2023

Chemical Biology
LETTERS

10(4), 627

Synthesis of novel phthalimide-based piperazine conjugated analogs as
anti-malarial agents

Meenakshi Bansal,? Sumit Kumar,* Brijesh Rathi*

!Department of Chemistry, Deenbandhu Chhotu Ram, University of Science & Technology, Murthal, Sonepat Haryana 131039 India.
2Laboratory for Translational Chemistry and Drug Discovery, Department of Chemistry, Hansraj College, University of Delhi, Delhi-

110007 India

Submitted on: 22-Jun-2023, Accepted and Published on: 07-Aug-2023

304

ABSTRACT

In the present report, we
synthesized  twelve  novel
phthalimide analogs and
evaluated for antiplasmodial
efficacy on Plasmodium
falciparum culture. Two
molecules exhibited significant

@ TCs, (M) at 48h (6d) = 1.20 + 0.02

QOO .

Plm_IX-6d Complex h—>
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inhibition percentages at 1 UM concentration without any apparent cytotoxicity on HepG2 cells. Inhibitory concentratlon (ICSO) for both the
hit compounds 6d and 8a was observed in micromolar range, 1.20 uM and 1.66 puM, respectively. Extensive in silico studies conducted
indicate plasmepsin IX as a possible target for inhibitory activity of the reported molecules.
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INTRODUCTION

Malaria continues to be the most prevalent and lethal vector-
borne devastating cause of death in tropical geographies, with a
significant portion of the population still depending on the
utilization of medicinal plants to combat the pathogenicity of the
disease.>? Malaria is usually caused by protozoan parasites from
the Plasmodium genus, which invade the human host’s
erythrocytes (red blood cells). Plasmodium has five different
types that can attack people: P. falciparum, P. vivax, P. ovale, P.
malariae, and P. knowlesi. Among the five plasmodial species
that pose the most threat is P. falciparum, accounting for 90% of
fatal disease cases.>* As per the latest World Malaria Report
2022, a total of 247 million cases in 84 malaria-endemic countries
were reported in 2022.57 In African region, the vast majority of
malaria cases, specifically 99.7%, were attributed to P.
falciparum, with a disproportionate number of those targeted
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being children and pregnant women. Although, the number of
people associated with the disease has gone down in recent years,
there is an urgent need to achieve the eradication by novel
treatment options.

Targeting various phases of the complex P. falciparum life
cycle (i.e., asexual replication in the host’s bloodstream and
sexual reproduction in the mosquito vector) will probably be
crucial for eradicating this pathogen.? Most therapeutics effective
on asexual blood stage that is clinically significant and
responsible for causing the disease.’® The efficacy of effective
drugs, including chloroquine and quinine, has been decreasing
due to the emergence of resistance.l®!! Artemisinin-based
combination treatment (ACT) options are widely used to treat
malaria. The efficacy of artemisinin in current drug combinations
is attributed to its activity against a wide range of drug-resistant
strains.'? Nevertheless, there has been a concerning increase in
the resistance of parasites to artemisinin and the accompanying
drugs employed in the present standard treatment approach. It
necessitates the discovery of novel pharmaceuticals utilizing
innovative mechanisms of action.3

Scaffolds based on phthalimide (Pht) were developed based on
our previous research conducted in our lab, which have shown
promising results against malaria parasite.’>'® Besides, Pht and
its derivatives are highly valued in medicinal chemistry, serving
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as valuable scaffolds and pharmacophores for advancing new
therapeutics against various diseases.?*?? Figure 1 highlights the
importance of scaffolds known in the literature as having good
efficacy against Pf3D7 strain of malaria parasite.'®?2?® The
present study involves further structural modifications of
previously reported Pht based antiplasmodial hits.}® These
modifications are based on amide linkages that utilize Pht as a
parent scaffold and amino acids as a complimentary scaffold, as
they possess the potential to serve as drug synthons.?® Further,
heterocyclic moieties i.e., piperazines and cyclic amines, are
significant constituents in synthesizing substituted amide
linkages.?"?2° Consistent with previously published data, certain
analogs featuring C, symmetry with piperazine have exhibited
better outcomes. ® In this study, we were curious to know the role
of C, symmetry on the antiplasmodial activity. Therefore, we
synthesized twelve novel compounds without any C, symmetry
and evaluated their efficacy on Pf3d7 strain in cell culture.
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Figure 1. Examples of Pht based inhibitors showing efficacy
against Plasmodium falciparum.

