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ABSTRACT

The human norepinephrine transporter (NET) is implicated in
many neurological disorders and is a target of tricyclic antide-
pressants and nisoxetine (NX). We used molecular docking
simulations to guide the identification of residues likely to affect
substrate transport and ligand interactions at NET. Mutations to
alanine identified a hydrophobic pocket in the extracellular
cavity of NET, comprising residues Thr80, Phe317, and Tyr317,
which was critical for efficient norepinephrine (NE) transport.
This secondary NE substrate site (NESS-2) overlapped the NX
binding site, comprising Tyr84, Phe317, and Tyr317, and was
positioned ~11 A extracellular to the primary site for NE (NESS-
1). Thr80 in NESS-2 appeared to be critical in positioning NE for

efficient translocation to NESS-1. Three residues identified as
being involved in gating the reverse transport of NE (Arg81,
GIn314, and Asp473) did not affect NE affinity for NESS-1.
Mutating residues adjacent to NESS-2 abolished NET expres-
sion (D75A and L76A) or appeared to affect NET folding
(S419A), suggesting important roles in stabilizing NET struc-
ture, whereas W308A and F388A at the top of NESS-2 abol-
ished both NE transport and NX binding. Our findings are
consistent with a multistep model of substrate transport by
NET, for which a second, shallow extracellular NE substrate site
(NESS-2) is required for efficient NE transport by NET.

Introduction

Intracellular communication between neurons in the cen-
tral nervous system is critically dependent on the controlled
release of neurotransmitters at synapses. Monoamine trans-
porters are members of SLC6 family of neurotransmitter
sodium symporters (NSSs) that use the Na™ and C1~ electro-
chemical gradient to actively remove (transport) biogenic
monoamines, including dopamine, norepinephrine (NE), and
serotonin, from the synapse cleft and back into the nerve
terminal (Masson et al., 1999; Chen et al., 2004). Consistent
with their crucial role in regulating the strength and dura-
tion of synaptic transmission, malfunction or altered expres-
sion levels of monoamine transporters are implicated in a
number of psychiatric and neurological disorders, including
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Parkinson’s disease (Kim et al., 1997), Wilson’s disease (Jeon
et al., 1998), Lesch-Nyhan disease (Wong et al., 1996), atten-
tion deficit hyperactivity disorder (Dougherty et al., 1999),
and major depression (Klimek et al., 1997). Moreover, mono-
amine transporters have been shown to be a primary target
for the psychostimulants cocaine (Ritz et al., 1987) and am-
phetamine (Amara and Sonders, 1998), as well as tricyclic
antidepressants (TCAs) and analgesic venom peptides
(Sharpe et al., 2001; Nielsen et al., 2005; Brust et al., 2009).

Extensive pharmacological and biochemical studies, in
conjunction with three-dimensional comparative modeling,
have helped characterize the substrate permeation pathway
of monoamine transporters and the structural features con-
tributing to substrate and ligand selectivity. However, only
since the structure of a related bacterial (Aquifex aeolicus)
leucine transporter (LeuT,,) was solved (Yamashita et al.,
2005) has it been possible to start to develop a detailed
molecular view of these interactions. The LeuT,, crystal
structures in complex with substrate leucine (Yamashita et
al., 2005) revealed that one leucine and two Na™ ions were
buried in an occluded conformation that was proposed to be a
transition state between the open-to-out (substrate binding)

ABBREVIATIONS: NSS, neurotransmitter sodium symporter; NE, norepinephrine; TCA, tricyclic antidepressant; LeuT ., Aquifex aeolicus leucine
transporter; SSRI, selective serotonin reuptake inhibitor; NSS, neurotransmitter sodium symporter; SERT, serotonin transporter; DAT, dopamine
transporter; GAT, GABA transporter; NET, norepinephrine transporter; NX, nisoxetine; NESS, norepinephrine substrate site; TMH, transmembrane
helix; EL, extracellular loop; 3D, three-dimensional; hNET, human norepinephrine transporter; RMSD, root mean square deviation; PAGE,

polyacrylamide gel electrophoresis.
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and open-to-in (substrate releasing) conformations of the al-
ternating access model of transport (Krishnamurthy et al.,
2009). The determination of three LeuT,,-TCA cocrystal
structures (Singh et al., 2007; Zhou et al., 2007) and three
LeuT,-selective serotonin reuptake inhibitor (SSRI) struc-
tures (Zhou et al., 2009) revealed an extracellular antagonist
binding site S2, ~11A above the leucine binding site S1,
consistent with noncompetitive inhibition of leucine by TCAs
in LeuT,, (Singh et al., 2007). More recently, Krishnamurthy
and Gouaux (2012) successfully trapped LeuT,, in substrate-
free open-to-out and open-to-in conformations using confor-
mation-specific antibody fragments. Together with the sub-
strate-bound conformation (Yamashita et al., 2005), this
work has defined the structural basis for the alternating
access mechanism of the NSS.

In separate studies, the Javitch group have identified a
second high-affinity substrate binding site in LeuT,, at
the position overlapping the S2 site, using steered molec-
ular dynamics in combination with single amino acid im-
aging (alanine) (Zhao et al., 2011), radiotracer binding and
flux experiments (Shi et al., 2008), and equilibrium dialy-
sis with S1- and S2-impaired LeuT,, mutants (Quick et
al., 2012). In these studies, a 2:1 stoichiometry between
leucine and LeuT,, is observed and both the S1 and S2
sites can be occupied simultaneously. The Javitch group
further demonstrated the pivotal involvement of the S2
site in substrate transport by introducing mutations at S2
(Shi et al., 2008) or blocking S2 with TCAs (Shi et al., 2008)
and the commonly used crystallization detergent octylglu-
coside (Quick et al., 2009), seen in LeuT,, crystal struc-
tures (Singh et al., 2007, 2008). Based on these data, this
group has proposed a modified hypothesis in which the
alternating access mechanism is initiated when a second
leucine binds to S2 and triggers a conformational change to
open-to-in, allowing release of a leucine already bound to
S1. Despite considerable effort to resolve this point of
difference (Piscitelli et al., 2010; Quick et al., 2012; Wang
et al., 2012), the requirement for a second substrate site for
NSS function remains in debate.

