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ABSTRACT

Background: Aspartic proteases possess catalytic sites for the hydrolysis of peptide bonds, which makes them
potential drug targets in malaria parasites. Inhibiting Histo-Aspartic Protease (HAP), Aspartate (Asp215) and
Histidine (His32) residues of P. falciparum disrupt the growth phase and ability to catalyze erythrocyte hemoglobin
degradation.

Objectives: To synthesize compound 242-benzoyl-4-methyl phenoxy) quinoline-3-carbaldehyde, through sp? C-H
activation protocols. To carry out in silico screening of fifty hypothetical compounds for their toxicity,
pharmacokinetics, bioactivity score and binding affinities using Protox II web server, to carry out virtual screening of
their toxicity and compliance with all drug-likeness rules. To carry out a molecular docking study of the docking of
the ligands and ten references antimalarial drugs against HAP.

Methods: 2-(2-Benzoyl-4-methylphenoxy) quinoline-3-carbaldehyde was synthesized. In silico screening using Protox 11
webserver and molecular docking of the ligands and ten reference antimalarial drugs against HAP were carried out
using ADME predictions and PyRx 0.8 AutoDock Vina Wizard.

Results: Nine lead compounds showed no toxicity to human cells. The lead compounds were generally highly or
moderately bioactive for six bioactivity score parameters. Compound A31 was the best reference drug. While
compound A31 and mefloquine both showed no interactions with either Asp215 or His32 in the binding pockets,
compound A5 showed T stacking interactions. There was a significant hydrophobic interaction to suggest good
water-lipid cell membrane transport within the Pf HAP protein, while the quinoline core exposure to a large solvent
accessibility surface predisposes it to a more open conformation and binding interaction with the reactive site target
residues.

Conclusion: Based on the other druglikeness parameters investigated, compound A5, 2-(2-benzoyl-4-
methylphenoxy)-7-methylquinoline-3-carbaldehyde, can be recommended as a possible candidate for new antimalarial
drug development in line with SDG goal 3 on health and well-being.
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INTRODUCTION

Malaria remains an important infectious disease characterized by
acute febrile illness. According to the WHO, the global
estimated burden is between 200 million and 300 million, with
approximately 627,000 deaths in 2020. Among all the
Plasmodium species causing malaria, Plasmodium falciparum is the
most dreadful and prevalent in Africa. Over the past two
decades, drugresistant strains of P. falciparum have emerged to a
distressing state, while also observing a reduction in the efficacy
of currently available drugs. These pervasive challenges have
motivated the search for novel drugs or redesigning existing
chemical compounds as part of a more viable treatment protocol
to engender sustainable global public health [1].

An emerging approach to overcome drug resistance shown by a
disease pathogen such as the malaria parasite is to explore
another biological component different from the traditional
target sites. Plasmepsins, the aspartic proteinase that is present
in malaria parasites, have become promising drug targets for
malaria treatment. Histo-Aspartic Protease (HAP) is one of the
four plasmepsins that resides in the food vacuole of P. falciparum.
During the growth phase of Plasmodium, the parasite uses HAP
to catalyze the degradation of erythrocyte hemoglobin at peptide
bonds (known to be cleavage sites in the degradation pathway)
to obtain amino acids for protein nutrient enrichment, whereas
other plasmepsins are involved in other functions (Figure 1) [2].
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Figure 2: Some applications of 2-phenoxyquinoline derivatives.
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Flgure 1: Common antimalarial drugs (mostly containing
quinoline moieties).

Intuitively, taking cognizance of the Aspartate (Asp215) and
Histidine (His32) residues within the active site of HAP and the
high affinity for aspartic protease inhibitor Pepstatin-A may
present a viable strategy to block site functionality, thereby
inhibiting the protease of the Plasmodium parasite. Thus,
knocking out HAP’s hemoglobin degrading ability could reduce
propagation of the parasite in the host cells while preserving the
hemoglobin of the infected erythrocytes [3].

Quinoline is an important organic compound that occurs in
alkaloids  and

pharmacologically active substances. Derivatives of the quinoline

some natural compounds, especially
moiety have been reported to inhibit proteases of Plasmodium in
vitro and in vivo. The quinoline moiety occurs in some current
standard drugs shown in Figure 1, similar to compounds (Figure
2), for example, those used in the treatment of conditions such
anthelmintic, antifungal,
antihypertensive, anti-inflammatory, analgesic, and antiviral

properties [4].

as  antibacterial, anticancer,
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There is a dearth of information on the drugtargeted design of
quinoline derivatives as HAP inhibitors. Hence, we evaluated
the in silico relative binding affinity of some hypothetical
quinoline derivatives with the Histone-Aspartic Protease (HAP)
of P. falciparum. We chose HAP because of its availability as a
divergent vacuolar plasmepsin, with no similarity in any known
species of Plasmodium [5]. Thus, we prepared 2-(2-benzoyl-4-
3) and

evaluated it’s in silico toxicity, which returned as mildly

methylphenoxy) quinoline-3-carbaldehyde (Figure
carcinogenic (Table 1). Thereafter, fifty hypothetical derivative
compounds were designed (Figure 4) for in silico screening to
identify lead antimalarial candidates based on Absorption,
Distribution, Metabolism, Excretion and Toxicity (ADMET)

tests [6].
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Figure 3: Synthesis of 2-(2-benzoyl-4-methylphenoxy)

quinoline-3-carbaldehyde (5).

