MAJOR ARTICLE

Small Molecule Targeting Malaria Merozoite
Surface Protein-1 (MSP-1) Prevents Host
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Malaria causes nearly 1 million deaths annually. Recent emergence of multidrug resistance highlights the need to
develop novel therapeutic interventions against human malaria. Given the involvement of sugar binding plasmo-
dial proteins in host invasion, we set out to identify such proteins as targets of small glycans. Combining multi-
disciplinary approaches, we report the discovery of a small molecule inhibitor, NIC, capable of inhibiting host
invasion through interacting with a major invasion-related protein, merozoite surface protein-1 (MSP-1). This
interaction was validated through computational, biochemical, and biophysical tools. Importantly, treatment
with NIC prevented host invasion by Plasmodium falciparum and Plasmodium vivax—major causative organisms
of human malaria. MSP-1, an indispensable antigen critical for invasion and suitably localized in abundance on
the merozoite surface represents an ideal target for antimalarial development. The ability to target merozoite in-
vasion proteins with specific small inhibitors opens up a new avenue to target this important pathogen.
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Malaria remains a major health concern for the devel-
oping world. Although recent trends suggest a progres-
sive decline, nearly 220 million malaria infections
(causing approximately 700 000 deaths) occurred
in 2010 alone (http:/www.who.int/malaria/world_
malaria_report_2011/en/). These data largely focus on
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Plasmodium falciparum infections in Africa and gravely
underestimate the contribution of Plasmodium vivax,
which may account for another 200 million infections
in Asia and South America. Thus, malaria against
which vaccine development efforts are still ongoing [1]
exerts an enormous burden on global human health
[2]. Efforts to treat malaria largely rely on chemothera-
peutic approaches to block parasitic replication besides
preventive measures targeting the mosquito vector. How-
ever, recent emergence of resistance against chloroquine
[3] and reduced efficacy of artemisinin [4] point to the
critical need for exploring new set of antimalarial targets.

Merozoite entry into erythrocytes is driven by com-
plex recognition events between parasitic proteins and
sugar moieties on the host red blood cells (RBC:s) [5, 6].
Merozoites bind to sialic acid residues on RBC recep-
tors for invasion [7], however, sialic acid-independent
invasion pathways have also been elucidated [8, 9].
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Although several plasmodial proteins play critical roles during
invasion, merozoite surface proteins (MSPs) and apical mem-
brane antigens (AMAs) have been the most studied. Among
MSPs, MSP-1 is considered a prime candidate for vaccine devel-
opment [10, 11]. It is required for the attachment of merozoites
to host receptors such as Band 3 [12] and for normal parasitic
development [13]. MSP-1 undergoes 2 proteolytic processing
steps during merozoite maturation [14]. Following cleavage,
MSP-1 complex remains noncovalently attached to the merozo-
ite surface until invasion, except for a small fragment of 19-kDa
from the C-terminus (MSP-1,¢) that remains attached to the
merozoite even after invasion. Antibodies targeting MSP-1,4
epitopes [15, 16] block merozoite invasion, illustrating a definite
invasion-associated role of this domain. In addition, MSP-1, is
involved in normal parasitic development [16] and food vacuole
formation [17].

Glycan derivatives interfere with replication and invasion of
P. falciparum [18-20]. Especially, sulfated glycosaminoglycans
are known to block merozoite [21] and sporozoite invasion
[22]. It has been shown that heparin blocks merozoite invasion
by binding to a specific domain of MSP-1 termed MSP-1;;
thereby preventing the secondary proteolytic processing [23].
Although MSP-1,, does not bind to heparin-like glycosamino-
glycan oligosaccharides [23], its ability to bind to small mole-
cules has not been investigated. In this study, we report the
identification of a small molecule, 2-butyl-5-chloro-3-(4-
nitro-benzyl)-3H-imidazole-4-carbaldehyde (NIC) capable of
binding to MSP-1,¢ of human malaria parasites: P. falciparum
and P. vivax. Using different approaches, we demonstrate that
NIC interacts with EGF-like domains present on MSP-1,.
These observations collectively point to the possibility of target-
ing plasmodial invasion proteins for antimalarial drug
development.

