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Recently, scientists have established that several benzodiazepines were found to enhance the activation of a cAMP response

element pathway by olA-adrenergic receptors, but this effect was attributed to off-target inhibition of phosphodiesterases 4.
The study explores the pain-relief potential of 1,4-benzodiazepines using in silico methods, focusing on their interaction with ol A-
adrenoceptors (a1-AR) and phosphodiesterase 4 (PDEA4). AutoDock Vina-1.2.5 and Glide (Schrodinger Suite) (2023-2) were used to
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energy MMGBSA and strong binding affinity computed via AutoDock Vina. Among other ligands, propoxazepam demonstrates
the lowest MMGBSA value with PDE4A (phosphodiesterase 4A). The best predicted binding scores of interaction with phospho-
diesterase 4 is observed for propoxazepam with PDEA4B (phosphodiesterase 4B) -10.3 kcal/mol, according to AutoDock Vina. Pro-
poxazepam and its derivative 3-hydroxypropoxazepam interact with the active sites of PDE4AB and PDEAD (phosphodiesterase 4 B)
via a “hydrophobic clamp”, a typical binding mode for PDE inhibitors, which relies on crucial hydrophobic interactions. Binding of
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Introduction

Sciences of Ukraine and SLC “Interchim”, has an original pharmacody-
namic profile, and can inhibit both acute and chronic pain, as well as have
anti-inflammatory and anticonvulsant effects. Propoxazepam's analgesic
effect is mediated by its dopaminergic system, NMDA receptors, and

27.5 percent of the population worldwide is reported to suffer from
chronic pain, which is a widespread phenomenon (Clifford, 2020; Golo-

venko et al., 2023). To combat the growing prevalence of chronic pain sta-
tes and opioid dependency, it is crucial to comprehend the intricacies of
how the body regulates pain. This issue in public health is growing, yet
there are only limited therapeutic resources available to combat it. Many
components are involved in the highly complex, multi-level biological
system that processes pain neurologically (Milligan et al., 2019; Kach-
kovska et al., 2023; Tsyndrenko & Romaniuk, 2024). The development
of novel analgesics with novel mechanisms of action is obstructed by
numerous challenges, such as a limited understanding of the biological
processes that cause pain and analgesia, and poor translation from animals
to humans (Barakat et al., 2024).

“Propoxazepam”, an innovative drug created by scientists of the
0. V. Bogatsky Physico-Chemical Institute of the National Academy of

alpha-1 adrenoceptors (Voloshchuk et al., 2017; Golovenko, 2021).

Midazolam, diazepam, and lorazepam, which are benzodiazepines,
have been proposed to act as positive allosteric modulators (PAMs) for
al-adrenergic receptors. Multiple benzodiazepines had a positive impact
on phenylephrine's stimulation of a cAMP response element pathway
through alA-and alB-ARs; from the literature it appears that this was
caused by off-target inhibition of phosphodiesterase, which are known tar-
gets of diazepam (Williams et al., 2019).

The al-adrenergic receptors are G-protein coupled receptors that re-
gulate neurotransmission, which bind and activate both the neurotransmit-
ter norepinephrine and the neurohormone epinephrine. The subtypes of
alpha-1-adrenergic receptors, which are known as (a1A, alB, alD), play
different roles in neurotransmission and cognition (Perez, 2020).
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The PDE4 gene family represents the most extensive amount of
cAMP-specific phosphodiesterases (PDEs) and holds significant impor-
tance in regulating the dynamics and spatial-temporal aspects of cAMP
signalling across various tissues and cell types (Baillie et al., 2019; Paes
etal,, 2022). Alterative splicing of four genes, PDE4A, PDE4B, PDEAC,
and PDEAD (on chromosomes 19p13.2, 1p31, 19p13.11, and 5q12), re-
sults in the generation of at least 20-25 protein variants. PDE4 expression
is ubiquitous. PDE4A is expressed relatively highly in the human brain,
and the tissue distribution is specific to variants. The heart and small intes-
tine also express PDEAA. Immune cells highly express PDE4, especially
PDEAB and PDEAD isoforms (Azevedo et al., 2014). The ability of diaze-
pam to inhibit phosphodiesterase (PDE) (especially PDE4), a known tar-
get of some benzodiazepines, was found to mediate the stimulation of a
cAMP response element (CRE) reporter by activation of alphal-ARs
(Williams et al., 2019). It is probable that PDE4 inhibition can reduce neu-
ropathic pain by moderating the expression of Cx43 in the spinal dorsal
horn, given the importance of Cx43 in regulating cAMP signaling (Xu
etal,, 2017; Zhang et al., 2022). Additionally, PDE4B and PDEAD play a
role in regulating neutrophil function, making them significant targets for
pharmaceutical research aiming to develop new inhibitors for anti-inflam-
matory medications (Chu et al., 2021; Jin et al., 2023). The therapeutic ef-
fects of PDE4 inhibitors stem from their capacity to dampen the action of
numerous natural inflammation mediators like TNF-o, IL-10, and IL-12.
They also hinder the expression and increase of cell adhesion molecules
involved in immune responses (Jin et al., 2023).

Recent years have seen the importance of molecular docking in in-
silico drug development grow. This method is used to predict how a small
molecule interacts with a protein at the atomic level. For molecular doc-
king techniques, several commercial and free computational tools and al-
gorithms are available (Agu et al., 2023). AutoDock Vina, Glide and
AutoDock Gold were identified as the best docking analysis programs
(Ghode & Jain, 2018; Potluri et al., 2021; Agu et al., 2023).

