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ABSTRACT: Phylum apicomplexan consists of parasites, such as Plasmodium and
Toxoplasma. These obligate intracellular parasites enter host cells via an energy-
dependent process using specialized machinery, called the glideosome. In the
present study, we used Plasmodium falciparum GAP50, a glideosome-associated
protein, as a target to screen 951 different compounds from diverse chemical
libraries. Using different screening methods, eight compounds (Hayatinine, Curine,
MMV689758 (Bedaquiline), MMV1634402 (Brilacidin), and MMV688271,
MMV782353, MMV642550, and USINB4-124-8) were identified, which showed
promising binding affinity (KD < 75 μM), along with submicromolar range
antiparasitic efficacy and selectivity index > 100 fold for malaria parasite. These
eight compounds were effective against Chloroquine-resistant Pf INDO and
Artemisinin-resistant PfCam3.1R359T strains. Studies on the effect of these
compounds at asexual blood stages showed that these eight compounds act
differently at different developmental stages, indicating the binding of these compounds to other Plasmodium proteins, in addition to
PfGAP50. We further studied the effects of compounds (Bedaquiline and USINB4-124-8) in an in vivo Plasmodium berghei mouse
model of malaria. Importantly, the oral delivery of Bedaquiline (50 mg/kg b. wt.) showed substantial suppression of parasitemia, and
three out of seven mice were cured of the infection. Thus, our study provides new scaffolds for the development of antimalarials that
can act at multiple Plasmodium lifecycle stages.

■ INTRODUCTION
Malaria continues to be a deadly illness in the world, mainly in
Africa, Asia, and South America. With the rapid emergence of
drug-resistant parasite strains, there is a need to identify new
antimalarial agents that can act on novel targets. Apicomplexans
possess a unique, conserved, and essential mechanism of
motility and host cell invasion, and these molecular mechanisms
and their components are promising chemotherapeutic targets.1

Despite differences in cell shapes and types associated with
distinct invasive stages of Plasmodium spp. (e.g., erythrocytes by
merozoites, mosquito salivary glands by ookinetes, and
hepatocytes by sporozoites), each invasive stage maintains
similar overall morphology along with associated organelles, and
many proteins associated with motility remain conserved.2−4

Plasmodium merozoite invasion of RBCs is a critical and
multistep process4 involving the attachment of merozoites to the
RBC surface, reorientation of merozoites, tight junction
formation, and subsequent gliding of merozoites into RBCs.
Several merozoite surfaces and secretory proteins, such as MSP-
1,5 MSP-2,6 AMA-1,7 Rh-5,8 EBA-175,9 and Enolase,10 are
involved in the first three steps of invasion.11 The gliding of
merozoites into RBCs is driven by an actin−myosin motor
structure referred to as the “glideosome” that is housed in the
pellicle of the zoite and is linked both to the inner-membrane

complex (IMC) and parasite plasma membrane. Glideosome
allows parasite adhesion molecules on the surface to connect to
actin filaments in the pellicle, resulting in progressive movement
by the force of the myosin motor.12,13 To date, a complete
repertoire of IMC and glideosome proteins has not been
reported because of the difficulty in separating IMC and
glideosome proteins from other membrane proteins. Recently, a
collection of 300 proteins was identified as IMC and IMC-
associated proteins in a rodent malaria parasite Plasmodium
yoelii, by Turbo-labeling and quantitative MS/MS.14 Some of
the characterized IMC proteins include glideosome-associated
protein 45 (GAP45), GAP40, GAP50, Myosin A tail interacting
protein (MTIP), MyoA, ECL1, GAPs with multiple membrane
spanning regions (GAPM1, GAPM2, GAPM3), ISP1, ISP3,
PhiL1, and several alveolin proteins.15−18 Many of these
proteins, such as myosin A heavy chain (MyoA), the myosin
light chain TgMLCI (or PfMTIP), and two glideosome-
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associated proteins, GAP45 and GAP50, are also part of the
glideosomemachinery.13,19 It has been suggested that the motor
complex is assembled as a soluble precomplex of MyoA-MLCI-
GAP45 proteins in the cytosol before being anchored to the
membrane by GAP50.20

The involvement of gliding machinery in the invasion of both
sexual and asexual stages of Plasmodium and the absence of

analogous proteins in humans make the components of gliding
machinery ideal drug targets for antimalarial drug discov-
ery.21−24 Among the different proteins of the glideosomal
complex,20,25−29 here we target the glideosome-associated
protein 50, an essential protein in all apicomplexan parasites,
including Plasmodium, Toxoplasma, and Cryptosporidium.
GAP50, highly conserved in Apicomplexans,2 plays a pivotal

Figure 1. Selection of molecules at successive stages of molecular, cellular, and in vivo animal screening. (a) Flowchart showing the pool of 951
molecules coming from diverse sources and the progressively decreasing numbers of shortlisted molecules at successive stages of different kinds of
screens. (b) Structure of the eight PfGAP50 binder hit molecules with antiplasmodial IC50 < 3 μMand selectivity indices≥100. Hayatinine andCurine
were isolated from C. pareira, USINB4-124-8 is an azepino quinoline, and the remaining molecules that have come from the MMV pathogen and
pandemic boxes are of diverse chemical natures including piperazine carboxamide (MMV1782353), pyrimidine dicarboxamide (Brilacidin),
Benzimidazole (MMV642550), quinoline (Bedaquiline), and 2,5-diphenyl furan (MMV688271).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05323
ACS Omega 2023, 8, 38506−38523

38507

https://pubs.acs.org/doi/10.1021/acsomega.3c05323?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05323?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05323?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05323?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


role as a scaffolding protein that anchors the glideosomal
complex30 to the inner membrane.26,31 Although GAP50 is
absent in humans and has been studied as a potential
transmission-blocking vaccine candidate,32 it has not yet been
studied as an antimalarial drug target. The 1.7 Å resolution

crystal structure of GAP50 by Bosch et al.33 has further paved
the way for antimalarial drug discovery by targeting this protein.
In the present study, we screened 951 different compounds

from diverse chemical libraries against the PfGAP50 protein
using in silico computational, biophysical, and protein−drug

Figure 2. GAP50 expression and in vitro compound binding. (a) Graphical representation of domain organization of GAP50 showing an N-terminal
signaling sequence followed by a phosphatase domain and C-terminal transmembrane domain; (b, c) coomassie and antihis antibody staining of
purified GAP50 phosphatase domain viametal affinity chromatography; P: pellet, S: supernatant, FT: flow through, E: elution, and M: protein ladder.
(d)GAP50 purity obtained after hydrophobic chromatography. (e) SPR sensorgrams representing compound interaction withGAP50 fitted with a 1:1
Langmuir binding model.
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interaction tools. These compounds were shortlisted based on
SPR analysis, their effect on in vitro P. falciparum culture, and
their selectivity for malaria parasite. Further analysis of their
role(s) at different asexual blood stages showed that these
compounds act at different developmental stages. As PfGAP50
is a component of the gliding machinery in different zoite forms
of Plasmodium, it can be predicted that these compounds can act
at multiple stages of the parasite. Bedaquiline, a highly active
anti-MTB drug, was identified as an antiplasmodial in our screen
and showed considerable antimalarial activity in the in vivo
Plasmodium berghei mouse model. Thus, our findings provide
new scaffolds/drug-like molecules that can act at different
parasite developmental stages and can be a part of Artemsinin
Combination Therapy (ACT).

