THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285,NO. 11, pp. 8363-8374, March 12,2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Binding and Orientation of Tricyclic Antidepressants within
the Central Substrate Site of the Human Serotonin

Transporter™

Received for publication, July 16,2009, and in revised form, November 18,2009 Published, JBC Papers in Press, November 30, 2009, DOI 10.1074/jbc.M109.045401

Steffen Sinning®', Maria Musgaard®', Marie Jensen®', Kasper Severinsen*', Leyla Celik®*'“, Heidi Koldsa®',
Tine Meyer®, Mikael Bols®>, Henrik Helligsa Jensen®, Birgit Schigtt®"*, and Ove Wiborg™

From the *Laboratory of Molecular Neurobiology, Centre for Psychiatric Research, Aarhus University Hospital, Skovagervej 2,
8240 Risskov, Denmark and the §Department of Chemistry and the TiNANO and inSPIN Centers, Aarhus University,

Langelandsgade 140, 8000 Aarhus C, Denmark

Tricyclic antidepressants (TCAs) have been used for decades,
but their orientation within and molecular interactions with
their primary target is yet unsettled. The recent finding ofa TCA
binding site in the extracellular vestibule of the bacterial leucine
transporter 11 A above the central site has prompted debate
about whether this vestibular site in the bacterial transporter is
applicable to binding of antidepressants to their relevant phys-
iological target, the human serotonin transporter (hSERT). We
present an experimentally validated structural model of imipra-
mine and analogous TCAs in the central substrate binding site
of hSERT. Two possible binding modes were observed from
induced fit docking calculations. We experimentally validated a
single binding mode by combining mutagenesis of hSERT with
uptake inhibition studies of different TCA analogs according to
the paired mutation ligand analog complementation paradigm.
Using this experimental method, we identify a salt bridge
between the tertiary aliphatic amine and Asp®®. Furthermore,
the 7-position of the imipramine ring is found vicinal to Phe®3,
and the pocket lined by Ala'”® and Thr** is utilized by 3-sub-
stituents. These protein-ligand contact points unambiguously
orient the TCA within the central binding site and reveal differ-
ences between substrate binding and inhibitor binding, giving
important clues to the inhibition mechanism. Consonant with
the well established competitive inhibition of uptake by TCAs,
the resulting binding site for TCAs in hSERT is fully overlapping
with the serotonin binding site in hSERT and dissimilar to the
low affinity noncompetitive TCA site reported in the leucine
transporter (LeuT).

The serotonergic system plays an important role in many
psychiatric disorders. Its role in depression is well established
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(1). The majority of antidepressants, including TCAs,® cause
increased synaptic serotonin (5-HT) levels via blockade of
5-HT reuptake into the presynaptic neuron (2—4) by competi-
tive inhibition of hSERT. TCAs have been in clinical use since
the 1950s, with imipramine being the first and most prominent
compound (5). In severely depressed hospitalized patients,
TCAs appear to be more efficacious than selective serotonin
reuptake inhibitors (6). TCAs remain in widespread clinical
use, especially for treatment-resistant depression (7).

hSERT belongs to the neurotransmitter sodium symporter
family (2, 8). These transporters utilize the electrochemical gra-
dient of sodium and chloride ions to accumulate 5-HT against
its own gradient (9 —11). No experimentally solved structures of
the monoamine transporters exist, including hSERT and the
dopamine and norepinephrine transporters. However, the
structure of LeuT, a bacterial homolog of the neurotransmitter
sodium symporters, in a substrate-occluded conformation, was
reported in 2005 (12). Two sodium ions (12) and a chloride ion
bind near the central substrate site (13—14) structurally and
functionally coupling sodium and chloride binding to substrate
binding. Recently, different transport mechanisms have been
suggested (15, 16).

Subsequently, a low affinity noncompetitive binding site for
TCAs in the extracellular vestibule of the LeuT 11 A above the
central binding site was identified (17, 18). The relevance of the
LeuT vestibular site for TCA binding to the physiologically rel-
evant target, hSERT, is a matter of debate. This study identifies
the central binding site, not the putative vestibular site, as rel-
evant for TCA binding to hSERT and furthermore describes
and validates the orientation of TCAs within this site.

In this paper, we present induced fit docking studies of imi-
pramine and selected analogs in the previously described
homology models of hSERT (19). We present binding affinity
studies of 10 imipramine analogs (Fig. 1) in wild type (WT)
hSERT and 27 single point and two double mutated hSERT in a
Paired Mutation Ligand Analog Complementation (PaMLAC)
study. Several specific protein-ligand interaction points are
identified to elucidate the orientation of imipramine within the
binding site. These findings pin imipramine to the central bind-

 The abbreviations used are: TCA, tricyclic antidepressant; 5-HT, serotonin;
hSERT, human SERT; WT, wild type; PaMLAC, paired mutation ligand ana-
log complementation; MD, molecular dynamics; r.m.s., root mean square.
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FIGURE 1. Chemical structures of the TCAs included in this study. The numbering of atoms in the tricyclic skeleton is indicated for imipramine.

ing site similar to the one found for 5-HT (19). Contrary to the
low affinity noncompetitive TCA site in LeuT (17, 18), the cen-
tral inhibitor binding site identified in this study readily
accounts for the high affinity and competitive nature of TCA
inhibition of hSERT.

We also present molecular dynamics (MD) simulations of
imipramine bound to central and vestibular sites in hSERT
along with molecular docking studies of TCAs in LeuT. These
simulations are consistent with stable high affinity binding of
TCA to the central binding site of hSERT as well as with unsta-
ble low affinity binding of TCA to a vestibular binding site in
LeuT and in hSERT.

EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis—Mutagenesis of hSERT ¢cDNA in
the pcDNA3 vector (Invitrogen) was carried out using comple-
mentary oligonucleotide primer pairs mismatched at the site of
the desired point mutation in a polymerase reaction with Phu-
sion high fidelity DNA polymerase (Finnzymes). The polymer-
ase reaction was digested for 12 h with Dpnl and used for trans-
formation of supercompetent Solopack Gold (Stratagene)
XL10 Escherichia coli according to the manufacturer’s instruc-
tions. Colonies representing possible mutant clones were
grown overnight at 37 °C in LB medium supplemented with 200
ng/ml ampicillin in 96-well deep well plates (Millipore) in a
gyratory shaker. DNA was purified from these cultures using
the Montage plasmid miniprep kit (Milipore) and subjected to
sequencing on an ABI 3100 (Applied Biosystems) automated
sequencer using BigDye Terminator version 3.1 (Applied Bio-
systems) chemistry to identify the introduced mutation. Clones
carrying the desired mutation were cultured in larger volumes
and subjected to midiprep plasmid purification using the
Nucleobond (Macherey-Nagel) or the PureYield (Promega)
plasmid midiprep kits. Full-length sequencing of the hSERT
c¢DNA gene in the mutant midiprep DNA was carried out to
verify that no unwanted mutations had been introduced.
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Cell Culture—HEK-293 MSR cells (Invitrogen) were cul-
tured as monolayer cultures in Dulbecco’s modified Eagle’s
medium (BioWhitaker) supplemented with 10% fetal calf
serum (Invitrogen), 100 units/ml penicillin, 100 ug/ml strepto-
mycin (BioWhitaker), and 6 ug/ml Geneticin (Invitrogen) at
95% humidity and 5% p(CO,) at 37 °C. Cells were detached
from the culture flasks by Versene (Invitrogen) and trypsin/
EDTA (BioWhitaker) treatment for subculturing or seeding
into white TC-microtiter plates (Nunc).

Uptake Assay—Transfection and measurement of [*H]5-HT
(PerkinElmer Life Sciences) uptake was performed as described
by Larsen et al. (20) except that HEK-293 MSR cells (Invitro-
gen) were used instead of COS-1 cells.

Protein Modeling—Two previously described homology
models are included in this study: one based on an alignment of
the hSERT and LeuT developed by us, model A (19), and one
based on the comprehensive alignment of neurotransmitter
sodium symporters by Beuming et al. (21), model B. The two
alignments are identical around the ligand binding site and only
differ slightly in the alignment of more distant helices 4, 5, 9,
and 12 (19). The models were built as described by Celik et al.
(19). The two sodium ions were manually included in the sites
observed in the LeuT structure (12). As previously described
(19), the chloride ion was manually placed in the site between
Tyr'*!, Ser®¥°, Asn®*®, and Ser®”%. The four residues and the
chloride ion were then minimized in MacroModel 9.1 (Schro-
dinger LLC, 2006, New York) with the OPLS-AA force field (23)
until convergence. The full protein was minimized to a root
mean square (r.m.s.) deviation of 0.3 A with the “refinement
only” option in the protein preparation workflow in Impact 4.0
(Schrodinger LLC, 2006, New York).

Ligand Modeling—Imipramine and four analogs (desipra-
mine, short imipramine, clomipramine, and 3-cyanoimipra-
mine) were drawn in Maestro (Schrédinger LLC, 2006, New
York) as charged on the alkylamine and minimized with the
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OPLS-AA force field as implemented in MacroModel 9.1
(Schrodinger LLC, 2006, New York) for 10,000 steps of conju-
gate gradient iterations or until convergence, according to
default settings. The two conformations of the azepine ring
system were located by a Monte Carlo conformational search in
MacroModel 9.1 (Schrodinger LLC, 2006, New York); both con-
formations were included as input structures for the docking sim-
ulations to account for the conformational flexibility of this ring
system, which is not automated in the docking program.

Docking in LeuT—Docking of imipramine and three analogs
(desipramine, clomipramine, and 3-cyanoimipramine) into the
extracellular vestibule of the three structures of the LeuT (Pro-
tein Data Bank codes 2A65, 2Q6H, and 2Q72) was performed
with Glide 5.0 (Schrodinger, LLC, 2008, New York) (25). Clo-
mipramine and imipramine, respectively, are co-crystallized in
the two latter structures. These differ slightly in the conforma-
tion of the EL4 loop; thus, both are included. The binding site in
2Q72 and 2Q6H was defined from the co-crystallized ligand
(setups I and II, respectively). This is not possible in the 2A65
structure, in which the binding site was defined from residues
Arg®®, Asp?®?, and Asp**. For comparison, a similar setup was
included for 2Q6H (setups III (2Q6H) and IV (2A65), respec-
tively). The four ligands were docked in a total of four setups
(Table 1). The XP GlideScore was employed in all simulations
(26).

Induced Fit Docking in hSERT—Initial docking simulations
of imipramine in hSERT were performed to evaluate the dock-
ing parameters (see the supplemental material for details). Imi-
pramine, desipramine, short imipramine, clomipramine, and
3-cyanoimipramine were docked into the hSERT binding site in
models A and B employing the induced fit docking methodol-
ogy from Schrodinger LLC (2008) (27). An energy window of 50
kcal/mol was used, and the number of poses to keep was set to
100. The XP GlideScore was employed in the final redocking
stage. The rest of the settings were default. In both models, the
binding site was defined from residues Asp®® (19, 28) and Ile'”>
(20, 29).

Molecular Dynamics Simulations—MD simulations were
performed according to a previously described protocol (30) as
described in the supplemental material.

Organic Synthesis—Novel compounds (short imipramine,
didesmethylimipramine, 10-hydroxyimipramine, and 3,7-di-
cyanoimipramine) were synthesized as described in the supple-
mental material. Roche Applied Science generously donated
3-cyanoimipramine and Ciba-Geigy generously donated 2-hy-
droxyimipramine. The other TCAs were purchased from
Sigma and used as received. See the supplemental material for
information regarding organic synthesis and MD simulation
protocols as well as extended tables of the inhibition experi-
ments and docking simulations. Files of the validated models
are given in the supplemental material.

