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The enzyme protein kinase G1 (PRKG1) plays a crucial role in cellular signaling pathways such as smooth muscle
relaxation, neuronal signaling, and platelet aggregation. The dysregulation of PRKG1 leads to different diseases,
making it a promising drug target. In this study, we employed a comprehensive in silico strategy to explore
potential inhibitors of PRKG1 by using the crystal structure of the PRKG1 protein. The active site of PRKG1
protein was parameterized within a three-dimensional grid box. The 100 hit compounds identified during virtual

screening were docked to the prepared PRKG1 receptor to predict binding affinities. The top ten compounds were
chosen, and their binding affinities ranged from —10.734 to —10.398 kcal/mol. Finally, a 200 ns long simulation
was run to confirm the stability of the protein-ligand complexes at the binding sites of the two top compounds
against the PRKG1 receptor. All these findings suggest that the selected compounds can serve as potential
compounds to inhibit the PRKG1 function in biological assays.

1. Introduction

Protein Kinase G1 (PRKG1) is a key enzyme in the family of cGMP-
dependent protein kinases. It is critical for mediating cellular re-
sponses to the second messenger cGMP, which is a key signaling mole-
cule involved in many physiological processes. Many cellular activities
are regulated by the serine/threonine kinase PRKG1, which phosphor-
ylates target proteins in response to intracellular cGMP levels (Schall
et al., 2020, Khiro and Hasan 2023).

PRKG1 has a modular structure that consists of several functional
domains. The key domains are an N-terminal regulatory domain with
two tandem cGMP-binding domains (CNB-A and CNB-B), a hinge region,
a catalytic domain that is responsible for kinase activity, and a C-ter-
minal autoinhibitory domain. The presence of these domains allows
PRKG1 to change conformation in response to cGMP binding, resulting
in its activation (Browning et al., 2010).

The activation of PRKG1 is intricately linked to cGMP levels within
the cell. This activation mechanism is essential for PRKG1's function as a
c¢GMP signaling mediator. Numerous physiological processes involving
various tissues and cell types are regulated by PRKGL1. It controls syn-
aptic transmission, platelet aggregation, vascular tone, and smooth
muscle relaxation. PRKG1 activation in vascular smooth muscle cells, for
example, causes vasodilation by phosphorylating target proteins

* Corresponding author.
E-mail address: aralonazi@ksu.edu.sa (A.R. Alanzi).

https://doi.org/10.1016/j.jksus.2024.103372

involved in smooth muscle cell relaxation (Norton et al., 2019, Henning
2022).

PRKGI1 dysregulation has been linked to a variety of disease states.
Variations in PRKG1 activity have been connected to high blood pres-
sure and atherosclerosis, two cardiovascular disorders. Additionally,
PRKG1 dysfunction has been linked to neurological disorders such as
migraine and neurodegenerative diseases. Understanding the role of
PRKG1 in disease pathogenesis opens up possibilities for therapeutic
intervention (Gago-Diaz et al., 2016, Henning 2022).

Given its critical role in a variety of physiological and pathological
processes, PRKG1 has emerged as a promising drug target. Identification
of small molecules that modulate PRKG1 activity can provide potential
therapeutic strategies for diseases associated with aberrant cGMP
signaling. Hence, this study has been designed to identify potential in-
hibitors against PRKG1 protein utilizing molecular modelling and
simulation techniques.

2. Methodology
2.1. Virtual screening

The structure-based virtual screening is used to identify small num-
ber of compounds from the libraries of small molecules containing
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Fig. 1. The representation of grid box around the binding pocket of PRKG1.

millions of compounds. For structure-based virtual screening, 3D grid
information is required to inform the program exactly what space to
look for.

2.2. 3D grid parametrization

Using Autodock Tools, a 3D grid box containing the protein active
site (PDB ID: 30CP) was generated to determine the coordinates in order
to create a customized 3D environment for structure-based virtual
screening (Pacheco and Hpc 2012).

2.3. Virtual screening using MTiOpenScreen

The structure-based virtual screening of PRKG1 protein for was
performed using MTiOpenScreen (Dwivedi et al., 2021). Among the
significant libraries of classified compounds that MTiOpenScreen pro-
vides are collections of natural product compounds (NP-lib),
pharmaceuticals-lib, which is a collection of purchasable chemicals, and
FOOD-lib, which is a collection of food component compounds. Auto-
dock Vina is automated by this server for virtual screening (Trott and
Olson, 2010). The PRKG1 protein target was the target of a virtual
screening using the drugs library to identify hit compounds.

