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            Abstract
Vesicular carriers transport proteins and lipids from one organelle to another, recognizing specific identifiers for the donor and acceptor membranes. Two important identifiers are phosphoinositides and GTP-bound GTPases, which provide well-defined but mutable labels. Phosphatidylinositol and its phosphorylated derivatives are present on the cytosolic faces of most cellular membranes1,2. Reversible phosphorylation of its headgroup produces seven distinct phosphoinositides. In endocytic traffic, phosphatidylinositol-4,5-biphosphate marks the plasma membrane, and phosphatidylinositol-3-phosphate and phosphatidylinositol-4-phosphate mark distinct endosomal compartments2,3. It is unknown what sequence of changes in lipid content confers on the vesicles their distinct identity at each intermediate step. Here we describe â€˜coincidence-detectingâ€™ sensors that selectively report the phosphoinositide composition of clathrin-associated structures, and the use of these sensors to follow the dynamics of phosphoinositide conversion during endocytosis. The membrane of an assembling coated pit, in equilibrium with the surrounding plasma membrane, contains phosphatidylinositol-4,5-biphosphate and a smaller amount of phosphatidylinositol-4-phosphate. Closure of the vesicle interrupts free exchange with the plasma membrane. A substantial burst of phosphatidylinositol-4-phosphate immediately after budding coincides with a burst of phosphatidylinositol-3-phosphate, distinct from any later encounter with the phosphatidylinositol-3-phosphate pool in early endosomes; phosphatidylinositol-3,4-biphosphate and the GTPase Rab5 then appear and remain as the uncoating vesicles mature into Rab5-positive endocytic intermediates. Our observations show that a cascade of molecular conversions, made possible by the separation of a vesicle from its parent membrane, can label membrane-traffic intermediates and determine their destinations.
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                    Figure 1: Cellular localization of phosphoinositide-specific, auxilin1-based PtdIns(4,5)P2 sensors.[image: ]


Figure 2: Recruitment of phosphoinositide sensors reflects lipid composition of endocytic clathrin-coated structures.[image: ]


Figure 3: Interference of phosphoinositol kinases and phosphatases on phosphoinositide content of endocytic clathrin-coated structures.[image: ]


Figure 4: Recruitment of Rab5 to clathrin-derived endocytic carriers.[image: ]


Figure 5: Relationship between conversion of phophoinositides and known structural events during clathrin-mediated endocytosis.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Characterization of gene-edited SUM159 cells expressing clathrin light chain A and minimal requirements for the targeting specificity of the Aux1-based PtdIns(4,5)P2 sensor to endocytic coated pits and vesicles.
a, Schematic representation of the constructs EGFPâ€“Aux1, EGFPâ€“Aux1(1â€“814), and EGFPâ€“Aux1(420â€“814) used for transient expression in CLTAâ€“TagRFP+/+ cells. The representative kymographs are from 300-s time series imaged every 1â€‰s by TIRF microscopy at the bottom surface of the cells. The kymographs were shifted laterally by six pixels. Scale bars, 5â€‰Î¼m. The plots show averaged fluorescence intensity traces (meanâ€‰Â±â€‰s.e.m.) of CLTAâ€“TagRFP (red) and the Aux1 constructs (green) from endocytic clathrin-coated pits and vesicles automatically identified using the 2D tracking software in 11, 6 and 12 cells, respectively, and then grouped in cohorts according to lifetimes. Note that removal of the PTEN-like domain but not the J domain largely inhibited the burst-like recruitment of Aux1. The numbers of analysed traces are shown above each cohort. Data are representative of at least two independent experiments. b, Genomic PCR analysis showing biallelic integration of the TagRFP sequence into the CLTA genomic locus in the SUM159 clonal gene-edited CLTAâ€“TagRFP+/+ cell line (top), representative of three independent experiments. Transferrin uptake comparing parental, unedited SUM159 control cells and the gene-edited CTLAâ€“TagRFP+/+ cells determined by flow cytometry (nâ€‰=â€‰3 independent experiments, meanâ€‰Â±â€‰s.d.) (bottom). câ€“e, Schematic representation of the constructs EGFPâ€“Aux1, EGFPâ€“Aux1(420â€“814) and EGFPâ€“Aux1(547â€“814) used for transient expression in gene-edited AP2â€“TagRFP+/+ SUM159 cells and then imaged by TIRF microscopy. The plots show averaged fluorescence intensity traces (meanâ€‰Â±â€‰s.e.m.) of AP2â€“TagRFP+/+ (red) and of the Aux1 constructs (green) from endocytic clathrin-coated pits and vesicles identified in 5, 6 and 6 cells, respectively, and then grouped in cohorts according to lifetimes. Note that removal of residues 420â€“546 from EGFPâ€“Aux1(420â€“814) has largely inhibited its small, burst-like recruitment. The numbers of analysed traces are shown above each cohort. Data are representative of two independent experiments. f, A linker derived from the unstructured region (residues 508â€“736) of Dishevelled2 (Dvl2) was inserted between EGFP and Aux1(547â€“814) to make the construct EGFPâ€“Dvl2(508â€“736)â€“Aux1(547â€“814), which showed very small burst-like recruitment, similar to that of EGFPâ€“Aux1(420â€“814), which also lacked the PTEN-like domain (nâ€‰=â€‰5 cells). Data are representative of two independent experiments. g, h, The constructs EGFPâ€“PH(PLCÎ´1)-Aux1(420â€“814) or EGFPâ€“PH(PLCÎ´1)-Aux1(547â€“814) were used for transient expression in AP2â€“TagRFP+/+ cells and then imaged by TIRF microscopy. The plots show averaged fluorescence intensity traces (meanâ€‰Â±â€‰s.e.m.) of AP2â€“TagRFP+/+ (red) and of the Aux1-based PtdIns(4,5)P2 sensors (green) associated with endocytic clathrin-coated pits and vesicles identified in 9 and 6 cells, and then grouped in cohorts according to their lifetimes. Note that the removal of the linker Aux1 residues 420â€“546 from EGFPâ€“PH(PLCÎ´1)-Aux1(420â€“814) largely inhibited its recruitment to coated pits (h). The numbers of analysed traces are shown above each cohort. Data are representative of two independent experiments. i, The Dvl2(508â€“736) linker was inserted between EGFPâ€“PH(PLCÎ´1) and Aux1(547â€“814) to make the PtdIns(4,5)P2 sensor EGFPâ€“PH(PLCÎ´1)â€“Dvl2(508â€“736)â€“Aux1(547â€“814). This chimaera is recruited to coated pits with an efficiency similar to that of EGFPâ€“PH(PLCÎ´1)-Aux1(420â€“814) (nâ€‰=â€‰12 cells). Data are representative of two independent experiments. j, Table summarizing general phosphoinositide probes and Aux1-based phosphoinositide sensors used in this study. The results obtained with sensors specific for PtdIns3P, PtdIns4P, PtdIns(4,5)P2, and PtdIns(3,4)P2, were obtained using the tandem FYVE domains of Hrs, the P4M domain of DrrA, the PH domain of PLCÎ´1 and the tandem PH domains of TAPP1, respectively.


