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ABSTRACT

Here we present the results of a study relating molecular/electronic structure with cytotoxicity for a series of g-
carboline-dithiocarbamate derivatives against four tumoral cell lines. The electronic structure of all systems was
calculated at the B3LYP/6-31G(d,p) level with full geometry optimization. Statistically significant results were
obtained for all tumoral cell lines. The analysis of the proposed pharmacophores allows identifying several atoms
that can be used as targets for substitution and control of cytotoxicity.

Keywords: p-carboline-dithiocarbamate derivativeRscarboline, QSAR, DFT, KPG model, DU-145, MCF-7,
A549, Hela, cytotoxicity, tumor cells.

INTRODUCTION

In general terms, cytotoxicity is the capacity @irg toxic to cells. Cells exposed to a cytotoxdenpound may
suffer necrosis (they lose membrane integrity aledqdickly as a consequence of cell lysis), thay lealt growing
and dividing or they can trigger a genetic progrieading to cell death (apoptosis). Chemotherapyuieatly
depends on the ability of cytotoxic agents to &illharm tumor cells. Throughout the previous yearsntensive
research has been carried out on the antitumotytdproapoptotic properties of numerous molecslgstems on
a variety of cancer cell lines [1-29].

In this paper we present the results of an anaheatiween the electronic and conformational propemif a series of
B-carboline-dithiocarbamate derivatives and theitotmxic activity against four tumoral cell linese8ides the
knowledge of the electronic foundations of cytotityi in this series, the resulting reactivity ineécare being
incorporated into a large database for further mgakanalysis.

MATERIALS AND METHODS
The method[30].

Since the formal model employed here has been & numerous papers [31-39], we shall preserg bnly its
key lines of development and discuss below onlyréseilts obtained here. Starting from the statikticechanical
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definition of the equilibrium constant, an expressilinking any biological activity with several lalkc atomic

reactivity indices and orientational parameters egtablished. This model, called the Klopman-PgoadieGomez

model (KPG), is the only member of the class ofrfalr models. Its application to quite a lot of dsemolecules
and receptors gave very good results (see [39-88]raferences therein). Its extension to all typesbiological

activities was very successful (see [54, 56-69] r@ferences therein).

Selection of molecules and biological activities.

The selected molecules are a grouB-afarboline-dithiocarbamate derivatives selectednfi recent study [70].
The reported activities selected for this studytheecytotoxicities against prostatic cancer (D)l breast cancer
(MCF-7), human lung adenocarcinoma (A549) and cahgancer (HeLa) cell lines. Cytotoxicity was reed as
the 50% inhibitory concentration after 48 h of dtogatment (1G, MTT assay). The general formula of molecules
is shown in Fig. 1 and Table 1. The experimentabtoxicities are displayed in Table 2.

s M

Figure 1. General formulas off-carboline-dithiocarbamate derivatives

Table 1.p-carboline-dithiocarbamate derivatives

Mol. R R Rs Rs Rs
1 OMe | OMe | OMe Me H
2 OMe | OMe| OMe| CHCH(CH) | H
3 OMe | OMe| OMe Ch{C¢Hs) H
4 H OMe H Me H
5 H [ OMe]| H | CHCH(CH) | H
6 H OMe H CH(CeHs) H
7 H Ck H Me H
8 H Ck H [ CHCH(CH) [ H
9 H Ck H CHy(CeHs) H
10 H F H Me H
11 H F H CH,CH(CH,) | H
12 H F H CH,(CeHs) H
13 OMe| OMe| OMe Me Me|
14 | OMe| OMe| OMe| CLCH(CH,) | Me
15 OMe | OMe| OMe Ch{(CeHs) Me
16 H OMe H Me Me
17 H OMe H CHCH(CH,) | Me
18 H OMe H CH(CgHs) Me
19 H Ch H Me Me
20 H Ch H CH,CH(CH,) | Me
21 H CF3 H CHz(CeHs) Me
22 H F H Me Me
23 H F H CHCH(CH,) | Me
24 H F H CH(GHs) | Me
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Table 2. Cytotoxicity of thep-carboline-dithiocarbamate derivatives

Mol. | log(ICsp) | log(ICso) [ log(ICso) | log(ICso)
A549 MCF-7 DU-145 Hela
1 0.91 0.95 0.75 1.05
2 1.11 1.20 1.14 1.37
3 1.44 1.41 1.24 1.16
4 0.90 0.93 0.06 0.89
5 1.71 1.59 1.67 1.77
6 1.28 1.0C 1.1<4 1.3¢
7 1.23 1.2C 0.9¢ 1.1C
8 1.27 1.04 0.89 1.03
9 0.97 1.09 0.77 0.60
10 0.64 0.39 0.13 0.54
11 1.22 0.82 0.60 0.65
12 1.60 0.87 0.57 0.58
13 1.10 1.18 0.79 1.23
14 1.26 1.31 1.29 1.30
15 1.15 1.14 1.03 1.09
16 0.71 0.1¢ 0.1% 0.41
17 1.0C 0.51 0.4(C 0.92
18 0.96 0.53 0.84 1.14
19 0.55 0.04 -0.10 0.17
20 0.63 0.68 0.30 0.67
21 0.71 0.63 0.32 0.68
22 0.75 0.27 0.16 0.38
23 0.78 0.48 0.46 0.41
24 0.83 0.44 0.68 0.50

Calculations.

