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Plasmepsin X (PfPlm X) protein 
plays a significant role in 
egression and invasion of 
malarial parasite Plasmodium 
falciparum (Pf) and is 
considered a promising target. 
All hydroxyethylamine (HEA) 
and piperazine based 313 
analogs were screened against PfPlm X protein. In computational study, compound 22 was identified as the most promising molecule which 
showed better docking results compared to 49c. Compound 22 showed docking scores, XP Gscore, and ∆G˚ of –8.754 kcal/mol, –8.779 
kcal/mol, and –92.02 kcal/mol, respectively while 49c showed docking score, XP Gscore, and ∆G˚ of -5.550 kcal/mol, -5.558 kcal/mol, and -
72.88 kcal/mol, respectively. An extensive MD simulation of 200ns also supported the docking results of compound 22. Assayed for the initial 
screening against Pf Chloroquine (CQ)-resistant (INDO) culture suggested that compound 22 is a hit molecule with an inhibitory concentration 
of 6.8 µM. Next, compound 22 was also assessed for toxicity against liver cells, HepG2, and none of the two compounds showed cytotoxicity 
up to 100 µM. Overall, compound 22 demonstrated moderate anti-plasmodial activity without any toxic effects, and therefore medicinal 
chemistry optimization is essential to obtain analogs with improved inhibitory activity.  
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INTRODUCTION 
Despite the passage of several decades, malaria remains a 

terrible illness because of its pathogenicity and increasing 
resistance. Plasmodium falciparum (Pf), a member of the 
Plasmodium species, is the most virulent strain. Resistance 
development against current antimalarials causes a panic 
scenario, increasing the impact of malaria on human health and 
the economy. Consequently, malaria was still responsible for 241 
million cases in 2020 alone, with an estimated 267,000 deaths 
worldwide.1 Malaria management strategies include the use of 
bed nets, insect-repellent sprays, medications, and vaccinations2,3 
but there is still no prompt and effective malarial treatment. As a 

result, there is an urgent need for novel malarial treatment 
options. 

The RTS, S malaria vaccine was recently approved for use in 
Pf endemic regions, but its protective efficiency (36%) was low, 
requiring frequent boosters.4 In the absence of effective vaccines, 
artemisinin-based combination therapies (ACTs) are the only 
viable options.5 The molecular mechanism of conventional 
antimalarial treatments is still unknown.2 Drug-resistant 
mutations arise during the parasite's sexual stages.6 Antimalarial 
drug resistance in Pf strains is a worldwide health problem.7 To 
effectively treat Pf  infections and overcome resistance, two or 
more medications with various mechanisms of action are used 
nowadays. An increase of ACT-resistant strains from Southeast 
Asia, Eastern India, and Central Africa, as well as their inevitable 
spread to other places, pose serious difficulties to malaria 
eradication efforts.8-12 It necessitates the discovery of more 
effective antimalarials. 

During the intra-erythrocytic stage of infection, Pf digests the 
host cell Hb, which is required for the parasite's development. 
Plasmodium aspartic proteases termed plasmepsin/s (Plm/s), 
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digest host hemoglobin inside digestive vacuoles 13. The Plm has 
ten distinct forms of which Plm I, Plm II, Plm IV, and histo-
aspartic protease (HAP) belong to the food vacuole of P. 
falciparum. Plm V, which is found in the endoplasmic reticulum 
of Pf, is involved in the cleavage of proteins that are intended for 
Plasmodium export element (PEXEL) protein export into the host 
cell.14 Plm IX and Plm X are expressed in late schizonts of the 
parasite’s life cycle.15 The rest of the plasmepsins VI-VIII belong 
to the exo-erythrocytic stage.13 Most studies were done to target 
digestive food vacuole PfPlm due to the availability of crystal 
structures in the protein database (www.rcsb.org). The serine 
protease subtilisin-like 1 (SUB1) has a significant role in the 
egression and invasion of malarial parasites where Plm X is 
required for the activation of a SUB1.15 Ciana and co-workers 
observed that 49c inhibits Pf NF54 strain on longer exposure 
(72h, IC50 0.6 nM) while modest inhibition effects were seen on 
24h exposure with IC50 >500nM (Ciana et al. 2013).16 The 
chemical 49c, which has a hydroxyethylamine (HEA) scaffold, 
was shown to be efficient against Pf (in-vivo).17 In this study, we 
targeted PfPlm X and virtually screened novel HEA and 
piperazine based analogs to find any potential inhibitor, 
synthesized potential compound and validated by biological 
assay. Homology model technique was used to predict the 
structure of PfPlm X due to the unavailability of crystal structure. 
Then, docking and virtual screening studies were conducted to 
discover potential PfPlm X inhibitors. The stability of the 
proposed inhibitor in a complex with Plm X was assessed through 
molecular dynamics simulation. 

RESULTS AND DISCUSSION 
Targeting of PfPlm X has significant effects on parasite 

survival as hemoglobin degradation is very essential for their 
survival.13,18 Designed analogs may inhibit PfPlm X activity 
leading to parasite growth inhibition. This finding encouraged us 
to design and screen analogs against PfPlm X using 
computational approaches. 

