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A B S T R A C T

Inhibition of phosphodiesterase 4 (PDE4) is a promising therapeutic approach for the treatment of inflammatory
pulmonary disorders, i.e. asthma and chronic obstructive pulmonary disease. However, the treatment with non-
selective PDE4 inhibitors is associated with side effects such as nausea and vomiting. Among the subtypes of PDE4
inhibited by these inhibitors, PDE4B is expressed in immune, inflammatory and airway smooth muscle cells,
whereas, PDE4D is expressed in the area postrema and nucleus of the solitary tract. Thus, PDE4D inhibition is
responsible for the emetic response. In this regard, a selective PDE4B inhibitor is expected to be a potential drug
candidate for the treatment of inflammatory pulmonary disorders. Therefore, a shared feature pharmacophore
model was developed and used as a query for the virtual screening of Maybridge and SPECS databases. A number
of filters were applied to ensure only compounds with drug-like properties were selected. Accordingly, nine
compounds have been identified as final hits, where HTS04529 showed the highest affinity and selectivity for
PDE4B over PDE4D in molecular docking. The docked complexes of HTS04529 with PDE4B and PDE4D were
subjected to molecular dynamics simulations for 100ns to assess their binding stability. The results showed that
HTS04529 was bound tightly to PDE4B and formed a more stable complex with it than with PDE4D.
1. Introduction

Cyclic nucleotide phosphodiesterases (PDEs) are a diverse family of
enzymes involved in the hydrolysis of 30,50-cyclic adenosine mono-
phosphate (cAMP) and 30,50-cyclic guanosine monophosphate (cGMP) to
their inactive 50-AMP and 50-GMP forms, respectively (Azam and Tri-
puraneni, 2014). In mammals, 21 genes encoding 11 families of PDEs,
namely PDE1-PDE11 (Kanes et al., 2007; O'Donnell and Zhang, 2004).
The PDE4 family is the largest of the 11 PDE families that selectively
hydrolyse cAMP and includes four subtypes: PDE4A, PDE4B, PDE4C and
PDE4D (Baumer et al., 2007; Conti et al., 2003; Souness et al., 2000). All
four PDE4 subtypes comprise a related structural organization with a
highly conserved catalytic domain in the C-terminal region and upstream
conserved regions (UCR1: ~55 amino acids and UCR2: ~78 amino acids)
in the N-terminal which further classify the PDE4 subtypes into four
classes: long, short, super-short and dead-short (Burgin et al., 2010; Conti
et al., 2003; Klussmann, 2016). The absence of UCR1 renders the short
forms of PDE4 monomeric (Bolger et al., 2015; Houslay, 2010; Kluss-
mann, 2016). The UCR1 is a target of protein kinase A phosphorylation
that increases the hydrolysis of cAMP by 2–4 fold over the basal levels.
aurav).

0 July 2020; Accepted 2 Septem
evier Ltd. This is an open access a
Whereas, the UCR2 opening and closing regulate the access of cAMP to
the active site. The small inhibitors which bind to the active site of PDE4
and interact with specific residues in the UCR2 can close the UCR2 and
inhibit the enzyme (Burgin et al., 2010). PDE4 subtypes express in im-
mune and inflammatory cells at different levels where PDE4B being the
most abundant in immune, inflammatory and airway smoothmuscle cells
(Yuasa et al., 2001). PDE4A is expressed at low levels in inflammatory
cells while; PDE4C is absent. On the other hand, the PDE4D express in the
area postrema and nucleus of the solitary tract (Lamontagne et al., 2001;
Perez-Torres et al., 2000).

The production of pro-inflammatory cytokines and inflammatory
cytokines is regulated via degradation of cAMP by PDE4. The inhibition
of PDE4 results in the elevation of cAMP level and activation of PKA and
exchange protein directly activated by cAMP (Epca 1/2). The activation
of PKA leads to the phosphorylation of cAMP-responsive element-binding
protein (CREB) and activation of the transcription factor 1 (ATF-1) which
results in increasing the production of anti-inflammatory cytokines and
decrease the inflammatory cytokines (Li et al., 2018). Roflumilast, a
PDE4 inhibitor, was approved by the FDA for the treatment of asthma
and chronic obstructive pulmonary disease (COPD). Roflumilast showed
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no effect on the acute phase of bronchoconstriction in patients with
asthma whereas, it showed a significant improvement in the lung func-
tion, as well as a reduction in the exacerbation rate when used with
long-acting bronchodilators in patients with COPD in large clinical trials.
However, the maximum tolerated dose of roflumilast is near the bottom
of the efficacy dose-response curve (Phillips, 2020).

The development of PDE4 inhibitors hasn't achievedmuch success yet
due to the low therapeutic index of the existing inhibitors and gastro-
intestinal side effects, i.e. nausea, vomiting and diarrhoea, that severely
restrict their therapeutic application. These side effects might be attrib-
uted, to the structural similarity of the two PDE isoforms, PDE4B
(responsible for most of the anti-inflammatory response) and PDE4D
(related to the gastrointestinal side effects). Thus to overcome these
problems, a selective PDE4B inhibitor may offer a solution for max-
imising the therapeutic action and minimising the side effects (Fan
Chung, 2006; Wang et al., 1999). Recently, the implication of pharma-
cophore modelling, molecular docking and molecular dynamics (MD)
simulations in the discovery of subfamily-selective PDE4B inhibitors
showed a lot of success (Li et al., 2016; Shubina et al., 2015). Accord-
ingly, pharmacophore-based virtual screening, molecular docking and
MD simulations have been applied in this study with the objective to
identify a selective PDE4B inhibitor and unravel the crucial amino acids
involved in the binding interactions with the inhibitor and its stabilisa-
tion in the active site of PDE4B.

