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Abstract Some 2H-pyrido[1,2-c]pyrimidine derivatives present affinity for the 5-HT,5 receptor and the serotonin
transporter protein. In this paper we present the results of the search of relationships between the electronic structure
of these molecules and the abovementioned affinities. The Klopman-Peradejordi-Gémez method was employed.
Statistically significant equations were obtained for both affinities. Starting from the QSAR results we built the 2D-
pharemacophores including the possible interactions with the binding site(s).
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Introduction

Serotonin (5-hydroxytryptamine or 5-HT) is a neurotransmitter that modulates neural activity and a varied range of
neuropsychological processes. The 5-HT receptors are found in the central and peripheral nervous systems. They
can be divided into 7 families (5-HTy, ..., 5-HT5). All families are G protein-coupled receptors with the exception of
the 5-HT 5 family which is a ligand-gated ion channel.

The 5-HT 4 receptor is a subtype belonging to the 5-HT, family and is the most widespread of all the serotonin
receptors [1-7]. Its activation induces the secretion of many hormones including adrenocorticotropic hormone, -
endorphin, cortisol, corticosterone, growth hormone oxytocin and prolactin.

The serotonin transporter (SERT) is a protein that transports serotonin from the synaptic cleft back to the
presynaptic neuron [8]. It is the target of many antidepressant medications of the selective serotonin reuptake
inhibitors and tricyclic antidepressant classes. Many groups of molecules binding to the serotonin receptors and the
SERT protein have been synthesized [6, 9-22].

We have been studying for a longtime the relationships between electronic structure and affinity for the various
serotonin receptors for a diversity of molecular systems [23-38].

Recently the synthesis of a group of 2H-pyrido[1,2-c]pyrimidine derivatives presenting affinity for the 5-HTa
receptors and the serotonin transporter protein was reported [39].As another contribution to the knowledge of the
mode of binding of these new compounds we present here the results of a study of the relationships between their
electronic structure and their affinity for the abovementioned structures, SERT and 5-HT 4 receptor.
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Methods, models and calculations
The molecules and receptor binding affinities are presented in Fig. 1 and Table 1 [39].

Figure 1: General formula of molecules
Table 1: 2H-pyrido[1,2-c]pyrimidine derivatives.

Molecule R, R, Rs l0g10(K3)  10g10(Kj)
(5-HT.s) (SERT)

1 H H H 1.34 1.83
2 clH H 1.70 2.01
3 F H H 1.72 2.38
4 CH, H H 2.01 1.88
5 OCH; H H 2.12 2.61
6 H Cl  H 2.47 1.91
7 H F H 1.66 1.66
8 H CH; H 1.80 2.32
9 H OCH; H 1.62 1.61
10 H H F 2.32 0.90
11 cl H F 2.58 2.41
12 F H F 2.34 2.06
13 CH, H F 2.58 2.53
14 OCH; H F 1.90 2.07
15 H cl F 2.19 1.93
16 H F F 2.17 1.48
17 H CH, F 2.13 2.13
18 H OCH; F 2.15 1.43
19 H H OCH; 2.42 2.39
20 cl  H OCH, 2.25 2.66
21 F H OCH; 2.11 3.22
22 CH, H OCH, 2.68 1.94
23 OCH; H OCH, 1.84 2.59
24 H Cl  OCH, 241 2.69
25 H F OCH, 2.45 2.28
26 H CH; OCH, 2.52 2.24
27 H OCH; OCH; 1.79 1.93

Models and methods

The tool employed here is the Klopman-Peradejordi-Gomez (KPG) method. As the method has been fully reviewed
recently we refer the reader to the literature [41-52]. We shall discuss only the results obtained here. Originally, the
KPG method is a formal linear relationship between the drug-site affinity constant and a set of local atomic
reactivity indices derived from the statistical-mechanical definition of the equilibrium constant. To them the so-
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called orientational parameters of the substituent were added. Recently it was shown that, under definite
circumstances, this linear relationship could be extended to any biological activity. Finally, a new set of local atomic
reactivity indices was generated within the Hartree-Fock framework and integrated into the model. The success of
the KPG method is unquestionable [23, 53-62].

