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Vasohibins/SVBP are tubulin carboxypeptidases (TCPs) that regulate neuron differentiation
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Main text:

Microtubules are cytoskeletal polymers of α/β tubulin dimers centrally involved in cell division, motility and morphogenesis. In the detyrosination/tyrosination cycle of tubulin, the C-terminal tyrosine of α-tubulin is removed by an elusive peptidase (TCP) and re-added by the tubulin tyrosine ligase (TTL, for review see [START_REF] Barra | Posttranslational tyrosination/detyrosination of tubulin[END_REF]). This cycle, which is unique to tubulin and mostly conserved from chordates to mammals, has a vital role in vivo [START_REF] Erck | A vital role of tubulintyrosine-ligase for neuronal organization[END_REF]. Tubulin de/tyrosination of α-tubulin is an important regulatory signal for mitosis [START_REF] Badin-Larcon | Suppression of nuclear oscillations in Saccharomyces cerevisiae expressing Glu tubulin[END_REF][START_REF] Barisic | Mitosis. Microtubule detyrosination guides chromosomes during mitosis[END_REF][START_REF] Peris | Tubulin tyrosination is a major factor affecting the recruitment of CAP-Gly proteins at microtubule plus ends[END_REF], for neuronal physiology [START_REF] Gobrecht | Promotion of Functional Nerve Regeneration by Inhibition of Microtubule Detyrosination[END_REF][START_REF] Konishi | Tubulin tyrosination navigates the kinesin-1 motor domain to axons[END_REF][START_REF] Marcos | Tubulin tyrosination is required for the proper organization and pathfinding of the growth cone[END_REF], and for muscle mechanotransduction [START_REF] Kerr | Detyrosinated Submitted Manuscript: Confidential microtubules modulate mechanotransduction in heart and skeletal muscle[END_REF][START_REF] Robison | Detyrosinated microtubules buckle and bear load in contracting cardiomyocytes[END_REF]. Consequently, abnormal tyrosination levels are associated with cell transformation and tumor aggressiveness [START_REF] Lafanechere | Suppression of tubulin tyrosine ligase during tumor growth[END_REF][START_REF] Whipple | Epithelial-to-mesenchymal transition promotes tubulin detyrosination and microtentacles that enhance endothelial engagement[END_REF], neuronal disorganization [START_REF] Erck | A vital role of tubulintyrosine-ligase for neuronal organization[END_REF], and heart failure and cardiomyopathies [START_REF] Robison | Detyrosinated microtubules buckle and bear load in contracting cardiomyocytes[END_REF][START_REF] Belmadani | Posttranslational modifications of cardiac tubulin during chronic heart failure in the rat[END_REF]. Although the detyrosination reaction was first described 40 years ago [START_REF] Hallak | Release of tyrosine from tyrosinated tubulin. Some common factors that affect this process and the assembly of tubulin[END_REF], the identity of TCP has remained unknown.

To enrich for TCP, we designed a three step purification procedure using taxol-stabilized radiolabelled tyrosinated microtubules as a substrate to follow activity. A typical procedure gave a final purification factor of nearly 400-fold (Figs. 1A andS1A). The last fraction (IV) was able to cleave the C-terminal tyrosine from tubulin incorporated in microtubules but not from EB1 (Fig. S1B). EB1 is a protein that shares a similar C-terminal sequence with α-tubulin (-QEEY instead of -GEEY) and is generally not a substrate for TCP in physiological contexts [START_REF] Bosson | Cap-Gly proteins at microtubule plus ends: is EB1 detyrosination involved?[END_REF].

To isolate the protein(s) responsible for TCP activity from fraction IV, we reasoned that an irreversible inhibitor could be used as in other chemical proteomic studies [START_REF] Child | Smallmolecule inhibition of a depalmitoylase enhances Toxoplasma host-cell invasion[END_REF]. We tested the sensitivity of brain TCP to various commercial protease inhibitors. The activity was inhibited by several serine/cysteine protease inhibitors (AEBSF, TLCK, TPCK, E-64, parthenolide) and by the thiol-reactive compound N-Ethylmaleimide (Figs. S2A and1B). These results, in agreement with prior studies [START_REF] Fonrose | Parthenolide inhibits tubulin carboxypeptidase activity[END_REF], strongly suggested that the catalytic activity of the putative TCP depends on a catalytic cysteine.

Although E-64 only showed modest inhibitory activity (IC 50 around 300 µM, Fig. 1B), it is an ideal starting point for inhibitor design because its reactive epoxide electrophile can display a peptide or amino acid mimicking native protein C-terminus. Furthermore, parthenolide, which is widely used to down-regulate detyrosination levels in cells [START_REF] Barisic | Mitosis. Microtubule detyrosination guides chromosomes during mitosis[END_REF][START_REF] Gobrecht | Promotion of Functional Nerve Regeneration by Inhibition of Microtubule Detyrosination[END_REF][START_REF] Kerr | Detyrosinated Submitted Manuscript: Confidential microtubules modulate mechanotransduction in heart and skeletal muscle[END_REF][START_REF] Robison | Detyrosinated microtubules buckle and bear load in contracting cardiomyocytes[END_REF], contains an epoxide function which is essential to its cellular effect [START_REF] Fonrose | Parthenolide inhibits tubulin carboxypeptidase activity[END_REF]. We thus synthesized three inhibitors, epoY, epoEY and epoEEY, which contain the epoxide coupled to one, two or three amino-acids from the α-tubulin C-terminus (Fig. S2B). EpoY was the most potent inhibitor of the TCP activity (IC 50 around 500 nM, Fig. 1B). Alkyne-epoY, which retained a strong inhibitory potency (Fig. 1B,C) and irreversibly inhibited the activity (Fig. S2C,D), was used to perform TAMRA labeling of fraction IV by click chemistry (Fig. 1D). This labeling showed specific modification of a small number of proteins (Fig. 1E). We then purified the inhibitor targets using agarose beads and, after on-beads trypsin digestion and quantitative mass spectrometry analyses of the resulting peptides from three independent experiments, we identified the protein vasohibin-1 (VASH1) as the most likely TCP candidate (Fig 1D, Tables S1-S2). Peptides covering the almost full VASH1 sequence were detected (Fig. S2E). Furthermore, recent bioinformatics data show that Vasohibin-1 and its homologue vasohibin-2 (VASH2) possess a non-canonical Cys-His-Ser catalytic triad and are members of the transglutaminase-like cysteine proteases family (18) (Fig. 1F).

