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ABSTRACT

Aspartic protease enzymes have been critical in the survival of Plasmodium falciparum.
Catabolic degradation of hemoglobin plays a quintessential involvement in parasite life cycles and
a digestive food vacuole plasmepsin | (PfPIm |) was accessed as a possible drug target as a part
of antimalarial drug discovery. Computational methods were utilized to navigate through a pool of
HEA and Piperazine analogs to figure out the best hit out of the screened compounds. For further
exploration, MD simulations were used on PfPIml-hit complexes to demonstrate their stability.
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INTRODUCTION

Digestive food vacuole of P falciparum
remains equipped with four plasmepsins (PfPIms)
plasmepsin |, Il IV & Histoaspartic protease
(HAP), and they are essentially engaged in the
catabolic degradation of hemoglobin during the
course of intraerythrocytic cell cycle'. This study
has been corroborated by hemoglobin hydrolysis
by a naturally occurring pious enzyme. Malarial
mortality remains a curse on humankind and a

global escalation is witnessed in the highly affected
regions of the African continent and South-East
Asian region as supported by WHO and other public
stake holding agencies?®. WHO and other global
agencies have been implementing several malaria-
controlling programs, especially in the regions of
high incidence but a reduction in malaria cases is
yet to be seen*. Parasite resistance has been a
stumbling block in the medical diagnosis of malaria
and the development of potential therapeutic
interventions is a pressing need>.
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Vaccine development remains a complex
process and requires an integration of academia and
industry over the period of time with a considerable
influx of public funding meanwhile these small
molecules can significantly contribute to controlling
the parasite, responsible for millions of casualties
globally. Availability of vaccines has added an
effective arsenal to combat the deadly disease in
the safeguard of people.

Two vaccines (RTS,S/AS01 & R21) are now
available and being administered in African continent
with varying efficacy to control malarial disease in
children. Booster doses are a pivotal part of these
vaccination programs as to complete the schedule
of vaccine®’.

Pfplml and its digestive vacuole plasmepsins
share 53—70% amino acid arrangements that match
their expression pattern®'°. PPIm | is believed to
contain a transmembrane domain at its N-terminus,
encoding a polypeptide consisting of a 123 amino
acid proregion and a 329 amino acid mature
region. PfPIm | appears to evolve a bilobal tertiary
structure analogous to Pepsin based on sequence
similarities with PPIm Il and PPImIV'-14.In line with
current research on trophozoite immunolocalization
within erythrocytes', once PfPIm | reaches
the parasite surface's double membrane, the
zymogen matures into an enzyme in the digestive
vacuole in conjugation with digested hemoglobin.
Aspartic proteinase inhibitors Pepstatin A and
SC-50083 both are effective against cultured PPIm
| parasites'®'”. Unlike Ro40—4388, Ro40-5576 and
Ro040-5572 inhibit PPIm | with similar antiparasitic
properties’. Ro40—4388 and Ro40-5576 have
similar antiparasitic effects The development of
new antimalarial drugs may be informed by these
evidence sources, as PfPIm | could potentially be
a superior choice. Several studies have expressed
the effectiveness of hydroxyethylamine (HEA) and
piperazine as PfPIm binders'®2!. Synthesis of HEA
and piperazine analogs based on these findings
were taken along to validate the present studies.

Methodology

Preparation of PPIml, ligand, and blind docking
The protein structure for PPIml (PDB:

3QRV) was accessed from (RCSB Protein Data

Bank) and synthesized to remove structural defects

in autodock vina?. Blind docking was executed
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instead of site-specific docking purposefully to get
the desired results.

Molecular docking studies

PyRx was capitalized to perform blank
molecular docking of the developed analogs on the
line of Pepstatin inhibitors against PfPIml.

Simulations of molecular dynamics

The docked complexes were simulated
using molecular dynamics to demonstrate their
dynamic behavior in the line of established bonafide
control Pepstatin. Academic Maestro-Desmond
simulations were conducted using the in-built
OPLS-2005 force field?*26. Using the TIP3P water
model, the docked complexes were solved in an
orthorhombic box before simulation®. To neutralize
the systems and maintain physiological pH, sodium
ions (Na*) and chlorine ions (CI-) were added. For
all systems, an energetically minimization step
at 100ps sustaining before simulation, all default
conditions were conceived. The Nose—Hoover and
Martyna—Tobias—Klein chain dynamic algorithms
were utilized in the study, which was conducted at
1.0 bar and 300 K2829,

