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ABSTRACT
In the dire need of novel inhibitors of enzymes,
computational approaches have significantly
expedited the drug discovery process. Aspartic
protease enzymes of Plasmodium falciparum
such as plasmepsin II (PfPlm II) and plasmepsin
IV (PfPlm IV) have been recognized as an
attractive drug target for antimalarial drug
discovery. In line with this, we performed highthroughput screening of 316 novel compounds
based on validated pharmacophore i.e.,
hydroxyethylamine (HEA) and piperazine
against both PfPlm II and PfPlm IV. The obtained
hit compound-protein complexes were
subjected for molecular dynamics (MD)
simulations at 200ns and found stable.
Thermodynamic energy calculated for the
complexes also supported compound’s stability
within the binding pocket of plasmepsins. The results of our study strongly support an immediate validation of the virtually screened hits in
biological systems.
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INTRODUCTION
Malaria is considered to be one of the most lethal parasitic
diseases, especially in endemic regions of the world.1,2 Out of
five, Plasmodium falciparum (Pf) the most prevalent on the
African continent and P. vivax outside sub-Saharan Africa pose
threat to human health. Despite the execution of numerous
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malaria control programs worldwide, there are substantial
malaria cases.1 The Global Technical Strategy for Malaria 20162030 aims to reduce 90% of clinical cases and deaths.3 However,
these attempts are found to be trivial due to the resistance
developed by Plasmodium falciparum (Pf) against the current
antimalarial medicines including the most reliable artemisinins.4,5
Plasmodium proteases, particularly plasmepsins (Plms)
expression during multiple life stages of the parasite makes
plasmepsins a potent target for antimalarial drugs.1,6 Till date, 10
isoenzymes of Plm protein are known [Plm I, II, IV-X,and
histoaspartic protease (HAP)]. Plm I, II, IV, V, IX and X are
found in the asexual life cycle, and perform a specific function
there.1 Plm I, II, IV and HAP are found in digestive food vacuole
where they are involved in the process of hemoglobin
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degradation.7,8 There are strong structural similarities and
differences in these Plms exist due to the presence of an
additional helix bundle in the C-terminal domain and a 19residue loop in the N-terminal domain of Plm V.9,10 The N and C
terminal regions in PfPlm II are interconnected by β-sheet
(Figure 1). The binding site of both PfPlm II and PfPlm IV
present between the C and N terminal region contains Asp34 and
Asp214 (also called aspartic dyad) as proton donor and acceptor
groups, respectively. This forms a catalytic site for the cleavage
of the peptide bond during hemoglobin degradation.10 The PfPlm
II N-terminal region has a flap loop between Lys72 and Phe85.
On opposite site, there is another loop from Gly291 to Pro297 at
C-terminal region, which is proline-rich (Figure 1a).9,11,12 The
Gly291-Pro297 loop is well conserved and plays a key role in
interacting with hemoglobin.13 The secondary structure of PfPlm
II and PfPm IV are depicted in Figure 1b and 1c, respectively.

with Ki 4.3 nM and 70 nM against Plm II (Table S1, entry 1-2)19.
These HEA based compounds have Ki value 63 nM and 1300 nM
against cathepsin D (CatD) (Table S1, entry 1-2). On other side,
HEA analog also inhibit PfPlm IV and CatD with IC50 6.0 nM
and 54.08 nM, respectively (Table S1 entry 8)20. The combined
presence of HEA and piperazine was also demonstrated to build
highly selective Plm inhibitors6,21-24. Therefore, HEA represents
as a valuable scaffold for the design of novel inhibitors of Plms
combined with high antimalarial efficacy. We thus developed a
virtual library of 316 novel HEA analogs and virtually screened
their binding affinity towards potential drug targets PfPlm II and
PfPlm IV. Based on extensive in silico studies, we identified 6
novel drug-like compounds that can target PfPlm II/IV, and we
believe that this work will advance the knowledge for the design
of lead candidates against these targets, which could exhibit
potent antimalarial activity.

RESULTS AND DISCUSSION

Figure 1. (a)The crystal structure of PfPlm II having N- and Cterminal region separated by β-sheet of PfPlm II (PDB: 1LEE) as
well as showing N-terminal flap loop and C-terminal proline rich
loop, (b) cartoon structure of PfPlm II showing secondary structure,
(c) cartoon structure of PfPlm IV. *The secondary structure α-helix
and β-sheet shown in red and cyan color, respectively.