Calculations [40]

The electronic structure of all molecules was calculated within the Density Functional Theory (DFT) at the
B3LYP/6-31G(d,p) level with full geometry optimization. The Gaussian suite of programs was used [63]. The
information needed to calculate the numerical values for the LARIs was obtained from the Gaussian results with the
D-Cent-QSAR software [64]. All the electron populations smaller than or equal to 0.01 e were considered as zero.
Negative electron populations coming from Mulliken Population Analysis were corrected as usual [65]. As the
resolution of the system of linear equations is not possible because we have not experimental data, we employed
Linear Multiple Regression Analysis (LMRA) techniques to find the best solution. For each case, a matrix
containing the dependent variable (log(K;) in this case) and the local atomic reactivity indices of all atoms of the
common skeleton as independent variables was built. The Statistica software was used for LMRA [66]. The
common skeleton numbering is shown in Fig. 2.

Figure 2: Common skeleton numbering
Atoms 38, 39 and 40 correspond to the atoms of the substituents that are directly attached to the rings.

Results
Results for 5-HT 4 receptor affinity.
The best statistically significant equation is:

log(K,) = 2.45+0.29S% (HOMO — 2)*—0.70S ) (LUMO + 2) *+

+0.004S (LUMO +1)*+0.85S} (LUMO) *

with n=23, R=0.95, R?=0.91, adj-R?=0.88, F(4,18)=43.14 (p<0.000001) and SD=0.11. No outliers were detected and
no residuals fall outside the +2¢ limits. Here,Ss;"(HOMO-2)* is the electrophilic superdelocalizability of the third
highest occupied MO localized on atom 33, S,"(LUMO+2)* is the nucleophilic superdelocalizability of the third
lowest empty MO localized on atom 40, Sg"(LUMO+1)* is the nucleophilic superdelocalizability of the second
lowest empty MO localized on atom 6 and SiM(LUMO)* is the nucleophilic superdelocalizability of the lowest
empty MO localized on atom 19.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. 1. There are no significant
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internal correlations between independent variables (Table 3). Figure 3 displays the plot of observed vs. calculated

log(KG).
Table 2: Beta coefficients and t-test for significance of coefficients in Eq. 1
Beta t(18) p-level
S (HOMO-2)* 0.78 10.60 0.000000
SiN(LUMO+2)* -0.57 -6.98 0.000002
SM(LUMO+1)* 040 4.80 0.0001
S (LUMO)*  0.25 3.27 0.004
Table 3: Matrix of squared correlation coefficients for the variables in Eq. 1
Sss-(HOMO-2)* SN (LUMO+2)*  SN(LUMO+1)*
Sg (HOMO-2)*  1.00
Sk (LUMO+2)*  0.00 1.00
S (LUMO+1)*  0.02 0.17 1.00
S (LUMO)*  0.03 0.00 0.06
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Figure 3: Plot of predicted vs. observed log(K;) values (Eq. 1). Dashed lines denote the 95% confidence interval
The associated statistical parameters of Eq. 1 indicate that this equation is statistically significant and that the
variation of the numerical values of a group of four local atomic reactivity indices of atoms of the common skeleton
explains about 88% of the variation of log(K;). Figure 3, spanning about 1.2 orders of magnitude, shows that there is
a good correlation of observed versus calculated values.

Results for serotonin transporter protein (SERT) affinity
The best statistically significant equation is

log(K,) = —4.44 +1.83S5 (HOMO —1) *—0.77SE (HOMO) *+4.93S (LUMO +1) * +
+2.64S ) (LUMO +2)*—1.29 4, — 2.23F,, (LUMO +1) *—0.73S }, (LUMO) *+ )
+1.43F, (HOMO —1)*

with n=26, R=0.97, R?=0.93, adj-R?=0.90, F(8,17)=29.82 (p<0.000001) and SD=0.13. No outliers were detected and
no residuals fall outside the +2c limits. Here, S;55(HOMO-1)* is the electrophilic superdelocalizability of the second
highest occupied MO localized on atom 13, S5;5(HOMO)* is the electrophilic superdelocalizability of the highest
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occupied MO localized on atom 37, S,,"(LUMO+1)* is the nucleophilic superdelocalizability of the second lowest
empty MO localized on atom 21, S, (LUMO+2)* is the nucleophilic superdelocalizability of the third lowest empty

