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Introduction

Monoamine transporters are members of the neurotransmit-
ter:sodium symporter (NSS) family, which is characterized by a
12 a-helical domain (12 transmembrane (TM)) that spans the
plasma membrane. Three transporters within this family, the
dopamine, the norepinephrine, and the serotonin transporter
(DAT, NET, and hSERT, respectively), are responsible for taking
up their respective neurotransmitter from the synaptic cleft
after release during neurotransmission.[1,2] Each of these are im-
portant targets for drugs of abuse such as cocaine and am-
phetamines.[3–5] The serotonin transporter (hSERT), in particular,
is the site of action for antidepressants, such as imipramine
and the selective serotonin reuptake inhibitors (SSRI), paroxe-
tine, fluoxetine, and sertraline, and for the combined SSRI/al-
losteric serotonin reuptake inhibitor (ASRI) escitalopram.[6,7] As
the major target for treatment of mood disorders, including
major depression, anxiety, post-traumatic stress, and obsessive-
compulsive disorders, structural aspects of hSERT—and how
these relate to its function and antagonist recognition—are of
major interest in the pharmaceutical industry. At the present
time, no X-ray structure is available for this target, but pharma-
cophore and homology modeling approaches have been used
to gain insights into essential protein–ligand interaction pat-
terns in three dimensions.[8–14] Various homology models have
previously been constructed for the monoamine transporters.
However, these have been based on the X-ray structures of
12TM transporters from the major facilitator superfamily (MFS)
and from the NhaA antiporter family.[10–14] Even though 12TM
a-helical domains dominate the secondary structure of MFS
and NhaA members, their tertiary structures differ significantly
from that of NSS proteins.[15–20]

An X-ray structure of a bacterial NSS, the Aquifex aeolicus
leucine transporter (LeuT) has recently become available and
provides insight into the 12TM motif for this group of trans-
porters.[18] The 12TM motif found in LeuT is believed to be an
appropriate model for other NSSs, including the human seroto-
nin transporter (hSERT).[21,22] LeuT has already been used as a
template for modeling hSERT. However, the described models
do not provide insight into protein–ligand interactions.[23–25]

One of the major challenges in the optimization/refinement of
a homology model is to include the biological matrix in which
proteins function. It is well-known that the environment repre-
sents one of the crucial factors which determine the native
protein conformation.[26,27] Changes in the properties of the en-
vironment may induce conformational changes of both globu-
lar[28] and membrane proteins, thereby affecting protein–ligand
contacts and specific protein–protein and protein–water inter-
actions. Properties of all three kinds are likely to be affected
when going from one transporter to another or when a pro-
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We have performed molecular dynamics simulations of a homol-
ogy model of the human serotonin transporter (hSERT) in a
membrane environment and in complex with either the natural
substrate 5-HT or the selective serotonin reuptake inhibitor escita-
lopram. We have also included a transporter homologue, the
Aquifex aeolicus leucine transporter (LeuT), in our study to evalu-
ate the applicability of a simple and computationally attractive
membrane system. Fluctuations in LeuT extracted from simula-
tions are in good agreement with crystallographic B factors. Fur-

thermore, key interactions identified in the X-ray structure of
LeuT are maintained throughout the simulations indicating that
our simple membrane system is suitable for studying the trans-
membrane protein hSERT in complex with 5-HT or escitalopram.
For these transporter complexes, only relatively small fluctuations
are observed in the ligand-binding cleft. Specific interactions re-
sponsible for ligand recognition, are identified in the hSERT–5HT
and hSERT–escitalopram complexes. Our findings are in good
agreement with predictions from mutagenesis studies.

ChemMedChem 2007, 2, 827 – 840 G 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 827



tein model that has been constructed in vacuo is inserted into
a membrane system.[26,29] To overcome this shortcoming, differ-
ent refinement methods have been developed, spanning from
static to dynamic approaches. In the former approaches, the
varying properties of the protein environment are taken into
consideration by applying different physicochemical con-
straints to protein residues, depending on their spatial loca-
tion.[30] Such methods have for instance been employed for
the construction of G-protein-coupled-receptor (GPCR) three-
dimensional models.[31] In the dynamic approaches, protein
models are refined by various kinds of simulation approaches.
Prior to the simulation, the models are usually embedded in
an environment sharing physicochemical properties with a
lipid bilayer.[32] Such an approach has for instance been applied
for the optimization of GPCR receptor homology models in
membranes or simplified membrane systems.[33–37] The litera-
ture provides numerous examples of molecular dynamics (MD)
simulation studies of membrane proteins in explicit lipid bilay-
ers,[38–44] simplified membrane–water systems, such as the
octane slab developed by Sansom’s lab,[43,45] and uniform sol-
vent dielectric models.[46] Performing MD simulations of mem-
brane proteins in explicit bilayer systems is an often applied
approach to study membrane proteins.[38,40, 41] Validation of and
sampling in such systems are computationally highly demand-
ing because of composite nature of the phospholipids.[32, 47]

Herein, we employ the dynamic refinement approach making
use of a simplified membrane system, vide infra.
To the best of our knowledge, neither the sodium-chloride

dependent transporter structure LeuT, nor a homology model
derived thereof (hSERT), have been studied by simulation
methods. Here, we report MD simulations of the Na+/Cl�-de-
pendent transporters LeuT and hSERT in a membrane system
to address ligand-binding modes and binding site flexibility.
We used LeuT as a template for constructing a hSERT homolo-
gy model structure.[48] In the modeling procedure, information
from experimental mutagenesis data on the transporters has
been used.[21,22, 49] To verify our membrane system, we have in-
cluded LeuT in our study. We tested our model system by com-
paring atomic fluctuations (extracted from MD simulations)
with those derived from the crystallographic B factors and by
monitoring the stability of key interactions during the simula-
tions. We then used the same methodology to study hSERT in
complex with either serotonin (5-HT, natural substrate) or esci-
talopram (SSRI/allosteric serotonin reuptake inhibitor) to inves-
tigate the flexibility of the binding site and to determine key
protein–ligand interactions.

Results and Discussion

Knowledge of the three-dimensional (3D) structure of proteins
is a prerequisite for understanding their function. In the ab-
sence of experimental structural data, comparative modeling
of proteins is a possible alternative to obtain structural infor-
mation. Based on the template LeuT, we built a 3D model for
hSERT[48] and used this model to study the possible binding
mechanisms of the natural substrate 5-HT and the highly
active inhibitor, escitalopram.

