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ABSTRACT: Amoebiasis, a widespread disease caused by the protozoan parasite Entamoeba histolytica,
poses challenges due to the adverse effects of existing antiamoebic drugs and rising drug resistance. Novel
targeted drugs are in need of the hour to combat the prevalence of this disease. Given the significance of
cysteine for Entamoeba survival, the rate-determining step in the serine (the sole substrate of cysteine
synthesis) biosynthetic pathway, i.e., the conversion of 3-phosphoserine to L-serine catalyzed by
phosphoserine phosphatase (PSP), emerges as a promising drug target. Our previous study unveils the
essential role of EhPSP in amoebas’ survival, particularly under oxidative stress, by increasing cysteine
production. The study also revealed that EhPSP differs significantly from its human counterpart, both
structurally and biochemically, highlighting its potential as a viable target for developing new antiamoebic
drugs. In the present study, employing in silico screening of vast natural and synthetic small chemical
compound libraries, we identified 21 potential EhPSP inhibitor molecules. Out of the 21 compounds
examined, only five could inhibit the catalytic activity of EhPSP. The inhibition capability of these five
compounds was subsequently validated by in silico binding free energy calculations, SPR-based real-time
binding studies, and molecular simulations to assess the stability of the EhPSP—inhibitor complexes. By identifying the five potential
inhibitors that can target cysteine synthesis via EhPSP, our findings establish EhPSP as a drug candidate that can serve as a
foundation for antiamoebic drug research.

1. INTRODUCTION widely used drug metronidazole, which targets the antioxidative
machinery of the parasite.”’ Metronidazole, a prodrug, remains
inactive until taken up and reduced. Inside the parasite, its
reduction is facilitated by the pyruvate/ferredoxin oxidoreduc-
tase system, and the reduced forms, such as the nitroso-free
radical and hydroxylamine derivatives,”” are cytotoxic and
induce DNA single and double-strand breaks.””** Activated
metronidazole also targets lipids and forms covalent adducts
with various cellular proteins, including enzymes responsible for
maintaining ROS levels,” thereby rendering these proteins
nonfunctional. Inactivation of such enzymes disrupts cellular
ROS homeostasis, causing a surge in free oxygen radicals,
ultimately leading to the parasite’s death.

Interestingly, metronidazole resistance in Entamoeba is
associated with a marked increase in the levels of antioxidant
enzymes, for example, superoxide dismutase and peroxiredox-
in.”?%*" This suggests that ROS detoxification components
could be potential targets for developing protein-based
therapeutic candidates against Entamoeba infections.”* >’

Entamoeba histolytica, a protozoan pathogen, is widespread in
countries with inadequate sanitation and hygiene, impacting
millions of individuals worldwide." Each year, there are
approximately 2.2 million infections, resulting in 55,000 deaths
due to amoebiasis.” For several decades, clinicians have relied on
metronidazole or its derivative as the primary treatment, often
considered the gold standard. However, metronidazole’s low
efficacy against the latent cyst stage of E. histolytica is a matter of
concern,”” necessitating its combination with luminal agents
like paromomycin, iodoquinol, or diloxanide.>® Metronidazole
also poses various side effects, such as nausea, vomiting, and
neurological symptoms like dizziness, vertigo, and encephalop-
athy.”® However, the emergence of metronidazole resistance in
recent years has prompted active research into understanding
the molecular mechanisms of resistance and identifying new
drug targets.””"" Recently, nitazoxanide and auranofin have
emerged as potential alternative treatments.'*~"* The challenges
posed by resistance, low efficacy, side effects, and adaptation to
new drugs like auranofin'® indicate a need to develop drugs with
novel mechanisms of action that target critical pathways in the Received: November 27, 2023
parasite, which differ significantly from the host.”">~"* Revised:  January 25, 2024
Entamoeba, an extracellular microaerophilic parasite, pos- Acce_}’ted’ January 31, 2024
sesses a robust detoxification system to keep reactive oxygen Published: June 17, 2024
species (ROS) in check, as high ROS levels are fatal to its
existence.'”” A prime example supporting this notion is the
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Additionally, Entamoeba’s antioxidant pathways are unique and
differ entirely from the host.’”’' For example, Entamoeba
utilizes cysteine as its primary antioxidant rather than
glutathione, the principal antioxidant in humans.”*~** Fur-
thermore, cysteine also protects the parasite against metronida-
zole and auranofin, allowing the amoebae to survive at otherwise
lethal drug concentrations.”® Cysteine is also known to regulate
redox balance in other microaerophilic parasites, i.e., Giardia
lamblia and Trichomonas vaginalis,””** and for some pathogenic
bacteria, including Staphylococcus aureus,”® Mycobacterium
tuberculosis,>”*® Lactobacillus fermentum,39 and Bacillus sub-
tilis."*" The importance of cysteine’s antioxidant role in
primitive organisms®** led to the characterization of its
biosynthetic pathway at structural and functional levels. The
deep understanding further promoted active research, and
various components of this machinery are targeted in 4pathogens
such as M. tuberculosis,” Salmonella typhimurium,™ Brucella
abortus,*® viruses such as Haem(iphilus inﬂuenzae,46
protozoan Leishmania donavani,***” and E. histolytica.