2.1. Homology modeling of Plm X and structure 
validation 

Due to the absence of Plm X structure, homology modeling 
was used to predict the Plm X structure. The cathepsin D (PDB: 
5UX4) was used as a template to generate the model structure of 
PfPlm X. There was sequence identity, sequence similarity, and 
sequence coverage of 33.66%, 98%, and 96%, respectively. 
Further, protein structure quality was analyzed by online tools 
such as ERRAT, Verify 3D, PROSA, and PROCHECK.19 

The ERRAT plot (Figure S1a) showed a quality factor score 
of 81.44, and the Verify3D plot (Figure S1b) with 83.44% of 
residues showed averaged 3D-1D score >= 0.2. Quality 
assessment through the ProSA web server (Figure S1c) indicated 
that the modeled structure had a Z-score of -7.81. The generated 
model revealed strong stereo-chemical geometry of the residues 
as analyzed by the Ramachandran map, which is shown in Figure 
S1d. The modeled structure has only 3 outlier residues (Glu204, 
Gln238, and Asp271). There were 87.7%, 11.2%, and 0.4% 
residues in the favoured region, additional allowed region, and 
generously allowed region, respectively. 

2.2. Molecular docking studies  
Molecular docking calculations were performed to search for 

the HEA-piperazine analogs that can bind strongly within the 
active site of the PfPlm X enzyme using GLIDE module. Glide 
was selected over other docking programs because it outperforms 
in achieving lower RMS deviations from native co-crystallized 
structures and finds the correct binding modes for a large set of 
test cases.20 Docking score (kcal/mol) and glide XP Gscore 
(kcal/mol) were considered to rank the poses of the ligands 
depending on their computed binding affinity. In the case of 
PfPlm X, all the 313 molecules docked within the binding pocket 
of PfPlm X. We selected our top compounds based on the cut-off 
docking score (-8.0 kcal/mol), and XP Gscore (-8.0 kcal/mol) 
whereas 49c showed docking score, and XP Gscore of -5.550 
kcal/mol and -5.558 kcal/mol, respectively (Figure 1b and Table 
1, entry 2). Therefore, we had a total of 18 out of 313 compounds 
having scores better than the cut-off docking score (Table 1, entry 
1 and Table S1, entry 1-17). Molecules having docking scores 
lower than -8.0 kcal/mol can be seen in Table S2. Top-ranked 
compound 22 showed docking scores, XP Gscore, and binding 
free energy (∆G˚) of –8.754 kcal/mol, –8.779 kcal/mol, and –
92.02 kcal/mol, respectively (Figure 1a and Table 1, entry 1). 
The ∆G˚ of 49c (-72.88 kcal/mol) was also lower than top-ranked 
compound 22 (-92.02 kcal/mol). There was no penalty for polar 
atom burial and desolvation penalties, no solvent expose 
penalties and, no epikstate penalties, compound 22 in complex 
with PfPlm X (Table 1, entry 1). The rotatable penalty for 
compound 22 was 0.2 whereas 49c possesses both epikstate 
penalty and rotatable penalty of 0.3 (Table 1, entry 1-2). The 
LipophilicEvdW rewards, H-bond rewards, and electrostatic 
rewards for compound 22 were -4.8, -2.2, and -2.2, respectively. 
On the other hand, 49c showed lipophilicEvdW rewards, H-bond 
rewards, and electrostatic rewards of -3.7, -1.6, and -0.9, 
respectively. Due to these penalties and rewards, compound 22 
showed a better docking score than 49c. 

 
Figure 1. 3D- interaction diagram displaying ligand interaction in 
binding site; a) PfPlm X-22 complex, b) PfPlm X-49c complex 
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Table 1. List of HEA-based hit molecules based on docking score 
(kcal/mol), XP Gscore (kcal/mol) and ∆G⸰ (kcal/mol) towards the 
targeted PfPlm X protein 

 
 
The 2D-interaction plots of the docked candidates of PfPlm X 

protein are depicted in Figure 2. In the case of the PfPlm X-22 
complex,1-benzhydryl substituted at pocket 2 interacted with 
Phe64 by pi-pi interaction (Figure 2a). Both catalytic residues 
(Asp19 and Asp210) interacted with the nitrogen atom of 
piperazine by salt bridge interaction while Gly21 interacted with 
a hydroxyl group of HEA by H-bond where Gly21 acted as a 
hydrogen bond acceptor (HBA). 

 
Figure 2. 2D- ligand interaction diagram showing ligand interaction 
to binding site residues; a) PfPlm X-22 complex, b) PfPlm X-49c 
complex 

 
In PfPlm X-49c complex, Asp210 and Gly21 (HBA) 

interacted with the nitrogen atom of 1-phenylethanamine of 49c 
by H-bond. Residue Asp210 also interacted with the nitrogen 
atom of 1-phenylethanamine by a salt bridge. The residue Ser214 
acting as HBA interacted with the nitrogen atom of piperazine by 
H-bond (Figure 2b). Both ligands, compound 22 and 49c in 
complex with PfPlm X showed interaction with the same residues 
Asp210, and Gly21. Both complexes along with apo PfPlm X 
were taken forward for MD simulation of 200ns to analyze the 
conformational stability of docked ligand. 

