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ABSTRACT
Promising inhibitory activities of the parasite multiplication were obtained upon evaluation of in vivo anti-
malarial activities of new pyrazolylpyrazoline derivatives against Plasmodium berghei infected mice. Further
evaluation of 5b and 6a against chloroquine-resistant strain (RKL9) of P. falciparum showed higher
potency than chloroquine. In vitro antileishmanial activity testing against Leishmania aethiopica promasti-
gote and amastigote forms indicated that 5b, 6a and 7b possessed promising activity compared to milte-
fosine and amphotericin B deoxycholate. Moreover, antileishmanial activity reversal of the active
compounds via folic and folinic acids showed comparable results to the positive control trimethoprim,
indicating an antifolate mechanism via targeting leishmanial DHFR and PTR1. The compounds were non-
toxic at 125, 250 and 500mg/kg. In addition, docking of the most active compound against putative mal-
arial target Pf-DHFR-TS and leishmanial PTR1 rationalised the observed activities. Molecular dynamics simu-
lations confirmed a stable and high potential binding of 7a against leishmanial PTR1.
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1. Introduction

Malaria and leishmaniasis have emerged as thoughtful health
problems throughout the history of manhood. According to WHO
Report in 2019, although there is a considerable deterioration in
the number of malaria cases and deaths, the disease accounts for
228 million cases globally and is one of the top causes of death
for children in Africa1. Despite the efforts in introducing a great
number of chemotherapeutic agents to treat malaria, there is still
an urgent medical need in the area. The main reason for this is
the emergence of resistance2,3. Resistance has occurred for almost
all therapeutic agents approved for the treatment of malaria
which represents a major apprehension demanding an instant
action1,3. Therefore, the search for newer and more effective drugs
has become a crucial target.

Leishmaniasis is a complex disease that is caused by more
than 20 species of Leishmania and is correlated to several clinical
manifestations ranging from simple skin lesions around the bite
site to fatal visceral forms4,5. More than one billion people are at
risk of leishmaniasis in endemic areas6,7. Therefore, there is a con-
tinuing necessity to discover new antiprotozoal agents that are

effective against multidrug-resistant parasites and inhibitors that
target enzymes and proteins macromolecules8,9. For the folate
pathway, dihydrofolate Reductase (DHFR) and Pteridine reductase
(PTR1) are validated targets for leishmania10. Their main role is to
reduce oxidised pteridines like biopterin and folate to active
cofactors tetrahydrobiopterin (THB) and tetrahydrofolate (THF),
respectively. Nonetheless, utmost leishmania species showed
resistance against DHFR-TS inhibitors11,12, owing to the presence
of an alternative salvage pathway regulated by PTR1. Interestingly,
the PTR1 enzyme is overexpressed in strains that exhibited antifo-
late resistance, hence, offering the means to bypass the dihydrofo-
late reductase-thymidylate synthase (DHFR-TS) pathway13–15.

It is well known that pyrazole rings, whether free or conjugated
with other heterocyclic rings, demonstrated a wide collection of
biological activities, such as antibacterial, antiviral, antitubercular,
anti-inflammatory, antioxidant, anticancer, antimalarial and anti-
leishmanial16–29. Also, derivatives containing pyrazoline scaffold
were reported to show promising antileishmanial and/or antimal-
arial effects in a low micromolar range of activities (I and II in
Figure 1)30,31. Interestingly, as we reported earlier, when integrat-
ing a pyrazole scaffold in a pyrazoline framework, yielded a
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promising sub-micromolar range of activities for both antimalarial
and antileishmanial effects (III in Figure 1)32. These interesting bio-
logical activity profiles inspired us to synthesise focussed deriva-
tives of pyrazole integrated pyrazoline analogues as potential
antimalarial and/or antileishmanial agents (IV).

The synthesised compounds were evaluated for their antimalar-
ial activity using Plasmodium berghei infected mice (in vivo
approach) where the most active compounds were further eval-
uated against chloroquine-resistant strain (RKL9) of P. falciparum
(in vitro approach). For the antileishmanial activity, the compounds
were screened against both promastigote and amastigote forms
of Leishmania aethiopica. The reversal of the antileishmanial activ-
ity via folic and folinic acid confirmed the antifolate mechanism of
the synthesised compounds anticipating PTR1 inhibition.
Furthermore, docking experiments on putative malarial Pf-DHFR-
TS and leishmanial PTR1 targets rationalised the observed antimal-
arial and antileishmanial activities.

2. Results and discussion

2.1. Chemistry

The target compounds were synthesised according to the steps
outlined in Scheme 1. Initially, the two intermediate chalcones
2a,b containing a, b-unsaturated ketone group were synthesised
by condensation of aldehydes 1a,b33 and acetophenone in the
presence of KOH in ethanol. The structures of these compounds
were confirmed by IR spectra that showed the absence of charac-
teristic peaks at 2726 and 2669 cm�1 which was attributed to the
C-H stretching vibration of the aldehydic groups of 1a,b.
Moreover, the 1H-NMR spectrum of these two compounds
revealed the disappearance of the singlet at d 10.1 attributed to
the aldehydic peak in addition to the presence of two doublets at

d equals 7.4 and 7.9 corresponding to the methine protons which
confirms the formation of the target compounds. The two formed
chalcones were cyclized by refluxing with hydrazine hydrate in
presence of different solvents like ethanol, formic acid, acetic acid
and butyric acid to give the corresponding pyrazolylpyrazoline
derivatives 3a, 3b, 4a, 5a, 5b and 6a. The structures of the
formed derivatives were proved by the absence of a characteristic
intense band around 1665 cm�1 that corresponds to the C¼O
and the aldehydic characteristic peaks at 2726 and 2669 cm�1 of
their IR spectra. In addition, characteristic peaks for the formation
of pyrazoline moiety have been observed on their 1H-NMR spec-
tra. These are methylene protons at the C4 of the pyrazoline ring
resonated as two doublets of doublet peaks (both integrated for
one proton each) at 3.05–3.15 and 3.4–3.55 ppm. The C5 proton
peak appeared as a doublet of a doublet at 5.08–5.18 ppm due to
vicinal coupling with the two magnetically non-equivalent protons
of the methylene group at the C4 position of the pyrazoline ring.
The strong deshielding of the C5 protons compared with the C4
protons of the pyrazoline ring was assumed to be due to electron
withdrawing neighbours. Finally, the benzoyl derivative of com-
pound 7a was synthesised by refluxing the unsubstituted pyrazo-
lylpyrazoline 3a with benzoyl chloride in presence of pyridine.
Generally, the spectral aspects of the pyrazolyl derivatives were
confirmed and guided by previous studies32,34. Representative
NMR charts can be found in the Supplementary Material.

2.2. Biological activity

2.2.1. In vivo antimalarial activity testing against Plasmodium
berghei
The in vivo biological activities of some of the synthesised pyrazo-
lylpyrazoline derivatives showed promising results against P.

