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Abstract 

The second messenger cyclic guanosine monophosphate (cGMP) produced in penile smooth 

muscle cells is responsible for triggering and maintain erection of penis.  Phosphodiesterase 

type 5 (PDE5) is an enzyme that hydrolyses cGMP leading to penile flaccidity. Oral 

phosphodiesterase type 5 (PDE5) inhibitors such as sildenafil, tadalafil and avanafil remain 

the current standard for first-line treatment for erectile dysfunction (ED). Withania somnifera 

and Cardiospermum halicacabum  are medicinal plants that are traditionally being used 

orally for the treatment of erectile dysfunction without any scientific evidence for their 

bioactivity. To validate these claims and to identify potential active ingredients, 53 major 

phytochemicals of W. somnifera and C. halicacabum were docked against the active site of 

the crystal structure of PDE5. Standard drugs sildenafil, tadalafil and avanafil were served as 

positive controls for molecular docking. Docked complexes with binding energies similar or 

greater than standard drugs were further studied by carrying out 100 ns molecular dynamics 

simulations and in silico adsorption, distribution, metabolism, excretion and toxicity 

(ADMET) predictions. Steroidal lactone withaferin A of W. somnifera was identified as 

potent inhibitor of PDE5 with predicted binding energy greater than that of sildenafil and 

avanafil while having very high oral bioavailability and less toxicity. Several other withaferin 

derivatives of W. somnifera , apigenin and rutine of C. halicacabum were also identified with 

less confident as potential PDE5 inhibitors. Overall results computationally validated the use 

of Withania somnifera for erectile dysfunction.  

 

 



1. Introduction 

Cyclic guanosine monophosphate (cGMP) specific phosphodiesterase type 5 (PDE5) is a 

multidomain enzyme that functions as a dimer to hydrolyze cGMP thereby acting as a key 

modulator of cGMP signaling pathways in physiological processes such as smooth muscle 

relaxation and contraction (Rybalkin et al., 2003, Zhu & Strada, 2007, Tsai & Kass, 2009). 

PDE5 inhibitors were originally synthesized for treatment of hypertension and coronary heart 

disease. However due to high levels of PDE5 expression in the human corpus cavernosum 

compared to other tissues has made those inhibitors successful drugs against erectile 

dysfunction (Rotella, 2002). PDE5 inhibiting drugs such as sildenafil, vardenafil, tadalafil, 

and avanafil (Bischoff, 2004) have shown to increase penile blood flow and enhance 

endothelial function (Dhaliwal & Gupta, 2020). PDE5 inhibitors have also been successful in 

therapy of female sexual dysfunctions, premature ejaculation, radical prostatectomy, and 

Peyronie's disease  (Gur et al., 2012, Andersson, 2018). Furthermore, it reduces tension and 

despondency (Socała et al., 2016).  

 

PDE5 contains a N-terminal regulatory and dimerization GAF domain and a C terminal 

catalytic domain. GAF domain phosphorylation and substrate (cGMP) binding to 

non-catalytic allosteric site in the GAF domain increases the affinity of the PDE5 catalytic 

domain to cGMP (Turko et al., 1998, Corbin et al., 2000, Corbin, 2004). A c-terminal helical 

bundle of the catalytic domain adopts the substrate pocket which is composed of four sub 

sites, i.e. Q pocket (core pocket), M site (metal-binding site), H pocket (hydrophobic pocket) 

and L region (lid region). The Q pocket is a highly conserved region accommodating the 



guanidine group of cGMP and includes the highly conserved Gln817, Phe820, Val782 and 

Tyr612 amino acid residues (Turko et al., 1999, Ahmed et al., 2021). Gln817 of the Q pocket 

forms hydrogen bonds with the guanine group of cGMP while other residues in Q pocket 

form hydrophobic interaction with cGMP. Importantly, the invariant Gln817 residue is the 

key substrate selectivity determinant in PDEs, which could hydrolyze either cGMP or cAMP 

which is controlled by surrounding residues that position the Gln817 in a specific orientation, 

depending on the nature of the PDEs (Soderling & Beavo, 2000). In PDE5, this is achieved 

by immobilization of the side chain amide group of Gln817 through a network of hydrogen 

bonds involving Gln817, Gln775, Gln775, Ala767 and Trp853 (Ahmed et al., 2021). The M 

site contains zinc and magnesium ions stabilizing the enzyme structure and activating a 

hydroxyl group at the active site to facilitate cGMP hydrolysis while the H-pocket consists of 

variable hydrophobic residues. L-region in the catalytic domains acts as a lid on the ligand 

binding domain gating the ligand binding site (Ahmed et al., 2021). All drugs that are 

currently approved for clinical use exhibit their action by competitive binding to the cGMP 

binding site in the catalytic domain forming key interactions with residues in Q and H 

pockets. (Rotella, 2002, Mergia & Stegbauer, 2016).  

 

Combination of Withania somnifera (WS), commonly known as ashwagandha or amukkara 

and Cardiospermum halicacabum (CH), commonly known as lesser balloon vine is a 

commonly used traditional treatment to enhance male virility and to cure erectile 

dysfunctions. WS is a kind of Indian ginseng, a well-known and frequently used medicinal 

plant of the Solanaceae family that can be found in the traditional medicine of many countries, 



including India and Sri Lanka. (Ven Murthy et al., 2010, Nasimi Doost Azgomi et al., 2018). 

This herb is believed to promote sexual activity and fertility (Mahdi et al., 2011). However 

previous studies have failed to establish evidence for its use against erectile dysfunction 

(Ilayperuma et al., 2002, Mamidi & Thakar, 2011). WS is also an adjuvant in treating 

different psychosomatic ailments, neuromuscular strength, increasing tissue vitality, and 

mental and physical endurance. (Mamidi & Thakar, 2011, Ambiye et al., 2013). Adults tend 

to benefit from WS extract in regarding sleep (Cheah et al., 2021). Medical plant CH 

traditionally used to increase male virility while it has a proven potential in increasing sperm 

count and motile sperm percentage (Peiris et al., 2015). CH is a common annual or perennial 

climbing plant widely distributed across tropical and subtropical countries. CH is also 

commonly used in traditional medicine to treat snakebites, rheumatism, and limb stiffness 

(Kumar et al., 2015) while it has proven antioxidant properties (Sikka et al., 1995).  