■ RESULTS
Screening of MMV Box, Pandemic Box, and Other

Synthetic Compounds Identified Eight Antimalarial
Candidates That Target Pf Glideosome-Associated
Protein GAP50. Since gliding machinery for different stages
of Plasmodium spp. possesses some conserved proteins such as
GAP45, GAP50, and several IMC proteins, we aimed to identify
a common inhibitor that can block gliding at all of the lifecycle
stages of Plasmodium spp. Here, we chose to target a conserved
protein, PfGAP50, that anchors surface proteins to IMC.
Screening of 951 compounds (Figure 1a) from diverse chemical
libraries like the pathogen box, pandemic box, Azepino
quinolines, quinolines with β benzomorphan framework
(Table S1), and secondary metabolites purified from Cissampe-
los pareira34 for interactions with PfGAP50 via Schrödinger drug
discovery suite (version 2019−3), Differential Scanning
Fluorimetry (DSF) followed by cell-based in vitro screening
assays led to the identification of eight promising molecules
(Figure 1b). In the absence of any known inhibitors and key
binding sites on GAP50, permissive cutoff values for in silico
screening were kept at −20 kcal/mol (MM-GBSA ΔG of
binding), while a δ Tm cutoff kept at ±2 °C was chosen for DSF-
based screening to ensure that nothing was missed. The
independent use of both in silico docking and DSF (δ Tm)
allowed us to select 345 of the 951 compounds.
Since both in silico docking and DSF can occasionally give

false positives,35−37 we used surface plasmon resonance38 to
validate the binding of the shortlisted 345 molecules to the
recombinant PfGAP50 protein immobilized on the CM5 chip.
GAP50 consists of an N-terminal signaling sequence, followed
by a phosphatase domain and a C-terminal transmembrane
domain (Figure 1a). The phosphatase domain of GAP50 was
expressed and purified to homogeneity in the soluble form using
two chromatography steps: Ni-NTA+ purification was followed
by hydrophobic chromatography (Figure 2b−d).
Initial screening of 345 different molecules by SPR at 50 μM

allowed the selection of 266 molecules that exhibited 1:1
binding with GAP50. Further, of these 266 molecules, 84
molecules were identified that were binding with GAP50 (K.D.
< 100 μM) and were active against Pf (SI-2). Next, we screened
all 84 molecules for their antiplasmodial IC50s against different
strains of the malarial parasite (Chloroquine-sensitive Pf 3D7,
Chloroquine-resistant Pf INDO, and Artemisinin-resistant
PfCam3.1R539T strains) (SI-2), leading to 39 compounds that
showed IC50 against P. falciparum parasites of <20 μM for
further toxicity testing against human kidney and liver cell lines,
using the standard MTT assay.39 Based on the selectivity index
(>100-fold) for P. falciparum parasites, eight compounds

(Hayatinine, Curine, MMV689758 (Bedaquil ine),
MMV1634402 (Brilacidin), and MMV688271, MMV782353,
MMV642550, and USINB4-124-8) were selected for further
analysis (Figure 1b). These molecules exhibited PfGAP50
binding affinity of < 75 μM (Figure 2e) with IC50 against
Chloroquine-sensitive and resistant strains <3 μM (Table 1).
Notably, among the shortlisted molecules (Table 1), Bedaqui-
line, Brilacidin, MMV688271, MMV642550, and Hayatinine
showed IC50s ≤ 1.5 μM against all three strains of Plasmodium.
USINB4-124-8 and Hayatinine were found to be more active
against PfCam3.1R539T (IC50 11.35 and 64.83 nM, respectively)
than against the Pf INDO strain (IC50 2.46 and 0.47 μM,
respectively). In comparison, MMV1782353 and Curine
showed IC50 < 1 μM for Pf INDO and Pf 3D7 (Table 1) strains
and exhibited IC50 values of >1 μM against the PfCam3.1R539T
strain. The differential activity observed for Hayatinine, Curine,
MMV1782353, and USINB4-124-8 could be due to differential
expression and modifications of protein(s) in different parasite
strains, resulting in the alteration of parasite metabolic pathways.
Ring-Stage Survival Assay of Lead Molecules. Ring-

stage Survival Assay40 (RSA) was developed to analyze the effect
of Artemisinin on the survival of early rings (0−3 h p.i.) in
distinct parasite strains. To test the efficacy of the selected
compounds at the P. falciparum ring stages, early rings (0−3 h
p.i.) of ART-resistant strain (PfCam3.1R539T) was treated with
test molecules at their 10× IC50, with Dihydroartemisinin and
Artemisinin at 700 nM serving as positive controls. Among the
eight compounds, Bedaquiline was the only molecule that
showed activity against early rings (Figure 3). Hayatinine and
USINB4-124-8 were found to have no effect on early rings
despite having nanomolar activity against PfCam3.1R539T. The
results of the ring survival assay indicated that in addition to
binding to PfGAP50, these compounds may also target other
parasite proteins, important for parasite survival. It is also
possible that PfGAP50 plays another role in addition to parasite
gliding mobility.
IC50 Estimation of Selected Drugs against Asexual

Blood Stages of P. falciparum. To explore the differential
effect of lead antiplasmodial molecules on other asexual blood
stages of P. falciparum, we subjected synchronized different cell
cycle stages to each lead molecule at different concentrations for
12 h followed by evaluation of increased DNA content by SYBR
green lysis as indicated in the method. As shown in Figure 4,
there were marked differences in the observed IC50s against
different stages of these compounds. Taking early rings (E.R.) to
late rings (L.R.), early trophozoites (E.T.) to late trophozoites
(L.T.), early schizonts (E.S.) to late schizonts (L.S.), and late
schizonts (L.S.) to early rings (E.R.) stages into consideration,
USINB4-124-8 showed a much higher IC50 (μM) (38.12)
against trophozoites and schizonts stages (54.32) than against
rings (7.2). In contrast, MMV1782353 and MMV642550
showed significant activity (IC50 < 5 μM) against early and
late schizonts, but less potency (IC50 > 8 μM) against rings
(Figure 4). It is noteworthy that despite the remarkable
structural resemblance, Hayatinine and Curine showed marked
differences in activity against different asexual blood stages
(Figure 1b). Thus, Hayatinine (608.7 Da) showed a marked
preference for preventing the L.S. to E.R. transition. In contrast,
Curine (594 Da) inhibited E.S. to L.S. transitions along with
E.T. to L.T. transitions. In summary, except for USINB4-124-8,
all other shortlistedmolecules showed potent activity against the
late trophozoite and schizont stages of Pf INDO parasites.
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Deformities Induced by Lead Molecules on the
Parasite Morphology. Post estimation of IC50 of selected
molecules against different asexual cell stages of P. falciparum,
their effects on parasite morphology, and development were
studied further. Ring-stage parasites (6−12 h, p.i.) were treated
for 57 h, and microscopic examination of Giemsa stained
parasites was performed at 12, 36, 48, and 57 h (Figure 5a).
Bedaquiline and Hayatinine permitted parasites to develop
normally while preventingmerozoites from invading. Thus, even
after 57 h, the cultures treated with these two compounds
displayed RBC surface-attached merozoites. In the case of
Curine and Brilacidin treatments, merozoites adhering to RBC
showed evidence of a partial suppression of invasion.
MMV688271 inhibited schizont egression, whereas
MMV1782353 and MMV642550 permitted Pf development at
their respective IC50 values.
Together, these results indicate that despite being screened

against the PfGAP50 protein, which is specifically expressed
during the late trophozoite stage, eight lead compounds
differentially inhibited the development of different asexual
blood stages of P. falciparum.
Differential Action of Lead Compounds on P.