MO localized on atom 26, g is the local atomic electronic chemical potential, F1o(LUMO+1)* is the Fukui index of

the second lowest empty MO localized on atom 10, S,,"(LUMO)* is the nucleophilic superdelocalizability of the
lowest empty MO localized on atom 24 and F;5(HOMO-2)* is the Fukui index of the third highest occupied MO

localized on atom 15.Tables 4 and 5 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 5). Figure 4 displays the plot of observed vs. calculated

log(Kj).
Table 4: Beta coefficients and t-test for significance of coefficients in Eq. 2
Variable Beta t(17) p-level
813E(HOMO-1)* 0.51 6.57 0.000005
Sy 5(HOMO)*  -0.34 -4.00 0.0009
S,N(LUMO+1)* 047 6.18 0.00001
Sy (LUMO+2)* 054 6.84 0.000003
Lo -0.30 -3.56 0.002
Fio(LUMO+1)*  -0.24 -3.64 0.002
S, (LUMO)* -0.24 -2.94 0.009
Fis(HOMO-2)* 020 218 0.04
Table 5: Matrix of squared correlation coefficients for the variables in Eqg. 2
Ss;F(HOMO)*  Si,5(HOMO)*  SyM(LUMO+1)*  S;N(LUMO+2)*  pyy  Fio(LUMO+1)*  S,,N(LUMO)*
Ss-(HOMO)* 0.00 1.00
S, M(LUMO+1)*  0.07 0.01 1.00
Sy (LUMO+2)*  0.01 0.02 0.00 1.00
1o 0.01 0.02 0.18 0.02 1.00
Fio(LUMO+1)*  0.00 0.00 0.01 0.01 0.02 1.00
SN (LUMO)* 0.00 0.25 0.00 0.10 0.03 0.04 1.00
Fis(HOMO-2)*  0.09 0.18 0.01 0.20 0.06 0.00 0.08
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Figure 4: Plot of predicted vs. observed log(K;) 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 eight local atomic reactivity indices of atoms of the common skeleton
explains about 90% of the variation of log(K;).Figure 4, spanning about 2 orders of magnitude, shows that there is a
good correlation of observed versus calculated values.

Local Molecular Orbitals
When a local atomic reactivity index of an inner occupied MO (i.e., HOMO-1 and/or HOMO-2) or of a higher
empty MO (LUMO+1 and/or LUMO+2) appears in one equation, it indicates that the remaining of the upper
occupied MOs (for example, if HOMO-2 appears, upper means HOMO-1 and HOMO) or the remaining of the
empty MOs (for example, if LUMO+1 appears, lower means the LUMO) also contribute to the interaction. Their
absence in the equation means only that the variation of their numerical values is not statistically significant. Tables
6 to 8 show the local molecular orbitals of all atoms appearing in Eq. 1 and 2.
Table 6: Local molecular orbitals of atoms 6, 10, 12 and 15

