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Abstract 
Malaria remains a public health problem requiring pharmacological innovation in antimalarial drugs. Therefore, their study is of great interest in providing a rapid and less costly route to the development of new, more effective antimalarial drugs. The molecular dipole moment and stability parameters were calculated using DFT/B3LYP/6-31+G (d, p) theory to assess the solubility and chemical stability of nine antimalarial pharmacophores. Lipinski's parameters and the Topological Polar Surface Area (TPSA) were also calculated to evaluate their therapeutic quality. The results obtained reveal that all these pharmacophores are of interesting therapeutic quality. The fat-soluble ones (P-4A1, P-Al2, P-Al3, P-Ar4, P-Hy9) are for prevention, while the ones that are soluble in blood plasma (P-Bi5, P-8A6, P-Fa7, P-Fo8) are for treatment. The higher TPSA value of P-Bi5 (97.78 Ǻ2) predicts that it will remain in the environment for a long time. P-Bi5 (Proguanil, Chloroproguanil) is identified as more promising for curative treatments and P-Hy9 (Atovoquone) for preventive treatments. These results are of great scientific importance in the context of combining antimalarial drugs in the fight against malaria by exploring a possible combination of Proguanil and Atovoquone to circumvent the side effects of Chloroproguanil.	Comment by user: Recast the abstract by including figures of the results obtained	Comment by user: Add ‘ed’
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1. Introduction
Despite the focus of all countries around the world on the COVID-19 pandemic, malaria remains a public health problem, particularly in Côte d'Ivoire. Studies conducted on this scourge have shown its health and socio-economic consequences [1]. Aware of these proven impacts, governments are devoting more resources to completely eradicating this scourge through various projects [2]. These projects include preventive and curative approaches [3]. The latter approach has led to the synthesis of several antimalarial drugs marketed in Côte d'Ivoire and around the world [4]. Unfortunately, malaria pathogens are becoming increasingly resistant to these drugs, rendering them ineffective in combating the disease [4]. In response to the resistance of these agents, particularly the pathogen (P. falciparum) and its variants to antimalarial molecules, the World Health Organization (WHO) recommends combinations of antimalarial drugs [5]. These combinations are based on the combination of antimalarial therapeutic qualities to effectively combat malaria [5]. Some combinations are fixed. Others, however, are flexible, always combining an artemisinin derivative [5]. Despite the relative effectiveness of these combination therapies, malaria pathogens remain resistant to these drugs [6]. Therefore, research into new drugs is necessary to curb this scourge. However, drug research is subject to financial and time constraints [7]. This makes it difficult to acquire new, more promising drugs for effective malaria control [7]. In response to this situation, the scientific community has focused its research on faster and less costly ways to develop new, more effective drugs [8]. One of the most promising avenues is the study of pharmacophores [8]. A pharmacophore is an essential molecular fragment (presence of charges, hydrogen bond donors and acceptors, hydrophobic group) that ensures the biological activity of a molecule. Studies have shown that the biological activity of a drug is linked to its pharmacophore [9]. Each drug contains a set of important functional groups called pharmacophores [10]. Their presence is therefore essential for the molecule to be active. The efficacy of a drug is therefore linked to its pharmacophore [11]. Molecular modeling and/or screening based on pharmacophore similarities have proven to be essential methods in the discovery of new, more effective molecules [12]. In response to the quest for a cure for malaria, a theoretical comparative study of the pharmacophores of several commercial antimalarial molecules based on molecular modeling is spearheading a vast and very promising field of research. The overall objective of this work is to propose the most promising pharmacophores based on a theoretical comparative study. Specifically, this involves i) assessing the chemical stability and solubility of the pharmacophores under study, ii) determining the therapeutic quality of these pharmacophores, iii) identifying the typology and classification of the targeted pharmacophores, and iv) identifying promising pharmacophores.	Comment by user: Take this to a new paragraph

2. Materials and methods 
In this study, seventeen antimalarial molecules were selected from eight classes of treatments available on the Ivorian pharmaceutical market. The different molecular chemical structures were identified and the repetitive fragment in each class was highlighted. These repetitive fragments constitute the pharmacophores [13,14] of these molecules. The structures of the antimalarial molecules and those of the nine (09) pharmacophore fragments are listed in Table I. For each class of treatment, a code is assigned to the pharmacophore. 
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[bookmark: _Toc63583954]Table I: Chemical structures of antimalarial molecules and pharmacophores 
	Class
	Name of the drug
	Structure of the antimalarial molecule
	Pharmacophore structure
	Code