The electronic structure of all molecules was daled within the Density Functional Theory (DFT) thie
B3LYP/6-31g(d,p) level with full geometry optimizam. The Gaussian suite of programs was used i}the
information needed to calculate numerical valuestf@ local atomic reactivity indices was obtairfeam the
Gaussian results with the D-Cent-QSAR software.[AHl]the electron populations smaller than or dgoe0.01 e
were considered as zero [31]. Negative electronuladipns coming from Mulliken Population Analysisere
corrected as usual [73]. As the resolution of thetean of linear equations is not possible becausehave not
sufficient molecules, we employed Linear MultipleedRession Analysis (LMRA) techniques to find thestbe
solution. For each case, a matrix containing theeddent variable (the biological activity of eadse) and the
local atomic reactivity indices of all atoms of tlkemmon skeleton as independent variables was. bk
Statistica software was used for LMRA [74].

We worked within thecommon skeleton approximation stating that there is a collection of atoms, comnm all
molecules analyzed, that accounts for virtuallytd biological activity. The action of the substihts consist on
the modification of the electronic structure of t@nmon skeleton and the influence on the riglgnatient of the
drug through the orientational parameters. It igdtlgesized that diverse parts or this common skelatcounts for
almost all the interactions leading to the expssif a given biological activity. The common skete for the
dithiocarbamate linkefl-carboline derivatives is shown in Fig. 2.

~

Figure 2. Common skeleton of-carboline-dithiocarbamate derivatives
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RESULTS

Cytotoxicity against the A549 cell line.
The best equation obtained was:

log(IC,,) = -23.95- 205.4Q,+ 2.43, HOMO )* 1.£, HOMO- 2}

1
+0.0078" LUMO+ 1)*0.08, LUMO+ 1)* 4.98,, (UMO+ 1)* @

with n=24, R=0.95, &=0.90, adj-R=0.86, F(6,17)=25.50p£0.0001) and SD=0.11. No outliers were detected and
no residuals fall outside the adimits. Here, Q; is the net charge of atom %;,,(HOMO)* is the electron

population (Fukui index) of the highest occupiedcéll) MO localized on atom 13F.(HOMO —2)* is the
Fukui index of the third highest occupied MO lozeti on atom 15,SlN(LUMO+1)*is the nucleophilic
superdelocalizability of the second lowest empty M€alized on atom 1Sl';'(LUMO +1)* is the nucleophilic

superdelocalizability of the second lowest vacai@ Mcalized on atom 15 anff,,(LUMO +1)* is the Fukui

index of the second lowest vacant MO localized tomal4. Tables 3 and 4 show the beta coefficiehésresults of
the t-test for significance of coefficients and thatrix of squared correlation coefficients for tregiables of Eq. 1.
There are no significant internal correlations lesw independent variables (Table 4). Figure 3 ajspthe plot of
observeds. calculated log(1G).

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

Beta |t(17) | p-level

Q -0.79-9.50 | <0.00000:.
F,(HOMO)* 032 [3.67 <0.002
F.s(HOMO —2)* |-0.41|-5.04|<0.0001
SiN(LUMO +1)* 0.43 |4.67 |<0.0002
St(LUMO+1)* |-0.36 -4.41 <0.0004
|:14(|_U|\/|O+1)* -0.25-2.97 |<0.009

Table 4. Matrix of squared correlation coefficientsfor the variables in Eq. 1

Q, |F3(HOMO)* | F (HOMO-2)* | S'(LUMO+1)* |SL(LUMO+1)*
F;,(HOMO)*

0.006 1
Fis(HOMO=2)* | o3 0.008 1

S (LUMO+1)* 0.00: 0.1¢ 0.01 1

S (LUMO+1)* 0.0009 0.0001 0.008 0.08 1
F, (LUMO+D)* |44, 0.02 0.04 0.0004 0.0009
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Figure 3. Plot of predictedvs. observed log(IGo) values (Eg. 1). Dashed lines denote the 95% caifénce interval

The associated statistical parameters of Eq. Icaelithat this equation is statistically significamd that the
variation of the numerical values of a group of Isigal atomic reactivity indices of atoms of therooon skeleton
explains about 86% of the variation of log{)Cin this group of-carboline-dithiocarbamate derivatives. Figure 3,
spanning about 1.6 orders of magnitude, showstlieaé is a good correlation of obserwetsus calculated values
and that almost all points are inside the 95% clamfce interval. This can be considered as an ictdénddence that
the common skeleton hypothesis works relatively ¥eglthis set of molecules.

A noteworthy point to comment on is the followinifhen a local atomic reactivity index of an innecagied MO
(i.e., HOMO-1 and/or HOMO-2) or of a higher vacad® (LUMO+1 and/or LUMO+2) appears in any equation,
this means that the remaining of the upper occukied (for example, if HOMO-2 appears, upper mea@viD-1
and HOMO) or the remaining of the empty MOs (foamwple, if LUMO+1 appears, lower means the LUMO)
contribute to the interaction. Their absence inghaation only means that the variation of theimetical values
does not account for the variation of the numeneadlie of the biological property.

