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Abstract  

Lipids play crucial roles as the structural elements, signalling 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 labelling and 

fluorescence micro/nanoscopic imaging of phosphatidylcholines in target organelles. The 

approach involves the metabolic incorporation of azido-choline followed by a spatially limited 

bioorthogonal reaction, which enables the visualization and quantitative analysis of 

interorganelle lipid transport in live cells. Most importantly, with live-cell imaging, we obtained 

direct evidence that the autophagosome membrane originates from the endoplasmic reticulum. 

This method is simple and robust, and thus powerful for real-time tracing of interorganelle lipid 

trafficking.  

 

 

Introduction 

In eukaryotic cells, biological membranes not only provide a physical interface 

between cell interiors and their environment, but also define the structure and function of 

intracellular organelles. Choline-containing phospholipids (CPLs), including 

phosphatidylcholine (PC) and sphingomyelin (SM), are the major components of eukaryotic cell 

membranes and play critical roles in structural integrity of the membrane bilayer, regulation of 

cell signalling and membrane protein functions.1 Therefore, investigation of the intracellular 

behaviour of CPLs is essential for deep understanding of many physiological processes. CPLs 

are mainly synthesized in the endoplasmic reticulum (ER) and/or Golgi apparatus, organelles of 

the eukaryotic cell, and subsequently translocate to other organelles through vesicular transport, 

monomeric diffusion mediated by lipid transfer proteins, or direct membrane contact.2 Although 

such interorganelle lipid transport is a fundamental mechanism for maintaining cellular 

membrane systems, subcellular dynamics of CPLs are poorly understood, primarily because of a 

lack of methods that allow imaging of CPLs in specific organelles of live cells.3–5 Pulse-labelling 

of CPLs newly biosynthesized in the ER with [3H]-choline has been previously used to study the 

transport of CPLs from the ER to the plasma membrane (PM).6 However, this approach does not 
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allow real-time tracking of CPLs. In addition, this requires rapid isolation of organelle 

membranes, which often suffers from contamination of other organelles and thereby 

compromises data interpretation. Fluorescent lipid analogues and lipid-binding protein (e.g. 

lysenin)-fluorophore conjugates are widely utilized to visualize CPLs in live cells but do not 

have organelle selectivity in general.3–5 More recently, some organelle membranes have been 

visualized by high density environmentally sensitive (HIDE) probes consisting a 

trans-cyclooctene (TCO)-tethered organelle-specific lipid (or lipid-like small molecule) that is 

linked with silicon-rhodamine dye in cells.7,8 Indeed this method is useful in super resolution 

imaging of organelle membranes, but it does not allow the visualization of CPLs because there 

are no TCO-modified CPLs that can localize in a specific organelle.  

Here, we report a chemical strategy for selective labelling and fluorescence 

micro/nanoscopic imaging of CPLs in ER/Golgi or mitochondria. This relies on the metabolic 

incorporation of azido-choline (N3-Cho) into CPLs of whole membranes of cells,9 followed by 

spatially limited strain-promoted alkyne-azide cycloaddition (SPAAC) with 

organelle-localizable click reagents (OCRs) bearing a strained alkyne (Figure 1a).10,11 In this 

study, we developed OCRs for the ER/Golgi and mitochondria, by which specific labelling of 

azide-tethered PCs residing in the target organelles of several types of cells was achieved. This 

method allows for time-lapse imaging and quantitative analysis of the translocation of PCs from 

ER/Golgi- or mitochondrial membranes to other organelles. Furthermore, we used it to show 

clearly that autophagosomal membranes originate from ER membranes. This simple lipid 

labelling system will be a powerful technology for real-time tracing of interorganelle lipid 

transport and dynamics in live cells. 

 

Results 

Design, preparation and characterization of OCRs 

It is widely accepted that CPLs are synthesized de novo in the ER/Golgi and 

transported to other organelles through vesicular or non-vesicular traffic.2 Therefore, labelling of 

CPLs with a fluorescent reporter spatially specific to the ER/Golgi should be of value for 

analysing their intracellular trafficking by live-cell imaging. We designed an ER/Golgi-OCR, 

hereafter called compound 1 (Rhodol-DBCO), consisting of a fluorinated rhodol acting both as 
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an ER/Golgi localizer and a fluorescent reporter, and a dibenzocyclooctyne (DBCO) as the 

strained alkyne (Figure 1b), on the basis of organelle-localizable protein labelling reagents we 

developed previously.12,13 Synthetic procedures and spectroscopic properties (absorbance, 

fluorescence, and pH dependence) of 1 are shown in the Supplementary Information and 

Supplementary Figure 1a, b.  

The ER/Golgi specific localization of 1 was initially confirmed by confocal laser 

scanning microscopy (CLSM). Incubation of HeLa cells for 15 min at 37 °C in culture medium 

containing 1 (100 nM) gave strong fluorescence of 1 in the ER, Golgi, and the ER-Golgi 

intermediate compartment (ERGIC) (Figure 1c and Supplementary Figure 1c, d), while such 

fluorescence was not observed in other organelles, including mitochondria, lysosomes, 

peroxisomes, lipid droplets, and PMs (Supplementary Figure 1d). The intracellular concentration 

of 1 was estimated to be 86 µM by spectroscopic analysis of the lysates prepared from cells 

treated with 100 nM 1 for 15 min (see Methods section). Given the estimated volume of the 

ER/Golgi (15% of the total cell volume),14 localization of 1 in the ER/Golgi would raise the 

intraorganellar concentration to a final concentration of 0.57 mM, sufficient to facilitate the 

labelling reactions with N3-modified CPLs in the ER/Golgi.9 

 

 

Organelle-selective lipid labelling in live cells 

The metabolic incorporation of N3-Cho into CPLs was conducted in the conventional 

manner, that is, treatment of HeLa cells with 500 µM N3-Cho for 24 h.9 By liquid 

chromatography-MSMS (LC-MSMS) analysis, we confirmed that major CPLs, such as PCs and 

