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A major problem with the selective serotonin reuptake inhibitors (SSRIs) is the delayed onset of action. A
reason for that may be that the initial SSRI-induced increase in serotonin levels activates somatodendritic
5-HT; 4 autoreceptors, causing a decrease in serotonin release in major forebrain areas. It has been sug-
gested that compounds combining inhibition of the serotonin transport protein with antagonistic effects
on the 5-HT;, receptor will shorten the onset time. The anxiolytic drug buspirone is known as 5-HT;5
partial agonist. In the present work, we are studying the inhibition of the serotonin transporter protein
by a series of buspirone analogues by molecular modelling and by experimental affinity measurements.
Models of the transporter protein were constructed using the crystal structure of the Escherichia coli
major facilitator family transporter-LacY and the X-ray structure of the neurotransmitter symporter fam-
ily (NSS) transporter-LeuTx, as templates. The buspirone analogues were docked into both SERT models
and the interactions with amino acids within the protein were analyzed. Two putative binding sites were
identified on the LeuTa, based model, one suggested to be a high-affinity site, and the other suggested to
be a low-affinity binding site. Molecular dynamic simulations of the LacY based model in complex with
ligands did not induce a helical architecture of the LacY based model into an arrangement more similar to
that of the LeuT,, based model.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Selective serotonin reuptake inhibitors (SSRIs) are today the
most widely used agents in the treatment of depression and sev-
eral other neuropsychiatric and related disorders.! SSRIs increase
the concentration of serotonin at the synapses by inhibiting the
neuronal reuptake of serotonin, and thus enhance serotonergic
neuronal transmission. The molecular target of SSRIs is the seroto-
nin transporter protein (SERT), responsible for the transport of
serotonin back into the pre-synaptic cell.

A major problem with the SSRIs is the delayed onset of action.>?
It is suggested that the initial SSRI-induced increased level of sero-
tonin in the vicinity of the serotonergic cell bodies activates
somatodendritic 5-HT;5 autoreceptors, causing a decrease in

Abbreviations: MD, molecular dynamics; MM, molecular mechanics; RESP,
restrained electrostatic potentials; SSRI, selective serotonin reuptake inhibitors;
TMH, transmembrane helix; SERT, 5-HTT, serotonin transporter; 5-HT, serotonin;
ICM, internal coordinate mechanics; RMS, root mean square; RMSD, root mean
square deviation.
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serotonin release in major forebrain areas.! This negative feedback
limits the increment of synaptic serotonin that can be induced by
SSRIs. Animal models have indicated that antagonizing the
5-HT; 4 autoreceptor limits the negative feedback control.# A com-
bination therapy aiming to inhibit SERT and antagonize the 5-HT15
autoreceptors is therefore expected to shorten the onset time of
SSRIs.>S Thus, the concept of developing dual-acting agents
antagonizing the 5-HT;, pre-synaptic autoreceptors and inhibiting
SERT (5-HT;4/SSRI) has emerged.”®

Despite clinical significance, very little is known about the de-
tailed three dimensional (3D) structure of SERT, and how the 3D
structure is related to function and ligand recognition. SERT is a
secondary transporter and belongs to the family of Na*/Cl™
dependent neurotransmitter transporters (NSS). This family also
includes transporters for dopamine (DAT), norepinephrine
(NET), glycine (GlyT) and y-aminobutyric acid (GABA).!° Second-
ary transporters use the energy from a concentration gradient
previously established by a primary active transport process to
transport a molecule of interest against its concentration
gradient.

The largest family of secondary transporters is the major facili-
tator superfamily (MSF). The 3D structures of three Escherichia coli
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transporter proteins of the MSF family have been determined by
X-ray crystallography at atomic resolution: EmrD,'" GIpT!? and
LacY.'® These structures indicate that MSF proteins with 12 trans-
membrane a-helices (TMHs) share a common architecture of the
membrane spanning region, organized in symmetrical N- and
C-terminal domains, each of six TMHs, with overall structural
topologies resembling each other. In 2005 the crystal structure of
bacterial homologue of Na*/Cl-dependent transporters from
Aquifex aeolicus (LeuT,,), was solved at 1.65 A with the substrate
leucine, and Na* ions bound.!* The X-ray structure indicated that
this family has 12 TMHs, but the helical packing seems different
from that of the MSF family.

We have previously constructed 3D models of SERT, DAT and
NET using the X-ray structure of LacY from E. coli as a template.!®
The LeuT,, structure is so far the X-ray crystal structure with the
highest similarity to human monoamine transporters, both in se-
quence (overall ~20%) (Fig. 1) and function, and is believed to offer
an opportunity to build more reliable models of monoamine trans-
porters. Thus, we updated the SERT model using the X-ray struc-
ture of LeuT,, as template.16

Following binding of extracellular substrates and electrolytes to
an ‘outward-facing’ conformation, the transporter alternates to an
‘inward-facing’ conformation powered by the inwardly directed
electrochemical potential for ions. Upon release of the substances
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Figure 1. Amino acid sequence alignments of LacY, human norepinephrine (hNET), human serotonin (hSERT), human dopamine (hDAT) and the LeuT,, transporters. The

alignment has been generated using Bioedit.
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to the cytosol, the transporter reorients to the ‘outward-facing’
conformation. In this process, several transporter domains are
thought to undergo large-scale conformational changes. Therefore,
SERT needs to have a very flexible 3D folding, and the conforma-
tion recognized by a substrate may therefore not be completely
similar to that of models constructed directly from X-ray structure
templates. Although the X-ray structures of LacY and LeuT,, indi-
cate that it is less likely that the helical architecture of LeuTx,
can be converted into a helical architecture more similar to that
of Lacy, it cannot be entirely ruled out that the helical architecture
observed in these structures represent different energetically
favourable conformations of the same folding class.

In the present study, two models of SERT were constructed. One
model was constructed using the X-ray structure of LacY solved at
3.5A" as template. LacY structure represents an inward-facing
conformation, as evidenced by a large internal hydrophilic cavity
open to the cytoplasmic side. The second model was constructed
using the X-ray crystal structure of LeuTx, as template. The LeuTx,
structure represents a conformation in which the substrate leucine
and two sodium ions are occluded from solution both on the peri-
plasmic and cytoplasmic side.