MATERIALS AND METHODS

Parasites and Reagents

Collection of blood for Plasmodium culture was verified and ap-
proved by the Institutional Review Board (IRB) of National
University of Singapore (NUS). P. falciparum strain 3D7 was
used for all experiments unless otherwise stated. Transgenic
parasites - D10-P/M3’ and D10-PcMEGF [24] were gifted by
Paul Gilson and Danny Wilson (Burnet Institute, Australia).
Various recombinant MSP-1,9 (MRA 47, MRA 48, MRA 55,
and MRA 60), antibodies (MRA 3, MRA 16), and parasites
(Dd2, K1, T9-94, W2-mef, and FCR3) were obtained from Ma-
laria Research and Reference Reagent Resource Center (MR4).
Parasites were synchronized by sorbitol selection or MACS sep-
aration (Miltenyi Biotec). Parasitemia was scored by flow cyto-
metric counting (LSRII flow cytometer- BD Biosciences) after
staining with Hoechst. Dose-response curve generation and
half maximal inhibitory concentration (IC50) determination

were performed with GraphPad Prism 5 using a four-parameter
logistic curve (variable slope).

Virtual Screening and Design of Novel MSP-1 Ligands

Insight II (Accelrys) was used for molecular modeling [25]. Au-
tomatic docking, clustering and energy minimizations [26] were
performed using LigandFit module. A cavity detection algo-
rithm and Monte Carlo conformational search algorithm were
used for generating ligand poses consistent with active site
shapes. Ligand poses at these sites were selected based on
shape matching, using a cutoff distance of 3 A. Structure
based high-throughput virtual screening method of LigandFit
(DS version 2.5) was used to identify potential ligands that
interact with MSP-1 (PDB ID: 1CEJ) using NCBI database
[27]. Glycan-mimetic small molecules such as KI-105,
DMBO, BIC, NIC, CIC, and DIC were synthesized as reported
[28]. These compounds were purified and characterized using
Agilent 1200 series LC system (Agilent ZORBAX, Eclipse-
XDB-C18, 5 pm, 4.6 mm x 150 mm).

Docking of Small Molecule Ligands to MSP-1,9

All ligands were subjected to LigandFit docking to determine
reasonable conformations for each low energy conformer at
the binding site. Initially, crystal structures of MSP-1,9 from
P. falciparum [29] (PDB ID: 1CEJ), P. vivax [30] (PDB ID:
2NPR) and P. knowlesi [31] (PDB ID: 1N1I) were used for
docking. Further, homology modeling of the MSP-1,5 domains
for P. chabaudi, P. malariae, and P. ovale were performed using
‘build homology modeling’ protocol by DS version 2.5.

SPR Measurements

SPR measurements were conducted using a Biacore T-200
instrument (Biacore, GE Healthcare). MSP-1,4 peptide was di-
rectly immobilized onto a flow cell on a CM5-S sensor chip
(Biacore, GE Healthcare) through standard amine coupling
[32]. An empty flow cell was used as control. Surface was
activated for 7 minutes with 1:1 mixture of 0.2 M N-ethyl-N’-
[3-(diethylamino)propyl]carbodiimide (EDC) and 0.05 M
N-hydroxysuccinimde (NHS). Different interactants (in 10 mM
sodium acetate, pH 4.0) was injected across the activated surface
at 10 pL/min until desired immobilization level of approximately
3000 RU was achieved. The surface was blocked with 7-minute
injection of 1 M ethanolamine-HCI, pH 8.5. Small molecules
were screened against the immobilized protein at a flow rate
of 30 uL/min, with a 60-second association phase and a 5-mi-
nute dissociation phase, in running buffer (20 mM Na,HPO,-
NaH,PO,, pH 7.4, 150 mM NaCl, 5% DMSO). Measurements
for affinity determination were performed under similar condi-
tions using 2-fold dilutions of 10 uM. Sensorgrams were double
referenced [33] and evaluated with Scrubber 2 software. Equilib-
rium responses against concentration were fitted to a simple 1:1
binding isotherm using a global Ry,.x. Each experiment was
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Table 1.

Summary of Docking and Scoring Analyses Among the Selected Small Molecule Scaffolds Against PFMSP-1;4

Ligand MW PLP1 PLP2 LigScore1 LigScore2 Jain PMF LIE Dock Score
NIC 321.7 82.9 65.0 2.6 1.2 -0.3 36.0 1.4 45.0
CIC 339.2 46.4 46.7 1.9 3.2 0.6 27.1 -34 33.5
BIC 415.7 58.0 43.1 1.3 4.1 -1.9 BHoY -1.3 37.6
DIC 283.7 66.5 71.6 2.4 3.2 3.3 -18.0 - 27.6
KI-105 379.3 55.6 42.3 1.1 38 2.4 44.6 -2.1 38.6
DMBO 373.4

Abbreviations: DS, dock score; Jain, empirical scoring function through an evaluation of the structures and binding affinities of a series of protein-ligand complexes;
LIE, ligand internal energy; PLP1, piecewise linear potential 1; PLP2, piecewise linear potential 2; PMF, potential of mean force.

carried out at least 3 times. To validate the selectivity of binding
and to approximately estimate the affinity constants, simulation
exercise were carried out as reported [34].

