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ABSTRACT ARTICLE HISTORY
GPCRs are a family of transmembrane receptors that are profoundly linked to various neurological dis- Received 5 June 2023
orders, among which is Parkinson’s disease (PD). PD is the second most ubiquitous neurological dis- Accepted 7 October 2023

order after Alzheimer's disease, characterized by the depletion of dopamine in the central nervous
system due to the impairment of dopaminergic neurons, leading to involuntary movements or dyskin-
esia. The current standard of care for PD is Levodopa, a dopamine precursor, yet the chronic use of L

, . . . . phore modelling; dual-
this agent can exacerbate motor symptoms. Recent studies have investigated the effects of combining target; molecular docking;
A2AR antagonist and 5-HT1A agonist on dyskinesia and motor complications in animal models of PD. ADMET; MD simulation;
It has been proved that the drug combination has significantly improved involuntary movements Parkinson’s disease
while maintaining motor activity, highlighting as a result new lines of therapy for PD treatments,
through the regulation of both receptors. Using a combination of ligand-based pharmacophore mod-
elling, virtual screening, and molecular dynamics simulation, this study intends on identifying potential
dual-target compounds from IBScreen. Results showed that the selected models displayed good
enrichment metrics with a near perfect receiver operator characteristic (ROC) and Area under the accu-
mulation curve (AUACQ) values, signifying that the models are both specific and sensitive. Molecular
docking and ADMET analysis revealed that STOCK2N-00171 could be potentially active against A2AR
and 5-HT1A. Post-MD analysis confirmed that the ligand exhibits a stable behavior throughout the
simulation while maintaining crucial interactions. These results imply that STOCK2N-00171 can serve as
a blueprint for the design of novel and effective dual-acting ligands targeting A2AR and 5-HT1A.
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1. Introduction

G-protein coupled receptors (GPCR) are the largest family of spanning domains linked by three intracellular and three
transmembrane proteins in humans, with ~800 members, extracellular loops (Liitjens & Rocher, 2017). They regulate a
half of which are olfactory receptors (Azam et al., 2020; Mori  diverse array of physiological processes, making them prime
et al, 2022). The receptors possess seven membrane- drug targets (Hilger et al, 2018). More than half of non-
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olfactory receptors show a localized expression in the cere-
bral cortex (Hauser et al, 2017). Given their roles in regulat-
ing complex brain functions, it has been postulated that
GPCRs make an attractive target for neurodegenerative disor-
ders, including Parkinson’s disease (PD) (Rahman et al., 2022).
PD is a chronic neurological disorder that targets the geriat-
ric population; two of its distinguishing hallmarks are the
depletion of dopamine in the central nervous system (CNS)
and the degeneration of dopaminergic neurons (Rascol et al.,
2005).

The illness manifests itself in a wide spectrum of symp-
toms that affects patients to varying degrees; physical symp-
toms can range from limb stiffness to tremor and slowness
of movements (Sveinbjornsdottir, 2016). Numerous palliative
treatments are available for patients, some of which compen-
sate for the lack of dopamine in the CNS, including L-DOPA,
dopamine agonists, catechol-O-methyl transferase (COMT)
inhibitors, and monoamine oxidase B (MAO-B) inhibitors
(Cotzias et al, 1969; Tolosa et al., 1998). Others act on non-
dopaminergic targets such as N-methyl-d-aspartate (NMDA)
receptors, acetylcholinesterase (AChE), and adenosine A2A
receptors (A2AR) (Cenci et al., 2022; Xu et al., 2005).

The adenosine A2A receptor, one of the three subtypes of
adenosine receptors, is a member of class A GPCRs that can
be found in various tissues throughout the body. Although
its distribution predominates in specific regions of the brain
where dopamine is highly concentrated, its expression can
be traced, to a lesser extent, in other organisms such as the
heart, lungs, spleen, blood platelets, and leukocytes (Glass
et al, 1996; Jarvis et al., 1989).

A2ARs are highly expressed in GABAergic neurons, where
they are co-localized with dopamine D2 receptors
(Schiffmann et al, 2007). This unique localization suggests
that A2ARs are involved in modulating motility (Mori, 2020).
The link between A2AR and neurodegenerative illnesses is
strong, albeit of complex nature. A2ARs are known to
decrease the affinity of dopamine D2 receptors, stimulate the
release of acetylcholine, and counteract the actions of dopa-
mine, a key neurotransmitter to motor control (Chen &
Cunha, 2020). Therefore, the blockade of A2AR through the
administration of its antagonists could mitigate PD’s symp-
toms and aid in regaining motor control (Cieslak et al., 2008).

5-hydroxytryptamine 1A (5-HT1A) receptor, another mem-
ber of class A GPCRs, is one of the 14 subtypes of serotonin
receptors that exhibit high expression in the limbic regions,
lateral septum and raphe nuclei (Ohno et al, 2015). 5-HT1A
receptors are associated with cognitive function and mem-
ory, whereby any dysfunction in 5HT1A receptors could lead
to cognitive impairment (Azam et al., 2020; King et al., 2008).
It has been shown that the activation of 5-HT1A by agonists
or partial agonists alleviates motor symptoms in animal mod-
els of PD and MPTP-treated primates (Dupre et al., 2008).
Other studies have revealed that the administration of differ-
ent 5-HTTA agonists has anti-dyskinetic effects on patients
with PD (Politis et al., 2014). Various preclinical and clinical
studies have shown that selective 5-HT1A agonists can sup-
press motor complications induced by L-DOPA, suggesting
their utility as a promising non-dopaminergic treatment for

PD therapy (Ghiglieri et al., 2016). Recent studies have inves-
tigated the effect of combination therapy (A potent 5-HT1A
agonist and an A2AR antagonist) on dyskinesia in rat and
non-human primate PD models. It has been shown that the
combination of drugs has significantly improved involuntary
movements, while maintaining motor activity (Pinna et al,,
2023), unveiling as a result new and promising lines of ther-
apy for Parkinson’s disease. Figure 1 is a highly
simplified depiction of the adenosine A2A and serotonin 1A
receptors.

