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ABSTRACT

The malarial parasite Plasmodium falciparum predominantly causes severe malaria and deaths worldwide.
Moreover, resistance developed by P. falciparum to frontline drugs in recent years has markedly increased
malaria-related deaths in South Asian Countries. Ribulose 5-phosphate and NADPH synthesized by
Pentose Phosphate Pathway (PPP) act as a direct precursor for nucleotide synthesis and P. falciparum sur-
vival during oxidative challenges in the intra-erythrocytic growth phase . In the present study, we have
elucidated the structure and functional characteristics of 6-phosphogluconate dehydrogenase (6PGD) in P.
falciparum and have identified potent hits against 6PGD by pharmacophore-based virtual screening with
ZINC and ChemBridge databases. Molecular docking and Molecular dynamics simulation, binding free
energies (MMGBSA & MMPBSA), and Density Functional Theory (DFT) calculations were integratively
employed to validate and prioritize the most potential hits. The 6PGD structure was found to have an
open and closed conformation during MD simulation. The apo form of 6PGD was found to be in closed
conformation, while a open conformation attributed to facilitating binding of cofactor. It was also inferred
from the conformational analysis that the small domain of 6PGD has a high influence in altering the con-
formation that may aid in open/closed conformation of 6PGD. The top three hits identified using pharma-
cophore hypotheses were ChemBridge_11084819, ChemBridge 80178394, and ChemBridge_17912340.
Though all three hits scored a high glide score, MMGBSA, and favorable ADMET properties, ChemBridge_
11084819 and ChemBrdige_17912340 showed higher stability and binding free energy. Moreover, these
hits also featured stable H-bond interactions with the active loop of 6PGD with binding free energy com-
parable to substrate-bound complex. Therefore, the ChemBridge_11084819 and ChemBridge_17912340
moieties demonstrate to have high therapeutic potential against 6PGD in P. falciparum.
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1. Introduction predominantly mediated through the bite of female Anopheles
mosquitoes (Figure 1). The initiation of host infection primarily
occurs in the liver and replicates within hepatocytes (Kaushansky
et al, 2013; Pimenta et al, 2015). Wherein, after release into the

bloodstream, it gets multiplied inside human red blood cells

Plasmodium falciparum is a protozoan parasite, and one of the
most virulent species of Plasmodium that causes malaria in
humans. Among the Plasmodium genus, five species
(P. falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi) are

known to cause human infections (Antinori et al, 2012). About
229 million cases of malaria infections were reported of which
4,09,000 people died from malaria in 2019 (Gregson & Plowe,
2005; Institute of Medicine (US) Committee on the Economics of
Antimalarial Drugs, 2004). According to the World Health
Organization (WHO), children under the age of five (57% of mal-
aria fatalities) are the most vulnerable group affected by malaria
(WHO Report Malaria, 2020). Malarial transmission is

(RBCs) through asexual replication, and egress from infected
RBCs (Figure 1) (Dhangadamajhi et al, 2010). Then, the parasite
crosses the midgut epithelium, multiplies, reaches the salivary
gland (SG) epithelium, and further gets transmitted to the next
human host (Aly et al., 2009).

Plasmodium parasites have developed resistance to sev-
eral front-line antimalarial drugs (aryl amino alcohol, antifo-
late, and artemisinin compounds), and in recent years,
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Figure 1. Representation of P. falciparum’s life cycle in mosquito and human host.
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Figure 2. Oxidative decarboxylation reaction catalyzed by 6-phosphogluconate dehydrogenase (6PGD).

resistance to combination therapies using artemisinin has
also increased (Cowell & Winzeler, 2019; Huthmacher et al,,
2010; Nosten & White, 2007; Shibeshi et al., 2020). Hence,
there is a dearth to identify novel antimalarial agents. There
are several malarial enzymes and pathways, such as nucleic
acid metabolism, redox metabolism, and oxidative stress that
can serve as promising drug targets for designing antimalar-
ial drugs (Chen et al,, 2019; Litwack, 2018; Nepveu & Turrini,
2013). In Plasmodium, the Pentose Phosphate Pathway (PPP)
serves as the main source for the synthesis of ribulose 5-
phosphate and NADPH, wherein it provides reducing equiva-
lents for downstream glutaredoxin (Grx) and thioredoxin
(Trx) dependent reactions, which are essential for antioxidant
defense, redox balance, redox regulation and cell growth of
parasites (Stincone et al., 2015). These redox systems help
the parasites to survive in extraordinary conditions, as it can
withstand the oxidative challenges that they encounter dur-
ing their intra-erythrocytic growth (Becker et al., 2004).
Hence, targeting redox metabolism can be a potential drug
target.

In general, the PPP consists of two arms, a unidirectional
oxidative arm followed by a non-oxidative arm. In
P. falciparum, the PPP (PfPPP) is initiated by the bifunctional
enzyme glucose 6-phosphate dehydrogenase and 6-phos-
phogluconolactonase  (G6PD/6PGL). It catalyzes the

conversion of glucose 6-phosphate into 6-phosphogluconate,
with the production of one NADPH molecule (Ayala et al.,
1991). The PPP of P. falciparum is different from humans,
wherein the reaction is catalyzed by two different enzymes
G6PD and 6PGL. The second enzyme of the PfPPP is 6-phos-
phogluconate dehydrogenase (6PGD) which catalyzes the
third step of the oxidative arm to produce ribulose 5-phos-
phate (RuP) by oxidative decarboxylation of 6-phosphogluco-
nate (6PG) and one additional NADPH molecule (Figure 2). In
the non-oxidative arm, it will undergo several enzymatic
reactions and primarily produce Ribose 5-phosphate (R5P)
followed by fructose 6-phosphate. The conversion of 6PG to
RuP is essential for many eukaryotic organisms. Besides, the
PPP produces ribose, which is the direct precursor for
nucleotide synthesis. In addition, the generated NADPH sup-
plies electrons for nucleotide, lipid, and fatty acid biosyn-
thesis (Boros et al., 1998; Kesebir et al, 2022; Yildiz et al.,
2022). Moreover, inhibition of this PPP may cause a crucial
effect on the parasite’s survival. Suppression of PPP will
cause cell death and hinder the generation of NADPH and
RuP formation. Hence, the second enzyme (6PGD) of PfPPP
was considered a crucial target for antimalarial drug design
in this study. Besides, this enzyme structure and active site
counterparts are varied from human 6PGD thus making it a
potential target for antimalarial drugs (Preuss et al., 2012).
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Also, developing 6PGD inhibitors is a promising way to com-
bat the malarial pathogen P. falciparum.