Figure 1. Some previously reported pyrazoline derivatives (I and II) and pyrazole hybrids with other heterocyclic moieties (III) with dual antimalarial and antileishma-
nial activity. Compounds (IV) represent our target compounds.
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berghei (Tables 1 and 2). The in vivo antimalarial activity of the
synthesised compounds was evaluated at a dose level of 20mg/
kg (Table 1). Those compounds that revealed statistically signifi-
cant suppression (p< 0.05) were further evaluated at a dose level
of 30mg/kg. Antimalarial testing at the second dose was carried
out for three compounds (5b, 6a and 7a) to examine assay vari-
ability (Table 2).

By the end of the 4-day suppressive test, compound 6a at a
dose level of 20 and 30mg/kg showed mean parasitaemia of 30.3

and 28.3%, respectively, compared to 52.2 and 59.3% for the
negative control (Tables 1 and 2). This specifies a 42.3 and 52.4%
suppression for 6a compared to the negative control groups. The
mice treated with chloroquine (positive control) were completely
free of the parasite on day 4. The growth in percentage suppres-
sion with growing the dose of the tested compound is revealing
of the presence of a dose-response relationship. Like 6a, 7a dis-
played significant parasitaemia suppressive effect on day 4 com-
pared to the negative control (Tables 1 and 2). At the dose levels
of 20 and 30mg/kg, the mean parasitaemia for 7a was found to
be 33.0 and 41.1%, respectively equivalent to 36.5 and 30.3% sup-
pression of the parasite. However, the decrease in the suppressive
effect of increasing the administered dose of 7a implies that the
30mg/kg dose might have compromised the immune system of
the tested mice. Compound 5b showed the most potent suppres-
sive effect among the tested compounds, as seen in Tables 1 and
2. At the dose levels of 20 and 30mg/kg the mean parasitaemia
was found to be 18.8 and 17.4%, respectively equivalent to 66.7
and 71.2% suppression. Suppressive activity of compound 5b fol-
lows a dose-response relationship.

Elucidating some structure-activity relationship (SAR), the
methyl substituent on the phenyl group and acetyl substituent on
the pyrazoline ring favours the antiplasmodial activity (5b). The
presence of bulkier substituents (butanoyl and benzoyl) on the
pyrazoline ring appeared to correlate with the activity of com-
pounds 6a and 7a. On the other hand, the absence of substituent
on the pyrazoline ring in compound 3b abolished the activity. The

Scheme 1. General synthetic route of the target compounds.

Table 1. Antiplasmodial activities of the synthesised compounds at 20mg/kg.

Test substance Dose (mg/kg) % Parasitaemia� % Suppression

3a 20 54.3 ± 1.4 �3.8
3b 20 53.1 ± 1.3 �1.9
5b 20 18.8 ± 2.6 66.7
6a 20 30.3 ± 2.8 42.3
7a 20 33.0 ± 1.9 36.5
Chloroquine P. 20 0.0 100
NC�� 1ml/100 g 52.2 ± 3.1 0.0
�Values are M± SD, P< 0.05, �� Negative control.

Table 2. Antiplasmodial activities of the synthesised compounds at 30mg/kg.

Test substance Dose (mg/kg) % Parasitaemia� % Suppression

5b 30 17.4 ± 1.2 71.2
6a 30 28.3 ± 2.8 52.4
7a 30 41.1 ± 3.1 30.3
NC�� 1ml/100 g 59.3 ± 3.1 0.0
�Values are M± SD, P< 0.05, ��Negative control.
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presence of smaller substituent (acetyl and formyl) or absence of
substituent can correlate to the loss of activity in the case of p-
chlorophenyl derivatives 3a, 4a and 5a. Generally, owing to the
uniqueness of such compounds as dual-acting antimalarial-anti-
leishmanial hits, we would pursue more studies on them in the
near future with a wider array of substituents, in order to extract
sharper insights into the structure-activity relationships.

2.2.2. In vitro antimalarial activity testing against chloroquine-
resistant (RKL9) strain of Plasmodium falciparum
Compounds 5b and 6a that showed the highest in vivo percent
suppression against P. berghei at a dose level of 30mg/Kg, were
further evaluated for their antiplasmodial activities against chloro-
quine-resistant (RKL9) P. falciparum strain. Results revealed that
both compounds showed greater activity than chloroquine phos-
phate (IC50 ¼ 0.1920mM) against the chloroquine resistant (RKL9)
strain of P. falciparum. Compound 5b was the most potent against
RKL9 strains showing around 6-fold higher inhibitory activity than
chloroquine (Table 3). Comparing 5b to a standard folate inhibitor
(pyrimethamine), both were in a similar nano-molar range of
inhibitory activity with a slight superiority of pyrimethamine.
Interestingly, these results are in coherence with our previous
report32 where the in vitro antimalarial effect of pyrazole-pyrazo-
line hybrids was in a similar nano-molar range of activity.

2.2.3. In vitro antileishmanial activity on leishmania aethiopica
promastigote and amastigote forms
The assay was used to determine the viability of promastigotes
and evaluate the antileishmanial activity of the synthesised com-
pounds. The tested compounds 5b, 6a and 7a showed higher
antileishmanial activity than the reference standard miltefosine,
whereas compound 5b exhibited comparable activity to the refer-
ence standard Amphotericin B deoxycholate (Table 4). The result
indicated that the presence of a relatively bulky substituent on
one of the pyrazolo-N1 rather than its C5 led to a high inhibitory
effect on the promastigotes, with IC50 values ranging from 0.05 to
0.89lM. Furthermore, the presence of an alkyl group rather than
hydrogen on the carbonyl of the N1-side chain also improves the
antileishmanial activity as indicated by the results observed for
compounds 5b, 6a and 7a.

Compounds 5b and 7a exhibited good activity against L.
aethiopica amastigotes close to the activity determined for milte-
fosine reference (Table 4). Overall, these promising results agree
with our previous report32 where the in vitro antileishmanial activ-
ity of pyrazole-pyrazoline hybrids was also in a sub-micromolar
range of activity.

2.2.4. Reversal of the antileishmanial activity via folic and
folinic acid
Leishmania parasites were exposed to the tested compounds or
trimethoprim (the positive control) at concentrations above their
IC50 after the addition of either folinic or folic acids. Exposure of

the parasite to folinic or folic acid declined the antileishmanial
effect of both the tested compounds and trimethoprim. Also,
exposure to folic acid together with trimethoprim led to a rise in
the parasite survival time up to 100%. This can be clarified by the
fact that folic acid (a natural substrate) competed for the active
site of PTR1 and leishmanial DHFR enzyme while folinic acid con-
tributed to DNA synthesis without any need to undergo metabol-
ism. Also, folic acid was observed to display greater inhibition of
the antileishmanial activity of the tested compounds than
folinic acid.