In addition to helping elucidate the mechanisms of sub-
strate transport, LeuT,, shares many structural and func-
tional similarities with related monoamine transporters, al-
lowing predictive homology models to be constructed
(Rudnick and Wall, 1992; Stephan et al., 1997; Norregaard et
al., 1998; Smicun et al., 1999; Mitchell et al., 2004; Beuming
et al., 2006, 2008; Zhang and Rudnick, 2006; Forrest et al.,
2007, 2008; Huang and Zhan, 2007; Jacobs et al., 2007; Zhou
et al., 2007, 2009; Zomot et al., 2007; Erreger et al., 2008;
Indarte et al., 2008; Andersen et al., 2009; Tavoulari et al.,
2009). For example, homology models built from LeuT,, have
been used to identify putative Cl1~ binding sites in serotonin
(SERT), dopamine (DAT), and GABA (GAT-1 and GAT-4)
transporters (Forrest et al., 2007; Zomot et al., 2007), which
predict that Cl™ ions regulate the equilibrium between the
open-to-out (substrate binding) and open-to-in (transporting)
states (Beuming et al., 2008; Erreger et al., 2008; Forrest et
al., 2008; Tavoulari et al., 2009). Homology models have also
identified a conserved substrate binding site, equivalent to
the leucine site identified in LeuT,-Leu (Yamashita et al.,
2005), which is present across norepinephrine (NET), gly-
cine, tryptophan, and tyrosine transporters (Beuming et al.,
2006; Paczkowski et al., 2007).
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Here, we used a combination of homology modeling, molec-
ular docking simulations, and site-directed mutagenesis to
identify residues affecting NE transport and the binding of
its competitive inhibitor nisoxetine (NX), a selective norepi-
nephrine reuptake inhibitor (Jayanthi et al., 1993), in the
extracellular mouth of human NET. The NX binding site was
found to overlap with the S2 binding site for SSRIs (Zhou et
al., 2009) and TCAs (Singh et al., 2007) cocrystallized with
LeuT,,, whereas two NE binding sites critical for efficient
substrate transport were identified. The apparent high-affin-
ity site for NE (NESS-1) overlapped the leucine binding site
(S1) identified in LeuT,,-Leu (Yamashita et al., 005),
whereas a lower-affinity site for NE (NESS-2) was identified
~11 A extracellular to NESS-1. The predicted residues con-
tributing to NE and NX transport and binding were con-
firmed by site-directed mutagenesis. Our findings support a
multistep model of substrate transport by NET.

Materials and Methods

Molecular Modeling and Docking. A molecular model of NET
was built using the LeuT,,-Leu (Protein Data Bank 2A65) (Ya-
mashita et al., 2005) cocrystal structure as the template with the
program Modeller 9v2 (Fiser and Sali, 2003). All sequence align-
ments were generated using ClustalW (Larkin et al., 2007) and were
corrected manually on the basis of the secondary structure analysis
using Phyre (Kelley and Sternberg, 2009) and TMHMM (Krogh et
al., 2001) to guide the sequence alignment of the TMHs and low
homology regions, especially for ELs (Supplemental Fig. 1). Similar
sequence alignment approaches have successfully revealed residues
in SLC6 transporters that are likely to regulate substrate binding
selectivity and transport mechanisms (Beuming et al., 2006). All
resulting homology models were subjected to energy minimization
using GROMOS96 (Gunsteren and Berendsen, 1990) with 500 steps
of the steepest descent followed by 1000 cycles of conjugated gradient
to remove steric incompatibilities. The structural models were eval-
uated using the online server Verify3D (Bowie et al., 1991) and the
Ramachandran plot available from the ProFunc (Laskowski et al.,
2005) database. The few residues with unfavorable geometry were
relaxed by manually selecting the backbone and side chain atoms
with consecutive energy minimization using GROMOS96 or by rigid
body refinement using Coot (Emsley and Cowtan, 2004) until the
geometry was satisfactory. Assessment of the structure of the NET
homology model relative to LeuT,,-Leu (Protein Data Bank 2A65)
using the relationship between the protein sequence identity and
expected model accuracy (Forrest et al., 2006) supported the se-
quence alignment (Supplemental Fig. 1) and resulting quality of the
NET model generated (Table 1).

We presumed that there would be little conformational change
between the substrate-bound and inhibitor-bound states on the basis
of the crystallographic parameter B-factors and 3D superimposition
of cocrystal structures of LeuT,, with substrate (Leu) (Yamashita et
al., 2005), amino acids (Ala, Gly, Met, and Phe) (Singh et al., 2008),
SSRIs (sertraline, R-fluoxetine, and S-fluoxetine) (Zhou et al., 2009)
and TCAs (desipramine, imipramine, and clomipramine) (Singh et
al., 2007; Zhou et al., 2007). Therefore, rigid-docking simulation was
chosen for searching possible NE and NX binding sites in NET to
avoid approach-dependent bias. Structures of NE (Drug Bank data-
base) and its competitive inhibitor NX [generated using the program
CORINA (Accelrys, San Diego, CA)] were docked to the NET homol-
ogy models, including NET and W80A-NET, with three-dimensional
fast Fourier transformation docking approaches with high order
(N = 25) spherical polar Fourier correlation followed by Newton-like
energy minimization using the program HEX 5.0 (Ritchie and Kemp,
2000).

Solutions with spatially similar docking orientation (RMSD <3 A)
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TABLE 1

Assessment of the structural relationship between NET model and LeuT,, crystal structure
The relationship of protein sequence identity and the expected model accuracy based on the backbone RMSD comparison is derived from Forrest et al. (2006) are shown

overall and for NESS-1 and NESS-2.

