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ABSTRACT 
 

Iridoids have demonstrated various activities, including anti-inflammatory, anticancer, cardioprotective, 

antiviral, hepatoprotective, antihyperglycemic, and antiparasitic effects. The brain-eating amoeba 

Naegleria fowleri is responsible for primary amoebic meningoencephalitis, a brain inflammation. In this 

study, 52 iridoids were selected through an extensive literature survey, and 22 of these iridoids passed 

the drug-likeness filter. The selected iridoids were molecularly docked against the N. fowleri CYP51 

receptor, using voriconazole as a standard for comparison. The docking score for voriconazole was -7.6 

kcal/mol, while the scores for 10-isovaleroyl-dihydropenstemide and Patrinalloside A were -8.9 and -8.6 

kcal/mol, respectively. According to molecular dynamics (MD) simulation data, the interacting amino 

acid residues exhibited fluctuations within a specific range, with the Root Mean Square Deviation 

(RMSD) values stabilizing throughout the experiment. When interacting with the receptor linked to 

amoebic meningoencephalitis, 10-isovaleroyl-dihydropenstemide and Patrinalloside A showed free 

binding energies of -71.922 kJ/mol and -61.243 kJ/mol, respectively, based on Molecular Mechanics 

Poisson-Boltzmann Surface Area (MMPBSA) calculations. Furthermore, Fragment Molecular Orbital 

(FMO) and Molecular Electrostatic Potential (MEP) analyses of 10-isovaleroyl-dihydropenstemide and 

Patrinalloside A revealed potential nucleophilic-electrophilic attack zones, indicating they are 

chemically reactive. The analysis of both compounds' ADMET (Absorption, Distribution, Metabolism, 

Excretion, and Toxicity) indicated non-toxic behaviour. These findings suggest that natural iridoids have 

significant potential in combating primary amoebic meningoencephalitis. 
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1 Introduction  

Thermophilic amoeba is responsible for amoebic encephalitis, a 

central nervous system infection. This condition has two forms: 

granulomatous amoebic encephalitis and primary amoebic 

meningoencephalitis (PAM) (Güémez and García 2021). The 

amoeba species primarily responsible for spreading the infection 

include Naegleria, Acanthamoeba, Sappinia, and Balamuthia. 

These microorganisms thrive in tropical regions and are commonly 

found in freshwater bodies such as lakes and ponds (Rojo et al. 

2023). Among these, N. fowleri, a species of Naegleria, directly 

infects the central nervous system and damages brain cells 

associated with PAM. The flagellate form of N. fowleri has also 

been detected in human cerebrospinal fluid (Cooper et al. 2019). 

Transmission to the central nervous system results in brain edema, 

inflammation, and loss of brain tissue. Trophozoites of N. fowleri 

penetrate the olfactory mucosa to reach the olfactory bulb, leading 

to inflammation and parenchymal damage as they cross the 

cribriform plate. This deadly infection earns N. fowleri the 

nickname "brain-eating amoeba." Although rare, this infection is 

lethal, and the chances of survival depend on early detection and 

treatment (Calis et al. 2020). Despite current antimicrobial 

therapies, the mortality rate remains approximately 90%. Recently 

reported cases of brain-eating amoeba in India and other countries 

have underscored the need to re-emphasize the significance of 

primary amoebic meningoencephalitis and explore possible cures 

and treatments (Wang et al. 2020).  

Iridoid compounds, classified as cyclopentane pyran 

monoterpenes, possess several medicinal properties. Depending on 

their chemical structure, iridoids can be categorized into four 

groups: iridoid glycosides, secoiridoid glycosides, non-glycosidic 

iridoids, and bis-iridoids (Grover et al. 2023). These compounds 

have been employed in traditional medicine for liver protection 

(Zhang et al. 2024), inflammation reduction (He et al. 2023), and 

promoting wound healing (Geng et al. 2024). Researchers have 

discovered that iridoids are crucial in inhibiting and controlling the 

growth of a wide range of pathogenic microorganisms (Shi et al. 

2023; Schou et al. 2024). Several iridoids, including 10-

Isovaleroyl-dihydropenstemide, brasoside, Patrinalloside A, 

Polystachyn A, and Asperuloside, are widely cultivated for their 

various health benefits, such as anti-inflammatory, 

neuroprotective, hepatoprotective, anti-tumorigenic, antiviral, anti-

malarial, and anti-protozoal effects. This pharmacological potential 

suggests that these iridoids could effectively manage protozoal 

infections such as PAM (Zhang et al. 2023). This research focuses 

on repurposing natural iridoids to manage primary amoebic 

meningoencephalitis through molecular docking, molecular 

dynamic simulations, and density functional theory analysis. The 

goal is to identify the most promising iridoid to combat this lethal 

brain infection. 

2 Materials and Methods 

2.1 Collection of Data and Assessment Drug Likeness Parameter 

A total of 52 iridoids were identified through an extensive 

literature search, and their drug-likeness parameters were evaluated 

according to the Lipinski Rule of Five. According to this rule, the 

partition coefficient should not exceed five, the number of 

hydrogen bond donors should be no more than five, and the 

number of hydrogen bond acceptors should not exceed ten (Daina 

et al., 2017). The drug-likeness parameter was used as a primary 

filter in the drug development process (Table 1). Out of the 52 

iridoids, 30 did not pass this primary filter (Chen et al., 2020). As a 

result, 22 iridoids were selected for further studies, including 

molecular docking, molecular dynamics simulation, and quantum 

mechanics-based electronic nature analysis, targeting the CYP51 

receptor of N. fowleri.   