On these bases, identifying novel dual-acting ligands that
can act on both A2AR and 5-HTT1A receptors may prove a
better perspective for treating PD. By implementing in silico
methods; i.e. pharmacophore modelling, virtual screening,
molecular docking, ADMET, molecular dynamics simulation,
and binding free energy calculations, this study intends to
identify natural therapeutics targeting A2A and 5-HT1A
receptors for the treatment of Parkinson’s disease.

2. Materials and methods
2.1. Ligand-based pharmacophore modelling

Pharmacophore models were developed from multiple
ligands; for each target, a set of 25 known actives were
retrieved from GPCRdb (https://gpcrdb.org/) (Munk et al,
2016). The 2D structures of the selected actives for A2AR and
5-HT1A are depicted in Supplementary Material (Figures S1
and S2, respectively). SDF files of the active set were down-
loaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/)
and prepared using the Ligprep module of Schrodinger suite
(Kim et al, 2019; LigPrep, 2021). Pharmacophore modelling
was carried out using PHASE, wherein the prepped ligands
were automatically aligned, and a common feature pharma-
cophore was generated (Dixon, Smondyrev, et al, 2006;
Dixon, Smondyrev, Knoll, et al., 2006; Madhavi Sastry et al.,
2013). Hypothesis setting was set to match 50% of actives,
the preferred minimum number of features was set to five
and the remaining parameters were left as default.

To validate the performance and robustness of the gener-
ated pharmacophores, 14 commercially available antagonists
of A2AR and 13 agonists of 5-HT1A were sourced from
ChEMBL database (https://www.ebi.ac.uk/chembl/) and incor-
porated into DUD-E web server (https://dud.docking.org/) to
generate custom-made decoys. For every active, 50 decoys
(inactive) were generated, leading to a set of 14 actives and
700 decoys for A2AR and a database of 13 actives and
650 decoys for 5-HT1A (Gaulton et al., 2012; Huang et al.,
2006).

2.2. Pharmacophore-based virtual screening

The top-ranking models for A2AR and 5-HTTA were used for
pharmacophore-based virtual screening. The IBS natural
compound collection database (https://www.ibscreen.com/
natural-compounds) was utilized to screen for potential dual-
acting hits targeting A2AR and 5-HT1A. A database housing
69,075 natural compounds, was processed using Ligprep and
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Figure 1. 3D representation of Adenosine A2A and serotonin 1A receptors.

A Receiver Operating Characteristic (ROC)

1.0 A
£ 0.8
o
206
=
3
o 0.4 4
o
2
= 0.2 Screen Results
Random
O-O T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
B Screen Results
100
°
5
3 801
4l
o
= 60
g
= 40 A
c
]
19
o 20 1 Screen Results
= Random
0 T T T T
0 20 40 60 80 100

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS e 3

Serotonin 1A receptor
5-HT1A

Cell membrane

C Receiver Operating Characteristics (ROC)

1.0 A
£ 0.8
o
2 0.6
‘0
o
o 0.4
()
2
= 0.2 —— Screen Results
Random
0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
D Screen Results
100 - ‘
: |
5
3 80 T
[FI8
: |
¢ oo —
S
g |
= 40
c
: |
]
E 20 A —— Screen Results
Random
0 T T T T T
0 20 40 60 80 100

Figure 2. ROC plot (A,B) and percent screen plot (C,D) of ADRRR_2 and AHHHRR-8, respectively.

shortlisted by applying Lipinski's filter in the Create Phase
Database module of Schrodinger. An OPLS3 force field was
used to minimize the compounds, while a minimum number
of ligand conformers was set to 50. The database was sub-
ject to an initial screening using the A2AR pharmacophore

model; compounds bearing pharmacophore features of A2AR
model were screened for a second time using the 5-HT1A
pharmacophore. Compounds that were identified are
endowed with features of both A2AR and 5-HT1A pharmaco-
phore models.
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2.3. Target preparation

The 3D crystal structure of the Adenosine A2A receptor com-
plexed with antagonist ZM-241385 and Serotonin 1A recep-
tor bound to agonist Aripiprazole (PDB ID: 5lU4 and 7E2Z,
respectively) were retrieved from RCS Protein Data Bank
(https://www.rcsb.org/) (Berman et al., 2003). Using the pro-
tein preparation wizard of Maestro, hydrogen atoms were
added, bond orders were assigned and water molecules
beyond 5D of the binding site were removed. Structures
were minimized using the OPLS3 force field, while the bind-
ing pockets were identified by centering the grid box on the
co-crystallized ligands (Madhavi Sastry et al, 2013;
Schrodinger, LLC, 2021a).

2.4. Molecular docking

Molecules resulting from the pharmacophore searches were
docked against A2AR and 5-HT1A binding pockets using the
Glide Extra Precision docking protocol (XP) (Friesner et al.,
2004, 2006). The top 10% of hits acquired from A2AR and 5-
HT1A XP docking were overlapped to select common actives
for both proteins.

2.5. ADME and toxicity assessment

Drug-likeness and ADME parameters were predicted using
Qikprop of the Schrodinger suite (Schrodinger, LLC, 2021b),
while the toxicity profile was assessed using ADMET Lab 2.0
web-server (https://admetmesh.scbdd.com/) (Xiong et al.,
2021).

2.6. Molecular dynamics study

The protein-ligand complexes were ranked based on their
intermolecular interactions with the targets and visual examin-
ation of their binding profiles. The top-ranked complexes were
then chosen for MD simulation using Schrodinger's Desmond
Module (Bowers et al., 2006; Schrodinger, LLC, 2021c).

The proteins were preprocessed and optimized using
OPLS3e force field. The system was solvated in an ortho-
rhombic box with periodic boundary conditions by adding
TIP3P water molecules. The box was minimized, and the sys-
tem was neutralized by adding Na™ and CI~ (Abdalla et al,,
2021, 2022). The simulation was carried out for 100ns at a
temperature of 310K and a pressure of 1.013bar. The MD
simulation trajectory was analyzed using the simulation inter-
action diagram tool.