The PfPlm II and PfPlm IV degrade hemoglobin by breaking
down the amide linkage between Phe33 and Leu34 of the αchain, resulting in protein unfolding and release of the heme
moiety (Figure S1)14,15. The residues, Asp34 and Asp214 attack
the Phe33-Leu34 peptide link. Hydrolysis of the C-N bond then
provides two peptides along with regeneration of the catalytic
dyad. The pepstatinA (Ct) is a peptidomimetic compound, highly
potent against both Plm II and Plm IV as well as CatD.10,16 Ct has
IC50 value 0.44 nM, 0.61nM, and 0.64 nM against PfPlm II,
PfPlm IV, and CatD, respectively (Table S1 entry 9)17. Due to
acute toxicity, Ct didn’t qualify to be a drug 18. There are several
inhibitors of Plm II (Table S1, entry 1-7) wherein few of them
contain an important pharmacophore, hydroxyethylamine (HEA)
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Targeting PfPlm II and IV can significantly support the
antimalarial drug discovery, as these two are essential for the
survival of the parasite.
Molecular docking studies
Molecular docking calculations were performed to identify
HEA-piperazine analogs that could bind strongly to PfPlm II and
PfPlm IV enzyme using GLIDE module. Docking score
(kcal/mol) and glide XP Gscore (kcal/mol) were considered to
rank the poses of the ligands. In case of PfPlm II, all 316
molecules were found to dock within the binding pocket of PfPlm
II. However, based on the docking score (-9.980 kcal/mol), and
XP Gscore (-9.981 kcal/mol) of Ct (Table 1, entry 8a), total of
28 designs displayed higher score (Table 1 entry 1,2a,3-5,6a and
Table S2 entry 1-22). But we selected our top compounds based
on cut-off docking score (-11.0 kcal/mol), and XP Gscore (-11.0
kcal/mol) where we found 12 analogs having better score than
cutoff value score (Table 1 entry 1,2a,3-5,6a and Table S2 entry
1-6). Total 288 compounds having low docking scores than Ct
can be seen in table S2 entry 23-310. Hit compound 153 showed
docking score (kcal/mol), XP gscore (kcal/mol), and binding free
energy (kcal/mol) of –12.867, –13.056 and –112.17, respectively
(Table 1, entry 1). Similarly, compound 268, 124, 39, 182, and
96 also displayed higher docking scores and Xp gscores
compared to Ct (Table 1 entry 2a,3-5,6a). In case of PfPlm IV,
316 molecules docked within the binding pocket of PfPlm IV and
were filtered based on cut-off docking score (-11.0 kcal/mol), and
XP Gscore (-11.0 kcal/mol) while Ct (Table 1 entry 8b) showed
docking score (-8.146 kcal/mol), and XP Gscore (-8.148
kcal/mol). The 300 compounds showed better docking score and
XP Gscore than pepstatinA (Table 1, entry 2b, 6b, 7 and Table
S3 entry 1-297) but only compounds 268, 96, and 266 showed
better score that cut-off value (Table 1 entry 2b, 6b, and 7).
The benzyl moiety of HEA occupies S3 subsite in PfPlm II
binding pocket (Figure S2). Similarly, in case of PfPlm IV in
complex with 268, and 96, 3-trifluoromethyl benzyl group (268)
and benzyl moiety (96) substituted at piperazine occupied subsite
S1 (Figure S3). While 4-hydroxymethyl benzoic acid, and
benzyl moiety of HEA occupied subsites S2, and S3,
Chem. Biol. Lett. 2022, 9(1), 315
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Table 1. List of HEA-based hit molecules based on docking score
(kcal/mol), XP Gscore (kcal/mol) and their binding free energy
(kcal/mol) towards the targeted PfPlm II protein.

Ct

respectively. However, compound 266 completely flipped by
approximately 180° in comparison to 268 leading to the 3trifluoromethyl benzyl substituted at piperazine occupied subsite
S2 instead of S1 which may be due to highly nonpolar 2,3,5
triiodobenzyl group of 266 which occupied subsite S4 (Figure
S3). In case of PfPlm II complex with compound 153, 268, 124,
39, 182, and 96, -OH of 4-hydroxy methylbenzyl group
interacted with Asn39 and Ala38 where oxygen atom acts as both
hydrogen bond acceptor (HBA) as well as donor (HBD) (Figure
2a-f). The carbonyl oxygen of 4-hydroxy methylbenzyl group
interacted with Val78 (HBD), a flap region residue. The -NH and
-OH of HEA interacted with Gly36 and Asp 214 wherein both
acted as HBA. The nitrogen atom of piperazine interacted with
the catalytic dyad via salt bridge interaction except for compound
182 where only Asp34 interacted to piperazine via salt bridge.
Even nitrogen atom of piperazine in compound 153,124 and 96
interacted to Tyr77 (flap region residue) via pi-cation interaction
(Figure 2a,c,f). We observed that there was high interaction
similarity among compound 153, 268, 124, 39, 182, and 96
(Figure 2a-f). However, Ct did not interact with the catalytic
dyad (Figure 2g). The Asn76, Gly216 interact with Ct and act as
HBA while Tyr192, Val78, Ser79, Ser218 interact with Ct and
act as HBD.
On the other hand, both catalytic residues Asp34 and Asp 214
of PfPlm IV interact with nitrogen atom of piperazine moiety of
compound 268 and 96 via salt bridge (Figure 3a, c). Leu131 and
Ala 38 residue interact with -OH group of 4-hydroxymethyl
benzyl moiety via H-bond and act as HBA and HBD, respectively
(Figure 3a, c). The Tyr192 acted as HBD while interacting with
carbonyl oxygen of compound 268 and 96 (Figure 3a, c). Both
Ser76 and Gly36 acted as HBA while interacting with NH- of
HEA in compound 268 and 96, respectively (Figure 3a,c). The
Phe120 interacted to benzyl ring of 3-trifluoromethylbenzyl
moiety (compound 268), and benzyl moiety of HEA (compound
96) via Pi-Pi interaction (Figure 3a,c). On other side compound
266, both NH- and OH- group of HEA interacted to Ser218 by
H-bond where Ser218 acted as HBA and HBD, respectively
(Figure 3b). While Gly216 acted as HBA during H-bond
interaction with NH- of piperazine (Figure 3b). The residue
Phe120 interacted to benzyl moiety of HEA by pi-pi interaction.
In PfPlm IV-Ct complex (Figure 3d), K238 interacted to
terminal oxygen atom by salt bridge interaction. Both Ser218 and
Gly78 interacted to carbonyl oxygen of Valine where acted as
HBD. The Ser218 and Ser79 interacted to -NH group of statins
by H-bond where acted as HBA.
All six compounds (153, 268, 124, 39, 182, and 96) in complex
with PfPlm II are showing common H-bond interaction with
residues Ala38, Asn39, Gly36, Val78, Asp214 and salt bridge
interaction with Asp34 while compound 268, and 96 interacted
to PfPlm IV with common residues Ala38, Leu131, Tyr192,
Asp34, and Asp214.
Molecular dynamics simulations
Extensive molecular dynamics simulations were carried out
for a period of 200ns to study the stability, and the
conformational behavior of all top ranked compound and Ct
formed complex with PfPlm II and PfPlm IV enzyme.

