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Introduction: In clinical practice, phosphodiesterase 5 (PDE5) inhibitors are
commonly used to treat erectile dysfunction and pulmonary arterial
hypertension. However, due to the high structural similarity between
PDE5 and Phosphodiesterase 6 (PDE6), there is a risk that existing drugs will
cause off-target effects on PDEG6 resulting in visual disorders such as low visual
acuity and color blindness. Previous research on the selectivity of PDE5 inhibitors
focused on marketed drugs such as sildenafil and tadalafil.

Methods: In this study, a highly selective PDES5 inhibitor, ligand3, was used as the
subject, and molecular docking, molecular dynamics simulations, MM-GBSA,
alanine scanning, and independent gradient model analysis were employed to
investigate the biological mechanism underlying the selectivity of PDES5 inhibitors.

Results and Discussion: The present work revealed that the binding mode of
ligand3 to the PDE5A and PDE6C targets was distinctly different.
Ligand3 exhibited stronger coulombic forces when binding to PDESA, while
showing stronger van der waals forces when binding to PDE6C. Ligand3 binds
more deeply at the active site of PDE5A than at PDE6C, allowing its side chains to
effectively bind to the critical TYR612, whereas in the case of the shallow binding
to PDEGC, ligand3 lacks a similar effect. Mechanism investigations of highly
selective inhibitors through computational simulation might provide an insight
into potent treatment of drugs.

phosphodiesterase 5 (PDES) inhibitors, selectivity, molecular dynamics (MD) simulations,
quantum mechanics/molecular mechanics (QM/MM), independent gradient model
(IGM) analysis

1 Introduction

Phosphodiesterases (PDEs) are isoenzymes distributed in different tissues and cells in
the human body, playing a role in regulating the cytoplasmic levels of intracellular second
messengers, 3’,5’-cyclic guanosine monophosphate and/or 3’,5-cyclic adenosine
monophosphate. Changes in the quantity of second messengers can lead to various
cellular effects in processes such as pathology in the central nervous system,
cardiovascular system, inflammation, cell cycle regulation, proliferation, and others
(Conti and Beavo, 2007; Omori and Kotera, 2007). PDEs contains 11 families with
different encoding genes and substrate specificities (Keravis and Lugnier, 2012). Of

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fchem.2024.1400886/full
https://www.frontiersin.org/articles/10.3389/fchem.2024.1400886/full
https://www.frontiersin.org/articles/10.3389/fchem.2024.1400886/full
https://www.frontiersin.org/articles/10.3389/fchem.2024.1400886/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2024.1400886&domain=pdf&date_stamp=2024-08-08
mailto:18002478700@163.com
mailto:18002478700@163.com
mailto:shenchunjian1976@hotmail.com
mailto:shenchunjian1976@hotmail.com
mailto:cllnn@hotmail.com
mailto:cllnn@hotmail.com
https://doi.org/10.3389/fchem.2024.1400886
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2024.1400886

Qu et al.

these enzymes, PDE5 is mainly distributed in tissues such as vascular
smooth muscle of the corpora cavernosa, pulmonary veins, peripheral
veins and coronary veins (Hofmann et al., 2000). PDE5 competitively
binds with cGMP, interfering with the sexual stimulation mediated by
the neurotransmitter nitric oxide (NO), thereby restoring smooth
muscle contraction by reducing intracellular Ca2+ concentration.
Hence, PDES5 is considered the target enzyme in treating erectile
dysfunction (ED) (Corbin et al., 2002; Rotella, 2002).

