
Please cite the Published Version

Alruhaimi, Reem S, Kamel, Emadeldin M, Alnasser, Sulaiman M, Lamsabhi, Al Mokhtar and Mah-
moud, Ayman M (2025) 3-Hydroxy-3-Methylglutaryl Coenzyme-A Inhibitory Activity of Padina
pavonia Terpenoids: An Integrated In Vitro and In Silico Exploration. Chemistry and Biodiversity.
e00464 ISSN 1612-1872

DOI: https://doi.org/10.1002/cbdv.202500464

Publisher: Wiley

Version: Accepted Version

Downloaded from: https://e-space.mmu.ac.uk/641898/

Usage rights: Creative Commons: Attribution 4.0

Additional Information: This is an Author Accepted Manuscript of an article published in Chem-
istry and Biodiversity by Wiley.

Data Access Statement: The manuscript and supplementary material contain all data supporting
the reported results.

Enquiries:
If you have questions about this document, contact openresearch@mmu.ac.uk. Please in-
clude the URL of the record in e-space. If you believe that your, or a third party’s rights have
been compromised through this document please see our Take Down policy (available from
https://www.mmu.ac.uk/library/using-the-library/policies-and-guidelines)

https://orcid.org/0000-0003-0279-6500
https://doi.org/10.1002/cbdv.202500464
https://e-space.mmu.ac.uk/641898/
https://creativecommons.org/licenses/by/4.0/
mailto:openresearch@mmu.ac.uk
https://www.mmu.ac.uk/library/using-the-library/policies-and-guidelines


1 
 

Title: 1 

3-Hydroxy-3-Methylglutaryl Coenzyme-A Inhibitory Activity of Padina pavonia 2 

Terpenoids: An Integrated In Vitro and In Silico Exploration 3 

Authors and affiliations: 4 

Reem S. Alruhaimi1, Emadeldin M. Kamel2, Sulaiman M. Alnasser3, Al Mokhtar 5 

Lamsabhi4,5, Ayman M. Mahmoud6* 6 

1Department of Biology, College of Science, Princess Nourah bint Abdulrahman University, 7 
Riyadh 11671, Saudi Arabia. 8 
2Organic Chemistry Department, Faculty of Science, Beni-Suef University, Beni-Suef 62514, 9 
Egypt. 10 
3Department of Pharmacology and Toxicology, College of Pharmacy, Qassim University, 11 
Buraydah 52571, Saudi Arabia. 12 
4Departamento de Química, Módulo 13, Universidad Autónoma de Madrid, Campus de 13 
Excelencia UAM-CSIC Cantoblanco, Madrid 28049, Spain. 14 
5Institute for Advanced Research in Chemical Sciences (IAdChem), Universidad Autónoma 15 
de Madrid, Madrid 28049, Spain. 16 
6Department of Life Sciences, Faculty of Science and Engineering, Manchester Metropolitan 17 

University, Manchester M1 5GD, UK. 18 

 19 

*Corresponding author: 20 
Ayman M. Mahmoud 21 
Department of Life Sciences, Faculty of Science and Engineering, Manchester Metropolitan 22 
University, Manchester M1 5GD, UK 23 
ORCID ID: 0000-0003-0279-6500 24 
E-mail: a.mahmoud@mmu.ac.uk  25 

mailto:a.mahmoud@mmu.ac.uk


2 
 

Abstract 26 

The inhibition of 3-hydroxy-3-methylglutaryl coenzyme-A (HMGCR) activity carries 27 

considerable therapeutic significance, prompting the investigation of novel inhibitors to tackle 28 

associated health conditions and improve patient care. Seeking non statin scaffolds, we provide 29 

the first integrated evaluation of six terpenoids isolated from the brown alga Padina pavonia, 30 

expanding the species’ chemical repertoire and establishing their activity against HMGCR. We 31 

have previously shown the anti-hyperlipidemia activity of P. pavonia terpenoid-rich fraction. 32 

Herein, we evaluated the inhibitory potential of six P. pavonia terpenoids against HMGCR, 33 

employing both in vitro and in silico methodologies. All terpenes inhibited HMGCR, with 34 

compound 1 being the most potent (IC₅₀ = 17.93 ± 1.78 µM), followed by compound 5 35 

(IC₅₀ = 22.47 ± 1.59 µM) and compound 2 (IC₅₀ = 24.51 ± 2.13 µM). Molecular docking 36 

revealed that all compounds have affinity towards HMGCR and compounds 1 and 2 are 37 

effectively bound to the same active site as the reference drug atorvastatin. Molecular dynamics 38 

(MD) simulations depicted notable energy stabilization and consistent trajectory profiles of the 39 

terpenes-HMGCR complexes. The results of MM/PBSA analysis depicted the lowest binding 40 

free energies for compounds 1 and 5 (-7.00 ± 1.00 and -7.06 ± 2.24 kJ/mol, respectively). These 41 

findings along with the limited number of detected hydrogen bonds and the results of 42 

interaction energy calculations suggest that the formed complexes are mainly influenced by 43 

attractive forces associated with van der Waals interactions rather than electrostatic 44 

interactions. In vitro experiments revealed the inhibitory activity of all isolated terpenes with 45 

compound 1 exhibiting the most potent activity. Therefore, terpenoids of P. pavonia represent 46 

promising candidates for the development of HMGCR inhibitors. 47 

Keywords  48 
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HMG-CoA reductase; Padina pavonia; Molecular dynamics; Terpenoids; 49 

