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 Individual Subunits of the Glutamate Transporter EAAC1 Homotrimer Function Independently of Each Other† Christof Grewer,*,‡ Poonam Balani,§ Christian Weidenfeller,§ Thorsten Bartusel,§ Zhen Tao,‡ and Thomas Rauen*,| UniVersity of Miami School of Medicine, 1600 NW 10th AVenue, Miami, Florida 33136, Westfa¨lische-Wilhelms-UniVersita¨t Mu¨nster, Wilhelm-Klemm-Strasse 2, D-48149 Mu¨nster, Germany, and Abteilung Biophysik, Fachbereich Biologie/Chemie, UniVersita¨t Osnabru¨ck, D-49034 Osnabru¨ck, Germany ReceiVed May 26, 2005; ReVised Manuscript ReceiVed July 8, 2005
 
 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 EAAC1WT with the mutant transporter EAAC1R446Q, which transports glutamine but not glutamate. Application of 50 µM glutamate or 50 µM 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 EAAC1WT and EAAC1H295K, a transporter with a 90-fold reduced glutamate affinity as compared to EAAC1WT, 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 EAAC1H295K and EAAC1WT, respectively. Finally, we coexpressed EAAC1WT with the pH-independent mutant transporter EAAC1E373Q, 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 glutamate from the synaptic cleft after excitatory neurotransmission is complete. Uptake into the cells surrounding the synapse against a glutamate concentration gradient is achieved by these transporters by coupling transmembrane glutamate movement to the cotransport of three sodium ions and one proton and the countertransport of one potassium ion (1, 2). In addition to the movement of ions across the membrane being directly coupled to glutamate transport, glutamate transporters also catalyze uncoupled transmembrane flux of anions (3). This anion conductance is thought to be an integral property of the transporters and is not mediated by indirect coupling of transport to a secondary anion channel (3-5). † This work was supported by the National Institutes of Health Grant R01-NS0493 to C.G. and by the Deutsche Forschungsgemeinschaft Grants GR 1393/2-2,3 to C.G. and RA 753/1-1,2 to T.R. Z.T. is grateful for a postdoctoral fellowship by the American Heart Association (0525485B). * To whom correspondence should be addressed: Department of Physiology and Biophysics, University of Miami School of Medicine, 1600 NW 10th Avenue, Miami, FL 33136. Telephone: (305) 2431021. Fax: (305) 243-5931. E-mail: [email protected] (C.G.); Abteilung Biophysik, Fachbereich Biologie/Chemie, Universita¨t Osnabru¨ck, D-49034 Osnabru¨ck, Germany. Telephone: 0541-6689709. E-mail: [email protected] (T.R.). ‡ University of Miami School of Medicine. § Westfa¨lische-Wilhelms-Universita¨t Mu¨nster. | Universita¨t Osnabru¨ck.
 
 The mammalian glutamate transporters belong to a large family of membrane transport proteins that comprise also neutral amino acid transporters, such as the alanine serine cysteine transporters [ASCTs1 (6, 7)] and dicarboxylate transporters (8, 9). A large number of biochemical data from both mammalian (10, 11) and bacterial glutamate transporters (12, 13), as well as recent crystallographic evidence from a glutamate transporter from a thermophilic bacterium [GltP (14)] showed that the polypeptide chain spans the membrane 8 times and that two reentrant loops dip into the membrane, one from the extracellular side and one from the intracellular side. The crystal structure of GltP also showed that three monomers of the transporter coassemble in a trimeric protein with an unusual, bowl-shaped structure (14). However, the crystal structure of GltP gives no insight into 1 Abbreviations: EAAC1, excitatory amino acid carrier 1; EAAT, excitatory amino acid transporter; ASCT, alanine serine cysteine transporter; GltP, glutamate transporter homologue from Pyrococcus horikoshii; PBS, phosphate-buffered saline; HEPES, 4-(2-hydroxyethyl)1-piperazineethanesulfonic acid; TEA, tetraethylammonium; EGTA, ethylene glycol-bis-(β-aminoethyl ether)-N,N,N′,N′-tetracetic acid; EDTA, ethylenediaminetetraacetic acid; HEK, human embryonic kidney; DTT, dithiothreitol; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; BMDB, 1,4-bismaleimidyl-2,3-dihydroxybutane; TG, transglutaminase; BS3, bis(sulfosuccinimidyl)suberate; Co-IP, co-immunoprecipitation; TBOA, DL-threo-β-benzyloxyaspartate; GFP, green fluorescent protein; YFP, yellow fluorescent protein; Bzl-Ser, benzylserine; MW, molecular weight.
 