Cytotoxicity against the MCF-7 cell line.
The best equation obtained was:

log(IC,,) = —-0.44- 9.9, — 2.46, (UMO+ 2)*

2
+4.0F, HOMO - 1)*+1.957 HOMO - 1)* 0.1%;, HOMO - 1) @

with n=23, R=0.97, R=0.93, adj-R=0.91, F(5,17)=48.030.00001) and SD=0.12. No outliers were detectetl an
no residuals fall outside the ¢2imits. Here, Q,, is the net charge of atom 2E,(LUMO +2)* is the Fukui

index of the third lowest vacant MO localized oorat5, F,(HOMO —1)* is the Fukui index of the second
highest occupied MO localized on atomS,E(HOMO—l)* is the total atomic electrophilic superdelocaliligb

of the second highest occupied MO localized on afoand SlEZ(HOMO—l)* is the total atomic electrophilic

superdelocalizability of the second highest ocadii¢O localized on atom 12. Tables 5 and 6 show b
coefficients, the results of the t-test for sigrafiice of coefficients and the matrix of squaredetation coefficients
for the variables of Eg. 2. There is a significarternal correlation between a couple of indepehd@mniables

(SF(HOMO-1)* andF,(HOMO -1)*, see Table 6). This indicates that we must takk eaution the values
of the associated statistical parameters of EFigtire 4 displays the plot of observesicalculated log(1Gy).
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Table 5. Beta coefficients and t-test for signifiaace of coefficients in Eq. 2

Beta | t(17) | p-level

Q,, -0.82 -10.45,<0.00000:.
F,(LUMO+2)* |-037|-5.03 | <0.0001
F,(HOMO-1)* |059 641 |<0.000006
SF(HOMO -1)* |0.38 4.15 |<0.0007

S5 (HOMO-1)* 018 244 |<0.03
Table 6. Matrix of squared correlation coefficientsfor the variables in Eq. 2

Q,, |F(LUMO+2)* |[F(HOMO-1)* | Sf(HOMO-1)*

*
F(LUMO+2)* |, 1
—1\*
Fl(HOMO 1) 0.17 0.22 1
E —_1\*
S7(HOMO 1) 0.26 0.16 0.46 1
E —_1\*
SJ.Z(HOMO 1) 0.22 0.01 0.18 0.12
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Figure 4. Plot of predictedvs. observed log(IGo) values (Eg. 2). Dashed lines denote the 95% caféince interval

The associated statistical parameters of Eq. Zatelithat this equation is statistically significamd that the
variation of the numerical values of a group o&flecal atomic reactivity indices of atoms of tlmrenon skeleton
explains about 91% of the variation of log{)Cin this group of3-carboline-dithiocarbamate derivatives. Figure 4,
spanning about 2 orders of magnitude, shows tlemetls a good correlation of obserwesisus calculated values
and that almost all points are inside the 95% clamfce interval. This can be considered as an ictdénddence that
the common skeleton hypothesis works relativelyl ¥eglthis set of molecules.

Cytotoxicity against the DU-145 cell line.
The best equation obtained was:

log(IC,,) =1.22- 0.8F,. (UMO+ 2)% 2.7E,, (UMO+ 2)% 2.7B, LUMO+ 1)*

3
+0.11S] LUMO+ 1)*+0.5%5, HOMO - 1)* 0.005], (UMO+ 2)* ©
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with n=24, R=0.96, B&=0.92, adj-R=0.89, F(6,17)=30.77&0.00001) and SD=0.15. No outliers were detectetl an
no residuals fall outside the ¢2imits. Here, F,(LUMO + 2)* is the Fukui index of the third lowest vacant MO

localized on atom 25F;,(LUMO + 2)* is the Fukui index of the third lowest vacant Msdlized on atom 17,
F,(LUMO+1)* is the Fukui index of the second lowest vacant Mlized on atom 1S} (LUMO +1)* is

the nucleophilic superdelocalizability of the se¢dowest vacant MO localized on atom ZSL,EZ(HOMO -D*is
the electrophilic superdelocalizability of the sedohighest occupied MO localized on atom 22 and
Si'\é(LUMO+2)* is the nucleophilic superdelocalizability of therd lowest vacant MO localized on atom 16.

Tables 7 and 8 show the beta coefficients, thelteesii the t-test for significance of coefficierdad the matrix of
squared correlation coefficients for the varialdEg&q. 3. There is a significant internal corredatbetween a couple

of independent variables},(LUMO +1)* andF,(LUMO +2)*, see Table 8). This indicates that we must

take with caution the values of the associatedstital parameters of Eq. 3. Figure 5 displaysplw of observed
vs. calculated log(1G).

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

Beta |t(17) | p-level

F,s(LUMO + 2)* |-0.39/-4.09 <0.0008
F,(LUMO+2)* -0.29/-3.75/<0.002
F,(LUMO+1)* 0.63 |7.25 <0.000001
%%(LUMO+1)* 0.44 |4.19 |<0.0006
S, (HOMO —1)* 0.29 3.46 <0.003
Si'\é(LUMO+ 2)* |-0.21-2.83/<0.01

Table 8. Matrix of squared correlation coefficientsfor the variables in Eq. 3

Fs(LUMO+2)* | F,(LUMO+2)* | F(LUMO+1)* | S{(LUMO+1)* | S5(HOMO-1)*

F,(LUMO+2)* 0.0004 1

F(LUMO+1)* 0.02 0.01 1

SL(LUMO +1)* 0.41 0.0 0.1 1

S,(HOMO-1)* 0.06 0.05 0.16 0.10 1
Sis(LUMO+2)* 0.01 0.006 0.0001 0.05 0.03
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Figure 5. Plot of predictedvs. observed log(IGo) values (Eg. 3). Dashed lines denote the 95% caféince interval

The associated statistical parameters of Eq. Iatelithat this equation is statistically significamd that the
variation of the numerical values of a group of Isigal atomic reactivity indices of atoms of therooon skeleton
explains about 89% of the variation of log{)Cin this group of3-carboline-dithiocarbamate derivatives. Figure 5,
spanning about 2 orders of magnitude, shows tleetls a good correlation of obserwalsus calculated values
and that almost all points are inside the 95% clamfce interval. This can be considered as an ictdénddence that
the common skeleton hypothesis works relativelyl ¥eglthis set of molecules.

