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Abstract

Type lll beta phosphatidylinositol 4-kinase (PI4KIII3) is the only clinically validated drug target in Plasmodium kinases
and therefore a critical target in developing novel drugs for malaria. Current PI4KIII{3 inhibitors have solubility and off-
target problems. Here we set out to identify new Plasmodium PI4K ligands that could serve as leads for the develop-
ment of new antimalarial drugs by building a PPI4K homology model since there was no available three-dimensional
structure of PfPI4K and virtually screened a small library of ~22 000 fragments against it. Sixteen compounds from

the fragment-based virtual screening (FBVS) were selected based on < — 9.0 kcal/mol binding free energy cut-off
value. These were subjected to similarity and sub-structure searching after they had passed PAINS screening and the
obtained derivatives showed improved binding affinity for PfPPI4K (— 10.00 to — 13.80 kcal/mol). Moreover, binding
hypothesis of the top-scoring compound (31) was confirmed in a 100 ns molecular dynamics simulation and its bind-
ing pose retrieved after the system had converged at about 10 ns into the evolution was described to lay foundation

Molecular dynamics

for a rationale chemical-modification to optimize binding to PfPI4K. Overall, compound 31 appears to be a viable
starting point for the development of PPI4K inhibitors with antimalarial activity.
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Introduction

Malaria is a fatal human parasitic disease caused by five
species of Plasmodium, with P. falciparum as the deadli-
est species, and was responsible for more than 220 mil-
lion clinical cases and about half a million deaths in 2018
alone [1-3]. Children under the age of five and pregnant
women are most vulnerable and above 90% of the cases
occurred in the sub-Saharan African region alone accord-
ing to the World Health Organization (WHO) 2019
report [4, 5]. There has been progress in controlling the
disease through drug therapies, the use of insecticides,

*Correspondence: akachukwu.ibezim@unn.edu.ng; fidele.ntie-kang@ubuea.cm
' Department of Pharmaceutical and Medicinal Chemistry, University

of Nigeria, Nsukka, Nigeria

> Department of Chemistry, University of Buea, Buea, Cameroun

Full list of author information is available at the end of the article

B BMC

and the design of vaccines. However, it has persisted
because of a plethora of reasons spanning from non-
adherence to prescription by patients, emergence of Plas-
modium drug-resistant strains to resistance to commonly
used insecticides among the mosquito vector population
[6-8]. Undoubtedly, the need for an effective antima-
larial drug is urgent and many researchers tend to agree
that targeting an enzyme that is vital in all Plasmodium
life cycle will do the job [9]. An example of such a tar-
get is type III beta phosphatidylinositol 4-kinase (PI4K)
[10, 11]. PI4KIIIP is a ubiquitous eukaryotic enzyme that
plays an essential role in merozoite development through
the regulation of intracellular signaling, cytokinesis,
and membrane trafficking by catalyzing the conversion
of phosphatidylinositol (PI) to phosphatidylinositol-
4-phosphate (PI4P) [9-11]. A study by Sternberg and
Roepe [12] identified PPI4K as an operational enzyme
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in all Plasmodium life-cycle stages and further provided
genetic, chemical, and biochemical evidence to show
that PPI4K is a suitable target for antimalarial drug and
its inhibition can cure, prevent and block the transmis-
sion of the disease. Paquet and his coworkers discovered
a PPI4K inhibitor, MMV390048 that is potent against
multiple life cycle stages of the malaria parasite [13].
Even though at the moment MMV390048 is in Phase Ila
human clinical trials as a new malaria therapeutic, this
compound is reported to potently exhibit off-target effect
which raises the question of safety [11, 14]. Also, many
inhibitors of the protein have failed to progress to clini-
cal testing due to poor solubility. Several scientists have
virtually screened many small-molecule libraries [15, 16]
and chemical series such as the thiazolo-pyrimidinamine
series [17], the imidazopyridazine series [18], and the
naphthyridine series [19] to discover PPI4K inhibitors,
further underpinning the relevance of this enzyme in
anti-malarial drug search. However, to the best of our
knowledge, no study has so far applied a fragment-based
screening strategy to discover PPI4K ligands. Over the
past two decades fragment-based drug discovery has
been demonstrated to be one of the most prominent
alternatives to high throughput screening utilized in the
identification of lead compounds in drug discovery [20,
21]. It begins with finding low fragments or low molecu-
lar weight compounds that bind weakly to the target of
interest. The fragments that form high quality interac-
tions are maximized to lead compounds with high affin-
ity and selectivity [22].

