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ABSTRACT
The human serotonin transporters (hSERTs) are neurotransmitter sodium symporters of the aminergic G
protein-coupled receptors, regulating the synaptic serotonin and neuropharmacological processes
related to neuropsychiatric disorders, notably, depression. Selective serotonin reuptake inhibitors (SSRIs)
such as fluoxetine and (S)-citalopram are competitive inhibitors of hSERTs and are commonly the first-
line medications for major depressive disorder (MDD). However, treatment-resistance and unpleasant
aftereffects constitute their clinical drawbacks. Interestingly, vilazodone emerged with polypharmacologi-
cal (competitive and allosteric) inhibitions on hSERTs, amenable to improved efficacy. However, its appli-
cation usually warrants adjuvant/combination therapy, another subject of critical adverse events. Thus,
the discovery of alternatives with polypharmacological potentials (one-drug-multiple-target) and
improved safety remains essential. In this study, carbazole analogues from chemical libraries were
explored using docking and molecular dynamics (MD) simulation. Selectively, two IBScreen ligands,
STOCK3S-30866 and STOCK1N-37454 predictively bound to the active pockets and expanded bounda-
ries (extracellular vestibules) of the hSERTs more potently than vilazodone and (S)-citalopram. For
instance, the two ligands showed docking scores of �9.52 and �9.59 kcal/mol and MM-GBSA scores of
�92.96 and �65.66 kcal/mol respectively compared to vilazodone’s respective scores of �7.828 and
�59.27 against the central active site of the hSERT (PDB 7LWD). Similarly, the two ligands also docked to
the allosteric pocket (PDB 5I73) with scores of �8.15 and �8.40 kcal/mol and MM-GBSA of �96.14 and
�68.46 kcal/mol whereas (S)-citalopram has �6.90 and �69.39 kcal/mol respectively. The ligands also
conferred conformational stability on the receptors during 100ns MD simulations and displayed interest-
ing ADMET profiles, representing promising hSERT modulators for MDD upon experimental validation.
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Introduction

Depression is a complex, debilitating, heterogeneous, psychi-

atric disorder, affecting around 350 million people globally

according to the World Health Organization (WHO) (Shadrina

et al., 2018). Its paradigm usually associates several

comorbidities, constituting risk factors from mild to deadly,
including anxiety, mood disorder, bipolar disorders, treat-
ment-resistance and suicidal ideation which particularly
claims around 800,000 lives yearly. As a mental disorder, the
burdens of major depressive disorder (MDD) spread across
all categories of economies. It is more pronounced in
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developed countries compared to their low- and middle-
income counterparts. For instance, as of the year 2020, the dir-
ect annual capital burden of MDD in the US was estimated
between $29–40 billion aside from indirect impacts on socio-
economic lives (Ramadan & Mansour, 2020). The pathogenesis
of depression is strongly implicated as both biological and
psychological, with common symptoms such as apathy,
depressive mood, impaired thinking, fatigue, and loss of con-
centration (de Sousa et al., 2006). A person is appropriately
diagnosed with depression if five out of the nine key indica-
tors manifest for most of the day continuously for a minimum
of two weeks. The indicators include depressive mood, fatigue,
loss of interest/pleasure, psychomotor agitation/retardation,
drastic weight/appetite alteration, insomnia/hypersomnia,
reduced thinking/cognitive ability, feeling worthless and sui-
cidal ideation (ADAA, 2021; Brigitta, 2002; Vann, 2021). Being
multifactorial, the involvement of several biomolecular carriers
of neurotransmitters significantly contributes to the complex
aetiology, pathophysiology and pharmacotherapy of the dis-
ease. These include the receptors for monoamine neurotrans-
mitters including serotonin (5-HT), dopamine (DA) and
norepinephrine (NA) (Chilmonczyk et al., 2017).

Serotonergic signalling is strongly implicated in some prom-
inent psychiatric disorders including anxiety, schizophrenia and
depression (Wray & Rasenick, 2019). Serotonin is vastly distrib-
uted across the central and peripheral nervous systems, coordi-
nating important functions of the brain, cardiovascular,
gastrointestinal and immune systems. In the central nervous
system (CNS), it is localised near the 5-HT-releasing terminals
and at the varicosities of the serotonergic neurons. As such, the
serotonergic system significantly modulates various actions
including mood, food intake, memory, sleep, perception and
sexual behaviours (Y. Peng et al., 2018; Rudnick, 2007).
Serotonin receptors are members of the cell surface and ami-
nergic G protein-coupled receptors (GPCR) which are involved
in serotonin-inclined physiological and psychophysiological
activities within biological systems. The human serotonin trans-
porters (hSERTs) are members of the neurotransmitter sodium
symporter (NSS) class of the GPCR. They regulate the concentra-
tion of synaptic 5-HT and neuropharmacological processes
related to mental disorders, relevantly contributing significantly
to the pathogenesis, prophylaxis and treatment of depression
(Immadisetty, 2015; Y. Peng et al., 2018). According to the sero-
tonergic hypothesis, the diminished level of synaptic serotonin
constitutes a major causal route in the pathophysiology of
depression. This is inclusively induced by the SERTs through the
reuptake of 5-HT in the synapses back to the pre-synaptic sero-
tonergic neuron. As such, mechanistic inhibition of SERT modu-
lates the synaptic 5-HT level, leading to downstream molecular
and cellular adaptations, and inducing antidepressant pharma-
cology. These are the mechanisms of therapeutic actions of
selective serotonin reuptake inhibitors (SSRIs) and serotonin
antagonists and reuptake inhibitors (SARIs) among other anti-
depressants. Almost all current SSRIs exhibit competitive inhibi-
tory interactions with hSERTs (Cowen & Browning, 2015;
Rudnick, 2007; Wray & Rasenick, 2019). Recent studies have also
shown that targeting the modulation of both central and allo-
steric sites of SERTs and other NSSs by neuroactive ligands as

therapeutic pathways for MDD currently attracting scientific
interest. Ligand binding competitively to the active pockets
inhibits the reuptake of the synaptic 5-HT while the allosteric
binding distorts the protein conformation including the active
site, thereby mitigating the 5-HT reuptake. Both ways regulate
the 5-HT level, a pharmacological pathway for managing
depression (Figure 1) (Navratna et al., 2018; Plenge et al., 2020,
2021).

Selective serotonin reuptake inhibitors are the most com-
monly prescribed first-line antidepressants in clinical situations
of MDD, mostly expressing mechanistic competitive inhibition
on SERTs. Notably, escitalopram, fluoxetine, paroxetine, sertraline
and vilazodone, each with characteristic medicinal challenges,
efficacious challenges and side effects. For instance, the most
commonly applied SSRI, fluoxetine is renowned for adverse
effects such as nausea, insomnia, anxiety, sexual dysfunction,
diarrhoea, hair loss, drowsiness and nervousness (Brody, 2018;
Holshoe, 2016; Plenge et al., 2021). Moreover, SSRIs generally
show delayed action and therapeutic failure in not less than
30% of patients with MDD. As such, their prescription usually
involves adjuvants (polypharmacy), commonly with SARIs and
sometimes nutritional supplements for improved efficacy and
effective management of adverse syndromes (Ayipo et al., 2022;
Moreira et al., 2022). However, the susceptibility of such required
polypharmacy to additive adverse effects and severe drug-drug
interactions with multiple medications poses another major
challenge (Lexow et al., 2021; Sheikh-Taha & Asmar, 2021). To
overcome this, interactions of an active ligand with multiple tar-
gets through network pharmacology (one-drug-multiple-targets)
portray a plausible alternative for exploration.

