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Multidrug resistance is a significant drawback in malaria treatment, and mutations in the active sites of the
many critical antimalarial drug targets have remained challenging. Therefore, this has necessitated the global
search for new drugs with new mechanisms of action. Plasmodium falciparum lactate dehydrogenase (pfLHD), a
glycolytic enzyme, has emerged as a potential target for developing new drugs due to the parasite reliance on
glycolysis for energy. Strong substrate-binding is required in pfLDH enzymatic catalysis; however, there is a lack
of information on small molecules’ inhibitory mechanism bound to the substrate-binding pocket. Therefore, this
study investigated a potential allosteric inhibition of pfLDH by targeting the substrate-binding site. The structural
and functional behaviour of madecassic acid (MA), the most promising among the six triterpenes bound to
pfLDH, were unravelled using molecular dynamic simulations at 300 ns to gain insights into its mechanism of
binding and inhibition and chloroquine as a standard drug. The docking studies identified that the substrate site
has the preferred position for the compounds even in the absence of a co-factor. The bound ligands showed
comparably higher binding affinity at the substrate site than at the co-factor site. Mechanistically, a characteristic
loop implicated in the enzyme catalytic activity was identified at the substrate site. This loop accommodates key
interacting residues (LYS174, MET175, LEU177 and LYS179) pivotal in the MA binding and inhibitory action. The
MA-bound pfLHD average RMSD (1.60 Å) relative to chloroquine-bound pfLHD RMSD (2.00 Å) showed higher
stability for the substrate pocket, explaining the higher binding affinity (� 33.40 kcal/mol) observed in the energy
calculations, indicating that MA exhibited profound inhibitory activity. The significant pfLDH loop conformational
changes and the allostery substrate-binding landscape suggested inhibiting the enzyme function, which
provides an avenue for designing antimalarial compounds in the future studies of pfLDH protein as a target.

Keywords: Madecassic acid, Plasmodium falciparum lactate dehydrogenase (pfLDH), antimalarial, molecular
dynamic simulations, multidrug resistance.

1. Introduction

Malaria is a vector-borne infectious disease that is
common in tropical and subtropical regions. Plasmo-
dium falciparum causes the most severe, virulent and

frequent disease through the bite of female anopheles
mosquito carrying blood infected with plasmodia
parasites;[1,2] and it is also responsible for most fatal
cases.[3] Based on the World Malaria Report of 2018,
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malaria cases were estimated to be 228 million and
405,000 deaths globally.[4]

Many clinically antimalarial drugs, including qui-
nine, chloroquine, mefloquine, amodiaquine, artemisi-
nins, target the erythrocytic or blood stage of the
plasmodium lifecycle. A few other malarial drugs, such
as primaquine, inhibit the extra-erythrocytic or hepatic
drugs.[1,5] Although some of these drugs have been
used for many years, multidrug resistance has neces-
sitated the global search for new drugs with new
mechanisms of action. Resistance is understood to be
a result of mutations in the active sites of the target,
not allowing the target to bind as effectively to the
drug.[6,7] Mutation of Plasmodium falciparum multidrug
resistance-1 (pfmdr-1) and Plasmodium falciparum
chloroquine resistance transporter (pfcrt) are impli-
cated in chloroquine resistance and atavaquone
resistance due to the mutation of Cytochrome b gene.
Antifolates resistance occurred due to point mutations
in the dihydrofolate reductase (dhfr), dihydropteroate
synthase (dhps) proteins, and P. falciparum kelch-like
proteins. Moreover, mutations have been reported
against artemisinin and its derivatives drug
resistance.[8] Pfmdr-1 dominates the digestive vacuole
membrane and is responsible for multidrug resistance
by directing xenobiotics away from the cytosol. Both
chloroquine-resistant and -sensitive strains of P. falci-
parum show pfmdr-1 point mutations. N86Y, N1042D,
S1034C and D1246Y single nucleotide polymorphisms
(SNPs) were identified in pfmdr-1 gene, in which
tyrosine, aspartic acid, cysteine and tyrosine replaced
asparagine at codons 86 and 1042, serine at codon
1034 and aspartic acid at codon 1246 of pfmdr-1
protein, respectively. These substitutions have altered
the physicochemical properties of P-glycoprotein (P-
gp) as all the substituted amino acids are more polar
compared to their substituents.[9] Hence, new antima-
larial agents may be developed to overcome drug
resistance by identifying the main targets of the drugs
and thoroughly understanding the mechanism of
action concerning these targets.

Malarial parasites have a high level of glucose
consumption during their erythrocytic stage.[10,11]

Plasmodium is ultimately dependent on glucose
metabolism for ATP production. Several glycolytic
enzymes are upregulated in the host’s red blood cells
depending on parasitemia levels.[12] Plasmodium falci-
parum lactate dehydrogenase (pfLDH) is a glycolytic
enzyme that is important for the anaerobic lifestyle of
the parasite.[13] PfLDH is structurally, functionally and
biochemically distinct from that of the human host
cell.[14] The crystal structure of pfLDH has a significant

shift in the position of the NADH co-factor from that of
the human enzyme. Consequently, this is responsible
for its different biochemical features. The alignment of
the crystal structures of Plasmodium falciparum LDH
and human LDH� A by Alam et al.[15] revealed two
regions of structural differences between them at the
substrate specificity loop and the antigenic loop. It is,
therefore, a selective target for drug discovery inter-
vention. The normal glycolytic function of pfLDH is to
catalyse the interconversion of pyruvate to lactate in
the final step of glycolysis.[15] Strong substrate-binding
and product release are required in pfLDH enzymatic
catalysis. Several studies have shown the substrate-
binding pocket in pfLDH as an important druggable
binding site with the possibility of allosteric inhibition
of the catalytic activity.[7,16,17] The binding of the
substrate to LDH necessarily happens before the
formation of the LDH/NADH binary complex, which
regulates the oligomeric protein folding, leading to
dynamic change in enzyme activity.[18,19] The sub-
strate-binding pocket, which accommodates HIS195
crucial in enzyme catalysis, is bound approximately
10 Å deep into the LDH+NADH+Substrate ternary
complex. Also, the active site contains a catalytically
crucial residue ARG109 located on a surface group of
amino acids (residues 98–110) called the mobile loop.
The loop is lowered deep proximal to the substrate
within the active site, as the bound substrate and
NADH are brought close to each other in a proper
geometry having the enzyme tightens around them to
enable them to react together. Thus, the pyruvate and
NADH are activated for enzymatic catalysis by these
structural changes of the protein.[16] The rate-limiting
step in the dynamic enzyme activity of LDH is the final
closure of the mobile loop over the substrate-binding
pocket and not the chemical hydride transfer step.[20]

