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ABSTRACT

The human serotonin transporter (hSERT) played a significant role in neurological process whose structural
basis had been analysed for many years. Recently, the first homology model was constructed for hSERT
based on the crystal structure of drosophila melanogaster dopamine transporter was published, and the
inhibitory mechanism underlying the binding mode between hSERT and approved antidepressants was
substantially investigated by molecular dynamics (MD) simulation. Right after this publication, the X-ray
crystallographic structures of hSERT were reported, which provided a good opportunity to reassess the
performance of previous simulation. In this study, the analyses of side-chain contact map, stereochemical
quality and ligand-binding pocket were firstly conducted, which revealed that the constructed homology
model of hSERT could successfully reproduce the reported crystal structure. Secondly, the approved
antidepressant escitalopram was docked into the X-ray structure, and its binding pose was consistent with
the reported docking pose in the homology model. Finally, MD simulation were performed based on the
crystal structure of hSERT, and structural features revealed as critical for escitalopram-hSERT interaction by
previous simulation were successfully recaptured. Thus, the newly reported X-ray crystal structure of hSERT
was precisely predicted by computational model, which demonstrated its reliability in understanding the
pharmacology of other human monoamine transporters whose 3-D structure remained unknown.
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1. Introduction Right after this publication, hSERT’s crystal structure was solved
[9]. This structure provided a good chance to reassess the results
of the constructed computational model in the previous work.

In this study, the reliability of the constructed homology
model of hSERT was systematically reassessed in comparison
with X-ray crystallographic structure. Firstly, side-chain contact
map and stereochemical quality of both structures were carried
out to analyse the quality of the homology model. Then, the root-
mean-square deviation values (RMSD) of the 11 amino acids
that compose the ligand binding pocket (LBP) was calculated,
and the value (0.6 A) demonstrating a reliable hSERT model.
Finally, a long-lasting MD simulation was carried and revealed
consistent key residues for drug binding in both homology model
and crystal complexes.

Antidepressants were widely used for the treatment of patients
with major depression disorder and other mood disorder dis-
eases [1-4]. Whereby, the selective serotonin reuptake inhibitors
(SSRIs) were most commonly used to inhibit the function of
human serotonin transporter (hSERT) [2,4,5], which indirectly
block the serotonin signal transmission in the synaptic cleft [6-
8]. As the major target for SSRIs, hSERT played critical roles in
the process of terminating serotonergic signalling through the
reuptake of serotonin into presynaptic neurons [9]. During the
period of new antidepressant drugs design, the exact molecular
interaction pattern of SSRIs and hSERT was proved crucial to
reveal drug inhibitory mechanism and further new antidepres-
sant inhibitors design [10-14]. So, on the basis of the structures
of the drosophila melanogaster dopamine transporter (dDAT)
[15], a hSERT homology model was generated. Additionally, the
structural features of FDA approved SSRIs binding with hSERT
were further analysed by molecular docking and MD simulation

2. Materials and methods

2.1. Homology modelling of hNSERT

[16]. The detailed interaction pattern shared by the approved
drugs was identified which consists of 11 hotspots residues in
hSERT and three chemical groups of the FDA approved SSRIs.

Based on the high sequence identity of hSERT with dDAT
(53%), as shown in Figure 1, dDAT crystal structure (PDB code
4M48 [15]) was chosen as the template for the homology model
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Figure 1. (Colour online) Sequence alignment of hSERT (from Glu78 to Pro617) and dDAT (from Glu26 to Asp599) using ClustalX program. The twelve transmembrane (TM1
to TM12) alpha helices are labelledwith the black dotted box. The red shadow periods refer to the identical residues, the yellow shadow periods refer to the conservative

substitutions.

construction. And SWISS-MODEL in an automated mode were
used [17]. The constructed model comprised amino acids 78-617
that concluded the crucial 12 transmembrane regions as well as
the corresponding intervening loops. To validate the constructed
homology model, Ramachandran plot in PROCHECK [18] was
further applied. In addition, two functional Na* in LeuBAT [19]
were introduced into the corresponding locations of binding site
by superimposing the model and LeuBAT structure together via
PyMOL:s [20].