. No. of . E ted RMSD RMSD t
Residues Res(;dﬁes Identity x};icLiuTAa LeuTAa0
% A
Overall 56-582 (5-515) 527/511 27 =25 1.394
NESS-1 versus S1 ~ 72-78 (21-27) 156-159 (104-107) 317-323 (253-259) 419-423 (355-359) 23/23 47.8 <2 0.426
NESS-2 versus S2  79-85 (28-34) 160-164 (109-113) 308-316 (244-252) 467-473 (398-404) 28/28 42.8 <2 0.482

were grouped and the lowest energy solution from each group was
chosen as a candidate for further analysis. Semiflexible docking
simulations using AutoDock Vina (Trott and Olson, 2010) was then
performed to optimize the intermolecular interactions, for which
both ligands and side chains of the binding site residues predicted
by HEX 5.0 were set to be rotatable. The center of the grid map
was set as the center of ligands with dimensions of 20 X 20 X 20
A, covering the predicted binding site, with a searching resolution
of 1 A. The 10 lowest energy solutions for NX and NE docked to
NESS-2 of hNET had minimal energies within 5 kcal/mol (Sup-
plemental Fig. 2). All 10 docking solutions for NE and NX were
similar (RMSD 1.5 and 1.7 A, respectively) but nonidentical, with
the lowest energy docking solution chosen for detailed analysis.
Hydrogen bonds between ligands and NET that are likely to
contribute to substrate and inhibitor binding were analyzed using
the online server WHAT IF (Vriend, 1990). To determine the
influence of mutations on substrate and inhibitor binding, we
mutated residues Asp75, Arg81, Trp308, GIln314, Phe316, and
Ser419 that were found to form intramolecular interactions in a
close proximity to the predicted substrate binding site in the
homology models. A NET model derived from the LeuT,,-Trp
cocrystal structure failed to dock NE using HEX 5.0.

NET Mutants. Site-direct mutagenesis of human NET was per-
formed as described previously (Paczkowski et al., 2007) using cus-
tom-made primers and the QuikChange kit (Stratagene, La Jolla,
CA). All mutants were sequenced to verify each mutation. Plasmids
of interest were transformed into TOP-10 competent Escherichia coli
cells (Invitrogen, Carlsbad, CA) for large-scale DNA purification and
storage before transfection.

[®3H]Norepinephrine Uptake Assays. COS-7 cells (American
Type Culture Collection, Manassas, VA) were cultured in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum in 96-
well plates. At ~90% confluence, cells were transiently transfected
with NET and NET mutant ¢cDNA using 10 ul of FuGENE (Roche,
Castle Hill, NSW, Australia) and 2 ug of DNA per 10° cells. Twenty-
four hours after transfection, 10,000 cells were aliquoted per well in
a 96-well plate format for an additional 24-h incubation to obtain a
count of ~50,000 cells/well before initiation of the uptake assays.
Substrate transport efficiency was determined with increasing con-
centrations of [*H]norepinephrine ([*H]40.5 Ci/mmol; PerkinElmer
Life and Analytical Sciences, Waltham, MA) from 10 8to5 X 107 ¢ M
in a final volume of 50 ul in 96-well plates and incubated at 37°C for
10 min, followed by two gentle washes using 100 ul of assay buffer
[25 mM HEPES, pH 7.4, 125 mM NaCl, 1.2 mM MgSO,, 4.8 mM KCl,
1.2 mM KH,PO,, 1.3 mM CaCl,, 5.55 mM d-(+)-glucose, and 1 mM
ascorbic acid] to remove excess [PHINE. Nonspecific uptake of
[PHINE by transfected cells was determined in the presence of 200
uM NX. After incubation, cells were lysed using 50 ul of 0.1 M NaOH
with gentle shaking for 60 min. The specific [PHINE uptake was
calculated as the difference between the total cellular uptake and the
nonspecific uptake. Each experiment was performed in triplicate in
at least three separate experiments.

[®*H]Nisoxetine Binding Assays. Human NET-transfected (see
above) COS-7 cell membrane was used to measure [PHINX (81.7
Ci/mmol, PerkinElmer Life and Analytical Sciences) binding to NET.
Transfected cells were washed and scraped off in the assay buffer

containing 1.6 mg/ml protease inhibitor cocktail (Roche Diagnos-
tics, Indianapolis, IN), followed by sonication at 4°C for 25 s. Cell
debris was subsequently removed by centrifugation at 465g for 10
min, and the membrane was pelleted at 39,000g for 30 min at 4°C
and finally resuspended in assay buffer. Assays containing 20 ug
of total membrane protein per concentration (Bradford assay;
Bio-Rad Laboratories, Hercules, CA) and increasing concentra-
tions of [PHINX from 107'° to 5 X 1078 M in a final volume of 50
wul were incubated in 96-well plates on ice for 60 min. After
incubation, membrane was filtered onto a Filtermat B and washed
twice with ice-cold assay buffer to remove unbound [*H]NX using
a Filtermat-96 Harvester (PerkinElmer Life and Analytical Sci-
ences). Filtermats were dried in the incubator at 37°C overnight,
placed in a TopSeal-A 96-well sleeve (PerkinElmer Life and Ana-
lytical Sciences) with Betaplate scintillant (PerkinElmer Life and
Analytical Sciences), and sealed before measurement of radioac-
tivity in a MicroBeta counter (PerkinElmer Life and Analytical
Sciences). Nonspecific binding of [’H]NX was determined in the
presence of 200 uM NX, and specific [PHINX binding was calcu-
lated as the difference between the total cellular and the nonspe-
cific binding. Each experiment was performed in triplicate and
repeated four or five times.

Inhibition of [*H]Nisoxetine Binding by Norepinephrine.
NE binding affinity was determined from the displacement of
PHINX from human NET mutants W80A, R81Q, Y84A, L160A,
F164A, Q314A, F316A, Y467F, D473A, D473R, and R81D/D473R,
which showed no NE uptake and yet retain NX binding function in
uptake and binding single-point and saturation assays. The assays
were performed as described for [P H]NX binding assays using a fixed
concentration of [PH]NX of 3 nM and increasing concentrations of NE
from 107 to 1072 M in 10-fold increments. Each experiment was
performed in triplicate and repeated three times.

