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Individual Subunits of the Glutamate Transporter EAAC1 Homotrimer Function
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ABSTRACT. Glutamate transporters are thought to be assembled as trimers of identical subunits that line
a central hole, possibly the permeation pathway for anions. Here, we have tested the effect of
multimerization on the transporter function. To do so, we coexpressed EgAEITh the mutant transporter
EAAC1rassq Which transports glutamine but not glutamate. Application of80glutamate or 5«M
glutamine to cells coexpressing similar numbers of both transporters resulted in anion currents of 165 and
130 pA, respectively. Application of both substrates at the same time generated an anion current of 297
pA, demonstrating that the currents catalyzed by the wild-type and mutant transporter subunits are purely
additive. This result is unexpected for anion permeation through a central pore but could be explained by
anion permeation through independently functioning subunits. To further test the subunit independence,
we coexpressed EAAGE and EAACL 05k, a transporter with a 90-fold reduced glutamate affinity as
compared to EAACY, and determined the glutamate concentration dependence of currents of the mixed
transporter population. The data were consistent with two independent populations of transporters with
apparent glutamate affinities similar to those of EAAGstk and EAACIyT, respectively. Finally, we
coexpressed EAAGH with the pH-independent mutant transporter EAA&3q showing two independent
populations of transporters, one being pH-dependent and the other being pH-independent. In conclusion,
we propose that EAAC1 assembles as trimers of identical subunits but that the individual subunits in the
trimer function independently of each other.

Plasma-membrane glutamate transporters actively remove The mammalian glutamate transporters belong to a large
glutamate from the synaptic cleft after excitatory neurotrans- family of membrane transport proteins that comprise also
mission is complete. Uptake into the cells surrounding the neutral amino acid transporters, such as the alanine serine
synapse against a glutamate concentration gradient is achievedysteine transporters [ASCT£6, 7)] and dicarboxylate
by these transporters by coupling transmembrane glutamateransportersg, 9). A large number of biochemical data from
movement to the cotransport of three sodium ions and oneboth mammaliani0, 11) and bacterial glutamate transporters
proton and the countertransport of one potassium19g)( (12, 13), as well as recent crystallographic evidence from a
In addition to the movement of ions across the membrane glutamate transporter from a thermophilic bacterium [GItP
being directly coupled to glutamate transport, glutamate (14)] showed that the polypeptide chain spans the mem-
transporters also catalyze uncoupled transmembrane flux oforane 8 times and that two reentrant loops dip into the
anions B). This anion conductance is thought to be an membrane, one from the extracellular side and one from the
integral property of the transporters and is not mediated by intracellular side. The crystal structure of GItP also showed
indirect coupling of transport to a secondary anion channel that three monomers of the transporter coassemble in a
(3-5). trimeric protein with an unusual, bowl-shaped structd.(
However, the crystal structure of GItP gives no insight into
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the functional importance of the trimeric assembly of the subjected to site-directed mutagenesis according to the
transporter. QuikChange protocol (Stratagene, La Jolla, CA) as described

The mammalian members of the glutamate transporter by the supplier. Cys-less EAAC1 was produced by the same
protein family appear to be also assembled as trimers. InProcedure by sequentially mutating the five cysteine residues
1996, Haugeto et al. reported the first evidence for multimeric in EAAC1wr (C9, C158, C218, C255, and C342) to serine.
assembly of natively expressed brain glutamate transportersthe primers for mutagenesis were obtained from the DNA
(15). Although freeze-fracture electron microscopy data from core lab, Department of Biochemistry at the University of
Xenopus oocytes expressing the excitatory amino acid Miami School of Medicine. The complete coding sequences
transporter 3 (EAAT3) seemed to indicate pentameric of mutated EAAC1 clones were subsequently sequenced.
assembly 16), it was later shown in two reports that EAAT2 ~ Wild-type and mutant EAACL constructs (named pCMV-
(14, 17) forms a trimeric structure. However, independent EAAC1wr or pPCMV-EAAC Inutantior) Were used for transient
of the number of co-assembled subunits, the effects of transfection of subconfluent human embryonic kidney cell
multimerization on the mechanism of glutamate uptake and (HEK293, ATCC number CGL 1573 or HEK293T/17,
on the functional properties of the anion conductance of the ATCC number CRL 11268) cultures using the calcium
transporters are unknown. A number of models have beenphosphate-mediated transfection meth2d) (as described
proposed to account for the experimental d&al@). In previously (9, 21). For coexpression experiments, cDNAs
one model, both glutamate transport and anion conductanceof the mutant and wild-type receptors were used for
are mediated by a central pore in the oligomeric subunit transfection in a 1:1 ratio, unless stated otherwise. Electro-
assembly 16). In this model, only one glutamate molecule physiological recordings were performed between days 1 and
could be transported at a time by each oligomer. Although 3 post-transfection.

this model seems unlikely in the light of the crystal structure  pMembrane Vesicle Preparation and Cross-LinkiGduta-

of GItP, which appears to have binding sites for glutamate yate transporter-expressing HEK293 cells were homogenized
on each subunit of the trimed4), there is no functional on ice in 10 mM 4-(2-hydroxyethyl)-1-piperazineethane-
data available that would contradict this model. In a second gifonic acid (HEPES)-NaOH at pH 7.4 containing 100 mM
model, glutamate transport is mediated by the individual NaCl, 1 mM Na-EDTA, and Protease-Inhibitor Complete
subunits, Wh_ereas anio_n permeation occurs through a Ce””a{Roche Applied Science, Mannheim, Germany) in a dilution
pore ©). A third model includes both anion permeation and 4ccording to the instructions of the manufacturer and
glgtamate transport through the individual subunits of the centrifuged for 10 min at 4@pto remove nuclei, cell debris,
oligomer ©). The last two models would allow for cooper- 54 undisrupted cells (P1 fraction). The supernatant was
ativity of glutamate uptake, i.e., conformational coupling of centrifuged for 30 min at 300@Gat 4°C. The resulting pellet

and cross-talk between transporter subunits. At present, thergps fraction/membrane vesicles) was processed according
is no experimental data available to differentiate between to the respective cross-linking protocols (Supporting Infor-

these functional models. mation). Cross-linking products were analyzed by sodium
Here, we asked the question whether the individual dodecyl sulfate-polyacrylamide gel electrophoresis (SBS

subunits in the trimeric assembly function independently of PAGE) and Western blotting. Controls were processed under

one another or if there is cross-talk between the subunits.identical conditions prior to and after the experiment,

