n127n

19 (131)

1131281129m-135113611400

125112913 1n-132t133n134n

12811291131n-1321133t1 340

20 (135)

1191261130n-1381139144n

1305133r11351-136113 71138t

130513311351-136113 71138t

21 (112)

98110011 1n-1161120t124n

110t111n1121-113t114nl16n

1065108t1121-113t114n117n

22 (123)

10%12211231-12711281132n

121n12211231-12411251127n

121n1221123t-12411 2511260

23 (127)

114126n127n-132n13611400

1251126n127n-1281129%131n

1251126rn127r-128t129%130r

24 (124)

1221231124n-128112%3132n

12211231124n-12511261128t

11811231124r-12511 261129

25 (132)

118131n132r-1371138:140t

130t131n1321-13311341135t

130t131n132r-13311 34136

26 (132)

128130n131n-136m137t140n

129130n131n-133t134n136n

1245130n131n-133t134n137n

27 (127)

125126n1271-131n133t136n

1251126061271-1281129%1131n

1216126n127r-12811291132n

28 (131)

115130n131n-1351136113%

129130n131n-132r133t1 35t

1281130n131n-1321133t1 340

29 (131)

128130n131n-136113%147n

129130n131n-1321133t1 35t

129130n131n-1321133t1 340

30 (135)

1181291130n-139%143t144n

13051331134n-136113 71138t

1290130n134r-136113721 38t

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

Mol.

Atom 14 (C)

Atom 15 (C)

Atom 18 (N)

1 (100)

959911001-10171021103

95598199-10Ir1031105¢

981991100r-1012102r105t

2(104)

981031104r-105t1061107n

9851021103-1051071109n

102t103t1047-105t106t109%t

3 (108)

1051077108t-1097110c111n

104t1077108-109113r115¢

104t1077108t-1091110c1 11w

4(116)

118115t1161-11711187119n

11201151116-114121n123

114t1151116n-1171118t1 1%

5 (115)

1131142115t-116711 721190

109%5113t114n-1161119121n

113t1142115t-116111 72119t

6 (112)

1051100111n-1131114n116n

1065110t1117-113c1 1511160

110t1117112r-1131114e1 160

7 (112)

105110r111n-113t114nl16n

1065110t111n-113t115t116n

110t111n112r-1131114n1 160

8 (111)

1061097110n-1127113c115¢

1055106n1091-112111411150

109t11071117-1127113e1 150

9 (116)

1161151116n-1177118t11%n

114t1151116n-11701190121n

112t114r116n-1171118t121n

10 (115)

1161131114n-116n117111%0

10%110r1131-116n118t11%n

113t114r115n-1161117e1 1%

11 (120)

1161181119-121n122t1 240

115116n118r-121n1n23n124n

118t1191120t-121n1222123n

12 (116)

10711411151-1177118t120c

10951141115r1-11721 12911200

114t1150116n-1171118c119%n

13 (120)

11211771187-121x12271 24

1135117n118r-121n1231124n

117118t119n-121n122t123n

14 (108)

103106r1077-109t110t1 128

102103r1061-109t111n112

106t107r108t-1091110r111n

15 (115)

1131141115t-116n11 721210

111611311151-1161119t1n20n

1131114n115t-116111 721200

16 (116)

118115t116n-11721181119%

112t115¢116r-1177121t123%

1127115¢1167-1177118t121n

17 (120)

1161191208-12101221123t

115t1191120n-121n125t12 70

114t1197120n-121n1 2201250

18 (124)

12%1231124-125t1261127n

12051231124r-125112%131n

11901231124n-12511 2601270

19 (131)

125126n1281-1321133t135t

128t1291131n-132t133t1 34t

128112911 31n-1321133t1 35t

20 (135)

12313311351-136r13 71138t

1305133t1351-136G1140t1420

1331134r11351-136113701 38t

21 (112)

118111n1127-113t114n1 150

1065110c111n-113t115t117n

1100111n112r-1131114n1 170

22 (123)

117121n122r-124n125112 70

115511606121n-12411 2601270

121n1222123-1247125t127%

23 (127)

12%1251126n-128112%131n

119120r1251-128t130t131n

125t126rn127r-128t129%130¢

24 (124)

11612211231-12511261128t

117%12211231-125112 71128t

12211231124n-1251126n127n

25 (132)

127130r131n-133t134n136n

1265127n130r-133t1351136n

130r131n132r-1331134t1 35t

26 (132)

12312911301-133t134n136n

1245129130r-133t1351136n

129130r131n-1331134t1 35t

27 (127)

125126n1271-128112%131n

11951205125n-1281131n1 32t

1251126n1271-1281129131n

28 (131)

12812911301-1321133t135t

1245128t1291-13211341135n

129130r131n-1321133r1 35t

29 (131)

