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Background: Glutamate transporters gate anion conductance and structures of homologues are available.
Results: Disulfide cross-linking of transport and trimerization domains leaves the anion conductance intact.
Conclusion: The anion conducting conformation of brain glutamate transporters is associated with a limited inward movement

of the transport domain.

Significance: The new insights into ion conducting modes may be relevant for other transporters.

Excitatory amino acid transporters remove synaptically
released glutamate and maintain its concentrations below neu-
rotoxiclevels. EAATSs also mediate a thermodynamically uncou-
pled substrate-gated anion conductance that may modulate cell
excitability. A structure of an archeal homologue, which reflects
an early intermediate on the proposed substrate translocation
path, has been suggested to be similar to an anion conducting
conformation. To probe this idea by functional studies, we have
introduced two cysteine residues in the neuronal glutamate
transporter EAACI1 at positions predicted to be close enough to
form a disulfide bond only in outward-facing and early interme-
diate conformations of the homologue. Upon treatment of
Xenopus laevis oocytes expressing the W441C/K269C double
mutant with dithiothreitol, radioactive transport was stimu-
lated >2-fold but potently inhibited by low micromolar concen-
trations of the oxidizing reagent copper(II)(1,10-phenanthro-
line),. The substrate-induced currents by the untreated double
mutant, reversed at approximately —20 mV, close to the reversal
potential of chloride, but treatment with dithiothreitol resulted
in transport currents with the same voltage dependence as the
wild type. It appears therefore that in the oocyte expression sys-
tem the introduced cysteine residues in many of the mutant
transporters are already cross-linked and are only capable of
mediating the substrate-gated anion conductance. Reduction of
the disulfide bond now allows these transporters to execute the
full transport cycle. Our functional data support the idea that
the anion conducting conformation of the neuronal glutamate
transporter is associated with an early step of the transport
cycle.
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In the brain, the signaling by glutamate is terminated by
transporters that remove this excitatory neurotransmitter from
the cleft into the cells surrounding the synapse. Glutamate
transport is an electrogenic process (1, 2) in which the trans-
mitter is cotransported with three sodium ions and a proton (3,
4) followed by the countertransport of one potassium ion per
transported glutamate molecule (5-7). Glutamate transporters
mediate two types of substrate-induced steady-state current: an
inward rectifying current reflecting electrogenic sodium-cou-
pled glutamate translocation, and an “uncoupled” sodium-de-
pendent current, which is carried by chloride ions and further
activated by substrates of the transporter (8 —10). It has been
proposed that this anion conductance is important to limit
cell excitability by restricting membrane depolarization and
thereby additional glutamate release (8, 11).

Several crystal structures of a glutamate transporter homo-
logue, Glt,,, from the archeon Pyrococcus horikoshii are now
available (12—15). The structure reveals a trimer with a perme-
ation pathway through each of the protomers, indicating that
the protomer is the functional unit. This is also the case for the
eukaryotic glutamate transporters (16 —19). The protomer con-
tains eight transmembrane domains (TMs)> and two oppositely
oriented reentrant loops, one between domains 6 and 7 (HP1)
and the other between domains 7 and 8 (HP2) (12). This
unusual topology is in excellent agreement with that inferred
from biochemical studies on the brain transporters (20-22).
Moreover, many of the amino acid residues of the brain trans-
porters that have been inferred to be important in the interac-
tion with sodium (23, 24), potassium (7, 25), and glutamate (26,
27) are facing toward the binding pocket. Thus, the Glt,;, struc-
tures represent excellent models for the brain transporters.

Substrate translocation by Glt,;, as well as by the neuronal
transporter EAACI, appears to take place by an “elevator-like”
mechanism (14, 28) where the transport domain, which
includes HP1 and HP2 and TMs 3, 6, 7, and 8, moves relative to

3 The abbreviations used are: TM, transmembrane domain; ANOVA, analysis
of variance; CuPh, copper(ll)(1,10-phenanthroline);.