Vasohibin proteins (41-42 kDa) have been extensively characterized as angiogenesis regulators but are poorly understood on a molecular level [START_REF] Sato | The vasohibin family: a novel family for angiogenesis regulation[END_REF]. SVBP (Ccdc23) is a high affinity binding partner of vasohibins that has a chaperone-like function [START_REF] Suzuki | Isolation of a small vasohibin-binding protein (SVBP) and its role in vasohibin secretion[END_REF]. We examined the ability of VASH proteins to detyrosinate α-tubulin in cells in the absence or presence of SVBP. Expression of vasohibins alone in HEK293T cells resulted in a slight increase of detyrosinated tubulin, whereas expression of either protein with SVBP resulted in a substantial increase in detyrosinated tubulin corresponding to a nearly complete loss of endogenous tyrosinated tubulin (Fig. 2A). Mutation of the putative catalytic cysteine on vasohibins (C179A for VASH1, and C158A for VASH2 [START_REF] Sanchez-Pulido | Vasohibins: new transglutaminase-like cysteine proteases possessing a non-canonical Cys-His-Ser catalytic triad[END_REF]) abolished their capacity to produce detyrosinated tubulin. Similarly, in murine embryonic fibroblasts (MEF), expression of the vasohibins with SVBP resulted in complete detyrosination of endogenous α-tubulin (Figs. 2B andS3A).

Alpha-tubulins are generally encoded with a C-terminal tyrosine preceded by two glutamates.

Alpha4-tubulin lacks the C-terminal tyrosine and α8-tubulin contains a C-terminal phenylalanine residue. Phenylalanine can be incorporated in place of tyrosine in tubulin and be a possible cause of neuronal dysfunction [START_REF] Ditamo | Post-Translational Incorporation of L-Phenylalanine into the C-Terminus of alpha-Tubulin as a Possible Cause of Neuronal Dysfunction[END_REF]. We tested the substrate specificity of the vasohibins by overexpressing α1B-and α8-tubulin together with VASH1 or VASH2 and SVBP in HEK293T cells. Both tubulin isotypes were cleaved by active vasohibins when expressed with SVBP (Figs. 2C andS3B).

Vasohibins were unable to cleave the C-terminal residue when tyrosine was mutated to alanine (Figs. 2C andS3B), confirming the specificity of VASH proteins for C-terminal tyrosine and phenylalanine residues.

We overexpressed vasohibins in HEK293T cells in the absence or presence of SVBP and purified the resulting complexes using a cobalt resin. SVBP co-purified with both vasohibins as expected from previous affinity measurements, (K D 30-90 nM (20)), and complex formation was not dependent on catalytic activity (Fig. S4A). The two protein complexes efficiently catalyzed tubulin detyrosination while complexes containing the catalytic dead versions of the vasohibins were unable to detyrosinate tubulin (Fig. 2D). Both complexes cleaved microtubules more rapidly compared to tubulin dimers (Fig. 2E,S4B), consistent with the reported preference of brain TCP in in vitro experiments [START_REF] Barra | Posttranslational tyrosination/detyrosination of tubulin[END_REF][START_REF] Deanin | On the mechanism of turnover of the carboxy-terminal tyrosine of the alpha chain of tubulin[END_REF][START_REF] Kumar | Preferential action of a brain detyrosinolating carboxypeptidase on polymerized tubulin[END_REF]. Purified VASH1/SVBP complex was not able to cleave the C-terminal tyrosine from EB1 indicating its clear tubulin preference. Intringuingly VASH2/SVBP complex was able to partially detyrosinate EB1 in the same conditions (Fig. 2F). In most cell types, including neuronal-derived, C-terminal tyrosine cleavage is restricted to tubulin [START_REF] Barra | Posttranslational tyrosination/detyrosination of tubulin[END_REF][START_REF] Bosson | Cap-Gly proteins at microtubule plus ends: is EB1 detyrosination involved?[END_REF]. EB1 can however be detyrosinated in specific endothelial and tumor cells [START_REF] Rovini | Antimigratory effect of vinflunine in endothelial and glioblastoma cells is associated with changes in EB1 C-terminal detyrosinated/tyrosinated status[END_REF] and this may be related to their VASH2 contents or defect in a regulatory mechanism.

