ISSN: 0975-8585

Research Journal of Pharmaceutical, Biological and Chemical

Sciences

A Density Functional Study of the Relationships between Electronic Structure
and Dopamine D, receptor binding affinity of a series of [4-(4-
Carboxamidobutyl)]-1-arylpiperazines.

Juan S. Gémez-Jeria* and Javier Valdebenito-Gamboa.

Quantum Pharmacology Unit, Department of Chemistry, Faculty of Sciences, University of Chile. Las Palmeras 3425,
Santiago 7800003, Chile.

ABSTRACT

An analysis of the relationships between electronic structure and dopamine D, receptor binding
affinity was carried out for a series of [4-(4-carboxamidobutyl)]-1-arylpiperazines. Local atomic reactivity
indices were obtained at the B3LYP/6-31G(d,p) level after full geometry optimization. A statistically significant
equation relating several local atomic reactivity indices with the binding affinity was obtained. From the
results, a partial 2D pharmacophore is built, containing several sites that can be used for substitution
enhancing binding affinity. An important conclusion is that because the common skeleton hypothesis is
producing once more excellent results, the results reported here must serve as a guide for correct docking
procedures.
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INTRODUCTION

Dopamine (3,4-dihydroxyphenethylamine, DA) is a molecule of the catecholamine and
phenethylamine families. In the brain, dopamine functions as a neurotransmitter. DA exerts its effects by
interacting with a class of G protein-coupled receptors called dopamine receptors (DAR). Five DAR are known
up to date; D4, D,, D3, D, and Ds [1, 2]. “These functions include, but are not limited to, the following: voluntary
movement, reward, sleep regulation, feeding, affect, attention, cognitive function, olfaction, vision, hormonal
regulation, sympathetic regulation and penile erection. Dopamine receptors are also known to influence the
immune system as well as cardiovascular, renal and gastrointestinal functions” (taken from Ref. [1]). Multiple
human disorders have been related to dopaminergic dysfunctions: attention deficit hyperactivity disorder,
bipolar disorder, dyskinesias, drug addiction (and perhaps money, power and gambling addictions),
Huntington’s disease, hypertension, kidney dysfunction, major depression, Parkinson's disease, restless legs
syndrome, schizophrenia and Tourette’s syndrome. This area is the subject of actual intensive research [3-29].
As a result, many molecules interacting with DAR are employed for clinical use (see Table 3 of Ref. [1]). Also,
many families of molecules interacting with one or more DAR have been synthesized and their biological
activities measured and several theoretical studies have been carried out to understand the ligand-site
interactions [30-48]. Here we present the results of a Density Functional Theory study of the relationships
between electronic structure and D, receptor binding affinity for a family of [4-(4-carboxamidobutyl)]-1-
arylpiperazines. A similar analysis of this same family but interacting with the D3 receptor was reported
elsewhere [49].

METHODS, MODELS AND CALCULATIONS
The QSAR method

Considering the method relating the electronic structure with the receptor binding affinity has been
described in detail in several papers we present here the final equation in a standard form used en previous
papers [50-55]. The receptor binding affinity (K;) is related to a number of local atomic reactivity indices (LARIs)
and has the following mathematical form:

log(K;) =a+bM,, +clog| oy, /(ABC)” |+ Y [ e,Q; + f;S} +5,S' |+
J

3 2 by (M)F, (m) +x, (m)sf(m)]+ZZ[rj (M)F;(m?)+t;(m)s} (m) ]+

max
+Z[gjyj +K17, +0,0; + 2,6, + W, Q] ]
! (1)
where M is the drug’s mass, o its symmetry number and ABC the product of the drug’s moments of inertia
about the three principal axes of rotation. Q; is the net charge of atom j, SjE and SjN are, respectively, the total
atomic electrophilic and nucleophilic superdelocalizabilities of atom j, F;,, (F;) is the Fukui index (electron
population) of the occupied (vacant) MO m (m’) localized on atom j [56]. S,-E(m) is the atomic electrophilic

superdelocalizability of MO m localized 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 the S,-N(m)'s. Hjis the local atomic electronic
chemical potential of atom j, 1 is the local atomic hardness of atom j, @ is the local atomic electrophilicity

max
of atom j, °i is the local atomic softness of atom j, and Qi is the maximal amount of electronic charge that
atom j may accept from another site. HOMO;* refers to the highest occupied molecular orbital localized on
atom j and LUMO;* to the lowest empty MO localized on atom j [55].