Substantial motions within the proteins complex are
required for a successful protein-ligand binding, in-
cluding desolvation and closure of the binding pocket
and supply of crucial amino acid groups into the active
site. In this process, the active site loop undergoes
dynamic motions, in which the open form facilitates
ligand binding and release, while the closed-form
enables preparation, control and protection of the
reacting species.[20]

Inhibitors’ activity through the substrate-binding
pathway can seize the LDH substrate binding sites and
reduce the enzyme activity.[16,19] Our recent work
reported the isolation of antimalarial triterpenoids
from a leaf extract of Combretum racemosum P. Beauv.,
with proven activity against chloroquine-sensitive
(D10) and chloroquine-resistant (W2) strains of Plasmo-
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dium falciparum, and MA demonstrated the highest
activity (IC50; D10: 28�12 μg/mL, IC50; W2: 17�4 μg/
mL) compared to the others.[21] These include made-
cassic acid (MA), arjungenin (ARJ), 6β,23-dihydroxytor-
mentic acid (DHT), combregenin (CBG), terminolic acid
(TA) and 19α-hydroxyasiatic acid (HAA). The molecular
interactions of these triterpenes with potential malarial
targets have not yet been reported in the literature.
This study investigates the dynamics and motions of
pfLDH protein through an alternative substrate-bind-
ing site to establish the mechanism of inhibition and
the inhibitory potential of these triterpenes using
molecular docking and molecular dynamics (MD)
simulation of MA-bound pfLDH.

2. Methodology

2.1. System Preparation

2.1.1. Retrieval and Preparation of Protein

For the preparation of the protein target, the three-
dimensional structure of pfLDH bound with its co-
crystallised inhibitor, chloroquine (PDB ID: 1CEQ,
Resolution: 2.05 Å),[22] was retrieved from Protein Data
Bank (PDB). The protein crystal structure was pre-
treated before docking using UCSF Chimera 1.14
tool.[23] The non-standard residues, including ions,
water and bound ligands, were removed. The struc-
tural minimisation of the proteins was carried out at
200 steepest descent steps, 0.02 steepest descent
steps size (Ᾰ), ten conjugate gradient steps, and 0.02
conjugate gradient steps size (Ᾰ) 10 update intervals
using the structure editing wizard. Solvents were
removed, hydrogen bonds were added, charges were

assigned using the Gasteiger force field, histidine was
set for the protonation state.[23] Every available
selenomethione (MSE) was changed to methionine
(MET), bromo-UMP (5BU) to UMP (U), methylselenyl-
dUMP (UMS) to UMP (U) and methylselenyl-dCMP
(CSL) to CMP (C).[23]

2.1.2. Ligand Selection and Preparation

Ligands used in this study are chemical structures of
arjungenin (ARJ), 19α-hydroxyasiatic acid (HAA), 6β,23-
dihydroxytormentic acid (DTA), combregenin (CBG),
madecassic acid (MA) and terminolic acid (TA), which
are antiplasmodial compounds from Combretum race-
mosum. The structure data file (SDF) format of ARJ,
MA, TA and chloroquine (CQ) as standard inhibitor
were obtained from the PubChem database. HAA,
DTA, CBG were drawn with MarvinSketch 20.20. PDB
coordinates of all ligand molecules were optimised by
the UCSF Chimera tool, and charges were computed
and added to the ligands through ANTECHAMBER.[24]

The chemical structures of the ligands used in this
study are shown in Figure 1.

2.2. Molecular Docking

The prepared proteins and ligands were uploaded to
the PyRx-Virtual Screening Tool workspace. A blind
docking was initially carried out where the ligands
were docked to the whole surface of the protein,
followed by a site-specific docking to the co-factor and
substrate binding pocket as identified in a previous
study.[7] Using the Autodock Vina of PyRx software, the
grid box was set for docking based on the dimensions
of the protein structure; each ligand-receptor binding

Figure 1. Structures of antimalarial compounds from Combretum racemosum.
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was set to have eight exhaustive conformations.[25]

Post-docking analysis and visualisation were con-
ducted by uploading the output files to the Chimera
1.14 workspace.[23] Figure 2 shows the structure of
pfLDH protein with docked ligands at both substrate
and co-factor binding sites.

2.3. Molecular Dynamics (MD) Simulations

The UCSF Chimera was further used for the pre-MD
preparations of the systems (ligand and receptor), as
reported in a previous study.[26] The MD simulation
studies were run for the pfLDH protein complexed
with the most promising compound and the standard
drug chloroquine using the graphic processor unit
(GPU) version of the PMEMD.CUDA engine furnished
with the AMBER package, FF18SB variant of the AMBER
forcefield used to describe the protein.[27] The stability
of the docked protein-ligand complexes was analysed
by carrying out MD simulations studies. The GENERAL
AMBER Forcefield (GAFF) and the restrained electro-
static potential (RESP) procedures were utilised by
adding partial charges to the ligands was enhanced
through ANTECHAMBER.[28] The neutralisation and
solvation of the unbound pfLDH and ligand-bound
systems were carried out using the LEAP module in
AMBER 18 by adding charges; H+, Na+ and Cl�

counter ions. Furthermore, all-atoms explicit solvation
was carried out in an orthorhombic TIP3P box of water
molecules sized 10 Å. The procedure considered the
initial minimisation of 2500 steps with an applied
restrained potential of 500 kcalmol� 1. Complete mini-

misation (5000 steps) was additionally performed
through a conjugate algorithm without utilising
restraining conditions. Gradual heating of the systems
was conducted beginning from 0 to 300 K for 50 ps,
which was to enable the maintenance of a fixed
volume and number of atoms considering a canonical
ensemble (NVT). The shake algorithm was used to
reduce the hydrogen bond constraint by applying one
bar pressure used by the Barendsen-Barostat.[29,30] The
total duration for running the MD simulations was
300 ns with a time scale of 2 fs using a Langevin
thermostat, at 300 K, and 1 bar constant pressure. The
coordinates of the Apo-pfLDH and bound-pfLDH
complexes were saved every 1 ps, and the CJTRAJ and
PTRAJ module in AMBER 18/GPU was used to analyse
the trajectories. All analysed trajectories were studied
for RMSD, RMSF, DSSP, DCCM, and radius of gyration
using CPTRAJ and PTRAJ. The analyses of post-MD
structures and visualisation[31] were done by employ-
ing the graphical user interface of UCSF Chimera and
Discovery studio 2020 client to enable the study of the
mechanism of binding of the ligand-bound systems,[32]

and MicroCAl Origin 6.0 software for data analysis was
used to plot the data.[27,33]

