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ABSTRACT 
Sildenafil has FDA approval as the first agent for erectile dysfunction oral therapy. It works by inhibiting the 
phosphodiesterase type 5 enzyme and preventing the breakdown of cyclic guanosine monophosphate. Therefore, this 
study aims to modify the structure of sildenafil to obtain a safer derivative with better phosphodiesterase type-5 
inhibition activity. An interaction assessment using molecular docking and dynamic simulation (in silico) was carried 
out to evaluate the interaction affinity of the derivatives with the phenyl moiety, which has different substituents for 
PDE5. The results showed that the removal of 4-methylpiperazine-sulfonyl and methoxy from the moiety as well as 
the addition of propyl ether in the para position led to significant changes in pharmacokinetic properties and affinity 
toward PDE5. This substituent enables two hydrogen interactions between the Gln817 amino acid residue and the 
pyrazolopyrimidine ring with a binding energy of -115.65 kJ/mol. Through the reduction of competitive interference 
for H-bonding with water, these interactions indicate the presence of a higher affinity protein-ligand 
association. Furthermore, the root-mean-square deviation profile of this sildenafil derivative-PDE5 complex was 
significantly lower compared to the other five ligand-enzyme complexes, and this indicates a stable conformation. 
Keywords: In-silico, Sildenafil, PDE5, Sildenafil Analogs. 
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INTRODUCTION 
Erectile dysfunction (ED) has affected more than one million men globally, and it is one of the important 
factors causing a low quality of life. 1 Several studies revealed that its incidence is associated with aging 
and several illnesses, such as heart disease, diabetes, hypertension, and neurological conditions. 2 Sildenafil, 
tadalafil, vardenafil, or avanafil, which are phosphodiesterase type 5 enzyme (PDE5) inhibitors, were the 
oral medications used to treat it. Furthermore, the PDE5 enzyme plays a key role in intracellular cyclic 
guanosine monophosphate (cGMP) homeostasis by hydrolyzing cGMP into its inactive form, namely 5-
GMP. Inhibitor PDE5’s mechanism of action also involves the induction of intracellular cGMP 
levels. 3 cGMP triggers cGMP-dependent protein kinase (PKG), which decreases calcium levels, trabecular 
smooth muscle relaxation, venous constriction, and arterial dilatation, leading to the erection 
state. 4,5 Sildenafil is the most studied pharmacological PDE5 inhibitor among other compounds, and 
several studies have stated that it is safe and effective for erectile dysfunction treatment. 6 However, some 
adverse effects, such as headaches, flushing, rhinitis, dizziness, hypotension, dyspepsia, blurred vision, and 
unexplained myalgia, were also reported. 7 In this study, four new PDE5-I model compounds derived 
through sildenafil structure modification of the phenyl moiety were studied using docking and molecular 
dynamic simulation toward PDE5. Combining these techniques resulted in a more accurate prediction of 
each ligand's proximity to human system environments, as indicated by the free binding energies value and 
type of interaction within each ligand's active site. Figure-1 shows the two-dimensional structure of four 
sildenafil derivatives. The pharmacokinetic parameters of the compounds were predicted using the 
Absorption, Distribution, Metabolism, and Excretion (ADME) predictor application. Assessment of a 
ligand’s molecular interaction in a complex with PDE5 and energy binding value calculations were also 
carried out. Additionally, the protein conformation changes were measured and expressed by the value of 
the root mean square deviation (RMSD). Therefore, this study aims to obtain preliminary data related to 
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the variation of phenyl moiety substituents in sildenafil structure by altering its potential interaction with 
PDE5. 
 

 

 

 

 

 
 

Fig.-1:Two-dimensional structures of sildenafil and its derivatives: (a) 5-(2-methoxyphenyl)-1-methyl-3-
propyl-1,6-dihydro-7H-pyrazolo[4,3-d] pyrimidin-7-one (NSA-1); (b) 5-(2-methoxy-5- ((4-methylpiperazin-
1-yl) sulfonyl) phenyl) -1-methyl-3-propyl-1,6-dihydro-7H-pyrazolo[4,3-d] pyrimidin-7-one (NSA-2); (c) 1-
methyl-5- (4-propoxyphenyl) -3-propyl-1,6-dihydro-7H-pyrazolo[4,3-d]pyrimidin-7-one (NSA-3); (d) 5-(2-
methoxy-5-(morpholinosulfonyl)phenyl)-1-methyl-3-propyl-1,6-dihydro-7H-pyrazolo[4,3-d] pyrimidin-7-

one (NSA-4). 
 

