
1521-0111/94/6/1421–1434$35.00 https://doi.org/10.1124/mol.118.113530
MOLECULAR PHARMACOLOGY Mol Pharmacol 94:1421–1434, December 2018
Copyright ª 2018 by The American Society for Pharmacology and Experimental Therapeutics

Modeling and Mutational Analysis of the Binding Mode for the
Multimodal Antidepressant Drug Vortioxetine to the Human
5-HT3A Receptor s

Lucy Kate Ladefoged, Lachlan Munro, Anders J. Pedersen, Sarah C. R. Lummis,
Benny Bang-Andersen, Thomas Balle, Birgit Schiøtt, and Anders S. Kristensen
Interdisciplinary Nanoscience Center, Department of Chemistry, Aarhus University, Aarhus, Denmark (L.K.L., B.S.); Department
of Drug Design and Pharmacology, University of Copenhagen, Copenhagen, Denmark (L.M., A.J.P., A.S.K.); Department of
Biochemistry, University of Cambridge, Cambridge, United Kingdom (S.C.R.L.); Lundbeck Research, H. Lundbeck A/S, Valby,
Denmark (B.B.-A.); and Sydney School of Pharmacy, Faculty of Medicine and Health, The University of Sydney, Sydney,
New South Wales, Australia (T.B.)

Received July 20, 2018; accepted September 19, 2018

ABSTRACT
5-Hydroxytryptamine3 (5-HT3) receptors are ligand-gated ion
channels that mediate neurotransmission by serotonin in the
central nervous system. Pharmacological inhibition of 5-HT3
receptor activity has therapeutic potential in several psychiat-
ric diseases, including depression and anxiety. The recently
approved multimodal antidepressant vortioxetine has potent
inhibitory activity at 5-HT3 receptors. Vortioxetine has an
inhibitory mechanism that differs from classic 5-HT3 receptor
competitive antagonists despite being believed to bind in the
same binding site. Specifically, vortioxetine shows partial
agonist activity followed by persistent and insurmountable
inhibition. We have investigated the binding mode of vortiox-
etine at the human 5-HT3A receptor through computational
and in vitro experiments to provide insight into the molecular

mechanisms behind the unique pharmacological profile of the
drug. We find that vortioxetine binds in a manner different from
currently known 5-HT3A orthosteric ligands. Specifically, while
the binding pattern of vortioxetine mimics some aspects of
both the setron class of competitive antagonists and
5-hydroxytryptamine (5-HT) with regards to interactions with
residues of the aromatic box motif in the orthosteric binding
site, vortioxetine also forms interactions with residues not
previously described to be important for the binding of either
setrons or 5-HT such as Val202 on Loop F. Our results expand
the framework for understanding how orthosteric ligands drive
5-HT3 receptor function, which is of importance for the
potential future development of novel classes of 5-HT3 receptor
antagonists.

Introduction
Serotonin [5-hydroxytryptamine (5-HT)] is a neurotrans-

mitter that via ionotropic 5-HT3 receptors, and a range of
metabotropic receptors, regulates neural activities underlying
a wide spectrum of basal as well as higher brain functions,
including appetite, aggression, sleep, mood, and cognition
(Berger et al., 2009). 5-HT3 receptors belong to the pentameric
ligand-gated ion channel (pLGIC) superfamily together with
structurally and functionally related nicotinic acetylcholine
receptors, GABAA receptors, and glycine receptors (GlyRs)

(Barnes et al., 2009; Lummis, 2012; Nys et al., 2013; Nemecz
et al., 2016). 5-HT3 receptor inhibitors are in current use as
antiemetics and for the treatment of irritable bowel syndrome
and are considered a potential therapy for anxiety-related
behavior and cognitive decline in major depressive disorder and
schizophrenia (Robertson et al., 1992; Thompson et al., 2006b).
Vortioxetine (Fig. 1C) is a multimodal antidepressant that

acts as an inhibitor at the serotonin transporter, an agonist at
5-HT1A receptors, a partial agonist at 5-HT1B receptors, and an
antagonist at 5-HT1D, 5-HT3, and 5-HT7 receptors (Bang-
Andersen et al., 2011; Sanchez et al., 2015). In addition to
antidepressive effects, vortioxetine has been shown to improve
aspects of cognitive function such as attention, processing
speed, executive function, and memory (McIntyre et al., 2014,
2017; Mahableshwarkar et al., 2015), which may be linked to
activity at 5-HT3 receptors (Mørk et al., 2013; Riga et al., 2016).
The molecular understanding of vortioxetine inhibition of

5-HT3 receptors is currently limited. Vortioxetine is suggested
to bind at the orthosteric binding site in 5-HT3A receptors but
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differs inmechanism from other 5-HT3 antagonists by having
an initial partial agonistic response followed by an appar-
ently insurmountable inhibition of receptor function (Bang-
Andersen et al., 2011; Dale et al., 2018). Thus, vortioxetine
acts as a functional antagonist under steady-state condi-
tions, although likely through a different mechanism to that
of classic competitive 5-HT3 antagonists (collectively known
as setrons). The orthosteric binding site of 5-HT3 receptors is
formed at the interface between subunits in the extracellular
domain (ECD) (Nys et al., 2013; Hassaine et al., 2014;
Nemecz et al., 2016). As pentamers, five potential agonist
binding sites exist in the 5-HT3 receptor. Occupancy of one or
two sites appear sufficient to drive conformational ECD
rearrangements that trigger channel opening and subse-
quent entry to a desensitized conformation (Corradi et al.,
2009; Rayes et al., 2009; Hibbs and Gouaux, 2011; Andersen
et al., 2013). Cryo-electron microscopy and X-ray crystal
structures are available for eukaryotic pLGICs (Unwin,
2005; Hibbs and Gouaux, 2011; Unwin and Fujiyoshi, 2012;
Zuber and Unwin, 2013; Althoff et al., 2014; Miller and
Aricescu, 2014; Du et al., 2015; Huang et al., 2015, 2017;
Morales-Perez et al., 2016), including two structures of the
mouse 5-HT3A (m5-HT3A) receptor (Hassaine et al., 2014;
Basak et al., 2018). Furthermore, AChBP (Smit et al., 2001),
a soluble eukaryotic protein that forms pentamers with an
overall tertiary fold similar to the ECD of pLGICs (Brejc
et al., 2001), has been engineered to acquire a 5-HT3

receptor-like ligand profile (Kesters et al., 2013). This
construct, denoted as the 5-HT binding protein (5-HTBP),
allows for crystallographic analysis of 5-HT3 receptor ligand
binding (Kesters et al., 2013; Price et al., 2015, 2016).
Combined with computational, mutational, and biochemical
analysis, structures provide insight into the molecular
architecture of the 5-HT3 receptor orthosteric binding site
(Kesters et al., 2013; Hassaine et al., 2014) and ligand
binding modes (Joshi et al., 2006; Moura Barbosa et al.,
2010; Kesters et al., 2013; Price et al., 2015, 2016; Lochner
and Thompson, 2016), and the potential conformational
changes associated with ligand binding (Miller and Smart,
2010; Sander et al., 2010). From this and other work,

a framework is emerging for understanding the molecu-
lar basis that underlies 5-HT3 agonism and antagonism
(Nys et al., 2013; Alix et al., 2016).
In the present study, we have studied the molecular basis of

vortioxetine inhibition of human 5-HT3A (h5-HT3A) receptors
by constructing a structural model of h5-HT3A. This model is
able to accurately predict the established binding mode of
granisetron (Kesters et al., 2013; Ruepp et al., 2017), and was
used for docking vortioxetine at the orthosteric binding site.
We used pharmacological characterization of mutant recep-
tors to identify and validate a model for vortioxetine in its
bioactive conformation bound to the receptor. We find the
location and conformation of vortioxetine in the binding site to
be different from other known ligands, and this enables
interactions with residues from both loop E and F simulta-
neously. Comparison with models for setron and agonist
binding reveals distinct features for vortioxetine that might
explain its unique inhibitory mechanism.

Materials and Methods
Materials. Chemicals were obtained from Sigma (St. Louis, MO)

unless otherwise stated. Dulbecco’s modified Eagle’s medium, fetal
bovine serum, trypsin, and penicillin-streptomycin were obtained from
Invitrogen (Carlsbad, CA). DNA restriction enzymes were obtained
from New England Biolabs (Ipswich, MA). Cell culture dishes were
obtained from Sarstedt AG & Co (Nümbrecht, Germany), and 96-well
plates were obtained from VWR (Copenhagen, Denmark). Unlabeled
and tritium-labeled vortioxetine was provided by H. Lundbeck A/S
(Valby, Denmark). [3H]-GR65630 was obtained from Perkin Elmer
(Waltham, MA). DNA sequencing was performed using GATC Biotech
(Constance, Germany). The FLIPR Blue membrane potential assay kit
was obtained from Molecular Devices (San Jose, CA).

