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Abstract: This work deals with a Quantitative Structure-Activity study against Plasmodium falciparum of a series 

of Azetidine-2-carbonitrile derivatives. Using the MLR and MNLR methods from excel and xlstat software, we 

have been able to develop two QSAR models based on molecular descriptors and plasmodial activity. Calculation 

level B3LYP/6-311 G (d, p) was used to determine molecular descriptors. The statistical indicators of the first 

model obtained by the MLR method are: the regression coefficient found was R2 = 0.939 with a standard deviation 

S =0.266, Fischer's coefficient F =82.064, and a cross-validation correlation coefficient 𝑸𝑪𝑽
2  =0.935. The 

parameters of the second model developed by the MNLR method are: the regression coefficient R2: de 0.953, a 

standard deviation S of 0.258, the Fischer's test F of 108.957, and the correlation coefficient of the cross-validation 

𝑸𝑪𝑽
2  =0.951. Moreover, these models have shown some interesting statistical performance. The energy of the 

highest occupied molecular orbital (EHOMO), the dipole moment (µD), and the partition coefficient (log P) are the 

molecular descriptors responsible for the Plasmodium falciparum activity of Azetidine-derivatives 2-carbonitriles. 

Furthermore, the partition coefficient is the primary descriptor for predicting the biological activity of the studied 

compounds. From the findings, Eriksson et al. and the external validation criteria of Tropsha used to implement 

the test are verified and accurate. 
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1. Introduction 
 

Malaria, also known as "swamp fever", is an 

infectious disease caused by a unicellular parasite of 

the genus Plasmodium; it is transmitted by the bite of 

a female mosquito called Anopheles. With 219 

million people ill and 435,000 deaths in 2017, malaria 

remains the most important and deadly parasitic 

disease, affecting children under five years of age and 

pregnant women. 80 % of the cases were recorded in 

15 sub-Saharan African countries and India 1-3. 

Tropical and subtropical regions are today the main 

sources of the infection; unfortunately, in sub-Saharan 

Africa, more than a million lives are lost each year due 

to this infection 4. Surveys have shown that an African 

child loses his or her life every thirty seconds due to  

malaria 4. In Côte d'Ivoire, data from recent studies 

(Multiple Indicator Cluster Survey (MICS), National 

Malaria Control Program (NMCP) 2018 reports) do 

not reveal any particular variations in the distribution 

of plasmodial species found in the country. 

Plasmodium falciparum remains the predominant 

species. It is implicated in more than 95% of cases. 

However, other species are encountered in Côte 

d'Ivoire in less than 5% of cases. These are 

Plasmodium malariae and Plasmodium ovale, and 

more rarely Plasmodium vivax 5. In humans, malaria 

is mainly caused by Plasmodium falciparum 

(preponderant in tropical regions), Plasmodium 

malariae, Plasmodium ovale (rarest species, except in 

West Africa) and Plasmodium vivax (least  
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temperature demanding species). Plasmodium 

falciparum infection is the only potentially fatal 

infection for humans 6. The characteristic symptoms 

in most clinical manifestations of malaria are fevers, 

headache chills, backache, muscle pain, profuse 

sweating, nausea, vomiting, diarrhea, and cough. 

They usually appear within a few weeks after 

mosquito bites. This endemic infection is responsible 

for 1.2 million deaths in children under five years of 

age and 17% of all hospitalizations 7. Indeed, malaria 

is a public health problem because of its high 

prevalence and socioeconomic impact with severe 

consequences 8. Several malaria control strategies 

have been put in place to overcome this deadly 

parasite, such as chemoprophylaxis and vector 

control. The administration of drugs characterizes 

Anti-malarial chemoprophylaxis to target populations 

such as pregnant women. The aim is to prevent them 

from developing a severe form of malaria. However, 

it is now a fact that 20% of deaths in pregnant women 

are caused by to malaria in sub-Saharan Africa 9. The 

skeleton of Azetidin-2-ones has attracted many 

researchers because of its multiple potentialities 

against several diseases. Particularly, Azetidin-2-ones 

have antibacterial properties of cephalosporins and 

penicillin 10,11. The Plasmodium falciparum EC50 

(μM) activity of a series of thirty (30) Azetidine-2-

carbonitrile derivatives were used in our study. 