JOURNAL OF BIOLOGICAL CHEMISTRY 11175



Anion Conductance of a Cross-linked Glutamate Transporter

FIGURE 1. Distances of positions in Gltp,, structures, corresponding to those used for paired cysteine mutagenesis in EAAC1. A, intermediate Glt;,,
structure (Protein Data Bank ID 3V8G) shows (blue box) the positions of Ala-391 (TM8) from transport domain (red) and Val-216 and GIn-220, respectively (TM5),
from the trimerization domain (green). B—D, the distances between these positions are shown in the outward-facing (B), intermediate (C), and inward-facing
(D) structures. The Gltp, residues Val-216 and GIn-220 (TM5) and Ala-291(TM8) correspond to Lys-269, Val-273, and Trp-441 from EAAC1, respectively. Distances
are given in angstroms. The figure was prepared using the PyMOL Molecular Graphics System, Version 1.5.0.4, Schrédinger, LLC.

the fixed trimerization domain (29). Comparison of outward-
and inward-facing Gltp,, structures shows that the transport
domain traverses the membrane by approximately 15 A during
the translocation (12-14). A clue on the anion conducting
mode comes from an “intermediate” Glt,, structure, where the
transport domain has moved by only 3.5 A relative to the out-
ward-facing structure (Fig. 14) (15). In contrast to the outward-
and inward-facing structures, the intermediate structure shows
a cavity potentially accessible to both the extracellular and cyto-
plasmic media (15). Because Gltp,, is also capable of substrate-
dependent anion conduction (30), the intermediate structure
was hypothesized to be similar to the anion conducting confor-
mation. A prediction of this idea is that if the relative movement
of the transport domain will be restricted to less than 5-7 A,
transport should be abolished, but the ability of the substrate to
gate the anion conductance should remain intact. Here we
show that this phenotype is indeed observed in the neuronal
glutamate transporter EAACI, when cysteine residues are
introduced in the extracellular parts of TM5 and 8 at positions
close enough to enable the formation of a disulfide bond under
oxidizing conditions in both outward-facing and intermediate
conformations.

EXPERIMENTAL PROCEDURES

Generation and Subcloning of Mutants—The C-terminal his-
tidine-tagged versions of rabbit EAACI (31, 32) in the vector
pBluescript SK™ (Stratagene) were used as parents for site-di-
rected mutagenesis (33, 34). This was followed by subcloning of
the mutations into the His-tagged EAACI, residing in the
oocyte expression vector pOG; (32), using the unique restric-
tion enzymes Nsil and Stul. The subcloned DNA fragments
were sequenced between these restriction sites.

Cell Growth and Expression—HeLa cells were cultured (35),
infected with the recombinant vaccinia/T7 virus vI'F,_; (36),
and transfected with the plasmid DNA harboring the WT or
mutant constructs or with the plasmid vector alone (35). Trans-
port of p-[*H]aspartate was done as described (33). Briefly,
HeLa cells were plated on 24-well plates and washed with trans-
port medium containing 150 mm NaCl, 5 mm KP,, pH 7.4, 0.5
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mM MgSO,, and 0.3 mMm CaCl,. Each well was then incubated
with 200 ul of transport medium supplemented with 0.4 uCi of
the substrate p-[?H]aspartate for 10 min, followed by washing,
solubilization of the cells with SDS, and scintillation counting.
Effects of CuPh and DTT on transport were monitored after
washing the cells expressing the indicated constructs once with
choline solution (150 mM choline chloride, 5 mm KP;, pH 7.4,
0.5 mm MgSO,, and 0.3 mm CaCl,) followed by a 5-min prein-
cubation with the concentrations of these reagents in the media
indicated in the figure legends. The solutions of CuPh and DTT
were prepared just prior to each individual experiment. In the
case of CuPh this was done from a frozen aliquot of a stock
solution prepared by mixing 0.4 ml of 1.25 m CuPh in water/
ethanol (1:1) with 0.6 ml of 250 mm CuSO,,. Statistical evalua-
tions utilized a one-way ANOVA with a post hoc Dunnett mul-
tiple comparison test. In the case of the effects by Cd*>* there
was no preincubation, and p-[*H]aspartate transport was mea-
sured in the presence of the indicated concentrations of Cd>™.
Expression in Oocytes, Electrophysiology, and Radioactive
Uptake— cRNA was transcribed using mMESSAGE-mMACHINE
(Ambion) and injected into Xenopus laevis oocytes, which were
maintained as described (24). Oocytes were placed in the
recording chamber, penetrated with two agarose-cushioned
micropipettes (1% 2 M KCI, resistance varied between 0.5 and 3
megohms), voltage clamped using GeneClamp 500 (Axon
Instruments), and digitized using Digidata 1322 (Axon Instru-
ments) both controlled by the pClamp9.0 suite (Axon Instru-
ments). Voltage jumping was performed using a conventional
two-electrode voltage clamp as described previously (32). 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.
The composition of other perfusion solutions is indicated in the
figure legends. Offset voltages in chloride substitution experi-
ments were avoided by use of an agarose bridge (1% 2 m KCl)
that connected the recording chamber to the Ag/AgCl ground
electrode. Before applying the DTT or CuPh, at the concentra-
tions in the figure legends, the flow was stopped, the oocyte was
unclamped, and the grounding electrode was removed. Subse-
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FIGURE 2. Transport activity and the effect of CuPh on inactivation. EAAC1-WT and the indicated mutants were transiently expressed in Hela cells as
described under “Experimental Procedures.” A, sodium-dependent p-[*Hlaspartate transport was measured at room temperature for 10 min. B, cells were
incubated in the NaCl-containing medium with or without 1 um CuPh for 5 min at room temperature, prior to the transport measurement. For A the data are
given as percentage of the activity of EAAC1-WT. Results represent mean = S.E. (error bars) of at least three different experiments performed in quadruplicate.
For B the data are expressed as percentage of untreated control and represent the mean = S.E. The mean value for W441C/K269C was compared with that of
EAAC1T-WT using a one-way ANOVA with a post hoc Dunnett multiple comparison test: *, p < 0.001.