2. Materials and methods

2.1. Development of pharmacophore model: ligand-based approach

Forty-three PDE4 inhibitors were selected to constitute the training
set compounds based on the inhibitory activity values (IC50) of PDE4B
and PDE4D from the reported literature (Supplementary Material-
Table S1) (Goto et al., 2014; Hagen et al., 2014; Naganuma et al., 2009).
The selected inhibitors have IC50 of PDE4B lower than that of PDE4D
thus; they were used for the development of ligand-based (LB) pharma-
cophore model. ChemSketch 12.0 was used to sketch the
two-dimensional (2D) structures of the training set compounds which,
were later converted into their three-dimensional (3D) structures. The
pharmacophore modelling was carried out using LigandScout 4.2 soft-
ware (Wolber and Langer, 2005). Initially, multiple acceptable confor-
mations for each compound present in the training set were generated
using OMEGA conformation model generation method (Seidel et al.,
2017; Wolber and Langer, 2005) followed by clustering the compounds
according to their 3D pharmacophore characteristics. Finally, an inde-
pendent pharmacophore model for each cluster was created. The phar-
macophore model included only the chemical features present in all the
training set compounds.

2.2. Development of pharmacophore model: structure-based approach

The structure-based (SB) pharmacophore model was created based on
the structure of PDE4B (PDB ID: 3W5E) with its co-crystallised ligand
using standardprotocol for LigandScout 4.2 (Wolber andLanger, 2005). In
the process of pharmacophore generation, the defined active site was first
analysed, followed by determination of the protein-co-crystallised ligand
interactions with the active site residues. Based on the interactions, the
corresponding pharmacophoric features were generated. These features
included hydrogen bond acceptor (HBA), hydrogen bond donor (HBD),
hydrophobic area (HA), aromatic ring (AR) and the ionisable area within
the receptor active site sphere. The pharmacophoremodel obtained in this
manner was considered as the SB pharmacophore model.

2.3. Shared feature pharmacophore model generation and validation

The LB and SB pharmacophore models were superimposed to create
the shared feature pharmacophore model. The pharmacophore for
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PDE4B (PDB ID: 3W5E) was set as the reference element. The generated
model was validated for its ability to discriminate the active compounds
from the decoys by screening a dataset consisting of 12 active and 600
decoy compounds. The active compounds with a known PDE4 inhibitory
activity were obtained from the literature (Supplementary Materials,
Tables 1-S5) to constitute the test set; while the decoy compounds (with
no reported inhibitory activity for both PDE4B and PDE4D) were
downloaded from PubChem. The test set and decoys were screened using
the generated shared feature pharmacophore model. Validation param-
eters such as AUC100% (Area Under Curve), sensitivity (Se) and specificity
(SP) were calculated. In addition, the discrimination efficiency of the
generated pharmacophore was evaluated by calculating the enrichment
factor (EF) and goodness of hit (GH) score.

EF ¼ (Ha/Ht)/(A/D)

GH score ¼ (3/4 Ya þ 1/4 Se) SP

Ya: Yield of actives, Ha: Number of actives in the hit list, Ht: Number
of hits, A: Number of actives in the database, D: Number of compounds in
the database.

2.4. Virtual screening

The pharmacophore-based virtual screening was employed to identify
potential hit compounds that could selectively inhibit PDE4B. The vali-
dated shared feature pharmacophore was used as a 3D structural query in
the virtual screening of Maybridge (51,775 compounds) and SPECS
(212,294 compounds) databases to retrieve novel scaffolds for PDE4B
inhibition (Sakkiah and Lee, 2012; Vuorinen et al., 2014). In the first
step, the two libraries were converted into 3D multi-conformational
databases for virtual screening using LigandScout 4.2 advanced algo-
rithm, idbgen, which computes conformations and annotates each
conformation with pharmacophore features. Next, the pharmacophore
model was added to the screening perspective in LigandScout followed
by loading the two libraries as well. Finally, the shared feature phar-
macophore model was employed for the screening of the two libraries at
once (Erlina and Yanuar, 2018).

In the second step, the retrieved hits were filtered based on some
parameters to ensure only compounds with drug-like properties were
selected. The first filter that was applied was Lipinski's rule of five. Ac-
cording to this rule, the orally active drug should have < five hydrogen
bond donors,< ten hydrogen bond acceptors, molecular weight (M.wt)<
500 Da and log p (octanol/water partition coefficient) < five (Lipinski,
2004; Lipinski et al., 1997). Then, the hits were filtered based on the
molecular polar surface (PSA), whereby compounds with PSA < 140 Å2

are believed to permeate the cell membrane. Finally, the hits were further
ranked based on the pharmacophore fit score (PFS); which used to
measure the fit values of each hit compounds to the pharmacophoric
features of PDE4B. The PFS was set according to the fit values of the test
set compounds that were used to validate the pharmacophore model.
Thus, only hits with PFS higher than or equal to the PFS of any of the test
set compounds were retained.