Quantitative Structure-Activity Relationship analysis 

(QSAR) is one of the best and most widely used 

methods for designing new therapeutic agents 12-14. 

This study quantitatively correlates through a 

mathematical model the structure or properties of 

compounds with their biological activities. It is 

increasingly used to reduce the excessive number of 

experiments, sometimes long and expensive, and drug 

production costs by pharmaceutical companies 15,16. 

QSAR approach has its origins in the studies carried 

out by Hansch 17 and Free and Wilson 18. Models 

relating biological activity to the hydrophobic, 

electronic, and steric properties of molecules were 

established by one of QSAR modeling pioneers. 

Generally, the QSAR model is a function of one-fifth 

(1/5) of the initial database. By implementing 

quantum chemistry methods, this work aims to model 

the observed Plasmodium falciparum EC50 activities. 

The molecular descriptors were calculated only from 

the compounds' chemical structure to predict the 

Plasmodium falciparum activities of the analogous 

molecules subsequently. In the QSAR study's specific 

case, twenty (20) Azetidine-2-carbonitrile derivatives 

were used for the test set, and ten (10) others from the 

same series were used for the external validation test. 

However, statistical methods such as the application-

domain, multiple linear regression (RML), and 

multiple nonlinear regression (RMNL) were 

employed in this work. This investigation's general 

objective is to make a descriptive and predictive study 

of the Plasmodium falciparum activity of a series of 

Azetidine-2-carbonitriles using multivariate statistical 

analyses. 

 

2. Materials and Methods 
 

2.1. Data sources 

Our study's compounds were synthesized and tested 

by Micah Maetani et al. for their Plasmodium 

falciparum 19. The molecular structures of these 

compounds are shown in Figure 1 and Table 1. 

 

 
Figure 1. Molecular structure of the compounds studied 

 

2.2. Molecular descriptors 

Some theoretical descriptors have been determined to 

establish a QSAR model. In particular, the energy of 

the highest occupied molecular orbital (EHOMO), the 

dipole moment(μD) and the partition coefficient      

(log P). The dipole moment (μD) indicates the stabil-

ity of a molecule in water. Thus, a high dipole moment 

will reflect the strength of a molecule in water. The 

Octanol/Water partition coefficient (log P) measures 

the differential solubility in these two immiscible sol-

vents (water and Octanol) 20. It is an important meas-

ure for identifying drug similarity; according to 

Lipinski's rule, oral drugs should have log P values 

greater than or equal to -2 and less than or equal to       

5 21. This quantity is defined by the expression (1). 

log P = log
[Octanol]

[water]
               (1) 

Where Octanol] and [H2O] are the concentrations of 

the solute in Octanol and water. 

In this work, the partition coefficient was determined 

using ChemDraw 22. The energy of the Highest 

Occupied Molecular Orbital (EHOMO) and the dipole 

moment(μD) are obtained in the output file after 

optimization of molecular structures with Gaussian 09 

software. 
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Table 1. Molecular structures and biological activities of the test sets and validation of the compounds used for 

the QSAR model. 

