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    Abstract
Kainate receptors (KARs) are found ubiquitously in the CNS and are present presynaptically and postsynaptically regulating synaptic transmission and excitability. Functional studies have proven that KARs act as ion channels as well as potentially activating G-proteins, thus indicating the existance of a dual signaling system for KARs. Nevertheless, it is not clear how these ion channels activate G-proteins and which of the KAR subunits is involved. Here we performed a proteomic analysis to define proteins that interact with the C-terminal domain of GluK1 and we identified a variety of proteins with many different functions, including a Go α subunit. These interactions were verified through distinct in vitro and in vivo assays, and the activation of the Go protein by GluK1 was validated in bioluminescence resonance energy transfer experiments, while the specificity of this association was confirmed in GluK1-deficient mice. These data reveal components of the KAR interactome, and they show that GluK1 and Go proteins are natural partners, accounting for the metabotropic effects of KARs.

	GluK1
	Go protein
	kainate receptors
	metabotropic
	noncanonical
	proteomics

Introduction
Our understanding of kainate receptors (KARs), their function, and their impact on brain activity lags behind that of such other members of the glutamate receptor family as the AMPA receptors (AMPARs) and the NMDA receptors (NMDARs). KARs, AMPARs, and NMDARs are the most important members of the ionotropic receptor family, although there is evidence that they play their roles through unexpected noncanonical mechanisms (Wang et al., 1997; Rodríguez-Moreno and Lerma, 1998; Cunha et al., 1999; Nabavi et al., 2013). In this regard, perhaps the best documented case is that of the KAR. The noncanonical mode of KAR signaling was first described in the hippocampus (Rodríguez-Moreno and Lerma, 1998), where the inhibition of GABA release was found to be sensitive to pertussis toxin and inhibitors of PKC. Noncanonical metabotropic signaling was subsequently firmly established in dorsal root ganglion cells (DRGs), in which the action of KARs triggers the release of Ca2+ from intracellular stores through the activation of a G-protein and phospholipase-C (PLC; Rozas et al., 2003). Further work has extended the concept of KAR coupling to G-proteins (Cunha et al., 2000; Rodríguez-Moreno et al., 2000; Melyan et al., 2002; Lerma and Marques, 2013), something that is difficult to reconcile with the typical molecular structure of these ion channels. Accordingly, attempts to explain how an ion channel interacts with a G-protein have fuelled the search for proteins that could interact with KARs and participate in this function.
Technical progress in proteomics has facilitated the identification of protein partners that interact with glutamate receptors, which has led to evidence that such proteins may determine critical functional properties and influence the trafficking of KARs (Palacios-Filardo et al., 2014). Several proteins have been identified that interact with KARs, particularly with their GluK2 subunits (Coussen and Mulle, 2006; Martin et al., 2007; Wilkinson et al., 2008; Tomita and Castillo, 2012), and to a lesser extent with GluK1 (Hirbec et al., 2003) and GluK5 subunits (Vivithanaporn et al., 2006; Selak et al., 2009; Marques et al., 2013). Indeed, PICK1 (protein interacting with C-kinase 1), SNAP25 (synaptosomal-associated protein of 25 kDa), GRIP (glutamate receptor-interacting protein), SUMO-1 (small ubiquitin-related modifier-1), calcineurin, VILIP (visinin-like protein), Profilin II, and Neto 1 and 2 are among those proteins now known to interact with KAR subunits (for review, see Lerma and Marques, 2013).
With the aim of identifying further KAR-interacting proteins that might account for noncanonical KAR signaling, we performed a proteomic analysis on the GluK1 subunit. This subunit was selected as it seems to be required to mediate endogenous noncanonical signaling in DRGs (Rozas et al., 2003) and it is sufficient to reconstitute this kind of signaling in a heterologous neuroblastoma system (Rivera et al., 2007). The results of this study revealed that the GluK1 subunit might interact with signal transduction, with presynaptic and cytoskeletal/structural proteins, and with proteins involved in vesicle trafficking. Furthermore, the α subunit of the o-class guanine nucleotide binding proteins (Gαo) subunit was also found to interact with GluK1, and functional assays revealed that GluK1 can activate the Go heterotrimeric protein. Therefore, these data reveal distinct elements of the KAR interactome and they provide evidence that GluK1 is the most likely candidate to activate Go proteins, accounting for the reported metabotropic actions of KARs.

Materials and Methods
All the procedures for the handling and killing of animals used in this study conformed with the European Commission guidelines (2010/63/EU) governing the use of experimental animals, and they were supervised by the veterinary officer at the Instituto de Neurociencias (Alicante).
Preparation of mouse brain homogenate.
A brain homogenate was prepared by centrifugation as described previously (Gray and Whittaker, 1962). Briefly, brain tissue isolated from 21–25 postnatal day male and female C57 mice was homogenized in 0.32 m sucrose prepared in 4 mm HEPES KOH, pH 7.0, 1 mm EGTA, 0.1 mm EDTA, and a protease inhibitor mixture (Roche Diagnostics). The homogenate was centrifuged (10 min at 1000 × g) to pellet the nuclear fraction (P1) and the supernatant was again centrifuged for 40 min at 48,000 × g at 4°C. The pellet (P2) containing the synaptosomal membranes was solubilized in a solution of 1% Triton X-100, 20 mm 3-(N-morpholino)propanesulfonic acid (MOPS), pH 7.0, 150 mm KCl, and a protease inhibitor mixture. The nonsoluble fraction was removed by centrifugation at 1000 × g for 10 min.

