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Abstract

Context Malaria remains a significant global health challenge with emerging resistance to current treatments. Plasmodium
falciparum glutathione reductase (PfGR) plays a critical role in the defense mechanisms of malaria parasites against oxidative
stress. In this study, we investigate the potential of targeting PfGR with conventional antimalarials and dual drugs combin-
ing aminoquinoline derivatives with GR inhibitors, which reveal promising interactions between PfGR and studied drugs.
The naphthoquinone Atovaquone demonstrated particularly high affinity and potential dual-mode binding with the enzyme
active site and cavity. Furthermore, dual drugs exhibit enhanced binding affinity, suggesting their efficacy in inhibiting PfGR,
where the aliphatic ester bond (linker) is essential for effective binding with the enzyme’s active site. Overall, this research
provides important insights into the interactions between antimalarial agents and PfGR and encourages further exploration
of its role in the mechanisms of action of antimalarials, including dual drugs, to enhance antiparasitic efficacy.

Methods The drugs were tested as PfGR potential inhibitors via molecular docking on AutoDock 4, which was performed
based on the preoptimized structures in HF/3-21G-PCM level of theory on ORCA 5. Drug-receptor systems with the most
promising binding affinities were then studied with a molecular dynamic’s simulation on AMBER 16. The molecular dynam-
ics simulations were performed with a 100 ns NPT ensemble employing GAFF2 forcefield in the temperature of 310 K,
integration time step of 2 fs, and non-bond cutoff distance of 6.0 A.
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Introduction Among these species, five are capable of infecting humans and

causing the disease: P. falciparum, P. vivax, P. malariae, P. ovale,

Malaria is a condition resulting from the infection by protozoa
of the genus Plasmodium (P). These microorganisms can affect
birds, reptiles, and mammals, including humans, and there are
approximately 200 species of Plasmodium in circulation [1].

P G. Y. Sanchez Delgado
gysdelgado @ice.ufjf.br

NEQC: Nucleo de Estudos em Quimica Computacional,
Departament of Chemistry, Federal University of Juiz de
Fora, Juiz de Fora, MG 36.036-900, Brazil

2 SINTBIOMOL: Tecnologia em Farmacos: Sintese de
Biomoléculas, Avaliagdo Bioldgica e Repercussoes
Ambientais, Departament of Chemistry, Federal University
of Juiz de Fora, Juiz de Fora, MG 36.036-900, Brazil

LaQBIC: Laboratério de Quimica Bioinorgénica e Catélise,
Departament of Chemistry, Federal University of Juiz de
Fora, Juiz de Fora, MG 36.036-900, Brazil

and, more recently, P. cynomolgi and P. simium. Although the
latter two were initially reported in non-human primates, there
are records of naturally acquired infection cases in humans [2-4].

According to the World Health Organization (WHO), the
total number of disease cases reached 249 million in 2023.
The majority of cases (82%) and deaths (95%) occurred in
the African Region, followed by the Southeast Asia Region
(cases 10% and deaths 3%). Recent records indicate that the
major contributors to malaria worldwide are the species P.
falciparum and P. vivax, with the former responsible for the
highest number of fatalities, particularly in the African con-
tinent [5]. Regarding Brazil, the Amazon region is indeed
considered the endemic epicenter of malaria in the coun-
try, accounting for 99% of recorded autochthonous cases.
Outside this area, the majority of reported cases originate
from endemic states or countries, representing over 80% of
cases. In terms of analyses conducted by the Ministry of
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Health in 2023, there was a decline in malaria notifications
between 2010 and 2016. However, in 2017, there was a sig-
nificant increase of 38.7% compared to the previous year,
as highlighted with the blue arrow in Fig. 1 below. In the
subsequent years, a reduction in notifications was observed;
however, the Ministry of Health raised alarms due to an
unexpected increase of approximately 27.8% in 2020, in
cases of malaria associated with P. falciparum or mixed P.
falciparum/P. vivax malaria (red dots in Fig. 1) [6, 7].

Malaria is transmitted to the vertebrate host through the
bite of female mosquitoes of the genus Anopheles. The
sporozoites from the salivary glands infect the human host
through the insect’s bite. In the liver tissues, the sporozoites
multiply through asexual reproduction, forming thousands
of merozoites. Released into the bloodstream, these invade
red blood cells and initiate the asexual erythrocytic phase,
causing disease symptoms in the human host after 48 h of
infection. Some of the merozoites may develop into male or
female gametocytes. When a mosquito bites an infected per-
son, the gametocytes are ingested and mature in its digestive
system in around 24 h. Thus, mosquitoes become ready to
infect a new host, completing the transmission cycle [8, 9].
During the asexual erythrocytic phase, the parasite digests
between 60 and 80% of hemoglobin, transporting it to its
digestive vacuole (DV) to process it into an inert and non-
toxic material known as hemozoin, which does not affect its
survival [10]. In this same phase, the parasite is exposed to
oxidative stress generated by the host’s immune system to
combat the infection, as well as by the heme group and other
decomposition products of hemoglobin [11].

Glutathione (GSH) plays a fundamental role in the
defense of malaria parasites against oxidative stress. This
tripeptide acts as an antioxidant, aiding the parasite in neu-
tralizing reactive oxygen species both directly and through

reactions catalyzed by glutathione peroxidase and glu-
tathione S-transferase [12]. Thus, high levels of reduced
GSH are maintained in the erythrocytes of infected hosts
(asexual erythrocytic phase) thanks to the action of the
enzyme glutathione reductase (GR) [13].

Studies have shown that erythrocytes deficient in GR
could fulfill their physiological functions, although with a
shorter lifespan. However, they did not serve as host cells for
P. falciparum. In fact, the depletion of GSH by GR inhibi-
tors in erythrocytes infected with P. falciparum produces a
drastic antiplasmodial effect [12]. Thus, the search for effec-
tive inhibitors of PfGR has become a promising strategy for
the development of new and effective antimalarial drugs,
aiming to overcome current concerns about the disease,
given the emergence of strains resistant to first-line treat-
ment (ACT). In addition to the defense of malaria parasites
against oxidative stress, studies have highlighted the rela-
tionship between GSH and PfGR with the development of
resistance to antimalarial drugs [14, 15]. This is supported
by the fact that GSH levels increase in mice infected with
CQ-resistant strains. Despite CQ treatment not influencing
such intracellular GSH levels, the activity of the enzymes
GR and GPx (glutathione peroxidase) significantly decreases
[12]. Consistently, the depletion of GSH by L-buthionine-
(S,R)-sulfoximine (BSO), an inhibitor of GSH synthesis, in
resistant strains of P. falciparum, restores sensitivity to CQ
and its analogs [15].