2.2 Molecular Docking Study using AutoDock Vina  

2.2.1 Preparation of protein  

This research examined the CYP51 receptor of Naegleria fowleri 

complexed with itraconazole (PDB ID: 6AYC). The structural 

characteristics of the receptor were analyzed using a 

Ramachandran plot. Additionally, the presence of non-bonded 

interactions among various atom types within the receptor was 

assessed based on the ERRAT score. The three-dimensional 

structural classification of the protein, which includes alpha helices, 

beta sheets, and loops, was also determined using VERIFY 3D. 

2.2.2 Preparation of iridoids structures for molecular docking  

Avogadro software was utilized to draw structures and perform 

force field-based energy minimization on selected iridoids and the 

standard compound voriconazole (Hanwell et al. 2012). All 

structures were saved in PDB format, and using AutoDock Tools 

1.5.6, they were converted into docking-compatible PDBQT 

format. The Drug Discovery Studio Visualizer was employed to 

examine protein-ligand interactions. The grid box dimensions for 

the N. fowleri CYP51 protein were 14.088, -4.933, and 13.271 

along the x, y, and z axes. The root mean square deviation 

(RMSD) value between the redocked and unprocessed 

crystallographic conformations was less than 1.25 Å. This 

information supports the validity and reliability of the docking 

process (Goodsell et al. 2021). 

2.3 Molecular Dynamic (MD) Simulation of the selected 

iridoids 

To visualize the atomic-level interaction patterns of a ligand 

molecule within a receptor in the presence of solvent, ions, 

temperature, and pressure, molecular dynamics (MD) simulations 
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Table 1 List of irdoids with chemical structure, biological source, bioactivities and drug likeness parameter 

S.N. Name of the Molecules Structure Biological Source Activities 
Lipinski 

rule 

1 
6-O-Alpha-D-

galactopyranosylharpagoside 

 

Harpagophytum 

procumbens 
Anti- inflammatory Rejected 

2 6'-O-Sinapoyl-geniposide 

 

Gardenia jasminoides 

Anti- inflammatory, 

Antioxidant, Anti diabetic, 

Hepatoprotective, 

Neuroprotective 

Rejected 

3 6-O-Trans-cinnamoyl-secologanoside 

 

Ligustrum lucidum Osteogenic activity Rejected 

4 6'-O-Trans-para-coumaroylgeniposide 

 

Rubiaceae 
Anticancer, Antioxidant, 

sedative, Antiviral 
Rejected 
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S.N. Name of the Molecules Structure Biological Source Activities 
Lipinski 

rule 

5 
6'-O-Trans-para-coumaroylgeniposidic 

Acid 

 

Rubiaceae 
Anticancer, Antioxidant, 

sedative, Antiviral 
Rejected 

6 
6-O-Trans-p-coumaroyl-8-O-

acetylshanzhiside methyl ester 

 

Acanthaceae Antiviral, Anticancer Rejected 

7 7-Hydroxy eucommiol 

 

Bignoniaceae 
Antioxidant, Anti-

inflammatory 
Accepted 

8 8-Epideoxyloganic acid 

 

Bigononiaceae 
Analgesia, homeostasis and 

anti-inflammatory 
Accepted 
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S.N. Name of the Molecules Structure Biological Source Activities 
Lipinski 

rule 

9 8-P-coumaroylharpagide 

 

Scrophulariaceae 

Anti-inflammatory, 

Antioxidant, anticancer, 

Antiviral 

Rejected 

10 10-Isovaleroyl-dihydropenstemide 

 

Loganiaceae 

Anti- inflammatory, 

Hepatoprotective, 

neuroprotective, Anticancer, 

Anti diabetic 

Accepted 

11 10-O-Acetylgeniposide 

 

Rubiaceae 

Anti-inflammatory, 

Hepatoprotective, 

neuroprotective, Anti -

inflammatory, Anti diabetic 

Accepted 

12 10-O-Succinoylgeniposide 

 

Rubiaceae 

Cardiovascular, Anti- 

inflammatory, 

Hepatoprotective, Anti 

diabetic 

Accepted 
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S.N. Name of the Molecules Structure Biological Source Activities 
Lipinski 

rule 

13 Acetylgeniposide 

 

 

Gardenia jasminoids 

Antii-inflammatory, Anti 

rheumatoid, Anti-tumor 
Rejected 

14 Acetylbarlerin 

 

Barlerialipulin 

Barleriaprionitis 

Antimicrobial, Anti-

inflammatory, 

neuroprotective, Anti-

inflammatory, Anti diabetic, 

Anti -cancer 

Accepted 

15 Amphicoside 

 

Scrophulariaceae Antioxidant, anticancer Rejected 

16 Asperuloside 

 

Rubiaceae, Plantaginaceae Anti- melanogenesis activity Accepted 
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S.N. Name of the Molecules Structure Biological Source Activities 
Lipinski 

rule 

17 Barlerin 

 

Acanthaceae 

Antioxidant, antibacterial, 

anti-fungal, antidiabetic, 

anticancer, antiulcer 

Accepted 

18 Brasoside 

 

