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Abstract: Alpha-amylase plays a key role in carbohydrate metabolism and is a validated target for 

managing type 2 diabetes. This study aimed to identify natural α-amylase inhibitors from 16 

ethnobotanically important plants. Methanolic extracts were screened for antioxidant and enzyme 

inhibition activity. Seven extracts showed notable α-amylase inhibition, with inhibitory concentration 

(IC₅₀) values ranging from 44.7±2 to 313.1±4 μg/mL and antioxidant activity between 17.0% and 

40.81%. A total of 122 phytochemicals from the active extracts were subjected to molecular docking 

against α-amylase (PDB ID: 4GQR), revealing strong binding affinities (-9.4 to -8.0 kcal/mol) for key 

compounds such as lawnermis acid and apigenin-7-O-rutinoside. The top candidates were further 

evaluated through 200 ns molecular dynamics simulations. Stability was confirmed by root-mean-

square deviation, solvent accessible surface area, radius of gyration, and hydrogen bond analysis, while 

MMPBSA-based binding free energy calculations supported spontaneous and thermodynamically 

stable interactions. These findings suggest that the selected phytoconstituents hold promise as natural 

inhibitors of α-amylase and warrant further in vitro, in vivo, and pharmacokinetic studies for potential 

development into anti-diabetic therapeutics. 

Keywords: alpha-amylase; binding free energy; type 2 diabetes mellitus; molecular docking; molecular 

dynamics simulation; natural inhibitors.  
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1. Introduction 

Diabetes mellitus (DM) is a disease characterized by insufficient glucose control in the 

blood. The main subtypes of DM are Type 1 (T1DM) with reduced insulin secretion and Type 

2 (T2DM) with reduced insulin effectiveness. T1DM occurs in youth, while T2DM is linked 
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to unhealthy lifestyles in older adults [1]. It is a complicated disorder characterized by 

abnormalities in glucose, protein, and lipid metabolism [2]. According to estimates from the 

International Diabetes Federation, the prevalence of diabetes, which was 10.5% in 2021, is 

expected to increase to 11.3% by 2030 and further to 12.2% by 2040 [3, 4].  

Alpha-amylase (α-amylase), also recognized as α-1, 4 glucan-4-glucanohydrolase (EC 

3.2.1.1), is an enzyme predominantly located in the pancreas and secreted by salivary glands. 

Its primary role is to catalyze the hydrolysis of complex carbohydrates, such as starch and 

glycogen, into simpler sugars. Inhibition of α-amylase disrupts starch breakdown in the 

intestine, slowing digestion and providing an effective approach for the management of 

hyperglycemic conditions [5]. Acarbose and miglitol, two inhibitors currently used in clinical 

settings, act by inhibiting α-amylase [6]. However, many synthetic hypoglycemic drugs face 

inherent limitations, lack specificity, trigger severe adverse reactions, and prove insufficient in 

addressing the complications associated with diabetes. The principal side effects of these 

inhibitors occur in the digestive system, leading to symptoms such as bloating, abdominal 

discomfort, diarrhea, and flatulence [7]. In contrast, herbal remedies are increasingly favored 

for diabetes treatment due to their lack of adverse effects and cost-effectiveness compared with 

synthetic hypoglycemic medications [8]. It is estimated that over 200 plant species demonstrate 

properties that can lower blood sugar levels [9, 10]. Plant-based phytoconstituents are capable 

of inhibiting α-amylase, making them a safer option for regulating blood glucose levels in 

T2DM [11-13]. Research indicates that the effectiveness of plant polyphenols is associated 

with their antioxidant activity, and many of these plants also exhibit properties that can lower 

blood sugar levels [14]. 

The field of in silico molecular docking is rapidly advancing, providing insights into 

and predicting potential modes of interaction between a ligand and a target biomolecule [15, 

16]. The study's objective was to perform a docking analysis on the principal components 

extracted from selected methanolic plant extracts. The overarching aim is to investigate the 

therapeutic potential of the identified plant extracts for combating diabetes, employing a dual 

approach that combines experimental evidence with molecular docking and molecular 

dynamics simulations. 

2. Materials and Methods 

1.1. Chemicals and reagents. 

Acarbose, Porcine pancreatic alpha-amylase (PPA), and 2-chloro-4-nitrophenyl-α-D-

maltotrioside were acquired from Sigma-Aldrich, Germany. Gallic acid and 2, 2-diphenyl-1-

picryl hydrazine were procured from Molychem and Hi-media, India. Quercetin, dimethyl 

sulphoxide (DMSO), sodium dihydrogen orthophosphate (NaH2PO4), disodium hydrogen 

orthophosphate (Na2HPO4), and various other necessary chemicals were obtained from 

Fischer-Scientific, India. 

1.2. Collection and identification of plant samples. 

Plant species were collected from various regions across Nepal in 2018 (Table 1). The 

selection of these plant samples was guided by a comprehensive synthesis of ethnobotanical 

wisdom from local custodians, principles of Ayurveda, references from the Herbarium center, 

and a thorough examination of relevant literature. The precise botanical nomenclature of the 
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collected plant samples was ascertained through formal identification procedures conducted at 

the National Herbarium and Research Center situated in Godawari, Nepal. 

Table 1. List of plants collected for the study. 

S.N. Scientific names of plant samples Local name Plant parts used Collection site 

1. Hypericum uralum Buch. -Ham Yurilo leaf with stem Lalitpur 

2. Myrica esculenta Buch. -Ham Kafal Leaf Bhaktapur 

3. Chrysanthemum indicum Godawari Whole plant Lalitpur 

4. Boerhavia spp. Punarnava Leaf Hetauda 

5. Ageratina adenophora Spreng. Banmara Leaf with stem Kathmandu 

6. Lawsonia inermis Linn. Henna Leaf Chitwan 

7. Morus australis Poir. Kimbu Leaf Parbat 

8. Cinnamomum glanduliflerum Wall. Kapur Leaf Chitwan 

9. Eclipta prostrate Linn. Bhringaraja Leaf Kathmandu 

10. Bunium bulbocastanum Linn. Kalojeera Leaf with stem Argakhanchi 

11. Persea Americana Mill. Avocado Leaf Lalitpur 

12. Urtica ardens Link Sisnoo Whole plant Baglung 

13. Picorrhiza kurroa Royle ex Benth. Kutki Leaf Butwal 

14. Psidium guajava Linn. Guava Leaf Chitwan 

15. Piper cubeba L. f. Sitalchini Leaf Sauraha 

16. Prunus persica Linn. Aaru Leaf Lalitpur 

2.3. Preparation of methanolic extracts. 

Initially, the methanolic extracts of various plant specimens were prepared using the 

cold-percolation method as outlined by Duraipandiyan et al. [17]. The filtrate was concentrated 

under vacuum using a rotary evaporator at a controlled temperature of 55°C. 