	4-Aminoquinoléines
	Chloroquine
	

	

	P-4A1

	
	Amodiaquine
	

	
	

	
	Hydroxychloroquine
	

	
	




	Class
	Name of the drug
	Structure of the antimalarial molecule
	Pharmacophore structure
	Code

	Amino-alcool
	Quinine
	

	


	
P-Al2

	
	Mefloquine
	

	
	

	
	Halofantrine
	

	




	



P-Al3

	
	Lumefantrine
	

	
	




	Class
	Name of the drug
	Structure of the antimalarial molecule
	Pharmacophore structure
	Code

	Artemisinin derivatives
	Artemether
	

	











	







P-Ar4

	
	Artenusate
	

	
	

	
	Artemisinine
	

	
	



	Class
	Name of the drug
	Structure of the antimalarial molecule
	Pharmacophore structure
	Code

	Biguanides
	Proguanil
	

	


	



P-Bi5

	
	Chlorproguanil
	

	
	

	8-Aminoquinoléines
	Primaquine
	

	





	






P-8A6

	
	Tefénoquine
	

	
	



	Class
	Name of the drug
	Structure of the antimalarial molecule
	Pharmacophore structure
	Code

	Sulfonamides
	Sulfadoxine
	

	

	


P-Fa7

	
	Sulfametopyrazine
	

	
	

	Sulfone
	Dapsone
	

	


	

P-Fo8

	Hydroxynaptoquinones
	Atovoquone
	

	

	

P-Hy9





Gaussian09 software with its GaussView graphical interface was used for calculating physicochemical parameters and visualizing chemical structures. The molecular dipole moment and global reactivity parameters (∆E, χ, µ, ղ, S, ⍵) were determined at the B3LYP/6-31+G (d, p) theory level, taking into account the effect of solvation in water using the IEFPCM model [15,16]. Pharmacokinetic and ADME properties were calculated using the online software Molinspiration and Swissadme. All of the parameters determined make it possible to assess not only the chemical stability but also the solubility and bioavailability of the molecules studied in the biological environment. All of this contributes to predicting the therapeutic quality of the identified pharmacophores [17]. In addition, Principal Component Analysis (PCA) and Ascending Hierarchical Classification (AHC) statistical treatments are performed using XLSTAT 2016 software. These different analyses help to determine the typology of pharmacophores and then classify them by similarity.	Comment by user: Separate this	Comment by user: Replace with small v	Comment by user: Replace with made	Comment by user: Replace with were	Comment by user: Add ed

3. Results and discussion
3.1. Study of ADMET and pharmacokinetic properties of pharmacophores	Comment by user: Why is this italized and other subheadings are not. Make all uniform 
The pharmacokinetic and ADMET properties of the different pharmacophores determined using the online software Molinspiration and Swissadme are shown in Table II.
Table II: Pharmacokinetic descriptors and ADMET pharmacophores 
	Descriptors
	MW
	HBA
	LogP
	HBD
	TPSA

	P-4A1
	144.17
	1
	1.19
	1
	38.91

	P-Al2
	159.18
	2
	1.22
	1
	33.12

	P-Al3
	187.32
	2
	2.2
	1
	23.47

	P-Ar4
	256.32
	4
	1.71
	2
	36.94

	P-Bi5
	149.19
	2
	-0.15
	5
	97.78

	P-8A6
	102.18
	2
	-0.23
	2
	52.04

	P-Fa7
	81.1
	2
	-0.23
	2
	60.16

	P-Fo8
	66.08
	2
	-0.23
	2
	34.14

	P-Hy9
	158.15
	2
	0.91
	0
	34.14


MW: Molecular Weight; HBA: Hydrogen Bond Acceptor; LogP: Partition Coefficient; HBD: Hydrogen Bond Donor; TPSA: Topological Polar Surface Area


