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Vilazodone is a novel antidepressant used for the treatment of major depressive disorder (MDD) with a
primary action mechanism of inhibiting the human serotonin reuptake transporter (hSERT) and acting as
a 5-HT receptor partial agonist. The interaction between vilazodone and the 5-HTj4 receptor has been
reported, however, the binding mode of vilazodone in the hSERT remains elusive. In the current study,
to elucidate the molecular mechanism of vilazodone binding in the hSERT, the drug and its five analogs
were docked into the hSERT crystal structure as initial conformations and were sampled by 400 ns
molecular dynamics (MD) simulations. Through the analysis of the profiles of protein—ligand binding free
energies, interaction fingerprints, and conformational rearrangements, the binding mode of vilazodone
in the hSERT was revealed. As a result, unlike the classical antidepressants located in the S1 site of the
hSERT, vilazodone adopted a linear pose in the binding pocket. Its arylpiperazine fragment occupies the
central site (S1) and interacts with Y95, D98, 1172, Y176, F335, F341, S438, and T439, while the indole
fragment extends to the allosteric site (S2) via interacting with the ionic switch (R104/E403) between the
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two sites. The new insights obtained are not only helpful in understanding the binding mode of vilazodone
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Introduction

Major depression disorder (MDD) is a serious mental health
condition with the etiopathogenesis of social, psychological,
biological and genetic factors.'”® MDD patients demonstrate an
outsized risk of suicidal behavior,>®° seriously threatening
human health. Currently, common antidepressants, such as
serotonin-norepinephrine reuptake inhibitors (SNRIs), selective
serotonin reuptake inhibitors (SSRIs), triple reuptake inhibitors
(TRIs) and so on, could alleviate the depression mainly via
interacting with targets hSERT, hNET or hDAT in a single, dual
or triple fashion.'®* However, drugs of these kinds often have
serious side-effects and delayed functions, and can take weeks to
manifest their full-blown antidepressant effects."*™” In addition,
over 30% of the patients are resistant to such available treatments,
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in the hSERT, but also provide valuable guidance to the discovery of novel antidepressant drugs.

making the discovery of novel and effective antidepressants much
more necessary."' In 2013, vilazodone with a different scaffold
(a bulky molecular backbone consisting of an arylpiperazine
fragment and an indole fragment) than the common
antidepressants®®~>* has been approved by the FDA due to its
good efficacy,'"”**® high tolerance,"'>** and few side
effects,"®*” > enriching the diversity of drug skeletons for
MDD.""?1739 In addition, clinical studies further revealed the
limited adverse drug effects on sexual function and body-
weight, prompting it to be further investigated in the treatment
of generalized anxiety disorder (GAD).'>*™%¢

Vilazodone exerted the pharmacological functions through a
novel mechanism, not only inhibiting hSERT activity, but also
partially agonizing the 5-HT,, receptor.">*”*° Currently, the
binding mode between vilazodone and the 5-HT;, receptor has
provided insights into the rapid onset of the drug’s action.**™>>
However, the binding mode or conformation of vilazodone in
the hSERT is still elusive and no report including computa-
tional and experimental research has explained or unveiled this
problem,"®* which malkes it essential to reveal such a mechanism
for facilitating the design of a new antidepressant.>>* In addition,
a recently released hSERT crystal structure clearly displayed the
location of orthosteric (S1) and allosteric sites (S2), and also pointed
out that ligands bound in the S2 site or interacting with key
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Fig. 1 The structures of vilazodone (ligand 29) and selected 5 analogs as well as their binding affinity (ICso) for the hSERT.

residues in the S2 site could enhance and improve the inhibitory
activity of ligands bound in the S1 site,**” which contributed to
great efforts in designing and discovering a novel allosteric drug
based on the hSERT and laid the foundation for illustrating the
binding mode of vilazodone in the hSERT.****