Network pharmacology represents modern methods of
elucidating diverse mechanisms of drug actions (S. I. Berger
& Iyengar, 2009). Such techniques reportedly enhance the
safety and therapeutic effects of drugs against diseases with
complex heterogeneous aetiology including schizophrenia
and depression (Y. Peng, McCorvy, et al., 2018; Si & Wang,
2014). Targeting the hSERTs, ligands binding to the antagon-
ist-bound inactive conformation of the SERT tend to exhibit
antagonistic inhibition competitively, as antidepressant
expressions (Yuen et al., 2020). The SSRIs including (S)-citalo-
pram and clomipramine usually bind competitively to the
active site S1 of the SERT with high affinity while those with
allosteric components display non-competitive inhibition.
Moreover, the non-competitive inhibitors of SERTs are
hypothesized to show more desirable therapeutic antidepres-
sant effects, as demonstrated by vilazodone (Plenge et al.,
2020; Sahli et al., 2016; Smithson & Mitchell, 2019). A recent
study by Plenge et al. favoured vilazodone as an effective
allosteric inhibitor of 5-HT uptake on hSERT (PDB 7LWD).
Progressively, ligands with high affinities for site S2 of the
SERT tend to inhibit the 5-HT transport through combined
competitive and non-competitive inhibitory mechanisms.
They hypothetically bind to both allosteric and central active
sites thereby enhancing synergistic network pharmacology
amenable to overcoming treatment resistance, loss of effi-
cacy and undesired side effects (S. I. Berger & Iyengar, 2009;
Plenge et al., 2021). An example is ((S)-1-(4-Fluorophenyl)-1-
(3-(4-(2-oxo-1,2-dihydroquinolin-7-yl)piperidin-1-yl)propyl)-1,3-
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dihydroisobenzofuran-5-carboxamide) (Lu AF60097), recently
reported with strong inhibition on both central active site
and allosteric pockets of SERT (PDB 7LWD) (Plenge et al.,
2021). Again, (S)-citalopram has also been reported to add-
itionally bind to the allosteric pocket of the hSERT (PDB
5I73), thereby sterically locking and preventing the ligand
unbinding from the active site. These synergistic monoli-
gand-based polypharmacology demonstrate effective path-
ways for regulating 5-HT levels in depressive episode
(Coleman et al., 2016; Plenge et al., 2020). Although, (S)-cita-
lopram is recognized with a lower affinity for the extracellu-
lar vestibule allosteric pocket compared to paroxetine.
However, the latter is notorious for the CYP2D6-mediated
drug-drug interactions (Deodhar et al., 2020). These make
the further probes for better neuroactive multi-mechanistic,
competitive and allosteric SERT ligands remain attractive
through the interactions with the aforementioned structures.

Carbazole is an N-containing tricyclic alkaloid, abundant in
natural products with good synthetic accessibility. As a het-
erocycle, its molecular skeleton consists of a 5-membered
pyrrolic ring fused to a benzene ring on each side. The struc-
tural organisation of its pharmacophoric sites including the
fused aromatic rings favours interactions with various bio-
logical targets, as such, supports its large spectrum of bio-
logical and therapeutic applications. Several drugs and active
prodrugs with carbazole scaffold have been designed
(Hegden et al., 2020). These include aminopropyl carbazole
P7C3, P7C3-A20 and their derivatives which actively pro-
tected neurons in vivo hippocampus of nonhuman primates.
Their interactions with various neurological targets support
pro-neurogenic and neuroprotective efficacy against several
complex neurodegenerative diseases such as Alzheimer’s and
Parkinson’s diseases where effective therapy remains chal-
lenging (Bauman et al., 2018; Hegden et al., 2020; Wang
et al., 2014). Other labelled carbazole-based drugs include
the a- and b-adrenergic receptor blockers such as carvedilol
for treating high blood pressure and heart failure (Alapi &
Fischer, 2006). Also, frovatriptan for migraine (Allais &
Benedetto, 2016), NMP-7, a non-selective agonist of CB1 and

CB2 cannabinoid receptors as well as a T-type calcium chan-
nel blocker analgesic belonging to the alkaloid analogues (N.
D. Berger et al., 2014). In addition, carprofen, a non-steroidal
anti-inflammatory drug (Huskisson, 1982), pirlindole for treat-
ing depression and fibromyalgia syndrome (Branco et al.,
2011) and ciclindole/flucindole, antipsychotic D2 receptor
antagonists (never marketed) are also included (Wood &
McQuade, 1984). The chemical structures of some aforemen-
tioned carbazole-based drugs are presented in Figure 2.

The incorporation of computational methods into de novo
fragment- or structure-based drug designs enhances faster,
economical and environmentally friendly identification of
potential top-notch ligands from large databases. In modern
drug discovery, the approach includes bio- and cheminfor-
matics, molecular docking analysis, Monte Carlo and molecular
dynamics (MD) simulations with biological targets and quan-
tum modelling, widely applied for screening optimized poten-
tials for further phases of drug development such as
preclinical and clinical experimental validations. Again, the
technique significantly aids extensive and rapid studies of
molecular targets and drug interactions, mechanisms of bio-
logical events and structure-activity relationships inclusively
with representative accuracy and reproducibility to real-life
(Prieto-Mart�ınez et al., 2019; Ragno et al., 2020; Schaduangrat
et al., 2020; Sliwoski et al., 2014; Tomar et al., 2018). The tech-
niques have been applied to characterize and identify bio-
active ligands acting through network pharmacology
(Obaidullah et al., 2022; J. Peng et al., 2022; Que et al., 2021)
with results validated as good representatives through experi-
mental models (Song et al., 2022). The Ambinter Greenpharma
(https://www.ambinter.com/) and IBScreen (https://www.
ibscreen.com/) databases are among renowned open-access
chemical libraries enriched with freely downloadable natural
lead-like small molecules for high throughput screening
(Sorokina & Steinbeck, 2020). The libraries have been exten-
sively explored in some recently reported studies for identify-
ing promising candidates, exhibiting network interactive
mechanisms amenable to inhibiting some relevant targets for
clinical conditions including blood circulation, depression and

Figure 1. Pathomechanisms of depression through serotonin impairment and restoration effects of SSRI antidepressants through competitive and allosteric binding
to the SERTs.
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COVID-19 (Ayipo et al., 2022; Potamitis et al., 2019; Samdani
et al., 2022; Shahwar et al., 2022).

Thus, in this study, the potentials of carbazole derivatives
(CDs) were investigated for network pharmacology on
hSERTs to identify potent antidepressants with improved
safety and therapeutic effects. The multi-dimensional inhibi-
tory mechanisms of the database CDs were evaluated for
allosteric, competitive and non-competitive interactions with
hSERTs (PDB 7LWD; PDB 5I73 and PDB 3GWV) using ligand-
protein standard precision (SP) docking analysis. The ligands
with consistently higher affinities and better pharmacologic-
ally important interactions with the hSERTs than the refer-
ence antidepressant drugs were selected for thermodynamic
stability and compactness studies through MD simulation
while their pharmacokinetics, pharmacodynamics and toxico-
logical profiles were predicted using the Swiss-ADME server
(http://www.swissadme.ch/).

Materials and method

Ligand selection and preparation

The Ambinter Greenpharma (https://www.ambinter.com/)
and IBScreen (https://www.ibscreen.com/) chemical libraries
with over 150,00 and 555,000 screening compounds respect-
ively were searched for carbazole substructures by the input
of backbone chemical structure of carbazole alkaloid. The ref-
erence hSERT antidepressant medications, (S)-citalopram, flu-
oxetine and vilazodone were downloaded in SDF files from
the PubChem database (https://pubchem.ncbi.nlm.nih.gov/).
All the ligand SDF files were imported into Maestro 12.2
workspace for preparation using the LigPrep module of the
software (LigPrep, Schrodinger, LCC, New York, NY, 2019).
The preparation protocols involve energy minimization,
assignment of protonation state by Epik, pH of 7.0 þ/- 2.0,
geometry and partial atomic charges estimation using opti-
mized potentials for liquid simulations 3e (OPLS-3e) force
field, generation of maximum 32 conformers per ligand and
other parameters which were set at default, adopting
reported procedures (Ayipo et al., 2021; Ayipo et al., 2022;
Ayipo et al., 2022; Harder et al., 2016). The minimized ligands
in their ready-to-dock protonated states were saved in a
LigPrep output folder.