Selection of the molecules and the biological activity
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The molecules and their D, receptor binding affinity (K) were selected from a recent publication [37].
Figure 1 and Tables 1a and 1b show, respectively, the molecules and the logarithm of the D, binding affinity,

log(K;).
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Figure 1. General structure of molecules.

Table 1a. Selected molecules.

Mol. |[1]2|3|4|5]|7]8 R. Re R,
1 C|CIN|C|C|N|C H H H
2 C|CIN|C|C|N|C H H H
3 C|CIN|C|C|N|C H H H
4 C|CIN|C|C|N|C H H H
5 C|CIN|C|C|N|C H H H
6 C|CIN|C|C|N|C H H H
7 C|CIN|C|C|N|C H H H
8 C|CIN|C|C|N|C H H H
9 C|CIN|C|C|N|C H H H
10 ([C|C|N|C|C|N]|C H H H
11 C|CIN|C|C|N|C H H H
12 C|CIN|C|C|N|C H H H
13 [C|C|N|C|C|N]|C H H H
14 C|CIN|C|C|N|C H H H
15 ([C|C|N|C|C|N]|C H H H
16 [C|C|N|C|C|N|C H H H
17 C|C|N|C|C|N|C H H H
18 [C|C|N|C|C|N|C H H H
19 ([Cc|C|C|C|C|C|N H H H

20 |[C|C|C|C|C|N|N H H H
21 |[C|C|C|IN|C]|C]|S H H H
22 |[C|N|C|IN|C|C|N H H H
23 |[C|N|C|C|NJ|C|N H H H
24 |[N|N|C|C|C|C|N H Cl H
25 |c|c|c|c|jcCc|C]|S H H NH,
26 |[Cc|c|c|c|c|cCc]|C H H | (CH,)NMe,
27 |C|N|C|C|C|C|N H H | (CH,)NMe,
28 |[C|N|C|C|C|C|N| (CHyOH H H
29 [C|N|C|C|C|C|N|(CH)NMe, | H H
Table 1b. Selected molecules.
Mol. | 26 | 28 Roa Ras Ro7 | Ry | log(K;)

1 c|C H H H H 2.25

2 c|cC OMe H H H 1.28

3 c|cC cl cl H H 1.08

4 c|C CN H H H 2.28

5 N | C (CH), H H | 2.76
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6 | N]|C (CH), CFy; | H | 4.13
7 | c|cleH,cer)cH) | H | H | 3.70
8 | N[ c| (cHucEnecH) | H | H | 327
9 [c|N H H (CH), 3.19
10 | N | N (CH), H | H| 305
11 | N | N (CH), tBu| H | 3.16
12 | N | N H CF, | Me | H | 4.40
13 [ N | N H Me | CF; | H | 3.54
14 | N | N H tBu | Me | H | 3.66
15 [ N | N H Me |tBu| H | 2.56
16 | N | N H tBu |tBu| H | 2.56
17 [ N | N H cPr |[tBu| H | 2.28
18 | N | N H CFs |tBu| H | 271
19 [ N | N H CF; |tBu| H | 2.96
20 [ N[N H CF; |tBu| H | 2.53
21 [N [N H CF; |tBu| H | 2.83
2 [ N[N H CF; |tBu| H | 2.64
23 [ N[N H CF; |tBu| H | 2.65
24 [ N[N H CF; |tBu| H | 2.82
25 [ N[N H CF; |tBu| H | 2.68
26 | N[N H CF; |tBu| H | 272
27 [ N[N H CF; |tBu| H | 248
28 [ N[N H CF; |tBu| H | 297
29 [ N[N H CF; |tBu| H | 247

Calculations

ISSN: 0975-8585

We employed the concept of common skeleton (a group of common atoms to all the molecules
controlling almost all the variation of the receptor binding affinity through the variation of the numerical

values of their LARIs). The common skeleton is shown in Fig. 2.

-

25

Figure 2. Common skeleton numbering.

All geometries were fully optimized at the DFT B3LYP/6-31G(d,p) level of theory with the Gaussian
suite of programs [57]. From the log files of the single point calculations, we extracted all the necessary
information to calculate the LARIs of the atoms composing the common skeleton with the D-Cent-QSAR
software [58]. Mulliken Population Analysis results were corrected as usual [59]. Given that there are no
enough binding affinity data to solve the linear system of Egs. 1, we employed linear multiple regression
analysis (LMRA) techniques to discover those indices whose variation explains the variation of the binding
affinity. The Statistica software was used [60]. Here, statistics is employed as a slave.
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RESULTS

