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Identification of New Candidate Inhibitors Able to
Prevent Erythrocyte Invasion in Malaria by Drug
Screening

Sitma Hastaliginda Eritrosit Istilasim Engelleyebilen Yeni Aday
Inhibitorlerin Ila¢ Taramast ile Belirlenmesi
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ABSTRACT

Objective: In Nowadays malaria still remains the parasitic disease causing the highest number of deaths, accounting for 619,000
fatalities. The Plasmodium parasites that cause malaria have separate life cycles in both humans and female Anopheles mosquitoes,
existing in various forms throughout this process. The main reason for observing the disease is that merozoites sustain their
existence by invading erythrocytes. Existing drugs affect the parasite’s ability to digest hemoglobin. Drug resistance is also
involved in this process. In this study, have been focused to develop new drug candidate molecules for evade drug resistance. To
evade drug resistance, the aim was to prevent merozoites from invading erythrocytes.

Methods: The invasion of merozoites into erythrocytes consists of several stages: Attachment, deformation, apical junction
formation, and tight junction formation. For this purpose, the docking calculations have been done between the invasion proteins
such as MSP1, pvDBP, phRH5, AMA1 and candidates. The candidates obtained from the malaria box set were subjected to
conformational scanning and geometry optimization in the Spartan’14 program to determine their physicochemical properties.
According to the obtained results from the AutoDock Vina and multiple regression analyses were conducted for each protein to
examine the relationship between binding affinities and the calculated physicochemical parameters of the candidates.

Results: In the regression study of 200 molecules examined for 4 different proteins, 108 molecules were included for DBP, 96 for
MSP1, 90 for AMAL1 and 96 for RH5, and 21 common molecules were observed for all proteins.

Conclusion: Twenty-one molecules showed correlation with the proteins studied. Among these molecules, MMV019074,
MMV019662 and MMV665881 were suggested as candidate drug leads in terms of their binding affinities, physicochemical
properties and SwissADME values.
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Amag: Ginumizde sitma, 619.000 élimle en ¢ok 6lime neden olan paraziter hastalik olmaya devam etmektedir. Sitmaya
neden olan Plasmodium parazitlerinin hem insanlarda hem de digi Anopheles sivrisineklerinde ayr1 yagam dongiileri vardir ve bu
stire¢ boyunca cesitli bicimlerde var olurlar. Hastaligin gézlemlenmesinin temel nedeni, merozoitlerin eritrositleri istila ederek
varliklarini siirdiirmeleridir. Mevcut ilaclar parazitin hemoglobini sindirme yetenegini etkiler. fla¢ direnci de bu siirecte yer alir. Bu
calismada, ilag direncinden kacinmak i¢in yeni ilag aday1 molekiilleri gelistirmeye odaklanilmstir. fla¢ direncinden kaginmak icin
amag, merozoitlerin eritrositleri istila etmesini énlemekti.

Yontemler: Merozoitlerin eritrositlere invazyonu birka¢ asamadan olugur: Tutunma, deformasyon, apikal baglant: olusumu ve
stk1 baglanti olusumu. Bu amagla, MSP1, pvDBP, phRH5, AMA1 gibi istilac1 proteinler ile adaylar arasinda kenetleme hesaplamalari
yapilmistir. Malaria box setinden elde edilen adaylar, fizikokimyasal ézelliklerini belirlemek i¢in Spartan’l4 programinda
konformasyonel tarama ve geometri optimizasyonuna tabi tutulmugstur. AutoDock Vina'dan elde edilen sonuglara gére, her
protein i¢in baglanma afiniteleri ile adaylarin hesaplanan fizikokimyasal parametreleri arasindaki iligkiyi incelemek i¢in ¢oklu
regresyon analizleri yapildi.

Bulgular: Dért farkhi protein icin incelenen 200 molekiiliin regresyon caligmasinda DBP i¢in 108, MSP1 i¢cin 96, AMA1 icin 90 ve
RHS5 i¢in 96 molekiil dahil edilmis olup tim proteinler i¢in 21 tane ortak molekil oldugu gozlenmistir.
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Sonug: Yirmi bir molekiil ¢caligilan proteinlerle korelasyon gosterdi. Bu molekiiller arasinda, baglanma afiniteleri, fizikokimyasal ézellikleri ve SwissADME
degerleri agisindan MMV019074, MMV019662 ve MMV665881 aday ilag énciileri olarak 6nerildi.

