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Background: Existing antimalarial drugs primarily target blood-stage parasites, but there is a need for transmission-blocking drugs to
combat malaria effectively. Plasmodium falciparum Calcium-dependent Protein Kinase 4 (CDPK4) is a promising target for such
drugs. This study employed advanced in silico analyses of hexahydroquinolines (HHQ) derivatives to identify PfCDPK4 inhibitors
capable of disrupting malaria transmission. Structure-based virtual screening (SBVS) was employed to discover HHQ derivatives with
the highest binding affinities against the 3D structure of PACDPK4 (PDB 1D: 4Q0X).

Methods: Interaction analysis of protein-ligand complexes utilized Discovery Studio Client, while druglikeness and ADMET
properties were assessed using SwissADME and pkCSM web servers, respectively. Quantum mechanical calculations of the top
hits were conducted using density functional theory (DFT), and GROMACS was employed to perform the molecular dynamics (MD)
simulations. Binding free energy was predicted using the MMPBSA .py tool from the AMBER package.

Results: SBVS identified ten best hits possessing docking scores within the range of —11.2 kcal/mol and —10.6 kcal/mol, surpassing
the known inhibitor, BKI-1294 (—9.9 kcal/mol). Among these, 4-[4-(Furan-2-carbonyl)piperazin-1-yl]-1-(naphthalen-2-ylmethyl)-
2-0x0-4a,5,6,7,8,8a-hexahydroquinoline-3-carbonitrile (PubChem ID: 145784778) exhibited the highest binding affinity (—11.2 kcal/
mol) against PfCDPK4.

Conclusion: Comparative analysis of this compound with BKI-1294 using advanced computational approaches demonstrated
competitive potential. These findings suggest the potential of 4-[4-(Furan-2-carbonyl)piperazin-1-yl]-1-(naphthalen-2-ylmethyl)-
2-0x0-4a,5,6,7,8,8a-hexahydroquinoline-3-carbonitrile as a promising PfCDPK4 inhibitor for disrupting malaria transmission.
However, further experimental studies are warranted to validate its efficacy and safety profile.
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Introduction

Malaria, a disease caused by Plasmodium parasites, continues to be a major global health concern, especially in regions
where the disease is prevalent.' The process of developing effective antimalarial drugs is both time-consuming and
costly, often spanning up to 15 years before reaching commercial availability.” To address this issue, Medicines for
Malaria Venture (MMYV) has established clear guidelines through target product profiles (TPPs) and target candidate
profiles (TCPs) for new malaria treatments. TCPS5 focuses on compound candidates that block human-to-mosquito
parasite transmission.’ Current antimalarial medications are tailored to specific stages of the parasite’s life cycle,
primarily targeting blood-stage parasites to treat symptomatic malaria. To achieve the elimination and eventual eradica-
tion of malaria, there is a critical need to transition the focus from primarily curative treatments to strategies aimed at

preventing disease transmission.” While current antimalarial drugs primarily target symptomatic blood-stage parasites,
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there is a growing recognition that interrupting disease transmission is crucial for malaria control and eventual
eradication.* Presently, the existing drugs used to treat malaria primarily focus on eliminating asexual blood stages.
However, malaria transmission rates remain high due to the continued infectiousness of circulating gametocytes to
mosquitoes weeks after treatment. This persistent transmission impedes effective disease control and eradication efforts.
Preventing transmission of malaria, whether through blocking the human-mosquito cycle or targeting distinct processes,
can reduce the risk of reinfection and effectively limit the spread of drug resistance.”

The Calcium-dependent Protein Kinase 4 (CDPK4) enzyme in Plasmodium falciparum presents a promising target
for the development of antimalarial drugs that block transmission.” Unlike human kinases, CDPK4 has a small gate-
keeper residue, serine, which offers unique possibilities for selectively inhibiting the parasite’s viability and
transmission.” Among the CDPK family, PACDPK4 stands out as a critical kinase for the sexual blood stage of
Plasmodium falciparum, but not the asexual blood stage, making it an ideal target for transmission-blocking drugs.®
Inhibition of PfCDPK4 disrupts Plasmodium microgamete exflagellation, thus preventing malaria transmission. The
unique structural characteristics of Plasmodium kinases, coupled with the need for targeted transmission-blocking drugs,
make PfCDPK4 an attractive target for antimalarial drug development, offering more opportunities for medicinal
chemists to combat the persistent malaria menace.

Currently, the only drug recommended by the World Health Organization (WHO) as a malaria transmission-blocking
drug is primaquine.” However, the use of this drug is limited due to potential side effects such as gastrointestinal
intolerance and hemolysis in patients with glucose-6-phosphate dehydrogenase deficiency.® Efforts to develop inhibitors
against transmission-blocking PfCDPK4 have yielded promising results. Early examples, such as BKI-1, have demon-
strated potent inhibition of PfCDPK4. A significant challenge, though, is ensuring these inhibitors remain effective in the
bloodstream long enough to clear gametocytes after administration.® Various PACDPK4 inhibitors, including pyrrolopyr-
imidines bumped kinase inhibitors (BKI),” phenothiazines,’ imidazopyrazines,'® and 5-aminopyrazole-4-carboxamide
derivatives® have been developed. Yet, none have progressed to advanced pre-clinical studies, primarily due to the
requirement for long-term bioavailability to remain active against gametocytes.'' PFCDPK4 inhibitors, when ingested by
mosquitoes during a blood meal containing malaria gametocytes, inhibit CDPK4 activity, thereby preventing the
exflagellation of male gametocytes.'> This necessitates the development of inhibitors that are non-toxic, long-lasting,
and effective at doses that allow for extended human treatment exposure.