Currently, PDE5A inhibitors in clinical use include sildenafil,
vardenafil, tadalafil, and avanafil. All of these PDE5A inhibitors are
used to treat erectile dysfunction, and sildenafil and tadalafil are also
used to treat pulmonary arterial hypertension (Corbin et al., 2005;
Wespes et al., 2006). Unfortunately, they generally cause dose-
dependent side effects, most of which are due to cross-reactivity
with other PDEs (Huang and Lie, 2013). PDE6 enzyme is a key
effector enzyme in the cascade of light transduction in mammalian
rod and cone photoreceptor cells (Marmor and Kessler, 1999; Cote,
2004). It plays a role in visual signal transduction and responds to light
through a mechanism of transition from an inactive to an active state,
which is regulated by its unique “y-subunit (Granovsky and
Artemyev, 2001; Zhang et al,, 2005; Zhang and Artemyev, 2010).
The rod PDE6 is a heterotetramer composed of catalytic subunits
PDE6A and PDE6B along with two identical inhibitory Py subunits,
whereas cone PDE® is a tetramer composed of two identical catalytic
subunits PDE6C and two identical inhibitory Py subunits (Hamilton
and Hurley, 1990; Muradov et al, 2010). Due to the similarity in
amino acid sequence and catalytic structural domains between
PDE6 and PDES5 (Pissarnitski, 2006), when patients with erectile
dysfunction (ED) take PDE5 inhibitors, cross-reactions at the catalytic
site of PDE6 can lead to visual disturbances such as functional
blindness, cyanopsia, blurred vision, and increased photosensitivity
(Foresta et al., 2008; Kerr and Danesh-Meyer, 2009).

Although there has been previous research on PDES5 inhibitors
(Cahill et al., 2012; Huang et al,, 2013; Kayik et al., 2017), past studies
have primarily targeted classical inhibitors such as tadalafil and sildenafil,
which generally lack strong selectivity. Herein, this study focuses on a
novel, highly selective PDES5 inhibitor (Sakamoto et al., 2014) with a
selectivity of up to 18,000, along with two classical PDE5 inhibitors
(Figure 1). Through the use of molecular docking, molecular dynamics
(MD) simulations, quantum mechanics/molecular mechanics (QM/
MM), independent gradient model (IGM) analysis, and other
simulation methods, there provide a comprehensive understanding of
the molecular basis for the high selectivity of PDES5 inhibitors. This
research aims to provide theoretical guidance for the design of
PDES selective inhibitors that can avoid ocular side effects.

2 Materials and methods
2.1 Model acquisition and evaluation

The protein-ligand complexs crystal file of the catalytic domain of
human PDES5SA in pdb format (PDB code: 1TBF, 1XOZ) were
obtained from RCSB Protein Data Bank (http://www.rcsb.org). The
ASP748-THR826 fragment of the chimeric PDE5/PDE6 catalytic
domain complexed with sildenafil obtained from the RCSB Protein
Data Bank website has a high similarity to the human pde6c sequence
(Uniport code: P51160) obtained from Uniport (https://www.uniprot.
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org/), and this fragment is located at the binding site of sildenafil,
which makes it a good reference for constructing three-dimensional
models of human PDE6C (Figure 2). Therefore, GLU486-VAL818
fragment in Alphafold (Jumper et al, 2021; Varadi et al, 2022)
(https://alphafold.ebi.ac.uk/entry/P51160) structure is taken, and
ASP707-VAL777 fragment is replaced by renumber ASP748-
VAL8I18 fragment in 3JWQ structure to obtain the mixed model.
The non-conforming PDE6C sequence residues in the model were
mutated by Maestro 13.6 in Schrodinger Suite 2023-2 to make the
sequence of the hybrid model match the sequence of human PDE6C.

We established the homologous modeling structure of human
PDE6C catalytic domain on the Swiss-Model (https://swissmodel.
expasy.org/) website using the structure with pdb code 7JSN as the
template. All parameters use the site default settings.

The hybrid model and the model obtained from the Swiss-
Model website were evaluated with ERRAT (Colovos and Yeates,
1993) and PROCHECK (Morris et al., 1992; Laskowski et al., 1993;
Laskowski et al., 1996; Laskowski et al., 2012) separately on the
SAVES(https://saves.mbi.ucla.edu/) website.

