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 Abstract: Malaria, caused by the Plasmodium parasite, represents a significant global 
health challenge, with approximately 229 million cases reported in 2020. Current 
treatments include artemisinin-based combination therapy; however, drug resistance 
poses serious issues. Natural products, including alkaloids from Sida rhombifolia, 
particularly cryptolepine, effectively inhibit Plasmodium falciparum through DNA 
intercalation. Research indicates that mutations in the PfDHFR enzyme of P. falciparum 
contribute to drug resistance, highlighting the urgent need for new inhibitors. A literature 
review combined with SwissADME, toxicology predictions, and molecular docking 
methods identified 11-cryptolepine carboxylic acid (B1) and N-trans-feruloyl tyramine 
(B11) as potential new inhibitors. The compounds exhibited binding energies of −7.22 
and −8.41 kcal/mol, which are close to the native ligand (−7.31 kcal/mol). Additionally, 
they demonstrate favorable drug-likeness properties, indicating their potential as viable 
candidates for drug development. The molecular dynamics simulation for 100 ns was 
conducted to observe molecular interactions in a specific system dynamically. It was 
found that ligand B1 has better stability compared to ligand B11. This compound 
demonstrates significant potential for advancing malaria treatment strategies. Further 
research and clinical evaluation are warranted to fully realize their potential and 
translate these findings into effective clinical interventions for combating malaria 
globally. 

Keywords: Sida rhombifolia; antimalaria; PfDHFR enzyme; molecular docking; 
molecular dynamics 

 
■ INTRODUCTION 

One of the biggest health problems in the globe is 
malaria. Plasmodium protozoa, which reproduce 
asexually within the human body and are spread by 
mosquitoes during blood feeding, are the cause of this 
disease [1]. Malaria continued to pose a serious threat to 
global health in 2023, with a projected 263 million cases 
and 597,000 fatalities recorded in 83 countries, 
representing 95% of malaria deaths (569,000) and 94% of 

cases worldwide (246 million) [2]. In Indonesia, malaria 
cases continue to rise, particularly in Eastern Indonesia. 
In 2022, malaria cases in Indonesia reached 443,530, 
with the highest number recorded in Papua at 356,889 
cases [3]. Various treatments have been implemented to 
combat malaria, including artemisinin-based 
combination therapy, chloroquine, mefloquine, quinine, 
primaquine, and pyrimethamine [4]. 

Nevertheless, the Plasmodium protozoa have 
become resistant to a lot of current treatments. In order 
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to combat malaria, this has led to the creation of novel 
medications or pharmacological combinations [5]. 
Natural products are considered one of the safest 
treatments and have been used since ancient times [6]. 
Earlier, the most significant medications used in malaria 
treatment, quinine and artemisinin, were derived from 
natural products. Ongoing research continues to explore 
additional medicinal plants and their compounds for 
their antimalarial activity [7-8]. Potential natural 
antimalarial agents include Artemisia annua [9], and 
Cryptolepis sanguinolenta [10], among many other plant 
species. Developing antimalarial drugs using plants faces 
many challenges, including the resistance of malaria 
parasites to active compounds, the complexity of isolating 
active compounds, and the limited availability of specific 
plant species. Continuous innovation is needed to 
discover the most effective and efficient plant-based 
antimalarial medication. Communities have trusted 
sidaguri for years as an antimalarial remedy. This plant 
contains steroids, alkaloids, flavonoids, coumarins, and 
phaeophytins that are effective in preventing malaria. 
Alkaloids are thought to be a significant group of 
compounds with a variety of biological actions, most 
notably antimalarial activity. With nitrogen atoms in 
heterocyclic rings produced from amino acids, they 
constitute an important family of structurally varied 
molecules. Numerous alkaloids have been identified as 
having potent antimalarial properties and have been 
isolated from a variety of plant sources [11]. 