In the present study, a PPI4K homology model was
constructed using PI4K of human crystal structure as
a template, followed by developing a molecular dock-
ing protocol using a series of PI4K inhibitors and non-
inhibitors curated from ChEMBL database. This was
applied to screen a small library of fragment molecules.
Pool of compounds derived from fragment hits were re-
docked to investigate their improved binding affinities
and molecular dynamics simulation was applied to evalu-
ate binding stability. The result of this study is capable of
leading to new PPI4K inhibitor templates for designing
novel antimalarial drugs.

Materials and methods

Homology modelling

Since there is currently no X-ray crystal structure
of PPI4K, a homology model was constructed using its
amino acid sequence taken from the NCBI website [23].
During BLAST, the target sequence was used to search
RCSB Protein Data Bank to identify the template struc-
ture employed in this study (PDB ID: 6GL3) [24]. Mod-
eller (version 9.21) [25] was used to build the homology
model and subsequently the selection of the homology

Page 2 of 9

model for this study was based on the assessment of the
Modeller objective function and Discrete Optimization
Protein Energy. PROCHECK [26] and Discovery Studio
[27] programs were used to evaluate the quality of the
best models.

Preparation of molecules and virtual screening

The dataset used in this study were retrieved from two
compound libraries: the fragments and fragment derived
subset were retrieved from ZINC-15 database [28] while
PI4K inhibitors and non-inhibitors were obtained from
ChEMBL database [29], protonated and energy mini-
mized with OpenBabel software [30] to prepare them for
molecular simulation processes.

The homology modeled PPI4K structure was prepared
for molecular simulation purposes following the proto-
col previously described by Ibezim et al. [31]. The Pro-
tonate 3D module and the Merck Molecular force-field
(MMFF94) force field [32] implemented in Molecular
Operating Environment (MOE) [33] were respectively
used to protonate the amino acid residues (with the pH
set at 7.01+2.0) and to minimize the energy of the mod-
eled PPI4K structure to a potential energy gradient of
107'° kcal/mol so as to optimally orient the protein atoms
to the lowest energy level.

To conduct molecular docking, first the modeled pro-
tein was aligned to the template protein—ligand complex
(PDB ID: 6GL3) to locate the binding site. Afterwards,
a grid box measuring 42 x 22 x 20 points with 0.375 A
point spacing was generated around the identified pro-
tein active site and then both the inhibitors and non-
inhibitors were docked into the grid using the AutoDock
suite as described in our earlier work [34]. An area under
curve (AUC) was plotted using R program to determine
the capability of the AutoDock program to differentiate
between inhibitors and non-inhibitors of PI4K. The vali-
dated virtual screening protocol was used thereafter to
carry out molecular docking of the study compounds.

An online platform was used to filter the fragment hits
against PAINS [35] while MACSS structural keys were
used to assess their structural novelty by comparing them
to known PPI4K inhibitors. Similar and substructures of
candidates which passed both assessments (PAINS and
novelty check) were retrieved from ZINC-15 database
and submitted to docking calculations following the pro-
tocol described above.

Molecular dynamics simulation

The parameter file of ligand was generated by Auto-
mated Topology Builder (ATB) [36] whereas the molec-
ular dynamics simulation was carried out by Gromacs
verd.5.5 using GROMOS96 (ffG53a6) force-field [37].
The protein-ligand complex was submerged into
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solvated cubic box simple point charge (SPC) comprising
an explicit water model and sufficient sodium and chlo-
ride ions which serve to neutralize the system. Steepest-
descent integrator and conjugate gradient algorithm were
applied to perform energy minimization. The system
was agitated for a period of 100 ns during which solvent
molecules and ions were allowed to equilibrate around
the solute molecule at 300 k and 1 bar while all the non-
hydrogen atoms were subjected to position restraining
force.

Results and discussion

Construction of PPI4K homology model

PPI4K sequence with ID: KNG744841.1 was used as
query sequence to BLAST (Basic Local Alignment Search
Tool) the protein databank through NCBI (National
Center for Biotechnology Information) online platform
and the algorithm identified human PI4K (Access ID:
6GL3) as the most suitable template even though they
share sequence identity of 44.36%. Our decision to go
ahead with 6GL3 as the template structure in spite of
the relatively low sequence identity was because it has
an inhibitor bound within the ATP-site which stretches
beyond the ribose pocket to create ATP binding pocket
with large conformation in the P-loops. The advantage
is that the large binding pocket will allow the accommo-
dation of molecules of varying structural sizes, thereby
expanding the possibility of identifying hits of diverse and
novel structural motif. The three dimensional structure
of PPI4K was constructed using Modeller program from
the selected template. After several models were built
by the modeller program, the best model was selected
based on the DOPE scoring function. PROCHECK iden-
tified that 77.0%, 19.70%, 2.60%, and 0.70% of the pro-
tein model residues are respectively located in the core,
allowed, the general and disallowed region as shown by
the Ramachandran plot in Fig. 1. Since the stereo-chemi-
cal quality of the homology model was satisfactory, it was
then used in this study.

