Volume 8 * Issue 4 | 55

;
fwm JOURNAL OF PHARMACY AND

Journals

PHARMACOLOGY RESEARCH

ISSN: 2578-1553
L

Research Article

Identification of Promising Inhibitors from Natural Compounds Targeting
PImX, a Multi-Stage Drug Target in Plasmodium Falciparum
Cheickna CISSE*!, Oudou DIABATE!, Mamadou WELE!, Mamadou SANGARE!, Alia BENKAHLA?,

Jeffrey SHAFFER?, Seydou DOUMBIA*

Abstract

The emergence of resistance to the first-line antimalarial drugs poses
a significant threat to recent progress in the fight against malaria. It is
imperative to discover novel therapeutic drugs for Malaria. Utilizing rational
methods facilitated by bioinformatics tools presents the most efficient and
cost-effective approach to achieve this imperative. The objective of this
study was: first, to model an active structure of Plasmepsin X (PImX) a
potent multistage drug target from Plasmodium falciparum, and second,
to identify potential inhibitors from African databases of Natural Products.
The model was constructed utilizing a multiple templates approach
implemented in Modeller. The best model obtained underwent validation
using standard tools. Subsequently, a high throughput virtual screening
was conducted using Autodock Vina, employing African databases of
Natural Products. The results demonstrated the successful construction of
an accurate and validated model of PImX. A total of 8690 compounds
sourced from natural active compounds were screened, leading to the
identification of 68 compounds exhibiting high affinity (docking score
< -9 kcal/mol). Further analysis revealed detailed interactions of top ten
promising inhibitors, highlighting their potential as effective inhibitors.
This study identified promising inhibitors to be considered in the
development of new and effective antimalarial drugs.

Keywords: Plasmodium falciparum malaria, protein modeling, virtual
screening, Natural Compounds inhibitors

Introduction

Malaria represents a significant global health challenge, with an estimated
249 million cases of Malaria and 608 thousand malaria-related deaths
reported worldwide in 2023. disproportionately borne by pregnant women
and children under 5 years of age [1]. Notably, this burden was an increase
of about 5 million cases in 2022 compared to 2021. African countries carry
the heaviest burden, accounting for about 233 million cases, which make
up 94% of all malaria cases, and 94% of malaria-related deaths in 2022 [1].
Despite recent significant advances in the fight against malaria, it remains a
persistent public health problem due to the emergence of parasite resistance
to antimalarial drugs and of Anopheles mosquitoes to insecticides [1]. Indeed,
Artemisinin and its derivatives, which serve as the last line of defense in
antimalarial treatment, have lost their effectiveness in the Asian continent
[2] due to parasite resistance. The potential spread of this multidrug-resistant
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P. falciparum to the African continent is a cause for concern,
as has happened in the past. Therefore, the pressing need lies in
the discovery of novel and effective antimalarial targets. This
requires the identification and validation of new drug targets
within malaria parasites and their structural characterization.
This is particularly pertinent for P. falciparum, the most
prevalent malaria species in humans, responsible for 80%
of all malaria infections and severe complications leading to
death [3].

Numerous studies have extensively investigated P.
falciparum, generating valuable insights data on its genome
and metabolic pathways [4], [5], [6], [7]. Leveraging data from
these studies, bioinformatics tools have been developed to
predict potential drug targets against pathogens. Notably, the
World Health Organization's Special Program for Research
and Training in Tropical Diseases has developed the TDR
Targets server [8]. A key function of this server is conducting
genomic-scale analyses of pathogens, categorizing, and
prioritizing multiple proteins as potential drug candidates
based on user-defined criteria [9]. The criteria for potential
drug targets rely on their essential roles in the pathogen's
survival and their lack of orthology in Human hosts [10].
Identifying drug targets has become more feasible through
well-established criteria. Numerous studies have predicted
promising malaria drug targets [5], [6], [7], [10], [11], [12],
[13]. The new challenge lies in the structural characterization
of these targets facilitates the design structure-based
inhibitors [14]. Recently, several tools and databases have
been developed to overcome this problem [15], [16]. One of
these methods is homology modeling [15], [17], used in this
study. This method is used if the 3D structure of the target is
not available. So, the method uses a template-based modeling
to predict a 3D structure which must be assessed and
validated for further studies [18]. Once a valuable 3D model
is available, a structure-based virtual screening using a bank
of molecules is conducted to determine potential inhibitors.
Many works have confirmed that the PImX from Plasmodium
falciparum is an antimalarial target [19], [20], [21]. To date,
the global active structure of the protein is not available
yet. In this study, the 3D model was built based on multiple
templates approach combining different modeling tools. The
African continent abounds in natural resources, particularly
medicinal substances [22]. To find potential inhibitors
available and accessible on the continent, virtual screening
with diverse natural products sourced from African databases
AfroDb [23], EANPDB [24], NANPDB [25] and SANCDB
[26], [27]. Different analyses were undertaken to determine
the most promising inhibitors and they interactions with the
targets. Those with the best pharmacological properties for
the development of new and effective antimalarial candidates
were selected for biological assessments.

