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ABSTRACT

An extensive study was carried out to find forr@htionships between electronic structure and 5g+€ceptor
binding affinity in a family of 44 N-benzylphendtimyines. These molecules were also docked to atstriof the
human 5-H7z receptor. The QSAR results were able to deteadrabatoms involved in the binding with kT
receptor but failed at least in one important caBecking results show that some molecules experistrong
intramolecularz-z interactions producing folded structures. A giveaiety of the molecules is able to interact with
more than one residue of the receptor. Not alwagsréain moiety interacts with the same residuee iiécessity of
finding a more exact relationship between quantimargical and docking results needs a revision ofctiramon
skeleton concept.

Keywords: 5-HT,g receptor, QSAR, DFT, serotonin, binding affinithacking,N-benzylphenethylamines.

INTRODUCTION

The serotoninergic system is one of the oldestuariary neurotransmitter systems [1, 2]. The aenfethis
system is serotonin (5-hydroxytryptamine, 5-HFaminoethyl-5-hydroxyindole), a molecule synthediz®y the
human body from the amino acid L-tryptophan. It metabolized via monoamine oxidase to 5-
hydroxyindolacetaldehyde and finally to 5-hydroxdatacetic acid (via aldehydedehydrogenaMgmmals use 5-
HT as a neurotransmitter within the central and ipkeral nervous systems, and also as a local hogmion
numerous other tissues, including the gastroimestiract, the cardiovascular system and immunés¢a]. 5-HT
exerts its effects by interacting with at leastslibtypes of receptors. Among them the 5yifEeceptor, a member
of the 5-HT, receptor subfamily, is lightly expressed in disersub regions of the central nervous system and
greatly expressed in the fundus of the stomacht,hadney and liver. The physiological role of 5Fk receptors is
still uncertain but they have been implicated imiaty, cardiac function, depression, inhibitionligkr regeneration,
migraine, morphogenesis, pulmonary vasoconstriaiuhsleep disorder [4-34]. 5-Bhlreceptors are overexpressed
in human failing heart. The 5-Hd receptor stimulation can lead to pathological ifecdtion of cardiac valves
fibroblasts, which with chronic overstimulation ®HT,g can lead to a severe valvulopathy. 5;klfeceptors have
also been implicated in drug-induced valvular helisease [8, 11, 28, 35-39]. For these reasonsmtist recent
research has focused on the possible applicatidb-téT,s antagonists as a treatment for chronic heart sésea
Several families of molecules that bind to 5-HTeceptor have been synthesized [4, 40-52]. Incaise, the 5-HE
receptor binding affinity was determined for a lEmyoup ofN-benzylphenethylamines [47]. Recently, the crystal
structure of the human 5-Hd receptor bound to ergotamine was determined [A8]a contribution for a better
knowledge of the 5-HXE-ligand interactions we present here the resulta atudy of the formal relationships
between electronic structure and 54gTeceptor binding affinity for a set of 44 moleauilélso, a second study
was performed by docking all these molecules tbHhET 5 receptor.
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MATERIALS AND METHODS

The method
The model-based method [54] relating drug-recegimuilibrium constants with molecular structure Heesen
described in great detail elsewhere [55-59]. Heeeshall present, in a standard formulation usechdast of our

papers, the final results. The drug-receptor afficonstantlog(K;) (or |Og(|C50), pK, etc.), is a linear function
having the following form:

pKi:a+bMDi+Z[qQ+ f$+ js]S]+
XM M+ (S o++3 3] € ik G ¢ e

[0, ki Qe + 76 + W I ]
i 1)

where M is the drug’s mas®); is the net charge of atomS’,,E andS;N are, respectively, the total atomic electrophilic
and nucleopbhilic superdelocalizabilities of Fukuae, Fjm (Fjw) is the Fukui index of the occupied (empty) MO m
(m’) located on atom jSE(m) is the atomic electrophilic superdelocalizability MO m on atom j, etc. The total
atomic electrophilic superdelocalizability of atgroorresponds to the sum over occupied MOs ofS;F(en)’s and
the total atomic nucleophilic superdelocalizabilifyatom j is the sum over empty MOs of lﬁﬁ(m)’s [60]. The
last bracket of the right side of Eq. 1 contaimea set of local atomic reactivity indices obtaimectly from the
Hartree-Fock LCAO-MO and Density Functional thesri@6, 58, 59]. Below, HOM@ refers to the highest
occupied molecular orbital localized on atom j &tMO;* to the lowest empty MO localized on atom j. Thae

called the local atomic frontier MOs. The molecsl®1Os do not carry an *{/; is the local atomic electronic
chemical potential of atom j (the HOMELUMO ;* midpoint), 1; is the local atomic hardness of atom j (the
HOMO*-LUMO * gap), w, is the local atomic electrophilicity of atom(]j, is the local atomic softness of atom j

and QJmax is the maximal amount of electronic charge thatraif may accept from another site. The applicatibn

this method to the drug-receptor interaction hamnbeery successful [61-87]. The extension of thethad to any
kind of biological activities opened a totally nevea of research [88-101].

Selection of molecules and experimental data.
The selected molecules are a group of\dBenzylphenethylamines derivatives with affinity the 5HT,g cloned
human receptors [47].*H]-LSD was employed as radioligand for displacemarg¢asurements. The selected

molecules and their 5-B§ binding affinities (K = —10g(K)) are shown in Figure 1 and Table 1.

M
e\o T
N

Figure 1. General formula of N-Benzylphenethylamines
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Table 1. N-Benzylphenethylamines and 5-H7Z binding affinity [47]

Mol. | Ri | R [ Rs S—Eﬁzs Mol. | R | R | R S—Eﬁzs
T | Br|OMe| H| 93 23| Pr| F| H 878
2 | Br| OH | H| 81 24| Pr| O-CHO | 824
3 [ Br| F | H| 823 25| SMd _OMé H _ 9.04
4 | Br| OCHO | 885 26 | SMel _OH| H__ 88
5 [ CI | OMe| H| 895 27| smd __F| H 784
6 | CI| OH | H| 808 28| SMd _O-G¥D | 861
7 [ C | F [ H| 757 29| SE _OMé H 907
8 | CI | O-CH-O | 880 30 | SEt| OH[ H 871
9 | F [ OMe| H| 812 31] SE{ F| H 809
10 | F| OH| H| 768 32| SE{ OG0 | 8.75

1 F| F | H|] 712 33| sPf OMe H 864
12 | F | OCHO | 747 34 | spr| _OH| H 841
13 | Me| OMe| H| 841 3| SPi F| H 7.8§
14 [ Me| OH| H| 7.96 36| SPl O-GH | 816
15 [ Me| F | H| 73 37| GF|OMe| H| 896
16 | Me| O-CHO | 7.92 38| CF| OH | H| 846
17 | Et| OMe| H| 867 39| GF| F | H| 78
18 | Et| OH| H| 865 40| GF| OCH-O | 834
19 | et| F | H] 77 41| CN| omé H 768
20 | Et | O-CHO | 84 42 | CN| OH| H| 721
21 | Pr| OMe| H| 7.7 43 CNl_F| H 64l
22 | Pr| OH| H| 834 44| _CN|_ OG0 | 7

To gain more information about the drug-receptderiction we have considered three different gnoggiof
molecules: the whole set (n=43, called set I),cpséd set in which the Rsubstituent is an alkyl moiety (molecules
13-24 and 37-40, n=16, called set Il) and a thedis which R is halogen, S-alkyl or CN (molecules 1-12, 26-36
and 42-44, n=27, called set Ill). The common skelefor all sets is shown in Fig. 2 (for the comnskeleton
building see Refs. [58, 76, 93]).

( N\
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Figure 2. Numbering of the common skeleton

Besides rings A and B and the heavy atoms of theelijoining them, we have included in the commkealeton
one of the N protons, the oxygen and carbon atdrbsth MeO substituents of ring A and the firstratattached to
position 2 in Fig. 2.

Calculations

All calculations were performed for the protonafedms. The electronic structure of all moleculessvedotained
with the Density Functional Theory (DFT) framewoet the B3LYP/6-31g(d,p) level with full geometry
optimization. The Gaussian suite of programs wasl (i$02]. The values of the LARIs were obtainedhviite D-
CENT-QSAR software [103]. Mulliken Population Analy results were corrected to avoid negative alactr
populations [104]. Because it is not possible ttvesdhe system of linear equations due to the laklenough
molecules, we employed linear multiple regressioalysis (LMRA) to determine the local atomic propes
involved in the variation of the biological activithrough the series. The Statistica software vl dor LMRA.
We hypothesize that the variation of the numenedilies of one or more local atomic reactivity irdiof a number
of atoms belonging to the common skeleton accofartshe variation of the biological activity. Thele of the
substituents is to modify the electronic structirghe common skeleton. We built a matrix contagrtine logarithm
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of the dependent variable (the pK’s) and the latamic reactivity indices of the atoms of the comns&eleton as
independent variables. Molecule 41 was not includetthe set due to convergence problems duringgdmmetry
optimization procedure. For the docking study, st structure of a chimera protein of human 548ndE. coli
soluble cytochrome b562 was downloaded from theelfrdata Bank (41B4, [53]) and prepared for uséhvihe
Autodock Vina software [105]. The site of ergotaeibinding in 41B4 was employed for the docking stud
28x40x40 box was employed. A 4 A volume around &ngine was selected and all the receptor’s resithside it
were allowed to change their conformation. The males in their fully optimized geometry were emmdyas the
starting conformation (the geometry of moleculewds optimized at the MM/OPLS level). The lowest rgye
conformer produce by Autodock Vina was employedféother scrutiny. The docking results were anadlynéth
Autodock Vina and Discovery Studio Visualizer [106]

Local Molecular Orbital Structure

RESULTS

Tables 2 and 3 show the local MO structure of sehiemportant atoms.

