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HCA, KNN, SIMCA, and SDA). The optimization of molecular structures was
performed using the B3LYP/6-31G* approach. MEP maps and ligand-receptor
interactions were used to investigate key structural features required for bio-
logical activities and likely interactions between N-11-azaartemisinins and
heme, respectively. The supervised machine learning methods allowed the se-
paration of the investigated compounds into two classes: cha and c/a, with the
properties gumo (one level above lowest unoccupied molecular orbital ener-
gy), d(Cs-Cs) (distance between Cs and Cs atoms in ligands), and TSA (total
surface area) responsible for the classification. The insights extracted from the
investigation developed and the chemical intuition enabled the design of six-
teen new N-11-azaartemisinins (prediction set), moreover, models built with
supervised machine learning methods were applied to this prediction set. The
result of this application showed twelve new promising N-11-azaartemisinins
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1. Introduction

Malaria is a potentially fatal disease caused by parasites of the genus Plasmo-
dium, transmitted by the female Anopheles mosquito. According to the litera-
ture [1], in 2020, ~241 million cases of malaria occurred worldwide, compared
to ~227 million cases in 2019 and ~231 million cases in 2017; with the majority
of these cases being concentrated in the African continent (~228 million or 95%
of the incidence), followed by Southeast Asia (~2% of the total cases).

There are four species of human malaria (2. falciparum, P. vivax, P. malariae,
and P. ovale). P. falciparum is the most prevalent parasite in the African region
with ~82.2% of cases, in Southeast Asia (~10.0%), in the Eastern Mediterranean
(~4.9%), and in the Western Pacific (~1.8%). P. vivax predominates in the
Americas region, representing ~1% of malaria cases. P. falciparum is the most
dangerous, as it multiplies very quickly in the bloodstream and causes severe
anemia [1]. In addition, it has cytoadherence properties that favor the sequestra-
tion of the parasite in the brain microcirculation, which can lead to death in
some patients. In several regions of the world, it has shown resistance to anti-
malarial compounds of different chemical classes [2].

In Brazil, the Legal Amazon, which comprises the states of Amazonas, Acre,
Maranhio, Pard, Rondonia, and Roraima, accounts for ~99.7% of all malaria
cases. In order to understand the reasons for this high rate of the disease in the
Amazon region, it is necessary to understand how this area was occupied in the
past [3].

Although Malaria is a very old infectious disease, it still generates serious pub-
lic health problems, threatening its control. One of the main reasons for this fact
refers to the ability of the Plasmodium protozoan to resist the discovered drugs
[2].

Currently, efforts continue in the search for medicines [4]-[17] that can help
to overcome this disease that still afflicts a large part of humanity. The World
Health Organization (WHO) recommends 14 drugs for curative treatment of
malaria and 4 drugs for prophylactic treatment, with these treatments being
formulated as a single drug or as combinations, and artemisinin and its deriva-
tives appear as essential in these formulations [7].

Among the synthesized artemisinin derivatives that show efficiency in combating
P. falciparum, 11-azaartemisinin and its N-substituted derivatives have attracted the
attention of researchers [18] [19] [20] [21], as they have great advantages over ar-

temisinin and other derivatives already used in the treatment of malaria (dihy-
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droartemisinin, artesunate and arthemeter). These derivatives are easily prepared
from artemisinin (Figure 1(a)) and some of them show remarkable thermal stabil-
ity [18]. Its starting compound (11-azaartemisinin) contains a six-membered lac-
tam unit other than the lactone unit of artemisinin (Figure 1(b)).

Chemically, lactam is much more stable in acidic or basic conditions than
lactone, due to lower ring deformation and reduced electrophilicity in the car-
bonyl carbon atom, because of the presence of the adjacent nitrogen atom,
which is an electron donor. They are more stable under acidic conditions, such
as in the stomach and in the blood stream at pH 7.4, showing superior bioavai-
lability compared to artemisinin [22] [23].

In this article, N-11-azaartemisinin derivatives were investigated with the fol-
lowing approaches: molecular electrostatic potential (MEP) [24] [25] [26] [27],
ligand-receptor interaction [28] [29], and supervised machine learning methods
[30] [31] [32] [33]. In a first moment, MEP maps were constructed, evaluated
and used in the assumption to identify the key features of N-11-azaartemisisnins
that are necessary for their activities and to investigate their probable interac-
tions with a receptor through recognition in a biological process. Next, the inte-
ractions between N-11-azaartemisinins and the heme receptor were investigated
and the interaction energies were correlated with the biological activities of the
molecules. Subsequently, supervised machine learning methods were used to in-
vestigate the molecular properties that best classify N-11-azaartemisinins into
two classes: compounds with high activity (cha) and compounds with low activ-
ity (cla), respectively, giving rise to the pattern recognition models: principal
component analysis (PCA); hierarchical cluster analysis (HCA); K-nearest
neighbor (KNN); soft independent modeling of class analogy (SIMCA); and
stepwise discriminant analysis (SDA).

The information extracted from each step of the investigation, along with the
chemical intuition, led to the design of new N-11-azaartemisinins cha that were
evaluated by the models built with supervised machine learning methods pre-
viously designed to establish the most promising compounds for syntheses and

biological evaluation.

Lactama
Lactona

(a) (b)

Figure 1. 2D structure for artemisinin (a) and 11-azaartemisinin (b).
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2. Computational Procedure

The 3D structure of artemisinin encoded in CCDC-691593 [34] was optimized
with the method DFT/B3LYP [35] [36]/6-31G [37] and 6-31G* [38] available in
the GAUSSIAN 09 software [39], and the computed results were compared to
experimental data from the literature [40]. In this procedure, the B3LYP/6-31G
method was selected for the subsequent electronic structure calculations step of
the research.