In order to gain a dynamic insight into biological targets and ligand
binding, it has always been necessary to use complementary tools. MD, an
in silico method, can make use of structural data obtained experimentally
to estimate the possible conformations of molecular systems and the vari-
ous pathways between them. The overall stability of the complex is moni-
tored by measuring other values, including root-mean-square deviations
(RMSD) from a reference configuration and atom-positional root-mean-
square fluctuations (RMSF). Other methods like linear interaction energy
(LIE) and using both molecular mechanics (MM) calculations along with
continuum solvation models such as Poisson—Boltzmann surface area
(PBSA) and generalized Born surface area (GBSA) are available. MM/
GBSA methods enable the direct calculation of the binding free energy
(AGbind) (Mortier et al., 2015). The aim of the study was the analysis of
molecular interactions of the group of benzodiazepines with the alpha-1A-
adrenergic receptor and phosphodiesterase 4 by molecular docking, mole-
cular dynamic and analysis of components of these interactions.

Materials and methods

Molecular docking study. The molecular docking procedure was car-
ried out using 3 Cryo-EM structures of o 1A- adrenergic receptor from
protein data bank (www.rcsb.org): 7YM8, 7YMH, 8THL. Norepineph-
rine (7YMH), epinephrine (§THL), oxymetazoline (7YMS8), propoxaze-
pam, its metabolite 3-hydroxypropoxazepam, oxazepam, and diazepam
were docked during the alphal AAR research. The molecular docking
procedure was executed with the use of 6 crystal structures of phospho-
diesterase 4 (PDE4) from protein data bank (www.rcsb.org): 2 PDE4A
(318V, 3TVX), 2 PDE4B (4KP6, 3WSE), 2 PDE4D (6IM6, 2FMO).
The reference ligands OMO (318V), pentoxifylline PNX (3TVX), 1S1
(4KP6), NVW (3WSE), AH3 (6IM6), M98 (2FMO) and benzodiazepine
ligands including propoxazepan, its possible metabolite 3-hydroxypropo-
xazepam, oxazepam and diazepam were docked while investigating
PDEs 4. Molecular docking studies of the compounds under investigation
were performed with Schrodinger and AutoDock Vina-1.2.5 (http:/vina.
scripps.edu) and the results were compared (Trott & Olson, 2010).

Protein preparation was performed using AutoDock tools1.5.7 for
docking with the AutoDock Vina-1.2.5 program. The structures of the li-

gands (diazepam, oxazepam, propoxazepam, 3-hydroxypropoxazepam,
given in *pdb format)) have been optimized by the value of the internal
energy in the Avogadro program (v 1.2.0) and the Merck molecular force
field algorithm (MMFF94).

For docking with the Schrodinger Maestro-2023-2, Protein Prepara-
tion from Schrodinger Suite was utilized for modelling the protein; the
protein structure was prepared by adding hydrogen atoms, optimizing
hydrogen bonds. The LigPrep module in the Schrodinger suite was used
to prepare the ligands before docking. Reference ligand location was used
for automated binding site detection. Ranking was given to the ligands ba-
sed on their G-scores using the following formulae G-score = 0.05*vdW
+ 0.15*%Coul + Lipo + Hbond + Metal + Rewards + RotB + Site (1),
where Van der Waals energy (vdW), Coulomb energy (Coul), Lipophilic
term (Lipo), Hydrogen-bonding term (Hbond), Metal-binding term (Me-
tal), favorable hydrophobic interactions (Rewards), penalty for freezing ro-
tatable bonds (RotB), and polar interactions in the active site (Site).
The binding free energies MM-GBSA of the complexes were calculated
using the Prime module in the Schrddinger suite. The formula for calcula-
ting binding energy is: DG bind=E_complex(minimized) - E_ligand(mi-
nimized) -E receptor(minimized) (2) (Friesner et al, 2006; Halgren,
2009; Yang et al., 2021). The experimental binding free energy, was cal-
culated as AG = RTln (Ki) (3). Ki values were taken from the ChEMBL
database (www.ebi.ac.uk/chembl).

Molecular dynamics study. PlayMolecule software (playmolecule.
com) was used to perform the ligand-protein complex simulations after
starting with the output model from the docking experiments. Docking
complexes obtained with AutoDock Vina were used for the molecular
dynamic study (Martinez-Rosell et al., 2017). By utilizing the GAFF2
force field and the parametrization function, a ligand was created (Gia-
noncelli et al., 2020). The ProteinPrepare and SystemBuilder modules
were used to build the complexes for simulation, using pH = 74, the
AMBER force field, and the default experimental parameters (Cogh et al.,
2021). The default settings were utilized by SimpleRun to execute a 10-ns,
12-ns simulation. The result contained the root mean square deviation
(RMSD) for every frame in time and the root mean square fluctuation
(RMSF) of the protein. Compared with traditional experiments, in silico
molecular modelling can reveal the atomic details of how drugs interact
with receptors, providing guidance for the rational design of receptor
modulators (Beihong etal., 2018). Current investigation of ligands of
alpha-1 adrenergic receptors and phosphodiesterase 4 is primarily pro-
vided using the same binding site as the reference ligand.

Results

Alpha-1 adrenergic receptor. The reference compounds have the lo-
west binding energies with the alA adrenergic receptor from the
MMGBSA results obtained. Among the investigated benzodiazepines,
diazepam shows the lowest MMGBSA values for all receptors - 7YMS (-
56.9 keal/mol), 7YMH (-35.7 kcal/mol), 8THL (-28.3 kcal/mol). Diaze-
pam also has the lowest predicted Glide score of all proteins examined
TYMB8 (-85 keal/mol), 7YMH (-7.9 kcal/mol), 8THL (-8.1 kcal/mol),
reflecting a stable ligand-receptor complex (Table 1). Based on the results
from AutoDock Vina, interactions of benzodiazepines with the a1 A adre-
nergic receptor generally show stronger binding affinities compared to
those of the reference ligands.

The highest MMGBSA and Glide Score values are found in propox-
azepam among all ligands (Table 1). Table 2 summarizes the binding free
energies obtained from the MM-GBSA calculations in comparison with
the corresponding experimental binding free energies for the alA adre-
nergic receptor with reference substances.

Phosphodiesterase 4. Propoxazepam demonstrate the low value of
MMGBSA for PDE4A (3I8V -55.1 kcal/mol, 3TVX -60.7 kcal/mol) and
predicted docking values calculated by Vina (3I8V -8.7 kcal/mol, 3TVX -
9.2 kcal/mol) (Table 3). Its metabolite 3-hydroxypropoxazepam also
shows significant affinities with all subtypes of PDEA, ranging from -8.3
t0 -9.8 kcal/mol (AutoDock Vina).

