Chemistry Research Journal, 2022, 7(3):1-18

Available online www.chemrj.org

,45‘ RLSLQ%
£ %QJ =\ ISSN: 2455-8990
\Ué'gy\ 3' Research Article CODEN(USA): CRJHA5

A theoretical study of the relationships between electronic structure of 2-
aryladenine derivatives and percentage of inhibition of radioligand binding in
human A:zx and Azp adenosine receptors

Juan S. Gomez-Jeria*!2, Alonso Ibertti-Arancibia!, Lilian Olarte-Lezcano!

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

2Glowing Neurons Group, CP 8270745 Santiago, Chile.

Corresponding author: facien03@uchile.cl

Abstract Employing the Klopman-Peradejordi-Gomez formal method we have analyzed the relationships between
the electronic structure and the percentage of inhibition of radioligand binding for the case of a group of 2-
aryladenine derivatives interacting with the human A,a and A,g adenosine receptors. The ultimate goal is suggesting
modifications of the structure of 2-aryladenine derivatives to enhance the percentage of inhibition of radioligand
binding. All electronic structure calculations were carried out with the Gaussian set of programs and with software
written in this Unit. For each case, we found statistically significant relationships. The equations relate the variation
of the percentage of inhibition to the variation of the numerical values of a set of local atomic reactivity indices.
These indices allowed us to propose possible atom-site non-bonded interactions that could serve as a basis for the
development of new molecules with enhanced or diminished activities.
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Introduction

Adenosine receptors (ARs) comprise a group of G protein-coupled receptors, which intervene in the physiological
actions of adenosine. This group comprises four members, named A, Aza, Az, and Asz receptors, which are
extensively distributed in nearly all human body tissues and organs [1, 2]. The action of caffeine and theophylline on
these receptors produces the stimulating effects of coffee, chocolate and tea [3].

Adenosine tone and ARs are involved in the modulation of synaptic activity and excitotoxicity, the control of
neurotrophin levels and functions and the regulation of protein degradation mechanisms. ARs play also a range of
roles in neuroinflammation, Parkinson’s, Alzheimer’s and Huntington’s diseases, epileptic seizures and in brain
ischemia as well as the control of cognition and pain. Numerous studies indicate that adenosine signal transduction
is involved in asthma and chronic obstructive pulmonary diseases as well as in renal failure. Adenosine has a critical
role in preserving cartilage and chondrocyte homeostasis under physiological conditions and in a selective
protection against the beginning of osteoarthritis. ARs agonists and/or antagonists may also possibly be employed in
the fight against diabetes mellitus and obesity because they act to normalize lipolysis, insulin sensitivity and
thermogenesis. Aza antagonists may enhance tumor immunotherapy in cancer treatment protocols. This is not an
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exhaustive list [4-14]. The importance of these receptors led to the synthesis and testing of many molecular systems
with the aim of finding compounds modulating the action of the ARs [15-30].

In our Unit, we have carried out studies of the relationships between electronic structure and ARs receptor affinities
of two different groups of molecules [31, 32]. In this paper, we report the results of the application of the same
methodology to a group of 2-aryladenine derivatives. We expect that the progressive accumulation of formal QSAR
results will help to provide a better understanding of the molecule-ARs interactions.

Methods, Models and Calculations [33]

The Method

To carry out this study we employed the Klopman-Peradejordi-Gomez (KPG) method [34, 35]. This formal method
relates activity with electronic structure through a linear relationship. The primitive form of this relationship was
originally developed and employed by Peradejordi et al. [36] The actual version includes twenty local atomic

reactivity indices per atom. The for any biological activity (BA) we have [37-44]:
subs Z
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where a, b, ¢, fj, si hi(m), ji(m), ri(m’), ti(m’), gi, ki, 0i, zi and w; are constants to be determined, Mp is the mass of the

drug and p, is the orientational effect of the o-th substituent. Q i is the net charge of the atom j,S}5 and S?] are,

respectively, the total atomic electrophilic and nucleophilic superdelocalizabilities of atom j. Fj(m) and F; (m")
are, respectively, the electron populations (Fukui index) of the occupied (m) and vacant (m’) local molecular orbitals

(OMs) localized on atom j. S}E (m) is the electrophilic superdelocalizability of the local OM m localized on atom
j- The last terms, derived by one of the authors (J.S. G.-J.), are: [ i the local atomic electronic chemical potential of
atom j, M i the local atomic hardness of the atom j, o; the local atomic electrophilicity of atom j, o the local

atomic softness of the atom j and Q;mx (the maximum amount of electronic charge that atom j can accept) [44].