Anahtar Kelimeler: Kenetleme, eritrosit, sitma, malaria box, merozoit

INTRODUCTION

Malaria is an acute febrile disease caused by Plasmodium parasites
transmitted by female Anopheles mosquitoes. The life cycle
of the parasites starts when sporozoites are injected into the
skin by female Anopheles mosquitoes. Due to environmental
changes and immune factors, sporozoites need to quickly reach
the liver (1). During this process, sporozoites utilize surface
proteins like circumsporozoite protein and thrombospondin-
related anonymous protein to pass through Kupffer macrophage
cells, which are the first obstacle they encounter, and invade
hepatocytes (2,3). After sporozoites transform into schizonts
within hepatocytes, the schizonts release merozoites into the
bloodstream by rupturing the hepatocyte.

After merozoites invade erythrocytes, it leads to the appearance
of the disease’s symptoms. The invasion process begins with the
merozoite surface protein 1 (MSP1) attachment to the erythrocyte
surface. Moreover, the MSP1 proteins abundantly present on the
surface are highly polymorphic due to being exposed to a large
number of antibodies (4). In the next stage, erythrocyte binding
antigen (EBA) proteins and reticulocyte binding protein homologs
(RH) move the merozoite towards erythrocytes. Thus, facilitating
contact between the merozoite apex and the erythrocyte. The apex
of the merozoite then attaches to the erythrocyte by the pfRHS
protein and becoming ready for invasion. Rhoptry neck protein
2 (RON2) is released from the rhoptry secretory organelles and
binds to the erythrocyte surface. This allows Apical Membrane
Antigen 1 (AMA1) protein to attach to the erythrocyte. The
merozoite establishes a mobile tight junction with the AMA1-
RON2 complex, to infect the erythrocyte (5). The stages of
erythrocyte invasion are shown in Figure 1.

Merozoites differentiate into male and female gametocytes by
invading erythrocytes. During erythrocyte invasion, not all
merozoites differentiate into gametocytes; some of them revert
back to merozoites after erythrocyte invasion. Once gametocytes
are formed, the human life cycle comes to an end. When an
infected individual is bitten by a mosquito again, the gametocytes
are transferred to the mosquito (6). After erythrocyte invasion,
the parasites sustain their lives by utilizing hemoglobin digestion
within the erythrocyte. Trophozoites take up hemoglobin into
the cytoplasm through endocytosis, creating a digestive vacuole
with a pH of 5.2. Heme molecules produced from hemoglobin
breakdown are detoxified inside this vacuole because of their
toxic nature (7). All drugs that affect the current blood stage are
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Figure 1. Erythrocyte invasion stages of merozoite (created
with BioRender.com)

used to prevent the detoxification of heme molecules, and all
resistance mechanisms develop along this pathway. Merozoites
can compensate for any issues that may arise during erythrocyte
invasion by establishing alternative pathways (8).

Therefore, this study, to target merozoite erythrocyte invasion
by inhibiting pvDBP, MSP1, AMA1, and phRH5 proteins to
evade resistance mechanisms. It has been demonstrated that
the C-terminal region of the MSP1 protein (MSP1 19) binds to
and inhibits the protein by targeting amino acids 29-36 and 51-
56 through a ligand called NIC (9,10). In this context, the same
region has been selected as the target binding sequence. The
EBL protein family, which only has one member called the DBP
protein in P. vivax, utilizes Duffy binding-like domains to attach
to erythrocyte receptors (11). To determine the compatibility
of the binding region of pvDBP with other proteins, sequence
alignments were performed between erythrocyte membrane
protein 1 (EMP1), EBA175 (12), EBA140 (13), and pvDBP. The
DBP-Duffy Antigen Receptor (DARC) complex was found to be
the preferred option (the aligned proteins are 4ANUU_A, 1ZRO_A,
AUF72533, 4GF2_A, and SBT76215). According to Batchelor
et al. (11), the binding site of the PhRHS5 protein involved in
the RH5-basigin interaction, which is responsible for binding,
has been identified as the active region. The protein has a pdb
code of 4WAT (14). The active region amino acids for the AMA1
protein have been selected as the ones that interact with the
AMA1-R1 inhibitor (15) and the AMA1-pfRON2 (16) complex in
the 3SRI structure (17). Docking was done with these proteins
and molecules in the “Malaria box” molecule set published by the
Medicines for Malaria Venture Foundation. Thus, the correlation
between the physicochemical properties of molecules and their
binding affinities was studied.This novel approach provides a new
drug and treatment pathway.