SMs, were modified with azide group with 0.3% conversion for total CPLs (Supplementary 

Figure 2a–d). This value is rather low compared with that in previous study by another group,9 

but the low conversion may be less likely to perturb membrane dynamics and functions of the 

cells. For CPL labelling, HeLa cells treated with N3-Cho were subsequently incubated with 1 

(100 nM) (see Supplementary Figure 2e for optimization of probe concentration). We found that 

the SPAAC reaction for dye linkage completes within 15 min (Supplementary Figure 2f, g). This 

rapid kinetics is likely due to the effective condensation of the probe upto sub mM order in the 

organelle, which can facilitate the bimolecular reaction between the strained alkyne and azide 
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group.12,15 Thereafter, the lipid fraction was extracted from the cells and analysed by thin-layer 

chromatography (TLC). A strong fluorescent spot was detected in the sample extracted from 

N3-Cho-treated cells, whereas a control sample without N3-Cho treatment only gave a faint 

fluorescent spot derived from decomposed products of 1 (Extended Data Fig. 1a). LC-MSMS of 

the main fluorescent spot successfully characterized the product from the N3-Cho/1-treated cells. 

As Extended Data Fig. 1b shows, several mass peaks corresponding to 1-modified PCs (1-PCs) 

with different fatty acid compositions were detected (Supplementary Figure 2h–k), verifying that 

N3-PCs were labelled with 1 in live cells. Other CPLs, such as SMs, ether PCs and lyso PCs, 

were not detected by TLC or MS, plausibly because of their relatively low abundance in the 

ER/Golgi.2 These results indicate that our method selectively labels PCs.  

We next sought to characterize the 1-PCs’ properties. LC-MS analysis revealed that 

the pattern of fatty acid composition of 1-PCs was very similar to that of the natural 

(unlabelled) PCs (Supplementary Figure 3a). The isolated 1-PCs were susceptible to enzymatic 

hydrolysis by phospholipase C (PLC) and lipase, and could be incorporated into liposomes  

(Supplementary Figure 3b–d). Further, we confirmed that the 1-PCs were recognized and 

extracted from the liposome membranes by the Mmm1-Mdm12 complex, subunits of the 

ER-mitochondrial encounter structure (ERMES) for PC transport,16 implying that the labelled 

lipids could be transported via lipid transfer protein-mediated monomeric diffusion 

(Supplementary Figure 3e, f). Also, fluorescence recovery after photobleaching analysis 

successfully determined the diffusion coefficient (D) of the 1-PCs in live cells to be 0.82 ± 0.05 

µm2/s, which is similar to the reported D value for phospholipids in cellular membranes (0.1–1.0 

µm2/s) (Supplementary Figure 3g, h).17 Given these data, we conclude that the 1-PCs retain 

biochemical and physicochemical properties comparable with natural phospholipids.  

It was found by CLSM analysis that unreacted (free) 1 was removed from the cells 15 

min after washing by exchanging the culture medium (Extended Data Fig. 2a). We also 

confirmed that 1 does not react with any proteins (Extended Data Fig. 2b). Thus, the 

intracellular distribution of the 1-PCs can be fluorescently visualized with minimal background 

signals. As shown in Figure 1d, the fluorescence of 1-PCs was predominantly observed in the 

ER/Golgi in N3-Cho-treated cells, while no fluorescence derived from 1 was detected in 

non-treated cells. Z-stack imaging of fixed cells after labelling showed that the fluorescence of 
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1-PCs colocalized well with ER/Golgi markers at any Z position (vertical direction) of the cells 

(Figure 1e and Extended Data Fig. 2c). Notably, such ER/Golgi-specific labelling was also 

observed in other types of cell, including A549 cells, HEK293T cells, and primary cultured 

neurons (Extended Data Fig. 2d–f), demonstrating the broad applicability and robustness of our 

organelle-selective lipid labelling system. 

We next sought to expand this method to label mitochondrial PCs. Cationic rhodamine 

dyes are known to spontaneously localize into mitochondria according to the mitochondrial 

membrane potential.15,18 We thus employed tetraethylrhodamine as a mitochondria localizable 

dye and synthesized mitochondria-OCR 2 (Rhodamine-DBCO)(Figure 2a; synthesis and spectral 

properties are shown in Supplementary Information and Supplementary Figure 4a, b). 2 showed 

highly-specific mitochondrial localizability (estimated to be ~60 µM in mitochondria in a cell) 

(Supplementary Figure 4c, d). TLC analysis together with LC-MSMS of 2-PCs revealed that this 

probe could selectively label PCs (Extended Data Fig. 3a–c). Unreacted 2 could be removed 

from the cells by washing, allowing us to specifically visualize 2-PCs in mitochondria of 

N3-Cho-treated cells (Figure 2b and Extended Data Fig. 3d–g). To visualize submitochondrial 

membrane structure, we performed lattice-structured illumination microscopy (SIM)-based super 

resolution imaging. The fast imaging rate of the lattice-SIM enabled to capture live-cell super 

resolution videos (Supplementary Videos 1–3) and clearly revealed that 2-PCs were located in 

both the outer membrane (OM) and inner membrane (IM) of mitochondria, not the 

mitochondrial matrix, consistent with the distribution of natural PCs in mitochondria (Figure 

2c–f).2 This observation was also supported by airy scan-based super resolution imaging with 

fixed-cells and electron microscopy (Extended Data Fig. 4 and 5). When the mitochondrial 

membrane potential was abolished by treatment of cells with carbonyl cyanide 

m-chlorophenylhydrazone (CCCP)19, 2-PCs remained in mitochondria in contrast with the rapid 

leaking of 2 (Supplementary Figure 5). This implies that the distribution of 2-PCs is not 

governed by the mitochondrial membrane potential. The isolated 2-PCs were hydrolyzed by 

PLC and lipase, and recognized by lipid transfer protein, as well as 1-PCs (Supplementary 

Figure 6). Together, these data indicate that the dye modification does not bias the 

intramitochondrial PC behaviors, and 2-PCs can be distributed throughout the mitochondrial 

membrane system.  
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The specific labelling of ER/Golgi and mitochondrial PCs allowed multicolor 

imaging of the organelle PC-lipids in live cells. As shown in Figure 2g, N3-CPLs in the 

ER/Golgi, mitochondria, and PMs were clearly and selectively visualized in live cells by 

labeling with 1, 2, and Alexa647-DBCO, respectively, thanks to the distinct fluorescence 

wavelength of each probe (we here concurrently employed cell-impermeable and commercially 

available AlexaFluor647-DBCO for labelling of PM, together with 1 and 2). These data clearly 

highlighted the organelle membrane-orthogonality of our method. 