With the optimized 3D B3LYP/6-31G structure of artemisinin, the structures
of nineteen N-11-azaaretemisinins derivatives from the literature [41] were con-
structed and optimized with the same theoretical approach. For the optimized
derivatives, calculations of MEPs [24] [25] [26], with subsequent obtaining of
MEP maps [42], and of the interaction with molecular receptor (ligand-receptor),
through the AUTODOCK software [43], were carried-out.

The optimized geometries of N-11-azaartemisinns also allowed calculations of
molecular properties used in the chemometric step of the research to identify
descriptors capable of separating these compounds into two classes: compounds
with high activity (cha) and compounds with low activity (c/a). Chemometric
approaches were carried out with artificial intelligence methods (pattern recog-
nition methods) [44] [45] [46] [47] [48], available in the PIROUETTE [49] and
MINITAB [50] softwares, respectively.

2.1. About the Investigated N-11-Azaartemisinis

The nineteen N-11-azaartemisinins investigated have biological activity against
the K-1 strain of P. falciparum resistant to chloroquine, pyrimethamine and
cycloguanil. The relative activities were obtained with the expression: relative
ICso = ICsy (artemisinin)/ICs, (N-11-azaartemisinin) [51], where ICs, corres-
ponds to 50% of the inhibitory concentration of the compounds. The following
hypothesis was considered in the research: N-11-azaartemisinins with relative
IC50 > 0.24 correspond to cha (1-8) and N-11-azaartemisinins with relative
IC50 < 0.24 correspond to cl/a (9-19).

Table 1 shows the N-11-azaartemisinins (R-substituted N-carbonyl and
N-sulfonyl-11-azaartemisinins derivatives) and their respective IC50’s. By in-
specting the structure-activity relationship it is possible to obtain some indica-
tion of how they are correlated. The N-carbonyl derivatives 4 and 5, which have
a Nitro substituent (-NO,) attached at different positions on the aromatic ring,
show higher antimalarial activity than artemisinin. Derivative 6, an acylurea, is
the compound with the highest activity against P. falciparum among the
N-11-azaartemisinins, about 1.5 times more active than artemisinin. In the
N-sulfonyl derivatives, which present monosubstituted aromatic rings (9-14), it
is observed that the activity increases with the increase of the electronegativity of
the substituent.

Also in Table 1, in the N-sulfonyl compounds (15 and 16), whose ring is dis-

ubstituted, derivative 15, which has two electronegative substituents (Cl and
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NO,), shows activity around 11 times greater than compound 16. Derivatives 12
and 13, whose only structural difference is in the position of the Nitro group at-
tached to the ring, the change in the position of this group did not significantly
affect the antimalarial activity.

Table 1. N-Carbonyl and N-sulfonyl-11-azaartemisinin derivatives of the training set
with their substituents and respective ICso (ng/mL) and relative ICso®.

(1to6) (710 19)
Compounds R ICso  Relative ICso Antimalarial activity
1 CH;CH— 1.0 0.90 cha
2 CH3(CHa)r— 2.0 0.45 cha
3 CH3(CHa)s— 2.0 0.45 cha
4 4’-0,NCsHs— 0.6 1.5 cha
5 3’-0:NCsHs— 0.6 1.5 cha
6 4-0,NCsH.NH— 0.4 2.25 cha
7 CH;— 3.2 0.28 cha
8 CH5CH— 3.7 0.24 cha
9 — 4’-FCsHs— 8.0 0.11 cla
10 4-CICsHa— 17 0.05 cla
11 4’-CH3CsHa— 37 0.02 cla
12 4-0,NCsHs— 9.1 0.10 cla
13 2’-0:NCsHs— 10 0.09 cla
14 3-N+CCsHs— 50 0.02 cla
15 4-Cl-3’-0:NCesHs— 3.8 0.23 cla
16 3’,4’-(CH50).CsHs— 40 0.02 cla
17 4’-CH3S0,CsHa— 13 0.07 cla
18 4’-CeHs-CsHa— 45 0.02 cla
19 5’-Cl-2’-tienil 40 0.02 cla

Relative ICso = ICso of artemisinin/ICso of derivative, where ICso corresponds to 50% of
the inhibitory concentration. The following hypothesis was considered: where relative
ICso = 0.24 corresponds to compounds with high activity (cha) and relative ICso < 0.24
corresponds to compounds with low activity (c/a).

DOI: 10.4236/jbpc.2023.141001

5 Journal of Biophysical Chemistry


https://doi.org/10.4236/jbpc.2023.141001

J.S. 0. de Castro et al.

Another interesting aspect to notice in the analysis of the structure-activity
relationship of the N-11-azaartemisinins in Table 1 is the comparison between
derivatives 4 and 12. Both have the Nitro group as a substituent on the aromatic
ring in the same position. However, a biological activity is observed for com-
pound 4 (N-carbonyl) about 23 times greater than that of compound 12
(N-sulfonyl). Derivatives 1 and 8 have the same number of carbon atoms in their
chains, however, it is noted that compound 1, an N-carbonyl compound, is 4
times more active than derivative 8, an N-sulfonyl compound.

By comparing the structure-activity relationship of the N-11-azaartemisinins
in Table 1, it is noted that the N-carbonyl-11-azaartemisinin derivatives are
much more biologically active than the N-sulfonyl derivatives, indicating a
possible contribution of carbonyl in the N-carbonyl derivatives for antimalarial

activity.

2.2. The Biological Recognition Process through Molecular
Electrostatic Potential

In the biological recognition process, the receptor molecule “recognizes” the ap-
proach of another molecule with key features to promote mutual interaction. It
is understood that such a recognition should typically occur when the drug
(substrate) and receptor (enzyme) are in relatively considerable separation, and
precede the formation of any covalent bond [26].

Molecular electrostatic potential has the physical meaning of how the mole-
cule is perceived by its surroundings. Searching through this approach, the main
key features that determine the occurrence or not of a recognition is a natural
behavior in research associated with this tool. Furthermore, the aforementioned
tool proved to be an effective means of analyzing and elucidating recognition
processes [26].

