THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 10, pp. 71597168, March 2, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

An Acidic Amino Acid Transmembrane Helix 10 Residue
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Essential for the Formation of the Extracellular Gate of the
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Received for publication, November 14, 2011, and in revised form, December 29,2011 Published, JBC Papers in Press, January 10,2012, DOI 10.1074/jbcM111.323634

Assaf Ben-Yona and Baruch I. Kanner'

From the Department of Biochemistry and Molecular Biology, Institute for Medical Research Israel-Canada, Hebrew University

Hadassah Medical School, Jerusalem 91120, Israel

Background: A conserved aspartate residue in the NSS family was suggested to participate in the formation of a “thin”

extracellular gate.

Results: Mutation of this residue increases the proportion of outward-facing transporters.
Conclusion: This residue plays a crucial role in the gating mechanism of GAT-1.
Significance: The new insights into GAT-1 gating may be relevant for other NSS transporters.

GAT-1 mediates transport of GABA together with sodium
and chloride in an electrogenic process enabling efficient
GABAergic transmission. Biochemical and modeling studies
based on the structure of the bacterial homologue LeuT are con-
sistent with a mechanism whereby the binding pocket is alter-
nately accessible to either side of the membrane and which pre-
dicts that the extracellular part of transmembrane domain 10
(TM10) exhibits aqueous accessibility in the outward-facing
conformation only. In this study we have engineered cysteine
residues in the extracellular half of TM10 of GAT-1 and
probed their state-dependent accessibility to sulfhydryl
reagents. In three out of four of the accessible cysteine
mutants, the inhibition of transport by a membrane imper-
meant sulfhydryl reagent was diminished under conditions
expected to increase the proportion of inward-facing trans-
porters, such as the presence of GABA together with the
cotransported ions. A conserved TM10 aspartate residue,
whose LeuT counterpart participates in a “thin” extracellular
gate, was found to be essential for transport and only the
D451E mutant exhibited residual transport activity. D451E
exhibited robust sodium-dependent transient currents with
a voltage-dependence indicative of an increased apparent
affinity for sodium. Moreover the accessibility of an endoge-
nous cysteine to a membrane impermeant sulfhydryl reagent
was enhanced by the D451E mutation, suggesting that
sodium binding promotes an outward-facing conformation
of the transporter. Our results support the idea that TM10 of
GAT-1 lines an accessibility pathway from the extracellular
space into the binding pocket and plays a role in the opening
and closing of the extracellular transporter gate.
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Neurotransmitter:Sodium:Symporters (NSS)* remove most
neurotransmitters such as GABA, glycine, serotonin, dop-
amine, and norepinephrine from the synapses of the central
nervous system and thereby play a crucial role in the commu-
nication between nerve cells (1, 2). These NSS transporters cou-
ple the flux of neurotransmitters not only to that of sodium but
also to that of chloride (3-5). The first cloned NSS transporter,
the GABA transporter GAT-1 (6, 7), catalyzes sodium-chlo-
ride-GABA cotransport, which is electrogenic and has a stoi-
chiometry of 2:1:1 (3, 8-10). Although the precise order of
events during a transport cycle is not yet established, it is
clear that the uptake process is initiated by the binding of at
least one sodium ion, which promotes capacitative transient
currents in the absence of GABA (9, 11, 12). The cycle con-
sists of different transitions, involving outward and inward
facing conformations. Moreover, by analogy with the recent
high resolution crystal structure of the bacterial homologue
LeuT (13), conformations with the binding pocket occluded
from both sides of the membrane are also likely to partici-
pate in the cycle (Fig. 1A4).

The high resolution crystal structure of the bacterial homo-
logue LeuT (13) appears to be an excellent model for the NSS
neurotransmitter transporters (14—17). LeuT consists of 12
TMs with TMs1-5 related to TMs6 —10 by a pseudo-2-fold axis
in the membrane plane. The sodium ions in the binding pocket,
Nal and Na2, are both close to the substrate, which is in direct
contact, through its carboxyl group, with Nal. Functional char-
acterization of mutants of the GABA transporter GAT-1 sug-
gest that also in this transporter the amino acid substrate par-
ticipates in the Nal site and that this site has a higher selectivity
and apparent affinity for sodium than the Na2 site (14).
Recently, the putative chloride binding site of the NSS neu-
rotransmitter transporters was identified near the Nal site (4,
5), and it was inferred that the role of chloride is mainly to