3I8V: Diazepam and oxazepam as the reference ligand OMO create a
pi-pi stacking interaction with PHE 584. Propoxazepam and 3-hydroxy-
propoxazepam have a hydrophobic interaction with this residue. Diaze-
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pam and OMO also form a pi-pi stacking interaction with TYR 371. 3-
hydroxypropoxazepam has a similar interaction with the reference ligand
OMO in the binding pocket, both forming water-bridged hydrogen bonds

with MET 485 and HIS 372. Diazepam and 3-hydroxypropoxazepam
share a halogen bond with GLN 581.

Table 1
Docking results of the studied ligands with o 1 A-adrenergic receptor using AutoDock 4 and Schrodinger Maestro Glide software
7ym8 (Oxymetazoline) 7ymh (Norepinephrine) 8thl (L-epinephrine)
Substances Glide MMGBSA Auto_Dock Glide MMGBSA Auto.Dock Glide MMGBSA Auto_Dock

Score Vina Score Vina Score Vina
Reference ligand =15 839 8.8 719 —45.6 —6.0 719 576 -6.0
Norepinephrine -8.0 529 —6.8 -79 —45.7 6.0 8.1 —47.7 5.8
Epinephrine -70 —60.0 -69 -79 532 62 -79 577 -6.0
Propoxazepam —6.8 -385 8.7 —6.2 -172 —6.6 6.0 —69 5.1
3-hydroxypropoxazepam -5 477 -89 -69 398 -59 74 210 79
Oxazepam 1.7 -392 -8.8 -73 =315 -719 -6.7 =71 —6.8
Diazepam 8.5 —569 9.2 719 —35.7 —0.6 8.1 —283 —83

Notes: Tym8-Cryo-EM structure of Nb29-alphal AAR-miniGsq complex bound to oxymetazoline, 7ymh-Cryo-EM structure of Nb29-alphal AAR-miniGsq complex bound to
noradrenaline, 8thl-Cryo-EM structure of epinephrine-bound alpha- 1 A-adrenergic receptor in complex with heterotrimeric Gq-protein, Glide Score — an empirical scoring func-
tion that approximates the ligand binding free energy, AutoDock Vina — binding affinity scores, calculated by open-source program for doing molecular docking AutoDock
Vina, MMGBSA —Molecular Mechanics/Generalized Bom Surface Area.

3TVX: Propoxazepam and 3-hydroxypropoxazepam form a hydro-

Table.2 L . gen bond with the residue ASP 530 through the hydrogen of the amide
Experimental binding free energies group. Propoxazepam has one more hydrogen bond with ASN 533 by
. . AGexp,  MMGBSA, oxygen of the alkoxy group. Most of the ligands (propoxazepam, diaze-

References ligands KinM - calimol keal/mol pam, oxazepam and reference ligand OMO) establish pi-pi stacking inte-
Oxymetazoline CHEMBL 1909085 16 -12.07 -83.89 raction with PHE 584. 3-hydroxypropoxazepam creates the metal coordi-
Norepinephrine CHEMBL679 3000 824 —5294 nation bond with Mg through Oxygen of the amide group. This type of
Epinephrine CHEMBL679 2800 —7.71 ~60.00 interaction is also appropriate for OMO (by Oxygen of carbonyl group). 3-

Notes: Ki (nM) — inhibition constant, AGexp — experimental binding free energy, hydroxypropoxazepam forms a hydrogen bond with HIE 416 by hydro-

MMGBSA —Molecular Mechanics/Generalized Born Surface Area. xyl group.

Table 3

Docking results (kcal/mol) of studied ligands with PDE receptor using AutoDock Vina and Schrodinger Maestro Glide software

Protein Methods of calculation Propoxazepam Diazepam Oxazepam 3-hydroxypropoxazepam Reference ligands

318V (PDEAA) AutoDock Vina 87 381 87 87 73
Glide GScore 1.8 8.1 82 6.1 -89
MMGBSA —55.1 -35.05 -379 -104 —24.1

3TVX (PDE4A) AutoDock Vina -92 78 -87 -93 72
Glide GScore 1.7 -85 74 6.7 6.2
MMGBSA —60.7 —67.0 —64.6 -35.8 —689

4KP6 (PDE4B) AutoDock Vina -95 -90 94 9.8 -82
Glide GScore 0.5 6.7 —6.0 54 —69
MMGBSA 24 -14 -24.0 -29.1 13

3WSE (PDE4B) AutoDock Vina -103 -93 -10.6 -93 -122
Glide GScore 719 9.7 8.6 719 -139
MMGBSA 375 —475 343 —47.7 —-103.8

6IM6 (PDEAD) AutoDock Vina -8.8 -85 -85 -9.0 7.8
Glide GScore - 13 7.1 52 713
MMGBSA - —50.25 —40.73 —4.04 -59.14

2FMO (PDEAD) AutoDock Vina 8.7 -84 -85 83 9.6
Glide GScore 82 -89 83 82 —11.7
MMGBSA —52.6 378 363 439 202