We addressed this question by coexpressing wild-type however, without adding enzymatic or chemical cross-linkers
EAAC1 with transporters that have been mutated in specific (see lanes 1 and 6 in-AF of Figure 3 and Figure 10 in the
regions to affect their functional properties. Trimeric co- Supporting Information, respective|y)_ The experimenta|
assembly of EAAC1 and the mutant transporters was procedures for chemical and enzymatic cross-linking can be
confirmed by Western blotting. In one set of experiments, found in the Supporting Information.

the wild-type transporter was coexpressed with EAAGE, SDS-PAGE and Western-Blot Analysi€ross-linking

which converts the EAACL1 from a glutamate transporter to roducts were separated and analvzed by-SPSGE usin
a neutral amino acid transporter, similar to the R446C b >eP yzed by 9
. . a 6% separating gel (0.5 mm thick) and Western-blot
exchange published by the Kanner grolif)( Coexpression : . - -
analysis. Immunoblots were prepared with affinity-purified

of mutant and wild-type subunits resulted in carriers that LI . ; . -

transported glutamate and alanine independently of eachér:ggad'ﬁzg'rggtﬁ:aig?'.gs; E?At\(o:rll é??}g%%dair:gg!:%fdn

other. Furthermore, specific inhibition of one subunit did not L ! y)1n a giiution ot 2. '
previously @2). The antibody reaction was detected by

affect substrate transport by the other subunit. When Ourchemiluminescence using Hyperfilm-ECL (Amersham ECL-
experiments were taken together with data from the coex- Detection kit; Amersham Biosciences U.K. Limited, Little

pressing wild-type and EAAG}esk and EAACks73omutant . )
; Chalfont, U.K.). To determine the apparent molecular weight
h hat the EAACL1 f S . :
transporters, they suggest that the C1 forms trimers but (MW) of the cross-linking products, the Pre-stained Protein

that the individual subunits of the trimers work independently .
of each other. Furthermore, our data suggest that the aniorglarker’ Broad Range (6-5175 kDa) (New England Biolabs,

conductance of glutamate transporters is mediated by theMe\llerlyl’ M,g) was USSEdd'n garzl(lgseéOW|lt(rE)“Hll\/llarl_<" High
individual subunits, rather than a central pore. olecular Protein Standard ( a) (Invitrogen

GmbH, Karlsruhe, Germany) to determine molecular weights

EXPERIMENTAL PROCEDURES higher than 175 kDa. MW marker proteins on immunoblots
were stained with Protogold (Plano GmbH, Wetzlar, Ger-
Molecular Biology and Transient Expressionild-type many). The MW of each cross-linking product was deter-

EAAC1 cloned from rat retina was subcloned into pBK- mined using the gel documentation software Total Lab
CMV (Stratagene) as described previoushg)(and was (Nonlinear Dynamics, Newcastle upon Tyne, U.K.).
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Co-immunoprecipitationTransfected HEK293 cells were  permanent activation of an anion curreB#,(27, 28). This
washed 2 times with phosphate-buffered saline (PBS; 137 permanent anion current was used in this work as a tool to
mM NacCl, 2.7 mM KCI, 10 mM NaHPQ,, and 2 mM KH- study the behavior of mutant transporters in the homoex-
PO, at pH 7.4). Cells were collected after adding cell lysis change mode.
buffer (20 mM Tris at pH 7.5, 150 mM NacCl, 1 mM EDTA, The currents were low-pass-filtered at10 kHz (Krohn-

1% Triton X-100, and protease inhibitor cocktail 2, Sigma) Hite 3200) and digitized with a digitizer board (Axon,
by mechanical trituration. Cell membranes were further Digidata 1200) at a sampling rate of-+80 kHz, which was
broken down by freezing and thawing 3 times and then controlled by software (Axon PClamp). All of the experi-
passing through a 26-gauge needle 10 times. The resultingnems were performed at room temperature_

suspension was centrifuged at 136r 10 min to remove Rapid solution exchange was performed as described
debris. The concentration of the supernatant (cell lysate) waspreviously (19). Briefly, substrates were applied to the
adjusted to g/uL. Protein A agarose beads (Upstate) were EAAC1-expressing cell by means of a quartz tube (opening
added to 50QuL of cell lysate and incubated fd. h with  diameter of 35Qum) positioned at a distance 6f0.5 mm
gentle rocking at #C to preclear the cell lysate. After o the cell. The linear flow rate of the solutions emerging
centrifugation and transfer of the supernatant to another tube from the opening of the tube was5—10 cm/s, resulting in

anti-GFP antibody (BioVision) was added and the solution typical rise times of the whole-cell current of 360 ms (16-
was incubated with gentle rocking overnight &G Protein 90%).