Molecular Biology. cDNA encoding the h5-HT3A receptor was
kindly provided by Dr. Beate Niesler (University of Heidelberg). The
coding sequence for h5-HT3A was excised from the host vector
pcDNA3.1 with EcoRI restriction enzyme and inserted into the
combined mammalian and Xenopus laevis oocyte expression vector
pXOON (Jespersen et al., 2002) in an EcoRI site in the multiple
cloning site regions using T4 DNA ligase (Roche, Basel, Germany).
The resulting pXOON-h5-HT3A plasmid construct was confirmed
by sequencing. Point mutations were generated by site-directed

Fig. 1. Structural model of the h5-HT3A receptor and
chemical structure of vortioxetine. Side (A) and top (B) views
of ribbon representations of the h5-HT3A receptor structure
created by homologymodeling. Each subunit in the pentame-
ric complex is colored individually. Brackets indicate the
location of the ECD and transmembrane domain (TMD). (C)
Chemical structure of vortioxetine with an indication of the
A and B ring nomenclature.
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mutagenesis using the QuickChange mutagenesis kit (Stratagene, La
Jolla, CA). All mutant constructs were verified by DNA sequencing
(Eurofins Genomics, Ebersberg, Germany).

Xenopus laevis Oocyte Expression. Defoliated stage V to VI
oocytes from Xenopus laevis were prepared as described previously
(Poulsen et al., 2013) and injected with 15 ngmRNA. The care and use
ofXenopus laeviswas in strict adherence to a protocol (license 2014-15-
0201-00031) approved by the Danish Veterinary and Food Adminis-
tration, which is in accordance with the Guide for the Care and Use of
Laboratory Animals (https://www.ncbi.nlm.nih.gov/books/NBK54050/)
adopted by the U.S. National Institutes of Health. Oocytes were
incubated at 18°C for 24–48 hours following injection. Recordings were
made using a Warner OC725B two-electrode voltage clamp (Warner
Instruments, Hamden, CT) configured as recommended by the manu-
facturer. For concentration-response experiments, oocytes were per-
fused with oocyte recording buffer (115 mM NaCl, 2 mM KCl, 5 mM
HEPES, and 1.8 mM BaCl2, pH 7.6) and ligands were added by whole
bath application using a PC-16 valve-based perfusion controller
(Bioscience Tools, Highland, CA). For fast solution switching experi-
ments used to determine receptor desensitization rates, solutions
containing saturating concentrations of agonist were applied to the
oocyte using a rapid perfusion scheme with a vertical flow chamber and
a volume of 400 ml and a solution flow rate of 10 ml/min (Joshi et al.,
2004). This approach allowed rapid switching between control and
agonist-containing solutions, which is essential to ensure resolution of
desensitizing receptor currents. Solution exchange times was deter-
mined after each oocyte recording by stepping a dilute external solution
across open electrode tips to measure a liquid junction current. The
10%–90% rise times for solution exchangewere consistent at∼1 seconds
or less. All experiments were performed at room temperature (23°C).
Data acquisitions were accomplished using a Digidata 1320A analog-
digital converter (MolecularDevices, San Jose,CA) interfacedwith a PC
running WinWCP software (available from Strathclyde Electrophysiol-
ogy Software, University of Strathclyde, Glasgow, United Kingdom).

Mammalian Cell Culturing and Expression. Human embry-
onic kidney 293 (HEK-293) cells (American Type Culture Collection,
Manassas, VA) were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% v/v fetal bovine serum, 100 U/ml penicillin,
and 100 mg/ml streptomycin at 37°C in a humidified 5% CO2

environment. For expression of wild-type (WT) and mutant h5-HT3A

receptor, HEK-293 cells in suspensionwere transfected using TransIT
DNA transfection reagent (Mirus, Madison, VA) according to the
manufacturer’s instructions, plated into black 96-well clear-bottom
plates at a density of 30,000 cells/well, and incubated for 48 hours
before use.

Membrane Potential Assay. Concentration response experi-
ments were performed using a FlexStation 1 microplate reader
(Molecular Devices, San Jose, CA) essentially as described by Price
and Lummis (2005). Briefly, FLIPR blue membrane potential dye was
diluted in assay buffer (denoted as Flex50 and containing 57.5 mM
NaCl, 57.5 mM NMDG1, 1 mM KCl, 1 mM MgCl2, 1 mM CaCl2,
10 mM HEPES, and 10 mM glucose; adjusted to pH 7.4 with HCl)
according to the manufacturer’s instructions. Cells were incubated
with 100 ml of the FLIPR blue loading solution per well at 37°C for
30 minutes. Fluorescence in each well was measured in a FlexStation
1 (Molecular Devices) scanning plate-reading fluorometer with an
integrated and automated pipettor at 2-second intervals for 200 sec-
onds. At 18 seconds, 25 ml of 5-HT solution (in Flex50 buffer, final
concentration 0.01–300 mM) was added to each well. For inhibitor
concentration-response experiments, the inhibitor was included in the
dye loading buffer during preincubation. Experiments on the N123L
mutant were performed as described previously, but using a modified
assay buffer with increased NaCl concentration (denoted Flex100 and
containing 115 mM NaCl, 1 mM KCl, 1 mM MgCl2, 1 mM CaCl2,
10mMHEPES, and 10mMglucose, pH 7.4) in place of Flex50 buffer to
increase signal amplitude due to lower responses with this mutant
receptor. Experiments on WT h5-HT3A receptors were performed in
parallel using the Flex100 buffer, and IC50 values identical to those

seen in the Flex50 buffer were obtained. See the Supplemental
Material for additional details.

Radioligand Binding Assay. Membranes from HEK-293 cells
expressing h5-HT3A receptors were prepared as described previously
(Thompson et al., 2011). Briefly, transfected HEK-293 cells from a
10-cm dish were harvested by scraping into 1 ml ice-cold HEPES
buffer (10 mM, pH 7.4) and frozen. Cells were then thawed,
centrifuged at 20,000g for 1 minute and the pellet was resuspended
in HEPES buffer. This procedure was repeated twice with a final
resuspension in 2 ml HEPES buffer. For competition binding exper-
iments, 50 ml suspensions of cell membranes were incubated in 500 ml
HEPES buffer containing 0.3 nM [3H]-GR65630 (equal to theKd value
for this radioligand) and varying concentrations of vortioxetine.
Nonspecific binding was determined by incubation with 10 mM
quipazine. For saturation binding experiments, 50 ml of cell mem-
branes were incubated in 500 ml HEPES buffer containing increasing
concentrations of [3H]-vortioxetine at 4°C for 1 hour. For concentra-
tions above 5 nM vortioxetine, [3H]-vortioxetine was spiked with 2.5
nM unlabeled vortioxetine. Reactions were terminated by vacuum
filtration using a Brandel (Gaithersburg, MD) cell harvester onto
GF/B filters presoaked in 0.3% w/v polyethyleneimine. Radioactivity
was determined by scintillation counting using a Beckman BCLS6500
instrument (Beckman, Fullerton, CA).

Pharmacological Data Analysis. All data analyses involving
iterative curve fittingwere performed usingGraphPadPrism software
(GraphPad Inc., San Diego, CA). In general, for concentration-
response data for EC50 or IC50 determinations, responseswere defined
as the change in fluorescence or current upon agonist stimulation and
calculated as peak response (Rpeak) minus baseline fluorescence or
current (Rbase) defined as fluorescence or current immediately before
agonist stimulation. For pooling of data from different experiments,
we normalized responses according to the following equation:

Normalized response5

�
Rpeak 2Rbase

�

Rmax

where Rmax is the fluorescence response recorded for application of a
saturating concentration of 5-HT. For determination of IC50 and EC50

values, data were pooled among individual experiments and the
composite concentration-inhibition data were analyzed by iterative
curve fitting using the following equation:

Response5
1

ð1110ðlogY2XÞ �nH Þ

where response is the agonist-evoked response measured at a given
inhibitor concentration normalized to the response in either the
absence of inhibitor (for IC50) or the maximum response (for EC50);
Y is the concentration of inhibitor (for IC50) or agonist (for EC50) that
produces a half-maximal inhibition or response; X is the logarithm of
the concentration of the inhibitor or agonist concentration; and nH is
the Hill slope. For determination of the equilibrium dissociation
constant (Kd) for vortioxetine from saturation radioligand binding
experiments, specific binding data were analyzed by curve fitting
according to the following equation:

B5
ðBmax � ½L�Þ
Kd 1 ½L�

where B is the bound radioligand; Bmax is the maximum binding at
equilibrium;Kd is the equilibrium dissociation constant; and [L] is the
free concentration of radioligand. For calculation of the inhibition
constant (Ki) for vortioxetine from competition radioligand binding
experiments, the Cheng-Prusoff equation (Cheng and Prusoff, 1973)
was used based on the assumption that vortioxetine and the radio-
ligand bind competitively under steady-state conditions. Unless
otherwise indicated, the IC50 and EC50 values are shown with 95%
confidence interval, and statistical differences were analyzed using
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analysis of variance followed by aDunnett’s multiple comparisons test
using the GraphPad Prism software.

Protein Modeling. The h5-HT3A receptor was modeled in an
inactive conformation based on several templates since no single
template of a cation-selective receptor in an unambiguously inactive
conformation existed at the time of modeling. Therefore, the receptor
was partly modeled based on the highly homologous m5-HT3A

(Hassaine et al., 2014). In this structure, the pore-lining helix, M2,
is in an unclear conformational state since the conformation of the
backbone is similar to other open-channel receptor structures, while
the conformations of the pore-lining side chains effectively close the
pore (Hassaine et al., 2014). This was overcome by modeling in
combination with a human GABAA receptor in an inactive conforma-
tion (Miller and Aricescu, 2014), and an antagonist-bound 5-HTBP
(Kesters et al., 2013) using MODELER 9.14 (Sali and Blundell, 1993)
(Supplemental Material; Supplemental Fig. 1).

