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Abstract 
 
Lysosomes are membrane-bound organelles that act as a central hub for the recycling 

of biomolecules derived from cellular processes such as autophagy, endocytosis, 

among others. Lysosomal dysfunction is often linked to severe pathologies such as 

lysosomal storage disorders (LSDs), which are characterized by the aberrant 

accumulation of substrates, such as lipids. While cholesterol efflux from lysosomes is 

well-understood, the transport of other biologically active lipids such as sphingosine 

remain unknown. This knowledge gap is attributed to a lack of functional tools to 

manipulate and investigate lipids within living cells and on a single organelle level. The 

recent development of organelle-targeted caging groups, photoaffinity labeling and in 

combination with biorthogonal reactions represents a valuable and non-invasive way 

to identify new protein interactors of single lipid species while acquiring an exquisite 

spatial-temporal control. 

 

This work presents the development, characterization and application of a method to 

investigate the previously enigmatic export of sphingosine from lysosomes. To this 

end, We have synthesized lysosome-targeted photoactivatable sphingosine (Lyso-

pacSph) and lysosome-targeted photoactivatable cholesterol (Lyso-pacChol) that 

combine existing technologies such as photoaffinity labeling and a lysosome-targeted 

photoremovable caging group. In this way, the lyso-probes allow their controlled 

release within the lysosome using a flash of light. Their remaining modifications enable 

the study of their trafficking and metabolism as well as the capture of their unique 

lysosomal interactome. Excitingly, known cholesterol transporters, such as the 

abundant lysosomal protein SCARB2/LIMP-2 and Niemann-Pick type C1 (NPC1) 

were also identified as sphingosine interactors. Additionally, I show that both proteins 

play similar roles in sphingosine transport from lysosomes. Absence of either protein 

resulted in delayed sphingosine metabolism as observed by thin-layer 

chromatography as well as prolonged lysosomal localization of the sphingosine probe 

as shown in fluorescence microscopy experiments. The latter method also allowed me 
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to analyze the impact of an approved drug for NPC, miglustat, on subcellular 

sphingosine and cholesterol trafficking. Additionally, artificial elevation of sphingosine 

levels in WT cells created a cholesterol export defect reminiscent of NPC disease, 

pointing towards a direct and causative role of sphingosine in the pathobiochemistry 

of this disease. Overall, the developed method presents a powerful tool to investigate 

the actions of biologically active lipid species with subcellular precision. This will likely 

inspire the generation of similar tools targeting different lipids and other organelles, 

thus contributing to a more detailed understanding of the intricacies of lipid-mediated 

signaling events. 
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Zusammenfassung 
 
Lysosomen sind membrangebundene Organellen, die als zentraler Punkt für das 

Recycling von Biomolekülen fungieren, die bei zellulären Prozessen wie Autophagie, 

Endozytose, unter anderem. Eine lysosomale Dysfunktion ist häufig mit 

schwerwiegenden Pathologien wie lysosomalen Speicherkrankheiten (LSD) 

verbunden, die durch eine abnorme Anhäufung von Substraten, wie z. B. Lipiden, 

gekennzeichnet sind. Während der Cholesterin-Efflux aus Lysosomen gut verstanden 

ist, ist der Transport anderer biologisch aktiver Lipide wie Sphingosin noch unbekannt. 

Diese Wissenslücke ist auf einen Mangel an funktionellen Werkzeugen zur 

Manipulation und Untersuchung von Lipiden in lebenden Zellen und auf der Ebene 

einzelner Organellen zurückzuführen. Die aktuelle Entwicklung von Organelle-

targeted Caging-Gruppen, Photoaffinitäts-Markierung und in Kombination mit 

biorthogonalen Reaktionen stellt einen wertvollen und nicht-invasiven Weg dar, um 

neue Protein-Interaktoren einzelner Lipidspezies zu identifizieren und gleichzeitig eine 

präzise räumlich-zeitliche Kontrolle zu erlangen. 

 

Diese Arbeit stellt die Entwicklung, Charakterisierung und Anwendung einer Methode 

zur Untersuchung des bisher rätselhaften Exports von Sphingosin aus Lysosomen vor. 

Zu diesem Zweck haben wir lysosomenzielgerichtetes, photoaktivierbares Sphingosin 

(Lyso-pacSph) und lysosomenzielgerichtetes, photoaktivierbares Cholesterin (Lyso-

pacChol) synthetisiert, die bestehenden Technologien wie die 

Photoaffinitätsmarkierung und eine lysosomenzielgerichtetes, photoremovable 

Caging-Gruppe kombinieren. Auf diese Weise ermöglichen die Lyso-Sonden ihre 

kontrollierte Freisetzung innerhalb des Lysosoms durch einen Lichtblitz. Die 

verbleibenden Modifikationen ermöglichen die Untersuchung ihres Transportes und 

Stoffwechsels sowie die Erfassung ihres einzigartigen lysosomalen Interaktoms. 

Spannenderweise wurden bekannte Cholesterintransporter wie das reichlich 

vorhandene lysosomale Protein SCARB2/LIMP-2 und Niemann-Pick Typ C1 (NPC1) 

ebenfalls als Sphingosin-Interaktoren identifiziert. Darüber hinaus konnte ich zeigen, 
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dass beide Proteine eine ähnliche Rolle beim Sphingosintransport aus den 

Lysosomen spielen. Das Fehlen eines der beiden Proteine führte zu einem 

verzögerten Sphingosin-Stoffwechsel, wie durch Dünnschichtchromatographie 

beobachtet wurde, sowie zu einer verlängerten lysosomalen Lokalisierung der 

Sphingosin-Sonde, wie in Fluoreszenzmikroskopie-Experimenten gezeigt wurde. Mit 

der letztgenannten Methode konnte ich auch die Auswirkungen eines für NPC 

zugelassenen Medikaments, Miglustat, auf den subzellulären Sphingosin- und 

Cholesterinverkehr analysieren. Darüber hinaus führte die künstliche Erhöhung des 

Sphingosinspiegels in WT-Zellen zu einem Cholesterinexportdefekt, der an die NPC-

Krankheit erinnert, was auf eine direkte und ursächliche Rolle von Sphingosin in der 

Pathobiochemie dieser Krankheit hindeutet. Insgesamt stellt die entwickelte Methode 

ein leistungsfähiges Instrument dar, um die Wirkung biologisch aktiver Lipidspezies 

mit subzellulärer Präzision zu untersuchen. Dies wird wahrscheinlich die Entwicklung 

ähnlicher Instrumente für andere Lipide und andere Organellen anregen und so zu 

einem genaueren Verständnis der Feinheiten der durch Lipide vermittelten 

Signalvorgänge beitragen. 
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“This is one more piece of advice I have for you: don't get impatient. Even if things 

are so tangled up you can't do anything, don't get desperate or blow a fuse and start 

yanking on one particular thread before it's ready to come undone. You have to 

realize it's going to be a long process and that you'll work on things slowly,  

one at a time.”  

- Haruki Murakami, Norwegian Wood 
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Chapter 1 – Introduction 
 
1.1. Cellular lipid diversity 
 

Lipids are essential biomolecules of the cell; their diversity is fundamentally important 

for a wide range of cellular processes. On a physiological level, lipids serve as energy 

reservoirs in adipose tissue, mostly in their triglyceride form1. On a cellular level, lipids 

are involved in signaling events, e.g., promoting cellular proliferation upon binding to 

a set of distinct G protein-coupled receptors2 (GPCRs) and triggering calcium release 

from internal stores3. Moreover, they are the main components of the plasma 

membrane (PM) and other subcellular organelles. Their localization and unique 

signature can vary from tissue, cell type and from organelle to organelle. Overall, this 

results in a great lipid diversity, with a thousand of different lipid species per cell4, 

determining properties such as membrane fluidity and permeabilisation5. Therefore, 

understanding the catabolic cascade, transport of lipids and inter-organelle 

communication is of great importance since dysregulation on any of these steps 

results in severe pathologies such as cardiovascular6 and metabolic disorders7, which 

are often associated with abnormal lipid levels.  