Both SERT models were used to study the interactions with a
series of buspirone analogues with dual SERT/5-HT;, activity.
The binding affinity for SERT was experimentally determined
(Table 1), whilst the binding affinities for the 5-HT 4 receptor have

Table 1
Molecular structure and affinities of the buspirone analogues
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The inhibition constants (ICsp) is given in nM.
" The inhibition constant of [*H]5-HT at human tissue.

been reported previously.!”"'® Molecular dynamics simulations
with the LacY based model were also performed in order to study
if the helical architecture could be changed into an arrangement
more similar to that of LeuTa, during simulation.

2. Results
2.1. SERT models

The LacY based model indicated that amino acids lining the cen-
tral cavity consisting of TMH1, TMH2, TMH3, TMH4, TMH5, TMH7,
TMHS8, TMH10 and TMH11 were in close proximity to a putative
substrate-binding area (Fig. 6A and Table 2). The LeuTa, based
model indicated that amino acids within TMH1, TMH3, TMHS6,
TMH8 and TMH10 may line the substrate-binding area (Fig. 6B
and Table 3). In spite of different templates, there are several sim-
ilarities in the binding site architecture between the two models,
and TMH1 and TMH3 are lining a putative-binding pocket in both
models (Fig. 6). The ICM PocketFinder also identified a possible
low-affinity binding site on the LeuTs, based model consisting of
amino acids in TMH1, TMH6, TMH10 and TMH11 (Figs. 3, 8 and
Table 4).

MD simulations were performed for complexes of the LacY
based SERT model with buspirone analogues. These MDs were per-
formed in order to study the interactions with buspirone analogues
and if the helical architecture could change into a more similar to
that of the LeuTa, based SERT model. Large RMSD for TMH2, TMH3,
TMH4, TMH7, TMH8 and TMH11 were observed between the en-
ergy minimized structure before MD and the energy minimized
average structure after MD without a ligand (Table 5). The RMSD
of TMH1 between the average structures after MD without and
with ligands was large for all ligands (in the range of 0.87-1.23)
(Table 5). The RMSD of TMH3 between the average structures after
MD without and with ligands (1)-(4) were large (Table 5), indicat-
ing that these ligands with quite high SERT affinity (Table 1) in-
duced large structural displacements into TMH3 of the LacY
based SERT model. Table 5 also indicates that ligand (2) induced
large displacements into TMHS8, while ligand (4) induced large dis-
placements of TMH2. For ligands (5)-(7) quite large displacements
were introduced into TMH2 and TMH7.

Figure. 7 shows the electrostatic distribution of the SERT models
calculated by the Rebel module of the ICM program.2® The loops
and terminals were not included in the SERT models. The calcula-
tions of the electrostatic potentials indicated that the SERT is
mainly negatively charged in the area of the substrate transloca-
tion pocket. The distribution of electrostatic potentials also indi-
cated that extracellular parts are mainly negative charged, while
the intracellular parts are mainly positively charged.

2.2. The ligand-transporter interactions

The buspirone analogues interacted with the outward-facing
LacY based SERT model in a pore formed between TMHs 1, 2, 4,
5,7, 8, 10, 11 (Table 2). Calculations indicated that the ligands
bound to the LacY based model with interaction energies in the
range of —13.1 to —18.3 kcal/mol. Ligand (4) had the strongest
interaction energy with the LacY based SERT model. All ligands
interacted with Tyr95 (TMH1); Trp271 (TMH4); Tyr289 (TMH5);
Leu383 (TMH7) and Phe422 (TMHS8) in the binding site. Addition-
ally, all ligands except compound (3) interacted with Asp98,
Val102 in TMH1 and Tyr267 in TMH4. In contrast to the others,
compounds (2) and (5) did not interact with Leu99 in TMH1. Com-
pounds (1), (2), (4), (6) and (7) interacted with Asn101 and Phe105
in TMH1, and Phe117 in TMH2. In contrast to other ligands com-
pound (4) did not have van der Waals contacts with Trp282 in
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Table 2
Amino acid residues of the LacY based SERT model having van der Waals contacts
with the ligands after docking

Table 3
Amino acid residues of the LeuT,, based SERT model having van der Waals contacts
with the ligands after docking into the putative high-affinity binding site