Table 2. Local Molecular Orbital Structure of atoms 7, 8, 15 and 15

Mol Atom 7 (O) Atom 8 (O) Atom 14 (C) Atom 15 (C)
1(98) 94197m98n-10311041p11% 95Ip9798n-10311040123 93194n96m-99n1001101n 87088096m-9911001102t
2 (94) 90n93n94n- 99n10%1170 92093n94n- 99110051105 89n90n91n- 95n96n102 83084091n-95n96n980
3 (94) 96193194n-991108110s 921p931941-99110051150 89190n91n- 95196n1030 89r190n9 1n- 95196n980
4(101) | 96n100t101n-106111%1280 9851001101n-10611076120 9I97n99m-102110311100 9197m99n-102110311050
5 (89) 85Ip88189n-9419601040 85088189n-94119601050 79%86n87r-90n91n92n 798008 7m-90n911930
6 (85) 82084n85n- 90n10001040 82084n85n-90n920930 81n82n83n-86n87n920 74075083n-86n87n8%
7 (85) 82084n85n- 90n9201015 82Ip84185n- 90n9201060 80n81n83n-86n87n94o 74080n83n-86n87n8%
8 (92) 88Ip9@92n- 97n11M1llo 87188092r-9719%1110 83189n91n-93n94n101o 8318919 111-93n94n960
9 (85) 81n84n851-90n10001100 80081n85r- 90101125 77082n83r-86n8 7930 76077083n-86n8718%
10 (81) 7880n81r- 861960103 7778n81n-86n10251060 7778n79n-82n83n880 716720579n-82n83n850
11 (81) 78n80n81n-86n9601010 76078n81n- 86110301040 7778n79n-82n83n8% 7107 m79n-82n83n840
12 (88) 84186n88n- 93110601140 83084n88n- 93111401170 808518 7r-89m90n960 80n85n87n-89m90n910
13 (85) 82n84851-90n110%110 81nt82n851-90n98510% 81nt82n83n-86n87n930 74076083n-86n8718%
14 (81) 7880n81r- 8619501025 7778n81n-86n1025108 7778n79n-82n83n880 70571079n-82n83n850
15 (81) 79n80n81n- 861940102 78179n81n-86n930103 7778n79n-82n83n8% 77m78n79n-82n83n840
16 (88) 85n87n88n-93n10401140 84n85n88n-93n10601140 80085n86m-89n90n960 84n85n86m-89n90n91o
17 (89) 86rn88n89n-94110361100 85n86m89n-94n11401170 85n86m87n-90n91n970 785798 7m-90n911930
18 (85) 82n84n85n-91n92n980 81n82n851-921976103% 74n82n83n-86n88n89n 74n82n83n-86n88n89n
19 (85) 8384n85r1-90n980105 82n83n85n-90n976108 81n82n83n-86n87n930 81n82n83n-86n87n88c
20 (92) 89n91n92n-97n10801160 88t89n92n-9711%122% 88n89nm90n-93n94n100s 88n89nm90m-93n94n95n
21 (93) 9@92r93r-98n10701140 89t90n93n-98n1181210 89190n91n-94n95n1016 7%81n91n-94n95n97n
22 (89) 86rn88n89n-941103611% 83086m89n-94n11701210 7508518 7m-90n91n960 7407508 7m-90n91930
23 (89) 8788n89n-94n1026113% 86n87n89n-94n1015112% 85n86n87n-90n91n970 75086n87m-90n91n92n
24 (96) 93n95n96n-101n11251200 92r93n96n-101123512% 84n92n94n-9 7981040 84n92n94m-97m98n99n
25 (93) 89%92r193r-98110%1160 89192n931-98n111%123% 88t89n90n-94n95n101o 83090n91n-94n95n970
26 (89) 85n88n89n-941980105 85n88n89n-9419801125 84n85n86m-90n91n960 77578086m-90n911930
27 (89) 85n88n89n-94n10801140 85n88n89n-94n11351160 84n85n86m-90n91n970 84n85n86m-90n91n930
28 (96) 93n95n96n-101n11601240 91n95n96n-101n12401260 86n92n94n-97n98n1040 86m92n94n-97m98n 100t
29 (97) 93n96n97n-1021113:1200 93:96n97n-1021123012% 92n93n94n-98n99n1060 84085094r-98n99n101n
30 (93) 8992r193r-981102510% 8%92n93r-98n11101160 88189n90n-94n951 1005 7857990r-94n951970
31 (93) 91n92r93n-98n10761100 90092n93r-98n11501170 88t89n90n-94n95n101s 7%8990r-94n951970

32 (100) 97t99n100n-1051120512% 96m99n100t-1051128012% 95m96m98n-101n1021108 95196n98n-101n1021104t
33 (101)| 99n100110In-106111701240 | 9701001101n-10611281310 96n97n98n-1021103110% 86088098n-10211031105%
34 (97) 9m96n97r-102110601136 93:96n97r-102110601140 92r193n94-98n9911040 816820941-98199n11010
35 (97) 95n96n97n-102111601210 94n96n97n-102111051225 92r93n941-98n991 105 9193n94n-98n991101s
36 (104)| 10#10311041-10911221240 | 100t1031104t-109111361310 | 9211001102t-10511061107t | 99n100t102t-1051106n107
37 (97) 94n95n97n-101n10211120 950961p97t-101n10211105 93195n96m-98n99 100t 89%595n96m-98n99n 100
38 (93) 88089n93n-98n108:1125 88089n93n-98n105011 10 90n91n92r-94n95n96m 8309 1n92r-94n95n96n
39 (93) 89n90n93n-9811060108 89190n93n- 9811051126 89190n91n-94n95n1016 79%80091r-941951970
40 (100) | 95096m100t-10511181200 95096n1001-1051118:1200 92r97m99n-101m1021108 92r197m99n-1011021104r
42 (83) 79%82n83n- 88110501070 7857983n-88n960105% 72080n81r-84n85n86m 71672081n-84n86n8 7n
43 (83) 80n82n83n- 8819801050 79180n83n-88n9601050 79180n81n-84n86n91c 72080n81r-84n85n86mn
44 (90) 8688n90r- 9511051108 85086m90r- 9511176123 80n87n89n-91193n9% 80n87n89n-91n93n940
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Table 3. Local Molecular Orbital Structure of atoms 18, 19 and 20

Mol Atom 18 (C) Atom 19 (C) Atom 20 (C)
1(98) 8&94n96m- 9911001102 916926930-107010810% | 900916920-1040114061170
2 (94) 8208309111-951961980 870880900-102510301040 | 860870880-10051105112%
3 (94) 8283091n-95196n980 870880900-103:10551060 | 8608706880-1000108510%
4 (101) 89097m99n-10211031105% 940950960-114011551160 | 930940950-107011701210
5 (89) 79086n87n-90n91n93c 800810840-95098099% 820830840- 960610551080
6 (85) 74675083~ 86n87189% 770780800- 950960970 78079800- 9209301000
7 (85) 72074083~ 86n87189% 760770810- 920940960 78079%810- 9209901000
8 (92) 8@89n91n- 93194n960 840850870-1060107610% | 850860870- 9901085112
9 (85) 77082n83n- 86n87m89% 78079810- 930950960 79%800810- 940950970
10 (81) 7671679 821831850 7407507 70- 880900930 7507607 70- 900916930
11 (81) 69071679 821831840 740750780- 8%916920 750760780- 916920930
12 (88) 7685n87m- 89n90n910 820830840- 99010051010 | 820830840-101610251030
13 (85) 74076083n- 86n87n880 800810820- 930940950 8008106820-95010051010
14 (81) 69700791 821831840 750760780- 880890900 750760780- 9106960980
15 (81) 70078179n- 821831840 750760780- 8%916920 750760780- 916960970
16 (88) 76085186m- 89190n910 820830840-101610201036 | 820830840-1035106061070
17 (89) 7807%87n-90n91n930 840850860- 97098099% 840850860- 9951040105
18 (85) 70073083r- 86n88n89n 770780810- 940950970 7%800810-101610251070
19 (85) 7282n83n- 861871880 780800820- 930950960 780800820- 95098099%
20 (92) 88rn89n90r-93n94n950 8708808%-105010601070 | 87088089%-107610%1100
21 (93) 8b589n91n-94n95n970 840870900-10161025103c | 8608706900-10310810%
22 (89) 74075087n-90n91n920 800830860-960970980 820830860-104010601070
23 (89) 7586n87n-90n911920 830860870-9769901000 830860870-9901020103
24 (96) 81692n94n-97n9819% 8%900930-10%11001110 | 89%900930-111611351140
25 (93) 8389n90n-94n95n970 850870880-10161025103c | 860870880-1016102610%
26 (89) 7607 7086r-90n91n930 820830850-96099%1020 820830850-98099%1050
27 (89) 77085n86m-90n91n93c 810830850-970610051010 820830850-98099%1040
28 (96) 8209211941-971981 1000 8%900910-107611001110 | 89%900910-1060108112%
29 (97) 830840941-98199101n 900916930-105510601070 | 900916930-105510601136
30 (93) 7879%90r- 941951970 86087089-100010351040 | 86087089%0-102010%1110
31(93) 79089n90n- 94951970 86088089-10161040610% | 87088089%-1020103:108

32 (100)| 9m96m98n-101n102t1040 | 940950960-114611501160 | 930940950-11001160118
33 (101)| 86088098n-10211031105 | 9269506970-10%11001116 | 940950970-10%11051170
34 (97) 8@82094r-98m199n1010 880910930-104010551070 | 900916930-10601070113%
35 (97) 81093n941-98n9911010 870920930-105010810% | 900920930-10601125113%
36 (104) | 8810011021-105110611070 | 950698099%-112611401160 | 9709809%-11361216123
37 (97) 93n195r96m-98t99r 100t 900916925-10551070108 | 940950970-1016102511 10
38 (93) 8309 1192r-94195n96n 8708808%-10001020105 | 87088089-102:10751080
39 (93) 78080091n-94n95n970 88089900-101610251035 | 880890900-103:1070108
40 (100) | 86097m99n-101t10211040 940950960-111611261135 | 940950960-115011601170
42 (83) 7572681 84n85186n 7307407%- 900916920 7607767%- 92010061010
43 (83) 71672081n- 84n85186m 7307407%- 916940950 7607767%- 9169201000
44 (90) 788 m89n- 91n93n940 810840860-101610361040 | 830840860- 98510051070

Linear Multiple Regression Results
Results for the 5-HT,g receptor binding affinity of the whole set of moleules (1)

pK, =18.70- 5126y, - 1.8Q,— 0.7¢+ 1.3, HOMG- 2y 18.22 LUMG 2§(2)

-2.66F,, LUMO + 1)*+0.275; (HOMO)*+ 1.64Q™
with n=43, R= 0.95, R?= 0.91, adj-R2= 0.89, F(8:31).87 ( p<0.000001) and a standard error of estinh0.21.
No outliers were detected and no residuals fallsidet the +2.00c limits. Here, 4}, is the local atomic
electrophilicity of atom 12 (a carbon atom linkiNgd and ring B),Q, is the net charge of atom 3 (in ring A, is
the local atomic softness of atom 6 (in ring 5 ( HOMO-2)* is the orbital electrophilic superdelocalizability
of the third highest occupied MO localized on atbén(a carbon atom of OMe)f, (LUMO + 2)* is the Fukui
index of the third lowest vacant MO localized oorat7 (an oxygen atom of OMef,,(LUMO+1)* is the
Fukui index of the second lowest vacant MO localip@ atom 20 (a carbon atom of OMSlE,S( HOMO* is the

orbital electrophilic superdelocalizability of théghest occupied MO localized on atom 15 (in ringaRd ngax is
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the maximal amount of charge atom 9 may receive (@rthe carbon atoms of the NH-ring A linker). Tesb4 and
5 show, respectively, the beta coefficients, thaulte of the t-test for significance of coefficisr#nd the matrix of
squared correlation coefficients for the variabdggpearing in Eq. 2. Figure 3 shows the plot of olebvs.

calculated values.

Table 4. Beta coefficients and t-test for signifiaace of coefficients in Eq. 2

Beta | t(34) p-level
W, -0.55 | -9.30| <0.00000]
Q; -0.47 | -7.61| <0.000001
S -0.36 | -5.89| <0.00000]
Si;(HOMO-2)* | 041 | 6.95| <0.000001
F,(LUMO+2)* | 0.28| 518| <0.00001
F,o(LUMO+1)* | -0.25| -4.07| <0.0003
E
S;(HOMO* 021 | 3.65| <0.0009
Q™ 016 | 264 <0.01
Table 5. Matrix of squared correlation coefficientsfor the variables in Eq. 2
W, | & S S5(HOMO-2)* | F,(LUMO+2)* | F(LUMO+1)* | S{(HOMO*
Q; 0.003 | 1.00
S 0.02 | 0.14| 1.00
S5(HOMO-2)* | 0.07 | 0.09| 0.004 1.00
F,(LUMO+2)* | 0.008 | 0.04| 0.04 0.01 1.00
Fo(LUMO+1)* | 0.5 | 0.02| 0.005 0.02 0.004 1.00
E(HOMO* | 0.0009| 0.01| 0.002 0.02 0.004 0.04 1.00
S
A 0.005 | 0.03| 0.07 0.01 0.03 0.07 0.06
9.5
Uy
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Predicted pK Values
Figure 3. Plot of predictedvs. observed pK values (Eq. 2). Dashed lines denotet95% confidence interval

Table 5 shows that there are no significant inteomarelations between independent variables. T¢so@Eated
statistical parameters of Eq. 2 (Table 4) show thigtequation is statistically significant andttttze variation of a
group of eight local atomic reactivity indices bading to the common skeleton explains about 89%h@fariation

of the 5-HT,s receptor binding affinity. Figure 3, spanning abtivee orders of magnitude, shows that there is a
good correlation of observegkrsuscalculated values and that almost all points aside the 95% confidence
interval.
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Results for 5-HT,g receptor binding affinity of set Il

pK, =8.46- 0.9 (HOMO- 2)*

—6.24F,, HOMO- 1)*-0.355 (HOMO- 2)* 0.51§, (HOMO) ©

with n=16, R= 0.94, R2= 0.88, adjusted R2= 0.83},F()=19.64 ( p<0.00006) and a standard error tfhate of
0.19. No outliers were detected and no residudiiotaside the +2.06 limits. Here, S;( HOMO-2)* is the
orbital electrophilic superdelocalizability of thhird highest occupied MO localized on atom 15 ((img B),
F,o(HOMO-1)* is the Fukui index of the second highest MO laalion atom 20 (the carbon atom of a OMe

substituent), S ( HOMO-2)* is the orbital electrophilic superdelocalizabilifthe third highest occupied MO

localized on atom 8 (the oxygen atom of a MeO sulesit) and S_g( HOMO* is the orbital electrophilic

superdelocalizability of the highest occupied MQdlized on atom 18 (in ring B). Tables 6 and 7 show
respectively, the beta coefficients, the resulttheft-test for significance of coefficients ané tmatrix of squared

correlation coefficients for the variables appegrin Eq. 3. Figure 4 shows the plot of observadcalculated
values.