Extended Data Figure 2 Restricted localization and lipid specificity of the Aux1-based phosphoinositide sensors.
a, Intracellular distribution of the Aux1-based PtdIns(4,5)P2 sensor recorded by lattice light-sheet microscopy. The representative images are from a CLTAâ€“TagRFP+/+ (red) cell expressing the Aux1-based PtdIns(4,5)P2 sensor EGFPâ€“PH(PLCÎ´1)-Aux1. The left panel shows a deconvolved 3D rendering from a single time point and illustrates the location of the optical section shown in the right panels. The images contrast the full colocalization throughout the plasma membrane of the fluorescent signals corresponding to the sensor and clathrin with the absence of colocalization in endosomal clathrin-containing structures. The EGFP channel in the right lower panel was shifted laterally by six pixels. b, Bottom surface of a gene-edited AP2â€“EGFP+/+ cell, bearing endocytic AP2 complexes labelled by Ïƒ2â€“EGFP and co-expressing CIBNâ€“CAAX and the mCherryâ€“tagged inositol 5-phosphatase module of OCRL (mCherryâ€“CRY2-5-ptaseOCRL), imaged at 1-s intervals for 200â€‰s by spinning-disk confocal microscopy. Acute depletion of plasma membrane PtdIns(4,5)P2, by recruitment of mCherryâ€“CRY2-5-ptaseOCRL from the cytosol to the plasma membrane, was triggered by illumination with 488-nm light beginning at tâ€‰=â€‰0 s. The kymograph shows that partially formed coated pits stalled and new ones failed to initiate owing to loss of PtdIns(4,5)P2. c, Bottom surface of a SUM159 cell co-expressing the PtdIns(4,5)P2 sensor EGFPâ€“PH(PLCÎ´1)-Aux1 together with CIBNâ€“CAAX and mCherryâ€“CRY2-5-ptaseOCRL imaged at 2-s intervals for 100 s by spinning-disk confocal microscopy. Acute, light-mediated depletion of plasma membrane PtdIns(4,5)P2 was initiated at tâ€‰=â€‰0 s. The kymograph illustrates loss of membrane recruitment of the Aux1-based PtdIns(4,5)P2 sensor (top). Recruitment of the Aux1-based PtdIns(4,5)P2 sensor to assembling endocytic coated pits was not affected when a mutant of the phosphatase module of OCRL, unable to hydrolyse PtdIns(4,5)P2, was targeted to the plasma membrane by light activation (bottom). SUM159 cells co-expressing the PtdIns(4,5)P2 sensor EGFPâ€“PH(PLCÎ´1)-Aux1, together with CIBNâ€“CAAX and the catalytically inactive mCherryâ€“CRY2-5-ptaseOCRL(D523G) (bottom). Images at single time points and the corresponding kymograph are shown. d, Early recruitment of the Aux1-based PtdIns4P sensor to stalled coated pits was not affected when the active phosphatase module of OCRL was targeted to the plasma membrane by light activation (top). The late burst of the PtdIns4P sensor was absent, however, consistent with failure of the stalled (that is, persistent) coated pits to finish assembly and hence failure to bud into coated vesicles. As expected, membrane targeting of the mutant phosphatase module of OCRL had no effect on recruitment of the PtdIns4P sensor to coated pits and vesicles (bottom). The cells co-expressed the PtdIns4P sensor EGFPâ€“P4M(DrrA)-Aux1, together with CIBNâ€“CAAX and mCherryâ€“CRY2-5-ptaseOCRL (top) or the catalytically inactive mCherryâ€“CRY2-5-ptaseOCRL(D523G) (bottom). The bottom surface of the cells was imaged using spinning-disk confocal microscopy. e, Blocking dynamin activity prevented the acute burst but not the binding of the PtdIns4P sensor to arrested (that is, persistent) coated structures at the plasma membrane. AP2â€“TagRFP+/+ cells expressing the PtdIns4P sensor EGFP-P4M(DrrA)-Aux1 were treated for 10 min without or with dynasore-OH (30â€‰Î¼M) and then imaged using TIRF microscopy. f, CLTA-TagRFP+/+ cells stably expressing the PtdIns4P sensor EGFPâ€“P4M(DrrA)-Aux1 were treated with siRNA targeting dynamin2 (DNM2) or with a control sequence, and imaged by TIRF microscopy. The kymograph from a time series of the cell depleted of dynamin2 shows stalling of coated pits, absence of acute PtdIns4P burst and maintenance of the binding of the PtdIns4P sensor to arrested (that is, persistent) coated structures at the plasma membrane. The right panel shows the efficiency of DNM2 mRNA depletion measured by real-time quantitative PCR (nâ€‰=â€‰3 independent experiments, meanâ€‰Â±â€‰s.d.). g, Direct comparison of the recruitment dynamics at endocytic clathrin-coated structures of the Aux1-based PtdIns(4,5)P2 and PtdIns4P sensors. The left panels show a representative image and the corresponding kymograph from a time series, obtained by TIRF microscopy from the bottom surface of a SUM159 cell co-expressing the PtdIns(4,5)P2 sensor (green) and the PtdIns4P sensor (red). The central panel shows the averaged fluorescence intensity traces (meanâ€‰Â±â€‰s.e.m.) of the PtdIns(4,5)P2 sensor (green) and the PtdIns4P sensor (red), including the numbers of traces analysed for each lifetime cohort. The right panel is a schematic representation of the early (Early) and late (Burst) recruitment of the PtdIns4P sensor during clathrin-coated pit formation. Note that although the PtdIns4P and PtdIns(4,5)P2 sensors are both recruited early during coated pit formation, only the PtdIns4P sensor then appears as a transient burst coinciding with decline of the PtdIns(4,5)P2 signal. The EGFP channel in all the kymographs with EGFP and TagRFP overlaid was shifted laterally by six pixels. Data are representative of at least two independent experiments. Scale bars, 5â€‰Î¼m.