A agarose beads were added and incubated with gentle paa Analysis Nonlinear regression fits of experimental
rocking fa 2 h at 4°C. The beads were washed 3 times a5 were performed with Origin (Microcal software,

with 500 uL qf cell lysis bqffer. Protein was eluted from Northampton, MA) or Clampfit (pClamp8 software, Axon
the beads with 2 Laemmli buffer, and the sample was |hqtryments, Foster City, CA). Doseesponse data were
heated to 65C for 10 min. The sample was loaded onto @ yegcribed with a MichaelisMenten-type relationship. To
10% SDS-PAGE gel and analyzed by Western blotting, and gegcribe the properties of mixed populations of wild-type
protein bands: were detecteq with Fhe ECL reagent. and mutant transporters, we used a sum of two Michaelis
_ Electrophysiology and Rapid Solution Exchar@tutamate- Menten-type equations.
induced EAACL1 currents were recorded with an Adams and
List EPC7 amplifier under voltage-clamp conditions in the RESULTS
whole-cell current-recording configuratioR3). The typical
resistance of the recording electrode wa8MQ; the series Our experiments were designed to test the functional
resistance was-58 MQ. Because the glutamate-induced consequences of the trimeric structure of the glutamate
currents were small (typicallx500 pA), series resistance transporter. For this purpose, we used coexpression of wild-
(Rg) compensation had a negligible effect on the magnitude type EAAC1 with mutant transporters. The first mutant
of the observed currents<¢% error). ThereforeRs was EAACL1 that we coexpressed with the wild-type transporter
not compensated. The extracellular solution contained 140Was EAACkuaeq (see Figure 1A for an illustration of the
mM NaCl, 2 mM CaC}, 2 mM MgCl, and 30 mM HEPES.  localization of the mutated residues within the EAAC1
Two different pipet solutions were used depending on structure). It had been previously shown that neutralization
whether mainly the noncoupled anion current (with thiocy- Of the conserved arginine residue in position 446 converts
anate) or the coupled transport current (with chloride) was EAAC1 from a transporter specific for acidic amino acids
investigated 19, 24). These solutions contained 130 mM toone that is specific for neutral amino acids, such as alanine
KSCN or KCI, 2 mM MgCh, 10 mM tetraethylammonium  (18). Our objective was to generate heterotrimers that contain
chloride (TEACI), 10 mM ethylene glycol-bigg¢amino- subunits activated by either glutamate or alanine but not by
ethyl ether)N,N,N',N'-tetracetic acid (EGTA), and 10 mM  both substrates.
HEPES (pH 7.4/KOH). Thiocyanate was used because it Functional Characterization of EAAGLsq We first
enhances glutamate transporter-associated currents antested the specificity of EAAGusqexpressed in HEK293
allows the detection of the EAAC1 anion-conducting mode cells for neutral amino acids. When 5@ alanine was
(19, 25). applied to EAACkaas0in the homoexchange mode (140 mM
For the electrophysiological investigation of the fla ~ NaSCN and 10 mM alanine internal, see Figure 1B for a
glutamate homoexchange mod24), the pipet solution  graphical illustration of the transport modes used), it gener-
contained 140 mM NaCl/NaSCN, 2 mM MgCIl10 mM ated a large inwardly directed anion current (left panel of
TEACI, 10 mM EGTA, 10 mM glutamate, and 10 mM Figure 1C), caused by the outward movement of SCIN
HEPES (pH 7.4/NaOH). In this transport mode, the same contrast, application of 500M glutamate to the same cell
concentrations of Na are used on both sides of the did not result in any detectable current (middle panel of
membrane, and concentrations of glutamate are used on théigure 1C). Similar results were obtained for concentrations
intra- and extracellular side, which saturate their respective of glutamate up to 1 mM (Figure 1D). The typical glutamate
binding sites. The affinity of EAAC1 for cytoplasmic concentration used in the coexpression experiments was 50
glutamate is 28QuM (26). Therefore, we used 10 mM «M. Thus, these results demonstrated that glutamate does
cytoplasmic glutamate to ensure saturation of the intracellular not activate the anion current in EAAR4ksqat the typical
binding site. In contrast, the affinity for extracellular concentrations used.
glutamate is about 6M (19), and 106-200uM extracellular The alanine-induced current was dependent on the alanine
glutamate is sufficient for saturation of this binding site. concentration (Figure 1D), saturating with an appatent
When permeating anions, such as SCMre present, of 20.1+ 1.0uM (n = 3). On average, the alanine-induced
establishment of homoexchange conditions leads to theanion current at saturating alanine concentrations-wz&3
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Ficure 1: (A) Topology of EAAC1 and the location of the mutated
amino acid residues. (B) Graphical illustration of the transport
modes studied. (C) Glutamate does not activate EAHGE

Grewer et al.
50 uM Glu
+ 50 uM Gin
50 yM Glu 50 uM Gin
A S
] i . A,
Fl * B £ \ I
2 ] F F
= /
o -100
N et stomedadote ettt bttt el ey priretennd - = (51N
D L1504
$ 1-——% ———————————————————————————————— Glu
& -200-
° 4
£ .20
-’ Glu+GIn
-300
EREE T Tl TR T Gl TR T T
Time (s) Time (s) Time (s)
B L -
204
H
154 -
@
-3
3 3 a
mn 1.04
g 104 g P [ ]
054 o
®
o
004 0.5 Ly S— .
Glu GlusGin Gin  Sum 14 11 41
Ratio of [cDMA]

FIGURE 2: Anion current responses to glutamate and glutamine of
WT/R446Q mixed transporter populations are purely additive. (A)
50 uM glutamate (left trace), 5@M glutamine (right trace), and
50uM glutamate and 5@M glutamine (middle trace) were applied

to a cell expressing both EAAGE and EAACkuseq after
transfection with a 1:1 mixture of the respective cDNAs. The line
marked Glu represents the current level evoked by glutamate
application, and the line marked GIn represents the current evoked
by glutamine application. The baseline was adjusted to 0. Currents
were recorded in the exchange mode (140 mM NaSCN, 5 mM
glutamine, and 5 mM glutamate in the recording pipet solution).
(B) Statistical analysis of the data shown in A= 5). (C) Ratio

of experimentally determined and expected currents as a function
of the ratio of the transfected cDNA concentration for purely
statistical coassembly of the trimer. The expected currents were
calculated from a binomial distribution with probabilities of finding
one of the two subunits in the trimeric assembly of 0.2 (ratio 1:4),
0.5 (ratio 1:1), and 0.8 (ratio 4:1), respectively.

we also tested glutamine as a substrate for EARGsS As
shown in Figure 1D, glutamine generated maximum anion
currents indistinguishable from the alanine-induced currents
but activated the transporter Wit 4 times higher apparent
affinity of 5.1 + 1.0uM (n = 3). Finally, we tested whether
alanine and glutamine are substrates for EAAE1AL the

Typical inward currents are shown in response to the application concentration range used for the coexpression experiments

of 500 M alanine to a cell expressing EAAGLsq (left panel).