The 6PGD family of proteins is a functional homodimer
and contains a cofactor (NADP") and a substrate (6PG) bind-
ing site. The structural architecture of 6PGD illustrates that
NADP* binding is occupied in the small domain (SD; com-
posed of Pap), while the substrate-binding occurs in the
larger domain (LD; composed of o helixes). The C-terminal
residues play a major role in linking the two monomers of
the dimer. Both NADP™ and substrate binding are independ-
ent of each other, however, substrate binding plays a crucial
role in catalysis and therefore the site is targeted to identify
potent 6PGD inhibitors. Still, the optimal binding of the
cofactor at the small domain of the 6PGD enzyme is yet to
be probed. There were several in silico studies on the tar-
geted enzymes which proves the importance of targeting
6PGD enzymes for therapeutics. In an in silico and in vitro
study on 6PGD, the effect of methyl 4-amino benzoates was
evaluated and it showed good binding score and IC50 value
(Kesebir et al., 2022). In an another study, through molecular
docking and competitive inhibitor identification analysis, flu-
orophenyl thioureas has been demonstrated to show better
binding interaction with 6PGD (Yildiz et al., 2022). In one of
the studies, scaffold-based and De novo based molecule
identification based on the parietin was used to identify
inhibitors against 6PGD. Using a De novo based approach
they have generated molecules that would fit better in a
6PGD pocket (Caligkan et al., 2022). The anti-depression drug
effect (aripiprazole, mirtazapine, risperidone, escitalopram,
and haloperidol) on inhibiting 6PGD was also studied and it
was found to have a significant effect (Ozaslan et al., 2019).
Rhodanines obtained from green synthesis were tested
against 6PGD and it was found to be effective (Karaman
et al.,, 2020). Though there are many studies about 6PGD in
different organisms, still there is a lack of clear insights on
targeting 6PGD in P. falciparum. Henceforth, various compu-
tational methods were implemented in this study to under-
stand the crucial residues that influence the open and close
conformation of the 6PGD enzyme, besides deciphering the
optimal binding of the cofactor at the small domain. High-
throughput screening approach to drug discovery has
received significant attention in recent years due to its speci-
ficity, accuracy, and sensitivity to real-time counterparts.
Therefore, the pharmacophore-based screening of com-
pounds was also implemented, followed by various filtration
analyses to prioritize the hits that may act as effective drug
moiety for combating malarial pathogens (P. falciparum 3D7).

2. Materials and methods

In the present study, 6-phosphogluconate dehydrogenase
(PF14_0520) (6PGD) of P. falciparum (isolate 3D7) was pre-
pared using Schrodinger’'s Protein Preparation Wizard. The
pre-processed structures of apo and holo (complexed with
cofactor and substrate) forms of 6PGD were considered for
molecular dynamics (MD) simulations to probe their struc-
tural stability and conformational changes using the
GROMACS suite. Subsequently, Free Energy Landscape (FEL)

and Principal Component Analysis (PCA) were used to iden-
tify representative near-native conformations from MD simu-
lations. Furthermore, the substrate-bound near-native
conformation was considered for pharmacophore-based vir-
tual screening against the both ZINC and ChemBridge data-
base to identify potent hits.

2.1. Protein preparation

Three-dimensional  structures  of  6-phosphogluconate
dehydrogenase enzyme (Uniprot Id: Q8IKT2) are available in
three states namely apo 6PGD (PDB ID: 6FQX), 6PGD in
complex with NAP (cofactor) (PDB ID: 6FQY), and 6PGD
in complex with 6-phosphogluconate (substrate) (PDB ID:
6FQZ) (Haeussler et al., 2018). All these structures were pre-
processed using the Protein Preparation Wizard (2021) of the
Schrodinger suite to optimize the stereochemical features by
assigning proper bond order, removing steric clashes, adding
hydrogen atoms, fixing the disulfide bonds, missing residues,
atoms, and loops. The structures were further energy mini-
mized using Optimized Potentials for Liquid Simulations
(OPLS3) force field. Refinement was performed by adjusting
the terminal chi rotation of Asparagine, Glutamine, and
Histidine residues. The minimization ends when the root
mean square deviation (RMSD) of heavy atoms exceeds 03A
in the minimized structure relative to X-ray structural
coordinates.

2.2. Molecular docking

The enzyme 6PGD normally requires NADP™ as a cofactor for
catalysis, yet the available cofactor-bound 6PGD structure
(PDB ID: 6FQY) has adenine-dinucleotide phosphate but lacks
ribose-bound Nicotinamide moiety (Haeussler et al, 2018).
There is a structural difference of NAP (cofactor) in complex
with 6PGD and NADP* (Figure S1). Therefore, to infer the
flexible binding of nicotinamide in the NADP" binding site,
molecular docking was performed. Initially, the NADP™* (CID-
5586) retrieved from the PubChem database (Kim et al,
2016) was prepared through the Ligprep (2021) module to
generate its respective tautomers with proper chiralities, and
ring conformations using the OPLS3 force field (Jorgensen &
Tirado-Rives, 1988). The receptor grid for NADP' was gener-
ated with default parameters around the NAP interacting res-
idues of 6PGD (Leu9, Ala10, Met12, Asn31, Arg32, Thr33,
Arg36, lle74, Lys75) obtained from the ligplot of the crystal
structure (PDB ID: 6FQY) (Yildiz et al., 2022). The docking
was performed using the SP (Standard Precision) mode of
the Schrodinger suite (Halgren et al., 2004). The highest scor-
ing pose was selected and used for further analysis.

