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The plasma membrane serotonin (5-HT) transporter (SERT,
SLC6AA4) clears 5-HT after release at nerve termini and is tar-
geted by both antidepressant medications and psychostimu-
lants (e.g. MDMA, cocaine). Homology modeling of human
SERT (hSERT), based on high resolution structures of the
microbial SLC6 family member LeuT ,,, along with biochemical
studies of wild type and mutant transporters, predicts trans-
membrane (TM) domains 1, 3, 6, and 8 comprise the 5-HT-bind-
ing pocket. We utilized the substituted cysteine accessibility
method along with surface and site-specific biotinylation to
probe TM6 for aqueous accessibility and differential interac-
tions with 5-HT and psychostimulants. Our results are consis-
tent with TM6 being composed of an aqueous-accessible,
a-helical extracellular domain (TM6a) that is separated by a
central, unwound section from a cytoplasmically localized
domain (TM6b) with limited aqueous accessibility. The substi-
tution G338C appears to lock hSERT in an outward-facing con-
formation that, although accessible to aminoethylmethanethio-
sulfonate-biotin, 5-HT, and citalopram, is incapable of inward
5-HT transport. Transport of 5-HT by G338C can be partially
restored by the TM1 mutation YO5F. With regard to methane-
thiosulfonate (MTS) inactivation of uptake, TM6a Cys mutants
demonstrate Na*-dependent [2-(trimethylammonium)ethyl]-
MTS sensitivity. Studies with the centrally located substitution
$336C reveal features of a common binding pocket for 5-HT and
3,4-methylenedioxymethamphetamine (MDMA). Interestingly,
the substitution 1333C reveals an MDMA-induced conforma-
tion not observed with 5-HT. In the context of prior studies
on TM1, our findings document shared and unique features of
TMS6 contributing to hSERT aqueous accessibility, ligand recog-
nition, and conformational dynamics.

The serotonin transporter (SERT,> SLC6A4) is an integral
membrane protein responsible for clearing serotonin (5-HT)
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after vesicular release, thereby constraining the indolamine
actions on pre- and postsynaptic 5-HT receptors (1). SERT is
closely related to biogenic amine transporters of the solute car-
rier 6 (SLC6) family that transport the neurotransmitters nore-
pinephrine (SLC6A2) and dopamine (DAT, SLC6A3) and,
more distantly, transporters for the neurotransmitters y-ami-
nobutyric acid (GAT-1, SLC6A1) and glycine (2, 3). SERT is
predicted to be a 12-transmembrane (TM) domain protein that
is functional as a monomer but likely exists in multimeric com-
plexes, including transporter homomultimers (4, 5). Biochem-
ical studies confirm that SERT possesses intracellular amino
and carboxyl termini as well as a heavily glycosylated, extracel-
lular loop 2 (6 —10). SERT-supported 5-HT transport is coupled
to extracellular sodium and chloride, which is thought to drive
inward movement of 5-HT, and intracellular potassium, which
is thought to outwardly rectify SERT (11, 12). Because of the
clinical efficacy of selective 5-HT reuptake inhibitors, signifi-
cant effort has been focused on investigating the potentially
compromised function of human SERT (hSERT) as a contrib-
utor to affective disorders, such as major depressive disorder
and generalized anxiety disorder (1). Indeed, genetic studies
associate hSERT regulatory and coding polymorphisms with
obsessive compulsive disorder, bipolar disorder, and autism
(13-15). As many of the functional coding variants identified
in hSERT lie within TM domains, we and others have sought
a better understanding of the role that these domains play in
hSERT function. In addition to its ability to bind and trans-
port 5-HT, SERT is also a major binding target for drugs of
abuse, most notably cocaine and 3,4-methylenedioxymeth-
amphetamine (MDMA or “ecstasy”). Because MDMA shares
structural similarity to 5-HT, this amphetamine-like com-
pound likely binds to determinants that overlap those used
by 5-HT. In contrast, much larger competitive antagonists
such as cocaine and the selective 5-HT reuptake inhibitors
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are believed to gather additional TM binding determinants
outside the 5-HT-binding pocket (16 —18).

SERT, like other SLC6 family members, is presumed to trans-
locate substrate across the membrane using an alternating
access mechanism in which 5-HT binds to an extracellularly
facing conformation of the transporter, thereby triggering a
conformational change that exposes the intracellular face of the
permeation pathway to release 5-HT into the cellular milieu
(19). This pathway may also exist briefly in a “two-gate open”
conformation to conduct uncoupled substrates at much higher
rates (20-24), particularly when coupling conformations are
disrupted by mutation or through the actions of associated pro-
teins (25). The recent elucidation of several transporter crystal
structures, including the sodium/galactose cotransporter
vSGLT, the nucleobase cation symporter Mhpl, the aspartate
transporter GltPh, and the bacterial SLC6 family member, the
Aquifex aeolicus leucine transporter LeuT ,,, offers snapshots
of potential conformations involved in the alternating access
model and provides significant tools for the prediction of struc-
tural contributions to mechanism (26-31). The LeuT,, pro-
tein, the closest crystallized homologue of SERT, was initially
crystallized with its substrate bound and with passageways to
extracellular and intracellular compartments closed (i.e. an
“occluded” state). LeuT ,,, as well as portions of vSGLT and
Mhpl, displays an inverted repeat structure, with (in LeuT ,,)
TMs 1-5 and 6-10 assembling in pseudo-2-fold symmetry
(31). Interestingly, TMs 1 and 6 exist as closely associated, anti-
parallel helices localized within the core of the transporter that
display significant unwound portions in the middle of the mem-
brane. In LeuT ,,, TMs 1, 3, 6, and 8 form the leucine binding
pocket. Biochemical analyses and homology modeling of SERT
proteins predict a similar binding pocket for 5-HT (32-36).
Consistent with these models, pre-structure studies identified
residues in hSERT TMs 1 and 3 that confer high affinity inter-
actions and ligand selectivity to substrates and antagonists.
Whereas mutational studies of selected TM6 residues in SERT,
DAT, and GAT-1 suggest involvement of this TM in substrate
and ion interactions (37—-39), how these alterations relate to the
structural characteristics of TM6 is unknown.