The models of sildenafil and tadalafil were downloaded from the
PubChem website, while the ligand3 model was drawn using Marvin
Sketch 24.1.0 (https://www.chemaxon.com) and converted to a 3D
structure using Maestro. All sequence Alignment work in this article
was performed by the SIM Alignment Tool (https://web.expasy.org/
sim/) using the BLOSUMS62 comparison matrix with the default
values for the web site and demonstrated using the Discovery Studio
Visualizer 2019.

2.2 Protein and ligand preparation

Protein Preparation Wizard in Schrodinger suite 2023-2
(Schrodinger, LLC, New York, NY, 2023) is used for the
preparation of the protein. The hydrogen atoms were added and
optimized, atomic clashes were eliminated, formal charges were
added to the hetero groups, and then the generated structures were
optimized at neutral pH, the pH tolerance for generated structures
was set to 2.0. Next, the protonated state of some amino acids is
automatically set by Protein Preparation Wizard in a virtual
environment with a set pH equal to 7, and further calibrated
manually. Hydrogens that had previously been added in random
directions were directed in the right direction, depending on the
possible formation of hydrogen bonds, to make sure that they were
as consistent as possible with the real environment. Finally, the
complex structure parameterized with OPLS4 (Harder et al., 2016;
Roos et al., 2019) force field is minimized. The ligprep module is
used to optimize the structure of small molecules, and the Jaguar
module is used to calculate advanced restrained -electrostatic
potential charges (RESP2) (Schauperl et al., 2020) (§=0.6) charges.

2.3 Molecular docking

In this study, the Glide program was used to dock three
molecules with RESP2 charges onto the structures of PDE5A and
PDE6C. The box dimensions were all 30 A, with the box center taken
from the center coordinates of the co-crystallized molecules.
Docking was performed with extra precision (XP), and the root
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Comparison between 3JWQ sequence and PDB6A sequence (left) and 3JWQ three-dimensional structure (right). The ASP748-THR826 part of
3JWQ at the binding site, which is highly similar to the PDE6C sequence, is marked with red box in the left figure and shown in red in the right figure. In the
left figure, perfectly matched residues are shown in dark cyan, residues with strong similarity are shown in cyan, residues with weak similarity are shown in
light cyan, and residues without similarity are shown in white. In the right figure, atoms other than carbon are colored according to element type,

with magnesium ions shown as green, zinc ions as gray, oxygen atoms as red, nitrogen atoms as blue, and sulfur atoms as yellow.

mean square deviation (RMSD) were calculated to verify the
accuracy of the docking method. Docking scores were used to
evaluate the binding strength of ligands.

2.4 Molecular dynamics simulations

The complexes formed by the top-scoring compounds in
subjected dynamics
simulations until the RMSD fluctuations of the system reached

molecular docking  were to  molecular
stability. The molecular dynamics simulations were performed using
Desmond in the Schrodinger Suite 2023-2, with all complexes

parameterized using the OPLS4 force field and placed in periodic
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rectangular boxes filled with SPC (Berendsen et al, 1981) water. An
appropriate amount of Na+ and Cl-ions were added to the boxes to
maintain a total charge of 0 and an ion concentration of 0.15 M. The
trajectory was recorded at intervals of 100 ps and energy every 1.2 ps.
The integration time step was set to 2 fs, and the SHAKE algorithm was
used to apply constrain on bonds having hydrogen atoms. The NPT
ensemble was used with a temperature of 300 K constrained by the
Nosé-Hoover chains (Martyna et al., 1992) thermostat method and
pressure of 1.01325 bar constrained by the Martyna-Tobias-Klein
(Martyna et al, 1994) barostat method. The cutoff radius of the
coulomb interaction is 9 A. Before the formal dynamics
commenced, each system underwent 100 ps of low-temperature
Brownian motion MD simulation at 10 K temperature under the

frontiersin.org
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TABLE 1 Docking results were utilized to evaluate binding affinity.