 

 

Imaging of interorganelle translocation of labelled PCs 

We monitored the trafficking of labelled PCs from the ER/Golgi or mitochondria to 

other intracellular organelles by live-cell imaging. After labelling PCs with 1 in the ER/Golgi 

followed by washing-out the unreacted 1, cells were incubated in culture medium for ~6 h 

(Protocol A, Supplementary Figure 7). As Figure 3a shows, the fluorescence signal of 1-PCs was 

exclusively observed in the ER/Golgi at the initial time point (just after removing unreacted 1), 

and the Pearson’s correlation coefficient of the 1-PCs and ER/Golgi marker signals was high 

(~0.84). However, after 330 min the fluorescence intensity of 1-PCs in the ER/Golgi declined 

(Figure 3e), and, concurrently, fluorescence appeared in other organelles such as lysosomes, 

mitochondria, and the PM (Figure 3b–d). TLC analysis confirmed that, the intracellular amount 

of 1-PCs did not alter in the experimental time range (~6 h) (Extended Data Fig. 6a), and thus 

our observation is surely based on the labelled PCs itself. These results clearly indicate that the 

labelled PCs were transferred from the ER/Golgi to the membranes of other organelles. Given 

that the main pathways of lipid transport from the ER/Golgi to mitochondria and lysosome are 

considered to be vesicle-independent and -dependent, respectively,20,21 these observation 

strongly suggests that the labelled lipids can be transferred through both non-vesicular and 

vesicular transport systems from the ER/Golgi. 

To quantitatively evaluate the efflux kinetics of PCs from the ER/Golgi, time-lapse 

imaging was performed (Extended Data Fig. 6b, c). The fluorescence intensity of 1-PCs in the 

ER/Golgi decreased during post-labelling incubation, as shown in Figure 3e; the decay curve 

gave a half-time of 90 min for efflux of PCs from the ER/Golgi. To the best of our knowledge, 
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this is the first report of quantitative analysis of PC efflux from the ER/Golgi to other orgenelles, 

on the basis of real time imaging under live cell conditions. Colocalization analysis with 

organelle markers revealed that 1-PCs reached mitochondria about 1 h after labelling, while it 

took longer for translocation to the PM and lysosomes (1–2 and 4–6 h, respectively) (Figure 3b–

d and Extended Data Fig. 6d–f). A similar time-lapse experiment was also performed with cells 

where the mitochondrial PCs were labelled with 2. 2-PCs stayed in mitochondria and scarcely 

moved to other organelles even after 10 h of incubation (Extended Data Fig. 7a–c). Lysosomal 

translocation of 2-PCs was observed only when cells were incubated for >20 h. However, when 

the cells were stimulated by heat-shock (42 °C for 45 min) to induce mitochondria-derived 

vesicles (MDVs), which are known to fuse with endosomes and lysosomes, the lysosomal 

transport of 2-PCs was dramatically accelerated, consistent with previous studies (Extended 

Data Fig. 7d, e).22 These results indicate that 2-PCs have potential to transfer between 

organelles, though they mainly remain in the mitochondria in normal conditions. 

The labelling protocol of our method is quite flexible, so that the timing of OCR 

treatment can be varied arbitrarily. Taking advantage of this feature, we then verified the efflux 

rates of PCs from the ER/Golgi or mitochondria with an alternative protocol (Protocol B, 

Supplementary Figure 7): This protocol consists of azidocholine treatment first and then the 

varied incubation times prior to click chemistry with DBCO reagents so that the impact of the 

tagged dyes on the (transport) behavior of the labelled lipids can be disregarded. Using OCR 1, 

we clearly observed the incubation time-dependent decrease of N3-PCs from the ER/Golgi 

(Supplementary Figure 8a, b), which is in agreement with Figure 3e. We also performed the 

same experiment with OCR 2, indicating that the efflux of PCs from mitochondria is much 

slower than from the ER/Golgi, as shown above (Supplementary Figure 8c, d). Furthermore, by 

use of a cell-impearmeable DBCO dye (AFDye405-DBCO) and flow cytometry analysis, we 

determined the arrival time of PCs at the PM after choline metabolism to be around 1–2 h 

(Supplementary Figure 8e), which is consistent with our results obtained from the Protocol A 

(shown in Figure 3d). These results demonstrate that the dye tagging minimally affects the 

behaviors of PC dynamics. 

In an attempt to gain insight into the mechanism of PC transport, we next examined 

whether the interorganelle lipid transport is affected by vesicle trafficking using nocodazole 



 9 

(Noc), which interferes with retrograde vesicle transport between the ER and Golgi through 

microtubule disruption and thereby increases Golgi-lysosome contacts,23,24 or brefeldin A 

(BFA), which inhibits Golgi-mediated anterograde membrane traffic.25 After labelling, cells 

were treated with Noc or BFA for 4 h and subsequently analysed by CLSM (Extended Data Fig. 