The percentage yield of the methanolic extract was calculated by the following formula 

(1): 

% yield =
Dry weight of extract

Dry weight of plant material
× 100       (1) 

2.4. Determination of total phenolic content. 

For the total polyphenolic content of the plant extract, a colorimetric procedure, as 

described by Ainsworth and Gillespie [18] and Lu et al. [19] with slight modifications, was 

used. Initially, 20 μL of gallic acid (GA) at various concentrations was loaded onto a 96-well 

plate in triplicate, with the GA concentration increasing stepwise. Following this, 20 μL of a 

50% DMSO solution was placed in triplicate in the four corners of the plate as a negative 

control. Subsequently, 20 μL of the 500 μg/mL plant extract was added to the remaining wells 

in triplicate. To each well, 110 μL of distilled water was introduced, followed by the addition 

of 100 μL of the FC reagent and 80 μL of the Na2CO3 solution, ensuring a final volume of 200 

μL in each well. At room temperature, the plate was then incubated in the dark for 15 minutes, 

and the absorbance was measured at 765 nm using a microplate reader (Epoch 2, BioTek 

Instruments, Inc., USA). A standard curve was constructed using standard GA solutions 

ranging from 10 to 80 μg/mL. The extract's concentration of total phenolic compounds in the 

extracts was determined in milligrams of GA equivalent per gram of dry weight (mg GAE/g) 

based on the GA standard curve. 

2.5. Determination of total flavonoid content. 

The TFC assay was conducted on a 96-well plate using a colorimetric method with 

slight modifications based on the procedure outlined by Chang et al. [20]. Initially, quercetin 

(130 μL) at different concentrations was dispensed onto the 96-well plate, following a 
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progressive concentration order. DMSO served as a negative control as described in the 

previous method. Furthermore, 20 μL of the 500 μg/mL plant extract was added to the 

remaining wells in triplicate. 

To each well containing the plant sample and the negative control, 110 μL of distilled 

water was added, followed by sequential additions of 60 μL of ethanol, 5 μL of AlCl3, and 5 

μL of potassium acetate, resulting in a final volume of 200 μL in each well. At room 

temperature, the plate was then incubated in the dark for 30 minutes, and the absorbance was 

subsequently measured at 415 nm using a microplate reader (Epoch 2, BioTek Instruments, 

Inc., USA). A standard curve was constructed using standard quercetin solutions ranging from 

10 to 80 μg/mL. The concentration of total flavonoid compounds in the extracts was expressed 

as milligrams of quercetin equivalent per gram of dry weight (mg QE/g), determined from a 

quercetin standard curve. 

2.6. Determination of antioxidant activity. 

The assessment of antioxidant activity in various plant samples was conducted on a 96-

well plate with a slight modification to the colorimetric method. In this evaluation, a positive 

control consisting of 20 μg/mL of quercetin and a negative control utilizing 50% DMSO were 

employed. For each test, 100 μL of the positive control, DMSO, and the plant extracts were 

individually loaded into the 96-well plate in triplicate. Additionally, 100 μL of a DPPH solution 

was introduced into each well, ensuring a final volume of 200 μL. The plate was then subjected 

to a 30-minute incubation period at room temperature in the dark. Subsequently, absorbance 

readings were obtained at 517 nm using a microplate reader (Epoch 2, BioTek Instruments, 

Inc., USA). The DPPH radical scavenging activity was determined by applying the following 

equation (2): 

% Inhibition =
Ccontrol−Ssample

Ccontrol
∗ 100         (2) 

 

Where C is the absorbance of control (DMSO), and S is the absorbance of the sample. 

2.7. Alpha-amylase inhibition assay. 

The assessment of alpha-amylase inhibition activity was carried out using a 50 mM 

phosphate buffer with a pH of 6.8. The entire experiment was conducted in a 96-well plate, 

wherein Acarbose served as the positive control, and DMSO functioned as the negative control. 

Initially, 80 μL of pancreatic alpha-amylase at a final concentration of 1.5 Units/mL was 

introduced into each well. Subsequently, 20 μL of test compounds, prepared in DMSO, were 

added, and the mixture was incubated at 37°C for 15 minutes. Following this, the initial 

absorbance was recorded. The enzymatic reaction was initiated by adding 100 μL of substrate 

CNPG3 (375 μM), which was prepared in the aforementioned buffer, thereby maintaining a 

final volume of 200 μL. The change in absorbance resulting from the release of p-nitroaniline 

was continuously monitored at 405 nm, following the methodology described by [21]. DMSO 

was used as the negative control, as it did not exhibit any inhibitory effect up to 5% on α-

amylase inhibition. The IC50 value, representing the concentration at which 50% inhibition 

occurred, was determined using the EZ-fit enzyme kinetics program, provided by Perellela 

Scientific, Inc., Amherst, Mars, USA. The percentage α-amylase inhibitory effect was 

calculated by the following formula (3): 
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% inhibition =
𝐴𝑜−𝐴𝑡

𝐴𝑜
× 100         (3) 

Where Ao is the absorbance of the enzyme-substrate reaction with 5% DMSO, and At 

is the absorbance of the enzyme-substrate reaction with plant extract.  

2.8. Statistical analysis. 

The outcomes of the spectrophotometric tests, such as those involving enzyme assays, 

were managed using the Gen5 Microplate software. Additionally, Microsoft Excel (2016) was 

utilized for supplementary data analysis. The IC50 (representing the inhibition of enzymatic 

substrate hydrolysis by 50%) was determined with the EZ-Fit software (Perellela Scientific, 

Inc., Amherst, Mars, USA). Results were reported as the mean value ± standard error from 

three separate experiments. 

2.9. Computational study. 

2.9.1. Selection and preparation of ligands.  

A total of 122 reported compounds of seven plants (Chrysanthemum indicum [22-25], 

Lawsonia inermis [26-33], Hypericum uralum [34], Ageratina adenophora [35-41], Persea 

americana [42, 43], Myrica esculenta [44-49], and Cinnamomum glanduliferum) [50-54] were 

used as a database of ligands for computational evaluation of their therapeutic potential against 

diabetes (Figure S1). Firstly, the 2D structures of ligands were drawn in Cdx format and 

converted to 3D PDB format using the ChemDraw program [55]. Structural optimization of 

the prepared 3D molecules was performed using the Avogadro software [56]. Geometry 

optimization was conducted using the Universal Force Field (UFF) with the conjugate gradient 

algorithm for up to 2000 steps, ensuring energy convergence (ΔE = 0). Additionally, energy 

minimization was carried out to refine molecular conformations, and bond orders were verified 

for each molecule to confirm structural integrity. Then, the PDB file of the ligands was 

converted to PDBQT format utilizing AutoDock Tools [57]. 

2.9.2. Target selection and preparation of structure.  

The crystal structure of human pancreatic α-amylase (HPAA) (PDB ID: 4GQR) with 

an X-ray diffraction resolution of 1.20 Å was retrieved from the RCSB database [58]. Since 

the α-amylase protein contained no missing amino acid residues, homology modeling wasn’t 

deemed necessary [59]. Using PyMOL, the protein was cleaned by removing water molecules, 

ions, and non-standard amino acid residues. Once the polar hydrogen atoms and Kollman 

charges were added, AutoDock Tools was used to convert the file to the pdbqt format.  

