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Alanine Scanning Mutagenesis of the C-Terminal Cytosolic End of Gpm6a Identifies Key Residues Essential for the Formation of Filopodia
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Neuronal membrane glycoprotein M6a (Gpm6a) is a protein with four transmembrane regions and the N- and the C-ends facing the cytosol. It functions in processes of neuronal development, outgrowth of neurites, and formation of filopodia, spines, and synapsis. Molecular mechanisms by which Gpm6a acts in these processes are not fully comprehended. Structural similarities of Gpm6a with tetraspanins led us to hypothesize that, similarly to tetraspanins, the cytoplasmic tails function as connections with cytoskeletal and/or signaling proteins. Here, we demonstrate that the C- but not the N-terminal cytosolic end of Gpm6a is required for the formation of filopodia by Gpm6a in cultured neurons from rat hippocampus and in neuroblastoma cells N2a. Further immunofluorescence microcopy and flow cytometry analysis show that deletion of neither the N- nor the C-terminal intracellular domains interferes with the recognition of Gpm6a by the function-blocking antibody directed against the extracellular part of Gpm6a. Expression levels of both truncation mutants were not affected but we observed decrease in the amount of both truncated proteins on cell surface suggesting that the incapacity of the Gpm6a lacking C-terminus to induce filopodium formation is not due to the lower amount of Gpm6a on cell surface. Following colocalization assays shows that deletion of the C- but not the N-terminus diminishes the association of Gpm6a with clathrin implying involvement of clathrin-mediated trafficking events. Next, using comprehensive alanine scanning mutagenesis of the C-terminus we identify K250, K255, and E258 as the key residues for the formation of filopodia by Gpm6a. Substitution of these charged residues with alanine also diminishes the amount of Gpm6a on cell surface and in case of K255 and E258 leads to the lower amount of total expressed protein. Subsequent bioinformatic analysis of Gpm6a amino acid sequence reveals that highly conserved and functional residues cluster preferentially within the C- and not within the N-terminus and that K250, K255, and E258 are predicted as part of sorting signals of transmembrane proteins. Altogether, our results provide evidence that filopodium outgrowth induced by Gpm6a requires functionally critical residues within the C-terminal cytoplasmic tail.
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INTRODUCTION

TheGpm6abelongs to the proteolipid protein (Plp/Dm20) gene family and is abundantly expressed in neurons of the central nervous system (CNS) (Yan et al., 1993, 1996). Pathological conditions have been linked to the alterations in GPM6A expression levels or sequence. Downregulation of GPM6A mRNA levels has been shown in the hippocampus of depressed suicide victims (Fuchsova et al., 2015) and the association of GPM6A gene with schizophrenia (Boks et al., 2008; Ma et al., 2018), bipolar disorders (Greenwood et al., 2012), and claustrophobia (El-Kordi et al., 2013) has been described. On the other hand, de novo duplication of GPM6A gene leading to the higher expression of GPM6A has been connected to learning disability and anomalies in the behavior (Gregor et al., 2014) suggesting the importance of accurate expression of GPM6A for cognitive function. In several animal models, chronic stress, an agent critically involved in the etiology of depression, alters expression levels of Gpm6a and this effect is counteracted by treatment with antidepressants (Alfonso et al., 2004a,b; Cooper et al., 2009; Monteleone et al., 2014).

The roles of Gpm6a in the nervous system are incompletely comprehended. However, there is abundant evidence for its participation in filopodium formation, neurite extension, synaptogenesis (Lagenaur et al., 1992; Mukobata et al., 2002; Alfonso et al., 2005; Michibata et al., 2008; Zhao et al., 2008; Fuchsova et al., 2009; Brocco et al., 2010; Huang et al., 2011; Scorticati et al., 2011; Formoso et al., 2015; Mita et al., 2015), neuronal differentiation of human stem cells (Michibata et al., 2008) and PC12 cells (Mukobata et al., 2002), as well as in determination of neuronal polarity during neurite formation in neuronal development (Honda et al., 2017; Ito et al., 2018). In addition, Gpm6a has been shown to interact with the micro-opioid receptor [and with a number of other G protein-coupled receptors (GPCRs)] and to facilitate receptor endocytosis and recycling (Wu et al., 2007; Liang et al., 2008). Endocytic sorting and recycling of Gpm6a involves clathrin-dependent pathway and affects neuronal synapses (Garcia et al., 2017).

Overexpression of Gpm6a in rat hippocampal neurons or in cells of neuronal (N2a, PC12) as well as non-neuronal (COS7) origin leads to the vast formation of filopodia, while decrease of endogenous Gpm6a expression by siRNA reduces filopodium density (Alfonso et al., 2005). Filopodia are slender protrusions of plasma membrane filled with actin filaments that underlie many major morphogenetic events in the nervous system (Mattila and Lappalainen, 2008; Gallo, 2013). They are required to initiate extension of neurites and their ramification (Dent et al., 2007). They are also present in neuronal growth cones where they guide axons and dendrites (Gallo and Letourneau, 2004), and filopodia in dendrites function as precursors of spines (Sekino et al., 2007) that create postsynaptic regions of most excitatory synapses.

The mechanism that mediates formation of filopodia by Gpm6a is not fully understood. The localization of Gpm6a in lipid microdomains as well as Src kinases and MAPK activity have been reported to participate (Scorticati et al., 2011). More recently, it has been shown that the actin regulator Coronin 1a associates with Gpm6a in rat hippocampal neurons and facilitates the formation of filopodia by Gpm6a and Rac1/Pak1 signaling pathway has been shown to be involved (Fuchsova et al., 2015; Alvarez Julia et al., 2016).

In the present study our objective was to determine the regions of Gpm6a molecule that are required for the formation of filopodia. To identify the putative functionally important amino acid residues we took advantage of the striking structural similarities that Gpm6a shares with tetraspanin family of proteins: four transmembrane domains (TM1-4), two extracellular loops (EC1 and EC2), small intracellular loop (IC), and the N- and C-terminal regions facing the cytoplasm (Supplementary Table S1). Biological function of tetraspanins is facilitated by their capacity to interact with a number of proteins and this way regulate their spatial juxtaposition on the plasma membrane leading to co-ordination of signaling pathways (Hemler, 2005; Charrin et al., 2009; Yanez-Mo et al., 2009). In tetraspanins, functional specificity is determined by EC2 region and the cytoplasmic tail regions function as connections with cytoskeletal or signaling proteins. Similarly to tetraspanins, EC2 region of Gpm6a contains cysteine residues involved in the formation of disulfide bridges that are important for the topology of the domain and critical for the role of the protein in filopodium outgrowth (Fuchsova et al., 2009). In like manner, we hypothesized that the N- and C-terminal cytoplasmic tails of Gpm6a may be functionally crucial sites that mediate cross-talks with intracellular signaling and/or cytoskeletal structures required in the process.

In this report, we show that the C-terminal but not the N-terminal cytosolic end of Gpm6a is critical for the process of Gpm6a-induced filopodium formation. Subsequent alanine scanning mutagenesis of the C-terminal cytosolic end identifies K250, K255, and E258 as the key residues. Bioinformatic analysis of Gpm6a amino acid sequence reveals that the residues K250, K255, and E258 are predicted as part of signals for sorting of transmembrane proteins. Moreover, our colocalization assays show that deletion of the C- but not the N-terminal cytosolic domain diminishes the association of Gpm6a with clathrin implying involvement of clathrin-mediated trafficking events. Altogether, our results provide evidence that filopodium outgrowth induced by Gpm6a requires functionally critical residues within the C-terminal cytoplasmic tail. We propose that these residues could participate in the interaction of the C-terminal end of Gpm6a with other proteins that could directly regulate actin cytoskeleton dynamics or cell signaling, thus, facilitating the formation of filopodia or, alternatively, they could form part of post-translational modifications or structural motifs involved in the process.

MATERIALS AND METHODS

Materials

Mammalian expression plasmids: pEGFP-C1 (Clontech) encoding the EGFP, EGFP-tagged wildtype (wt) full length mouse Gpm6a (Gpm6a wt-EGFP) described previously (Fuchsova et al., 2009). Primary antibodies: monoclonal anti-Gpm6a rat IgG (1/250; Medical and Biological Laboratories), rabbit anti-GFP polyclonal serum (1/1000; Thermo Fisher Scientific), monoclonal anti-alpha-tubulin mouse IgG1 (1/2000, Sigma), rabbit anti-clathrin heavy chain polyclonal antibody (1/400; Cell Signaling Technology). Secondary antibodies: rhodamine red-conjugated goat anti-rat IgG (1/1000; Jackson), goat anti-rat IgG conjugated to Alexa Fluor (AF) 647 (1/500, BioLegend), goat anti-rabbit conjugated to AF 568 (1/1000, Thermo Fisher Scientific).

Site-Directed Mutagenesis

Mutations were introduced into the Gpm6a wt-EGFP, a mammalian expression plasmid that codes for the full length wt mouse Gpm6a (NCBI Accession: NP_705809.1) fused N-terminally with EGFP (vector pEGFP-C1; Clontech) that has been described previously (Fuchsova et al., 2009). The expressed fusion protein is functional and localizes correctly to the plasma membrane of transfected cell lines or neuronal primary cultures. To create deletion mutants lacking the N-terminal (ΔN) or the C-terminal (ΔC) intracellular domains, amino acids (aa) 1–16 or aa 243–278, respectively, were deleted. For alanine scanning mutagenesis done as described by Gibbs and coworkers (Gibbs and Zoller, 1991), charged amino acids of the C-terminal cytosolic end (aa 241–278) of the mouse Gpm6a at positions 243, 244, 247, 250, 252, 253, 255, 257, 258, 259, 261, 263, 264, 266, 269, 271, 272, 273 were substituted with alanine (Figure 4A). To keep the number of mutants to manageable proportions, two or three charged residues were mutated simultaneously when they occured together within a cluster of six or seven residues (Gibbs and Zoller, 1991). Nonconserved charged residues were not mutated in conjunction with charged residues identified as universally conserved in homologous proteins from the same family (Supplementary Figure S1) since highly conserved residues often play important functional or structural roles and functional information on any less conserved residue mutated simultaneously could be lost. Mutations were generated by a standard PCR technique using a Pfu DNA polymerase (Promega). Two overlapping oligonucleotide primers (Macrogen) with the forward or both primers containing the target mutation were used to amplify the template DNA and were as follows: ΔN (Δ1-16) 5′-TCT GCA GTC GAC GGT ACC TGC TGC ATT AAA TGC C-3′, reverse 5′-GGT ACC GTC GAC TGC AGA ATT CGA AGC TTG AGC TC-3′; ΔC (Δ243–278) 5′-AAC TGG GCC TAT GTG TAA GGG CCC TGC CGC ATG CA-3′, reverse 5′-CAC ATA GGC CCA GTT GGC AGA CAG AAC CAT CAG GTA G-3′; K243A 5′-AAC TGG GCC TAT GTG GCT GAT GCC TGC CGC ATG CAG AAG-3′, reverse 5′-CAC ATA GGC CCA GTT GGC AGA CAG AAC CAT CAG GTA G-3′; D244A 5′-CC TAT GTG AAA GCT GCC TGC CGC ATG CAG-3′, reverse 5′-TTT CAC ATA GGC CCA GTT GGC AGA CAG AAC CAT C-3′; R247A 5′-TAT GTG AAA GAT GCC TGC GCT ATG CAG AAG TAC GAA G-3′, reverse 5′-GCA GGC ATC TTT CAC ATA GGC CCA GTT GG-3′; K250A 5′-GCC TGC CGC ATG CAG GCT TAC GAA GAC ATC AAG TC-3′, reverse 5′-CTG CAT GCG GCA GGC ATC TTT CAC ATA GGC-3′; E252A 5′-CGC ATG CAG AAG TAC GCT GAC ATC AAG TCA AAG G-3′, reverse 5′-GTA CTT CTG CAT GCG GCA GGC ATC TTT CAC ATA GG-3′; D253A/K255A 5′-TGC CGC ATG CAG AAG TAC GAA GCC ATC GCG TCA AAG GAA GAG-3′, reverse 5′-CTC TTC CTT TGA CGC GAT GGC TTC GTA CTT CTG CAT GCG GCA-3′; D253A forward 5′-ATG CAG AAG TAC GAA GCT ATC AAG TCA AAG GAA GAG CAG-3′, reverse 5′-TTC GTA CTT CTG CAT GCG GCA GGC ATC TTT C-3′; K255A forward 5′-ATG CAG AAG TAC GAA GAC ATC GCT TCA AAG GAA GAG CAG-3′, reverse 5′-CTG CTC TTC CTT TGA AGC GAT GTC TTC GTA CTT CTG CAT-3′; K257A 5′-G AAG TAC GAA GAC ATC AAG TCA GCG GAA GAG CAG GAG-3′, reverse 5′-CTC CTG CTC TTC CGC TGA CTT GAT GTC TTC GTA CTT C-3′; E258A/E259A 5′-GAC ATC AAG TCA AAG GCT GCT CAG GAG CTG CAC-3′, reverse 5′-CTT TGA CTT GAT GTC TTC GTA CTT CTG CAT GCG GCA GGC ATC-3′; E258A forward 5′-GAC ATC AAG TCA AAG GCT GAG CAG GAG CTG CAC-3′, reverse 5′-GTG CAG CTC CTG CTC AGC CTT TGA CTT GAT GTC-3′; E259A forward 5′-GAC ATC AAG TCA AAG GAA GCT CAG GAG CTG CAC-3′, reverse 5′-CTT TGA CTT GAT GTC TTC GTA CTT CTG CAT GCG GCA GGC ATC-3′; E261A/D264A 5′-TCA AAG GAA GAG CAG GCT CTG CAC GCT ATC CAT TCT ACT C-3′, reverse 5′-CTG CTC TTC CTT TGA CTT GAT GTC TTC GTA CTT CTG C-3′; H263A forward 5′-TCA AAG GAA GAG CAG GAG CTG GCT GAC ATC CAT TCT ACT C-3′, reverse 5′-CAG CTC CTG CTC TTC CTT TGA CTT GAT GTC TTC GTA CTT CTG C-3′; H266A/R269A forward 5′-GAG CTG CAC GAC ATC GCT TCT ACT GCT TCC AAA GAG C-3′, reverse 5′-GAT GTC GTG CAG CTC CTG CTC TTC CTT TGA CTT GAT GTC TTC G-3′; K270A/E271A/R272A forward 5′-GAC ATC CAT TCT ACT CGC TCC GCA GCG GCG CTC AAT GCG TAC ACA-3′, reverse 5′-TGT GTA CGC ATT GAG CGC CGC TGC GGA GCG AGT AGA ATG GAT GTC-3′. After the PCR amplification, the DpnI endonuclease (New England Biolabs) was used to digest the parental DNA template and to select for the mutation containing newly synthesized DNA. The identity of all mutant constructs was verified by DNA sequencing (Macrogen).