2.4. Molecular docking

The 3D structure of PRKG1 protein was prepared using Maestro’s
protein preparation wizard (Madhavi Sastry et al., 2013). The protein
preparation involved three steps; preprocessing that deals with the
addition of hydrogens to protein, removing the crystal water molecules,
addition of charges and repairing of side chain residues. In next step, the
hydrogens were optimized and different tautomeric states were pro-
duced at pH 7.0 by employing PROPKA (Sadeer et al., 2019). Lastly, the
optimized structure was minimized by using the OPLS_2005 forcefield
(Shivakumar et al., 2012). The natural substrate was used to conduct
site-specific docking, which generated the grid. The coordinates for X, Y,
and Z have values of —0.08, 36.96, and 26.83. After grid generation, the

ligands were prepared using LigPrep (Matsuoka et al., 2017). The
different ionization states of the ligands were generated by using Epik at
pH 7. Similarly, several stereoisomers of ligands were generated by
employing the OPLS_2005 forcefield. Finally, the prepared ligands were
docked to the PRKG1 receptor by using the glide tool.

2.5. MD simulation

Desmond was employed to conduct Molecular Dynamics simulations
lasting 200 ns for selected compounds to find the behavior of complex
during simulation (Bowers et al., 2006). The stability of complexes was
assessed through MD simulations, following a series of steps, including
preprocessing, optimizing the hydrogen atoms, and by minimizing the
complex by utilizing the OPLS_2005 force field (Shivakumar et al.,
2012). The protein-ligand complexes were solvated in TIP3P water box
0f 10 A (Price and Brooks ITI, 2004). The systems were neutralized by the
addition of Na' and CI" counter ions and 0.15 M NaCl salt to mimic
physiological conditions. The prepared systems were subjected to pro-
duction run by using the NPT ensemble at 300 K temperature and 1 atm
pressure. During production, the MD trajectories were recorded at 40 ps
intervals to analyze the results by Simulation Interaction Diagram
module.

2.6. MMGBSA

The free energy of the selected complexes was calculated by
employing the Prime-MMGBSA module of Schrodinger (Prema et al.,).
The presence of the counter ions in the system was stripped and the
VSGB solvent model along with OPLS_2005 forcefield were employed to
calculate the binding free energy (AGyping). The calculations were con-
ducted by using Equation (1). The binding free energy is the difference
between complex free energy and the free energy of protein and ligand.
The free energy terms used during the calculation were AGcoulomb,
AGcovalent, AGHbond, AGLipo, AGPacking, AGvdW, AGstraing_energy, and
AGsoly_Gb-
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Table 1
The binding affinity prediction of top ten selected compounds with their structures.
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Sr. Compounds Structures Glide score (kcal/mol)
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AGging = AGeomptex — (AGprogein + AGiigand) @ strength of the resulting complex. Consequently, these interactions
consistently enhance the docking results (Thillainayagam et al., 2018).
3. Results Orvepitant formed two conventional hydrogen bonds with Asp117,

3.1. 3D grid parametrization

The residues of the PRKG1 protein’s binding pocket were parame-
terized inside a three-dimensional grid box. The crystal ligand was used
to measure the 3D coordinates. The cartesian coordinates for X, Y, and Z
were —0.08, 36.96, and 26.83, respectively. The visual representation of
3D grid box is shown in Fig. 1.

3.2. Virtual screening of PRKG1 in MTiOpenScreen

MTiOpenScreen was employed to perform the virtual screening of
the PRKG1 protein using Drug-lib including 21,276 compounds based on
binding affinities (Kumar and World, 2019). A total of 100 compounds
were evaluated against PRKG1.

3.3. Molecular docking

The 100 screened hits were prepared by LigPrep and the docked to
the PRKG1 receptor to find the binding affinities of the compounds. The
performance of the compounds was evaluated by measuring the binding
affinities and the ten compounds with best docking scores were selected
for further analysis (Table 1). The docking scores of the selected hits
indicated that these have the probability of inhibiting the function of
PRKG1 protein.