Notes: see Table 1, PDE4A- Phosphodiesterase 4 A, PDE4B- Phosphodiesterase 4 B, PDE4AD- Phosphodiesterase 4 D, 3I18V-Crystal structure of human PDE4a with 4-(3-
butoxy-4-methoxyphenyl)methyl-2-imidazolidone, 3TVX-The structure of PDE4A with pentoxifylline at 2.84A resolution, 4KP6-Crystal structure of human phosphodiesterase
4B (PDE4B) in complex with a [1,3,5]triazine derivative, 3WSE-Crystal structure of phosphodiesterase 4B in complex with compound 3 1e, 6IM6-Crystal structure of PDEAD
complexed with a novel inhibitor, 2FMO0-Crystal structure of PDE4D in complex with L-869298, 0MO-(4R)-4~(3-butoxy-4-methoxybenzyl)imidazolidin-2-one (reference
substance of 3I18V), PNX-3,7-dimethyl-1-(5-oxohexyl)-3,7-dihydro- 1 h-purine-2,6-dione (reference substance of 3TVX), 1s1-2-ethyl-2-{[4-(methylamino)-6-1H-1,2 4-triazol-
1-yl)-1,3,5-triazin-2-ylJamino } butanenitrile (reference substance of 4KP6), NVW-N-tert-butyl-2-{4-{(5,5-dioxido-2-phenyl-7,8-dihydro-6H-thiopyrano[3,2-d]pyrimidin4-
yl)amino]phenyl}acetamide (reference substance of 3WS5E), AH3-7-ethoxy-6-methoxy-3,4-dihydroisoquinoline-2(1H)-carbaldehyde (reference substance of 6IM6), M98 (s)-
3-(2+3-cyclopropoxy-4-(difluoromethoxy)phenyl)-2-(5+(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl)thiazol-2-yl)ethy I)pyridine 1-oxide (reference substance of 2FMO0).

3WS5E: According to the predicted docking results (Schrodinger Ma-
estro), Diazepam, oxazepam and the reference ligand NVW establish a

4KP6: Only diazepam manages to form a similar hydrogen bond as
reference ligand 1s1 at the 4KP6 binding site with GLN 443 through oxy-

gen from the carbonyl group. Propoxazepam and 3-hydroxypropoxaze-
pam form a pi-pi stacking interaction with PHE 446 as reference ligand
1s1. GLN 443 has halogen bonds with oxazepam and 3-hydroxypropoxa-
zepam. Oxazepam shows a water-bridged hydrogen bond interaction with
the same amino acid residues as 1s1, through the oxygen of the carbonyl
group with ASP 392, and through the NH group of the diazepine ring
with TYR 233. The reference ligand 1s1 forms these water-bridged hyd-
rogen bonds via the N of the heterocyclic triazine with ASP 392, via the
NH group of the aminobutanenitrile with ASP 392, and via TYR 233.

hydrogen bond with GLN 443, where diazepam forms this interaction
through the nitrogen of the diazepam ring, oxazepam through the nitrogen
of the diazepam ring and through the hydroxyl group and NVW through
the nitrogen of the pyrimidine heterocyclic ring. Propoxazepam also has
interaction with GLN 443 by halogen bond. All investigated benzodiaze-
pines except 3-hydroxypropoxazepam create pi-pi stacking interaction
with PHE 414 as NVW. Only propoxazepam has water-bridged hydro-
gen bonds with ASN 395 through the oxygen of the amide group (Fig. 1).
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NVW is also involved in the interaction with ASN 395, but by the oxygen
of thiopyrandioxyde.

6IM6: As determined by molecular docking (Schrddinger Maestro)
Propoxasepam doesn’t create a stable complex with 6IM6. Diazepam and
oxazepam and AH3 establish pi-pi stacking interaction with PHE 372
(Qpocket).
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2FMO: All investigated ligands form pi-pi stacking interaction with
TYR 159 (Q pocket). Referring to Figure 2, propoxazepam and its meta-
bolite 3-hydroxypropoxazepam occupied the P-clamp and interacted with
the key residues ILE 336 and PHE 372.
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Fig. 1. Visualized position in specific binding sites PDE4B (3WS5E) of the investigated ligands: propoxazepam (), 3-hydroxypropoxazepam (b)
(Schodinger Suite): LEU —leucine, MET — methionine, PHE — phenylalanine, GLN — glutamine, SER — serine, TYR — tyrosine, TRP — tryptophan,
THR — threonine, ILE — isoleucine, PRO — proline, ASN — asparagine, MET — methionine, HIS — histidine, VAL — valine
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Fig. 2. Visualized position in specific binding sites PDE4AD (2FMO) of the investigated ligands:
propoxazepam (a), 3-hydroxypropoxazepam (b) (Schodinger Suite): see Figure 1

According to the results of the structural interaction fingerprints and
the predicted values of the per-residue interaction score (Table 4-6) it is
possible to analyse the common and different features of the contributions
of amino acid residues of the active centre of phosphodiesterase with dif-
ferent ligands.

PDEAA: In the complex 318V with studied ligands PHE 584, PHE
552, ILE 548 amino acids residues have the biggest contribution in bin-
ding energy and are involved in the largest number of interactions with all
investigated substances. 3-hydroxypropoxazepam has the largest number
of ligand interactions among benzodiazepines. Compared to the reference
ligand of 318V OMO, propoxazepam has approximately the same amount
of interaction with hydrophobic and polar residues. Mainly propoxazepam
creates interaction with residues GLN 581 and ASN 533 by halogen atom
Br. Residue ILE 548 (3TVX) creates the biggest amount of interaction
with ligands and also has a high level of contributions in binding energy
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(-5.0 kecal/mol diazepam, -3.8 kecal/mol propoxazepam, -3.7 kcal/mol
oxazepam, -1.6 kcal/mol 3-hydroxypropoxazepam and 4.6 kcal/mol
reference ligand PNX) (Table 4).

PDEA4B: GLN 443 (4KP6) forms interaction with all ligands: 3-hyd-
roxypropoxazepam creates this interaction by Br atom, oxazepam through
methyl group of benzene ring, propoxazepam has 2 interactions with this
residue, by carbon atoms of chlorophenyl ring, diazepam forms this bond
by oxygen of amide group and reference ligand 1S1 by nitrogen of triazo-
le heterocycle, nitrogen of triazine heterocycle and carbon of methyl
group. PHE 446, PHE 414 (4KP6) have the largest count of residue inter-
actions and high value of per-residue interaction score: diazepam (-6.7,
-1.8 kcal/mol), propoxazepam (-5.8, -3.4 kcal/mol), oxazepam (-5.1,
-2.2 keal/mol), 3-hydroxypropoxazepam (4.7, -2.2 kcal/mol), reference
ligand 1S1 (-8.6, -3.1 kcal/mol) (Table 5). Propoxazepam and 1S1 create
interaction with TYR 233 by bromide atom (propoxazepam) and by
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nitrogen of triazine heterocycle (1S1). The interactions were observed in
the region surrounding TYR 233-ILE450 (3WS5E) due to the presence of
the active site in that region. GLN 443, PHE 446, PHE 414, ILE 410,
ASN 395, MET 347 (3WS5E) have significant contributions in the binding
energy for all ligands (Table 5).