MEP calculations were carried out using the approach reported by Politzer &
Murray (Equation (1)) [52] through electron density and the MEP maps ob-
tained with the MOLEKEL software [42].

Y= ]

—r|

(r')dr'

r
=]

(1

where Z, is the charge on nucleus A, located at R,, and p(r) is the elec-

tronic density of the atom or molecule.

2.3. Ligand-Receptor Interaction

The study of ligand-receptor interaction (molecular docking) investigates in de-
tail how a small molecule (ligand) interacts in the binding region with a macro-
molecule (receptor), generating important information for understanding the
biological activity of a given drug. In addition, it makes possible to visualize the
way in which the two molecules interact and to quantify this interaction. The
process begins when the structures are not yet connected, the ligand seeks its

best position in the receptor’s active site, generating a certain number of con-
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formational possibilities in the search for the best ligand-receptor anchoring [29]
[53] [54].

The ligand-receptor molecular recognition involves multiple steps of confor-
mational accommodation, resulting in the most favorable mode of interaction
enthalpic and entropically. Equation (2) can estimate these processes, through
the Gibbs binding free energy (AG); which is related to the inhibition constant
(K, determined experimentally. In the Equation (2), AH is the enthalpy change,
T is the absolute temperature, AS is the entropy change, and R is the universal

gas constant.

AG = AH —TAS = RTInK, )

In the molecular docking study, the heme [55] [56] was used as a receptor for
artemisinin, 11-azaartemisinin, and N-11 azaartemisinins, and its 3D structure
was taken from the Protein Data Bank (PDB) RCSB, 1A6M [56].

2.4. Supervised Machine Learning Methods

To identify the molecular descriptors capable of separating N-11-azaartemisinins
into the cha and c/a classes, respectively, supervised machine learning methods
were used: Principal Component Analysis (PCA), Hierarchical Cluster Analysis
(HCA), K-Nearest Neighbor method, (KNN), Soft Independent Modeling of
Class Analogy (SIMCA) method [44] [45] [46], and Stepwise Discriminant
Analysis (SDA) [45] [46] [47] [48]. For a description of these methods, consult
the cited references [44] [45] [46] [47] [48].

2.5. Calculated Molecular Properties

The molecular properties calculated and used as descriptors were steric proper-
ties: bond lengths, bond angles, and torsion angles; electronic properties: total
energy (TE), &iomo (highest occupied molecular orbital energy), &iomo-1 (one
level below to highest occupied molecular orbital energy), giomo-» (two level be-
low to highest occupied molecular orbital energy), &iomo-3 (three levels below to
highest occupied molecular orbital energy), absolute value of gymo (lowest un-
occupied molecular orbital energy), absolute value of gumosn (one level above
lowest unoccupied molecular orbital), absolute value of &uymo-2 (two levels above
lowest unoccupied one), absolute value of gumo.3 (three levels above lowest unoc-
cupied molecular orbital); Mulliken’s electronegativity (y = 1/2(&1omo — &umo));
molecular hardness (7 = I - AE/2), where I is ionization potential and AE elec-
tron affinity; molecular softness (1/7), defined as the inverse of molecular hard-
ness; dipole moment (u), energy GAP (GAP = &iomo - &umo), and atomic
charges on an Nth atom (Qu); physicochemical properties: molecular polariza-
bility (POL), Molecular refractivity (MR), hydration energy (HE), partition coef-
ficient octanol-water (log P), molecular mass, total surface area (TSA), and mo-
lecular volume (VOL).

Additionally, to represent different sources of chemical information about

size, symmetry, and distribution of atoms in the molecule, holistic properties
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were also calculated and considered as descriptors.

All properties were considered in the most stable conformation of each mole-
cule and the descriptors were computed to given information about the influ-
ence of steric, electronic, hydrophobic, and hydrophilic features on the antima-
larial activity of the studied N-11-azaartemisinins.

The steric and electronic, physicochemical, and holistic properties were per-
formed with the GAUSSIAN 09 [39], CHEMPLUS [57], and DRAGON [58]

softwares, respectively.

3. Results and Discussion
3.1. Theoretical Geometry

Table 2 shows the geometry obtained with the B3LYP/6-31G, B3LYP/6-31G*,
and experimental methods, and the discrepancies between the theoretical and
experimental values. It can be seen that the bond lengths when compared to the
literature data are very well described with both methods, with the B3LYP/6
31G* method (this work) showing a slightly better performance in the descrip-
tion of this geometric parameter, especially considering the importance of the
distance between O, and O in the antimalarial activity of artemisinin [59] [60]
[61] [62].

3.2. Molecular Electrostatic Potential Maps for Artemisinin,
11-Azaartemisinin and N-11-Azaartemisinins

The literature reports the pharmacophore 1,2,4-trioxane as crucial to artemisinin
activity and its derivatives [2] [59] [60] [61] [63]. Figure 2 shows the 2D struc-
tures and the molecular MEP maps for artemisinin (Figure 2(a)) and
11-azaartemisinin (Figure 2(b)), respectively. In this figure, 2D structure, it can
be noted that the replacement of O, (artemisinin, ICs = 0.903 ng/mL [49] or
0.903/0.904 = 1) by N (11-azaartemisinin, IC = 2.656 ng/mL [19] or 2.656/0.903
= 2.94) maintains the endoperoxide link necessary for antimalarial activity. Also
in this figure, the MEP maps of the compounds show considerable similarities,
with decrease in electron density in the endoperoxide region, evidenced by the
decrease in the biological activity of 11-azaartemisinin; with artemisinin exhi-
biting minimum and maximum electrostatic potential values of —126.76 and
+99.15 kcal/mol, respectively, while in 11-azaartemisinin these values are around
—130.52 and 120.48 kcal/mol.

