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Abstract: As one of the novel antimalarial targets, the Plasmodium falciparum dihydroorotate 

dehydrogenase (PfDHODH), which catalyzed the production of orotic acids, needs to be inhibited using 

natural compounds as an alternative. The development of new drugs needs to be predicted through in 

silico methods to save costs and time through computational means. This study aims to perform virtual 

screening, through molecular docking simulation, of compounds from sunflower (Helianthus annuus), 

in inhibiting the PfDHODH based on predictions of pharmacokinetics and toxicity. We have virtually 

screened 155 compounds, and the result showed that the flavonoid hispidulin has the best binding pose 

and energy of -8.03 kcal/mol and was predicted to be a potential antimalarial candidate based on the 

parameters of affinity energy, binding site likeness to F1T, as well as pharmacokinetic and toxicity 

prediction. It also showed that strigolactones and flavonoids dominated ligands with the best affinity 

energy and the benzopyrans class, which showed a similar structure pattern with F1T.   
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1. Introduction 

Malaria is a tropical infectious disease caused by Plasmodium falciparum. The 

infection is transmitted by female Anopheles mosquito bites commonly found in Africa and 

some areas in Asia [1]. According to data from the World Health Organization, 241 million 

malaria cases occurred in 2020, with a death rate of around 627,000 people; this number 

increased by 69,000 people compared to 2019 [2]. Several species of the genus Plasmodium 

that can cause malaria are P. falciparum, P. vivax, P. ovale, and P. malariae. However, 

compared to other species, P. falciparum has become the deadliest species which can cause 

sudden symptoms of malaria activity in humans [3]. 

Over the past few years, the mutation of malaria parasites and their ability to be resistant 

to current drugs have challenged the treatment of malaria [4,5]. Plasmodium falciparum 

dihydroorotate dehydrogenase (PfDHODH) catalyzes the oxidation of dihydroorotate to orotic 

acid. This is crucial in the de novo pathway that provides the only pyrimidine source for DNA 

and RNA biosynthesis since Plasmodium lacks pyrimidine salvage enzymes [6–8]. Inhibition 

of PfDHODH can stop pyrimidine synthesis, which leads to the inhibition of P. falciparum cell 

proliferation. 
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The back-to-nature approach encourages researchers to explore plant compounds to 

inhibit pyrimidine synthesis by inhibiting the PfDHODH enzyme. Sunflower (Helianthus 

annuus) is a traditional plant reported to have health benefits such as anti-inflammatory, 

antipyretic, cathartic, expectorant, stimulant, vermifuge, and antimalarial [9]. It contains 

secondary metabolic compounds such as alkaloids, phytosterols, steroids, saponins, tannins, 

and flavonoids. It has been reported that extracts of sunflower parts such as seeds, leaves, roots, 

flowers, and stalks show good antimalarial activity in both in vitro and in vivo assays [10–12]. 

Currently, a new strategy is needed for finding drugs from active compounds in plants 

efficiently and without high costs. In addition, there are still few studies related to secondary 

metabolites in H. annuus, which are responsible for its antimalarial activity both in vitro and 

in vivo. Therefore, in silico method can be used to be the first step in the search for candidate 

drug compounds due to its possibility to tighten the research focus from the produced data, thus 

saving research costs and can be evaluated for in vitro and in vivo assays. It has been reported 

that molecular docking of flavonoid compounds such as catechins, quercetin, luteolin, 

isoramnetin, kaempferol, fecithin, and myricetin against the PfDHODH enzyme (PDB ID 

6GJG) produced a better binding score than standard chloroquine [13]. It is also reported 

triazolopyrimidine derivatives have good antimalarial activity against the PfDHODH enzyme 

[8]. 

One of the most widely used in silico methods is molecular docking. It is a powerful 

approach to understanding drug interactions, design, and discovery. This strategy increases the 

efficiency of searching for new drugs through computational simulation and calculation by 

studying molecular behavior through the interaction of bonds between active plant components 

and receptors [14,15]. This study aims to simulate a virtual screening using molecular docking 

techniques for H. annuus as a PfDHODH enzyme inhibitor and an oral malaria drug candidate 

based on predictions of pharmacokinetics, toxicity, and similarity to oral drug prediction. 

2. Materials and Methods 

2.1. Ligand library preparation. 

A total of 155 compounds from H. annuus were downloaded based on article data from 

the Knapsack Family (http://www.knapsackfamily.com) and some literature [16–18] using the 

Simplified Molecular Input Line Entry System (SMILES) notation code. All compound data 

collected hereinafter referred to as the ligand library (Table S1). The ligand library is converted 

into an optimal three-dimensional (3D) ligand structure using Gypsum-DL [19]. All ligand 

structures were simplified and converted to .pdbqt extension files using Open Babel [20]. 

2.2. Co-crystallized ligand and protein receptor preparation. 

The PfDHODH protein (PDB ID 6GJG) was downloaded from Research Collaboratory 

for Structural Bioinformatics Protein Data Bank (https://www.rcsb.org/structure/6GJG) [21]. 

The receptor protein was selected based on the best resolution, its role in the malaria pyrimidine 

synthesis pathway, and the presence of the co-crystallized ligand structure. The receptor protein 

was visualized and prepared using Chimera 1.16. The protein subunit chain that is not used 

(Chain B) and the water molecule were removed, leaving chain A protein subunit chain, the 

flavin mononucleotide (FMN) cofactor, and the orotic acid (ORO) substrate as the receptor. 

The binding site coordinates are then determined based on the co-crystallized ligand position. 
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2.3. Molecular docking validation. 