quently, these reagents were applied directly into the bath.
After 2 or 5 min of incubation with DTT or CuPh, respectively,
the oocyte was perfused with 150-200 ml of ND96 before
measuring the transport currents. For radioactive uptake, eight
to ten oocytes, expressing EAAC1-WT or EAACI-W441C/
K269C, were preincubated with CuPh or DTT as above, fol-
lowed by an incubation for 20 min in ND96 containing
p-[®H]aspartate as described previously (24).

Data Analysis—All current-voltage relations represent
steady-state substrate-elicited net currents ((Z,ugor+ substrate) —
(Zpugter)) and were analyzed by Clampfit version 8.2 or 9.0 (Axon
instruments), and the data have been normalized as indicated in
the figure legends.

RESULTS

Selection of Positions for Paired Cysteine Mutagenesis—To
restrict the movement of the transport domain relative to the
trimerization domain, we introduced a cysteine residue in each,
followed by oxidative cross-linking. We searched for positions
in the Glt,, structure, predicted to be close enough so that the
introduced cysteine residues potentially could form a disulfide
bond under oxidizing conditions. To increase the probability of
accessibility to oxidizing reagents, positions at the external
parts of these domains were selected. As can be seen, both Val-
216 and GIn-220 from TM5 (trimerization domain) are close to
Ala-391 from TMS (transport domain) in the outward-facing
(Fig. 1B) and intermediate structures (Fig. 1C). However, the
paired residues are far from each other in the inward-facing
structure (Fig. 1D). Therefore, cysteine residues were intro-
duced at the corresponding positions of the neuronal glutamate
transporter EAAC], yielding the mutants K269C, V273C, and
W441C. Because we used inhibition of p-[?H]aspartate uptake
by CuPh as an indirect read-out of cross-linking, the transport
activity of the mutants needs to be significant. Therefore, we
did not use mutant combinations involving R445C, which is the
EAACI counterpart of Met-395 of Glt,,,, located one a-helical

APRIL 18,2014 +VOLUME 289+-NUMBER 16

turn “below” Ala-391 and close to Ile-213 and Val-216. Substi-
tution of Arg-445 by serine results in very low transport rates
(32), and transport activity of R445C was only 15.7 = 5.2% of
EAAC1-WT (n = 4). This is the reason that only W441C/
K269C and W441C/V273C were considered for our subse-
quent studies. Because of the highly variable transporter
expression in Xenopus oocytes, we studied the effect of CuPh
and other reagents on radioactive transport in HeLa cells (but
see Fig. 8 for experiments with oocytes). We used b-[*H]aspar-
tate for these studies because with this transporter substrate the
background levels in the HeLa cell expression system are lower
than with 1-[*H]aspartate or with L-[*H]glutamate.