Verbenaceae 
Antioxidant, anti-

inflammatory 
Accepted 

19 Buddlejoside A9 

 

Loganiaceae 
Antioxidant, anti-

inflammatory, anticancer 
Rejected 

20 Cantleyoside 

 

Caprifoliaceae 

Hypoglycemic,  

hypolipidemic, 

hepatoprotective, anti- 

inflammatory 

Rejected 
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S.N. Name of the Molecules Structure Biological Source Activities 
Lipinski 

rule 

21 Deacetyl asperuloside 

 

Rubioideae Anti-melanogenesis activity Accepted 

22 Euphroside 

 

Scrophulariaceae 
Neuroprotective, antitumor, 

hepatoprotective 
Accepted 

23 Eurostoside 

 

Scrophulariaceae 
Antioxidant, anti-

inflammatory, anticancer 
Rejected 

24 Garjasmine 

 

Rubiaceae anticancer Accepted 
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S.N. Name of the Molecules Structure Biological Source Activities 
Lipinski 

rule 

25 Geniposidic Acid 

 

Rubiaceae, Eucommiaceae Cardiovascular activity Accepted 

26 Gentiopicroside 

 

Gentianaceae 

Digestive activity, 

Antioxidant hepatoprotective, 

anti -Inflammatory 

Accepted 

27 Isojaslanceoside B 

 

Oleaceae 
Antioxidant hepatoprotective, 

anti -Inflammatory 
Rejected 

28 Kutkin 

 

 

Picrorhizakurroa 

Antioxidant hepatoprotective, 

anti -Inflammatory 
Rejected 

29 Laciniatoside I 

 

Dipsacaceae 
Antioxidant neuroprotective, 

anti- inflammatory 
Rejected 
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S.N. Name of the Molecules Structure Biological Source Activities 
Lipinski 

rule 

30 Laciniatoside II 

 

Dipsacaceae 
Antioxidant neuroprotective, 

anti inflammatory 
Rejected 

31 Loganic acid 

 

Acanthaceae 

Anti-inflammatory, strong 

free radical scavenging 

activity 

Accepted 

32 Loganic acid 6'-O-beta-D-glucoside 

 

Acanthaceae 

Anti-inflammatory, strong 

free radical scavenging 

activity 

Rejected 

33 Minecoside 

 

Veronica lavaudiana. 
Antioxidant, anti-

inflammatory, anticancer 
Rejected 
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S.N. Name of the Molecules Structure Biological Source Activities 
Lipinski 

rule 

34 Mussaenoside 

 

Scrophulariaceae Anti inflammatory Accepted 

35 Ningpogenin 

 

Scrophulariaceae 
Antioxidant Neuroprotective, 

anti-inflammatory 
Accepted 

36 Nuezhenelenoliciside 

 

Oleaceae Anti- osteoporosis activity Rejected 

37 Nuezhenide 

 

Oleaceae 
Antibacterial, antioxidant, 

antitumor 
Rejected 

38 Oleoside dimethyl ester 

 

Oleaceae Sedative, antioxidant Accepted 

39 Oleuropein 

 

Oleaceae 

Sedative, Anticonvulsant, 

antidiabetic, diuretic, 

antimicrobial, analgesic, 

antiviral 

Rejected 
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S.N. Name of the Molecules Structure Biological Source Activities 
Lipinski 

rule 

40 Patrinalloside A 

 

Valerianaceae 
Antioxidant hepatoprotective, 

anti-inflammatory 
Accepted 

41 Picroside-II 

 

 

Picrorhizakurroa 

Antioxidant hepatoprotective, 

anti -Inflammatory 
Rejected 

42 Picroside-III 

 

 

Picrorhizakurroa 

Antioxidant hepatoprotective, 

anti -Inflammatory 
Rejected 

43 Pinnatoside 

 

Verbenaceae 
Antimicrobial, 

hepatoprotective, antioxidant 
Accepted 
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S.N. Name of the Molecules Structure Biological Source Activities 
Lipinski 

rule 

44 Plantarenaloside 

 

Plantaginacea, 

Bigoniaceae 

Antioxidant, anti-

inflammatory 
Accepted 

45 Polystachyn A 

 

Valerianaceae Antioxidant, anti-proliferative Accepted 

46 Shanzhiside methyl ester 

 

Lamiacea Antimicrobial Rejected 

47 Specioside 

 

Bignoniaceae Analgesic, liver stimulating Rejected 
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S.N. Name of the Molecules Structure Biological Source Activities 
Lipinski 

rule 

48 Sylvestroside I 

 

Dipsacaceae 
Antioxidant neuroprotective, 

anti-inflammatory 
Rejected 

49 Sylvestroside III 

 

Dipsacaceae 
Antioxidant neuroprotective, 

anti-inflammatory 
Rejected 

50 Sylvestroside III dimethyl acetal 

 

Dipsacaceae 
Antioxidant neuroprotective, 

anti-inflammatory 
Rejected 

51 Sylvestroside IV 

 

Dipsacaceae 
Antioxidant neuroprotective, 

anti-inflammatory 
Rejected 

52 Verminoside 

 

Veronica kellereri 
Anti-inflammatory, anti-

bacterial, anti-diabetic 
Rejected 
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were conducted in a CHARMM force field environment (Kim et 

al. 2017). The simulations were performed using GROMACS 20.1 

software, employing TIP3 water. An energy minimization process 

was completed with 500,000 steps. The best-docked iridoids, 10-

isovaleroyl-dihydropenstemide and Patrinalloside A were 

subjected to a 100 ns MD simulation. During the preparation of the 

protein for the simulation study involving 10-isovaleroyl-

dihydropenstemide and Patrinalloside A, 18641 and 18646 water 

molecules, along with 4 chloride ions, were added to the system. 