Hypercholesterolemia. 50 

1. Introduction 51 

3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) is a crucial enzyme in the 52 

mevalonate pathway which plays a vital role in the biosynthesis of cholesterol [1]. This enzyme 53 

facilitates the conversion of HMG-CoA to mevalonate, a precursor for cholesterol and other 54 

important compounds like dolichols, ubiquinones, and isoprenylated proteins [2]. Because of 55 

its pivotal role in cholesterol regulation and the control of cellular processes dependent on 56 

isoprenoids, HMGCR is an attractive target for developing therapeutics to manage 57 

dyslipidemia and prevent cardiovascular diseases [3]. Dysregulated cholesterol metabolism is 58 

effectively associated with the pathogenesis of cardiovascular conditions, including 59 

atherosclerosis and coronary artery disease [4]. Thus, pharmacological inhibition of HMGCR 60 

represents a cornerstone in the treatment of hypercholesterolemia and related cardiovascular 61 

disorders [5]. Statins, which are synthetic inhibitors of HMGCR, are widely prescribed for their 62 

cholesterol-lowering effects and cardiovascular benefits [6]. However, their use may be limited 63 

by adverse effects and tolerability issues, prompting the search for alternative therapeutic 64 

agents with improved safety profiles [6]. 65 

Padina pavonia L. (P. pavonia), a brown macroalga commonly found in tropical and 66 

subtropical coastal regions, has gained significant interest in recent years due to its rich 67 

repertoire of bioactive natural products [7]. With its widespread distribution and adaptability to 68 

diverse marine environments, P. pavonia serves as a prolific source of secondary metabolites 69 

with diverse chemical structures and pharmacological activities [8]. These bioactive 70 

compounds, synthesized by the alga as part of its defense mechanism against environmental 71 
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stressors, have demonstrated promising potential for various biomedical and biotechnological 72 

applications [7]. The chemical constituent of P. pavonia included volatile oils, terpenes, fatty 73 

acids, aromatic esters, polyphenols, and sulfated polysaccharides [7, 9]. Given its diverse array 74 

of natural products, P. pavonia displayed broad spectrum pharmacological properties such as 75 

anti-inflammatory, antioxidant, hepatoprotective, anti-coagulant, antimicrobial, and antitumor 76 

activities [8b, 8c, 10]. 77 

Combining in vitro studies and in silico techniques, such as  molecular dynamics (MD) 78 

simulations and docking analyses, provides valuable insights for investigating the inhibitory 79 

activity of natural products against enzymes [11]. In vitro studies provide valuable experimental 80 

data on the biochemical interactions between natural compounds and enzymes, offering 81 

insights into their inhibitory potency and mechanism of action [11a]. In parallel, in silico studies 82 

allow for the exploration of the molecular interactions between drugs and enzymes at the 83 

atomic level [12]. Docking studies predict the binding modes and affinity of natural compounds 84 

within the active site of enzymes, providing structural insights into their inhibitory mechanisms 85 

[13]. Additionally, MD simulations offer a dynamic perspective by simulating the behavior of 86 

drug-enzyme complexes over time, elucidating the stability and conformational dynamics of 87 

these interactions [14]. Integrating both in vitro and in silico approaches can enhance our 88 

knowledge of the inhibitory efficacy of terpenes against HMGCR, facilitating the rational 89 

design and optimization of novel terpene-based inhibitors for therapeutic applications [15]. 90 

Natural products, including terpenoids, have gained attention for their potential as HMGCR 91 

inhibitors [16]. These compounds offer diverse chemical structures and pharmacological 92 

properties, making them promising candidates for drug discovery and development. In our  93 

earlier findings, we documented the anti-dyslipidemic, anti-hyperglycemic, antioxidant, and 94 
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anti-inflammatory attributes of a terpenoid-enriched fraction of P. pavonia in a rat model of 95 

type 2 diabetes [7]. In this study, we evaluated, for the first time, the inhibitory activity of natural 96 

terpenes isolated from P. pavonia against HMGCR using an integrated in vitro and in silico 97 

approach. By exploring the inhibitory potential of these compounds, we aim to identify novel 98 

lead compounds for the development of therapeutics targeting dyslipidemia and cardiovascular 99 

diseases. Through our investigation, we seek to contribute to the growing body of knowledge 100 

on natural product-based interventions for managing cholesterol metabolism and associated 101 

cardiovascular risk factors.  102 

2. Materials and Methods 103 

2.1. Collection of P. pavonia, extraction, and isolation 104 

2.1.1. General 105 

The Nuclear Magnetic Resonance (NMR) spectra of P. pavonia isolated compounds (1H NMR 106 

and 13C NMR) were measured using Varian Unity Inova spectrometer. TMS was employed as 107 

the internal standard. The chemical shift values were denoted in δ (ppm), while the coupling 108 

constants were indicated as J in Hz. The UV-Vis spectra were measured using Shimadzu UV–109 

vis 160i spectrophotometer. The optical rotation of isolated terpenes was assessed by means of 110 

Perkin-Elmer 341 polarimeter. HREIMS and EIMS analyses were recorded by means of 111 

Finnigan MAT TSQ 700 mass spectrometer. Shimadzu FTIR-8400 spectrophotometer was 112 

utilized for calculating the FTIR spectra by means of KBr pellets. 113 
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2.1.2. Alga collection and isolation of terpenes 114 

P. pavonia chemical constituents (Fig. 1) utilized in this study were obtained from our prior 115 

investigation [7]. The experimental details of isolating six terpenes from P. pavonia are 116 

represented in our previously reported work [7]. In summary, P. pavonia was obtained from the 117 

Red Sea shoreline in Kiyal Valley and Ras Al Sheikh Humaid, Kingdom of Saudi Arabia. 118 

Subsequently, the samples underwent washing, drying, grinding, and exhaustive extraction 119 

with dichloromethane (DCM). The solvent was evaporated in vacuo to yield a brownish residue 120 

(32 g). The DCM extract was then suspended in water and sequentially partitioned with ethyl 121 

acetate and n-butanol, resulting in ethyl acetate and n-butanol fractions weighing 13 and 9 g, 122 

respectively. The ethyl acetate fraction was chromatographed over a silica gel column eluted 123 

with the solvent system n-hexane/ethyl acetate mixture (0-10:10-0). This process yielded 38 124 

fractions, which were monitored by TLC and combined into 17 fractions (E1-E17) based on 125 

their TLC profiles. Subsequently, fraction E6 underwent re-chromatographing over a silica gel 126 

column, eluted with CHCl3-methanol of increasing polarity (10:1→ 5:1), to generate seven 127 

fractions (E6.1-E6.7). Sub-fraction E6.3 was further chromatographed using ODS column 128 

chromatography (1 x 20 cm) with methanol as the eluent, affording the pure form of compound 129 

3 (16 mg). Fraction E10 underwent silica gel column chromatography using a gradient elution 130 

of n-hexane-ethyl acetate (5:1→ 1:1), resulting in the isolation of 9 sub-fractions (E10.1-131 

