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ABSTRACT 
 
Here we present the results of a study relating molecular/electronic structure with cytotoxicity for a group of N2-
alkylated quaternary β-carbolines against nine tumoral cell lines. The electronic structure of all systems was 
calculated at the B3LYP/6-31G(d,p) level. Statistically significant results were obtained for almost all tumoral cell 
lines. The analysis of the proposed pharmacophores allows detecting several atoms that can be used as targets for 
substitution and control of cytotoxicity. 
 
Keywords: Tumoral cells, cancer, cytotoxicity, QSAR, β-carbolines, MCF-7, HepG2, 22RV1, HT-29, 769-P, A375, 
SK-OV-3, Eca-109, BGC-823. 
_____________________________________________________________________________________________ 
 

INTRODUCTION 
 

β-carboline (9H-pyrido[3,4-b]indole, norharmane) is a nitrogen containing heterocycle. It is also the prototype of a 
set of compounds called β-carbolines. β-carboline alkaloids are naturally occurring in plants and animals, and 
display a wide range of pharmacological and biological activities including antimicrobial, antioxidant, antitumoral 
and antiviral actions [1, 2]. They also exert a diversity of neurological, physiological and psychoactive effects such 
as antidepressant actions, changes in body temperature, convulsion, effects on drug withdrawal and appetite, 
modification of brain neurotransmitters and vascular relaxation . Norharman and harman have been implicated in a 
number of human diseases including addiction, cancer, Parkinson's disease and tremor. β-carboline is a 
benzodiazepine receptor inverse agonist and can consequently have anxiogenic, convulsive and memory enhancing 
effects. As components of the liana Banisteriopsis caapi, harmine, harmaline and tetrahydroharmine play a critical 
role in the effects of the indigenous psychedelic preparation Ayahuasca [3-7] upon oral ingestion by reversibly 
inhibiting the monoamine oxidase enzyme. Several groups of β-carboline derivatives have been synthesized and 
tested for diverse biological activities [8-40].  During the last years an intensive research has been carried out on the 
antitumor/cytotoxic properties of these molecular systems [8, 14, 19, 22, 41-54]. In this paper we present the results 
of an analysis between the electronic and conformational properties of a group of N2-alkylated quaternary β-
carbolines and their cytotoxic activity against nine tumoral cell lines. 
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MATERIALS AND METHODS 
 

MODEL AND CALCULATIONS 
Taking into consideration that the model-based method used here has been described and discussed in great detail in 
several papers, we present only a short standard summary [55-61]. The cytotoxicity, expressed as IC50, is a linear 
function of several local atomic reactivity indices (LARIs) and has the form: 
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where ABC the product of the drug’s moment of inertia about the three principal axes of rotation, M is the drug’s 
mass and σ its symmetry number. OB is the orientational parameter of the B-th substituent. The other terms are local 
atomic reactivity indices (LARIs) and are related to the kinds of interactions between the drug atoms and the site. 
We refer the reader to the several papers discussing their physical meaning [60-64]. Below we shall discuss the 
specific LARIs appearing in the resulting equations. The use of this method has given excellent results in the study 
of the equilibrium constant for several kinds of drug-receptor interactions [58, 65-80]. Recently the method was 
extended to the study of very different biological activities with a remarkable success [62, 64, 81-99]. The selected 
β-carbolines and their experimental cytotoxic activities ([54]) are shown in Fig. 1 and Tables 1-3. 
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Figure 1. Structure of β-carbolines. 
 

Table 1.  β-carbolines. 
 

Mol. R1 R2 R3 
1 -CH3 -H -CH2C6H5 
2 -C2H5 -H -CH2C6H5 
3 -CH(CH3)2 -H -CH2C6H5 
4 -CH2CH=CH2 -H -CH2C6H5 
5 n-C4H9 -H -CH2C6H5 
6 -CH2CH(CH3)2 -H -CH2C6H5 
7 n-C6H13 -H -CH2C6H5 
8 n-C8H17 -H -CH2C6H5 
9 -CH2C6H5 -H -CH2C6H5 
10 -p-CH2C6H4F -H -CH2C6H5 
11 -m-CH2C6H4Cl -H -CH2C6H5 
12 -p-CH2C6H4OCH3 -H -CH2C6H5 
13 -(CH2)3C6H5 -H -CH2C6H5 
14 -(CH2)3C6H5 -H -CH3 
15 -(CH2)3C6H5 -H -C2H5 
16 -(CH2)3C6H5 -H n-C4H9 
17 -(CH2)3C6H5 -H n-C6H13 
18 -(CH2)3C6H5 -H n-C8H17 
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19 -(CH2)3C6H5 -H n-C10H21 
20 -(CH2)3C6H5 -H -p-CH2C6H4F 
21 -(CH2)3C6H5 -H -m-CH2C6H4Cl 
22 -(CH2)3C6H5 -H -p-CH2C6H4NO2 
23 -(CH2)3C6H5 -H -(CH2)2C6H5 
24 -(CH2)3C6H5 -H -(CH2)3C6H5 
25 -(CH2)3C6H5 -CH3 -CH2C6H5 
26 -(CH2)3C6H5 -C2H5 -CH2C6H5 
27 -(CH2)3C6H5 -p-C6H5OCH3 -CH2C6H5 
28 -(CH2)3C6H5 -C4H3S -CH2C6H5 

 
Table 2. Cytotoxic activities of β-carbolines*. 

 
Mol. log(IC50) log(IC50) log(IC50) log(IC50) log(IC50) 
  MCF-7 HepG2 22RV1 HT-29 769-P 
1  ---  --- 0.92 1.77 1.35 
2  ---  --- 0.75  --- 1.59 
3 1.74 1.77 0.56  --- 1.49 
4 1.86 1.83  ----  --- 1.34 
5 1.53 1.46  --- 1.92 1.30 
6 1.59 1.56 0.98 1.94 1.06 
7 1.05 1.14  --- 1.20 0.43 
8 0.61 0.81 0.46 1.04  --- 
9 1.27 1.54 0.76 1.63 0.94 
10 1.25 1.37 0.54 1.46 0.78 
11 1.31 1.22 0.62 1.43 0.54 
12 1.27 1.20 0.68 1.28 0.88 
13 1.16 0.90 0.51 0.88 0.69 
14 1.88 1.96 0.63 1.99 1.30 
15 1.99 1.96 0.40 1.73 1.53 
16 1.59 1.66 0.53 1.80 1.13 
17 0.59 0.63 0.34 0.36 0.40 
18 0.46 0.67 0.63 1.27  --- 
19  ---  --- 0.84 1.50  --- 
20 0.99 1.02 0.63 0.96 1.16 
21 1.16 1.28 0.99 1.22 1.34 
22 1.39 1.30 0.75 1.10 0.92 
23 1.10 1.15 0.60 0.52 1.15 
24 0.57 0.60 0.69 0.53 0.52 
25 0.85 0.76 0.26 1.16 0.72 
26 0.57 0.68 0.57 1.03 0.48 
27 0.34 0.52 0.26 0.38 --- 
28 1.47 1.56 0.92 1.50 1.16 

* MCF-7: breast carcinoma, HepG2: liver carcinoma, 22RV1: prostate carcinoma, HT-29: colon carcinoma, 769-P: renal carcinoma. 
 

Table 3. Cytotoxic activities of β-carbolines*. 
 

 
Mol. 

log(IC50) log(IC50) log(IC50) log(IC50) 

  A375 SK-OV-3 Eca-109 BGC-823 
1 1.57 1.74 1.98 1.12 
2 1.73 1.44 1.56  --- 
3 1.39 0.82 0.88 1.79 
4 1.05 1.10 1.33  --- 
5 1.29 0.67 0.93 1.83 
6 1.45 1.44 1.55 1.78 
7 0.83 0.86 1.14 0.72 
8 0.49 0.51 0.71 0.40 
9 0.89 1.23 1.51 1.59 
10 0.67 1.02 1.55 0.80 
11 0.85 0.90 1.37 1.31 
12 0.98 1.30 1.73 1.25 
13 0.94 0.64 1.07 0.93 
14 1.62  --- 1.78 1.61 
15 1.65  --- 1.74 1.94 
16 1.09 1.20 1.62 1.19 
17 0.46  --- 0.40 0.36 
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18  --- 0.77 1.36 0.87 
19  --- 1.76 1.37 1.76 
20 1.02 1.09 0.72 0.91 
21 1.39 1.14 0.90 0.99 
22 1.09 1.24 0.88 1.60 
23 1.09 0.92 0.91 1.02 
24 0.51 1.03 0.72 0.97 
25 0.93 0.88 0.83 0.84 
26 0.77  --- 0.71  --- 
27   0.72 1.09 0.51 
28 1.45 1.16 1.43 0.60 

* A375: malignant melanoma, SK-OV-3: ovarian carcinoma, Eca-109: esophageal carcinoma, BGC-823: gastric carcinoma. 
 
A preliminary analysis showed that no statistically significant results could be obtained for the whole set. Therefore, 
we divided the molecules in two subsets denoted IA and IB. Figure 2 and Table 4 show the group IA of molecules 
and Fig. 3 and Table 5 show the group IB. Note that some β-carbolines belong to both subsets. 
 

 
 

Figure 2. Structure of molecules of group IA of β-carbolines. 
 

Table 4. Molecules of group IA of β-carbolines. 
 

Mol. R1 R2 
13 -H -CH2C6H5 
14 -H -CH3 
15 -H -C2H5 
16 -H n-C4H9 
17 -H n-C6H13 
18 -H n-C8H17 
19 -H n-C10H21 
20 -H -p-CH2C6H4F 
21 -H -m-CH2C6H4Cl 
22 -H -p-CH2C6H4NO2 
23 -H -(CH2)2C6H5 
24 -H -(CH2)3C6H5 
25 -CH3 -CH2C6H5 
26 -C2H5 -CH2C6H5 
27 -p-C6H5OCH3 -CH2C6H5 
28 -C4H3S -CH2C6H5 
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Figure 3. Structure of molecules of group IB of β-carbolines. 
 

Table 5. Molecules of group IB of β-carbolines. 
 

Mol. R1 R2 
1 -CH3 -H 
2 -C2H5 -H 
3 -CH(CH3)2 -H 
4 -CH2CH=CH2 -H 
5 n-C4H9 -H 
6 -CH2CH(CH3)2 -H 
7 n-C6H13 -H 
8 n-C8H17 -H 
9 -CH2C6H5 -H 
10 -p-CH2C6H4F -H 
11 -m-CH2C6H4Cl -H 
12 -p-CH2C6H4OCH3 -H 
13 -(CH2)3C6H5 -H 
20 -(CH2)3C6H5 -H 
21 -(CH2)3C6H5 -H 
22 -(CH2)3C6H5 -H 
25 -(CH2)3C6H5 -CH3 
26 -(CH2)3C6H5 -C2H5 
27 -(CH2)3C6H5 -p-C6H5OCH3 
28 -(CH2)3C6H5 -C4H3S 

 
METHODS, MODELS AND CALCULATIONS 
We carried out all the numerical calculations with the same methodology usually employed in this Unit. Briefly, 
geometries were fully optimized and a single point calculation was performed with the Gaussian program [100]. The 
local atomic reactivity indices were calculated from the single point log file with the D-Cent-QSAR software with 
correction of the anomalous electron populations that sometimes are produced by the Mulliken population analysis 
[101, 102]. The cationic form was used for all calculations. Orientational parameters were calculated as usual [58, 
59]. For both, groups IA and IB, a common skeleton was defined. They are depicted in Figs. 4 and 5. 
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Figure 4. Common skeleton for group IA of β-carbolines. 
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Figure 5. Common skeleton for group IB of β-carbolines. 
 