PDEAD: LEU 319, TRP 332, ILE 336, PHE 340, MET 357, SER
368, GLN 369, PHE 372 play a crucial role in the interaction of ligands in
the binding site of 6IM6. In the complex 2FMO with investigated ligands,
residues TYR 159, MET 273, ASN 321, ILE 336, PHE 340, MET 357,
GLN 369, PHE 372 have a great contribution in the binding energy.
Among all ligands, only propoxazepam and reference ligand M98 create
hydrophobic interaction with ILE 376.

Molecular dynamics. Molecular dynamics (MD) is essential since
molecular docking studies of compound candidates’ binding to target
proteins may not be sufficient. The purpose of MD is to determine the
stability of ligand—protein complexes using a system that simulates the
conditions in the human body. The RMSD and RMSF values were used
to determine stability and flexibility in this study. High deviations and
protein fluctuations can be a sign of instability during simulations
(Ongtanasup et al., 2022). RMSD was calculated for backbone atoms of
PDE4A (3TVX), PDE4AB (3WSE) and PDEAD (6IM6) complexes
relative to the docked structures (AutoDock Vina) to assess dynamic
stabilization over the time scale of the simulation period (Table 7).

Table 4
Per-residue interaction score of the studied complex of ligands and active center of PDE4A
. R Diazepam Propoxazepam Oxazepam 3-hydroxpropoxazepam Reference ligand
Amino acid residues 318V 3TVX 318V 3TVX 38V 3TVX 318V 3TVX 38V 3TVX
PHE 584 64 53 -6.6 -59 -59 4.5 -39 -0.6 4.5 -58
TYR371 26 -33 -1.8 -19 23 43 -09 -09 22 —4.1
ASN 533 -12 24 -1.6 53 -14 29 03 0.0 04 -1.1
GLN 581 24 =31 -1.6 -1.8 23 -1.8 -14 -03 4.5 -3.1
MET 485 27 -1.6 -49 28 23 28 -59 3.1 25 20
LEU 531 -12 2.1 -09 =30 -13 27 -19 -13 -13 26
ILE 548 5.6 5.0 -49 -38 54 -3.7 29 -1.6 -38 4.6
PHE 552 32 -3.0 43 2.3 -3.5 22 29 2.1 -19 -1.7
Notes: see Table 3, Figure 1.
Table 5
Per-residue interaction score of the studied complex of ligands and active center of PDE4B
. S Diazepam Propoxazepam Oxazepam 3-hydroxpropoxazepam Referent ligand
Amino acid residucs 4KP6 3W5E 4KP6 3W5E 4KP6 3W5E 4KP6 3W5E 4KP6 3W5E
GLN 443 23 23 0.1 -3.6 -14 -34 -1.5 -0.7 4.7 5.1
PHE 446 -6.7 -3.0 58 58 5.1 62 4.7 43 -8.6 =17
PHE 414 -1.8 -33 -34 -1.5 22 -3.5 22 -19 -3.1 =15
ASN 395 -0.8 26 0.5 -1.6 0.5 -14 -04 -23 3.7 3.6
ASP 392 22 -1.8 4.1 -32 1.5 20 03 -02 54 23
TYR 233 2.1 -35 -1.7 -23 -1.6 4.5 -1.1 -23 23 -14
MET 431 -1.0 0 -1.7 0 -09 0 -1.1 0 -13 -04
ILE410 -39 4.6 -19 43 24 42 23 -38 43 5.6
MET 347 2.6 -1.1 2.7 0.5 —44 -1.6 4.5 -09 22 34
Notes: see Table 3, 4, Figure 1, ASP —aspartic acid.
Table 6
Per-residue interaction score of the studied complex of ligands and active center of PDE4D
. o Diazepam Propoxazepam Oxazepam 3-hydroxypropoxazepam Referent ligand
Amino acid residues 6M6 _ 2FMD 6M6 __ 2FMD 66 2FMD 6M6 _ 2FMO 6M6  JFMD
HIP 160 26 -19 - -1.6 -4.0 -1.6 -13 -14 72 2.1
GLN 369 -36 22 - -1.5 -38 -14 22 -12 45 55
TYR 159 2.1 -1.7 - 3.1 -19 -3.0 09 -33 22 -3.1
PHE 372 4.1 64 - -6.9 -36 5.7 -3.1 72 4.7 -64
PHE 340 -3.1 -3.1 - -34 -29 -34 -1.6 -32 24 -35
MET 273 =20 2.1 - 38 -12 -32 -1.6 -34 -1.0 8.1
MET 357 09 -13 - 24 09 -1.6 6.1 -1.6 -19 -35
SER 368 -15 -14 - -15 -1.7 -14 -15 -14 -1.1 0
ASN 321 -19 25 - -1.1 -1.5 0.6 -13 0.8 -09 -1.7
LEU 319 -15 -13 - -1.0 -1.6 -13 -14 -12 -0.8 25
TYR 159 2.1 -1.7 - 3.1 -19 -3.0 09 -33 22 -3.1
TRP 332 -0.6 -13 - -09 -09 0.7 -1.6 -0.7 -12 0.7
ILE 336 24 5.1 — —4.7 23 —4.3 04 —42 44 —4.3

Notes: see Table 3, 4, Figure 1, HIP — histidine with hydrogens on both nitrogens.

According to the Figure 3b protein PDE4B (3WS5E) in complex with
3-hydroxypropoxazepam has more fluctuation than propoxazepam or
reference ligand at 910 ns.