Analysis of the descriptor values in this table indicates that all pharmacophores comply with Lipinski's rule in terms of molecular weight (MW), lipophilicity (LogP), number of hydrogen bond donors (HBD), and number of hydrogen bond acceptors (HBA) [17]. Consequently, all of the antimalarial pharmacophores studied are of better therapeutic quality [17].
However, two main groups emerge. Pharmacophores (P-Bi5, P-8A6, P-Fa7, and P-Fo8) have negative LogP values. They are therefore hydrophilic and soluble in blood plasma [17]. This group of pharmacophores can be used for preventive purposes. On the other hand, the partition coefficients of the pharmacophores (P-4A1, P-Al2, P-Al3, P-Ar4, and P-Hy9) are positive. This group of pharmacophores is therefore lipophilic [17]. These have better membrane permeability and can be administered for curative purposes. As for the TPSA topological polar surface area, all pharmacophores have values below 140 Ǻ2. Consequently, these pharmacophores tend to cross cell membranes [18]. However, P-Bi5 has a TPSA value 97.78 Ǻ2 greater than 90 Ǻ2. This pharmacophore is the most promising for preventive use, as it does not easily cross cell membranes, thus remaining in the blood plasma for a long time [18,19]. Furthermore, the P-Al3 pharmacophore (23.47 Ǻ2) has the smallest TPSA value. It therefore crosses cell membranes more easily than other pharmacophores. This pharmacophore is the most active in terms of curative properties.	Comment by user: Compare your results/findings with those of other authors


3.2. Study of the stability and solubility parameters of pharmacophores	Comment by user: Why is this in italics
[bookmark: _Toc63583955]The frequency calculations that followed the geometric optimization of the molecules yielded no imaginary frequencies, thus confirming the equilibrium structures of the systems studied at the B3LYP/6-31+G (d, p) theory level. The molecular dipole moment and overall reactivity parameters were determined in these equilibrium states, and the respective values obtained in the aqueous medium are shown in Table III. Analysis of the values in Table II shows that the P-Bi5 pharmacophore has the highest dipole moment value (7.546 D), while the P-Hy9 pharmacophore has the lowest value (2.006 D). Furthermore, the molecular dipole moment is a descriptor of a molecule's solubility in water. Solubility increases with the molecular dipole moment. Based on the values of this parameter for the pharmacophores studied, the following ranking by decreasing solubility was established: 

P-Bi5 is a pharmacophore that is more soluble in water, unlike the P-Hy9 pharmacophore, which is the least soluble.

Table III: Descriptors of overall reactivity and dipole moment of pharmacophores 
	Descriptors
	∆E(eV)
	χ(eV)
	ղ(eV)
	S(eV-1)
	⍵(eV)
	

	P-4A1
	5.235
	4.130
	2.617
	0.382
	3.258
	3.592

	P-Al2
	5.299
	4.310
	2.649
	0.377
	3.505
	2.449

	P-Al3
	6.118
	2.931
	3.059
	0.327
	1.404
	2.978

	P-Ar4
	6.518
	3.230
	3.259
	0.307
	1.601
	3.746

	P-Bi5
	6.455
	3.374
	3.227
	0.310
	1.664
	7.546

	P-8A6
	6.502
	3.251
	3.251
	0.308
	1.625
	3.007

	P-Fa7
	7.664
	4.279
	3.832
	0.261
	2.389
	5.583

	P-Fo8
	7.633
	4.658
	3.816
	0.262
	2.842
	4.646

	P-Hy9
	4.034
	5.605
	2.017
	0.496
	7.788
	2.006


The P-Hy9 pharmacophore has the highest electronegativity (5.605 eV) and overall chemical softness (0.496 eV) values. This shows that P-Hy9 is a pharmacophore that has a high susceptibility to attract electrons and a high flexibility to deform its electron cloud when a molecule approaches. In contrast, P-Fa7 is a pharmacophore that is less flexible in terms of the deformation of its electron cloud due to its low overall softness (S = 0.261 eV) and high overall hardness (ղ= 3.832 eV). Of all these pharmacophores, P-Al3 is the best electron donor (ω=1.404 eV) and P-Hy9 is the best electron acceptor. In terms of gap energy, the highest value is displayed by pharmacophore P-Fa7 (∆E=7.664 eV), while the lowest value is displayed by pharmacophore P-Hy9 (∆E=4.034 eV). It is therefore easier to generate an electronic transition from HOMO to LUMO in the P-Hy9 pharmacophore than in the P-Fa7 pharmacophore. The sequences of evolution in descending order of reactivity and stability parameters are as follows:




The overall chemical softness (S) shows a sequence of evolution opposite to that of the overall chemical hardness (ղ). According to these sequences of evolution, two groups of pharmacophores emerge with reference to the most polar pharmacophore P-Bi5. For these groups, either the electronic stability or reactivity of the pharmacophores shows an improvement or a decrease in electronic character. It is likely that the pharmacophores (P-8A6, P-Ar4, P-Al3) are susceptible to similarities in action based on an improvement in electronic reactivity compared to P-Bi5, unlike (P-Hy9, P-Fo8, P-Al2, P-Fa7, P-4A1) are likely to have similarities based on a decrease in electronic reactivity compared to P-Bi5. The latter may also have similar actions related to low electronic stability compared to P-Bi5. However, the application of statistical analyses related to similarity classification is useful for elucidating these particularities of action.
3.3. Typology and classification of pharmacophores
Principal component analysis (PCA) and ascending hierarchical classification (AHC) were performed on all reactivity, solubility, and pharmacokinetic parameters to assess the typology and dissimilarity, respectively, of the different pharmacophores.
The PCA results shown in Table IV indicate that factors F1 and F2 explain 55.56% and 20.92% of the total variability, respectively. These two factors account for 76.48% of the explained variance. They thus provide the maximum amount of information on the properties of the pharmacophores studied. 
Table IV: Eigenvalues and factors
	 
	F1
	F2

	Eigenvalue
	5.56
	2.09

	Variability (%)
	55.56
	20.92

	% cumulative
	55.56
	76.48


Table V shows the intercorrelation coefficients between the molecular descriptors linked to pharmacophores and the factorial axes F1 and F2.
Table V: Intercorrelation coefficients between molecular descriptors and factors F1 and F2
	Descriptors
	F1
	F2

	∆E
	-0.89
	0.15

	χ
	0.57
	-0.59

	ղ
	-0.89
	0.15

	S
	0.92
	-0.25

	⍵
	0.81
	-0.48

	µ
	-0.83
	-0.41

	HBA
	-0.20
	0.56

	LogP
	0.53
	0.70

	HBD
	-0.85
	-0.29

	TPSA
	-0.65
	-0.60


A comparative analysis of the intercorrelation coefficients between descriptors and factors relative to unity identified the descriptors that correlate most significantly with factor F1 or factor F2. Thus, factor F1 is influenced by the descriptors overall molecular softness (S), electrophilicity (⍵), energy gap (∆E), overall molecular hardness (ղ), molecular dipole moment (µ), number of hydrogen bond donors (DLH), and topological polar surface area (TPSA). This factor (F1) explains the chemical behavior of pharmacophores in relation to electron transfer properties, polarizability, and electrostatic molecular interactions. Furthermore, this behavior is accentuated by an increase in the values of S and ⍵ and reduced by an increase in the values of ∆E, ղ, µ, DLH, and TPSA. Factor F2 is governed by the descriptors electronegativity (χ), hydrogen bond acceptance number (ALH), and partition coefficient (Log P). It provides information on the electron transfer, electrostatic molecular interaction, and lipophilic properties of the pharmacophores studied. An increase in the number of HBA and LogP favors these properties of pharmacophores, unlike electronegativity. An illustration of the effects of descriptor interactions on factors F1 and F2 is given by the correlation circle in Figure 1.

		
Figure 1: Correlation circle of molecular descriptors in the factorial plane (F1-F2)
The correlation circle allows four blocks of descriptors to be identified according to their contributory effect in explaining the chemical behaviors of pharmacophores by the principal factors F1 and F2. The descriptor (LogP) has a positive interaction with both F1 and F2, unlike the descriptor blocks (µ, TPSA, DLH), which have a negative influence on both F1 and F2. As for the descriptors of the other two blocks (ALH, ∆E, ղ) and (S, ⍵, χ), they have either a negative or positive influence on one or the other of the principal factors. The four different blocks of descriptors thus formed have a relative influence on all the pharmacophores studied, giving them a chemical property. This is because the descriptors derived from the pharmacophores are intercorrelated with the factors. Table VI shows the contributions of the pharmacophores to the formation of the principal factors F1 and F2.