In the present investigation, Molecular docking and molecular dynamics study was performed 

in a comparative manner with existing approved PDE5 inhibitors to assess how major 

compounds from WS and CH would interact with key residues in the catalytic domain of the 

PDE5 thereby assessing the potential for competitive inhibition of PDE5. 

 

2. Materials and Methods 

2.1 Protein preparation for virtual screening 

Following a detailed analysis of existing structures, the PDB ID 1XOZ complex with 

standard drug tadalafil was selected as the PDE5 target receptor (Oliveira et al., 2019). An 

additional target validation step was implemented using pathway databases such as KEGG 



(Kanehisa, 2000) and reactome (Gillespie et al., 2021). Any missing side chains in the 

acquired crystal structure PDB file were inserted using Pdbfixer (Eastman et al., 2012), and 

steric conflicts were resolved (Barnes & Ytreberg, 2019). Water molecules, unwanted ligands, 

inorganic ions, and organic solvents were eliminated using BIOVIA discovery studio 2022, 

and hydrogen atoms were added (Ram et al., 2022). The protein was initially decreased 

energetically in Avogadro (Hanwell et al., 2012) using the mmff94 force field, then used for 

molecular docking virtual screening (Sarkar & Das, 2021). Chimera 1.15 (Pettersen et al., 

2004) was used to identify the atom types/charges (Faria & Teleschi, 2021). Prepared 

structure was imported to PyRx software (Dallakyan & Olson, 2014) as receptors in the 

pdbqt format for virtual screening (Hosseini et al., 2020). 

 2.2 Compound library preparation 

The phytochemical library (See supplementary data) was constructed using 53 major 

compounds, found in WS and CH and downloaded from the PubChem database (https:// 

pubchem.ncbi.nlm.nih.gov/) (Kim et al., 2022). After detailed visual validation of structures, 

Online Smile Translator (OSM) was employed to generate 3D coordinates for 

phytochemicals (Ferdous et al., 2021). All molecular formats were converted to SDF format 

using the open babel software (O’Boyle et al., 2011) and was imported into PyRx, where all 

molecules were minimized using the mmff94 force field in PyRx. All of the phytochemicals 

were converted to ligands pdbqt format in PyRx. 

  

2.3 Structure-based virtual screening  

The chemical library, which contains 53 ligands, and 3 controls (tadalafil, sildenafil, and 



avanafil) were screened in PyRx by docking with AutoDock Vina against the target protein 

using the Lamarckian Genetic Algorithm (LGA) (Fuhrmann et al., 2010, Trott & Olson, 

2010). Based on available literature and crystal structure information, the virtual screening 

grid box was constructed to include all binding site residues i.e. Tyr612, His613,  Asp654, 

His657, Gly659, Val660, Ser661, Ans662, Thr723, Asp724, Leu725, Ala726, Asp764, 

Leu765, Val782, Phe786, Gln789, Leu804, Met805, GLN817 and Phe820. . All polar resides 

were kept flexible during docking, and exhaustiveness was adjusted to 8. At end of the run, 

all of the ligands were ranked in order of binding affinity (Quiroga & Villarreal, 2016). All 

compounds with binding affinities better than or equal to -9.0 kcal/mol were considered as 

hits while others were eliminated from further studies. Hits were further analyzed for 

protein-ligand interactions using Protein Ligand Interaction Profiler 

(https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index) (Salentin et al., 2015). 

 

2.4 Interaction analysis   

Hit compounds and three controls were used to binding pose and target ligand interaction 

analysis using BIOVIA Discovery Studio 2022 (Gogoi et al., 2021). Vina output files were 

obtained and divided into 10 poses based on their confirmations utilizing “vina split” of 

autodock tools (Ascone & Sakidja, 2017). The protein target was loaded into Discovery 

Studio and all poses of ligands and reference drugs having affinity value better than or equal 

to -9.0 kcal/mol were loaded one at a time. Interaction analysis was done on each 

confirmation to discover the finest ligand confirmation (Mohankumar et al., 2020).   

2.5 Molecular dynamics simulation 



Complexes used for interaction analysis were subjected to for molecular dynamics simulation 

(MD) analysis. tadalafil, sildenafil and avanafil were served as positive controls for 

simulation. The MD simulations on docked complexes were done in triplicate using 

Schrödinger, LLC's Desmond 2020.1 (Bowers, Sacerdoti, et al., 2006). Triplicates were 

simulated with identical conditions for each MD run to validate the reproducibility of the data. 

The OPLS-2005 force field (Bowers et al., 2006, Shivakumar et al., 2010) and an explicit 

solvent model with SPC water molecules were used in this system (Jorgensen et al., 1983). 

Na+ and Cl- ions were added to neutralize the charge, and a 0.15 M NaCl solution was 

provided to mimic the physiological environment.  TI3P solvent model (stipulates a trio-site 

solid water molecule containing charges) was used to solvate docked complexes in an 

orthorhombic box of 0.5X0.5X0.5 Å3 size. The NPT ensemble was built using the 

Nose-Hoover chain coupling technique (Martyna et al., 1994). The production run lasted 

100ns with a temperature of 300K , a relaxation period of 1.0ps, and a pressure of 1 bar 

preserved throughout the simulations (Jukič et al., 2020). A time step of 2fs was used. For 

pressure control, the Martyna-Tuckerman-Klein chain coupling system (Martyna et al., 1992) 

barostat method with a relaxation time of 2 ps was used. The particle mesh Ewald approach 

(Toukmaji et al., 1996) was employed to analyze long-range electrostatic interactions, with 

the radius for coulomb interactions set at 9. The bonded forces were computed for each 

trajectory using the RESPA integrator with a time step of 2 fs (Izaguirre et al., 1999). 