Cytotoxicity against the HelLa cell line.
The best equation obtained was:

log(IC,,) = 0.78- 1.755 HOMO- 1)« 0.08), K(UMO+ 1)* @
-2.68F,, LUMO + 1)*+0.5%%, HOMO - 1)* 2.18,, (UMO+ 2)’

with n=24, R=0.95, &=0.91, adj-R=0.88, F(5,18)=35.04p£0.00001) and SD=0.14. No outliers were detectetl an
no residuals fall outside the ¢2imits. Here, F,,(LUMO+1)* is the Fukui index of the second lowest vacant

MO localized on atom 15F,,(LUMO +2)* is the Fukui index of the third lowest vacant Mfdlized on atom
12, SGE(HOMO—l)* is the electrophilic superdelocalizability of thecond highest occupied MO localized on
atom 6, S>E2(HOMO—1)* is the electrophilic superdelocalizability of thecond highest occupied MO localized

on atom 22 and%“;(LUMO +1)* is the nucleophilic superdelocalizability of thecend lowest vacant MO

localized on atom 17Tables 9 and 10 show the beta coefficients, thalte®f the t-test for significance of
coefficients and the matrix of squared correlatioefficients for the variables of Eq. 4. There acesignificant
internal correlations between independent variaflable 10). Figure 6 displays the plot of observedalculated

log(ICs0).
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Table 9. Beta coefficients and t-test for signifiaace of coefficients in Eq. 4

Beta | t(18) | p-level
SF(HOMO -1)*  |-0.80 |-10.15|<0.000000

SY(LUMO+1)* -0.58/-6.63 | <0.000003
Fs(LUMO+1)* |-0.49|-5.72 | <0.00002

SE(HOMO-1)* 0.31 3.94 |<0.001
F,(LUMO+2)* |-0.21|-2.67 | <0.02

Table 10. Matrix of squared correlation coefficiens for the variables in Eq. 4

SE(HOMO-1)* | S¥(LUMO+1)* | F(LUMO+1)* | S5 (HOMO-1)*

N *
§7(LUMO+1) 0.14 1 0 0
*
F15(LUMO+1) 0.07 0.26 1 0
E —1\*
%Z(HOMO 1) 0.00¢ 0.01 0.0 1
*
Flz(LUMO + 2) 0.0001 0.01 0.01 0.09
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Figure 6. Plot of predictedvs. observed log(IGo) values (Eg. 4). Dashed lines denote the 95% cafénce interval

The associated statistical parameters of Eq. 4catelithat this equation is statistically significamd that the
variation of the numerical values of a group o&flecal atomic reactivity indices of atoms of tleernenon skeleton
explains about 88% of the variation of logd)Cin this group of-carboline-dithiocarbamate derivatives. Figure 6,
spanning about 1.8 orders of magnitude, showstlieaé is a good correlation of obserwetdsus calculated values
and that almost all points are inside the 95% clamnfce interval. This can be considered as an ictdinddence that
the common skeleton hypothesis works relatively ¥eglthis set of molecules.

Local Molecular Orbitals.

Tables 11-14 show the local MO structure of atomgearing in Eqs. 1-4 (see Fig. 2). Nomenclaturelellde
(HOMO) / (HOMO-2)* (HOMO-1)* (HOMO)* - (LUMO)* (LUMO+1)* (LUMO+2)*.
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Table 11. Local molecular orbital structure of atons 1, 5, 6 and 7

Mol. Atom 1 (C) Atom 5 (C) Atom 6 (C) Atom 7 (C)
1(119) | 11511601100-12121220123c | 115¢116c110r-120c1 21122 11%%111%%‘[11124; 11125&[1112%11112%:
2(126) | 1283124r1260-1280129013 % | 123t1241126n-127x128t12%k 1112%1112%‘!11%1& 1122?;1122211%%
3(139) | 135136r130r-14201431145c | 1361136r13%-140n141n142t e m 1o
4(103) | 10@102r103-106t1087109% | 100c102r103-104r106w107 | 92 94 99r-1047106¢107x 100 0o 0%
5(110) | 106107110c-113c116¢11% | 106t107t110n-111x113c114r | 98c100r106t-11%r113c1150 o om
6(123) | 1261221123¢-125t126¢127 | 120c12201230-124n1 2501260 S FEyrrip
7(111) | 108109110c-113¢116¢117% | 108c109w1106-112¢113c115 ﬁ%‘:ﬁ?{lﬁ&; lﬁ%‘[lﬁ%ftllll%:
8(118) | 1151161117t-1200123r124r | 115¢116t117n-119w120n122r 11(19;111%%‘!11125; 11115;11112211122-
9(131) | 12812%130n-133c13713% | 128t129w130r-132133c135r 1123%‘111%1;11238; 11232‘11123%111%%'
10(99) | 9697798r 101103104 | 96977987 10010103 | 90n91x96r-100c101x103 | 96r97798r-100c101104r
11 (106) | 10410571067-10871106112r | 104t105106e-107:108c110¢ | 961 9701031071081 10e PPy
12(119) | 1161171180-121n12471267 | 116011701186-12001 2101240 RSy PP
13 (123) | 1181200123c-126n1 27128 | oo o324 15 Py
14 (130) | 1261271130r-133713671361 | 12601270130c-13101 330134t PPl PPvibv el