Table VI : Contributions (%) of pharmacophores to the formation of factors F1 and F2
	 Pharmacophores
	F1
	F2

	P-4A1
	5.32
	1.04

	P-Al2
	7.01
	0.47

	P-Al3
	0.47
	27.50

	P-Ar4
	1.09
	31.80

	P-Bi5
	21.69
	21.60

	P-8A6
	2.05
	0.14

	P-Fa7
	10.45
	2.99

	P-Fo8
	4.63
	0.67

	P-Hy9
	47.29
	13.88



Analysis of the values in Table VI showing the contribution to the formation of the principal factors shows that the pharmacophores P-Bi5 and P-Hy9 contribute significantly to the chemical properties of factor F1, at 21.69% and 47.29% respectively. These two pharmacophores therefore have the chemical properties of F1. However, the chemical behavior of P-Bi5 is opposite to that of P-Hy9. They therefore form two different classes. For this same factor, two classes of pharmacophores (P-4A1, P-Al2, P-8A6) and (P-8A6, P-Fo8) contribute to a lesser degree to its formation. The chemical behaviors of (P-4A1, P-Al2, P-8A6) are opposite to those of (P-8A6, P-Fo8), thus forming two other distinct groups. As for factor F2, its formation is achieved by pharmacophores P-Ar4 (31.80%); P-Al3 (27.50%), and P-Bi5 (21.60%). The two pharmacophores are in phase in terms of the chemical behavior of F2, thus forming a single group (P-Ar4, P-Al3). Moreover, the P-Bi5 pharmacophore has the advantage of contributing to the formation of F2 by 21.60%. This dual contribution gives this pharmacophore a particular chemical behavior. This explains its central position in the sequences of evolution of the reactivity and stability parameters expressed in 3.2. In total, the nine pharmacophores are grouped into five classes of pharmacophores with different chemical behaviors. A centered and reduced ascending hierarchical classification using the aggregation method (Ward's method) and Euclidean distance as dissimilarity was performed to refine this classification. The results of this study, shown in Table VIII and the dendrogram in Figure 2, confirm these five classes of the nine pharmacophores studied.	Comment by user: Compare all your results with those of other authors	Comment by user: Recheck, there is no Table IIIs

Table VII: Five classes of pharmacophores

	Classes

	C1
	C2
	C3
	C4
	C5

	P-4A1
	P-Al3
	P-Bi5
	P-8A6
	P-Hy9

	P-Al2
	P-Ar4
	
	P-Fa7
	

	
	
	
	P-Fo8
	








Figure 3 : Classification dendrogram of the nine pharmacophores d’étude


4. Conclusion	Comment by user: Lebel this figure under the figure directly
All pharmacophores are of therapeutic interest. The pharmacophore P-Bi5 (Proguanil, Chloroproguanil) is predicted to remain in the environment for a long time due to its higher TPSA value. P-Hy9 (Atovoquone) is promising due to its greater reactivity in blood plasma. PCA generated two fundamental chemical properties for all of the descriptors and pharmacophores analyzed. The main component F1 encompasses the properties of electron transfer, polarizability, and electrostatic molecular interactions, while factor F2 reflects the properties of electron transfer, polarizability, and electrostatic and lipophilic molecular interactions. In addition, the CHA grouped the nine pharmacophores into five classes: (P-Bi 5); (PHy9); (P-4A1, P-Al2); (P-Al3, P-Ar4); and (P-8A6, P-Fa7, P-Fo8). For curative purposes, P-Bi5 (Proguanil, Chloroproguanil) remains the most promising, while P-Hy9 (Atovoquone) shows promise for preventive treatments. Exploring the combination of Proguanil and Atovoquone could help circumvent the side effects of Chloroproguanil. This study opens up an essential avenue of research in the difficult fight against malaria using combinations of existing antimalarial drugs. For our part, we are considering molecular docking approaches and the Omnium method for the comparative study of administered antimalarial molecules. 
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