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            Abstract
Lipids play crucial roles as structural elements, signaling molecules and material transporters in cells. However, the functions and dynamics of lipids within cells remain unclear because of a lack of methods to selectively label lipids in specific organelles and trace their movement by live-cell imaging. We describe here a technology for the selective labeling and fluorescence imaging (microscopic or nanoscopic) of phosphatidylcholine in target organelles. This approach involves the metabolic incorporation of azido-choline, followed by a spatially limited bioorthogonal reaction that enables the visualization and quantitative analysis of interorganelle lipid transport in live cells. More importantly, with live-cell imaging, we obtained direct evidence that the autophagosomal membrane originates from the endoplasmic reticulum. This method is simple and robust and is thus powerful for real-time tracing of interorganelle lipid trafficking.
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                    Fig. 1: ERâ€“Golgi-selective PC labeling and imaging in live cells.[image: ]


Fig. 2: Mitochondria-selective PC labeling and imaging.[image: ]


Fig. 3: Live-cell tracing of interorganelle translocation of 1â€“PC.[image: ]


Fig. 4: Transport of 1â€“PC from the ER to AP membranes.[image: ]
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Extended data

Extended Data Fig. 1 Product analysis of ER/Golgi-selective phosphatidylcholine (PC) labelling in live cells.
a, Thin-layer chromatography (TLC) analysis of the reaction products of 1 in N3-Cho-treated or nontreated cells. Eluent, chloroform/methanol/28% ammonia solution = 14/5/1. Lipid molecules were stained with cerium-ammonium-molybdate (CAM) solution. The fluorescence image was obtained before CAM stain. PC, phosphatidylcholine; PE, phosphatidylethanolamine; TAG, triacylglycerol. b, Mass spectrum of the labelled products indicated in (b). The labelled products on TLC were extracted and then subjected to liquid chromatography-mass spectrometry (LC-MS). There were no peaks derived from labelled sphingomyelins (SMs), ether PCs, or lyso PCs. All experiments shown are representative of at least two independent measurements.


Extended Data Fig. 2 ER/Golgi-specific PC labelling with 1.
a, Time-lapse imaging of washout process of unreacted 1 in HeLa cells. N3-Cho-treated or nontreated cells were incubated with 1 (100â€‰nM) for 15â€‰min. After washing with fresh medium, the cells were further incubated and analysed by CLSM at the indicated time points. Scale bars, 20 Î¼m. b, SDS-PAGE analysis of the reactivity of 1 with proteins. N3-Cho-treated HeLa cells were incubated with 1 (100â€‰nM) for 15â€‰min, lysed, and analysed by SDS-PAGE. As a control experiment, ERM 6, an ER-localizable protein modification reagent previously developed by our group12, was used. c, Z-stack images of labelled HeLa cells. dâ€“f, ER/Golgi-specific PC labelling in (d) A549 cells, (e) HEK293T cells, and (f) neurons. The labelling was performed using the same protocol as for HeLa cells. Scale bars, 5 Î¼m. All experiments shown are representative of at least two independent measurements.
Source data


Extended Data Fig. 3 Labelling and imaging of PCs in mitochondria with 2.
a, TLC analysis of the reaction products of 2 in N3-Cho-treated or nontreated cells. Eluent, chloroform/methanol/28% ammonia solution = 14/5/1. b, Representative structure of 2-PC (16:0/18:1). c, MS spectrum of the labelled products of 2. The labelled product on TLC was extracted and then subjected to LC-MS. Similar to the ER-lipid labelling, there were no peaks derived from labelled SMs, ether PCs, or lyso PCs. d, Time-lapse imaging of washout process of unreacted 2 in HeLa cells. N3-Cho-treated or nontreated cells were incubated with 2 (100â€‰nM) for 15â€‰min. After washing with fresh medium, the cells were further incubated in culture medium and analysed by CLSM at the indicated time point. From this experiment, we determined the optimal washout time for 2 to be 1â€‰h. Scale bars, 20 Î¼m. e, SDS-PAGE analysis of the reactivity of 2 with proteins. N3-Cho-treated HeLa cells were incubated with 2 (100â€‰nM) for 15â€‰min, lysed, and analysed by SDS-PAGE. As a control experiment, MRM 1a, a mitochondria-localizable protein modification reagent previously developed by our group15, was used. f, g, Mitochondria-specific PC labelling in (f) A549 cells and (g) neurons (neurites). Scale bars, 5 Î¼m. All experiments shown are representative of at least two independent measurements.
Source data


Extended Data Fig. 4 Super resolution imaging of submitochondrial localization of 2-PCs (magenta) with Zeiss LSM880 with Airyscan super-resolution imaging system in a fixed cell.
mEmerald-TOMM20 (green) was used to visualize the outer membrane of mitochondria. Scale bar, 1â€‰Âµm. This data is representative of at least two independent measurements.


Extended Data Fig. 5 Immuno-electron microscopy of HeLa cells labelled with 2.
The labelled cells were fixed, sectioned on an ultramicrotome and stained with anti-tetraethylrhodamine antibody (primary Ab) and anti-rabbit IgG-10 nm gold conjugate (secondary Ab), counterstained with uranyl acetate and lead citrate, and imaged by transmission electron microscopy. a, Representative image of HeLa cells labeled with N3-Cho, followed by 2. Mt, mitochondria. bâ€“d, Enlarged images of the area enclosed by the black square in (a). Yellow and red arrowheads indicate gold nano-particles observed in the mitochondrial outer and inner membrane, respectively. In (c), two gold nano-particles were observed around 30â€“35â€‰nm (corresponding to the sum of the length of primary and secondary Abs) from the mitochondrial outer membrane (cytosolic leaflet), which indicates that the labelling can occur on the cytosolic leaflet of mitochondria. e, Representative images of negative control samples, in which only N3-Cho treatment was omitted in the lipid labelling process. No gold nanoparticles were detected. All experiments shown are representative of at least two independent measurements.