No significant equation was obtained for the whole set of molecules (n=31) due to the presence of outliers.
After eliminating them, the most statistically significant equation found is:

log(K,) = 3.66 +5.85Q5 +0.20S 5 (HOMO) *+0.02S,' (LUMO +1) *+1.34S) (LUMO) *—
—0.5637E (HOI\/IO)*—O.3659E (HOMO-1) *+4.6981'; (LUMO +1)*+O.63S4E (HOMO)*-—
0.3814 —O.54S£(LUMO +1)*

(2)
with n=28, R= 0.98, R%= 0.97 adjusted R?= 0.95, F(10,17)=53.817 (p<0.000001) and a standard error of estimate
of 0.14. No outliers were detected and no residuals fall outside the +2¢ limits. Here, ergax is the maximum
amount of charge atom 26 may receive, SZES(HOMO)* is the electrophilic superdelocalizability of the
highest occupied MO localized on atom 25, SZN (LUMO +1) *is the nucleophilic superdelocalizability of the
second lowest vacant MO localized on atom 2, Sle(LUMO)* is the nucleophilic superdelocalizability of the
lowest vacant MO localized on atom 21, S7E(HO|\/|O)* is the electrophilic superdelocalizability of the
highest occupied MO localized on atom 7, S;E(HOMO—].)* is the electrophilic superdelocalizability of the
second highest occupied MO localized on atom 9, 51’;‘ (LUMO +1)* is the nucleophilic superdelocalizability
of the second lowest vacant MO localized on atom 15, S, (HOMO)* is the electrophilic
superdelocalizability of the highest occupied MO localized on atom 4, (4, is the local atomic electronic

chemical potential of atom 18 and SE(LUMO +1)* is the electrophilic superdelocalizability of the second

lowest vacant MO localized on atom 18. Tables 2 and 3 show, respectively, the beta coefficients, the t-test for
significance of the coefficients and the matrix of the squared correlation coefficients for the variables
appearing in Eq. 2.

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

| [Beta B Jja7) [fo-level

max
26

S5 (HOMO)*  |l0.14 (j0.20 |[2.49 [<0.02

0.90 ||5.85 ||18.10({<0.000001

S, (LUMO +1)*||0.42 (j0.02 ||6.67 (<0.000004

S)(LUMO)*  |l0.83 [|1.34 ||11.48|<0.000001

SF(HOMO)*  ||-0.46-0.56|-6.03 ||<0.00001

S¢ (HOMO —1) *|-0.19||-0.36/|-2.88 ||<0.01

Sp (LUMO +1)* [j0.32 |[4.69 ||5.56 [<0.00003

SS(HOMO)*  |l0.29 |0.63 [|4.10 (<0.0007

g -0.21|-0.38||-3.67 ||<0.002

S5 (LUMO +1)* ||-0.12|-0.54(|-2.30 (|<0.03

We must note that in Table 2 there are three variables having a relatively high p-level.
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Table 3. Matrix of squared correlation coefficients for the variables appearing in Eq. 2.

Q™ SE(HOMO)* | s(LuMO+1)* | Sh(LUMO)* | SF(HOMO)* | Sy (HOMO-1)* | SY(LUMO+1)* | SF(HOMO)* | Lig
Sz(HOMO)* 0.04 1.00
S} (LUMO+1)* 0.01 0.06 1.00
Sa(LUMO)* 0.21 0.09 0.02 1.00
S7 (HOMO)* 0.005 0.09 0.21 0.05 1.00
S5 (HOMO-1)* 0.01 0.004 0.20 0.10 0.10 1.00
SI(LUMO +)* 0.03 0.03 0.001 0.16 0.004 0.04 1.00
S; (HOMO)* 0.001 0.02 0.07 0.08 0.16 0.12 0.02 1.00
Hhg 0.0004 0.01 0.0004 0.09 0.10 0.16 0.03 0.23 1.00
S5(LUMO+1)* | 0,0004 | 0.002 0.03 0.13 0.06 0.07 0.005 0.11 |0.16

Table 3 shows that no very significant internal correlations exist between the independent variables.
The associated statistical parameters of Eq. 2 (Table 2) show that this equation is statistically significant and
that the variation of a group of ten local atomic reactivity indices belonging to the common skeleton (Fig. 2)
explains about 95% of the variation of log(K;). Figure 3, spanning about 3 orders of magnitude, shows that
there is a good quality correlation of observed versus calculated values and that very few points are far outside
the 95% confidence interval.
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Figure 3. Plot of predicted vs. observed log(K;) values from Eq. 2. Dashed lines denote the 95% confidence
interval.

