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The plasma membrane monoamine transporter (MAT) pro-
teins (the dopamine transporter (DAT), serotonin trans-

porter (SERT), and norepinephrine transporter (NET)) are relevant
to central nervous system (CNS)-basedmaladies including substance
abuse and addiction,1 orthostatic hypotension,2 attention-deficit
hyperactivity disorder (ADHD),3 Lesch-Nyhan disease,4 autism,5

depression,6,7 and obsessive-compulsive and other anxiety disorders.8

MATs represent pivotal targets for readily recognized medications
such asmethylphenidate (Ritalin),fluoxetine (Prozac), andamitripty-
line (Elavil). The development of drugs targetingMATs has been via
traditional ligand-based (usually substrate analogue) approaches. Few
chemical scaffolds have been identified; this shortcoming provides
motivation to develop new tools that enable the discovery of
structurally novel lead compounds. The present work illustrates the
rational transformationof aDATvirtual screening (VS) hit ligand to a
serotonin-selective reuptake inhibitor (SSRI) through a molecular
hybridization approach.

With respect to the armamentarium of antidepressant drugs,
another SSRI therapeutic may appear to be unnecessary; however,
SSRI drugs currently on themarket are characterized by inefficacy in

many patients and whose use is often limited by adverse effects. As
examples, citalopram (Celexa) is associated with insomnia, parox-
etine (Paxil) is well-known for somnolence and weight gain, sertra-
line (Zoloft) is especially problematic in causing gastrointestinal
disturbances, and fluvoxamine (Luvox) has been associated with
dangerous drug interactions. All SSRIs have been linked to sexual
dysfunction.9�12 The adverse effects of these drugs are generally
linked to secondary interactions with one or more of the 14 types of
serotonin receptors. Development of an SSRI structurally dissimilar
to those currently available could reduce the likelihood of undesir-
able interactions with these receptors.

The DAT, SERT, and NET are primarily responsible for the
respective clearance of dopamine, serotonin, and norepinephrine
from the synaptic cleft. A sodium gradient is used to power
neurotransmitter uptake by these MATs back into the presynap-
tic neuron, terminating stimulation of postsynaptic receptors.
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ABSTRACT: Ligand virtual screening (VS) using the vestibular
binding pocket of a three-dimensional (3-D) monoamine
transporter (MAT) computational model followed by in vitro
pharmacology led to the identification of a human serotonin
transporter (hSERT) inhibitor with modest affinity (hSERT
Ki = 284 nM). Structural comparison of this VS-elucidated
compound, denoted MI-17, to known SERT ligands led to the rational design and synthesis of DJLDU-3-79, a molecular hybrid of
MI-17 and dual SERT/5-HT1A receptor antagonist SSA-426. Relative to MI-17, DJLDU-3-79 displayed 7-fold improvement in
hSERT binding affinity and a 3-fold increase in [3H]-serotonin uptake inhibition potency at hSERT-HEK cells. This hybrid
compound displayed a hSERT:hDAT selectivity ratio of 50:1 and a hSERT:hNET (human norepinephrine transporter) ratio of
>200:1. In mice, DJLDU-3-79 decreased immobility in the tail suspension test comparable to the SSRI fluvoxamine, suggesting that
DJLDU-3-79 may possess antidepressant properties. This proof of concept study highlights MAT virtual screening as a powerful
tool for identifying novel inhibitor chemotypes and chemical fragments for rational inhibitor design.
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One MAT substrate molecule, a Cl� ion, and either one or two
Na+ ions are transported across the plasma membrane through a
symport method. The SERT additionally requires antiport move-
ment of one K+ ion.13�15 The MATs are members of the
neurotransmitter/sodium symporter (NSS) family, which includes
bacterial and eukaryotic transporters. NSS proteins share 20�30%
sequence identity16 and are characterized by 12 transmembrane
domains (TM) and intracellularN- andC-termini. Crystallization of
the leucine transporter LeuT,17 a bacterial NSS member, has
provided a template for generation of three-dimensional (3-D)
MAT computer models for use in structure�function studies.
LeuT-based MAT homology models have proven useful in guiding
site-directed mutagenesis, studies on substrate translocation me-
chanism, and elucidation of ligand binding sites.18�21

Two discrete ligand binding sites within the MAT proteins
have been established. The primary substrate site, S1, is at the
approximate midpoint of the lipid bilayer and is flanked by gating
residues that alternate access between the intracellular and extra-
cellular regions.17,19,22,23 A second substrate site, S2, is to the
extracellular side of the external gate of S1, in what is termed the
extracellular vestibule.20,22,24,25 The substrate occupies S2 before its
translocation to the interior S1 site.24,25 MAT inhibitors have been
associatedwith the S122,26,27 and S221,28�30 sites and, apparently, the
region between the sites.31 SSRIs and psychostimulants are most
often associated with the S1 site and the tricyclic antidepressants
with the S2 site or general vestibular region, but exceptions have
been reported.26,30