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

Beta | t(11)| p-level
SL(HOMO-2)* | -0.66 | -5.77| <0.0001
F,o(HOMO-1)* | -0.69 | -5.78| <0.000]
SF(HOMO-2)* | -0.44| -3.64| <0.004
S;(HOMO* | 030 | 265| <002

Table 7. Matrix of squared correlation coefficientsfor the variables in Eq. 3

S;(HOMO-2)* | F,,(HOMO-1)* | Sf(HOMO-2)*
—_ *
F,,(HOMO-1) 0.03 1.00
SS(HOMO-2)* 0.006 0.17 1.00
E *
Ss(HOMO 0.09 0.008 0.03
9.2
/,’
9.0 e
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Figure 4. Plot of predictedvs. observed pK values (Eq. 3). Dashed lines denoteet95% confidence interval

Table 7 shows that there are no significant inteomarelations between independent variables. T¢so@Eated
statistical parameters of Eq. 3 (Table 6) show thigtequation is statistically significant andttttze variation of a
group of four local atomic reactivity indices bediimg to the common skeleton explains about 83%hefvariation

249
www.scholarsresearchlibrary.com



Juan S. Gomez-Jeriaet al Der Pharma Chemica, 2015, 7 (2):243-269

of the 5-HT,g receptor binding affinity. Figure 4, spanning abbi¥ orders of magnitude, shows that there isalgo
correlation of observedersuscalculated values and that almost all points s&le the 95% confidence interval.

Results for 5-HT,g receptor binding affinity of set IlI
pK, =37.71+ 313.9Q,+ 14.5Q,- 6.99"+

+0.17S) (LUMO+ 2)*-0.31S, (HOMG- 1)* 3.03F, (LUMG 1)+ (4)
-0.465) (LUMO+ 2)*

with n=27, R=0.99, R2= 0.97, adjusted R?= 0.96,,14)=97.08 ( p<0.000001) and a standard errostinate of
0.14. No outliers were detected and no residudllgtiside the +2.0@ limits. Here, Q4 is the net charge of atom

19 (the carbon atom of a MeO substituef), is the net charge of atom 4 (in ring ,Q,z”lax is the maximal amount

of charge atom 21 (the proton of the NH group) megeive, S,N( LUMO+2)* is the orbital nucleophilic
superdelocalizability of the third lowest vacant Nizalized on atom 7 (the oxygen atom of a MeO Suent),
%'i( HOMO-1)* is the orbital electrophilic superdelocalizabilitfythe second highest MO localized on atom 14

(in ring B), F,,(LUMO+1)* is the Fukui index of the second lowest vacant M€alized on atom 19 (the

carbon atom of a MeO substituent) aﬁ@'( LUMO+ 2)* is the orbital nucleophilic superdelocalizabilif the

third lowest vacant MO localized on atom 8 (a carla@om of the NH-ring A linker). Tables 8 and 9 who
respectively, the beta coefficients, the resultsheft-test for significance of coefficients ane timatrix of squared
correlation coefficients for the variables appegrin Eq. 4. Figure 5 shows the plot of observadcalculated
values.

Table 8. Beta coefficients and t-test for signifiaace of coefficients in Eq. 4

Beta | t(19) p-level
Qo 0.89 | 18.83| <0.000001

Q, 0.53 | 12.27| <0.000001

max
21

SY(LUMO+2)* | 017 | 4.08| <0.0006
S.El( HOMO-1)* | -018| -410| <0.0006
Fo(LUMO+1)* | 017 | 404| <0.0007
S (LUMO+2)* | -014| -318| <0005

-0.24 | -4.99| <0.00008

Table 9. Matrix of squared correlation coefficientsfor the variables in Eq. 4

Qo Q, | s¥(Lumo+2)* | Sf(HOMO-1)* | Fe(LUMO+1)*

Q, 008 | 1.00

max

b1 0.22 0.12 1.00

SY(LUMO+2)* | 001 | 0.06| 0.001 1.00

S5(HOMO-1)* | 0.02 | 002| 0.04 0.08 1.00

Fo(LUMO+1)* | 0.0009| 0.005| 0.05 0.005 0.05 1.00
§'(LUMO+2)* | 0.06 | 0.006] 0.0004 0.02 0.005 0.13
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Figure 5. Plot of predictedvs. observed pK values (Eq. 4). Dashed lines denoteet95% confidence interval

Table 9 shows that there are no significant inteomarelations between independent variables. T¢sp@ated
statistical parameters of Eq. 4 (Table 8) show thigtequation is statistically significant andttttze variation of a
group of seven local atomic reactivity indices Ingiimg to the common skeleton explains about 96% et ariation

of the 5-HT receptor binding affinity. Figure 5, spanning abthvee orders of magnitude, shows that there is a
good correlation of observedkbrsuscalculated values and that almost all points aside the 95% confidence

interval.

DOCKING RESULTS

Figs. 6 to 16 show the docking results. Tables &8 &1 show, respectively, the definitions of thdor®

representing the interactions and the list, typkdistance of the interactions (see also Fig. 2).

Table 10. List of colors for docking figures analyis

Interaction

Color name

RGB

Pi-alkyl (hydrophobic)

Cotton candy

(255,200,255)

Alky! (hydrophobic)

Cotton candy

(255,200,255)

Pi-sigma (hydrophobic) Heliotrope (200,100,255)
Carbon-hydrogen bond Honeydew (220,255,2P0)
Conventional H-bond Lime (0,255,0)
Salt bridge (attractive charge) Orange peel (25505
Pi-anion Orange peel (255,150,0
Pi-Pi stacked Neon pink (255,100,200)
Pi-Pi T shaped Neon pink (255,100,200)
Halogen Aqua (0,255,255)
Attractive charge Orange peel (255,150,0)
Carbon-hydrogen bond, halogen  Honeydew (220,25%,220

Pi-sulphur Tangerine yellow (255,200,0
Unfavorable donor-donor Red (255,10,0
Unfavorable positive-positive Red (255,10,0
Pi-cation Orange peel (255,150,0
Unfavorable acceptor-accepto Red (255,10,
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Figure 6. Docking results for molecules 1 (upper f8, 2 (upper right), 3 (lower left) and 4 (lower right)
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Figure 7. Docking results for molecules 5 (upper f8, 6 (upper right), 7 (lower left) and 8 (lower right)
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Figure 8. Docking results for molecules 9 (upper f8, 10 (upper right), 11 (lower left) and 12 (loweright)
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Figure 9. Docking results for molecules 13 (uppeeft), 14 (upper right), 14 (lower left) and 16 (lower right)
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Figure 10. Docking results for molecules 17 (uppdeft), 18 (upper right), 19 (lower left) and 20 (laver right)
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SN344
; PHE341
PHE217.

Figure 11. Docking results for molecules 21 (uppdeft), 22 (upper right), 23 (lower left) and 24 (laver right)
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Figure 13. Docking results for molecules 29 (uppdeft), 30 (upper right), 31 (lower left) and 32 (laver right)
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Figure 14. Docking results for molecules 33 (uppdeft), 34 (upper right), 35 (lower left) and 36 (laver right)
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Figure 15. Docking results for molecules 37 (uppdeft), 38 (upper right), 39 (lower left) and 40 (laver right)
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Figure 16. Docking results for molecules 41 (uppdeft), 42 (upper right), 43 (lower left) and 44 (laver right)

TABLE 11. Summary of inter- and intramolecular interactions of N-Benzylphenethylamines with the 5-H7s receptor site from Figs. 6-
16

Mol. Interactions

7-n T shaped of ring A with Phe-340 (5.44A) and Ph&{884A),n-c of ring A with Val-136 (3.87A), carbon H-bond beten C of 2-
OMe from ring A with Asp-135 (3.63Ax-alkyl of Br with Phe-341 (5.01A), alkyl interactiof Br with lle-186 (5.39A)r-n T shaped

] of ring B with Phe-340 (5.64A)-alkyl of ring B with Val-366 (5.40A) and Leu-362.43A), conventional H-bond between H21 and
Asn-344 (2.01A Intramolecular carbon H-bond between O7 and @3Z5A).
n-n stacking of ring A with Phe-217 (5.26A);alkyl of Br with Phe-217 (4.06A)-alkyl of ring A with Val-136 (4.99A), carbon H

2 bond between C19 and Asn-344 (3.80&) T shaped of ring B with Phe-340 (4.754&)x stacking of ring B with Trp-337 (4.19A%;

o of ring B with Val-366 (3.78A), conventional H-Bdrbetween H of 2-OH in ring B and Asp-135 (2.4089|t bridge between H21
and Asp-135 (2.12A).

7-n T shaped of ring A with Phe-341 (4.994}alkyl of ring A with Val-136 (4.87A)z-alkyl of Br with Phe-217 (4.13A)-alkyl of
3# ring B with Val-136 (4.85A)z-anion with ring B and Asp-135 (3.88A), salt bridgetween the two hydrogen atoms of N11 and Asp-
135 (2.80A and 3.00A)ntramolecularz-o interaction of C20 and ring B3.63A).

w-anion of ring A with Glu-363 (4.01Ay;alkyl of Br with Trp-131 (4.90A), carbon H-bondtheen C20 and Glu-363 (3.61Aalkyl
of ring B with Val-208 (5.49A)r-alkyl of methylenedioxy moiety with Val-366 (5.1pAntramolecularz-z stacking between ring A

*:
4 and ring B(3.964), intramolecularz-z stacking between ring A and methylenedioxy m@®t8A), intramolecularz-o interaction
between C19 and methylenedioxy mof@ty7A).
5 n-alkyl of ring A with Val-136 (5.17A)n-c of C19 with Phe-217 (3.55A), alky! interaction@fwith lle-186 (4.06A), conventional Hf

bond between 08 and Thr-140 (2.354) stacking of ring B and Phe-340 (4.17A)alkyl of ring B and Val-366 (5.09A).

Carbon H-bond between C19 and GIn-359 (3.61A), arafd-bond between C20 and the two oxygen atomsspt¥85 (3.48A and
6* 3.68A), alkyl interaction of Cl with Leu-132 (4.4JAnd Leu-209 (3.79A)-n stacking of ring B with Trp-131 (4.38A), salt byl
between H21 and Glu-363 (2.53M)tramolecularz-z stacking between ring A and ring(8.74A).

7-n T shaped of ring A with Phe-341 (5.36&)alkyl of ring A with lle-186 (4.82A), alkyl intection of Cl with lle-186 (4.40A) and
7+ Ala-224 (3.61A), halogen interaction of Cl with PR20 (3.23A),1-c of ring B and Val-136 (3.48A)ntramolecular carbon H-bong
between F and C2(8.23A).