N° R1 R2 R3 
EC50 

(μM) 
N° R1 R2 R3 

EC50 

(μM) 

1 

 

  0.010 16    8.375 

2    0.249 17 

 

  0.005 

3* 

 

  0.083 18* 

 

  0.010 

4 
 

  0.013 19* 

 
  12.630 

5 

 
  0.016 20 

 
  0.139 

6* 

 
  5.640 21 

 
  5.541 

7 
 

  0.427 22 

 
  4.390 

8 

 

  0.020 23 

 

  0.097 

9 

 

  0.016 24 

 
  0.012 

10
* 

 
  0.035 25 

 
  0.039 

11 

 
  0.046 26 

 
  0.016 

12
* 

 
  0.019 27 

 
  0.015 

13 

 

  0.051 28* 

 
  0.041 

14 
 

  0.106 29* 

 
 

 

1.629 

15
* 

 
  0.019 30* 

 
  16.200 

* Validation series 

 

2.3. Methodology 

The thirty (30) molecules used in this study have 

Median Effective Concentrations (EC50) ranging from 

0.005 to 16.200 μM. This biological activity was 

expressed by the potential biological pEC50 23 defined 

by the following equation (2): 

pEC50 = − log10(
EC50

M
∗ 10−3)          (2) 

M is the compound's molecular weight in g/mol, and 

EC50 is the inhibitory concentration in μM. 

The molecular structures were optimized using 

Gaussian 09 24 at the B3LYP/6-311G (d,p) calculation 

level. The statistical methods of Multilinear 
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Regression (RML) and Nonlinear (MNLR) 

implemented in Excel 25 and XLSTAT 26 spreadsheets 

were used for the modeling. 

 

2.4. Statistical Analyses Metrics 

The performance of a model is determined based on 

various statistical criteria, including the coefficient of 

determination R2, the standard deviation S, the 

correlation coefficients of the cross-validation 𝐐𝐂𝐕
2  

and Fischer parameters; F. R2, S, and F is related to 

the fit of the computed and experimental values. They 

describe the predictive capacity within the model's 

limits and estimate the computed values' accuracy 27. 

Below, we present expressions 3 to 6 of the statistical 

indicators used 

R2 =
∑(Yi,pred−Yexp)

2

∑(Yi,exp−Yexp)
2              (3) 

𝐅 =
∑(yi,pred−yi,exp)

2

∑(yi,exp−yi,pred)
2 ∗

n−k−1

k
           (4) 

S = √∑(yi,exp−yi,pred)
2

n−k−1
            (5) 

𝐐𝐂𝐕
𝟐 = 1 −

∑(yi,exp−yi,pred)
2

∑(yi,exp−yexp)
2            (6) 

where: 

yi,exp: The experimental value of Plasmodium 

falciparum activity 

yi,pred: The predicted value of the activity 

y̅i,exp: The mean value (average) of the 

experimental values of activity 

n : is the sample size 

k : is the number of independent variables in 

the regression equation 

As for the cross-validation coefficient 𝐐𝐂𝐕
2 , it provides 

information on the predictive power of the model. 

This predictive power is said to be "internal" because 

it is calculated from the structures used to build the 

model. However, the correlation coefficient R² gives 

an evaluation of the dispersion of the theoretical 

values around the experimental ones. The modeling 

quality is better when the points are close to the fitting 

line 27. 

The performance of a mathematical model, for 

Eriksson et al.[27], is characterized by a value of    

𝐐𝐂𝐕
2  > 0.5 for a satisfactory model when for the 

excellent model, 𝐐𝐂𝐕
2  > 0.9. For these authors, a model 

will be efficient if the acceptance criterion                    

R2- 𝐐𝐂𝐕
2  < 0.3 is respected. In addition, the predictive 

power of a model can be obtained from five criteria of 

Tropsha et al. 28,29. In this case, the model will be 

considered acceptable if at least three of the criteria 

are met. 

 

2.5. Applicability Domain 

The Domain of Applicability (DA) defines the area in 

which a compound can be predicted with confidence. 