Hippocampal Cultures, Cell Line, and Plasmid Transfections

Dissociated neuronal cultures were prepared from hippocampi of embryonic day 19 Sprague–Dawley rats obtained from the Faculty of Veterinary Sciences (Buenos Aires, Argentina), as described previously (Alvarez Julia et al., 2016). Briefly, hippocampal tissue was treated with 0.25% (wt/vol) trypsin in HBSGK buffer (4.8 g/l HEPES, 8.7 g/l NaCl, 0.22 g/l KCl, 0.36 g/l glucose, pH 7.4) for 15 min at 37°C. A single-cell solution was prepared in NeurobasalTM medium (Thermo Fisher Scientific) containing 3.5 g/l glucose, 2 mM glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin and 10% (vol/vol) horse serum. Cells were seeded in 24-well plates on coverslips coated with 0.8 mg/ml poly-L-lysine hydrobromide (Sigma-Aldrich) and 5 μg/ml laminin (Thermo Fisher Scientific) at a density of 32,000–37,000 cells/cm2. After 2 h at 37°C, medium was changed to a serum-free medium [NeurobasalTM medium supplemented with 3.5 g/l glucose, 2 mM glutamine, 1 g/l ovalbumin, 100 U/ml penicillin, 100 μg/ml streptomycin, N-2 and B-27TM serum-free supplements (Thermo Fisher Scientific)]. All animal procedures were carried out according to the guidelines of NIH Publications No. 80-23 and approved by the Committee for Care and Use of Laboratory Animals, National University of San Martin (CICUAE-UNSAM No. 05/2015, Buenos Aires, Argentina).

Mouse neuroblastoma N2a cells were cultured in Dulbecco’s modified Eagle medium (DMEM) with 20% (vol/vol) fetal bovine serum, 100 U/ml penicillin, 100 μg/ml streptomycin, and 50 μg/ml gentamycin. Cells were seeded on coverslips in 24-well plates at a density of 37,000 cells/cm2. For the Western blot and flow cytometry assays, N2a cells were seeded in 6-well plates or 35 mm cell culture dishes at a density of 60,000 cells/cm2.

Neuronal cultures or N2a cells in 24-well plates were transiently transfected with 3 μg of DNA mixed with 1 μl of Lipofectamine®2000 (Thermo Fisher Scientific) following the manufacturer’s instructions or with 3 μl of polyethylenimine (PEI; Faculty of Pharmacy and Biochemistry, University of Buenos Aires), respectively. N2a cultured in 6-well plates or 35 mm cell culture dishes were transfected with 10 μg of DNA mixed with 15 μl of PEI.

SDS-Page and Western Blotting

N2a cells transfected in 6-well plates or 35 mm cell culture dishes were rinsed with ice-cold phosphate-buffered saline (PBS) and lysed on ice with lysis buffer [150 mM NaCl, 50 mM Tris-HCl, 1% (wt/vol) deoxycholate sodium salt, 0.1% (wt/vol) SDS, pH 8] supplemented with protease inhibitor cocktail (Sigma-Aldrich) for 15 min. Proteins were precipitated by trichloroacetic acid/acetone precipitation at -20°C overnight. Then, samples were centrifuged at 15,000 g for 15 min at 4°C, washed with acetone and centrifuged at 15,000 g for 15 min at 4°C. The precipitated proteins were dissolved in rehydration buffer (10 mM dithiothreitol, 20 mM Tris-HCl, pH 6.8, 9 M urea) and the concentration of solubilized proteins was measured using a Bradford assay (Bio-Rad). Finally, 5X SDS sample buffer with 100 mM dithiothreitol was added to each sample. The protein samples were loaded and separated by 10% SDS-polyacrylamide gels (50 μg of total protein/lane) and then transferred to a nitrocellulose membrane by electroblotting. After 1 h of blocking in TBS containing 0.2% (vol/vol) Tween-20 and 2% (vol/vol) fish skin gelatin (FSG), the membranes were incubated with the rabbit anti-GFP polyclonal primary antibody (1/1000, Thermo Fisher Scientific) and the mouse anti-alpha-tubulin monoclonal primary antibody (1/2000, Sigma) overnight. Antigen-antibody complexes were detected by the goat anti-rabbit secondary IRDye800 CW (1/15,000) or the goat anti-mouse secondary IRDye680 LT (1/20,000) (LiCor Biosciences) using Odyssey clx infrared imaging.

Immunocytochemistry

Cells were fixed in 4% (wt/vol) paraformaldehyde, 4% (wt/vol) sucrose in PBS for 20 min at room temperature. If not indicated otherwise, fixation was followed by permeabilization with 0.1% (vol/vol) Triton X-100 (TX100) in PBS (2 min). Fixed cells were blocked with 3% (wt/vol) bovine serum albumin (BSA) with 0.2% (vol/vol) FSG in PBS and then incubated with primary antibodies in PBS with 1% (wt/vol) BSA (overnight, 4°C) and secondary antibodies (1 h, room temperature). F-actin was stained with rhodamine red-conjugated phalloidin (1/1000; Thermo Fisher Scientific) and nuclei with 4′, 6-diamidino-2-phenylindole dihydrochloride (DAPI) (1/3000) for 5 min at room temperature. Coverslips were mounted in Fluor Save Reagent (Calbiochem).

Image Acquisition, Analysis, and Quantification

Cells were visualized and fluorescent images were acquired using a Nikon Eclipse 80i [Plan APO 60X oil, 1.4 NA, 0.13 mm working distance (WD) objective] with CoolLED pE excitation system, Nikon E600 microscope with epifluorescence illumination (Plan APO 100X oil, 1.4 NA objective) or Olympus FluoviewFV1000 confocal laser scanning microscope (Plan APO N 60X oil, 1.42 NA, FN 26.5 objective) with FV10-ASW software.

To quantify filopodium formation in N2a cells, F-actin marker phalloidin conjugated with rhodamine red was used to visualize filopodia and the percentage of transfected cells showing filopodia was calculated. Each experiment was scored blind. On average, 90–120 cells for each transfection condition done in duplicates were analyzed in randomly selected regions in multiple independent experiments.

In primary hippocampal neurons, filopodium density (the number of filopodia per 45 μm neurite length) was quantified as described previously (Alvarez Julia et al., 2016) in 35–55 neurites of 10–20 different neurons from each transfection condition done in duplicates in at least two independent experiments. Each experiment was scored blind. Previously we have shown that all filopodial protrusions induced by Gpm6a overexpression are labeled by phalloidin (Alvarez Julia et al., 2016) and that quantification of phalloidin-labeled filopodia coincided with quantification when EGFP is used to detect filopodia in transfected neurons (Alvarez Julia et al., 2016).

Colocalization was analyzed using Colocalization Analysis plugins (ImageJ software). First, the Colocalization Test plugin with Fay randomization method was performed to calculate Pearson’s correlation coefficient for the two channels in each selected ROI (25 × 25 pixels). This value was compared with what would be expected for random overlap. The observed correlation was considered significant if it was greater than 95% of the correlations between channel 1 and a number of randomized channel 2 images. All ROIs with p value for Pearson’s coefficient ≥ 0.95 were further analyzed by the Colocalization Threshold plugin to calculate thresholded Mander’s coefficients [tM1 colocalization value for channel 1 (red); tM2 colocalization value for channel 2 (green)] and to generate scatterplots with linear regression line and thresholds. On average, 2–3 regions of interest from each cell in 10–15 neurons from each transfection condition done in duplicates were analyzed in two independent experiments. Each experiment was scored blind.

Flow Cytometry

N2a cells cultured in 6-well plates or 35 mm cell culture dishes were gently harvested by scraping and incubated on ice with the rat anti-Gpm6a (MBL, 1/250) in 100 μl of ice-cold PBS for 1 h, followed by the incubation with the goat anti-rat IgG conjugated to AF 647 (1/500, BioLegend) in the final volume of 100 μl of ice-cold PBS. After 1 h, cells were washed, fixed with 2% paraformaldehyde in PBS for 20 min, and analyzed by flow cytometry. Non-transfected cells incubated only with the secondary antibody were included as a control. All procedures were done at 4°C. Initial control experiments using the immunofluorescence microscopy were performed to confirm that the antibody does not cross the plasma membrane and only the surface exposed antigen is labeled using the procedure described above (Supplementary Figure S3).

FlowMax cytometer Particle Analyzing System PAS-III (Sysmex Partec GmbH, Gorlitz, Germany) and FlowJo software (FlowJo V10, Ashland, OR, United States) were used throughout this work for acquisition of events and data analysis. The gating of N2a cells population was done using a forward scatter (FCS) and side scatter (SSC) plot. This population was further evaluated for total EGFP expression and Gpm6a surface expression (Supplementary Figure S2).

Statistical Analysis

Group means were analyzed for overall statistical significance using one-way ANOVA followed by Tukey’s or Dunnett’s multiple comparison tests for post hoc effects. Results are reported as means ± SEM. For all tests, p ≤ 0.05 was considered statistically significant. Calculations and graphs were done with GraphPad Prism 6.00.

RESULTS

The C-Terminal but Not the N-Terminal Cytosolic End of Gpm6a Is Required for the Process of Gpm6a-Induced Filopodium Formation

Filopodium formation is one of the processes driven by Gpm6a. To map the domains of the Gpm6a molecule that are required for this process, we generated Gpm6a deletion mutants lacking the N-terminal (ΔN, amino acids 1–16) or the C-terminal (ΔC, amino acids 243–278) intracellular domains as shown in the Figure 1A. To determine whether deletion of these sequences interferes with the expression of the proteins, lysates from neuroblastoma cell line N2a overexpressing the ΔN, the ΔC deletion mutants, and the wt Gpm6a tagged with EGFP were analyzed on immunoblots using anti-GFP antibody (Figure 1B). The Western blot in the Figure 1B shows that as reported previously (Fuchsova et al., 2009; Alvarez Julia et al., 2016), the exogenous wt Gpm6a fused to EGFP migrates as multiple bands at 62–67 kDa most probably due to posttranslational modifications of the protein such as phosphorylation and glycosylation (Figure 1B, lane 2). The same pattern of multiple bands migrating at lower size is observed for both the Gpm6a ΔN-EGFP and the Gpm6a ΔC-EGFP deletion mutants (Figure 1B, lanes 1 and 3, respectively). This indicates that the deletion mutants are successfully expressed in N2a cells and their migration on SDS-PAGE is consistent with the lower size of the truncated mutant proteins.
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FIGURE 1. Deletion of the C-terminal but not the N-terminal intracellular domain of Gpm6a interferes with filopodium formation in neuroblastoma cell line N2a. (A) Schematic structure of the EGFP-tagged wild type (wt) Gpm6a and Gpm6a deletion constructs: Gpm6a wt-EGFP (full length wt Gpm6a, 1–278 aa), Gpm6a ΔN-EGFP (Δ1–16), Gpm6a ΔC-EGFP (Δ243–278). The domain organization is indicated by colored boxes: the N-terminal and the C-terminal intracellular domains (red); the four transmembrane domains (TM1-4; gray); the intracellular (IC), the small extracellular (EC1), and the large extracellular (EC2) loops (white). (B) Western blot of lysates from N2a cells overexpressing the indicated constructs. Immunnoblot (IB) was analyzed using the rabbit anti-GFP antibody detected by the goat anti-rabbit secondary IRDye800 CW. Bands representing Gpm6a proteins are indicated by asteriscs. As a loading control alpha-tubulin was detected using the mouse anti-alpha-tubulin monoclonal antibody followed by the goat anti-mouse secondary IRDye680 LT. Below, the control Western blot of lysates from non-transfected N2a cells or N2a overexpressing EGFP alone shows the specificty of detected signal. (C) Localization of ΔN and ΔC Gpm6a mutants in N2a cells. Confocal images of N2a cells transfected with the indicated vectors and labeled with rhodamine red-conjugated phalloidin to visualize F-actin cytoskeleton. Gpm6a wt-EGFP and EGFP alone were used as controls. Gpm6a wt-EGFP and Gpm6a ΔN-EGFP accumulate at plasma membrane and in filopodial protrusions (second and third row). Gpm6a ΔN-EGFP and Gpm6a ΔC-EGFP show higher cytoplasmic localization comparing to the wt Gpm6a. Overexpression of Gpm6a ΔC-EGFP does not induce filopodia formation (bottom row). Scale bar, 10 μm. (D,E) The percentage of transfected N2a cells showing filopodia was quantified in red channel visualizing rhodamine red-phalloidin. On average, 97–119 cells for each transfection condition done in duplicates were analyzed in multiple experiments. Data are means ± SEM. One-way ANOVA followed by Tukey’s multiple comparison test for post hoc effects. (D) Gpm6a ΔN-EGFP: ∗∗p < 0.01 EGFP vs Gpm6a wt-EGFP, ∗∗p < 0.01 EGFP vs Gpm6a ΔN-EGFP. (E) Gpm6a ΔC-EGFP: ∗∗p < 0.01 EGFP vs Gpm6a wt-EGFP, ∗∗p < 0.01 Gpm6a wt-EGFP vs Gpm6a ΔC-EGFP. No statistically significant differences between EGFP and Gpm6a ΔC-EGFP were detected.