Herein, an integrated computational approach was applied
to elucidate the molecular mechanism of vilazodone with bulky
fragments binding to the hSERT. First, on the basis of the
resolved crystal structure of the hSERT,® six ligands (Fig. 1)*®
were docked to the binding pocket of the hSERT. Second, the
obtained initial coordinate of each complex was subjected to
400 ns molecular dynamic (MD) simulations, and the protein-
ligand binding mode was identified by per-residue energy and
interaction fingerprint calculations. Finally, it was discovered
that, unlike the action mechanisms of classical SSRIs, vilazodone
with special structural characteristics not only occupied the central
binding site (S1) of the hSERT, but also extended to the allosteric
site (S2) by disrupting or triggering the ionic switch between R104
and E403. The elucidated binding mode was further confirmed by
the conformation of escitalopram in S1 and S2 sites. As a result, the
putative binding mode of vilazodone was identified in this study,
and as for antidepressants, this binding mode is novel and there is
only one drug vilazodone with this binding mode, providing
valuable guidance for the design of novel antidepressants with
an innovative molecular skeleton.

Materials and methods
Generation of initial conformation

Preparation of ligands. The structures of the ligands were
drawn by ChemBioDraw®> and sorted by their inhibitory activities
(Fig. 1). The structures of the ligands were then preprocessed by
LigPrep (OPLS-2005 force fields)*® to generate the 3D structures
and the energies of the generated conformations were minimized.
The ionized states of the ligands were assigned via Epik®® at a
pH value of 7.0 + 2.0.

Preparation of protein. The crystallographic structure of
the hSERT was collected from Protein Data Bank (PDB entry:
5173),°” which was then processed by the Protein Preparation
Wizard module in Maestro before calculating the docking grid
(including adding hydrogen atoms and assigning protonation
states and partial charges with the OPLS-2005 force field).

This journal is © the Owner Societies 2020

Molecular docking. The initial docking poses of the studied
system were obtained using standard precision (SP) docking in
Glide®” implemented in Maestro®” with default parameters.
First, the spatial coordinates of escitalopram were used as a
reference in determining the binding site and the docking grid
box. Then, processed ligands were docked into the prepared
hSERT receptor. 5000 poses were generated during the initial
phase of the docking calculation, out of which the best 400
poses were selected for energy minimization based on 100 steps
of conjugate gradient minimizations. The choice of the initial
conformations of the studied systems should be based on the
understanding of the hSERT binding pocket, ensuring that the
docked ligands interacted with D98 with a salt bridge and some
other interactions with the key residues (such as a H-bond with
E493 and hydrophobic interactions with A169, 1172, A173, and
T439) in the hSERT. Additionally, for the similar molecular
fragments to escitalopram of the docked ligands, the spatial
similarity (RMSD < 0.50 A) should be guaranteed when choosing
the initial conformations, and the indole segments of vilazodone
and its analogs in the S1 site with certain strain in the linker were
selected as the initial conformation for further MD simulation
studies. Finally, docking calculations included the searching
process of dominant conformations, providing the possible bind-
ing poses of vilazodone and its analogs. Thus, the docking scores
of all the studied systems should also be considered when selecting
the initial conformations.

MD simulations

System setup. Before MD simulations, the 6 complexes were
optimized by Prime and then nested in a transmembrane
system in the Amber specified format. Namely, OPM®® was
applied to determine the spatial orientations of the studied
systems, which were then inserted into the POPC lipid bilayer
(192 lipids in the membrane systems) and immersed into water
(TIP3P) with a 20 A thickness. Moreover, sodium chloride
solution (NaCl with a concentration of 0.15 mol L)
was applied to simulate the physiological environment by
CHARMM-GUI Membrane Builder.®’

MD production. MD production was performed using GPU-
accelerated PMEMD in AMBER16.%° All the components of the
studied complexes were processed by force field parameters
(ff14SB”° for the protein and Lipid14 for the lipid) to form the

Phys. Chem. Chem. Phys., 2020, 22, 5132-5144 | 5133



Published on 23 January 2020. Downloaded by Zhejiang University on 4/24/2020 2:04:16 PM.