Tables 4 and 5 show the local molecular orbital structure of some atoms appearing in Eq. 2 (nomenclature:
molecule (HOMO) / (HOMO-2)* (HOMO-1)* (HOMO)*-(LUMO)* (LUMO+1)* (LUMO+2)*).
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Table 4. Local molecular orbital structure of atoms 2, 4, 7 and 9.

Mol Atom 2 (C) Atom 4 (C-N) Atom 7 (C) Atom 9 (C)
96m97m99rt- 96m97mn99mt- 96m97mn99mt- 96m97mn99mt-
1(101) | 103m105m110m | 102m105m108m | 102m103m105m | 102m103m105n
104nt105n107n- | 103m104m107m- | 104n105n107n- | 104m1056107m-
2 (109) 111n114n117n | 110m114nl15n 110m111n114mn 110m111n114mn
113m115n116m- | 113m115nl116m- | 113ml15mnll16n- | 113nll5nll6m-
3(117) | 119m123m128n | 118m123mi26m | 118m119m123m | 118m119mi23m
119m120m122m- | 118n119m122n- | 119m120n122mn- | 119n120m122n-
4(123) | 127m128n135m | 125m128m132n | 125m127m128m | 125m127m128n
107m108nt112m- | 107n108m112n- | 107m108n112m- | 107n108nl112n-
5(114)] | 117m119n127n | 115m119m122m | 115m117m119n | 115m117n119n
126m127n128m- | 122n125m128n- | 126m127n128mn- | 126m1270128n-
6 (130) | 134m135m143n | 132m135m139m | 132m134n135m | 132m134m135n
124n127n128mn- | 124n127n128m- | 124n127m128n- | 124nl1270128m-
7(130) | 134m135m143n | 131m134n135m | 131m134m135n | 131m134mi35n
116m117m120m- | 116m117m120- 116m117m120rm- 116m117n120-
8(122) 125m127n134n | 123n125n127n 123m125n127m 123m125n127m
108m109m112m- | 108m109m112n- | 108m109m112m- | 108m109m112n-
9(114) | 117m119m124m | 115m119m122n | 115m117n119m | 115m117m119n
109m110m112m- | 109m110m112n- | 109m110m112m- | 109m110m112n-
10(114) | 117m119n125n | 115m119m122n | 115m117m119m | 115m117m119n
125m126m128m- | 125m126m128n- | 125m126m128mn- | 125m126m128n-
11 (130) | 133nm135n141n | 131m135m138m | 131ml133m135n | 131m133ml35n
116m117m120m- | 116m117m120m- | 116m117m120m- | 117m118m120m-
12 (121) | 124m126m130m | 122n126m128n 122n124n126m 122n124n126m
116m118mt120m- | 116m118m120m- | 116m118n120m- | 116m118m120m-
13(121) | 124m126m132nt | 122n126m128n 122n124n126m 122n124n126m
116m117m119m- | 116m117n119m- | 116m117n119n- | 116m117m119m-
14 (121) | 123m126m131m | 122n126m128n | 122m123mi26m | 122m123ml26mn
116m117n119m- | 116m117n119n- | 116m117n119mn- | 116m117n119n-
15(121) | 123m126m130m | 122n126m128n | 122m123mi26m | 122m123ml26n
128m129m131m- | 128n129n131n- | 128m129n131m- | 128n129n131n-
16 (133) | 135m138m143n | 134m138m140m | 134n135m138n | 134m135m138n
122n124n126m- | 121nm122n126m- | 122n124nl126m- | 122n124n126m-
17 (128) | 130m133n138mt | 129m133m135m | 129nm130mi133n | 129m130m133n
128m129n132m- | 127n128m132n- | 128m129n132m- | 1291m130m132n-
18 (133) | 136m138m142n | 134m138m140m | 134nl136ml138n | 134m136m138n
130m131n132m- | 130m131m132n- | 124m130n132m- | 130m131m132n-
19 (133) | 134m137n138m | 134n137m138n | 134m137m138m | 134m137m138n
1280130m131n- | 1260130mt131m- | 1280130m131n- | 1280130m131m-
20 (133) | 134n137m138n | 134m137m138m | 134m137m138m | 134nm137m138n
132m133n135m- | 132n133m135n- | 132n133n135mn- | 132n133n135n-
21(137) | 138m140m142n | 138m140m142m | 138m140ml42m | 138m140mi42n
1250127m129n- | 12506127n131m- | 1280129m131m- | 1280129m131m-
22 (133) | 134n136m138n | 134m136m138m | 136m138ml140m | 134n136m138n
1260127n131n- | 1260127nt131m- | 1280129m131m- | 1280129m131m-
23 (133) | 134n136m138m | 134m138m143m | 136m138ml140m | 134nm136m138n
1320135n137n- | 1320135n138m- | 1360137m138m- | 1360137m138m-
24 (141) | 142nl143ml46n | 142nl143nldeén | 143ml45nlden | 142n143ml45n
136m137n140m- | 1350137n140n- | 1340135m140mn- | 136m137n140m-
25(141) | 142nl144nlden | 142nl144ni47n | 142nld44nlden | 142nl44mldeén
141nl146n147mn- | 146n147n149n- | 146ml147nl49n- | 146m147n149m-
26 (149) | 150m153m154n | 150m153m154n | 150m154n155n | 150m153ml54n
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141n143n144n- | 138n141nld4n- | 141n143n144n- | 141nl1430144m-
27 (145) | 146m148m150n | 146m148m150m | 146m148ml150m | 146m148m150m
13206135m138m- | 135n138n140n- | 1360138m140m- | 1360138m140m-
28 (141) | 142nl144nld6n | 142nld44nlideén | 142nlddnldén | 142nld4mldeén
142n145n148mn- | 142n145n148n- | 145n146m148n- | 1446145n148m-
29 (149) | 150m152m154n | 150m152n154n | 152m154n157n | 150m152m154n