E10.9). E10.3 was subsequently purified using silica gel column (1 x 15 cm) using the solvent 132 

system n-hexane-EtOAc (2:1) as the eluent, yielding compound 4 (13 mg). Subsequently, 133 

E10.8 was purified using silica gel column with the solvent system of n-hexane-chloroform-134 

methanol (7:5:1) as the eluent, producing 5 sub-fractions (E10.8.1-E10.8.5). Purification of 135 

sub-fraction E10.8.3 was achieved through ODS column chromatography using methanol-136 
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water (2:1) as the eluent, resulting in the isolation of purified compound 6 (11 mg). Fraction 137 

E12 was subjected to silica gel column chromatography, eluted with n-hexane-ethyl acetate 138 

(5:1→ 1:5), generating 5 fractions (E12.1-E12.5). Then, E12.2 was further chromatographed 139 

over a Sephadex LH-20 column and eluted with acetone to yield the pure form of 1 (18 mg). 140 

Additionally, E12.5 was applied to the top of a silica gel column and eluted with a petroleum 141 

ether/acetone system (5:1→ 1:5), resulting in 5 sub-fractions (E12.5.1-E12.5.5). Compound 5 142 

(15 mg) was obtained from sub-fraction E12.5.3 after purification over an RP-18 gel column 143 

chromatography using methanol-water (9.5:0.5) as an eluent. Sub-fraction E12.5.4 was further 144 

purified over an ODS column with methanol-water (2:1) as the eluent to yield compound 2. 145 

2.2. Molecular docking 146 

The three-dimensional crystal structure of human HMGCR was retrieved from the Protein Data 147 

Bank (accession code 1DQA, Resolution: 2.00 Å, and R-Value: 0.168, chain A). In silico 148 

molecular docking analysis of the isolated compounds and atorvastatin (ATOR) with HMGCR 149 

was performed by means of the open-source using Tools (ADT) v1.5.6 and AutoDock Vina 150 

software packages [17]. Prior to docking runs, the HMGCR system underwent a series of 151 

preparation steps. These steps included the elimination of nonstandard residues and solvent 152 

molecules, the inclusion of polar hydrogens, and the adjustment of the grid box to include the 153 

significant key residues within the active site [13b]. These optimizations were executed using 154 

ADT v1.5.6. Binding interactions were visualized, and images were generated using PyMOL 155 

v2.4. Density functional theory (DFT) calculations were carried out using the Gaussian 16 156 

software package [18]. The geometries of the isolated terpenes from P. pavonia (compounds 1-157 

6) were fully optimized without constraints at the B3LYP exchange-correlation functional level 158 

[19], utilizing the 6-311G (d, p) basis set [20]. Additionally, frequency calculations were 159 
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implemented to verify that there were no imaginary frequencies present in the ground states. 160 

The D3 formalism was utilized to calculate the dispersion correction in all computations [21], 161 

encompassing geometry optimizations, frequency analyses, and single-point energy 162 

determinations, to guarantee precise dispersion-corrected energies [22]. 163 

2.3. Molecular dynamics simulations 164 

The complexes of P. pavonia isolated terpenoids with HMGCR (PDB ID: 1DQA), exhibiting 165 

the minimum binding affinities as calculated by docking runs, were selected for further MD 166 

simulations. The topology and geometric characteristics of the terpenoids were created using 167 

the CGenFF tool (https://cgenff.umaryland.edu/). The obtained parameters were then 168 

incorporated into the topology of HMGCR. The open-source GROMACS 2022.4 software was 169 

used for performing the MD simulations calculations  [23], using the all-atom CHARMM36 170 

force field [24]. The free target enzyme and different terpenoid systems were placed within a 171 

dodecahedron box with periodic boundary conditions, resulting in a box volume of 859.63 172 

nm³. The CHARMM-modified TIP3P water model was utilized, and electrical neutrality was 173 

maintained by adding one chloride counter-ion [25]. The thermodynamically unfavorable 174 

interactions was mitigated by performing 10 ps steepest descent energy minimization process 175 

[26]. Energy minimization was performed using the steepest descent algorithm until a maximum 176 

force below 1000.0 kJ/mol/nm was achieved. This was followed by a two-stage equilibration 177 

process. The first stage involved the NVT ensemble (constant number of particles, volume, 178 

and temperature) for 100 ps at 300 K using the V-rescale thermostat with a coupling constant 179 

of 0.1 ps. The second stage involved the NPT ensemble (constant number of particles, pressure, 180 

and temperature) for 100 ps at 300 K and 1 bar using the Parinello-Rahman barostat with a 181 

coupling constant of 2.0 ps [27]. Finally, 30 ns MD simulations were executed at a temperature 182 

https://cgenff.umaryland.edu/).
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of 300 K and a pressure of 1 bar. The leap-frog integrator was used with a time step of 2 fs. 183 

The LINCS algorithm was employed to constrain all bond lengths, and long-range 184 

electrostatics were handled using the Particle Mesh Ewald (PME) method with a cutoff of 1.2 185 

nm for both Coulomb and van der Waals interactions. Trajectories were saved every 10 ps for 186 

subsequent analysis. 187 

The binding free energies of the tested terpenes against HMGCR were calculated using the 188 

Molecular Mechanics/Poisson-Boltzmann Surface Area (MM/PBSA) method [28]. The 189 

gmx_MMPBSA tool was employed for this purpose [29]. This tool integrates molecular 190 

mechanics, Poisson-Boltzmann electrostatics, and solvent accessibility models to estimate the 191 

binding energies. The calculations were performed based on the obtained MD simulation 192 

trajectories to obtain detailed insights into the interactions between the compounds and the 193 

enzyme. 194 

2.4. HMGCR inhibitory activity assay 195 

The in vitro inhibition assay of investigated compounds on HMGCR was performed as 196 

previously described [30]. In a 96-well plate, 20 µl of different concentrations (0-100 µM) of 197 

various drugs under investigation were mixed with 40 µl HMGCR (4 U/mL), 80 μl HMG-CoA 198 

and 20 µl 0.1 M phosphate buffer (pH 7.0) and the mixture was incubated for 5 min at 37 °C. 199 

