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Abstract An analysis of the relationships between electronic structure and mu, delta and kappa receptor binding
affinity in a set of diphenethylamines was carried our using the Klopman-Peradejordi-Gomez method. Statistically
significant results were obtained for the three opioid receptors. An analysis of the results was performed on the basis
of the local molecular orbital structure and the local atomic reactivity indices of the atoms appearing in the resulting
QSAR equations. Suggestions about the possible nature of each atom-site interaction were presented. With these
data we built the 2D pharmacophores that should help to design molecules with higher or lower receptor affinity.
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Introduction

Opioid receptors are inhibitory G protein-coupled receptors that are widely distributed through the central nervous
system [1]. These receptors were present at the origin of jawed vertebrates about 450 million years ago. They are
activated by endogenous opioids such as dynorphins, encephalins, endorphins, endomorphins and nociception [1]. In
humans they mediate the body's reaction to most hormones, neurotransmitters and some drugs. Also, they are
involved in sensory perception of vision, taste and olfaction [2, 3]. The main known types of opioid receptors are
named p (three subtypes), & (two subtypes) and « (three subtypes). These structures are involved in a variety of
processes such as analgesia, antidepressant, convulsant and anticonvulsant effects, physical dependence, respiratory
depression, sedation and miosis. Unhappily, these receptors are also the target of external agents, such us naturally
occurring morphine and codeine, and synthetic molecules such as tramadol, fentanyl, oxycodone, hydrocodone and
methadone. The use of some of these molecules leads to opiate addiction [4].

Before these molecules exert their biological activity, they must bind to one or more receptors. This process is
described quantitatively by the equilibrium constant (or affinity constant). Our Unit has been interested in the
relationships between the electronic structure of some of these molecules and their opioid receptor(s) affinity [5-8].
Recently, a group of molecules called diphenethylamines has been synthesized and tested for binding to the opiate
receptors or other biological activities [9-12]. The article of Spetea et al. provided a list of a series of
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diphenethylamines with their k, 6 and p opioid receptor affinity. This prompted us to investigate these molecules.
Here we present the results of a theoretical analysis of the relationships between the electronic structure and the
opioid receptor (W, 8 and «) affinity of these molecular systems.

Methods, Models and Calculations [13, 14]

The Method

The method of Klopman-Peradejordi-Goémez (KPG) was employed to obtain the structure-affinity relationships. As
the model has been extensively presented and reviewed we refer the reader to the literature [15-23]. The KPG
method has shown has proven its effectiveness beyond all reasonable doubt [6, 24-40].

Selection of Molecules and Biological Activities
The molecules are a group of diphenethylamines that were selected from a recent study [10]. Their general formula
and receptor binding affinities are displayed, respectively, in Fig. 1 and Table 2.
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Figure 1: General formulas of diphenethylamines
Table 1: Diphenethylamines and receptor affinities

Mol. R R, Ri R; Rs log(Kj) KOP log(K;) MOP log(K;) DOP
1 cyclopentylmethyl H OH H H -1.77 2.44 3.35
2 cyclohexylmethyl H OH H H -1.21 2.76 3.33
3 benzyl H OH H H -015 2.67 3.27
4 cyclobutyl H OH H H 1.01 2.83 3.55
5 isoamyl H OH H H 043 2.41 3.44
6 cyclobutylmethyfy H OH OH H  -042 2.36 3.52
7 cyclopropylmethyl H OH OH H 0.66 2.80 3.45
8 allyl H OH OH H 028 2.55 2.87
9 cyclohexylmethyl H OH OH H -0.85 2.22 3.16
10 cyclopentylmethyl H OH OH H -0.51 2.77 3.44
12 isoamyl H OH OH H 0.32 2.32 3.17
12 cyclobutylmethyl H OH H OH 054 1.21 2.63
13 cyclohexylmethyl H OH H OH 0.27 2.37 3.21
14 allyl H OH H OH 164 2.28 3.04
15 cyclopropylmethyl H OH H OH 0.55 2.66
16 cyclobutylmethyl F OH H H -114 2.60
17 cyclohexylmethyl F OH H H -1.40 2.93
18 cyclobutylmethyl F OH OH H -0.92 2.75
19 cyclobutylmethyl F OH H OH 0.53 2.72 3.12
20 cyclobutylmethyl H H H H 1.90 3.03 3.34

Table 2 shows the square of the correlation coefficients of the sets of experimental data analyzed here.
Table 2: Correlation between experimental data
log(K;) KOP log(K;) DOP log(K;) MOP
log(K;) KOP  1.00
log(K;) DOP  0.00 1.00
log(K;) MOP 0.14 0.07 1.00