Evaluation of virtual screening workflow

To ensure reliable results, docking protocols are vali-
dated. This is achieved through two broad approaches:
in the first approach the capability of docking program to
reproduce experimental pose of a co-crystallized ligand
is accessed by measuring the root mean square devia-
tion (rmsd method) while in the second approach the
correlation between dock score and the enzyme inhibi-
tion concentration (ICj)) of compounds is determined
by measuring some statistical metrics such as R? AUC
score [38, 39]. Apparently the rmsd method requires a
co-crystallized ligand and since that is not available in
this study we chose the latter method. Several docking
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Fig. 1 Ramachandran plot for the PfPI4K receptor homology model

protocols were generated and their abilities to discrimi-
nate between PI4K inhibitors and non-inhibitors were
evaluated using a dataset curated from the ChEMBL
database in which compounds with IC,;;<10 uM are
grouped as PI4K inhibitors and those with IC5,>10 uM
are grouped as non-inhibitors. All the inhibitors curated
here were assayed by ADP-Glo Kinase Assay (Promega)
method; where the activity of the PI4K is determined
by measuring the quantity of adenosine diphosphate
(ADP) produced during the kinase reaction [40] whereas
other methods such as “in situ PI4K2A kinase assay with
COS-7 cells” [41] were also used in screening the non-
inhibitors. The ratio of inhibitors to non-inhibitors in the
validation set was 1:5 (that is 30 out of 150 molecules).
Figure 2 shows the enrichment curve for the acceptable
docking protocol and explains that the enrichment is bet-
ter than random since according to the area under the
ROC (AUR), the protocol demonstrated 82.53% overall
prediction accuracy. Therefore, it can retrieve potential
PI4K inhibitors from a database of diverse molecules in a
virtual screening scheme.

Fragment-based virtual screening

A subset of 21 844 unique fragments extracted from
ZINC database (comprises 727 842 purchasable com-
pounds and a total of over 34 million molecules) was
docked towards the binding site of PPI4K model using
the validated docking protocol. The choice of fragment-
based technique is based on two reasons: (1) fragments
cover large chemical space which invariably increases the
chances of identifying new PI4K inhibitors; and (2) the
technique is reported to identify more hits than other
virtual screening methods [42]. The binding free energy
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Fig. 2 Assessment of the performance of virtual screening protocol:
Area Under ROC curve

of the screened fragments spanned from positive val-
ues to as low as —9.31 kcal/mol. Using binding energy
<—9.00 kcal/mol as cut-off, 16 fragments were selected
and submitted for pan-assay interference compounds
(PAINS) filtration to identify frequent hits which often
are promiscuous binders. Two molecules were caught
by the filter while the remaining 14 fragments passed.
To focus our study on molecules with unusual struc-
tural scaffolds different from already known PI4K inhibi-
tors, Tanimoto coefficient calculation using MACCS
structural fingerprints at the overlap of 60% to known
PI4K ligands curated from the ChEMBL database was
performed and this resulted in seven fragments with 2
uncommon scaffolds (Fig. 3). Through visual inspection,
the two scaffolds were identified as isoquinoline and
indazolone.
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To explore ligand space ZINC-15 database, compris-
ing of over 34 million molecules, was explored to retrieve
similar and substructures of the seven structurally unique
top-scoring fragments. This exercise led to 131 fragment
derivatives and results of their docking calculations dem-
onstrated that each of the derivatives exhibited enhanced
binding affinities for PPI4K over their parent fragments.
This is expected given that the derivatives generally pos-
sess better frames that suitably accommodate the protein
binding pocket (except in the event a bulky substituent
group clashes with protein residues) and greater num-
ber of moieties capable of engaging into more interac-
tions with binding site residues [43]. There was no clear
structure—activity relationship, however, it appears the
protein preferred interaction with the derivatives of
isoquinoline than indazolone scaffold because the iso-
quinolines showed comparable greater binding affin-
ity (<—11.00 kcal/mol) (Table 1) than the indazolones
(most of them have binding free energies in -10 kcal/
mol range). The performance of the isoquinoline series
further suggests that the N-2 position does not permit
flexible moieties since all the derivatives (compounds 5,
6, 10, 11, 13, 14, 22) with a flexible group at that posi-
tion have relatively low scores (> —10.00 kcal/mol). On
the other hand, the presence of rigid group(s) and moi-
eties capable of making electrostatic interaction at the
N-2 and para positions of the two benzene rings tends
to enhance binding with PPI4K. That is probably the rea-
son compound 29 has better binding energy than 4 and
7 (Table 1). Of all the derivatives, compound 31 exhib-
ited the highest binding affinity for PPI4K (—13.80 kcal/
mol). Results of computed molecular descriptors for 31
(Table 2) suggest it possesses interesting physicochemi-
cal profile that could surmount solubility challenge facing
known PI4K inhibitors.
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Fig. 3 The seven fragments with uncommon structural scaffolds from other known Pl4K inhibitors
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Table 1 The derivatives of the best performing scaffold and their binding free energies
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Table 1 (continued)
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Table 2 Basic physical parameter of compound 31 Y96 on both sides that allowed the hydroxypiperidinone
Molecular descritor Value  Sroupto make strong polar contacts with PPI4K residues
P (Fig. 4c) which obviously relaxed the system. The bind-
MW 32433 ing pose of 31 retrieved after the system has converged is
logP 245 characterized by polar contacts between the hydroxypi-
HBA 6 peridinone group and the backbone atoms of Y96, V97
HBD 1 and T100 (Fig. 4d). A fourth hydrogen bond interac-
NRB 2 tion was found between the terminal carbonyl moiety
TPSA 19784  and K48 of PPI4K. The distance between the centroids
NHA 24 (within <4.0 A to each other) and their orientation depict

