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Topological localization of cysteine 74 in the GABA transporter, GATI,
and its importance in ion binding and permeation
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Abstract Xenopus oocytes expressing the GABA transporter
GAT1 were exposed to membrane-impermeant sulfhydryl
reagents, resulting in decreased GABA transport current,
decreased capacitive charge movements, and increased Na™ and
Li* leakage currents. Mutation of cysteine 74 to alanine (C74A)
eliminated these effects. The W68S and W68L mutations
significantly increased and decreased the transporter’s sensitiv-
ity, respectively, to sulfhydryl reagents. At each of the positions
73 through 76, cysteine residues were accessible to external
MTSET. These findings, together with recent evidence placing
the HD2-HD3 loop on the extracellular side, suggest that the
HD2 region does not traverse the membrane.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

The GABA transporter GATI [1] functions with the stoi-
chiometry of one GABA molecule, two Na™ ions, and one
CI™ ion [2-4]. Hydropathy analysis of GAT1 and related neu-
rotransmitter transporters reveals 12 putative hydrophobic
domains; in the initial structural hypothesis, all these domains
completely traversed the membrane as a-helices [1]. This mod-
el places both the amino- and carboxyl-terminal ends in the
intracellular compartment and predicts the presence of a large
extracellular hydrophilic loop containing three N-linked gly-
cosylation sites between HD3 and HD4 [1].

Topology of Na'-, Cl™-coupled transporters remains an
unsolved problem [5-9]. However, cysteine accessibility ex-
periments, in conjunction with electrophysiological measure-
ments, have given valuable information about the topology of
ion channels [10-14]. We have therefore performed similar
studies on GAT]I.

2. Materials and methods

2.1. Heterologous expression in oocytes
cRNAs of wild-type (WT) W6SL, W68S, and C74A GAT1 were
transcribed in vitro from linearized pAMV-PA [4,15] plasmid con-
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structs containing the respective cDNA clones and optimized for oo-
cyte expression. The cysteine mutants L73C/C74A, G75C/C74A, and
K76C/C74A were constructed in a two-stage PCR procedure. The first
PCR reaction used WT GATI as the template in two separate tubes
with the following primers: tube a, sense T7 promoter with antisense
mutagenic primer; tube b, antisense T3 promoter with sense muta-
genic primer. The partial-length fragments from tubes a and b were
gel purified. The second PCR was performed using the two fragments
from the first step as the template and only the T7 and T3 primers.
RNA was transcribed directly from the resulting, full-length product
using T7 RNA polymerase and gave reduced but robust levels of
expression.

Stage V and VI oocytes were isolated [16] and injected with 10-20
ng of mRNA in 25 nl of water. Injected oocytes were incubated 4-7
days at 19°C before recordings were made.

2.2. Electrophysiology

Recordings were made at room temperature (21-22°C) using the
two-electrode voltage-clamp technique [16]. Data acquisition and
analysis were performed using the pCLAMP program suite (Axon
Instruments, Foster City, CA).

The standard Na™ Ringer medium contained 96 mM NaCl, 2 mM
KCl, 1 mM MgCly, 5 mM HEPES, and 1 mM CaCl,. N-methyl-p-
glucamine (NMDG™) and Li™ Ringer solutions were prepared by
equimolar substitution of NaCl by NMDG-CI or LiCl, respectively.

2.3. Sulfhydryl modification by methanethiosulfonate (MTS)
derivatives

MTSEA (MTS-ethylammonium), MTSET (MTS-ethyltrimethylam-
monium), and MTSES (MTS-ethylsulfonate) (Toronto Research
Chemical Co., Toronto, Canada) were used for irreversible, covalent
modification of cysteine residues. After initial electrophysiological
characterization, oocytes were removed from the voltage-clamp cham-
ber and incubated in Ringer solution containing the indicated concen-
trations of the MTS reagent. After incubation, the oocytes were
washed and voltage-clamped a second time; these recordings were
compared with pre-incubation records to examine the effects of sulf-
hydryl modification.

MTS compounds were prepared as a 1.0 M solution in H,O and
kept on ice. This stock solution was diluted in the appropriate buffer
solution at room temperature just before exposure to the oocyte.