 10.1021/bi050987n CCC: $30.25 © 2005 American Chemical Society Published on Web 08/10/2005
 
 11914 Biochemistry, Vol. 44, No. 35, 2005 the functional importance of the trimeric assembly of the transporter. The mammalian members of the glutamate transporter protein family appear to be also assembled as trimers. In 1996, Haugeto et al. reported the first evidence for multimeric assembly of natively expressed brain glutamate transporters (15). Although freeze-fracture electron microscopy data from Xenopus oocytes expressing the excitatory amino acid transporter 3 (EAAT3) seemed to indicate pentameric assembly (16), it was later shown in two reports that EAAT2 (14, 17) forms a trimeric structure. However, independent of the number of co-assembled subunits, the effects of multimerization on the mechanism of glutamate uptake and on the functional properties of the anion conductance of the transporters are unknown. A number of models have been proposed to account for the experimental data (5, 16). In one model, both glutamate transport and anion conductance are mediated by a central pore in the oligomeric subunit assembly (16). In this model, only one glutamate molecule could be transported at a time by each oligomer. Although this model seems unlikely in the light of the crystal structure of GltP, which appears to have binding sites for glutamate on each subunit of the trimer (14), there is no functional data available that would contradict this model. In a second model, glutamate transport is mediated by the individual subunits, whereas anion permeation occurs through a central pore (5). A third model includes both anion permeation and glutamate transport through the individual subunits of the oligomer (5). The last two models would allow for cooperativity of glutamate uptake, i.e., conformational coupling of and cross-talk between transporter subunits. At present, there is no experimental data available to differentiate between these functional models. Here, we asked the question whether the individual subunits in the trimeric assembly function independently of one another or if there is cross-talk between the subunits. We addressed this question by coexpressing wild-type EAAC1 with transporters that have been mutated in specific regions to affect their functional properties. Trimeric coassembly of EAAC1 and the mutant transporters was confirmed by Western blotting. In one set of experiments, the wild-type transporter was coexpressed with EAAC1R446Q, which converts the EAAC1 from a glutamate transporter to a neutral amino acid transporter, similar to the R446C exchange published by the Kanner group (18). Coexpression of mutant and wild-type subunits resulted in carriers that transported glutamate and alanine independently of each other. Furthermore, specific inhibition of one subunit did not affect substrate transport by the other subunit. When our experiments were taken together with data from the coexpressing wild-type and EAAC1H295K and EAAC1E373Q mutant transporters, they suggest that the EAAC1 forms trimers but that the individual subunits of the trimers work independently of each other. Furthermore, our data suggest that the anion conductance of glutamate transporters is mediated by the individual subunits, rather than a central pore. EXPERIMENTAL PROCEDURES Molecular Biology and Transient Expression. Wild-type EAAC1 cloned from rat retina was subcloned into pBKCMV (Stratagene) as described previously (19) and was
 