Preparation of GluK1 recombinant proteins.
The C-terminal domain of GluK1b was subcloned into the pGEX-6P-1 vector (GE Healthcare) and pET-30a-c(+) vector (Invitrogen), and purified from a protease-deficient BL21 Escherichia coli strain. Two different GST-GluK1 (residues 714–836 and 743–836) constructs and one His-S-tagged construct (residues 743–836) were also used. The His-S-tagged protein was used as a control in these experiments, a construct containing 18 random amino acids (EFIFTPQSLFSEFVSDDK) with no homology to the C-terminal part of GluK1. All the recombinant proteins were expressed in the BL21 strain of E. coli. The plasmid coding the tagged full-length human myc-GluK12b was obtained from Dr. Christophe Mulle (Interdisciplinary Institute for Neuroscience, Bordeaux, France).

GST-bead pull-down assay.
Bacterial lysates containing ≥5 mg of GST-GluK1b (residues 714–836 and 743–836) or the GST protein alone (a negative control) was incubated with glutathione-Sepharose beads (GE Healthcare) and allowed to bind for ≥120 min at 4°C with gentle rotation. The beads were washed and incubated for ≥4 h at 4°C with gentle rotation in the presence of 1 mg/ml precleared mouse brain homogenate in 20 mm MOPS-KOH, pH 7.3, 150 mm KCl, 2 mm NaCl, 5 mm MgCl, 1% Triton X-100, and 5% glycerol, in the presence of protease inhibitors. A mouse brain homogenate was precleared (overnight at 4°C) by incubation with uncoated glutathione-Sepharose beads and with glutathione-Sepharose beads coated with GST.

Tandem affinity purification and S-tag pull-down assay.
A bacterial lysate containing the GluK1b construct or a random 18 aa construct (negative control) was incubated with Ni2+ beads in lysis buffer in the presence of 25 mm imidazol and 8 m urea. After extensive washing in high salt buffer 0.5 m NaCl, 20% glycerol, 2% Triton, and PBS, pH 8, with 50 mm imidazol and 2 m urea, the proteins were eluted in 0.25 m EDTA, 20 mm MOPS, pH 7.0, 150 mm KCl, and 1% Triton X-100 in 2 m urea. The proteins were dialyzed in 20 mm MOPS-KOH, pH 7.3, 150 mm KCl, and 1% Triton X-100, and in the same buffer ∼500 μg of recombinant GluK1b protein or control protein was incubated with S-protein agarose (GE Healthcare) for 1–2 h to allow binding to the beads. The beads were washed and incubated for ≥4 h at 4°C with gentle rotation with 1 mg/ml total protein from a mouse brain homogenate in 20 mm MOPS-KOH, pH 7.3, 150 mm KCl, 2 mm NaCl, 5 mm MgCl, 1% Triton X-100, and 5% glycerol in the presence of protease inhibitors.

MS and protein identification.
After pull down, the protein samples were reduced, alkylated, digested with Trypsin Gold (Promega), and stored at −20°C. Tryptic peptides were loaded into an RP-18 precolumn (LC Packings) using water containing 0.1% trifluoroacetic acid as the mobile phase, transferred to a nano-HPLC RP-18 column of 75 μm inner diameter (LC Packings), and separated on an acetonitrile gradient (0–50% acetonitrile over 30 min) in the presence of 0.05% formic acid at a flow rate of 200 nl/min. Liquid chromatography was directly coupled to the ion source of a Q-Tof (Micromass) or LTQ Fourier transform ion cyclotron resonance (Thermo Scientific) electrospray mass spectrometer working in the regime of a data-dependent MS to MS/MS switch. A blank run that ensured a lack of cross-contamination from previous samples preceded each analysis. The MS/MS spectra were submitted to Mascot (Matrix Science; Perkins et al., 1999) and searched against NCBInr, the National Center for Biotechnology Information non-redundant mouse protein database.

Immunoblotting.
The proteins obtained in pull-down assays were eluted from the beads with SDS-sample buffer and separated by SDS-PAGE on ready gradient 4–20% polyacrylamide Tris-HCl gel (Bio-Rad) under reducing conditions in Tris/glycine/SDS running buffer. Proteins separated by SDS-PAGE were transferred to nitrocellulose membranes that were then blocked with 5% nonfat milk in Tris-buffered saline–Tween 20 and incubated overnight at 4°C with the appropriate primary antibody. Immunoreactive bands were detected with horseradish peroxidase (HRP)-conjugated secondary antibodies, and the band density was quantified on a Bioimager apparatus with ImageJ software.

Antibodies.
The following commercially available antibodies were used at the dilutions indicated: rabbit polyclonal anti-Gαo (LS-C41953, LifeSpan; Western blot, 1:1000; immunostaining 1:500), chicken polyclonal anti-myc-tag (ab172, Abcam; immunostaining, 1:500), mouse monoclonal anti-myc-tag (sc-40, Santa Cruz Biotechnology; Western blot, 1:500), rabbit polyclonal anti-14-3-3 (PA1-4647, Pierce; Western blot, 1:1000), mouse monoclonal anti-β-catenin (MAB2081, Millipore; Western blot, 1:1000), rabbit polyclonal anti-4.1G (A301-424A, Bethyl; Western blot, 1:200), goat polyclonal anti-GRIK1 (MBS420225, MyBioSource; Western blot, 1:200), mouse monoclonal anti-GRIP (G90520, BD Biosciences; Western blot, 1:600), goat polyclonal anti-PICK1 (SC-9541, Santa Cruz Biotechnology; Western blot, 1:500), mouse monoclonal anti-RAB 3a (107 111, Synaptic Systems; Western blot, 1:1000). The secondary antibodies used were as follows: Alexa 555-conjugated chicken anti-rabbit and Alexa 488-conjugated goat anti-chicken (Invitrogen; 1:500). In immunoblots, HRP-conjugated goat anti-rabbit or anti-mouse, and rabbit anti-goat secondary antibodies (Pierce) were used.