  

 
 

 
Figure 1.1 Structural commonalities of mammalian lipids by color code. Common backbone: Orange, fatty acid: 
Green and R which represents a phosphate, choline, ethanolamine or sugars as head group: Red. 
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Due to their structural commonalities, (see figure 1.1) eukaryotic lipids can be 

classified into 3 major groups: glycerolipids, sphingolipids and sterols, accounting for 

more than 1000 lipid species8. Glycerolipids (GLs) share a common mono-, di- or tri-

substituted glycerol backbone. In mammalian cell membranes, phosphatidylcholine 

(PC) and phosphatidylethanolamine (PE) are the most abundant phospholipids, 

accounting for 50-80% of total cellular phospholipids9. Sphingolipids (see figure 1.2) 

are a class of bioactive lipids that share a common sphingoid (long chain base) 

backbone (depicted in orange). This backbone in mammalian cells is sphingosine 

(Sph), which is the precursor to many other sphingolipid species. Moreover, 

sphingosine has been attributed to participate actively in events such as apoptosis10–

12, regulation of calcium release from intracellular stores13,14 and degradation of 

double-stranded genomic DNA15–17.  Its backbone can be N-acylated with fatty acids 

(depicted in green) of variable length generating an assorted library of ceramide (Cer) 

species. Cer can differ in their long-chain fatty acid; this variation stems from the 

responsible ceramide synthase. mammalian cells have six ceramides’ synthases 

(CerS1-6)18, each displaying a different fatty acid chain length preference, resulting in 

a wide array of ceramides with unique biological activities19. Cer can have a biological 

impact by its pro-apoptotic actions and by regulating the activities of protein kinase C 

z (PKC) 20 and Cathepsin D, a ceramide-binding protein. Additionally, modifications to 

their headgroup (depicted in red/turquoise) define other sphingolipids such as 

sphingomyelin (SM) and glucosylceramide (GlcCer). Besides being structural 

components of the cell, lipid species such as highly glycosylated lipids reside on the 

outside of the PM and are important for cell recognition, immunity, among other 

processes21–23. On the other hand, lipid species such as sphingosine (Sph), 

sphingosine-1-phosphate (S1P), ceramide, ceramide-1-phosphate (C1P) and 

glucosylceramide (GlcCer) have been described as powerful bioactive lipids, which 

act as second messengers, regulating diverse cellular processes such as signal 

transduction pathways24.  
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Figure 1.2 Overview of sphingolipid metabolism network. Ceramide serves as central hub for the formation of 
other sphingolipid species such as higher (glyco)-sphingolipids or to the Sphingosine backbone. Created with 

BioRender.com  

 

Sterols are another major lipid group, which characteristically contain a polar head, a 

rigid steroid backbone comprised of a fused four-ring system and a short aliphatic tail. 

These molecules are essential for standard cellular functions as they regulate the 

fluidity of membranes and have an impact on the functionality of membrane-

associated proteins25. One of the most important members of this family is cholesterol 

– an essential component of mammalian cell membranes, which upon association with 

sphingolipids creates microdomains referred to as “liquid ordered domains” or “lipid 

rafts”26. Upon formation, they are key players in supporting biological processes such 

as asymmetric growth, signal transduction, cellular sorting and are crucial in infectious 

and metabolic diseases27. 

 

Cholesterol and sphingolipids can be produced by cells via de novo by the synthesis 

of new substrates (which will not be discussed in this thesis), acquired from diet or 

obtained through the recycling and internalization of membranes and subcellular 

organelles derived from endo/phagocytosis. In this thesis, we will focus on the latter 

pathway and discuss sphingolipid catabolism inside of lysosomes and its downstream 

consequences.  
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1.2 Lipid breakdown occurs in lysosomes 
 
For many years, the lysosome has been regarded as the trash can of the cell. This 

follows the characterization of this membrane-bound organelle containing more than 

60 different enzymes, including lipases, proteases and nucleases28, which serve as 

host for the degradation of biomolecules derived from autophagy and other cellular 

trafficking pathways. Nowadays, the lysosome has gained renewed awareness among 

the scientific community, since it has been implicated in other processes such as 

nutrient sensing, where amino acids, glucose and lipids promote mTORC1 

translocation to the lysosomal surface29,30. This, in turn, suppresses lysosomal 

catabolism through the inhibition of autophagy and lysosomal degradation31. 

Additionally, lysosomal malfunction can lead to a specific group of inherited metabolic 

disorders, known as lysosomal storage diseases (LSDs). Here, biomolecules such as 

lipids cannot be exported or breakdown into their respective metabolites32.   
 

Within the endo/lysosomal (LE/LY) degradation pathway, lipids are one class of 

molecules being degraded (see figure 1.3). In the first step of sphingolipid catabolism, 

species such as SM and GSLs reach the lysosomal compartment through 

internalization of the plasma membrane and recycling of subcellular organelles 

through the autophagic pathway. Inside the lumen of LE/Lys, these complex lipids are 

degraded by sphingomylases and glucosidases to form Cer. The activity of these 

hydrolases therefore regulates levels of lysosomal ceramide33. 

 
Figure 1.3 Overview of lysosomal lipid breakdown. Lipid breakdown occurs at the lysosome via enzymatic 

reactions. Created with BioRender.com 
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In the next step of sphingolipid catabolism, ceramides are hydrolyzed by acid 

ceramidase (aCDase) to form Sph, which is the backbone and precursor of many other 

lipid species. Of note, Sph can only be generated by actions of aCDase and neutral 

CDase (nCDase). So far, a de novo synthesis pathway for Sph has been ruled out34,35. 

One fate of Sph is to be „salvaged” i.e., recycled back into the sphingolipid pathway, 

resulting in the generation of ceramides and derivatives. This pathway utilizes 50-90% 

of the lysosomally-derived sphingoid base pool36,37. Alternatively, Sph can be 

phosphorylated either by sphingosine kinase 1 or 2 (SK1/SK2), cleaved by 

sphingosine-1-phosphate lyase (SGPL1), converted into hexadecanoic acid and 

further incorporated into glycerolipids. 

 

Alongside sphingolipids, other lipids are also degraded in the lysosome. Here, the 

biologically active class of sterols, with cholesterol being particularly well studied, are 

of interest. Dietary cholesterol reaches cells in plasma-low-density lipoprotein form 

(LDL), which binds to LDL receptors (LDLR) at the PM of target cells and is internalized 

via clathrin-mediated endocytosis38. Once taken up, LDL particles dissociate from 

LDLR due to a decrese  of pH in late endosomes from where LDLR is recycled back 

to the PM39. Next, LDL is hydrolyzed by the actions of lysosomal acid lipase, triggering 

the release of cholesterol and triglycerides40.  

 

 
Figure 1.4 Overview of lysosomal cholesterol breakdown and transport. Cholesterol reaches lysosomes on its 

LDL form and hydrolyzed to release cholesterol and triglicerides. Created with BioRender.com 
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1.3 Subcellular transport of lipids 
 

Lipid de novo synthesis starts at the ER41, where many lipid enzymes are located 42, 

Here, the cell synthesizes structural phospholipids, sphingolipids, sterols and as well 

significant levels of triacylglycerol and cholesteryl esters. The ER distributes lipids 

towards organelles, which are unable to synthesize or are limited by their capacities. 

Therefore, transport of lipids between organelles requires dedicated and specialized 

carrier proteins or lipid transfer proteins (LTPs), tethering complexes acting at 

membrane contact sites (MCS) or vesicular flux of lipids. All of these are fundamental 

processes to ensure cell survival and membrane formation. 

 

Although the ER is key player in cholesterol and sphingolipids biosynthesis, these 

species are promptly transported to other subcellular organelles43. Here, the Golgi 

apparatus plays an important role, as chief organelle of the secretory pathway, where 

lipids such as Cer are transported via ER-Golgi MCS. Here, ceramide-transfer 

protein44 (CERT) interacts with vesicle-associated proteins45,46 (VAPs) at the ER to 

tether Golgi to ER in order to facilitate Cer transfer to the Golgi for further metabolism 

to complex sphingolipids. SM for instance, can leave the Golgi via. vesicular 

transport47. Here, p24, a type I membrane protein that is involved in vesicular transport 

at the early secretory pathway, contains a specific sphingolipid-binding motif, sorting 

a single molecular species of sphingomyelin, SM 18:0 into vesicles48,49 on a retrograde 

transport from the Golgi to the ER. Other lipids are trafficked in a non-vesicular fashion. 

GlcCer uses the four-phosphate adaptor protein 2 (FAPP2) to travel from the cis-Golgi 

to the trans-Golgi network50,51, where it is exclusively incorporated into globosides, 

such as globotriaosylceramide (Gb3).  The levels of ceramide-1-phosphate at the 

trans-Golgi network are governed by a dedicated ceramide-1-phosphate transfer 

protein (CPTP)52, which shuttles C1P to the trans-Golgi or the PM. Additionally to 

sphingolipids, cholesterol is another component that can move through the secretory 

pathway. Cholesterol levels are increased in a gradient manner, from 5% mol at the 

ER to 20-30% mol at the trans Golgi53. The mechanism of transport of cholesterol from 

ER-Golgi is governed by an oxysterol binding protein (OSBP) at MCS. OSBP exhibits 

a similar domain organization as CERT, which includes a PH domain and a central 

FFAT motif. Here, PH binds to PtdIns(4)P at the Golgi and its FFAT motif interacts 
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with ER-resident VAPs. Then the OSB-related domain (or ORD domain) can bind and 

transfer cholesterol from ER to the Golgi membrane while shuttling PtdIns(4)P in the 

opposite direction43,54. 

 

Post-Golgi transport shuttles the sorted (sphingo)-lipids to the PM, where they are 

sensed, maintained and recycled via the LE/LY compartment.  