The crystal structure of P. falciparum GR (PfGR) was
reported in 2003 by Sarma et al. Similar to human GR
(hGR), each subunit of PfGR (Fig. 2) has two cysteine resi-
dues in the active site (Cys39 and Cys44) that mediate elec-
tron transfer [14]. In addition to the active redox pair Cys39/
Cys44, the active site includes the cofactor FAD, which is
reduced by NADPH after binding to the oxidized enzyme
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(2NADPH + FAD — 2NADP* + FADH, +2e7). Once
reduced, the isoalloxazine ring of FADH™ packs against the
persulfide, forming a charge transfer complex, reducing the
Cys39-Cys44 disulfide. Thus, oxidized glutathione (GSSG)
binds to the active site to be reduced (GSH) (GSSG + NADP
H* —NADP" +2GSH) and the cysteine redox pair reforms
in the disulfide form [13, 16]. Isoalloxazine and 1,4-naphtho-
quinone derivatives, methylene blue, ajoene, among others,
are considered strong competitive inhibitors of both human
(hGR) and parasite (PfGR) enzymes, binding to their active
sites [17-19]. Studies on the mechanisms of inhibitors such
as methylene blue (MB) suggest that the enzyme catalyzes
the reduction of this compound by FADPH after reduction
by NADPH. The resulting reduced species (Leucomethylene
blue) is a more efficient auto-oxidant, oxidized by O,. From
a cellular pharmacological perspective, each reaction cycle
catalyzed by the GR-MB complex leads to the consumption
of NADPH and O,, and the production of parasitotoxic reac-
tive oxygen species, predominantly H,O,. Therefore, MB
and other redox-active GR inhibitors act as a “subversive
substrate” in the enzyme’s active site, oppositely altering
its physiological function from reductive/antioxidant to pro-
oxidant [17, 20]. Indeed, various studies demonstrated that
the most potent and specific effects against malaria parasites
in cultures were observed with redox-active agents, acting
as “subversive substrates” for both PfGR and hGR from the
human host erythrocyte. The area’s researchers stand out
that it is essential to continue developing these redox-cyclers
since they can affect the thiol equilibrium of parasites. These
drugs could be used as new drugs targeting malaria parasites

Interface

active redox pairs
Cys39-Cysdd

Intersubunit
cavity

Fig.2 Crystallographic structure of glutathione reductase from Plas-
modium falciparum (subunit; PDB 10NF) indicating the active site
and its key components, along with the cavity located at the enzyme
interface

and might replace artemisinin-based combination therapy
(ACT) [20].

The most pronounced differences between the two
enzymes (hGR and PfGR) are found in the cavity region at
the dimer interface (Fig. 2), causing changes in the shape
and electrostatic properties of this locale [14]. This region
defines another binding site for PfGR inhibitors, known as
the interface cavity or allosteric site. Unlike the active site,
the interface cavity does not confer selectivity regarding
ligand binding [21, 22]. Targeting this site might interfere
with the dimerization of the enzyme and lead to the con-
formational change in the enzyme, which might prevent or
interrupt the glutathione reduction cycle [14]. This cavity
has also been studied for the selective design of antimalarial
drugs, which provides advantages such as lowering the like-
lihood of drug resistance [23]. Inhibitors of PfGR such as
Xanthane (6-hydroxy-3-oxo-3H-xanthene-9-propanoic acid)
and Menadione (2-methyl-1,4-naphthoquinone) bind to this
cavity, potentially causing non-competitive enzyme inhibi-
tion [14, 21]. Some studies indicate that MB can also act as
a non-competitive inhibitor of GR and PfGR, probably by
binding to this enzyme cavity [14, 24].

In response to the challenges posed by parasite resist-
ance and adverse effects, various antimalarial drugs have
been developed, targeting different stages of the parasite’s
life cycle [25]. These drugs, classified into classes such
as aminoquinolines (e.g., chloroquine (CQ), amodiaquine
(AQ), primaquine (PQ), mefloquine (MQ)), naphthoqui-
nones (e.g., atovaquone (ATV)), antifolates (e.g., proguanil),
and artemisinin derivatives, aim to combat malaria effec-
tively [26]. Several research suggests that 4-aminoquinoline
antimalarials and artemisinin derivatives function during
the intraerythrocytic stage by binding to the heme group,
preventing its sequestration into hemozoin (Hz) [27, 28].
8-Aminoquinolines like PQ are believed to induce oxidative
stress by accumulating H,O, in the liver, leading to Plasmo-
dium parasite toxicity [29]. Despite these valuable findings,
details of this mechanism of action are not well understood
to date. The disulfide reductase enzyme PfGR has not been
extensively studied as a potential target for these conven-
tional antimalarial drugs. Nonetheless, this enzyme has been
identified as a target for 4-aminoquinoline drugs (including
CQ) when conjugated with well-known GR inhibitors such
as 1,4-naphthoquinones. This conjugation occurs through
a metabolically labile ester bond, resulting in the forma-
tion of double-headed drugs. These “double-drugs” repre-
sent a series of prodrug esters designed and synthesized by
Davioud-Charvet et al. as a strategy for overcoming glu-
tathione-dependent 4-aminoquinoline resistance [30, 31].
Among these compounds, the [2-(3-methyl)naphthoqui-
nolyl]alcanoic acids of menadione and plumbagin exhib-
ited the strongest inhibitory activity, where the most active
of this last series led to more than 80% inhibition of both
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hGR and PfGR [30]. Furthermore, computational studies
have explored amide-based quinoline hybrids as competitive
inhibitors of PfGR. In general, quinoline-containing com-
pounds with 4-amino functionality showed better antima-
larial activities than those lacking the 4-amino moiety [32].
Moreover, recent years have seen a surge in computational
studies to discover novel Pfreductase inhibitors and deline-
ate a suitable pharmacophore as a starting point for design-
ing drugs targeting this type of parasite’s enzymes [33-35].

In the present study, we explore the in silico interaction
of quinoline-derived drugs and 1,4-naphthoquinones with
the PfGR enzyme through molecular mechanical calcula-
tions. Additionally, we investigate double-drugs proposed by
Davioud-Charvet et al., combining quinoline-based alcohols
with derivatives of 1,4-naphthoquinones, to understand their
efficacy in inhibiting PfGR activities. Our discussion, based
on binding energy results and graphical analysis of drug-
receptor interactions, provides insights valuable for design-
ing potent inhibitors for this essential enzyme in malaria
parasites.

Methodology

Molecular docking studies were conducted to determine the
binding affinity and interactions between candidate inhibi-
tors and the PfGR enzyme (Fig. 2), and some results were
better discussed via a molecular dynamics simulation. The
aminoquinolines CQ, AQ, PQ, MQ, and the naphthoquinone
ATV were selected among commercial drugs available for
malaria treatment as ligands for the present study. Addi-
tionally, we address the double-drugs strategy proposed by
Davioud-Charvet et al. [30]. The double-drugs 1-3 repre-
sented in Fig. 3 were also selected as ligands for the present
study. The ligands 1c¢, 3a—c were designed by the authors of
the present study. The proposed ligands 3a—c, combine the
inhibitor Menadione (MD) directly with quinoline drugs,
unlike ligands 1 and 2, which have an ester bridge with a
variable number of carbon atoms in the aliphatic part (n)
connecting both residues as depicted in Fig. 3.

Preparation of ligands and receptor

The structures of conventional antimalarial drugs (CQ, AQ,
PQ, MQ, and ATV; Fig. 3) were obtained from the CCDC
repository [36—40] via crystallographic approaches and the
proposed hybrid species were built using Avogadro visuali-
zation software [41]. All drugs are represented in Fig. 3 and
were optimized and characterized as minima on the poten-
tial energy surface in aqueous phase at the Hartree—Fock
level, using the 3-21G basis set in the ORCA 5.0.3 program
[42]. The optimization calculation was performed in order

@ Springer

to keep consistency between the generated structures and
the ones obtained from experiments. The solvent effect was
accounted for using the CPCM method [43]. The choice of
a more basic method is justified by the subsequent treat-
ment by molecular mechanics methods since all structural
properties are parameterized by the force field, and the initial
structures only provide a reference for the program without
requiring an advanced description of the electronic part.
The protein receptor PfGR enzyme was obtained from
the Protein Data Bank (PDB) under the code 10NF [14] and
edited using Discovery Studio software [44]. The structure
had the crystallographic water molecules removed, and the
residues were renamed based on the pdf4amber software
package available in the AMBER [45, 46] suite. Concerning
the enzyme’s cofactors, FADH, was kept near the active site
of the biomolecule, which was reconstructed based on the
incomplete structure present in the original file.