Ligand Transporter Amino acid residue

Ligand Transporter Amino acid residue

domain domain
1 TMH 1 Tyr95, Asp98, Leud9, Asn101, Val102, Phe105, Pro106 1 TMH 1 Ala96, Tyr95, Asp98, Leu99, Gly100, Asn101, Trp103,
TMH 2 Phe117, Pro120, Leu123, Met124, Phe127, Gly128, Arg104
Pro131, Leu132 TMH 3 Ala169, Phe170, Ile172, Ala173, Tyr175, Tyr176
TMH 4 Leu257, Met260, Phe263, Thr264, Tyr267, Phe268, TMH 6 Phe335, Ser336, Leu337, Gly338, Pro339, Phe341,
Trp271 Val343
TMH 5 Trp282, Tyr289 TMH 8 Ser438, Thr439, Ala441, Gly442, Leud43
TMH 7 Phe380, Leu383 TMH10 Glu493, Thr497
%: ? . 52?;1222 — 2 TMH 1 Alag6, Tyr95, Asp98, Leu9d, Gly100, Trp103, Arg104
, TMH 1le168, Ala169, lle172, Ala173, Tyr175, Tyr176, Asn177,
TMH 11 Phe548, le552, Phe556 3 H;sg’ a169, lle172, Ala173, Tyr175, Tyr176, Asn
2 TMH 1 Tyr95, Asp98, Asn101, Val102, Trp103, Phe105, Pro106, TMH 6 Phe334, Phe335, Ser336, Leu337, Gly338, Phe341
Tyr107 TMH 8 Ser438, Thr439, Ala441, Gly442, Leu443
TMH 2 Phe117, Tyr121, Met124 TMH10 Thr497
m: g Eggg; ﬁ‘g;‘; %er%%o' TS, i 3 TMH 1 Alag6, Tyr95, Asp98, Leu9d, Gly100, Trp103, Arg104
. . TMH 3 1le168, Ala169, Phe170, lle172, Ala173, Tyr175, Tyr176,
TMH 7 Phe380, Leu383, Gly384, Ala387, Glu388, Met389 nen177 letrg ST M7, T
TMH 8 Thr409, Glu412, Asn416, Ala418, Ser419, Phe422, Ala423 —_ Phe334. Phe335, Leu337, Gly338, Phe34l, Val343
1] 1E AL TMH 8 Ser438, Thr439, Alad41, Gly442
3 TMH 1 Val92, Tyr95, Leu99 TMH10 Glu493, Thr497
TMH 4 Trp271
4 TMH 1 Alag6, Tyr95, A L 1y100, Asn101, Trp1
TMH 5 Val281, Trp282, Ala285, Thr286, Tyr289 Arag?%;l yr93, Asp98, Leu3s, Gly100, Asn101, Trp103,
TMH 7 Phe380, Val382, Leu383, Gly384, Met386, Ala387 )
TMH 8 Glud12, Asnd16, Alad15, Ala418, Ser419, Phed22 TMH 3 KE;?%AE;G% Phe170, lle172, Ala173, Tyr175, Tyr176,
ms }(1’ QLaSSZSé (Cllriol), AL, Va2, e TMH 6 GIn332, Phe334, Phe335, Ser336, Leu337, Gly338,
€ Pro339, Phe341
4 TMH 1 Tyr95, Asp98, Leud9, Asn101, Val102, Phe105 TMH 8 Ser438, Thr439, Gly442, Leud43
TMH 2 Ala116, Phe117, Pro120, Tyr121 TMH10 Glu493, Thr497
%: ‘5‘ getzzs?' IPSEIER), AR, e, ILasalets), 27 5 TMH 1 Alag6, Tyr95, Aspd8, Leudd, Gly100, Trp103, Arg104
TMH pir380 Leu383. Glv384. Met386. Ala3s7 TMH 3 1le168, Ala169, Ala173, Tyr175, Tyr176, Asn177, lle179
TMH 8 A e416' seu419'phy422' e, B TMH 6 Phe335, Ser336, Leu337, Gly338, Phe341, Val343,
SI N, STvikip e TMH 8 Ser438, Thr439, Alad41, Gly442,
TMH 10 Ala509, Val512 T .
TMH 11 Phe556
6 TMH 1 Ala96, Tyr95, Asp98, Gly100, Asn101, Trp103, Arg104
g 1] 1 Ui, Aemish, Vo, 1Al TMH 3 1le168, Ala169, Phe170, lle172, Ala173, Tyr176, Asn177,
TMH 4 Tyr267, Trp271 T
TMH 5 Trp282, Thr286, Tyr289
TMH 6 GIn332, Phe335, Ser336, Leu337, Gly338, Phe341,
TMH 7 Phe380, Leu383, Met386, Ala387 valsas o v ¢
TMH 8 Glu412, Asn416, Ala415, Ala418, Ser419, Phe422 TMH 8 e e, T BEL e, 0] (@i, (L)
TMH 10 Ala505, Leu506, Glu508, Ala509, Val512, Tyr516 TMH10 Thr497' ! ! A
TMH 11 1le552
7 TMH 1 Ala96, Tyr95, Asp98, Leu99, Gly100, Trp103, Arg104
g %: ; grszsl,7A;p921;,zge1;99i ;‘15“]:/101'1‘2’3“02' M2l TMH 3 lle168, Ala169, lle172, Ala173, Tyr175, Tyr176, Asn177
SULZE LA, LN PG ) S TMH 6 Phe334, Phe335, Ser336, Leu337, Gly338, Phe341,
TMH 4 Ala256, Leu257, Cys258, Met260, Leu261, Phe263, ETeE
MU S P‘rgg‘z" ?’rgg;' IHiEAERS, g7 TMH 8 Serd38, Thr439, Phe440, Alad41, Gly442, Leud43
P28z, Ayr TMH10 Glu493, Thr497
TMH 7 1le379, Val382, Leu383, Met386, Ala387
TMH 8 Glu412, Asn416, Ala418, Ser419, Phe422
TMH 10 Ala505, Glu508, Ala509, Val512, Leu506 S o
- L Tyr95, Asp9s, Leudo, Asn101, Val102, Trp103, Phe105, participating in ligand bmdmg.were. Tyr95, Alag96, Asp98, Gly100,
Pro106 Trp103 and Argl104 (TMH1); Ala169, lle172, Ala173, Tyr176
TMH 2 Ala116, Phe117 (TMH3); Phe335, Ser336, Leu337, Gly338, Phe341 (TMH6);
TMH 4 Tyr267, Trp271 Ser438, Thr439, Gly442 (TMHS8) and Thr497 (TMH10). Compound
¥m:§ Irpgg' ﬁaffggTszf:; Té’lrzfss Miet389 (1), (4) and (6) interacted with Asn101 in TMH1. All the com-
eu383, Me , Ala387, Glu388, Me . . . .. .
TMH 8 Thr409, Glud12, Asnd16, Alad18, Ser419, Thr420, Phed22, pounds except (1) 1nt§racted with ‘llel 68 in TMHB. In addition li-
Ala423, gands (1), (3), (4), (7) interacted with Glu493 in TMH10.
TMH10 Ala509, Val512 The ICMPocketFinder also identified a putative-binding site

TMHS5. Compounds (3)-(7) interacted with Met386 in TMH7, and
similar to compound (2) they also interacted with Ala387. The
compounds (2)—(7) interacted with amino acids: Glu412, Asn416,
Ala418 and Ser419 in TMHS8 and Ala509 in TMH10.

In the SERT model based on the LeuTa, crystal structure the
compounds interacted in the pore formed between TMHs 1, 3, 6,
8 and 10 (Table 3). Calculations indicated that the ligands bound
to the LeuT,, based model with interaction energies in the range
of —12.6 to —23.3 kcal/mol. As for the LacY based model, ligand
(4) had the strongest interaction energy with the model. Residues

constituting amino acids in TMHs: 1, 6, 10 and 11 (Table 4). The
calculations showed that the ligands interacted with this binding
site with interaction energies in the range of —6.2 to —9.2 kcal/
mol, with ligand (5) as the strongest binder. This binding site
may correspond to a possible low-affinity binding site. Residues in-
volved in ligand binding in this region were: Arg104, Tyr107 in
TMHT1; lle327, Asp328, Ala331 in TMH6; Lys490 in TMH10. In addi-
tion, all the ligands except compound (2) interacted with Pro560 in
TMH11, while only compound (4) and (5) did not have van der
Waals contacts with Phe556. Compound (3) in contrast to the oth-
ers did not interact with 1le108 and GIn111 in TMH1. All com-
pounds except of compound (2) interacted with Thr323 and
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Table 4
Amino acid residues of the LeuT,, based SERT model having van der Waals contacts
with the ligands after docking into the putative low-affinity binding site