2.4. Post Molecular Dynamics (MD) Analysis

2.4.1. Binding Free Energy (BFE) Calculations

The investigation of the mechanism of biological
processes is mainly carried out through molecular
dynamics by employing the differences in free
energy.[34] Molecular dynamics is a crucial computa-
tional method in studying the dynamics of proteins
that comprehensively determine the binding mecha-
nism of the receptor-ligand interacting systems. The
molecular mechanics/generalised-born surface area
(MM/GBSA) method calculated the protein system’s
binding free energy (BFE).[35] With the aid of the MM/
GBSA technique, the BFE was utilised to estimate the
binding affinities within the docked receptor-ligand
systems to gain insights into their binding
landscape.[30] The calculated energies utilised over 300
000 snapshots from the 300 ns trajectories. The MM/
GBSA protocol requires complete removal of the used
solvent and replacement by a dielectric continuum.
The BFE (~G) calculated for madecassic acid- and
chloroquine-bound pfLDH and the unbound systems
was expressed as follows:

DGbind ¼ DGcomplex� DGreceptor� DGligandFigure 2. Structure of pfLDH showing the co-factor and sub-
strate binding sites.
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DGbind ¼ Egas þ Gsol� TDS

Egas ¼ Eint þ Evdw þ Eele

Gsol ¼ GGB þ GSA

GSA ¼ gSASA

~Gbind is the gas-phase summation, Egas denotes
the gas-phase energy, Gsol is the free solvation energy,
T~S is the entropy, Eint is internal energy, Eele is
coulomb and coulomb Evdw is van der Waals energy.
Egas was estimated from the AMBER FF14SB forcefield
terms. Gsol is accounted for by the energy contribu-
tions of polar and non-polar states. SA denotes the
non-polar solvation energy. GSA was calculated using
the solvent-accessible surface area (SASA) obtained by
a water probe radius of 1.4 Å. In contrast, the polar
solvation, GGB, was obtained by solving the GB
expression. S denotes the total entropy of the system,
which was calculated using the Normal mode analysis
incorporated in AMBERTools and T is the temperature.
The interaction entropy (� T~S) was estimated using
40 frames due to the computational cost of calculating
the change in conformational energy for large frames
using the Normal mode method. The surface tension
constant, γ, was set at 0.0072 kcal/mol Å2. Using MM/
GBSA method in AMBER 18, per-residue energy
decomposition (PRED) at the atomic level was carried
out to obtain in quantitative terms the contribution of
each residue to the total BFE at the predicted active
site.[27,35]

2.4.2. Receptor–Ligand Interactions Systems

The Discovery Studio Visualiser 2020 Client[31] recep-
tor-ligand interaction add-on was utilised to analyse
the pfLDH active amino acids interaction network with
madecassic acid and chloroquine. To identify the
molecular forces between the interacting residues and
atoms of the ligand, for the madecassic acid- and
chloroquine-bound systems, several snapshots were
taken at different periods of 300 ns MD trajectories to
show their various interactions, which were subse-
quently visualised using BIOVIA Discovery Studio
software.[31] These interactions may provide crucial
information to determine if pfLDH is a possible target
and the contributions of these interactions to the
overall design and development of drugs. Interacting
residues and the interaction types within the bound
systems are elucidated using this software.

2.4.3. Conformational Fluctuations of pfLDH Systems

RMSF analysis estimates the properties of biological
molecules in drug design studies, the interactions of
protein-protein or protein-ligand at the atomistic level.
It indicates the changes in the fluctuations of a protein
structure upon binding a ligand.[36] RMSF is the
fluctuation of the individual residues of an enzyme or
their average position in an obtainable MD simulation
trajectory. This analysis provides insights into the
flexibility differences in different regions of pfLDH
enzymes in unbound and bound systems. RMSF is
mathematically represented and calculated as follows:

sRMSFi ¼
RMSFi � RMSF
� �

s RMSFð Þ

RMSFi represents the ith residue RMSF from which
the average RMSF is subtracted, which is divided by
the standard deviation of the RMSF [σ(RMSF)] to equal
to the standardised RMSF [s(RMSFi)].

2.4.4. Radius of Gyration (RoG)

Furthermore, a compactness test was used to inves-
tigate the system’s stability, in which the RoG of both
the unbound and the bound systems was determined.
Statistically, the dimensions of biomolecules are pre-
dicted using the average radius of gyration (RoG). It
describes the atoms’ RMSD from a given protein
molecule’s common center of gravity and shows the
molecular compactness of its shape.[37] The compact-
ness of the unbound and bound systems was assessed
through 300 ns MD trajectories. The equation below
describes how the RoG is determined:

r2gyr ¼
Pn

i� 1 Wi ri � r�ð Þ2
� �

Pn
i� 1 Wi

The description of the terms shown in the equa-
tions is thus; ri is the ith atom’s position, W is each
atom’s mass, r is the center mass of atom i. The mean
values were calculated using the RoG values generated
throughout times in each trajectory.

2.4.5. Analysis Showing the Per-Residue Energy Decom-
position (PRED)

The PRED was performed to estimate the energy
contributed by the active site residues to the stability
of the lead compound (madecassic acid) relative to
pfLDH inhibition. The decomposition of the residual
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energy contribution to binding free energy (BFE) in
the protein-ligand complex was analysed by the MM/
GBSA method in AMBER18 GPU.

3. Results and Discussion

3.1. Molecular Docking Studies

Previous studies have analysed and revealed two
important binding pockets on the pfLDH enzymes; the
co-factor binding pocket (site A) and the substrate-
binding pocket (site B).[7,17] Site A, identified as the
NADH binding site, showed as a binding pocket at the
N-terminal end of pfLDH comprises of amino acid
residues: VAL26, GLY27, SER28, GLY29, PHE52, ASP53,
ILE54, TYR85, THR97, ALA98, GLY99, PHE100, LYS118,
ILE119, GLU122, ILE123, THR139, and ASN140. Site B
comprises amino acid residues at the C-terminal end
of pfLDH, including LYS198, MET199, VAL200, LEU201,
GLU226, PHE229, ASP230, VAL233, LYS314, and
GLU317. The residues were identified to form binding
as the substrate-binding domain. This binding pocket
lies on the backside of the active site.[7] The works of
Waingeh et al.[7] and Shadrack et al.[17] confirmed that
the distribution of docked conformations to the two
binding sites was affected by the co-factor presence,
where the substrate site was the preferred binding site
for ligands when the co-factor was present. Based on
preliminary information from the literature, the inves-
tigated triterpenes were analysed by docking tool to
explore the binding pattern and affinity towards the
enzyme. Molecular docking of the compounds by
blind docking and site-directed docking into the two
active sites (co-factor and substrate) of pfLDH were
performed.