Additionally, the MMV020291 molecule from the study of Dans
et al. (18) was preferred to compare binding affinities with
experimental data. MMV020291, a molecule from the “Pathogen
box” set published by the Medicines for Malaria Venture
Foundation. It was observed that MMV020291 was in the
deformation and tight junction stages specified in Figure 1. For
this reason, the binding affinities of MMV020291 were accepted
as the threshold value for the molecules to be recommended.

METHODS

As a target proteins pvDBP, MSP1, AMAI, and phRH5 were
selected, which play a crucial role in the erythrocyte invasion
mechanism mentioned above, have been identified for the
binding procedures. The crystal structures of the these proteins
were selected from the RCSB Protein Data Bank (19) as follows:
pdb id: 4NUU, 1B9W, 3SRI and 4WAT. The central coordinates
of the active region of the selected protein structures for the
binding procedures are specified in Table 1, and the grid box has
been scaled to 35x35x35A°. The binding studies were performed
using the AutoDock Vina program (20), and the interaction maps
and visualization processes were carried out using the BIOVIA
Discovery Studio Visualizer program (21).
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Table 1. The grid box coordinates

PDB ID X Y Z

4NUU 47.655875 -44.833875 98.381875
1BOW -3.335750 20.720000 53.636500
3SRI 9.933917 -1.080167 3.548250
4WAT 46.476750 38.165625 51.009750

The determine the binding and inhibition constants of new
candidate drug molecules for treating malaria are crucial. To
achieve this, 200 molecules were selected from the “Malaria box”
molecules that target the blood stage (22). The chosen molecules
went through a process of conformational searching using the
molecularmechanics force field (MMFF) method, with singlebonds
being rotated in 60° increments in the Spartan’14 program (23) to
obtain their most stable conformer structures. The molecules with
stable conformers then underwent geometry optimizations using
the semi-empirical PM6 method. Additionally, the drug-likeness
potential of the candidate molecules was investigated using the
SwissADME program (24). Their compliance with Lipinski’s rules
(25) was also assessed in the study.

Statistical Analysis

Linear correlations between binding affinities against
physicochemical parameter values such as lipophilicity (LogP),
dipole moment, molecular weight (M, ), volume (V), number of
rotatable bonds (NRB) and topological polar surface area (TPSA)
calculated as a result of geometry optimizations were determined

using the Excel program (26).

RESULT

In this context, new candidate drug molecules targeting the
4WAT, 4NUU, 3SR, and 1B9W pdb coded structures responsible
for erythrocyte invasion in malaria treatment’s blood stage were
identified using computational methods. Table 2 displays the
molecular weight (M, ), TPSA, NRB, LogP, dipole moment (), and
hardness [N=(E,,,,-E, o)/ 2] values, and SwissADME maps for 21
molecules that displayed correlation with all the proteins among
the chosen 200 molecules (calculated parameters and binding
affinity values for 200 molecules are shown in Supplementary
Tables 1-3). The table also includes values for the MMV020291
structure. In the SwissADME maps that provide the initial criteria
for drug-likeness in a collective manner, it was observed that only
the compound with the number MMV665881 exceeded the limit
value at the unsaturation point. However, all the other suggested
candidate molecules meet Lipinski’s drug-likeness criteria.