2.7. Binding energy calculation

The Prime Molecular Mechanics/Generalized Born Surface
Area (MM/GBSA) was used to compute the binding free
energy for the selected protein-ligand complexes (Jacobson
et al., 2002, 2004; Schrodinger, LLC, 2021d), and was calcu-
lated using the following equation:

G (bind) = G complex — G protein — G ligand

Where G complex is the energy of the protein-ligand
complex, G protein is the energy of the protein and G ligand

energy of the ligand (Abdalla & Rabie, 2023; Eltayb, Abdalla,
et al.,, 2023; Eltayb, Abdalla, El-Arabey, et al., 2023).

3. Results and discussion
3.1. Pharmacophore model validation

The training set for each receptor generated 18 pharmaco-
phore hypotheses for A2AR, and 40 models for 5-HT1A. The
best 10 hypothesis models, ranked based on Phase Hypo
Score, EF1%, BEDROC (x=160.9), ROC, AUC, and the number
of retrieved actives are summarized in Tables 1 and 2,
respectively. Six chemical features are provided by PHASE
using the default settings: hydrogen bond acceptor (A),
hydrogen bond donor (D), hydrophobic group (H), aromatic
ring (R), negatively charged group (N), and positively charged
group (P).

To validate the constructed models, four enrichment met-
rics were taken into consideration including Enrichment
Factor 1% (EF1%), which stands for the fraction of retrieved
actives after 1% of decoys have been screened, Area under
the accumulation curve (AUAC), and receiver operating char-
acteristic (ROC) both are indicative of the robustness and
performance of the pharmacophore models. Values range
from 0 to 1, 1 being the ideal case where all actives are
retrieved, while 0 is a sign that the models cannot distin-
guish between actives and decoys (Giordano et al., 2022;
Kumar et al,, 2022). While the Boltzmann-enhanced discrimin-
ation of receiver operation characteristic (BEDROC), is a per-
formance metric that can be interpreted as the probability of
an active compound being ranked better than a compound
selected at random while taking into account early recogni-
tion of true hits. As for AUAC and ROC, BEDROC ranges from
Oto 1.

Tables 1 and 2 report enrichment calculation results for
A2AR and 5-HT1A, respectively.

It is noteworthy to point out that out of the 18 generated
A2AR pharmacophore models, 10 had four features (AADR_1,
AAAR_1, AADR_2, DRRR_1, ADRR_2, ADRR_1, ADRR_3, ADRR_
4, AARR_1, AARR_2) while 8 models had five features
(ADRRR_2, AADRR_1, AADRR_3, AAADR_1, AADRR_2, ADRRR_
1, AADHR_1, AAADR).

The top 10 models displayed good enrichment metrics,
with five hypotheses having an EF1% of 51 and a BEDROC >
0.89, two of which (ADRRR_1 and ADRRR_2) showed similar
features. Upon investigating the ROC plots of the five first
models, it seemed that ADRRR_2 had the steepest curve that
plateaued out, as illustrated in Figure 2(A), which signifies
that the model ranked active compounds higher than
inactive ones (Moussa et al., 2021). ADRRR_2 was also able
to recover all actives from the screened database. Taken
together, it seems that the five-point pharmacophore
ADRRR_2, is the best-performing model based on its overall
enrichment metrics, with an EF1% of 51, BEDROC score of
0.89, an almost perfect ROC and AUAC (0.97 and 0.96,
respectively), and was selected for further studies.

As for 5-HT1A, a total of 40 models were generated, 10
models having seven features, 10 with six features, 10 with
five features, and 10 4-point models. Table 2 depicts the top
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Table 1. Validation of the top 10 A2AR pharmacophore models.
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Hypothesis Phase Hypo Score EF1% BEDROC 160.9 ROC AUAC Total actives Ranked actives Matches
DRRR_1 1.17 51.00 0.97 0.86 0.92 14 12 4 of 4
ADRR_4 1.17 51.00 0.93 0.86 0.91 14 12 4 of 4
ADRRR_1 1.22 51.00 0.93 0.86 0.89 14 12 4 of 5
ADRRR_2 1.18 51.00 0.89 0.97 0.96 14 14 4 of 5
AADRR_3 1.23 51.00 0.88 0.93 0.92 14 14 4 of 5
ADRR_1 1.20 43.71 0.87 0.86 0.92 14 12 4 of 4
ADRR_2 1.14 36.43 0.80 0.85 0.92 14 12 4 of 4
AAADR_1 1.09 29.14 0.56 0.92 0.91 14 14 4 of 5
AADR_1 1.18 21.86 0.55 0.97 0.96 14 14 4 of 4
AARR_1 1.09 21.86 0.54 0.84 0.89 14 12 4 of 4

EF1%: enrichment factor at 1% of the validation set; BEDROC 160.9: Boltzmann-enhanced discrimination of receiver operating characteristics; ROC: receiver oper-

ating characteristic curve value; AUAC: area under the accumulation curve.

Model in bold font is the best performing-model according to the enrichment metrics.

Table 2. Validation of the top 10 5-HT1A pharmacophore models.

Hypothesis Phase Hypo Score EF1% BEDROC 160.9 ROC AUAC Total actives Ranked actives Matches
AAHHRR_1 137 47.54 0.89 0.90 0.90 13 12 40of6
AHHHRR_8 1.37 47.54 0.88 0.97 0.96 13 13 40f 6
AHHRR_4 134 47.54 091 0.89 091 13 12 4 of 5
HHHRR_1 1.34 47.54 0.86 0.90 0.92 13 12 4 of 5
AAHHHRR_2 1.41 39.62 0.72 0.96 0.95 13 13 4 0of 7
AAHHHRR_8 1.41 39.62 0.76 0.86 0.86 13 12 4 of 7
AAHHHRR_7 141 39.62 0.66 0.81 0.80 13 12 4 of 7
AHHHRR_2 1.38 39.62 0.81 0.87 0.87 13 12 40f6
AHHRR_3 137 39.62 0.82 0.76 0.85 13 10 4 of 5
AHHR_2 1.32 39.62 0.76 0.76 0.86 13 10 4 of 4

EF1%: enrichment factor at 1% of the validation set; BEDROC 160.9: Boltzmann-enhanced discrimination of receiver operating characteristics; ROC: receiver oper-

ating characteristic curve value; AUAC: area under the accumulation curve.