 

1.3.1 Lysosomal efflux of (sphingo)-lipids 
 
The catabolites resulting from lysosomal hydrolysis of lipids need to be exported from 

the endo/lysosomal pathway to several acceptor compartments to be re-used in 

cellular metabolism, these compartments include the ER, Golgi, PM, peroxisomes and 

mitochondria. However, one unsolved question is: Does the transport of each lipid 

species use a separate route, or do they share a common export pathway? 

 

Cholesterol is an exemplary lipid, as its transport out of the lysosome to other 

compartments has been extensively studied55–57. The endo/lysosomal pathway 

obtains cholesterol from LDL particles and employs the concerted action of two 

proteins, membrane-bound NPC1 and soluble NPC2 for its efflux from the lysosome58–

61. In order for cholesterol to exit lysosomes, NPC2 an intra-lysosomal soluble protein 

picks up de-esterified cholesterol from intraluminal vesicles in an equimolar ratio. 

NPC2 shields the aliphatic tail of cholesterol from the aqueous environment by burying 

it deep in its hydrophobic pocket 58,61–64. Then NPC2-bound cholesterol (with its 3-b 

hydroxyl group exposed) is transferred to the N-terminal domain of NPC1 from where 

it can exit the endo/lysosomal pathway. NPC1 is a ubiquitous, 13 transmembrane 

domain protein that is located to the limiting membrane of endo/lysosomes (see figure 

1.5). Its cellular functions are not yet fully clarified, but on the physiological level, NPC1 

has been implicated in Ebola and Marburg virus infection65,66 and the 

neurodegenerative Niemann-Pick disease type C disease32,67–69 a known autosomal, 

recessive, LSD which it is caused by mutations in the genes encoding for NPC1 (95% 

cases) and NPC2 (5% cases) leading to atypical storage of lipids such as Chol, Sph, 

SM and glycosphingolipids inside lysosomes70–73. Additionally, NPC1 disease causes 

a perturbation in the function of Rab7 and Rab4 proteins74. On the molecular scale, 
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NPC1 comprises a sterol-sensing domain (SSD) which in collaboration with the N-

terminal domain (NTD) has been demonstrated to bind to cholesterol and facilitate its 

transport through its SSD, which forms a cavity (‘tunnel’) accessible from both luminal 

bilayer leaflet and endosomal lumen59,75,76. This cavity has been shown to 

accommodate and facilitate cholesterol transport. Besides cholesterol, this tunnel can 

also lodge other molecules such as U18666A an amphiphilic drug that impairs 

cholesterol transport, and causing it to accumulate in endo/lysosomes resembling an 

NPC1-like defect77. Moreover, other triazole antifungal drugs have been also 

demonstrated to have an inhibitory effect on NPC1 and impaired cholesterol transport 

by accessing and binding to this cavity78,79.  

 

 
Figure 1.5 Domain structure of human Niemann-Pick type C1 (NPC1) adapted from80 Created with 

BioRender.com 

 

In in vitro studies, NPC2 could deliver cholesterol directly to acceptor liposomes in the 

absence of NPC181,82. This traffic is facilitated by lysobisphophatidic acid (LBPA). 

However, the lack of NPC2 in experiments employing only the N-terminal domain of 

NPC1 failed to deliver cholesterol to synthetic vesicles and could only be transported 

in the presence of NPC258,61. In vivo experiments, as seen from our lab and published 

by others, showed that lack of functional NPC1 or NPC2 resulted in accumulation of 

cholesterol in LE/LYs as seen by filipin staining. It is tempting to speculate that NPC1 

deficiency causes a ‘storage’ as seen from lipidomic studies83 and from studies where 

NPC1 interacts with resident proteins to form tethering functions to transport 

cholesterol out of the lysosomes. Whereas lack of NPC2 causes delayed transport 

i.e., bottleneck traffic. Moreover, NPC1 has been further shown to interact at MCS with 

ER-resident proteins such as the oxysterol-binding related protein 5 (ORP5)84 and 
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GRAM domain containing 1b (Gramd1b)85. This tethering function is potentially 

implicated in maintaining functional cholesterol transport to the ER. Interestingly, 30% 

of LDL-derived cholesterol moves from the endo/lysosomal pathway directly to the ER, 

without passing first through the PM. At the ER, sterol levels are sensed, and 

cholesterol biosynthesis is regulated accordingly. Cholesterol can then move between 

organelles, to the PM to play structural roles and/or to the ER, turning off a 

transcriptional driver for cholesterol synthesis and uptake by blockage of sterol 

regulatory element-binding proteins (SREBPs)86 and last, excess of cholesterol is 

converted into cholesteryl esters for storage in lipid droplets87. Given the importance 

of the direct route, other sterol transport proteins (STPs) such as oxysterol-binding 

related protein 1L ORP1L and StAR related lipid transfer domain containing 3 

(STARD3) are found/enriched at endo/lyso-ER contact sites and facilitate the delivery 

of lipoprotein-derived cholesterol to the ER88–90. 

Parallel to NPC1, recently, other lysosomal abundant membrane proteins such as 

LAMP1/291 and the lysosomal-integral membrane protein LIMP-2/SCARB2 have been 

shown to play a role in lysosomal cholesterol export92. LIMP-2/SCARB2 was proposed 

to be an essential requirement for lysosomal maintenance and biogenesis93,94. This 

endo/lysosomal protein has been previously shown to deliver the acid hydrolase b-

glucocerebrosidase (GC) to lysosomes95,96 and its mutation/deletion is associated with 

another LSD: Gaucher disease97,98. Moreover, LIMP-2 serves as a receptor for 

enterovirus 71 and coxsackieviruses99, which cause hand, foot and mouth disease. 

On a molecular level, the LIMP-2/SCARB2 crystal structure revealed a large cavity 

(‘tunnel’) through its luminal domain100 (see figure 1.6).  
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Figure 1.6 Protein model of human LIMP-2/SCARB2 and its putative tunnelling domain. Taken from: 

https://doi.org/10.1038/nature12684 under license number 5239261484788 

This cavity it is similar to its family members CD36 and SR-B1, the latter being able to 

deliver cholesterol from lipoproteins to the PM101–104. Therefore, it is not surprising that 

deletion of LIMP-2 has an impact on the delivery of cholesterol to the lysosomal 

membrane, resulting in the alteration of SREBP-2 mediated cholesterol regulation and 

formation of LD92. However, it is important to address that loss of LIMP-2 does not 

cause an NPC1 phenotype as experimentally seen by us and the Saftig lab, potentially 

implicating LIMP-2/SCARB2 in an alternate, slower scenario for cholesterol export.  

 

Figure 1.7 Lysosomal transport of cholesterol and breakdown of sphingolipids. Created with BioRender.com 
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While several of the transport proteins of cholesterol have been identified, other lipid 

degradation products such as fatty acids or sphingosine also need to be exported from 

the lysosome in a similar manner (see figure 1.7). Their transport pathways, however, 

are not yet elucidated. Interestingly, sphingosine is among the lipids accumulated in 

Niemann-Pick disease type C disease, hinting at a potentially shared export pathway. 

The reason so little is known about sphingosine exit from lysosomes is a lack of tools 

to manipulate and investigate such lipid species. Next, we will discuss tools for 

investigating (sphingo)-lipid biology 

 
 
1.4 Chemical biology tools to study (sphingo)-lipid biology 
 
Studying and manipulating lipids, especially sphingolipids, in a cellular context, has 

always been a challenging task. Their synthesis and breakdown are results of specific 

enzymatic reactions (see chapter 1.2) in which gives rise to a framework in which lipids 

in cells are well-organized in a highly and tightly regulated signaling network105. Lipid 

research is hindered by the lack of tools to study lipids in their natural environment 

while minimizing the modifications needed to track or detect certain lipid species. 

Chemically modified lipids have been attractive and still to date useful tools. Still, due 

to the relatively small size of a lipid, use and position of chemical modifications are 

crucial for the selection of the probes, since masking or changing specific parts of the 

lipid (e.g., head group) could dramatically affect the biophysical properties and 

signaling outcomes of the lipid106. Here, we will discuss the past and present of 

chemical biology probes in lipid cell biology. 

 

1.4.1 Radiolabeled lipids 
 

For many years, radioactive studies have been gold standard in revealing key 

enzymatic reactions involved in lipid biosynthesis and transport. Methods have been 

reported for labeling cholesterol and sphingolipids, either incorporating 3H or 14C 

isotopes to their native structure or using isotope-labeled precursors such as fatty 

acids, choline, L-serine or acetate107–109 to reveal kinetics of sphingolipid and sterol 

synthesis and transport across organelles. This way, fundamental questions were 

answered, shedding light on the initial steps of sphingolipid biosynthesis, revealing in 



 12 

which step of the sphingolipid biosynthesis a double bond is inserted110,111, or which 

enzymes are required in catalyzing the conversion from dihydrosphingosine (dhSph) 

to dihydroceramide (dhCer) and subsequently to ceramide112. Furthermore, 

radiolabelling methods shed light on cholesterol biosynthesis, transport from the ER 

to other organelles such as mitochondria and/or PM113,114 and elucidated that 

cholesterol transport in vitro is dependent on the orchestrated actions of NPC1 and 

NPC2 proteins115,116. 