Immunoprecipitation.
Immunoprecipitation was performed as described previously (Selak et al., 2009). Briefly, lysates from cell lines cotransfected with myc-GluK1b and flag-Gαo were precleared by incubating with protein A (GE Healthcare) or protein-G Sepharose (Sigma-Aldrich) in 20 mm MOPS, pH 7.0, 150 mm KCl, and 1% Triton X-100 for 1 h at 4°C, to eliminate nonspecific binding. Immunoprecipitation was performed by incubating lysates with mouse anti-myc or anti-flag antibodies, or control normal mouse immunoglobulins, covalently coupled to protein A/G with dimethyl pimelimidate dihydrochloride and incubated for 4 h or overnight at 4°C in the presence of BSA. The beads were washed and suspended in sample buffer before electrophoresis.

Immunocytochemistry.
SHSY5Y cells were seeded on poly-d-lysine-coated coverslips and transfected using Lipofectamine 2000. Twenty-four hours after transfection, the cells were fixed for 2 min in 4% paraformaldehyde/10% sucrose and then washed extensively with PBS. The cells were incubated with a chicken anti-myc antibody (2 h, room temperature) and then permeabilized for 10 min in PBS containing 0.2% Triton X-100. Permeabilized cells were incubated with the Gαo rabbit primary antibody (2 h, room temperature) and then with Alexa 555-conjugated anti-chicken and Alexa 488-conjugated anti-rabbit secondary antibody. The coverslips were mounted with Vectashield (Vector Laboratories) and examined under a Leica DMLFSA spectral confocal microscope using oil-immersion PL Apo 40×/1.25 numerical aperture or 63×/1.32 numerical aperture objectives.

Monitoring bioluminescence resonance energy transfer in living cells.
HEK cells in 96-well microplates were transfected using Lipofectamine 2000 (Invitrogen) with Gγ2-yellow fluorescent protein (YFP), Gαo-Rluc (Renilla luciferace) and Gβ, and either mGluR2, Vasopressin (V2), GluK12b, GluK1ΔC, or GluK12b+GluK5. After 24 h, the cells were washed with PBS and coelenterazine H substrate (Invitrogen) was added at a final concentration of 5 μm in the total volume of 50 μl/well, in the presence or absence of ligands and/or inhibitors. Readings were taken immediately with a lumino/fluorometer (Fusion, Packard Instrument) with sequential integration of luminescence signals detected using two filters: 485 nm for Rluc8 and 530 nm for YFP. Bioluminescence resonance energy transfer (BRET) signals were expressed in milliBRET units of the BRET ratio as described previously (Ayoub et al., 2002).

Bimolecular fluorescence complementation.
Myc-GluK12bVCT, Myc-GluK12ΔCVCT, Myc-GluK5VNT, and Myc-GluK4VNT were generated by fusing the C-terminal domain (V155) of Venus (VCT) to the C terminus of myc-GluK12b, myc-GluK1ΔC, or myc-GluK5, respectively. Myc-GluK4, Myc-GluK5, and myc-GluK5ΔC were also fused to the N-terminal domain of Venus (V154m9; VNT) as described previously (Selak et al., 2009). For the Gαo subunit, both parts of the Venus protein were fused to the Gαo protein in the loop after residue Val93, as described previously (Ayoub et al., 2009), generating GαoVNT or GαoVCT.
A combination of plasmids were cotransfected into HEK cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. After 24 h, the cells were used for immunostaining or FACS analysis. To check for protein expression, dual immunostaining was performed with antibodies against myc and Gαo. Colocalization of Venus, myc, and Gαo was visualized on a Leica DMLFSA spectral confocal microscope. For FACS analysis, detached live transfected cells were washed with PBS and measured on a FACSARIA III cell sorter (BD Biosciences). Background fluorescence was determined in HEK cells transfected with the empty vectors and with a GFP vector as a positive control. BD FACSDiva software was used to analyze the data.

Electrophysiological recordings in dissociated DRG neurons.
Dissociated DRG neurons from P0 C57 mice (male and female pups) were prepared as described previously (Rozas et al., 2003; Marques et al., 2013). One day after dissociation, afterhyperpolarization current (IAHP) was induced with 80 ms depolarizing pulses to −10 mV from −50 mV under perforated patch whole-cell configuration using a List EPC-7 amplifier. Perforated patches were achieved using the antibiotic amphotericin B, with an internal solution containing 135 mm KMeSO4, 10 mm HEPES, 4 mm MgCl2, and 500 mg/ml amphotericin B, pH 7.4. The pipette tip was filled with an amphotericin B-free internal solution, and an antibiotic-containing internal solution was used to fill the rest of the pipette. The external solution contained the following: 160 mm NaCl, 2.5 mm KCl, 1.8 mm CaCl2, 1 mm MgCl2, 10 mm HEPES, and 15 mm glucose, pH 7.4. The borosilicate glass micropipettes used had resistances of 2–5 MΩ. For perforated whole-cell configuration, recordings were initiated when the series resistance was <20 MΩ, which was compensated by 60–80%. All experiments were performed at room temperature (22–25°C). The currents were filtered at 1 kHz (two-pole Butterworth filter, −12 dB/octave) and digitized at 20 kHz to store on a personal computer for analysis using pClamp software (Axon Instruments).