10 hypothesis ranked based on their overall enrichment met-
rics. Nine models (AAHHRR_1, AHHHRR_8, AHHRR_4,
AAHHHRR_2, AAHHHRR_8, AAHHHRR_7, AHHHRR_2, AHHRR_
3, AHHR_2) displayed the same 3 features: A (Hydrogen
acceptor), H (Hydrophobic group) and R (Aromatic ring),
while the last model had the least features, with three hydro-
phobic groups and two aromatic rings (HHHRR_1). The aver-
age EF 1% value for all 10 models was well over 42, while
the highest value, 47.54, was observed in AAHHRR_T,
AHHHRR_8, AHHRR_4, and HHHRR_1. All four models dis-
played good enrichment values, which indicates that the
models are effective at distinguishing active molecules from
inactive ones. AHHHRR_8 had the highest enrichment met-
rics, with an EF1% of 47.54, a BEDROC (x=160.9) value of
0.88, ROC of 0.97, and AUAC value of 0.96 and was selected
for virtual screening.

ROC and percent screen plots for ADRRR_2 and AHHHRR_
8 are portrayed in Figures 2(A-D), respectively. The ideal
model has no overlap in two distributions, meaning that the
ROC curve passes through the upper left corner and has per-
fect discrimination (100% specificity, 100% sensitivity).1 As
illustrated in Figure 2, all curves (in blue) are close to the
upper left corner, which signifies that both models are sensi-
tive and specific and can be used to map selective A2AR/5-
HT1A ligands.

3.2. Pharmacophore-based virtual screening results

Virtual screening was conducted using the phase ligand-
screening module of Schrodinger. The IBS database was
screened using the selected A2AR model (ADRRR_2) using a
5 out of 5 restriction. Out of 69075 compounds, 1153 were
identified to have the required pharmacophore features.

These hits were screened again using 5-HTTA model
(AHHHRR-8). Initially, a query of six features was very restrict-
ive and retrieved no hits, and the number of pharmacophore
matches were reduced to five features. A hit list of 168 can-
didates were identified bearing features of both A2AR and
5-HT1A pharmacophore models. Figure 3 is a visual represen-
tation of the site type and pharmacophore features of
ADRRR_2 and AHHHRR-8.

3.3. Validation of docking protocol

The docking protocol was validated by re-docking the native
ligands back to their binding pockets and computing their
RMSD. As depicted in Figure 4, results revealed that re-dock-
ing of ZM-241385 had an RMSD value of 0.0062, while
re-docking of Aripiprazole showed an RMSD of 0.8674. All
values fall within the 2.0A range, which indicates that the
docking protocol was successful (Hadni & Elhallaouia, 2022).

3.4. Molecular docking results

The 168 hits retrieved via virtual screening were docked into
the binding pocket of A2AR and 5-HT1A using extra preci-
sion mode (XP). The top 10% of hits for each target, ranked
based on the computed docking score, were overlapped to
identify potential dual ligands. Reference drugs were used as
a baseline for comparing the interactions of potential hits.
Table 3 summarizes the docking score and intermolecular
interactions of the identified ligands, as well as the drugs of
reference. The binding modes of the two identified hits are
reported in Figure 5. Images were rendered using PyMOL
visualization software.’
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Figure 3. Pharmacophore features of (A) ADRRR_2 and (B) AHHHRR-8 models. The feature types are hydrogen bond acceptor (red), hydrogen bond donor (sky

blue), aromatic ring (orange), and hydrophobic group (green).

RMSD = 0.0062 A

RMSD = 0.8674 A

Figure 4. Superposition of native (in white) and re-docked (in green) ligands.

Table 3. Docking score and interacting residues of identified hits.

A2A 5-HT1A

ID Docking score (Kcal/mol) H-bonds T-T interactions Docking score (Kcal/mol) H-bonds T-T interactions

ZM-241385 -10.8 Asn-253%%° Phe-1685¢2 _ _ _
Glu-169512 Hid-250%°2

Aripiprazole _ _ _ —53 _ _

STOCK2N-00171 -7 Ala-59%°° Phe-168512 -76 Asp-11632 Phe-11232®
lle-66>°3 Hid-264°%%¢ Cys-120%3¢ Phe-361%°"
Phe-1685" Tyr-390742
Asn-253%%°

STOCK2N-00446 -11.1 Asn-253°° Phe-1685-2 -7.1 Ile-18951 Tyr-96%%
Phe-16852
Glu-169512

ZM-241385 is shown interacting with pivotal amino acid
residues from the binding pocket of A2AR, the ligand was
seen involved in H-bonding with polar residue Asn 253%°°
(numbering scheme according to Ballesteros and Weinstein
1995) and Glu 16952 Two additional hydrophobic interac-
tions, involving Phe 1685“"? of the second extracellular loop
(ECL2) and the aromatic His 250%°2 located in the transmem-
brane domain, were also stabilizing the ligand inside the
binding pocket. These results seem in congruent with the
intermolecular interactions reported in the literature (Lebon
et al, 2011). However, Aripiprazole did not seem to form any
interactions within the active site of 5-HT1A, which would
explain the low binding affinity (—5.39 Kcal/mol). It was previ-
ously shown that two types of interactions characterize the
binding of high affinity agonists; a salt bridge interaction
involving a highly conserved aspartate residue Asp 11632
and an edge-to-face m-m interaction with aromatic residues
from a hydrophobic pocket adjacent to Ser 199°>** and Thr
200°** (Sukalovic et al., 2012).

STOCK2N-00171 is interacting, within 5-HT1A binding
pocket, via the formation of H-bond with Cys 120°3¢ and

aromatic amino acid Tyr 3907*%. The lack of positively
charged groups in STOCK2N-00171 has hindered the forma-
tion of salt bridge interactions with Asp 11632, although the
ligand sits in close proximity to the carboxylate group of the
residue’s side chain. While it has been established that this
salt bridge is a crucial interaction stabilizing the complex,
the ligand compensates for the lack of it by forming two
strong hydrogen bonds with Asp 116> the amine group of
imidazole moiety is interacting at a distance of 1.82D, while
the hydroxyl group in phenol sits at a distance of 1.9D. The
ligand also engages with the hydrophobic part of the bind-
ing site formed by Trp 358%%, Phe 361%°" of the 6th trans-
membrane helix, and Phe 390”“*? via n-n interactions with
Phe 361%°', and an additional hydrophobic interaction
involving Phe 112328 and the 5-hydroxy-2-methyl pyran moi-
ety. These aromatic-aromatic interactions have been previ-
ously reported to stabilize the ligand within the binding
pocket (Zlatovi¢ et al., 2006).