Ligand Preparation. The structure of granisetron was extracted
from the crystal structure of 5-HTBP (Protein Data Bank ID: 2YME),
while the structure of vortioxetine was prepared as described in
Andersen et al. (2015). Following assignment of bond orders and atom
types in Maestro 10.1 (Schrödinger Suite 2015) (Schrodinger LLC,
New York, NY), the granisetron structure was minimized and then
subjected to a conformational search using the mixed torsional/low-
mode sampling method, the optimized potentials for liquid simula-
tions 2.1 force field, and an implicit water model in MacroModel 10.7
(Schrodinger Suite 2015). Then, 5000-step minimization using a
conjugate gradient method followed each iteration step in the
conformational search. Both ligands were modeled as having one
charged amine based on available pKa data.

Induced Fit Docking. Ligands were docked in their lowest energy
conformation into each of the five substrate binding sites of h5-HT3A

using an induced fit docking (IFD) protocol. The protocol employed the
Glide 6.4 and Prime 3.7 modules in the Schrödinger software suite
(Schrödinger Suite 2015), which allows for full flexibility of both the
ligand and binding site side chains (Friesner et al., 2004; Sherman et al.,
2006). The binding site centerwas defined as the centroid of Trp178 and
Ser226 in the principal subunit and Asp64 in the complementary
subunit of each site. In the initial docking, Arg87 was mutated to
alanine to allow room for the ligand, and a maximum of 200 poses was
carried forward to the next step. A maximum of 100 ligand docking
poses was reported in extra precision in the last docking step with
energies less than 30 kcal/mol higher than the initial docking confor-
mation. The resulting docking poses from each site were then combined
and collectively clustered based on their in-place conformation using the
Conformer Cluster script available in Maestro 10.1.

Molecular Dynamics Simulations. Simulation systems were
set up and equilibrated using a coarse-grained approach before being
converted into their all-atom equivalent for production run simula-
tions. The receptor was placed in a solvated 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine bilayer and ionized to a 0.2 M NaCl
concentration. Coarse-grained simulations were performed using the
MARTINI force field (Bulacu et al., 2013; de Jong et al., 2013) and all-
atom simulations using the CHARMM36 force field (Klauda et al.,
2010; Best et al., 2012). The apo receptor was simulated in the a
constant number of particles, temperature, and pressure ensemble in
atomistic resolution for 10 nanoseconds, with positional restraints on
Ca atoms before docking calculations. Following the docking, a
representative pose from each cluster was simulated for 53.5 nano-
seconds (1.5 nanoseconds of restrained equilibration, 2 nanoseconds of
unrestrained preproduction equilibration, and a 50-nanosecond pro-
duction run) (Supplemental Material). The analyses were performed
directly after the release of the restraints to assess the stability of the
binding cluster as it was found in the IFD calculations. The root-mean-
square displacement of vortioxetine heavy atoms relative to their
position in the first frame wasmonitored in each simulation as well as
whether vortioxetine maintained its stabilizing interactions with the
protein. See the Supplemental Material for simulation details and the
parameterization of vortioxetine.

Molecular Mechanics–Poisson-Boltzmann and Surface Area
Calculations. The free energy of binding was estimated using the
molecularmechanics–Poisson-Boltzmannand surface area (MM-PBSA)
method (Wang et al., 2001; Genheden and Ryde, 2015) as implemented
in GMXPBSA 2.1 (Paissoni et al., 2015). Briefly, ligand/protein
complexes were subjected to molecular dynamics (MD) simulations,
and 100 frames were evenly extracted from the first 2 nanoseconds. The
first 2 nanoseconds were chosen since the free energy estimate was
intended as a postdocking scoringmethod, and not as an evaluation tool
of the binding modes that vortioxetine converged into during the
production runs. The first frame was extracted directly after the ligand
restraints applied in the restrained equilibration phase were released,
and the binding free energy is thus expected to reflect the bindingmode
found in the docking and not an MD-relaxed version of this binding
mode. The trajectorywas stripped ofwater, ions, and lipids, and only the
ligand and the two subunits within the ECD domain that surround the
ligand along with the ligand itself were included in the calculations.
APBS software (Baker et al., 2001) was used to solve the Poisson-
Boltzmann equation and to calculate the nonpolar contribution to the
solvation energy (on the basis of the solvent accessible surface area).
Gromacs 5.0.2 and theCHARMM36 force field (Klauda et al., 2010;Best
et al., 2012) were used to calculate the van der Waals and Coulomb
energy contributions of the free ligand and protein and the protein/li-
gand complex (Paissoni et al., 2015). The Poisson-Boltzmann equation
was solved using a nonlinear approximation with the boundary
condition defined as sdh and a grid spacing of 1, with the temperature
set to 310 K, ion concentrations set to 0.2 M, and a protein dielectric
constant of 2. Finally, the calculations were performed using the
multitrj option in GMXPBSA (Paissoni et al., 2015) to ensure the same
grid definitions in all calculations.

Results
Homology Modeling of the h5-HT3A Receptor Struc-

ture. To enable computational studies of vortioxetine binding
to the h5-HT3A receptor, we generated a three-dimensional
molecular model of h5-HT3A using the existing X-ray crystal
structures of pLGICs and 5-HTBP constructs as templates
(see Materials and Methods and the Supplemental Material)
(Fig. 1). Vortioxetine acts as a functional antagonist at h5-
HT3A by stabilizing the receptor in a closed-channel state
(Bang-Andersen et al., 2011). We, therefore, chose to model
the h5-HT3A receptor in an inactive conformation, here de-
fined as: 1) the channel adopting a conformation with gating
residues obstructing ion passage as observed in closed-pore
pLGIC structures (daCosta and Baenziger, 2013; Sauguet
et al., 2015) and 2) the orthosteric binding site adopting a
conformation similar to structures of antagonist-bound
pLGICs and 5-HTBP constructs (Sander et al., 2010; Kesters
et al., 2013).We usedmultiple structures as templates to build
this model because a single template did not exist that
represented an inactive pLGIC conformation while being
sufficiently homologous to the h5-HT3A receptor at the time
ofmodeling. At the time ofmodeling, the closest homolog of h5-
HT3A for which a high-resolution structure exists is the m5-
HT3A receptor in the apo state (Hassaine et al., 2014). Human
andmouse 5-HT3A receptors share 86% sequence identity, and
the m5-HT3A structure is, therefore, in general, an excellent
template for modeling of h5-HT3A. However, the conforma-
tional state of the channel is unclear in them5-HT3A structure
due to the low resolution of the transmembrane domain region
(Hassaine et al., 2014). Therefore, to model an inactive
conformational state of h5-HT3A, we combined the m5-HT3A

structure with a structure of the human GABAA receptor

1424 Ladefoged et al.
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(see Materials and Methods and the Supplemental Material),
which unambiguously is in a closed-pore conformation
(Miller and Aricescu, 2014). The intracellular domain formed
by the 114-residue loops between the M3 and M4 membrane-
spanning domains from each subunit is not resolved in them5-
HT3A structure. Therefore, we did not model the intracellular
domain and instead replaced the M3/M4 loop in each h5-HT3A

subunit with a three amino acid artificial linker sequence
(Supplemental Material). Finally, the conformation of the
ECD loop regions that form the orthosteric binding sites
were modeled using the reported X-ray crystal structure of
granisetron-bound 5-HTBP (Kesters et al., 2013). The result-
ing h5-HT3Amodel is shown in Fig. 1, A and B. The orthosteric
binding sites are located at the interfaces between subunits
and formed by residues located in loops A–C on one subunit
(denoted as the principal subunit) and loops D–F on the
neighboring subunit (denoted as the complementary subunit)
(Fig. 2A). In our model, loop C adopts an open conformation
similar to the conformation observed for antagonist-bound
ECD structures such as 5-HTBP in complex with setrons
(Kesters et al., 2013; Price et al., 2016) as well as other
antagonist-bound AChBP structures (Sander et al., 2010).
Outside the binding site regions the Cys-loop is in direct
contact with the M2/M3 loop through hydrophobic interac-
tions, which is a configuration predicted to be important for
allosteric communication of conformational changes between
the ECD and transmembrane domain (Jha et al., 2007). The
narrowest diameter of the channel pore is 2.7 Å, which is in
between the pore diameters of the template GABAA and m5-
HT3A receptor structures and is too narrow to allow ion
passage (Yang, 1990; Mähler and Persson, 2012). The pore-
lining residues all point into the channel pore, and the
selectivity filter (Glu272) and hydrophobic gate (Leu282)
(Barnes et al., 2009) are closed.
Computational Analysis of Ligand Binding to h5-