For each group and cell line a Linear Multiple Regression Analysis (LMRA) was carried out with the Statistica 
software [103]. The dependent variable is log(IC50) and the dependent ones are the set of LARIs belonging to the 
corresponding common skeleton. Note that in this kind of model statistics is employed as a servant and not as a 
queen [104]. It is worth to mention that the method successfully works if and only if every molecule of the set exerts 
its ultimate biological activity throughout the same mechanism or mechanisms. A detailed explanation of the 
building of the matrix for LMRA is given in other papers [80, 105].  
 

RESULTS 
 

The final equations relate the variation of the cytotoxicity through the family of molecules with the simultaneous 
variation of one or more local atomic reactivity indices. Thus, any index making a constant contribution will not 
appear in the equation. Given that no significant correlations were detected between the independent variables, the 
Tables showing the squared correlation coefficients for the variables appearing in the various equations are not 
shown (they are available on request). 
 
Results for the MCF-7 Cell Line 
Group IA results 
The equation obtained was: 

50 6 10 18

8

log( ) 0.66 21.86 ( )* 0.002 1.25 ( 2)*

2.74 ( 2)*

NIC F LUMO S F HOMO

F HOMO

= + − + − −
− −

   (2) 

with n=15, R=0.96, R2=0.93, adj-R2=0.90, F(4,10)=31.43 (p<0.000001), SD=0.10. No outliers were detected and no 
residuals fall outside the ±2σ limits. Here, F6(LUMO)* is the Fukui index of the lowest vacant MO localized on 
atom 6, SN

10 is the total atomic nucleophilic superdelocalizability of atom 10, F18(HOMO-2)* is the Fukui index of 
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the third highest occupied MO localized on atom 18 and F8(HOMO-2)* is the Fukui index of the third occupied MO 
localized on atom 8. Table 6 shows the beta coefficients and the results of the t-test for significance of coefficients. 
Fig. 6 displays the plot of observed vs. calculated log(IC50) values. The associated statistical parameters of Eq. 2 
indicate that this equation is statistically significant and that the variation of the numerical value of a group of four 
local atomic reactivity indices of atoms of the common skeleton explains about 90% of the variation of the 
cytotoxicity. 
 

Table 6. Beta coefficients and t-test for significance of coefficients in Eq. 2. 
 

 Beta t(10) p-level 

6( )*F LUMO  
0.83 8.97 <0.000004 

10
NS  

-0.62 -6.36 <0.00008 

18( 2)*F HOMO−  
0.39 4.09 <0.002 

8( 2)*F HOMO−  
-0.29 -2.91 <0.02 
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Fig. 6. Observed vs. calculated values (Eq. 2) of log (IC50). Dashed lines denote the 95% confidence interval. 
 
Group IB results 
With the whole set (n=18) it was not possible to obtain a statistically significant equation. Employing a methodology 
that gave good results in other studies, we discarded the molecule having the smallest cytotoxicity. With this 
reduced set we obtained the following equation: 
 

50 4 14 1

max
9 18

log( ) 5.15 28.75 ( )* 2.76 ( )* 0.0002

1.02 0.14 ( 1)*

N
R

N

IC S LUMO F LUMO

Q S LUMO

φ= + − − +

+ − +
   (3) 

 
with n=17, R=0.97, R2=0.95, adj-R2=0.93, F(5,11)=41.90 (p<0.000001) and SD=0.10. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 4 ( ) *NS LUMO  is the nucleophilic superdelocalizability of the lowest 

vacant MO localized on atom 4, 14( ) *F LUMO  is the Fukui index of the lowest vacant MO localized on atom 14, 

1Rφ  is the orientational parameter of the R1 substituent, max
9Q  is the maximal amount of electronic charge atom 9 

may receive and 18( 1)*NS LUMO+  is the nucleophilic superdelocalizability of the second lowest vacant MO 

localized on atom 18. Table 7 shows the beta coefficients and the results of the t-test for significance of coefficients. 
Fig. 7 displays the plot of observed vs. calculated log(IC50) values. The associated statistical parameters of Eq. 3 
indicate that this equation is statistically significant and that the variation of the numerical value of a group of five 
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local atomic reactivity indices of atoms of the common skeleton explains about 93% of the variation of the 
cytotoxicity. 
 

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

 Beta t(11) p-level 

4 ( ) *NS LUMO  
0.85 9.12 <0.000002 

14( ) *F LUMO  
-0.48 -5.58 <0.0002 

1Rφ  
-0.59 -7.44 <0.00001 

max
9Q  

0.26 3.13 <0.01 

18 ( 1)*NS LUMO+  
-0.44 -5.63 <0.0002 
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Figure 7. Observed vs. calculated values (Eq. 3) of log (IC50). Dashed lines denote the 95% confidence interval. 
 
Results for the HepG2 Cell Line 
Group IA results 
The best equation obtained is: 

50 7 2 16

8 19

log( ) 25.13 13.14 ( )* 0.0002 3.27 ( 1)*

2.87 ( 2)* 0.06 ( )*

N
R

N N

IC S LUMO F HOMO

S LUMO S LUMO

φ= + − + − −

− + +
 (4) 

 
with n=15, R=0.99, R2=0.98, adj-R2=0.97, F(5,9)=85.13 (p<0.000001) and SD=0.09. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 7 ( ) *NS LUMO  is the nucleophilic superdelocalizability of the lowest 

vacant MO localized on atom 7, 2Rφ  is the orientational factor of the R2 substituent, 16( 1)*F HOMO−  is the 

Fukui index of the second highest occupied MO localized on atom 16, 8 ( 2)*NS LUMO+  is the nucleophilic 

superdelocalizability of the third lowest vacant MO localized on atom 8 and 19( ) *NS LUMO  is the nucleophilic 

superdelocalizability of the lowest vacant MO localized on atom 19. Table 8 shows the beta coefficients and the 
results of the t-test for significance of coefficients. Fig. 8 displays the plot of observed vs. calculated log(IC50) 
values. The associated statistical parameters of Eq. 4 indicate that this equation is statistically significant and that the 
variation of the numerical value of a group of five local atomic reactivity indices of atoms of the common skeleton 
explains about 97% of the variation of the cytotoxicity. 
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Table 8. Beta coefficients and t-test for significance of coefficients in Eq. 4. 
 

 Beta t(9) p-level 

7 ( ) *NS LUMO  
0.83 15.77 <0.0000001 

2Rφ  
-0.55 -10.44 <0.000002 

16( 1)*F HOMO−  
0.63 10.72 <0.000002 

8 ( 2)*NS LUMO+  
-0.33 -5.65 <0.0003 

19( ) *NS LUMO  
0.20 3.90 <0.004 
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Fig. 8. Observed vs. calculated values (Eq. 4) of log (IC50). Dashed lines denote the 95% confidence interval. 
 

Table 9. Beta coefficients and t-test for significance of coefficients in Eq. 5. 
 

 Beta t(13) p-level 

1Rφ  
-0.82 -10.09 <0.0000001 

9 ( ) *NS LUMO  
0.70 8.11 <0.000002 

18η  
-0.51 -5.21 <0.0002 

4( 2)*F HOMO−  
0.23 3.27 <0.006 

 
Group IB results 
The best equation obtained is: 

50 1 9 18 4log( ) 10.49 0.0002 33.62 ( )* 0.53 1.68 ( 2)*N
RIC S LUMO F HOMOφ η= − + − + −  (5) 

with n=15, R=0.99, R2=0.98, adj-R2=0.97, F(5,9)=85.13 (p<0.000001) and SD=0.09. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 1Rφ  is the orientational parameter of the R1 substituent, 

9 ( )*NS LUMO  is the nucleophilic superdelocalizability of the lowest vacant MO localized on atom 9, 18η  is the 

local atomic hardness of atom 18 and 4( 2)*F HOMO−  is the Fukui index of the third highest occupied MO 

localized on atom 4. Table 9 shows the beta coefficients and the results of the t-test for significance of coefficients. 
Fig. 9 displays the plot of observed vs. calculated log(IC50) values. The associated statistical parameters of Eq. 5 
indicate that this equation is statistically significant and that the variation of the numerical value of a group of four 
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local atomic reactivity indices of atoms of the common skeleton explains about 97% of the variation of the 
cytotoxicity. 
 

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Predicted log(IC50) Values

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

O
b

se
rv

ed
 lo

g
(I

C
50

) 
V

al
u

es

 
 

Fig. 9. Observed vs. calculated values (Eq. 5) of log (IC50). Dashed lines denote the 95% confidence interval. 
 
Results for the 22RV1 Cell Line 
Group IA results 
The best equation obtained is: 

50 17 9 18

11

log( ) 3.85 0.77 ( 2)* 20.85 ( )* 51.29

0.33 ( 2)*

N

E

IC F HOMO S LUMO s

S HOMO

= − + − + + +

+ −
  (6) 

 
with n=18, R=0.97, R2=0.94, adj-R2=0.92, F(4,13)=47.88 (p<0.000001) and SD=0.11. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 17( 2)*F HOMO−  is the Fukui index of the third highest occupied 

MO localized on atom 17, 9 ( ) *NS LUMO  is the nucleophilic superdelocalizability of the lowest vacant MO 

localized on atom 9, 18s  is the local atomic softness of atom 9 and 11( 2)*ES HOMO−  is the electrophilic 

superdelocalizability of the third highest occupied MO localized on atom 11. Table 10 shows the beta coefficients 
and the results of the t-test for significance of coefficients. Fig. 10 displays the plot of observed vs. calculated 
log(IC50) values. The associated statistical parameters of Eq. 6 indicate that this equation is statistically significant 
and that the variation of the numerical value of a group of four local atomic reactivity indices of atoms of the 
common skeleton explains about 92% of the variation of the cytotoxicity. 
 

Table 10. Beta coefficients and t-test for significance of coefficients in Eq. 6. 
 

 Beta t(10) p-level 

17( 2)*F HOMO−  0.35 3.20 <0.009 

9 ( ) *NS LUMO  0.91 7.64 <0.00002 

18s  0.66 5.23 <0.0004 

11( 2)*ES HOMO−  0.42 3.54 <0.005 
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Fig. 10. Observed vs. calculated values (Eq. 6) of log (IC50). Dashed lines denote the 95% confidence interval. 
 