2.3. Molecular dynamics simulations

MD simulations were performed using GROMACS 5.1.4 (Van
Der Spoel et al., 2005) package with Gromos53A6 as a force
field. The initial structure of enzymes was centered in a cubic
environment of 1nm distance and solvated with the SPC
water model (Oostenbrink et al., 2004). Then, the solvated
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systems were neutralized and energy was minimized using
the steepest descent minimization for 50,000 steps. During
these steps, the coulombs and van der Waals interactions
were maintained at a cut-off of 0.9nm and 1.0 nm, respect-
ively. Next, the systems were equilibrated under canonical
ensemble (NVT) and isothermal-isobaric ensemble (NPT)
using Leap-frog integrator for 100 picoseconds (ps) (Nguyen
et al,, 2014). The system was maintained using a Berendsen
thermostat (temperature coupling) and a Berendsen barostat
(pressure coupling) at 300K and 1bar, respectively. Long-
range electrostatics were maintained by Particle-Mesh Ewald
(PME) and short-range electrostatics were maintained by cou-
lombs and van der Waals at a cut-off 1.0 nm each at a time-
step of 10 femtoseconds (fs). LINCS algorithm (AIP
Conference Proceedings, 1992; Hess, 2008) was used to
maintain the geometry of the molecules. The well-equili-
brated system was then subjected to MD simulations for 100
nanoseconds (ns) each at 300K without any constraints,
where the conformations were sampled at an interval of 2 ps
(Nagarajan et al., 2022). Finally, the trajectories were analyzed
using GROMACS utilities to probe the conformational
changes, fluctuations, compactness, and stability of the
enzyme complexes (Karthika et al., 2021).

Moreover, to estimate the global concerted movement
which represents the functional behavior of the enzyme,
Principal Component Analysis (PCA) and Free Energy
Landscape (FEL) analysis were performed (Surekha et al.,
2016). Further, from the resulting minimum energy cluster of
the enzymes, a representative structure of the near-native
conformation was used for further studies. Subsequently, to
visualize the direction of movement based on the projection
of Eigenvectors, porcupine plots were generated using the
ProDy (Protein Dynamics and sequence analysis) (Maisuradze
et al,, 2009) plugin of the VMD (Visual Molecular Dynamics)
package (Humphrey et al, 1996). Since elasticity is consid-
ered one of the intrinsic properties of proteins, the protein
angular dispersion (PAD®) which is denoted as one of the
quantitative descriptions was determined for each residue
using T-Pad analysis (Caliandro et al.,, 2012). The PAD® was
calculated to reveal the backbone transitions by applying dir-
ectional statistics on the Ramachandran angles obtained
from MD simulations to analyze the backbone transitions,
infer the flexible or rigid residues, and identify the transition
states.

2.4. Pharmacophore modeling and validation

The set of 9 antimalarial compounds from Haeussler et al.
(2019), was used as a scaffold for generating the Common
Pharmacophore Hypothesis (CPH) using PHASE (Choubey &
Jeyaraman, 2016; Dixon et al., 2006). Initially, the compounds
were prepared with the Ligprep (2021) module and were
subjected to the PHASE module which utilizes scoring techni-
ques and fine-grained conformational sampling to identify
CPH. For pharmacophore feature generation, the maximum
number of features per hypothesis was set to 4-5 and other
parameters were set to default. Besides, all the prepared
compounds were allowed to generate conformers, while a
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maximum of 50 best conformers was retained per ligand.
Torsion driving approaches were used to generate the con-
formers for the ligands and energy minimization was per-
formed using Merck Molecular Force Field (MMFFs), with an
implicit GB/SA solvent model. Six types of pharmacophore
feature namely hydrogen bond acceptor (A), hydrogen bond
donor (D), hydrophobic group (H), negatively ionizable (N),
positively ionizable (P), and aromatic ring (R) were used to
define the chemical structural patterns. A tree-based parti-
tioning technique was used to identify CPH for a set of var-
iants. The CPHs were scored by setting the RMSD and vector
scores to 1.0 and 0.5, respectively. The highest survival and
fitness score was used to characterize the best CPHs and to
determine the quality of the model. Prior to enrichment ana-
lysis and validation, the decoys of the known inhibitors (9
antimalarial compounds) were generated using the RADER
server (Wang et al.,, 2017). Whereas the decoys were gener-
ated for each known inhibitor, the Tanimoto threshold for
the active vs decoy and decoy vs decoy was set as 0.75 and
0.90, respectively. The generated decoys further prepared by
the LigPrep module were selected for validating the resulting
CPHs using enrichment analysis and the Boltzmann-
enhanced discrimination of the receiver operating character-
istic (ROC) curve.

2.5. Pharmacophore-based virtual screening

The validated CPHs were used to identify potential hit mole-
cules against 6PGD of P. falciparum. The library of one mil-
lion compounds from the ZINC and ChemBridge databases
were prepared and energy minimized using the OPLS3
(Jorgensen & Tirado-Rives, 1988) force field with the Ligprep
(2021) module. Further, the prepared compounds were
screened based on the validated CPH, whereas the resulting
hits were ranked based on RMSD suite matching, vector
alignments, and volume terms. In addition, the resultant hits
should satisfy the essential pharmacophoric features identi-
fied in the CPHs. The hits showing the highest fitness and
survival score were taken for molecular docking studies.
Finally, the optimized ligand datasets were considered for
virtual screening against the near-native conformation of the
6PGD-6PG complex. The receptor grid was generated around
the substrate (6PG) binding residues of 6PGD using the
Receptor Grid Generation module of Schrodinger. Initially,
the hits were subjected to Glide High-throughput virtual
screening (Friesner et al., 2004, 2006; Halgren et al., 2004).
The hits that bind to the substrate-binding site of 6PGD with
a better Glide score were passed to the next stage of
Standard Precision (SP) docking. Finally, 20% of the hits
retrieved from SP were subjected to the Extra Precision (XP)
docking. The hits with poor pharmacological properties were
eliminated using QikProp (2021) filters including Lipinksi's
rule of five, the number of rotatable bonds, and ADME
(absorption, distribution, metabolism, and excretion) proper-
ties (Rajamanikandan et al., 2017). The resulting hits were
taken for further analysis.
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2.6. Prioritization of hits

The top 50 compounds obtained from XP docking were sub-
jected to Prime MM-GBSA (Molecular Mechanics, the
Generalized Born Model, and Solvent Accessibility) analysis
to determine the binding free energies for the protein-ligand
complexes. The binding free energy calculation was carried
out using the following equation (Equation (1)) (Prime, 2021).

AGbind = C'.'complex_(Gprotein + Gligand)
G = EMM + GSGB + GNP (1)

where the Geomplex is the complex energy, Gporein is the
receptor energy, Giigang is the unbound ligand energy, EMM
represents molecular mechanics energies, GSGB is an SGB
solvation model for polar solvation, and GNP is a nonpolar
solvation term. Interaction energy was also calculated from
the MacroModel script which calculates the component ener-
gies of interacting atoms between the protein and ligand.
Finally, the top three hits with better pharmacological prop-
erties and the least toxicity were shortlisted for Density func-
tional theory (DFT) calculations and MD simulations.