The middle panel shows the response of the same cell to an

application of 50Q«:M glutamate (140 mM NaSCN, 10 mM alanine,

and 10 mM glutamate in the recording pipet solution). Application
of 500uM alanine in the presence of intracellular KSCN (forward
transport conditions) evokes very little current (right panel). (D)

(up to 500uM), no activation of anion current was observed
for either of these two neutral amino acids, indicating that
they were not recognized as substrates by EAKCL
Properties of Mixed EAAGHE—EAACRas6q Next, we
characterized the functional properties of a mixed population

Dose-response relationships for alanine and glutamate under of wild-type and R446Q mutant transporters. Initially, these

recording conditions as in C. The solid lines represent best fits

according to a MichaelisMenten-like relationship. All recordings
were performed at 0 mV transmembrane potential.

+ 155 pA (from 12 cells). This compared well to thel75
=+ 120 pA (from 20 cells) obtained for glutamate activation

of EAAC1yr anion current under homoexchange conditions,

experiments were performed in the homoexchange mode
because EAACAus0d0es not catalyze steady-state forward
transport (right panel of Figure 1C). Application of a®/
glutamate to HEK293 cells expressing a mixed population
of these transporters resulted in generation of inwardly
directed anion current (left panel of Figure 2A). A slightly

showing that the R446Q amino acid exchange did not result smaller anion currenti/lgiy, = 0.78 + 0.13,n = 5) was
in a dramatically changed expression level of the mutant asinduced by 50uM glutamine (right panel of Figure 2A).

compared to the wild-type transporter. In addition to alanine,

When both substrates were applied at the same time, the
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Ficure 3: Thiol-specific cross-linking of the heterologously
expressed wild-type EAACL and the cysteine-less mutant of Ficure 4: Co-immunoprecipitation results. EAAGZ and
EAACL1. Hypotonically washed membranes derived from EAAE1 EAAC1rassoWere co-immunoprecipitated with a EAAGE—YFP

(A) or EAACLysiess(B) expressing HEK293 cells were incubated  fusion protein by using an anti-GFP antibody. Total (T), unbound
with 25 uM BMDB (lanes 2-5 in A and B, respectively). The  (U), washed (W), and eluted (E) samples were loaded on 10%
cross-linking reaction was stopped after incubation times of 10, SDS-PAGE. The corresponding amount of anti-GFP was also
30, 60, and 120 min. Controls (non-crosslinked membranes before|oaded as a control (C). Protein was transferred to a nylon membrane
and after the experimental procedure; starting material, lanes 1;and detected by anti-EAAC1 antibody and ECL reagent. The left
postexperimental, lanes 6) and cross-linking productsu(d®f four lanes were samples from cells transfected with EA

total membrane protein/lane) were separated by 6%-SSGE alone; the right four lanes were samples from cells transfected with
and were immunoblotted with EAAC1-specific antibodies. Molec- EAAC 14460 plus EAACH1—YFP.

ular mass markers (left panels, MW) are indicated in kilodaltons.
The data shown are representative of at least three independen

experiments, Shown in Figure 4, the EAAGlso protein was co-

immunoprecipitated from cells that coexpress EAAGdq
and EAACL—YFP. No EAACXRuseo protein was co-
immunoprecipitated from cells that expressed EAAG

anion current was 1.8& 0.21 times the current in the
presence of only glutamate (middle panel of Figure 2A), _ oe X _
suggesting that the currents induced by the two substrate2/one, which excluded the possibility that anti-GFP antibody

are purely additive, pointing to independent operation of the c&n interact with EAACAuse As a control, co-immuno-
subunits of the trimer. The statistical analysis of the results Précipitation of wild-type transporter and EAA@L—YFP
from 5 cells is shown in Figure 2B. was also performed with similar results (data not shown).

To test for statistical coassembly of EAAGA and These results clearly show that EAA&GZsocan co-assemble