They are not the same local indices derived in Density Functional Theory because they have the same units that the
global equivalents (in fact the new ones were derived within the Hartree-Fock scheme [44]). The MOs having an
asterisk (*) correspond to the so-called Local Molecular Orbitals (LMO) of each atom. For atom p, the LMOs are
the subset of the molecule’s MOs having an electron population greater than 0.01e on p. In this study, we have
considered the three highest occupied local MOs and the three lowest empty local MO of each atom. This restriction
is not mandatory and more local MOs may be included if necessary.

Then, for a system of n molecules, we have n equations. The first condition that this linear system of equations 1
must satisfy to be solved is that each equation must have the same number of terms. This condition is satisfied only
by selecting and using a group of atoms common to all the molecules. This group is called the common skeleton.
The number of atoms of this common skeleton defines the index Z of Eq. 1. The second condition is that we must
have at least the same number of equations than the total number of indices of the common skeleton and the other
terms of Eq. 1. For example, if we have 20 atoms represented by 400 local atomic reactivity indices, we need at least
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400 equations! Because of this reason, we used the linear multiple regression analysis (LMRA) to detect those
indices associated with the variation of the values of the biological activity analyzed. This method has produced
excellent results for various biological activities and receptors [31, 45-55].

Selection of Molecules and Biological Activities

The molecules were taken from a recent study [25]. The data selected for our study is the percentage of inhibition of
radioligand binding at a concentration of 10 uM of the tested compounds [25]. Their general formula and receptor
affinities are displayed, respectively, in Fig. 1 and Table 1.

R,
R, R,
Y
W N R,
B
Clel

A

X
Figure 1: General formula of 2-aryladenine derivatives
Table 1: 2-aryladenine derivatives and percentage of inhibition of radioligand binding
Mol. R X Ri R: Rs R4 Rs log(Aza) log(Az2B)
HeLa-A2a HEK-293-Azp

cells cells
1 Me NMe OH H H H H 177 1.56
2 Me NMe H OH H H H 0.62 1.68
3 Me NMe H Cl H H H 132 1.28
4 Me NMe H Cl CIl H H 14 1.45
5 Me CH, OH H H H H 187 1.48
6 Me CH, OH OH H H H 138 1.41
7 Me CH, ClI H H H H 1.56 1.51
8 Me CH, ClI H H Cl H 038 1.49
9 Me CH, H OH H H H 174 1.47
10 Me CH, H Cl H H H 123 1.38
11 H NMe CI H H Cl H 096 1.11
12 H NMe H OH H H H 0 1.43
13 H NMe H Cl H H H 172 1.48
14 H NMe H Cl CI H H 1.08 1.38
15 H NMe H CF; CI1 H H 15 1.4
16 H NMe H H OH H H 157 1.72
17 H NMe H H Cl H H 12 0.79
18 H CH: CI H H Cl H 132 1.08
19 H CH: H Cl H H H 1.64 --
20 H CH: H Cl CI H H 084 -0.15
21 H CH: H H Ccl H H - 0.15
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Calculations

The electronic structure of all molecules was calculated within the Density Functional Theory (DFT) at the
B3LYP/6-31g(d,p) level after full geometry optimization. The Gaussian 16 suite of programs was used [56]. All the
data to calculate the numerical values of the local atomic reactivity indices was obtained from the Gaussian results
with the D-Cent-QSAR software [57]. All electron populations smaller than or equal to 0.01e were considered as
being zero. Negative electron populations coming from Mulliken Population Analysis were corrected [58]. We made
use of Linear Multiple Regression Analysis (LMRA) techniques to find a statistically significant equation. The
Statistica software was used [59]. The common skeleton for this case is shown in Fig. 2.