Hexahydroquinolines (HHQ), identified through extensive screening of the Novartis-GNF Malaria Box, have
emerged as a class of heterocyclic compounds with notable transmission-blocking potential against early- and late-
stage Pf gametocytes, prompting the need for pharmacokinetic and pharmacodynamic optimization.'> HHQ com-
pounds have a unique structure consisting of a fused heterocyclic structure, which includes a dihydropyridine (DHP)
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ring containing nitrogen and a cyclohexane ring.'* HHQs are known for their wide spectrum of pharmacological
activities including anticancer, antioxidant, antibacterial, antifungal, antitubercular and antimalarial activities.!#1°
Furthermore, advancements in computational approaches and target-based drug discovery have facilitated the identi-
fication of lead compounds and guided structure-activity relationship studies. Target-based drug discovery for malaria
is not a novel concept, and numerous antimalarial drug candidates identified through this approach have advanced to
human trials. This includes molecules designed to target specific enzymes such as dihydroorotate dehydrogenase
(DHODH) and dihydrofolate reductase (DHFR).* Given the high attrition rates and costs associated with drug
discovery, selecting the most promising targets for drug candidate development is paramount.'® This study delves
into advanced in silico analyses of HHQ derivatives, aiming to identify PfCDPK4 inhibitors capable of disrupting the
transmission of the malaria parasite from humans to mosquitoes. This research contributes significantly to the over-
arching goal of malaria elimination.

Materials and Methods

Ligand Library Preparation
The PubChem database (https://pubchem.ncbi.nlm.nih.gov/) was explored and the chemical structures of 16,525 hexahy-

droquinoline derivatives were obtained. These structures were then filtered using Lipinski’s rule of five (ROS5), which
includes the following criteria: clog P <5, molecular weight < 500 g/mol, hydrogen bond acceptors < 10, rotatable bonds
< 10, hydrogen bond donors < 5, and topological polar surface area < 140 A. This strategy was employed because
unfavorable physicochemical properties can individually or collectively hinder metabolic stability, absorption (such as
solubility and permeability), and ultimately oral bioavailability.'” After filtering, a total of 11,579 hexaquinoline
derivatives that passed the rule were downloaded in their.sdf formats. The structures were imported into the
OpenBabel interface of PyRx software'® for energy minimization and conversion to their corresponding pdbqt formats.
All the compounds were minimized, the energy minimization parameters used are as follow: uff forcefield, conjugate
gradients optimization algorithm and a total number of 200 steps. The prepared ligands were taken further for the
structure-based virtual screening. In addition to the hexaquinoline derivatives screened, we also included BKI-1 (a
reported potent inhibitor of PACDPK4),” 1294 (a N-methylpiperidine analog of BKI-1),"” DXR (the co-crystallized ligand
of the PACDPK4 target) and primaquine.’

Protein Preparation

A BLAST analysis using NCBI-BLASTp (https://blast.ncbi.nlm.nih.gov/Blast) was employed to determine the selectivity
of the PfCDPK4 and ensure it is non-human homologs.zo The UniProtKB accession ID for PACDPK4 (QS8IBSS5) was
employed in the blast analysis against the human calcium/calmodulin-dependent protein kinases found in the NCBI
database. Using a standard expectation value (E value) of 0.005 and a percentage identity at 35%, PfCDPK4 did not
show significant similarity with the human host kinases. The recent availability of crystal structure of targets PACDPK4
(PDB: 4QOX and 4R@GJ) has provided valuable insights into its binding pocket, facilitating the design of selective
inhibitors.® However, 4RGJ does not have a co-crystallized ligand, which makes identification of binding pocket a bit
difficult to access. Hence, the crystal structure of PACDPK4 with PBD:4QOX was downloaded from RCSB PDB.?! The
crystal structure was obtained using X-ray crystallography at a resolution of 2.75 A. The 3D protein structure also

possesses a co-crystallized ligand, 3-(3-bromobenzyl)-1-tert-butyl-1H-pyrazolo[3,4-d]pyrimidin-4-amine (DXR), in its
binding site. The crystal structure of PfCDPK4 is characterized by a very small gatekeeper residue, serine which exposes
an enlarged hydrophobic pocket in the ATP-binding site that is not present in human protein kinases.>** This hydro-
phobic pocket can accommodate a large aromatic group that can function as the target inhibitor. The downloaded 4Q0OX
structure was prepared using UCSF Chimera software®® by removing the native co-ligand, water molecules, and other
non-amino acid residues. Also, the Dock Prep option of the Chimera software was employed to add hydrogen atoms and
Gasteiger charges using the AMBER {f14SB standard residues. The protein structure was further minimized using the
following energy minimization parameters: Steepest descent steps: 300, Steepest descent step size: The prepared and
minimized protein structure was taken further as the target for the structure-based virtual screening.
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Structure-Based Virtual Screening (SBVYS)

Virtual screening is one of the commonly used computer-aided drug design (CADD) techniques employed in the identification
of lead compounds with good binding affinities to a protein of interest by screening a large chemical database.>* Virtual
screening approaches are usually structure-based, or ligand-based. Structure-based virtual screening (SBVS) employs the
three-dimensional structure of the target protein to conduct molecular docking studies against compounds within chemical
libraries.”> Before the virtual screening, the docking protocol was validated by re-docking the co-crystallized ligand, DXR,
into the binding pocket of the active site of 4QOX structure using Autodock vina.?®*’” The docked coligand-protein complex
was aligned to that of the native coligand-protein complex to obtain the root-mean-square distance (RMSD) value. RMSD
values are reliable measures of variability when assessing highly similar proteins, such as different conformations of the same
protein. RMSD data derived from structural comparisons of different-sized protein pairs cannot be directly compared because
the RMSD value is inherently influenced by the number of atoms involved in the structural alignment.”® The RMSD is zero
when structures are identical, and its magnitude increases as the dissimilarity between the two structures increases. The SBVS
of the ligand library against the 4QOX crystal structure was also conducted using AutoDock vina. The grid box for the virtual
screening was set to cover the binding pocket of the co-crystallized ligand using grid center points set to x=29.735, y=—13.440,
7z=—0.777, and the grid box size set to x=34, y=34, z=34. After the screening, the compounds were ranked in order of their
binding affinities to identify the best hits.