 

Despite all these findings, radiolabeled experiments are not well suited to answer 

complex questions on the (sphingo)-lipid field, where a detailed picture of their 

subcellular localization and potentially protein interaction(s) are needed. Radiolabeled 

lipids can rarely be detected by real-time methods, such as microscope-based 

techniques. Additionally, labeling biosynthetic precursors also gives rise to a large 

number of radiolabeled species, often complicating the readout. 

 

1.4.2 Fluorescent lipids 
 
An important breakthrough was achieved by the chemical labeling of lipids with 

fluorescent tags. These lipid analogues are covalently linked to fluorescent dyes (see 

figure 1.8) such as fluorescein, rhodamine, nitrobenzoxadiazole (NBD), coumarin and 

BODIPY-like structures, among others117. The fluorescent moieties are attached to 

their acyl chain or head group of the lipid. Using these probes, first insights were 

obtained about sphingolipid metabolism118, staining of vital organelles such as the 

Golgi apparatus119, diffusion of phospholipids120, redistribution and capping of 

gangliosides at the PM121 and more recently visualization of sterol trafficking on a 

cellular and living organism context122.  
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Figure 1.8 Chemical structures of most common fluorescent dyes. R (depicted in red) represents further 

chemical modifications, such as functional groups or lipid attached molecules. 
 

However, many of these lipid analogues contain head group modifications which can 

cause a loss in the biological activity of the lipid e.g., affecting lipid transbilayer 

movement, lipid misssorting123 and delayed or prematurely stopped metabolism124–126. 

Additionally, many of these lipid analogues contain fluorescent dyes on the visible-

light region which often confer increased hydrophilicity to the lipid probe. Therefore, 

many of these constructs might exhibit additional drawbacks such as aberrant lipid 

integration into synthetic membranes, causing abnormal structures127,128 and 

increased kinetics, leading to a fast undesirable lipid exchange between donor-

acceptor membranes129. 

 

1.4.3 Bioorthogonal chemistry: Probing for targets with chemically 
modified biomolecules 
 

1.4.3.1 Click chemistry 
 

Biorthogonal chemistry is a modern approach for overcoming the limitations of 

fluorescent lipids. Here, small chemical reporters such as an azide, alkyne, aldehyde, 

tetrazine, alkene, among others are chemically introduced or pre-tagged to the 



 14 

biomolecule of interest130. Then, a bioorthogonal chemical reaction is performed in 

situ.  In order to perform a chemical reaction on a living system, it is important that this 

reaction proceeds under physiological conditions with respect to pH, temperature and 

aqueous environment and additionally must be non-toxic and non-invasive per se. 

Reactions conforming to these criteria were grouped to “click chemistry” reactions131, 

by Sharpless and co-workers about two decades ago. The most famous and most 

often applied click reaction is a highly regioselective reaction involving azides with 

terminal alkynes to form a 1,4-disubstituted-1,2,3-triazole (see figure 1.9). 

 

 
Figure 1.9 Schematic representation of CuAAC click reaction 

 

This approach has been applied to diverse biomolecules e.g., lipids132–135, glycans136–

138 or nucleic acids139 to map protein-lipid interactions, metabolism and direct 

visualization of lipid-protein complexes. 

 

1.4.3.2 Photoaffinity labeling 
 

Bioorthogonality is not restrictive to one reaction by biomolecule of interest. 

Photoaffinity labeling (PL) is an elegant approach for screening protein-protein or 

protein-lipid interactions, In PL experiments, small chemical moieties such as a 

diazirine, phenyl azide or benzophenone (see figure 1.10) are introduced to the 

biomolecule of interest. Upon UV irradiation a highly reactive species, such as a 

radical, carbene or nitrene is formed, reacting with any molecule in proximity, resulting 

in a direct covalent bond between the probe and the target (see figure 1.10).  
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Figure 1.10 Schematic representation of photoaffinity labelling groups and mode of action 

 

PLs have been extensively used since their discovery140, they have been applied to 

map ligand-binding sites in GPCRs141–143, drug binding sites144,145 and such elegant 

approach has been extended to other small molecules such as lipids146. 
 

1.4.3.3 Caged, bi-, tri-functional and organelle-targeted lipids: 
release of lipids with spatial-temporal resolution 
 

Following this concept, bi-functional lipids were created. An exquisite combination of 

both, an alkyne and diazirine which are introduced to the acyl chain and/or backbone 

of a lipid, confer minimal structural modifications. In this way, these powerful tools 

mimic their counterparts closely. By feeding cells with a bi-functional lipid, UV 

illumination at 365 nm and click reaction to either a fluorophore or a biotin-tag, their 

subcellular localization and downstream metabolites can easily be traced (see figure 

1.11).  
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Figure 1.11 Application of bi-functional lipids in cell biology. Due to their chemical modifications such as an 
alkyne-bearing group, bifunctional lipids can be employed on metabolism studies by TLC or more sophisticated 

methods such as lipidomics. Due to their additional photocrosslinkable moiety ‘diazine ring’ lipids can be 

crosslinked and form protein-lipid complexes which can be visualized via an azide-containing fluorophore or map 
for protein-lipid interactions via a pull-down biotin-streptavidin. Created with BioRender.com 

 

Following this principle, diverse lipid analogues have been synthesized, expanding the 

chemical biology toolbox of lipids. The respective bifunctional cholesterol was the first 

lipid reported to include an alkyne and diazirine ring on its design147. These chemical 

modifications to the fused four-ring and isooctyl chain of cholesterol, allowed proteome 

wide-mapping of cholesterol interacting partners, yielding over 265 cholesterol 

interacting partners, confirming proteins such as NPC1 as bona fide sterol transport 

protein. Besides cholesterol, other exemplary lipids have been synthesized and 

employed successfully in the past, such as sphingosine148, fatty acids149 and 

ceramides150. Using these bi-functional analogues, several proteomic studies have 

been performed, in cells85,147–149,151–155, yeast156 or whole organisms149 confirming 

known interactors as well presenting high confidence candidate binding proteins. 

Together, these bifunctional, or sometimes referred to as photoactivatable and 

clickable (pac) lipids, are suitable and versatile tools to investigate lipid biology in 

mechanistic depths. However, one major disadvantage of this approach is the rapid 
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incorporation of pac-lipid precursors into a host of downstream metabolites, which 

makes the determination of the precise interacting lipid a major challenge. One could 

design experiments in such a way as the Brügger lab achieved by generating a 

CRISPR knockout cell line of the SGPL1 gene157, therefore avoiding cleavage of Sph 

and further incorporation of the labeled precursor into the glycerolipid pathway, limiting 

experimental readouts to species containing the Sph backbone. Other approaches 

could be using known lipid enzyme inhibitors e.g. Fumonisin B1, Avasimibe, D609 

among others, or employing siRNAs. The latter offers a window of time for cells to 

adapt and compensate by regulating other signaling pathways. 

 

An alternate chemical biology approach to overcome premature metabolism employs 

photolabile protecting groups (PPGs), sometimes called caging groups158. The most 

common PPGs are ortho-nitrobenzyl (NB), BODIPY and coumarin-based caging 

groups159. This strategy has been widely used to circumvent premature actions of 

biomolecules of interest with a high temporal resolution (see figure 1.12). and has 

been applied to molecules such as ATP160, Ca2+161, glutamate162, diazepam163, and 

lately to lipids, such as cholesterol164, sphingosine153,165, arachidonic acid (AA)153–155, 

phosphoinositides166 and fatty acids149. 

 

 
Figure 1.12 Schematic diagram illustrating photolabeling and photolysis of caged compounds. Caging groups 
serve as masks for biomolecules of interest, which can later be cleaved with a flash of light to release the active 

molecule and study its intrinsic actions. Created with BioRender.com 

 

Among PPGs, coumarin-based groups have been predominantly used to cage lipids 

due to relative ease of synthesis and rapid light-release control over the substrate167–
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169. Moreover, the hydrophilic headgroup of lipids is usually composed of easily 

modifiable chemical groups such as amines, phosphate or alcohol. These can be 

straightforwardly connected to the coumarin cage via a carbamate, carbonate or 

phosphate bond, giving rise to favorable kinetics of the cleaving reaction due to the 

requirement of low pKa of the leaving group170. Overall, the caging strategy can 

circumvent the pitfalls of the direct addition of lipid substrates to the medium, i.e., fast 

metabolism and multiple downstream metabolites.  