Molecular docking

Molecular docking simulations were conducted for all
ligands using the software package Autodock 4.2.6. [47].
Two regions were selected for structural testing, the
enzyme’s active site (defined here as site 1) and the inter-
subunit cavity (defined as site 2), as depicted in Fig. 2.
Both were determined at specific locations by fixing a
rectangular box, measuring 60 A-70 A-60 A and centered
at x:73.371; y:67.404; z:80.181 for site 1, and measur-
ing 50 A-100 A-60 A and centered at x:62.671; y:38.441;
7:88.822 for site 2, with a spacing of 0.4 A. Lamarck-
ian algorithms were employed to obtain 20 target-ligand
interaction poses in a population of 250 structures. Images
of the poses and vdW surfaces were generated using Dis-
covery Studio Visualizer 2019 software [44] and Chimera
1.17.3 [48].

Molecular dynamics
Force-field parametrization

The parameters for the PfGR enzyme atoms were extracted
from the FF14SB force field, while those for the ligands
(Fig. 3) were derived from GAFF2 [49, 50]. A total of
22,250 explicit water molecules were loaded as the solvent
within a periodic boundary condition, structured as a trun-
cated octahedron box. The solvent was represented using the
3-site rigid water TIP3P model [51], with a box radius of
15.0 angstroms. Six chloride ions were included to neutral-
ize the protein’s net charge. Overall, the simulations involved
approximately 74,000 atoms, varying based on the size of
the ligands.
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Fig.3 Molecular structures of conventional antimalarials and double-drugs combining quinoline-based with 1,4-naphthoquinones studied in the

present work

Simulation protocol

The simulation protocol comprised two successive minimi-
zation steps: the initial step involved steepest descent cycles
(1000) followed by cycles of conjugated gradients (1500).
During the first minimization step, a restraint force constant
of 500 keal mol”" A2 was applied to the solute, while in the
second step, no restraint was imposed, allowing the entire
system to undergo unconstrained minimization. Subse-
quently, six intercalated heating and equilibrium steps were
conducted, each involving a temperature rise of 50 K, except
for the final step, which increased by 60 K, culminating in a
temperature of 310 K. These steps were executed under con-
stant volume periodic boundaries (NVT) over 2800 cycles
(2 fs in time), with frames of equilibrium (2 fs) implemented
under constant pressure periodic boundary conditions (NTP)
at a mean pressure of 1 bar. The production phase extended
over 100 ns, comprising frames with a temporal interval
of 2 fs between each frame and a cutoff distance of 6.0 A
for non-bonded interactions. The simulation was conducted
under constant pressure and temperature (NPT) conditions,
with the temperature maintained at approximately 310 K

through the implementation of a Langevin thermostat and
the pressure regulated at 1 bar using the Berendsen barostat
[52, 53] in order to simulate physiological condition. The
SHAKE [54] algorithm was activated to restrict hydrogen
stretching during the simulation. All molecular mechanics
simulations were performed in Amber 16 [45, 46].

Binding free energy calculations

The ligand-PfGR binding free energies (AG,;,,) from dock-
ing were predicted to rank ligand interaction poses. Auto-
Dock semi-empirical force field works with pairwise com-
ponents such as ligand (L) and protein (P) in bound (b) or
unbound (unb) state, as shown in Eq. (1), to properly esti-
mate this parameter. Each term contains four contributions
that are followed by a weighting constant (W) optimized
based on a set of experimentally determined constants. In
total, it is accounted contributions from the well-potential in
the first term, hydrogen bond contributions, and the function
E(t), which control the angle t for ideal H-bonding geometry
in the second, coulombic electrostatic potential in the third,
and a final parameter based on the solvation-free energy

@ Springer



181 Page6o0f20

Journal of Molecular Modeling (2024) 30:181

contribution as represented in Eq. (2). This total AG,;,,
parameter is the determining point in the Lamarckian algo-
rithm as it will decide which structures are “better interact-
ing” and will be considered in the next set of poses until the
best 20 are localized.

AGhing = (V3™ = Vi) + (Vi = Vi) + (Vi = Vi + 8Sc0ng)
ey

Where

V=W,,AE

w + WHbandE(t)AEHhond + Wele AEelee + WmlAG

sol
@)

The inhibition constant (K;) is calculated as K; = e
where AG is the free energy of binding, R is the gas con-
stant (1.987 cal mol™' K7!), and T is the temperature
(298.15 K). The smaller the value of K;, the lower the prob-
ability of complex dissociation and, therefore, the higher
the inhibition.

Regarding the molecular dynamics production, trajecto-
ries were analyzed by using the cpptraj tools [55] and were
employed to also estimate the ligand-receptor binding energies
through the Generalized Born/Surface Area model MM-GBSA,
accessible through the MM-PBSA .py script [56]. These ener-
gies for binding of the ligand (lig) to the enzyme receptor (rec)
to form the complex (lig-rec) are basically computed by solv-
ing the following Eq. (3). This AG,;,, can be decomposed into
individual contributions and represented as in Eq. (4):

vdw c

AGyq = AGyy_yoe — (AGy, + AG,,.) 3)

rec

AG,,, = AH — TAS ~ AE,,;; + AG,,, — TAS 4)

sol —

In Eq. (4), AE,,, refer to the gas phase molecular
mechanical energy, AG,,, is the solvation free energy calcu-
lated implicitly, and TAS denotes the entropy of the system
upon ligand binding. The gas-phase molecular mechan-
ics energy (AE,,,) includes variations in internal energies
(bond, angle, and dihedral energies), as well as electrostatic
and Van Der Waals energies. AG,,, is defined as the sum of
the polar and the nonpolar contribution. The polar contri-
bution is calculated using the GB model, while the latter is
commonly estimated using the solvent-accessible surface
area (SASA). The entropy change is determined by normal-
mode analysis, decomposed in contributions related to its
translational, rotational, and vibrational [57].

Results and discussion
Selected bond distances and angles for ligand structures CQ,
AQ, PQ, MQ, and ATV were summarized in Tables S1-S5,

wherein calculated and experimental data were compared.
In general, the geometric parameters of optimized structures
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at the HF level were in agreement with the solid structures
available on the CCDC Cambridge website [36—40]. Bond
lengths were overestimated in aqueous solution, with a max-
imum error of 5.2% and a maximum deviation of 0.09 A in
relation to the solid state. The error falls within the mar-
gin of the HF method, partly due to the solvent effect that
tends to increase bond lengths in aqueous solution. Angular
parameters also show satisfactory agreement with experi-
mental values, with a maximum error of 4.1%.

Evaluation of conventional antimalarial drugs
as PfGR inhibitors

Initially, molecular docking studies were conducted with the
drugs CQ, AQ, PQ, MQ, and ATV, compounds of phar-
macological significance, particularly in the treatment of
malaria. CQ and AQ are weak diprotic bases; therefore, at
physiological pH (~7.2), they can exist in non-protonated,
monoprotonated, and diprotonated forms [58]. Thus, the
effect of protonation on these two drugs was investigated.