Forty μl of 100 μM NADPH was added and the absorbance was read at 340 nm following 200 

incubation for 15 min at 37 °C. Phosphate buffer instead of the enzyme and test compounds 201 

was used in the blank and control, respectively, and the experiment was carried out three times 202 

independently. The inhibition kinetics of were analyzed using different concentrations of the 203 

test compound and substrate and the Lineweaver–Burk plot was constructed using GraphPad 204 

Prism 8.0 software (San Diego, CA, USA). 205 
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3. Results and discussion 206 

3.1. Isolated chemical constituents 207 

The ethyl acetate-soluble fraction  from P. pavonia underwent a sequential of chromatographic 208 

investigation steps using various stationary phases. This process resulted in  the isolation of 209 

six terpenes which had not been previously reported in this species. The chemical structures of 210 

the isolated terpenes were determined through spectroscopic analyses (Suppl. material) and 211 

data comparison with previously reported information [7]. Consequently, the isolated 212 

compounds (Fig. 1) were identified as 3α-hydroxy-5,6-epoxy-7-megastigmen-9-one (1) [31], 213 

oplodiol (2) [32], loliolide (3) [33], (6R,7E,9R)-9-hydroxy-4,7-megastigmadien-3-one (4) [34], 214 

petasol (5) [35], and (+)-dehydrovomifoliol (6) [36]. 215 

3.2. Molecular docking 216 

A molecular docking simulation was employed to investigate the binding modes of terpenes 217 

from P. pavonia with HMGCR. As shown in Table 1, the isolated terpenoids exhibited 218 

promising binding affinities, indicating strong interactions with the target enzyme. The 219 

observed binding energies of the isolated terpenes indicate their potential inhibitory activity 220 

against HMGCR. However, the activities of individual compounds are not largely 221 

discriminated because of the comparable binding affinities obtained, ranging from -5.5 to -6.0 222 

kcal/mol. After several attempts that accounted for binding affinities and the position of ligands 223 

within the HMGCR binding pocket, we chose the thermodynamically favored docking pose 224 

for each terpene-HMGCR system. Figures 2 and 3 represent the results of the docking 225 

assessments, portraying how various terpenoids are spatially arranged within the active site of 226 

HMGCR. These figures also emphasize the amino acid residues involved in both polar and 227 

hydrophobic interactions with the examined compounds. Importantly, compounds 1 and 2 228 
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effectively docked into the same binding site as the positive control ATOR, indicating their 229 

potential to inhibit enzyme activity. Conversely, compounds 3-6 occupied a different binding 230 

pocket other that of compounds 1 and 2. The highest extent of polar interaction was detected 231 

in compounds 4 and 6 complexes, whereas the remaining compounds displayed only one polar 232 

bond with the target enzyme. On the other hand, a large number of hydrophobic interactions 233 

was detected in the binding mode of all investigated drugs against HMGCR. Moreover, the 234 

hydrophobic binding profiles of compounds 3 and 5 indicated the involvement of a single 235 

phenylalanine residue (Phe628), recognized for its contribution to thermodynamically 236 

favorable π-π interactions. These findings underscore the varied modes of interaction between 237 

isolated terpenes and HMGCR, implying potential diversity in their mechanisms of inhibiting 238 

the target enzyme. Moreover, the participation of crucial key residues in the binding profiles 239 

of these compounds implies their potential inhibitory mechanisms against HMGCR. Hence, 240 

the results of the docking analyses indicated a notable preference for the inhibitory potential 241 

of compounds 1 and 2 against the target enzyme. Subsequent investigation of these interactions 242 

could contribute to the formulation of novel therapeutic agents targeting HMGCR, potentially 243 

offering remedies for various medical conditions. 244 

3.3. MD simulations 245 

In this investigation, we presented the results of our MD simulations which aimed to elucidate 246 

the dynamic behaviors and stabilities of complexes formed between HMGCR and isolated 247 

terpenes. MD simulations are a powerful tool for examining the temporal evolution and 248 

structural dynamics of drug-enzyme interactions at the atomic scale [11b]. Through these 249 

simulations, we gained comprehensive insights into the stabilities, flexibilities, and 250 

conformational changes exhibited by complexes comprising terpenoids from P. pavonia and 251 
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HMGCR, under simulated environmental conditions over time. The objective of these 252 

simulations is to elucidate the molecular mechanisms governing the catalytic 253 

biotransformation of P. pavonia-isolated terpenes within the binding site of HMGCR. To figure 254 

out the concordance between tested drugs and the binding site of HMGCR, we conducted MD 255 

simulations using the GROMACS package over a 30 ns timeframe. Specifically, we focused 256 

on complexes with the minimum binding affinity identified from docking analysis for each 257 

compound. Subsequently, we conducted an in-depth analysis of the MD trajectories with 258 

particular focus on important MD parameters including interaction energies, hydrogen bonding 259 

profiles, root mean square deviations (RMSD), radius of gyration (Rg), root mean square 260 

fluctuations (RMSF), and solvent accessible surface area (SASA). This comprehensive 261 

analysis encompassed both free enzyme and various isolated terpenes-HMGCR complexes. 262 

The CHARMM36 all-atom forcefield was selected for its robust performance in accurately 263 

modeling protein-ligand interactions and its compatibility with a wide range of biomolecular 264 

systems [24]. We employed the CHARMM-modified TIP3P water model, which is known for 265 

its effectiveness in simulating the structural and thermodynamic properties of biological 266 

molecules in aqueous environments, including proteins and nucleic acids [37]. This combination 267 

ensures reliable and realistic simulation outcomes, which are crucial for interpreting the 268 

interactions between HMG-CoA reductase and P. pavonia terpenoids. 269 

3.3.1. Structural stability and dynamics properties 270 

The assessment of RMSD provides vital insights into the structural stability and 271 

conformational changes of biological macromolecules during MD simulations [11b]. In our 272 

analysis, we specifically examined the deviation of atomic positions, with a focus on backbone 273 