2.3. Molecular dynamics simulations  
Extensive molecular dynamics simulations were carried out 

for the period of 200ns to study the stability, and the 
conformational behaviour of compound 22 in complex with 
PfPlm X and the results were compared with 49c and apo PfPlm 
X. The stability of these systems was measured by the root mean 
square deviation (RMSD) and root mean square fluctuation 
(RMSF) change for protein-ligand complexes during the 

simulations. The RMSD plot of Cα-PfPlm X in complex with 
compound 22, 49c, and unligated PfPlm X attained stability 
within first 25ns and fluctuations were in acceptable region (≤3Å) 
(Figure 3a-c). The average value of RMSDCα, RMSDbackbone, and 
RMSDsidechain for the PfPlm X in complex with compound 22 was 
3.61±0.31Å, 3.59±0.31Å, and 4.85±0.25Å was slightly lower 
than 49c (4.23±0.22Å, 4.21±0.22Å, and 5.38±0.19Å), 
respectively. The average value of RMSDCα, RMSDbackbone, and 
RMSDsidechain for the unligated-PfPlm X was 3.77±0.29 Å, 
3.76±0.29 Å, and 4.60±0.24 Å, respectively. RMSD of Cα, 
backbone, and sidechain of PfPlm X in all 3 complexes were 
similar and showed protein was very stable indicating that there 
was not any major conformational change in protein structures. 

 

 
Figure 3. Cα-RMSD plot: a) PfPlm X-22 complex, b) PfPlm X-49c 
complex, c) unligated-PfPlm X complex; ligand-RMSF plot: d) 
PfPlm X-22 complex, e) PfPlm X-49c complex 

 
The average ligand RMSDfit on protein of compound 22 was 

5.08±0.34Å which was significantly lower than 49c 
(7.67±0.67Å) as depicted in Figure 3a, b. The RMSF plot 
indicated that most of the atoms of compound 22 fluctuated 
below 2Å while most of the atoms of 49c fluctuated more than 
2Å (Figure 3d, e). Trajectory analysis revealed that the benzyl 
ring of HEA in compound 22 fluctuated most which was also 
supported by the RMSF plot. 

In addition, the interactions between compound 22 and the 
binding site residues of PfPlm X were studied (Figure 4a). It was 
observed that compound 22 showed similar conformational 
behavior and was able to maintain interactions with hotspot 
residues (Asp19, Phe64, and Asp210) which was also seen in 
molecular docking results. However, there were some other 
interactions with residues such as Ile11, Phe113, and Ile116. 
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Even 49c interacted with Asp19, Phe64, Ile116, Tyr184, and 
Asp210 (Figure 4b). We observed that both ligands have some 
common residue interactions which suggested conformational 
stability of ligands. 

 

 

Figure 4. Ligand contacts histogram: a) PfPlm X-22 complex, b) 
PfPlm X-49c complex; Interaction types: H-bond, Salt bridge, 
hydrophobic and water bridge. 

 
Dynamic cross-correlation matrix (DCCM) analysis for PfPlm X 

As seen in Figure 5a-c, compound 22 increased correlated 
movements, notably for residues near the binding site, compared 
to compound 49c. The correlation change showed that the 
complex had more fluctuations and residue interactions than 49c. 
There was also a disturbance of the original allosteric network 
between protein residues. Figure 5 shows the correlation and 
anti-correlation of PfPmX-22 complex with PfPmX-49c. Area A1 
represented more correlation among secondary structures β1-3 
(Figure 5a, b). The loop β4 and β5 were less correlated with β5 

and β6 as depicted in A2 while more correlated with β1 and β2 

shown in A3. 
There is a decrease in anti-correlation between β1-3 and the 

loop of β8-9 depicted in A5. Also, there is a decrease in anti-
correlation between β1-3 and β10-17 shown in A7. The secondary 
structure β13-14 showed more correlation with β1-4, and the loop of 
β4-5 as shown in A8 and A9, respectively. The α2 and loop of α2 
and β17 are less anti-correlated with β1-2 as shown in A10 as well 
as a loop of α2 and β17 less correlated with the loop of β4 and β5 
as shown in A11. Even β1-2 is more anti-correlated with β18-20 
shown by A12. The loop of α2 and β17 as well as secondary 
structure β17 showed increased anti-correlation with α1, β10, and 
the loop of α1 and β10 as depicted by A13. 

The Ramachandran plot of the last frame of 200ns simulation 
for both complexes and unligated-PfPlm X showed residues lie 
(≤ 1.1%) in the outlier region indicating good stereo-chemical 

geometry of the protein (Figure S2 and Table S3; entry 1-3). The 
PfPlm X-22, PfPlm X-49c, and unligated-PfPlm X possessed 3 
(Glu203, Lys196, Asp271), 1 (Thr236), and 1 (Glu311) residues 
in the outlier region, respectively. 