Interaction studies in the active site (site 1)

The molecular docking data at the enzyme’s active site are
reported in Table 1. The binding energies and estimated
constants of Table 1 indicate a higher affinity of the studied
antimalarials when compared to reference inhibitors MD
and MB. All the studied drugs exhibited a binding energy
score (AG,; ;) lower than -6.0 kcal mol™! (except for CQ
in the neutral form). Despite the neutral CQ showing the
lowest scoring of the (AG,,,,=—5.89 kcal mol~!), among
the series of antimalarials studied, this value is quite close
to reference inhibitors MD (- 5.53 kcal mol™') and MB
(- 6.08 kcal mol™).

In its most stable state, neutral chloroquine (CQ) (in
orange; Fig. 4a) adopts an extended conformation. The
quinoline ring is perpendicular to the isoalloxazine ring,
engaging in a n-n T-shaped interaction (4.6 /n%) and an
N-H---Ph hydrogen bond (2.5 A) with the drug’s pyridine
n electron cloud (Fig. 4a). H-bonds with Val383 assist in
positioning the quinoline ring toward FADH, (Fig. 4a).
Moreover, the diethyl-pentane-amine group approaches
Cys44, essential for the enzyme’s electron transfer inter-
mediate, through carbon-hydrogen bonds and hydrophobic
interactions (Fig. 4a). As expected, increasing protona-
tion in CQ leads to more H-bond formation, reflected in
the elevated score (Table 1, Figure S1). In the monopro-
tonated (CQH) and diprotonated (CQH,) forms, a more
closed conformation is observed, especially in the CQH
form with a higher RMSD value of 3.23 A compared to
the neutral (1.90 A) and diprotonated (1.94 A) forms. In
the diprotonated form (green; Fig. 4a), the quinoline ring
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Fig.4 Binding mode of CQ, AQ, and ATV after docking at the active
site of PfGR. 3D structures of the drug-receptor complexes are pre-
sented highlighting the drug conformation and interactions with the

points toward the enzyme surface, interacting with resi-
dues in the a-helix. Conversely, in the CQH form (navy
blue), the structure inverts, directing the quinoline ring
toward the interface and interacting with residues in the
p-sheets (Fig. 4a).

Like CQH,, AQ’s quinoline ring approaches the FADH,
while its diethylamino-phenol group moves toward the inter-
face region (Fig. 4b). Only the monoprotonated form inter-
acts with FADH,, establishing weak n-x stacked interactions
between the flavin and quinoline rings and a r-alkyl interac-
tion involving the drug’s chloride (Figure S2).

Amodiaquine in the diprotonated form (AQH,) scores
slightly better than the neutral (AQ) and monoproto-
nated (AQH) forms, displaying the lowest binding energy
(-7.39 kcal mol™"). This is attributed to the formation of
strong H-bonds between the diethylamino-phenol group with
residues Asp458, Glu459, and GIn462 (~2.0 A) of the first
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main residues in direct contact with the ligand. The Van Der Waals
surface of the enzyme is also shown

a-helix in this interface (Fig. 4b; Table 1). Moreover, the
electrostatic contribution increased, resulting from interac-
tions of the diethylaminomethyl-phenol group with residues
Lys48 and Glu459 in the interface (Table 1; Fig. 4b) and a
better fit into the cavity of this region (Fig. 4b). Protonation
has a more pronounced effect on the lead drug CQ than its
derivative AQ, causing significant conformational changes
and larger scoring alterations (Table 1). The 8-aminoquino-
line PQ adopts a conformation similar to CQ and AQ. The
methoxy group of the quinoline ring interacts weakly with
FADH, through a n-alkyl bond (4.1 A). The alkyl portion
with the amine function heads towards the protein inter-
face, forming H-bonds and hydrophobic interactions with
the same residues involved in interactions with CQ and AQ
(Table 1).

The MQ has two stereogenic centers, but its erythro race-
mic mixture ((11S,12R) and (11R,12S)) is used clinically
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Cys39-Cys44

;',‘ Cys39-Cys44

PRO354

-~ Conventional H-bond
Carbon H-bond

Fig.5 Methylene blue binding modes with the active site of PfGR.
3D structures of the drug-receptor complexes are presented, show-
ing the drug conformation and interactions with the main residues

[64]. The drug’s stereochemistry was considered for the
docking study. Both MQ enantiomers exhibited similar
interaction energy values at the PfGR active site. However,
(R,S)-MQ showed a slightly better score, boasting an inter-
action energy of -6.59 kcal mol~! and an inhibition constant
of 14.74 uM (Table 1). In the lowest energy orientation,
the piperidine approaches FADH,, forming a robust H-bond
(1.89 A) between the oxygen of FADH, and the nitrogen of
the piperidine ring of MQ. Simultaneously, the quinoline
portion with two —CF; groups addresses the enzyme inter-
face, showcasing notable halogen bonding interactions FeeO
(2.4 A) and FeeN (2.9 A), especially with Pro381(Figure S3).

The hydroxy-1,4-naphthoquinone ATV, in docking analy-
sis, exhibits a AG,,,, value of — 8.10 kcal mol™" (best scor-
ing), showcasing the highest affinity for the enzyme’s active
site. The estimated inhibition constant value (1.15 uM) is
in agreement with reported values for 1,4-naphthoquinone
in PfGR inhibition (2.2 uM) and hGR (1.3 uM) [18]. Simi-
lar to neutral CQ, ATV’s naphthoquinone ring is oriented
inward, perpendicular to the isoalloxazine ring (Fig. 4c). In
fact, the same interactions are found: an H-bond N-H---Ph
and a n-m (T-shaped) interaction of 4.63 A between the
isoalloxazine and quinoline rings. However, an extra weak
amino-hydroxide H-bond (N-HeeOH; 3.08 A) stabilizes the
ligand-receptor arrangement (see Fig. 4c). More H-bonds
with Val383 (Table 1) are formed in this system, aiding
in positioning the NQ ring toward FADH,. Moreover, the

pose3

%7

B-sheet

B-sheet

X

P ‘

== Conventional H-bond
Carbon H-bond

~
-~ Conventional H-bond
Carbon H-bond

in direct contact with the ligand. The Van Der Waals surface of the
enzyme is also presented

chlorophenyl-cyclohexyl group adopts a conformation
against the plane of the NQ ring, weakly interacting with ini-
tial residues of the a-helix, including Cys44. This arrange-
ment strengthens interactions at site 1, positioning the ligand
close to FADH, and the active redox pair Cys39/Cys44, with
ATV showing stronger interactions than CQ.

In the docking analysis for the MB inhibitor (Fig. 5), the
best-scoring orientations are closely similar to the position-
ing of the quinoline rings of CQ and the 1,4-NQ of ATV in
the FADH, binding site (Fig. 4a and 4c). Similar aromatic
ring interactions (n-x, T-shaped) with FADH, and Val383
from the B-sheet are observed (Figs. 4a, c, and 5). In con-
trast, MD positions itself farther from FADH, (~4.9 A) and
weakly interacts with Val383, resulting in a lower score than
MB (—5.65 kcal mol™"). The Michaelis constants (K,,) for
PfGR inhibition, obtained by following NADPH oxidation
(42.2 uM for MB and 82.2 uM for Menadione), are in agree-
ment with those estimated in the docking study (35.5 uM
and 88.6 pM, respectively; Table 1) [63].