O
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simulations. The RMSD plot of Cα-PfPlm II in complex with
compound 153, 268, 124, 39, 182, 96, Ct and unligated PfPlm II
attained stability within first 20-25 ns and fluctuations were in
acceptable region (3Å) (Figure 4a-h). The average values of
RMSDbackbone, and RMSDCα for the PfPlm II in complex with
compound 153, 268, 124, 182, 96, Ct and unligated Plm II were
in the range of 2.0-3.0Å whereas RMSDsidechain was in the range
of 3.0-4.0Å (Table S4 entry 1,2a,3, 5,6, 7a, and 8a). However,
PfPlm II in complex with compound 39 possessed RMSDbackbone,
and RMSDCα below 2.0Å while RMSDsidechain fluctuation was
around 3.0 Å (Table S4 entry 4). In all complexes, including the
unligated PfPlm II, a similar average RMSD Cα, backbone and
sidechain was observed, thus indicating that the protein was very
stable in all systems and compounds were not causing any major
conformational change in the protein.

Figure 3. Ligand interaction Diagram, (a) PfPlm IV-268, (b) PfPlm
IV-266, (c)PfPlm IV-96, and (d) PfPlm IV-Ct complexes

Figure 2. Ligand interaction Diagram, (a) PfPlm II-153, (b) PfPlm
II-268, (c)PfPlm II-124, (d) PfPlm II-39, (e) PfPlm II-182, (f) PfPlm
II-96 and (g) PfPlm II- Ct complexes

The stable behavior of the top ranked docked compounds with
their respective enzymes was observed by calculating the protein
and ligand RMSD, RMSF, and contacts formed during the
simulation run. The unligated enzymes were also selected for
extensive simulation of 200ns to analyze the effect of ligands on
protein structure. Hence total of 7 PfPlm II complexes and
unligated PfPlm II were simulated. On the other hand, total of 2
PfPlm IV complexes and unligated PfPlm IV were selected for
simulation.
PfPlm II MD simulation analysis
The stability of these systems was measured by the root mean
square deviation (RMSD) change for protein Cα during the
Chemical Biology Letters

Next, to confirm the stable behavior of the ligand within the
binding pocket of PfPlm II protein, Ligand-RMSD and RMSF
was calculated. The average ligand RMSD (ligand fit on protein)
was found to be below 3.0Å for compound 153, 268, 124, 39,
and 182 while 3.84 Å for compound 96 (Table S4 entry 1,2a,36). All compounds had low ligand RMSD in comparison to Ct
which displayed around 6.67Å (Table S4 entry 7a). LigandRMSD plot (Figure S4) unveiled that compound 153,124 and 39
fluctuated in the range of range 2.5-3.5Å (Figure 4a,c, and d)
whereas compound 268 fluctuated in the range of 2.5-4.0Å
(Figure 4b). Compound 182 and 96 (Figure 4e,f) took quite
longer time to attain conformational stability, but they were
fluctuating in an acceptable range (3Å). They fluctuated in the
range 2.4-3.0Å and 3.4-4.4Å after 60 ns and 90ns of simulation
period, respectively (Figure 4e,f). As depicted in figure 4g,
ligand RMSD fluctuation for Ct was upto 13.0Å which was very
high when compared to other compounds. The low standard
deviation in ligand RMSD for compound 153, 268, 124, 39, 182,
and 96 indicate their conformational stability when compared to
Chem. Biol. Lett. 2022, 9(1), 315
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Ct. The trajectory analysis revealed that change in ligand RMSD
of compound 182 was mainly due to benzyl moiety of HEA
whereas both benzyl moiety of HEA and 4-hydroxymethyl
benzoic acid were fluctuating the most in compound 96 (Figure
4e,f). All designs were found to be much stable over Ct (Figure
S4). The change in ligand RMSD for compound 182 and 96 due
to their respective moieties were also supported by ligand RMSF
(Figure S4 e, f).