2.4. Ligand Properties 
Six properties as ligand RMSD (ligand fit over ligand), 

molecular surface area (MolSA), radius of gyration (rGyr), polar 
surface area (PSA), intramolecular H-bond (intraHB), and 
solvent accessible surface area (SASA) were analyzed to explain 
the stability of the compound 22 within PfPlm X receptor binding 
pocket as shown in Figure 6. Compound 22 showed low ligand 
RMSD (ligand fit on ligand) compared to 49c in complex with 
PfPlm X (Figure S3). The radius of gyration was also lower for 
compound 22 compared to 49c. Even other parameters were also 
better than 49c. 

 

 
Figure 5. a) PfPlm X-22 DCCM plot, b) PfPlm X-49c DCCM plot 
and c) labeled secondary structure of PfPlm X 

 

 
Figure 6. Ligand properties during the 200-ns simulations: PfPlm 
X-22 complex. 
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2.5. MMGBSA Free Energy Analysis 
The MMGBSA calculations were used to quantitatively 

elucidate the energetics of compound 22 binding. The ∆G˚ was 
calculated at an interval of every 2ns for compounds 22 (16ns) 
and 49c (60ns) after achieving the conformational stability in the 
complex with PfPlm X (Table S4). As was shown by the 
MMGBSA analysis, the ∆G˚ for PfPlm X-22 complex was -
107.89±9.33 kcal/mol, while for the PfPlm X-49c complex, the 
result was –86.19±5.71 kcal/mol. A lower ∆G˚ for the PfPlm X-
22 complex showed that compound 22 binding was more stable 
as compared to 49c. 

2.6. Docking Validation by non-site-specific docking 
Non-site-specific docking indicated that compound 22 docked 

to the binding site of PfPlm X only which means there was no 
allosteric site for our compound (Figure 7). 

 
Figure 7. Docking validation by non-site-specific docking 

 
2.7. ADME properties 
The ADME profile through SwissADME was calculated for 

compound 22 where it obeyed Lipinski rule of five with H-bond 
donors (2), MLogP (<4.59), and H-bond acceptors (<4) except 
for the molecular weight of 612.6 g/mol (>500 g/mol). 
Compound 22 had TPSA score of 55.81 Å2 and poor water-
soluble nature. It has shown high GI tract absorption and 
possessed permeability to the blood-brain barrier. All of them 
have a nature of Pgp substrate as well as may inhibit all 
cytochromes (CYP1A2, CYP2D6, CYP2C19, and CYP3A4) 
except CYP2C9. Hence, compound 22 has drug-likeness 
property that is a matter of further validation by wet lab 
experiments. 

2.8. Structure−Activity Landscape Index (SALI) 
Similarity Map Compounds Structure−Activity Landscape 
Index (SALI) Similarity Map Compounds in complex with 
PfPlm X 

Initially, the pocket-I having 2-bromo-5-methyl benzoic acid 
was kept constant and the substitutions were made at pocket-II 
which was linked to piperazine moiety. A total of 11 different 
compounds (Figure S4) were ranked on basis of docking scores 
with variations at pocket II; compound 22, 251, 165, 280, 51, 79, 
107, 309, 136, 222, and 194 (Table S5, entry 1–11). All 11 
compounds containing different functional groups at pocket II 
such as benzhydryl, tert-butyl)benzyl, 4-(trifluoromethyl)benzyl, 
3-(trifluoromethyl)benzyl, 4-methylbenzyl, 4-flourobenzyl, 
benzyl, 2-fluorobenzyl, 2,5-difluorobenzyl, phenyl, and 2-
methylbenzyl were shown to possess higher docking scores in 
comparison to 49c (-5.55 kcal/mol). During structure-activity 

relationship (SAR) analysis of compounds in which pocket I was 
kept constant, two pairs of compounds, 165 and 280 having a 
similarity of 95% while 51and 79 showed a structural similarity 
of 97% (as depicted in Figure S4). However, docking score was 
very close in compounds 165 (-7.211 kcal/mol) and 280 (-7.092 
kcal/mol) as both molecules have –CF3 group differing by para 
and meta position of benzyl ring of trifluoromethyl benzyl 
piperazine, respectively. It shows no significant effects of the 
isomeric (ortho and para) position of trifluoromethyl benzyl 
moiety on docking score. But when we compared compound 165 
and 280 with compound 251, there was a significant effect of the 
electron donating group (EDG) over the electron-withdrawing 
group (EWG) on docking score. The methyl group at para 
position in compound 51 showed a better docking score than 
compound 79 (-6.282 kcal/mol), 309 (-6.116 kcal/mol), and 136 
(-6.006 kcal/mol) which contained EWG at para, ortho, and both 
ortho-meta position of benzylpiperazine, respectively. These 
EWG didn’t show any significant effects on docking scores of 
79, 309, and 136. The methyl group at para position in compound 
51 shows a docking score -6.997 kcal/mol while same methyl 
group at ortho position in compound 194 shows docking score -
5.927 kcal/mol. This indicates that EDG at para position of 
benzylpiperazine has better effects on docking scores compared 
to ortho position. Compound 107 and 222 differ by benzyl and 
phenyl moiety at piperazine, which showed docking scores of -
6.281 kcal/mol and -5.987 kcal/mol, respectively. There was no 
significant effect of benzyl group compared to phenyl ring on 
docking score. The docking score increased with increase in 
benzyl ring at pocket II as depicted by structure of compound 22. 