According to the vdW surface of the enzyme in Figs. 4a
and 4c, it is noted that CQ and ATV dock similarly to the
active site of the enzyme. It is observed that neither of the
two ligands penetrate the cavity above FADH, (Figs. 4a and
4c). In the case of CQ, the presence of a substituent bulkier
larger than chloride could fit better into this cavity, potentially
providing extra stability to the drug-receptor complex. Anal-
ogously for ATV, with a substituent in positions 7 or 8 of the
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Fig.6 Predicted reduction 0.00
potentials of antimalarial drugs PQ
vs NADPH/NADP* redox 0,50
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NQ ring. This cavity is partially filled by the dimethylamino
substituent in the reference inhibitor MB, according to the
second-best binding pose in this active site (pose 2; Fig. 5).

It is worth highlighting that 1,4-naphthoquinones such as
ATV are redox-active compounds and can act as acceptors
of electrons from different flavoproteins like glutathione-
disulfide reductase. The reduction of these compounds by
these latter enzymes results in the formation of semiqui-
none radicals or quinone dianion. These species lead to
the generation of superoxide and peroxide through oxygen
reduction and, ultimately, the regeneration of naphthoqui-
none [20]. Nevertheless, previous studies have emphasized
that the reduction potential of ATV is low for efficient two-
electron reduction under intracellular conditions (~ —0.26
V vs NADP) [19]. In contrast, the two-electron reduction
potential for methylene blue is estimated at ~—0.01 V and
~—0.25V for MD at pH 7.

Given that the activity of structurally diverse antimalarial
agents against P. falciparum may be related to their unique
redox properties [18-20, 65, 66], we investigated their redox
character. The standard two-electron reduction potential (E®)
relative to the NADPH/NADP™ redox couple at pH="7 was
calculated for the antimalarial conventional drugs (Fig. 3)
together with the inhibitors MD and MB. The E° was calcu-
lated in aqueous solution at level B3LYP/6-31 + G(d) [67,
68] (see more details in Supplementary Information).

Although the estimated E° values of ATV, MD, and MB
were underestimated (Fig. 6), the reduction trend is in agree-
ment with the reported data. Overall, the reduction poten-
tial increased in the order PQ < AQ < AQH <MQ <CQH,
<AQH, <MD < ATV <CQH < CQ <MB. MB exhibits the
highest reduction potential in the studied series (-0.34 V),
followed by CQ (—0.63 V) and ATV (-0.76 V), whose E°
value is pretty close to that estimated for the inhibitor MD
(—0.81 V), as shown experimentally [19]. MQ exhibited
a redox stability similar to CQH,, while PQ was the most
stable drug with the lowest E° in the series (Fig. 6).

The chloroquine reduction potential decreases signifi-
cantly for the diprotonated form (CQH,) (—1.38 V), where
the electron density is more concentrated over the quino-
line ring for this full protonation form, as evidenced by the

@ Springer
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molecular electrostatic potential maps (MEP) of Figure S4. A
similar reduction is observed for AQH,, with a slightly higher
E° (—1.13 V). For both reduced species, the greatest charge
variation is observed in the 4-amino pyridine group, confirm-
ing its active participation in the reduction. The N-C? bond
length increases while C2-C3 decreases, showing the loss of
aromaticity and the formation of a structure with a localized
double bond on the pyridine ring as in the quinolidine anion
structure. Distortions in the planar quinoline ring geometry
are evident in these reduced structures (Figures S4 and S5).

CQ and CQH exhibited a greater tendency to reduction
(E°~ 0.64 V) than their analogs AQ and AQH (E°< —2.0
V). After CQ and CQH reduction, the C’—Cl bond is broken,
observing a high charge density on the quinoline ring’s C’
and the leaving chloride, where the minimum MEP is found
(Figures S4). In contrast, chlorine remains attached to the
quinoline ring after the reduction of AQ and AQH, with
no significant distortion of planarity observed. The electron
density is distributed mainly on the p-hydroxyanilino and
pyridine aromatic rings (Figure S5), disfavoring the reduc-
tion in relation to CQ and CQH,.

Concerning ATV and MD, the formation of the quinone
dianion occurs after a two-electron reduction, leading to
structural modifications over the 1,4-dione ring. Similar
structural changes over the quinoline ring are observed after
the reduction of MQ and PQ (Figure S6).

Such electrochemical results suggest that ATV and CQ
may not be as efficient “subversive substrates” as MB; how-
ever, they exhibit slightly higher E° values to MD, indicating
similar redox features to this inhibitor, which is considered a
moderate redox-cycler drug [18]. These similar redox char-
acteristics of ATV and CQ with the inhibitor MD, along
with their observed docking mode in the enzyme’s active
site, are interesting. The ligand-receptor arrangement pro-
motes contacts necessary to position the ligand in a more
lipophilic region near FADH, and the active redox pair
Cys39/Cys44 (Fig. 4a,c).

This docking arrangement could favor drug reduction
since studies have evidenced that flavin (FADH,), rather
than the thiols, mediates the reduction [19]. However, in
the case of CQ, interactions with FADH, and Cys44 are
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weaker, and protonation disfavors its reduction, impacting
its efficacy as a subversive substrate.

Interaction studies in the intersubunit cavity (site 2)

In addition to its active site, the interface region’s cavity is
considered another binding site of the PfGR enzyme. The
interaction of the same ligands in Fig. 3 with the intersubunit
cavity (site 2) was analyzed, and the results are presented in
Table 2. The docking evaluation results again reveal ATV
to have the highest affinity for this site 2, with a free bind-
ing energy of -9.28 kcal mol~! and an inhibition constant
of 156.51 nM (Table 2). It is noteworthy that all the ligands
analyzed increased their interaction energy values compared
to site 1 and outperformed the scores for the inhibitors MD,
Xanthane, and MB, except for PQ (Table 2). Nevertheless, a
consistent trend in the stability of the drug-PfGR complex at
the active site is observed in the cavity (ATV > AQ>MQ~
CQ>PQ). These results suggest a higher affinity of antima-
larial drugs for the cavity when compared to the active site.

ICs, data for PfGR inhibition by conventional antima-
larial drugs are unavailable in the literature. Davioud-Charve
et al. explored this property for ATV and analogs, reporting
capabilities below 25 pM [65]. However, precise ICs, val-
ues were hindered by compound precipitation in solution at
doses exceeding 25 uM. To compensate for this absence of
data, in vitro antiplasmodial activities against CQ-suscep-
tible and resistant strains were included in Tables 1 and 2.
These results demonstrate a notable correlation with dock-
ing interaction energies, where drugs with stronger antiplas-
modial activity exhibit lower binding energy (better score),
particularly in their interaction with the enzyme cavity (site
2). The correlation in this second binding site reveals a cor-
relation coefficient, R? ~0.75 (Figure S7), observed in both
CQ-sensitive and resistant strains.

Fig.7 Complexes PfGR-anti-
malarials in their most favorable
arrangement in the enzyme
cavity

PfGR-CQH

@ Springer

All antimalarial drugs, including the MD inhibitor, dock
within the same region of the cavity (Fig. 7). The docking
takes place in a more hydrophilic between the final resi-
dues of the enzyme’s largest a-helix from the FADH, bind-
ing domain, linking the cavity with the active site (in blue,
Fig. 7), and the sequence of parallel B-sheets in the interface
(in red, Fig. 7). ATV and AQ have the ability to reach the
innermost part of the enzyme by interacting with residues
in the NADPH-binding domain region (in gray, Fig. 7) and
the connecting loop between the last two p-sheets of the
interface. Conversely, the inhibitor Xantane and MB are
positioned at the monomer interface, proximate to the last
a-helix and the p-sheet of this region (Figure S8). A similar
binding position of inhibitor Xantane is found at the hGR
dimer crystal structure [14].