Numerous alkaloids, such as 11-cryptolepine 
carboxylic acid, cryptolepine, quindoline, 11-
methoxyquinoline, quindolinone, cryptolepinone, and 
methyl ester 11-quindoline, have been found in Sida 
rhombifolia based on prior study. Cryptolepine is one of 
the alkaloids that has been identified to have significant 
antimalarial action. Through processes like DNA 
intercalation and inhibition of nucleic acid synthesis, 
cryptolepine can stop the growth of Plasmodium 
falciparum, the parasite that causes malaria [12]. The 
produced cryptolepine may act as a quinone reductase 
inhibitor [13]. Ethanol-water extracts also yield 
cryptolepine isolates from S. rhombifolia, which show a 
high potential for treating malaria [14]. 

However, an in silico analysis of secondary 
metabolites—specifically alkaloids derived from S. 
rhombifolia—has understudied. P. falciparum, the 
parasite that causes malaria, has little in common with 
host proteins and is involved in a number of metabolic 
activities. P. falciparum dihydrofolate reductase 
(PfDHFR) and P. falciparum dihydroorotate 
dehydrogenase (PfDHODH) are two proteins that have 
been confirmed to be targets for malaria treatment. The 
enzyme PfDHFR is crucial for the biosynthesis of folate 
and is in charge of generating the DNA base 
deoxythymidine monophosphate. Additionally, 
PfDHFR has a role in the production of amino acids and 
purine nucleotides. When common antifolates like 
trimethoprim, cycloguanil, and pyrimethamine inhibit 
PfDHFR, they stop thymidine production, which in turn 
stops DNA synthesis and kills the parasite. 
Unfortunately, P. falciparum parasites have become 
widely resistant to these medications due to point 
mutations at particular amino acid residues in the wild-
type active site of PfDHFR, including Ala16, Ile51, 
Cys59, Ser108, and Ile164 [5]. Therefore, finding new 
PfDHFR inhibitors is urgently needed due to the 
widespread and growing resistance to existing DHFR-
targeting drugs, which results in frequent clinical 
failures and ineffective alternatives [15]. In contrast, 
PfDHODH is a promising new target with several potent 
inhibitors in development and less current resistance in 
the field, though it remains an important focus for future 
therapies. 

■ EXPERIMENTAL SECTION 

Materials 

The wild-type PfDHFR (wt-PfDHFR) structure 
utilized in this study was downloaded from the Protein 
Data Bank with PDB ID of 3QGT 
(http://rcsb.org/structure/3QGT). The wt-PfDHFR is 
co-crystallized with pyrimethamine. Protein 
preparation involved removing all water molecules and 
complex ligands from the binding pockets of the protein, 
adding polar hydrogens, and calculating Gasteiger 
charges for each receptor atom to facilitate molecular 
docking using AutoDockTools. 
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Instrumentation 

This study used a Windows 11 Home Single 
Language operating system laptop device with 
specifications: AMD Ryzen 3 3250U processor with 
Radeon Graphics CPU 2.60 GHz, 8 GB RAM, with 
installed software including AutoDockTools 1.5.7 [16], 
Avogadro 1.2.0 [17], BIOVIA Discovery Studio 2021 [18], 
Chimera program 1.18 [19], and YASARA Structure 
program [20]. 

Procedure 

Ligand preparation, ADME, and toxicology prediction 
A literature review was conducted on the alkaloids 

derived from S. rhombifolia using various extracts. The 
ligands, which are alkaloids from the S. rhombifolia plant, 
are presented in Table 1. Subsequently, absorption, 
distribution, metabolism, and excretion (ADME) 
predictions were performed using the SwissADME 
website (http://www.swissadme.ch) [21], while toxicity 
assessed through ProTox 3.0 webserver 
(https://tox.charite.de/protox3/) [22]. 

Protein-ligand docking 
The compounds obtained from the literature review 

were used as ligands, and the 3D structure was 
downloaded from PubChem and optimized using 
Avogadro 1.2.0 [17] with MMFF94 method [23]. All 
ligands were formatted in PDB file format and prepared 
for docking in Chimera software [24]. The molecular 
docking protocol was established at the active site of the 
enzyme using a grid size of 40 × 40 × 40, coordinates of 
central grid point of maps 30.415, −29.071, 7.441, and a 
spacing of 0.375 Å in AutoDock4 with the assistance of 
AutoDockTools. The Lamarckian algorithm was 
employed to generate 10 conformations, and their 2D 
interactions of the best docking pose were visualized 
using Discovery Studio Visualizer. 