In the next attempt, variations were made at pocket-I while 
keeping the benzhydryl group constant at pocket-II then 27 
distinct functionalities (Figure S5) were shortlisted 24, 2, 3, 14, 
8, 17, 10, 19, 15, 20, 26, 7, 5, 21, 29, 25, 9, 16, 18, 6, 11, 23, 1, 
4, 12, 13, and 27 (Table S5, entry 12-38). But only compounds 2, 
3, and 24 showed docking scores better than -8.0 kcal/mol. 
Similarly, SAR analysis of compounds having constant pocket II, 
showed seven groups of compounds having structural similarity 
of >95% such as compounds (22, 20, and 18), (24, and 13), [6, 9, 
and 11), [14 and 15), (10 and 1), (21 and 23), and (17, 26, 7, 25, 
and 12). 

The compound 22, 18, and 27 showed bromine (Br) atom at 
ortho position of benzoic acid while substitutions made at meta 
position showed significant effects on docking score. The 
fluorine (F) atom as strong EWG at meta position of benzoic acid 
in compound 18 showed docking score of -6.471 kcal/mol which 
decreased with substitution of less EWG at meta position as 
shown in compound 27 (-5.499 kcal/mol). The docking score 
increased with the substitution of EDG at meta position as in 
compound 22 (-8.754 kcal/mol). The strong EWG at para 
position of benzoic acid in compound 14 exhibited a better 
docking score than compound 15 as it has less EWG at para 
position. The carboxylic group at position meta (compound 4) 
and para (compound 1) show less docking score compared to 
carboxylic acid at ortho position in compound 3. It indicated that 
carboxylic group at meta and para position had no significant 
effects compared to ortho position.  
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The comparison of para substituted benzyl alcohol in 
compound 10 showed a better docking score than compound 1 
having a carboxylic group. Less EWG at both ortho positions of 
benzoic acid in compound 24 showed a better docking score than 
strong EWG at both ortho position of compound 13. Compound 
9 having EWG at para position showed a better docking score 
than compound 6 and 11 having EDG at para position. 
Compound 26 and 7 (both having methyl group at meta position) 
showed similar docking scores while bromine didn’t show 
significant effects on the docking score of the compound 26. 
There was slight decrease in docking score if we replace methyl 
group (compound 26) with iodine (compound 25). If we replace 
both halide groups (compound 25, -6.838 kcal/mol) with 2 
methyl groups (compound 12, -5.788 kcal/mol) on both meta 
positions it showed a decrease in docking score. A significant 
change in docking score was observed if we replace one methyl 
(compound 12, -5.788 kcal/mol) at meta position with bromine 
(compound 26, -7.140 kcal/mol). Both compounds 21 and 23 
possessed bromine atom at the para position but both compounds 
differ by fluorine and methyl group at ortho position, 
respectively. A significant increase in docking score was seen in 
compound 21 (-6.911 kcal/mol) having EWG at ortho position 
compared to compound 23 (-6.252 kcal/mol) having EDG in the 
same position. 

The synthesis of novel HEA−piperazine analogs is depicted in 
Scheme 1. The synthetic procedure began with a simple, rapid, 
and regioselective ring opening of epoxide, (2R,3S)-3-(N-BOC-
amino)-1-oxirane-4-phenylbutane (I) with 1-
benzhydrylpiperazine (II) under microwave radiations that led to 
a Boc-protected intermediate (III) i.e., tert-butyl ((2S,3S)-4-(4-
benzhydrylpiperazin-1-yl)-3-hydroxy-1-phenylbutan-2-
yl)carbamate, which was then treated with trifluoroacetic acid 
(TFA) to obtain deprotected compound IV ((2S,3S)-3-amino-1-
(4-benzhydrylpiperazin-1-yl)-4-phenylbutan-2-ol). Next, 
coupling of 2-bromo-5-methylbenzoic acid (V) with IV was 
accomplished to isolate the desired compound 22 (N-((2S,3S)-4-
(4-benzhydrylpiperazin-1-yl)-3-hydroxy-1-phenylbutan-2-yl)-2-
bromo-5-methylbenzamide) in 58% yield. Chemical structures of 
the newly synthesized compounds were characterized by NMR 
(1 H & 13C) and high-resolution mass spectrometry (Figure 
S6−S8). 

2.9. Biological Evaluation:  
The effect of potent compounds 22 on the asynchronous Pf 

INDO growth inhibition in culture was evaluated using SYBR 
green assay in parasites. It was observed that the efficacy of 
compounds was studied at two different time points at 24hr and 
48hr. There was a significant reduction in the parasite growth at 
24hr having IC50 value of 6.8 µM (22). However, there was no 
noticeable reduction in IC50 at 48hr, suggesting the parasite 
killing occurs at 24hr affecting the first cycle of developmental 
stages. Compound 22 exhibited the highest efficacy with lesser 
IC50 values. These results indicate that compounds 22, has 
immense therapeutic potential in treating clinical-resistant P. 
falciparum. Next, compound 22 was tested on HepG2 cells for 
their cytotoxicity evaluation and none of them found toxic upto 
100 µM. 