The RMSF analysis was conducted to evaluate the mobility of the re-
sidues after binding to the ligands. We found one peak of fluctuations with
high mobility in PDE4A (3TVX) (Fig. 4a). It is the residue MET 289 (in
the plot -1), the RMSF for PDE4A without ligand is 5.82 A, for complex
PDE4A — PNX (reference ligand) — 4.49 A, for complex PDE4A-3-
hydroxypropoxazepam — 6.65 A, and complex PDE4A — propoxazepam
3,76 A. The residues ASP 230-VAL 231 (in the plot 77-78) have the
biggest peak of fluctuations (Fig. 4b). HIS 234 (in the plot 81) — CYS 432
(in the plot 279) are region of PDEA4B active site. Based on the results of
MD demonstrated in the plot of Figure 4b) the M pocket of PDE4B
(region HIS 234 (in the plot 81) — MET 347 (in the plot 194)) showed

RMSF value in the range of 0.38-3.00 A for protein without ligand, 0.46—
195 A for complex PDE4AB-NVW, 0.44-2.65 A complex PDE4B-3-
hydroxypropoxazepam, 0.44-2.69 A complex PDE4B — propoxazepam.

Referring to the plot in Figure 4c, there are three peaks (correspon-
ding to three different protein regions) of fluctuations with high mobility in
PDEAD (6IM6). The first one is placed on residues GLU 87 — GLU 89 (in
the plot 1-3), the second and the highest one between residues SER 217 —
GLU 218 (in the plot 131 to 132), the third involved the residue PRO 411
(in the plot 325).

Discussion

Activated G proteins are frequently associated with adenylyl cyclase,
a membrane-associated enzyme that, when activated by the GTP-bound
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alpha subunit, synthesizes cAMP from molecules of ATP. It is interesting
to note that cAMP is only degraded enzymatically through hydrolysis by
phosphodiesterase (PDE) enzymes. The pivotal role of PDE4 enzymes in
cAMP signalling makes them interesting pharmacological targets for
modulating cAMP levels in a variety of disorders. Therefore, PDE4
inhibition has been studied as a therapeutic approach to enhance cAMP
signalling (Paes et al., 2022).

Scientific research has shown that the positive modulation of the
stimulation of a cAMP response element reporter (CRE) through a1-AR
activation was attributed to diazepam's ability to inhibit phosphodiesterase
(PDEs), a known target of some benzodiazepines. Gog/11G proteins sig-
nal a1-ARs, activating protein phospholipase C (PLC). PLC forms diacyl-
glycerol (DAG), activating phosphokinase C (PKC) and inositol trisphos-
phate (IP3) for Ca** release. The stimulation of cAMP production through
calmodulin-stimulated adenylate cyclase (AC) is also a secondary effect
of AR activation. It is possible that PKC and secondary G protein couplin-
g are also involved in AC activation (Fig. 5a) (Williams et al., 2019).

PDE4 inhibitors prevent pain by enhancing Cx43 expression through
cAMP-PKA signalling in the spinal dorsal hom. Among PDEs, PDE4 is
the primary one responsible for cAMP hydrolysis in nerve and immune
cells. Inhibiting PDE4 has antinociceptive and anti-inflammatory effects
in the brain. Additionally, PDE4 regulates the production of inflammatory

1.6 7
1.4
1.2
1.0
0.8
0.6
0.4
0.2

RMSD, A

cytokines by degrading cAMP (Fig. 5b) (Guo et al., 2016; Li et al., 2018,
Al-Nema et al., 2020).

Table 7
The root mean square deviation (RMSD) of the protein (PDE4)
in complex with researched ligands

3TVX 6ns 12ns Range
Without ligand 0.945 A 1334A 0389 A
Reference ligand PNX 0.839A 1273A 0434 A
Propoxazepam 0.837A 1095 A 0258 A
3-hydroxy-propxazepam 0916 A 1244 A 0328 A

3WSE Sns 10ns Range
Without ligand 1015A 1216A 0201 A
Reference ligand NVW 0907 A 1293A 0386 A
Propoxazepam 0815A 1244 A 0429 A
3-hydroxy-propxazepam 0927 A 1.875A 0948 A

6IM6 Sns 10ns Range
Without ligand 0.868 A 1.061 A 0.193A
Reference ligand AH3 0818 A 1205 A 0387A
Propoxazepam 0.836 A 1299 A 0463 A
3-hydroxy-propxazepam 0.741 A 1276 A 0.535A

Notes: see Table 3.
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Fig. 3. RMSD values of PDE4 without and in complex with ligands: @« — PDE4 (3TVX), reference ligand — PNX,
b—PDEAB (3WSE), reference ligand —NVW, ¢ — PDEAD (6IMO6), reference ligand — AH3: RMSD — root mean square deviation

Regul. Mech. Biosyst., 2024, 15(2)

332



RMSF, A

RMSF, A

Residues

— Without ligand
Reference ligand
3-hydroxypropoxazepam
Propoxazepam

RMSF, A

. 246 295 344
Residues

148 197 246 295

Residues

Fig. 4. RMSF values of PDE4 without and in complex with ligands: a — PDE4 (3TVX), reference ligand — PNX,
b—PDE4B (3WS5E), reference ligand — NVW, ¢ — PDEAD (6IM6), reference ligand — AH3: RMSF —root mean square fluctuation

The structural characteristics of PDE4 were determined by reviewing
the scientific literature to conduct a detailed analysis of the interaction
mechanisms between benzodiazepines and PDE4. The structural features
of PDEs are similar, with a conserved catalytic domain of ~300 amino
acids located in the C-terminal part of the protein, and most PDE isoforms
have regulatory regions that are specifically for families in their N-terminal
portions (Bizzi et al., 2019). The active site is composed of three
subpockets: M pocket (contains the metal ions (Zn"? and Mg'?), that are
important for catalysis the hydrolysis of cAMP), Q pocket (is the most
important domain for PDEAD inhibition and further divided into
hydrophobic clamp (P-clamp) and conserved purine-selective glutamine),
S pocket (signifies the solvent filled side pocket which has polar residues).
The active site binds PDE inhibitors via a “hydrophobic clamp”, a critical

Regul. Mech. Biosyst., 2024, 15(2)

feature of hydrophobic interaction and common binding mode. This
clamp, formed by a pair of highly conserved hydrophobic residues,
typically includes phenylalanine (F4464B, F3724D) on one side in most
PDE family members. The opposite side of the clamp is always
hydrophobic, with varying compositions such as valine, leucine, or
isoleucine (14104B, 13364D) in different PDEs (Card et al., 2004).