Furthermore, the addition of excess folic acid to parasitic cells
after exposure to the tested compounds was performed to investi-
gate its ability to reverse antileishmanial inhibition. All tested com-
pounds and trimethoprim presented reversibility of the
antileishmanial inhibition. This designates that the observed anti-
leishmanial activity of the synthesised compounds are mediated
via an antifolate mechanism anticipating both leishmanial DHFR
and PTR1. Further insights on mechanistic details are elaborated
in the modelling section and molecular dynamics simulations for
the most active compound 7a.

2.2.5. In vivo acute toxicity test
An acute toxicity study was conducted to assess the acute lethal,
physical and behavioural effects of the most active compounds
(5b and 6a) after oral administration to mice, as reported earlier35.
Oral administration of the two highly active compounds in doses
of 125, 250 and 500mg/kg did not show any significant acute
toxic effects on the experimental mice, as shown in Table 5. The
data indicated that no death was observed during the first 24 h of
the experimental period in any of the test groups. The results of
the study showed that the median lethal dose (LD50) of synthes-
ised compounds is higher than 500mg/kg/day for mice through
the oral route.

2.3. Molecular Modelling

2.3.1. Molecular Docking
To elucidate a putative molecular mechanism for the antimalarial
activity, we carried out docking experiments of the most active
compounds against the quadruple mutant (N51I, C59R, S108N and
I164L) Pf DHFR-TS structure. Challenging the most active com-
pounds by such a highly mutant model would provide clues
about the in silico binding compared to the reference Pf DHFR-TS
binder (pyrimethamine), especially in a resistant variant of malaria.

The docking scores of the most active compounds obviously
indicated significant in silico binding towards the mutant Pf

Table 3. In vitro anti-plasmodial activity against chloroquine-
resistant (RKL9) strain of P. falciparum.

Comp. No. IC50, mM±SD�
5b 0.0368 ± 0.006
6a 0.0946 ± 0.002
Chloroquine 0.1920 ± 0.003
Pyrimethamine 0.01246 ± 0.002
�Results of two separate determinations.

Table 4. Antileishmanial activity is expressed as antipromastigote and antiamas-
tigote activities of the test compounds and reference standards.

Antileishmanial activity (IC50�)

Comp. No.

Antipromastigote Antiamastigote

lg/ml lM lg/ml lM

3a 3.06 ± 0.12 9.13 ± 0.30 1.10 ± 0.18 2.76 ± 0.45
3b 4.11 ± 0.22 10.86 ± 0.58 2.82 ± 0.36 7.45 ± 0.95
4a 3.84 ± 0.14 9.02 ± 0.33 2.64 ± 0.12 6.18 ± 0.28
5a 3.64 ± 0.18 8.28 ± 0.41 1.89 ± 0.04 4.29 ± 0.09
5b 0.03 ± 0.24 0.05 ± 0.57 0.42 ± 0.32 1.00 ± 0.76
6a 0.42 ± 0.28 0.89 ± 0.60 0.68 ± 0.14 1.45 ± 0.30
7a 0.04 ± 0.24 0.08 ± 0.48 0.44 ± 0.22 0.87 ± 0.44
Miltefosine 3.19 ± 14 7.83 ± 0.34 0.30 ± 0.04 0.74 ± 0.10
Amphotericin B deoxycholate 0.05 ± 0.002 0.04 ± 0.001 0.20 ± 0.02 0.15 ± 0.01
�IC50: values indicate the effective concentration of a compound required to
achieve 50% growth inhibition in lg/ml.
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DHFR-TS structure, especially when compared to the reference Pf
DHFR-TS binder (pyrimethamine) as shown in Table 6.
Interestingly, their docking scores on the quadruple mutant Pf
DHFR-TS (resistant form) are superior to their respective scores
against the wild-type Pf DHFR-TS. Particularly, 5b (the most active
compound) shows the best score compared to all compounds and
is the reference for the quadruple mutant structure. This confirms
their inhibitory power against the resistant forms of malaria (see
Table 3). This is emphasised by the fact that pyrimethamine (the
reference) displayed a worse score against the quadruple mutant
compared to the wild-type. Furthermore, 5b and 7a still demon-
strate superior scores compared to pyrimethamine against wild-
type structure. This specifies a particular binding of the most
active compounds towards the mutant Pf DHFR-TS structure as a
possible resistance mechanism to malaria.

The docking pose of 5b, the most active compound against
the chloroquine-resistant (RKL9) strain of P. falciparum (see Tables
1–3), exhibits favourable interactions with the binding site resi-
dues of quadruple mutant Pf-DHFR-TS. H-bonding interaction can
be observed with the 1-acetyle moiety (carbonyl group as H-bond
acceptor) with the cofactor NADPH. Furthermore, the core of the
5b pose appeared to be deeply packed in a hydrophobic region,
as shown in Figure 2. For instance, the 1-acetyl-3-phenyl pyrazo-
line moiety is packed between the co-factor NADPH and the side
chains of Met55, Ile14, Leu46, Ser111 and Phe58. Also, 3-phenyl
pyrazole is surrounded by the side chains of Phe116, Met55,
Pro113 and Leu119 indicating favourable hydrophobic interac-
tions. Overall, the such postulated binding mode would block the
catalytic activity of Pf-DHFR. Based on our analysis of the docking
poses of different stereoisomers, we observed some perturbations
in their docking scores indicating the importance of stereo-select-
ivity for Pf-DHFR binding.

To rationalise the antileishmanial activity and the antifolate
mechanism of most active compounds, our attention was devoted
primarily to the co-crystal structure of PTR1 as a putative target
since the co-crystal structure of the leishmanial DHFR-TS enzyme
has not been resolved yet. The most active compounds 5b, 7a
and 6a showed a superior docking score compared to

trimethoprime (a DHFR and PTR1 inhibitor) and dihydropterine (a
natural substrate for PTR1), as seen in Table 6. Interestingly, the
most active compound 7a against both promastigote and amasti-
gote forms of leishmania displays the best docking score com-
pared to all compounds as well as both reference compounds.
This anticipates favourable binding towards PTR1 and hence con-
firming the antifolate mechanism confirmed by the in vitro experi-
ment (Section Reversal of the antileishmanial activity via folic and
folinic acid).

The docking pose of 7a shows mainly hydrophobic interactions
with binding site residues blocking the catalytic activity, as seen
in Figure 3. For instance, the 3-phenyl pyrazoline moiety is packed
between the co-factor NADPH and the residues Val230, Leu188
and Pro115. The 1-benzoyl pyrazoline moiety demonstrates vdW
interaction with Phe113 and hydrophobic interaction with NADPH.
Also, 3-phenyl pyrazole group is packed between the residues
Val230, Met233 and Pro115 indicating favourable hydrophobic
interactions. Overall, the such postulated binding mode would
block the catalytic activity of PTR1 and hence inhibiting the leish-
manial folate pathway. Again, the poses of different stereoisomers
showed differences in the docking scores designating the import-
ance of stereo-selectivity for PTR1 binding.