All N-11-azaartemisinins shown in Table 1 (see Section 2.1. About the inves-
tigated N-11-azaartemisinis) also exhibit the endoperoxide linkage necessary for
antimalarial activity. Figure 3 shows the MEP maps for the N-11-azaartemisinins
of the training set obtained by the inclusion of substituents in the N atom of the
lactam function (1-19). As one can see in this figure, the MEP maps are similar to
artemisinin and 11-azaartemisinin in the 1, 2, 4 trioxane ring region, with the elec-
tron density of some molecules more concentrated in this region, indicating great-
er biological activity. N-11-azaartemisinins are susceptible to electrophilic attack in

the most negative MEP region, -130.52 to —114.21 kcal/mol, respectively.
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Table 2. Theoretical and experimental geometry of the 1,2,4-trioxane ring for artemisi-

nin.
Methods Theoretical Discrepancy (A)*
Geometry” B3LYP/6-31G B3(f:i f/vfoill()G* xp° A A
Bond length (A)
Ci0-O1 1.499 1.455 1.461 3.8 x 1072 -6 x 1073
0:-0; 1.524 1.460 1.469  5.5x 1072 -9x 1073
02-Cs 1.452 1.414 1.416 3.6 x 1072 -4 %1073
Cs-0s 1.473 1.441 1.445 2.8 x 1072 -4x1073
03-Co 1.425 1.396 1.379 4.6 X 1072 1.7 X 1072
Cs.Cio 1.538 1.539 1.523 1.5 x 1072 1.6 x 1072
Ci0-GCs 1.533 1.555 1.534 1.9 x 1072 2.1 x 1072
Cs.Cs 1.552 1.548 1.527 2.5x 1072 2.1 x1072
Cs.C7 1.544 1.540 1.520 2.4x107 2.0x 1072
C7.Cs 1.544 1.547 1.510 3.4x1072 3.7x 1072
Bon angle (°)
Ci10-01-0: 111.407 111.609 111.200 2.07 x 107 4.09 x 10!
01-0:-Cs 107.304 108.261 108.100 -7.96 x 107! 1.61 x 107!
02-Cs-03 107.738 108.487 106.600 1.14 x 10° 1.89 x 10°
Cs-03-Co 114.996 114.069 114.200 7.96 x 107" —1.31x 107!
03-Co-Cho 113.641 113.264 114.500 -8.59 x 107! —1.24 x 10°
Co-C10-0O1 111.751 111.323 111.700 5.1 x 102 -3.77 x 107!
Dihedral angle (*)
Ci10-01-0:-Cs 46.883 47.915 47.800 -9.17 x 107! 9.3 x 1072
01-0,-Cs-0s —73.464 —73.450 —-75.500 2.04 x 10° 1.55 x 10°
0,2-Cs-03-Co 34.986 32.892 36.00 -1.01x10° -3.11x10°
Cs-03-Co-Cio 26.252 27.351 25.300 9.52x 107! 2.04 x 10°
03-Co-C10-O2 -51.202 -51.180 -51.300 9.8x 102 1.20x 107"
Cy-Ci0-01-02 12.765 11.671 12.700 6.5x 102 -1.03 x 10°

“The atoms were labeled according to Figure 2. *Ref [40]. <A

6-31G* basis sets, respectively) — Experimental data.

= Theoretical (6-31G and
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120.48

57.73

-5.11

Figure 2. 2D structure and MEP (kcal/mol) maps for artemi-
sinin (a) and 11-azaartemisinin (b), respectively.

98.52

107.30

41.25 50.58

-15.50 -6.24

18

17

Figure 3. MEP (kcal/mol) maps for N-11-azaartemisinins (training set).
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3.3. Interaction between Artemisinin, 11-Azaartemisinin,
N-11-Azaartemisinins and the Heme Receptor

Since all N-11-azaartemisinins were derived from 11-azaartemisinin, a previous
study of the interaction between artemisinin and 11-azaartemisinin with the bi-
ological receptor was performed. Figure 4 shows the 2D structures and the re-
spective interactions of artemisinin and 11-azaartemisinin with heme. According
to this figure, the ligand-heme interaction energies for these molecules corres-
pond to —5.24 and —6.37 kcal/mol, respectively. The d(Fe-O,) and d(Fe-O,) dis-
tances for artemisinin are equal to 2.670 and 3.827 A, respectively, with d(Fe-O,)
very close to the value 2.7 reported by other studies [64] [65], reinforcing the
perspective of O; preferential binding of the trioxane ring to Fe** heme. For
11-azaartemisinin, these distances are 2.569 and 3.659 A, respectively; with lower
d(Fe-0,) value for 11-azaartemisinin, reflecting its higher interaction energy and
lower biological activity.

In Figure 5, the interactions between N-11-azaartemisinins (1-19) and heme are
shown. As can be seen, also in this figure, O, is preferentially oriented to
Fe**-heme in the totality of N-11-azaartemisinins. Table 3 shows the values of the
d(Fe-0,) and d(Fe-0O,) distances and the ligand-heme interaction energies. From
this table, it can be seen that d(Fe-O,) is always smaller than d(Fe-O,) in all inte-
ractions and that, in general, d(Fe-O,) has higher values for N-11-azaartemesinins
cha, when compared with the corresponding c/a. Also, according to Table 3, it is
possible to associate, in general, higher values of d(Fe-O,) and lower values for

the interaction energy of N-11-azaartemisinins cha to biological processes oc-

curring with increased biological activity of these compounds.

b 6 H
e
—————————————

\Q\\w
385t f 2
4

.
2

(b)

Figure 4. 2D structures and interactions (kcal/mol) of artemisinin (a)
and 11-azaartemisinin (b) with heme receptor, respectively. Colors asso-
ciated with atoms: golden (C), blue (N), red (O), and orange (Fe).
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17 18 19

Figure 5. Interactions (kcal/mol) between N-11-azaartemisinins and the heme receptor (training set).
Colors associated with atoms: golden (C), blue (N), red (O), light green (F), yellow (S), intense green
(Cl), and orange (Fe).