Localization and Affinity-enrichment of the Target Using
NIC-Biotin

NIC- biotin was synthesized by amine coupling of the aldehyde
group. Late-stage schizonts (approximately 45 hpi) were treated
with NIC-biotin for 4 hours, and aliquots were fixed (0.1%
paraformaldehyde/phosphate-buffered saline [PBS]) and per-
meabilized (0.2% Triton X100/PBS) in presence of Casein.
After washing, samples were incubated with phycoerythrin-
conjugated streptavidin (Invitrogen) and Hoechst for 30 min-
utes. Fluorescence microscopy was performed using an LSM
710 confocal microscope (Carl Zeiss). For affinity purifying
NIC-reactive proteins, schizonts (approximately 48 hpi) were
fractionated into extraparasitic and parasitic fractions by extrac-
tion with 0.02% saponin and 1% Triton X-100 sequentially.
Samples were then diluted 1:5 with 20 mM sodium acetate buft-
er (pH 5.5), treated with 50 uM NIC-biotin for 2 hours, and in-
cubated with streptavidin-agarose beads (Thermo Scientific).
After removing unbound proteins by centrifugation, pellet
was washed with PBS and proteins extracted for SDS-PAGE.
Coomassie staining was carried out to visualize polypeptides.
Protein bands were excised and subjected to MALDI/TOEF-
TOF analyses (4800 Proteomics Analyser- Applied Biosystems).
MS data were searched using MASCOT v 2.1 (Matrix Science
Ltd, London, UK) against NCBI Database. For examining
target-specificity, affinity enrichment experiments were per-
formed with (1) nonbiotinylated NIC, (2) in competition with
excess of NIC (100 uM), and (3) denatured (SDS/heat) sample.
Proteins bound to streptavidin beads were collected, resolved on
SDS-PAGE for Western blotting using anti-MSP-1 antibody.

Plasmodium vivax Ex Vivo Invasion Assays

During February 2012, samples from P. vivax infected patients
at Shoklo Malaria Research Unit (SMRU), Mae Sot region
(Thailand) were collected after written informed consent.
Cord blood was taken from 3 post healthy delivery placentas.
The samples were collected as per ethical guidelines in the

approved protocols: OXTREC 027-025 (University of Oxford,
Centre for Clinical Vaccinology and Tropical Medicine, UK)
and MUTM 2008-215 from the Ethics Committee of the Facul-
ty of Tropical Medicine, Mahidol University, Bangkok. Leuko-
cytes and platelets were removed using a CF11 column ([35])
before conducting P. vivax invasion assays as described else-
where [36]. An inert chemical intermediate of the synthetic
scheme, 2-butyl-5-chloro-4-carbaldehyde (BCI) at a concentra-
tion of 200 pM and 25 pg/mL of anti-Dufty receptor DARC an-
tibody (gift by Drs Colin and Bertrand; Institut National de la
Transfusion Sanguine, 75015 Paris, France) served as negative
and positive controls respectively. To determine invasion
rates, a 3 color cytometery method [37] using a field flow cy-
tometer (BD Accuri C6) was used. Flow cytometery data was
verified with Giemsa-stained smears using microscopy.

RESULTS

Identification of NIC as a Potential Ligand Against EGF-like
Domains of Plasmodial MSP-1
Antibodies targeting EGF-like domains on the C-terminal motif
(MSP-1,) prevent host invasion. We therefore set out to iden-
tify small molecules that can bind to MSP-1,9 domain as inva-
sion blockers. First, using the solution structure [29] a virtual
screening was performed to prioritize small molecules that
could interact with MSP-1,9 of P. falciparum. Based on this
screening, we chose KI-105 [38] and DMBO [39] that are
known to interact with EGF-like domain containing proteins
in other systems as promising ligands to interact with MSP-
1,0. However, neither KI-105 nor DMBO exhibited any antima-
larial activity against P. falciparum. Thus, we synthesized and
evaluated other related scaffolds such as BIC, NIC, CIC, and
DIC (Supplementary Figure 1A) as binders of MSP-1,,.
Among these, it was earlier demonstrated that NIC binds to vas-
cular endothelial growth factor (VEGF) resulting in reduced
cancer cell proliferation [40].