2The abbreviations used are: NSS, Neurotransmitter:Sodium:Symporters;
MTSET, (2-trimethylammonium)methanethiosulfonate; TM, transmem-
brane domain; GABA, y-aminobutyric acid.
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FIGURE 1. Translocation cycle of GAT-1 and LeuT structure. A, the outward facing empty transporter (out T~) binds sodium ions (step 1), followed by GABA
(G) and chloride (step 2) to yield the loaded outward facing transporter. This is followed by occlusion of GABA and the cotransported ions (step 3), and
subsequently the loaded transporter becomes inward facing (step 4). After release of GABA and the cotransported ions to the cytoplasm (step 5), the empty
inward facing transporter (in T™) transits via the empty transporter, with its binding pocket occluded, to yield again the outward facing empty transporter (steps
6 and 7), and a new translocation cycle can begin. One of the possible scenarios for the observed transient currents could be that the outward-facing
sodium-bound transporter (outT™*,,,) becomes occluded (step 8). As described under “Discussion,” the alternative scenario consists of steps 6 and 7, followed
by the stabilization of (outT ") by sodium (step 1). The outward facing transporter can also bind sodium ions and the blocker (step 9), which “locks” it in the
outward conformation and prevents additional conformational changes. The sodium concentration dependence of the capacitative transient currents has
been reported to be cooperative (11) and therefore we assume that both sodium ions bind to the empty outward facing transporter before GABA and chloride.
The order of binding and debinding (steps 2 and 5) is not indicated. B, LeuT structure (Protein Data Bank 2A65) showing three residues involved in the formation
of the “thin” extracellular gate. Bundle helices TMs 1, 2, 6, 7, as well as TMs 3, 8, and 10 are shown as indicated. Arg-30 (TM1), GIn-250 (TM6), and Asp-404 (TM10)
correspond to Arg-69, GIn-291, and Asp-451 of GAT-1, respectively. The bound leucine substrate (yellow) and the 2 sodium ions (spheres) are also shown. The

figure was prepared using PyMOL software.

compensate for the multiple positive charges during the sub-
strate translocation step (5).

The conformation of LeuT is predominantly outward
(extracellular)-facing with its binding pocket occluded from
the cytoplasm by ~20 A of ordered protein (13). The struc-
ture of LeuT has provided the basis for insights into the
conformational changes associated with substrate transloca-
tion by a multitude of transport proteins with the same fold.
Biochemical and modeling studies led to a “rocking bundle”
mechanism as a framework for alternating access by NSS
transporters (18). Subsequent inward-facing structures of
other transporters with a similar structural fold (19, 20) are
consistent with such a mechanism, which predicts that the
extracellular half of TM10 is accessible to the extracellular
medium in the outward-facing conformation only (18). In
addition, work on the sodium-hydantoin transporter Mhp
(20, 21) also indicates an important role of TM10 in its trans-
port mechanism.

In addition to the “thick” cytoplasmic gate, the LeuT struc-
ture contains a “thin” extracellular gate where just a few highly
conserved residues, a pair of conserved aromatic amino acid
residues and a conserved pair composed of an aspartate residue
(Asp-404) from TM10 and an arginine residue (Arg-30) from
TM1 obstruct the binding pocket (13). In turn the position of
the conserved arginine is stabilized by the interaction with a
conserved glutamine residue (GIn-250) (13) from TM6 (Fig.
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1B). In GAT-1 these residues are Arg-69, GIn-291, and Asp-
451. Because several of the homologous residues are critical for
transportin GAT-1 (22-27), it is likely that the formation of the
“thin” gate is an obligate intermediate during substrate translo-
cation: the transition from the outward- to the inward-facing
conformation. Whereas conservative mutations of Arg-69 and
GIn-291 were inactive in transport, both R69K and Q291N
exhibited sodium-dependent transient currents (23, 27), which
are thought to reflect a charge-moving conformational change
associated with the binding of sodium. Interestingly, the volt-
age-dependence of the transient currents by both these
mutants indicated an apparent increased affinity for sodium
(23, 27). Unlike Arg-69 and Gln-291, the contribution of Asp-
451 from GAT-1 to the function of the thin gate in GAT-1 has
not yet been studied.

In this report we have addressed two related topics. We stud-
ied the possible role of Asp-451 in the gating mechanism of
GAT-1, by analyzing the function of Asp-451 mutants. More-
over, using the membrane-impermeant sulthydryl reagent
MTSET, we performed a cysteine scan analysis of the external
side of TM10, on which Asp-451 is located. This was done to
better understand the dynamics of this domain in the context of
the gating mechanism, as well as to test whether TM10 lines a
conformation-dependent accessibility pathway from the extra-
cellular side of GAT-1.

ACEEVON
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EXPERIMENTAL PROCEDURES

Generation and Subcloning of Mutants—Mutations were
made by site-directed mutagenesis of GAT-1 in the vector
pBluescript SK™ (Stratagene) using single-stranded uracil-con-
taining DNA as described previously (28, 29). Briefly, the
GAT-1 containing plasmid was used to transform Escherichia
coli CJ236 (dut ™, ung ™). From one of the transformants, single-
stranded uracil-containing DNA was isolated upon growth in
uridine-containing medium according to the standard protocol
from Stratagene, using helper phage R408. This yields the sense
strand, and consequently, mutagenic primers were designed to
be antisense. The mutants were subcloned into GAT-1-WT or
GAT-1-C74A (a GAT-1 mutant resistant to functional impact
by impermeant sulthydryl reagents (25, 30, 31)), both residing
in the vector pBluescript SK™, using the unique restriction
enzymes Nhel and Agel, and sequenced between these two
restriction sites.