In the current study we present a biochemical characteriza-
tion of the entirety of hSERT TM6. We probe hSERT TM6
using the substituted cysteine accessibility method (SCAM) to
assess the secondary structure and relative residue accessibility,
to determine the functional sensitivity of residues to chemical
modification, and to elucidate sites of potential ligand interac-
tion through protection experiments (40). Our delineation of
the impact of TM6 Cys substitutions on 5-HT transport as well
as their relative sensitivity to methanethiosulfonate (MTS)
reagents lends support to LeuT,,-based hSERT homology
models. Additionally, they provide insight into structural and
functional relationships between TM1 and TM6 and offer evi-
dence of TM6 residues bearing unique contributions to trans-
port conformations, including substrate recognition. We dis-
cuss opportunities to capitalize on our findings for high
resolution structure studies of biogenic amine transporters as
well as enhanced computational modeling approaches.
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EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis—Site-directed mutagenesis of
hSERT C109A was performed using the QuikChange mutagen-
esis kit and protocol (Stratagene). Sense and antisense oligonu-
cleotides, purchased from Invitrogen, were designed to gener-
ate single Cys mutations at each residue along TM6 from
position 323 to 348. Oligonucleotide sequences used for
mutagenesis are available upon request. hASERT C109A, cloned
into pcDNA3, was used for mutagenesis to permit studies of
Cys accessibility in a background deficient in labeling of endog-
enous Cys residues (41, 42). Sequencing of all mutants was per-
formed at the DNA Sequencing Facility of the Division of
Genetic Medicine at Vanderbilt University Medical Center.
Successful mutants were transformed into DH5« Escherichia
coli cells for amplification and purified using the Qiafilter Max-
iprep kit (Qiagen). Results reflect the analysis of multiple, inde-
pendent plasmid preparations.

Cell Culture and Transient Transfection—hSERT C109A
and hSERT C109A bearing TM6 Cys substitutions were tran-
siently transfected into human embryonic kidney 293-T (HEK-
293T) cells. HEK-293T cells were grown in complete medium
(Dulbecco’s modified Eagle’s medium, 10% fetal bovine serum,
2 mM glutamine, 100 units/ml penicillin, and 100 wg/ml strep-
tomycin) and maintained at 37 °C, 5% CO,. For 5-HT uptake
assays, MTS sensitivity and protection assays, and transporter
biotinylation assays, HEK-293T cells were plated at a density of
50,000 cells/well in 24-well tissue culture plates coated with 0.1
mg/ml poly-D-lysine and grown in complete medium. Trans-
fection of cells was performed ~24 h after plating; the TM6 Cys
mutants were transfected into cells using 6 ul of Trans-IT
(Mirus Bio Corp.) per pug of DNA in Opti-MEM serum-free
medium (Invitrogen) at a concentration of 100 ng/well. Cells
were incubated in transfection medium for ~48 h before assay.
For competition binding assays, HEK-293T cells were plated at
a density of 107 cells/dish in 100-mm tissue culture dishes and
incubated for 12—24 h before transfection. Cells were tran-
siently transfected with pcDNA3 hSERT C109A or pcDNA3
hSERT C109A/G338C using 6 ul of Trans-IT per ug DNA as
for transport assays at a concentration of 6 ug/dish. Cells were
incubated in transfection medium for ~48 h until binding
assays were performed.

5-HT Transport Measurements—Single point and saturation
kinetic 5-HT uptake assessments were performed in triplicate
within an experiment and repeated in at least three separate
experiments. Single point uptake assays were performed as fol-
lows. Cells were washed with a modified Krebs-Ringers-HEPES
(mKRH) buffer (120 mm NaCl, 4.7 mm KCl, 2.2 mm CaCl,, 1.2
mMm MgSO,, 1.2 mm KH,MgSO,, 10 mm HEPES, pH 7.4) con-
taining 1.8 g/liter glucose and then incubated for 10 min at
37 °C with 20 nm [°H]5-HT, 100 um pargyline, and 100 um
ascorbic acid. Uptake was terminated by two cell washes using
500 ul of mKRH assay buffer, and cells were solubilized in 400
wul of Microscint 20 scintillation fluid and counted on a Packard
TopCount scintillation counter. Specific 5-HT uptake was
determined by subtracting uptake obtained with mock-trans-
fected cells from uptake of hRSERT mutant-transfected cells. Cys
mutants exhibiting =5% of hSERT C109A uptake activity were
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further evaluated through saturation kinetic analyses as well as
MTS reactivity; mutants displaying <5% uptake activity were
considered nonfunctional and were not further examined. For
saturation kinetic analyses, serial dilutions of a [*H]5-HT/unla-
beled 5-HT mix (1:50) at a constant specific activity were
applied to transfected cells in the presence of 100 uMm pargyline
and 100 M ascorbic acid and allowed to incubate at 37 °C for 10
min. Uptake was terminated by two cell washes with ice-cold
mKRH assay buffer. Cells were solubilized and counted as
noted above with nonspecific 5-HT uptake assessed in parallel
at each 5-HT concentration using mock-transfected cells.
5-HT transport K, and V., values were derived from nonlin-
ear, least squares curve fits using a single site model in Prism 4.0
(Graphpad). Mutant K, and V,,,,, values were compared with
those of hNSERT C109A by Student’s two-way ¢ test in Prism 4.0
with p < .05 taken as evidence of significant differences.

[PH|Citalopram Competition Binding Assays—hSERT C109A
and hSERT C109A mutant-transfected cells were washed once
with 4 °C PBS buffer followed by the addition of 4 °C homoge-
nization buffer (50 mm HEPES, 2.5 mm MgCl,, 2 mM EGTA, 100
M ascorbic acid, pH 7.4). Cells were scraped into 14-ml glass
centrifuge tubes, homogenized on ice using a Polytron homog-
enizer (Brinkmann Instruments), and centrifuged for 10 min at
30,000 X g in a Sorvall RC-5B Plus centrifuge. Supernatants
were decanted, fresh 4 °C homogenization buffer was added,
and homogenization and centrifugation were repeated. Super-
natants were decanted, and membranes were resuspended in
4 °C binding assay buffer (50 mm Tris, pH 7.5, 100 mm NacCl).
Protein concentrations were determined via a Coomassie Plus
Bradford assay kit (Thermo Fisher Scientific). Competition
binding assays were performed on 100 ug of protein/tube
in 12 X 75-mm borosilicate glass tubes. [*H]Citalopram
(PerkinElmer Life Sciences; 77.0 Ci/mmol; 5 nM final) and cold
5-HT (concentration range from 10~ to 10~ ® M final in 100 um
pargyline and 100 uMm ascorbic acid) were added to the mem-
branes, and tubes were gently mixed and allowed to incubate at
room temperature for 45 min. Nonspecific binding was deter-
mined by co-incubation of samples with 10 um paroxetine and
subtracted from total binding for each sample to determine
specific citalopram binding. Samples were processed on a
24-well Brandel cell harvester using Whatman GF/B filters pre-
soaked in 0.3% polyethyleneimine for 60 min. The filters were
washed 3 times with ~1 ml of ice-cold wash buffer (50 mm
HEPES, 2.5 mm MgCl,, 2 mm EGTA, pH 7.4), dried, and trans-
ferred to EcoScint H scintillant (National Diagnostics). Radio-
activity was counted using a Packard Tricarb 2900 Liquid
Scintillation Analyzer. 5-HT K, values were estimated using
a one-site competition binding fit in Prism 4.0.