 Grewer et al. subjected to site-directed mutagenesis according to the QuikChange protocol (Stratagene, La Jolla, CA) as described by the supplier. Cys-less EAAC1 was produced by the same procedure by sequentially mutating the five cysteine residues in EAAC1WT (C9, C158, C218, C255, and C342) to serine. The primers for mutagenesis were obtained from the DNA core lab, Department of Biochemistry at the University of Miami School of Medicine. The complete coding sequences of mutated EAAC1 clones were subsequently sequenced. Wild-type and mutant EAAC1 constructs (named pCMVEAAC1WT or pCMV-EAAC1mutantform) were used for transient transfection of subconfluent human embryonic kidney cell (HEK293, ATCC number CGL 1573 or HEK293T/17, ATCC number CRL 11268) cultures using the calcium phosphate-mediated transfection method (20) as described previously (19, 21). For coexpression experiments, cDNAs of the mutant and wild-type receptors were used for transfection in a 1:1 ratio, unless stated otherwise. Electrophysiological recordings were performed between days 1 and 3 post-transfection. Membrane Vesicle Preparation and Cross-Linking. Glutamate transporter-expressing HEK293 cells were homogenized on ice in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-NaOH at pH 7.4 containing 100 mM NaCl, 1 mM Na4-EDTA, and Protease-Inhibitor Complete (Roche Applied Science, Mannheim, Germany) in a dilution according to the instructions of the manufacturer and centrifuged for 10 min at 400g to remove nuclei, cell debris, and undisrupted cells (P1 fraction). The supernatant was centrifuged for 30 min at 30000g at 4 °C. The resulting pellet (P2 fraction/membrane vesicles) was processed according to the respective cross-linking protocols (Supporting Information). Cross-linking products were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) and Western blotting. Controls were processed under identical conditions prior to and after the experiment, however, without adding enzymatic or chemical cross-linkers (see lanes 1 and 6 in A-F of Figure 3 and Figure 10 in the Supporting Information, respectively). The experimental procedures for chemical and enzymatic cross-linking can be found in the Supporting Information. SDS-PAGE and Western-Blot Analysis. Cross-linking products were separated and analyzed by SDS-PAGE using a 6% separating gel (0.5 mm thick) and Western-blot analysis. Immunoblots were prepared with affinity-purified antibodies directed against EAAC1 (BioTrend Chemikalien GmbH, Ko¨ln, Germany) in a dilution of 1:1000 as described previously (22). The antibody reaction was detected by chemiluminescence using Hyperfilm-ECL (Amersham ECLDetection kit; Amersham Biosciences U.K. Limited, Little Chalfont, U.K.). To determine the apparent molecular weight (MW) of the cross-linking products, the Pre-stained Protein Marker, Broad Range (6.5-175 kDa) (New England Biolabs, Beverly, MA) was used in parallel with “HiMark” High Molecular Protein Standard (40-500 kDa) (Invitrogen GmbH, Karlsruhe, Germany) to determine molecular weights higher than 175 kDa. MW marker proteins on immunoblots were stained with Protogold (Plano GmbH, Wetzlar, Germany). The MW of each cross-linking product was determined using the gel documentation software Total Lab (Nonlinear Dynamics, Newcastle upon Tyne, U.K.).
 
 Subunit Independence of Glutamate Transporters Co-immunoprecipitation. Transfected HEK293 cells were washed 2 times with phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4 at pH 7.4). Cells were collected after adding cell lysis buffer (20 mM Tris at pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and protease inhibitor cocktail 2, Sigma) by mechanical trituration. Cell membranes were further broken down by freezing and thawing 3 times and then passing through a 26-gauge needle 10 times. The resulting suspension was centrifuged at 1000g for 10 min to remove debris. The concentration of the supernatant (cell lysate) was adjusted to 1 µg/µL. Protein A agarose beads (Upstate) were added to 500 µL of cell lysate and incubated for 1 h with gentle rocking at 4 °C to preclear the cell lysate. After centrifugation and transfer of the supernatant to another tube, anti-GFP antibody (BioVision) was added and the solution was incubated with gentle rocking overnight at 4 °C. Protein A agarose beads were added and incubated with gentle rocking for 2 h at 4 °C. The beads were washed 3 times with 500 µL of cell lysis buffer. Protein was eluted from the beads with 2× Laemmli buffer, and the sample was heated to 65 °C for 10 min. The sample was loaded onto a 10% SDS-PAGE gel and analyzed by Western blotting, and protein bands were detected with the ECL reagent. Electrophysiology and Rapid Solution Exchange. Glutamateinduced EAAC1 currents were recorded with an Adams and List EPC7 amplifier under voltage-clamp conditions in the whole-cell current-recording configuration (23). The typical resistance of the recording electrode was 2-3 MΩ; the series resistance was 5-8 MΩ. Because the glutamate-induced currents were small (typically
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