We further investigated their pharmacokinetics, bioactivity
scores and molecular docking into the binding pockets of the
histo-aspartic protease of Plasmodium falciparum. This drug-design
protocol provides insights into the HAP enzyme active site
amino acid residue binding interactions with the ligand
compound, which is quite significant in the development of

desirable druglikable candidate inhibitors [7].
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MATERIALS AND METHODS

Synthesis of 2-(2-benzoyl-4-methylphenoxy)
quinoline-3-carbaldehyde

Phosphorous Oxychloride, POCI; (28 ml), was added dropwise
at 0°C in an ice bath to Dimethylformamide, DMF, and an
orange color change was observed. This mixture was then added
to acetanilide (10 g, 1 equiv.) dissolved in DMF (30 ml). The
reaction temperature was increased from 0°C to 80°C for 9
hours while monitoring with TLC. At completion, the reaction
mixture was allowed to cool and thereafter was poured dropwise
into a stirring ice bath over 30 minutes. The precipitate obtained
was washed with distilled water (50 ml x 5) to remove any
remaining acid. The precipitate was filtered and air-dried over 48

hours [8].

To a mixture of p-cresol (1.70 ml, 10.44 mmol) and K,CO5 (4.33
g; 31.32 mmol) in DMF (15 ml) was added the precipitate; 2-
chloroquinoline-3-carbaldehyde 2 (2.00 g, 10.44 mmol). The
reaction mixture was stirred at 90°C for 9 hours. At completion,
water (15 ml x 3) was added to the reaction mixture, and the
solid obtained was filtered before recrystallization from ethyl
acetate (10 ml) to afford a white solid, 2-phenoxyquinoline-3-
carbaldehyde 4, which was used as a precursor for the
benzoylation reaction.

In step 3, to a mixture of 2-phenoxychloroquinoline-3-
carbaldehyde 4 (0.10 g; 0.38 mmol; 1.0 equiv.) placed in an
oven-dried reaction tube was added (NHy4);S;0g (0.24 g 2.0
equiv.), Ag;O (1.0 eqv.) as a co-oxidant and Pd (OAc); (0.008 g;
0.04 mmol; 0.1 eqv.) as the catalyst. The mixture was flushed
with nitrogen to evacuate air. Dichloroethane (2 ml) was added
to the reaction and stoppered. The mixture was stirred at 100°C
for 12 hours and monitored with TLC. After completion, ethyl
acetate (20 ml x 3) was used for extraction. The organic layer
was washed with water (15 ml x 3), dried with anhydrous
sodium sulfate, filtered and concentrated under vacuum. The
residue obtained was purified through column chromatography
on silica gel (60-120 mesh) using hexane: Ethyl acetate (1:19) to
give compound 5 (2-phenoxyquinoline-3-carbaldehyde) in 60%
yield. The product was characterized by FTIR, 'H NMR and
HRMS [9].

Toxicity prediction of compound

Toxicity tests of synthesized compound 5 were carried out by
uploading its SMILES into the Protox II webserver. The
hepatoxicity, carcinogenicity, immunotoxicity, mutagenicity and
cytotoxicity data generated were extracted [10].

Preparation of its hypothetical compounds (A1-A50)
and antimalarial reference drugs

Fifty (50) hypothetical compounds were conceptualized and
drawn using Chemdraw 14.0, saved in.sdf format and their
SMILES uploaded into the Protox II webserver (Figure 6). Ten
drugs,

artemeter,

artesunate, doxycycline, tafenoquine,
lumefantrine,

piperaquine, mefloquine and chloroquine, were obtained from

antimalarial

amodiaquine, primaquine,
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PubChem for comparison. The downloaded structures were also
saved in.sdf format, and their smiles were uploaded into the
Protox II webserver for virtual screening to investigate their
toxicity and compliance with all drug-likeness rules [11].

Selection of the Histone-Aspartic Protease (HAP)
protein receptor

The crystal structure of the Histone-Aspartic Protease (HAP)
protein molecule with a resolution of 2.10 A was obtained from
the protein data bank at rcsb.org in pdb format and prepared
using BIOVIA discovery studio DS 2020 to remove unwanted
ligands and water molecules. Polar hydrogen atoms were added
accordingly [12].

In silico drug-likeness and ADME predictions

Druglikeness analysis of compounds A1-A50 was undertaken
using admetSAR2 to predict Adsorption, Distribution,
Metabolism and Excretion (ADME) parameters for drug leads.
The smiles were loaded into the webserver, and the results
generated were extracted and analysed.

Bioactivity score

Bioactivity scores, such as G-Protein-Coupled Receptor (GPCR)
ligand, Ion Channel Modulator (ICM), Kinase Inhibitor (KI),
Nuclear Receptor Ligand (NRL), Protease Inhibitor (PI) and
enzyme inhibitor El, of the lead compounds identified were
evaluated using the online Molinspiration druglikeness score at
www.molinspiration.com. This was done by loading the smiles of
the lead compounds into the web server. The values obtained
were plotted using excel [13].