Molecular dynamics simulation 
Because of its lower binding energy, the complex of 

ligands B1 and B11 inhibits wt-PfDHFR, according to 
molecular docking research. The structures of the two 
complexes and a single protein without a ligand were 
compared through molecular dynamics simulation. 
YASARA Structure program (YASARA Biosciences 

GmBH, Vienna, Austria) was used to perform molecular 
dynamics simulation [20]. Amber14 in a periodic 
boundary condition is the force field utilized in this 
investigation [25]. The system's pH and temperature 
were set at 7.4 and 310 K, respectively [26]. The TIP3P 
solvent was chosen, and counter ions Cl− and Na+ were 
introduced to each compound [27]. Every complex ran 
for 100 ns. The analysis of the Rg, RMSD, RMSD ligand, 
RMSF, and total hydrogen bond (H-bond) is done using 
the trajectory data. 

■ RESULTS AND DISCUSSION 

Ligand Preparation 

The 3D structure of wt-PfDHFR and native ligand 
(pyrimethamine) utilized in this study was downloaded 
from the Protein Data Bank (Fig. 1(a)). The docking 
procedure initiates with the redocking of the native ligand 
to assess the validity of the methodology employed. The 
results from the redocking of the native ligand yielded a 
RMSD of 0.28 Å, which is significantly below the 
threshold of 2 Å. This result supports the validity of the 
docking method utilized [28].  The superimpose and 2D  

 
Fig 1. Structure of (a) protein wt-PfDHFR, (b) 
superimposed structure of ligands after and before 
molecular docking, and (c) 2D structure of native ligand 
(pyrimethamine, CID: 4993) 
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Table 1. Alkaloid compounds of S. rhombifolia 
Compound Formula Structure Reference 

11-Cryptolepine carboxylic acid (B1) C17H12N2O2 

 

[12] 

Cryptolepine (B2) C16H12N2 
 

[12] 

Quindoline (B3) C15H10N2 
 

[12] 

11-Methoxy-quindoline (B4) C17H13NO 

 

[12] 

Quindolinone (B5) C15H8N2O 

 

[12] 

Cryptolepinone (B6) C16H12N2O 

 

[12] 

11-Quindoline methyl ester (B7) C17H12N2O2 [12] 

10-Methlycryptolepinone (B8) C17H14N2O 
 

[12] 

10-Ethylcryptolepinone (B9) C18H16N2O 

 

[12] 

Vasicinol (B10) C11H12N2O2 
 

[29] 

N-trans-Feruloyltyramine (B11) C18H19NO4 
 

[30] 

N-Methyl ephedrine (B12) C10H15NO 
 

[29] 

Hypaphorine (B13) C14H18N2O2 

 

[29] 

Betaine (B14) C5H11NO2  
[29] 

Phenethylamine (B15) C8H11N 
 

[29] 

Loliode (B16) C11H16O3 
 

[31] 
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structure of the native ligand are represented in Fig. 1(b) 
and 1(c), respectively. The alkaloid compounds derived 
from S. rhombifolia various extract shown in Table 1. 

ADME and Toxicology Prediction 

In evaluating the drug-likeness of the test 
compounds, the determination of Lipinski's Rule of Five 
was conducted for oral drug candidates with biological 
activity in humans. This rule states that test compounds 
should not have a molecular weight (MW) exceeding 
500 Da, as higher molecular weights reduce the 
concentration of the compound at the epithelial surface of 
the intestines, thereby decreasing absorption in the 
intestines and central nervous system [32]. Additionally, 
the rule specifies that the test compounds should not have 
a partition coefficient (log P) greater than 5, as a high 
partition coefficient indicates that the compound is 
lipophilic or strongly bound to membranes, making it 
difficult to recognize target enzymes and potentially toxic. 
Conversely, a too low or negative log P is also undesirable 
because it hinders penetration through lipid bilayer 
membranes [33]. Furthermore, the number of hydrogen 
bond donors and hydrogen bond acceptors in the 
compounds must be less than 5 and no more than 10, 
respectively. Hydrogen bond donors and acceptors  
 

represent the capacity for hydrogen bonding, where a 
high number of hydrogen bonds can reduce the 
partitioning of molecules from aqueous phases into lipid 
bilayer membranes for passive diffusion [34]. The lead-
likeness parameter represents a molecule's ability to 
serve as a 'lead' in the drug discovery process [35]. The 
Lipinski Rules and Lead-likeness of the test compounds 
were summarized in Table 2. 