10.3389/fchem.2024.1400886

Title Docking score (kcal/mol) RMSD (A) Interaction
PDES5SA_Sildenafil —10.654 0.7552 Hbond: GLN817
n-1 stacking: TYR612, PHE786, PHE820
PDE6C_Sildenafil -10.702 Hbond: GLN776
n-7 stacking: PHE779
PDE5A_Tadalafil -9.846 0.4132 Hbond: GLN817
-1t stacking: TYR612
PDE6C_Tadalafil -8.918 Hbond: GLN776
n-1t stacking: TYR561, PHE779
PDE5A_Ligand3 -11.097 Halogen bond:ALA779
T-T stacking: TYR612, PHE786, PHES820
PDE6C_Ligand3 -9.78 Hbond: HIS606

n-1 stacking: TYR561, PHE779, Metal Coordination: Mg
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FIGURE 3

The sequences of PDE5A/6C catalytic domains. Perfectly matched residues are shown in dark cyan, residues with strong similarity are shown in cyan,
residues with weak similarity are shown in light cyan, and residues without similarity are shown in white. Residues at active sites are indicated by red boxes.

NVT ensemble, followed by 12 ps of equilibration under the NPT
ensemble with heavy atom constraints, and finally 24 ps of equilibration
under the unconstrained NPT ensemble.

2.5 Binding free energy calculation

In all the trajectories obtained from MD simulations, 100 frames
were extracted respectively and the binding free energy (AG) is
calculated by the Equations below (Equation 1) according to the
Molecular mechanics/generalized borne surface area (MM-GBSA)
(Knight et al., 2014) method. The MM-GBSA calculation utilized the
OPLS4 force field and the implicit solvent model VSGB (Li et al.,
2011). The charges of all ligands were not recalculated, and the
sampling method employed was Real-Space Minimization. The

Frontiers in Chemistry

MM-GBSA method not only calculates the binding free energy to
evaluate the binding strength between ligands and proteins, but also
quantitatively analyzes the contributions of various energy terms to
the binding through energy decomposition

AGbind = AGcomplex - (AGreceptar + AGligand) (1)

2.6 Alanine scanning mutagenesis analysis

By employing the alanine scanning mutagenesis technique, the
difference in binding free energy (AAG) between the receptor and
ligand before and after mutating individual residues to alanine
within a 5 A range around the ligand was calculated. This allows

frontiersin.org
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FIGURE 4

Docking patterns of PDE5A and PDE6C complexes. (A) PDE5SA (1TBF)-Sildenafil (crystallographic) complexes (deep green) and PDE5SA (1TBF)-
Sildenafil (docking) complexes (cyan) (B) PDESA (1TBF)-Sildenafil (docking) complexes (cyan) and PDE6GA-Sildenafil complexes (orange) (C) PDE5SA
(1XOZ)-Tadalafil (crystallographic) complexes (light blue) and PDESA (1XOZ)- Tadalafil (docking) complexes (yellow) (D) PDESA (1XOZ)-Tadalafil (docking)
complexes (yellow) and PDE6A-Tadalafil complexes (light green) (E) PDESA (1XOZ)-Ligand3 complexes (light pink) and PDE6A-Tadalafil complexes

(light cyan).

for the assessment of the energy contribution of each residue to the
binding process. Subtracting the AG after mutation from the AG
before mutation, a positive AAG value indicates that the residue
prior to mutation favored the binding of the ligand to the receptor.
Residues with significant AAG values are considered key residues at
the binding interface.

2.7 Hirshfeld surface and IGM

QM/MM is a hybrid computational method that combines the
accuracy of QM calculations with the efficiency of MM calculations.