METHODS 
3.1. Homology modeling and structure validation 
The Plm X structure was modeled using Swiss model tool 

(https://swissmodel.expasy.org/).21 Cathepsin D of Rattus 
norvegicus (PDB: 5UX4) was taken as a template for Plm X 
structure modeling. The stereo-chemical geometry of Plm X 
residues was measured by the Ramachandran map (By 
Procheck).22 The structural quality of modeled structure was 
analyzed by ERRAT, Verify3D, and PROSA.23-25 The 
computational work was performed using Schrodinger software. 

3.2. Preparation of PfPlm X and active site identification  
The modeled structure was prepared to remove structural 

defects.26 Strained bonds/angles as well as steric clashes were 
also rectified using energy minimization during protein 
preparation. Residues involved in the binding site were predicted 
through CastP server.27 Protein model was refined by performing 
20ns MD simulation before the docking studies.  
3.3. Preparation of molecular library for virtual screening 

The earlier reported 49c (Zinc database 
ID:ZINC000218329015) inhibits PfPlm X protein, and its 
structure file was obtained from zinc database.28 In this present 
study, peptidomimetic, 49c was considered as a control for PfPlm 
X. A library of 313 molecules was developed based on HEA and 
piperazine pharmacophores by using the MAESTRO tool to 
target PfPlm X (Table 4.1, entry 1, Table S1, entry 1-17, and 
Table S2, entry 1-295).29 HEA-based compounds provide several 
benefits including fast, easy, big-scale synthesis and their 
potential against various diseases.30-32 Before molecular docking, 
the structure of both 49c and the library of HEA and piperazine-
based analogs were prepared by Ligprep.33 All parameters 
excluding chirality parameters for protease inhibitors and 
designed analogs were kept default. The chiralities were retained 
specified for both 49c and designed analogs (SS conformer was 
specifically selected for HEA pharmacophore) (Figure S9). 
Desaltation for all ligands was done during tautomer generation. 
The inbuilt Epik module of the Schrodinger suite was used to 
estimate ionization states at pH 7 ± 2 for all compounds.34 All 
ligands were screened against their respective protein. 

3.4. Molecular docking studies. 
The site-specific docking of both 49c and designed analogs 

against PfPlm X was performed with the Glide module.35 The 
parameters were kept default during grid generation by using 
Glide where van der Waals radii were scaling factor and partial 
charge cutoff as 1.0 and 0.25, respectively. The grid center 
coordinates for PfPlm X were X= 20.697, Y = -14.274, Z = 
25.319. The size of the cubical grid box was 30 Å. The molecular 
docking was performed at extra precision (XP). The ∆G˚ for 49c 
and top-ranked compounds were also calculated by prime 
MMGBSA.36 

3.5. Molecular dynamics simulations 
Molecular dynamics simulations of the selected docked 

complexes were performed to retrieve detailed insight into the 
dynamic behavior of the docked complexes along with the 
selected control. All the molecular dynamics simulations were 
conducted in the academic Maestro-Desmond tool with the in-
built OPLS-2005 force field.37-40 Before conducting simulations, 

https://swissmodel.expasy.org/
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the docked complexes were solvated with the TIP3P water model 
in a 10×10×10 Å3 orthorhombic box.41 The cation (Na+) and 
anion (Cl-) were added to neutralize the systems as well as to 
maintain the physiological pH. Before simulations, all the 
systems were energetically minimized for 100ps at default 
conditions. The Martyna–Tobias–Klein, and Nose–Hoover chain 
dynamic algorithm were used to maintain the pressure 1.0 bar and 
temperature of the systems at 300 K, respectively.42,43 

Thereafter, the production run of 200ns time duration was 
carried out on both the prepared docked systems. The coordinates 
and energy were saved at 10.0ps and 1.2ps for PfPlm X, 
respectively. Properties like RMSD, RMSF, protein-ligand 
interactions, and contacts were scrutinized to check the stability 
of the docked complexes. The stereo-chemical geometry of 
PfPlm X was analyzed after MD simulation by Procheck.22 

3.6. Validation of docking studies 
Top-ranked compounds based on glide docking score and XP 

GScore in site-specific glide docking were further re-screened 
through non-site-specific blind docking using Autodock Vina in 
PyRx (version 0.8) 44as a means of docking validation. In PyRx, 
the universal force field and the conjugate algorithm were used 
to minimize all compounds before blind dockings. The results 
were analyzed on the pymol platform (The PyMOL Molecular 
Graphics System).45 The protein structure prepared in maestro 
was used in non-site-specific docking studies.  

3.7. Absorption, distribution, metabolism, excretion, 
and Toxicity (ADMET) calculation 

ADMET profiles of promising compounds were calculated by 
using Swiss ADME.46 The predicted ADME properties include 
molecular weight (MW), rotatable bonds, HBA, HBD, TPSA 
(total polar surface area), predicted octanol/water partition 
coefficient (MLogP), solubility (ESOL class), GI absorption, 
BBB permeant, P-glycoprotein substrate, cytochrome inhibitor 
(CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4), 
Lipinski (drug-likeness). 

