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Abstract The Klopman-Peradejordi-Gomez QSAR method was employed to find relationships between electronic
structure and receptor affinity in a series of Fananserin derivatives. We analyzed the affinities for D, 5-HT 14, 5-
HT,a, 5-HTg and 5-HT; receptors. The electronic structure was calculated at the DFT B3LYP/6-31G(d,p) level. For
all cases a statistically significant equation was obtained explaining the variation of the affinity in terms of the
variation of the numerical values of a set of local atomic reactivity indices. All equations show that sigma electrons
of the saturated carbon chain and the saturated ring seem to play an important role in the regulation of the receptor
affinity. Several kinds of atom-atom interactions are suggested. From the results the corresponding 2D
pharmacophores were built.
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Introduction

Dopamine (DA) is a small molecule acting as a hormone and a neurotransmitter that plays several important roles in
the brain and body. DA constitutes nearly 80% of the catecholamine content in the brain. Dysfunctions of the
dopamine system are associated with many neurological and psychiatric disorders [1-6]. Serotonin is also a small
molecule acting as a neurotransmitter modulating cognition, learning, memory, mood, reward and many
physiological processes such as vomiting and vasoconstriction [7]. Both molecules act at several receptor subtypes.
Dopamine binds to receptors called D, to Ds and serotonin to 5-HT14, 5-HT g, 5-HT1p, 5-HT g, 5-HTf, 5-HT>a, 5-
HT,g, 5-HTyc, 5-HT3, 5-HT,, 5-HTsa, 5-HTsg, 5-HTg and 5-HT; receptors. Some exogenous molecules such as
amphetamine, mescaline, hallucinogenic amphetamines, LSD, bufotenin and DMT also bind to these receptors.
There are many families of large synthetic compounds presenting affinity for several dopamine and serotonin
receptors at the same time [8-15]. What still needs to be elucidated in these large molecules is the knowledge about
which part or parts of them play a role in regulating their affinity for these various receptors and which part or parts
of them regulate the different biological responses produced by these unions. In out Unit we have carried out many
theoretical studies of structure-activity relationships in several families of drugs binding to serotonin [16-23] and
dopamine [24-29] receptors.
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Recently a series of Fananserin derivatives was synthesized and tested for their affinity for various dopamine and
serotonin receptors [11]. Fananserin acts as a potent antagonist at both the 5-HT,4 receptor and the dopamine D,
receptor but it does not block the dopamine D, receptor. In this paper we present the results of the application of the
Klopman-Peradejordi-Gomez (KPG) method for obtaining formal relationships between electronic structure and
receptor affinity of these fananserin derivatives.

Methods, Models and Calculations
The selected molecules are a group of Fananserin derivatives selected from a recent study [11]. Their general
formula and biological activities are displayed, respectively, in Fig. 1 and Table 1.
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Figure 1: General formula of Fananserin derivatives
Table 1: Fananserin derivatives and receptor binding affinities™.

Mol. X Ry R; Rz log(Kj log(Kj) log(Ki) log(K;) log(Kj)
D,  5HTis 5-HTo 5-HT; 5-HT,
1 SO, F H H 195 191 258 285 231
2 SO, CI H H 215 203 274 271 246
3 SO, H CI H 208 166 251 280 264
4 SO, H H CI 253 229 225 264 245
5 SO, Cl Cl H 234 217 217 237 215
6 SO, H Cl CI 240 190 240 235 261
7 SO, H CFs H 248 212 278 257 222
8 SO, H H CF 297 300 318 297 378
9 C=0F H H 251 181 272 324 262
10 C=0 Cl H H 176 18 273 323 253
11 C=0H Cl H 18 163 263 268 172
12 C=0H H Cl 229 226 263 284 209
13 C=0 Cl Cl H 197 209 261 29 371
14 C=0 H CI Cl 239 221 269 327 222
15 C=0 H H Br 231 284 317 350 3.26
16 C=0 CFs H H 221 278 325 305 425
17 C=O0 H CFy H 270 173 289 335 246
18 C=O H H CFy; 298 273 364 331 469

The Klopman-Peradejordi-Gomez (KPG) method is a linear equation relating any kind of biological activity with a
set of local atomic reactivity indices. For its development we refer the reader to the literature [30-41]. During all the
years of its use it has produced excellent results for a wide variety of molecules and biological activities [16, 17, 20,

22, 25, 26, 29, 42-67].
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The electronic structure was calculated within the Density Functional Theory (DFT) at the B3LYP/6-31g(d,p) level
after full geometry optimization [68]. The Gaussian suite of programs was used [69]. To calculate the numerical
values of the local atomic reactivity indices weemployed data from the Gaussian results. The D-Cent-QSAR
software was employed [70]. All the electron populations smaller than or equal to 0.01 e were considered as zero
[35]. Negative electron populations coming from Mulliken Population Analysis were corrected as usual [71].
Because the resolution of the system of linear equations is not possible because we have not enough molecules, we
made use of Linear Multiple Regression Analysis (LMRA) techniques to find the best solution. For each case, a
matrix containing the dependent variable (the biological activity of each 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
[72].