Mol. Atom 6 Atom 10 Atom 13 Atom 15
1(131) 125n126m127n-  12506126m12706- 1220126m130m- 120126713 07-
133113471367 132n1377140% 13211337134n 1327133713 7=n
2 (139) 131713371357 131n1337w1340- 13001336137n- 1277128713 7w-
142n14371457 14014171457 14014171457 14014171457
3 (135) 12771297131n-  127712971300- 12971317133 7n- 12971317133 7w-
13771387140x 13614171440 136m13771400 136m1377138=n
4 (135) 130n131x71337n- 1260612712906~ 1266130061337~ 12471307133 7w-
138n140nt141n 136m137n141n 136113771380 136m137n141n
5(139) 133n134n1357n- 132n13301340- 1330135n138n- 1331135713 8n-
142114471457 140t1417145% 14014171420 140t1417145=n
6 (139) 134n1357137n- 131n13301340- 1300135713 7n- 126135713 7n-
141714271437 140114571480 14014171420 14014171427
7 (135) 130m1317134n- 1290130c1316- 1300131n134n- 123n13171347-
138n139n141xn 13614171440 136m13771390 136m137n141xn
8 (135) 130m1317134n- 127712961310- 130m13171347- 13013171347-
13771387140% 13614171440 136m1377138c 136m137n141xn
9 (139) 13471357138n- 1317w13361340- 1300135n138mn- 1287135713 8x-
143n1447145n 140t14171457% 14014171430 14014171457
10 (135) 1297130x131n-  1296130m1316- 1260130m134n- 124713071347-
137713971407 1361411440 1361377139 136m137n141n
11 (143) 1326137w139n- 136w13706138c- 134613701417~ 13071327141 7-
146114871496 14411457149 14411457149 14471457149
12 (139) 132n1337135n- 132n13371340- 13361357138n- 1337135713 8n-
141n142n144n 14014571480 14014171440 140n1417142x
13(139) 134n1357138n- 1300132n1330- 1300134n138mn- 12811347138n-
143114471457 140n1417145% 140n1417143n 140n1417145%
14 (143) 137xn138n139%- 136m13761380- 13701391142 n- 137713971427-
147714871497 144714571497 144714571470 144714571497
15(143) 138n139n142n- 135m13761380- 13461391142 n- 132713971427-
145n146m148n 144714971530 144714571460 144w14571467
16 (139) 134n1357138n- 1330134061350- 1346135n138=- 12871357138 n-
14314471457 14014571480 14014171440 14014171457
17 (139) 134n1357138n- 1330134n1350- 134713571387~ 13471357138n-
1416143n144n 140m1457148n 140m1417143n 14014171457
18 (143) 138n139n142n- 136m13761380- 13461391142 n- 133113971427-
147714871497 14471457149% 144714571470 144714571497
19 (139) 133w134n135%n- 1330134n1350- 1290134n137n- 1267134713 7w-
141n142n144n 14014571480 140n1417142n 140n1417145%
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20 (147) 140n141n143n- 139n141n1420- 13761416144n- 133n134n144n-
150n151%1530 148114971537 148114971537 148114971537
21 (143) 135m137w139n-  1357137%1380-  137713971407- 1377139n1407n-
14514671487 144714971521 144n14571480 144n145nt146n
22 (143) 138n139n141n- 133613571376-  13306138c141n- 130n138n141n-
14711487149 14411457149 % 1441145714706 14411457149 %
23 (147) 141n142n143n- 139n141c1426-  141c143n1457- 1417143w1457-
15171527153 n 14811497153 ® 148114971510 14871497153 ®
24 (147) 142n143n1457n-  139n140c1426-  137c143n1457- 133n143w1457-
1497150%151n 148115371560 148114971500 148114971507
25 (143) 138n139n141n- 137613801390- 138139%1417- 130139714 17-
146w1487149n 144714971510 144n1457t148n 144714571491
26 (143) 138n139n141n- 137613801390- 13813914 17- 13813914 17-