In the de novo cysteine biosynthetic pathway of Entamoeba, L-
serine, the sole substrate, is first synthesized by a set of three
enzymes, namely, phosphoglycerate dehydrogenase (PGDH),
phosphoserine aminotransferase (PSAT), and phosphoserine
phosphate (PSP).”" The conversion of 3-phosphoserine to
serine (final step), mediated by PSP, is an irreversible and rate-
limiting step in the serine synthesis pathway and the connecting
link between serine and cysteine production. Consequently,
targeting this enzyme could effectively control cysteine
production in Entamoeba, thereby reducing its ability to survive
in the human host, particularly under oxidative stress.

Serine biosynthetic pathway has been extensively studied in
amoeba, specifically the first two enzymes, PGDH and
PSAT,>> %" with little emphasis on the third enzyme, ie.,
PSP.®* Recently, for the first time, our laboratory has identified
and characterized PSP from Entamoeba (denoted as EhPSP) at
biochemical, molecular, structural, and functional levels®"® and
has shown its essentiality in the survival and proliferation of
amoeba. The work also demonstrated that EhPSP protects the
parasite from oxidative stress. Besides, as a druggable target,
EhPSP differs markedly from human PSP. First, they belong to
distinct superfamilies; EhPSP is a member of the histidine
phosphatase superfamily, whereas human PSP belongs to the
haloacid dehalogenase-like hydrolase superfamily. Second, they
carry out dephosphorylation reactions through distinct mech-
anisms, each involving different catalytic residues. Lastly,
notable structural deviations were observed, and sequence
conservation stands at a mere 20%,”"% highlighting the
potential of EhPSP as a promising drug target.

In continuation of our previous work, in this report, we
conducted a stringent structure-based virtual screening,
followed by validation using multiple methods: molecular
docking, AG of binding free energy calculations, in vitro
inhibition kinetic assays, real-time binding studies using surface
plasmon resonance (SPR), and an assessment of the stability of
the EhPSP—inhibitor complex employing molecular simula-
tions. By combining computational tools and in vitro assays, this
study identifies five lead molecules targeting EhPSP and
provides enough pieces of evidence that EhPSP can be taken
as a drug target for future antiamoebic drug discovery.

arasite
18,48—50

2. MATERIALS AND METHODS

2.1. Protein and Ligand Formulation for Docking.
Virtual screening was conducted using the Vitas-M, Specs, and

Zinc databases containing small molecules and natural
compounds. The small molecule libraries were obtained as a
2D-structure data file (SDF). The LigPrep module of
Schrodinger software was employed to prepare the libraries
for docking. This module utilized the OPLS 2005 force field and
the Epik ionizer at a standard pH of 7.4, ensuring the conversion
of compounds into low-energy 3D structures with correct
chirality.”* The maximum number of conformers per structure
was 32, with a root-mean-square deviation (RMSD) of 1.0.

The EhPSP structure (PDB ID: SZKK) was imported from
the Protein Data Bank (PDB) into the maestro workflow. The
Protein Preparation Tool of Schrodinger software was used to
prepare the protein. This involved filling in missing side chains
through homology modeling (Prime module), removing water
located more than 3 A from protein residues, optimizing
hydrogen bonds, and assigning charges to atoms using the
OPLS3 force field. The minimization process was terminated
when the maximum RMSD for atom displacement reached 0.30
A.

2.2. Grid Generation. The SiteMap module was utilized to
identify potential binding sites for compounds. Among the
identified sites, the substrate binding site, which was determined
based on the complex crystal structures of EhPSP-O-phospho-L-
serine (OPLS) and EhPSP-3-phosphoglyceric acid (3PG)
substrate, was ranked the highest for ligand binding studies.
The ranking was determined by evaluating the SiteScore and
Dscore, and the substrate binding site exhibited a SiteScore
value of 0.973 and a Dscore value of 0.853, with a volume of
226.72 A. On the other hand, the remaining identified sites had
volumes smaller than 100 A and SiteScore and Dscore values
below 0.7. Consequently, the substrate binding site was selected
as the docking site for the compounds. In the energy-minimized
EhPSP structure, a receptor grid was created to cover all of the
residues within the active site of EhPSP.