To date, no LeuT protein-inhibitor ligand cocrystal structures
have been obtained in which the inhibitor occupies the S1 site,
adding to the difficulty in modeling MAT�inhibitor interactions.
Consequently, de novo, unbiased docking of inhibitors to MAT
computational models of the type utilized in ligand VS is currently
limited to the extracellular vestibule. Screening of thousands to
millions of potential ligands in a structural library using a receptor
molecular model is a powerful, rapid, and inexpensive tool for
discovery of lead compounds.32,33 Recently, the vestibular pocket of
a MAT computational model was employed for VS of a chemical
library, identifying novel inhibitor chemotypes.34 The work de-
scribed herein couples the VS process with traditional medicinal
chemistry drug design to yield a novel SSRI.

’RESULTS AND DISCUSSION

The vestibular binding pocket of a previously described LeuT-
based rDAT homology model34 was used for VS of the entire
ENAMINE virtual screening collection, a database containing ap-
proximately 3 million compounds. Utilizing MOE (Molecular
Operating Environment) Affinity dG scoring35 and visual inspection
that focused on optimizing intramolecular interactions, 10 com-
pounds from the database were selected and purchased for initial
hMAT pharmacological evaluation. These VS “hits” (Figure A in the
Supporting Information) were tested at 10μM final concentration in
one-point binding inhibition assays that displaced the radiolabeled
cocaine analogues [3H]-WIN 35,428 (hDAT) or [125I]-RTI-55
(hSERT, hNET). Three of the 10 VS compounds, coded MI-15,
MI-17, and MI-20, displayed significant radioligand binding inhibi-
tion of 40% or more at all three MATs (Figure 1). Tetrahydropyr-
idinyl compound MI-17 ((()-1, Figure 2) was the most potent
MAT inhibitor in the screening assay and was more thoroughly
characterized.

MI-17 affinity at hSERT, measured by displacement of radi-
olabeled cocaine analogue, was a modest 284 nM; the hSERT

affinity was 4.6-fold higher than that for hDAT and 19-fold higher
than that for hNET (Table 1). The potency of MI-17 in
inhibiting uptake of cognate [3H]-neurotransmitter was over
3-fold higher at hSERT than at hDAT and hNET. Given the
sequence similarity among the three hMATs, the discovery of a

Figure 1. Pharmacological one-point (10 μM) binding assay of virtual
screening hits at (A) hDAT-N2A using [3H]-WIN 35,428 and mazindol
(10 μM) for nonspecific binding, (B) hSERT-HEK293 using [125I]-RTI-
55 and paroxetine (10 μM) for nonspecific binding, and (C) hNET-
HEK293 using [125I]-RTI-55 and desipramine (10 μM) for nonspecific
binding. Data represent n = 3 independent experiments. **P < 0.002 vs total
binding in that assay; ***P < 0.0001 vs total binding in that assay.



546 dx.doi.org/10.1021/cn200044x |ACS Chem. Neurosci. 2011, 2, 544–552

ACS Chemical Neuroscience RESEARCH ARTICLE

modest hSERT ligand by VS using a DAT homology model was
not surprising. Interestingly, SciFinder Scholar reveals no primary
literature associatedwithMI-17 ((()-1); rather, it is simply available
in milligram quantities from limited chemical sources. A litera-
ture survey of known SERT inhibitors36 indicated that SSA-426
(2, Figure 2), aWyethPharmaceuticals dual SERT/5-HT1A receptor
antagonist, has high affinity for rat SERT (Ki = 2.34( 0.59 nM).37

The tetrahydropyridine indole portion of 2 appears to be important
for SERT binding, as several high-affinity SERT ligands containing
this chemical signature have been reported.38�40

Apart from the conserved tetrahydropyridine ring and 2,3-
dioxypropyl N-substituent (boxed regions of Figure 2), compounds
1 and 2 appear structurally dissimilar. However, flexible alignment
illuminated their chemical similarities and a common 3-D arrange-
ment of certain structural features (Figure 3a). In the top-scoring low
energy conformation alignment, the tetrahydropyridine moieties
were aligned as were the phenol and indole rings, while the alcohol
and ether oxygen atoms of 1 overlapped the dioxane ether oxygen
atoms of 2. Additional docking studies were carried out to further
explore the possible ligand-binding conformations of these com-
pounds within hSERT (Figure 3b). In agreement with alignment
studies, the top-scoring poses suggested that (()-1 and 2 occupy the
vestibular pocket in similar orientations. In particular, the phenol of
(R)-1 and the indole of 2 docked deep in the vestibular pocket,
essentially in the S2 substrate site,20,24 while the variable tetrahy-
dropyridine N-substituents were accessible to the extracellular
environment (Figure 3c and d).