The hydrogen atom at pH 7.4 and the Gasteiger charge was added. Co-crystallized 

ligands were re-docked to the receptor to find the best ligand pose by varying the grid box size 

and the binding site coordinates. The best grid box size is determined based on the position of 

the co-crystallized ligand before and after it docked, which is expressed by the root mean 

squared deviation (RMSD) value. 

2.4. Virtual screening. 

All ligands were docked to the receptor using the idock program [22]. The results 

consist of total poses produced and the docking score represented as affinity energy in kcal/mol 

units. Lipinski's rule of five, drug-likeness scores, and toxicity prediction were reviewed 

together with docking scores to filter the compounds with the best potency in this study using 

DataWarrior software [23] and the SwissADME website (http://www.swissadme.ch/) [24]. 

Ligands with antimalarial activity based on in vitro test results were also included in the 

screening. An in-depth analysis of ligand-receptor interaction with the best docking scores was 

done using Chimera 1.16 and LigPlot+ [25]. 

3. Results and Discussion 

3.1. Molecular docking validation. 

PfDHODH crystal structure that contains F1T as a competitive inhibitor (PDB ID 

6GJG) was used as the receptor protein. This mitochondrial enzyme consists of 371 residues 

with (β/α)-barrel structure that binds between the two N-terminal of α-helix and a barrel domain 

body. The protein binding site is adjacent to the FMN cofactor and mostly hydrophobic. The 

crystal structure was determined by X-ray diffraction in 1.99 Å resolution, which describes the 

stability of the crystal structure [26,27]. 

Protein preparation obtains the target protein structure without co-crystal ligands, thus 

creating room for the docking process [28]. The presence of water molecules can interfere with 

the docking simulation. Therefore, it needs to be removed to reduce errors, and the test ligand 

can directly interact with the amino acid residues of the protein. Due to software limitations, 

hydrogen atoms were added at pH 7.4. This is the nearest value to mitochondrial pH conditions, 

which work under alkaline conditions with a pH of ~8.0 [29]. 

 
Figure 1. Molecular docking validation visualization. 

The validation result shows the RMSD value of the re-docked co-crystal ligand is 0.385 

Å with the affinity energy is -10.12 kcal/mol using a grid box with dimensions x = 28, y = 28, 

Co-crystallized ligand initial pose 

Co-crystallized ligand pose after re-docked 
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and z = 29 at coordinates x = 10.61, y = -12.08, and z = -4.75. Figure 1 visualizes the results of 

the molecular docking validation. It shows that the re-docking simulation reproduces the 

position of the co-crystallized ligand well because it has a value of <2 Å, which is generally 

used for successful molecular docking validation criteria [30,31]. 

3.2. Molecular docking and interaction visualization. 

The top 10 ligands were selected based on affinity energy, pharmacokinetic properties, 

and toxicity predictions. Ligands with experimental antimalarial activity were also included. 

idock program used to quantify affinity energy. Inherited from AutoDock Vina, idock provides 

a better optimization algorithm and improves the fundamental implementation for more 

effective virtual screening. It consists of two basic components, including a scoring function to 

predict affinity energy, which comprises a conformation-dependent and conformation-

independent part, and an optimization algorithm to explore the conformational space by 

attempting to find low-scoring conformations. It uses the Monte Carlo algorithm for global 

optimization and Broyden-Fletcher-Goldfarb-Shanno (BFGS) Quasi-Newton method for local 

optimization [8].  

As a result, the top 11 ligands were obtained, which are shown in Table 1. The binding 

site similarity (BSS) percentage was also calculated based on the ratio between the number of 

amino acid residues shared by the test and co-crystallized ligands, i.e.:  

BSS (%) = 
Σ  F1T binding site residue interacting with test ligand

Σ F1T binding site residue
× 100% 

Molecular docking is a methodology applied to study the molecular behavior of target 

binding, which is carried out by interacting candidate drug compounds (ligands) with protein 

and analyzing both properties [32]. 

Table 1. Molecular docking results and binding site similarity calculations. 

Compound Structure 
Affinity energy 

(kcal/mol) 
BSS (%) 

F1T 

(Co-crystallized ligand) 

 

-10.12 - 

Sorgolactone (1) 

 

-9.31 90.91 

5-Deoxystrigol 

(2) 

 

-9.20 90.91 
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Compound Structure 
Affinity energy 

(kcal/mol) 
BSS (%) 

Sorgomol 

(3) 

 

-8.34 90.91 

Orobanchol 

(4) 

 

-8.31 81.82 

Kukulkanin B 

(5) 

 

-8.29 81.82 

Hispidulin 

(6) 

 

-8.03 100 

Demetoxyiencecalin (7) 

 

-7.73 45.45 

Demetoxyencecalinol 

(8) 

 

-7.63 72.73 

Cirsiliol 

(9) 

 

-7.60 81.82 

trans-Zeatin 

(10) 

 

-7.47 81.82 

Demetoxysudachitin 

(11) 

 

-6.19 0 

 

Affinity energy is described as the change of Gibbs free energy (ΔG), a ligand-receptor 

bond stability parameter, and represents the energy involved during the binding process. The 

lower the value, the stronger the ligand-receptor bond and the more spontaneous physical 

reactions that occur due to the formation of bonds in the ligand-receptor complex due to the 

release of free energy during the reaction [33]. 

All test ligands' affinity energy are shown in Table S1. F1T produces the most exergonic 

affinity energy, -10.12 kcal/mol. Based on the results obtained, the most exergonic affinity 

energy from the top 11 selected ligands was obtained by ligand (1). On the other side, the 
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highest BSS percentage was produced by ligand (6), whereas the lowest value was produced 

by ligand (11), which also had the least exergonic affinity energy. 