EXPERIMENTAL 
Absorption, Distribution, Metabolism, and Excretion (ADME) Analysis  
A web-based Swiss ADME predictor was used to predict the pharmacokinetic behaviors of sildenafil 
derivatives, with sildenafil as a reference.8 
 
Ligands Preparation 
The three dimensional structure of the compounds was built using GaussView 5.0.8 software and then 
applied to the quantum chemistry model using the Gaussian09 software, leading to the most optimum 
conformation structures.9 
 
Macromolecule Preparation 
The three-dimensional PDE5 enzyme’s structure is derived from the protein data bank, with ID: 2H42. The 
free PDE5 enzyme molecule was prepared by eliminating other molecules, such as water, metal, and 
sildenafil. Subsequently, adding the polar hydrogen atoms was carried out using the Discovery Studio 
Visualizer 2017 software.10 
 

In Silico Analysis 
Docking has been run using Auto Dock 4.2.3 software. The docking location coordinates were 30.790Å; 
119.320Å; and 11.038Å, with a volume box of 50x50x50. The simulation was carried out based on the 
principles of the Lamarckian Genetic Algorithm.11 Furthermore, the simulation of molecular dynamics 
(MD) has been carried out using Amber 16. MD simulation was carried out at 200 ns without restraint on 
any specified atom, and the temperature was adjusted to 310 K along with the application of the constant 
pressure dynamic parameter. A descent step method was then performed in terms of energy minimization 
for stable conformation.12,13 The enzyme-ligand complexes' binding free energies were calculated using the 
MM/PBSA method.14.15 Visualization and evaluation of trajectory were then performed using Biovia 
Discovery Studio 2017 and Chimera-1.15.16 

(a) 

(c) (d) 

Sildenafil 

(b) 
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RESULTS AND DISCUSSION 
Absorption, Distribution, Metabolism, and Excretion (ADME) Analysis 
Table-1 shows the pharmacokinetic prediction data of sildenafil and its four derivatives with different 
substituents in the phenyl moiety. Generally, its predicted pharmacokinetic behavior involves significant 
changes in the propyl ether substituent in the para position (NSA-3). NSA-3 showed high-level absorption 
on the gastrointestinal, with the ability to distribute or cross the blood-brain barrier, and its coefficient value 
of skin permeability (Log Kp) was less negative than sildenafil, namely -6.13 m/s. Its metabolism and 
excretion were observed from the interaction with five important cytochrome P450 enzymes, namely 
CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4. NS-3 inhibited the activity of those enzymes. 
Differently from other derivative compound results (NSA-1, NSA-2, and NSA-4), the results revealed that 
the structural modifications in NSA-1, NSA-2, and NSA-4 did not alter the ADME behavior of sildenafil 
significantly. 
 

Table-1: Pharmacokinetics Prediction from Swiss ADME Protocol 
Name GI 

Abs. 
BBB P-gp 

Subs. 
CYP1-
A2inh 

CYP2-
C19inh 

CYP2-
C9 inh 

CYP2-
D6 inh 

CYP3-
A4 inh 

Log Kp  
(cm/s) 

Sildenafil High No Yes No No Yes No Yes -8.14 
NSA-1 High No Yes No No Yes No Yes -8.14 
NSA-2 High No Yes No No Yes No Yes -8.13 
NSA-3 High Yes No Yes Yes Yes Yes Yes -6.13 
NSA-4 High No Yes No No Yes No Yes -8.37 

 

In silico Analysis 
The molecular docking parameter setup was validated with the redocking process. The conformation 
redocking result displayed an RMSD value of 1.5Å. The result also suggests that there is a sustainable 
hydrogen interaction between sildenafil and Gln817 of the amino acid residue as well as some other 
chemical interactions, as shown in Fig.-2. All four new substances—NSA-1, NSA-2, NSA-3, and NSA-
4—were subjected to a docking simulation procedure toward PDE-5. The result revealed that the most 
negative score among all the ligands of -52.22 kJ/mol was obtained from NSA-2, followed by NSA-4 with 
-40.04 kJ/mol. Sildenafil, NSA-1, and NSA-3 had the closest docking scores to each other, which were in 
the range of -38.32 to -39.20 kJ/mol. Table-2 shows all the simulation results for the compounds assessed. 
All of the derivatives developed one type of hydrogen interaction with the Gln817 amino acid residue, with 
distances ranging from 2.201 to 2.576, which are shorter than those of sildenafil. The hydrogen bond with 
the Gln817 residue plays a key role in the interaction between the compound and its derivative, 
PDE5.17 Meanwhile, the variation of interacting amino acid residues that contributed to hydrophobic 
interaction was observed with Asp764, Ala783, His613, Asp764, Phe786, Asp654, Val782, Leu765, 
His617, Met816, Phe820, Ile813, and Ala779. The results revealed that the derivatives were still in the 
catalytic area of residue numbers 613–820, and this concurs with a prior study, which was within the range 
of 537–860.18 The overall results of the docking simulation indicate that sildenafil and its four derivatives 
can interact in a similar way with PDE5. 

