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a b s t r a c t

The two main groups of antidepressant drugs, the tricyclic antidepressants (TCAs) and the selective
serotonin reuptake inhibitors (SSRIs), as well as several other compounds, act by inhibiting the serotonin
transporter (SERT). However, the binding mode and molecular mechanism of inhibition in SERT are not
fully understood. In this study, five classes of SERT inhibitors were docked into an outward-facing SERT
homology model using a new 4D ensemble docking protocol. Unlike other docking protocols, where
protein flexibility is not considered or is highly dependent on the ligand structure, flexibility was here
obtained by side chain sampling of the amino acids of the binding pocket using biased probability Monte
Carlo (BPMC) prior to docking. This resulted in the generation of multiple binding pocket conformations
that the ligands were docked into.

The docking results showed that the inhibitors were stacked between the aromatic amino acids of the
extracellular gate (Y176, F335) presumably preventing its closure. The inhibitors interacted with amino
acids in both the putative substrate binding site and more extracellular regions of the protein. A general
structureedocking-based pharmacophore model was generated to explain binding of all studied classes
of SERT inhibitors. Docking of a test set of actives and decoys furthermore showed that the outward-
facing ensemble SERT homology model consistently and selectively scored the majority of active
compounds above decoys, which indicates its usefulness in virtual screening.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

The serotonin (5-hydroxytryptamine (5-HT)) transporter (SERT)
is located in themembrane of presynaptic serotonergic neurons and
transports the neurotransmitter 5-HT back into the presynaptic
neuronafter its release into the synaptic cleft. After its reuptake, 5-HT
is either deaminated (i.e., inactivated) by the monoamine oxidase
(MAO)enzymeor recycled into storagevesicles [1].Hence, SERTplays
an important role in termination of 5-HT mediated neuronal sig-
nalling. SERT belongs to the large neurotransmitter:sodium
serotonin transporter; DAT,
ephrine) transporter; SSRIs,
antidepressants; PI, positive
obic feature; HBA, hydrogen
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symporter (NSS) familyof transporters [2] and is closely related to the
dopamine andnoradrenalin (norepinephrine) transporters (DATand
NET, respectively) [3]. The transporter is a target for approved ther-
apeutics as well as several illicit drugs: the two main groups of
antidepressant drugs, the tricyclic antidepressants (TCAs) and the
selective serotonin reuptake inhibitors (SSRIs), act on SERT, as do
psychostimulant compounds such as amphetamines and cocaine [4].

SERT contains 630 amino acids that are predicted to form 12
transmembrane a-helices (TMs) connected by intra- and extracel-
lular loops (ILs and ELs, respectively). The 3-dimensional (3D)
structure of SERT or of any other eukaryotic NSS homologue is not
known, however, several 3D structures of a bacterial homologous
transporter, the Aquifex aeolicus leucine transporter (LeuT), are
available [5e9]. Interestingly, LeuT has been cocrystallised with
SERT inhibitors belonging to the TCA (clomipramine, imipramine
and desipramine) and SSRI (sertraline and (R)- and (S)-fluoxetine)
classes of antidepressant drugs [6,8,9]. In these crystal structures,
they are found to bind as (low-affinity) non-competitive inhibitors
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in a second binding site (hereafter: the vestibular binding site) that
is situated approximately 11 Å above the substrate binding site and
are separated from the substrate binding site by the side chains of
the two aromatic amino acids of the extracellular gate. The local-
isation of the vestibular site as the primary TCA- and SSRI- binding
site in SERT is, however, controversial as several experimental
studies on SERT suggest that these inhibitors act in a competitive
manner by binding to the substrate binding site [10e13]. In contrast
to the crystal structures of LeuT cocrystallised with TCAs and SSRIs,
the 3D structure of LeuT and L-tryptophan shows that this
compound is a competitive inhibitor that locks LeuT in an outward-
facing conformation [5]. The binding site in this conformation
consists of regions belonging to the substrate binding site and of
more extracellular regions of the transporter [5]. SERT inhibitors
are thought to stabilise more outward-facing conformations of
SERT [14,15], the only exception being ibogaine which has been
proposed to stabilise SERT in an inward-facing conformation [16].
Thus, the binding pocket detected in a homology model of SERT
based on the crystal structure of LeuT in an outward-facing
conformation may represent a realistic pocket for docking of
inhibitors in SERT and contribute to increased understanding of
SERT inhibition.

As early as in 1966, transporter proteins were proposed to
transport substrates through an alternate-access mechanism,
where a centrally located substrate binding site alternately is
exposed to either the extracellular environment (outward-facing
conformation) or the cytoplasm (inward-facing conformation),
achieved by significant conformational changes of the proteins [17].
Hence, the LeuT crystal structures, in which the LeuT structure are
in either intermediate occluded conformation or in an outward-
facing conformation, are in agreement with this proposed trans-
port mechanism, though no crystal structure of the inward-facing
LeuT protein has been determined. However, the detailed trans-
port mechanism of NSS family members is still unknown, though it
is clear that in order for transport to occur large protein rear-
rangements must take place. Inclusion of SERT flexibility during
docking may also be crucial as the SERT homology models based on
the crystal structures of LeuT most likely are not in the totally
correct SERT inhibitor binding conformations as the sequence
identity between LeuT and SERT is low.

In this study a new flexible docking protocol was applied in
order to take into account SERT binding pocket flexibility. The
protocol consists of (1) detection of the ligand binding pocket using
ICM PocketFinder [18], (2) side chain sampling of the amino acids
detected during the previous step using biased probability Monte
Carlo (BPMC) implemented in ICM [19], and (3) 4D flexible docking
and scoring of the ligands [20] (Fig. 1). The protocol was used to
dock 58 known SERT inhibitors belonging to the SSRI-, TCA-, 3-
phenyltropane derivative-, mazindol derivative- and radioligand-
groups. The resulting inhibitor binding modes have also been
combined in a general structureedocking-based pharmacophore
model constructed based on the spatial distribution of the phar-
macophore features in structureedocking-basedmodels of the four
most populated SERT binding pocket conformations. The general
Fig. 1. Schematic overview over the flexible docking protocol.
pharmacophore model covered all classes of SERT inhibitors
studied. Our results suggest that inhibitors contact amino acids
belonging to both the putative substrate binding site and the
vestibular binding site, and that they may inhibit transport in SERT
by preventing the extracellular gate from closing. Furthermore,
docking of a test set containing 19 actives and 190 decoys also
suggested that the obtained model ensemble was capable of
discriminating actives from decoys and that the models may
therefore be a valuable tool for target-based virtual screening.

2. Experimental

2.1. SERT homology modelling

Two SERT (UniProtKB/Swiss-Prot [21] accession number
P31645) homology models were constructed based on a compre-
hensive alignment of prokaryotic and eukaryotic NSS transporter
sequences [3]. The crystal structure of the outward-facing confor-
mation of LeuT cocrystallised with L-tryptophan (PDB id 3F3A) [5]
was used as a template for one of the models (outward-facing
model), while the x-ray structure of LeuT cocrystallised with
imipramine (PDB id 2Q72) [6] was used a template for the second
model (occluded model).

