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Significance

Diverse fatty molecules taken up 
by diet or generated by digestion 
of biological membranes rely on 
the lysosome for processing and 
further transport. Abnormal 
accumulation of lipids in these 
lysosomes is a hallmark of 
several rare genetic diseases but 
has also been observed in 
common neurodegenerative 
disorders. However, the 
underlying mechanism for the 
export of certain lipids such as 
sphingosine is not yet explored. 
Here, we present a method 
based on chemical 
functionalization of lipids which 
allows the prelocalization and 
controlled release of sphingosine 
and cholesterol probes in the 
lysosome. Using these probes, 
we discovered that proteins 
previously thought to be 
responsible for cholesterol 
transport are also involved in 
sphingosine export from 
lysosomes.
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Lysosomes are catabolic organelles involved in macromolecular digestion, and their 
dysfunction is associated with pathologies ranging from lysosomal storage disorders 
to common neurodegenerative diseases, many of which have lipid accumulation 
phenotypes. 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 sphin-
gosine and cholesterol probes that allow us to follow their metabolism, protein 
interactions, and 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 photocrosslinkable group allowed for the dis-
covery of lysosomal interactors for both sphingosine and cholesterol. In this way, 
we found that two lysosomal cholesterol transporters, NPC1 and to a lesser extent 
LIMP-2/SCARB2, bind to sphingosine and showed that their absence leads to lyso-
somal sphingosine accumulation which hints at 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.

protein–lipid interaction | photocrosslinking | sphingolipids | lysosomal storage diseases |  
organelle-targeted probes

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 (1). Lysosomal dysfunction manifests in severe human pathologies 
known as lysosomal storage diseases (LSDs) which are often associated with lipid and 
particularly sphingolipid accumulation (2, 3).

Cholesterol is one well-studied lipid that relies on lysosomal trafficking. Dietary cho-
lesterol reaches its target cells in plasma low-density lipoprotein (LDL) form. Upon endo-
cytosis, LDL is hydrolyzed in lysosomes, triggering release of free cholesterol (4). 
Subsequently, lysosomal cholesterol is transported to the plasma membrane (PM) or 
endoplasmic reticulum (ER). At the ER, sterol levels are sensed, and cholesterol biosyn-
thesis is regulated accordingly (5). Excess cholesterol is converted into cholesteryl esters 
for storage in lipid droplets (6). 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 (7–10). Aside from transporting cholesterol toward the 
lysosomal limiting membrane via a hydrophobic, intramolecular tunnel (11), NPC1 has 
further been shown to form organelle contact sites with ER-resident proteins such as 
ORP5 (12) or Gramd1b (13). 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 (14, 15).

While postlysosomal cholesterol traffic has been extensively studied (10, 16), 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 lysosomal sphingolipid accu-
mulation. Glycosphingolipid (GSL) catabolism proceeds through internalization of the 
PM and the recycling of membrane components through the endolysosomal degradation 
pathway (17). Here, sphingomyelin (SM) and GSLs reach the lysosome and are degraded 
to form ceramides (18). In the last step of lysosomal sphingolipid catabolism, ceramides 
(Cer) are hydrolyzed to form sphingosine (Sph) (19), the backbone of all sphingolipids. 
Sph can be either recycled back into the sphingolipid biosynthetic pathway (20) or phos-
phorylated to form sphingosine-1-phosphate and be degraded through the actions of 
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sphingosine-1-phosphate lyase (SGPL1). Breakdown products of 
this degradation pathway can feed into the glycerolipid synthesis 
pathway (21). While much is known about the enzymes involved 
in sphingolipid catabolism, the machinery responsible for lysoso-
mal 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 have been used to follow sphingolipid 
metabolism and localization (22, 23). Covalently labeled fluo-
rescent lipids that contain fluorescent dyes such as fluorescein, 
nitrobenzoxadiazole, pyrene, and boron-dipyrromethene 
(BODIPY)-like structures attached to their acyl chain or head 
group have been reported (24, 25). However, they exhibit several 
drawbacks, such as aberrant membrane integration, mislocaliza-
tion, and poor cell uptake (26–28). Bifunctional lipids (22, 29) 
on the other hand have become popular compounds used to 
circumvent the problems associated with fluorescent lipids. These 
lipids combine a photocrosslinkable diazirine group, which 
allows cross-linking upon short-wavelength ultraviolet (UV) 
illumination, with an alkyne or azide group for subsequent stain-
ing or enrichment of lipid–protein complexes. Given that these 
modifications are quite small in size, the modified lipids quite 
accurately mimic the cellular behavior of their endogenous coun-
terparts, which has been demonstrated for lipids such as choles-
terol (30), fatty acids (29), or Sph (22). 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 Sph, which, 
due to their potent signaling properties, is rapidly metabolized 
or degraded by the cell (22). To circumvent rapid metabolism, 
trifunctional 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 (31, 32). 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 visualization of the probe’s 
localization before uncaging. However, it was shown that the 
cage group associates nonselectively with all internal membranes 
and therefore artificially mislocalizes the lipid of interest (32). 
As such, trifunctional lipids are not well suited to study questions 
related to interorganellar transfer. However, an additional strat-
egy has recently been described to overcome this technical prob-
lem and achieves organelle specificity. Here, slight chemical 
modifications to the coumarin cage group led to their prelocal-
ization to different organelles such as the plasma membrane, 
mitochondria, or lysosomes (33, 34). So far, organelle targeting 
of caged lipids has only been applied to nonfunctionalized or 
deuterated lipids (34–36).

