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            Abstract
In most eukaryotic cells microtubules undergo post-translational modifications such as acetylation of α-tubulin on lysine 40, a widespread modification restricted to a subset of microtubules that turns over slowly1. This subset of stable microtubules accumulates in cell protrusions2 and regulates cell polarization3, migration and invasion4,5,6,7. However, mechanisms restricting acetylation to these microtubules are unknown. Here we report that clathrin-coated pits (CCPs) control microtubule acetylation through a direct interaction of the α-tubulin acetyltransferase αTAT1 (refs 8, 9) with the clathrin adaptor AP2. We observe that about one-third of growing microtubule ends contact and pause at CCPs and that loss of CCPs decreases lysine 40 acetylation levels. We show that αTAT1 localizes to CCPs through a direct interaction with AP2 that is required for microtubule acetylation. In migrating cells, the polarized orientation of acetylated microtubules correlates with CCP accumulation at the leading edge10, and interaction of αTAT1 with AP2 is required for directional migration. We conclude that microtubules contacting CCPs become acetylated by αTAT1. In migrating cells, this mechanism ensures the acetylation of microtubules oriented towards the leading edge, thus promoting directional cell locomotion and chemotaxis.
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                    Figure 1: Microtubules pause at CCPs and are acetylated in an AP2-dependent manner.[image: ]


Figure 2: αTAT1 interaction with AP2 is required for α-tubulin acetylation.[image: ]


Figure 3: Spatial restriction of microtubule acetylation by CCP distribution.[image: ]


Figure 4: αTAT1 interaction with AP2 is required for directed cell migration.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Effects of AP2 knockdown on EB1 comets run length.
a, HeLa cells treated with non-targeting (NT) or α-adaptin-specific siRNAs and overexpressing GFP–EB1 were imaged by TIRFM at 1 frame s−1. Maximal projection of 15 consecutive frames is represented. Scale bar, 10 μm. b, Average run length in μm of EB1 comets from HeLa cells treated with non-targeting (NT) or α-adaptin-specific siRNAs (at least 20,000 comets were analysed per condition from 10 different cells from two independent experiments using ICY software; *P < 0.001).


Extended Data Figure 2 AP2 knockdown inhibits microtubule acetylation but does not affect overall microtubule organization.
a, b, HeLa cells treated with the indicated siRNAs were stained for α-adaptin and total α-tubulin (a) or K40-acetyl-tubulin (b). Scale bars, 10 μm.


Extended Data Figure 3 Effects of AP2 knockdown on microtubule post-translational modifications in MDA-MB-231 cells.
a, MDA-MB-231 cells treated with non-targeting siRNAs or with α-adaptin- or μ2-adaptin-specific siRNAs were stained for α-adaptin and K40-acetyl-tubulin. Scale bar, 10 μm. b, MDA-MB-231 cells were treated with the indicated siRNAs and the cell lysates were analysed by western blotting using the indicated antibodies. c, Quantification of the pixel density of bands detected by the anti-K40-acetyl antibody in b expressed as a percentage of siNT ± s.e.m. (normalized to total tubulin levels; *P < 0.001 compared to siNT).


Extended Data Figure 4 Subcellular localization of endogenous and GFP-tagged αTAT1.
a, HeLa cells overexpressing GFP–αTAT1 and mCherry–tubulin were imaged by spinning disk microscopy. Insets show the indicated regions at higher magnification. Scale bar, 10 μm. b, HeLa cells overexpressing GFP–αTAT1 and mRFP–LCa were imaged by TIRFM. Insets show the indicated regions at higher magnification. Arrowheads point to CCPs. Scale bar, 10 μm. c, HeLa cells treated with nocodazole for 5 h were stained for endogenous αTAT1 and α-adaptin. Insets show the indicated regions at higher magnification. Arrowheads point to CCPs. Scale bar, 10 μm. d, HeLa cells overexpressing GFP–αTAT1 and mCherry–paxillin were treated with nocodazole and imaged by TIRFM. Note that GFP–αTAT1 accumulation into paxillin-positive focal adhesions was also observed in untreated cells (not shown). Insets show the indicated regions at higher magnification. The arrowhead points to one focal adhesion. Scale bar, 10 μm.


Extended Data Figure 5 Effects of αTAT1 knockdown on transferrin endocytosis and EB1 disappearance at CCPs.
a, HeLa cells treated with non-targeting or αTAT1-specific siRNAs were assessed for endocytosis of Alexa 488–transferrin (Tf). Data expressed as average percentage ± s.e.m. of surface-bound transferrin at time 0. b, HeLa cells treated with non-targeting or αTAT1-specific siRNAs and overexpressing GFP–EB1 and mRFP–LCa were imaged by TIRFM (for 120 s at 1 frame s−1). The percentage of EB1 comets that stopped upon contact with CCPs was quantified and compared with randomized scenarios obtained by shifting the LCa mask of five pixels in all four orthogonal directions (N, number of cells analysed; n, number of EB1 comets analysed; *P < 0.001; NS, not significant).