The overall sequence identity between LeuT and SERT is
approximately 21 percent but rises to 35 percent in the TMs
involved in substrate binding (TMS 1, 3, 6 and 8) [3]. The loops are
the regions of lowest homology between the two transporters [3].
ICM [22] version 3.5 BuildModel macro was used for construction
of the homology model. The macro constructs the conserved
transmembrane helices using core sections defined by the average
of Ca atom positions in these regions and performs a PDB database
loop search by matching the loop regions in regard to sequence
similarity and steric interactions with the surroundings of the
model.

2.2. Energy refinement and regularisation

Following homology modelling, energy refinement of the SERT
models were performed using the refineModel macro of ICM [22].
The macro performs side chain conformational sampling, followed
by 5 steps of iterative annealing of the backbone and a second side
chain sampling to resolve any problems that may have resulted
from the threading step. The side chain optimisation steps were
performed by the programmoduleMontecarlo-fast [19] included in
the refineModel macro. Iterations of this rapid side chain optimi-
sation procedure consist of random move followed by local energy
minimisation of a subset of the side chains of SERT residues, which
accelerates the calculation as opposed to minimising all SERT side
chains. The side chain subset that is minimised is established based
on the energy-gradient generated during the random move and
only the side chains above the energy-gradient threshold are
minimised. These side chains usually belong to the residues that are
not conserved between the template and target structures and to
a certain degree also their conserved neighbouring residues. Each
Montecarlo-fast iteration is either accepted or rejected based on the
energy and temperature. The backbone annealing step of the
refinement is performed with tethers, which are harmonic
restraints that pull on each atom in SERT to a static point in space
represented by a corresponding atom in the template.

The energy refined SERT homology models were also regu-
larised, or fitted with the ideal covalent geometry of residues. The
regularisation procedure of ICM generates an extended all-atom
model of the protein with regular geometry characteristics and
assigns the non-hydrogen atoms in the model to the equivalent
atoms in themodel before it builds the regularised structure. It then
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rotates methyl groups to reduce van der Waals del clashes and
optimises the combined geometry and energy function before the
polar hydrogen positions are adjusted.

2.3. Structure quality check

The structural quality of the refined/regularised SERT homology
models was checked by uploading the models to http://nihserver.
mbi.ucla.edu/SAVES_3/. The outward-facing model was found
satisfactory with an ERRAT quality factor of 88.996 and the Ram-
achandran plot provided by ProCheck showed that 91.8 percent of
the residues were in the core regions. The structure of the occluded
model was similarly satisfactory with an ERRAT quality factor of
82.819 and 89.4 percent of the amino acids in the core regions as
shown by the Ramachandran plot. WhatCheck was also satisfactory
for both models.

2.4. SERT inhibitors

The inhibitors were constructed in their protonated state using
the ICM ligand editor. Ligands from five different chemical groups
were included in the study, namely SSRIs ((S)-citalopram, des-
methyl-(S)-citalopram, didesmethyl-(S)-citalopram, (S)-LU-08-
052-O, (S)-LU-33-086-O, (RS)-fluoxetine, desmethyl-(RS)-fluoxe-
tine, (RS)-venlafaxine, O-desmethyl-(RS)-venlafaxine, fluvoxamine,
sertraline, and desmethyl-sertraline), TCAs (amitriptyline, clomipr-
amine, desipramine, imipramine, protriptyline and (RS)-trimipr-
amine), 3-phenyltropanes (cocaine, AB-248, AB-338, b-CFT, CPT-D-
tartrate, RTI-31, RTI-32, RTI-55 (b-CIT), RTI-83, RTI-112, RTI-121, RTI-
142, RTI-311 and SN-1), mazindol derivatives ((RS)-mazindol, (RS)-
mazindane, (RS)-MAZ-10, (RS)-MAZ-85, and (RS)-MAZ-89) andSERT
radioligands (403U76, 4-FADAM, ADAM, AFM, DAPA, DASB, IDAM,
MADAM, and ODAM). In total, 58 inhibitors were docked. In addi-
tion, protonation of the 3-phenyltropane and mazindol derivatives
resulted in the generation of a chiral centre and bothNþ (R)- and (S)-
forms of the compounds were thus docked. The (S)-forms of the
compounds yielded the best docking results and were selected to
represent these compounds in the paper.

2.5. Flexible docking protocol

2.5.1. Detection of the ligand binding pocket
The ICM PocketFinder algorithm (thoroughly described in

reference [18]) was used to detect possible ligand binding pockets
in the models. The algorithm uses a transformation of the Len-
nardeJones potential calculated from a three-dimensional protein
structure and does not require any knowledge about a potential
ligand molecule, i.e. it is based solely on protein structure [18].

2.5.2. Fumigation
During this step, torsional sampling of the protein side chains

took place in the presence of a repulsive density representing
a generic ligand. To calculate this repulsive density, all the side
chains of the amino acids in the selected pocket, except the side
chains of alanine, glycine and cysteine amino acids, were simulta-
neously converted to alanine and an atom density grid map was
generated for this “shaved” protein. Then, repeated spatial aver-
aging of the map was performed to obtain a smoothed density map
which fills the cavities of the original protein and the difference
between the smoothed and the original maps was calculated. The
internal variables that control the shape of the pocket are sampled
using the biased probability Monte Carlo (BPMC) [19] sampling
procedure implemented in ICM [22], with the generated density
included as a penalty term in the combined energy function [23].
The BPMC procedure consists of (1) a random conformational
change of the side chain torsion angles based on predefined
probability distributions, followed by (2) local energy minimisation
in side chain torsion angle space. The complete energy is calculated
and the total energy is accepted or rejected before the procedure
returns to (1) [19]. The resulting binding pocket conformations that
were generated during fumigation were indexed according to their
total energy. The user of the protocol can at this stage of the
protocol select which binding pocket conformations to include in
the docking step simply by deleting unwanted binding pocket
conformations from the index.

2.5.3. Grid map generation
3D grid maps that represent the van der Waals, electrostatics,

hydrophobic and hydrogen bonding potentials of the selected
binding pocket residues were calculated using a grid spacing of
0.5 Å and a margin of 4 Å (default values), as during a regular rigid
protein-flexible ligand docking. 3D grids are then generated
sequentially for the binding pocket conformations available in the
index. The 3D grids of each conformation are stored as a single data
structure, referred to as the 4D grid. Hence, in the 4D grid, the first
three dimensions represent regular Cartesian coordinates of the
grid sampling nodes, whereas the fourth dimension represents an
index of the pocket conformations.