Group IB results 
The best equation obtained is: 

50 9 19 4

1 19

log( ) 7.20 22.08 ( )* 0.42 0.07 ( 2)*

0.00005 0.40 ( 2)*

N N

R

IC S LUMO S LUMO

F HOMO

η
φ
= + − + + −

− − −
 (7) 

 
with n=17, R=0.95, R2=0.90, adj-R2=0.86, F(5,11)=20.38 (p<0.00003) and SD=0.08. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 9 ( ) *NS LUMO  is the nucleophilic superdelocalizability of the lowest 

vacant MO localized on atom 9, 19η  is the local atomic hardness of atom 19, 4 ( 2)*NS LUMO+  is the 

nucleophilic superdelocalizability of the third lowest vacant MO localized on atom 4, 1Rφ  is the orientational 

parameter of the R1 substituent and 19( 2)*F HOMO−  is the Fukui index of the third highest occupied MO 

localized on atom 19. Table 11 shows the beta coefficients and the results of the t-test for significance of 
coefficients. Fig. 11 displays the plot of observed vs. calculated log(IC50) values. The associated statistical 
parameters of Eq. 7 indicate that this equation is statistically significant and that the variation of the numerical value 
of a group of four local atomic reactivity indices of atoms of the common skeleton explains about 86% of the 
variation of the cytotoxicity. 
 

Table 11. Beta coefficients and t-test for significance of coefficients in Eq. 7. 
 

 Beta t(11) p-level 

9 ( ) *NS LUMO  
0.82 6.14 <0.00007 

19η  
-0.67 -6.06 <0.00008 

4 ( 2)*NS LUMO+  
0.58 4.30 <0.001 

1Rφ  
-0.34 -3.44 <0.006 

19( 2)*F HOMO−  
-0.28 -2.55 <0.03 
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Fig. 11. Observed vs. calculated values (Eq. 7) of log (IC50). Dashed lines denote the 95% confidence interval. 
 
Results for the HT-29 Cell Line 
Group IA results 
With the whole set (n=16) it was not possible to obtain a statistically significant equation. When we discarded the 
molecule having the smallest cytotoxicity, we obtained the following equation: 
 

50 17 10 18

14

log( ) 1.68 1.60 ( 2)* 33.49 ( )* 0.08 ( 1)*

0.002

E E N

N

IC S HOMO S HOMO S LUMO

S

= − − + − + +

+
 (8) 

 
with n=15, R=0.96, R2=0.92, adj-R2=0.88, F(4,10)=20.38 (p<0.0002) and SD=0.16. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 17( 2)*ES HOMO−  is the electrophilic superdelocalizability of the 

third highest occupied MO localized on atom 17, 10( ) *ES HOMO  is the electrophilic superdelocalizability of the 

highest occupied MO localized on atom 10, 18( 1)*NS LUMO+  is the nucleophilic superdelocalizability of the 

second lowest vacant MO localized on atom 18 and 14
NS  is the nucleophilic superdelocalizability of atom 14. Table 

12 shows the beta coefficients and the results of the t-test for significance of coefficients. Fig. 12 displays the plot of 
observed vs. calculated log(IC50) values. The associated statistical parameters of Eq. 8 indicate that this equation is 
statistically significant and that the variation of the numerical value of a group of four local atomic reactivity indices 
of atoms of the common skeleton explains about 88% of the variation of the cytotoxicity. 
 

Table 12. Beta coefficients and t-test for significance of coefficients in Eq. 8. 
 

 Beta t(10) p-level 

17( 2)*ES HOMO−  
-0.79 -8.05 <0.00001 

10( ) *ES HOMO  
0.67 6.71 <0.00005 

18( 1)*NS LUMO+  
-0.41 -3.98 <0.003 

14
NS  

0.29 3.08 <0.01 
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Fig. 12. Observed vs. calculated values (Eq. 8) of log (IC50). Dashed lines denote the 95% confidence interval. 
 
Group IB results 
For the whole set (n=17) no satisfactory equation was obtained. Using the same procedure used before, and after 
extracting two molecules from the set, the following equation was obtained: 
 

50 9 19 1

15

log( ) 6.98 31.80 ( )* 0.54 ( 2)* 0.0001

0.84 ( 2)*

N
RIC S LUMO F LUMO

F LUMO

φ= + − + − +
+ +

  (9) 

 
with n=15, R=0.96, R2=0.93, adj-R2=0.90, F(4,10)=32.67 (p<0.00001) and SD=0.11. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 9 ( ) *NS LUMO  is the nucleophilic superdelocalizability of the lowest 

vacant MO localized on atom 9, 19( 2)*F LUMO+  is the Fukui index of the third lowest vacant MO localized on 

atom 19, 1Rφ  is the orientational parameter of the R1 substituent and 15( 2)*F LUMO+  is the Fukui index of the 

third lowest vacant MO localized on atom 15. Table 13 shows the beta coefficients and the results of the t-test for 
significance of coefficients. Fig. 13 displays the plot of observed vs. calculated log(IC50) values. The associated 
statistical parameters of Eq. 9 indicate that this equation is statistically significant and that the variation of the 
numerical value of a group of four local atomic reactivity indices of atoms of the common skeleton explains about 
90% of the variation of the cytotoxicity. 
 

Table 13. Beta coefficients and t-test for significance of coefficients in Eq. 9. 
 

 Beta t(10) p-level 

9 ( ) *NS LUMO  
0.80 7.94 <0.00001 

19( 2)*F LUMO+  
-0.35 -3.66 <0.004 

1Rφ  
-0.39 -4.25 <0.002 

15( 2)*F LUMO+  
0.27 2.85 <0.02 
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Fig. 13. Observed vs. calculated values (Eq. 9) of log (IC50). Dashed lines denote the 95% confidence interval. 
 
Results for the 769-P Cell Line 
Group IA results 
It was not possible to obtain any statistically significant equation for this set of molecules. 
 
Group IB results 
The best equation obtained is: 

50 7 16 17

4

log( ) 0.90 13.91 ( 2)* 1.61 ( )* 1.63 ( )*

0.80 ( 2)*E

IC F HOMO F HOMO F LUMO

S HOMO

= + − − − −

− −
 (10) 

 
with n=18, R=0.96, R2=0.92, adj-R2=0.90, F(4,13)=38.51 (p<0.000001) and SD=0.11. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 7( 2)*F HOMO−  is the Fukui index of the third highest occupied 

MO localized on atom 7, 16( )*F HOMO  is the Fukui index of the highest occupied MO localized on atom 16, 

17( )*F LUMO  is the Fukui index of the lowest vacant MO localized on atom 17 and 4 ( 2)*ES HOMO−  is the 

electrophilic superdelocalizability of the third highest occupied MO localized on atom 4. Table 14 shows the beta 
coefficients and the results of the t-test for significance of coefficients. Fig. 14 displays the plot of observed vs. 
calculated log(IC50) values. The associated statistical parameters of Eq. 10 indicate that this equation is statistically 
significant and that the variation of the numerical value of a group of four local atomic reactivity indices of atoms of 
the common skeleton explains about 90% of the variation of the cytotoxicity. 
 

Table 14. Beta coefficients and t-test for significance of coefficients in Eq. 10. 
 

 Beta t(13) p-level 

7( 2)*F HOMO−  
0.70 8.76 <0.000001 

16( ) *F HOMO  
-0.63 -7.60 <0.000004 

17( ) *F LUMO  
-0.35 -4.20 <0.001 

4 ( 2)*ES HOMO−  
-0.29 -3.70 <0.003 
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Fig. 14. Observed vs. calculated values (Eq. 10) of log (IC50). Dashed lines denote the 95% confidence interval. 
 
Results for the A375 Cell Line 
Group IA results 
The best equation obtained was: 

50 10 6 17 14

16

log( ) 4.37 0.001 0.48 0.94 ( 2)* 6.07 ( 1)*

4.52 ( 2)*

N EIC S S HOMO F LUMO

F LUMO

µ= − + − − − + +
+ +

 

 (11) 
 

with n=13, R=0.98, R2=0.95, adj-R2=0.92, F(4,7)=29.64 (p<0.0001) and SD=0.10. No outliers were detected and no 

residuals fall outside the ±2σ limits. Here, 10
NS  is the nucleophilic superdelocalizability of atom 10, 6µ  is the local 

atomic electronic chemical potential of atom 6, 17( 2)*ES HOMO−  is the electrophilic superdelocalizability of the 

third highest occupied MO localized on atom 17, 14( 1)*F LUMO+  is the Fukui index of the second lowest 

vacant MO of atom 14 and 16( 2)*F LUMO+  is the Fukui index of the third lowest vacant MO localized on atom 

16. Table 15 shows the beta coefficients and the results of the t-test for significance of coefficients. Fig. 15 displays 
the plot of observed vs. calculated log(IC50) values. The associated statistical parameters of Eq. 11 indicate that this 
equation is statistically significant and that the variation of the numerical value of a group of five local atomic 
reactivity indices of atoms of the common skeleton explains about 92% of the variation of the cytotoxicity. 
 

Table 15. Beta coefficients and t-test for significance of coefficients in Eq. 11. 
 

 Beta t(7) p-level 

10
NS  

-0.57 -5.66 <0.0008 

6µ  
0.34 3.88 <0.0060 

17( 2)*ES HOMO−  
-0.59 -6.14 <0.0005 

14( 1)*F LUMO+  
-0.40 -4.43 <0.003 

16( 2)*F LUMO +  
0.35 3.44 <0.01 
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Fig. 15. Observed vs. calculated values (Eq. 11) of log (IC50). Dashed lines denote the 95% confidence interval. 
 
Group IB results 
The best equation obtained was: 

50 4 1 18 16 14

9

log( ) 5.17 0.002 0.0002 0.32 13.59 0.06 ( 2)*

0.76 ( 1)*

N N
RIC S Q S LUMO

F HOMO

φ η= − − − + + + +
+ −

 

(12) 
 

with n=19, R=0.96, R2=0.93, adj-R2=0.89, F(6,12)=26.52 (p<0.000001) and SD=0.11. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 4
NS  is the nucleophilic superdelocalizability of atom 4, 1Rφ  is the 

orientational parameter of the R1 substituent, 18η  is the local atomic hardness of atom 18, 16Q  is the net charge of 

atom 16, 14( 2)*NS LUMO+  is the nucleophilic superdelocalizability of the third lowest vacant MO localized on 

atom 14 and 9( 1)*F HOMO−  is the Fukui index of the second highest occupied MO localized on atom 9. Table 

16 shows the beta coefficients and the results of the t-test for significance of coefficients. Fig. 16 displays the plot of 
observed vs. calculated log(IC50) values. The associated statistical parameters of Eq. 12 indicate that this equation is 
statistically significant and that the variation of the numerical value of a group of six local atomic reactivity indices 
of atoms of the common skeleton explains about 89% of the variation of the cytotoxicity. 
 

Table 16. Beta coefficients and t-test for significance of coefficients in Eq. 12. 
 