Ligand Transporter Amino acid residue

domain
1 TMH 1 Arg104, Tyr107, 11e108, GIn111
TMH 6 GIn322, Thr323, Gly324, Val325, 1le327, Asp328,
Ala331
TMH 10 Glu493, Glu494, Gly498,
TMH 11 Phe556, Pro560
2 TMH 1 Arg104, Tyr107, 11e108, GIn111
TMH 6 le327, Asp328, Ala331
TMH 10 Lys490, Glu493, Glu494, Gly498
TMH 11 Phe556
3 TMH 1 Arg104, Tyr107
TMH 6 Thr323, Gly324, 1le327, Asp328, Ala331
TMH 10 Lys490, Glu493, Glu494, Gly498, Pro499
TMH 11 Phe556, Pro560, Arg564
4 TMH 1 Arg104, Tyr107, 11e108, GIn111
TMH 6 GIn322, Thr323, Gly324, Val325, 1le327, Asp328,
Ala331
TMH 10 Lys490, Glu493, Glu494, Gly498, Pro499
TMH 11 Pro560
5 TMH 1 Arg104, Tyr107, 11e108, GIn111
TMH 6 GIn322, Thr323, Gly324, Val325, 11e327, Asp328,
Ala331
TMH 10 Lys490, Glu493
TMH 11 Pro560
6 TMH 1 Arg104, Tyr107, 11e108, GIn111
TMH 6 GIn322, Thr323, Gly324, Val325, 1le327, Asp328,
Ala331
TMH 10 Lys490, Glu493, Glu494, Gly498,
TMH 11 Phe556, Pro560
7 TMH 1 Arg104, Tyr107, 1le108, GIn111
TMH 6 GIn322, Thr323, Gly324, Val325, 1le327, Asp328,
Ala331
TMH 10 Lys490, Glu493, Glu494, Gly498,
TMH 11 Phe556, Pro560

Table 5
RMSD of TMHs (backbone atoms) between the average energy minimized SERT
conformations

TMH domains RMSD before and RMSD of TMHs after MD with and

of SERT after MD without without ligand
ligand Ligand
1 2 3 4 5 6 7

TMH 1 1.05 087 1.11 123 1.00 0.89 1.07 1.08
TMH 2 1.88 1.04 056 074 132 1.04 081 1.63
TMH 3 1.94 125 139 1.19 1.18 0.75 0.63 0.89
TMH 4 2.01 114 061 083 062 0.67 071 045
TMH 5 0.91 051 0.75 0.65 0.52 0.77 054 0.62
TMH 6 0.78 064 041 045 049 073 032 033
TMH 7 1.31 050 0.63 033 040 1.00 1.05 0.81
TMH 8 2.06 073 179 033 0.86 056 095 0.72
TMH 9 0.57 0.14 0.72 033 028 020 012 0385
TMH 10 0.99 046 063 0.57 021 048 059 036
TMH 11 1.75 066 0.76 0.81 1.15 095 072 094
TMH 12 1.00 085 0.76 0.73 0.77 029 0.68 0.88

Gly324 in TMH2, while all except of compound (5) had close con-
tacts with Glu494 and Gly498 in TMHG6. The compounds also inter-
acted with Asp400 and Gly402 located in extracellular loop (EL4)
connecting TMH7 and TMHS.

3. Discussion

The SERT models in the present study were based on different
3D structures of bacterial secondary transporter proteins. Both
templates have a helical architecture of 12 TMHs, but their helical

packing is different. However, the two templates and thereby the
models generated may represent different conformational states
of the same overall folding. The LacY template may represent the
inward-facing conformation, while the LeuT4, template may repre-
sent the substrate-occluded conformation closed at both sides. An
outward-facing conformation of the SERT model based on LacY was
obtained by rigid-body rotation of the two transmembrane do-
mains (1-6 TMH and 7-12 TMH) relative to each other. The stereo-
chemical quality of the SERT models was checked using the NIH
structure analyses and verification server (SAVS) (http://nihserv-
er.mbi.ucla.edu/SAVES_3/). The Ramachandran plot of the LeuTx,
based SERT model indicated that 95.4% of the amino acids residues
were in structurally most favoured regions, 4.3% were in addition-
ally allowed regions, 0.3% were in generously allowed regions and
0% in disallowed regions. The corresponding percentages for the
LeuTa, template (PDB code: 2a65) were: 94.5%, 5.5%, 0.0% and
0.0%. The Ramachandran plot of the LacY based SERT model
showed that 84.4% were in most favoured regions, 14.7% in addi-
tionally allowed regions, 0.7% in generously allowed and 0.2% in
disallowed regions. The corresponding percentages for the LacY
template (PDB code: 1PV6) were: 79.0%, 19.1%. 1.4% and 0.5%.
These results indicate that both models are geometrically
acceptable.

The accuracy of a computer model generated by homology de-
pends on sequence and functional similarities between the target
and the template. However, it is well known that active sites and
membrane spanning regions can have very similar geometries for
quite distantly related proteins. Even at an overall sequence simi-
larity less than 15% there may give considerable structural similar-
ities in functional similar regions of membrane proteins. The
overall sequence identity between SERT and LeuT,, is 21%, but
up to 50% in some of the membrane spanning helices (Fig. 1), while
the sequence identities within the transmembrane regions be-
tween LacY and SERT are around 11-13%. Thus, LeuTa, is closer
to SERT both in sequence and function, and should be regarded
as a better template for modelling SERT than LacY. The LeuTa,
structure has also been used as a template for three recent models
of the SERT apo protein.?' =23 The binding of 5-HT and escitalopram
to a LeuT,, based SERT model was also studied by molecular
modelling.?*

The accuracy of the amino acid sequence alignment between
the template and the target is the most important single compo-
nent for the quality of homology-based model. The alignment in
the present study (Fig. 1) was based on alignments from previous
studies,'*!> that were adjusted based on experimental observa-
tions, particularly from site-directed mutagenesis experiments.
Based on structural and functional similarities and information
from site-directed mutagenesis we feel that the alignment
(Fig. 1) contributes to a reasonable structural model of SERT based
on the LeuTa, template, while the alignment between SERT and
LacY is more uncertain, and thereby also a more uncertain SERT
model. Based on experiences from other membrane protein fami-
lies (like G-protein coupled receptors) indicating that sequences
similarities lower than 15% may give similar folds of functionally
related regions, we can not rule out that the LacY based SERT mod-
el represents another conformational stage of the same folding
class.