Cell Growth and Expression—HeLa cells were cultured in
Dulbecco’s-modified Eagle’s medium supplemented with 10%
fetal bovine serum, 200 units/ml penicillin, 200 pg/ml strepto-
mycin, and 2 mm glutamine. Infection with recombinant vac-
cinia/T7 virus vITF7-3 (32) and subsequent transfection with
plasmid DNA, as well as GABA transport, were done as pub-
lished previously (33). The expression vector was pBluescript
SK™. Transport was performed usually for 10 min. unless indi-
cated otherwise in the figure legends. The values for the
mutants were normalized to those of GAT-1-WT or GAT-1-
C74A, as indicated in the figure legends. In the experiments
determining the dependence of transport on the external
sodium concentration, the indicated sodium concentrations
were achieved by equimolar replacement of NaCl in the trans-
port solution (150 mm NaCl, 0.5 mm MgSO,, and 5 mm KP;, pH
7.4) with choline chloride. In all of the experiments with HeLa
cells, the expression vector was pBluescript SK™.

Inhibition Studies with Sulfhydryl Reagents—Prior to the
transport assay, cells adhering to 24-well plates were washed
twice with 1 ml of the transport medium containing 150 mm
choline chloride instead of NaCl. Each well was then incubated
at room temperature with 200 ul of the preincubation medium
(the different compositions and reagent concentrations are
indicated in the figure legends) with the indicated concentra-
tions of MTSET (Anatrace). After 5 min, the medium was aspi-
rated, and the cells were washed twice with the same solution
without sulfhydryl reagents followed by [PH]JGABA transport.
The concentration of MTSET chosen in the different experi-
ments was optimized according to the experimental conditions
of the mutants used. For instance, in Fig. 3, different concentra-
tions were used for different mutants because some are more
sensitive than others. Statistical evaluation of the inhibition of
the different mutants MTSET utilized a one-way analysis of
variance with a post-hoc Dunnett’s multiple comparison test,
where p < 0.05 was taken as significant. Results were plotted
using normalized data for each mutant, where the untreated
activity levels are normalized to 100%.

Cell Surface Biotinylation—Labeling of wild type and mutant
transporters at the cell surface, using Sulfo-NHS-SS-Biotin
(Pierce), quenching the reaction, cell lysis, and isolation of the
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biotinylated proteins by streptavidin-agarose beads (Pierce)
were done as described (27). After SDS-PAGE (10% gel) and
transfer to nitrocellulose, the GAT-1 protein was detected with
an affinity-purified antibody, directed against an epitope from
the cytoplasmic C-terminal tail of GAT-1, at a 1:500 dilution,
with horseradish peroxidase-conjugated secondary antibody at
a 1:40,000 dilution, and with ECL. 1% of goat serum was present
in all antibody, blocking, and washing solutions to minimize the
appearance of nonspecific bands.

Expression in Oocytes and Electrophysiology— cRNA was
transcribed using mMESSAGE-mMACHINE (Ambion) and
injected into Xenopus laevis oocytes, as described (23). Oocytes
were placed in the recording chamber, penetrated with two
agarose-cushioned micropipettes (1%/2 M KCl, resistance var-
ied between 0.5 and 3 M(}), voltage clamped using GeneClamp
500 (Axon Instruments) and digitized using Digidata 1322
(Axon Instruments both controlled by the pClamp9.0 suite
(Axon Instruments). Voltage jumping was performed using a
conventional two-electrode voltage clamp as described previ-
ously (34). The standard buffer, termed ND96, was composed
of 96 mm NaCl, 2 mm KCl, 1.8 mm CaCl,, 1 mm MgCl,, 5 mm
Na-HEPES, pH 7.5). In substitution experiments, sodium ions
were replaced with equimolar choline or lithium. Treatment of
oocytes, expressing GAT-1-WT or the indicated mutants, with
MTSET and DTT was done exactly as described (35). The
records shown in Figs. 8 —10 are typical and representative of
results from at least 3 oocytes. In Fig. 11, the currents were
normalized as indicated in the legend to plot results of 3 oocytes
as means *= S.E. Wherever error bars are not visible, the error
was smaller than the size of the symbols.

RESULTS

Cysteine-scanning Mutagenesis and Impact of MTSET—Cys-
teines were introduced one at a time into positions 445—459 of
GAT-1. According to the LeuT structure (13), these residues
correspond to the extracellular side of TM10. The substitutions
were made in the background of C74A, a GAT-1 mutant resis-
tant to functional impact by impermeant sulfhydryl reagents
(25, 30, 31). In two of these mutants, D451C and G457C, no
measurable [H]GABA transport could be detected upon
expression in HeLa cells (Fig. 2). For the other thirteen cysteine
mutants, the activity ranged from 4 to 98% of that of GAT-1-
WT. Because of the excellent signal to noise ratio in our exper-
imental system, even the mutant with the lowest activity,
Y445C, could be analyzed reliably for effects of MTSET on
transport activity. Significant inhibition by MTSET (1 mm) was
observed for 4 of the cysteine mutants: K448C, Y452C, Y453C,
and S456C (Fig. 3). When alanine/serine residues were intro-
duced at these positions instead of cysteine, no inhibition by
MTSET could be observed (Fig. 4). This argues against the idea
that inhibition by MTSET was due to reaction with inaccessible
endogenous cysteines, exposed by the introduced mutations.
Rather, it appears that the introduced cysteines themselves
reacted with MTSET.