EXPERIMENTAL

Chemistry

Material: The solvents and reagents used in the investigation
were procured from the commercial sources and employed
without any purification process. The homogeneity and purity of
all products were evaluated using thin-layer chromatography
(TLC) on alumina-coated plates (Merck). The experiment
involves applying product samples dissolved in chloroform
(CHCIs3) were loaded on TLC plates, which were subsequently
subjected to development in Ethyl acetate/Petroleum ether (1:1,
v/v). Upon detection of minor impurities through iodine
vapour/UV light visualization, the compounds underwent
additional purification via. Flash column chromatography
(‘Yamazen, Japan) utilizing alumina gel columns (100-200 mesh
size, Biotage). The determination of melting points was carried
out on BUCHI Melting Point M-560. The 'H and **C Nuclear
Magnetic Resonance (NMR) spectra were acquired on a JEOL
ECX-400P instrument at 400 MHz and 100 MHz, respectively,
in CDCl; solvent at the University of Delhi's USIC facility. The
Agilent Technology-6530, Accurate mass, Q-TOF LCMS
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spectrometer located at USIC, University of Delhi was used to
acquire the high-resolution mass spectral (HRMS) data.
General procedure for synthesis: Synthesis of Pht-
piperazine analogs already been optimized in our lab.'5” Similar
methods were followed to synthesize all the listed Pht
compounds 6-8(a-d) in this manuscript. In the beginning,
substituted phthalic anhydrides 1la-c (1.0 equiv; 5.0 mmol) and
different amino acids 2a-d (1.0 equiv; 5.0 mmol) were taken in
toluene and refluxed at 120 °C for 2 h in presence of
trimethylamine (TEA, 0.1 equiv; 0.5 mmol). After completion,
the reaction mixture was extraction ethyl acetate and water. The
resulting organic layer was subsequently collected and subjected
to drying using anhydrous sodium sulphate. Next, excess ethyl
acetate was removed under reduced vacuum pressure to afford
intermediate N-phthaloyl-L-amino acids, 3-5(a-d), and used in
the next step without any purification. Further, intermediates 3-
5(a-d) (1.0 equiv, 2.0 mmol) were coupled with Boc-protected
piperazine (1.0 equiv, 2.0 mmol), which were taken in the round
bottom (RB) flask and dissolved in dichloromethane (DCM),
followed by dropwise addition of TEA (3 equiv; 6.0 mmol) to the
reaction mixture. After 20 mins, EDC-HCI (2.0 equiv., 4.0 mmol)
was introduced to the reaction mixture, followed by the
subsequent addition of HOBL (2.0 equiv, 4.0 mmol) after the next
20 mins. After a 30-minutes of stirring, the Boc-protected
piperazine compound was gradually introduced into the reaction
vessel. Before this addition, the compound was dissolved in
dichloromethane (DCM) within a separate round-bottom flask
(RB flask). All the additions were conducted at a temperature 0
°C followed by stirring at ambient temperature for a duration of
24 h. Lastly, the excess of the solvent was eliminated using rotary
evaporator. Subsequently, the resulting mixture was extracted
using ethyl acetate and water. The acquired organic layer was
collected, dehydrated using anhydrous sodium sulphate, and
concentrated using a rotavapor. The crude products 6-8(a-d)
underwent further purification via. flash column chromatography
using a solvent system consisting of ethyl acetate and hexane at
2:8 (v/v). The spectroscopic techniques i.e., NMR (*H & 13C) and
HRMS, confirmed the chemical composition of the synthesized
compounds (Figure S1-S50).
Spectroscopic data

tert-Butyl (S)-4-(2-(1,3-dioxoisoindolin-2-yl)-3-phenyl
propanoyl)piperazine-1-carboxylate (6a)

White solid; yield 78%; m.p. 165-167 °C. *H-NMR (400 MHz,
CDCl3) 8 7.74 (dd, J =5.5, 3.4 Hz, 2H), 7.52 (dd, J for=5.5, 3.4
Hz, 2H), 7.19-7.04 (m, 5H), 5.32 (t, J = 7.9 Hz, 1H), 3.71 - 3.32
(m, 8H), 3.30 — 3.04 (m, 2H), 1.46 (s, 9H). 3C NMR (100 MHz,
CDCls) 6 168.3, 166.6, 155.0, 137.3, 133.2, 132.3, 129.6, 129.1,
127.4,125.3,81.0, 56.7, 45.0, 43.5, 37.3, 28.4.

tert-Butyl (S)-4-(2-(1,3-dioxoisoindolin-2-yl)-3-methyl
butanoyl)piperazine-1-carboxylate (6b)