To confirm the functional significance of vasohibins and their role in α-tubulin detyrosination, we assessed the phenotypic effects of knocking down expression of these proteins in differentiating neurons where the de/tyrosination cycle is highly important for growth cone pathfinding and axon differentiation, i. e. for neuron polarization [START_REF] Erck | A vital role of tubulintyrosine-ligase for neuronal organization[END_REF][START_REF] Konishi | Tubulin tyrosination navigates the kinesin-1 motor domain to axons[END_REF][START_REF] Marcos | Tubulin tyrosination is required for the proper organization and pathfinding of the growth cone[END_REF]. Although we were unable to detect vasohibins and SVBP by immuno-blot in mouse neurons using commercial antibodies, we amplified their transcripts from RNA preparations of cultured hippocampal neurons as well as of adult and embryonic mouse brain tissues (Fig. 3A, S5A, S6A). We transfected hippocampal neurons with plasmids expressing short hairpin RNAs (shRNAs) targeting either the vasohibins or SVBP (validated in Fig. S5B andS6B) as well as control shRNAs. The levels of detyrosinated α-tubulin were decreased by almost 50 % when the two vasohibins, or the SVPB, were down-regulated.

Addition of inhibitor (alkyne-epoY) also largely reduced detyrosinated α-tubulin (Fig. 3B,C,S5C).

When added together with the shRNAs, levels of detyrosinated tubulin were decreased up to 75 % (Fig. 3B,C). The remaining pool of detyrosinated α-tubulin could be due to uncomplete depletion of vasohibins activities or to the presence of α4-tubulin which genetically lacks the C-terminal tyrosine and remains in detyrosinated form in the brain [START_REF] Redeker | Mass spectrometry analysis of C-terminal posttranslational modifications of tubulins[END_REF]. The occurrence of other detyrosinases can however not be excluded. Confocal images of neurons cultured 2 days in vitro (2DIV) confirmed a decrease in the levels of the native detyrosinated α-tubulin upon reduction or inhibition of vasohibins expression (Fig. 3D). The remaining detyrosinated pools were specifically concentrated in the axon, while α-tubulin in the other neurites appeared highly tyrosinated.

Vasohibins down-regulation led to a clear delay in axonal differentiation (Fig. 3E). Tau and ankyrin G staining of neurons bearing an axon confirmed normal distribution, with Tau highly expressed in axon shaft at 3DIV and ankyrin G in the axon initial segment at 10DIV (Fig. S7). 2DIV neurons knocked down for vasohibins developed an increased number of neurites and branches with overall reduced axon length (Fig. 3F). A delay of axon differentiation and similar morphological anomalies were observed when down-regulating SVBP (Fig. S6D-F). Transfection of a plasmid allowing coexpression of shRNAs targeting SVBP and a shRNA-resistant form of SVBP rescued α-tubulin detyrosination levels (Fig. S6A,C). Thus, contrary to the premature axonal differentiation observed in the absence of the reverse enzyme TTL (2), here we observe a clear delay of axon differentiation when down-regulating vasohibins or SVBP.

We next tested the functional significance of vasohibins in vivo in mouse brain and focused on the cerebral cortex where the de/tyrosination cycle is critical for the neocortex layer organization [START_REF] Erck | A vital role of tubulintyrosine-ligase for neuronal organization[END_REF]. During corticogenesis neuronal migration relies in part on neuron polarization which was highly dependent on vasohibins (Fig. 3D,E) and SVBP (Fig. S6D,E). We electroporated E14.5 embryos with the plasmids expressing shRNAs targeting the vasohibins as well as control shRNA, and analyzed radial neuronal migration four days later. At E18.5, most neurons from control brains had reached the upper layer (bin 1), whereas when vasohibins were downregulated a significant fraction of neurons failed to do so (Fig 4A ,B). Thus, these enzymes have a crucial role in neuronal migration during brain cortex development.

TCP remained the crucial missing element of the α-tubulin de/tyrosination cycle for 40 years.

Here, we identify vasohibins as enzymatic proteins that perform the TCP function (Fig. S8). The failure of prior attempts to identify TCPs most probably resulted from their association with SVBP for stability and activity which could likely be lost during standard purification assays. In agreement with TCP functions, vasohibins are widely distributed in eucaryotes, have broad tissue expression, and vasohibin-1 (which is generally more expressed than vasohibin-2) is abundant in brain, heart and kidney [START_REF] Sanchez-Pulido | Vasohibins: new transglutaminase-like cysteine proteases possessing a non-canonical Cys-His-Ser catalytic triad[END_REF][START_REF] Nimmagadda | Expression pattern of Vasohibin during chick development[END_REF][START_REF] Shibuya | Isolation and characterization of vasohibin-2 as a homologue of VEGF-inducible endothelium-derived angiogenesis inhibitor vasohibin[END_REF] (see also GTEx Portal on https://www.gtexportal.org/home/). Additionally, we demonstrated their critical role in neuron and brain physiology. Preparation of tyrosinated tubulin and microtubule, and EB1. Bovine brain tubulin (12 mg/mL, prepared as in ( 28)) was tyrosinated by incubation for 45 min at 30°C with purified chicken TTL (1 mg/mL, gift from Steinmetz group) and 0.1 mM L-tyrosine or [ 14 C]-L-tyrosine (0.125 µCi/nmole) in 40 mM Pipes at pH 6.7, 60 mM KCl, 2.5 mM ATP, 1 mM DTT, 12.5 mM MgCl 2 . Microtubules polymerization was allowed by one-third dilution in 100 mM PIPES at pH 6.7, 1 mM EGTA, 1 mM MgCl 2 , 30% glycerol, 1 mM GTP and incubation at 32°C for 45 min, followed by another 45 min incubation with 50 µM Paclitaxel (Calbiochem). Microtubules were sedimented by 25 min centrifugation at 100,000 g and 30°C on 60% glycerol cushions. TTL-containing supernatant was discarded and tyrosinated-microtubules were resuspended in 100 mM PIPES at pH 6.7, 1 mM EGTA, 1 mM MgCl 2 , 10% glycerol, 80 µM paclitaxel and stored at -20°C. To obtain unpolymerized tyrosinated-tubulin, paclitaxel was omitted during the whole procedure. EB1 was prepared as in [START_REF] Ramirez-Rios | Tau antagonizes end-binding protein tracking at microtubule ends through a phosphorylation-dependent mechanism[END_REF].