Desmond's simulation interaction analysis tool was used to examine the collected trajectories 

using multiple MD simulation parameters, including protein root mean square fluctuation 

(RMSF), root mean square deviation (RMSD), and protein-ligand (PL) interactions. 



 

2.7 ADME–Tox evaluation 

Using the web-server pkCSM (https://biosig.lab.uq.edu.au/pkcsm/), and SwissADME 

(http://www.swissadme.ch), the ADME-Tox characteristics (absorption, distribution, 

metabolism, excretion, and toxicity) of the best hits were analyzed (Pires et al., 2015, Daina 

et al., 2017). The Structure Data Format (SDF) files of all compounds were used to derive 

ADMET properties using default values in the servers.  

 

3. Results and discussion 

3.1 Molecular docking and molecular dynamics analysis 

3.1.1 Tadalafil 

Tadalafil, often referred to as Cilais (Coward & Carson, 2008), is a medication used to treat 

erectile dysfunction and pulmonary hypertension (Minhas et al., 2003, Bethesda, 2012). 

Several studies conclude that tadalafil has high efficacy and safety as daily dosing (McMahon, 

2004, Mirone et al., 2005). Moreover, another study revealed that low-dose consumption may 

minimize total drug exposure in men who engage in sexual activity more than twice per week 

and may reduce side effects in men who cannot handle higher PDE5 inhibitor dosages (Costa 

et al., 2009,Wrishko et al., 2009). In vivo studies have shown the long-term usage safety of 

tadalafil and its tolerance on the human body (Montorsi et al., 2004, Porst et al., 2006). 

During one study, tadalafil was well tolerated and safe at dosages of 5, 10, or 20mg 

administered as necessary up to once daily for 18 to 24 months (Montorsi et al., 2004).  

Docking studies were conducted to provide accurate predictions of ligand structure and 

orientation inside a particular binding site (Meng et al., 2011, Ramírez & Caballero, 2016). 

The docking score of Tadalafil with the 1XOZ crystal structure yielded the most significant 

binding affinity within the list with -12.5 kcal/mol (Table 2). The hydrogen bonding involved 



Gln817 which is critical in recognizing its native ligand (Sung et al., 2003, Huai et al., 2004 

Zoraghi et al., 2006) as discovered in the 1XOZ structure by re-docking, is a crucial 

interaction recognized to stabilize the tadalafil.  According to previous studies, tadalafil 

stabilization may also be attributed to residues such as Phe820, Phe786, and Val782 (Huai et 

al., 2004, Zoraghi et al., 2007). In our research, we identified Phe765, Ala767, Ile768, Val782, 

Phe786, Leu804, and Phe820 stabilize hydrophobic interactions with Tadalafil. The RMSD 

values of the protein and ligand during the molecular dynamics simulations were less than 3Å, 

indicating that the protein and ligand exhibited relatively stable behavior throughout the 

simulation (Figure 1A) . The RMSF plot for tadalafil revealed some fluctuations at the 

catalytic active site interaction at Gln817, with a flexibility range of 0.4Å to 2.7 Å (Figure 1 

C) while the RMSF values along the protein were found below 3 Å, which indicates relative 

structure rigidity (Li et al., 2010) (Figure 1 B).  The hydrogen bond interactions with 

catalytic residues Gln817 were seen to be retained more than 99% of the simulation time can 

be observed in the 2D simulation interaction diagram (Figure 1 D) . 



 

 

Figure 1. Molecular dynamcis simulation analysis on 1XOZ complex with Tadalafil. (A) 

RMSD fluctuations of proteinand ligand during 100 ns simulation runs; (B) Comparative 

RMSF plot; (C) Histogram showing interaction fractions with active amino acid residues; (D) 

Schematic representation of ligand indicating percentage interactions with active site 

residues. 

 

Table 1. Compounds of the W. somnifera and C.halicacabum and positive controls used for 

interaction analysis and molecular dynamics simulation.  

 

Compound Tag Compound name Pubchem ID References 



A1 Withaferin A 265237 (Bethesda, 2012) 

A20 Withanolide R 101281364 (H et al., 2022) 

A34 

17-hydroxy withaferin 

A 

50990201 

(Borah et al., 

2019) 

A37 

27-hydroxy 

withanolide B 

15858981 

(Borah et al., 

2019) 

A39 

Sitoindoside (IX) or 

27-O-glucopyranosyl 

withaferin A  

189586 

(Choe et al., 

2022) 

W26 Apigenin 5280443 

(Husain et al., 

2022) 

W31 Rutin  5280805 (Aati et al., 2022) 

C1 Tadalafil 110635 

(Frajese et al., 

2006) 

C2 Avanafil 9869929 (Li et al., 2019) 

C3 Sildenafil 135398744 

McMurray et al. 