Extended Data Figure 3 Validation of the Aux1-based phosphoinositide-binding sensors.
a, The lipid-binding regions in the Aux1-based sensors are required for their phosphoinositide specificity. Shown are representative chemiluminescence images obtained from the lipidâ€“protein overlay assay using the indicated Aux1-based sensors. The strip contained lysophosphatidic acid (LPA), lysophosphocholine (LPC), PtdIns, PtdIns3P, PtdIns4P, PtdIns5P, phosphatidylethanolamine (PE), phosphatidylcholine (PC), sphingosine-1-phosphate (S1P), PtdIns(3,4)P2, PtdIns(3,5)P2, PtdIns(4,5)P2, PtdIns(3,4,5)P3, phosphatidic acid (PA), and phosphatidylserine (PS). The lipids that recruited the various sensors are highlighted in red. b, The relatively low levels of transient expression of the Aux1-based phosphoinositide sensors, as used in this study, did not detectably affect the assembly dynamics of endocytic clathrin-coated pits and vesicles. The plot shows the distributions of lifetimes and number of clathrin traces determined by 2D automated analysis obtained from time series acquired by TIRF microscopy. The data are from SUM159 cells gene-edited for CLTAâ€“TagRFP+/+ and EGFPâ€“Aux1+/+, or gene-edited for CLTAâ€“TagRFP+/+ and transiently expressing EGFPâ€“Aux1, the PtdIns(4,5)P2 sensor EGFPâ€“PH(PLCÎ´1)-Aux1, the PtdIns3P sensor EGFPâ€“2Ã—FYVE(Hrs)-Aux1, the PtdIns4P sensor EGFPâ€“P4M(DrrA)-Aux1, or the PtdIns(3,4)P2 sensor EGFPâ€“2Ã—PH(TAPP1)-Aux1. There was no significant difference between the distributions of coated pit lifetimes between cells expressing the sensors and the double gene-edited EGFPâ€“Aux1+/+ and CLTAâ€“TagRFP+/+ cells used as control. Data are meanâ€‰Â±â€‰s.d. Cohenâ€™s d values with 95% confidence interval (CI) are: 0.03 [âˆ’0.01, 0.08], 0.04 [0, 0.09], 0.07 [0.02, 0.11], 0.11 [0.07, 0.15], 0.01 [âˆ’0.03, 0.05]. c, The expression of the Aux1-based sensors do not affect the receptor-mediated uptake of transferrin. The plots show the absence of effect in the extent of internalized (top) and membrane-bound (bottom) Alexa Fluor 647-conjugated transferrin in the control non-transfected SUM159 cells and SUM159 cells stably expressing increasing amounts of the various Aux1-based EGFP-tagged sensors as determined by flow cytometry. Data are representative of two independent experiments.


Extended Data Figure 4 Expression of the Aux1-based sensors in SUM159 cells, COS-7 cells and human fibroblasts, and expression of the chimaeric sensors containing the epsin1 clathrin-binding domain in SUM159 cells.
a, Bottom surfaces of CLTAâ€“TagRFP+/+ cells transiently expressing EGFP-tagged sensors specific for PtdIns(4,5)P2, PtdIns3P, PtdIns4P and PtdIns(3,4)P2, imaged by TIRF microscopy for 300 s at 1-s intervals. Each set of results shows data obtained from a wild-type Aux1-based sensor specific to the corresponding phosphoinositide (left), an Aux1-based sensor mutated to eliminate phosphoinositide binding (middle) and a general sensor with defined phosphoinositide specificity (right). The representative images correspond to a single time point. b, Gene-edited CLTAâ€“TagRFP+/+ SUM159 cells stably expressing the indicated Aux1-based phosphoinositide sensors were imaged by TIRF microscopy. The plots show average fluorescence intensity traces (meanâ€‰Â±â€‰s.e.m.) of TagRFPâ€“CLTA (red) and the phosphoinositide sensors (green) tracked in 17, 10, 12 and 14 cells and then grouped by cohorts according to their lifetimes. The numbers of analysed traces are shown above each cohort. c, COS-7 cells stably expressing TagRFPâ€“CLTA and the indicated Aux1-based phosphoinositide sensors were imaged by TIRF microscopy and the traces from 7, 10, 9 and 18 cells were analysed as described in b. d, Human fibroblasts stably expressing TagRFPâ€“CLTA and transiently expressing the Aux1-based phosphoinositide sensors were imaged by TIRF microscopy and the traces from 14, 11, 23 and 21 cells were analysed as described in b. e, The EGFP-tagged full-length epsin1, its EGFP-tagged clathrin-binding domain (residues 230â€“475), or EGFP-tagged sensors containing the indicated protein domains specific for defined phosphoinositides fused at their C terminus to the epsin1 clathrin-binding domain were transiently expressed in CLTAâ€“TagRFP+/+ SUM159 cells and imaged by TIRF microscopy. The EGFP channel in the kymographs was shifted laterally by six pixels. The plots show averaged fluorescence intensity traces (meanâ€‰Â±â€‰s.e.m.) of CLTAâ€“TagRFP (red) and the epsin1-based sensors (green) identified in 7, 8, 13, 11, 15 and 14 cells and then grouped by cohorts according to lifetimes. The numbers of analysed traces are shown above each cohort. Data are representative of at least two independent experiments. Scale bars, 5â€‰Î¼m.