Inhibition of [*H]Norepinephrine Transport by Nisoxetine.
NX affinity was determined from the inhibition of [’H]NE binding to
the mutant Y84A-NET to determine the impacts of mutations on NX
binding ability. Assays were conducted for mutants L160A and
F164A because they showed NX binding (K4) comparable to that of
wild-type NET to support the hypothesis of only one NX binding site
in NET. The assays were performed as described for [PH]NE uptake
assays using a fixed concentration of [PH]NE of 30 nM and increasing
concentrations of NX from 107! to 1072 M in 10-fold increments.
Each experiment was performed in triplicate and repeated three
times.

Western Blot. Western blots were prepared for determining
total expression using 20 ul of cell membrane (20 pg of total
protein) prepared as described for [*’HINX binding assays, mixed
with 5 pl of SDS loading dye [0.225 M Tris-HCl, pH 6.8; 50% (v/v)
glycerol, 5% (w/v) SDS, 0.05% (w/v) bromphenol blue; 500 mM
B-mercaptoethanol], and incubated at room temperature for 10
min before SDS-polyacrylamide gel electrophoresis (PAGE). To
separate the native and mutated NET proteins from other cellular
proteins, 4 to 12% NuPAGE gels (Invitrogen) were used. After
electrophoresis, proteins of interest were transferred to nitrocel-
lulose membrane (Bio-Rad Laboratories). After the transfer, the
membranes were blocked in blocking solution (5% (w/v) skim milk)
for 1 h, followed by a 45-min incubation with sequence-specific
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antibody (1:3000 enzyme/blocking solution ratio; mouse monoclo-
nal antibody to NET targeting N-terminal amino residues 17-33;
Abcam Inc., Cambridge, MA). After incubation, the membrane
was washed (three 5-min washes) in blocking solution to remove
excess primary antibody before the secondary antibody (fluores-
cently labeled goat anti-mouse IgG (H+L) Alexa Fluor 680; Invit-
rogen) was added (1:2500 enzyme/blocking solution ratio) and
allowed to bind for a further 45 min. Finally, the membranes were
washed (three 1-min washes) in a large volume of phosphate
buffer solution and scanned using the Odyssey IR imaging system
(LI-COR Biosciences, Lincoln, NE). Most membrane proteins gen-
erally migrate faster in SDS-PAGE as an artifact of the SDS-lipid
micelle complex. The molecular weight of NET wild type in total
expression is observed to be ~54 kDa in SDS-PAGE, which cor-
responds to the literature (Hahn et al., 2003).
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Results

Identification of Residues in NESS-2 with Direct or
Local Effects on NE Transport and NX Affinity. To
identify potential direct interacting residues, we docked NE
and NX onto a homology model of NET generated using the
LeuT,,-Leu (Yamashita et al., 2005) cocrystal structure as
the template. Docking simulations revealed two potential
norepinephrine substrate binding sites on NET that we
named NESS-1 and NESS-2, as well as a single binding site
for NX that overlapped NESS-2. NX was found to occupy a
binding pocket similar to that observed previously for TCAs
cocrytallised with LeuT,, (Fig. 1) (Singh et al., 2007),
whereas the ~11 A deeper NESS-1 overlapped the S1 site

Fig. 1. Homology model of human
NET viewed from the side (A, left) or
from an extracellular view (A, right).
The final docking results of substrate
norepinephrine (green) and competi-
tive inhibitor nisoxetine (orange) to
the occluded conformation are pre-
sented in stick form at NESS-2. The
second substrate binding site (NESS-
1), which is equivalent to Leu binding
site found in LeuT,, (Yamashita et
al., 2005), is indicated with the top 10
energetically favorable docking solu-
tions for NE shown in black (A, left).
The specific intermolecular interac-
tions observed for the binding of nor-
epinephrine at NESS-2 (B) and nisox-
etine (C) reveal that both binding sites
partially overlap and are dominated
by hydrophobic interactions. The cat-
echolhydroxyl, the only difference be-
tween norepinephrine and dopamine,
is indicated by the blue circle (B, left).
For clarity, the 3D structures are pre-
sented in 50% transparency.
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identified for the LeuT,,-Leu cocrystal structure by Ya-
mashita et al. (2005) (Fig. 1A).

Analysis of NE and NX docking results revealed that res-
idues Phe317 (TMH6a) and Tyr317 (TMH10) might contrib-
ute to both NX and NE binding; Leu76 and Thr80 (TMH1b)
might be NE-specific, whereas Tyr84 (TMH1b) was likely to
be NX-specific (Fig. 1, A and C). The direct intermolecular
interactions observed to coordinate NE at NESS-2 included a
hydrogen bond between the B-hydroxyl of NE and the ty-
rosine hydroxyl (Tyr317) at a distance of 2.3 A, a T-stacking
7 interaction between the two benzene rings of NE and
Tyr317 and a cation-7 interaction between the positively
charged catecholamine of NE and benzene ring of Phe317 at
a distance of 2.0 A (Fig. 1B). Leu76 and Thr80 were predicted
to provide additional hydrophobic and van der Waals inter-
actions to coordinate NE binding at distances of 3.2 and 3.8
A, respectively (Fig. 1B).

Like NE, NX binding was dominated by hydrophobic inter-
actions, for which the methoxybenzene of NX formed a w7
interaction with Tyr317 (~3.1 A) and the benzene ring of NX
formed a T-stacking m interaction with Tyr84 (~3.8 A). In
addition, our model predicted that the nitrogen on the dim-
ethylbenzylamine of NX formed a cation-7 interaction with
Phe317 (~3.2 A), as observed previously for NE (Fig. 1B).
Further examination of the NET model revealed several hy-
drophobic residues in the cavity of NET that might indirectly
influence NESS-2 residues. Phel64 on TMH3 appeared to
form a T-stacking = interaction with Thr80 and a strong
hydrophobic interaction with Leu76, suggesting that Phe164
might influence the side chain orientations of Leu76 and
Thr80 and indirectly influence their interactions with NE
(see above). In addition, Leul60 (TMH3) together with
Leu76, Thr80, and Phel64 form a contiguous hydrophobic
patch that could interact directly with the catecholbenezene
ring of NE (Fig. 1B).

