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 Mechanism of Inhibition of the Glutamate Transporter EAAC1 by the Conformationally Constrained Glutamate Analogue (+)-HIP-B Randolph Callender,† Armanda Gameiro,† Andrea Pinto,‡ Carlo De Micheli,‡ and Christof Grewer*,† †
 
 Department of Chemistry, Binghamton University, Binghamton, New York 13902, United States Dipartimento di Scienze Farmaceutiche, Università degli Studi di Milano, 20133 Milano, Italy
 
 ‡
 
 ABSTRACT: Glutamate transporters play an important role in the regulation of extracellular glutamate concentrations in the mammalian brain and are, thus, promising targets for therapeutics. Despite this importance, the development of pharmacological tools has mainly focused on the synthesis of competitive inhibitors, which are amino acid analogues that bind to the substrate binding site. In this report, we describe the characterization of the mechanism of glutamate transporter inhibition by a constrained, cyclic glutamate analogue, (+)-3-hydroxy-4,5,6,6a-tetrahydro-3aH-pyrrolo[3,4-d]isoxazole-6-carboxylic acid [(+)-(3aS,6S,6aS)-HIP-B]. Our results show that (+)-HIP-B is a nontransportable amino acid that inhibits glutamate transporter function in a mixed mechanism. Although (+)-HIP-B inhibits the glutamateassociated anion conductance, it has no eﬀect on the leak anion conductance, in contrast to competitive inhibitors. Furthermore, (+)-HIP-B is unable to alleviate the eﬀect of the competitive inhibitor DL-threo-β-benzyloxyaspartic acid (TBOA), which binds to the substrate binding site. (+)-HIP-B is more potent in inhibiting forward transport compared to reverse transport. In a mutant transporter, which is activated by glutamine, but not glutamate, (+)-HIP-B still acts as an inhibitor, although this mutant transporter is insensitive to TBOA. Finally, we analyzed the eﬀect of (+)-HIP-B on the pre-steady-state kinetics of the glutamate transporter. The results can be explained with a mixed mechanism at a site that may be distinct from the substrate binding site, with a preference for the inward-facing conﬁguration of the transporter and slow inhibitor binding. (+)-HIP-B may represent a new paradigm of glutamate transporter inhibition that is based on targeting of a regulatory site.
 
 G
 
 preparation of the enantiopure forms of (±)-HIP-B was accomplished through an eﬃcient synthetic procedure.14 The pair of enantiomers (+)-HIP-B/(−)-HIP-B were investigated for their ability to inhibit [3H]D-aspartate uptake; (+)-HIP-B, characterized by the (S)-conﬁguration at the amino acid stereogenic center, turned out to be the eutomer with an eudismic ratio equal to 10.14 When compared to other EAAT blockers, HIP-B resembles a restricted conformation of both AMPA (2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid) and kainic acid. Interestingly, initial inhibition studies suggested that HIP-B action is based on a noncompetitive inhibition mechanism.13,14 This ﬁnding is surprising because the structure of the compound would suggest interaction with the substrate binding site. However, detailed investigations of the inhibition mechanism have not been carried out. This study focuses on the mechanism of inhibition of the excitatory amino acid carrier 1 (EAAC1) by (+)-HIP-B at steady state as well as using rapid application of substrates by laser photolysis of caged glutamate to analyze the pre-steadystate kinetics. The eﬀect of glutamate concentration on the inhibition constant, Ki, was consistent with a mixed inhibition
 