Molecular docking study

Investigation of the inhibitory ability of synthesized compound
5 and selected hypothetical compounds was carried out against
Histo-Aspartic Protease (HAP) using docking simulations
performed with PyRx 0.8 AutoDock Vina Wizard before
conversion to AutoDock macromolecules. Flexible ligand to
rigid protein procedures was followed and all potential binding
sites on the target protein were utilized. Docking was performed
within a 90 x 75 x 60 cubic grid centered on the protein and
enclosing the entire protein, which lasted for approximately one
hour. A grid spacing of 1.00 A was used for the calculation of
the grid maps using the autogrid module of Autodock tools
using a set of nine (9) independent runs for each ligand [14].

The potential binding sites identified influence the selected
energetically ~ favorable  binding  conformations  using
AutodockVina. The mode, binding affinity of the modes and
RSB (upper and lower) values were obtained as guides to the
highest binding score for each ligand. The mode with the best
binding affinity was selected. Analysis of the ligand-protein
complex was performed using DS visualizer. All software was
run on PChbased machines running Microsoft windows 10
operating systems.
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RESULTS AND DISCUSSION

Synthesis of 2-(2-benzoyl-4-methylphenoxy)
quinoline-3-carbaldehyde (5) and preparation of
hypothetical compounds (A1-A50) as ligands

Compound 5, 2+(2-benzoyl-4-methylphenoxy) quinoline-3-
carbaldehyde, was obtained as shown in scheme 1 and
characterized using FTIR, HRMS and !'H-NMR. We
investigated the druglikeness of compound 5, which showed
mild carcinogenicity (Table 1). To identify candidates with better
drug-likeness, fifty hypothetical compounds were designed based
on structural modifications with substituents at positions 4, 5,
6, 7, and 8 of the quinoline core, the Meta position of the
methylphenoxy group and the para position of the benzoyl
group (Figure 4) [15].

Structural elucidation of compound: White solid; reaction
time: 12 h; yield: 60%; m.pt: 119°C-121°C; IR (neat) v max
(em!) 3057, 2922, 2856, 2739, 1754, 1690, 1612, 1590, 1494,
1461, 1343, 1257, 1199, 1097, 760; '"H NMR (400 MHz, CDCls)
8 9.75 (s, 1H), 8.32 (s, 1H), 7.97 (d, J=8.3 Hz, 1H), 7.82 (d, ]=8.2
Hz, 1H), 7.80 (t, ]=8.2 Hz, 1H), 7.74 (¢, J=7.5 Hz, 1H), 7.61 (d,
J=8.2 Hz, 1H), 7.51 (d, 1H), 7.39 (t, 1H), 7.19 (s, 1H), 6.86 (d,
1H), 6.84 (d, 1H), 2.41 (s, 3H). HRMS (ESI): Calc. for
[(C24HNO3)] (M+H)*368.1281, found 368.1283.

nnnnnn

a) b)

242-benzoyl-4-

characterization  of

Spectral
methylphenoxy)-quinoline-3-carbaldehyde (5), (a) FTIR, (b) HRMS
and (c) 'H-NMR.

Figure 4:
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Toxicity results of compound (5), hypothetical
compounds (A1-A50) and ten antimalarial reference
drugs

All fifty hypothetical compounds (A1-A50) in Figure 4 and ten

reference  drugs, doxycycline,  tafenoquine,
amodiaquine, artemeter, lumefantrine, primaquine piperaquine,

artesunate,

mefloquine and chloroquine, were virtually investigated for their
toxicity profiles, including hepatoxicity, carcinogenicity,
immunogenicity, mutagenicity and cytotoxicity, as given in Table
1 (Figure 6). Noticeably, while compound 5 and forty-one of the
hypothetical derivatives failed one or more of those tests
suggesting possible toxic and carcinogenic activities, nine (9)
lead compounds A5, A20, A31, A33, A34, A36, A45, A48 and
A49 (Figure 5) were fully compliant (Table 1) [16].
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Figure 5: Hypothetical fifty compounds A1-A50 obtained from
structural modifications of compound (5).

Table 1: Toxicity prediction and probability values of lead compounds.

Target Compound 5 A5 A3l A36 A20

Hepatotoxicity Inactive (0.56) Inactive (0.97) Inactive (0.50) Inactive (0.52) Inactive (0.54)
Carcinogenicity Active (0.54) Inactive (0.57) Inactive (0.52) Inactive (0.52) Inactive (0.54)
Immunotoxicity Inactive (0.83) Inactive (0.99) Inactive (0.82) Inactive (0.71) Inactive (0.67)
Mutagenicity Inactive (0.55) Inactive (0.85) Inactive (0.56) Inactive (0.56) Inactive (0.60)

Drug Des, Vol.12 Iss.4 No:1000260
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Cytotoxicity Inactive (0.75) Inactive (0.78) Inactive (0.74) Inactive (0.75) Inactive (0.75)
Target A33 A34 A45 A48 A49

Hepatotoxicity Inactive (0.60) Inactive (0.60) Inactive (0.52) Inactive (0.54) Inactive (0.54)
Carcinogenicity Inactive (0.56) Inactive (0.56) Inactive (0.51) Inactive (0.41) Inactive (0.54)
Immunotoxicity Inactive (0.65) Inactive (0.62) Inactive (0.67) Inactive (0.69) Inactive (0.60)
Mutagenicity Inactive (0.53) Inactive (0.53) Inactive (0.52) Inactive (0.60) Inactive (0.60)
Cytotoxicity Inactive (0.71) Inactive (0.71) Inactive (0.76) Inactive (0.75) Inactive (0.75)

Figure 6: Nine nontoxic hypothetical derivatives of compound 5.