Protein selection and preparation

The protein receptors used for the polypharmacological stud-
ies of the carbazole derivatives through molecular interac-
tions were selected from the Research Collaboratory for
Structural Bioinformatics Protein Data Bank (RCSB PDB,
https://www.rcsb.org/). The Cryo-EM structure of the wild-
type hSERT complexed with vilazodone (PDB 7LWD) was
selected for the evaluation of mixed competitive and allo-
steric inhibitory interactions of the ligands (Plenge et al.,
2021). Similarly, a crystal structure of the hSERT with (S)-cita-
lopram co-crystallized at both central and allosteric pockets
(PDB 5I73) (Coleman et al., 2016) was also explored. The third
structure additionally considered in this study is the leucine
transporter (LeuT), a homolog of hSERT, (PDB 3GWV) in
which fluoxetine, the most commonly prescribed SSRI is co-
crystallized with a resolution of 2.36 Ð. Several studies have
employed the crystal structure to characterize serotonergic
antidepressant ligands (Fronza et al., 2017; Immadisetty,
2015; Sundaram et al., 2018). The receptors were prepared
separately by importing their retrieved PDB files into the
workspace of Maestro 12.2 and following the protocols of
the protein preparation wizard (Madhavi Sastry et al., 2013).
The correct bond orders were assigned, missing loops filled
and protonation states were assigned during the preprocess-
ing stage. These were followed by the optimization, refining,
energy minimization and conversion of heavy atoms to rela-
tive mean square deviation (RMSD) 0.3Ð using the OPLS-3e
force field (Ayipo et al., 2021; Harder et al., 2016). The grid
boxes within which the active ligands are expected to be
docked were generated for each minimized receptor by
selecting the centroid of the workspace ligands, vilazodone,
(S)-citalopram and fluoxetine for PDBs 7LWD, 5I73 and 3GWV
respectively. The x, y and z coordinates of the binding pock-
ets were assigned by default as well as the active site amino
acid residues. The prepared grid boxes were saved in zipped
files for docking protocols.

Molecular docking analysis

The potentials of the CDs for multi-dimensional network
pharmacology against the selected serotonin receptors were
studied using the SP module of Maestro 12.2 for ligand-protein
molecular docking (Ligand docking, Schrodinger, LCC, New

Figure 2. Chemical structure of some carbazole-based drugs.
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York, NY, 2019). The prepared CD ligands were evaluated for
mixed competitive and allosteric inhibition against hSERTs (PDB
7LWD and PDB 5I73) using the co-crystallized vilazodone and
(S)-citalopram as templates for active site configuration and
docking references. The ligands were also docked against the
prepared crystal structure of LeuT, a homolog of SERT (PDB
3GWV) using the co-crystallized SSRI, fluoxetine as a template
for active site configuration and docking analysis to evaluate
their potency for competitively binding as SSRIs. The inhibitory
potentials of the CDs in terms of binding affinity were com-
pared with those of the reference drugs using the docking
Gscores in kcal/mol. Similarly, their interactions with essential
amino acid residues for the targeted inhibitory expressions
were comparatively analyzed together with the references using
the 2D and 3D interactive binding poses. In addition to the
co-crystallized inhibitors of the selected transporter proteins,
escitalopram, fluoxetine and vilazodone which were adopted as
positive controls, two carbazole-based FDA drugs, carprofen, a
nonsteroidal anti-inflammatory drug and NMP-7, a non-selective
cannabinoid receptor agonist/antagonist (anticonvulsant) were
included as negative inhibitors for a fair comparison. The docking
protocols were validated by redocking the co-crystallized ligands
unto the prepared grid box of each receptor and superimposing
both poses of the co-crystallized and redocked ligand for the cal-
culation of the RMSD using Maestro 12.2 (Structure alignment/-
superimposition, Schrodinger, LCC, New York, NY, 2019). The
docking protocol is validated as accurate and reliable if the
RMSD values are <2.00Å (Castro-Alvarez et al., 2017; Ram�ırez &
Caballero, 2018).

Molecular dynamics

To further study the structural alterations in the physiological
environment and thermodynamic stability influenced on the
receptors by the selected ligands in the absence of experimen-
tal validation, the docking complexes were subjected to MD
simulations. The Desmond programme from the Schr€odinger
LLC package dynamics software package was used to run the
simulations with the OPLS-3e force field (Chaudhari et al.,
2022; D. E. Shaw Research & Schr€odinger Release, 2021). A box
for an orthorhombic periodic simulation was created, and lig-
and-protein complexes were configured inside the box. The
simulation cell was extended by 10Å to permit free movement
(Hart et al., 2022). The Single-point charge (SPC) water solv-
ation model was applied, and the steepest descent algorithm
was used to perform the energy minimization step to accom-
plish the threshold of 1 kcal/mol/Å. The reversible reference
system propagator algorithms (RESPA) integrator was applied
in the numerical integration, with a short-range/bonded inter-
action updated every 2 picoseconds (ps) and a long-range/-
non-bonded interaction updated every 6 ps (Ivanova et al.,
2018). For long-range electrostatic interactions, the Smooth
Particle Mesh Ewald approach with a tolerance of 1e-09 was
utilized, whereas a cut-off radius of 9 was used for short-range
electrostatic interactions. Each simulation was run for 100 ns,
and each trajectory was saved after 100 ps. Subsequently, the
output of MD generated by Desmond, which included the
RMSD, root mean square fluctuations (RMSF), hydrogen bond

analysis, principal component analysis (PCA), secondary struc-
ture analysis and radius of gyration (RGyr) were inferred to
deduce stability (Ivanova et al., 2018).

Estimation of molecular mechanics-generalized Born
surface area

The post-dynamic molecular mechanics-generalized Born sur-
face area (MMGB/SA) was used as a hybrid energy calculation
method to estimate the changes in molecular mechanics,
electrostatic, entropic, nonpolar and van der Waals energy
contributions. Both ligand-bound and unbound states are
considered for the approximations (Immadisetty, 2015). The
MM/GBSA binding free energy computation for the calcula-
tion of ligand-binding affinity was executed by the thermal_
mmgbsa.py script using MD trajectories (Hart et al., 2022).

Physicochemical, pharmacokinetics, pharmacodynamics
and toxicity predictions

The physicochemical, pharmacodynamics, pharmacokinetic
and toxicological properties of the selected ligands were pre-
dicted in silico using the pkCSM ADMET descriptors algo-
rithm, with the input of the ligands’ SMILE files (Pires et al.,
2015). The predictions were benchmarked with the BDDC
and Lipinski’s rule of five (RO5). Additionally, this program
theoretically predicts how well drugs are absorbed, soluble
(log S), bioavailable (Caco-2 cell monolayer permeability),
gastrointestinal (GI) absorption in humans, skin permeability
level, and the substrate or inhibitor of permeability glycopro-
tein (P-gp) efflux pump. The topological polar surface area
(TPSA) as a critical determinant of fractional absorption was
estimated by pkCSM (Pires et al., 2015). The penetrability
across the blood-brain barrier (BBB) and the central nervous
system (CNS), as well as volume of distribution and fraction
unbound, were also among the distribution descriptors. The
metabolic factor was predicted based on the potential for
inhibitory action against essential cytochrome P450 (CYP) iso-
forms. The excretion potential of the ligands was predicted
using parameters such as total clearance and renal OCT2
substrate, whereas their toxicity was assessed through muta-
genicity potential (AMES toxicity), hERG toxicity, skin toxicity,
and liver toxicity. Promising candidates with ideal potentials
for druggability and pharmacokinetic properties were identi-
fied as hits for future studies.

Results and discussion

Molecular docking analysis

A total number of 1100 carbazole derivatives were retrieved
from the search of the databases and 4801 minimized conform-
ers were generated upon ligand preparation. Out of these, only
2098 minimized conformers with appropriate size and structure
for binding to the active pockets of the prepared receptors
were successfully docked. The docking procedure validated
through the superimposition of both co-crystallized and
redocked ligands of the selected crystal structures produced
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good alignments. These are indicated by low RMSD values of
0.6952, 0.8630 and 1.4353 Ð for the lowest energy poses of vila-
zodone, ritanserin and fluoxetine when redocked onto the
active pockets of their respective crystal structures (Figure 3).
The values are well below 2 Ð, thereby validating the docking
protocols as accurate, precise and reliable (Ayipo et al., 2022;
Castro-Alvarez et al., 2017; Ram�ırez & Caballero, 2018).