8a). These drugs did not affect the efflux rate of 1-PCs from the ER/Golgi, plausibly because of 

the multiple trafficking pathways of PCs from the ER/Golgi to other organelles (Extended Data 

Fig. 8b). However, colocalization analysis of 1-PCs with organelle markers revealed that BFA 

strongly inhibited the translocation of 1-PCs from the ER/Golgi to lysosomes, while Noc 

promoted it (Extended Data Fig. 9a–c). Given the effects of BFA and Noc on the vesicle 

transport, it is conceivable that the Golgi-mediated pathway, rather than direct transfer from the 

ER, is dominant in lysosomal lipid supply. 

Together, the data make clear that our method allows fluorescence imaging of PCs 

and real-time tracing of their dynamic interorganellar distribution from a particular organelle 

membrane to others.  

 
 
 

Direct imaging of ER lipid transport to AP membranes 

Autophagosomes (APs) are vesicles induced by autophagy that are involved in the 

bulk degradation and recycling of intracellular components. While understanding of the 

physiological role of APs has greatly increased in recent decades, the origin of the AP 

membrane remains unclear.26 A consensus view is emerging from recent studies that the ER is 

the nucleation site for APs, and that contributions from other compartments (i.e. mitochondria, 

Golgi, and the PM) are required.27.28 However, these hypotheses have mostly been validated 

using protein-based fluorescent probes, not membrane lipid itself, since there were no 

appropriate methods capable of selectively visualizing organelle membrane lipids. As 

demonstrated above, our method enables us to directly label PCs in the ER/Golgi or 

mitochondria and to specifically trace their behaviour by live-cell imaging. We thus sought to 

obtain direct evidence that the AP membrane originates from the ER.  

HeLa cells expressing LC3B-RFP, a canonical AP marker, were labelled with 1 and 

then cultured in Earle’s balanced salt solution to induce AP formation (Figure 4a and Extended 
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Data Fig. 10a).29,30 After a short incubation (0–30 min), a small amount of APs visualized by 

LC3B-RFP was observed that barely colocalized with the fluorescent signal of 1-PCs (Figure 4a 

and 4c). After 3 h, the cells accumulated starvation-induced APs, whose puncta merged well 

with the fluorescent dots from 1-PCs (Figure 4a and 4c). Super-resolution microscopy images 

clearly showed that 1-PCs were detected in the AP membrane as a circle (Figure 4b). This 

explicitly shows that 1-PCs from the ER/Golgi were transferred to AP membranes. The number 

of AP vesicles including 1-PCs time-dependently increased upon starvation (Figure 4c). In sharp 

contrast, neither GFP with an ER retention signal sequence (KDEL-GFP) that locates in ER 

lumen nor ER-tracker that visualizes ATP-sensitive K+ channels in the ER membrane 

substantially colocalized with LC3B-RFP (Figure 4c and Extended Data Fig. 10a). This 

indicated that these ER-resident proteins do not translocate to the starvation-induced AP 

membrane and are not suitable probes of membrane trafficking from the ER to APs.  

Given the current membrane trafficking models,26 two possible pathways are 

proposed for the transport of 1-PCs from the ER/Golgi to APs: (1) lipids are directly provided 

to APs and/or phagophores (the membrane precursor formed upon induction of autophagy, also 

called isolated membrane) from the ER/Golgi; or (2) lipids are transferred from the ER/Golgi to 

the membrane of another organelle and then translocate to the AP membrane. To test these 

possibilities, we sought to catch the initial stage of AP formation in 1-treated cells by live 

imaging. We employed mCherry-ATG5 as a reliable phagophore marker.31,32 Like LC3B, 

ATG5 dots in the live cells were well colocalized with those of 1-PCs with high reproducibility, 

and it was estimated from 36 cells that 68% of ATG5 vesicles contain 1-PCs signal (Extended 

Data Fig. 10b). Most significantly, we observed that, after an ATG5 particle was generated, 

fluorescence of 1-PCs subsequently accumulated in the same spot on the reticular structure 

characteristic of the ER, and the vesicle monitored by ATG5 showed the same trajectory as that 

by 1-PCs (Figure 4d, e), indicating that 1-PCs are directly transferred from the ER to the AP 

membrane. This event was observed within 30 min of lipid labelling, at which time transport of 

1-PCs to mitochondria, PM and lysosomes had hardly taken place. Therefore, our imaging data 

provide strong evidence that the ER directly supplies the membrane lipids to starvation-induced 

APs.33,34 
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Discussion 

We here developed a new technology for organelle-selective lipid labelling under live 

cell conditions. Our technique is based on the metabolic incorporation of azide group into 

choline-phospholipids followed by a spatially limited bioorthogonal reaction, which enables in 

situ visualization and analysis of biosynthesized PCs in the ER/Golgi and mitochondria of living 

cells with minimal impacts on the biomembrane. The fast tagging rate (~15 min) allowed for the 

quantitative evaluation of the efflux kinetics of PCs from the ER/Golgi and mitochondria in 

live-cell conditions, which has never been addressed before. 

In addition, this approach allowed us to investigate the origin of autophagosome 

membrane by real-time tracing of organelle PCs. Although several researchers have reported that 

the autophagosome membrane originates from the ER, these mostly relied on indirect imaging of 

organelle membrane using protein-based membrane markers or electron microscopy after 

fixation of cells. Therefore, the origin is yet controversial.26,28 To the best of our knowledge, the 

present work represents the first example of direct observation of lipid molecule (not proteins) 

transfer from the ER to autophagosome membranes under live cell conditions in real time, which 

is difficult to be addressed by the conventional lipid labeling protocols lacking the organelle 

selectivity.  