TCP activity assays. In radioactivity tests using [ 14 C]-tyrosinated taxol-stabilized microtubule, enzyme activity was measured in 100 mM MES at pH 6.7, 1 mM EGTA and 1 mM MgCl 2 using 2 µM radiolabeled tubulin, except in Figs. 2D and S2D (quantity indicated in legend). Reactions were performed for 45 min at 37°C (without or with previous incubation with inhibitors, see legends) and were stopped on ice by addition of 20 µg/ml bovine serum albumin and 10% perchloric acid and centrifugation. Tyrosine cleaved from microtubules was estimated by measuring radioactivity in the supernatant (a zero time control was subtracted). To compose the table of Fig. S1A, detyrosination activity from equal volumes of the various fractions was measured. In tests with inhibitors, detyrosination activity was tested after a 20 min preincubation with inhibitor (except in Figs. S2C andS2D where varying time of incubation were used as indicated in legend), and results with inhibitors were expressed as percentage of the activity in the control with corresponding solvent. In tests using immunoblots, enzyme activity was assayed with 5 µM substrates (taxol-stabilized microtubule, tubulin or EB1) in 100 mM MES at pH 6.7, 1 mM EGTA and 1 mM MgCl 2 for times indicated in figures. Positive controls were done with carboxypeptidase A (2 ng/mL). Reactions were stopped by addition of Laemmli buffer. A reaction with carboxypeptidase A (CPA), which efficiently cleaves aromatic and aliphatic C-terminal residues, was used as positive control. In tests using VASH/SVBP complexes purified on cobalt resin from HEK293T cells, enzymes concentration were approximated from in-gel Coomassie-blue staining of purified VASH1 and VASH2 together with standards of bovine serum albumin.

Enzyme enrichment. We designed a three-step purification procedure from brain lysate inspired from previous efforts [START_REF] Kumar | Preferential action of a brain detyrosinolating carboxypeptidase on polymerized tubulin[END_REF][START_REF] Argarana | Tubulinyl-tyrosine carboxypeptidase from chicken brain: properties and partial purification[END_REF]. All steps were carried out at 4°C. Adult mice brains were homogenized in 50 mM phosphate buffer at pH 6.7, 1 mM EGTA, 1 mM MgCl 2 , 1 µg/ml DNAse with a protease inhibitor cocktail (cOmplete EDTA-free, Roche) and centrifuged 1 h at 100,000 g.

The supernatant was collected (Fraction I). In step 1 (ammonium sulfate fractionation), Fraction I was slowly brought to 45% ammonium sulfate, incubated for 15 min and centrifuged 20 min at 15,000 g. Resulting supernatant underwent the same procedure at 65% ammonium sulfate. The pellet was re-suspended in one-eighth of initial volume with 50 mM MES pH 6.7, 1 mM EGTA, 1 mM MgCl 2 and desalted using Bio-Gel P30 (Bio-Rad) equilibrated with the same buffer (Fraction II). In step 2 (strong anion column), Fraction II was loaded onto a 5 mL Hitrap Q XL column (GE Healthcare) connected on a BioLogic DuoFlow chromatography systems (Biorad) and unbound proteins were collected (Fraction III). In step 3 (strong cation column): Fraction III adjusted to pH 6.2 and 0.12 M NaCl, was loaded on a 5mL Hitrap SP XL column (GE Heathcare). Proteins were eluted with a 0.12 M to 1 M NaCl gradient. Protein fractions were equilibrated in 50 mM MES at pH 6.7, 1 mM EGTA, 1 mM MgCl 2 (by desalting with BioGel P-30). TCP activity assay was performed on these fractions and activity containing fractions were pooled (Fraction IV).

Purification data of a typical experiment are shown in Figs. 1A andS1A. For the quick enzyme enrichment (used in Fig. S1A,C,D), brain homogenate was directly proceeded to step 3, and then desalted.

Click chemistry (Cu-catalyzed azide-alkyne cycloaddition, CuCAAC reaction). Fraction IV

was equilibrated in phosphate buffered solution at pH 7.4 and concentrated to 2 mg/ml. Following 1 h incubation at 37°C with 10 µM of alkyne-epoY or 10 µM of epoY (respectively clickable and control irreversible inhibitors, see structures in Fig. 1C,S2B), two equivalent volumes of azideagarose beads (Jena Biosciences) were then added and click reaction was started by addition of 1 mM CuSO 4 , 100 µM TBTA and 1 mM TCEP. Reaction was completed in 3 h at room temperature.

For fluorescence labeling, 100 µM 5/6-TAMRA-PEG3-azide (Jena Bioscience) was used instead of azide-agarose beads.

Mass Spectrometry sample preparation. Removal of non-specifically bound proteins, and peptides preparation to be analyzed were achieved according to the Click Chemistry Capture Kit protocol (Jena Bioscience). Quickly, agarose-bound proteins were reduced and alkylated. Beads were washed with 1% SDS and 8 M urea. On-beads tryptic proteolysis (using Sequencing Grade Modified Trypsin, Promega) was performed and released peptides were purified on C18 cartridges (Ultra-Micro spin columns, Harvard Apparatus).

Mass spectrometry-based proteomic analyses.