Taking into account the suggested binding modes and common
structural motifs for (()-1 and 2, and the established importance of
indoles in SERT recognition,36 DJLDU-3-79 ((()-3) was rationally
designed as amolecular hybrid41 ofMI-17 ((()-1) and SSA-426 (2)
(Figure 2). The hypothesis was that replacing the phenol in (()-1
with the indole in 2 would improve hSERT selectivity and affinity.
The synthesis of hybrid compound (()-3 is depicted in Scheme 1.

Briefly, epoxide (()-4 was prepared in 97% yield by benzylating
racemic epichlorohydrin with 2-chlorobenzyl alcohol analogous to
that described by Sun et al.42 The epoxide was then opened with
3-(1,2,3,6-tetrahydropyridin-4-yl)-1H-indole (5)43 similar to that
described by Chan et al.44 to provide target (()-3 in good yield
(95%). Pharmacological evaluation of (()-3 validated the rational
attempt to modify VS hit compound MI-17 to improve hSERT
selectivity, binding affinity, and substrate uptake inhibition potency
(Table 1). While only a 1.6-fold decrease in hDAT binding affinity
was observed for (()-3 relative to lead compound (()-1, hSERT
affinity increased 6.8-fold with the same modification. Thus, hSERT
selectivity over hDAT increased from 4.6-fold to 50-fold. Addition-
ally, inhibition of [125I]-RTI-55 binding and [3H]-norepinephrine
uptake at hNET were undetectable for (()-3 (Ki and IC50 values >
10 μM), rendering an hSERT to hNET selectivity of over 200-fold.

The in vitro SERT-selective properties of DJLDU-3-79 ((()-
3) were next tested for translatability to an in vivo model. The tail
suspension test (TST) is a well-established prototypical rodent
model of learned helplessness45,46 that is strongly correlated to
drugs that possess antidepressant-like activity in humans. This
assay is based in part on findings that drugs that possess antide-
pressant activity in humans reduce the immobility time of the
animal in this test. Because of their in vitro characteristics ana-
logous to therapeutically relevant antidepressants that block
uptake of monoamine neurotransmitters involved in the regula-
tion of mood, (()-1 and (()-3 were screened in mice for
antidepressant-like effects in the TST.

Mice treated with (()-3 produced a dose-dependent decrease
in immobility time in the TST that was comparable in effect to
the SSRI fluvoxamine and the norepinephrine selective reuptake
inhibitor desipramine (Figure 4). Compound (()-3 did not alter
general locomotor behavior (Figure 5A). These data suggest that
(()-3 could have potent and efficacious antidepressant-like
activity. In contrast, (()-1 dose-dependently increased immo-
bility times in the TST in two different preparations: 2% DMSO
vehicle (Figure 4C) or 55% DMSO vehicle in the oxalate form
(data not shown). Unlike (()-3, (()-1 significantly altered
spontaneous activity and gross behaviors (Figure 5B), particu-
larly at doses greater than 3 mg/kg, which potentially accounts
for increased immobility observed in the TST. Thus, (()-1 has
potentially debilitating effects on animal activity and gross
behavior such that its use in behavioral-based paradigms may
be contraindicated.

To date, there has been only one report of a MAT model-
based VS effort that yielded active compounds,34 in part due to
the complexity of obtaining discrete transporter conformations
at high resolution. Even reports of ligand-based VS approaches
are few.47,48 Considering that MAT inhibitors serve to increase
synaptic levels of monoamine neurotransmitter, modulation of

Figure 2. Structural comparison of virtual screening hit MI-17 ((()-1)
with dual SERT/5HT1A receptor antagonist SSA-426 (2), leading to the
rational design of DJLDU-3-79 ((()-3) via molecular hybridization.