After following up all the requisite processes,
two docked systems were produced within a time
span of 100ns. PfPImI retrieved the coordinates
and energy at 20.0 and 20ps, respectively. RMSD,
RMSF and protein-ligand interactions are used
to assess docked complex stability. The stereo-
chemical geometry of PPIm | was analyzed after
MD simulation by Procheck®31,

Preparation of compound-1
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A 50 mL round-bottom flask was filled
with N-Boc-3-amino-1,2-epoxy-4-phenylbutane
(8.8 mmol) solvated in 5 mL ethanolic solution.
Piperazine was then added as a second reactant,
and the reaction mixture was subjected to
microwave illuminated for a brief duration of 30
minute. at 300 W and 80°C. Removal of solvent
was achieved under the vacuum condition after
room temperature was attained by the reaction
mixture. Recrystallized compound was accessed
by employing ethyl acetate and hexane (1:9)
mixture to proceed further. BOC deprotection
was inevitable so was accomplished in the next
step in a flask, with addition of dichloromethane,
20 mL volume capacity with an approximation
of 3 mL trifluoracetic acid addition in a time
consuming manner. As soon as the reaction was
completed, additional solvents were expelled
under vacuum conditions as the mixture was
being stirred at RT. The addition of a base within
the pH range of 8-9 modified the acidity level of
the reaction mixture, which was subsequently
extracted using CH,COOC_H, and rinsed with
a brine solution. The compound layer was
dried by the effective addition of anhydrous
sodium sulfate, and the excess ethyl acetate
was then removed under reduced pressure.
Benzoic acid (2.0 mmol) and triethylamine
(4.5 mmol) were combined in the presence of
DCM (20 mL) were stirred at RT for approximately
30 mins with subsequent accretion of 1-Ethyl-
3-(3-dimethylaminopropyl)carbodiimide (3.2
mmol). Hydroxyl benzotriazole (HOBt) (3.2
mmol) addition was accomplished at 0°C and the
intermediate (1.0 mmol) addition was achieved
with ensured constant stirring. The final product
was recovered by employing CH,COOC_H,
(83x25 mL) once the process was completed
in totality, and after that, the product was
subjected to a vacuum to eliminate an additional
amount of DCM solvent. Inevitably addition
of anhydrous sodium sulfate was assured to
fetch the water free organic layer followed by
solvent elimination. Column chromatography
(70: 30, hexane: ethyl acetate) was exercised to
gain the finally purified product.

Spectroscopic data of compound 1: N-(3-
hydroxy-4(4-(2-methylbenzyl)piperazin-1-yl)-1-
phenylbutan-2-yl)-4-methylbenzamide

'H NMR: & 7.98 (d,1H), 7.74 (d,2H),
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7.30 (s,2H), 7.17 (ddd,8H), 6.99 (d,1H), 4.30
(dd,1H), 4.01 (d,1H), 3.55 — 3.41 (m,2H), 3.19
—2.80 (m,5H), 2.82 — 2.50 (m,5H), 2.36 (dd,8H)
(CDCI,, 400 MHz). 3C NMR: § 167.43, 142.09,
138.06, 137.63, 135.41, 131.33, 130.51, 129.94,
129.57, 129.27, 129.04-128.95, 128.70, 127.54,
127.22, 126.57, 125.71, 65.00, 60.52, 60.32,
53.76, 52.92, 50.97, 38.66, 29.78, 21.60, 19.24
(CDCI,, 100 MHz).

Synthesis of compound 2

A round bottom flask with a 50 mL
capacity was contaminated with 5.0 mmol of
tert butyl(3-(4-hydroxyphenyl)-1-(methyl(1-
(oxiran-2yl)-phenylethyl)amino)-1-oxopropan-
2-yl)carabamate in 5 mL of ethanol followed
by addition of 5.0 mmol of (2-methylbenzyl)
piperazine and microwave irradiation was
provided for a period spanning about 40 minutes.
After that reaction mixture was subjected to
vacuum to get rid of excess solvent followed by
treatment of Ethyl acetate and hexane mixture to
afford a recrystallized product.