falciparum Merozoites Egression and Invasion. Since the
rupture of schizonts and subsequent invasion of merozoites is a
crucial step preceding the exponential increase in % parasitemia,
molecules with IC50 < 10 μM against schizonts (Figure 4) were
studied to examine (a) inhibition of egress of merozoites from
schizonts and (b) merozoite invasion into healthy RBCs.
Microscopic images of Giemsa-stained lead molecule treated
parasites revealed that the presence ofMMVmolecules 1782353
and 642550 slowed the schizont rupture. After removal of
MMV1782353 and 642550, schizonts ruptured and released
merozoites, but none of the released merozoites could invade,
leading to a decrease in % parasitemia (Figure 5b). Hayatinine
treatment of schizonts for 8 h inhibited egress, with microscopic
images showing many intact pyknotic schizonts and only a few
RBC surface-attached merozoites. These merozoites were found
noninvasive, as % parasitemia after removal of drugs was similar
to that of heparin, a known inhibitor of invasion.41 Curine
allowed schizont egress, but the level of invasion was
significantly reduced, suggesting that the treatment rendered
the merozoites noninvasive. With no egress or invasion, both
Bedaquiline and MMV688271 showed schizontocidal activity
on mature (about to rupture) schizonts (Figure 5b).
These findings were confirmed by costaining the lead

molecule-treated parasites with anti-PhiL antibody (IMC
marker protein) and DAP1. Bedaquiline and Hayatinine, as
shown in Figure 6a, inhibited gliding motility, thereby
preventing cell invasion. Several unruptured schizonts were
detected after Curine or MMV688271 treatment (Figure 6a).
Schizogony was hampered in the case of Brilacidin, Curine, and
MMV688271-treated parasites, as pyknotic schizonts were
observed in the treated cultures. In summary, we found five
compounds, Hayatinine, Bedaquiline, Brilacidin, Curine, and
MMV688271, which completely prevented invasion/schizont
rupture, whereas MMV1782353 and MMV642550 caused only
partial inhibition of parasite invasion.
Blockade of Inner-Membrane Complex Formation by

Lead Molecules. Since PfGAP50 is a protein involved in
forming IMC during schizogony and anchors several crucial
surface proteins involved in invasion,25 we next analyzed our
lead GAP50 binders (IC50 against schizogony <10 μM) at their
sublethal concentrations for their ability to perturb IMCT
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formation. Recent publications17,42 have shown colocalization of
the GAP50 complex with the Phil1 complex at the schizont
stage. These complexes have been shown to work in tandem to
facilitate the process of invasion.17,42 Hence, in control vs test
molecule-treated schizonts, colocalization studies were per-
formed for Phil1 and GAP50 proteins. As shown in Figure 6b,
0.4% DMSO-treated control P. falciparum schizonts displayed
proper development of schizonts and near-complete colocaliza-
tion of GAP50 and Phil1 (P = 0.824). Similar colocalization was
observed in schizonts treated with MMV688271 (P-value =
0.886) and Curine (P = 0.888). In comparison, Hayatinine (P-
value 0.617), Bedaquiline (P-value 0.641), and Brilacidin (P-
value 0.613) disrupted IMC formation, affecting colocalization.
Thus, the IMC disrupting activities of these compounds can be
attributed to their ability to bind GAP50 or other proteins

involved in proper IMC formation, thereby limiting its activity in
gliding and invasion.
Based on compound IMC disruption and invasion-inhibitory

activity, Bedaquiline, Hayatinine, Curine, MMV688271, and
Brilacidin were selected for further studies.
Interaction of Lead Molecules with GAP50 as Seen

through Molecular Dynamics (M.D.) Simulation. As seen
in the docking studies, the eight lead molecules identified by us
were found to bind at different sites on GAP50 (Figure 7). To
understand the interaction stability of lead invasion-inhibitory
compounds (Bedaquiline, Hayatinine, Curine, MMV688271,
and Brilacidin) with the PfGAP50 protein, M.D. stimulation
studies were carried out post docking. According to the M.D.
simulation, Bedaquiline was found to interact through hydro-
phobic interactions (contact residues: W35, I69, H256, and
M278), hydrogen bonding (G65), and a water bridge (N221)

Figure 3. Evaluation of lead molecules (10× IC50) in the ring-stage survival assay. Briefly, 0−3 h rings p.i. were treated for 6 h (10× IC50), followed by
test molecule removal by washing three times with 1× PBS and incubating in fresh cRPMI for the next 66 h. The left panel represents the microscopic
evaluation of parasite morphology after 66 h of test molecule removal, whereas the right panel shows the percentage revival via the SYBR green lysis
method. Bedaquiline kills 50% of early rings but does not affect stage progression. Hayatinine, Curine, and Brilacidin cause retardation in the growth
cycle but are not able to kill early rings.

Figure 4. IC50 values of compounds against different asexual stages of Pf INDO. IC50 values of GAP50 binders against different stages of Plasmodium. E:
early, L: late, R: rings, T: trophozoites, S: schizonts. All panels show themean and standard deviation of triplicate experiments. In all three panels, a one-
way ANNOVA was performed to estimate the P values: < 0.0212 (*), < 0.0082 (**), < 0.0008 (***), and < 0.0001 (****). “ns” denotes not
significant.
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Figure 5. Effect of leadmolecules on the asexual stages of Pf INDO. (a) Giemsa-stained images of Pf INDO cells treated withmolecules at their IC50 for
varying time intervals. Merozoites are seen attached but not invading RBCs in cultures treated with Bedaquiline, Hayatinine, and Brilacidin.
MMV688271 treatment prevents schizont rupture. (b) Treatment of segmental-stage schizonts for 8 h with 2× IC50 (L.S. → E.R.), followed by
replacement of test molecules using three centrifugal washes with cRPMI and growing parasites in cRPMI for the next 48 h. Left and right panels show
microscopic evaluation and % parasitemia calculated by FACS (105 cells counted) analysis performed at the end of 56 h (8D+ and 48D−), respectively.
Heparin sulfate, a known invasion inhibitor, was used as a positive control. D+ and D− denote periods in the presence of test molecules, respectively.
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(Figures S1 and S2). These interactions were maintained over
30% of the 100 ns simulation time and appeared to be helping in
stabilizing the binding of Bedaquiline with GAP50, resulting in
−36.9 kcal/mol MM-GBSA ΔG of binding energy. Similar
results obtained in SPR based binding study sensorgram profile
obtained using a one-on-one interaction with PfGAP50
indicated an SPR-based binding affinity (KD) of 9.27 μM
(Figure 2e). The binding of Brilacidin with PfGAP50 (Figures
S3 and S4) was found to be primarily driven by water bridges
mediated via the side chains and backbone of N127, E129,
N148, D201, I322, N349, E351, and L352, which were further
strengthened by hydrogen bond interactions involving E129,
E351, and L352. Among these interactions, those with E129 and
E351 were maintained for >50% of 100 ns simulation time
(Figure S4). As many as 16 water bridges between Brilacidin and
GAP50may have contributed to themost promisingMM-GBSA
ΔG binding of −64.82 kcal/mol (SI-2), with a KD of 2.81 μM
(SI-2).
Interactions of MMV688271 (Figures S5 and S6) with

PfGAP50 were stabilized through hydrogen bonds (E123,
H152, F344, L347, P348), water bridges (E123, H152, F344,
L347), and hydrophobic interactions (H152, F344, L347,