Table 1. MI-17 ((+)-1) and DJLDU-3-79 ((+)-3) Apparent hMAT Binding Affinities and Neurotransmitter Uptake Inhibition
Potenciesa

binding affinity (Ki, nM) selectivity ratio substrate uptake inhibition potency (IC50, nM)

DATb SERTc NETd SERT/DAT SERT/NET DATb SERTc NETd

(()-1 1298( 36 284( 66e 5300 ( 1341 4.6 19 3774( 407 1167( 26e 3764 ( 446

(()-3 2129( 177 37( 4e,f >10 000 50 >200 3436( 245 441( 62e >10 000
aValues are mean( standard error for 3�5 independent experiments, each performed in duplicate. Stably transfected hDAT-N2A, hSERT-HEK293,
and hNET-HEK293 cells were used. b Ki determined using [3H]-WIN 35,428; IC50 determined using [3H]-dopamine. c Ki determined using [125I]-RTI-
55; IC50 determined using [

3H]-serotonin. d Ki determined using [125I]-RTI-55; IC50 determined using [3H]-norepinephrine. e P < 0.05 for hSERT vs
hDAT in the same assay. f P < 0.05 for (()-1 vs (()-3 in the binding assay.
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postsynaptic monoamine receptors is another therapeutic
avenue. Starting with rhodopsin, findings from two decades of high
resolution structure�function studies of the G protein coupled
receptors (GPCRs) are available.49 Just as crystallization of LeuT
launched credible MAT computational modeling, the success in
obtaining X-ray structures of the β1 and β2 adrenergic recep-
tors50,51 and a dopamine D3 receptor�antagonist drug cocrys-
tal52 has stimulated especially reliable model building of the
monoamine GPCRs and their subsequent use as VS tools. Novel
5-HT2A and 5-HT2C ligands have been identified via VS, with the
latter including compounds with low nanomolar affinity.53�55

Active conformations of adrenergic and serotonergic GPCRs
have been modeled using molecular dynamics followed by

validation using VS of a structural database enriched with classic
ligands for each receptor.54,56 In a unique and intriguing app-
roach, molecular models based on the adrenergic receptor crystal
structures have been used to map potentially druggable allosteric
pockets of the receptor.57 As more is elucidated connecting
specific monoamine receptor subtypes to depression and other
CNS disease states, it is anticipated that VS-guided lead com-
pound discovery will regularly employ a combination of mono-
amine transporter and receptor targets.

In summary, virtual screening of the vestibular (S2) binding site
of a LeuT-guided DAT computational model provided hMAT
inhibitor MI-17 ((()-1), possessing modest binding affinity for
hDAT, hSERT, and hNET. Subsequent computational chemistry

Figure 3. (a) Flexible alignment showing the similar 3-D arrangement for low-energy conformations of (()-1 (cyan, R-enantiomer pictured) and 2
(orange). (b) High-scoring docking poses of (()-1 (cyan, R-enantiomer pictured) and 2 (orange) in the vestibular S2 binding site of hSERT (beige
cylinders) are superposed; the S1 substrate pocket is defined by a serotonin molecule (magenta). (c) Residues predicted for the hSERT vestibular S2
pocket. Residues within 4.5 Å of (+)-1 (cyan) and 2 (orange) are pictured. The color code indicates residues identical among the MATs and LeuT
(green), residues shared among only the MATs (yellow), and nonidentical residues (gray). TM 11 was removed in this panel to facilitate viewing of the
relevant side chains. (d) Comparison of predicted S2 pocket residues among hSERT, hDAT, hNET, and LeuT. Colors correspond to panel (c). The
local sequence identities for hSERT are 23% between hSERT and LeuT, 38% between hSERT and hDAT, and 42% between hSERT and hNET. Figures
were generated using PyMOL.63

Scheme 1. Synthesis of MI-17/SSA-426 Hybrid Compound DJLDU-3-79 ((()-3)
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efforts and structural comparison of this VS hit to known SERT
ligands led to the rational design and synthesis of a molecular hybrid
with improved in vitro and in vivo hSERT pharmacological proper-
ties. This work highlights the utility of transporter-based virtual
screening as a tool for identifying novel MAT inhibitor chemotypes
and chemical fragments that may be coupled with traditional
medicinal chemistry, toward developing clinical candidates for a
host of CNS-based disorders.