Next, we examined the subcellular localization of the truncated mutant proteins and the effect of their overexpression on cell morphology. Overexpression experiments were first performed in N2a cells labeled with F-actin marker phalloidin to visualize filopodia. Overexpression of Gpm6a wt-EGFP and EGFP alone were used as controls. Figure 1C demonstrates that upon overexpression, Gpm6a wt-EGFP and Gpm6a ΔN-EGFP accumulate at the plasma membrane and in filopodial protrusions. When compared to the wt Gpm6a, both the Gpm6a ΔN-EGFP and the Gpm6a ΔC-EGFP show higher accumulation in the cytosol (Figure 1C). As described in our previous work (Alfonso et al., 2005; Alvarez Julia et al., 2016), overexpression of Gpm6a wt-EGFP leads to a significant increase in the formation of filopodia comparing to the control expression of EGFP alone (Figure 1C, first and second row). Filopodium formation is also observed upon overexpression of the N-terminal Gpm6a deletion mutant lacking amino acids 1–16; Gpm6a ΔN-EGFP (Figure 1C, third row). In contrast, Gpm6a lacking C-terminal intracellular domain (amino acids 243–278; Gpm6a ΔC-EGFP) does not induce filopodium formation (Figure 1C, bottom row). Quantification of the percentage of cells showing filopodia revealed that upon Gpm6a ΔC-EGFP overexpression, filopodium formation was significantly lower when compared to the wt Gpm6a (Figure 1E). On the other hand, Gpm6a ΔN-EGFP induced filopodium formation to the same extent as the wt Gpm6a (Figure 1D).

Next, we evaluated the effect of the overexpression of the truncated forms of Gpm6a on filopodium formation in primary hippocampal neurons. Neurons of 3 DIV were transfected with indicated constructs (Figure 2A). Overexpression of Gpm6a wt-EGFP and EGFP alone were used as controls. Figure 2A demonstrates that the overexpression of wt Gpm6a leads to a significant increase in filopodium density when compared to the control overexpression of EGFP alone. As observed for N2a cells, transfection with Gpm6a ΔN-EGFP also resulted in an increase in filopodium density (Figure 2A). On the other hand, overexpression of the mutant Gpm6a ΔC-EGFP did not lead to the induction of filopodium formation (Figure 2A). Filopodium density (number of protrusions per 45-μm of neurite length) as shown in the enlarged pictures (Figure 2A) was quantified. Neurons overexpressing Gpm6a ΔN-EGFP have filopodium density significantly higher than control neurons overexpressing EGFP alone (Figure 2B). When compared to the wt Gpm6a, the induction of filopodia is lower reaching approximately 75% of the effect induced by wt Gpm6a but the difference does not reach statistical significance (Figure 2B). On the other hand, filopodium density of neurons overexpressing Gpm6a ΔC-EGFP is significantly lower (approximately 50%) comparing to neurons expressing the wt Gpm6a and does not significantly differ from the control EGFP (Figure 2C). Thus, it can be concluded that the deletion of the C-terminal, but not the N-terminal, cytosolic end of Gpm6a interferes with Gpm6a-induced filopodium outgrowth in N2a cells as well as in primary hippocampal neurons.
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FIGURE 2. Deletion of the C-terminal intracellular domain of Gpm6a interferes with filopodium formation in hippocampal neurons but a function blocking anti-Gpm6a antibody recognizes surface exposed epitopes of both the ΔN and the ΔC Gpm6a. (A) Micrographs of primary hippocampal neurons (4 DIV) transfected with the indicated vectors and immunostained with rat anti-Gpm6a mAb in non-permeabilized cells. Goat anti-rat IgG labeled with rhodamine red was used as a secondary antibody. Maximized views of neurites show that the surface-exposed regions of Gpm6a wt-EGFP as well as both the Gpm6a ΔN-EGFP and the Gpm6a ΔC-EGFP are recognized by the anti-Gpm6a antibody. Scale bar, 20 μm. (B,C) Filopodium density (the number of protrusions per 45-μm of neurite length) as shown in the maximized views was quantified. Data are means ± SEM. Twenty to thirty three neurons per group done in duplicates were analyzed in multiple independent experiments. One-way ANOVA followed by Tukey’s multiple comparison test for post hoc effects, (B) Gpm6a ΔN-EGFP: ∗∗∗p < 0.001 EGFP vs Gpm6a wt-EGFP, ∗p < 0.05 EGFP vs Gpm6a ΔN-EGFP. (C) Gpm6a ΔC-EGFP: ∗∗∗p < 0.001 EGFP vs Gpm6a wt-EGFP, ∗∗p < 0.01 Gpm6a wt-EGFP vs Gpm6a ΔC-EGFP. No statistically significant differences between EGFP and Gpm6a ΔC-EGFP were detected.



Deletion of the N- or the C-Terminal Intracellular Domains Does Not Prevent the Recognition of Gpm6a by a Function Blocking Anti-Gpm6a Antibody but Diminishes the Amount of Gpm6a on Cell Surface

Previous studies reported that the monoclonal anti-Gpm6a antibody directed against the large extracellular loop (EC2) of Gpm6a affects function of the protein (Lagenaur et al., 1992; Sato et al., 2011; Formoso et al., 2015). We asked whether deletion of the N- or C-terminal intracellular domains of Gpm6a would interfere with binding of this monoclonal antibody. Figure 2A shows images of the non-permeabilized primary hippocampal neurons of 4 DIV transfected with the indicated EGFP-tagged mutants and immunostained with the rat anti-Gpm6a mAb (Figure 2A). We observed that the surface-exposed epitopes of EGFP-tagged wt Gpm6a as well as both the Gpm6a ΔN-EGFP and the Gpm6a ΔC-EGFP are recognized by the anti-Gpm6a antibody (Figure 2A, maximized views of neurites). The colocalization can be observed in the merge images. We conclude that the deletion of the N- or the C-terminal intracellular domains does not prevent the localization of Gpm6a on cell surface nor it modifies conformation of the large extracellular loop so it can be recognized by the function blocking anti-Gpm6a antibody.

Next we asked whether deletion of the N- or the C- terminal sequences affects the expression levels of mutant proteins or their amount on cell surface. To quantify these parameters we have employed flow cytometry in N2a cells transfected with the indicated EGFP-tagged mutants. EGFP-tagged wt Gpm6a, EGFP alone and non-transfected cells were used as controls. Twenty four hours after transfection, the cells were fixed at 4°C to prevent membrane trafficking and Gpm6a present on cell surface was labeled by immunostaining of non-permeabilized cells with the rat anti-Gpm6a mAb. Goat anti-rat IgG conjugated to Alexa Fluor 647 was used as a secondary antibody. The fluorescence intensity of the non-transfected intact cells immunostained only with the secondary antibody was used as a control to define EGFP and Gpm6a positive N2a populations and their percentage (Supplementary Figure S2). The number of the EGFP-positive and the EGFP-negative cells for each condition was counted. For Gpm6a wt-EGFP ∼13% (SEM ± 0.623) of the total cells assessed was EGFP-positive, for Gpm6a ΔN-EGFP ∼17% (SEM ± 0.8111), and for Gpm6a ΔC-EGFP ∼17% (SEM ± 1.103) suggesting that the transfection efficiency was not negatively affected by overexpression of vectors bearing deletions. The intensity of the fluorescence signal of EGFP as a measure of the amount of expressed protein was quantified in the fraction of EGFP-positive cells (Figure 3A). No significant differences were observed for Gpm6a ΔN-EGFP nor for Gpm6a ΔC-EGFP when compared to Gpm6a wt-EGFP (Figure 3A). When the intensity of the fluorescence signal of the surface Gpm6a was quantified in the fraction of EGFP-positive cells, lower amount of Gpm6a present on the cell surface was observed for both the Gpm6a ΔN-EGFP and the Gpm6a ΔC-EGFP displaying 27.7% and 18.4% less surface Gpm6a, respectively, comparing to the wt Gpm6a (Figure 3B). These results indicate that deletion of both terminal intracellular domains of Gpm6a leads to the lower amount of Gpm6a protein on cell surface. We suppose that proper protein folding and/or cell surface trafficking could be partially affected by these deletions. Nevertheless, no differences were detected between the Gpm6a ΔN-EGFP and the Gpm6a ΔC-EGFP suggesting that the incapacity of the Gpm6a ΔC-EGFP to induce filopodium formation is not merely due to the lower amount of Gpm6a present on cell surface.
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FIGURE 3. Deletion of the N- or the C-terminal intracellular domain diminishes the amount of Gpm6a on cell surface. (A) Flow cytometry was used to measure and calculate the mean fluorescence intensity of EGFP in the population of EGFP-positive N2a cells transfected with the indicated vectors as a measure of the total amount of EGFP-tagged proteins. Data are means ± SEM of two independent experiments. One-way ANOVA followed by Dunnett’s multiple comparisons test for post hoc effects revealed no significant differences between Gpm6a wt-EGFP vs Gpm6a ΔN-EGFP and Gpm6a wt-EGFP vs Gpm6a ΔC-EGFP. (B) The mean fluorescence intensity of the surface-labeled Gpm6a measured by flow cytometry in the population of EGFP-positive N2a cells transfected with the indicated vectors. Surface Gpm6a was labeleld by immunostaining of non-permeabilized cells with the rat anti-Gpm6a antibody followed by goat anti-rat IgG conjugated to Alexa Fluor 647. Data are means ± SEM of two independent experiments. One-way ANOVA followed by Dunnett’s multiple comparisons test for post hoc effects, ∗∗∗p < 0.001 Gpm6a wt-EGFP vs Gpm6a ΔN-EGFP and ∗∗p < 0.01 Gpm6a wt-EGFP vs Gpm6a ΔC-EGFP.



Alanine Scanning Mutagenesis of the C-Terminal Cytosolic End of Gpm6a Reveals Key Residues for the Process of Filopodia Formation

To identify functionally critical residues within the C-terminus of Gpm6a, a charged-to-alanine scanning mutagenesis (Gibbs and Zoller, 1991) was used to construct a panel of 12 Gpm6a mutants where all charged amino acids in the C-terminal cytosolic end were systematically substituted with alanine as described in Methods section (Figure 4A).
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FIGURE 4. Alanine scanning mutagenesis of the C-terminal cytosolic end of Gpm6a. (A) Amino acid sequence of the C-terminal end (aa 241–278) of the mouse Gpm6a (NCBI Accession: NP_705809.1). Charged amino acids substituted with alanine are highlighted in red. Blue lines indicate charged residues mutated simultaneously. Residues that affect filopodium formation when mutated to alanine are indicated by yellow boxes. (B) N2a cells transfected with the indicated vectors and labeled with rhodamine red-conjugated phalloidin to visualize F-actin cytoskeleton were analyzed by fluorescence microscopy. The percentage of transfected N2a cells showing filopodia was quantified in red channel visualizing rhodamine red-phalloidin. On average, 97–125 cells for each transfection condition done in duplicates were analyzed. Data are means ± SEM. One-way ANOVA followed by Dunnett’s multiple comparison test for post hoc effects, ∗p < 0.05 EGFP vs R247A-EGFP, ∗p < 0.05 EGFP vs K257A-EGFP, ∗p < 0.05 EGFP vs E261A/D264A-EGFP, ∗p < 0.05 EGFP vs H266A/R269A-EGFP, ∗p < 0.05 EGFP vs K271A/E272A/R273A-EGFP, ∗∗p < 0.01 EGFP vs Gpm6a wt-EGFP, ∗∗p < 0.01 EGFP vs E252A-EGFP, ∗∗p < 0.01 EGFP vs H263A-EGFP, ∗∗∗p < 0.001 EGFP vs K243A-EGFP, ∗∗∗p < 0.001 EGFP vs D244A-EGFP. One-way ANOVA revealed no significant differences for EGFP vs K250-EGFP, EGFP vs D253A/K255A-EGFP, and EGFP vs E258A/E259A-EGFP. (C) Localization of K250-EGFP, D253A/K255A-EGFP, and E258A/E259A-EGFP mutants in N2a cells. Confocal images of N2a cells transfected with the indicated vectors and labeled with rhodamine red-conjugated phalloidin. Gpm6a wt-EGFP and EGFP alone were used as controls. K250A, D253A/K255A, and E258A/E259A localize to the plasma membrane of N2a but fail to form filopodial protrusions. Scale bar, 10 μm. (D) Western blot of lysates from N2a cells overexpressing the indicated constructs. Immunnoblot (IB) was analyzed using the rabbit anti-GFP antibody detected by the goat anti-rabbit secondary IRDye800 CW. Bands representing Gpm6a proteins are indicated by asteriscs. As a loading control alpha-tubulin was detected using the mouse anti-alpha-tubulin monoclonal antibody followed by the goat anti-mouse secondary IRDye680 LT.