2.3. In Silico Screening of Potential Inhibitors against
EhPSP. The docking studies were conducted using the Glide
module of Schrodinger software, following the approach
described in Friesner et al. (2006).°° The high-throughput
virtual screening (HTVS) precision mode was initially
employed to dock the compound library. This mode operated
at a faster rate of 2 s per compound, prioritizing speed over
accuracy. Subsequently, the top 10% of the compounds from the
HTVS output was further analyzed using the extra precision
(XP) mode, which performs exhaustive sampling, leading to
higher accuracy in the docking results. Additionally, the XP
mode considers positive and negative interactions by rewarding
and penalizing them, which is reflected in the docking output
file.

2.4. Calculation of the Binding Energy Via Prime MM-
GBSA. The XP docking poses were utilized for calculating ligand
binding free energies, and the calculations were performed by
using the prime MM-GBSA approach. MM-GBSA, which stands
for molecular mechanics-generalized Born model and solvent
accessibility, is ernplogred to investigate the energetics of
biomolecular systems.”® MM-GBSA calculates the relative free
energy of the protein, ligand, and protein—ligand complex
according to the equation given below

binding free energy (AGy,q) = AG

solv’

AE,n, and AGg,

1. AGyng (MM-GBSA AG Bind) = energy of complex —
(receptor energy + ligand energy)

https://doi.org/10.1021/acsomega.3c09439
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2. AG,, represents the difference in GBSA solvation energy
between the protein—ligand complex and the sum of the
apoprotein and ligand solvation energies.

3. AEyy, indicates the difference in minimized energies
between the protein—ligand complex and the sum of the
energies of the apoprotein and ligand.

4. AGg, represents the difference in surface area energies
between the complex and the sum of the surface area
energies of the apoprotein and ligand.

The AG,,,, AEyp, and AGg, terms contribute to the overall
binding free energy determination using the MM-GBSA
method.

2.5. Overexpression and Purification of EhPSP.
Expression and purification of the recombinant EhPSP protein
was conducted following the procedures described in our
previous paper.°1 Briefly, the EhPSP gene was cloned into the
pET-28(b) vector with a 6X-His tag at the C-terminus of the
protein. The resulting recombinant pET-28(b)-EhPSP plasmid
was transformed into Escherichia coli BL21 (DE3) cells for
overexpression and subsequently purified using a two-step
method. The first step involved Ni-NTA affinity chromatog-
raphy, followed by size exclusion chromatography (SEC). The
purified protein was further utilized for the inhibition assays.

2.6. In Vitro Enzyme Inhibition Assay. Based on the
availability, shortlisted potential compounds were purchased
(details are provided in Table S1) and were evaluated for their
effect on the phosphatase activity of EhPSP using OPLS as the
substrate by the Baykov malachite green method.”” A standard
reaction mixture of 100 yL was prepared for the inhibition assay
consisting of 50 mM HEPES-NaOH buffer (pH 8.0), 1 mM
DTT, 1 mM EDTA, and 25 ug of purified EhPSP protein.
Varying concentrations of drug-like compounds were added to
the reaction mixture, followed by incubation at room temper-
ature (RT) for 10 min. Post-incubation, OPLS was added at a
final concentration of 2.0 mM to initiate the reaction and was
further incubated at RT for an additional 2—5 min, following the
same conditions as the native phosphatase assay for EnPSP.*"

Furthermore, a volume equal to one part (i.e, 25 uL) of
malachite green dye solution was added to the reaction mixture
to halt the reaction. As a result, a blue phosphomolybdate
complex was formed, and the concentration of the released
inorganic phosphate was determined by measuring the
absorbance of the reaction mixture at 630 nm using a microplate
reader (Thermo Scientific Varioskan Flash). The absorbance,
directly proportional to the amount of inorganic phosphate
formed, was an indicator of the activity level.

The absorbance of the standard reaction (i.e., reaction with
enzyme and substrate only) was compared with the ones with
the compound, and the percentage of inhibition was calculated
as a percentage decrease in activity using the following equation

A in resence Of com ounds
%inhibition = 100 — 6" P P

Agsoin absence of compounds

X 100

A concentration-dependent inhibition curve was generated to
determine the half-maximum inhibitory concentration (ICS0)
value. The compound concentrations were varied from 20 nM to
500 M while maintaining a constant OPLS concentration of 2.0
mN[G.gThe data was analyzed and plotted using GraphPad Prism
5.0.