1153() 140n141x143- 1450147149 | 140c141x143r-144n1 4501460 Sy o
16 (107) | 104106r107:-110r11271131 | 1041060107-108c110c112¢ | 9899n103r-10801106112n Lo oo
17 (114) | 116811%1140-1170120c12% | 110c113114c-115c11 70119 Lo oal o TR
18 (127) | 12412611270-1300131n1347 | 12401260127-12801 300131 PP el
19 (115) | 1121131140-117c120e12% | 1120113c114c-116c1170121% Loeom Py
20 (122) | 128121n122r-124712701280 | 120r121122r-123¢1 241 28 1112%1111211112%; 1112?11122%11221;'
21 (135) | 132133134t-137141n143c | 132r133c134r-1361137141n Lo 193k
22 (103) | 10#102r103t-105t108t10% | 1017102r103c-104r1057106t | 94r95n100r-104r105nL06r Bryiycipes
23(110) | 108109r110c-112r113c116t | 108¢109r110r-111n112¢113 11%111(11;11(1: lﬁi‘}ﬁ%‘iﬁ:
24 (123) | 1241220123-125¢1270130k | 121122123124t 2501 26n 111211112?!1122(;; 1122%11222;1122%'
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Table 12. Local molecular orbital structure of atons 12, 13, 14 and 15

Mol. Atom 12 (N) Atom 13 (C) Atom 14 (C) Atom 15 N
| s | el | e | miom
2(126) | 128124r126r-1271281120n Tanionioe 150430051 Totionia
) Er e v N S I
4(103) | 10@102r103t-104r1067108 11%9;11%211(13;- 98610161025-106t10871105 11%1;11(12;51122
S | s | B | tmmmms | ieieis
6(123) | 118120r122r-12401 26e130x Totivaiot Toe15003% prrerrery
7(110) | 105106r108c-11201 131160 1116 116417416 114120150,
8(118) | 1131150116v119120123 1205 Tondonaom Tomionish
9(131) | 124128r120v13201 33137 T Tenanise prYaryre
10 (99) | 9596197 - 100r10n104 | 97798x99r-100¢101x103t | 940986990-101x104r1065 | 9798199102108 114
11 (106) | 10#103t104r-107¢108¢11 1 pr st 9910551065-108t111r1126 0o
o] o | et | e | el
1312 | 1201201231241 26 1100120123 117612101220 120n121n 123
127 124012501260 1261127130 12501261132
e | | hmaa | homie | e
115’3() 14051416143v-144r 1450147 s Byl 1401141r143c- 14571461147
e e v S N
17(114) | 1181101140 11501 171190 1Si1R1o0 P STCaErY ieiinion
e e B T N o B
19 (115) | 11611201140 116c117120r 16115120 To0aoniom imioaisn
20 (122) | 1eIc2ad24zn | OHE TR roirrar 1ok
e e s B S N
22 (103) | 98100r102r-104r105r108 Pryiycipes 97069851025-10551065108r o0
23(110) | 1051060107 11bcd 1213 | TIHERNOE 151516 prEsrrerry
24 (123) | 118120r122r-124r1 251300 Tomioaioh Tonio6n30r Tomiseiom
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Table 13. Local molecular orbital structure of atons 16, 17, 21 and 22

Mol. Atom 16 (C) Atom 17 (S) Atom 21 (C) Atom 22)C
13l 17l16e T17n118011%n-
1(119) PSPy 1212951250 985100r101n-1317132r134r | 986100r101r-12951305132
120n124t1 251 124r1 2501 26n-
2 (126) e LoBp 120150 9651045107-14051440146t | 9151040107n-137613851405
3 (139) 13301371380 13721381130n- T151176118- Ti5l17118e
1411420143 141Ip142Ip143Ip 153515451555 15051525154
101x102:103- 101x1020103r-
4 (103) PP 105106118 8808%6906-11311451165 | 8768808%-1131151165
10571087109t 10801091 10r-
5 (110) PECp Pyl 112151 1E 94n951960-121612251246 |  92694r95n-121612351240
6 (123) 212201230 1211220123 100510251055- 10051025105-
125012611276 1251p1261p129lp 1360138113% 1351370138
1091 10c111n- 1091 10c1 1 1n-
7 (111) pEEEpyirp 14116 970 985 995-12151225123 | 975 980 9912161225123
8 (115) 1160117116 116t117nl18r- 102510401065- 100¢1025104-
12112301240 1211p123Ip124 1295130n131n 1295131132
120 130e1310- 120n1300131n- 112011551 160-
9(131) 134713601370 1341p136:138lp 14351441145 9401121115%-14%1451476
10(99) | 9798r99r-101x102104r | 97798r99-102Ip104Ip106 | B8&n870880-11051116112% | 8870880-10%11151130
104710571061 10471057 106r-
11 (106) 0 108100112 916926946-118511%1205 | 90t916926-117611%121
T17xli8rl10 117n1180110n-
12 (119) P Loapiaep126 981100r103-132113%1345 | 98r100t103-13151331361
13123 Tionl2tloon 1211220123 104010551060- 1045105 106n-
125012611270 125Ip126lp127 135013651376 13313451365
106u12801 29 11061115112 T10cl 115112
14 (130) 13211341138 1281129n130r-132Ip134c1 36t 144514551470 141514251440
15( 1300141142 1411420143 122112351 24r- 122112351 24r-
143) 14571465147 1451p146lp147Ip 158115% 160 15551560159
102710571061 1057106t1077-
16 (107) L0 D0 L09p11opl1a 916926931-11761168611% | 91692693r-1176118511%
109t112c1 13 112011301 Lr-
17 (114) PEppEi Llopiirniie 96098699-12551276128 |  96098699n-125512751285
18 127) 122512501 26n- 125012601 27n- 1045106510%- 1045106510%-
120113051315 1291p133lp:34Ip 139514051415 13%5141514%
1131 14c1 150 11301 L4c115r-
19 (115) FEPpr Liomintioise 995101510%5-12561265127 | 99510151036-12651276128
20 122) 2021122 12001211 22r- 106510810%- 1065108 10%-
12501271286 125/p127Ip128 13351345135 133135136
21 (135) 133113411350 133113411351- 100t116511%- 100t116511%-
13811405141 138Ip146:142Ip 147514814% 147614%151
1012102¢103- 1017102¢103r-
22 (103) WO a0 L05106m108] 8808%91n-114511561165 | 885899r-113511651165
10801091101 108710971 10r-
23 (110) PR 1121511 93M95697n-1231246125r | 9395697n-121612361240
24 (123) 1211220123 121n1220123r- 1055107210%- 10310710%-
12501260127 12501261p127lp 1376138&13% 13551376138
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Table 14. Local molecular orbital structure of atons 23 and 25