Lactate dehydrogenase is a glycolytic enzyme that
has the potential as a target for developing new drugs
because it provides energy to the parasite via
glycolysis, and enzyme activity inhibition causes the
parasite’s death. The co-factor (NADH) and the sub-
strate (pyruvate) are critical factors in the enzyme’s
activity as pfLDH, for parasite survival catalyses the
reduction of the keto group in pyruvate to hydroxy
with the concomitant oxidation of NADH to NAD+.[17]

Based on this knowledge, we studied the binding of
the triterpenes to the two critical pockets of pfLDH, for
the energetically most favourable binding conforma-
tions to be determined.

The investigated triterpenes 19α-hydroxyasiatic
acid, arjungenin, 6β,23-dihydroxytormentic acid, com-
bregenin, terminolic acid and madecassic acid had
been isolated in our previous work,[21] and they

interacted with pfLDH with various levels of binding
affinity. All six triterpenes occupied the binding sites
of the co-factor (NADH) and substrate (pyruvate) of
pfLDH showing higher binding affinities than chlor-
oquine. The binding affinities of the six triterpenes and
chloroquine as standard drug (co-crystallised ligand) is
shown in Table 1. All dockings were carried out in the
absence of NADH.

Based on the favourable energy of interaction, the
activity of 19α-hydroxyasiatic acid, arjungenin, 6β,23-
dihydroxytormentic acid, combregenin, terminolic acid
and madecassic acid showed � 7.8, � 8.0, � 7.7, � 7.2,
� 8.0 and � 7.6 Kcal/mol, respectively, all revealing
higher binding affinities compared to the standard
inhibitor chloroquine (� 5.8 Kcal/mol) when docked
into the primary site A (Table 1). Though, arjungenin
and terminolic acid ranked highest among these
triterpenes at this site, all compounds showed com-
parable activity with a strong indication as competitive
inhibitors of pfLDH at the NADH binding site. On the
other side, when docked into the secondary site B, the
activity of 19α-hydroxyasiatic acid, arjungenin, 6β,23-
dihydroxytormentic acid, combregenin, terminolic acid
and madecassic acid showed � 8.0, � 8.7, � 8.1, � 7.9,
� 7.7 and � 8.4 Kcal/mol, respectively, all resulting in
higher binding affinities compared to chloroquine
(� 6.0 Kcal/mol). Arjungenin (� 8.7 Kcal/mol) showed
the highest docking score slightly higher than made-
cassic acid (� 8.4 Kcal/mol). For the blind docking
experiment, the activity of 19α-hydroxyasiatic acid,
arjungenin, 6β,23-dihydroxytormentic acid, combrege-
nin, terminolic acid and madecassic acid showed � 8.0,

Table 1. Binding affinity (kcal/mol) of the investigated triter-
penes against pfLDH protein target.

Compounds PubChem
ID

Binding energies
(kcal/mol)
Site
A

Site
B

Site
B*

19α-Hydroxyasiatic acid N/A � 7.8 � 8.0 � 8.0
Arjungenin 12444386 � 8.0 � 8.7 � 8.1
6β,23-Dihydroxytormentic
acid

N/A � 7.7 � 8.1 � 8.1

Combregenin N/A � 7.2 � 7.9 � 7.9
Terminolic acid 12314613 � 8.0 � 7.7 � 8.1
Madecassic acid 73412 � 7.6 � 8.4 � 8.4
Chloroquine 2719 � 5.8 � 6.0 � 6.0
Oxamate 974 N/A � 4.2 � 4.2

* Binding energies of compounds in a blind docking; the
compounds preferred binding at the substrate site even in the
absence of the NADH co-factor. N/A represents compounds
that are not in PubChem but designed on MarvinSketch.
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� 8.1, � 8.1, � 7.9, � 8.1 and � 8.4 Kcal/mol, respectively.
Premised on the binding energies calculated, using
the AutoDock scoring function, the best-docked
conformation in each binding site was selected. All
ligands studied in this work showed higher binding
affinity when docked into site B than site A except for
terminolic acid (Table 1). Since blind and site-directed
docking in this study showed that each ligand has its
most probable and energetic binding occurred in site
B, it may suggest the most favourable binding site for
all the ligand to be the secondary site B. Thus, this
seems to indicate an increased frequency and affinity
for binding to the substrate-binding site in the
absence of bound NADH during docking. These
findings are different from the reports by Waingeh
et al.[7] and Shadrack et al.,[17] who stated that site A
(co-factor site) showed the best-docked solutions in
the absence of the co-factor. The primary reason for
this could be a significant structural difference among
the compounds investigated in our study (ursane and
oleanane triterpenes) and those investigated by
Waingeh et al., for instance (quinoline-based com-
pounds). For example, the net charge of the com-
pounds tested in our study is +0, while the quinoline-
based compounds in the reference study have a +1
net charge. Also, the degree of complementarity of
these two binding sites with the class of compounds
in terms of hydrogen bond, van der Waals, steric effect
and water networks may contribute to the discrep-
ancies. Thus, this may lead to a difference in the
mechanism of binding. However, probing mechanisti-
cally into how these structural differences affect the
binding conformations in both sites is not within the
scope of our study. Although, the binding of co-factor
indicated a prospect for competitive inhibition in this
study, as the investigated ligands displayed higher
binding affinity than the co-crystallised ligand (chloro-
quine). The ligands displayed comparable binding
affinities for both the co-factor and the substrate sites,
but the affinities were slightly higher for the substrate-
binding site. From the results in Table 1, oxamate (a
substrate mimic) showed a binding affinity (4.2 kcal/
mol) significantly lesser than the test compounds. This
finding suggests that the test molecules may modify
the enzyme’s active site to prevent substrate binding.
Hence, this observation indicates allosteric inhibition,
where a molecule binds to the allosteric site, thereby
causing a shape alteration that reduces the enzyme’s
affinity for the substrate.[38] It has been shown that
pfLDH is also functionally dependent on the binding
to its substrate to enable a successful catalytic
conversion of pyruvate to lactate during glycolysis.[18]

Therefore, the findings in this study may be significant
because this alternative binding site comprises resi-
dues that may interfere with substrate-binding or
enzyme’s catalytic action.