2.7. Binding Studies Using Surface Plasmon Reso-
nance. SPR-based interaction analysis was conducted by using a

Biacore T200 instrument from GE Healthcare. To immobilize
EhPSP, a concentration of 50 y¢g/mL was utilized, and the amine
coupling method was employed on a CMS chip. The binding of
the potential compounds with EhPSP was evaluated using a
multicycle kinetic procedure in a solution of 1X PBS
supplemented with 5% DMSO and 0.05% Tween-20. To
account for solvent effects, a standard curve of DMSO was
included for solvent correction. The changes in resonance units
(RUs) over time were used to report biomolecular binding
events. The binding affinity was determined by using the Biacore
T200 evaluation software, employing a 1:1 binding model.

2.8. Molecular Dynamic Simulations. To evaluate the
stability of the protein—inhibitor complexes, molecular
dynamics (MD) simulations were conducted using the
Desmond module of Schrédinger software.”” The process
involved solvating the complexes using the TIP4PEW solvation
model while maintaining a NaCl concentration of 0.15 M to
ensure a physiological ionic strength. After solvation, the
complexes were subjected to energy minimization, and the
simulation was performed for 150 ns. The final frame of the
simulation was saved in a PDB file format. To analyze the
intermolecular interactions between the protein and the
inhibitor atoms, the complexes were loaded into the LigPre7p
workspace of Schrédinger (version 2021-3), and LigPlot’””"
was used to generate the schematic representations of these
interactions.

2.9. Theoretical Prediction of the ADMET Parameters
of the Compounds. Drug likeness represents a delicate
equilibrium of diverse molecular properties and structural
characteristics. Consequently, the compounds that showed
enzyme inhibition were subjected to the theoretical prediction
of their pharmacokinetic properties based on their molecular
structure using the QikProp and Swiss absorption, distribution,
metabolism, excretion, and toxicity (ADMET) online server
(http://www.swissadme.ch/).”” To perform the analysis, the
server required the SMILES representation of each compound
and predicted various ADMET parameters referred to as
absorption, distribution, metabolism, and excretion/elimina-
tion. Additionally, it evaluated the drug-like nature of the
compounds and their medicinal chemistry based on Lipinski’s
rule of five.

3. RESULTS

3.1. Molecular Docking Studies. To identify potential
inhibitor molecules, we employed crystallographic structures
obtained from the EhPSP protein complexed with OPLS [PDB
ID:5ZR2] and 3PG [PDB ID: 6M1X]""** substrates. Docking
was performed at the substrate binding site with three libraries
containing small molecules and natural compounds: Vitas-M,
Specs, and Zinc database. The rigid docking of compounds on
the active site of EhPSP led to the identification of molecules
with docking scores < —0.098 and binding affinities < —15.06.
However, based on the commercial availability of the
compounds, the top 21 molecules were selected for further
study. Table S1 (Database ID, IUPAC nomenclature, and
molecular weight) and Table S2 (Docking and MM-GBSA
score) contain detailed information about the tested com-
pounds.

3.2. Enzyme Inhibition Assay Identifies Five Molecules
as Potential Inhibitors. The 21 molecules selected from the
docking study were tested for their inhibitory eftects on EhPSP
in vitro. Inhibition studies were performed to measure the
decrease in the enzymatic activity by observing the rate of

https://doi.org/10.1021/acsomega.3c09439
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Figure 1. Enzyme inhibition activity with different compounds. Plot for % inhibition versus the log of inhibitor concentrations for EhPSP. Inhibition
curves for (A) AN-967/15490027, (B) A0-476/43407254, (C) AE-562/12222184, (D) STK184776, and (E) raltitrexed at various concentrations.
(F) Tabulated ICs, values, docking scores, and MM-GBSA values (AG of binding).

conversion of phosphoserine to serine. ICg, values for each
compound were calculated by measuring the normalized
inhibition with increasing log inhibitor concentrations. Out of
the 21 compounds tested, five of them (AN-967/15490027,
AO-476/43407254, AE-562/12222184, STK184776, and ralti-
trexed) displayed the inhibition of enzymatic activity. The
hydrolysis rate of the substrate was significantly reduced in a
dose-dependent manner in the presence of these compounds
(Figure 1). The ICq, values for these compounds were found to
be 180 to 580 nM (Figure 1F), except for raltitrexed, which
exhibited an ICy, value of approximately 368 yM.

The maximum inhibition observed for all of these compounds
was 80—90% of EhPSP enzymatic activity. This indicates that
the in vitro inhibition assay results are consistent with the
theoretical observations obtained through molecular docking.
Figure 2 provides the chemical structures of all five potential
compounds.