Based on these computational analyses, we posited that
NIC could bind with a higher affinity to EGF-like domains pre-
sent on MSP-1;9 compared to other structurally related
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Figure 1.
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P. falciparum
P. vivax
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P. malariae
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Prediction of NIC as a small molecule scaffold with potential binding affinity to MSP-14g of Plasmodium falciparum. A, energy minimized

structure of NIC highlighting its ionic functional groups (highlighted with arrowheads) is shown. B, Ribbon diagram of the structure of EGF-like domain
of PAVISP-14g in complex with NIC is shown. Secondary structure of the protein is shown with o-helices and B-strands, whereas NIC is represented in ball-
and-stick model (green for carbon, blue for oxygen, white for hydrogen, and yellow for sulphur). C, Interaction map showing the key amino acids at PFMSP-
149 that are positioned to make interactions with NIC. The hydrogen bonding is shown in red. D, Sequence alignment of C-terminal residues of MSP-1,g of
various plasmodial species: conserved amino acid residues are in blue, residues that are likely to interact with NIC are highlighted in red. Abbreviation: NIC,

2-butyl-5-chloro-3-(4-nitro-benzyl }-3H-imidazole-4-carbaldehyde.

compounds (Table 1). The energy-minimized structure of NIC
is highlighted in Figure 1A. The ribbon diagram showing the
structure of EGF-like domain of PMSP-1,4 in complex with
NIC is shown as a ball-and-stick model (Figure 1B). Based on
the structural complex of NIC with PMSP-1,4, the key residues
positioned to make contact with NIC included Lys29, Cys30,
Leu31, Leu32, Asn33, Tyr34, Lys35, and GIn36. NIC was likely
to form additional bonds with Glu51, Asn52, Asn53, Gly54 and
Gly55 (Figure 1C). Also, it appears that NIC has the unique
ability to bind to MSP-1,4 through its ionic nitro-group on
the benzene ring making it the most suitable ligand. Sequence

alignment of residues within the EGF-like domains of MSP-1,,
from multiple plasmodia revealed remarkable conservation of
key residues that are positioned to make contact with NIC (Fig-
ure 1D). Many of these conserved residues were within epitopes
recognized by invasion-blocking antibodies against MSP-1.

NIC Specifically Interacts with PAMSP-1,4

Computational analyses predicted that among KI-105 variants
(BIC, NIC, CIC, and DIC), NIC had the highest binding affinity
to MSP-1;4. This was validated via surface plasmon resonance
(SPR) measurements using recombinant PfMSP-1,5, where
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Figure 2.

NIC interacts specifically with MSP-144 of Plasmodium falciparum. A, SPR Interaction analysis of NIC over immobilized PAVISP-14g. Immobi-

lization was performed by amine coupling to a CM5 sensor chip to the level of 3000 RU. NIC (concentrations) was injected sequentially over the relevant and
control surfaces. The sensorgrams were fit using the steady state affinity model from Scrubber software. Each experiment was carried out at least 3 times to
confirm the results. B, Experimental values of Req for the corrected sensorgrams were compared to the simulated values for Ky =10 yM and 50 pM. The
value for the affinity constant cannot be determined from equilibrium analysis (see results) and was estimated to be between these 2 values (37 pM as
calculated from the fit). C, Fluorescent microscopy analyses using NIC-biotin reveals the target on merozoite surface, co-localizing with MSP-144-GFP. D,
Affinity purification of proteins using 50 M NIC-biotin shows specific enrichment of MSP-149. Magnet purified parasites were fractionated into extrapar-
asitic and merozoite fractions and incubated with NIC-biotin. SDS-PAGE analysis of biotinylated proteins showed specific enrichment of a polypeptide later
confirmed to be MSP-144 by mass spectrometry analysis and Western blot. £, Affinity pull-out experiments of parasitic material using 50 pM NIC-biotin (lane
A), 50 uM NIC (lane B), 100 pM NIC followed by 50 pM NIC-biotin (lane C), and under denaturing conditions (lane D). The latter 3 conditions significantly
reduced the extent of PAVISP-1,4 enrichment. Abbreviation: NIC, 2-butyl-5-chloro-3-{4-nitro-benzyl)-3H-imidazole-4-carbaldehyde.

none of the small molecules showed detectable binding to PMSP-
1,9 except NIC (Figure 2A). Notably, BCI, which served as the
negative control as well as heparin, showed no measurable inter-
action with MSP-1,4 as expected from previous reports [23].
We determined the affinity constant from a fit to a simple
binding isotherm in an equilibrium analysis, with an estimated
value in the tens of micromolar range (approximately 37 pM;