EAACILruso We expressed the two proteins in varying With wild-type EAACL.
amounts by altering the cDNA ratio used for the transfection ~ So far, we have characterized the glutamate and alanine
from 1:4 to 4:1. As shown in Figure 2C, the ratio of the translocation properties of EAAGA—EAACLraseqby lock-
currents induced by glutamate and alanine was in agreementng the transporters in the homoexchange mode. Because the
with that expected for pure statistical coassembly of the wild- translocation of the K-bound transporter form is impaired
type and mutant transporters. in EAAC1ras60 We next measured steady-state transport
Although it has been previously shown that EAAT2 forms currents in the mixed population of transporters, to test
homotrimers {4, 17), the subunit stoichiometry of EAAC1 ~ Whether cooperativity of the subunits is required for the
has so far not been determined by using biochemical relocation reaction. As shown in Figure 5A (left panel),
methods. Therefore, we used Western blotting to test whetherapplication of 50uM glutamate to the transporters in the
EAACI also assembled as a trimer. We used a cross-linkingforward transport mode resulted in the activation of large
approach based on three different cross-linking reagents, twoanion currents{290=+ 70 pA, n = 4, KSCN intracellular
chemical [thiol specific (BMDB) and amino specific (8 solution), even in the total absence of alanine. This result
and one enzymatic cross-linking approach (transglutaminasesuggested that occupation of the alanine-binding site of
reaction). Cross-linking with BMDB resulted in the formation EAACI1rassqwas not required for forward glutamate transport
of two prominent bands after Western blotting (Figure 3A), in the wild-type transporter. As expected, application of 200
corresponding to the monomer (69 kDa) and trimer [200 kDa #M alanine in the forward transport mode to the same cells
(*b in Figure 3A)]. In addition, some lower intensity bands generated only 13% of the glutamate-induced inward anion
were observed that indicated the formation of dimers and acurrents (39 11 pA,n = 4, middle panel of Figure 5A).
higher molecular weight species, possibly a tetramer. Mul- Application of both substrates at the same time resulted in
timer formation was not observed when a cysteine-less an anion current that was purely additive, as shown in the
variant of EAAC1 was treated with BMDB (Figure 3B). A  right panel of Figure 5A.
detailed description of the cross-linking data, including cross- The magnitude of the anion current carried by SCN
linking with BS® and transglutaminase, can be found in the outflow is a good measure for the forward transport activity
Supporting Information. Together, the cross-linking data of wild-type and mutant glutamate transporters, because it
suggest that EAAC1 forms homotrimers. is believed that anion conductance is associated with few
To directly test whether EAAGilssocan co-assemble with  specific states within the transport cycle, such as thé, Na
wild-type EAACL, we performed co-immunoprecipitation H*, and glutamate-bound states (see for example 18fs
(co-IP) experiments. Wild-type transporter and EAAGL 24, 28, and29). Furthermore, it was shown that the anion
were coexpressed with an EAA@L—YFP fusion protein. current is absent when steady-state transport is inhibited in
Anti-GFP antibody was used to perform the co-IP. Proteins the wild-type transporter or by specific mutants such as
were separated by 10% SB®AGE and analyzed by E373Q @1) and R446Q (this work). However, to directly
Western blot with anti-EAAC1 as the primary antibody. As test the effect of subunit interaction on glutamate transport,
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Ficure 5: Forward transport of EAAG# is not inhibited in the presence of equal amounts of EAAG, (A) 50 uM glutamate (left

panel), 200uM alanine (middle panel), and 5M glutamate and 20@M alanine (right panel) were applied to a cell expressing both
EAAC1yt and EAACkassqafter transfection with a 1:1 mixture of the respective cDNAs. The line maBtedepresents the current level

evoked by glutamate applicatioAja represents the current evoked by alanine application;&odt- Ala represents the current level in

the presence of both substrates. The baseline was adjusted to 0. Anion currents were recorded in the forward transport mode in the presence
of permeating anions (140 mM KSCN in the recording pipet solution). (B) Glutamate-tdesgonse curves recorded in the absefge (

and the presenca®(and A) of 500 uM extracellular alanine. The data shown@sand ® were recorded in the presence of intracellular

KSCN (forward transport mode)aj Experiments performed in the homoexchange mode (140 mM NaSCN, 5 mM glutamate, and 5 mM
alanine internal) in the presence of 50 extracellular alanine. The data were obtained at 0 mV transmembrane potential. The dashed line
represents a fit to a Michaetidvlenten-like equation with an additiongloffset parameter. The solid and dotted lines are fits according to

a Michaelis-Menten equation. (C) Transport currents induced in EAfEand EAACkas6q cOEXpressing cells by application of s

glutamate (left panel), 5aM glutamine (middle panel), and 50M glutamate and 5@M glutamine (right panel). The baseline was
adjusted to 0. Currents were recorded in the forward transport mode in the absence of permeating anions (140 mM KCI in the recording
pipet solution). (D) Voltage dependence of transport currents under conditions similar as in C. Transport currents were recorded in the
presence of 5&M glutamate @), 50 uM glutamine ©), and 50uM glutamate and 5@&M glutamine @).

we measured transport currents in the absence of a drivingmM NaCl and 10 mM alanine-containing intracellular
force for anions across the membrane (symmetrical Cl solution).

concentrations on both sides of the membrane, 0 mV, Figure To further test for cross-talk between the individual
5C), to confirm the results obtained from the anion currents sybunits, we determined whether the substrate affinity of one

in the forward transport mode. As expected B0 glutamate
elicited inward transport currents in mixed EAAgELE-
EAAC1rass0 transporters €48 + 2 pA, n = 4, KCI

subunit depended on the occupancy of a neighboring subunit
in the trimer. In trimers that contained only the wild-type
transporter, th&, for glutamate in the homoexchange mode

intracellular solution), even in the absence of alanine or was 13uM. For trimers that contained both EAAG# and
glutamine (left panel of Figure 5C). In contrast, application EAAC1rasso transporters, th&, for glutamate was 8.%

of 50 uM glutamine did not induce any measurable currents 1.0uM (n = 3) in the absence of alanine. In the presence of
(=1 £ 1 pA,n= 4, middle panel of Figure 5C). The same 500uM alanine, theK, for glutamate did not change within
result was found throughout the tested range of transmem-experimental error (8.6 1.1 uM, n = 3, Figure 5B). The

brane potentials from-90 to +60 mV (Figure 5D). The

same experiments were repeated in the forward transport

absence of glutamine-induced currents was not due to themode. In this mode, the substrate-binding sites of EA#Gs3
absence of EAACLusotransporters, because application of should be mainly exposed to the intracellular side in the
glutamine to the same batch of cells in the presence of 140presence of alanine. We foundg, for glutamate of 5.4+

mM extracellular SCN resulted in the activation of out-

wardly directed anion currents-@20+ 34 pA,n = 4, 140

0.6uM (n= 3, Figure 5B) in the absence of alanine and 5.6
+ 1.1 uM (n = 3, Figure 5B) in the presence of alanine.
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Together, these results suggest that the substrate affinity of 100 M TBOA
one subunit in the trimer is independent of the state of the A S
neighboring subunits. sl