It appears necessary, even mandatory, to determine 

the DA of any QSAR model as recommended by the 

Organization for Economic Co-operation and 

Development (OECD) in its five principles for 

developing a QSAR model 30. There are several 

methods for determining the domain, and in this work, 

the leverage method has been used. DA considers the 

variation of the dependent variable's standardized 

residuals with the distance between the values of the 

descriptors and their mean as an essential variance in 

the characterization of the lever 31. The leverage hii of 

a compound the following formula defines me: 

hii = xi(XtX)−1xi
t             (7) 

𝑥𝑖 is the row vector of the descriptors of compound i, 

and X is the matrix built on the values of the model 

descriptors and compounds of the learning set. The 

exponent t refers to the matrix or the transposed 

vector. The ℎ𝑖𝑖  are the diagonal elements of a matrix 

H called hat matrix. H is the projection matrix of the 

experimental values of the explained variable Yexp in 

the space of the predicted values of the explained 

variable 𝑌𝑝𝑟𝑒𝑑 as described below: 

Ypred = HYexp              (8) 

H is defined by the expression (9): 

H = X(XtX)−1Xt              (9) 

The range of applicability is delimited by a threshold 

value of the leverage noted h*. Generally, it is fixed 

at 3
𝑝+1

𝑛
, where n is the number of compounds in the 

learning set, and p is the number of the model 

descriptors 32,33. For standardized residuals, the two 

limit values generally used are ±3σ, with σ being the 

standard deviation of the experimental values of the 

quantity to be explained 34: that is the "three-sigma 

rule" 35. 

 

3. Results and Discussion 
 

The values of the molecular descriptors and the values 

of the biological potentials of the thirty (30) molecules 

studied are displayed in Table 2. After that, the partial 

correlation coefficients aij of the descriptors will also 

be presented in Table 3. 
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Table 2. Molecular descriptors and biological potentials of the test and validation set. 

Compounds EHOMO (u.a) 𝛍𝐃(Debye) Log P pEC50 

Training Set 

1 -0.2291 6.4163 3.2400 7.5927 

2 -0.2267 7.7103 1.9700 6.1506 

4 -0.2246 7.6939 3.2400 7.4787 

5 -0.2233 7.8824 3.0800 7.3681 

7 -0.2304 6.3581 2.1700 5.9430 

8 -0.2308 6.1271 3.6400 7.3095 

9 -0.2207 8.2133 2.9600 7.4017 

11 -0.2504 7.9039 3.8100 6.9344 

13 -0.2416 8.7511 2.9800 6.8576 

14 -0.2382 7.7888 2.9800 6.5399 

16 -0.2539 7.8796 1.1400 4.5137 

17 -0.2322 7.4666 4.3500 7.9460 

20 -0.2182 7.9527 2.4900 6.4474 

21 -0.2516 7.8669 1.4800 4.8010 

22 -0.2531 6.3246 1.5200 4.9885 

23 -0.2504 7.6185 3.7400 6.6338 

24 -0.2472 6.0748 3.7400 7.5414 

25 -0.2508 7.8116 3.7400 7.0295 

26 -0.2600 9.5610 4.6600 7.4820 

27 -0.2189 9.1339 2.6900 7.4210 

Validation Set 

3 -0.2261 6.9282 3.2400 6.6736 

6 -0.2313 5.8893 1.7500 4.8221 

10 -0.2221 8.9437 3.4900 7.0508 

12 -0.2358 7.9748 2.8200 7.2646 

15 -0.2413 7.5297 2.9800 7.2864 

18 -0.2243 9.4994 2.8200 7.6186 

19 -0.2083 7.1288 2.4100 4.4879 

28 -0.2251 8.3340 3.5500 6.9777 

29 -0.2206 5.2004 3.0300 5.4159 

30 -0.2218 5.2203 2.8100 4.3884 

 

Table 3. Pearson correlation matrix. 

 EHOMO 𝛍𝐃 Log P 

EHOMO 1.00   

𝛍𝐃 0.11 1.00  

Log P 0.07 0.20 1.00 

 

 

 

 



Mediterr.J.Chem., 2021, 11(2)     J. S. N’DRI et al.              167 

 

 

The analysis of the bivariate data of the descriptors 

studied, i.e., calculating the partial correlation 

coefficient between each of the descriptors' pairs, is 

less than 0.70 (aij <0.70), which translates that these 

different descriptors are independent of each other 27. 