2.2. Model evaluation

2.2.1. Side chain contact map analysis

Here, the analysis was taken for both the homology model and
X-ray structure of hSERT by program SPACE [21]. For contact
map analysis, residue-residue contacts with the studied proteins
are depicted as an interactive contact map, and the square at the
crossing of two residues rightly indicates the contacts.

2.2.2. Stereochemical quality analysis

Stereochemistry qualities of each overall model were evaluated
using ProSA [22]. The knowledge-based potentials [23] were
used in the calculation process of assessing model accuracy, as
aresult, a Z-score value for each input structure was generated.
The Z-score measures the deviation between the total energy of
the structure and the energy distribution derived from random
conformations [23].

2.2.3. RMSD analysis

RMSD is the most common check to measure structural similar-
ity between a model and a correct structure. The RMSD values
between molecules were calculated using VMD Plugin RMSD
Tool [24] based on the selected groups of atoms after an optimal
superposition.
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Figure 2. (Colour online) Ramachandran plot of the hSERT model.

2.3. Molecular docking

2.3.1. Docking of escitalopram to hSERT homology model
Site-directed mutagenesis study showed that Tyr95, Asp98,
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Figure 4. (Colour online) Z-score plot for homology model (A) and X-ray structure of hSERT (B).

Ile172, Asnl177, Phe341 and Ser438 of hSERT are critical for
escitalopram’ binding [25]. Therefore, the initial binding pose of
escitalopram to hSERT was obtained by docking the drug into a
grid box defined by the six residues in the modelled structure of
hSERT. The docking procedure was performed by Glide software
[12] with the default settings of standard precision mode.

2.3.2. Re-docking of escitalopram to hSERT crystal structure
To test the reproducibility of docking tool, the X-ray structures
of hSERT complexed with escitalopram (PDB code 5171 [9]) was
used for re-docking by Glide software [12]. Then, the LigPrep
[13] with OPLS-2005 force field [26] was used to pre-process
the structure of escitalopram and resulted in a low-energy con-
formation. The ionised state was assigned by Epik [17] under
the circumstance of a pH value of 7.0 + 2.0. Hydrogen atoms
were added using the Protein Preparation Wizard module in
Maestro [19], meanwhile, partial charges as well as the protona-
tion states were assigned by OPLS-2005 force field [26]. Thus,

a prepared hSERT structure was ready for docking. Before
docking, a minimization process was carried and terminated
till the root-mean-square-deviation reached to the maximum
value (0.30 A). Then, escitalopram was docked into the protein
with the grid box defined by centring on drug in protein via
the Receptor Grid Generation tool in Glide [26]. In the initial
phase of docking, 5000 poses in all were generated and the most
rational 400 poses were selected for the following 100 steps of
conjugate gradient minimization.

2.4. MD simulation

2.4.1. System preparation

The initial structure for escitalopram binding with hSERT was
obtained from the RCSB Bank (PDB code 5171 [9]). Firstly,
the calculation of spatial orientations of the complexes was
performed by OPM [27], and was inserted into a POPC lipid
bilayer with water thickness of 20 A and 0.15 M of NaCl using
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Figure 5. (Colour online) Superimposition of hSERT X-ray structure (PDB code 5171 [6]) and the homology model. Helices are depicted as cylinders, B-sheets as arrows,
random-coil as tube. X-ray structure and homology model are coloured in grey and green, respectively.

Table 1. Root-mean-square-deviation (RMSD, in A) after superimposition of the
homology model and X-ray structure (PDB code 5117 [6]).

Disregard the flexible
All residues extracellular loops Ligand binding pocket

25 17 0.6

CHARMM-GUI Membrane Builder [28]. Then, AMBER force
field ff14SB [29] and Lipid14 [30] were chosen for proteins and
lipids, respectively. The General AMBER Force Field was applied
to define the force field parameters and the restrained electro-
static potential partial charges in antechamber were applied to
assign charges. Gaussian09 was taken for the calculation of the
Geometry optimisation and electrostatic potential under condi-
tion of HF/6-31G* level [25]. The size of each 1 system was ~96,000
atoms, with the periodic box was set as 83 A x83Ax127A.