In this study, different affinity values were observed based on
the QSAR parameters of the examined molecules. The binding
affinity values for the reference structure MMV020291 were
obtained as -7.1 and -7.7 kcal.mol® for the protein structures
with pdb codes 4NUU and 3SRI, respectively. On the other hand,
experimental data such as toxicity and inhibition were examined
for the 200 molecules. In the binding calculations between the
4NUU pdb coded protein structure and the molecules, the binding
affinities of MMV665881, MMV019074, and MMV019662 were
calculated as -7.8, -8.2, and -8.4 kcal.mol, respectively. For the
3SRI protein structure, the binding affinities of these molecules
were calculated as -9.0, -8.2, and -8.9 kcal.mol?, respectively.
Based on the obtained binding energies, it can be observed

that the increase in affinity compared to the reference molecule
MMV020291 is approximately 3 to 20 times for the 3SRI protein
structure and between 5 to 20 times for the 4NUU structure.

In the conducted experimental studies, inhibition could not
be achieved with the 1BO9W and 4WAT pdb-coded structures,
which are defined as the first and third stages of erythrocyte
invasion stages, respectively (attachment and apical junction
formation). However, in the binding studies, affinity values
of -6.4 and -7.0 kcal.mol® were obtained for these structures
with the MMV020291 reference molecule. On the other hand,
it was determined that the increase in binding affinity for the
prominent candidate structures MMV665881, MMV019074, and
MMV019662 from the examined molecule set ranged from 2 to
8 times.

In the literature, experimental inhibition tests were conducted
by Voorhis et al. (22). When Table 3 is examined, it can be
observed that the structures MMV019662 and MMV019074
provided inhibition in both early and late ring stages for the HB3
strain. On the other hand, the structure MMV665881 inhibited
subsequent steps instead of the targeted inhibition steps. The
selected molecules exhibited nearly complete inhibition in the
Plasmodium 3D7 strain, where no drug resistance was observed.
However, achieving our main goal, these molecules particularly
MMV019662, MMV665881, and MMV019074, demonstrated
over 70% inhibition in the Plasmodium DD2 strain, which is
known for chloroquine resistance, indicating their potential to
evade resistance mechanisms.

When the physicochemical parameters of the candidate molecules
listed in Table 2 were examined, a clear trend between calculated
logP, hardness, and TPSA values and binding affinities could not
be observed. However, a more distinct trend was obtained with
the dipole moment (p) and molecular weight (MW) properties.
It is observed that the logP value, which has an effect on binding
affinity, varies between 0.88 for the reference MMV020291
structure and in the range of (-1.41) - (+1.86) for the other
prominent molecules. According to this, a very sharp change
between logP values and binding affinity has not been observed.
On the other hand, decreased dipole moment (pt) has been shown
to impact binding affinity. The structure MMV019662, which
h showed the highest affinity, has a dipole moment of p=3.92,
while the reference molecule MMV020291 has a dipole moment
of p=6.17. The decrease in the dipole moment (u) of the other
molecules given in Table 2 has resulted in higher binding affinities.
It’s important to mention that there is a clear correlation between
higher molecular weight (M) values and a stronger binding
affinity.

In the significant regression analyses obtained from the
correlation curves performed for 6 different parameters with the
calculated values given in Table 2 (using Microsoft Excel), a total
of 107, 96, 90, and 96 candidate molecules have been included
in the regression curves for the 4NUU, 1BOW, 3SRI, and 4WAT
pdb-coded structures, respectively (molecules included in the
regressions are shown in Supplementary Tables 4-7). The results
are provided in Table 4 below. Furthermore, when the reference
structure MMV020291 was included in the multiple regression
analysis, no correlation was observed. In order to explain the
binding affinities and identify important amino acids, interaction
maps with the active site amino acids were generated for the
candidate molecules MMV019662, MMV665881, MMV019074,
and the reference structure MMV020291. The Table 5 provides
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Table 2. 2D plots, SwissAdme maps, calculated logP, p, 1, MW, NRB, TPSA values and binding affinities (kcal.mol-1) of examined