Finally, we tested specific competitive inhibitors of either
the wild-type transporter or EAAGlugsofor their effects in
the mixed trimer. The glutamate transporter inhibibar
threo-3-benzyloxyaspartate (TBOA) is a potent inhibitor of
EAAC1 with aK; in the submicromolar rangd g, 30), but
it did not block alanine-induced currents in EAA&so at
concentrations up to 200M. When 100uM TBOA was ) )
applied to trimers containing both the wild-type transporter ]
and EAACkusq an outward current was inducedt44 + s [ em— L
4 pA, n = 3, left panel of Figure 6A). This outward current 500 uM Ala 500 uM Ala + 100 M TEOA
was caused by inhibition of the sustained leak anion o 2 4 6 80 2 4 6 8
conductance of EAAC1 in the presence of intracellular SCN Time (s) Time (s)

(19, 31). However, TBOA did not inhibit the inward anion

current generated by 5QaM alanine (left panel of Figure B &m]
6A). In addition, we used benzylserine, which is a competi- l

tive inhibitor of the neutral amino acid transporter ASCT2 0 —founy s,
(32). Benzylserine (1 mM) did not induce any currents in ] {
EAAC1, but it generated outward current in EAAGsq '
because of the inhibition of the sustained anion leak -
(determined by the voltage dependence of the benzylserine-
induced current, data not shown), which is conserved in this
mutant transporter. The apparent affinity of EAAGakofor
benzylserine was determined to 16010 uM (n = 4, data

not shown). In the mixed EAAGH—EAAC1ras60 trimer, 450 M
application of 1 mM benzylserine also resulted in outward ] %‘ 50 uM Glu + 1 M Bzi-Ser
current +49+ 5 pA, n = 3, left panel of Figure 6B). Similar SR TR R R S N R
to TBOA, however, benzylserine did not significantly inhibit
glutamate-elicited inward current (left panel of Figure 6B).

When both inhibitors where applied at the same time, an c
outward current of 84: 9 pA (n = 3) was observed, which

is 91% of the current expected if both inhibitors inhibited 400 -
their respective subunits independently. The results are
statistically summarized in Figure 6C. Together, these results
indicated that inhibition of one subunit in the trimer did not
affect the function of the neighboring subunits.

Properties of Mixed EAAGEH—EAACL 295« Oligomers
Thus far, the data obtained from the coexpression experi-
ments with the wild-type and R446Q transporters did not
strictly exclude the possibility that glutamate and the
cotransported cations are transported through a single pore
in the middle of the trimeric subunit assembly. To test this 0+ T T
possibility, we coexpressed the wild-type transporter with il AR 52
EAACLiz05¢. We had shown pre\_/l(_)usly that EAAGzs« FiIGURE 6: Inhibition of individual transporter subunits by competi-
has a dramatically reduced affinity for glutamat@3) tive inhibitors does not exert a dominant negative effect. (A) (Left
Therefore, we expected that coexpression of EAg&dnd panel) Anion current evoked by the application of 500 alanine
EAAC195¢ Would produce transporters with an affinity to a mixed population of EAAGr and EAACkuaso (Right panel)

intermediate of the wild-type and the mutant transporter, if gptﬂgig%‘eog é?g?/zﬂklggﬁbigsggim\r/gr:tnl(qulbltoefrcga?e?%\lllnTe' ower
both mutant and wild-type subunits would line a central_ trace shows the response to both 500 alan?r?e and 160”\/'
permeation pathway for glutamate. In contrast, the experi- TgoA. All currents were recorded in the homoexchange mode.
mental doseresponse curve for glutamate shown in Figure (B) (Left panel) Anion current evoked by the application of 50
7A could not be described by a Michaetisenten-like uM glutamate to a mixed population of EAAGE and EAACkasq
relationship with intermediate glutamate affinity (dotted line (Right panel) Application of 1 mM BzI-Ser, a competitive inhibitor

L . . . of EAAC1ra46q to the same cell evokes an outward current (upper
in Figure 7A) but was rather consistent with two independent y;ce) The jower trace shows the response to bofsglutamate

populations of transporters witk, values for glutamate of  and 1 mM BzI-Ser. The arrow represents the total glutamate-induced
7.4+ 0.9 and 730+ 80 uM (n = 4), respectively. These  current response in the absence and presence of Bzl-Ser. All currents

Km values fit very well with theK,, of the pure wild-type  Were recorded at 0 mV voltage with a SCidontaining pipet solu-
and H295K transporters of 13 and 68060 uM (n = 5) tion. (C) Statistical analysis of the data shown in A anchB=(4).

respectively, as illustrated by the dashed lines in Figure 7A. current of the mixed population was 434%, in agreement
The contribution of the EAAGLgsk current to the total  with previous findings, showing that EAAGss catalyzes

-200 4

-400 +

Current (pA)

Current (pA)

-100 4 | A

Time (s) Time (s)

3004 =

200 4

Current (pA)




11920 Biochemistry, Vol. 44, No. 35, 2005 Grewer et al.

20 -A

o 1.5 it

w

=4 -—

Q =

:

2 10- 3

[ F] @

i 2

1] [1]

E —_

g 0.5+ e

> , "H295K
(i A Bl i o AN
1E-3 0.01 0.1 1 10
c(Glutamate) (mM)
B[ 1 mM Glu : | 1 mM Glu | l 1 mM Glu J C(Glu) (mM)

L 0 e - bty . . . .
a | Ficure 8: Dose-response relationship of a mixed population of
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2 1004 \ pH 7.4 ©) and 10.0 @). The dashed lines represent the dose
3 \ response relationships of EAAG1 at pH values of 7.4 and 10.0.
5 150 The solid lines represent the best fit of a sum of two Michaelis
E 200 | eerteimtY Menten-like relationships to the data at pH 7.4 and 10.0, assuming
S WT WT+H295K H295K an independent population of WT and mutant transporters (ratio
s ‘250_1 A e ia AT of cDNA concentrations of 1:1). The data were collected in the

presence of 140 mM Naand 10 mM glutamate in the cytosol
Time (s) (homoexchange conditions).