As a primary screen for functional residues, a collection of generated EGFP-tagged mutant proteins was evaluated for the effect of their overexpression on filopodium formation in N2a cells. Labeling with F-actin marker phalloidin conjugated with rhodamine red was employed to visualize filopodia. Overexpression of Gpm6a wt-EGFP and EGFP alone were used as controls. Figure 4B shows the quantification of the percentage of transfected N2a cells showing filopodia. We observed that only three out of 12 mutants (K250A, D253A/K255A, and E258A/E259A) do not induce formation of filopodia significantly higher than control EGFP (Figure 4B). Confocal micrographs in the Figure 4C show that upon their overexpression, these three mutants (K250A, D253A/K255A, and E258A/E259A) localize to the plasma membrane but fail to form filopodial protrusions (Figure 4C). When cell lysates of N2a cells transfected with K250A, D253A/K255A, and E258A/E259A were analyzed on Western blot using anti-GFP antibody, the same pattern of multiple bands migrating at the same size as Gpm6a wt-EGFP was observed for all three mutants (Figure 4D) indicating that K250A, D253A/K255A, and E258A/E259A mutant proteins are successfully expressed in N2a cells and their migration on SDS-PAGE is consistent with the size expected.

Three mutants displaying deficiencies in the formation of filopodia were further evaluated in primary hippocampal neurons. Neurons of 3 DIV were transfected with indicated constructs and fixed 24 h later (Figure 5A). Overexpression of Gpm6a wt-EGFP and EGFP alone were used as controls. Figure 5A shows that the overexpression of Gpm6a wt-EGFP significantly increased filopodium density comparing to the control overexpression of EGFP alone. On the other hand, neurons expressing K250A, D253A/K255A, or E258A/E259A mutants displayed decreased filopodium number (Figure 5A). The quantification results in the Figures 5B–D show that the filopodium density of neurons overexpressing K250A, D253A/K255A, and E258A/E259A mutants does not significantly differ from the control EGFP and is significantly lower comparing to neurons expressing the wt Gpm6a. Thus, it can be concluded that the substitution with alanine of charged amino acids K250, D253/K255, and E258/E259 in the C-terminal cytosolic end of Gpm6a interferes with Gpm6a-induced filopodium outgrowth in N2a cells as well as in primary hippocampal neurons.
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FIGURE 5. Substitution with alanine of K250, D253/K255, and E258/E259 of Gpm6a interferes with filopodium formation in primary hippocampal neurons but does not prevent mutant recognition by the function blocking anti-Gpm6a antibody. (A) Micrographs of primary hippocampal neurons (4 DIV) transfected with the indicated vectors and immunostained with rat anti-Gpm6a mAb in non-permeabilized cells. Goat anti-rat IgG labeled with rhodamine red was used as a secondary antibody. Maximized views of neurites show that the surface-exposed epitopes of the wt Gpm6a and the mutant proteins K250A, D253A/K255A, and E258A/E259A are recognized by the anti-Gpm6a antibody. Scale bar, 20 μm. (B–D) Filopodium density (the number of protrusions per 45-μm of neurite length) as shown in the maximized views was quantified. Data are means ± SEM. Ten to twenty neurons per group done in duplicates were analyzed in two independent experiments. One-way ANOVA followed by Tukey’s multiple comparison test for post hoc effects. (B) K250A-EGFP: ∗∗∗p < 0.001 EGFP vs Gpm6a wt-EGFP, ∗p < 0.05 Gpm6a wt-EGFP vs K250A-EGFP. (C) D253A/K255A-EGFP: ∗∗∗p < 0.001 EGFP vs Gpm6a wt-EGFP, ∗p < 0.05 Gpm6a wt-EGFP vs D253A/K255A. (D) E258A/E259A-EGFP: ∗∗∗p < 0.001 EGFP vs Gpm6a wt-EGFP, ∗∗p < 0.01 Gpm6a wt-EGFP vs E258A/E259A-EGFP. No statistically significant differences between EGFP and K250A-EGFP (B), EGFP and D253A/K255A-EGFP (C), EGFP and E258A/E259A-EGFP (D) were detected.



Gpm6a Mutant Proteins K250A, D253A/K255A, and E258A/E259A Localize at Cell Surface and Are Recognized by a Function Blocking Anti-Gpm6a Antibody

Next, we evaluated whether the substitution of charged amino acids K250, D253/K255, and E258/E259 with alanine would interfere with binding of the anti-Gpm6a antibody that recognizes the surface-exposed epitope. Primary hippocampal neurons of 3 DIV were transfected with the indicated EGFP-tagged mutants. Immunostaining was performed in non-permeabilized cells with rat anti-Gpm6a mAb. EGFP tagged wt Gpm6a and EGFP alone were used as controls. We show that the surface-exposed regions of EGFP-tagged wt Gpm6a as well as all three mutant proteins K250A, D253A/K255A, and E258A/E259A are recognized by the anti-Gpm6a antibody in hippocampal neurons (Figure 5A, maximized views of neurites). The colocalization can be observed in the merge images. Thus, mutation to alanine of K250, D253/K255, and E258/E259 of Gpm6a does not prevent the localization of Gpm6a on cell surface nor it modifies conformation of the large extracellular loop so it can be recognized by a function blocking anti-Gpm6a antibody.

The protein expression levels and the amount of Gpm6a present on cell surface were then quantified by flow cytometry in N2a cells transfected with the indicated EGFP-tagged mutants as described in the previous section. For K250A-EGFP ∼14% (SEM ± 2.207) of the total cells assessed was EGFP-positive, for D253A/K255A-EGFP ∼15% (SEM ± 1.38), and for E258A/E259A-EGFP ∼13% (SEM ± 1.99), indicating that the transfection efficiency of mutants did not differ from that of Gpm6a wt-EGFP (∼13%, SEM ± 0.623). The intensity of the fluorescence signal of EGFP as a measure of the amount of expressed protein was quantified in the fraction of EGFP-positive cells (Figure 6A). No significant differences were observed for mutant proteins K250A, D253A/K255A, and E258A/E259A when compared to Gpm6a wt-EGFP (Figure 6A). When the intensity of the fluorescence signal of the surface Gpm6a was quantified in the fraction of EGFP-positive cells, mutant proteins K250A, D253A/K255A, and E258A/E259A displayed 10.5, 20.1, and 13.5% less Gpm6a present on the cell surface, respectively, when compared to the wt Gpm6a (Figure 6B). The difference was statistically significant for D253A/K255A and E258A/E259A and showed tendency toward significance for K250A (p = 0.0544). These results indicate that the substitutions of charged amino acids K250, D253/K255, and E258/E259 with alanine interfere to a certain extent with the amount of the Gpm6a protein on cell surface, probably due to the destabilizing effect on protein folding and/or cell surface trafficking of the protein.
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FIGURE 6. Substitution with alanine of K250, D253/K255, and E258/E259 diminishes the amount of Gpm6a on cell surface. (A) Flow cytometry was used to measure and calculate the mean fluorescence intensity of EGFP in the population of EGFP-positive N2a cells transfected with the indicated vectors as a measure of the total amount of EGFP-tagged proteins. Data are means ± SEM of three independent experiments. One-way ANOVA followed by Dunnett’s multiple comparisons test for post hoc effects revealed no significant differences between Gpm6a wt-EGFP vs K250A-EGFP, Gpm6a wt-EGFP vs D253A/K255A-EGFP, and Gpm6a wt-EGFP vs E258A/E259A-EGFP. (B) The mean fluorescence intensity of the surface-labeled Gpm6a measured by flow cytometry in the population of EGFP-positive N2a cells transfected with the indicated vectors. Surface Gpm6a was labeleld by immunostaining of non-permeabilized cells with the rat anti-Gpm6a antibody followed by goat anti-rat IgG conjugated to Alexa Fluor 647. Data are means ± SEM of three independent experiments. One-way ANOVA followed by Dunnett’s multiple comparisons test for post hoc effects, ∗∗∗p < 0.001 Gpm6a wt-EGFP vs D253A/K255A-EGFP, ∗p < 0.05 Gpm6a wt-EGFP vs E258A/E259A-EGFP, p = 0.0544 Gpm6a wt-EGFP vs K250A-EGFP.



Functional Effects of Separate Substitutions With Alanine of D253, K255, E258, and E259 in the Gpm6a C-Terminal Cytosolic End

To dissect the functional information on residues that when mutated in conjunction (D253A/K255A and E258A/E259A) displayed functional defects, we next constructed Gpm6a mutants with separate substitution of D253, K255, E258, and E259 with alanine.

The EGFP-tagged mutant proteins D253A, K255A, E258A, and E259A were first evaluated for the effect of their overexpression on filopodium formation in N2a cells. Overexpression of Gpm6a wt-EGFP and EGFP alone were used as controls. Confocal micrographs in the Figure 7A show that upon their overexpression, all four mutant proteins localize to the plasma membrane and also display some accumulation in the cytosol, E258A in particular. Figure 7B shows the quantification of the percentage of transfected N2a cells showing filopodia. The formation of filopodia is significantly higher for D253A, K255A, and E259A when compared to control EGFP and does not differ from the wt Gpm6a. In contrast, upon E258A overexpression, the percentage of N2a cells with filopodia is significantly lower when compared to the wt Gpm6a (Figure 7B).
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FIGURE 7. Effect on filopodium formation of separate substitution with alanine of D253, K255, E258, and E259 in the C-terminal cytosolic end of Gpm6a in neuroblastoma cell line N2a. (A) Confocal images of N2a cells transfected with the indicated vectors and labeled with rhodamine red-conjugated phalloidin to visualize F-actin cytoskeleton. Gpm6a wt-EGFP and EGFP alone were used as controls. D253A, K255A, and E259A localize to the plasma membrane of N2a and induce formation of filopodia similarly to the wt Gpm6a. The formation of filopodia is reduced upon overexpression of E258A when compared to the wt Gpm6a. Scale bar, 10 μm. (B) The percentage of transfected N2a cells showing filopodia was quantified in red channel visualizing rhodamine red-phalloidin. On average, 137–181 cells for each transfection condition done in duplicates were analyzed in multiple experiments. Data are means ± SEM. One-way ANOVA followed by Tukey’s multiple comparison test for post hoc effects. ∗∗∗p < 0.001 EGFP vs Gpm6a wt-EGFP, ∗∗∗p < 0.001 EGFP vs D253A-EGFP, ∗∗∗p < 0.001 EGFP vs K255A-EGFP, ∗∗∗p < 0.001 EGFP vs E259A-EGFP, ∗p < 0.05 EGFP vs E258A-EGFP, ∗∗p < 0.01 Gpm6a wt-EGFP vs E258A-EGFP.



The mutants were further evaluated for filopodium formation in primary hippocampal neurons. Images of primary hippocampal neurons of 3 DIV transfected with the indicated EGFP-tagged mutants are shown in the Figure 8A. The filopodium density of neurons overexpressing D253A and E259A mutants does not significantly differ from the wt Gpm6a and is significantly higher comparing to neurons expressing control EGFP. On the other hand, K255A and E258A display significantly lower filopodium density comparing to the wt Gpm6a. When compared to the control EGFP, K255A overexpression leads to increased filopodium density while E258A does not show any difference (Figure 8B). We conclude that the separate substitution with alanine of charged amino acid E258 in the C-terminal cytosolic end of Gpm6a interferes with Gpm6a-induced filopodium outgrowth in N2a cells as well as in primary hippocampal neurons. On the other hand, upon separate substitution of K255 with alanine, the effect is observed only in hippocampal neurons. No effect is observed on filopodium formation upon substitution of D253 and E259.
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FIGURE 8. Effect of separate substitution with alanine of D253, K255, E258, and E259 of Gpm6a on filopodium formation in primary hippocampal neurons and recognition of the mutant proteins by the function blocking anti-Gpm6a antibody. (A) Micrographs of primary hippocampal neurons (4 DIV) transfected with the indicated vectors and immunostained with rat anti-Gpm6a mAb in non-permeabilized cells. Goat anti-rat IgG labeled with rhodamine red was used as a secondary antibody. Maximized views of neurites show that the surface-exposed epitopes of the wt Gpm6a and the mutant proteins D253A, K255A, and E259A are recognized by the anti-Gpm6a antibody. Only weak labeling of E258A by anti-Gpm6a mAb was detected. Scale bar, 20 μm. (B) Filopodium density (the number of protrusions per 45-μm of neurite length) as shown in the maximized views was quantified. Ten to twenty neurons per group done in duplicates were analyzed. Data are means ± SEM of six independent experiments. One-way ANOVA followed by Dunnett’s multiple comparison test for post hoc effects. ∗∗∗p < 0.001 EGFP vs Gpm6a wt-EGFP, ∗∗∗p < 0.001 EGFP vs D253A-EGFP, ∗∗p < 0.01 EGFP vs K255A-EGFP, ∗∗∗p < 0.001 EGFP vs E259A-EGFP, ∗p < 0.05 Gpm6a wt-EGFP vs K255A-EGFP, ∗p < 0.05 Gpm6a wt-EGFP vs E258A-EGFP.



Localization on the Cell Surface and Recognition by the Function Blocking Anti-Gpm6a Antibody of Gpm6a Mutant Proteins D253A, K255A, E258A, and E259A

Next, we evaluated whether the separate substitution of charged amino acids D253, K255, E258, and E259 with alanine would interfere with binding of the anti-Gpm6a antibody that recognizes the surface-exposed epitope. Primary hippocampal neurons of 3 DIV were transfected with the indicated EGFP-tagged mutants. Immunostaining was performed in non-permeabilized cells with rat anti-Gpm6a mAb. EGFP-tagged wt Gpm6a and EGFP alone were used as controls. We show that the surface-exposed regions of the EGFP-tagged wt Gpm6a as well as mutant proteins D253A, K255A, and E259A are recognized by the anti-Gpm6a antibody in non-permeablized hippocampal neurons. The colocalization can be observed in the merge images. On the other hand, a very weak labeling of E258A by anti-Gpm6a mAb was observed (Figure 8A, maximized views of neurites). Thus, mutation to alanine of E258, but not D253, K255, and E259, prevents the localization of Gpm6a on cell surface or modifies the conformation of the large extracellular loop.