Homology modeling of the serotonin transporter and intro-
duction of ligands

A detailed description on the homology modeling step is de-
scribed by Jørgensen et al.[48] and, therefore, only a short de-
scription is provided here. Based on the alignment of hSERT to
the LeuT structure (shown in the Supporting Information), an
initial homology model of the hSERT apo protein was con-
structed. Initial attempts to dock serotonin into this model re-
vealed that there was not enough space for this endogenous
ligand. Docking escitalopram into the site was even more
problematic. As the residues in the unwound regions of trans-
membrane domains TM1 and 6 are not conserved among the
NSS transporters, the structure of these regions could be ex-
pected to vary between these transporters. Backbone flexibility
was therefore allowed in these regions, along with some flexi-
bility of TM3 and 8, to allow for the movements of TM1 and
6.[48] Some parts of TM6 moved closer towards the four sur-
rounding transmembrane domains: TM2, 5, 7, and 11. These
adjacent regions were kept in space during model construc-
tion. After additional manual side-chain reorientations (most
were unfavorable according to a rotamer library[50]), escitalo-
pram in its proposed bioactive conformation[8] could be intro-
duced into the putative binding cleft. By mutating residues
that are not conserved between LeuT and hSERT in the ligand-
binding site to alanine or glycine and using this modified
ligand-bound structure as template in a second step of homol-
ogy modeling, models with alternative structural organizations
of the binding site were obtained.[48] In the final escitalopram-
bound hSERT model, we observed slightly different backbone
conformations of TM1, 3, 6, and 8 compared to LeuT and differ-
ent intramolecular protein–protein contacts. To test this escita-
lopram-optimized model, we introduced 5-HT in the binding
site (docked manually using two out of three pharmacophore
elements from the SSRI pharmacophore model, namely the
amine lone pair and the centroid of the aromatic part of the
cyanophthalane group. This docking pose gave rise to pro-
tein–ligand interactions as proposed in a 5-HT pharmacophore
model.[8–14] In the obtained binding mode, 5-HT was in contact
with several residues experimentally proven to be important
for substrate binding, for example, D98, I172, and Y176[51–54] , cf.
Figure 1a. If the model could relax into a conformation suita-
ble for 5-HT-binding during MD simulations, the constructed
model could be considered reliable.

Construction of the transporter-model membrane-solvent
system

Membrane-embedded proteins are in contact with at least
three physically diverse environments; the intra- and extracel-
lular fluid, in which the protein terminals and the loop regions
that connect the TMs are located; the hydrophobic region of
the membrane, facing large parts of the protein surface; and
the charged head groups of the phospholipids located at the
interfacial regions between the membrane and the aqueous
solutions. We could have chosen a detailed description of a
phospholipid membrane, but such systems are computational-
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ly highly demanding.[32] Instead, we used a simplified system
that in a proper manner contains the essential membrane
characteristics. The methods employed to construct the mem-
brane system are described in detail in the experimental sec-
tion along with the simulation strategy.
Three different systems were considered: 1) the A. aeolicus

leucine transporter with its endogenous ligand,[18] 2) the 5-HT-
bound serotonin transporter, and 3) the escitalopram–seroto-
nin transporter complex. Coordinates for LeuT were obtained
from the Protein Data Bank (accession code 2A65),[55] whereas
the protein structures of hSERT were constructed by homology

modeling.[48] The final systems consisted of 43000–45000
atoms and were organized as shown in Figure 1b.

Overall structures

In the LeuT structure, the leucine ligand and two sodium ions,
NA1 and NA2, are located between the four transmembrane
domains, TM1, 3, 6, and 8 (these four regions are highlighted
in the hSERT model shown in Figure 1).[18] Notably, in the LeuT
X-ray structure, none of these helical domains have ideal helix
forms: TM1 and 6 are unwound in the middle, whereas TM3
and 8 are bent and lack one or more hydrogen bonds com-
pared to the ideal helices.[56] This nonideal topology/geometry
seems important for providing room for a ligand. It offers mul-
tiple protein–ligand interactions, involving backbone and side-
chain atoms, and induces required conformational changes
during the transport cycle.[18] Most residues contributing to
this structural organization are conserved between the trans-
porters, but heterogeneity is observed particularly in the net-
work tightening these regions together. These differences
might be linked to the ability of transporters to discriminate
between various substrates and inhibitors and, consequently,
variations in the tertiary structure in the active site can be ex-
pected. Figure 1a shows how 5-HT and two sodium ions, NA1
and NA2, are located in the corresponding binding cleft in the
hSERT model. This overall organization was maintained
throughout the simulation. For the hSERT–escitalopram model,
a similar arrangement was found before and after the simula-
tion (data not shown).
We initially investigated changes in the overall structure of

the LeuT- and 5-HT-bound hSERT during the simulations. For
LeuT, the membrane-embedded part was hardly affected by
the simulations, whereas some of the loop regions underwent
slight conformational changes (data not shown). This was not
surprising and in agreement with other studies in which model
protein structures originally constructed in vacuo have been
examined in a composite water-membrane environment.[26,29, 57]

In both hSERT–ligand models, a similar structural rearrange-
ment was observed in the loop regions (data not shown). Ad-
ditional conformational changes were found in TM2, 3, 5, 6, 7,
8, and 11. Notably, four of these regions, TM2, 5, 7, and 11, sur-
rounded TM6. During the simulation, TM2, 5, 7, and 11 seemed
to adopt more favorable conformations that in addition al-
lowed for a more relaxed conformation of the TM6 coil region.
Using HELANAL[56] to characterize the a helix geometry, we
found that in LeuT and in the initial hSERT models, TM3 is bent
24�108 around residues Y107 (LeuT)/Y175 (hSERT). During the
simulation, TM3 in hSERT adopted a straighter conformation
(bending angle 6.6�1.78 (5-HT) or 8.0�14.38 (escitalopram))
than in LeuT, and part of it (residues hSERT 175–193) rotated
about 308 around its own axis, whereas the bending was main-
tained in LeuT. Superimposing TM3 in 5-HT-bound hSERT after
the simulation with TM3 in the LeuT X-ray structure (only Ca

atoms included in superimposition) gave a root-mean-square
deviation (rmsd) of 2.66 O; the corresponding value for the ro-
tated part of TM3 was 0.82 O. In the hSERT model, these