2.9.3. Molecular docking calculations.  

Molecular docking was carried out using AutoDock Vina software. The grid center of 

(16.731, 17.235, 42.467) and box size of 44×46×44 Å3 with 0.375 Å spacing, and 

exhaustiveness of 32 were applied, covering the catalytic site of the protein. Through molecular 

docking calculations, energy minima were attained, and the best-docked ligand at the catalytic 

site of the α-amylase protein was identified based on its binding affinity (kcal/mol). The scoring 

function comprises several stabilizing (EGauss1, EGauss2, EHydrogen Bond, and EHydrophobic) and 

destabilizing components (ERepulsion, ERotational) [57]. Validation of the molecular docking 

calculation was done through the superposition of the docked native ligand with the ligand in 
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the crystalline protein. An acceptable RMSD value of 2.5 Å was obtained [60-62]. Protein-

ligand interactions were visualized in 2D and 3D representations using the Biovia Discovery 

Studio application. The pose with the optimal binding energies was chosen for analysis, 

additional investigation, and molecular dynamics simulation. 

2.9.4. Molecular dynamics simulation. 

The GROMACS program was used for molecular dynamics simulation (MDS) of best-

docked ligands [63]. CHARMM27 force field [64] from the SwissParam server [65] was used 

for protein and the ligand, respectively. A triclinic box of 10 Å dimensions was solvated using 

the TIP3P water model. The system was neutralized by an isotonic solution of NaCl (0.15 M). 

Then, at an optimal temperature of 310 K and a pressure of 1 bar, the system was equilibrated 

in four stages: the first two NVT equilibria (600 ps and 500 ps) and the final two NPT equilibria 

(500 ps each). Temperature and pressure coupling were performed using a modified Berendsen 

thermostat and the isotropic Parrinello-Rahman method, respectively. Several parameters, 

including SASA, RMSD, Rg, and RMSF, were retrieved from the MDS trajectory during the 

final production run for 200 ns without any constraints using the built-in modules of the 

GROMACS program. 

2.9.5. Binding free energy changes (MMPBSA method) estimation. 

The Poisson-Boltzmann solvation model [66] was used to determine changes in binding 

free energy throughout complex formation and in the equilibrated portion (20 ns) of the 

trajectory. Based on changes in binding free energy, the spontaneity and feasibility of the 

forward reaction were assessed. 

The changes in binding free energy of the protein-ligand complex are given by the linear 

equation (4) [67]: 

∆𝐺𝐵𝐹𝐸 =  ∆𝐺𝑐𝑜𝑚𝑝𝑙𝑒𝑥 −  ∆𝐺𝑝𝑟𝑜𝑡𝑒𝑖𝑛 − ∆𝐺𝑙𝑖𝑔𝑎𝑛𝑑 (4) 

∆𝐺𝐵𝐹𝐸 =  ∆𝐺𝑔𝑎𝑠 + ∆𝐺𝑠𝑜𝑙𝑣𝑒𝑛𝑡  (5) 

And, it can be decomposed as equation (6) 

∆𝐺𝐵𝐹𝐸 =  ∆𝐺𝑉𝐷𝑊 +  ∆𝐺𝐸𝐿 + ∆𝐺𝑃𝐵 + ∆𝐺𝑆𝑈𝑅𝐹 (6) 

Equation (5)'s right-hand side has two components that represent gas phase energies 

(∆Ggas) and solvation (∆Gsolvent), respectively. 

3. Results and Discussion 

3.1. Total phenolic and flavonoid content in the extract. 

The TPC ranged from (0.41±0.05 to 24.29±0.07) mg GAE/gm, with P. guajava 

displaying the highest phenolic content and P. persica demonstrating the lowest among all the 

methanolic extracts from various plants (Table S1). The calculated TFC of the chosen plant 

extracts fell within a range, spanning from 1.24 mg QE/gm to 18.16±0.05 mg QE/gm. Notably, 

H. uralum exhibited the highest TFC, while P. persica had the lowest TFC (Table S2). In our 

study, the TPC of A. adenophora was determined to be 6.04±0.01 mg GAE/g, which is lower 

than the TPC reported in a study by Tripathi and Saini for the methanolic extract of A. 

adenophora (30.71±0.16 mg GAE/g) [68]. Similarly, a study by Regmi and Sharma also 
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revealed a TPC value of 67.74 mg GAE/g [69]. The disparity in values could be attributed to 

differences in genetic backgrounds, environmental factors, cultural factors, and agronomic 

techniques [70, 71]. Our TPC result for A. adenophora is found to be similar to that of a study 

done by Kapali and Sharma [72], 4.70±0.122 mg QE/g. Additionally, M. esculenta exhibited 

favorable TPC and TFC values (24.25±0.03 mg GAE/g and 10.31±0.04 mg QE/g). In contrast, 

Kabra et al. (2019) reported higher levels for both TPC and TFC (88.94±0.24 mg GAE/g and 

67.44±0.14 mg QE/g) [73]. These variations in content may be explained by the factors 

mentioned earlier. The increased phenolic content in the extracts of M. esculenta, H. uralum, 

and C. indicum may indicate enhanced bioactivity, particularly in antioxidant and antimicrobial 

properties.  

3.2. Antioxidant activity. 

The antioxidant activity of the chosen seven plants was assessed and determined to 

vary, ranging from 40.81% in H. uralum to 17% in P. americana (Table S3). Another 

researcher also noted a lack of correlation between the total phenolic content and the 

antioxidant capacities of various medicinal plant extracts. Numerous studies have underscored 

the association between phenolic content and antioxidant activity [74]. For instance, Velioglu 

et al. noted a robust correlation between TPC and antioxidant activity in specific plant products 

[75]. Similarly, Sachdev et al. highlighted the role of phenolic compounds in plant defense 

mechanisms, specifically in mitigating the formation of reactive oxygen species (ROS) [76]. 

The strong antioxidant properties shown by the methanolic extracts of M. esculenta, H. uralum, 

and C. indicum were directly associated with their individual TPC levels. Nevertheless, in 

several other plant species, the overall phenolic content did not appear to correlate with 

antioxidant efficacy, despite some research suggesting a relationship between phenolic content 

and antioxidant capability [77]. The absence of an evident relationship between total phenolic 

content and antioxidant capacity in the plant extracts may reflect the possibility that the 

observed antioxidant activity is not solely reliant on phenolic compounds, as reported by 

Ispiryan et al. for Rubus idaeus L. Instead, it might be due to the presence of other 

phytochemicals, such as ascorbic acid, tocopherol, and pigments, along with their cumulative 

effects, all contributing to the overall antioxidant capacity [78]. 

3.3. Alpha-amylase inhibition activity. 

The methanolic extracts of A. adenophora, M. esculenta, and P. americana showed 

IC50 values of 44.7±2, 75.7±1, and 113±3 μg/mL, respectively, in the alpha-amylase inhibition 

assay (Table 2). A. adenophora exhibited an inhibition of 96.58%, whereas L. inermis 

demonstrated the least inhibitory activity at 72.21% among the seven selected plants. 

According to a 2018 literature review by Shri, the methanolic extracts from M. esculenta leaves 

exhibited a hypoglycemic effect in streptozotocin-induced diabetic rats in a dose-dependent 

manner. The findings indicated a substantial reduction in blood glucose, cholesterol, and body 

weight, accompanied by a favorable effect on the lipid profile in the group that received the 

extract [46]. 

Table 2. Alpha-amylase inhibitory activity and IC50 of plant extracts. 