structures for 4WAT, 4NUU, 3SRI and 1B9W protein structures
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Table 2. Continued
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Table 2. Continued
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information on which amino acids are involved in the closest
and strongest interactions. When the interactions between the
molecules and the 4NUU protein were examined, a relationship
was observed between the binding energies, the number of
amino acids involved in the interaction, and the distances of the
interactions. Particularly, the hydrogen bond distance with amino
acid R368 was obtained at a very good level with a distance of 2.49
A. In addition, for the 4ANUU protein, it has been observed that
the active site amino acids A360 and Y363 have n-alkyl, alkyl, and
hydrophobicinteractionswithall themoleculesstudied atdistances
ranging from 4.79 to 5.36 A and 4.30 to 5.36 A, respectively. Upon
examination of the interactions obtained for the 1BOW structure,
it was found that only amino acid R29 was repeated with all
the selected molecules. Conversely, it has been reported in the
literature that the reference structure MMV020291 molecule does

not experimentally interact with 1BO9W. In this regard, the lengths
of the interactions and the affinity value of -7.0 kcal.mol™ support
the experimental data. It has been observed that the MMV665881
candidate structure has the best binding affinity with 1BO9W with a
value of -7.9 kcal.mol™, the closest hydrogen bond distance of 3.09 A,
and the highest number of amino acid interactions. Upon analyzing
the outcomes, for the 3SRI protein, it was determined as the structure
with the highest number of amino acid interactions and consequently
the best binding affinities. Despite the lower number of amino acids
involved in the interaction for the MMV665881 structure, the
obtained binding affinity value of -9.0 kcal.mol?, which is the lowest,
was interpreted as having two hydrogen bonds at distances of 2.95
and 3.04 A. However, despite MMV019074 structure having three
hydrogen bonds, its binding affinity is approximately reduced by 6
times compared to the MMV665881 structure due to the fact that
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Table 3. Staged inhibition assay

Molecules

MMV019662 MMV665881 MMV019074
DD2 strain, asexual blood stage inhibition (10 uM) 71% 70% 80%
3D7 strain, asexual blood stage inhibition (5 pM) 97% 91% 99%
HBS3 strain, early ring (EH) stage + GH +
HBS3 strain, late ring (GH) stage + T +
HB3 strain, trophozoite (T) stage + S -
HBS3 strain, schizont (S) stage - - -
HB3 strain, merozoite (M) stage - - -
HB3 strain, viability <50% (10 uM) + + +
PDB ID Multiple R R? Adjustable R? Observation
4NUU 0.936118 0.87632 0.86890 107
1BOW 0.904718 0.81851 0.80628 96
3SRI 0.917513 0.84183 0.83039 90
4WAT 0.905308 0.81958 0.80742 96

Table 5. Molecule-amino acid interaction map (blue, pink, purple, green, brown and yellow colors indicate

Hydrophobic, Alkyl, n-Alkyl, H-Bond, n-Cation and m-Anion interactions respectively)

Molecule 4NUU 1B9W

R274 | 1277 Y278 | A281 A360 | Y363 R368 R29 C30 E36 K52 | G55
MMV019662 5.10 4.24 5.21 4.08 4.94 4.30 2.49 5.00 4.74 4.72
MMV665881 4.25 3.51 5.36 4.76 3.00 3.09 4.60 4.32 4.93
MMV019074 5.15 5.43 4.93 4.79 4.76 2.86 4.46 3.40
MMV020291 2.75 3.74 5.16 5.36 4.69 5.10 3.60
Molecule 3SRI

L131 V137 Y142 P226 Y234 Y236 Y251 A254 P350
MMV019662 4.95 491 5.41 2.79 4.02 4.03
MMV665881 4.36 4.42 2.95 3.04
MMV019074 4.28 3.75 3.61 3.04 3.73 3.41 3.21 3.68
MMV020291 5.43 5.18 5.45
Molecule 4WAT