We can see that there is a significant correlation between the k-opioid receptor binding affinity and the functional
activity at the same receptor.
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Calculations

The electronic structure of all molecules was calculated in the protonated form with the Density Functional Theory
(DFT) at the B3LYP/6-31g(d,p) level after full geometry optimization. The Gaussian collection of programs was
used[41]. All the information to calculate the numerical values of the local atomic reactivity indices was obtained
from the Gaussian results using the D-Cent-QSAR software [42]. All 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 [43]. Since the resolution of the system of linear equations is not possible because we have not
sufficient molecules, we used Linear Multiple Regression Analysis (LMRA) techniques to find the best solution. For
each case, a matrix containing the dependent variable (the receptor affinity of each case) and the local atomic
reactivity indices of all atoms of a common skeleton (see below) as independent variables was built. The Statistica
software was used for LMRA [44]. We worked within the common skeleton supposition asserting that there is a
certain collection of atoms, common to all molecules analyzed, that accounts for approximately all the biological
activity. The common skeleton for diphenethylamines is shown in Fig. 2.

Figure 2: Common skeleton of diphenethylamines

Results

We must mention that the local atomic reactivity indices are not normalized since they have a concrete physical
meaning. Therefore the coefficients are not normalized. This is essential for preserving the physics of the equation
and also for comparison with other studies carried out with diverse molecules interacting with the same receptors.
The KPG method has not the requirement to execute external and internal validations because of its mathematical
formal structure. Validation is mandatory for empirical equations of the form ‘“some biological activity =
combination of all indices at hand” plus any kind of statistical analysis [45]. The analysis of the results was carried
out using the procedure recently published [22].

Results for k-opioid (KOP) receptor affinity
The best equation obtained was:

log(K,) =3.98-3.70Q* +6.13F,,(HOMO —2)" +0.28S} (LUMO)
+0.26S,} (LUMO +2)" +0.01S,; (LUMO +2)" — 1)

~0.14S" (LUMO +1)" +9.11SF (HOMO - 1)’

with n=19, R= 0.98, R2= 0.96, adj. R2=0.94, F (6,12) = 50.12 (p<0.000001) and a standard error of estimate of 0.24.
No outliers were detected and no residuals fall outside the +2c limits. Here, Q7™ is the maximal amount of charge

atom 19 may receive, F23(HOMO—2)* is the electron population of the third highest occupied MO localized on
atom 23, SE(LUMO)* is the nucleophilic superdelocalizability of the lowest empty MO localized on atom 12,
S} (LUMO +2)" is the nucleophilic superdelocalizability of the third lowest empty MO localized on atom 12,
S, (LUMO +2)" is the nucleophilic superdelocalizability of the third lowest empty MO localized on atom 21,
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Sg“ (LUMO +1)" is the nucleophilic superdelocalizability of the second lowest empty MO localized on atom 6 and

Sy (HOMO —1)" is the electrophilic superdelocalizability of the second highest occupied MO localized on atom 8.

Tables 3 and 4 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 internal correlations between
independent variables (Table 4). Figure 3 displays the plot of observed vs. calculated log(K;).

Table 3: Beta coefficients and t-test for significance of coefficients in Eq. 1

Variable Beta t(12) p-level

e -0.44 -12.95 <0.000001
F,,(HOMO-2)" 057 1848 <0.000001
S5 (LUMO) 046 13.78 <0.000001
SN(LUMO+2)" 025 7.58  <0.000007
SN(LUMO+2)" 026 867  <0.000002
S¥(LUMO+1)" 022 -6.60 <0.00003

020 572  <0.0001

Sy (HOMO -1)

Table 4: Matrix of squared correlation coefficients for the variables in Eqg. 1

ergax F,(HOMO-2)" SN(LUMO)" Si(LUMO+2)" S}(LUMO+2)"  s)(LUMO-+1)’
Fys(HOMO -2)" 0.01 1.00
s¥(Lumo)”  0.00 0.8 1.00
Sh(LumMo+2)"  0.02 0.01 0.01 1.00
Sp(LuMo+2)°  0.02 0.01 0.00 0.02 1.00
sy(Lumo+1”  0.13 0.00 0.01 0.02 0.02 1.00
Sf(HOMO-1)" 0.06 0.00 0.09 0.15 0.00 0.00
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Figure 3: Plot of predicted vs. observed log(K;) values for the case of x-opioid receptor affinities (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 seven local atomic reactivity indices of atoms of the common
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skeleton explains about 94% of the variation of log(K;) in this group of diphenethylamines. Figure 3, spanning about
4 orders of magnitude, shows that there is a good correlation of observed versus calculated values.