Visualization of ligand-receptor interactions was performed in two dimensions (2D) 

and three dimensions (3D). F1T interact with 11 amino acid residues, two of them, which are 

Arg265 and His185, form hydrogen bonds with a bond length of 3.05 Å and 3.06 Å, 

respectively. The other 10 residues formed hydrophobic interactions. F1T inhibits the binding 

site between FMN and the N-terminal of the α-helix, the binding site for coenzyme Q (CoQ). 

In the absence of CoQ, the production of orotic acid will not occur. Orotic acid is well-known 

as a precursor in the biosynthesis of pyrimidines, which are released from the mitochondrial 

DHODH in mammals. Thus, the absence of orotic acid led to no pyrimidine formation. The 

enzyme-bound structure indicates that F1T occupies most of the available binding sites, and 

the presence of the FMN cofactor could potentially accommodate additional functionality 

[21,34,35]. 

 
(a) (b) (c) 

Figure 2. Interaction of F1T (a), sorgolactone (b), and hispidulin (c) ligands with PfDHODH residues in 2D. 

 

(a) 

 

(b) 

 

(c) 

Figure 3. Interaction of F1T (a), sorgolactone (b), and hispidulin (c) ligands with PfDHODH residues in 3D. 

Ligand (1), which has the most exergonic affinity energy among the 10 other test 

ligands, shows interactions between amino acid residues quite similar to F1T. It shows the 

hydrophobic interaction with 14 residues. Whereas ligand (6) has the highest BSS percentage, 

forms a hydrogen bond with Arg265 with a bond length of 3.03 Å, and forms a hydrophobic 

interaction with 13 residues (Figures 2 and 3).  
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Amino acid residues difference cause the different affinity energies produced. His185 

and Arg265 are two important residues in PfDHODH binding site which contribute to the 

affinity energy produced [21]. In addition, it is also reported that the π-stacking hydrophobic 

interaction between Phe227 and Phe188 residues contributed to the resulting affinity energy 

[35]. In this case, F1T, ligand (1), and ligand (6) are predicted to bind with the two residues. 

Hydrophobic interactions between ligands and amino acid residues at PfDHODH binding site 

tend to have a greater affinity energy effect than hydrogen bonds. This is indicated by the 

affinity energy of ligand (1) being smaller than ligand (6). Hydrophobic interactions involve 

more structural parts of the compound and residues, thus making the interaction zone wider, 

allowing a more significant pose to changes and affecting ligand binding in the receptor. 

On the other side, it is in contrast to the affinity energy of F1T, which does not create 

hydrophobic interactions with Arg265 and His185. The low-affinity energy occurs due to the 

presence of the -CF3 group attached to the aromatic ring, which tends to increase the docking 

activity [8]. The presence of -CF3 groups increases the bioactivity of ligands in proteins and 

affinity energy, mostly driven by electrostatic energy [36]. The visualization of other test ligand 

interactions is shown in Figure S1–S3. 

3.3. Pharmacokinetic properties and toxicity prediction. 

Pharmacokinetic properties and ligands toxicity were predicted computationally using 

DataWarrior and SwissADME. The pharmacokinetic predictions of the ligands refer to 

Lipinski's rules of five (RO5), including molecular weight ≤500 Da, partition coefficient of a 

compound between n-octanol and water (LogP) ≤5, hydrogen donors ≤5, hydrogen acceptors 

≤10, and molar refractivity values between 40–130. Lipinski's RO5 is based on the properties 

distribution calculation from several thousand drugs. It describes the properties of orally active 

compounds based on their pharmacological activity when consumed by humans. It also 

describes the solubility of certain compounds to permeate to cell membranes through passive 

diffusion [37–39]. The results are presented in Table 2, which shows that all ligands have met 

all the criteria in Lipinski's RO5. It is reported that compounds with high potential as oral drugs 

are the ones with no violate more than two parameters which describes the poor absorptions in 

the body. Based on the RO5, all ligands can be said to have good solubility in the body as 

indicated by the fulfillment of RO5. 

Table 2. Pharmacokinetic properties of ligands based on Lipinski's RO5. 

Compounds 

Molecular 

Weight 

(Da) 

LogP 
Hydrogen 

Acceptors 

Hydrogen 

Donors 

Molar 

Refractivity 

F1T 

(Co-crystallized ligand) 
308.26 3.47 5 1 74.08 

Sorgolactone (1) 316.13 1.72 5 0 82.42 

5-Deoxystrigol (2) 330.15 2.05 5 0 86.96 

Sorgomol (3) 346.14 1.13 6 1 88.13 

Orobanchol (4) 346.14 1.20 6 1 88.13 

Kukulkanin B (5) 286.28 0.62 5 2 78.81 

Hispidulin (6) 300.06 -2.47 6 0 80.48 

Demetoxyiencecalin (7) 202.10 2.56 2 0 60.76 

Demetoxyencecalinol (8) 204.12 2.38 2 1 61.5 

Cirsiliol (9) 330.07 -2.54 7 0 86.97 

trans-Zeatin (10) 219.11 -3.24 6 3 60.91 

Demetoxysudachitin (11) 330.29 -0.96 7 1 86.97 

Toxicity prediction is one of the important steps that must be strictly ensured in drug 

design before clinical tests are carried out to determine the ability of a compound to cause cell 
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damage when exposed to organisms [40]. It can be done quantitatively or qualitatively with 

several determining factors, such as route, frequency and duration of exposure, the dose used, 

ADME properties, biological properties, and the chemical properties of these compounds [41]. 