3.4. Supervised Machine Learning Methods

With the molecular properties calculated, a matrix of descriptors of dimension
19 x 120 (number of N-11-azaartemisinins (lines) versus molecular properties
(columns)) was constructed and the exploratory analyzes of the autoscaled data
were performed with the supervised learning methods PCA and HCA. Data
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Table 3. Values of d(Fe-O1), d(Fe-0>), absolute value of the difference between d(Fe-O:)
and d(Fe-O2) (A) and interaction energy of the ligand-heme complex for the training set.

Compouds d(Fe-0,)? d(Fe-0,)? AP Energy interaction®
1 2.675 3.797 1.05 -4.90
2 2.592 3.663 1.07 -4.79
3 2.674 3.832 1.16 -4.71
4 2.392 3.007 0.62 -6.17
5 2.370 3.121 0.75 -5.52
6 2.380 3.161 0.78 -5.80
7 2.619 3.714 1.10 -5.09
8 2.609 3.823 1.21 -5.96
9 2.407 2.630 0.22 -6.51
10 2.317 2.680 0.36 -6.99
11 2.371 2.507 0.14 -6.85
12 2.365 2.585 0.22 -6.63
13 2.247 2.937 0.69 —-6.20
14 2.371 3.074 0.70 -5.41
15 2.423 2.613 0.19 -5.04
16 2.445 2.566 0.12 -6.49
17 2.442 2.610 0.17 -5.04
18 2.371 2.560 0.19 -5.83
19 2.331 2.860 0.53 -6.85

*Values in A.®A = |d (FE:-O1 ) -d (Fe-Oz) . “Values in kcal/mol.

compression was performed considering the Pearson r correlation coefficient >
0.82 and, consequently, low correlation between two descriptors, with one of
them being randomly excluded from the matrix for theoretically describing the
same property. With this procedure, a considerable reduction in the size of the

initial matrix was verified and, then, the PCA exploratory method was applied.

3.4.1. PCA Model

After several attempts, the 11-N-azaartemisinins were separated, with the help of
three variables, into two classes: cha class and c/a class. Table 4 shows the de-
scriptor matrix selected in the PCA for the training set and respective values of
the biological activities and the correlation matrix between the descriptors. As
can be seen, the correlation between the descriptors is less than 0.642.

The molecular properties responsible for the separation of the cha and cla
classes were: &umo+1, TSA, and the distance between carbon 6 and carbon 5 atoms,
d(Cs-Cs) of the molecules, respectively. The separation is done at PC1 and explains
89% of the total information, with PC1 and PC2 retaining 70% and 19% of this
information, respectively. According to Table 4, in general, N-11-azaarrtemisinins

of the cha class exhibit lower values for &umo.1 combined with lower values for
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d(Cs-Cs) and TSA compared to those of the c/a class.

Figure 6 shows the plots of scores (a) and loadings (b) and the dendrogram
(c) obtained with PCA and HCA, respectively, for N-11-azaartemisinins (train-
ing set). In Figure 6, the N-11-azaartemisinins of the cha class (1-8) are located
to the left, Figure 6(a), due to the displacement in this direction produced by the
properties &umo«1 and TSA, while the N-11 azaartemisinins of the c/a class
(9-19) are shifted to the right of the same figure due to the action of the property
d(Cs-Cs), Figure 6(b).

Table 5 shows the loadings matrix for the selected descriptors. According to
this table, it is possible to classify new N-11-azaartemisinins with cha using Equ-
ation (3), reaffirming the information previously extracted from Table 4, ie,
new N-11-azaartemisinins can be classified as cha combining lower values for

&umos1, d(Ce-Cs), and TSA, respectively.
PC1 = 0.5435, )0, +0.614d (C4-C, ) +0.573TSA (3)

Table 4. Matrix of descriptors selected in the PCA of the training set with their respective
values.

Compounds  aumon® d(Ce-Cs)® TSA Relative ICso Antimalarial activity

1 19.15 1.550 526.1 0.90 cha
2 20.44 1.551 529.2 0.45 cha
3 20.44 1.551 610.1 0.45 cha
4 39.01 1.551 604.4 1.50 cha
5 49.52 1.551 602.9 1.50 cha
6 30.90 1.5505 618.4 2.25 cha
7 23.18 1.551 513.3 0.28 cha
8 22.57 1.551 541.6 0.24 cha
9 32.45 1.553 585.3 0.11 cla
10 36.75 1.553 605.2 0.05 cla
11 27.55 1.553 608.2 0.02 cla
12 56.10 1.553 613.5 0.10 cla
13 55.13 1.553 592.9 0.09 cla
14 48.95 1.553 611.0 0.02 cla
15 60.22 1.553 630.9 0.24 cla
16 23.55 1.553 663.4 0.02 cla
17 48.86 1.553 649.1 0.07 cla
18 35.99 1.553 687.0 0.02 cla
19 46.26 1.553 599.3 0.02 cla
Descriptor
ALUMO+1 0.565 0.436
d(Cs-Cs) 0.641

*Values in kcal/mol. *Values in A. “Values in A2.
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Figure 6. Scores (a) and loading (b) plots and dendrogram
(c) for N-11-azaartemisinins (training set).

Similarity

Table 5. Variable matrix for PC1, PC2 and PC3.