Due to the bulky nature of STOCK2N-00446, the tricyclic
part of the molecule sits at the surface of the binding pocket
while the 5-methoxyindole section is embedded close to Ser



Adenosine A2A receptor (PDB : 5/U4)

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS . 7

Serotonin 1A receptor (PDB : 7E22)

.
v 748
¢ v390

2D 336
F c120

Figure 5. 3D views of molecular interactions of STOCK2N-00171 (A,B) STOCK2N-00446 (C,D) within the binding pocket of A2AR and 5-HT1A, respectively, number-

ing scheme according to Ballesteros and Weinstein.

199°% and Thr 200°>**. The ligand is engaging in H-bond
formation with lle 18952 of the extracellular loop and a sin-
gle hydrophobic interaction involving Tyr 96%°3. Since extra-
cellular loops are known for their unstable nature, it seems
that the H-bond involving lle 189 of ECL2 does not contrib-
ute to stabilizing the complex (Zlatovi¢ et al., 2006), which
might explain the difference in the binding score of
STOCK2N-00171 and STOCK2N-00446 (-7.6 and —7.1Kcal/
mol, respectively).

STOCK2N-00171 has retained the same pivotal interactions
observed with the binding of ZM-241385, the ligand is in
contact with Asn 253%°% through H-bond formation and is
involved in m-stacking with the aromatic side chain of Phe
168512 while interacting with the amine group of the a-car-
bon via a single hydrogen bond. Although the two interac-
tions involving Glu 16952 and His 250°°% seen with the
reference were lost, the binding score does not seem to be
affected (—10.8 Kcal/mol for ZM-241385, —11.7 Kcal/mol for
STOCK2N-00171). The difference in affinity could be accred-
ited to the three additional interactions involving Ala 59%°°
and lle 66%% of the second transmembrane helix, and the
hydrophobic interaction with His 264°°®. STOCK2N-00446
also mimics the interactive pattern of the reference, with
three m-m interactions involving the aromatic ring of Phe
168512 stabilizing the tricyclic portion of the ligand within
the binding cavity and an H-bond with Asn 253%°°, The two
carbonyl groups pertaining to the ligand are in close contact
with Glu 16952 and Phe 16852 and establish two add-
itional hydrogen bonds. Both hits seem to interact with bio-
logically relevant amino acid residues; previous mutagenesis
studies have highlighted the crucial role of Asn 253%°> and
Phe 1695"? in ligand binding (Lane et al., 2012).

Results strongly indicate that STOCK2N-00171 exhibits a
far more superior binding profile and establishes contact
with crucial amino acid residues from both A2AR and 5-HT1A
binding cavities. As a result, STOCK2N-00171 was selected for
further analysis.

3.5. ADME/TOX analysis

Table 4 summarizes the results of the physicochemical evalu-
ation generated by the Qikprop module. Seven descriptors
were used to assess the drug-likeness of the selected hit,
including, aqueous solubility (QPlogS), human serum albumin
binding (QPLogKhsa), blood-brain barrier permeability
(QPlogBB), and human intestinal absorption (HOA). Data
revealed that the selected hit along with the two positive
controls all fall within the recommended range for molecular
weight, number of hydrogen bond donors, and number of
hydrogen bond acceptors. The three molecules were also
within the acceptable range for QPLogKhsa, exhibited high
intestinal absorption, and could easily cross the blood-brain
barrier. STOCK2N-00171 displayed low solubility, which could
limit its oral bioavailability and dissolution, however, it
should not be a determining factor to rule out the ligand as
a drug candidate, especially since a good majority of com-
mercially available drugs fall into this category (Liu et al,
2010).

Toxicity analysis, summarized in Table 5, has pointed out
that the two reference drugs are flagged as hERG + blockers
and display as a result high potential for cardio-toxicity. The
controls also have a high potential to induce liver toxicity.
ZM-241385 showed high toxicity and carcinogenic effect.
However, it was shown that STOCK2N-00171 was safe on all
levels, with values that did not exceed the standard range.

3.5. MD simulation analysis

3.5.1. Protein-ligand interaction contact analyses

MD simulation was carried out for the top scoring compound
based on the docking score and key interactions, two com-
plexes (STOCK2N-00171-A2AR and STOCK2N-00171-5-HT1A)
along with the two references (ZM-241385-A2AR and
Aripiprazole-5-HT1A) used as positive control were selected
for further analysis.
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Table 4. ADME properties of identified hits as predicted by Qikprop.

Compound ID M.W? Donor HB? Accpt H.B QPlogs® QPLogKhsa® QPlogBB' HOA?
ZM-241385 337.340 4 6.750 —4.023 —0.204 —1.891 73.446
Aripiprazole 448391 1 6.250 —6.359 0.864 —0.066 100
STOCK2N-00171 90.480 4 7 —7.088 0.843 ~1.961 90.48

“Molecular weight of the molecule (range: 130.0-725.0).

PEstimated number of hydrogen bonds that would be donated by the solute to water molecules in an aqueous solution (range: 0.0-6.0).
“Estimated number of hydrogen bonds that would be accepted by the solute from water molecules in an aqueous solution (range:

2.0-20.0).

dPredicted aqueous solubility (range: —6.5-0.5).

®Prediction of binding to human serum albumin (range: —1.5-1.5).
fPredicted brain/blood partition coefficient (range: —3.0-1.2).

9Predicted human oral absorption on 0-100% scale (>>80% is high <25% is poor).

Table 5. Toxicity prediction as predicted by ADMET lab.