White solid; yield 76%; m.p. 143-145 °C. *H NMR (400 MHz,
CHLOROFORM-D) 8 7.85 (dd, J = 5.4, 3.0 Hz, 2H), 7.74 (dd, J
=5.5,3.1 Hz, 2H), 4.63 (d, J=10.2 Hz, 1H), 3.68 — 3.09 (m, 9H),
1.76 (s, 1H), 1.42 (s, 9H), 1.04 (d, J = 6.6 Hz, 3H), 0.87 (d, J =
6.8 Hz, 3H). *C NMR (100 MHz, CDCls) § 167.8, 166.9, 154.5,
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134.5,131.3, 123.7, 80.4, 56.3, 45.6, 42.3, 28.4, 27.6, 20.6, 19.2.
HRMS calcd. (M+H) for C2H30N3O0s 416.2141; found 416.2172.

tert-Butyl (S)-4-(2-(1,3-dioxoisoindolin-2-yl)-4-methyl
pentanoyl)piperazine-1-carboxylate (6c)

White solid; yield 74%; m.p. 146-148 °C. 'H NMR (400 MHz,
CDCI3) 6 7.87-7.82 (m, 2H), 7.76 — 7.69 (m, 2H), 5.13 (dd, J =
11.3, 4.4 Hz, 1H), 3.39 (d, J = 22.2 Hz, 8H), 1.60 (m, 2H), 1.44
(s, 9H), 0.95 (t, J = 6.9 Hz, 7H). *C NMR (100 MHz, CDCls) §
168.2, 134.4, 131.7, 123.6, 80.5, 50.00, 37.4, 28.5, 25.3, 23.2,
21.4. HRMS calcd. (M+H) for Cy3H32N3sOs 430.2297; found
430.2329.

tert-Butyl 4-((2S,3R)-2-(1,3-dioxoisoindolin-2-yl)-3-methy!I
pentanoyl) piperazine-1-carboxylate (6d)

White solid; yield 72%; m.p. 173-175 °C. *H NMR (400 MHz,
CDCl3) 6 7.85 — 7.81 (m), 7.74 — 7.71 (m), 4.72 (dd, J = 13.1,
10.3 Hz), 3.70 — 3.16 (m), 2.90 (d, J = 31.6 Hz), 1.41 (s), 0.96
(dd, J =13.9, 6.9 Hz), 0.86 — 0.81 (m). *C NMR (100 MHz,) §
167.90, 167.29, 154.55 (s), 134.5,131.4,124.0,123.7, 80.4, 55.1,
54.9, 45.7, 45,5, 42.3, 29.8, 28.4, 27.2, 25.4, 16.6, 15.2, 11.5,
10.7. HRMS calcd. (M+H) for Ci3H32N3Os 430.2297; found
430.2327.

tert-Butyl (S)-4-(2-(5-methyl-1,3-dioxoisoindolin-2-yl)-3-
phenylpropanoyl)piperazine-1-carboxylate (7a)

White solid; yield 76%; m.p. 154-156 °C. *H NMR (400 MHz,
CDCls) 6 7.64 (d, J = 7.6 Hz, 1H), 7.56 (s, 1H), 7.46 (d, J=7.7
Hz, 1H), 7.21-7.10 (m, 5H), 5.21 (dd, J = 9.4, 6.3 Hz, 1H), 3.66
—3.10 (m, 10H), 2.47 (s, 3H), 1.40 (s, 9H).2*C NMR (100 MHz,
CDCls) 8 167.7, 167.2, 145.7, 137.0, 134.9, 131.7, 129.3, 28.6,
127.0,124.2,123.5, 80.4, 52.4, 35.4, 28.4, 22.1.

tert-Butyl (S)-4-(3-methyl-2-(5-methyl-1,3-dioxoisoindolin-2-
yl)butanoyl)piperazine-1-carboxylate (7b)

White solid; yield 78%; m.p. 136-138 °C. *H NMR (400 MHz,
CDCl3) § 7.70 (d, J = 7.6 Hz, 1H), 7.62 (s, 1H), 7.50 (d, J = 5.6
Hz, 1H), 4.58 (d, J = 10.1 Hz, 1H), 3.73 — 2.95 (m, 9H), 2.49 (s,
3H), 1.40 (s, 9H), 1.02 (d, J = 6.6 Hz, 3H), 0.83 (d, J = 6.8 Hz,
3H). *C NMR (100 MHz, CDCls) 5 168.0, 166.9, 145.9, 135.0,
131.7, 128.7, 124.2, 123.6, 80.44, 56.1, 45.5, 42.3, 28.4, 22.1,
20.7, 19.1.