(2007) 

  

Table 2. Results of molecular docking and interaction analysis. Superscripts indicate the type 

of interaction ( a- H-bonds; b-hydrophobic interactions; c-salt bridges; d-;halogen bonds e- PI 

interactions). Gln 817 that form strong H bonds with substrate cGMP is given in bold 



Compound Name Binding energy 

(kcal/mol) 

Interacting Residues 

Tadalafil (C1) -12.5 ALA-767b, ILE-768b, VAL-782b, 

LEU-804b, MET-816b, GLN-817ab, 

PHE-820b 

Avanafil (C2) -9.8 HIS-613a, ASP-764a, GLN-775a,  

ALA-779b, VAL-782b, MET-816b, 

GLN-817ab, PHE-820b  

Sildenafil (C3) -9.6 TYR-612a, ASN-662b, THR-723a, 

LEU-725b, LEU-765b, LEU-804b, 

GLN-817a, PHE-820b  

27-hydroxyWitha

nolide B (A37) 

-11.5 LEU-681b, ALA-779a, VAL-782b, 

GLN-817a, PHE-820b 

Withaferin A (A1) -11.5 LEU-681b, THR-723a, LEU-725b, 

PHE-786b, GLN-817a, PHE-820b  

Sitoindoside ix 

(A39) 

-11.4 TYR-612ab,  ASN-662a, GLU-682a, 

ASP-724a, LEU-725a, ALA-726b, 

GLN-775a, ILE-778b, VAL-782b, PHE-820b 

17-hydroxywithaf

erin A (A34) 

-11.3 LEU-681b, THR-723a, LEU-725b, 

PHE-786b, GLN-817a, PHE-820b 

Withanolide R 

(A20) 

-10 HIS-613a, LEU-681b, LEU-804b, 

MET-816b, GLN-817b, PHE-820b 



Rutin (W31) -9.6 TYR-612a, ASN-662a, LEU-725a, 

LEU-726a, ASP-764a, ILE-786b, GLN-817a, 

PHE-820b 

Apigenin (W26) -9.2 GLN-775a, ALA-779b, ALA-783b, 

PHE-786b, LEU-804a, GLN-817a 

 

 

3.1.2 Avanafil 

Avanafil is a PDE5 inhibitor commercially available as Stendra (Kedia et al., 2013). Several 

studies indicated that avanafil is more selective for PDE5 inhibitors than other PDE inhibitors 

(Evans & Burke, 2012). This drug is effective as a long-term drug to treat erectile dysfunction 

(Belkoff et al., 2013). The highest docking score observed for avanafil with the 1XOZ crystal 

structure was -9.8 kcal/mol (Table 2). During molecular dynamics simulations, the mean 

RMSD of the protein was less than 3Å, while the RMSD of the ligand was less than 5Å, 

suggesting that the protein and ligand may have shown relatively stable behavior throughout 

the simulation (Figure 2). However, avanafil initially exhibited variations up to 30 ns of the 

simulation. However, beyond 30 ns, the compound exhibited no significant RMSD 

fluctuations (Figure 2 A). Previous in-silico analysis suggested that avanafil stabilizes 

hydrogen bonds with Tyr612, Ser661, Asp764, and Leu804 and nonpolar bonds with Val782, 

Phe786, and Gln789 (de Oliveira et al., 2019).  According to our study, Tyr612, Asp654, 

Ile720, Thr723, and Asp764 formed strong hydrogen bonds with avanafil. Moreover, Val782 

and Phe786 engaged in hydrophobic interactions. Ionic interactions were also observed in 

Asp654, Asp724, and Asp764. Since Asp654 and Asp764 have distinct types of bonding (H 



bonds and Ionic bonds), overall interaction fractions produced findings that exceeded the 

interaction fraction score of 1 (Figure 2 C). The RMSF plot for avanafil indicated fluctuations 

in the catalytic active site interaction at Tyr612, Asp654, Ile720, Thr723, and Asp764, with a 

flexibility range of 0.4 to 3.5 Å (Figure 2 B). The hydrogen bond interactions with the 

catalytic residue Asp764 were maintained for more than 88 percent of the simulated duration. 

Simultaneously, Asp654 retained 87%, Ile720 retained 59%, and Tyr612 retained 58% over 

the 100 ns can be observed in the 2D simulation interaction diagram (Figure 2 D). 

 

 

 

Figure 2. Molecular dynamcis simulation analysis on 1XOZ complex with Avanafil. (A) 

RMSD fluctuations of proteinand ligand during 100 ns simulation runs; (B) Comparative 

RMSF plot; (C) Histogram showing interaction fractions with active amino acid residues; (D) 

Schematic representation of ligand indicating percentage interactions with active site 



residues. 

 

3.1.3 Sildenafil 

Sildenafil is a medication prescribed for the treatment of pulmonary arterial hypertension 

(PAH)  and erectile dysfunction (ED) (MedlinePlus, 2019). It is marketed under the Viagra  

brand and is also offered in generic form (Eardley et al. 2002). Sildenafil works by boosting 

blood flow to the lungs and penis, resulting in enhanced erections and exercise capacity in 

patients with PAH (Ramani, 2010). Sildenafil is given orally, up to 30 minutes prior to sexual 

activity and its effects could last up to 4 hours (Smith & Babos, 2022).  

The highest docking score for sildenafil was -9.6 kcal/mol (Table 2). During molecular 

dynamics simulations, the protein RMSD was less than 2.5Å, while the ligand's RMSD was 

less than 4.5Å, indicating that the protein and ligand may have exhibited relatively stable 

behavior throughout the simulation (Figure 3). However, the RMSD plot revealed that 

Sildenafil fluctuated significantly during the 100ns simulation period (Figure 3 A). Previous 

in-silico research suggested that sildenafil forms hydrogen bonds with Gln817 and has 

hydrophobic interactions with Leu765, Ala767, Ile768 and Phe820 (de Oliveira et al., 2019). 

Gln817 formed strong hydrogen bonds with avanafil, according to our findings. Furthermore, 

Phe786, Leu804, and Phe820 were involved in hydrophobic interactions. Since Gln817 and 

Phe820 have multiple bonding sites, overall interaction fractions yielded results that exceeded 

the interaction fraction score of one (Figure 3 C). With a flexibility range of 0.5 to 3.0, the 

RMSF plot for sildenafil revealed fluctuations in the catalytic active site interaction at 

Gln817, Phe786, Leu804, and Phe820 (Figure 3 B). More than 97 percent of the time, 



hydrogen bond interactions with the catalytic residue Gln817 were maintained. (Figure 3 D). 