Identification of Additional Residues Predicted to
Contribute to the Structure of NESS-2. A number of
residues outside NESS-2 were also identified in this NET
model that might be expected to influence the structural
integrity of NESS-2. Given their prominent positions, Trp308
and Phe316 could act as hydrophobic anchors to stabilize
each end of TMHG6a, which extends between NESS-2 and
NESS-1 (Fig. 2, A and B, respectively), to affect the flexibility
and integrity of TMH6a, which has previously been proposed
to be essential for substrate transport (Yamashita et al.,
2005). In NET, Trp308 is cradled by a hydrophobic patch
formed by Pro97 and Leul00 on TMHZ2, Leu302 on EL3, and
Phe528 on TMH11, whereas Phe316 forms an extensive hy-
drophobic network with Phe101 (T-stacking ) on TMH2 and
Ile481, Leu482, and Val485 on TMH10 (Fig. 2B). A second
hydrophobic network formed by Phe388 on EL4 interacting
with Thr80 on TMH1, Phel67 on TMHS3, and Phe409 on
TMHS8 was also predicted to contribute structurally to the
conformation of NESS-2 (Fig. 2C), given that conformational
movements of EL4 in LeuT,, (Singh et al., 2007), GAT-1
(Zomot and Kanner, 2003), DAT (Norregaard et al., 1998),
glycine transporter 1b (Ju et al., 2004), and SERT (Mitchell
et al., 2004) have been previously demonstrated to accom-
pany substrate and inhibitor binding.

Two residues Asp75 (TMH1b) and Ser419 (TMHS8) that
might indirectly affect NE transport or NX binding by alter-
ing the structural stability of NESS-2 in NET were also

identified (Fig. 2D). As observed in the LeuT,, crystal struc-
ture (Yamashita et al., 2005), the electron density of leucine
and both Na™ ion binding sites are well defined, with the
leucine and Na™ ions potentially contributing to this struc-
tural stabilization. Asp75 has previously been proposed to
substitute for Gly24 in LeuT,, and coordinate Na™ ions
(Barker et al., 1999; Beuming et al., 2006; Henry et al., 2006;
Huang and Zhan, 2007; Indarte et al., 2008), whereas Ser419
contributes to substrate binding in SERT (Andersen et al.,
2009). That these residues are fully conserved across mono-
amine transporters (equivalent to Asp79 and Ser421 in DAT
and Asp98 and Ser438 in SERT) further highlights their
potential functional significance. On the basis of our model-
ing, we propose that Asp75 and Ser419 may contribute to the
structural stability of NET via ion and substrate binding, as
observed in LeuT,, (Beuming et al., 2006; Henry et al., 2006;
Huang and Zhan, 2007; Indarte et al., 2008) and SERT (An-
dersen et al., 2009). Therefore, mutating Asp75 or Ser419 to
alanine destabilizes the NET structure to affect NE transport
and/or NX binding.

Identification of Residues Predicted to Gate the Re-
verse Transport of NE. A hydrogen bond in LeuT,,
(Arg30-Gln250) is disrupted upon TCA binding, allowing
the side chain of Arg30 to rotate ~110° where it can form
two salt bridges with Asp404 (equivalent to Asp473 in
NET) (Singh et al., 2007) that gate the reverse transport of
substrate (Chen et al., 2003; Singh et al., 2007; Zhou et al.,
2007). Given that Arg30 and Asp404 in LeuT,, are con-
served at equivalent positions across all SLC6 transport-
ers, members of the SLC6 family are likely to share a
common gating mechanism. This gating mechanism is also
likely to affect NX inhibition, because the amine tail of NX
is predicted to prevent the formation of these salt bridges
as seen in the LeuT,_ -TCA cocrystal structures (Singh et
al., 2007). To evaluate this gating mechanism in NET, we
assessed NE transport and NX binding in the R81A, R81Q,
R81D, Q314A, D473A, D473R, R81Q/Q314R, R81A/Q314A,
and R81D/D473R mutants of NET.

Functional Characterization of Docking Predic-
tions. To experimentally test our docking prediction, we
created 22 mutants of NET. All mutants were evaluated by
immunodetection, binding, and uptake assays to deter-
mine the effects on NE transport and NX binding kinetics
(Figs. 3 and 4).

Alanine substitutions at four of the five residues in
NESS-2 that were predicted to have direct affects on NE
and/or NX affinity (W80A, Y84A, F317A, and Y467A) had no
significant effect on the levels of NET expression determined
by immunodetection, whereas L76A abolished NET expres-
sion (Fig. 3A). In support of our predictions, the Y467A and
F317A mutants abolished both NE transport and NX binding
(Fig. 3B). In contrast to Y467A, Y467F-NET reduced the
ability of NE to displace NX by ~3.5-fold, without signifi-
cantly affecting the apparent Michaelis constant K, [defined
as the extracellular NE concentration required for half-max-
imal transport velocity (V)] or the NX binding affinity (K,)
(Fig. 4, A and C; Table 2). The Y467F mutant produced an
~9-fold reduction in substrate transport efficiency (V,_..)
that corresponded to the ~6-fold drop in transporter expres-
sion determined from the B, for [PH]NX (Table 2). Mutant
Y84A reduced NX binding affinity by ~5-fold, which corre-
lated with an ~10-fold reduction in NX inhibition of NE
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transport (IC;,), without significantly affecting K,, or V..
(Fig. 4; Table 2). Finally, mutating the predicted NE-specific
residue Thr80 to alanine abolished NE transport (Fig. 4). Of
interest, this mutant retained wild-type affinity for NE to
displace [PHINX binding and significantly enhanced (~5-
fold) NX affinity (Fig. 4; Table 2).