Volume 8 * Issue 4 | 56

Materials and Methods
Target Sequence Alignment

A first alignment with BLASTp [28] were performed with
PImX from Plasmodium falciparum (Code UniProt: Q8IASO0)
to identify homologous proteins. The default parameters
were used with the database set to Protein Data Bank [29].
This research identified the crystallographic structures of
PImX (Code PDB: 60RS, 7RY7, 7TBB, 7TBC, 8DSR).
All the structures were missing some segments of the entire
sequence. To get the complete 3D structure of the protein for
valuable docking a new model was built.

Homology modeling and Refinement

After comparison of the structures via Chimera
(Supplementary data, Figure 5) the PDB coordinates code
7TBB with a resolution of 1.85 A were selected, the missing
residues were built with Model/Refine Loops module of
Modeller using the AlphaFold model AF-Q8IASO-F1 of
PImX. Among the initial models generated during this
process, the one with the least DOPE score energy value and
the least deviation from PDB structure was considered as the
PfPImX model for further investigation. The selected model
was refined by a molecular simulation optimization protocol
using NAMD 2.9 [30] on a quad core Intel® Core™ i7-4600
CPU 2.90 GHz processor. The CHARMM 27 force field [31]
was used for energy minimization and the simulation was
carried out in the Visual Molecular Dynamics (VMD) tool
[32]. The system was minimized during 25 000 steps and
the refined model was used. The process was repeated three
times.

Validation of the 3D model

The quality of the simulated model was assessed by
ProSA-web: interactive web service for the recognition of
errors in three-dimensional structures of proteins the sterco
chemical [33], and on the structure validation server SAVES
(https://saves.mbi.ucla.edu/). ERRAT which is a program for
verifying protein structures determined by crystallography
[34] and VERIFY 3D [35], [36] and PROCHECK [37]were
used to assess the quality of the models. MolProbity is a
structure validation web service for diagnosing problems in
3D models of proteins [38] was also used to check errors.

Prediction of binding pockets:

The Computed Atlas of Surface Topography of proteins
(CASTp) [39] was used to calculate the ligand binding
pockets of the protein. The pockets with the biggest volume
area covering the native active binding site were chosen to
define the maximum grid box for the virtual screening.

Protein preparation:

The protein was prepared with the graphical interface
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AutoDockTool-1.5.7 (ADT) [40]. The protocol included
removal of non-polar Hydrogens, adding of the Gasteiger
charges, and assigning solvation parameters and Atom Types.
ADT was used to define the grid box coordinates set to center
x, y and z egal 22.992, 28.473 and 26.236 resp.; the npts x,
y and z = 66, 84, and 78 resp.; and grip spacing = 0.375. The
box was defined large enough to cover the three best binding
pockets calculated by CASTp and to accommodate complex
ligand structures usually found in NPs.