Figure 4. Protein-Ligand RMSD plot: (a) PfPlm II-153, (b) PfPlm
II-268, (c)PfPlm II-124, (d) PfPlm II-39, (e) PfPlm II-182, (f) PfPlm
II-96, (g) PfPlm II-Ct, (h) unligated-PfPlm II, (i) PfPlm IV-268, (j)
PfPlm IV-Ct, (k) Unligated-PfPlm IV.

In addition, the interactions between compound 153 and the
binding site residues of PfPlm II were studied and presented in
Figure S5a. It was observed that compound 153 and 268
displayed similar conformational behavior and were able to
maintain interaction with hotspot residues (Asp34, Gly36, Ala38,
Asn39, Val78, and Asp214). It also interacted with Tyr77,
Leu131 and Tyr192 (Figure S5a, b). The compound 124
Chemical Biology Letters

interacted to hotspot residues (Asp34, Gly36, Val78, and
Asp214) as well as with Tyr77, Phe111, Leu131 and Tyr192
(Figure S6a). The compound 39 interacted with residues Asp34,
Gly36, Ala38, Asn39, Val78, and Asp214. It also interacted with
Tyr77, Leu131, and Tyr192 (Figure S6b). The compound 182
interacted to hotspot residues (Asp34, Gly36, Ala38, Asn39,
Val78, and Asp214). The residues Tyr77, Tyr192 and Gly216
also interacted with design 4 (Figure S6c). The compound 96
interacted with hotspot residues Asp34, Gly36, Ala38, Asn39,
Val78, and Asp214, but also interacted with Tyr77, Phe111,
Tyr192, Gly216, and Phe294 (Figure S6d). The Ct (Figure S6e)
interacted to hot spot residues, but it was observed that water may
played a significant role in ligand stability. This may be the
reason high RMSD and RMSF for Ct compared to all other
designs. Compounds 153, 268, 124, 39, 182, and 96 were able to
maintain interaction with most of residues, which was seen in
docking study.
The Ramachandran plot of last frame of 200 ns simulation for
all 7 complexes and unligated-PfPlm II showed residues that lie
below or upto 1.0% in outlier region that indicate good stereochemical geometry of the protein (Table S5; entry 1,2a,3-6,7a,
and 8; Supporting Information Figure S7).
Dynamic cross-correlation and principle component analysis
for PfPlm II
To analyze the effect of the compounds 153, 268, 124, 39, 182,
and 96 on the intrachain motions in the complex system,
Dynamic cross-correlation matrix (DCCM) were calculated for
each residue within seven complexes, and it showed that all 6
compounds resulted in an increase of correlated motions,
especially for residues near the binding site (Figure S8). The
higher correlation indicated that there were more fluctuations and
residue interaction within the complex as compared to Ct.25
Moreover, several newly formed correlations within the
complexes reflected that the original allosteric network was
disturbed.
In PfPm II-153 complex, A1 represented more correlation
among secondary structures β1-4 (Figure 1b), while A2 showed
that β1-3 also anti correlated with α1 and β10. The Correlation
between β1-2 and β11 was shown by A3. The A4 indicated increase
in anti-correlation between β4-6 and α1 as well as β10-11. There was
increase in correlation between β9 and β10-11 shown by A5. The
β10-11 shown anti correlation with β14-16 and β20-24 shown by A6
and A8, respectively. However, β9 and β14-16 was correlated with
α3 and β26-27 shown by A9. The anti-correlation between β1-4 and
β21-24 was shown by A7. There was decrease in anti-correlation
between β17-22 and β26-27 shown in A10 (Figure S8a,g).
In PfPm II-268 complex, A1 represented more correlation
among secondary structures β1-4 (Figure 1b). The increase in
correlation between β1-2 and β11 was shown by A3. The A4
indicated increase in anti-correlation between β4-6 and α1 as well
as β10-11. Opposite to PfPlm II-1 complex, there was increase in
correlation between β9 and β10-11 shown by A5. The β10-11 showed
increase in correlation with β14-16 while more correlated with β2024 shown by A6 and A8, respectively. However, β9 and β14-16 was
less correlated with α3 and β26-27 shown by A9. The increase in
anti-correlation between β1-4 and β21-24 was shown by A7. Similar
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to PfPm II-153 complex, there was decrease in anti-correlation
between β17-22 and β26-27 shown in A10. (Figure S8b,g)
In PfPm II-124 complex, there was no significant change in
correlation was observed among secondary structures β1-4
compare to PfPlm II-Ct complex as shown in A1 (Figure 1b).
The A2 showed that β1-3 also anti correlated with α1 and β10. While
increase in correlation between β1-2 and β11 was showed by A3.
The A4 indicated decrease in anti-correlation between β4-6 and α1
as well as β10-11. Opposite to PfPlm II-153 complex, there was
decrease in correlation between β9 and β10-11 shown by A5. More