Extended Data Figure 5 Association of the Aux1-based PtdIns(3,4)P2 sensor together with a few copies of clathrin with uncoated vesicles.
a, Blocking by the dynamin inhibitor dynasore-OH of accumulation of the PtdIns(3,4)P2 sensor on clathrin-coated structures in AP2â€“TagRFP+/+ cells transiently expressing the PtdIns(3,4)P2 sensor EGFPâ€“2Ã—PH(TAPP1)-Aux1 (top). The cells were incubated for 10â€‰min without or with 30â€‰Î¼M dynasore-OH and then imaged by spinning-disk confocal microscopy at the bottom surface. The representative kymograph highlights the expected stalling of coated pits induced by brief exposure to dynasore-OH together with their failure to recruit the PtdIns(3,4)P2 sensor. CLTAâ€“TagRFP+/+ cells stably expressing the PtdIns(3,4)P2 sensor EGFPâ€“2Ã—PH(TAPP1)-Aux1 were treated with siRNA targeting dynamin2 or SNX9, or with a control sequence, and imaged by TIRF microscopy (bottom). The kymograph from a time series of a cell depleted of dynamin2 shows that the stalled (that is, persistent) coated pits lack the PtdIns(3,4)P2 sensor. The bottom panels show the efficiency of depletion of SNX9 mRNA measured by real-time quantitative PCR (nâ€‰=â€‰3 independent experiments, meanâ€‰Â±â€‰s.d.) and the distributions of lifetimes for clathrin-coated structures in control (1,513 traces from 8 cells) and SNX9-KD cells (1,038 traces from 11 cells). b, Representative fluorescence traces obtained from gene-edited dynamin2â€“EGFP+/+ SUM159 cells transiently expressing the Aux1-based PtdIns(3,4)P2 sensor mCherryâ€“2Ã—PH(TAPP1)-Aux1 imaged by TIRF microscopy. Recruitment of the PtdIns(3,4)P2 sensor follows loss of the dynamin signal corresponding to the membrane scission associated with coated pit budding and formation of a coated vesicle. c, Temporal relationship between recruitment of the Aux1-based PtdIns(3,4)P2 sensor and the onset of uncoating of endocytic clathrin-coated vesicles. CLTAâ€“TagRFP+/+ cells transiently expressing the PtdIns(3,4)P2 sensor EGFPâ€“2Ã—PH(TAPP1)-Aux1 were imaged by spinning-disk confocal microscopy towards the leading edge of their bottom surface. Tracking endocytic events near the leading edge of the cell where the uncoated vesicles show limited vertical movement enabled us to capture examples of endocytic events still containing a small number of clathrin triskelions associated with uncoated vesicles (arrows). The representative kymographs (left) and corresponding fluorescence intensity traces (right) from naked vesicles show association of the PtdIns(3,4)P2 sensor together with a few copies of clathrin (arrow) after culmination of the uncoating process. d, Double gene-edited CLTAâ€“TagRFP+/+ and EGFPâ€“Rab5c+/+ SUM159 cells were imaged by TIRF microscopy at the leading edge of their bottom surface. Representative kymographs (left) and corresponding fluorescence intensity traces (right) highlight that a small number of clathrin triskelions remained associated with the uncoated vesicles (arrows). Temporal relationship showing that onset of Rab5c recruitment occurred after the uncoating of endocytic clathrin-coated vesicles. The EGFP channel in all the kymographs with EGFP and TagRFP overlaid was shifted laterally by six pixels. Data are representative of at least two independent experiments. Scale bars, 5â€‰Î¼m.


Extended Data Figure 6 Effects of interfering with the activity of inositol kinases and inositol phosphatases on the PtdIns4P and PtdIns(4,5)P2 content of endocytic clathrin-coated structures.
a, Inhibition of PI4KIIIÎ± by the small molecule A1 increased the number of longer-lived coated pits. CLTAâ€“TagRFP+/+ cells stably expressing the PtdIns4P sensor EGFPâ€“P4M(DrrA)-Aux1 were treated for 10â€‰min with DMSO alone, or with DMSO and 100â€‰nM A1, and then imaged by TIRF microscopy. The distributions of coated-structure lifetimes for the control (1,413 traces from 5 cells) and for A1 treated cells (864 traces from 14 cells) are shown. b, Inhibition of PI4KIIIÎ± by A1 is reversible. CLTAâ€“TagRFP+/+ cells expressing the PtdIns4P sensor EGFPâ€“P4M(DrrA)-Aux1 were treated for 10â€‰min with DMSO alone, or with DMSO and 100â€‰nM A1, and then imaged by TIRF microscopy. To verify reversibility, the medium containing A1 was removed for 30â€‰min and the cells also imaged by TIRF microscopy. c, Representative kymographs from a time series obtained by TIRF microscopy comparing recruitment of the PtdIns(4,5)P2 sensor EGFPâ€“PH(PLCÎ´1)-Aux1 stably expressed in control CLTAâ€“TagRFP+/+ cells and cells treated with the inhibitor A1. The PtdIns(4,5)P2 sensor was still recruited in the presence of the A1 inhibitor. d, The left panel shows efficient depletion of PIP5K1C mRNA measured by real-time quantitative PCR in CLTAâ€“TagRFP+/+ cells stably expressing the PtdIns(4,5)P2 sensor EGFPâ€“PH(PLCÎ´1)-Aux1 (nâ€‰=â€‰3 independent experiments). The plots show averaged fluorescence intensity traces of the PtdIns(4,5)P2 sensor associated with endocytic clathrin-coated pits identified in 9 control and 11 PIPKIÎ³-KD cells, grouped in cohorts according to lifetimes. The numbers of analysed traces are shown above each cohort. Data are from time series obtained by TIRF microscopy. e, Genomic PCR analysis showing biallelic integration of the EGFP sequence into the SYNJ1 genomic locus in two clonal gene-edited SUM159 cell lines expressing EGFPâ€“Synj1+/+ and CTLAâ€“TagRFP+/+. Clone A1 was used in this study. f, The representative kymograph from a time series acquired by TIRF microscopy of SUM159 cells double gene-edited for EGFPâ€“Synj1+/+ and CLTAâ€“TagRFP+/+. Representative traces show the fluorescence intensity profile of CLTAâ€“TagRFP (red) and the number of EGFPâ€“Synj1 molecules (green) associated with two endocytic events. Synj1 was recruited erratically throughout all stages of clathrin-coated pit formation. g, Knockout of Synj1 in gene-edited CLTAâ€“TagRFP+/+ SUM159 cells by CRISPRâ€“Cas9 targeted knockout of SYNJ1. There were minor differences between wild-type and knockout cells in the fluorescence intensities of the recruited PtdIns4P sensor during the early (Cohenâ€™s dâ€‰=â€‰0.29) and late burst stages (Cohenâ€™s dâ€‰=â€‰0.12), comparing 1,388 and 1,150 traces from 16 control and 10 knockout cells, respectively. h, Knockdown of Synj1 in gene-edited CLTAâ€“TagRFP+/+ SUM159 cells stably expressing the PtdIns4P sensor EGFPâ€“P4M(DrrA)-Aux1. The left panel shows the efficiency, measured by real-time quantitative PCR, of SYNJ1 mRNA knockdown mediated by lentivirus transduction with shRNA (nâ€‰=â€‰5 independent experiments). Data in the central and right panels are from time series obtained by TIRF microscopy. There were no significant differences in the fluorescence intensity of the recruited PtdIns4P sensor from the early (Cohenâ€™s dâ€‰=â€‰0.02) or late burst stages (Cohenâ€™s dâ€‰=â€‰0.24), comparing 760 and 1,499 traces from 7 control and 9 knockdown cells, respectively. i, Knockdown of Synj1 in COS-7 cells stably expressing TagRFPâ€“CLTA and the PtdIns4P sensor EGFPâ€“P4M(DrrA)-Aux1. The left panel shows the efficiency, measured by real-time quantitative PCR, of SYNJ1 mRNA knockdown mediated by lentivirus transduction with shRNA (nâ€‰=â€‰3 independent experiments). Data in the central and right panels are from time series obtained by TIRF microscopy. There were no significant differences in the fluorescence intensity of the recruited PtdIns4P sensor from the early (Cohenâ€™s dâ€‰=â€‰0.05) and late burst stages (Cohenâ€™s dâ€‰=â€‰0.04), comparing 1,430 and 1,051 traces from 26 control and 25 knockdown cells, respectively. Data are meanâ€‰Â±â€‰s.d. in d (bar graph), gâ€“i and meanâ€‰Â±â€‰s.e.m. in d (cohorts). Data are representative of at least two independent experiments. Cohenâ€™s d with 95% CI are: [0.21, 0.37] and [0.04, 0.20] (g); [âˆ’0.07, 0.11] and [0.15, 0.33] (h); [âˆ’0.03, 0.12] and [âˆ’0.04, 0.12] (i). The EGFP channel in all the kymographs was shifted laterally by six pixels. Scale bars, 5â€‰Î¼m.