If the LacY and LeuTa, X-ray structures represent different con-
formational stages of same folding class, the LeuTa, based SERT
model should represent a ligand bound conformation of SERT,
while the LacY based SERT models represent the outward- and in-
ward-facing conformations. However, the conformation recog-
nized by a ligand/inhibitor and the conformational changes that
take place during substrate binding may generate helical architec-
tures different to those observed both in the LacY and the LeuTx,
based SERT models. The conformational changes being necessary
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for substrate and ion translocation of the TMHs may involve large
conformational changes. If these models represent different low-
energy conformations of the same overall folding, the average
structures from MD simulations may provide insight into the
structural changes of SERT upon ligand binding. The MDs indicated
that the largest structural differences induced upon ligand binding
were in TMH1, TMH2, TMH3, TMH4, TMH7, TMH8 and TMH11
(Table 5), since RMSD between the initial SERT model and the
models after MD with ligands were largest in theses TMHs. The
MD also indicated that the compounds (1)-(4) induced larger con-
formational changes into TMH3 than did the other compounds,
while compounds (5)-(7) induced largest displacements into
TMH7 than did the other compounds. Ligands (1)-(4) were located
closer to Phe380 and Gly384 in TMH7 and interactions between
the methyl group at the piperazine ring and Phe380 could influ-
ence the stability of the ligand-SERT complex. Thus binding of
methylated buspirone analogues near TMH7 could result in large
displacements of TMH3 in order to accommodate ligands at the
binding site. Compounds (1)-(4) have stronger SERT affinity than
compounds (5)-(7) (Table 1). Interestingly, compounds (2) and
(7) that are quite similar in structure both induced large displace-
ment into TMH9, while the other did not. Only the ligands (2) and
(7) interacted with Thr409 and Ala423 in TMHS, thus a movement
of TMH9 seems necessary to allow for such interactions.

Calculations of the electrostatic potentials at the surface of both
SERT models (Fig. 7), indicated that the region of the predicted
translocation pathway is mainly negative for both models. This
might indicate that the positively charged substrate 5-HT is direc-
ted into the substrate translocation area by electrostatic
interactions.

The binding site of the LacY based model consisted of amino
acids in TMHs 1, 2, 4, 5, 7, 8, 10 and 11, while the corresponding
binding site of the LeuT,, based model (the high-affinity binding
site) constituted amino acids within TMHs 1, 3, 6, 8 and 10. Site-di-
rected mutagenesis data on SERT, DAT and NET showed that amino
acids in TMH1 (Tyr95, Asp98, SERT numbering),>’2°"27 TMH3
(Ala169, Ile172, Tyr176, Met180, SERT numbering),!42>27-31
TMH6 (Trp310, Ph316, SERT numbering)**3* and TMHS (Ser438,
SERT numbering)*?34 are important for ligand binding. In agree-
ment with site-directed mutagenesis both SERT models included
TMH1 and TMHS in the ligand-binding area (Tables 2-4), but only
the LeuTa, based SERT model suggested that amino acids in TMH3
(including Ala169, lle172 and Tyr176) and TMH6 were directly in-
volved in ligand binding. In both SERT models the compounds
interacted strongly with Asp98 and Tyr95 in TMH1. However, the
only exception was compound (3) that interacted with few resi-
dues of TMH1 of the LacY based model, and not with Asp98. The
importance of Tyr95 and Asp98 in TMH1 for ligand binding has
been confirmed experimentally.?>3*

In addition, studies using substituted cysteine accessibility
method (SCAM) implicated that Gly100 and Asn101 together with
Asp98 and Tyr95 form a critical stripe of amino acids that can be
protected from methanethiosulfonate (MTS) inactivation by 5-HT
co-incubation.* MTS reagents are useful for identifying residues
exposed to the external medium, involved in ligand contacts or do-
mains conformationally linked to ligand occupancy in receptors
and channels.*>~*® Ligand interactions with Asn101 were observed
for both models (Tables 2 and 3). In LacY based model all ligands
except for (3) and (5) interacted with Asn101, while in LeuTx,
based SERT model compounds (1), (4) and (6) were in close contact
with this amino acid. Ligand interactions with Gly100 in TMH1
were observed only for the LeuTa, based SERT model (Tables 2
and 3).

Experimental studies also indicated that a close location of
TMH1 and TMH3 is necessary for proper ligand recognition and
binding to SERT.?® In both of SERT models TMH1 and TMH3 were

located in close connection to each other, while direct interactions
between ligands and amino acids in TMH3 were seen only for the
LeuTa, based SERT model (Table 3). The residues in TMH3 involved
in ligand binding to LeuT,, based SERT model were (Table 3):
Ala169, Ile172, Ala173, Tyr175 and Tyr176. These results are in
agreement with experimental studies revealing that Ile172 and
Tyr176 in TMH3 are in close proximity to the binding site for 5-
HT and cocaine.®

In the LeuT,, based SERT model, but not in the LacY based SERT
model amino acids in TMH6 were involved in ligand binding
(Tables 2 and 3). In the model based on the LeuTa, structure, the
piperazine ring of the ligands was in contact with the aromatic
rings of Tyr176 (TMH3) and Phe335 (TMH6). The interactions be-
tween the methyl group at the piperazine ring of compounds
(1)-(4) and the aromatic ring of Phe335 seemed to stabilize the
complex, and may explain why the methylated compounds inter-
act stronger with SERT than did the compounds without the
methyl group (Table 1). In the LeuTa, based SERT model the side
chains of Arg104 (TMHT1), Tyr175 (TMH3) and Thr497 (TMH10)
were facing the quinoline moiety of the ligands while the ligands
imide moiety was in contact with Tyr95 in TMH1, Phe341 in
TMH6 and Ser438 and Gly442 in TMHS.

A previous molecular modelling study using LeuTx, as a template
suggested that after binding of 5-HT to the human SERT, Tyr176
(TMH3) forms a hydrogen bond with Asp98 (TMHT1), whereas after
binding of escitalopram Tyr176 (TMH3) is in contact with Ser438
(TMHS).34 A close interaction between Tyr176 (TMH3) and Ser438
(TMHS8) was also observed after docking of the buspirone analogues
to the LeuTx, based SERT model, indicating similarities in the bind-
ing of known SSRIs and the compounds in the present study. The
observed differences in side chain packing between substrate and
inhibitor bound states?* may indicate that the ligands may bind
SERT by an induced fit mechanism.>%37 An induced fit mechanism
has been also proposed for LacY to explain the mechanism of
coupling between lactose and H+ translocation.>® For compounds
(1)-(4) with quite high affinity for SERT (Table 1), close interactions
between the imide moiety of the ligands and Tyr95 (TMH1) and
Ser438 (TMHS8) were observed. These interactions seemed to
stabilize the ligand-SERT complex. The imide moiety of compounds
(5)-(7) was located approximately 4-5 A from these residues. These
differences in the interactions of the imide moiety with Tyr95 and
Ser438 may explain why compounds (1)-(4) have higher affinity
for SERT than compounds (5)-(7).