$197 Y200 E350 N352 N354 R357 w447 T449
MMV019662 3.23 4.81
MMV665881 5.42 4.19 3.4
MMV019074 3.65 3.8 3.34 4.57
MMV020291 2,81

these hydrogen bonds are at more distant distances. On the other of -7.3 kcal.mol™*. The MMV019662 molecule, on the other hand,

hand, the fact that amino acid Y251 forms 2 hydrogen bonds forms one hydrogen bond and one m-alkyl interaction, resulting
indicates its effectiveness in the active site. When examining in a binding affinity of -7.1 kcal.mol™. For the 4WAT structure,
the interaction types and bond distances identified for 4WAT, the experimentally inactive MMV020291 molecule, which was
it is observed that the MMV665881 molecule forms a hydrogen selected as the reference structure, forms only one hydrogen bond
bond with amino acid T449 at a distance of 3.4 A, and m-alkyl with amino acid N352, resulting in the weakest binding energy
interactions with amino acids W447 and F350, resulting in the with a value of -6.4 kcal.mol™.

most stable binding affinity for the respective protein with a value
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DISCUSSION

In this study, the values of physicochemical parameters, radar
plots, and binding affinities obtained from the docking processes
with the 4WAT, 4NUU, 3SRI, and 1B9W PDB coded structures,
which are responsible for erythrocyte invasion in malaria disease,
are given in Table 2 above. In the regression analysis conducted for
the 200 molecules on the 4 different proteins, 107 molecules were
included for DBP (PDB id: 4NUU), 96 molecules for MSP1 (PDB id:
1B9W), 90 molecules for AMA1 (PDB id: 3SRI), and 96 molecules
for RH5 (PDB id: 4WAT). It was observed that there are 21 common
molecules (from Table 2) for all proteins. The results obtained from
multiple regression analyses for each protein are provided in Table
6 below. The findings in Table 6 can serve as guiding factors for
ligand design. These results have the potential to offer valuable
insights for the design of molecules in future studies.

In the study conducted by Dans et al. (18), it was observed
that the molecule with the code MMV020291 found in the
“Pathogen box” inhibits the deformation and tight junction
stages of erythrocyte invasion. Therefore, the binding affinities
of MMV020291 with the 4NUU and 3SRI proteins involved in
these stages were considered as the ideal binding affinities. At
the same time, since it did not bind experimentally in the stages
where 1B9W and 4WAT were included, the binding affinities
obtained here were determined as the values that needed to
be exceeded. MMV019074, MMV019662, and MMV665881
exceeded these threshold values and were recommended based
on their physicochemical parameters and SwissADME values. On

the other hand, Voorhis et al. (22) experimentally observed that
the structures MMV019662 and MMV019074 provide early and
late ring stage inhibitions for the HB3 strain, while the structure
MMV665881 inhibits the next steps. After merozoites invade
the erythrocytes, ring, trophozoite, schizont and merozoite
formation occurs, respectively. Since the aim of this study is to
prevent erythrocyte invasion, it is very important to observe
inhibition especially in the ring stages in the tests mentioned here.
Therefore, MMV019662 and MMV019074 stand out slightly over
MMV665881 according to inhibition tests.

CONCLUSION

In conclusion, 200 molecules were screened for their potential
to inhibit erythrocyte invasion. It was found that 21 of them
could be effective in 4 different stages of erythrocyte invasion.
When the threshold values determined for the reference molecule
known to work in the experiment and the inhibition tests of the
screened molecules are examined, MMV019074, MMV019662
and MMV665881 stand out. After analyzing the docking study
results of the pertinent molecules, it is apparent that the modeled
proteins, 4NUU and 3SRI, exhibit excellent binding affinities that
align with the experimental data. These results have provided
reliability to the obtained theoretical data, and the molecules
MMV019074, MMV019662, and MMV665881 are suggested
as potential drug candidates for future experimental stages in
malaria treatment research.

Table 6. Affinity coefficient formulas

PDB ID Affinity
4NUU -7,416+(-0.010"M, )+(0.103*NRB)+(0.041*}1)+(0.008"TPSA)+(-0.066"logP)+(-0.752")
1BOW -9.685+(-0.004*M, )+(-0.035"NRB)+(-0.025"1)+(0.009*TPSA)+(-0.086"logP)+(-1.029"1)

3SRI -5.797+(-0.010"M,)+(0.081*NRB)+(0.039*1) +(-0.004*TPSA) +(-0.154*logP) +(-0.438"1)

4WAT

-6.170+(-0.005"M,)+(0.034*NRB)+(0.051*1) +(-0.004*TPSA)+(0.042*logP) +(-0.323"1)
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