V350). Varied interactions of MMV688271 with PfGAP50
might explain why this compound showed a MM-GBSA ΔG
binding of -41.86 kcal/mol with an in vitro KD of 20 μM.
Interestingly, even though the structurally close Curine and
Hayatinine bind to PfGAP50, each binds to its unique site
(Figures S7, S8, and S9). Furthermore, SPR revealed that the
KD of Curine was nearly three times higher than that of
Hayatinine, suggesting that the interaction of Hayatinine with
PfGAP50 is more robust than that with Curine (Figure 2e).
Hayatinine was found to interact with G119, Q120, M146,
P147, and H152 via water bridges and with E133 via hydrogen
bonds (Figure S8). These bonds, which were found to persist for
>30% of the simulation time, might prevent Hayatinine from
moving out of its surface binding site (Figure S7b). Residues
interacting with Curine (Figure S7c) via hydrogen bonds,
hydrophobic interactions, and water bridges were Y96, L134,
D135, D137, A138, V350, and E351. Our in silico docking and
simulation studies predicted the binding interactions of lead
molecules with GAP50, which can help in designing more
potent and GAP50-specific inhibitors. However, structural data
are required to confirm the binding modes and poses predicted
by docking before the design of new inhibitors.

Figure 6. Effect of lead compounds on merozoite invasion and IMC formation. (a) Schizonts (34−36 h p.i.) were first treated with a sublethal
concentration of test molecules for 12 h. The treated cultures were then subjected to DAPI staining (blue) and antibody-based staining of Phil1
(green) and GAP50 (red), as described in the Materials and Methods Section. The DAPI and antibody stained samples were examined by confocal
imaging to find the effect of test molecules on the colocalization of these two proteins. 0.4% DMSO was used as a control. The P-values at the bottom
are the Pearson correlation coefficients. (b) DAPI and immunofluorescence staining (Phil1) of 8 h test molecule-treated segmental schizonts. Notice
the Phil1 staining inside the cell in control vs on the periphery in Bedaquiline and Hayatinine-treated cultures. Notice the remaining three
schizontocidal molecules (Curine, Brilacidin, and MMV688271) exhibit massive schizont staining. Scale: 10 μM.
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The Activity of Lead Molecules in Combination with
Other Antimalarials.To retard the development of resistance,
reduce toxicity, and increase the efficacy of antimalarial drugs, it
is preferable to use drug combination(s) to treat malaria. Hence,
we evaluated the effect of five lead compounds that block
invasion in combination with three current antimalarials
(Pyrimethamine (PYR), Mefloquine (MFQ), and Artemisinin
(ART)) on the PfCam3.1R539T strain, which is ART,
Sulfadoxine, and Pyrimethamine-resistant. As shown in Table
S2, these drug combinations showed synergy (∑FIC < 1),
additivity (FIC > 1 < 2), and antagonism (∑FIC < 2).When the
∑FIC values were averaged over varying ratios of drug
combinations (Figure 8), the combinations of Hayatinine and
Curine with Artemisinin turned out to be synergistic (average
∑FIC ≈ 0.5) and additive (average ∑FIC ≈ 1) with PYR and
MFQ. Likewise, the average ∑FIC values for Bedaquiline,
Brilacidin, and MMV688271 in combination with PYR, MFQ,
and ART were additive. The additive/synergistic actions of

these drugs in combination may be due to additional targets
besides PfGAP50 as a common target. This additive activity may
allow the use of these compounds at their optimal concen-
trations with little risk of resistance development and fewer side
effects/toxicities. Taken together, this study provides a basis for
a new combination therapy that may be highly effective against
drug-resistant strains of P. falciparum.
Putative Antiplasmodial Targets of Bedaquiline, Hay-

atinine, Brilacidin, MMV688271, and Curine. The
submicromolar antiplasmodial IC50 of some of the compounds,
together with μM KD against PfGAP50, and multistage
differential activity of invasion-inhibitory molecules led us to
surmise that the malaria parasite proteome could have more
targets in addition to PfGAP50. Hence, invasion-inhibitory
molecules from each library (Bedaquiline and MMV688271
(pathogen box), Brilacidin (pandemic box), Hayatinine, and
Curine (phytometabolites from C. pareira)) were taken for
cross-docking against 68 different malaria parasite proteins. The
structures of these proteins were obtained from the PDB. Efforts
were made to have the crystal structure of proteins inhibitor in
bound form with resolution < 2.5 Å. The cocrystallized ligand of
each of these proteins was docked to its respective protein to
generate docking scores that were used as cut-offs for our lead
molecules. Each leadmolecule was docked into the active sites of
the selected proteins, and docking scores was calculated. Of the
68 proteins studied (Table S3), the number of different
protein−ligand complexes with docking scores < that of the
cocrystallized ligand was 20 for MMV688271, 17 for Bedaqui-
line, 8 for Brilacidin, 7 for Hayatinine, and 10 for Curine (Tables
S4−S8). Among the shortlisted proteins, three (Plasmepsins IV,
Cyclophilin, and Malaria Sporozoite Protein Uis3) were
common for all five molecules (Figure 9a,9b). These three
targets are known to be expressed only in trophozoites and
schizont stages43 (Figure 9a), and binding of the test molecules
to themmight explain their cidal activity towardmature stages of
P. falciparum. We also identified peptide deformylase, pyruvoyl
tetrahydropterin synthase (PTPS), and glutaredoxin 1, which
are uniquely expressed in trophozoites as putative targets of the
test molecules (Figure 9a). To determine the binding affinity of
our lead molecules for their putative target proteins, MM-GBSA
ΔG binding was determined (Tables S4−S8). In all cases, ΔG
binding was < −30 kcal/mol (Figure 9c). This low score
suggests that the identified proteins may be targets of our lead
molecules. However, extensive studies are required to confirm
the status of these proteins as drug targets.

Figure 7. Representation of in silico binding sites of lead molecules
against GAP50. The eight most promising molecules identified at the
end of all filters used were found to bind to GAP50 at six different sites.
Curine, Brilacidin, and MMV688271 (all binding at the top left edge of
the molecule) were found to be schizontocidal, Hayatinine and
Bedaquiline (binding at the bottom right) caused inhibition of invasion,
while 1782353 and 642550 were schizontostatic since their withdrawal
allowed the treated schizonts to egress and merozoites to invade.
USINB4-12-8 showed a high IC50 against schizonts and was not
pursued for its invasion-inhibitory activity.