HT3A. We initially evaluated the h5-HT3A receptor model by
docking granisetron into the orthosteric site using an IFD
protocol (see Materials and Methods) and compared the
resulting ligand-docking models with the existing structure
of 5-HTBP in complex with granisetron. The resulting larg-
est binding cluster of granisetron in the h5-HT3A model
overlapped well with the binding mode observed in the
5-HTBP/granisetron structure (Protein Data Bank ID:
2YME, Fig. 2B), thus suggesting that our h5-HT3A model

and docking approach is suitable for exploration of potential
bioactive binding modes in the orthosteric site. Since the
conformation of the orthosteric binding site in our h5-HT3A

model is based on an antagonist-bound template, the binding
site should be able to reproduce the granisetron binding mode
found in a crystal structure of 5-HTBP (Kesters et al., 2013).
We then docked vortioxetine into this validated model. We
performed docking calculations in all five binding sites to
improve the sampling of bindingmodes since each binding site
is slightly different as no symmetry constraints were imposed
during themodeling process. In total, 263 poses of vortioxetine
were obtained from the five IFD calculations and clus-
tered collectively according to their in-place conformation
(see Materials and Methods). Among these, we dismissed
all clusters with average extra precision Gscores higher
than 210 kcal/mol and/or clusters containing less than six
poses. The extra precision Gscore is an empirical scoring
function that seeks to estimate the ligand/protein binding
affinity (Friesner et al., 2006). Six clusters remained and were
considered as representing the potential bioactive binding
mode (C2, C6, C8, C11, C13, and C30) (Table 1). A represen-
tative orientation of vortioxetine in each of these six clusters is
shown in Fig. 3. Among these, the orientation and binding site
interactions of vortioxetine differ in several aspects. First,
different interaction partners are observed for the charged
nitrogen in the piperazine ring. In cluster C2, the charged
nitrogen forms hydrogen bonds to the backbone carbonyls of
Ser177 and Trp178 on loop B in addition to a cation/p
interaction with Trp178. In cluster C6, the nitrogen is
observed to form a salt bridge with Glu231 (loop C), whereas
in clusters C8, C11, and C13, the nitrogen displays cation/p
interactions with Trp178 (loop B) and Tyr229 (loop C) and
hydrogen bonding to Thr176 (loop B). Finally, cluster C30
shows that the nitrogen atom in the piperazine ring is placed
in the complementary subunit of the binding site where it
forms a salt bridge to Asp64. Second, in all clusters one of the
two aromatic rings in vortioxetine is located in the same
subpocket at the back of the binding site in which one of the
aromatic rings of vortioxetine is sandwiched between Tyr148
(loop E) and Trp85 (loop D) with further supporting interac-
tions provided by Trp178 (loop B). In clusters C2, C6, and C8,
the dimethylphenyl ring (phenyl A, Fig. 1C) is located in this
subpocket, whereas in clusters C11, C13, and C30, it is the
central phenyl (phenyl B, Fig. 1C); p/p stacking of either

Fig. 2. Granisetron docking in the orthos-
teric binding site of the model h5-HT3A
receptor structure. (A) Ribbon representa-
tion of the orthosteric binding site in the
h5-HT3A receptor model at the subunit
interface, which is formed by loops A–C
in the principal subunit and loops D–F in
the complementary subunit. (B) Structure
of granisetron (cyan) docked in the h5-
HT3A receptor model overlayed with the
experimentally determined structure of
granisetron in complexwith5-HTBP (blue)
(Protein Data Bank ID: 2YME). Key prin-
cipal and complimentary subunit residues
are colored in white and gray, respectively.
Residue numberings refer to the h5-HT3A
sequence.
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phenyl of vortioxetine to at least one of the three aromatic
residues within this subpocket is observed in almost all
docking poses. The location of the second phenyl ring of
vortioxetine is less well-defined and can be found in one of
three potential locations within the binding site. In clusters
C2, C6, C13, and C30 the second phenyl ring is found close to
loops A, B, and C and can interact with Tyr229 (loop C) and
Thr176 (loop B). However, in C11 the second phenyl, in this
case phenyl A, is located close to Ile66 and Val202 (loop F) of
the complementary face, while in C8, phenyl B is located at the
top of the binding site close to Y148 from loop E and Leu179
from loop B. It thus becomes clear that while vortioxetine
forms interactions with the same aromatic residues either by
cation/p, p/p, or hydrophobic interactions, the binding clus-
ters found in the docking calculations have distinct variations.

We further evaluated the binding clusters by performing
MD simulations of each binding mode to determine the
general stability of each bindingmode and to estimate relative
free energies of binding using the MM-PBSA approach
(seeMaterials andMethods). MM-PBSA is an efficient method
for fast calculation of free energies of diverse molecular
systems (Homeyer and Gohlke, 2012). For clusters C8 and
C13, analysis of the root-mean-square displacement progres-
sion in the MD trajectories showed the ligand remaining close
to its initial conformation and position for the entire simula-
tion period (Fig. 4, C and E), suggesting these conformations
represent possible stable binding modes. In contrast, the
ligand changed the conformation and position early during
the simulations in cluster C2, C6, C11, andC30 (Fig. 4, A, B, D,
and F), at approximately 2 nanoseconds for C6, 10 nanosec-
onds for C2 and C11, and immediately for C30. Interestingly,
for C6 and C11, the ligand converged on a conformation
similar to that observed in the stable C8 andC13, respectively.
C2 converged toward a unique conformation by shifting
deeper into the binding site, allowing the charged amine in
the piperazine ring of vortioxetine to interact with Thr176
(loop B) (Fig. 4A). Furthermore, phenyl A rotated approxi-
mately 180°. The ligand in C30 did not change conformation
during the MD simulation, but its position was shifted a few
ångström closer to the complementary subunit, improving
electrostatic interactions with both Asp199 and Glu224
(loops F and C, respectively). We then used the MD trajecto-
ries to perform MM-PBSA calculations to estimate the free
energy of binding for each cluster (seeMaterials andMethods).
The calculations were performed using the first 2 nanoseconds

TABLE 1
Results from the IFD calculations of vortioxetine into the orthosteric
binding site of h5-HT3A

Cluster na Average Emodelb Average Gscoreb Average IFD
scoreb

C2 24 262.6 6 7.1 210.3 6 0.9 23139.0 6 1.4
C6 23 266.9 6 10.1 211.5 6 1.1 3141.3 6 1.6
C8 62 268.4 6 6.6 210.3 6 1.0 23139.0 6 1.4
C11 40 264.1 6 6.7 210.4 6 1.3 23139.4 6 1.8
C13 8 264.1 6 6.7 210.4 6 1.3 23139.4 6 1.8
C30 39 270.3 6 8.7 210.7 6 1.8 23140.0 6 2.0
Outliers 67

aNumber of poses within a cluster.
bAverage Emodel, XP Gscore, and IFD scores are reported in kilocalories per mole.

Data represent mean 6 S.D.

Fig. 3. Potential binding modes of vortioxetine. Representative poses of vortioxetine binding mode in the orthosteric binding site as observed in the
docking clusters C2 (A), C6 (B), C8 (C), C11 (D), C13 (E), and C30 (F). Predicted interactions between the charged amine on the piperazine ring of
vortioxetine and the protein are indicated with dashed lines. The key principal and complimentary subunit residues are colored in white and gray,
respectively. Residue numbering refers to the h5-HT3A sequence.
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of the MD simulations to sample only the initial binding
conformations. The resulting binding energies showed clus-
ters C8, C11, and C13 to represent the strongest binding
modes (Table 2). Considered together, the results of the MD
simulations and the MM-PBSA calculations suggest that
C8 and C13 represent the strongest and most stable binding
mode of vortioxetine in h5-HT3A.
Characterization of Vortioxetine Activity at h5-HT3A

Receptors. Vortioxetine properties were characterized
in vitro at recombinant h5-HT3A receptors with the aim of
establishing a methodology to determine the effects of muta-
tion of key binding site residues on vortioxetine affinity that
would allow us to challenge the bindingmodels. Previous work
with recombinant h5-HT3A receptors has shown vortioxetine
to induce a rapidly desensitizing inward current with a peak
response around 65% of that of 5-HT (Bang-Andersen et al.,
2011). Using two-electrode voltage-clamp electrophysiology to
measure recombinant h5-HT3A currents in Xenopus oocytes
(seeMaterials andMethods), we observed similar results with
saturating concentrations of vortioxetine inducing inward

currents with peak response of 54% relative to 5-HT and a
7-fold faster rate of desensitization (tdes) for vortioxetine
(tdes 5 7 6 4 seconds; n 5 4) compared with 5-HT (tdes 5
1246 25 seconds for 5-HT; n5 4) (Fig. 5, B and C). Following

Fig. 4. Ligand stability in the orthosteric binding site during MD simulations. Overlay of vortioxetine structure before (cyan) and after (blue)
52 nanoseconds ofMD simulation of vortioxetine in cluster C2 (A), C6 (B), C8 (C), C11 (D), C13 (E), and C30 (F). The structural presentation is equivalent
to Fig. 3. Time course of vortioxetine movement [calculated as the root-mean-square displacement (RMSD) of vortioxetine orientation relative to initial
conformation] are shown below the panels. Smoothed data are shown in dark blue, while raw data are shown in light blue.

TABLE 2
MM-PBSA estimated binding free energies of vortioxetine for each
binding cluster

Cluster DGbind
a DGbind S.D. DDGbind

b DDGbind S.D.