3.4. Molecular interactions analysis

The molecular interactions of the selected hits with the binding
pocket of PRKG1 receptor were analyzed using the Discovery Studio
client tool. The observed interactions involved: conventional hydrogen
bond, carbon hydrogen bond, van der Waal interactions, Pi-Sulfur,
Amide Pi-Stacked, Halogen, and Alkyl interactions. These interactions
play a pivotal role in determining the binding affinities and docking
scores for each of the top candidate compounds. Notably, the formation
of intermolecular hydrogen bonds between the ligand and the amino
acid within the active sites has a significant impact on the overall

Thr193, two carbon hydrogen bonds with Asn116, Glu183, and seven
alkyl interactions with Phel18, Lys179, Metl75, Vall65, Leul84,
Cys173, Leul72 (Fig. 2A). Fosaprepitant formed three conventional
hydrogen bonds with Asp115, Asp117, Vall80, two carbon hydrogen
bonds with Glu183, Asn116, one Pi-Sigma interaction with Leul72, and
four alkyl interactions with Ala194, Vall65, Leul84, Lys179 (Fig. 2B).
Similarly, Oxalinast made three conventional hydrogen bonds with
Gly182, Thr193, Alal94, one carbon hydrogen bond with Arg192, and
three alkyl interactions with Val165, Cys173, Met175 (Fig. 2C). Lastly,
Pretomanid made two conventional hydrogen bonds with Aspl17,
Thr193, one carbon hydrogen bond with Asn116, one halogen interac-
tion with Asp115, and two salt bridges with Glu183, Arg192 (Fig. 2D).
The molecular interactions of other compounds are shown in Table 2.

3.5. Binding pose analysis

After the molecular interaction analysis, the plausible binding poses
of the top two hits were analyzed by aligning them on the crystal ligand.
The analysis showed that the docked compounds showed perfect
alignment on the co-crystal ligand with similar binding mode (Fig. 3).
Thus, the binding poses of the selected compounds were subjected to-
wards the stability analysis by employing the MD Simulation study.

3.6. MD simulation

3.6.1. RMSD

The protein-ligand complexes were subjected to the 200 ns simula-
tion to evaluate the stability of the complexes and find the fluctuations
in the protein region in the presence of docked ligands. The RMSD of
carbon alpha (C) atoms was calculated to find the overall structural al-
terations and deviations of the complexes during the simulation
(Sargsyan et al., 2017). The Orvepitant complex’s RMSD values
remained in the 2 A range until 140 ns, when they gradually increased to
3 A at 150 ns, and they remained in this range until end of simulation.
On the other hand, the RMSD of ligand fit was aligned on the protein
(Fig. 4A). The RMSD of fosaprepitant first varied by up to 4 A over the
first 50 ns, then at the 60 ns point, it stabilized in the 3 A range. After 60
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Fig. 2. The hit and control compounds’ molecular interactions. A) Orvepitant, B) Fosaprepitant, C) Oxalinast, and D) Pretomanid. Green spheres represent hydrogen
bonds, magenta spheres represent hydrophobic interactions, orange spheres represent salt bridges, and cyan spheres represent halogen interactions.

ns, it showed no change and remained constant during the simulation,
while the RMSD of ligand was lower than protein during 50 to 150 ns but
it aligned on protein in last phase of simulation (Fig. 4B). The deviations
in the RMSD values were due to the presence of loop region at the N
terminal of the protein. The flexibility of the loop caused major de-
viations in the carbon alpha atoms of the protein during simulation.

3.6.2. RMSF

RMSF analysis has been conducted to determine the fluctuation of
the proteins while they are bound to the ligands (Martinez, 2015). For
each protein residue over the simulation period, RMSF values give
detailed information on the residue’s mobility and flexibility. Based on
the expected RMSF values, most protein residues changed very slightly
during the simulation, which was less than 2 A. This suggests that these
residues maintained their relative stability and stiffness while the li-
gands were present. However, the RMSF values in the protein’s loop
region i.e., residues ranging from 1 to 24 were higher with values
reaching 9 A (Fig. 5). According to the RMSF analysis, most of the res-
idues in the protein and ligand complexes held onto their rigid forms,

causing the complex to stay stable. RMSF values of loop regions were
higher, indicating that these areas displayed larger variations and could
have engaged in dynamic interactions with the ligands. Most protein
residues showed slight changes, but loop parts showed significantly
higher levels of flexibility. Overall, the notion of stable protein and
ligand complexes is consistent with RMSF values.