In this study, we combine the advantages of trifunctional and 
organelle-targeted lipids to create versatile tools for the visual-
ization of single lipids and for the identification of their protein 
interactome at the single-organelle level. We synthesized and 
applied lysosome-targeted photoactivatable and cross-linkable 
(pac) sphingosine (lyso-pacSph) and cholesterol (lyso-pacChol) 
to address outstanding questions regarding postlysosomal sphin-
golipid trafficking and metabolism. These multifunctional tools 
allow us to i) prelocalize sphingosine and cholesterol probes into 
lysosomes, ii) screen for lysosomal protein–lipid interactors, iii) 
follow their postlysosomal metabolic fate by thin layer chroma-
tography (TLC), and iv) visualize time-resolved lipid localiza-
tion by confocal microscopy. We demonstrate the suitability of 
such a design by using lyso-pacSph to identify lysosomal inter-
actors and potential lysosomal membrane transporters of Sph 

and show a surprising commonality in lysosomal Sph and cho-
lesterol export routes.

Results

Synthesis and Characterization 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 
postcrosslinking functionalization of the lipid with fluorophores 
or biotin (29), and a iii) photocleavable protecting group (cage) 
(32) equipped with a iv) tertiary amine lysosomal targeting 
group. This targeting group is retained in the acidic environment 
of late endosomes and lysosomes in its protonated form (37). 
This design ensures that all probe molecules are delivered to 
lysosomes before a flash of light (“uncaging”) releases the active 
lipid species. We initially synthesized the lysocoumarin caging 
group (4) from a previously described precursor (34) and added 
a linker to incorporate the targeting group. Next, we coupled this 
cage to commercially available pacSph and pacChol (30) 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 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 min of labeling 
(SI Appendix, Fig. S1A). 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 (SI Appendix, Fig. S1B). 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 optimized, 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 lysoprobes overlapped 
completely with LysoTracker™ signal as quantified using Pearson’s 
correlation coefficient (PCC) with values of 0.84 or higher (Fig. 1 
B and C).

Given that long chase times were required to achieve optimal 
lysosomal localization of lyso-pacSph, we next investigated the 
stability of the lysoprobes 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 lysoprobes 
for up to 24 h, extracted the lipids, and added a commercially 
available fluorophore to the alkyne group by means of click chem-
istry. TLC analysis revealed that no additional bands appeared 
during 24 h of chase times (SI Appendix, Fig. S1 C and D), con-
firming that the lysoprobes are inert and not subject to cellular 
metabolism while in their caged form. To evaluate the photocleav-
age efficiency of the lysoprobes, we performed uncaging experi-
ments of both lysoprobes in aqueous solution with increasing 
duration of UV irradiation (405 nm). Here, TLC analysis showed 
that 60 to 90 s were sufficient to photocleave (“uncage”) almost 
all probe molecules and release the active lipid species (SI Appendix, 
Fig. S1 E and F). 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-pac-
Chol (Fig. 1E) again showed that incubation without uncaging 
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(−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 break-
down pathway (identification of the bands with their respective 
standards in SI Appendix, Fig. S1G). In further experiments, to 
avoid the incorporation of the labeled sphingosine backbone into 
abundant glycerolipids, a SGPL1-deficient HeLa cell line (as 
shown in refs. 38 and 22) was employed, thereby limiting exper-
imental 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 (Fig. 1E). 
Therefore, all further experiments using lyso-pacChol were carried 
out in HeLa wild type (WT) cells. Together, these data showed 
that the sphingosine and cholesterol analogs released inside lyso-
somes closely resemble their endogenous counterparts and readily 
participate in their respective metabolic pathways in accordance 
with previous studies using trifunctional sphingosine (32) and 
bifunctional cholesterol (13).

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 
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Fig.  1. Synthesis and characterization of lysosome-targeted probes. (A) Synthesis of lysosome-targeted coumarin (lysocoumarin, 4), lysosome-targeted 
pacSphingosine (lyso-pacSph, 5), and lysosome-targeted pacCholesterol (lyso-pacChol, 6). Annotation of the functional groups by color-coded legend. (B and C) 
Lysosomal localization of lysoprobes. Confocal images of coumarin fluorescence in HeLa cells pulsed with lyso-pacSph or lyso-pacChol (10 µM) for 1 h and 
45 min, respectively, chased overnight, and incubated with LysoTracker Red (100 nM) 30 min previous to imaging. (Scale bar, 10 µm.) Lysoprobe: cyan and 
LysoTracker Red: magenta (D and E) Thin layer chromatography of HeLa cells pulsed with lyso-pacSph or lyso-pacChol (10 µM) for 1 h and 45 min, respectively, 
chased overnight, harvested immediately, and/or irradiated with a 405-nm UV light for 90 s and further incubated at 37 °C for indicated times. Cellular lipids 
were extracted, labeled with 3-azido-7-hydroxy coumarin, spotted, and developed on a silica plate.
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the uncaged and therefore globally distributed pacSph and pacChol 
probes (22, 30) with our newly synthesized lysoprobes and first 
visualized their subcellular localization in a workflow consisting 
of metabolic labeling, uncaging, and cross-linking photoreactions, 
followed by fixation and staining of their localization by click 
reaction to a fluorophore. There, we could indeed show that the 
uncaged versions globally distributed throughout the cell, while 