Results
Purification and proteomic analysis of the GluK1 interactome
The capacity of metabotropic signaling by KARs can be reproduced in a recombinant system by simply expressing GluK12b subunits (Rivera et al., 2007) and in neurons this noncanonical signaling depends on the presence of GluK1 (Rozas et al., 2003). Since GluK1 subunits are most likely to interact with G-proteins, we focused our attention on this particular subunit. GluK1 may have four different C-terminal domains that are generated by alternative splicing. The carboxy terminus of the “a” variant is 49 aa shorter than that of the “b” variant, which is the most abundant isoform in the brain (Sommer et al., 1992). The “c” variant contains an extra in-frame exon that makes it 29 aa longer than the “b” isoform, while variant “d” has been isolated from human tissue and it has a completely unrelated 15 aa stretch that starts at Q824 (for review, see Lerma, 2003). These C-terminal domains all lie in the intracellular part of the protein, making them suitable to participate in protein– interaction.
To isolate proteins that interact with the C-terminal domain of the abundant GluK1b subunits, we first subjected a total brain homogenate to a pull-down assay using the last 122 aa of GluK1b or the shorter C-term of GluK1a fused to GST and immobilized on beads as bait (GST-GluK1b714-836). The protein mixture was digested with trypsin before separating the individual components by liquid chromatography and further analyzing the peptide mix by MS (LC-MS/MS; Link et al., 1999). The protein fragments recovered were identified with the Mascot engine (Perkins et al., 1999) and each of the proteins identified was manually verified to minimize the identification of false positives, removing redundant proteins (i.e., those coming from one gene but reported as separate proteins in the database and, therefore, identified more than once). Proteins were considered to interact specifically with GluK1 if they were eluted from the test beads but were not present in the material isolated with the control beads. We repeated this procedure independently six times and obtained a list of 100 proteins that were putative interactors with GluK1b. Only proteins identified through ≥2 specific peptides were chosen for further analysis and candidates present in <2 purifications or with sequence coverage <10% were not considered. Accordingly, 22 proteins were considered to interact specifically with the GluK1b isoform (Table 1). These proteins included those associated with signal transduction (Gαo subunits, CaMKII), cell metabolism, presynapses (Rab3a, synapsin II), and the cytoskeleton and structural elements (β-catenin, 4.1G), and those proteins involved in vesicular trafficking (14-3-3). Additional proteins involved in the control of cellular energy production, as well as a group of proteins known to be important in transcription and translation, were also identified. However, some of the proteins identified, despite passing the threshold criteria (e.g., GAPDH or Pur proteins) have little functional relevance in terms of receptor biology. As a result of these exclusion criteria, only 12 proteins were considered as promising partners and were subjected to further analysis (Table 1). Surprisingly, some known GluK1 C-terminal interactors were not identified in the MS analysis, such as GRIP and PICK1 (Hirbec et al., 2003), although they were later confirmed to be present in the sample.
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Table 1. Identified proteins interacting with the C terminus of the KAR subunit GluK1



The interaction of the proteins identified with KAR subunits was confirmed in Western blots, probing the products pulled down with specific antibodies. To this end, pull-down assays were performed using a S-tag GluK1 C-terminal domain (S-GluK1b714-836) rather than the GST constructs used to isolate the starting material, and the efficacy of interaction was quantified (Fig. 1). The proteins could be separated into three main groups: those enriched ∼30-fold (4.1G, β-catenin, and GRIP), those enriched ≤10-fold (e.g., GAP43, CaMKII, and Gαo), and those enriched >100-fold (14-3-3 and PICK1). In Western blots, we confirmed the presence of six proteins interacting with GluK1b in independent purifications (Fig. 1). As a control we included GRIP and PICK1, which are known interactors of GluK1 (Hirbec et al., 2003), although they were not identified by MS analysis. In addition, an interaction with β-catenin was confirmed, although the MS evidence for this interaction was weak (protein identified by ≤2 specific peptides and in ≤2 independent MS analyses). Significantly, CaMKII, 4.1G, and 14-3-3 proteins are known to interact with glutamate receptors, and 14-3-3ζ has been shown to interact with GluK1b (Vivithanaporn et al., 2006). By contrast, the other proteins identified were not previously known to interact with glutamate receptors.
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Figure 1. Assessing the GluK1 receptor interactome in pull-down assays. A, Recombinant protein (S-GluK1b C-terminal or control construct) bound to S-protein agarose was incubated with a mouse brain homogenate to pull-down interacting proteins, which were studied in immunoblots with the antibodies indicated. B, Average densitometry quantification from three independent experiments and, depending on the enrichment, the proteins may be divided into three groups. Note that Gαo appears as a protein that clearly interacts with the GluK1 subunit.