Effects of Sodium, GABA, and SKF-89976A on Reactivity
toward MTSET—The residues studied are located on the extra-
cellular side of GAT-1. If they line a permeation pathway lead-
ing from the extracellular medium to the binding pocket of the
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FIGURE 2. Transport activity of cysteine mutants. GAT-1-C74A (control)
and cysteine mutants at positions 445-459 in the C74A background were
transiently expressed in Hela cells, and sodium-dependent [*HIGABA trans-
port was measured at room temperature for 10 min, as described under
“Experimental Procedures.” The data are given in mean = S.E. (error bars) of at
least three separate experiments performed in quadruplicate.
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FIGURE 3. Effect of MTSET on transport activity of cysteine mutants. Hela
cells transiently expressing each of the indicated cysteine-mutants were pre-
incubated for 5 min with transport solution containing 150 mm NaCl, with or
without 1 mm MTSET, as described under “Experimental Procedures” fol-
lowed by washing and [PHIGABA transport. Results for each mutant are
expressed as a percentage of its untreated control and represent the mean =
S.E. (error bars) of at least three experiments performed in quadruplicate. The
means of the mutants were compared with those of C74A using a one-way
analysis of variance with a post-hoc Dunnett’s multiple comparison test (¥,
p < 0.05).
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FIGURE 4. Effect of MTSET on alanine and cysteine mutants. The indicated
cysteine (open bars) and alanine (gray hatched bars) mutants were transiently
expressed in Hela cells, and the effect of preincubation with 1 mm MTSET on
transport activity was determined as described in the legend of Fig. 3. Error
bars indicate mean * S.E.

transporter, their accessibility is expected to increase under

conditions, where the proportion of outward-facing transport-
ers is increased. On the other hand, the opposite is expected to
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FIGURE 5. Effect of the composition of the external medium on the inhi-
bition of C74A/K448C, C74A/Y452C, C74A/Y453C, and C74A/S456C by
MTSET. The four indicated cysteine mutants were transiently expressed in
Hela cells. Cells were preincubated 5 min with or without MTSET ina 150 mm
sodium chloride (NaCl)- or choline chloride (ChCl)-containing solution. SKF-
89976A (30 uMm) (SKF) and GABA (1 mm) were added as indicated. After wash-
ing, [HIGABA uptake activity was measured. Results represent the mean *
S.E. (error bars) of at least three experiments performed at least in quadrupli-
cates and are given as a percentage of the uptake activity in samples prein-
cubated in the same medium but without MTSET. For every mutant, the
means of ChCl, NaCl + GABA, and NaCl + SKF were compared with those of
NaCl alone, using a one-way analysis of variance with a post-hoc Dunnett’s
multiple comparison test (*, p < 0.05). The concentrations of MTSET used
were 1,0.04,0.03,and 1T mmfor K448C, Y452C, Y453C, and S456C, respectively.

be true upon increasing the proportion of inward-facing con-
formations. Application of GABA, in the presence of external
sodium and chloride, will cause substrate translocation (Fig.
1A) and therefore is expected to increase the proportion of the
inward-facing transporters. Indeed, when 1 mm of GABA was
added during pre-incubation, a significant protection against
inhibition by MTSET could be observed for three of the four
MTSET-sensitive mutants, namely K448C, Y452C, and Y453C
(Fig. 5, A, B, and C, respectively). The mere replacement of
sodium by choline also resulted in a significant protection,
which was observed in all 4 mutants (Fig. 5). The non-trans-
portable GABA analog, SKF-89976A, is expected to “lock” the
transporter in an outward facing conformation (Fig. 1A4). This
analog did not potentiate the inhibition of K448C and Y452C by
MTSET and only slightly stimulated the inhibition of Y453C
(Fig. 5, A-C), suggesting that the majority of these mutant
transporters are already outward-facing in the presence of
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FIGURE 6. Transport activity of Asp-451 and Tyr-452 mutants. GAT-1-WT
(control), Asp-451, and Tyr-452 mutants as well as the indicated single
mutants were transiently expressed in Hela cells, and sodium-dependent
[>H]GABA transport was measured at room temperature for 10 min, as
described under “Experimental Procedures.” The data are given in mean *=
S.E. (error bars) of at least three separate experiments performed in
quadruplicate.
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FIGURE 7. Cell surface biotinylation of GAT-1-WT and Asp-451 mutants.
Hela cells expressing GAT-1-WT (WT) and the indicated mutants, as well as
HelLa cells transfected with the vector alone (SK), were biotinylated and pro-
cessed as explained in “Experimental Procedures.” The markers shown were
run in the lane to the left of SK and contain “Prestained Protein Marker, Broad
Range,” Cat. # P7708S from New England Biolabs.

sodium alone. Remarkably, a significant protection by the ana-
log, but not by GABA itself, was observed with S456C (Fig. 5D).