While chemical modification of the head group of PCs may affect their intrinsic 

properties, our results indicated that the dye-labelled PCs retain biophysical properties 

comparable with natural PCs and can translocate between organelles. We thus anticipate that 

this technology will be powerful for investigating interorganelle lipid trafficking with optical 

imaging and identifying key player(s) in intracellular lipid transport by combination with small 

molecule libraries or genome-wide knockout systems. The modular structure of OCRs will allow 

the extension of this strategy to other organelle membranes and the use of varied fluorescent 

dyes for different types of super-resolution imaging in live cells. Such future efforts should 

contribute to unravelling the molecular mechanisms of lipid transport, which remain largely 

unknown.  
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Figure legends 
 
Figure 1. Endoplasmic reticulum (ER)/Golgi-selective phosphatidylcholine (PC) labelling 
and imaging in live cells. (a) Schematic of organelle-selective lipid labelling with 
organelle-localizable click reagent (OCR). (b) Molecular structure of ER/Golgi-OCR reagent 1. 
(c) Confocal laser scanning microscopy (CLSM) images of a HeLa cell treated with 100 nM 1 
(green) for 15 min. ER-Tracker (magenta) was used for imaging both the ER and Golgi because 
it stains both in HeLa cells (see Supplementary Figure 1c). Scale bar, 5 µm. (d) 
ER/Golgi-specific localization of 1-PCs immediately after labelling. N3-Cho-treated or 
nontreated cells were incubated with 1 (100 nM) for 15 min. After washing with fresh medium, 
the cells were further incubated for 30 min, followed by CLSM analysis. Scale bar, 5 µm. (e) xy, 
xz and yz images of the labelled cells. White broken lines indicate the xz and yz surfaces. Scale 
bar, 10 µm. All experiments shown are representative of at least two independent measurements. 
 
 
Figure 2. Mitochondria-selective PC labelling and imaging. (a) Molecular structure of 
mitochondrial OCR 2. (b) Mitochondria-specific localization of 2-PCs (magenta). 
N3-Cho-treated cells were incubated with 2 (100 nM) for 15 min. After washing with fresh 
medium, the cells were further incubated for 1 h to remove unreacted 2 and treated with 
Rhodamine 123 (green) for mitochondrial staining, followed by CLSM analysis. Scale bar, 5 µm. 
(c) Super resolution imaging of submitochondrial localization of 2-PCs (magenta) with Zeiss 
Elyra 7 with lattice SIM in a live cell. CellLight Mitochondria-GFP (Mito-GFP, green) was used 
to visualize the mitochondrial matrix. Scale bar, 200 nm. (d) Enlarged image of (c). Scale bar, 
200 nm. (e, f) Graphs indicate the fluorescence intensity profiles of the 2-PCs (magenta) and 
Mito-GFP (green) along the white broken lines in (d). Fluorescence of 2-PCs was detected both 
in the outer membrane (OM) and the inner membrane (IM) region of mitochondria. (g) 
Multicolor imaging of organelle membranes in HeLa cells. N3-Cho-treated cells were initially 
incubated with 2 (100 nM) for 15 min at 37 °C for labelling mitochondrial PCs. After washing 
the cells to remove unreacted 2, the cells were further incubated with 1 (100 nM) and 
AlexaFluor647-DBCO (40 µM) for 1 h at 4 °C for labelling the ER/Golgi PCs and CPLs in the 
outer leaflet of PM, respectively. After washing the cells, confocal images were acquired. Scale 
bar, 10 µm. All experiments shown are representative of at least two independent measurements. 
 
 
Figure 3. Live-cell tracing of interorganelle translocation of 1-PCs. (a) Confocal images of 
HeLa cells 0 and 330 min after lipid labelling with 1. Colocalization was quantified using 
Pearson’s correlation coefficient (PCC) for 1-PCs and the signal from ER/Golgi markers. In this 
experiment, the fluorescence intensities of 1-PCs were adjusted to be the same in both images. 
Scale bar, 5 µm. (b, c, d) Colocalization analysis of 1-PCs with (b) lysosomes, (c) mitochondria, 
and (d) plasma membrane (PM). Yellow arrowheads indicate 1-PCs were transferred from 
ER/Golgi to the other organelle at the indicated time. Scale bar, 2 µm for (b, d), 0.5 µm for (c). 
(e) Efflux curve of 1-PCs from the ER/Golgi. The fluorescence intensity of 1-PCs observed in 
the ER/Golgi (stained with ER-Tracker) was quantified. Scatter plots show mean ± S.D. (n = 13, 
12, 13, 12, 12, and 11 cells for data points left to right). Inset, representative images of the 
time-lapse imaging. Scale bar, 5 µm. All experiments shown are representative of at least two 
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independent measurements. 
 
 
Figure 4. Transport of 1-PCs from the ER to autophagosome (AP) membranes. (a) 
Time-lapse images of starved HeLa cells. White arrowheads indicate 1-PCs (green) colocalized 
with LC3B-RFP (an AP marker, magenta). Scale bar, 5 µm. (b) Colocalization of 1-PCs with 
LC3B-RFP in AP membranes. Graphs indicate the fluorescence intensity profiles of the 1-PCs 
(green) and LC3B-RFP (magenta) along the white broken lines in the images. Scale bar, 1 µm. 
(c) Quantification of AP vesicles overlapping with ER/Golgi or mitochondrial probes (1-PCs, 
KDEL-GFP, and ER-Tracker) during starvation. The number of AP vesicles including the 
fluorescence signals of these markers was counted. This number was divided by the total number 
of APs to determine the percentage of APs that overlapped with the marker in each cell. Bar 
graphs represent mean ± SD (n = 10 cells). (d) Time-lapse images of AP formation in 1-treated 
cells. HeLa cells transfected with mCherry-ATG5 (a phagophore marker) were labelled with 1. 
After washing, the cells were incubated in Earle’s balanced salt solution for 30 min, followed by 
CLSM analysis. Scale bar, 1 µm. (e) Trajectories of the ATG-5 vesicle (magenta) and the 1-PCs 
vesicle (green) shown in (d). All experiments shown are representative of at least two 
independent measurements. 
 
 
 
 
Online Methods 
 
Synthesis 
N3-Cho was prepared as previously described.9 Synthesis of reagents 1 and 2 are described in 
Supplementary Information. 
 
