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ABSTRACT 
 
A study of the relationships between electronic structure and trypanocidal activities of a series of thiosemicarbazone 
derivatives on Trypanosoma brucei brucei was carried out. With the log (IC50) of the biological activity and the 
variation of the values of set of twenty local atomic reactivity indices belonging to common skeleton, we obtain one 
statistically significant equation (R= 0.98, R²= 0.96, adj-R²= 0.93, F(7,12)=39.20 (p<0.00000), SD= 0.12). Based 
on the analysis of the results, a partial two-dimensional trypanocidal pharmacophore was built.    
 
Keywords: Trypanosoma brucei brucei, thiosemicarbazone derivatives, QSAR, pharmacophore, DFT, QSAR. 
_____________________________________________________________________________________________ 
 

INTRODUCTION 
 

African trypanosomes are flagellated protozoa living extracellulary in blood and tissues of the mammalian hosts and 
are transmitted by the bite of tsetse flies (Glossina spp)[1, 2]. It is a protozoan parasite that affects humans as well as 
animals [3] and is responsible for sleeping sickness. While Trypanosoma brucei brucei decimates livestock, 
Trypanosoma brucei gambiense and Trypanosoma brucei rhodesiensespecies are responsible for human African 
trypanosomiasis. In 2009, after continued control efforts, the number of cases reported dropped below 10,000 (9878) 
for the first time in 50 years. This decline in number of cases has continued with 6314 new cases reported in 2012. 
However, the estimated number of actual cases is about 20,000 and the estimated population at risk is 65 million 
people[4].These diseases represent a major public health problem in region of the world least able to deal with the 
associated economic burden. With no immediate prospect of vaccines, and no satisfactory drug treatments, the 
requirement for new therapies is a priority. However, drug discovery is high risk and expensive, and the 
development of agents designed specifically to target trypanosomal diseases is not perceived to be commercially 
attractive [5]. In fact, among these drugs, few of them are available for chemotherapy and most are outdated and 
difficult to administer [2, 6].Drugs used for the treatment of human African trypanosomiasis we have 
Suramin,Pentamidine, Melarsoprol and Eflornithine. Each of these drugs presentsone or some problems such as 
ineffective against early stage, ineffective against late stage, toxic, resistance observed in field [5]. A recent study 
shows that thiosemicarbazones have antibacterial [7, 8], antimicrobial [9], antiviral [10], antitumor[11-13] and 
antifungal [14] activities. Furthermore, some works show that they possess trypanocidal activities[1-3, 15, 
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16].Thiosemicarbazones are DNA replication and protease inhibitors [3], particularly cysteine protease inhibitors[1, 
14, 17, 18]. This inhibitory activity justifies the study of the trypanocidal activity because cysteine protease 
inhibitors have been shown to kill African trypanosoma in vitro and in animal models of disease[19, 20]. In this 
paper we present the results of a quantum-chemical study of the relationships between electronic structure and 
trypanocidal activities against Trypanosoma brucei brucei of a series of thiosemicarbazone derivatives. 
 

METHODS AND CALCULATIONS 
 

The model. 
As the methodology employed here to find relationships between electronic structure and inhibition constants has 
been extensively discussed and applied in several papers, we present here a short standard summary[21-28]. The 
inhibition constant, IC50 can be expressed as a linear relationship of the form: 
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where Qj is the net charge of atom j, EjS and N
jS are, respectively, the total atomic electrophilic and nucleophilic 

superdelocalizabilities of Fukui et al., Fj,m(Fj,m’) is Fukui index of the occupied  (vacant) MO m(m’) located on atom 

j[29]. )m(SE
j is the atomic electrophilic superdelocalizability of MO m on atom j, etc. The total atomic 

electrophilic superdelocalizability of atom j corresponds to the sum over occupied MOs of the )m(SE
j ’s and the 

total atomic nucleophilic superdelocalizability of atom j is the sum over vacant MOs of ( ')N
jS m ’s[29]. jµ is the 

local atomic electronic chemical potential of atom j, jη is the local atomic hardness of atom j, jω is the local atomic 

electrophilicity of atom j, jς is the local atomic softness of atom j, and max
jQ is the maximum amount of electronic 

charge that atom j may accept from another site[26, 27]. kΟ ’s are the orientational parameters of the 

substituents[30-32]. Throughout this paper HOMOj
* refers to the highest occupied molecular orbital localized on 

atom j and LUMOj
* to the lowest empty MO localized on atom j. They are called the local atomic frontier MOs. The 

application of this method (Eq. 1) has given exceptional results for a great diversity of drug-receptor systems 
(see[33-44] and references therein). 
 