Ligand preparation for structure-based virtual
screening:

The ligands were selected from the following African
databases of NPs: AfroDb, EANPDB, NANPDB and
SANCDB. A total of 8741 molecules found through these
databases were converted to .pdb formats using PyRx [41]
and Open Babel [42] using homemade scripts. Then the
compounds were prepared using ADT which added Gasteiger
charges, Atom Types parameter and defined rotatable bonds
and finally converted the files to. pdbqt formats for virtual
screening. The compound 49¢ and WM382 known as potent
inhibitor of PImX [19], [20] was also prepared using the same
protocol and was used as control for comparative analysis.

Virtual screening of PImX

The widely docking program AutoDock Vina v.1.2.0
[43], known for its accuracy, high speed performance and
reliability, for structure-based virtual screening was used
to search and calculate docking poses of the ligands on
the protein. The protocol was carried out as following: the
validated 3D model of PImX was used as receptor, the ligand
was the list of NPs, the grid box previously calculated by
ADT was used, the exhaustiveness value = 8 was used and 9
conformations were generated per ligand. The screening was
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launched on the server of the Mali International Center for
Excellence in Research (ICER).

Docking analysis

The results of virtual screening were analyzed by the
following visualization programs: ADT, Pymol-2.0 [44], [45]
and UCSF Chimera [46]. The ligands with high affinity (Score
< -9 Kcal/mol) were considered for attentive examination.
Those fitting well into the active site were considered as the
most promising inhibitors and for identifying interactions
details with the Ligplot+ v.2.2.4 software.

Results
3D structure of active PImX

To operate a structure-based screening, it is important to
consider the most accurate as possible 3D structure. As the
PDB coordinates of PImX (code PDB: 60RS) were missing
the following segments: M1---R28, K69---D73, L130--
-N225, E304---S315, E343---D352, we carried out a multiple
templates modeling with Modeler using the AlphaFold model
of PImX (AFv1-Q8IAS0) as another template. The best model
among the hundreds of models generated by Modeler with
the lowest DOPE score -56547.92 and GA341 of 1.00 was
selected. To perform the docking consistently with the native
conditions [19], [48], the segment K69---S246 covering the
active site was deleted. The new numbering was comprised
between ARGl to ASN439. The molecular dynamics
simulation operated on the new model showed energy
stability which moved from 199921.90 to -33140.35 KJ/mol.
The conformation with the lowest energy was displayed on
Figure 1. Like other members of Aspartate Protease family,
the model showed the N-terminal and C-terminal domain
linked by pseudo twisted B-barrel [19], [48], [49].

Figure 1: 3D-Model of active PImX. Left: Cartoon representation of protein backbone with Beta-sheets in green and Alpha-Helice in brown,
the catalytic aspartates ASP61 and ASP 252 are shown in licorice, cyan. The three domains (N-ter, C-ter and pseudo twisted) are surrounded
by dashed lines. Right: Surface representation of protein showing the binding pocket above the catalytic aspartates.
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3D model validation

The quality of the 3D model of PImX were analyzed by
five of the structure validation tools: VERIFY-3D, ERRAT,
ProSA, PROCHECK and MolProbity. Table 1 summarizes
the results obtained.

Table 1: Quality control values of 3D model

ProSA | ERRAT | VERIFY 3D PROCHECK MolProbity
Z-Score Quality averaged_SD-1 D favoured allowed Score
Factor score >=0.2
-847 | 92816 91.30% 91.20% 8.20% 1.95

The values of ProSA-Web (Z-score = -9.66), ERRAT
(quality factor = 92.816) and VERIFY 3D (averaged 3D-1D
score = 91.30), clearly demonstrated that the overall structure
of the PImX model was very good and valuable for further
investigations. In addition, PROCHECK values showed that
more than 99% of the residues were in favored and allowed
regions of the Ramachandran plot (supplementary info:
Figure 6). Together these results suggested the reliability of
the model for structure-based docking.
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Active binding site prediction

The binding pockets were calculated by CASTp webserver
[31]. The Figure 2 showed the three potential binding pockets
displayed in red volume. The pocket 1 with the largest surface
area (814.36A?) and a volume of 1071.627A%, predicted as
the best binding pocket was covering the catalytic Aspartates
and other residues of the active site. This pocket was found
between the two Nter and Cter domains in accordance with
the active sites of other Aspartate proteases [48], [49]. The
three pockets were subsequently used for building the grid
box where ligand conformations search is performed during
virtual screening (Figure 2). The size of the grid box was
set large enough to cover the three pockets to allow sufficient
conformation search for NPs.