Sensitivity of hSERT TM6 Cys Mutants to MTS Reagents—
Transiently transfected HEK-293T cells in 24-well tissue cul-
ture plates were washed twice with 500 ul of room temperature
PBS/CM buffer (PBS, 0.1 mm CaCl, and 1.0 mm MgCl,, pH 7.4)
and incubated in PBS/CM buffer with/without MTS reagents
for 10 min at room temperature. Concentrations for the
specific MTS reagents are as follows: 1 mM [2-(trimethylammo-
nium)-ethyl]methanethiosulfonate (MTSET), 0.25 mm amino-
ethylmethanethiosulfonate (MTSEA), and 10 mm (2-sulfona-
toethyl)-methanethiosulfonate (MTSES) (Toronto Research
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Chemicals). The concentrations for MTSET and MTSES are
based on previous studies by Karlin and Akabas (40), but due to
its high reactivity with hRSERT C109A (42), the concentration of
MTSEA used by Karlin and Akabas (40) (2.5 mm) was reduced
10-fold. After incubation with MTS reagents, cells were washed
with 500 ul of PBS/CM followed by incubation with 500 ul of
37 °C mKRH assay buffer. 5-HT transport activity was then
assessed by single point uptake assay, as described above. For
ligand protection experiments, cells were preincubated with 50
uM 5-HT, MDMA, or cocaine for 5 min before the addition of
MTSET and assayed as described above. For the Na™ substitu-
tion assay, cells were washed 3 times with 500 ul of PBS/CM or
a PBS/CM buffer in which Na™ was isotonically replaced with
NMDG (PBS/CM-NMDG); the MTSET incubation was then
performed in the respective sodium or NMDG buffer, and the
cells were washed and assayed for 5-HT uptake activity as
described above. 5-HT uptake activity of MTS-treated Cys
mutants was normalized to its respective untreated cysteine
mutant to evaluate the impact of the MTS reagent. MTS-
treated and untreated mutants were analyzed using Graphpad
Prism software and compared using a one-way ANOVA with
Dunnett’s post-test.

Immunoblot Analysis of hSERT C109A and TM6 Cys Mutant
Protein Levels—Cell surface biotinylation studies were per-
formed to establish the functional impact of Cys substitution on
the ability of each mutant to reach the plasma membrane.
hSERT C109A or hSERT C109A Cys mutants were transfected
in HEK-293T cells as described above. Approximately 48 h after
transfection, cells were washed 4 times with ice-cold PBS/CM
buffer and incubated with 1.0 mg/ml NHS-SS-biotin in
PBS/CM for 30 min at 4 °C. Biotinylation reactions were
quenched by washing cells twice with PBS/CM buffer contain-
ing 100 mum glycine. Cells were then incubated for 10 min in the
PBS/CM/glycine buffer, washed once with PBS/CM buffer, and
solubilized with RIPA buffer containing phenylmethylsulfonyl
fluoride (PMSF) (10 mm Tris, 150 mm NaCl, 0.1% SDS, 1% Tri-
ton X-100, 1% sodium deoxycholate, 250 um PMSEF, pH 7.4).
Cells were shaken at 100 rpm in RIPA buffer for 30 min at 4 °C
followed by centrifugation of lysates at 20,000 X g for 20 min at
4°C. A fraction of the resulting supernatant was retained for
immunoblots to quantify total hSERT protein. Immunopure
immobilized streptavidin beads (Pierce) were washed four
times with RIPA buffer and resuspended in RIPA buffer to
achieve a 50% slurry. The remaining cell supernatant was
applied to the streptavidin bead/RIPA slurry at room tempera-
ture for 1 h, and beads were washed 4 times with RIPA buffer.
Biotinylated proteins were eluted from the streptavidin beads
with Laemmli buffer containing 5% [-mercaptoethanol. Bioti-
nylated and total protein samples were resolved via 10% SDS-
PAGE, and separated proteins were transferred overnight at 21
V (constant), 4 °C, to Immobilon-P polyvinylidene difluoride
membranes (Millipore). Membranes were blocked with 5%
nonfat dried milk in PBS/0.5% Tween (PBS/Tween) for 4 h at
4°C and probed with hSERT monoclonal antibody ST51-2
(mAB Technologies) for 1 h at 4 °C. After multiple washes with
PBS/Tween, blots were incubated with goat anti-mouse horse-
radish peroxidase-conjugated secondary antibody (The Jack-
son Laboratory) diluted 1:10,000 overnight at 4 °C. After addi-
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FIGURE 1. [®H]I5-HT transport activity of hSERT TM6 Cys mutants. hSERT
Cys mutants cDNAs were transiently transfected in HEK-293T cells at equal
concentrations and assayed for uptake at a single *H-5-HT concentration (see
“Experimental Procedures”). Results represent the means *+ S.E. from three
experiments. Means of Cys mutant uptake were compared with C109A using
a one-way ANOVA with a post hoc Dunnett’s test, with p < 0.05 indicating
significance. #, inactive mutant. *, p < 0.05 compared with C109A. The dashed
line indicates 5% C109A uptake activity. Homology model of hSERT TM6 is
depicted as constructed by Kaufmann et al. (32) based on LeuT,, structures.
Residues that are intolerant of Cys substitution are depicted in black.

tional washes with PBS/Tween, blots were developed using the
Western Lightning chemiluminescence kit and exposed to
Eastman Kodak Co. X-Omat Blue XB film. MTSEA biotinyla-
tion of cells was performed in the same manner as MTS inacti-
vation studies described above with the following exceptions.
Transfected cells were washed twice with room temperature
PBS/CM and incubated with 1 mm MTSEA-biotin in PBS/CM
for 10 min at room temperature. The cells were then washed
twice with PBS/CM and solubilized in 400 ul of RIPA solubili-
zation buffer. Extraction of biotinylated proteins and hSERT
immunoblotting was performed as described above. For all
blotting studies, multiple exposures were captured in all exper-
iments to ensure collection of data in the film linear range.