the lysoprobes remain confined to the lysosomes (SI Appendix, 
Fig. S2 A and B, quantified in SI Appendix, Fig. S2 C and D). 
Such conditions were then employed in the analysis of proteins 
interacting with these probes. Again, the workflow consisted of 
metabolic labeling, uncaging, and cross-linking but followed by 
click reaction to streptavidin and enrichment by streptavidin-
mediated immunoprecipitation (Fig. 2A). In this way, we could 
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Fig. 2. Application of lyso-pacChol and lyso-pacSph for identification of protein–lipid interactions. (A) Scheme illustrating the workflow used to capture protein 
interactors. Created with Biorender.com (B) Differential identification of proteins cross-linked to pacChol (10 µM) vs. lyso-pacChol (10 µM) and pacSph (1 µM) vs. 
lyso-pacSph (5 µM). Biotinylated protein–lipid complexes were visualized using fluorescently labeled streptavidin. Proteins identified with lysoprobes 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 labeled with lyso-pacSph (5 µM) or pacSph (2 µM for 1 h) uncaged and either cross-linked immediately 
or incubated 15 min before cross-linking and subjected to the workflow in (A) featuring cross-linking (+UV) or no cross-linking (−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 (10 µM) and lyso-pacSph 
(5 µM) interactors. Volcano plot showing the results of a differential abundance analysis using the limma package (moderated t test and P values estimated by 
the fdrtool package) of proteins cross-linked to the respective probes. Log2 fold change of cross-linked over noncrosslinked (x axis) and negative log10 P values 
(y axis) of protein interactors. Hit proteins (red annotated dots) displayed a false discovery rate of  ≤0.01 and a fold change of >1.5.
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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 
nonprelocalized probes.

Next, we tested whether this workflow was suitable to enrich 
known lysosomal proteins and investigated the well-studied lyso-
somal cholesterol-binding proteins NPC1, LAMP1, and LIMP-2/
SCARB2 by immunoblotting following streptavidin-mediated 
immunoprecipitation (SI Appendix, Fig. S3A). Encouragingly, all 
three investigated proteins could be detected in eluate (“E”) frac-
tions of both pacChol- and lyso-pacChol-treated samples, whereas 
only a slight background signal stemming from unspecific binding 
to streptavidin beads could be detected in the −UV samples, where 
the photocrosslinking step was omitted. This supports that the 
established workflow can specifically detect lysosomal protein–
lipid interactions.

As a further challenge to the spatiotemporal resolution, we next 
studied the availability of lysoprobes to nonlysosomal 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 Sph is a substrate of CerS5, we unsurprisingly 
detected CerS5 in the eluate fractions of samples treated with the 
globally distributed pacSph. However, samples collected immedi-
ately upon uncaging of lyso-pacSph (0 min) did not reveal CerS5 
in the elution fraction, further supporting the exquisite time sen-
sitivity 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 suit-
ability of the lysoprobes 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 Sph and 
cholesterol in an unbiased fashion. At 0 min after uncaging 
to ensure maximum lysosomal localization, we again used the 
lysoprobes in the workflow based on streptavidin-mediated 
immunoprecipitation, but now, we analyzed the eluates by tandem 
mass tag (TMT)–based quantitative proteomics. Comparison of 
cross-linked (+UV) with nonirradiated (−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, a list of hit proteins in SI  Appendix, Fig.  S4 A and 
B). For lyso-pacChol-treated cells, we found known lysosomal 
cholesterol interactors such as NPC1 and LAMP1 (39, 40) among 
12 candidate hits. Only six of those had been previously identified 
using the nonprelocalized pacChol probe (30). Lyso-pacSph-
treated samples gave only six proteins. Two of those (SCARB1 
and TTYH3) are annotated as plasma membrane proteins. Among 
the other four candidates, we found two cholesterol transporters 
NPC1 and LIMP-2/SCARB2 as potential Sph interactors. We 
next validated the Sph interaction with NPC1 and LIMP-2/
SCARB2 by immunoprecipitation and western blot analysis and 
indeed found that both probes were efficiently pulled down with 
both the globally distributed pacSph and lyso-pacSph, again only 
showing slight background staining in conditions where the cross-
linking step was omitted (SI Appendix, Fig. S3B). To our surprise, 
the amount of NPC1 and LIMP-2/SCARB2 present in the eluate 
fraction was higher when pacSph was employed, suggesting more 
efficient cross-linking of the globally distributed probe. This 

could stem from differences in lysosomal concentrations of the 
active pacSph in both conditions or a potential contribution of 
additional binding of downstream (sphingo)lipid metabolites that 
are present in much higher fractions in the pacSph condition 
compared to the uncaged lyso-pacSph. As a negative control, we 
included the most abundant lysosomal membrane protein LAMP1 
which was not detected in the eluate fractions of pacSph or lyso-
pacSph-treated cells (SI  Appendix, Fig.  S3B), highlighting the 
specificity of the detected interactions with NPC1 and LIMP-
2/SCARB2. Performing in-lysate competition experiments 
using pacSph with increasing concentrations of natural Sph or 
cholesterol (SI Appendix, Fig. S3 C–F), we could further show 
that the NPC1-Sph cross-linking detected by our workflow was 
sensitive to competition with endogenous Sph, where a 10-fold 
excess (500 µM) resulted in a markedly decreased cross-linking 
(SI Appendix, Fig. S3C and quantified in SI Appendix, Fig. S3D), 
whereas competition with up to 50-fold excess cholesterol (2.5 
mM) could only partially displace the detected NPC1–Sph cross-
linking (SI  Appendix, Fig.  S3E and quantified in SI  Appendix, 
Fig.  S3F). These data provide a hint that Sph and cholesterol 
could share a common binding site, and the fact that even large 
excess of cholesterol only partially disrupted NPC1–Sph binding 
could point toward a scenario where Sph interacts preferentially 
with NPC1.