3.6.3. Protein-Ligand contacts

The Simulation interaction diagram showed that the protein-ligand
contacts deal with hydrogen bonding, ionic bonds and hydrophobic
interactions which are important for the stability of complex Residues
that form hydrogen bonds with Orvepitant were Leu96, Cysl173,
Thr193, and Alal194 (Fig. 6A). In the Fosaprepitant complex, the resi-
dues involved in hydrogen bonding were Alall2, Aspl15, Asnll6,
Aspl17, Lys179, Val180, Glul83, Thr193, and Ala914 (Fig. 6B). These
hydrogen bonding interactions, which were displayed during the MD
simulations, not only highlighted the specific residues that were crucial
for stabilizing the protein-ligand complexes, but they also provided
insight into the crucial interactions that underpin the complexes’
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The molecular interactions of the selected docked compounds with PRKG1 binding site residues.

Sr. Compound code

Interactions

1 Orvepitant

2 Fosaprepitant

3 Oxalinast

4 Pretomanid

5 Ipsalazide

6 Polydatin

7 Delamanid

8 Edotecarin

9 Imanixil

10 Salazosulfamide

Conventional Hydrogen Bond: Asp117, Thr193

Carbon Hydrogen Bond: Asn116, Glu183

Alkyl: Phel18, Lys179, Met175, Vall165, Leul84, Cys173, Leul72
Conventional Hydrogen Bond: Asp115, Asp117, Val180

Carbon Hydrogen Bond: Glul83, Asnl16

Pi-Sigma: Leul72

Alkyl: Ala194, Val165, Leul84, Lys179

Conventional Hydrogen Bond: Gly182, Thr193, Ala194

Carbon Hydrogen Bond: Arg192

Alkyl: Vall165, Cys173, Met175

Conventional Hydrogen Bond: Asp117, Thr193

Carbon Hydrogen Bond: Asn116

Salt Bridge: Glu183, Arg192

Halogen: Aspl115

Conventional Hydrogen Bond: Asp115, Glu183, Alal85, Thr193, Alal94
Carbon Hydrogen Bond: Asp117, Gly182

Alkyl: Leul84

Conventional Hydrogen Bond: Ala194, Thr193, Cys173, Asnl16, Asp115, Asp117
Carbon Hydrogen Bond: Arg192

Alkyl: Ile146, Leu184

Conventional Hydrogen Bond: Cys190, Thr193, Gly182

Pi-Sigma: Leul72

Alkyl: Tyr188, Leul84, Vall65, Ala194, Met175, Lys167

Conventional Hydrogen Bond: Lys179, Asp117, Asp115, Glu183, Thr193
Alkyl: Met175, Val165, Cys173, Leul72

Van der Waal: Gly101

Conventional Hydrogen Bond: Ala102, Asp232, Lys121

Pi-Cation: Met169

Alkyl: Argl06, Ala231, Val106, Alal19, Leu221, Phe384, 1198, Tyr171
Conventional Hydrogen Bond: Asp117, Glu183, Alal185, Arg192, Thr193, Ala194
Pi-Anion: Met175

Alkyl: Lys179, Leul84

general stability and binding affinity.

3.6.4. Hydrogen bonding

Hydrogen bonding plays a significant role in the protein-ligand
complex stability. Hence, the number of hydrogen bonds between ligand
and active site residues were calculated over the simulation. The
hydrogen bonding plots indicate that Orvepitant made at least one
hydrogen bond throughout the simulation. Some frames showed two
hydrogen bonds while three bonds were also observed (Fig. 7A).

Fosaprepitant made at least three hydrogen bonds in the first half while
the hydrogen bonds decreased to 2 in the second half of simulation
(Fig. 7B).

3.7. MM/GBSA
The prime-MMGBSA module was used to calculate the binding en-

ergy of selected complexes (Godschalk et al., 2013). The binding en-
ergies of the Orvepitant and Fosaprepitant complexes were —82.59, and

Fig. 3. The alignment of binding modes of the two compounds with co-crystal ligand (Yellow sticks). (A) Orvepitant (Cyan sticks), (B) Fosaprepitant (Blue sticks).
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Fig. 4. The RMSD of carbon alpha atoms of PRKG1 in complex with the ligands during 200 ns simulation. (A) Orvepitant, (B) Fosaprepitant.
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Fig. 5. The residual fluctuations of the PRKG1 receptor upon binding of the selected compounds. (A) Orvepitant, (B) Fosaprepitant.