Ficure 7: (A) Dose-response relationship of a mixed population . o )
of EAAC1yr and EAAC 05« transporters activated by glutamate.  We had previously proposed that E373 is involved in proton
The dashed lines represent the desesponse relationships of pure  cotransport by EAAC1, because the E373Q mutation abol-
EA%CL{V? ta”? EAACL%@)&;”T\‘/?SEOW%\SA Tft‘e Sﬂ(id "”Ie t(eprehsents ishes the intrinsic pH dependence of glutamate transpayt (

e best fit of a sum of two MichaekaVienten-like relationships :
to the data, assuming an independent population of WT and r%utantHere’ we coexpressed EAAGAL with EAACLesraq and
transporters. The dotted line represents a Michadlisnten-like determined the functional properties of the mixed transporters
relationship calculated with K, intermediate between the wild- ~ as a function of the extracellular pH. At pH 7.3, EAAEAL
type and mutant EAACL. The cDNAs for the mutant and wild- and EAACZXs730 have very similar apparent affinities for
type transporters were mixed in a 1:1 ratio. The recording pipet g tamate 19), 13 and 10uM, respectively. Consistently,

contained 140 mM NaSCN and 10 mM glutamaig, & 0 mV). - . .
(B) Current responses to 1 mM glutamate application to HEK293 the dose-response relationship of the mixed transporter

cells expressing wild-type EAACL (left panel), EAAGsbsk (right population, shown in Figure &), was well-described by a
panel), and a mixed population of wild-type transporter and Michaelis—Menten-like relationship with an apparefy;, of
EAAC1z0sx Under the same conditions as in A. 12.6 + 1.2 uM (n = 3). In contrast, the dosgesponse
relationship was more complex at an extracellular pH of 10.0
(® in Figure 8). Assuming an additive response of EAAE1
and EAACZsr30 to glutamate, the dosgesponse curve
could be described by a sum of two Michaeldenten-

like curves, one yielding an appardt, of 11.3+ 0.3uM

and the other component yieldingka, of 420 + 71 uM.
These results are consistent with the existence of two
independent transporter populations, one being the wild-type
transporter with a shift of thEy, to 610uM at pH 10.0 [right
dotted line in Figure 836)] and the other being EAAGE30

less anion current than wild-type EAACZB3).

In addition to having a dramatically differer,, for
glutamate, EAAC9s« has the effect of slowing the
activation of the glutamate-induced anion current by about
a factor of 100 83), as shown in Figure 7B. Whereas
application of 1 mM glutamate to EAAG4 resulted in a
single-exponential anion current activation with a time
constant of 45+ 5 ms (left panel of Figure 7B), which
reflects the time resolution of the rapid solution exchange
?éifr?;’d ?Nci?r\\/ z;tl?ipn em; Otrr:; a?\?'g? 7;;282:5 Ig E'ZA%J‘;'; with its virtually pH-independenk,, that remains at 14M
panel of Figure 7B). In contrast to the single-exponential at pH 10 @1).
rising behavior of the pure transporters, anion currents of
the mixed population of wild-type and H295K transporters DISCUSSION
were activated with a double-exponential time course (middle  In this study, we report that the individual subunits of the
panel of Figure 7B). The time constants for the two phases glutamate transporter subtype EAAC1 homotrimer function
of the current rise were 33 3 and 1090+ 40 ms, independently of each other. To reach this conclusion, we
respectively. These results suggested that the kinetic properused three different mutant transporters, which have dramati-
ties of the mixed wild-type and H295K mutant transporters cally different substrate specificity and kinetic properties than
can be described by a simple sum of the kinetic properties those of the wild type, and coexpressed them with the wild-
of the individual transport proteins. type transporters. In one of the mutant transporters, the

Properties of Mixed EAAGE—EAACEs730 The glutamate  substrate specificity is changed from recognition of acidic
residue E373 is conserved in the mammalian glutamateamino acids to recognition of neutral amino acids, by an
transporter family 4) but not in ASC transporter$(21). arginine 446 to glutamine exchange. This mutation allowed
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A trimer. Although our functional data would also be consistent
with a model in which mutant and wild-type transporters
only form homotrimers but not heterotrimers, we can reject
this possibility for several reasons. First, we were able to
directly show that one of the mutant transporters, EAAGsS
coassembles with wild-type EAAC1 by co-immunoprecipi-
tating EAAClrassowith an EAACr—YFP fusion protein.
Second, we investigated transporters with three different

mutations in different transmembrane segments of EAAC1.

Only Ala/Gin transported Glu and Ala/Gin Only Glu transported

both transportod It appears unlikely that all three mutations would have the
B C same inhibitory effect on subunit assembly. Third, none of
| Experimental Expecied the mutations investigated is close to the subunit interface

of the glutamate transporter multimer. This multimerization
interface is mainly composed of transmembrane segments
2, 4, and 5 {4). The mutations generated here are localized
in transmembrane helices 6, 7, and 8. Transmembrane helix
6, which contains the H296K mutation, is localized on the
outer, membrane-facing side of the transporter unit, which
is on the opposite side of the subunit interfagd)(

Our data allow us to exclude possible mechanistic models
that were previously discussed for glutamate transport and
catalysis of the anion conductance by the multimeric as-
FiGURE 9: (A) Proposed model for the independent action of sembly of subunits §). In one model, both glutamate
subunits of EAACr (dark gray, transports Glu) and EAAR4Lsq transport and anion conductance are through the same
(light gray, transports either Ala or GIn) in the heterotrimeric unit. pathway, which is a central pore in the middle of the subunits.