2.7. Density functional theory

Density functional theory (DFT) calculations were performed
for the selected hits using the Jaguar module of Schrodinger
(Jaguar, 2021). Becke's three-parameter exchange potential
and Lee-Yang-Parr correlation functional (B3LYP) method
with a basis set of 6-31G* were used for ligand geometry
optimization (Amala et al., 2019; Becke, 1993). Poisson-
Boltzmann Solvers equation was used for energy minimiza-
tion. HOMO (Highest Occupied Molecular Orbitals), LUMO
(Lowest Unoccupied Molecular Orbitals), and energy gaps
were calculated for the hit molecules (Lee et al., 1988).

2.8. Binding free energy calculations based on MMPBSA

In addition, the binding free energies for holo forms were
calculated using the molecular mechanics/Poisson Boltzmann
surface area (MM/PBSA) approach using the g_mmpbsa tool
of Gromacs. The contribution of each residue towards bind-
ing free energy was calculated using the MmPbSaDecomp.py
python script. The solvation-free energy was calculated using
an implicit solvent model. It is the combination of electro-
static terms, estimated by solving the Poisson-Boltzmann
(PB) equation and the non-polar solvation energy, separated
as attractive and repulsive interaction. Moreover, based on
the per-residue interaction analysis, the energy contributed
by each residue for the stable interactions of the complex
was also determined.

3. Results and discussion
3.1. Molecular docking of cofactor to 6PGD

The docking analysis of NADP™ to 6PGD (Figure S2(a)) at
chain A and chain B resulted in a Glide score of —8.38 kcal/
mol and —7.10kcal/mol, respectively. From the interaction
analysis (Figure 3(a,b)), it was inferred that the residues

namely Arg36, Gly451, and Glu131 showed H-bond interac-
tions in both chains of 6PGD. Furthermore, NADP* adopts
different binding orientations within the binding site of
6PGD in both subunits. The residue Arg36, which is highly
specific to P. falciparum was found to form an H-bond inter-
action with the hydroxyl group of phosphate (PA) in chain A,
and H-bond interaction with an oxygen atom (P3) and the
hydroxyl group of R2 in chain B. In addition, residues namely,
Asn31, Asn83, and Gly100 showed prominent H-bond inter-
actions in subunit A, whereas the residues Lys75, Lys182,
Asn102, and Arg32 form H-bond interaction with subunit B.
The strong m-cation interaction was found to be formed by
the residue Arg32 with NADP" in both subunits. From our
observation, the crystal structure with NAP and docked
NADP* has shared only one common interaction, i.e. with
the Arg36 amino acid. Overall from the results, it was
observed that the ribose and nicotinamide moiety of NADP™
is more flexible at the binding site of 6PGD, thereby aiding
NADP' in adopting different conformation in the two
subunits.

3.2. Molecular dynamics simulation

3.2.1. Probing the conformational and fluctuation
changes of apo and holo forms of 6PGD

The dimeric apo 6PGD (Figure S2(b)) in the RMSD plot
showed higher deviations of dimeric state than the subunits
chain A and chain B (Figure S3(a)). However, the dimeric
form attained equilibrium after ~60 ns and maintained devia-
tions of about ~ 0.45nm. Among the subunits, chain A has
shown the least deviations, and both chains were stabilized
after ~62ns. Regarding the domain-based RMSD analysis
(Figure S3(b,c)), it was observed that the high deviations of
chain A were attributed specifically to the C-terminal
(~0.24 nm) in the last 40 ns, while the small domain (SD) and
large domain (LD) attained least deviations. In the case of
chain B, the C-terminal showed the least deviations from the
other domains, and all domains were found to be converged
in the last 20ns. In the case of the 6PGD-NADP* complex,
the RMSD of the overall dimeric state was observed to have
the same deviations (~0.4nm) as that of subunit A, while
both the chains attained equilibrium and converged after
~50ns (Figure S3(a)). LD and C-terminal region (Figure S4(b,
¢)), attained higher deviations of ~0.35nm and ~0.3nm in
chain A and chain B, respectively, which can be attributed to
the deviations of the respective chains throughout the MD
production run. In trajectory analysis of the 6PGD-PG com-
plex (Figure S2(c)), the dimeric form was observed to attain
higher deviations than that of chain A (~0.35nm) and chain
B. However, the complex was found to have maintained
equilibrium after 25 ns till the end of the MD production run
(Figure S5(a)). Whereas, on analyzing the domain-specific
RMSD, the C-terminal was observed to have higher devia-
tions (~0.3 nm) than the other domains in chain B, while the
least deviations were observed by the domains of chain A
(Figure S5(b,c)). On comparative backbone RMSD analysis of
apo and holo forms of 6PGD (Figure 4(a—c)), it was observed
that 6PGD in complex with substrate 6PG has shown the
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Figure 3. (a) 2D interaction plot of NADP™" with chain A of 6PGD (b) 2D interaction plot of NADP" with chain B of 6PGD.
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Figure 4. Comparative backbone RMSD analysis of 6PGD (a) Overall (both apo and holo forms), (b) chain A, and (c) chain B.

least deviations (~0.3nm) than the apo and NADP* holo
form. In addition, the 6PGD-6PG complex was found to be
well equilibrated after ~25ns and has maintained its conver-
gence throughout the MD production run. After ~24ns, the
apo 6PGD has shown drastic deviation (~0.45nm) as that of
the 6PGD-NADP™ complex and has maintained throughout,
however, both the trajectories have converged in the last
20ns of the MD production run. Wherein, chain A in both
apo and holo forms did not show any deviations, and were
observed to be well equilibrated. Whereas in chain B, only
the 6PGD-NADP* complex has shown higher deviations

(~0.3 nm) suggesting that chain B of cofactor bound 6PGD is
highly flexible than the apo and holo form bound with the
substrate (6PGD-6PG).