Transport by Asp-451 Mutants—When the conserved Asp-
451 was replaced with cysteine, asparagine, or serine,
[PH]GABA transport activity was basically reduced to back-
ground levels (transfection with the vector alone, Figs. 2 and 6).
Low but significant activity (1.5% * 0.14 of WT) could be
observed with the conservative replacement mutant D451E
(Fig. 6), indicating the importance of the negative charge in this
position. The loss of activity of the Asp-451 mutants is not due
to decreased steady-state levels of the mutant transporters on
the plasma membrane, because the intensity of the bands in the
biotinylated fraction of these mutants is similar to WT as
shown by surface-biotinylation (Fig. 7). Different from GAT-1
and from almost all known NSS members, in the serotonin
transporter SERT there is a glutamate rather than an aspartate
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residue at position 493, which corresponds to Asp-451 of
GAT-1. Moreover the adjacent residue of SERT, corresponding
to Tyr-452 of GAT-1, is also a glutamate. Because it was
reported that, in contrast to GAT-1-D451C, SERT-E493C
retains transport activity (36), we reasoned that this may be due
to the presence of the adjacent glutamate residue. Therefore we
tested if the activity of the Asp-451 mutants is regained when
Tyr-452 is replaced with glutamate. GAT-1 mutants Y452E,
D451C/Y452E, or D451E/Y452E were generated and tested for
their [PH]JGABA transport activity. While the Y452F mutation
alone had almost no effect on transport activity (Fig. 6), a ~8.5-
fold and a ~5.5-fold increase of transport could be observed
when the D451C and D451E mutations were introduced into
the background of Y452E, respectively (Fig. 6). Nevertheless,
the activity still remained very low.

Electrophysiological Analysis of Asp-451 Mutants—As previ-
ously shown, conservative substitutions of two residues, which
are predicted to participate in the formation of the “thin” extra-
cellular gate, namely Arg-69 and GlIn-291, resulted both in an
impaired [*H]GABA transport and the lack of GABA-induced
steady-state currents (23, 27). On the other hand, both R69K
and Q291N exhibited the sodium-dependent transient cur-
rents, but interestingly their voltage dependence was consistent
with an increased apparent affinity for sodium (23, 27). If Asp-
451 has a similar role as Arg-69 and GIn-291, one would expect
to see the same “phenotype” for some of the Asp-451 substitu-
tions. Therefore we measured transporter mediated currents of
Asp-451 mutants expressed in Xenopus laevis oocytes. No
measurable GABA-induced steady-state currents were
observed with D451C, D451S, and D451N and the same was
true for the sodium-dependent transient currents (data not
shown). In the case of D451E, sodium-dependent transient cur-
rents were observed (Fig. 84). On the other hand GABA-induced
steady-state currents by D451E could not be detected (Fig. 8B).
Nevertheless, at high concentrations, GABA could still bind to the
DA451E transporters because it could partly block the sodium-de-
pendent transient currents by this mutant (Fig. 8B).

As in R69K and Q291N (23, 27), oocytes expressing D451E
exhibited only outward transient currents in the “on” phase
when jumping from a holding potential of —25 mV to more
positive potentials, and no transients were observed with jumps
to more negative potentials (Fig. 84). These currents were
capacitative, because transient currents of the same magnitude
but opposite direction were seen in the “off” phase, jumping
back to the holding potential (Fig. 8A4). Like R69K and Q291N
(23,27), the voltage dependence of the transients suggest that at
a holding potential of —25 mV, all of the D451E transporters
are already in the sodium-bound state, indicating that these
mutants have an increased apparent affinity for sodium. The
bound sodium is apparently released by jumps to more positive
potentials, giving rise to the outward transient currents seen in
the “on” phase in Fig. 8A. Indeed, when the external sodium
concentration was decreased, also inward transients became
apparent (Fig. 84). The higher apparent affinity for sodium is
further illustrated by quantitative analysis of the charge move-
ments as a function of the membrane potential. For D451E it is
difficult to estimate Q,,,,, the maximal charge movement, at
100 mm sodium. This is because voltage jumps to potentials
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FIGURE 8.Sodium-dependent transient currents and GABA-induced steady-state currents by GAT-WT and D45 1E transporters. The membrane voltage
of oocytes expressing GAT- 1-WT or D451E was stepped from a holding potential of —25 mV to voltages between —140 to +60 mV in 25-mV increments. Each
potential was held clamped for 500 ms, followed by 500 ms of a potential clamped at —25 mV. All traces shown are from the same oocytes, which represent at
least three repeats. A, transient currents, currents in 10 um tiagabine and the indicated sodium concentration were subtracted from those in the same medium,
inthe absence of tiagabine. B, GABA-induced currents, currents in ND96 were subtracted from those in the same medium supplemented with 1 mm (GAT-1-WT)
or 10 mm (D451E) of GABA. The dashed lines indicate zero current. Where not indicated, the external sodium concentration was 100 mwm. G, fit of the charge
movements to a Boltzmann distribution as a function of potential. The charge movements of oocytes expressing WT-GAT-1 in 100 mm sodium (H) and D451E
in 30 mm sodium (@) are plotted as a function of the voltage. Charge movements were normalized to Q,,,, and were fit, using the Boltzman distribution
non-linear-curve-fit function in Origin 6.1 (OriginLab Corporation). The Q,,,,, values of WT and D451E were 28.2 == 2.4 and 12.2 = 1.0 nC, respectively. Data
points are averaged from 3 oocytes for each transporter (where the S.E. is not visible, the error is smaller than the size of the symbols).
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FIGURE 9. Effect of MTSET on the transient currents of GAT-1-WT, D451E, and C74A/D451E. Transient currents of oocytes expressing GAT-1 WT, D451E, or
C74A/D451E were measured using the voltage-jump protocol described in Fig. 8. Currents in 100 mm NaCl and 10 um tiagabine were subtracted from those
recorded in the absence of tiagabine before (Control) and after a 2 min treatment with 5 mm MTSET, as described in “Experimental Procedures.” Traces shown
are from the same oocytes, which represent at least three repeats. The dashed lines indicate zero-current.