Results for p-opioid (MOP) receptor affinity
The best equation obtained was:

log(K,) = 3.50 - 4.46F,,(LUMO +2)" + 2.09F,, (LUMO +2)" +

+0.08S) (LUMO +2)" —0.44S%, (HOMO - 2)" +0.48S;(HOMO)"
with n=19, R= 0.98, R2= 0.97, adj. R?= 0.96, F (5,13) = 77.98(p<0.000001) and a standard error of estimate of 0.08.
No outliers were detected and no residuals fall outside the +2c limits. Here, F,j(LUMO+2)is the electron

@)

population of the third lowest empty MO localized on atom 20, F21(LUMO+2)*is the electron population of the
third lowest empty MO localized on atom 21, S)' (LUMO +2)" is the nucleophilic superdelocalizability of the third
lowest empty MO localized on atom 2, SzEs(HOMO—Z)* is the electrophilic superdelocalizability of the third highest

occupied MO localized on atom 23 and Sli(HOMO)* is the electrophilic superdelocalizability of the highest

occupied MO localized on atom 19. Tables 5 and 6 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 6). Figure 4 displays the plot of observed vs.
calculated log(K;) values.
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Figure 4: Plot of predicted vs. observed log(K;) values (Eq. 2). Dashed lines denote the 95% confidence interval
Table 5: Beta coefficients and t-test for significance of coefficients in Eq. 2

Variable Beta t(13) p-level
Fo(LUMO+2)" -0.82 -16.01 <0.000001
F,(LUMO+2)" 028 547 <0.0001
S)(LUMO+2)" 045 857  <0.000001
S5 (HOMO-2)" 022 -422 <0.001

S5 (HOMO) 045 873  <0.000001
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Table 6: Matrix of squared correlation coefficients for the variables in Eq. 2
Fo(LUMO+2)"  F,(LUMO+2)" S)(LUMO+2)" S;(HOMO-2)

F,,(LUMO +2)" 0.00 1.00

S} (LUMO+2)" 0.04 0.00 1.00

S5 (HOMO -2y’ 0.00 0.02 0.05 1.00
S;s(HOMO)" 0.01 0.00 0.00 0.04

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 96% of the variation of log(K;) values.Figure 4, spanning about 2 orders of magnitude, shows that
there is a good correlation of observed versus calculated values.

Results for 8-opioid (DOP) receptor affinity
The best equation obtained was:

log(K,)=1.74-0.304,, +0.25S5 (HOMO - 2)" —1.65F, (LUMO)"
—0.21F,(HOMO -1)"
with n=15, R=0.98, R2= 0.97, adj. R= 0.96, F (4,10) = 76.56 (p<0.000001) and a standard error of estimate of 0.04.

No outliers were detected and no residuals fall outside the +2¢ limits. Here, ,u; is the local atomic electronic

@)

chemical potential of atom 14, Slg(HOMO—Z)* is the electrophilic superdelocalizability of the third highest
occupied MO localized on atom 19, FB(LUMO)* is the electron population of the lowest empty MO localized on

atom 8 and FS(HOMO—l)* is the electron population of the second highest occupied MO localized on atom

5.Tables 7 and 8 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 8). Figure 3 displays the plot of observed vs. calculated log(Kj).

Table 7: Beta coefficients and t-test for significance of coefficients in Eq. 3

Variable Beta t(10) p-level

g -0.46 -7.09 <0.00003
S5(HOMO-2)" 0.60 9.76 <0.000002
F,(LUMO)” -0.25 -4.28 <0.002

F,(HOMO-1)" -019 -3.09 <001

Table 8: Matrix of squared correlation coefficients for the variables in Eq. 3
4, Sg(HOMO-2)" F,(LUMO)

S(HOMO-2)" 14 1.00
F,(LUMO) 0.01 0.02 1.00
F,(HOMO-1)" g15 0.04 0.00
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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 96% of the variation of log(K;). Figure 5, spanning about 0.6 orders of magnitude, shows that there is
a good correlation of observed versus calculated values and that almost all points are inside or close to the 95%
confidence interval.