2.5.4. Ligand sampling (docking) and scoring
A set of ligand conformers were generated by ligand sampling in

vacuo, placed into the binding pocket in four principal orientations
and used as starting points for Monte Carlo global energy optimi-
sation [23]. During Monte Carlo sampling, the ligand is allowed to
change the fourth coordinate via a special type of random move
alongside the regular Cartesian translations and rotations [23].
Finally, the ICM VLS (virtual ligand screening) scoring function is
used to score the ligand binding modes. The VLS scoring function
uses steric, entropic, hydrogen bonding, hydrophobic and electro-
static terms to calculate the score and also includes a correction
term proportional to the number of atoms in the ligand to avoid
bias towards larger ligands [24].

2.5.4.1. Docking to the outward-facing SERT model. An ICM Pock-
etFinder [18] tolerance level of 3 was used to detect the ligand
binding pocket in the outward-facing SERT conformation. The
following SERT amino acid side chains were detected as being part
of the binding pocket and selected for side chain sampling using
BPMC in step 2: Y95, D98, L99, W103, R104 and Y107 in TM1; I172,
Y175, Y176 and I179 in TM2; F335, S336, L337, F341 and V343 in
TM6; K399, D400, P403, L405, L406 and F407 in EL4; S438 and T439
in TM8; and E493 and T497 in TM10. The fumigation resulted in 47
low energy SERT binding pocket conformations, all of which were
included in the 4D grid map. Three parallel docking simulations of
the ligands in the five classes of SERT inhibitors were performed.
The best binding mode of each ligand was selected from the three
parallel dockings based on the following criteria: first, only ligand
binding modes where the protonated amine moiety of the ligands
may interact with the negatively charged D98 in TM1 were
accepted. For each ligand, the best energy conformation of the
accepted ligands was then selected as the best binding mode. Only
the top-scored pose of each inhibitor was evaluated.

2.5.4.2. Docking to the occluded SERT homology model. In order to
define the vestibular SERT-ligand binding pocket in the occluded
model, the occluded SERT model and the LeuT template were
superimposed and imipramine copied from the LeuT crystal
structure into the SERT model. The following amino acids were
sampled during the fumigation step of the flexible docking
protocol: L99, W103, R104, Y107, I108, Y175, Y176, F335, K399,
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D400, P403, K490, and E493. The 58 inhibitors were docked into 10
binding pocket conformations using the 4D docking approach.
Three parallel docking runs were performed.

2.6. Structureedocking-based pharmacophore model generation

Structureedocking-based pharmacophore models of the most
populated SERT binding pocket conformations (conformations 18, 23,
24 and 32) of the outward-facing SERT model were generated using
tools and protocols implemented in the Discovery Studio package
version 2.5 [25]. Inhibitors from all classes of the docked SERT
inhibitorswere found to bind in these binding pocket conformations.
ThedockingposesofRTI-31,RTI-55 (b-CIT), RTI-121 (3-phenyltropane
derivatives), ODAM, ADAM (radioligands), and (S,S)-MAZ-85
(mazindol derivatives) were used for generation of the structur-
eedocking-based pharmacophore model of binding pocket confor-
mation 18 and (S)-LU-08-052-O (SSRI), imipramine, (R)-
trimipramine, (S)-trimipramine (TCAs), b-CFT, RTI-311 (3-
phenyltropanes), 403U76, DASB, IDAM, MADAM (radioligands) were
used to generate the structureedocking-based pharmacophore
model of binding pocket conformation 23. For binding pocket
conformation 24 and 32, the docking poses of didesmethyl-(S)-cit-
alopram, O-desmethyl-(S)-venlafaxine (SSRIs), amitriptyline, clo-
mipramine, desipramine (TCAs), (R)-MAZ-10 (mazindol derivatives)
and DAPA (radioligand) (conformation 24) and the docking poses of
AB-338 (3-phenyltropane derivative), AFM (radioligand), (R)-mazin-
dol, (S)-mazindane and (R)-MAZ-89 (conformation 32) were used to
generate the structureedocking-based pharmacophore models.

The standard procedure for generation of a ligand-based phar-
macophore model was modified in order to generate the structur-
eedocking-based pharmacophore models. The pharmacophore
models were generated using the exact geometry of the ligands
from the 4D docking procedure. The docked ligand conformations
weremapped to a set of pharmacophore features, namely hydrogen
bonding acceptor (HBA), positive ionisable group (PI), the hydro-
phobic region (HYD) and the aromatic ring (AR). Within the given
SERT conformation, a comprehensive map of the spatial distribu-
tion of various pharmacophore points in the binding site cavity was
obtained. Clustering of the same type of pharmacophore features
was then performed, taking into account the calculated distances
between all possible pairs of feature centroids as a classification
criterion. On the basis of the obtained dendrograms, which show
the cluster distribution of individual pharmacophore features, the
densest clusters were selected, for which the average position for
a given feature was calculated. In addition, the correctness of the
feature cluster choice was examined by visual inspection of its
distribution in SERT. A cluster representing a given pharmacophore
feature was accepted if it was located near the amino acid or group
of amino acid side chains responsible for a given type of interaction
with the ligand. In this way, the obtained model was based on
conformations of known ligands docked into a set of different SERT
conformations and an analysis of their interactions with amino
acids side chains in the binding site was averaged by the spatial
distribution of pharmacophore features. To compare the comple-
mentarity and similarity of the created structureedocking-based
pharmacophore models, a rigid alignment without the optimisa-
tion of pharmacophore features position, was generated. The
Pharmacophore Comparison procedure from the Pharmacophore
Protocol in Discovery Studio [25] was used to calculate the RMSD
between the all four models in the alignment.

2.7. Evaluation dockings

A test set containing 19 compounds with known SERT activity
and 190 decoys (supporting information) was used to evaluate the
generated models, thus obtaining a 1:10 ratio between actives and
decoys. The 19 active compounds (defined as compounds with
SERT Ki < 50 nM) and 13 inactive compounds (defined as
compounds with SERT Ki > 10 000 nM) were selected from the
ChEMBL database. In order to reach a 1:10 active to inactive ratio,
a set of 44 and 133 topologically dissimilar compounds to the active
compounds were selected as decoys from the ChemDiv and
ChemBridge databases, respectively. Only non-chiral compounds or
compounds with definite chirality were included in the test set.
Clustering of the decoys using the TREE method with UPGMA
(unweighted pair group method using averages) linkage type
available in ICM [22] also showed that they were diverse in struc-
tures. The decoys resembled the physical properties of the active
compounds such that enrichment was not simply a separation of
trivial physical features. The compounds selected from ChemDiv
and ChemBridge had Tanimoto coefficients below 0.5, they con-
tained one or more protonated amine moieties and their average
molecular weight (MW) was 333.41 Da as compared with an
average MW of 316.47 Da for the actives.

The evaluation test set was docked using the 4D docking
protocol [20] into 47 binding pocket conformations of the outward-
facing homology model. Three parallel dockings were performed.
The test set was also docked once into the binding pocket detected
using an ICM PocketFinder [18] tolerance level of 3 in the outward-
facing SERT homology model using a regular rigid receptore-
flexible ligand docking protocol.