RESULTS

Modeling Studies—The conformation of the TCA ring sys-
tem is a key starting point for our modeling studies. Two pos-
sible conformations (see Fig. 24) were included as initial struc-
tures for the docking studies. We first tested standard docking
studies of TCAs in the extracellular vestibule of the LeuT and
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FIGURE 2. Modeling TCAs in the extracellular vestibule of the LeuT. g, two
conformations of the tricyclic ring system in TCAs. Binding mode of imipra-
minein the extracellular vestibule of the LeuT. The co-crystallized imipramine
is shown in cyan. Docked poses with the alkylamine interacting with Asp®°’
(b) and Asp*®* (c), respectively, are shown in pink.
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TABLE 1

GlideScores (kcal/mol) and RMSDs (A) for TCAs docked in the extracellular vestibule of the LeuT

The setups are explained under “Experimental Procedures.” RMSD, r.m.s. deviation.

Set I I 111 v
etu
P Score RMSD Score RMSD Score RMSD Score RMSD
kcal/mol A kcal/mol A kcal/mol A keal/mol A

Imipramine —8.4 1.95 -7.6 0.70 -7.8 1.65 —6.4 0.89
Desipramine —8.4 1.52 -79 1.48 —7.4 0.49 —6.7 1.17
Clomipramine —8.6 1.66 -7.9 1.65 —7.8 0.54 —6.8 1.63
3-Cyanoimipramine —82 1.73 —7.2 1.46 —8.1 1.47 —6.3 1.51

TABLE 2
Induced fit docking calculations of TCAs in the hSERT

Induced fit docking calculations of TCAs in the hSERT yielded 141 different poses, clustered into two binding modes in the central binding site. Poses not belonging to these
two clusters were characterized with respect to the presence of a salt bridge to Asp”®. Results from model A are tabulated in the rows in normal type, and results from model

B are shown in the rows in boldface type.

Ligand Cluster 1 Cluster 2 Binding site” Binding site” Vestibule Total

Imipramine 3(1)° 0 2 0 1 7
0 0 1 1 2 4

Desipramine 2 2 1 0 16 21
6(1) 3 3 3 14 30

Short imipramine 7 3 2 0 0 12
0 0 2 0 2 4

Clomipramine 3 0 1 0 0 5
1 0 0 2 5 8

3-Cyanoimipramine 1 0 0 0 36 37
10 (1) 1) 0 0 2 14

Total 33(3) 8(1) 12 6 78 141

“ These poses include a salt bridge to Asp®®.

? These poses show the TCA rotated in the binding site without an interaction to Asp®®.

¢ Poses listed in parentheses reflect the possible rotation of the TCAs where the two aromatic rings have exchanged their three-dimensional positions.

reproduced the binding mode observed in the crystal structures
(17, 18) with high accuracy. We then proceeded with standard
docking studies to search for a model of imipramine binding in
the central binding site of hSERT models. These did not provide
any relevant poses due to a lack of space for TCAs in the
occluded binding site. Instead, induced fit docking (27) was
performed, allowing imipramine to be introduced into the
binding site of hSERT. Results from the modeling studies of
imipramine binding in the extracellular vestibule of LeuT and
the central hSERT binding site are presented below along with
results from induced fit docking of four imipramine analogs to
the central hSERT binding site.

Docking of TCAs in the Extracellular Vestibule of the LeuT—
We docked imipramine, desipramine, clomipramine, and 3-
cyanoimipramine into the extracellular vestibule of three dif-
ferent crystal structures of the LeuT. Because no TCA is present
in the original LeuT structure (12), two protocols were followed
for defining the binding site in the vestibule. One protocol used
the bound inhibitor in the vestibule site, whereas the other pro-
tocol used residues Arg®’, Asp®®!, and Asp*®* to define the cen-
ter of the binding site. The latter protocol was employed on the
original LeuT structure (12) as well as a structure with clomi-
pramine co-crystallized (18) to be able to compare the results.
We noted that imipramine, desipramine, clomipramine, and
3-cyanoimipramine are introduced readily in the extracellular
vestibule of all three LeuT structures and closely resemble the
binding mode observed for the TCAs in the crystal structures
(17, 18) (see Fig. 2). The r.m.s. deviation for heteroatoms in the
docked TCAs compared with the crystallized imipramine
bound in the LeuT as well as the XP Glidescores (26) are tabu-
lated in Table 1. The position of the ring system is stable in the
docking simulations, the prime component of the r.m.s. devia-
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tion being the position of the alkylamine chain and particularly
the methylated amine. In the crystal structures, the TCAs inter-
act with Asp®! on the edge of the extracellular vestibule of the
LeuT. Alternatively, the alkylamine can interact with Asp***,
which is part of a stable water-mediated salt bridge in the extra-
cellular vestibule.

Induced Fit Docking of TCAs in hSERT—Early binding exper-
iments with tritiated imipramine are consistent with two
sodium ions being necessary for TCA binding to porcine SERT
(31), and we have found that coordination of two sodium ions
increases protein stability of hSERT (19). A chloride ion
enhances imipramine binding but is not absolutely required
(32). In accordance, initial modeling studies of imipramine in
two hSERT homology models (19) included two sodium ions as
present in LeuT (12) but did not have the chloride ion subse-
quently found to be located nearby (13, 14, 30). In the present
study, standard docking did not provide any poses of imipra-
mine in the central binding site due to a lack of space to accom-
modate the compound (see supplemental material) since that
imipramine is much larger than the cognate substrates of LeuT
and hSERT. To surmount this hurdle, several different induced
fit docking protocols were originally employed in an attempt to
increase the size and flexibility of the binding site sufficiently to
introduce imipramine, resulting in two overall binding modes
of imipramine being identified (see supplemental material).
Based on the preliminary data, we carried out further induced
fit docking calculations in hSERT homology models, including
both of the two sodium ions and the chloride ion. These
induced fit docking simulations of imipramine in the hSERT
models yielded 11 poses (see Table 2). In three of these poses (all
from model A), imipramine is bound in the central binding site
with a salt bridge to Asp”®. The GlideScores of these poses are
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FIGURE 3. Bmdlng modes of TCAs in the central and vestibular binding sites of hSERT. g, a representative pose of bound imipramine in the experimentally
validated cluster 1. The TCA is lying in the membrane plane in the central binding site. The salt bridge to Asp®® is indicated, as are other possible hydrogen
bonds to the amino group. b, a pose of bound imipramine in cluster 2. The ring system is nearly perpendicular to the membrane plane. ¢, binding of
3-cyanoimipramine in the central binding site; the binding mode shown here is from the experimentally validated cluster 1. The 3-cyano group is inserted
between Ala'”®and Thr**°. d, 35 poses of TCAs in the extracellular vestibule of the hSERT, all positioned with the alkylamine pointing toward the central binding
site. e, snapshot from the initial part of the MD simulation of imipramine in the extracellular vestibule of the hSERT. Water-mediated interactions are shown to
the loop in the tip of EL4. f, snapshot from the final part of the simulation of imipramine in the extracellular vestibule of the hSERT. The ligand has rotated in the

vestibule binding site to form a hydrogen bond to Glu*®3, thus disrupting the salt bridge between Arg'®* and Glu*®?