Interaction Analysis and Qualitative Structural Assessment of the Four Best Hits in the
Docking Model

The visualisation and interaction analysis of the best hits were performed using Discovery Studio 2021 Client.> This also
revealed the relationships between the chemical structures of the compound and the amino acid residues at the binding
site of the 4QOX protein target. This was carried out to examine the compound features and functional groups
responsible for the different binding interactions observed in the post-screening analysis. The position and characteristics
feature of the functional group determine the type of interaction the compounds exhibited with the amino acid residues at
the active site of the target.° These interactions can introduce a synergistic effect (positive interactions that increase
activity) or an antagonistic effect (an interaction that reduces activity) of compounds.®’

Determination of Druglikeness and ADMET

The drug-likeness properties of the HHQs were determined using the ROS. The ligand library was initially filtered using RO5
before downloading from PubChem Database, however, this was further confirmed using SwissADME.*? In the drug discovery
and development phase, it is evident that considering the pharmacokinetic (PK) characteristics, particularly ADMET (absorption,
distribution, metabolism, excretion, and toxicity) is crucial. Therefore, the pkCSM web server was used to screen ADMET
properties of the hexahydroquinoline derivatives under investigation.> These screenings involved evaluating calculated
physicochemical and ADMET-related parameters. The SMILES strings of the ligands served as input for the analysis on both
platforms. Undesirable pharmacokinetic features in potential drug candidates significantly contribute to the high failure rate in
clinical trials.** Therefore, predicting the pharmacokinetic properties of compounds can provide insights into their safety and
toxicity profiles, ultimately reducing the rate of drug attrition.>> Consequently, it is imperative to conduct experimental pre-
clinical assessments to confirm or validate the predicted pharmacokinetic characteristics and drug-likeness of the compounds.*®

Density Functional Theory (Quantum Mechanics)

Density functional theory (DFT) was used to perform quantum mechanical calculations on of the four best hits from the virtual
screening. The geometry optimization of the compounds was achieved using the DFT-B3LYP/6-311G(d,p) level of theory on
GaussView 6.0.16 and Gaussian 09 software package programme.®’ The 6-311G (d,p) was employed as the basic set due to the
standard theory level for some of the major elements found in organic compounds (C, H, N, S and F). Also, the DFT method,
Becke, 3-parameter, Lee-Yang-Parr (B3LYP) was employed to interpret the Lowest Unoccupied Molecular Orbital (LUMO)
analysis in the optimized structures.’” Both HOMO and LUMO make up the Frontier Molecular Orbital (FMO) and they
describe the energies occupied by electrons and the unoccupied energy levels, respectively. The calculation of HOMO-LUMO
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energy levels and several other critical factors influencing conductivity activity, such as the lonization potential (I), electron
affinity (A), energy band gap (AEg,p), hardness (1), softness (S) and electronegativity (y), chemical potential (u), electrophilicity
index () were also carried out using Equations 1-6.°° The AE,,, indicates the stability and reaction of molecules
and describes the difference between the HOMO and LUMO. The molecular characteristics of hardness and softness elucidate
how electronic transitions and dipole induction occur within the atoms of a compound, whereas electronegativity delineates both

the inclination and degree of bond polarization. Electrophilicity describes the strength of electron attraction.>®

Tonization Energy (I) = —Enomo ()
Electon affinity (A) = —ErLumo )
Energy gap (AEgap) =1-A 3)
I-A

Hardness () = — “)
Softness (S) = 1/5 (%)

I+A
Electonegativity (y) = +T (6)
Chemical potential (1) = —y (7
Electrophilicity(w) = u* /21 (3)

Molecular Dynamics Simulation
Molecular dynamics (MD) simulations have gained significant attention in the field of drug development research for
their ability to provide insights into the dynamic behaviour and stability of protein-ligand complexes.>® This analysis
holds significant importance in unravelling the structure-function relationship of the target, as well as the fundamental
dynamics of the protein-ligand interactions, which serves as a crucial guide in the journey of drug discovery and
design.”® To investigate the potential interactions of the best hit (compound 01) with the Plasmodium falciparum
calcium-dependent protein kinase 4 (CDPK4) enzyme (PDB ID 4QOX), we initiated a 200-ns all-atom MD simulation.
This was also compared with the MD simulation of the BKI-1294-4QO0X complex, due to the reported PfCDPK4
inhibitory potential of BKI-1294, being a bumped kinase inhibitor (BKI).'” These simulations were performed using the
CHARMM36 force field*' and the GROMACS version 2024 software package.*” To acquire a molecular topology file
suitable for the CHARMM36 force field, we employed the SwissParam online platform®* and also utilized an explicit
water model. To neutralize the system’s charge, sodium ions (Na") and chloride ions (Cl") were added accordingly. For
compound 01-4QOX complex, 47 Na" ions and 41 CI ions were introduced to replace 88 solute molecules in the system
while for compound BKI-1294-40QX complex, 44 Na' ions and 41 CI™ ions were introduced to replace 85 solute
molecules in the system.

The MD simulations included structure minimization using the CHARMM36 force field, and equilibration at 310
K for 100 seconds in the NPT ensemble. Hydrogen atoms were constrained using the Lincs technique and van der Waals
forces were calculated with a cutoff value using a switching method of 12—14. Long-range electrostatic interactions were
computed using the particle mesh Ewald (PME) approach.** The system size adjustment for the barostat was targeted at 1
bar, and the temperature was kept constant at 310 K throughout the simulations. A manufacturing run of 100,000,000 and
an integration time step of 2 fs were also used, resulting in a 200 ns total simulation time. After the MD simulations,
VMD was used to analyze and visualize the trajectory data.*> Bio3D on the Galaxy Europe platform,*® and XMGRACE
(version 5.1.19) were also used. A number of properties were assessed to gain insights into the behaviour of the
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complexes, such as hydrogen bonds (H-bonds), solvent-accessible surface area (SASA), radius of gyration (Rg), root
mean square deviation (RMSD), and root mean square fluctuation (RMSF).