Table 5. Local molecular orbital structure of atoms 15, 18, 21 and 25.

Mol Atom 15 (C) Atom 18 (C) Atom 21 (C) Atom 25 (C)
96010001010- | 94010001010- | 94010001010- | 94m98m101m-
1(101) 116012001210 | 11001150117c | 111011301140 | 104m106mllln
1040108051090- | 102010801090- | 106010801090- | 1021t106m108m-
2 (109) 1220125061280 | 116012101220 | 118012201240 | 112n113n118n
1120116061170- | 110611601170- | 115011601170- | 1080110nt114n-
3(117) 130013701380 | 121012901310 | 129013301350 | 120m121m122m
114011901230- | 117012101230- | 117012101230- | 1096110mt115m-
4 (123) 136013901400 | 139014201430 | 126012901370 | 124m126m129m
109011301140- | 109011301140- | 109011301140- | 1100111nt113m-
5(114)] | 123013001310 | 126012901300 | 116012001250 | 118m120m137n
1220129061300- | 126012901300- | 120012601300- | 125m126m130m-
6 (130) 138014101440 | 136014001420 | 137014401450 | 133m136ml4ln
1240129061300- | 123012901300- | 123012901300- | 124n125n126m-
7 (130) 1450147061500 | 142014301440 | 132013601390 | 132m133n136m
1160121061220- | 115012101220- | 115012101220- | 116m1180119m-
8(122) 132013801390 | 134013501360 | 124012801330 | 126m128m129m
108011301140- | 106011301140- | 106011301140- | 106m111m113m-
9 (114) 126013001310 | 127012901300 | 125012601270 | 116m120m125m
109011301140- | 106010801140- | 108011301140- | 1110113nt114m-
10(114) | 129013301340 | 128012901300 | 116012001240 | 116m118m120m
1250129061300- | 124012901300- | 1240612901300- | 127612911307
11 (130) | 144014601500 | 145014601470 | 132013601420 | 132m134nl36m
1160119061210- | 111011901210- | 113011901210- | 113111801191~
12 (121) | 133013601390 | 130013201330 | 131013401350 | 123m125n131n
116011901210- | 111011901210- | 112011901210- | 113061170119n-
13 (121) | 133013701390 | 130013201330 | 131013201330 | 123m125n135n
116012001210- | 111012001210- | 114012001210- | 1180120mt121m-
14 (121) | 132013401360 | 135013701380 | 130013301340 | 124m125n137n
116012001210- | 111012001210- | 111012001210- | 114111801207~
15(121) | 139014001420 | 130013401360 | 131013301340 | 124m136m139m
128013201330- | 123013201330- | 126013201330- | 1300132111337~
16 (133) | 145014801490 | 147014801500 | 146014801490 | 136m137n150m
1220127061280- | 115612701280- | 118012701280- | 12501271t128n-
17 (128) | 142014801490 | 141014201430 | 137014101420 | 131m139m145n
128013101330- | 121013101330- | 125013101330- | 1251m1300131m-
18 (133) | 145014901510 | 144014501480 | 143014401470 | 135m137m143n
121012801330- | 120012101330- | 130013101330- | 1250126m1290-
19 (133) | 141014501490 | 144014501460 | 142014301440 | 135n136m148n
120013201330- | 120013201330- | 125013201330- | 125m12901327m-
20 (133) | 142014601490 | 145014601480 | 144014501480 | 135m136m148m
1240136061370- | 124613601370- | 129013601370- | 129n1340136m-
21 (137) | 154015501560 | 149015001530 | 147014801490 | 139m141m152m
129013201330- | 120013201330- | 126013201330- | 126m1300132m-
22 (133) | 142015001510 | 142014301440 | 141014301460 | 135m137m149n
23 (133) | 129013201330- | 120013201330- | 125013201330- | 125n1300132n-
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150015101520 | 142014301490 | 142014301440 | 135m137m149m
137014001410- | 129014001410- | 134014001410- | 134113901407~
24 (141) | 158015901600 | 154015701590 | 151015201530 | 144n157m159m
128013901410- | 128013901410- | 133013901410- | 133113801397~
25 (141) | 159016101620 | 151015301540 | 152015301550 | 143m145n1577
136014501480- | 136014501480- | 140014501480- | 140m1440145m-
26 (149) | 158016001660 | 160016101630 | 159016101650 | 151m152m165m
141014201450- | 132014201450- | 137014201450- | 137n1400142m-
27 (145) | 162016501660 | 155015701600 | 153015501560 | 147m149m160m
138013901410- | 129013901410- | 134013901410- | 134n1370139m-
28 (141) | 152015901600 | 152015401580 | 150015301550 | 143m145m154n
145014701490- | 138014701490- | 141014701490- | 14114301471~
29 (149) | 159016701720 | 159016101650 | 158016001630 | 151m153mi61mn
DISCUSSION