tert-Butyl (S)-4-(4-methyl-2-(5-methyl-1,3-dioxoisoindolin-2-
yl)pentanoyl)piperazine-1-carboxylate (7c)

White solid; yield 72%; m.p. 117-119 °C. *H NMR (400 MHz,
CDCl3) 6 7.68 (d, J = 1.4 Hz, 1H), 7.61 (d, J = 7.5 Hz, 1H), 7.29
(dd,J=7.5,14Hz, 1H),4.84 (t, J = 7.3 Hz, 1H), 3.65 - 3.11 (m,
8H), 2.20 (s, 3H), 1.88 — 1.55 (m, 2H), 1.40 - 1.32 (m, 10H), 0.88
(d, J=6.3 Hz, 6H). *C NMR (100 MHz, CDCl3) § 167.9, 167.2,
154.5, 146.3, 133.7, 132.5, 130.8, 124.4, 124.1, 80.5, 52.0, 44.5,
43.0, 39.5, 27.9, 25.1, 22.6, 20.9.

tert-Butyl 4-((2S,3R)-3-methyl-2-(5-methyl-1,3-dioxo
isoindolin-2-yl)pentanoyl)piperazine-1-carboxylate (7d)

White solid; yield 72%; m.p. 167-169 °C. *H NMR (400 MHz,
CDCl3) § 7.70 (d, J = 1.4 Hz, 1H), 7.56 (d, J = 7.5 Hz, 1H), 7.28
(dd, J=7.5, 1.4 Hz, 1H), 3.96 (d, J = 3.8 Hz, 1H), 3.45 (m, 8H),
2.47 - 2.42 (m, 1H), 2.22 (s, 3H), 1.36 (s, 9H), 1.20 — 1.13 (m,
2H), 0.92 (d, J = 6.6 Hz, 3H), 0.85 (t, J = 6.7 Hz, 3H). 1*C NMR
(100 MHz, CDCls) & 168.1, 164.8, 152.0, 143.8, 131.2, 130.0,
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128.3,121.9,121.6, 78.0, 54.2, 42.0, 40.5, 31.1, 25.4, 22.5, 18.4,
13.4, 8.6.

tert-Butyl (S)-4-(2-(5-fluoro-1,3-dioxoisoindolin-2-yl)-3-
phenylpropanoyl)piperazine-1-carboxylate (8a)

White solid; yield 75%; m.p. 141-143 °C. *H NMR (400 MHz,
CDCl3) 5 7.77 (dd, J = 8.2, 4.4 Hz, 1H), 7.44 (dd, J = 7.0, 2.2 Hz,
1H), 7.38 - 7.30 (m), 7.27 — 7.11 (m, 5H), 5.30 — 5.19 (m, 1H),
3.65 — 3.54 (M), 3.50 — 3.4 (m, 2H), 3.37 — 3.23 (m, 3H), 1.41
(s, 9H). C NMR (100 MHz, CDCls) & 167.8, 167.0, 165.9 (d, J
= 254.8 Hz), 154.4, 136.7, 134.2 (d, J = 9.6 Hz), 129.2, 128.7,
127.2,126.0 (d, J = 9.7 Hz), 121.4 (d, J = 23.8 Hz) 111.3, 80.5,
52.9, 50.9, 35.1, 28.4.

tert-Butyl (S)-4-(2-(5-fluoro-1,3-dioxoisoindolin-2-yl)-3-
methylbutanoyl) piperazine-1-carboxylate (8b)

White solid; yield 64%; m.p. 164-166 °C. *H NMR (400 MHz,
CDCl3) 5 7.75 (dd, J = 7.5, 5.1 Hz, 1H), 7.62 (dd, J = 5.6, 2.3 Hz,
1H), 7.29 — 7.20 (m, 1H), 4.04 (d, J = 3.5 Hz, 1H), 3.75 — 3.33
(m, 8H), 2.69 — 2.62 (m, 1H), 1.44 (s, 9H), 1.02 (d, J = 6.4 Hz,
6H. C NMR (100 MHz, CDCls) 8 167.3, 166.8, 166.1 (d, J =
254.3 Hz), 154.5, 133.18 (d, J = 7.6 Hz), 128.6 (d, J = 4.7 Hz),
126.1 (d, J = 6.7 Hz), 120.1 (d, J = 27.7 Hz), 113.6 (d, J = 26.7
Hz), 80.4, 58.6, 4.4, 43.0, 27.8, 28.2, 18.8.