Variable PC1 PC2 PC3
&LUMO+1 0.543 —-0.785 —-0.298
d(Cs-Cs) 0.614 0.129 0.779
TSA 0.573 0.606 —0.552
Variance 70% 19% 11%
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3.4.2. HCA Model

Figure 6(c) shows the dendrogram obtained with the HCA, incremental me-
thod, for the training set N-1l-azaartemisinins. According to this figure,
N-11-azaartemisinins are distributed in two main clusters. The cluster on the
left, corresponding to N-11-azaartemisinins with cha, which is formed by two
clusters, namely: A and B. Cluster A consists of N-carbonyl and N-sulfonyl de-
rivatives with alkyl substituents of one to three carbons in the R position (Table
1). For these N-11-azaartemisinins, the increasing of the number of carbons in
the chain produced a decrease in the biological activity. In cha class, these
N-11-azaartemisinins are not among the most efficient compounds against ma-
laria and have lower TSA and d(Cs-Cs) and lower values for gumosi. Cluster B is
formed by N-11 azaartemisinins among the most active compounds with cha.
Structurally, all azaartemisinins have an aromatic ring (4, 5, and 6) as substitu-
ents in R, except for derivative 3, which has an alkyl chain with 5 carbons, being
the largest aliphatic chain among all the N-11 azaartemisinins investigated. The
N-11-azaartemisinins 4 and 5 are N-carbonyl whose the only difference between
them is in the position of the nitro group attached to the aromatic ring in R. In
the cha class, they show the highest TSA values and lower than those with c/a.

The cluster on the right in Figure 6(c) is also made up of two smaller clusters,
C and D. All the N-11-azaartemisinins in cluster C (9, 10 and 11) are N-sulfonyls
that have a monosubstituted aromatic ring in the R position 4, differing only in
the substituents used, namely: Fluorine (F), Chlorine (Cl) and methyl (Me), re-
spectively. In comparison with one of the N-11-azaartemisinin with cha (4), an
N-carbonyl with the same substitution in R by a monosubstituted aromatic ring
in position 4, but with a different substituent (nitro), shows a great increase in
the biological activity, confirming that N-carbonyls present better results as an-
timalarial and suggesting that the presence of the nitro group also contributes to
this better performance. In cluster C, all N-11-azaartemisinins have the highest
TSA in the training set.

In cluster D, which contains N-11-azaartemisinins with lower biological potency,
it can be noted that all compounds are N-sulfonyl derivatives with monosubstitution
(12, 13, and 14) and disubstitution (15 and 16) in the aromatic ring, two rings iso-
lates (18) and 5-Chloro-thienyl (19) in R. In this cluster, N-11-azaartemisinins show
the highest values for &umo+1 and d(Cs-Cs) of the training set.

Finally, it can be reported that the HCA results confirm the PCA.

3.4.3. KNN Model

The KNN study was developed with the variables gumo+1, d(Cs-Cs) and TSA se-
lected by the PCA and HCA for the N-11 azaartemisins of the training set. Table
6 shows the results of classification using this method. The correct information
was 100% for 1 KNN, 2 KNN, 3 KNN and 4 KNN, that is, all derivatives were
correctly classified within the predicted classes, indicating that the classifications
(1 KNN, 2 KNN, 3 KNN and 4 KNN) obtained with the selected descriptors
provide good predictive capacity. The KNN model was built with the four near-
est neighbors [66].
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Table 6. Classification of the training set with the KNN method.

Incorrectly classified compounds

Class Number of Compounds 1KNN 2KNN 3KNN 4KNN
cha 8 0 0 0 0
cla 11 0 0 0 0

Total 19 0 0 0 0

Percentage of correct information 100 100 100 100

3.4.4. SIMCA Model

The SIMCA model was built with the selected descriptors in PCA, HCA and
KNN and three PCs. Table 7 shows the classification matrix obtained by the
SIMCA method. The correct information in the classification was 100%. Fur-
thermore, the SIMCA model shows good discriminating power, evidenced by

high distances and high residuals between classes, Figure 7.

3.4.5. SDA Model

The SDA approach provided the achievement of discriminant functions with the
variables gumo+, d(Ce-Cs) and TSA showing significant contributions in the
classification methodology of N-11-azaartemisinins. Equations (4a) and (4b)

show these functions for the classes with cha and c/a, respectively:

cha class : —0.0632, 0., —19.401d (C,-C, ) +0.749TSA —10.519 (4a)
cla class : +0.046&, 0., +14.110d (C4-C, ) — 0.545TSA —5.564 (4b)

With the discriminant functions and the values of the selected variables for
the N-11-azaartemisinins, a classification matrix was obtained for the training
set. Table 8 shows the SDA classification matrix with the respective percentage
of correct answers.

The reliability of the SDA model was evaluated through the cross-validation test,
the leave-one-out technique, which consisted of omitting an N-11-azaaratemisinin
from the data set and building the discriminant functions with the other sam-
ples. Subsequently, this omitted N-11-azaartemisinin was classified with the
generated discriminant functions, and the procedure was repeated until the last
N-11 azaartemisinin in the data set was omitted. Table 9 shows the SDA classi-
fication matrix using the cross-validation procedure.

With the SDA model, an allocation rule was established when new
N-11-azaartemisinins with cha or cla investigated: 1) initially calculate, for the
new molecule, the value of the properties used in the construction of the model,
2) consider the autoscaled values of these molecular properties (descriptors) in
the discriminant functions, Equations 4(a) and 4(b), and 3) verify which discri-
minant function has the highest value. The new N-11-azaartemisinin is cha if it
is related to the discriminant functions of the cha class and vice versa.

Once the properties selected in the study with supervised machine learning
methods (PCA, HCA, KNN, SIMCA and SDA) proved to be more important in
the description of the antimalarial activity of N-11-azaartemisinins, some con-
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siderations that lead to the understanding of the behavior of the class cha be-
come relevant. In this context, in Table 4 it can be seen that, in general, the
N-11-azaartemisinins of the cha class have gumo. values lower than those of the
N-11-azaartemisinins of the c/a class. Conditioning to the LUMO+1 of the
N-11-azaartemisinins the possibility of interaction with the heme receptor orbit-
al that presents the greatest contribution of electron density [67], an electron
transfer reaction will be important in the mechanism of action of ligands (cha
class) in the biological process.