—9.0 to —10.2 kcal/mol. This binding mode is similar to the
most abundantly populated binding mode from the initial stud-
ies, referred to as cluster 1, and will be further described below.
Another pose from model A shows the same overall position of
the ring system (GlideScore is —8.1 kcal/mol), although the
fused ring system is rotated 180° compared with cluster 1.
Another four poses (two in model A and two in model B) show
imipramine in other orientations within the central binding site
of the hSERT; three of these include a salt bridge to Asp”®,
whereas one pose does not include this interaction (model B).
Imipramine is located in the extracellular vestibule of the
hSERT models in three poses.

Four imipramine analogs were included in the induced fit
docking study: desipramine, short imipramine, clomipramine,
and 3-cyanoimipramine. These four compounds resulted in
130 poses. In 29 of the poses, the tricyclic moiety is located as in
cluster 1. The binding mode of desipramine and short imipra-
mine in another eight poses is denoted cluster 2. Interactions

AV N
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between the alkylamine and Asp”® are found in yet another 11
poses with alternative orientations of the ring system, whereas
five poses do not include the salt bridge to Asp®®. The imipra-
mine analogs are found in the extracellular vestibule of hANSERT
in 78 poses; these will be further discussed below. All data are
tabulated in supplemental Table 2, and statistics for binding
of each ligand are presented in Table 2. The computed
GlideScores suggest a preference for cluster 1.

Two Putative Binding Modes for TCAs in the Central Binding
Site of hSERT—Two overall binding modes were found for
TCAs in the central hSERT binding site (Fig. 3). Both include
salt bridges between the TCA alkylamine and Asp®® with dis-
tances of 3.6 = 0.6 A. In addition, hydrogen bonds from the
alkylamine to Tyr®®, Phe®®°, and Ser®*® were noted in most
poses. These features are similar to those of 5-HT in the hRSERT
(19).

The binding mode of TCAs in the central binding site of the
hSERT denoted cluster 2 (see Fig. 3b) was only observed for
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desipramine, short imipramine, and 3-cyanoimipramine.
While the alkylamine is still located approximately parallel to
the plane of the membrane with a salt bridge to Asp®®, the ring
system is rotated and nearly perpendicular to the membrane
plane (Fig. 3). The position of the ring system is restricted in
cluster 1, whereas it appears much more flexible in cluster 2,
with translations of 1-2 A occurring in the plane of the ring
system. TCAs may form -stacking interactions to Phe®*!, but
despite the multiple aromatic residues in the binding site, no
other possible interactions are distinctive in cluster 2.

In the binding mode denoted cluster 1 (see Fig. 3a), the two
aromatic rings are located such that one ring can form orthog-
onal 7-stabilization with Phe®*® and possibly Tyr'”®, along with
parallel displaced 7r-stacking with Phe®*'. Thr**” is also located
in the vicinity of the aromatic ring and could possibly interact
with a TCA substituted on the 1-position of the skeleton (for
atom numbering, see Fig. 1). The other aromatic ring is located
in a pocket lined by Ala'®®, Ala'”?, Tyr'”®, and Thr**°. This
pocket is an extension of the hydrophilic pocket described for
the binding of the 5-HT hydroxyl-group, lined by Ala'”?, Ser**#,
and Thr**® (19). In this binding mode, the alkylamine and
the center of the ring system are located almost parallel to the
membrane plane within the central binding site. The curvature
of the central ring forms a hydrophobic “pocket” in which the
Ile'”? side chain is nested. Clomipramine and 3-cyanoimipra-
mine can have their substituent on either of the equivalent
rings, leading to possible interactions with Phe®*” or Ala'”>.
The position of short imipramine is more flexible than that of
imipramine in the binding site; although seven poses from
model A were found in cluster 1, the shorter alkylamine of short
imipramine leads to greater fluctuations in the position of the
tricyclic moiety that may represent a strained and suboptimal
orientation of the inhibitor.

Imipramine in the Extracellular Vestibule of the hSERT?—
The induced fit docking simulations produced 78 poses with
TCAs located in the extracellular vestibule of the hSERT; 30
poses were of desipramine, and 36 were of 3-cyanoimipramine.
Desipramine was positioned mainly with the alkylamine point-
ing toward the central binding site, whereas 3-cyanoimipra-
mine was bound either as in the LeuT structure (17, 18) or
farther into the vestibule of hSERT, displacing the salt bridge
between Arg'®* and GIu**® and opening the aromatic lid to
allow the ring system to be located between the two gates to the
binding site. Twenty poses have the same overall binding mode
as observed in the LeuT; some of these poses show r.m.s. devi-
ation values as low as 1 A for all heteroatoms. However, a
majority of the poses (35 poses) with TCAs located in the extra-
cellular vestibule displayed a binding mode with the alkylamine
pointing toward the binding site. No particular location seems
more favorable here. Instead, the ligands are randomly oriented
and located all the way down the vestibule (Fig. 3d).