To further confirm the stable binding of 7a pose against leish-
manial PTR1 in a time-dependent manner and hence validate
PTR1 as a potential target in the folate pathway, we performed
molecular dynamics simulation for three systems for 50 ns. The
details can be found in the coming Section.

We performed additional docking experiments for the less
active compounds 3a and 3b in the binding site of Pf-DHFR and
PTR1. We did not find significant score differences between both
compounds and the most active ones. The docking scores of 3a
and 3b were identical (�11.2 kcal/mol) against Pf-DHFR, which is a
comparable score to the range found in the most active com-
pounds (Table 6). Likewise, the docking scores of 3a and 3b were
�8.9 and �8.5 with PTR1, respectively. Again, this indicates a simi-
lar docking range to the most active compounds (Table 6). The
observed in-vitro anti-leishmanial activity for these compounds
(most and least active) lie within the low- and sub-micromolar
range of activities. This would be highly challenging to yield sig-
nificant differences in the output docking scores. Nevertheless, we
assume that the lower activity of 3a and 3b can be attributable to
their relatively lower lipophilicity compared to the most active
compounds 6a and 7a. The calculated lipophilicity (via logP func-
tion of Marvin Sketch v17.2.6.0 – ChemAxon – http://www.chem-
axon.com) for 3a, 3b, 5b, 6a and 7a were 5.92, 5.83, 5.53, 6.77
and 7.48, respectively. Adequate lipophilicity would enable the lig-
and to diffuse sufficiently through the lipophilic membranes of
the protozoa and reach the macromolecular target for binding
events.

2.3.2. Molecular Dynamics simulation
The 7a docking pose in PTR1 was subjected to 50 ns molecular
dynamics (MD) simulations for evaluating the stability of its
docked pose in a time-dependent manner in the binding site.
Furthermore, another run was conducted for the apo PTR1 form
and the complexed form with the co-crystal PTR1 structure, to
account for its dynamicity as a reference. This results in a total of
three MD runs, 50 ns each. Root Mean Square Deviation (RMSD) is
a measure of protein backbone stability during the simulation
time. RMSD of the apo and complexed with co-crystal ligand
forms (Figure 4A) reach a converged state at 35 ns with a minor
fluctuation in the 0.2 nm range. This reflects the appropriate

Table 5. Data from the acute toxicity studies.

Test substances
Dose

(mg/Kg)
Wt. before test�

(Day 0)
Wt. after test�

(Day 1)

5b 125 33.8 ± 1.2 33.3 ± 2.6
250 32.2 ± 2.5 32.4 ± 2.0
500 32.8 ± 2.8 32.5 ± 1.4

6a 125 31.3 ± 2.5 31.5 ± 1.8
250 32.1 ± 1.7 31.8 ± 1.7
500 32.2 ± 2.1 32.6 ± 1.3

NC 1ml/100g 32.1 ± 1.9 32.6 ± 2.1
�Values are M± SD.

Table 6. AutoDock Vina docking scores (kcal mol�1) of the most active com-
pounds against Pf DHFR-TS (PDB: 1j3k) and PTR1 (PDB: 2bfm).

Docking score

Pf-DHFR-TSa Pf-DHFR-TSb Leishmanial PTR1

5b �11.2 �9.8 �9.3
7a �10.9 �10.4 �10.4
6a �8.5 �7.6 �8.5
Pyrimethaminec �7.7 �8.5 –
Dihydropterined – – �8.4
Trimethoprimd – – �7.4
aQuadruple mutant (N51I, C59R, S108N and I164L) Pf DHFR-TS structure. bWild-
type Pf DHFR-TS structure. cPyrimethamine is a binder to Pf DHFR-TS.
dDihydropterine and Trimethoprim are binders to PTR1.
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stability of the protein structure during the two simulation runs.
Interestingly, the RMSD profile of the complexed form with 7a
exhibited an earlier convergence at 25 ns and a steady state per-
formance until the end of the simulation course. Minor variations
of the protein backbone for both complexed forms (co-crystal lig-
and and 7a) can be observed around 0.2 nm (2 Å) after conver-
gence. This is also in coherence with analysis obtained by the
Radius of gyration (Rg) in Figure 4(B). Rg is a measure of protein
structure compactness during simulation time. There is no great
fluctuation in the Rg of the protein complexed with 7a compared
to both the apo and co-crystal ligand complex structures since

they display an Rg range of 0.05 nm after 25000 frames (25 ns).
This gives an indication of the low conformational changes of the
protein throughout the simulation, and hence, its stability36,37. Per
residue root means square fluctuation (RMSF) assesses the con-
formational changes that occur to each residue of the protein, as
shown in Figure 4(C). The N-terminal amino acids exhibit the high-
est RMSF contemplated by the high free movement of their free
loops. However, the key binding site amino acids (numbers:
Asp232, Val230, Leu188, His241, Tyr191, Leu229, Met233, Phe113)
show low RMSF (< 2.5 Å) and comparable fluctuation behaviour
to all the three simulated protein forms. This highlights good

Figure 2. The docking pose of the most active compound (5b) as cyan sticks in the binding site of the quadruple mutant Pf-DHFR-TS (PDB code: 1j3k). The hydrophilic
and hydrophobic regions are in red and green coloured molecular surfaces, respectively. Non-polar hydrogen atoms were omitted for clarity. The label “NDP-610” rep-
resents the NADPH co-factor.
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binding of the complexed ligand (7a) and minimal conformational
changes in these residues compared to the apo and co-crystal lig-
and complex forms. Such good binding is augmented by the ana-
lysis of the hydrogen bond count of 7a pose in the binding site
during the simulation time, as seen in Figure 4(D). It is obvious
that at least one H-bonding interaction is formed all over the
majority of 50 ns simulations.

To reveal the ligand positional deviation throughout the simu-
lation, RMSD analysis of the non-hydrogen ligand atoms was per-
formed across the simulation time (Figure 4E). From the
beginning of the simulation until 20 ns time, both 7a and co-crys-
tal ligands deviated from their starting pose with some fluctua-
tions around 0.5 nm and 0.75 nm RMSD. Interestingly, after 20 ns

both 7a and the co-crystal ligand showed a comparable steady
state with superior stability and lower divergence of the 7a pose
compared to the co-crystal ligand. This agrees with 7a H-bond
count behaviour since a persistent H-bond was formed after 20 ns
contributing to it is stable binding in the binding site of PTR1.