Figure 1. Homology model of hSERT-5-HT before MD simulations. The pro-
tein is shown as ribbon: TM1, 3, 6, and 8 are highlighted in red, orange,
green, and blue, respectively. Serotonin and the two sodium ions are high-
lighted in yellow and blue, respectively. a) Front view. For clarity, the protein
orientation in the insert is different from the main figure. b) Front view of
the simulation system after equilibration. Membrane atoms are displayed as
van der Waals sphere and colored in grey (neutral), blue (positively charged)
and red (negatively charged). Water molecules are displayed in stick repre-
sentation.
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changes seemed to be necessary to accommodate the differ-
ent ligands.
To examine the temporal conformational variations of the

transporters within the membrane system during the MD sim-
ulations, the time evolution of the root-mean-square deviation
of the atomic positions was calculated for each complex (Sup-
porting Information). Rmsd for the entire protein increased
slightly over time because of movements restricted to solvent-
exposed loop regions, whereas residues in the ligand-binding
site reached an equilibrium state. In all three transporter–
ligand complexes, an equilibrium state was obtained for the
ligand-binding cleft after about 2 ns (rmsd ~0.7–0.9 O), where-
as the membrane spanning regions TM1–11 equilibrated after
about 4 ns. Overall, the fluctuations suggested that the topolo-
gy of the LeuT structure and hSERT models were stable.
Fluctuations of individual residues along the polypeptide

chains after equilibration were investigated by examining rmsd
for the Ca atom of each residue. The fluctuations of LeuT were
compared to rmsd (hx2i) derived from the crystallographic B
factor,[18] cf. B=8phx2i.[58] Figure 2a shows that the fluctuations
observed in LeuT during MD simulations were in good agree-
ment with the crystallographic B factors. Similar fluctuations
were observed in hSERT (Figure 2b). In both proteins, the
membrane spanning regions and the loop regions had differ-
ent dynamic behavior. Average fluctuations of about 0.8 O
were found for the 12 TM domains, whereas the terminals and
intra- and extracellular loop regions had rmsd fluctuations in
the range of ~0.8 to ~8 O. In fact, the most pronounced fluctu-
ations were observed for the extracellular regions EC2, EC3,
and EC6 regions, which were exposed to the aqueous phase,
whereas the binding cleft showed relatively little flexibility in
both proteins, cf. Figure 2.

Protein–sodium interactions

Proteins within the neurotransmitter :sodium symporter family
mediate the transport of neurotransmitter substrates across
the cell membrane by using the naturally occurring neuronal
sodium gradient as driving force. Consequently, the ability to
bind sodium is likely to be conserved among the NSS trans-
porters. In the LeuT X-ray structure, two sodium ions, NA1 and
NA2, were identified, cf. Figure 3a and b. These are located in
close vicinity of the leucine ligand. NA1 is coordinated by six li-
gands (the leucine ligand (O) as well as residues A22(O),
N27(Od), T254 ACHTUNGTRENNUNG(O and Og), and N286(Od)) in an octahedral co-
ordination sphere in the X-ray structure[18] and maintained
during the simulation (Figure 3a). Note that Protein Data Bank
(PDB) nomenclature is used throughout the discussion. NA2 is
faced by five ligands (G20(O), V23(O), T354(Og), S355(Og), and
A351(O)) organized in a bipyrimidal trigonal fashion (Fig-
ure 3b) in the X-ray structure,[18] and this coordination is main-
tained throughout the simulation. In our hSERT model, only
five residues (D98(Od), A96(O), N101(Od), S336(O), and
F335(O)) coordinate NA1 in a bipyrimidal trigonal coordination
sphere, cf. Figure 3c. This is slightly different from the corre-
sponding site in LeuT; hSERT D98(Od) has replaced the LeuT
leucine ligand(O) atom, T254(Og) is replaced by hSERT F335(O),

whereas the hSERT counterpart to LeuT N286, residue hSERT
N368 is not involved in NA1-binding (NA1 to N368(Od) dis-
tance is ~5.4 O, not shown). Most of the residues that surround
hSERT N368 are not conserved between hSERT and LeuT trans-
porters, for example, hSERT T364 corresponds to A282 in LeuT,
hSERT V367 to L287 in LeuT, hSERT C369 to E287 in LeuT, and
hSERT T371 to A289 in LeuT. Consequently, the hydrogen-
bonding network around N368/N286 differs between hSERT
and LeuT, which gives rise to different conformations of the
residues involved in both transporters, suggesting different
roles of the asparagines in different transporters. As shown in
Figure 3d, the NA2 site in hSERT involves residues G94(O),
V97(O), D437ACHTUNGTRENNUNG(both Ods), and S438(Og). D437 (T354 in LeuT) do-

Figure 2. Residue-by-residue Ca root mean square deviations (rmsd) com-
pared to the initial positions obtained after equilibration. a) Rmsd for LeuT.
Molecular dynamics simulation results (rose bars) are compared with the
rmsd derived from the crystallographic B factors (black line). b) Rmsd for the
5-HT-bound hSERT model extracted from the simulation. The bars indicate
the position of the 12 transmembrane domains. The regions indicated by
black dots are located within 7 O of the substrate. The initial ~3 ns of each
trajectory was considered as equilibration and discarded for analysis. The
gap corresponds to residues 204–233 that make up a long extracellular loop
region for which no template structure is available. The N- and C-terminals
are also much longer in hSERT than in LeuT. For these reasons, the residues
were not included in our model.
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nates both of its carboxylate oxygens to the NA2, thereby re-
placing the fifth residue, LeuT A351 (hSERT L434) which in
LeuT coordinates NA2 (Figure 3b). To the best of our knowl-
edge, no mutagenesis studies have been performed for LeuT,
whereas some of the residues involved in sodium binding in
our hSERT model have been found to be important for sodium
binding and/or transporter function, for example, A96, D98,
and N101.[53,59–61]

In addition to their function for ion translocation, the two
sodium-binding sites contribute to structural stability in the
proteins. Tight coordination of sodium ions in both proteins
would therefore be expected. We investigated the stability of
the sodium pockets in the LeuT structure and in the homology
model by analyzing the variations in sodium–protein contacts
during the MD simulations. The average fluctuations in con-
tacts between NA1/NA2 and the coordinating atoms in both
proteins are listed in Tables 1–3. We found that the bond
lengths in NA1 and NA2 in LeuT, 5-HT-bound hSERT, and escita-
lopram-bound hSERT are stable and maintained throughout
the simulations (data available in the Supporting Information).