Gαo interacts with GluK1
Gαo was detected in all the GluK1b and GluK1a MS analyses, although Gαo appeared to be more specific for the “b” isoform when analyzed independently in Western blots (Fig. 2A). Since the pull-down data strongly suggested a physical interaction between GluK1b and Gαo proteins, their colocalization in cells was assessed by confocal microscopy of tagged proteins. In the absence of specific anti-GluK1 antibodies, cells were transfected with a myc-GluK1b plasmid containing five repeats of the myc-tag in the extracellular domain. This modification does not influence ionotropic receptor function (data not shown) and it is unlikely to cause interference with the C-terminal domain of GluK1 (Rivera et al., 2007). In this case, an interaction between GluK1 and Gαo can be presumed either through the overlap of the fluorescent signal or when one fluorescent signal is in close spatial proximity to the other.
[image: Figure 2.]
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Figure 2. Colocalization of myc-GluK1b and Gαo in SH-SY5Y cells. A, GST-based pull-down revealed that Gαo specifically interacts with the C-terminal domain of GluK1b. Measurements are the mean ± SEM from six (GST, GluK1a, and GluK5) and eight (GluK5b) different pull-down experiments and are referenced against GST band density. B, Colocalization of membrane GluK1b and Gαo in SH-SY5Y cells transfected with both proteins. Confocal images show the overlapping immunofluorescence of flag-Gαo (blue) and myc-GluK1b (red) in cotransfected cells. C, Quantification of these images show that 25.9 ± 4.9% of the blue dots (flag-Gαo) colocalize or lie in close proximity to the red dots (myc-GluK1b, extracellularly labeled), and 58.2 ± 3.25% of red dots colocalize with blue dots. The data are the mean ± SEM of measurements from 15 cells. D, The Gαo subunit coimmunoprecipitates GluK1b. Extracts from SH-SY5Y cells cotransfected with myc-GluK1b and flag-Gαo were immunoprecipitated (IP) with a rabbit anti-flag, anti-myc, or appropriate IgG antibody and probed in Western blots (IB) with anti-myc or anti-flag antibodies as indicated.



We first assessed whether transfected GluK1b and endogenous Gαo colocalized in SH-SY5Y cells since we have evidence that transfection of GluK1b reconstitutes noncanonical KAR signaling in these cells (Rivera et al., 2007). Cells were fixed and immunostained with a primary/secondary antibody pair specific to the G-protein tested, and an anti-myc antibody that only recognized GluK1 in the membrane (Fig. 2B, where whole cells and the magnification of selected regions are illustrated). All the cells expressed Gαo, and Gαo-rich complexes were scattered throughout the plasma membrane (punctate fluorescence). However, colocalization of GluK1 and Gαo was particularly evident at some areas of the cell, and while ∼50% of the GluK1 aggregates colocalized or were in close proximity to Gαo, only ∼25% of the Gαo fluorescence appeared to colocalize with the receptor (Fig. 2C). Nevertheless, when endogenous Gαo was immunoprecipitated from these cells, we were unable to detect an association with myc-GluK1, probably because the ratio of GluK1 to Gαo was too high or, alternatively, the Gαo antibody performed poorly in these assays. Therefore, SH-SY5Y cells were cotransfected with plasmids for myc-GluK12b and also with a flag-tagged variant of Gαo, further analyzing the cells with antibodies against myc and the flag epitope (Fig. 2D). From the lysates of these cells, myc-tagged GluK12b could be coimmunoprecipitated with flag-tagged Gαo protein, and vice versa, indicating that this interaction is probably direct and does not require any additional proteins to mediate or stabilize the interaction.
These biochemical approaches indicate there is a true interaction between GluK1b and Gαo, which we therefore attempted to confirm in vivo by bimolecular fluorescence complementation (BiFC; Kerppola, 2006). BiFC involves the use of two nonfluorescent amino-terminal and carboxy-terminal fragments of the YFP that, when in close apposition, interact to irreversibly reconstitute the fluorescent protein. Thus, BiFC, besides showing the subcellular distribution of these complexes, should indicate whether the protein interaction between GluK1b and the Gαo protein is direct and independent of additional proteins. For these studies, we used an optimized version of the YFP variant, Venus (Saka et al., 2007), generating constructs of the N-terminal domain (V154m9) of Venus fused to GluK1b (GluK1VCT) and of its C-terminal domain (V155) fused to Gαo (GoVNT). In addition, to demonstrate the presence of GluK1 and Gαo in the same cell, dual immunocytochemistry was performed using antibodies against myc and Gαo (Fig. 3). Cotransfection of GluK12bVNT and GoVCT led to the reconstitution of Venus in these cells (Fig. 3A), while removal of C-terminal domain of GluK12b (myc-GluK1ΔCVCT) selectively prevented fluorescence complementation in cells in which these GluK1 and Gαo constructs were expressed (Fig. 3B). As a further control, the viability of myc-GluK1ΔCVCT was assessed by its cotransfection with GluK5 fused to the N-terminal domain of Venus (GluK52bVNT). Heteromerization of these subunits to form a functional KAR produced strong fluorescence complementation in a large number of cells (data not shown), indicating that reduced viability of the GluK1-deletion mutant could not explain the failure to detect complementation with this mutant construct. BIFC was further assessed by FACS, which enabled us to quickly analyze large numbers of cells, typically 100,000 cells in each trial. Using this method, we studied the interaction of heteromeric GluK12b/GluK5 receptors with the Gαo protein, with the unexpected result that BiFC was totally abolished when the GluK12bVNT and GluK5 plasmids were transfected with GoVNT. We reasoned that the introduction of a second subunit in the heteromeric receptor might preclude the access of the VCT hemiprotein to the VNT hemiprotein, failing to reconstitute the fluorescent marker. However, when we fused VNT to the end of the GluK5 or GluK4 C-terminal domain rather than to GluK1b, generating GluK5VNT and GluK4VNT, the expression of these subunits together with GluK12b surprisingly generated a fourfold larger BiFC signal, probably due to the presence of intracellular fluorescent aggregates (Fig. 3C). Removal of the C-terminal domain of GluK5 reversed this effect and BiFC reverted to a similar intensity as when GluK12b was the carrier of the VCT fragment. Using this same approach, we studied BiFC of heteromeric receptors incorporating GluK12a (the shortest C-terminal segment), GluK2, or GluK3, in all cases failing to detect significant BiFC signal (Fig. 3D).
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Figure 3. Gαo interacts with GluK1 subunits in a cell system. A, HEK293 cells transfected with the myc-GluK1b and Gαo fusion proteins to which the C-terminal (VCT) and N-terminal (VNT) domains of the Venus YFP variant had been respectively added. Single confocal images showing the immunolabeling of extracellular myc (Myc, red) and intracellular Gαo (Go, blue), as well as the reconstitution of Venus fluorescence (yellow). B, Removal of the C-terminal domain of GluK1 (GluK1ΔCVCT) selectively prevented the fluorescence complementation in cells showing normal levels of the expressed proteins. Dot plots of the FACS analysis are shown below A and B. These represent the fluorescence intensity (exponential arbitrary units, FITC-A) against cell complexity (FSC-H). Gray and blue dots represent the nonfluorescent and fluorescent cell populations, respectively (100,000 cells sorted in each case). C, BiFC in cells transfected with GαoVCT, myc-GluK1b, and myc-GluK5VNT. Note how fluorescence accumulates intracellularly when GluK1 and GluK5VNT form heterodimers (top, arrow), a phenomenon that disappears upon removal of the C-terminal domain of GluK5 (bottom). D, Quantification of BiFC by FACS under different experimental conditions. The data are the mean ± SEM of four independent experiments, each performed in triplicate. *p < 0.05, **p < 0.01 (1-way repeated-measures ANOVA, Tukey's test).