3.2. Molecular Dynamics (MD) Simulations

The structures and dynamics of biomolecules are
valuable information provided by the approach of MD
simulations which may contribute to the design of a
drug leading to the treatment of malaria. The struc-
tural organisation of a protein is a critical defining
factor for its biological activity; hence, there could be
either a positive or negative effect on the activities of
such protein when there are considerable alterations
in its structural integrity.[39,40] This phenomenon is
fundamental in the molecular mechanism of drug-
gable molecules when they are utilised to treat disease
to target specific pathogenic macromolecules (pro-
teins, for example) that drive the progression of the
disease. Moreover, in consistence with the basis of this
study, it was imperative to offer relevant information
related to the allosteric inhibitory potential of CQ and
MA towards pfLDH, a vital malaria target. In this study,
the MA-bound system showed a considerable high
binding affinity with more hydrogen bond interaction
than the other ligand-bounds when docked at the
substrate-binding site. Also, in our previous work,
where alongside other compounds, its antiplasmodial
effect was tested against both chloroquine-sensitive
(D10) and -resistant strains (W2) of the malarial para-
site, MA had shown the highest activity (D10: 28�
12 μg/mL, W2: 17�4 μg/mL) compared to others. As a
result of this promising effect, madecassic acid-bound,
chloroquine-bound and the unbound pfLDH systems
were subjected to 300 ns MD simulations to analyse
the energetics of each complex and check the
convergence of dynamic stability. Trajectories pro-
duced from the complexes simulated were further
analysed for C-α atom RMSD and C-α RMSF to gain
insights into the structural dynamics and equilibrium
upon binding. The C-α RoG, PRED, dynamic cross-
correlation matrix (DCCM), and defined secondary
structure protein (DSSP) were also analysed.

3.3. Root Mean Square Deviation (RMSD)

RMSD was used to determine the system convergence
and structural stability of the three systems under our
investigation, wherein as a result of the atomistic
deviations, the conformational changes were esti-
mated using the C-α backbone RMSD. Long time MD
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simulations are required for a protein system to attain
stability. The stability of pfLDH upon binding of MA
and CQ was examined by calculating the deviation of
C-α atoms throughout the simulation.[41] An increase
in RMSD value is indicative of more atomistic devia-
tion, suggesting a protein with an unstable structure,

while a system with a low RMSD value suggests a
protein with a reduced structural deviation, hence
highly stable.[42,43] As shown from Figure 3B, the
estimated average RMSD values were 1.60 Å, 2.00 Å,
and 1.62 Å for MA-bound, CQ-bound, and unbound
systems, respectively. The results showed that all

Figure 3. (A) Chloroquine (grey) and madecassic acid (cyan) bound to the pfLDH substrate binding site. C-α backbone (B) RMSD, (C)
RMSF and (D) RoG plots of Apo and bound systems ran for 300 ns MD simulation.

Chem. Biodiversity 2022, 19, e202100646

www.cb.wiley.com (8 of 20) e202100646 © 2022 The Authors. Chemistry & Biodiversity Published by Wiley-VHCA AG

Wiley VCH Dienstag, 15.02.2022

2202 / 231138 [S. 189/201] 1

 16121880, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cbdv.202100646 by L

IV
E

R
PO

O
L

 JO
H

N
 M

O
O

R
E

S U
N

IV
, W

iley O
nline L

ibrary on [02/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

www.cb.wiley.com


simulated systems displayed an average RMSD up to
2 Å at maximum, signifying a comparatively stable
simulation. Likewise, all the systems achieved con-
vergence almost throughout the entire 300 ns simu-
lation time. The RMSD results showed that the binding
of MA had a more stabilising effect on the binding
domain than CQ and unbound-conformation. The
highly stable binding pocket residues observed in MA-
bound could have favoured a steadier residue inter-
action with MA and possibly stronger binding to
pfLDH relative to CQ.

3.4. Root Mean Square Fluctuation (RMSF)

Through the RMSF, we gain insight into the flexibility
of the protein’s structure by estimating the fluctuation
of each amino acid present in the protein.[42,44] The
conformational dynamics of these amino acids, which
form part of the building blocks of the protein, play a
critical role in the overall function of the protein.[45]

The RMSF analysis provides a better understanding of
the changes in conformation upon ligand binding and
shows the significance of molecular dynamics at the
atomistic level. The MD simulations trajectories in
obtaining the RMSF reveal the differences in the
residues’ flexibilities with or without a ligand.[29] So,
we calculated the RMSF of the amino acids that
constitute pfLDH upon binding of CQ and MA to
monitor their impact on the conformational dynamics.
The higher RMSF values indicate more flexible move-
ments, while the lower fluctuation values show lesser
conformational changes during the simulation. The
average RMSF values of Apo, ApoCQ, and ApoMA
systems were 0.94 Å, 0.83 Å, and 0.92 Å, respectively
(Figure 3C). As shown, the unbound pfLDH showed the
highest residue fluctuation relative to CQ and MA,
indicating that the fluctuation of pfLDH reduced upon
the binding of CQ and MA. Moreover, the lower RMSF
value for both CQ and MA compared to the Apo
system may indicate the system’s compactness. The
mobile loop closure, comprising surface-residues 98–
110, is one of the major substrate-binding pathways in
LDH catalysis.[7,16] Dynamic fluctuations are essential to
enable the accessibility of substrate to the active site
since the enzyme’s active site lies deep into the
protein structure.[20] Thus, the low molecular fluctua-
tion recorded for the bound-systems within residues
98–110 region may indicate the lack of substrate
accessibility to the active site, thereby preventing the
necessary protein structural changes leading to the
activation of pyruvate and NADH for catalysis. This
observation could indicate inhibitory effects for the

ligands. In LDH, the mobile loop is in open conforma-
tion before ligand binding and closes over the active
site after binding substrate. These open and close
transitions involve a temporary structural change of
about 10%–15% within the substrate-binding region,
which is required to move amino acid residues
necessary in catalysis into closeness with the bound
substrate.[7,16] The molecules we investigated in this
work are bound at or close to the active site, and since
their binding affinity is higher than that of oxamate, it
is thus plausible to consider them as competitive
inhibitors of the substrate. On the other side, the
identified substrate-site binding may also interfere
with the structural changes observed in mobile-loop
motion and are vital in substrate binding. Thus, loop
movements inhibition may be enabled by significant
interactions formed with residues such as LYS198,
MET199, LEU201, which are within the substrate-bind-
ing domain and close to the active site. Thus, the Apo
system showed elevated C-α atoms fluctuations above
CQ and MA in the region comprised of residues 150–
203, which correspond to the LYS198, MET199, and
LEU201 interacting residues.