Binding Free Energy Calculation

To calculate the free interaction energy between molecules and the protein target in this study, MM-PBSA approach was
used. The binding free energy (AG) was calculated using Equation 9, and the MMPBSA.py tool from the AMBER
package was utilized:*’

A Gbind = — Gecomplex + Greceptor — Gligand 9)

In this context, Gcomplex refers to the free energy related to the creation of a complex, Greceptor represents the free
energy of the receptor, and Gligand indicates the free energy of the ligand.

Result and Discussion

Structure-Based Virtual Screening (SBVYS)

The re-docking of the co-crystallized ligand, DXR, into the binding pocket of the active site of the 4QOX structure, revealed
the validity of the docking protocol employed for the SBVS. The redocking provided an acceptable RMSD value of 0.04 A
when aligned with the native complex (Figure 1). After the virtual screening of the different 11,579 hexaquinoline derivatives
in the binding pocket of the protein target, the ten best hits (Figure 2) were identified using a python script that ranked the
compounds according to their binding affinities. The lower the value of the binding affinity, the better the binding.*®
Generally, the binding energy of molecules higher than —6.0 kcal/mol is usually considered as potential drug candidates.*’
The binding affinities of the ten best hits from the SBVS revealed that all these compounds had better binding affinities than
the co-crystallized ligand DXR, BKI-1, compound BKI-1294 and primaquine (Table 1).

Interaction Analysis and Qualitative Structural Assessment of the Best Four Hits in the
Docking Model

The 2D interactions within the binding pocket of the protein target (4QOX) were scrutinized for the top four hits
(Figure 3).

Druglikeness and Predicted TPSA Analysis

The drug-likeness properties of the ten best HHQ hits from the SBVS were assessed using the SwissADME web server,
and it was observed that none of the compounds violated the Lipinski rule of five (Table 2).

Pharmacokinetic Properties Investigation
The summary of the predictive ADMET profiling as obtained from the pkCSM web server is reported in Table 3.

Energetic Parameters and Quantum Chemical Descriptors

The energetic parameters and quantum chemical descriptors of the four top hits were analyzed using the DFT-B3LYP
/6-311G(d,p) basis set in the Gaussian 09 software package and GaussView 6.0.16.°° To assess the predictive chemical
and biological properties of the best hits, various parameters such as ionization potential, electron affinity, energy gap,
chemical hardness/softness, electronegativity, chemical potential, and electrophilicity index were examined (Table 4).

Frontier Molecular Orbitals (FMOs)

The reactivity of compounds, as determined by quantum mechanics, is governed by the frontier molecular orbitals
(FMOs), consisting of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO).”' The HOMO identifies the specific region within compounds capable of electron donation, while the LUMO
identifies the specific atoms within the compounds capable of accepting electrons (Figure 4).
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Molecular Electrostatic Potential (MEP) Surface Result Analysis
MEP are usually employed to predict the electrophilic and nucleophilic sites on a compound for reaction as well as
hydrogen bonding interactions.>” This analysis is used to predict the impact sensitivity of CHNO energetic compound
and it is commonly carried out on molecular van der Waals (vdW) surface (Figure 5).%3

Molecular Dynamics (MD) Simulation Analysis

Root-mean-square Deviation (RMSD) Analysis

Analyzing RMSD is crucial for evaluating the structural stability of proteins or protein-ligand complexes over a defined
time frame.>* The RMSD analysis was conducted for the compound 01-4QOX and BKI-1294-4Q0OX complexes over
a simulation period of 200 ns, as illustrated in Figure 6.

Root-mean-square Fluctuation (RMSF)
The Root Mean Square Fluctuation (RMSF) analysis stands as a critical parameter in the identification of both rigid and
flexible regions within the protein structure. Serving as a standard measure of particle deviation from its original position,
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BKI-1294 BKI-1

Figure 2 Structural representation of the best hits from the SBVS, and the reference compounds.

RMSEF aids in evaluating the flexibility of the protein’s backbone elements and the ligand.” In this study, RMSF was
conducted for the entire protein structure combined with the ligands (compound 01 and BKI-1294), providing insight into

the mean displacement of each atom (Figure 7).

Table | Binding Affinity Against Targeted Receptor

Compounds | PubChem ID Plasmodium falciparum
Calcium-Dependent Protein Kinase 4
Binding Affinity (kcal/mol)
ol 145,784,778 -11.2
02 3,264,651 -11.0
03 4,604,373 -11.0
04 22,426,731 -10.9

(Continued)
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Table | (Continued).

Compounds | PubChem ID Plasmodium falciparum
Calcium-Dependent Protein Kinase 4
Binding Affinity (kcal/mol)
05 22,330,890 -10.7
06 4,113,979 -10.7
07 4,248,184 -10.7
08 4,574,132 -10.7
09 143,330,791 -10.6
10 24,212,728 -10.6
DXR 24865027 -84
Primaquine 4908 -6.8
BKI-1 - -9.8
BKI-1294 - -9.9

Radius of Gyration Analysis

The radius of gyration (Rg) estimates the mass of atoms relative to that of the center of complex’s mass. The observations

of Rg suggest the impact of ligand movements within the binding site on the compactness of the protein structure.’
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Figure 3 Interaction Analysis and Qualitative structural assessment of the four best hits in the docking model (A) Compound 01 (B) Compound 02 (C) Compound 03 (D)

Compound 04.
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Table 2 Data on Druglikeness of the Ten Best Hits

Compounds | Molecular | Hydrogen Hydrogen Molar Topological Polar Lipinski Rule Bioavailability
Weight Bond Bond Refractivity Surface Area . . Score
(g/mol) | Acceptor | Donor (TPSA) (A?) Resule | Violation
ol 494.58 4 0 151.76 80.79 Yes 0 0.55
02 463.49 5 | 135.11 128.83 Yes 0 0.55
03 476.57 3 2 147.27 76.02 Yes 0 0.55
04 451.54 4 0 130.13 103.99 Yes 0 0.55
05 488.50 5 2 134.61 58.20 Yes 0 0.55
06 442.90 4 2 123.45 111.69 Yes 0 0.55
07 462.50 4 | 137.32 115.94 Yes 0 0.55
08 477.35 4 2 128.46 111.69 Yes 0 0.55
09 473.57 3 3 145.19 82.70 Yes 0 0.55
10 404.52 3 | 120.13 90.36 Yes 0 0.55
BKI-1 404.51 5 3 130.27 88.33 Yes 0 0.55
BKI-1294 418.53 5 2 135.17 79.54 Yes 0 0.55

Generally, protein structures that are loosely packed exhibit higher Rg values, whereas tightly packed protein structures
have lower Rg values.”* The Rg plots for the protein 4Q0X, Compound 01-4QOX complex, and BKI-1294-4Q0X
complex are depicted in Figure 8.