We worked with the common skeleton hypothesis stating that there is a definite collection of atoms, common to all
molecules analyzed, that accounts for nearly all the biological activity [34]. The action of the substituents consists in
modifying the electronic structure of the common skeleton and influencing the right alignment of the drug
throughout the orientational parameters. It is hypothesized that different parts or this common skeleton accounts for
almost all the interactions leading to the expression of a given biological activity. The common skeleton is shown in
Fig. 2.
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Figure 2: Common skeleton numbering

Results
Results for 5-HT 4 receptor binding affinity
The best equation obtained is:

log(K,) =1.96—0.57S," (HOMO —1)*~1.385,," (LUMO)*+0.009S,," —
~1.305,,F (HOMO —1)*—0.42F,, (LUMO + 2)* 0

with n=18, R=0.98, R?*=0.96, adj-R?=0.95, F(5,12)=65.42 (p<0.000001) and SD=0.09. No outliers were detected and
no residuals fall outside the +2¢ limits. Here,Sg5(HOMO-1)* is the electrophilic superdelocalizability of the second
highest occupied local MO of atom 8, S;,"(LUMO)* is the nucleophilic superdelocalizability of the highest empty
local MO of atom 12, S»;" is the total atomic nucleophilic superdelocalizability of atom 21, S,,5(HOMO-1)* is the
electrophilic superdelocalizability of the second highest occupied local MO of atom 21 and F,g(LUMO+2)* is the
Fukui index of the third lowest empty local MO of atom 26.Tables 2 and 3 show, respectively, 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 internal correlations between independent variables (Table 3). Figure 3
displays the plot of observed vs. calculated log(K;).
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Table 2: Beta coefficients and t-test for significance of coefficients in Eq. 1.
Beta t(12) p-level
Sgf(HOMO-1)*  -0.77 -12.38 <0.000000
SN (LUMO)* -0.60 -10.38 <0.000000
Sy 0.33 568  0.0001
S, (HOMO-1)* -0.33 -5.60 0.0001
Fe(LUMO+2)* -0.26 -4.53  0.0007
Table 3: Matrix of squared correlation coefficients for the variables in Eq. 1.
Sgt(HOMO-1)* S, ,M(LUMO)* S,"  S,5(HOMO-1)*

SuN(LUMO)*  0.10 1.00

Sy 0.07 0.01 1.00

S, (HOMO-1)* 0.04 0.01 0.04 1.00
Fos(LUMO+2)*  0.03 0.02 0.00 0.03

Observed log(K;) Values

‘1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 32
Predicted log(K;) Values

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 five local atomic reactivity indices of atoms of the common skeleton
explains about 95% of the variation of the 5-HT, receptor affinity. Figure 3, spanning about 1.4 orders of
magnitude, shows that there is a good correlation of observed versus calculated values.

Results for 5-HT, receptor binding affinity
The best equation obtained is:

log(K, ) = 3.47 —0.325,F (HOMO —1)*~1.82F,, (LUMO +1)*—

—0.86S,," (LUMO +2)*—0.16p,, —0.71S,;" (LUMO +2) *

with n=18, R=0.97, R?=0.95, adj-R?=0.93, F(5,12)=44.21 (p<0.000001) and SD=0.10. No outliers were detected and
no residuals fall outside the +2c limits. Here,Sg"(HOMO-1)* is the electrophilic superdelocalizability of the second
highest occupied local MO of atom 8, Fz(LUMO+1)* is the Fukui index of the second lowest empty local MO of
atom 30, S,,"(LUMO+2)* is the nucleophilic superdelocalizability of the third lowest empty local MO of atom 21,
e is the local electronic chemical potential of atom 16 and S;g"(LUMO+2)* is the nucleophilic
superdelocalizability of the third lowest local MO of atom 16.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.
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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

Beta t(12) p-level
Sg(HOMO-1)*  -0.49 -7.02 0.00001
Fp(LUMO+1)*  -0.55 -7.25 0.00001
S, (LUMO+2)* -0.40 -5.66 0.0001
lig -0.36 -4.86 0.0004
Si(LUMO+2)* -0.21 -3.02 0.01

Table 5: Matrix of squared correlation coefficients for the variables in Eq. 2

Sg"(HOMO-1)*  Fg(LUMO+1)*  SyM(LUMO+2)* g
F(LUMO+1)*  0.07 1.00
S, M(LUMO+2)*  0.06 0.04 1.00
L6 0.03 0.15 0.11 1.00
S (LUMO+2)*  0.00 0.07 0.01 0.01
3.8 P
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Figure 4: Plot of predicted vs. observed log(K;) values (Eq. 2). Dashed lines denote the 95% confidence interval
The associated statistical parameters of Eqg. 2 indicate that this equation is statistically significant and that the
variation of the numerical values of a group of five local atomic reactivity indices of atoms of the common skeleton
explains about 93% of the variation of the 5-HT, receptor affinity. Figure 4, spanning about 1.5 orders of
magnitude, shows that there is a good correlation of observed versus calculated values.
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Results for 5-HTg receptor binding affinity
The best equation obtained was:

log(K, )=5.69-0.95S,F (HOMO-1)*+0.25(1;,-0.48E, (HOMO-2)*+0.9111}, )

with n=18, R=0.96, R?=0.92, adj-R?=0.90, F(4,13)=38.12 (p<0.000001) and SD=0.11. No outliers were detected and
no residuals fall outside the +2c limits. Here,S,5(HOMO-1)* is the electrophilic superdelocalizability of the second
highest local MO of atom 2, ;" is the local electronic chemical potential of atom 22, F1o(HOMO-2)* is the Fukui
index of the third highest local MO of atom 19 and i, is the local electronic chemical potential of atom 29.Tables 6
and 7 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. 3. There are no significant internal correlations between independent
variables (Table 7), but we may observe that variables p,y and Fig(HOMO-2)* has a relatively high correlation,
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despite the fact that they belong to atoms that are not connected by aromatic systems. Figure 5 displays the plot of

observed vs. calculated log(K;).

