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Abstract 

Lysosomes are central catabolic organelles involved in lipid homeostasis and their 

dysfunction is associated with pathologies ranging from lysosomal storage disorders to 

common neurodegenerative diseases. The mechanism of lipid efflux from lysosomes is 

well understood for cholesterol, while the export of other lipids, particularly sphingosine, 

is less well studied. To overcome this knowledge gap, we have developed 

functionalized sphingosine and cholesterol probes that allow us to follow their 

metabolism, protein interactions as well as their subcellular localization. These probes 

feature a modified cage group for lysosomal targeting and controlled release of the 

active lipids with high temporal precision. An additional photo-crosslinkable group 

allowed for the discovery of lysosomal interactors for both sphingosine and cholesterol. 

In this way, we found that two lysosomal cholesterol transporters, NPC1 and LIMP-

2/SCARB2, also directly bind to sphingosine. In addition, we showed that absence of 

either protein leads to lysosomal sphingosine accumulation which suggests a 

sphingosine transport role of both proteins. Furthermore, artificial elevation of lysosomal 

sphingosine levels impaired cholesterol efflux, consistent with sphingosine and 

cholesterol sharing a common export mechanism.  
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Introduction 

Lipid homeostasis is maintained by an intracellular network of enzymes and regulated 

by organelle-to-organelle communication. Within this network, the lysosome plays a 

central role as host for degradation, recycling and trafficking of biomolecules such as 

proteins, nucleic acids and lipids (Ballabio & Bonifacino, 2020). Lysosomal dysfunction 

manifests in severe human pathologies known as lysosomal storage diseases (LSDs) 

which are often associated with lipid and particularly sphingolipid accumulation (Platt, 

2018; Marques & Saftig, 2019). 

Cholesterol is one well-studied lipid that relies on lysosomal trafficking. Dietary 

cholesterol reaches its target cells in plasma-low-density lipoprotein form (LDL). Upon 

endocytosis, LDL is hydrolysed in lysosomes, triggering release of free cholesterol 

(Brown & Goldstein, 1986). Subsequently, lysosomal cholesterol is transported to the 

plasma membrane (PM) or endoplasmic reticulum (ER). At the ER, sterol levels are 

sensed and cholesterol biosynthesis is regulated accordingly (Goldstein et al, 2006). 

Excess cholesterol is converted into cholesteryl esters for storage in lipid droplets 

(Thiele & Spandl, 2008). The exact mechanism of cholesterol egress from endocytic 

organelles to the ER or PM compartment is not fully elucidated. However, a substantial 

body of evidence implicates Niemann-Pick type C1 and C2 proteins (NPC1 and NPC2) 

in lysosomal cholesterol traffic (Xu et al, 2007; Infante et al, 2008; Nguyen Trinh et al, 2018; 

Meng et al, 2020). Aside from transporting cholesterol towards the lysosomal limiting 

membrane via a hydrophobic, intramolecular tunnel (Winkler et al, 2019). NPC1 has 

further been shown to form organelle contact sites with ER-resident proteins such as 

ORP5 (Du et al, 2011) or Gramd1b (Höglinger et al, 2019). This tethering function of NPC1 

may further contribute to its importance in lysosomal cholesterol efflux from the 

lysosome to the ER. Alternatively, cholesterol can exit the lysosome through lysosomal 

integral membrane protein 2 (LIMP-2/SCARB2) which also features a hydrophobic 

intramolecular tunnel (Neculai et al, 2013).  

 

While post-lysosomal cholesterol traffic has been extensively studied (Meng et al, 2020; 

Schoop et al, 2021), other lipids are also degraded in the lysosome. Here, the biologically 

active class of sphingolipids are of interest, given that a large number of LSDs feature 
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lysosomal sphingolipid accumulation. Glycosphingolipid (GSL) catabolism proceeds 

through internalisation of the PM and the recycling of membrane components through 

the endo-lysosomal degradation pathway (Futerman & Riezman, 2005). Here, 

sphingomyelin (SM) and GSLs reach the lysosome and are degraded to form ceramides 

(Hannun & Obeid, 2008). In the last step of lysosomal sphingolipid catabolism, ceramides 

(Cer) are hydrolysed to form sphingosine (Sph) (Hannun & Bell, 1989), the backbone of 

all sphingolipids. Sphingosine can either be recycled back into the sphingolipid 

biosynthetic pathway (Kitatani et al, 2008) or phosphorylated to form sphingosine-1-

phosphate and be degraded through the actions of sphingosine-1-phosphate lyase 

(SGPL1). Breakdown products of this degradation pathway can feed into the 

glycerolipid synthesis pathway (Bektas et al, 2010). While much is known about the 

enzymes involved in sphingolipid catabolism, the machinery responsible for lysosomal 

sphingolipid export is completely unknown. This can be attributed to a lack of functional 

tools to investigate sphingolipids on a single-organelle and single lipid species level. 

 

To date, several tools such as fluorescent, isotope-labelled or bi-functional lipids have 

been used to follow sphingolipid metabolism and localisation (Haberkant et al, 2016; 

Bockelmann et al, 2018). Covalently-labelled fluorescent lipids contain fluorescent dyes 

such as fluorescein, nitrobenzoxadiazole (NBD), pyrene and BODIPY-like structures 

attached to their acyl chain or head group have been reported (Pagano et al, 2000; 

Schwarzmann et al, 2014). However, these constructs exhibit several drawbacks, such as 

aberrant membrane integration, mislocalisation, poor solubility and cell uptake (Ashcroft 

et al, 1980; Chattopadhyay, 1990; Maier et al, 2002). Bi-functional lipids (Haberkant et al, 

2013, 2016) on the other hand have become popular compounds used to circumvent the 

problems associated with fluorescent lipids. These lipids combine a photocrosslinkable 

group, which allows crosslinking upon short-wavelength UV illumination, with an alkyne 

or azide group for subsequent staining or enrichment of lipid-protein complexes. One 

major drawback is that these lipids are rapidly metabolized after addition to cells, giving 

rise to a host of modified lipid metabolites. This hinders the study of small bioactive 

sphingolipids such as sphingosine, which, due to their potent signalling properties, are 

rapidly metabolized or degraded by the cell (Haberkant et al, 2016). To circumvent rapid 
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metabolism, tri-functional lipids have been developed, where photocleavable protection 

(or ‘cage’) groups allow for equal loading of all cells before the active lipid probes can 

be released by a flash of longer-wavelength UV light (Höglinger et al, 2014, 2017). This 

strategy achieves a rapid burst of the lipid probe with high spatial and temporal 

resolution. Additionally, using an inherently fluorescent cage group such as coumarin 

allows the visualisation of the probe’s localisation before uncaging. However, it was 

shown that the cage group associates nonselectively with all internal membranes and 

therefore artificially mislocalizes the lipid of interest (Höglinger et al, 2017). As such, tri-

functional lipids are not well-suited to study questions related to inter-organellar transfer. 