—76.75 kcal/mol, respectively. Gpinq resulted from non-bonded in-
teractions, Gcoulombs GPackingy GHbonds GLipoa and Gygw (Table 3). GbindLipo:
Gbindvdw, and Gpindcoulomb affected the average binding free energies
among all interaction types. Conversely, the final average binding en-
ergies were least affected by the Gpindsolvgs and Gpindcovalent €nergies.
Furthermore, stable hydrogen bonds were observed between the ligands
and amino acid residues indicated by Gpindubond interaction values.
Thus, the binding energies calculated during simulation supported the
binding affinities of ligands obtained during docking studies (Decherchi
and Cavalli 2020).

4. Discussion

PRKG1 is a multifunctional protein kinase that acts as a mediator in
c¢GMP signaling pathways, influencing a variety of cellular processes. Its
complex regulatory mechanisms and involvement in both physiological
and pathological conditions make it a fascinating research topic with
important implications for drug discovery and therapeutic in-
terventions. The in-silico approach significantly accelerates the drug
discovery process, offering a cost-effective and time-efficient method of
identifying potential drug candidates with high precision. It eliminates
the need for time-consuming and resource-intensive experimental
methods by providing a rational and systematic approach to selecting
compounds with the greatest chances of success (Rao and Srinivas 2011,
Shaker et al., 2021). This study focuses on computational screening of
the drug library to identify potential PRKG1 inhibitors using a syner-
gistic approach that combines virtual screening, molecular docking, and
molecular dynamics (MD) simulation.

The crystal structure of the PRKG1 (PDB ID: 30CP) was obtained
from PDB and prepared. The residues of the PRKG1 protein’s binding
pocket were parameterized inside a three-dimensional grid box. Based
on the binding affinities, a structure-based virtual screening of the
pharmacological library of 150,000 compounds was conducted, and 100
compounds in total were evaluated against the PRKG1. The hit com-
pounds identified during virtual screening were docked to the prepared
PRKG1 receptor to predict binding affinities using the standard precision
method of glide tool. This step aids in predicting the compounds’ po-
tential efficacy in inhibiting PRKG1 enzymatic activity(Jakhar et al.,
2020). The top ten compounds were chosen for further investigation

based on their binding affinities. The selected compounds had binding
affinities ranging from —8.69 to —7.58 kcal/mol. The binding affinities
of the selected compounds suggested that they could inhibit the function
of the PRKG1 protein.

We examined the molecular interactions between the selected hits
and the binding pocket of the PRKG1 receptor. Alkyl, Pi-Sigma, Pi-Pi
Stacked, Pi-Sulfur, van der Waal, and conventional hydrogen bonds /
carbon hydrogen bonds were the most often observed interactions.
These interactions are critical in determining each of the top candidate
compounds’ binding affinities and docking scores.

Following the molecular interaction analysis, the top two com-
pounds’ plausible binding modes were investigated by aligning them on
the co-crystal ligand. The docked compounds were perfectly aligned on
the co-crystal ligand with similar binding mode, according to the
analysis.

Using Molecular Dynamics (MD) simulations, the dynamic behavior
of PRKG1 inhibitor complexes over time is also examined. This
computational method can be used by researchers to examine the flex-
ibility and stability of binding interactions, which offers important in-
sights into structural alterations that could impact the effectiveness of
the inhibitor (Salo-Ahen et al., 2020). Molecular dynamics simulations
revealed that these compounds remained strong inhibitors within the
protein binding region. All these findings suggest that the chosen hit
compounds can function as lead compounds in inhibiting PRKG1's bio-
logical activity.

5. Conclusion

In this comprehensive in silico study, we used MTI OPEN screening,
molecular docking, and MD simulations to identify potential PRKG1
inhibitors successfully. The combination of these computational
methods provides a solid foundation for the rational design of novel
therapeutic agents targeting PRKG1. Further experimental validation of
the identified compounds is required to proceed with these promising
candidates further into clinical trials.
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Table 3
The binding free energies of the complexes calculated by Prime-MMGBSA.
Orvepitant Fosaprepitant

Bind —82.592 —76.759
Coulomb —15.7899 —24.1222
Covalent 10.70593 2.827797
Hbond —0.6553 —1.12823
Lipo —59.6839 —31.7532
Packing —0.16392 —0.49296
Strain_Energy 21.70663 19.46657
Solv_GB —38.7115 —41.5568
vdW 18.8572 6.631646
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