12512811301-13211331135t

12451281129r1-132113411350

1281130r131n-1321133t1 34t

30 (135)

12913311341-136113 71138t

12%130r1331-1361140t141n

132t1331134r-13611372140t

Local Molecular Orbitals

Tables 6-8 show the local molecular orbital streetaf several atoms appearing in Egs. 1 and 2 (nolatire:
molecule (HOMO) / (HOMO-2)* (HOMO-1)* (HOMO)*-(LUMQ* (LUMO+1)* (LUMO+2)*).
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Table 8. Local molecular orbitals of atoms 23, 24ral 25

Mol. Atom 23 (N) Atom 24 (O) Atom 25 (C)
1 (100) 9497699%-105t106n123n 981991 00r-105t106w122¢ 86n93n97rn-101n1021104r
2 (104) 10%102t104t-1097110c117t | 102110311042-10911107117t | 90r960100r-105t1067108¢
3(108) 10%106n107r-11311141115¢ 106t1071108t-11311142115¢ 10251036104r-1097110r1 1 ¢
4(116) 114115t116-12%1227123¢ 114711511161-121n12271230 | 10%11065112r-1172118211%
5 (115) 11611271145-120t121n1 26n 113t1142115c-119%1270121 | 99r1085110c-116711 72120
6 (112) 109110r111n-116n1171118c 110011171127-116x1172118¢ 10451056107r-113t1141115¢
7(112) 102110c11165-11671172118t | 110c111n1127-11611170118t | 10461056107r-113c114l15n
8 (111) 106108110%-115t1 161117 109t110n112x-115¢116n11 71 10351046106n-1127113t1 160
9 (116) 112113r116n-121n122712% 114711501 16n-121n12271 44 9911086112r-1171118t120¢
10 (115) | 116111x113r-119120c121n | 1130114e115n-11%120c121 | 1085110t111n-11611177118e
11 (120) | 116118t119r-124125t126nr | 116c118t119t-123c1242125t | 106111401161-121n1221123¢
12 (116) 11811471150-120012 1122 114711501 167-12001210122n 1076108611 1n-1172118t1 19
13 (120) 1151172118r-124n1 251126 117t118r1197-1241125n11 261 11161126115¢-12101 2271 23¢
14 (108) | 10410601076-1127113t114t | 1042106n107r-1122113c114r | 93t1015103t-109t110t111n
15 (115) 11811471150-120012 10122 113c11471157-120n12101 220 1065610%1125-116n117t11%
16 (116) | 11311471150-121n12271230 | 1142115n116n-12101220123 | 108511051127-1177118t119%c
17 (120) | 11#118t119%r-125c126n127r | 118t1190120e-1250126n127 | 112511361151-121n12271 230
18 (124) | 12%1227123r-129130nt131n | 12201231124n-12%130c131r | 116611931205-125n126n127n
19 (131) | 126127r128r-135n136n137r | 12701281129-135t136n137t | 12851305131n-132r138t13%
20 (135) 132133t1351-140114 1142 132713311351-140n14 101421 12%13111336-136n13 71138t
21(112) | 10811051127-1177118t136t | 110t111n1127-11771181136r | 96m1046108t-113c114ellbn
22 (123) 118120112165-1271128112% 121012271231-12711281129% 1146115511 71-124n1 251128t
23 (127) | 122123t125t-1310132c133c | 1251126n1277-130n131n132t | 11811%121x-128:129130c
24 (124) | 1281225123-128112%n1300 | 12211231124r-128112%130n | 10651155118t-125n126n127
25 (132) 127#13051316-136n13 71138t 127t130n131x-1351136n137n 116112561271-133t134n135n
26 (132) | 12913051321-13611370138t | 12%130n131n-13611371138t | 12212361251-133c134e135n
27 (127) 12412512606-13111321133t 1251126n1272-13 11327133t 11811%121x-1281129%1 32t
28 (131) | 128129%130r-135n136e137t | 12%130n131n-135t136n137nr | 1225123t1251-1320133n134n
29(131) | 129130r131n-135n136e137t | 12%130n131n-1341135n136n | 122512361251-1320133c134n
30 (135) 13313461351-141n1427143c 133113411 351-140n14 101421 11%1276128t-136n13 71138t

DISCUSSION

Discussion of"'"VIC50 Results (antiviral activity)
The beta values (Table 2) indicate that the impeetaof the variables istf,> S(HOMO-2)* >