 

Combining the caging and bifunctional lipid concepts Höglinger et al. synthesized tri-

functional caged, sphingosine (TFS), diacylglycerol (TF-DAG) and C15 fatty acid (TF-

FA) probes153. These lipids probes feature superior temporal resolution since the 

liberated pac-lipid species are only incorporated into their respective metabolic 

pathways after photo-liberation (uncaging). An additional, photocrosslinking reaction 

can reveal their subcellular localization over time. Moreover, chemoproteomic profiling 

yielded over 73 sphingosine binding proteins, from which 65 proteins were identified 

as high-confidence proteins meaning they were not identified when using control lipids 

TF-FA or TF-DAG 153. Interestingly, a possible and exciting new role for proteins such 

as STARD3, a cholesterol transporter from the ER to the LE/LY90,171 as a possible 

sphingosine carrier was revealed in this study. Although caging groups are an elegant 

method to mask lipids and offer a delicate and high temporal resolution due to their 

optic properties, this technique is hindered by its spatial resolution, since the cage by 

itself accumulates strongly on internal cellular membranes such as the ER and the 

Golgi153,165,172.  

 

Conventional laboratory microscopes do not offer or have a poor distribution of light 

on a specific subcellular area, making it difficult to specifically liberate caged lipids in 

certain organelles but the actions of lipids among other molecules show a clear 

dependence on subcellular localization. Therefore, the latest efforts for understanding 

lipid metabolism and trafficking have resulted in successful pre-localization of natural 

lipids into diverse organelles and the creation of new tools such as the ‘click cage’152. 

This coumarin-based approach is integrated with an alkyne moiety which can later be 

combined with azide-modified organelle-targeting moieties by a bioorthogonal click 

chemistry reaction (see figure 1.13).  
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Figure 1.13 Schematic diagram illustrating the ‘click cage’. Adapted from152 Created with BioRender.com 

 

Organelle-targeting is not a novel concept in chemistry or biology, in fact, several 

commercially available dyes employed in fluorescent microscopy bear covalently 

attached moieties, which accomplish subcellular discrimination. Such an elegant 

concept has been widespread in a variety of fields such as chemical biology and drug 

discovery. But how is selectivity over other cell structures achieved? Many 

(bio)chemical reactions employing enzymes, ions/anions and reactive oxygen species 

(ROS)173,174 occur actively within the cell, several of these reactions appear to be 

concentration-dependent and additionally have been demonstrated to take place in 

specific organelles. This way, the differences in chemistry between organelles have 

been revealed and small chemical groups175 (see figure 1.14) were identified, which 

drive selective accumulation inside targeted organelles such as mitochondria, ER, LY 

and PM.  

 

 
Figure 1.14 Schematic representation of common organelle targeting groups employed in biology. 
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For example, a reported chemical targeting group for mitochondria is a 

triphenylphosphonium (TPP) cation. Due to the membrane potential of 200 mV of the 

mitochondria176, lipophilic cations such as TPPs can penetrate and accumulate within 

its matrix177,178. Similarly, PM-targeted probes are retained at the outer leaflet due to 

their heavily negatively charged groups such as sulfonates and carboxylic acids 
154,179,180. The exact mechanism of ER-targeting remains unclear, however, moieties 

such as a r-toluenesulfonamide group181,182, allow binding to cyclooxygenases (COX) 

which are abundant at the ER.  Additional small amphiphilic or lipophilic groups such 

as a perfluorinated aryl group have been recently described152,180. LE/LY features a 

uniquely low pH value of 4 to 5, acquired through actions of V-type ATPases183. As a 

result, many LE/LY fluorescent probes are based on the lysosomotropic properties of 

these endocytic organelles, where small lipophilic basic moieties, especially lipophilic 

amines selectively accumulate in acidic stores184, Specifically, weakly basic amines 

such as a morpholine185 or N,N-dimethylethylenediamine186 groups can readily cross 

the lysosomal membrane, become protonated and retained because of their newfound 

membrane impermeability due to their acquired positive charge. Therefore, combining 

these properties, the ‘click cage’ method enabled the successful pre-localization of 

mitochondria-, lysosome-, PM- and ER-targeted caged sphingosine and arachidonic 

acid derivatives152. Other, almost simultaneously reported approaches used direct 

incorporation of the targeting moiety to the core of the coumarin cage, giving rise to 

PM-targeted AA, lysosome (Lyso-So), and mitochondria-targeted sphingosine (Mito-

So) and cholesterol derivatives154,187,188. This way, Feng et al. found that Mito-So could 

rapidly be phosphorylated and converted into S1P, by actions of SK1/SK2 as shown 

by inhibition studies187. Whereas Lyso-So showed almost no conversion into S1P, 

demonstrating the importance of lipid localization in metabolism. Moreover, studies 

with Mito-So failed to trigger calcium release188, which also implies that the signaling 

actions of lipids, such as sphingosine are governed by their subcellular localization. 

 

In sum, these methods offer a high-spatiotemporal resolution. Yet, the pre-localization 

concept has not been applied to studying questions related to which proteins are 

involved in intracellular transport. We anticipate that the creation of such tools will 

allow us to answer biological questions on a subcellular level. 
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Objectives of this thesis 
 
Studying and manipulating lipids in a subcellular context is a great challenge. To date, 

many experimental approaches rely on whole-cell level methods to perturb lipid levels 

and trigger cell-wide responses. Many of these methods rely on molecular biology 

techniques such as using siRNAs for gene silencing and require long time incubations, 

which gives a window of time for cells to adapt and compensate by regulating other 

signaling pathways. Other conventional methods such as feeding cells with lipid 

precursors to artificially increase lipids levels are subject to cellular metabolism and 

give rise to a host of metabolites. While state-of-the-art chemical biology tools have 

been created to overcome those drawbacks, methods that combine the high temporal 

resolution of caging groups and the subcellular specificity of organelle-targeting 

chemistry with bifunctional lipid modifications to track lipid metabolism, intracellular 

transport, and binding partners are still missing.  

 

Considering these challenges, the aim of this thesis is to manipulate cholesterol and 

sphingosine levels on a subcellular level, particularly at the lysosome, in order to 

answer remaining questions about the mechanism of sphingosine exit from 

lysosomes. By combining the above-mentioned chemical biology concepts, we 

created lysosome-targeted caged compounds Lyso-pacSph and Lyso-pacChol (Lyso 

= Lysosome, pac= photoactivatable and clickable). Due to their features, these 

probes allow us to achieve exquisite control over lipid concentration and localization 

with high temporal and spatial precision. These probes will be applied in a cellular 

context to characterize their stability and subcellular localization. Additionally, the lyso-

probes will be employed in studying post-lysosomal metabolism and localization after 

pulse-chase experiments as well as in mass spectrometric screening experiments to 

identify novel lysosomal sphingosine and cholesterol binding proteins. Altogether, 

these varied applications will allow for thorough characterization of their effects on lipid 

metabolism and transport.  
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Given that lysosomal egress of sphingosine is still enigmatic and of particular 

relevance in lysosomal storage disorders such as NPC, we anticipate that the results 

of our screening will allow us to further investigate the pathobiochemistry of this 

storage disorder. Specifically, we hypothesize that the molecular mechanisms of 

cholesterol exit (which is affected in NPC) are shared with sphingolipid export, 

specifically with sphingosine. To investigate this hypothesis, we will perform 

competition experiments with sphingosine and cholesterol in living cells, allowing us 

to follow the export kinetics of one lipid in the presence of an excess of the other lipid. 

Such sophisticated experiments will contribute to unraveling the mechanisms 

contributing to the lipid accumulations characteristic of these storage disorders. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 23 

 

 

Chapter 2 – Results and discussion 
 
2.1. Targeting cholesterol and sphingosine to lysosomes – A 
new approach for studying their subcellular actions 
 
Studying the specific actions of (sphingo)-lipids is a challenging task. Therefore, in 

order to understand their subcellular actions and how bioactive lipids such as 

sphingosine and well-studied cholesterol are transported and metabolized throughout 

the cell; I combined the coumarin caging technology with a lysosome-targeting group 

that confers superior spatial-temporal control. Additionally, I employed the 

commercially available pacSph and pacChol, which due to their chemical 

modifications, allow the visualization of protein-lipid complexes and mapping of their 

interacting partners. We anticipate that this technology will lead to the achievement of 

higher sensitivity, especially for minimal occurrence interactions due to the lysosomal 

pre-localization of the probes. 

 

2.1.1 Targeting the lysosome with a coumarin-cage approach 
 

In this work, I chose to use a coumarin-based approach as a cage for sphingosine and 

cholesterol. This group offers improvements over other caging groups such as 

nitrobenzyl-based systems, resulting in lower phototoxicity due to the use of longer 

wavelengths and avoiding the formation of aci-nitro intermediates189,190. Additionally, 

coumarin-caged molecules can also be detected under conventional fluorescent 

microscopes by the virtue of the cage which allows identifying labeled cells. Moreover, 

we decided to target the lysosome by known approaches, such as attaching activity-

based probes, for instance, a known derivative of E-64, an epoxide protease inhibitor 

that can penetrate cells and allows pre-localization of molecules to the lysosomes191–

195. This concept has been applied for tracking lysosome-dependent apoptosis, 

analysis of cathepsin cysteine proteases and therapeutic targets192,196,197. In addition, 

we envision a more simple, sophisticated linker, covalently attached to the coumarin-
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cage core. This linker would consist of a N,N-dimethylamino group (commonly referred 

as a tertiary amine) which due to lysosomotropism, can be trapped selectively inside 

lysosomes by actions of its acidic environment. This concept has also been employed 

in commercially available dyes, such as LysoTracker and recently, used by Wagner et 

al., to synthesize the lysosome-targeting moiety of the ‘click cage’152. 