RMSD values, across different systems relative to the free HMGCR, which act as the reference 274 
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structure during the simulation period. As shown in Figure 4A, it is apparent that during the 275 

first five ns of the initial equilibration, both the free HMGR and the different complexes 276 

showed a rising trend in their backbone RMSD values. Subsequently, these RMSD profiles 277 

stabilized and fluctuated to the end of the duration of the simulation. The observed high 278 

fluctuation profile of the RMSD values for the isolated terpenes-HMGCR complexes indicates 279 

that these complexes undergo significant structural changes over time during the MD 280 

simulation. Except for compound 4, all tested complexes exhibited higher RMSD values 281 

compared to the free enzyme, suggesting that these drug molecules may induce more 282 

pronounced deviations from the enzyme original conformation. This could imply that these 283 

drugs interact with the enzyme in a manner that disrupts its stability or induces conformational 284 

changes, potentially affecting its function or activity. Remarkably, compounds 1 and 5 285 

exhibited notably high RMSD values post-equilibration, indicating substantial structural 286 

changes or flexibility within the enzyme-drug complex . These variations are because of the 287 

dynamic interactions between these compounds and the binding site of HMGCR, potentially 288 

reflecting its ability to adjust its binding conformation for effective inhibition. Conversely, 289 

compound 4 displayed the lowest RMSD values, suggesting structural stability and robust 290 

binding within the enzyme active site. These low RMSD values imply a steady conformation 291 

with minimal structural fluctuations during enzyme interaction, facilitating potent inhibition 292 

of HMGCR activity. However, RMSD fluctuations observed for all tested drugs fall within the 293 

range for stable complexes, indicating relatively stable binding configurations with the enzyme 294 

throughout the simulation. 295 

In order to figure out the structural variations of terpenes molecules distinct from their 296 

interaction with HMGCR, we calculated the RMSD values of studied terpenes (Fig. 4B). This 297 
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involved aligning the trajectory frames to the primary drug conformation followed by 298 

estimating the RMSD of the drug coordinates relative to this reference. The proposed 299 

methodology allows us to assess the deviation of the inhibitor from its initial geometry.  Such 300 

an approach is pivotal in drug design inquiries focused on estimating the stability and dynamic 301 

behavior of proposed drugs. As shown in Figure 4B, the study of RMSD for various terpenes 302 

showed a significant variation in their RMSD patterns. The elevated fluctuation behavior 303 

observed in the drug-to-drug RMSD values for compound 1 compared to other drugs may 304 

suggest a higher degree of structural variability or dynamic flexibility within the compound . 305 

The heightened fluctuation could point out that compound 1 undergoes more pronounced 306 

conformational changes or exhibits greater adaptability in its binding conformation with the 307 

target enzyme. Such behavior might influence its interactions with HMGCR and significantly 308 

impact its inhibitory efficacy or binding stability. The observation that all tested drugs 309 

exhibited a perfectly equilibrated drug-to-drug RMSD profile suggests that these compounds 310 

maintain consistent structural stability and conformational behavior throughout the simulation 311 

period. This equilibrium indicates that the drugs undergo minimal fluctuation or deviation from 312 

their initial conformations while interacting with the target enzyme. Such stability in RMSD 313 

profiles implies that the drugs maintain relatively constant binding configurations and 314 

interactions with the enzyme, which could contribute to their inhibitory activity and 315 

effectiveness in binding to the target site. 316 

Next, we investigated the binding characteristics of the investigated drugs in the binding pocket 317 

of HMGCR by assessing the hydrogen bonding profiles of different terpenes-HMGCR systems 318 

during the 30 ns simulation period, as illustrated in Figure 5A. The examination of hydrogen 319 

bonds revealed the presence of only two strong hydrogen bonding for all tested drugs. The 320 
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occurrence of only two hydrogen bonds in the hydrogen bonding profile resulting from MD 321 

calculations suggests that the interactions between the drug and the enzyme may be primarily 322 

driven by other forces, such as hydrophobic interactions or van der Waals forces. This limited 323 

number of hydrogen bonds could indicate a specific binding mode where only a few key 324 

interactions are involved in stabilizing the drug-enzyme complex. Additionally, it may imply 325 

a more selective or constrained binding orientation in the binding site of the HMGCR, where 326 

only certain functional groups of the drug are involved in forming hydrogen bonds with oxo 327 

moieties of HMGCR. Then, we evaluated the time-averaged RMSF profile for the free 328 

HMGCR and various terpenes complexes, with the objective of assessing the local mobility of 329 

the protein, as illustrated in Figure 5B. This graph depicts RMSF values plotted against residue 330 

numbers over a 30 ns trajectory. As expected, the RMSF values of HMGCR-terpenoids 331 

complexes exhibited patterns akin to that of the free HMGCR, suggesting negligible variations 332 

the mobility or flexibility of the target enzyme active residues . Consequently, it can be inferred 333 

that the tested drugs displayed no effect on the conformational of the target enzyme. 334 

The exploration of dynamics and stability across various complexes was aided by analyzing 335 

Rg values [38], which act as measures of enzyme compactness, reflecting changes in folding, 336 

unfolding, and conformational transitions during simulation [38]. The Rg values for both the 337 

unbound HMGCR and different flavonoid complexes were computed and are depicted in 338 

Figure 6A. The observed fluctuation pattern in the Rg values among the tested drug-HMGCR 339 

complexes suggests variability in their structural compactness and conformational stability 340 

over the simulation period. Specifically, the complex involving compound 1 exhibited the 341 

lowest Rg values following equilibration and throughout the latter half of the simulation. This 342 

indicates a high compactness and minimum energy conformation of the compound 1-HMGCR 343 
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complex compared to other complexes, suggesting potentially stronger binding interactions or 344 

a more favorable binding orientation within the enzyme's active site. Similarly, compound 2 345 

displayed low Rg values, suggesting its activity against the target enzyme. Additionally, it's 346 

noteworthy that the free enzyme also exhibited high fluctuation in its Rg values. This could 347 

indicate inherent flexibility or conformational dynamics of the enzyme in the absence of ligand 348 

binding, which is consistent with the behavior of enzymes in solution. SASA is commonly 349 

utilized to gauge the interaction dynamics between enzymes and solvents, providing crucial 350 

insights into conformational variations throughout the binding interactions and assessing 351 

enzyme accessibility [11b]. The fluctuations in SASA through studied complexes are illustrated 352 

in Figure 6B. The similarity in SASA values between all tested drugs and the unbound enzyme 353 

suggests minimal alteration in enzyme accessibility upon drug binding. Similarly, akin to the 354 