Interestingly, the toxicity results for the reference drugs, as
presented in Table 2, returned only mefloquine as compliant,
while others had one or more violations in comparison with the
nine lead compounds. Mefloquine was therefore selected for
further virtual study along with the selected lead compounds

[17].

Table 2: Toxicity prediction and probability values of standard drugs against P. falciparum.

Target Mefloquine Piperaquine Artesunate Doxycycline Tafenoquine
Hepatotoxicity Inactive (0.75) Inactive (0.78) Inactive (0.76) Active (0.54) Inactive (0.78)
Carcinogenicity Active (0.76) Inactive (0.71) Inactive (0.65) Inactive (0.77) Inactive (0.63)
Immunotoxicity Inactive (0.84) Active (0.93) Active (0.87) Active (0.99) Active (0.99)
Mutagenicity Inactive (0.68) Active (0.50) Inactive (0.63) Inactive (0.95) Active (0.54)
Cytotoxicity Inactive (0.74) Inactive (0.82) Inactive (0.87) Inactive (0.90) Inactive (0.63)
Target Amodiaquine Artemeter Lumefantrine Primaquine Chloroquine
Hepatotoxicity Inactive (0.61) Inactive (0.77) Inactive (0.70) Inactive (0.84) Inactive (0.90)
Carcinogenicity Active (0.61) Inactive (0.66) Inactive (0.61) Inactive (0.59) Inactive (0.66)
Immunotoxicity Active (0.99) Active (0.92) Active (0.99) Active (0.99) Active (0.69)
Mutagenicity Inactive (0.75) Inactive (0.60) Inactive (0.60) Active (0.79) Active (0.94)
Cytotoxicity Inactive (0.53) Inactive (0.94) Inactive (0.67) Inactive (0.61) Inactive (0.93)

In silico drug-likeness and ADME predictions

Our results in Table 3 show that the lead compounds have
hydrogen bond donors (nitrogen-hydrogen and oxygen-hydrogen
bonds (0-1), and (<5), while the hydrogen bond acceptors (all

nitrogen or oxygen atoms) (4-7) also (<10), are in compliance

Drug Des, Vol.12 Iss.4 No:1000260

with the Rule of Five (ROS5). Their molecular weights range
from 367.40 g/mol to 449.40 g/mol, which also fit the 150
g/mol to 500 g/mol rule. The TPSA observed was 56.26 A2 to
104 A2, which falls within the range of 20 A2 to 130 A2. The

number of rotatable bonds was not more than 9 [18].
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Compounds A20, A45 and A49 were less permanent than the
others, as revealed by their higher negative log K, values (-5.13 to
-5.18). Unlike others, compounds A31, A36 and A45 showed
low gastrointestinal absorption values. This could be attributed
to the presence of the trifluoromethyl group at position 6 of
compound A31, the thiol group at position 8 of compound

OPEN a ACCESS Freely available online

A36, and both methoxy at position 6 and thiol at position 3 of
the methylphenoxyl ring. Interestingly, compound 5 is blood
brain barrier permeant, unlike all the lead compounds.

Compounds A31, A33, A34 and A36 are P-gp substrates.

Table 3: Physicochemical properties and druglikeness of compound 5 and the leads.

Physicochem* 5 A5 A3l A36 A20 A33 A34 A45 A48 A49
MW 367.4 381.42 449.42 427.51 383.4 409.48 409.48 429.49 383.4 383.4
#Rot_b 5 5 6 7 5 6 6 6 5 5
#HA 4 4 7 4 5 4 4 5 5 5
#HD 0 0 0 0 1 0 0 0 1 1
TPSA 56.26 56.26 56.26 81.56 76.49 56.26 56.26 104.29 76.49 76.49
N_atoms 28 29 33 31 29 31 31 31 29 29
N_viol 1 1 1 1 1 1 1 1 1 1
Volume 330.21 346.77 378.07 381.7 383.23 380.16 380.16 37342 383.23 338.23
Log Kp -4.83 -4.66 -4.45 4.58 5.18 -4.29 -4.29 5.13 -4.79 -5.18
Bioav 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55
Gl ab High High Low Low High High High Low High High
BBB perm  Yes No No No No No No No No No
Pgp sub No No Yes Yes No Yes Yes No No No

Note:*TPSA=Total Polar Surface Area; natoms=number of atoms in the molecule; MW=Molecular Weight; nON=number of hydrogen bond
acceptors; NOHNH=number of hydrogen bond donors; nviol=number of violations; nrotb=number of rotatable bonds.