S.N. Extracts of plants (500 μg/mL) Inhibition (%) IC50 value (μg/mL) 

1. Ageratina adenophora 96.58 44.7 ± 2 

2. Myrica esculenta 95.7 75.7 ± 1 

3. Persea americana 87.84 113 ± 3 

https://doi.org/10.33263/BRIAC162.064
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S.N. Extracts of plants (500 μg/mL) Inhibition (%) IC50 value (μg/mL) 

4. Cinnamomum glanduliferum 78.54 113.3 ± 6 

5. Hypericum uralum 75.13 313.1 ± 4 

6. Chrysanthemum indicum 73.15 182.2 ± 2 

7. Lawsonia inermis 72.21 222.6 ± 3 

3.4. Molecular docking scores. 

The binding affinities based on a scoring function depend on factors such as the 

molecular weight of ligands, the size of the binding pocket, the polarity of ligands, the 

geometric alignment between the ligand and receptor, and the flexibility of molecules [79-81]. 

The higher the binding affinity, the stronger the interaction between the protein and the ligand 

[82]. Among several docked compounds of seven plants, several ligands achieved higher 

binding affinity than the native myricetin with -8.0 kcal/mol. The top five ligands based on the 

highest binding affinity of each plant species are shown in Table 3. The highest binding 

affinities were observed with Lawsonin, demonstrating an exemplary binding affinity of -10.4 

kcal/mol.  

Similarly, the binding affinity of -10.2 kcal/mol of lawsonic acid suggested firm 

binding between the receptor and the ligand molecule. Several compounds of Lawsonia 

inermis, Chrysanthemum indicum, Myrica esculenta, Hypericum uralum, Persea americana, 

and Ageratina adenophora demonstrated good binding affinity and thus hinted towards the 

possibility of inhibition of the HPAA. The lowest binding affinity was observed in 

Cinnamomum glanduliferum, with none of the studied ligands exhibiting binding affinity more 

than that of the native ligand (-8.0 kcal/mol). 

Therefore, the majority of the compounds exhibited binding affinities higher than that 

of the native ligand and could thus inhibit the normal functioning of the HPAA enzyme.  

Table 3. Binding affinity (kcal/mol) of top ligands of seven different plants with human pancreatic alpha-

amylase (HPAA).  

Plants Ligands Binding affinity (kcal/mol) 

Lawsonia inermis 

Lawsonin -10.4 

Lawsonic acid -10.2 

Lawnermis acid -9.4 

Lawsonadeem -9.4 

Luteolin-3-glucoside -9.2 

Myrica esculenta 

Dihydroxytaraxaranoic acid -10.0 

Dihydroxytaraxerane -9.4 

3-epi-ursonic acid -9.1 

Trihydroxytaraxaranoic acid -8.9 

Myreculoside -8.5 

Chrysanthemum 

indicum 

Quercetin-3-O-glucuronide-7-O-glucoside -9.4 

Apigenin-7-O-rutinoside -9.3 

Kaempferol-3-O-robinoside-7-O-rhamnoside -9.1 

Acacetin-7-O-(6’’-O-α-L-rhamno-pyranosyl)-β-sophoroside -9.0 

Eriodictyol-7-O-glucoside -9.0 

Hypericum uralum 

Uralione E -9.1 

Uralione I -8.8 

Uralione H -8.7 

Uralione F -8.2 

Uralione B -8.1 

Persea americana 

Perseapicroside A -8.9 

Dimethyl sciadinonate -8.3 

Dimethyl aciadinonate -8.3 

Obovatifol -8.1 

Obovaten -8.1 

Ageratina adenophora 
Macranthoin G -8.3 

Macranthoin F -8.1 
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Plants Ligands Binding affinity (kcal/mol) 

chlorogenic acid methyl ester -7.8 

7-hydroxy-8,9-dihydrothymol-9-O-trans-ferulate -7.6 

7,8-dihydroxythymol-9-O-trans-ferulate -7.5 

Cinnamomum 

glanduliferum 

Beta-selinene -7.5 

Guaiazulene -7.4 

Globulol -7.3 

Spathulenol -7.1 

Germacrene D-4-ol -7.0 

A lucid interactive pattern was observed between the docked ligands and the receptor. 

Several interactions, such as conventional hydrogen bonds, carbon-hydrogen bonds, Pi-Pi T 

stacked, Pi-alkyl, Pi-sigma, alkyl, van der Waals, and unfavorable donor-donor interactions, 

were formed between the ligands and protein molecule (Figure 1). Most of the ligands 

interacted with the catalytic triad: ASP197, GLU233, and ASP300 predominantly by forming 

the most robust non-covalent interaction, i.e., hydrogen bonds. Hydrogen bonds were also 

formed with amino acid residues TRP59, TYR62, ARG195, ALA198, HIS305, and ASP356. 

Moderate to stronger hydrogen bonds were formed in most cases. In addition to the hydrogen 

bonds, amino acid residues of the catalytic triad also participated in the formation of carbon-

hydrogen bonds.  

Furthermore, interaction with amino acid residues TRP58, TRP59, TYR62, LEU162, 

and LEU165 was constantly observed. LEU162 and LEU165 demonstrated interactions, such 

as Pi-alkyl and alkyl, involving the alkyl group of leucine with the alkyl or aromatic ring of the 

ligand molecules. TRP58, TRP59, and TYR62 amino acid residues interacted through the 

aromatic ring of the tryptophan and tyrosine amino acids, with aromaticity of the ligands 

forming Pi-Pi stacked or with an alkyl group forming Pi-alkyl interaction. Similarly, Pi-alkyl 

interactions were observed through the interaction between the Pi-bonds of HIS101, HIS201, 

HIS299, and HIS305, and the alkyl group of the ligand. In addition, TRP59 and TYR62 also 

formed a Pi-sigma bond through the interaction of the Pi-bond of the tryptophan and tyrosine 

ring with the sigma bond of the ligand, primarily in perseapicroside A. In contrast to all the 

favorable interactions, one unfavorable donor-donor interaction was found between the HIS299 

amino acid residue and macranthoin G (Table 4). However, in this case, all the associating 

forces exceeded the disruptive force, contributing to a higher binding affinity. Several van der 

Waals interactions were observed between the ligand and the amino acid residues of the 

catalytic sites. Since interactions between the amino acid residues and the ligands were similar 

in the majority of the complexes, it can be inferred that the ligands were docked in the same 

catalytic pocket. Both hydrophilic and hydrophobic interactions were observed between the 

ligand molecules and the amino acid residues. The stronger binding of most ligands to the 

catalytic triad suggests the phytochemicals' inhibitory potential against HPAA. 

Table 4. Interactions of different amino acid residues of α-amylase with compounds of selected plants based on 

in vitro assay. 