 Beta t(12) p-level 

4
NS  

-0.53 -6.32 <0.00004 

1Rφ  
-0.76 -7.58 <0.00001 

18η  
-0.33 -3.43 <0.005 

16Q  
0.23 3.00 <0.01 

14( 2)*NS LUMO+  
0.25 2.98 <0.01 

9( 1)*F HOMO−  
0.25 2.76 <0.02 
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Fig. 16. Observed vs. calculated values (Eq. 12) of log (IC50). Dashed lines denote the 95% confidence interval. 
 
Results for the SK-OV-3 Cell Line 
Group IA results 
After eliminating one molecule from the set, the following equation was obtained: 

50 3 21 22log( ) 14.42 0.00007 2.16 2.42 ( )*RIC F HOMOφ η= + − +      (13) 

 
with n=11, R=0.98, R2=0.96, adj-R2=0.95, F(3,7)=60.93 (p<0.00002) and SD=0.07. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 3Rφ  is the orientational parameter of the R3 substituent, 21η  is the 

local atomic hardness of atom 21 and 22( ) *F HOMO  is the Fukui index of the highest occupied MO localized on 

atom 22. Table 17 shows the beta coefficients and the results of the t-test for significance of coefficients. Fig. 17 
displays the plot of observed vs. calculated log(IC50) values. The associated statistical parameters of Eq. 13 indicate 
that this equation is statistically significant and that the variation of the numerical value of a group of three local 
atomic reactivity indices of atoms of the common skeleton explains about 95% of the variation of the cytotoxicity. 
 

Table 17. Beta coefficients and t-test for significance of coefficients in Eq. 13. 
 

 Beta t(7) p-level 

3Rφ  
0.52 6.47 <0.0003 

21η  
-0.67 -7.77 <0.0001 

22( )*F HOMO  
0.33 4.22 <0.004 
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Fig. 17. Observed vs. calculated values (Eq. 13) of log (IC50). Dashed lines denote the 95% confidence interval. 
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Group IB results 
The best equation was: 

50 11 18 1

3 8

log( ) 8.33 0.0007 0.34 ( 1)* 0.0001

0.92 ( 1)* 27.40

N E
RIC S S HOMO

F HOMO Q

φ= − − − − +
+ − −

    (14) 

 
with n=19, R=0.95, R2=0.90, adj-R2=0.86, F(5,13)=23.74 (p<0.000001) and SD=0.12. No outliers were detected and 

no residuals fall outside the ±2σ limits.  Here, 11
NS  is the nucleophilic superdelocalizability of atom 11, 

18( 1)*ES HOMO−  is the electrophilic superdelocalizability of the second highest occupied MO localized on atom 

18, 1Rφ  is the orientational parameter of the R1 substituent, 3( 1)*F HOMO−  is the Fukui index of the second 

highest occupied MO localized on atom 3 and 8Q  is the net charge of atom 8. Table 18 shows the beta coefficients 

and the results of the t-test for significance of coefficients. Fig. 18 displays the plot of observed vs. calculated 
log(IC50) values. The associated statistical parameters of Eq. 14 indicate that this equation is statistically significant 
and that the variation of the numerical value of a group of five local atomic reactivity indices of atoms of the 
common skeleton explains about 86% of the variation of the cytotoxicity. 
 

Table 18. Beta coefficients and t-test for significance of coefficients in Eq. 14. 
 

 Beta t(13) p-level 

11
NS  

-0.41 -4.22 <0.001 

18( 1)*ES HOMO−  
-0.58 -6.26 <0.00003 

1Rφ  
-0.68 -5.69 <0.00007 

3( 1)*F HOMO−  
0.29 3.08 <0.009 

8Q  
-0.32 -2.75 <0.02 
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Fig. 18. Observed vs. calculated values (Eq. 14) of log (IC50). Dashed lines denote the 95% confidence interval. 
 
 
 
 
 



Fernando Gatica-Díaz and Juan S. Gómez-Jeria et al              J. Comput. Methods Mol. Des., 2014, 4 (4):79-120  
______________________________________________________________________________ 

97 
Available online at www.scholarsresearchlibrary.com 

Results for the Eca-109 Cell Line 
Group IA results 
 

50 8 10 16

11

log( ) 11.55 58.56 ( 2)* 6.63 ( )* 3.53 ( 1)*

31.42 ( )*

NIC F LUMO S LUMO F HOMO

F LUMO

= − + + + + − +
+

 

(15) 
 

with n=16, R=0.96, R2=0.93, adj-R2=0.90, F(4,11)=36.09 (p<0.000001) and SD=0.13. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 8( 2)*F LUMO+  is the Fukui index of the third lowest vacant MO 

localized on atom 8, 10( ) *NS LUMO  is the nucleophilic superdelocalizability of the lowest vacant MO localized on 

atom 10, 16( 1)*F HOMO−  if the Fukui index of the second highest occupied MO localized on atom 16 and 

11( ) *F LUMO  is the Fukui index of the lowest vacant MO localized on atom 11. Table 19 shows the beta 

coefficients and the results of the t-test for significance of coefficients. Fig. 19 displays the plot of observed vs. 
calculated log(IC50) values. The associated statistical parameters of Eq. 15 indicate that this equation is statistically 
significant and that the variation of the numerical value of a group of four local atomic reactivity indices of atoms of 
the common skeleton explains about 90% of the variation of the cytotoxicity. 
 

Table 19. Beta coefficients and t-test for significance of coefficients in Eq. 15. 
 

 Beta t(11) p-level 

8( 2)*F LUMO+  
0.87 9.48 <0.000001 

10( ) *NS LUMO  
0.63 7.45 <0.00001 

16( 1)*F HOMO−  
0.79 7.39 <0.00001 

11( ) *F LUMO  
0.47 4.76 <0.0006 
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Fig. 19. Observed vs. calculated values (Eq. 15) of log (IC50). Dashed lines denote the 95% confidence interval. 
 
Group IB results 
No statistically significant equation was obtained for this group. 
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Results for the BGC-823 Cell Line 
Group IA results 
The best equation obtained was: 

50 2 16 16

8

log( ) 140.21 1422.74 1.71 ( 1)* 19.53 ( 1)*

0.66

EIC Q S HOMO F LUMO

η
= + − − + + −

−
 (16) 

 
with n=16, R=0.96, R2=0.93, adj-R2=0.90, F(4,11)=36.09 (p<0.000001) and SD=0.13. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 2Q  is the net charge of atom 2, 16( 1)*ES HOMO−  is the 

electrophilic superdelocalizability of the second highest occupied MO localized on atom 16, 16( 1)*F LUMO+  is 

the Fukui index of the second lowest vacant MO localized on atom 16 and 8η  is the local atomic hardness of atom 

8. Table 20 shows the beta coefficients and the results of the t-test for significance of coefficients. Fig. 20 displays 
the plot of observed vs. calculated log(IC50) values. The associated statistical parameters of Eq. 16 indicate that this 
equation is statistically significant and that the variation of the numerical value of a group of four local atomic 
reactivity indices of atoms of the common skeleton explains about 90% of the variation of the cytotoxicity. 
 

Table 20. Beta coefficients and t-test for significance of coefficients in Eq. 16. 
 

 Beta t(10) p-level 

2Q  
1.19 9.79 <0.000002 

16( 1)*ES HOMO−  
-0.80 -6.21 <0.0001 

16( 1)*F LUMO+  
0.54 4.34 <0.001 

8η  
-0.27 -2.44 <0.03 
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Fig. 20. Observed vs. calculated values (Eq. 16) of log (IC50). Dashed lines denote the 95% confidence interval. 

 
Group IB results 
The best equation obtained is: 

50 1 17 4 10 16log( ) 21.11 0.0001 30.72 186.01 17.15 1.28 ( )*RIC s Q s F HOMOφ= − + + − −  (17) 

 
with n=17, R=0.94, R2=0.88, adj-R2=0.82, F(5,11)=15.59 (p<0.0001) and SD=0.20. No outliers were detected and 

no residuals fall outside the ±2σ limits. Here, 1Rφ  is the orientational parameter of the R1 substituent, 17s  is the 

local atomic softness of atom 17, 4Q  is the net charge of atom 4, 10s  is the local atomic softness of atom 10 and 
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16( ) *F HOMO  is the Fukui index of the highest occupied MO localized on atom 16. Table 21 shows the beta 

coefficients and the results of the t-test for significance of coefficients. Fig. 21 displays the plot of observed vs. 
calculated log(IC50) values. The associated statistical parameters of Eq. 17 indicate that this equation is statistically 
significant and that the variation of the numerical value of a group of five local atomic reactivity indices of atoms of 
the common skeleton explains about 82% of the variation of the cytotoxicity. 
 

Table 21. Beta coefficients and t-test for significance of coefficients in Eq. 17. 
 

 Beta t(11) p-level 

1Rφ  
-0.48 -3.79 <0.003 

17s  
0.55 4.74 <0.001 

4Q  
0.54 3.86 <0.003 

10s  
-0.30 -2.73 <0.019 

16( ) *F HOMO  
-0.36 -2.43 <0.033 
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Fig. 21. Observed vs. calculated values (Eq. 17) of log (IC50). Dashed lines denote the 95% confidence interval. 
 

DISCUSSION 
 

Molecular Electrostatic Potential (MEP) 
As all the molecules are in their cationic form, they are surrounded by a positive MEP. Figures 22 and 23 show, 
respectively, the MEP distribution of molecule 21 at 4.5 Å of the nuclei and at an isovalue of 0.02 [106, 107]. 
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Figure 22. MEP map of molecule 21 at 4.5Å of the nuclei. The upper left figure was rotated 90° to show the entire surface. 
 

 
 

Figure 23. MEP map of molecule 21 at an isovalue of 0.02. The upper left figure was rotated 90° to show the entire surface. 
 
This kind of MEP distribution is characteristic of molecules possessing a positive net charge. It is not possible to 
build any relationship between MEP and cytoxicity but it is possible to suggest that in the active site there should be 
negatively charged residues (carboxylate) or negative ions to neutralize the molecule’s MEP. 
 
Conformational flexibility 
In the case of group IA the chain joining N9 with ring D allows a high degree of conformational flexibility. For 
group IB ring D has less conformational flexibility since it is connected to ring B only by a CH2 group. We do not 
know the real conformation of these molecules in the moment when they exert their biological action (see below). 
As examples of this conformational flexibility we show in Fig. 24 the superimposition of the ten lowest energy 
conformers of molecules 1, 13, 23 (this molecule has a (CH2)2 linker between rings C and D) and 24 (this molecule 
has a (CH2)3 linker between rings C and D). They were calculated with MarvinView software and with the Dreiding 
Force Field. The superimposition process was carried out with Hyperchem [108, 109]. 
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Figure 24. Superimposition of the ten lowest energy conformers of molecules 1 (upper left), 13 (upper right), 23 (lower left) and 24 (lower 
right). 

 
Despite the fact that ring D can adopt several conformations in groups IA and IB, in the LRMA analysis we have 
worked with the hypothesis that these rings adopt a very similar position at the interaction site. The results shown 
below strongly indicate that this idea seems to be true. 
 