Peptides were analyzed by nanoliquid chromatography coupled to tandem mass spectrometry (Ultimate 3000 coupled to LTQ-Orbitrap Velos Pro, Thermo Scientific) using a 120-min gradient as described in [START_REF] Milbradt | Proteomic analysis of the multimeric nuclear egress complex of human cytomegalovirus[END_REF]. Peptides and proteins were identified through concomitant searches against Uniprot (March 2017 version, Mus musculus taxonomy), classical contaminants (homemade) and the corresponding reversed databases using Mascot (version 2.5.1). The Proline software (http://proline.profiproteomics.fr) was used to filter the results (conservation of rank 1 peptides, peptide identification FDR < 1% as calculated on peptide scores by employing the reverse database strategy, and minimum of 1 specific peptide per identified protein group) before performing a compilation, grouping and comparison of the protein groups from the control and positive samples. Proteins from the contaminants database and additional keratins were discarded from the final list of identified proteins. Only proteins identified with a minimum of 3 specific spectral counts in the 3 replicates of positive samples and absent from the control samples were further considered.

Expression constructs. Mouse vasohibin-1 (VASH1) and vasohibin-2 (VASH2) cDNAs (accession numbers NM_177354 and NM_144879, respectively) were PCR-amplified and inserted into a home-made CAG promoter-containing vector, that generates proteins with a Flag tag at the Nterminus and with superfolder-GFP (sfGFP( 31)) and a 6 His tag at the C-terminus (Flag-vasohibin-sfGFP-His). The corresponding control plasmid encodes Flag-sfGFP-His protein. Bicistronic plasmids allowing coupled expression of both vasohibins and SVBP were obtained by introducing, downstream of the Flag-vasohibin-sfGFP-His cDNA, a cassette containing the encephalomyocarditis virus IRES sequence followed by the cDNA encoding mouse SVBP (accession number NM_024462) with a C-terminal Myc-tag (Flag-vasohibin-sfGFP-His/SVBP-Myc). Point mutations were introduced by PCR to generate enzymatically dead versions of vasohibins: C179A for VASH1 and C158A for VASH2, according to the numbering of accession numbers NP_796328 and NP_659128, respectively. The plasmid encoding mouse SVBP with Cterminal Myc and Flag tags (SVBP-Myc-Flag) was obtained from OriGene. Mouse Eb1 cDNA (accession number NM_007896) was inserted into an EGFP-tagged vector in order to generate EB1-EGFP. Plasmid encoding His-EB1 for protein production in E. coli was described in [START_REF] Bosson | Cap-Gly proteins at microtubule plus ends: is EB1 detyrosination involved?[END_REF]. cDNAs coding for human tubulin α1B and mouse tubulin α8 (accession numbers NM_006082 and NM_017379, respectively) were PCR-amplified and inserted into a vector with N-terminal mCherry tag. Point mutations in α-tubulin cDNAs were introduced by PCR to replace the last aromatic residue by an alanine: Y451A for α1B-tubulin and F449A for α8-tubulin, according to the numbering of accession numbers NP_006073 and NP_059075, respectively. Plasmid expressing mouse-specific shRNAs were from OriGene: TL511800B for Vash1, TL506751C for Vash2, TL517601B for Svbp and TR30021 for control. For rescue experiment with SVBP, tGFP of the plasmid TL51701B containing the Svbp shRNA was extracted by digestion with Mlu I and Pme I and replaced by a cDNA encoding mouse Svbp with myc and FLAG epitopes at the C-terminus.

The mutations G60A, G63A, T66C, G69A and G72A in the SVBP cDNA generate shRNAresistance. All constructs were verified by DNA sequencing.

Purification of His-tagged vasohibins from HEK293T cells. HEK293T cells cotransfected with

plasmids allowing expression of GFP or active/inactive forms of vasohibins and SVBP (Flag-sfGFP-His or Flag-(dead)VASH1/2-sfGFP-His and SVBP-Myc-Flag) were lysed in Tris buffer at pH 8.0, 0.5% TritonX100, 1 mM MgCl 2 , 200 mM NaCl, 5 mM imidazole in the presence of protease inhibitor cocktail (cOmplete EDTA-free, Roche). After centrifugation (10 min at 16,000 g and 4°C), supernatants were collected and added onto 20 µL of cobalt resin (Sigma) and incubated for 3 h at 4°C. After 3 washes with lysis buffer, proteins were eluted using 200 mM imidazole, Tris buffer at pH 8.0, 1 mM MgCl 2 , 200 mM NaCl. Purified proteins were equilibrated by dialysis at 4°C in 100 mM Pipes, 1 mM EGTA and 1 mM MgCl 2 and directly used in radioactivity assays.

Cell culture and transfection. Hippocampal neurons and MEFs were prepared as previously described [START_REF] Erck | A vital role of tubulintyrosine-ligase for neuronal organization[END_REF]. HEK293T cells were maintained under standard conditions. HEK293T cells were transfected with JetPRIME transfection reagent (Polyplus-Transfection). MEFs and neurons were transfected using Amaxa Nucleofector kits (Lonza). A ratio of 1:1 was generally used for cDNA cotransfections (for VASH1/2 with SVBP, or for mCherry-tubulin with bicistronic plasmids allowing coupled expression of VASH1/2 and SVBP).