19

Figure 2: Common skeleton

Results
Results for the percentage of inhibition of radioligand binding of test compounds at human A:a receptors.
The best equation obtained was:

log(A,, )=14.31-1.69F, (HOMO)*-0.45S, (HOMO)*-2.02y,, +2.8 1F,;(HOMO)*-

-7.75F,,(LUMO+1)+2.43F,. (HOMO-2)*-0.001S", (LUMO+2)* ®

with n=20, R=0.97, R?>=0.94, adj-R>=0.90, F(7,12)=25.421 (p<0.00000) and SD=0.16. No outliers were detected and
no residuals fall outside the +2¢ limits. Here, Fos(HOMO)* is the electron population of the highest occupied local
molecular orbital of atom 26, S1,5(HOMO)* is the electrophilic superdelocalizability (ESD) of the highest occupied
local molecular orbital of atom 12, po” is the local atomic electronic chemical potential of atom 20, F,s(HOMO)* is
the electron population of the highest occupied local molecular orbital of atom 25, Foo(LUMO+1)* is the electron
population of the second lowest empty local molecular orbital of atom 20, Fos(HOMO-2)* is the electron population
of the third highest occupied local molecular orbital of atom 25 and S;sN(LUMO+2)* is the nucleophilic
superdelocalizability (NSD) of the third lowest empty local molecular orbital of atom 15. 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. 2. There are no significant internal correlations between independent
variables (Table 3). Figure 3 displays the plot of observed vs. calculated values.
Table 2: Beta coefficients and t-test for significance of coefficients in Eq. 2
Beta t(12) p-level

F2(HOMO)* -0.29 -3.56 0.004
S1E(HOMO)* -0.53 -6.28 0.00004
2o’ -0.48 -5.41 0.0002

F2s(HOMO)* 0.46 5.87  0.00008
F2o(LUMO+1)*  -0.50 -4.92 0.0004
F»s(HOMO-2)* 028 295 0.01

SisNLUMO+2)* -0.21 -2.55 0.025
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Table 3: Matrix of squared correlation coefficients for the variables in Eq. 2

F:s(HOMO)*  SiE(HOMO)* 20" Fas(HOMO)*  Fao(LUMO+1)*  Fas(HOMO-2)*

SRE(HOMO)*  0.01 1.00

TP 0.12 0.09 1.00

F2s(HOMO)* 0.00 0.02 0.02 1.00

Fu(LUMO+1)*  0.05 0.05 0.07 0.03 1.00

Fs(HOMO-2)*  0.04 0.07 0.01 0.01 0.33 1.00
SisN(LUMO+2)*  0.07 0.01 0.07 0.05 0.14 0.00

Observed log(A,,) Values

| 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 18 20 22
Predicted log(Azs) Values
Figure 3: Plot of predicted vs. observed log(A:4) values (Eq. 2). Dashed lines denote the 95% confidence interval
The associated statistical parameters of Eq. 2 indicate that this equation is statistically significant and that the
variation of the numerical values of a group of seven local atomic reactivity indices of atoms constituting the
common skeleton explains about 90% of the variation of log(Aa). Figure 3, spanning about 1.9 orders of
magnitude, shows that there is a good correlation of observed versus calculated values.

Results for the percentage of inhibition of radioligand binding of test compounds at human A:g receptors.
The best equation obtained was:
log (A, )=8.58-1.34F,(HOMO-2)*-0.60E,, (LUMO+1)*-0.21S, (HOMO-1)-0.84n;,
3)
with n=20, R=0.95, R?>=0.91, adj-R>=0.88, F(4,15)=37.474 (p<0.00000) and SD=0.16. No outliers were detected and
no residuals fall outside the +2¢ limits. Here, Fo(HOMO-2)* is the electron population of the third highest occupied
local molecular orbital of atom 9, Fu(LUMO-+1)* is the electron population of the second lowest empty local
molecular orbital of atom 24, SisE(HOMO-1)* is the electrophilic superdelocalizability of the second highest
occupied local molecular orbital of atom 14 and ;5" is the local atomic hardness of atom 18. 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. 3. There are no significant internal correlations between independent variables
(Table 5). Figure 5 displays the plot of observed vs. calculated values.
Table 4: Beta coefficients and t-test for significance of coefficients in Eq. 3
Beta t(15) p-level

Fo(HOMO-2)* -0.61 -6.47 0.00001

F2(LUMO+1)* -0.35 -3.77 0.002

S E(HOMO-1)* -0.29 -3.47 0.003

nis” -0.25 -3.12 0.007
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Table 5: Matrix of squared correlation coefficients for the variables in Eq. 3

Fo(HOMO-2)* F(LUMO+1)* S FHOMO-1)* 15"
Fo(HOMO-2)* 1.00
F14(LUMO+1)* 0.24 1.00
SuE(HOMO-1)*  0.03 0.01 1.00
Nis” 0.01 0.00 0.02 1.00
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Figure 5: Plot of predicted vs. observed log(A:s) 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 constituting the common
skeleton explains about 88% of the variation of log(Azg). Figure 5, spanning about 1.8 orders of magnitude, shows
that there is a good correlation of observed versus calculated values.