’METHODS

Materials. [3H]-WIN 35,428, [3H]-dopamine, [3H]-serotonin,
[3H]-norepinephrine, and [125I]-RTI-55were purchased fromPerkinElmer
(Foster City, CA). (()-1was purchased from Enamine (Kiev, Ukraine).
The N2A-hDAT cell line was a gift from Dr. Margaret Gnegy. HEK293
cells stably transfected with hNET or hSERT were prepared in collabo-
rationwithDr.Mads Larsen andDr. SusanAmara (University of Pittsburgh,
Pittsburgh, PA).
Molecular Modeling. DAT Virtual Screening. Generation of the

DAT homology model used in the virtual screening has been previously
described.20 Virtual screening was carried out in MOE as previously
described,34 with the exception that the entire Enamine virtual screening
collection was curated and employed. An account was created at the
Enamine Web site (http://www.enamine.net/). High-throughput
screening virtual libraries 1 to 6 and Advanced Collections 1 and 2 were
downloaded as SDF files. Compounds were subjected to a “wash”
procedure that took into account removal of counterions and salts,

addition of explicit hydrogen atoms, and rebalancing of protonation
states by deprotonating strong acids and/or protonating strong bases at
pH 7. The most feasible tautomer for each compound was retained as
guided by the MOE software in-house “rules”. Compounds with
unconstrained chiral centers were removed from the databases (to
ensure chiral purity) as well as compounds with reactive, mutagenic,
and/or carcinogenic functional groups58 beyond what is stipulated by
Lipinski’s Rule of Five. These operations were performed using the
sdfilter and sdwash svl commands within MOE. Finally, the SDF files
with 2D coordinates were imported into a MOE molecular database,
partial charges were added, and energy minimized using the Merck
molecular force field MMFF94x with a conjugated gradient/truncated
Newton optimization algorithm (convergence criterion = 0.05 kcal/mol,
ε = 1). These druglike, nonreactive, and enantiomerically pure databases
containing one low energy conformation for each compound were
employed in the docking experiments. The chemical structures and
Affinity dG values for compoundsMI-11 throughMI-20 can be found in
the Supporting Information (Figure A).

Flexible Alignment of Ligands. Flexible alignment of (()-1 and 2was
performed using a stochastic conformational method in which the
conformational space of each ligand is assessed while simultaneously
exploring the alignment space of the compounds. Partial charges were
calculated using MMFF94x prior to the conformational search. The
unconstrained stereogenic center of (()-1 was free to invert, affording
both (R)- and (S)-enantiomers. For the alignment, an iteration limit =
200, a failure limit = 20, and the default atom-based similarity terms were
used. A score was assigned to each alignment based on the average strain

Figure 5. Locomotor effects of DJLDU-3-79 ((()-3) and MI-17 ((()-1). Locomotor activity was measured in animals 30 min following
administration of (a) DJLDU-3-79 or (b) MI-17 and the appropriate DMSO vehicle: 100% at 0.002 mL/g or 2% at 0.01 mL/g, respectively. Behavioral
responses weremeasured as the distance traveled (centimeters) and ambulatory time and resting time (seconds). Data are presented as themean( SEM
(n = 6�10), and were analyzed by one-way ANOVA with Tukey’s posthoc test with **P < 0.01 vs vehicle-treated (Veh) control.

Figure 4. Behavioral effects of MI-17 ((()-1) and DJLDU-3-79 ((()-3) in the tail suspension test. (a) Acute administration (30 min) of the selective
reuptake inhibitors of serotonin, fluvoxamine (FLVX; 10 mg/kg, i.p.), and norepinephrine, desipramine (DSP; 3 mg/kg, i.p.), decreased immobility
times compared to water vehicle-treated (Veh) control animals (n = 7�9). (b) DJLDU-3-79 dose-dependently decreased immobility times compared to
DMSO (100%; 0.002 mL/g) vehicle-treated (Veh) animals, indicating antidepressant-like effects (n = 8�14). (c) In contrast, MI-17 dose-dependently
increased immobility times compared to DMSO (2%; 0.01 mL/g) vehicle-treated (Veh) animals (n = 8�10). Data are presented as the mean( SEM
and were analyzed by one-way ANOVA with Tukey’s posthoc test with **P < 0.01, ***P < 0.001 vs the appropriate vehicle control.
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energy and a similarity measure that considers molecular feature overlap.
An energy cutoff = 15 kcal/mol and an rmsd tolerance for heavy atoms =
0.5 Å were set in order to retain only low energy alignments sufficiently
distinct from previously generated alignments. Six alignments were
generated ranging in score from �68.277 to �59.613; lower values
indicate a better alignment.
SERT Modeling. The primary sequence of hSERT was downloaded