Site-directed mutagenesis studies of DAT indicated that amino
acids in TMH4 (Tyr267, SERT numbering)?®, TMH5 (Tyr289, SERT
numbering)?’ and TMH11 (Phe551, Phe556, SERT numbering)®®
are important for cocaine binding and substrate translocation.
These observations are in agreement with the SERT model based
on LacY (Table 2), but not with the model based on the LeuTx, crys-
tal structure (Table 3). However, it has been suggested based on
accessibility studies of SERT that TMH5 might contribute to the
substrate-permeation pathway on the cytoplasmic side.® The Leu-
Taa based SERT model is closed at the cytoplasmic side, while dur-
ing substrate translocation this side is more open such that TMH5
may be accessible from the cytoplasmic side.

Experimental studies also provided support for involvement of
TMH7 in SERT substrate recognition and transport.>>4! Although
TMH?7 is in close proximity to the substrate translocation area in
both SERT models, the studied buspirone analogues were in direct
contact (van der Waals contacts) with amino acids in TMH7 only in
LacY based SERT model (Tables 2 and 3). Interactions between ami-
no acids in TMH2 and ligands were observed only for the LacY
based SERT model. Furthermore, in both SERT models the TMH10
was involved in ligand binding. Experimental accessibility studies
of SERT indicate that TMH10 might participate in the transition
to a cytoplasmic facing conformation of SERT.*°
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Recent data on binding of the tricyclic antidepressants (TCA)
such as clomipramine*? and desipramine®® to the LeuTa, trans-
porter proteins show that these compounds bind to LeuT,, in the
extracellular-facing vestibule that probably forms part of perme-
ation pathway, lying between the extracellular solution and the oc-
cluded substrate- and ion-binding pocket located halfway across
the membrane bilayer. By stabilizing the extracellular gate in
closed conformation clomipramine/desipramine noncompetitively
inhibits the substrate uptake of LeuTa,. In the SERT model based on
the LeuTa, crystal structure a putative substrate-binding site corre-
sponding to the leucine-binding site of LeuTs, was formed by a
pore between TMHs 1, 3, 6, 8 and 10 (Table 3). Inhibitor dissocia-
tion experiments using tricyclic antidepressant unveiled the exis-
tence of a low-affinity binding site on SERT that was shown to
slow the dissociation of inhibitors from a high-affinity binding
site.*> The ICM Pocket Finder identified a second putative-binding
site at the LeuT, based model, but not at the LacY based model.
This binding site constituted amino acids in TMH1, TMHS6,
TMH10 and TMH11 (Table 4). The amino acids in TMH1, TMH6
and TMH10 are well conserved between LeuTs, and SERT, while
the amino acids in TMH11 involved in the binding site are less con-
served (Table 1). The buspirone analogues were also docked into
this binding site, and calculations of the molecular interactions
energies between the compounds and SERT indicated that this
binding region may correspond to the low-affinity binding site.
In this binding site the compounds were bound in extracellular-
facing cavity containing of the transmembrane helices TMHI1,
TMH6, TMH10, TMH11 and extracellular loop EL4, similar to clo-
mipramine/desipramine in the LeuT,, structure.*>° Clomipramine
in complex with LeuTy, is stabilized by a salt bridge between its
protonated nitrogen atom and Asp401, and by polar interactions
of its chlorine atom with GIn34 in the binding site. Desipramine
probably also forms a salt bridge with an aspartate residue.*® The
residues Lys490 and Ile108 in SERT correspond to Asp401 and
GIn34 in LeuT,,, respectively, were located in close proximity to
the buspirone analogues in the low-affinity binding site. However,
in the complexes of the buspirone analogues with SERT the proton-
ated nitrogen atom at piperazine ring was close to Asp328 in
TMHG6. The clomipramine/desipramine-LeuT,, complex indicated
that these tricyclic compounds probably are retarding the unbind-
ing of the substrate through the extracellular pathway by stabiliz-
ing the salt bridge between Asp404 and Arg30. The residues
Glu493 and Arg104 in SERT correspond to Asp404 and Arg30 in
LeuTa,, and were close to the ligands in both the putative low-
affinity binding site and the putative high-affinity binding site
which correspond to the leucine-binding site in LeuTx,. In the desi-
pramine-LeuT, complex, it was shown that the desipramine-bind-
ing site and leucine-binding site are nonoverlapping but they share
Phe253 as a common residue (corresponding to Phe335 in SERT).*°
Thus, it can be suggested that high- and low-affinity binding site in
SERT do not overlap each other, but they share residues such as
Arg104 and Glu493.

It was suggested that movements of the extracellular loop EL4
participated in TCA binding of LeuTa,*>*° EL4 in SERT is connect-
ing TMH7 and TMHS, has been hypothesized to play a role in con-
formational changes associated with substrate translocation.** The
amino acid residue Gly402 in EL4 of SERT corresponding to Ala321
in LeuTa, was involved in binding of the buspirone analogues to
the low-affinity binding site. Ligand binding to the low-affinity
binding site might prevent the extracellular-facing cavity from
compacting during interconversion to an intracellular-facing form.
Such a condensation in the extracellular-facing form has been
postulated to occur in SERT,*%44 where the extracellular inhibitor
cocaine is though to prevent such a compaction from occurring
to preclude subsequent opening of the cytoplasmic permeation
pathway. Moreover, mutagenesis experiments on SERT and DAT

indicate that both the desipramine-binding site and its inhibition
mechanism most probably are conserved amongst human neuro-
transmitter transporters.*°

4. Conclusions

In the present study we have used the X-ray structures of LacY
and LeuTa, to construct models of SERT. LeuT,, is much more sim-
ilar to SERT both in sequence and function and are believed to be a
more suitable template for SERT modelling than LacY. The docking
of buspirone analogues into the SERT models indicated differences
in ligand recognition. Both the LacY based SERT model and the Leu-
Taa based SERT model confirmed results of site-directed mutagen-
esis studies, but neither of the models could account for all
residues known to be important for ligand binding. Docking stud-
ies indicated that experimental results that could not be explained
by the structure of the LeuTa, based model, was explained by the
LacY based model.