Protein–ligand interactions

Leucine in LeuT. The leucine-binding site is composed of a
polar and a hydrophobic region, and both regions are occu-

Figure 3. The sodium-binding sites in the transporters. a) NA1 in LeuT. b) NA2 in LeuT. c) NA1 in 5-HT-bound hSERT. d) NA2 in 5-HT-bound hSERT. Mean distan-
ces (O) extracted from the simulations are indicated. For clarity, the orientation differs between LeuT and hSERT.

Table 1. Mean distances and standard deviations of selected distances in
LeuT extracted from MD simulations.[a]

Contact Mean distance� standard deviation (O)

NA1-LEU(O) 2.3�0.1
NA1-N27(Od) 2.3�0.1
NA1-T254(Og) 2.4�0.1
NA1-T254(O) 2.4�0.1
NA1-N286(Od) 2.5�0.2
NA1-A22(O) 2.3�0.1
NA2-A351(O) 2.3�0.1
NA2-S355(Og) 2.3�0.1
NA2-T354(Og) 2.4�0.1
NA2-G20(O) 2.3�0.2
NA2-V23(O) 2.3�0.1
LEU(O)-Y108(OH) 2.7�0.2
LEU(O)-G24(N) 3.9�0.2
LEU(O)-L25(HN) 2.9�0.3
LEU(O)-G26(N) 2.8�0.1
LEU(N)-F253(O) 2.8�0.1
LEU(N)-T254(O) 3.0�0.2
LEU(N)-S256(Og) 2.8�0.1
LEU(N)-N21(O) 3.3�0.2
S256(Hg)-N21(Od) 1.9�0.2
S256(Hg)-N21(O) 2.7�0.2

[a] LEU refers to the ligand, leucine.
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pied by the polar head group of the leucine ligand and the hy-
drophobic side chain, respectively.[18] The hydrophobic part of
the binding site is shown in Figure 4. The conformation corre-
sponds to the last frame of the MD simulation. As summarized
in Table 4, polar and hydrophobic parts of the ligand establish
contacts with the protein. These contacts are stable and only
minor fluctuations are observed throughout the simulations
(Table 1 and additional data are provided in the Supporting In-
formation). The formation of a hydrogen bond between N21
and S256 seems important for keeping the TM1 and TM6 coil
regions together, thereby stabilizing the active site in a confor-
mation suitable for leucine binding. Interestingly, we observed
that the hydrogen-bonding networks between the ligand car-
boxyl group and residues A351, Y108, S355, and N21 flip back
and forth between two organizations, networks 1 and 2, medi-
ated by rotations of the Y108 and S355 hydroxyl groups (Fig-
ure 5a and b). In network 1,
S355 functions as hydrogen
donor in a hydrogen-bonding
contact between the side chain
of this residue and the main-
chain carbonyl oxygen from N21
(Figure 5a), whereas in the other
network, S355 forms a hydrogen
bond with the Y108 side-chain
hydroxyl group (Figure 5b).

Analogously, the Y108 hydroxyl group forms a hydrogen bond
to the substrate as described above in network 1, whereas its
proton points toward the backbone carbonyl oxygen of A351
in network 2. In summary, all essential interactions found in
the LeuT X-ray structure are maintained during the simulation,

Table 2. Mean distances and standard deviations of selected distances in
5-HT-bound hSERT calculated from MD simulations.

Contact Mean distance� standard deviation (O)

NA1-D98(Od) 2.2�0.2
NA1-N101(Od) 2.3�0.1
NA1-L337(O) 4.1�0.5
NA1-S336(O) 2.5�0.3
NA1-F335(O) 2.3�0.2
NA1-A96(O) 2.9�0.1
NA2-L434(O) 4.4�0.5
NA2-S438(Og) 2.4�0.1
NA2-D437 ACHTUNGTRENNUNG(Od1) 2.3�0.1
NA2-D437 ACHTUNGTRENNUNG(Od2) 2.2�0.1
NA2-G94(O) 2.3�0.1
NA2-V97(O) 2.3�0.1
5-HTACHTUNGTRENNUNG(amine N)-D98(Od) 3.0�0.5
5-HTACHTUNGTRENNUNG(amine N)-Y95(O) 4�1
5-HTACHTUNGTRENNUNG(amine N)-L337(O) 3.9�0.9
5-HT(indole NH)-T439(Og) 2.5�0.7
5-HT(indole OH)-G442(O) 3�1
Y95(HH)-G338(O) 2.4�0.7
Y95(O)-S438(Hg) 3�1
D98(Od)-Y176(OH) 2.1�0.9
D98(Od)-Y176(HH) 1.9�0.7
L99(HN)-Y176(OH) 3.9�0.5
Y175(HH)-E493(Oe) 3.1�0.9
Y176(HH)-D437(Cg) 9.5�0.6
Y176(HH)-S438(Og) 6.5�0.7
Y176(OH)-S438(Hg) 7.1�0.7
L434(O)-S438(Hg) 5�1
G435(O)-T439ACHTUNGTRENNUNG(Hg1) 1.8�0.2
D437(Cg)-S438(Hg) 4.6�0.7
S438(O)-G442(HN) 2.1�0.4

Table 3. Mean distances and standard deviations of selected distances in
escitalopram-bound hSERT calculated from MD simulations.

Contact Mean distance� standard deviation (O)

NA1-D98 (Od) 2.3�0.1
NA1-N101 (Od) 2.3�0.1
NA1-L337 (O) 4.8�0.3
NA1-S336 (O) 2.3�0.1
NA1-F335 (O) 2.5�0.2
NA1-A96 (O) 2.4�0.2
NA2-L434 (O) 6.4�0.3
NA2-S438 (Og) 4�1
NA2-D437 (Od1) 2.3�0.1
NA2-D437 (Od2) 2.2�0.1
NA2-G94 (O) 2.2�0.1
NA2V97 (O) 2.2�0.1
ESC ACHTUNGTRENNUNG(N’’)-D98(Od)[a] 2.7�0.1
ESC ACHTUNGTRENNUNG(N’’)-Y95(O)[a] 4.4�0.3
ESC ACHTUNGTRENNUNG(N’’)-L337(O)[a] 5.1�0.6
D98(Od)-Y176(OH) 5.2�0.4
D98(Od)-Y176(HH) 5.4�0.8
Y176(HH)-S438(Og) 3.3�0.7
Y176(OH)-S438(Hg) 3.5�0.4
G338(O)-Y95(HH) 3�1
S438(Hg)-Y95(O) 3�1
S438(Hg)-L434(O) 4.1�0.4
S438(Hg)-D437(Cg) 4.1�0.4
T439ACHTUNGTRENNUNG(Hg1)-G435(O) 4.8�0.5

[a] ESC refers to escitalopram.