Antibodies, immuno-blotting and immune-fluorescence. Detyrosination activity was detected using antibodies specific for tyrosinated tubulin (YL 1/2 , Tyr-tub) or native EB1 (Tyr-EB1), and Cterminally detyrosinated tubulin (deTyr-tub) or EB1 (deTyr-EB1). Control of total tubulin or EB1 was estimated with antibodies that recognizes both species (total α-tub or α3A1, total EB1 from BD Transduction lab.). All these antibodies were described and characterized in [START_REF] Bosson | Cap-Gly proteins at microtubule plus ends: is EB1 detyrosination involved?[END_REF], except an anti-deTyr-tub that we recently developed (using the same peptide) in guinea pig which was used in immunofluorescence (1:1000, Fig. 3). The other primary antibodies were used as follow: mouse anti-His from Qiagen in immunofluorescence (1:5000), rabbit anti-Flag from Molecular Probes in immunofluorescence (1:10000), rabbit anti-GFP from Chromotek in immunoblot (1:5000), chicken anti-GFP from Millipore in immunofluorescence (1:500), rabbit anti-turboGFP from Invitrogen in immunofluorescence (1:1000) and in immunoblot (1:10000), mouse RFP antibody (for mCherry) from Sigma in immunoblot (1:2500), mouse anti-Tau from Millipore in immunofluorescence (1:500) and mouse anti-ankyrin G from SantaCruz in immunofluorescence (1:300).

For immunoblotting, cells were collected after 24 h of transfection. After washing with phosphate-buffered saline (PBS) medium at 37°C, cells were directly lysed in Laemmli buffer.

Protein extracts were loaded on 10% acrylamide gels (Mini-PROTEAN® TGX Stain-Free™, Biorad) and transferred with Trans-Blot® Turbo (BioRad). Membranes were incubated with primary antibodies, with secondary antibodies conjugated with HRP (1:10 000, from Jackson ImmunoResearch), and finally revealed with Chemidoc camera (Biorad). For analysis and graphical representations of immunoblots (Fig. 3B,C and S6C), protein bands were quantified from triplicate blots of 3 different experiments using ImageJ software (National Institutes of Health, Bethesda, MD). Detyrosinated α-tubulin signal was normalized to the total protein content of the sample estimated from a stain-free gel image (the trihalo compounds in the Mini-PROTEAN® TGX Stain-Free™ gel react with tryptophan residues in proteins in a UV-induced 1-minute reaction to produce fluorescence).

For immunofluorescence, cells were generally fixed at 37°C in 4% paraformaldehyde, 4.2% sucrose, phosphate buffered saline medium (PBS) (except for ankyrin G staining for which methanol fixation at -20°C was used) and permeabilized using 0.1% Triton X-100, PBS. Cells were then incubated with primary antibodies, followed by incubation with secondary antibodies (see below) conjugated with either alexa-488, cyanine-3 or cyanine-5 fluorophores (1:1000). Nuclei were stained using Hoescht 33258 (1 μg/ml). SDS-PAGE, immuno-blot or immunofluorescence data presented all over the manuscript are representative results from experiments performed at least 3-times.

RT-PCR and RT-qPCR amplifications. For RT-PCR, messenger RNAs from cells and tissues

were prepared with the Dynabeads purification kit (Invitrogen). RT-PCR were performed with the Superscript One step RT-PCR System (Invitrogen) in 12.5 µL with 50 ng RNA. Products of respectively 697, 748 and 154 bp from mouse Vash1, Vash2 and Svbp were amplified at 58°C by 45 with a length inferior to 12 µm were not considered in order to avoid skeletonization artifacts. An axon was defined among primary neurites of a single neuron if its length was at least 48 µm and 1.3-times longer than any other primary neurite. Using this macro we selected a minimum of 27 neurons for each condition and compared the mean axonal length, mean primary neurite number (excluding axon) and branching frequency.

In utero electroporation, tissue processing, immunohistochemistry and analyses. A full description is available in [START_REF] Barnat | Huntingtin-Mediated Multipolar-Bipolar Transition of Newborn Cortical Neurons Is Critical for Their Postnatal Neuronal Morphology[END_REF]. Briefly, embryos from anesthetized timed-pregnant mice were electropored at E14.5 with plasmids allowing expression of shRNAs (see above). Four days later (E18.5), embryonic brains were dissected, fixed, cryosectioned and placed onto slides for analyses.

Anti-tGFP primary antibodies (1:300) was incubated overnight at 4°C. Nuclei were counterstained with DAPI (Roche). Images were acquired with a 20X N.A 0.5 objective on a DMI6000 Leica microscope with a motorized stand and analyzed with Image J. The cortical region where transfected cells were detected was divided into 6 bins of equal surface in which GFP positive (GFP + ) neurons were counted (5 embryos per condition, 3 slides per embryo). At least 260 GFP + neurons were counted per embryo. incubation with 30% TFA/DCM (v/v) for 2 hrs at room temperature. The progress of reaction was monitored by LC-MS. After completion of reaction, the solvent was evaporated under vacuum and the product was then co-evaporated with toluene to afford Alkyne-epoY (SD-186) as a colorless solid (31 mg, 93 %). 1 H NMR (400 MHz, Chloroform-d) δ 6.91 -6.86 (m, 2H), 6.72 -6.66 (m, 2H), 4.64 (ddd, J = 6.7, 5.5, 3.1 Hz, 1H), 3.94 (dd, J = 2.6, 0.8 Hz, 1H), 3.43 (d, J = 2.0 Hz, 1H), 3.17 

Syntheses and analytical characterization

Synthesis of epoEY (SD-180):

Compound SD-180 was synthesized from SD-158 (50 mg, 0.08 mmol) by following the same standard procedure described for the t-Butyl deprotection in the synthesis of SD-142 to afford epoEY (SD-180) as white solid (31 mg, 86%). S2. Proteomic analyses of mouse brain clicked proteins (Auxiliary Table ). The protein contents of 3 independently prepared replicates using either the clickable inhibitor (TCP-R1 to TCP-R3) or the unclickable inhibitor (Ctrl-R1 to Ctrl-R3) were analyzed by mass spectrometrybased proteomics. Lower amounts of purified brain extract were used in R2 and R3 than in R1 (3-and 2-fold, respectively). For each identified protein are given the entry, accession, protein and gene names extracted from the Uniprot knowledgebase, and the validated number of peptides (Pep), spectral counts (SC) and specific spectral counts (SSC) observed in each sample.