SE(LUMO*> S(LUMO+2)*>> 5,>S(LUMO+1)*. A high antiviral activity is then associated

with high negative values of4,; ands,, and with low negative numerical values &r( HOMO-2)*. The case
of the nucleophilic superdelocalizabilities will lamalyzed case by case below. Atom 15 is a canboimg C. A
higher activity is associated with higher negatratues of the local atomic chemical potentigd. is the midpoint
between HOM@ and LUMO;s energies. Both MOs are afnature (Table 7). LUM@ and HOMQs do not
always coincide with the molecular LUMO and HOMQable 7). Considering that a higher negative valug/n

can be obtained by suppressing HOMGnd/or by lowering the energy of LU*M@ we suggest that atom 15 is
interacting with an electron-rich center. Atom ¥0a carbon in ring B. HOMQ, LUMO,q, (LUMO+1),, and

(LUMO+2), are ofr nature (Table 6). Local (LUMO+g)appears in eq. 1. ISl'\(')( LUMO+ 2)* is positive,

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

MOs, making them more reactive. If negative, loduea of‘S_“(')( LUMO+2)*

These values are obtained also by lowering the (08, energy. Therefore, we suggest that atom 10 is
interacting with an electron-rich center through first three vacant local MOs. Atom 9 is a carliorring B.
HOMOq has ar nature (Table 6). With some exceptions, (HOM@-&hd (HOMO-2J have also & nature. A high

activity is associated with low negative vaIues$§r( HOMO-2)*. This is obtained by shifting downwards the

associated eigenvalue, making this local MO lesstiee. The appearance of (HOMQs2indicates that the first
two highest occupied local MOs also participat¢hia interaction. Joining these three facts, we aesigthat atom 9
is interacting with an electron-deficient centet tith a repulsive interaction of (HOMO-)with an occupied MO
of the site. Atom 18 is nitrogen in ring C. TableslTows that the three highest occupied local MQktha three

are necessary for high activity.
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lowest local vacant ones haveranature. If the values oSl’;( LUMO* are positive, then a high activity is

associated with small positive values of this indéxthe values ofSi';( LUMO)* are negative, then a high

activity is associated with high negative valuestfis index. In both cases, the desired effecbimined by shifting
upwards the energy of the (LUM@) eigenvalue. For these reasons we suggest thatl@dsnacting as an electron
donor and it is probably interacting with an elentdeficient center. Atom 8 is the carbon of the, @kbup linking

rings A and B. All MOs are of nature. S;, the local atomic softness of atom 8, is alwaysoaitive number.
Therefore, a high activity is associated with higimerical values for this index. Being this indbg tnverse of the
local atomic hardness of atom 8, high values vélbbtained by diminishing the HOMGLUMOg distance.

Table 9: Local Molecular Orbitals of atom 8

Mol. Atom 8 Mol. Atom 8
1 (100) 95 98 99:01104107 16 (116)] 105109113-1181201P3
2 (104) 98102103:05108111 17 (120)] 109113116-1221241p7
3(108) 101102105-11011211p 18 (124) 113117121-28631

4 (116) 106109113-11812012
5 (115) 105109114-11811912

w

19 (13)  120121129-38B36
20 (135)  123126138:37139

o

6(112) | 10210$12115117119 21 (112 1021061113116119
7(112) | 10210$12115117119 22 (123]  112116122-1281301132
8(111) | 101105110-11611812D 23 (127)  120726132134136
9(116) | 11011411517120123 24 (124)] 1131124127129131
10 (115) | 10911#1E-118120122 25 (132]  122178:-135137139
11 (120) | 11111%20-123125127 26 (132]  120124131-1351371139
12 (116) | 1061091€-119121123 27 (127 116120126-130131134
13 (120) | 109113119-12312512)7 28 (131) 1243136138139
14 (108) | 9910208111114115 29 (131)  11917A1-136138139
15 (115) | 105108114-117118119 30 (135)  12312603M39141

We can see that in some molecules the local HOM® NED) coincides with the molecule’s HOMO (6, 7, 1P:1
14, 23-25, 28 and 29) while in other the local LUNEDs MO) coincides with the molecule’s LUMO (1, 2, 9,2
21, and 30). For the first case we may diminishHEEMOg-LUMOg distance by a proper substitution localizing the
molecular LUMO on atom 8, while for the last case meed to localize the molecular HOMO on atom &r&tare
some molecules in which neither the local HOMO twe local LUMO match the molecular frontier orbétal
Therefore, and from the information obtained irstbiudy, we are not in position to suggest a sigeatbm-site
interaction. But we may confidently state that fihi®raction involves electrons from both partners. Atom 25 is a

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

biological activity. LUMQs and (LUMO+1)s are ofr nature in all molecules. Moreover, LUMO corresponds

to the molecules’ LUMO. Following an analogous mrasg used for atom 10, we suggest that atom 25 is
interacting with an electron-rich center through first two vacant local MOs. This is a logical chrsion
considering that atom 25 is attached to two moeetednegative atoms, O and N. All the above suguestare
shown in the partial 2D pharmacophore of Fig. 5.