For the evaluation of the classification performance, several
indices (enrichment factor (EF), Matthews correlation coefficient
(MCC) [26], accuracy, precision and recall (sensitivity)) were
calculated using scoring values<0 and score<�10 as thresholds. At
score threshold <0, true positives (TP) were defined as actives that
interacted with D98, false positives (FP) were decoys that inter-
acted with D98, true negatives (TN) were decoys that either had
positive scores or did not interact with D98 and false negatives (FN)
were actives that either had positive scores or did not interact with
D98. At score threshold <�10, the actives that had scores higher
than �10 were also selected as false negatives and decoys as true
negatives.

Enrichment factor (EF) is the most used measure to evaluate
a docking screen. The factor describes the capability of the docking
program to enrich the small number of known actives in the top
ranks of a screen among a much higher number of decoys in the
database [27]:

EF ¼ (HITSsampled/Nsampled)/(HITStotal/Ntotal); or ((TP/(TP þ FP))/
((TP þ FN)/(TP þ FN þ TN þ FP))

The higher percentage of known ligands found at a given
percentage of the top ranked database, the better the enrichment
performance of the docking screen. A complementary measure of
the prediction accuracy is the Matthews correlation coefficient
(MCC) [26], used to reflect the correlation between the predicted
and the observed result:

MCC ¼ ((TP�TN) � (FP�FN))/((TN þ FP)�(TN þ FN)
�(TP þ FP)�(TP þ FN)) ^ 0.5

The MCC values range from �1 to 1, a perfect prediction having
a MCC of 1. The accuracy, precision and recall parameters should be
seen together as they are not absolute indicators of classification
performance by themselves. They were defined by:

Accuracy ¼ (TP þ TN)/(TP þ FP þ TN þ FN)

Precision ¼ TP/(TP þ FP)



Fig. 2. Ca-backbone trace of the outward-facing homology model of SERT seen in
membrane plane. The binding pocket detected by ICM PocketFinder is shown as grey
wire, with the Ca-backbone of the amino acids of the pocket (colour coding in accor-
dance to table). Blue amino acids: part of substrate binding site in the occluded SERT
conformation; orange amino acids: part of the vestibular binding site in the occluded
SERT conformation; green amino acids: not detected as part of the substrate binding
site or the vestibular binding site in the occluded SERT conformation.
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Recall (sensitivity) ¼ TP/(TP þ FN)

Accuracy is the overall classification accuracy of the model
including both the active and inactive compounds, whereas preci-
sion is a measure of the capability of predicting active compounds.
Recall (sensitivity) is the percentage of truly active compounds
being selected.

The flexible docking protocol was also tested in a cross-docking
study using experimentally determined 3D structures. Two pro-
teineligand crystal structure complexes of LeuT (PDB id 2A65 and
3F3C), cyclooxygenase-2 (COX-2; PDB id 3PGH and 1CX2) and of the
oestrogen receptor (PDB id 1ERR and 3ERT) were used in the cross-
docking study, docking the ligand from one complex into the
receptor of the other complex and vice versa. The following LeuT
amino acids were selected for side chain sampling: N21, L25, N27,
V104, Y108, F253, T254, S256, F259 and I359. The following COX-2
amino acids were selected for side chain sampling: H90, T94, V116,
R120, Q192, Y348, Y335, V349, L352, S353, L359, L384, F381, Y385,
W387, R513, P514, D515, I517, F518, M522, V523, S530 and L531. The
followingoestrogenreceptoraminoacidswere selected for side chain
sampling: M343, L346, T347, L349, D351, E353, L354, W383, L384,
L387,M388, L391,R394, F404, E419,M421, I424, L428,H524, L525and
L536.Only the top-scoredconformationofeach ligandwasevaluated.
The heavy atom root mean square deviation (RMSD) between the
ligand in docked complex and in the experimentally determined
complex was then calculated. A similar cross-docking studywas also
performed using a regular semi-flexible docking approach.

2.8. Refinement

Based on the docking results obtained during the flexible
docking of the 58 known inhibitors into the outward-facing SERT
homology model, five SERT-ligand complexes (SERT-403U76
(conformation 23), SERT-didesmethyl-(S)-citalopram (conforma-
tion 24), SERT-imipramine (conformation 18), SERT-(R)-mazindol
(conformation 32) and SERT-RTI-311 (conformation 18)) were
refined. 5 refinements of each SERT-ligand complex were per-
formed. First, local refinement of the initial docking complexes was
performed with the ligands tethered to their docked conforma-
tions. Next, flexible side chain docking was performed with global
sampling of both the ligand and the pocket. During this simulation,
a distance restraint between D98 in the transporter and the basic
ligand centre was imposed. Local refinements of the flexible
docking results were also performed. Next, the alignment between
LeuT and SERT in EL4 was slightly adjusted with respect to the
comprehensive alignment published [3]. Flexible docking and local
refinement of the flexible docking results in the adjusted models
were then performed. Finally, the evaluation test set compounds
were docked into the 25 refinedmodels and the enrichment factors
were calculated.

3. Results

3.1. Homology modelling and flexible docking

3.1.1. Outward-facing homology model
A SERT homology model, based on the LeuT crystal structure

cocrystallised with the competitive inhibitor L-tryptophan [5], was
constructed using ICM [22] (Fig. 2) and used for docking. As the L-
tryptophan inhibitor caused LeuT to stabilise in an outward-facing
conformation, the binding pocket detected by ICM PocketFinder
[18] in the SERT homology model based on this crystal structure
was larger than in the occluded conformation of the transporter
published previously [28]. In the occluded state, the side chains of
the amino acids constituting the extracellular gate (Y176, F335)
blocked the access to the putative substrate binding site from the
extracellular environment and hence, two binding pockets, namely
the substrate binding pocket and the vestibular binding pocket,
were detected. These binding pockets were located below and
above the extracellular gate, respectively (Fig. 2). The binding
pocket detected in the outward-facing model had an inverted Y-
shape, with the V-part of the letter representing the putative
substrate binding site described experimentally [10e13] and the I-
part representing a vestibule that extended from the putative
substrate binding site towards the extracellular environment
(Fig. 3). Amino acids from TM1, TM3, TM6 and TM8, as well as from
EL4 and TM10, lined the pocket in the outward-facing model
(Fig. 3). TMs 1 and 6 were partly unwound (A96-D98 and L337-
G342, respectively, as in the occluded conformation of SERT), and
amino acids Y175 in TM2 and S438 in TM8 were also located in
partly unwound regions (Fig. 3). The amino acids detected as being
part of the binding pocket are mainly hydrophobic in character,
though some charged amino acids line the vestibule part of the
pocket (Fig. 3).

