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Figure S1. 1H NMR spectrum of compound 1 measured in CD3OD-d4 at 400 MHz 
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Figure S2. DEPT-Q NMR spectrum of compound 1 measured in CD3OD-d4 at 100 MHz 
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Figure S3. HSQC spectrum of compound 1 measured in CD3OD-d4 
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Figure S4. HMBC spectrum of compound 1 measured in CD3OD-d4 
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Figure S5. 1H NMR spectrum of compound 2 measured in CDCL3-d  at 400 MHz 
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Figure S6. DEPT-Q NMR spectrum of compound 2 measured in CDCL3-d  at 100 MHz 
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Figure S7. 1H NMR spectrum of compound 3 measured in CDCL3-d  at 400 MHz 
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Figure S8. DEPT-Q NMR spectrum of compound 3 measured in CDCL3-d  at 100 MHz 
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Figure S9. 1H NMR spectrum of compound 4 measured in CDCL3-d  at 400 MHz 

0.
70

14
0.

85
92

0.
88

01
0.

89
67

0.
91

77
0.

94
34

0.
96

20
1.

04
22

1.
05

42
1.

07
41

1.
09

43
1.

14
75

1.
16

61
1.

18
31

1.
27

82
1.

30
27

1.
33

53
1.

35
61

1.
40

70
1.

42
85

1.
44

73
1.

46
22

1.
48

00
1.

49
64

1.
51

37
1.

52
99

1.
54

63
1.

56
30

1.
58

90
1.

62
32

1.
69

04
1.

70
70

1.
72

19
1.

75
88

1.
78

32
1.

81
66

1.
83

98
1.

86
22

2.
03

01
2.

04
10

2.
05

84
2.

08
09

2.
11

75
2.

28
11

2.
33

15
4.

16
57

4.
18

35
4.

22
55

4.
24

09
4.

25
51

5.
36

83
7.

28
61



12 
 

 

Figure S10. DEPT-Q NMR spectrum of compound 4 measured in CDCL3-d  at 100 MHz 
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Figure S11. 1H NMR spectrum of compound 5 measured in CDCL3-d  at 400 MHz 
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Figure S12. DEPT-Q NMR spectrum of compound 5 measured in CDCL3-d  at 100 MHz 
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Figure S13. 1H NMR spectrum of compound 6 measured in CDCL3-d  at 400 MHz 
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Figure S14. DEPT-Q NMR spectrum of compound 6 measured in CDCL3-d  at 100 MHz 
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Methods 

Antimalarial assay 

Synchronized ring-stage parasites with 1% parasitaemia of P. falciparum NF54 strains were plated in triplicate in 96-well plates (200 

µL/well) in the presence of a serial dilution of extracts dissolved in 0.5% v/v dimethyl sulfoxide (DMSO). The parasites were incubated 

with the extracts for 72 h at 37 °C in the presence of 90% N2, 5% O2 and 5% CO2. The incubation of parasites with DMSO at a 

concentration of 0.5% alone was used as negative control while incubation of parasites with 20% DMSO served as positive control 

Afterwards, 20 µL was removed and added to 100 µL of the Malstat reagent (1% Triton X-100, 10 mg of l-lactate, 3.3 mg Tris and 

0.33 mg of 3-Acetylpyridine adenine dinucleotide dissolved in 1 mL of distilled water, pH 9.0) in a new 96-well microtiter plate. The 

plasmodial lactate dehydrogenase activity was then assessed by adding a 20 μL mixture of NBT (Nitro Blue Tetrazolium)/Diaphorase 

(1:1; 1 mg/mL stock each) to the Malstat reaction. The optical densities were measured at 630 nm and the IC50 values were calculated 

from variable-slope sigmoidal dose–response curves using the GraphPad Prism program version 5. 