Local Molecular Orbitals

Tables 9 to 13 show the local MO structure of atoms 2, 5, 6, 8, 9, 10, 11, 12, 14 and 18-23 (see Fig. 2).
Nomenclature of the Tables: Molecule (HOMO number) / (HOMO-2)* (HOMO-1)* (HOMO)* - (LUMO)*
(LUMO+1)* (LUMO+2)*. The reader must note that when a local atomic reactivity index of an inner occupied MO
(i.e., HOMO-1 and/or HOMO-2) or of a higher vacant MO (LUMO+1 and/or LUMO+2) appears inside and
equation, this means that the remaining of the upper occupied MOs (for example, if HOMO-2 appears in an
equation, upper means HOMO-1 and HOMO) or the remaining empty MOs (for example, if LUMO+1 appears,
lower means the LUMO) also contribute to the interaction. Their absence in the equation only means that the
variation of their numerical values does not account for the variation of the numerical value of the biological
property.

Table 9: Local Molecular orbitals of atoms 2, 5 and 6

Molecule Atom 2 Atom 5 Atom 6
1(88) 820831881-9179371006  83n8788n-911931940c  83n87n88n-901917920
2(92) 8306851921-931947951 85186m927-931941951  866891927-9319569671
3 (85) 76677n851-88n891901 78n82n851-88n89190n  77n82n85n-88189190n
4 (80) 75676m80m-831841900 76n79n80n-83184n866  76n79n80m-82n83 184w
5 (85) 796800685n-8818919 1w 800811851-88n89190nt  83n84n857-88n89n90n
6 (88) 81084n881-901931960 84186m88n-901937107n 84n186788n-9019 17926
7 (84) 74677084n-87n88195w 79182184n-87n8811070 80082n84n-86787n88®
8 (80) 73674n791-83184n85n 736741791-82n83n84n  74nTTnT9n-82n83 85T
9 (96) 86087m951-97n98n991 866871951-97198199n  871931957-9719971007
10 (92) 816821911-93194n95n 84n85n91n-931941951t  851891911-931940695n
11 (89) 79680n88n-9019 11921 80n86n88n-90n911921t  80086n88n-9019 11927
12 (88) 78679n87n-89190n9 11t 82n85n87n-89n91n93n  82n85n87n-89n91m 93n
13 (96) 88089196m-98n99n101n  89n94n96m-98n99n101n 89n94n96m-9869951000
14 (80) 72674n79n-82n851861 74n75n791-82n85n86n  77n78n79n-826856860
15 (84) 75676m83n-85n86m8 71 78n81n83n-85n86n87n 7818 1n83n-85n86n8 7w
16 (88) 786791881-89192193 1 800817881-891921936  81n85788-89190n92n
4\ Chemistry Research Journal
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17 (96) 840693196m-971981991 84093196m-97198199n  87193196w-97x1017103 7
18 (92) 816826917-9319479571 831850911-93194195t  83n891911-93794195n
19 (92) 82691719271-94n951967 851911927-94195696n 8519019 17-93194m95%
20 (80) 77n79180m-8 17827831 77n79180n-81182n83n  78n79n80n-8 11827831

Table 10: Local Molecular orbitals of atoms 8, 9 and 10
Atom 9 Atom 10

Molecule Atom 8

1(88) 750836876-916926936 756800826-916946956 756776866-8969269%46
2 (92) 836856895-936966976 796806856-986996101c  806836916-946966976
3(85) 766776826-86687688c 776786806-866906936 786806846-866896906
4 (80) 756766796-836856860 706736746-86687588c 736746786-816826856
5 (85) 800810845-8865895900 716726736-916926936 736756836-866876900
6 (88) 756846866-896900916 756796826-906966976 786806856-896916926
7 (84) 796805826-87688589¢6 6967968005-876916926 756766816-856866890
8 (80) 696746775-816820830 676716760-82683088c 75676676-816826836
9 (96) 866876936-97610061026  796806910-98610261036  846896946-9769861000
10 (92) 826876895-936946956 7968408665-986996101c  840875906-946956976
11 (89) 796806865-9069169%46 8068265836-956966976 820856876-916946956
12 (88) 796816856-896936956 766810826-946956966 816826885-916926936
13 (96) 8506896946-99610051016  800830840-98610361040  8406876956- 99610051026
14 (80) 726746786-816826846 696716766-816826856 716756800-816846876
15 (84) 766806815-856866876 746796805-906926936 776786846-886896906
16 (88) 796816856-896906926 776826836-946966976 7968006875-9069369%46
17 (96) 840876936-97610161036  836860885-99610261040  85086069565-986996101c
18 (92) 8268368965-936966976 776796866-1000610161026 8506866590-946956970
19 (92) 8108506906-936946956 826876886-94698699¢6 860876926-956966986
20 (80) 686696796-826856860 666700726-81686G876 686696806-816826856
Table 11: Local Molecular orbitals of atoms 11, 12 and 14