The protein expression levels and the amount of Gpm6a present on cell surface were then quantified by flow cytometry in N2a cells transfected with the indicated EGFP-tagged mutants as described in the previous sections. For D253A-EGFP ∼13% (SEM ± 0.229) of the total cells assessed was EGFP-positive, for K255A-EGFP ∼8% (SEM ± 1.373), for E258A-EGFP ∼7% (SEM ± 0.3291), and for E259A-EGFP ∼9% (SEM ± 0.7318). This indicates that the transfection efficiency of D253A-EGFP did not differ from that of Gpm6a wt-EGFP (∼13%, SEM ± 0.623), while significantly less EGFP-positive cells were detected for K255A-EGFP, E258A-EGFP, and E259A-EGFP. The intensity of the fluorescence signal of EGFP as a measure of the amount of expressed protein was quantified in the fraction of EGFP-positive cells (Figure 9A). K255A and E258A displayed significantly lower level of EGFP fluorescence signal when compared to the Gpm6a wt-EGFP. No significant differences were observed for the mutant proteins D253A and E259A, although a tendency toward significance (p = 0.0551) was detected for E259A (Figure 9A). When the intensity of the fluorescence signal of the surface labeled Gpm6a was quantified in the fraction of EGFP-positive cells and compared to the wt Gpm6a, the difference was statistically significant for K255A and E258A displaying 19.6% and 29.3% lower amount of Gpm6a present on the cell surface, respectively (Figure 9B). These results indicate that the substitution of charged amino acids K255A and E258A with alanine interfere with the amount of expressed protein and with the amount of the Gpm6a protein on cell surface.
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FIGURE 9. Substitution with alanine of K255 and E258 diminishes the amount of expressed protein and the amount of Gpm6a on cell surface. (A) Flow cytometry was used to measure and calculate the mean fluorescence intensity of EGFP in the population of EGFP-positive N2a cells transfected with the indicated vectors as a measure of the total amount of EGFP-tagged proteins. Data are means ± SEM of three independent experiments. One-way ANOVA followed by Dunnett’s multiple comparisons test for post hoc effects, ∗∗∗p < 0.001 Gpm6a wt-EGFP vs K255A-EGFP, ∗∗∗p < 0.001Gpm6a wt-EGFP vs E258A-EGFP, p = 0.0551 Gpm6a wt-EGFP vs E259A-EGFP. (B) The mean fluorescence intensity of the surface-labeled Gpm6a measured by flow cytometry in the population of EGFP-positive N2a cells transfected with the indicated vectors. Surface Gpm6a was labeleld by immunostaining of non-permeabilized cells with the rat anti-Gpm6a antibody followed by goat anti-rat IgG conjugated to Alexa Fluor 647. Data are means ± SEM of three independent experiments. One-way ANOVA followed by Dunnett’s multiple comparisons test for post hoc effects, ∗∗∗p < 0.001 Gpm6a wt-EGFP vs K255A-EGFP, ∗∗∗p < 0.001 Gpm6a wt-EGFP vs E258A-EGFP.



Analysis of Gpm6a Amino Acid Sequence

The degree to which an amino acid position within a protein sequence is evolutionarily conserved is often indicative of its structural and functional importance. Conservation analysis of amino acid positions within Gpm6a was performed using a bioinformatics tool ConSurf (Berezin et al., 2004; Ashkenazy et al., 2010, 2016). ConSurf estimates the evolutionary conservation rate of amino acid residues in a protein molecule based on the phylogenetic relations between homologous sequences. Considering that the capacity of Gpm6a to form membrane protrusions is conserved among its orthologues (Alfonso et al., 2005; Huang et al., 2011; Zappia et al., 2012; Gregor et al., 2014), but not paralogues such as PLP (Fernandez et al., 2010), a multiple sequence alignment (MSA) of the Ensembl listed orthologues sequences of the mouse Gpm6a (NCBI Accession: NP_705809.1) was constructed using CLUSTALW algorithm. The MSA was then used by ConSurf to build a phylogenetic tree using the neighbor-joining algorithm with maximum likelihood (ML) distance. Position-specific conservation scores were computed using the Bayesian algorithm and the conservation scores were projected onto the protein sequence of the mouse Gpm6a (Figure 10). In the Figure 10, the conservation score at each position corresponds to the evolutionary rate of the residue. We observe that highly variable residues cluster mainly in three regions (topological domain prediction is based on UniProtKB database; Supplementary Table S1): the N-terminal cytoplasmic tail, the small extracellular loop EC1, and the large extracellular loop EC2 of Gmp6a. On the other hand, highly conserved residues cluster preferentially within the four transmembrane domains (TM1-4) and, most of all, within the C-terminal cytoplasmic tail (Figure 10).
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FIGURE 10. ConSurf analysis of the mouse Gpm6a (NCBI Accession: NP_705809.1) using 79 homologues obtained from the Ensembl database. The sequence of the query protein is displayed with the amino acids colored by their conservation grades using the color-coding bar (see legend). The residues of the query sequence are numbered starting from 1. The N-terminal and the C-terminal cytosolic domains are marked as yellow boxes according to the topological domain prediction based on UniProtKB database (Supplementary Table S1). The figure reveals that the C-terminal cytoplasmic tail is highly conserved and the N-terminal cytoplasmic tail is highly variable. The first row below the sequence lists the predicted burial status of the amino acid (“b”—buried vs “e”—exposed). The second row indicates residues predicted to be structurally and functionally important: “s” and “f,” respectively. Residues K250, D253, K255, E258, and E259 whose substitution with alanine lead to deficiencies in the formation of filopodia are indicated by asteriscs. Post-translational modifications or sequence motifs identified for these residues are indicated by colored boxes as shown in the legend (see Tables 1, 2 for the complete list of the post-translational modifications or sorting motifs identified in Gpm6a sequence).



In addition to estimated evolutionary rates, ConSurf assigns predicted relative solvent accessibility to each amino acid in the sequence. Both are subsequently used to indicate residues that have potential structural or functional importance. Functionally important residues that take part, for example in ligand binding and protein-protein interactions, are generally evolutionarily conserved and are most likely to be solvent-accessible, whereas conserved residues buried within the protein core have most probably an important structural role in maintaining the protein’s fold. We observe that the majority of predicted functional residues clusters in the C-terminal cytoplasmic tail. Among them D253, K255, E258, and E259 were identified as residues of potential functional importance. No predicted functional residues are detected in the N-terminal cytoplasmic tail.

Next, deletion of the C-terminal cytosolic domain or alanine substitutions may affect Gpm6a-induced filopodium formation by disrupting sites of post-translational modifications or sequence motifs that participate in this process. Table 1 lists the post-translational modifications sites identified by various bioinformatics resources in the amino acid sequence of the mouse Gpm6a (NCBI Accession: NP_705809.1). K250 and K255 in the Gpm6a C-terminal are predicted as sites of ubiquitination by PhosphositePlus® and E258 and E259 lie within a consensus sequence for casein kinase II (CK2) phosphorylation 256SKEE259 as predicted by PhosphositePlus®, UniProtKB and Prosite (Table 1). In addition, prediction of protein sorting signals by LOCATE database (Sprenger et al., 2008) identified various potential sorting signals in the amino acid sequence of the mouse Gpm6a (Table 2). Among them, 251YEDI254 and 258EEQEL262 are localized within the C-terminal cytosolic tail of Gpm6a and conform to the YXXØ consensus motif of tyrosine-based sorting signals and to the [D/E]XXX[L/I] motif of leucine-based sorting signal, respectively (McMahon and Mills, 2004). D253 lies within the 251YEDI254 sequence and E258 and E259 lie within the 258EEQEL262 sequence.

TABLE 1. Post-translational modification sites in Gpm6a (mouse Gpm6a NCBI Reference Sequence NP_705809.1; ∗Acetylation in K250 and K257 is listed only in rat ortholog NP_835206.1).
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TABLE 2. Sorting motifs in mouse Gpm6a (NCBI Reference Sequence NP_705809.1) identified by subcellular localization database LOCATE (McMahon and Mills, 2004; Sprenger et al., 2008).
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Deletion of the C-Terminal Cytosolic Domain Diminishes Colocalization of Gpm6a With Clathrin

Motifs identified by bioinformatics resources in the previous section are described as being involved in recognition of cargo by accessory proteins in clathrin mediated trafficking events (McMahon and Mills, 2004). In addition, ubiquitination of cytosolic lysine residues also serves as a signal for sorting of transmembrane proteins in a manner that is dependent on clathrin (Bonifacino and Traub, 2003). We have previously identified clathrin heavy chain to coimmunoprecipitate with Gpm6a in rat hippocampal neurons (Fuchsova et al., 2015). Moreover, the colocalization of Gpm6a with clathrin in Gpm6a-overexpressing neurons and Hek293 cells was recently observed by Garcia and coworkers, who suggested that Gpm6a endocytic/recycling pathway involves clathrin (Garcia et al., 2017).

To evaluate whether clathrin mediated trafficking events can be affected by deletion of the N- or C-terminal cytosolic domain, we assessed the colocalization of the mutant proteins with clathrin in primary hippocampal neurons. Neurons of 3 DIV were transfected with the indicated EGFP-tagged mutants, immunostained with the antibody against clathrin, and analyzed by confocal microscopy (Figure 11). Overexpression of Gpm6a wt-EGFP was used as a control. Consistent with previous findings (Garcia et al., 2017), we observed that some of the clathrin-labeled spots were associated with the wt Gpm6a (Figure 11A, maximized view 1, arrowheads). The profile plot shows the overlap of the Gpm6a wt-EGFP (green) and anti-clathrin (red) fluorescence intensity peaks along a straight line 2 as indicated in the micrograph (Figure 11A, white line 2). Similar staining pattern was observed for Gpm6a ΔN-EGFP while Gpm6a ΔC-EGFP displayed more evenly dispersed cytosolic localization (Figure 11A). For quantification purposes, colocalization analysis of confocal images was performed using the Colocalization Analysis plugins of ImageJ. Mander’s colocalization coefficients using the calculated thresholds (tM) were determined for the analyzed regions of interest (ROIs 25 × 25 pixels). For clathrin and Gpm6a wt-EGFP, tMs were 0.781 (SEM ± 0.03676) for the red channel (tM1) and 0.7526 (SEM ± 0.03054) for the green channel (tM2). For clathrin and Gpm6a ΔN-EGFP: tM1 = 0.8151 (SEM ± 0.03644) and tM2 = 0.7899 (SEM ± 0.03074); for clathrin and Gpm6a ΔC-EGFP: tM1 = 0.6678 (SEM ± 0.03050) and tM2 = 0.6625 (SEM ± 0.03028). When compared to the control wt Gpm6a, decrease in Mander’s colocalization coefficients of the Gpm6a ΔC-EGFP was statistically significant for the red channel and displayed tendency toward significance for the green channel (p = 0.082). No statistically significant difference was observed for the Gpm6a ΔN-EGFP (Figure 11B). Taken together, our colocalization assays in hippocampal neurons suggest that deletion of the C-terminal, but not the N-terminal, cytosolic domain diminishes the association of Gpm6a with clathrin implying involvement of clathrin mediated trafficking events.
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FIGURE 11. Deletion of the C-terminal cytosolic domain diminishes colocalization of Gpm6a with clathrin in hippocampal neurons. (A) Confocal images of hippocampal neurons (4 DIV) transfected with the indicated vectors (green) and immunostained with antibody against clathrin (red). A portion of Gpm6a-labeled spots colocalizes with clathrin upon overexpression of Gpm6a wt-EGFP and Gpm6a ΔN-EGFP (arrowheads; insets 1). Colocalization diminishes upon overexpression of Gpm6a ΔC-EGFP (arrowhead; inset 1). Fluorescence intensity profiles of the Gpm6a wt, or the ΔN-, or the ΔC- (green) and the anti-clathrin (red) along the white lines 2 indicated in the corresponding ROIs show the overlap of both signals. Scale bar, 20 μm. (B) Colocalization was evaluated in ROIs (25 × 25 pixels) as described in the Methods section. Mander’s colocalization coefficients using the calculated thresholds (tM) were determined for the red and the green channel. Ten to twenty neurons per group done in duplicates were analyzed. Data are means ± SEM of two independent experiments. One-way ANOVA followed by Dunnett’s multiple comparison test for post hoc effects. ∗p < 0.05 tM1 Gpm6a wt-EGFP vs tM1 Gpm6a ΔC-EGFP, p = 0.082 tM2 Gpm6a wt-EGFP vs tM2 Gpm6a ΔC-EGFP.