Six of the nine derivatives in addition to compound 5 exhibited
high gastrointestinal absorption, except A31, A36 and A45.
Furthermore, unlike all the other lead compounds, compound 5
can penetrate the Blood Brain Barrier (BBB) (Table 4). The nine
lead compounds all have good oral bioavailability of 0.55,
although with one allowable violation. Inhibition of cytochrome
P450 isoenzymes has been linked to the major cause of
pharmacokinetics related drug-drug interactions, which could
lead to toxic or adverse effects when there is lower clearance or

accumulation of drugs or metabolites. Table 4 reveals that the
lead compounds are CYP2C19 inhibitors that are substrates of
CYP2D6. These cytochromes are involved in the metabolism
and elimination of approximately 25% of clinically used drugs
involved in the addition or removal of certain functionalities
through hydroxylation, demethylation and dealkylation [19].

Table 4: Drug violations and cytochrome inhibition ability of compound 5 and the leads.

Derivative Lipinski Ghose Veber Egan Muegge CYP2C19 CYP2D6
5 0 0 0 0 1 Yes No
A5 0 1 0 0 1 Yes No
A3l 1 1 0 1 1 Yes No
A36 0 1 0 1 1 Yes No
A20 0 0 0 0 0 Yes No
A33 0 1 0 1 1 Yes No
A34 0 1 0 1 1 Yes No
A45 0 1 0 0 1 Yes No
A48 0 0 0 0 1 Yes No
A49 0 0 0 0 0 Yes No

Drug Des, Vol.12 Iss.4 No:1000260
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Bioactivity score

The probability of drug leads as potential candidates can be
evaluated using their bioactivity scores.

In Figure 7, all the lead compounds generally fall within high or
moderate bioactivity for all the parameters. Specifically,
compounds A20 and A48 are highly active for five of the six
parameters with bioactivity scores from 0.00 to 0.33.
Compounds A5 and A3l have high bioactivity as kinase
inhibitors (0.23 and 0.22) with the capacity to block cancer cells,
as nuclear receptor ligands (0.18 and 0.26) for hydrophobic
molecules such as fatty acids, cholesterol and lipophilic
hormones, and as glycoprotein receptors GPCR (0.07 and 0.08),
which regulate metabolic enzymes or promoter proteins, while
A5 is also an enzyme inhibitor with a value of 0.1 that is able to
bind to other available sites on the enzyme. The compound with
the lowest bioactivity score is A36. All the lead compounds are
only moderately active as protease inhibitors with values of (-0.18
to -0.28), implying that they have the capacity to prevent new
HIV cells from becoming mature virus. Only compounds A20

OPEN a ACCESS Freely available online

and A48 are highly active as ion channel modulators with values
of 0.04 and 0.07, respectively, which are above 0.00 (Table 5)
[20].

~4—GPCR ligand ~&—Ion channel modulator
Kinase {nhibitor Nuclear receptor ligand
—4—Protease inhibitor —&—Enzyme infrbitor

Figure 7: Bioactivity score of pure derivatives in compliance

with pearson correlation coefficient.

Table 5: Bioactivity score of pure derivatives in compliance with pearson correlation coefficient.

Bioactivity 5 A5 A3l A36 A20

score of pure
derivatives

A33 A34 A45 A48 A49

Number 1 2 3 4 5
code of
derivatives

Molecular docking study

The results from the docking of ligands and reference drugs
against HAP are presented in Table 6. The binding energies for
compound A31 (-11.3 kcal/mole) and compound A5 (-11.2 kcal/
mole) are higher than that for compound 5 (-10.9 kcal/mol).
Additionally, the next six of the lead compounds have binding

Table 6: Binding energies of pure derivatives and reference drugs.

energies of (-10.8 kcal/mole to 9.8 kcal/mole) all higher than
the ten reference drugs investigated, for which the best
performing mefloquine had -9.6 kcal/mole while the lowest was

chloroquine with -6.0 kcal/mole (Figure 8) [21].

9Ligand Binding affinity
A31_uff E=300.34 -11.3

A5_uff E=278.30 -11.2

Al/5_uff E=277.56 -10.9

A20_uff _E=282.50 -10.8
A33_uff_E=300.83 -10.5
A49_uff_E=284.88 -10.5
A48_uff_E=343.12 9.9

Drug Des, Vol.12 Iss.4 No:1000260



Oluwafemi AS, et al.

OPEN a ACCESS Freely available online

A36_uff_E=283.54 9.8
A45_uff E=414.27 9.8
Mefloquine 9.6
Piperaquine 9

A34 _uff E=340.75 -8.7
Artesunate -8.5
Doxycycline 8.5
Tafenoquine 8.5
Amodiaquine -8.4
Artemeter -8.3
Lumefantrine 1.3
Primaquine 6.9
Chloroquine -6

Figure 8: 3-D interaction diagram and hydrogen bond
donor and acceptor interaction of compound A3l with P.
falciparum histo-aspartic protease residues.