Compound ID hERG blockers H-HT Rat oral acute toxicity FDAMDD Carcinogenicity
ZM-241385 0.805 0.995 0.547 0.923 0.944
Aripiprazole 0.996 0.824 0.972 0.546 0.363
STOCK2N-00171 0.022 0.266 0.095 0.126 0.05

H-HT: human hepatotoxicity; FDAMDD: maximum recommended daily dose.
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Figure 6. Protein-ligand interaction profile for A2AR in complex with (A) ZM-241385 and (B) STOCK2N-00171 and their 2D diagram of contact (right).

Figures 6 and 8 summarize the protein ligand interaction
of STOCK2N-00171 complexed with A2AR and 5-HT1A,
respectively. Figure 6(A) reveals that ZM-241385 is in contact
with Glu 1695 through direct H-bonding and water-medi-
ated hydrogen bonds with a normalized value of >3.5,
meaning that these interactions were maintained for 350%
of the simulation runtime. This indicates that Glu 16952 is
engaging in multiple interactions of a single type with the

reference. Other hydrophilic interactions can be spotted
involving Leu 249%°", His 250°°%, Asn 253°%°, and
Ala 27373, with an occupancy of 98, 40, 61, and 63%,
respectively. It seems that both H-bonding and water-
mediated contacts were the two vital interactions stabilizing
ZM-241385, with little to no importance for hydrophobic
contacts and limited ionic interactions. However, STOCK2N-
00171-A2AR complex had a different interaction profile.
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C. Aripiprazole-5-HT1A complex
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Figure 7. Protein-ligand interaction profile for 5-HT1A in complex with (A) Aripiprazole and (B) STOCK2N-00171.

As depicted in Figure 6(B), the ligand was bound to lle
80%%, Cys 16652, and Asn 253%%° via H-bonding with nor-
malized values of 0.53, 0.33, and 0.61, respectively. Asn
2535 also interacted through water bridge contacts along
with Phe 16852 and Glu 1692, which were maintained
effectively for 98, 58, and 29%, respectively, over the simula-
tion runtime. Hydrophobic interactions mediated by lle
662°3, Val 84>32, and Phe 16852 were also observed to
interact with an occupancy of <0.3. Key interactions reported
previously by the docking study were maintained throughout
the 100ns, which could indicate that the complex did not
witness a drastic change in conformation and that STOCK2N-
00171 is relatively stable inside the binding pocket of A2AR.

The interactions involving  STOCK2N-00171  and
Aripiprazole complexed with 5-HT1A were also monitored
throughout the 100 ns simulation time, Figure 7 depicts the
results.

It is noteworthy to mention that both complexes have vir-
tually similar profiles except for the lack of an ionic bond
involving Asp 11632 and STOCK2N-00171. Asp 11632 is in
contact with Aripiprazole through a salt bridge interaction,
which was maintained for 51% of the simulation time. Asp
11632 also formed direct and indirect (water bridge contact)
H-bond interactions, with a high occupancy of =1.4. The
most prominent interactions seem to be water bridged inter-
actions and hydrophobic contacts. Water mediated interac-
tions involving Tyr 96%3, Asn 100%%7, lle 113%%°, Thr 188",
and Met 3775 persisted throughout the simulation with a
frequency of «0.62, 0.38, 0.4, 0.36, and 0.5, respectively.

Although STOCK2N-00171 lost a salt bridge interaction to
Asp 116332, a strong hydrophilic interaction can be seen
involving the polar residue with a frequency >100%, as illus-
trated in Figure 7(D). Additionally, GIn 97%%%, Thr 18852, lle

189512, Ser 374513, and Asn 38473¢ contributed to water
mediated contacts. Asn 386’8, in particular, has been
reported to be a crucial amino acid for the binding of select-
ive 5-HT1A ligands (Kroeze et al., 2002) and is seen interact-
ing with STOCK2N-00171 with an occupancy of 0.62. The
ligand also forms hydrophilic interactions with Ser 37453
from the third extracellular loop, for about 40% of the pro-
duction runtime, which was not reported previously in the
docking studies. These newly gained interactions might sug-
gest that the ligand underwent large conformational changes
to interact with these amino acids.

3.5.2. Complex deviation and fluctuation
Root-mean-square deviation plots, depicted in Figure 8,
describe the structural deviations of a given protein with
respect to the initial structure at each moment of the
simulation.

According to the plots in Figure 8(A), it can be seen that
the ZM-241385-A2AR complex is witnessing major fluctua-
tions in the initial 50ns of the simulation. The system then
stabilizes with slight deviations recorded around 60 and
80ns and peaks at =3.6D. The initial jump in RMSD could
be due to the structural rearrangement of the second intra-
cellular and extracellular loops and at the level of the fifth
and sixth helices, which is in line with the findings of
Novikov et al. (2013). Similarly, the STOCK2N-00171-A2AR
complex, in Figure 8(B), reaches equilibrium after the 40ns
mark, ligand RMSD peaks at around 3.8D and levels out at
3.4D for the rest of the simulation. The Ca-RMSD also exhib-
its similar stable behavior, averaging around =3.2D, with a
slight hiccup at 60ns. It is evident that STOCK2N-00171-
A2AR complex is considerably stable throughout the
simulation.
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A. ZM-241385-A2AR complex
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Figure 8. The root-mean-square deviations (RMSD) for backbone atoms and ligands.

As for the Aripiprazole-5-HT1A complex, the largest fluctu-
ations are recorded in the first stages of the simulation; the
protein RMSD increases progressively in the initial 50 ns of
the simulation, only to reach a plateau at around 3.8 and
stabilize for the rest of the production runtime. However, the
ligand RMSD shows large fluctuations at 30 and 50 ns, which
peaked at =4 and 5D, respectively. The complex reaches
equilibrium in the small window of 50-80 ns, followed imme-
diately by a drop to 2.6 D. STOCK2N-00171 bound to 5-HT1A
seems to exhibit fewer fluctuations relative to the positive
control, the system converges after the initial 30ns of the
simulation, with a Ca-RMSD lower than 3D while the ligand
RMSD acquires equilibrium after 40 ns, averaging around 5b.
This implies that the complex showed high stability across
the simulation time.

The root-mean-square deviation (RMSF) graphs were also
plotted to assess the effect of ligand binding on key amino
acid residues. Results are illustrated in Figure 9.