Solvent Accessible Surface Area (SASA) Analysis

The SASA analysis is a crucial parameter for assessing unfolding and characterizing the hydrogen bond network between
amino acid residues and surrounding water molecules.” When a compound binds to a protein, it can induce conforma-
tional changes that affect SASA. Typically, the introduction of a ligand leads to an expansion of the protein structure and
an increase in SASA, indicating increase in exposure of the protein surface to solvent.”” The SASA plots for the protein
4QO0X, Compound 014QOX complex, and BKI-1294-4Q0OX complex are depicted in Figure 9.

Hydrogen Bond Analysis

The analysis of intermolecular hydrogen bonding is crucial for understanding the binding affinity of protein-ligand
complexes.’® A higher number of hydrogen bonds typically indicates stronger binding between the amino acid residues
of the protein and the ligand. The total number of hydrogen bonds formed in the Compound 014QOX complex and the
BKI-1294-4Q0OX complex is illustrated in Figure 10.

Binding Free Energy Calculation

To study the molecular binding interactions in protein-ligand complexes, we calculated the binding free energy using the
MM-PBSA method.This technique takes into account many interactions, including bonded forces (such as van der Waals
force) and non-bonded forces (such as electrostatic forces. The complexes binding free energies were calculated with the
Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) method using the final 10 nanoseconds of the
trajectory. Based on the binding affinity scores, we used the MMGBSA approach to calculate the free energy binding
(AG_bind) of Compound 01 and BKI-1294 in the protein target (4QOX). When the values of AG_bind are lower, it
indicates a greater protein-ligand binding affinities. Table 5 and Figure 11 demonstrate the correlation between the
molecular docking outcomes and the calculated free binding energies outcomes for the Compound 01 and BKI-1294.
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Table 3 ADMET Data of the Ten Best Hits

Compounds Absorption Distribution Metabolism Excretion Toxicity
Water Caco-2 Human VDss BBB CYP450 CYP450 Total Renal Max. AMES | Hepatotoxicity
solubility | Permeability Intestinal (human) | Permeability 1A2 2Dé6 Clearance OCT2 Tolerated | Toxicity
Log S x107°¢ Absorption Inhibitor | Substrate | (mL/min/ | Substrate dose
(%) kg) (Human)
(log mg/
kg/day)
ol —4.544 0.822 94.353 0.781 —0.426 No No 0.836 No —0.419 No Yes
02 —5.564 0.650 100.000 —0.050 —0.598 No No 0415 No —0.380 No Yes
03 —4.984 0.663 95.884 0.350 0.323 No No 0.754 No —0.393 No No
04 —5.704 0.648 98.413 0411 —0.596 Yes No —0.350 No 0.385 Yes No
05 —5.843 1.798 91.991 —0.242 —0.460 No No —-0.128 No 0.320 No Yes
06 —3.980 0.421 89.261 —0.470 —1.014 No No —0.041 No —0.122 No Yes
07 —5.617 0.667 100.000 —0.124 —0.375 No No 0.338 No —0.105 Yes Yes
08 —4.113 0.372 90.437 —0.492 —-1.178 No No —0.116 No —0.104 No Yes
09 —2.892 1.299 81.030 0.086 —0.559 No Yes 0.859 Yes 0.248 Yes No
10 —5.801 0.487 92.492 0.643 -0.273 No No 0.059 No —0.410 No Yes

Abbreviations: VDss, Volume of distribution; BBB, Blood brain barrier; OCT2, Organic Cation Transporter 2.

aro(q

[e 32 npsSNpO


https://www.dovepress.com
https://www.dovepress.com

ar0(q

4]

:sdyzy

/14707 Asiway) pue sonew.ojuiolg ul suonesijddy pue saoueApy

Table 4 Energetic Parameters and Quantum Chemical Descriptors of the Four Best Hits

Cpds Exomo ELumo lonization Electron AEg,, Chemical Chemical Electronegativity Chemical Electrophilicity
(eV) (eV) potential (eV) affinity (eV) (eV) Hardness (eV) Softness (eV) (eV) potential (eV) (eV)

ol —4.9506 | —1.9603 4.9506 1.9603 2.9903 1.4952 0.6688 3.4555 —3.4555 3.9929

02 —6.0459 | —3.9307 6.0459 3.9307 2.1152 1.0576 0.9455 4.9883 —4.9883 11.7640

03 —4.2973 —2.0060 4.2973 2.0060 22913 1.1457 0.8729 3.1517 -3.1517 4.3350

04 —6.6927 | —2.6613 6.6927 2.6613 4.0314 2.0157 0.4961 4.6770 —4.6770 5.4260
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Figure 4 Highest occupied orbitals (HOMO) and Lowest unoccupied orbitals (LUMO) of the four best hits.
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Figure 5 Molecular Electrostatic Potential diagram as calculated at the B3LYP/6-311G(d,p) level (A) Compound 01 (B) Compound 02 (C€) Compound 03 (D) Compound 04.
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Figure 6 RMSD analysis of the c-alpha of the protein-ligand complexes during the molecular dynamics simulations for the time scale of 200 ns.
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Figure 7 RMSF plot of compound 01-4QOX (black) and BKI-1294-4QX (red) complexes.
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Figure 8 The radius of gyration (Rg) graph of the protein (4QOX) and complexes with ligands (compound 01 and BKI-1294).
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Figure 9 Solvent Accessible Surface Analysis (SASA) graph of the protein (4QOX) and complexes with ligands (compound 0l and BKI-1294).
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Figure 10 Number of hydrogen bonds observed for the Compound 01—4QOX complex (black) and the BKI-1294 complex (red) throughout the MD simulation of 200 ns.