DISCUSSION

Filopodia perform fundamental roles in neuronal development and circuit formation including initiation, outgrowth and guidance of axons and dendrites, generation of axon collateral and dendrite branches, and formation of synaptic structures (Gallo, 2013). Neuronal glycoprotein Gpm6a functions in the processes of neural development such as outgrowth of neurites, differentiation, and synaptogenesis. At the same time, this four-transmembrane-domain protein is a potent inducer of filopodia irrespective of cell type or subcellular compartment in which it is expressed (Lagenaur et al., 1992; Mukobata et al., 2002; Alfonso et al., 2005; Michibata et al., 2008; Zhao et al., 2008; Fuchsova et al., 2009; Brocco et al., 2010; Huang et al., 2011; Scorticati et al., 2011; Formoso et al., 2015; Mita et al., 2015; Honda et al., 2017; Ito et al., 2018). In structurally similar tetraspanins, functional specificity is determined by the second large extracellular loop EC2 and the cytoplasmic tails function as connections with cytoskeletal or signaling proteins (Hemler, 2005; Charrin et al., 2009; Yanez-Mo et al., 2009). The functional importance of the Gpm6a large extracellular loop EC2 in the process of filopodium formation has already been demonstrated (Fuchsova et al., 2009), however, the cytosolic N- and C-terminal tails have received less attention.

In the present work, we map the regulatory effect of Gpm6a in filopodium formation to its C-terminal cytoplasmic region. We observe that deletion of the C-terminal (Δ243–278) cytosolic end, but not the N-terminal (Δ1–16), prevents formation of filopodia triggered by Gpm6a in N2a cells and in cultured neurons from the rat hippocampus. In accordance with this observation, we determine using the bioinformatic tool ConSurf that the Gpm6a C-terminus contains amino acids residues that are highly conserved across several animal species suggesting functional importance, while the N-terminal cytoplasmic tail is highly variable. ConSurf also determines that the majority of predicted functional residues (evolutionarily conserved and exposed) map to the C-terminal cytoplasmic tail, while no predicted functional residues are detected in the N-terminal. In line with the fact that the capacity of Gpm6a to form filopodia is conserved among its orthologues (Alfonso et al., 2005; Huang et al., 2011; Zappia et al., 2012; Gregor et al., 2014), our results indicate that the function of Gpm6a in filopodium formation is linked to its highly conserved C-terminus. The functional importance of the Gpm6a C-terminus is consistent with a number of data highlighting the essential role of the C-terminal tail in the function and molecular organization of other tetraspanins. For example, TSPAN7 interacts with its C-terminal end with protein interacting with C kinase 1 (PICK1), to regulate PICK1 and GluR2/3 association and AMPA receptor trafficking. Overexpression of full length TSPAN7, but not the mutant lacking C terminus, induces filopodial outgrowth in COS7 cells as well as in hippocampal neurons (Bassani et al., 2012). Next, the C-terminal cytoplasmic domain of the tetraspanin CD63 interacts with syntenin-1, a new regulator of endocytosis that can counteract internalization of CD63 (Latysheva et al., 2006). Another tetraspanin CD81 regulates cell migration via the interaction of its C-terminal cytosolic domain with Rac GTPase (Tejera et al., 2013).

Interestingly, Sato and coworkers have demonstrated that the N-terminal intracellular domain of Gpm6a (aa 1–25) plays a role in the axon outgrowth arrest without growth cone collapse and the C-terminal intracellular domain (aa 238–278) was shown to be dispensable for this process (Sato et al., 2011). We can speculate that different cytoplasmic domains of Gpm6a could participate in different neuroplastic events such as axonal growth or formation of dendritic filopodia, possibly through the specific binding of these domains with different intracellular proteins.

Proper EC2 folding and TM domain assembly is required for surface expression of PLP/DM20, a tetraspan protein from the same family of proteolipid proteins as Gpm6a. It has been suggested that “the alignment of TM domains organizes the overall topology of a polytopic membrane protein and that the freedom to realign TM domains determines the impact of mutations in extracellular domain. If the tetraspan itself cannot form because of truncations, frame-shift, or missense mutations affecting the TM domains, PLP/DM20 is retained in the endoplasmatic reticulum (ER)” (Dhaunchak et al., 2011). Here, we show that deletion of the N- or the C-terminal intracellular domains of Gpm6a does not prevent the recognition of Gpm6a by a function blocking anti-Gpm6a antibody directed against EC2 domain suggesting that the conformation of EC2 is not altered. Nevertheless, we could observe that the amount of surface Gpm6a is lower in both cases. This leads us to hypothesize that proper protein folding and/or cell surface trafficking could be partially affected by removing both the N- and the C-terminal intracellular regions but the formation of filopodia is mediated only by the C-terminus.

The subsequent charged-to-alanine scanning mutagenesis of the C-terminal end allowed us to identify residues that are functionally critical for the process of filopodia formation. We observed that the substitution with alanine of charged amino acids K250, D253/K255, and E258/E259 prevented formation of filopodia in N2a cells and in cultured neurons from rat hippocampus. When separate substitution with alanine of charged amino acids D253, K255, E258, and E259 was done, the only point mutation that interfered with filopodium outgrowth in both N2a and in primary hippocampal neurons was E258. For K255, the effect was observed only in hippocampal neurons. Point mutation of D253 and E259 did not lead to inhibition of filopodium formation.

One possibility is that, similarly to tetraspanins, the functionally critical residues identified in our study could participate in the interaction of the C-terminal end of Gpm6a with other proteins that can directly regulate actin cytoskeleton dynamics or cell signaling, and by this manner facilitate the formation of filopodia. The interaction would be disrupted by mutating the residues. The rationale behind this hypothesis is that the charged amino acids are more probably to be located on the surface of the protein and thus more probably to paricipate in interactions with other proteins (Gibbs and Zoller, 1991). Indeed, in line with this notion, amino acid residues K255 and E258 were identified as predicted functional residues (evolutionarily conserved and exposed) by ConSurf analysis. Regarding possible interacting partners, in our recent work we have shown that the actin regulator Coronin 1a colocalizes and coimmunoprecipitates with Gpm6a in rat hippocampal neurons and that the outgrowth of filopodia triggered by Gpm6a is facilitated by Coronin 1a and Rac1/Pak1 signaling pathway (Fuchsova et al., 2015; Alvarez Julia et al., 2016). Moreover, Rac1 was shown to coimmunoprecipitate with Coronin 1a together with Gpm6a (Alvarez Julia et al., 2016). In addition, clathrin heavy chain and other proteins were identified to coimmunoprecipitate with Gpm6a in rat hippocampal neurons (Fuchsova et al., 2015). We could speculate that the residues K255 and E258 participate in the interaction of the C-terminal end of Gpm6a with Coronin 1a or other proteins (such as Rac1 or clathrin) and this interaction is necessary for the formation of filopodia by Gpm6a. In accordance with our hypothesis, follow up experiments were performed and showed that the recombinant GST-fused C-terminal end of Gpm6a of 30 amino acids coimunoprecipitates with Coronin 1a using anti-coronin 1a antibody (Supplementary Figure S4). Although additional future work is required to further characterize the interaction, these preliminary data prove the relevance of our findings.

Alternatively, it is possible that by mutating the residues we identified as functionally critical post-translational modifications or structural motifs that participate in the filopodium formation process are lost. Analysis of Gpm6a sequence revealed various signaling motifs that would be disturbed by alanine substitution of these residues. First, K250 and K255 are predicted as sites of ubiquitination. “Ubiquitination is a reversible post-translational modification that regulates a multitude of physiological processes, including protein degradation, endocytosis and the sorting and trafficking of transmembrane proteins” (Hershko and Ciechanover, 1998). In neurons, this pathway plays multiple roles and has been described as an emergent mechanism for regulating synapse function and plasticity (Mabb and Ehlers, 2010). For example, ubiquitination of AMPA receptors regulates the intracellular sorting of receptors to late endosomes for degradation in lysosomes (Widagdo et al., 2017).

Second, E258 forms a part of the 258EEQEL262 sequence that conform to the [D/E]XXX[L/I] motif of leucine-based sorting signal according to the LOCATE database (McMahon and Mills, 2004; Sprenger et al., 2008). The original consensus motif for a mono-leucine sorting signal consists of a single leucine five residues C-terminal to an acidic cluster (EEDXXXXXL) and it is present in two other proteins, CD147 and stem cell factor (SCF) (Wehrle-Haller and Imhof, 2001; Deora et al., 2004). In addition, a variation of this consensus mono-leucine sorting motif (EEXXXL) was identified within the cytoplasmic domain of amphiregulin where it regulates biosynthetic delivery of amphiregulin to the basolateral surface (Gephart et al., 2011). Although Gpm6a does not contain this exact consensus motif, it does contain a mono-leucine C-terminal to an acidic cluster (EEXXL).

Canonical di-leucine sorting motif is not present in the C-terminal cytosolic end of Gpm6a but there is the 251YEDI254 sequence that conforms to the YXXØ consensus motif of tyrosine-based sorting signals. The substitution of E252 or D253 with alanine in our study did not affect filopodium formation implying the notion that 251YEDI254 motif is dispensable for the process of filopodium formation. Accordingly, previous work by Formoso and coworkers showed that the replacement of the tyrosine residue at position 251 by alanine affects only neurite extension but not filopodium formation (Formoso et al., 2015). On the other hand, the Y251A mutation was shown to totally abolish Gpm6a internalization induced by the monoclonal antibody without interfering in its immunodetection which led to the conclusion that Gpm6a endocytosis is mediated through the 251YEDI254 motif (Garcia et al., 2017).

Published works on sorting of plasma membrane proteins demostrated that there are proteins such as transferrin receptor(TfR) that use different sorting signals at trans Golgi network (TGN) and endosomes during biosynthetic delivery and post-endocytic recycling to the plasma membrane (Odorizzi and Trowbridge, 1997). “Mutations have been identified that selectively impair basolateral sorting of internalized TfRs from the endocytic pathway without affecting basolateral sorting of newly synthesized receptors implying that there are subtle differences in the recognition of the TfR basolateral sorting signal by separate sorting machinery located within the biosynthetic and endocytic pathways” (Odorizzi and Trowbridge, 1997). In this context, we can speculate that Gpm6a trafficking may use different motifs and different adaptors at each location in biosynthetic or recycling pathway.

E258 also lies within a consensus sequence for CK2 phosphorylation 256SKEE259. It is of interest to note that S256 was indeed identified as a site of phosphorylation by the phosphoproteome analysis of postmortem Alzheimer’s disease brain tissue (Xia et al., 2008) and phosphorylation of the zebrafish ortholog M6Ab at serine 263, which corresponds to serine 256 of mouse Gpm6a, was shown to contribute to filopodium formation in PC12 cells and neurite outgrowth in zebrafish embryos (Huang et al., 2011). On the other hand, in rat hippocampal neurons, overexpression of Gpm6a bearing simultaneous mutations of various putative intracellular phosphorylation sites (including S256) did not affect formation of filopodia but did lower filopodium motility. Nevertheless, the effect of mutation of individual intracellular phosphorylation sites was not addressed by this study (Brocco et al., 2010). It is of note that “sorting motifs that consists of clusters of acidic residues containing sites for phosphorylation by CK2 are often found in transmembrane proteins and play a role in retrieval from endosomes to the TGN” (Bonifacino and Traub, 2003). A monomeric protein named PACS-1 (phosphofurin acidic cluster sorting protein 1) was identified that binds to acidic clusters in a CK2 phosphorylation dependent manner and functions as a connector that links the phosphorylated acidic clusters to the clathrin-dependent sorting machinery (Wan et al., 1998; Crump et al., 2001).

Taken together, using alanine scanning mutagenesis we identified amino acids in the C-terminal cytosolic end of Gpm6a essential in the process of filopodium formation that are predicted as parts of sorting motifs. In this context, diminished surface expression of mutant proteins we observe in our study could indicate that Gpm6a trafficking is disturbed by replacement of these residues. On the other hand, decreased total protein expression of mutant proteins K255A and E258A suggests their degradation probably due to the destabilizing effect on protein folding. Future work is required to establish whether and which biosynthetic or internalization pathways are affected by individual mutations.

Membrane traffic systems in non-neuronal cells contribute to cell morphogenesis and appear to be driving factors for cell polarization. In neurons, filopodial processes were identified as one of the hot spots of active membrane remodeling where endocytic membrane retrieval initiates in the growth cone during axon extension (Hines et al., 2012). Moreover, membrane trafficking from recycling endosomes is required for the growth and maintenance of spines and regulated membrane trafficking of postsynaptic neurotransmitter receptors has emerged as a central mechanism for synapse development and modification (Ehlers, 2000; Park et al., 2004, 2006). Consistently, Gpm6a has been suggested to facilitate micro-opioid receptor (and a number of other GPCRs) endocytosis and recycling (Wu et al., 2007; Liang et al., 2008) and endocytic sorting and recycling of Gpm6a has been shown to affect neuronal synapses (Garcia et al., 2017). Our observation that deletion of the C-terminal, but not the N-terminal, cytosolic domain diminishes colocalization of Gpm6a with clathrin further points to the functional significance of the C-terminal end of Gpm6a and to the involvement of clathrin mediated trafficking events in the process of filopodium formation induced by Gpm6a.

AUTHOR CONTRIBUTIONS

BF conceived and designed the study. BF, NR, and AAJ performed the experiments. BF, NR, AAJ, and SA analyzed the data. BF, NR, AAJ, and AF participated in the interpretation of data. BF wrote the paper. NR wrote sections of the manuscript. All authors contributed to manuscript revision, read and approved the submitted version.

FUNDING

This study was supported by ANPCyT grants (AF and BF) and by CONICET grants (BF). BF and AF are researchers from CONICET. NR is recipient of a doctoral fellowship from ANPCyT. The funding sources had no role in study design, acquisition, and interpretation of data or writing of the report.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnmol.2018.00314/full#supplementary-material

ABBREVIATIONS

EGFP, enhanced green fluorescent protein; Gpm6a, neuronal membrane glycoprotein M6a; N2a, mouse neuro-2a neuroblastoma cell line; ROI, region of interest; TBS, tris-buffered saline.