3. Results

3.1. Reactivity of WT and mutant GATI to MTS reagents

In Xenopus oocytes expressing WT GAT1, GABA-induced
transport-associated currents were reduced after incubation
with MTSET, suggesting chemical modification in a function-
ally sensitive region(s) of the protein (Fig. 1). As described
below, inhibition was also observed after exposure to MTSEA
and MTSET (Fig. 2). The original topology model [1] places
three cysteine residues on the extracellular side. Data obtained
from dopamine and serotonin transporters reveal that two of
these three cysteine residues are critical for plasma membrane
targeting [17] and are thought to form a disulfide bridge [8],
which is insensitive to MTS reagents. This leaves cysteine 74
as the prime target for modification by membrane-imperme-
ant sulfhydryl reagents.
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Fig. 1. Effect of MTSET treatment on transport-associated and
leakage currents of GAT1. Oocytes expressing WT (upper traces) or
C74A (lower traces) mutant GATI1 were analyzed before (left col-
umn) and after incubation in MTSET (right column). The holding
potential was —40 mV. MTSET (3.75 mM) was applied for 30 min.
GABA and NMDG™" Ringer solutions were perfused in the oocyte
chamber for the times indicated by the bars. GABA application
produced an inward transport-associated current. Removal of Na™
(NMDG" substitution) produced an outward deflection, corre-
sponding to the inhibition of an inward current.

We mutated this cysteine residue to alanine (C74A) and
tested the mutant transporter’s sensitivity to sulfhydryl re-
agents. Before exposure to sulfhydryl reagents, the mutant
transporter displayed no differences from the WT in electro-
physiological properties (transport-associated currents in the
presence of GABA and charge movements in the absence of
GABA).

C74A was still inhibited by MTSEA, though less than WT
GATI1 (Fig. 2A). However, MTSET did not inhibit C74A
activity (Fig. 2B). Another MTS reagent, the negatively
charged MTSES, displayed a pattern of inhibition similarly
to that of MTSET (Fig. 2C). A possible explanation is that
MTSEA is attacking cysteine residues located inside the cell,
consistent with reports that MTSEA can permeate the mem-
brane while MTSET and MTSES can not [18,19]. The specific
MTSET reaction with C74 provided a convenient approach to
study this region of the protein from both structural and func-
tional aspects.

A
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Tryptophan 68 in HD1 partially governs ion binding and
permeation at GAT1 [20]. The W68S mutant reacted much
faster with MTSET than did WT GAT1 (Fig. 2B). The W68S/
C74A double mutant was unaffected by MTSET treatment
(data not shown), indicating that the increased sensitivity of
W68S was not due to exposure of a new cysteine. The W68L
mutant, on the other hand, was significantly less sensitive
(<20% decrement after 10 min in 2.0 mM MTSET, data
not shown).

3.2. MTSET also decreases charge movements

In addition to eliminating transport-associated current, C74
modification by MTSET resulted in decreases in transporter-
dependent transient currents induced by voltage-jump relaxa-
tions (Fig. 3). These transient currents are capacitive charge
movements carried by Na™* ions which bind to and dissociate
from the transporter; the Na't binding step is thought to
occur before GABA binding and translocation [4,20]. The
charge movements, obtained by integrating the transient
part of the traces [4], were decreased by > 90% (three oocytes)
under our conditions (Fig. 3C). In place of the transient cur-
rents, we observed large currents that were sustained for the
duration of the test pulse (see Section 3.3). MTSES incubation
also abolished the transient currents (data not shown).

The C74A mutant also displayed capacitive charge move-
ments, as expected from the functional similarities between
C74A and WT GATI1 (Fig. 3). However, MTSET treatment
produced virtually no change in the charge movements, as
measured by integrating the transient phase (<<10% decre-
ment under the same conditions; see Fig. 3A, C).