After evaluating these studies, we performed docking on benzodiaze-
pines and reference molecules with different Cryo-EM structures of o 1A-
adrenergic receptors and with various PDE4 subtypes to examine the
components of the interactions between these ligands and proteins.

olA adrenergic receptor. Oxymetazoline has the lowest Ki value
(16 nM) among the three reference compounds, indicating the highest
binding affinity to the target. Its AGexp (-12.07 kcal/mol) and MMGBSA
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(-83.89 kcal/mol) values are also notably more negative than those of
norepinephrine and epinephrine, further suggesting strong binding (Tab-
le 2). The MMGBSA values for the reference compounds (Norepinephri-
ne and Epinephrine, Oxymetazoline) corresponded well with their experi-
mental values, it strengthens the reliability of the MMGBSA method for
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cyclase

(AN
SR

ATP

\L secondary effect CAI_W.P
G-protein
\L PDE4
*activation of phospholipase C, 5'AMP

*generation of the second messengers
inositol (1,4,5) triphosphate and
diacylglycerol,

\ * mobilization of intracellular calciu

J

predicting binding affinities of the investigated ligands to the protein.
3-hydroxypropoxazepam, compared to propoxazepam shows better
predicted affinity values for the alpha 1A adrenergic receptor, creating
more hydrogen bonds by hydroxyl group.

Inhibition of PDE4

A4

Increase a levels of cAMP

A4

Activation of PKA (protein kinase A)

A4

Phosphorylation of CREB and the activation of ATF-1

N2

Increase inflammation-inhibiting cytokine production

\Z

Decrease inflammation-promoting cytokine production

Fig. 5. Cascade of process modulated of a cAMP response element pathway by 0.1 A-ARs by off-target inhibition of phosphodiesterase ();
cascade of antinociceptive and anti-inflammatory process of PDE4 (b): al A-ARs —alpha-1A adrenergic receptors, Gag/11 —type of G protein,
cAMP — cyclic adenosine monophosphate, PDE4 — phosphodiesterase 4, 5'~AMP — 5'-adenosine monophosphate, PKA — protein kinase A,
CREB — cAMP response element-binding protein, ATF-1 — activating transcription factor 1

Phosphodiesterase 4. Propoxazepam generally exhibits stronger bin-
ding affinities compared to diazepam and oxazepam across various PDE4
isoforms as evident from the more negative predicted binding energies
across all computational methods. This suggests that propoxazepam may
have a higher potential for binding to PDE4 isoforms. Its metabolite
3-hydroxypropoxazepam shows slightly lower binding energies than
propoxazepam in some cases, these values still indicate significant binding
affinity (Table 3).

PDEAA: Propoxazepam and its metabolite 3-hydroxypropoxazepam
exhibit favourable interactions with PDE4A, as indicated by low
MMGBSA values and strong binding energies calculated by Vina
(Table 3). Certain residues, such as PHE 584, ILE 548 and TYR 371, con-
sistently exhibit strong interactions with multiple ligands across both pro-
tein structures, mostly by pi-pi stacking interaction (3I8V, 3TVX)
(Table 4). This suggests their importance in ligand recognition and bin-
ding. MD simulations were performed for 12 ns using the docked confor-
mation of PDE4A 3TVX — ligand complexes to investigate the atomic
details of molecular interactions. As specified by Table 7, the initial
RMSDs after the first 6 ns and the final RMSDs for 3TVX in complex
with reference ligands (PNX) as a positive control were 0.839 A and
1.273 nm, respectively, over the entire simulation period (fluctuation:
0.434 A). Thus, good chemical candidates should have an RMSD range
of less than 0434 A. During the simulation period, the initial RMSD after
the first 6 ns and the final RMSDs for the 3TVX protein-propoxazepam
complex were 0.837 and 1.095 A, respectively (fluctuation: 0.258 A).
The RMSD values of PDE4A(3TVX) in complex with propoxazepam
were smaller than that of the PDE4A without ligand and PDE4A with
reference ligand (PNX). It indicates that propoxazepam can stabilize the
protein. PDE4A in complex with 3-hydroxypropoxazepam have also
fewer fluctuations than a positive control also in complex with
PDE4A3TVX) (Fig. 3a). All RMSD values were below 2 A, indicating
stable ligand poses for all MD simulations. Propoxazepam attachment to
PDEAA reduces fluctuations in this residue MET 289 (in the plot 1). The
mobility of residues in PDE4A complexes is lower than that of residues in
PDEAB and PDE4D complexes, which may indicate a higher stability of
the protein-ligand complex (Fig. 4).

PDEAB: According to AutoDock Vina and MMGBSA predicted re-
sults, 3-hydroxypropoxazepam create the most stable complex among
other benzodiazepines with PDEAB(4KP6), having the lowest values of
free binding energy -9.8 and -29.1 kcal/mol, respectively. Propoxazepam
exhibits strong binding affinities (-10.3 kcal/mol) with PDE4B (3WS5E)
compared to diazepam (-9.3 kcal/mol) and 3-hydroxypropoxazepam

(9.3 kecal/mol) as evident from the more negative predicted binding
energies across AutoDock Vina (Table 3). Propoxazepam and its metabo-
lite 3-hydroxypropoxazepam are located in the active site of PDE4B
(BWSE) and create interactions with residues of Q pocket, in the hydro-
phobic clamp (P-clamp) PHE 446 and ILE 410, which is a crucial feature
of hydrophobic interaction of inhibitors with PDE4B (Fig. 1) (Coghi etal.,
2021). Residues TYR 233, GLN 443, ILE 410 and PHE 446 (Q pocket)
and PHE 414 (S pocket) have the highest pre-residue interaction scores,
which means a crucial role of these residues in the interaction (Table 5).
RMSD value of PDE4B(3WS5E)-propoxazepm complex is slightly higher
(0429 A) than RMSD for protein without ligand (0.201 A) or with
reference ligand —NVW (0.386 A) (Table 7). This could indicate differen-
ces in binding specificity or affinity between propoxazepam and the pro-
tein compared to the reference ligand. RMSF results of PDE4B indicate
lower fluctuations of the residues of M pocket (the most conserved among
PDEA enzyme structure) of the catalytic domain in the complex protein —
ligand (all investigated compounds) compared to protein without ligand
and supporting the docking findings that binding of the ligand stabilizes
the protein structure (Fig. 4).