Virtual screening

The virtual screening was carried out with a library
set of 8690 Natural Products from four African databases:
AfroDb (http://african-compounds.org/about/afrodb/) [41],
NANPDB  (http://african-compounds.org/nanpdb/)  [39],
SANCDB (https://sancdb.rubi.ru.ac.za/) [37], EANPDB
(http://african-compounds.org) [40]. The Table II resumed
the distribution among the different databases.

Figure 2: 3D-model of active PImX, Left: cartoon represatation of backbone with binding pockets in Red
spheres predicted and Right: Grid box computed by ADT and used for virtual screening (box with green,

blue and red faces) containing the binding pockets.

Table I1: Distribution of molecules used for virtual screening according to their affinity for PImX

Databases SANCDB NANPDB EANDPB AfroDb Total
Number of Compounds 1012 4928 1870 880 8690
Number of compounds with score < -8 Kcal/mol 232 1069 558 230 2089
Number of compounds with score < -10 Kcal/mol 16 26 25 1 78
References [37][38] [39] [40] [41]
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In this study, all the ligands with docking score < -8
Kcal/mol, total number = 2089 were considered because the
inhibitors used as controls scored around this docking score
value. The number of selected compounds for each database
was 232, 1069, 558 and 230 for SANCDB, NANPDB,
EANPDB and AfroDb respectively (Table II). Among
them, the compounds with docking score < -10 Kcal/mol
(total number = 78) showing high affinity with the target
were attentively examined with their nine docked poses.
Their ADME properties were analyzed by SwissADME.
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The best compounds with no violation of Lipinski’s rule
were selected for further analysis (Table III). Two known
inhibitors of PImX: compounds 49¢ (PubChem:71521073)
and WM382 (PubChem:154699453) were docked with the
same conditions. The compounds asphodelin, SANC00584
and SANCO00585 with Mw=506.46, 510.58 and 510.58
respectively were also selected as their Mw were close to the
inhibitors: 504.6 and 514.7 g/mol respectively for WM382
and compounds 49c.

Table III: List of top ten potential inhibitors of PImX with Docking score and pharmacological parameters

H-bond | H-bond Lipinski | Leadlikeness | Docking Score
# Molecule Formula | PubChemID | Mw (g/mol) MLOGP | . | L
acceptors | donors violations | violations (Kcal/mol)
EANPDB
1 calopogonium | C,H,O, 354119 334.37 4 0 242 0 1 -10
2 norisojamicin C,H0, | 101938912 364.35 6 1 1.72 0 2 -10.1
3 millettone C,H.,:0, 442810 378.37 6 0 2.12 0 2 -10.2
4 millettosine C,,H,s0, 15560542 394.37 7 1 1.32 0 1 -10.3
5 bianthracene Il | C, H, 0, None 492.48 7 4 1.78 0 2 -104
6 asphodelin C,,H,s0q 182665 506.46 8 4 0.92 1 2 -10.3
AfroDb
7 WA_0038 C,H.,0, | 162910809 304.47 2 2 4.07 1 -10.7
8 EA 0132 C,H.,0, 10049125 444.56 4 1 412 0 2 -10.3
SANCDB
9 SANC00584 C,,H.,0, 16115666 510.58 2.62 1 -104
10 SANC00585 C,H.,0, 16115802 510.58 2.62 1 -104
Known Inhibitors
WM382 C,H,N,0, | 154699453 504.6 34 1 -8.9
Compound 49¢ | C,H,N,O, | 71521073 514.7 3.3 1 2 -10.3

B. norisojamicin

-
anh ‘---:. ci
L g %
‘# % \‘
h !
)