TPSA, total polar surface area (A%); NRB, number of rotatable bonds; HBD,
hydrogen bond acceptor; HBD, hydrogen bond donor; logP lipophilicity; MW,
molar weight (Da); NHA, number of heavy atoms

Molecular dynamics simulation

The presence of a ligand in a protein system causes the
system to adjust from its initial state (without the ligand)
to new spatial conformation (with the ligand). If the
ligand binds with the protein favorably, the system con-
verges (that is; the system reaches the new spatial con-
formation and remains stable) and vice versa [44, 45].
In MD simulations, rmsd is calculated to determine the
spatial difference between the starting structure of the
simulation and all succeeding frames. Figure 4a shows
that compound 31 had a stable binding interaction with
PPI4K since the system reached equilibrium shortly
before 10 ns and continued to be stable for the rest of the
100 ns it was allowed to evolve. Figure 4b depicts that
strong hydrogen bonds were present between the com-
pound and the protein active site residues at each point
of the trajectory. In comparison to the ligand pose before
the MD simulations, it appears the agitation enabled the
naphthalene group of compound 31 to take place pref-
erentially within the protein cavity overlay by Y82 and

the presence of m-m interactions between the aromatic
rings of 31 and the phenyl rings of Y82 and Y96. Taken
together, the MD simulations studies confirm the binding
hypothesis of compound 31, and by extension the other
derivatives, toward PPI4K and presents 31 as a viable vir-
tual hit deserving experimental testing and other further
biological studies.

Conclusion

The aim of the fragment-based workflow described in this
study was to identify small molecule(s) that could become
starting material(s) in the development of new PPI4K
inhibitor(s) for malaria therapeutics. A homology model
of PPI4K based on human PI4K template was built and
a dataset of compound fragments curated from ZINC15
database was docked towards the ATP-binding site of the
PPI4K model. Two scaffolds uncommon among known
PI4K ligands were identified amidst the fragment virtual hits.
When similarity and substructure search was conducted to
explore ligand space of the hits, we found that only the deriv-
atives of one of them (indo group) demonstrated enhanced
binding affinity. Importantly, the best-scored derivative of the
indo functionality has attractive physico-chemical features
required for a drug-like candidate and that is a vital quality
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Fig. 4 The performance of compound 31 across the 100 ns production phase trajectory. a RMSD of the PPI4K-compound 31 complex system, b
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1d respectively

considering that current known PI4K inhibitors are faced
with solubility problem. MD simulations confirmed the sta-
ble binding of the best-scored. Finally, analysis of binding
pose revealed essential moieties of the compound involved
in binding interaction with PPI4K active site residues and
this information is valuable for chemical modification of the
compound to optimize binding affinity. On the other hand,
the identified ligand interaction in this study could be used to
generate pharmacopheric model that could be employed as a
query in virtual screening protocol.
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