From the RMSF plot of apo 6PGD (Figure S3(d-f)), it was
observed that expect for C-terminal residues, major fluctua-
tions were observed in chain B than in chain A. In specific,
the loop conferring residues Gly77 (~0.64nm), Pro78
(~0.77 nm) of SD, and the LD residues Thr262 (~0.4 nm) that
spans in the activation loop and Asn317 (~0.48 nm) were
observed. Besides, the Asn382 (~ 0.41 nm) which aids in the
stability of the dimeric state was also found to fluctuate in
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chain B than in chain A. On contrary, the chain A residues
were observed to have higher fluctuations than chain B of
the 6PGD-NADP™ complex. Since the residues namely, Glu46
(~0.72nm) and Asn313-Glu314 (~0.47-0.48 nm) spanning SD
and LD were observed to show higher fluctuations (Figure
S4(d-f)). In the case of the 6PGD-6PG complex, the major
fluctuations were attained by chain B, specifically in SD resi-
dues namely Glu46 (~0.501nm), Lys116 (~0.546nm), and
Asn317 (~0.44nm) of LD (Figure S5(d-f)). However, on the
comparative analysis (Figure 5(a—d)), it was inferred that the
6PGD in complex with NADP™ has shown higher residual
flexibility than the 6PGD apo and 6PG holo forms. Overall, it
has been observed that the SD residues of both chain A and
chain B have shown higher fluctuations than other domains
in apo and holo forms except for the 6PGD-6PG complex. In
particular, the SD residues namely Pro78 and Glu46 were
found to have higher fluctuations in apo and NADP* bound
form, respectively. While the residue Asn382 that spans in
the LD region enhancing the stability of the dimeric state
was found to have higher fluctuations only in the apo form
than the holo forms.

3.3. Conformational compactness and altered molecular
motion analysis

The radius of the gyration plot (Figure 6a) showed that the
apo form has maintained its compactness without attaining
any conformational changes. Among the holo forms, the
6PGD-6PG complex has shown a higher degree of compact-
ness of about ~2.56nm, while, the 6PGD-NADP* complex
has attained open conformation with the least degree of
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compactness than apo and 6PG holo forms. Besides, the
open and closed conformations of 6PGD at the substrate-
binding site could be attributed to the distance between the
activation loop [a.l] (Asp255-Thr262) and C-terminal loop (c.l)
(Gly451-Arg460) surrounding the other side of the substrate-
binding site. It was inferred from the distance plot
(Figure 6(b,c)), that the apo 6PGD maintained a distance of
about ~3.2nm between the loops. While in the 6PGD-
NADP" complex, the distance between a.l. and c.l. is highly
drastic than the 6PGD-6PG complex, since it has maintained
an increased distance of about ~3.5nm and ~3 nm in chain
A and chain B, respectively. On comparative analysis of the
apo and the holo forms, it was observed that the 6PGD-6PG
complex has shown the least distal deviations between a.l
and c.| by maintaining an average distance of about ~2.7 nm
and ~2.5nm in chain A and chain B, respectively. Distance
analysis evidenced that the 6PGD-6PG complex has shown
closed conformation, while the 6PGD-NADP" complex
showed a higher degree of open conformation than the apo
form. Moreover, from the mode vector analysis of the apo
and holo forms (Figure 7(a—c)), in the 6PGD-6PG complex,
the a.l was observed to have a higher magnitude of inward
movement, while the small domain showed a drastic inward
motion towards the large domain thereby decreasing the
feasibility of small domain to accommodate the cofactor
NADP*. Whereas 6PGD in apo form and complex with
NADP*' was observed to have outward protrusion of a.l and
cl in the substrate-binding site, thereby attaining the open
conformation. The least disruption of a.l along with the small
domain increases the likelihood of cofactor binding in the
small domain. The result of the study evidenced that the
substrate-bound conformation attains inward movement of
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a.l contributing to the interaction of substrate, while the
NADP"' bound state attains outward movement of a.l, which
relaxes the small domain facilitating binding of the cofactor,
NADP™,

3.4. Secondary structure analysis

On analyzing the secondary structural changes of the apo
6PGD (Figure S6(a,b)), the a helix (Trp104-Glu117) was found
to have drastically transformed as turns in both subunits.
This transformation is highly crucial since the Trp104 residue
aids in altering the conformation of 6PGD on interacting
with Trp265 (spanning the a.l) to attain higher flexibility and
leads to prominent conformational changes that alter the
binding of cofactor and substrate. Apart from that, promin-
ent structural changes were observed in chain B, with the
loss of o helices in the small domain (Tyr34-Glu47; Pro78-
His90) and B turn (Arg457-Arg460) of the C-terminal region
which maintains the stability of the dimeric state by
penetrating the adjacent chain A. The chain A of the 6PGD-
NADP* complex after approximately 25ns completely trans-
formed into turns (Trp104-Glu117). In chain B also, the helix
(Ser139-Ser159) has changed into turns after 65ns. Both the
chains showed partial bends in the o helix (Tyr34-Glu47)
spanning the small domain and facilitating NADP™ inter-
action after 52ns. From the secondary structural changes
plot of the 6PGD-PG complex (Figure S8(ab)), it was
observed that the o helix (Trp104-Glu117) was observed to
be sparsely transformed as bends after ~20ns in both
chains. While a prominent loss of ‘ o helix’ (Tyr34-Glu47) was
observed in chain A at the end of the 20 ns period.

3.5. Conformational changes and structural transitions
of apo and holo forms of 6PGD

Based on the PCA and FEL analysis the representative struc-
tures of their near-native conformation were extracted at
81.79" ns (apo), 58.9™ ns (6PGD-NADP), and 73.99" ns
(6PGD-6PG) (Figure S9). On comparative structural analysis of
initial and near-native conformation of the apo form
(Figure 8(a-d)), it was observed that the o helical segments
that were transformed as loops namely Leu73-Ala79 were
found to have a prominent inward movement towards the
cavity in both the chains. Moreover, the active loop (Asp255-
Thr262) has shown an outward movement in both the chains
than the initial conformation. The crucial active site residue
Lys260 was also found to be protruding outwards in both
chains. In addition, it was also inferred from the T-PAD ana-
lysis (Figure S10(a—c)) that the residue Gly258 spanning the
active loop has attained higher fluctuations of about 164.59°,
while the o helix (Trp104-Lys118) residing residues have
shown transitions in specific residue Asn102 with the max-
imum transition of 131.79° denoting the high probability of
secondary structure transition of o helix. However, the key
residues Trp104, Lys260, and Trp265 have shown the least
intensity of fluctuations. While the comparative structural
analysis of initial and near-native conformation of 6PGD-
NADP* (Figure 9(a-d)), has shown the inward motion of