QSAR results 
In all the ensuing discussions we shall employ the variable-by-variable analysis. This approach provides a good 
insight on the main molecular-electronic factors involved in the biological process. In the ensuing discussion the 
concept of “local molecular orbital” will be employed. For atom i, the set of its local molecular orbitals is formed by 

those MO localized on it. For example, 11( 2) *HOMO−  refers to the third highest occupied MO localized on 

atom 11. Tables 22 to 25 show the local MO structure for several atoms belonging to group IA. The nomenclature 
is: Molecule (HOMO) / (HOMO-2)* (HOMO-1)* (HOMO)* - (LUMO)* (LUMO+1)* (LUMO+2)*. 
 

Table 22. Local MO structure of atoms 6 to 8 of group IA. 
 

Mol. Atom 6 Atom 7 Atom 8 
13(100) 96π97π98π-102π105π106π 94π97π98π-101π102π105π 95π96π97π-101π102π105π 
14(80) 76π77π78π-82π83π84π 76π77π78π-81π82π83π 74π76π77π-81π82π83π 
15(84) 80π81π84π-86π87π90π 80π81π84π-85π86π87π 76π80π81π-85π86π87π 
16(92) 88π89π92π-94π95π98π 88π89π92π-93π94π95π 83π88π89π-93π94π95π 
17(100) 96π97π100π-101π102π103π 96π97π100π-101π102π103π 88π96π97π-101π102π103π 
18(108) 104π105π108π-109π110π111π 101π105π108π-109π110π111π 94π101π105π-109π110π111π 
19(116) 112π113π116π-117π118π119π 112π113π116π -117π118π119π 108π112π113π-117π118π119π 
20(104) 100π102π104π-105π106π109π 98π100π104π-105π106π109π 98π100π102π-105π106π109π 
21(108) 102π104π108π-109π110π113π 102π104π108π-109π110π113π 99π102π104π-109π110π113π 
22(111) 105π108π111π-114π116π120π 102π108π111π-112π114π116π 98π102π108π-112π114π115π 
23(104) 98π99π104π-105π106π107π 99π102π104π-105π106π107π 92π98π99π-105π106π107π 
24(108) 102π103π107π-109π110π111π 103π105π107π-109π110π111π 96π102π103π-109π110π111π 
25(104) 101π102π103π-105π106π108π 102π103π104π-105π106π109π 98π 99π101π-105π106π107π 
26(120) 116π119π120π-121π122π123π 115π119π120π-121π122π126π 113σ115π116π-121π122π123σ 
27(128) 124π126π128π-129π130π131π 122π126π128π-129π130π134π 122π123π128π-129π130π131π 
28(121) 117π120π121π-122π123π124π 113π120π121π-122π123π126π 115π116π117π-122π123π124π 
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Table 23. Local MO structure of atoms 9-11 of group IA. 

 
Mol. Atom 9 Atom 10 Atom 11 

13(100) 94π98π100π -101π102π105π 94π97π98π-101π102π105π 95σ97π98π-101π102π103σ  
14(80) 76π78π80π-81π82π83π 76π77π78π-81π82π83π 76π77π78π-81π82π83π 
15(84) 77π80π84π-85π86π87π 80π81π84π-85π86π87π 80π81π84π-85π86π87π 
16(92) 86π88π92π-93π94π95π 88π89π92π-93π94π95π 88π89π92π-93π94π95π 
17(100) 89π96π100π-101π102π103π 96π97π100π-101π102π103π 96π97π100π-101π102π103π 
18(108) 95π101π108π-109π110π111π 101π105π108π-109π110π111π 101π105π108π-109π110π111π 
19(116) 107π108π116π-117π118π119π 112π113π116π-117π118π119π 108π112π116π-117π118π119π 
20(104) 96π98π104π-105π106π109π 98π100π104π-105π106π109π 98π100π104π-105π106π107σ 
21(108) 98π102π108π-109π110π113π 102π104π108π-109π110π113π 102π104π108π-109π110π111σ 
22(111) 100π102π111π-112π114π116π 102π108π111π-112π114π115π 102π108π111π-112π114π116π 
23(104) 98π102π104π-105π106π107π 98π99π104π-105π106π107π 98π99π104π-105π106π107π 
24(108) 102π105π107π-109π110π111π 102π103π107π-109π110π111π 102π103π107π-109π110π111π 
25(104) 102π103π104π-105π106π109π 99π101π103π-105π106π109π 102π103π104π-105π106π108π 
26(120) 112π119π120π-121π122π126π 115π116π119π-121π122π123π 115π119π120π-121π122π123σ 
27(128) 125π126π128π-129π130π134π 123π124π128π-129π130π132π 122π126σ128π-129π130π131σ 
28(121) 113π120π121π-122π123π126π 116π117π120π-122π123π124π 116π120π121π-122π123π124σ 

 
Table 24. Local MO structure of atoms 14, 16 and 17 of group IA. 

 
Mol. Atom 14 Atom 16 Atom 17 

13(100) 94σ98σ100σ-106σ107σ112σ 93σ94σ100σ-107σ118σ119σ 94σ98π100π-106π107π108π 
14(80) 76σ78σ80σ-85σ90σ91σ 75σ76σ80σ-85σ94σ96σ 76σ78π80π-85π86π88π 
15(84) 79σ80σ84σ-93σ94σ95σ 78σ79σ83σ-88σ89σ92σ 79σ82π83π-88π89π90π 
16(92) 87σ88σ92σ-103σ105σ106σ 86σ87σ91σ-96σ97σ100σ 87σ90π91π-96π97π98π 
17(100) 91σ96σ100σ-111σ113σ114σ 92σ98σ99σ-104σ105σ106σ 92σ98π99π-104π105π106π 
18(108) 97σ101σ108σ-119σ121σ122σ 96σ97σ107σ-112σ113σ116σ 97σ106π107π-112π113π114π 
19(116) 102σ107σ116σ-127σ129σ130σ 101σ102σ115σ-120σ121σ124σ 102σ114π115π-120π121π122π 
20(104) 97σ98σ104σ-117σ119σ120σ 101σ102σ103σ-109σ110σ111σ 97σ101π103π-110π111π112π 
21(108) 99σ102σ108σ-121σ122σ123σ 98σ99σ107σ-114σ119σ130σ 99σ105π107π-114π115π116π 
22(111) 101σ102σ111σ-117σ125σ127σ 100σ101σ110σ-117σ122σ133σ 101σ109π110π-117π118π119π 
23(104) 97σ98σ104σ-116σ117σ119σ 96σ97σ103σ-114σ120σ123σ 97σ100π103π-108π109π110π 
24(108) 99σ102σ107σ-120σ121σ122σ 98σ99σ106σ-112σ113σ118σ 104π105π106π-112π113π114π 
25(104) 97σ98σ104σ-110σ114σ116σ 96σ97σ104σ-111σ115σ121σ 102π103π104π-111π112π123σ 
26(120) 113σ114σ120σ-128σ133σ136σ 110σ111σ120σ-128σ129σ137σ 111σ119π120π-128π129π130π 
27(128) 120σ126σ128σ-136σ141σ144σ 118σ119σ127σ-136σ137σ146σ 126π127π128π-136π137π138π 
28(121) 113σ114σ121σ-128σ135σ136σ 111σ112σ121σ-128σ129σ134σ 112σ120π121π-128π129π130π 

 
Table 25. Local MO structure of atoms 18, 19 and 22 of group IA. 

 
Mol. Atom 18 Atom 19 Atom 22 

13(100) 93σ99π100π-107π108π118σ 93σ99π100π-107π108π118σ 94σ99π100π-107π108π122π 
14(80) 76σ79π80π-85π86π96σ 76σ79π80π-85π86π96σ 76σ79π80π-85π86π96σ 
15(84) 79σ82π83π-88π89π97σ 79σ82π83π-88π89π97σ 79σ82π83π-87π88π89π 
16(92) 87σ90π91π-95π96π97π 87σ90π91π-95π96π97π 87σ90π91π-95π96π97π 
17(100) 92σ98π99π-103π104π105π 92σ98π99π-103π104π105π 92σ98π99π-103π104π105π 
18(108) 97σ106π107π-111π112π113π 97σ106π107π-111π112π113π 97σ106π107π-111π112π113π 
19(116) 102σ114π115π-119π120π121π 102σ114π115π-119π120π121π 102σ114π115π-119π120π121π 
20(104) 101π102π103π-109π110π111π 101π102π103π-109π110π111π 101π102π103π-107π109π110π 
21(108) 99σ105π107π-112π113π114π 99σ105π107π-112π113π114π 99σ105π107π-112π113π114π 
22(111) 101σ109π110π-116π117π118π 101σ109π110π-116π117π118π 101σ109π110π-115π116π117π 
23(104) 97σ100π103π-108π109π110π 97σ100π103π-108π109π110π 97σ100π103π-108π109π110π 
24(108) 99σ104π106π-112π113π124σ 99σ104π106π-112π113π124σ 99σ104π106π-112π113π114π 
25(104) 102π103π104π-111π112π124σ 102π103π104π-111π112π124σ 102π103π104π-110π111π112π 
26(120) 118π119π120π-128π129π130π 118π119π120π-128π129π130π 118π119π120π-128π129π130π 
27(128) 126π127π128π-136π137π138π 126π127π128π-136π137π138π 125π126π127π-136π137π138π 
28(121) 119π120π121π-128π129π130π 119π120π121π-128π129π130π 119π120π121π-128π129π130π 

 
Tables 26-28 show the local MO structure for several atoms belonging to group IB. 
 

 
 
 
 



Fernando Gatica-Díaz and Juan S. Gómez-Jeria et al              J. Comput. Methods Mol. Des., 2014, 4 (4):79-120  
______________________________________________________________________________ 

103 
Available online at www.scholarsresearchlibrary.com 

Table 26. Local MO structure of atoms 3, 4 and 7 of group IB. 
 