Based on the ADME prediction for several 
alkaloids found in S. rhombifolia, it was determined that 
all compounds met Lipinski's rules: molecular weight 
≤ 500, MlogP ≤ 4.15, N or O ≤ 10, NH or OH ≤ 5. 
However, only two molecules met the lead-likeness 
criteria: 11-cryptolepine carboxylic acid (B1) and N-
trans-feruloyltyramine (B11). In the context of 
toxicology prediction, most candidate compounds are 
typically categorized as having inactive carcinogenicity 
and hepatotoxicity. Molecular docking studies further 
analyzed compounds that satisfy Lipinski's rules and 
lead-likeness parameters and demonstrate inactive 
toxicology. Compounds that satisfy the specified criteria 
specifically compounds B1 and B11, exhibit favorable 
pharmacokinetic properties and lack significant toxic 
effects upon administration. This analysis is crucial as a 
preliminary step in screening potential drug candidates. 

Table 2. Result of SwissADME and toxicology prediction 

Compounds 
Lipinski rules Lead-likeness 

violation 
Toxicology 

MW H-bond acceptors H-bond donors MlogP Hepatotoxicity Carcinogenicity 
B1 276.29 3 1 2.81 0 Inactive Inactive 
B2 232.28 1 0 3.29 1 (MW<250) Inactive Inactive 
B3 218.25 1 1 3.04 2 (MW<250, XlogP3>3.5) Inactive Inactive 
B4 247.29 1 1 3.27 2 (MW<250, XlogP3>3.5) Inactive Inactive 
B5 232.24 3 0 1.36 1 (MW<250) Inactive Inactive 
B6 248.28 1 1 2.34 2 (MW<250, XlogP3>3.5) Inactive Inactive 
B7 276.29 3 1 2.81 1 (XlogP3>3.5) Active Inactive 
B8 262.31 1 0 2.58 1 (XlogP3>3.5) Inactive Inactive 
B9 276.33 1 0 2.82 1 (XlogP3>3.5) Inactive Inactive 

B10 204.23 3 2 0.99 1 (MW<250) Inactive Inactive 
B11 313.35 4 3 1.89 0 Inactive Inactive 
B12 165.23 2 2 1.56 1 (MW<250) Inactive Inactive 
B13 246.30 2 1 −2.31 1 (MW<250) Inactive Inactive 
B14 117.15 2 0 −3.67 1 (MW<250) Inactive Inactive 
B15 121.18 1 1 1.87 1 (MW<250) Inactive Inactive 
B16 196.24 3 1 1.49 1 (MW<250) Inactive Active 
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Accordingly, given their favorable profiles, molecular 
docking analysis was performed exclusively on 
compounds B1 and B11. 

Molecular Docking Analysis 

Pyrimethamine, a well-known inhibitor of wt-
PfDHFR and a proven anti-malarial medication, is the 
standard ligand used in this study. Both compounds 
demonstrated binding energies that were comparable to 
the standard ligand, according to the results of the 
molecular docking experiments conducted with B1 and 
B11. B11 obtained a considerably lower binding energy of 
−8.41 kcal/mol, whereas B1 demonstrated a binding 
energy of −7.22 kcal/mol (Table 3). Given that the latter's 
binding energy surpassed that of the standard ligand, it 
holds substantial potential as a novel inhibitor targeting 
wt-PfDHFR. When a ligand-receptor pair attains the 
lowest possible energy state, they stabilize together, 
resulting in decreased Gibbs free energy [36]. This 
observation underscores the significance of molecular 
docking in identifying potent inhibitory compounds 
capable of interacting favorably with enzymatic targets, 
thereby offering promising avenues for future therapeutic 
interventions against malaria. The detailed analysis of 
binding energies provides crucial insights into the stability 
and effectiveness of these interactions, guiding the 
selection of optimal candidates for further development. 