 

Figure 3. Molecular dynamcis simulation analysis on 1XOZ complex with Sildenafil. (A) 

RMSD fluctuations of proteinand ligand during 100 ns simulation runs; (B) Comparative 

RMSF plot; (C) Histogram showing interaction fractions with active amino acid residues; (D) 

Schematic representation of ligand indicating percentage interactions with active site 

residues. 

 

3.1.4  27-hydroxywithanolide B 

27-hydroxywithanolide B (12-Deoxywithastramonolide) is mainly identified in WS root and 

leaf (Chaurasiya et al., 2008) and it is a recognized as an enzyme inhibitor and an antioxidant 

(Nile et al., 2019). This compound also shown its potential as a inhibiting the replication of 

SARS-CoV-2 (Borse et al., 2021). The highest docking score of 27-hydroxywithanolide B 



with 1XOZ crystal structure was recorded as -11.5 kcal/mol (Table 2). The fact that the mean 

RMSD for protein was less than 2.2 Å and the mean RMSD for ligand was less than 7 Å 

shows that throughout the simulation, protein and ligand exhibited comparatively less stable 

behavior due to a considerable difference (Figure 4 A). The PL contacts diagram indicates 

that Ala779 forms a strong hydrogen bond with the ligand. Leu725, Ile768, Leu804, Ile813, 

Phe820, and Trp853 also form hydrophobic interactions with the ligand (Figure 4 C). The 

27-hydroxywithanolide B RMSF plot revealed minimal variations at the catalytic active site 

interaction, Ala779, Leu725, Ile768, Leu804, Ile813, Phe820, and Trp853, with a flexible 

range of 0.4 to 2.0Å (Figure 4 B). The hydrogen bond interactions with catalytic residue 

Ala779 were seen to be retained in more than 62% of the simulation time which can be 

observed in 2D simulation interaction diagram (Figure 4 D). However overall results suggest 

that, when compared to Avanafil and Tadalafil, 27-hydroxywithanolide B is not very stable. 

 



Figure 4. Molecular dynamcis simulation analysis on 1XOZ complex with 

27-hydroxywithanolide B. (A) RMSD fluctuations of proteinand ligand during 100 ns 

simulation runs; (B) Comparative RMSF plot; (C) Histogram showing interaction fractions 

with active amino acid residues; (D) Schematic representation of ligand indicating percentage 

interactions with active site residues. 

 

 

3.1.5 Withaferin A 

Withaferin A is the highest bioavailable compound obtained from W. somnifera root extracts 

(Dinesh & Rasool, 2019). This compound is initially recognized for its ability to prevent the 

growth of cancer cells (Sail & Hadden, 2012). The cytoprotective effect of Withaferin A 

anticipated the stimulation of the gene-regulating heat shock response factor (Santagata et al., 

2011).Several studies have shown that Withaferin A has neuroprotective properties (Dar et al., 

2015, Marlow et al., 2017, Zhang et al., 2017, Raziya Banu et al., 2019). It may also act 

against Parkinson’s disease, amyotrophic lateral sclerosis, reactive gliosis, and cerebral 

infarctions (Jinwal et al., 2021). The highest docking score of Withaferin A with 1XOZ 

crystal structure was recorded as -11.5 kcal/mol (Table 2). Withaferin A exhibited fluctuations 

in the first 10ns of the simulation. After 10 ns, the compound Withaferin A exhibited no 

substantial RMSD changes compared to the other docked complex trajectories. The protein 

and ligand RMSD values were nearly superimposed during the overall simulation period and 

the mean protein RMSD value was lower than 2.0 Å, indicating that the protein and ligand 

exhibited a steady behavior (Figure 5 A). According to the PL contacts diagram, His653, 



His657, Glu682, Ser766, Gln775, and Gln817 contributed significantly to the stabilization of 

the docked protein-ligand complex (Figure 5 C). Further analysis revealed that, Tyr612, 

asp724, Leu765, and Val782 show relatively low hydrophobic interactions with the ligand 

compared to its hydrogen bond interactions.  

The RMSF plot for Withaferin A yielded fluctuations at the catalytic active site interaction, 

His653, His657, Glu682, Ser766, Gln775, and Gln817 with a flexiblility range of 0.4 to 2.0 Å 

(Figure 5 B).  The hydrogen bond interactions with the catalytic residue Glu682 were 

maintained for over 96% of the simulation period. Simultaneously, His653 retained 93%, 

Gln775 retained 29%, Ser776 retained 26%, and Gln817 retained 11% over the 100 ns period 

observed in the 2D simulation interaction diagram (Figure 5 D). Furthermore, during 

modeling, a consistent RMSD behavior of its trajectory was found, confirming the stability of 

this protein-ligand combination in the active site. 

 



Figure 5. Molecular dynamcis simulation analysis on 1XOZ complex with Withaferin A. (A) 

RMSD fluctuations of proteinand ligand during 100 ns simulation runs; (B) Comparative 

RMSF plot; (C) Histogram showing interaction fractions with active amino acid residues; (D) 

Schematic representation of ligand indicating percentage interactions with active site 

residues. 

 

3.1.6 Sitaindoside IX 

Sitoindoside IX has an antineoplastic activity that is functionally comparable to that of 

Withaferin A (Jayaprakasam et al., 2003, Zhang et al., 2011). According to research 

conducted by a group of scientists, this chemical assisted in the formation and maintenance of 

memory in aged rats (Ghosal et al., 1989). Sitoindoside IX also used as a antistress, 

anti-Alzheimer’s agent (Bokelmann, 2022). 