The graphical representation of the simulation trajectories was 

created using Microsoft Excel (Lemkul 2018). 

2.4 MMPBSA Analysis 

To determine the actual binding energy of ligand-receptor 

interactions, we applied MMPBSA analysis (Kumari and Kumar 

2014). We focused on the best-docked iridoids, specifically 10-

isovaleroyl-dihydropenstemide and Patrinalloside A, utilizing the 

MD simulation coordinates for the MMPBSA analysis (Baker et al. 

2001). 

2.5 Density Functional Theory Analyses 

2.5.1 Frontier Molecular Orbital (FMO) Analysis 

To evaluate the electrical characteristics of specific iridoids, the Lee, 

Yang, and Parr's (LYP) correlation functional was used in 

conjunction with the B3LYP/6-31G (d,p) basis set, along with Beck's 

(B) three-parameter hybrid model (Sakr et al. 2022). FMO 

(Fragment Molecular Orbital) analysis was conducted to examine the 

highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO). The energies of these 

orbitals and the energy gap between them are related to the softness, 

electronegativity, hardness, and electrophilicity properties of the 

chemical structures (Perri and Weber 2014). The GAMESS software 

was utilized for the FMO analysis, while WxMacMolPlt (version 

7.7.3) was employed to visualize the results. The best-docked 

iridoids, 10-isovaleroyl-dihydropenstemide and Patrinalloside A 

were chosen for frontier orbital analysis (Barca et al. 2020).  

Chemical Hardness: n = 
(I−A)

2
;      Electronegativity: µ = - 

(I−A)

2
;  

Electrophilicity index: ψ = 
µ2

2n
;      Softness: S = 

1

2n
  

where A and I are electron affinity and ionization potential. A = 

−ELUMO and I = −EHOMO. 

2.5.2 Molecular Electrostatic Potential (MEP) Analysis 

The MEP (Molecular Electrostatic Potential) map focuses on the 

distribution of positive and negative charges within a structure. 

This potential map displays different colour regions: blue, green, 

yellow, orange, and red. The red region indicates the most negative 

area, where electrophiles can readily attack, while the blue region 

represents the most positive area for nucleophilic attacks. The 

green region signifies non-interacting zones, indicating areas with 

no potential interactions. In this analysis, the best-docked iridoids, 

10-isovaleroyl-dihydropenstemide and Patrinalloside A were 

selected for frontier orbital analysis. The GAMESS software 

(version R2, released on June 30, 2024) was used alongside the 

B3LYP/6-31G(d,p) basis set to perform the MEP analysis (Hanson 

et al. 2013). 

2.6 ADMET Analysis 

The ADME (Absorption, Distribution, Metabolism, and Excretion) 

and toxicity properties of the best-docked iridoids, 10-isovaleroyl-

dihydropenstemide and Patrinalloside A, were calculated using the 

Swiss ADME portal and OSIRIS software, respectively.
 

3 Results and Discussion 

3.1 Molecular Docking Study Data 

Inside the receptor, the ligand itraconazole was complexed with 

several amino acids, including PHE 25, ALA 29, PHE 28, VAL 

94, TYR 95, and others represented as PRO 188 through THR 272. 

The Ramachandran plot of the receptor showed that 93.4% of 

residues were in the most favoured regions, 5.8% in the additional 

allowed regions, 0.3% in the generously allowed regions, and 0.5% 

in the disallowed regions (Riyaphan et al. 2021) (Figure 1). The 

overall quality value of the receptor, as per ERRAT, was 94.749, 

indicating good resolution (Park et al. 2023). According to the 

Verify3D server, 83.07% of the residues had an average 3D-1D 

score greater than 0.1, confirming that the amino acids present in 

the receptor constitute a high-quality protein for modelling 

(Kalman and Ben-Tal 2010). 

Molecular docking interaction data showed that the docking scores 

of selected iridoids fluctuated between -5.5 and -8.9 kcal/mol 

(Ahmed et al. 2023). Voriconazole was used as a standard in this 

analysis, with a docking score of -7.6 kcal/mol (Table 2) 

(Lokhande et al. 2022). Among the tested iridoids, 10-isovaleroyl-

dihydropenstemide and Patrinalloside A exhibited the highest 

docking scores of -8.9 kcal/mol and -8.6 kcal/mol, respectively 

(Paggi et al. 2024). Specifically, 10-isovaleroyl-dihydropenstemide 

interacted with the N. fowleri CYP51 receptor through 

hydrophobic interactions with residues TYR 82, PHE 89, and VAL 

94, and via hydrogen bond interactions with ARG 338, HIS 403, 

and CYS 405. Patrinalloside A interacted with the receptor using 

hydrophobic interactions with PHE 25, PHE 28, PRO 188, LEU 

189, TYR 82, ILE 334, and PHE 191, as well as a hydrogen bond 

interaction with MET 335 (Kumar et al. 2023). Voriconazole 

interacted with the receptor through hydrogen bonds with TYR 82, 

TYR 95, and ARG338 (Figure 2) (Kar et al. 2024). 
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Figure 1 Ramachandran plot of 6AYC receptor  

 

Table 2 Molecular docking interactions between iridoids and N. fowleri CYP51 receptor 

S. 