In general, the complexation of the drugs with the cav-
ity is generally stabilized by a greater number of H-bonds
and electrostatic interactions due to the hydrophilic char-
acter of the region (Table 2). Concerning chloroquine, the
monoprotonated form CQH demonstrates the most favora-
ble interaction with the cavity (AG,;,,= -6.78 kcal mol™";
Table 2). In contrast to the active site, CQH positions its
quinoline ring towards the enzyme surface, engaging in
H-bonds with residues from the p-sheets of the interface
(Asn456) and the largest a-helix (Ser55) (Fig. 7). I1-Sigma
interactions with Leu455 and =n-cation interactions with
His387 contribute to the quinoline ring stabilization.
Although the aliphatic chain has minimal interaction with
the cavity, charge attractions occur between Glu432 and the
protonated nitrogen of the tertiary amine within the cavity
(Fig. 8a). Notably, the monoprotonated form establishes
the highest number of contacts with the enzyme (Table 2),
predominantly through its well-fitted quinoline ring on the
cavity’s surface (Fig. 8a), enhancing the stability of the
PfGR-CQH complex.

PfGR-MD

PfGR-(R,S)-MQ PfGR-ATV
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(a) CQH-PfGR

(b) AQH,-PfGR

== Conventional H-bond
== 11- 1 T-shaped

T-alkyl
Alkyl

Hydrophobic

Fig.8 Binding mode of CQH (a), AQH, (b), MQ (c), and ATV (d)
after docking into the PfGR cavity. 3D structures of the drug-receptor
complexes are presented, showing the drug conformation and inter-

In the protonated forms, the amodiaquine quinoline ring
deepens into the cavity’s inner part with the diethylamino-
phenol group towards the interface’s last two p-sheets (see
Figs. 7 and 8b). In contrast, the neutral form of amodiaquine
assumes a different orientation, placing its quinoline ring
on the enzyme’s surface. Simultaneously, the diethylamino-
phenol group shifts towards the cavity’s interior, establishing
H-bond interactions with Lys228 and Asp225 (see Table 2
and Figure S9).

The AQH, form maintains its extended conformation
upon interacting with the cavity, exhibiting minimal struc-
tural deformations. Its RMSD value is significantly smaller
at 1.78 A compared to AQH (4.70 A) and AQ (4.48 A). Both
protonated structures’ OH and secondary NH groups act as
H-bond acceptors with residues Ser55 and Glu432 (~2.1 10\).
Moreover, the additional proton from the quinoline ring in
AQH, engages in an H-bond with Asn62 (2.3 A), a terminal
residue of the a-helix (Fig. 8b).

Protonation considerably increases electrostatic energy,
resulting in a 0.81 kcal mol~! increase between the neutral
and di-protonated forms. Notably, protonated states exhibit
a higher number of charge attractions between the diethyl-
amino-phenol group and Asp58 and Glu432 (Table 2 and
Fig. 8b). These interactions significantly contribute to the
better binding score of AQH, (AG,,,,=—8.61) compared to
the neutral form (AG,;,,= -7.83). The effect of protonation
on chloroquine and amodiaquine becomes more pronounced

= Electrostatic
~~ Halogen

(c) MQ-PfGR (d) ATV-PfGR

Hydrophilic

actions with the main residues in direct contact with the ligand. The
Van Der Waals surface of the enzyme is also presented

in this secondary binding site, characterized by a more lipo-
philic nature.

For this second site, the (S,R) enantiomer of MQ exhib-
ited high score than (R,S) counterpart. The conformation
adopted by (S,R)-MQ enhances contact and forms numerous
hydrogen bonds with cavity residues, significantly contrib-
uting to the free interaction energy. Similar to CQH and
neutral AQ, the quinoline ring of (S,R)-MQ, with its two
—CF; groups, is oriented towards the surface (Fig. 7). Here,
fluorine acts as a hydrogen bond acceptor with Asn456 of
the interface and Ser55 of the a-helix (Fig. 8c). Additionally,
the —CF; substituents engage in halogen interactions. The
2-piperidyl-methanol group also contributes to stabilizing
the conformation through hydrogen bonds with Ser55 and
Glu432 (Fig. 8c). However, the ligand structure of (S,R)-MQ
does not conform to the cavity shape or align with the site
compared to CQH and ATV (see vdW surface in Fig. 8c).

Docking results highlight ATV’s tighter binding to the
enzyme’s cavity compared to the other studied drugs. The
1,4-NQ ring of ATV penetrates the cavity, reaching its
innermost part (Fig. 7). The carbonyl oxygen serves as a
hydrogen bond acceptor with internal residues Argl196 and
Asn229, while the hydroxyl is directed towards the major
a-helix, forming a robust hydrogen bond with Asp58
(OHeeeO =CO; 2.0 10\) (Fig. 8d). Notably, residues such
as Asp58, Asn62, His65, and Argl196 in PfGR, as identi-
fied by Sarma et al., contribute to altering the electrostatic
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properties of the cavity compared to the analogous human
enzyme (hGR) [14]. Moreover, the NQ ring is stabilized
by electrostatic interactions (x-ion), particularly with resi-
dues Asp58 (4.87 A) and Glu432 (2.97 A) (Fig. 8d), influ-
encing the drug’s positioning within the cavity. The same
interactions are observed for the naphthoquinone ring of
the reference drug MD; However, the charge attraction is
weaker with Glu432 (3.67 IOA) (Figure S10), and the lack
of the extra polar group hydroxide as in ATV disfavor sig-
nificantly the H-bond formation inside the cavity. Further-
more, the ATV’s chlorophenyl-cyclohexyl group stretches
across site 2, occupying a substantial cavity region and
contributing to its heightened stability (see vdW surface
Fig. 8d).

ATV stood out as the drug with the highest score for
both investigated binding sites, showcasing as the best can-
didate to inhibit PfGR between the series of conventional
antimalarial drugs studied. The potent antimalarial activity
of ATV against both sensitive and resistant parasite strains
might involve the inhibition of PfGR, complementing its
established action mechanism, specifically, inhibiting the
mitochondrial bcl complex of P. falciparum and disrupt-
ing the mitochondrial electron transport chain [69]. This
inhibition is likely attributed to the drug’s binding in both
the active site and the cavity within the interface region,
exhibiting a dual docking mode.

Antimalarial dual drugs based on inhibitors of PfGR
Analysis via molecular docking simulations

Table 3 presents the energetic data obtained from molecu-
lar docking simulations, along with experimental EDs, and
inhibition percentage data for dual drug compounds [30].
Compounds 1a, 1b, and 1c are all naphthoquinones that
share the same number of carbons in the 3-ester linker,
comprising different O—R substituents. While in 1a, naph-
thoquinone position 3 is linked to a pentoic acid, 1b and
1c are occupied by chloroquine and amodiaquine, respec-
tively. An amodiaquine-like substituent is employed in
compounds 1(d—f), varying the length of the linking ester
between the naphthoquinone motif and the aminoquinoline
ring. The influence of an —OH group (Plumbagin-based
compounds) in the naphthoquinone skeleton was also
evaluated through compounds 2a and 2b, which are direct
analogs of 1e and 1f, respectively. Additionally, the direct
naphthoquinone-aminoquinoline dual drugs are under the
names of 1(a—c), which comprise (3a) chloroquine, (3b)
amodiaquine, and (3¢) the amodiaquine-like compound.
These dual drugs showed high stability toward chemical
hydrolysis in aqueous solutions and under physiologic
conditions [30].