C. millettone

Figure 3: Best docking poses of Top ten potential inhibitors of PLMX. All the ligands are inside the cleft of the binding pocket interacting with

residues surrounding the catalytic residues Asp34 and Asp220.
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Figure 4: 2D interactions map generated by LigPlot+ program between PfPLMX and the top ten compounds (Table III). The map showed
Important interactions between the ligands (Bonds colored in Gray) and the surrounding residues of the protein: Hydrogen bonds are shown by
dashed (green) lines, Hydrophobic contacts between protein and ligand are indicated by the (brick-red) spoked arcs.
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The selected compounds selected as potential inhibitors
of PImX showed remarkably high affinity with their target
with scores ranging from -10.00 to -10.7 Kcal/mol. In
comparison, standard inhibitors used as controls displayed
affinity scores of -10.3 kcal/mol for WM382 and -8.9 kcal/
mol for compound 49¢ (Table III). This indicated that the
selected ligands and the inhibitors exhibited comparable
affinity scores. The binding poses of the top predicted ligands
were shown in Figure 3. As expected, all the ligands are
located within the cleft of the binding pocket, interacting
closely with the catalytic residues.

Interactions analyses

Figure 4 displayed interactions details between the protein
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and the potential inhibitors, highlighting key Hydrogen bonds
and numerous hydrophobic contacts between the protein and
ligands. To comprehensively understand these interactions,
a thorough analysis was conducted, the results of which are
summarized in Table IV. This analysis revealed that the
ligands bind to the protein through numerous hydrophobic
interactions and hydrogen bonds. Only two ligands, Milletone
and SANC00584, did not form any hydrogen bonds upon
binding. The protein residues primarily involved in ligand
interactions were PHE79 and ASP34, 9 times for the 10
ligands (9/10), followed by ILE117 and ILE126 (8/10), then
GLY222 (7/10) and finally ILE77, GLY80, VAL78 (Table
V).

Table IV. Details of interactions between the target protein and potential inhibitors

Compounds Number of H Bonds Protein Residues involved in
H Bonds VdW interactions
) ILE32, GLY80, SER224, PHE79, VAL78, SER37, ILE77, ILE126, ASP34,
Calopogonium 2 ASN-39, SER-33 GLY222, ILE117
Norsqamiin , SER-37, ASN-39, ILE77, GLY80, SER224, ILE117, ILE32, PHET9, GLY222, ASP34,
TRP-41 VAL78, ILE126, ASN39
Milletione 0 SER37, GLY80, ASP13, ILE117, GLY222, PHE79, ILE126, ASP34,
ASN39, ILE77
. ) ILE117, GLY80, TYR225, THR223, ILE32, VAL78, ILE77, PHE79,
Millettosine 2 SER224, GLY222 ASP34. GLY15, ILE126, ASN39
. LEU301, ASP220, GLY80, ILE117, ILE121, ASP13, PHE79, GLN15,
Bianthracene 2 TYR194, ASP34 ILE32, ILE77, VALTS, ILE126
. GLY222, ASP220, ILE117, ASP13, ILE121, GLN15, ILE32, PHET79,
Asphodelin 2 TYR194, GLY80 ASP34, TRP42, ASN39, ILE77, SER37
GLY80, PHE79, ILE117, GLY222, GLN15, ASP34, ILE32, ILE126,
WA_0038 1 ASP13 SER37, VALTS
ILE32, PHE79, ILE126, ASP34, VAL78, GLY36, LEU301, ILE218,
EA_0132 L GLY80 VAL293, ASP220, TYR194, GLY222, SER224, GLN15
GLY222, ASP34, ILE32, ILE126, PHET79, ILE121, ASP13, ILE117,
SANC00584 0 GLY80, MET89, LEU301, ILE391, VAL78
SANCO0585 1 SER37 SER224, GLY80, VAL78, ILE126, ASP34, ILE32, PHE79, GLY222,
ILE121
Discussion targets from the genome of P. falciparum conducted by TDR

Considering the ongoing threat of malaria resistance,
identification of new malaria drug targets and therapeutic
compounds are still relevant and important. To achieve this
goal efficiently and cost-effectively, computational methods
and tools offer the least time-consuming and most cost-
reducing means to reach this goal [50], [51]. This work
highlighted how computational tools could be employed to
logically design therapeutic candidates of both target and
inhibitors. The rational investigation to find therapeutic

