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Abstract We present here the results ofa study of the relating electronic structure with theanti-proliferative activities
of quinoxaline derivatives on the K562 and MCF-7 cells lines. The Klopman-Peradejordi-Gémez method was
employed. For each cell line we obtained a statistically significant equation relating the variation of the logarithm of
ICsowith the variation of the numerical values of a set of some local atomic reactivity indices. The process seems to
be mainly orbital-controlled for the K562 cell line and orientational and orbital-controlled for the MCF-7 cell line.
Based on the analysis of the results, a partial two-dimensional pharmacophore was built for each of the two cell
lines. The results should be useful to propose new molecules with higher activity.
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1. Introduction

Cancer is a large group of diseases that can reach any part of the body, and characterized by the rapid proliferation
of abnormal cells. Cancer is the second leading cause of death globally, and was responsible for 8.8 million deaths
in 2015. The most common causes of cancer death are cancers of lung, liver, colorectal, stomach and breast [1]. The
modes of treatment of these diseases are surgery, radiotherapy and chemotherapy. Chemotherapy alone can be
effective for a small number of cancers. It uses molecules that attack cancer cells inhibiting their growth.
Chemotherapy sometimes causes adverse effects. But given its importance newer and more effective molecules are
constantly being synthesized and tested [2-21].

Some specific cell lines were used for in vivo or in vitro studies. MCF-7, acronym of Michigan Cancer Foundation-
7, is the cell line most used for breast cancer studies [22]. K562 cells were the first human immortalized
myelogenous leukemia line to be established. K562 cells are of the erythroleukemia type, and the line is derived
from a 53-year-old female chronic myelogenous leukemia patient in blast crisis[23]. Some quinoxaline has
antiproliferative activity on K562 and MCF-7 cells line.(x) -2-[4-(7-chloro-2-quinoxaliny)oxy]phenoxypropionic
acid is an important lead compound against a broad spectrum of solid tumors. It has high activity for numerous types
of multidrug resistance (MDR) cancers [6]. Because of the asymmetric carbon substituted by R, we have two
isomers, the R(+) and the S(-). The R(+) stereoisomer is slightly more potent than S(-)-isomer [24]. The
antiproliferative activity mechanism is not clearly known, but some attempts of mechanisms were proposed [25-32].
The study of the structure-activity relationships (SAR) is important for the synthesis of new and more active
molecules. There are several statistics-based SAR methods for carrying out such task. On the side of the model-
based methods, the Klopman-Peradejordi-Gomez (KPG) approach has proven to be very useful to disclose the
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relationships between electronic structure and receptor affinity. Recently, it was shown that, for a group of
molecules having a complex biological activity expressed through the same many-step mechanism, the KPG method
could also be used with excellent results. The use of the KPG method relating antiproliferative activity and
electronic structure for several group of different molecules were effective[33-37].

In this paper we present the results of a quantum-chemical analysis of the relationships between the electronic
structure and the antiproliferative activity against the K562 and MCF-7cell lines of a series of quinoxaline
derivatives. From the results obtained we propose the associated two-dimensional (2D) antiproliferative partial
pharmacophores.

2. Methods, Models and Calculations

2.1. Model and Selection of Molecules

Since the KPG method has been extensively discussed in many previous papers, we present here only a short
summary [38]. As we said before, this method was originally developed for the study of drug-receptor equilibrium
constants (pA,, K, ICs).Considering that many of the in vitro effects are the ultimate result of two or more
unidentified or unsatisfactorily known processes, that all these processes can be described in terms of the electronic
structure of the molecules and that this electronic structure is described by the same reactivity indices describing
equilibrium constants, a preliminary representation of the final biological action can be obtained simply by replacing
log K; by log (BA), where BA is any biological in vitro or in vivo activity.