However, an additional strategy has recently been described to overcome this technical 

problem and achieves organelle specificity. Here, slight chemical modifications to the 

coumarin cage group led to their pre-localisation to different organelles such as the 

plasma membrane, mitochondria or lysosomes (Nadler et al, 2015; Wagner et al, 2018). So 

far, organelle-targeting of caged lipids has only been applied to non-functionalized or 

deuterated lipids (Wagner et al, 2018; Feng et al, 2019a, 2019b).  

 

In this study, we combine the advantages of tri-functional and organelle-targeted lipids 

to create versatile tools for the visualisation of single lipids and for the identification of 

their protein interactome at the single-organelle level. We synthesised and applied 

lysosome-targeted photoactivatable and crosslinkable (pac) sphingosine (lyso-pacSph) 

and cholesterol (lyso-pacChol) to address outstanding questions regarding post-

lysosomal sphingolipid trafficking and metabolism. These multi-functional tools allow us 

to (i) pre-localise sphingosine and cholesterol probes into lysosomes, (ii) screen for 

lysosomal protein-lipid interactors, (iii) follow their post-lysosomal metabolic fate by thin-

layer chromatography (TLC) and (iv) visualise time-resolved lipid localization by 

confocal microscopy. We demonstrate the suitability of such a design by using lyso-

pacSph to identify bona fide sphingosine transporters and show a surprising 

commonality in lysosomal sphingosine and cholesterol export routes.  

 

Results 
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Synthesis and characterisation of lysosome-targeted pacSphingosine and 

pacCholesterol probes 

We have designed lyso-pacSph and lyso-pacChol to feature four functionalities: (i) a 

photoactivatable diazirine ring for UV-dependent photocrosslinking, (ii) a clickable 

alkyne group which allows post-crosslinking functionalization of the lipid with 

fluorophores or biotin (Haberkant et al, 2013) and a (iii) photocleavable protecting group 

(cage) (Höglinger et al, 2017) equipped with a (iv) tertiary amine lysosomal targeting 

group. This targeting group is protonated at endo/lysosomal pH (4.5 – 6.5) and retained 

in the acidic environment of late endosomes and lysosomes (Kaufmann & Krise, 2007). 

This design ensures that all probe molecules are delivered to lysosomes before a flash 

of light (‘uncaging’) releases the active lipid species. We initially synthesised the lyso-

coumarin caging group (4) from a previously described 7-ethylamino-coumarin 

precursor (Wagner et al, 2018) and added a dimethylamine-containing linker to 

incorporate the targeting group. Next, we coupled this cage to commercially available 

pacSph and pacChol (Hulce et al, 2013) through respective carbamate and carbonate 

linkages in order to afford the lyso-pacSph (5) and lyso-pacChol (6) with 99% and 96% 

yield, respectively (Fig. 1A) 

 

Following synthesis of the compounds we investigated cellular uptake of these newly 

synthesised probes by live-cell confocal microscopy using the inherent fluorescence of 

the coumarin cage group. We found that both probes were readily taken up by HeLa 

cells over a wide range of concentrations from 750 nM to 10 µM after 60 mins of 

labelling (Fig. EV1A). Interestingly, lyso-pacChol showed an immediate vesicular 

localization at all investigated concentrations, whereas lyso-pacSph was distributed to 

all internal membranes. To improve the subcellular localization of lyso-pacSph, we next 

varied probe-free incubation (‘chase’) times ranging from 0 min to 18 h (Fig. EV1B). 

Lyso-pacChol remained located in vesicles at all chase times, but lyso-pacSph required 

longer chase times with exclusive vesicular localization obtained after 18 h of chase. 

Using these optimised, 18 h-chase conditions for both probes, we then investigated 

whether the vesicles stained with lyso-pacSph and lyso-pacChol were indeed 

lysosomes. We found that the fluorescent coumarin pattern of the lyso-probes 
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overlapped completely with LysoTracker signal as quantified using Pearson’s 

correlation coefficient (PCC) with values of 0.84 or higher (Fig. 1B and C).  

 

Given that long chase times were required to achieve optimal lysosomal localisation of 

lyso-pacSph, we next investigated the stability of the lyso-probes to withstand the 

activities of lipases and esterases found in the lumen of lysosomes prior to their 

uncaging. To this end, we pulsed and chased HeLa cells with both lyso-probes for up to 

24 h, extracted the lipids and added a commercially available fluorophore to the alkyne 

group by means of click chemistry. TLC analysis showed that no additional bands 

appeared during 24 h of chase times (Fig. EV1C and D), confirming that the lyso-

probes are inert and not subject to cellular metabolism whilst in their caged form. To 

evaluate the photo-cleavage efficiency of the lyso-probes, we performed uncaging 

experiments of both lyso-probes in aqueous solution with increasing duration of UV 

irradiation (405 nm).  Here, TLC analysis showed that 60-90 seconds were sufficient to 

photocleave (‘uncage’) almost all probe molecules and release the active lipid species 

(EV1E). Having optimized the uncaging step, we next studied the metabolic 

consequences of uncaging the lipid probes in living cells. TLC analysis of lyso-pacSph 

(Fig. 1D) and lyso-pacChol (Fig. 1E) again showed that incubation without uncaging (-

UV) does not release the active (pac) lipid species, whereas immediately after uncaging 