Figure 2B). Because we could not reach saturation of the surface
due to lack of solubility of NIC at high concentrations (under
conditions used for SPR measurements), and thus the calculat-
ed value of Rmax could not be precise, we chose to show the
range for the value of affinity constant by simulating the Req
values vs the NIC concentration for affinities of 25 and 50 pM
and plotting the experimental values for Req at different
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Figure 3. Evaluation of invasion-blocking properties of NIC in Plasmodium falciparum. A, Dose-dependent effect of 4 major small molecule scaffolds on
the replication of P. falciparum; NIC shows a significant and specific inhibition of parasite replication (transition from schizonts to ring) with an average IC50
of 21.7 uM, error bars show standard deviation, the figure represents compiled data from 3 independent experiments. B,RBCs preincubated with NIC and
washed prior to parasite infection, supports normal invasion and growth ruling out nonspecific binding of NIC to red cell proteins. C, Microscopic analysis of
representative Giemsa-stained smears from inhibitor-treated parasites (DMSQ, BCI, BIC, NIC, DIC, and CIC each at 25 pM) demonstrate that treatment with
NIC resulted in an invasion defective phenotype, clumps of extracellular merozoites that were unable to invade was observed. None of the other inhibitors
induced similar phenotypes at the tested concentration. D, Stage-specific effect of NIC (25 pM) on P. falciparum development demonstrating a specific
inhibitory effect on invasion. £, The inhibitory effect of NIC on red cell invasion by purified merozoites, the figure shows combined data from 4 independent
experiments and error bars indicate standard deviation. £, Transgenic parasites (PcMEGF) that contain MSP-14g from Plasmodium chabaudi (PeMSP-14g) at
schizont stages were allowed to rupture and invade in presence of NIC. These parasites showed increased sensitivity to NIC compared to wild-type (PfM3’)
parasites. The figure represent combined results from 3 independent experiments, error bars show standard deviation. G, Transgenic parasites (PcMEGF)
that contain MSP-144 from Plasmodium chabaudi (PeMSP-14g) when allowed to rupture and invade in presence of BCI, showed no differences in their
sensitivity. The figure represents combined results from 3 independent experiments; error bars show standard deviation. Abbreviation: NIC, 2-butyl-5-
chloro-3-{4-nitro-benzyl }-3H-imidazole-4-carbaldehyde.
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concentrations of NIC, as adopted elsewhere [34]. Figure 2B
shows that the values of responses for the measured interaction
between NIC and PfMSP-1,, do fall between 25 and 50 uM.

To validate the interaction of NIC with its parasitic target, we
first conducted co-localization experiments using NIC-biotin
(Supplementary Figure 1B and 1C) that has comparable
invasion inhibitory effects on malaria parasites as NIC (Supple-
mentary Figure 1D). Using a parasite line that expresses MSP-
1,9-GFP, we observed co-localization of NIC-biotin with MSP-1
in late-stage schizonts (Figure 2C). In contrast, ring or tropho-
zoite stage parasites when very little MSP-1 is present showed
no detectable labeling with NIC-biotin (Supplementary
Figure 1E). However, due to the dispersed nature of GFP distri-
bution in these parasites [41], it was not possible to conclusively
document co-localization. Hence, fluorescence microscopy was
repeated using antibodies against MSP-1,4 together with NIC-
biotin (Supplementary Figure 1F); further supporting an
interaction between NIC and MSP-1,.

Next, we used NIC-biotin to identify parasitic targets. Schiz-
ont-stage parasites were fractionated into infected red cell/ex-
traparasitic (iRBC) and parasitic fractions by differential
extraction using saponin [42]. Further, each sample was incu-
bated with 50 uM NIC-biotin and then with streptavidin-
agarose beads to affinity purify proteins that interact with
NIC. Aliquots from unbound and bound fractions from each
sample were resolved on SDS-PAGE and polypeptides visual-
ized by Coomassie staining. Enrichment of a low molecular
weight protein (Figure 2D) was observed from the parasitic frac-
tion and was identified as MSP-1,, through mass spectrometry
(Supplementary Figure 1G). Importantly, no other proteins, in-
cluding MSP-133, the target of heparin as reported previously
[23], were enriched in the NIC-bound fraction. Specificity of
NIC-biotin binding to MSP-1;4 was confirmed by conditions
such as (a) performing affinity-enrichment from parasitic ex-
tracts with NIC, (b) pretreatment of the extract with 100 uM
NIC prior to incubation with NIC-biotin, and (c) by performing
NIC-biotin incubation after denaturing the sample with SDS/
heat (Figure 2E). As expected, pretreatment with excess NIC
significantly reduced (30%-50%) the affinity enrichment of
MSP-1,5 by NIC-biotin. Due to the multiple steps involved in
this experiment where each sample was processed individually,
these results are primarily qualitative.