more positive than +60 mV were not tolerated well by the
oocytes and at this potential the charge movement is far from
complete (Fig. 8B). Therefore we compared the charge move-
ments of D451E at 30 mum sodium with those of WT at 100 mm
(Fig. 8C). The plot shows that even at 30 mM of sodium V, ,,, the
voltage at which the charge movements are half completed, is
more positive for D451E, —30.3 £ 1.3 mV, than for WT,
—46.4 = 1.0mV (Fig. 8C), even though the former was analyzed
at a sodium concentration of 30 mM and the latter at 100 mm.
This indicates that the apparent sodium affinity of the mutant is
more than 3.3-fold higher than WT. The analysis of the charge
movements also allows calculation of the value of zd, where z is
the charge on the particle moving and & is the fraction of the
membrane field through which the charge moves. Under the
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experimental conditions of Fig. 8C, the values for z6 for WT and
D451E were very similar, namely 1.26 and 1.30, respectively.
This is in reasonable agreement with data on WT-GAT-1 from
the literature (9).

To address the question if the sodium-bound state is an
occluded state, we used an indirect assay to probe the accessi-
bility of the endogenous cysteine, Cys-74, located near the
extracellular end of TM1 to the membrane impermeant posi-
tively charged sulfthydryl reagent MTSET. As noted previously,
this cysteine residue is relatively unreactive (25, 30). Indeed,
preincubation with the relatively high concentration of 5 mm of
the sulfhydryl reagent only modestly affected the magnitude of
the sodium-dependent transient currents by GAT-1-WT (Figs.
9 and 10D). On the other hand, under the same conditions a
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FIGURE 10. Effects of MTSET on the transient currents of GAT-1-WT,
D451E, and C74A/D451E and reversal by DTT. A-C, transient currents of
oocytes expressing GAT-1 D451E were measured using the voltage-jump
protocol described in Fig. 8. All traces shown are from the same D451E-ex-
pressing oocyte, which represents three repeats. Currentsin 100 mm NaCland
10 um tiagabine were subtracted from those recorded in the absence of
tiagabine, before (Control) and after treatment with 5 mm MTSET and also
after a subsequent exposure of the MTSET-treated oocytes to 10 mm DTT as
described in “Experimental Procedures.” The dashed lines indicate zero-cur-
rent. D, charge movements following treatment with 5 mm MTSET were nor-
malized to those before the exposure to the sulfhydryl reagent for GAT-1 WT,
D451E, and C74A/D451E. The data are given as mean = S.E. (error bars) of
three oocytes.

markedly increased inhibition of the transient currents by
D451E was observed (Figs. 9 and 10), consistent with the idea
that at —25 mV in the presence of 100 mM Na™, an increased
proportion of the mutant transporters is outward-facing. The
sodium-dependent transient currents by D451E/C74A were
not sensitive to the sulfhydryl reagent (Figs. 9 and 10D), indi-
cating that the inhibition of the transient currents of D451E by
MTSET is indeed due to the modification of Cys-74. Treatment
of the MTSET-modified mutant transporters with dithiothre-
itol, which is expected to restore the cysteine at position 74, also
restores the sodium-dependent transient currents (Fig. 10,
A-C).

The higher apparent affinity of D451E for sodium was also
seen using a different assay. As also described for R69K (23), in
parallel with the increased apparent affinity of D451E for
sodium, this cation inhibited lithium leak currents of D451E
(IC5, = 0.27 = 0.01 mm, n = 4) at even lower concentrations
than GAT-1-WT expressed in the same batches of oocytes
(IC5, = 0.68 = 0.02 mm, n = 3) (Fig. 11). No lithium leak cur-
rents were observed with the three other Asp-451 mutants
D451C/S/N (data not shown).