Rg profile, compound 1 exhibited the lowest SASA value, indicating potential stabilization 355 

within the enzyme active site. 356 

The interaction between P. pavonia terpenoids and HMG-CoA reductase was analyzed by 357 

examining changes in the SASA upon ligand binding. The results indicate a significant 358 

reduction in SASA for the enzyme-terpenoid complexes compared to the free enzyme, 359 

suggesting that the binding of terpenoids induces conformational changes that decrease solvent 360 

exposure. This reduction in SASA reflects the stabilization of the protein-ligand complex 361 

through close contact interactions. Furthermore, the initial binding of a terpenoid appears to 362 

facilitate subsequent binding events by altering the SASA of adjacent binding sites, 363 

demonstrating a positive cooperative effect. These observations suggest that the binding of one 364 

terpenoid enhances the accessibility and affinity of other terpenoid molecules, thereby 365 

promoting cooperative binding behavior. This cooperativity is crucial for the inhibitory 366 
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potency of the terpenoids, as it leads to more efficient enzyme inhibition through the 367 

stabilization of multiple ligand-binding events. 368 

3.3.2. Interaction energy calculations 369 

The assessment of interaction energies including short-range Coulombic(Coul-SR) and 370 

Lennard-Jones(LJ-SR) of drug-enzyme systems yields crucial insights into the electrostatic 371 

and van der Waals interactions between the drug molecule and the enzyme. Coul-SR 372 

interactions denote the electrostatic forces between charged particles, while LJ-SR interactions 373 

encompass van der Waals interactions [39]. Studying these interactions offers insight into the 374 

precise interaction mechanisms between the drug and target enzyme binding cavity, provides 375 

information on the kinetics of complex formation, and contributes to figuring out the molecular 376 

mechanisms governing drug-receptor interactions. Illustrated in Figure 7 are the interaction 377 

energies HMGCR and the tested terpenoids , with a focus on Coul-SR and LJ-SR interactions.  378 

The results of calculating average Coul-SR and LJ-SR energies for different terpenoids-379 

HMGCR complexes are shown in Table 2. Figure 7A represents the Coul-SR energy profile of 380 

different tested terpenoids-HMGCR systems. This energy profile reached equilibrium at the 381 

beginning of the simulation then fluctuated normally for the rest of the simulation time. 382 

Compound 5 exhibited the lowest average Coul-SR interaction energy (-50.89 ± 2.2 kJ/mol), 383 

indicating strong electrostatic interactions with HMGCR binding pocket. These interactions 384 

likely entail advantageous charge-charge interactions between the terpene and particular 385 

enzyme residues, enhancing its inhibitory effectiveness. The range of average Coul-SR 386 

interaction energies observed across all tested drug complexes spans from approximately -2 to 387 

-50 kJ/mol. This variation suggests differing strengths of electrostatic interactions between 388 

various drugs and the active site of HMGCR, potentially influencing their inhibitory potency. 389 
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The average Coul-SR-RMSD values, ranged from approximately 9 to 17 nm. This wide range 390 

indicates considerable fluctuations in the position of the drug molecules within the active site 391 

of HMGCR throughout the simulation period. These fluctuations may reflect dynamic 392 

interactions between the drugs and the enzyme, potentially affecting their binding affinity and 393 

inhibitory activity. In contrast, the LJ-SR interaction energies depicted in Figure 7B served as 394 

reliable indicators for assessing binding interactions. It is noteworthy that all tested drugs 395 

achieved early equilibration at the beginning of the simulation time, except for compounds 1 396 

and 3, which reached equilibrium after approximately 7.5 ns. The observation that compounds 397 

1 and 3 complexes exhibited less negative LJ-SR interaction energies compared to other 398 

compounds suggests that these particular complexes may engage in stronger van der Waals 399 

interactions within the binding site of the enzyme. Conversely, the LJ-SR interaction energy 400 

values observed for other compounds imply that they may interact with the enzyme through 401 

similar van der Waals forces, albeit with varying degrees of strength. The inhibitory activity of 402 

tested drugs stems from its engagement in attractive forces with complementary residues in the 403 

enzyme, particularly through non-polar regions. The isolated terpenes likely adopt a binding 404 

pose or conformation that optimizes favorable van der Waals interactions with the enzyme. 405 

This observation aligns with the findings of docking analysis, underscoring the significance of 406 

hydrophobic interactions in the binding mechanism of isolated compounds to HMGCR. The 407 

lower average LJ-SR interaction energies detected across all tested systems (ranging from ≈ -408 

18 to -84 kJ/mol) suggest a predominant contribution of van der Waals interactions compared 409 

to electrostatic interactions. This indicates that the binding stability of the complexes is 410 

primarily driven by attractive forces associated with van der Waals interactions rather than 411 

Coulombic interactions. This observation suggests that hydrophobic binding mechanism, such 412 
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as dispersion forces, predominantly contribute to stabilizing tested complexes. Moreover, the 413 

characteristic fluctuations and more negative values of both Coul-SR and LJ-SR energies 414 

indicate energy minimized interactions between some tested drugs and the target enzyme. 415 

Consequently, these complexes exhibit a balanced combination of kinetic and energetic 416 

favorability, with a dominant interaction type. Additionally, minor structural modifications and 417 

fluctuations around the energetically favorable state are anticipated in different systems, 418 

suggesting a steady and dynamically equilibrated binding configuration. 419 

3.3.3. MM/PBSA analysis 420 

The MM/PBSA calculations were performed to estimate the binding free energies of six tested 421 

terpenes against HMGCR. The results are summarized in Table 3, detailing the van der Waals 422 

energy (ΔEvdw), electrostatic energy (ΔEele), solvation free energy (ΔGsolv), gas phase energy 423 

(ΔGgas), and the total binding free energy (ΔGtotal). Compound 1 exhibited a significant van der 424 

Waals interaction energy and electrostatic interaction energy. The solvation energy was 425 

positive, indicating an unfavorable solvation contribution. The total binding free energy for 426 

compound 1 was -7.00 ± 1.00 kcal/mol, suggesting a strong binding affinity to HMGCR. 427 