 

3.1. Multiple Linear Regressions (MLR) 
The proportionality effect of the evolution between 

biological activity and this regression equation 

parameter is reflected by the negative or positive sign 

of the coefficient of a descriptor of the model 

translated. Thus, the negative sign indicates that when 

the descriptor's value is high, the biological activity 

decreases while the positive sign reflects the opposite 

effect. The regression equation for the best QSAR 

model and the statistical indicators as described 

below: 

Model 1: pEC50 = 11.842 + 33.224 × EHOMO +
0.008 × μD + 0.908 × log P 

N = 20  𝑅2  = 0.939 QCV
2 = 0.935 S = 0.266

 F = 82.064 > Fcr = 3.24 𝑅2 − QCV
2 = 0.004 

The positive signs of the coefficients of dipole 

moment, highest occupied molecular orbital energy, 

and partition coefficient indicate that the Plasmodium 

falciparum activity will be enhanced to higher values 

of these descriptors. The high values of the 

coefficients of determination (R2) and cross-

validation (𝑸𝑪𝑽
2 ) respectively of 0.939 and 0.935 attest 

to the robustness of model 1. Moreover, this model is 

permissible because the value of 𝑹2 − 𝑸𝑪𝑽
2  is less than 

0.3. The Tropsha criteria check for the external 

validation set is presented in Table 4. 

 

Table 4. Analysis of the Tropsha criteria of the external validation set of model 1. 

Statistical parameters Tropsha criteria [28,29] Model 1 

𝑹𝟐 > 0.7 0.937 

𝑸𝑪𝑽
𝟐  > 0.6 0.933 

|𝑹𝟐 − 𝑹𝟎
𝟐| ≤ 0.3 0.00 

|𝑹𝟐 − 𝑹𝟎
𝟐|

𝑹𝟐
 < 0.1 0.00 

𝒌 0.85 ≤ 𝑘 ≤ 1.15 1.00 

|𝑹𝟐 − 𝑹𝟎
′𝟐|

𝑹𝟐
 < 0.1 0.00 

𝒌′ 0.85 ≤ 𝑘′ ≤ 1.15 0.998 

 

The Tropsha criteria are verified through the external 

validation set with model 1. Therefore this model is 

acceptable for predicting the Plasmodium falciparum 

activity of the series of Azetidine-2-carbonitrile 

derivatives studied. In addition, the external 

validation criterion according to Roy et al. 36 has been 

verified; the values of the various parameters are 

listed in Table 5. 

 

Table 5. Verifications of the Roy criteria of the external validation set by Model 1. 

Indicators 𝒓𝒎
𝟐  𝒓′𝒎

𝟐  𝒓𝒎
𝟐̅̅ ̅̅ =

(𝒓𝒎
𝟐 + 𝒓′𝒎

𝟐 )

𝟐
 ∆𝒓𝒎

𝟐 = |𝒓𝒎
𝟐 − 𝒓′𝒎

𝟐 | 

Values 1.000 0.9368 0.9368 0.063 

 

 

Figure 2. Model 1 regression line 
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The linear regression curve shows that the values of 

the predicted activities are close to the experimental 

ones. The similarity curve (Figure 3) allows a better 

understanding of the slight difference between the 

observed and predicted values. 

 

 
Figure 3. Similarity curve of model 1 

 

Figure 4 below presents a circular diagram illustrating the three (3) descriptors (EHOMO, μ D, log P) of our model. 

 

 

Figure 4. Contribution of the different constituents in Model 1 

 

The partition coefficient has a significant contribution 

relative to the energy of the highest occupied 

molecular orbital or dipole moment. Thus, the 

partition coefficient is the predominant 

physicochemical descriptor in predicting the 

Plasmodium falciparum strain of the Azetidine-2-

carbonitrile derivatives studied. 