anti-correlation between in β10-11 and β20-24 shown by A8,
respectively. There was no significant change observed in
correlation in A6, A9 and A10. The decrease in anti-correlation
between β1-4 and β21-24 was shown by A7 (Figure S8c,g).
In PfPm II-39 complex, A1 represented more correlation
among secondary structures β1-4 (Figure 1b) while A2 showed
that β1-3 also more correlated with α1 and β10. The increase in
correlation between β1-2 and β11 was showed by A3. The A4
indicated decrease in anti-correlation between β4-6 and α1 as well
as β10-11. Opposite to PfPlm II-153 complex, there was increase
in correlation between β9 and β10-11 shown by A5. The β10-11
showed increase in anti-correlation with β14-16 and β20-24 shown
by A6 and A8, respectively. However, β9 and β14-16 was less
correlated with α3 and β26-27 shown by A9. There was significant
change towards anti-correlation between β1-4 and β21-24 shown by
A7. Similar to PfPm II-39 complex, there was decrease in anticorrelation between β17-22 and β26-27 shown in A10 (Figure S8d,g).
In PfPm II-182 complex, A1 represented more correlation among
secondary structures β1-4 (Figure 1b), while A2 didn’t show
significant change in correlation among β1-3, α1 and β10. The
Correlation between β1-2 and β11 was showed by A3. The A4
indicated increase in anti-correlation between β4-6 and α1 as well
as β10-11. There was also increase in anti-correlation between β9
and β10-11 shown by A5. The β10-11 showed anti correlation with
β14-16 and β20-24 shown by A6 and A8, respectively. However, β9
and β14-16 was less correlated with α3 and β26-27 shown by A9. The
anti-correlation between β1-4 and β21-24 was shown by A7. There
was increase in anti-correlation between β17-22 and β26-27 shown in
A10 (Figure S8e,g)
In PfPm II-96 complex, A1 represented decrease in correlation
among secondary structures β1-4 (Figure 1b), while A2 didn’t
show significant change in correlation among β1-3, α1 and β10. The
increase in correlation between β1-2 and β11 was showed by A3.
The A4 indicated decrease in anti-correlation between β4-6 and α1
as well as β10-11. There was also decrease in anti-correlation
between β9 and β10-11 shown by A5. The β10-11 shown increase in
anti-correlation with β14-16 and β20-24 shown by A6 and A8,
respectively. However, However, β9 and β14-16 was less correlated
with α3 and β26-27 shown by A9. There was decrease in anticorrelation between β1-4 and β21-24 shown by A7. There was no
significant change in correlation between β17-22 and β26-27 shown
in A10 (Figure S8f,g).
This implied that there was similar freedom and fluctuation in
the all complexes, consistent with the RMSF results (Figure S9).
Therefore, DCCM analysis suggested a more flexible and less
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constrained PfPlm II complex with 153, 268, 124, 39, 182, and
96 compared to PfPlm II-Ct.
PfPlm IV MD simulation analysis
The RMSD plot of Cα-PfPlm IV in complex with compound
268, Ct and unligated PfPlm IV attained stability within first 25
ns and fluctuations were in acceptable region (3Å) (Figure 4i-k).
The average values of RMSDbackbone, RMSDCα, and for the
unligated-PfPlm IV and in complex with 268, Ct and unligated
PfPlm IV was below 3.0Å whereas RMSDsidechain was in range of
3.0-4.0Å (Table S4 entry 2b, 7b, 8b). The average ligand RMSD
was below 3.88Å for compound 268 while 5.94 Å for Ct (Table
S4 entry 2b, 6b). The local fluctuation in 268 was also lower than
Ct as depicted by ligand RMSF plot (Figure S10a,b). It was
observed that 268 was able to maintain interaction with hotspot
residues (Asp34, Tyr192, and Asp214) as well as displayed
interaction with Gly36, Tyr77 (Figure S11a). While Ct
interacted to Gly78, Ser79, and Lys238 which was also seen in
docking interaction analysis (Figure S11b).
The Ramachandran plot of last frame of 200 ns simulation for
both complexes and unligated-PfPlm IV showed residues that lie
below or upto 1.0% in outlier region that indicate good stereochemical geometry of the protein (Table S5; entry 2b, 7b, 9;
Supporting Information Figure S12).
Dynamic cross-correlation and principle component analysis
for PfPlm IV
There are several correlation and anti-correlation observed
among residues of PfPlm IV due to compound 268 compared to
Ct. There was increase in correlation among β1-4 and α1 compared
to Ct as shown by A1 (Figure S13a,b). The β3-4, α1 correlated to
β9-11, whereas β1-3 correlated to α2 as depicted in A3. The A4
indicated decrease in anti-correlation between β3 and β12-13. The
anti-correlation increased between β1-4 and β15 shown by A5. The