From the molecular docking analysis of the ligands with
the selected serotonergic targets, the selected CDs and refer-
ence ligands were arranged in ascending order of binding
affinities represented by the docking Gscore (kcal/mol). The
results show that not less than 90 CDs display higher dock-
ing scores for affinity than the reference co-crystallized drugs
against each receptor (Table 1 and Supplementary Table S1).
Four database CDs annotated as STOCK3S-30866,
STOCK1N-37454, STOCK1N-40491 and STOCK2S-81285
with consistently higher docking scores than the reference
clinical inhibitors, vilazodone, (S)-citalopram and fluoxetine
across all the probed receptors were selected for further ana-
lysis. The ligands demonstrated potential for stronger com-
petitive and allosteric binding to the serotonergic targets
than some currently prescribed clinical inhibitors. These fur-
ther support the chance for optimized bioactive hits for hit-
to-leads development, typical of high throughput virtual
screening (Gangadharan et al., 2017). Similar results have
also been reported for some database ligands against some
serotonergic targets for depression (Ayipo et al., 2022; Ayipo
et al., 2022; Y. Peng, Zhao, et al., 2018). The two carbazole-
based drugs adopted as negative inhibitors in the docking
analyses, NMP-7 and carprofen (CB receptor agonist/antag-
onist and NSAID respectively) consistently scored the lowest
as expected, further supporting the validity of the docking
analysis. The latter did not even dock onto the active pock-
ets of all the selected receptors possibly due to its large

structural size and rigidity (Guedes et al., 2014). Again, these
support the selectivity of the receptors towards the high-
lighted top-ranked database CDs and pose them as putative
serotonergic inhibitors for further analyses. In addition to the
binding affinities, the mechanisms of inhibition of the
selected CDs against the targets in mimicry to the renowned
inhibitors were importantly analyzed through the interactive
binding poses with amino acid residues at the active pockets
of the targets.

Competitive and allosteric inhibitory interactions of car-
bazole derivatives with hSERT in comparison with
vilazodone
The characterization of vilazodone by molecular pharmacol-
ogy and structural elucidation indicated its versatile thera-
peutic features as an allosteric inhibitor of the hSERT
additionally to the competitive inhibition commonly demon-
strated by all SSRIs. The crystal structure (PDB 7LWD) from
the RCSB PDB displays the drug within a unique binding

Figure 3. Superimposition of co-crystallized and redocked ligands at the active pockets of selected receptor crystal structures. All produced good alignment with
RMSD values < 2 Ð, validating the protocols as being precise and reliable.

Table 1. Docking scores of selected carbazole derivatives and reference drugs
with hSERTs.

Title

SP Gscore (kcal/mol)

PDB
7LWD

PDB 5I73
(Central)

PDB 5I73
(Allosteric)

PDB
3GWV

STOCK3S-30866 �9.523 �9.282 �8.153 �8.569
STOCK1N-37454 �9.587 �9.103 �8.397 �7.715
STOCK1N-40491 �9.466 �9.315 �7.897 �7.625
STOCK2S-81285 �8.938 �8.379 �8.153 �7.401
Fluoxetine �7.965 �9.660 �7.462 �6.446
Escitalopram �8.019 �9.890 �6.896 �5.008
Vilazodone �7.828 �8.966 �8.875 �5.389
NMP-7 �6.314 �8.378 �5.936 �5.292
Carprofen ND ND ND ND

ND: Not docked.
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pocket with expanded boundaries of the extracellular vesti-
bule (Plenge et al., 2021). According to the depositor of the
crystal file and relevant studies, the active site S1 of the pro-
tein is inclusively constituted by Tyr 95, Asp 98, Ile 172, Tyr
175, Tyr 176, Phe 341 and Thr 497. while the allosteric site
S2 is occupied by Arg 104, Phe 335, Glu 493, Glu 494, Tyr
495 and Pro 499 among the essential amino acid residues
for antidepressant effects of ligands (Immadisetty, 2015;
Plenge et al., 2021). The binding poses generated from the
docking protocols (Figure 2) indicate that vilazodone formed
a hydrophilic p-cation interaction with Phe 341 through its
protonated NH group and hydrophobic p-p interaction with
Tyr 176 through its aromatic moiety, indicating its potential
for competitive inhibition as an SSRI (Plenge et al., 2021).
Additionally, it formed hydrophobic interactions with Arg
104, Phe 335, Glu 493 and Glu 494 among critical residues
for allosteric binding (Plenge et al., 2021). The IBScreen lig-
and, STOCK3S-30866 consistently displayed such relevant
interactions including H-bonding to Asp 98 through the NH,
p-cation to Phe 335 through its protonated NH, p-p interac-
tions to Tyr 176 and Phe 335 within the active site S1 for
competitive mechanism, then hydrophobic interactions with
the characteristic site S2 residues for allosteric binding
including Glu 493 and Glu 494. Other selected ligands,
STOCK1N-37454, STOCK1N-40491 and STOCK2S-81285
also consistently displayed similar interactions (Figure 4;
Supplementary Figure S1). Such important binding interac-
tions for characterizing a drug as both a competitive and
allosteric inhibitor have been verified through experimental
studies. For instance, Lu AF60067, a SERT inhibitor displayed
high affinity to the site S2 allosterically coupled with strong
binding to the central active site S1 pocket, and reportedly
potentiated by imipramine to boost the hippocampal 5-HT
level in rat model experiment (Plenge et al., 2020). Similarly,
a crystal structure of SERT complexed with an SSRI, S-citalo-
pram (PDB 5I73) contains two inhibitors that bound to the
respective S1 and S2 sites of the SERT, supporting the plausi-
bility of a second molecule binding to both primary and allo-
steric pockets (Coleman et al., 2016; Jean, 2017). These
demonstrations conform with the possibility of polypharma-
cology (one-drug-dual-target) through competitive and allo-
steric binding to SERT, an effective treatment for MDD
(Plenge et al., 2020, 2021). Thus, the compounds are worthy
of further assessment as potential candidates for mixed com-
petitive and allosteric inhibition of hSERT for enhanced thera-
peutic effects and safety.

Competitive and allosteric inhibitory interactions of car-
bazole derivatives with hSERT in comparison with (S)-
citalopram
Mechanistically, (S)-citalopram is a renowned SSRI that is
characterized by binding competitively to the central active
pocket of the hSERTs. Recently, studies have shown that the
antidepressant additionally binds strongly to the extracellular
vestibule (allosteric pocket) of the hSERTs and other seroto-
nergic receptors in a non-competitive pattern, thereby exhib-
iting synergistic inhibitory effects on the transporter
(Coleman et al., 2016; Park & Sung, 2019). Supportively, an X-

ray structure of the hSERT containing the drug co-crystallized
at both central and allosteric pockets of the receptor has
been released to the RCSB PDB (PDB 5I73), demonstrating an
enhanced antidepressant performance through monoligand-
based polypharmacology (Coleman et al., 2016; Plenge et al.,
2020). The CDs were therefore investigated for the potential
to mimic (S)-citalopram or perform better through molecular
interactions with the hSERT co-crystallized with the drug
(PDB 5I73). The docking scores have supported the selected
CDs as stronger allosteric binders and comparative interac-
tors of the hSERT relative to the renowned antidepressants.
The 2D and 3D interaction diagrams of the selected CDs at
the central pocket of the hSERT in comparison with a known
inhibitor, (S)-citalopram, are presented in Figure 5. It could
be observed that the tertiary amine group of the co-crystal-
lized drug, (S)-citalopram occupied the site S1 engaging in
hydrophilic interactions with the conserved amino acid resi-
dues, Asp 98 and Tyr 95 through H-bonding, p-cation and
salt bridge formations. These are crucial for antidepressant
potency (Coleman et al., 2016). The selected CDs also exhib-
ited similar bonding interactions. For instance, STOCK3S-
30866 formed a salt bridge interaction with Asp 98 through
its protonated amine group. It also displayed hydrophobic
p-p and non-bonding van der Waals interactions with Tyr
176 and Tyr 95 respectively, supporting its competitive bind-
ing typical of SSRI. Similarly, STOCK1N-37454 engaged the
same crucial Asp 98 via H-bonding and salt bridge formation
through its NH group, representing hydrophilic interactions
consistently with (S)-citalopram. The ligand additionally
bonded to Arg 104, a residue at the extracellular vestibule
for conformational stabilization of the protein (Plenge et al.,
2021) through a p-cation interaction. The central active
pocket occupied by the selected ligands and reference drug
contains other antidepressant-inclined pharmacologically
essential amino acid residues such as Ser 336 which coordi-
nates the ligand interaction network with Naþ and Cl- ions,
essentially for substrate binding and transport (Coleman
et al., 2016). Other relevant amino acid residues to competi-
tive binding such as Ile 172, Tyr 175, Phe 341 and Thr 497
(Immadisetty, 2015; Plenge et al., 2021) are equally available
at the central active binding pocket exhibiting van der Waals
interactions with the ligands. These support the ligands as
promising competitive inhibitors of the active site of hSERT,
consistently with (S)-citalopram.