Therefore, the antiproliferative activity, AA, can be expressed as a linear relationship of the form:

log(AA) =a+) [ e,Q+ f,S +5,5) |+ > h;(M)F,(m)+x;(M)SF(m) |+

ZZ[rj (M)F,(m") +t,(m)s (m’)}+Z[gjyj +K;77; +0j0; + 2,6 +W,Q™ |+ 1)
Iom J

U
2.0
k=1
where Q; is the net charge of atom j, SjE and SJN are, respectively, the total atomic electrophilic and nucleophilic

superdelocalizabilities of atom j, Fj m(F;.) is the Fukui index of the occupied (vacant) MO m(m’) located on atom j

[39]. SjE (m) is the atomic electrophilic superdelocalizability of MO m on atom j, etc. The total atomic electrophilic
superdelocalizability of atom j corresponds to the sum over occupied MOs of the SjE (M) ’s and the total atomic
nucleophilic superdelocalizability of atom j is the sum over vacant MOs of SJN (m) ’s[40]. Ui is the local atomic
electronic chemical potential of atom j, n; is the local atomic hardness of atom j, O, is the local atomic

electrophilicity of atom j, o is the local atomic softness of atom j, and Q;nax is the maximum amount of electronic

charge that atom j may accept from another site[40]. O, ’s are the orientational parameters of the substituents [41].

Throughout this paper HOMOJ-* refers to the highest occupied molecular orbital localized on atom j and LUMOJ-* to
the lowest empty MO localized on atom j. They are called the local atomic frontier MOs.

The application this model has given excellent results for a great variety of drug-receptor systems and biological
activities [33-37, 42-50]. Therefore, for each molecule of the group studied we have one Eq. 1. Usually enough
experimental data to solve the linear system of equations 1 cannot be found in the literature. This force us to use
linear multiple regression techniques in order to find those reactivity indices whose numerical variation gives an
account of the variation of the antiproliferative activity.

The structures of the compounds are shown in Figure 1 (R, is behind the plane) and Table 1 summarizes the values
of their median inhibitory concentrations expressed as log(ICsg) for the R(+)-isomer [6].
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Figure 1: Structure of quinoxaline derivatives
Table 1: Quinoxalines and their experimental anti-proliferative activity

Mol. R, R, R; R, Rs  10g(ICs)MCF-7 log(ICs;)K562
1 H H CH, CH;, CH; 1.58 1.66
2 H H CH, (CHa3),CHCH,- CH; 141 135
3 H H CH, CH3CH,CH(CH;)- CH; 1.56 1.58
4 H ClI CH, CH;, CH; 1.53 1.42
5 H ClI CH, (CH3),CHCH,- CH; 136 151
6 Cl H CH; CeHsCH,- CH; 1.41 1.44
7 Cl H CH; (CH3),CHCH,- CH; 1.28 1.34
8 H H CH, CH, H 141 1.45
9 H H CH, (CH3),CHCH,- H 117 1.29
10 H H CH, CH;CH,CH(CHz)- H 155 1.48
11 H ClI CH, CH;, H 129 1.32
12 H ClI CH, (CHa3),CHCH,- H 124 1.33
13 Cl H CH, CeHsCH,- H 130 1.33
14 Cl H CH, (CHa3),CHCH,- H 118 1.16
15 H H NH(CH,)uCH; CgHsCH,- CH; 152 1.48
16 H H NH(CH)uCH; CHs, CH; 153 1.43
17 H H NH(CH,)uCH; (CHs),CHCH,- CH; 1.64 1.49
18 H H NH(CHp)uCH; H CH; 158 1.63
19 H H NHC(CH,); CH;, CH; 152 1.59
20 H H NHC(CH,); CeHsCH,- CH; - 1.01
21 H H NH(CH»)uCH; CeHsCH,- H 083 0.87
22 H H NH(CHp)uCH; CHs H 061 0.52
23 H H NH(CH»)uCH; (CHas),CHCH,- H 148 1.33
24 H H NH(CH)uCH; H H 147 1.42
25 H H NHC(CH,); CH;, H 105 1.26
26 H H NHC(CH,) CH;CH,CH(CH;)- H 161 1.63
27 H H NHC(CH,); CeHsCH,- H 140 1.18

2.2. Calculations

The Gaussian03 package of software [51] was used to optimize the geometry of all molecules in their neutral form.
The calculations were performed within the Density Functional Theory (DFT) at the B3LYP/6-31G(d,p) level. The
D-Cent-QSAR software [52] was used to calculated the local atomic reactivity indices from the single point results
of Gaussian03. All electron populations lesser than or equal to 0.01e are considered null[53]. The orientational
parameters of the substituents are calculated in the usual manner [54]. We used the concept of common skeleton
defined as a set of atoms common to all the molecules analyzed. We hypothesize that the variation of the numerical
values of the local atomic reactivity indices (LARIs) of the atoms of this common skeleton accounts for almost all
the variation of the biological activity. The numbering of the atoms of the common is shown in Fig. 2.
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Figure 2: Common skeleton numbering
For linear multiple regression analysis (LMRA) a data matrix containing log (1Cs,) as the dependent variable and the
local atomic reactivity indices of all the atoms of the common skeleton as independent variables was used. The
Statistica software was used to perform LMRA studies[55].