A6 showed increased anti-correlation between β1-4, and β17-22, α1
compared to Ct. There was increase in correlation between β1-4
and β23-25, α4 depicted by A7. The β6-7 more correlated to β3-4, and
α4 as shown by A8. There was increase in anti-correlation
between β5-6 and β16-18, α4 shown by A9. There was increased
correlation between β8-10 and β17, α4 shown by A10. The anticorrelation was increased between β5-8 and β23-25, α4 shown by
A11. There α2, β12 more anti-correlated with β15-17 as depicted by
A12 as well as correlated with α3, β18 depicted in A13. This implied
that there was more freedom and fluctuation in the PfPlm IV-268
complex, consistent with the RMSF results (Figure S14).
Ligand properties
Six properties such as ligand RMSD (ligand fit over ligand),
radius of gyration (rGyr), intramolecular H-bond (intraHB),
molecular surface area (MolSA), solvent accessible surface area
(SASA), and polar surface area (PSA) were analyzed to explain
the stability of the all compound 153, 268, 124, 39, 182, and 96
within PfPlm II receptor complex as shown in Figure S15 and
S16. All 6 analogs have low ligand RMSD (ligand fit on ligand)
compared to Ct in complex with PfPlm II (Figure S15 and S16).
The radius of gyration was also lower for compound 153, 268,
124, 39, 182, and 96 compared to Ct. Even other parameters
were also better than Ct (Figure S15 and S16). Compound 268
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showed better RMSD and other parameters in complex with
PfPlm IV (Figure 15c and S17).
MM/GBSA Free Energy Analysis
The thermodynamic free energy was calculated for every 2ns
time interval to clarify the energetics of the binding of compound
153, 268, 124, 39, 182, and 96 with PfPlm II and showed 103.40±5.7, -102.9±7.1, -104.41±4.7, -95.99±6.0, -89.99±8.1,
and -89.45±9.7 kcal/mol, respectively. All compounds have
better free energy of binding that Ct (-87.62±16.9 kcal/mol). This
free energy of binding during 200ns MD simulation also
suggested that compound 153, 268, 124, 39, 182, and 96
interacted to binding site residues much more strongly over Ct.
Even compound 268 (-74.5±7.2kcal/mol) showed better binding
free energy to Ct (-78.9±13.9 kcal/mol) in complex with pfPlm
IV (data available at online portal).
Further, the stability of these systems was assessed during the
entire simulation process where temperature (T), total energy (E),
volume (V), potential energy (E_p) and pressure (P) values were
computed for PfPlm II in complex with 153, 268, 124, 39, 182,
96, and Ct and unligated PfPlm II. No significant changes were
noted in E_p, E and other parameters for all three ligands–protein
complexes and unligated-PfPlm II (Figure S18 and Table S6S13). Similarly, no significant change was observed in all five
parameters for PfPlm IV in complex with 268 and Ct as well as
unligated PfPlm IV (Figure S19 and Table S14-S16).
Docking Validation by non-site-specific docking
Non-site-specific docking performed by PyRx software
indicated that all six hits (compound 153, 268, 124, 39, 182, and
96) docked to the binding site of PfPlm II indicating no allosteric
site binding (Supporting Information Figure S20a). Similarly,
there was no allosteric site for compound 268 docked to the
binding site of PfPlm IV (Figure S20b).
ADME properties
The ADME profile through SwissADME was calculated for
compound 153, 268, 124, 39, 182, and 96 (Table S17). All of
them stand by Lipinski rule of five with H-bond donors (<5),
molecular weight (<500), MLogP (<4.15) and H-bond acceptors
(<10) except compound 153, 268, and 124 where 153 and 268
were found to have molecular weight of 541.6 while 124
possesses 509.59 g/mol (Table S17). All of them have TPSA
score of 76.04 Å2 and moderate solubility in water. They
displayed high GI absorption while only compound 153, 268,
and 124 had the ability to penetrate blood brain barrier. All of
them were found not to inhibit cytochrome (CYP1A2, CYP2C19,
and CYP2C9).
Structure−Activity Landscape Index (SALI) Similarity
Map Compounds in complex with PfPlm II
Initially, the pocket-I having 4-hydroxymethyl benzoic acid
wasn’t modified and the substitutions were made at pocket-II that
linked the piperazine moiety. A total of 8 different compounds
(Figure S21) were ranked on basis of docking score with
variations at pocket II; compound 153, 268, 124, 39, 182, and 96
(Table 1, entry 1–6) and 239, 210 (Supporting Information Table
S18, entry 1–2). The compounds 153, 268, 124, 39, 182, 96 239,
and 210 containing different functional groups at pocket 2 such
as 4-(trifluoromethyl)benzyl, 3-(trifluoromethyl)benzyl , 2,5Chemical Biology Letters