Figure 8. Graphical representation of ∑FIC values of lead molecules in combination with Pyrimethamine (PYR), Mefloquine (MFQ), and
Artemisinin (ART). Each dot represents the ∑FIC of an individual ratio with horizontal bars indicating the mean values. Note the average ∑FIC
values of ∼0.5 seen in combinations of Hayatinine and Curine with Artemisinin, indicating strong synergy.
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Bedaquiline Treatment Protects Mice in the P. berghei
Mouse Model. Based on promising in vitro antiplasmodial
potencies and selectivity indices (S.I.), we next tested the
protective potential of Bedaquiline (50 mg/kg) and USINB4-
124-8 (100 mg/kg) in an in vivo P. bergheimouse model. Briefly,
seven mice in four groups were intraperitoneally injected with
105 P. berghei parasites. Parasitemia was monitored daily, and
when it reached 1%, drug treatment was initiated. Each drug was
administered orally for 4 consecutive days. The vehicle solution

(2% (hydroxypropyl) methylcellulose with 2% Tween 80 in
normal saline) was administered without the drug in the
negative control group. Parasitemia was monitored daily for 40
days for each mouse. Treatment of P. berghei ANKA infected
mice with vehicle solution (−ve control) led to increased
fluctuations in body temperature and a decrease in mean body
weight concomitant with the progressive increase in %
Parasitemia with a median survival of 19 days and death of all
7 mice by day 22 (Figure 10). Likewise, USINB4-124-8 fed mice

Figure 9. Cross-docking analysis of five invasion-inhibitory molecules. (a) Table showing malaria parasite proteins that showed in silico affinity for the
five leadmolecules; the stage of expression for target proteins was taken from Singh.44 (b) Venn diagram showing the number of common targets. Note
that the three proteins are common to Bedaquiline, Brilacidin,MMV688271, Curine, andHayatinine. Unique proteins observed were 3 in Bedaquiline,
10 in MMV688271, 2 in Brilacidin, and none in the cases of Hayatinine and Curine. (c) MM-GBSA ΔG binding was observed for individual ligands
with different proteins of the malaria parasite.
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also showed no difference compared to the control in terms of
survival, % increase in parasitemia, fluctuation in body weight,
and temperature (Figure 10). Bedaquiline (50 mg/kg bwt)
treatment resulted in complete suppression of % parasitemia by
day 19, reduced temperature and body weight fluctuations
compared to the control, with survival of three out of seven mice
until 34 days (Figure 10). Together, these results showed partial
protection of mice treated with a 50 mg/kg dose of Bedaquiline,
thereby suggesting that Bedaquiline can be carefully considered
for combination therapy, as well as for further chemical
modifications. Bedaquiline is well tolerated at a 700 mg dosage
in humans (Cmax 6.47 mg/L) for MDR-TB treatment45,46 and is
known to clear TB infection in a mouse model at 25 mg/kg.47 In
the current study, Bedaquiline treatment at 50 mg/kg body
weight for 4 days provided partial protection. It would be
interesting to conduct future studies by increasing the dosage of
Bedaquiline and tweaking its structure to determine whether this
results in significant or complete protection in the P. berghei
model of malaria.

■ DISCUSSION
The recent surge in malaria cases in Asia and Africa due to
resistance to Chloroquine, sulfadoxine-pyrimethamine, ACT,
and other antimalarial combinations necessitates the discovery
of new antimalarials. Antigens on the surface and those involved
in gliding Plasmodium zoites into host cells are important
vaccine candidates and targets for new antimalarial discov-
ery.48−50 “Mosquirix” is the first sanctioned malaria vaccine
based on one such antigen, called circumsporozoite protein
(CSP) on the Plasmodium sporozoite surface. In this work, we
used small compounds identified against PfGAP50, a protein
implicated in the gliding of different kinds of Plasmodium zoites,

merozoites, sporozoites, and ookinetes into their respective host
cells.2,19,25,51 to target a P. falciparum blood stage asexual cycle.
Despite differences in the cell morphology, Plasmodium motile
forms at distinct lifecycle stages show similar gliding movements
by linking their surface proteins with an intracellular actin−
myosin motor. PfGAP50 is a conserved protein at all
Plasmodium motile stages that links surface proteins to the
actin−myosin motor.20,52

Diverse drug-like compounds, along with some repurposed
drugs from the medicines of malaria venture (MMV) pathogen
and pandemic box,53−55 were screened for their interactions
with PfGAP50 via the Schrödinger drug discovery suite (version
2019−3) and by differential scanning fluorimetry (DSF). High-
affinity binders were further screened for their interaction with
recombinant PfGAP50 using SPR, their antiparasitic efficacy,
and their toxicity against mammalian cells. Interestingly, our
screening revealed many compounds as GAP50 binders that
have previously been found to be promising against other
pathogens. Notably, based on MMV’s disease-based classifica-
tion of compounds,56−58 a few compounds (689437, 019189,
022029, 688371, 688271, 000016, and 000062) are already
known for their antiprotozoal activity, while others such as
Bedaquiline, 688775, 021660, and Brilacidin are known for their
antibacterial activity. Similarly, 639951, 1782353, and 642550
are well-established antiviral agents (www.mmv.org/mmv-
open). It should be noted that our work has, for the first time,
identified Bedaquiline, Brilacidin, MMV642550, MMV688271,
and MMV1782353 as promising agents against the malaria
parasite. Among MMV FDA-approved molecules (KD GAP50
μM in parentheses), Mefloquine (40), Suramin (28.6),
Bitertanol (0.333), Letermovir (19.2), Everolimus (0.257),
Deferasirox (4.93), Valdecoxib (9.63), Ketoconazole (16.5),

Figure 10. In vivo antimalarial effect of Bedaquiline and USINB4-124-8: (a) Mean % parasitemia; (b) median survival time. Superscripts in black
indicate alive/deadmice withmean survival in parentheses; (c) changes inmean body weight and (d) change inmean temperature. Each dot in a group
(C, D) represents a single day.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05323
ACS Omega 2023, 8, 38506−38523

38516

http://www.mmv.org/mmv-open
http://www.mmv.org/mmv-open
https://pubs.acs.org/doi/10.1021/acsomega.3c05323?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05323?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05323?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05323?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Ezetimibe (1.16), LED 209 (2.62), Birinapant (12.4), Mgb Bp3
(14.8), Alexidine (27.0), Tipifarnib (52.2), Eberconazole
(75.9), Ozanimod (76.5), Pentamidine (12.7), Rifampicin
(0.116), Bedaquiline (9.27), and Brilacidin (2.81) have been
identified as binders to PfGAP50. All of these compounds
belong to different chemical classes and are used for various
purposes. Further, Mefloquine, Rifampicin, and Pentamidine
identified as GAP50 binders were omitted from this study since
their antimalarial activities and modes of action are well
characterized.
Compounds with a binding affinity KD < 500 nM toward

PfGAP50 include Bitertanol, used as a fungicide,59 Everolimus
as a protein kinase inhibitor,60 Ezetimibe as an inhibitor of
HMG-CoA reductase,61 and Rifampicin as an antibiotic with
activity against both Plasmodium62 and Mycobacterium tuber-
culosis.63 After thorough screening, eight compounds, including
Bedaquiline, Brilacidin (FDA-approved), MMV642550,
MMV1782353 (pandemic box), MMV688271 (pathogen
box), USINB4-124-8, Hayatinine, and Curine (C. parreira),
were found to have high selectivity (>100) and low IC50 (<1
μM) against drug-resistant strains of P. falciparum. These
molecules were selected for further evaluation of their effects at
different P. falciparum asexual blood stages. Many of these
identified compounds did not show a correlation between the
SPR-based and in silico observed KD values. This can be
attributed to several factors, including a lack of crystallographic
knowledge about the compound binding site(s) on protein and
the fact that in silico energy calculations take place in a vacuum
environment where the protein and ligand(s) are treated as rigid
molecules, whereas SPR interactions take place in a dynamic
state with the protein and ligand surrounded by water molecules,
leading to differential binding constants between these two
techniques. Furthermore, SPR-based KD values of the identified
compounds did not show a correlation with cell-based IC50
values. The likely cause of this discrepancy found an answer in
our stage-specific assays that revealed the differential activity of
these compounds against rings, trophozoites, and schizont
stages of the parasite, althoughGAP50 expression is known to be
the highest in schizonts. These selected compoundsmay interact
with other Plasmodial proteins in addition to PfGAP50,
resulting in lower IC50 values than SPR-based KD values.
Multistage activity is advantageous because it reduces the
likelihood of resistance development if a compound targets
multiple proteins/pathways.
Because the selection of these compounds was based on their