Extended Data Fig. 6 Translocation of 1-PCs from the ER/Golgi to other organelle membranes.
a, Evaluation of the intracellular stability of 1-PCs. After labelling, the cells were incubated in fresh medium for the indicated time period and subsequently analysed by TLC. This experiment confirmed that, the intracellular amount of 1-PCs did not alter in the experimental time range, and thus our observation is surely based on the labelled PCs itself. b, Time-lapse images of 1-PCs and ER-Tracker in HeLa cells. In this experiment, the signal intensities of 1-PCs were adjusted to be the same in all images. Scale bar, 5 Î¼m. c, Quantification of the colocalization between 1-PCs and ER-Tracker in (b) (meanâ€‰Â±â€‰SD, nâ€‰=â€‰8). dâ€“f, Translocation of 1-PCs from ER/Golgi to (d) lysosomes, (e) mitochondria, and (f) the PM. Yellow arrowheads indicate 1-PCs were transferred from the ER/Golgi to the other organelle by the indicated time. Scale bars, 5 Î¼m, 0.5â€‰Âµm and 2â€‰Âµm for (d), (e, f), respectively. All experiments shown are representative of at least two independent measurements.


Extended Data Fig. 7 Translocation of 2-PCs from mitochondria to lysosomes.
a, Time-lapse images of 2-PCs and organelle markers in HeLa cells. Scale bar, 5 Î¼m (b) Enlarged images of the region surrounded by white squares in (a). Lysosomal transport of 2-PCs was only observed 1320â€‰min after labelling (yellow arrows). Scale bar, 2 Î¼m. c, Evaluation of the intracellular stability of 2-PCs. After labelling, cells were incubated in fresh medium for the indicated time periods and subsequently analysed by TLC. d, Confocal images of 2-PCs and organelle markers in HeLa cells treated by heat-shock. After labelling with 2 at 37 Â°C, the cells were incubated at 37 Â°C (control) or 42 Â°C (heated) for 45â€‰min. Yellow arrows indicate 2-PCs colocalized with lysosomes but not mitochondria. Scale bar, 5 Î¼m. e, Heat-induced 2-PC translocation to lysosomes was evaluated by counting the number of lysosomal vesicles merged with 2-PCs in (d). pâ€‰=â€‰0.005 (two-tailed Studentâ€™s t-test). nâ€‰=â€‰3 and 5 cells for control and heated cells, respectively. Bar graphs show meanâ€‰Â±â€‰SD. All experiments shown are representative of at least two independent measurements.


Extended Data Fig. 8 Effects of Noc and BFA on interorganelle lipid transport.
a, Morphological abnormalities of the Golgi after Noc and BFA treatment. These data validated that microtubule disruption by Noc and collapse of the Golgi apparatus into the ER caused by BFA happen in our experimental conditions. These data shown are representative of at least two independent measurements. b, Time profiles of fluorescence decay of 1-PCs in the drug-treated cells. After labelling, the cells were treated with drugs for 30â€‰min, followed by CLSM analysis. NS, not significant by two-tailed Studentâ€™s t-test. The graph shows meanâ€‰Â±â€‰SD. nâ€‰=â€‰33, 34, 41, 36, 34, 39, 37, 29, 42 cells for DMSO-30 min, âˆ’120 min, âˆ’240 min, Noc-30 min,âˆ’120 min, âˆ’240 min, BFA-30 min, âˆ’120 min, âˆ’240 min, respectively.


Extended Data Fig. 9 Interorganelle lipid transport is affected by treatment of nocodazole (Noc) and brefeldin A (BFA).
a, Confocal images of 1-PCs and organelle markers in HeLa cells treated with dimethylsulfoxide (DMSO, as control), nocodazole (Noc, 1 Î¼M), or brefeldin A (BFA, 20 Î¼M) for 4â€‰h. Scale bar, 5â€‰Âµm. These data shown are representative of at least two independent measurements. (b, c) Colocalization analysis of (a) with PCC value of (b) 1-PCs vs. ER/Golgi (ER-Tracker), and (c) 1-PCs vs. Lysosome (Lyso-Tracker). p-values shown were calculated by two-tailed Studentâ€™s t-test. Bar graphs represent meanâ€‰Â±â€‰S.E.M. The sample number is indicated in the graph.


Extended Data Fig. 10 Translocation of 1-PCs from the ER to AP membranes.
a, Time-lapse images of starved HeLa cells. Colocalization of 1-PCs with LC3B-RFP is indicated by white vesicles. ER-Tracker and KDEL-GFP scarcely colocalized with AP vesicles. Scale bar, 5 Î¼m. b, Colocalization of 1-PCs with mCherry-ATG5. White arrows indicate phagophores visualized by mCherry-ATG5, which were colocalized with 1-PCs on the ER membrane and moved together for several minutes. Scale bar, 1 Î¼m. All experiments shown are representative of at least two independent measurements.
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Reporting Summary
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