Selection of the experimental data. 
Molecules were selected from a set reported in Ref. [3]. The molecules are shown in Fig.1 and Table 1. The 
experimental data employed in this study are the trypanocidal activity on Trypanosome brucei brucei, IC50.The test 
is performed on the bloodstream form of the strain 427 of Trypanosoma brucei brucei by the Lilit Alamar Blue 
method [3]. 
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Figure 1: Structure of thiosemicabazones 
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Table 1. Selected molecules and their trypanocidal activities 
 

Mol. R1 R2 R3 R4 R5 log(IC50) (µM) 
1 Me H H H H 2.33 
2 Me H H OMe H 1.96 
3 Me Cl H H H 2.30 
4 Me H H Cl H 1.04 
5 Me H H H Br 1.85 
6 Me H H Br H 1.43 
7 Me H * * H 0.98 
8 H H H H H 2.65 
9 H Cl H H H 2.34 
10 H H Cl H H 2.21 
11 H H H Cl H 1.92 
12 H H H OMe H 2.41 
13 CH2Me H H OMe H 2.12 
14 H H H Me H 2.09 
15 H Me H H H 2.35 
16 H OH H H H 2.23 
 17 H H OMe OH H 2.47 
18 H OH H H Cl 1.66 
19 H H Br H H 2.13 
20 Phe H H H H 1.83 

 
Calculations 
The electronic structure of the molecules was obtained within the Density Functional Theory (DFT) at B3LYP/6-
31G(d,p) level with full geometry optimization. The Gaussian suite of programs was employed[45]. 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[46, 47].All electron populations smaller than or equal to 0.01e were considered as zero. Orientational 
parameters of the substituents were calculated as accustomed[31, 32]. We employed the common skeleton 
(CS)hypothesis stating that there is a particular set of atoms, common to all molecules, which accounts for nearly all 
the biological activity. The variation of the values of a set of local atomic reactivity indices of a group ofatoms 
belonging to this CS should give an account of the variation of the trypanocidal activity throughout the series 
analyzed. We made use of Linear Multiple Regression Analysis (LMRA) techniques to determine which atoms and 
reactivity indices are directly involved in the variation of the biological activity. We built a matrix containing the 
dependent variable (log (IC50)), and the local atomic reactivity indices of all atoms of the common skeleton as 
independent variables. The Statistica software was used for LMRA[48]. The common skeleton numbering is shown 
in Fig. 2. 
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Figure 2: Common skeleton numbering 

 
RESULTS 

 
The LMRA with all molecules gives the following statistically significant equation: 

*

* *

5log(IC )=-8.89-2.52F (HOMO) +0.41µ -10.25s -1.93ω -0.59η50 2 4 4 9

-0.43F (LUMO+1) -0.66F (HOMO-1)10 1

       (2)

 
 
with n=20, R= 0.98, R²= 0.96, adj-R²= 0.93, F(7,12)=39.20 (p<0.00000) and a standard error of estimate of 0.12. No 
outliers were detected and no residuals fall outside the ±2σ limits. Here F2(HOMO)* is the electron population 
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(Fukui index) of the highest occupied MO localized on atom 2, µ4 is the localatomic electronic chemical potential of 

atom 4, 5s  is the local atomic softness of atom 5, ω4 is the local atomic electrophilicity of atom 4, η9 is the local 

atomic hardness of atom 9, F10(LUMO+1)* is the Fukui index of the second lowest vacant MO localized on atom 10 
and F1(HOMO-1)* is the Fukui index of the second  highest occupied MO localized on atom 1.  
 
Table 2 shows the beta coefficients and the t-test results for the significance of coefficients of equation 2. 
Concerning independent variables, Table 3 shows that the highest internal correlation is r2(η9,F2(HOMO)*)=0.39. In 
π conjugated systems it is normal to find a certain degree of correlation between some “independent” variables. Fig. 
3 shows the plot of observed vales vs. calculated values of log(IC50). The associated statistical parameters of Eq.2 
shows that this equation is statistically significant, explaining about 93% of the variation of the biological activity. 
 