Molecule Atom 11 Atom 12 Atom 14

1(88) 7767868665-8969961010 78585n86m-89190191t  78685n86m-89190192 71

2(92) 836840916-94610001026  84690n917-94195196  84690m911-94n95196 1

3 (85) 786796846-906926966 78679684n-89190n91nt  79683n847-8919019 11

4 (80) 726736786-81687088c 72677178n-81n82n86m 7367 7n78n-81182n83n

5 (85) 756766836-866876900 82183184n-86n87n90n 82183184 n-8678 71900

6 (88) 786805855-89698699 83185n87n-89191192n  83n85n87n-8919171057

7 (84) 7567606816-856860916 76n81183n-85186m89n  76m8 183 n-8518678 7w

8 (80) 736750786-820836840 75178n80n-82n83784n 751 78n80m-82183 184w

9 (96) 880896945-98610161036  89194196m-987991t1006 89194196m-9879911017

10 (92) 840876906-94699651056 881901927-94195196n  87n901927-931194195®

11 (89) 8108206876-91610061016  85787n89n-90n91793x  85787n897-9019 1792w

12 (88) 810825885-9069269606 83184n88n-90n92n93n  84n86m88n-90n92n10571

13 (96) 866875956-97698699¢ 8606871951-97n198n99n  87n93n95n-97n100w1060

14 (80) 7167506800-846850860 74n75n80n-83n84n85n  77n78n80n-83n84n91n

15 (84) 7767806846-856880916 7Tn78n84n-88n89190c  78n82n84n-85186m8 7w

16 (88) 800816876-906916956 81086m87m-901917192n  81686m87n-89n9019 17

17 (96) 886896956-996510161056  886890951-981991100 896941957-99110071 147

18 (92) 856866900-9469661016 881901921-941957196n  881907927-9479 51967

19 (92) 836866920-9369569606 86m91192n-931957196n  8919171927-931941967

20 (80) 746756806-826856870 76679180n-81182n84n  766786807-81782183n
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Table 12: Local Molecular orbitals of atoms 18, 19 and 20

Molecule Atom 18 Atom 19 Atom 20
1(88) 7006766826-946976996 82083n1881-930116m135n 6506776786-101610261036
2 (92) 7106826836-97698699¢ 851861927-9419519671 690836846-10561066108c
3(85) 6406746766-926936%46 777 78n851-8919071017 696786796-96610051010
4 (80) 696700756-86687588c 75676m80m-8419811067 596716726-926936956
5 (85) 716796806-9169369606 800817851-89110561267 756766776-946996100c
6 (88) 716776816-956966986 82184n88n-9311075114n 82183n87n-91192110606
7 (84) 676746775-906916926 79n80n84n-88n1 10512606 75676m8371-86m1030115%
8 (80) 686695726-876886900 74n75n791-851104n1080 74n757180m-84n8671067
9 (96) 746796866-102610361046 866871951-9971 131267 89191196n-101n121w147n
10 (92) 736806816-97698699¢6 85186m91n-95n11361150 87n88192n-96710851207
11 (89) 686766796-946956966 80m82n1881-921105w1 097 84n85n89n-931103613606
12 (88) 836846885-906926936 817182n87n-91n11261300 6567668005-99610161050
13 (96) 756856885-102610561076 886891960-101614601470 736786865-1096110c1116
14 (80) 646685725-876896956 74675n79n-85186n971 706716736-9269469606
15 (84) 686736755-896906916 77n78n83n-87n985105n 7667706786-9869951000
16 (88) 81n85n88n-89192n94n 80n81188n-8919211060 7968006816-99610161020
17 (96) 87193196m-97198n103n 87193196m-97n981109 766885895-108011061136
18 (92) 831891917-93195198=n 85189191 m-9479511087n 86m88192n-96m111w123n
19 (92) 901917921-94797199n 851911927-97n11671196 820911921-947951967
20 (80) 716736746-876906936 736746756-936946956 736746756-946966976
Table 13: Local Molecular orbitals of atoms 21, 22 and 23