The calculation of bond energy formed is a 
reflection of the ligand conformation within a 
macromolecule [37]. N-trans-feruloyltyramine possesses 
one amide functional group, two hydroxyl groups (−OH), 
and one methoxy group (−OCH3). These three polar 
groups contribute to the higher affinity of B11 compared 
to B1 and the native ligand, pyrimethamine. 
Consequently, because of their hydrophilic nature, they 
affect the stability of ligand-receptor interactions [38]. 
Furthermore, by serving as an electron-donating group, a 
methoxy group added as a side chain to benzene 

compounds improves structural stability. Therefore, 
when compared to other chemicals, B11 shows the 
lowest energy value. Differences in ligand binding to 
receptor amino acids, which establishes the most stable 
molecular shape, also influence the diversity in bond 
energy values. Furthermore, visualization analyses were 
conducted, as illustrated in Fig. 2, to identify the amino 
acids involved in inhibiting wt-PfDHFR. These 
visualizations' outcomes show how ligands and amino 
acid residues interact. These amino acid connections let 
alpha glucosidase ligands make touch with one another, 
which increases their inhibitory activity [39]. 

Each ligand exhibits van der Waals and hydrogen 
bonds. As shown in Fig. 2(b), there are van der Waals 
interactions between B1 and the amino acid residues of 
Thr185, Tyr170, Ser108, Tyr57, Asp54, Leu46, and 
Cys15. Furthermore, B11 interacts with Tyr170, Ile164, 
Leu119, Pro113, Ile112, Ser111, Phe58, Trp48, Gly39, 
Cys17, and Ile14, and have an hydrogen interaction with 
Gly44 and Ala16 (Fig. 2(c)). The active site residues of 
wt-PfDHFR, according to its PDBSUM entry, include 
Ile14, Cys15, Ala16, Asp54, Met55, Phe58, Ile164, 
Tyr170, and Thr185 [5]. These residues were identified 
through the interaction of pyrimethamine within the 
enzyme's active site (Fig. 2(a)). Comparing the docking 
results of the tested ligands with those of the standard 
ligand reveals that all tested ligands occupy the active site 
of the enzyme due to interactions with the same 
residues. This suggests that the binding affinities of these 
ligands are influenced by their ability to form stable 
interactions with key amino acids in the active site, 
thereby potentially enhancing their inhibitory efficacy 
against wt-PfDHFR. 

Molecular Dynamics Simulation 

The complex of ligands B1 and B11 against wt-
PfDHFR was simulated using molecular dynamics and 
compared  to  the single  protein  structure.  In molecular  

Table 3. Molecular docking analysis 
Compounds Binding energy (kcal/mol) Inhibition constant (nM) H-bond interaction residue 

B1 −7.22 5120 Ile14; Asp54; Ile164 
B11 −8.41 680 Ser111; Gly166; Asp54; Leu40 
Pyrimethamine −7.31 4360 Thr185; Ile164; Asp54; Cys15; Ile14 
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Fig 2. Two-dimensional interaction of (a) native ligand, (b) B1, (c) and B11 against wt-PfDHFR 

 
docking study, these two ligands were selected because 
they had stronger binding affinities than the other ligands 
that were evaluated. One characteristic that characterizes 
the equilibrium conformation of an entire system is the 
Rg. The protein structure's folded state was indicated by 
the lower value, while the unfolded state was defined by 
the greatest value [40]. Fig 3(a) demonstrated that the Rg 
pattern may be enhanced by adding a ligand to the protein 
structure, particularly at the end of the simulation period. 
Based on the wt-PfDHFR folding condition, complex-
ligand B1 addition to the protein structure results in a 
slightly better state than complex-ligand B11. However, 
the difference is not very pronounced, as clearly indicated 
by the observed fluctuation. 