Discussion
Ojo et al reported compound BKI-1 as a lead in PACDPK4 inhibition with an ICs value of 4 nM and a P/NF54 exflagellation
ECs, value of 35 nM,” while an iterative modification of the BKI-1 resulted in compound BKI-1294, which possessed a better
absorption, exposure, safety profile, and efficacy in transmission blocking.'” Compound 01 (PubChem ID: 145784778) was
the most effective compound in silico with a binding affinity of —11.2 kcal/mol against the Plasmodium falciparum calcium-
dependent protein kinase 4 (CDPK4) enzyme (PDB ID 4QOX). Comparison of the binding affinities of compounds BKI-1 and
BKI-1294 with that of the HHQ best hits from the SBVS revealed that they had lesser binding affinities, which means they are
possible candidates for PACDPK4 inhibition. Since a number of the HHQ derivatives displayed a robust binding affinity with
the target, they warrant further exploration through wet-lab synthesis and subsequent evaluation for their potential as drug
candidates in practical or biological applications. However, in this study, we focused on an advanced computational approach
to examine the potency of the best hits from the SBVS.

The interaction analysis aimed to elucidate the specific functional groups and heterocycles associated with the HHQ,
shedding light on their contributions to the observed binding affinities (Figure 3). Aher and Roy (2016) explored the
structural requirements for PACDPK-4 inhibitors using various in silico approaches.’® Their study revealed that most

Table 5 Results of Binding Energy of the Ligands

AEVDW AEEEL AGPB AGNP AGDISP AG Binding

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Compound 01 | —12.41 —0.75 11.23 -1.22 0.00 -3.15
BKI-1294 -8.59 —64.17 68.38 -0.98 0.00 —5.36

Abbreviations: AEVDW, van der Waals,
dispersion, AG Binding, binding energy.

AEEEL, electrostatic,

AGPB, a polar portion of solvation, AGNP, nonpolar part of solvation, AGDISP,
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Figure 11 Binding free energy plots for (A) compound 01-4QOX and (B) BKI-1294-4QX.

PfCDPK-4 inhibitors bind to the natural pocket of ATP through hydrogen bonding interactions (Asp148, Tyr150, Lys78,
Glu197) and hydrophobic interactions (Leu76, Val84, Ala97, 1198, Leul33, Leul4S, Vall46, Vall49, Tyrl50, 1le214,
Phe216, Leu218, Met131, Leu200). Comparing these findings to our study, certain similarities emerged. In our docking
studies, Compound 1 was found to interact with amino acid residues of 4QOX. Specifically, it formed conventional
hydrogen bonds with Lys231 and carbon hydrogen bonds with Lys78 and Glu154 (Figure 3A). Also, the naphthyl group
on N-1 of the HHQ compound 1 interacted via pi-sigma, pi-alkyl and pi-sulfur with Met131, Ile214, Ala97, Leu200, and
Val84. These observations further reveal that interactions at certain amino acids contribute to the inhibitory efficiency of
the ligands. For compound 2, one oxygen atom of the nitrophenyl group linked directly to N-1 of the HHQ interacted
with amino acid residue Lys231 through hydrogen bonding. Other interactions were observed from the phenyl group
linked at position C-7, including pi-alkyl interaction with Val84 and Ile214, and pi-sulfur interaction with Met131, among
others. Carbazole linked at position C-4 of the HHQ moiety in compound 3 interacted with Leu200, Ala97, 1le214 and
Val84 through pi-alkyl bonding. It also interacted via hydrogen bonding with Asp148. The amido linker connecting the
pyridine to HHQ at position C-3 interacted with Leu76 and Gly153 through hydrogen bonding. Additionally, the HHQ
moiety of compound 4 interacted via pi-alkyl bonding with Leu76. The thiazole linked directly to the N-1 of HHQ
interacted via hydrogen bonding with Tyr150, and the dimethylphenyl linked to thiazole interacted with Val84, Ala97,
Met131, Leu200, and Ile214 through pi-alkyl and alkyl bonding.

The drug-likeness properties of the ten best HHQ hits from the SBVS possessed molecular weight < 500 g/mol, hydrogen
bond acceptors < 10, hydrogen bond donors < 5, and topological polar surface area < 140 A. This suggests that all the ten best
hits are likely to be orally active drug candidates in humans.> Furthermore, previously proposed inhibitors for PACDPK4 such
as the BKI-1 etc., face challenges in advancing to advanced pre-clinical studies, primarily due to the requirement for prolonged
exposure and sufficient concentration in the bloodstream until gametocytes are cleared post-administration.®>® Therefore, the
design and study of new PACDPK4 inhibitors are contingent on their ability to maintain favourable oral bioavailability.'® Two
main approaches—preclinical animal models and computational methods—have been employed in oral bioavailability
predictions.®® Among the computational methods, the calculation of topological polar surface area (TPSA) stands out. This
method utilizes functional group contributions derived from a vast database of structures, offering a rapid means of virtual
bioavailability screening for a large molecule collection.®’** A TPSA value of <140 A indicates a higher likelihood of good
oral bioavailability.%* It is crucial to acknowledge that TPSA is just one of the factors influencing bioavailability, and the
overall pharmacokinetic profile involves a complex interplay of various molecular properties. Experimental validation is
necessary to confirm bioavailability predictions. The TPSA prediction using the SwissADME web server revealed that the ten
best hits from the SBV'S exhibited values ranging from 58.20 to 128.83 A , with a predicted oral bioavailability of 0.55 (55%),
comparable to BKI-1 and BKI-1249. Also, compound 01 which had the best binding affinity from the docking studies had
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a similar TPSA value of 80.79 A? to that of BKI-1294 with a TPSA value of 79.54 A2. All the best hits possess a TPSA value of
<140 A, suggesting their likelihood of good oral bioavailability.