N. 
Name 

Dock score 

(kcal/mol) 
Hydrophobic Interactions Hydrogen bond Interactions 

1. 
7-Hydroxy 

eucommiol 
-5.5 

LEU 442 (distance between interaction carbon atoms 

3.57 Å). 

TYR 439 (distance H-A 2.28 Å, D-

A 2.83 Å), LEU442 (distance H-A 

2.12 Å, D-A 3.00 Å). 

2. 
8-Epideoxyloganic 

acid 
-7.8 

TYR 82 (distance between interaction carbon atoms 

3.43 Å), TYR 95 (distance between interaction carbon 

atoms 3.73 Å), LEU 442 (distance between interaction 

carbon atoms 3.71Å). 

TYR 82 (distance H-A 2.49Å, D-A 

2.93 Å), TYR95 (distance H-A 2.40 

Å, D-A 3.08 Å), ILE 334 (distance 

H-A 2.87, D-A 3.33 Å), MET 335 

(distance H-A 2.37 Å, D-A 3.26 Å). 

3. 
10-Isovaleroyl-

dihydropenstemide 
-8.9 

TYR 82 (distance between interaction carbon atoms 

3.72Å), PHE 89 (distance between interaction carbon 

atoms 3.90Å), VAL 94 (distance between interaction 

carbon atoms 3.69Å), VAL107 (distance between 

interaction carbon atoms 3.80Å), VAL110 (distance 

between interaction carbon atoms 3.65Å). 

ARG 338 (distance H-A 2.44Å, D-

A 3.13 Å), HIS 403 (distance H-A 

3.17Å, D-A 3.57 Å), CYS 405 3.73 

Å. 
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S. 

N. 
Name 

Dock score 

(kcal/mol) 
Hydrophobic Interactions Hydrogen bond Interactions 

4. 
10-O-

Acetylgeniposide 
-8.2 

TYR 82 (distance between interaction carbon atoms 

3.50Å), PHE 89 (distance between interaction carbon 

atoms 3.79Å), TYR 95 (distance between interaction 

carbon atoms 3.42Å). 

TYR 82 (distance H-A 2.51Å, D-A 

2.96 Å), HIS 403 (distance H-A 

2.30Å, D-A 3.07 Å). 

5. 
10-O-

Succinoylgeniposide 
-8.3 

PHE 89 (distance between interaction carbon atoms 

3.82Å), VAL94 (distance between interaction carbon 

atoms 3.70Å), ALA 264 (distance between interaction 

carbon atoms 3.70Å), ALA268 (distance between 

interaction carbon atoms 3.96Å), LEU 333 (distance 

between interaction carbon atoms 3.63Å). 

TYR 82 (distance H-A 2.37 Å, D-A 

2.85 Å), HIS 403 (distance H-A 

2.82Å, D-A 3.24Å), CYS 405 

(distance H-A 2.72 Å, D-A 3.07 Å). 

6. Acetylbarlerin -7.7 
LYS 30 (distance between interaction carbon atoms 

3.58Å). 

ALA 29 (distance H-A 2.72 Å, D-A 

3.13 Å). 

7. Asperuloside -8.0 

VAL 94 (distance between interaction carbon atoms 

3.61Å), VAL 107 (distance between interaction 

carbon atoms 3.52Å), ALA 268 (distance between 

interaction carbon atoms 3.36Å). 

TYR 82 (distance H-A 2.85 Å, D-A 

3.17 Å), PHE 398 (distance H-A 

2.57 Å, D-A 3.05 Å), ILE 406 

(distance H-A 2.10 Å, D-A 3.10 Å). 

8. Barlerin -7.9 
ALA 150 (distance between interaction carbon atoms 

3.77Å). 

ASP 184 (distance H-A 3.31 Å, D-

A 3.75 Å), ILE 186 (distance H-A 

3.03 Å, D-A 3.62 Å), SER441 

(distance H-A 3.53 Å, D-A 3.98 Å), 

LEU 442 (distance H-A 2.86 Å, D-

A 3.65 Å). 

9. Brasoside -8.2 

TYR 82 (distance between interaction carbon atoms 

3.65Å), LEU 333 (distance between interaction carbon 

atoms 3.56 Å). 

PHE 398 (distance H-A 2.27 Å, D-

A 3.04 Å), HIS 403 (distance H-A 

2.32 Å, D-A 2.79 Å), CYS 405 

(distance H-A 2.92 Å, D-A 3.29 Å). 

10 
Deacetyl 

asperuloside 
-7.6 

VAL 94 (distance between interaction carbon atoms 

3.39Å), VAL 107 (distance between interaction 

carbon atoms 3.58 Å), ALA 268 (distance between 

interaction carbon atoms 3.34Å). 

TYR 82 (distance H-A 2.96 Å, D-A 

3.26 Å), PHE 398 (distance H-A 

2.46 Å, D-A 3.13 Å). 

11. Euphroside -7.2 
ILE 275 (distance between interaction carbon atoms 

3.81Å). 