The dynamics of amino acid residues within the wt-
PfDHFR protein demonstrate a similar fluctuation pattern 
upon formation of complexes with compounds B1, B11, 
and native ligand (Fig. 3(b)). This observation suggests 
that the interactions between compounds B1 and B11 
with the wt-PfDHFR protein yield analogous effects to 

those produced by their respective native ligands. In 
contrast, analysis of the RMSD (Fig. 3(c)) reveals that 
compound B11 exhibits significantly greater RMSD 
fluctuations, indicative of structural instability during its 
binding interaction with the wt-PfDHFR protein. 
Notably, the RMSD profiles for compound B1 and the 
native ligand structures display minimal fluctuations, 
underscoring the pronounced stability of compound B1 
throughout the simulation period. 

By measuring the conformational changes of a given 
complex over time, the protein RMSD C-alpha determines 
if the simulation is in equilibrium and whether its final 
fluctuations are centered around a thermal average 
shape [41]. The RMSD C-alpha analysis results show 
that the fluctuation pattern of wt-PfDHFR-B1 is similar 
to the fluctuation pattern of the wt-PfDHFR protein. The 
addition of ligands to both protein complex structures 
did not show significant changes in RMSD values. 
However, the fluctuation pattern in RMSD during the 
simulation  process shows that  wt-PfDHFR-B1  reached  



Indones. J. Chem., 2025, 25 (4), 1280 - 1290    

 

Arfansyah et al. 
 

1287 

0 20 40 60 80 100
32.8

33.0

33.2

33.4

33.6

33.8

34.0

34.2

34.4

R
g 

(Å
2 )

Simulation times (ns)

 Native  B1  B11(a)

  
0 100 200 300 400 500 600

0

2

4

6

8
 Native  B1  B11

R
M

SF
 (Å

)

Residue number 

(b)

 

0 20 40 60 80 100
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5  Native  B1  B11

R
M

SD
 li

ga
nd

 (Å
)

Simulation times (ns)

(c)

 
Fig 3. (a) Rg, (b) RMSF, and (c) RMSD of complex ligands B1, B11, and native against wt-PfDHFR 
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Fig 4. (a) RMSD C-alpha and (b) total H-bonds of complex ligand B1, B11, and native against wt-PfDHFR 

 
constant or stable RMSD after 20 ns, whereas wt-
PfDHFR-B11 reached stability after 80 ns with higher 
RMSD values as shown in (Fig 4(a)). 

This study also looked at the amount of hydrogen 
bonds during simulation to comprehend the complex's 

stability. Maintaining the high affinity between the 
ligand and protein depends on these hydrogen bonds 
[42]. During the simulation period, a total hydrogen 
bond analysis was performed on B1 and B11. The total 
number of hydrogen bond interactions over 100 ns was 
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shown in (Fig 4(b)). For B1, four amino acid residues 
were consistently present since 0 ns, while for B11, five 
amino acid residues were consistently present. The 
hydrogen bonding interaction in the main region, also 
known as the typical hinge residue, and the extra residue 
were the two domains into which this interaction was 
separated. Although compound B11 has more hydrogen 
bonds than compounds B1 and native, the stability of the 
complex does not seem to depend solely on the number 
of hydrogen bonds. 

■ CONCLUSION 

ADME and toxicology prediction using for 
compounds derived from S. rhombifolia identified two 
compounds that meet Lipinski's, lead-likeness criteria, and 
inactive toxicology: 11-cryptolepine carboxylic acid (B1) 
and N-trans-feruloyltyramine (B11). The results of the 
molecular docking indicated that B11 exhibits the highest 
potential as an inhibitor for the receptor protein wt-
PfDHFR, which plays a significant role in malaria disease, 
with a binding energy value of −8.41 kcal/mol. By using 
100 ns molecular dynamics simulations, the stability of 
these compounds with PfDHFR was further evaluated. 
These findings imply that B1 and B11 may be a viable 
option for more research and development for a malaria 
treatment. Based on these findings, we propose these 
substances as possible lead inhibitors of PfDHFR for the 
management of malaria. To confirm these findings, more 
experimental research is required. 
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