REFERENCES

Alfonso, J., Aguero, F., Sanchez, D. O., Flugge, G., Fuchs, E., Frasch, A. C., et al. (2004a). Gene expression analysis in the hippocampal formation of tree shrews chronically treated with cortisol. J. Neurosci. Res. 78, 702–710.

Alfonso, J., Pollevick, G. D., Van Der Hart, M. G., Flugge, G., Fuchs, E., and Frasch, A. C. (2004b). Identification of genes regulated by chronic psychosocial stress and antidepressant treatment in the hippocampus. Eur. J. Neurosci. 19, 659–666.

Alfonso, J., Fernandez, M. E., Cooper, B., Flugge, G., and Frasch, A. C. (2005). The stress-regulated protein M6a is a key modulator for neurite outgrowth and filopodium/spine formation. Proc. Natl. Acad. Sci. U.S.A. 102, 17196–17201.

Alvarez Julia, A., Frasch, A. C., and Fuchsova, B. (2016). Neuronal filopodium formation induced by the membrane glycoprotein M6a (Gpm6a) is facilitated by coronin-1a, Rac1, and p21-activated kinase 1 (Pak1). J. Neurochem. 137, 46–61. doi: 10.1111/jnc.13552

Ashkenazy, H., Abadi, S., Martz, E., Chay, O., Mayrose, I., Pupko, T., et al. (2016). ConSurf 2016: an improved methodology to estimate and visualize evolutionary conservation in macromolecules. Nucleic Acids Res. 44, W344–W350. doi: 10.1093/nar/gkw408

Ashkenazy, H., Erez, E., Martz, E., Pupko, T., and Ben-Tal, N. (2010). ConSurf 2010: calculating evolutionary conservation in sequence and structure of proteins and nucleic acids. Nucleic Acids Res. 38, W529–W533. doi: 10.1093/nar/gkq399

Bassani, S., Cingolani, L. A., Valnegri, P., Folci, A., Zapata, J., Gianfelice, A., et al. (2012). The X-linked intellectual disability protein TSPAN7 regulates excitatory synapse development and AMPAR trafficking. Neuron 73, 1143–1158. doi: 10.1016/j.neuron.2012.01.021

Berezin, C., Glaser, F., Rosenberg, J., Paz, I., Pupko, T., Fariselli, P., et al. (2004). ConSeq: the identification of functionally and structurally important residues in protein sequences. Bioinformatics 20, 1322–1324. doi: 10.1093/bioinformatics/bth070

Boks, M. P., Hoogendoorn, M., Jungerius, B. J., Bakker, S. C., Sommer, I. E., Sinke, R. J., et al. (2008). Do mood symptoms subdivide the schizophrenia phenotype? Association of the GMP6A gene with a depression subgroup. Am. J. Med. Genet. B Neuropsychiatr. Genet. 147B, 707–711. doi: 10.1002/ajmg.b.30667

Bonifacino, J. S., and Traub, L. M. (2003). Signals for sorting of transmembrane proteins to endosomes and lysosomes. Annu. Rev. Biochem. 72, 395–447. doi: 10.1146/annurev.biochem.72.121801.161800

Brocco, M. A., Fernandez, M. E., and Frasch, A. C. (2010). Filopodial protrusions induced by glycoprotein M6a exhibit high motility and aids synapse formation. Eur. J. Neurosci. 31, 195–202. doi: 10.1111/j.1460-9568.2009.07064.x

Charrin, S., Le Naour, F., Silvie, O., Milhiet, P. E., Boucheix, C., and Rubinstein, E. (2009). Lateral organization of membrane proteins: tetraspanins spin their web. Biochem. J. 420, 133–154. doi: 10.1042/BJ20082422

Cooper, B., Fuchs, E., and Flugge, G. (2009). Expression of the axonal membrane glycoprotein M6a is regulated by chronic stress. PLoS One 4:e3659. doi: 10.1371/journal.pone.0003659

Crump, C. M., Xiang, Y., Thomas, L., Gu, F., Austin, C., Tooze, S. A., et al. (2001). PACS-1 binding to adaptors is required for acidic cluster motif-mediated protein traffic. EMBO J. 20, 2191–2201. doi: 10.1093/emboj/20.9.2191

Dent, E. W., Kwiatkowski, A. V., Mebane, L. M., Philippar, U., Barzik, M., Rubinson, D. A., et al. (2007). Filopodia are required for cortical neurite initiation. Nat. Cell Biol. 9, 1347–1359. doi: 10.1038/ncb1654

Deora, A. A., Gravotta, D., Kreitzer, G., Hu, J., Bok, D., and Rodriguez-Boulan, E. (2004). The basolateral targeting signal of CD147 (EMMPRIN) consists of a single leucine and is not recognized by retinal pigment epithelium. Mol. Biol. Cell 15, 4148–4165. doi: 10.1091/mbc.e04-01-0058

Dhaunchak, A. S., Colman, D. R., and Nave, K. A. (2011). Misalignment of PLP/DM20 transmembrane domains determines protein misfolding in Pelizaeus-Merzbacher disease. J. Neurosci. 31, 14961–14971. doi: 10.1523/JNEUROSCI.2097-11.2011

Ehlers, M. D. (2000). Reinsertion or degradation of AMPA receptors determined by activity-dependent endocytic sorting. Neuron 28, 511–525. doi: 10.1016/S0896-6273(00)00129-X

El-Kordi, A., Kastner, A., Grube, S., Klugmann, M., Begemann, M., Sperling, S., et al. (2013). A single gene defect causing claustrophobia. Transl. Psychiatry 3:e254. doi: 10.1038/tp.2013.28

Fernandez, M. E., Alfonso, J., Brocco, M. A., and Frasch, A. C. (2010). Conserved cellular function and stress-mediated regulation among members of the proteolipid protein family. J. Neurosci. Res. 88, 1298–1308. doi: 10.1002/jnr.22298

Formoso, K., Billi, S. C., Frasch, A. C., and Scorticati, C. (2015). Tyrosine 251 at the C-terminus of neuronal glycoprotein M6a is critical for neurite outgrowth. J. Neurosci. Res. 93, 215–229. doi: 10.1002/jnr.23482

Fuchsova, B., Alvarez Julia, A., Rizavi, H. S., Frasch, A. C., and Pandey, G. N. (2015). Altered expression of neuroplasticity-related genes in the brain of depressed suicides. Neuroscience 299, 1–17. doi: 10.1016/j.neuroscience.2015.04.057

Fuchsova, B., Fernandez, M. E., Alfonso, J., and Frasch, A. C. (2009). Cysteine residues in the large extracellular loop (EC2) are essential for the function of the stress-regulated glycoprotein M6a. J. Biol. Chem. 284, 32075–32088. doi: 10.1074/jbc.M109.012377

Gallo, G. (2013). Mechanisms underlying the initiation and dynamics of neuronal filopodia: from neurite formation to synaptogenesis. Int. Rev. Cell Mol. Biol. 301, 95–156. doi: 10.1016/B978-0-12-407704-1.00003-8

Gallo, G., and Letourneau, P. C. (2004). Regulation of growth cone actin filaments by guidance cues. J. Neurobiol. 58, 92–102. doi: 10.1002/neu.10282

Garcia, M. D., Formoso, K., Aparicio, G. I., Frasch, A. C. C., and Scorticati, C. (2017). The membrane glycoprotein M6a endocytic/recycling pathway involves clathrin-mediated endocytosis and affects neuronal synapses. Front. Mol. Neurosci. 10:296. doi: 10.3389/fnmol.2017.00296

Gephart, J. D., Singh, B., Higginbotham, J. N., Franklin, J. L., Gonzalez, A., Folsch, H., et al. (2011). Identification of a novel mono-leucine basolateral sorting motif within the cytoplasmic domain of amphiregulin. Traffic 12, 1793–1804. doi: 10.1111/j.1600-0854.2011.01282.x

Gibbs, C. S., and Zoller, M. J. (1991). Rational scanning mutagenesis of a protein kinase identifies functional regions involved in catalysis and substrate interactions. J. Biol. Chem. 266, 8923–8931.

Greenwood, T. A., Akiskal, H. S., Akiskal, K. K., Bipolar Genome, S., and Kelsoe, J. R. (2012). Genome-wide association study of temperament in bipolar disorder reveals significant associations with three novel Loci. Biol. Psychiatry 72, 303–310. doi: 10.1016/j.biopsych.2012.01.018

Gregor, A., Kramer, J. M., Van Der Voet, M., Schanze, I., Uebe, S., Donders, R., et al. (2014). Altered GPM6A/M6 dosage impairs cognition and causes phenotypes responsive to cholesterol in human and Drosophila. Hum. Mutat. 35, 1495–1505. doi: 10.1002/humu.22697

Hemler, M. E. (2005). Tetraspanin functions and associated microdomains. Nat. Rev. Mol. Cell Biol. 6, 801–811. doi: 10.1038/nrm1736

Hershko, A., and Ciechanover, A. (1998). The ubiquitin system. Annu. Rev. Biochem. 67, 425–479. doi: 10.1146/annurev.biochem.67.1.425

Hines, J. H., Henle, S. J., Carlstrom, L. P., Abu-Rub, M., and Henley, J. R. (2012). Single vesicle imaging indicates distinct modes of rapid membrane retrieval during nerve growth. BMC Biol. 10:4. doi: 10.1186/1741-7007-10-4

Honda, A., Ito, Y., Takahashi-Niki, K., Matsushita, N., Nozumi, M., Tabata, H., et al. (2017). Extracellular signals induce glycoprotein M6a clustering of lipid rafts and associated signaling molecules. J. Neurosci. 37, 4046–4064. doi: 10.1523/JNEUROSCI.3319-16.2017

Huang, K. Y., Chen, G. D., Cheng, C. H., Liao, K. Y., Hung, C. C., Chang, G. D., et al. (2011). Phosphorylation of the zebrafish M6Ab at serine 263 contributes to filopodium formation in PC12 cells and neurite outgrowth in zebrafish embryos. PLoS One 6:e26461. doi: 10.1371/journal.pone.0026461

Ito, Y., Honda, A., and Igarashi, M. (2018). Glycoprotein M6a as a signaling transducer in neuronal lipid rafts. Neurosci. Res. 128, 19–24. doi: 10.1016/j.neures.2017.11.002

Lagenaur, C., Kunemund, V., Fischer, G., Fushiki, S., and Schachner, M. (1992). Monoclonal M6 antibody interferes with neurite extension of cultured neurons. J. Neurobiol. 23, 71–88. doi: 10.1002/neu.480230108

Latysheva, N., Muratov, G., Rajesh, S., Padgett, M., Hotchin, N. A., Overduin, M., et al. (2006). Syntenin-1 is a new component of tetraspanin-enriched microdomains: mechanisms and consequences of the interaction of syntenin-1 with CD63. Mol. Cell. Biol. 26, 7707–7718. doi: 10.1128/MCB.00849-06

Liang, Y. J., Wu, D. F., Stumm, R., Hollt, V., and Koch, T. (2008). Membrane glycoprotein M6A promotes mu-opioid receptor endocytosis and facilitates receptor sorting into the recycling pathway. Cell Res. 18, 768–779. doi: 10.1038/cr.2008.71

Ma, C., Gu, C., Huo, Y., Li, X., and Luo, X. J. (2018). The integrated landscape of causal genes and pathways in schizophrenia. Transl. Psychiatry 8:67. doi: 10.1038/s41398-018-0114-x

Mabb, A. M., and Ehlers, M. D. (2010). Ubiquitination in postsynaptic function and plasticity. Annu. Rev. Cell Dev. Biol. 26, 179–210. doi: 10.1146/annurev-cellbio-100109-104129

Mattila, P. K., and Lappalainen, P. (2008). Filopodia: molecular architecture and cellular functions. Nat. Rev. Mol. Cell Biol. 9, 446–454. doi: 10.1038/nrm2406

McMahon, H. T., and Mills, I. G. (2004). COP and clathrin-coated vesicle budding: different pathways, common approaches. Curr. Opin. Cell Biol. 16, 379–391. doi: 10.1016/j.ceb.2004.06.009

Michibata, H., Okuno, T., Konishi, N., Wakimoto, K., Kyono, K., Aoki, K., et al. (2008). Inhibition of mouse GPM6A expression leads to decreased differentiation of neurons derived from mouse embryonic stem cells. Stem Cells Dev. 17, 641–651. doi: 10.1089/scd.2008.0088

Mita, S., De Monasterio-Schrader, P., Funfschilling, U., Kawasaki, T., Mizuno, H., Iwasato, T., et al. (2015). Transcallosal projections require glycoprotein M6-dependent neurite growth and guidance. Cereb. Cortex 25, 4111–4125. doi: 10.1093/cercor/bhu129

Monteleone, M. C., Adrover, E., Pallares, M. E., Antonelli, M. C., Frasch, A. C., and Brocco, M. A. (2014). Prenatal stress changes the glycoprotein GPM6A gene expression and induces epigenetic changes in rat offspring brain. Epigenetics 9, 152–160. doi: 10.4161/epi.25925

Mukobata, S., Hibino, T., Sugiyama, A., Urano, Y., Inatomi, A., Kanai, Y., et al. (2002). M6a acts as a nerve growth factor-gated Ca(2+) channel in neuronal differentiation. Biochem. Biophys. Res. Commun. 297, 722–728. doi: 10.1016/S0006-291X(02)02284-2

Odorizzi, G., and Trowbridge, I. S. (1997). Structural requirements for basolateral sorting of the human transferrin receptor in the biosynthetic and endocytic pathways of Madin-Darby canine kidney cells. J. Cell Biol. 137, 1255–1264. doi: 10.1083/jcb.137.6.1255

Park, M., Penick, E. C., Edwards, J. G., Kauer, J. A., and Ehlers, M. D. (2004). Recycling endosomes supply AMPA receptors for LTP. Science 305, 1972–1975. doi: 10.1126/science.1102026

Park, M., Salgado, J. M., Ostroff, L., Helton, T. D., Robinson, C. G., Harris, K. M., et al. (2006). Plasticity-induced growth of dendritic spines by exocytic trafficking from recycling endosomes. Neuron 52, 817–830. doi: 10.1016/j.neuron.2006.09.040

Sato, Y., Mita, S., Fukushima, N., Fujisawa, H., Saga, Y., and Hirata, T. (2011). Induction of axon growth arrest without growth cone collapse through the N-terminal region of four-transmembrane glycoprotein M6a. Dev. Neurobiol. 71, 733–746. doi: 10.1002/dneu.20941

Scorticati, C., Formoso, K., and Frasch, A. C. (2011). Neuronal glycoprotein M6a induces filopodia formation via association with cholesterol-rich lipid rafts. J. Neurochem. 119, 521–531. doi: 10.1111/j.1471-4159.2011.07252.x

Sekino, Y., Kojima, N., and Shirao, T. (2007). Role of actin cytoskeleton in dendritic spine morphogenesis. Neurochem. Int. 51, 92–104. doi: 10.1016/j.neuint.2007.04.029

Sprenger, J., Lynn Fink, J., Karunaratne, S., Hanson, K., Hamilton, N. A., and Teasdale, R. D. (2008). LOCATE: a mammalian protein subcellular localization database. Nucleic Acids Res. 36, D230–D233.