(0’) only the active species pacSph and pacChol could be detected. When incubating a 

further 60 min after uncaging (60’) however, the modified lipids were further 

incorporated into their respective downstream metabolites. Lyso-pacSph was converted 

to ceramide (Cer), sphingomyelin (SM) and to a significant degree to 

phosphatidylcholine (PC), a product of the sphingosine-1-phosphate lyase (S1PL)-

dependent breakdown pathway (for identification of the bands with their respective 

standards, see Fig. EV1F). In further experiments, to avoid the incorporation of the 

labelled sphingosine backbone into abundant glycerolipids, a SGPL1-deficient HeLa cell 

line (Gerl et al, 2016) was employed, thereby limiting experimental readouts to lipid 

species containing the sphingosine backbone. Lyso-pacChol on the other hand was 

metabolized fairly slowly and to only one further species, a cholesterol-ester. Therefore, 

all further experiments using Lyso-pacChol were carried out in HeLa WT cells. 
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Together, these data showed that the sphingosine and cholesterol analogues released 

inside lysosomes closely resemble their endogenous counterparts and readily 

participate in their respective metabolic pathways, in accordance with previous studies 

using tri-functional sphingosine (Höglinger et al, 2017) and bi-functional cholesterol 

(Höglinger et al, 2019). 

 

Suitability of Lyso-pacSph and Lyso-pacChol to investigate lysosomal protein-

lipid interactions. 

We next investigated the usefulness of these stable lysosome-targeted probes in 

studying subcellular protein-lipid interactions. To this end, we compared the non-caged 

pacSph and pacChol probes (Haberkant et al, 2016; Hulce et al, 2013), which upon 

addition to the medium are taken up and globally distributed throughout the cell, with 

our newly synthesised lyso-probes. Both versions of probes were subjected to a 

workflow consisting of metabolic labelling, uncaging and crosslinking photoreactions, 

enrichment of the protein-lipid complexes by streptavidin-mediated immunoprecipitation 

and analysis by Western Blot (Fig. 2A). In this way, we could reveal all biotinylated 

protein-lipid complexes by using fluorescent streptavidin (Fig. 2B). As expected, the 

lysosomal probes gave rise to a reduced subset of cross-linked partners compared to 

their globally distributed counterparts. However, several bands (marked with red arrows) 

could only be detected using the lysosomal probes, highlighting the sensitivity of this 

method to capture scarce or brief interactions which would be missed when using non-

prelocalised probes.  

 

Next, we tested whether this workflow was suitable to enrich known lysosomal proteins 

and investigated the well-studied lysosomal cholesterol-binding proteins NPC1, LAMP1 

and LIMP-2/SCARB2 by immunoblotting following Streptavidin-mediated 

immunoprecipitation (Fig. EV2A). Encouragingly, all three investigated proteins could 

be detected in eluate (‘E’) fractions of both pacChol as well as lyso-pacChol treated 

samples, whereas they were absent in the eluate fractions of –UV samples, where the 

photocrosslinking step was omitted. This supports that the established workflow can 

specifically detect lysosomal protein-lipid interactions. 
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As a further challenge to the spatio-temporal resolution, we next studied the availability 

of lyso-probes to non-lysosomal proteins. To this end, we investigated whether lyso-

pacSph was able to interact with an ER-resident protein, ceramide synthase 5 (CerS5, 

Fig. 2C). Given that sphingosine is a substrate of CerS5, we unsurprisingly detected 

CerS5 in the eluate fractions of samples treated with the globally distributed pacSph. 

However, samples collected immediately upon uncaging of lyso-pacSph (0 min chase) 

did not reveal CerS5 in the elution fraction, further supporting the exquisite time-

sensitivity of this assay. However, when a 15 min incubation was added upon uncaging, 

CerS5 could once again be detected in the elution fraction, indicating a successful 

transport of the lyso-pacSph probe to the ER. Together, these data highlight the 

suitability of the lyso-probes to specifically detect lipid interacting proteins with a high 

spatial and temporal control.  

 

Chemoproteomic profiling of Lyso-pacSph and Lyso-pacChol  

Next, we set out to explore lysosomal interactors of sphingosine and cholesterol in an 

unbiased fashion. At 0 min post-uncaging to ensure maximum lysosomal localization, 

we again used the lyso-probes in the workflow based on streptavidin-mediated 

immunoprecipitation, but now we analysed the eluates by tandem-mass tag (TMT)-

based quantitative proteomics. Comparison of crosslinked (+UV) with non-irradiated (-

UV) samples gave a small subset of proteins which passed the strict threshold of a false 

discovery rate (FDR) below 0.01 and a fold-change of 1.5 (Fig. 2D, for a list of hit 

proteins, see Fig. EV2C and D). For lyso-pacChol-treated cells, we found known 

lysosomal cholesterol interactors such as NPC1, LAMP1 (Kwon et al, 2009; Li & Pfeffer, 

2016) among 12 candidate hits. Only six of those had been previously identified using 

the non-prelocalized pacChol probe (Hulce et al, 2013). Lyso-pacSph-treated samples 

gave only six candidate proteins. Two of those proteins (SCARB1 and TTYH3) are 

annotated as plasma membrane proteins. Among the other four candidates, we found 

NPC1 and LIMP-2/SCARB2 as potential sphingosine interactors, two proteins that were 

previously implicated in lysosomal cholesterol egress. We next validated the 

sphingosine interaction with NPC1 and LIMP-2/SCARB2 by immunoprecipitation and 
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Western Blot analysis and indeed found that both probes were efficiently pulled down 

with both, the globally distributed pacSph as well as with lyso-pacSph (Fig. EV2B), 

further strengthening both proteins as novel sphingosine-interactors.  