NIC Blocks P. falciparum Replication by Impairing Merozoite
Invasion

Assays were performed on several P. falciparum strains to eval-
uate the effect of the small molecules on erythrocytic develop-
ment. Trophozoite-stage parasites (approximately 24 hpi) were
allowed to grow until the next cycle in presence of inhibitors.
DMSO and BCI served as negative controls; 48 hours later, sam-
ples were collected, stained with Hoechst, and parasitemia
scored by flow cytometry. Among the scaffolds tested, only

Table 2. Effect of NIC on Various Strains of Plasmodium
falciparum, Based on Replication Assays (Using Schizont-Stage
Parasites)

IC50 (uM)

Parasite Strains BCI NIC

3D7 >200 21.7+6.2
Dd2 >200 21.0+£0.1
FCR3 >200 20.0+04
K1 >200 225+65
T994 >200 236+24
W2-mef >200 21.6+8.3
W2-mef (NM) >200 22.3+6.6

The values represent compiled results from 3 independent experiments.
Abbreviations: BCI, 2-butyl-5-chloro-4-carbaldehyde; 1C50, half maximal
inhibitory concentration; NIC, 2-butyl-5-chloro-3-(4-nitro-benzyl)-3H-imidazole-
4-carbaldehyde.

NIC inhibited parasite replication (Figure 3A) with a median
IC50 of 21.7 uM. Potential nonspecific interaction of NIC with
red cell proteins was ruled out by preincubating RBCs with
NIC for 2 hours and washing them prior to mixing with late-
stage parasites. RBCs that were pretreated with NIC supported
normal parasite invasion and growth (Figure 3B). Microscopic
evaluation of Giemsa-stained smears revealed that NIC treatment
resulted in impaired merozoite invasion. Clumps of agglutinated
merozoites were observed in smears prepared from postrupture
time points (Figure 3C) after NIC treatment. NIC showed com-
parable inhibitory potential on a number of plasmodial strains
tested (Table 2) demonstrating a conserved target.

Further, ring stage parasites (approximately 12 hpi) were
treated with 20 pM NIC and phenotypes monitored at specific
intervals (15, 30, 45, and 60 hpi) using Giemsa-stained smears.
By 60 hpi, all the schizonts had ruptured and established rings
in the control (DMSO) treatments, whereas merozoites failed to
invade in presence of NIC (Figure 3D). The invasion inhibition
by NIC was confirmed by live video microscopy [43]. In pres-
ence of NIC, the schizonts appeared to burst slowly and despite
making initial contact with RBCs, merozoites failed to invade
even after several minutes (Supplementary Videos 2A and
2B). Next, invasion inhibition assays were conducted by mixing
purified merozoites [44] with fresh RBCs in presence of NIC.
This experiment revealed a strong and specific invasion inhibi-
tion in presence of NIC (Figure 3E). Negative control (BCI)
showed no significant inhibitory effects on invasion even at
200 uM. Although there are minor differences in the sensitivity
to the inhibitors of purified merozoites compared to intact
schizonts, these experiments provide strong evidence for the in-
vasion inhibitory activity of NIC. Furthermore, schizont-stage
parasites (approximately 45 hpi) were exposed for 2 hours to
NIC, and NIC was removed by washing. These parasites were
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Figure 4. NIC binds to AMSP-1,9 and shows anti-invasive activity against clinical isolates of Plasmodium vivax. A, SPR measurements using recom-
binant PMSP-14 reveal specific binding of NIC with the target antigen. Immobilization, the binding assay and the determination of the affinity were
performed as in Figure 2. B, Experimental values of Req for the corrected sensorgrams were compared to the simulated values for Kp =100 pM and
500 pM. The value for the affinity constant cannot be determined from equilibrium analysis (see results) and was estimated to be between these 2 values.
C, An ex vivo assay on 6 Thai isolates of P. vivax showed that NIC had a dose-dependent inhibitory effect on the invasion of human cord reticulocytes
by P vivax, as determined by flow cytometry; BCl as well as an antibody against Duffy protein served as negative and positive controls, respectively.
D, Microscopic analyses of the Giemsa-stained smears collected from inhibitor-treated cultures reveal blockage of invasion by P. vivax in presence of
NIC. E Compiled data derived from the treatment with NIC of 6 Thai P. vivax isolates analyzed using a nonlinear sigmiodal model provide a median
IC50 of 23.6 M. Abbreviations: IC50, half maximal inhibitory concentration; NIC, 2-butyl-5-chloro-3-(4-nitro-benzyl)-3H-imidazole-4-carbaldehyde.