2.5. Molecular docking study

2.5.1. Protein preparation
The first step in a good docking study is the selection of the most

appropriate protein structure for both PDE4B and PDE4D from the
numerous structures available in the PDB. The selection criteria for the
protein structure was, the resolution must be higher than 2.5 Å, the
completeness of the active site, the regulatory region and the control
region 3 (CR3), in addition to the presence of a co-crystallised ligand in
the active site. The protein structures fulfilling the above criteria were
downloaded from PDB.

The selected protein structures were prepared for docking by
extracting the co-crystallised ligands, removing the water molecules and



Figure 1. Ligand-based pharmacophore model. The pharmacophore features
are colour-coded: HBA: red, HA: yellow, AR: blue.
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optimising the initial structures (alternate the residue conformations,
correct connectivity and bond order) using Accelrys Discovery Studio
(DS) 2.5.5 (Accelrys, 2009). This was followed by correcting the pro-
tonation state using Propka server. Finally, the prepared protein struc-
tures were subjected to short minimisation with 250 steps of steepest
descent followed by 500 steps of conjugated gradient in Sander module
of AMBER14 program. A cutoff distance at 12 A� for non-bonded in-
teractions was applied (Case et al., 2014).

2.5.2. Ligand preparation
The nine compounds obtained from the virtual screening, as well as

the standard compound (rolipram), were visualised in the DS Visualizer
(BIOVIA, 2017). The structures of the ligands were checked to correct the
bond orders and add the missing hydrogen atoms. Finally, GaussView 6
was used to optimise the structures of the ligands.

2.5.3. Molecular docking
Three structures of PDE4B (PDB ID: 3W5E, 3KKT and 3HMV) and

PDE4D (PDB ID: 3G58, 6BOJ and 6NJH), were used in molecular docking
to check the affinity of the ligands for the different 3D structure of the
same protein. LigandScout 4.2 was used for performing molecular
docking. Initially, the protein structure was loaded; followed by locating
the active site from the position of the co-crystallised ligand. After
locating the active site, the ligands were loaded; and their energies were
minimised using MMFF94 force field. Finally, the ligands were docked
into the active site of the target protein using AutoDock Vina 1.1
implemented in LigandScout 4.2. The ligands were ranked based on their
binding energy and selectivity for PDE4B over PDE4D. Poses with the
most negative binding energies (favourable binding) for PDE4B were
identified as best poses. Rolipram was used as a standard for evaluating
the affinity and selectivity of the hits (Goto et al., 2013).

2.6. Molecular dynamics study

In order to determine the stability of the complexes and calculate the
binding free energies for each complex, the docked PDE4B (PDB ID:
3HMV)-ligand complex and PDE4D (PDB ID: 3G58)-ligand complex with
the lowest binding energy were selected for molecular dynamics (MD)
simulations. The MD simulations were performed using Particle Mesh
Ewald Molecular Dynamics (PMEMD.CUDA) from AMBER14 on NVIDIA
GPUs (Quadro, 2000D) (Case et al., 2014). Each complex was prepared
by using Antechamber, Parmchk and AMBER force field (ff14SB). The
Antechamber and Parmchk were used to assign general AMBER force
field (GAFF) parameters, calculate the restricted electrostatic potential
(RESP) under Gaussian g09 and generate the prepi and frcmod files for
the ligands (Xing et al., 2017). While; the ff14SB was used to describe the
molecular characteristics of the complex and obtain the topology (top)
and coordinate (crd) files for each complex (P�erez et al., 2007). tLeap was
then used for solvation of the complex in a cubic box of TIP3P water
extending at least 10 Å in each direction from the solute. Naþ ions were
added to neutralize the complex, and the cutoff radius was kept to 12 Å to
compute the non-bonded interactions (Harrach and Drossel, 2014; Zhu
et al., 2017).

A 100 ns simulation was carried out for each complex. The simula-
tions were performed under periodic boundary conditions. The long-
range electrostatic interactions were treated using Particle Mesh Ewald
(PME) method whereas the SHAKE algorithm was used to constrain
bonds that involve hydrogen (Darden et al., 1993; Linse and Linse, 2014).
Initially, the solvated system was subjected to a series of 500 steps of
steepest descent followed by 1000 steps of conjugated gradient mini-
misations to relax the system. Then, each complex was heated from 0 to
310.15 K over a period of 60 ps followed by 200 ps of NPT (constant
number of particles, pressure and temperature) equilibration at 310.15 K
and 1 atm pressure. Eventually, an unrestrained MD simulation (no force
applied on any atoms) was performed at a constant temperature of
310.15 K for 100 ns. During this phase, the structural coordinates of the
3

system were recorded every 0.1 ps intervals to build a trajectory of the
system dynamics (Kuhn and Kollman, 2000).

The evaluation of the structural properties, root mean squared de-
viations (RMSD) of the backbone atoms, and determination of root mean
square fluctuations (RMSF) of the residues and hydrogen bond were
carried out using cpptraj module of AmberTools 14. The binding free
energy calculation of each complex was performed based on Molecular
Mechanics-Poisson Boltzmann Surface Area (MM-PBSA) using
MMPBSA.py method, and the decomposition energy of the key residues
was calculated using per-residue decomposition energy module of
AMBER14. The binding and decomposition energies were extracted from
the trajectories of the last 20 ns of the simulations (Amir-Hassan et al.,
2017; Martínez-Mu~noz et al., 2017).