Local Molecular Orbitals
Tables 6 and 7 show the local molecular orbitals of atoms appearing in Eqn. 2 and 3.
Table 6: Local Molecular Orbitals of atoms 8, 9, 12, 14 and 15.

Mol. Atom 8 Atom 9 Atom 12 Atom 14 Atom 15
1 (86) 84n85n867- 84n85n867- 83n84n857- 82n84n857- 82183184 -
87n88n89mn 87n88n89mn 871880897 871891901 871880689
2(86) 84n85n867- 84n85n867- 83n84n85m- 83n84n85m- 83n84n85m-
87n88n89n 87n88n89n 87881891 87891901 87n88n89n
3(90) 876891907- 876891907- 86m88n89m- 87688n897- 87688n897-
911921931 92193194n 911921931 911921931 911921931
4(98) 95697n98n- 95697198n- 94196197 1t- 93194197 1- 95696n97m-
991100%1017= 100210171037 99110071017 997110071017 991100%1017=
5(82) 79680082m- 79680682m- 797n80n817- 80n811827- 80n81782m-
83n84n85m 83n84n85m 83n84n85n 83n85n86m 83n84n85m
6(86) 821830857- 821830857- 84n851867- 84n85n867- 84n85n86m-
87n88n89n 87n88n89mn 871881901 891901911 87n88m90m
7(86) 84685686m- 84685086m- 83n84n85m- 83n84n85m- 83n84n867-
87n88n89n 87n88n89n 87881891 87881891 87n88n89n
8(94) 91192694 7- 91192694 7- 91192193 1- 91192193 1- 92193194 -
95197198n 9719911007 951961980 95196197 951961980
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9(82) 79680n827- 78n796827- 71680n817- 78n80n817- 80n8182m-
83n84n85m 83n84n85m 83n84n85n 83n85n86m 83n84n85mn
10(86) 840585n867- 821840861 80n83n857- 82n83n857- 840585n867-
87n88m 89 881891907 871881891 871881891 87n88n89n
11(94) 917 93194 - 917193194 n- 90n911927- 90m921931t- 917192793 1-
95196m97n 95196n97n 951961980 95196m97n 95196n98c
12(82) 80n81782m- 80n81782m- 79n80n817- 79n80n817- 78580n817-
83184n85n 83184n85n 83n84n85n 831851867 83184n85n
13(86) 830685n86m- 83085n867- 83684n85n- 83684n85n- 83084n85n-
87188189 87188189 8788189 8788189 87188189
14(94) 91693n94n- 91693n94n- 90m927931t- 89190193 1t- 91692193 -
95196197 961971991 951961971 95196197 95196197
15(102) 9961017102n-  996101%1027- 9811007101 7- 9811007101 7- 9961007101 7-
10371047105t 104710571067 103710471057 103710471057 103710471057
16(82) 80n8182m- 80n8 182 m- 78n80n817- 80n811827- 80n81782m-
83184n85n 83184n85n 841851867 83n84n85n 83184n85n
17(86) 83085n867- 84n85n86m- 82n84n85m- 82n84n85m- 83084n85n-
87188189 87n88n89n 8788189 87n88n89n 87n88n89n
18(90) 876880590m- 87688590m- 8Tn88n89r- 84n87n89m- 88n89n90m-
91193194n 93195196m 911921940 911921931 911921940
19(82) 80n81782m- 78n796827- 78n80n817- 78n80n817- 80n81782m-
83n84n85m 83n84n85m 83n84n85n 83n84n85n 83n84n85m
20(90) 8805891907- 856886907- 86n87n897- 87n891907- 885891907-
911921931 921931951 911921931 911921931 911921931
21(82) 800811827- 776800682m- 7817918 17- 79781182 7- 80081n827-
83184n85n 83184n85n 83184n85n 83184n85n 83184n85n
Table 7: Local Molecular Orbitals of atoms 18, 20, 24, 25 and 26
Mol. Atom 18 Atom 20 Atom 24 Atom 25 Atom 26
1 (86) 7605850860- 766856860- 68c71c6750- 736746750- 726736760-
9869951000 97698699¢ 946986990 946986990 9269461010
2(86)  750846860- 786846860- 696746760- 726736740- 646736760-
966976980 976986996 956956980 926936956 95696698c
3(90) 81089690c- 816896900- 746756760- 746775780- 776786820-
100610261030 100610261036 956991006 976986996 9569961006
4(98) 89697098c- 896976980- 941 96m 97n- 7308008c1- 80581688c-
109011161126 109611161126 9971026103 7% 102610561066 102610561086
5(82) 756766820- 796816820- 676696700- 616676700- 656676690-
926966976 926956970 896905946 896905946 8865895900
6(86) 810840850- 8168406856- 75677679c- 74676679c- 726746770-
9569761010 946956980 946956970 936946966 9369469606
7(86)  800850860- 800836860- 685695700- 706716730- 706716730-
9569661006 95610001010 916926956 916936956 916956966
8(94) 88090094c- 886910694 0- 716746760- 766775800- 88191193 1t-
104610961100 104611061126 9869961066 9869961066 961986996
9(82) 77080082c- 7768006820- 69670671 0- 666675690- 69670671 c-
916926936 916966990 896916926 88689690c 896916926