Extended Data Figure 6 αTAT1 does not interact with recombinant AP2 core complex missing the ear and hinge domains of α- and β2-adaptins.
a, b, Description of mouse αTAT1 (a) and mouse α-adaptin (b) constructs used in this study. WT, wild type. c, Recombinant AP2 core complex lacking the hinge and appendage regions of α- and β2-adaptins and comprising a His6-tagged β2-trunk was immobilized on Ni2+ beads and incubated with GST or GST–αTAT1(307–387). Control consisted of Ni2+ beads alone incubated with GST constructs. Bound proteins were detected using anti-His6-tagged antibodies (to detect His6-tagged β2-trunk in AP2 core complex) or anti-GST antibodies.


Extended Data Figure 7 A human isoform of αTAT1 that lacks the AP2- and tubulin-binding domain localizes neither to microtubules nor to CCPs.
a, ClustalW2 alignment of the various mouse (Mm) and human (Hs) αTAT1 isoforms. The minimal AP2- and tubulin-binding domain of the longest mouse isoform, which was used in this study, is indicated in red. b, HeLa cells overexpressing human GFPα–TAT1 (NP_079185.2) were imaged by spinning disk microscopy. Scale bar, 10 μm. c HeLa cells overexpressing human GFP–αTAT1 (NP_079185.2) and mRFP–LCa were imaged by TIRFM. Scale bar, 10 μm.


Extended Data Figure 8 Kinetics of acetylated-microtubule recovery at the plasma membrane after nocodazole washout.
a, HeLa cells transfected with (si)NT (mock) or α-adaptin siRNA were treated with nocodazole for 5 h and then the drug was washed out to allow the microtubules to repolymerize for the indicated times. Cell lysates were analysed by western blot using the indicated antibodies. St, steady-state situation without nocodazole treatment. b, Quantification of the pixel densities of the bands detected by the anti-K40-acetyl-tubulin antibody as in a expressed as a percentage of respective steady-state levels ± s.e.m. (normalized to total tubulin levels, from three independent experiments). c, HeLa cells were treated with nocodazole for 5 h and then the drug was washed out to allow microtubules to re-polymerize for 5 min before fixation and staining with anti-K40-acetyl-tubulin antibody. Cells were then imaged in TIRF or wide-field mode to visualize acetylated microtubules in the vicinity of the adherent plasma membrane or within the cytoplasm, respectively. Note that the pattern of acetylated microtubules does not differ between TIRF and wide-field images, indicating that most of acetylated microtubules are in close proximity to the plasma membrane. Insets show the boxed region at higher magnification. Scale bar, 10 μm. d, HeLa cells were treated with nocodazole for 5 h and then the drug was washed out to allow microtubules to repolymerize for 5 min before fixation and staining with indicated antibodies. Images were acquired with a spinning disk microscope by focusing on the adherent plasma membrane (bottom plane, z-section = 0 μm) or in the middle of the cell (middle plane, z-section = 4 μm). Note that most of the acetylated microtubule segments are found in the vicinity of the plasma membrane, although not all the intracellular organelles (ninein-positive centrosomes, GM130-associated Golgi stacks) are at the bottom of the cell.


Extended Data Figure 9 Distribution of AP2 and microtubules in MDA-MB-231 cells migrating in a three-dimensional collagen matrix.
a, b, MDA-MB-231 cells migrating away the multicellular spheroid at T2 (see Methods) were fixed and stained for immunofluorescence microscopy with antibodies against α-adaptin (red) and K40-tubulin (green, panel a) or α-tubulin (green, panel b); the DNA was stained with DAPI (blue; upper panel). Scale bar, 10 μm. The lower panel shows the fluorescence intensity distribution along the long cell axis. Thirteen or ten cells from two independent experiments were analysed, respectively, and the data are expressed as the average fluorescence intensity ± s.e.m. Arrows indicate the apparent direction of migration. c, MDA-MB-231 cells treated with indicated siRNAs and escaping from a spheroid at T2 were fixed in paraformaldehyde and stained for K40-acetylated tubulin. Scale bar, 10 μm. Arrows indicate the apparent direction of migration.


Extended Data Figure 10 α-adaptin or αTAT1 depletion inhibits persistent cell migration and invasion.
a, b, MDA-MB-231 cells treated with non-targeting siRNAs or α-adaptin-, αTAT1- or CHC-specific siRNAs were plated on glass-bottom dishes and imaged by phase-contrast microscopy every 5 min for 8 h. Cells were manually tracked using MetaMorph software and cell velocity (a) and persistent migration index (b) were calculated for each cell and represented as box plots. Error bars indicate mean ± s.e.m. (from 150 to 180 cells per condition from three independent experiments; *P < 0.05). c, Multicellular spheroids of MDA-MB-231 cells treated with non-targeting, αTAT1- or AP2-specific siRNAs, as indicated, were embedded in a three-dimensional collagen matrix and fixed immediately (T0) or 2 days later (T2) then stained with phalloidin. Scale bar, 300 μm.
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        Editorial Summary
Cell motility role for stabilized microtubules
A subset of the microtubules in a eukaryotic cell is stabilized by acetylation, but the question of how acetylation is restricted to this microtubule subset has remained unanswered. Here Guillaume Montagnac et al. demonstrate that microtubule acetylation is controlled by clathrin-coated pits (CCPs) through a direct interaction between the α-tubulin acetyltransferase αTAT1 and the clathrin adaptor AP2. This interaction is essential for directional cell migration. This work suggests a role for acetylated microtubule — and an unanticipated role for CCPs — in cell motility.
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