The 3-D structure of P. falciparum histo-aspartic protease (PDB
ID: 3QVC) and its hydrogen acceptor/donor surface interaction
with compound A3l is shown in Figure 9. We observed in the 2-
D view (Figure 9) the hydrogen binding interaction of the
carbaldehyde oxygen atom of the quinoline core with Phe109 at
a bond length of 3.51 A. Additionally, strong fluorine bonds of
the trifluoromethyl groups at position 7 with Glu86, Arg9l,
Lys7 and Alal0 (bond lengths ranging from 2.98 A to 3.58 A)
may presumably be responsible for the high inhibitory
2-(2-benzoyl-4-methylphenoxy)-8-methyl-6-
(trifluoromethyl)quinoline-3-carbaldehyde (A31) with
Plasmodium falciparum (HAP). Other bonds contributing to the
interaction, as presented in Figure 9, are alkyl, wm alkyl, wmw
stacked and T alkyl at various bond lengths with the residues of
the protein [22].

interactions of

Drug Des, Vol.12 Iss.4 No:1000260

Figure 9: 2-D diagram of the bond length and interacting
residues of P. falciparum histo-aspartic protease with compound

A3l

Hydrophobic interactions are highly crucial for the folding of
proteins, especially in keeping the protein stable and biologically
active through a decrease in surface area, thereby reducing
undesirable interactions with water. Herein, compound A31
exhibits hydrophobic interactions with the P. falciparum HAP
amino acid residues, especially the 2-benzoyl-4-methylphenoxy
side of the molecule interacting with Leu73, 11e80, Tyrl12,
Phelll, Trp39 and 1le107.

Interaction with the trifluoromethyl side of the quinoline
molecule with Glu86, Arg91, Lys7 and Alal0 clearly appears to
be hydrophilic due to the electronegative character of the
fluorine atom, as shown in Figure 10. Solvent accessibility (SAS)
is a key feature of proteins for determining the folding and
stability of a molecule. In Figure 10, the solvent accessibility
surface and blue region in the 3D interaction are large, thereby
suggesting a better interaction of compound A3l with the
binding pocket of the HAP protein.
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Figure 10: Hydrophobic/hydrophilic and solvent accessibility
surface interactions of compound A31 with P. falciparum histo-

aspartic protease residues.

Similarly, the 3-D structure for compound A5 is shown in Figure
11 with a binding energy of -11.2 kcal/mol. The absence of
hydrogen bonds does not reduce its efficacy as a HAP inhibitor
due to other interactions, such as Tecation (pi electrons of the
quinoline core and the amino hydrogen of the side chain of
Lys7), alkyl and mralkyl (ligand and amino acid residues such as
Val120, Leu73, Tyr410, Leu73, 11e80, Ile107 and Proll0), wi
stacking and 7T T-shaping (compound A5 and Phelll, Phel09,
His32 and Trp39), all contributing to its high binding energy
(Figure 12).

Figure 13: Hydrophobic/hydrophilic and solvent accessibility
surface interactions of compound A5 with P. falciparum histo-
aspartic protease residues.

Figure 11: 3-D interaction diagram and hydrogen bond
donor and acceptor interaction of compound A5 with P.
falciparum histo-aspartic protease residues.

Figure 14: 3-D interaction diagram and hydrogen bond donor
and acceptor interaction of mefloquine with P. falciparum histo-
aspartic protease residues.

Interoctons
B e
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Figure 12: 2D diagram of the bond length and
interacting residues of P. falciparum histo-aspartic protease with
compound A5.

We observed in Figure 13 that compound A5 displays
significant hydrophobic interactions with all observed binding
residues except Lys7, suggesting good waterlipid interface
transport between the cell membrane of the Pf HAP protein.
Furthermore, the quinoline core of compound A5 is exposed to
better solvent accessability, implying a more open conformation
predisposed to easier interaction with the reactive sites of the
target residues (Figure 14).

Drug Des, Vol.12 Iss.4 No:1000260

The binding interactions of the best reference drug, mefloquine,
with P. falciparum histo-aspartic protease residues (Figure 15)
showed that the trifluoro groups attached to position 6 in
compound A3l and position 8 in mefloquine both appear to
contribute to their increased activity. However, unlike
compound A31l, mefloquine does not have any hydrogen
bonding, which could have explained its lower binding energy.

Figure 15: 2-D diagram of the bond length and interacting
residues of P. falciparum histo-aspartic protease with
mefloquine.

Similarly, the solvent accessibility surface interaction of
compound A3l is higher for mefloquine, suggesting a better

interaction in the binding pocket of the HAP protein (Figure
16).

Figure  16:  Hydrophobic/hydrophilic ~ and
accessibility surface interactions of mefloquine with P.
falciparum histo-aspartic protease residues.

solvent
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CONCLUSION

In this study, through toxicity profile tests, we evaluated
synthesized compound 5 and its fifty hypothetical compounds
A1-A50 for their drug-likeness using virtual tools to identify lead
drug candidates to address resistance to current reference
antimalarial drugs. Nine hypothetical compounds showed no
toxicity to human cells.

Compounds A5 and A3l have high bioactivity as kinase
inhibitors, nuclear receptor ligands, and glycoprotein receptors
GPCR. Additionally, compound A5 is an enzyme inhibitor able
to bind to other available sites on the HAP enzyme.