Figure 4. Stereoview of the hydrophobic part of the leucine-binding site in
LeuT obtained after simulation. Residue S355 is not shown for clarity.

Table 4. LeuT–leucine interactions monitored in the MD simulation.

Leucine Type of interactions Residues involved in LeuT

carboxyl group hydrogen bonding/
electrostatic interactions

amide nitrogen of L25, G26;
hydroxyl group of Y108, NA1

amino group hydrogen bonding/
electrostatic interactions

carbonyl backbone oxygens of N21, F253, T254;
hydroxyl group of S256

methyl groups hydrophobic interactions V104, F253, I359
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indicating that our membrane system appears sufficient to
capture the essential protein dynamics.

5-HT in hSERT. 5-HT occupies two subpockets within the
active site: A relatively wide hydrophobic part into which the
indole skeleton is located, and a narrow funnel occupied by
the ethylamino group. NA1 and D98 are located at the end of
this funnel, cf. Figure 6. Protein–protein and protein–ligand

contacts of the narrow subpocket are stable, and only relative-
ly small fluctuations in distances between selected residues are
observed (Table 2). During the simulation, protein–ligand con-
tacts in the hydrophobic pocket change. The substrate reor-
ients slightly, such that new contacts between the indole part
of the ligand and the binding cleft are established, vide infra.
In the following, a detailed description of protein–ligand inter-
actions is provided.

One of the D98 carboxyl oxygens is involved in a combined
hydrogen bond/salt bridge with the protonated ligand nitro-
gen as proposed from mutagenesis and pharmacophore mod-
eling studies.[9, 53] The other D98 carboxyl oxygen forms hydro-
gen bonds with the Y176 hydroxyl group (Figure 7b) and to
G100 (data not shown) and functions as axial ligand to NA1
(Figure 6). A mutational study has revealed that a D98E mutant
binds gramine, a shorter substrate analogue, but cannot
couple the transport of gramine to the sodium gradient.[53]

This indicates that residue D98 is involved in sodium and
ligand-binding as observed in our model. At the binding site,
two interhelical contacts keep TM1 and TM3 (D98(Od) to
Y176(HH)), and TM1 and TM6 (Y95(HH) to G338(O)) together,
respectively. Figure 7b and c show that these contacts are
maintained throughout the simulation although some fluctua-
tions in contact distances are observed. Interestingly, we ob-
served that during the 1.5 ns of MD simulation, where Y176 is
not involved in hydrogen-bonding to D98, it is instead in con-
tact with a water molecule. This water molecule is one of the
crystal waters present in LeuT[18] and was introduced in the
corresponding position in the hSERT model. In addition to the
ionic contact with D98, the ligand amine establishes alternately
hydrogen bonds to Y95(O) and L337(O), cf. Figure 7d–f. In the
initial binding mode, the indole hydroxyl group interacts with
the A169 carbonyl, whereas the proton at the indole nitrogen
points towards the centre of the Y176 aromatic part (data not
shown). Shortly after initiation of the simulation, the substrate
reorients, and electrostatic interactions are established be-
tween the 5-HT indole hydroxyl group and the main chain
oxygen of G442 and between the proton at the indole nitro-
gen and the hydroxyl group of residue T439 (Figure 6 and 7g–
h). The distance between the ligand hydrogen involved and
the carbonyl group of the protein is on the borderline of

Figure 5. Hydrogen-bonding network in LeuT and hSERT. a) Network 1 in LeuT. b) Network 2 in LeuT. c) Network 1 in 5-HT-bound hSERT. d) Network 2 in 5-HT-
bound hSERT. e) Network 1 in escitalopram-bound hSERT. f) Network 2 in escitalopram-bound hSERT. Network 2 dominates in the hSERT-inhibitor complex.

Figure 6. Stereoview of the 5-HT-binding site in hSERT obtained after simula-
tion.
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where the formation of a direct hydrogen-bond is possible[62]

and as a consequence, the distances between 5-HT and those
two residues vary during the simulation. Initially, hydrogen-
bonding to G442 dominates, which weakens during the simu-
lation (Figure 7h) and a complementary interaction between
the indole nitrogen proton and T439 is stabilized (Figure 7g).
We observed that the conformation of the T439 side chain is
stabilized by a hydrogen bond between the T439 hydroxyl
group and the G435 main chain oxygen atom, cf. Figure 7a.
Only small fluctuations are observed, suggesting that the
changes in the contacts between 5-HT, G442, and T439 are
due to variations in the 5-HT orientation. In addition, residue
I172 interacts with the substrate through hydrophobic interac-
tions with the indole skeleton. Based on site-directed muta-
genesis studies, it has also been suggested that I172 is directly
involved in the ligand-binding site.[9, 51]

Comparing the protein–ligand interactions with the predic-
tions from pharmacophore modeling reveals that both binding
modes are in agreement with Pratuangdejkul and co-workers’
hypothesis.[9] Based on 3D-QSAR modeling of 121 5-HT ana-
logues, the authors propose four protein–ligand interactions:
1) electrostatic contacts between the amine nitrogen and the

protein, 2) hydrogen bond between the hydroxyl group (hy-
drogen donor) and the protein, 3) hydrophobic interactions
between the indole ring system and the protein, and 4) polar
interaction between the indole ring system and the protein,
either by cation p or polarized aromatic–aromatic interactions.
The authors could not deduce the explicit role of the indole ni-
trogen and its proton. The nitrogen could play a major role in
the electron distribution throughout the indole ring orbitals
and/or function as a hydrogen donor.[9] In our simulation, we
can observe these proposed interactions: D98–amine electro-
static interaction, G442 5-HT hydroxyl�hydrogen bond, hydro-
phobic contacts between I172 and 5-HT, and electrostatic con-
tact between T439 and the indole nitrogen proton. Overall, the
analysis of the molecular dynamics simulations of the hSERT-5-
HT complex confirmed that the escitalopram-optimized hSERT
homology model could relax into a conformation suitable for
the binding of the natural substrate of the transporter.