RESULTS

Effects of Cys Substitution on hSERT Expression and Function—
Before characterizing the accessibility of hRSERT TM6 Cys sub-
stitutions to MTS reagents, the effect of Cys substitution was
examined for impact on 5-HT transport activity and trans-
porter surface expression. As noted under “Experimental Pro-
cedures,” all TM6 Cys mutants were engineered in the hSERT
C109A background, as the C109A substitution in either rat
SERT (43) or hSERT (42) essentially eliminates MTS reagent
sensitivity while maintaining normal surface expression and
transport activity. In single point (20 nm) uptake assays (Fig. 1),
10 Cys mutants displayed uptake equivalent to hSERT C109A
when expressed under identical transfection conditions. In
contrast, six Cys mutants (W326C, A329C, Q332C, G338C,
F341C, and G342C) exhibited less than 5% of hSERT C109A
activity and, thus, were considered functionally inactive and
inadequate for SCAM analysis. Of the remaining TM6 Cys sub-
stitutions, four (V325C, D328C, 1333C, and S336C) resulted in
significantly reduced uptake relative to hSERT C109A. Inter-
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TABLE 1

Impact of Cys substitution on [*H]5-HT uptake kinetics in functional
TM6 Cys mutants

K, and V. values were determined from [*H]5-HT transport assays in transiently
transfected HEK-293T cells as described under “Experimental Procedures.” All
mutants are in the hSERT C109A background. Results are presented as mean val-
ues * S.E. from three or more experiments and were analyzed in reference to CLO9A

using one-way ANOVA with a post hoc Dunnett test.

hSERT mutant K, Vinax

M fmol/cell/min
C109A 1.93 + 0.33 8.89 = 0.67
T323C 235+ 0.82 14.3 + 2.36"
G324C 2.10 = 0.44 6.29 *+ 0.60”
V325C 2.96 = 0.73 5.90 * 0.75”
1327C 1.25 + 0.53 7.99 = 1.32
D328C 2.38 = 1.00 2.26 + 0.45°
A330C 1.61 + 0.31 114 + 0.92*
A331C 2.04 * 0.43 19.2 + 1.83“
1333C 9.49 * 3.01¢ 20.9 + 4.88%
F334C 5.38 = 2.40 41.8 +11.5%
F335C 291 *0.72 115 + 145
$336C 3.49 * 1.47 0.32 = 0.07*
L337C 8.62 * 5.11 19.9 + 8.22
P339C 0.84 +0.18% 4.36 + 0.33”
G340C 0.84 + 0.10” 6.27 + 0.27°
V343C 1.40 + 0.57 6.31 = 1.03
1.344C 0.55 *+ 0.24* 3.20 *+ 0.4
L345C 0.99 + 0.42 5.93 * 0.90”
A346C 1.34 + 0.54 11.6 + 1.84
F347C 0.16 + 0.13* 1.66 + 0.29°
A348C 0.19 + 0.08” 1.84 +0.17°

“p < 0.05 above C109A.
b p < 0.05 below C109A.

estingly, two Cys mutants, A331C and F347C, exhibited
increased 5-HT uptake. Although only the transport enhance-
ment of F347C reached statistical significance, we also observed
several mutants in the cytosolic half of the TM to display small,
but consistent, elevations in 5-HT uptake in these assays.

Full saturation kinetic analyses were performed to assess the
impact of Cys substitution on 5-HT transport K, and V, ..
(Table 1). A significant increase in K,, was observed in the
1333C mutant, whereas a significant K, decrease was detected
in the P339C, G340C, L344C, F347C, and A348C mutants.
Many of the TM6 Cys substitutions exhibited significant
changes in 5-HT transport V, ... Increased V,, ., values were
observed in the T323C, A330C, A331C, I333C, and F334C sub-
stitutions, whereas G324C, V325C, D328C, S336C, P339C,
G340C, L344C, L345C, F347C, and A348C displayed decreased
V o Values.

To examine whether the differences in 5-HT uptake
observed for the hNSERT TM6 Cys mutants reflect an impact on
transporter surface expression, total and surface protein levels
were examined in biotinylation assays (Fig. 2). In whole cell
extracts of transiently transfected HEK-293T cells, hSERT
appears in two forms, a 65-kDa form that represents the mini-
mally glycosylated, immature protein, and a 85-90-kDa form
that represents more fully glycosylated, mature protein
enriched at the cell surface. Consistent with single point uptake
data, surface expression of W326C, A329C, Q332C, F341C, and
G342C (denoted by asterisks in Fig. 2) exhibited less than 5% of
C109A surface expression in biotinylated preparations and
were excluded from additional analysis. Interestingly, however,
G338C exhibits robust expression of the mature form in both
total and surface fractions (denoted by an arrow in Fig. 2),
despite exhibiting no uptake activity at 5-HT concentrations up
to 20 um (data not shown). In addition to the surface expression
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of the C109A/G338C mutant, alanine (Ala) substitutions at
Gly-338 and Gly-342, the glycines proposed to define the limits
of the unwound portion of TM6, exhibited ~28 and 10%,
respectively, of hSERT C109A 5-HT uptake activity
(supplemental Fig. 1). Mutants S336C and L344C exhibited
decreased protein expression in comparison to hSERT C109A,
likely contributing to their reduced 5-HT transport V..

Impact of MTS Reagents on 5-HT Transport Activity of Cys
Mutants—hSERT TM6 Cys mutants that exhibited a mini-
mum of 5% of hSERT C109A activity were characterized for
sensitivity to MTS inactivation. To better assess the microen-
vironment of each Cys substitution, we used MTS reagents that
vary in bulk size or charge, with MTSET, MTSES, and MTSEA
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1327C
D328C

| A329C
A330C
A331C
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1333C
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occupying 173, 140, and 113 A2, respectively, and with MTSET
and MTSEA being positively charged and MTSES negatively
charged (44). For those Cys mutants that demonstrated MTS
sensitivity, with the exception of hSERT A331C, Ala substitu-
tions were made, expressed, and assayed for MTS sensitivity in
the same manner to control for the possibility that mutation
alone had exposed endogenous Cys residues. These control Ala
mutants failed to demonstrate sensitivity to the MTS reagents
(data not shown). The impact of MTSEA, MTSET, and MTSES
on 5-HT transport activity (20 nM, Fig. 3) demonstrates that,
overall, the greatest degree of inactivation was observed using
the smallest of the MTS reagents, MTSEA, which was capable
of reducing uptake at multiple positions across the predicted
TM6 upper helix (TMé6a). Cys
mutants at positions 323-327 did

309808
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modification on subsequent 5-HT
uptake. Residues located more cyto-
plasmically on TM6a exhibited dif-
ferential MTS sensitivity. D328C
was inactivated by all three reagents,
A330C was not inactivated by any
reagent, and A331C exhibited sig-
nificant inactivation by MTSET
and MTSES but not the smaller
MTSEA. A different sensitivity pro-
file emerges as TM6a approaches
the unwound region. Interestingly,
$336C was inactivated by the posi-
tively charged MTSET and MTSEA

Total
hSERT

O
v
~
(]
|

Surface
hSERT

FIGURE 2. Total protein and surface expression of hSERT TM6 Cys mutants. To assess the impact of Cys
substitution on TM6, whole cell and NHS-SS-biotinylated extracts were examined by Western blot using the
monoclonal hSERT antibody ST51-2. Dashed lines indicate separate acrylamide gels run concurrently. ¥,
mutant exhibiting less than 5% 5-HT uptake activity compared with C109A and no detectable surface expres-
sion. 1, mutant exhibiting less than 5% 5-HT uptake activity compared with C109A but significant surface
expression.