able to invade efficiently, revealing NIC’s specific inhibitory ef-
fect solely on invasion (Supplementary Figure 1H).
Computational docking revealed that NIC was likely to have
superior binding affinity to MSP-1,, of P. chabaudi (Supple-
mentary 3A) compared to PMSP-1,,. Hence, we used a trans-
genic strain of P. falciparum (PcMEGF) that has PcMSP-14
swapped in [24] to evaluate its sensitivity to NIC. Dose-
dependent effect of NIC on replication of PcMEGF was

examined together with the control parasites (PfM3’) that con-
tain the original PAMSP-1,,. This revealed significantly higher
sensitivity of the PC(MEGF parasites to NIC (Figure 3F) com-
pared to PM3’, in agreement with the computational predic-
tions. BCI-treated parasites (PfM3’ and PcMEGF) served as
controls and showed no apparent differences in sensitivity (Fig-
ure 3G). These data functionally validate the interaction be-
tween NIC and MSP-1,4, leading to impairment of invasion.

Invasion Proteins as Drug Targets Against Human Malaria e JID 2014:210 (15 November) o 1623


http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiu296/-/DC1
http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiu296/-/DC1
http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiu296/-/DC1
http://jid.oxfordjournals.org/

NIC Inhibits P. vivax Invasion

The residues within EGF-like domains of MSP-1,,, are signifi-
cantly conserved among multiple plasmodia. Computational
analyses predicted that MSP-1,4 from several human malaria
parasites were likely to bind to NIC (Supplementary 3B).
Hence, we inspected the interaction of NIC with PvMSP-1,,,
EGF-like domains of which are critical for reticulocyte invasion
[45] by P. vivax. SPR measurements using recombinant PvMSP-
1,9 confirmed specific interaction of NIC with the target
(Figure 4A), however with lower affinity compared to PMSP-
1,9 (Figure 4B). The effect of NIC on ex vivo invasion of
P. vivax into human reticulocytes was tested using a recently de-
veloped assay [36]. Purified schizonts from clinical isolates were
mixed with enriched reticulocytes in presence of different
amounts of NIC. BCI-treated parasites served as negative con-
trol while an anti- Duffy antibody (2C3) that blocks invasion at
25 pug/mL concentration served as positive control. After 24
hours, newly invaded reticulocytes were counted by a field-
based flow cytometry assay [36] (Figure 4C). A concentration-
dependent inhibition of invasion by NIC on P. vivax merozoites
was observed with an average IC 50 of 23.6 uM. BCI showed
no inhibition even at 100 uM concentration. These results were
further verified by microscopic inspection of Giemsa-stained
blood smears (Figure 4D). In BCI-treated samples, robust inva-
sion was observed (Figure 4D, upper panel), whereas very few
ring-stage infections were found in samples that were incubated
with 25 or 100 uM NIC (Figure 4D, middle and lower panels).
Finally, 6 independent analyses were carried out using different
field isolates—all of them demonstrated dose-dependent inhibi-
tion of invasion caused by NIC (Figure 4E), with a Median IC50
of 23.6 uM (IQR 16.9-27.24). These observations are consistent
with other results and strongly support the idea that NIC has
broad affinity to MSP1;, from multiple forms of human malaria.

DISCUSSION

Host invasion by plasmodia is facilitated by coordinated action
of merozoite surface proteins [46], proteases [47,48],and signal-
ing molecules such as calcium [49]. Extracellular merozoites
have a short life span; they become nonviable within minutes
of release making strategies targeting invasion an attractive
proposition. Prior research explored invasion-related proteases
[47, 48] as well as antibodies for potential therapeutic develop-
ment. However, the likely off-target effects of protease inhibi-
tors and permeability limitations of antibodies hinder these
approaches significantly.