The bond length is a geometric parameter related to the steric availability of the
atoms involved in the bond [68]. According to Table 4, the N-11-azaartemisinins of
the cha class have d(Cs-Cs) values lower than those of the c/a class. This may be
indicative of the importance of the steric distribution of atoms of the
N-11-azaartemisinins of the cha class in their possible mechanism of action in

the biological process.

Figure 7. 3D score plot showing boundaries
classes for N-11 azaartemisinins (training set)

Table 7. Classification matrix obtained with the SIMCA method.

Class Number of Compounds SIMCA Classification
cha 08 08
cla 11 11
Total 19 19
Percentage of correct information 100

Table 8. Classification matrix of the training set compounds with SDA.

Correct classification

Class Number of compounds
cha cla
cha 8 8 0
cla 11 0 11
Total 19 8 11
Percentage of correct information 100 100
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Table 9. Classification matrix using SDA with Cross-Validation.

Correct classification

Class Number of compounds
cha cla
cha 8 8 0
cla 11 0 11
Total 19 8 11
Percentage of correct information 100 100

The TSA property determines the solvent accessible area of a molecule. Table
4 shows that N-11-azaartemisinins belonging to the cha class exhibit lower val-
ues for TSA when compared to those of the c/a class. This is an indication that in
biological processes involving N-11-azaartemisinins and heme, hydrophilic in-

teractions may be important in the mechanism of action of these molecules.

3.4.6. Combining MEP, Ligand-Receptor Interaction and Supervised
Machine Learning Methods in the Design of New
N-11-Azaartemisinins

The insights gained from studies of MEP, ligand-receptor interaction and super-
vised machine learning methods, together with chemical intuition, enabled the
design of sixteen new N-11-azaartemisinins (prediction set) potentially active
against P. falciparum. Table 10 shows the N-11-azaartemisinins of the predic-
tion set.

The models obtained with supervised machine learning methods were applied
to the prediction set and Table 11 shows the results of this application. In this
table, N-11-azaartemisinins 20-26 and 31-35 were considered as cha by all mod-
els, while N-11-azaartemisinins 27 and 30 were reported as c/a by these models.
N-11-azaartemisinins 28 and 29 were classified as cha by the KNN model and
cla by the PCA, HCA and SDA models, with no classification by the SIMCA
model.

The results of the application of models built with supervised machine learn-
ing methods to the prediction set show twelve N-11-azaartemisinins: 20, 21, 22,
23, 24, 25, 26, 31, 32, 33, 34, and 35 potentially in the cha class as the most
promising for future syntheses and biological assays, which will be able to vali-
date the methodology proposed in this research for the design of these new
N-11-azaartemisinins with activity against P. falciparum.

In Table 12, the molecular properties of the N-11-azaartemisinins of the pre-
diction set are reported. In this table, similar to Table 4, it can be scrutinized
that gumo+, d(Cs-Cs) and TSA, in general, present lower values for cha, when
compared to c/a.

Table 13 shows the values of d(Fe-0,), d(Fe-O,) distances, absolute values of
the differences between d(Fe-O,) and d(Fe-0O,), and interaction energies of the

ligand-heme complex for the N-11-azaartemisinins in the prediction set.
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Table 10. Classification matrix using SDA with Cross-Validation.

(20 to 26) (27 to 35)
Compounds R
20 4-HOCCsH:NH—
21 4-NCCsHsNH—
22 4’-F;CCsH.NH—
23 4-HOOCCsH.NH—
24 4-HOCCsHs—
25 4-H.NOCCsHs—
26 4-HOOCCsHs—
27 3’-HOCCsHs—
28 a-O:NCroHes—
29 a-HOCCioHs—
30 a-HOCC10Hs—
31 HOCCHCHCH.—
32 HOCCHCH—
33 HOCNHCHCH—
34 CH;CHCOOCHCH—
35 HOCCHCHNH—

3.4.7. MEP Maps, Ligand-Heme Interaction and Position of the LUMO+1
Orbital for Some N-11-Azaartemisinins from the Training and
Prediction Sets

Figure 8 reports 2D structure (a), MEP maps (b), ligand-heme interaction (c),
and position of the LUMO+1 orbital (d) in N-11-azaartemisinins cha (6 and 11)
of the set of training and c¢/a (20 and 27) of the prediction set. Scrutinizing this
figure, it can be noticed that the MEP (b) maps of the N-11-azaartemisinins cha
in the two sets of molecules studied (11 and 27, respectively) are similar to artemi-
sinin (Figure 2(a)), 11 azaartemisinin (Figure 2(b)) and N-11-azaartemisinins
(Figure 3) in the region of the endoperoxide group. In Figure 8(a) and Figure
8(b), the N-11-azaartemisinins can be attacked by nucleophiles in this region. Fur-
thermore, as can be seen in Figure 8(b), the MEPs of N-11-azaartemisinins cha (11
and 27) present more negative values (-=129.27 and —124.25 kcal/mol) when com-
pared to the values (—114.21 and —121.74 kcal/mol) of N-11-azaatemisinins c/a (6
and 20).
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Table 11. Results of applying PR models to the prediction set.

Compounds PCA model HCA model KNN model SIMCAmodel SDA model

20 cha cha cha cha cha
21 cha cha cha cha cha
22 cha cha cha cha cha
23 cha cha cha cha cha
24 cha cha cha cha cha
25 cha cha cha cha cha
26 cha cha cha cha cha
27 cla cla cla cla cla
28 cla cla cla 0 cla
29 cla cla cha 0 cla
30 cla cla cla cla cla
31 cha cha cha cha cha
32 cha cha cha cha cha
33 cha cha cha cha cha
34 cha cha cha cha cha
35 cha cha cha cha cha

Table 12. Molecular properties of the N-11-azartemisinins in the prediction set.