The interactions of the CDs and the co-crystallized refer-
ence drug, (S)-citalopram at the allosteric pocket of hSERT
(PDB 5I73) are displayed in Figure 6. Accordingly, the residues
Gln 332 and Phe 335 occupying the transmembrane 6 (TM6)
Glu 493, Glu 494 and Tyr 495 localised on TM10, Phe 556 and
Tyr 579 on the TM11 and TM12 respectively constitute the
allosteric binding site. Whereas, Gln 332 and Tyr 495 essen-
tially form the 5-HT transport cavity (Immadisetty, 2015;
Plenge et al., 2021). In the diagrams (Figure 6), (S)-citalopram
bonded to Phe 335 through a hydrophobic p-p stacking utiliz-
ing its cyano-bearing benzene group. STOCK1N-37454 also
exhibited similar hydrophobic interaction through its fused
aromatic rings and hydrophilic p-cation to Arg 104, essentially
for the protein conformational stability (Plenge et al., 2021),
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while STOCK3S-30866 displayed electrostatic H-bonding and
salt bridge formation with Glu 493 on TM10. The potential of
the ligands to bind to both allosteric and central active sites
hypothetically supports a potent inhibition through synergistic

effects. In addition to the putative antidepressant pharmacol-
ogy, such interactions are amenable to overcoming treatment
resistance, loss of efficacy and minimal undesired side effects
(S. I. Berger & Iyengar, 2009; Plenge et al., 2021).

Figure 4. Competitive binding interactions of STOCK3S-30866 and STOCK1N-37454 with central active and allosteric sites of hSERT (PDB 7LWD) in comparison with
vilazodone. Bonding interactions: H-bonding (magenta arrow), p-cation (blue line), salt bridge (red-blue line) and p-p stacking (green line).
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Competitive inhibitory interactions of carbazole derivatives
with a homolog of SERT in comparison with fluoxetine
Accordingly, all SSRIs are competitive inhibitors of the SERT
(Plenge et al., 2021). The potentials of the selected CDs for
competitive inhibition against the LeuT, a bacterial homolog
of hSERT (PDB 3GWV) were illustrated by bonding and non-
bonding 2D and 3D binding interaction poses (Figure 7;

Supplementary Figure S2) to support the docking results. As
reported by the author of the crystal structure, the active
binding pocket of the receptor is constituted by key amino
acid residues for SSRI pharmacology including Leu 25, Gly 26,
Leu 29, Arg 30, Gln 34, Tyr 108, Ile 111, Phe 253, Ala 319, Phe
320, Asp 401 and Asp 404 (Zhou et al., 2009). The selected
binding pocket for docking analysis correctly conforms to the

Figure 5. Interaction poses of STOCK3S-30866 and STOCK1N-37454 as competitive binders of the central pocket hSERT (PDB 5I73) in comparison with (S)-citalo-
pram. Bonding interactions: H-bonding (magenta arrow), p-cation (blue line), salt bridge (red-blue line) and p-p stacking (green line).
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same sets of amino acid residues in similar arrangements. For
instance, in the adopted reference SSRI, fluoxetine bound to
the extracellular vestibule in the receptor with its F atom
enclosed within the halogen-binding pocket (HBP) and in
bonding contacts with Leu 25, Gly 26, Leu 29, Arg 30 and Tyr
108. Its phenyl moiety was surrounded by Ala 319 and Phe

320 along the tip of the extracellular loop 4 (EL4) hairpin, and
Leu 400 and Asp 401 from the transmembrane a-helix 10
(TM10) on the extracellular side. The drug engaged Asp 401
for H-bonding through its NH and formed a salt bridge with
the protonated NH along the cytoplasm, and then a p-cation
interaction with Arg 30 through its second phenyl moiety

Figure 6. Interaction poses of STOCK3S-30866 and STOCK1N-37454 as non-competitive binders of the allosteric pocket of hSERT (PDB 5I73) in comparison with
(S)-citalopram. Bonding interactions: H-bonding (magenta arrow), p-cation (blue line), salt bridge (red-blue line) and p-p stacking (green line).
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consistently as reported (Zhou et al., 2009). The selected ligands
under probe, STOCK3S-30866, STOCK1N-37454, STOCK1N-
40491 and STOCK2S-81285 also demonstrated many similar
interactions with some additions such as H-bond to Gln 34 by
STOCK1N-40491, salt bridges to Gln 34 and Asp 404 by

STOCK1N-37454 and STOCK2S-81285 respectively, support-
ing their higher affinities. These are consistent with a template
study by Zhou et al., 2009, where three SSRIs, R-fluoxetine, S-flu-
oxetine and sertraline were probed for selective inhibitory inter-
actions on the SERT. The three SSRIs reportedly bound to the

Figure 7. Interaction poses of STOCK3S-30866 and STOCK1N-37454 at the active site of hSERT (PDB 3GWV) as putative SSRIs in comparison with fluoxetine.
Bonding interactions: H-bonding (magenta arrow), p-cation (blue line), salt bridge (red-blue line) and p-p stacking (green line).
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receptor at the same position and in a similar manner to exert
SSR inhibitory effects as confirmed experimentally (Zhou et al.,
2009), in much the same patterns as shown by the selected
ligands herein studied. This further support the inhibitory inter-
actions of the selected ligands as promising SSRIs amenable for
experimental validation.

Molecular dynamics

To establish the structural deviation of the docked protein
and inhibitor complex, the molecular dynamics trajectories
were examined and the RMSD of the docked complex mole-
cules was evaluated to figure out the deviations. The deter-
mination of protein RMSD offers accurate predictions of the
system’s conformational stability (Ahmad et al., 2022). The
variations of protein atoms from their initial locations are
predicted as part of the RMSD calculation. The protein Ca
RMSD was computed for the 100 nanoseconds (ns) simula-
tion run that generated 1000 frames of the Apo protein and
the protein-ligand complex structures as shown in Figure 8.
The average, maximum, and minimum RMSD values along
with other assessments are given in Table 2.

Root mean-squares deviation (RMSD)

The RMSD of the folded protein Ca atoms derived from the
simulated trajectory of the protein-ligand complex reveals
their deviation from initial conformations in a dynamic envir-
onment upon binding. A larger RMSD value for protein Ca
atoms implies unfolding, whereas a lower value favours com-
pactness. The modest variation of the backbone RMSD further
supports the protein-ligand complex’s equilibration. The
difference between the greatest and least RMSD indicates
backbone deviation. The overall RMSD of the 7LWD-STOCK1N-
37454 and 7LWD-STOCK3S-30866 complexes revealed that
fluctuations in the range of 1.368 to 3.439 Å, governed the
complex’s stability and consistency in a dynamic environment.