sparsely transformed o helix (Trp104-Lys118), especially
Trp104. However, the o helix (Trp104-Lys118) spanning resi-
dues have the least degree of short transitions (Figure
S11(a—c)), whereas the active loop residue, Ile256 was
observed to have higher fluctuations of 146.75°. The major
displacement was shown by the residue Lys260 which was
observed to have a higher degree of short transitions of
about 118.55° than the apo form. Though chain A has main-
tained the stable hydrogen bonds of about ~8 with NADP*
throughout the simulation, while chain B has shown fewer
stable H-bonds with NADP™ (Figure S12(a)), only fewer stable
H bonds were observed in the near-native conformation of
the 6PGD-NADP* complex (Figure S13(a,b)). The key residue
which has a prominent role in cofactor interaction, Met12,
Arg32, Thr33, and Arg36 of 6PGD have maintained their sta-
ble H-bond interactions with NADP™. In specific, the active
loop residing residue Thr262 of chain B has formed stable
interaction with NADP™. In the case of the 6PGD-6PG com-
plex, only Glu461 residue has shown higher fluctuations of
~132.64° (Figure S14(a-c)), while the least intensity of
transitions or fluctuations was attained by the residues in
this substrate-bound 6PGD complex. However, it was
observed from the 6PGD-6PG comparative structural analysis
(Figure 10(a-d)), that the loop (Val126-Ala132) showed a
prominent inward movement towards the substrate in both
the chains, specifically the residue Gly128 has an inward pro-
trusion and has higher feasibility of forming favorable inter-
action with the substrate than that of the initial
conformation. Moreover, the active loop (Asp255-Thr262) has
shown an inward movement in both the chains than the ini-
tial conformation. However, the N-atom of Lys260 forming
crucial interaction with the substrate was found to be in
closer proximity to the substrate in chain A than chain B.
From the inter-hydrogen interaction plot (Figure S12(b)), it
was observed that chain A has maintained an increased
number of H-bonds with the substrate (~15H-bonds) than
chain B. While the substrate interactions (Figure S15(a,b)) of
near-native conformation showed that chain A has main-
tained the H-bonds formed by the key residues namely
Lys182, Asn186, and Lys260 with 6PG as that of the initial
conformation, thereby aiding the stability of the complex.

3.6. Pharmacophore-based screening and prioritization
of hit compounds

The AARR model was selected based on scoring functions
and alignment with antimalarial compounds. As depicted in
the AARR hypothesis, the two aromatic (R) regions and two
acceptors (A) regions are mapped onto the antimalarial com-
pounds (Figure 11). The selected hypothesis was further vali-
dated, which showed a ROC of 0.51, an RIE of 0.19, and an
Area under the accumulation curve of 0.63. The best hypo-
thetical AARR model was used as a 3D structural search
query for retrieving potent molecules from the ZINC and
ChemBridge database which resulted in 89,761 and 5,79,117
hits, respectively, on PHASE screening. The resultant hits had
a fitness score in the range of —0.75 to 2.445, which satisfied
the defined pharmacophore hypothesis. Furthermore, the


https://doi.org/10.1080/07391102.2023.2248271
https://doi.org/10.1080/07391102.2023.2248271
https://doi.org/10.1080/07391102.2023.2248271
https://doi.org/10.1080/07391102.2023.2248271
https://doi.org/10.1080/07391102.2023.2248271
https://doi.org/10.1080/07391102.2023.2248271
https://doi.org/10.1080/07391102.2023.2248271
https://doi.org/10.1080/07391102.2023.2248271
https://doi.org/10.1080/07391102.2023.2248271
https://doi.org/10.1080/07391102.2023.2248271
https://doi.org/10.1080/07391102.2023.2248271

D255-T262
G8-G13
L73-A79

Aa s

s

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 2067

D255-T262

Figure 8. Comparative structural analysis of initial (pale green colour) and near-native conformation (Wheat colour) of apo 6PGD (a) chain A (b) representing the
changes occurring around the cavity of chain A (c) chain B (d) representing the changes occurring around the cavity of chain B; where the changes in initial are
shown in red colour, while in near-native conformation the changes are shown in blue.
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Figure 9. Comparative structural analysis of the initial (Salmon colour) and the near-native conformation (pale blue colour) of 6PGD-NADP™ complex (a) chain A
and (b) the structural changes occurring around the cavity of chain A (c) chain B and (d) the structural changes occurring around cavity of chain B; where the
changes in initial are shown in red colour, while in near-native conformation the changes are shown in blue.

resultant hits were taken for virtual screening against 6PGD.
The XP resultant hits were prioritized based on a Glide score
in the range of —9.13 kcal/mol to —7.46 kcal/mol and were
considered for MMGBSA analysis. Based on overall scoring
functions, the top 5 hits were shown in Table 1. Though the
ZINC compounds (ZINC1085692166 and ZINC972575255)

showed a good glide score of —9.13kcal/mol and
—8.55kcal/mol, they showed unfavorable outcomes in
ADMET prediction (Table 2). The Qplogpere and QPPcaco
were not in the admissible range. Therefore, the next top
three hits from ChemBridge with good ADMET properties
were considered for further analysis.
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Figure 10. Comparative structural analysis of the initial (pale Pink colour) and near native conformation (pale cyan colour) of 6PGD-6PG complex (a) chain A (b)
representing the changes occurring around the cavity of chain A (c) chain B (d) representing the changes occurring around the cavity of chain B; where the
changes in initial are shown in red colour, while in near-native conformation the changes are shown in blue.

Figure 11. Identified pharmacophoric features in the antimalarial compounds.

Table 1. Glide scoring functions for the identified hits.

S. Gscore  GEnergy GEmodel Prime MMGBSA
No Compound ID kcal/mol  kcal/mol  kcal/mol kcal/mol

1 ZINC1085692166 —9.13 —41.53 558 —30.99

2. ZINC972575255 -89 —49.36  —65.06 —49.19

3 ChemBridge_11084819  —8.51 —47.6 —57.37 —38.41

4 ChemBridge_17912340 —7.5 —47.52  —56.63 —32.25

5 ChemBridge_80178394  —7.46 —41.72 514 —39.65

All three hits showed the Glide score, Glide energy, and
Glide Emodel in the range of —8.51 kcal/mol to —7.46 kcal/mol,
—47.60 kcal/mol to —41.72kcal/mol, and —57.37 kcal/mol to
51.25kcal/mol, respectively. ChemBridge_11084819 ([5-[(2,4-
dioxoimidazolidin-1-yl)methyl]-3-(2-methoxybenzyl)-1H-1,2,4-tri-
azol-1-yllacetic acid) showed the highest scoring function and
formed eight H-bonds interactions with the 6PGD enzyme
(Figure 12(a)). The carboxyl group of ChemBridge_11084819
formed seven H-bond interactions with the amine group of
Arg447 (C = OHN, bond length = 1.894), Arg287 (C =
O HN, bond length = 2.36 A), Lys260 (C-O " HN, bond length
= 1.82A), Gly261 (C-O"HN, bond length = 2.40A), Gly129
(C = O HN, bond length = 2.17 A), Gly130 (C=0""HN, bond