3.8. General 
Reagents and solvents used during the synthesis of desired 

compounds were purchased from commercial sources and used 
as it is without further purification. The progress of the reaction 
was monitored using thin layer chromatography (TLC) on 
alumina-coated plates (Merck). The purification of the compound 
was accomplished using flash chromatography (Yamazen, Japan) 
where alumina gel column with size of silica particles, 100-200 
mesh was used. The initial step of compounds i.e. ring-opening 
reactions were performed under microwave conditions in a 
closed vial applying a closed dedicated microwave apparatus 
“Start Synth Microwave Synthesis Labstation (Milestone 
Microwave laboratory systems)” at optimized controlled 
temperature and time with a power supply of 300 W. Nuclear 
Magnetic Resonance (NMR) 1H & 13C spectra were obtained in 
CDCl3 solvent media on a JEOL ECX-400P NMR spectrometer 
at 400 and 100 MHz respectively, at USIC, University of Delhi. 
Trimethylsilane (TMS) was taken as an internal standard for the 
analysis of NMR spectra of synthesized compounds. Melting 
points of final compounds were measured on a “BUCHI 
Labortechnik AG CH-9230” using open glass capillary tubes. 

The molecular weight of the newly synthesized compounds was 
recorded at high-Resolution Biosystems Q-Star Elite-time-of-
flight electrospray mass spectrometer. 
General Procedure for Synthesis and Spectroscopic Data 

To synthesize the hit compound there were three key steps to 
be followed, i) ring opening reaction of epoxide with piperazine 
derivatives; ii) protection of the Boc-group; and iii) coupling 
reaction with the acidic group. These steps were already well-
explored in literature and our group has optimized each step for 
these types of compounds such as first and initial step was 
optimized under microwave irradiation30, second step include the 
use of trifluoroacetic acid in dichloromethane followed by 
neutralization of reaction mixture using 1N NaOH47; and final 
step was carried out with the help of coupling reagents such as 
EDC.HCl, HOBt in dichloromethane at room temperature.48,49 
All these optimization reactions were followed to obtain the 
desired compounds and synthetic pathway of same is outlined in 
Scheme 1. The superficial regioselective ring opening of one of 
the most popular epoxide i.e., (2R, 3S)-3-(N-Boc-Amino)-1-
oxirane-4-phenylbutane (I) with substituted 1-
benzhydrylpiperazine (II) to afford compound (III) carried out 
under microwave conditions following the similar procedure as 
optimized by our research group.30 A mixture of epoxide (I) (1.9 
mmol) and 1-benzhydrylpiperazine (II) (1.9 mmol) and 5 mL of 
Ethanol were taken in a 50 mL round bottom flask, and the 
contents were heated under microwave-irradiation by controlled 
temperature programming upto 80℃. After completion of 

reaction, excess ethanol was evaporated under reduced pressure, 
and desired compound (III) i.e., tert-butyl ((2S,3S)-4-(4-
benzhydrylpiperazin-1-yl)-3-hydroxy-1-phenylbutan-2-
yl)carbamate was recrystallized using Hexane: Ethyl acetate 
(90:10). Next, the Boc-group of compound III was removed 
using excess of trifluoroacetic acid (15%) in dichloromethane at 
room temperature for 3-4 h. After completion, reaction mixture 
was neutralized using 1N NaOH and extracted with brine 
solution (15 mL x 3). The organic layer was dried over anhydrous 
sodium sulfate and evaporated under reduced pressure to afford 
intermediate (IV) as represented in Scheme 1. 

 
Scheme 1. Synthetic pathway of the hit compound 22 identified 
against PfPlm X through extensive computational studies 
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The obtained intermediate was used as it is without further 
purification for its coupling with the respective aromatic acidic 
group (V) to obtained the final compound 22. The coupling 
reaction was carried out as per already reported methods, which 
were adopted in previous research carried out by our group.50,51 
Initially, the aromatic acidic group (V) was dissolved in 
dichloromethane followed by the addition of trimethylamine 
(TEA, 3 eq.), and the reaction mixture was stirred for 20 min. at 
room temperature. Next, EDC.HCl (2 eq.) was added to the 
reaction mixture and was stirred for another 20 min followed by 
the addition of HOBt (2 eq.) and again stirred for another 20 min. 
Lastly, the obtained intermediates (IV) were added to the reaction 
mixture at ice-cold conditions, and the reaction mixture for 
stirred for 24 h at room temperature. After completion of the 
reaction, excess dichloromethane was evaporated under reduced 
pressure and the compound is extracted in ethyl acetate (20 mL x 
3 times) and brine solution (15 mL x 3 times). The organic layer 
was dried over anhydrous sodium sulphate and excess solvent 
was evaporated under reduced pressure to afford the crude 
products as compound 22. Further, the purification of compounds 
was carried out in Flash column chromatography using hexane 
and ethyl acetate as solvent system (70:30), which obtained 
compound 22 in 58%, yield. 