Molecule Atom 21 Atom 22 Atom 23

1(88) 696756775-101610261036  616626685-896906916  7968006815-896926946

2 (92) 736826836-10561066109c  666696896-946956966  79068068705-94697698c

3 (85) 6967067806-96610061016  646776856-8806896926  7306806810- 860876920

4 (80) 636656716-926936%46 626636780-816856866  7367467605-866875880

5 (85) 666696756-946976986 576596600-866876906  8008158406-8668965900

6 (88) 686736785-980610051016 6867367806-9861006101  790680836-896916920

7 (84) 676706756-9269851000 686696816-866896906  6967958005-876896916

8 (80) 7006716736-936946966 530580600-8106826846  656676760-816886890

9 (96) 780810886-110611261136  6306656706-976986996  846876916-9769961000

10 (92) 760836846-106610761086  666676896-936946956  846866876-9769961016

11 (89) 7167406810-101610361046  686800885-906916926  776826835-946956960

12 (88) 83184n88n-92n1056113n  636796876-896916926  8268306846-926936966

13 (96) 86m871951-9819911007 656706736-9869961006 876906915-99610061020

14 (80) 74n75180m-84186196G 496580600-816826846  6606675766-816866880

15 (84) 78n80m841-881995109% 646696836-856866896  6967958005-8969169206

16 (88) 796800816-99610161026  646676855-8969006916  8205836845-936946950

17 (96) 726760886-10561106111c  696716936-976986101c  866906926-1016103651046

18 (92) 780840856-104610661076  656666705-936946976  85068768805-966976980

19 (92) 871911927-9519611076 6506660756-946956966  865876886-956966986

20 (80) 646716726-946966976 516586706-81682684c  746756766-816826856

Discussion

Discussion of the results for kappa opioid (KOP) receptor affinity
Table 3 shows that the importance of variables in Eq. 1 is F,(HOMO-2)">S}(LUMO) ~ Q™ >

9

Sy (LUMO +2)"~ S (LUMO +2)" ~ S)(LUMO+1)" ~ S5 (HOMO —1)". A high kappa receptor binding

affinity is associated with positive values for Q3™ , small values for F,,(HOMO —2)", small (positive) values for
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S5 (LUMO)", small (positive) values for S (LUMO+2)", small (positive) values for S} (LUMO +2)", large
(positive) values for Sé“ (LUMO +1)" and large (negative) values for Sy (HOMO-1)". Atom 19 is the first atom

of the substituent attached to atom 1 (H or OH, Fig. 2). Positive values for Q™ suggest that an atom able to

receive extra charge is suitable for a higher receptor affinity. Perhaps a fluorine atom at this position should be
studied. Atom 23 is the first atom of the substituent attached to atom 9 (Fig. 2). All MOs have o nature (Table 13).
Atom 23 is a carbon in all cases. The local HOMO,; is energetically far from the molecular HOMO. As small

values for F23(HOMO—2)* are associated with high receptor affinity we may infer that small values for

F,;(HOMO-1)" and F,,(HOMO)" are also required for high affinity. We suggest that this atom is interacting
with an electron-rich center, perhaps via 6-c interactions. Atom 12 is a carbon atom belonging to ring B (Fig. 2).
Small values for S5 (LUMO)" are associated with high affinity. These values are obtained by increasing the value
of the corresponding eigenvalue making this atom a bad electron acceptor. (LUMO);, is a © MO in all cases (Table
11). (HOMO)y," is also a © MO in all cases (Table 11). Therefore, it is suggested that atom 12 is interacting with an

electron-deficient center (n-cation or m-7 interactions).Atom 11 is a sp® carbon atom belonging to the chain linking
rings A and B (Fig. 2). All MOs have o nature (Table 11). High receptor affinity is associated with small (positive)

values for Sl“l'(LUMO+2)*, making this MO a bad electron acceptor. We hypothesized that the same restriction

holds for S} (LUMO+1)" and S} (LUMO)". We suggest that this atom is interacting with an alky! chain of the

site (alkyl interaction) through its occupied sigma MOs. Atom 21 is the first atom of the substituent attached to atom
15 (H or OH in ring B, Fig, 2). Small (positive) values for SZNl(LUMO+2)* are associated with high receptor
affinity. These values are obtained by increasing the value of the corresponding eigenvalue making this atom a bad
electron acceptor. Table 13 shows that (LUMO+2),;" has ¢ or @ nature. (LUMO+1),;,” and (LUMO),; " also have o or

7 nature. The requirement of empty MOs with almost insignificant reactivity allows us to suggest that this atom is
interacting with an electron-deficient center. Atom 6 is a carbon atom belonging to ring A (Fig. 2). A high receptor

affinity is associated with high (positive) values for SBN (LUMO+1)".