length = 2.63A) and Asn186 (C=0O""HN, bond length =
2.51A). Additional H-bond interaction was observed between
the carboxyl and hydroxyl group of hit and Thr262
(C=0""HO, bond length = 2.064). In case of ChemBridge_
17912340 (2-[(3R,4S)-3-[[3-(pyrazol-1-ylmethyl)benzoyllami-
noJoxan-4-ylloxyacetic acid), the carboxyl group of hit forms H-
bond interactions with the amine group of Lys75 (C=0""HN,
bond length = 230A), Lys182 (C-O-HN, bond length =
1.84A), Lys260 (C-OHN, bond length = 2.594), Gly261
(C=0""HN, bond length = 2.01A), Thr262 (C=0""HN, bond
length = 1.93A), Gly263 (C=0""HN, bond length = 2.58 A)
and Arg447 (C-O-HN, bond length = 2.77A) (Figure 12(b)).
Similarly, ChemBridge_80178394 (N-[3-[(5-methylpyridin-2-yl)a-
mino]propyl]-2-oxo-3H-1,3-benzoxazole-5-sulfonamide) showed
the least Glide score of —7.46 kcal/mol among the three hits
selected with five H-bond interactions (Figure 12(c)). The amine
group of the hit showed two H-bond interactions with the
carboxyl group of Glu131 (NH~O = C, bond length = 1.57A
& 241A). The sulphonate group of ChemBridge_80178394
showed two H-bond interactions with the amine group of
Lys182 (S=0O-HN, bond length = 201A) and Lys260
(S=0""HN, bond length = 1.96 A), and the carboxyl group of
hit showed H-bond interaction with the amine group of
Thr262 (C=0""HN, bond length = 1.99A). All three hits
showed conserved salt-bridge interaction with the residue
Arg447. In addition, ChemBridge_80178394 and ChemBridge_
11084819 showed salt-bridge interactions with Glu131 and
Lys182 amino acid residues. From the interaction analysis of
these hits with 6PGD, it was inferred that all the hits have
shown hydrogen bonds with Lys260, and Thr262 which are
known to be the crucial residues that favor substrate-binding.



Table 2. Pharmacological properties for the hits predicted through QikProp.
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S. No Compound_ID Mol. W QPlogpW QPlogPo/W QPlogS Qploghere QPPcaco % HOA
12 ZINC1085692166 2923 12.06 —0.06 -1.83 —5.06 19.27 56.92
2. ZINC972575255 2923 16.28 —1.45 —0.78 —5.0 14.53 39.26
3. ChemBridge_11084819 359.34 13.64 1.40 —2.81 —2.71 21.22 58.89
4, ChemBridge_17912340 359.38 14.08 2.06 —245 —2.50 161.59 78.54
5. ChemBridge_80178394 362.40 16.10 0.87 -3.73 —4.74 52.65 62.85

Mol. W:<500, QplogpW: -4.0 to 45.0, QplogPo/W: -2.0 to 6.5, QplogS: -6.5 to 0.5, Qplogyerg: below -5.0, QPPc,co: <25 poor >500 great, % HOA - <25% poor

>80% High.
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Figure 12. 2D interaction of hits identified from ChemBridge database (a) ChemBridge_11084819 (b) ChemBridge_17912340 (c) ChemBridge_80178394.

Table 3. Interaction profile of hits inside the binding site of 6PGD.

S.

No Compound_ID Hydrophobic interaction H-bond interaction TT-cation Salt bridge

1. ChemBridge_11084819 A:Lys260 A:Gly129, Gly130, Asn186, Lys260, Gly261, Thr262, B:Arg447 Alys182
Arg 287; B:Arg447
B:Arg447

2. ChemBridge_17912340 A: Val127 A:Lys75, Lys182, Lys260, Gly261, Thr262, Gly263 - B:Arg447
B:Arg447

3. ChemBridge_80178394 A: Ala10, lle74 A:Glu131, Lys182, Lys260, Thr262 B:Arg447 A:Glu131

B:Arg447

In specific, all three have shown strong m-cation interaction
with the Arg447 residue (Table 3).

3.7. Density functional theory

The HOMO and LUMO orbitals for the hits were characterized
and plotted (Figure 13). HOMO and LUMO are directly associ-
ated with ionization potential and electron affinity, respect-
ively (Wang et al,, 2017). The energy gap calculated between
HOMO and LUMO determines the chemical stability. Besides,
the observed low energy gap between the orbitals depicts
high reactivity, low stability, and implicitly high polarizability
of the molecules. The calculated HOMO, LUMO values, and
energy gap for the hits range from —0.23eV to —0.20eV,
—0.07 eV to 0.00eV, and 0.21eV to 0.12 eV, respectively, indi-
cating fragile nature of the bound electrons. Analysis of the
HOMO map of ChemBridge_80178394 indicates that HOMO
energies are located in 1,3 benzoxazole and the LUMO map
was distributed in the 5-methyl pyridine. In the case of
ChemBridge_17912340, HOMO distribution was observed in
the carboxyl, oxygen atom, and amine groups, where the

LUMO are located in pyrazol-1-ylmethyl benzoyl. The distri-
bution of HOMO and LUMO energies for ChemBridge_
11084819 was located on the dioxoimidazolidin and 2-
methoxybenzyl, respectively. The distribution of molecular
orbitals provides additional evidence of possible reactive
sites in the molecules. In the comparison of docking studies
and DFT, the observed reactive sites played a major role in
forming hydrogen bond interactions with 6PGD. distribution
of hits identified from ChemBridge database (a-b)
ChemBridge_11084819 (c-d) ChemBridge_17912340 (e-f)
ChemBridge_80178394.