3.3. MTSET induces large leakage currents

When MTSET-treated oocytes expressing the WT trans-
porter were exposed to Ringer solution in which Nat was
replaced by NMDG™, a large, steady-state outward current
deflection was evoked (Fig. 1). This deflection returned the
current nearly to the baseline level before MTSET treatment.
This pattern indicates that the deflection was caused by inhib-
ition of a novel inward current, presumably from increased
Na' leakage through MTSET-modified transporters, rather
than by induction of outward current. Leakage current pro-
duced by Lit also increased after incubation, though to a
lesser extent than did Na't leakage current (data not shown).
Current voltage analysis revealed that the Na™ leakage cur-
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Fig. 2. Reactivity of WT, C74A, and W68S GATI to cysteine reagents. A: Inactivation of transport-associated current following treatment by
MTSEA (750 uM) is shown for the incubation times indicated. Points represent the mean + S.D. of triplicate sets. B: Exposure of WT, W68S,
and C74A GATI to MTSET (2.0 mM). All oocytes represented were from the same batch. Points represent the mean* S.D. of triplicate sets.
C: WT- and C74A-expressing oocytes were incubated with MTSES (3.75 mM, 30 min). Bars represent the mean = S.D. (n=4 oocytes).
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rent displayed inward rectification (Fig. 3B). Such a marked
increase of Na' leakage currents after MTSET incubation
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Fig. 3. Voltage-jump analysis for WT and C74A GATI. A: The
membrane potential was held at —40 mV and stepped to various
test potentials between —140 and 40 mV in 10 mV increments
(traces are shown at 20 mV increments for clarity). The top two
rows (A and B) show raw traces associated with these jumps, re-
corded with and without Na*, respectively. The third row (A-B)
shows records obtained by subtraction within the column; this sub-
traction isolates the components dependent on Na'. Oocytes ex-
pressing WT or C74A GATI1 were treated with MTSET (3.75 mM)
for 30 min and then washed. This yielded the data in the second
and fourth column. B: Current-voltage relationship of MTSET-acti-
vated Na'-dependent leakage current, isolated as in panel A. The
current was averaged over the time interval between 500 and 530
ms after the start of the test pulse. Data points represent the
meantS.D. (n=2-3 oocytes). C: Subtracted voltage-jump relaxa-
tions, before and after MTSET incubation at 0 mV, have been
superimposed for comparison of capacitive charge movements due
to ion binding. Note also that WT GATI treated with MTSET
gives a more negative current baseline relative to the control base-
line, corresponding to the increased leakage current shown in Fig. 1.
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Fig. 4. Cysteine scanning mutagenesis at positions 73-76. Incubation
was carried out in 1.0 mM MTSET for 5 min, and the effect on
transport-associated current is shown. Bars represent the
mean + S.D. of triplicate samples.

was not observed in oocytes expressing the C74A mutant
(Figs. 1 and 3B) or in uninjected oocytes (data not shown).
These leakage currents were not blocked by addition of the
GABA uptake inhibitor NO-05-711 (data not shown).

3.4. Cysteine scanning mutagenesis at positions 73—76

Three mutants were constructed, introducing a cysteine res-
idue at each of the positions L73, G75, and K76. In each
mutant, we also changed the residue at position 74 from the
WT cysteine to alanine. The reactivity of these engineered
cysteine residues to extracellular MTSET was assessed (Fig.
4). At positions 73 and 75, reactivity to MTSET was substan-
tially greater than the WT (position 74) sensitivity, presum-
ably due to enhanced accessibility. In addition, the 76C mu-
tant showed a small increase in sensitivity to MTSET
compared with WT. Thus, all four positions tested, 73
through 76, were indeed accessible to MTSET applied to
the outside of the cell.

4. Discussion

The present study is the first to combine the use of substi-
tuted cysteine mutagenesis and electrophysiological measure-
ments on neurotransmitter transporters. Each of four adjacent
residues in the short HD1-2 loop was accessible to extracell-
ularly applied, membrane-impermeant sulthydryl reagents.
Functional impairment of GAT1 due to treatment with mem-
brane-impermeant MTSET or MTSES specifically involved
the native cysteine at position 74, while membrane-permeant
MTSEA appeared to react with multiple cysteine residues to
abolish transporter function.

The results summarized above are consistent with the recent
finding that the corresponding cysteine, C109, of the rat sero-
tonin transporter (rSERT) is not necessary for normal func-
tion and reacts with externally applied MTSET and MTSES
[8]. C109 of rSERT reacts rather slowly, as did C74 of GATI1
in our studies, requiring minutes of incubation at millimolar
concentrations. We hypothesize that C74 is at least partially
buried. Cysteine residues directly adjacent to C74 (positions
73 and 75) were substantially more reactive, presumably be-
cause the secondary structure of the HD1-2 loop positions
these residues for greater exposure.