Chemical biology tools allow detailed and targeted investiga-
tion of complex biological events, such as malaria parasite inva-
sion. MSP-1 is the most abundant invasion protein and binds to
glycan residues on RBC to initiate host entry. The smaller frag-
ment derived from MSP-1 processing; MSP-1, is critical for in-
vasion and parasite development. It shows less polymorphism

(within its EGF-like domains) highlighting suitability as a
pan-plasmodial target. We conducted in silico and in vitro
screening to identify a small molecule, NIC with significant
binding affinity to both recombinant and parasitic PMSP-1;4
that inhibits merozoite invasion. Although at this stage we do
not fully understand the detailed molecular mechanism leading
to invasion inhibition by NIC binding to MSP-1, our results
represent a major advancement in the hunt for antimalarials
with pan-species efficacy. NIC was able to bind to MSP-1 and
inhibit invasion not only upon merozoite release but also within
late-stage schizonts. This highlights the permeability advantages
of small molecules over therapeutic antibodies. Efforts to opti-
mize molecular structures from the NIC lineage with stronger/
irreversible binding properties to MSP-1 may provide a plat-
form to further consider these molecules for in vivo experi-
ments and detailed pharmacological profiling.

The abundance, accessible cellular localization, and indis-
pensable nature of invasion proteins make them promising
drug targets. In the Plasmodial genome, there are several pro-
teins with putative EGF-like domains. Other members of the
MSP family, MSP4 and MSP8 as well as lesser-known proteins
such as PF3D7-1403200 and PF3D7-1002300 (www.plasmodb.
org) contain such domains. It would be desirable to study these
proteins/domains as candidate targets to design small molecule
scaffolds, individually or as a “group target.” Designing small
molecules to target invasion proteins offer a viable option in
the development of a resistance-free drug against human
malaria.
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Supplemental Material

S1: (A) Chemical structures of all the small molecules that were designed and
tested as MSP-149 ligands as part of this study are provided (B) Separation and
isolation of NIC-biotin (MW: 599.18) using HPLC (C) Molecular structure of NIC-
biotin synthesized through amine coupling of biotin to NIC (D) Comparison of
invasion inhibitory activity of NIC and NIC-biotin on parasite invasion (E) Labeling
and visualization of ring and trophozoite stage P. falciparum using NIC-biotin,
early stage parasites show no detectable labeling with NIC-biotin, in agreement
with low levels of MSP-1 expression during early stages of parasite development
(F) Co-localization of MSP-1 (using an antibody) and NIC-biotin using
immunofluorescence microscopy (G) Mass spectrometric identification of MSP-149
fragments through affinity enrichment using NIC-biotin. NIC-biotin pulled out MSP-
119 from parasitic fraction while the iRBC fraction showed non-specific enrichment
of red cell globin. (H) Schizont-stage parasites incubated with NIC followed by NIC

removal prior to egress/ invasion shows no significant inhibition of invasion.

S2: (A) Live video (Representative) of P. falciparum schizonts during rupture after
treatment with BCl. Most merozoites from such treatments were released and
invaded fresh RBCs within 2 minutes. (B) Live video (Representative) of P.
falciparum schizonts during rupture after treatment with NIC. Treatment with NIC
slowed down schizont bursting and the released merozoites failed to invade even

after several minutes and eventually became no viable.



S$3: (A) Summary of docking and scoring analyses of NIC against PcMSP-
119 in comparison to PAMISP-149. Docking exercise revealed significantly higher
binding affinity of PcMSP-14¢ to NIC compared to PAMMSP-149. (B) Summary of
docking analyses between NIC and MSP-145 of various malarial species that
infect humans. This exercise demonstrated that NIC has comparable affinities

to the target antigen of all species.
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Supplemental: S3A

Plasmodium falciparum
NIC 321.7 82.9 65.0 2.6 1.2 -0.3 36.0 14 45.0
Plasmodium chabaudi (Homology Model)

NIC 321.7 49.2 37.8 2.7 3.9 -1.3 50.4 -5.3 51.2

Supplemental: S3B

Plasmodium vivax (PDB ID: 2NPR)
NIC 321.7 42.9 374 2.0 35 -1.5 14.6 -2.2 28.8
Plasmodium malariae
NIC 321.7 56.0 51.6 1.8 3.8 0.5 13.0 -3.6 36.1
Plasmodium ovalae

NIC 321.7 37.9 36.1 1.6 3.4 0.6 105.7 -3.5 30.9

(Abbreviations: PLP1: Piecewise Linear Potential 1, PLP2: Piecewise Linear
Potential 2, LigScore1 & 2: (fast, simple, scoring function for predicting receptor-
ligand binding affinities), Jain: empirical scoring function through an evaluation of
the structures and binding affinities of a series of protein-ligand complexes, PMF:
Potential of Mean Force, LIE: ligand internal energy, DS: Dock Score).
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