Kinetic Parameters of GABA Transport by D451E—Measure-
ment of kinetic parameters of [’H]GABA transport must be
performed within the linear time range of transport. For GAT-
1-WT, transport is linear for the first 3 min. We reasoned that
for a low activity mutant, such as D451E (Fig. 6), transport may
remain linear for longer times. Time course measurements
reveal that in contrast to wild-type GAT-1, where transport is
no longer linear after ~6 min, the linear range for D451E is at
least 75 min (data not shown). At these longer times the signal
to noise ratio for the mutant was improved, so that it became
feasible to determine the dependence of the initial rate of trans-
port on the sodium concentration. We compared 60-min trans-
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FIGURE 11. Effects of sodium on the lithium leak currents of GAT-1-WT
and D451E. Lithium-dependent currents, obtained by subtracting the
response in sodium at —140 mV, were normalized to the values for the wild
type or mutant and recorded at the indicated sodium concentrations. The
lithium concentration was 86.4 mm, and choline was used to maintain iso-
osmolarity. The data represent mean = S.E. from three oocytes for both WT
(M) and D451E (@).
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FIGURE 12. Sodium dependence of GAT-1-WT and D451E. Hela cells
expressing GAT-1-WT (H) and D45 1E (@) were assayed for [°HIGABA transport
as described under “Experimental Procedures.” Transport was carried out for
3 min for WT and 60 min for D451E at the indicated sodium concentrations
with choline as the substituting ion. The data shown at the indicated sodium
concentrations are normalized to those of GAT-1-WT at 150 mm sodium (no
choline substitution) or D451E, respectively and are the means = S.E. of at
least three separate experiments performed in quadruplicate.

port of D451E to that of 3-min transport of WT GAT-1. Also
using transport as an assay, D451E exhibits a significantly
higher apparent sodium affinity than WT (Fig. 12). For GAT-
1-WT the K5, was 71.8 = 6.0 mm and the corresponding
value for D451E was 26.6 = 1.8 mMm (7 = 3). When D451E was
tested for its apparent substrate affinity in [PH]JGABA trans-
port, the K,,, for GABA was found tobe of 31.7 = 3.9 um (n = 3),
over 8-fold higher than the K, value measured for WT —3.8 =
0.7 uM (n = 3) Moreover, transport rate itself was dramatically
impaired, as the V,,,, of D451E was only 3.2 * 0.1% of that of
WT.

DISCUSSION

The reactivity of four different cysteines, engineered at dif-
ferent positions of the external half of TM10 of GAT-1, to
membrane impermeant MTSET (Figs. 3 and 4), indicates that
this part of the domain is accessible to the aqueous extracellular
space, at least in some conformations. Under conditions
expected to increase the proportion of inward-facing transport-
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ers, in the presence of GABA (Fig. 14), the inhibition of trans-
port by the sulthydryl reagent was protected in three out of the
four single cysteine mutants, namely K448C, Y452C, and
Y453C (Fig. 5, A—C). A similar protection was observed in the
absence of sodium, suggesting that under these conditions the
transporters are predominantly inward-facing and that binding
of sodium to the small proportion of “empty” outward-facing
transporters (Fig. 1A, step 1) promotes more inward-facing
transporters to isomerize to the outward-facing conformation
(Fig. 1A, steps 6 and 7 in the clockwise direction). This idea is
supported by the experiments depicted in Figs. 9 and 10, which
will be further discussed below. The results on the conforma-
tionally sensitive accessibility of the cysteines engineered at
positions 448, 452, and 453 are compatible with the “rocking-
bundle” mechanism of alternating access in the NSS transport-
ers (18, 37). Although it remains to be seen if the structural data
obtained with the sodium-hydantion symporter Mhp1 (20) are
relevant for the NSS transporters, in Mhp 1 the substrate also
causes a bending of TM10, prior to the large conformational
change rendering the transporter inward-facing (21). Such a
bending of TM10 would also be expected to reduce the aqueous
accessibility of the external half of this TM. Importantly, in
LeuT, molecular dynamics simulations (38) and electron para-
magnetic resonance analysis in conjunction with site-directed
spin labeling (39) also indicate conformational changes of
TM10 during transport. The accessibility pattern of the single
cysteines introduced in TM10 is not expected from a stable
a-helix with only one of its side facing an aqueous access path-
way. Thus, it is possible that some unwinding of this TM occurs
in one of the outward-facing conformations of the transporter.
Alternatively, it is possible that the cysteines engineered at posi-
tions 452 and 453 may be reached from an aqueous pocket
between the external ends of TMs 10-12. In this case, one
would have to assume that the spatial arrangement of this aque-
ous pocket changes during the transport cycle and that the
modification of these cysteines interferes with these changes,
resulting in an inhibition of transport (Fig. 3).