 

2.1.2 Synthesis and characterization of a lysosome-targeted 
sphingosine via an epoxysuccinic group 
 

Firstly, we chose to target lysosomes by attaching an epoxysuccinyl scaffold, which 

has been extensively studied and reported as a natural inhibitor of cysteine proteases, 

which are to be found at the lysosome191,192,194,196. This small molecule is composed 

of three major groups: an electrophilic warhead that serves as a recognition group, 

and two cap groups (see figure 2.1). Modifications to the latter are used for tuning the 

specificity of these cysteine proteases inhibitors197.  

 

 
Fig. 2.1 Chemical structure of E-64. E-64 protease inhibitor via cysteine active sites. 

 

Moreover, this technique has been previously reported as a system for cell-permeable 

organic fluorescent probes for lysosomes with excellent specificity198. This approach 

relies on the design and synthesis of a lysosome probe containing a cell-penetrating 

peptide, a recognition unit such as an epoxysuccinyl scaffold and a fluorescent dye.  

 

Therefore, our design includes sphingosine and cholesterol as lipids of interest, a ‘click 

cage152’, synthesized by the Nadler group in Dresden, as a caging group. An 

epoxysuccinyl scaffold, which will be employed as a lysosome-targeting group, an 

additional small amino-azido linker, and when combining the functionalities of these 

compounds by means of click chemistry will result in our lysosome-targeting probes. 
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I began with the synthesis of the epoxide-containing lysosome targeting group by 

using diethyl L-tartrate as starting material, according to Morit et al. In the first step of 

synthesis199 (see figure 2.2), strong acids such as HBr convert the respective alcohol 

to its conjugated acid, being a good leaving group, which enables bromine substitution. 

After treatment with acetyl chloride, I obtained the desired halohydrin 1 with a 78% 

yield. Then, halohydrins can be converted easily into epoxides in a base reaction. In 

this case, the base deprotonates the alcohol to give an alkoxide intermediate which is 

nucleophilic, leading to the displacement of the halogen on the adjacent carbon, 

leading to compound 2 with a 74% yield. Next, carboxylic esters are hydrolyzed to the 

parent carboxylic acid and an alcohol, using minimal amounts of base via 

saponification leading to compound 3 with 89% yield. Next, I synthesized an azido-

containing linker to enable conjugation to the epoxysuccinyl scaffold by an amide bond 

and later to the alkyne-cage (‘click’ cage) by the virtue of a click chemistry reaction. 

Replacement of a-amino acid functionalities to give azides has been described 

widely200. Therefore, I used a commercially available N-Boc-ethylene bromide, by 

reacting with NaN3 which under mild conditions over long reaction times afforded 

compound 4 with a 53% yield. Lastly, deprotection under strongly acidic conditions, 

such as TFA, leads to the cleaving of the Boc group, to give rise to a free NH2 group. 
On the next step of the synthesis, peptide bonds were formed using the mixed carbonic 

anhydride method201. After activation, I added the amine, to form our peptide bond of 

interest. Obtaining compound 5 with an 83% yield.  
 

The alkyne-bearing click-cage compound 6 was synthesized by the Nadler’s group at 

the Max Planck Institute in Dresden following a well-stablished procedure by Cürten 

et al.202 and was used without further purification. Then, I reacted the click cage with 

an excess of phosgene, leading to the formation of a chloroformate. This compound 

was used without further purification, since chloroformates under flash 

chromatography reactions can react into carboxylic acids. Efficient synthesis of 

carbamates has been extensively described, through the reaction of amines with 

chloroformates153,165,203,204. Here, I used the commercially available D-erythro-

sphingosine to give rise to compound 7 with a 60% yield (see figure 2.2). 
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Next, I combined the functionalities of compounds 5 and 7 to give rise to 8 which was 

further purified by HPLC with a yield of 82% (see figure 2.2). 

 

 
Fig. 2.2 Chemical structures and synthetic procedure for a lysosome-targeted sphingosine probe.  

 

After synthesis and confirmation by NMR of lysosome-targeted sphingosine, I sought 

to investigate the subcellular localization of this newly synthesized compound. 

Therefore, I incubated HeLa WT cells with concentrations of the probe ranging from 1 

– 10 µM and incubation times from 15 – 60 min (see figure 2.3). 

 

 
Fig. 2.3 Subcellular localization of compound JA-052. Live HeLa cells were incubated with Sph-Cou and JA-052 

for 30 min and imaged by confocal microscopy. a) Sph-Cou 5µM which has been reported as a globally distributed 

caged sphingosine b) JA-052 1µM c) JA-052 5µM d) JA-052 10 µM. Scale bars represent 10 µm. 

 

As seen from Figure 2.3, after 30 min incubation the subcellular localization of JA-052 

was found all over the cell, mostly at the ER and some small vesicles when increasing 
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the concentration of the probe. Next, I investigated if longer chasing times would result 

in lysosomal accumulation. 

 

 
Fig. 2.4 Time-chase localization of compound JA-052. Live HeLa cells were incubated with JA-052 1 µM or 5 µM 

and chased up to 240 minutes. Scale bars represent 10 µm. 

 

Unfortunately, longer incubation times of up to 4 h did not result in lysosomal co-

localization as assessed by confocal microscopy (see figure 2.4). One could 

hypothesize that this lack of co-localization could be attributed to the large size of the 

final compound, where the epoxysuccinyl scaffold does not have enough driving 

potential to selectively accumulate inside lysosomes. In addition, the long chain of 

Sph, whose hydrophobic nature could drive interaction with internal membranes, as it 

has been reported for other caged lipids, which accumulate more in ER and Golgi 

compartments151,153,205. However, the exact mechanism of this effect remains 

unknown. 

2.1.3 Synthesis via a tertiary amine-modified coumarin cage 
 

To circumvent the mislocalization problems, I proposed the design and synthesis of a 

new lysosome targeting coumarin cage, which contains a tertiary amine as a 

lysosomal targeting group, covalently attached to the coumarin cage core. This basic 

moiety can be selectively concentrated in acidic organelles upon protonation due to 

their low luminal pH (4.5-5.0). The localization mechanism is similar to the way that 

commercially available tracking compounds enter the lysosome, e.g., LysoTracker®. 

The synthetic route of the lysosome-targeted cage coumarin (Lyso-Cou) was adapted 

from a previously reported caging group reported by Feng et al.187 However, our 

design differs on the synthetic route and the targeting group, replacing a morpholino 
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group for a N,N-dimethylaminoethylene linker. Figure 2.5 shows the synthetic 

procedure used for obtaining Lyso-Cou. First, I started by synthesizing 7-ethylamino-

4-hydroxymethylene coumarin acetate 9 according to literature152,202. Next, I obtained 

10 by sequential SN2 alkylation using an excess of tert-Butyl bromoacetate. Sequential 

deprotection under acidic conditions removes the Boc protecting group from 10 to 

uncover a carboxylic group. Peptide bond formation of 11 was achieved by the mixed-

anhydride method. Lastly, under basic conditions, I deacetylated 11 to yield our 

desired “Lysosome-Targeted Coumarin” (Lyso-Cou) 12 with 85% yield.  

 

 
Fig. 2.5 Synthesis of a lysosome-targeted coumarin cage. Synthetic route for obtaining Lyso-Cou cage. 

 

After obtaining the Lyso-Cou cage, next I investigated coupling reactions to cage 

sphingosine and cholesterol. 

 

2.1.4 Troubleshooting and synthesis of lysosome-targeted 
sphingosine, cholesterol, pacSph and pacChol  
 

I chose to link pacSph and pacChol to the Lyso-Cou cage group by a carbamate and 

carbonate linker, respectively. The synthetic procedures for achieving the caging of 

Sph and Chol analogues have been previously described151,153,164,206. The sphingosine 

headgroup presents three functional groups, which serve as recognition sites for the 

machinery of the cell. Cholesterol, on the other hand, contains one hydroxyl group 

which serves as an esterification site for conversion into cholesteryl esters. Therefore, 

these sites are crucial to protect these lipids from any intracellular activity. From a 

synthetic point of view, caging of Sph and Chol should be straightforward. Lyso-Cou 
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contains a free hydroxyl group which could potentially be converted into a 

chloroformate, as previously reported153. Due to the difficulty of synthesis of pacSph 

and pacChol, first synthesis trials were done with endogenous Sph and Chol. 