Effects of CuPh and CdCl, on Radioactive Transport in HeLa
Cells—The transport activity of W441C and V273C was some-
what higher than that of EAAC1-WT (Fig. 2A4). However, the
activity of K269C and the double mutants W441C/K269C and
W441C/V273C was lower, but their transport activity was nev-
ertheless sufficient to perform reliable measurements (Fig. 2A4).
Transport by W441C/K269C was inhibited by low micromolar
concentrations of CuPh. Preincubation of the cells expressing
this double mutant with 1 um CuPh resulted already in an inhi-
bition of p-[*H]aspartate transport of 60 —70% (Figs. 2B and 3).
No such inhibition was observed with cells expressing the dou-
ble mutant W441C/V273C, EAAC1-WT, and the single
mutants K269C and V273C (Fig. 2B). However, some inhibition
was seen with W441C (Fig. 2B), but as can be seen from analysis
of the concentration dependence of inhibition by CuPh, the
inhibition seen with W441C was much lower than with
W441C/K269C (Fig. 3). No inhibition was seen with W441A/
K269C (Fig. 2B), indicating that the effect of CuPh on W441C/
K269C is unlikely to be caused by the cross-linking of cysteine
269 with a previously buried endogenous cysteine, which
became exposed as a consequence of the replacement of Trp-
441 with a smaller amino acid residue. The modest inhibition
seen with W441C/K269V is similar to that of W441C alone

JOURNAL OF BIOLOGICAL CHEMISTRY 11177



Anion Conductance of a Cross-linked Glutamate Transporter

—m—\W441C
—e— K269C

—A—\W441C/K269C
{ ]

[°’H]-D-Asp uptake (% of control)

—
o
o 2 4 6 8 10
[CuPh] (uM)

FIGURE 3. Sensitivity of W441C/K269C to CuPh. Hela cells expressing the
indicated mutants were preincubated in NaCl-containing medium with the
indicated concentrations of CuPh for 5 min at room temperature. Subse-
quently the cells were washed and assayed for p-[*H]aspartate transport as
described in “Experimental Procedures.” Values are given as percentage of
activity in the absence of CuPh.

(Fig. 2B), and thus in the background of W441C, potent inhibi-
tion only is observed with a cysteine residue present at position
269. Finally, when W441C and K269C were coexpressed using
different plasmids (W441C + K269C), the same small inhibi-
tion was observed as with W441C (Fig. 2B), indicating that for
potent inhibition the two cysteine residues need to be present
on the same polypeptide chain. To examine the possibility that
part of the cells expressing W441C/K269C transporters was
already cross-linked, even prior to treatment with CuPh, the
cells were assayed for transport after incubation with 12 mm
DTT. However, this resulted only in a minor stimulation of
transport activity, which was 111.2 = 5.3% of the untreated
control compared with 106.2 = 1.2% in the case of EAAC1-WT
(n=3).

To provide additional evidence that positions 441 and 269
could be close in space, the ability of the W441C/K269C double
mutant to form a high affinity Cd*>* binding site was examined.
This divalent cation interacts with cysteinyl side chains (37, 38),
and the affinity of the interaction is dramatically increased
when the Cd** can be coordinated by two cysteines (39). Con-
sistent with the oxidative cross-linking data, transport by
W441C/K269C was also extremely sensitive to Cd** (Fig. 4).
The activity of K269C was not inhibited by Cd>", at least not in
the concentration range tested, whereas W441C was only
slightly sensitive (Fig. 4).

The degree of cross-linking between the cysteine residues
introduced at positions 269 and 441 of EAAC1 is expected to
depend on the conformation of the transporters. Therefore, the
preincubation step with 1 um CuPh was done in the presence
and absence of transporter ligands. The highest sensitivity was
observed when the preincubation medium contained sodium,
either in the presence or in the absence of the substrate L-as-
partate (Fig. 5). A significant protection against the inhibition
was observed in the presence of potassium, whereas intermedi-
ate sensitivity was observed when choline was present in the
preincubation medium (Fig. 5).