3.3. Mapping the Interactions of Potential Inhibitors
with EhPSP’s Active Site. Furthermore, the interactions

27909

between five potential inhibitors and the active site of EhPSP
were analyzed. The conformations with the lowest docking score
were chosen, and the interactions were plotted by using Lig-Plot.
A superimposed view of the binding poses of potential inhibitors
in the active site of EhPSP is represented in Figure 3, whereas
Figure S1 demonstrates the individual binding of all compounds.

A comparative analysis was performed between the
interactions observed for these compounds and those present
in the crystal structure of the EhPSP-OPLS complex. OPLS
interacts with EhPSP largely by hydrogen bonding involving the
following residues: Arg8, His9, GIn21, Gly22, ArgS7, and
Gly147, as well as hydrophobic interactions (1le20, Glu79,
Phe82, and Hisl46) as shown in Figure 4A. Interestingly,
compounds AN-967/15490027, AE-562/12222184, and ralti-
trexed exhibited nearly similar interactions with the binding
pocket residues (Figure 4). For example, AE-562/12222184
formed hydrogen bonds with Arg8, AsnlS, Gln21, ArgS7,
His146, and Glyl47, along with hydrophobic interactions
involving Gly22, Glu79, and Phe82.

https://doi.org/10.1021/acsomega.3c09439
ACS Omega 2024, 9, 27906—27918
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Figure 2. 2D configuration of the lead molecules and substrate of EhPSP. The identified potential molecules belonged to diverse classes, such as AO-
476/43407254, a phenylpyridazine; AE-562/12222184, a naphthalenesulfonate; STK184776, an azole; raltitrexed, a quinoline folate analogue; and

AN-967/15490027, an alkaloid.

Figure 3. 3D representation displaying the binding poses of the
potential inhibitors within the active site of EnPSP. EhPSP complexed
with OPLS (substrate) and inhibitors AE-562/12222184, AN-967/
15490027, raltitrexed, AO-476/43407254, and STK184776. The
compounds are displayed as balls and sticks, while the protein is
represented in the surface view (A) and cartoon representation (B),
with inhibitor molecules in the active site. The figure was generated
using Maestro (version 2019-1).

In addition to these interactions, compound AN-967/
15490027 engages in hydrogen bonding with Lys151 and
Leul70, while raltitrexed forms with Asn172, accompanied by a
range of hydrophobic interactions involving residues such as
His9, Glyl8, Ile20, Phe90, Glu79, Tyrl65, etc. Compound
STK184776 displayed a comparatively lower number of
interactions with the active site, primarily establishing hydrogen
bonds with AsnlS and GIn21. On the contrary, AO-476/
43407254 exhibited interactions that differ from those observed
with the substrate, forming hydrogen bonds with Tyr165,
Lys151, and GInl169 and multiple hydrophobic interactions
(1le20, Trp8S, Tyr99, Phel02, and Ala148) (Figure 4). Overall,
these results demonstrate that all the compounds form a
significant number of interactions, implying their potential to
compete with the substrate for the active site residue of EhPSP.

27910

Furthermore, to evaluate the specificity of these five potential
inhibitors, we carried out molecular docking into the active site
of HPSP (PDB ID: 1L80). The results revealed that none of
these compounds exhibited noteworthy interactions with the
human counterpart, compared to their interactions with EhPSP
(Figure S2), further displaying their specificity toward EhPSP.

3.4. Binding Studies Showed that the Compounds
Exhibited Stronger Binding than the Substrate. Devel-
oping new molecules requires a meticulous evaluation of their
binding affinity with the protein target under consideration. A
more negative binding affinity indicates stronger binding of a
molecule with its target protein. The AG of binding was
calculated using the Prime MM-GBSA module, revealing that all
the lead inhibitors had lower AG values compared to the
substrate (Figure 1F), highlighting that the inhibitor has a
stronger binding with the active site.

SPR allows real-time measurement of the binding affinity
between a ligand and a protein. Therefore, in silico binding of
potential inhibitors with EhPSP was further confirmed with
SPR. To measure the binding affinity, EhPSP was immobilized,
and the compounds were passed over it. Buffer blanks were
injected between cycles for baseline referencing, and the binding
sites were regenerated using 10 mM glycine pH 3.0.

The sensorgram analysis shows that AO-476/43407254 and
AN-967/15490027 exhibit strong binding to EhPSP, with Ky,
values of 1.28 and 27.5 uM, respectively, as determined by the
1:1 Langmuir fitting (Figure S), whereas the substrate OPLS
showed weak binding with a Ky, value of 20 mM. On the other
hand, the remaining three inhibitors, namely, STK184776, AE-
562/12222184, and raltitrexed, were found to be interacting
with the chip; therefore, their binding affinity could not be
determined.