R
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10(86) 78c810860- 836856860- 706716720- 6567006730- 71673679c-
9569651016 956101061030 916956966 936946956 9169569606
11(94) 87069369%40- 83693694c- 726756760- 74n766770- 90n92193nt-
105610661070 1056106061070 9869961070 9869951050 96198099¢
12(82) 756800820- 756800820- 6567006720- 69570671 0- 696716720-
926936946 936946956 916926936 896906916 916926936
13(86) 796856860- 7968506860- 706716720- 736746750- 746756780-
966976986 96697698c 916956966 946956966 9169569606
14(94) 870930%40- 87693694 6- 90m9206193 - 696766770- 70676677c-
105610761080 105610761086 951986997 986101061030 98610101040
15(102) 95610161026- 95610161020- 9871007101 7- 88089694 6- 866875880-
112611301140 112611301140 10371061070 107611061116 1070111061126
16(82) 80c816820- 80681682c- 80n 8lm 82mn- 600676720- 6066706720-
926936946 9369469506 83n86m87n 906916926 8869106920
17(86) 796856860- 7968506860- 8ln 84n 85n- 7T40675678c- 736746750-
96698699¢c 966970698 8719106921 916946956 9169569606
18(90) 856876900c- 84685690c- 676716720- 716726730- 84n87n89m-
1000610161056 1000610461066 946951026 946956996 921946956
19(82) 766770820- 800816820- 6566706670- 616666690- 676696756-
916926956 916956966 876916926 906916926 876900916
20(90)  85089090c- 856896900- 8Tt 891 90m- 860870890- 7267368 10-
100610161056 100106107 911946951 926946970 9469761000
21(82) 770810820- 776816820- 78n 8lm 82n- 666696750- 666675690-
916926956 916956980 831870881 8769006916 876916920
Discussion

Molecular Electrostatic Potential (MEP)
Figure 6 shows two views of the MEP map of molecule 5 at 4.5 A of the nuclei [60].

Figure 6: MEP map of molecule 4 at 4.5 A of the nuclei

Figure 7 shows two views of the MEP map of molecule 12 at 4.5 A of the nuclei.
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Figure 7: MEP map of molecule 12 at 4.5 A of the nuclei
Figure 8 shows two views of the MEP map of molecule 16 at 4.5 A of the nuclei.
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Figure 8: MEP map of molecule 16 at 4.5 A of the nuclei