difluorobenzyl, 4-methylbenzyl, 2-methylbenzyl, benzyl, tertbutylbenzyl, and phenyl were shown to possess higher docking
scores in comparison to Ct. During SAR analysis of compounds
in which pocket I was kept unchanged, two pairs of compounds,
153 and 268 having structural similarity ~ 95% while compound
39 and 96 showed structural similarity ~ 97% are depicted in
Figure 18. However, docking score was identical for 153 (12.867 kcal/mol) and 268 (-12.863 kcal/mol) as both molecules
have –CF3 group but differ by para and meta position on benzyl
ring of trifluoromethylbenzyl piperazine. It shows no significant
effects of isomeric position of CF3 on benzyl ring. But when we
compared compound 153 or 268 with compound 96, there is
significant effects of electron withdrawing group (EWG) over
electron donating group (EDG).
In the next attempt, variations were made at pocket-1 while
keeping the 4-(trifluoromethyl)benzyl group constant at pocket2. Twenty-nine distinct functionalities (Figure S22) were
shortlisted (144-172; Supporting Information Table S18, entry 331). It was observed that none of 29 compounds showed lower
docking score compared to compounds 153, 268, 124, 39, 182,
and 96. Similarly, SAR analysis of compounds having constant
pocket II, showed five groups of compounds having structural
similarity of >90% such as compounds 153 and 152; 158 and
157; 149 and 154; 156 and 167; and 150, 155, 168, 165, 163, 160,
161, 169, and 171. During this analysis, it was observed that
compound 152 having 4-formylbenzyl group at para position
showed a docking score of -10.426 kcal/mol which is very low
compared to compound 153 (-12.867 kcal/mol). This indicates
the potential significance of 4-hydroxymethyl benzyl group. It
may be due to electronegativity differences in functional groups.
The compound 157 having lower docking score than compound
158 suggested that halide group having low electronegativity at
para position has significant effects on docking score over halide
group having high electronegativity at para position. It was also
observed that methyl or ethyl alkyl group at para position has no
effects on docking score of compounds 149 and 154. The
presence of highly electronegative halide group at meta position
had significant effects compared to low halide group possessing
lower electronegativity on same position as shown by compound
156 and 165. Both compounds, 150 and 155 have better docking
scores than compounds 168, 165, 163, 160, 161, 169, and 171
due to the presence of EDG at the meta position of benzoic acid.
It was observed that the presence of EWG group at position ortho,
meta, or both have no significant effects on docking score when
compared to EWG group at para position.
Structure−Activity Landscape Index (SALI) Similarity
Map Compounds in complex with PfPlm IV
Initially, the pocket-I having 4-hydroxymethyl benzoic acid
was kept unchanged and the substitutions were made at pocketII that linked to piperazine moiety. A total of 10 different
compounds (Figure S23) ranked on basis of docking score with
variations at pocket II, compound 268, 96, 124, 153, 39, 239, 210,
297, 68, and 10 (Table 1 entry 2b, 6b and Table S19 entry 1-8).
There are three groups of compounds such as compound 268 and
153 (Table 1 entry2b and Table S19 entry 2), compound 124 and
297 (Table S19 entry 1, 6); and compound 39 and 96 (Table S19
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entry 3 and Table 1 entry 6b) showing structural similarity of
95%, 95%, and 97%, respectively. Docking score of compound
153 is -9.255 kcal/mol which is much lower that compound 268
(-12.363 kcal/mol). As both compounds are differing by position
of -CF3 group only where –CF3 at meta position of benzyl ring of
trifluoromethyl benzyl piperazine has significant effects on
docking score compared to para position. There is no significant
difference in docking score seen in compound 124 (10.016
kcal/mol) and 297 (10.219 kcal/mol) indicating no significant
effects of strong EWG group at ortho and meta position. The
compound 39 has methyl group (EDG) at para position whereas
compound 96 has hydrogen atom at para position of benzyl
piperazine. This variation makes significant difference in
docking score where compound 96 (-11.073 kcal/mol) showed
high docking score over compound 4 (–9.239 kcal/mol). In the
next step, when meta-trifluoromethylbenzyl piperazine is kept
constant and variations were made at pocket 1. Twenty-nine
(Figure S24) different functionalities were shortlisted (259-287;
Table S19 entry 9-37). There were seven groups observed having
structural similarity above 95% ([268 and 259], [272 and 273],
[274 and 271], [267 and 269], [281 and 279], [285 and 282], and
[275, 265, 263, 284, 270, 286, 283, 278, and 276]). There is sharp
decrease in docking score between compound 268 (-12.363
kcal/mol) and 259 (-7.892 kcal/mol) due to presence of
carboxylic group at para position of benzoic acid instead of 4hydroxy methyl group (Table 1 entry 2 and Table S19 entry 37).
The compound 285 (-10.923 kcal/mol) having EWG and EDG at
ortho and meta position of benzoic acid has high docking score
than compound 282 (-9.774 kcal/mol) having EWG at both ortho
position (Table S19 entry 9,20). The compound 272 (10.060kcal/mol) having strong EWG at para position of benzoic
acid has high docking score than compound 273 (-9.158
kcal/mol). The less EWG at ortho position of benzoic acid in
compound 274 (-9.902 kcal/mol) has high docking score than
compound 271 (-8.595 kcal/mol) having EWG at both ortho
position of benzoic acid. The compound 267 (-10.395 kcal/mol)
having 4-formyl group at para position of benzoic acid has high
docking score than compound 269 (-8.829 kcal/mol) having EDG
at para position. The compound 281 (-9.780 kcal/mol) and
compound 279 (-8.525 kcal/mol) have bromine (EWG) at para
position. The methyl (EDG) and Fluorine (EWG) at ortho
position in 4-bromobenzoic acid is showing significant
difference in docking scores of compounds 281 (-9.780 kcal/mol)
and 279. (-8.525 kcal/mol). The structural analysis of compounds
286, 275, 276, 284, 278 and 283 indicated that bromine at ortho
position has significant effect on docking score while strong
EWG at meta position causes decrease in docking score. The
structural comparison of 270, 265, and 284 suggested that
docking score increase with increase in number of EDG at mono
or di substituted ortho position of benzoic acid.