Extended Data Figure 7 Effect of interfering, individually or jointly, with the activities of inositol 5-phosphatases on the PtdIns4P and PtdIns(4,5)P2 content of endocytic clathrin-coated structures.
a, Genomic PCR analysis showing biallelic integration of the EGFP sequence into the OCRL genomic locus in the clonal gene-edited EGFPâ€“OCRL+/+ SUM159 cell line. b, Representative kymograph from a time series obtained by TIRF microscopy of EGFPâ€“OCRL+/+ cells transiently expressing mCherryâ€“CLTA, showing the burst-like recruitment of EGFPâ€“OCRL during vesicle uncoating. The EGFP channel was shifted laterally by six pixels. Scale bar, 5â€‰Î¼m. c, Distribution of the maximum number of EGFPâ€“OCRL molecules recruited during uncoating to individual clathrin-coated vesicles in EGFPâ€“OCRL+/+ cells (606 traces from 12 cells). d, Representative plot of one endocytic event showing fluorescence intensity traces of EGFPâ€“OCRL (expressed as number of recruited molecules) and the PtdIns4P sensor mCherryâ€“P4M(DrrA)-Aux1 from a time series obtained by TIRF microscopy of double gene-edited EGFPâ€“OCRL+/+ cells expressing the PtdIns4P sensor. e, Expression of OCRL was eliminated in CLTAâ€“TagRFP+/+ cells by CRISPRâ€“Cas9 targeted knockout of OCRL as determined by western-blot analysis using antibodies against OCRL and actin (loading control). The fluorescence intensities of the recruited PtdIns4P sensor were obtained by comparing 1,177 and 1,015 traces from 10 control and 11 knockout cells, respectively. f, Reduction in the expression of OCRL mediated by siRNA in CLTAâ€“TagRFP+/+ cells was confirmed by western blot analysis using antibodies against OCRL and actin. CLTAâ€“TagRFP+/+ cells stably expressing the PtdIns4P sensor EGFPâ€“P4M(DrrA)-Aux1 were treated with siRNA targeting either OCRL or a control sequence, and imaged by TIRF microscopy. No significant differences were observed in the fluorescence intensity associated with the recruitment of the PtdIns4P sensor during the early (Cohenâ€™s dâ€‰=â€‰0.04) or late burst stages (Cohenâ€™s dâ€‰=â€‰0.20) in 740 and 1,442 traces from 6 control and 5 knockdown cells, respectively. g, Knockdown of OCRL in COS-7 cells stably expressing TagRFPâ€“CLTA and the PtdIns4P sensor EGFPâ€“P4M(DrrA)-Aux1. Efficiency of OCRL depletion by siRNA was determined by real-time quantitative PCR (nâ€‰=â€‰3 independent experiments). PtdIns4P sensor recruitment data obtained from time series obtained by TIRF microscopy showed there were no significant differences in the fluorescence intensity of the recruited PtdIns4P sensor from the early (Cohenâ€™s dâ€‰=â€‰0.09) and late burst stages (Cohenâ€™s dâ€‰=â€‰0.09), comparing 709 and 848 traces from 15 control and 17 knockdown cells, respectively. h, Elimination of Synj1 together with approximately 80% depletion of OCRL (Synj1-KO + OCRL-KD) increased the recruitment of the PtdIns(4,5)P2 sensor to coated pits and vesicles. Expression was reduced by CRISPRâ€“Cas9 targeted knockout of OCRL or Synj1 and by siRNA of OCRL in CLTAâ€“TagRFP+/+ cells transiently expressing the PtdIns(4,5)P2 sensor EGFPâ€“PH(PLCÎ´1)-Aux1. The cells were imaged by TIRF microscopy, and the plots show the maximum fluorescence intensity of the PtdIns(4,5)P2 sensor recruited at the approximate time of vesicle budding (1,436, 843, 2,142, 897 and 1,674 traces) and the lifetimes of the coated vesicles (1,851, 1,320, 2,534, 1,076 and 1,876 traces) from 10 control, 9 OCRL-KO, 11 OCRL-KD, 11 Synj1-KO and 11 Synj1-KO + OCRL-KD cells, respectively. The recruitment of the PtdIns(4,5)P2 sensor in Synj1-KO + OCRL-KD cells was significantly higher than control cells (Cohenâ€™s dâ€‰=â€‰0.53). i, Elimination of Synj1 together with approximately 80% depletion of OCRL (Synj1-KO + OCRL-KD) did not affect recruitment of the PtdIns3P sensor (Cohenâ€™s dâ€‰=â€‰0.17) to coated vesicles, comparing 918 and 990 traces from 14 control and 15 Synj1-KO + OCRL-KD cells, respectively. j, The expression levels of mRNA for OCRL and SYNJ1, measured by real time quantitative PCR, in control, OCRL-KD and Synj1-KD cells (nâ€‰=â€‰4 experiments for OCRL-KD and nâ€‰=â€‰3 experiments for Synj1-KD). Data are meanâ€‰Â±â€‰s.d. Data are representative of at least two independent experiments. Cohenâ€™s d with 95% CI are: [âˆ’0.05, 0.12] and [0.11, 0.28] (f); [âˆ’0.01, 0.19] and [âˆ’0.01, 0.19] (g); [0.46, 0.60] (h); [0.08, 0.26] (i).