Metabolic Fate of Lysosomal Cholesterol and Sphingosine. Next, 
we were curious to study the metabolic fate of the lysoprobes and, 
in particular, whether the newly identified Sph interactors NPC1 
and LIMP-2/SCARB2 affected the kinetics of postlysosomal 
cholesterol and Sph metabolism. To this end, we performed 
pulse–trace experiments in which we liberated both lysoprobes by 
uncaging (“pulse”) in WT, NPC1−/− (41) and LIMP-2/SCARB2−/− 
HeLa cells and analyzed the probe metabolites after different 
times after uncaging (“trace”) by thin layer chromatography. Of 
note, this experiment does not feature a cross-linking step, and 
therefore, the time resolution is decreased as additional minutes are 
needed to collect cells and perform lipid extraction. As expected, 
lyso-pacChol-labeled 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−/− and LIMP-2/SCARB2−/− HeLa cells (Fig. 3A   and 
quantified in Fig.  3B) in line with previous studies showing a 
lysosomal export defect of cholesterol under these conditions 
(15,  42). WT cells labeled with lyso-pacSph not only 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 labeled phosphatidylcholine at the earliest time point. 
Conversely, NPC1−/− cells showed a delayed decrease in Sph levels 
compared to WT cells consistent with a potential transport defect. 
LIMP-2-deficient cells, on the other hand, only featured slightly 
delayed Sph export kinetics (Fig.  3C, quantified in Fig.  3D). 
Together, loss in lysosomal proteins NPC1 and LIMP-2/SCARB2 
significantly impacted postlysosomal cholesterol metabolism, 
whereas Sph metabolism was found to generally proceed much 
faster and depend more on NPC1 than LIMP-2/SCARB2.

Lysosomal Egress and Subcellular Localization of Sphingosine 
and Cholesterol across Organelles in NPC1 and LIMP-2/SCARB2-
Deficient Cells. Next, we visualized the time-dependent changes 
in subcellular localization of lysoprobes 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 
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another reporter molecule in pulse–trace experiments (Fig. 4 A 
and B). In WT cells labeled with lyso-pacChol, a predominantly 
lysosomal localization was visible at 0 min, followed by staining 
of internal membranes, the Golgi apparatus, and the plasma 
membrane after 30 min. At 60 to 90 min, some of the probes 
localized to lipid droplets (colocalization with respective organelle 
markers in SI Appendix, Fig. S5A) likely in the form of cholesterol 
esters. In accordance with previous studies (43, 44), cells lacking 
NPC1 showed a significant retention of the lyso-pacChol probe 
in lysosomes for up to 90 min (SI Appendix, Fig. S5B). 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-min time course (SI  Appendix, Fig.  S5C, quantification in 
Fig. 4C). This could potentially point toward 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. 
Investigating a double NPC1/LIMP-2 knockout (KO) cell line 
gave again strong lysosomal staining over the entire time course 
(SI  Appendix, Fig.  S5D), and the quantification of lysosomal 
colocalization (Fig. 4C) showed comparable correlation coefficients 
as in the single NPC1−/− line, supporting again that the main 
export route of cholesterol from lysosomes depends on NPC1.

We next utilized lyso-pacSph to study the yet unexplored lys-
osomal export of Sph (Fig. 4B, colocalization in SI Appendix, 
Fig. S6). In WT cells, Sph relocalized from lysosomes to predom-
inantly Golgi membranes at 30 min (SI Appendix, Fig. S6A, quan-
tified in SI Appendix, Fig. S6E), while at later time points, much 

of the initial signal intensity was lost, consistent with efflux or 
effective catabolism of the sphingosine probe. In NPC1−/− cells, a 
striking Sph 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 (SI Appendix, 
Fig. S6B). This observation was corroborated by a high Pearson 
coefficient 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 (SI Appendix, Fig. S6C). Interestingly, 
the double NPC1/LIMP-2 knockout cell line gave almost exclu-
sive lysosomal localization over the entire time course (SI Appendix, 
Fig. S6D) with consistently high Pearson coefficient (Fig. 4D), 
pointing at a potential additive effect of both knockouts. It should 
be noted that this was done on CRISPR/Cas9-generated cell lines, 
and as such, clonal effects could play a role, in particular, for cells 
that have such a strong metabolic defect. Together, these data show 
another surprising commonality between sphingolipid and cho-
lesterol trafficking such that the absence of previously known 
cholesterol transporters NPC1 and LIMP-2/SCARB2 also affects 
the kinetics of Sph export and that for Sph export in particular, 
NPC1 and LIMP-2/SCARB2 might be functioning in parallel.