2.4.2. Performing the molecular dynamics simulation

The AMBERI14 [31] software along with GPU-accelerated
PMEMD was taken for the MD simulation. Then, the following
minimization, heating and equilibration process were carried on
each simulation. A 150 ns simulation under a periodic boundary
condition was performed in an NPT ensemble with tempera-
ture and pressure settled as 310 K and 1 atm, respectively. In
the meantime, particle-mesh Ewald method was applied for the
calculation of the direct space in consideration of the long-range
electrostatic interaction (cutoff = 10.0 A) [32]. Constrains by the
SHAKE algorithm [33] were exerted to all bonds of the system
while the integration time was settled as 2 fs.

2.5. Binding free energy calculation

With no consideration of the entropic contribution, the
AGy/gpsa ©f escitalopram binding with hSERT was calcu-
lated by the MM/GBSA method [34-38]. Here, 500 snapshots
extracted from the last 50 ns simulation trajectory were chosen

for energy calculation. The AGyy; /gpsy Was calculated for each
snapshot as below:

AG = AEy,, + AE, + AG  + AG

nonpol ( 1 )

The van der Waals and electrostatic contribution calculated
under the gas phase condition are depicted as AE_,,, and AE,
and AE and AV regarded as the polar and the non-po-
lar solvent interaction energies, respectively. AG onpol WAS calcu-
lated according to the equation AG, . = 0. 0072 - ASASA by
the linear combination of the pairwise overlap method [39], and
the SASA refers to the solvent accessible area.

MM/GBSA pol

2.6. Per-residue energy decomposition analysis

To explore the detailed contribution of each residue, the binding
energy calculated above was decomposed into each residue. The
binding free energy (AG},, /GBSA — residue) without considering
the entropic contribution was calculated according to:

per - residue __ per resndue per - residue
A(;MM/GBSA AE AEele

+ AGper residue + AGper residue

nonpol

2)

The definition of van der Waals (AEPe;v reSldue) electrostatic con-
tribution (AES residuey and the polar (AG™ " residuey ;s in accord-
ance with that in Equation (1), except for the non-polar solvent
interaction energy (AGEZ;p;TS‘due) The AG™ "“*“ i5 defined as
the periodic approximation of sphere around atoms of an ico-

sahedron (ICOSA) [31].

3. Results and discussion
3.1. Quality of the hNSERT homology model

The structure of the modelled hSERT covered all 12 transmem-
brane a-helices. There were no significant differences in these
helices of the homology model observed when compared to
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Figure 6. (Colour online) Accuracy of ligand binding pocket (LBP) modelling. Side-chain conformations of 11 amino acids lining the LBP. Residues of the X-ray structure
(PDB code 5171 [6]) are coloured in purple whereas amino acids of the homology model are shown in green.
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Figure 7. (Colour online) Pose of escitalopram docked into the X-ray structure (A) and homology model (B) in comparison with that observed in the X-ray structure. Carbon
atoms of the co-crystallised ligand are depicted as grey stick. Docking poses are shown in green and blue stick for X-ray structure and homology model, respectively.

the reported X-ray crystal results [40]. Ramachandran plot in
PROCHECK showed 99.5% residues in allowed regions as shown
in Figure 2, indicating a reliable homology model.

To further evaluate how well the homology model fit to the
X-ray crystal structure of hSERT, a comparison of these two
structures was made through geometrical and statistical anal-
ysis. Side-chain contact map displayed a very similar profile
between these structures (Figure 3). Simultaneously, Z-score
analysis (Figure 4) was taken for evaluating the quality of the
homology model from a stereochemical aspect, and the Z-score

value of the homology model (—6.0) is close to that of the crystal
structure (-5.2).