A new flexible docking procedure (Fig. 1) was used to dock the
58 inhibitors into the outward-facing model of SERT. Using this
procedure, multiple conformations of the outward-facing binding
pocket were generated through side chain sampling of the amino
acids lining the pocket using biased probability Monte Carlo
(BPMC) [19] implemented in ICM [22]. The side chain sampling
resulted in 47 energetically favourable binding pocket conforma-
tions that then were treated together in a single docking run (4D
docking [20]). Known SERT inhibitors are very diverse in structure
and most likely bind to different SERT conformations [14,29]. Thus,
including multiple pocket conformations may improve the dock-
ing results as the chances of an inhibitor recognising a suitable



Fig. 3. Binding pocket detected by ICM PocketFinder in the outward-facing conformation of SERT. Upper: amino acids 94e110 (TM1), 172e179 (TM3), 330e343 (TM6), 395e407
(EL4), 435e442 (TM8) and 492e498 (TM10) are shown as ribbon (red/grey). Lower: amino acid coloured according to their properties. Hydrophobic amino acids are shown as grey
wire representation, aromatic amino acids as green wire, negatively charged amino acids as red wire and positively charged amino acids as blue wire. For clarity the hydroxyl
oxygen atoms of tyrosine, serine and threonine amino acids have been coloured red.
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conformation for binding increase. Also, as SERT inhibitors are
larger compounds than L-tryptophan, the distance between Y176
and F335 most likely ought to be increased even more to
accommodate the SERT inhibitors. Indeed, our docking results
(Fig. 5, supporting information) show that the most occupied SERT
binding pocket conformations (containing more than 50 percent
of the docked compounds) were conformations 18, 23, 24 and 32
(Fig. 4), all of which had a distance between Y176 and F335 larger
than in the initial outward-facing SERT homology model (Fig. 4).
The side chain of F335 was the more flexible of the two; in
conformations 18, 23 and 32 this side chain had flipped approxi-
mately 90� as compared with the occluded SERT conformation
(Fig. 4).

Three parallel dockings of the inhibitors into the 47 binding
pocket conformations were performed using the 4D docking
protocol [20]. The top-scored binding mode of each ligand that had
its protonated amine moiety in the vicinity of D98 was selected to
represent the inhibitor (Fig. 5, supporting information). The
possible ionic interaction with this aspartic acid, located in the
putative substrate binding site of SERT, was the most important
criterion when selecting the inhibitor binding modes as this amino
acid is assumed to be the anchoring point of both substrates and
inhibitors in SERT [11,30e33]. Indeed, the docking results showed
that themajority of the ligandsmay interact with the D98: of the 58
ligands docked, only four inhibitors (AB-248, RTI-142, (S)-mazindol
and (S)-venlafaxine) did not have their protonated amine group
near D98 as the top-scored binding mode in any of the three
parallel dockings that were performed. The results showed that the
inhibitors occupied parts of the putative substrate binding pocket
but also protruded into the vestibule extending towards the
Fig. 4. Comparison of Y176 and F335 in the occluded conformation (cyan xstick representati
conformations 18, 23, 24 and 32 (green, grey, red and blue xstick representation, respectiv
detected in the outward-facing conformation of SERT is shown as grey wire.
extracellular environment (Fig. 5). In addition to the D98 interac-
tion, many inhibitors had an aromatic moiety juxtaposed between
the aromatic amino acids of the extracellular gate, Y176 and F335,
and hydrophobic or aromatic moieties in the vicinity of A169, I172,
A173 and V343.

3.1.2. Occluded homology model
The TCAs imipramine, desipramine and clomipramine and the

SSRIs sertraline and (RS)-fluoxetine have been cocrystallised with
LeuT [6,8,9]. The crystal structures show that the inhibitors,
which are low-affinity LeuT inhibitors, interact in the vestibular
region and stabilise an occluded conformation of the transporter.
Flexible docking into the vestibular region in an occluded SERT
homology model generated based on the LeuT-imipramine crystal
structure (PDB id 2Q72) was hence performed. The docking
results showed that the ligands in SERT occupied a region
between TMs 1, 6 and 10 and EL4 that only partly corresponded to
the region occupied by imipramine in LeuT (Fig. 7). The majority
of the cocrystallised TCA and SSRI inhibitors interact with LeuT
D401 [6,8,9], which corresponds to SERT K490. Our docking
results suggest that D328 (TM6) or E493 and E494 (TM10) may
contribute in the binding of the inhibitors in the vestibular
binding pocket (Fig. 7). However, in comparison with the results
obtained from docking of the ligands into the 47 conformations
generated of the binding pocket detected in the outward-facing
SERT homology model, the orientations of the inhibitors in the
vestibular binding site varied significantly, even between the
highly similar members of the same inhibitor classes (e.g. the
TCAs and radioligands). No further work was hence performed
using the occluded SERT model.
on), outward-facing conformation (orange xstick representation) and in binding pocket
ely) of SERT. The distances between Y176 and F335 (Å) are listed. The binding pocket
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3.2. Pharmacophore model generation

Hypothetical pharmacophore models based on the binding
modes of the inhibitors binding in conformations 18, 23, 24 and 32
Fig. 5. Docking results. Fluvoxamine (SSRIs), desipramine (TCAs), cocaine (3-phenyltropane
the outward-facing SERT homology model using the 4D docking protocol. The binding poc
binding pocket conformation is also shown.
of the outward-facing SERT model were also generated to illustrate
the docking results (Fig. 6). The pharmacophore models based on
these four SERT structures were nearly identical. They contained
the same number of features, namely one positive ionisable group
derivatives), ADAM (radioligands) and (R)-mazindol (mazindol derivatives) docked into
ket detected is represented as grey wire. The score is given in brackets and the SERT



Fig. 6. Schematic representation of the generation of structureedocking-based pharmacophore models. No hydrogen atoms are shown. PI, positive ionisable feature; AR, aromatic
feature; HYD, hydrophobic feature; HBA, hydrogen bond acceptor feature.

Fig. 7. Extracellular view of the 58 known SERT inhibitors (grey wire representation) docked into the vestibular binding pocket in the occluded SERT homology model based on the
LeuT 2Q72 template. Imipramine (from the crystal structure) is shown in green xstick representation. Amino acids D328 (TM6), E493 and E494 (TM10) are also shown.
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Table 2
Distances (Å) between the different pharmacophore features in the general phar-
macophore model. PI, positive ionisable feature; AR, aromatic feature; HYD,
hydrophobic feature; HBA, hydrogen bond acceptor feature.