This study uses a qualitative toxicity prediction with parameters such as mutagenic properties, 

tumorigenic properties, irritation effects, reproductive system effects, and unwanted functional 

groups. 

Based on the results, ligand (11) has high-intensity tumorigenic properties (Table 3). It 

has side effects if consumed by the human body theoretically. Tumorigenic properties are the 

tendency of a compound to produce tumors. However, despite having toxic effects on the body, 

ligand (11) has the highest drug-likeness score, while the lowest score is obtained by ligand 

(3). Functional group modification is an alternative to changing the compound toxicity profile 

to obtain a chemical structure that is more effective and safe for the body [42]. 

Table 3. Toxicity prediction and drug-likeness score 

Compound M 1 T 2 RE 3 I 4 
Unwanted Functional Group 

DS 6 
DataWarrior [23] Brenk [43] PAINS 5 [44] 

F1T 

(Co-crystallized ligand) 
- - - - - - - -6.25 

Demetoxysudachitin (11) - ++ - - - - - 0.45 

Hispidulin (6) - - - - - - - 0.40 

Cirsiliol (9) - - - - - 1 1 0.40 

Kukulkanin B (5) - - - - - 1 - 0.26 

trans-Zeatin (10) - - - - - 1 - -0.84 

Sorgolactone (1) - - - - - 4 - -1.36 

Orobanchol (4) - - - - - 4 - -2.51 

Demetoxyiencecalin (7) - - - - - - - -2.60 

5-Deoxystrigol (2) - - - - - 4 - -2.89 

Demetoxyencecalinol (8) - - - - - - - -3.67 

Sorgomol (3) - - - - - 4 - -7.94 
1 Mutagenic; 2 Tumorigenic; 3 Reproductive Effects; 4 Irritant; 5 Pan Assay Interference Compounds; 6 Druglikeness Score 

The drug-likeness score is defined as the value of a compound's various molecular 

properties and structures that lead to similarity to commercial drugs. A positive value on the 

drug-likeness score illustrates that the compound contains most of the common fragments 

found in commercial drugs to be consumed orally [45]. In this case, 4 compounds that have a 

positive drug-likeness score, such as ligands (11), (6), (9), and (5), are predicted to be taken 

orally. A total of 10 ligands had a better drug-likeness score than co-crystallized ligands, 

including ligands (1), (2), (4), (5), (6), (7), (8), (9), (10), and (11), while ligand (3) had a lower 

drug-likeness score compared to the co-crystallized ligand. 

Despite having the most exergonic affinity energy, the strigolactone ligand (1) showed 

the presence of unwanted functional groups according to Brenk et al., including the enol group 

(-C=C-OH), Michael acceptors (-C=C-C=O) which associated with adverse drug reactions 

[46], and esters (Figure 4). These groups are potentially mutagenic and reactive if consumed. 

Ligand (2), ligand (3), and ligand (4), which belong to the same compound class as ligand (1), 

are also predicted to have the same four unwanted functional groups. Besides these four 

ligands, two ligands with a positive drug-likeness score are predicted to have unwanted 

functional groups: Ligand (5) contains the Michael acceptor, and ligand (9) contains the 

catechol ring. Ligand (10) is predicted to have one functional group that needs to be avoided, 

like isolated alkene. It is necessary to further lead optimization and QSAR studies on the 11 

ligands that resulted from this virtual screening against PfDHODH to further assess its potential 

as antimalarial agents. 
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 Sorgolactone (1) 5-Deoxystrigol (2) 

 
 Sorgomol (3) Orobanchol (4)  

 
 Kukulkanin B (5) Cirsiliol (9) trans-Zeatin (10) 

Figure 4. Predicted unwanted functional groups: Enol (red), isolated alkene (purple), Michael acceptor (green), 

and ester (cyan). 

Aside from Brenk's analysis, Pan Assay Interference Compounds (PAINS) analysis was 

also carried out to determine the reactivity and selectivity of compounds to receptor proteins 

based on their structure [44]. One unwanted functional group was shown in the ligand (9). This 

group includes a catechol ring due to its possibility to reduce the selectivity of the receptor its 

reactivity [47]. Ligand (6), one of the ligands with the best affinity energy, is predicted to be 

safe if consumed with no toxic properties, either mutagenic properties, tumorigenic properties, 

reproductive effects, irritating effects, or the absence of unwanted groups. This compound is 

predicted to be taken orally due to its positive drug-likeness score.  

Although some ligands are predicted to have toxic properties, further experimental 

research on 11 ligands screened here is needed to assess their potential as antimalarial drug 

candidates, such as in vitro assay to see their biological activity in the culture of living cells 

[48]. It is also suggested to do further computational research like molecular dynamic or 

quantum mechanical study to verify the results above due to molecular docking method 

limitations. In molecular docking, important intermolecular interaction terms, such as solvation 

effect and entropy change, are highly simplified; thus the scoring function can only give coarse 

binding energy estimates [49]. 

4. Conclusions 

A total of 11 out of 155 natural product compounds from H. annuss were virtually 

screened based on the prediction of affinity energy to pfDHODH by molecular docking, 

pharmacokinetic properties, toxicity predictions, and their activity as antimalarials based on in 

vitro tests. Hispidulin (6), a flavonoid compound, is one of the ligands with the best affinity 

energy, which is -8.03 kcal/mol, and is predicted to have potential as a candidate for oral 

antimalarial drugs. This ligand occupies Lipinski's RO5, binds to important amino acid 

residues, and has no side effects in predicting toxicity such as mutagenic properties, 
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tumorigenic properties, reproductive effects, irritating effects, absence of unwanted functional 

groups, and has a good drug-likeness score. 
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Supplementary materials 

Table S1. Ligand libraries. 