3. Results and discussion

3.1. Development of pharmacophore model: ligand-based approach

The pharmacophore model represents the chemical features of the
molecular structure that are responsible for the interaction with the
target. The generated LB pharmacophore model was based on the phar-
macophoric features present in the training set compounds that were
selected from the literature. The selection of these compounds was based
on their structural diversity and potency. A single cluster was generated
after clustering the ligands according to their 3D pharmacophore char-
acteristics. Consequently, one pharmacophore model was developed as
the LB pharmacophore model (Figure 1). The generated LB-
pharmacophore model comprised of six pharmacophoric features, two
HBA, one HA, and three AR.
3.2. Development of pharmacophore model: structure-based approach

The SB pharmacophore was derived from the protein-ligand complex
using the interactions observed between the ligand and the protein. In
this study, the generated SB-pharmacophore model for PDE4B (PDB ID:
3W5E) consists of five features: one HBA, three HA, and one AR. In the
2D representation, the HBA feature of the co-crystallised ligand is rep-
resented by the amino group which is oriented towards GLN443A of
3W5E. The HA feature is represented by the two phenyl rings and the
butyl group; while, the AR feature is represented by the pyrimidine ring.
The representative pharmacophore of PDE4B-co-crystallised ligand
complex is shown in Figure 2, where the red arrow indicates the HBA, the
yellow colour refers to the hydrophobic interactions, and blue colour
indicates the AR.



Figure 2. A) PDE4B-co-crystallised ligand interactions. B) The corresponding pharmacophore model. The pharmacophore features are colour-coded: HBA: red, HA:
yellow, AR: blue.
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3.3. Shared feature pharmacophore model generation and validation

Following the generation of LB and SB pharmacophores, the shared
feature pharmacophore was developed. This model was later used in
virtual screening for identification of new PDE4B inhibitors. The new
model consists of three features, one HBA, one HA, and one AR, as shown
in Figure 3. The shared feature pharmacophore model was refined by
decreasing the tolerance for some of the selected features; then it was
validated using the test set and decoys. The validation results (Table 1)
and the ROC (Receiver Operating Characteristic) curve (Figure 4), clearly
suggest that shared feature pharmacophore model recognised all the
active compounds in the data set, while predicting two inactives to be
active compounds (false positive). The AUC100% value ¼ 1, GH score
(0.87) and EF (43.70), indicate its ability to recognise the true positives
in the dataset. Thus, the shared feature pharmacophore model is the
optimal model to be used for virtual screening and identifying selective
PDE4B inhibitors.
3.4. Virtual screening

Virtual screening was performed to retrieve hits from the two data-
bases for further evaluation. Based on the pharmacophore similarity, a
total of 12063 hits were obtained from Maybridge and SPECS databases
after the first round of screening. The hits were subjected to filtering by
applying Lipinski's rule of five for their likelihood to be orally bioavail-
able. Accordingly, 7841 drug-like hits were obtained. These hits were
further narrowed down by applying the PFS > 38.9 filter, this resulted in
Figure 3. Shared feature pharmacophore model. The pharmacophore features
are colour-coded: HBA: red, HA: yellow, AR: blue.
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a total of nine compounds. These nine compounds were selected for
molecular docking studies (Figure 5) (Table 2).

3.5. Analysis the results of molecular docking study

Molecular docking was performed to study the binding modes of the
hit compounds within the active site of both receptors. The standard and
the nine compounds that passed Lipinski's rule of five, PSA and PFS filters
were docked into the active site of both receptors (Goto et al., 2013). The
docking results were analysed in term of binding energy and binding
mode. The binding energy of the best binding mode for each ligand with
both receptors and the amino acids involved in the protein-ligand in-
teractions are summarised in Table 3 and Supplementary
Material-Table S2 and Table S3.

As can be seen from Table 3, all the inhibitors exhibited comparable
binding energies for both receptors. Two inhibitors displayed the lowest
binding energy with PDE4B when compared to other compounds and
more selectivity for PDE4B over PDE4D. These inhibitors are HTS04529
and HTS05856, with binding energies < -20.00 kcal/mol. Therefore, the
underlying binding interactions of these two compounds with both re-
ceptors were further analysed to explore the structural features that
contribute to the PDE4B selectivity.

The architecture of the binding site of PDE4 enzyme achieves all the
required criteria for a druggable binding site. It consists of three sub-
domains, a) M pocket represents the area in the enzyme that contains the
metal ions (Znþ2 and Mgþ2) that are important for catalysis the hydro-
lysis of cAMP. b) S pocket, signifies the solvent filled side pocket which
has polar residues and, c) Q pocket which is known as an inhibitor pocket
and further divided into hydrophobic clamp (P-clamp) and conserved
Table 1. Validation parameters of the shared feature pharmacophore model.

Hits 14

AUC100% 1

FN 0

FP 2

%YA 85.71%

SE 1

SP 0.99

GH score 0.87

EF 43.70

False negative (FN), False positive (FP).