The best molecular docking binding energy achieved for
site 1 comprises compound 1d (n=2/—9.77 kcal mol™),
with the shortest alkane chain among the ester-linkers.
In the same group, the binding energy reduced with the

Table 3 Estimated binding energy by the molecular mechanics analysis for the different inhibitors in each studied site along with calculated inhi-
bition constant along with experimental EDs, and inhibition percentage

Compound Site 1 Site 2 EDs, % inhibition of
— — — — FcBIR (uM) P. falciparum*

Binding energy Inhibition constant Binding energy Inhibition constant
(kcal/mol) (Ki/uM) (kcal/mol) (Ki/pM)

la -6.74 11.53 -7.22 5.11 3.5[0.5]* -

1b —4.43 564.28 -6.34 22.69 0.107 -

lc -7.41 3.67 -6.72 11.82 - -

1d -9.77 0.069 -9.11 0.210 0.144 54

le -9.09 0.217 -9.62 0.088 0.047 82

1f —7.93 (—57.42) 1.54 —9.58 (—54.82) 0.096 0.023 87

2a -9.00 0.253 —8.65 0.455 0.0287 -

2b -7.74 2.12 -832 0.799 0.056 -

3a -7.94 1.52 -17.56 2.88 - -

3b —8.79 0.361 —8.55 0.542 - -

3c —8.67 (—32.74) 0.437 —9.28 (—45.62) 0.157 - -

MD —5.53 (—18.68) 88.6 —5.65 (—15.40) 72.74 - -

() indicates average values of the binding free energies obtained from the 100 ns of production in the dynamics simulation, via MM-GBSA pro-

file

#Experimental ICs, value for PfGR inhibition [30]
*Inhibition assays at 25 uM of compound [30]
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increase of carbons in the ester bridge: compound le (n=4
/=9.09 kcal mol™") and 1f (n=5/—7.93 kcal mol™").

On the other hand, 1e and 1f showed a slightly better
score than 1d, whose binding energy did not vary signifi-
cantly (~ 9.60 kcal mol™") for site 2. A similar tendency is
observed experimentally, where both P. falciparum inhibi-
tion and EDs increase with the ester length; nonetheless,
such an increase of n=4 for n=5 produces slight biological
effects (Table 3). This might be explained by the differences
in the permeability in the cellular membrane as hydropho-
bicity may increase with the length of the chain, allowing
more of the compound to reach the active target, thus pre-
senting higher toxicity to the parasite cell.

Furthermore, among the compounds with five carbons
in the alkane chain, 1b [the double drug containing chloro-
quine] presented an EDs, of 0.107 uM. However, the dock-
ing interaction energy was only —4.43 kcal mol ™! in the pro-
tein’s active site. In this instance, the discordance suggests
that the conjugation strategy involving an NQ alkanoic acid
might instigate a synergistic effect, leading to the accumula-
tion of the ester in the parasite’s food vacuole. This accu-
mulation amplifies the interaction with heme groups, thus
impeding the formation of inert hemozoin crystals rather
than obstructing the biological function of PfGR. 1b pre-
sented — 6.34 kcal mol~! interaction energy in the allosteric
site, which is in the mean of the other compounds in the
group.

In the plumbagin compounds (2a and 2b), both per-
formed well in the molecular docking tests interacting with
site 2 with energies of — 8.65 and — 8.32 kcal mol ™!, respec-
tively. 2a was the most favored in relation to the active site
(—9.00 kcal mol™") what might infer the lower ED5,, concen-
tration in relation to 2b. Again, there is a direct connection
between the reported values of EDs;, and the calculated K
for the compounds.

Compounds 1f and 3c differ only by the linking chain
that connects the naphthoquinone group with the quinolinic
condensed rings. While the first is connected through an
ester functional, the second is bound via a simple alkane
chain. 1f demonstrated activity in the 0.0023 uM of EDs,
which is concise to the 0.096 uM inhibition constant based
on the —9.58 kcal mol~! interaction with the allosteric site 2.
Thus, for compound 1f the simulations agreed with experi-
mental in vitro and in vivo tests [30] that demonstrated 1f as
the most promising inhibitor among the ones studied.

Besides, 3d displayed an interaction energy with site 2
of —9.28 kcal mol~! and is indicated, thus, as a possible
candidate for biological tests to investigate its antiparasitic
properties further. Compared to the currently employed
inhibitor MD, all studied compounds (but 1b in site 1) dis-
played lower binding energy, indicating they might be more
effective PfGR inhibitors. This highlights the potential of

combining drugs to design better analogs that positively
impact some treatments’ efficiency.

Molecular dynamics simulations of the dual drugs 1f and
3c were performed for the best pose in docking in order to
explore the binding modes at thermodynamic conditions and
validate the docking results.

Analysis via molecular dynamics simulations

The molecular dynamics simulations allowed a more
detailed analysis of compounds 1f and 3¢, mainly about the
reference MD. The estimated average binding free energies
were also reported in Table 3 in parenthesis, where data
point out the dual drugs with a significantly greater bind-
ing affinity than inhibitor MD. The thermodynamic analysis
in the realm of molecular docking had predicted a better
affinity of 3c than 1f for site 1. This binding energy was
corrected by the molecular dynamics GBSA profile which
predicted an interaction energetics of —57.42 kcal mol ™!,
which is almost twice as favored as 3¢ (— 32.74 kcal mol™})
(Table 3). However, regarding site 2, this interaction energy
difference lowers to a 9.2 kcal mol™' (1f: — 54.82 kcal mol™;
3c: -45.62 kcal mol™), presenting a more modest variation,
which is closer to the data obtained from molecular docking
analyses.

Along the molecular simulation trajectory, some insight-
ful conformations were observable. At first, 1f interaction
on site 1 was predicted to occur mainly via the residue
Val383 (as observed for the conventional antimalarials and
the inhibitor MB), which acts as an arm that appropriately
allocates the ligand in the binding position. That supposition
was confirmed by the molecular dynamics, which described
the ester oxygen interacting uninterruptedly with the amine
group in the protein residue. In the first 3 ns of the simula-
tion, the conformation obtained in the molecular docking for
this binding mode rotated in the esters’ C—O bond, resulting
in a new conformation. Figure 9a indicates the interaction
poses on both molecular docking and dynamics. Whereas in
the docking-obtained structure, the naphthoquinone part of
the ligand went towards the NADPH-binding domain, and
the amodiaquine part was found near the FADH, binding
domain, in the molecular dynamics, after 3 ns, the rotation
of the ester group lead both drug skeleton to a more hydro-
phobic region.