7-n T shaped of ring A with Phe-341 (4.76A), alkyldraction of Cl with lle-186 (4.78A) and Ala-224 Z8A), halogen interaction of
Cl with Ala-224 (3.23A) -6 of ring B and Leu-132 (3.89Ax-alkyl of ring B and Val-136 (4.83A)-anion of methylenedioxy moiet
8+ and Asp-135 (3.71Ay-n T shaped of methylenedioxy moiety and Phe-3486%), -alkyl of methylenedioxy moiety with Val-366
(4.96A), attractive charge interaction between Narid Asp-135 (4.43A)Intramolecular H-bond between H21 and O frgm
methylenedioxy moiet2.87A).

-6 of ring A with Ser-222 (3.99A)-alkyl of ring A with lle-186 (4.78A), halogen intction of F with Phe-220 (3.36A);6 of ring
9+ B with Val-136 (3.51A), conventional H-bond betwe@rfrom 2-OMe in ring B and Ser-139 (2.05/)tramolecular H-bond between
O from 2-OMe in ring B and H2(2.04A).

7-n T shaped of ring A with Phe-341 (5.43&)alkyl of ring A with lle-186 (4.80A), halogen intction of F with Phe-220 (3.454y;

10| 5 of ring B with Val-136 (3.58A).
7-n T shaped of ring A with Phe-341 (4.95A}alkyl of ring A with lle-186 (5.26A), halogen imaction of F with Ala-224 (3.30A)
11+ | carbon H-bond of O8 with Ala-224 (3.57A)n stacking of ring B with Phe-340 (5.25A%anion of ring B with Asp-135 (3.49Ax-

alkyl of ring B with Val-136 (5.34A), attractive ahge interaction between N11 and Asp-135 (5.27&jan H-bond between C12 and
Ser-139 (3.48A)Intramolecular H-bond between H21 and @7424A).
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12

n-n T shaped of ring A with Phe-341 (4.75A), convensibH-bond between F and Phe-226 (2.97A), carbdioihti of F with Ala-224
(3.39A), n-n T shaped of methylenedioxy moiety and Phe-3488@%), m-anion of methylenedioxy moiety and Asp-135 (3.914)
alkyl of ring B with Val-136 (4.89A) and Leu-132.98A), attractive charge interaction between N1d Agp-135 (3.12A).

13

n-n T shaped of ring A with Phe-341 (4.944)alkyl of ring A with Val-136 (5.18A), alkyl intexion of C from 4-Me with Val-136
(5.32A) and lle-186 (5.44A)-alkyl of C from 4-Me with Phe-341 (5.27A), carbblbond of C20 with Asp-135 (3.49A);6 of C19
with Phe-217 (3.90A)z-alkyl of ring B with Val-208 (5.05A) and Leu-208.66A), conventional H-bond between H21 and Asn-344
(2.36A).

14

7-n T shaped of ring A with Phe-341 (5.07&)x stacking of ring A with Phe-217 (5.99A%alkyl of ring A with Val-136 (4.70A)x-
alkyl of C from 4-Me with Phe-217 (4.57A), carbonrhbdnd between C20 and Asn-344 (3.62A-alkyl of ring B with Val-136
(5.28A) and Leu-209 (4.92A)-c of ring B with Leu-132 (3.72A), conventional H-tibbetween H of 2-OH in ring B and Asp-13
(2.21A), salt bridge between H21 and Asp-135 (2)60A

)]

15

n-n stacking of ring A with Phe-217 (5.28Ay;alkyl of ring A with Val-136 (5.24A)x-c of C from 4-Me with Phe-217 (3.88A),
carbon H-bond between C20 and Asn-344 (3.744y, stacking of ring B with Phe-340 (5.294);alkyl of ring B with Val-136
(5.40A),m-anion of ring B with Asp-135 (3.33A), attractivearge interaction of N11 and Asp-135 (4.49A).

164+

n-n T shaped of ring A with Trp-131 (5.62A), alkyl @miction of C from 4-Me with Ala-111 (4.46A) and \Na66 (3.78A),1-alkyl of
ring B with Val-366 (4.90A) and Leu-362 (4.39A9;alkyl of methylenedioxy moiety with Val-208 (5.23Aconventional H-bond
between O from methylenedioxy moiety and GIn-352&3). Intramolecular H-bond between H21 and (Z723A),intramolecularz-
7 stacking of ring A with ring B3.75A)and methylenedioxy moiet.82A).

17+

7-m T shaped of ring A with Phe-341 (5.42A)alkyl of ring A with Val-136 (5.31A)z-n stacking of ring A with Phe-217 (5.30A),
conventional H-bond between O7 and Thr-140 (2.148pventional H-bond between 08 and Asn-344 (2.61éy of terminal C
from 4-Et with Phe-217 (3.56Ax-anion of ring B with Asp-135 (3.97A), carbon H-libhetween C12 and Asp-135 (3.58A), attractjve
charge interaction of N11 with Asp-135 (4.27A), avdrable donor-donor interaction of H21 with S8811.73A).Intramolecular H-
bond between O from 2-OMe in ring B and H2115A).

18+

n-n T shaped of ring A with Phe-341 (5.084)alkyl of ring A with Val-136 (4.47A)z-c of terminal C from 4-Et with Phe-21f
(3.76A), alkyl interaction of terminal C from 4-®ith lle-186 (5.32A), carbon H-bond between C19 &m#-226 (3.75A) carbon H-
bond between C20 and Asn-344 (3.70&) T shaped of ring B with Phe-340 (4.77A), attragtoharge interaction of N11 with Asp-
135 (%\.72/:\), conventional H-bond between H21 and138 (2.10A).Intramolecular H-bond between H21 and O from 2-@Hiing B
(2.17A).

19

n-n T shaped of ring A with Phe-341 (5.194)x stacking of ring A with Phe-217 (5.48Aalkyl of ring A with Val-136 (5.18A)1-6
of terminal C from 4-Et with Phe-217 (3.57/Aganion of ring B with Asp-135 (4.67Ax-alkyl of ring B with Val-136 (5.03A) ang
Leu-132 (5.25A)n-cation of N11 with Phe-340 (4.75A), unfavorablexdedonor interaction of H21 with Ser-139 (1.39A).

20

n-n T shaped of ring A with Phe-340 (4.67A}alkyl of ring A with Val-136 (4.79A)s-alkyl of terminal C from 4-Et with Phe-34p
(4.97A), Tyr-370 (4.21A) and Trp-337 (4.96A), alkigteraction of terminal C from 4-Et with Val-368.64A), n-n stacking of ring B
with Phe217 (5.08A)-n stacking of methylenedioxy moiety with Phe-217084), n-c of ring B with Ser-222 (3.764).

21+

n-n T shaped of ring A with Phe-341 (4.984)alkyl of ring A with Val-136 (4.87A)z-6 of terminal C from 4-Pr with Phe-21
(3.95A), alkyl interaction of terminal C from 4-Riith lle-186 (5.26A), carbon H-bond between C20 asd-344 (3.37A)n-alkyl of

ring B with Val-136 (5.20A) and Leu-209(4.88%%s of ring B with Leu-132 (3.70A), salt bridge betwed21 and Asp-135 (2.48A).
Intramolecular H-bond between H21 and O from 2-GMeng B (2.79A).

<

22

7-m T shaped of ring A with Phe-340 (4.674)c of ring A with Val-136 (3.90A)s-alkyl of terminal C from 4-Pr with Phe-34D
(4.22A), Tyr-370 (5.19A) and Trp-337 (5.19A), alkgteraction of terminal C from 4-Pr with Val-368.77A), =-n T shaped of ring B
with Phe-341 (5.00A)z-alkyl of ring B with lle-186 (5.19A)z-cation of N11 with Phe-217 (4.68A).

23#

7-n T shaped of ring A with Phe-341 (5.014%alkyl of ring A with Val-136 (4.93A)7-c of terminal C from 4-Pr with Phe-21[7
(3.75A), carbon H-bond between C19 and Phe-22@8£3,7-anion of ring B with Asp-135 (3.42A%-alkyl of ring B with Val-136
(4.83A), attractive charge interaction of N11 witlsp-135 (3.82A)n-cation of N11 with Phe-340 (4.90A), conventionabbhd
between H21 and Ser-139 (2.75/tramolecularz-o interaction of C20 with ring B3.594).

24

n-n T shaped of ring A with Phe-341 (5.214)p of ring A with Val-136 (3.58A)5-n stacking of ring A with Phe-217 (5.80A), alk
interaction of terminal C from 4-Pr with lle-186.1ZA), unfavorable acceptor-acceptor interactio®8fwith Ser-139 (2.92A)-alkyl
of ring B with Val-136 (4.68A) and Leu-132 (4.93A)c of ring B with Val-209 (3.62A)r-alkyl of methylenedioxy moiety with Val
209 (5.11A).

25+

n-alkyl of ring A with Val-366 (4.63A)z-sulfur of S in 4-SMe of ring A with Trp-131 (5.3§Aalkyl interaction of C in 4-SMe witl
Val-208 (5.26A), carbon H-bond between C20 and 86-(3.56A),n-c of ring B with Val-136 (3.66A)z-n T shaped of ring B with
Phe-341 (5.66A), attractive charge interaction &fLNvith Asp-135 (5.01A)Intramolecular H-bond between H21 and O from 2-OMe
in ring B (2.29A).

26

7-n T shaped of ring A with Phe-341 (5.17&}alkyl of ring A with Val-136 (4.54A)x-r stacking of ring A with Phe-217 (5.564%;
sulfur of S from 4-SMe with Phe-217 (4.00A}alkyl of C from 4-SMe with Phe-217 (4.29A), alkipkeraction of C from 4-SMe with
lle-186 (5.24A), carbon H-bond between C20 and 844-(3.56A),n-alkyl of ring B with Val-366 (5.00A), unfavorablacceptor-
acceptor of O from 2-OH in ring B with Tyr-370 (ZA), salt bridge of H21 with Asp-135 (2.22A).

27

=}

n-n T shaped of ring A with Phe-341 (5.154)p of ring A with Val-136 (3.55A)r-alkyl of C in 4-SMe with Phe-217 (4.32A), carb
H-bond between C20 and Asn-344 (3.70&xlkyl of ring B with Leu-132 (5.13A), salt briddeetween H21 and Asp-135 (2.33A).

28*

7-n T shaped of ring A with Phe-341 (5.004&}alkyl of ring A with Val-136 (4.78A)-c of C in 4-SMe with Phe-217 (3.82A), alky
interaction of C in 4-SMe with lle-186 (5.36A), ban H-bond between C20 and Phe-226 (3.67A), cakbbond between C19 an
Asn-344 (3.58A)m-alkyl of ring B with Val-136 (5.07A), Leu-132 (&) and Leu-209 (5.00A)z-n T shaped of methylenediox
moietz with Phe-340 (5.31A), salt bridge betweenlHthd Asp-135 (2.31A)Intramolecular z-z stacking of ring A with ring B
(5.59A).

o=

<

29

7-n T shaped of ring A with Phe-341 (5.03&)alkyl of ring A with Val-136 (4.84A)z-c of C in 4-SMe with Phe-217 (3.54A), carb
H-bond between C19 and Asn-344 (3.68&pnion of ring B with Asp-135 (4.19A)-alkyl of ring B with Val-136 (4.86A), Leu-132
(5.24A) and Leu-209 (5.04A), salt bridge betweeri ld2d Asp-135 (2.18A).