AR1 AR2 AR3 AR4 PI HYD1 HYD2

AR2 0.02
AR3 4.85 4.83
AR4 4.88 4.88 0.83
PI 3.51 3.57 5.54 5.37
HYD1 0.58 0.58 5.15 5.15 4.05
HYD2 5.46 5.46 1.01 0.62 5.96 5.74
HBA 3.79 3.77 2.91 2.46 3.10 4.24 3.02

Table 3
Performance indicators of the SERT flexible docking system at two threshold levels
(scoring values<0 and<�10) obtained through docking and visual inspection of the
evaluation compounds. EF, enrichment factor, MCC, Matthews correlation
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(PI) and one hydrogen bonding acceptor feature (HBA), as well as
two hydrophobic (HYD) and four aromatic features (AR) (Fig. 6).
The same pharmacophore features of the differentmodels occupied
the same areas in the binding site. The AR1 and AR2 features rep-
resented the interaction between aromatic ligand moieties and the
side chains of Y176 and F341, and the positive ionisable group (PI)
was in the vicinity of the negatively charged D98. The HBA and AR3
features pointed towards F335 (TM6); the HBA feature towards the
backbone oxygen atom, and the AR3 feature towards the aromatic
side chain of F335. The AR4 feature pointed in the direction of Y176
(Fig. 6). The HYD and AR features were overlapping, reflecting that
not all inhibitors contained two aromatic rings but rather hydro-
phobic groups (Fig. 6). Mutual rigid alignment of the pharmaco-
phore models also showed that the spatial distribution of the
pharmacophore features was very consistent (Fig. 6), a fact further
supported by the general pharmacophore model that was con-
structed based on the pharmacophore models of binding pocket
conformations 18, 23, 24 and 32 (Fig. 6). Table 1 shows the results of
the calculated RMSD values between the pharmacophore models
and Table 2 shows the interfeature distances (Å) of the general
pharmacophore model.

3.3. Evaluation of screening selectivity of the outward-facing model

The ability to separate active compounds from decoys of similar
molecular weight and atomic composition is evidence of correct
modelling of the key features of ligandepocket interactions
[34e37]. In order to evaluate whether our models could separate
active from inactive compounds, a test set containing 19 actives and
190 decoys was assembled and docked into the 47 SERT binding
pocket conformations previously generated using the 4D docking
protocol [20]. The high-affinity SERT binders (SERT Ki < 50 nM) in
the test set were diverse in structure and were not among the 58
inhibitors already docked, whereas the decoys were a mixture of
known inactive compounds (SERT Ki > 10.000 nM) from the
ChEMBL (https://www.ebi.ac.uk/chembldb) database and assumed
inactive compounds selected from the ChemDiv (www.chemdiv.
com) and ChemBridge (www.chembridge.com) databases. The
decoys had physical properties within the range of the active
compounds, however, differed structurally from the actives (sup-
porting information).

The results from the three parallels of the evaluation docking are
shown in Table 3. The test set docking results were analysed using
two score thresholds, score <0 and score <�10. The accuracy
values show that around 80 percent of the actives and decoys were
correctly predicted at score threshold <0 and around 90 percent at
score threshold <�10. As our test set contains ten times more
decoys than actives, however, the accuracy is especially influenced
by the number of decoys. The recall (sensitivity) values at score
threshold <0 show that 74 percent of the actives were selected in
all three parallels; however, the precision was low, reflecting that
a substantial number of decoys had also been selected. At score
threshold <�10, the recall decreased as lower numbers of actives
were selected; however, the precision had increased as the reduc-
tion in the number of decoys was higher than the reduction in
number of actives. This is also reflected by the increased
Table 1
Calculated RMSD (Å) values between all pairs of the four generated pharmacophore
models (SERT binding pocket conformations 18, 23, 24 and 32).

Conformation 18 Conformation 23 Conformation 24

Conformation 23 0.95
Conformation 24 1.05 1.18
Conformation 32 0.98 1.03 1.14
enrichment of the actives at score threshold <�10 compared with
score threshold <0. The MCC values did not differ much between
the two score thresholds and ranged between 0.27 and 0.41.

The test set was also docked into the binding pocket detected in
the outward-facing homology model of SERT using a regular rigid
receptoreflexible ligand approach (results not shown). Using this
method, only 3 of 19 negatively scored actives and 13 of 190
negatively scored decoys docked in the binding pocket and inter-
acted with D98. However, the majority of actives and decoys were
docked outside of the binding pocket, which indicates that the
binding pocket in the outward-facing model was too small to
accommodate the compounds. This result is in agreement with the
results from docking of the compounds belonging to the five SERT
inhibitor classes, which showed that the majority of the inhibitors
preferred a binding pocket where the distance between the
aromatic amino acids of the extracellular gate was increased as
compared to in the binding pocket detected in the outward-facing
SERT homology model (Fig. 4).
4. Discussion

Proteins are not rigid structures and should ideally be flexible
during docking. However, due to the high number of degrees of
freedom that must be taken into account to keep proteins flexible
during docking, semi-flexible docking protocols, where the protein
is rigid and the ligands flexible, have until recently been most
commonly used. Another widely adopted docking strategy is to
represent receptor flexibility using an ensemble of rigid snapshots
[38], however, the computational complexity of the procedure
grows quickly with the numbers of conformers considered. An
overview of the new flexible docking protocol used in this study is
shown in Fig. 1. The protocol begins with the detection of the ligand
binding pocket using ICM PocketFinder [18], followed by biased
probability Monte Carlo (BPMC) [19] side chain sampling of the
amino acids detected in the binding pocket. The side chain
sampling results in the generation of multiple binding pocket
conformations, into which the ligands are docked simultaneously
coefficient.

Score threshold parallel # %a EF MCC accuracy precision recall

<0 1 56 3.02 0.36 0.80 0.27 0.74
2 57 3.21 0.38 0.81 0.29 0.74
3 64 2.70 0.33 0.77 0.25 0.74

<�10 1 18.6 4.58 0.41 0.89 0.42 0.53
2 18.7 3.88 0.27 0.89 0.35 0.32
3 17.7 4.89 0.38 0.90 0.44 0.42

a Percent of compounds with scores better than 0 and �10, respectively.

https://www.ebi.ac.uk/chembldb
http://www.chemdiv.com
http://www.chemdiv.com
http://www.chembridge.com
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using the efficient 4D docking protocol described by Bottegoni and
co-workers [20].

During the 4D flexible docking into the outward-facing
homology model, all 47 binding site conformations with favour-
able energy generated by side chain sampling were included. This
was done to obtain the highest degree of flexibility during docking
and to avoid the possible bias that would follow if only selected
SERT binding site conformations were used (for instance, the
conformations with the lowest energies). Including this many
protein conformations may, however, be risky as several studies
indicate that using a reduced number of protein conformations
result in optimal docking performance [39e44]. In these studies
though, crystal structures of soluble proteins were used for dock-
ing, while the ligands in our study were docked into a theoretical
model of SERT constructed based on a homologous transporter,
LeuT [5]. The uncertainty concerning the conformation of the
binding site is thus much greater in our SERT homologymodel than
in crystal structures. The diverse structures of the compounds
known to interact with SERT, each of which most likely bind to
different SERT conformations [14,29], also support the use of
several SERT binding pocket conformations.