PDEAD: AutoDock Vina prediction results revealed that propoxaze-
pam and 3-hydroxypropoxazepam have the lowest docking scores (-8.8
and -9.0 kcal/mol), which signify high affinity of these ligands to 6IM6.
In contrast to Vina, Schrodinger Suite demonstrates creation of unstable
complex 6IM6-propoxazepam (Table 3). But its metabolite 3-hydroxy-
propoxazepam forms the similar hydrogen bond with HIP 160 (6IM6) (M
pocket) by oxygen of amide group as reference ligand AH3 (by oxygen of
aldehyde group), which emphasizes the similarity of interaction mecha-
nisms. Propoxazepam has the highest predicted free binding energy with
2FMO according to the MMGBSA method (-52.6 kcal/mol), followed by
3-hydroxypropoxazepam (-43.9 kcal/mol) (Table 3). Residues PHE 372
and ILE 336 have one of the highest contributions in the free binding
energy for most ligands, especially for propoxazepam and its metabolite
3-hydroxyproxazepam (Table 6, Fig. 2). These residues play a significant
role of hydrophobic interaction PDE inhibitors. RMSD range of
PDEAD(6IM6) in complex with propoxazepam is higher than
PDEAD(6IM6)-reference ligand complex, it means that complex with 1,4-
benzodiazepine is less stable. Complexes 6IM6 — Propoxazepam and
6IM6-3-hydroxypropoxazepam have fewer fluctuations on the residues
PHE 372 (in the plot 286), ILE 336 (in the plot 250) compared to protein
without ligand (Fig. 4c). By stabilizing these residues, benzodiazepines
create a stable hydrophobic interaction with it. It can be observed that the
RMSD curves for the backbone atoms of the PDEAD (6IM6) skeleton
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without a ligand reach 1.447 A at 6.1 ns. But PDEAD (6IM6) in complex
with propoxazepam RMSD is 0.971 A (Fig. 3c). Therefore, the binding of
propoxazepam made the complex more stable. The mobility of the
residues of the PDEAD(6IM6) — 3-hydroxypropoxazepam complex and
PDEAD without ligand was the highest among PDEAD complexes with
ligands (Fig. 4c).

Conclusion

Propoxazepam has average MMGBSA predicted free binding energy
(-38.5, -17.2, -6.9 kcal/mol) and Glide Score (-6.8, -6.2, -6.0 kcal/mol) in
docking process with a1 A-adrenoceptors (7YM8, 7YMH, 8THL), which
indicates a moderate affinity of propoxazepam to a1 A-AR. Its metabolite,
3-hydroxypropoxazepam shows better predicted affinity values for the a1-
AR. Based on AutoDock Vina results, propoxazepam tends to exhibit
moderate to strong binding affinities across various PDE4 types compared
to reference ligands, with values ranging from -8.7 to -10.3 kcal/mol.
The best predicted binding affinity is observed for PDE4B (3WSE) with a
score of -10.3 kcal/mol.. According to Schodinger Suite prediction for
PDEA subtypes, propoxazepam demonstrates competitive or superior
binding affinities compared to other ligands in most cases. Propoxazepam
has the lowest MMGBSA value among other ligands with PDE4A
(3I8V) -55.1 keal/mol, PDE4D (2FMO) -52.6 keal/mol, indicating strong
interactions. Propoxazepam mainly forms the same hydrophobic interac.
tions and pi-pi stacking interactions as reference ligands. Propoxazepam
creates hydrogen bonds only with PDE4A (3TVX) ASP 530 through the
amide group and with ASN 533 by oxygen of alkoxy group. Propoxaze-
pam and its metabolite 3-hydroxypropoxazepam interact with active sites
of PDE4AB (3WS5E) and PDEAD (2FMO) with the help of a “hydrophobic
clamp”, which is a crucial feature of hydrophobic interaction and the
common binding mode for PDE inhibitors. The RMSD values for the
PDEAA(3TVX) complex with propoxazepam were observed to be smal-
ler than those of the positive control, suggesting the formation of stable
protein-propoxazepam complex, implying potential effectiveness and re-
liability of propoxazepam as a PDEAA inhibitor. The range of RMSD
values for PDE4AB (3WSE) and PDEAD (6IMO6) in complexes with 1,4-
benzodiazepines are higher than complexes of these proteins with referen-
ce ligands or without ligands. It is possible that there are differences in the
binding specificity or affinity between propoxazepam and the protein
compared to the reference ligand. The obtained results make it possible to
predict the binding mechanisms of 1,4-benzodiazepines with the alpha 1A
adrenoceptor and phosphodiesterase 4 and reflect the similarity in the
molecular interaction of 1,4-benzodiazepines with phosphodiesterase 4
inhibitors, which allows one to theoretically predict the inhibitory effect of
propoxazepam and its possible metabolite 3-hydroxopropoxazepam on
phosphodiesterase 4. Further research in these areas may provide valuable
insight into the therapeutic potential of propoxazepam and its metabolite
as PDE4 inhibitors and guide the development of new analgesics and anti-
inflammatory drugs for diseases where o 1A-adrenergic receptor and
PDEA4 regulation plays a role.
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