Phel64 and Leul60 were identified to form part of a con-
tiguous hydrophobic patch in NESS-2, together with Thr80
and Leu76. The F164A mutant caused a 5-fold reduction in
K (Fig. 4A), indicating that this hydrophobic network is not
optimal for NE transport. This mutant did not influence
[PHINX affinity, and the modest ~3-fold reduction in V.

corresponded to the observed decrease in transporter expres-
sion (B,,,,) (Fig. 4B; Table 2). In contrast, the L160A mutant

did not significantly affect any of the measured parameters
for NET (Fig. 4; Table 2), indicating that these similar resi-
dues are interchangeable.

Asp75 and Ser419 were predicted to play critical roles in
stabilizing NET structure via interactions with substrate
and the Na™ ion at NESS-1, respectively, as observed in
LeuT,, (Yamashita et al., 2005). Immunodetection analysis
revealed that D75A almost completely abolished NET ex-
pression, whereas S419A appeared to cause misfolding that
resulted in a decrease in the apparent molecular size of NET
(Fig. 3A). These effects on expression account for the almost
complete loss of NE transport and NX binding observed for
these mutants (Fig. 3).

Residues contributing to the hydrophobic interactions
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associated with NESS-2 and NESS-1 were also investi-
gated. W308A and F388A appeared to express normally
but failed to show detectable NE uptake or NX binding,
whereas the F316A mutant had significantly impaired NE
transport efficiency (~30-fold reduced V,,,,) despite NE
K, and ICj, to displace [PHINX remaining unchanged
(Table 2; Figs. 3 and 4).

Despite normal expression (Fig. 3A), all mutations gener-
ated at the three proposed extracellular gating residues
Arg81, GIn314, and Asp473 significantly diminished or abol-
ished NE uptake. Q314A retained wild-type affinity for NE to
displace [PH]NX, whereas D473A produced a ~6-fold reduc-
tion (Figs. 3B and 4B). The R81A, R81D, R81A/R314A, and
R81Q/Q314R mutants each abolished detectable NE trans-
port and NX binding (Fig. 3B). The R81Q, Q314A, D473A,
D473R, and R81D/D473R mutants also failed to generate
detectable NE transport, but all bound [PH]NX, albeit mostly
at reduced levels. Of interest, despite abolishing transport,
the IC, to displace [PH]NX remained unchanged (Table 2),
with four mutants (Q314A, D473A, D473R, and R81D/
D473R) producing significant (~4-fold) improvements in NX
affinity (Fig. 4C; Table 2).

Discussion

The molecular docking simulations and mutagenesis
data reported in this study are consistent with two sub-
strate sites being required for NE transport by NET. The
first NE substrate site (NESS-2) encountered by NE is
located close to the extracellular mouth of NET and is
maintained by residues lining the TMH1b-3-6a-8-10 bun-
dle. The second NE substrate site (NESS-1) is positioned
~11 A below NESS-2 and overlaps the Leu binding site
previously identified in the LeuT,, crystal structure (Ya-
mashita et al., 2005). From analyses of these docking and
mutational studies, it appears that NESS-2 might orien-
tate NE for efficient translocation to the deeper site
NESS-1. An extracellular substrate binding site has also
been identified in SERT and LeuT,,, respectively(Shi et
al., 2008; Zhou et al., 2009, 2011; Quick et al., 2012),
suggesting that this feature may be common among SLC6
transporters. Of interest, the NX binding site in NET was
found to partially overlap NESS-2 but not NESS-1 (Fig. 1)
at a location similar to the SSRI and TCA binding site
identified in LeuT,, (Singh et al., 2007; Zhou et al., 2009).
Thus, the presence of NESS-2 explains the ability of NX
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and TCAs to competitively inhibit NE transport by NET
(Jayanthi et al., 1993).

Of the five hydrophobic residues predicted to directly in-
teract with NE and/or NX, mutating four (L76A-NET failed
to express) to alanine abolished NE transport (Thr80,
Phe317, and Tyr317) or NX binding (Tyr84, Phe317, and
Tyr317), suggesting that both NE and NX binding are dom-
inated by extensive hydrophobic interactions. The reduced
affinity of NX for the Y84A mutant probably arises because
the predicted T-stacking 7 interaction with NX is disrupted.
Loss of both NE transport and NX binding for the F317A
mutant supports our modeling prediction that these residues
directly coordinate NE and NX binding at NESS-2 via a
cation-7 interaction. The almost complete loss of NE uptake
and NX binding at Y467A-NET, but almost full NE and NX
affinity at Y467F-NET, supports the prediction that Tyr317
forms a T-stacking 7 and hydrogen bond interaction with NE
and only a w7 interaction with NX (Fig. 1). The role of
Leu76, predicted to directly interact with NE or binding,
could not be tested because the alanine substitution unex-
pectedly abolished NET expression. Given that Leu76 is the
first residue of TMH1b and forms an extensive hydrophobic
network with Thr80, Leul60, and Phel164 (Fig. 1B), a role in
stabilizing the structure of NET is proposed in addition to
any potential specific role in NE transport or NX binding.

To further understand the pivotal role played by Thr80
in NE transport, we docked NE at a model of WS80A-NET
(Fig. 5). This simulation revealed a significant shift in NE
docking to now completely overlap the NX binding site,
which was little altered in this new model (Fig. 5). Despite
the loss of NE transport observed experimentally, NE
maintained a similar affinity to displace [PHINX from

WB80A-NET. This result suggests that the loss of the hy-
drophobic interactions contributed by Thr80 are compen-
sated for by neighboring hydrophobic residues that repo-
sition NE so that it can no longer be transported. Thus, a
single amino acid change can convert NE from a transport-
able substrate to an antagonist of NX binding to NET. On
the basis of this interpretation, we propose that Thr80 is
required to correctly position NE at NESS-2 for efficient
translocation to NESS-1.