Sphingosine Transport Defect Is a Direct Consequence of 
NPC1 Dysfunction. To further investigate the prominent Sph 
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 
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by acute treatment with U18666A. This drug has been shown 
to inhibit the sterol-sensing domain of NPC1 and to block 
cholesterol export (45). Repeating the lyso-pacSph pulse–chase 
experiment in the presence of U18666A showed that, again, Sph 
export from lysosomes was severely delayed compared to WT 
cells (Fig.  5A, quantified in Fig.  5B, colocalization images in 
SI Appendix, Fig. S7 C–E), although to a slightly lesser degree 
than in a genetic knockout model. For further validation, we also 
employed the structurally distinct NPC1 inhibitors itraconazole 
and posaconazole (46, 47). Export assays employing lyso-pacChol 
(SI  Appendix, Fig.  S8A, quantified in SI  Appendix, Fig.  S8B) 
revealed successful inhibition with lysosomal retention of the 
probe similar to the genetic knockout. Investigating Sph export 
under these inhibition conditions, we observed again a severe 

delay in export, even above levels seen in the genetic knockout 
(SI Appendix, Fig. S8C, quantified in SI Appendix, Fig. S8D). To 
challenge whether the observed Sph 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 Sph, 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 (SI Appendix, Fig. S7A, quantified 
in SI  Appendix, Fig.  S7B). Investigating lyso-pacSph efflux 
under these conditions revealed that Sph still remained trapped 
in lysosomes for the duration of the time course in the same 
degree as nonstarved NPC1 cells (Fig. 5A, quantified in Fig. 5B, 
colocalization images in SI Appendix, Fig. S7F), arguing for a direct 
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role of NPC1 on Sph transport. This could either be mediated by 
direct trafficking of Sph through NPC1 analogous to its action in 
cholesterol export or by indirect action of NPC1 as a contact site 
tether. Previous studies showed NPC1 to be involved in creating 
and maintaining organelle contact sites of lysosomes with the 
ER (13) and that absence of NPC1, as well as pharmacological 
inhibition using U18666A both decreased the extent of lysosome–
ER contact sites. Therefore, we hypothesize that the observed Sph 
block could result from less efficient trafficking across contact sites 
by other means.

To tease apart the roles of NPC1 as a Sph transporter as opposed 
to a contact site tether, we made use of a published variant of 
NPC1 (L472P) which was shown to disrupt the intramolecular 
lipid transport tunnel (48) but exhibited no change in the cytosolic 
domains likely used for creating and maintaining organelle con-
tacts. We engineered HeLa 11ht NPC1−/− cell lines to inducibly 
express either WT or L472P NPC1 protein (SI Appendix, 
Fig. S9A). We then investigated lyso-pacSph export in these newly 
generated cell lines (Fig. 5C, quantified in Fig. 5D, colocalization 
images in SI Appendix, Fig. S9 B–D) and could show that func-
tional NPC1 is able to rescue the Sph accumulation seen in the 
NPC1 KO cells, whereas the tunnel mutant (L472P) showed 
prolonged lysosomal staining of the sphingosine probe and con-
sistently higher correlation coefficient across all time points 

compared to the WT construct. Of note, the Sph accumulation 
in the NPC1–L472P condition is not as severe as in the NPC1 
KO cells, showing that a single point mutation in the intramolec-
ular tunnel delays but not fully blocks lipid exit. This is in line 
with what was reported for cholesterol (48) and further underlines 
the likely mechanism that both Sph and cholesterol exit the lys-
osome through the intermolecular tunnel formed by NPC1.