PCCP

corresponding coordinate files (.inpcrd) and topology file
(.prmtop) using the LEaP module in AMBER16, and parameters
from Joung’s work”" were applied to model Na* and CI~. As for
the selected ligand, the geometry optimization and electrostatic
potential calculation of the ligands were carried out at the
HF/6-31G* level via Gaussian 09,”> and the generated files
(*.fremod, and *.mol2) were used to assign gaff atom types
and the RESP partial charges through the antechamber
embedded in AMBERTOOLS16. Prior to the MD production,
two procedures were applied to minimize the initial energies of
the prepared systems: (1) a harmonic restraint processed all the
solute atoms (force constant = 10 kcal mol~* A=2), (2) then the
atoms were released to move freely in the second step. During
these 2 procedures, the energy minimization was conducted
using the steepest descent approach for the first 5000 steps and
the subsequent 5000 steps were processed by a conjugated
gradient method. Afterwards, the studied systems were heated
gradually from 0 K to 300 K, and the periodic boundary
condition of the studied system was equilibrated via 5 ns
unrestrained MD production. Finally, all the systems created
by LEaP were subjected to 400 ns simulations in NPT ensembles
with a pressure of 1 atm and at a temperature of 1 atm, controlled
using a Monte Carlo barostat and Langevin dynamics, respectively.

Binding free energy estimation and per-residue binding energy
decomposition

The molecular mechanics/generalized born surface area (MM/GBSA)
method using a single molecular dynamic trajectory was applied
to calculate the binding free energy (AGymwcpsa) regardless of
the entropic influence between the docked ligands and the
hSERT.”*’* Herein, 1000 snapshots were extracted from the
equilibrium trajectories (100-200 ns) for calculations using
mm_mpsa.pl as follows.

AGMM/GBSA = AEVdW + AEele + AGpol + AGnonpol

where AE,qw represented the van der Waals interactions con-
tribution, AE,. stood for the electrostatic energy contribution,
AG,, was the polar solvent interaction energy calculated by the
GB model (igh = 2), and AGyonpor Was nonpolar solvation free
energy, which was evaluated using the LCPO method (0.0072 x
ASASA, SASA is the solvent accessible area with a probe radius
of 1.4 A).”>7® The per-residue energy contribution between a
hSERT residue and a ligand was decomposed by:

er-residue _ er-residue er-residue er-residue
AGRimiGesa. = AESGw + AER + AGhal
er-residue
+ AGgonpol
where the first three terms were defined in the same way as the

corresponding terms in the previous formula, and the last term
was calculated based on the ICOSA method.

Interaction fingerprint analysis

Interaction fingerprints between the ligands and the hSERT
were calculated based on IChem.””””® 500 snapshots of the
ligand and residues within 6 A of the ligand’s mass center were
extracted from the final 50 ns trajectory and saved by the mol2
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format. During calculations, seven interactions (hydrophobic,
aromatic, H-bond donor, H-bond acceptor, positively ionizable,
negatively ionizable, and metal coordination) were applied to
evaluate interaction fingerprints between the ligand and the
hSERT via parsing atoms and bond connectivity fields in the
form of one-dimensional (1D) descriptors made up of 1 and 0,
and detailed information about the rules of detecting the
interactions between proteins and ligands is shown in Table
S2 (ESIT).*° In addition, the results were shown by radar plots.