Sitaindoside IX performed a highest docking score of -11.4 kcal/mol with 1XOZ crystal 

structure (Table 2). Although the PL RMSD chart indicated a lower protein RMSD mean 

value (2.2 Å),  the Ligand RMSD deviates dramatically from 2Å to 14Å throughout the 

100ns period (Figure 6 A). The larger ligand RMSD deviation suggests that the protein and 

ligand exhibited less steady behavior over the simulated period. Sitaindoside IX demonstrated 

hydrogen bonding interactions with Tyr612, Gln663, Asp724, Gln775, Gln789, and Gln817 

based on the PL contacts diagram (Figure 6 C). In addition, Ala545, Leu765, and Phe820 

residues formed hydrophobic interactions with Sitaindoside IX. The RMSF plot for 

Sitaindoside IX yielded the overall less fluctuations at the catalytic active site dyad, Tyr612, 

Asp724, Gln775, Gln789, and Gln817with flexibility range of 0.6 to 2.5 Å (Figure 6 B).  



The nature of the hydrogen bond contacts with the catalytic pair residues Gln817 was 

maintained throughout the simulation, which lasted more than 40% of the duration, but the 

tadalafil interaction on the same residue lasted 99% of the 100ns period. Sitaindoside IX 

remained stable at 18% with Tyr612, and the interaction between Tyr612 and avanafil lasted 

58% throughout the simulation (Figure 6 D).  The RMSF chart suggested a steady behavior, 

while the critical residues were stable. 

 

Figure 6. Molecular dynamcis simulation analysis on 1XOZ complex with Sitaindoside IX. 

(A) RMSD fluctuations of proteinand ligand during 100 ns simulation runs; (B) Comparative 

RMSF plot; (C) Histogram showing interaction fractions with active amino acid residues; (D) 

Schematic representation of ligand indicating percentage interactions with active site 

residues. 

 



3.1.7 17-Hydroxywithaferin A 

The docking score validation of 17-Hydroxywithaferin A with 1XOZ crystal structure was 

recorded as -11.3 kcal/mol (Table 2). The mean protein RMSD was less than 2.2Å, while the 

mean Ligand RMSD was less than 7Å. The RMSD values of this simulation fluctuated 

significantly until 60 ns (Figure 7 A). However, again, at 75 ns, there were significant 

fluctuations. Overall, the figure does not demonstrate steady behavior. 

17-Hydroxywithaferin A demonstrated hydrogen bonding interactions with Tyr612, His657, 

Ser662, Ser662, Ser682, and Gln817 (Figure 7 C).   Phe786 and Phe820 further developed 

hydrophobic interactions with 17-Hydroxywithaferin A. The catalytic active site dyad, 

Tyr612, His657, Ser662, Ser662, Ser682, and Gln817, exhibited the slightest changes, with a 

range of flexibility between 0.6 Å and 2 Å, as shown by the RMSF figure (Figure 7 B). The 

hydrogen bond interactions with the catalytic pair residues His657 were maintained for over 

75% of the total simulation duration. In the 2D simulated interaction diagram, Glu682 

retained 42%, Asn662 kept 40%, Ser661 retained 24%, Tyr612 retained 15%, and Gln817 

retained 12% throughout 100 ns (Figure 7 D). Compared to avanafil and tadalafil, the 

interaction with the 1XOZ complex exhibited a less stable behavior; still, the essential 

residues retained significant time over the simulation. 



 

Figure 7. Molecular dynamcis simulation analysis on 1XOZ complex with 

17-Hydroxywithaferin A. (A) RMSD fluctuations of proteinand ligand during 100 ns 

simulation runs; (B) Comparative RMSF plot; (C) Histogram showing interaction fractions 

with active amino acid residues; (D) Schematic representation of ligand indicating percentage 

interactions with active site residues. 

 

3.1.8 Withanolide R 

The highest docking score of Withanolide R with 1XOZ crystal structure was recorded as 

-10.0 kcal/mol (Table 2). The RMSD values of these compounds showed significant 

oscillations until 20 ns, which was true for both the ligand and the protein. The 

superimposition of the RMSD values for the protein and the ligand indicates stable behavior 

(Figure 8 A). Withanolide R exhibited weak hydrogen bonding interactions with Thy723, 



Thr725, and Leu804. Moreover, hydrogen bonding with Gln817 is very weak. The 

hydrophobic interactions were performed by Ile729, Val782, Phe786, Leu 804, Phe820, and 

Ala823 (Figure 8 C). The RMSF plot for Withanolide R yielded the slightest fluctuations at 

the catalytic active site dyad, Thy723, Gln817, and Thr725, with a flexibility range of 0.5 to 

1.5 Å (Figure 8 B) During the simulation, it was discovered that the catalytic pair residues did 

not sustain any substantial hydrogen bond connections with one another (Figure 8 D). When 

compared to the tadalafil and avanafil complexes, this ligand complex is considered to have 

the slightest degree of relevance. 

 

Figure 8. Molecular dynamcis simulation analysis on 1XOZ complex with Withanolide R. (A) 

RMSD fluctuations of proteinand ligand during 100 ns simulation runs; (B) Comparative 

RMSF plot; (C) Histogram showing interaction fractions with active amino acid residues; (D) 

Schematic representation of ligand indicating percentage interactions with active site 



residues. 

3.1.9 Rutin 

Rutin was discovered to be a natural flavonoid (Chen et al., 2013, Ganeshpurkar & Saluja, 

2017) and used in various therapeutic purposes. Rutin demonstrated decreased 

neuroinflammation in sporadic dementia rat models (Javed et al., 2012). Studies found that 

rutin has an antidepressant-like effect by increasing noradrenaline and serotonin accessibility 

in the synaptic cleft (Machado et al., 2008). Rutin improves endothelial function in human 

endothelial cells by boosting NO production (Ugusman et al., 2014). The fundamental reason 

for restoring reduced baroreflex sensitivity and 'vascular reactivity' in hypertensive rats is the 

reduction in oxidative stress generated by rutin when administered orally (Mendes-Junior et 

al., 2013). In one investigation, rutin was found to have a protective effect against lipid 

peroxidation-induced damage to human sperm (Moretti et al., 2012). Rutin treatment may 

help with the several mutilations linked with physical exhaustion (Su et al., 2014). 