Together, these results strongly support the idea that Gαo proteins interact with the carboxy terminus of GluK1 in a cellular system, strengthening the notion that GluK1b and Gαo interact in vivo.

Functional coupling between GluK1b and Go proteins
Functional coupling of the KARs to heterotrimeric Gαo proteins was validated in HEK cells by BRET. A change of energy transfer on exposure to an agonist is taken as an indicator of the association/dissociation of proteins, or a transition from their inactive to active state. Indeed, an agonist-induced decrease in energy transfer has been linked to the reversible dissociation of G-protein subunits (Figure 4A; Janetopoulos et al., 2001; Yi et al., 2003). Therefore, we used BRET to monitor the coupling between GluK1b and Gαo protein in living cells, fusing the Gαo subunit to the Renilla reniformis luciferase enzyme (Rluc) while the γ subunits were fused to YFP. Both constructs were transiently transfected into HEK cells along with GluK12b or GluK12b/GluK5 KAR subunits, and in these experiments we used mGluR2 and vasopressin 2 receptors (V2) as positive and negative controls of Gαo protein coupling, respectively. As expected, glutamate promoted a decrease in the basal BRET signal between the α and βγ subunits of Gαo in mGluR2-cotransfected cells, indicating the rapid dissociation of the α subunit from the βγ complex upon receptor activation (Fig. 4B). By contrast, glutamate was completely ineffective in V2-cotransfected cultures. Similarly, exposure to glutamate induced a large decrease in the BRET signal between Gαo and Gγ subunits in GluK12b-cotransfected and GluK12b/GluK5-cotransfected cells, and this signal was also significantly reduced when the carboxy terminal domain of GluK12b subunit was removed (Fig. 4B). The reduction in the GluK12b-mediated BRET signal induced by glutamate was dose dependent and we calculated an EC50 value of 50.4 μm with a Hill slope close to 0.5 (Fig. 4C). Moreover, the glutamate-induced change in BRET was prevented by an antagonist of the GluK1 receptor, such as UBP310 (Fig. 4D), or the more generic AMPA-KAR inhibitor, DNQX (data not shown).
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Figure 4. GluK1 activates Gαo proteins. A, Diagram representing the BRET assay used to study activation of a heterotrimeric G-protein by GluK1 receptors in living cells. Gαo and γ2 subunits are fused with the energy donor (Rluc) and acceptor (YFP), respectively. Receptor activation generates the dissociation of the G-protein complex and the loss of energy transfer. B, BRET signal variation in cells transfected with the indicated receptor upon perfusion of glutamate (1 mm). C, Dose–response curve for glutamate in the GluK1-induced loss of the BRET signal. D, The KAR antagonist UBP310 (100 μm) inhibits the activation of heterotrimeric Gαo/βγ complex by GluK1 but not by mGluR2 receptors. The data in B and D are the mean ± SEM of three independent experiments, each performed in triplicate. *p < 0.05, ***p < 0.001 (Student's t test).



Together, these data demonstrate that stimulation of GluK1b-containing receptors activates the Gαo protein in cells, a direct demonstration of noncanonical signaling of an ionotropic receptor subunit.

Noncanonical signaling is absent in GluK1-deficient animals
If GluK1b were the receptor subunit linking glutamate binding to KARs to Gαo activation and its subsequent signaling, then such signaling should be absent in mice lacking GluK1 subunits. DRGs exclusively express GluK1 and GluK5 subunits, representing a suitable system to test this hypothesis. Moreover, KARs are known to inhibit the IAHP through the activation of a pertussis-sensitive G-protein (Melyan et al., 2002), a current mediated by Ca2+-dependent K+ channels responsible for hyperpolarization after action potential firing, offering a suitable readout of noncanonical ionotropic receptor signaling. To test whether the presence of GluK1 is required for G-protein-mediated KAR signaling, we first determined whether an IAHP could be detected in dissociated DRG neurons (Fig. 5A), thereafter assessing its modulation by kainate. Having identified an IAHP in these neurons, we found it to be inhibited by 22.7 ± 1.15% in 44% of the cases when they were exposed to low concentrations of kainate (100 nm). This inhibitory effect was totally absent in neurons dissociated from GluK1−/− mice (−3.8 ± 0.9%; Fig. 5A,B), whereas a similar inhibitory effect of kainate was still evident in neurons from GluK5−/− mice (Fig. 5B). Hence, it appears that Gαo is not activated in the absence of GluK1 subunits and that GluK5 does not contribute to the coupling of these receptors to Gαo proteins.
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Figure 5. Deletion of GluK1 but not GluK5 prevents noncanonical signaling of kainate receptors. A, application of kainate (100 nm) reduces the peak IAHP amplitude in wild-type DRG neurons but not in those dissociated from GluK1−/− mice. Sample traces (top) before (black) and after (gray) application of kainate. Bottom, Time course of kainate-evoked inhibition in neurons from control (black) and GluK1−/− mice (open symbols). B, Proportion of cells in which inhibition was observed in several experimental conditions (top) and the inhibition in neurons from GluK1 and GluK5 wild-type and deficient mice. Numbers within bars are the number of studied neurons. ***p < 0.001 (Student's t test).