3. Results
3.1 Results forthe anti-proliferation activities on K562 cells.
The best statistically significant equation obtained is the following:

log(IC,,) =—20.19— 2.3282'5l +1.66F,, (HOMO) *-5.13F;(LUMO) *+3.15F ;, (LUMO) * 2
+0.16F19(HOMO)*+0.49F6(LUMO)*+0.668£(HOMO)*

with n=23, R= 0.97, R?= 0.95, adj-R2= 0.93, F(7,15)=42.63 (p< 0.000001)and a standard error of estimate of 0.06.
No outliers were detected and no residuals fall outside the +2c limits. Here SzEliS the total atomic electrophilic
superdelocalizability of atom 21, F,,(HOMO)* s the electron population(Fukui index) of the highest occupied
MO localized on atom 21, F,;(LUMO)*is the electron population of the lowest empty MO localized on atom 13,
Fs(LUMO)*is the electron population of the lowest empty MO localized on atom 11, Ko (HOMO) *is the
electron population of the highest occupied MO localized on atom 19, F,(LUMQO)*is the electron population of

the lowest empty MO localized on atom 4, SZES(HOMO)*is the atomic electrophilic superdelocalizability of the

third lowest empty MO localized on atom 23. Table 2 shows the beta coefficients and the t-test results for the
significance of coefficients of equation 2. Concerning independent variables, Table 3 shows that there are no
significant correlations among the reactivity indices. Fig. 3 shows the plot of observed vs. calculated values of
log(ICsg). The associated statistical parameters of Eq. 2 show that this equation is statistically significant and that the
variation of the numerical values of seven LARIs explains about 93% of the variation of the biological activity.

Table 2: Beta coefficients and t-test for significance of coefficients in equation 2

Variable Beta coefficients t(15)  p-Value
S, -0.87 -12.82  0.0000001
F,,(HOMO)* 0.56 8.58  0.0000001
F,(LUMO)* -0.80 -11.11  0.0000001
Fs(LUMO)* 0.42 6.71  0.000007
Fo(HOMO)* 0.35 5.08  0.0001
F,(LUMO)* 0.26 4.16  0.0008
S, (HOMO)* 0.15 232  0.03
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Table 3: Squared correlation coefficients for the variables appearing in Eq.2

SE F,(HOMO)* F,(LUMO)* F,(LUMO)* F,(HOMO)* F,(LUMO)*

F,,(HOMO)* 0.02

F;(LUMO)* 0.2 0.01
Fs(LUMO)* 0.00 0.01 0.14
Fo(HOMO)* 0.09 0.08 0.06 0.02
F(LUMO)* 0.02 0.002 0.005 0.006 0.05
S5, (HOMO)* 0.02 0.20 0.002 0.002 0.02 0.08
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Figure 3: Plot of predicted vs. observed log(ICsg) values. Dashed lines denote the 95% confidence interval

3.2. Results for the anti-proliferation activities on MCF-7 cells
The best statistically significant equation obtained is the following:

log(1C,,) = 2.96—0.90S" (HOMO) *-0.002¢,,, +0.69 11,,
_0.40F, (HOMO)*—1.84F,, (HOMO)* +2.67¢,

with n=22, R= 0.98, R2= 0.95, adj-R?= 0.94, F(6,15)=51.70 (p< 0.000001)and a standard error of estimate of 0.05.