Spectroscopic data of compound 2: t-butyl(1-((3-
hydroxy-4(-4(2-methylbenzyl)piperazin-1-yl)-1-
phenylbutan-2-yl)amino)3-(4-hydroxyphenyl)-1-
oxopropan-2-yl)carbamate

'H NMR (400 MHz, CDCl,) § 7.27-7.18
(m, 6H), 7.12 (s, 2H), 6.97 (d, 2H), 6.70 (d,2H),
6.52 (d,1H), 4.86 (s, 1H), 4.20 (s, 1H), 3.98
(dd, 8.0 Hz, 1H), 3.63 (d,1H), 3.43 (d,2H), 2.86
(d,4H), 2.46 (d,5H), 2.31 (s, 3H), 2.28-2.00 (m,
4H), 1.40 (s, 4H). '*CNMR (100 MHz, CDCl,) &
171.36, 155.41, 138.03, 137.55, 135.99, 130.43,
130.38, 129.91, 129.51, 128.51, 127.75, 127.24,
126.53, 125.61, 115.88, 65.09, 60.62, 52.99,
38.94, 28.36, 19.33.
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RESULT AND DISCUSSION

Targeting PfPIm | has always been
remarkable effects on parasite survival as degradation
of complex protein, hemoglobin is critical for their
survival during their life cycle in the human host.
Designed analogs may have the capacity to inhibit
PfPImI activity leading to parasite growth inhibition
3031, This key finding was an emboldened step and
fuelled us to design and screen analogs aimed at
PfPImI by deploying computational approaches.

Molecular docking studies

An analysis of molecular docking
calculations was conducted investigate the potential
HEA-piperazine analogs that could rope up
effectively as part of its active site PPIm | enzyme
using PyRx. Based on their computed binding
affinity to the protein, docking scores (kcal.mol")
were used to evaluate and rank the poses of the
ligands. Compared to pepsin, both compounds
docked strategically within PfPIm I's binding pocket.
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Compound | (C-1), Compound (C-Il), and Pepstatin
demonstrated docking scores of -8.4 kcal.mol”,
-7.3 kcal.mol', and -6.7 kcal.mol, respectively.
2D-interaction plots of the docked candidates to
PfPIm-I protein are depicted in Fig. 1. In the case
of PPIm I-C1 complex, piperazine interacted with
Asp 215 and Thr 218 by salt bridge and HG-bond,
respectively. The p-methyl phenyl ring showed close
interaction with Phe117 by virtue of hydrophobic
interaction. Hydroxy group had great affinity to Asp32
by H-bond.1-benzhydryl substituted at pocket 2
interacted with Phe64 by means of pi-pi interaction
(Figure 1a).

In PPIm I-C2 complex, Ser219 residue
interacted to hydroxyl group, whereas Thr218
interacted to amine group. In PfPIm |-control
complex, control interacted to Ser219, Gly34, and
asp215 by H-bond only. All three complexes were
processed forward for MD simulation at 100ns to
reveal their conformational stability as the docked
ligand to the protein of interest.

Fig. 1. Diagram illustrating interactions between ligand and residues comprising the binding site:
(a) PfPIm I-C1, (b) PPIm I-C2, and (c) PfPIm I-Pepstatin complexes

MD simulations
Simulations of molecular dynamics
were accelerated for both the compounds

C1 and C2 at 100ns to unravel their stability
and the conformational behavior in complex
with PfPIm | and compared with Pepstatin. As
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a result of these simulations, the stability of
these systems was determined. The C-PfPIm
I complex with C-1, C-2, and Pepstatin
exhibited a stable RMSD plot within the first
10 nanoseconds, with fluctuations remaining
within an acceptable range (<3A) (Fig. 2a, 3a,
4a). Averaging the RMSDC, RMSD,_,,. .. and
RMSD,_,,. ..., Values for PPIm | in complex with
compound C1, the average values were 2.49,
2.49, and 3.62. Similarly, in compound C2, the
average values of RMSD_ , RMSD,_ . . and
RMSD,,...., for the PPIm | were 1.98 A, 1.98
A, and 2.42 A, respectively. With compounds
and Pepstatin, the average values of RMSD_,
RMSD,, .o @nd RMSD_, .. for the PPIm I
were 2.05 A, 2.03 A, and 3.33 A, respectively.
RMSD of C, backbone and sidechain of PPIm |
in all three complexes were similar and reflected
that protein was quite stable in character without
any considerable conformational change in the
structure of protein.