In the case of the standard drug 7LWD-Vilazodone complex,
the minimum, maximum, and average were found to be
1.317 Å, 2.850 Å, and 2.410 Å, respectively, which are compar-
able to the Apo protein. Both of the docked complexes with
7LWD protein showed straight lines and had decreased
degrees of deviation after the initial variation driven by equili-
bration. Although some oscillations were seen, the RMSD ana-
lysis did not find them to be noteworthy (Figure 8(a)). The
results of the RMSD analysis for the 5I73 protein (central)
revealed that the Apo protein initially elevated its RMSD pro-
file, possibly owing to the presence of a high level of flexibility.
It then stabilizes rapidly after 40 ns MDS until 70 ns, after
which it increases slightly until the end of the simulation. The
RMSD descriptors of the complexes 5I73-STOCK1N-37454
(mean RMSD ¼ 1.831 Å) and 5I73-Escitalopram (mean RMSD ¼
1.966 Å) showed a similar RMSD profile and sustained stability
with little fluctuation. The STOCK1N-37454 instance showed a
few minor deviations.

The adaptation of the binding site may be the cause of
these discrepancies. The maximum RSMD (�2Å) was observed
between 45 and 80 ns, which corresponds to the Apo-protein
RMSD. In comparison to the Apo protein, the RMSD deviations
in the 5I73-STOCK1N-37454 complex are marginally lower
(Figure 8(b)). In 5I73 protein (allosteric) complexes, a parallel
RMSD trend was found; both 5I73-STOCK1N-37454 and 5I73-
Escitalopram complexes displayed a matching RMSD curve,
except for 5I73-STOCK1N-37454 having an RMSD of 2.353-
2.673 Å in the range of 21 ns to 54 ns (Figure 8(c)). The com-
plexes’ RMSD values show that the protein structure is
unchanged by the inhibitor’s binding when compared to the
3GWV Apo protein. The conformational stability of 3GWV com-
plexes with STOCK1N-37454 (mean RMSD ¼ 1.750) and
STOCK3S-30866 (mean RMSD ¼ 1.658) demonstrates that they
have a lower RMSD value than the free protein (mean RMSD ¼
1.937 Å) and the standard drug 3GWV-Fluoxetine complex
(mean RMSD ¼ 2.027Å). It is conceivable that the complexes
attained stability and consistency in a dynamic environment
(Figure 8(d)).

Figure 8. Time-dependant RMSD analysis of Apo protein and in complex with STOCK1N-37454, STOCK3S-30866 and standard drug ((a) 7LWD, (b)5I73 (central), (c)
5I73 (allosteric) and (d) 3GWV) data obtained from MD simulation trajectories.
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Root mean-squares fluctuations (RMSF)

The stability of the protein-ligand complex and the overall
flexibility of the protein amino acids are predicted using root
mean square fluctuations (RMSF). The bigger variations gener-
ally imply substantial fluctuations in the side chain residues, as
well as probable ligand dissociation or unfavourable ligand
interactions at the binding site (Hart et al., 2022). The differ-
ence between maximum and average, as well as average and
minimum, may provide information on the fluctuation of
amino acid residues in the MD simulation. The difference
between maximum and average, and, average and minimum
were found to be 3.87 Å and 0.646 Å; 4.131Å and 0.69 Å;
3.703Å and 0.716Å; 4.928 Å and 0.574Å; 4.296 Å and 0.62 Å;
3.147Å and 0.522Å; 5.562 Å and 0.571 Å; 3.432Å and 0.536Å;
5.168Å and 0.574 Å; 4.16 Å and 0.471Å; 3.821Å and 0.48 Å;
3.289Å and 0.539Å in case of STOCK1N-37454, STOCK3S-
30866 and standard drugs (Vilazodone, Escitalopram and
Fluoxetine) with 7LWD, 5I73 (Central), 5I73(Allosteric), and
3GWV proteins respectively (Figure 9(a–d)). In addition, the
variation of amino acid residues 131–134 in the 3GWV-
STOCK1N-37454 complex and 140–144 in the 7LWD-
STOCK1N-37454 complex is more than 3Å. While major fluctu-
ation is detected in STOCK3S-30866, residual index 141–143
and 156–159, 474–576 in complex with 7LWD, and 3GWV pro-
teins, respectively, which is away from the binding site. In
both the central and allosteric 5I73 protein complex, a higher
RMSF peak is observed in the range of 134–147, C and N ter-
minals. The low values observed at the binding site probably
explain the evaluated complex’s stability over simulation time.

Hydrogen bond analysis

Intermolecular hydrogen bonding between proteins and
ligands is essential for the stability of protein-ligand com-
plexes. Throughout the 100 ns simulation period, the stability

of the hydrogen bond network formed between STOCK1N-
37454 and STOCK3S-30866 with 7LWD, 5I73, and 3GWV
proteins is calculated and shown in Figure 10(a–d). STOCK3S-
30866 in complex with 7LWD and 3GWV proteins exhibited
3.19 and 3.40 mean hydrogen bonds, respectively, indicating
the strength and binding affinity, whereas the standard
drugs 7LWD-Vilazodone and Fluoxetine in 3GWV-Fluoxetine
complexes exhibited 3.59 and 1.47 mean hydrogen bonds,
respectively, throughout the 1000 MD trajectories. STOCK3S-
30866 had the highest hydrogen bonding in both central
and allosteric 5I73 proteins when compared to the standard
drug Escitalopram, implying a higher binding affinity. The
residues Tyr175, Tyr176, Phe335, and Thr497 form the most
STOCK3S-30866 hydrogen bonds in the 7LWD protein, while
the 3GWV protein forms strong hydrogen bonds with the
amino acids Arg30, Gln34, Glu37, and Asp404. According to
hydrogen bond analysis, STOCK1N-37454 has less hydrogen
bonding than STOCK3S-30866 because it forms the most
hydrophobic (p-p interactions) with 7LWD and 3GWV pro-
teins, as shown in Figure S3 (Supplementary information).
These findings imply that STOCK3S-30866 forms more hydro-
gen bonds with several critical residues at the binding site,
whereas another complex has one to two residues engaged
in direct hydrogen bonding. In STOCK3S-30866, direct hydro-
gen bonding involves Tyr95, Asp98 and Tyr176, and Glu493
and Thr497 via central 5I73 proteins and allosteric 5I73 pro-
teins, respectively. In the case of STOCK1N-37454, the max-
imum of 2 hydrogen bonds was formed with 5I73 and
3GWV, while 7LWD formed 3 hydrogen bonds each.
However, the average number of hydrogen bonds formed
with 7LWD, central 5I73, allosteric 5I73, and 3GWV was 1.72,
1.36, 0.89, and 1.03, respectively, suggesting that hydrogen
bond formation events occurred moderately with STOCK1N-
37454 and it could potentially be stabilized by hydrophobic
as well as ionic interactions (Supplementary information,
Figure S4).

Figure 9. Individual amino acids RMSF of Ca atom OF Apo protein and in complex with STOCK1N-37454, STOCK3S-30866 and standard drug ((a) 7LWD, (b) 5I73
(central), (c) 5I73 (Allosteric) and (d) 3GWV) data from obtained MD simulation trajectories.
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Radius of gyration (RGyr)

Another criterion for judging the root mean square distance
of a group of atoms from their common centre of mass is
the examination of the RGyr, which provides insight into the
overall tightness of the system (Ahmad et al., 2022). On ana-
lyzing the RGyr plot, we have interpreted that the RGyr of
the Apo 7LWD, 5I73, and 3GWV proteins was in the range of
3.59 Å to 6.178 Å (Figure 11). STOCK3S-30866 bound with all
three proteins has a higher RGyr than STOCK1N-37454,
except for the 5I73 allosteric protein, where the initial 20 ns
RGyr is higher in STOCK1N-37454. After that, a parallel RGyr
was observed. The uniform pattern of RGyr is observed in
STOCK3S-30866 in a complex with 7LWD and 5I73 proteins,
whereas slight variation is shown in the 3GWV protein
around 0–20 ns. The RGyr of the STOCK1N-37454-3GWV com-
plex system was initially down for 3 ns, and the RGyr
remained around 4.18 Å until 69 ns, after which a minor fluc-
tuation was observed, followed by a stable RGyr after 86 ns.
Therefore, the RGyr plot’s pattern against time simulation
and minimal fluctuation explained that the residual back-
bone and folding of all proteins, 7LWD, 5I73, and 3GWV
remained constant upon binding with STOCK1N-37454 and
STOCK3S-30866, respectively (Figure 11).