 lutamate is the major excitatory neurotransmitter in the mammalian brain (reviewed in ref 1). It mediates synaptic signal transmission by binding to and activating postsynaptic ionotropic and metabotropic glutamate receptors. After completion of the signal transmission process, glutamate is removed from the synapse by (i) passive diﬀusion2 and (ii) active transport into neurons and adjacent glial cells.3 Reuptake of glutamate is mediated by high aﬃnity transporters that reside in the plasma membrane, and it is energetically driven by the concentration gradients for sodium and potassium across the membrane.4−7 The pharmacology of glutamate transporters has been studied in signiﬁcant detail.8−10 A large number of amino acid analogues have been identiﬁed that displace glutamate from its binding site, acting as competitive inhibitors.8−10 Among the more frequently used compounds is DL-threo-βbenzyloxyaspartic acid (TBOA), which is a nontransportable aspartate analogue and inhibits glutamate transport with high apparent aﬃnity in the sub-micromolar range.10 Based on the identiﬁed pharmacophore, which contains a large, hydrophobic group attached to the oxygen of hydroxyaspartate, several other blockers were designed with even higher inhibitory potency.11 Another glutamate analogue with a constrained bicyclic conformation is (±)-HIP-B.12,13 As compared to TBOA, which is neurotoxic, (±)-HIP-B displays very little neurotoxicity under physiological conditions.13 Subsequently, the © 2012 American Chemical Society
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 For homoexchange conditions, an extracellular solution containing 140 mM NaCl and a saturating concentration of 1 mM L-glutamate was used.16 The pipet solution contained 140 mM NaSCN and 10 mM L-glutamate. Laser Pulse Photolysis. Laser pulse photolysis was accomplished using the high-energy Q-switched Nd:YAG laser MiniLite II (Continuum Electro-Optics, Inc.). Energy density was ∼300 mJ/cm2. An optical ﬁber was used to transmit laser light to the patch clamp setup. Neutral density ﬁlters with absorption of 0.10 and 0.35 were placed in the optical path to control the energy transmitted, and correspondingly, the concentration of L-glutamate released during the experiment. 4-Methoxy-7-nitroindolinyl-caged-L-glutamate, MNI glutamate,17 was obtained from Tocris (Cat. No. 1490) and prepared at 1−2 mM concentrations. Once triggered, the ∼5 ns laser pulse at 355 nm photolyzed the caged compound and free 17 L-glutamate was released with a half-time of about 200 ns. The 0.10 and 0.35 ﬁlters correspond to approximately 100 and 60 μM of released L-glutamate, respectively. The speciﬁc Clampex 7 laser protocol used consisted of a 4 s preincubation period with MNI-caged-L-glutamate followed by the 5 ns laser pulse and ﬁnally 160 ms of pre-steady-state data sampled at 50 kHz. Data Analysis. Experimental data were ﬁt using a standard exponential function in Clampﬁt 9.2 (Axon Instruments) and graphed using Origin 7 software (OriginLab). For the transport current, the data were ﬁt using a three-term exponential function. The one rise and two decay time constants were then converted into relaxation rate constants. The two decay relaxation rate constants were identiﬁed with distinct fast and slow decay processes, as described previously.18
 
 mechanism. Furthermore, (+)-HIP-B was unable to alleviate the eﬀect of the competitive inhibitor TBOA. Finally, (+)-HIPB was able to inhibit a mutant glutamate transporter that binds glutamine rather than glutamate, while the competitive inhibitor TBOA was not able to inhibit this transporter. Presteady-state kinetic analysis suggested that substrate displacement is not necessary to explain the eﬀects on transport current kinetics. Together, our results indicate that (+)-HIP-B is a slowly dissociating inhibitor of glutamate transport by EAAC1 that operates through a mixed mechanism. We propose a detailed inhibitory mechanism that explains the experimental data. The structures of glutamate, glutamine, TBOA, and (+)-HIP-B are shown in Scheme 1. Scheme 1
 
 ■
 
 ■
 
 RESULTS (+)-HIP-B Is Not Transported by the Glutamate Transporter and Does Not Activate the Anion Conductance. Since the (+)-HIP-B structure contains elements of the glutamate scaﬀold, it is possible that it can be transported by the glutamate transporter EAAC1. To test this possibility, we measured whole cell currents in the presence of (+)-HIP-B. As shown in Figure 1A, application of 100 μM glutamate to EAAC1 induced inward current in the presence of intracellular SCN−, due to the activation of SCN− outﬂow. Under the same conditions, the competitive inhibitor TBOA generated outward current (Figure 1B), caused by the well-established inhibition of the tonic leak anion conductance.15 Surprisingly, (+)-HIP-B did not induce or inhibit anion current (Figure 1C). In the absence of permeable intracellular anion, the transport component of the current can be observed. Consistent with previous reports,15,16 glutamate, as a transported substrate, induced inward transport current when applied to EAAC1 at a concentration of 100 μM (Figure 1D). In contrast, (+)-HIP-B did not elicit transport current (Figure 1E), indicating that it is not a transportable substrate for EAAC1 or that its transport rate is so low that it cannot be detected in our current recording assay. The data are quantiﬁed in Figure 1F. (+)-HIP-B Inhibits EAAC1 Based on a Mixed Inhibition Mechanism. (+)-HIP-B inhibited glutamate-induced anion currents in a concentration-dependent manner (Figure 2A). These currents were recorded in the forward mode of transport, in which glutamate is transported into the cell. Upon reversing the ionic concentration gradient, the eﬀect of (+)-HIP-B on the reverse transport mode was studied, in which glutamate is released from the cell. As shown in Figure 2B, (+)-HIP-B also
 