Table 6: Beta coefficients and t-test for significance of coefficients in Eq. 3

Beta t(13) p-level
S,5(HOMO-1)* -0.97 -10.60 <0.000000
lpo 028 3.33  0.005
Fio(HOMO-2)* -0.64 -578  0.00006
Lo 052 451  0.0006

Table 7: Matrix of squared correlation coefficients for the variables in Eq. 3

S, (HOMO-1)* py  Fio(HOMO-2)*
oy 0.03 1.00
F1o(HOMO-2)*  0.06 0.05 1.00
Lo 0.03 0.11 0.38
3.6 > ~
LSl
34 L7 e
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Predicted log(K;) Values

Figure 5: Plot of predicted vs. observed log(K;) values (Eq. 3). Dashed lines denote the 95% confidence interval
The associated statistical parameters of Eq. 3 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 90% of the variation of the 5-HT¢ receptor affinity. Figure 5, spanning about 1.3 orders of magnitude,
shows that there is a good correlation of observed versus calculated values.

Results for 5-HT;serotonin receptor binding affinity
The best equation obtained was:

log(K,) = 4.79 + 3.83F,, (LUMO +1)*+1.14S,F (HOMO)*+0.01S,," (LUMO) *+

+0.535,," (LUMO)*~3.15F,, (HOMO — 2)*—0.26F,, (HOMO — 2)*

with n=18, R=0.98, R?=0.96, adj-R?=0.94, F(6,11)=46.30 (p<0.000001) and SD=0.20. No outliers were detected and
no residuals fall outside the +2c limits. Here, Fys(LUMO+1)* is the Fukui index of the second lowest local MO of
atom 28, Sg5(HOMO)* is the electrophilic superdelocalizability of the highest occupied local MO of atom 8,
S, (LUMO)* is the nucleophilic superdelocalizability of the lowest empty local MO of atom 29, S,,"(LUMO)* is
the nucleophilic superdelocalizability of the lowest empty local MO of atom 22, Fg(HOMO-2)* is the Fukui index
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of the third highest occupied local MO of atom 18 and F;3(HOMO-2)* is the Fukui index of the third highest
occupied local MO of atom 18. Tables 8 and 9 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. 4. There are no significant
internal correlations between independent variables (Table 9). Figure 6 displays the plot of observed vs. calculated
log(K;).
Table 8: Beta coefficients and t-test for significance of coefficients in Eq. 4
Beta t(11) p-level
F(LUMO+1)* 0.87 12.14 <0.000000
SgF(HOMO)* 0.47 7.46 0.00001
S,(LUMO)*  0.38 5.86 0.0001
S,N(LUMO)*  0.28 4.64  0.0007
Fig(HOMO-2)* -0.20 -3.15 0.009
Fio(HOMO-2)* -0.15 -2.25 0.05
Table 9: Matrix of squared correlation coefficients for the variables in Eq. 4
Fas(LUMO+1)*  Sg5(HOMO)* Sy (LUMO)* S, (LUMO)*  Fig(HOMO-2)*

Sgf(HOMO)*  0.03 1.00

SV (LUMO)*  0.12 0.02 1.00

S, (LUMO)*  0.00 0.01 0.02 1.00

Fig(HOMO-2)*  0.11 0.01 0.04 0.02 1.00

Fis(HOMO-2)*  0.19 0.06 0.04 0.00 0.01
5.0

4.5

4.0

3.5

3.0

Observed log(K;) Values

2.5

2.0

1.5 2.0 25 3.0 3.5 4.0 4.5 5.0
Predicted log(K;) Values

Figure 6: Plot of predicted vs. observed log(K;) values (Eq. 4). Dashed lines denote the 95% confidence interval
The associated statistical parameters of Eq. 4 indicate that this equation is statistically significant and that the
variation of the numerical values of a group of six local atomic reactivity indices of atoms constituting the common
skeleton explains about 94% of the variation of the 5-HT; receptor affinity.Figure 6, spanning about 3 orders of
magnitude, shows that there is a good correlation of observed versus calculated values and that almost all points are
inside the 95% confidence interval.
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Results for D,dopamine receptor binding affinity
The best equation obtained was:

log(K,) =8.17 +4.30S,," (LUMO +1)*~2.09SF (HOMO —1)* -

~1.12S, (LUMO + 2)*~0.08S,," (LUMO +2)*+0.64S,,,¢

with n=18, R=0.99, R?*=0.97, adj-R?=0.96, F(5,12)=92.47 (p<0.000001) and SD=0.06. No outliers were detected and
no residuals fall outside the +2¢ limits. Here,S;o"(LUMO+1)* is the nucleophilic superdelocalizability of the second
lowest empty local MO of atom 19, S;5(HOMO-1)* is the electrophilic superdelocalizability of the second highest
occupied local MO of atom 7, Sy (LUMO+2)* is the nucleophilic superdelocalizability of the third lowest empty
local MO of atom 20, S,s"(LUMO+2)* is the nucleophilic superdelocalizability of the third lowest empty local MO
of atom 25 and S,;F is the total atomic nucleophilic superdelocalizability of atom 27.Tables 10 and 11 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. 5. There are no significant internal correlations between independent variables (Table 11).
Figure 7 displays the plot of observed vs. calculated log(K;).
Table 10: Beta coefficients and t-test for significance of coefficients in Eq. 5

()