ELECTRON ELECTRON
ELECTRON RICH RICH
DEFICIENT CENTER /H CENTER

CENTER

UNKNOWN ELECTRON

KIND OF
INTERACTION DEENTER

INVOLVING

SIGMA
ELECTRONS

Figure 5. Partial 2D pharmacophore for antiviral adivity
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Discussion of 'IC50 Results (inhibition of the strand transfer stg of HIV-1 integrase).
The beta values (Table 4) indicate that the immusa of the variables isSi'\(')(LUMO+2)* >

SE(HOMO-1)* > S (LUMO+2)* > St (LUMO* >> SY¥(LUMO+2)* >SY(LUMO+1)*. A
high antiviral activity is then associated with lomegative values fcﬁ§2E4( HOMO-1)*. The case of the
nucleophilic superdelocalizabilities will be anadgizcase by case below. Atom 10 is a carbon ofBifig. 2). The

three lowest empty MOs are ofnature (Table 6). If the numerical values Sﬁ)( LUMO+ 2)* are positive, a

high activity is associated with high numericalues for this index. If negative, high activity issaciated with low
negative values. Both cases demand that the (LUM{@+&igenvalue be shifted downwards in the energy. axis
Therefore, we suggest that atom 10 is interactimgpugh its three lowest vacant local MOs, withedectron rich
center. Atom 24 is the oxygen of the {LHIN)O moiety attached to N18 of ring C (Fig. 2).eTthree highest
occupied local MOs are oft nature (Table 8). A high activity is associatedthwiow negative values

of %E4( HOMO-1)*. This suggests that this MO could be engagedrepalsive interaction with occupied MOs

of the partner and that the optimum situation sti@alrrespond to the interaction of the HOMGwith one or more
empty MOs of the site. Atom 14 is a carbon of rBdFig. 2). The first three lowest vacant local M@= ofrn

nature (Table 7). If the numerical vaIuesSiﬁ'( LUMO+ 2)* are positive, a high activity is associated witv |

positive numerical values. These values are olddiyeshifting upwards the corresponding eigenvaiube energy
axis, making this MO less prone to interact witlcuped MOs of the site. The same situation occlithe

numerical values otSﬂ( LUMO+2)* are negative. Therefore, it is suggested that atdninteracts with an
electron rich center through its first two lowestant local MOs. Atom 15 is a carbon of ring C (i LUMO,s
has an nature in all molecules (Table 7). 51“;( LUMO)* is positive, low numerical values of this index are

associated with high activity. These values areaiabd by shifting upwards the energy of the comwesing
eigenvalue. Therefore, we suggest that atom 1hterdcting with an electron deficient center. Atdnis the
fluorine atom bonded to atom C2 (Fig. 2). The fittstee lowest vacant MOs hawenature (Table 6). If the

numerical values oS,N (LUMO+ 2)* are positive, low values are associated with higitvity. These values are
obtained by shifting upwards the energy of the esponding eigenvalue, making (LUMO+2)ess reactive. A
similar situation occurs if the numerical value§$‘f( LUMO+ 2)* are negative. Therefore, it is suggested that

atom 7 is interacting with an electron rich centeough its first two lowest vacant MOs (halogem#®). Atom 23
is the nitrogen of the C}£(N)O moiety attached to N18 of ring C (Fig. 2).eTtirst three lowest local vacant MOs

are ofn nature (Table 8). If the values @“;( LUMO+1)* are positive, a low value of this index is assauat

with high activity. These values are obtained biftisly upwards the energy of the correspondjng igdue.
Therefore, it is suggested that atom 23 is inteérgaolvith an electron rich center through its LUMO All these
suggestions are included in the 2D pharmacopharersin Fig. 6.

ELECTRON
DEFICIENT
CENTER

ELECTRON
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ELECTRON
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CENTER 24
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Figure 6. Partial 2D pharmacophore for
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From the historical point of view, the size of thelecules employed for QSAR studies has grownrasalt of the
increasing computational power. In the earlier dafyQuantum Pharmacology, S@b initio, PPP, EHT, CNDO/2,
PCILO, INDO, etc. methods were employed for confational and electronic structure calculations felatively
small molecules [113-117]. In these cases the paeophores were easily suggested. Today the motethde are
studied have several dozens of atoms and, with someptions, have a great conformational flexspilor this
reason we always present our pharmacophores aslimansional drawings. With the method used here, th
pharmacological active conformation is not easgétect. It is worth to mention that the interprietatof the local
reactivity indices appearing in Eq. 1 and 2 isgne@ment with “intuitive” organic chemistry: an el®n rich atom
interacts with an electron deficient center andiso

CONCLUSION

Satisfactory statistically significant equationsrevebtained for the antiviral activity and HIV-1tégrase inhibition
for a series of naphthyridinone derivatives. Frém pharmacophores built from our results it is fidedo select
one or more atoms for substitution to synthesizapmunds with enhanced activity.
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