We join others to hypothesize that since aspartate (Asp215) and
histidine (His32) residues in the active site of HAP are desirable
for parasite growth and particularly contribute to its virulence,
ligand interaction at this location will serve as a good inhibitor
in a drug-development protocol.

Herein, while compound A31 with a binding energy of -11.3
kcal/mole does not show evidence of interaction with either
Asp215 or His32, compound A5 with a binding energy of -11.2
kcal/mole has 11 stacking interactions with His32. Mefloquine,
the best performing reference drug, also does not show any
interaction with either Asp215 or His32.

Furthermore, compound A5 was observed to show significant
hydrophobic interactions with all observed binding residues
except Lys7, suggesting good waterlipid interface transport
between the cell membrane of the Pf HAP protein and exposure
of the quinoline core to better solvent accessibility, which
suggests that the conformation is more open, enabling better
binding with the reactive sites of the target residues. Our study
shows that compound A5 may be considered in a new drug
development protocol for antimalarial disease.

DECLARATION OF INTERESTS

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

The

relationships which may be considered as potential competing

authors declare the no financial interests/personal

interests.

FUNDING INFORMATION

This work was funded, in parts, by the university of Lagos
Central Research committee (CRC no. 2015/25), Nigerian
government TetFund IBR.

AUTHOR CONTRIBUTIONS

All authors contributed to the study conception and design.
Material preparation, data collection and analysis were
performed by Oluwafemi Aina and Bello Adebayo. The first
draft of the manuscript was written by Lugman Adams and
Oluwole B. Familoni and all authors commented on previous
versions of the manuscript. All authors read and approved the
final manuscript.

Drug Des, Vol.12 Iss.4 No:1000260

OPEN 8 ACCESS Freely available online

REFERENCES

1.

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Akintemi EO, Govender KK, Singh T. A DFT study of the chemical
reactivity properties, spectroscopy and bioactivity scores of bioactive

flavonols. Comput Theor Chem. 2022;1210:113658.

Banerjee P, Eckert AO, Schrey AK, Preissner R. ProToxIl: A
webserver for the prediction of toxicity of chemicals. Nucleic Acids
Res. 2018;46(W1):W257-W263.

Banerjee R, Liu J, Beatty W, Pelosof L, Klemba M, Goldberg DE.
Four plasmepsins are active in the Plasmodium falciparum food

vacuole, including a protease with an active site histidine. Proc Natl
Acad Sci U S A. 2002;99(2):990-995.

Bhaumik P, Gustchina A, Wlodawer A. Structural studies of
vacuolar plasmepsins. Biochim. Biophys. 2012;1824(1):207-223.
Boddey JA, Hodder AN, Gunther S, Gilson PR, Patsiouras H,
Kapp EA, et al. An aspartyl protease directs malaria effector proteins
to the host cell. Nature. 2010;463(7281):627-631.

Copeland RA. Evaluation of enzyme inhibitors in drug discovery:
A guide for medicinal chemists and pharmacologists. Methods
Biochem Anal. 2013.

Czeczot H, Tudek B, Kusztelak ], Szymczyk T, Dobrowolska B,
Glinkowska G, et al. Isolation and studies of the mutagenic activity
in the Ames test of flavonoids naturally occurring in medical herbs.
Mutat Res. 1990;240(3):209-216.

Daina A, Michielin O, Zoete V. SwissADME: A free web tool to
evaluate pharmacokinetics, druglikeness and medicinal chemistry
friendliness of small molecules. Scientific reports. 2017;7(1):42717.
Dorababu A. Quinoline: A promising scaffold in recent antiprotozoal
drug discovery. ChemistrySelect. 2021;6(9):2164-2177.

Francis SE, Banerjee R, Goldberg DE. Biosynthesis and maturation
of the malaria aspartic hemoglobinases plasmepsins 1 and II. J Biol

Chem. 1997;272(23):14961-14968.

. Gromiha MM, Ahmad S. (2005). Role of solvent accessibility in

structure based drug design. Curr Comput. 1(3), 223-235.

Van de Waterbeemd H, Gifford E. ADMET insilico
modelling: Towards prediction paradise. Nat Rev Drug Discov.
2003;2(3):192-204.
Hong SH, Ismail IA, Kang SM, Han DC, Kwon BM.
Cinnamaldehydes in cancer chemotherapy. Phytother Res.
2016;30(5):754-767.

Jacobs AC, Hatfield KP. History of chronic toxicity and animal
carcinogenicity studies for pharmaceuticals. Vet Pathol. 2013;50(2):
324-333.

Jensen AR, Adams Y, Hviid L. Cerebral Plasmodium falciparum
malaria: The role of PfEMP1 in its pathogenesis and immunity, and
PfEMP1 based vaccines to prevent it. Immunol Rev. 2020;293(1):
230-252.

Bagur MJ, Salinas GLA, JimenezMonreal AM, Chaouqi S, Llorens
S, MartinezTome M, et al. Saffron: An old medicinal plant and a
potential novel functional food. Molecules. 2017;23(1):30.