Discussion
We have identified here a number of proteins that interact with the C-terminal domain of the GluK1 subunit of KARs, some of which were already known to interact with KARs and some that were involved in the trafficking of these receptors. For instance, our analysis identified two major proteins interacting with GluK1: 4.1G, which belongs to the 4.1 protein family of cytoskeletal adaptor proteins and may be involved in KAR trafficking, synaptic targeting, and the dynamic regulation of receptor endocytosis as it has been found for the 4.1G variant (Copits and Swanson, 2013); and isoforms of the 14-3-3 protein, a widely expressed family of chaperone proteins that have been implicated in cell-cycle and growth control, signal transduction, and apoptosis (van Hemert et al., 2001), although the precise role of the association between 14-3-3 proteins and distinct GluK subunits remains unclear (Coussen et al., 2005; Vivithanaporn et al., 2006). However, some 14-3-3 protein isoforms are proposed to act as chaperones in KAR trafficking (Coussen et al., 2005) and they could drive the interactions between distinct subunits that are involved in the biosynthesis of heteromeric KARs (Vivithanaporn et al., 2006). Protein 4.1 has been also identified as an interactor of GluK2 in a recent proteomic analysis of AMPARs and KARs (Shanks et al., 2012) and thus further studies will be necessary to define the role of these proteins in KAR biology.
Some of the other proteins identified were not previously known to interact with KARs, opening the possibility that novel pathways regulate KARs. For instance, CaMKII phosphorylates several types of glutamate receptors, including KARs, and although the possibility that it phosphorylates GluK1 cannot be discarded (particularly since GluK1b contains three consensus sites for CaMKII phosphorylation; White et al., 1998), the interaction with GluK1 would bring this kinase in close proximity to GluK5 subunits in naturally occurring heteromeric GluK1–GluK5 receptors. Activation of CaMKII induces long-term depression of synaptic transmission at the hippocampal mossy fiber synapse upon phosphorylation of GluK5 subunits (Carta et al., 2013), which may be favored by the existence of such a complex. Although it is difficult to figure out the role of other interactions, it is worth noting that our study revealed the interaction of GluK1 with Basp1, a cytoskeleton-associated protein that binds calmodulin and is abundantly expressed during brain development and reinduced during nerve regeneration (Frey et al., 2000). Together with GAP43, another new GluK1-interacting protein, Basp1 plays a critical role in regulating neuritic outgrowth. Indeed Basp1 can functionally substitute for GAP-43 in vivo (Frey et al., 2000). It remains to be demonstrated whether the recent role ascribed to KARs in neurite elongation (Marques et al., 2013) is related to the interactions with these two proteins. Two more GluK1 interactors are Rab3a and synapsin II. Both proteins are present presynaptically in most synapses and play key roles in synaptic vesicle trafficking and transmitter release. It is known that KARs are able to regulate glutamate and GABA release acting presynaptically, but it would be premature to think of this novel interaction as a mechanism involved in this phenomenon. Whatever the roles, if any, of these interactions, it is important to recognize that the proteomic approach followed in this and other studies allows proteins to make contact that might never occur in vivo because they would function in different places.
One of the proteins identified was a G-protein α subunit and indeed KARs have been postulated to interact with G-proteins as some of their effects are abolished in the presence of pertussis toxin (Rodríguez-Moreno and Lerma, 1998; Cunha et al., 2000; Rodríguez-Moreno et al., 2000; Melyan et al., 2002; Rozas et al., 2003). However, there was no evidence yet of a direct interaction between these two proteins. It is believed that KARs could operate in two different modes: the well characterized and expected ionotropic action; and by G-protein activation, which regulates different effectors, including other ion channels. Yet, we still do not have clear understanding of this latter mode of action, the so-called noncanonical signaling (Rozas et al., 2003), nor the class of KAR subunit that interacts with G-proteins. Our data evidence that the GluK1 subunit, in particular the GluK1b isoform that contains the longer C terminus, may represent the link to the G-protein α subunit. Although an interaction between GluK5 and Gq proteins has been suggested to account for metabotropic activity of KARs (Ruiz et al., 2005), present data and functional evidence from different analyses of noncanonical signaling contradict this idea. First, the metabotropic activity mediated by KARs indicates the involvement of a pertussis-sensitive G-protein that can signal through PLC. For instance, G-protein-mediated inhibition of N-type Ca2+ channels in DRG neurons takes place under conditions not requiring ion permeation through the KAR channel and it is abolished upon exposure to pertussis toxin (Rozas et al., 2003). KARs also inhibit the slow afterhyperpolarization (sAHP) generated by a voltage-independent, Ca2+-dependent K+ current (IAHP; Fisahn, 2005; Fisahn et al., 2004; Melyan et al., 2002, 2004), resulting in the enhancement of pyramidal cell excitability, which can be prevented by intracellular pertussis toxin (Grabauskas et al., 2007). KAR-mediated inhibition of neurotransmitter release in several areas of the brain is also sensitive to this toxin (Rodríguez-Moreno and Lerma, 1998; Jin et al., 2006) and thus the evidence available indicates that KARs activate a second messenger cascade of which the first element in the chain is a Gαo protein. Actually, Gαo proteins are the only known G-proteins linked to PLC that activate PKC and that, unlike Gαq, which activates a similar cascade, is sensitive to pertussis toxin. Moreover, our results using KO mice indicate that GluK1 rather than GluK5 is required to trigger G-protein activation in DRG neurons (Fig. 5). Also, data show that metabotropic signaling remained in GluK4/GluK5 double-KO mice (Fernandes et al., 2009). Similarly, recent experiments suggested the involvement of GluK1 in the metabotropic control of glutamate release (Segerstråle et al., 2010; Salmen et al., 2012). Therefore, our data clarify that the KAR subunit capable of activating a G-protein is GluK1b and that this G-protein corresponds to the Gαo type, which is consistent with earlier indirect data showing that GluK1 subunits can reproduce noncanonical KAR signaling in a heterologous system (Rivera et al., 2007). Although it is possible that different KAR subunits interact with multiple types of G-proteins, these data indicate that GluK1 is necessary and sufficient to trigger noncanonical signaling by KARs.
It still remains to be ascertained whether the GluK1–Gαo interaction is direct or not. Ionotropic and metabotropic glutamate receptors differ profoundly in their structure, making it unlikely that G-protein activation by either receptor upon glutamate binding follows a similar mechanism. A crystal structure of KAR intracellular domains would help explain how this occurs. Unfortunately, no such structure is available. However, several indications advocate for a direct interaction between GluK1 and Gαo protein. First, GluK1 coimmunoprecipitates with Gαo proteins when cells coexpress both proteins. Second, an interaction between these proteins can be detected by BiFC when they are both expressed in HEK cells. In addition, noncanonical signaling is reconstituted in HEK cells by expressing both proteins, as indicated by BRET data. Together, these results lead us to propose that GluK1 and Gαo form part of a specific protein complex and that they interact with one another without the need for additional proteins.
Noncanonical KAR signaling has been implicated in a number of fundamental processes, altering the equilibrium between excitation and inhibition in the nervous system, upon which correct brain performance ultimately depends. Therefore, our data provide clues for the development of drugs able to discriminate between both signaling systems, further improving our capacity to finely modulate brain activity.
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  The natural partnership of GluK1 and Go proteins demonstrated in this
study is very interesting. A mechanism by 
which the relationship between GluK1 and G proteins may explain NMDA receptor (NMDAR)-independent long-term potentiation (LTP) in mossy fibre-CA3 synapses follows.