C2 2168.8 0.8 20.4 1.1
C6 2168.4 0.8 0
C8 2177.8 1.1 29.4 1.4
C11 2179.3 0.6 210.9 1.0
C13 2184.5 0.8 216.2 1.1
C30 2173.7 1.1 25.4 1.3

aBinding free energies were calculated based on 100 frames evenly extracted from
the first 2 nanoseconds of simulation as described in Materials and Methods, and are
reported in kilocalories per mole with S.D.

bRelative binding free energies are reported relative to C6, which has the highest
calculated binding free energy, reported in kilocalories per mole with S.D.
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washout of vortioxetine, a persistent inhibition of agonist-
evoked currents was observed since the subsequent applica-
tion of 5-HT was unable to induce responses, consistent with
what has been previously reported (Fig. 5A) (Bang-Andersen
et al., 2011; Dale et al., 2018). Thus, in the two-electrode
voltage-clamp assay, the persistent vortioxetine inhibition of
h5-HT3A prevents multiple applications of different vortiox-
etine concentrations to the same oocyte that are practically
required for concentration-response experiments for determi-
nation of ligand potency. Thus, for a higher throughput
method of determining potency of 5-HT and inhibitory potency
(IC50) of vortioxetine, we transiently expressed WT and
mutant h5-HT3A receptors in HEK-293 cells and used a
microplate-based functional assay that has been used exten-
sively for 5-HT3 receptor pharmacological characterization
(see Materials and Methods and the Supplemental Material)
(Price and Lummis, 2005; Sullivan et al., 2006; Thompson
et al., 2006a; Price et al., 2008; Lummis et al., 2011; Del Cadia
et al., 2013). The assay is based on measurement of agonist-
evoked changes in cell membrane potential by use of a
fluorescent dye that is sensitive to the membrane field
potential (Fitch et al., 2003). We evaluated the applicability
of the assay by determining the concentration-response re-
lationship for 5-HT (Fig. 5A) and concentration-inhibition
relationships for two prototypical antagonists (granisetron
and ondansetron) at WT h5-HT3A (Supplemental Fig. 2). The
membrane potential assay yielded an EC50 value for 5-HT of
191 nM (170–215 nM; n 5 15), which is in close range of the
EC50 value of 445 nM (255–685 nM; n 5 8) determined from
two-electrode voltage-clamp recordings (Fig. 6, B and C). We
obtained IC50 values of 3.3 nM (2.7–4.1 nM; n 5 6) for
granisetron and 0.87 nM (0.69–1.10 nM; n 5 4) for ondanse-
tron. These values are consistent with previously reported
IC50 values for these compounds at h5-HT3A receptors
(Miyake et al., 1995; Hope et al., 1996; Brady et al., 2001),
thus corroborating previous assessments of the usefulness of
the membrane potential assay for pharmacological character-
ization of recombinant 5-HT3 receptors (Price and Lummis,
2005; Lummis and Thompson, 2013). We next used the
membrane potential assay to determine the concentration-
inhibition relationship of vortioxetine at 5-HT3A (Fig. 6).
When the cells were preincubated in increasing concentra-
tions of vortioxetine, an IC50 value of 19 nM (17–21 nM; n 5
20) was found (Fig. 6, E and F), which is similar to the IC50

value of 12 nM for inhibition of h5-HT3A activity in Xenopus

oocytes as determined by Bang-Andersen et al. (2011) and in
HEK-293 cells as determined by Dale et al. (2018). We also
determined vortioxetine Ki from radioligand displacement
experiments using the orthosteric 5-HT3 ligand [3H]-
GR65630, and obtained a Ki value of 22 nM (14–34 nM; n 5 4)
(Fig. 6G) and conducted saturation binding experiments using
[3H]-vortioxetine to determine a Kd value of 196 6 nM (S.E.M.;
n 5 3) (Fig. 6H). These values correspond well with the IC50

value of vortioxetine determined in the membrane potential
assay, which suggests that this assay can report affinity of
vortioxetine for h5-HT3A receptors. Furthermore, the highly
persistent binding of vortioxetine to recombinant h5-HT3A

receptors observed in Xenopus oocytes suggests a very slow
dissociation rate, i.e., after extensive washout of vortioxetine
from preincubated oocytes all further application of 5-HT does
not induce any current response to 5-HT. In the membrane
potential assay, which employs preincubation with vortioxetine
before h5-HT3A responses are evoked with 5-HT, such slow
unbinding should make the IC50 value of vortioxetine indepen-
dent of 5-HT concentration. Indeed, varying concentrations of
5-HT ranging from 1 to 300 mM generated identical IC50 curves
(Fig. 6F). Thus, the membrane potential assay overall appears
suitable for characterization of vortioxetine pharmacological
properties at the h5-HT3A.
Mutational Analysis of Binding Site Residues that

Are Predicted Critical for Vortioxetine Potency. To
determine the potential contribution of binding site residues
to vortioxetine affinity, we performed site-directed mutagen-
esis in the h5-HT3A receptor and assessed the effect of single-
point mutations on vortioxetine IC50 using the membrane
potential assay.We selected eight amino acid positions around
the orthosteric binding pocket for mutational analysis
(Fig. 7A). The rationale for how mutation of these residues
might allow us to discriminate between potential binding
modes is outlined in Table 3. In general, we substituted each
position with one or more residues with different physico-
chemical properties from the WT residue such that the
mutations could change potential interactions with vortiox-
etine. In total, we created 14 mutants (Table 4) that were
individually expressed in HEK-293 cells and assessed them
for potential effects of mutation on overall receptor activity
and 5-HT EC50 using the membrane potential assay
(see Materials and Methods). Four mutants (D64V, N123I,
S177E, and E231I) did not show specific responses to 5-HT
stimulation at concentrations up to 1 mM (Table 4). Thus,

Fig. 5. Electrophysiological character-
ization of vortioxetine activity. (A) Cur-
rent traces from a representativeXenopus
oocyte expressing h5-HT3A in response to
brief 20-second applications of 10 mM
5-HT (black bar) and 10 mM vortioxetine
(gray bar). Vortioxetine causes rapidly
desensitizing inward currents followed
by persistent inhibition. (B and C) Repre-
sentative h5-HT3A receptor current re-
sponses to extended application of 1 mM
5-HT (black bar; 500 seconds) and 10 mM
vortioxetine (gray bar; 50 seconds). The
mean 6 S.E.M. for the rate of desensiti-
zation (tdes) was for vortioxetine tdes = 76
4 seconds (S.E.M.; n = 4) and for 5-HT tdes =
124 6 25 seconds (S.E.M.; n = 4).

1428 Ladefoged et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.118.113530/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.118.113530/-/DC1
http://molpharm.aspetjournals.org/


these mutations either disrupt receptor folding and assembly,
surface expression, or function. In any case, the lack of activity
in the membrane potential assay prevented characterization
of the potential impact of the mutations on vortioxetine
pharmacology. Therefore, these functionally inactive mutants
were not studied further. Previous work has reported func-
tional mutants of Asn123 (Ala and Asp) (Thompson et al.,
2005) and Ser177 (Ala and Thr) (Thompson et al., 2005) in m5-
HT3A, and Glu231 in both h5-HT3A and m5-HT3A (Gln, Asp,
and Ala) (Schreiter et al., 2003; Thompson et al., 2005),
whereas mutants of Asp64 have not previously been tested
according to the best of our knowledge.
The remaining 10 mutants (covering five positions) were

found to generate robust responses to 5-HT stimulation that
allowed for determination of 5-HT EC50 (Table 4). Increases in
5-HT EC50 were observed for the V202A mutation and all
substitutions at Thr176 and Asn123 (Table 4). These effects
likely reflect that Thr176, Asn123, and V202A interact

directly with 5-HT, and previous studies have observed
similar shifts in 5-HT affinity upon mutations of Thr176 and
Asn123 (Sullivan et al., 2006; Thompson et al., 2011). The
remaining mutants displayed 5-HT EC50 within the 2-fold
range of WT. We then determined vortioxetine IC50 at all
functional binding site mutants (Fig. 7; Table 4). The muta-
tions T176V and V202A significantly increased vortioxetine
IC50 by 5- and 11-fold, respectively, while the V202Lmutation
decreased the vortioxetine IC50 by 5-fold (Fig. 8; Table 4). In
contrast, all mutations of Ile66, Asn123, andMet223 produced
less than 2-fold changes in vortioxetine IC50 (Fig. 8; Table 4).
These results suggest key contributions of the side chains of
Thr176 and Val202 to vortioxetine binding, and no or limited
contributions from Ile66, Asn123, and Met223.
Correlation between Binding Modes and Mutant

Effects. We used the data set from the mutational analysis
as a final assessment of the potential of each binding mode
cluster to represent the bioactive binding mode of vortioxetine