Stability of TCA Binding to hSERT—W e performed MD sim-
ulations for 5 ns on two poses of imipramine in the hSERT
dimer, one with imipramine bound in the occluded binding site
as in cluster 1 and another that included imipramine in the
extracellular vestibule of the hSERT, in a binding mode similar
to the one observed for TCAs in the LeuT (17, 18). The binding
of imipramine in the occluded binding site was maintained

8368 JOURNAL OF BIOLOGICAL CHEMISTRY

throughout the simulation and exhibited a steady binding in a
stable protein.

During the MD simulation of imipramine in the extracellular
vestibule, water-mediated interactions to residues in the tip of
the EL4 loop were only maintained for ~2 ns and later dis-
rupted (Fig. 3, e and ). The disruption was caused by a transla-
tion and rotation of the inhibitor in the vestibule, which also
disrupted the salt bridge between Arg'®* and Glu*®>. This salt
bridge corresponds to a stable water-mediated salt bridge
between Arg®® and Asp*** in the LeuT (12, 30). An ionic hydro-
gen bond was later formed between the imipramine alkylamine
and Glu**. The tricyclic moiety of imipramine meanwhile
interacted with Trp'® and Arg'®® in 77 and cation-7 type
interactions (see Fig. 3f) in addition to other residues. Studying
the interaction energies between imipramine and each hSERT
monomer indicated that the average nonbonded energy
throughout the simulation was approximately —145 kcal/mol
in the occluded binding site but only approximately —35 kcal/
mol in the extracellular vestibule. This indicates a high degree
of solvation of the inhibitor and an unstable manner of imipra-
mine binding in the extracellular vestibule of hSERT. We spec-
ulate that the lack of stabilization of the TCA in the extracellu-
lar vestibule of the hSERT is due to the lack of an acidic residue
corresponding to Asp*! in the LeuT.

Experimental Studies—HEK-293 MSR cells transiently
transfected with WT and mutant hSERT were used in uptake
inhibition assays with [*H]5-HT. K, values for the different
mutants were determined and were used to transform IC,, to K;
values (33) for inhibitors.

Initial uptake inhibition studies with short imipramine,
3-cyanoimipramine, and clomipramine identified Asp®® and
Ala'”® as particularly important residues for the interaction
with imipramine analogs, immediately pointing to cluster 1
from the docking studies. In turn, the orientation of the aro-
matic rings of imipramine in cluster 1 implicated Phe®*”. Fif-
teen mutants of these three residues (i.e. Asp”®, Ala'’?, and
Phe®*®) were then studied. Of these, three single mutants and
one double mutant, together with three analogs of imipramine
varied at the 3- and 7-positions, suggested to be vicinal to Ala'”?
and Phe®® in cluster 1, proved pivotal for determining the ori-
entation of TCAs in hSERT. All results are tabulated in Table 3,
and the most important findings are visualized in Fig. 4. To
probe for additional possible orientations of imipramine, we
produced 14 mutants at five additional positions within the
binding site and included five additional imipramine analogs. K;
values for these combinations are also included in Table 3. No
consistent conclusions supporting other orientations of imi-
pramine than those predicted by IFD calculations could be
derived from these data.

Ionic Interaction between TCAs and Asp®*—For both
tryptamines (19) and N-methylated tryptamines (19, 28), it has
been shown that the alkylamine interacts directly with the
acidic side chain of hSERT Asp”®. Because virtually all inhibi-
tors of hSERT, including the TCAs, contain such an alkylamine,
a priori it seems plausible that this functional group mimics the
one in the endogenous substrate.

This hypothesis was tested in the same way as for the sub-
strate analogs (19), namely by combining the extended side
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chain of D98E with short imipra-
mine, in which the alkyl chain con-
necting the tricyclic moiety and the
amine is shortened by one methyl-
ene unit compared with imipramine
(Table 3). Short imipramine exhib-
ited a remarkable loss of affinity
compared with imipramine in WT
hSERT (2020 and 31.8 nwM, respec-
tively), in agreement with both clus-
ters proposed from the induced fit
docking simulations. Evidently, the
shortened alkylamine does not
allow optimal orientation of the
amine to the side chain of Asp®®
without simultaneous movement
of the ring system. To satisfy the
PaMLAC paradigm, this compro-
mised affinity must be reversed by
the complementing D98E mutation.
We find a slight but not statistically
significant increase in D98E affinity
for short imipramine relative to WT
hSERT affinity for imipramine
(1581 nm compared with 2020 nm).
However, taken together with the
affinity of D98E for imipramine, our
findings show a marked, statistically
significant (p < 0.0001), shift and
full reversal of selectivity of short
imipramine (D98E/WT K; ratio of
0.8) compared with imipramine
(D98E/WT K; ratio of 7.1). These
results are consistent with the pro-
posed ionic interaction between the
protonated alkylamine of imipra-
mine and the acidic side chain of
Asp”®.

The TCA 3-Position Is Vicinal to
Ala'”—The binding mode of imi-
pramine observed in cluster 1 sug-
gests that the 3-position of imipra-
mine is pointing toward a pocket
lined by Ala'®®, Ala'”?, Tyr'”¢, and
Thr**° (Fig. 4a, left). We have shown
that mutation of Ala'”? to leucine
and methionine extends these lon-
ger hydrophobic side chains into
this hydrophilic pocket and changes
its propensities to favor hydropho-
bic substituents and disfavor hydro-
philic substituents (19). We wanted
to exploit the ability of Ala'”® muta-
tions to change the properties of this
part of the binding site in order to
identify interacting substituents of
imipramine analogs. The substitu-
tion of the 3-position with either a
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chlorine or a cyano group results in stronger binding of clomi-
pramine, 3-cyanoimipramine, and 3,7-dicyanoimipramine
than of imipramine to WT hSERT (K, values of 16.41, 5.43, 4.57,
and 31.8 nm, respectively) in accordance with a nonutilized
hydrophilic pocket near the 3-position of imipramine (Fig. 4, a
and b). Conversely, if the binding mode observed in cluster 1 is
correct, we would expect A173M and A173L mutations to
disfavor 3-substituted TCAs, especially partially polarized
substituents, such as a cyano group (see Fig. 4b, center).
Indeed, we found that the affinity of A173M and A173L is
superior to the affinity of WT hSERT for all tested analogs of
imipramine, including 2- and 10-substituted TCAs, whereas
the 3-substituted analogs clomipramine, 3-cyanoimipra-
mine, and 3,7-dicyanoimipramine exhibited a completely
opposite pattern (Table 3). For example, the selectivity of
imipramine (WT/A173M K, ratio of 4.4), 2-hydroxyimipra-
mine (WT/A173M K, ratio of 10.9), and 10-hydroxyimipra-
mine (WT/A173M K; ratio of 8.1) was reversed for clomip-
ramine (WT/A173M K; ratio of 0.47), 3-cyanoimipramine
(WT/A173M K; ratio of 0.29), and 3,7-dicyanoimipramine
(WT/A173M K; ratio 0of 0.033). All 3-substituted imipramine
analogs exhibited statistically significant reductions in selec-
tivity for A173M compared with WT hSERT; selectivity was
shifted 9-fold (p = 0.005) for clomipramine, 15-fold (p <
0.0001) for 3-cyanoimipramine, and 133-fold (p < 0.0001)
for 3,7-dicyanoimipramine. Thus, mutations of Ala'”? to
methionine and leucine fully reversed the selectivity for the
3-substituted imipramine analogs in a manner correlating
with the size, number, and hydrophilic bulk of 3- and 7-sub-
stituents, which immediately pointed to cluster 1 as the cor-
rect binding mode in terms of the location of the 3-position
(Table 3 and Fig. 3).