reagents but not by the negatively
charged molecule MTSES. To de-
termine whether MTSES can simply
modify, but not functionally per-

A 0.25 mM MTSEA B 1 mM MTSET C 10 mM MTSES
C109A C109A C109A

T323C T323C T323C

G324C G324C G324C

V325C V325C V325C
W326C|n.t. W326C W326C

1327C 1327C 1327C

D328C * D328C * D328C *

A329C|n.t. A329C A329C

A330C A330C A330C

A331C A331C * A331C *
Q332C|n.t. Q332C Q332C

1333C 1333C 1333C

F334C * F334C F334C

F335C * F335C * F335C *
S$336C * S336CH * S$336C

L337C * L337C L337C

G338C|n.t. G338C G338C

P339C P339C P339C

G340C G340C G340C

F341C|n.t. F341C F341C

G342C|n.t. G342C G342C

V343C Vv343C V343C

L344C L344C L344C

L345C L345C L345C

A346C A346C A346C

F347C F347C F347C

A348C A348C A348C

0 25 50 75 100 125 0 25 50 75 100 125 0 25 50 75 100 125

% of Untreated Transporter Activity % of Untreated Transporter Activity

% of Untreated Transporter Activity

FIGURE 3.Impact of MTS application on [®H]5-HT transport activity of hSERT TM6 Cys mutants. Aqueous accessibility of TM6 Cys mutants was assessed by
application of 0.25 mm MTSEA (A), 1 mm MTSET (B), or 10 mm MTSES (C). Transiently transfected HEK-293T cells were incubated with an MTS reagent from 10 min
at room temperature and then subjected to a [?H]5-HT uptake assay as described under “Experimental Procedures.” Results are expressed as the percent of
untreated transporter activity for each mutant and represent the means =+ S.E. from at least three uptake experiments. TM6 Cys mutants were compared with

C109A using one-way ANOVA with a post hoc Dunnett’s test, with * indicating p < 0.05. n.t.,, not tested.
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S336C
L337C
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FIGURE 4. Aqueous exposure of TM6 Cys mutants as revealed by MTSEA biotinylation. Accessibility of
functional TM6 Cys mutants was assessed by application of 1 mm MTSEA-biotin and a subsequent Western blot
using hSERT monoclonal antibody ST51-2. hSERT Cys mutants cDNAs were transiently transfected in HEK-293T
cells at equal concentrations (see “Experimental Procedures”). Vertical dashed lines represent separate acryl-
amide gels run concurrently. Quantification of protein expression (n = 3) performed in Image J and normalized
to T323C. The horizontal dashed line indicates 10% T323C MTSEA biotinylation.

functional Cys mutants from posi-
tion 337 to 345 displayed little to no
biotinylation. = Within =~ TM6b,
A346C, F347C, and A348C exhib-
ited accessibility to MTSEA-biotin,
suggesting that aqueous accessibil-
ity returns at the limits of the cyto-
plasmic membrane. This pattern of
MTSEA biotinylation does not cor-
relate with surface expression as
measured by NHS-SS-biotin (Fig.
2), indicating that this cysteine-di-
rected approach reports differential
aqueous accessibility.

G338C Appears to Stabilize an
Open Conformation of hSERT—
The robust expression of G338C
and minimal expression of G342C
at the membrane in nonfunctional
forms may arise from stabilization
of a conformation that is nonper-
missive for substrate transport.
Alternatively, SERT may simply lose
affinity for 5-HT due to disruption

turb, S336C, we pretreated hSERT C109A/S336C-expressing
cells with MTSES before treatment with MTSET. Pretreatment
with MTSES failed to protect S336C from subsequent inactiva-
tion by MTSET (data not shown), demonstrating that the lack of
MTSES sensitivity likely arises from an inability to physically
access this site. In addition, although F335C was significantly
inactivated by all three reagents, the deficit induced by MTSES
was significantly less than that induced by MTSET and MTSEA
when compared by one-way ANOVA with Bonferroni post-
test (p < 0.001), suggesting that MTSES is less effective in
modifying F335C. At residues cytoplasmic to Ser-336, only
L337C exhibited sensitivity to MTS inactivation. This was a
modest impact achieved exclusively by the smallest and only
membrane-permeable reagent, MTSEA, consistent with
either the significant physical limits on extracellular aqueous
accessibility in this region or attack from the interior of the
cell.

Aqueous Accessibility of Cys Mutants to MTSEA-biotin—It is
well understood that aqueous accessibility cannot be inferred
entirely from functional inactivation. We, therefore, examined
the ability of hSERT TM6 Cys mutants to be labeled by
MTSEA-biotin (Fig. 4). TM6 Cys mutants that exhibited less
than 10% T323C MTSEA-biotinylation after normalization to
total SERT protein were considered inaccessible. These studies
revealed four positions in TM6a (T323C, G324C, V325C, and
1327C) that are accessible to MTS-biotin but insensitive to
inactivation of uptake by the MTS reagents above. Further-
more, the MTS-biotin-inaccessible residues identified in this
study are consistent with predictions from the LeuT ,, struc-
ture and MTS inactivation studies of TM1. Specifically, A330C
is likely inaccessible due to its position on the helix oriented
away from the aqueous pore. As observed for TM1a (42), the
lower TM6 helix (TM6b) forms a barrier to aqueous reagents as
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of the substrate binding site. To
assess these possibilities, membranes from hSERT C109A-
hSERT C109A/G338C-, and hSERT C109A/G342C-trans-
fected cells were labeled by [*H]citalopram, with specific
binding levels in proportion to the level of surface expression
identified with NHS-SS-biotin (Fig. 54). Labeling of hSERT
C109A/G342C indicated detectible expression at the plasma
membrane, but the signal was insufficient for additional
competition analysis. On the other hand, G338C can be
robustly biotinylated by MTSEA-biotin in the presence and
absence of 5-HT (Fig. 5B, inset). Competition binding assays
also revealed that 5-HT maintained its ability to compete for
the primary binding pocket in the G338C mutant, albeit with
a small, nonsignificant loss in the apparent K, (Fig. 5B;
hSERT C109A K, 0.6 = 0.2 um; hSERT C109A/G338C K,
2.8 = 0.8 uM, p = 0.057, Student’s two-tailed ¢ test). Because
transport of 5-HT is lacking at concentrations up to 20 um,
this evidence of the integrity of substrate and antagonist
binding coupled with the efficient labeling of the mutant by
MTS-biotin supports the hypothesis that the G338C mutant
is locked in an “outward-facing” conformation.