Ligands Types of interactions Active site residues (Distance Å) 

Luteolin-3-glucoside 

Hydrogen Bond TYR62 (2.49), ASP300 (2.35) 

Carbon-hydrogen bond ASP197 (3.55) 

Pi-alkyl LEU165 (5.32) 

Pi-Pi stacked TRP59 (4.62, 5.43) 

van der Waals 
TRP58, GLN63, HIS101, ARG195, ALA198, 

GLU233, ILE235, HIS299, ASP356 

Lawnermis acid 

Hydrogen Bond GLU233 (2.05) 

Pi-alkyl TRP59 (4.67, 4.04, 5.07) 

Alkyl LEU162 (5.02) 
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Ligands Types of interactions Active site residues (Distance Å) 

van der Waals 
HIS101, THR163, LEU165, ARG195, ASP197, 

ALA198, ILE235, ASP300, ASP356, TRP357 

Apigenin-7-O-rutinoside 

Hydrogen Bond 
ASP197 (4.49), GLU233 (1.88) HIS305 (2.42, 2.87), 

ASP356 (2.16) 

Carbon-hydrogen bond ASP300 (3.34, 3.70) 

Pi-Pi Stacked TRP59 (4.31, 4.62, 5.72) 

van der Waals 

TRP58, TRY62, GLN63, VAL98, HIS101, LEU162, 

THR163, LEU165, ARG195, ALA198, ILE235, 

GLY306 

Dihydroxytaraxerane 

Hydrogen Bond 
TRP59 (2.47), ARG195 (1.94), ASP197 (2.49), 

GLU233 (2.30) 

Pi-alkyl 
TRP58 (5.48, 5.21), TYR62 (4.12), HIS299 (5.25), 

HIS305 (4.59, 5.38) 

Alkyl LEU162 (5.21) 

Pi-Sigma TRP59 (3.74) 

van der Waals 
HIS101, THR163, LEU165, ALA198, HIS201, 

ILE235, TRP357 

3-epi-ursonic acid 

Pi-alkyl TRP59 (3.98, 4.50, 5.79) 

Alkyl LEU162 (4.22, 5.04, 5.36), LEU165 (4.79) 

van der Waals TRP58, TYR62, GLN63, GLY104, TYR151, ILE235 

Perseapicroside A 

Hydrogen Bond GLU233 (2.96) 

Pi-sigma TRP59 (3.89), TYR62(4.64, 3.66) 

Pi-alkyl TRP58 (5.43, 5.50), HIS101 (5.42), HIS299 (5.04), 

van der Waals 

TYR151, LEU162, THR163, LEU165, ARG195, 

ASP197, ALA198, ASP300, HIS305, GLY306, 

ALA307 

Macranthoin G 

Hydrogen Bond GLU233 (2.09, 2.50) 

Carbon-hydrogen bond TRP59 (3.54) 

Pi-alkyl TRP59 (3.91, 5.65), LEU162 (5.27) 

Pi-Pi T-shaped TYR62 (4.41) 

Unfavorable HIS299 (2.44) 

van der Waals 

GLN53, TRP58, THR163, LEU165, ARG195, 

ASP197, ALA198, HIS201, ILE235, ASP300, 

HIS305, ASP356, TRP357 

Macranthoin F 

Hydrogen Bond ARG195 (2.06), ALA198 (2.83), GLU233 (2.26) 

Carbon-hydrogen bond TRP59 (2.45) 

Pi-alkyl TYR62 (4.51) 

Alkyl LEU165 (4.62) 

van der Waals 
TRP58, GLN63, HIS101, LEU162, ASP197, HIS201, 

ILE235, HIS299, ASP300 

Overall, the binding interactions were primarily driven by hydrogen bonds involving 

the catalytic triad and adjacent polar residues. Additionally, hydrophobic forces, such as Pi-

alkyl, alkyl, and π-π stacking, played a crucial role in stabilizing ligand-receptor complexes, 

particularly for ligands containing aromatic or alkyl groups. These findings highlight that both 

hydrophilic and hydrophobic characteristics of the ligands are essential contributors to their 

binding affinity. 

  
(a) (b) 
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(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 1. 2D interaction of (a) Luteolin-3-glucoside; (b) Lawnermis acid; (c) Apigenin-7-O-rutinoside;  

(d) Dihydroxytaraxerane; (e) 3-epi-ursonic acid; (f) Perseapicroside A; (g) Macranthoin G; (h) Macranthoin 

F with α-amylase. 

3.5. Geometrical descriptions from MDS. 

3.5.1. Root mean square deviation (RMSD). 

The geometrical stability of the complex was assessed through MDS [83]. The RMSD 

profile obtained from the MDS helps to evaluate the stability of the protein-ligand complex 

over time [84]. From the results of numerous compounds of seven plants, only eight 

compounds of five plants (Lawsonia inermis, Chrysanthemum indicum, Myrica esculenta, 

Persea americana, and Ageratina adenophora) exhibited good to moderate stability with 

HPAA, along with an acceptable RMSD of the ligand better than that of the native ligand 

(Figure S2). 

Two compounds, namely luteolin and lawnermis acid, exhibited almost identical 

RMSD values below 6 Å. Despite a few peaks and bumps at ca. 60 and 70 ns, the luteolin-

amylase system attained equilibrium after 120 ns, with a smooth RMSD trajectory of 
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approximately 4 Å, indicating system stability. Similarly, the lawnermic-amylase system also 

remained equilibrated for the last 25 ns (Figure 2A). From the selected compounds, apigenin-

7-O-rutinoside-amylase complex demonstrated excellent stability with an RMSD of the ligand 

below ca. 3.5 Å throughout a 200 ns production run, without any spikes or bumps on the curve 

(Figure 2B). Two compounds, namely, dihydroxytaraxerane and 3-epi-ursonic acid, showed 

significant stability despite relatively higher RMSD values of around 6 Å and 9 Å, respectively. 

In the case of 3-epi-ursonic acid, the ligand shifted its docked position around 10 ns, and after 

several adjustments, the ligand remained stable after 40 ns, with a remarkably smooth trajectory 

until the end (Figure 2C).  

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 2. RMSD of (a) Luteolin-3-glucoside (violet), and Lawnermis acid (turquoise) with respect to protein 

backbone in Luteolin-3-glucoside complex (orange) and Lawnermis acid complex (maroon); (b) Apigenin-7-

O-rutinoside (blue) with respect to protein backbone (red); (c) Dihydroxytaraxerane (brown) and 3-epi-

ursonic acid (black) with respect to protein backbone of Dihydroxytaraxerane complex (magenta) and 3-epi-

ursonic acid (blue); (d) Perseapicroside A (magenta) with respect to protein backbone of Perseapicroside A-

complex (turquoise); (e) Macranthoin G (red) and Macranthoin F (maroon) with respect to protein backbone 

of Macranthoin G complex (green) and Macranthoin F complex (indigo). 

 

Similarly, perseapicroside A demonstrated stable complex formation with an RMSD 

of approximately 7 Å (Figure 2D). In contrast, two compounds, macranthoin G and 
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macranthoin F, exhibited good RMSD values below 5 Å. The RMSD of macranthoin G 

showed stability with a smooth trajectory consistently below 3 Å, except for a slight rise up 

to 5.5 Å at 100-120 ns (Figure 2E). Furthermore, the RMSD profile of the protein backbone 

in all the complexes at approximately 2.5 Å and below indicated the stability of protein 

structure upon ligand binding (Figure S3). The RMSD values for all ligands relative to the 

protein backbone indicate that the complexes were stable and could thus inhibit the protein's 

normal function. 

3.5.2. Root mean square fluctuation (RMSF). 

The RMSF plot was used to examine how the alpha-carbon atoms of amino acid 

residues within the protein fluctuate from their average positions upon ligand binding [85].  

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 3. RMSF of (a) Luteolin-3-glucoside complex (orange) and Lawnermis acid complex (maroon); 

(b) Apigenin-7-O-rutinoside complex (red); (c) Dihydroxytaraxerane complex (magenta), and 3-epi-ursonic 

acid complex (blue); (d) Perseapicroside A-complex (turquoise); (e) Macranthoin G complex (green) and 

Macranthoin F complex (indigo). 