ASP 184 (distance H-A 3.08 Å, D-

A 3.75 Å), ILE 186 (distance H-A 

2.47 Å, D-A 3.00 Å), HIS 271 

(distance H-A 2.36 Å, D-A 2.84 Å), 

SER 441 (distance H-A 2.05 Å, D-

A 2.93 Å), LEU 442 (distance H-A 

3.14 Å, D-A 4.09 Å), VAL 443 

(distance H-A 2.34 Å, D-A 2.83Å) 

GLY 445 (distance H-A 2.61 Å, D-

A 3.02 Å). 

12. Garjasmine -6.5 

PHE 28 (distance between interaction carbon atoms 

3.83Å), PRO 32 (distance between interaction carbon 

atoms 3.91Å), PRO 188 (distance between interaction 

carbon atoms 3.5Å). 

None 

13. Geniposidic Acid -7.4 

ALA 146 (distance between interaction carbon atoms 

3.24Å), ILE 275 (distance between interaction carbon 

atoms 3.21Å). 

ALA 146 (distance H-A 2.02 Å, D-

A 2.70 Å), ALA 150 (distance H-A 

3.31 Å, D-A 3.74 Å), ASP 183 

(distance H-A 2.23 Å, D-A 2.96 Å), 

ASP 184 (distance H-A 2.02 Å, D-

A 2.95 Å), SER 278 (distance H-A 

2.24Å, D-A 3.02 Å), SER 441 

(distance H-A 2.54 Å, D-A 3.43 Å), 

VAL 443 (distance H-A 3.06 Å, D-

A 3.70 Å), GLY (distance H-A 2.13 

Å, D-A 2.93 Å). 
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S. 

N. 
Name 

Dock score 

(kcal/mol) 
Hydrophobic Interactions Hydrogen bond Interactions 

14. Gentiopicroside -7.5 

TYR 82 (distance between interaction carbon atoms 3.57Å), TYR 

95 (distance between interaction carbon atoms 3.91Å), LEU 333 

(distance between interaction carbon atoms 3.51Å). 

ARG 338 (distance H-A 2.70 

Å, D-A 3.31 Å), HIS 403 

(distance H-A 2.30 Å, D-A 

3.14 Å). 

15. Loganic acid -7.6 

TYR 82 (distance between interaction carbon atoms 4.00Å), LEU 

333 (distance between interaction carbon atoms 3.26Å), ILE 336 

(distance between interaction carbon atoms 3.81Å). 

TYR 82 (distance H-A 2.35 

Å, D-A 2.70 Å), CYS 405 

(distance H-A 2.79 Å, D-A 

3.16 Å). 

16. Mussaenoside -7.6 

TYR 82 (distance between interaction carbon atoms 3.65Å), PHE 

89 (distance between interaction carbon atoms 3.67Å), TYR 95 

(distance between interaction carbon atoms 3.52Å). 

TYR 82 (distance H-A 2.58 

Å, D-A 2.98 Å), MET 335 

(distance H-A 3.53 Å, D-A 

3.89 Å), PHE 398 (distance 

H-A 2.59 Å, D-A 3.00 Å), 

HIS 403 (distance H-A 3.48 

Å, D-A 3.96 Å), CYS 405 

(distance H-A 2.82 Å, D-A 

3.16 Å). 

17. Ningpogenin -5.7 

PHE 28 (distance between interaction carbon atoms 3.82Å), PRO 

188 (distance between interaction carbon atoms 3.81Å), ILE 334 

(distance between interaction carbon atoms 3.78Å). 

None 

18. 
Oleoside 

dimethyl ester 
-7.5 

TYR 95 (distance between interaction carbon atoms 3.62Å), PHE 

191 (distance between interaction carbon atoms 3.47Å), LEU 333 

(distance between interaction carbon atoms 3.15Å), ILE 336 

(distance between interaction carbon atoms 3.38Å), ILE 406 

(distance between interaction carbon atoms 3.59Å), LEU 442 

(distance between interaction carbon atoms 3.94Å). 

ALA 29 (distance H-A 2.51 

Å, D-A 3.08 Å), TYR 95 

(distance H-A 2.02 Å, D-A 

2.70 Å), ILE 334 (distance 

H-A 2.11 Å, D-A 2.80 Å), 

MET 335 (distance H-A 2.27 

Å, D-A 2.90Å), HIS 403 

(distance H-A 2.17 Å, D-A 

3.12Å). 

19. Patrinalloside A -8.6 

PHE 25 (distance between interaction carbon atoms 3.96Å), PHE 

28 (distance between interaction carbon atoms 3.56Å), PRO 188 

(distance between interaction carbon atoms 3.24Å), LEU 189 

(distance between interaction carbon atoms 3.64Å), 

PHE 191 (distance between interaction carbon atoms 3.33Å), PHE 

192 (distance between interaction carbon atoms 3.39Å), ILE 334 

(distance between interaction carbon atoms 3.44Å). 

MET 335 (distance H-A 2.35 

Å, D-A 3.40 Å). 

 

 

20. Pinnatoside -6.9 
PRO 188 (distance between interaction carbon atoms 3.82Å), PHE 

192 (distance between interaction carbon atoms 3.61Å). 

ILE 334 (distance H-A 2.21 

Å, D-A 3.13Å), MET 335 

(distance H-A 3.19 Å, D-A 

3.89Å), LEU 442 (distance 

H-A 1.96 Å, D-A 2.82Å). 