Frontiers in Chemistry

In this study, QM calculations were performed on ligands and key
residues located in the active site, while MM calculations were
applied to other regions to further optimize the conformation of
the complex. The QM/MM calculations were performed using the
gsite in Schrodinger suite 2023-2. The def2-SVP (Weigend and
Ahlrichs, 2005) method and wB97M-V (Mardirossian and Head-
Gordon, 2016) functional were used in the QM calculation. The
OPLS2005 force field was used for the MM calculation, and the
Residue based cutoff distance was set to 12 A, taking energy and
gradient as the convergence criterion.

The hirshfeld surface and Independent Gradient Model
(IGM) (Lefebvre et al, 2017; Lu and Chen, 2022) of the

frontiersin.org
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Binding patterns of PDE5SA and PDE6C complexes.

computationally optimized structures were analyzed using
Multiwfn (Lu and Chen, 2022) to identify weak interactions
between the ligand and the receptor, and the Intrinsic Bond
Strength Index for Weak Interaction (IBSIW) (Klein et al., 2020)
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of the residues in the active site was calculated to quantify weak

interactions.

The Hirshfeld surface defines the contact surface of a molecule
with other molecules, which corresponds to the isosurface of the
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TABLE 2 MM-GBSA algorithm was utlized to calculate average binding free energy.
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molecular Hirshfeld weight function value of 0.5. The Hirshfeld
weight function can describe the weight of the atom in the three-
dimensional space. By mapping the electron density of the atom to
the Hirshfeld surface, the region with higher electron density can be
identified by the color of the Hirshfeld surface, which corresponds to
the stronger interaction.

The difference between IGM and conventional electronic
density gradient calculation methods lies in their treatment of
electronic density gradient direction. Unlike conventional
methods, IGM disregards gradient direction and instead takes the
absolute value and sums the electronic density gradients for each
atom. Because atomic density gradients do not cancel out in IGM-
type density gradient calculations, subtracting the IGM-type density
gradient from the conventional electronic density gradient yields &g,
which visually highlights regions of overlap in molecular electron
clouds, indicating areas of strong interaction between molecules.
The IBSIW index is defined as following: (Equation 2).

gr
IBSIW (i, j) = 100 x — )

i,j

3 Results and discussion
3.1 Model acquisition and evaluation

In the SAVES assessment, the Alphafold model, the homology
modeling model, and our hybrid model achieved overall quality
factor scores of 98.4615, 90.6452 and 94.4615 (Supplementary Data
Sheet 2), respectively. The overall quality factor scores for the hybrid
model and the Alphafold model were significantly higher than those
of the homology modeling model. In the Ramachandran plot,
although all residues of the three models fall within the most
favored regions and the additional allowed regions, both the
Alphafold model (95.8%) and the hybrid model (95.1%) have
more residues in the most favored region than homologous
models (92.9%) (Supplementary Data Sheet 2). The SAVES
evaluation results indicate that both the Alphafold model and the
hybrid model are better than homology modeling model.
Considering that the small molecule binding region of the hybrid
model is taken from the experimental model, we chose the hybrid
model as the object for further experiments.

3.2 Sequence alignment

Sequence alignment has been proven to be an effective method
for comparing differences between different target subtypes. The
sequence identity between PDE6C and PDES5A is 38.4%, and the
sequence similarity is 68.2%. The residues located at the active site in
both sequences exhibit high similarity (Figure 3).
3.3 Molecular docking

To tentatively determine the binding modes of small molecules

with proteins, three small molecules with RESP2 charges were
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docked with PDE5A and PDE6C separately. The docking scores and
RMSD values of the structures before and after docking are shown in
Table 1; Figure 4.

Sildenafil’s binding conformation with PDE5A has an RMSD of
only 0.7552 A compared to the crystallographic conformation.
Similarly, the RMSD of tadalafil’s binding conformation with
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FIGURE 7

Alanine scanning mutagenesis analysis plot. Orange represents PDESA, green represents PDE6C, and residues in the same position after

superposition are grouped into the same group.

PDES5A compared to the crystallographic conformation is 0.4132 A.
This indicates that the docking conformation is essentially
consistent with the crystallographic conformation, demonstrating
that our docking method can effectively predict the accurate binding
mode of the ligand.