 

The RMSF plots show lower fluctuations in the catalytic triad (ASP197, GLU233, and 

ASP300) of the protein compared to the apo structure, indicating the protein's stability upon 
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ligand binding, as shown in Figure 3 and Figure S4. Additionally, ligand binding reduced 

fluctuations in amino acid residues near the catalytic pocket. The larger spikes at around 150 

and 350 amino acid residues were due to a highly mobile, unstable, and fluctuating loop 

structure located more than 15 Å from the active site. Similar results in RMSF of α-amylase 

have been reported in recent MD simulation studies [86-88]. The fluctuation of these amino 

acid residues at a large distance from the catalytic pocket does not affect the ligand binding, 

and the adduct remains intact. Among all the complexes, perseapicroside A-complex showed 

slightly unusual fluctuation in each amino acid residue.  

Despite different ligands binding with the receptor, the observed RMSF values were 

almost similar for most of the complexes. Lower fluctuation at the catalytic triad suggested 

strong binding of the ligand at the active site. This would ensure that the protein backbone and 

its conformation remain intact, strengthening the adduct's stability. 

3.5.3. Radius of gyration (Rg). 

The distance of each atom from the central axis of the protein molecule was assessed 

in terms of radius of gyration (Rg).  

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 4. Rg profile of (a) Luteolin-3-glucoside complex (orange) and Lawnermis acid complex (maroon); 

(b) Apigenin-7-O-rutinoside complex (red); (c) Dihydroxytaraxerane complex (magenta) and 3-epi-ursonic 

acid complex (blue); (d) Perseapicroside A-complex (turquoise); (e) Macranthoin G complex (green) and 

Macranthoin F complex (indigo). 
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Smooth trajectories with average Rg at approximately 23.5±0.5 Å were observed with 

luteolin-3-glucoside, lawnermis acid, apigenin-7-O-rutinoside, dihydroxytaraxerane, 3-epi-

ursonic acid, and perseapicroside A (Figure 4), comparable with the apostructure (Figure 

S5). The mean Rg values for macranthoin G and macranthoin F were approximately 23.2 Å 

and 23.7 Å, respectively. An analogous Rg value for α-amylase at around 23.5±3 Å aligns 

with that reported in the previous work [87, 88]. The stable and smooth Rg trajectories for 

all complexes suggest no observable expansion and compression of the protein structure 

upon ligand binding. This provided insight into conformational changes such as 

compressibility and expandability of the protein structure [89]. 

3.5.4. Solvent accessible surface area (SASA). 

SASA was utilized to evaluate the geometrical stability of protein structure by assessing 

the solvent-accessible or wettable portion of the protein [90]. An average SASA of 200±10 

nm2 was consistently observed for luteolin-3-glucoside, lawnermis acid, apigenin-7-O-

rutinoside, dihydroxytaraxerane, perseapicroside A, and macranthoin F complexes throughout 

the 200 ns simulation.  

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 5. SASA of (a) Luteolin-3-glucoside complex (orange) and Lawnermis acid complex (maroon);  

(b) Apigenin-7-O-rutinoside complex (red); (c) Dihydroxytaraxerane complex (magenta) and 3-epi-ursonic 

acid complex (blue); (d) Perseapicroside A-complex (turquoise); (e) Macranthoin G complex (green) and 

Macranthoin F complex (indigo). 
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The mean SASA value was about 210±10 nm2 for 3-epi-ursonic acid and 

macranthoin G complexes (Figure 5). The SASA of the apostructure is shown in Figure S6. 

Lower SASA values indicate strong ligand binding within the protein's orthosteric pocket, 

contributing to protein compactness [91, 92]. Conversely, higher values indicate protein 

tertiary structure distortion. The consistent SASA value of approximately 210 nm² observed 

for most complexes, with slight variations for macranthoin F and macranthoin G, suggests 

minimal change in the protein's solvent-accessible surface area. This implies that the 

protein's hydrophobic region remained shielded from solvent, thereby preserving the 

stability of the protein backbone [93, 94]. 

3.5.5. Chemistry with hydrogen bonds. 

The stability of the complex is determined by the number of hydrogen bonds formed 

between the ligand and the protein [95]. An inversely proportional relationship between the 

RMSD of ligands and the number of hydrogen bonds can be observed, as depicted in Figures 

2 and 6 [96].  

A relatively lower number of hydrogen bonds was observed for luteolin-3-glucoside 

and lawnermis acid (Figure 6A and 6B). In the case of luteolin, the number of hydrogen bonds 

decreased from 8 to 4 and remained constant. The plunge in hydrogen bonds to a minimum of 

two at 70 ns could have resulted in sharp peaks in the RMSD of the ligand at the same instant. 

Apigenin-7-O-rutinoside exhibited a more significant number of hydrogen bonds with α-

amylase. It consistently formed six to seven hydrogen bonds, with eight hydrogen bonds 

formed during a few instances. The consistent number of hydrogen bonds might have 

contributed to the smooth RMSD of ligands below 4 Å, as depicted in Figure 6C. Moderate 

(three to four hydrogen bonds) and relatively lower (two to three hydrogen bonds) counts were 

observed in dihydroxytaraxerane complex and 3-epi-ursonic acid, respectively (Figure 6D and 

6E). The moderate to low hydrogen bond count may have resulted in a relatively higher RMSD 

than in other complexes. The drop in the number of hydrogen bonds from 110 to 120 ns could 

have led to the sudden spikes observed in the RMSD curve (up to 8 Å) during the same 

simulation period (110 to 120 ns). 

Perseapicroside A exhibited a relatively higher number of hydrogen bonds, reaching a 

maximum of seven. The number of hydrogen bonds remained consistent with five to six after 

60 ns, correlating with the stable RMSD of the ligand after 60 ns (Figure 6F). The highest 

number of hydrogen bonds, a maximum of nine for macrathoin G (Figure 6G) and a maximum 

of eight for macranthoin F (Figure 6H), were observed.  

  
(a) (b) 
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(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 6. Number of hydrogen bonds of (a) Luteolin-3-glucoside (violet); (b) Lawnermis acid (turquoise); 

(c) Apigenin-7-O-rutinoside (blue); (d) Dihydroxytaraxerane (brown); (e) 3-epi-ursonic acid (black); (f) 

Perseapicroside A (magenta); (g) Macranthoin G (red); (h) Macranthoin F (maroon). 

In the macranthoin G complex, eight hydrogen bonds were formed continuously 

within the simulation period, thus reducing the RMSD of the ligand below 3 Å and 

demonstrating relatively higher stability among the studied compounds. The decrease in 

hydrogen bond count from 80 ns to 120 ns might account for the slight increase in the ligand's 

RMSD. Moreover, the slightly increasing RMSD curve of the ligand of macranthoin F could 

be attributed to the moderately decreasing trend of the number of hydrogen bonds in 

macranthoin F. 