Finally, we attempted to recreate an NPC1-like phenotype in 
a WT background by artificially increasing lysosomal lipid levels 
in order to investigate whether any of the two lipids are preferen-
tially transferred, as hinted by our previous results that NPC1–Sph 
cross-linking could not be effectively competed out with excess 
cholesterol (SI Appendix, Fig. S3 E and F). To this end, we syn-
thesized new lysosomally prelocalized probes lyso-Sph and lyso-
Chol (Fig. 6A). These probes feature the same cage group and 
lysosomal targeting groups but lack the cross-linkable and click-
able groups found in lyso-pacSph and lyso-pacChol. Applying 
these probes in combination with lyso-pacSph and lyso-pacChol, 
respectively, allowed us to preload 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 localization of 
the lyso-pac-lipids by virtue of their clickable group (schematically 
illustrated in Fig. 6B). Initially, we applied lyso-pacSph together 
with a 20-fold excess of lyso-Chol to investigate whether Sph 
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Fig. 5. Sphingosine accumulation is a direct effect from loss of NPC1. (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 24 h prior to imaging (U18666A), and HeLa NPC1 KO cells incubated with lipoprotein-deficient medium 
48 h prior to imaging (starvation) were labeled with lyso-pacSph (1.25 µM) for 1 h and chased overnight. Upon uncaging, cells were chased from 0 to 30 min, 
cross-linked, fixed with methanol, and functionalized with AlexaFluor 594 picolyl azide. (Scale bar, 10 µm.) (B) Quantification of lysosomal lipid egress. Pearson’s 
R value of nonthresholded images from lipid channel vs. LAMP1 immunofluorescence calculated for each time point (n ≥ 42) using the Coloc 2 feature from 
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bar, 10 µm.) (D) Quantification of lysosomal Sph egress in cellular models of NPC1. Pearson's R value of nonthresholded images from lipid channel vs. LAMP1 
immunofluorescence calculated for each time point (n ≥ 73) using the Coloc 2 feature from Fiji (ns P value > 0.05 and ****P value ≤ 0.0001).
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export was delayed in the presence of a large excess of cholesterol 
(Fig. 6C, colocalization in SI Appendix, Fig. S10 A and B). 
Colocalization analysis between the sphingosine probe and 
LAMP1 as performed by Pearson’s correlation coefficient (Fig. 6E) 
showed no detectable difference in Sph export with or without 
excess cholesterol. When inverting the experiment, i.e., flooding 
the lysosome with a 20-fold excess of Sph and following the export 
of lyso-pacChol, however, we could detect a delay in cholesterol 
export in the presence of Sph (Fig. 6D, quantified in Fig. 6F, 
colocalization in SI Appendix, Fig. S10 C and D). These data fur-
ther support the hypothesis that the Sph storage phenotype 
observed in NPC1 −/− cells and to a lesser extent in LIMP-2−/− cells 
was not a secondary consequence of cholesterol accumulation but 
rather that increasing lysosomal Sph concentration induced an 
NPC1/LIMP-2-like delay in cholesterol export, potentially by a 
preferential interaction of Sph with these proteins. To corroborate 
this by using genetic manipulations, we employed other cellular 
models of sphingolipid storage diseases (Niemann–Pick disease 
type C2 (NPC2−/−), Niemann–Pick disease type A (a deficiency 
of acid sphingomyelinase, SMPD1−/−), and sphingosine phosphate 
lyase insufficiency syndrome (SGPL1−/−). As expected, these 
manipulations resulted in delayed export of the uncaged lyso-pac-
Sph (SI Appendix, Fig. S11A, quantified in SI Appendix, Fig. S11B, 
colocalization images in SI Appendix, Fig. S12). Then, we analyzed 
the export of lyso-pacChol under these conditions (SI Appendix, 
Fig. S11C, quantified in SI Appendix, Fig. S11D, colocalization 
images in SI Appendix, Fig. S13). As expected, NPC2−/− and 

SMPD1−/− cells stored the cholesterol probe in lysosomes over the 
entire duration of the experiment. This is consistent with what is 
observed in cell lines derived from patients suffering from these 
diseases (8, 49–51) and again supports that Sph and cholesterol 
export pathways are linked. Interestingly, SGPL1−/− cells do not 
exhibit delayed cholesterol export and show Pearson coefficients 
comparable to the WT cell line. This could potentially be due to 
the subcellular localization of the sphingosine-1-phosphate lyase 
at the ER. As such, the initial export of Sph and also cholesterol 
to the limiting lysosomal membrane would function normally 
(through NPC1/LIMP-2), but failure to utilize the exported Sph 
at the ER could hinder the further transfer of Sph to the ER, 
whereas cholesterol would be trafficked and further utilized.

Discussion

In this study, we combine the concepts of trifunctional lipids with 
organelle targeting to achieve exquisite spatiotemporal control 
over these probes. Upon prelocalization 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 con-
trolled pulse–trace experiments. This is particularly important for 
the study of signaling 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, mito-
chondria, and Golgi is well established (52) and has even been 

Lyso-pacChol (labeled)
Lyso-Sph (unlabeled)

LY

lyso-pacSph + 20x lysoChol lyso-pacChol + 20x lysoSph

A

C

E F

D

B

0 min 10 min 20 min 30 min

Lyso-pacSph (labeled)
Lyso-Chol (unlabeled)

0.5

0.4

0.6

0.7

0.8

0 10 20 30P
ea

rs
on

's
R

va
lu

e
[p

ac
C

ho
l−

LA
M

P
1]

P
ea

rs
on

's
R

va
lu

e
[p

ac
S

ph
−L

A
M

P
1]

Chol

Chol + 20x Sph

****ns *******

time [min]time [min]

Sph

Sph + 20x Chol
0.4

0.5

0.6

0.7

0.8

0 10 20 30

** * ns ns

LY

1. 4-Nitrophenyl carbonate,
DIPEA, DMF
RT, 18h

1. Chol, di-phosgene, DCM
RT, 18h

2. Sph, DIPEA, DMF
0°, 15 min, RT, 8h

2. Chol-CO2CCl3, 4-DMAP
0°, 10 min, RT, 18h

[[ ]]

0 min 10 min 20 min 30 min

4

7 Lyso-Sph

8 Lyso-Chol

Fig.  6. Elevation of lysosomal sphingosine levels can recreate an NPC1-like phenotype. (A) Synthesis of lysosome-targeted sphingosine (lyso-Sph, 7) and 
lysosome-targeted cholesterol (lyso-Chol, 8). (B) Illustrative model of the experiment. (C and D) Confocal images from HeLa WT cells labeled with either lyso-
pacSph (1.25 µM) and lyso-Chol (25 µM) (C) or lyso-pacChol (750 nM) and lyso-Sph (15 µM) (D) for 1 h and chased overnight. Upon uncaging, chase cross-linking 
experiments were performed from 0 to 30 min. Cells were fixed with methanol and functionalized with AlexaFluor 594 picolyl azide (C) or AlexaFluor 488 azide 
(D). (Scale bar, 10 µm.) (E and F) Quantification of lysosomal lipid egress in C and D. Pearson’s R value of nonthresholded images from lipid channel vs. LAMP1 
immunofluorescence calculated for each time point (n ≥ 42) using the Coloc 2 feature from Fiji (ns P value > 0.05, *P value ≤ 0.05, **P value ≤ 0.01, ***P value 
≤ 0.001, and ****P value ≤ 0.0001).

http://www.pnas.org/lookup/doi/10.1073/pnas.2213886120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213886120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213886120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213886120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213886120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213886120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213886120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213886120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213886120#supplementary-materials


10 of 12   https://doi.org/10.1073/pnas.2213886120� pnas.org

applied to the prelocalization of lipids (33–36). The tremendous 
stability of prelocalized 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 localization.