Figure 4. ROC curve of the validated pharmacophore model.
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purine-selective glutamine. The Q pocket flanked by narrow hydrophobic
pockets known as Q1 (deep small hydrophobic pocket with tightly bound
water) and Q2 (protruding hydrophobic pocket) (Card et al., 2004; Huai
et al., 2003). This region includes the hydrophobic residues that are less
conserved than M pocket. A number of studies have shown that the PDE4
inhibitors share two features, a planar ring structure held within the
hydrophobic residues of the P-clamp (PHE446 in PDE4B vs PHE538 in
PDE4D at the roof of the P-clamp and ILE410 and PHE414 in PDE4B vs
ILE502 and PHE506 in PDE4D on the floor of the binding site) (Tripur-
aneni and Azam, 2016) and a hydrogen bonding interaction with the
invariant glutamine residue (GLN443 in PDE4B vs GLN535 in PDE4D)
(Card et al., 2004; Xing et al., 2017). The cAMP is recognized by enzyme
Figure 5. The 2D structures of the retrieved
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upon the formation of a hydrogen bond with the Q pocket. As a conse-
quence, the phosphate moiety forms a complex with the metal in the M
pocket, promoting the hydrolysis of cAMP (Houslay et al., 2005; Spina,
2008). Therefore, the PDE4 inhibitor should be able to occupy the Q and
M pockets to block the entry and hydrolysis of cAMP.

The docking study has revealed that the interactions between PDE4B
and the two inhibitors, HTS04529 and HTS05856, were dominated by
the Pi-Pi stacking interactions between pyridazinone and the substituted
phenyl rings. The interactions were seen in the region surrounding
TYR82-ILE299 (PDB ID: 3HMV, the residue's numbering starts from 1)
due to the presence of the active site in that region. The two inhibitors
interacted with the catalytic domain of PDE4B. Their central pyr-
idazinone ring stacked between PHE295 and ILE259 in an ideal position
to hydrogen bond with the ASP241. These interactions represent the
interactions involving Q switch, and P-clamp observed among all PDE4
inhibitors (Card et al., 2004). Moreover, the carbonyl group exhibited a
coordinate bond with the Znþ2 cation, which stabilised the inhibitors
further in the catalytic domain (Figures 6A and 7A). The
hydrogen-bonding and the hydrophobic interactions, as well as the
proximity of the inhibitors to Znþ2, showed that HTS04529 and HTS5856
have an orientation within the active site that would inhibit the entry of
cAMP into the catalytic domain. This finding points towards the higher
activity of these two inhibitors in comparison to the other inhibitors in
the series. For the highly active inhibitors, HTS04529 and HTS05856,
residue TYR82, MET196, ASP241, ILE259, PHE263 and PHE295 became
more stable due to the hydrophobic and hydrogen-bonding interactions.
While region HID199-ARG229 became more flexible due to the absence
of interactions. These results are consistent with previous studies and
postulate that the region ASN253-ILE299 is favourable for binding and
region LEU249-ILE299 is involved in hydrophobic interactions (Li et al.,
2016; Tripuraneni and Azam, 2016; Xu et al., 2000). In contrast to
compounds from the virtual screening.



Table 2. Computed standard properties of the hits based on Lipinski's Rule of Five, polar surface area and pharmacophore fit score.

Compound ID M.wt Log P No. of HBD No. of HBA PSA PFS

AW00883 392.30 2.79 2 5 66.91 38.93

BTB05015 283.76 4.82 0 2 22.12 38.91

HTS04529 375.86 3.49 1 4 50.68 38.93

HTS05856 382.46 4.66 1 4 54.98 38.91

RH01822 335.77 1.30 2 6 92.18 38.92

RH01894 276.34 2.61 1 3 41.99 38.94

RJF00096 346.22 3.84 1 4 58.9 38.97

RJF00433 284.14 3.36 2 4 72.03 38.91

SPB05884 359.83 3.88 1 5 64.11 38.94

Table 3. The binding energy of the standard and the nine hits to PDE4B and PDE4D.

Compounds Binding energy with PDE4B (kcal/mol) Binding energy with PDE4D (kcal/mol)

3O0J 4KP6 3W5E 3G58 6IM6 2FM0

Roilipram -16.20 -16.70 -19.90 -19.10 -16.70 -17.90

HTS04529 -20.00 -20.30 -23.40 -19.70 -20.30 -19.60

HTS05856 -21.50 -20.30 -23.40 -20.20 -16.90 -21.50

RH01894 -17.70 -21.30 -20.20 -18.20 17.50 -20.20

RJF00096 -15.30 -16.00 -20.70 -17.20 -16.70 -17.10

RJF00433 -17.50 -19.50 -16.50 -16.50 -17.10 -18.00

RH01822 -16.70 -19.00 -19.40 -17.60 -18.60 -19.00

SPB05884 -15.90 -17.60 -18.70 -17.50 -17.10 -17.10

BTB05015 -17.40 -18.10 -19.40 -17.60 -16.40 -18.20

AW00883 -17.60 -18.40 -19.50 -17.20 -18.10 -17.60

Figure 6. The best binding pose and the interactions of HTS04529 within the active site of A) PDE4B and B) PDE4D, H-bond is presented by green, hydrophobic
interactions by pink, Pi-Pi stacking interactions by magenta and metal coordinate by grey dotted lines.
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HTS04529 and HTS05856, only hydrophobic and hydrogen-bonding
interactions were observed between rolipram and PDE4B. These in-
teractions are with the residues SER291, PRO245, ILE259, TYR82 and
LEU242 (Figure 8A). The ligand did not involve in any aromatic inter-
action or coordinate bonds with the metal ion; which explains the lower
affinity of rolipram for PDE4B than HTS04529 and HTS05856.
6

For PDE4D (PDB ID: 3G58, the residue's numbering starts from 1), the
binding modes of HTS04529 and HTS05856 with the receptor showed
that the two inhibitors occupied the P-clamp and interacted with the key
residues ILE258, PHE262 and PHE294. The phenyl ring of the two in-
hibitors stacked between PHE262 and PHE294. Furthermore, the phenyl
ring of HTS05856 showed Pi-Pi interactions with HID82 (Figures 6B and



Figure 7. The best binding pose and interactions of HTS05856 within the active site of A) PDE4B and B) PDE4D, H-bond is presented by green, hydrophobic in-
teractions by pink, Pi-Pi stacking interactions by magenta and metal coordinate by grey dotted lines.