The highest docking score of rutin with 1XOZ crystal structure was recorded as -9.6 kcal/mol 

(Table 2).  The obtained RMSD values were plotted against the simulation period. The 

compound rutin demonstrated much-reduced ligand RMSD variations with low angstrom 

value during the 20-80 ns time frame (Figure 9 A). The mean protein RMSD value was lower 

than 2.4 Å, and the Ligand RMSD value retained below 3.5 Å suggested that the protein and 

the ligand went through relatively stable behavior during the simulation.Hydrogen bonding 

interactions between His612, His613, His617, Ser661, Asn662, Gln663, Leu725, Asp764, 

Gln775 and Gln817 were discovered (Figure 9 C).  The RMSF plot for rutin yielded the 

slightest fluctuations at the catalytic active site dyad,  visualized hydrogen bonding 



interactions with His617, Ser661, Asn662, Leu725, Asp764, Gln775, and Gln817 with a 

flexibility range of 0.4Å to 2.5 Å (Figure 9 B). The hydrogen bond interactions with the 

catalytic pair residues Gln817 were retained throughout the simulation, which lasted more 

than 130% of the time, indicating that more than one bond was established. The 2D 

simulation interaction diagram shows that Asp764 retained 98%, Gln775 retained 96%, 

Leu725 retained 97%, and His617 retained 48% throughout the 100 ns timeframe (Figure 9 

D). Furthermore, a consistent RMSD characteristic of its trajectory was discovered during 

modeling, supporting the stability of this protein-ligand combination in the active site,  

 

Figure 9. Molecular dynamcis simulation analysis on 1XOZ complex with Rutin. (A) RMSD 

fluctuations of proteinand ligand during 100 ns simulation runs; (B) Comparative RMSF plot; 

(C) Histogram showing interaction fractions with active amino acid residues; (D) Schematic 

representation of ligand indicating percentage interactions with active site residues. 



3.1.10 Apigenin 

Apigenin was discovered mainly in CH  (Chen et al., 2013). Apigenin's therapeutic potential, 

notably its antioxidant potential and promising function as a neuroprotective drug, in 

depression, Parkinson's disease, and Alzheimer's disease being investigated (Nabavi et al., 

2018). Depending on the dosage, Apigenin may promote muscle relaxation and sleepiness 

(Shakeri & Boskabady, 2015). According to one research, apigenin is accountable for T. 

aphrodisiaca's antianxiety function (Kumar & Sharma, 2006). 

The obtained RMSD values were displayed against the simulation time for examination after 

the run. Apigenin demonstrated significant ligand RMSD fluctuations over time.  The 

highest docking score of apigenin with 1XOZ crystal structure was recorded as -9.2 kcal/mol 

(Table 2).  The obtained RMSD data were plotted against the simulation duration for further 

analysis. The chemical apigenin first showed significant RMSD fluctuations up to 75 ns time 

scale. The mean protein RMSD value was lower than 2.4 Å, and the Ligand RMSD value 

below 6.4 Å suggests that the protein and the ligand had reasonably steady deviations 

throughout the simulation (Figure 10 A). Apigenin interactions exhibited hydrogen bonding 

with Asp764, Gln775, Ala779, Leu804, and Gln817, as well as hydrophobic interactions with 

Val782, Phe787, Ile813, Phe820, and Trp853 (Figure 10 C). The RMSF plot for apigenin 

revealed the slightest changes in the catalytic active site dyads Gln775, and Gln817, with a 

flexible range of 0.4 to 1.6 (Figure 10 B). Throughout the simulation, which lasted more than 

40% of the time, the hydrogen bond interactions with the catalytic pair residues Gln817 were 

seen to be sustained (Figure 10 D). 



 

Figure 10. Molecular dynamcis simulation analysis on 1XOZ complex with Apigenin. (A) 

RMSD fluctuations of proteinand ligand during 100 ns simulation runs; (B) Comparative 

RMSF plot; (C) Histogram showing interaction fractions with active amino acid residues; (D) 

Schematic representation of ligand indicating percentage interactions with active site 

residues. 

3.2 ADME-TOX Evaluation 

Lipinski et al. developed the 'rule of five,' which limits molecular weight, log P (the logarithm 

of the octanol/water partition coefficient), and the number of hydrogen bond donors and 

acceptors (Lipinski et al., 2001). According to the rule, most 'drug-like' molecules have less 

than 10 hydrogen bond acceptors and 5 hydrogen bond donors,  log P <= 5, and molecular 

weight <= 500. Molecules that violate more than two of these principles may have 

bioavailability issues. The Table reveals that the reference compounds did not break any rules 



(Table 3). However, based on molecular docking and molecular dynamics simulation, the 

predicted highest potential molecule Withaferin A, stood noticeably between the values of 

two controls. However, the log P value of Withaferin A is greater than that of the two controls, 

but this does not break the criteria. 

Furthermore, the results revealed that the majority of compounds potentially identified by 

molecular docking have low TPSA values, implying that their oral bioavailability should be 

higher than that of the other substances (Table 3) as the oral bioavailability is inversely 

proportional to TPSA (Freitas, 2006). However, the anticipated molecule Rutin broke the law 

exhibiting higher H bond donors and acceptors and had a high TPSA value, making it less 

bioavailable than Tadalafil and Avanafil. The enhanced contemporary medicine, Tadalafil, has 

a substantially smaller number of hydrogen bond acceptors, molecular weight, and TPSA 

than many substances in Table, which reportedly adds to its acknowledged benefits over 

Avanafil. A comprehensive ADME-Tox evaluation can provide a more specific study of 

pharmacological parameters. 