The model shows a side view of the transporter according to the - . : . :
crystal structure of Yernool et al.1®). The third subunit is This model would predict mixed properties of transporter

represented by the dashed line. The cylinder represents the anior@Ssemblies between mutant and wild-type transporters, which
permeation pathway. (B and C) Comparison of experimental are between the properties of the pure transporters. The data

currents (B) and expected currents (C) induced upon coapplicationpresented here exclude this model. Instead of observing

of glutamate and glutamine to the mixed population of transporters tran rters with mix r rti Wi Iw v
according to three different models. In the left model, both subunits . ansporters ed properties, we always observe

work independently and anion permeation is through pathways on Indeper_ldent populations of trans_porters that have either the
individual subunits (see also A). In the middle model, anion Properties of the mutant or the wild-type transporter but not
permeation is through a central pathway and needs binding of bothintermediate properties. In a second model, anion conduc-
ligands to be activated. In the right model, anion permeation is tance is through a central pore and can be gated by
through a central pathway and needs binding of only one of the .,oharative binding of the substrate to all three subunits
two ligands to be activated. The expected currents were calculated, . . . .
based on a binomial distribution with a probability of finding each (Middle panel of Figure 9C). This second model is analogous
of the two subunits in a trimeric assembly of 0.5 (1:1 coexpression t0 typical mechanistic models for ligand-gated ion channels.
of the wild-type and mutant transporters). This model is clearly not consistent with our data (Figure
9B), because we would expect that in the EAAGE
us to assemble EAACL trimers, which contain subunits that EAAC 1ra46gmixed transporter anion current would be only
can either bind glutamate or alanine. Thus, we were able togenerated in the presence of both glutamate and glutamine,
determine that the occupancy of one subunit binding site which is experimentally not observed (middle panel of Figure
within the trimer has no functional effects on substrate 9C). Third, a model would be possible in which anion
transport by a neighboring subunit. Our data are consistentconductance is through a central pore that can be activated
with the lack of cooperativity found for glutamate transport by binding the substrate to only one of the three subunits
by EAACL. Numerous functional studies showed that the (right panel of Figure 9C). This model can be excluded,
Hill coefficient for the glutamate concentration dependence because it would be expected that in the EAAGE
of transport is close to ond g, 36—39), suggesting thatonly ~ EAAC1rasomixed transporter the presence of one substrate
one glutamate molecule needs to be bound to the transportealone would be sufficient to elicit the maximum anion-
at a time to induce transport. Although it can be difficult to conductance activation. Again, this is experimentally not
draw conclusions about cooperativity based only on Hill found (right panel of Figure 9C).
coefficients, our data provide the simplest explanation for ~ Some predictions of experimental data of these models
the Hill coefficient of 1; namely, that it does not matter are summarized in Figure 9C. It is clear that the model shown
whether the substrate-binding site of a neighboring subunitin Figure 9A predicts the experimental data well (left panel
is occupied or not, glutamate always binds with the same of parts B and C of Figure 9), whereas the other models do
affinity and is transported with the same rate. Thus, it seemsnot result in a satisfactory prediction. The model includes
that there is no cross-talk between the individual transporter anion permeation through the individual subunits and not
subunits. The model that we propose for independent through a central pore. This interpretation is consistent with
functioning of the glutamate transporter subunits is graphi- a previous report showing that the anion conductance is
cally illustrated in Figure 9A. tightly associated with Nabinding to the transporte24,
Our conclusions are based on the assumption that the40). Although the location of the Nabinding sites cannot
mutant and wild-type subunits coassemble to a functional be directly deduced from the recently published crystal




11922 Biochemistry, Vol. 44, No. 35, 2005

structure of GItP 14), it seems unlikely that sodium ion 5
binding occurs near the center of the trimeric subunit
assembly. The central vestibule is composed of mainly
hydrophobic amino acid residues and is too narrow for ion
permeation14). Thus, it is likely that the anion-permeation
pathway is associated within the center of each individual
subunit, which constitutes probably also the permeation
pathway for the substrate and cotransported Mas. This
conclusion is in agreement with data published in 4gf
showing that some amino acid residues in transmembrane
segments 2 affect the anion-permeation properties upon
mutation. These amino acid residues do not compose a
central anion-permeation pathwai/4j.

The model of individual functioning of the subunits of
the trimer proposed here has also implications for our
understanding of the molecular machinery of the glutamate
transporter. The crystal structure of GItP shows a large,
water-filled bowl in the center of the three subunii)(
Although this bowl might be filled in the mammalian
transporters with the protein mass from the extracellular loop

between transmembrane helices 3 and 4, it would be tempting 12.

to speculate on an alternating access mechanism in which
the bowl and therefore the glutamate-binding site would be
exposed either to the extracellular or to the intracellular side 13
of the membrane in a cooperative, large-scale conformational
reorganization of the whole protein complex. However, the
data presented here exclude such a model, because it would
require cooperativity between the individual subunits. On
the basis of the data, we favor a model that requires only

small conformational changes of the individual subunits upon 15.

glutamate binding, which are not transmitted to the neighbor-
ing subunits. These conformational changes might take place

only in the C-terminal part of the transporter and are shielded 14

from the subunit interface by transmembrane domains 2, 4,
and 5. Thus, it is possible that helices@form a structural
scaffold that protects the functionally important C-terminal
part from interaction with the lipid bilayer and the neighbor-
ing subunits.

While this manuscript was in preparation, a study had been
published that also suggests independent functioning of
glutamate transporter subuni#lj. This study reached the
same conclusions by using a very different approach from
ours, namely, chemical modification of mutant transporters
at cysteine residues.

SUPPORTING INFORMATION AVAILABLE

Detailed description of the chemical and enzymatic cross-
linking experiments and the Western blotting data fo BS
and TG cross-linking. This material is available free of charge
via the Internet at http://pubs.acs.org.
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