We utilised the principal component analysis (PCA) to analyse
the conformational sampling of the PTR-1 systems in the simu-
lated subspace via examining their dominant modes of motion.
The covariance matrix of atomic fluctuations was diagonalised for
predicting the eigenvalues. The first few eigenvectors play a cru-
cial role in the motions of the protein. The first 3 eigenvectors
have a larger eigenvalue for the apo structure compared to both
7a and co-crystal complexed forms of PTR1 systems. This reflects

Figure 3. The docking pose of the most active compound (7a) as cyan sticks in the binding site of PTR1 (PDB code: 7pxx). The hydrophilic and hydrophobic regions
are in red and green coloured molecular surfaces, respectively. Non-polar hydrogen atoms were omitted for clarity. The label “NDP-302” represents the NADPH co-
factor.
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greater collective atomic fluctuations of the apo form and implies
that the systems complexed with 7a or co-crystal ligand demon-
strated reduced motions compared to the apo form.

To reveal the ligand influences on the conformational hetero-
geneity of PTR1, associated free energy landscapes (FEL) were
determined as a function of the top two principal components

Figure 4. MD simulations for the three systems, the apo leishmanial PTR1, 7a-PTR1 complex and co-crystal ligand – PTR1 complex systems. (A) Root mean square
deviation (RMSD) of the protein alpha carbon atoms across the 50 ns simulation. (B) The radius of gyration (Rg) for the PTR1 protein across the 50 ns simulation time.
The frame number (x-axis) 5000 indicates 50 ns simulation time. (C) Per residue, root means square fluctuation (RMSF). (D) Hydrogen bond counts during the MD simu-
lation for 7a in the binding site during the 50 ns simulation. (E) RMSD of the ligand heavy atoms during the 50 ns simulation of the ligand-complexed systems.
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(PC1 and PC2), as illustrated in Figure 5. FEL can be used to effect-
ively describe conformational redistributions provoked by binding
events38,39. Figure 5 shows the relative conformational changes of
the protein backbone of the three simulated systems. The deeper
colour (towards the red colour) in the plot reveals lower-energy
conformational metastable states. Interestingly, the simulated apo
system of PTR1 visits two separate energy basins, one represents
the global minimum of the simulated subspace, while the other is
quite narrow and separated by conformations with a low energy
barrier from the main basin. This reflects the presence of diverse
ensembles of flexible and low-energy conformations during 50 ns
simulation. On the other hand, both ligand-complexed systems
display comparable FEL profiles implying one main energy basin
of the simulated subspace. For instance, the 7a complexed struc-
ture is populated by a single and a focussed energy basin indicat-
ing a concise range of metastable states during the 50 ns
simulation. Likewise, the co-crystal ligand complexed system
exhibits similar pattern to the 7a system, however, with a wider
energy basin. These results thus clearly highlight that 7a binding
to PTR1 can alter the PTR1 conformational subspace towards low
energy conformations, and therefore, modulate its function.
Overall, the results of the MD simulations confirmed the high
potential and stable binding of 7a to PTR1 augmenting the
in vitro antileishmanial through the antifolate mechanism.

3 Material and methods

3.1. Chemistry

Melting points were determined in open glass capillaries using
electro thermal BUCHI (B-540) hot storage melting-point apparatus
and are uncorrected. Infra-red (IR) spectra were recorded on
Shimadzu 8400SP infra-red spectrophotometer using nujol. 1H-
NMR spectra were recorded on Bruker Avance DMX400 400MHz
FT-NMR spectrometer using DMSO-d6 as a solvent and the chem-
ical shifts are given in d (ppm) downfield from tetramethylsilane
(TMS) which served as an internal standard. Splitting patterns
were designated as follows: s: singlet; d: doublet; m: multiplet.
Elemental analyses were performed on Perkin Elmer 2400 elemen-
tal analyser and were found within ±0.4% of the theoretical

values. Follow-up of the reactions and checking of the purity of
the compounds was made by thin layer chromatography (TLC) on
silica gel-precoated aluminium sheets (Type 60 GF254, Merck) and
the spots were detected by exposure to an iodine chamber for a
few minutes.

3.1.1 1-Aryl-3-phenyl-4–(3-phenyl-3-oxopropenyl)-1H-pyra-
zole (2a,b)
A mixture of the appropriate aldehyde 1a,b (15mmol)33 and an
equimolar amount of acetophenone (1.86ml) was dissolved in
15ml of ethanol, and 10ml of 3% alcoholic KOH was added. The
reaction mixture was stirred using a magnetic stirrer at room tem-
perature for 6 h. The resulting solution was then allowed to stand
overnight. The formed yellow precipitate was filtered, washed
with ethanol, dried and recrystalised from ethanol.

3.1.2 1–(4-Chlorophenyl)-3-phenyl-4–(3-phenyl-3-oxopropenyl)-1H-
pyrazole (2a)
Yield, 72.4%; mp, 191–193 �C; IR (Nujol) cm�1: 1665 (C¼O); 1610
(C¼N); 1456 (C-Cl). 1H-NMR (DMSO-d6) d(ppm): 7.4 (d, 1H,
J¼ 15.6 Hz, methine-H), 7.4–7.7 (m, 10H, phenyl-H), 7.82 (d, 2H,
J¼ 7.6 Hz p-chlorophenyl-C3,5H), 7.9 (d, 1H, J¼ 16.0 Hz, methine-H),
8.0 (d, 2H, J¼ 7.1 Hz p-chlorophenyl-C2,6H), 8.4 (s, 1H, pyrazole-
C5H). Analysis calculated for C24H17ClN2O (384.86): C, 74.90; H,
4.45; N, 7.28; Cl, 9.21. Found: C, 75.21; H, 4.71; N, 7.53; Cl, 9.05. Rf
[benzene/ethyl acetate (9:1)]¼ 0.74.

3.1.3 1–(4-Methylphenyl)-3-phenyl-4–(3-phenyl-3-oxopropenyl)-1H-
pyrazole (2b)
Yield, 77.7%; mp, 176–1780 C; IR (Nujol) cm�1: 1660 (C¼O); 1595
(C¼N). 1H-NMR (DMSO-d6) d(ppm): 7.4 (d, 1H, J¼ 15.6 Hz,
methine-H), 7.38–7.65 (m, 10H, phenyl-H), 7.82 (d, 2H, J¼ 7.6 Hz, p-
chlorophenyl-C3,5H), 7.9 (d, 1H, J¼ 15.9Hz, methine-H), 7.98 (d, 2H,
J¼ 7.1 Hz, p-chlorophenyl- C2,6H), 8.4 (s, 1H, pyrazole-C5H).
Analysis calculated for C25H20N2O (364.44): C, 82.39; H, 5.53;
N,7.70. Found: C, 82.70; H, 5.24; N, 7.91. Rf [benzene/ethyl acetate
(9:1)]¼ 0.80.