Results and discussion
Ligand docking pose analysis

Initial conformation selection from docking is key for the
successful prediction of protein-ligand binding using MD
simulations.*>®"®? In this study, the initial conformations of
vilazodone and its five analogs (Fig. 1) in the hSERT binding
pocket are obtained using Glide docking and followed by Prime
optimizations. To guarantee the reliability of the selected
binding conformations of the six ligands in the hSERT, three
standards were comprehensively considered. They were (i) the
spatial similarity of ligands’ docking poses with escitalopram in
the crystal (PDB: 5173%7), which was defined by root mean
square deviation (RMSD < 0.5 A),®" (ii) the salt bridge between
ligands and D98 in the hSERT,*>*? and (iii) the low docking
scores of ligands.”* The selected binding conformations of
6 ligands in the hSERT are demonstrated in Fig. 2. The
protonated nitrogen atom of each ligand forms a salt bridge
interaction with the carboxyl in D98 (Fig. 2), which was verified
by the previous study that this salt bridge played a key role in
maintaining the binding of vilazodone in the active pocket."
Moreover, the residues in the hSERT binding pocket (Y95,
R104, A169, 1172, Y175, Y176, F335, F341 and T439) had
hydrophobic interaction and n-n stacking with the six docked
ligands. However, it is noted that there is a certain fold of
ligand docking poses in the binding pocket. This is because
the line linker consisting of four carbon atoms increased
the flexibility of ligands. Moreover, the central site (S1) of the
hSERT binding pocket was triangular, which made it difficult to
accommodate such long-chain molecules. Thus, the inconsis-
tent folding directions of the ligands’ linkers in the hSERT
showed some degrees of variations of their binding conforma-
tions (Fig. 2).

Sampling of the initial conformations by MD simulations

Stabilities of the simulation complex. The selected initial
conformations of the six studied complexes were sampled by
400 ns MD simulations. The RMSD fluctuations of the protein
backbone-atoms, heavy atoms of the ligand and backbone-
atoms atoms of the binding pocket (within 6.0 A of the ligands),
loop regions, TM1-12 domains, and TM1, 3, 6, 8, and 10
surrounding the S1 binding pocket over the simulation time
were calculated to monitor the dynamic stability. As demon-
strated in Fig. 3, the RMSD values of the ligands 15, 20 and
22 (red) exhibited relatively large fluctuations (1.0-2.0 A),
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Fig. 2 The docking poses of the ligands binding to the hSERT.

indicating that their docking conformations were well adjusted
by MD samplings during the initial process of simulations.
In all the studied systems, it could be found that the fluctuation
trends of the protein (green line) and the loop domain (yellow
line) were basically consistent, indicating that the larger
fluctuation of the protein backbone-atoms was mainly caused
by the loop region with larger flexibility. In addition, although
the loop region had relatively large fluctuations, such fluctua-
tions had little impact on the binding sites (gray line) and
TM1-12 domains (blue line), especially TM1, 3, 6, 8, and 10
(dark line) surrounding the S1 binding pocket, indicating
the few influences on the interactions between ligands and
receptors brought by the fluctuant loop region in the con-
structed systems. Moreover, it was worth mentioning that all
the systems have been subjected to independent simulations at
least 3 times, and taking the ligand 29 (vilazodone) system as
an example, it could be learnt that the system could also reach
the equilibrium state around 100 ns, indicating the convergence
of the trajectory after 100 ns (Fig. S1, ESIT).

Comparison of the docking and MD simulated conformations.
To investigate the conformational rearrangements of the protein-
ligand complex before and after MD sampling, structural
alignment between the selected initial conformations and the
corresponding representative snapshots from the equilibrated
trajectories was conducted and shown in Fig. 4. In consistence
with the RMSD value (Fig. 3), the conformations of the docked
ligands were all shifted to a different degree after the MD
sampling, among which the larger displacements occurred in
the segment of the indole rings of the ligands. Except for the
ligand 47 bound complex, the protonated nitrogen atoms of the
other 5 ligands maintained a stable salt bridge interaction
with the carboxyl group of D98 (Fig. 4). As expected, the linear
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structure of the four carbon atoms led to the larger flexibility of
the ligands, which resulted in the spatial shift compared with
the docking conformations. For example, the indole fragment
of ligand 29 (vilazodone) stretched into the S2 site, while the
indole segments of other systems (ligand 15 and 22) fold to
some extent in the S1 site to adjust the relative position of the
piperazine ring to D98 (Fig. 4). In general, among the six
simulation complexes, ligand 29 (vilazodone) not only adjusted
the relative position of the arylpiperazine ring to D98 located at
the S1 site, but also extended the indole fragment into the S2
site to maintain the linear state of the molecule, which may be
essential to ensure the stability of the binding conformation.