In addition to these direct interactions, we identified five
positions (Asp75, Trp308, Phe316, Phe388, and Ser419)
that might influence the structure of NESS-2 and -1 (Fig.
2). Consistent with the modeling predictions, mutating
these residues to alanine either inhibited NET expression
(Asp75), caused protein truncation (Ser419), or abolished
NE transport and/or NX binding (Trp308, Phe316, and
Phe388). The inhibited NET expression or truncation seen
for the D75A and S419A mutants, respectively, presum-
ably arises from the disruption of coordinating Na™* ions
(Barker et al., 1999; Yamashita et al., 2005; Beuming et
al., 2006; Henry et al., 2006; Huang and Zhan, 2007,
Indarte et al., 2008). The high degree of conservation of
both Asp75 and Ser419 in SLC6 transporters suggests that
these residues probably play similar structural roles in
other SCL6 transporters including SERT (Barker et al.,
1999) and LeuT,, (Yamashita et al., 2005). Residues
Trp308 and Phe388 (Fig. 2) were predicted to contribute to
the stabilization of the TMH2-6a-10-11 bundle and
TMH1b-3-8 and EL4, respectively. Trp308 is located at the
end of TMH6a where it could influence the a-helical struc-
ture of TMH6a and potentially influence any conforma-
tional movement associated with substrate transport.
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TABLE 2

NE and NX uptake and affinity at human NET and mutants
Data are means = S.E.M. of three or four independent experiments separately analyzed in Prism 5. B,

max

and V., are per 20 ug of total cellular protein and ~50,000 cells,

respectively.
Mutation Position [PHINX K, [PHINE K,, NE ICy° NX ICy" [BHINX B,y [PHINE V..
nM uM nM %
hNET 41=*05 1.03 = 0.02 59 =34 3.4 0.7 100 100
D75A Loopla-1b Low NET expression (~3% of hNET)
L76A TMH1b No detectable NET expression
WS80A TMH1b 0.8 = 0.3*% N.D.R. 32+ 1.7 N.D. 64 7.2 N.D.R.
R81A TMH1b N.D.R. N.D.R. N.D N.D. N.D N.D.
R81D TMH1b N.D.R. N.D.R. N.D. N.D. N.D. N.D.
R81Q TMH1b 1.98 = 0.6 N.D.R. 97 + 18.2 N.D. 21 + 5% N.D.R.
Y84A TMH1b 19.6 + 2.5% 0.57 = 0.6 78 +17.6 38 = 10* 112.7 = 16.2 81 + 16
L160A TMH3 2.7+ 0.5 1.14 = 0.1 89 + 6.8 6.7+ 25 45 17 92.6 = 28.7
F164A TMH3 3.9 +1.23 0.2 = 0.01* 70 +74 6.6 =2 29 + 0.9% 28.5 + 11*
W308A TMH6a N.D.R. N.D.R. N.D. N.D. N.D. N.D.
Q314A TMH6a 0.91 = 0.1% N.D.R. 43 £ 174 N.D. 69.1 = 9.65 N.D.R.
F316A TMH6a 93 *+04 1.20 + 0.26 47 = 17 N.D. 952+ 1 3.44 + 0.02*
F317A TMH6a N.D.R. N.D.R. N.D. N.D. N.D. N.D.
F388A EL4 N.D.R. N.D.R. N.D. N.D. N.D. N.D.
S419A TMHS8 Misfolded NET
Y467A TMH10 N.D.R. N.D.R. N.D. N.D. N.D. N.D.
Y467F TMH10 2.56 = 0.2 0.61 = 0.13 211 + 30%* N.D. 16.7 = 4.9% 10.9 + 4.9%
D473A TMH10 0.95 = 0.3* N.D.R. 371 + 82%* N.D. 95 + 17.6 N.D.R.
D473R TMH10 0.98 = 0.4% N.D.R. 93 = 8.8 N.D. 35.6 = 5.8 N.D.R.
R81D/D473R TMH1b/10 0.87 = 0.3* N.D.R. 115 + 12.2 N.D. 26.6 = 2.9% N.D.R.
R81Q/Q314R TMH1b/6a N.D.R. N.D.R. N.D. N.D. N.D. N.D.
R81A/Q314A TMH1b/6a N.D.R. N.D.R. N.D. N.D. N.D. N.D.

N.D.R., no detectable response for either specific NX binding up to 200 nM [*H]NX or specific NE uptake up to 5 uM [*H)]NE (three to five separate experiments); N.D.,

not determined.

* Statistically significant compared with hNET wild type (one-way analysis of variance, P < 0.05).
@ NE ICjy, determined from displacement of [*H]NX, and NX ICj, determined from inhibition of [PHINE uptake.

A B

Phe388 is located in EL4, where it could influence the EL4
flexibility, which was previously found to be important for
substrate binding (Norregaard et al., 1998; Zomot and
Kanner, 2003; Ju et al., 2004; Mitchell et al., 2004; Singh
et al., 2007). Finally, the F316A mutant, predicted to also
affect the stability of the TMH2—6a-10 bundle, reduced NE
transport efficiency to ~3% of that of the wild type, with-
out affecting its K,, or its ability to displace [*PHINX. Re-
duced NE transport efficiency in the absence of any effect
on NESS-2 (NE and NX IC;, values unchanged) or NESS-1
(NE K, unchanged) suggests that this mutation may re-
duce the rate of the transitions between the open-to-out
and open-to-in conformations and implies that the transi-
tion to the open-to-in conformation occurs after substrate
binds at NESS-1.

Fig. 5. Docking simulation of NE and
NX to the W80A-NET homology model.
The identified NE and NX in NET are
shown in green half-transparent surface
and orange dot mesh, respectively. The
top 10 energetically favorable NE (blue)
and NX (purple) docking solutions to
WB80A-NET are presented in stick form in
A and B, respectively. The position of res-
© idue WS80A is presented in red stick. A,
docking showed that the initial NE bind-
) ing site (green) is no longer energetically
favorable for binding because of the loss of
the hydrophobic interaction provided by
Thr80 and that NE binding site is shifted
to completely overlap with the NX bind-
ing site, in agreement with our NX dis-
placement assays (Fig. 5). B, in contrast,
NX docked in the same binding site with
slightly different orientation, which may
explain the ~5-fold improvement in bind-

ing affinity (K,).