Two possible sites.

Electron-rich pi system
(pi-pi interaction). AA"Y'
ite having sigma electrons| |¢N&n

(a sigma-sigma interaction),

Electron-deficient center
pi-cation or pi-pi interactions

; Electron-rich 21
Electron-rich
center _center /
Sigma-sigma

interactions? [ Electron-deficient center]

Figure 6: Partial 2D pharmacophore for k opioid receptor affinity
These values are obtained by diminishing the value of (LUMO+1)s energy, augmenting the electron-acceptor
capacity of this MO. Also, (LUMO)s energy will diminish. This suggests that these two MOs are interacting with
an electron-rich site. On the other hand, Table 9 shows that (LUMO)s and (LUMO+1)s may have ¢ or @ nature.
This suggests that atom 6 could be interacting with an electron-rich & system (a m-x interaction) and maybe with a
site having o electrons (a 0-c interaction). Atom 8 is a sp3carbonatom belonging to the chain linking rings A and B

(Fig. 2). All MOs have o nature (Table 10). Large (negative) values for S;(HOMO —1)" are associated with high
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receptor affinity. These values are obtained by shifting the MO energy toward zero making it more reactive.
Therefore, atom 8 seems to interact with an alkyl chain situated on the binding site (alkyl interaction). All the
suggestions are displayed in the partial 2D pharmacophore of Fig. 6.

Discussion of the results for p opioid (MOP) receptor affinity
Table 5 shows that the importance of variables in Eq. 2 is F,,(LUMO +2)">>S}(LUMO +2)" = S5 (HOMO)"

>> F21(LUMO+2)*> S;(HOMO—Z)*. A high mu receptor binding affinity is associated with large values of
F,o (LUMO +2)", small (positive) values of F,,(LUMO +2)"and S} (LUMO +2)", small (negative) values of

S5 (HOMO-2)" and large (negative) values of S§;(HOMO)". Atom 20 is the atom of the substituent directly
attached at position 16 (H or OH, Fig. 2). High p receptor binding affinities are associated with large values of
FZO(LUMO+2)*. These values are obtained by raising the electron population of this MO (note that raising the

electron population of this MO at this atom diminishes its localization over other atoms, and that the ideal situation
would be a MO localized only on this atom), making it more reactive. Table 14 shows that all MOs have a ¢ nature.
Therefore, we suggest that atom 20 could be interacting with an alkyl chain. Atom 21 is the atom of the substituent
attached at position 15 (H or OH, Fig. 2). Table 13 shows that all MOs have a ¢ nature. A high binding affinity is

associated with small values of FZI(LUMO+2)*. These values are obtained by diminishing the electron population,

making this MO less reactive. If this condition also holds for (LUMO+1),;," and (LUMO),,", then this atom could
also be interacting with an alkyl chain in the binding site. Atom 2 is a carbon in ring A (Fig. 2). A high p receptor
affinity is associated with small (positive) values of S} (LUMO +2)". Table 9 shows that (LUMO+2)," can have a ©

or ¢ nature. (LUMO+1),” and (LUMO),” have a = nature. If the condition for S,"(LUMO+2)* hold also for
S,N(LUMO+1)* and S,"(LUMO)*, then we suggest that atom 2 is interacting with an electron-deficient m system of
the site (or maybe with a cation). Atom 23 is the atom of the substituent attached at position 9 (Fig. 2). Atom 23 is a
carbon in all cases. A high binding affinity is associated with small (negative) values of S,;5(HOMO-2)*. Table 13
shows that all local MOs have a o nature. Small negative values for this index are obtained by raising the MO
energy, making it less reactive. Note that only in some cases (HOMO),;  is energetically very far from the molecular
HOMO and that also only in some cases (LUMO),;" is energetically very far from the molecular LUMO. Now, if
the condition for S,,"(HOMO-2)* also holds for S,;"(HOMO-1)* and S,5(HOMO)* then atom 23 seems to interact
with an alkyl chain in the binding site. Atom 19 is the atom of the substituent attached at position 2 (H or OH, Fig.