21. Plantarenaloside -7.2 
TYR 82 (distance between interaction carbon atoms 3.70Å), LEU 

333 (distance between interaction carbon atoms 3.59Å). 

HIS 403 (distance H-A 2.05 

Å, D-A 2.91Å), LYS 404 

(distance H-A 2.83Å, D-A 

3.52Å), CYS 405 (distance 

H-A 2.72 Å, D-A 3.10 Å). 

22. Polystachyn A -8.1 

LEU 78 (distance between interaction carbon atoms 3.54Å), TYR 

82 (distance between interaction carbon atoms 3.53Å), TYR 95 

(distance between interaction carbon atoms 3.45Å), LEU 333 

(distance between interaction carbon atoms 3.69Å), ILE 336 

(distance between interaction carbon atoms 3.61Å). 

TYR 82 (distance H-A 2.08 

Å, D-A 2.71 Å), CYS 405 

(distance H-A 3.55 Å, D-A 

4.00 Å). 

23. Voriconazole -7.6 TYR 82 (4.74 Å), LEU 333 (5.50 Å), ILE 336 (5.67 Å) 

TYR 95 (distance H-A 5.69 

Å), ARG 338 (distance 6.04 

Å, D-A 3.38Å). 

H-A= Distance between hydrogen and acceptor atom (Å); D-A= Distance between donor and acceptor atom (Å) 
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Common amino acid residues between 10-isovaleroyl-

dihydropenstemide and complexed itraconazole included VAL 94. 

The overlapping residues for Patrinalloside A and complexed 

itraconazole were PHE 25, PHE 28, PRO 188, LEU 189, PHE 191, 

PHE 192, and ILE 334. For voriconazole and complexed 

itraconazole, the common residue was TYR 95 (Madero-Ayala et al. 

2022). These shared interacting residues confirmed that both 10-

isovaleroyl-dihydropenstemide and Patrinalloside A were effectively 

docked within the active site of the receptor (Alamri et al. 2023). 

3.2 MD Simulation Data 

Based on molecular docking interaction data, the top two iridoids 

10-isovaleroyl-dihydropenstemide and Patrinalloside A were 

selected for molecular dynamics simulation analysis with the N. 

fowleri CYP51 receptor (Kushwaha et al. 2021). The average 

RMSD (Root Mean Square Deviation) values for 10-isovaleroyl-

dihydropenstemide and Patrinalloside A were 1.36 Å and 1.35 Å, 

respectively (Yu et al. 2024). In both cases, the RMSD values 

stabilized throughout the 100 ns simulation period, and both 

molecules maintained a similar interaction pattern during the 

simulation (Maharana et al. 2024). The RMSF (Root Mean Square 

Fluctuation) diagram showed that, for most of the simulation run, 

fluctuations were limited to around 2.0 Å. Inside the receptor, 10-

isovaleroyl-dihydropenstemide exhibited fluctuations near residues 

200, 230, and 458. Residues PRO 197, SER 234, and LYS458 

showed the maximum fluctuations during the simulation, likely 

because they were not involved in interactions or were located far 

from the active site (Notarte et al. 2023). The average radius of 

gyration for the complexes of 10-isovaleroyl-dihydropenstemide 

and Patrinalloside A with the N. fowleri CYP51 receptor was 1.86 

nm for both. Constant fluctuations were observed in the radius of 

gyration values; however, these values consistently remained 

within a lower range, confirming that the molecules were located 

within the receptor's active site during the simulation (Rout et al. 

2024). The average solvent-accessible surface area (SASA) values 

for the complexes were 245.35 nm² for 10-isovaleroyl-

dihydropenstemide and 244.83 nm² for Patrinalloside A. The 

SASA values of both complexes indicated the formation of stable 

structures throughout the simulation (Kokubu et al. 2024).  

The hydrogen bond interaction map confirmed that both 10-

isovaleroyl-dihydropenstemide and Patrinalloside A interacted 

with the receptor for the entire duration of the simulation. 

Moreover, both molecules maintained contact with the active site 

amino acid residues, indicating a strong relationship between the 

ligand and receptor (Figure 3) (Prinsa et al. 2024). The MD 

simulation data confirmed that both iridoids were effectively 

interacting with the receptor, and the structural integrity of the 

receptor remained intact. 

 
Voriconazole 

Figure 2 Molecular docking interactions of 10-Isovaleroyl-dihydropenstemide, Patrinalloside A,  

Voriconazole with N. fowleriCYP51 receptor 
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3.3 MMPBSA Analysis Data 

MMPBSA analysis data indicated that the binding energies of 10-

isovaleroyl-dihydropenstemide with N. fowleri CYP51 and 

Patrinalloside A with N. fowleri CYP51 were -71.922 kJ/mol and -

61.243 kJ/mol, respectively. In both complexes, van der Waals, 

electrostatic, and solvent-accessible surface area (SASA) energies 

positively contributed to the binding energies, while polar 

solvation energies had a negative contribution (Table 3) 

(Vishvakarma et al. 2022a). 