3.5. Radius of Gyration (RoG)

RoG measures the compactness of the entire protein
structure throughout the simulation. The tightness or
looseness of the structure of a protein is capable of
interfering with its physiological properties. The work
of Akher et al.[40] emphasised the interplay between C-
α RoG and compactness of protein structure, where
they showed that loss in structural compactness is due
to a high RoG value, and structurally compact protein
is due to a low RoG value. We, therefore, estimated
the effects of binding of CQ and MA on the compact-
ness of the active site across the time of MD
simulations. The average RoG values of Apo, ApoCQ,
and ApoMA systems were 19.87 Å, 19.80 Å, and
19.82 Å, respectively (Figure 3D), showing very similar
compactness for the three systems. However, the
results revealed the atomic distributions in Apo from
125–300 ns to indicate high RoG and low compact-
ness, which is correlative with the high RMSF observed
between residues 150–203 and 240–305. The lower
RoG in these regions for the bound-systems implied
that the binding of CQ and MA resulted in a tighter
pfLDH conformation relative to the unbound system.
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3.6. Comparative Binding Free Energy Profile

Thermodynamic calculations were performed to get
insights quantitatively into the mechanistic binding
profiles of CQ and MA towards pfLDH using the MM/
GBSA approach.[26] The MM/GBSA method is a reliable
approach frequently used to estimate the binding free
energy (BFE) of a small molecule to a protein and has
become a very useful in silico methods for assessing
binding affinity. Evaluating the binding affinities of CQ
and MA could help insight into the reason for the
perceived competitive advantage of MA over CQ and
its ultimate contribution to the inhibition of pfLDH
function. The computation of the binding affinity of an
inhibitor to a protein is done using trajectory or
snapshots of the complex through which we under-
stand how both inhibitors CQ and MA bind to pfLDH.
We calculated the BFE and per-residue decomposition
of each compound at the substrate-binding site of the
enzyme to ascertain the binding affinity of the
compounds and to establish the basis of potential
inhibition against pfLDH. The calculated binding free
energies of both CQ and MA are shown in Table 2. CQ
and MA exhibited comparably high total free binding
energy of � 25.28 kcal/mol and � 33.40 kcal/mol, re-
spectively, towards pfLDH. The BFE provides distinct
energy contributions within the binding pockets and
the binding conformations that present the best
intermolecular interactions at the active sites of the
protein.[29] Therefore, the observed high BFE could be
due to the increased electrostatic energy and van der
Waals recorded in the calculations and could account
for the inhibition by both compounds. The total BFE
value was increasingly more in the MA-bound system
compared to the CQ-bound system. This observation
demonstrates that MA exhibited more potent inhib-
ition of and higher binding affinity to pfLDH when
compared to CQ. The MM/GBSA method has been
applicable in reproducing and rationalising experimen-
tal findings and expanding on results from virtual
screening and docking calculations.[34,35] The results
agreed with the above-presented molecular docking
analysis. The interaction of the inhibitor with residues

induced ligand’s stabilisation in the target site, which
led to its inhibitory activity.

3.7. Per-Residue Energy Decomposition (PRED) and
Ligand Interactions with pfLDH

The RMSD calculations showed that the simulated
complexes had excellent stability throughout the
300 ns of simulation. The stabilised conformation gives
a chance for favourable interactions, which could have
affected the binding affinity of the inhibitors to pfLDH.
The PRED showed the molecular interactions between
the ligands and interacting residues.[26] To further
establish the structure-binding affinity relationship
between the ligands and pfLDH, the contribution of
energy by residues of pfLDH binding pocket towards
the binding of CQ and MA was quantitatively
evaluated. This PRED calculation revealed crucial
interacting residues and their contribution to the
binding affinity of CQ and MA. We obtained the
energy contributions by individual active site residues
involved in the binding and stability of both com-
pounds by further decomposition of the total binding
protein energy (BPE) using the MM/GBSA approach.
Most of the binding pocket residues contributed
strongly to the interactions through van der Waals and
electrostatic forces (Figures 4 and 5). These two forces
revealed the residue and energy that showed signifi-
cant influence on the total binding energy. Figures 4C
and 5 C, respectively, showed the per-residue decom-
position of pfLDH-CQ and pfLDH-MA. The extent of
stability and the binding strength of the two com-
plexes at the binding site is dependent on the
intermolecular forces that occurred between the
inhibitor and the residues at the active site.

For the pfLDH-CQ system, the interacting residues
and the most energy contributions towards the
complex are: VAL176 (� 1.89 kcal/mol), LEU177
(� 1.62 kcal/mol), ASP200 (0.12 kcal/mol), PHE207
(� 2.26 kcal/mol), VAL211 (� 0.44 kcal/mol) and LYS290
(� 0.83 kcal/mol). Each residue contributed high en-
ergy towards the complex, but ASP200 contributed
lower total energy, which could be unfavourable in CQ
binding and stability, though it showed the highest

Table 2. Thermodynamics analysis of CQ-pfLDH and MA-pfLDH interactions: MM/GBSA-based binding free energy contributions to
the ligands.

Complex Energy components (kcal/mol)
~Evdw ~Eele ~Ggas ~GGB Gsolv ~Gbind

Apo-CQ � 29.8311 � 78.0310 � 107.8621 86.3434 82.5799 � 25.2822
Apo-MA � 38.6366 � 28.5699 � 67.2064 38.9456 33.8078 � 33.3986
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electrostatic interaction (� 22.77 kcal/mol). However,
PHE207 (� 2.30 kcal/mol) and LYS290 (� 1.92 kcal/mol)
have the highest van der Waals (vdW) energy contri-
butions to the binding of the inhibitor. The residues
that contributed higher energies towards the complex
and the per-residue interaction energy of the pfLDH-
MA system include LYS174 (� 0.64 kcal/mol), MET175
(� 1.32 kcal/mol), LEU177 (� 1.37 kcal/mol), LYS179
(� 1.56 kcal/mol), PHE207 (� 1.81 kcal/mol), VAL211
(� 1.26 kcal/mol) and LYS290 (� 1.25 kcal/mol). All
interacting residues recorded in pfLDH-MA contributed
high energy towards the complex, but PHE207
accounted for the highest total energy, a similar
observation in the pfLDH-CQ system. Based on these
results, LYS290 (� 1.97 kcal/mol), LEU177 (� 1.90 kcal/
mol), and PHE207 (� 1.79 kcal/mol) have the highest
vdW energy contributions to the binding of MA
towards pfLDH. Therefore, the vdW interactions due to

residues 290, 211, 207, 179, 177 and 174 and the
electrostatic interactions due to LYS179 (� 7.18 kcal/
mol), MET175 (� 2.41 kcal/mol) and LYS174
(� 1.99 kcal/mol) contributed to the higher stable
system of pfLDH-MA (~Gbind= � 33.40 kcal/mol) rela-
tive to pfLDH-CQ (~Gbind = � 25.28 kcal/mol). The
~Gbind for the pfLDH-MA system showed madecassic
acid as highly stable. The interactions between the
hydrophobic active site residue enhance the binding
and stability of MA in the pocket. Hence, these strong
and stable interactions between MA and pfLDH greatly
influence its inhibitory potential. These findings can be
useful in the potential identification of antimalarial
compounds in the future study of the pfLDH protein
as a target.