ability to interact with PfGAP50, a protein known to be involved
in gliding as well as in IMC formation, these compounds were
tested for their ability to block schizogony, egress, and invasion.
Microscopic examination of Giemsa-stained parasites as well as
by immunofluorescence analysis using anti-PfGAP50 and anti-
PfPhiL antibodies revealed Bedaquiline, Hayatinine, Curine,
MMV688271, and Brilacidin inhibited the schizogony, egress,
and invasion of merozoites, as observed at different time points.
In contrast, MMV compounds 1782353 and 642550 delayed
schizont rupture. The observance of pyknotic or surface-
attached merozoites which were unable to invade human
RBCs, suggested merozoite development or gliding motility
inhibition prevented merozoite entry into host cells. An indirect
immunofluorescence assay was performed on lead molecule
treated parasites with antiPfGAP50 and anti-PfPhiL1 antibod-
ies to determine whether invasion was inhibited due to
disruption of the precise architecture of IMC. Among these
eight selected compounds, Brilacidin, Bedaquiline, Hayatinine,

MMV1782353, and MMV642550 treatments disrupted IMC
formation, which might be one of the reasons for their invasion
inhibitory activity. Additionally, the effect of these molecules on
schizont rupture could be attributed to their activity against
phosphatases involved in egress because these compounds were
selected based on their binding with the phosphatase domain of
PfGAP50. In short, we identified Bedaquiline, Hayatinine,
Curine, MMV688271, and Brilacidin from eight shortlisted
molecules that prevented schizont maturation, rupture, and
invasion of merozoites. These selected compounds were docked
to various proteins of the malarial parasite engaged in various
cellular metabolic processes in a bid to investigate their mode of
action on different stages of Pf. From 68 different proteins taken
for docking, Plasmepsin IV, cyclophilin, glutaredoxins, and other
vital targets were identified . It is well-known that the inhibition
of these proteins causes cellular stress. Inhibiting Plasmepsin, for
example, results in inhibiiton of hemoglobin digestion.64

Similarly, inhibiting cyclophilin,65 glutaredoxins,66 and other
important proteins identified as probable binders of our lead
compounds may cause metabolic stress, disrupt cellular
homeostasis, and lead to cell death.67 Bedaquiline is known to
promote electroneutral uncoupling of respiration-driven ATP
synthesis68 in Mycobacterium tuberculosis when the mode of
action of lead compounds in diseases other than malaria is
examined. Similarly, Brilacidin causes misfolding protein stress,
as indicated by the upregulation of chaperones and proteases in
Gram-negative and Gram-positive pathogens.62 Since an
increase in cellular stress levels has been shown to cause damage
to cellular proteins, lipids, and nucleic acids, these selected
compounds may cause parasite death by possibly similar
mechanisms.69 Although Plasmodium has evolved in diverse
ways to maintain a state of homeostasis,70 GAP50 binders may
increase the stress inducer levels beyond the parasite’s
homeostatic ability, thus increasing the cellular stress, leading
to the parasite’s death.
These differential effects of the compounds seen in this work

(Table S9) across different asexual stages of Pf may be due to
interactions of these compounds with other Plasmodium
proteins, due to different role(s) of PfGAP50 or due to
differences in GAP50 interactions with other proteins at
different development stages. Indeed, many of these identified
compounds can be starting points for developing future
antimalarials. Interestingly, identifying these compound binding
pockets using crystallographic methods in PfGAP50 is expected
to help us further in designingmolecules with a strong affinity for
PfGAP50.
Coupled with over 100-fold selectivity, the presence of

multiple targets in the malaria proteome is a plus point for these
compounds since multitargeting drugs could have low chances
of losing efficacy due to the development of resistance.
The finding of potent antiplasmodial activity in Bedaquiline

and Brilacidin is highly significant since Bedaquiline is already
being used against MDR-TB,71 and Brilacidin is currently used
in clinical trials as SARS-CoV2 drug. Further, identification of
additive activity among standard antimalarials and FDA-
approved antibacterials like Bedaquiline and Brilacidin,
phytometabolites Hayatinine and Curine, and antifungal agent
like MMV68827172,73 might expedite their development as
partner drugs with ART in Artemisinin combination therapy
(ACTs).
In conclusion, this work has identified chemically diverse

novel GAP50 binding molecules with promise against malaria
and apicomplexan parasites . A notable feature of our work is
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that it has for the first time led to the discovery of the putative
binding pockets in GAP50. This can spur the application of
computational tools to develop drugs that may bind to the sites
identified in this work. Indeed, with the knowledge of binding
sites, each of the new molecules we identified can be taken for
future drug optimization and development as novel drugs
against malaria. Although our studies have been mainly
performed at asexual blood stages, it would be interesting to
see these new series of compounds against other Plasmodium
stages as PfGAP50 is involved in gliding mobilities of all of the
three Plasmodium zoite forms such as merozoite, ookinete, and
sporozoite.

■ MATERIALS AND METHODS
Recombinant Expression and Affinity Purification of

PfGAP50. Pf 3D7 genomic DNA was used to PCR amplify the
PfGAP50 gene using PfGAP50 specific primers (5′-TTTTCA-
TATGAAATGTCAACTACGCTTTGCG-3′-F.P.) and (5′-
TTTGGATCCTTAATCTTTATTTCCCATGGGTCC-3′-
R.P.). The amplified product was sequenced and cloned in the
pET28a+ vector, which was transformed into the Rosetta2 DE3
pLysS strain. 1% inoculum of the primary culture was used to
initiate secondary culture supplemented with CoSO4 (2 μM),
kanamycin (50 μg/mL), and chloramphenicol (34 μg/mL).33

Cells were induced with isopropyl β-D thiogalactopyranoside at
18 °C for 16 h. Harvested cells were lysed by sonication in buffer
A (50 mM Tris HCl, pH 8.3, supplemented with 10% glycerol
and 300 mM NaCl). Cellular debris was removed by
centrifugation (13,000g, 45 min, 4 °C). The protein was
purified by using metal affinity and hydrophobic interaction
chromatography. The purified protein was dialyzed against the
imidazole-free buffer and stored at 4 °C (up to 2 months).
In silicoDocking, Molecular Dynamics Simulation, and

−ΔG of Binding. The PDB crystal structure of PfGAP50 (ID:
3TGH) was prepared for docking using the protein preparation
wizard74 of Schrödinger software (version 19−3). Ligand
structures drawn using ChemSketch (ver. 2021.1.2) software
were imported into Schrödinger software. Ligprep74 was used to
prepare ligands for docking. Grid was generated to engulf the
entire protein, and docking was carried out using the Glide
module.75 Docked poses were then taken to estimate −ΔG of
binding using the Prime MM-GBSA module.76 Lead PfGAP50
binders (Bedaquiline, Hayatinine, Brilacidin, MMV688271, and
Curine) that also showed good promise in P. falciparum culture-
based study were taken for the molecular simulation study.77