Knowing the architecture of receptors from the GPCR fam-
ily, the plots can be divided into several sections with dis-
tinct dynamical behaviors; intracellular and extracellular
loops (ICLs and ECLs) which are inherently unstable, and
transmembrane helices (TMs) which are expected to be the
most stable regions. As illustrated in Figure 9(A), the region
right before residue no. 50, right after residue 100 and right
after residue 200 which coincide with the intracellular loop 1
(ICL1), intracellular loop 2 (ICL2), and intracellular loop 3
(ICI3), respectively, witness the highest fluctuations, despite
the fact that they are not directly involved in the binding of
ZM-241385. This points to the flexible and dynamic nature of
loops, however, deviations witnessed in these regions are
still under the acceptable range of 3D. The second extracel-
lular loop (around residue 150) and the sixth helix (around
residue 250) are also experiencing minor fluctuations in the

range of 2.4D. These regions correlate with key amino acids
of A2AR (Phe 168, Glu 169, His 250°°%, and Asn
253%°%) involved in the binding of the drug of reference.
This clearly indicates that the active site remains stable
throughout the simulation.

Although ZM-241385 and STOCK2N-00171 have very simi-
lar RMSF profiles, it is evident that the binding of STOCK2N-
00171 has prompted more fluctuations in ICI2, ECL2, and ICI3
compared to the drug of reference. A sharp increase of ~1,
1.8, and 1.5B in RMSF was recorded in each region, respect-
ively. This could be due to the residues shifting in response
to the binding of the ligand to better accommodate its bulky
structure.

In the case of 5-HT1A, Figure 9(C) shows that regions with
significantly increased RMSF values are captured near 150
and 250 with values exceeding the 3D threshold, these
regions are located, respectively in the second and third
extracellular loops which explains the increased mobility that
can be seen in the plots. Significant fluctuations can be
observed near residue 200, which roughly correlates to the
sixth helix. By comparing the change in RMSF between the
ligand-bound and Apo form (Figure S5, in Supplementary
Material), it seems that the latter is also witnessing high fluc-
tuations in these regions, particularly in the region right
before residue 200 which peaked at 8.81D. Although this
region does not seem to be involved in any interaction, the
residue was significantly stabilized upon ligand binding.

The RMSF profile of STOCK2N-00171 was very reminiscent
of the control, with the second and third extracellular loops
experiencing major fluctuations, with values reaching up to
4.2D. It is possible to infer that the binding of STOCK2N-
00171 also elicits a decrease in the region’s flexibility before
residue 200, with a drop of =3.9D compared to the Apo
form. It should also be noted that the crucial amino acids,
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Figure 9. RMSF calculations of protein-ligand complexes throughout the 100 ns simulation time.

previously highlighted in the docking study, are stable and
exhibit no fluctuations. These plots revealed that STOCK2N-
00171-A2AR and STOCK2N-00171-5-HT1A complexes are sta-
ble throughout the simulation run.

3.5.3. Protein-ligand contact timeline

Figure 10 illustrates the timeline evolution of ligand-protein
contacts (H-bonds, hydrophobic, ionic, and water bridges)
during the 100ns simulation period. The intensity of the
band color positively correlates with the number of mediated
contacts.

ZM-241385 totaled several nine interactions, with the
maximum number of contacts being twelve. These interac-
tions mainly involved Glu 16952, Leu 249%°", His 25052,
Asn 25353 and Ala 2737%*”. These interactions differ in occu-
pancy, with Glu 1695“"? being the most consistent (as evi-
dent by the dark orange band). This is due to the different
types of contacts mediated by this polar residue (hydrogen,
water-mediated, and hydrophobic) as previously shown in
Figure 6(A). Leu 249%>" and Asn 253%° also displayed strong
interactions which persisted throughout the production run-
time. In the case of STOCK2N-00171, the ligand is averaging
around five contacts, with the maximum being nine. lle
8028, Cys 1662, Phe 168%"% and Asn 253%°°, displayed
consistent interactions with high to moderate occupancy. All
contact with key amino acid residues was maintained
throughout the simulation, except for Glu 1695 which

formed transient interactions that persisted only for a frac-
tion of the time.

Aripiprazole, in Figure 10(C), displayed on average six con-
tacts, of which Asp 11632 made a stable and consistent
interaction with the control. Tyr 96%% also established strong
interactions with high occupancy. However, interactions
involving Asn 100%%, lle 113%*%°, Cys 120%3%, Thr 188", Ala
2034, Trp 358%“%, Phe 361°°", Met 37753, Thr 37973, Asn
38678, and Tyr 390"*? were intermittent and inconsistent
throughout the simulation. Whereas, STOCK2N-00171 estab-
lished a high number of interactions with Asp 116, as indi-
cated by the dark orange band in Figure 10(D). Although the
ligand lost some interactions described earlier in the molecu-
lar docking study, several other residues have established
contact, of which Tyr 9673, Thr 18852, lle 189%"% Ser
374513, and Asn 3867% displayed the highest occupancy
and persisted throughout the 100 ns simulation period.

3.5.4. Ligand property calculations
The stability of the selected complex was further examined
using six parameters: Ligand RMSD, Radius of gyration (rGyr),
Molecular surface area (MolSA), Solvent accessible surface
area (SASA), and Polar surface area (PSA), results are shown
in Figure 11.

The ligand RMSD for ZM-241385 exhibited some minor
deviations in the first 40ns and converged at around 14D
for the rest of the simulation. The radius of gyration, which
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Figure 10. Timeline representation of ligand-protein contacts. The top panel represents the total number of contacts, while the heat map shows the interacting

amino acid residues.

describes the compactness of the ligand, reaches an equilib-
rium of »4.9D after the initial 50ns, while MolSA remains
constant throughout the simulation, averaging around
3502 SASA fluctuates the most, with deviations reaching
120D?, gradually decreased and stabilized after the 70ns
mark and persisted at 60 D% The polar surface area was virtu-
ally stable at around 200D throughout the simulation, with
slight deviations recorded at 30 and 75ns. STOCK2N-00171
displayed a far more stable profile; ligand RMSD was stable

at 1.6 with practically no deviations after the initial 13 ns.
The same observation can be made for rGyr, MolSA, SASA,
and PSA, where the four reached equilibrium after the 40ns
mark and persisted at 5.3D, 480, 125D2, and around 167D,
respectively.