Fig. 6. Pharmacological characterization of vortioxetine in Xenopus oocytes and HEK-293 cells. (A) Representative trace of fluorescence responses in
HEK-293 cells expressing h5-HT3A cells to the indicated concentration of 5-HT in micromolars using the membrane potential assay (see Materials and
Methods). (B) Representative current responses to the indicated concentration of 5-HT (inmicromolars) inXenopus oocytes expressing h5-HT3A receptors
at 220 mV. Concentration-response curves for 5-HT at Xenopus oocytes (C) and HEK-293 cells (D) expressing h5-HT3A. Data points represent the
normalized mean 6 S.D. response from 5 to 10 individual experiments or oocytes for each concentration. (E) Representative trace of fluorescence
responses in HEK-293 cells expressing h5-HT3A receptors to 30 mM 5-HT following incubation with the indicated concentration of vortioxetine using the
membrane potential assay (see Materials and Methods). (F) Concentration-response curves for vortioxetine inhibition of h5-HT3A receptors at different
concentrations of 5-HT. Data points represent the mean 6 S.D. from three individual experiments. (G) Concentration-inhibition curve for vortioxetine
displacement of [3H]GR65630 binding at membranes isolated from HEK-293 cells expressing h5-HT3A (see Materials and Methods). Data points
represent mean 6 S.D. from at least three individual experiments. (H) Saturation analysis of [3H]vortioxetine binding at cell membranes isolated from
HEK-293 cells expressing h5-HT3A.
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in the h5-HT3A receptor. The main observations that a
bioactive binding mode should reconcile are: 1) gain or loss
of potency upon change in bulk size of hydrophobic side chains
of Val202 on loop F, 2) no or small effects upon change in bulk
size of hydrophobic side chains at Ile66, and 3) 5-fold loss of
potency upon removal of the side chain hydrophilicity of T176.
Overall, the orientations and positions of vortioxetine in
binding clusters C2, C6, and C8 do not fit well with two of
these observations. First, in these binding modes the side
chain of Val202 is located.6 Å from vortioxetine and displays
no interactions with the ligand, which is inconsistent with the
observations that vortioxetine potency is very sensitive to
decrease (V202A) or subtle increase (V202L) in the bulk size of
the side chain while maintaining hydrophobicity. Second, the
C2, C6, and C8 binding modes predict phenyl A of vortioxetine
to be located in a hydrophobic subpocket where it forms direct
hydrophobic interactions with Ile66; an orientation that is
inconsistent with the observed little or no effect of I66A and
I66L mutations (Fig. 8).
The C11 bindingmode overall fits well with the results from

themutational analysis. Vortioxetine is positioned sufficiently
close to Val202 to form hydrophobic interactions with the side
chain via phenyl A, which agrees with the observed effects of
decreased potency upon substitution with the smaller Ala by
the V202A mutation. The side chain of Ile66 is not in direct
contact with vortioxetine in the stabilized conformation found

viaMDsimulations, thus being consistentwith the lack of effect
of the I66A and I66L mutations. The impact of the T176V
mutation on vortioxetine potency is also compatible with this
binding mode since C11 predicts the presence of a hydrogen
bond between the ligand piperazine secondary amine and the
Thr176 side chain hydroxyl group. T176V substitutes this
hydroxyl for methyl and thus disrupts any hydrogen bond
capacity of this side chain, which is consistentwith the observed
6-fold decrease in potency for the T176V mutant.
In C13, which was stable during theMD simulations, Val202

is making hydrophobic contacts to phenyl A and Ile66 is not in
close contact with vortioxetine, which is thus consistent with
the mutational results for these two residues. However, C13
predicts no ligand interaction with the side chain of Thr176 in
the IFD data, in which the hydroxyl group is pointing away
from the ligand.However, theMD simulations of C13 show that
the side chain of Thr176 reorients such that hydrogen bonds can
form between the side chain hydroxyl and the secondary amine
in the piperazine ring of vortioxetine, and loss of this interaction
may underlie the effect of the T176V mutation.
In C30, the side chain of Ile66 is around 4 Å from the

piperazine ring, which is sufficiently distant to explain
the lack of effect of Ile66 mutations that alter the bulk size
of the side chain. However, Val202 is approximately 5 Å away
from the ligand, which is not compatible with the substantial
effects of subtle changes in the bulk size of the side chain.

Fig. 7. Mutational analysis of vortioxetine binding. (A) Overview of key residues in the orthosteric binding site and vortioxetine orientation in the C11
(blue) and C13 (cyan) binding modes following short MD simulations. Mutated residues are labeled in red. Stick representations of residues where
mutation resulted in decreased vortioxetine potency (Thr176 andVal202) are shown in pale red, and residueswheremutation did not alter potency (Ile66,
Asn123, and Met223) are shown in pale yellow. (B–F) Representative concentration-inhibition curves for point mutants at the indicated positions. Data
points represent mean 6 S.D. from at least six individual concentration-response experiments for each mutant.
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Moreover, on the opposite side of the binding pocket, the side
chain of Thr176 is also more than 5 Å away from the ligand,
which cannot explain the T176V effect.
In summary, the bindingmodes of vortioxetine observed in the

C2, C6, C8, andC30 docking clusters are not compatible with the
results from the mutational analysis. Combined with the results
of the MD simulations and binding energy analysis, we exclude
these as potential bioactive binding modes. C11 and C13 display
compatibility with all mutational observations when including
data from both IFD calculations and MD simulations, and thus
may represent bioactive conformations of vortioxetine in vivo.
During the MD simulations of C11, vortioxetine assumed a
conformation that is highly similar to the conformation in C13.

It is noteworthy that these binding modes then only differ by a
180° rotation of phenyl A such that the ortho-methyl group is
pointing in opposing directions. Thus, we suggest that C11 and
C13 collectively represent the binding modes of vortioxetine in
the h5-HT3A receptor in which vortioxetine binds with some
flexibility since it can bind to the receptor with the aromatic ring
A in two orientations.

Discussion
Our model of the vortioxetine binding mode at the h5-HT3A

receptor provides insight into the molecular basis for the
potentially unique mode of action of vortioxetine at the 5-HT3

TABLE 4
5-HT EC50 and vortioxetine IC50 values for WT and mutant h5-HT3A receptors

Mutant
5-HT Vortioxetine

EC50
a nb Fold Change IC50

a nb Fold Change

mM nM

WT 0.19 [0.17; 0.21] 33 29 [25; 34] 9
D64V NF 3
I66A 0.32 [0.24; 0.44] 3 1.7 [1.3; 2.3] 52 [41; 66]* 5 1.8 [1.4; 2.3]
I66L 0.27 [0.25; 0.29] 3 1.4 [1.3; 1.5] 42 [35; 50]* 5 1.4 [1.2; 1.7]
N123A 1.8 [1.5; 2.1]* 9 9.5 [8.2; 11] 47 [40; 56]* 7 1.6 [1.4; 1.9]
N123I NF 3
N123L 2.2 [1.4; 3.4]* 4 12 [7.6; 18] 23 [9; 57] 3 0.8 [0.3; 2.0]
T176A 2.2 [2.0; 2.5]* 6 12 [11; 13] 32 [28; 37] 5 1.1 [1.0; 1.3]
T176V 4.46 [3.83; 5.19]* 7 23 [20; 27] 146 [123; 174]* 5 5.0 [4.2; 6.0]
S177E NF 3
V202A 6.16 [5.53; 6.86]* 6 6.2 [5.5; 6.9] 310 [252; 386]* 8 10.7 [8.7; 13.3]
V202I 0.27 [0.24; 0.31] 4 0.27 [0.24; 0.31] 37 [30; 45] 7 1.3 [1.0; 1.6]
V202L 0.05 [0.03; 0.07]* 3 0.05 [0.03; 0.07] 5 [4; 6]* 11 0.2 [0.1; 0.2]
M223I 0.12 [0.10; 0.13] 3 0.12 [0.10; 0.13] 20 [16; 25] 5 0.7 [0.6; 0.9]
E231I NF 3

aEC50 and IC50 values were determined as described in Materials and Methods. Numbers in brackets denote the 95%
confidence intervals.

bn denotes number of independent experiments.
*P , 0.01 vs. WT.

TABLE 3
Rationale for mutagenesis of binding site residues and predicted impact of mutations on vortioxetine IC50 for binding mode
clusters

Residue Potential Binding Role of Side Chaina Cluster Mutation
Predicted Effecta

Ligand Interaction IC50

D64 g-COOH salt bridge with piperazine NH2 C30 V Disruption ↑↑↑
I66 Interactions with phenyl A C11, C13 A Disruption ↑
I66 Interactions with phenyl A C11, C13 L Minor effect Minor effect
N123 g-NH2 interaction with piperazine NH2 C8 A HB disruption ↑↑
N123 g-NH2 interaction with piperazine NH2 C8 I HB disruption ↑↑
N123 g-NH2 interaction with piperazine NH2 C8 L HB disruption ↑↑
N123 Side chain close to phenyl B C2, C13 A HF interaction ↓
N123 Side chain close to phenyl B C2, C13 I HF interaction ↓
N123 Side chain close to phenyl B C2, C13 L HF interaction ↓
T176 g-OH HB interaction with piperazine NH2 C8 A HB disruption ↑
T176 g-OH HB interaction with piperazine NH2 C8 V HB disruption ↑
T176 Transient g-OH HB interaction with piperazine NH2 C11, C13 A HB disruption Minor effect
T176 Transient g-OH HB interaction with piperazine NH2 C11, C13 V HB disruption Minor effect
S177 Side chain close to piperazine NH2 C2 E HB formation ↓↓
V202 Side chain distant from ligand C2, C6, C8 A No effect No effect
V202 Side chain distant from ligand C2, C6, C8 I No effect No effect
V202 Side chain distant from ligand C2, C6, C8 L No effect No effect
V202 Side chain close to phenyl A C11, C13 A HF perturbation ↑
V202 Side chain close to phenyl A C11, C13 I HF perturbation Minor effect
V202 Side chain close to phenyl A C11, C13 L HF perturbation Minor effect
M223 Side chain close to phenyl A C30 I HF interaction ↓
E231 d-COOH salt bridge with piperazine NH2 C6 I Disruption ↑↑↑