If the G338C mutant indeed stabilizes an outward-facing
conformation, we hypothesized that a second-site mutation
could be introduced that could relieve the loss of 5-HT trans-
port activity. After inspection of TM1 and TM6 in homology
models of hSERT (32, 34), we hypothesized that the thiolate of
G338C might establish an obstructive hydrogen bond with the
hydroxyl group of Y95 in TM1. The hSERT Y95F mutation has
been extensively characterized and exhibits ~85% of wild type
hSERT uptake activity (17, 45, 46). Indeed, the triple mutant
hSERT C109A/G338C/Y95F restored significant, although
modest, 5-HT uptake activity (7.6% of C109A uptake activity)
(Fig. 6). These data provide additional evidence of TM1/TM6
interactions that are critical in the transition from outward-
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FIGURE 5. hSERT C109A/G338C is accessible to MTSEA-biotin and capable of binding 5-HT. A, total
[*H]citalopram binding of hSERT C109A/G338C and C109A/G342C, expressed as a percentage of hSERT C109A
is shown. n.s., not significant. B, the ability of the hSERT C109A/G338C mutant to bind 5-HT was assessed by
5-HT competition of [*H]citalopram binding. M, hSERT C109A; A, hSERT C109A/G338C. Bi, accessibility of hRSERT
C109A/G338C was assessed by application of 1 mm MTSEA-biotin in the presence and absence of 50 um 5-HT

absence of the sodium ion also
induces a change in accessibility at
positions 334 and 335, exposing
and protecting respectively, which
could result from a larger move-
ment of this segment of the helix.
Distal to the binding site, D328C
was also partially protected from
MTSET inactivation in the absence
of sodium, suggesting the influence
of ion binding throughout TMé6a.
Impact of Ligands on MTSET
Inactivation—Residues in TM1 for
multiple SLC6 family members have
been identified as critical determi-
nants of substrate binding as well as
recognition sites for competitive
antagonists (42, 43, 45, 46). Because
hSERT TMB6 is predicted to lie adja-
cent to and share topology with

and a subsequent Western blot using hSERT monoclonal antibody ST51-2 (see “Experimental Procedures”).

*

'l
80+ *

| |

101

% hSERT C109A [*H]5-HT Uptake

FIGURE 6. hNSERT C109A/G338C/Y95F exhibits partial restoration of 5-HT
uptake. hSERT C109A, C109A/G338C, and C109A/G338C/Y95F mutant
cDNAs were transiently transfected in HEK-293T cells at equal concentrations
and assayed for uptake at a single [*H]5-HT concentration (see “Experimental
Procedures”). Results represent the means = S.E. from three experiments.
Means of mutant uptake were compared with C109A using two-way Stu-
dent’s t test, with the asterisks indicating p < 0.001.

facing to inward-facing conformations during the 5-HT trans-
location process.

Impact of Na™ on MTSET Inactivation—The LeuT , , crystal
structure and hSERT homology models derived from it predict
that TM6 is involved in the coordination of a sodium ion (27,
32-34, 36). Interestingly, replacement of sodium with NMDG
in the MTS incubation buffer resulted in protection of three
TM6 Cys mutants and exposure of a single mutant (Fig. 7).
Specifically, D328C, F335C, and S336C were significantly pro-
tected from MTSET inactivation in the presence of NMDG. In
fact, S336C was fully protected from MTSET inactivation by
NMDG substitution, supporting predictions from homology
models that Ser-336 is involved in sodium interaction. The

11276 JOURNAL OF BIOLOGICAL CHEMISTRY

TM1 (27, 32-36), we explored
potential contributions of TM6 to the interactions of 5-HT,
MDMA, and cocaine via an assessment of their ability to pro-
tect hSERT C109A Cys mutants from inactivation by MTSET
and biotinylation with MTSEA-biotin. Before initiation of pro-
tection experiments, we examined the sensitivity of each Cys
mutant to MTSET at 0.1, 1, and 10 mM to ensure we were using
a concentration of MTSET appropriate for detecting either
protection or exposure. Because of the high reactivity observed
to 1 mm MTSET, the mutants D328C, F335C, and S336C were
assayed for protection in the presence of 0.1 mm MTSET, par-
alleling these studies with hSERT C109A at the same concen-
tration. All other experiments utilized 10 mm MTSET. Prein-
cubation with 50 um 5-HT protected only the S336C mutant
from MTSET inactivation, and although this effect was signifi-
cant, the protection was small in magnitude (Fig. 84). 5-HT
preincubation experiments utilizing MTSEA-biotin did not
reveal significant changes in TM6 Cys accessibility (data not
shown), although in our experience this assay yields higher var-
iability than functional MTSET inactivation.

Similar to 5-HT studies, but to a much greater degree, S336C
was protected from MTSET inactivation after pretreatment
with 50 um MDMA (Fig. 8B). Interestingly, although hSERT
C109A/1333C showed no sensitivity to MTSET, this substitu-
tion demonstrated a robust stimulation of uptake when prein-
cubated with MDMA. This stimulation required the combined
presence of MDMA and MTSET, as pretreatment of cells with
MDMA does not enhance SERT activity (supplemental Fig. 2).
It must be noted, however, that further investigation of this
phenomenon revealed this stimulation to be quite variable, sug-
gesting that other factors, such as the substrate-dependent
phosphorylation state of the transporter (47, 48), may contrib-
ute to the effect. Once again, MTSEA-biotinylation experi-
ments were less conclusive in these analyses, with MDMA
pretreatment demonstrating nonsignificant reductions in bio-
tinylation at S336C and nonsignificant enhancements in biotin-
ylation at I333C (data not shown). Finally, cocaine has been
found to protect against inactivation of hSERT TM1 residues
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FIGURE 7. Impact of Na* substitution on MTSET inactivation of [*H]5-HT
transport in TM6 Cys mutants. Accessibility of Cys mutants was assessed by
alteration of [*H]5-HT transport after exposure to MTSET in the presence of
NMDG (gray) or presence of sodium (black). Results for each mutant are
expressed as the means =+ S.E., n = 3,and normalized to C109A. Means of Cys
mutants in the presence and absence of sodium were compared with each
other using a two-tailed Student’s t test, with the single asterisks indicating
p < 0.05 and the double asterisks indicating p < 0.005.

that lie within the 5-HT binding pocket (G100C, N101C),
whereas cocaine enhances inactivation of two outer TM1 resi-
dues, Y107C and 1108C (42). In marked contrast to these find-
ings, cocaine pretreatment did not significantly impact MTSET
inactivation at any TM6 position (Fig. 8C).

DISCUSSION

The availability of high resolution structures for the SLC6
family member LeuT,, provided new tools for an increased
understanding of the structure of neurotransmitter transport-
ers, including hSERT. Whereas the contributions of TMs 1 and
3 to substrate and antagonist binding sites had been foreshad-
owed by pre-structure biochemical studies (42, 43, 45, 46,
49 -52), the involvement of TMs 6 and 8 in the LeuT , , binding
pocket was unexpected. Here, we utilized homology modeling
and well-validated biochemical methods to probe TM6 in
hSERT, revealing features of TM6 both shared with, and dis-
tinct from, its predicted structural homolog and physical neigh-
bor, TM1 (Fig. 9). Our studies document a contribution of TM6
to an aqueously accessible binding pocket for substrates as well
as a critical contribution to conformations supportive of 5-HT
transport.