Compounds LUMO+1 d(Cs-Cs)° TSAC
20 27.22 1.551 614.5
21 28.10 1.550 615.6
22 28.16 1.550 626.5
23 26.51 1.551 627.4
24 26.98 1.551 601.4
25 25.44 1.551 618.3
26 25.56 1.551 614.9
27 53.00 1.553 646.3
28 55.73 1.553 642.7
29 51.36 1.553 636.7
30 51.26 1.553 605.5
31 42.22 1.551 605.5
32 51.14 1.551 567.8
33 35.36 1.551 595.3
34 50.50 1.551 624.8
35 26.76 1.551 572.9

*Values in kcal/mol. ®Values in A. “Values in A2
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Table 13. Values of d(Fe-O:), d(Fe-O), absolute value of the difference between d(Fe-O:) and
d(Fe-0), and interaction energy of the ligand-heme complex for the N-11-azaartemisinins in
the prediction set.

Compounds d(Fe-01)? d(Fe-O2)* AP Energy interaction®
20 2.336 3.105 0.77 -7.14
21 2.319 2.910 0.60 —7.45
22 2.359 3.164 0.80 -7.08
23 2.397 3.113 0.71 -6.57
24 2.351 2.984 0.63 —5.45
25 2.544 2.737 1.07 -7.21
26 2.387 2.890 0.50 -6.14
27 2.350 3.160 1.00 -5.12
28 2.395 2.583 0.19 —6.68
29 2.480 2.660 0.18 -5.33
30 2.510 2.620 0.11 -7.31
31 2.389 3.139 0.75 -5.92
32 2.511 3.600 1.09 —5.77
33 2.524 3.635 1.11 -5.39
34 2.458 3.483 1.03 -5.83
35 2.540 3.670 1.13 —6.42

“Values in A.PA = |d (Fe-O1 ) -d (Fe-Oz) . “Values in kcal/mol.

Still in Figure 8(c), as one can see, the N-11-azaartemisinins-heme interaction
of the cha class, in the training (6) and prediction (20) sets, are also similar to
those verified in artemisinin (Figure 4(a)), 11-azaartemisinin (Figure 4(b)) and
N-11-azaartemisinins (Figure 3). The distances d(Fe-O,) and d(Fe-O,) in the
N-11-azaartemisinins in Figure 8(c), class cha, lie between 2.370 and 2.675 A,
3.007 and 3.832 A, respectively. For the N-11-azaartemisinins, c/a class, these
distances are, respectively, 2.247 and 2.445 A, 2.507 and 3.074 A.

The distinction between the cha and cla classes can be evidenced when the
LUMO-+1 orbitals are compared, as shown in Figure 8(d), where one can see
representative N-11-azaartemisinins, cha (6) and c/a (11), from the set of train-
ing, and N-11 azaartemisinins, cha (20) and c/a (27), from the prediction set.
The LUMO+1 orbital lobes in N-11 azaartemisinins cha are positioned primarily
on the atoms of the 1,2,4-trioxane ring. The lobes in all these compounds are di-
rected to the possible position of heme, indicating the importance of the interac-
tion with the delocalized heme system. N-11l-azaartemisinins c/a exhibit

LUMO+1 orbital lobes concentrated in some atoms of the substituents.
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Figure 8. 2D structures (a), MEP (kcal/mol) maps (b), interactions (kcal/mol) between N-11-azaartemisinins and the heme re-
ceptor (c), and LUMO+1(d) for 6, 11, 20, and 27 N-11-azaartemisinins, respectively.

4, Conclusions

For the investigation carried out for N-11-azaartemisinins, the approximation
base set BALYP/6-31* was indicated as the most suitable in the preliminary study
with geometric parameters of artemisinin.
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For N-11-azaartemisinins, the MEP maps are similar to artemisinin and
11-azaartemisinin in the 1,2,4-trioxane ring region, with the electron density of
some molecules more concentrated in this region, indicating greater biological
activity. N-11-azaartemisinins are susceptible to electrophilic attacks in the most
negative MEP region, —-130.52 to —114.21 kcal/mol, respectively.

The interactions between N-11-azaartemisinins (1-19) and heme in their enti-
rety occur preferentially orienting Fe** to heme. The distance d(Fe-O;) is smaller
than d(Fe-0,) in all ligand-heme interactions and, in general, d(Fe-O1) has high-
er values for N-11-azaartemesinins cha, when compared to N-11-azaartemisinins
cla. It is also verified, in general, higher values of d(Fe-O,) and lower values for
the interaction energy in N-11-azaartemisinins cha for biological processes that
occur with increased biological activity of these compounds.

The application of supervised machine learning methods (PCA, HCA, KNN,
SIMCA, and SDA) led to the separation of N-11-azaartemisinins into classes cha
and c/a, with properties &umo+1, d(C6-C5), and TSA being responsible for classi-
fication. Each of these properties can be associated with relevant aspects in the
mechanism of action of the ligands of the cha class, that is:

1) the LUMO+1 orbital of the N-11-azaartemisinins can interact with the
heme orbital that presents the greatest contribution to the electron density, cha-
racterizing the importance of the charge transfer reaction in the action of the li-
gands of the cha class in the biological process;

2) the d(Cs-Cs) property may indicate the importance of the steric distribution
of atoms of the N-11-azaartemisinins of the cha class in the biological process;

3) the TSA property may indicate that in the biological process involving
N-11-azaartemisinins and heme, hydrophobic interactions may be relevant in
the mechanism of action of molecules of the cha class.

The insights resulting from the investigation of N-11-azaartemisinins with
MEP, ligand-receptor interaction, supervised machine learning methods, and
chemical intuition, led to the design of 16 new molecules (20-35). The application
of the models obtained with the supervised learning methods (PCA, HCA, KNN,
SIMCA and SDA) to this prediction set showed 12 new N-11-azaartemisinins
(20-26, and 31-35) promising for syntheses (in progress in the Synthesis Labor-
atory of the Federal University of Para) and biological evaluation, which may

contribute to the validation of the results of this investigation in the future.
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