Extended Data Figure 8 No changes in the PtdIns(3,4)P2 content of endocytic clathrin-coated structures induced by interference with the activity of candidate inositol kinases.
a, Genomic PCR analysis (left) showing single allelic integration of the EGFP sequence into the PIK3C2A genomic locus in the clonal gene-edited EGFPâ€“PI3K-C2Î±+/âˆ’ SUM159 cells. Western blot analysis (right) of cell lysates probed with antibodies against PI3K-C2Î± and actin from SUM159 cells and EGFPâ€“PI3K-C2Î±+/âˆ’ cells show expression of EGFPâ€“PI3K-C2Î±. b, Dual gene-edited EGFPâ€“PI3K-C2Î±+/âˆ’ and CLTAâ€“TagRFP+/+ SUM159 cells were imaged by TIRF microscopy. The plots show averaged fluorescence intensity traces (meanâ€‰Â±â€‰s.e.m.) of CLTAâ€“TagRFP and EGFPâ€“PI3K-C2Î± corresponding to the cohort of coated pits lasting 40â€“60 s (237 traces from 6 cells). c, Representative plot from a time series obtained by TIRF microscopy of a EGFPâ€“PI3K-C2Î±+/âˆ’ cell transiently expressing the PtdIns3P sensor mCherryâ€“2Ã—FYVE(Hrs)-Aux1. The tracing highlights the presence of a few copies of EGFPâ€“PI3K-C2Î± at the time the PtdIns3P burst was detected. d, CLTAâ€“TagRFP+/+ cells transiently expressing EGFPâ€“PI3K-C2Î± were imaged by TIRF microscopy. The plots show averaged fluorescence intensity traces (meanâ€‰Â±â€‰s.e.m.) of CLTAâ€“TagRFP and EGFPâ€“PI3K-C2Î± corresponding to the cohort of coated pits lasting 40â€“60 s (697 traces from 10 cells). e, Reduction in the expression of PI3K-C2Î± following treatment with siRNA was confirmed by western blot analysis using antibodies against PI3K-C2Î± and actin. f, PI3K-C2Î± is partially required for the burst recruitment of the PtdIns3P sensor. SUM159 cells stably expressing the PtdIns3P sensor EGFPâ€“2Ã—FYVE(Hrs)-Aux1 were treated with control siRNA (1) or with siRNA specific for PI3K-C2Î± (2) to transiently deplete its expression. Cells treated with siRNA for PI3K-C2Î± were also transfected with either siRNA-resistant wild-type mCherryâ€“PI3K-C2Î± (3) or kinase-deficient mCherryâ€“kdPI3K-C2Î± (4) one day before TIRF imaging. Burst recruitment of the PtdIns3P sensor was prevented by depletion of PI3K-C2Î± (Cohenâ€™s dâ€‰=â€‰0.52, comparing 2,150 and 674 traces from 10 control cells and 10 PI3K-C2Î±-KD cells, respectively) and was only rescued upon expression of wild-type mCherryâ€“PI3K-C2Î± (Cohenâ€™s dâ€‰=â€‰0.72, comparing 3,304 and 674 traces from 9 wild-type PI3K-C2Î±-expressing cells and 10 PI3K-C2Î±-KD cells, respectively) but not the kinase-deficient mCherryâ€“kdPI3K-C2Î± (Cohenâ€™s dâ€‰=â€‰0.11, comparing 1,113 and 674 traces from 12 kinase-deficient PI3K-C2Î±-expressing cells and 10 PI3K-C2Î±-KD cells, respectively). g, CLTAâ€“TagRFP+/+ cells stably expressing the PtdIns(3,4)P2 sensor EGFPâ€“2Ã—PH(TAPP1)-Aux1 were treated with control siRNA or with siRNA specific for PI3K-C2Î± to transiently deplete its expression. Data analysis from time series obtained by TIRF microscopy showed that PI3K-C2Î± depletion did not affect the maximum fluorescence intensity of the recruited PtdIns(3,4)P2 sensor (Cohenâ€™s dâ€‰=â€‰0.05) determined for 1,136 and 1,579 traces from 10 control and 10 PI3K-C2Î±-KD cells, respectively. h, CLTAâ€“TagRFP+/+ cells stably expressing the PtdIns4P sensor EGFPâ€“P4M(DrrA)-Aux1 were treated with siRNA to knockdown the expression of PI3K-C2Î±, and time series were obtained by TIRF microscopy. PI3K-C2Î± depletion did not affect the fluorescence intensity of the recruited PtdIns4P sensor during the early (Cohenâ€™s dâ€‰=â€‰0.07) or late burst stages (Cohenâ€™s dâ€‰=â€‰0.09), determined for 1,394 and 2,316 traces from 11 control cells and 12 PI3K-C2Î±-KD cells, respectively. i, PI3K-C2Î± is partially required for the burst recruitment of the PtdIns3P sensor in COS-7 cells stably expressing TagRFPâ€“CLTA together with the PtdIns3P sensor EGFPâ€“2Ã—FYVE(Hrs)-Aux1 or the PtdIns(3,4)P2 sensor EGFPâ€“2Ã—PH(TAPP1)-Aux1. The efficiency of PI3K-C2Î± depletion was determined by real-time quantitative PCR (left, nâ€‰=â€‰4 independent experiments). Analysis of time series obtained by TIRF microscopy shows a significant decrease in the recruitment of the PtdIns3P sensor (middle, Cohenâ€™s dâ€‰=â€‰0.82) in cells depleted of PI3K-C2Î± (569 traces from 16 cells) when compared with cells treated with control siRNA (787 traces from 12 cells). PI3K-C2Î± depletion did not affect the maximum fluorescence intensity of the recruited PtdIns(3,4)P2 sensor (right, Cohenâ€™s dâ€‰=â€‰0.10) determined for 1,229 and 1,158 traces from 24 control and 27 PI3K-C2Î±-KD cells, respectively. j, Inhibition of Vps34 by the small molecule VPS34-IN1. CLTAâ€“TagRFP+/+ cells stably expressing the PtdIns3P sensor EGFPâ€“2Ã—FYVE(Hrs)-Aux1 were treated for 1 h with 5â€‰Î¼M VPS34-IN1 and time series obtained by TIRF microscopy. Inhibition of Vps34 did not affect the maximum fluorescence intensity of the recruited PtdIns3P sensor during the late burst stage of recruitment (Cohenâ€™s dâ€‰=â€‰0.01), comparing 853 and 522 traces from 9 control DMSO and 12 VPS34-IN1 treated cells, respectively. k, INPP4A is partially required for the burst recruitment of the PtdIns3P sensor. Efficiency of INPP4A depletion by siRNA in CLTAâ€“TagRFP+/+ cells stably expressing the PtdIns3P sensor EGFPâ€“2Ã—FYVE(Hrs)-Aux1 or the PtdIns(3,4)P2 sensor EGFPâ€“2Ã—PH(TAPP1)-Aux1 was determined by real-time quantitative PCR (left, nâ€‰=â€‰3 independent experiments, meanâ€‰Â±â€‰s.d.). Analysis of time series obtained by TIRF microscopy (middle) shows a significant decrease in the recruitment of the PtdIns3P sensor (Cohenâ€™s dâ€‰=â€‰0.64) in cells depleted of INPP4A (511 traces from 12 cells) when compared with cells treated with control siRNA (1,179 traces from 9 cells). INPP4A depletion has a minor effect on the recruitment of the PtdIns(3,4)P2 sensor (Cohenâ€™s dâ€‰=â€‰0.23) determined for 866 and 274 traces from 13 control and 14 INPP4A-KD cells, respectively. INPP4A-depleted cells (nâ€‰=â€‰12) had significantly more arrested pits than control cells (nâ€‰=â€‰9) (right, Pâ€‰=â€‰0.0002, unpaired two-tailed Studentâ€™s t-test). Data are meanâ€‰Â±â€‰s.e.m. in b, d and meanâ€‰Â±â€‰s.d. in fâ€“k. Data are representative of at least two independent experiments. Cohenâ€™s d with 95% CI are: [0.43, 0.61], [0.64, 0.81] and [0.02, 0.21] (f); [âˆ’0.03, 0.12] (g); [0.00, 0.13] and [0.02, 0.15] (h); [0.71, 0.93] and [0.02, 0.18] (i); [âˆ’0.10, 0.12] (j); [0.53, 0.74] and [0.09, 0.37] (k).