Figure 5. The free energy landscape (FEL) of the simulated PTR1 systems is based on the principal component analysis. (A) Leishmanial PTR1. (B) 7a-PTR1 complex.
(C) Co-crystal ligand – PTR1 complex. The colour bar represents the free energy value in kcal mol � 1. The colour ranges from red to yellow to blue spots indicate
the energy minima and energetically favoured protein conformations to more unfavourable high-energy conformations.
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3.1.4 1-Aryl-3-phenyl-4–(3-phenyl-2-pyrazolin-5-yl)-1H-pyrazole (3a,b)
A mixture of 2a,b (2.6mmol) and an equimolar amount of hydra-
zine hydrate (0.13ml) was dissolved in 15ml of ethanol. The mix-
ture was heated under reflux for 30min with continuous stirring
using a magnetic stirrer. The reaction mixture was then cooled
and the formed white precipitate was filtered, washed with etha-
nol, dried and recrystalised from ethanol.

3.1.5 1–(4-Chlorophenyl)-3-phenyl-4–(3-phenyl-2-pyrazolin-5-yl)-
1H-pyrazole (3a)
Yield, 78.6%; mp, 207–209 �C; IR (Nujol)cm�1: 3314 (N-H); 1600
(C¼N); 1455 (C-Cl). 1H-NMR (DMSO-d6) d(ppm): 3.05–3.15 (dd, 1H,
J¼ 4.6, 17.6 Hz, pyrazoline-C4H), 3.4–3.55 (dd, 1H, J¼ 11.6, 17.6 Hz,
pyrazoline-C4H), 5.08–5.18 (dd,1H, J¼ 4.6, 11.6 Hz, pyrazoline-C5H),
7.25–7.75 (m, 15H, p-chlorophenyl-H, phenyl-H, pyrazoline- NH),
8.05 (s, 1H, pyrazole-C5H). Analysis calculated for C24H19ClN4

(398.89): C, 72.27; H, 4.80; N,14.05; Cl, 8.89. Found: C, 72.56; H,
5.01; N, 13.91; Cl, 8.70. Rf [benzene/ethyl acetate (9:1)]¼ 0.57.

3.1.6 1–(4-Methylphenyl)-3-phenyl-4–(3-phenyl-2-pyrazolin-5-yl)-
1H-pyrazole (3b)
Yield, 75.76%; mp, 211–213 �C; IR (cm�1): 3322 (N-H); 1600 (C¼N).
1H-NMR (DMSO-d6) d(ppm): 2.3 (s, 3H, CH3), 3.1–3.2 (dd, 1H,
J¼ 4.5, 17.5 Hz, pyrazoline-C4H), 3.6–3.7 (dd, 1H, J¼ 11.5, 17.5 Hz,
pyrazoline-C4H), 5.8–5.9 (dd, 1H, J¼ 4.5, 11.6 Hz, pyrazoline-C5H),
7.18–7.68 (m, 15H, p-methylphenyl-H, phenyl-H, pyrazoline-NH),
7.8 (s, 1H, pyrazole-C5H). Analysis calculated for C25H22N4 (378.47):
C, 79.34; H, 5.86; N, 14.80. Found: C, 79.62; H, 6.08; N, 15.15. Rf
[benzene/ethyl acetate (9:1)]¼ 0.61

3.1.7 1–(4-Chlorophenyl)-3-phenyl-4–(1-formyl-3-phenyl-2-pyrazo-
lin-5-yl)-1H-pyrazole (4a)
A mixture of 2a (1.3mmol, 0.50 gm) and equimolar amount of
hydrazine hydrate (0.07ml) was dissolved in 20ml of formic acid.
The mixture was heated under reflux for 6 h with continuous stir-
ring using a magnetic stirrer. The reaction mixture was then
cooled and the formed white precipitate was filtered, washed,
dried and recrystalised from ethanol. Yield, 72.7%; mp, 221–223 �C;
IR (Nujol) cm�1: 1667 (C¼O); 1600 (C¼N); 1446 (C-Cl). 1H-NMR
(DMSO-d6) d(ppm): 3.1–3.2 (dd, 1H, J¼ 4.6, 17.6 Hz, pyrazoline-
C4H), 3.7–3.8 (dd, 1H, J¼ 11.6, 17.6 Hz, pyrazoline-C4H), 5.7–5.8
(dd, 1H, J¼ 4.6, 11.6 Hz, pyrazoline-C5H), 7.25� 7.7 (m, 14H, p-
chlorophenyl-H, phenyl-H), 7.9 (s, 1H, pyrazole-C5H), 8.9 (s, 1H,
CHO). Analysis calculated for C25H19ClN4O (426.90): C, 70.34; H,
4.49; N,13.12; Cl, 8.30. Found: C, 70.51; H, 4.31; N, 12.87; Cl, 8.51. Rf
[benzene/ethyl acetate (9:1)]¼ 0.55.

3.1.8 1–(4-Chlorophenyl)-3-phenyl-4–(1-acetyl-3-phenyl-2-pyrazo-
lin-5-yl)-1H-pyrazole (5a,b)
A mixture of 2a,b (1.3mmol) and an equimolar amount of hydra-
zine hydrate (0.07ml) was dissolved in 15ml of glacial acetic acid.
The mixture was heated under reflux for 4 h with continuous stir-
ring using a magnetic stirrer. The reaction mixture was then
cooled and the formed white precipitate was filtered, washed,
dried and recrystalised from ethanol.

3.1.9 1–(4-Chlorophenyl)-3-phenyl-4–(1-acetyl-3-phenyl-2-pyrazo-
lin-5-yl)-1H-pyrazole (5a)
Yield, 75.4%; mp, 233–236 �C; IR (Nujol) cm�1: 1665 (C¼O); 1595
(C¼N); 1455 (C-Cl). 1H-NMR (DMSO-d6) d(ppm): 2.5 (s, 3H, CH3),
3.1–3.2 (dd, 1H, J¼ 4.4, 17.4 Hz, pyrazoline-C4H), 3.6–3.7 (dd, 1H,
J¼ 11.8, 17.4 Hz, pyrazoline-C4H), 5.8–5.9 (dd, 1H, J¼ 4.3, 11.7 Hz,
pyrazoline-C5H), 7.25� 7.78 (m, 14H, p-chlorophenyl-H, phenyl-H),
7.81 (s, 1H, pyrazole-C5H). Analysis calculated for C26H21ClN4O
(440.92): C, 70.82; H, 4.80; N,12.71; Cl, 8.04. Found: C, 70.68; H,
4.72; N, 12.38; Cl, 8.19. Rf [benzene/ethyl acetate (9:1)]¼ 0.59.