Mol. Atom 23 (C) Atom 25 (C)
1(119) 9%10051015-132513 72138t 95599%112r-131613251336
2(126) | 1031055107r-14051461157t | 100510561185-140514261440
3(139) 118114611765-1546155157 | 112611461305-15361546155
4 (103 86087689-11551160118 88696197n-113511451160
5 (110) 93941951-123512451260 936102t103t-1216512251240
6(123) | 10$1036105-1376138113% | 104611411151-1355136113%
7 (111) 95976991-122512361260 9479851051-12161225123
8(118) | 10310351046-131n134613% | 1035110c111n-1295130c131x
9 (131) 1121136115%-144t14514% | 11051136123-1436144n1450
10 (99 816840875-11161125113t 776840931-10%11051115
11 (106 895915926-11%1205121x 82689699m-117611811%
12 (119) | 98100:103-1335135136r 91699%111n-13151321133%6
13 (123) | 10310551065-136513851405 | 120t121n123t-1241125t1 26
14 (130) | 108111651125-144061460148 | 127r128t130n-131r133c134n
15 (143)| 12&12211236-158115%160 | 141n142t143n-144t145n14 7
16 (107 906916931-117%611811% 105t10671072-108t1107111xn
17 (114 96697699n-12551276128 111112c114r-115011 701180
18 (127) | 106107610%-13%14051415 | 125t126n1271-1281130c131n
19 (115) 98101651035-12561275128t 109t1101614n-116n11 7111 %
20 (122) | 10810651085-1331350136m | 1161117t121n-123t1241260
21 (135) | 116117511%-147614%151r | 128t12%134n-136n137n13%0
22 (103 86088691n-11551166117n 981991102r-1041105t1 06
23 (110 94695697r-123612461251 108t109t110n-1117112t11 3¢
24 (123) | 10410551071-137613813% | 119t122t123t-12411251127

DISCUSSION

Molecular Electrostatic Potential (MEP).
Figure 6 shows the MEP map of molecules 4, 5 anat #95 A of the nuclei [75].

Electrostatic Pofential

Electrostatic Potential

0.0130

Electrostatic Potential

0.012¢9

0.0131

0.00667

0.00615
0.00610

0.000428

-0.000887 -0.000657

-0.00581

-0.00788 -0.00746

Figure 6. MEP map of molecules 4 (left), 5 (centegnd 19 (right) at 4.5 A of the nuclei

We can observe qualitative similarities in the ¢hreaps suggesting that at long molecule-site distmll these
molecules can be recognized in a similar way ferkmding site. Figure 7 shows the MEP map of mdesc4, 5

and 19 at arin0.0Z‘. isovalue [76].
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Figure 7. MEP of molecules 4 (left), 5 (center) and9 (right). The orange isovalue surface correspoisdo negative MEP values (-0.01)
and the green isovalue surface to positive MEP vads (0.01)

We can see that these molecules share similarimeddEP distributions: on ring A, at thgara substituent of ring
D, at N12 in ring D (See Fig. 2) and around the )S(8agment. On this basis it is possible to sugtes these
molecules interact with the site in an analogoug. Wde must keep in mind that the conformers disgpdain Fig. 7
are not necessarily the one(s) present at the nmoofi@rteraction.

Conformational aspects.
The optimized geometries employed here were oldafoe calculations carried out vacuo. As an example of

conformational freedom, we show in Fig. 8 the simpposition of the lowest energy conformers of malecl9
(Dreiding Force Field, [77, 78]).

Figure 8. Superimposition of the lowest energy coaofmers of molecule 19

We can see that this molecule has not a great noafmnal freedom. This suggests that probablyradlecules

have a similar conformation at the interaction sit@lving similar relative positions of rings A, B and the N(S)S
fragment.

Discussion of cytotoxicity against the A549 cellrie
Table 3 shows that the importance of variables gp Eis Q;>> S (LUMO+1)*> F,(HOMO-2)*>

Sh(LUMO+1)* > F,(HOMO)*>F,_,(LUMO+1)*. A high cytotoxic activity is associated with pies
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values folQ;, high (positive) values foiF,.(HOMO —2)* andF,,(LUMO +1)*, and with small (positive)
values forF ;(HOMO)* . The case of the nucleophilic superdelocalizagditvill be discussed below.