Similar to compound 1, compound 2 also demonstrated significant van der Waals and 428 

electrostatic contributions. The solvation free energy was slightly lower, resulting in a 429 

comparable total binding free energy, indicating a strong binding interaction. Compound 3 430 

showed weaker van der Waals and electrostatic energies. This indicates a relatively weaker 431 

interaction with HMGCR. Compound 4 had the least favorable van der Waals and electrostatic 432 

interactions. The positive solvation energy further contributed to a total binding free energy of 433 

0.32 ± 0.55 kcal/mol, indicating that Compound 4 is unlikely to effectively bind to HMGCR. 434 

Compound 5 exhibited van der Waals and electrostatic energies similar to compounds 1 and 2. 435 
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However, it had a higher solvation energy, leading to a total binding free energy (ΔGtotal = -436 

7.06 ± 2.24 kcal/mol), suggesting a strong binding affinity. Compound 6 displayed moderate 437 

van der Waals and electrostatic interactions, indicating a moderate binding affinity. Overall, 438 

these findings suggest that compounds 1, 2, and 5 are promising candidates for further 439 

development as inhibitors of HMGCR. The relatively high binding affinities indicate their 440 

potential efficacy in modulating the enzyme's activity, which could be beneficial for 441 

therapeutic applications targeting cholesterol biosynthesis pathways. 442 

3.4. In vitro HMGCR inhibition 443 

The inhibitory activity of the isolated compounds and atorvastatin on HMGCR was evaluated 444 

in vitro (Fig. 8). All compounds showed HMGCR inhibitory activity with compound 1 445 

exhibited the most potent activity and the lowest IC50 value (17.93 ± 1.78 µM, Fig. 8A), 446 

followed by compounds 5 (22.47 ± 1.59 µM, Fig. 8E), 2 (24.51 ± 2.13 µM, Fig. 8B), 6 (26.53 447 

± 1.68 µM, Fig. 8F), 3 (39.97 ± 1.98 µM, Fig. 8C), and 4 (65.17 ± 2.41 µM, Fig. 8D). Given 448 

its highest inhibitory activity against HMGCR, we investigated the enzyme kinetics of 449 

compound 1 as depicted in Figure 9A-B. Michaelis–Menten plots revealed a clear, 450 

concentration-dependent decrease in reaction velocity even at low micromolar inhibitor levels 451 

(Fig. 9A). Analysis of the inhibitory activity of compound 1 using Lineweaver–Burk analysis 452 

curve revealed a mixed inhibition mechanism (Fig. 9B) with inhibition constant (Ki) value 2.95 453 

μM. Thus, these results reveal that compound 1 can bind to both the free enzyme and the 454 

enzyme–substrate complex, demonstrating its efficacy as an HMGCR inhibitor for 455 

employment in therapeutic purposes. 456 

Compared with prior natural HMGCR inhibitors, the P. pavonia terpenes fall in the low-to-mid 457 

micromolar range and are thus within the more active band for non-statin scaffolds. Our lead 458 
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compound 1 shows IC₅₀ of 17.93 ± 1.78 µM and Kᵢ = 2.95 µM (mixed-type), with the series 459 

spanning 22.47–65.17 µM across compounds 5, 2, 6, 3, and 4. Potent small natural molecules 460 

reported previously include curcumin (IC₅₀ = 4.3 µM) and salvianolic acid C (8 µM) against 461 

human HMGCR, highlighting that single-digit micromolar potency is achievable for 462 

non-statins [40]. Terpenoid examples from fungi show similar activity. For instance, 463 

lanostane-type ganoleucoins from Ganoderma leucocontextum inhibited HMGCR with 464 

IC₅₀ = 8.68–10.2 µM for the best members, whereas most congeners were weak 465 

(IC₅₀ > 100 µM) [16]. Additional triterpenes from Ganoderma exhibited IC₅₀ = 26.4 µM (vs. 466 

97.5 µM for a less active analogue), and a marine-derived meroterpenoid showed 467 

IC₅₀ = 27.9 µM, both consistent with our series [41]. Other non-terpenoid natural inhibitors in 468 

similar assays include caffeic acid (IC₅₀ = 10.162 µM) and a cowpea-derived tripeptide QDF 469 

(IC₅₀ = 12.8 µM), underlining that low-micromolar activity is common among diverse natural 470 

chemotypes [42]. By contrast, statins inhibit HMGCR with nanomolar potency in hepatocyte or 471 

microsomal systems (lovastatin 4.1 nM, simvastatin 8.0–23 nM, pravastatin 2.0–105 nM in 472 

human hepatocytes, and atorvastatin 7.5 nM in rat liver microsomes) emphasizing the expected 473 

potency gap while validating that our compound 1 resides near the upper end of natural-product 474 

efficacy reported to date [43]. 475 

4. Conclusion 476 

To sum up, chromatographic methods applied to the ethyl acetate fraction of P. pavonia 477 

facilitated the identification of six terpenoids. The inhibitory activity of studied tepenoids 478 

against HMGCR was evaluated through a comprehensive approach, combining both 479 

computational and experimental methodologies. Compounds 1 and 2 successfully docked into 480 

the identical binding pocket as the reference drug atorvastatin, indicating their activity as 481 
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HMGCR inhibitors. The presence of numerous hydrophobic interacting residues suggests a 482 

predominantly hydrophobic nature in the binding mode of the isolated terpenes. Conversely, 483 

compounds 4 and 6 exhibited a high degree of polar interactions. These results emphasize the 484 

diverse modes of interaction between isolated terpenes and HMGCR. The MD simulation 485 

results yielded valuable insights into the dynamic behaviors and stabilities of various 486 

complexes. Complexes involving isolated terpenes exhibited a notable fluctuation in RMSD 487 

profiles, indicative of significant structural variations during the simulation period. The higher 488 

RMSD values observed for the tested complexes compared to the free enzyme suggest that 489 

these drugs may disrupt the enzyme's stability or induce conformational changes, potentially 490 

affecting its function. Particularly, compound 1 displayed the highest fluctuation in drug-to-491 

drug RMSD profiles, suggesting pronounced conformational changes or greater adaptability 492 

in its binding conformation with the target enzyme. Moreover, the limited number of hydrogen 493 

bonds implies an interaction predominantly driven by hydrophobic or van der Waals forces. 494 