tert-Butyl (S)-4-(2-(5-fluoro-1,3-dioxoisoindolin-2-yl)-4-
methylpentanoyl)piperazine-1-carboxylate (8c)

White solid; yield 65%; m.p. 178-180 °C. 'H NMR (400 MHz,
CDCls) §7.74 (dd, J = 7.5, 5.0 Hz, 1H), 7.65 (dd, J = 8.0, 1.5 Hz,
1H), 7.28 — 7.24 (m, 1H), 4.94 (t, J = 7.3 Hz, 1H), 3.70 - 3.28
(m, 8H), 1.97 — 1.64 (m, 2H), 1.50 — 1.44 (m, 1H), 1.42 (s, 9H),
0.97 (d, J = 6.2 Hz, 6H). 3C NMR (100 MHz, CDCls) & 168.4,
168.0, 167.2 (d, J = 253.4 Hz), 133.3 (d, J = 7.8 Hz), 128.7 (d, J
= 4.8 Hz), 126.2 (d, J = 6.6 Hz), 120.2 (d, J = 27.5 Hz), 113.7 (d,
J=26.6 Hz), 80.5, 52.0, 44.5, 43.1, 39.5, 28.0, 25.2, 22.7.

tert-Butyl 4-((2S,3R)-2-(5-fluoro-1,3-dioxoisoindolin-2-yl)-3-
methylpentanoyl)piperazine-1-carboxylate (8d)

White solid; yield 68%; m.p. 153-155 °C. *H NMR (400 MHz,
CDCl3) 6 7.78 (dd, J=7.5,5.1 Hz, 1H), 7.56 (dd, J = 8.1, 1.4 Hz,
1H), 7.26 — 7.20 (m, 1H), 4.03 (d, J = 4.9 Hz, 1H), 3.71 - 3.39
(m, 8H), 2.41 - 2.30 (m, 1H), 1.43 (s, 9H), 1.32 — 1.23 (m, 2H),
1.04 - 0.89 (m, 6H). *C NMR (100 MHz,) § 168.1, 167.0, 166.6
(d, J = 253.9 Hz), 133.0 (d, J = 7.6 Hz), 128.3 (d, J = 4.7 Hz),
1259 (d, J = 6.7 Hz), 119.8 (d, J = 27.7 Hz), 113.4 (d, J = 26.7
Hz), 80.2,56.4, 44.2,42.7, 33.3, 27.6, 24.7, 15.7, 10.6.

Biological evaluation

In vitro cytotoxicity assay: MTT assay was performed to test
cytotoxicity on HepG2 cells. The HepG2 cells were cultured in
flasks using Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and
gentamicin. The cells were maintained at a temperature of 37 °C
and a carbon dioxide (CO,) concentration of 5%. The medium
was refreshed three times per week. Subsequently, the cells
underwent trypsinization, followed by a thorough washing
process. They were then suspended in a complete medium and
subsequently distributed onto 96-well plates, with each well
containing 5000 cells. The plates were then incubated at a
temperature of 37 °C for a duration of 24 hours. Following a 48-
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hour incubation period, the supernatant was extracted, and a
volume of 100 pL of MTS solution in complete DMEM was
introduced into each well. The plates were then incubated for 2
hours at 37 °C, then analyzed using a spectrophotometer using a
predetermined absorbance value of 450 nm. The obtained data
were analyzed in Excel to evaluate cytotoxicity.

Parasite culture (SYBR Green assay): The development of
Pf3D7 was achieved by implementing the methodologies
described by Trager and Jensen.® Parasites were cultured using
human O+ red blood cells in a complete medium of RPMI 1640
supplemented with NaHCO3;, AlbuMax Il, hypoxanthine, and
gentamicin. The parasites were cultivated in a gaseous
environment consisting of 5% oxygen, 5% carbon dioxide, and
90% nitrogen while maintaining a temperature of 37 °C. SYBR
Giemsa-stained blood smears were evaluated to ascertain the
presence of parasites. The compounds’ clinical efficacy was
assessed against Pf3D7 at various doses by measuring
fluorescence using a multimode microplate reader in a lightless
environment. All the experiments were performed in triplicate.