The TCA 7-Position Is Vicinal to Phe®3*—The vicinity of the
3-position to Ala'”® along with the rigidity of the tricyclic
azepine system dictates a limited number of possible orienta-
tions of the equivalent 7-position. Induced fit docking results
pointed to the location of the 7-position as being close to
the side chain of Phe®*® when the 3-position is near Ala'”3, The
symmetry of imipramine means that the occurrence of a repul-
sion between a substituent on the 3-position of the TCA and the
side chain introduced from the A173M mutation could result in
preference for a fully rotated orientation of 3-substituted TCAs,
placing the 3-substituent at a position normally occupied by the
7-position. Consequently, A173M mutated hSERT would still
be able to bind the 3-substituted TCAs by accommodating the
substituent near Phe®3® (Fig. 4b, center). This reorientation may
account for the fact that we observed only a modest yet statis-
tically significant decreased affinity of 3-cyanoimipramine in
A173M (K; = 18.79 nm, p = 0.0027) and F335L (K, = 12.19 nm,

p < 0.0001) relative to WT hSERT (K, = 5.43 nm), whereas
imipramine showed a slight but statistically significant increase
in affinity when introducing the A173M (K; = 7.31 nm, p <
0.0001) mutation in hSERT compared with WT hSERT (K, =
31.8 nm) (see Fig. 4). We observed a similar increase in the
affinity of imipramine for F335L (K, = 17.10 nm) relative to WT
hSERT.

The possible rotational reorientation of 3-substituted TCAs
in A173M hSERT presented us with both a challenge and an
opportunity. We predicted that the permissible rotational
adaptation of 3-cyanoimipramine, when going from the WT
hSERT to the single mutated A173M or F335L (Fig. 45, center),
should no longer be possible for the 3,7-dicyanoimipramine
because the A173M or F335L mutation would preclude a rota-
tion of the 3-substituted imipramine analog to alleviate a steri-
cal or polar-nonpolar clash (Fig. 4c, center). In our view, the
double mutated transporter would be unable to accommodate,
for example, 3-cyanoimipramine if the binding mode in cluster
1 is correct (Fig. 4b right). Likewise, the considerable 10-15-
fold change in affinity for 3-cyanoimipramine, when going from
A173M or F335L to A173M/F335L, would be expected to be
similar or even higher for 3,7-dicyanoimipramine already when
going from the WT hSERT to the single mutated A173M and
F335L (Fig. 4c, center). Indeed, we noted a marked, statistically
significant reduction of affinity for 3-cyanoimipramine when
going from the A173M (10-fold, p = 0.0129) or F335L (15-fold,
p = 0.0041) single point mutations to the A173M/F335L double
mutated transporter (Fig. 4c, center versus right). In compari-
son, the affinity of the unsubstituted imipramine was only
affected moderately when changing from A173M or F335L to
the A173M/F335L double mutant of hSERT (7- and 3-fold,
respectively); the affinity of imipramine did not differ signifi-
cantly between WT and the A173M/F335L double mutant of
hSERT (Fig. 4a). These results reflect the ability of hSERT to
adapt to the repulsion between the partially polarized substitu-
ent on the 3-position and the hydrophobic side chains of either
A173M or F335L by binding the ligands in the equivalent
rotated orientation in accordance with the prediction from the
induced fit docking with imipramine binding as in cluster 1.
The fact that the A173M mutation induces the most dramatic
loss of affinity (31-fold; Fig. 4c) and that the loss of affinity for
3,7-dicyanoimipramine is most dramatic when introducing the
A173M mutation in the F335L (37-fold; Fig. 4c¢) mutated
hSERT compared with introducing the F335L mutation in
A173M (8-fold; Fig. 4c) mutated hSERT indicates that the inter-
action to the hydrophilic part of the binding site lined by Ala'”?
and Thr**? is the most important contributor to the increased
hSERT affinity observed for clomipramine, 3-cyanoimipra-
mine, and 3,7-dicyanoimipramine compared with imipramine.