Compound 

Affinity 

energy 

(kcal/mol) 

Molecular 

Weight 

(Da) 

LogP 
HA 

1 

HD 
2 

MR 3 M 4 
T 
5 

RE 
6 

I 7 

Unwanted 

Functional Group 
DS 10 

DW 
8 

Brenk 
PAINS 

9 

F1T (Co-crystallized 

ligand) 
-10.12 308.3 3.47 5 1 

74.08 
- - - - 0 0 0 -6.25 

Sorgolactone (1) -9.31 316.1 1.72 5 0 82.42 - - - - 0 0 4 -1.36 

5-Deoxystrigol (2) -9.20 330.1 2.05 5 0 86.96 - - - - 0 0 4 -2.89 

Sorgomol (3) -8.34 346.1 1.13 6 1 88.13 - - - - 0 0 4 -7.94 

Orobanchol (4) -8.31 346.1 1.20 6 1 88.13 - - - - 0 0 4 -2.51 

Kukulkanin B (5) -8.29 286.3 0.62 5 2 78.81 - - - - 0 0 1 0.26 

Hispidulin (6) -8.03 300.1 -2.47 6 0 80.48 - - - - 0 0 0 0.40 

Demethoxyencecalin (7) -7.73 202.1 2.56 2 0 60.76 - - - - 0 0 0 -2.60 

Demethoxyencecalinol (8) -7.63 204.1 2.38 2 1 61.5 - - - - 0 0 0 -3.67 

Cirsiliol (9) -7.60 330.1 -2.54 7 0 86.97 - - - - 0 1 1 0.40 

trans-Zeatin (10) -7.47 219.1 -3.24 6 3 60.91 - - - - 0 0 1 -0.84 

Demethoxysudachitin (11) -6.19 330.3 -0.96 7 1 86.97 - ++ - - 0 0 0 0.45 

Daidzein (12) -8.82 254.1 0.39 4 1 71.97 - - ++ - 0 0 0 -0.05 

Jaceosidin (13) -8.15 330.1 0.62 7 2 86.97 - + - - 0 0 0 0.45 

Lutein (14) -7.98 568.4 12.00 2 2 186.76 - - - - 0 0 0 0.35 

1,5-Anhydro-6-deoxy-2- O-

(6-deoxy-α-L-

mannopyranosyl)-1-[5,7-

dihydroxy-2-(4-

hydroxyphenyl)-4-oxo-4H-

chromen-6-yl] hexitol (15) 

-7.87 562.2 -3.22 13 6 136.67 - - - - 0 0 0 1.33 

Glandulone E (16) -7.78 248.0 2.85 3 1 72.24 + - - - 0 1 2 -14.10 

Glandulone D (17) -7.75 248.3 2.38 3 0 70.57 + + ++ - 1 1 2 -2.90 

Ayapin (18) -7.59 190.0 1.61 4 0 48.55 - - ++ - 0 0 1 -3.30 

7-(β-D-

glucopyranosyloxy)-6-

methoxycoumarin (19) 