Figure 8. The best binding pose and interactions of rolipram within the active site of A) PDE4B and B) PDE4D, H-bond is presented by green, hydrophobic interactions
by pink and Pi-Pi stacking interactions by magenta dotted lines.
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7B) while HTS04529 was involved in hydrogen bonding interaction with
the receptor. This hydrogen bond formed between the nitrogen atom of
pyridazinone and HID82. There was no interaction with either Znþ2 or
Mgþ2. The position of rolipram within the active site of PDE4D showed
that the ligand formed two hydrophobic interactions with LEU241 and
ILE258, one hydrogen bond with SER290 and Pi-Pi interactions with
PHE294 (Figure 8B).

The similarity between the binding sites of PDE4B and PDE4D makes
the elucidation of selectivity and designing of selective inhibitor a chal-
lenging task. Although many reported studies have tried to identify the
main differences between the binding sites of these two isoforms using
experimental tests, the reason behind the selective inhibition of specific
PDE4 isoform is still not fully clear (Feng et al., 2018; Wang et al., 2007).
7

Thus, computational methods have been used to explore the structures of
PDE4 isoforms, particularly PDE4B and PDE4D, and find the residues that
are crucial for selectivity. The residues that determine PDE4B/4D
selectivity are located in the CR3 region outside the catalytic pocket.
These residues can be targeted for the design of PDE4B subtype-selective
inhibitors. The CR3 is a flexible region that can adopt multiple orienta-
tions. Each small compound presents different chemical features that
stabilise different poses of CR3. Fox et al. tried to understand the role of
CR3 in regulating the activity of PDE4. They compared the binding mode
of several compounds to the CR3 of either PDE4B or PDE4D, whereby
they found that each compound can interact with different residues along
the CR3 helix resulting in multiple “closed” conformations (Fox et al.,
2014). Several non-conserved residues can be found within the CR3 of



Table 4. The sequence of CR3 in PDE4B and PDE4D. The non-conserved residues
are highlighted in bold.

PDE4B *498/347CQGLMEKFQFE509/358

PDE4D 593/349GQTEKFQFELT603/359

* The residue number in PDB/The residue number in our study.

M. Al-Nema et al. Heliyon 6 (2020) e04856
PDE4B and PDE4D, that could contribute to the subtype-selectivity
(Table 4). However, only three of these residues protrude into the
binding pocket. These residues are LEU502 in PDE4B vs GLU502 in
PDE4D, PHE505 and PHE506 in both PDE4B and PDE4D (Kranz et al.,
2009) (see Table 4).

In the crystal structures of PDE4B (PDB ID: 4MYQ and 3HMV) com-
plexed with A-33 and THBT, both ligands displayed common binding
schema with the catalytic site like most inhibitors, i.e. occupying the P-
clamp and H-bonding with the hydrophobic residues (Fox et al., 2014;
Kranz et al., 2009). Additionally, the thienyl group on A-33 interacted
with the LEU in the CR3 of PDE4B (Fox et al., 2014). Comparison of the
binding mode of HTS04529 with A-33 and THBT showed that HTS04529
formed similar interactions with the catalytic domain of PDE4B. The
stacking of pyridazinone ring of HTS04529 between PHE295 and ILE259
and the interaction with the Znþ2 allow the ligand to occupy the Q and M
pocket; which would result in blocking the entry of cAMP. Furthermore,
the hydrophobic interactions between the chloro-substituted phenyl
group of the inhibitor and the residues LYS354 and PHE355 of the CR3 of
PDE4B stabilise a unique conformation of CR3. These results show that it
is possible to design highly selective PDE4B inhibitors by exploiting the
non-conserved residues outside the catalytic domain. Accordingly,
HTS04529 was selected for MD simulations to illustrate the changes in
the profile of interactions and evaluate the stability of the ligand in the
active site of PDE4B.

3.6. Analysis of the results of molecular dynamics simulations

MD simulations were performed for 100 ns using the docked
conformation of PDE4B- rolipram, PDE4B-HTS04529, PDE4D-rolipram
and PDE4D-HTS04529 complexes to investigate the atomic details of
molecular interactions. The RMSDwas calculated for the backbone atoms
of PDE4B and PDE4D complexes relative to the docked structures to
evaluate the dynamic stabilisation in the time scale of the simulation
period. From the RMSD plot shown in Figure 9A, it can be seen that the
simulation reached convergence at 15 ns and the PDE4B complexes
attained a stable RMSD value of 2–2.75 Å. This means no significant
conformational changes took place in the protein structure upon binding
Figure 9. RMSD of the backbone atoms of PDE4B and PDE4D complexes. A) PDE4B-H
line) and PDE4D-Rolipram (black line).
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of the ligands. While for PDE4D complexes, the PDE4D-HTS04529 pre-
sented greater instability than the PDE4D-rolipram complex (Figure 9B).
The PDE4D-rolipram complex reached equilibration after 50ns and did
not show any variation higher than 3 Å. In contrast, the PDE4D-
HTS04529 complex has fluctuated during the entire simulation time
between 2.5 and 4.25 Å; which means the binding of the ligand affects
the stability of the receptor.