aHB, hydrogen bond; HF, hydrophobic interaction. Upwards arrow indicates predicted increase in IC50, downwards arrow indicates predicted
decrease in IC50. Number of arrows indicates the predicted relative magnitude of the effect.
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receptor class. In the absence of a high-resolution structure of
the h5-HT3A receptor, we used homology modeling to create a
structural model of the receptor in an inactive state. Recently,
structures of antagonist-bound eukaryotic pLGIC receptors
have become available in the form of cryo-electron microscopy
structures of a zebra fish GlyR (Du et al., 2015; Huang et al.,
2015). Furthermore, a crystal structure of a desensitized
nicotinic acetylcholine receptor (Morales-Perez et al., 2016)
and a cryo-electron microscopy structure of a preactivated
m5-HT3A receptor (Basak et al., 2018) have recently been
published. In comparison with these structures, we find that
the structures of the GlyR ECDs are very similar to ourmodel.
The singlemajor difference is the structure of the F loop region
that in our h5-HT3A model and the m5-HT3A crystal structure
(Hassaine et al., 2014) contains a short a-helical segment,
which the GlyR structures do not. However, the Val202
residue important for vortioxetine binding is located in the F
loop, outside the helical segment in a region where our model
and GlyR are highly similar. Additionally, our h5-HT3A model
is highly similar to the preactivated conformation of m5-HT3A

(Basak et al., 2018). These observations suggest that our
model is a good representative of the inactive conformation of
the h5-HT3A receptor. In contrast, the conformation of h5-
HT3A in our model is considerably less similar to the
desensitized conformation of nicotinic acetylcholine receptors
(Morales-Perez et al., 2016). Since vortioxetine produces a
brief agonist response in 5-HT3A followed by fast and pro-
longed desensitization, it is possible that vortioxetine binds
with strongest affinity to the desensitized state. It would,
therefore, be highly relevant in future work to investigate if
our proposed vortioxetine binding mode is changed in the
h5HT3A model in the desensitized state. However, by the
overall high degree of structural similarity to the preactivated
m5-HT3A, and in the ECD regions that harbor the orthosteric
binding sites between our model and antagonist-bound GlyRs,
we consider our present model a valid template for the ligand
docking of vortioxetine.
Our ligand docking procedure yielded six possible binding

modes of vortioxetine in the orthosteric binding site of the h5-
HT3A receptor. Following further assessment by MD simula-
tions and binding free energy calculations, these six were
narrowed down to three stable binding modes as candidates
for the receptor-bound bioactive conformation of vortioxetine.
We further evaluated these binding modes by mutagenesis of

selected amino acid residues in the binding pocket. The
observed effects of mutations on vortioxetine potency could
only be fully reconciled with the highly similar C11 and C13
binding modes (Fig. 7). We, therefore, propose C11 and C13 as
the bioactive binding modes. The resulting model of vortiox-
etine binding in the h5-HT3A receptor provides a framework to
understand the molecular basis for the differential mecha-
nism of action of vortioxetine at 5-HT3A compared with other
5-HT3 orthosteric ligands. As with other pLGICs, the h5-HT3A

orthosteric binding pocket contains an aromatic box structural
motif formed by Trp, Tyr, and Phe residues on loops A, B, C,
and D (Fig. 8, Trp85, Phe221, Tyr229, and Trp178 in h5-HT3A)
(Beene et al., 2002a,b; Xiu et al., 2009; Thompson et al., 2010).
The role of these residues is extensively studied in the 5-HT3

receptor (Beene et al., 2002a,b, 2004; Price et al., 2008), and
multiple models exist for their role in binding of setrons and
agonists. Early models, and more recently also X-ray struc-
tures of 5-HTBP in complex with setrons, collectively show
three main factors necessary for setron binding and effect: 1)
hydrogen bonds and cation/p interactions with Trp178 in the
aromatic box (Kesters et al., 2013; Lochner and Thompson,
2016; Price et al., 2016); 2) cation/p and/or p/p interactions
with Tyr136, Tyr138, Tyr148, and Arg87 (Beene et al., 2004;
Thompson et al., 2005, 2014; Yan andWhite, 2005; Joshi et al.,
2006); and 3) setron occupation of a subsite beyond Arg87 near
loops D and F (Fig. 8) (Kesters et al., 2013; Lochner and
Thompson, 2016; Price et al., 2016). In our model, vortioxetine
appears to interact with key motifs of the aromatic box in a
similar manner, but also displays interactions that are
distinct from setrons. A key similarity is the charged nitrogen
on the piperazine ring, which is located in the center of the box
and forms cation/p interactions to Trp178 and Tyr148 (Fig. 8).
However, unlike setrons, vortioxetine does not interact with
Tyr136, Tyr138, and Arg87 and does not occupy the subpocket
beyond Arg87 (Fig. 8). Thus, the interaction pattern of
vortioxetine is distinct from setrons.
In contrast to setrons, at saturating concentrations, vorti-

oxetine also displays agonist activity at 5-HT3A. As for setrons,
agonist binding has been shown to require hydrogen bonding
and cation/p interactions with Trp178 (Beene et al., 2002b;
Price et al., 2016), suggesting this interaction to be a common
denominator for ligand binding in 5-HT3 receptors. Unlike the
setrons, however, agonists interact with the 5-HTBP equiva-
lent of Tyr148 within the complementary face and are not able

Fig. 8. Key features of the orthosteric binding site in h5-HT3A. (A) Tube representation of the residues forming the aromatic box within the orthosteric
binding site. All residues from the principal subunit are colored in white, while all residues from the complementary subunit are colored in gray. (B)
Surface illustration of the subpockets involved in agonist (green), antagonist (red), and vortioxetine (yellow). The surrounding protein structure is shown
as transparent ribbons.
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to reach as far as Arg87 in loop D (Thompson et al., 2006a).
Also, agonists interact with residues from loop E as well as
loop D deep within the orthosteric binding pocket (Fig. 8B).
Interestingly, in our model, vortioxetine does not interact
with either of these two subsites but does interact with a
subsite located at loop E closer to themembrane. This unique
interaction pattern of vortioxetine could underlie its distinct
functional profile. In this respect, it is interesting to note that
previous studies have shown Trp85 from loop D (Spier and
Lummis, 2000) as well as Tyr138 and Tyr148 from loop E
(Beene et al., 2004; Price and Lummis, 2004) to be necessary
to produce an agonist effect, and vortioxetine interacts
extensively with both Trp85 and Tyr148 in our model.
The antidepressant effect of vortioxetine involves its

highly potent inhibition of the serotonin transporter
(Andersen et al., 2009; Bang-Andersen et al., 2011). We have
previously reported a model of vortioxetine bound in a
human serotonin transporter (hSERT) (Andersen et al.,
2015). Key insights into the role of functional groups of
vortioxetine in binding hSERT and h5-HT3A are of potential
interest for future drug design of multimodal drugs targeting
these serotonergic proteins. First, in both hSERT and h5-
HT3A, the interactions of the positively charged nitrogen in
the piperazine ring mimic the interactions with the primary
amine of 5-HT. Specifically, the piperazine nitrogen forms an
important salt bridge to Asp98 in hSERT, and makes
hydrogen bond and cation/p interactions to Thr176 and
Trp178, respectively, in h5-HT3A. A contrasting feature is
the overall role of the two phenyl rings of vortioxetine for
binding at hSERT and h5-HT3A. At h5-HT3A, the phenyl
rings make several p/p and cation/p interactions, in partic-
ular to residues in the aromatic box, whereas in hSERT
hydrophobicity of the phenyl rings rather than aromaticity is
most important for binding (Andersen et al., 2015).
In summary, we have created and validated a model of the

bioactive conformation of vortioxetine in the h5-HT3A re-
ceptor that provides new insight into the binding of a novel
multimodal serotonergic drug. The binding pattern of vorti-
oxetine mimics some aspects of both setron and 5-HT binding
but also displays binding interactions not previously de-
scribed to be important for binding of either setrons or 5-HT.
Since the mechanism of vortioxetine differs from classic
5-HT3A orthosteric ligands with inhibitory activity such as
the setrons, our results may be an important first step
toward understanding the molecular basis underlying the
unique properties of vortioxetine. Specifically, this will
include understanding the molecular determinants for how
vortioxetine binding induces a brief agonistic response
followed by a rapid transition into a desensitized state from
which vortioxetine has an extremely slow unbinding rate.
Finally, our results provide guidance in efforts to develop
multimodal drugs with tailored activity across the spectrum
of serotonergic proteins.
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Figure S1. Amino acid sequence alignment of h5-HT3A, m5-HT3A, hGABAA and aAChBP used for 

homology modeling of the h5-HT3A receptor. The sequence segments applied as templates in the homology 

modeling of h5-HT3A are highlighted in gray for each of the three templates. PDB IDs for the structures 

corresponding to the sequences are shown in parenthesis. For h5-HT3A, the code in parenthesis refers to the 

protein UniProt ID. The location of loop A-F and the transmembrane regions M1 to M4 are depicted on top of 

the alignment. Loops A to C are indicated in green, loops D to F are indicated in turquoise, the Cys-loop is 

indicated in purple, and the transmembrane segments are indicated in blue. 
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Figure S2. Determination of IC50 for the classical 5-HT3A receptor competitive antagonist granisetron and 

ondansetron using the membrane potential assay. A-B. Composite concentration-inhibition curves for 

granisetron (A) and ondansetron (B) constructed using the membrane potential assay (Materials and Methods). 