Transport Currents by the W441C/K269C Double Mutant—
The voltage dependence of the L-aspartate-induced currents by
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FIGURE 4. Sensitivity of W441C/K269C to cadmium ions. Hela cells
expressing the indicated mutants were assayed for o-[*H]aspartate transport,
which was measured in the presence of the indicated concentrations of Cd? ™.
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FIGURE 5. Effect of the composition of the external medium on the inhi-
bition of W441C/K269C by CuPh. Hela cells expressing W441C/K269C were
preincubated in the presence or absence of 1 um CuPh in media containing
Nacl, KCl, choline chloride, and NaCl + 1 mm L-aspartate (L-Asp). Values are
given as percentage of control (preincubation without CuPh in each condi-
tion) and represent the mean * S.E. (error bars) of at least three different
experiments done in quadruplicate. The mean values with the different con-
ditions were compared with those from NaCl-containing medium using one-
way ANOVA with a post hoc Dunnett multiple comparison test: *, p < 0.001.

oocytes expressing W441C/K269C was found to be markedly
different from those expressing EAAC1-WT (Fig. 6). In the case
of EAAC1-WT, the observed substrate-induced transport cur-
rents represent the sum of the inward-rectifying current,
reflecting electrogenic substrate translocation and of the
reversible uncoupled substrate-gated chloride current (8 -10).
Consistently, the reversal potential of the total current by
EAAC1-WT was much more positive than the reversal poten-
tial of chloride, which is approximately —25 mV, and the same
is true for W441C and K269C (Fig. 6). Remarkably, the reversal
potential of the total current by W441C/K269C was approxi-
mately —20 mV (Fig. 6), suggesting that most of this current is
contributed by the uncoupled anion conductance. This idea is
further supported by the fact that substitution of the extracel-
lular chloride by the much more permeant nitrate results in a
shift of the reversal potential to approximately —50 mV. More-
over, in this case much larger outward currents are observed,
apparently due the increased rate of inward movement of neg-
ative charges carried by nitrate (Fig. 7A). Indeed, replacement
of extracellular chloride by the impermeant gluconate abolishes
the outward but not the inward current, at least over the range
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FIGURE 6. Substrate-induced steady-state currents by EAAC1-WT and
mutants. Steady-state currents induced by 1 mm L-aspartate were measured
in oocytes expressing either EAACT-WT or the indicated mutants in a NaCl-
based external medium (ND96), as described under “Experimental Proce-
dures.” The membrane voltage was stepped from a holding potential of —25
mV to voltages between —100 and +40 mV in increments of +10 mV. Each
potential was held clamped for 250 ms followed by 250 ms of a potential
clamped at —25 mV. Substrate-induced steady-state currents (/i pstrate —
Inpoe) from 210 to 240 ms at each potential was averaged and normalized to
the current induced by 1 mm L-aspartate at —100 mV (/,,,,)- These currents
were then plotted against the corresponding potential (V,, (mV)). Data are
mean = S.E. of at least three repeats. The currents at —100 mV induced by 1
mM L-aspartate ranged from —200 to —800 nA in the WT, from —550 to —700
nA in W441C, from —50 to —200 nA in K269C, and from —60 to —300 nA in
W441C/K269C.

tested (Fig. 7A). Moreover, when the external chloride concen-
tration was varied, the reversal potential of the currents by
W441C/K269C was shifted by approximately 30 mV/3.3-fold
change in [Cl™] (Fig. 7B), close to the prediction from the
Nernst equation.

Effects of DTT and CuPh—The major contribution of the
anion conductance to the total transport current by W441C/
K269C suggests that in oocytes a substantial part of the trans-
porters is already cross-linked. Indeed, preincubation of the
oocytes expressing the double mutant with DTT resulted in a
marked stimulation of radioactive p-[*H]aspartate transport, in
contrast to EAAC1-WT (Fig. 8). In further contrast with
EAACI-WT, treatment of W441C/K269C with 10 um CuPh
resulted in inhibition of the radioactive transport (Fig. 8). Pre-
incubation of the oocytes expressing W441C/K269C with DTT
had a remarkable effect on the L-aspartate-induced currents.
Namely, this resulted in a right shift of the reversal potential of
the transport current by approximately 35 mV (Fig. 94), which
is very similar to that of EAAC1-WT (Fig. 6). This shift was
reversed by subsequent treatment with CuPh (Fig. 94), sup-
porting the idea that disulfide formation between positions 269
and 441 suppresses coupled transport, but not the anion con-
ductance. Furthermore, preincubation with DTT not only
shifted the reversal potential, but also resulted in a decreased
apparent affinity for L-aspartate (Fig. 9B).