3.5.6. Binding free energy changes (ΔGBFE). 

The spontaneity and feasibility of the adduct formation reactions were assessed through 

the binding free energy changes (ΔGBFE) [97]. A more negative binding energy change 

indicates greater thermodynamic stability of the complex. The binding free energies for all 

complexes were negative, indicating that complex formation was spontaneous. The highest 

(ΔGBFE) was observed with macranthoin G at -42.51±7.17 kcal/mol, demonstrating remarkable 
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thermodynamic stability of the system. Likewise, binding free energy changes of -39.58±3.57 

kcal/mol, -35.92±4.95 kcal/mol, -29.67±3.93 kcal/mol, -27.93±2.69 kcal/mol, and -23.73±2.96 

kcal/mol were observed with macranthoin F, apigenin-7-O-rutinoside, perseapicroside A, 

lawnermis acid, dihydroxytaraxerane complex, luteolin-3-glucoside, and 3-epi-ursonic acid, 

respectively (Table 5). While frame-by-frame ΔGBFE of the equilibrated part of the trajectory 

suggested the system was stable for the specific time frame, as seen in Figure S7, the average 

negative ΔGBFE inferred that the overall complex formation was generally spontaneous. The 

change in free energy with frames indicates the spontaneity of the forward reaction and implies 

that the values remain negative throughout the simulation period. 

Table 5. Change in binding free energy (kcal/mol) of adducts with different components for 20 ns from the 

MMPBSA approach. 

Complex ΔEVDWAALS ΔEEL ΔEPB ΔENPOLAR ΔGGAS ΔGSOLV ΔGBFE 

Apigenin-7-O-

rutinoside 

45.73± 

3.70 

-70.91± 

10.54 

86.20± 

7.81 

-5.48± 

0.20 

-116.54± 

10.07 

80.72± 

7.70 

-35.92± 

4.95 

Luteolin-3-glucoside 
-34.66± 

3.15 

-31.45± 

5.63 

46.97± 

5.36 

-4.00± 

0.19 

-66.11± 

5.82 

42.97± 

5.27 

-23.14± 

3.43 

Lawnermis acid 
-49.26± 

2.45 

-6.16± 

3.06 

32.14± 

3.14 

-4.65± 

0.13 

-55.42± 

3.79 

27.49± 

3.12 

-27.93± 

2.69 

Dihydroxytaraxerane  
-30.40± 

2.80 

-20.97± 

4.28 

32.46± 

3.65 

-3.82± 

0.12 

-51.37± 

3.95 

28.64± 

3.62 

-23.73± 

2.96 

3-epi-ursonic acid 
-40.88± 

3.00 

-16.83± 

4.01 

41.09± 

4.75 

-5.00± 

0.09 

-57.72± 

4.18 

36.09± 

4.58 

-21.63± 

5.08 

Perseapicroside A 
-43.12± 

2.95 

-22.55± 

6.33 

40.54± 

4.82 

-4.53± 

0.09 

-65.67± 

6.69 

36.00± 

4.80 

-29.67± 

3.93 

Macranthoin G 
-35.01± 

4.17 

-93.51± 

6.81 

90.98± 

7.02 

-4.97± 

0.12 

-128.52± 

6.69 

86.01± 

6.98 

-42.51± 

7.17 

Macranthoin F 
-32.95± 

3.92 

-50.87± 

5.91 

48.72± 

5.22 

-4.48± 

0.19 

-83.82± 

7.00 

44.24± 

5.14 

-39.58± 

3.57 

To strengthen the mechanistic understanding, the study integrated experimental α-

amylase inhibition data with in silico docking and molecular dynamics simulations. 

Phytochemicals showing notable in vitro inhibitory activity, such as those from Ageratina 

adenophora and Myrica esculenta, also demonstrated strong binding affinities and stable 

interactions with key catalytic residues in computational analyses. This correlation was further 

supported by stable RMSD profiles, consistent hydrogen bonding, and favorable binding free 

energy values observed during simulations. The convergence of experimental and 

computational results highlights the potential of these compounds to inhibit α-amylase through 

direct interaction with its active site. However, as in silico findings are predictive, further 

validation through detailed enzyme kinetics and crystallographic studies is essential to confirm 

these interactions and their therapeutic relevance. 

4. Conclusions 

Sixteen plants with traditional medicinal significance were tested for their bioactive 

properties, and 7 were found to possess α-amylase inhibitory activity. These plants were 

characterized for TPC, TFC, antioxidant properties, and alpha-amylase inhibition, and 122 

phytochemicals present in them were subjected to computational studies for molecular-level 

insights. The selected 8 molecules from 5 plants, C. indicum, M. esculenta, A. adenophora, L. 

inermis, and P. americana showed better binding scores than that of the native ligand. The 

spatial and thermodynamic stability derived from the molecular dynamics simulation was 

found to be acceptable. The binding free energy changes suggested that the forward reaction 

for the formation of the adduct from the ligand and receptor was spontaneous at the equilibrated 
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part of the trajectory. The hit molecules could potentially disrupt or inhibit the normal 

functioning of α-amylase, which would help to control diabetes. The synergy between 

experimental and computational outcomes paves the way for further characterization to 

develop the molecules as effective, safe, drug-like candidates. 

Extensive molecular dynamics simulations demonstrated that the compounds can form 

stable protein-ligand complexes both structurally and thermodynamically under physiological 

conditions. These results support future experimental validation and pharmacological research, 

highlighting their potential for developing safer, more effective diabetes therapies derived from 

natural products. As next steps, in vivo validation, toxicity screening, and dose-optimization 

studies will be essential to confirm their efficacy and safety profiles. 
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Supplementary Information 

Lawsonia inermis 

              

  Lawsonin       Lawsonic acid 

                                                      

 Lawnermis acid       Lawsonadeem 

 

                                                                 

       Luteolin-3-glucoside      Balsaminone A 

      

 Hennadiol      luteolin-7-O-β-D-glucopyranoside 
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 Lawsochrysin       Lawsonaringenin 

   
   

  Lawsoniaside                      Lawsochrysinin  

                       

1,2-Dihydroxy-4-O-glucosyloxynaphthalene    Isocutellarin  

                               

 Dihydrodehydrodiconyferyl alcohol                   Daphneside 

     

 Agrimonolide 6-O-β-D-glucopyranoside    Lalioside 
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  Lawsonicin              Lawsoniaside A 

                  

 Lawsonaphthoate C      Lawsonaphthoate B

            

   Lawsoniaside B                   Lawsonaphthoate A 

 

2-Methoxy-3-methyl-1,4-naphthaquinone 

Chrysanthemum  indicum 

               

Quercetin-3-O-glucuronide-7-O-glucoside   Apigenin-7-O-rutinoside 

      

Kaempferol-3-O-robinoside-7-O-rhamnoside                  Acacetin-7-O-(6’’-O-α-L-rhamno-

pyranosyl)-β-        sophoroside 
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Eriodictyol-7-O-glucoside             Acacetin-7-O-β-D-rhamnopyranosyl-

(1→6)-[2-       O-acetyl-glucopyranosyl (1→2)] 

glucopyranoside 

                         

5,4'-Dihydroxy-7-methoxyflavone   5,3',4'-Trihydroxy-6,7-dimethoxyflavone 

             

  Handelin       Jaceosidin 

                 

  Eupatolitin    5,7,3'-Trihydroxy-6,4',5'-trimethoxyflavone 

             