The RMSF analysis was performed to assess the mobility of the resi-
dues upon binding of the ligands. It is observed from the plots in
Figure 10, the residues in PDE4B complexes have lower mobility in
comparison to the residues in PDE4D complexes. The residues in the
catalytic domain of PDE4B (region TYR82-ILE299) showed RMSF value
in the range of 0.34–1.69 Å indicating the low fluctuations of these res-
idues and supporting the docking findings that binding of the ligand
stabilises the protein structure. As expected, the backbone residues with
high fluctuations (above 2Å) were those in the flexible region SER217-
THR227. Furthermore, the residue positioned between PRO334-
ASP342 showed fluctuation above 2Å as well, but the highest fluctua-
tion was observed in residue SER1, which showed RMSF value of 2.5Å.
Whereas for PDE4D complexes, the residues of PDE4D-HTS04529 com-
plex displayed the highest mobility. The RMSF values of the region
GLN334-ASP342 were above 2.5 Å with the highest RMSF value of 4.2Å
showed by the residue ASP341. In contrast, the binding of rolipram to the
PDE4D reduced the flexibility of the protein's residues where only two
residues displayed RMSF values higher then 2Å (SER217, RMSF 2.02Å
and PRO340, RMSF 2.05Å). Therefore, the binding of rolipram made the
complex more stable.

The number of intermolecular hydrogen bonds, as well as the
hydrogen bonds occupancies, were calculated to determine the strength
of binding of rolipram and HTS04529 to the target receptors. Both li-
gands formed one hydrogen bond with PDE4B and two hydrogen bonds
with PDE4D (Figure 11). These results were consistent with the hydrogen
bond interactions obtained by molecular docking.

For PDE4B complexes, the hydrogen bond formed between SER291
and rolipram and ASP241 and HTS04529 with occupancies of 83.3% and
64.1%, respectively. The amino acids acted as hydrogen bond acceptors,
whereas the ligands acted as hydrogen bond donors. The hydrogen bonds
were stable; they formed at the beginning of the simulations and
remained stable during the entire simulation time.

In contrast, the hydrogen bonds between PDE4D and the two ligands
were of intermediate and weak strengths, respectively. The first
hydrogen bond was formed between SER290 and rolipram and HID82
and HTS04529 with occupancies of 43.7% and 20.4%, respectively. The
HID82 acted as hydrogen bond acceptor while SER290 acted as hydrogen
bond donor. These hydrogen bonds were of intermediate strength where
TS04529 (red line) and PDE4B-Rolipram (black line). B) PDE4D-HTS04529 (red



Figure 10. RMSF of the amino acid residues of PDE4B and PDE4D complexes. A) PDE4B-HTS04529 (red line) and PDE4B-Rolipram (black line). B) PDE4D-HTS04529
(red line) and PDE4D-Rolipram (black line).
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they formed at the beginning of the simulations and were disrupted and
formed again during the simulation process. Weak hydrogen bonds were
formed between MET279 and rolipram and ASP123 and HTS04529 with
occupancies of 7.83% and 0.6%, respectively. The two residues acted as
hydrogen bond acceptors where they accepted the hydrogen atoms from
the ligands. The two hydrogen bonds were not seen in the original
complex obtained by docking. However, due to the weakness and
instability of these hydrogen bonds, they formed for a short time and
broke readily.

The analysis of MD trajectories showed a similar binding interaction
between HTS04529 and PDE4B as predicted by the docking study. In
addition to the hydrogen bonds, the hydrophobic interactions with the
stable region of the catalytic domain TYR82-ILE299 and the residues
Figure 11. Hydrogen bonds occupancies between both PDEs (PDE4B and PDE4D) an
PDE4D-HTS04529.
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LYS354 and PHE355 of the CR3 was preserved in more 80% of the tra-
jectories (Supplementary Material-Figure S1). While the region HID199-
ARG229 was more flexible as no interaction was observed in that region.
Themetal coordination bond with Znþ2 and the Pi-Pi stacking interaction
with TYR82 was preserved in 100% of the MD trajectory. Whereas, the
Pi-Pi stacking interaction with PHE295 was preserved in 75% of the MD
trajectories. These results support the stability of the complex as no
dramatic changes observed in the mode of the binding interactions.