Hemolysis: The experiment on hemolysis was performed
using a 10% (v/v) suspension of red blood cells (RBCs). Before
the assay, RBCs underwent a washing procedure using
phosphate-buffered saline (PBS) with a pH of 7.4, followed by a
subsequent resuspension in PBS. Subsequently, the erythrocytes
were subjected to varying concentrations of compounds for a
duration of 2 hours at a temperature of 37 °C. After undergoing
the treatment, the samples were subjected to centrifugation at a
speed of 800 revolutions per minute for 5 minutes, while being
kept at the ambient temperature. The aqueous component of the
specimen was collected and underwent spectrophotometric
evaluation at a wavelength of 540 nm to determine the extent of
erythrocyte lysis. All the experiments were performed in
triplicate.

In silico studies

The ADME profile of the synthesized compounds was
calculated using SWISS ADME® and Molfsoft L.L.C.%2 The
anticipated ADME characteristics involve various parameters as
represented in Table S1; supporting information. Target proteins
were optimized and cleaned up before molecular docking studies
were conducted. Schrodinger (Schrédinger Release 2021-1)
software was used for all the processes i.e., protein purification,
ligand preparation, molecular docking, and binding free energy
calculation, as detailed in our previously published research.3® 3

RESULT AND DISCUSSION
Chemistry: Synthesis and characterization

Previously, our group synthesized C, symmetric based
inhibitor, which displayed good activity against malaria
parasites.?> 2 The top hits among C, symmetric analogs showed
ICso of 1.14 uM (Figure 1) against Pf3D7 strain of malaria
parasite. Therefore, here we were curious to get an insight into
the role of C, symmetry by synthesizing twelve novel molecules
without any associated symmetry as shown in Scheme 1.

Initially, synthetic procedure began with the sublimation
reaction of substituted phthalic anhydrides 1a-c with amino acids
2a-d was carried out to obtain the intermediate phthaloyls 3-5(a-
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d), which were further coupled with N-Boc-piperazine to yield
the final products 6-8(a-d) as depicted in Scheme 1. Structural
modifications were performed on substitution with methyl and
fluorine group on the aromatic ring to explore the possible
variations with Pht moiety. The synthesized compounds were
confirmed by characterization (*H & *C) NMR and HRMS.

R, o
OH Y
HoN . O*é oo .,
{ ;S v\
2a-d OH  N-Boc-Piperazine s
— >
R TEA, Toluene Ry : ‘é
* %, 1200 2n N > TEA, EDC.HCI, HOBt
' DCM, 0 °C/RT, 24 h
tae 35 (a-) 68 (ad)
R; =
aH a CH,CoHs
b CH, b CH(CHa)2
cF C CH,CH(CHa)2
d CH(CHa3)CH2CH3

Scheme 1. Synthesis of twelve Pht analogs.
Biology

Cytotoxicity evaluation: At first, an MTT experiment was
done on the HepG2 cell line to test the viability of synthesized
Pht analogs. Figure 2 shows that the chemicals were tested at
three different concentrations: 10, 100, and 500 uM. Up to 500
MM concentration, it was clear that none of the compounds
harmed cells. So, all of the substances were deemed safe to more
biological assays.
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Figure 2. Cytotoxicity evaluated on HepG2 cell line at three
different concentrations i.e., 10, 100, and 500 puM.

Antiplasmodial and hemolytic activity: A preliminary
assessment was carried out to evaluate antiplasmodial activity of
newly synthesized Pht analogs towards Pf culture. Two distinct
concentrations, 1 uM and 5 pM, of all the compounds were
treated to the CQ-sensitive strain Pf3D7. The results indicated
that all the listed compounds exhibited ~50% inhibition of the
parasite at 5 uM concentration. The listed compounds displayed
noteworthy antiplasmodial activity, as indicated in Figure 3 and
Table 1. Interestingly, two compounds, 6d and 8a showed 51%
and 49% inhibitory activity at 1 pM, respectively.

Further, based on initial screening, hit compounds 6d and 8a
were selected for their 50% inhibitory concentration (ICs)
determination, as depicted in Figure 4. The ICs indicated that
both compounds 6d and 8a showed low micromolar efficacy
against Pf3D7 strain with 1Cso values of 1.20 uM and 1.66 puM,
respectively.
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Table 1. Table representing in vitro antiplasmodial activity for
synthesized analogs 6-8(a-d) against Pf3D7 strain.

Entry Comp. Structure %
No. Code inhibition
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Pf3D7
strain
1 5
UM | uM
1. 6a P P 19 51
Crs
SO
8 _é
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@ FO4e
2
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Figure 3. The percentage inhibition of all synthesized Pht analogs
against Pf3D7 at two different concentrations (1uM and 5pM).
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Figure 4. Graphical representation of 1Cso determination curves for
A) compound 6d; and B) compound 8a against Pf3D7 strain among

Pht and Boc-piperazine-based compounds.