General materials and methods for the biochemical/biological experiments.  
Unless otherwise noted, all chemical reagents and proteins/enzymes were purchased from 
commercial suppliers (Thermo Fisher Scientific, TCI, Sigma-Aldrich, Bio-Rad, FUJIFILM, 
Nacalai tesque, Avanti Polar Lipids) and used without further purification. UV-vis absorption 
spectra were measured on a Shimazu UV-2600 spectrophotometer. Excitation/Emission spectra 
were measured on a Perkin Elmer LS-55 Luminescence Spectrometer. Cell imaging was 
performed with a confocal laser scanning microscope (CLSM) (Carl Zeiss LSM800, LSM800 
Airyscan). SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out using a 
Bio-Rad Mini-Protean III electrophoresis apparatus. Fluorescence gel and TLC images were 
acquired with an imagequant LAS4000 (GE Healthcare) or FUSION (Vilber-Lourmat).  
 
Cell culture for imaging 
HeLa, A549 and HEK293T cells were cultured on 35 mm glass-bottom multi well dish 
(MATSUNAMI) in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich) 
supplemented with 1% Antibiotic-Antimycotic (Anti-Anti, Gibco) and 10% fetal bovine serum 
(FBS, Sigma) under a humidified atmosphere of 5% CO2 in air at 37 °C. Rat primary 
hippocampal neurons were prepared from 16-day-old Sprague Dawley rat embryos (unknown 
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gender) as previously described.35 The neurons were cultured on poly-D-lysine-coated 35 mm 
glass-bottom dish (ibidi) in Neurobasal plus medium supplemented with 2% B27 supplement 
(Thermo Fisher Scientific) and 1% penicillin streptomycin (Gibco) under a humidified 
atmosphere of 5% CO2 in air at 37 °C. All experimental procedures were performed in 
accordance with the National Institute of Health Guide for the Care and Use of Laboratory 
Animals and approved by the Institutional Animal Use Committees of Kyoto University. 
 
Metabolic incorporation of N3-Cho into CPLs and labelling of the N3-CPLs with OCRs 
Cells were incubated in the culture medium containing N3-Cho (500 µM) for 24 h. The cells 
were washed twice with serum-free DMEM (no Phenol Red, 25 mM HEPES, Gibco) and 
incubated in serum-free DMEM containing OCRs (100 nM) for 15 min. To remove free OCRs 
inside cells, the cell culture medium was replaced to fresh DMEM supplemented with Anti-Anti 
and 10% FBS, and further incubated for 30 min or 1 h for 1 or 2, respectively. 
 
Cell imaging 
Cell imaging was performed using a Carl Zeiss LSM800 or a LSM880 equipped with Airyscan 
super-resolution system and a ×100 oil immersion objective lens, a Carl Zeiss Elyra 7 with 
lattice SIM with a ×100 oil immersion objective lens, or Leica TCS SP8 equipped with a ×63 oil 
immersion objective lens. The obtained images were analysed by ZEN Viewer software or by 
LAS X SP8 Dye Finder. For live-cell imaging, cells were maintained on a microscope at 37 °C 
with a continuous supply of 5% CO2 in air by using a stage-top incubator (Tokai Hit). For 
heat-shock experiment, cells were heated at 42 °C in the incubator. Organelles were stained by 
the following organelle markers, according to manufactures’ instruction: ER-Tracker Green, 
ER-Tracker Red, Mito-Tracker Deep Red, Lyso-Tracker Red DND-99, Lyso-Tracker Deep Red, 
CellLight Golgi-GFP, CellLight Golgi-RFP, CellLight Peroxisome-GFP, Premo Autophagy 
Sensor LC3B-GFP, Premo Autophagy Sensor LC3B-RFP, CellLight ER-GFP (KDEL-GFP), 
CellLight ER-RFP (KDEL-RFP), and CellLight Mitochondria-GFP obtained from Thermo 
Fisher Scientific; Rhodamine123 and Mito-Red obtained from Dojindo. Cells were transfected 
with EGFP-F36, mCherry-F36, ERGIC53-DsRed37, mCherry-TOMM20-N-10 (gifted from Dr. M. 
Davidson, Addgene, 55146), mEmerald-TOMM20-N-10 (gifted from Dr. M. Davidson, 
Addgene, 54282), DsRed2-Peroxi (Clontech), or mCherry-ATG5 (gifted from Dr. M. Davidson, 
Addgene, 55146) using lipofectamine 2000 (Invitrogen) for staining plasma membrane, ERGIC, 
mitochondrial outer membrane, peroxisome, or phagophore. Lipid droplets were labeled with 
BODIPY 665/676 as previously described.24 The fluorescence images were obtained by 
excitation at 473 nm, 559 nm and 635 nm. Co-localization was quantified using Pearson’s 
correlation coefficient with ZEN Viewer software or by LAS X SP8 Dye Finder. For fixation 
analysis, cells were washed with phosphate-buffered saline (PBS (-)), and fixed with 4% 
paraformaldehyde (PFA) phosphate buffer solution (FUJIFILM) at r.t. for 15 min. After washing 
with PBS (-) once, the sample was analysed by CLSM. 
 
Determination of intracellular concentration of OCRs. 
HeLa cells (1.0 × 107 cells) were incubated in serum-free DMEM containing OCRs (100 nM) for 
15 min. The cells were washed twice with PBS (-) and harvested using trypsin solution (Gibco). 
The cell number was counted by CountessII FL (Thermo Fisher Scientific), and the cells were 
lysed by sonication in 500 µL of 1% SDS lysis buffer (25 mM Tris-HCl, 150 mM NaCl, 1% 
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Nonidet P-40, 1% SDS, 1% sodium deoxycholate, pH 7.6). The lysate was centrifuged at 16,000 
g for 3 min, and the supernatant was collected. The concentration of OCRs in the lysate was 
determined by fluorescent intensity measured with a LS55 fluorescent spectrometer 
(PerkinElmer) using a standard dye solution of known concentration. Finally, the averaged 
intracellular concentration of OCRs in a single cell was determined from the cell number, sample 
volume and a typical single cell volume (HeLa cell volume was reported as 2.4 pL)38. 
 