Figure 5 illustrated the structural superimposition results of
the homology model and crystal structure, the overall distri-
bution of all helices and loops matched pretty well except for
the region connecting TM3 and TM4 (residues 190-227). The
RMSD value of the backbone atoms between homology model
and crystal structure was 2.5 A, suggesting an optimal modelling
quality (Table 1). Moreover, disregarding the flexible extracellular
loops, the RMSD value fell to 1.7 A.
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Figure 8. (Colour online) RMSD of protein backbone atoms (black), ligand heavy atoms (red) and binding site residue backbone atoms (blue) of the escitalopram-bound
hSERT crystal structure (A) and homology model (B) against the simulation time.
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Figure 9. (Colour online) Energetic contributions of each individual amino acid residue of X-ray (A) and homology model (B) of hSERT binding with escitalopram. Below are
the corresponding average structures from the MD simulation with the identified key residues of the binding pocket. The side chains of the residues are shown as a stick
drawing (in grey and blue for X-ray and homology model, respectively) and escitalopram is represented as a stick drawing (in green).

Table 2. The calculated binding free energies of studied inhibitor escitalopram binding to homology model and crystal structure of hSERT (AG is in kcal/mol).
AE,

ele AEvdW AGpol AGnonpol AGMM/GBSA

Model —31.98 +0.20 —47.66 +0.11 36.67 +0.17 —6.24 +0.01 —49.21+0.12
Crystal -32.60+0.24 —47.66 £0.11 36.90£0.17 —6.04 +0.01 —49.40 +£0.11




For further assessing the accuracy of the homology model, a
structure superimposition was made for the amino acids com-
posing the ligand binding pocket (LBP) (Figure 6). Moreover,
the RMSD value was calculated for the backbone atoms of the
11 amino acids located at the binding site and the result was 0.6
A. The results further demonstrated the high reliability of the
homology model constructed methods used in previous work.
The mis-prediction in the region (residues 190-227) made
negligible effect on the reliability of fundamental regions of
hSERT model, since the flexible loop region (residues 190-227)
is distributed at the protein surface. In particular, the residues
located there do not participate in the formation of ligand-bind-
ing pocket.

3.2. Reproduction of escitalopram-binding modes in co-
crystal structure

In our previous work, the initial structural model of escitalopram
in complex with hSERT were obtained by re-docking using Glide
software [26]. To reassess the accuracy of the docking results
in previous work, escitalopram was first docked into the X-ray
crystal structure. The binding pose of escitalopram obtained by
docking is close to the conformation in crystal structure with the
RMSD value of 0.71 A (Figure 7(A)). In addition, the binding
pose of escitalopram in complex with homology model is quite
similar with that in the co-crystal structure with the RMSD value
of 2.65 A (Figure 7(B)).