 

Metabolic fate of lysosomal cholesterol and sphingosine 

Next, we were curious to study the metabolic fate of the lyso-probes and, in particular, 

whether the newly identified sphingosine interactors NPC1 and LIMP-2/SCARB2 

affected the kinetics of post-lysosomal cholesterol and sphingosine metabolism. To this 

end, we performed pulse-chase experiments in which we incubated WT, NPC1-/- 

(Tharkeshwar et al, 2017)and LIMP-2/SCARB2-/- HeLa cells with both lyso-probes for 

different times after uncaging and analysed the resulting modified lipids by thin-layer 

chromatography. Of note, this experiment does not feature a crosslinking step and 

therefore the time-resolution is decreased as additional minutes are needed to collect 

cells and perform lipid extraction. As expected, lyso-pacChol-labelled cells showed a 

time dependent increase in cholesterol-ester (Fig. 3A). This progressive incorporation 

of cholesterol into cholesterol-esters is severely reduced and delayed in NPC1-/- as well 

as LIMP-2/SCARB2-/- HeLa cells (Fig. EV3A and B quantified in Fig. 3B) in line with 

previous studies showing a lysosomal export defect of cholesterol under these 

conditions (Hölttä-Vuori et al, 2008; Heybrock et al, 2019). WT Cells labelled with lyso-

pacSph showed extremely rapid metabolic conversions (Fig. 3C) where the precursor 

was incorporated into higher sphingolipids such as ceramide, but also degraded via the 

S1PL-pathway, yielding a small portion of labelled phosphatidylcholine and 

phosphatidylethanolamine at the earliest timepoint. Conversely, NPC1-/- cells showed 

less rapid conversions at the earliest timepoint as shown by high initial sphingosine 

levels in the quantification of sphingosine as percentage of total labelled lipids (Fig. 3D 

and Fig. EV3C). Furthermore, NPC1-/- cells exhibited a delayed decrease in Sph levels 

compared to WT cells, consistent with a potential transport defect. LIMP-2-deficient 

cells, on the other hand, featured slightly elevated initial sphingosine levels (Fig. EV3D) 

but their time-dependent decrease followed the same kinetics as in WT cells. Together, 

loss in lysosomal proteins NPC1 and LIMP-2/SCARB2 significantly impacted post-
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lysosomal cholesterol metabolism, whereas sphingosine metabolism was found to 

generally proceed much faster and depend more on NPC1 than LIMP-2/SCARB2.  

 

 

Lysosomal egress and subcellular localisation of sphingosine and cholesterol 

across organelles in NPC1 and LIMP-2/SCARB2 deficient cells 

Next, we visualised the time-dependent changes in subcellular localisation of lyso-

probes by confocal microscopy in order to investigate whether lysosomal egress was 

indeed delayed as suggested by the TLC studies. To this end, we took advantage of the 

versatility of the clickable-group to attach a fluorophore as another reporter molecule in 

pulse-chase experiments (Fig. 4A and C). In WT cells labelled with lyso-pacChol, a 

predominantly lysosomal localisation was visible at 0 mins, followed by staining of 

internal membranes, the Golgi apparatus and the plasma membrane after 30 mins. At 

60-90 mins, some of the probe localised to lipid droplets (for co-localisation with 

respective organelle markers, see Fig. EV4.1A), likely in form of cholesterol esters. In 

accordance with previous studies (Carstea, 1996; Saha et al, 2020), cells lacking NPC1 

showed a significant retention of the lyso-pacChol probe in lysosomes for up 90 mins 

(Fig. 4B). LIMP-2/SCARB2-/- cells on the other hand showed an intermediate phenotype 

with internal membranes stained with similar kinetics as in WT cells, yet some 

lysosomes were visible throughout the 90 mins time course (Fig. EV4.1C, quantification 

in Fig. 4B). This could potentially point towards different populations of lysosomes, one 

population with a functional cholesterol export route (arguably via NPC1 to the ER) and 

a smaller population with defective cholesterol export mediated by LIMP-2/SCARB2.  

We next utilised lyso-pacSph to study the yet unexplored lysosomal export of 

sphingosine (Fig. 4C, for co-localisation see Fig. EV4.2). In WT cells, sphingosine re-

localised from lysosomes to predominantly Golgi membranes at 30 mins (Fig. EV4.2A 

and B) while at later timepoints, much of the initial signal intensity was lost, consistent 

with efflux or effective catabolism of the sphingosine probe. In NPC1-/- cells, a striking 

sphingosine storage phenotype was observed with lysosomes stained for the entire time 

course and only a small part of the probe localizing to other internal membranes (Fig. 

EV4.2C). This observation was corroborated by a continuously high Pearson coefficient 
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throughout the time course (Fig. 4D). LIMP-2/SCARB2-/- cells, again, showed an 

intermediate phenotype with a partial export to internal membranes and partial storage 

in a small subset of lysosomes (Fig. EV4.2D). Together, these data show another 

surprising commonality between sphingolipid and cholesterol trafficking such that 

absence of previously known cholesterol transporters NPC1 and LIMP-2/SCARB2 also 

affect the kinetics of sphingosine export.  

 

Sphingosine transport defect is a direct consequence of NPC1 dysfunction  

To further investigate the prominent sphingosine storage phenotype in NPC1-deficient 

cells and to exclude that the observed phenomenon was a downstream effect caused 

by long-term adaptation in our particular NPC1-/- cell line, we next evaluated 

pharmacological inhibition of NPC1 in WT cells by acute treatment with U18666A. This 

drug has been shown to inhibit the sterol-sensing domain of NPC1 and to block 

cholesterol export (Lu et al, 2015). Repeating the lyso-pacSph pulse-chase experiment in 

the presence of U18666A showed that, again, sphingosine export from lysosomes was 

severely delayed compared to WT cells (Fig.5A, quantified in Fig. 5B), albeit to a 

slightly lesser degree than in a genetic knock-out model. To challenge whether the 

observed sphingosine storage was a primary effect due to loss of NPC1 or a secondary 

effect created by NPC1-induced cholesterol accumulation and a potentially resulting 

reduced capacity of lysosomes to export sphingosine, we subjected NPC1-/- cells to 

starvation by growing them in lipoprotein-deficient medium. This treatment drastically 

reduced lysosomal cholesterol levels as revealed by Filipin staining (Fig. EV5A, 

quantified in Fig. EV5B). Investigating lyso-pacSph efflux under these conditions 

revealed that sphingosine still remained trapped in lysosomes for the duration of the 

time course in the same degree as non-starved NPC1 cells (Fig. 5A, quantified in 5B), 

arguing for a direct effect of NPC1 on sphingosine transport. To further challenge this 

hypothesis, we attempted to recreate an NPC1-like phenotype in a WT background by 

artificially increasing lysosomal lipid levels. To this end, we synthesised new 

lysosomally pre-localised probes lyso-Sph and lyso-Chol (Fig. 5C). These probes 

feature the same cage group and lysosomal targeting groups, but lack the crosslinkable 

and clickable groups found in lyso-pacSph and lyso-pacChol. Applying these probes in 
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combination with lyso-pacSph and lyso-pacChol, respectively, allowed us to pre-load 

lysosomes with two different lipids at the same time. Upon uncaging, both lipid types 

were released at the same time, yet we followed only the localisation of the lyso-

pacLipids by virtue of their clickable group (schematically illustrated in Fig. 5D). Initially 

we applied lyso-pacSph together with a 20-fold excess of lyso-Chol to investigate 

whether sphingosine export was delayed in presence of a large excess of cholesterol 