Beta t(12) p-level
S (LUMO+1)* 0.71 1512  <0.000000
S;f(HOMO-1)*  -0.91 -15.76 <0.000000
S, (LUMO+2)* 053 -9.93  <0.000000
S (LUMO+2)* -0.42 -7.83  0.000005
Syt 030 5.28  0.0002
Table 11: Matrix of squared correlation coefficients for the variables in Eq. 5
S (LUMO+1)*  S;5(HOMO-1)* S, (LUMO+2)* S,sN(LUMO+2)*
S;(HOMO-1)*  0.03 1.00
S, (LUMO+2)*  0.00 0.19 1.00
SN (LUMO+2)*  0.00 0.03 0.08 1.00
Sy 0.01 0.20 0.04 0.21
3.2 =
3.0 ,./’ ,/"
2.8 s
é ,,//,/
S 26 /,/6,’
% pZa
S 2.4 ’/ ’
8 ./////
OE, 2.2 o2 7
2 il
(@] Lo e
2.0 //;./
1.8 ,,’/,///
1.6 fa
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2

Predicted log(K;) Values
Figure 7: Plot of predicted vs. observed log(K;) values (Eq. 5). Dashed lines denote the 95% confidence interval
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The associated statistical parameters of Eq. 5 indicate that this equation is statistically significant and that the
variation of the numerical values of a group of five local atomic reactivity indices of atoms constituting the common
skeleton explains about 96% of the variation of the D, dopamine receptor affinity. Figure 7, spanning about 1.3
orders of magnitude, shows that there is a good correlation of observed versus calculated.

Local Molecular Orbitals
Tables 12 to 14 show the local molecular orbital structure of atoms appearing in equations 1-5.