-7.58 354.1 -0.91 9 4 83.12 - - + - 0 0 1 -5.85 

Helinorbisabone (20) -7.56 250.1 0.41 4 2 70.15 - ++ - ++ 0 0 2 -1.14 

Pectolinarigenin (21) -7.53 314.1 -0.61 6 0 84.95 - ++ - - 0 0 0 0.40 

Glandulone A (22) -7.52 246.3 2.67 3 0 71.28 + - - ++ 0 1 3 -5.82 

Glandulone F (23) -7.47 266.3 1.79 4 2 73.92 + - - - 0 1 1 -2.22 

Maniladiol (24) -7.45 442.4 6.49 2 2 136.04 - - - - 0 0 1 -2.49 

4,15-Anhydrohelivypolide 

(25) 
-7.44 358.1 1.88 6 0 93.91 - - - ++ 0 0 2 -7.51 

5-O-Methylgenistein (26) -7.43 284.1 1.90 5 2 78.46 - - ++ - 0 0 0 0.04 

Helibisabonol A (27) -7.37 268.2 2.65 4 4 76.43 ++ + - - 0 0 1 -2.57 

Heliannone A (28) -7.36 300.1 2.47 5 2 83.28 - - ++ - 0 0 1 0.22 

Gibberellin A8 (29) -7.36 364.2 -2.56 7 3 88.50 - - - - 0 0 1 -0.98 

Helibisabonol B (30) -7.35 266.2 2.40 4 4 75.96 ++ + - - 0 0 2 0.01 

Gibberellin A68 (31) -7.32 346.1 -2.01 6 2 86.83 - - - - 0 0 1 -1.49 

Deepoxyneoxanthin (32) -7.32 584.4 10.98 3 3 187.14 - - - - 0 0 1 1.57 

Gibberellin A4 (33) -7.31 332.2 -0.88 5 1 86.14 - - - - 0 0 1 -1.14 

Gibberellin A1 (34) -7.30 348.2 -1.71 6 2 87.34 - - - - 0 0 1 -0.82 

Gibberellin A75 (35) -7.30 380.1 -3.41 8 4 89.66 - - - - 0 0 1 -0.93 

Melatonin (36) -7.30 232.1 0.25 4 1 67.18 - - - - 0 0 0 0.31 

Silibinin (37) -7.28 482.1 0.55 10 4 120.55 - - - - 0 0 0 0.29 

12-Oxo phytodienoic acid 

(38) 
-7.27 294.2 2.66 3 0 87.55 - - - - 0 0 1 -12.86 

Gibberellin A72 (39) -7.24 364.2 -2.56 7 3 88.50 - - - - 0 0 1 -0.75 

Gibberellin A29 (40) -7.19 348.2 -1.71 6 2 87.34 - - - - 0 0 1 -0.91 

Gibberellin A20 (41) -7.14 332.2 -0.86 5 1 86.18 - - - - 0 0 1 -3.10 

Coflotriol (42) -7.10 458.4 5.73 3 3 137.21 - - - - 0 0 1 -4.59 

Heliannuol G (43) -7.09 248.1 3.36 3 2 72.34 - - - - 0 0 1 -0.37 

Cyanidin 3-xyloside (44) -7.06 419.1 -6.06 10 3 102.33 - - - - 1 1 2 -8.74 

2,3-Dihydro-2-oxo-1H-

indole-3-acetic acid (45) 
-7.05 191.1 -1.45 4 1 53.12 - - - - 0 0 0 2.56 

Gibberellin A67 (46) -7.04 348.2 -1.71 6 2 87.34 - - - - 0 0 1 -2.95 

Orobanchyl acetate (47) -7.04 388.2 1.06 6 1 88.16 - - - ++ 0 0 4 -1.70 
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Compound 

Affinity 

energy 

(kcal/mol) 

Molecular 

Weight 

(Da) 

LogP 
HA 

1 

HD 
2 

MR 3 M 4 
T 
5 

RE 
6 

I 7 

Unwanted 

Functional Group 
DS 10 

DW 
8 

Brenk 
PAINS 

9 

N,N'-Bis(3,4-

dihydroxycinnamoyl)-1,4-

butanediamine(48) 

-7.02 412.2 -3.39 8 2 113.89 - - - - 0 1 2 -1.57 

Gibberellin A101 (49) -7.02 362.2 -1.39 6 2 91.85 - - - ++ 0 0 1 -2.67 

Trachyloban-19-oic acid 

(50) 
-7.01 302.2 1.69 2 0 88.42 - - - - 0 0 0 -2.11 

Cyanidin-3-O-glucoside 

(51) 
-7.01 449.1 -3.51 11 6 108.29 - - - - 1 1 2 -8.61 

Strigyl acetate (52) -6.99 388.2 1.69 7 0 97.86 - - - - 0 0 4 -0.28 

Scrophulein (53) -6.96 314.1 2.54 6 2 84.95 - - - - 0 0 0 0.40 

(Z,Z)-Heliangin (54) -6.93 362.2 2.46 6 1 95.34 - - - ++ 1 0 0 -7.55 

Gibberellin A76 (55) -6.91 364.2 -2.56 7 3 88.50 - - - - 0 0 1 -0.84 

Feruloylquinic acid (56) -6.91 368.1 -2.57 9 4 87.97 - - - - 0 0 1 0.46 

Gibberellin A66 (57) -6.88 378.2 -5.59 7 1 95.02 - - - - 0 0 1 -4.08 

Jasmonic acid (58) -6.87 210.1 0.21 3 0 59.18 - - - - 0 0 1 -6.12 

Gibberellin A44 (59) -6.86 346.2 -0.54 5 1 90.69 - - - ++ 0 0 1 -2.80 

Rubixanthin (60) -6.83 552.4 14.18 1 1 187.49 - - - - 0 0 1 -1.85 

N1,N10-Bis(p-

coumaroyl)spermidine (61) 
-6.83 437.2 -1.59 7 2 127.07 - - - - 0 0 1 -1.93 

Gibberellin A65 (62) -6.80 362.2 -3.37 6 1 93.45 - - - - 0 0 2 -7.38 

Gibberellin A45 (63) -6.79 332.2 -0.88 5 1 86.14 - - - - 0 0 1 -3.53 

19(10→9)-Abeo-3,4-

secotirucalla-4,24-dien-3-ol 

(64) 

-6.79 428.4 9.17 1 1 139.42 - - - ++ 0 0 1 -10.01 

Annuolide H (65) -6.74 362.2 1.79 6 2 95.42 - - - ++ 0 0 3 -7.50 

Gibberellin A64 (66) -6.74 346.2 -0.56 5 1 90.65 - - - ++ 0 0 1 -3.23 

Isoquercetin (67) -6.73 464.1 -5.08 12 5 110.16 - - - - 0 1 1 -3.59 

23-Dehydro-25-

hydroxysunpollenol (68) 
-6.70 460.4 6.36 3 2 140.14 - - - - 0 0 1 -6.30 

Albigenic acid (69) -6.68 472.4 3.14 4 2 137.82 - - - - 0 0 1 -0.15 

Heliannone C (70) -6.68 286.3 -0.72 5 0 76.04 - - - - 0 0 0 -0.08 

Castasterone (71) -6.66 464.4 3.90 5 4 132.58 - - - - 0 0 0 -1.10 

(2S,3S)-3,5,7-Trihydroxy-2-

(4-hydroxyphenyl)-8-(3-

methyl-2-buten-1-yl)-2,3-

dihydro-4H-chromen-4-one 

(72) 

-6.65 356.1 0.17 6 2 96.45 - - - - 0 0 1 0.34 

8-Acetoxy-1,9,14-

pentadecatriene-4,6-diyn-3-

ol (73) 