Accurate ranking of the six complexes by calculated binding
free energies

For the 6 studied complexes, the binding free energies (BFEs)
were calculated using the MM/GBSA approach® on the basis of
snapshots extracted from the 100-200 ns dynamic trajectories,
and the AGyygesa values were —76.45, —71.48, —68.53,
—68.18, —65.30, and —64.54 kcal mol " for ligand 29, 39, 47,
15, 22 and 20 bound hSERT, respectively. In addition, the
binding energies could be further deduced from the experi-
mental ICs, values using the formula: AGey, = RTIn(ICs)
(Table 1). Compared with AGeyp, the values of AGynyaesa Were
relatively larger, which was mainly related to the ignorance of
the calculation of entropy.®> To further verify the stability and
reliabilities of the predicted model, linear fitting between
AAGynicesa and AAGey, (calculated using ligand 20 as the
reference) was carried out using the least square method, and a
correlation coefficient (R*) of 0.96 was obtained (Fig. 5), suggesting
the estimated BFEs from the simulated models could reproduce
the ranking trends of the experimental values. The sub-energy
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Fig. 3 The RMSDs of protein (green line), ligand (red line), binding sites (gray line), loop regions (yellow line), TM1-12 domains (blue line), and TM1, 3, 6, 8,
10 (dark line) surrounding the S1 binding pocket as a function of the simulation time.

terms of the calculation results are shown in Table 1, where
electrostatic (AE.) and van der Waals (AE,qw) interactions
were the main components contributing to the binding of the
ligands, but polar-solvent interactions (AE,,) were unfavorable
to the binding of the ligands.

In addition, the binding free energies during the different
stages (200-300 ns and 300-400 ns) of trajectories for 6 studied
systems were also calculated and the results are displayed in
Fig. S2 (ESIf). From the perspective of energy fluctuations,
all the 6 studied systems could reach the convergence after
the trajectory of 100 ns, which was consistent with the values
of RMSD. Moreover, for the Ligand 29 (Vilazodone) system,

5136 | Phys. Chem. Chem. Phys., 2020, 22, 5132-5144

the binding free energies of different simulation periods on the
basis of the three independent trajectories were calculated, and
the very small energy changes also indicated that the inter-
actions between the receptor and the ligand changed little during
the dynamic simulation process, guaranteeing the reliability of
the selected dynamic trajectories (Fig. S3, ESIT).

Analysis of the key residue energy contribution to ligand
binding
To identify the hSERT residues playing a key role in vilazodone

and its five analogs binding, the total BFEs of the six complexes
were decomposed at the per-residue level. As shown in Fig. 6,
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Table 1 Comparison between the calculated (AGum/cesa) and experimental (AGey,) binding free energies of studied systems (AG: kcal mol ™%, ICso: NM)

Calculated values

Experimental values

Ligands AEele AEvdW AGpol AGnonpol AGMM/GBSA AAGcalc‘Z AGepr AAGexpa ICSOC
29 —21.92 £ 0.22 —72.15 £ 0.14 25.70 £+ 0.20 —8.04 + 0.01 —76.45 £ 0.13 —11.91 —12.69 —2.83 0.5
39 —22.23 £ 0.11 —66.67 £ 0.10 25.55 + 0.09 —8.12 + 0.01 —71.48 £ 0.10 —6 —11.56 -1.70 3.4
47 —26.58 £ 0.12 —66.65 £+ 0.09 32.46 £ 0.10 —7.77 £ 0.01 —68.53 £+ 0.10 —-3.99 —10.64 —0.78 16.0
15 —26.88 £ 0.16 —66.97 £+ 0.11 23.05 £+ 0.14 —7.38 £ 0.01 —68.18 £+ 0.12 —3.64 —10.51 —0.65 20.0
22 —25.54 £ 0.12 —61.02 £ 0.11 28.34 £ 0.12 —7.07 = 0.01 —65.30 £ 0.11 —0.76 —10.10 —0.24 40.0
20 —17.77 £ 0.17 —62.76 £ 0.14 23.10 £+ 0.15 —7.11 £+ 0.01 —64.54 £+ 0.13 0.00 —9.86 0.00 60.0
Esc. —22.10 £ 0.15 —55.95 £ 0.10 26.06 + 0.12 —6.16 = 0.01 —58.14 £ 0.10 — —10.07 — 42.0