3.5. MD Simulation Studies of the EhPSP—Inhibitor
Complexes. A MD simulation was carried out to understand
the lead inhibitors’ stability in the protein’s catalytic site. MD
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Figure 4. [llustration of the interactions between potential inhibitors and the active site residues of EhPSP. Interactions are plotted for substrate (A)
OPLS and compounds (B) AE-562/12222184, (C) AN-967/15490027, (D) raltitrexed, (E) STK184776, and (F) AO-476/43407254. The figure was
generated by using LigPlot. Hydrogen bonds are represented by dashed lines between the atoms involved, while hydrophobic contacts are depicted as

an arc with spokes radiating toward the ligand atoms they interact.

simulations were performed for EhPSP-OPLS and all five
EhPSP—inhibitor complexes for 150 ns. The stability of each
residue in the protein—ligand complexes was assessed by
calculating the protein backbone’s root-mean-square fluctua-
tions (RMSFs). The RMSF plots illustrate that the protein
residues exhibited minimal fluctuations (~1 A) in different
complexes (Figure 6A), particularly for a few residues, like
Leul7, Gly18, Asp68, Glu91, Asp96, Thr114, and Gly115.
Among all of the protein—ligand complexes, the EhPSP-AO-
476/43407254 and EhPSP-STK184776 complexes exhibited
slightly higher fluctuations in certain other residues as well, such

as Ile74, Glu75, Gly76, Glu79, Ser104, and Thr114. On the
other hand, the AE-562/12222184 in complex with EhPSP
displayed the highest stability with the lowest fluctuations
throughout the simulation. However, during the 150 ns
simulation, all complexes maintained structural stability around
the ligand binding residues, including Arg8, His9, Asn1S, Phe82,
and Phe90 (Figure 6A).

To assess the overall stability of the complexes, the RMSD of
the protein backbone was calculated by considering the initial
backbone coordinates of the protein—ligand complexes as the
reference. The RMSD plot indicated a standard deviation of less
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than 2 A, indicating relatively stable interactions throughout the
simulation (Figure 6B). However, the EhPSP-AO-476/
43407254 complex exhibited a slightly higher deviation than
the others. The association of EhPSP with the STK184776
compound remained stable for the initial 80 ns but experienced a
relatively higher RMSD thereafter, suggesting a potential
diffusion of STK184776 away from the binding site. In contrast,
the EhPSP-AE-562/12222184 complex displayed the least
deviation among all of the complexes throughout the simulation
(Figure 6B).

Furthermore, various interactions between ligand and active
site residues, including water bridges, pi—pi, and ionic
interactions, were mapped for all of the complexes throughout
the simulation, and the resulting histograms illustrated the
variations in the RMSD values. It was observed that OPLS, AE-

27912

562/12222184, and AN-967/15490027 maintained hydrogen
bond and water bridge interactions for nearly 100% of the
simulation time, leading to low and stable RMSD values (Figure
7A—C). Raltitrexed also primarily established hydrogen bonds
and water bridges with EhPSP, along with hydrophobic
interactions, although these interactions were relatively
sustained for shorter intervals (Figure 7E).

Compared to the aforementioned complexes, AO-476/
43407254 and STK184776 exhibit similar modes of interactions
and display a reduction in water bridge interactions while
majorly forming stronger bonds, such as ionic, pi—pi, and
hydrophobic interactions. The strength and duration of the
interactions are comparatively lower (Figure 7D,F). Never-
theless, the number and strength of these interactions were
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Table 1. ADMET Parameter Values for Lead Molecules Calculated Using QikProp

compound name MW donor HB  acceptor HB  QPlogPo/w  QPPCaco  QPlogBB QPPMDCK % human oral absorption  rule of five
AES62/12222184 288.29 2 8 0.316 2.203 —-1.912 1.127 34.935 0
AN967/15490027 468.483 4 14 -0.175 0.002 -=5.313 0.001 0 0
AO-476/43407254 228.345 2 4 2.025 2618.281 0.515 10 000 100 0
raltitrexed 458.488 3.25 10.25 2275 0.46 —3.577 0.279 34.235 0
STK184776 304.382 1 4.5 3.121 3754.542 0.4 10 000 100 0

adequate to retain the compounds within the active site of the 3.6. All Potential Inhibitors were Observed to Comply

with the ADMET Parameters and Lipinski’s Rule. The

EhPSP. investigation of ADMET qualities is critical in drug develop-
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ment, which aids in predicting the efficacy, safety, and potential
adverse effects of the compound. Therefore, all the compounds
exhibiting inhibitory activity were subjected to the theoretical
prediction of ADMET parameters using Swiss-ADMET (Table
S3) and Qikprop (module of the Schrodinger software) (Table
1). These predictions are based on the quantitative structure—
activity relationship models, which employ mathematical
models to correlate known compound structures with the
ADMET properties. It quantifies relationships between
structural features and biological activities, assisting in the
prediction of the ADMET parameters.