-6.64 272.1 3.97 3 1 81.18 - - - ++ 0 0 2 -19.98 

Niveusin C (74) -6.63 378.2 1.99 7 2 96.54 - - - ++ 0 0 2 -8.01 

Heliannuol E (75) -6.63 248.1 3.31 3 2 72.34 - - - - 0 0 1 -4.00 

Sunpollenol (76) -6.63 444.4 7.61 2 1 138.94 - - - ++ 0 0 1 -8.48 

5-Hydroxy-4,6,4'-

trimethoxyaurone (77) 
-6.63 328.1 2.76 6 1 87.32 - - - - 0 0 1 0.20 

Annuolide A (78) -6.62 246.1 1.62 3 1 68.90 - - - ++ 0 0 2 -8.47 

Helianthoside B (79) -6.62 1190.6 -0.92 25 14 n/a - - - - 0 n/a n/a -11.10 

1,2-Anhydridoniveusin (80) -6.62 376.2 1.64 7 2 96.07 - - - ++ 0 0 3 -9.16 

Heliannuol H (81) -6.60 248.1 3.03 3 2 72.34 - - - - 0 0 1 -0.81 

4,5-Dihydroniveusin A (82) -6.60 396.2 0.93 8 3 98.18 - - - ++ 0 0 2 -11.52 

3-O-Caffeoylquinic acid 

(83) 
-6.58 354.1 -2.84 9 5 83.50 - - - - 0 1 2 0.33 

Brassinolide (84) -6.57 480.3 3.22 6 4 133.67 - - - - 0 0 0 -0.88 

28-Norcastasterone (85) -6.57 450.3 3.68 5 4 127.77 - - - - 0 0 0 0.79 

Annuolide D (86) -6.57 248.1 1.80 3 1 69.38 - - - - 0 0 1 -2.27 

Indole-3-acetaldehyde (87) -6.57 159.1 1.32 2 1 48.27 - - - ++ 0 0 1 -2.18 

ent-Kaur-16-en-19-oic acid 

(88) 
-6.55 302.2 2.04 2 0 90.32 - - - - 0 0 1 -4.80 

ent-Kaurene (89) -6.53 272.3 5.39 0 0 88.54 - - - - 0 0 1 -7.85 

Heliannuol J (90) -6.52 264.1 0.50 4 1 71.67 + - - - 1 0 1 -0.45 

N,N'-1,4-Butanediylbis[3-

(4-hydroxyphenyl)-2-

propenamide] (91) 

-6.52 380.2 -2.70 6 0 109.84 - - - - 0 0 1 -1.62 

Schottenol (92) -6.50 414.4 7.86 1 1 133.23 - + - - 0 0 1 -4.48 
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Indole-3-ethanol (93) -6.49 161.1 1.53 2 2 49.23 ++ - - - 0 0 0 -1.98 