Replicates with SSC = 0 despite SC > 0 were not considered (grey). To evidence proteins enriched in the replicates prepared with the clickable inhibitor, ratios of SSC (SSC TCP-R / SSC Ctrl-R) were calculated. Proteins exhibiting a SSC ≥ 3 and identified only in TCP samples or enriched at least 5 fold in TCP samples compared to corresponding Ctrl samples were considered as enriched in TCP samples (green). Among the 124 proteins enriched in TCP sample in at least one replicate, Vasohibin-1 (yellow) is the only protein enriched in all three replicates.

Fig. 1 .

 1 Fig. 1. Purification and identification of mouse brain TCP. (A) SDS-PAGE (silver staining) of

Fig. 2 .

 2 Fig. 2. Vasohibins associated to SVBP are potent tubulin tyrosine carboxypeptidases. (A)

Fig. 3 .

 3 Fig. 3. Down-regulation of VASH1 and VASH2 affects neuronal differentiation. (A) Vash1,

Fig. 4 .

 4 Fig. 4. Down-regulation of vasohibins affects radial migration of newborn cortical neurons.

  of designed TCP inhibitors. Synthesis steps, structure, molecular weight, 1 H and 13 C NMR and LC/MS analyses of epoY (A), alkyne-epoY (B), epoEY (C) and epoEEY (D).

  -2-carboxamido) propanoic acid: The t-Butyl group was removed by

  -3.08 (m, 2H), 2.94 -2.88 (m, 1H), 2.21 (t, J = 2.6 Hz, 1H).13 C NMR (101 MHz, cdcl 3 ) δ 172.80, 166.86, 166.05, 155.80, 130.20, 126.60, 115.43, 78.37, 71.73, 54.06, 53.98, 52.72, 36.20, 28.65. MS (ESI) m/z: calcd: [M+H] + 333.1, measured: [M+Na] + 355.18C. epoEYSynthesis of SD-139 (2S,3S)-ethyl 3-(S)-1-(tert-butoxy)-3-(4-hydroxyphenyl)-1-oxopropan-2yl) carbamoyl)oxirane-2-carboxylate:To the solution of L-Tyrosine tert-butyl ester (237.2 mg, 1 mmol), the Fmoc-Glu(OtBu)-OH (425 mg, 1 mmole) and and N-methylmorpholine (175 mg , 1.5 mmol) in dry THF (15 mL) was added EDC (229 mg, 1.2 mmol) and HOBt (162 mg, 1.2 mmol) in portions at 0 0 C. The reaction mixture was stirred at room temperature for 12 h. After monitoring disappearance of starting material by LC-MS, the mixture was concentrated under reduced pressure.The concentrated residue was purified by flash column chromatography over silica gel with (eluent: 1-10 % of MeOH in DCM) to afford SD-157 as a colorless solid (560 mg, 87 %).Synthesis of SD-113-Amine tert-butyl 4-amino-5-(R)-1-(tert-butoxy)-3-(4-hydroxyphenyl) -1oxopropan-2-yl)amino)-5-oxopentanoate:The Fmoc of SD-113 was removed with 20% piperidine/DMF (v/v) for 30 min. The progress of reaction was monitored by LC-MS. After completion of reaction, the solvent was evaporated under vacuum and the crude mixture was purified by flash column chromatography over silica gel with (eluent: 1-10 % of MeOH in DCM with drop of TEA) to afford SD-113_Amine as a colorless solid (171 mg, 81 %). Compound SD-158 was synthesized from SD-113-Amine (150 mg, 0.35 mmol) by following the same procedure described for the synthesis of SD-139 to afford SD-158 as white solid (132 mg, 67%).

Fig. S1 .

 S1 Fig. S1. TCP enriched fraction prefers tubulin as substrate. (A) Table of enzyme enrichment steps from mouse brain tissue. Detyrosination activity from equal volumes of the various fractions was estimated by measuring tyrosine released from [ 14 C]-tyrosine labeled microtubules (2 µM) after 45 min incubation. (B) Detyrosination of tubulin and EB1 (5 µM) by fraction IV revealed by immunoblot. A reaction with carboxypeptidase A (CPA) was used as positive control.

Fig. S3 .

 S3 Fig. S3. VASH1 and VASH2 associated to SVBP are potent tubulin Tyr/Phe carboxypeptidases. (A) Immunofluorescence analysis of de/tyrosinated α-tubulin pools from MEF cells cotransfected with plasmids encoding active or inactive VASH2 and SVBP (V2 or deadV2, respectively). Carboxypeptidase activity was revealed by immunofluorescence with the same antibodies as in Fig. 2B. Vasohibins were probed with anti-GFP antibody. (B) Immunoblot of protein extracts from HEK293T cells expressing mCherry-α8-tubulin, each VASH and SVBP.Native or mutated versions of α8-tubulin, respectively ending with GEEF or GEEA, were used. Levels of de/tyrosinated tubulin were measured as in Fig.2A. Antibody to mCherry demonstrates same amounts of exogenous α-tubulin.

Fig. S5 .

 S5 Fig. S5. Down-regulation of VASH1 and VASH2 affects neuronal differentiation. (A, B) validation of shRNAs targeting the vasohibins. (A) RT-qPCR quantifications of neuronal vasohibins transcripts in the presence of control or VASH1 and VASH2 shRNAs. Mean + SEM.