Figure 9 shows two views of the MEP map of molecule 20 at 4.5 A of the nuclei.
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Figure 9: MEP map of molecule 20 at 4.5 A of the nuclei
At about 4.5A it is theoretically possible to identify some areas of the MEP associated with non-bond interactions
such as m-cation or m-anion ones, helping to discard or not some suggestions resulting from the analysis of the
statistical equations [61]. We do not know works following this line of thought but, to achieve this goal, MEP maps
at 6, 5.5, 5 and 4.5A seem necessary. A point to take into account is the conformation the molecule has at these

distances (aqueous or hydrophobic environment?). Figures 10 to 13 show the MEP map surfaces with isovalues of
+0.0004 [62].
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Figure 10: MEP map of molecule 5. The orange isovalue surface corresponds to negative values (-0.0004) and the
yellow isovalue surface to positive values (0.0004)

Figure 11: MEP map of molecule 12. The orange isovalue surface corresponds to negative values (-0.0004) and the
yellow isovalue surface to positive values (0.0004)

Figure 12: MEP map of molecule 16. The orange isovalue surface corresponds to negative values (-0.0004) and the
yellow isovalue surface to positive values (0.0004)
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Figure 13: MEP map of molecule 20. The orange isovalue surface corresponds to negative values (-0.0004) and the
yellow isovalue surface to positive values (0.0004)

At this short distance and for highly flexible molecules it is very difficult to find a relationship between, for

example, MEP values at certain points and activity.

Discussion of the results for the percentage of inhibition of radioligand binding of test compounds at human
adenosine receptors.

The biological activity analyzed above corresponds to the percentage of inhibition of radioligand binding of the
tested compounds at a concentration of 10 uM. Therefore, what we want is to find the conditions to maximize this
percentage.

Discussion of the results for the percentage of inhibition of radioligand binding of test compounds at human
Aza receptors [61, 63].

Table 2 shows that the importance of variables in Eq. 2 is S;2F(HOMO)*~ Fao(LUMO+1)*~ p29™> Fos(HOMO)*>>
F2s(HOMO)*~ Fo5(HOMO-2)*> S;sN(LUMO+2)*. The algebraic analysis of Eq. 2 shows that a large percentage of
inhibition is associated with small numerical values for F.(HOMO)*, large numerical values for S;:5(HOMO)*,
large (negative) numerical values for py, large numerical values for F,s(HOMO)*, small numerical values for
F2o(LUMO+1)*, large numerical values for Fos(HOMO-2)* and small numerical values for S;sN(LUMO+2)*. Atom
26 is the substituent atom directly bonded to C-14 in ring D (H or Cl, see Table 1 and Fig. 2). Small numerical
values for Fas(HOMO)* are associated with a large percentage of inhibition. Table 7 shows that (HOMO)ys" has
sigma or pi nature. These small numerical values are obtained by substituting the molecules in such a way that the
electron population of (HOMO),s" be as small as possible. The other way is to substitute in such a way that the local
(HOMO)x6" coincides this time with a molecule’s molecular orbital that has more negative energy than the current
one, enlarging the local atomic hardness of atom 26. In both cases the local molecular orbital becomes less reactive.
On the other hand (LUMO)x" does not coincide with the molecular LUMO but with high empty molecular orbitals.
A possible explanation for both facts is that atom 26 should have a large local atomic hardness in such a way that it
does not interact with the site. Atom 12 is a carbon atom in ring D (Fig. 2). Table 6 shows that (HOMO),*
coincides with one of the three highest occupied Mos of the respective molecule and that (LUMO)»* coincides with
one of the two lowest empty Mos of the respective molecule. All local frontier Mos have a pi nature. Large negative
numerical values for S;,¥(HOMO)* are associated with a large percentage of inhibition. The total atomic ESD of
atom 12 is [43]:
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* F* m *
SH=>, g; =>Sp, (m) )

m

where the summation on m is over the occupied local molecular orbitals of atom 12. It is easy to see that the ESD
value is always negative and that the dominant terms are the ones corresponding to the highest occupied local MOs.
Therefore, large negative values will be obtained by shifting the MO energies toward zero, making (HOMO);,*
more reactive. This, in turn, suggests that atom 12 is interacting with an electron-deficient center. This interaction
can be of pi-pi, pi-sigma and/or pi-cation kinds. Atom 20 is a spcarbon atom in ring A (Fig. 2). Table 7 shows that
all local MOs have a sigma nature. Large (negative) numerical values for p" and small numerical values for
F2o(LUMO+1)* are associated with a large percentage of inhibition. Regarding 0", this reactivity index is defined

as [43, 44]:
* E*HOMO* 20 -E;:UMO* 20
My~ , ) ©)