14514671487 144714971520 144n145nt1461 144714571491
27 (147) 1437n145n146n- 139n141c14206- 143n1457t1467- 143n145nt1467-
151n152%153x 14871497153 n 148714971510 14871497153 =w
Table 7: Local molecular orbitals of atoms 19, 21, 24 and 26
Mol. Atom 19 Atom 21 Atom 24 Atom 26
1(131) 122612361256-  123612961316- 121612961310~ 124612961310~
1476150061520 150015161520 148015101556 139014561516
2 (139) 130613161340- 13161386139c- 129613861390~ 132613861390~
149615661596 159616061616 158616461656 148615361606
3 (135) 126612761306- 127613461350- 125613461350- 128613461350-
1516154615606 154615561566 152615361556 143614961556
4 (135) 126612761296- 127613461350- 125613461350- 128613461350-
150615561570 155615761596 151615261546 14361446148c
5 (139) 130613261346- 132613761396- 129613761390~ 131613761390~
151015661586 160016161646 157016001646 1470153061600
6 (139) 131613361346- 13161386139c- 129613861390~ 132613861390~
156015761596 159016061616 157015801616 1496150061536
7 (135) 127612961306- 127613361350- 125613361350~ 128613361350~
151015461560 154615561576 152015361550 143014461450
8 (135) 126612761296- 127613361350- 125613361350- 128613361350-
151615461550 155615861606 152615361596 1436148615606
9 (139) 130613161330- 13161376139c- 12961376139c- 13261376139c-
156615961620 159616161626 157616061656 147615361606
10 (135) 126012801296- 128013301350~ 125613361350- 127613361350-
147615161540 154615561596 152615561596 143614861546
11 (143) 134013606138c- 136014261430- 133614261430- 135614261430~
160616361656 1636164616506 161616461680 152615761646
12 (139) 130013261340- 1320613761390c- 129613761396~ 1316137613906~
155015851600 158015961606 1560615961636 147615361596
13 (139) 130013261336- 1320613761390c- 129613761396~ 1316137613906~
151015561576 159016061616 156015861596 147615261596
14 (143) 13406136061380- 136014161430- 132014161430- 135014161430-
154615561600 1650616861696 1610616301640 151015701640
15(143) 135613761380- 135c614161430- 1330141061430- 136014161430-
159616061620 163016461656 1610162061640 152015701646
16 (139) 1320613361340- 132613761390- 129613761390~ 131613761390~
1550158051600 158015961636 156015961636 147615361596
17 (139) 1300613261336- 1320613761390c- 129613761396~ 1316137613906~
151015561580 159616261646 156015761600 147615261600
18 (143) 1340136061376- 136014161430- 1336141614306- 1356141614306-
1550616061636 1630164616606 1610164061676 151015701646
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19 (139) 129613161330- 131613861390- 136613861390- 132613661390-
148615561596 159616561666 156615861606 147615361606
20 (147) 1376139c14206- 139c146c61476- 145614661476 140614561476-
164616861696 168616961706 165616761706 157616161696
21 (143) 1330613561380- 1350142c1436-  141c142614306- 136614161436-
152615961636 163616461656 160616261696 151615261576
22 (143) 13306135613706- 1350142c61436-  140c142614306- 1366140c1436-
1590161061646 164616961716 1606162061630 1516152015606
23 (147) 138013901426- 139014661476- 144614661476- 1400144061476-
164617061720 170617561770 165616661680 155616161690