Lipid extraction and TLC analysis. 
After labelling, the cells (1.0 × 106 cells) were washed twice with PBS (-) and added 2 mL of 
ice-cold methanol containing 10 mM azidoacetic acid (Sigma-Aldrich) as a quencher of SPAAC 
reaction. Lipids were extracted from the homogenate by a Bligh-Dyer method.39 The extracted 
lipids was dissolved in 50 µL of chloroform/methanol = 1/1 solution, spotted on thin layer 
chromatography (Wako, silica gel 70), and developed with chloroform-methanol-28% ammonia 
(14:5:1, v/v). The fluorescence signal of labelled lipids was detected by an imagequant LAS4000 
(GE Healthcare) or Fusion (Vilber-Lourmat). Lipid species were stained by CAM stain (10 v/v% 
concentrated sulfuric acid, 1 w/v% Ce(SO4)2, 5 w/v% (NH4)6Mo7O24･4H2O). 
 
LC/MS analysis 
Whole lipids from N3-Cho-treated cells were extracted by Bligh-Dyer method. The labelled 
products were isolated from TLC by scratching it and extracted with methanol. These samples 
were subjected to LC-MSMS analysis using a HPLC system LC-30AD (Shimadzu) coupled to a 
triple quadrupole mass spectrometer LCMS-8040 (Shimadzu) equipped with an electrospray 
source. The extracted lipids were dissolved in 200 µL of MS-grade methanol (FUJIFILM), 
filtered and injected 5 µL into a Kinetex reverse phase C8 HPLC column (Phenomenex, 2.6 µm, 
2.1 × 150 mm). The mobile phases consisted of (A) 10 mM ammonium formate and (B) 
2-propanol/acetonitrile/10mM ammonium formate (45/45/10, v/v/v). The pump controlling the 
gradient of mobile phase B was programmed as follows: an initial isocratic flow at 20% B for 1 
min, a linear increase to 40% B for 1 min, an increase to 92.5% B using a curved gradient for 18 
min, followed by a linear increase to 100% B for 2 min, and a hold at 100% B for 8 min. The 
total flow rate was 0.3 ml/min, the column temperature was 45°C, collision energy -50 V (Q1 : 
unit, Q3 : low). For the extract from N3-Cho-treated cells, fragment ion m/z was set to be a 
184.07 (native choline) and 239.09 (N3-choline). Total ion current chromatogram of choline- and 
N3-Cho-containing lipids was recorded to estimate the incorporation efficiency of N3-Cho. For 
the detection of 1-PCs, fragment ion m/z was set to be 782.3. Precursor ion 1452.8, 1498.8, and 
1526.0 m/z were used to characterize their fatty acid composition by MSMS analysis using 
negative fragment ion scan mode. In the case of 2-PCs, fragment ion m/z was set to be 912.49. 
 
Treatment of labelled cells with Noc and BFA. 
After labelling with 1, the cells were incubated in DMEM (with 10% FBS) containing DMSO 
(control), Noc (1 µM) or BFA (20 µM) for 4 h. After washing with serum-free DMEM, the cells 
were incubated in serum-free DMEM containing ER-Tracker Red (1 µM) and Lyso-Tracker 
Deep Red (50 nM) for 30 min, followed by CLSM analysis. 
 
Induction of autophagy by serum-starvation. 
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After labelling with chemical probes (1, 2, or ER-Tracker) or transfected with CellLight ER-GFP 
(KDEL-GFP), the cells were incubated in Earle's Balanced Salt Solution (Thermo Fisher 
Scientific). The number of LC3B-positive AP vesicles including the fluorescence signals of 
1-PCs, 2-PCs, ER-Tracker Green or KDEL-GFP was counted. This number was divided by the 
total number of APs to determine percent of APs that overlapped with the marker in each cell. 
 
Preparation of GUVs containing labelled lipids 
Giant unilamellar vesicles (GUVs) were made from hybrid films of lipids and agarose according 
to the previous report.40,41 Briefly, ternary mixtures of DOPC 
(1,2-di-oleoyl-sn-glycero-3-phosphocholine)/1-PCs/RhodamineB(Rhod)-DOPE 
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-n-(lissamine rhodamine B sulfonyl)) (30 nmol, 
0.05 nmol, 0.1 nmol, respectively) or DOPC/2-PCs/NBD-DOPE 
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)) (30 
nmol, 0.023 nmol, 0.15 nmol, respectively) were dissolved in 30 µL of chloroform. The lipid 
mixtures were deposited onto agarose (Type-IX-A, Sigma-Aldrich) film and dried under vacuum. 
The lipid on agarose film was immersed in PBS containing 100 mM sucrose, 0.1 mM CaCl2 and 
1 mM MgCl2. The supernatant was dropped into PBS containing 100 mM glucose, 0.1 mM 
CaCl2 and 1 mM MgCl2 in gelatin-coated glass-bottom dishes. The resultant GUVs were 
observed using an epifluorescence microscope (IX83, OLYMPUS) with a 60x objective lens. 
 
Lipid transfer assay 
To monitor lipid extraction from liposomes, 10 µM Mmm1-Mdm12 complex16 was mixed with 
200 µM donor liposome, whose lipid composition is POPC (Avanti)/the isolated 1-PCs or 2-PCs 
= 80/20, in 150 µL TBS (20 mM Tris-HCl, 150 mM NaCl, pH 7.5) and incubated at 37 °C for 30 
min. After incubation, the reaction mixtures were put into 5 mL of an ultracentrifuge tube and 
mixed with 300 µL TBS containing 60% (wt/vol) sucrose. The mixture was subsequently 
overlaid by 2 mL TBS containing 30% (wt/vol) sucrose, 2 mL TBS containing 10% (wt/vol) 
sucrose, and then 550 µL TBS without sucrose. After ultracentrifugation at 200,000 g for 1.5 h, 
protein-containing fractions were analyzed by fluorescence excited at 480 nm and observed at 
534 nm for 1-PCs or at 560 nm and observed at 570 nm for 2-PCs, with a FP-6500 
spectrofluorometer (JASCO).  
 