Extended Data Figure 9 Recruitment of Rab5 to clathrin-derived endocytic carriers.
a, Genomic PCR analysis showing biallelic integration of the EGFP sequence into the RAB5A genomic locus in gene-edited EGFPâ€“Rab5a+/+ SUM159 cells (left), into the RAB5A and RAB5C genomic loci of EGFPâ€“Rab5a+/+ EGFPâ€“Rab5c+/+ SUM159 cells (middle), and into the RAB5C genomic locus of CLTAâ€“TagRFP+/+ EGFPâ€“Rab5c+/+ SUM159 cells (right), respectively. b, Rab5a was not recruited to clathrin-coated pits or vesicles; the onset of recruitment followed conclusion of the uncoating stage of endocytic clathrin-coated vesicles (events 1 and 4). EGFPâ€“Rab5a+/+ cells transiently expressing mCherryâ€“CLTA were imaged by TIRF microscopy. The representative kymograph and fluorescence intensity traces including the number of recruited Rab5a molecules are shown for four endocytic events. c, EGFPâ€“Rab5a+/+ cells transiently expressing mRFPâ€“EEA1 were imaged at the middle plane by spinning-disk confocal microscopy. d, Neither Rab5a nor Rab5c in gene-edited cells were recruited to clathrin-coated pits or vesicles; the onset of recruitment followed conclusion of the uncoating stage of endocytic clathrin-coated vesicles. EGFPâ€“Rab5a+/+ and EGFPâ€“Rab5c+/+ cells transiently expressing mCherryâ€“CLTA were imaged by TIRF microscopy. The representative kymograph and fluorescence intensity traces including the number of recruited Rab5a and Rab5c molecules for three endocytic events are shown. e, Rab5c was not recruited to clathrin-coated pits or vesicles in gene-edited SVGA EGFPâ€“Rab5c+/+ cells transiently expressing mCherryâ€“CLTA. The cells were imaged by TIRF microscopy. A representative kymograph and fluorescence intensity traces for one endocytic event (arrow) are shown. f, Transiently expressed EGFPâ€“Rab5a was not recruited to clathrin-coated pits or vesicles in CLTAâ€“TagRFP+/+ SUM159 cells. Cells were imaged by TIRF microscopy. The representative kymograph and fluorescence intensity traces including the number of recruited Rab5a molecules for one endocytic event (arrow) are shown. The EGFP channel in all the kymographs with EGFP and mCherry or TagRFP overlaid was shifted laterally by six pixels. Data are representative of two independent experiments. Scale bars, 5â€‰Î¼m.