Substrate translocation and ligand binding induce large confor-
mational changes. The reaction cycle of the secondary transporters
might involve at least three states: open to outside, occluded, and
open to the inside. Although the conformations of the SERT model
based on the LacY structure after MD simulations were different
from that in the LeuTa, based SERT model it can not be completely
ruled out that that they represent different energetically favour-
able conformations of the same folding class. Thus, different inhib-
itors may bind to different conformational stages of SERT. Residues
involved in ligand binding were identified, whereas further studies
of ligand binding to different conformations of SERT are essential
to obtain models of value for virtual screening and target-based li-
gand design. The docking of ligands to a binding site which might
correspond to a low-affinity binding site pinpointed an additional
region that might be considered for development new inhibitors.

5. Methods
5.1. 5-HTT-binding experiments

The affinity of the analyzed compounds for SERT in vitro was
carried out on isolated rat synaptosomes, according to the method
of Owens et al.>° with slight modifications. The rat cerebral cortex
was homogenized in 30 volumes of ice-cold Tris-HCl buffer
(50 mM, pH 7.7 at 25 °C) containing 150 mM NaCl and 5 mM KCl.
Then the homogenate was centrifuged at 20,000g for 20 min. The
supernatant was decanted and pellet was resuspended in 30 vol-
umes of buffer and centrifuged again. The resulting pellet was
resuspended in the same quantity of the buffer and centrifuged
third time in the same conditions. [*H]Citalopram (specific activity
50 Ci/mmol, NEN Chemicals) was used for labelling 5-HT trans-
porter. The tissue homogenate (240 pl) with 30 pl of 1 uM imipra-
mine (displacer), 30 pl of 1 nM [®H]citalopram and 100 pl of the
analyzed compound was incubated for 1 h at 22 °C. The concentra-
tions of analyzed compounds ranged from 10~'° to 10~* M. Incuba-
tions were terminated by vacuum filtration over Whatman GF/B
glass fibre filters, and washed two times with 100 pl of ice-cold
buffer. Radioactivity was measured in WALLAC 1409 DSA liquid
scintillation counter. All assays were done in duplicates. Radioli-
gand-binding data were analyzed using iterative curve fitting rou-
tines (GraphPAD/Prism, version 3.0-San Diego, CA, USA).

5.2. Molecular modelling

5.2.1. The SERT models

5.2.1.1. The SERT models based on the LacY template. An
initial model of the helical bundle was constructed based on the
crystal structure of LacY from E. coli'® (PDB-id: 1PV6) using the
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traditional homology modelling approach as implemented in the
ICM program.?° The alignment used for the modelling is shown
in Figure 1. The amino acid sequence of the human serotonin trans-
porter (hSERT)’! was obtained from the Swiss Prot database
(http://[www.expasy.ch/sprot/; P31645). The fast routine for build-
ing a complete model by homology with loops combined with the
database search for the best conformation of the loops was carried
out with procedure described by Ravna et al.'®> The N- and C-termi-
nal structures were taken directly from a previous SERT model.>?

The LacY structure used as a template for the SERT modelling
represented an inward-facing conformation. In the inward-facing
conformation the central hydrophilic cavity containing the sugar-
binding site is open towards the cytoplasmic site. Our intention
was to study ligand interactions, and an outward-facing conforma-
tion open to the periplasmic side was therefore constructed.
Abramson et al.' suggested a model for the structural changes into
an outward-facing LacY conformation. Using their description as a
guideline, a rigid-body rotation of ~60° between the N- and C-ter-
minal domains of the inward-facing conformation around an axis
perpendicular to membrane was used to generate an outward-fac-
ing SERT model. Figure 2 is showing both the inward- and out-
ward-facing SERT models constructed by homology with Lacy.
The outward-facing SERT model was used for ligand docking and
for molecular dynamics simulations (MD) of SERT-ligand com-
plexes. However, in contrast to previous studies,'® the N- and C-
terminal and the loops between helices were removed from the
SERT model used for ligand docking and MM and MD calculations.
Information about familiar conversation and the results of site-di-
rected mutagenesis studies of neurotransmitter transporters
(SERT, DAT and NET) were used to define the start and end points
of the 12 TMHs. To protect the helical ends during calculations, two
protecting groups: ACE (acetyl beginning group) and NME (amine
ending group), were added using Xleap program implemented in
Amber 8.0.53

5.2.1.2. The SERT model based on the LeuT,, template. The
leucine transporter (LeuT,,) (PDB-id: 2a65) is a bacterial homo-
logue of SERT, and the X-ray structure provided the opportunity
to construct a new and most probably more correct 3D model of
SERT.'*16 The crystallization captured the LeuTa, protein in a state
with the substrate leucine bound at the active site, and both the
extracellular and intracellular gates closed. Therefore, the SERT
model build by homology with LeuTa, (Fig. 1) may correspond to
a substrate-bound conformation of SERT, closed at both sites of
the membrane (Fig. 3). The loops and C- and N-terminal domains

Figure 3. The SERT model based on the X-ray crystal structure of the LeuTa,
transporter from Aquifex aeolicus. The model is coloured from amino (red) to
carboxy (blue) terminal.

were present in the second SERT model during calculations. The
model was used for docking of buspirone analogues.

5.2.2. Modelling of ligands

The serotonin molecule and starting geometries of the ligands
(1-3 and 7) (Table 1) were built using the Xleap program imple-
mented in Amber 8.0.>> The initial structures of ligands (4-6)
(Table 1) were taken from previous studies.>*>> The nitrogen atom
attached to the butyl fragment was protonated in all ligands. After

Figure 2. SERT models based on the X-ray crystal structure of the LacY transporter from Escherichia coli. (A) Inward-facing conformation. (B) Outward-facing conformation.

The models are coloured from amino (red) to carboxy (blue) terminal.
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The low affinity
binding site

The high affinity
binding site

Figure 4. Putative pockets for high- and low-affinity ligand binding to the SERT
model based on LeuTa, crystal structure (coloured red and blue, respectively). The
cytoplasmic side is up in the figure.

interactive docking into the SERT model based on LacY, the geom-
etry of the ligands were optimized, and atomic point charges were
calculated using an RHF/6-31G" basis set and RESP fitting by the
Gaussian98 program.’® The major strength of the RESP charges is
that they optimally reproduce the intermolecular interaction prop-
erties of molecules with a simple two-body additive potential.