Table 12: Local molecular orbitals of atoms 2, 7, 8, 14 and 16

Mol. Atom 2 Atom 7 Atom 8 Atom 14 Atom 16
1(124) 11971207123n- 11971226123 %n- 119n1226123n- 117611961236- 1150611601220~
125n126m1291 125n126w129t 125m126w129t 129613461356 145614861496
2(128) 123n1256127n- 12206123n127wn- 1180612106127 121612261276- 1160611701180~
129713071326 1297134w135n  -1297134n135n 1416142061430 140614661486
3(128) 12371247127n-  12171237127n-  121n123w127n- 121012361276- 118611961260-
129713071337 12971307133 1297130%133n 133613961400 1410145614606
4(128) 123712501271  1220123w127n- 11861200127%  120012261276- 117611861260-
129713071320 12971340135 -129n134n135n 13806139c141c 138014001446
5(136) 131n1330136m- 1300131n136m- 12661296136 1290613061366-  124612561260-
137n138xn141c 13711426144t -137n1426144n 146615061520 146015361586
6(136) 13171327135%n- 1297131w135n- 129w131n135n- 129613161350- 1246125612706-
137n138n142xn 1377138%142n  1377138n142n 143614961550 1450150615200
7(136) 132n1336136m- 1300132n136m- 12761290136m  1296130013606- 12561266127 06-
1377138n140c6 1377142061431 -137n142061431 145614801540 145614861516
8(136) 132n1347135%n-  131n134n135n- 129n134n135n- 1310134061356-  1260612761280-
137n138n141xw 1377138n141n 137n138nl4ln 146614861490 1530154061560
9(115) 110n111x114n- 111n1136114n- 107wn113c114n- 110clllcllds- 106610761130
116711771207 116m1177120n 11671201226 120612661300 1230124612606
10(119) 114wn115%118n- 113011571187~ 110x111nl18n- 114611561180- 1080109c1116-
120w1217124n 1201217124 120m124w1340 1246130613506 1280130061316
11(119)  114xn115%118xn- 115x117x118n- 110m117x118n- 114611561180- 109611061170c-
120w1217124n 1201217124 120m124w1270c 124612961320 1270612861350
12(119) 114xn116w118n- 113c116m118n- 108n110xw118n- 114611661180- 1096110611706-
120w1217124n 1201217124 120m124%127c 1240613561376 1280130061310
13(127)  122w123w127n-  12161237127n- 117w118n127n- 122612361276-  1170611861256-
128713071337 12871307133 128n133w1356 133013701410 1350613801400
14(127)  12206123w126n-  12161237w126m- 116w118n126m- 122612361260-  11606118612506-
128n1297133n 12871297133 128n133w1360 133014361460 137613961406
15(128)  12301257127n- 12261257127n- 11761197127%n- 123612561270-  1166117611906-
129713071347 1297130%134n 129%134n1356 134613561380 1350613961426
16(127)  1230124n126m- 122124w126m-  11761197126m- 1236124612606-  1186119612706-
1287130m132% 1287130m132n  128w132n133n 134613801410 1350136614206
17(127)  1237124n126m- 1216124n126n- 11861197126m- 1236124612606-  1186119612506-
1287130m132x% 1287130m132n  128w132n134c 1326139061420 1350613661380
18(127)  1237124n126m- 1226124n126n- 11761197126m- 123612461260-  1186119612506-
128n1297132n 12871297132 128n132w1350 1320614061436 135613861396
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Table 13: Local molecular orbitals of atoms 18, 19, 20, 21 and 22
Mol. Atom 18 Atom 19 Atom 20 Atom 21 Atom 22
1(124) 115612261246- 122612361246- 115612261246- 118c122c61240- 118612261240-
13761386139¢ 140614161466 136613861426 134613561376 138614261436
2(128) 117612661280- 12461266128c- 117612661286- 120612661280- 12061266128c-
139614261446 149615061526 1446149615006 144614661486 143614461496
3(128) 11706118c61266- 11706118c61266- 118012261266- 122612661280- 12261266128c-
139614061426  142061486149¢ 141614201446 131613261400 141614361456
4(128) 116611761260- 12161266128c- 12161266128c- 1216126061280~ 1160121c61266-
140614161436 141615161526 1416144061456 140614461496 141614461456
5(136) 123612561340- 1286134613506- 12506134613506- 1220612801350- 128613461350-
149615061516 14861506158 150615261576 157615861596 140615161526
6(136) 124612561346- 130013461366- 130013401360- 130613461360- 123613061340-
143614961506 149615561576 150015201536 149615161546 150615261536
7(136) 126612761346- 128013461356- 1280134013506- 128613461356- 128613461350-
14561476148c¢ 1470615361566 148015101536 1496153615606 148614961536
8(136) 126612761350- 1346135613606- 134613561366- 127613001360- 134613561360-
144614861496 150015361546 1496150061520 1496150061526 148014961500
9(115) 105610661130- 113611461150- 108011361156- 108c113c1150- 108c6113c1150-
123012561266 128013161346 1260128061326 118611961230 126612761280
10(119) 109611761196- 116011761196- 112611761196- 112611761190- 10961176119c-
129613161326 1330613861426 1380139061406 123613161330 131613761380
11(119) 109611061176- 1170611861196- 1126117611906- 11261176119c- 11261176119c-
127612861296 129613561396 129613261330 127613461376 129613161326
12(119) 108610961176- 117611861196- 1120611761196- 112611761190~ 109611261170-
127612861296 139614061426 129613161320 128613261340 129613161326
13(127) 116011761256- 1170612561266- 1170612561266- 120612561260- 120612561260-
13561376139c 137614361456 138614061436 1386145614606 1356143614606
14(127) 1150611661256- 116012561276- 120012561276- 12006125612706- 116612061250-
13661376138c¢  13861476148c 138614061416 137614161430 138014001410
15(128) 117612606128c- 1210612661286~ 117061266128c- 1216126061280- 12161266128c-
13561386139¢ 147614861506 1416142614606 139614061416 141614461456
16(127) 118612561276- 1186125612706- 117612561276- 121612561270~ 120612161270-
13461366138¢ 143614461456 135614061430 136614361446 136614361446
17(127) 117611861256- 1206125612706- 1200612561276- 120612561270~ 12061256127c-
134613561376 144614961506 1366139614006 135613961426 136613761396
18(127) 118012561276- 120012561276- 120012561276- 12006125612706- 117612561270-
136013761406 1470152061576 137014101420 1300136061370 136013701420
Table 14: Local molecular orbitals of atoms 25, 26, 27, 28, 29 and 30
Mol. Atom 25 Atom 26 Atom 27 Atom 28 Atom 29 Atom 30
1(124) 118c122n124n- 122n1236124n- 121w122n124n- 1116118n121n- 1217122%124n- 122n12361247-
12712871346 127n128n134c  127n128n1366 127w128n1360 1277128n1366 127w1287n1360
2(128) 1200126m1280- 124n126m1280- 124m126m1286- 1196120w124n- 120m124n1267- 120712671286-
131713371366 131n133n13606 131n133w1366 131w133w1360 1317133n1446  131n1337n1360
3(128) 122w125%128n- 122w1257128xn- 122x1257128n- 12271257128n- 122712571287 122712571287-
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131%132n134c  131n132n134c  131w132n1466 131w132n1340 1317132n1346  131w1327n1340
4(128) 12101247128n- 1216124n128n- 1210124n128n- 121n124w1287n- 121n1247128n- 121712661287-
131713371406 131n133n1360 131n133n1366 131n13371366 131n133n1360 131n133n1360
5(136) 128c1340135n- 132n13406135n- 132n13401357n- 128n132n135n- 128n132n1357- 132n13401357-
1397114071436 13911401436 13971401436 139n140n1436 13971401436 139n14071430
6(136) 130c134c136m- 133w134c136n- 13371346136m- 133711346136m- 130m133w136m- 133m13461367-
1397140n141c  1397n140n141c 13971401546  139n140n141lc 1397140141 139m140xnl4lo
7(136) 128c13406135n- 131m1340135n- 131m1346135n- 128n131n135n- 128n131xw135n- 131m13461357-
13971417149¢  1391n141%n1496  1397141n149¢  139n141w1560 1397141n1496 139n14171496
8(136) 123n130m136m- 133w1356136m- 133713506136m- 1307133n136m- 130m133n136m- 130m13501367-
139714071496 13971401496 13971401496 1397114071526  139n140n1550 139n140n1580
9(115) 108c1130115%n- 112n1136115%- 1086112n1157- 1066108xw112n- 108w112x1157- 1087w11361157-
118711971236 118n119n1236  118n119%123c  118n11971236  118n119n1360 118n119n1240
10(119) 11206117x1190- 116m117x1190- 116w11771190- 111c112n116n- 1127116n117x- 112%11771190-
122712371256 122n123n12506  122n123w125¢ 12212371256 122w123n131c  122n123w12506
11(119) 11261176119%- 1120116w1197- 116w11761197- 112n116m119%- 11271167119%- 112n11761197-
122712371256 122n123n1250 122n123w137c  122n12371256  122w123n1250 122n123w1250
12(119) 1126115w119n- 112011571197- 112011571197- 112n115x119%- 11271157119%- 111n1127119%-
122712371286 122n123n1250 122n123w125¢ 122n12371256  122w123n1250 122n12n312506
13(127) 12001256126m- 124m1256126m- 124w1256126n- 1196120m124n- 120m124n126m- 124n12561267-
129713171326 129w131n1320 1297131%1326 129713171326  129w131n1320 1297131n1320
14(127) 12001256127n- 1200124n127n- 124w1256127n- 120m124n127n- 120m124n127n- 124n1256127x-
130713171326 130n131n1320 130n131n143c 13013171326 130m131n1320 130n131n1320
15(128) 1247126m128n- 124n126w128n- 124w1267128n- 124n126m128n- 124n126w128n- 124w12671287-
131713271376 131n132n1330  131n132%133c  131n13271336  131n132n1330c 131n132n1330
16(127) 121612561270- 120m121w1250- 1210125612706- 120m121n125%- 120712161257- 120n121n1256-
129713171366 129%131n13506 129n131n13606 129x131n13606 129w131nl1360 129n131w143n
17(127) 12001256127n- 122n1256127n- 122n1256127n- 120m122n127w- 12071227127w- 122712561277-
129713171376 129w131n1360 129n131n1360 1297131n1456 129n131n1430c 129n131n1360
18(127) 1200125x127n- 12261257127n- 12261257127n- 120061217122%- 12261257127n- 12061257127 7-
130713171406 130n131n1360 130n131n1366 13013171366 130n131n1420 130n131n1360
Discussion

The Discussion section follows guidelines presented in previous articles [40, 41, 73].