3.3. Comparison of the identified key residues
contributing to drug binding

After getting the initial structural model of escitalopram-hSERT
complex, MD simulation followed by binding energy calculation
was applied to identify the key residues contributing to drug
binding [16]. To explore the key residues involved in the drug
binding in crystal structures, a 150 ns MD simulation in explicit
solvent was carried on the X-ray crystallographic structure of
hSERT bound with escitalopram. The RMSD analysis of pro-
tein backbone atoms, ligand heavy atoms and binding site resi-
due backbone atoms of the escitalopram-bound hSERT crystal
(Figure 8(A)) against the simulation time was applied to monitor
the simulation stability. As a comparison, the RMSD analysis for
the escitalopram-bound homology model in our previous work
was also shown (Figure 8(B)). By means of binding free energy
calculation for the simulation, we proposed that the inhibition
of hSERT is mainly consisted of electrostatic interaction and
van der Waals interaction (Table 2). Table 2 showed that the
calculated binding energy of the escitalopram-bound homology
model is in good consistence with that of crystal structure.
Then, a thorough evaluation illustrating the contribution of
each amino acid was made to reassess the binding mode in detail.
MM/PBSA energy decomposition analysis was applied for the
calculation of each amino acid and the results were shown in
Figure 9. As shown in Figure 9(A) and (B), 11 residues (with
enthalpy contribution > 0.5 kcal/mol) including Tyr95, Asp98,
Ile172, Alal73, Tyr176, Phe335, Phe341, Ser336, Gly338, Ser438
and Thr439 were identified as key amino acids contributing to
escitalopram binding with homology model and crystal struc-
ture. Figure 9 also illustrated the representative snapshot of
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escitalopram-hSERT complex from equilibrated MD trajecto-
ries, illustrating the binding pose of escitalopram in hSERT and
key interacting residues. As shown in Figure 9(A1) and (B1),
escitalopram shares a similar orientation in the hSERT homology
model and crystal structure. The protonation N moiety of escit-
alopram mainly engaged in the formation of salt bridge interac-
tion and hydrogen bond with Asp98. The benzene substitutions
are extended to hydrophobic cavity formed by residues Tyr95,
Ile172, Ala173, Tyr176 and Phe335, Phe341, Ser336, Gly338 and
also with Ser438 and Thr439, respectively. The comparison of the
detailed interaction pattern between the hSERT homology model
and crystal structure further verified our homology model.

In addition, the decomposition energy contribution of the res-
idues in the loop region (residue 190-227) was shown in Table 3.
Residues in this region barely made contribution to the binding
of escitalopram with hSERT except the residues Asp193, Lys201,
Cys209, Glu215 and Asp216. And, only residues Asp193, Glu215
and Asp216 were reflected by the conformation change in this
region, but these impacts could be neglected compared to the
total energy contribution. Even the conformation changes of this
region shown in Figure 5 are quiet evident, the conformation
changes had negligible impact on the binding of escitalopram
with hSERT. The results further verified the reliability of our
model structure.

Table 3. The calculated binding free energies of residues in the TM3 and TM4 loop
region (residue 190-227) of studied inhibitor escitalopram binding to homology
model and crystal structure of hSERT (AG is in kcal/mol).

Homology model Crystal structure

AG  AE,, AE,  AE, AG  AE,,  AE,.  AE,
Ser190 0 0 0.05 -0.05 0 0 0.05 -0.05
Phe191 0 0 0.04 -0.04 0 0 0.04 -0.04
Thr1i92 0 0 -0.03  0.03 0 0 -0.03  0.03
Asp193 -0.05 0 -218 213 -0.05 0 -218 213
GIn194 0 0 0.02 -0.02 0 0 0.02 -0.02
Leu195 0 0 0.06 —0.06 0 0 0.06 —0.06
Pro196 0 0 0.05 -0.05 0 0 0.05 -0.05
Trp197 0 0 0.03 -0.03 0 0 0.03 -0.03
Thr198 0 0 0.04 -0.04 0 0 0.04 -0.04
Ser199 0 0 0.02 -0.02 0 0 0.02 -0.02
Cys200 0 0 0.01  -0.01 0 0 0.01  -0.01
Lys201 0.05 0 208 -2.03 0.05 0 208 -2.03
Asn202 0 0 0.04 -0.04 0 0 0.04 -0.04
Ser203 0 0 0.01  -0.01 0 0 0.01  -0.01
Trp204 0 0 0.02 -0.02 0 0 0.02 -0.02
Asn205 0 0 0.01  -0.01 0 0 0.01  -0.01
Thr206 0 0 0.02  -0.02 0 0 0.02 -0.02
Gly207 0 0 0 0 0 0 0 0
Asn208 0 0 0 0 0 0 0 0
Cys209 0 0 0.03 -0.03 0 0 0.03 -0.03
Thr210 0 0 -0.01 0.01 0 0 -0.01 0.01
Asn211 0 0 0.02 -0.02 0 0 0.02 -0.02
Tyr212 0 0 0.02 -0.02 0 0 0.02 -0.02
Phe213 0 0 -0.01 0.01 0 0 -0.01 0.01
Ser214 0 0 0.02 -0.02 0 0 0.02 -0.02
Glu215 -0.07 0 =275 268 -0.07 0 =275 268
Asp216 -0.06 0 -222 217  -0.06 0 -222 217
Asn217 0 0 -0.01 0.01 0 0 -0.01 0.01
1le218 0 0 -0.05  0.05 0 0 -0.05  0.05
Thr219 0 0 0.05 -0.04 0 0 0.05 -0.04
Trp220 0 0 0.02 -0.02 0 0 0.02 -0.02
Thr221 0 0 0.02 -0.02 0 0 0.02 -0.02
Leu222 0 0 -0.02  0.02 0 0 -0.02  0.02
Hie223 0 0 0.02 -0.02 0 0 0.02 -0.02
Ser224 0 0 -0.03  0.03 0 0 -0.03  0.03
Thr225 0 0 0.07  -0.07 0 0 0.07  -0.07
Ser226 0 0 -0.02  0.02 0 0 -0.02  0.02
Pro227 0 0 -0.03  0.02 0 0 -0.03  0.02
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Figure 10. (Colour online) (A) Sequence alignment of hSERT (from Glu78 to Pro617), hNET (from GIn54 to Glu597) and dDAT (from Glu26 to Asp599). The twelve
transmembrane (TM1 to TM12) alpha helices are labelled with the black dotted box. The red shadow periods refer to the identical residues, the yellow shadow periods
refer to the conservative substitutions. (B) Sequence alignment of the regions of TM1, 3, 6, 8 and 10. Residues that primarily contribute to the S1 binding site of hSERT,