 
FRAP analysis 
HeLa cells were labelled with 1 as described in Methods section. Bleaching was performed with 
a circular spot (diameter : 3.16 µm) using 488 nm laser operating at 100% laser power for 30 
times with a Carl Zeiss LSM800. Fluorescence recovery was monitored at 5 sec intervals. The 
diffusion coefficient (D) was calculated by fitting the raw data to a single exponential 
association equation and a two-dimensional diffusion equation described below.42 
 
Ft = F0 + (Fmax - F0)(1 - e-kt) 
t  = ln 2/k 
D = (r2 g)/(4t ) 
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Ft is the corrected fluorescence recorded from region of interest (ROI) at time t. F0 and Fmax are 
the fluorescence values obtained by extrapolation to immediately after the bleach and at infinite 
time after recovery, respectively. t is the half-time for recovery. k is the first-order rate constant 
for recovery. r is the radius of the beam. g is a correction factor for bleaching. All results are 
expressed as means ± S.D.  
 
Evaluation of nonspecific reaction to proteins with OCRs 
HeLa cells (5.0 × 106 cells) were cultured in DMEM on 35 mm dishes under a humidified 
atmosphere of 5% CO2 in air at 37 °C for 48 h. After N3-Cho incorporation, the cells were 
incubated in serum free DMEM containing OCRs (100 nM) for 15 min or control compounds 
(ERM 612 and MRM1a15, 10 µM) for 3 h. The cells were washed twice with chilled PBS and 
lysed by sonication in 200 µL of RIPA buffer (25 mM Tris, 150 mM NaCl, 1% Nonidet P-40, 
4% Sodium dodecyl sulfate, 1% sodium deoxycholate, pH 7.6) containing 1% protease inhibitor 
cocktail set III (Novagen) at 4 °C. Concentration was measured with BCA assay kit (Thermo 
Fisher Scientific) and the solution was boiled in 2 × SDS-PAGE loading buffer (125 mM Tris, 
10% glycerol, 0.01% bromophenol blue, 0.1% SDS, pH 6.8) containing 200 mM DTT for 5 min. 
The samples were resolved by SDS-PAGE, and the labelled proteins were visualized by 
LAS4000 fluorescence gel imager. 
 
Hydrolysis of labelled PCs by lipase 
The isolated 1-PCs or 2-PCs (20 pmol) were dissolved in 10 µL of EtOH. To this solution, a 90 
µL of 0.1 M KH2PO4 buffer (pH 7.0) containing 90 µg of lipase (Wako, #122-02651) was added. 
The mixture was incubated at 37 °C for 24 h. The reaction mixture was mixed with 10 uL of 1:1 
CHCl3/MeOH solution and spotted on TLC. The TLC was developed with 
chloroform-methanol-28% ammonia (14:5:1, v/v). 
 
Hydrolysis of labelled PCs by PLC 
The isolated 1-PCs or 2-PCs (80 pmol) were dissolved in 10 µL of EtOH. To this solution, add 
30 µL of a reaction buffer (25 mM Tris-HCl, 3.2 mM CaCl2, pH 7.3) containing 10 µg of PLC 
(Sigma, P4039) was added. The mixture was incubated at 37 °C for 1 h. The reaction mixture 
was mixed with 10 uL of 1:1 CHCl3/MeOH solution and spotted on TLC. The TLC was 
developed with chloroform-methanol-28% ammonia (14:5:1, v/v). 
 
Electron microscopy 
After mitochondrial PC labelling with 2, the cells were fixed with 4% paraformaldehyde/1 % 
glutaraldehyde mixture in 0.1 M sodium phosphate (pH7.4) for 30 min at room temperature, 
followed by overnight at 4 °C. The samples were post-fixed with 1% osmiumtetraoxide in 0.1 M 
phosphate buffer, dehydrated with a graded series of ethanol, and embedded in epoxy-resin 
Luveak (NacalaiTesque). Ultra-thin sections were prepared on an ultramicrotome (EM 
UC6 ;Leica, Heiderberg, Germany) and mounted on 200-mesh nickel grids coated with collodion 
(Nisshin EM Co., Ltd., Tokyo, Japan). The grids were incubated in 20% normal goat serum 
(NGS) in PBS for 10 min at room temperature. After washing with PBS, the grids were stained 
with anti-tetraethylrhodamine antibody15 (x250 dilution with 2% NGS), followed by anti-rabbit 
IgG 10 nm gold preadsorbed (abcam, ab27234, x100 dilution with 2% NGS). After washing with 
PBS and 0.1 M phosphate buffer, the samples were fixed with 1 % glutaraldehyde in 0.1 M 
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sodium phosphate, rinsed in distilled water, counterstained with uranyl acetate and lead citrate 
for 30 min, and observed under an electron microscope (H-7650, Hitachi Tokyo, Japan).  
 
Flow cytometry 
K562 cells were cultured on non-treated cell culture dishes (IWAKI) in choline-free RPMI-1640 
(Wako) supplemented with 1% Penicillin-Streptomycin (Wako) and 10% fetal bovine serum 
(FBS, Sigma) under a humidified atmosphere of 5% CO2 in air at 37 °C for 18 h. The cells  (3 × 
104 cells) were incubated in the culture medium containing N3-Cho (500 µM) for 0–12 h, then 
washed with the medium containing 4% FBS and further incubated at 15 °C for 15 min. The 
cells were subsequently incubated in the medium containing AFDye 405-DBCO (Fluoroprobes, 
100 µM) at 15 °C for 30 min, washed with ice-cold medium containing 10 % FBS, and analyzed 
by a flow cytometer (SONY, MA900).  
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