=

30n

7-n T shaped of ring A with Phe-341 (5.034)s of ring A with Val-136 (3.74A)z-sulfur of S from 4-SEt in ring A with Phe-21[7
(4.44A), -6 of terminal C from 4-SEt with Phe-217 (3.69A), lmam H-bond between C19 and Phe-226 (3.754),T shaped of ring
B with Phe-340 (4.83A)z-alkyl of ring B with Val-366 (5.17A), carbon H-bdrbetween C12 and Asp-135 (3.34A), attractive aharg
interaction of N11 and Asp-135 (3.78A), conventiodebond between H from 2-OH in ring B and Asp-1(2575A). Intramolecular
unfavorable donor-donor interaction of H21 and ldrfr 2-OH(1.70A).

31+

7-n T shaped of ring A with Phe-340 (5.24A}alkyl of terminal C from 4-SEt with Phe-340 (4.74Alky! interaction of terminal G
from 4-SEt with Val-366 (4.60A) and Leu-362 (3.95Apnventional H-bond between 08 and Tyr-370 (2)6&%rbon H-bond
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between C19 and Asp-135 (3.544&)x T shaped of ring B with Phe-341 (4.83&)alkyl of ring B with Val-136 (5.37A), carbon H}
bond between F and Ser-139 (3.35Ajation of N11 with Phe-340 (4.71Apntramolecular H-bond between O7 and H2153A).

n-n T shaped of ring A with Phe-341 (5.144&)alkyl of ring A with Val-136 (4.62A)r-n stacking of ring A with Phe-217 (5.61/A%;
sulfur of S from 4-SEt with Phe-341 (5.274)c of C19 with Phe-217 (3.17A), alkyl interactiontefminal C from 4-SEt with lle-186
(4.17A), n-6 of ring B with Leu-362 (3.92A)z-alkyl of methylenedioxy moiety with Val-208 (5.13%nd Met-218 (5.36A)
conventional H-bond between O from methylenedioxjaty and GIn-359 (2.16A).

32

n-n T shaped of ring A with Phe-340 (5.084)g of ring A with Val-136(3.59A) -sulfur of S from 4-SPr with Phe-340 (5.274),
33 alkyl of terminal C from 4-SPr with Phe-217 (4.25A)kyl interaction of terminal C from 4-SPr wittaW136 (5.09A)z-alkyl of ring
B with Leu-132 (5.32A), salt bridge between H21 dsgp-135 (2.82A).

n-6 of ring A with Val-366 (3.38A)x-sulfur of S from 4-SPr with Phe-340 (5.17A}alkyl of terminal C from 4-SPr with Phe-340
(5.16A), alkyl interaction of terminal C from 4-SRith Val-136 (4.43A), carbon H-bond between C2@ &sn-344 (3.57A)1-6 of
ring B with Val-208 (3.65A and 3.82A), salt bridgetween H21 and Glu-363 (2.53Antramolecular H-bond between H21 and
(2.31A),intramolecularz-z stacking of ring A with ring B

34%+

7-n T shaped of ring A with Phe-341 (5.244)c of ring A with Val-136 (3.88A)x-alkyl of terminal C from 4-SPr with Phe-21[7
(4.11A),n-anion of ring B with Asp-135 (3.41Ax-alkyl of ring B with Val-366 (5.17A)z-n stacking of ring A with Phe-340 (5.294),
n-cation of N11 with Phe-340 (4.03A), attractive ajeinteraction of N11 with Asp-135 (5.09Ahtramolecular H-bond between H2(L
and 07(2.32A).

35+

-6 of ring A with Leu-132 (3.97A)g-alkyl of ring A with Leu-209 (5.44A), alkyl intecgion of terminal C from 4-SPr with Val-36p
(4.53A) and Ala-111 (3.51A)z-alkyl of terminal C from 4-SPr and Trp-367 (4.7&hd 5.48A),n-alkyl of ring B with Val-366
(5.22A), n-c of ring B with Leu-362 (3.90A)z-alkyl of methylenedioxy moiety with Leu-362 (5.3)LAinfavorable positive-positive
interaction of N11 with Lys-211 (3.46A), unfavorabtlonor-donor interaction of H21 with Lys-211 (1381 Intramolecular z-z
stacking of ring A with ring B4.12A), methylenedioxy moiet{p.30A), intramolecularz-o interaction of C20 with methylenedioxy
moiety(3.73A).

36**#

n-n T shaped of ring A with Phe-341 (5.214)0 of ring A with Val-136 (3.68A)r-alkyl of C from 4-CE with Phe-341 (4.84A), alkyl
37 interaction of C from 4-CFwith lle-186 (5.25A), conventional H-bond betwe®f and Ser-139 (2.66Ax-alkyl of ring B with Leu-
209 (3.98A) n-sulfur of ring B with Met-218 (5.37A).

n-alkyl of ring A with Val-136 (4.91A)r-alkyl of C from 4-CFE with Phe-217 (4.05A), halogen interaction of onfdfn 4-Ck with
lle-186 (3.58A), halogen interaction of one F frdrCF; with Phe-220 (3.34A)r-alkyl of ring B with Val-136 (5.04A), Leu-132
(5.32A) and Leu-209 (5.19A), salt bridge betweer shfrom N11 and Asp-135 (3.13AIntramolecularz-z stacking of ring A with
ring B (5.72A),intramolecularz-¢ interaction of ring B with C1¢3.71A),intramolecular H-bond between O7 and H&104A).

384+

n-n T shaped of ring A with Trp-131 (5.13/)-alkyl of C from 4-Ck with Trp-131 (5.27A), H-bond between one F fronCBs and
Tyr-370 (2.16A), halogen interaction of one F frdaCF; with Ala-111 (3.65A) and another F from 4-0Kith Glu-363 (3.02A), alkyl
39*+ | interaction of C from 4-CFwith Val-366 (4.30A) and Ala-111 (4.12A), carborbidnd between C20 and Cys-207 (3.53Axlkyl of
ring B with Val-366 (5.17A)Intramolecularz-r stacking of ring A with ring §3.764), intramolecular carbon H-bond between C19
and F in ring B(3.39A).

n-alkyl of ring A with Val-136 (4.94A)r-alkyl of C from CFk with Phe-217 (4.05A), halogen interaction of Ffird-CK with Phe-220
(3.46A), n-alkyl of ring B with Val-136 (4.92A), Leu-132 (40A) and Leu-209 (5.15A), carbon H-bond between @mé Ser-139

A0##+ (3.54A). Intramolecularz-c interaction of ring B with C1¢3.73A), intramolecularz-¢ interaction of methylenedioxy moiety with C[L9
(3.84A),intramolecular H-bond between O7 and H2128A).
n-n T shaped of ring A with Phe-341 (5.13/}alkyl of ring A with Val-136 (4.94A)s-n stacking of ring A with Phe-217 (5.58A),
a1+ carbon H-bond between C20 and Asn-344 (3.49A),araH-bond between N from 4-CN with Phe-220 (3.78&4lkyl of ring B with

Val-136 (4.76A),n-c of ring B with Leu-132 (3.82A), conventional H-lmbietween H21 and Ser-139 (2.95fntramolecularz-=
stacking of ring A with ring B5.25A),intramolecularz-o interaction of C20 with ring B3.59A).

n-n T shaped of ring A with Phe-341 (5.06A)alkyl of ring A with Val-136 (4.96A), carbon H-bdnbetween C20 and Asn-344
42 | (3.63A),m-alkyl of ring B with Val-366 (5.05A), convention&l-bond between H from 2-OH in ring B and Tyr-3203(A) and Asp-
135 (2.90A), salt bridge between H21 and Asp-1353R), conventional H-bond between H21 and Ser{P383A).

n-n T shaped of ring A with Phe-341 (5.384&}alkyl of ring A with lle-186 (4.80A), conventional-bond of N from 4-CN and Trp

43 | 144 (2.71A) - of ring B with Val-136 (3.494).
n-n T shaped of ring A with Phe-341 (5.184}alkyl of ring A with Val-136 (5.07A)s-n stacking of ring A with Phe-217 (5.48A),
44+ | carbon H-bond between C20 and Asn-344 (3.45R),arat-bond between N from 4-CN with Phe-220 (3.80bnventional H-bond

between O7 and Thr-140 (2.04A)alkyl of ring B with Leu-209 (5.41A) and Leu-132.96A), salt bridge between H21 and Asp-135
(3.14A). Intramolecularz-r stacking of ring A with ring B5.51A), intramolecularz-¢ interaction of C20 with ring §3.69A).

Intramolecular interactions: *z-z stacking, +: H-bond (any kind), #-¢ interaction, ~: unfavorable interactions.
DISCUSSION

Local MO structure

In the case of O7 and O8 (Table 2, Fig. 2) the lIdeEDMO)* coincides with the molecular HOMO in all
molecules. (HOMO)* and (HOMO-1)* are af nature and (HOMO-2)* can be ofor = nature. The first vacant
local MO of these atoms corresponds, in all moleguto the molecular (LUMO+4) and it hag aature. This MO
is followed by two vacant MOs af nature. In the case of C19 and C20 (the carbansatif the OMe substituents,
Table 2 and Fig. 2) all MOs are e@hature. The local frontier MOs (HOMO* and LUMO*pdhot correspond to the
molecular frontier MOs. In some cases LUMO* and fO+1)* are energetically close and in others the
(LUMO+1)* energy is relatively far from the LUMO*rergy. In the case of the carbon atoms of ring B4QC15
and C18, Tables 2 and 3, Fig. 2) the local HOMCé&rniergetically close to the molecule’s HOMO. Th©MO-1)*
can be oft or o nature. In the majority of cases (HOMO-2)* iscohature and it is energetically far from (HOMO-
1)*. If (HOMO-2)* is of = nature it is energetically close to (HOMO-1)*. &l cases the first vacant local MO,
LUMO*, coincides with the molecular LUMO and it &f = nature. In all cases but three, (LUMO+1)* coinaide
with LUMO.
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LMRA results

To interpret the results we must understand thattitesimultaneouwariation of the numerical values of the LARIs
appearing in the equations which explains the tiarieof the binding affinity throughout the group molecules.
All molecular orbital-related LARIs used here (Fukodices and orbital superdelocalizabilities) hawen-zero
values (this is so because of the way we buildddma matrix, see [58, 76] for details). Then, itéasonable to
admit that if, for example, an occupied MO differé&nom the HOMO and localized on a certain atomesgp in the
equations, the occupied MOs having a lower enengyl@calized on the same atom also take part ifntieeaction.
The analysis is carried out employing tfeiable-by-variable(VbV) approach: the condition that a single reatti
index must fulfill for a high pKis determined and the corresponding interactionteractions are suggested. In the
case of the MO-related LARIs the natuseof «) of the MOs must be taken into account.

5-HT .5 receptor binding affinity of the whole set of moleules (set ).
The beta values (Table 4) show that the importaridee variables in Eq. 2 i&},> Q,> S;( HOMO-2)*>

s> F,(LUMO+2)*> F, (LUMO+1)*> S (HOMO* > Q™. Q"™ will not be discussed because of

its high p value. A small value focj, (see Fig. 2 for atom numbering) is required fayhhreceptor binding

affinity. Atom 12 is a carbon linking the NHyroup with ring B. The local atomic electrophiliciof atom 12 is
defined as [59]:

2
- M

27,

where i, is the local atomic electronic chemical potentidl atom 12 (its tendency to receive charge, the
(HOMO),, - (LUMO),, midpoint) andn,; its local atomic hardness (resistance to exchahgege with the

medium, the(HOMO),, = (LUMO),, distance). As atom 12 must have a low electrogityliwe state that in

W, )

this atom the (HOMO),,—(LUMO) distance should be as great as possible while the

(HOMO),, - (LUMOY),, midpoint should be displaced upwards in the enevdy (if 1,2 is negative). For these
reasons we suggest that atom 12 interacts as etnogl@onor center. Possible interactions are adkgyl and/orxn-
alkyl. Q, should be as negative as possible. Being atons&tzon of ring A, the net charge will be controlley

the nature of the substituent at position 2 (thighe only position with different substitutionstiis ring, see Fig. 2).
Atom 3 could participate in (favorable) anion-catior aniona interactions. A possible-r interaction including

atoms 3 and 6 is not ruled out. Atom 6 is a carbelonging to ring A (Fig. 2). A small value f@&, is associated
with high affinity. As this local atomic reactivifydex is defined as the inverse of ttelOMO), —( LUMO),
distance [59], a large value for this distanceeiguired. This can be obtained by raising (tieUMO); energy.