24 (147) 139014001426- 144014661476- 144614661476- 1416144061476-
156616361666 168616961700 164616561670 157616161700
25(143) 1350613701380- 135014261430- 140014261430- 1366140061430-
159616361656 163616661696 160616261696 152615761646
26 (143) 13306135613706- 1356142c61436-  140c142614306- 1366140c1436-
1596162061646 164616761710 160616361696 151615661656
27 (147) 1376139c14lc- 137613901470- 1446146061470~ 140614461470-
1646168061726 168616961720 165616761700 155616161700
Table 8: Local molecular orbitals of atoms 33, 37 and 40
Mol. Atom 33 Atom 37 Atom 40
1(131) 12871297131 7t- 12871297131 7- 102610661096-
135713871397 135713871397 144614561506
2 (139) 136m138m1397- 136m138711397- 114011561270-
144n146m148xn 14411461148~ 147615461590
3 (135) 132n13471357- 1327134n135m0- 1036109c1146-
139114271437 13971427143 =n 1480152615606
4 (135) 132n13471357- 1327134n1357- 10506115c61166-
139114271437 13971427143 =% 149615161526
5 (139) 136m13771397- 136m137w1397- 114012261256-
143nt146m147n 143n146m147n 1520154615606
6 (139) 136m138m1397- 136m138711397- 13471357137 -
14471477148 xn 14471471148~ 1421146615506
7 (135) 132713371357- 132n13371357- 130m13171347-
140114271437 1401427143 138n139n141xn
8 (135) 132713371357- 132n13371357- 114611661300-
139114271437 13971427143 =n 138014961557
9 (139) 13671377139 7- 136m137w1397- 128713571387~
142nt146m147n 142n146m147n 143114471457
10 (135) 124c127%132x- 1327133w135m- 1046107c1146-
13811427143 =n 13871427143 n 1496153615606
11 (143) 13106135%1407- 140m1427143 - 118611961206-
14771517152 14771517152 % 1500158061626
12 (139) 128c131n1367- 136m137w1397- 107611361196-
143n146m147n 143n146m147n 152615761606
13(139) 127c6131n1367- 136m137w1397- 11006120c61216-
142n146m147n 142n1467147n 1536155615606
14 (143) 131c6135%1407- 140nt1417143mn- 125612961300-
146m150n151n 146m150%151n 156615761580
15 (143) 133c136m1407- 1400141n143n- 138713911427
14771517152 =% 147x151%152n 146m15001606
16 (139) 129c131n1367- 136m137w1397- 13471357138 n-
142n146m147n 142n146m147n 143114471457
17 (139) 127c6131n1367- 136m137w1397- 118012161340-
142n146m147n 142n1467147n 143615361597
18 (143) 131613571407- 140mt141714370- 133713971427-
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1461507151 146m150n151n 14711487149
19 (139) 132n1367138n- 136m138n1397- 109611361170-
143n146m147w 143n146w147n 152015361576
20 (147) 140m145m146m- 145n146w1477- 120612161340-
152n1557156m 152n155n156m 154016261680
21 (143) 136m141n142x- 14171427143 7- 108611661220-
14771507151 ® 14771507151 ® 156016161650
22 (143) 136m140m142x- 14071427143 7- 112612261230-
14671507151 ® 146m150n151® 1560157061600
23 (147) 140r144n146m- 14471467147 - 121612861320-
15015471557 15015471557 160016361676
24 (147) 1417n144n146m- 144n146w1477- 142n14371457-
152n1557157w 15271557157 n 15015461640
25(143) 136m140m142x- 140m14271437- 138n139n1417-
14771507152 =% 14771507151 n 1461487149
26 (143) 136m140m1427- 140m14271437- 121612361380-
147w150%151n 14771507151 n 146615761646
27 (147) 144wl145n146m- 14571467147 n- 143n14571467-
150w154xn155n 150%154n155n 151w1527153n