Similar to the effects of Cys substitution observed in TM1
(42), Cys substitution produced a greater impact on uptake
activity in TM6a than the relatively unperturbed TM6b. Based
on the complete elimination of transport engendered by the
Cys substitutions W326C, A329C, and Q332C, we hypothe-
sized that these mutants would not be expressed at the plasma
membrane, and indeed, they were not. In the Rosenberg and
Kanner (39) SCAM analysis of GAT-1 TM6a, the analogous
Cys mutants W285C, A288C, and Q291C also demonstrated
significant reductions in y-[*H]aminobutyric acid uptake. Sim-
ilarly, Cys substitution of GIn-317 in an otherwise Cys-less
hDAT, analogous to hSERT Q332C, resulted in loss of surface
expression (38). Together, these results reveal that this group of
residues, whose side chains (based on LeuT , ,-based homology
models) orient away from the binding pocket, may be critical
for inter-TM interactions that support transporter folding or
protein stability.
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FIGURE 8.Impact of ligand on MTSET inactivation of [*H]5-HT transport in
TM6 Cys mutants. Accessibility of Cys mutants was assessed by alteration of
[H]5-HT transport after exposure to MTSET in the absence (black) or presence
(gray) of 50 um 5-HT (A), 50 um MDMA (B), or 50 um cocaine (C). Results for each
mutant are expressed as the means = S.E., n = 3, and normalized to C109A.
Means of Cys mutants in the presence and absence of substrate were com-
pared with each other using a two-tailed Student’s t test, with the asterisks
indicating p < 0.05.

Saturation kinetic analyses of 5-HT transport for the func-
tional Cys mutants offer insight into the contributions of TM6
residues to substrate affinity and transport function. The eleva-
tion observed in single point 5-HT transport for the A331C
substitution was found to derive solely from an elevated trans-
port V. . Although we detected an average elevation in surface
expression, this difference did not reach significance, and
thus, this substitution may relieve an energy barrier to 5-HT
translocation. In contrast, the significantly elevated 5-HT
transport activity of F347C in single point assays, despite a
decreasein V.., appears to derive from a reduction in 5-HT
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FIGURE 9. Homology model of hSERT TM6. Homology models of hSERT TM1
and TM6 are depicted as constructed by Kaufmann et al. (32), based on LeuT,,
structures. TMs 1 and 6 are viewed perpendicular to the plasma membrane
with the remaining TMs removed for clarity. Depiction of TM1 and TM6 SCAM
results are from this study and from Henry et al. (42). Residues that are intol-
erant of Cys substitution are depicted in black; residues that are sensitive to
MTS inactivation of uptake are depicted in red, and additional residues that
are detectable by MTSEA-biotin but not functionally sensitive to MTS
reagents are represented in orange.

K,,. Because this Cys substitution does not exhibit MTS
inactivation that can be protected by 5-HT, this Cys muta-
tion likely does not increase 5-HT affinity through a direct
interaction with substrate but, rather, stabilizes a conforma-
tion that reduces the 5-HT K, at the expense of maximal
translocation rates.

Alternately, the opposite basal effect is seen for I333C, where
an elevation in the 5-HT K|, is accompanied by an increase in
transport V... Here, the reduced 5-HT transport capacity of
I333C, especially at the low 5-HT concentrations initially
tested, reflects an increase in 5-HT K,, despite its having an
elevated V.. and surface expression equivalent to C109A. In
addition, the low level of 5-HT transport activity observed for
V325C, D328C, and S336C is attributable to a decrease in V,,
that is supported by comparatively lower surface expression.
The reduced surface expression and 5-HT transport activity of
S336C we observed replicates the impact of Cys substitution at
GAT-1 S295 on y-aminobutyric acid transport as well as the
loss of surface expression in the hDAT substitution S321C.
Interestingly, for the G340C mutant, a decrease in 5-HT trans-
port V.. is counterbalanced by elevated protein expression,
resulting in a single point uptake indistinguishable from
C109A. Together, these findings underscore a need to obtain
full kinetic profiles for Cys substitutions as well as surface
expression information to better understand their overall func-
tional perturbations.
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In addition to the impact of Cys substitution, the differences
in MTS inactivation of 5-HT uptake along TM6 closely parallel
the SCAM profile of TM1 and are supported by recent hSERT
homology models. It is important to recognize, however, that
our data derive from hSERT in substrate-free, outward-facing
conformations, whereas models based on current LeuT,,
structures derive from either a completely closed conformation
or a conformation with both substrate and a noncompetitive
antagonist bound (27, 53). Nonetheless, the limits of aqueous
accessibility for TM1 and TM6, assessed in independent SCAM
studies, closely correspond, as seen in Fig. 9. Our data indicate
that all but one of the functional Cys mutants in TM6a (A330C)
is accessible to an M TS reagent, whereas TM6b is largely inac-
cessible, mirroring the TM1 SCAM data and contributing evi-
dence to an occluded pore. Interestingly, our MTS accessibility
data suggest a greater aqueous accessibility of positions 334 —
337 in TM6 than would be predicted from the LeuT ,, homol-
ogy models, suggesting that the unwound region of TM6 in
hSERT may initiate earlier as TM6a spirals through the core of
the transporter.

In addition to refining our homology models of hSERT, our
SCAM analysis of TM6 identified several residues with inter-
esting characteristics, including Gly-338 and Gly-342. The
C109A/G338C mutant was expressed at the plasma membrane
atlevels equivalent to hSERT C109A but was not competent for
5-HT uptake, whereas the G342C mutant demonstrated a sub-
stantial deficit in reaching the plasma membrane. Valine sub-
stitutions at analogous positions in hDAT TM6 yielded very
similar results; hDAT G323V is minimally expressed at the
cell surface but does not transport tyramine, whereas hDAT
G327V does not reach the plasma membrane (38). It has been
previously suggested from hDAT and hSERT studies that TM6
Gly residues contribute to a dimerization motif that is required
for surface expression and function (38, 54). However, the real-
ization that these residues lie within the central core of the
transporter, surrounded by outer helices, makes contribution
to transporter dimerization highly unlikely. Given the robust
expression of hSERT C109A/G338C and the 5-HT uptake
exhibited by hSERT C109A/G338A and C109A/G342A, we can
conclude that these Gly residues are important but not abso-
lutely required for hRSERT expression or function, particularly if
limited bulk is introduced at these positions. Additional mod-
eling and experimental studies will be necessary to define the
functional limits of residues that are tolerated at positions 338
and 342. Here, we suggest that these Gly residues (and their
inherent flexibility) are critical for domain movement during
5-HT translocation.