No outliers were detected and no residuals fall outside the 2o limits. Here S| (HOMO)™*is the atomic

©)

electrophilic superdelocalizability of highest occupied MO localized on atom 15, ¢y, is the orientational parameter
(OP) of the R, substituent, 4, is the local atomic electronic chemical potential of atom 22, F,(HOMO)*is the
electron population of the highest occupied MO localized on atom 6, F,, (HOMO) *is the electron population of

the highest occupied MO localized on atom 22 and ¢ is the local atomic softness of atom 16.
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Table 4 shows the beta coefficients and the t-test results for the significance of coefficients of equation 3.

Concerning independent variables, Table V shows that the highest internal correlation is r? (F;(HOMO)*,

SlE (HOMO) *)=0.40. Fig. 4 shows the plot of observed values vs. calculated values of log(ICsg). The associated

statistical parameters of Eqg. 3 show that this equation is statistically significant and that the variation of the
numerical values of six LARIs explains about 94% of the variation of the biological activity.
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Figure 4: Plot of predicted vs. observed log(ICsp) values. Dashed lines denote the 95% confidence interval
Table 4: Beta coefficients and t-test for significance of coefficients in equation 3

Variable Beta coefficients t(15) p-Value
SlE (HOMO)* -0.66 -8.80 0.000000
Prs -0.38 -5.40 0.00007
e 0.32 4.08 0.001
F,(HOMO)* -0.22 -293 0.01
F,,(HOMO)* -0.18 -2.46  0.03

Gue 0.16 232 0.03

Table 5: Squared correlation coefficients for the variables appearing in equation 3

S; (HOMO)* ¢, Ha F(HOMO)*  F,,(HOMO)*
Pr2 0.02
e 0.10 0.02
F,(HOMO)* 040 004 010
F,,(HOMO)* 003 005 032 0.0
G 0.00 0.24 0.02 0.05 0.13
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3.3. Local molecular orbitals
Tables VI and VII show the Local Molecular Orbitals of atom 1, 6, 13, 18, 19 and 21 (see Fig. 3). Nomenclature:
Molecule (HOMO) / (HOMO-2)* (HOMO-1)* (HOMO)* - (LUMO)* (LUMO+1)* (LUMO+2)*.