N-((2S,3S)-4-(4-benzhydrylpiperazin-1-yl)-3-hydroxy-1-
phenylbutan-2-yl)-2-bromo-5-methylbenzamide (22): 

Rf value, 0.75 (9:1 chloroform/methanol); yield, 58%; mp, 
126–129 °C; 1H NMR (400 MHz, CDCl3) δ 7.43 – 7.34 (m, 5H), 
7.32 – 7.22 (m, 9H), 7.16 (dd, J = 15.3, 7.9 Hz, 2H), 7.03 (dd, J 
= 8.6, 6.3 Hz, 2H), 6.39 (d, J = 9.5 Hz, 1H), 4.34 – 4.23 (m, 1H), 
4.19 (s, 1H), 3.78 (dd, J = 11.2, 2.9 Hz, 1H), 3.51 – 3.12 (m, 2H), 
3.13 – 2.96 (m, 2H), 2.95 – 2.80 (m, 1H), 2.73 – 2.59 (m, 4H), 
2.46 – 2.30 (m, 4H), 2.26 (d, J = 4.9 Hz, 3H). 13C NMR (101 
MHz, CDCl3) δ 167.65 (s), 142.60 (s), 138.29 (s), 138.29 (s), 
133.06 (s), 131.98 (s), 130.10 (s), 129.86 (s), 128.89 (s), 128.58 
(s), 127.83 (s,), 127.09 (s), 126.59 (s), 115.67 (s), 65.32 (s), 60.39 
(s), 52.54 (s), 52.01 (s), 38.97 (s), 20.85 (s). ESI (HR-MS) m/z 
(M+H) calcd for C35H38BrN3O2 614.21269; found 614.20525. 

3.10. In vitro anti-plasmodial activity against CQ-
resistant P. falciparum: 

Determination of blood stages and percent parasitemia was 
performed by Giemsa-stained thin smears from parasite cultures. 
Antimalarial inhibition activity (IC50) was measured using the 
SYBR Green I assay52, as reported asynchronous parasites from 
CQ-resistant (INDO) cultures were incubated in the presence of 
1: 2 serial dilution of each compound tested for 24 and 48 h, in 
concentrations ranging from 25-0.78 µg/ml. Fluorescence 
intensity was determined using the BioTek Synergy HTX Multi-
Mode Microplate Reader, with excitation and emission 
wavelengths of 485 and 530 nm, respectively, and analyzed by 
nonlinear regression with Normalization and Baseline 
corrections using software GraphPad Prism to determine IC50 
values.  
3.11. Cytotoxicity effect of compound on HepG2 human cells 

Cytotoxicity against human cell lines (HepG2) was 
determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) dye. The MTT assay was 

performed in order to measure the cytotoxicity of the compound 
22 on HepG2 cells.48,49 HepG2 cells were maintained at 37°C, 5% 
CO2 in sterile culture flasks and complete DMEM medium 
supplemented with 5% FBS, gentamicin (40 mg/ mL). Media was 
changed three times a week. The cells were trypsinized (0.05% 
trypsin/0.5 mM EDTA), washed and, distributed in 96-well 
plates (5000 cells/ well), followed by incubation for another 24 h 
at 37°C. The test compound 22 and DMSO were added in 
triplicate. After a 48-h incubation at 37 oC, the supernatant was 
removed and 100 µL of MTT solution in complete DMEM was 
added to each well, followed by 2 h, incubation at 37 oC. 
Undissolved precipitates were made solublised in DMSO and the 
culture plates were read in a spectrophotometer (Tecan infinite 
M200, nanoquant, UK) with a 490-nm filter. To determine 
cytotoxic concentrations a dose response curve was prepared. 

CONCLUSION 
The PfPlm X is expressed in mature blood phase schizonts and 

invasive merozoites which enhances the pathogenicity of Pf 
parasite. The resistance development in Pf against ACT causes 
failure of current treatment approaches which necessitates for 
designing of novel molecules against known key target i.e., 
PfPlm X. In our study, the 3D model of PfPlm X was generated 
and validated. We screened a library of 313 compounds having 
HEA pharmacophore and piperazine. Finally, 18 compounds 
showed a better docking score than the cut-off value (-8.00 
kcal/mol). The stability of top-ranked compound 22 in complex 
with PfPlm X was further validated by 200ns MD simulation, 
post-MD analyses, and MMGBSA binding free energy 
calculation, and results were compared with known inhibitor 49c. 
The docking result of compound 22 (-8.754, -8.779, and -92.02 
kcal/mol) was far much better than that of compound 49c (-5.550, 
-5.884, and -72.88 kcal/mol). The lower values of both RMSD, 
and RMSF of compound 22 as well as thermodynamic binding 
free energy analysis for every 2ns during MD simulation 
suggested compound 22 as potential inhibiting agent of PfPlm X. 
Initially, the synthesis of identified analog (through extensive 
computational studies) was carried out with the earlier optimized 
methodology. The synthesis was confirmed via spectroscopic 
techniques such as 1H-NMR, 13C-NMR, and high-resolution 
mass spectroscopy (HRMS). Next, in order to validate the targets 
of compounds, biological evaluation was carried out. Our 
biological results indicated that compounds 22 showed immense 
therapeutic potential in treating clinical-resistant Pf. Further 
studies are needed to understand the mechanism of parasite 
killing and effect of the compound on other life stages of the 
parasite cycle. Experiments are in progress to observe their 
efficacy against the plasmepsins. 
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