Data represent the mean + SEM from 5-8 independent experiments. 
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SUPPLEMENTARY METHODS 

Protein modeling – We modeled the  h5-HT3A receptor in an inactive conformation here 

defined as the receptor having a closed channel with proposed gating residues obstructing ion 

passage, and the C loop moved away from the substrate binding site. We used as templates the 

mouse 5-HT3A receptor (PDB ID: 4PIR, 86% sequence identity (seqID)) (Hassaine et al., 2014), the 

GABA receptor (PDB ID: 4COF, 23% seqID) (Miller and Aricescu, 2014), and 5-HTBP (PDB ID: 

2YME, 22% seqID) (Kesters et al., 2013). Alignment of these template structures to the h5-HT3A 

sequence was aided by a preexisting in-house alignment that contained sequences of all human 

pLGICs and all pLGICs receptors with available structures at the time of modeling (PDB IDs: 

4COF, 3RIF, 3EAM, 2VL0, 2QC1, 2BYQ, 1UW6, and 2BJ0) (Bocquet et al., 2009; Celie et al., 

2005; Celie et al., 2004; Dellisanti et al., 2007; Hansen et al., 2005; Hibbs and Gouaux, 2011; Hilf 

and Dutzler, 2008; Miller and Aricescu, 2014). The sequence of the h5-HT3A subunit (UniProt ID: 

P46098) as well as the 5-HTBP sequence were added to the preexisting alignment using ClustalX 

version 2.0 (Larkin et al., 2007) and manually adjusted. Supporting figure S1 illustrates the 

sequence segments used from each template. Homology modeling was performed using 

MODELLER version 9.14 (Sali and Blundell, 1993). A total of 100 models were created, and the 

cysteine bridge in the cys-loop was patched during modeling. Granisetron was built into the model 

as found in the 5-HTBP template. The best models were chosen on the basis of molpdf and DOPE 

score (scoring functions in MODELLER), DOPE per residue plots, Ramachandran plot violations, 

protein-ligand interactions, binding site volume, and channel radius as assessed by the software 

Hole (Smart et al., 1996). The best model was selected for loop optimization and overall 

refinement. The M2M3 loop and residues E272 and L282 were optimized, and the M3M4 linker 

(residues QPAR) was altered to be equal to the longer linker region used in other crystal structures 

as to not bias the M4 conformation (residues AGTLRVGS) and was then optimized accordingly 

(residues 332-339). All geometry optimizations were performed using Prime version 3.7 (Jacobson 

et al., 2004). Loops were optimized using the extended sampling protocol and the OPLS-2005 force 

field (Kaminski et al., 2001), and side chains were optimized using the OPLS-2005 force field while 

backbone sampling of the direct neighboring residues was allowed. The final models consisted of 
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residues 30-475 with the exception of the ICD (residues 332-447) and contained a bound 

granisetron molecule in each site. In order to relax the h5-HT3A model before docking calculations 

it was submitted to molecular dynamics (MD) simulations for 10 ns with Cα atoms positionally 

restrained. In preparation for MD simulation, the protonation states of relevant residues were 

assessed using PROPKA version 3.0 (Olsson et al., 2011) and manual evaluation. A cysteine bridge 

was modelled in the name-giving cys-loop between C157 and C171 (Lummis, 2012). All aspartic 

and glutamic acids were modelled in deprotonated states and all histidine residues were modelled as 

the delta tautomer.  

Molecular dynamics simulations – Simulation systems were prepared using the modeled apo 

structure of h5-HT3A prepared for docking calculations or the vortioxetine bound structure from the 

C2 docking cluster. Proteins containing a representative vortioxetine structure from the remaining 

clusters were directly placed into an atomistic membrane patch prepared for the C2 cluster, thus 

skipping the coarse grained (CG) steps and equilibrating all systems in all atom (AA) using 

different initial velocities as described below. The apo/representative C2 structure was converted 

into its CG equivalent and placed in a crystalline-like CG 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) bilayer with water and 0.2 M NaCl above and below it using the Martinize 

and Insane tools (Wassenaar et al., 2015). The system was then minimized using the Martini 2.2 

force field (de Jong et al., 2013) using a steepest descent algorithm for 500,000 steps or until 

convergence, followed by a 0.5 ns MD simulation in the NVT ensemble using the velocity rescale 

algorithm to control the temperature at 310 K and a 10 fs time step with the protein restrained. 

Electrostatics were calculated using the reaction field method with a cut-off of 11 Å with a 

dielectric constant of 0 (=infinite) when beyond the cut-off, while vdW interactions were treated 

with a cut-off of 11 Å in combination with the potential-shift-verlet modifier. A 5 ns MD simulation 

in the NPT ensemble was then performed using the same settings, but with the addition of coupling 

to a Berendsen semi-isotropic pressure bath to control the pressure at 1 bar. The whole system was 

then converted into its all atom (AA) equivalent and to ensure the correct starting conformation of 

the protein, the backmapped protein structure (using the Backward tool (Wassenaar et al., 2014)) 
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was swapped for the original, prepared structure. The now AA system was then minimized with 

protein restraints (k=1000 kJ mol-1 nm-2) using the CHARMM36 force field for the protein and 

lipids (Best et al., 2012; Klauda et al., 2010; MacKerell et al., 1998) and the TIPS3P water model 

(Durell et al., 1994) followed by a full minimization without restraints using a steepest descent 

algorithm for 500,000 steps or until convergence. The parameters used for vortioxetine are 

described below. The system was then equilibrated; first in the NVT ensemble for 0.5 ns using a 1 

fs time step, and then in the NPT ensemble for 1 ns using a 2 fs time step. Both ensembles were 

sampled with restraints on ligand and Cα atoms (k=1000 kJ mol-1 nm-2) While in the NVT ensemble 

the velocity rescale thermostat was applied to control the temperature at 310 K, while in the NPT 

ensemble the Nosé-Hoover thermostat was applied in combination with the Parrinello-Rahman 

barostat (semi-isotropic scaling) to control the temperature and pressure at 310 K and 1 bar, 

respectively. In both ensembles electrostatics were treated with the Verlet cut-off scheme using a 12 

Å radius while the long-range electrostatic interactions were calculated using the Particle Mesh 

Ewald algorithm. The vdW interactions were calculated using cut-offs at 12 Å with a force modifier 

applied from 10 Å. All bonds to hydrogen atoms were restrained using the LINCS algorithm (Hess 

et al., 1997). The system involving the apo protein was simulated for 10 ns with restraints on Cα 

atoms after equilibration as a preparation for the docking calculations, while the systems containing 

vortioxetine bound proteins were each simulated for 2+50 ns with restraints on Cα atoms (ligand 

unrestrained pre-production equilibration and production run, respectively). Restraints were applied 

during pre-production and production runs, as the pore region was observed to desolvate due to 

small changes in protein structure. The simulation data collected during the pre-production 

equilibration run was included in the data analysis as it was observed that the binding mode of 

vortioxetine changed dramatically during the first 2 ns of simulations in some clusters. The 

simulated systems contained ~270.000 atoms and had a box size of ~119x114x195 Å3.  All 

simulations were performed in Gromacs version 5.0.2 (Pronk et al., 2013). 

Vortioxetine parameters. Parameters for vortioxetine were initially found using the 

paramchem webserver (https://cgenff.paramchem.org/) which selects parameters based on analogy 
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to existing parameters in the CHARMM36 and CGenFF force fields (Best et al., 2012; Klauda et 

al., 2010; MacKerell et al., 1998; Vanommeslaeghe et al., 2010; Vanommeslaeghe and MacKerell, 

2012; Vanommeslaeghe et al., 2012; Yu et al., 2012). Based on the associated penalty scores a 

subset of parameters were deemed unsatisfactory and were parameterized from scratch using the 

force field tool-kit (ffTK) (Mayne et al., 2013) The unsatisfactory parameters consist of stretch and 

bend parameters for atoms bound to the neutral nitrogen in the piperazine ring as well as the 

dihedral parameters involving the piperazine ring and the sulfur atom. ffTK assisted in producing 

Gaussian 09 (M. J. Frisch, 2016) input files in a manner consistent with the CHARMM 

parameterization protocol as well as in the fitting and evaluation of the produced parameters. The 

fitted parameters were further evaluated using MD simulations of vortioxetine in water in which the 

conformations visited by vortioxetine were assessed and compared to the conformations found to be 

most common in QM calculations at the MP2 level of theory. The conformations were also 

compared to a conformational search of vortioxetine using the OPLS2.1 force field, and both force 

fields find the same conformations (data not shown). The resulting parameters are available upon 

request.  
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