On the basis of an analysis of the LeuT,, crystal struc-
ture (Yamashita et al., 2005), an additional three residues,
Arg81, GIn314, and Asp473 (Fig. 2D), were predicted to
form an extracellular gate in NET that would restrict
reverse transport and facilitate forward transport. Consis-
tent with such a role, mutating R81Q, Q314A, D473R,
D473A, and R81D/D473R abolished NE uptake with little
effect on NX or NE binding affinity. R81A, R81D, R81A/
Q314A, and R81Q/Q314R mutants of NET abolished both
NX binding and NE transport. Loss of NE transport in the
Q314A mutant suggests that the hydrogen bond between
GIn314 and Arg81 observed in the LeuT,, crystal struc-
ture (Yamashita et al., 2005) is required to restrict forma-
tion of a salt bridge between Arg81 and Asp473 NE before
NE binding to NESS-1. Upon NE binding to NESS-1, this
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hydrogen bond is broken, allowing Arg81 to reorientate to
form a salt bridge with Asp473 to create an extracellular
gate. Once formed, this salt bridge is then expected to
facilitate structural transitions from the open-to-out to the
open-to-in conformation.

K., and IC;, are separate measures of affinity, with the
former influenced by transport asymmetry, multiple sub-
strate binding sites, and the multiplicity of conformations
in each cycle. However, the large difference between K, (1
puM) for NE transport and the IC;, (59 uM) for NE dis-
placement of NX binding is suggestive of two substrate
affinities for NE. This distinct difference was observed
across all mutants (Y84A, ~135-fold; L160A, ~80-fold;
F164A, ~350-fold; F316A, ~40-fold; and Y467F, ~350-
fold) that retained the ability to transport NE. Of interest,
the Y467A mutant differentially affected the IC;, for NE
without affecting its K,,. On the basis of these results, we
propose that the low-affinity site determined from NE
displacement of NX binding corresponds to NE binding at
NESS-2, whereas the K,, for NE is probably driven
through higher affinity interactions at NESS-1. This con-
clusion is consistent with the previously observed compet-
itive interaction between NX and NE (Jayanthi et al.,
1993).

The impacts of mutants W80A, R81Q, Q314A, D473A,
D473R, and R81D/D473R, which completely abolished sub-
strate transport and yet retained the low-affinity binding
interaction, provides experimental support for the pres-
ence of two distinct substrate binding sites in NET. The
recent studies on LeuT,, (Shi et al., 2008; Zhao et al.,
2011; Quick et al., 2012), human SERT (Sinning et al.,
2010), and the carnitine transporter crystal structure
(Tang et al., 2010) have also proposed a two-site model for
substrate transport.

Taken together, our results support a multistep model for
substrate transport by NET as summarized in the scheme
shown in Fig. 6. In this model, NE binds first to a low-affinity
site at NESS-2 in a substrate binding conformation similar to
that observed in the LeuT, -Leu cocrystal structure (Fig. 6A)
(Yamashita et al., 2005). Thr80 in NESS-2 helps orientate
NE for efficient NE translocation to the deeper, high-affinity
site NESS-1 (Fig. 6B). With NE in NESS-1, a salt bridge then
forms between Arg81 and Asp473 (Fig. 6C), as observed in
the LeuT,,-Leu cocrystal (Singh et al., 2007; Krishnamurthy
and Gouaux, 2012), facilitating a shift to the open-to-in con-
formation and forward transport of NE and two Na™ ions
(Fig. 6D) (Krishnamurthy and Gouaux, 2012). An extracellu-
lar C1™ ion then probably participates in the final step in
substrate transport that releases NE and Na™ ions intracel-
lularly from the open-to-in confirmation (Fig. 6D), before an
intracellular Cl ™ ion facilitates the structural reorganization
of NET back to the substrate binding conformation (Erreger
et al., 2008; Tavoulari et al., 2009). Because we have estab-
lished that NESS-2 is above NESS-1, it is likely that NE
must bind first at NESS-2 before it is translocated to the
higher affinity NESS-1 and transported.

These studies of NET transport also provide insights into
the structural features contributing to substrate selectivity.
Our docking studies also show that the catecholbenzene,
catecholamine, and B-hydroxyl of NE form intermolecular
interactions with NET, whereas the catecholhydroxyl does
not, suggesting that catecholhydroxyl may not be essential
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for transport. This observation can explain why NET can
transport both NE and DA (Buck and Amara, 1994; Carboni
and Silvagni, 2004), which differ only by this catecholhy-
droxyl (Fig. 1B). In contrast, DAT is incapable of transport-
ing NE, suggesting that the size of the catechol tail is a key
determinant of DAT monoamine substrate specificity.

In conclusion, we have used the LeuT, -Leu crystal struc-
ture as a template to identify a second extracellular NE
binding site named NESS-2, which is essential for efficient
substrate transport by NET. Mutating 14 of the 15 residues
identified from modeling produced effects on substrate trans-
port and/or selective norepinephrine reuptake inhibitor bind-
ing, confirming the predictive value of NET models built from
LeuT,, crystal structures. The residues identified here are
mostly conserved across monoamine transporters, suggest-
ing that they probably have similar roles in related SLC6
transporters. The identification of new residues in NESS-2
that directly interact with substrate NE and/or NX may
facilitate the development of new monoamine transporter
inhibitors.
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Fig. 6. A schematic diagram of the proposed substrate transport mech-
anism for NET. In this model, NE (green) first transitions from a low-
affinity site, NESS-2 (A), to a deeper high-affinity site, NESS-1 (B). With
NE in NESS-1, a salt bridge forms between Arg81 and Asp473 and an
extracellular Cl~ ion binds (orange sphere), facilitating the forward
transport of NE and two Na™ ions (yellow) (E). To complete the cycle, an
intracellular Cl~ ion binds to NET and facilitates a conformational
change(s) from the transporting to the substrate binding conformation
(A). For clarity, only the core TMHs are shown.
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