The pharmacokinetic properties investigation revealed the ADMET profiling of the ten best hits (Table 3). The assessment
of absorption properties included examination of water solubility (Log S), Caco-2 Permeability x 10, and Human Intestinal
Absorption (%). Distribution properties were evaluated based on VDss (human) and BBB permeability. Metabolism proper-
ties were assessed using CYP450 1A2 Inhibitor and CYP450 2D6 Substrate. Excretion properties were determined by
analyzing Total Clearance (mL/min/kg) and Renal OCT?2 substrate. Lastly, toxicity properties were examined, including max.
tolerated dose (Human) (log mg/kg/day), AMES Toxicity, and Hepatotoxicity. The water solubility suggests the solubility of
a compound in water at 25°C. The water solubility report showed that compound 09 had a high solubility value of —2.892 log
mol/L whereas the other derivatives had lesser solubility tendencies. Caco-2 is a human colorectal adenocarcinoma cell that is
utilized as an in vitro model to predict how medicines are absorbed in the human gut.** High Caco-2 permeability is
characterized by predicted values > 8x10~® cm/s. However, it was discovered that the Caco-2 permeability of the best hits
ranged between (0.372-1.798) x 10°® cm/s. Human intestinal absorption measures the proportion of compound that is
absorbed through the human small intestine. A compound with an absorbance of less than 30% is considered to be poorly
absorbed. The % intestinal absorption of all the compounds ranges from 81% to 100%, suggesting that all the compounds have
high tendencies of absorption. Compounds 02 and 07 were predicted to possess human intestinal absorption of 100%. The
distribution property, such as Blood-Brain Barrier (BBB) permeability, serves as an indicator of a drug’s capability to penetrate
the brain. This parameter holds significant importance in mitigating potential side effects and toxicity associated with drugs
that exert their pharmacological activity within the brain.®> For a given compound, a BBB value > 0.3 is considered to readily
cross the blood-brain barrier while a BBB value < —1 is considered to be poorly distributed to the brain. Compound 03
possesses a value of 0.323, hence, it will readily cross the BBB while compounds 06 and 08 with values of —1.014 and —1.178
respectively, will be poorly distributed to the brain. Another distribution parameter considered is the steady state volume of
distribution (VDss), which refers to the theoretical volume that the total dose of a drug would need to be uniformly distributed
to give the same concentration as in blood plasma. A higher value of VDss (logVDss > 0.45) signifies the tendency of a drug to
be distributed in the tissue rather than the plasma. VDss is considered low if log VDss < —0.15. The VDss of the compounds
ranged between —0.492 and 0.781.

Most of the compounds were predicted not to inhibit the cytochrome P450 enzyme, except for compounds 04 and 09
which tend to inhibit CYP450 1A2 and CYP450 2D6, respectively. Cytochrome P450 enzyme is an important
detoxification enzyme in the body, mainly in the liver. Inhibition of this enzyme can affect drug metabolism, hence, it
is ideal that the compounds do not inhibit the cytochrome P450 enzyme. Since the liver and kidneys are the primary
routes of excretion, the molecules size is significant. Drug-like substances with molecular weight (MW) <300 is
eliminated via bile, while those with MW > 500 is eliminated through urine. Substance with MW in between these
ranges are eliminated by both route.*® The excretion level is determined by total clearance rate and Organic Cation
Transporter 2 (OCT2). The determination of drug clearance involves assessing the proportionality constant CL tot, which
predominantly encompasses hepatic clearance (metabolism in the liver and biliary clearance) and renal clearance
(excretion via the kidneys). This parameter is closely linked to bioavailability and plays a crucial role in establishing
dosing rates necessary to attain steady-state concentrations.”® Compounds 01 and 09 had that highest total clearance
values with 0.836 and 0.859 mg/kg/day, respectively. The OCT2 is a renal uptake transporter that plays an important role
in renal clearance of drugs. Except for compound 09, all the best hits are not renal OCT2 substrates. Toxicity is an
important parameter in determining whether to proceed with an active molecule. Seven of the compounds exhibited
tendency for a degree of hepatoxicity, while three of the compounds were determined to exhibit tendency for AMES
toxicity.

The HOMO and LUMO energies of the four best hits were determined by applying Koopman’s approximation to
convert from atomic units (a.u) to electron volts (eV), yielding the LUMO and HOMO energies (Erymo and Egomo) for
each compound. The energy gaps of all compounds ranged from 2.1152 eV to 4.0314 eV. Compounds 01, 02, and 03
exhibited low energy band values, suggesting good reactivity, as lower energy gap values indicate increased reactivity. It
is noteworthy that compounds with higher softness levels degrade more quickly than those with lower softness levels,
whereas hardness is a fundamental property indicating durability. Higher values of chemical hardness signify stable
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compounds with low reactivity, while higher softness values denote less stable compounds with higher reactivity.®” The
order of softness was determined as 02>03>01>04, while the order of hardness was 04>01>03>02, with hardness being
inversely related to softness. Compound 04 displayed the highest ionization potential, while compound 02 exhibited the
highest electron affinity. The electronegativity values of compounds 01, 02, 03, and 04 were 3.4555, 4.9883, 3.1517, and
4.6770 eV, respectively, indicating their electron attraction capacities. All of the top hits had negative values of chemical
potential (p), indicating exceptional stability and the possibility of forming stable complexes with the 4QOX target.
A chemical species’ propensity to receive an electron is indicated by its electrophilic tendency, which is measured by
electrophilicity (®). Compound 02 demonstrated a strong electrophilic tendency with a value of 11.764 eV. All top hits
exhibited electrophilicity values higher than 1.5 eV, indicating their strong electrophilic nature.*’ In conclusion, the
quantum chemical descriptors provided insight into the potential of the top hits as 4QOX targets.