As such antimalarial compounds are known to selectively
target Plasmodium parasites during their intra-erythrocytic stage
and should not damage RBCs.* Consequently, a hemolytic assay
was conducted on RBC suspension [10% (v/v)] that had been
subjected to two distinct concentrations (i.e., 100 and 500 pM) of
all the compounds. The degree of hemolysis was quantified at
wavelength of 500 nm, as illustrated in Figure 5. The results
indicate that hemolysis does not occur significantly in RBCs upto
500 uM concentration.

101 100 pM 500 pM

% Hemolysis

g
&
& &
- -
#17

8

8a

a

7
Figure 5. Effect of compounds on human RBCs at 100 and 500
M concentration.

b

Next, structure-activity relationship (SAR) analysis was
conducted using the OSIRIS Data Warrior V 5.2.1 software
(Figure 6), which is available for download from
http://www.openmolecules.org. The programme created the
SALI matrix to facilitate the study of twelve Pht analogs. Figure
6 shows antiplasmodial activity at 1 uM against Pf3D7 strain and
% hemolysis at 500 pM. 6a-6d have no phthalic moiety
replacement, 7a-7d have methyl substitution, and 8a-8d have
fluoro substitution. The % inhibition (19-51% of all chemicals)
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and % hemolysis are shown here in different colors and shapes.
As indicated in Figure 6, compound 6a (19%) has the lowest %
inhibition at 1 puM against Pf3D7 strain with no phthalic
substitution and phenylalanine as an amino acid linker. However,
7a (methyl substitution) inhibited 30% and 8a (fluoro
substitution) 49% of the parasite, by substituting 6b with a valine
amino acid linker enhanced % inhibition from 31% to 34% (7b)
and 37% (8b). Compound 6c with leucine as an amino acid linker
demonstrated 32% inhibition, whereas 7c (37% inhibition,
methyl substitution) and 8c (39% inhibition, fluoro substitution)
showed no improvement owing to phthalic group replacement.
Next, compound 6d with no phthalic substitution and iso-leucine
as an amino acid linker inhibited 51% of the parasite. 8d (fluoro
substitution) had 31% inhibition and 7d (methyl substitution)
27%. All substances demonstrated comparable hemolysis at 500
uM.
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Figure 6. Structure-activity Relationship (SAR) using the OSIRIS
Data Warrior V 5.2.1 software.

Computational studies

All of the molecules had good physiochemical qualities that
are needed for the development of a drug molecule, as shown by
the data in Table S1; supporting information. The evaluated
compounds underwent an assessment for their Drug-likeness
model score, which ranges from -2 to +2 and indicates
drugability. The Blood-Brain Barrier (BBB) score was also
determined, with 0 showing a low value and 6 showing a very
high value. According to Weaver et al.,*2 maintaining an optimal
value of the BBB can protect the brain against the harmful side
effects of therapeutic agents. Simultaneously, pharmaceuticals
designed for neurological disorders must penetrate BBB at
efficacious levels. Consequently, the examination of the
interaction between BBB and specially designed therapeutic
agents has the potential to yield significant and effective drug
development. Each of the synthesized compounds exhibited an
optimal score for BBB permeability, as none demonstrated a
value below 2 or above 3. This suggests that the compounds are
unlikely to cause harm to the brain. All of the chemical
compounds outlined in this study exhibited favorable parameters
and did not demonstrate any Lipinski violations.
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Next, a comprehensive set of 62 proteins, accompanied by
their respective accession numbers, were obtained from the
Uniprot database (Accessed on 15 May 2023). The essentiality of
these proteins was further investigated in Plasmodb. A total of 19
essential proteins were examined, two proteins, namely
Subtilisin-like protease 1 and 2, were identified as substrates and
subsequently excluded from further analysis. A comprehensive
analysis revealed that a subset of 17 genes out of 60 were
identified as essential, as indicated in Table S2 and Figure S28;
supporting information. The amino acid residues of the 17
proteins were subsequently examined in order to determine the
presence of any analogous protein in human. Only those that
exhibited a percentage of identical residues below 30.0% were
chosen to eliminate the possibility of proteins with similar
characteristics.®® Additionally, proteins with a query coverage
below 55% were also included.®” Four proteins were excluded
from the analysis based on their structural similarity, leaving a
remaining set of 13 proteins that were subsequently investigated
for their structural availability. This investigation examined
whether crystal structures or protein models generated by o-fold
were accessible for these 13 proteins. Except for Eukaryotic
translation initiation factor 2-a kinase PK4 (Uniprot accession
no. C6KTB8), for which no structural information was available,
structures were obtained for the remaining 12 proteins and are
listed in Table 2.