 EXPERIMENTAL PROCEDURES Materials. Amino acid (+)-HIP-B was prepared following the previously reported procedure.14 The chemical purity of (+)-HIP-B was secured by HPLC while the enantiomeric excess, evaluated by chiral HPLC under the following conditionscolumn, CHIROBIOTIC TAG, Astec; eluent, 50 mM NH4OAc in (EtOH−MeOH 3:2)/water 4:1 (v/v) with 0.1% acetic acid; ﬂow rate, 1.00 mL/minturned out to be e.e. >99.5%. Cell Culture and Expression of EAAC1. HEK 293T cells (ATCC No. CRL 1573) were transfected using the JetPRIME DNA transfection reagent (PolyPlus Transfection) at a concentration of 0.25 μg of plasmid DNA and 0.25 μg of Red Fluorescent Protein DNA for 3.0 μL of JetPRIME. The incubation period post-transfection was at least 24 h before experiments were performed. Cells were cultured as previously described.15 Electrophysiology. Whole-cell current recording experiments were performed using an Adams and List patch clamp ampliﬁer L/M-EPC7. Solution exchange and voltage protocols were implemented using Clampex 7 software (Axon Instruments). For experiments under forward transport conditions, the extracellular solution contained 140 mM NaMES (MES = methanesulfonic acid), 2 mM MgCl2, 2 mM CaCl2, and 10 mM HEPES (pH 7.35); the pipet solution contained 140 mM KMES, 2 mM MgCl2, 10 mM EGTA, and 10 mM HEPES (pH 7.4). For reverse transport, KMES was used extracellularly and NaMES in the pipet solution. In both forward and reverse transport experiments, L-glutamate was applied extracellularly. 5487
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 Figure 1. (+)-HIP-B is not transported by the glutamate transporter and does not activate the anion conductance. (A) Original current trace with 100 μM L-glutamate applied in the anion conducting mode. (B) Original anion current trace induced by 100 μM TBOA. (C) 100 μM (+)-HIP-B did not induce or inhibit anion current. For (A−C) the extracellular solution contained 140 mM NaMES. The pipet solution contained 140 mM KSCN. The membrane potential was held at 0 mV. (D) Original current trace with 100 μM L-glutamate applied in the transport mode and 100 μM (+)-HIP-B applied (E). Transport conditions were created using 140 mM NaMES in the extracellular solution and 140 mM KMES in the pipet solution. The membrane potential was held at 0 mV. (F) Average cell responses under ionic conditions favoring transport or anion current.
 
 inhibited with a Ki of 19.0 ± 3.3 μM (n = 3) at 20 μM glutamate (Figure 2E). Like in the forward transport mode, the inhibition constant increased only slightly with increasing glutamate concentrations, suggesting mixed inhibition. The inhibition constant in the reverse transport mode, in which the transporter binding sites should be mainly facing the extracellular solution, was higher with a value of 23.2 ± 2.5 μM (n = 3) at 20 μM glutamate (Figure 2E). Together, these data suggest that (+)-HIP-B preferentially interacts with the inward-facing conﬁguration of the transporter, which is mainly populated in the forward transport mode. (+)-HIP-B Does Not Alleviate the Eﬀects of the Competitive Inhibitor TBOA. TBOA is a well-known, nontransportable, and competitive inhibitor of glutamate transport.10 It binds at the glutamate binding site and also inhibits the leak anion current.15 In contrast to TBOA, (+)-HIP-B is unable to inhibit leak anion current (Figure 1). If displacement occurs, TBOA inhibition of leak anion current would be alleviated by (+)-HIP-B, indicating that (+)-HIP-B binds to the TBOA binding site. As expected, TBOA inhibited the leak anion current, which is manifested as an outward current due to inhibition of the persistent inward anion current in the presence of intracellular SCN−.10 Application of 30 μM (+)-HIP-B alone elicited no response (Figure 3A, middle panel). When TBOA (1 μM) was applied in the presence of (+)-HIP-B, the TBOA-induced outward current was not inhibited (Figure 3A, right panel). 1 μM TBOA is a concentration that is 2-fold Ki.10,15 (+)-HIP-B seems unable to alleviate the TBOA eﬀect at any concentration tested (up to
 
 inhibited reverse transport current in the micromolar concentration range. To identify the mechanism of inhibition, we determined the inhibition constant, Ki, at three diﬀerent glutamate concentrations. Here, and throughout the article, we will discuss results mainly by comparison with a competitive mechanism, which is the expected mechanism based on the structural similarities between transported substrates and HIP-B. As shown in Figure 2C, the inhibition constant of 8.7 ± 1.5 μM (n = 3) at 20 μM glutamate increased only slightly to 9.2 ± 1.2 μM (n = 3) when [glutamate] was increased to 100 μM, indicating that inhibition is not purely competitive. The expected [glutamate] dependence for simple competitive inhibition is shown in Figure 2D, calculated according to eq 1: K i = K i(0)[1 + [Glu]/K m]
 