“ AAG represents the relative binding free energy with the ligand 20 bound complex as the reference. ” AG.yp, was calculated based on the equation
AGeyp= RTInIC;, where R = 8.314 J (mol K) ' and T'=310 K. © ICs,: half maximal inhibitory concentration, obtained from a previous study.”® 4 Not

calculated due to the large difference between the molecular skeletons of Esc and other compounds.

a total of 24 residues with high energy contributions were
mainly distributed in the transmembrane (TM) regions (such
as TM1, TM3, TM6, TM8 and TM10), and the global distribu-
tion of the key residues contributing to vilazodone’s binding is
shown in Fig. S4 (ESIT). Moreover, the energy contributions of
the residues in TM1, TM3, TM6, TM8 and TM10 together with
their proportion of the contribution of the 24 residues were
analyzed (Tables S2-S6, ESIT).

As illustrated in Table S2 (ESIt), except for the ligand 47
bound complex, the proportion of the energy contributions
from four residues (Y95, A96, D98 and R104) located in TM1 in
other complexes ranged from 21.6% to 26.3%. The value of the
proportion for the ligand 47 bound complex was only 13.3%.

This journal is © the Owner Societies 2020

This was because the salt bridge between the protonated
nitrogen atom of the ligand and the D98 carbonyl group was
attenuated during MD simulations (Fig. 7D), failing to maintain
the key interaction with the recognizing site. For comparison,
based on the data reported in our previous study,*” the proportion
of the energy contribution from the four residues in the TM1 of
the hSERT for escitalopram (a representative SSRI) binding was
calculated. It is noted that the value of the escitalopram bound
complex (38.8%) was much higher than that of vilazodone
analogues.

As illustrated in Table S3 (ESIT), the energy contributions of
the six residues (A169, 1172, A173, Y175, Y176 and N177) in
TM3 in all the studied complexes accounted for more than 26%
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Fig. 5 The linear fitting diagram of the predicted (AGmm/gssa) and the
experimental (AGeyp) relative binding free energies of the six simulated
complexes.

of the total energy contributions, and the proportion of the
ligand 15 bound complex equaled to 34.43%. Among the six
residues, 1172 and Y176 contributed more energy (Fig. 6), and
this was consistent with the reported findings that both 1172
and Y176 played an important role in the binding of small
molecules to the hSERT."*” 1t is clear (Fig. 4) that 1172
stabilized the binding conformation of the indole group of
the ligands mainly through hydrophobic interactions, and Y176
was located above the piperazine ring of the ligands forming
n-ionic interactions.

As illustrated in Table S4 (ESIT), it is found that eight
residues (A331, Q332, F334, F335, $336, G338, F341 and V343)
in TM6 contributed more energy to the binding of vilazodone
and its analogues accounting from 19.1% to 29.7%. However,
due to the lack of specific contacts such as the n-n stacking
interaction between F335 and the indole fragment of
vilazodone and its analogs, the value of the proportion of the
energy contributions from TM6 in the escitalopram bound
complex (15.95%) was relatively low. More importantly, F335
and Y176 acted as the hydrophobic switch®” between the
binding site and the extra-membrane regions.