Table 2: Beta coefficients and t-test for significance of coefficients in equation 2 
 

Variable Beta coefficients t(12) p-Value 
F2(HOMO)* -0.45 -4.89 0.000373 

µ4 0.37 4.69 0.000525 

5s  -0.68 -7.91 0.000004 

ω4 -0.75 -7.36 0.000009 
η9 -0.81 -6.17 0.000048 

F10(LUMO+1)* -0.35 -4.11 0.001452 
F1(HOMO-1)* -0.27 -3.86 0.002249 
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Figure 3: Plot of predicted vs. observed log(IC50) values.  Dashed lines denote the 95% confidence interval 

 
Table 3: Squared correlation coefficients for the variables appearing in equation 2 

 
 F2(HOMO)* µ4 ς5 ω4 η9 F10(LUMO+1)* 
µ4 0.04 1.00     
ς5 0.08 0.006 1.00    
ω4 0.10 0.30 0.17 1.00   
η9 0.39 0.32 0.001 0.30 1.00  

F10(LUMO+1)* 0.18 0.05 0.08 0.003 0.34 1.00 
F1(HOMO-1)* 0.002 0.0004 0.05 0.01 0.00001 0.06 
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Table 4 shows the local molecular orbital structure of some atoms appearing in Eq. 2. 
 

Table 4: Local Molecular orbitals of atom 1, 2 and 10 
 

Molecule Atom 1 (C) Atom 2 (C) Atom 10 (C) 
1 (51) 47π48π49π-52π53π54π 46π48π49π-52π53π54π 49π50σ51σ-52σ54π55π 
2 (59) 56π57π59π-61π62π63π 56π57π59π-60π61π62π 57π58σ59σ-60π61π62π 
3 (59) 54π55π56π-60π61π63π 55π56π57π-60π61π62π 57π58σ59σ-60σ61π62π 
4 (59) 54π55π56π-60π61π62π 54π56π57π-60π61π62π 57π58σ59σ-60σ62π63π 
5 (68) 64π65π66π-69π70π71π 65π66π67π-69π70π71π 66π67σ68σ-69σ71π72π 
6 (68) 64π65π66π-69π70π71π 63π65π66π-69π70π71π 66π67σ68σ-69σ71π72π 
7 (64) 58π59π60π-65π66π67π 58π59π60π-65π66π67π 62π63σ64σ-65σ66π67π 
8 (47) 42π43π45π-48π49π51π 44π45π46π-48π49π51π 45π46σ47σ-48σ49π50π 
9 (55) 51π52π53π-56π57π58π 52π53π54π-56π57π58π 53π54σ55σ-56σ58π59π 
10 (55) 50π52π53π-56π57π59π 52π53π54π-56π57π58π 53π54σ55σ-56σ58π59σ 
11 (55) 51π52π53π-56π57π59π  52π53π54π-56π57π58π 53π54σ55σ-56σ58π60σ 
12 (55) 53π54π55π-57π58π59π 53π54π55π-56π57π58π 53π54σ55σ-56π58π59π 
13 (63) 59π60π61π-65π67π68π 60π61π62π-64π65π66π 61π62σ63σ-64σ66π67σ 
14 (51) 47π48π49π-52π53π54π 47π49π50π-52π53π54π 49π50σ51σ-52π54π55π 
15 (51) 47π48π49π-52π53π54π  48π49π50π-52π53π54π 49π50σ51σ-52π54π55π 
16 (51) 46π47π49π-52π53π54π 49π50π51π-52π53π54π 48π50σ51σ-52π54π55π 
17 (59) 56π57π58π-60π61π62π 57π58π59π-60π61π62π 57π58σ59σ-60π62π63π 
18 (59) 55π56π57π-60π61π62π 57π58π59π-60π61π62π 56π58σ59σ-60π62π63π 
19 (64) 59π61π62π-65π66π67π 61π62π63π-65π66π67π 62π63σ64σ-65σ67π68π 
20 (67) 63π64π65π-69π70π71π  63π64π65π-68π69π70π 65π66σ67σ-68σ72π73σ 

 
DISCUSSION 

 
Our results indicate that for these molecules the variation of the trypanocidal activity on trypanosomabrucei brucei 
is related to the variation of the numerical values of a set of seven local atomic reactivity indices belonging to the 
common skeleton. This result is very good considering the approximations made to build the model. The Beta values 

(Table 2) show that the importance of the variables is η9> ω4 > 5s > F2(HOMO)*> µ4~ F10(LUMO+1)* >F1(HOMO-