 (1)
 
 Here, Ki(0) is the inhibition constant of (+)-HIP-B in the absence of glutamate and Km is the apparent aﬃnity of the transporter for glutamate. The experimental Ki under transport conditions (not shown in Figure.2D) mirrors the Ki under anionic conditions (shown in Figure 2D), albeit at a lower concentration. The results demonstrate that the inhibition data cannot be explained with a purely competitive mechanism, in agreement with previous results.13,19 Next, we determined the Ki for (+)-HIP-B in the Na+/ glutamate exchange mode as well as in the reverse transport mode. In the exchange mode, the transporter is restricted to states in the transport cycle that are associated with glutamate translocation.16 Anion currents associated with exchange were 5488
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 Figure 2. (+)-HIP-B inhibits EAAC1 based on a mixed inhibition mechanism. (A) Three original traces recorded from EAAC1WT showing (+)-HIPB’s eﬀects on L-glutamate-induced currents: 100 μM L-glutamate control (left), 100 μM L-glutamate + 10 μM (+)-HIP-B (middle), and 100 μM Lglutamate + 500 μM (+)-HIP-B (right). The extracellular solution contained 140 mM NaCl. The pipet solution contained 140 mM KSCN. The membrane potential is held at 0 mV. The small, transient currents at the time of solution exchange in the right panel are unspeciﬁc responses related to mechanical movement of the cell from switching of the pinch valves. (B) Two original current traces in the reverse transport mode with 100 μM TBOA in the absence and presence of 10 μM (+)-HIP-B. The conditions for reverse transport mode were 140 mM KSCN in the external solution and 140 mM NaCl + 10 mM L-Glu in the pipet solution. The 100 μM TBOA is applied externally. (C) Dose−response curves for (+)-HIP-B inhibition of EAAC1WT anion currents at glutamate concentrations of 20 μM (squares), 50 μM (circles), and 100 μM (triangles). The conditions are the same as in (A). The solid lines represent a ﬁt to eq 5. (D) The apparent Ki for (+)-HIP-B in the forward transport mode as a function of the Lglutamate concentration. As (+)-HIP-B alone does not elicit a response, the Ki is extrapolated from the ﬁt to zero L-glutamate concentration. The expected Ki was calculated using the competitive inhibition equation I(S) = Ki(0) + (Ki(0)/Km)[L-glu], where Km is the apparent binding aﬃnity for L-glutamate, Ki(0) is the apparent Ki for (+)-HIP-B, and I is the current. (E) Apparent Ki as a function of [glutamate] for (+)-HIP-B in the three EAAC1 transport modes: forward (square), reverse (circle), and homoexchange (triangle). The conditions for the forward mode are the same as in (A). The conditions for reverse and homoexchange modes are explained in the Experimental Procedures section.
 
 70 μM, which is well beyond the Ki of EAAC1 for (+)-HIP-B, Figure 2). Together, these results indicate that TBOA and (+)-HIP-B are not competing for the same binding site on EAAC1. (+)-HIP-B Inhibits a Mutant Glutamate Transporter That Does Not Bind Glutamate. Substrate binding by EAAC1WT requires negative charge of the γ-carboxylate group of the transported substrate, glutamate.20,21 Once bound, the negative charge of the γ-carboxylate is presumably ion-paired with a positively charged guanidinium group of arginine 446,22 which is highly conserved in glutamate transporters. Therefore, we examined if (+)-HIP-B could inhibit the function of EAAC1 with the R446Q mutation, which binds neutral amino acids
 
 instead of acidic amino acids.22 If the mechanism of inhibition is competitive, it would be expected that HIP-B would not bind to the mutant transporter due to its inability to establish salt bridge interaction with R446Q. As controls, we compared the currents induced by L-glutamine to those induced by Lglutamate and TBOA (Figures 4A,D,E). While glutamine elicited signiﬁcant anion current, insigniﬁcant currents of
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