Table 6: Local Molecular Orbitals of atoms 1, 6 and 13

Mol Atom 1 (N) Atom 6(C) Atom 13 (C)
1(96) 941p951961-971p981p99n 93195196m-971981991 921931967-9719871007
2(108)  106lp1077108n-109%110Ipl1ln 105610771087-1097110x111x  104x10571087-1097110x111x
3(116)  113Ip115Ipl16m-1171p118Ip119%  113x115%116n-117x118x119n  113n11571167-11771187120%
4 (104)  1011p1031p1047-1051p106Ip107  101610371047-10571062107  101x10371047-105710671 087
5(116) 113Ipl15lpl16m-1171p118Ipl19n  11361157116m-11771187119n  113n11571167-11771187120%
6 (124) 120p121w1227-1251p1261p127n  1207121w1227-12571267127n 118n12171227-12571267128%
7(116) 113lpl14nll6m-1171p118Ipl19n  113wl14nl16n-1177118x119n  1127114n1167-11771187119%
8 (92) 901p917927-931p941p95n 8969119271-931194795n 881891927-931941957
9(104) 1021p10371047m-1051p106Ip107x  101610371047-105721067107  100m10171047-105210671077
10 (104) 1021p10371047-1051p1061p107x  101610371047-10571067107x  100710171047-105210671 087
11 (100) 971p991p100%-1011p1021p1037 976997100%-101210271037 97199711007-101710271 047
12 (112) 1091p111lp1127-1131p114Ip115x  109611171127-1137114n1152 10971117112%-113n114nl16n
13(120) 116lp117x118n-1211p1221p123xw  1156117x118n-1217122x123%  114n1177118=-12171227124n
14 (112) 1091p110x1127-1131p114Ip115x  110x111x112n-11371147115x  108n1107112%-113n114nl16n
15 (164) 1581p160lp1627-165lp1661pl72lp 1600616271647-1651166w168n  158715971627-1657167n1 721
16 (144) 140Ip1421p143n-1451p146lp150n  1420143n144n-145n1467148n  139714071437-145721477150%
17 (156) 1531Ip151p41557-1571p158Ip162lp 154061557156m-157n1587160n  151n15271557-157215971627
18 (140) 1361p138lp1397-141Ip142Ip146lp 138n139n140n-141n142n144n  135713671397-141n143n146m
19 (112) 108Ip1091p1117-113Ip114Ip118Ilp 109xl111nl127-113xwl14nl16n 107710871117-11371157118%
20 (136) 1311p132Ip134n-1371p138Ip143lp 1327134n136n-1377138n140n  1297130m1347-1377139n144n
21 (160) 156lp15871597-161Ip162Ip168 158715971607-161n162n164n  154n15571587-16171631168%
22 (140) 136lp138Ip139n-1411p142Ip146lp 138w1397140n-1417142n144n  1357136m139n-141n143n1467
23 (152) 148Ip150lp1517-153Ip1541p158 150m151n1527-153n154n156n  147n148n1517-15371557158%
24 (136) 1321p134lp1357-1371p138Ipl42lp 134w1357136m-137n138n140n  13171327135%-137w1391142n
25 (108) 1041p106lp1077-109Ip110Ip114lp 106m10771087-1097110%112x  10371047107%-109%1 1171 14%
26 (120) 116lp118Ip1197-121Ip122Ip126lp 118w1197w1207m-12171227124x  11571167119%-121712371267
27 (128) 1221p1241p126m-1291p1301p136lp  1247126m128n-1297130x132n  122712371267-129713 1n136m
Table 7: Local Molecular Orbitals of atoms 18, 19, 21and 22
Mol. Atom 18 (C) Atom 19 (O) Atom 21 (C) Atom 22 (C)
1(96) 86m87m94n- 931p94m961p- 866900946- 86m1891907-
97n98n99n 971p981p99n 102610561100 102710371057®
2(108) 937194n106m- 9319471061p- 102610361060~ 94610171027-
1097110=111x 109Ip110Ipl1ix 114612001240 1137114=115%
3(116) 1027107zl 14x- 1147115Ip116lp- 1116112061140- 109zl 117l 127-
1177118=119% 1171p118lp119=% 122612961300 122712461260
4 (104)  92n9371027- 10271031p1041p- 9369851020- 93697198n-
10571067107x 1051p1061p107x 1106114061190 1107112=1 140
5(116) 100m102x1147- 11471151Ip116]p- 107c111c1140- 1026109711 1x-
1177118n119% 1171p118Ip119n 122612801330 1227124n1266
6 (124) 106m107x1207- 12071211p1221p- 1176120c6124c- 1157117w1200-
1257126w127x 1251p1261p127x 130613161320 130m131n132n
7(116) 100m101wl157- 114lp115n116lp- 108c111c61150- 1016109x1117-
1177118=119% 1171p118Ip119=% 1226128061330 1227124n12606
8 (92) 80m817m907- 891p90n921p- 816866900- 81084n86m-
931947951 931p941p95n 9769861000 97n981991
9(104) 907m93m102x- 1011p10271041p- 9769861020c- 96m97198n-
10571067107x 1051p1061p107x 109611001140 1097110x111x%
10 9079371027- 1011p10271041p- 9769851020- 94197198n-
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(104) 105710671077 1051p106Ip107= 1100112061140 1097110x1120
11 88n891987- 98m991p1001p- 89694698c- 89591194m-
(100) 1017102w103% 1011p1021p103n 1066110011106 106710871106
12 95197w110m- 110x111Ip1121p- 104610651100- 9971t10471067-
(112) 11371 14x115% 1131p114Ip115n 118612301246 1187120n1216
13 102x103c116m- 116m1171p118lp- 112611651200- 107w110n1 127-
(120) 1217122%123n 1211p1221p123=n 12661276128c 1267127w128n
14 96m97n111n- 110lp111x1121p- 1056106061110- 104105106-
(112) 113xn114n1 157 1131p114lp1157 1186123061240 118n120%1220
15 138n15851597- 159x160Ip1621p- 15661596163c- 1416153n1567-
(164) 1651166m168n 165lp166Ip172n 169617061710 1697170n171n
16 123n125n141x- 14171421p1431p- 125613801410- 1256135n138n-
(144) 145n146m148n 145Ip1461Ip151lp 1496165061670 1491517155
17 133n153n154n- 153n154w1551p- 1456150c1510- 13214771507
(156) 1577158n160n 1571p158lp163n 161617261800 16171631165
18 1187119713 7x- 13771381p1391p- 119613461376- 1197131n134x-
(140) 1417142n144 1411p1421p147n 145614961590 145n147n1540
19 9869911 107- 1091p110x1111p- 99610661100- 997104n1067-
(112) 113n114nl 167 113Ip114Ip119lp 11761276128c 117x119w121c
20 1307131m1327- 1317132n134lp- 1286132061350- 1216126128n-
(136) 1371138n140n 1371p138Ip145n 1416142061430 14171427143 n
21 134n154n155n- 15571561p1581p- 154615561590- 1437148152-
(160) 161n162n164n 1611p162Ip168n 165616661670 165716671671
22 1197120%137x- 13771381p1391p- 1206134061370- 128n1297134n-
(140) 1417n142n144n 1411p1421p147n 1456148061500 14511471480
23 127712871497- 14971501p1511p- 142614606149c- 135n142n146m-
(152) 1531154n156n 153Ip1541p1591p 157616261660 15771597160n
24 112n1157133x- 13371341p135lp- 115613001336- 106612371307-
(136) 1371138n140% 1371p138lp143n 1416146061620 1417143n144n
25 94n9571057- 10571061p1071p- 9561020610506- 956991102=-
(108) 1097110=112% 109Ip110Ip1157 1136117061180 113n115x1170c
26 1097116m1177- 1177118Ip1191p- 1116114061170- 110711171 147-
(120) 1217122%124n 1211p1221p127n 125612961300 1257127612906
27 110712271237- 12371241p1261p- 1206123061270c- 1157117x120m-
(128) 1297130m132n 1291p130Ip1371p 1336134061350 1337134n135n