Discussion

Discussion of 5-HT 4 receptor affinity results [67]

Table 2 shows that the importance of variables in Eq. 1 is Sz5(HOMO-2)*>> S,oN(LUMO+2)*> SgN(LUMO+1)*>
S1"(LUMO)*. A high receptor binding affinity is associated with large (negative) values of S335(HOMO-2)*, large
(positive) values of Sx"N(LUMO+2)*, small (positive) values of Sg"(LUMO+1)* and small (positive) values of
S1"(LUMO)*.Atom 33 is a carbon shared by rings E and F (Fig. 2). A high receptor binding affinity is associated
with large negative values of Sz;5(HOMO-2)*. Table 8 shows that the three highest occupied local MOs have a &
nature in all molecules. Large (negative) values of Sz;=(HOMO-2)* are obtained by shifting the MO energy toward
zero, increasing the reactivity of this MO [67]. With this procedure, (HOMO-1);;” and (HOMO),; also increase
their reactivity. This suggests that atom 33 is interacting with the site through m-cation or n-n (stacked or T-shaped)
interactions. Atom 40 corresponds to the atom bonded to atom 1 of ring A (Fig. 2). Table 1 shows that this atom
could be H, CI, F, C or O. Large (positive) values of S,"N(LUMO+2)* are obtained by shifting the eigenvalue
toward zero, making this MO more reactive. In this case, (LUMO-1), and (LUMO),," also become more reactive.
On the other hand, Table 8 shows that the three lowest empty MOs have a o or 7 nature. In all molecules (LUMO)4o"
does not coincide with the molecular LUMO. In some cases (LUMO),, coincides with empty MOs that are
energetically very far from the molecule’s LUMO. The different nature of the empty MOs, suggests the possibility
of the existence of more than one mechanism involved in the atom,g-site interaction. If this is the case, Tt MOs could
interact with anion(s), with lone pairs of with occupied © MOs from the site. ¢ MOs can interact with one or more
alkyl chains. Atom 6 is a carbon in ring A (Fig. 2). A high receptor binding affinity is associated with small
(positive) values of SgY(LUMO+1)*. Small values of this reactivity index are obtained by shifting upwards the
corresponding eigenvalue, making this MO less reactive. Table 6 shows that the three lowest empty MOs have a ©
nature and that the frontier local MOs do not coincide with the molecule’s frontier molecular orbitals. The energy of
(LUMO);" is very close to the energy of (LUMO+1)g". Then, we may suggest that a better affinity could be also
associated with a less reactive (LUMO)g . If this is the case, then atom 6 can be considered as a weak electron-rich
center (see Table 6). In this case, it can interact with the site through n-n (stacked or T-shaped), n-c or m-cation
interactions. Atom 19 is a sp? carbon forming part of the chain linking rings C and D (Fig. 2). Small (positive)
values of SyM(LUMO)* are associated with high receptor affinity. Table 7 shows that all local MOs have a o nature.
Small values for this reactivity index will lower its reactivity. Therefore, atom-site interaction should be through at
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least (HOMO)y,", suggesting an that atom 19 interacts with an aliphatic amino acid side-chain (alkyl-alkyl
interaction).All the suggestions are displayed in the partial 2D pharmacophore of Fig. 5.