Escitalopram in hSERT. As shown in Figure 8a, the three
components of escitalopram, the dimethylaminopropyl chain,
the fluorophenyl group, and the cyanophthalane skeleton
occupy separate subpockets in the protein. The subpocket oc-
cupied by the indole skeleton of 5-HT corresponds to the sub-

Figure 7. Time evolution of distances between selected atoms in 5-HT-bound hSERT monitored during MD simulations. a)–c) Distances between atoms of se-
lected residues as indicated by insets. d)–h) Distances between atoms in 5-HT and selected residues of hSERT as indicated by insets. The atom numbers in 5-
HT refer to the numbering Scheme in the Insert showing the chemical structures.
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pocket occupied by the cyano ACHTUNGTRENNUNGphthalane skeleton, whereas the
narrow funnel-like pocket occupied by the ethylamine side
chain of 5-HT shares similarities with the dimethylaminopropyl
pocket. In the initial model (Figure 8a), we observed the fol-
lowing interactions in the binding site: the dimethylamino-
propyl chain interacts with the protein by a ligand-amine to
the D98 salt bridge and by a number of hydrophobic contacts,
including an interaction between one of the methyl groups of
the ligand amine and the F335 phenyl ring, and contacts be-
tween the ligand propyl chain and the aro ACHTUNGTRENNUNGmatic rings of Y95
and F341. The fluorophenyl ligand part is in contact with the
side chains of Y176, F341, and I172 (hydrophobic contacts/p-p
stacking between the side chains of these residues and the ar-
omatic moiety of the ligand) and its fluorine interacts with resi-
due Y175. Residues A169 and G442, and the d-methyl group of
residue I172 face the cyanophthalane moiety.[48] The observed
protein–ligand interactions are in good agreement with predic-
tions from mutagenesis studies suggesting interactions be-
tween escitalopram and residues D98, Y95, A169, and
I172.[53,54,63]

During the MD simulations, we observed that one of the in-
terhelical contacts changed. A TM3–TM8 contact (between
Y176(HH) and S438(Og)) mediated by a rotation of the Y176
side chain and a slight conformational change in S438 replaced
the TM1–TM3 contact between D98 and Y176. As shown in
Figure 5e and f, this change gave rise to a replacement of a
protein–protein contact across the middle of the ligand-bind-
ing site with a protein–protein contact, only transversing one
side of the binding pocket. This change increased the volume

available for ligand binding compared to the binding site in
the hSERT–5-HT complex. Taking into account the larger size of
this inhibitor compared to the natural substrate, these changes
seemed necessary for inhibitor binding (Figure 9). From time
to time, the new contact was stabilized by an additional hydro-
gen bond between S438 and D437 (Figure 9 l). An interhelical
contact between Y176(OH) and L99(HN) was also formed and
maintained throughout most of the 7 ns of the MD simulation
(Figure 9 f). This contact was also likely to contribute to a stabi-
lization of the escitalopram-binding site. Comparing these pro-
tein–protein interactions with those in the 5-HT-binding site re-
vealed that different contacts dominated in the two complexes
throughout the simulation. In the case of 5-HT, residue Y176
was involved in hydrogen-bonding to D98 (Figure 9a), as
would also be expected according to the LeuT X-ray structure
(see Supporting Information). On the other hand, in the
hSERT–escitalopram complex, Y176 interacted with S438 and
L99 (Figure 9d and f). In the hSERT–5-HT complex, S438 was al-
ternately hydrogen-bonding to Y95 and L434 (Figure 9g and i),
whereas this residue primarily interacted with Y176 and D437
(Figure 9d and l ) in the hSERT–escitalopram complex. Interac-
tions in the hSERT–substrate complex shared similarities with
the contacts in the LeuT substrate complex. This was observed
by comparing contacts in LeuT with corresponding contacts in
hSERT–5-HT. We compared the contact between Y108 and the
leucine ligand, and the contact between S355 and N21 in LeuT
(Figure 5a), with the contacts between Y176 and D98, and be-
tween S438 and Y95 in hSERT–5-HT (Figure 5d). Our results in-
dicated that different sets of interactions dominated in the
binding cleft when a substrate or an uptake inhibitor was
bound. Such conformational changes induced by ligand bind-
ing are considered “induced fit” according to the induced fit
hypothesis.[64,65] The induced fit mechanism is commonly ob-
served and, for instance, has been proposed for ligand binding
to P-glycoproteins and transferase.[66,67] For these proteins, size
and shape of the ligands induce conformational changes to
either accommodate a broad range of substrates[67] or trap the
protein in a conformational state that is inaccessible for the
substrate.[66] Such structural alterations may be an attractive
approach for designing small molecules specifically targeting
the conformational changes required for substrate transport;
that is, trapping the transporter in a state that obstructs the
substrate transport. It remains to be proven whether the esci-
talopram-induced conformational changes observed during
the simulation interfere with the conformational changes oc-
curring during the transport of the natural substrate.
The conformation of Y176 obtained after the hSERT–escitalo-

pram simulation allows for hydrophobic interactions between
the side chain of this residue and the ligand fluorophenyl
group. During the simulation, we also observed that the side
chains of residues I172, Y175, and F335 changed orientation.
The side chain of I172 reorientates but interacts throughout
the simulation with the aromatic rings of escitalopram by mul-
tiple hydrophobic contacts. The side chain of residue Y175 ro-
tates away from the binding cleft so that the initial interaction
between its hydroxyl group and the fluorine atom in the
ligand is lost. In this position, it interacts with E493 in the