The major difference between the outward-facing homology
model constructed based on the LeuT-tryptophan crystal structure
[5] and the occluded SERT homology model based on the X-ray
structure of LeuT with leucine bound in the substrate binding site
(PDB id 2A65) [28], or based on the LeuT-imipramine crystal
structure (PDB id 2Q72) [6], was the localisation of the aromatic
amino acids of the extracellular gating residues Y176 (TM3) and
F335 (TM8), which in the outward-facing structure were located
further apart than in the occluded homologymodels (4.4 Å vs. 2.3 Å,
respectively) (Fig. 4). The difference in distance was the result of
large-scale helical movements observed in the L-tryptophan-bound
LeuT structure [5]. In the outward-facing model, the putative
substrate and vestibular binding sites in the occluded conformation
of SERT are detected as one pocket by ICM PocketFinder (Fig. 2).
However, the outward-facing SERT homologymodel was generated
based on the x-ray structure of LeuT cocrystallised with the
inhibitor L-tryptophan, which is much smaller than known SERT
inhibitors. Thus, the distance between these aromatic side chains
was still narrow in the outward-facing SERT conformation and the
gate in this structure can be considered to be just partly open.
Hence, in order to generate binding site conformations where the
extracellular gate was more open, side chain sampling was neces-
sary. Our results show that the distance between Y176 and F335 in
the four most populated SERT binding site conformations (con-
taining 28 of 54 ligands that could be docked) ranged from
approximately 8.7e12.6 Å (Fig. 4). All docked inhibitors preferred
a binding pocket conformation where the distance between the
side chains of Y176 and F335 was more than 5.3 Å (supplementary
data).

Based on our docking results we here propose that inhibitors
may bind in an area corresponding to the putative substrate
binding site and the vestibular site seen in the LeuT crystal struc-
tures. A clear trend in how the known inhibitors bind into the
different SERT binding pocket conformations of the outward-facing
model (Fig. 5 and supplementary data) was observed. The majority
of the compounds have an aromatic ring moiety (that very often is
halogenated) protruding out of the putative substrate binding site
towards Y176 (TM3) and F335 (TM8) and into the extracellular
vestibule, and thus our results may suggest that inhibitors interfere
with transport in SERT by preventing closure of the extracellular
gate. This inhibition mechanism has recently also been proposed by
another group [45]. The four generated structureedocking-based
pharmacophore models and the general pharmacophore model
(Fig. 6) explain the binding mode of different types of known SERT
inhibitors used in this study. The minor differences in the spatial
rearrangement of features can be caused by the ambiguous aver-
aging of pharmacophore points (or vectors in the case of aromatic
ring and hydrogen bond acceptor feature) and the topological
variety of docked ligands to a given conformation. In our homology
model, amino acid F335 is not found in the unwound region of TM6
(Fig. 3). However, in a recently published study amino acids
334e337were suggested to be in an unwound region of SERT based
on aqueous accessibility data [46]. The notion that the HBA feature
of our pharmacophoremodels points in the direction of F335 (TM6)
indicates that the exposure of main chain atoms and helix dipoles,
factors known to play key roles in the binding of leucine and
sodium ions in LeuT, also may be important in the binding of
inhibitors in SERT (Fig. 6). The localisation of the HBA feature in the
direction of F335 could also be explained by the creation of weak
CeH/O hydrogen bonds between the ligands and the side chain
hydrogen atoms of F335 [47e49]. To our knowledge, the pharma-
cophore models generated in this study are the first comprehensive
models that incorporate ligands from structurally diverse groups
and are based on several SERT conformations. Previously published
SERT pharmacophore models focused only on limited classes of
ligands [50,51]. The methodology of general pharmacophore model
generation is quite similar to the strategy of dynamic receptor-
based pharmacophore model developed by Deng et al. [52], the
major difference being that structurally diverse ligands were used
here whereas only one ligand was studied by Deng et al. [52].

The crystal structures of LeuT cocrystallised with inhibitors
belonging to the SSRI and TCA classes of antidepressant drugs has
led to the suggestion that these inhibitors bind in a corresponding
vestibular binding site in SERT [6,8,9,53]. There are, however, some
important differences between LeuT and SERT regarding the
binding of TCAs and SSRIs. Contrary to their affinities for SERT, the
affinities of the cocrystallised TCAs and SSRIs for LeuT are low
[6,8,9]. Moreover, the amino acids anchoring the cocrystallised
antidepressants in LeuTare not totally conserved between LeuT and
SERT, and one important amino acid, LeuT D401, in fact corresponds
to a lysine (K490) in SERT [3]. Multiple studies on SERT that have
combined homology modelling and docking approaches with site-
directed mutagenesis methods indicate that inhibitors interact
with SERT in the centrally located putative substrate binding site.
For instance, mutations of Y95, D98 (TM1), I172, Y176 (TM3), F335,
F341 (TM6) and S438 (TM8), all of which are located in the putative
substrate binding site of SERT, have been shown to affect binding of
multiple inhibitors, including the SSRIs fluoxetine, citalopram,
sertraline, fluvoxamine, and venlafaxine and the TCAs clomipr-
amine, amitriptyline, desipramine, and imipramine
[12,13,30e32,45,54e57]. Studies have suggested that the amine
moiety of TCAs forms a salt bridge with D98 (TM1), whereas the 3-
position of the compounds may point towards A173/T439 and the
7-position towards F335 (TM6) [45]. The orientations of the TCAs
obtained through docking into the outward-facing homology
model in the present study are in general agreement with the
abovementioned results, with the exception of clomipramine,
whose 3-chloro substituent was pointing in the direction of F335
(TM6), not A173/T439 (Supporting information table S2). Studies
have also suggested that the fluorophenyl moiety of (S)-citalopram
is oriented towards I172, A173 and N177 (TM3) while the cya-
nophtalane moiety of the ligand possibly is oriented towards V343
(TM6) [11]. Our results support the localisation of the fluorophenyl
moiety of this ligand, however, not the localisation of the cya-
nophtalane moiety, which in the present study was pointing
towards EL4 (Supporting information table S1).

In order to see how the 58 known SERT inhibitors may be
oriented in the vestibular binding region, the inhibitors were
docked into a SERT homologymodel based on the LeuT-imipramine



Table 4
Ligand RMSD (heavy atoms) between the docked and the crystallised ligands. The
PDB codes of the target structures and of the complex containing the ligands are
given. COX-2: cyclooxygenase-2, ER: oestrogen receptor, LeuT: the Aquifex aeolicus
leucine transporter.