2). A high binding affinity is associated with large (negative) values of S5(HOMO)". Table 12 shows that

(HOMO)," has a m nature in all but two cases. Large negative values are obtained mainly by shifting the
(HOMO)" energy toward zero, making it more reactive.

center and/or an alkyl

An electron-deficient
chain

19 N

23

l Alkyl
_— 4
An electron-deficient Alkyl 21 chain
chain

Same?

center or a cation

Figure 7: Partial 2D pharmacophore for u opioid receptor affinity
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But Table 12 shows that is some cases (HOMO)y," coincides with the molecular HOMO. In this case the only way
to get these values is by raising the electron population of this MO. Now, when (HOMO),s" does not coincide with
the molecular HOMO we can substitute the molecule in such a way that the molecular HOMO will be partially
localized on atom 19. This suggests that this atom is interacting with an electron-deficient © moiety and/or with an
alkyl chain (n-n and/or alkyl interactions).All the suggestions are displayed in the partial 2D pharmacophore of Fig.
7.

Discussion of the results for 6-opioid (DOP) receptor affinity
Table 7 shows that the importance of variables in Eq. 3 isS5(HOMO-2)"> 1, >>F,(LUMO) >

F5(HOMO—1)*. A high delta receptor binding affinity is associated with small (negative) values for ;. , large

(negative) values for S5 (HOMO —2)" and small values for F,(LUMO) and F,(HOMO —1)". Atom 19 is the

atom of the substituent attached to atom 2 (H or OH, Fig. 2). A high receptor affinity is associated with large
(negative) values of S;s"(HOMO-2)*. Table 12 shows that the three highest occupied local MOs have m or ¢ nature.
Large (negative) values for this reactivity index are obtained by shifting the (HOMO-2);5" energy toward zero
making this MO more reactive. This process will also make more reactive (HOMO-1);s" and (HOMO),y". This
suggests that atom 19 atom is interacting with an electron-deficient © moiety and/or with an alkyl chain (n-m and/or
alkyl interactions).Atom 14 is a carbon in ring B (Fig. 2). A high receptor affinity is associated with small values for

,u;. This reactivity index corresponds to the midpoint between (HOMO),, and (LUMO),, and it is usually a

negative number. Table 11 shows that in some cases (HOMO).," coincides with the molecular HOMO. Here, the
only way to obtain small negative values for this reactivity index is to shift upwards the energy of (LUMO)y,"
making it less reactive. This situation suggests that atom 14 is behaving as a 7 electron-rich center. On the other
hand, if (HOMO),, does not coincide with the molecular HOMO, the small negative values are obtained by shifting
upwards the energy of (HOMO)y,, i.e. by inserting substituents of the correct nature and in the correct place to
oblige the molecular HOMO to localize (partially) on atom 14. The interpretation is the same than the previous case.
Therefore, we suggest that atom 14 is engaged in m-cation, n-n, 7-6 and/or z-alkyl interactions.Atom 8 is a sp°
carbon localized in the chain linking rings A and B (Fig. 2).Table 10 shows that all local MOs have a ¢ nature. A
high receptor affinity is associated with small values for Fg(LUMO)*. These values are obtained by substituting the
molecule in such a way that this local empty OM be replaced by another molecular MO with a higher energy,
making it less reactive. Therefore we suggest that atom 8 is engaged in an alkyl interaction with an alkyl chain of the
binding site. Atom 5 is a carbon in ring A (Fig. 2).

Electron-deficient
pi moiety and/or
alkyl chain.
Pi-pi and/or alkyl
interactions.

s

Site for pi-anion, pi-pi, Electron-deficient
pi-sigmna center. Possible
and/or pi-alkyl pi-cation, pi-pi, pi-sigma
interactions and/or pi-alkyl interactions

Figure 8: Partial 2D pharmacophore for d-opioid receptor affinity
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Table 9 shows that (HOMO), has a 7 nature in all molecules and that (HOMO-1), has 7 or ¢ natures. (LUMO),"
has a & nature. A high receptor affinity is associated with small values for F5 (HOMO-1)*. These values are obtained
by diminishing the electron population of this MO. In the limit situation, the molecular orbital ceases to be localized
on that atom. Is this same requirement holds for (HOMO),", then atom 5 is behaving as an electron-deficient center.
If this is the case, then this atom seems to be engaged in m-anion, n-n, n-c and/or m-alkyl interactions. All the
suggestions are displayed in the partial 2D pharmacophore of Fig. 8.

In summary, we have obtained statistically significant results showing for each receptor that there is a relationship
between the variation of the receptor affinity and the variation of the numerical values of a definite set of local
atomic reactivity indices (LARIS). The analysis of the LARIs allowed us to suggest the kind of interactions involved
in the drug-receptor interaction. These results are encompassed in the 2D pharmacophore that should be helpful in
the design of new molecules endowed with higher or lower receptor affinity and also having more selectivity for
only one receptor.
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