We shall employ the variable-by-variable analysis. Note that this kind of analysis is approximate
because the variation of the receptor binding affinity is related to the simultaneous variation of all the LARIs

appearing in Eq. 2. The beta values (Table 2) show that the importance of variables is Q" > Sle(LUMO)*
>>  SF(HOMO)*>  S)(LUMO+D)*>  SY(LUMO+1)*>  S;(HOMO)*>  p.>
S¢ (HOMO —1)*> S (HOMO)*> S (LUMO +1)*. Eq. 2 shows that a high receptor binding affinity
is associated with high numerical values for ‘SZES(HOMO)*‘, ‘SE(HOMO)*‘ and |,L118|, and with low
. |sy(HOMO)¥, [s5(HOMO-1)* and [S§(LUMO+1)%. it

S, (LUMO)* is positive, a small numerical value is associated with high affinity. If S} (LUMO+1)* is

numerical values for

positive, a small numerical value is associated with high affinity. If S)'(LUMO+1)* is positive, a small
numerical value is associated with high affinity. Atom 26 is a carbon in the aromatic ring D (Fig. 2). A high value
for ergax suggests that this atom is interacting with an electron-rich center. Concerning that atom 26 has a

negative net charge, it could be engaged in m-t or n-o (m-alkyl) interactions. The fact that atom 25 is also
involved (see below) suggests that the most probable interaction is a m-nt one (stacked or T-shaped). Atom 21

is a carbon in the saturated ring C (Fig. 2). All MOs are of o nature. The numerical values of S); (LUMO)*

are positive in some molecules and negative in others. For the positive case small values are needed, and for
the negative case high negative values are optimal. In both cases, the associated eigenvalue of

(LUMO); should be shifted upwards in the energy axis, producing a less reactive MO. Therefore, we
suggest that atom 21 is interacting with an electron-deficient center having several vacant MOs that can

engage in a repulsive interaction with (LUMO);l. Possible interactions are carbon H-bond (C21-H...n), o-c or
o-Tt ones. Atom 7 is a carbon in aromatic ring B (Fig. 2). A low value for ‘SE(HOMO)*‘ can be obtained by

shifting downwards the HOMO energy and/or by diminishing the value of F,(HOMO)* (this index has a

non-zero value by definition, see [55]). This MO has a t nature (Table 4). The necessity of a less reactive MO
suggests that atom 7 is interacting with an electron-rich center. Possible interactions: n-i, C-H bond and m-

anion. Atom 2 is a carbon belonging to aromatic rings A and B (Fig. 2). (LUMO +1); has a 1 nature (Table 4).
A high binding affinity is associated with small (positive) numerical values if SZN (LUMO +1) *is positive and
with high (negative) numerical values if 82N (LUMO +1)* is negative. Our results show that in some cases