Protein Target Ligand Ligand RMSD (Å)

Regular docking Flexible docking

LeuT 2A65 3F3C 2.1 2.1
3F3C 2A65 3.8 3.9

COX-2 1CX2 3PGH 14.8 1.5
3PGH 1CX2 13.8 1.0

ER 3ERT 1ERR 2.6 2.6
1ERR 3ERT 7.5 7.6
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crystal structure (PDB id 2Q72). Docking of the 58 known SERT
inhibitors into the vestibular binding site of this homology model,
however, showed that the inhibitors did not occupy a region in
SERT similar to that of TCA and SSRI in LeuT, and also showed that
the orientations of the ligands were significantly more varied than
observed in the outward-facing model. The results hence suggest
that the vestibular binding region corresponding to the vestibular
binding site in LeuT is not the primary binding site for these
inhibitors in SERT. However, though our results indicate that the
inhibitors are competitive inhibitors that interact in the central
putative substrate binding site (and protrude out in the vestibular
region), we cannot rule out that the inhibitors, or at least some of
the inhibitors, may interact with SERT in the vestibular site and not
merely pass through this region en route to the central substrate
binding site. EL4 plays an important role in binding of the cocrys-
tallised ligands in the LeuT crystal structures, however, superim-
position of the LeuT-TCA/SSRI crystal structures show that
orientation of EL4 varies [6,8,9], which is also supported by data
from SERT [58]. Loop sampling may hence be necessary to dock
inhibitors into the vestibular region of SERT. In the present study,
however, only the side chains of the amino acids were sampled.

The flexible docking protocol described in this paper is a simple
and time-efficient way to generate multiple binding pocket
conformations that can be used for dock a large number of
compounds in one docking run. The present docking protocol
differs from the often-used induced-fit docking (IFD) method
available from Schrödinger [59]. In IFD, an initial regular flexible
ligand/rigid protein docking is performed to generate an ensemble
of 20 ligand poses, followed by molecular dynamics force-field
based sampling of the amino acids that have at least one atom
within 5 Å of any of the 20 ligand poses from the previous step.
During this sampling, both the backbone and side chains are free to
move. The ligand is then redocked and scored. Thus, in IFD, the final
docking result is highly dependent on the orientation of the ligand
docked into the rigid protein. In the present flexible docking
protocol, multiple binding site conformations were generated prior
to docking and hence independently of the orientation of a docked
ligand. In the outward-facing SERT model, the extracellular gate
(Y176 and F335) was not fully opened and the lower region of the
pocket (the putative substrate binding site) was partly separated
from the more extracellular parts of the pocket, restricting the
docking of larger competitive inhibitors. During the BPMC side
chain sampling, however, several binding pocket conformations
with increased distance between Y176 and F335 were generated
and 54 of the 58 large and structurally diverse inhibitors were able
to dock with their protonated amine group interacting with D98.

The 4D docking method, the last step in the present docking
protocol, has previously been validated and shown to reproduce
the ligand binding geometry in 77.3 percent of the tested x-ray
crystallography structures [20]. In this study, the flexible docking
protocol and the binding pocket conformations were evaluated by
docking of a test set containing highly potent SERT inhibitors and
decoys in a 1:10 ratio. Docking of the test set into the outward-
facing SERT model using a regular rigid receptoreflexible ligand
approach showed that only three of 19 actives and 13 of 190 decoys
docked into the binding pocket and interacted with D98. The
docking results, however, greatly improved when the test set was
docked using the flexible docking protocol. Using the flexible
docking approach, around 80 percent of the actives and decoys
were correctly predicted at a threshold <0, and around 90 percent
at a threshold <�10. The docked complexes with didesmethyl-(S)-
citalopram, 403U76, imipramine, (R)-mazindol and RTI-311 were
refined in several steps resulting in 25 refined binding pocket
conformations. Re-docking of these five inhibitors into the 25
refinedmodels improved the scoring in some of the refinedmodels,
but not in others (results not shown). The test set was also docked
into 25 refined binding pocket conformations. At a score threshold
of <�10, the obtained enrichment factors from docking into the
refined structures ranged from 1.00 to 4.00, indicating that the
refinements did not improve the docking results (Table 3).

A limitation with our test set may be that it only contained
strong SERT binders, whereas in virtual screening studies only few
ligands may be high-affinity binders. However, the docking of the
58 known SERT inhibitors and the evaluation test set ligands
indicated that the present docking protocol worked well for dock-
ing structurally diverse compounds into the flexible 5-HT trans-
porter. The majority of the known inhibitors docked and interacted
with D98, and the predictability of the model improved greatly
when the flexible ligand docking approach was used.

The results from the cross-docking studies (Table 4) also indi-
cated that the flexible docking protocol in some cases may improve
docking in crystal structures as compared to regular semi-flexible
docking protocols. Great improvements in the docking results
were seen for COX-2, where the ligands did not dock in the binding
site using a rigid receptor but docked well when the flexible
protocol was used (RMSD < 1.5 Å; Table 4). The RMSD values ob-
tained from cross-docking in COX-2 were quite similar to those
obtained in a similar cross-docking study using IFD [59]. Cross-
docking of the 1ERR ligand into the 3ERT oestrogen receptor yiel-
ded an RMSD of 2.6 Å both using a regular docking approach and
the flexible docking approach (Table 4). Docking of the 3ERT ligand
into the 1ERR receptor showed that the docked ligand could occupy
the same area in the binding pocket as in the crystal structure,
however, that it preferred a flipped orientation as compared with
the crystallised ligand both in the rigid and flexible docking
approaches. Due to the flip, the RMSD values obtained were quite
large (Table 4). The corresponding RMSD values obtained using IFD
were 1.4 and 1.0 Å [59]. However, the binding pocket in the oes-
trogen receptor was very narrow and in the IFD some of the amino
acids in the binding site had been mutated to alanine prior to
docking [59], which was not done in our cross-docking study. For
LeuT, two crystal structures of the transporter in an occluded
conformation were selected due to the lack of multiple outward-
facing LeuT 3D structures. The cross-docking showed that the
results from the rigid docking did not improve when a flexible
docking protocol was used (Table 4). This is not surprising,
however, as the RMSD between the amino acids in the substrate
binding pocket of 2A65 and 3F3C was only 0.3 Å.
5. Conclusions

In this study, an outward-facing SERT homology model and an
occluded SERT homologymodel using the crystal structures of LeuT
cocrystallised with L-tryptophan and imipramine as templates
[5,6]. The models were used for docking of 58 known inhibitors
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using a new flexible docking protocol. Based on the docking results
we propose that the docking favour the outward-facing model. Our
docking results also indicated that the majority of the inhibitors
preferred a binding pocket where the distance between the
aromatic side chains of the extracellular gate (Y176, F335) was
greater than in the initial outward-facing SERT homology model.
The inhibitors interacted with amino acids located both in the
putative substrate binding pocket and in the vestibular region, and
the binding mode was illustrated by a general pharmacophore
model. Docking a test set containing 19 actives and 190 decoys into
the ensemble of 47 binding pocket conformations of the outward-
facing model also showed that the ensemble was able to discrim-
inate the majority of the active from inactive compounds. These
results could not be obtained using a regular rigid receptoreflexible
ligand approach. The new flexible docking protocol may thus give
insights into ligand binding that otherwise would not have been
detected. Also, the overall sequence identity between SERT and the
template LeuT is only 21%. The present results thus indicate that the
flexible docking protocol may be a valuable approach in structure-
based virtual screening experiments, evenwhen homology models
of flexible proteins with low identity with the template is used for
screening.
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