Having optimized the preuncaging localizations of all probes, 
we applied our lyso-pac-lipids to studying the mechanisms of Sph 
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 Sph in sphingolipid biosynthesis, utilizes 
up to 50 to 90% of the lysosomally derived sphingoid base pool 
(20, 53). However, to date, the molecular mechanism of lysosome–
ER traffic of Sph for not only 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 sphinga-
nine into dihydroceramide (54). This points toward a requirement 
for organelle contact sites in the traffic of Sph and argues for the 
presence of dedicated Sph transporters, similar to other lipids such 
as cholesterol (55) or diacylglycerols (56), which depend on the 
actions of lipid transport proteins such as oxysterol-binding protein 
(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 Sph interactors. Both proteins have been described 
to feature hydrophobic cavities (“tunnels”) through which choles-
terol can pass (11, 14). Interestingly, LIMP-2 was found to bind 
other lipids besides cholesterol such as phosphatidylserine (PS) 
(57), 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 accumu-
lation of not just cholesterol but multiple lipids within lysosomes 
including Sph (58). Together with our finding that lyso-pacSph 
is cross-linked to NPC1, it seems likely that the lipid-binding 
specificity of NPC1 goes beyond sterols as well. In addition, we 
observed that NPC1 was pulled down slightly more effectively 
using the globally distributed pacSph probe, which gave rise to a 
multitude of (sphingo)lipid metabolites. This could point toward 
a scenario, where the substrate specificity of NPC1 could even go 
beyond Sph to include other sphingolipids as well. Based on the 
structures of both proteins, NPC1 (11) and LIMP-2/SCARB2 
(14), we hypothesize that Sph and potentially other lipids could 
fit into the respective cholesterol-binding pocket.

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 exoge-
nous 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 (59). However, other studies featuring 
pulse–chase experiments with radiolabeled Sph did not find evi-
dence of a Sph trafficking defect in NPC1-deficient cell models 
(60), 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 labeling 
studies in NPC1−/− showed a delayed postlysosomal metabolism 
of Sph. Second, visualization of lyso-pacSph revealed a strikingly 
prolonged lysosomal staining in NPC1−/− cells or by pharmaco-
logical induction of an NPC1-like phenotype by U18666A, itra-
conazole, or posaconazole treatment. In fact, Sph was stained 
within lysosomes for the entire duration of the experiments, while 
WT cells cleared all lysosomal lyso-pacSph within 30 min upon 
uncaging. This could point toward a direct action of NPC1 as a 
Sph transporter but could also be explained by the well-charac-
terized actions of NPC1 as a contact site tether. In the models 

employed (NPC1 knockout and U18666A treatment), it was 
previously shown that lysosome–ER contact sites are drastically 
reduced (13). As such, the trafficking of Sph to the ER for further 
incorporation into either the biosynthetic or the salvage pathway 
would be affected as well. To address this, we employed an NPC1 
mutant featuring a point mutation within the hydrophobic lipid 
trafficking tunnel, while other parts of the proteins (including 
presumed interaction sites with ER-resident proteins) remain 
unchanged. This mutant was not able to fully rescue the lysosomal 
Sph accumulation in an NPC−/− background, highlighting the 
importance of having a functional lipid trafficking cavity in order 
to efficiently export Sph.

In addition to uncovering a broader substrate specificity for 
NPC1, we could also show that NPC1 cross-linking to Sph is not 
easily displaced by excess cholesterol and that uncaging of an excess 
of lysosomally prelocalized Sph indeed led to delayed export of 
cholesterol, whereas the inverse experiment (releasing excess cho-
lesterol) did not cause any delay in Sph export. In addition, most 
cellular models of sphingolipid storage disorders investigated here 
showed delayed export of lyso-pacChol as well. Together, these 
data could suggest that Sph is preferentially trafficked by NPC1 
or that the binding of Sph to NPC1 is stronger than that of cho-
lesterol. It is tempting to speculate about a model in which NPC1 
is a cholesterol-regulated protein that is able to move other sub-
strates, including Sph, to the limiting membrane of the lysosome 
for transport at lysosome–ER contact sites (13).

To a lesser extent, a similar concept could apply to LIMP-2. 
While we did not characterize the Sph–LIMP-2 interaction to the 
same extent as for NPC1 due to missing tools, we could see an 
additive effect of the NPC1/LIMP-2 double knockout cells in 
keeping the uncaged lyso-pacSph in the lysosomes. Future inves-
tigations into the function of NPC1 and LIMP-2 as Sph transport-
ers will require reconstitution of the system to accurately investigate 
binding constants and transport rates to reveal whether indeed Sph 
binding is stronger than cholesterol and whether addition of Sph 
would be able to displace cholesterol from the binding cavity.