Within this condition, atom 6 will act as an eleetrdonor center and participate in, for example;mastacking
interaction. Atom 19 is a carbon of the 2-OMe siibsht (position 6 in Fig. 2)(HOMO—2)19 is a MO ofo

nature (Table 3). A small value &;( HOMO-2)* suggests that this MO is engaged in a repulsiteraotion
with occupied MOs of a moiety of the biding sitealso suggests thgtHOMO—1),, and (HOMO),, could be
engaged in alkyl-alkyl and/or-alkyl interactions. Atom 20 is a carbon of the B#®substituent (position 3 in Fig.

2). (LUMO+1),, is ac MO (Table 3). A small value fof=,,(LUMO +1)* suggests that a high receptor

affinity is related to a low electron population this atom. It is probable then that atom 20 isagyegl in alkyl-alkyl
and/orm-alkyl interactions acting as an electron-deficieahter. Atom 7 is the oxygen of the 2-OMe substitu

(LUMO +2), is ac MO (Table 2). A high value fdr,(LUMO + 2) * indicates that the first three lowest vacant
MOs seem to interact with one or more electron-dehters. The reason for this suggestion is (IhAIJMO); is a
n MO while (LUMO+1)*7can be ofr or o nature (Table 2). Atom 15 is a carbon belongingritg B.

(HOMO),, is arx MO (Table 2). A low value forS5( HOMO * can be associated with a low electron-donor

capacity of atom 15. Therefore, it is suggested #t@m 15 interacts with a rich-electron center wa stacking
involving more carbon atoms of ring B. All theseedd are summarized in the partial two-dimensio2al) (
pharmacophore shown in Fig. 17.

260
www.scholarsresearchlibrary.com



Juan S. Gomez-Jeriaet al Der Pharma Chemica, 2015, 7 (2):243-269

Voiety f Moietybflor

oiety for -

alkyl-al ky>ll and/or l\él)c:’e;g/bflgr pi-zioztsajlck?ng

pi-alkyl interactions pi-pi stacking interaction.
interaction.

19\

One or more
electron-rich
centers for

different kinds
of interactions.
Center for
i i Electron-rich center

anion-cation or
anion-pi for alkyl-alkyl and/or
interactions. pi-alkyl interactions.
Possible pi-pi
stacking.

Electron-rich
center for

alkyl-alkyl and/or
pi-alkyl interactions,

Figure 17. Partial 2D pharmacophore for the interation of group | of molecules with the 5-HTs receptor

5-HT ,5 receptor binding affinity of set Il
The beta values (Table 6) show that the importaotethe variables in Eq. 3 isF,,(HOMO-1)*>

S:(HOMO-2)*> SF(HOMO-2)*>S[(HOMO*. Atom 20 is the carbon atom of the 5-OMe
substituent of ring A (Fig. 2(HOMO-1),, is ac MO. A small value forF,,(HOMO-1)* suggests that it is
engaged in a unfavorable interaction and that grigbanly (HOMO)*20 participates in alkyl-alkyl and/or alkyt-
interactions. Atom 8 is the oxygen atom of the 2-©8tbstituent of ring A(HOMO=2); is ac MO. A high
value for S; (HOMO- 2) * indicates that the corresponding MO is interactivih an electron-deficient moiety

probably through a-r interaction. (HOMO-1), and(HOMO);, both ofx nature can be participating inr
and/orzn-cation interactions. Atoms 15 and 18 are carbomatbelonging to B ring. The ring is probably ereghin
n-n (stacked or T-shaped) sratom interactions. A small value f&@5( HOMO* indicates thaf HOMO), is
facing an electron-rich center available fort and/orz-anion interactions. The case of atom 15 is moraptex.
(HOMO-2),.and (HOMO-1), are as orx MO while (HOMO);; is ax MO (Table 2). Then atom 15 can

participate in ar-n interaction but also in atom-atom interactionse Hbove suggestions are depicted in the partial
2D pharmacophore shown in Fig. 18.

Site for
pi-pi interaction and/or
atom-atom interactions.

15

B
8
Site for
pi-pi and/or pi-anion
interactions.

Site for
p| pi and/or 20_’ Sltefor
pl -cation aJkyI alkyl and/or
interactions, alkyl-pi interactions.

Figure 18. Partial 2D pharmacophore for the interation of group Il of molecules with the 5-HT,s receptor

5-HT ,5 receptor binding affinity of set Il
The beta values (Table 8) show that the importaotethe variables in Eq. 4 isQy> Q,> Q>

SE(HOMO-1)*> S (LUMO+2)* = F,i(LUMO +1)*> S\ (LUMO+2)*.
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Atom 19 is the carbon atom of the 2-OMe substitugmtng A (Fig. 2). Atom 19 should have a positivet charge
for high affinity. Then, atom 19 should be engagsdeast in a cation-and/or cation-anion interactions (an
unfavorable interaction with another positively-aed moiety cannot be excluded). Atom 4 is a caréimm of
ring A and should have a positive net charge, aligvan interaction with a negatively-charged moigigrboxylate
for example) and/or a catianinteraction. Atom 21 is one of the hydrogen atdrorded to N11 (Fig. 2). A small

value of Q™ is required for high receptor affinityQy; - is defined as [59]:

max — ﬂ
21 -2 (6)

21

Given that/],, corresponds to théHOMO),, —(LUMO],, distance and thats,, is the midpoint between the
frontier local MOs, a small value fd@,;" could be obtained with a largg,, value and/or with the shifting ofZ,,
upwards in the energy axis. NO\/(/HOMO)’;1 of a hydrogen atom lay energetically very far belisom the

molecule’s HOMO whiIe(LUMO);1 coincides with the molecule’s LUMO. This suggesisttatom 21 is a good
electron-acceptor. This suggests the possibilitg bfdrogen-bond and/or a charge-charge interachtim 14 is a
carbon belonging to ring B(HOMO-1),, can be a or 6 MO (Table 3).(HOMO),, is ar MO. Then, a high

value for %'i( HOMO-1)* is suggestive ofi-n interactions but without ruling out possikter interactions. We

know that nucleophilic superdelocalizabilities nfewe positive or negative values [59]. On the ottard they can
be accompanied by positive or negative coefficianté RMA equations. Atoms 7 and 8 are, respectivéhe
oxygen atoms of the 2- and 5-OMe substituentsnig A. With the above considerations we suggestithtite case

of atom 7 (LUMO +2), and (LUMO+1), (ac MOs, Table 2) could be engagedds interactions, while

(LUMO)*7 can participate im-n interactions. The case of atom 8 is slightly d#fa: it seems to use only its first
two lowest vacant MOs for similar interactions. Atol9 is the carbon of the 2-OMe substituent of rihg
(LUMO+1),, is ac MO and a high value fofF,,(LUMO+1)* is required for high receptor affinity. We
suggest that atom 19 is employing its first two dstvvacant MOs to interact with a moiety of theemor. The
interactions can be af-n or alkyl-alkyl kinds. This is consistent with agiive value forQ,4 (see above). These
interpretations are depicted in the partial 2D ptasophore shown in Fig. 19.

Site(s) for
hydrogen-bond and/or
charge-charge interaction.

T

SN 21 g4

o7
Site(s) for /
pi-pi and
sigma-pi
interactions

Site for cation-pi and/or
cation-anion interactions.
Site for pi-pi or alkyl-alkyl

interactions.

\ - Site(s) for
Site(s) for pi-pi interactions.
charge-charge Possible sigma-pi
o 8 and/or cation-pi interactions.
Site(s) for interactions.
pi-pi and / ™~
sigma-pi
interactions

Figure 19. Partial 2D pharmacophore for the interation of group Il of molecules with the 5-HT.g receptor

Docking results

First, it is interesting to note that with the wgeAutodock 4 [107], and within the approximatiofir@id residues
(the residues of the active site were not allowedhange their conformation), we were able to fipdlitative
correlations between docking and quantum-chemiesiilts [87, 101]. The discussion will be carried on the
basis of appropriate Tables built from Table 1k (B&@. 2 for atom numbering). Despite the fact thatreactivity
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index of the first atom of the 4-substituents ofriA appeared in the LMRA equations, docking ressiftow several
kinds of interactions displayed in Table 12.

Table 12. Intermolecular interactions of the 4-sultituents of ring A

=

L

Mol. Interactions

1 | z-alkyl interaction of Br with Phe-341 (5.01A), alkigteraction of Br with lle-186 (5.39A).

2 | =-alkyl interaction of Br with Phe-217 (4.06A).

3 n-alkyl interaction of Br with Phe-217 (4.13A).

4 | m-alkyl interaction of Br with Trp-131 (4.90A).

5 | Alkylinteraction of Cl with lle-186 (4.06A).

6 | Alkylinteraction of Cl with Leu-132 (4.47A) aridbu-209 (3.79A).

7 | Alkyl interaction of Cl with lle-186 (4.40A) antlla-224 (3.61A), halogen interaction of Cl with PR20 (3.23A).

8 | Alkylinteraction of Cl with lle-186 (4.78A) antlla-224 (4.20A), halogen interaction of Cl with AR24 (3.23A).

9 Halogen interaction of F with Phe-220 (3.36A).

10 Halogen interaction of F with Phe-220 (3.45A).

11 Halogen interaction of F with Ala-224 (3.30A).

12 | Carbon H-bond of F with Ala-224 (3.39A).

13 | m-alkyl interaction of C from 4-Me with Phe-341 (35).

14 | m-alkyl interaction of C from 4-Me with Phe-217 (35).

15 | n-c interaction of C from 4-Me with Phe-217 (3.88A).

16 | Alkylinteraction of C from 4-Me with Ala-111 @6A) and Val-366 (3.78A).

17 | n-c interaction of terminal C from 4-Et with Phe-2756A).

18 | m-o interaction of terminal C from 4-Et with Phe-2B776A), alkyl interaction of terminal C from 4-Eittv lle-186 (5.32A).

19 | m-c interaction of terminal C from 4-Et with Phe-257A).

20 n-alkyl interaction of terminal C from 4-Et with P4340 (4.97A), Tyr-370 (4.21A) and Trp-337 (4.96A)ky! interaction of terminal G
from 4-Et with Val-366 (3.644).

21 | mn-c interaction of terminal C from 4-Pr with Phe-2B796A), alkyl interaction of terminal C from 4-Pitivlle-186 (5.26A).

2o | malkylinteraction of terminal C from 4-Pr with P340 (4.22A), Tyr-370 (5.19A) and Trp-337 (5.19A)kyl interaction of terminal
from 4-Pr with Val-366 (3.77A).

23 | n-c interaction of terminal C from 4-Pr with Phe-2B77GA).

24 | Alkyl interaction of terminal C from 4-Pr withet186 (4.17A).

25 | m-sulfur interaction of S in 4-SMe of ring A with §131 (5.36A), alkyl interaction of C in 4-SMe wittal-208 (5.26A).

26 n-sulfur interaction of S from 4-SMe with Phe-2170@A), n-alkyl interaction of C from 4-SMe with Phe-21728A), alkyl interaction
of C from 4-SMe with lle-186 (5.24A).

27 | m-alkyl interaction of C in 4-SMe with Phe-217 (4552

28 | m-c interaction of C in 4-SMe with Phe-217 (3.82Akydlinteraction of C in 4-SMe with lle-186 (5.36A).

29 | mn-c interaction of C in 4-SMe with Phe-217 (3.54A).

30 | =-sulfur interaction of S from 4-SEt in ring A wifPhe-217 (4.44A)z-6 of terminal C from 4-SEt with Phe-217 (3.69A).