COMPUTATIONAL APPROACH
Protein preparation
Crystal structure of both PfPlm II (PDB: 1LEE) and PfPlm IV
(PDB: 1LS5) were collected from RCSB protein databank
(PDB). The protein structure was prepared by using Protein
Chemical Biology Letters

Preparation Wizard and Prime module of the Schrodinger suite26.
The protein preparation is a necessary step to make protein
structure free from structural, conformational, missing atoms,
and charge defects at the physiological pH. The study was carried
out following the literature reports.27-29
Preparation of molecular library for virtual screening
As earlier reported, pepstatin A (PubChem ID: 5478883)
inhibits both PfPlm II and PfPlm IV protein30. Thus, in the
present study, Ct was considered as control for both proteins. A
library of 316 molecules was developed based on HEA and
piperazine pharmacophores by using the MAESTRO tool to
target PfPlm II and PfPlm IV31. HEA-based compounds provide
several benefits including fast, easy, large-scale synthesis and
their diverse reactivity against wide variety of diseases32-34. Prior
to molecular docking, the structure of both Ct and the library of
HEA and piperazine-based analogs were prepared by Ligprep35.
All parameters were kept default except chirality. The absolute
configurations were retained and specified for both Ct and
designed analogs (SS conformer was specifically selected for
HEA library) (Figure S253). All ligands were desalted and
tautomers were generated. The inbuilt Epik module of the
Schrodinger suite was used to estimate ionization states at pH 7
± 2 for all compounds36.
Molecular docking studies
The site-specific molecular docking of both Ct and designed
analogs against PfPlm II and PfPlm IV was performed using the
Glide module 37. The parameters were kept default for both
proteins during receptor grid generation by using Glide. The grid
center coordinates for PfPlm II and PfPlm IV were X=32.10, Y
= 33.15, Z = 12.47 and X=-26.542, Y = 38.391, Z = 41.413,
respectively. The size of the cubical grid box was 30 Å. The
molecular docking was performed at extra precision (XP). The
binding free energy for Ct and top ranked compounds were also
calculated by prime MM/GBSA38.
Molecular dynamics simulations
Molecular dynamics simulations of the selected docked
complexes were performed to retrieve detailed insights of the
dynamic behavior of the docked complexes along with the
selected control. All the molecular dynamics simulations were
carried out in academic Maestro-Desmond tool39,40 with the inbuild OPLS-2005 force field41,42. Before conducting simulations,
the docked complexes were solvated with TIP3P water model43
in a 10×10×10 Å3 orthorhombic box. The cation (Na+) and anion
(Cl-) added to neutralize the systems as well as to maintain the
physiological pH. Prior to simulations, all the systems were
energetically minimized for 100ps at default conditions. The
Martyna–Tobias–Klein and Nose–Hoover chain dynamic
algorithm was used to maintain the pressure 1.0 bar and
temperature of the systems at 300 K, respectively44,45. Thereafter,
the production run of 200 ns time duration was carried out on the
systems. Properties like root-mean-square-deviation (RMSD),
root-mean-square-fluctuation
(RMSF),
protein-ligand
interactions and contacts were scrutinized to check the stability
of the docked complexes. The stereo-chemical geometry of
PfPlm II and PfPlm IV was analyzed after MD simulation by
Procheck.46
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Validation of docking studies
The non-site-specific docking performed to validate results to
illustrate the absence of allosteric site for our novel promising
molecules. Top-ranked compounds based on glide docking score
and XP gscore in site-specific glide docking were further rescreened through non-site specific blind docking using
AutodockVina in PyRx (version 0.8)47 as a means of docking
validation. In PyRx, the universal force field and the conjugate
algorithm were used to minimize all compounds before blind
docking. The results were analyzed on the pymol platform (The
PyMOL Molecular Graphics System).48
Absorption, distribution, metabolism and excretion
calculation
The absorption, distribution, metabolism, excretion and
toxicity (ADMET) profile of promising compounds were
calculated by using Swiss ADME49. 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) and Lipinski (drug-likeness).

CONCLUSION
In the present work, HEA and piperazine based designs were
virtually screened and their stability within the binding pocket of
Plms (II & IV) was analyzed by MD simulation for the period of
200ns. A total of 316 compounds were screened against PfPlm II
and PfPlm IV. These compounds were ranked based on their
docking score while they were filtered out based on cut-off
docking score -11.0 kcal/mol. PfPlm II complexed with
compound 153, 268, 124, 39, 182, and 96, Ct and unligatedPfPlm II was simulated for 200ns. Similarly, PfPlm IV-268
complex, PfPlm IV-Ct complex, and unligated-PfPlm IV was
simulated for 200ns. The simulation results indicated that all the
hit compounds were conformationally stable in comparison to the
Ct. MD simulation supported docking interaction results for both
PfPlm II and PfPlm IV complexes. The ADME profile of 153,
268, 124, 39, 182, and 96 suggested that designs possessed drug
like properties. The structure activity relation index suggested the
intricate role of positioning of functional group on docking
scores. Thermodynamic energy data indicated ligand stability
within the binding pocket. Overall, our results contribute towards
the design of target-based compounds against PfPlm II/IV, and
thus could be validated as potential antimalarial agents. Our study
warrants a rapid in-vitro evaluations, especially for compound
268 that reveals a promising hope to act as potential inhibitor of
both Plms.
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