Swiss-ADMET and QikProp indicated that compounds have
permissible values for molecular weight (<500 Da), number of
hydrogen bond donors (<5), and acceptors (<15). The
solubility parameter for potential inhibitors, denoted by
QPlogPo/w, was found to be less than 4. Ideally, QPlogPo/w
should fall between 5 and 48, indicating its low solubility in
water and high solubility in lipophilic solvents. Two
independent models, QPPCaco and QPPMDCK (model for
gut-blood barrier), were utilized to predict the cellular
permeability of compounds measured in nanometers per second
with values greater than 500, indicating high permeability.
Notably, AO-476/43407254 and STK184776 showed values
surpassing 1000.

Furthermore, QPlogBB was employed to predict the transfer
of compounds across the blood—brain barrier, where negative
values indicate a low transfer rate without active transport. The
results showed that except for AO-476/43407254 and
STK184776, all other compounds exhibited QPlogBB values
less than —1.912. While AO-476/43407254 and STK184776
had values of approximately 0.5 and 0.4, respectively, suggesting
their ability to cross the blood—brain barrier readily, both
compounds were found to have 100% human oral absorption
values.

Notably, all the potential inhibitors adhered to Lipinski’s rule
of five and exhibited predicted pharmacokinetic parameters with
drug-like characteristics. In conclusion, these results suggest that
the in vitro potential of these compounds makes them promising
candidates for further drug development.

4. DISCUSSION

Amoebiasis poses a significant health concern in developing
countries. Considering the growing resistance to current drug
treatments, there is a pressing need to explore new targets for
effective treatment. The pathogen relies on cysteine for various
processes that are crucial for its survival within the human host,
including attaching to host epithelial cells, facilitating motility
during phagocytosis and pinocytosis, promoting proliferation,
gene re§ulation, and most primarily, defending against oxidative
stress.””’*~"7 Furthermore, the unique cysteine biosynthetic
machinery provides a hopeful prospect for discovering potential
drug candidates without detrimental effects on the host
system;'®”7? therefore, this machinery has been exploited
extensively for drug development. However, the enzymes of the
serine (exclusive substrate for cysteine synthesis) biosynthesis
pathway in Entamoeba remain primarily unexplored as potential
drug targets. Previously, we demonstrated the significance of
EhPSP in parasite growth and in combating oxidative stress.
Besides, EhPSP exhibits notable disparities compared to its host
counterpart. Similarly, reports on other pathogens, such as M.
tuberculosis (Mtb), show that inhibitors targeting MtbPSP
displayed a specific ability to eradicate intracellular Mycobacte-

rium efficiently.*” Therefore, based on these observations, in the
present study, we examined EhPSP as a potential drug target.

In the pursuit, we employed multiple in silico and in vitro
approaches to identify novel small molecules that could serve as
a starting point for antiamoebic drug discovery. To achieve this,
we initially performed an in silico screening that allows for rapid
screening of an extensive compound library in a short time. The
docking studies effectively identify the potential binders within
the protein’s active site as having higher in silico binding aflinity
than the substrate. Since compound docking involves scoring
functions and algorithms that penalize and reward interactions,
the results may contain false positives. Besides, the in silico
binding affinity does not account for solvent or ligand/protein
flexibility; thus, the predicted binding affinity may not translate
well in biological activity assays. Therefore, the top hits were
tested in an enzyme inhibition assay to evaluate their potential as
inhibitors of EhPSP’s phosphatase activity. Notably, among the
21 compounds tested, only five showed inhibitions of enzymatic
activity, and the ICg, values for these inhibitors were measured
in the nM range. The result of the enzyme inhibition assay
corroborated the analysis from in silico docking studies.

Since these five molecules (AE-562/12222184, AN-967/
15490027, raltitrexed, STK184776, and AO-476/43407254)
were able to displace the substrate from the active site,
preventing its conversion to product, their mechanism of
inhibition of EhPSP’s phosphatase activity was further studied
using various computational and in vitro tools. Though these
methods are used for predicting binding affinity and protein—
ligand complex stability or for identifying interacting residues,
they may not provide information as precise as the gold standard
methods such as NMR or X-ray crystallography. However,
computational methods, such as MD simulation, offer valuable
insights that reveal key interactions and predict the behavior of
protein—ligand complexes under physiological conditions,
including information on stability, flexibility, and conforma-
tional changes that occur over time.