  For AMPA receptors (AMPARs), phosphorylation of stargazin by NMDAR-dependent 
activation of CaMKII and protein kinase C (PKC) promotes stargazin-AMPAR complex synaptic 
trafficking (Opazo et al., 2010, Chen et al., 2000). This is a mechanism 
of synaptic plasticity by which NMDARs regulate the number of AMPARs at the 
synapse. Given that Neto1 and Neto2 both have a phosphorylation site 
analogous to that of stargazin, we can hypothesize that similar 
phosphorylation of Netos by CaMKII or PKC promotes Neto-dependent synaptic
targeting of kainate receptors (KARs). 


  In mossy-fiber (MF)-CA3 synapses, GluK1-antagonists have elucidated GluK1's 
capacity for NMDAR-independent LTP (Bortolotto et al., 1999). 
Intriguingly, PKC is downstream of GluK1's metabotropic signaling 
(Rodriguez-Moreno and Lerma, 1998, Rodriguez-Moreno and Sihra, 2011, 
Frerking et al., 2001). Therefore, I hypothesize that PKC,  activated by 
GluK1's metabotropic signalling, phosphorylates Netos to promote Neto-KAR
synaptic targeting in manners similar to the increased synaptic targeting 
of stargazin-AMPARs induced when PKC phosphorylates TARPs. This provides a
potential mechanism of activity-dependent upregulation of KAR-Neto 
synaptic expression, and explains GluK1's ability to induce activity-dependent LTP in mossy fibers independently of NMDARs. 
Moreover, this suggests an explanation for the metabotropic signalling of 
KARs: to activate this PKC cascade. PKC activation for AMPAR-mediated LTP,
however, is dependent on NMDARs: This difference might underlie KARs' 
unique capacity among ionotropic glutamate receptors (GluRs) for NMDAR-independent LTP. Moreover, this
supports the original idea that synapses exhibiting NMDAR-independent 
LTP rely on metabotropic-GluRs, not ionotropic-GluRs (Bashir et al., 
1993): In the unique case of KARs, I suggest that NMDAR-independent MF-LTP
relies on the metabotropic actions of an ionotropic receptor. This would 
explain why the broad-spectrum mGluR antagonist, LY341495, fails to block 
MF-LTP: because LY341495 does not antagonize KAR-metabotropic signalling 
(Fitzjohn et al., 1998).
Accordingly, inhibiting PKC reduces KA EPSC amplitude (Collingridge and 
Isaac, 2003). The study claimed this was because inhibiting PKC prevents 
phosphorylation of GluK1: however, Netos ability to increase KA EPSCs in MF-CA3 synapses (Straub et al., 2011a), as well as the evidence presented 
above; suggests that inhibiting PKC might instead prevent phosphorylation 
of Netos and consequently reduce KAR-Neto synaptic expression to induce 
the decreased KA EPSC amplitude and diminished LTP. 
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