Extended Data Figure 10 Endocytic clathrin-coated vesicles acquire Rab5 before fusing with endosomes.
a, EGFPâ€“Rab5c+/+ SUM159 cells transiently expressing the Aux1-based PtdIns(3,4)P2 sensor mCherryâ€“2Ã—PH(TAPP1)-Aux1 were imaged in 3D by lattice light-sheet microscopy (time series 300 s in duration, where each time point consisted of a stack of 41 planes spaced approximately 261 nm apart imaged with an approximately 2.5-s interval between stacks). The 3D plot (left) shows the 3D position of every one of the tracked PtdIns(3,4)P2-containing objects colour-coded from red to green (colour bar) as the linear ratio of recruited PtdIns(3,4)P2 sensor with respect to the amount of Rab5c content changed over time. The 3D data are from 1,265 traces detected in 16 cells from 2 independent experiments. The directed movement of the traces starting at (0,0,0) becomes apparent when the capture of Rab5c becomes significant (left; Supplementary Video 7). The panel on the right shows the displacement of PtdIns(3,4)P2-containing objects versus the square root of time traces. The objects tracked at the top and bottom of the cell are shown in light blue and green, and their averages are shown in dark blue and green, respectively. The PtdIns(3,4)P2-containing objects tracked at the top and bottom of the cell (right) display a linear dependence of displacement with the square root of time consistent with non-directional 3D Brownian motion. The individual traces are depicted in light blue and green and the plots include the corresponding average displacements calculated for each time point (dark colour) and their fitted linear regressions (dashed lines with slopes of 0.19â€‰Â±â€‰0.02 and 0.16â€‰Â±â€‰0.02, respectively). b, Rab5 in endocytic carriers derived from clathrin-coated vesicles does not contain the early endosomal marker EEA1. EGFPâ€“Rab5c+/+ SUM159 cells transiently expressing HaloTagâ€“EEA1 and the PtdIns(3,4)P2 sensor mCherryâ€“2Ã—PH(TAPP1)-Aux1 were briefly incubated with the HaloTag ligand labelled with the Janelia Fluor 646 dye and then imaged at their bottom surface by spinning-disk confocal microscopy. The representative kymograph and fluorescence intensity traces for one endocytic event (arrow) are shown. Data are representative of two independent experiments. Scale bars, 5â€‰Î¼m. c, Depletion efficiency of the Rab5 GEFs hRME-6 or Rabex5 mRNA by siRNA in double gene-edited CLTAâ€“TagRFP+/+ and EGFPâ€“Rab5c+/+ SUM159 cells was determined by real-time quantitative PCR (upper left panel, nâ€‰=â€‰3 independent experiments, meanâ€‰Â±â€‰s.d.). The control or knockdown cells were imaged by TIRF microscopy. Rabex5 or hRME-6 depletion has a minor effect on the lifetime distributions of coated pits as determined from 1,097, 1,793, 1,829 and 1,782 traces (meanâ€‰Â±â€‰s.d.) imaged in 8 control, 11 Rabex5-KD, 10 hRME-6-KD and 11 Rabex5-KD + hRME-6-KD cells, respectively (upper right panel; Cohenâ€™s dâ€‰=â€‰0.01, 0.11 and 0.15 with 95% CI [âˆ’0.06, 0.09], [0.03, 0.18] and [0.07, 0.22], respectively). The plots (lower panels) show averaged fluorescence intensity traces (meanâ€‰Â±â€‰s.e.m.) of EGFPâ€“Rab5c (green) recruited during the uncoating stage of endocytic clathrin-coated vesicles (red) in control or knockdown cells. The numbers of analysed traces are shown above each cohort.
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Recruitment dynamics of full-length Aux1 and Aux1 lacking its PTEN-like domain and the J-domain to endocytic clathrin-coated pits and vesicles.
Gene-edited CLTA-TagRFP+/+ SUM159 cells transiently expressing either full-length (EGFP-Aux1) or Aux1 lacking its PTEN-like and J-domains (EGFP-Aux1(420-814)) imaged at their bottom surfaces by spinning-disk confocal microscopy every 2 s during 5 min. To facilitate visualization, the EGFP channels in the right panels were shifted laterally by 6 pixels. (MP4 27999 kb)


Recruitment dynamics of the Aux1-based PtdIns(4,5)P2 sensor to endocytic clathrin-coated pits and vesicles.
Gene-edited CLTA-TagRFP+/+ SUM159 cells transiently expressing the Aux1-based PtdIns(4,5)P2 sensor EGFP-PH(PLCÎ´1)-Aux1 or the general PtdIns(4,5)P2 sensor EGFP-PH(PLCÎ´1) imaged at their bottom surfaces by spinning-disk confocal microscopy every 2 s during 5 min. To facilitate visualization, the EGFP channels in the right panels were shifted laterally by 6 pixels. (MP4 28357 kb)


Recruitment dynamics of the Aux1-based PtdIns3P sensor to clathrin-coated pits and vesicles.
Gene-edited CLTA-TagRFP+/+ SUM159 cell transiently expressing the Aux1-based PtdIns3P sensor EGFP-2xFYVE(Hrs)-Aux1 imaged at its bottom surface by TIRF microscopy every 1 s during 5 min. To facilitate visualization, the EGFP channel in the right panel was shifted laterally by 6 pixels. (MP4 28420 kb)


Recruitment dynamics of the Aux1-based PtdIns4P sensor to clathrin-coated pits and vesicles.
Gene-edited CLTA-TagRFP+/+ SUM159 cell transiently expressing the Aux1-based PtdIns4P sensor EGFP-P4M(DrrA)-Aux1 imaged at its bottom surface by TIRF microscopy every 1 s during 5 min. To facilitate visualization, the EGFP channel in the right panel was shifted laterally by 6 pixels. (MP4 27927 kb)


Recruitment dynamics of the Aux1-based PtdIns(3,4)P2 sensor to clathrin-coated vesicles and to uncoated vesicles.
Gene-edited CLTA-TagRFP+/+ SUM159 cell transiently expressing the Aux1-based PtdIns(3,4)P2 sensor EGFP-2xPH(TAPP1)-Aux1 imaged at its bottom surface by TIRF microscopy every 1 s during 5 min. To facilitate visualization, the EGFP channel in the right panel was shifted laterally by 6 pixels. (MP4 28700 kb)


Absence of Rab5 molecules in coated pits and coated vesicles.
Double gene-edited CLTA-TagRFP+/+ and EGFP-Rab5c+/+ SUM159 cell imaged at its bottom surface near the leading edge by TIRF microscopy every 1 s during 5 min. To facilitate visualization, the EGFP channel in the right panel was shifted laterally by 6 pixels. (MP4 29139 kb)


Recruitment of Rab5 to uncoated clathrin-derived endocytic carriers.
Gene-edited EGFP-Rab5c+/+ SUM159 cells transiently expressing the Aux1-based PtdIns(3,4)P2 sensor mCherry-2xPH(TAPP1)-Aux1 were imaged by lattice light-sheet microscopy in 3D (time series of 300 s in duration, where each time point was a stack of 41 planes spaced ~261 nm apart imaged at ~2.5 s intervals between stacks). The temporal changes in the three dimensional position and content of the fluorescent objects containing Rab5c and the PtdIns(3,4)P2 sensor were determined by automated 3D detection and tracking. The 3D time series plot shows the three dimensional position as a function of time of 1265 traces detected in 16 cells, color-coded from red to green as the ratio of the fluorescence signals of recruited PtdIns(3,4)P2 sensor with respect to Rab5c. a-c, The first frame of each of the aligned traces start at position (x,y,z) normalized to (0,0,0). Appearance of directed movement, coincident with a significant increase in the step-size of the displacement, followed capture of increased amounts of Rab5c; they are shown as single track (panel a), all tracks with a 5 frame rolling window (panel b), and cumulative trajectories (panel c). (AVI 2112 kb)
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