2
where ]E“,*HOI\,[O,"20 is the energy of (HOMO)x* and EiUMO*,ZO is the energy of (LUMO)0*. p2o* is a measure of the

tendency of atom 20 to gain or lose electrons; a large negative value indicates a good electron acceptor while a small
negative value implies a good electron donor. In this specific case the requirement imposed on this index indicates
that atom 20 should be a good electron acceptor. But we must note that we have no indication about zow to get these
large negative values. One way is to make the Fukui index of the actual (HOMO)x* zero, in such a way that an
inner occupied MO of the molecule becomes the new (HOMO)0*. This will make this occupied local frontier MO
less reactive and " more negative. The other way is by modifying the local MO localization in such a way that
(LUMO)2* coincides with the molecular LUMO. This produces a more reactive LUMO* and also a more negative
pao*. Table 7 shows that this last method is the most suitable. The fact that small numerical values for
F2o(LUMO+1)* are also required is not contradictory with the above facts if we think that perhaps there is a
maximal amount of electronic charge that atom 20 could accept. Possible interactions can be n-c, n-alkyl or alkyl-
alkyl classes. Atom 15 is a carbon atom in ring D (Fig. 2). Small numerical values for S;sN(LUMO+2)* are
associated with a large percentage of inhibition. Table 6 shows that (HOMO);s* corresponds with one of the three
highest occupied MOs of the respective molecule and that (LUMO);s5* corresponds with one of the two lowest
empty MOs of the corresponding molecule. All local frontier MOs have a pi nature in all cases. The nucleophilic
superdelocalizability of the third lowest empty local molecular orbital of atom 15 is defined as [43]:

+9)k
SN (LUMO+2)*= F.(LUMO+2)

(LUMO+2)* (6)

We can see from Eq. 6 that small numerical values for this reactivity index are generated by shifting upwards the
MO energy (that is positive), making this MO less reactive. The other method is by modifying the local MO
localization in such a way that (LUMO+2)5* coincides with a still higher empty MO of the molecule. If we accept
that the same condition applies to (LUMO+1);5* and (LUMO);5*, then we suggest that atom is interacting with an
electron-deficient center. The interaction can be of n-n, m-c and/or m-cation types. Atom 25 is the hydrogen atom
directly bonded to C15 in ring D (see Table 1 and Fig. 2). Table 7 shows that all local MOs have a sigma nature.
Large numerical values for Fos(HOMO)* and Fos(HOMO-2)* are associated with a large percentage of inhibition.
This fact can be explained by suggesting that atom 25 is involved in a non-classical carbon hydrogen bond C15-
H25....X (X=N, 0). The simultaneous appearance of F,s(HOMO)* and F,s(HOMO-2)* with the same condition
imposed on their numerical values gives some support to the idea that, when a term involving (HOMO-2)* appears
in an equation in which similar terms associated with (HOMO-1),* and (HOMO)«* do not appear, the conditions
imposed on the numerical values of the term associated with (HOMO-2),* are also applied to the ‘missing’ similar
terms associated with (HOMO-1)* and (HOMO).*. All the suggestions are displayed in the partial 2D
pharmacophore of Fig. 14.
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Figure 14: Partial 2D pharmacophore for the percentage of inhibition

Discussion of the results for the percentage of inhibition of radioligand binding of test compounds at human
A:zs receptors.