As for Aripiprazol, the ligand RMSD exhibited an upward
trend, with spurts of fluctuations recorded at around 28 and
42 ns reaching 2.4 and 2D, respectively. The plot stabilized
at around 60ns and persisted at 24D for the rest of the
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Figure 11. Ligand property calculations of the 4 protein-ligand complexes.

Table 6. MM-GBSA calculations.

0 40 0 00
Time (nsec)

Complexes AGging AGeoy AGc,, AGypond AGLipo AGsonce AGygy,
A2AR-ZM-241385 —14.93 2.24 1.87 -3.80 -19.12 51.50 —47.63
5-HT1A-Aripiprazole —71.35 -3.26 1.89 —1.06 —24.92 14.79 -58.79
A2AR-STOCK2N-00171 —88.68 —17.24 1.71 -1.10 —35.66 22.42 —58.82
5-HT1A-STOCK2N-00171 —65.60 -1.34 4.24 —0.09 —26.71 2143 —63.11

AGging: free energy of binding; AGco,: Coulomb energy; AGe,,: covalent energy;
trostatic solvation energy; AGyq,: Van der Waals energy.

simulation. rGyr showed a similar pattern, with equilibrium
attained only after 60ns, after which the values remained
consistent at around 7D. MolSA had an overall stable profile
at 433D? followed by a dip after the initial 40ns from then
on the plot rose gradually and stabilized at 436 . SASA was
somewhat consistent in the first 40ns then gradually
decreased reaching almost 0D around 80ns only to start
fluctuating by the end of the simulation reaching 12082
PSA was fairly stable throughout the simulation, with minor
deviations spotted around 50 ns.

STOCK2N-00171 again exhibited a far more stable behav-
ior with respect to the positive control, ligand RMSD showed
very subtle fluctuations; the plot was stable at 2D in the first
10-30ns window, then it gradually rose to 3D for a brief
moment only to plateau at 2.5B. The plot equilibrated at 3b
for the rest of the simulation. rGyr exhibited a similar profile,
stabilizing at 5.3D after 90 ns. MoISA showed no visible fluc-
tuations and persisted at around 470D? for the whole simu-
lation. SASA deviated in the initial 50ns reaching 240D?,
only to plateau out at 80D? near the end of the simulation.

AGypong: hydrogen bonding energy; AGyiyo: hydrophobic energy; AGsqgg: elec-

PSA remained constant after the 7ns mark and stabilized at
around 150D for the rest of the simulation. The data pre-
sented here clearly indicates that the selected ligand was sta-
ble within the active site of the receptors.

3.5.5. MM-GBSA

Table 6 summarizes the binding free energy calculations for
STOCK2N-00171, along with the two positive controls. The
decomposition of the binding free energy revealed that van
der Waals interactions along with lipophilicity and Coulomb’s
electrostatic attraction forces contributed significantly to the
binding of STOCK2N-00171 to A2AR. The lead showed a low
binding free energy (—88.68 Kcal/mol) in comparison to the
control (—14.93Kcal/mol), this is due to the cumulative
effects of AGcoy (—17.24Kcal/mol), AGyip, (—35.66 Kcal/mol),
and AGyg, (—58.82 Kcal/mol), where in the case of A2AR-ZM-
241385, the Coulomb (2.24Kcal/mol) and polar solvation
energy (51.50 Kcal/mol) had unfavorable effects on the result-
ing binding energy, compromising, as a result, the affinity of
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the control. By dissecting the total binding free energy for 5-
HT1A complexes, it seems that Aripiprazole and STOCK2N-
00171 had a similar profile with a AGgj,g of —71.35 and
—65.60 Kcal/mol, respectively, with AGyg, (—63.11Kcal/mol)
and AGyiy, (—26.71Kcal/mol) being the most favorable for
the binding of the ligand. The low binding energies of
STOCK2N-00171 are indicative of a stable interaction profile
inside the binding pocket of A2AR and 5-HT1A.

The ligand-based pharmacophore modelling approach
used in this study was successful in mapping potential active
ligands against A2AR and 5-HT1A. The two selected models
proved to be highly specific and sensitive, and were used to
screen out the IBScreen natural database. Data from our
results all point out that STOCK2N-00171 could be a promis-
ing scaffold for developing dual-acting ligands targeting A2A
and 5-HT1A receptors. Post-MD analysis revealed that the lig-
and formed considerably stable complexes with both recep-
tors, although some interactions reported in the molecular
docking study were lost, the ligand is tightly bound to the
binding cavities by strong and consistent interactions that
persisted throughout the simulation runtime. Minor lapses
seen in solubility can be corrected by further optimizing the
ligand.

Some limitations that are worth flagging are the lack of
experimental validation, however, based on the data of our
computational analysis, we believe that the findings reported
herein can serve as a molecular blueprint for the design and
development of novel dual-acting ligands targeting A2A and
5-HT1A receptors for the treatment of Parkinson’s disease.

4. Conclusion

Recent lines of evidence have pointed to the suppressing
effect of combining A2AR antagonist with 5-HT1A agonist on
involuntary movements induced by chronic use of Levodopa,
unveiling as a result new and promising lines of treatment
for Parkinson's disease.

Herein, we describe the identification of potential dual-
acting ligands targeting A2A and 5-HT1A receptors, by
means of ligand-based pharmacophore modelling, virtual
screening, and molecular dynamics simulations. The con-
structed pharmacophore models proved to be highly sensi-
tive and specific and accurately mapped potential actives
from IBScreen database. The identified hit, STOCK2N-00171,
had a low binding affinity with respect to drugs of reference,
formed stable complexes throughout the simulation runtime,
and had a favorable ADME profile.

On these bases, STOCK2N-00171 provides a molecular
blueprint for the design of novel therapeutics targeting
A2AR and 5-HT1A for Parkinson’s disease therapy. Findings
reported in this study warrant further experimental investiga-
tion to validate these results.

Notes

1. Evaluation of Cardiospermum halicacabum leaf compounds against
human dihydroorotate dehydrogenase: A target for rheumatoid arthritis
using structure based drug designing.

2. The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC.
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