Importantly, in addition to being expressed at the plasma
membrane, G338C remains competent for 5-HT and citalo-
pram binding as well as accessibility to MTSEA-biotin but can-
not initiate substrate transport. We propose that hSERT
C109A/G338C exists at the surface in a stable conformation
with the proposed ligand binding site intact and accessible.
Additional experiments, such as a more detailed analysis of
citalopram binding affinity, electrophysiological characteriza-
tion of hSERT C109A/G338C, or electron paramagnetic reso-
nance (EPR) spectroscopy on a bacterial homologue mutant
will be necessary to validate an outward-facing conformation.
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These results could enhance efforts to achieve a structural
determination of a ligand-free, outward-facing conformation of
SLC6 family members that can supplement current ligand-
bound structures (27, 30, 53). Furthermore, our ability to
achieve functional recovery of 5-HT uptake with the G338C/
Y95F mutant reinforces the assertion that TM1 and TM6 are
physically proximal and collaborate in substrate transport.
Additional substitutions at Tyr-95 were not tested as other
replacements of the tyrosine have proven to be nonfunctional
(17); it is noted, however, that these substitutions were not
tested in the G338C background.

Our hSERT homology model predicts a significant
involvement of TM6 Ser-336 in the coordination of 5-HT
(32, 33) as well as sodium and chloride.? It is interesting to
note, therefore, that S336C demonstrates the same differen-
tial sensitivity to MTS reagents as previously documented
for the TM1 substitution N101C; specifically, that S336C
exhibits transport inactivation with positively charged
MTSET and MTSEA, whereas the negatively charged
MTSES fails to inactivate transport. These findings are con-
sistent with hSERT homology models that depict hSERT
where Ser-336 in TM6 is apposed to Asn-101 in TM1 and
where access to the two residues is impacted by local nega-
tive charge. In this regard, Yamashita et al. (27) have sug-
gested that the unwound regions of TMs 1 and 6 (positioned
just below Asn-101 and Ser-336 in hSERT) generate
intramembrane dipoles, and thus, such an effect could con-
tribute to what appears to be repulsion of MTSES (55). Con-
sistent with this idea and similar analysis of hRSERT N101C
(42), prior treatment of hRSERT C109A/S336C with MTSES
did not protect against subsequent MTSET inactivation,
indicating that the negatively charged MTSES cannot access
the Cys thiolate that the positively charged MTS reagents
readily attack.

As predicted by the proximity of 5-HT in our and others’
homology models (32, 33), hSERT S336C could be protected by
the substrate from MTSET inactivation, although this protec-
tion was incomplete. It is interesting to note, however, that
$336C is fully protected in the absence of sodium and only
partially protected in the presence of 5-HT; this suggests that
the binding of the sodium ion may significantly reorient the side
chain of S336C, exposing it to the binding site for attack by
MTSET or interaction with 5-HT. It is not surprising that reori-
entation at S336C would also impact the exposure of F334C and
F335C, but the protection by NMDG at D328C suggests that
ion binding induces a conformational change experienced
across TM6a. The psychostimulant MDMA has an indolamine-
like structure and is an hSERT substrate, but it is distinct in that
it can trigger transporter-mediated efflux of 5-HT from the
cytoplasm (56). A greater understanding of how 5-HT and
MDMA differentially interact with hSERT is needed to clarify
the structural conformations that support 5-HT efflux. Inter-
estingly, the significantly greater protection of S336C afforded
by MDMA co-incubations suggests both an overlap of the
5-HT/MDMA binding sites and a greater extent of physical

3 L. K. Henry, unpublished data.
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proximity of MDMA to Ser-336. A further distinction between
5-HT and MDMA arose at 1333C, where 5-HT produced no
change in hSERT activity in the presence or absence of MTSET.
In contrast, MDMA enhanced hSERT I333C activity when the
psychostimulant was co-incubated with MTSET. Because nei-
ther MDMA nor MTSET on their own can trigger an increase
in hSERT I333C activity (supplemental Fig. 2), we propose that
Ile-333 may contribute to conformational changes that distin-
guish MDMA and 5-HT interactions with hSERT, although
these conformations may be transient and require covalent
modification to promote a detectible enhancement of hSERT
activity. Further studies are needed to explore this possibility,
including whether it generalizes to other amphetamines (e.g.
fenfluramine).

Remarkably, the hSERT competitive antagonist cocaine fails
to protect or expose TM6 Cys residues as assessed by MTSET
inactivation. Modeling and mutagenesis studies of cocaine and
cocaine analog binding in hDAT predict that cocaine would
interact significantly with hSERT TMS6 residues (16, 57, 58).
Specifically, hDAT residues Phe-320, Ser-321, and Leu-322,
which correspond by homology to hSERT Phe-335, Ser-336,
and Leu-337, are predicted to interact with the N-methylamine
of (—)-2B-carbomethoxy-3B-(4-fluorophenyl)tropane (CFT), a
cocaine analog, and thus, we predicted that the homologous
hSERT residues would be protected by cocaine. Although the
data suggest protection at S336C, this effect was small and did
not reach significance. In addition, hDAT Phe-326 and Val-
328, which correspond by homology to hSERT Phe-341 and
Val-343, are predicted to have side chains that interact with the
tropane ring of the cocaine-like molecule CFT (16). These find-
ings suggest that, in hSERT, cocaine may orient in a conforma-
tion distinct from that adopted in hDAT. However, it is impor-
tant to recognize that F341C was unable to be assayed due to a
lack of surface expression. Secondly, Val-343 lies in a region
below our deepest site of MTSET accessibility, limiting our
ability to infer interactions via protection. Nonetheless, our
studies point to Ser-336 as a site that exhibits preferential phys-
ical and/or functional interactions with hSERT substrates ver-
sus cocaine. Furthermore, they indicate more limited helix
movements in TM6 in response to antagonist binding, espe-
cially when compared with TM1, which contained sites of both
protection and exposure in the presence of cocaine.

In conclusion, our data contribute critical biochemical
information needed to refine the use of LeuT ,, structures
for the modeling of human SLC6 homologues and point to
important similarities and differences regarding the relative
contributions TMs 1 and 6 to the 5-HT binding pocket. We
identify a single residue, Ser-336, that appears to be in prox-
imity to the 5-HT binding site and is influenced to a greater
degree by the psychostimulant MDMA. Finally, the effects of
substitutions at Gly-338 highlight the importance of the flex-
ibility of central portions of TM6 for 5-HT transport. The
G338C substitution appears to represent a stable, ligand
accessible and plasma membrane-expressed form of hSERT
that can aid in structural analysis of externally open confor-
mations of this transporter and possibly other SLC6 family
members.
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