Figures 5 and 6 show the local (HOMO)* of atom 19. In the first case we observe clearly the lone pair orbital and in
the second case we notice also the lone pair orbital with the big lobes which look like 1 MO. In the two cases the
lobes are below and above the atom that is normal in carbonyl group.

Figure 5: Local (HOMQO)* of atom 19 of moleculel (corresponding to the molecule’s HOMO)

)
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Fig 6: Local (HOMO)* of atom 19 of molecule2 (corresponding to the molecule’s (HOMO-2)).

4. Discussion

Before discussing the equations we must stress that they contain only those terms related to the variation of 1Cs
through the series. We shall employ the variable by variable approach for the discussion (VbV). Also, it is important
to understand that the binding pharmacophore is conceptually clear because it corresponds to a drug-receptor
interaction. The inhibition pharmacophore is not.

4.1. Discussion for the anti-proliferation activities on K562 cells
The beta values shows that the importance of variables is S, > F,, (LUMO) *> F,, (HOMO) * > F,, (LUMO) *

>F,(HOMO)*> F,(LUMO)*>SZ (HOMO)*.  The associated p-value of Table 2 indicates that

SZE?)(HOMO)*is not significant, so we will only discuss the six others indices. The process seems to be orbital-

controlled because all the indices depend on the electron population or/and the energies of the MOs. Keeping in
mind that the values of the electrophilic superdelocalizability are always negative and the values of the Fukui index
are always positive, aVbV analysis indicates that a good activity is associated with low negative numerical values of

S,, , low positive numerical values for F,, (HOMO)*, F,(LUMO)*, F,(HOMO)*, and F,(LUMO)*

and high numerical values for F;(LUMO)*. Atom 21 is the carbon atom of one of the CH, groups of the lateral
chain of ring C (Fig. 2). All the local MOs of atom 21 are ¢ type. HOMOy* does not coincide with the HOMO of
the molecule (Table 7). Note that (LUMO),,” is energetically far from the molecular LUMO. A low value of 82El
indicates that atom 21 should behave as a bad electron donor. Eq. 2 indicates coincidently also that a high activity is
associated with a low numerical value of F,;(HOMO)* . This suggests that atom 21 seems to be involved in a

repulsive MO-MO interaction with one or more occupied MOs of the site. If these interactions are of the o-c kind,
they may occur with the sigma MOs of the —CH,- groups of some amino acids. Atom 18 is the carbon atom of the
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carbony! group (Fig. 2). The association of high activity with low numerical values of F,(LUMO)* suggests that

this MO is engaged in a repulsive MO-MO interaction with empty MOs of the site. As (LUMO),4* is a MO of =

nature in all molecules and it coincides with the molecule’s LUMO (Table 7), a better activity will be achieved if the
molecular LUMO and next empty MOs are not localized on this atom. Atom 19 is the oxygen atom of the carbonyl
group (Fig. 2). (HOMO)'is a lone pair (Table 7) in which the lobes are below and above the atom (fig.5,6). The

low numerical value of Fo(HOMO)™* suggests a repulsive MO-MO interaction with occupied MOs of the site.