FIGURE 4. Schematic illustrations of the PaMLAC study of TCA orientation within the central binding site. Imipramine (a), 3-cyanoimipramine (b), and
3,7-dicyanoimipramine (c) inhibition of uptake by WT hSERT and three mutants, A173M, F335L, and A173M/F335L, is used to deduce the orientation of TCAs
in hSERT. Decreases in inhibitory potencies are listed in red, and increases are shown in green. The salt bridge to Asp®® was established by comparing the

selectivity of the WT and D98E mutant for imipramine and short imipramine (see “lonic Interaction between TCAs and Asp

28" under “Results”). Imipramine is

relatively insensitive to the mutations of Ala'”® and Phe®3°. The substituent of 3-cyanoimipramine confers increased affinity by utilizing the hydrophilic pocket

335

lined by Ala'”® and can adapt to the challenge of the A173M mutation by binding in a rotated orientation facing Phe3* instead. The double mutant precludes
this adaptation and exhibits a dramatic loss of affinity for the monosubstituted TCA. 3,7-Dicyanoimipramine binds to WT hSERT with similar affinity to 3-cyanoimipra-
mine, but the symmetric disubstitution results in a failure to adapt by rotation to the A173M mutation, resulting in a dramatic loss of affinity already for the single
mutation. The protein-ligand interactions between Asp®® and the alkylamine; the hydrophilic pocket and the 3-position; and Phe®** and the 7-position are in full
agreement with the binding mode found in cluster 1 and pin down the orientation of imipramine within the central binding site of hSERT.

asEve
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DISCUSSION

Determining which moieties of TCAs interact with which
residues in hSERT serves at least three purposes. First, the pre-
cise location of TCAs in their relevant pharmacological target
can be determined and evaluated against the surprising vestib-
ular TCA site in LeuT (17, 18). Second, reliable orientation of
the TCAs within their binding site may aid the understanding
of interactions between proteins and high affinity ligands in
general and may specifically facilitate the development of new
antidepressants or other compounds targeting monoamine
transporters. Third, clues about the underlying molecular prin-
ciples for perception of a ligand as a nontransportable inhibitor
versus a transportable substrate can be identified and used to
describe, on a molecular level, the necessary initial steps of the
transport mechanism.

We have previously created homology models of hSERT (19)
utilizing the structure of the LeuT as the template. By combin-
ing site-directed mutagenesis with transport inhibition studies
using ligand analogs, in a paradigm we coined PaMLAC, we
experimentally validated a single binding mode of 5-HT in the
central binding site (19). PAMLAC studies can be based on ini-
tial knowledge or predictions about protein-ligand interactions
in order to design novel ligand analogs and relevant protein
mutations to study in combination. Aside from providing an
extra layer of evidence, the PAMLAC paradigm also gives details
about direct protein-ligand contact points unobtainable in
standard mutagenesis screens and thereby novel opportunities
to understand protein-ligand interactions in detail. The same
methodology is here used to describe TCA binding to hSERT.

We found that mutating Asp®® to Glu, thereby lengthening
the side chain by one methylene unit, reversed the selectivity of
the accordingly truncated short imipramine compared with
imipramine. In keeping with the findings on the alkylamine of
tryptamines and N-methylated tryptamines (19, 28), our
findings locate the alkylamine near Asp®® according to the
PaMLAC methodology and suggest that the alkylamine is
extended from the azepine heterocycle in a manner similar to
that of the ethylamine of 5-HT extending from the indole het-
erocycle. Inherently, overlapping and similar binding modes of
substrate and TCAs in the central binding site are implied.

Interactions of TCAs in the central binding site of hSERT
mainly include 7-stacking and other hydrophobic interactions,
consistent with the hydrophobic nature of the tricyclic moiety.
Consonant with its dramatic effect on TCA affinity (29), the
side chain of Ile’”? is nestled into the shallow hydrophobic cav-
ity formed by the curved tricyclic system of the TCA in the main
binding mode (cluster 1) observed in induced fit docking. Clus-
ter 1 also provides an opportunity for substituted imipramine
analogs to interact with Ala'®®, Ala'”?, Tyr'’®, Phe®*®, and
Thr*??,

We have previously shown that a hydrophilic pocket exists to
accommodate the 5-hydroxy moiety of 5-HT (19). The well
known increased affinity of clomipramine relative to imipra-
mine for hSERT suggested that the substituent on the 3-posi-
tion was a likely candidate for a favorable interaction with the
hydrophilic pocket; this was also predicted by the binding mode
denoted cluster 1 from the induced fit docking (Fig. 4). Accord-

8372 JOURNAL OF BIOLOGICAL CHEMISTRY

ingly, mutants of Ala'”® (Leu, Met, and Thr), Phe®**® (Leu), and
Cys*”® (Glu, Met, and Leu) were the only studied mutants that
had statistically significant reductions in affinity for clomipra-
mine relative to imipramine, whereas WT and other mutants
exhibited equipotent or increased affinity of clomipramine rel-
ative to imipramine. It is noteworthy that both Ala'”® and
Cys*”? line the pocket predicted by cluster 1 to be near the
3-position, whereas Phe®*” is predicted by our model to be near
the symmetrically equivalent 7-position.

The symmetry of imipramine implies that repulsions
imposed on substituted imipramine analogs by mutated resi-
dues can be bypassed by the ligand simply binding in a rotated
orientation. For monosubstituted imipramine analogs, that
would mean weakened responses from mutants in terms of
reduced affinity. Conversely, symmetrically disubstituted ana-
logs of imipramine would then be sensitive to single point
mutations (Fig. 4c, left versus center) to a similar degree as the
monosubstituted imipramine analogs would be for the double
point mutations (Fig. 4b, center versus right). Thus, the two
mutations causing such changes in affinity can be viewed as
being located vicinal to the two substituent positions. To test
that notion, we synthesized the symmetric disubstituted 3,7-
dicyanoimipramine. We studied 3-cyanoimipramine and 3,7-
cyanoimipramine with imipramine as a reference in single and
double mutants of Ala'”® and Phe®*® and observed the expected
pattern; imipramine was insensitive to the mutations, 3-cyano-
imipramine was most sensitive to the double mutation, and
3,7-dicyanoimipramine was sensitive for the single mutations.
We therefore conclude that the side chains of Ala'”? and Phe®*”
are vicinal to the 3- and 7-position of imipramine (Fig. 4).

From the shifts in affinity, we can also infer that the pocket
lined by Ala'”® in WT hSERT is the principal component of the
increased affinity of the 3-substituted TCAs clomipramine and
3-cyanoimipramine. This is consistent with the binding mode
observed in cluster 1. Together with the alkylamine-Asp”®
interaction and the interaction of the 7-position with Phe®?®,
these experimentally validated protein-ligand interactions
effectively pin down the orientation of imipramine in the cen-
tral binding site as described by cluster 1 (Fig. 3a).