On the other hand, the analysis of MD trajectories of HTS04529-
PDE4D complex indicated the presence of several Pi-Pi stacking
and hydrophobic interactions between the inhibitor and the receptor
with high to low frequencies. Among these interactions, the hydro-
phobic interactions with CYS280, LEU241 and the three main residues
d the ligands. A) PDE4B-rolipram. B) PDE4B-HTS04529. C) PDE4D-rolipram. D)
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in the P-clamp (ILE258, PHE262 and PHE294) were preserved in
50–100% of the MD trajectories. The interactions with MET195 and
ASP123 were preserved in only 20% of the trajectories. While; the Pi-Pi
stacking interactions were observed with different residues during the
Figure 12. Decomposition energy of the

Table 5. Total binding free energy of PDEB and PDE4D complexes and the energy co

Binding energy components PDE4B-rolipram PDE4D-

VDW -40.0232 � 0.0654 -49.797

EEL -11.1343 � 0.0769 -5.9711

Non-polar solvation energy -3.6203 � 0.0034 -3.9909

Polar solvation energy 29.8817 � 0.0539 24.2153

ΔG Total -24.8962 � 0.0647 -35.544

VDW: van der Waals interactions, EEL: electrostatic interactions, ΔG Total: total bind

Figure 13. Decomposition energy of the

10
simulations with modest to low frequencies (Supplementary Material-
Figure S2). These results indicate the instability of the ligand within the
active site of the receptor as the binding interactions were continuously
changing.
key residues of PDE4B complexes.

ntribution by each component during the last 20ns of simulations.

rolipram PDE4B-HTS04529 PDE4D-HTS04529

9 � 0.0757 -48.0598 � 0.1033 -36.7434 � 0.0905

� 0.1533 -51.1525 � 0.1240 -49.2828 � 0.1440

� 0.0029 -4.6528 � 0.0027 -3.5533 � 0.0034

� 0.0029 76.6634 � 0.0892 76.0847 � 0.0965

7 � 0.0816 -27.2017 � 0.0876 -13.4948 � 0.1083

ing free energy.

key residues of PDE4D complexes.
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The binding free energy calculations were performed using
MMPBSA.py method with the default settings. The values of the total
binding free energies for the last 20ns of simulations and the energy
contribution by each component are presented in Table 5. The results
have shown that HTS04529 has a higher affinity for PDE4B (lower
binding energy) than PDE4D, which is consistent with the molecular
docking results. While, rolipram displayed much higher affinity for
PDE4D over PDE4B. In the case of HTS04529 binding to the two targets,
the electrostatic interactions had a higher contribution to the total
binding energy than the van der Waals interactions. Whereas, the van der
Waals interactions predominate in the case of rolipram binding to PDE4B
and PDE4D. The non-polar solvation energy was similar in the four
complexes and favourable for binding but, the polar solvation energy was
the same in PDE4B-HTS04529 and PDE4D-HTS04529 complexes and
different in PDE4B-rolipram and PDE4D-rolipram complexes. The polar
solvation energy contributed more in the total binding energy of PDE4B-
rolipram complex than PDE4D-rolipram complex. However, the polar
solvation energy is unfavourable for binding; thus, it reduced the affinity
of rolipram for PDE4B.

In order to investigate the role of key residues in the binding interface
and assess the energetic contribution of each residue involved in the
hydrogen bond interactions and other non-bonded interactions with
rolipram and HTS04529, the per-residue decomposition energy was
calculated. In PDE4B-HTS04529 complex, ASP241 was the highest
contributor to the binding energy (decomposition energy -2.07594 kcal/
mol) along with LEU242, ILE259 and PHE263 with favourable energy <

-1 kcal/mol (Figure 12). While in PDE4B-rolipram complex, ILE259 was
the highest contributor to the binding energy with decomposition energy
-2.39066 kcal/mol, in addition to the SER291 and PHE295 with
decomposition energy < -1 kcal/mol.

With regard to PDE4D complexes, two residues contributed signifi-
cantly in the total binding energy of the two complexes. These residues
are ILE258 and PHE262, with decomposition energy < -1 kcal/mol
(Figure 13). The residues TYR81, MET195 and LEU241, were favourable
for binding in PDE4D-HTS04529 complex where the decomposition en-
ergies were -1.06148, -1.41906 and -1.32089, respectively. While
PHE294 was favourable for binding in PDE4D-rolipram complex in
which the decomposition energy was -2.38595. In contrast, the positive
energy contribution by HID83 in PDEB-rolipram complex and HID82 in
PDE4D-rolipram complex were unfavourable for binding; thus, they
could play an opposite role in the two complexes and reduce the ligand
stability.

4. Conclusion

A hierarchical virtual screening approach based on the pharmaco-
phore modelling and molecular docking has been carried out to iden-
tify new selective PDE4B inhibitor and to provide insights into the
structural basis of the mechanism of the identified inhibitor. As a
consequence, one compound, HTS04529, exhibited low binding energy
and selectivity for PDE4B over PDE4D. The binding mode of HTS04529
within the active site of PDE4B has achieved all the requirements to
inhibit the entry of cAMP; thus, block its hydrolysis. Furthermore, the
MD simulations have been performed to confirm the binding affinity
and the stability of the HTS04529 within the active site of PDE4B. The
low RMSD and RMSF values showed that the PDE4B-HTS04529 com-
plex attained the equilibration at an early stage of the simulations, and
the binding of the ligand did not alter the enzyme structure signifi-
cantly. The predicted interactions by the molecular docking (hydrogen
bond, Pi-Pi stacking and the hydrophobic interactions as well as the
metal coordinate with Znþ2) were preserved in more than 90% of the
MD trajectories. In addition, the inhibitor exhibited the most promising
binding free energy with PDE4B. These results were consistent with the
docking findings. Accordingly, HTS04529 can be considered as an
interesting lead compound for the design of highly selective PDE4B
inhibitors.
11
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