from the Uniprot database (P31645) and along with LeuTAa (2a65)
loaded into Discovery Studio (DS) 2.5.1.59 The sequence alignment
described by Celik et al.60 was employed with minor modifications
(Figure B in the Supporting Information). Manual modifications
included movement of the gaps in the TM3 and EL2 loop region, in
EL2 loop, in beta strand 2, and in TM7. These modifications increased
overall sequence identity and produced a more favorable phi-psi plot.
Models were generated using several different alignments, and the
Figure B alignment was found to produce the best hSERT model. This
model varied relative to the Beuming et al.16 alignment principally in
terms of EL4, which is thought to be important to the S2 binding site.
Specifically, EL4 of the Beuming-based model projected into the S2 site,
hindering ligand occupancy. The “build homology” protocol available in
DS was used to construct 20 models of hSERT. Based on the lowest
discrete optimized potential energy (DOPE) score generated by DS,
which evaluates the relative stability of a model by comparing it to other
generated models, five models were picked for further refinement. The
stereochemical quality of these models was evaluated using the PDB
validation server. From this analysis, two of the five models were
evaluated further for their fitness in a 3-D environment by using the
“verify protein” (Profiles-3D) protocol. The Profiles-3D score calculated
for a model should be close to the high score generated, indicating that
the model has a reasonable fold. The chosen model had a score
comparable to the high score and good spatial overlap with LeuTAa.
Following the addition of hydrogen atoms and partial charges to the
model, hydrogen atoms were minimized, keeping heavy atoms fixed to
remove unwanted steric effects.
SERT Docking. Conformations were enumerated for each compound

using a stochastic method followed by docking into the hSERT
vestibular pocket using MOE. A wall constraint (radius = 7 Å) encom-
passing alpha spheres placed by the MOE Site-Finder tool was used to
define the site for docking. Docking into the hSERT model was carried
out using the Proxy Triangle placement method and a force field
refinement. Docking poses were scored using the Affinity dG scoring
method of MOE.
In Vitro MAT Binding Screen of VS “Hit” Compounds.

Compounds identified from the virtual screening were dissolved in
100% DMSO to a concentration of 10 mM, and an initial one-point
competition binding assay was conducted at 10 μM final concentration.
Competition binding was performed using stably transfected N2A-
hDAT and HEK293-hNET whole cells with [3H]-WIN 35,428 and
[125I]-RTI-55, respectively, while hSERT binding was examined using
stably transfected HEK293-hSERT membrane (described below) with
[125I]-RTI-55. Nonspecific radioligand binding was determined using
10 μM concentrations of mazindol, desipramine, and paroxetine for
hDAT, hNET, and hSERT, respectively. Screening results were analyzed
with one-way ANOVA (P < 0.05) with a posthoc Dunnett’s multiple
comparison test.
hNET and hDAT Whole Cell Pharmacology. Compounds

were evaluated using in vitro radioligand binding assays at all three
transporters. Nonspecific radioligand binding was determined using
mazindol, desipramine, and paroxetine for hDAT, hNET, and hSERT,
respectively. Whole-cell competition binding assays were performed for
hDAT and hNET using stable N2A-hDAT or HEK293-hNET cell lines
grown at 37 �C in a 5% CO2 environment. Cell monolayers were grown
in 24-well plates to >90% confluence. Cells were washed twice with 1mL
of KRH buffer (25 mM HEPES, pH 7.3, 125 mM NaCl, 4.8 mM KCl,

1.3 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 5.6 mM glucose)
supplemented with 50 μM ascorbic acid (KRH/AA). Cells were
incubated for 15 min at room temperature with 1 nM [3H]-WIN
35,428 for hDAT or 1 nM [125I]-RTI-55 for hNET supplemented with
tropolone along with increasing concentrations of drug or 10 μM
mazindol (hDAT) or 10 μM desipramine (hNET) (total volume of
500 μL). Following incubation, cells were washed twice with 1 mL of
KRH/AA buffer and then treated with 1 mL of 1% SDS with gentle
shaking at room temperature for 1 h. Cell lysates were transferred into
5 mL of scintillation fluid for radioactivity analysis using a liquid
scintillation analyzer. For saturation binding assays, data were analyzed
with GraphPad Prism 5.0 software. IC50 values were generated and
converted toKi values using the Cheng-Prusoff equation (Ki = IC50/(1+
([RTI-55]/Kd RTI-55)).
hSERT Membrane Pharmacology. hSERT binding affinities