The favourable orientation of the ligands’ func-
tional groups such as electronegative chlorine, � C6H5
and � C5H5N for CQ and � OH, C=O for MA interacted

Figure 4. (A) A visualisation of the chloroquine-pfLDH interaction network. (B) 3D structure of chloroquine bound to the pfLDH
active site. (C) Energy contributions of the interacting residues of pfLDH with chloroquine.
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with the favourable groups at the active site residue
such as � NH2, � COOH, which formed strong bonds. In
the interactions of pfLDH, the methyl C-atoms of the
side chains of VAL211 developed an alkyl hydrophobic
bond with the highly electronegative chlorine. Also, a
conventional hydrogen bond was formed in which the
backbone H-atom of LEU177 bonded with N at
position 4. The resonating rings (C1-C3 and C5-C10) of
CQ formed the strong pi-hydrophobic solid bonds
with the phenyl ring of PHE207. Similarly, the methyl
C-atoms of the side chains of VAL176 and LYS290
formed stable and strong pi-sigma bonds with the
pyridine (C5H5N) ring. The O-atom of the carboxy of
ASP200 showed a strong, attractive charge towards
diethyl nitrogen (N-17).

There were mainly hydrogen bonds and alkyl
hydrophobic interactions formed in the pfLDH-MA
system. The methyl C-atom of the side chain of LYS290

developed a stable alkyl hydrophobic bond with the
methyl C-atom of the prenyl group in MA (Figure 5A).
Also, the methyl C-atoms of the side chains of LEU177
and VAL211 formed strong alkyl hydrophobic bonds
with the methyl C-atom at position 4 and the H-atom
of the methyl group. Other observed interactions are
the conventional hydrogen bonds formed from the
carboxy O of LYS174 and MET175 with H-atoms of OH
groups at positions 2 and 3, respectively. The H-atom
of the amide group in LYS179 formed a conventional
H-bond with the carboxy O at position 28. Non-
classical H-bond is formed between the carboxy O-
atom of MET175 and the methine hydrogen (H-1). The
same H-bond was formed between the backbone H-
atom of LYS174 bonded with the O-atom of the
oxymethylene group at position 2 were formed.

Figure 5. (A) A visualisation of the madecassic acid-pfLDH interaction network. (B) 3D structure of madecassic acid bound to the
pfLDH active site. (C) Energy contributions of the interacting residues of pfLDH with madecassic acid.
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3.8. Dynamic Cross-Correlation Matrix (DCCM)

During the 300 ns MD simulations, the DCCM was
analysed to obtain the position of the C-α atoms of
the bound and unbound systems.[29,41] Considering
the different inhibitory activities of MA and CQ, this
analysis was done further to study the inter-residual
dynamics and motions of pfLDH. With this, the
motions that represent correlation (positive) and anti-
correlation (negative) of constituent residues around
their C-α atoms were determined across the MD
simulation period. The C-α atoms motions are shown
in Figure 6 (A� C), indicating highly positive correlated
motions (deep red to yellow), highly negative anti-

correlated movements (cyan to black) and similar
correlations (green). The positive correlation of mo-
tions was most notable in pfLDH unbound system,
followed by the MA-bound, and least in the CQ-bound
(Figure 6). The regions that constitute the active site
reflect mainly the pattern of motions. It can be inferred
from the plot that upon binding of MA (Figure 6C), the
residues of the regions of the active site (150-210)
showed an increased positive relationship which
indicates a high degree of fluctuation and a high
average RMSF value in comparison to CQ-bound
(Figure 6B). These results correlated with the average
RMSF findings where the MA-bound system was more
fluctuated than the CQ-bound. Additionally, this

Figure 6. Dynamic cross-correlation matrix showing the correlations of residues in the Apo (A), chloroquine-bound pfLDH system
(B) and madecassic acid-bound pfLDH system (C). The colored legends on the right hand of each plot indicate the status of
correlated motions.
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observed correlation of motions at the regions of the
active site could as well correspond with the lower
compactness shown by the RoG results.

3.9. Defined Secondary Structure Protein (DSSP)

DSSP was analysed to characterise protein elements,
including loops, α-helices, β-sheets and coils, which do
not unfold directly or adequately.[46] This analysis
provided further insights into the inhibitory activity of
CQ-bound and MA-bound against the pfLDH catalytic
functions using the 300 ns trajectories obtained during
MD simulations. The DSSP element assignors used in
this work are None, Para, Anti, 3–10, Alpha, Turn and
Bend, which are indicated as legends on the far
righthand side of each chart. Using these, we moni-
tored the protein’s visual transition or unfolding

behaviour upon ligand binding compared with free
pfLDH. Figure 7 (A� C) shows the DSSP plots for the
unbound (A), CQ-bound system (B) and MA-bound
system (C). The unbound pfLDH, the CQ-bound and
MA-bound DSSP plots showed no significant confor-
mational transformations in their secondary structure
elements. However, around 170–175 in the CQ-bound
system were transitioning to Bend during 280 to
300 ns. At the same residue regions, from 210 to
215 ns, residues transitioned from Bend to Anti in the
MA-bound system. Also, both CQ- and MA-bound
systems were transitioned to Bend in the same regions
of residues 170–175 between 80 and 82 ns.