1)* (Table 2). These results are in agreement with the results of the t-test (Table 2).  The process is orbital-controlled 
as expected in very specific ligand-site(s) interaction(s). A variable-by-variable analysis indicates that a good 

trypanocidal activity is associated with high numerical valuesforF2(HOMO)*, 5s , ω4, η9, F10(LUMO+1)* and 

F1(HOMO-1)*. This is so because all these variables have positive numerical values and are accompanied by a 
minus sign in Eq.2. µ4 has negative values but it has a plus sign accompanying it. Therefore a good trypanocidal 
activity is associated with a very negative value for this index. First, we shall analyze the MO-independent local 
atomic reactivity indices. Atom 9 is a nitrogen one (Fig. 2). A high value for η9 indicates that the HOMO*-LUMO* 
energy distance is large. Therefore atom 9 seems to resist exchanging electrons with the surroundings. This, in turn, 
allows suggesting that atom 9 is possibly situated close to a hydrophobic moiety (an alkyl chain for example).Atom 
4 is a carbon atom of the phenyl moiety (Fig. 2). ω4 is the local atomic electrophilicity of atom 4. The condition of a 
high value for ω4 indicates that this atom is interacting with an electron-rich center. This is in perfect agreement for 
the requirement of a highly negative value for µ4 because if the associated HOMO4* eigenvalue is shifted 
downwards in the energy axis, then this atom is more prone to receive electrons. Atom 5 is carbon atom of the 
phenyl moiety (Fig. 2). s5 is defined as the inverse of the (HOMO)5

*-(LUMO)5* energy gap. Therefore, a high value 

for 5s  suggests that atom 5 is interacting with an electron-deficient center. This interaction can be of the π-cation or 

π-π kinds. Now, we shall analyze the MO-dependent atomic reactivity indices. Atom 1 is a carbon of the phenyl 
moiety (Fig. 2). (HOMO-1)1* and (HOMO)1* are MOs of π nature (Table 4). Fig. 4 shows the case of molecule 1.  
The fact that (HOMO-1)1* appears in the equation indicates that (HOMO)1* is also participating. Therefore a high 
value for F1(HOMO-1)* suggests that the two highest occupied local MOs are interacting with an electron-deficient 
center, such as a cation or an aromatic moiety (a π-π interaction).Atom 2 is a carbon atom of the phenyl moiety (Fig. 
2). (HOMO)2* is a π MO (Table 4), the example for molecule 2 is showed in figure 5. A high value for F2(HOMO)* 
indicates that atom 2 is interacting with an electron-deficient center such as part of an aromatic moiety or a cation. 
Atom 10 is a carbon atom (Fig. 2).  (LUMO)10* is a σ MO in almost all molecules and (LUMO+1)10* is a π MO in 
all them (Table 4). Fig. 6 shows the case of molecule 3. A high value for F10(LUMO+1)* suggests that 
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(LUMO+1)10* is interacting with a site rich in electrons. Considering that (LUMO)10* also participates in the 
process, it could be interacting with another site containing occupied sigma MOs such as methylene groups. 

 
 

 

 
 

Figure 4: Left: Local (HOMO-1)* of atom 1 in molecule 1 (corresponding to the molecule’s (HOMO-3)). Right: Local (HOMO)* of atom 
1 in molecule 1 (corresponding to the molecule’s (HOMO-2)) 

 

 
 

Figure 5: Local (HOMO)* of atom 2 in molecule 2 corresponding to the molecule’s HOMO 
 
 

 

 

Figure 6: Left: Local (LUMO)* of atom 10 in molecule 3 (corresponding molecule’s (LUMO)). Right: Local (LUMO+1)* of atom 10 in 
molecule 3 (corresponding molecule’s (LUMO+1)) 
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This analysis allows us to propose the following 2D pharmacophore for the trypanocidal activity of 
thiosemicarbazone derivatives on Trypanosome brucei-brucei. 
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Figure 7: Proposed 2D pharmacophore for the trypanocidal activity of thiosemicarbazone derivatives on trypanosome brucei-brucei 
 

CONCLUSION 
 

We have obtained statistically significant results relating the variation of a definite set of local atomic reactivity 
indices to the variation of trypanocide activity on Trypanosoma brucei brucei for a series of thiosemicarbazone 
derivatives. The whole process seems to be orbital-controlled[49]. The results should be useful to propose new 
molecules which higher trypanocide activity.  
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