DISCUSSION

Because the intermediate Gltp), structure shows a small cav-
ity, which is not seen in the earlier reported outward- and
inward-facing structures, it was postulated that the intermedi-
ate structure could be similar to the anion conducting mode of
eukaryotic as well as of archeal glutamate transporters. This
idea could explain a number of earlier characterized properties
of the nature of the anion conducting mode on the brain trans-
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porters, made prior to the determination of the crystal struc-
tures from Gltp,,: (i) the substrate-gated anion conductance was
much less sensitive to changes in temperature than substrate
transport (Q,, approximately 1.3 and 3, respectively) (40), indi-
cating a smaller conformational change required for gating of
the anion conductance; and (ii) modification of cysteines intro-
duced at the extracellular side of the transport domain by
charged methanethiosulfonate reagents prevented coupled
transport but not the substrate-gated anion conductance (41—
44). In this study we have tested a specific prediction of the
hypothesis linking the intermediate structure to the anion con-
ducting mode of the transporter, namely that oxidative cross-
linking of one cysteine residue introduced in the transport
domain with another from the trimerization domain may still
allow the transition from outward-facing to intermediate con-
formation(s) (Fig. 1). However, such a maneuver is expected to
prevent the full elevator-like movement to the inward-facing
conformation and thus impair transport (Fig. 1).

Xenopus oocytes are an excellent tool to monitor the sub-
strate-gated anion conductance, but because of the highly vari-
able transporter expression in oocytes, we have used the HeLa
cell system to screen for inhibition of radioactive transport in
double cysteine mutants by CuPh and to perform the appropri-
ate control experiments. Reassuringly, the inhibition of the
activity of W441C/K269C by CuPh in the HeLa cell expression
system (Figs. 2B and 3) was also observed when expressed in
oocytes (Fig. 8). The high potency inhibition of transport by
W441C/K269C by CuPh (Figs. 2B and 3) is similar to that
observed with A364C/S440C from the glutamate transporter
GLT-1 (45). This is in good agreement with the similar proxim-
ity of the equivalent positions in the outward-facing conforma-
tion of Glt,,, with distances between the Ca atoms ranging from
approximately 5 to 7 A (12). However, much higher concentra-
tions of the oxidant are required to inhibit the EAAC1 double
mutants R61C/V420C and K55C/V420C where, in a model of
inward-facing transporter, the distances between the Ca atoms
are estimated to be approximately 10 A (28). These observa-
tions suggest that the close proximity of positions 441 and 269
from EAACI is similar to that of their Glt,, counterparts in the
outward-facing and intermediate conformations. Moreover,
they reinforce the idea that Gltp,, is an excellent model for the
glutamate transporters from the brain. The potent inhibition of
W441C/K269C by CuPh was not seen with W441C/V273C
(Fig. 2B), even though the distance between Glt;,, equivalents of
positions 441 and 273 is even shorter than those between 441
and 269 (Fig. 1). A possible explanation may be that the bond
angle of the cysteinyl side chain at position 269 is more condu-
cive than that at position 273 for cross-linking with the cysteine
introduced at position 441. Although the use of the degree of
inhibition of transport of double cysteine mutants by CuPh as a
read-out of oxidative cross-linking is an indirect measurement,
its validity is supported by the potent inhibition of transport of
W441C/K269C not only by CuPh (Figs. 2B and 3), but also by
Cd>* (Fig. 4).

The most potent inhibition of transport of W441C/K269C by
CuPh was observed in the presence of sodium (Fig. 5). Sodium
promotes the outward-facing conformation (46) and also can
activate the anion conductance (47). Thus it appears that in the
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FIGURE 8. Radioactive transport by oocytes expressing W441C/K269C.
Transport of b-[*H]aspartate was done after preincubation with 12 mm DTT or
10 um CuPh, as described under “Experimental Procedures.” Results, mean =
S.E. (error bars), are given as percentage of untreated controls from three
experiments using 8-10 oocytes, after correction for the values obtained
with uninjected oocytes. The radioactive uptake ranged from 9.1 to 40.4 and
14.2 to 19.1 pmol of p-[*H]aspartate/oocyte/20 min for EAACT-WT and
W441C/K269C, respectively. Values are given as percentage of control (prein-
cubation without any additions) and represent the mean = S.E. of at least
three different experiments. The mean values with the different conditions
were compared with those of the untreated control using one-way ANOVA
with a post hoc Dunnett multiple comparison test: *, p < 0.05.