Target revealed a set of promising drug targets among which
(unpublished) PImX was singled out for structure-based
inhibitors research. PImX is an essential aspartyl protease,
crucial for parasite egress and erythrocytes invasion making
it a multiple stage drug target of the malaria lifecycle. Many
recent studies have proved that PImX is a valuable target [21],
[49], [52], [53], [54]. It is know that inactivation of PImX led
to clearance of blood-stage P.falciparum [21], [48], [49]. In
this study, a new and complete model of PImX was built from
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the crystallized structure (PDB: 60RS) by incorporating the
missing sequence: M1---R28, K69---D73, L130---N225,
E304---S315, E343---D352. The model was evaluated with
common methods of Protein model quality assessment:
ProSA-Web values (Z-score -9.66), ERRAT (Quality factor
92.816) and VERIFY 3D (averaged 3D-1D score of 91.30).
The results clearly indicated the excellent overall quality of
the model Figure 1, confirming its suitability for structure-
based inhibitors investigations. In addition, PROCHECK
assessment demonstrated that over 99% of the residues were
within the favored and allowed regions of the Ramachandran
plot (see supplementary info: Figure 3). From the virtual
screening analysis, ten (10) compounds were chosen as
the most promising inhibitors for PImX (Table III). The
selected ligands exhibited comparable affinity scores like
the validated inhibitors used as controls (~ -10 kcal/mol)
demonstrating their remarkably high affinity with the target.
The drug-likeness and pharmacokinetic properties were
computed. The number of hydrogen bond acceptors (HBA,
<10) and donors (HBD, <5) for all the compounds were
in accordance with the Lipinski’s rule of five (Table III).
The lipophilicity (MLogP) predicted for all the compounds
were found to be well for drug design. Selected compounds,
except for asphodelin, SANC00584 and SANCO00585
(Mw=506.46, 510.58 and 510.58 resp.), showed suitable
MW values (MW < 500). This is essential for a successful
penetration through biological membranes. In addition, all
compounds fell into the appropriate range indicating good
bioavailability of the candidate molecule. Together, these
values indicate that the selected compounds displayed good
drug-likeness and pharmacological properties. This suggests
that these compounds represent good candidates for the
development of new and effective antimalarial drugs. The
details of interactions between the selected compounds and
the target showed that those molecules bind to the protein
through numerous hydrophobic interactions and hydrogen
bonds (Figure 4, Table IV). The protein residues primarily
involved in the VAW interactions are PHE79 and ASP34,
followed by ILE117 and ILE126, then GLY222 and finally
ILE77, GLY80, VAL78 by priority order (Table IV). The
residues ASN39, SER37, TRP41, SER224, GLY222,
TYR194, ASP34; GLY80, ASP13 were found to be involved
in the hydrogen bonding with the compounds. Those residues
have been cited by [19], [20], [48]among those involved in
the interactions of mature form of PImX in complex with
a substrate and 49c, reported to inhibit PlmX. Molecular
dynamics simulations and biological assays will be required
to validate the stability of these interactions and confirm the
effectiveness of these compounds.

Conclusion

This work has highlighted how computational tools
have been used to rationally design therapeutic candidates.
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The plasmepsin X from Plasmodium falciparum PImX was
selected from a set of malarial therapeutic targets for further
structure-based inhibitor research. As the complete structure
of the active form was not available, a robust 3D model was
built through combinations of modeling tools and a virtual
screening of Natural Products from African Databases
allowed to identify promising inhibitors and they interactions
modes.
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SUPPLEMENTARY FILES

Figure 5: Structure of Plasmepsin X (PM10, PMX) from Plasmodium falciparum
3D7 (PDB code 60RS). Cartoon representation coloring by secondary structure
showing the missing residues in dotted lines. Screenshot from RCSB PDB 3D
viewer mol*(javascript) https://www.rcsb.org/3d-view/6ors
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Figure 6: Ramachandran plot of active model of PfPImX. Residues in most favoured regions are
coloured in red, residues in additionally allowed regions in yellow, and residues in generally allowed
regions in brown.
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