Atom 1 is a carbon in ring A (Fig. 2). (LUMO+l)and (LUMO) have an nature (Table 11). If
S_LN (LUMO +1)* is positive, a high cytotoxic activity is assoeitwith a small value for this index. This value

is obtained by shifting upwards the associatedneiglele and making this MO less reactive. Therefae suggest
that atom 1 is interacting with an electron ricimtee through its lowest vacant MO. This interactismprobably of
n-tt kind. Atom 5 is a carbon in ring A (Fig. 2). Thegitive charge on this atom suggests an electiogtétraction
with a negatively charged moiety. This interacti@m be of the cation; cations and/or cation-anion. Atom 13 is a
carbon in ring C (Fig. 2). (HOM@J has ar nature (Table 12). A high cytotoxic activity issasiated with small

values forF ;(HOMO)* . We suggest then that atom 13 is interacting witkelectron-rich center. This interaction
seems to be of an kind. Atom 14 is a carbon of the CNC(S)S moietig(R). (LUMO+1), has a nature (Table
12). A high cytotoxic activity is associated withgh (positive) values for,(LUMO+1)*. Therefore, it is

suggested that atom 14 is interacting with an edaatich center of the binding site. The interacti@can be ofi-r,
n-c and/orc-c kinds. Atom 15 is the nitrogen of the CNC(S)S mpigFig. 2). (HOMO-2)s has ar nature in
almost all molecules, while (LUMO+4) has art or ¢ nature (Table 12). A high cytotoxic activity issasiated with

high values fofF,((HOMO —2)*. Also, if S} (LUMO+1)* is positive, a high cytotoxic activity is assoeit

with a highly reactive (LUMO+1) . These two conditions are satisfied if we sugdlesat atom 15 is interacting
simultaneously with an electron rich and an electteficient center. The interactions can be-af n-c and/orc-c
kinds. All the above suggestions are displayethéngartial 2D pharmacophore of Fig. 9.

ELECTRON
DEFICIENT
CENTER

ELECTRON ]
RICH >
NTER S

H—NZ5
\ ELECTRON
14 C RICH
CENTER

ELECTRON
RICH
CENTER

NEGATWELY | (ELECTRON
CENTER RCH _

Figure 9. Partial 2D pharmacophore for the cytotoxtity against the A549 cell line
Discussion of cytotoxicity against the mcf-7 celire.
Table 5 shows that the importance of variables ip E is Q,,> F,(HOMO-1)*> S-(HOMO-1)*=
F,(LUMO +2)*>> S5 (HOMO -1)*. A high cytotoxic activity is associated with asfttve net charge on
atom 21, with a high (positive) numerical value Fg{LUMO + 2)*, with a low (positive) numerical value for

F,(HOMO-1)* and with high (negative) values f&@ (HOMO-1)* and S;;(HOMO—-1)*. Atom 1 is a
carbon in ring A (Fig. 2). (HOMO-1) and (HOMO-1)" have ar nature (Table 11). A low (positive) numerical
value for F,(HOMO —-1)*is associated with high cytotoxicity. This suggetbtat atom 1 is interacting with an
electron deficient center through its first highestupied MO. The interaction is probably of ttie kind. Atom 5
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is a carbon in ring A (Fig. 2). (LUMO+g) (LUMO+1)s and (LUMO) have ar nature (Table 11). As a high
numerical value foF,(LUMO + 2)* is associated with high cytotoxicity, we suggésittatom 5 is interacting
with an electron rich center. This interaction segembe of ther-r kind. Atom 7 is a carbon in rings B-C (Fig. 2).
(HOMO-1);" and (HOMOY have ar nature (Table 11). A high negative value SE(HOMO —1) * suggests that

atom 7 is interacting with an electron deficientteg. Again, this interaction seems to be afakind. Atom 12 is
the nitrogen of ring C (Fig. 2). (HOMO-k) may haver or ¢ natures and (HOMO-2§ has ar nature (Table 12). A

high negative value chiEZ(HOMO—l)* suggests that atom 12 is also interacting withelttron deficient

center. The interaction(s) can bemwf, n-o, 6-n and/orc-c kinds. Atom 21 is a carbon in ring D (Fig. 2). A
positive net charge, required for high cytotoxicispiggests that this atom is interacting with aatigg moiety
located in the binding site. The interaction candbeations, catione and/or anion-cation kinds. All the above
suggestions are displayed in the partial 2D phaomlaare of Fig. 10.

S
ELECTRON
DEFICIENT S
CENTER
H—™N
\
C

ELECTRON
DEFICIENT
CENTER

—— ELECTRON
DEFICIENT
CENTER

ELECTRON
RICH
CENTER

NEGATIVELY
CHARGED
MOIETY

Figure 10. Partial 2D pharmacophore for cytotoxiciy against the MCF-7 cell line

Discussion of cytotoxicity against the DU-145 cdihe.
Table 7 shows that the importance of variables ip B is F(LUMO+1)*> S}(LUMO+1)*>

Fs(LUMO+2)*>> F,(LUMO+2)*= SE(HOMO-1)*> S} (LUMO+2)*. A high cytotoxic
activity is associated with high (positive) numaetivalues forF,,(LUMO + 2)* andF,(LUMO +2)* , with

low (positive) values forF (LUMO +1)* and with high (negative) values QEZ(HOMO—l)*. The case of

the nucIeophiIic*superdelocaIizabiIities will besdiissed below. Atom 1 is a carbon in ring A (Fig.(RUMO+1),"
and (LUMO+1) have azn n nature (Table 11). A high cytotoxicity is assded with low (positive) values

for F,(LUMO +1)*. This suggests that atom 1 is interacting witkelaetron rich center. It is highly probable that

this interaction is of the-n kind. Atom 16 is a carbon of the CNC(=S)S moidfig( 2). If S_'\é(LUMO+ 2)*is