Table 4 shows that the importance of variables in Eq. 3 is Fo(HOMO-2)*>> Fo4(LUMO+1)*> S,E(HOMO-1)*>
Mms". The algebraic analysis of Eq. 3 shows that a large percentage of inhibition is associated with small numerical
values for Fo(HOMO-2)* and Fos(LUMO+1)*, large (negative) numerical values for Sis5(HOMO-1)* and small
numerical values for nis*. Atom 9 is a nitrogen atom in ring B (Fig. 2). A large percentage of inhibition is associated
with small numerical values for Fo(HOMO-2)*. They are obtained by diminishing the electron population of
(HOMO-2)o*. Table 6 shows that (HOMO-2)o* and (HOMO-1)¢* have a pi or sigma nature and that (HOMO)o* has
a pi nature. In all cases (HOMO)o* coincides with the molecular HOMO and (LUMO)o* coincides with one of the
three highest occupied MOs of the respective molecule. (LUMO)o* has a sigma nature in all cases. Considering that
diminishing the electron population of the three highest occupied MOs diminishes their reactivity and capacity to
interact with en electron-deficient center, we may suggest that atom 9 is interacting with an electron-rich center. The
most probable interaction is a pi-anion one. Atom 24 is the substituent’s atom directly bonded to C13 in ring D (Fig.
2, H, Cl or OH Table 1). A large percentage of inhibition is associated with small numerical values for
F24(LUMO+1)* making it less reactive. Therefore (LUMO)x* will also become less reactive. In the case of the
hydrogen substituents, both local frontier molecular orbitals are energetically far from the molecules frontier MOs
(Table 7). In the case of chlorine substituents, Table 7 shows that (LUMO+1),4* has a sigma or pi character, that
(LUMO+1)24* coincides with the molecular LUMO and that (HOMO),4* coincides with the molecular HOMO. In
the case of the oxygen atom (of the OH substituent), table 7 shows that the three highest occupied and the three
lowest empty MOs coincide with the molecular equivalents. In the three cases, the requirement is the existence of
empty MOs with a low or very low reactivity. We know that to diminish the numerical value of Fos(LUMO+1)* we
need to diminish the electron population of this MO on atom 24. But there is a second way to get less reactive
F24(LUMO+1)* and F24(LUMO)* MOs. It consists in eliminating the localization on atom 24 of these two MOs in
such a way that, for example, the new (LUMO)x* coincides now with a still higher empty MO of the molecule.
These questions can be solved by electronic structure calculations of possible candidate structures before attempting
a synthesis. Therefore, we suggest that inside the site there are residues able to accept a halogen interaction, a non-
classical carbon hydrogen bond and possibly an O....H-X hydrogen bond. Atom 14 is a carbon atom in ring D (Fig.
2). Large (negative) numerical values for S;s5(HOMO-1)* are associated with a high percentage of inhibition. Table
6 shows that (HOMO)4* coincides with one of the two highest occupied molecular MOs and that (HOMO-1)4*
coincides with one of the five highest occupied molecular MOs. The necessary high negative numerical values are
obtained by shifting upwards the (HOMO-1)14* energy making it more reactive. The best situation is when (HOMO-
1)14* coincides with the second highest occupied MO of the molecule and (HOMO)4* with the highest occupied
MO of the molecule. This strongly suggests that atom 14 is interacting with an electron-deficient center through n-m,
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n-c and/or m-cation kinds. Atom 18 is a sp® carbon atom in ring A (Fig. 2). A large percentage of inhibition is
associated with small numerical values for n;s". This reactivity index is simply the (HOMO),s*~(LUMO);s* energy
gap. Theoretically, there is more than one way to reduce this gap. The first one is by shifting upwards the
(HOMO)g* energy. The second one is by shifting downwards the (LUMO)is* energy. The third way is a
combination of the first two. All local MOs have a sigma character. Table 6 shows that almost all (HOMO);s* MOs
coincide with the molecular HOMO of their corresponding molecule. The case of (LUMO);s* is different because it
corresponds to empty molecular MOs that are energetically very far from the molecular LUMO. Therefore, a first
approach is to make coincide (LUMO)g* with the corresponding frontier MO of the molecules. This will make the
empty local MOs more reactive, suggesting that this atom interacts with an electron-rich center. The interactions
could be m-alkyl, n-c or alkyl ones. All the suggestions are displayed in the partial 2D pharmacophore of Fig. 15.

Big site with residues able to accept
halogen interactions, a non-classical carbon hydrogen
bond and possibly an O....H-X hydrogen bond.

gm‘l

Electron-deficient center for pi-pi, }

pi-sigma and/or pi-cation interactions

Electron-rich
center.

Pi-anion
interacﬁon. 1 8

for pi-alkyl, pi-sig,a or alkyl
interactions.

Electron-rich center }

Figure 15: Partial 2D pharmacophore for the percentage of inhibition

Conclusion

In summary, we have searched for relationships between electronic structure and the percentage of inhibition of
radioligand binding in human A2A and A2B adenosine receptors in a group of 2-aryladenine derivatives. We found
statistically significant equations for both cases. Their analysis resulted in the suggestion of possible atom-site
interactions that can be modified by appropriate substitutions to get more or less active compounds.
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