(Fig. 5E). Co-localisation analysis between the sphingosine probe and LAMP1 as 

performed by Pearson’s correlation coefficient (Fig. 5F) showed no detectable 

difference in sphingosine export with or without excess cholesterol. When inverting the 

experiment, i.e., flooding the lysosome with a 20-fold excess of sphingosine and 

following the export of lyso-pacChol, however, we could detect a delay in cholesterol 

export in the presence of sphingosine (Fig. 5G, quantified in Fig. 5H). These data 

further support the hypothesis that the sphingosine storage phenotype observed in 

NPC1-/- cells was not a secondary consequence of cholesterol accumulation, but rather 

that increasing lysosomal sphingosine concentration induced an NPC1-like delay in 

cholesterol export.  

 

Discussion 

In this study, we combine the concepts of tri-functional lipids with organelle targeting to 

achieve exquisite spatiotemporal control over these probes. Upon pre-localisation of 

lipids within lysosomes in their caged and therefore inactive state, rapid release by a 

flash of light provides a synchronized starting point for tightly controlled pulse-chase 

experiments. This is particularly important for the study of signalling active lipids which 

are subject to rapid metabolism and degradation. In principle, this design is not 

restricted to lysosomes. The chemistry required for targeting other organelles such as 

the plasma membrane, ER, lipid droplets, mitochondria and Golgi is well established 

(Xu et al, 2016) and has even been applied to the pre-localisation of lipids (Wagner et al, 

2018; Feng et al, 2019a). The tremendous stability of pre-localised lipids to withstand 

hydrolytic enzymes in their caged state - up to 24 h in this study – allowed the 

optimization of chase times to achieve exclusive organellar localisation. To our surprise, 

the small and soluble lipid lyso-pacSph required long chase times (> 4 h, best 
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localisation at 18 h) for optimal lysosomal staining whereas the bulkier lyso-pacChol 

probe already displayed lysosomal localization after short labelling times. The reasons 

for such differential targeting kinetics are unclear. The lysosomotropism of exogenous 

molecules is dependent on a number of physicochemical parameters (such as pKa and 

lipophilicity) such that the behaviour of novel compounds is difficult to predict. However, 

this is a large area of research, especially in pharmacokinetics, where detailed 

mathematical models exist to explain these phenomena (Zhang et al, 2008). 

 

Having optimized the pre-uncaging localizations of all probes, we applied our lyso-pac-

lipids to studying the mechanisms of sphingosine exit from lysosomes. This is an 

important step in sphingolipid homeostasis and it is estimated that the so-called salvage 

pathway, that is, the reutilization of sphingosine in sphingolipid biosynthesis, utilises up 

to 50-90 % of the lysosomally-derived sphingoid base pool (Gillard et al, 1998; Kitatani et 

al, 2008). However, to date to the best of our knowledge, the molecular mechanism of 

lysosome-ER traffic of spingosine for both the salvage but also the SGPL1-dependent 

breakdown pathway is completely unclear. A recent study in yeast identified an ER-

lysosomal tethering protein, Mdm1 which facilitated the incorporation of lysosomal 

sphinganine into dihydroceramide (Girik et al, 2021). This points towards a requirement 

for organelle contact sites in the traffic of Sph and argues for the presence of dedicated 

sphingosine transporters, similar to other lipids such as cholesterol (Antonny et al, 2018) 

or diacylglycerols (Saheki et al, 2016) which depend on the actions of lipid transport 

proteins such as OSBP or E-Syts for their trafficking between organelles.  

 

To our surprise, our chemoproteomic screen identified two well-known cholesterol-

binding proteins, NPC1 and LIMP-2/SCARB2, as sphingosine interactors. Both proteins 

have been described to feature hydrophobic cavities (‘tunnels’) through which 

cholesterol can pass (Neculai et al, 2013; Winkler et al, 2019). Interestingly, LIMP-2 was 

found to bind other lipids besides cholesterol such as PS (Conrad et al, 2017), hinting a 

broader specificity. NPC1 on the other hand, has not yet been studied with respect to its 

substrate specificity. However, patients suffering from NPC1 disease feature 

accumulation of not just cholesterol, but multiple lipids within lysosomes. Most notably, 
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the levels of Sph are significantly increased in multiple tissues in a manner that is 

unique to NPC1 disease compared to all other sphingolipidoses (Rodriguez-Lafrasse et al, 

1994). Together with our finding that lyso-pacSph crosslinked to NPC1, it seems likely 

that the lipid binding specificity of NPC1 goes beyond sterols as well. Based on the 

structures of both proteins, NPC1 (Winkler et al, 2019) and LIMP-2/SCARB2 (Neculai et 

al, 2013), we hypothesize that sphingosine could fit into the respective cholesterol 

binding pocket, which raises exciting questions about how this competition and the 

relative levels of the two lipids in the lysosome would influence their mechanism of 

transport.  

 

We then investigated whether NPC1 could not only bind, but also traffic Sph out of the 

lysosomes. The notion of NPC1 as a Sph transporter was proposed following the 

findings that exogenous addition of Sph could induce an NPC1 phenotype in healthy 

cells and that pharmacological inhibition of NPC1 in cell culture resulted in sequential 

elevation of multiple lipids with Sph being the first to accumulate (Lloyd-Evans et al, 

2008). However, other studies featuring pulse-chase experiments with radiolabelled 

sphingosine did not find evidence of a Sph trafficking defect in NPC1-deficient cell 

models (Blom et al, 2012), potentially because of the hour-long time courses employed. 