were obtained by displacement of [125I]-RTI-55 in membrane binding
assays. Membranes were prepared from stable HEK293-hSERT cells
grown at 37 �C in a 5% CO2 environment on 150 � 25 mm plates. At
95% confluence (3 days of growth), cells were washed twice with 10 mL
of cold phosphate-buffered saline (DPBS). An additional 10 mL of
DPBSwas added, and cells were harvested by scraping and transferred to
cold centrifuge tubes (15 mL), followed by centrifuging for 10 min at
low speed (700g). After removal of the supernatant, the cell pellet was
resuspended in 500 μL of cold TE buffer (50 mM Tris, 1 mM EDTA,
pH 7.5). Following centrifuging for 30 min at 100 000g at 4 �C, the
supernatant was discarded and the pellet was frozen for later use or
resuspended in ice-cold binding buffer (50 mM Tris, pH 7.5, 100 mM
NaCl). Each sample was analyzed for protein content using the Bradford
protein assay. For competition binding, membranes were incubated
at room temperature with [125I]-RTI-55 (0.1 nM concentration) and
increasing concentrations of cold competitor (1 fM to 1 μM) or 10 μM
paroxetine tomeasure nonspecific binding. Reactions were carried out in
12 � 75 mm borosilicate glass tubes with gentle shaking at room
temperature for 1 h and terminated by rapid filtration through GF/B
filters (Schleicher and Schuell, Keene, NH) presoaked in 0.5% poly-
ethylenimine solution (v/v). Filters were washed twice with 5mL of cold
50mMTris buffer and transferred to vials. Radioactivity was determined
using a Beckman gamma counter. Data were analyzed with GraphPad
Prism 5.0 software. IC50 values were generated and converted to Ki

values using the Cheng-Prusoff equation (Ki = IC50/(1+ ([RTI-55]/Kd

RTI-55)).
Substrate Uptake Inhibition Assays. A substrate uptake in-

hibition screening assay was performed in parallel with the one-point
competition-binding assay. Stably transfected N2A-hDAT, HEK293-
hNET, and HEK293-hSERT cells were grown to >90% confluence on
24-well plates. Cells were washed and then preincubated with inhibitor
(10 μM) for 10min at room temperature, followed by addition of 10 nM
[3H]-dopamine, [3H]-norepinephrine, or [3H]-serotonin. After 5 min,
cells were washed twice then treated with 5% SDS and shaken for 1 h.
Lysates were transferred to 5 mL of scintillation fluid, and radioactivity
was detected using a liquid scintillation analyzer. Nonspecific radioli-
gand binding was determined using 10 μM concentrations of mazindol,
desipramine, and paroxetine for hDAT, hNET, and hSERT, respectively.
VS compounds demonstrating the ability to decrease net uptake of [3H]-
neurotransmitter in the screening assay were characterized further using
a range of concentrations, typically 0.01�10 000 nM, to determine IC50

values (GraphPad Prism 5, La Jolla, CA).
General Experimental Approach for Organic Synthesis.

Reaction conditions and yields were not optimized. All reactions were
performed in flame-dried glassware under argon unless otherwise noted.
All solvents and chemicals were purchased fromAldrich Chemical Co. or
Fisher Scientific and used without further purification. Flash column
chromatography was performed according to the method of Still et al.61

using Fisher S826-25 silica gel sorbent (70-230 mesh) and eluting
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solvent mixtures as specified. Thin-layer chromatography (TLC) was
performed using TLC silica gel 60 F254 plates obtained from EMD
Chemicals, Inc., and compounds were visualized under UV light and/or
I2 stain. Proportions of solvents used for TLC are by volume. 1H and 13C
NMR spectra were recorded on either a Bruker 400 or 500 MHz
spectrometer. Chemical shifts for 1H and 13CNMR spectra are reported
as parts per million (δ ppm) relative to tetramethylsilane (0.00 ppm) as
an internal standard. Coupling constants are measured in Hz. HRMS
samples were analyzed at Old Dominion University (Norfolk, VA) by
positive ion electrospray on a Bruker 12 T APEX -Qe FTICR-MS
instrument with an Apollo II ion source. On the basis of 1H and 13C
NMR, all compounds were >95% pure.
Synthesis of Molecular Hybrid (()-DJLDU-3-79 ((()-3). A

suspension of 2-chlorobenzyl alcohol (1.4 g, 10 mmol, Aldrich), n-
Bu4NBr (160 mg, 0.5 mmol, Acros), and 40% (w/v) aq. NaOH solution
(13 mL) was initially stirred at room temperature and then cooled to
0 �C. Racemic epichlorohydrin (3.1 mL, 40 mmol, Aldrich) was then
added dropwise via syringe. The resulting mixture was stirred at 0 �C for
30 min, then the ice bath was removed, and the reaction was allowed to
stir at room temperature overnight. After 18 h, the mixture was poured
onto ice with the aid of H2O and Et2O, and then extracted. The organic
layer was dried (MgSO4), filtered, and concentrated to provide 1.91 g
(97% yield) of benzyl ether (()-4 as a light brown oil. 1H NMR
indicated the material was sufficiently pure to take directly on to the next
reaction without further purification. Characterization data for (()-4:
Rf = 0.42 (EtOAc/hexanes, 2:8). 1H NMR (CDCl3, 400 MHz): δ 7.50
(dd, 1H, J = 2 Hz, 7.6 Hz), 7.35 (dd, 1H, J = 1.6 Hz, 7.6 Hz), 7.29�7.21
(m, 2H), 4.68 (q, 2H, J = 12.8 Hz), 3.85 (dd, 1H, J = 3.2 Hz, 11.2 Hz),
3.52 (dd, 1H, J = 6 Hz, 12 Hz), 3.23 (m, 1H), 2.83 (dd, 1H, J = 4.8 Hz, 4
Hz), 2.66 (dd, 1H, J = 2.8 Hz, 4.8 Hz). 13C NMR (CDCl3, 100MHz): δ
135.7, 132.9, 129.3, 129.1, 128.8, 126.8, 71.4, 70.3, 50.8, 44.3. HRMS
calculated for (C10H11ClO2)2Na