3.8. Molecular dynamics-based stability analysis of the
complexes

The overall backbone RMSD plot of the complexes
(Figure 14(a)) showed that 6PGD in complex ChemBridge_
17912340 showed similar deviations (~0.3 nm) as that of the
6PGD-6PG complex, while both have attained equilibrium
after 20ns and have maintained till the MD production run.
In the case of other complexes, 6PGD in complex with
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Figure 13. HOMO, LUMO distribution of hits identified from ChemBridge database (a-b) ChemBridge_11084819 (c-d) ChemBridge_17912340 (e-f) ChemBridge_

80178394.

ChemBridge_11084819 and ChemBridge_80178394 have
shown the least deviations (~0.25nm) than the 6PGD-6PG
complex and have converged in the last ~40ns. On analyz-
ing the compactness of complexes (Figure 14(b)), it was
observed that only the 6PGD-ChemBridge_11084819 com-
plex has maintained its conformation without any change in
its compactness, while other complexes have attained an
increased degree of compactness. From the inter hydrogen
plot (Figure 14(c)), it was observed that the ChemBridge_
11084819 has initially increased H bonds with 6PGD (~11 H-
bonds), however, only 7 stable H bonds were maintained
throughout the MD production run. Among the complexes,
ChemBridge_80178394 has maintained only 3 stable H-bond
with 6PGD, while compounds ChemBridge_17912340 and
ChemBridge_11084819 have seven stable H bonds with
6PGD, thereby maintaining the stability of the complexes.
The decrease in the number of H-bonds with ChemBridge_
80178394 was substantiated by the distance plot (Figure
14(d)), which shows drastic distal deviations from the active
loop attributing to favorable interactions of the substrate.
Whereas other compounds (ChemBridge_17912340 and
ChemBridge_11084819) and the substrate (6PG) have

maintained a proximal distance to the active loop for stable
interactions. In terms of the residue fluctuations (Figure 15),
it was observed that small domain residues have shown
higher fluctuations than large domain. Among the com-
plexes, 6PGD in complex with substrate has shown higher
fluctuation of residues than other complexes, yet the loop
conferring residues were found to be fluctuating in other
complexes.

3.9. Interaction analysis and binding free energy
analysis of the complexes

From the interaction analysis (Figure 16 and Table 4) of the
near-native conformation of the complexes (Figure S16(a-c)),
the interaction with Thr262 was found to be maintained in
all the three complexes. However, it was inferred that the
residue Lys260 which forms a crucial interaction with sub-
strate is maintained only in 6PGD  complexes
(ChemBridge_17912340 and ChemBridge_11084819), while
the major interaction of active loop residues was observed
to be maintained only in the 6PGD-ChemBridge_11084819
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complex. Moreover, the binding free energy analysis
(Table 5) of the complexes also showed that the complex
6PGD-ChemBridge_11084819 had higher binding energy
than other complexes, and also the binding energy was near
to that of the substrate-bound complex. Among the com-
plexes, the 6PGD-ChemBridge_80178394 complex was
observed to have the least binding energy, since they have
weak van der Waals than the other complexes. Besides the
per residue interaction analysis (Figure 17) of the complexes,
also showed that higher interactions were observed in the
6PG complex than in the other complexes. However, among
the other complexes, residues Lys260, Lys264, and Arg287
were found to have higher interaction in 6PGD complexes
(ChemBridge_17912340 and ChemBridge_11084819),

whereas the 6PGD-80178394 complex showed the least
residual interactions.

4. Conclusion

PfPPP of 6PGD was considered a potential antimalarial drug
target, and conformational changes attributed to cofactor or
substrate were also observed. As a result of docking cofactor
to 6PGD, it was determined that the ribose and nicotinamide
moiety of NADP+is more flexible, thereby achieving a
diverse conformation in both subunits but maintained H-
bonds with conserved residues. Conformational analysis of
apo and holo forms in MD analysis inferred that the 6PGD-
6PG complex was better equilibrated than others. Whereas,
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Table 4. Interactions profile of hits to the near-native conformation complexes.

S.No ChemBridge_ID Hydrophobic interaction H-bond interaction IT-stacking Salt bridge
1. ChemBridge_11084819  A: Trp265 A: Tyr190, Lys260, Gly261, Thr262, Gly263; B: Arg447, Gly451 - -

2. ChemBridge_17912340 A: Asn102, Trp265 A: Asn102, Asn186, Tyr190, Thr262, Trp265 - B: Arg447
3. ChemBridge_80178394 A: Tyr190, GIn194; B: Arg447 A: Gly129, Ala259, Thr262 A: Trp265 -

Table 5. Binding free energy analysis of the 6PGD complexes.

Van der Waals Electrostatic

Polar solvation SASA energy Binding energy

Complex energy (kJ/mol) energy (kJ/mol) energy (kJ/mol) (kJ/mol) (kJ/mol)
6PGD-6PG —34.079 +£2.843 —1125.557 + 19.465 1008.462 + 24.070 —11.090£0.186 —162.431+£11.911
6PGD-11084819 —131.231+£5.725 —309.707 £ 8.638 347.092 +7.856 —15.432+£0.252 —109.550+5.750
6PGD-17912340 —141.951+£3.905 —20.345+£2.512 87.797 £ 4.364 —14.662£0.326 —89.177 £4.441
6PGD-80178394 —91.337£2.975 —306.202 + 8.988 358.649+8.418 —12.820£0.215 —51.961+3.570
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Figure 17. Per residue interaction analysis of 6PGD in complex with the sub-
strate and the top 3 compounds.

the small domain residues were observed to have higher
fluctuations because the o helix (Trp104-Glu117) transformed
as a loop. This may lead to prominent conformational
changes that alter the binding of the cofactor and substrate
with 6PGD. The higher degree of compactness in the 6PGD-
6PG complex has led to closed conformation, while the out-
ward protrusion of a.l and c.l has led to open conformation
in NADP™, thereby increasing the possibility of cofactor bind-
ing in apo 6PGD and NADP™. The best three hits based on
the hypothesis AARR namely, ChemBridge_11084819,
ChemBridge_80178394, and ChemBridge_17912340 showed
higher glide scores, MMGBSA, and better ADMETox proper-
ties. Furthermore, from the MD, it was inferred that the com-
pounds ChemBridge_11084819 and ChemBridge_17912340



to feature stable H-bond interactions, and also binding free
energy nearer to that of the substrate-bound complex of
6PGD than ChemBridge_80178394. Hence, the overall analy-
ses imply that the prioritized compounds ChemBridge_
11084819 and ChemBridge_17912340 shall be potent drug
moieties for targeting 6PGD to combat malaria caused by
Plasmodium species.
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