Table S5 (ESIf) showed that the proportion of energy con-
tributions of four residues (S438, T439, G442 and L443) in TM$8
to vilazodone’s binding was the highest (22.3%), while that of
escitalopram’s binding was the lowest (14.7%). Among these
amino acids, the backbone carbonyl group (-CO-) and the side
chain hydroxyl group (-OH) of S438 could interact with the
aromatic ring and piperazine moiety on vilazodone via n-n
interactions and polar interactions, respectively, which resulted
in the relatively large energy contribution (—3.03 kcal mol ) to
the binding of vilazodone (Table S5, ESIt). However, due to the
scaffold difference of two molecules, S438 did not make strong
interactions with escitalopram, leading to the minimum energy
to the ligand binding (—0.85 kcal mol ™).

Compared with TM1, 3, 6 and 8, the three residues (E493,
T497 and V501) in TM10 contributed less energy to ligands’
binding. As can be seen from Table S6 (ESIt), the values of
the proportion ranged from 5.2% to 13.7%. E493 in TM10
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contributed a large amount of energy to vilazodone’s binding
(—1.54 keal mol ™). It is known that E493 can form a salt bridge
interaction with R104 in TM1 and act as an ionic switch for
the S1 and S2 sites of the hSERT.*” Interestingly, the inter-
action energy between R104 and vilazodone was also higher
(—2.01 keal mol ). Besides, from the binding conformational
analysis, the indole fragment in vilazodone had a strong
interaction with the ionic switch consisting of R104 and E493.

Conformational changes of vilazodone and its analogs in the
hSERT binding pocket

Insight from interaction fingerprint analysis. To quantita-
tively characterize the conformational changes of vilazodone
and its analogs in the hSERT binding pocket, the interaction
fingerprints of the six studied complexes before and after
simulation were calculated. As shown in Fig. 7, it is observed
that six ligands had stable interactions with two residues
(Y176 and F335) acting as hydrophobic switches of the hSERT
binding site and extra-membrane region. Except for the ligand
20 bound complex, the other five ligands could maintain or
form relatively stable interactions with Y95 and 1172. Moreover,
the interactions between D98 and ligands 47 and 15 were
slightly attenuated after MD simulations. However, compared
to the initial docking conformation, the aryl piperazine frag-
ment of vilazodone formed stable hydrophobic and salt bridge
interactions with Y95 and D98 through positional adjustment
after MD simulations. Moreover, the ionic switch (R104-E493)
played an important role in connecting the S1 and S2 binding
sites,”” and only ligands 29 (vilazodone) and 15 had stable
interactions with two residues (Fig. 7), which was consistent
with the energy contribution analysis results of the residues
(Fig. 6). Thus, interaction fingerprint analysis suggested that
vilazodone not only occupies the S1 site of the hSERT, but also
interacts with residues located at the S2 site. So, it was
necessary to further analyze the binding conformation of ligand
29 (vilazodone) and the analogs in the hSERT.

Insight from the structural alignment analysis. To analyze
the binding conformation of vilazodone and its analogs in the
hSERT, the representative structures of six complexes obtained
from the equilibrated MD trajectories were aligned with the
X-ray structure of the hSERT complexed with escitalopram at
the S1 and S2 sites (PDB: 5173°7) and are illustrated in Fig. 8.
Apparently, only ligands 29 (vilazodone) and 15 adopted a
linear pose in the hSERT binding pocket (Fig. 8A and D). The
arylpiperazine fragment in vilazodone had high spatial overlap
with escitalopram at the S1 site of the hSERT, and the indole
fragment of vilazodone extended to the hSERT S2 site, inter-
acting with the carbonyl group of E493 by hydrogen bonding
interactions and having n-rn interactions with R104. Moreover,
by comparing the vilazodone bound complex with the co-crystal
structure (Fig. 9), it could be found that the R104 of the former
had a lateral shift due to ligand binding, leading to the distance
between R104 and E493 being increased from ~3.0 to 6.0 A
(the opening of the ionic switch). Thus, it is proposed that
vilazodone not only occupied the S1 site of the hSERT, but
also extended to the S2 site through interaction with the ionic

This journal is © the Owner Societies 2020
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Fig. 6 The per-residue binding free energy decomposition of the 6 simulation systems and the values of Escitalopram obtained from the previous

studies.

switch residues (R104 and E493), which was confirmed by the
structural alignments of vilazodone and escitalopram binding
modes shown in Fig. 10.