Molecular mechanics-generalized Born surface area
binding free energy analysis

The binding energy of any small molecule may indicate its
affinity for a protein. MMGB-SA is a prevalent and robust
method for post-simulation binding free energy estimation
since it takes into account protein flexibility, polarizability,
solvation, and entropy, which are often overlooked in docking
protocols, and is thus more reliable than most scoring func-
tions used in molecular docking (Ahmad et al., 2022).
Therefore, the binding free energy was computed from the
trajectory of MD simulation using the MMGB-SA technique to

investigate the affinity of STOCK1N-37454 and STOCK3S-30866
towards the 7LWD, 5I73, and 3GWV respectively. A higher
affinity for the protein target translates into higher negative
binding energy. The average, minimum, and maximum bind-
ing energies were computed, and the results are shown in
Table 2. Additionally, Tables S2–S13 (Supplementary informa-
tion) includes the results of computations for several add-
itional interactions, including electrostatic energy, Van der
Waals interactions, nonpolar solvation energy, etc.
Compounds STOCK1N-37454 and STOCK3S-30866 in complex
with 7LWD, 5I73 (central and allosteric), and 3GWV proteins,
the estimated average binding energies (DG Bind) were
recorded as �65.66, �71.25, �68.46, �75.32 and �92.96,
�107.39, �96.14, �81.03 kcal/mol, respectively. It is interest-
ing to note that the compound STOCK3S-30866 had the high-
est negative binding free energy and a docking score that was
comparable to its affinity for the evaluated receptors.
Additionally, STOCK3S-30866 has higher binding-free energy
than the standard drugs Vilazodone, Escitalopram, and
Fluoxetine, demonstrating its inhibitory potential. The overall
binding energy was found to be negatively impacted by solv-
ation energy (DGBindsol GB) and favourably impacted by cou-
lomb (electrostatic) van der Waals energy (DGBind vdw).

Principal component analysis

For predicting the dynamic behaviour of a protein, the com-
mand line was used in association with the essential dynam-
ics (ED) analysis script (trj essential dynamics.py). of the
Desmond programme. The main components of the Ca
atoms in the protein are calculated by this script. To investi-
gate the protein’s conformational distribution over time and
the large-scale collective movements of the protein in the
protein-ligand complex, PCA was carried out on the MD
simulation-generated trajectories. It is possible to identify the
major motions within the trajectory as well as the critical

Figure 10. Time-dependent Hydrogen bond analysis of different proteins in complex with STOCK1N-37454, STOCK3S-30866 and standard drug ((a) 7LWD, (b) 5I73
(central), (c) 5I73 (allosteric) and (d) 3GWV) data obtained from MD simulation trajectories.
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motions required for conformational changes. Two distinct
clusters along the PC1 and PC2 planes are observed in 7LWD
bound to STOCK1N-37454 and STOCK3S-30866, non-periodic
conformational shift is observed where the trajectories’ cen-
tering is small away from Apo protein and the standard drug
7LWD-Vilazodone complex. Projection of the motion for the
protein in phase space along the PC1 and PC2 for 5I73 (cen-
tral), 5I73 (allosteric) and 3GWV complexes showed uniform
distribution of the conformations throughout the simulations.
In these complexes, the global motion is highly periodic
because the groupings along the PC1 and PC2 planes do not
completely cluster separately (Figure 12). The trajectories’
centering inside a single cluster suggests that MD trajectories
move periodically as a result of steady conformational global
motion.

Secondary structure analysis

Furthermore, secondary structure analyses were conducted
to assess the changes in the secondary structures induced
by the binding of the representative compounds. The per-
centage of secondary structure content in a protein is an
important metric in the study of structural behaviour change.
Protein secondary structure elements (SSE) like a-helices and
b-strands are monitored throughout the simulation and rep-
resented in blue and orange colours, respectively, as shown
in Figures S5–S6. In this study, we monitored the changes in
SSE, which provides detailed information about the loss and
gain of the secondary structure all through the simulation of
7LWD, central 5I73, allosteric 5I73, and 3GWV proteins due
to the binding of STOCK1N-37454 and STOCK3S-30866 dur-
ing the simulation. The participation percentages of helix,
strand, and total SSE of Apo protein and ligand-protein com-
plexes are detailed (Supplementary file, Figures S5–S6). In
SSE analysis, the most significant structural change was an
increase in helical content, which was observed in all studied
complexes. Except for the STOCK1N-37454 complex, all resi-
dues in Apo protein and the complex with STOCK3S-30866

stably maintained the secondary structure content of 7LWD
protein. The residues 475–490 displayed a variation of con-
formations throughout the simulation in the STOCK1N–37454
complex, where the helix disappears under dynamic condi-
tions. According to the result in Table 2, the binding of
STOCK1N-37454 and STOCK3S-30866 to the assessed pro-
teins did not significantly alter their secondary structure.

Physicochemical, pharmacokinetics, pharmacodynamics
and toxicity predictions

An effective drug candidate must have a balance of potency,
pharmacokinetics, and toxicity such that it is delivered and
eliminated from the target without potentiating acute tox-
icity (Pires et al., 2015). The pk-CSM platform had been veri-
fied for its quality and precision (Pires et al., 2015);
consequently, it was utilised to predict the drug-likeness and
physicochemical properties of compounds of interest.
Furthermore, a low-cost and time-saving computational strat-
egy frequently outperforms and is preferred by the
researcher over a costly and time-consuming experimental
examination. The projected physicochemical and ADMET
parameters of four selected ligands, as well as the reference
drugs (fluoxetine and vilazodone), are shown in Table 3.
Lipinski and his colleagues stated that the following RO5 cri-
teria must not be violated more than once for a drug to be
classified as orally active: MW � 500Da, HBD � 5, HBA � 10,
log P� 5 and RB � 10 (Lipinski et al., 2001; NaAllah et al.,
2020). The analysis confirmed that all compounds meet
Lipinski’s RO5. The log P value of STOCK3S-30866 (5.66408)
is marginally above the threshold, indicating increased lipo-
philicity and preferential solubility in octanol over water.
Compounds with log P values ranging from 1 to 4 are more
likely to have ideal qualities as an orally administered medi-
cation (Gao et al., 2017). Thus, STOCK1N-37454 with a
higher log P value (3.4364) than reference drugs, reflecting a
better lipophilicity profile. Next, the TPSA value reflects intes-
tinal absorption and permeability of BBB (Shayan et al.,

Figure 11. Time-dependent radius of gyration of Apo protein and in complex with STOCK1N-37454, STOCK3S-30866 and standard drug ((a) 7LWD, (b) 5I73 (cen-
tral), (c) 5I73 (allosteric) and (d) 3GWV) data obtained from MD simulation trajectories.
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2021). Although all compounds investigated had high TPSA
values ranging from 176.397 to 211.3292 Å2, they did not dif-
fer much from vilazodone, which had a TPSA value of
191.9132 Å2. This is why TPSA value should not be the abso-
lute criteria to rule out these drug candidates as intestinal
absorption and BBB penetrance were not solely associated
with TPSA.

Interestingly, STOCK1N-37454 had a better-predicted
water solubility profile as compared to fluoxetine. In addition
to that, all compounds of interest displayed superior skin per-
meability and gastrointestinal absorption. With these skin per-
meability features, it may be conceivable to use methods
other than oral administration, such as transdermal delivery
systems that provide continuous release of drug formulations
(Tijani et al., 2021). If only absorption criteria were considered,
the compound with the most beneficial properties would be

STOCK1N-37454, which has nearly identical key characteris-
tics to vilazodone. When compared to other ligands and ref-
erence drugs, STOCK1N-37454 was shown to have a more
favourable distribution profile, specifically because it is more
likely to be in a bound-free state in plasma. The fraction
unbound is a strong factor of therapeutic efficacy since only
the free form of the drug in plasma may exert pharmaco-
logical action via interaction with pharmacological target pro-
teins (Watanabe et al., 2018). Active CNS compounds generally
have high BBB and CNS permeability, which is crucial for their
involvement in modulating neuronal function (Han, 2021). In
light of this, these features are present in all of the studied
compounds, which show a high potential for BBB and CNS
crossing.