5.2.3. Ligand docking

5.2.3.1. Docking into the LacY based SERT model. Serotonin
was docked into the LacY based SERT model both in the inward-
and outward-facing conformation. The buspirone analogues (Table
1) were docked into the outward-facing SERT model (Fig. 5A) using
a flexible Monte Carlo docking procedure as implemented in the
ICM software.?° The binding site constituted amino acids mainly
in TMH1, TMH2, TMH4, TMH5, TMH7, TMH8 and TMH10 (Fig. 6).
The functional important residue for ligand anchoring was Asp98
in TMH1.%” The ligand molecules were fully flexible and the protein
was represented by grid interaction potentials. Geometrically dif-
ferent low-energy conformations of the ligands from the ligand-
SERT complexes were accumulated in a conformational stack.

5.2.3.2. Docking into the LeuT,, based SERT model. The
buspirone analogues were also docked into the LeuTa, based SERT
model. The ICMPocketFinder indicated a possible binding pocket in
the LeuT,, based model in the area corresponding to the leucine-
binding site of LeuTa,, and corresponding to the docking site of
the LacY based model (Fig. 5B). This binding site constituted
mainly amino acids in TMH1, TMH3, TMH6, TMH8 and TMH10
(Fig. 6). Asp98 in TMH1 was also the anchoring point for the dock-
ing into this model. The binding site constitutes several amino
acids found to be important for ligand binding, and most probably
may correspond to the suggested high-affinity binding site.>”>®

Figure 5. The binding sites of the buspirone analogues in the models based on: (A)
the crystal structure of LacY from Escherichia coli in the outward-facing conforma-
tion and (B) the crystal structure of the LeuTx, transporter from Aquifex aeolicus.

The ICMPocketFinder also identified a putative second-binding site
that might correspond the suggested low-affinity binding site>%¢°
on SERT. This binding site includes residues from TMH1, TMH6,
TMH10 and TMH11 (Fig. 8). Asp328 was used as the ligand anchor-
ing in the docking procedure. As shown at Figure 4 the putative
high-affinity binding pocket is located deeper within the protein
core than the putative pocket for low-affinity binding, which is lo-
cated in extracellular-facing cavity of SERT.

The ligands were docked into the two possible binding sites
using the automatic docking module of the ICM molecular model-
ling software and a procedure similar to the docking into the LacY
based SERT model.

5.2.4. The serotonin transporter-ligand complex modelling

5.2.4.1. The SERT model based on the LacY structure. MD
simulations of complexes with the SERT model based on the LacY
template were performed in order to study if the helical architec-
ture could change into a more similar to that of the LeuTa, based
SERT model. Conformational changes of SERT are required during
substrate binding and translocation. In order to get an insight into
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Figure 6. The most important amino acids for binding of buspirone analogues (ligand (1) as an example) are indicated for the SERT model based on: (1) the crystal structure
of LacY from Escherichia coli and (2) the crystal structure of LeuTa, from Aquifex aeolicus.

substrate transport mechanisms, the complexes of serotonin
bound to the SERT model both in the inward- and outward-facing
conformation were analyzed. After docking of buspirone analogues
into the outward-facing conformation, the lowest-energy complex
of each ligand with SERT was selected and used as starting com-
plexes of molecular mechanics energy minimisations (MM) and
molecular dynamics (MD) simulations with Amber 8.0 using the
Cornell force field.5" MM and MD calculations were performed
for the LacY based SERT model only. In order to preserve the helical
conformation of the helical bundle, extra forces were applied to
intrahelical hydrogen bonds, between the backbone oxygen atom
of residue n and the hydrogen atom connected to backbone nitro-
gen atom of residue n + 4, excluding prolines. The effective force
constant was multiplied by the weight of the restraints. During
MM restraints with a weight of 1.0 kcal/mol A were restraining
the helical transmembrane part of the SERT model. MMs were per-
formed by 500 steps of steepest descent minimisation followed by
2000 steps of conjugate gradient minimisation until convergence.

The convergence criteria were 0.02 kcal/mol A RMS differences
for the norm of the energy gradient between successive steps
and the cut off radius for non-bonded interactions was 15 A. The
minimised structures of SERT-ligand complexes were used as ini-
tial structures for MD simulations. During MD calculations the
weight of restrains was gradually increased from 0.1 to 1.0 kcal/
mol A between 0 and 50 ps and was kept at 1.0 kcal/mol A for
the rest of the run (from 50 to 130 ps). Starting with a smaller
weight on the restraints ensures that the structure will quickly ad-
just to overcome bad conformations. MD was performed with a cut
off radius for non-bonded interactions at 12 A, and a secondary cut
off radius of 15 A.
The protocol for the simulation was as follows:

1. 0-30 ps heating of the complexes. The temperature was gradu-
ally increased from 0 to 300K (an increase of 50 K each 1 ps
MD).

2. 30-80 ps, equilibration at 300 K.
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Figure 7. The serotonin transporter potential energy surface for: (A) an inward-facing conformation. (B) An outward-facing conformation of the SERT model based on the X~
ray crystal structure of LacY and (C) for the SERT model based on the X-ray crystal structure of LeuTx,. (1) The electrostatic potential distribution viewed from the periplasmic
side. (2) The electrostatic potential distribution viewed in the middle of the membrane. (3) The electrostatic potential distribution viewed from the cytoplasmic side. The
most negative electrostatic potentials are colored red, while the most positive electrostatic potentials are colored blue.
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Figure 8. The putative low-affinity binding site in the SERT model based on the
crystal structure of the LeuT,, transporter from Aquifex aeolicus. The residues
having van der Waals contacts with ligands are shown.

3. 80-130 ps of MD at 300 K with sampling of coordinates every
1 ps.

The average structure of each SERT-ligand complex from the
MD sampling period was obtained using the Carnal module of
the Amber package®? and energy minimised. The complexes were
analyzed using Carnal module, and amino acid residues involved
in ligand binding were identified.

5.2.4.2. The SERT model based on the LeuT,, structure. The
buspirone analogues were also docked into the LeuTa, based SERT

model. For each ligand, about 40 SERT-ligand complexes were
examined. For each ligand, the best pose was selected based on
the scoring functions implemented in the ICM program?° and
Xscore program,®? and by visual inspection of the interactions with
amino acid residues inside the binding pocket. The selected ligand-
SERT complexes were energy minimized with the Amber 8.0°3
using the same procedure as for the complexes of the LacY based
SERT model with ligands. MD calculations were not performed
for complexes of the LeuTs, based SERT model.
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