Mol. Atom 3 Atom 4 Atom 7 
1(72) 69π70π71π-73π77π78π 70π71π72π-73π74π77π 68π71π72π-73π74π77π 
2(76) 73π74π75π-77π81π82π 74π75π76π-77π78π81π 72π75π76π-77π78π81π 
3(80) 77π78π79π-81π85π86π 76π79π80π-81π82π85π 76π79π80π-81π82π85π 
4(79) 76π77π78π-80π84π85π 77π78π79π-80π81π84π 74π78π79π-80π81π84π 
5(84) 81π82π83π-85π89π90π 82π83π84π-85π86π89π 80π83π84π-85π86π89π 
6(84) 81π82π83π-85π89π90π 82π83π84π-85π86π89π 80π83π84π-85π86π89π 
7(92) 89π90π91π-93π97π98π 90π91π92π-93π94π97π 88π91π92π-93π94π97π 
8(100) 97π98π99π-101π105π106π 98π99π100π-101π102π105π 93π99π100π-101π102π105π 
9(92) 87π88π89π-93π94π96π 89π91π92π-93π94π96π 89π91π92π-93π94π100π 
10(96) 92π93π94π-97π98π101π 94π95π96π-97π98π101π 94π95π96π-97π98π101π 
11(100) 95π97π98π-101π105π106π 98π99π100π-101π102π105π 97π99π100π-101π102π105π 
12(100) 95π96π97π-101π102π105π 97π98π99π-101π102π105π 94π97π99π-101π102π105π 
13(100) 95π96π97π-101π105π106π 96π97π98π-101π102π105π 94π97π98π-101π102π105π 
20(104) 95π100π102π-105π109π112π 98π100π104π-105π106π109π 98π100π104π-105π106π109π 
21(108) 96π97π104π-109π113π116π 102π104π108π-109π110π113π 102π104π108π-109π110π113π 
22(111) 98π99π108π-112π116π120π 105π108π111π-112π114π116π 102π108π111π-112π114π116π 
25(104) 95π99π101π-105π108π109π 102π103π104π-105π106π108π 102π103π104π-105π106π109π 
26(120) 114π115π116π-121π123π125π 117π119π120π-121π122π123π 115π119π120π-121π122π126π 
27(128) 122π123π124π-129π131π132π 124π126π128π-129π130π131π 122π126π128π-129π130π134π 
28(121) 115π116π117π-122π124π125π 117π120π121π-122π123π125π 113π120π121π-122π123π126π 

 
Table 27. Local MO structure of atoms 9, 14 and 16 of group IB. 

 
Mol. Atom 9 Atom 14 Atom 16 

1(72) 67π68π72π-73π74π77π 66σ67σ69σ-75σ79σ80σ 69π70π71π-74π75π76π 
2(76) 71π72π76π-77π78π81π 70σ71σ73σ-79σ83σ84σ 73π74π75π-78π79π80π 
3(80) 75π76π80π-81π82π85π 74σ75σ77σ-82σ83σ87σ 74σ77π78π-82π83π84π 
4(79) 74π75π79π-80π81π84π 72σ73σ76σ-82σ87σ89σ 76π77π78π-81π82π83π 
5(84) 78π80π84π-85π86π89π 75σ76σ81σ-87σ91σ92σ 81π82π83π-86π87π88π 
6(84) 79π80π84π-85π86π89π 75σ76σ81σ-87σ91σ92σ 75σ81π82π-86π87π88π 
7(92) 86π88π92π-93π94π97π 82σ83σ89σ-95σ99σ100σ 81σ89π90π-94π95π96π 
8(100) 89π93π100π-101π102π105π 88σ89σ97σ-103σ107σ108σ 85σ97π98π-102π103π104π 
9(92) 86π91π92π-93π94π97π 83σ85σ87σ-95σ101σ103σ 87π88π89π-94π95π96π 
10(96) 90π95π96π-97π98π101π 88σ89σ93σ-99σ105σ107σ 92π93π94π-98π99π100π 
11(100) 97π99π100π-101π102π104π 90σ91σ97σ-103σ110σ112σ 96π97π98π-102π103π106π 
12(100) 94π99π100π-101π102π105π 91σ95σ97σ-103σ109σ111σ 90σ95π96π-102π103π104π 
13(100) 94π98π100π-101π102π105π 88σ90σ95σ-103σ109σ110σ 88σ95π96π-102π103π104π 
20(104) 96π98π104π-105π106π109π 94σ95σ102σ-106σ107σ108σ 99π100π102π-106π107π108π 
21(108) 98π102π108π-109π110π113π 97σ100σ103σ-110σ111σ117σ 103π104π106π-110π111π112π 
22(111) 100π102π111π-112π114π116π 98σ99σ105σ-113σ114σ115σ 103π105π106π-113π114π115π 
25(104) 102π103π104π-105π106π109π 94σ95σ101σ-107σ113σ114σ 99π100π101π-106π107π108π 
26(120) 112π119π120π-121π122π126π 109σ114σ117σ-123σ124σ125σ 115π116π117π-122π123π125π 
27(128) 125π126π128π-129π130π134π 116σ117σ124σ-131σ133σ134σ 122π123π124π-131π132π133π 
28(121) 113π120π121π-122π123π126π 109σ110σ115σ-125σ126σ131σ 116π117π118π-123π125π127π 

 

MCF-7 Cell Line 
Group IA 

Table 6 shows that the relative importance of the reactivity indices is 6( )*F LUMO  > 10
NS  > 18( 2)*F HOMO−  

> 8( 2)*F HOMO−  (see Fig. 4). A low cytotoxic capacity is associated with high values for 6( )*F LUMO  

and 18( 2)*F HOMO−  and with small values for 10
NS  and 8( 2)*F HOMO−  (a low cytoxicity means a high IC50 

value). A high value for 6( )*F LUMO , a π MO in all molecules (Table 22), suggests that atom 6 is interacting with 

an electron-rich center. Fig. 25 shows the 6( ) *LUMO  of molecules 13, 20, 24 and 28 (see Fig. 4). 
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Table 28. Local MO structure of atoms 17-19 of group IB. 
 

Mol. Atom 17 Atom 18 Atom 19 
1(72) 69π70π71π-75π76π79π 67σ69π71π-75π76π79π 69π70π71π-74π75π76π 
2(76) 73π74π75π-79π80π83π 73π74π75π-79π80π83π 73π74π75π-78π79π80π 
3(80) 77π78π79π-82π83π84π 77π78π79π-83π84π87π 74σ77π78π-82π83π84π 
4(79) 76π77π78π-82π83π87π 76π77π78π-82π83π87π 73σ76π77π-81π82π83π 
5(84) 81π82π83π-87π88π91π 81π82π83π-87π88π91π 76σ81π82π-86π87π88π 
6(84) 81π82π83π-87π88π91π 81π82π83π-87π88π91π 76σ81π82π-86π87π88π 
7(92) 89π90π91π-95π96π99π 89π90π91π-95π96π99π 81σ89π90π-94π95π96π 
8(100) 97π98π99π-103π104π107π 97π98π99π-103π104π107π 85σ97π98π-102π103π104π 
9(92) 88π89π90π-95π96π97π 87π88π89π-95π96π101π 87π88π89π-95π96π97π 
10(96) 91π93π94π-99π100π102π 92π93π94π-99π102π105π 92π93π94π-99π100π102π 
11(100) 95π96π98π-103π106π107π 96π97π98π-103π107π110π 96π97π98π-103π106π107π 
12(100) 96π97π98π-103π104π106π 91σ95π97π-103π104π109π 91σ95π96π-102π103π104π 
13(100) 95π96π97π-103π104π109π 95π96π97π-103π104π109π 90σ95π96π-102π103π104π 
20(104) 99π101π102π-107π108π110π 100π101π102π-107π108π113σ 99π100π102π-106π107π108π 
21(108) 100π101σ106π-111π112π114π 101σ103π106π-111π112π117σ 101σ103π106π-110π111π112π 
22(111) 105π106π107π-113π114π115π 104σ105π106π-113π115π117π 105π106π107π-113π114π115π 
25(104) 99π100π101π-107π108π109π 99π100π101π-106π107π108π 99π100π101π-107π108π109π 
26(120) 115π116π117π-124π125π126π 115π116π117π-122π123π124π 115π116π117π-123π124π125π 
27(128) 122π123π124π-130π131π133π 122π123π124π-130π131π133π 122π123π124π-132π134π135π 
28(121) 110σ116π117π-124π125π126π 116π117π118π-123π125π126π 117π118π119π-124π125π126π 

 
 

 
 

Figure 25. 6( ) *LUMO  of molecules 13 (upper left), 20 (upper right), 24 (lower left) and 28 (lower right). 

 

 A high value for 18( 2)*F HOMO− , a π or σ MO (Table 24 and Fig. 26), suggests the possible interaction of the 

three highest occupied MOs localized on atom 18 with an electron-deficient center. The optimal situation is a 
*
18( 2)HOMO−  of π nature. 
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Figure 26. 
*
18( 2)HOMO−  of molecules 14 (upper left), 17 (upper right), 20 (lower left) and 25 (lower right). 

 

A low value for 10
NS  indicates that atom 10 should act as a bad electron acceptor. This could imply that atom 8 is 

interacting with an electron-deficient center. 8( 2)*F HOMO−  will not be discussed because of its high p value 

(see Table 6). These ideas are encompassed in the two dimensional (2D) partial pharmacophore shown in Fig. 27. 
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Figure 27. Partial 2D pharmacophore from Eq. 2. 
 
Group IB 

Beta values (Table 7 and Fig. 5) indicate that the relative importance of the reactivity indices is 4 ( ) *NS LUMO  > 

1Rφ  > 14( ) *F LUMO  = 18( 1)*NS LUMO+  >
max
9Q . A low cytotoxic capacity is associated with high values 

for 4 ( ) *NS LUMO ,
max
9Q  and 18( 1)*NS LUMO+ ; and with low values for 14( ) *F LUMO  and 1Rφ . A high value 

for 4 ( ) *NS LUMO , a π MO in all molecules (Table 26), indicates that atom 4 interacts with an electron-rich area. 

Figure 28 displays the *
4( )LUMO  of molecules 3, 8, 12 and 27. 
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Figure 28. 
*
4( )LUMO  of molecules 3 (upper left), 8 (upper right), 12 (lower left) and 27 (lower right). 

 
max
9Q will not be discussed because of its high p value (see Table 7). *

18( 1)LUMO+  and *
18( )LUMO  are of π 

nature in all molecules (Table 28). As a high value of *
18( 1)LUMO +  is associated with low toxicity, we propose 

that atom 18 is interacting with an electron-rich center through its two lowest vacant MOs. Atom 14, a carbon from 

a CH2 group, has only σ MOs. As a low value is required for14( ) *F LUMO , it is proposed that this atom is 

interacting with one or more empty σ MOs from a residue of the site. A low value for 1Rφ  suggests that in some 

cases molecules are less cytotoxic when R1 is a methyl or an ethyl group. An important implication of this fact is 
that ring D seems to be an extra site for binding (see Fig. 3 and Table 5). These suggestions are resumed in the 
partial 2D pharmacophore shown in Fig. 29. 
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Figure 29. Partial 2D pharmacophore from Eq. 3. 
 
HepG2 Cell Line 
Group IA 

Beta values (Table 8) indicate that the relative importance of the reactivity indices is 7 ( ) *NS LUMO  > 

16( 1)*F HOMO−  > 2Rφ  > 8 ( 2)*NS LUMO+  > 19( ) *NS LUMO
 (Fig. 4).  A VbV analysis shows that a low 

cytotoxicity is related to high values for 16( 1)*F HOMO−  and 8 ( 2)*NS LUMO+ ; and with low values 
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for 7 ( ) *NS LUMO , 2Rφ  and 19( ) *NS LUMO . A high value for 16( 1)*F HOMO− , a σ OM in all molecules  

(Table 24), suggests that atom 16 is interacting with a region with empty σ MOs through its first two highest 
occupied MOs. Fig. 30 shows, as an example, the (HOMO-1)16

* of molecules 14, 18, 23 and 26. 
 