Tejera, E., Rocha-Perugini, V., Lopez-Martin, S., Perez-Hernandez, D., Bachir, A. I., Horwitz, A. R., et al. (2013). CD81 regulates cell migration through its association with Rac GTPase. Mol. Biol. Cell 24, 261–273. doi: 10.1091/mbc.e12-09-0642

Wan, L., Molloy, S. S., Thomas, L., Liu, G., Xiang, Y., Rybak, S. L., et al. (1998). PACS-1 defines a novel gene family of cytosolic sorting proteins required for trans-Golgi network localization. Cell 94, 205–216. doi: 10.1016/S0092-8674(00)81420-8

Wehrle-Haller, B., and Imhof, B. A. (2001). Stem cell factor presentation to c-Kit. Identification of a basolateral targeting domain. J. Biol. Chem. 276, 12667–12674. doi: 10.1074/jbc.M008357200

Widagdo, J., Guntupalli, S., Jang, S. E., and Anggono, V. (2017). Regulation of AMPA receptor trafficking by protein ubiquitination. Front. Mol. Neurosci. 10:347. doi: 10.3389/fnmol.2017.00347

Wu, D. F., Koch, T., Liang, Y. J., Stumm, R., Schulz, S., Schroder, H., et al. (2007). Membrane glycoprotein M6a interacts with the micro-opioid receptor and facilitates receptor endocytosis and recycling. J. Biol. Chem. 282, 22239–22247. doi: 10.1074/jbc.M700941200

Xia, Q., Cheng, D., Duong, D. M., Gearing, M., Lah, J. J., Levey, A. I., et al. (2008). Phosphoproteomic analysis of human brain by calcium phosphate precipitation and mass spectrometry. J. Proteome Res. 7, 2845–2851. doi: 10.1021/pr8000496

Yan, Y., Lagenaur, C., and Narayanan, V. (1993). Molecular cloning of M6: identification of a PLP/DM20 gene family. Neuron 11, 423–431. doi: 10.1016/0896-6273(93)90147-J

Yan, Y., Narayanan, V., and Lagenaur, C. (1996). Expression of members of the proteolipid protein gene family in the developing murine central nervous system. J. Comp. Neurol. 370, 465–478. doi: 10.1002/(SICI)1096-9861(19960708)370:4<465::AID-CNE4>3.0.CO;2-2

Yanez-Mo, M., Barreiro, O., Gordon-Alonso, M., Sala-Valdes, M., and Sanchez-Madrid, F. (2009). Tetraspanin-enriched microdomains: a functional unit in cell plasma membranes. Trends Cell Biol. 19, 434–446. doi: 10.1016/j.tcb.2009.06.004

Zappia, M. P., Bernabo, G., Billi, S. C., Frasch, A. C., Ceriani, M. F., and Brocco, M. A. (2012). A role for the membrane protein M6 in the Drosophila visual system. BMC Neurosci. 13:78. doi: 10.1186/1471-2202-13-78

Zhao, J., Iida, A., Ouchi, Y., Satoh, S., and Watanabe, S. (2008). M6a is expressed in the murine neural retina and regulates neurite extension. Mol. Vis. 14, 1623–1630.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Rosas, Alvarez Juliá, Alzuri, Frasch and Fuchsova. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnmol-11-00314-g005.jpg
QA

.A






OPS/images/fnmol-11-00314-g004.jpg
3
i

€ - @

&y

J
.
%

d d C -
"
J owd v Y v 4 v V8
5 k. 5
S 0
3
. -
[ bz,
Y m (1)
"
wZazeCaCn; N %
L @
Q e "
[7)
—
I ;
A
3
’
Q o Q
........... o






OPS/images/fnmol-11-00314-g003.jpg
Surface Gpm6a

m

EGFP

*%

e

-"- -

=

e

o

Sanns

I
(-]

('n-e) Ajisuajul 9ouaasaion|4

T
©

T
<t

T
N

o

_I

e

T
-]

(‘n-e) AjiIsuajul aouaasaion|q

T
©

T
<






OPS/images/fnmol-11-00314-g002.jpg
e






OPS/images/fnmol-11-00314-g001.jpg
1

NH, | EGFP
NH, | EGFP
1
NH, [ EGFP
C
EGFP signal phalloidin
2 <
o
T
[©)
w

Gpm6a wt-
EGFP

Gpm6a AN-
EGFP

Gpm6a AC-
EGFP

16

merge

278

278

242

D

N2a cells with filopodia (%)

N2a cells with filopodia (%)

Gpm6a wt-EGFP

Gpm6a AN-EGFP

cooH Gpm6a AC-EGFP

Gpmé6a AN
100 =—r——i
a0 C3
60+
40+
20+
0- T
AR
Q’O 60Q Q,'bvq
K S o5
R PR E
Gpmé6a AC
100+
80+
l k% ll *%k l
60+
40+
204
0+
L & ¢
< &Q Qés,’bQQ

55=

45 =
kDa

70=
55=

45=

35=
kDa

70=

45=

35=
kDa

IB: anti-GFP

B — ———

IB: anti-a-Tubulin

.
IB: anti-GFP

IB: anti-o.-Tubulin





OPS/images/fnmol-11-00314-g011.jpg
leubis
d4o93 uuyey oblsw

1

ﬁ 0
o S Emk
_.n_w A
L g
1 ]
O =
2
< N
© 1B
g .
Y g 8 = L
Q) N
Aysusjur 20usa10N|4
(a\}

leubis
d493 uuyen obisw

1

o _ |
L v S
L R
: e®
Z s
< « m
© N
©
E W .
p o
O £8%8°
(ne)
Aysuajur sousosalon|4

|leubis
d493 uuyey oblsw

1
o _ < -
&
2 Y wr v
35 A s - © © o o o
= . '} (W3) SyuaIo1e09
m <« = uoljez||esojod s Japuep
S 1. m
O BgSR°

b_mcm«:_ aouadsalon|4

N

A

tM1 tM2
Gpmé6a AC-
EGFP

tM1 tM2
Gpm6a AN-
EGFP

tM1 tM2
Gpm6a wt-
EGFP





OPS/images/fnmol-11-00314-g010.jpg
N-terminal cytoplasmic tail (22 aa)

1

eeeeeeecaaase

11
BE BE= B «

eeebeebbbe
s s

21

EL GIEYAE!
bblebbebbbb
s £ ss

51

LscEviEHer

bebbbebbbb
s

101

VEGFFITGAI
bebbbbbbbb
£

151

[P vESISS 3L B
bbbbbbbbbb
SSs

201

M SFEeL MT

bbeeeebebb

61
YFeolrE D

bbebbeeecee

111

kD GeDFRIT

eebeeebebe
£

lel

[
bbeebeeeeb
s £

Plikal

GuasE

bbbbbbbbbe
f

71

o BruEo:

bbbbbbbbbb

s

121

‘Bercvsafir

bbeebbbbbb
s

171
| B84 cpAofd o8
bebbbebeeb
s £ ff
221
ACAAVIAMUVH
bbbbbbbbbb

ELHDIHSTRS

ebleebeeeeb
fsiffsffffs

27

KERLNAYT

eeebeecece
fEEaEfff

e =-An exposed residue
b - A buried residue
£ - A predicted functional residue

(highly conserved and exposed)

s - A predicted structural residue
(highly conserved and buried)

~ - Insufficient data - the calculation
for this site was performed on less

than 10% of the sequences.

31

2 <6 v o[

bbbbbbbbbb
58 =]

81
~KEqv zfic 1fa
bebbbbbbbb

fs s s
131

EuflE¥ ruER
bbbbbbbbbb
s

I TIGEEKK

bbbbbeeecee

231

¥RV Aw A
bbbbbbbebb
s £

41

o o

bbbbbbeeeb

ssss ffs

91

AFFV GILMM

bbbbbbbbbb
s

141

B GaaFrse
bbbbbbbbbb
s s

100

E EAs v R

bbeeeeebbe

241
YVKDA RMQEK

ebeebbeeegle
£ £

C-terminal cytoplasmic tail (44 aa)

The conservation scale:

Variable

Average

[ ] - Ubiquitylation

3456 78H

Conserved

|:| - Ubiquitylation/Acetylation

I:l - SkeE: Casein kinase 2 phosphorylation site SXXE/D

D - sorting signals YXX® or [D/E]XXXI[L/I]
(X - any amino acid, ® - hydrophobic aminoacid)





OPS/images/cross.jpg
3,

i





OPS/images/fnmol-11-00314-g009.jpg
Surface Gpmb6a

EGFP

-__ B

e © < ~ o
(‘n-e) AjIsuajul @suaosalon|4

m- o, e
(K7 X
LN

Y S
i, % s,
% . % By

© © < ~ o
('n"e) Ay1suajul asuadsaion|q





OPS/images/fnmol-11-00314-g008.jpg
K255A-EGFP E258A-EGFP E259A-EGFP

D253A-EGFP

Gpm6a wt-EGFP

] 1 J L) a
3 2 1 o

|o13uo2 0} abueya pjo4
Aysuap wnipodojiy

EGFP

leubis egwdo) abiaw
d493 -lue

A





OPS/images/fnmol-11-00314-g007.jpg
&

L






OPS/images/fnmol-11-00314-g006.jpg
Surface Gpm6a

EGFP

*

N
HHHHITS

i AR %o
L XX KON O KNIX XN @O
s,
\ %,
S
W // o,\v\.oov wa.
: b
! 2,
o Do,
ov.V 6...«0
O,
| %,
R % e&n@
1 1 1 1 @

[--} © < N o
(‘n-e) Ayisuajui asuaasaion|4

SRS
OSSN
SOSENNNNNY
RN
NNSASSANSN

_I

T T T T
© © < N o

('n"e) AjIsuajul asuadsaion|4






OPS/images/cover.jpg


OPS/images/logo.jpg
’ frontiers
in Molecular Neuroscience





OPS/images/fnmol-11-00314-t002.jpg
Motif Function Position/Range

YXX® signals TGN-endosome sorting, 61-64 114-117 153-156
plasma membrane exocytosis, 251-254
melanosome biogenesis,
basolateral sorting

[D/EIXXX[L/]  signals TGN-endosome sorting, 169-173 187-191
melanosome biogenesis 203-207 258-262

X =any amino acid, ® = hydrophobic amino acid.





OPS/images/fnmol-11-00314-t001.jpg
Site

T10

13-18
C17
24-29
T60

167

176

87-92
C122
N164
T166

170-175
C174-C192
T184

7193

C202
N208
220-225
K250
Y251
K255
$256

K257
S267

T268
S270
1278

Modification

Phosphorylation TgK: PKC
phospho site

Myristoylation GCfeCC
Palmitoylation
Myristoylation GlpyAS

Phosphorylation TyfE: CK2
phospho site

Phosphorylation TagD: CK2
phospho site

Phosphorylation TmiD: CK2
phospho site

Myristoylation GlaaAF
Palmitoylation
N-glycosylation
Phosphorylation TivE: CK2
phospho site
Myristoylation GAnICL
Disulfide bond

Phosphorylation TigE: CK2
phospho site

Phosphorylation Task: CK2
phospho site

Palmitoylation
N-glycosylation
Myristoylation GAgaAV
Ubiquitylation/Acetylation*
Phosphorylation
Ubiquitylation
Phosphorylation SkeE: CK2
phospho site
Ubiquitylation/Acetylation*

Phosphorylation StR: PKC
phospho site

Phosphorylation
Phosphorylation
Phosphorylation

Bioinformatics resource

Prosite

Prosite
SwissPalm
Prosite
Prosite

Prosite
Prosite

Prosite
SwissPalm
UniProtKB/Prosite
Prosite

Prosite
UniProtkB
Prosite

Prosite

SwissPalm
UniProtKB/Prosite
Prosite
PhosphoSitePlus®
PhosphoSitePlus®
PhosphoSitePlus®

PhosphoSitePlus®/
UniProtKB/Prosite

PhosphoSitePlus®

PhosphoSitePlus®/
Prosite

PhosphoSitePlus®
PhosphoSitePlus®

PhosphoSitePlus®/
UniProtKB