Briefly, the protein−ligand complex was solvated by using the
TIP4PEW model in an orthorhombic box. Na+ and Cl− ions
were added to neutralize the system. OPLS3e force field was
used to simulate for 100 ns.
Compounds. Pathogen and Pandemic box compounds

dissolved in DMSO at 10 mM were obtained from MMV.
Azepino quinolines78 and antiplasmodial molecules from
Cissampelos pareira34 were from Dr. Upendra Sharma, IHBT,
India. The sources of these drug-like molecules were as follows:
Bedaquiline (MMV689758) or HY-14881/CS-2921 (Med
Chem Express), Mefloquine or M2319 and Bitertanol or
45349 (Sigma), Pentamidine or 20679 (Cayman chemicals),
Suramin or 1874−250 (Bio vision), and MMV688771 or
S14135SC (May bridge). Additionally, the MMV series of
molecules 1634402 (Brilacidin), 1782353, 642550, and 688271
were procured from MMV.
Screening of Molecules Using Differential Scanning

Fluorimetry. Recombinantly expressed and highly purified

PfGAP50 was used for in vitro small-molecule binding using
differential scanning fluorimetry (DSF). Compounds were
screened at 200 μM using 10 μM of the protein. DSF
experiment was set up as described by Huynh and Partch.79

Tm was calculated using a nonlinear regression model of
Boltzmann Sigmoidal curve using the following equation
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where Y is the fluorescence emission in arbitrary units; X is the
temperature; Bottom is the baseline fluorescence at low
temperature; Top is the maximal fluorescence; Slope is the the
steepness of the curve; and Tm is the melting temperature of the
protein. The binding of some small molecules may manifest as a
decrease or an increase in protein stability. Molecules that gave a
ΔTm > 2.0 °C over the solvent control were taken as potential
hits.
Binding Affinity Determination Using Surface Plas-

monResonance. PfGAP50 (50 μg/mL)was immobilized on a
CM5 chip in acetate buffer, pH 4.5, using EDC-NHS coupling.
Small test molecules were diluted in 1x PBS supplemented with
5%DMSOwith 0.005% Polysorbate 20 (running buffer) to yield
solutions of varying concentrations (2-fold serial dilution from
50 to 0.3125 μM) that were allowed to flow over the
immobilized protein at a flow rate of 30 μL/min. Contact and
dissociation times of 60 and 120 s, respectively, were given for
each cycle. Regeneration was carried out using 10 mM glycine at
pH 3.0. Data obtained was fitted with a 1:1 binding model to get
Ka (association constant), Kd (dissociation constant), and K.D.
(equilibrium binding affinity constant, aka equilibrium dissoci-
ation constant).

In Vitro Maintenance of P. falciparum Cultures and
Assessment of Antiplasmodial Activity of Test Mole-
cules. Laboratory-adapted Pf 3D7 (MRA102), Pf INDO
(MRA819), and PfCam3.1R539T (MRA1240) were procured
from BEI resources and maintained in O+ve human RBCs
collected from the Rotary blood bank, New Delhi. Cultures at
4% hematocrit (H) were allowed to grow in complete RPMI
1640 medium at 37 °C under reduced O2 (gas mixture: 5% O2,
5% CO2, and 90% N2) as described by Trager and Jenson.80

Antiplasmodial activities of test compounds were evaluated by
fluorescence-based 96-well format SYBR green I assay as
described. Growth inhibition studies were carried out in 96-
well microtiter plates with final-well volumes of 100 μL (4 μL of
test molecules and 96 μL parasite culture at 1% P and 2% H).
After 72 hours, percent growth was determined by adding 100
μL of Lysis buffer (1x SYBR green, 20 mM Tris (pH 7.5), 5 mm
EDTA, 0.008% (W/V) saponin, and 0.08% (v/v) Triton X-
100). The plates were incubated in the dark for 2 hour at 37°C.
Fluorescence was measured using wavelengths of 485 nm and
520 nm as excitation and emission, respectively. Chloroquine (4
μM) as zero growth positive control and 0.4% DMSO as 100%
growth negative control was used. IC50 was calculated by
plotting the inhibitor concentration vs normalized response and
fitting the data with a nonlinear regression model in GraphPad
Prism software.

In Vitro Cell Cytotoxicity Assay against Mammalian
Cell Lines.Human cell lines HUH-7 and HEK293 were used to
determine the cytotoxic effects of test compounds by using
MTT [3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium
bromide] assay for mammalian cell viability as described by
Mosmann.39 Cells were cultured in 10% fetal bovine serum
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supplemented with DMEM (cDMEM). Briefly, trypsinized cells
(104 cells/200 μL cDMEM/well) were seeded in triplicate into
96-well flat-bottom tissue-culture plates. Following 16 h of cell
seeding in triplicate, 200 μL of media was replaced with 96 μL of
fresh cDMEM, and test molecule solutions (4 μL in 20%
DMSO) were added. Culture plates were incubated for 24 h in a
humidified atmosphere at 37 °C and 5% CO2. 10 and 0.8%
DMSO (v/v) were used as +ve (zero growth) and −ve (100%
growth) controls, respectively. After 24 h treatment, 20 μL of
MTT (5 mg/mL in 1× PBS) solution was added to each well,
and plates were incubated for 4 h at 37 °C. After that, the plates
were centrifuged (700g, 10 min), and supernatants were
aspirated using a multipipet. This was followed by adding 200
μL of DMSO and incubating the plate at 37 °C for 10 min. The
amount of formazan (a measure of cell growth) formed was
assessed bymeasuring the optical density (OD) at 570 nm. CC50
was calculated by plotting the inhibitor concentration vs
normalized response and fitting the data with a nonlinear
regression model in GraphPad Prism software.
Ring-Stage Survival Assay (RSA). Ring-stage survival

assay was carried out as per Witkowshi et al.81 Briefly,
PfCam3.1R539T at 1% P rings (0−3 h p.i.) and 2% H were
treated with 10× IC50 for 6 h followed by test molecule removal
(three times using 1× PBS wash) and incubation in fresh cRPMI
for the next 66 h. At the end of 72 h, stage progression was
assessed by Giemsa-stained smear, and % revival was assessed by
SYBR green I lysis method.
Stage-Specific Inhibition. Pf INDO cultures at 0−6 h post-

invasion (p.i.) (rings), 18−22 h p.i. (trophozoites), 30−34 h p.i.
(early schizonts), and 40−44 h p.i. (late schizonts) were
incubated with varying concentrations of test molecules for a
period of 12 h followed by test molecule removal by centrifugal
media washes and allowing cultures to grow for second cycle (48
h) in test molecule free media. Plotting normalized growth
curves and fitting them with nonlinear regression model yielded
IC50 (concentration of test molecule at 50% growth) with
untreated, and Chloroquine-treated cultures acting as 100% and
0% growth controls, respectively.
Egress/Invasion Inhibition Assay. This assay employed a

late schizont to early ring (L.S. → E.R.) readout where late
schizonts were treated with test molecules for 8 h followed by
culture in test molecule free medium for a time sufficient to give
rings in an untreated control culture. Pf INDO (42 to 45 h p.i.)
culture was diluted to 1% P at 2% H in cRPMI and treated with
test molecules at 2× IC50 for 8 h. This was followed by removing
test molecules by three centrifugal washes with 1× PBS and
incubating the washed cells in fresh cRPMI for 48 h. % P was
calculated at the end of the second cycle using SYBR Green
staining and counting 105 cells via FACS.
Evaluation of GAP50 Binder Antiplasmodial Mole-

cules as Disruptors of Inner-Membrane Complex
Formation and Invasion. We have used Phil1 and GAP50
antibodies to track the development of Schizont’s inner-
membrane complex (IMC) in the presence vs absence of the
small test molecules that bind GAP50. Early schizonts (30−34 h
p.i.) were treated with test compounds for 12 h, followed by
indirect immunofluorescence assay (IFA) to assess IMC
development. For this, cells were rinsed once with 1× PBS
and fixed using a solution containing paraformaldehyde (4% v/
v) and glutaraldehyde (0.0075% v/v) in PBS for 30 min. The
fixed cells were treated with Triton X-100 (0.1% v/v) in 1× PBS
(twice, 15 min each), and the permeabilized cells were blocked
using BSA (4% w/v in 1× PBS). Parasites were then incubated

with 1°Ab at 1:50 dilution overnight at 4 °C, followed by
washing and incubation with 2°Ab (Alexa conjugated antirabbit
antibody 488, Invitrogen) at 1:500 dilution for 3 h at R.T. In the
end, DAPI (10 μg/mL) was used to stain the nucleus (10 min at
R.T.). Samples were imaged using a Nikon A1-R confocal
microscope. Similarly, segmented schizont cultures (42−45 h
p.i.) were treated with test molecules for 8 h and evaluated via
IFA for their ability to egress and the resulting merozoites to
invade healthy red blood cells leading to the formation of rings.