 
 

Figure 30. 
*
16( 1)HOMO−  of molecules 14 (upper left), 18 (upper right), 23 (lower left) and 26 (lower right). 

 

A high value for 8 ( 2)*NS LUMO+ , a π MO in almost all molecules (Table 22), strongly suggests that atom 8 is 

interacting with an electron-rich center through its first three lowest vacant MOs. A low value for 7 ( ) *NS LUMO , 

a negative number in all molecules, is obtained by shifting downwards the energy of the associated eigenvalue. This 

implies that atom 7 seems to interact with an electron-rich center. A low value for 2Rφ suggests that the R2 

substituent should be small (methyl, ethyl). This implies that a CH2-phenyl moiety is not absolutely necessary for 

activity and that it is interacting with an extra site. A low value for 19( ) *NS LUMO , a negative number, indicates 

that atom 19 is interacting with an electron-rich center. These suggestions are shown in the partial 2D 
pharmacophore shown in Fig. 31. 
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Figure 31. Partial 2D pharmacophore from Eq. 4. 
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Group IB 

Beta values (Table 9 and Fig. 5) indicate that the relative importance of the variables is 1Rφ > 9 ( ) *NS LUMO > 

18η > 4( 2)*F HOMO− . A VbV analysis shows that a low cytoxicity is associated with high values for 

4( 2)*F HOMO−  and with low values for 1Rφ , 9 ( ) *NS LUMO  and 18η . (HOMO-2)4
* is a π MO (Table 26). A 

high value for 4( 2)*F HOMO−  suggests that atom 4 interacts with an electron-deficient site through its three 

highest occupied MOs (Table 26). For a low value for 1Rφ , substituents such as methyl, ethyl and the several 

isomers for CnHn-1 should be explored. They will not alter appreciably the electronic structure of the A-C ring 

system. *
9( )LUMO  is a π MO is all molecules (Table 27). A low value for 9 ( ) *NS LUMO  suggests that this atom 

should behave as a good electron-acceptor (this index has negative numerical values) and probably it is interacting 

with a rich-electron moiety. A low numerical value for 18η , the *
18( )HOMO - *

18( )LUMO  distance, can be 

obtained by shifting downwards the energy of *
18( )LUMO . Therefore, it is suggested that atom 18 interacts with a 

rich-electron counterpart. These suggestions are shown in the partial 2D pharmacophore shown in Fig. 32. 
 

4

A

B

C

D

18

N

N

R1

9

ELECTRON-
DEFICIENT

CENTER SMALL
SUBSTITUENTS

ELECTRON-RICH
CENTER

ELECTRON-
RICH

CENTER

 
 

Figure 32. Partial 2D pharmacophore from Eq. 5. 
 
22RV1 Cell Line 
Group IA 

Beta values (Table 10 and Fig. 4) indicate that the relative importance of the variables is 9 ( ) *NS LUMO > 

18s > 11( 2)*ES HOMO−  > 17( 2)*F HOMO− . A VbV analysis shows that a low cytoxicity is associated with 

high values for 17( 2)*F HOMO−  and 18s ; and with low values for 9 ( ) *NS LUMO  and 11( 2)*ES HOMO− . 

The case of 17( 2)*F HOMO−  deserves a comment. *
17( 2)HOMO−  is a σ MO, while the two highest occupied 

MOs are of π character (Table 24). A tentative interpretation for a high numerical value for this index is that atom 17 
is interacting with an electron-deficient center possessing one or two vacant π followed by vacant σ MOs or that this 
atom is interacting with one site with empty π MOs and with another with σ empty MOs. We have not enough data 

to carry out a deeper analysis. A high value for 18s  is obtained by diminishing the *
18( )HOMO - *

18( )LUMO  

distance, making atom 18 a good electron acceptor. It is suggested then that this atom interacts with an electron-rich 

center. A small value for 9 ( ) *NS LUMO  (with negative numerical values and π nature, Table 23) indicates that 

this atom is also interacting with an electron-rich center. A small value for 11( 2)*ES HOMO−  ( *
11( 2)HOMO−  

is a π or σ MO, Table 23) is obtained by shifting downwards the MO energy. It is possible that atom 11 interacts 
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with an electron-deficient center having empty π MOs and occupied σ MOs. These ideas are shown in the partial 2D 
pharmacophore shown in Fig. 33. 
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Figure 33. Partial 2D pharmacophore from Eq. 6. 
 
Group IB 

Beta values (Table 11 and Fig. 5) indicate that the relative importance of the variables is 9 ( )*NS LUMO > 19η  

> 4 ( 2)*NS LUMO+  > 1Rφ > 19( 2)*F HOMO− . A VbV analysis shows that a low cytoxicity is associated with 

low values for all these indices. A low value for 9 ( ) *NS LUMO  (a negative number) indicates that atom 9 is 

interacting with an electron-rich center through its *
9( )HOMO , a π MO (Table 27).  A low numerical value for 19η  

is an indication that atom 19 is also interacting with an electron-rich center. *
4( 2)LUMO +  is a π MO (Table 26). 

A low value for 4 ( 2)*NS LUMO+  could be an indication that atom 4 interacts with an electron-rich center only 

through its two lowest vacant MOs. A low value for 1Rφ  suggest that small alkyl substituents will be optimal for 

low cytoxicity but we must not forget that there is a possibility of an extra interaction with the site through ring D. 

19( 2)*F HOMO−  will not be discussed because of its high p value. These ideas are shown in the partial 2D 

pharmacophore shown in Fig. 34. 
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Figure 34. Partial 2D pharmacophore from Eq. 7. 
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HT-29 Cell Line 
Group IA 

Beta values (Table 12 and Fig. 4) indicate that the relative importance of the variables is 17( 2)*ES HOMO− > 

10( ) *ES HOMO  > 18( 1)*NS LUMO+  > 14
NS >. A VbV analysis shows that a low cytotoxicity is associated with 

high values for 17( 2)*ES HOMO− , 18( 1)*NS LUMO+  and 14
NS ; and with a low value for10( ) *ES HOMO . A 

high value for 17( 2)*ES HOMO−  ( *
17( 2)HOMO−  is a σ or π MO, Table 24) is obtained by shifting upwards 

the MO energy. We suggest that this atom is interacting with an electron-deficient center with at least its two highest 

occupied MOs and that an optimal situation occurs when *
17( 2)HOMO−  is of π nature. A high value for 

18( 1)*NS LUMO+  ( *
18( 1)LUMO+  is a π MO, Table 25) is an indication that atom 18 is interacting with an 

electron-rich center through its two lowest vacant MOs.  A low value for 10( ) *ES HOMO  suggests that this atom is 

interacting with an electron-rich center. 14
NS  will not be discussed due to its high p value (Table 12). Fig. 35 shows 

the associated pharmacophore. 
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Figure 35. Partial 2D pharmacophore from Eq. 8. 
 
Group IB 

Beta values (Table 13) indicate that the relative importance of the variables is 9 ( ) *NS LUMO > 

1Rφ = 19( 2)*F LUMO +  > 15( 2)*F LUMO+ . A VbV analysis shows that a low cytotoxicity is associated with 

high values for 15( 2)*F LUMO+  and with low values for 9 ( ) *NS LUMO , 19( 2)*F LUMO+  and 1Rφ . 

15( 2)*F LUMO+  will not be discussed because of its high p value (Table 13). A low numerical value for 

9 ( )*NS LUMO ( *
9( )LUMO  is of π nature, Table 27) suggests that atom 9 is interacting with an electron-rich 

center. A low value for 19( 2)*F LUMO+  ( *
19( 2)LUMO+  is a π MO, Table 28) can be interpreted by 

suggesting that atom 19 is interacting with an electron-rich center through its first two lowest vacant MOs and that 
*
19( 2)LUMO +  is engaged in a repulsive interaction with a σ MO of the partner. Without forgetting that ring D 

seems to interact with an extra site, a low value for 1Rφ  can be obtained, as we said before, with CH3, C2H5 and 

similar substituents. Fig. 36 shows the associated pharmacophore. 
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Figure 36. Partial 2D pharmacophore from Eq. 9. 
 
 
769-P Cell Line 
Group IB 

Beta values (Table 14) indicate that the relative importance of the variables is 7( 2)*F HOMO− > 

16( ) *F HOMO  > 17( ) *F LUMO > 4 ( 2)*ES HOMO− . A VbV analysis shows that a low cytotoxicity is 

associated with high values for 7( 2)*F HOMO−  and 4 ( 2)*ES HOMO− ; and with low values for 

16( ) *F HOMO   and 17( ) *F LUMO . A high value for 7( 2)*F HOMO−  ( *
7( 2)HOMO−  is a π MO, Table 

26) indicates that atom 17 is interacting with an electron-deficient center through its three lowest vacant MOs. The 

first three highest occupied local MOs of atom 4 are of π nature (Table 26). A high value for 4 ( 2)*ES HOMO−  

strongly suggests that atom 4 is interacting with an electron-deficient center through its three highest occupied MOs. 

A low value for 16( ) *F HOMO  indicates that this atom is interacting with an electron-rich center. The case of 

atom 17, where a low value for 17( )*F LUMO  is required, suggests an interaction with an electron-deficient 

center. Fig. 37 shows the associated pharmacophore. 
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Figure 37. Partial 2D pharmacophore from Eq. 10. 
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A375 Cell Line 
Group IA 
Beta values (Table 15) indicate that the relative importance of the variables is 

17( 2)*ES HOMO− = 10
NS > 14( 1)*F LUMO+  > 16( 2)*F LUMO+ = 6µ . A VbV analysis shows that a low 

cytotoxicity is associated with high values for 17( 2)*ES HOMO−  and 16( 2)*F LUMO+ ; and with low values 

for 10
NS , 6µ  and 14( 1)*F LUMO+ . A high value for 17( 2)*ES HOMO− ( *

17( 2)HOMO−  is a σ MO in most 

molecules, Table 24) suggest that a π MO will help *
17( 1)HOMO−  and *

17( )HOMO , both of π character, to 

interact with an electron-deficient center. It is possible that a σ MO could engage in a repulsive interaction with 
other occupied σ MOs of the partner [110, 111]. Atom 16 is a carbon of a CH2 group and has only σ MOs. A high 

value for 16( 2)*F LUMO+  can be interpreted as an attractive interaction with occupied σ MOs. A low value for 

10
NS  suggests that atom 10 is interacting with an electron-deficient center. 6µ  is the midpoint between the energies 

el the local *
6( )HOMO  and *

6( )LUMO  MOs.  A lower (i.e., a more negative) value for 6µ  can be obtained by 

lowering the *
6( )LUMO  energy. This suggests that atom 6 is interacting with an electron-rich center. A low value 

for 14( 1)*F LUMO+ ( *
14( 1)LUMO+  is a σ MO, Table 24) is interpreted as a repulsive interaction between 

empty σ MOs [110, 111]. Fig. 38 shows the resultant pharmacophore. 
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Figure 38. Partial 2D pharmacophore from Eq. 11. 
 