Figure 8. Stereoview of the escitalopram-binding site in hSERT. a) Initial ho-
mology model. The three arrows indicate the three different sub-pockets oc-
cupied by the ligand: cyanophthalane (blue), fluorophenyl (green) and dime-
thylaminopropyl (purple). b) After 7 ns of MD simulation.
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same way as observed in the
hSERT–5-HT complex and the
LeuT X-ray structure (LeuT
D404). The aromatic moiety of
residue F335 flips 908 around its
own axis to form parallel dis-
placed p-p stacking[68,69] with the
ligand fluor ACHTUNGTRENNUNGophenyl group. Addi-
tionally, we observed a slight
movement of escitalopram. In
the new position, a p-p interac-
tion between F341 and the esci-
talopram fluorophenyl group re-
placed the initial interaction be-
tween F341 and the dimethyla-
minopropyl side chain. These
contacts were maintained during
the remaining part of the simula-
tion. We observed that the p-p
stacking interactions between
the aromatic rings of the protein
and the ligand in general were
optimized, so that these interac-
tions, along with the salt bridge
between the ligand amine group
and the side chain of D98, domi-
nated the protein–ligand con-
tacts. Rotations of I172 during
the simulation also gave rise to
a strengthening of the contacts
between this side chain and aro-
matic moieties of escitalopram.
In fact, the conformation of I172
in the final frame (Figure 8b)
was one of the most populated
in a rotamer library.[50] In this
conformation, numerous atoms
of I172 and the ligand interacted
by hydrophobic interactions
(C(d)–C-6 distance 3.8 O; C(d)–C-
7 distance 3.5 O; C(d)–C-8 dis-
tance 3.8 O; C(d)–C-1’ distance
3.8 O; C(d)–C-2’ distance 4.4 O;
ligand atoms are named as
shown in Figure 10 ).
To validate the escitalopram-

bound models obtained after
MD simulations, we compared
the ligand-binding site to the
SSRI pharmacophore model to
see if it agreed with the structur-
al elements proposed by phar-
macophore modeling. According
to the SSRI-based hSERT phar-
macophore,[8] two substrate fea-
tures are important for recogni-
tion by hSERT: Feature 1: A basic

Figure 9. Time evolution of distances between atoms of selected residues (indicated by the insets) in 5-HT-bound
hSERT (left column) and escitalopram-bound hSERT (right column) monitored during MD simulations.
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nitrogen having its lone pair pointing towards an acidic resi-
due in the protein. The exact position of the nitrogen is less
important. Feature 2: Two aromatic rings. In the SSRIs, only the
aromatic centroids overlap in space. Additionally, the pharma-
cophore allows for substitution in the region corresponding to
the cyano group in escitalopram (required for avoiding NET/
DAT affinity),[8] and prohibits substituents in the region occu-
pied by the hydrogens on C3 in escitalopram.
In our model, the salt bridge between D98 and the ligand

explains the importance of Feature 1. Mutational studies have
also revealed that such an ionic interaction is essential for esci-
talopram binding; the inhibitor displays very low affinity to-
wards a D98E mutant.[53] With respect to Feature 2, the multi-
ple hydrophobic interactions and in particular the p-p stack-
ings established between the protein and the ligand aromatic
rings contribute to the stability of the protein–ligand complex.
The weak contact between fluorine and Y175 observed in the
initial structure was not maintained during the simulation. In-
stead of mediating a direct protein–ligand contact, the fluorine
may play a major role in the electron distribution in parts of
the ligand. The same property can be expected for the cyano
group and the oxygen atom. If opposite polarities dominate in
the surrounding protein, such effects contribute significantly
to the electrostatic interactions. In fact, an escitalopram ana-
logue lacking two of the electron-withdrawing substituents,
cyano and fluorine, displays 16-fold reduced affinity to hSERT
compared to citalopram.[70] Visual inspection of the model
structure indicates that the space available near the phthalane
methylene group is sparse. Substituents other than hydrogens,
such as in talopram and talsupram (see Figure 10 showing
chemical structures), would sterically clash with the protein as
predicted from our model. This observation suggests that the
constructed hSERT models are in good agreement with the
pharmacophore model.[8] Further ongoing studies using results
from site-directed mutagenesis and variations in compound
properties may provide additional insight into the determi-
nants that govern ligand recognition.

Conclusions

We have carried out molecular dynamics simulations of hSERT
in complex with 5-HT or escitalopram to study the binding
modes of these ligands. We tested our membrane system by
carrying out MD simulations on the Aquifex aeolicus leucine
transporter. Atomic fluctuations extracted from the simulation
were in good agreement with rmsd derived from the crystallo-
graphic B factor, thereby demonstrating that the system is suit-
able for gaining insight into the dynamic behavior of a mem-
brane-embedded protein. During MD simulations of the hSERT
complexes, we observed that the transporter relaxed into a
conformation that can accommodate either 5-HT or escitalo-
pram. The protein–ligand interactions in both protein–ligand
complexes were in agreement with predictions from mutation-
al studies and pharmacophore modeling. The substrate 5-HT
establishes few key interactions to the protein, whereas a large
number of strong and weaker interactions link the uptake in-
hibitor to the active site. Both ligands form a combined hydro-
gen bond/salt bridge to D98 via their protonated amines and
interact through hydrophobic interactions with I172. In addi-
tion, the indole ring in 5-HT forms hydrogen bonds with G442
and T439, whereas escitalopram is in direct contact with Y176,
F335, and F341 through p-p interactions. We observed that
residue Y176 adopts different conformations, resulting in dif-
ferent protein–protein contacts in the hSERT–5-HT and hSERT–
escitalopram complexes. When 5-HT is bound to the protein,
Y176 forms a hydrogen bond with the D98 side chain, whereas
in the hSERT–escitalopram complex, residue Y176 is in contact
with S438. These differences in protein–protein contacts be-
tween the substrate- and inhibitor-bound states indicate that
the ligands bind to hSERT by an induced fit mechanism[64,65] as
observed, for instance, for ligand binding to P-glycoproteins
and transferase.[66,67] Further studies using other NSS transport-
ers are being pursued, and those results may provide further
insights into structure–function relationships.