In conclusion, the presented method to study single lipids with 
subcellular resolution gave insights into the previously understudied 
lipid Sph. Similar to cholesterol, Sph interacts with and likely exits 
the lysosomes via NPC1 and to a lesser extent also via LIMP-2/
SCARB2, presumably using their hydrophobic tunnels for delivery 
to the limiting membrane of the lysosome. From there, it is tempt-
ing 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 toward potential inter-
organellar transporters, potentially because the cross-linking 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 orga-
nelles to occur in order to capture possible postlysosome Sph trans-
porters. 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 interorganellar transfer of many different lipid species.

Materials and Methods

Synthesis of Lipid Probes. A detailed description of the synthesis and charac-
terization of the lysoprobes can be found in SI Appendix.

Thin-Layer Chromatographic Analysis of Lysosome-Targeted pac-Lipids 
(Adapted from Refs. 32 and 61). Details can be found in SI Appendix. Briefly, 
cells labeled with 10 μM lysoprobes were UV-irradiated for 90 s on ice with a 
405-nm LED lamp. Lipids were extracted from the cell pellet using chloroform/

http://www.pnas.org/lookup/doi/10.1073/pnas.2213886120#supplementary-materials
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methanol, clicked to 3-azido-7-hydroxycoumarin (4 µM), and separated by thin 
layer chromatography. Lipids containing the fluorescent coumarin group were 
visualized using a gel-doc system.

Visualization of Clickable Lipids. Cells grown on coverslips were labeled with 
the respective concentrations of lyso-pac-lipids and UV-irradiated on ice for 90 s 
at 405 nm followed by a cross-linking irradiation at 365 nm with a UVP Blak-Ray 
B100-AP High-Intensity Lamp for 7 min after the respective time periods. For 
lyso-pacSph, cells were fixed with −20 °C methanol, and noncrosslinked lipids 
were removed by washing with CHCl3/MeOH/AcOH (10:55:0.75). Cross-linked 
lipids were labeled with AlexaFluor 594 picolyl azide. For lyso-pacChol, cells 
were fixed with 4% PFA and 0.1% glyoxal for 20 min at room temperature, 
solubilized with 0.3% Triton/SDS and blocked overnight. Cross-linked lipids 
were labeled with AlexaFluor 488 picolyl azide and subjected to immunofluo-
rescence experiments. Images were acquired using a confocal laser scanning 
microscope (Zeiss LSM800) with a 63× oil objective. Images were further ana-
lyzed using ImageJ 2.1.0/1.53c. The Pearson coefficient for analysis of signal 
distribution within cells and lysosomes was extracted from the raw images 
with Coloc 2 plugin.

Cell Labeling, Cross-Linking, and Pulldown for Protein–Lipid Interaction 
Studies. A detailed protocol can be found in SI Appendix. Briefly, cells were 
labeled with lyso-pacSph (5 µM), lyso-pacChol (10 µM), or their uncaged coun-
terpart pacSph (1 µM) or pacChol (10 µM) for the times indicated in the respec-
tive figures. The lysoprobes were subsequently uncaged at 405 nm for 90 s and 
then immediately irradiated at 365 nm with a UVP Blak-Ray B100-AP High-
Intensity Lamp for 10 min. The lysate was adjusted for protein concentration and 
subjected to click reaction (500 µM CuSO4, 50 µM Tris (benzyltriazolylmethyl)
amine (TBTA), 500 µM ascorbic acid, and 250 µM picolyl azide-PEG4-biotin) 
for 1 h at 37 °C. Subsequently, proteins were precipitated twice by chloro-
form/methanol precipitation. For enrichment of the lipid–protein complexes, 
streptavidin sepharose beads were used, and the proteins were eluted using 
1% NP40, 0.4% SDS, and 2 mM biotin for 5 min at 98 °C. Probes were either 
subjected to SDS-PAGE followed by western blot analysis or submitted to liquid 
chromatography followed by tandem mass spectrometry (LC-MS/MS) analysis.

LC-MS/MS Analysis and Mass Spectrometric Data Analysis. Details can be 
found in SI Appendix. Briefly, enriched protein–lipid complexes were subjected 
to an in-solution tryptic digest, followed by tandem mass tag (TMT) labeling. 
TMT-labeled peptides were mixed and purified by a reverse-phase clean-up step 
and were analyzed by LC-MS/MS. Acquired data were analyzed using IsobarQuant 
(62) and Mascot V2.4. Only proteins that were quantified with at least two unique 
peptides were considered for the analysis. The raw TMT reporter ion signals were 
first cleaned for batch effects using limma (63) and further normalized using 
variance stabilization normalization (64). Proteins were tested for differential 
expression using the limma package. A protein was annotated as a hit with a 
false discovery rate <0.01 and a fold change of >1.5. Hit proteins were clustered 
on the Euclidean distance between signal sums normalized by the respective no 
UV condition. The data have been deposited to the ProteomeXchange Consortium 
via the PRIDE (65) partner repository with the dataset identifier PXD039780.

Data, Materials, and Software Availability. Proteomics Data have been depos-
ited in PRIDE to the ProteomeXchange Consortium via the PRIDE (66) partner 
repository with the dataset identifier PXD039780. All other data are included in 
the article and/or SI Appendix.
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