The HD1-2 stretch, which includes C74, may participate in
the pore or translocation pathway of the transporter. Cova-
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Fig. 5. Revised topological model for GAT1. The HD2 region is
drawn here either as extracellular or as a reentrant membrane loop.
The new hydrophobic domain 3" proposed by both Bennett and
Kanner [6] and Olivares et al. [7] is incorporated as well. Beginning
with HD4, the topology remains identical to the original theoretical
model [1]. Also shown is the partial amino acid sequence listing of
the HD1-HD2 region, which includes W68, R69, and C74.

lent modification of C74 both abolished GABA transport-as-
sociated current and also altered the ion-transporter interac-
tion: Na™ binding was eliminated, as inferred from loss of
charge movements, and Na® and Li* leakage currents were
increased. In addition, non-Na*/Li* leakage currents were
induced, possibly due to K* and/or CI~ permeation at the
C74-modified transporter. Manipulations that decrease ca-
pacitive charge movements while increasing uncoupled leak-
age currents are thought to affect the permeation pathway of
ion-coupled transporters [20,21]. NO-05-711 blocks previously
described GATl-associated currents [20]. Loss of NO-05-711
sensitivity, presumably because the inhibitor cannot bind to
MTSET-treated GATI, is also consistent with the altered Na™
interaction [20]. We find that C74 modification eliminates
Na™ binding transient currents, and that inhibitor binding
depends strongly on Na™ binding by the transporter [20].
Nearby mutations in HD1 at tryptophan 68 (W68), a res-
idue previously hypothesized to be involved in ion binding
and/or permeation [20], altered MTSET accessibility of C74.
Arginine 69, which directly neighbors W68, is also critical for
the function of GATI1 [22]. Moreover, HDI1, as well as the
HDI-2 loop, including C74, is highly conserved throughout
the neurotransmitter transporter superfamily as well as in pu-
tative Na*-dependent transporters in the bacteria, Haemophi-
lus influenzae [23] and Methanococcus jannaschii [24], suggest-
ing that the domain forms a specialized structure critical for a
particular function. Bennett and Kanner [6] and Olivares et al.
[7] studied glycosylation in the HD2-3 loop, which is intra-
cellular in the original model, and proposed that a new HD
domain (HD3' in Fig. 5) is formed by a stretch of amino acids
previously thought to reside in the extracellular HD3-4 loop.
Those authors also suggested that the HD1-2 loop is intra-
cellular, because (1) the loop was not glycosylated, (2) HDI
did not translocate a fused reporter sequence in in vitro trans-
lation assays, and (3) MTSET did not block function despite
the presence of C74 in HD1-2. We do not show 1.5 mM
MTSET for 5 min produced < 10% block in the experiments
of Bennett and Kanner [6], while ] mM and 2 mM MTSET
for 5 min were able to produce 35% to 45% (respectively)
block of function in our experiments. Nonetheless our result,
in addition to the observation that other nearby cys residues
are even more sensitive to MTSET, leads to our conclusion
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this stretch of four residues in the HD1-2 loop is exposed to
externally applied membrane-impermeant cysteine reagents.

Clark [9] found that the amino-end of the HD3-4 loop was
accessible to protease applied on the cytoplasmic side of a
chimeric GAT1 molecule with a prolactin tag fused down-
stream of HDS5. In the same construct, the HD2-3 loop was
not cleaved by the protease. These findings are consistent with
the extracellular localization of the HD2-3 loop, inferred
from glycosylation experiments, and with the presence of a
new hydrophobic domain, HD3'.

Topological models for GAT1 must now accommodate the
observations that sequences in both the HD1-2 loop (our
data) and the HD2-3 loop [6,7,9] are extracellular. In one
possible explanation, HD2 does not span the membrane; in
another, HD2 forms a reentrant loop that dips into the mem-
brane without completely traversing it (Fig. 5). Similar do-
mains are described for K* channels [25], glutamate receptors
[26,27], and aquaporin [28,29].
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