In our hands, several lines of investigations support the hypothesis that NPC1 is 

capable of trafficking Sph. First, metabolic labelling studies in NPC1-/- showed a delayed 

post-lysosomal metabolism of Sph. Secondly, visualization of lyso-pacSph revealed a 

strikingly prolonged lysosomal staining in NPC1-/- or U18666A-treated cells upon 

uncaging. In fact, Sph was stained within lysosomes for the entire duration of the 

experiments (going up to 4h) while WT cells cleared all lysosomal lyso-pacSph within 30 

mins upon uncaging. And thirdly, we could confirm that uncaging of an excess of 

lysosomally-prelocalized Sph indeed led to delayed export of cholesterol, whereas the 

inverse experiment (releasing excess cholesterol) did not cause any delay in Sph 

export. This last finding could suggest that Sph is preferentially trafficked by NPC1 or 

that the binding of Sph to NPC1 is stronger than that of cholesterol. It is tempting to 

speculate about a model in which NPC1 is a cholesterol-regulated protein that is able to 
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move other substrates, including sphingosine, to the limiting membrane of the lysosome 

for transport at lysosome-ER contact sites(Höglinger et al, 2019) 

 

In conclusion, the presented method to study single lipids with subcellular resolution 

gave new insights into the previously understudied lipid Sph. Similar to cholesterol, Sph 

can exit the lysosomes via at least two proteins LIMP-2/SCARB2 and NPC1, likely using 

their hydrophobic tunnels for delivery to the limiting membrane of the lysosome. From 

there, it is tempting to speculate that dedicated lipid transport proteins would also 

shuttle Sph from lysosomes to other organelles at dedicated contact sites. The current 

dataset did not give hints towards potential inter-organellar transporters, potentially 

because the crosslinking was performed immediately upon uncaging and resident 

lysosomal proteins were preferentially identified. Owing to the flexibility of our design 

featuring two photoreactions, this timing could readily be changed to longer intervals to 

allow for trafficking between organelles to occur in order to capture possible post-

lysosome Sph transporters. We expect these tools to be broadly applicable not only to 

the study of sphingolipid export and related diseases and hope that this design sparks 

the generation of related tools to tackle questions regarding intraorganellar transfer of 

many different lipid species.  
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Figure Legends 
 
Figure 1. Synthesis, sub-cellular localisation and characterisation of lysosome-targeted 
pacSphingosine and pacCholesterol probes. 
A. Synthesis of lysosome-targeted coumarin cage (Lyso-Coumarin, 4), lysosome-targeted 
pacSphingosine (Lyso-pacSph, 5) and lysosome-targeted pacCholesterol (Lyso-pacChol, 6) and 
annotation of the functional groups by color-coded legend. B, C. Lysosomal localization of lyso-
probes. Confocal images of coumarin fluorescence in HeLa cells pulsed with Lyso-pacSph or 
Lyso-pacChol (10 µM) for 1h and 45 min respectively, chased overnight and incubated with 
LysoTracker Red (100 nM) 30 min previous to imaging. Scale bar: 10 µm. Pearson correlation 
coefficient (PCC) of non-thresholded images calculated using the Coloc 2 feature from ImageJ. 
Lyso-probe: cyan, LysoTracker Red: magenta. D, E. Thin-layer chromatography (TLC) of HeLa 
cells pulsed with Lyso-pacSph or Lyso-pacChol (10 µM) for 1h and 45 min respectively, chased 
overnight, harvested immediately and/or irradiated with a 405 nm UV light for 90s and further 
incubated at 37°C for indicated times. Cellular lipids were extracted, labeled with 3-azido-7-
hydroxy coumarin by CuAAC click reaction, spotted and developed on a TLC silica gel plate. 
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Figure 2. Application of lyso-pacChol and lyso-pacSph for identification of protein-lipid 
interactions 
A. Graphical illustration of workflow using lysosome-targeted probes to capture protein-lipid 
interactions.  B. Differential identification of proteins crosslinked to cholesterol probes and 
sphingosine probes. Biotinylated protein-lipid complexes were visualized using fluorescently-
labelled Streptavidin. Proteins identified with lyso-probes but not with globally distributed probes 
are marked with red arrows. C. Time-dependent identification of FLAG-tagged ceramide 
synthase 5 (CerS5) by lyso-pacSph compared to globally distributed pacSph. HeLa SGPL1-/- 
cells were labelled with lyso-pacSph (5µM) or pacSph (2µM, 1h), uncaged and either 
crosslinked immediately or incubated 15 mins before crosslinking and subjected to the workflow 
in (A) featuring crosslinking (+UV) or no crosslinking (-UV) steps. The inputs (I, 10%), flow-
throughs (FT, 10%)and eluates (E, 100%) were immunoblotted against FLAG-tag. D. 
Chemoproteomic analysis of lyso-pacChol and lyso-pacSph interactors. Volcano plot showing 
the results of a differential abundance analysis using imma package (moderated t-test, p-values 
estimated by fdrtool package) of proteins crosslinked to the respective probes. Log2-fold 
change of crosslinked over non-crosslinked (x-axis) and negative log10 P-values (y-axis) of 
protein interactors. Hit-proteins (red annotated dots) displayed a false-disovery rate of ≤  0.01 
and a fold-change of > 1.5 
Figure 3. Lyso-pacChol and Lyso-pacSph metabolism in WT, NPC1 KO and LIMP2 KO 
cells by thin-layer chromatography 
A, C. Post lysosomal metabolism of Lyso-pacChol (A) and Lyso-pacSph (C). HeLa WT cells 
were labelled with Lyso-pacChol or Lyso-pacSph (10 μM) for 45 and 1h respectively and chased 
overnight. Upon uncaging, cells were chased and lipids extracted at indicated times, clicked with 
3-azido-7-hydroxycoumarin and visualised by thin-layer chromatography. B,D. Quantification of 
post lysosomal cholesterol metabolism and sphingosine export. B. Quantification of cholesterol 
esterification in WT, NPC1 and LIMP2 -deficient HeLa cells. The intensity of the bands 
corresponding to pacChol and pacChol-Ester were added for each timepoint and the intensity of 
the ester-band with respect to the sum of both was displayed as percentage.  C. Quantification 
of lysosomal sphingosine  (Sph) export in WT, NPC1 and LIMP2-deficient HeLa cells. Sph is 
readily metabolized to ceramide (Cer) and sphingomyelin (SM) via the biosynthetic sphingolipid 
pathway, but also top phosphatidylethanolamine (PE) and phosphatidylcholine (PC) via the 
SGPL1-breakdown pathway. Intensity of the Sph is expressed as percentage compared to the 
sum of all labelled lipids. All values were calculated for each timepoint in three independent 
experiments. Data are shown as mean ± standard error. 