Differently, ligand 3¢ keeps the interaction profile
observed in the molecular docking simulation on site 1, and
the only observable contrast in the molecular dynamics is
a movement away from the FADH,. This movement allows
the ligand to move to a more hydrophilic a part of the pro-
tein surface, which is stabilized by an H-bonds between the
carboxylate in NQ and the residue GLN462. Figure 9b dem-
onstrates the binding mode described above. That difference
in binding mode between 1f and 3¢ may infer the importance
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Fig.9 Binding mode of 1f (a) and 3c (b) in the molecular docking and molecular dynamics simulation in the enzyme active site (site 1). The

Van Der Waals surface of the enzyme is also presented

of the ester group, which interacts directly with FADH, in
the case of 1f and keeps the drug positioned optimally in
the active site of the PAGR. The lack of a hydrogen acceptor
group in the alkane chain of 3¢ makes it translate to a less
effective area, thus reducing the GBSA interaction energy
(1f: — 57.42 kcal mol™"; 3¢: — 32.74 kcal mol™'; Table 3).
On the other hand, 1f interacted with the cavity of the enzyme
(site 2) mainly via the interface area. Here, the linking chain
was merely a better tool to optimally position both terminal
drug structures. The long chain allows both terminal drugs to
interact better with the interface region and fit more suitably
with the enzyme shape (Fig. 10a,b). The idea for testing the
interaction in this cavity is to study the viability of a protein
dimerization blockage once this is the area that connects both
monomers in the dimer unit. Additionally, as the cavity is more
hydrophilic than the active site, the increase in the number of
polar groups (such as the ester) may favor the binding energy,
as is the case of 1f over 3¢ (Fig. 10b,c). This energetic behav-
ior on site 2 is also shown in Table 3 (1f: —54.85 kcal mol™";
3c—45.62 kcal mol™"). Besides, 3c interaction geometry did
not change in relation to the molecular docking simulation. In
the case of site 2, the shorter linking chain of 3¢ was not affected
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significantly in the interaction mode, and a longer linker (1f)
only led to a slightly better proximity with the protein residues.

Some deviation analysis through an RMSD approach
indicates that, in general, the protein residues have a reduc-
tion in structural freedom when interacting with the drugs
compared to a simulation comprising only the protein and
its cofactor. 1f interaction in the active site demonstrates an
RMSD mean of 3.84 A, whereas 3¢ in the same location
accounted for a mean of 4.80 A. This difference infers the
binding effectiveness of each compound in PfGR and may
indicate the importance of a more flexible and polar link-
ing chain (1f: 5 carbons-ester long; 3c: 2 carbons-alkane
long). Similarly, a RMSD analysis in the MD and reference
resulted in 4.61 A and 5.95 A, respectively. Regarding the
interaction influence over the FADH, RMSD, 1f causes both
the major deviations and for longer than 3¢ (Figure S11).
This might be caused by the shorter proximity between 1f
and the cofactor, once 3¢, as discussed earlier, tends to move
away from the FADH, domain.

Furthermore, when interacting in the cavity (site 2),
a contrary behavior was observed: 1f reduced the pro-
tein RMSD by 4.29 A compared to a reduction of 3.61 A
achieved by 3c. MD had a slightly better performance than
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Fig. 10 Binding mode of 1f and 3c in the molecular docking and
molecular dynamics simulation in the enzyme cavity (site 2) (a). 3D
structures of the 1f-PfGR (b) and 3c-PfGR (c¢) complexes are pre-

the one for the active site and displayed a protein RMSD
of 4.45 A. All RMSD graphs are displayed in Figure S11
in the supplementary information. Similarly, a solvent-
accessible surface area analysis (SASA) demonstrated a
mean area available to the solvent of 25,767.91 A2 on the
protein during the reference simulation. This average was
lower for the compound interacting on site 2 (1f: 23,859.96
A2; 3¢: 23,097.26 A2) than for site 1 (1f: 24,075.94 A2
3c: 23,954.61 10\2). However, MD behaved differently, and
the SASA for site 1 (24,210.24 Az) was lower than the one
achieved interacting with site 2 (24,435.59 10\2). All SASA
graphs are displayed in Figure S12 in the supplementary
information.

A root mean square of atomic fluctuation (RMSF) was
also evaluated, and the analysis of the residues along both
sites of interest demonstrates the binding effect of the drugs
based on the fluctuation of atoms in the protein. All drugs
can decrease RMSF in the protein in comparison to the free
protein simulations. The highest decrease was, in general,
achieved by both compounds 1f and 3¢, which was better
than MD in most studied frames. This very same pattern
appeared on site 2 RMSF analysis. Although dual-drugs 1f
and 3c performed quite similarly in both sites, 1f binding

sented, showing the drug conformation and interactions with the main
residues in direct contact with the ligand. The Van Der Waals surface
of the enzyme is also presented

was slightly more effective in the active site than 3c. On the
other hand, 3¢ performed slightly better on site 2, accord-
ing to the RMSF results. All RMSF graphs are displayed in
Figures S13-14 in the supplementary information.

In summary, a significative change was not observed
in the interacting pose, which demonstrates the affinity of
those simulated dual drugs and PfGR. Figures S15-16 in the
supplemental material illustrate that even though there is a
fluctuation in both CQ condensed rings and MD motifs, the
overall binding conformation is kept, and the drugs do not
rotate inside the binding sites.

Conclusions

The molecular docking assessment of conventional anti-
malarial drugs as PfGR inhibitors revealed that all drugs
exhibited higher affinity than reference inhibitors MD and
MB, particularly at the enzyme’s active site. ATV emerged
as a promising candidate, displaying the highest affinity for
both the active site and the cavity in the interface region,
suggesting a dual docking mode. The docking results also
showed a moderate correlation with in vitro antiplasmodial
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activities, suggesting that the potent antimalarial activity of
ATV might involve the inhibition of PfGR. ATV and CQ
demonstrated a binding mode similar to inhibitor MB at the
enzyme’s active site, interacting with the cofactor FADH,
through H-bonds and z — # interactions. Valine 383 plays
an essential role in assisting the drug binding to the active
site, acting as an “anchor” residue and keeping it close to
the cofactor FADH,. Electrochemical analysis suggested that
ATV and CQ, despite being less efficient than MB, could act
as moderate “subversive substrates” at the active site.

Exploring the enzyme’s cavity highlighted distinct bind-
ing modes, with ATV and AQ exhibiting notable affinity.
Their polar groups of naphtoquinone/quinoline rings play a
crucial role as robust H-bond acceptors, while their substitu-
ent groups contribute significantly to the ligand’s precise
adjustment within site.

Moreover, according to molecular mechanism analysis,
dual drugs combining aminoquinoline derivatives and GR
inhibitors exhibited significantly greater binding affinity
than the reference MD. Results provided insights into their
interaction mechanisms, where the presence of the aliphatic
ester bond (linker) is essential for effective binding with the
enzyme’s active site. Analysis of protein structural dynamics
indicated reduced freedom of protein residues when interact-
ing with the dual drugs 1f and 3¢, highlighting their effec-
tiveness in stabilizing the protein structure. The linker ester
with a long chain does not play an important role in the dual
drug binding to the enzyme’s cavity; nonetheless, it provides
flexibility for both terminal drugs to interact strongly with
the interface region and better fit the enzyme shape. Overall,
the study confirms the strong affinity of these dual drugs for
PfGR, with stable binding poses maintained throughout the
molecular dynamics simulations. In summary, 1f showed to
be a good alternative as a dual drug due to the good binding
modes reported for both enzyme sites. The study encour-
ages further experiments to investigate the role of PfGR or
other disulfide reductases in the mechanisms of action of
conventional antimalarial drugs and dual drugs and their
contribution to antiparasitic efficacy.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00894-024-05968-3.
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