 

In order to activate the coumarin cage, the use of compounds such as phosgene, di- 

or tri-phosgene should allow rapid conversion to its chloroformate form. However, 

several attempts to activate the coumarin cage yielded byproducts due to a 

nucleophilic attack of the Cl- as a byproduct from the reaction, therefore subsequential 

halide alkylation can occur207 (summarized in Table 2.1). 

 

Activation reagent 
 

Byproduct Success of Cou 
activation 

Sph Chol 

Phosgene Alkyl chloride Yes, very low yield No No 

Diphosgene Alkyl chloride No No Yes 

Triphosgene Alkyl chloride No No No 

Bis-4-nitrophenyl carbonate No Yes Yes No 

r-nitrophenyl carbonate No Yes Yes No 

Bis-hydroxysuccinimidyl 
carbonate 

No Yes Yes No 

Table 2.1 Compounds used in this study for caging of cholesterol and sphingosine. Sphingosine can be caged by 
activating Lyso-Cou using carbonate intermediate compounds, while cage cholesterol can be obtained from the 

activation of cholesterol and then reacted with Lyso-Cou 

 

It is important to highlight that these intermediate compounds could not be purified due 

to cleave of the carbonate bond. After optimizing the intermediate compound for 

caging, I proceeded to synthesize a lysosome-targeted sphingosine on a one-pot 

reaction. Leading to compound 13 with a 73% yield (see figure 2.6). 

 

 
Fig. 2.6 Chemical structure and synthesis procedure for Lyso-Sph. Synthesis of Lyso-Sph can be achieved by 
formation of a  carbamate bond between a Lyso-caged protected with 4-NPC and the free amine group of Sph. 

13 Lyso-S	
1�
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Of note, silica purification of such compounds, particularly bearing multiple amine 

groups can be time and solvent-consuming. It is well known that weakly amines can 

interact with the acidity of the silica gel, where solvent systems up to 60% MeOH 

yielded impure fractions. Therefore, the use of additives such as H2O and NH3(aquous) 

are advantageous and lead to the successful purification of such compounds. After 

the synthesis of compound 13 (Lyso-Sph), I sought to synthesize a lysosome-targeted 

cholesterol probe. However, here the previously used strategy (activation using Bis-4-

NPC) did not yield a caged cholesterol probe. The presence of an -OH group provides 

a good site for ionization. However, due to the high pKa of cholesterol = 18208, a 

nucleophilic attack cannot take place under these conditions, turning the cleavage site 

into a bad leaving group. Therefore, I investigated conditions in which cholesterol 

could be activated. Therefore, I used phosgene, di-phosgene, and tri-phosgene. 

Where di-phosgene yielded the best result. (see figure 2.7, A) 

 

 
Fig. 2.7 Synthetic route for caged cholesterol. Phosgenation of cholesterol allows the formation of a carbonate 

bond between cholesterol and the coumarin cage 
 

Next, I synthesized a lysosome-targeted cholesterol probe, through the reaction of the 

chloroformate and alcohol group under basic conditions to afford compound 14 with 

an 83% yield (see figure 2.7, B) 

 

Synthesis of pacSph and pacChol requires long synthetic procedures, which often 

require specialized techniques and consequential low yields. To date, pacSph and 

pacChol are commercially available. Therefore, I obtained these lipids from a 

commercially available source, which were used without further purification for the next 

reactions. Next, I synthesized lysosome-targeted pacChol (Lyso-pacChol). Synthesis 

of such probe was achieved by activating pacChol with di-phosgene, after obtaining 
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the corresponding chloroformate, I reacted the crude product with Lyso-Cou, under 

basic conditions, which allowed the formation of the corresponding carbonate bond. 

Yielding Lyso-pacChol with a 96% yield (see figure 2.8). 

 

Synthesis of Lyso-pacSph was performed by Judith Notbohm (a master student in our 

lab). The synthetic route for obtaining this probe is as follows; first, activation of the 

coumarin cage with 4-NPC, this forms a carbonate intermediate compound, which 

then on a one-pot reaction with an excess of a base such as DIPEA, allows 

displacement of the nitrophenyl group, via a nucleophilic attack from the amine group 

from pacSph. This coupling step led to Lyso-pacSph with a 99% yield. 

 

 
Fig. 2.8 Chemical structure and synthesis of Lyso-pacSph and Lyso-pacChol 

 

2.2 Characterization of Lyso-pacSph and Lyso-pacChol 
 

After synthesis, I investigated the localization of the newly synthesized probes via live-

cell confocal microscopy by virtue of the coumarin cage fluorescence. Firstly, I 

incubated HeLa WT cells with Lyso-pacSph and Lyso-pacChol in concentrations 

ranging from 750 nM to 10 µM for 1 hour (pulse) and an initial chase of 60 minutes 

(see figure 2.9, A). Initial experiments revealed that the probe is taken up by the cells 

rapidly even at low concentrations and without the need for detergent or complex 

incubation techniques. Interestingly, Lyso-pacChol uptake resulted in immediate 

vesicular staining, whereas Lyso-pacSph showed more diffuse intracellular staining. 

To overcome this issue, I varied chasing times from 0 min – 18h (see figure. 2.9, B) 

and found that Lyso-pacSph requires more than 4 hours for optimal colocalization.  
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Fig. 2.9 Confocal microscopy of Lyso-pacSph and Lyso-pacChol. A) Concentration-dependent internalization of 

the probe. B) Time-course of Lyso-pacSph and Lyso-pacChol. Cells were treated with 10 µM of Lyso-pacSph or 

Lyso-pacChol and images were acquired at indicated timepoints. C) Colocalization of the lyso-probes with 

LysoTracker with optimized conditions. Scale bars represent 10 µm. 

 

Based on these results, I treated HeLa cells with 10 µM lyso-pacSph or lyso-pacChol 

for 60 and 45 minutes, respectively and chased overnight. The fluorescent pattern of 

the lyso-probes overlaps completely with the LysoTracker signal as confirmed using 

Pearson’s correlation coefficient (PCC) with values of 0.84 or higher (Fig 2.9, C) 

demonstrating that Lyso-pacSph and Lyso-pacChol are indeed pre-localized to 

lysosomes. This wide window of suitable conditions allowed us to use different 

labelling conditions for microscopy, mass spectrometry (MS) and thin-layer 

chromatography (TLC) experiments. 

 

Next, I evaluated the photo-cleavage (‘uncaging’) efficiency of the lyso-probes. 

Therefore, I performed uncaging experiments in an aqueous solution with increasing 

times of UV irradiation (405 nm), subsequent lipid extraction according to an 

established protocol from Höglinger et al.153, click with a commercially available 3-
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azido-7-hydroxycoumarin, and visualization by TLC (see figure 2.10, A and B). After 

quantification, all experiments showed that 60s irradiation at 405 nm are sufficient to 

uncage lyso-pacChol. However, experiments in a cellular context (not shown here) 

indicate the need for longer exposure UV times. This could be attributed to the 

interference of cellular surroundings and light penetration. Therefore, I carried out all 

further experiments with 90s UV irradiation. Interestingly, another observation was the 

decrease in the efficiency of the click reaction when exposing the lipid more than 90-

100s to UV light (see pink curve in figure 2.10, C). A possibility is that the triple bond 

is hydrogenated in the aqueous solution after prolonged UV irradiation209,210. However, 

this effect was not further investigated. 

 

 

 

Fig. 2.10 Uncaging efficiency of Lyso-pacChol A) Schematic representation of uncaging. B) TLC of caged/uncaged 

probes at different timepoints. C) Uncaging efficiency of Lyso-pacChol and quantification of the Cupper Alkyne-
Azide cycloaddition (CuAAC) reaction. The background was substracted using Fiji software. 
 

Lysosomes are organelles enriched with a variety of lipases, esterases among other 

degradation enzymes; therefore, it was crucial to assess the probe stability. To this 

end, I pulsed HeLa WT cells with 10 µM Lyso-pacSph or Lyso-pacChol and chased 

them up to 24 hours. Next, I collected the cells at indicated time points, and visualized 

the probes by TLC. Figure 2.11 shows no additional bands even up to a 24-hour 

incubation time. This indicates that both probes are stable in their caged form under 
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the acidic conditions of the lysosome and that remaining functional groups from 

pacChol and pacSph did not undergo any further modification.  

 

 
Fig. 2.11 Time dependent stability of lyso-pacChol and lyso-pacSph in cells. TLC analysis of lipid extracts of HeLa 

cells incubated with 10 μM Lyso-pacChol and Lyso-pacSph and chased up to 24 hours (- UV treatment). The 
background was subtracted using Fiji software.  