Table 4 shows some parameters for the reference and projected compounds in absorption, 

distribution, metabolism, excretion, and toxicity. When compared to one another, all 

compounds had benefits and drawbacks. Specifically analyzing the activity of Withaferin A,  

there was no discernible change observed in the health consequences or rodent toxicology 

profiles. Furthermore, the other overall values were marginally lower or higher to those 

reported with Tadalafil Sildenafil and Avanafil with depicts that Withaferin A may be a 

promising compound. 

 



Table 3.Results for the calculated Lipinski’s rule of five and total polar surface area (TPSA) 

 

Paramet

er 

Tadalaf

il 

 

Avanaf

il 

 

Sild

ena

fil 

A1 A2

0 

A34 A37 A39 W26 W31 

Molecul

ar 

weight 

(g/mol) 

389.41

1 

483.96 474

.58

7 

 

47

0.

60

6 

 

470.60

6 

 

470.60

6 

 

470.60

6 

 

632.74

7 

 

270.2

4 

 

610.52

1 

 

logP 2.2113 2.4318 

 

1.6

109 

 

3.

35

29 

 

3.3513 

 

3.3529 

 

3.3529 

 

1.1771 

 

2.576

8 

 

-1.687

1 

 

Number 

of 

hydroge

n bond 

acceptor

s 

4 9 8 6 6 6 6 11 5 16 

Number 

of 

hydroge

n bond 

donors 

1 3 1 2 2 2 2 5 3 10 

TPSA 

(Å2) 

74.88 

 

125.39 

 

121

.80 

96

.3

6 

 

96.36 

 

96.36 

 

96.36 

 

175.51 

 

90.89 

 

269.43 

 

 

 

Table 4. ADME–Tox parameters calculated for the reference and proposed compounds 

Parameter  Tadala

fil  

 

Avana

fil  

 

Silde

nafil 

A1 A20 A34 A37 A39 W26 W31 

GI 

absorption 

High High 

 

High High 

 

High 

 

High 

 

High 

 

Low High 

 

Low 



BBB 

permeant 

No No No No No No No No No No 

Caco2 

permeability 

0.946 0.626 0.135 0.885 0.705 0.885 0.792 -0.1

92 

0.917 -0.85

7 

P-glycoprote

in substrate 

Yes 

 

Yes 

 

Yes Yes 

 

Yes 

 

Yes 

 

Yes 

 

Yes 

 

Yes 

 

Yes 

 

P-glycoprote

in I inhibitor 

Yes 

 

Yes 

 

Yes Yes 

 

Yes 

 

Yes 

 

Yes 

 

Yes 

 

No No 

CNS 

permeability 

-2.212 -3.275 -3.53

1 

-2.41

6 

-2.88

8 

-2.41

6 

-2.58

9  

-3.4

8 

-2.17

6 

-5.57

8 

CYP2D6 

substrate 

No No No No No No No No No No 

CYP3A4 

substrate 

Yes 

 

No 

 

Yes Yes 

 

Yes 

 

Yes 

 

Yes 

 

Yes 

 

No No 

 

CYP1A2 

inhibitior 

No 

 

No 

 

No No 

 

No 

 

No 

 

No 

 

No 

 

Yes 

 

No 

 

CYP2C19 

inhibitior 

Yes 

 

No 

 

No No 

 

No 

 

No 

 

No 

 

No 

 

No 

 

No 

 

 CYP2C9 

inhibitior 

No 

 

Yes 

 

No No 

 

No 

 

No 

 

No 

 

No 

 

No 

 

No 

 

CYP2D6 

inhibitior 

No 

 

No 

 

No No 

 

No 

 

No 

 

No 

 

No 

 

No 

 

No 

 

CYP3A4 

inhibitior 

No 

 

Yes 

 

Yes No 

 

No 

 

No 

 

No 

 

No 

 

Yes 

 

No 

 

AMES 

toxicity 

No 

 

No 

 

No No 

 

No 

 

No 

 

No 

 

No 

 

No 

 

No 

 

Oral Rat 

Acute 

Toxicity 

(LD50) 

(mol/kg) 

2.732 

 

2.556 

 

2.655 2.789 

 

2.953 

 

2.789 

 
2.923 3.37

2 

 

2.327 2.472 

Oral Rat 

Chronic 

Toxicity 

(LOAEL) 

(log 

mg/kg_bw/d

ay) 

0.915 

 

1.287 

 

1.965 0.956 

 

1.833 

 

0.956 

 

0.864 

 
4.66

5 

1.671 5.706 

Skin 

Sensitisation 

No 

 

No 

 

No No 

 

No 

 

No 

 

No 

 

No 

 

No 

 

No 

 

T.Pyriformis

 toxicity (log 

0.295 

 

0.287 

 

0.286 0.291 

 

0.294 

 
0.291 0.298 0.28

5 

0.458 0.285 

 



ug/L) 

 

 

 

 

 

Conclusion 

The molecular docking and dynamics modeling technique was used to the natural chemical 

ingredients of W. somnifera and C. halicacabum to determine their ability to inhibit the 

PDE-5 enzyme, which is directly implicated in smooth muscle contraction and relaxation. 

Among the 53 bioavailable compounds of WS and CS, our research indicated that Withaferin 

A and Rutin were the most potent natural inhibitors of PDE5. In addition, the RMSD 

trajectories of Withaferin A and Rutin displayed a very steady behavior with fewer variations 

than those of other ligands. Stable interactions were observed between the ligand and the 

catalytic dyad residue Gln 817. With ADMET analysis we observed that Withaferin A is 

significantly bioavailable than Rutin and it marginally mimics the values of sildenafil, 

tadalafil and avanafil.  

W. somnifera and C. halicacabum are well-known as antidepressants, sperm count boosters, 

sleep inducers, antioxidants, and neuroenhancers. This research implies that the Ayurvedic 

herbs W. somnifera and C. halicacabum may be an alternative to currently existing PDE5 

inhibitors. However, further in vitro and in vivo testing is required to validate this molecule as 

a PDE5 inhibitor. 
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