Fig. S6 .

 S6 Fig. S6. Down-regulation of SVBP alters neuronal differentiation. (A, B) Validation of SVBP shRNAs. (A) RT-qPCR quantifications of neuronal Svbp transcripts in the presence of control or

Fig. S7 .

 S7 Fig. S7. Effect of vasohibins or SVBP down-regulation on Tau and ankyrin G staining of axons. Neurons were transfected by electroporation with shRNAs associated to turboGFP

  

  .22, 163.08, 155.63, 130.26, 126.90, 115.23, 62.43, 53.51, 52.44, 51.93, 36.64, 36.37, 31.46, 27.06, 13.80. MS (ESI) m/z: calcd: [M+H] + 453.14, measured: [M+H] + 453.18

	1 H NMR (400 MHz, Chloroform-d) δ 6.94 -6.87 (m, 2H), 6.65 (d, J = 8.1 Hz, 2H), 4.62 (t, J = 6.3
	Hz, 1H), 4.35 (d, J = 7.0 Hz, 1H), 4.19 (qt, J = 7.8, 4.0 Hz, 2H), 3.53 (dd, J = 22.0, 1.7 Hz, 2H),
	3.06 (dd, J = 14.2, 5.2 Hz, 1H), 2.89 -2.82 (m, 0H), 2.32 -2.21 (m, 2H), 2.01 -1.90 (m, 1H), 1.80

(dd, J = 14.5, 7.7 Hz, 1H), 1.25 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, cdcl3) δ 178.

15, 174.41, 173.76, 167
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Auxiliary Table (Table S2) cycles using the following primers: 5'-TACAAACCGCCCGCCTTCC and 5'-ACAGACCCTGACAGCTACCAACA for Vash1, 5'-GCAGCCTTCCATTGAGCGGT and 5'-CAGTCAACCCAGGGCTTTGCC for Vash2, 5'-CCAGCAGGAGCTGAAGCAAAGA and 5'-GCACCAGTTCCTCTGCCGGG for Svbp. Gapdh was amplified at 64°C by 25 cycles with 5'-TCAACGGGAAGCCCATCACCA and 5'-GTTTCTCCAGGCGGCACGTC primers. For RT-qPCR, cells were lysed using the SingleShot Cell Lysis kit (Bio-Rad) and analyzed using the iScript Reverse Transcription mix (Bio-Rad) and SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). Products of 105 bp from mouse Vash1, Vash2, Svbp and Gapdh were amplified at 60°C by 40 cycles using the following primers:

5'-TGGCCAAGATCCACCCAGATG and 5'-TCGTCGGCTGGAAAGTAGGCAC for Vash1, 5'-AGGGGGAGAGATGGTAGGCGC and 5'-AGCCAGTCTGGGATCGTCATGG for Vash2,

5'-AACCAGCCTTCAGAGTGGAGAAGG and 5'-GCTCCGTCATGACTCTGTTGAGAGC for

Svbp, and 5'-CGTGCCGCCTGGAGAAAC and 5'-TGGGAGTTGCTGTTGAAGTCG for Gapdh.

Morphometric neuron analysis.

Mosaic images of 2DIV neuron fixed and stained with antitubulin antibody were acquired with a 20X N.A 0.5 objective on a DMI6000 Leica microscope with a motorized stand. Images were segmented after enhancement with a DoG filter. The cell bodies of single neurons were manually selected and used to process neurons individually with an homemade AutoNeuriteJ macro. Briefly the neuron images were skeletonized and neuritic loops were resolved using the "Analyze Skeleton 2D/3D ImageJ plugin" [START_REF] Arganda-Carreras | 3D reconstruction of histological sections: Application to mammary gland tissue[END_REF]. The ends of neurites were marked using the "BinaryConnectivity" imageJ plugin (developed by G. Landini, http://www.mecourse.com/landinig/software/software.html). Images of each neurite from their ends to the cell body were produced. Among the neurites with a path overlap, the longest was defined as primary neurite. The images of primary neurites were substracted to images of overlapping neurites, thus defining secondary neurites and number of branching. Neurite lengths were measured. Neurites hour. The cooling bath was then removed and the reaction mixture was stirred for further 2 hrs at room temperature. Afterwards the ethanol was removed under reduced pressure leaving an off white solid. This salt was then taken up with 5 mL of water and washed three times with dichloride methane. The aqueous phase was acidified by addition of concentrated hydrochloric acid to pH 3.0 and extracted four times with ethyl acetate. The combined organic phase was dried over magnesium sulphate and concentrated under reduced pressure. After freeze drying the pure product was obtained as a colorless solid (62 mg, 88% yield).

Synthesis of SD-161-PG (S)-tert-butyl 3-(4-hydroxyphenyl)-2-((2S,3S)-3-(prop-2-yn-1ylcarbamoyl)oxirane-2-carboxamido) propanoate:

To the solution acid SD-161 (60 mg, 0.17 (tGFP) cDNA just before plating and analyzed by immunofluorescence for tyrosinated tubulin and Tau contents at 3DIV (A) or for tyrosinated tubulin and ankyrin G levels at 10DIV (B). Levels of shRNA were imaged using an anti-tGFP antibody. S1. Vasohibin-1 peptides identified by mass spectrometry-based analysis (see Table S2 for detailed proteomic analyses). Numbering of start and stop amino acids is according accession number NP_796328. Numbers of spectral counts (SC) are indicated for each of the 3 independent fractions prepared using the clickable inhibitor (TCP-R1 to TCP-R3). Lower amounts of purified brain extract were used in R2 and R3 than in R1 (3-and 2-fold, respectively).