Therefore, activity will be higher if (HOMO),o" corresponds to an occupied MO energetically far from the molecular
HOMO. Atom 6 is a carbon atom of the aromatic ring A (Fig. 2). A high activity is associated with low numerical

values of F,(LUMO)* All the local LUMO* are of m nature (Table 6). Again we are in presence of what seems

to be a repulsive MO-MO interaction. So an electro-deficient moiety could be substituted on atom 6. Atom 13 is a
carbon atom of the aromatic ring C. (LUMO)y; is a © MO in all molecules (Table 6). A high value for

F.;(LUMO)™* is associated with high inhibitory activity. Therefore, we suggest that atom 13 is interacting with a
n electron-rich center. All these suggestions are presented in the partial 2D inhibition pharmacophore of Fig. 7.

Repulsive MO-MO
interaction with empty
MOs of the site

N\ o) o
A
P 21
N 18 \ o
ol9

Repulsive MO-MO
interaction
with occupied MOs.

[ Repulsive MO-MO ’

Electron deficient Pi Electron rich
moiety center

interaction with
occupied MOs

Figure 7: Partial 2D pharmacophore for the anti-proliferative activities of quinoxaline derivatives on the K562 cell
line

4.2. Discussion for the anti-proliferative activities on MCF-7 cells

The beta values shows that the importance of variables is ST (HOMO)*>¢,,> u,,> F,(HOMO)* >

F,,(HOMO)*>¢,,. The associate dp-values indicate that the last three indices are not significant, so we shall
discuss the first three ones. The process seems to be orientational- and orbital-controlled. A VbV analysis indicates
that a good activity is associated with low negative numerical values of S”(HOMO)™, a high value of ¢, and

high negative values of fi,,. Atom 1 is a nitrogen atom of the ring B (Fig.2). The local HOMO* of atom 1 is of &
nature for all molecules (Table 4). LUMO;" has a lone pair nature and it coincides with the molecular LUMO. The

low numerical value of S;” (HOMO)™* indicates that atom acts as a bad donor, so this atom should interact with an

electron rich center of the receptor, possibly a m- interaction.R; is the substituent on atom 6. The high value of @y,
suggests that R, should be a big substituent or that the substituent must be in its extended form. Atom 22 is a carbon
atom of the carboxylate group. A higher negative value of /s, should be obtained by making more negative the

HOMO* energy, making this atom a bad electron donor. Note that this atom is a bad electron-donor because it’s
local HOMO,," is energetically far for the molecule’s HOMO (Table 7). Theoretically we may lower the value of
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112, by making zero the electron population of the actual HOMO,,, i.e., changing it by a still energetically lower
MO. But Table 7 informs us that, given the nature of the actual (HOMO),,", this technique will be very difficult to
use. Now, Table 7 shows that (LUMO),, does not coincide with the molecular LUMO. Therefore another
possibility is to localize the molecular HOMO also on atom 22. This technique seems more plausible because atom
22 has a positive net charge. Therefore, atom 22 seems to interact with an electron rich center of a probable 7 nature.
All these suggestions are presented in the partial 2D inhibition pharmacophore of Fig. 8.

s N

Electron rich
~_volumen.
Pi-Pi interaction?

el
N

Electron rich
Substituent center. Pi-Pi
with large OP interaction?

value

. J

Figure 8: Partial 2D pharmacophore for the anti-proliferative activities of quinoxaline derivatives on the MCF-7

cell line

5. Conclusion

In summary, we have obtained a statistically significant equations which can be used to predict the antiproliferative
activity of quinoxaline derivative on K562 and MCF-7 cell lines. The obtained pharmacophores show the chemical
modification that are useful to propose some molecules which will be more actives.
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