Discussion of serotonin 5-HT;, receptor binding affinity results
Table 2 shows that the importance of variables in Eq. 1 is Sg"(HOMO-1)*> S;,N(LUMO)*>> S,," = S,,5(HOMO-
1)*> Fs(LUMO+2)*. The analysis of Eq. 1 shows that a high serotonin 5-HTy5 receptor binding affinity is
associated with small (negative) values for S5 (HOMO-1)*, large (positive) values for Sy, (LUMO)*, small values
for S,", small (negative) values fo rS,,"(HOMO-1)* and large values for F,s(LUMO+2)*. Atom 8 is a carbon atom
in ring A (Fig. 2). The local (HOMO)g* has a m nature in all molecules while (HOMO-1)g* has a ¢ or m nature
(Table 12). Fig. 8 shows the local (HOMOQ)8* of molecule 1.
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Figure 8: Local (HOMO)g* of molecule 1 (see Fig. 2 for atom numbering)
LUMOg* coincides with the molecular LUMO in all molecules (Table 12). A small (negative) value of Sg5(HOMO-
1)* is obtained by lowering the MO energy, lowering the Fukui index of (HOMO-1)g* or using both procedures
simultaneously. In all cases the electron donating capacity of this MO is reduced. Now, if we accept that the same
reasoning can be applied to (HOMO)g* then we suggest that atom 8 is acting as an electron-acceptor and is engaged
most probably in a -x interaction, participating alone or together with one or more atoms of ring A. Atom 14 is a
saturated carbon atom inside the chain linking rings C and D (Fig. 2). All local MOs have a ¢ nature (Table 12). A
high serotonin5-HT 4 receptor affinity is associated with large (positive) values of Si,"(LUMO)*. Figure 9 shows

(LUMO),," of molecule 2.
f‘g"

Figure 9: (LUMO),," of molecule 2 (see Fig. 2 for atom numbering)

These large values can be obtained by lowering the MO energy making (LUMO),* more reactive. For this reason
we suggest that atom 14 is participating in a 6-n (with an aromatic system) or in an alkyl interaction (with aliphatic
amino acid side-chains).Atom 21 is a saturated carbon atom in ring D (Fig. 2). All local MOs have a ¢ nature (Table
13). A high receptor affinity is associated with small values of S, and small (negative) values of S,;5(HOMO-1)*.
Table 2 shows that both reactivity indices show similar beta values and t-test results. Regarding S,;", we know that
the dominant term is Sy (LUMO)*. Therefore the process for obtaining small values will transform atom 21 in a
very bad electron acceptor. On the other hand, small negative values for S,5(HOMO-1)* are obtained by shifting
downwards (i.e., increasing the negative energy) of this local MO making this atom also a bad electron donor. The
only hypothesis we can offer for these two facts (appearing for the first time) is that atom 21 is close to a 3D neutral
area formed by atoms that should be also bad electron donors and bad electron acceptors. Atom 26 is a carbon atom
in ring E (Fig. 2). Large values of Fy(LUMO+2)* are linked to high affinity. This immediately suggests that atom
26 is interacting with an electro-rich center probably through n-n interactions.All the suggestions are displayed in
the partial 2D pharmacophore of Fig. 10.
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Figure 10: Partial 2D pharmacophore for serotonin5-HT;4 receptor binding affinity

Discussion of serotonin 5-HT,4 receptor binding affinity results

Table 4 shows that the importance of variables in Egq. 2 is Fa(LUMO+1)*>S;5(HOMO-
1)*>S,, N (LUMO+2)*>1136 >>S;6 (LUMO+2)*. Because of the t-test results S;6 (LUMO+2)* will not be discussed.
A high serotonin 5-HT,, receptor binding affinity is associated with small (negative) numerical values of
Ss"(HOMO-1)*, large numerical values of F5(LUMO+1)* and S,,"N(LUMO+2)*, and with small (negative) values
of i . Atom 8 is a carbon atom in ring A (Fig. 2). Small (negative) numerical values of Sg"(HOMO-1)* are
associated with a high serotonin5-HT,4 receptor affinity. With the same reasoning used for this atom in the case of
serotonin 5-HT,4 receptor we suggest that atom 8 is engaged most probably in a n-n interaction with an electron-rich
center, participating alone or together with one or more atoms of ring A. Atom 30 is a carbon atom in ring E (Fig. 2).
For a higher receptor affinity we need larger numerical values for F;o(LUMO+1)*. This suggests that atom 30 is
interacting with an electron-rich center through at least its first two lowest empty local MOs. Table 14 shows that
(LUMO)3," and (LUMO+1)3," have a 7 nature. Figure 11 shows the (LUMO+1)3," of molecule 3.