Figure 4. Visualization of lysosomal lipid egress in WT, NPC1 KO and LIMP2 KO cells. 
Subcellular localization of Lyso-pacChol (A) and Lyso-pacSph (C) in WT, NPC1 and LIMP2-
deficient HeLa cells. Confocal images of cells labeled with Lyso-pacChol or Lyso-pacSph (10 
µM) for 45 min and 1h respectively and chased overnight. Upon uncaging, cells were chased for 
the indicated times, crosslinked, fixed and functionalised with AlexaFluor 594-Picolyl-Azide (A) 
or AlexaFluor 488-Picolyl-Azide (C). Scale bar: 10 µm. B, D. Quantification of lysosomal lipid 
egress. Pearson's R value of non-thresholded images from lipid channel vs. LAMP1 
immunofluorescence, calculated for each timepoint (n ≥  45) using the Coloc 2 feature from Fiji. 
(ns P-value > 0.5 *P ≤ 0.05 **P-value ≤ 0.01 ***P-value ≤ 0.001 ****P-value ≤ 0.0001) 

Figure 5. Sphingosine accumulation is a direct effect from loss of NPC1 and can re-
create an NPC1-like phenotype 
A. Confocal images of Lyso-pacSph in cellular models of NPC1. HeLa NPC1 KO cells (NPC1), 
HeLa WT cells treated with 0.5 µg/mL U18666A 24h prior to imaging (U18666A) and HeLa 
NPC1 KO cells incubated with lipoprotein deficient medium 48h prior to imaging (Starvation) 
were labeled with Lyso-pacSph (1.25 µM) for 1h and chased overnight. Upon uncaging, cells 
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were chased from 0 to 30 min, crosslinked, fixed with methanol and functionalised with 
AlexaFluor 594-Picolyl-Azide. Scale bar: 10 µm. B.Quantification of lysosomal lipid egress. 
Pearson's R value of non-thresholded images from lipid channel vs LAMP1 
immunofluorescence, calculated for each timepoint (n ≥  42) using the Coloc 2 feature from Fiji. 
(ns P-value > 0.05 *P ≤ 0.05 **P-value ≤ 0.01 ***P-value ≤ 0.001 ****P-value ≤ 0.0001). C. 
Synthesis of lysosome-targeted Sphingosine (Lyso-Sph, 7) and lysosome-targeted Cholesterol 
(Lyso-Chol, 8). D Recreation of an NPC1-like phenotype. Illustrative model of the performed 
experiment. E,G. Confocal images from HeLa WT cells labelled with either Lyso-pacSph (1.25 
µM) and Lyso-Chol (25 µM) (E) or Lyso-pacChol (750 nM) and Lyso-Sph (15 µM) (G) for 1h and 
chased overnight. Upon uncaging, chase-crosslinking experiments were performed from 0 to 30 
min. Cells were fixed with methanol and functionalised with AlexaFluor 594-Picolyl-Azide (E) or 
AlexaFluor 488-Azide (G). Scale bar: 10 µm. F,H. Quantification of lysosomal lipid egress in E 
and G. Pearson's R value of non-thresholded images from lipid channel vs LAMP1 
immunofluorescence, calculated for each timepoint (n ≥  42) using the Coloc 2 feature from Fiji. 
(ns P-value > 0.05 *P ≤ 0.05 **P-value ≤ 0.01 ***P-value ≤ 0.001 ****P-value ≤ 0.0001). 

Figure EV1. Characterisation of Lyso-pacSph and Lyso-pacChol. 
A. Concentration-dependent localisation of Lyso-pacSph and Lyso-pacChol. Live cell imaging of 
the coumarin fluorescence in HeLa cells pulsed with varying concentrations of Lyso-pacSph or 
Lyso-pacChol, chased for 30 minutes and imaged using the same microscopy settings. Due to 
image saturation at 10 µM Lyso-pacSph, the image was aquired again using lower laser power 
(small insert on the top right).  B. Time-dependent localisation of Lyso-pacSph and Lyso-
pacChol. Live cell imaging of the coumarin fluorescence in HeLa cells pulsed with Lyso-pacSph 
or Lyso-pacChol (10 µM) and chased and imaged for indicated times. C, D. Stability of Lyso-
pacChol and Lyso-pacSph in cells. HeLa cells were labelled with Lyso-pacChol or Lyso-pacSph 
(10 μM) for 45 and 1h respectively, then chased for the indicated times. The probe was 
extracted, clicked with 3-azido-7-hydroxycoumarin and visualised by TLC. E. Uncaging 
efficiency of Lyso-pacChol in aqueous solution by TLC. Aqueous solutions of 10 µM Lyso-
pacSph were irradiated with 405 nm light for increasing durations. Then, probe was extracted, 
clicked to 3-azido-7-hydroxycoumarin and visualised by TLC. F. Metabolite identification by 
TLC. HeLa WT cells were pulsed with 10 µM lyso-pacSph for 1h, chased overnight and 
uncaged. Lipids were extracted either directly upon uncaging (0 min) or after 60 min of 
incubation (60 min), clicked to 3-azido-7-hydroxycoumarin and visualised by TLC. To identify 
the lipid metabolites seen on the TLC, standards for ceramide (Cer), glucosylceramide (GlcCer), 
sphingosine (Sph), phosphatidylcholine (PC) and sphingomyelin (SM), clicked to 3-azido-7-
hydroxycoumarin were spotted on the same plate.   