Biological activity predictions using (PASS) software 

The neural network-based software Prediction of Activity Spectra for Substances (PASS) [1] (www.way2drug.com) was used for 

further prioritization of the antimalarial activity of the suggested compounds (1–6). This software can predict > 4000 types of 

pharmacological and toxicological activities including their mechanism of action, with approximately 85% as acceptable precision, 

depending on the submitted compound structures that were subsequently screened utilizing the structure–activity relationship database 

(SARBase). The prediction results were expressed as probability scores (probably active “Pa” or probably inactive “Pi”). These 

calculated probability scores were determined by linking the structure and functional groups features in the tested molecules that 

matched or mismatched the specific activities listed in the software-associated database. The higher the Pa values, the more probable 

the compound to display the suggested pharmacological activity on a scale of 0–1. Pa values higher than 0.5 mean high experimental 

chance of the suggested pharmacological activity. 
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Molecular Docking  

AutoDock Vina software was used in all molecular docking experiments [2]. All isolated compounds were docked against the Mpro 

crystal structure (PDB codes: 4PD4) [3]. The binding site was determined according to the enzyme’s co-crystallized ligand. The co-

ordinates of the grid box were: x = 199.11; y = -26.02; z = 81.26. The size of the grid box was set to be 10 Å. Exhaustiveness was set to 

be 24. Ten poses were generated for each docking experiment [3,4]. Docking poses were analyzed and visualized using Pymol software 

[2]. The scores of te generated docking poses alongside the calculated ΔG values are summarized in the following table: 

Table 1. Docking scores and binding free energy values of the generated docking scores 

Pose rank Docking score 
in kcal/mol 

ΔGbinding 

Compound 2 

1 -10.83 -8.14 

2 -10.52 -8.33 

3 -10.49 -7.98 

4 -10.44 -7.74 

5 -10.32 -7.87 

6 -10.26 -7.53 

7 -10.23 -7.58 

8 -10.18 -7.64 

9 -10.14 -7.46 

10 -9.94 -7.44 
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Co-crystalized inhibitor 
(Atovaquone) 

1 -9.76 -14.46 

2 -9.73 -14.23 

3 -9.66 -13.48 

4 -9.58 -13.22 

5 -9.51 -13.04 

6 -9.48 -12.86 

7 -9.42 -13.74 

8 -9.39 -13.32 

9 -9.27 -12.54 

10 -9.23 -13.71 

 

Molecular dynamics Simulation 

Desmond v. 2.2 software was used for performing MDS experiments [3,4]. This software applies the OPLS-2005 force field. Protein 

systems were built using the System Builder option, where the protein structure was checked for any missing hydrogen’s, the protonation 

states of the amino acid residues were set (pH = 7.4), and the co-crystalized water molecules were removed. Thereafter, the whole 

structure was embedded in an orthorhombic box of TIP3P water together with 0.15 M Na+ and Cl- ions in 20 Å solvent buffer. Afterward, 

the prepared systems were energy minimized and equilibrated for 10 ns. For protein-ligand complexes, the top-scoring poses were used 

as a starting points for simulation. Desmond software automatically parameterizes inputted ligands during the system building step 

according to the OPLS force field. For simulations performed by NAMD [5], the protein structures were built and optimized by using 
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the QwikMD toolkit of the VMD software. The parameters and topologies of the compounds were calculated using the Charmm27 force 

field with the online software Ligand Reader and Modeler (http://www.charmm-gui. org/?doc=input/ligandrm, accessed on 3 May 2022) 

[6]. Afterward, the generated parameters and topology files were loaded to VMD to readily read the protein–ligand complexes without 

errors and then conduct the simulation step. 

Absolute Binding Free Energy Calculation 

Binding free energy calculations (∆G) were performed using the free energy perturbation (FEP) method. This method was described in 

detail in the recent article by Kim and coworkers [7]. Briefly, this method calculates the binding free energy ∆Gbinding according to 

the following equation: ∆Gbinding = ∆GComplex - ∆GLigand. The value of each ∆G is estimated from a separate simulation using NAMD 

software. All input files required for simulation by NAMD can be prepared by using the online website Charmm-GUI (https://charmm-

gui.org/?doc=input/afes.abinding). Subsequently, we can use these files in NAMD to produce the required simulations using the FEP 

calculation function in NAMD. The equilibration (5 ns long) was achieved in the NPT ensemble at 300 K and 1 atm (1.01325 bar) with 

Langevin piston pressure (for “Complex” and “Ligand”) in the presence of the TIP3P water model. Then, 10 ns FEP simulations were 

performed for each compound, and the last 5 ns of the free energy values was measured for the final free energy values. Finally, the 

generated trajectories were visualized and analyzed using VMD software.  
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