presence of sodium, the transporter preferentially populates
the outward-facing and anion conducting states, in both of
which positions 269 and 441 are close enough to form a disul-
fide bridge. The increased anion conductance by substrate is
apparently due to a higher probability to reach the anion con-
ducting state. Probably glutamate does not further increase the
sensitivity of transport of W441C/K269C to CuPh (Fig. 5)
because the increased probability to reach the anion conduct-
ing state is offset by translocation to the inward-facing state.
Transport in oocytes expressing W441C/K269C is markedly
stimulated by DTT (Fig. 8). Therefore, it appears that a substan-
tial part of these transporters is already cross-linked without
pretreatment with CuPh. The transport currents by oocytes
expressing the double mutant reverse close to the reversal
potential of chloride (Fig. 6). This indicates that the substrate-
gated anion conductance is the main component of the total
current. Treatment of these transporters with DTT result in a
shift the reversal potential to values similar to those observed
with EAAC1-WT (Figs. 6 and 9A), whereas subsequent treat-
ment with CuPh restored the original voltage dependence.
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These observations indicate that the cross-linked form of
W441C/K269C can mediate the substrate-gated anion con-
ductance, but not substrate transport. Nevertheless, the double
mutant is capable of radioactive transport (Fig. 8). Therefore,
the question can be raised as to why in the case of “native”
W441C/K269C, the reversal potential is very similar to that of
chloride, even though it can mediate coupled transport. A likely
explanation is that the probability of cross-linked transporters
to visit the anion conducting mode is substantially larger than
that of non-cross-linked transporters. Therefore, in a mixture
of cross-linked and non-cross-linked transporters, the contri-
bution of the anion conductance to the total current will be
much larger than in non-cross-linked transporters so that the
reversal potential of the total current is expected to be close to
that of chloride. Indeed, sulfthydryl modification of a cysteine
residue introduced into the HP2 loop restricted the transport-
ers to the anion conducting state with markedly increased cur-
rents (42).

Because kinetic experiments indicate that the onset of the
anion conductance is delayed compared with coupled trans-
port, it has been proposed that the substrate-induced anion
conductance represents a conformation that is not an obligate
intermediate of the transport cycle. Rather, it is connected to
the main cycle by an early side step from the fully loaded out-
ward-facing transporter (40, 47—49). Further support for this
idea comes from observations that in EAACI1 transport
requires either sodium or lithium, whereas the anion conduc-
tance strictly depends on sodium (24). If the intermediate struc-
ture reflects a conformation on the main transport path, the
anion conducting conformation is apparently very similar
because the disulfide bridge between cysteine residues intro-
duced at positions 441 and 269 still enables the transporter to
reach the anion conducting state. At the present time we do not
have a satisfactory explanation for the decrease of the apparent
affinity of the transport currents of W441C/K269C by DTT
(Fig. 9B).

Interestingly, removal of the positive charge at position 445,
by mutation of Arg-445 of EAACI to neutral residues resulted
in the appearance of a glutamate-gated cation conductance
(32). Arg-445 is located on the path leading from the extracel-
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FIGURE 9. Voltage dependence of substrate-induced currents before and after DTT treatment. A, voltage dependence of the currents induced by 100 um
L-aspartate in oocytes expressing W441C/K269C before (control) and after treatment with 12 mm DTT and after DTT application followed by 10 um CuPh. B,
voltage dependence of currents before and after treatment with 12 mm DTT induced by 10 or 100 uMm L-aspartate. The incubations were done as described
under “Experimental Procedures.” The currents at —100 mV ranged from —60 to —200 nA.

lular medium to the proposed ion conducting cavity (15). The
role of Arg-445 as a determinant of anion selectivity is consis-
tent with the idea that the intermediate structure is very similar
to the conformation mediating the anion conducting leak. It is
well known that leak pathways/uncoupled currents also occur
in other transporters (see for instance Refs. 50 —52). Therefore,
the combination of structural information and functional stud-
ies on selected mutants, as used here, may provide important
insights into the nature of the conducting states in other trans-
porters as well.
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