For 10-isovaleroyl-dihydropenstemide, the residues PHE 25, LYS 

30, ASP 184, LEU 189, TYR 193, and THR 440 positively 

contributed to the binding energies through molecular mechanics 

and apolar energy (Yasir et al. 2024). Conversely, residues VAL 

26, ALA 29, ASP 184, SER 187, TYR 193, and THR 440 

negatively impacted the binding energy through polar energy 

(Vishvakarma et al. 2022b). Similarly, for Patrinalloside A, the 

residues GLU 147, HIS 180, and PRO 448 positively contributed 

to the binding energies through molecular mechanics and apolar 

energy. However, GLU 147 and HIS 180 negatively affected the 

binding energy through polar energy (Figure 4) (Wagoner and 

Baker 2006). 

3.4 DFT Analyses Data 

3.4.1 Frontier Molecular Orbital Analysis Data 

The HOMO and LUMO orbital energies (in eV) for 10-

isovaleroyl-dihydropenstemide and Patrinalloside A were found to 

be 6.94 and -6.72, and -0.60 and -0.63, respectively. The energy 

gap between the HOMO and LUMO orbitals provides insight into 

the chemical reactivity of the structures. The HOMO and LUMO 

energy gaps for 10-isovaleroyl-dihydropenstemide and 

Patrinalloside A were measured at 6.34 and 6.09, respectively 

(Talimarada et al. 2022). Table 4 lists various parameters, 

including the electrophilicity index, softness, electronegativity, 

chemical hardness, and the energy gap (ΔE) between the HOMO 

and LUMO. Additionally, the compounds' softness, electrophilicity 

index, reactivity, chemical hardness, and electronegativity were 

analyzed (Wu et al. 2024). Among the selected iridoids, 

Patrinalloside A is classified as a soft molecule, followed by 10- 

 
Figure 3 MD Simulation data of 10-Isovaleroyl-dihydropenstemide, and Patrinalloside Awith N. fowleriCYP51 receptor 

 

Table 3 MMPBSA Data of 10-isovaleroyl-dihydropenstemide-N.fowleriCYP51 and Patrinalloside A -N. fowleri CYP51 

SN Drug-Receptor Complex 

van der Waal 

energy 

(kJ/mol) 

Electrostatic energy 

(kJ/mol) 

Polar solvation 

energy 

(kJ/mol) 

SASA energy 

(kJ/mol) 

Binding energy 

(kJ/mol) 

1. 

10 -isovaleroyl-

dihydropenstemide-

Naegleria fowleri CYP51 

-109.684 -6.854 59.098 -14.482 -71.922 

2. 
Patrinalloside A - 

Naegleria fowleri CYP51 
-132.872 -26.165 114.990 -17.196 -61.243 
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isovaleroyl-dihydropenstemide, as systems with smaller energy 

gaps are termed soft molecules (Lv et al. 2025). A higher value of 

the electrophilicity index indicates greater chemical reactivity. In 

this context, 10-isovaleroyl-dihydropenstemide exhibited the 

highest electrophilicity value of 4.08 (Figure 5) (Elyashberg et al. 

2023). 

 
Figure 4 Role of Amino acid residues on Binding Energy in case of 10-Isovaleroyl-dihydropenstemide,  

and Patrinalloside A interact with N. fowleri CYP51 receptor 

 

Table 4 FMO analysis data of 10-isovaleroyl-dihydropenstemide and Patrinalloside A 

SN Molecule Name EHOMO (eV) ELUMO (eV) ΔE gap (eV) I A η ζ μ Ψ 

1. 
10-isovaleroyl-

dihydropenstemide 
-6.94 -0.60 6.34 6.94 0.60 3.17 0.15 3.77 2.24 

2. Patrinalloside A -6.72 -0.63 6.09 6.72 0.63 3.04 0.16 3.67 2.21 
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Figure 5 Frontier Molecular Orbital Analysis of 10-Isovaleroyl-dihydropenstemide, and Patrinalloside A. 

 

 
Figure 6 Molecular Orbital Potential Analysis of 10-Isovaleroyl-dihydropenstemide, and Patrinalloside A. 
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3.4.2 Molecular Electrostatic Potential Data 

In the structure of 10-isovaleroyl-dihydropenstemide, most of the 

compound is electrically neutral; however, the -O-C=O group and 

the linked methylene (-CH2-) group serve as sites for electrophilic 

and nucleophilic attacks, respectively (Boulebd 2025; Karakiliç et al. 

2025; Saji et al. 2021). Similarly, in Patrinalloside A, the majority of 

the structure is electrically neutral, with the -O-C=O group acting as 

a site for nucleophilic attack (Figure 6) (de Souza et al. 2022). 

3.5 ADMET Analysis Data 

The ADME investigation of 10-isovaleroyl-dihydropenstemide and 

Patrinalloside A indicated that a few compounds adhered to the 

Lipinski rule, showing an oral bioavailability score of 0.55. 

However, they exhibited poor gastrointestinal absorption and did not 

penetrate the blood-brain barrier (Table 5). Toxicity predictions from 

Osiris for both 10-isovaleroyl-dihydropenstemide and Patrinalloside 

A demonstrated that these molecules are non-mutagenic, non-

tumorigenic, and non-reproductive (Table 6) (Sultan et al. 2023).
 

Conclusion 

In the concluding remarks, after conducting sequential 

computational studies, we state that among the considered iridoids, 

10-isovaleroyl-dihydropenstemide and Patrinalloside A showed the 

highest probability of being effective in the treatment of primary 

amoebic meningoencephalitis. 
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