40

\’Lsnj for alkyl interaction(s) )

Site for pi interaction with a
lone pair, another pi system or
an anion

Site for pi-pi, pi-sigma
or pi-cation interactions

Y

Site for alkyl- aIkyI
interaction(s)

Site for pi-cation or
pi-pi interactions

Figure 5: Partial 2D pharmacophore for 5-HT, receptor affinity

Discussion of serotonin transporter protein (SERT) affinity results

Table 4 shows that the importance of variables in Eq. 2 is Sy (LUMO+2)*~ S 5(HOMO-
1)*>S,,N(LUMO+1)*>S3,5(HOMO)*>p110>>F1o(LUMO+1)*~  Sp,N(LUMO)*>F;5(HOMO-2)*.The analysis of
equation 2 shows that a high SERT affinity is associated with large (negative) values of S;35(HOMO-1)*, small
(negative) values of Sy;5(HOMO)*, small (positive) values of Sy“(LUMO+1)*, small (positive) values of
Sy (LUMO+2)*, small (negative) values of po, large values of Fio(LUMO+1)*, large (positive) values of
S,V (LUMO)* and small values of F;5s(HOMO-2)*. Atom 26 is a sp> carbon in ring D (Fig. 2). A high SERT affinity
is associated with small (positive) values of Sy"(LUMO+2)*. These small values are obtained faster by enlarging
the energy of (LUMO+2), , making it less reactive. Table 7 shows that (LUMO+2),5 corresponds to empty
molecular MOs that are energetically very far from the LUMO. Therefore we may discard the interaction of atom 26
with one or more electron-rich centers. On the other hand, Table 7 also shows that the local (HOMO),~ coincides
with the molecular HOMO in all cases. This suggests a 6-c interaction (an alkyl interaction with aliphatic amino
acid side-chains). Atom 13 is a carbon in ring B (Fig. 2). A high SERT affinity is associated with large (negative)
values of S;z;5(HOMO-1)*. Table 6 shows that (HOMO),; has a 7 nature and that it does not coincide with the
molecular HOMO in all cases. (HOMO-1);" has o or @ natures (Table 6). Now, we know that large negative values
are obtained by shifting the MO energy toward zero, making it more reactive[67]. And this process will also make
(HOMO),; more reactive. This suggests that an ideal situation is when (HOMO),; and (HOMO-1),5™ coincide with
the molecular HOMO and (HOMO-1). Regarding the kind of interactions, the @ nature of (HOMO),5 suggests that
atom 13 could be engaged in a - or w-alkyl interactions with the site involving all or part of ring B. This last
interaction could explain the involvement of ¢ MOs. Atom 21 is a sp® carbon in the chain linking rings C and D
(Fig. 2). A high SERT affinity is associated with small (positive) values of S,,"(LUMO+1)*. Table 7 shows that all
MOs have a ¢ nature, that (HOMO)Zl* coincides with the molecular HOMO in all cases and that (LUMO)H* is
energetically very far from the corresponding molecular LUMO. Small values of S,;"(LUMO+1)* shows that this
atom is not interacting with electron-rich moieties. Therefore we suggest that atom 21 is engaged in one or more
alkyl interactions with aliphatic amino acid side-chains. Atom 37 is a carbon in ring F (Fig. 2). A high SERT affinity
is associated with small (negative) values of S;;"(HOMO)*. As these small values are obtained by making this MO
less reactive the ideal situation occurs when (HOMO)3; does not coincide with the molecular HOMO (see Table 8)
[67]. This suggests that atom 37 could be facing an electron-rich center. Now, considering that the three highest
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occupied local MOs and the three lowest empty local MOs have a m nature (Table 8), it is possible to suggest that
atom 37 could be interacting with another m center through its empty local MOs or with an anion (m-anion
interaction). Atom 10 is nitrogen in ring C (Fig. 2). A high SERT affinity is associated with small (negative) values
of pyo. This index corresponds to the midpoint of the (HOMO)* and (LUMO)," energies. Table 6 shows that
(LUMO)m* coincides with the molecular LUMO in all cases. It also shows that (HOMO),,* does not coincide with
the molecule’s HOMO. Smaller negative values can be obtained by shifting toward zero the (HOMO)o*. This
shifting is carried out, not by changing the actual (HOMO),,*, but by adding substituents to the molecule in such a
way that the new (HOMO)o* coincides with the molecular HOMO. Given the ¢ nature of (HOMO)o* it is
suggested that atom 10 is probably interacting with a cation or with another electron-deficient center. On the other
hand a high SERT affinity is also associated with large values of F1o(LUMO+1)* indicating that (LUMO+1),,” and
(LUMO),," are also engaged in an interaction with an electron-rich center situated in the site (for example an
anion).Atom 24 is a sp® carbon in ring D (Fig. 2). A high SERT affinity is associated with large (positive) values of
S,,N(LUMO)*. Table 7 shows that (LUMO),,  corresponds, in general, to an empty molecular orbital that is
energetically very distant from the molecular LUMO. Higher positive values for this index are obtained by shifting
the energy of the corresponding MO toward zero. Therefore, the ideal situation is when the molecular LUMO is
localized on atom 24 (i.e., (LUMO),, coincides with the molecular LUMO). This suggests that atom 24 is
interacting with an electron-rich moiety through o-m or alkyl interactions. Atom 15 is a carbon in ring B (Fig. 2). A
high SERT affinity is associated with small (positive) values of F;s(HOMO-2)*. Table 6 shows that all occupied and
empty local MOs have a w nature. Small values for this index are obtained by lowering the localization of (HOMO-
2):5 on this atom (i.e., by lowering the electron population of this MO on this atom [67]). If this requirement holds
also for (HOMO-1);5 and (HOMO);s" this atom should behave as a bad electron donor. This suggests that atom 15
is interacting with an electron-rich center through n-n orr-alkyl interactions like atom 13. All the suggestions are
displayed in the partial 2D pharmacophore of Fig. 6.

Site for pi-pi or
pi-alkyl interactions

side-chains for alkyl
interaction(s)

Site for pi-oi or
alkyl interactions
o

[Aliphatic amino acid J

side-chains for alkyl

Aliphatic amino acid
interaction(s)

electron-deficient
center and the other
an electron-rich one

pi-alkyl interactions

[ Site for pi-pi or

O
J Two sites: one is an

Site for pi-pi and/or
pi-anion interactions

——

Figure 6: Partial 2D pharmacophore for the serotonin transporter protein affinity
In summary, we have found a statistically significant relationship between the electronic structure and the 5-HT 4
receptor affinity. The KPG method also allowed obtaining a statistically significant relationship between the
electronic structure and the serotonin transporter protein affinity. This data allowed building the corresponding 2D
pharmacophores. These structures could help the experimentalists in the development of more potent molecules.
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