The effect of transporter ligands on the sulfthydryl modifica-
tion of S456C was different from that of the three other cysteine
mutants (Fig. 5D). In the presence of the non-transport-
able GABA analog, SKF-89976A, which is expected to “lock”
the transporter in an outward facing conformation (Fig. 1A4),
the activity of K448C and Y452C was inhibited to the same
extent by MTSET as in the presence of Na™ alone (Fig. 5, A and
B) and in the case of Y453C, the blocker slightly potentiated the
inhibition (Fig. 5C). This again supports the idea that in the
presence of Na™, almost all of the K448C and Y452C transport-
ers are already in the outward-facing conformation, whereas in
the case of Y453C this is also true but to a lesser extent and the
blocker further increases the proportion of outward-facing
transporters. In the case of S456C, the bulky blocker does not
potentiate but dramatically protects the modification of the
engineered cysteine. This suggests that part of the ring system
of the blocker is close to the side chain of Cys-456 and in fact a
recent modeling study of GAT-1 indicates that part of the ring
system of tiagabine, also bulky substrate analog, is located adja-
cent to Ser-456 (40). Unlike the other cysteine mutants (Fig. 5,
A-C), GABA did not protect S456C from sulthydryl modifica-
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tion (Fig. 5D). This apparent inability by GABA to increase the
proportion of inward-facing transporters of S456C, may be due
to intrinsic effects of the mutation on the time constants of
partial reactions of the transport cycle such as a slowing of the
inward translocation rate of the GABA-bound transporter (Fig.
1A, steps 3 and 4) or an increased rate of the translocation rate
of the empty transporter from the intracellular to the extracel-
lular side (Fig. 14, steps 6 and 7).

A cysteine scan of roughly the same residues shown here was
performed in the serotonin transporter SERT (36). These stud-
ies were carried out before the publication of the first LeuT
structure (13) and according to the predicted topological mod-
els available at the time, the region studied was thought to rep-
resent extracellular loop 5, rather than the extracellular half of
TM10. Many MTSET and MTSES accessible cysteine mutants
were found, but this accessibility did not seem to be sensitive to
the conformation of SERT (36), as opposed to our results with
GAT-1. While we cannot exclude intrinsic mechanistic differ-
ences between GAT-1 and SERT, it is possible that the TM10
positions are also conformationally sensitive, but that the sen-
sitivity is more difficult to detect in the SERT background. Con-
sistent with our observations, in a recent study on the dynamics
of LeuT, two TMI10 positions were found where sodium
increased the accessibility whereas leucine decreased it (39).

The SERT counterpart of GAT-1-D451C, E493C, retained
very significant transport activity (36). Interestingly SERT, but
not GAT-1, has an adjacent glutamate residue, Glu-494. Possi-
bly, a negative charge at this position could compensate for the
impact of removing the negative charge at position 493. Indeed
the GABA transport activity of the D451C and D451E mutants
was stimulated when Tyr-452 is replaced with glutamate (Fig.
6), but the transport activity remained nevertheless rather low.
Thus this difference between SERT and GAT-1 is likely due to
differences in amino acid residues at other positions.

The phenotype of the D451E mutant, namely an increased
apparent affinity for Na™ (Figs. 8, 10, and 11), is reminiscent of
that of R69K (23) and of Q291N (27). This suggests that like in
LeuT (13) also in GAT-1 the corresponding residues Asp-451,
together with Arg-69 and GIn-291, participate in the formation
of the thin extracellular gate. It has been proposed that the
Na™-dependent transient currents may reflect either the occlu-
sion of the sodium into the interior of the transporter (2, 41)
(Fig. 1A, step 8) or the reorientation of the unloaded negatively
charged transporter from the inward-facing to the outward-
facing conformation, followed by the stabilization of the latter
by extracellular Na™ (42) (Fig. 14, steps 6, 7, and 1). The latter
possibility is supported by the increased accessibility of the
endogenous Cys-74 by the D451E mutation (Figs. 9 and 10D),
which indicates that the Na™ bound conformation is most
likely outward-facing. This conclusion is also consistent with
the increased accessibility of many cysteines engineered in the
extracellular parts of GAT-1 TMs in the presence of Na™ (Ref.
25) and Fig. 5, A-C). It is not yet clear which of the negatively
charged residue(s), located in the membrane-embedded part of
the transporter, could potentially move in the membrane elec-
tric field to give rise to the observed transient currents. Why is
the apparent affinity of D451E for sodium higher than that of
GAT-1-WT? The apparent affinity of the empty transporters
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for external sodium is a function of the fraction of outward-
facing transporters and the intrinsic affinity for sodium. The
proportion of outward-facing D451E transporters is increased
relative to GAT-1-WT (Figs. 9 and 10) and this is apparently the
reason for the increased apparent affinity of the mutant trans-
porters for sodium (Figs. 8, 11, and 12).

We postulate that the precise interplay of the residues form-
ing the “thin” extracellular gate is critical for the large confor-
mational changes during alternating access of both the sub-
strate-loaded and empty transporters (Fig. 14, steps 3 + 4 and
6 + 7, respectively). It appears likely that in D451E, where the
critical negative charge at position 451 is maintained, the two
translocation steps still can take place to some extent. This is
probably also the reason that of the various Asp-451 mutants,
only in D451E is capable of mediating sodium-dependent tran-
sient currents (Figs. 8—10) and (very slow) transport (Fig. 6).
When the negative charge is eliminated by mutation, the func-
tion of the “thin” extracellular gate is presumably affected so
much that inward-outward transitions of the unloaded and
fully unloaded transporters cannot take place anymore. The
fact that the other Asp-451 mutants are not even able to medi-
ate the lithium leak currents, suggests that the appropriate
interaction of the residues of the “thin” external gate is also
required for this process.
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