Compound 1 also showed the lowest average Rg and SASA values, indicating a highly compact 495 

and minimum energy conformation of the compound 1-HMGCR system and potential 496 

stabilization within the enzyme's active site. This suggests stronger binding interactions or a 497 

more favorable binding orientation of compound 1 within the HMGCR binding site. In 498 

agreement, compound 1 exhibited the most potent HMGCR inhibitory activity assayed in vitro. 499 

Furthermore, all tested complexes lower average LJ-SR interaction energies compared to their 500 

Coul-SR rivals, highlighting the prevailing  contribution of van der Waals interactions over 501 

electrostatic interactions. This underscores that the binding stability of the complexes is 502 

primarily influenced by attractive forces associated with van der Waals interactions rather than 503 

Coulombic interactions. The MM/PBSA calculations indicate that compounds 1, 2, and 5 504 
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exhibit promising potential as inhibitors of HMG CoA reductase. Their high binding affinities 505 

suggest efficacy in modulating the enzyme's activity, showing promise for therapeutic 506 

interventions targeting cholesterol biosynthesis pathways. 507 
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Tables: 657 

Table 1. Results of molecular docking of the tested compounds against HMGCR. 658 

 

Lowest binding 

energy 

(kcal/mol) 

Polar interacting 

residues 
Hydrophobic interacting residues 

1 -5.7 Try517 
Tyr519, Val522, Cys527, Val530, 

Gly532, Tyr533, Leu811, and Gln814 

2 -6.0 Met534 
Tyr519, Val522, Cys527, Gly532, 

Tyr533, Leu811, and Gln814 

3 -5.6 Asp653 
Phe628, Gly652, Ala654, Met659, 

Val805, and Ala826 

4 -5.6 
Ser651, Asp653, 

and Ala654 

Ser626, Arg627, Gly652, Met659, 

Val805, and Ala826 

5 -5.9 Ser651 
Phe628, Gly652, Asp653, Ala654, 

Met659, Val805, Gly806, and Ala826 

6 -5.5 
Asn686, Thr689, 

and Ala695 
Tyr644, Tyr687, Ala694, and Ile696 

Atorvastatin -6.5 
Met534, Gly765, 

and Gly808 

Tyr517, Cys526, Cys527, Ile531, 

Gly532, Tyr533, Ile536, Ile762, Gln766, 

Leu811, and Gln814 

 659 
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Table 2. Average Coul-SR and LJ-SR interaction energies of tested compounds-HMGCR 660 

complexes. 661 

 
Coul-SR interaction energy LJ-SR interaction energy 

Average (kJ/mol) RMSD (nm) Average (kJ/mol) RMSD (nm) 

1 -9.77 ± 4.3 14.59 -40.51 ± 15 32.89 

2 -15.96 ± 2.9 16.76 -69.03 ± 2.8 13.49 

3 -3.95 ± 2.0 9.21 -17.55 ± 11 25.07 

4 -29.08 ± 2.3 17.30 -84.38 ± 4.0 14.07 

5 -50.89 ± 2.2 12.80 -76.30 ± 2.9 12.53 

6 -1.93 ± 3.1 10.69 -83.78 ± 3.3 14.37 
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Table 3. The results of MM/PBSA calculations (kJ/mol). 664 

System ΔEvdw ΔEele ΔGsolv ΔGgas ΔGtotal 

Compound 1  -7.13 ± 0.83 -4.12 ± 0.56 4.25 ± 0.31 -11.25 ± 1.2 -7.0 ± 1.0 

Compound 2 -6.55 ± 0.32 -4.11 ± 0.14 3.69 ± 0.16 -10.66 ± 0.36 -6.97 ± 0.38 

Compound 3 -2.12 ± 0.11 -0.35 ± 0.16 1.27 ± 0.22  -2.47 ± 0.19 -1.20 ± 0.29 

Compound 4 -1.18 ± 0.36 -0.39 ± 0.40 1.89 ± 0.11 -1.57 ± 0.54 0.32 ± 0.55 

Compound 5 -6.84 ± 0.62 -3.41 ± 1.11 3.19 ± 1.84 -10.25 ± 1.27 -7.06 ± 2.24 

Compound 6 -6.71 ± 0.94 -2.17 ± 0.59 3.46 ± 0.31 -8.88 ± 1.53 -5.42 ± 1.14 
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Figures: 668 

 669 

Figure 1. Structures of EAFCS-isolated compounds. 670 



33 
 

 671 

Figure 2. Binding site interactions of compound 1 (A), compound 2 (B), and atorvastatin (C) 672 

with HMGCR. Black, red, blue and yellow circles refer to carbon, oxygen, nitrogen, and sulfur 673 

atoms, respectively.  674 
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 675 

Figure 3. Binding site interactions of compounds 3 (A), 4 (B), 5 (C), and 6 (D) with HMGCR. 676 

Black, red, and blue circles refer to carbon, oxygen, and nitrogen atoms, respectively. 677 
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 678 

Figure 4. MD simulation analysis of HMGCR and its complexes with P. pavonia compounds; 679 

(A) Backbone RMSD of the unbound enzyme and compound-enzyme complexes and (B) 680 

RMSD of isolated compounds (300 K). 681 
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 682 

Figure 5. MD simulation analysis of HMGCR and its complexes with P. pavonia compounds; 683 

(A) Backbone RMSF per residue number for the enzyme and compound-enzyme complexes 684 

and (B) Hydrogen bonding profile of the compound-enzyme complexes (300 K). 685 
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 686 

Figure 6. MD simulation analysis of HMGCR and its complexes with P. pavonia compounds; 687 

(A) Protein radius of gyration for the enzyme and compound-enzyme complexes and (B) 688 

Protein SASA of the enzyme and various complexes (300 K). 689 
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 690 

Figure 7. MD simulation analysis of HMGCR and its complexes with P. pavonia compounds; 691 

(A) Coulomb-SR interactions energies and (B) Lennard-Jones-SR interactions energies of the 692 

enzyme amino acid residues with isolated compounds (300 K). 693 
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 694 

Figure 8. HMGCR inhibitory activity P. pavonia compounds (A-F) and atorvastatin (G). Data 695 

are mean ± SD, N = 3. 696 
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 697 

Figure 9. Michaelis–Menten (A) and Lineweaver−Burk (B) plots of HMGCR inhibitory 698 

activity of compound 1. Data are mean ± SD, N = 3. 699 