31 n-alkyl interaction of terminal C from 4-SEt with @340 (4.74A), alkyl interaction of terminal C fro#aSEt with Val-366 (4.60A) and
Leu-362 (3.95A).

32 | =-sulfur interaction of S from 4-SEt with Phe-3412(FA), alkyl interaction of terminal C from 4-SEttvlle-186 (4.17A).

33 n-sulfur interaction of S from 4-SPr with Phe-3402(FR), n-alkyl interaction of terminal C from 4-SPr with ®R17 (4.25A), alkyl
interaction of terminal C from 4-SPr with Val-135q9A).

34 n-sulfur interaction of S from 4-SPr with Phe-3401(8R), n-alkyl interaction of terminal C from 4-SPr with &840 (5.16A), alkyl
interaction of terminal C from 4-SPr with Val-13643A).

35 | m-alkyl interaction of terminal C from 4-SPr with @817 (4.11A).

36 Alkyl interaction of terminal C from 4-SPr with \\&66 (4.53A) and Ala-111 (3.51Ay;alkyl interaction of terminal C from 4-SPr a
Trp-367 (4.78A and 5.48A).

37 | m-alkyl interaction of C from 4-GFwith Phe-341 (4.84A), alkyl interaction of C frotaCF; with lle-186 (5.254).

38 n-alkyl interaction of C from 4-CFwith Phe-217 (4.05A), halogen interaction of ondérém 4-CF with lle-186 (3.58A), haloger
interaction of one F from 4-GRvith Phe-220 (3.34A).
n-alkyl interaction of C from 4-Cfwith Trp-131 (5.27A), H-bond between one F fror€Bs and Tyr-370 (2.16A), halogen interactid

39 | of one F from 4-CFwith Ala-111 (3.65A), halogen interaction of anet F from 4-Ckwith Glu-363 (3.02A), alkyl interaction of ¢
from 4-CR with Val-366 (4.30A) and Ala-111 (4.124).

40 | m-alkyl interaction of C from 4-CFwith Phe-217 (4.05A), halogen interaction of Fird-CF with Phe-220 (3.46A).

41 Carbon H-bond between N from 4-CN with Phe-2208A).

43 Conventional H-bond of N from 4-CN and Trp-1247(LA).

44 Carbon H-bond between N from 4-CN with Phe-228GA).

Table 12 shows that there are enough results itwgcghe participation of the 4-substituents ofgrif in 5-HTy

binding. Notice that similar interactions are nbways with the same residue (compare molecules5t8and 41-
44 for example, se Figs. 6, 7 and 16), and thatessubstituents interact with more than one siteldoubes 20, 22
and 39 for example, see Figs. 10, 11 and 15). Tiaéysis of the interaction distances shows thatesofrthem are
relatively strong (in molecules 8, 17 and 29 foample, see Figs. 7, 10 and 13) while others anmite¢ly weak

(in molecules 1, 13 and 25 for example, see Fig8.ahd 12). Another important information providedTable 12
is that sometimes, in 4-substituents, the atonggsacting with the residues are not those diredthcaed to ring A.
As the common skeleton included only the LARIs pnfyathe atom directly attached to ring A, this i®ipably the
reason why Egs. 2-4 do not contain indices reltddtiis substituent. As the importance of the 4ssitilent cannot
be dismissed we are developing an analysis allowmtp include all the atoms in substituents ofedént length.
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Regarding intramolecular interactions, moleculgR2§. 12) presents a weakos interaction between atoms O7 and
C12. This is probably a consequence of the H-batd/den H21 and Asn-344. Molecule 7 (Fig. 7) has alsveak
n-c interaction, but between a fluorine atom of ringaBd C20. Molecule 39 (Fig. 15) has also a weak
interaction between a fluorine atom of ring B ant9C The partial folding produced by this interantiis not
enough to produce a direct interaction betweensrisgand B. In molecule 8 there is an H-bond betwd2t and
the oxygen atom of the methylenedioxy moiety. Atxamolecular hydrogen bond between H21 and the exxyg
atom of the OMe substituent in ring B appears inecdes 9, 17, 18, 21 and 25 (see Figs. 8, 10ndi118). A H21-
O7 H-bond is formed in molecules 11, 16, 31, 35a88 40 (see Figs. 8, 9, 13, 14 and 15). Thesmitens seem
to be a byproduct of other interactions of thesdemdes with the receptor’s residues. If we consitie docking
results as being more or less true for all moleguleen we can make a qualitative association tigthresults of Eq.
4 (set Ill) showing that H21 can form hydrogen bariqg. 4 cannot provide information about the reatifrthe sites
for H-bond formation. Note also that Eq. 2 and 3ndb have terms related to H21. Molecule 30 isdhly one
presenting an unfavorable donor-donor interactietwben H21 and the H atom of the OH substituemtnig B.
This interaction seems to appear as a result oHthend formation between the H atom of the OH stuEnt in
ring B with Asp-135, the attractive charge intelactbetween N11 and Asp-135 and a C12-Asp-135antem. A
n-0 intramolecular interaction occurs between C20ramgl B in molecules 3, 23, 38, 40, 41 and 44 (3¢gs8.5, 11,
15 and 16). At-o intramolecular interaction also occurs between @2@ the methylenedioxy moiety in molecules
4, 36 and 40 (see Figs. 6, 14, and 15). In alltbrge cases (3, 23 and 40, see Figs. 6, 11 anthé&g kinds of
interactions appear in molecules having an intevadbetween A and B rings. A diregtr stacking interaction
between rings A and B occurs in molecules 16, 28,38, 38, 39, 41 and 44 (see Figs. 9, 12, 14,rb 1®).
Molecules 16 and 38 show also a direet stacking interaction between ring A and the methgtlioxy moiety.
These interactions fold the molecules. The intéwaadf ring A with the site’s residues is shownTiable 13.

Table 13. Intermolecular interactions of rings A aml B with the 5-HT g site

Mol. Interactions

n-n T shaped interaction of ring A with Phe-340 (5.34kd Phe-341(5.34A)-c interaction of ring A with Val-136 (3.87Ay-n T
shaped interaction of ring B with Phe-340 (5.64A3lky! interaction of ring B with Val-366 (5.40And Leu-362 (4.43A).

n-m stacking interaction of ring A with Phe-217 (5.26A-alkyl interaction of ring A with Val-136 (4.99A)-n T shaped interaction of

2 ring B with Phe-340 (4.75A)-n stacking interaction of ring B with Trp-337 (4.194-c interaction of ring B with Val-366 (3.78A).

3 n-n T shaped interaction of ring A with Phe-341 (4.998alky! interaction of ring A with Val-136 (4.87Ax-alkyl interaction of ring B
with Val-136 (4.85A)z-anion interaction between ring B and Asp-135 (8)38

4 m-anion interaction of ring A with Glu-363 (4.01A)-alkyl interaction of ring B with Val-208 (5.49A)z-alkyl interaction of
methylenedioxy moiety with Val-366 (5.10A).

5 n-alkyl interaction of ring A with Val-136 (5.17A}-n stacking interaction of ring B and Phe-340 (4.17&xlkyl interaction of ring B

and Val-366 (5.09A).

n- stacking interaction of ring B with Trp-131 (4.38A

n-n T shaped interaction of ring A with Phe-341 (5.3GAalkyl interaction of ring A with lle-186 (4.82A%-c interaction of ring B and
Val-136 (3.48A).

n-n T shaped interaction of ring A with Phe-341 (4.764c interaction of ring B and Leu-132 (3.89/&)alkyl interaction of ring B and
8 Val-136 (4.83A),m-anion interaction of methylenedioxy moiety and Ag5 (3.71A),7-r T shaped interaction of methylenedioxy
moiety and Phe-340 (5.26/49;alkyl interaction of methylenedioxy moiety with M366 (4.96A).

- interaction of ring A with Ser-222 (3.9949;alkyl interaction of ring A with lle-186 (4.78A)-c interaction of ring B with Val-136

9
(3.51A).

10 | ®® T shaped interaction of ring A with Phe-341 (5.33&alkyl interaction of ring A with lle-186 (4.80A)-c interaction of ring B
with Val-136 (3.58A).

11 | ®® T shaped interaction of ring A with Phe-341 (4.95&alkyl interaction of ring A with lle-186 (5.26A)-n stacking interaction o

ring B with Phe-340 (5.25A)-anion interaction of ring B with Asp-135 (3.49)alkyl interaction of ring B with Val-136 (5.34A).

n-n T shaped interaction of ring A with Phe-341 (4.J5&xn T shaped interaction of methylenedioxy moiety &me-340 (5.48A)z-
12 | anion interaction of methylenedioxy moiety and A& (3.91A),7-alkyl interaction of ring B with Val-136 (4.89A)nd Leu-132
(4.93A).

n-n T shaped interaction of ring A with Phe-341 (4.94Aalkyl interaction of ring A with Val-136 (5.18Ax-alkyl interaction of ring B

13 | \ith Val-208 (5.05A) and Leu-209 (4.56A).

n-n T shaped interaction of ring A with Phe-341 (5.97Ax stacking interaction of ring A with Phe-217 (5.994-alkyl interaction of
14 | ring A with Val-136 (4.70A)z-alkyl interaction of ring B with Val-136 (5.28A)nd Leu-209 (4.92A)z-6 interaction of ring B with
Leu-132 (3.72A).

n-m stacking interaction of ring A with Phe-217 (5.98#A-alkyl interaction of ring A with Val-136 (5.24A)-n stacking interaction o

15 ring B with Phe-340 (5.29A)-alky! interaction of ring B with Val-136 (5.40A}-anion interaction of ring B with Asp-135 (3.33A).

16 | ™ T shaped interaction of ring A with Trp-131 (5.624-alkyl interaction of ring B with Val-366 (4.90A)nd Leu-362 (4.39A)x-
alkyl interaction of methylenedioxy moiety with V208 (5.23A).

17 | ®® T shaped interaction of ring A with Phe-341 (5.32Aalky! interaction of ring A with Val-136 (5.31A)-n interaction stacking o
ring A with Phe-217 (5.30A)-anion interaction of ring B with Asp-135 (3.97A).

18 | ®™ T shaped interaction of ring A with Phe-341 (5.98Aalkyl interaction of ring A with Val-136 (4.47A)-n T shaped interaction of

ring B with Phe-340 (4.77A).

n-n T shaped interaction of ring A with Phe-341 (5.)9&x stacking interaction of ring A with Phe-217 (5.48A-alkyl interaction of
19 | ring A with Val-136 (5.18A)z-anion interaction of ring B with Asp-135 (4.67/&}alky interaction of ring B with Val-136 (5.03A) dn
Leu-132 (5.25A).

20 | n-n T shaped interaction of ring A with Phe-340 (4.57&alky interaction of ring A with Val-136 (4.79A)-r stacking interaction o
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ring B with Phe217 (5.08A)-n stacking interaction of methylenedioxy moiety withe-217 (4.03A)-c interaction of ring B with Ser
222 (3.76A).

n-n T shaped interaction of ring A with Phe-341 (4.98Aalkyl interaction of ring A with Val-136 (4.87Ax-alky! interaction of ring B

y

211 \ith Val-136 (5.20A) and Leu-209(4.88A); interaction of ring B with Leu-132 (3.70A).

oy | ET T shaped interaction of ring A with Phe-340 (4.57c interaction of ring A with Val-136 (3.90Ax-n T shaped interaction of rin
B with Phe-341 (5.00A)-alkyl interaction of ring B with lle-186 (5.19A).

o3 | T T shaped interaction of ring A with Phe-341 (5.91Aalky! interaction of ring A with Val-136 (4.93A}-anion interaction of ring
B with Asp-135 (3.42A)r-alkyl interaction of ring B with Val-136 (4.83A).
n-n T shaped interaction of ring A with Phe-341 (5.21#&c interaction of ring A with Val-136 (3.58A)-n stacking interaction of ring

24 | A with Phe-217 (5.80A)z-alkyl interaction of ring B with Val-136 (4.68And Leu-132 (4.93A)z- interaction of ring B with Val-209
(3.62A), n-alkyl interaction of methylenedioxy moiety with ¥209 (5.11A).