To understand their competitive inhibition properties, a
detailed analysis was performed on the interactions between the
five lead compounds and the substrate with the active site
residues, which revealed that the lead compounds established
similar interactions with the active site residues, as observed in
the case of the substrate. However, the compounds exhibited a
higher proportion of stronger interactions like the pi—pi
interaction and hydrophobic bonds compared to those observed
with the substrate, which convincingly elucidates the competi-
tion observed in the enzyme inhibition assay.

To further evaluate the strength of interactions, both in silico
and real-time binding affinity analysis was performed,
demonstrating that the inhibitors’ binding affinity was
significantly lower than that of the substrate. For instance, the
substrate (OPLS) exhibited a binding affinity of around —15
kcal/mol, while the compound binding scores measured less
than —30 kcal/mol, indicating substantially stronger inter-
actions. A similar pattern was observed in the SPR-based real-
time binding affinity determination, corroborating the in silico
analysis.

Furthermore, MD simulations aided us in better under-
standing the dynamics of the interactions with the active site
residues that evolved over time. It also extended our insights into
how ligand binding affected the flexibility of the protein
backbone and the overall stability of the protein—ligand
complexes. The MD simulation results showed that binding of
raltitrexed and AE-562/12222184 led to a reduction in protein
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RMSF, whereas STK184776 and AO-476/43407254 binding
resulted in relatively higher RMSF, particularly for a few residues
in comparison to the substrate (OPLS). Furthermore, the results
from the RMSD plots corroborate these observations. Among
the five inhibitor—protein complexes, three complexes, notably
EhPSP-raltitrexed, EhPSP-AE-562/12222184, and EhPSP-AN-
967/15490027, emerged as the most stable complexes,
exhibiting minimal fluctuations in terms of RMSD. The binding
of STK184776 and AO-476/43407254 demonstrated slightly
higher levels of RMSD in comparison with those of other
compounds and substrate. The increased fluctuation in
protein—ligand complexes for these compounds may be due
to the high mobility of ligands in the active site as these
compounds also formed a smaller number of hydrogen bonds
and water bridges with the active site residues. This was further
proved when the real-time interaction with the active site
through a course of 150 ns simulations was plotted as stacked bar
charts. The comparative analysis revealed that STK184776 and
AO-476/43407254 had lower interaction fractions with the
active site residues compared with raltitrexed, AE-562/
12222184, and AN-967/15490027.

An essential aspect of small molecule identification involves
evaluating their potential toxicity parameters, and the selected
molecules for in vitro toxicity and efficacy studies should have
acceptable values for various ADMET parameters. The results of
QikProp and Swiss ADMET analyses revealed that all of the
molecules met the criteria for an acceptable number of hydrogen
bond donors/acceptors. Additionally, none of the molecules
violated the Lipinski’s rule of five and also demonstrated
acceptable pharmacokinetic properties, indicating their poten-
tial as lead candidates for future drug development. Moreover,
we evaluated the effects of all five potential inhibitors on the
growth of the amoebic trophozoites. However, we did not
observe any notable inhibitory effect, which could be attributed
to a solubility barrier. The compounds were found to precipitate
at lower concentrations of DMSO, also supported by the
QPlogPo/w values that indicated their low solubility in water
and high solubility in lipophilic solvents; this limits our ability to
investigate the inhibitory potential on amoebic growth further.

In a broader context, it is worth noting that the results from
docking studies, binding affinities, and simulation stability
assessments align closely with the outcomes of in vitro inhibition
assays, further validating the accuracy of the screening protocol
utilized. Our systematic approach led to the successful
identification of promising seed molecules, thereby laying the
foundation for a novel class of antiamoebic agents targeting the
cysteine biosynthetic pathway through EhPSP, a critical aspect
of amoebic antioxidant machinery.

In summary, this work tries to identify potential molecules
that can target EhPSP and thus serine production, thereby
creating a cysteine deficiency that will lead to disruption of
oxidative stress management in amoebae. The molecules
identified can be further chemically modified to enhance their
solubility and efficacy, which may lead to the development of
new inhibitors against amoebiasis. Nonetheless, it is critical to
emphasize that these predicted binding orientations and
interactions should be validated using crystallographic studies
and cell-based assays to determine the efficacy of these inhibitors
against the novel phosphatase enzyme. Furthermore, integration
of our results with experimentally validated data can help in
compound selection, optimization, and the development of safer
and more efficacious drugs against amoebiasis.
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