Kakinuma T, Hwang ST. Chemokines, chemokine receptors, and
cancer metastasis. ] Leukoc Biol. 2006;79(4):639-651.

Karthik L, Kumar G, Keswani T, Bhattacharyya A, Chandar SS,
Bhaskara Rao KV. Protease inhibitors from marine actinobacteria as
compound. PloS  one.

a potential source for antimalarial

2014;9(3):e90972.
Klopman G, Stefan LR, Saiakhov RD. ADME evaluation: 2. A
computer model for the prediction of intestinal absorption in

humans. Eur ] Pharm Sci. 2002;17(5):253-263.

Leung D, Abbenante G, Faitlie DP. Protease inhibitors: Current
status and future prospects. ] Med Chem. 2000;43(3):305-341.

10


https://www.sciencedirect.com/science/article/pii/S2210271X22000718
https://www.sciencedirect.com/science/article/pii/S2210271X22000718
https://www.sciencedirect.com/science/article/pii/S2210271X22000718
https://academic.oup.com/nar/article/46/W1/W257/4990033?login=false
https://academic.oup.com/nar/article/46/W1/W257/4990033?login=false
https://www.pnas.org/doi/full/10.1073/pnas.022630099
https://www.pnas.org/doi/full/10.1073/pnas.022630099
https://www.sciencedirect.com/science/article/pii/S157096391100094X
https://www.sciencedirect.com/science/article/pii/S157096391100094X
https://www.nature.com/articles/nature08728
https://www.nature.com/articles/nature08728
https://www.sciencedirect.com/science/article/abs/pii/016512189090060F?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/016512189090060F?via%3Dihub
https://www.nature.com/articles/srep42717
https://www.nature.com/articles/srep42717
https://www.nature.com/articles/srep42717
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/slct.202100115
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/slct.202100115
https://www.ingentaconnect.com/content/ben/cad/2005/00000001/00000003/art00001
https://www.ingentaconnect.com/content/ben/cad/2005/00000001/00000003/art00001
https://onlinelibrary.wiley.com/doi/10.1002/ptr.5592
https://journals.sagepub.com/doi/10.1177/0300985812450727
https://journals.sagepub.com/doi/10.1177/0300985812450727
https://onlinelibrary.wiley.com/doi/10.1111/imr.12807
https://onlinelibrary.wiley.com/doi/10.1111/imr.12807
https://onlinelibrary.wiley.com/doi/10.1111/imr.12807
https://www.mdpi.com/1420-3049/23/1/30
https://www.mdpi.com/1420-3049/23/1/30
https://academic.oup.com/jleukbio/article-abstract/79/4/639/6922550?redirectedFrom=fulltext&login=false
https://academic.oup.com/jleukbio/article-abstract/79/4/639/6922550?redirectedFrom=fulltext&login=false
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0090972
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0090972
https://www.sciencedirect.com/science/article/abs/pii/S0928098702002191?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0928098702002191?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0928098702002191?via%3Dihub
https://pubs.acs.org/doi/10.1021/jm990412m
https://pubs.acs.org/doi/10.1021/jm990412m
https://www.jbc.org/article/S0021-9258(19)62484-1/fulltext
https://www.jbc.org/article/S0021-9258(19)62484-1/fulltext
https://www.nature.com/articles/nrd1032
https://www.nature.com/articles/nrd1032

Oluwafemi AS, et al. OPEN 8 ACCESS Freely available online

21. Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. Experimental 22. Lowry OH, Rosebrough NJ, Farr AL, Randall R]. Protein
and computational approaches to estimate solubility and permeability measurement with the Folin phenol reagent. ] Biol Chem.
in drug discovery and development settings. Adv Drug Deliv Rev. 1951;193:265-275.

2012; 46(1):3-26.

Drug Des, Vol.12 Iss.4 No:1000260 (MRPFT) 11


https://www.sciencedirect.com/science/article/abs/pii/S0169409X00001290?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0169409X00001290?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0169409X00001290?via%3Dihub

	Contents
	Plasmodium falciparum Histo-Aspartic Protease (HAP) inhibitor: Toxicity Investigation and Docking Study of 2-(2-benzoyl-4-methylphenoxy) quinoline-3-carbaldehyde Derivatives
	ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	Synthesis of 2-(2-benzoyl-4-methylphenoxy) quinoline-3-carbaldehyde
	Toxicity prediction of compound
	Preparation of its hypothetical compounds (A1-A50) and antimalarial reference drugs
	Selection of the Histone-Aspartic Protease (HAP) protein receptor
	In silico drug-likeness and ADME predictions
	Bioactivity score
	Molecular docking study

	RESULTS AND DISCUSSION
	Synthesis of 2-(2-benzoyl-4-methylphenoxy) quinoline-3-carbaldehyde (5) and preparation of hypothetical compounds (A1-A50) as ligands
	Toxicity results of compound (5), hypothetical compounds (A1-A50) and ten antimalarial reference drugs
	In silico drug-likeness and ADME predictions
	Bioactivity score
	Molecular docking study

	CONCLUSION
	DECLARATION OF INTERESTS
	FUNDING INFORMATION
	AUTHOR CONTRIBUTIONS
	REFERENCES