The HOMOs are predominantly localized over the naphthyl group of compound 1, which could be responsible for the
concentration of interactions (pi-alkyl, pi-sulfur, pi-sigma) observed between the compound and the 4QOX target, as depicted
in Figure 3A. Meanwhile, the LUMO of compound 1 is primarily localized over the piperazinyl group, the nitrogen atom of
the cyano group, and the nitrogen atom of HHQ. For compound 2, both HOMO and LUMO are predominantly distributed
over the entire molecule, except around the phenyl group on the C-7 of HHQ. Similarly, in compound 3, both HOMO and
LUMO are observed mainly at the carbazolyl ring, the pyridinyl group, and the amido group, as these are the electron-donating
and accepting groups attached to the HHQ. For instance, the amido group is a strong activating group with a high tendency to
donate electron density to the attached ring.*® Likewise, in compound 4, the HOMO and LUMO are observed mainly around
the HHQ ring, thiazole, and dimethylphenyl groups of the compound.

The MEPs for the optimized geometries of the best hits were calculated using GaussView program and their MEP
maps at B3LYP/6-311G(d,p) level were plotted, as shown in Figure 5. The negative electrostatic potential is represented
by the red color and this is related to electrophilic reactivity, whereas the positive electrostatic potential is indicated by
the blue color and this is related to nucleophilic reactivity. Electrostatic potential increases in the order red<orange<yel-
low<green<blue. As observed from Figure 5, the red colour region or electrophilic reactivity of the compounds are
mainly localized on the oxygen atoms, with portions of the blue region or the nucleophilic reactivity.

In this study, the RMSD analysis was conducted for the compound 01-4QOX and BKI-1294-4QOX complexes over
a simulation period of 200 ns, as illustrated in Figure 6. For the compound 01-4QOX complex, the RMSD analysis
indicated that the protein remained stable with an average value of 0.2 nm throughout the MD simulation. However, the
RMSD of compound 01 within the complex exhibited stability around 0.3 nm after an initial increase from 0 ns until 58 ns.
Subsequently, there was another increase until approximately 0.8 nm, maintaining this stability until the end of the 200 ns
simulation. In contrast, for the BKI-1294-4QOX complex, both the BKI-1294 ligand and the protein displayed an average
RMSD value of 0.25 nm and 0.5 nm, respectively, throughout the 200 ns MD simulation. Notably, the RMSD of the BKI-
1294-4Q0X complex remained relatively constant during the analysis, suggesting stability of the complex. It was also
observed that both complexes (compound 01-4QOX and BKI-1294-4QX) have slightly similar RMSF patterns with
majority of the atoms lower than 0.2 nm.

Furthermore, the average Rg value for the protein 4QOX is 2.49 nm, while for the Compound 01-4Q0OX complex and BKI-
1294-4Q0X complex, it increases to 2.59 nm and 2.61 nm, respectively. This indicates that the protein structure of 4QOX is
tightly packed, and upon introduction of the ligands (Compound 01 and BKI-1294), the Rg values increase, reflecting a more
loosely packed complex. These changes may be attributed to conformational shifts resulting in alterations to the secondary
protein structure during molecular dynamics simulations.* Also, the introduction of the ligands (Compound 01 and BKI-1294)
in the protein binding site led to a notable increase in the solvent accessible surface area, with SASA values increasing from an
average value of 230 nm? for the protein structure alone, to 320 nm? and 315 nm? for Compound 01-4QOX complex, and BKI-
1294-4Q0X complex, respectively. This also further confirmed that the introduction of the ligands led to the expansion of the
protein structure, with both ligands used have a similar effect on the SASA value. Interestingly, the BKI-1294-4QOX complex
exhibited the highest number of hydrogen bonds, with predominantly 3 to 4 bonds throughout the 200 ns simulation. In contrast,
the Compound 01-4QOX complex predominantly maintained one hydrogen bond during the simulation, with occasional
instances of two hydrogen bonds being observed. This observation aligns with the specific conventional hydrogen bond detected
in our molecular docking studies between Lys231 and the oxygen of the furuyl group on Compound 01, as shown in Figure 3.
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The MM-PBSA research demonstrated that the binding energy of BKI-1294 complex is strong and has increased stability, same
with the Compound 01-4QOX complex.

Conclusion

The pursuit of antimalarial drug candidates targeting transmission-blocking, beyond symptomatic blood-stage parasites,
highlights the need for novel approaches in malaria treatment. Hexahydroquinolines (HHQ), identified through extensive
screening of the Novartis-GNF Malaria Box, have emerged as promising candidates with significant transmission-
blocking potential against early- and late-stage Pf gametocytes. In this study, we conducted advanced in silico analyses
of HHQ derivatives obtained from the PubChem database, aiming to identify PfCDPK4 inhibitors capable of disrupting
malaria transmission from humans to mosquitoes. Our computational approach encompassed structure-based virtual
screening (SBVS), druglikeness assessments, predicted topological polar surface area (TPSA), ADMET studies, phar-
macokinetic properties evaluation, density functional theory (DFT), molecular electrostatic potential (MEP) analysis, and
molecular dynamics (MD) simulations. The SBVS identified ten top hits exhibiting binding affinities ranging from —11.2
kecal/mol to —10.6 kcal/mol. Notably, the compound 4-[4-(Furan-2-carbonyl)piperazin-1-yl]-1-(naphthalen-2-ylmethyl)-
2-0x0-4a,5,6,7,8,8a-hexahydroquinoline-3-carbonitrile (PubChem ID: 145784778) demonstrated the highest binding
affinity (—11.2 kcal/mol) against PACDPK4 (PDB ID: 4QOX). We compared this top hit to BKI-1294, a known inhibitor,
to assess its competitive potential. Compound 01, exhibiting the best binding affinity from docking studies, shared
a similar topological polar surface area (TPSA) value (80.79 A?) with BKI-1294 (79.54 A?). MD simulation analyses
further supported the suitability of Compound 01 as a potential PACDPK4 inhibitor, demonstrating stability within the
complex. However, it is essential to note that these in silico findings provide theoretical insights and require validation
through experimental biological screening, including in vitro, in vivo, pre-clinical, and clinical trials. Such studies are
crucial to confirm the efficacy and safety profile of Compound 01 as a promising antimalarial drug candidate with
transmission-blocking properties.
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