Elucidating the binding mode of vilazodone in the hSERT

The common antidepressant SSRIs (selective serotonin transporter
inhibitors) exhibited inhibitory activities against the hSERT mainly
via being accommodated in 3 sub-sites (sub-site A, sub-site B
and sub-site C) of the S1 site with their three pharmacophores
including R1, R2 and R3,">*” which made the conformation of the

This journal is © the Owner Societies 2020

hSERT keep the occluded state and prevented the substrate
(serotonin) from being reuptaken from the synaptic cleft. However,
occupying the S1 site alone couldn’t have exerted such strong
inhibitory activities as vilazodone. In addition, the resolved hSERT
crystal structure clearly displayed the location of orthosteric (S1)
and allosteric sites (S2) in the hSERT, and the ligand bound in the
S2 site or interacting with key residues lining in the S2 site could
enhance and improve the inhibitory activity of ligand binding in
the S1 site. Thus, the binding patterns of vilazodone in the hSERT
presented by the representative conformation were reliable, not
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Fig. 9 The monitored distance between R104 and E493 of the hSERT in vilazodone (green) and escitalopram (gray) bound complexes.

Fig. 10 The comparison of pose of vilazodone (green stick) and escita-
lopram (black stick) in the hSERT binding pocket consisting of S1 and S2
sites. (A) The binding poses of escitalopram (black stick) in the S1 and S2
sites of the hSERT; (B) the superimposition of the binding poses of
vilazodone and escitalopram in the hSERT.

only binding to the S1 site of hSERT, but also extending to the
S2 site.

Thus, the binding modes of vilazodone in the hSERT could be
elucidated and a schematic diagram is illustrated in Fig. 11
through the comprehensive analysis of per-residue binding free
energy and the protein-ligand interaction fingerprints as well as
the conformation behaviors of the studied complex. Compared
with the pharmacophores of the classical SSRIs or SNRIs (R;, red;
R,, yellow and R, dashed gray),">®® there was some difference in
the distribution of the vilazodone’s pharmacophore (R,, orange-
yellow), which extended to the hSERT S2 site by interacting with
the ionic switch residues (R104 and E403), making vilazodone
adopt a linear pose (Fig. 11). In addition, the R; and R,

This journal is © the Owner Societies 2020
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Fig. 11 The schematic diagram of the action mode of vilazodone in the
hSERT binding pocket.

pharmacophore binding in the S1 site was basically consistent
with that of classical SSRIs or SNRIs. For example, D98 (recogni-
tion site for the S1 site of the hSERT) interacted with the
protonated nitrogen atom of vilazodone via the salt bridge and
hydrogen bonding, and the previously identified key residues
located in the S1 site (1172, F335, F341, Y95, Y175, Y176, 5438
and T439) could interact with vilazodone through hydrophobic
interactions, stabilizing vilazodone in the hSERT binding pocket.

Conclusion

As identified in this study, unlike the classical SSRIs or SNRIs,
vilazodone adopted a linear pose in the hSERT’s binding pocket,
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not only occupying the S1 binding site, but also extending to the S2
site by interacting with the ionic switch residues (R104 and E403).
The proposed binding mode of vilazodone in the hSERT provided
a deep understanding of the inhibitory mechanism of the drug
at the atomic level, and the obtained structural and energetic
information has significance for guiding the design of novel
antidepressants targeting the hSERT.

Abbreviations

BFEs Binding free energies

hSERT Human serotonin transporter

MD Molecular dynamics
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area

SNRIs Serotonin and norepinephrine reuptake
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SSRIs Selective serotonin reuptake inhibitors
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