25 n-alkyl interaction of ring A with Val-366 (4.63A)-c interaction of ring B with Val-136 (3.66A)-n T shaped interaction of ring
with Phe-341 (5.66A).

26 | T T shaped interaction of ring A with Phe-341 (5.),7&alkyl interaction of ring A with Val-136 (4.54A}-n stacking interaction o
ring A with Phe-217 (5.56A)-alkyl interaction of ring B with Val-366 (5.00A).

o7 | ®T T shaped interaction of ring A with Phe-341 (5.15&c interaction of ring A with Val-136 (3.55A)-alkyl interaction of ring B
with Leu-132 (5.13A).

og | T T shaped interaction of ring A with Phe-341 (5.90Aalkyl interaction of ring A with Val-136 (4.78Ax-alkyl interaction of ring B
with Val-136 (5.07A), Leu-132 (5.13A) and Leu-2@Q0A), n-r T shaped interaction of methylenedioxy moiety vitthe-340 (5.31A).

o9 | T T shaped interaction of ring A with Phe-341 (5.93R&alkyl interaction of ring A with Val-136 (4.84A}-anion interaction of ring
B with Asp-135 (4.19A)r-alkyl interaction of ring B with Val-136 (4.86A)eu-132 (5.24A) and Leu-209 (5.04A).

30 | ®™ T shaped interaction of ring A with Phe-341 (5.903Ac interaction of ring A with Val-136 (3.74A%-n T shaped interaction of rin
B with Phe-340 (4.83A)r-alkyl interaction of ring B with Val-366 (5.17A).

31 | T T shaped interaction of ring A with Phe-340 (5.24Ax T shaped interaction of ring B with Phe-341 (4.83Aalkyl interaction of
ring B with Val-136 (5.37A).
n-n T shaped interaction of ring A with Phe-341 (5.)4@&alkyl interaction of ring A with Val-136 (4.62A)-n stacking interaction o

32 | ring A with Phe-217 (5.61A)-c interaction of ring B with Leu-362 (3.92A3;alkyl interaction of methylenedioxy moiety with V208
(5.13A) and Met-218 (5.36A).

33 | T® T shaped interaction of ring A with Phe-340 (5.08Ac interaction of ring A with Val-136(3.59A)-alkyl interaction of ring B
with Leu-132 (5.32A).

34 | m-c interaction of ring A with Val-366 (3.38A)-c interaction of ring B with Val-208 (3.65A and 38R

35 | T T shaped interaction of ring A with Phe-341 (5.24#c interaction of ring A with Val-136 (3.88A)-alkyl interaction of ring B
with Val-366 (5.17A)z-n stacking interaction of ring A with Phe-340 (5.29A

36 | T interaction of ring A with Leu-132 (3.97Ax-alkyl interaction of ring A with Leu-209 (5.44Ax-alkyl interaction of ring B with
Val-366 (5.22A) -6 interaction of ring B with Leu-362 (3.90A3;alkyl interaction of methylenedioxy moiety with 862 (5.31A).

37 | ™™ T shaped interaction of ring A with Phe-341 (5.21#c interaction of ring A with Val-136 (3.68A)-alkyl interaction of ring B
with Leu-209 (3.98A)z-sulfur interaction of ring B with Met-218 (5.37A).

38 n—alk)g interaction of ring A with Val-136 (4.91Ax-alkyl interaction of ring B with Val-136 (5.04A),eu-132 (5.32A) and Leu-20
(5.19A).

39 | n-n T shaped interaction of ring A with Trp-131 (5.23A-alkyl interaction of ring B with Val-366 (5.17A).

40 n—alk)ll&l interaction of ring A with Val-136 (4.94Ax-alkyl interaction of ring B with Val-136 (4.92A),eu-132 (4.70A) and Leu-20
(5.15A).

41 | T T shaped interaction of ring A with Phe-341 (5.),3Aalky! interaction of ring A with Val-136 (4.94A)-rn stacking interaction o
ring A with Phe-217 (5.58A)-alkyl interaction of ring B with Val-136 (4.76A);c interaction of ring B with Leu-132 (3.82A).

42 | T T shaped interaction of ring A with Phe-341 (5.9GAalkyl interaction of ring A with Val-136 (4.96Ax-alkyl interaction of ring B
with Val-366 (5.05A).

43 | ©T T shaped interaction of ring A with Phe-341 (5.38#&alkyl interaction of ring A with lle-186 (4.80Ax-c interaction of ring B
with Val-136 (3.49A).

a4 | ™M T shaped interaction of ring A with Phe-341 (5.18&alkyl interaction of ring A with Val-136 (5.07A}-n stacking interaction o

ring A with Phe-217 (5.48A)-alkyl interaction of ring B with Leu-209 (5.41Aphd Leu-132 (4.96A).

We can see that ring A uses a mixturer-af T-shapedzr-alkyl, n-n stackingz-c, -anion interactions to bind the 5-
HT,g site. Then-o andz-anion interactions are the strongest ones (semtheaction distances in the above Table).
The LMRA equations are able to detect some of tleena participating in these interactions and supgesr
possible nature. The anianinteraction is suggested in Fig. 17. For the mameuar model-based method cannot
distinguish between-n T-shaped and-n stacking interactions. Ring B uses a mixturer-af T-shapedr-alkyl, ©-
o, n-sulfur, - stacking andr-anion interactions. In some cases the methylergdioiety participates in the
binding throughr-alkyl, n-r T-shapeds-n stacking andt-anion interactions. Table 13 also shows that rikgand
B can bind different numbers of residues in thelinig site. The LMRA results strongly emphasize rible of the
carbon and oxygen atoms of the 2- and 5-OMe sulestis of ring A. Table 14 shows their interactions.
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Table 14. Intermolecular interactions of atoms 0708, C19 and C20 with the 5-HTs receptor site

Mol. Interactions
1 Carbon H-bond between C19 of 2-OMe from ring AmAsp-135 (3.63A).
2 Carbon H-bond between C19 and Asn-344 (3.80A).
4 Carbon H-bond between C20 and Glu-363 (3.61A).
5 | n-o interaction of C19 with Phe-217 (3.55A), conventibH-bond between 08 and Thr-140 (2.35A).
6 Carb}(&)n H-bond between C19 and GIn-359 (3.61A), aratd-bond between C20 and the two oxygen atomsspi-¥85 (3.48A and
3.68A).
9 Conventional H-bond between 019 from 2-OMe iy ilhand Ser-139 (2.05A).
11 Carbon H-bond of O8 with Ala-224 (3.57A).
13 | Carbon H-bond of C20 with Asp-135 (3.494 interaction of C19 with Phe-217 (3.90A).
14 Carbon H-bond between C20 and Asn-344 (3.62A).
15 Carbon H-bond between C20 and Asn-344 (3.74A).
17 Conventional H-bond between O7 and Thr-140 &) 1donventional H-bond between 08 and Asn-3441R)6
18 Carbon H-bond between C19 and Phe-226 (3.7%#)oa H-bond between C20 and Asn-344 (3.70A).
21 Carbon H-bond between C20 and Asn-344 (3.37A).
23 Carbon H-bond between C19 and Phe-226 (3.78A).
24 | Unfavorable acceptor-acceptor interaction ofa@if Ser-139 (2.924).
25 Carbon H-bond between C20 and Glu-363 (3.56A).
26 Carbon H-bond between C20 and Asn-344 (3.56A).
27 Carbon H-bond between C20 and Asn-344 (3.70A).
28 Carbon H-bond between C20 and Phe-226 (3.6&#)oa H-bond between C19 and Asn-344 (3.58A).
29 Carbon H-bond between C19 and Asn-344 (3.68A).
30 Carbon H-bond between C19 and Phe-226 (3.75A).
31 Conventional H-bond between 08 and Tyr-370 & p6arbon H-bond between C19 and Asp-135 (3.54A).
32 | n-o interaction of C19 with Phe-217 (3.17A).
34 Carbon H-bond between C20 and Asn-344 (3.57A).
37 Conventional H-bond between O7 and Ser-139 £.66
39 Carbon H-bond between C20 and Cys-207 (3.53A).
41 Carbon H-bond between C20 and Asn-344 (3.49A).
42 Carbon H-bond between C20 and Asn-344 (3.63A).
44 Carbon H-bond between C20 and Asn-344 (3.45&)yentional H-bond between O7 and Thr-140 (2.04A).

We may see that these four atoms are engagedmia swlecules, in different kinds of interactionshathe 5-HT
receptor site. What we have called “carbon H-baredérs to the interaction of a carbon donor atoch@macceptor
(a non classical H-bond). Again, it is surprisit@att LRMA results show a qualitative correlation twidocking
results. As this is the first large scale comparibetween a model-based model and docking restilsgems
necessary to wait for more similar studies on o#fymtems to begin to understand the relationshi éeem to
exist) between the results of both models. It sohitely necessary to employ docking methods aligwhe change
of conformation of the residues at the binding:sttee results using rigid residues are entirelyfedént and
obviously do not reflect the real situation. LMRésults stress the role of H21 (see Fig. 2). TablsHbws the H21
docking results.

Table 15. Intermolecular interactions of H21

Mol. | Interactions
1 Conventional H-bond between H21 and Asn-344 ®)01

2 Salt bridge between H21 and Asp-135 (2.12A).
3 Salt bridge between the two hydrogen atoms of &fidl Asp-135 (2.80A and 3.00A).
6 Salt bridge between H21 and Glu-363 (2.53A).

13 Conventional H-bond between H21 and Asn-3446)3

14 Salt bridge between H21 and Asp-135 (2.60A).

17 Unfavorable donor-donor interaction of one Hrfrb11 with Ser-139 (1.73A).
18 Conventional H-bond between H21 and Ser-139£).1

19 Unfavorable donor-donor interaction of H21 wier-139 (1.39A).

21 Salt bridge between H21 and Asp-135 (2.48A)

23 Conventional H-bond between H21 and Ser-13%£9.7

26 Salt bridge of H21 with Asp-135 (2.22A).

27 Salt bridge between H21 and Asp-135 (2.33A).

28 Salt bridge between H21 and Asp-135 (2.31A).

29 Salt bridge between H21 and Asp-135 (2.18A).

33 Salt bridge between H21 and Asp-135 (2.82A).

34 Salt bridge between H21 and Glu-363 (2.53A).

36 Unfavorable donor-donor interaction of H21 wiifs-211 (1.81A).

38 Salt bridge between H21 and Asp-135 (3.15A).

41 Conventional H-bond between H21 and Ser-13%£).5

42 Salt bridge between H21 and Asp-135 (2.18A)yentional H-bond between H21 and Ser-139 (2.53A).
44 Salt bridge between H21 and Asp-135 (3.14A).
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We can see that atom H21 is involved in favorabledrd interactions (molecules 17, 19 and 36 areptia@ns, see
Figs. 10 and 14) with Asp-135, Glu-363, Ser-13%-ljt1 and Asn-344. Ser-135 and Ser-139 seem toebmain
targets (by “salt bridge” we mean hydrogen bondsveen charged groups). Again there is a good tiaiét
agreement with LMRA results. The unfavorable intéicams are compensated by various favorable intierss:

In summary we obtained very good results relathmg ariation of the 5-HE receptor binding affinity with the
variation of the value of several local atomic tadiy indices belonging to a common skeleton. Dagkstudies
show a qualitative agreement with LMRA results. Tpvoblems remain to be solved. The first one iatesl to the
inclusion of substituents with different lengthtime common skeleton. The second one is the sed@more fine
association between the results of both models.
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