3.1.10 1–(4-Methylphenyl)-3-phenyl-4–(1-acetyl-3-phenyl-2-pyrazo-
lin-5-yl)-1H-pyrazole (5b)
Yield, 70.40%; mp, 217–219 �C; IR (Nujol) cm�1: 1670 (C¼O);
1615(C¼N). 1H-NMR (DMSO-d6) d(ppm): 2.3 (s, 3H, p-methyl-
phenyl-H), 2.4 (s, 3H, acetyl-H), 3.1–3.2 (dd, 1H, J¼ 4.4, 17.5 Hz,
pyrazoline-C4H), 3.6–3.7 (dd, 1H, J¼ 11.6, 17.5 Hz, pyrazoline-C4H),
5.8–5.9 (dd, 1H, J¼ 4.4, 11.6 Hz, pyrazoline-C5H), 7.18–7.68 (m,
14H, p-chlorophenyl-H, phenyl-H), 7.8 (s, 1H, pyrazole-C5H).
Analysis calculated for C27H24N4O (420.51): C, 77.12; H, 5.75; N,
13.32. Found: C, 76.86; H, 5.47; N, 13.55. Rf [benzene/ethyl acetate
(9:1)]¼ 0.65.

3.1.11 1–(4-Chlorophenyl)-3-phenyl-4–(1-butanoyl-3-phenyl-2-pyra-
zolin-5-yl)-1H-pyrazole (6a)
A mixture of 2a (1.3mmol, 0.5 gm) and an equimolar amount of
hydrazine hydrate (0.07ml) was dissolved in 15ml of butyric acid.
The mixture was heated under reflux for 6 h with continuous stir-
ring using a magnetic stirrer. The reaction mixture was then con-
centrated, cooled and poured onto crushed ice (30 g). Finally, the
white precipitate formed was filtered, washed with water, dried
and recrystalised from ethanol: water (6:1) mixture. Yield, 78.65%;
mp, 235–237 �C; IR (Nujol) cm�1: 1665(C¼O); 1600 (C¼N); 1450
(C-Cl). 1H-NMR (DMSO-d6) d(ppm): 1.0–1.1 (t, 3H, CH3), 1.7–1.9 (m,
2H, CH2CH3), 2.7–2.9 (m, 2H, CH2CH2), 3.1–3.2 (dd, 1H, J¼ 4.5,
17.4 Hz, pyrazoline-C4H), 3.6–3.7 (dd, 1H, J¼ 11.7, 17.4 Hz, pyrazo-
line-C4H), 5.8–5.9 (dd, 1H, J¼ 4.5, 11.6 Hz, pyrazoline-C5H),
7.25–7.78 (m, 14H, p-chlorophenyl-H, phenyl-H), 7.8 (s, 1H, pyra-
zole-C5H). Analysis calculated for C28H25ClN4O (468.98): C, 71.71; H,
5.37; N, 11.95; Cl, 7.56. Found: C, 71.94; H, 5.61; N, 11.84; Cl, 7.38.
Rf [benzene/ethyl acetate (9:1)]¼ 0.62.

3.1.12 1–(4-Chlorophenyl)-3-phenyl-4–(1-benzoyl-3-phenyl-2-pyra-
zolin-5-yl)-1H-pyrazole (7a)
To a solution of 3a (1.2mmol, 0.48 gm) in dry pyridine (5ml) an
equivalent amount of benzoyl chloride (0.20ml) was added. The
reaction mixture was then heated in a boiling water bath for
20min, cooled and poured onto crushed ice (30 g). The white pre-
cipitate formed was separated by filtration, washed with water,
dried and recrystalised from ethanol. Yield, 75.4%; mp, 237–239 �C;
IR (cm�1): 1650 (C¼O); 1605 (C¼N); 1455 (C-Cl). 1H-NMR (DMSO-
d6) d(ppm): 3.2–3.3 (dd, 1H, J¼ 4.8, 17.4 Hz, pyrazoline-C4H),
3.8–3.9 (dd, 1H, J¼ 11.8, 17.8 Hz, pyrazoline-C5H), 6.0–6.1 (dd, 1H,
J¼ 4.6, 12.0 Hz, pyrazoline-C5H), 7.25– 7.95 (m, 19H, p-chloro-
phenyl-H, phenyl-H), 8.2 (s, 1H, pyrazole-C5H). Analysis calculated
for C31H23ClN4O (502.99): C, 74.02; H, 4.61; N, 11.14; Cl, 7.05.
Found: C, 73.79; H, 4.83; N, 10.88; Cl, 7.21. Rf [benzene/ethyl acet-
ate (9:1)]¼ 0.70.
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3.2. Biological evaluation

3.2.1. In vivo antimalarial activity testing against Plasmodium
berghei
The in vivo antimalarial activities of the synthesised compounds
were performed by using the standard 4-day suppressive test as
described by Fidock et al.40. The practical procedures were per-
formed as described earlier32. Briefly, Swiss albino mice of both
sexes, weighing 24–38 g and 4–6weeks of age, were acclimatised
for a period of 7 days at room temperature (23–25 �C) and relative
humidity of 60–65%. On day 0, the test mice were injected intra-
venously with 0.2ml of 2� 107 parasitised erythrocytes infected
with P. berghei ANKA strain. After 2 h of injection, the infected
mice were weighed and arbitrarily divided into 37 groups of five
mice per cage. Groups 1–35 (35 cages) received the compounds
orally, each at 20mg/kg dose levels and served as treatment
groups. Group 36 received the drug vehicle (7% Tween, 3% etha-
nol in distilled water) and served as a negative control, while
Group 37 received chloroquine phosphate at the dose level of
20mg/kg and served as a positive control. On days 1–3, the treat-
ment groups were treated with the same single dose of the syn-
thesised compound at 24 h intervals. On day 4 (i.e. 24 h after the
last dose), a blood smear from all test animals was prepared using
Giemsa stain. The level of parasitemia was determined microscop-
ically by counting 5 fields of approximately 100 erythrocytes per
field. The difference between the mean value for the negative
control group (taken as 100%) and those of the experimental
groups was calculated and expressed as percent suppression or
activity. Chloroquine-treated mice were completely cured of the
parasite. The in vivo antimalarial activity testing procedure was
repeated for three compounds (5b, 6a and 7a) at a dose level of
30mg/Kg since they showed better percent suppression than the
other compounds.

3.2.2. In vitro antimalarial activity testing against chloroquine-
resistant (RKL9) strain of Plasmodium falciparum
The P. falciparum strain RKL9 was maintained in continuous cul-
ture using the standard method described by Trager and
Jensen41. Compounds (5b and 6a), the two most active com-
pounds at a dose level of 30mg/Kg, were further examined for
their antiplasmodial activities against chloroquine resistant (RKL9)
P. falciparum strain as reported earlier32.

3.2.3. In vitro antileishmanial activity on L. aethiopica promasti-
gotes and amastigote forms
All the tested compounds were evaluated for their antileishmanial
activity on both the promastigote and amastigote forms as
reported earlier32.

3.2.4. Reversal of the antileishmanial activity via folic and
folinic acid
This test was carried out on the in vitro growth assay for promasti-
gotes and based on the previously published methodology42. All
experimental steps were performed as reported earlier43.