hNET and hDAT were labelled with green dotted box.

3.4. Potential application to the pharmacology of human
monoamine transporters

As for human monoamine transmitters (MATS), there are three
homologous transporters (hSERT, hNET and hDAT) being
responsible for the reuptake of the biogenic amine neurotrans-
mitters (serotonin, norepinephrine and dopamine) from the
synapse into the presynaptic nerve terminal [41,42]. Deficiency
of certain neurotransmitters is responsible for a variety of mood
disorders such as major depression [40], schizophrenia and
Parkinson’s disease [43,44], and development of drugs inhibit-
ing hSERT, hNET and hDAT is thus an important strategy for
treatment of such diseases [45,46]. Therefore, there is an urgently
need to explore the binding of various drugs to the correspond-
ing MATs targets.

The reported X-ray structure of hSERT [9] has provided
insight into the serotonin transporter pharmacology. However,
the structures of another two MATs hNET and hDAT still
remain elusive. It is important to note that hSERT/hNET/
hDAT share greater than 50% sequence identity between each
other, as shown in Figure 10(A). Particularly, Figure 10(B)
indicates a sequence alignment of the TM1, 3, 6, 8 and 10
regions that primarily contribute to the central binding site
of the transporter showed that 62% (hSERT and hNET), 57%
(hSERT and hDAT) and 85% (hNET and hDAT) are con-
served. Even though the crystal structure of a given hNET
or hDAT is not available, the reliable working model to study

the pharmacology of hSERT based on the crystal structure
of dDAT by combining computational homology modelling,
molecular docking, MD simulation and binding free energy
calculation provides a remarkable choice to facilitate drug dis-
covery procedure targeting MATS.

4. Conclusion

The solving of hSERT X-ray crystallographic structure is a signif-
icant event along the history of antidepressant drug design, and
the crystal structure of hSERT provided the chance to reassess the
homology model constructed based on drosophila melanogaster
dopamine transporter (ADAT) in previous publication. The com-
parison in this work proved the homology model is geometrically
close to the reported X-ray crystallographic structure. And side-
chain conformations of the 11 residues composing ligand-bind-
ing pocket matched well with that in the crystal structure. In
addition, MD simulations for the escitalopram-hSERT com-
plex revealed consistent structural features for drug binding as
reported previously. Moreover, it is believed that the procedure
by applying integrated computational methods is feasible to study
the pharmacology of human MATs such as hNET and hDAT
using dDAT or hSERT crystal structure as a template.
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