In Vitro Potency of the Combinations of Lead
Antiplasmodial Molecules. To determine the effect of
combining drugs on potency, different drug combinations
were made to determine IC50 of combinations against the
synchronous ring stage (6−12 h p.i., at 1% P and 2% H) of P.
falciparum (MRA1240) in culture. 8× IC50 of each test molecule
in 10% DMSO/1× PBS was taken as stock (A) and mixed with
8× IC50 of standard antimalarials (B) in four different molar
ratios (4:1, 3:2, 2:3, and 1:4). Each ratio sample was further
serially 2-fold diluted in 10% DMSO/1× PBS. Four microliters
of each dilution was mixed with 96 μL of parasite culture (1% P,
2%H). Thus, each experimental well contained a total volume of
100 μL with or without test molecules. Control (0.4% DMSO
(v/v)) that is nontoxic to the parasite was used as −ve control
(100% growth), while Chloroquine (4 μM) was used as +ve
control (0% growth). The plates were incubated (37 °C, 72 h),
followed by an estimation of parasite proliferation using the
SYBR Green I lysis method. Data analysis was done as described
by Thapar et al.82 The sum of Fractional inhibitory
concentrations (∑FIC) was calculated as FICA + FICB, where
FICs are FICA = IC50 of A in combination/IC50 of A when alone;
FICB = IC50 of B in combination/IC50 of B alone. The sum of
FICs ∑FIC = FICA + FICB was used to classify interactions

83 as
strongly synergistic (∑FIC ≤ 0.5), weakly synergistic (∑FIC
0.5−1), additive (∑FIC 1−2.0), or antagonistic (∑FIC > 2.0).

In Vivo Antimalarial Study. In vivo antimalarial study was
carried out per ARRIVE guidelines 2.0 with prior permission
from ICGEB animal ethical committee (ICGEB/IAEC/
30012021/MPB-8). Briefly, 105 P. berghei ANKA infected
RBCs were injected into mice (6−8 weeks old, male, average
weight 20 ± 2 g) and grouped randomly with seven mice/group.
After infection establishment, test molecules were orally
administered in vehicle solution (2% (hydroxypropyl) methyl-
cellulose with 2% Tween 80 in normal saline) for 4 consecutive
days, followed by daily monitoring of % P, body weight, and
body temperature. Chloroquine (50 mg/kg b. wt.) was taken as
the +ve control.
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Structures of in-house synthetic (quinolines and Azepino)
molecules (Table S1); in silico binding of Bedaquiline to
GAP50 seen at the end of 100 nsMD simulation, pictorial
representation of (a) water bridges between ligand and
protein, (b) binding cavity of ligand, (c) binding site
residues, and (d) RMSD plot of the protein and ligand
during the course of 100 ns simulation (Figure S1);
interaction mapping of Bedaquiline with GAP50, (a)
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interaction type between amino acids of GAP50 and
Bedaquiline (Figure S2); in silico binding of Brilacidin to
GAP50 seen at the end of 100 ns MD simulation, pictorial
representation of (a) water bridges between the ligand
and protein, (b) binding cavity of the ligand, (c) binding
site residues, and (d) RMSD plot of the protein and ligand
during the course of 100 ns simulation (Figure S3);
interaction mapping of Brilacidin with GAP50, (a)
interaction type between amino acids of GAP50 and
Brilacidin (Figure S4); in silico binding ofMMV688271 to
GAP50 seen at the end of 200 ns MD simulation, pictorial
representation of (a) water bridges between ligand and
protein, (b) binding cavity of ligand, (c) binding site
residues, and (d) RMSD plot of protein and ligand during
the course of 200 ns simulation (Figure S5); interaction
mapping of MMV688271 with GAP50, (a) interaction
type between amino acids of GAP50 and MMV688271
(Figure S6); in silico determination of the interaction type
and its stability between C. pareira lead molecules and
GAP50, (a) level of different interactions (hydrogen
bond, water bridges, etc.,) between Hayatinine and amino
acid residues of GAP50, (b) RMSD deviation of
Hayatinine bound with GAP50 (red curve), (c) level of
different bond formation between Curine and GAP50,
(d) RMSD deviation of Curine with respect to GAP50,
note, with similar structure of both these compounds,
they are interacting with different amino acids of GAP50
and are having a dissimilar protein−ligand RMSD plot
(Figure S7); in silico interactions of Hayatinine with
PfGAP50 as seen at the end of 100 ns MD simulation, (a)
involvement of water molecules in stabilizing the binding
of Hayatinine, (b) binding cavity of Hayatinine (note:
Hayatinine is bridging two different regions of the
protein), (c) amino acid residue constituting the
Hayatinine binding region (Figure S8); in silico
interaction of curine with PfGAP50 as seen at the end
of 200 ns MD simulation, (a) involvement of water
molecules in bridging association between Curine and
GAP50, (b) binding cavity of Curine, and (c) amino acid
residue constituting the binding region (Figure S9); FIC,
∑FIC, and Mean ∑FIC of lead compounds in
combination with standard antimalarial drugs (Table
S2); details of malaria proteins taken for cross-docking to
identify alternate targets for GAP50 inhibitors (Table
S3); proteins interacting with MMV688271, their
docking score, and MM-GBSA dG of the binding score
(Table S4); proteins interacting with Bedaquiline, their
docking score, and MM-GBSA dG of the binding score
(Table S5); proteins interacting with Brilacidin, their
docking score, and MM-GBSA dG of the binding score
(Table S6); proteins interacting with Hayatinine, their
docking score, and MM-GBSA dG of the binding score
(Table S7); proteins interacting with Curine, their
docking score, and MM-GBSA dG of the binding score
(Table S8); and differential activity of top eight
compounds (Table S9) (PDF)

Quinoline derivatives: in vitro activity of quinoline
derivative found to be interacting with GAP50; S2-
phytometabolites: in vitro activity of C. pareira phytome-
tabolites found to be interacting with GAP50; S2-
Pandemic box: in vitro activity of MMV Pandemic box
compounds found to be interacting with GAP50; S2-

Pathogen box: in vitro activity of MMV Pathogen box
compounds found to be interacting with GAP50 (XLSX)
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membrane complex; L.S.:late schizont; L.T.:late trophozoite;
MFQ:mefloquine; MM-GBSA:molecular mechanics general-
ized born surface area; MMV:medicines for malaria venture;
p.i.:postinvasion; PYR:pyrimethamine; R:rings; RBC:red blood
cell; RI:resistance index; SPR:surface plasmon resonance;
S:schizonts; SI:selectivity index; T:trophozoites
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