Figure 11: (LUMO+1)4, of molecule 3 (see Fig. 2 for atom numbering)

Therefore the interaction is probably of the mn-n kind but a n-c interaction cannot be ruled out. Atom 21 is a
saturated carbon atom in ring D (Fig. 2). All local MOs have a ¢ nature (Table 13). A high receptor affinity is
associated with large numerical values for S,N(LUMO+2)*. These values are obtained by shifting downwards the
MO energy, making this MO more reactive. Therefore, we suggest that this atom is interacting with an electron-rich
center through o-m and/or alkyl interactions. Atom 16 is a saturated carbon atom in the chain linking rings C and D
(Fig. 2). Small (negative) values for p;5 are associated with high receptor affinity. Remembering that this local
atomic reactivity index corresponds in this case to half of the (HOMO)*-(LUMO)¢* gap, a small negative value
means that the (HOMO)s* energy is shifting toward zero, making this atom a better electron donor. Figure 12
shows the (HOMO)¢* of molecule 4.
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Figure 12: (HOMO)* of molecule 4 (see Fig. 2 for atom numbering)
This suggests that atom 16 is interacting with an electron-deficient center (through alkyl, o-n and/or o-cation
interactions). All the suggestions are displayed in the partial 2D pharmacophore of Fig. 13.

29
Figure 13: Partial 2D pharmacophore for serotonin 5-HT,, receptor binding affinity

Discussion of serotonin 5-HTg receptor binding affinity results

Table 6 shows that the importance of variables in Eq. 3 is S,5(HOMO-1)*>>F15(HOMO-2)*>1156 >>15, . A high
serotonin 5-HTg receptor binding affinity activity is associated with small (negative) numerical values for
S,5(HOMO-1)*, large numerical values for Fio(HOMO-2)*, large (negative) values for pipe and py, . Atom 2 is a
carbon atom belonging to rings B and C (Fig. 2). Small (negative) numerical values for S,*(HOMO-1)* are
associated with high affinity. Those small values make atom 2 a bad electron donor. If we accept the hypothesis that
the same condition holds for S,5(HOMO)* and that this index is not appearing in Eq. 3 only because it is not
statistically significant, then we suggest that atom 2 is interacting with en electron-rich center. The other way to get
small values for S,5(HOMO-1)* and S,"(HOMO)* is by removing the localization of these specific local MOs on
atom 21. Table 12 shows that (LUMO),*and(LUMO+1),* have a & nature. Figure 14 shows (LUMO),* of molecule
5.

Figure 14: (LUMO),* of molecule 5 (see Fig. 2 for atom numbering)
Therefore, the most probable interaction is a n-r one. Atom 19 is one of the nitrogen atoms of ring D (Fig. 2). All
local MOs have not a m nature (Table 13). Large numerical values for Fio(HOMO-2)* are associated with high
affinity. This suggests that atom19 is interacting with an electron-deficient center (note that (LUMO)9* corresponds
to a higher empty MO). This interaction seems to be an alkyl one. Atom 29 is a carbon atom of ring E (Fig. 2). A
high affinity is associated with large (negative) numerical values for . These values are obtained by shifting
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downwards the (HOMO),o* energy, making this MO less reactive and (LUMO),* more reactive. For this reason we
suggest that atom 29 is interacting with an electron-rich center. Table 14 shows that the two lowest empty local MOs
have a & nature. Therefore the interaction can be of the n-n, n-c and/or w-anion kinds. Atom 22 is a saturated carbon
atom of ring D (Fig. 2). Large (negative) numerical values for py, are associated with high receptor affinity.
Following a similar reasoning employed for atom 29, we suggest that atom 22 interacts with an electron-rich center.
Table 13 shows that all local MOs have a o nature. Figure 15 shows (LUMO),,* of molecule 6.

Figure 15: (LUMO)x* of molecule 6 (see Fig. 2 for atom numbering)
Therefore the interaction can be of the c-anion, alkyl and/or o-m kinds. All the suggestions are displayed in the
partial 2D pharmacophore of Fig. 16.

Electron deficient center
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2 © /
X \
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interactions \ 29 /

Electron-rich center
sigma-anion, alkyl
and/or sigma-pi

interactions [ Electron-rich center.]
r

Pi-pi, pi-sigma and/o
pi-anion interactions

Figure 16: Partial 2D pharmacophore for serotonin5-HTg receptor binding affinity

Discussion of serotonin 5-HT; receptor binding affinity results

Table 8 shows that the importance of variables in Eq. 4 is Fy(LUMO+1)*>> S;5(HOMO)*
>S50 (LUMO)*>S,,"(LUMO)*>F 5(HOMO-2)*>F1s(HOMO-2)*. Because of the t-test results, Fig(HOMO-2)* and
F1o(HOMO-2)* will not be discussed. A high serotonin 5-HT- receptor activity is associated with small numerical
values for Fg(LUMO+1)*, large (negative) numerical values for Sg"(HOMO)*, small numerical values for
Sy (LUMO)* and small numerical values for S, (LUMO)*.Atom 28 is a carbon atom in ring E (Fig. 2). Small
numerical values for F,g(LUMO+1)* are associated with high 5-HTreceptor affinity. These types of values are
obtained by lowering the localization of (LUMO+1),s. An ideal situation is when Fg(LUMO+1)*=0. If
(LUMO+1)," follows the same trend atom 20 will behave as a bad electron acceptor. On the other hand, Table 14
shows that in all cases (HOMO),s has a « character. Figure 17 shows (HOMO),5" of molecule 7.