 Chrysanthelignanoside A                urolignoside 
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(7R,7’R,8S,8’S)-neo-olivil-9-O-β-D-glucopyranoside        (7R,7’R,8S,8’S)-neo-olivil-4-O-b-D- 

            glucopyranoside 

                     

        Acacetin       Eupatilin 

                      

secoisolariciresinol-4-O-β-D-glucopyranoside    Tricin 

 

     

 Chrysanthelignanoside    2S)-Propane-1,2-diol 1-O-(6-O-caffeoyl)-β-

D-        glucopyranoside 

                 

Butane-2,3-diol 2-O-(6-O-caffeoyl)-β-D-glucopyranoside              sinapoyl-4-O-ß-Dglucopyranoside 
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Myrica esculenta 

              

 Dihydroxytaraxaranoic acid   Dihydroxytaraxerane 

                 

 3-epi-ursonic acid       Trihydroxytaraxaranoic acid 

                                      

Myreculoside                 Tetrahydroxytaraxenoic acid

                                     

  Taraxerol      Myricitrin 
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 13-oxomyricanol     Myricanone 

 

                        

  Corchoionoside C    Ethyl-β-D-glucopyranoside 

Hypericum uralum 

                      

  Uralione E       Uralione I 

                                  

  Uralione H      Uralione F 
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  Uralione B      Uralione G 

                                                 

  Uralione A      Uralione J 

                                         

 Uralione D      Uralione K 

Persea americana 

                         

 Perseapicroside A     Dimethyl sciadinonate 
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Dimethyl aciadinonate      Obovatifol

                                        

  Obovaten     Anhydrocinnzeylanone 

                                             

  Ryanodol      Perseanol 

                                           

  Perseal D      Indicol 

                                              

  Perseal E      Vignaticol 

https://doi.org/10.33263/BRIAC162.064
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC162.064  

 https://biointerfaceresearch.com/ 35 of 42 

 

                                            

  Perseal C             Garajonone 

 

  Obovatinal 

Ageratina adenophora 

 

Macranthoin G 

 

Macranthoin F 

                     

 chlorogenic acid methyl ester  7-hydroxy-8,9-dihydrothymol-9-O-trans-ferulate 
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7,8-dihydroxythymol-9-O-trans-ferulate   1,6-dihydroxy-1-isopropyl-4,7-dimethyl-

        3,4dihydronaphthalen-2(1H)-one 

 

methyl (7R)-3-deoxy-4,5-epoxy-D-manno-2-octulosonate-8-O-trans-p-coumarate 

                                                      

8-hydroxy-8-b-glucosyl-2-carene   10-oxo-7-hydroxynordehydrotremetone 

 

methyl (7R)-3-deoxy-4,5-epoxy-D-manno-2-octulosonate-8-O-cis-p-coumarate 

                                                                              

7,9-di-isobutyryloxy-8-methoxythymol                 7-Hydroxycadinan-3-ene-2-one 
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7-acetoxy-8-methoxy-9-isobutyryloxythymol 

Cinnamomum ganduiflerum 

                                                                

 β-selinene          Guaiazulene 

                                                                        

 Globulol      Spathulenol 

                                                           

Germacrene D-4-ol      trans-Caryophyllene 

                      

 β-Elemene       Gamma Terpinene 
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 α-Terpinene                                                                       Terpinene-4-ol 

                                                                                           

trans-Sabinene hydrate       trans-pinocarveol 

                                                                                 

 2-Carene       Cis-Sabinene hydrate  

                                                                                                      

Fenchol                Isoborneol 

                            

Terpinolene        α-Terpineol 

 

 Elemicin 
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Figure S1. Structure of the selected 122 ligands. 

 

Figure S2. RMSD curve of myricetin (black) with respect to protein backbone (red). 

 

Figure S3. RMSD curve protein with respect to the protein backbone of the apostructure of 4GQR. 
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Figure S4. RMSF of α-carbon of the apostructure of 4GQR. 

 

Figure S5. Rg of the apostructure of 4GQR. 

 

Figure S6. SASA of the apostructure of 4GQR. 

Table S1. TPC of methanolic extracts of plant samples. 

S.N. Plant samples TPC (mg GAE/g) 

1. Psidium guajava 24.29 ± 0.07 

2. Myrica esculenta 24.25 ± 0.03 

3. Cinnamomum glanduliferum 17.27 ± 0.02 

4. Hypericum uralum 16.86 ± 0.05 

5. Chrysanthemum indicum 9.70 ± 0.02 

6. Picorrhiza kurrooa 9.23 ± 0.02 

7. Bunium bulbocastanum 8.43 ± 0.26 

8. Lawsonia inermis 7.76 ± 0.01 

9. Ageratina adenophora 6.04 ± 0.01 

10. Boerhavia sp. 5.85 ± 0.01 

11. Morus australis 5.72 ± 0.01 

12. Eclipta prostrate 4.24 ± 0.07 

13. Urtica ardens 3.06 ± 0.01 

14. Persea americana  1.55 ± 0.04 
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15. Piper cubeba 0.42 ± 0.01 

16. Prunus persica 0.41 ± 0.05 

 

 

 

 

 

 

 

 

 

 

Figure S7. Binding free energy changes per frame of the last 20 ns (200 frames) of  (A) Luteolin-3-glucoside 

complex, (B) Lawnermis acid complex, (C) Apigenin-7-O-rutinoside complex, (D) Dihydroxytaraxerane 

complex, (E) 3-epi-ursonic acid complex, (F) Perseapicroside A complex, (G) Macranthoin G complex, and  (H) 

Macranthoin F complex 

 

(A) (B)

a 

(C) 

(D) (E) 

(F) 
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Figure S8. Integrated workflow outlining the experimental procedures and computational approaches employed. 

Table S2. TFC of methanolic extracts of plant samples. 

S.N. Plant samples TFC (mg QE/gm) 

1. Hypericum uralum 18.16 ± 0.05 

2. Myrica esculenta 10.31 ± 0.04 

3. Chrysanthemum indicum 10.04 ± 0.01 

4. Boerhavia spp. 8.79 ± 0.00 

5. Ageratina adenophora 8.25 ± 0.03 

6. Lawsonia inermis 7.22 ±  0.06 

7. Morus australis 5.03 ± 0.00 

8. Cinnamomum glanduliferum 4.53 ± 0.06 

9. Eclipta  prostrate 2.92 ± 0.04 

10. Bunium bulbocastanum 2.29 ± 0.00 

11. Persea americana 1.94 ± .00 

12. Urtica ardens 1.67 ± 0.02 

13. Picorrhiza kurrooa 1.65 ± 0.01 

14. Psidium guajava 1.57 ± 0.00 

15. Piper cubeba 1.56 ± 0.01 

16. Prunus persica 1.24 ± 0.00 

 

Table S3. Antioxidant activity in selected plants. 

S.N.  Plant extracts (500 μg/mL) DPPH radical scavenging activity in (%) 

1.  Quercetin (standard) 98.34 

2.  Hypericum uralum 40.81 

3.  Chrysanthemum indicum 39.5 

4.  Myrica esculenta 35.79 

5.  Ageratina adenophora 25.5 

6.  Lawsonia inermis 23.5 

7.  Cinnamomum glanduliferum 21.48 

8.  Persea americana 17 

 

https://doi.org/10.33263/BRIAC162.064
https://biointerfaceresearch.com/