positive, a high cytotoxicity is associated witlylnivalues for this index. Tpis suggests that theetthowest vacant
local MOs of this atom are interacting with an #lee rich center. (LUMQ) has ar nature (Table 13). The nature
of (LUMO),¢ and (LUMO)¢ can ber or o (Table 13). The interactions agreeing with theirebf MOs are ofi-r,
n-0, o-1t and/orc-c kinds. Atom 17 is a sulphur of the CNC(=S)S mpigfig. 2). A high cytotoxic activity is
associated with high (positive) numerical values Hg(LUMO+2)*. (LUMO+2);;, (LUMO+2),; and
(LUMO+2),; have a lone pair nature (Table 13). This suggasisthe sulphur atom is interacting with an elewtr
rich center through its first three lowest vacanD$/ may be through lone pair interactions with gatieely
polarizedr ring(s). Atom 22 is a*carbon in the D ring (Fig. HHOMO-1), and (HOMO-1), haver or ¢ natures
(Table 13). Note that (HOM®@) and (LUMO), are very far from the corresponding frontier M@s.high
cytotoxic activity is associated with high (negajiwalues foSZEZ(HOMO—l)*. This suggests that atom 22 is

interacting with an electron deficient center. Hassinteractions are of-n, n-6, o-n and/orc-c types. Atom 23 is a
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carbon in the D ring (Fig. 2). (LUM®J and (LUMO+1); haves or z natures (Table 14). In this case (HOM)
and (LUMO); are very far from the corresponding frontier MCNS.SZNS(LUMO +1)* is positive, a high

cytotoxic activity is associated with small valdesthis index, making the corresponding MO lesxctive. For this
reasons we suggest that atom 23 is interactingamwitblectron rich center through its first vacamal MO. Possible
interactions are af-n, n-6, o-n and/ors-o kinds. Atom 25 is a carbon in ring D (Fig. 2)UMO),s , (LUMO+1),s

and (LUMO+2)s haver or o natures (Table 14). A high cytotoxicity is assteiawith high (positive) numerical

values forF,(LUMO + 2)*. Therefore, we suggest that atom 25 is intergatiith an electron-rich center. The

interactions can be of then, n-6, o-n and/orc-c types. All the suggestions are displayed in thdigda2D
pharmacophore of Fig. 11.

NEGATIVELY
175 POLARIZED
ELECTRON PI RING
RICH s
CENTER 16
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CENTER
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CENTER

ELECTRON
DEFICIENT
CENTER

Figure 11. Partial 2D pharmacophore for cytotoxicity against the DU-145 cell line

Discussion of cytotoxicity against the HelLa cellie.
Table 9 shows that the importance of variables m B is S5 (HOMO-1)*>> SY(LUMO+1)*>

Fs(LUMO+1)*> S5 (HOMO-1)*>F_,(LUMO +2)*. A high cytotoxic activity is associated with high
(positive) numerical values for F,(LUMO+1)* andF,(LUMO+2)*, with small (negative) values

for SS(HOMO-1)* and with high (negative) values B8f,(HOMO-1)*. SY(LUMO+1)* will be
discussed below. Atom 6 is a carbon in ring A (R.(HOMO-1) and (HOMO} have ar nature (Table 16). A
high cytotoxicity is associated with small (negajiwalues foSGE(HOMO—l)*. This suggests that atom 6 is

interacting, through its highest occupied local M@th an electron-deficient moiety. The interactisrpossible of a
7-m kind. Atom 12 is the nitrogen in ring C (Fig. ZLUMO), , (LUMO+1);, and (LUMO+2), have ar nature

(Table 12). A high cytotoxicity is associated wihtgh (positive) values fdr,(LUMO +2)*. We suggest that

atom 12 is interacting with an electron rich certteough its first three lowest vacant MOs. Theeiattion is
possible of a-r kind. Atom 15 is the nitrogen in the CNC(=S)S ntpi@=ig. 2). (LUMO)s and (LUMO)s haven
or o natures (Table 12). A high cytotoxic activity isssaciated with high (positive) numerical values

for F.(LUMO+1)*. For this reasons we suggest that atom 15 isaictieg with an electron rich center through

its first two vacant local MOs. Possible interan8are oft-n, n-c, o-T and/oro-c kinds. Atom 17 is the sulphur in
the CNC(=S)S moiety (Fig. 2). (LUM@) and (LUMO+1); have a lone pair nature (Table 13). If

S_'\;(LUMO+1)* is positive, a high cytotoxicity is associatedhwitigh values for this index. This suggests that

this atom is interacting with an electron-rich erthrough its first two lowest vacant MOs, posgitiirough lone
pair interactions with a negatively polarizedring(s). Atom 22 is a carbon in ring D (Fig. 2H@®MO),, and
(HOMO-1),, haven or ¢ natures (Table 13). These local MOs are very famfthe corresponding molecular
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frontier MOs. A high cytotoxicity is associatedtwhigh (negative) values f&ZEZ(HOMO —1)*. This suggests

that this atom is interacting with an electron defit center. Possible interactions arevof, -, o-n and/orc-c
kinds. All the suggestions are displayed in theig2D pharmacophore of Fig. 12.
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Figure 12. Partial 2D pharmacophore for cytotoxiciy against the HelLa cell line

In summary, we have obtained statistically sigaific relationships between the electronic structamd the
cytotoxicity against four cancer cell lines forexies off-carboline-dithiocarbamate derivatives. The comesiing
pharmacophores have been built. Our results proinfermation serving for a better understanding thifs
biological process.
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