Sildenafil achieved similar docking scores and binding modes in
both PDE5A and PDE6C. For PDE5A, sildenafil forms hydrogen
bonds with GLN817 and m-nt stacking with PHE820 and TYR612.
Meanwhile, sildenafil forms a hydrogen bond with GLN776 and nt-nt
stacking with PHE779 in PDE6C. Given that sildenafil’s selectivity
for both targets is only 12.33, these results are not surprising.
Tadalafil and ligand3 have lower docking scores for PDE6C
compared to PDE5A, which consistent with the distribution of
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IC50 values. Similar to sildenafil, tadalafil has almost identical
binding modes in both PDE5A and PDE6C. It forms a hydrogen
bond with GLN817 in PDE6C, m-nt stacking with TYR612, and
hydrogen bonds with GLN776 in PDE6C, as well as n-n stacking
with PHE779 and TYR561 (Figure 5).

As implied by the significantly different docking scores obtained
by ligand3 in binding to PDE5A and PDE6C, there exists a
significant difference in its interaction with these two enzymes.
The interaction between ligand3 and PDE6C involves hydrogen
bonding with HIS606, m-mt stacking with PHE779, TYR561 and
metal coordination with Mg ions, which are not present in the
binding of ligand3 to PDES5A. This highlights the importance of
studying ligand3 (Figure 5).
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hydrogen bonding, white marks weaker interactions, such as n-n stacking, and blue marks regions close to no interactions.
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marking weaker interactions.
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3.4 Molecular dynamics simulations

To simulate the dynamic binding of PDE5A selective inhibitors
with PDE5A and PDE6C in a realistic environment, MD simulations
were performed on six complexes. The simulations were run until
the RMSD values of the protein and ligand reached equilibrium
(Supplementary Figures S1, S2 in Supplementary Data Sheet 1). For
the PDES5A_Sildenafi, PDE6C_Sildenafil, PDE5A_Tadalafil,
PDE6C_Tadalafil, PDE5A_Ligand3, PDE6C_Ligand3 complex,
MD simulations were performed at 200 ns, 400 ns, 200 ns,
400 ns, 600 ns and 600 ns respectively. Trajectories from the last
100 ns of the simulations were extracted for further analysis.

A total of 1,000 complex conformations were extracted from the
100 ns MD simulations trajectory and the mode of interaction
between ligand and receptor was analyzed separately. Based on
the ratio between the conformation in which a interaction is present
and all the extracted conformations, we can infer the percentage of
time that this interaction is present in the entire dynamic simulation.
(Figure 6) (Supplementary Figures S3, S4 in Supplementary
Data Sheet 1).

The mode of action of the PDES5A_Sildenafil complex in
molecular dynamics simulations is similar to its mode of action
before simulation initiation. In the MD simulation, there is an
increase in water bridges with TYR612 and a decrease in m-mt
stacking with TYR612. The PDE6C_Sildenafil
molecular dynamics simulations shows an increase in water
bridges with GLN734 and LEU775, as well as m-m stacking with
PHE745. It can be observed that the trends in changes for sildenafil in
both PDE5A_Sildenafil and PDE6C_Sildenafil complexes are very
similar and difficult to distinguish. In the case of the PDE5A_Tadalafil
complex, during the MD simulation, tadalafil loses its m-7t stacking
with TYR612 but gains water bridges with ASP764 and MET816.
Similarly, the PDE6C_Tadalafil complex loses its two m-nt stacking
interactions and gains a water bridge with ASN610 (Figure 5)

complex in

(Supplementary Figures S3, S4 in Supplementary Data Sheet 1).
the MD process, the PDE5A_
Ligand3 complex gained a new m-m stacking interaction with

During simulation
HIS613 and new metal coordination with a Mg ion. Meanwhile,
the PDE6C_Ligand3 complex lost one -t stacking interaction and
one hydrogen bond, but gained water bridges with GLN776 and
ASP673, m-m stacking interactions with PHE779 and PHE782, as
well as metal coordination with a Mg ion. The mode of action of
ligand3 underwent significant changes in both complexes during the
MD simulations (Figure 5) (Supplementary Figures S3, S4 in
Supplementary Data Sheet 1).