The binding mode here validated for TCAs resembles the
one we have earlier validated for 5-HT in the same binding site
(19). 5-HT is much smaller than the TCAs, but the 5-HT indole
ring is positioned corresponding to one of the TCA aromatic
rings and the central azepine-ring, leaving the 5-hydroxyl group
to be positioned similarly to the 3-position in the TCAs (see Fig.
5). In comparison with the high affinity TCA site in hSERT
described here, the low affinity TCA site described for LeuT
(17, 18) is clearly different in location.

A major question to be answered is why substrates are trans-
ported and inhibitors, such as imipramine, are not. How do
competitive inhibitors prevent hSERT from entering the cycle
of conformational changes that eventually translocates the
bound ligand? Tyr'”® and Phe®?® together form an aromatic lid,
normally occluding the bound substrate from the extracellular
vestibule. When imipramine is bound, Tyr'”® forms a hydrogen
bond to Asp”® similar to that observed in substrate binding (12,
19, 30, 34); however, the side chain dihedral angles of Tyr'”®and
Phe®*” are slightly shifted opening the binding site (19, 30). The

VOLUME 285-NUMBER 11+-MARCH 12,2010



Tricyclic Antidepressants in the Serotonin Transporter

Phe335

A

|
Tle172 d

FIGURE 5. Comparison of leucine, 5-HT, and imipramine in the central binding site of LeuT and hSERT.
Leucine (green), 5-HT (cyan), and imipramine (pink) are depicted in two views of the occluded binding site of
hSERT. a, the aromatic heterocycle of 5-HT and one of the aromatic rings and the azepine ring of imipramine
overlap closely; b, the amino groups from the three compounds have similar locations in the binding site.
¢, rotations of binding site side chains are the main differences between allowing 5-HT (cyan) and imipramine
(pink) to be located in the central binding site. The binding mode shown represents cluster 1. When imipramine
is bound, the side chains of Tyr'”® and especially Phe*® may rotate and open the aromatic lid that is normally
occluding the substrate. The second aromatic ring of imipramine is responsible for this failure to close the
binding site and may prevent the initial conformational changes associated with translocation upon substrate
binding, thereby locking the transporter in a partially outward facing conformation. The 5-HT hydroxyl group
is positioned in the same general area as one of the aromatic rings in imipramine and may correspond to polar
substituents on the TCA 3-position. lle'”?, earlier found to be important for TCA affinity (29), is nestled into the
hydrophobic groove formed by the curvature of the imipramine azepine system.

argues strongly against the notion
that the vestibular TCA site in LeuT
represents the primary TCA site in
hSERT. Instead, this putative site
could be congruent with the allos-
teric site (36, 39). Similarly, the dra-
matic changes in TCA affinity by
mutation of the primary site
observed in the present study (240-
fold) and in the study of Henry et al.
(29) (172-fold) is in sharp contrast
to the very modest 2-fold changes in
affinity that can be obtained by
mutagenesis of the putative vestibu-
lar site (17). Furthermore, the fact
that TCA binding in hSERT and
human norepinephrine transporter
is competitive with substrate (9, 40,

obstruction of lid closure by the second aromatic ring of imi-
pramine must be deleterious for initiation of translocation. All
inhibitors of hSERT have strong similarities with the substrate
(i.e. they contain a protonated amine and an aromatic moiety).
But the inhibitors also carry additional bulk compared with the
substrate in terms of an extra aromatic ring. This unifying fea-
ture of the inhibitors indicates that the bulk of the extra ring
system is key to achieving inhibition, and this notion is fully
consistent with our validated model and the inhibitory mecha-
nism based on inability to close the binding site. Moreover,
binding of imipramine in a site overlapping the substrate site
and stabilization of hSERT in a partially outward facing confor-
mation is expected to result in a mode of inhibition that is
competitive with transport of extracellular substrate.

It is noteworthy that LeuT Phe®*?, equivalent to hSERT
Phe®**, has been found recently to be rotated by 30° when a
competitive inhibitor is bound to LeuT (16). Restricting lid clo-
sure when TCAs are bound may prevent the initial conforma-
tional changes in TM6a that would ordinarily lead to translo-
cation of the bound ligand. Accordingly, closure of the aromatic
lid when serotonin is bound must be a critical first step in move-
ment of the rocking bundle, most prominently helices TM1 and
TMBS6, that in a concerted manner seal off the extracellular path-
way and open the intracellular pathway (15).

By induced fit docking, we have identified a diffuse site in the
vestibule of hSERT similar to the TCA site in LeuT (17, 18) and
suggested in the dopamine transporter for amphetamine bind-
ing (35). Binding of imipramine in this site in hSERT is unstable
in MD simulations, consistent with it being a low affinity TCA
site as described for LeuT (17, 18) and for the allosteric site for
hSERT (36). In LeuT, the TCA binding site (17, 18) may be a
consequence of the versatile modulatory substrate site (37).
The apparently ubiquitous ionic interaction between the amine
of the TCA and the acidic side chain of Asp*°" in the vestibule of
LeuT (17, 18) is not plausible in hSERT, where the charge rever-
sal of the equivalent side chain of Lys**® is expected to result in
repulsion of the protonated amine (38). Consequently, the dif-
ficulty in reconciling this observation with the fact that TCA
inhibition is ~1000-fold more potent at hSERT than at LeuT

MARCH 12, 2010+VOLUME 285+NUMBER 11

41), sodium-dependent (32, 42), and
partially chloride-dependent (32, 43, 44) indicates that TCAs
use the same site as the substrate, a site next to the cotrans-
ported ions in Na*/Cl~-dependent transporters (12-14, 19,
45). The overlapping of TCA and substrate sites is in accord-
ance with findings for other competitive inhibitors as well (22,
24, 34, 35). We assert that the central TCA site modeled and
biochemically validated in the present study is the site relevant
for competitive high affinity inhibition of hSERT as well as
Na™/Cl™-dependent transporters in general.
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