             
(A)                                                (B)                                         (C) 

Fig.-2: Visualization of (A) 2H42 Crystal of Sildenafil-PDE5 complex; (B) Redocking Result of Sildenafil on PDE-
5; (C) Superimposed of Conformation Structure of Sildenafil After Redocking (blue) and that of Initial Sildenafil in 

PDB ID:2H42 (red). All Figures Are Visualized in A Zone of Less Than 2 Å. 
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Table-2: Docking Result of Sildenafil and Its Analogues Towards PDE5 
Name Docking 

score 
(kJ/mol) 

Hydrogen binding Hydrophobic binding 
No. of H-

bond 
PDE5 interacting 

residue 
Bond 

length Å 
PDE5 interacting residue 

Re-docking 
(sildenafil) 

-39.20 1 Gln817 3.127 Ile813, Ala767, Leu804, Val782, 
Phe820, Phe786, Ala779 

NSA-1 -38.32 1 Gln817 2.576 Ala779, Ile813, Ala783, Leu804, 
Ala779, Ile813, Val782, Asp803, 
Ala767 

NSA-2 -52.22 1 Gln817. 2.476 Asp764, Ala783, His613, 
Asp764, Phe786, Asp654, 
Val782, Leu765, His617, Met816, 
Phe820, Ile813, Ala779 

NSA-3 -38.70 1 Gln817 2.201 Ile813, Phe787, Val782, Phe786, 
Met816, Asp803, Leu804, 
Lys809, Phe786 

NSA-4 -40.04 1 Gln817 2.336 Phe820, Met816, Ala767, Val782, 
Leu804 

 

As an effort to simulate the experimental condition, all the compound-PDE5 enzyme complexes’ behavior 
was further explored using MD simulation. The poses of sildenafil analogs obtained through the docking 
process were used for MD simulation. Subsequently, the stability of the interaction between sildenafil 
analogs and the PDE5 enzyme was analyzed in a thermodynamic environment that was closer to humans’ 
physiological conditions. 19 The results showed that the introduction of the four different substituents in all 
derivatives did not change their orientation in the active cavity of PDE5. However, the substitution variation 
of the phenyl moiety led to a decrease in the energy binding value compared to that of the original 
compound. The methoxy substituent on the phenyl moiety of NSA-1 significantly decreased its binding 
energy to -100.47 kJ/mol compared to that of sildenafil, namely -139.26 kJ/mol. The different substituents 
in NSA-2, NSA-3, and NSA-4 decreased the binding energy values in the range of -115.65 kJ/mol to -
125.87 kJ/mol. Despite the decrease in binding energy value, changes in substituents also altered their 
interaction with PDE5. NSA-1 and NSA-2 caused a conformational alteration in a complex with PDE5, 
hence the conventional hydrogen binding with Gln817 became a weak hydrogen-carbon bond. Meanwhile, 
NSA-3 formed two hydrogen bonds with Gln817 of PDE5. It was assumed that the prophoxy substituent 
on the phenyl moiety, which was attached in paraposition to the pyrazolopyrimidine ring in its structure, 
favored the interaction with PDE-5. Sildenafil’s association with PDE5 was not altered in NSA-4. In 
biological complexes, hydrogen bonds are the most common directional intermolecular association, and 
they contribute more to molecular recognition specificity.17 Table-3 and Fig.-4 show the energy binding 
values, interaction type, ligand orientation, and conformation structure of the compound and its derivatives 
in the complex after a 200 ns MD simulation. The similarity metric RMSD is often used in macromolecular 
structure and dynamics studies.20  
 

Table 3. Ligand-PDE5 Interaction Type by MD Simulation 
Substances ∆GBind  

(kJ/mol) 
Hydrogen binding Hydrophobic binding 

No. of 
H-bond 

PDE5 interacting 
residue 

Bond 
length Å 

PDE5 interacting residue 

Sildenafil -139.26 1 Gln817 1.695 Phe820, Val782, Leu765, Leu825, 
Ile813 

NSA-1 -100.47 - - - Phe820, Phe786, Leu604, Ala813, 
Ala783, Val782, Ile768, Ala767 

NSA-2 -125.87 - - - Ala823, phe820, Ala767, Ala779, 
Val782, Ile813, Ala783, Leu604 

NSA-3 -115.65 2 Gln817 1.877; 
1.892 

Ile778, Val782, Phe820, Phe786, 
Leu604 

NSA-4 -118.15 1 Gln817 1.815 Ile813, Leu804, Phe786, Leu825, 
Phe820, Leu765, Tyr612 
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NSA-1 NSA-2 NSA-3 NSA-4 
Fig.-4: Three-Dimensional Visualization of Ligand’s Orientation Conformation in the Active Site of PDE5 from 

MD Simulation. 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.-5: RMSD Graphic of Sildenafil, a New Derivative Substance in a Complex with PDE5 Enzyme 
 

The values obtained are shown in the graphic between RMSD and time of the production run, as in Fig.-5. 
Sildenafil, NSA-1, and NSA-3 can stabilize the PDE5 enzyme structure, but the graphic shows that NSA-
2 and NS-4 RMSD initiated stability in the last 100 ns. 
 

CONCLUSION 
Different substituents in the phenyl moiety of four sildenafil derivatives can significantly change their 
association with PDE5. Straight orientation and conformation of the NSA-3 structure in the catalytic site 
of PDE5 cause favorable changes, such as the formation of more hydrogen bonds with Gln817, an important 
amino acid residue for selective activity. 
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