The average ligand RMSD fit on
proteins of compound C1, C2, and Pepstatin
were 5.17A, 8.46 A, and 2.97 A, respectively
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as set out in Fig. 2a, 3a, and 4a. The RMSF
plot indicated that the atoms of compound C-1
fluctuated below 2A whereas tertiary-butyl
group of C-2 was the highly fluctuated during
the simulation.

As shown in Fig. 3c, compound C1 also
interacts with residues of PfPIm I's binding site.
Compound C1 successfully upheld interactions
with significant residues (Asp32, Phe117,
and Asp215) and complement the molecular
docking results. However, there were some
additional interactions with residues such as
Trp39, Phe109, and lle120. Compound C2
in the first few nanoseconds interacted with
Asp215, Phe117, and Tyr189, along with some
other residues such as Asp290 as seen in Fig.
3c. We discovered that both ligands maintained
interaction with catalytic residues compared to
control (Figure 2c¢,3c,4c).

The number of contacts formed by C1, C2,
and Pepstatin during the simulation is 10-11, 8-9,
and 10-11, respectively (Figure 2d,3d,4d).

Fig. 2. MD results of PfPIm I-C1 complex: (a) RMSD plot, (b) Ligand RMSF plot, (c) protein-ligand contacts histogram, (d)
protein-ligand contacts timeline
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Fig. 3. MD results of PfPIm I-C2 complex: (a) RMSD graph, (b) Ligand RMSF graph,
(c) protein-ligand contacts histogram, (d) protein-ligand contacts timeline

Fig. 4. MD results of PfPIm I-Pepstatin complex: (a) RMSD graph, (b) Ligand RMSF graph, (c) protein-ligand contacts
histogram, (d) protein-ligand contacts timeline

Graph of Ramachandran plot from the last frame 100ns simulation for all three
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complexes confirmed that the residues lie
(£ 1.1%) in the outlier region indicating a protein
with good stereo-chemical geometry (Table 1
and Fig. 5; entry 1-3). The PfPIm I-C1, and PfPIm
I-C2, possessed 2 (Val76, Ser77), and 2 (Val76,
Asn11) residues respectively in the outlier region
though no outlier residues were present for PfPIm
|-Pepstatin complex.

Fig. 5(a). Ramachandran plot of complex PPImI-C1,
(b) Ramachandran plot of complex PfPImI-C2 and (c)
Ramachandran plot of complex PfPIml-Pepstatin
Characteristics of ligands
Properties like ligand RMSD (ligand fit
over ligand), MolSA, rGyr, PSA, intraHB, and
SASA were utilized to elucidate the stability of
compound C1, C2, and Pepstatin within PfPIm
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| receptor complex as set out in Fig. 6a-c.
Compound C1 showed ligand RMSD (ligand
fit on ligand) within acceptable range whereas
C2 showed slight high ligand RMSD (ligand
fit on ligand) correlated to control in complex
with PfPIm | (Fig. 6). The radius of gyration and
other parameters for C1 is similar compared to
control whereas C2 showed slight high deviation
as compared to control. MolSA, intraHB, PSA,
rGyr, and SASA represent the molecular surface
area, intramolecular H-bond, polar surface
area, radius of gyration, and solvent accessible
surface area, respectively.

Fig. 6. Ligand properties during the 100ns simulations:
(a) PfPImI-C1 complex, (b) PPImI-C2 complex, and
(c) PfPIml-Pepstatin
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Table 1: Ramachandran mapping of stereochemical geometry for residues of PfPIml

Residues number and % in

Entry no Complex Outlier region Additional allowed region Additional generously region  favoured region
1 PfPImI-C1 2(0.7) 56(19.4) 3(1.0) 228(78.9)
2 PPImI-C2 2(0.7) 45(15.6) 5(1.7) 237(82.0)
3 PfPImI-Pepstatin 0(0.0) 52(18.0) 4(1.4) 233(80.6)
CONCLUSION some fluctuations. Hence MD simulation evaluated

Both compounds (C1 and C2) exerted
their true docking score in comparison to potential
inhibitor Pepstatin (-8.00 kcal.mol"). The stability
of both compounds in complex with PPIm | was
further validated by 100ns MD simulation, post-MD
analyses followed by their result comparison with
a notable inhibitor Pepstatin. The docking result
of compound C1 (-8.4 kcal.mol"), and C2 (-7.3
kcal.mol") was better in comparison of control
(-6.7 kcal.mol"). MD results ascertained that
compound C1 was very stable while C2 showed

compound C1 as a potential inhibiting agent
of PPIm 1.
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