+ 419.0787, found 419.0794. A solu-
tion of tetrahydropyridine 543 (589 mg, 3 mmol) and epoxide (()-4
(393 mg, 2 mmol) in DMSO (14 mL) was heated at 77 �C for 5 h.
During the course of the reaction, the mixture changed from a yellow to
orange solution. After cooling to room temperature, the mixture was
poured into H2O then extracted with EtOAc. The organic layer was
washed with brine, dried (MgSO4), filtered, concentrated, and chroma-
tographed (95:3:2, CHCl3/MeOH/Et3N) to provide 750 mg (95%) of
(()-3 as a brown oil. Characterization data for (()-3:Rf = 0.36 (CHCl3:
MeOH, 9:1). 1H NMR (CDCl3, 400 MHz): δ 8.32 (br s, 1H), 7.88 (d,
1H, J = 8.4 Hz), 7.51 (dd, 1H, J = 2.0 Hz, 7.6 Hz), 7.38�7.34 (m, 2H),
7.29�7.12 (m, 5H), 6.19 (t, 1H, J = 3.2 Hz), 4.69 (s, 2H), 4.07 (m, 1H),
3.62 (qd, 2H, J = 4.4 Hz, 11.6 Hz), 3.40 (dd, 1H, J = 3.2 Hz, 16.4 Hz),
3.22 (dd, 1H, J = 3.2 Hz, 16.4 Hz), 2.92 (m, 1H), 2.73 (m, 1H),
2.68�2.56 (m, 5H). 13C NMR (CDCl3, 100 MHz): δ 136.8, 135.9,
133.0, 129.8, 129.3, 129.2, 128.7, 126.8, 125.1, 122.2, 121.4, 120.6, 120.1,
118.8, 117.7, 111.4, 73.3, 70.5, 66.5, 60.5, 53.2, 41.0, 28.9. HRMS
calculated for (C23H25Cl1N2O2)H

+ 397.1677, found 397.1682.
Behavioral Conditions. At weaning, male C57BL/6J mice were

group housed (six animals per cage) with same-sex littermates, in a
temperature- and humidity-controlled vivarium, under a 12 h light/dark
cycle (lights on at 7:00 a.m.). Behavioral testing was conducted during
the light phase of the light/dark cycle between 9:00 a.m. and 12:00 pm.
Animals used in behavioral studies were typically between 10 and 24
weeks of age and were naive to all behavioral treatments prior to testing.
Room luminance was maintained between 70 and 75 foot candles for all
behavioral studies. Unless specified otherwise, drugs were administered
intraperitoneally (i.p.) 30 min prior to behavioral testing. Sterile water
was the vehicle used with fluvoxamine and desipramine; the vehicle
DMSO at 2% (0.01 mL/g) or 100% (0.002 mL/g) was employed with
MI-17 or DJLDU-3-79, respectively. All experimental procedures were
approved by the local Institutional Animal Care andUse Committee and

followed the National Institute of Health guidelines outlined in “Using
Animals in Intramural Research”.
Mouse Tail Suspension Test. As previously described,62 mice

were individually suspended by the tail from a metal bar elevated 30 cm
using adhesive tape. Behavior was videotaped for 6 min and videos were
later scored for immobility time (seconds) by a blinded observer.
Locomotor Activity. Locomotor activity was assessed as

described62 in a noninvasive manner using a Opto-Varimax 4 activity
analyzer (Columbus Instruments, Columbus, OH) that measures
animal activity in a cage intersected with photocells projecting infrared
beams 2.5 cm apart and 2 cm above the floor. After a brief habituation
period, animals were treated with either drug or the appropriate vehicle
and activity was measured for 20 min.
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