Figure 7. The DSSP charts for pfLDH protein systems, (A) unbound pfLDH, (B) chloroquine bound pfLDH and (C) madecassic acid
bound pfLDH, taken throughout 300 ns MD simulations.
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3.10. Structural Dynamics of the Loop Carrying Active
Site Residues in pfLDH Protein and Distance Metrics

Perturbed dynamical properties or conformational
changes at sites that are spatially distant to a site
where a modification or binding takes place are
essential components that relate allostery to protein
function. These motions with their complexities should
therefore be studied.[47] The study of loops provides
valuable information to help determine the protein
function, such as dynamics, shape and ligand binding.
They serve as the connecting ends for the secondary
structure (α-helices and β-strand) and function in
protein-protein interaction, protein-ligand interaction,
and enzyme catalysis.[27] This study identified a vital
loop located around the substrate site, which can exist
in a closed and open conformation; therefore, we
determined its role in the pfLDH conformation and
ligand binding. This functional loop in the substrate-
binding domain contains residues 158–188 (red) as
shown in Figure 8, which illustrates the trajectory
images of the Apo, CQ-bound and MA-bound systems
at 0, 100, 200 and 300 ns MD simulations. These
findings helped to visualise the magnitude of struc-
tural changes within these systems at the different
simulation times. This loop is crucial in binding the
ligand MA because it contains the three most contri-
buting interacting residues, which include LYS174,
MET175 and LEU177 of the active site. Figure 8
revealed significant conformational changes in this
loop in the Apo, CQ-bound and MA-bound structures
as the simulation time increases from 0 to 300 ns. Two
observable changes occurred in the Apo, CQ-bound
and MA-bound systems, where the loop exhibited
twisting and transitions at different MD simulation
times. Two significant portions on the loop were
identified and studied for their conformational
changes; the part with residues 160–162 (enclosed in
purple oval shape) and the portion with residues 172–
185 (enclosed in black oval shape). At 100 ns MD
simulation, the changes in Apo were due to structural
transition of the region of residues 160–162 to a helix,
and the region enclosed in black oval shape (residues
172–180) twisted and shifted away from the active
site of pfLDH. Simultaneously, the CQ-bound showed
transitions into β-strand (yellow oval shape) and helix
(black oval shape) in the regions of residues 175–177
and 179–180, respectively. In the MA-bound, there
was an extension with a structural transition into a
helix (residues 179–185), while interacting residues
174–177 region (yellow oval shape) did not undergo a
conformational change. At 200 ns, the conformational

changes, transitions into helices in both regions of
residues 160–162 and 179–181, occurred in only Apo
and MA-bound systems. Moreover, conformational
changes occurred at 300 ns in Apo (structural tran-
sition into helix at region 160–162 and twisting at the
region of residue 179–181), CQ-bound (structural
transition into helix at region 179–181) and MA-bound
(structural transitions into helix at regions 160–162
and 179–181).

From the trajectory snapshots of the 300 ns MD
simulations, the analysis of distance (D) was deter-
mined for Apo and MA-bound systems to gain further
insights into the inhibitory potency of MA on the
dynamical conformation and movements of pfLDH.
Measuring D between the side chains of two different
interacting residues is a commonly used metric for
describing proteins’ curling and twisting motions.[30]

Thus, the distance between loop residues MET175 and
LEU177 around the active site, responsible for the
opened and closed structure conformations, was
considered in this study. The distances between these
interacting residues of the bound and unbound pfLDH
were determined at 0, 150, and 300 ns. The two
residues showed an in-between distance in the un-
bound pfLDH was 7.405 Å at 0 ns and increased to
8.45 Å after 150 ns and 8.61 Å after 300 ns (Figure 9 A,
C and E). The in-between distance of the two residues
in the MA-bound system was 7.405 Å at 0 ns, increased
to 7.93 Å after 150 ns, and decreased to 6.019 Å after
300 ns (Figure 9 B, D and F). The distance between the
two residues was reduced during the MD simulation
time in the MA-bound pfLDH system. The interactions
and stability of the MA-bound pfLDH system are
enhanced by this decrease in the distance. Thus,
stronger interactions between MA and the interacting
residues at the active site result from the decrease in
the distance, therefore enhancing effective inhibition
of the catalytic activity of pfLDH enzyme.

4. Conclusion

In this study, an investigation of the binding of six
triterpene-based ligands to Plasmodium falciparum
lactate dehydrogenase was carried out using molec-
ular docking virtual screening tools. Our study out-
comes showed that the molecules were effectively
bound to the enzyme at both the co-factor and the
substrate-binding sites through site-directed docking
but bound to only the substrate-binding site by blind
docking. It was observed that the compounds were
bound to the co-factor binding pocket of pfLDH. Thus,
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all of the investigated triterpenes may be potential
competitive inhibitors of the co-factor, since all had a
binding affinity higher than chloroquine, a previously
reported competitive inhibitor. However, molecular
docking (through blind docking) also identified a
secondary binding site. The molecules bound to this
site resulted in higher binding affinities than the co-
factor site, which indicates a non-competitive inhib-

itory potential. This alternative binding site comprises
substrate-binding domain amino acid residues and
suggests a potential to interfere with substrate-bind-
ing or catalytic function by inhibition of pfLDH enzyme
catalysis.

Moreover, studying the molecular mechanism of
pfLDH and the mode of action of madecassic acid
using a panel of computational tools provides a novel

Figure 8. Trajectory snapshots representing the degree of structural changes at the loop carrying the active site residues between
Apo, pfLDH-CQ and pfLDH-MA at 0, 100, 200 and 300 ns.
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approach to designing new antimalarial drugs. Accord-
ing to our findings, all systems simulated showed an
average RMSD less than 2 Å indicating a relatively
stable simulation and well-equilibrated systems
throughout the simulation time. The RMSD results
showed the binding of MA to result in a more
substantial stabilising effect on the binding domain
relative to CQ and the unbound-pfLDH. The highly
stable binding pocket residues observed in MA-bound
could have favoured a steadier residue interaction

with MA and possibly stronger binding to pfLDH
relative to CQ. The total binding free energy is higher
in the MA-bound system than in the CQ-bound
system. This observation demonstrates that MA ex-
hibited stronger inhibition of pfLDH when compared
to CQ. Therefore, this explains that MA is a compound
with a higher binding affinity toward pfLDH than CQ.
The ~Gbind for the pfLDH-MA system showed made-
cassic acid as highly stable. The interactions between
the hydrophobic active site residue enhance the

Figure 9. Distance (D) between MET175 and LEU177 of the unbound and MA-bound pfLDH, measured using the snapshots taken at
0, 150 and 300 ns MD simulations.
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binding and stability of MA in the pocket. Hence, the
strong and stable interactions between MA and pfLDH
have a high inhibitory potential. The vital loop in the
substrate-binding domain, which is instrumental in
binding MA-pfLDH bound, was identified. Thus, the
loop conformational changes due to binding of the
ligand provide essential information on how MA could
inhibit the protein function. These findings provide a
platform for the potential identification of antimalarial
compounds in the future study of pfLDH protein as a
target. Our findings reported here help us understand
the structural and dynamic behaviour of pfLDH protein
and its interactions with the inhibitor, which could
assist in a further experimental study. It is also
recommended that a laboratory experiment further
validate the allostery function of this secondary bind-
ing site for its potential in inhibiting the activity of
pfLDH.
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