Figure 17: (HOMO),s" of molecule 7 (see Fig. 2 for atom numbering)
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On this basis we suggest that atom 28 is interacting with an electron-rich moiety through zn-m, n-6 and /or alkyl
interactions. Atom 8 is a carbon atom in ring A (Fig. 2). Large (negative) numerical values for Sg5(HOMO)* are
required for high receptor affinity. Table 12 shows that (HOMO)g* has a © nature in all cases. Large negative values
are obtained by shifting upwards the (HOMO)g* energy (i.e., approaching it to zero) making this MO more reactive.
Therefore it is suggested that this atom interacts with an electron-deficient center through n-n and/or m-cation
interactions. Atom 29 is a carbon atom in ring E (Fig. 2). Small numerical values for S, (LUMO)* are associated
with high receptor affinity. These types of values are obtained by enlarging the MO energy making it less reactive.
The ideal case is when Sy (LUMO)*—0. On the other hand, Table 14 shows that (HOMO),* has a 7 nature in all
molecules. Figure 18 shows the (HOMO)zg* of molecule 8.

y%,j

@
H»

Figure 18: (HOMO),s* of molecule 8 (see Fig. 2 for atom numbering)

We suggest that atom 29 is interacting with an electron-deficient center through m-cation and/or m-m interactions.
Atom 22 is a saturated carbon atom in ring D (Fig. 2). All local MOs have not a 7 nature (Table 13). A high receptor
affinity is associated with small numerical values for S,,"(LUMO)*. Table 13 shows that (LUMO),, does not
coincide with the molecular LUMO and that it corresponds to a very high empty molecular MO. Therefore atom 22
behaves as a very bad electron donor. Considering that (HOMO),," coincides with the molecular HOMO, HOMO-1
or HOMO-2 it is possible to suggest that this atom is interacting with an electron deficient center through c-cation,
o-r or alkyl interactions. All the suggestions are displayed in the partial 2D pharmacophore of Fig. 19.
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Figure 19: Partial 2D pharmacophore for serotonin 5-HT; receptor affinity

Discussion of the dopamineD, receptor binding affinity results

Table 10 shows that the importance of variables in Eg. 5 is S;5(HOMO-1)*>>S,s"(LUMO+1)*>
Su (LUMO+2)*>S,sN(LUMO+2)*>S,,5. Because of the t-test result S,;= will not be discussed. A high dopamine D,
receptor affinity is associated with small numerical (negative) values for S;5(HOMO-1)*, small numerical values for
S1"(LUMO+1)*, large numerical values for Sy"(LUMO+2)* and Sys"(LUMO+2)*. Atom 7 is a carbon atom in
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rings A and C (Fig. 2). Small numerical (negative) values for S;“(HOMO-1)* are associated with high dopamine D,
receptor affinity. Small values are obtained by decreasing the location of this MO on atom 7 or by making its energy
more negative. If S;5(HOMO)* follows the same trend, then atom 7 is behaving as a bad electron donor. On the
other hand (LUMO),* has a & nature in all molecules (Table 12) and coincides with the molecular LUMO. Figure 20
shows the (LUMO),* of molecule 9.

Figure 20: (LUMO);* of molecule 9 (see Fig. 2 for atom numbering)

We suggest then that atom 7 is interacting with an electron-rich center through n-x or m-anion interactions. Atom 19
is a nitrogen atom in ring D (Fig. 2). All local MOs have not a © nature. A high receptor affinity is associated with
small numerical values for S;¢"(LUMO+1)*. These values transform atom 19 in a bad electron acceptor. This is
consistent with the fact that this MO is energetically very far from the molecular LUMO (see Table 13). This Table
also show that (HOMO),~ coincides with the molecular HOMO, HOMO-1 or HOMO-2. For these reasons we
suggest that atom 19 is interacting with an electron deficient center through c-cation, 6-n and/or alkyl interactions.
Atom 20 is a saturated carbon atom in ring D (Fig. 2). All local MOs have not a & nature. Large numerical values for
S, (LUMO+2)* are needed for high receptor affinity. These values are obtained by shifting downwards the MO
energy (i.e., toward zero) making (LUMO+2),,” more reactive. This also makes (LUMO+1)," and (LUMO),, more
reactive. Table 13 shows that (LUMO),, is very far from the molecular LUMO. This is an interesting fact to
explore by experiment or by theory, trying to determine if there is a way to lower (LUMO),, . If our results are
correct this could open an interesting way to explore the real role that ring D plays in determining receptor affinity.
We tentatively suggest that atom 20 is facing an electron-rich center. The interactions can be of the c-anion and/or
o-m kinds. Atom 25 is a carbon atom in ring E (Fig. 2). Large numerical values for S,s"(LUMO+2)* are needed for a
high D, dopamine receptor affinity. Large values for this index are obtained by shifting toward zero the energy of
(LUMO+2),5 ", making it more reactive. This, in turn, will also make (LUMO+1),s and (LUMO),s more reactive.
Table 14 shows that (LUMO+1),5s and (LUMO),s have a 7 nature while (LUMO+2),5 is a ¢ MO in all cases.
Figure 21 shows the (LUMO+2),5" of molecule 10.

Figure 21: (LUMO+2),5 of molecule 10 (see Fig. 2 for atom numbering)
It would be interesting to explore the effects on receptor affinity when the three lowest empty local MOs of this
atom have of a 7 nature. It is suggested that atom 25 is interacting with an electron-rich moiety through n-r, 7-anion
and/or m-c interactions. All the suggestions are displayed in the partial 2D pharmacophore of Fig. 22.
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Figure 22: Partial 2D pharmacophore for dopamine D, receptor affinity

In summary, we have obtained statistically significant relationships between the electronic structure and the receptor
binding affinity one dopaminergic (D,) and four serotonergic (5-HT 4, 5-HT,a, 5-HTg, 5-HT-) receptors for a series
of fananserin derivatives. All the QSAR results show again that sigma molecular orbitals in rings and/or linkers are
playing a role in the molecule-receptor interaction.
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