For 100 frames of conformation extracted from MD simulation,
the MM-GBSA of ligand and receptor was calculated in VSGB 2.0
(Li et al,, 2011) energy model, and the average value of energy was
calculated. The results are shown in Table 2. AG represents the
binding free energy between receptor and ligand, consisting of five
energy terms AG_Coulomb (Coulomb energy), AG_Covalent
(Covalent binding energy), AG_vdW (Van der Waals energy),
AG_Lipo (Lipophilic energy), AG_Solv (Solvation energy) and
three AG_Hbond
correction), AG_Packing (n-n packing correction), AG_SelfCont
(Self-contact correction) (Table 2).

The AG of sildenafil with PDE5A is lower than the AG of
PDE6C, which accords with the IC50 ranking. However, the

correction  phases (Hydrogen-bonding
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complex of PDE6C-Tadalafil and PDE6C-Ligand3 has lower AG
than that of PDE5A, which may be caused by the error of MM-
GBSA’s insufficient calculation accuracy. These results suggest the
need for further calculations using QM/MM below.

Unlike the similar energy values in complexes of sildenafil and
tadalafil, the AG_Coulomb of PDE5A_Ligand3 is significantly lower
than PDE6C_Ligand3, while the AG_vdW of PDE6C_Ligand3 is
significantly lower than PDE5A_Ligand3. This to some extent
reveals the reason for the selectivity of ligand3, namely,
ligand3 binds more to PDE5A through Coulombic forces and
more to PDE6C through van der Waals forces.

3.5 Alanine scanning mutagenesis analysis

The final conformation of the trajectory, which was sufficiently
equilibrated, was used for alanine scanning to identify key amino
acids. Residues in the 5 A range around the ligand are used to
calculate the alanine scan. The AAG values of some residues are
shown in Figure 7 and Supplementary Table S1. PDE5A_Sildenafil
and PDE6C_Sildenafil showed only significant differences greater
than or equal to 3 kcal/mol in two residue pairs, LEU804/
MET763 and MET816/LEU775, respectively, with the differences
almost offsetting each other, which may explain why they have
similar AG values in the MM-GBSA calculation. PDE5A_Tadalafil
had an advantage over PDE6C_Tadalafil at TYR612, LEU765,
GLN817, and TRP853, but a disadvantage at PHE786 and
LEU804. PDES5A_Ligand3 had an advantage over PDE6C_
Ligand3 at TYR612, HIS613, ILE778, VAL782, and ILE813, but a
disadvantage at HIS657, THR723, PHE820, and ALA823.

The three molecules, with selectivity values at different
magnitudes, exhibited three distinct sets of key amino acids for
forming selectivity during alanine scanning in their complexes. This
suggests that research on highly selective PDE5A inhibitors cannot
be substituted by studies on low-selectivity PDE5A inhibitors,
highlighting the necessity to conduct

research specifically

focusing on molecules with high selectivity.

3.6 QM/MM

Due to computational constraints, conventional methods do not
involve electronic effects. In order to obtain more accurate binding
modes and binding strength data, QM/MM calculations were
performed on six complexes, where the key amino acids
identified by ligand scanning were set as the QM region while
the rest was set as the MM region. Considering the interaction
between ligand3 and magnesium ions, the magnesium ions were also
included in the QM region in two complexes with ligand3.