Next, molecular docking was conducted to investigate the
binding affinity of both identified hits, 6d and 8a, with 12
proteins, as outlined in Table 2. The obtained results were
additionally validated through blind docking. The compounds 6d
and 8a exhibited most affinity for PIm IX, as indicated by their
respective docking scores of -5.001 and -5.322 Kcal/mol (Table
2, Figure 7). Both compounds exhibited comparable affinity
scores, indicating no statistically significant difference, which
was consistent with the wet lab experimental results. The
obtained results were additionally validated through blind
docking experiments, which revealed that compounds 6d and 8a
exhibited interactions with DNA endonuclease, serine repeat
antigen protein 5, as well as PImIX (Figure 7 and 8). However,
the most excellent affinity was observed exclusively for PImIX,
as indicated in Table 2. Our finding indicated that PIm 1X could
be the possible target protein for both the compounds, however,
further validation studies are essential before reaching any
conclusion.

Table 2. Site specific docking and blind docking results.

S. No. (Title Docking | XP MMGB |Blind
score  |Gscor |SAAG |Docki
(Kcal/mol) (e Bind ng
(Kcal/m |(Kcal/mol)
ol)
1. Calcium-dependent
protein kinase 5
2. 6d -3.574 |-3.574|-42.71 |Fail
3. 8a -3.04 -3.04 |-43.77 |Fail
Chem. Biol. Lett., 2023, 10(4), 627 Page 6




4. Ubiquitin carboxyl-

terminal hydrolase

UCH54
5. 6d -3.061 |[-3.061|-53.84 |[Fail
6. 8a -2.427 |-2.427|-51.03 |Fail
7. Ubiquitin carboxyl-

terminal hydrolase

UCH54
8. 6d -4.01 -4.01 |-50.13 |Fail
9. 8a -3.81 -3.81 [-41.85 |Fail
10. Bifunctional glucose-6-

phosphate 1-

dehydrogenase/6-

phosphogluconolactonas

e
11. 8a -3.155 [-3.155|-28.08 |Pass
12. 6d -3.11 -3.11 |-62.44 |Fail
13. PImIX
14. 8a -5.322 |-5.322 |-76.7 Pass
15. 6d -5.001 |[-5.001 |-59.89 |Pass
16. Dual specificity protein

phosphatase YVH1
17. 6d -2.67 -2.67 |-53.18 |Fail
18. 8a -2.225 |-2.225|-42.49 |Falil
19. DNA-endonuclease
20. 6d -3.933 [-3.933|-39.67 |Pass
21 8a -3.209 |[-3.209 |-30.54 |Pass
22. PImV
23. 6d -5.977 |-5.977 |-55.59 |Fail
24. 8a -5.588 |[-5.588 |-73.55 [Fail
25. Aminopeptidase N
26. 8a -5.029 |-5.029 |-58.09 |Fail
217. 6d -4.538 |[-4.538|-33.92 |Fail
28. Leucine aminopeptidase
29. 8a -3.459 |-3.459 |-66.2 Fail
30. 6d -3.168 |[-3.168 |-43.63 [Fail
31. Serine-repeat antigen

protein 5
32. 6d -2.827 |-2.827 |-53.94 |Pass
33. 8a -2.769 |-2.769 |-44.4 Pass
34, Falcilysin
35. 6d -3.789 [-3.789 |-44.8 Fail
36. 8a -3.704 |-3.704 |-21.34 |Fail
37. Serine-repeat antigen Fail

protein 6
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Figure 7. Schematic depiction of two-dimensional interaction
maps derived from the molecular mechanics/generalized Born
surface area (MM-GBSA) docking outputs against PImIX for (a)
compound 6d and (b) compound 8a.

Figure 8. Molecular blind docked complex of a) PImIX-6d; and
b) PImIX-8a.

CONCLUSION

We synthesized twelve novel Pht analogs and examined their
antiplasmodial efficacy on Pf culture. All the analogs were
moderately active and exhibited no cytotoxicity on human RBCs
and HepG2 cells. The most active analogs 6d and 8a displayed
ICso values of 1.20 uM and 1.66 uM, respectively. Extensive
molecular docking studies against 12 vital proteins from pool of
62 proteins indicated PImIX as prime target of identified hits.
However, these results need further validation in enzymatic
experiments. Our results demonstrate the possibility of additional
chemistry work to synthesize derivatives with enhanced
biochemical and pharmacokinetic properties.
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