Group IB 

Beta values (Table 16) indicate that the relative importance of the variables is 1Rφ > 4
NS  

> 18η > 9( 1)*F HOMO− > 14 ( 2)*NS LUMO+ > 16Q . A VbV analysis shows that a low cytotoxicity is associated 

with positive values for 16Q , high values for 9( 1)*F HOMO−  and low values for 4
NS , 1Rφ , 18η  and 

14( 2)*NS LUMO+ . A high value for 9( 1)*F HOMO−  ( *
9( 1)HOMO−  is a π MO, Table 27) suggests that 

atom 9 is interacting with an electron-deficient center through its first two highest occupied MOs. A low value for 

4
NS indicates that atom 4 interacts with an electron-deficient center. A low value for 18η  suggests that atom 18 

interacts with an electron-rich center.  A low value for 14( 2)*NS LUMO+  ( *
14( 2)LUMO+  is a σ MO, Table 27) 
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suggests that atom 14 is engaged in an attractive interaction with occupied σ MOs of the partner. A low value for 

1Rφ suggests that CH3, C2H5 and similar substituents will be suitable for low cytotoxicity. Fig. 39 shows the 

resultant pharmacophore. 
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Figure 39. Partial 2D pharmacophore from Eq. 12. 
 
SK-OV-3 Cell Line 
Group IA 

Beta values (Table 17) indicate that the relative importance of the variables is 21η > 2Rφ   > 22( )*F HOMO . A VbV 

analysis shows that a low cytotoxicity is associated with high values for 2Rφ  and 22( )*F HOMO ; and with low 

values for 21η . A low value for 21η  suggests that this atom is interacting with an electron-rich center. 2Rφ  is a 

purely geometrical index and a high numerical value for it could influence the percentage of molecules having the 

appropriate rotational velocity interval allowing a proper interaction with the site. A low value for 22( ) *F HOMO  

( *
22( )HOMO  is a π MO, Table 25) can be interpreted as the interaction of atom 22 with an electron-rich center. 

Fig. 40 shows the resultant pharmacophore. 
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Figure 40. Partial 2D pharmacophore from Eq. 13. 
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Group IB 

Beta values (Table 18) indicate that the relative importance of the variables is 1Rφ > 18( 1)*ES HOMO−  

> 11
NS > 8Q = 3( 1)*F HOMO− . A VbV analysis shows that a low cytotoxicity is associated with negative values 

for 8Q , high values for 18( 1)*ES HOMO−  and 3( 1)*F HOMO− ; and low values for  11
NS  and 1Rφ . A high 

value for 18( 1)*ES HOMO−  ( *
18( 1)HOMO− is a π MO, Table 28) suggests that atom 18 is interacting with an 

electron-deficient moiety. This is the same case for atom 3. A low value for 11
NS  indicates that atom 11 interacts 

with an electron-rich center. A low value for1Rφ , as said before, suggests that CH3, C2H5 and similar small 

substituents will be suitable for low cytotoxicity. Fig. 41 shows the resultant pharmacophore. 
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Figure 41. Partial 2D pharmacophore from Eq. 14. 
 
Eca-109 Cell Line 
Group IA 

Beta values (Table 19) indicate that the relative importance of the variables is 8( 2)*F LUMO+ > 

16( 1)*F HOMO−  > 10( ) *NS LUMO > 11( ) *F LUMO . A VbV analysis shows that a low cytotoxicity is 

associated with high values for8( 2)*F LUMO+ , 16( 1)*F HOMO−  and 11( ) *F LUMO ; and with low values 

for 10( ) *NS LUMO . A high value for 8( 2)*F LUMO+  ( *
8( 2)LUMO+  is a π MO in almost all molecules, 

Table 22) strongly suggests that atom 8 interacts with an electron-rich center. This interaction seems to occur 

through at least the two lowest vacant MOs. A high value for 16( 1)*F HOMO−  ( *
16( 1)HOMO−  is a σ MO, 

Table 24) suggests an attractive interaction between the first two highest occupied MOs of atom 16 and one or more 

vacant σ MOs. A high value for 11( ) *F LUMO  is associated with the interaction of atom 11 with an electron-rich 

center. A low value for 10( ) *NS LUMO  ( *
10( )LUMO  is a π MO, Table 24) points to an interaction with an 

electron-deficient center. Fig. 42 shows the resultant pharmacophore. 
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Figure 42. Partial 2D pharmacophore from Eq. 15. 
 
BGC-823 Cell Line 
Group IA 

Beta values (Table 20) indicate that the relative importance of the variables is 2Q > 

16( 1)*ES HOMO− > 16( 1)*F LUMO+ > 8η . A VbV analysis shows that a low cytotoxicity is associated with 

positive values for 2Q , high values for 16( 1)*ES HOMO−  and 16( 1)*F LUMO+ ; and with low values for8η . A 

high value for 16( 1)*ES HOMO−  ( *
16( 1)HOMO−  is a σ MO, Table 24) suggests an interaction of the first two 

highest occupied MOs of atom 16 with vacant σ MOs of a moiety. A high value for 16( 1)*F LUMO+  

( *
16( 1)LUMO+  is a σ MO, Table 24) suggests that atom 16 also interacts with a region with occupied σ MOs. We 

have not enough information to affirm that the site is the same for both interactions of atom 16 or that this atom is 

facing two or more CH2 groups. A low value for 8η  is indicative of an interaction of atom 8 with an electron-rich 

center. A positive value for 2Q  suggests that atom 2 is close to a negatively-charged group. Fig. 43 shows the 

resultant pharmacophore. 
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Figure 43. Partial 2D pharmacophore from Eq. 16. 
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Group IB 

Beta values (Table 21) indicate that the relative importance of the variables is 17s = 4Q > 1Rφ  

> 16( ) *F HOMO > 10s . A VbV analysis shows that a low cytotoxicity is associated with high values for 17s  

and 4Q ; and with low values for 1Rφ , 10s  and 16( ) *F HOMO . A positive value for 4Q  indicates that atom 4 is 

facing a negatively-charged center. A high value for 17s indicates that this atom behaves as a good electron acceptor 

and that it is probably facing an electron-rich center. A low value for 1Rφ , as said before, is interpreted asserting that 

CH3 and similar small alkyl substituents are suitable for low cytotoxicity. A low value for 10s  suggests that atom 10 

is interacting with an electron-rich center. Fig. 44 shows the resultant pharmacophore. 
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Figure 44. Partial 2D pharmacophore from Eq. 17. 
 
We stated in a paper that “if good QSAR results are not obtained, at least two possibilities should be considered. The 
first one is a reformulation of the composition of the common skeleton. The second one is related to the fact that 
some molecules could exert their biological action via different mechanisms” [86]. We were not able to obtain 
statistically significant equations for the whole set. After dividing the set into two subsets, each one with its own 
common skeleton, satisfactory results were obtained. Nevertheless for two cases (for group IA against the 769-P cell 
line and for group IB against the Eca-109 cell line) it was impossible to obtain any result. A possible, but not 
necessarily true explanation is that in these cases we face different action mechanisms. The plots of experimental 
versus calculated values (Figs. 6-21) indicate that the hypothesis that the majority of the cytotoxic activity is 
encoded in the two common skeletons considered is reasonable. In several cases, it is highly probable that some 
molecules interact with the site through atoms that are not included in the common skeleton. At the light of the 
above results, is it possible to propose definite atoms as targets for substitution? We think that marking the number 
of times that a given atom appears in the resulting equations can provide a first answer. Figures 44 and 45 show, 
respectively, the results of the procedure. 
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Figure 44. Atoms of group IA that are possible targets for substitution. 
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Figure 45. Atoms of group IA that are possible targets for substitution. 
 
We can see that in the two groups the primary target atoms are not the same. We think that these atoms are possibly 
important targets to study. 
 
Acknowledgements 
This research work was carried out by Mr. Fernando Gatica-Díaz under the supervision of Dr. Juan S. Gómez-Jeria. 
 

REFERENCES 
 

[1] DN Stephens, Anxiolytic [Beta]-carbolines : from molecular biology to the clinic, Springer-Verlag, Berlin ; New 
York, 1993. 
[2] L Antkiewicz-Michaluk; H Rommelspacher, Isoquinolines and beta-carbolines as neurotoxins and 
neuroprotectants : new vistas in Parkinson's disease therapy, Springer, New York, 2012. 
[3] BC Labate, Ayahuasca shamanism in the Amazon and beyond, Oxford University Press, Oxford ; New York, 
2014. 
[4] BC Labate; EJBdN Macrae, Ayahuasca, ritual and religion in Brazil, Equinox, London ; Oakville, Conn., 2010. 
[5] JP Harpignies, Visionary plant consciousness : the Shamanic teachings of the plant world, Park Street Press, 
Rochester, Vt., 2007. 
[6] R Metzner, Sacred vine of spirits : ayahuasca, Park Street Press, Rochester, Vt., 2006. 
[7] R Metzner; JC Callaway, Ayahuasca : hallucinogens, consciousness, and the spirit of nature, Thunder's Mouth 
Press, New York, 1999. 
[8] FC Savariz; MA Foglio; ALT Goes Ruiz; WF da Costa; M de Magalhães Silva, et al.,  Bioorg. Med. Chem., 
2014, 22, 6867-6875. 



Fernando Gatica-Díaz and Juan S. Gómez-Jeria et al              J. Comput. Methods Mol. Des., 2014, 4 (4):79-120  
______________________________________________________________________________ 

118 
Available online at www.scholarsresearchlibrary.com 

[9] S Manda; SI Khan; SK Jain; S Mohammed; BL Tekwani, et al.,  Bioorg. Med. Chem. Lett., 2014, 24, 3247-3250. 
[10] KA Mahmoud; M Krug; T Wersig; I Slynko; C Schächtele, et al.,  Bioorg. Med. Chem. Lett., 2014, 24, 1948-
1951. 
[11] X Han; J Zhang; L Guo; R Cao; Y Li, et al.,  PLoS ONE, 2012, 7, e46546. 
[12] K Huber; L Brault; O Fedorov; C Gasser; P Filippakopoulos, et al.,  J. Med. Chem., 2011, 55, 403-413. 
[13] D Frost; B Meechoovet; T Wang; S Gately; M Giorgetti, et al.,  PLoS ONE, 2011, 6, e19264. 
[14] Z Chen; R Cao; B Shi; L Guo; J Sun, et al.,  Eur. J. Med. Chem., 2011, 46, 5127-5137. 
[15] W Yin; S Majumder; T Clayton; S Petrou; ML VanLinn, et al.,  Bioorg. Med. Chem., 2010, 18, 7548-7564. 
[16] BKS Yeung; B Zou; M Rottmann; SB Lakshminarayana; SH Ang, et al.,  J. Med. Chem., 2010, 53, 5155-5164. 
[17] Y Rook; K-U Schmidtke; F Gaube; D Schepmann; B Wünsch, et al.,  J. Med. Chem., 2010, 53, 3611-3617. 
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