3.2.5. In vivo acute toxicity test
Compounds that have shown good activity (5b and 6a) were
tested for their oral acute toxicity in mice according to previously
reported procedures35. Four groups of animals each group consist-
ing of six male mice were used for testing acute toxicity. Mice in

groups one and two were given 125 and 250mg/kg/day of the
synthesised compounds respectively and the third group was
given the highest dose (500mg/kg/day) and the fourth group was
treated with the vehicle (control group) at a maximum dose vol-
ume of 1ml/100 g of body weight by oral route. After the sub-
stance has been administered, food was withheld for a further 2 h
period. The mice were observed closely as reported earlier44,45.

3.3. Molecular Modelling

3.3.1. Molecular docking
The prepared structure of the quadruple mutant (N51I, C59R,
S108N and I164L) Pf DHFR-TS (PDB code:1j3k) was adapted from
previous reports26,27. The leishmanial PTR1 (PDB: 7pxx) was
retrieved from the Protein Data Bank (PDB) and prepared using
“Quickprep” and “Structure Preparation" modules of MOE. The
PDB files were converted to PDBQT files by employing a python
script (prepare_receptor4.py) provided by the MGLTools package
(version 1.5.4)46 for AutoDock Vina (version 1.1.2)47 docking
experiments.

The most active compounds (5b, 6a and 7a) and their stereo-
isomers were built and prepared by MOE as reported earlier26.
The resulting conformers were saved as an SD files for the dock-
ing experiments. The SD files were converted and split into PDB
files by MOE, which was further converted into PDBQT files by an
MGLTools (version 1.5.4) python script (prepare_ligand4.py) for
AutoDock Vina docking experiments.

AutoDock Vina (version 1.1.2) was used for docking experi-
ments of the most active compounds against both quadruple
mutants (N51I, C59R, S108N and I164L) Pf DHFR-TS and leishma-
nial PTR1 structures. We employed default docking parameters
and the size of the docking grid was 22Å� 22Å� 22 Å, with a
grid spacing of 1 Å. The centre of the grid box was adjusted on
the centre of mass of the co-crystalized ligands. By default, the
docking was terminated when the maximum energy difference
between the best-scored pose and the worst one was 3 kcal/mol.
This docking setup was validated by a successful pose-retrieval
docking experiment for the co-crystal ligand on both PDB crystal
structures.

3.3.2. Molecular Dynamics
The molecular dynamics simulations were carried out as reported
earlier in some procedures48,49. Molecular dynamics simulations
and systems build-up were carried out using GROMACS 2020.350.
The protein-ligand complex was solvated in a triclinic box of
SPC216 with explicit water model51. The system was then neutral-
ised by NaCl molecules at 0.1M concentration. A steepest descent
minimisation algorithm was applied for system energy minimisa-
tion setting 10 kJ/mol and 50,000 steps as convergence criteria.
NVT followed by NPT equilibration was completed for 500 ps each
at 300 K temperature and 1 atm pressure. Then, a production run
was carried out for 50 ns at the NPT ensemble. The coordinates of
the trajectory were saved each 10 ps time interval resulting in
5000 frames for the whole 50 ns simulation time. The V-rescale
modified Berendsen thermostat52 was used for temperature cou-
pling for each equilibration run, while Berendsen coupling53 was
used for pressure coupling with a 2 ps time constant for equilibra-
tion and production runs. However, Parrinello-Rahman pressure
coupling scheme54 was employed for pressure coupling for the
production runs. A Verlet cut-off scheme was used for searching
neighbouring atoms and Van Der Waals calculations with cut-off
and switch list distances of 1.2 and 1.0 nm, respectively. Particle
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Mesh Ewald method55 was used for the calculations of long-range
electrostatics within 1.2 nm. Bond lengths were constrained using
the LINear Constraint Solver (LINCS) algorithm56. CHARMM36 all-
atom force field57 was used for topology and parameter gener-
ation of the protein molecules, and SwissParam server58 was used
for ligand parameterisation. For all simulations, a leap-frog integra-
tor was used with a steps size of 2 fs. Different analysis metrics,
such as root mean squared deviation (RMSD), the radius of gyr-
ation (Rg), root mean squared fluctuation (RMSF), hydrogen-bond
(H-bond) count, PCA (principal component analysis), and free
energy landscape (FEL) were calculated via GROMCS and MDtraj
tools59 and some were plotted using XMGRACE60.

4 Conclusion

Nine target pyrazoline compounds were synthesised in acceptable
yields (70–78%). The in vivo antimalarial activity of the synthesised
compounds was evaluated against P. berghei. Compounds 5b, 6a
and 7a showed inhibition of the parasite multiplication by 66.7,
42.3 and 36.5%, respectively, at a dose level of 20mg/kg; and
71.2, 52.4 and 30.3%, respectively, at a dose level of 30mg/kg.
The two most active compounds (5b and 6a) were evaluated
in vitro for their antimalarial activity against chloroquine-resistant
strain (RKL9) of P. falciparum and were both found to be more
potent than the standard chloroquine with IC50 values of 0.0368
and 0.0946mM, respectively.

The compounds were evaluated for their in vitro antileishma-
nial activity against Leishmania aethiopica promastigote and amas-
tigote forms. Interestingly, the results showed that compounds
5b, 6a and 7b were more potent than the standard miltefosine
with IC50 values of 0.05, 0.89 and 0.08lM for the promastigote
form, respectively. Furthermore, the reversal of antileishmanial
activity of the active compounds via folic and folinic acids showed
analogous results to the positive control Trimethoprim. This desig-
nates the antifolate mechanism for the antileishmanial activity of
these compounds anticipating both leishmanial DHFR-TS and
PTR1 enzymes as putative targets.

The in vivo acute toxicity test exhibited that 5b and 6a com-
pounds were non-toxic at 125, 250 and 500mg/kg. Molecular
docking of the most active compounds against putative malarial
Pf-DHFR-TS and leishmanial PTR1 targets justified the observed
activities. The docking poses of 5b and 7a displayed superior per-
formances compared to pyrimethamine against both wild-type
and quadruple mutant (resistant) Pf-DHFR-TS, with superior scores
towards the mutant form, implying high potential binding to the
resistant Pf-DHFR-TS. Moreover, the most active compounds dem-
onstrated a superior scores against the leishmanial PTR1 com-
pared to the references, dihydropterine and trimethoprim.
Interestingly, molecular dynamics simulations of three leishmanial
PTR1 systems for 50 ns each, for the apo, the complexed with the
most active 7a, and the co-crystal complex systems, highlighted
the stable and privileged binding of 7a towards PTR1 in a time-
dependent manner. These findings highlight that 7a exerts its
antileishmanial activity via inhibiting leishmanial PTR1.
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