Annuolide F (94) -6.46 344.2 2.59 5 1 93.75 - - - ++ 0 0 3 -8.92 

Heliannuol I (95) -6.45 264.1 0.50 4 1 71.67 + - - - 1 0 1 -0.45 

Sudachitin (96) -6.45 358.3 -1.03 8 1 93.47 ++ ++ - - 0 0 0 0.45 

Gibberellin A100 (97) -6.45 364.2 -3.06 6 2 94.45 - - - - 0 0 1 -3.45 

Helikauranoside A (98) -6.44 482.3 1.38 8 5 123.93 - - - - 0 0 0 -8.59 

Gibberellin A19 (99) -6.43 362.2 -3.35 6 1 93.49 - - - - 0 0 2 -6.91 

Peposterol (100) -6.42 412.4 8.38 1 1 132.75 - + + + 0 0 1 0.41 

Tanegool (101) -6.37 376.2 1.21 7 4 98.25 - - - - 0 0 0 -0.55 

Helivypolide D (102) -6.35 360.2 2.57 6 1 94.91 - - - ++ 0 0 0 -8.67 

Tricin 5-O-β-D-glucoside 

(103) 
-6.32 492.1 -1.37 12 5 119.10 - - - - 0 0 0 -3.00 

Heliannone B (104) -6.30 300.1 1.13 5 0 80.51 - - - - 0 0 0 -0.08 

Heliannuol F (105) -6.29 264.1 2.68 4 2 73.02 - - - - 0 0 0 0.17 

15-Hydroxyleptocarpin 

(106) 
-6.28 378.2 1.53 7 2 96.51 - - - ++ 1 0 4 -7.87 

Neochlorogenic acid (107) -6.27 354.1 -6.00 9 3 83.50 - - - - 0 1 2 0.33 

Costunolide (108) -6.27 232.1 4.18 2 0 69.85 - - - ++ 0 0 2 -9.16 

Tambulin (109) -6.25 344.1 0.74 7 1 91.44 - ++ ++ - 0 0 0 0.11 

(-)-Loliolide (110) -6.22 196.1 0.91 3 1 52.51 - - - - 0 0 0 -4.22 

Helivypolide E (111) -6.19 376.2 1.49 7 1 95.54 - - - ++ 1 0 3 -7.14 

1-Benzoyl-2-nonadecanone 

(112) 
-6.18 386.3 8.66 2 0 123.36 - - - - 0 0 1 -28.49 

Gibberellin A102 (113) -6.17 378.2 -4.20 7 2 94.65 - - - - 0 0 2 -6.75 

5-Deoxynevadensin (114) -6.14 328.1 2.82 6 1 89.42 - ++ - - 0 0 0 0.40 

Gibberellin A12 (115) -6.14 332.2 -1.38 4 0 92.09 - - - - 0 0 1 -4.49 

Heliannuol C (116) -6.06 248.1 3.29 3 2 72.34 - - - - 0 0 1 -4.44 

Heliannuol A (117) -6.06 250.2 3.29 3 2 72.82 - - - - 0 0 0 -2.39 

Sucrose-6-phosphate (118) -6.04 422.1 -9.10 14 8 79.07 - - ++ - 0 0 1 -30.84 

Xanthomicrol (119) -5.99 344.3 0.89 7 1 91.44 - ++ - - 0 0 0 0.45 

Helianthoside A (120) -5.99 1058.6 -1.76 21 11 n/a - - - - 0 n/a n/a -6.45 

Skullcapflavone II (121) -5.99 374.1 2.40 8 2 97.93 ++ ++ - - 0 0 0 0.40 

Heliannuol K (122) -5.98 248.1 3.25 3 1 71.85 - - - - 0 0 0 -3.83 

Acerosin (123) -5.93 360.3 -1.03 8 1 93.47 ++ ++ - - 0 0 0 0.45 

Heliannuol L (124) -5.87 266.2 2.26 4 3 73.98 - - - - 0 0 0 -0.99 

Hymenoxin (125) -5.85 374.3 0.82 8 1 97.93 ++ ++ - - 0 0 0 0.45 

Sideritiflavone (126) -5.84 360.3 0.55 8 2 93.47 ++ ++ - - 0 1 1 0.45 

Helianthoside 5 (127) -5.81 1220.6 -1.52 26 15 n/a - - - - 0 n/a n/a -5.00 

Methoxysudachitin (128) -5.78 374.3 0.82 8 1 n/a - ++ - - 0 n/a n/a 0.45 

Annuionone H (129) -5.78 282.2 1.74 4 2 77.71 - - - - 0 0 1 3.11 

N-(4-Amino-1-

carboxybutyl)glutamic acid 

(130) 

-5.67 262.1 -8.43 8 2 61.01 - - - - 0 0 0 0.39 

Helianyl octanoate (131) -5.63 554.5 12.38 2 0 178.00 - - - ++ 0 0 1 -32.37 

Heliannuol D (132) -5.62 250.2 3.38 3 2 72.82 - - - - 0 0 0 -2.02 

Annuionone C (133) -5.60 224.1 1.48 3 1 62.17 - - - ++ 1 0 2 -0.93 

Annuionone E (134) -5.55 226.2 1.72 3 1 62.60 - - - ++ 0 0 0 -4.70 

Annuionone G (135) -5.44 226.2 1.31 3 3 63.99 - - - ++ 0 0 0 -0.41 

Annuionone B (136) -5.43 222.1 1.44 3 0 61.17 - ++ - ++ 0 0 1 -0.93 

2,3,4-Trimethylhexane 

(137) 
-5.35 128.2 3.45 0 0 45.38 - - - - 0 0 0 -4.20 

5,6-Epoxy-9-hydroxy-7-

megastigmen-3-one (138) 
-5.29 226.2 1.75 3 2 64.32 - - - ++ 0 0 1 -1.93 

Sundiversifolide (139) -5.29 224.1 1.54 3 1 62.35 - - - - 0 0 1 -0.11 

Sucrose (140) -5.26 342.1 -4.61 11 8 68.16 - - ++ - 0 0 0 -6.85 

(+)-Loliolide (141) -5.25 196.1 0.91 3 1 52.51 - - - - 0 0 0 -4.22 

8,10-Nonacosanedione 

(142) 
-5.23 436.4 11.14 2 0 141.92 - - - - 0 0 1 -28.66 

(+)-Dehydrovomifoliol 

(143) 
-5.21 222.1 1.61 3 1 62.88 - ++ - ++ 0 0 1 -3.61 

Annuionone A (144) -5.15 224.1 1.69 3 0 61.64 - - - ++ 0 0 0 -1.61 

Quinic acid (145) -5.09 192.1 -4.41 6 4 40.11 - - - - 0 0 0 1.85 

Annuionone F (146) -5.06 242.2 0.82 4 3 65.48 - - - ++ 0 0 1 -6.96 
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12,14-Nonacosanedione 

(147) 
-5.01 436.4 11.14 2 0 141.92 - - - - 0 0 1 -28.49 

Caprolactam (148) -4.84 113.1 0.52 2 1 35.76 ++ ++ ++ ++ 0 0 0 -7.96 

Fumaric acid (149) -4.79 116.0 -5.07 4 0 24.41 - - - - 0 0 1 -0.47 

12,14-Tritriacontanedione 

(150) 
-4.76 492.5 12.96 2 0 161.15 - - - - 0 0 1 -28.49 

Helianthoside 2 (151) -4.70 1352.7 -2.75 30 17 n/a - - - - 0 n/a n/a -10.78 

Helianthoside 4 (152) -4.22 1368.7 -3.68 31 18 n/a - - - - 0 n/a n/a -14.32 

Isoprene (153) -3.79 68.1 2.12 0 0 25.2 ++ ++ + + 0 0 1 -13.02 

Helianthoside 1 (154) -3.52 1336.7 -1.90 29 16 n/a - - - - 0 n/a n/a -11.08 

Helianthoside 3 (155) -1.33 1382.7 -3.36 31 18 n/a - - - - 0 n/a n/a -10.78 
1 Hydrogen Acceptor; 2 Hydrogen Donor; 3 Molar Refractivity; 4 Mutagenic; 5 Tumorigenic; 6 Reproductive Effects; 7 Irritant; 8 DataWarrior; 

9 Pan Assay Interference Compounds; 10 Druglikeness Score 

 

 

(a) (b) (c) 

Figure S1. Interaction of 5-deoxystrigol (a), sorgomol (b), orobanchol (c) ligands with PfDHODH residues 

  

(a) (b) (c) 

Figure S2. Interaction of kukulkanin B (a), demethoxyencecalin (b), demethoxyencecalinol (c) ligands with 

PfDHODH residues 
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(a) (b) (c) 

Figure S3. Interaction of cirsiliol (a), trans-zeatin (b), demethoxysudachitin (c) ligands with PfDHODH 

residues. 
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