the numerical value of S)'(LUMO+1)* is positive, and that in others is negative. Let us consider the
positive case, where a small numerical value is required. This small value is obtained by shifting upwards the
(LUMO +1); eigenvalue, producing a less reactive MO. If 82N (LUMO+1)* is negative, high negative
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values of SZN(LUMO+1)* are obtained again by shifting upwards the (LU|\/|0+1); eigenvalue,
producing again a less reactive MO. A possible explanation of this requirement is that (LUMO);

interacting with an electron-rich counterpart and that (LUMO +1); is engaged in repulsive interactions with

the vacant MOs of this moiety [61, 62]. Possible interactions: m-t and m-anion. Atom 15 is a carbon of a
methylene chain joining rings B and C (Fig. 2). All local MOs are of o nature (Table 5). Our results indicate that

the numerical values of 81'\5‘ (LUMO +1)* are positive in all molecules. A high binding affinity is associated
with low positive numerical values for this index. Employing the same analysis used for SZN (LUMO+1)*
we suggest that the o electrons of (LUMO +1)I5 are engaged in a repulsive interaction with vacant MOs of
a moiety, while (LUMO),, is interacting with an electron-rich center. Possible interactions: C-H...1, 0-o and
o-1.. Atom 4 is a carbon in aromatic ring A (Fig. 2). High negative values of SAE (HOMO)* are associated with

high binding affinity. (HOl\/lO)f1 is of  nature (Table 4). It is suggested that atom 4 is interacting with an

electron-deficient center. Possible interactions: m-n, C-H bond and m-cation. Atom 18 is a carbon of the
saturated ring C (Fig. 2). All MOs are of o nature (Table 5). A low (negative) numerical value for

SE(HOMO —1)* is optimal for high binding affinity, indicating that (HOMO _1);3 could be interacting in
an unfavorable way with one or more occupied MOs of a moiety in the binding site. Regarding (HOMO)IB, it

could be engaged in an interaction with only the lowest vacant MO localized on the moiety. On the other
hand, a high affinity is also associated with low negative numerical values for the local atomic electronic

chemical potential, £4. This local atomic index is the midpoint between (HOMO),; and (LUMO);;, and
low negative values can be obtained by shifting upwards the (HOMO)Z8 energy. This will augment the
(HOMO),;- (HOMO —1); gap, fact that is not in contradiction with the requirements for
(HOMO—].)IB. Possible interactions: C-H...nt, 0-6 and o-1t. Atom 9 is a carbon of aromatic ring B (Fig. 2).
(HOMO); and (HOMO—].); have m nature (Table 4). A high affinity is associated with low negative
numerical values for SQE(HOMO—].)*. This fact suggests that (HOMO—l); could be engaged in

unfavorable interactions with occupied MOs of the site. As in the case of atom 18, (HOMO); seems to
interact with the lowest local empty MO of a residue. Possible interaction: m-rt. Atom 25 is a carbon of the

aromatic ring D (Fig. 2). A high negative numerical value for SZES(HOMO)* is associated with high binding

affinity. (HOMO);5 has a it nature (Table 5). Therefore, atom 25 is interacting with an electron-deficient

center through its highest occupied local MO. Possible interactions: m-it or -0 (m-alkyl), being the m-it (T-
shaped or stacked) the most probable one. All the aforementioned suggestions are summarized in the two
dimensional (2D) partial pharmacophore shown in Fig. 4.
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Figure 4. Partial 2D pharmacophore for D2 receptor binding affinity.
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This pharmacophore contains several atoms that can be employed as targets for testing substitutions
enhancing the D, receptor binding affinity.

Conformational freedom

The partial pharmacophore is always shown as a 2D figure because our method is not able to provide
three-dimensional information about the interactions. Theoretically the results presented here can be
supported by docking analysis with a model of the D2 receptor. As the results presented here sustain the
hypothesis of the existence of a common skeleton (Fig. 2) aligned in a similar way during the drug-receptor
interaction, a good docking study should produce results supporting this fact. The molecules studied here have
a high degree of conformational flexibility due to the long chain joining rings B and C. As an example, figure 5
shows the ten lowest energy conformers of molecules 5 and 17 obtained with MarvinView and superimposed
with Hyperchem (atoms 4, 6 and 7 of rings A and B of Fig. 2 were employed as the common elements for
superimposition) [63, 64].

Figure 5. Superimposition of the ten lowest energy conformers of molecules 5 (left) and 17 (right).

We can observe that both molecules have a high degree of conformational flexibility. The unknown
microscopic environment existing around the binding site at the moment of the interaction will select one of
these conformers as the active one. Figure 6 shows the superimposition of the common skeleton of the 29
molecules analyzed here using the DFT fully optimized geometries.