 

3.2. Multiple Non-Linear Regression (MNLR) 

Multiple Non-Linear Regression MNLR is a non-

linear method (exponential, logarithmic, polynomial) 

that allows the mathematical model's determination 

that best explains the variability of a given property or 

activity a function of molecular descriptors. To verify 

the descriptors' efficiency and relevance, we propose 

to use another statistical method, in this case, a 

polynomial model of power 2. Model 2 was 

established from the same test set used for the MLR 

based on the following formula: 

Model 2 : 

 pEC50 = −0.442 − 112.754 × EHOMO − 1.593 ×
μD + 1.341 × log P − 300.732 × (EHOMO)2 +
0.108 × (μD)2 − 0.084 × (log P)2 

N = 20  𝑅2  = 0.953 QCV
2 = 0.951 S = 0.258    

F = 108.957 > Fcr = 3.24 

𝑅2 − QCV
2 = 0.002 

This model has high values of the R2 correlation 

coefficient and the cross-validation correlation 

coefficient 𝑸𝑪𝑽
2   which are respectively 0.953 and 

0.951. Moreover, the result found;                                 

𝑅2 − QCV
2 = 0.002 < 0.3 Model 2 is therefore 

reliable and acceptable. The regression line of      

model 2 is represented by Figure 5.
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Figure 5. Regression line of Model 2 

 

The regression curve analysis of model 2 shows that 

all the values of the first twenty-one (21) compounds 

are almost identical. Whereas, for the values of the 

remaining nine (9) compounds (between 21-30), there 

is a slight discrepancy between the predicted and 

experimental values (Figure 6). 

 

 

Figure 6. Model 2 similarity curve 

 

3.3 Applicability area 

Model 1 cannot be used to predict the biological 

activity of all molecules. It is, therefore, necessary to 

define an area in which the formulas can be used. 

Figure 7 shows the range of applicability of the 

models using the Leverage method. 

 

Figure 7. William's Plot of the MLR and MNLR Models 
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The graph shows that for all molecules of the test set 

and descriptors of the MLR and MNLR models, the 

limit value of the lever h* is 0.6. The maximum values 

of the standardized residues are ±2 according to the 

"three-sigma rule". These different values delimit the 

range of applicability of the models, as shown in the 

graph in Figure 7. All molecules have some            

values h < h*. Compounds that will fall within this 

range will have a reliable and predictable biological 

activity. 

 

4. Conclusion 
 

The highest occupied molecular orbital energy 

(EHOMO), the dipole moment (µD), and the partition 

coefficient (log P) allowed us to predict the 

Plasmodium falciparum activity of the Azetidine-2-

carbonitrile derivatives studied. In the final step of our 

study, we found out some. At the end of our work, we 

observe an excellent correlation between the predicted 

and experimental values of the effective potential of 

the median concentration pEC50. Two QSAR models 

were obtained from the MLR and MNLR methods; 

these proposed models have revealed that the partition 

coefficient is the primary descriptor for improving 

Plasmodium falciparum activity. This work's 

outcomes are promising and represent an accurate 

compass for designing new and highly effective 

molecules of the Azetidine-2-carbonitrile family 

against Plasmodium falciparum. The significance of 

these models was verified using a test set of ten 

molecules. These results are very encouraging and 

promising, as they could serve as a solid basis for 

understanding the quantitative relationship between 

the physicochemical descriptors of the molecular 

structure of Azetidine-2-carbonitriles and the 

Plasmodium falciparum strain. Although the set 

objectives have been achieved for the rest of this 

work, we plan to use the two QSAR models 

constructed to screen available Azetidine-2-

carbonitrile derivatives libraries to discover those 

which possess Plasmodium falciparum activities. 
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