The hirshfeld surface of the QM/MM optimized complex active
site was calculated. Red spots on the hirshfeld surface represent
regions with weak interactions, with the size of the red spots
indicating the strength of the interactions. In PDE5A_Sildenafil
and PDE6C_Sildenafil, the main interacting regions were GLN817/
GLN776. In PDE5A_Tadalafil and PDE6C_Tadalafil, GLN817/
GLN776 remained the most important regions, but TYR612 in
PDES5A_Tadalafil also showed significant interactions, while
GLN734 in PDE6C_Tadalafil provided a strong effect. The most
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prominent interaction in PDE5A_Ligand3 was only with the
magnesium ion, whereas in PDE6C_Ligand3, apart from the
interaction with the magnesium ion, HIS606 also made a
significant contribution to the interactions (Figure 8).

The IBSIW obtained from IGM analysis can be quantitatively
used to calculate the contribution of each residue to the binding of
ligands to the receptor. According to Table in supplementary
documents (Supplementary Material) and Figure 8, in PDE5A_
Sildenafil, TYR612 and HIS613 contributed 43.23% and 24.54%
respectively to the binding; in PDE6C_Sildenafil, TYR561, HIS562,
and HIS566 contributed 45.95%, 10.43%, and 13.91% respectively to
the binding; in PDE5A_Tadalafil, TYR612 and HIS613 contributed
53.48% and 15.06% respectively to the binding; in PDE6C_Tadalafil,
TYR561 and HIS562 contributed 50.55% and 16.41% respectively to
the binding; in PDE5A_Ligand3, TYR612 and HIS613 contributed
48.58% and 19.27% respectively to the binding; in PDE6C_Ligand3,
HIS562 and ASP603 contributed 42.43% and 16.65% respectively to
the binding (Figure 9).

In the complexes of sildenafil and tadalafil, the residues with the
most prominent contributions are basically the same. However, in
the binding of ligand3 to PDE5A and PDE6C, very different residues
contribute. This represents the fact that ligand3 has distinctly
different binding modes with PDE5A and PDE6C, which
undoubtedly leads to differences in binding strength. In PDE5A,
TYR612 makes a significant contribution to the binding of ligand3,
while the corresponding TYR561 in PDE6C does not play a
noticeable role in the binding to ligand3. HIS562 and ASP603 on
PDE6C are the most important residues for the binding of
ligand3 with PDE6C, whereas their counterparts, HIS613 and
ASP654 in PDES5A, only play auxiliary roles. The reason for this
difference is that ligand3 can penetrate deeper into the binding site
cavity in PDE5A, allowing its side chain to effectively bind with
TYR612. In PDE6C, ligand3 cannot interact with TYR561 and
instead adopts a mode of binding with HIS562 using 1,2,3-
trimethoxybenzene deep at the bottom of the pocket to maintain
its binding conformation.

4 Conclusion

In this work, we employed strategies such as sequence alignment
molecular docking, molecular dynamics simulations, binding free
energy calculations, alanine scanning mutagenesis, QM/MM
calculations, etc., to investigate the mechanism of selective
formation of highly selective PDE5A inhibitors that can avoid
ocular side effects. Despite the high similarity of the binding sites
of PDE5A and PDE6C, the binding mode of the highly selective
PDES5A inhibitor ligand3 shows significant and novel differences in
multiple calculations. When ligand3 binds to PDE5A, it exhibits
stronger Coulombic force and weaker van der Waals force compared
to PDE6C, which may be a key factor in the formation of selectivity.
The mechanism of selective formation of highly selective PDE5A
inhibitors may differ significantly from that of less selective PDE5SA
inhibitors. In binding to PDES5A, the pyridine ring region of
ligand3 forms a very important role with TYR612. Highly
selective PDE5A inhibitors should strengthen side chains that
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can bind to TYR612 in PDE5A and weaken structures that can
bind to HIS562 in PDE6C. In summary, these findings reveal the
characteristics and mechanism of selectivity that highly selective
PDE5A inhibitors should possess, providing guidance and reference
for the future design of selective PDE5A inhibitors that can avoid
ocular side effects.
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