Figure 6. Superimposition of the common skeleton of molecules 1-29.
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We can see that, if all the consequences of the common skeleton hypothesis are true, then several or
all the molecules must change their conformation to adapt themselves to an unknown common conformation.
As in one-step processes (i.e., receptor binding affinities) the common skeleton hypothesis provided excellent
results beyond a reasonable doubt, we suggest that it should be taken as a starting point for docking studies
[49, 65-88]. We are actually trying to develop a methodology making docking studies compatible with the kind
of formal results obtained here.

Molecular Electrostatic Potential (MEP)

MEP maps can provide a first insight about the probable orientation of the molecules while they
approach the binding site. Figure 7 displays the MEP maps of molecules 5 and 17 in their fully optimized
geometry.

Electrostatic Potential

0.0160

Electrostatic Potential

0.0108

-0,00301 _0'00524

4.94e-005 g -0.000346

. -0.00791 . -0.00593

-0.0159 -0.0115

Figure 7. MEP map of molecules 5 (left) and 17 (right) at 5 A of the nuclei.

Let us accept as a working hypothesis that at a distance of 5 A from the receptor the conformations of
molecules 5 and 17 are the ones represented in Fig. 7. If this is true then we can observe that at the left side of
both molecules there is a similar region of positive electrostatic potential. Then the ring A-B system could be
the side pointing to the receptor. Unhappily, this is not necessarily true because at least we do not know if
these conformations actually exist at 5 A and we do not know in addition the composition of the microscopic
milieu at that distance and how it affects the conformations. Therefore, these kinds of representations have
only a limited value and must be used carefully. Figure 8 shows the MEP map of molecules 7 and 17 at the
+0.0004 isovalue, using the fully optimized geometries.

Figure 8. Molecular electrostatic potential map of molecules 7 (left) and 17 (right). The orange isovalue
surface corresponds to a negative MEP value (-0.0004) and the yellow isovalue surface to a positive MEP
value (0.0004).

We can observe the existence of a positive MEP region covering the upper parts of rings A and B, the
upper part of the chain linking rings B and C and the upper parts of rings C and D. This distribution of positive
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potential values seems to be independent of the conformation of rings C and D. This statement can be
confirmed only by a study of the MEP at several different conformations. Anyway if we still accept that these
molecules approach the site with ring A pointing to it, then the molecules should be facing a volume having a
negative electrostatic potential.

Local Molecular Orbitals

Here we shall present two examples to help to understand the concept of local molecular orbitals.
Figure 9 shows the HOMO of molecules 26 and 29.

Figure 9. HOMO of molecules 26 (left) and 29 (right).

An important point to comment on is that the size of the molecular orbitals depicted in the figure
strongly depends on the value chosen for the isosurface. The smaller the value, the larger the MO. We can see
that the HOMO of molecule 26 is localized on part of ring A, ring B and the substituent. For this reason we may
state that for the atoms on which the molecular HOMO is localized, this MO is their local HOMO (HOMO#*). In
the remaining of the molecule, where the molecular HOMO is not localized, the local HOMO* will be the
highest occupied MO localized on these atoms (that can be the molecule’s HOMO-1, HOMO-2, etc.). In the
case of molecule 29, the molecular HOMO is localized on rings C and D. Therefore for these rings the
molecule’s HOMO is the local HOMO*. For the atoms of rings A and B we must find the highest occupied MO
localized on them to find the corresponding HOMO*. Figure 10 shows the LUMO of molecules 1 and 4.

Figure 10. LUMO of molecules 1(left) and 4 (right).

We can see that the LUMO is localized on different rings of these molecules. For molecule 1, the
LUMO* of several atoms of rings A and B is more or less coincident with the MO localized on them. For the
remaining atoms their corresponding LUMO* will be the lowest vacant MO localized on them. Molecule 4 is
another example. To become independent of the visual representations of the MOs we have proposed earlier
that, for example, the HOMO* of a given atom will be the highest occupied MO in which the associated Fukui
index (i.e., the electron population) of this atom be equal or greater than 0.01 etc.

CONCLUSIONS

We have obtained a statistically significant relationship between electronic structure and dopamine
D, receptor binding affinity for a group of [4-(4-carboxamidobutyl)]-1-arylpiperazines. The corresponding 2D
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pharmacophore and the possible ligand-site interactions are proposed. The conformational aspects of the
molecules are discussed. As the common skeleton hypothesis works very well in this case, it is proposed that
docking studies should be guided by the results obtained here.
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