Figure EV2. Application of lyso-pacChol and lyso-pacSph for identification of protein-
lipid interactions. 
A. Identification of known cholesterol-binding proteins using lyso-pacChol and the globally 
distributed pacChol. Lysates of HeLa cells treated with pacChol and lyso-pacChol were 
uncaged, following by crosslinking (+UV) or no crosslinking (-UV) steps. Upon cell lysis and click 
reaction to biotin azide, the protein-lipid complexes were enriched by Streptavidin 
immunoprecipitation. The inputs (I, 10%), flow-throughs (FT, 10%) and eluates (E, 100%) were 
immunoblotted against NPC1, LIMP2, and LAMP1, respectively. B. Biochemical validation of 
novel lysosomal sphingosine interactors via Western blot. HeLa cells were treated with pacSph 
and Lyso-pacSph, respectively, crosslinked, lysed and subjected to click-reaction using biotin-
azide. The biotinylated-protein lipid complexes were enriched by Streptavidin 
immunoprecipitation , the inputs (I), flow-throughs (FT) and eluates (E) of which were analysed 
by immunoblotting against NPC1 and LIMP2.  C. D. List of identified hits, above threshold from 
the chemeoproteomic screen. Hits were analysed, anotated to their respective subcellular 
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localisation and compared to previous proteome-wide mapping of pacSph and pacChol 
interacting proteins. *(Haberkant et al. 2016, Hulce et al. 2013) 

Figure EV3. Lyso-pacChol and Lyso-pacSph metabolism in WT, NPC1 KO and LIMP2 KO 
cells by thin-layer chromatography 
A, B. Post lysosomal metabolism of Lyso-pacChol. HeLa NPC1-deficient (A) and HeLa LIMP-2 
deficient (B) cells were labelled with Lyso-pacChol (10 μM) for 45 min and chased overnight. 
Upon uncaging, cells were chased and lipids extracted at indicated times, clicked with 3-azido-
7-hydroxycoumarin and visualised by thin-layer chromatography.C,D. Post lysosomal 
metabolism of Lyso-pacChol. HeLa NPC1-deficient (C) and HeLa LIMP-2 deficient (D) cells 
were labelled with Lyso-pacSph (10 μM) for 60 min and chased overnight. Upon uncaging, cells 
were chased and lipids extracted at indicated times, clicked with 3-azido-7-hydroxycoumarin 
and visualised by thin-layer chromatography. 

Figure EV4.1. Visualisation of lysosomal cholesterol export across organelles. 
Identification of the subcellular localization of lyso-pacChol in WT (A), NPC1 (B) and LIMP2 (C)-
deficient HeLa cells. Confocal images of cells labeled with Lyso-pacChol (10 µM) for 45 min and 
chased overnight. Upon uncaging, cells were chased for the indicated times, crosslinked, 4% 
PFA/ 0.1% glyoxal fixed, functionalised with AlexaFluor 488-Picolyl-Azide and subjected to 
immunofluorescence staining with antibody against LAMP1 (lysosomes), Periliplin-3 (lipid 
droplets) or Lectin GS-II From Griffonia simplicifolia, Alexa Fluor-647 (Golgi). Scale bar: 10 µm 

Figure EV4.2. Visualisation of lysosomal sphingosine export across organelles. 
Identification of the subcellular localization of lyso-pacSph in WT (A), NPC1 (B) and LIMP2 (C)-
deficient HeLa cells. Confocal images of cells labeled with lyso-pacSph (10 µM) for 1h and 
chased overnight. Upon uncaging, cells were chased for the indicated times, crosslinked, 
methanol fixed, functionalised with AlexaFluor 594-Picolyl-Azide and subjected to 
immunofluorescence staining with antibody against LAMP1 (lysosomes) and Lectin GS-II From 
Griffonia simplicifolia, Alexa Fluor647 (Golgi) . Scale bar: 10 µm B. Quantification of 
sphingosine-Golgi colocalisation. Pearson's R value of non-thresholded images from pacSph vs 
Lectin (GS-II) immunofluorescence, calculated for each timepoint (n ≥  44) using the Coloc 2 
feature from Fiji. (ns P-value > 0.5 *P ≤ 0.05 **P-value ≤ 0.01 ***P-value ≤ 0.001 ****P-
value ≤ 0.0001) 
 
 
Figure EV5.1. Sphingosine accumulation is a direct effect from loss of NPC1 
Effect of lipoprotein deficient medium. Confocal images of HeLa NPC1 KO cells (A) in regular 
medium conditions or incubated with lipoprotein deficient medium 48h prior imaging. 
Quantification of cholesterol levels via filipin staining (B). Raw intensity density (RawIntDen) of 
non-thresholded images from filipin staining signal, calculated for each condition (n ≥  34) using 
a ROI in Fiji. (****P-value ≤ 0.0001) 
Confocal images of Lyso-pacSph in cellular models of NPC1. HeLa WT cells (C), HeLa NPC1 
KO cells (D), HeLa WT cells treated with 0.5 µg/mL U18666A 24h prior to imaging (U18666A) 
(E) and HeLa NPC1 KO cells incubated with lipoprotein deficient medium 48h prior to imaging 
(NPC1 KO + starvation) (F) were labeled with lyso-pacSph (1.25 µM) for 1h and chased 
overnight. Upon uncaging, chase-crosslinking experiments were performed from 0 to 30 min. 
Cells were fixed with methanol, functionalised with AlexaFluor 594-Picolyl-Azide and subjected 
to immunofluorescence staining with antibody against LAMP1 (lysosomes).  Scale bar: 10 µm 

Figure EV5.2. Lysosomal sphingosine accumulation can re-create an NPC1-like scenario 
Confocal images of Lyso-pacSph and Lyso-pacChol. HeLa WT cells were labeled with Lyso-
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pacSph (1.25 µM) (A), Lyso-pacSph (1.25 µM) and Lyso-Chol (25 µM) (B), Lyso-pacChol (750 
nM) (C) and Lyso-pacChol (750 nM) and Lyso-Sph (15 µM) (D) for 1h and chased overnight. 
Upon uncaging, chase-crosslinking experiments were performed from 0 to 30 min. Cells were 
fixed, functionalised with AlexaFluor 594-Picolyl-Azide (A, B) or AlexaFluor 488-Picolyl-Azide 
(C,D) and stained with an antibody against LAMP1 (lysosomes). Scale bar: 10 µm 
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