Computational Methods

Homology modeling and ligand docking

The escitalopram-optimized hSERT homology model was con-
structed as described by Jørgensen et al.[48] The terminal re-
gions and the second extracellular loop regions are much
longer in the mammalian than in the bacterial transporters, so
for these three regions no structural template was available.
Our primary focus was on the ligand-binding site to which
these regions are located distally, and therefore these regions
were left out of the model. Serotonin in its presumed bioactive
conformation[9,71] was docked manually into the ligand-binding
site in that model. Several binding modes were considered,
but only one fulfilled the following four criteria : 1) D98-amine
salt bridge,[9,53] 2) a hydrogen bond between the 5-HT hydroxyl
group and the protein in which the hydroxyl group functions
as hydrogen donor,[9] 3) protein to indole nitrogen proton
polar interaction,[9] and 4) protein to indole skeleton hydropho-
bic interactions.[9] The binding site was subsequently energy-

Figure 10. Chemical structures of compounds and IC50 values for 5-HT
uptake inhibition. [a] Data from Ref. [6] ; [b] data from Ref. [88]; [c] data from
Ref. [89] .
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minimized with the MMFF94 force field[72] available in MOE
(using default parameters).[73]

Simulation system

Employing VMD,[74] the Aquifex aeolicus leucine transporter in-
cluding ligand, two sodium ions, a chloride ion, and crystal
water[18] , was solvated in a cubic simulation box with water.
Applying in-house/noncommercial algorithms, water molecules
occupying the putative membrane regions were replaced with
three kinds of pseudo-carbon atoms: in water molecules locat-
ed in the putative membrane core region (26 O), the oxygen
was replaced by an uncharged pseudo-carbon atom; in water
molecules located in the putative head group regions (4 O on
each side), the oxygen was replaced by either positively
(0.01e) or negatively charged pseudo-carbon atoms (�0.01e).
Subsequently, all hydrogens belonging to these molecules
were deleted. Each of the two regions containing charged
atoms were organized into four 1 O thick layers, alternately
holding atoms with opposite charges. Negatively charged
layers faced the membrane core region. The dimensions and
charge organization of the membrane region resemble 1-palm-
itoyl-2-oleoyl-phosphatidylcholine (POPC) that is the major
component of human neuronal plasma membranes.[75] All
membrane-atoms were constrained in space by a weak har-
monic potential (force constant k=0.02 kcalmol�1O�2). Two
water layers with a thickness of about 15 O remained at the
top and bottom of the system. Chloride ions were subsequent-
ly added to compensate for the net positive charge of the
system and to ensure an overall neutral system. The simulation
box for LeuT consisted of 508 amino acid residues, 10199
water molecules, 3352 uncharged membrane atoms, 499 posi-
tively charged membrane atoms, 478 negatively charged mem-
brane atoms, the leucine ligand, 2 sodium ions, and 7 chloride
counter-ions. Altogether, there were a total of 43117 atoms in
the system. The dimensions of the central unit cell were ap-
proximately 101S81S89 O3. For hSERT, the simulation box had
approximate dimensions of 113S83S97 O3. It contained 49046
or 49066 atoms in total, comprised 507 amino acid residues,
12198 water molecules, 4452 uncharged membrane atoms,
499 positively charged membrane atoms, 478 negatively
charged membrane atoms, the 5-HT or escitalopram ligand (26
or 46 atoms, respectively), 2 sodium ions, and 10 chloride
counter-ions.

Molecular dynamics simulations

MD simulations were carried out using the NAMD2 package[76]

with the CHARMM27 parameter set[77,78] and the TIP3 water
model.[79] Full periodic boundary conditions were applied, and
the simulations were carried out at constant number of atoms,
constant pressure in the z-direction, constant area in the x-y
plane, and constant temperature (NPzAT ensemble). The Lange-
vin piston method[80] with a damping coefficient of 6 ps�1 and
a piston period of 100 fs imposed a constant ambient pressure
of Pz=1 atm. The temperature was held at 310 K. A time step
of 1 fs was used in all simulations. Long-range Coulumb inter-

actions were calculated using the Ewald summation tech-
nique[81, 82] and updated every fourth step. For van der Waals
interactions, a cut-off of 12 O was applied in combination with
a switching function starting at 10 O.
At first, the simulation system was energy-minimized using

the conjugate gradient method. In the initial LeuT simulation
system, the particle density in the membrane region was too
high, which resulted in a relatively high pressure in the x-direc-
tion (py~1 atm). The minimization of this system was followed
by short MD simulations, where the simulation box was con-
secutively expanded along the x axis to reach a pressure of
px~1 atm. Finally, this equilibrated system was submitted to
10 ns MD simulations.
Parameters for the ligands 5-HT and especially escitalopram

were not available in the CHARMM27 force field,[77,78, 83] requir-
ing implementation of additional atom types and determina-
tion of force field parameters. Atomic charges for both ligands
were obtained from the ESP charges estimated by ab initio
single point energy calculations using Hartree Fock approxima-
tion with the 6-31G* basis set. Calculations were performed in
Spartan.[84] Parameters for fluorine[85,86] and the cyano-group[87]

were taken from the literature. Parameters for the cyclic ether
group and for other undefined distances, angles, and torsions
were obtained from CHARMM27 parameter set describing simi-
lar atom types, or in a few cases estimated empirically. Addi-
tionally, improper torsion constraints (k=10 kcalmol�1 rad�2)
on heavy atoms in the 5-HT amino-ethyl side chain and in the
escitalopram dimethylaminopropyl side chain ensured that the
bioactive conformations of these ligands were maintained.
5-HT- or escitalopram-bound hSERT was introduced in the

equilibrated model-membrane system by superimposing
hSERT on LeuT. LeuT, leucine, ions, and water molecules locat-
ed more than 8.5 O from the binding site in the crystal struc-
ture were subsequently deleted. The remaining crystal waters
were found to be important for maintaining the hydrogen-
bonding networks in the protein interior in LeuT and hSERT.
The escitalopram hSERT membrane systems were energy-mini-
mized, followed by 100 ps simulations during which all atoms
of the protein, ligand, NA1, and NA2, as well as crystal water
were maintained in space by a harmonic potential with k=
5 kcalmol�1O�2. This should allow the water molecules and the
atoms in the membrane layers to relax and pack around the
protein. During an additional 100 ps simulation, harmonic dis-
tance constraints (k=100 kcalmol�1O�2) on the residue pairs
D437(Od)–S438(Hg), escitalopram(N)–D98(Od), and Y176(HH)–
S438(Og) were used in order for the protein to adapt to the
ligand. The entire system was subsequently subjected to 7 ns
MD simulations without constraints. For 5-HT-bound hSERT,
the first 100 ps of simulation time also included constraints on
all protein and ligand atoms, sodium ions, and crystal water
atoms. This was followed by 17 ns MD simulations without
constraints.

Supporting information available

Sequence alignment (hSERT versus LeuT) and figures showing
the overall fluctuations in the three protein complexes over
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time, the time evolution of residue distances in LeuT, and fig-
ures showing the time evolution of distances between selected
residues and NA1 and NA2 in LeuT, 5-HT-, or escitalopram-
bound hSERT.
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