For metabolism parameters, these compounds are predicted
to be metabolized by the two most prominent cytochrome

Figure 12. Projection of the motion for Ca atoms Apo protein and in complex with STOCK1N-37454, STOCK3S-30866 and standard drug ((a) 7LWD, (b) 5I73 (cen-
tral), (c)5I73 (allosteric) and (d) 3GWV) data from obtained MD simulation trajectories.
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P450 (CYP) enzyme isoforms for drug metabolism, 2D6 and 3A4
(Pires et al., 2015). Despite this, they are anticipated to have
multiple CYP enzyme isoforms inhibitory potentials, such as
CYP1A2, 2C19, 2C9, 2D6, and 3A4. Yet, when compared to vila-
zodone, STOCK3S-30866, STOCK1N-37454, and STOCK2S-
31285 target fewer CYP enzymes. With a careful assessment of
inhibitory potential, pharmacokinetic drug-drug interactions
(DDIs) that result in undesirable adverse effects can be avoided
(Lynch & Price, 2007). Further, because STOCK3S-30866,
STOCK1N-37454, and STOCK1N-40491 displayed negative
AMES toxicity, these chemical compounds have no mutagenic
potential. All of them, including the reference drugs, are not
hERG I inhibitors but inhibit hERG II, implying that they may
cause potentially fatal ventricular arrhythmias (Calderone et al.,
2010), although, this requires experimental validation. They

were predicted not to cause skin sensitization, highlighting the
potential application of transdermal delivery. Unfortunately, all,
including fluoxetine and vilazodone show signals for drug-
induced liver injury, which must be considered in future clinical
research. Surprisingly, T. pyriformis toxicity prediction for com-
pounds of interest was lower in comparison to reference drugs.
The general ADMET properties of the majority of compounds,
especially STOCK1N-37454, are comparable to those of fluox-
etine and vilazodone, lending credit to the notion that they
are promising druggable candidates. The rest of them can also
go through the lead optimization phase, which is frequently
used to improve absorption and lower hERG liability (Hughes
et al., 2011). The chemical structures of the finally identified
ligands support promising multi-dimensional polypharmacolog-
ical antidepressant potentials with SERTs. These are indicated

Table 3. Predicted physicochemical, pharmacokinetics, pharmacodynamics and toxicity profiles of selected ligands and references.

Properties Descriptors STOCK3S-30866 STOCK1N-37454 STOCK1N-40491 STOCK2S-81285 Fluoxetine Vilazodone

MW (g/mol) 498.583 413.521 482.411 404.51 309.331 441.535
Log P – 5.66408 3.4364 4.7432 4.0049 4.435 4.02958
#Rot. bonds – 6 4 4 9 6 7
#HBA – 5 5 5 5 2 5
#HBD – 2 1 1 2 1 2
TPSA (Å)2 211.329 180.689 201.296 176.397 127.473 191.913
Absorption Water solubility (log mol/L) �6.077 �3.945 �4.172 �5.129 �4.455 �3.898
Absorption Caco2 permeability 0.572 0.635 0.937 0.773 1.764 1
Absorption Intestinal absorption (%) (human) 91.658 93.093 94.13 90.433 91.371 92.768
Absorption Skin permeability (log Kp) �2.738 �2.768 �2.778 �2.735 �2.482 �2.759
Absorption P-glycoprotein substrate Yes Yes Yes Yes No Yes
Absorption P-glycoprotein I inhibitor Yes Yes Yes Yes Yes Yes
Absorption P-glycoprotein II inhibitor Yes Yes Yes Yes No Yes
Distribution VDss (human) �0.115 1.354 1.583 0.395 1.19 0.84
Distribution Fraction unbound (human) 0.006 0.184 0.102 0.03 0.037 0.067
Distribution BBB permeability �0.312 0.289 0.428 0.172 0.501 �0.616
Distribution CNS permeability �1.876 �2.052 �1.791 �2.333 �1.329 �2.146
Metabolism CYP2D6 substrate No Yes Yes Yes No Yes
Metabolism CYP3A4 substrate Yes Yes Yes Yes Yes Yes
Metabolism CYP1A2 inhibitor No Yes Yes Yes Yes Yes
Metabolism CYP2C19 inhibitor Yes No Yes No Yes Yes
Metabolism CYP2C9 inhibitor Yes No No No No Yes
Metabolism CYP2D6 inhibitor No Yes Yes Yes Yes No
Metabolism CYP3A4 inhibitor Yes Yes Yes Yes No Yes
Excretion Total clearance (log mL/min/kg) 0.072 0.872 0.793 1.287 0.694 1.206
Excretion Renal OCT2 substrate No No No No Yes No
Toxicity AMES toxicity No No No Yes No Yes
Toxicity Max. tolerated dose (log mg/kg/day) 0.276 0.311 0.025 0.241 0.535 0.014
Toxicity hERG I inhibitor No No No No No No
Toxicity hERG II inhibitor Yes Yes Yes Yes Yes Yes
Toxicity Oral Rat acute toxicity (LD50) (mol/kg) 1.855 2.724 2.681 1.946 2.877 2.434
Toxicity Oral Rat chronic toxicity (LOAEL) (log mg/kg/day) 0.805 1.425 1.373 0.906 1.093 1.568
Toxicity Hepatotoxicity Yes Yes Yes Yes Yes Yes
Toxicity Skin sensitisation No No No No No No
Toxicity T. Pyriformis toxicity (log mg/L) 0.291 0.295 0.3 0.308 2.119 0.355
Toxicity Minnow toxicity (log mM) �0.631 �0.217 �0.818 0.228 1.25 0.768

Figure 13. Chemical structures of the IBScreen database carbazole derivatives with potentials for network competitive and allosteric interactions with SERTs as
promising antidepressants.
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by the presence of some relevant pharmacophores in their
molecular structures (Figure 13). These include aromatic and
amine groups consistently with all reference drugs, fluoro-sub-
stituted benzene groups similar to (S)-citalopram, cyano group
commonly to (S)-citalopram and vilazodone. Interestingly, the
selected compounds are commercially available and have good
synthetic accessibility for further studies.

Conclusion

Despite the alarming burden of depression globally, most of
the currently available antidepressants remain challenged
with several limitations including low efficacy, treatment-
resistance, delayed actions and unbearable side effects.
Whereas, drug candidates with a propensity for polypharma-
cology have become more attractive for enhanced efficacy
and minimal aftereffects. Relevantly, some candidates such
as vilazodone and (S)-citalopram have been shown to dem-
onstrate these advantages. However, they oftentimes also
require adjuvant treatment for effectiveness, thus, searching
for improved candidates remains crucial. In this study, a com-
putational approach has been employed to identify promis-
ing ligands of carbazole scaffold from chemical libraries. The
finally selected ligands, STOCK3S-30866 and STOCK1N-
37454 were demonstrated with more potent binding
interactions with hSERTs in comparison with some renowned
antidepressants, fluoxetine, vilazodone and (S)-citalopram.
Their interactions and conformational stabilities in complexes
with the selected receptors support the potential for network
pharmacological expressions along the serotonergic path-
ways amenable to the effective treatment of MDD. These
include competitive and allosteric inhibition on SERT to
potently inhibit the 5-HT reuptake in the synapse, typical of
vilazodone and (S)-citalopram, and SSR inhibition on SERT to
effectively suppress synaptic 5-HT reuptake typical of fluoxet-
ine. The molecular modelling applications herein applied
standard theoretical simulations of the drug-like potentials of
the selected compounds against the targets. Although,
experimental validations are critically required to establish
the potentials recorded for the ligands more confidently.
However, the study demonstrates an environmentally
friendly, economical and speedy screening of lead-like candi-
dates as an early phase of drug discovery for rigorous experi-
mental studies.
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