 

In a second step, I UV-irradiated cells, chased for 24-hours as determined in the 

previous experiment and allowed a second incubation time (‘chase’), before subjecting 

them to TLC analysis. In this way, I could visualize free sphingosine, cholesterol, and 

their incorporation into their respective metabolic pathways (see figure 2.12, A and B) 

as indicated by the appearance of Cer, PC, SM and Chol-Ester metabolites. This is in 

accordance with previous studies using tri-functional sphingosine153 and bi-functional 

cholesterol57,85. (see Appendix for metabolite identification) 

 

 
Fig. 2.12 Stability and metabolic availability of lyso-pacChol and Lyso-pacSph in cells. TLC analysis of lipid extracts 

of HeLa cells incubated with 10 μM Lyso-pacChol and Lyso-pacSph, uncaged, collected immediately, or chased 
for additional 60 minutes. The migration behaviour of pac-modified ceramide (Cer), sphingomyelin (SM) and 

phosphatidylcholine (PC) was determined by comparison with available standards. The background was subtracted 

using Fiji software.  
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Next, I sought to investigate the uptake of Lyso-pacChol and Lyso-pacSph compared 

to the non-caged pacChol and pacSph. Therefore, I pulsed HeLa WT cells with the 

conditions determined above (see figure 2.13). Next, I extracted the lipids, clicked 

them (samples with pacChol and pacSph only), and investigated them by TLC plate. 

The concentration of the pacChol and pacSph was determined by extracting and sum 

of the raw intensity density of all coumarin-labeled metabolites in Fiji. Then, these 

values were compared to a standard curve ranging from 10 to 100 pmol. This way, the 

intracellular concentration of Lyso-pacChol was estimated to be 0,92 fmol/cell 

compared to 1,92 fmol/ cell of pacChol and 0,36 fmol/cell for Lyso-pacSph compared 

to 0.54 fmol/ cell for pacSph in HeLa WT by Thin-layer chromatography (TLC). These 

differences in concentration could be allocated to the spatial distribution and how are 

the probes internalized by the cell. First, pacChol and pacSph are distributed in a 

whole-cell manner, whereas the lyso-probes only accumulate in the small volume of 

lysosomes. Additionally, some chemical groups, such as the coumarin cage, could 

potentially diminish cellular uptake due to an increase in the molecular weight of the 

molecule211–213. 

 

 
Fig. 2.13 Example of quantification of pacChol cellular uptake by TLC. HeLa cells were pulsed with 5µM pacChol 

for 30 minutes, collected, lipids extracted, clicked, and spotted on a TLC plate. Curve standard was done by diluting 

10 mM stock of pacChol and Lyso-pacChol to the desired concentration. Raw intensity densities were extracted 
using Fiji software. 
 

A previously described caged form of Sph (Sph-Cou) was employed in calcium-related 

studies. Höglinger et al. found that a sudden release of Sph triggers calcium release 

from acidic stores through the action of the two-pore channel 1 (TPC1), leading to the 

translocation of the autophagy-relevant transcription factor EB (TFEB) to the nucleus 

after calcium release165. In order to check whether the diazirine and alkyne 
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modification impacted signaling outcomes of Sph, I investigated if I could visualize an 

increase of intracellular calcium after uncaging of Lyso-pacSph. As a control, I used 

Lyso-pacChol, where no such effect is expected. 

 

 
Fig. 2.14 Lysosomal uncaging of lyso-probes and their effect in intracellular Ca2+ A, B and C) Time-lapse 
microscopy images and mean of Fluo-4 AM fluorescence of HeLa cells treated with 10 μM Lyso-pacSph (A) n=13, 

10 μM Lyso-pacChol n=12 (B) and untreated (probe-free) cells n=18. Scale bars represent 10 µm. 

 

To this end, I incubated HeLa cells with Lyso-pacSph or Lyso-pacChol, labeled cells 

with the calcium indicator Fluo-4 AM and acquired time-lapse images before and after 

the uncaging event (using a 385 nm LED for 5s). Reassuringly, cells with lyso-pacSph 

responded immediately (2 – 6 s) and released Ca2+ from lysosomes into the cytoplasm 

as seen from an increase in fluorescence (see figure 2.14, A). On the other hand, 

confocal microscopy experiments with lyso-pacChol failed to enhance the 

fluorescence of Fluo-4 AM, as in cells without probe treatment (see quantification in 

figure 2.14, B and C) 

 

Together, these data show the versatility of the lyso-probes. I demonstrate that they 

are powerful tools, which are cell-permeable, stable in the intracellular environment, 

ready to be incorporated into their metabolic pathways upon uncaging, and that their 

remaining modifications do not impact their biological properties as demonstrated with 

respect to Ca2+ signaling. 
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2.3 Lysosome-targeted sphingosine and cholesterol are 
novel tools to study lipid transport and metabolism in 
cellular disease models 
 
Previous studies employing bi-functional lipids or fluorescent analogs have shed light 

on sterol/sphingolipid metabolism and trafficking in health and disease122,126,148–

150,156,214–217. However, a more detailed snapshot of transport across organelles has 

not been possible until yet. Therefore, the lysosomal trafficking of these lipid species 

has been poorly described and which organelle membrane serves as the initial 

acceptor has not been fully determined. Due to the versatility of the clickable group, I 

envisioned that one application of the lyso-probes is to study their trafficking via cell 

fixation and subsequent staining by click reaction with an azide-bearing fluorophore 

for visualization by confocal microscopy. In a first step, I aimed to optimize the protocol, 

especially with regards to fixation conditions. Previous protocols for visualization of 

crosslinked lipids included harsh conditions (MeOH fixation, chloroform washes) which 

did not allow for the visualization of plasma membrane or lipid droplets as these 

organelles were mostly washed away. However, a faithful visualization of lipid droplets 

is especially important when investigating cholesterol trafficking. Therefore, I sought 

to investigate new fixation conditions which will allow us to visualize such organelles, 

while retaining the specificity by not staining non-crosslinked lipids. As seen from 

Figure 2.15 (A), fixation protocol with MeOH/CHCl3 gave rise to a strong staining in 

the lipid channel. However, structures such as LD were washed away. This effect can 

be attributed to the hydrophobic nature of such organelles, surrounded by a 

phospholipid monolayer with few accessory proteins, which causes such organelles 

to not be retained using such harsh conditions. A protocol including fixation with 4% 

PFA (see figure 2.15, B and C) yielded better results when staining for LD. However, 

washing steps with glycine reduced the signal intensity of the clicked lipid. Whereas 

an overnight wash with 2% BSA retained all LD (see figure 2.15, B).  As control, to 

corroborate that our cholesterol probe is being cross-linked efficiently and that the 

method is suitable and not creating artifacts, I performed a negative control in the 

absence of UV irradiation, where we can observe that LD are still conserved without 

any traces of lyso-pacChol staining. (see figure 2.15, D) 
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Fig. 2.15 Optimization of a fixation method for Lyso-pacChol. Confocal images of N3-Alexa488-labelled Lyso-

pacChol cells. HeLa cells were treated with 10 μM of Lyso-pacChol and subjected to distinct fixation methods. A) 

MeOH/CHCl3 B) 4% PFA fixation, solubilization with 0.3% SDS/Triton and blocking with 2% BSA overnight C) 4% 
PFA fixation and quenching with 300 μM glycine and 0.3% Triton. D) No crosslinking (protein-lipid complexes 

shouldn’t be visualized). Scale bars represent 10 µm. 

 

Therefore, I concluded that our new method still allows the sensitive detection of cross-

linked lipids, while at the same time preserving cellular organelles with high lipid 

content such as lipid droplets. Unfortunately, the chosen fixation method (PFA fixation 

with 0.3% SDS/Triton solubilization) could not be applied as well for experiments using 

Lyso-pacSph, which resulted in the absence of lipid signal from the click lipids. 

Therefore, all experiments for Sph were performed with MeOH/CHCl3 fixation. 

 

After optimization of our fixation method, I went into investigating the subcellular 

transport route of lyso-pacChol and lyso-pacSph in WT cells and models of lysosomal 

storage diseases available in our lab. (see table 2.1). 
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Cell line Gene Source Reference 

HeLa WT - Annaert lab Tharkeshwar et 

al.83 
HeLa NPC1-/- Niemann-Pick type C Annaert lab Tharkeshwar et 

al.83 

HeLa SGPL1-/- Sphingosine-1-

phosphate lyase 

Brügger lab Gerl et al.83 

HeLa SK1-/- / SK2-/- Sphingosine kinase 1 

and 2 

Spiegel lab This study (not 

published) 
Table 2.2 Cell lines employed in this thesis chapter. 

 

Initially, I identified the time-dependent export of cholesterol from lysosomes in WT 

cells. Pulse-chase experiments, as seen from Figure 2.18 revealed complete 

clearance of lysosomal cholesterol after 30 minutes, trafficking to organelles such as 

the ER, Golgi and PM as soon as 15 minutes and staining of other organelles, such 

as LD after 60 minutes chase (see figure 2.16, A). To quantify the kinetics of lysosomal 

cholesterol exit, I performed co-localization analysis of the lyso-pacChol signal and the 

LAMP1 channel (see figure 2.16 B). 

 

 
Fig. 2.16 Visualization of time-dependent subcellular localization of Lyso-pacChol in WT cells. A) Confocal 
microscopy of N3-Alexa488-labelled Lyso-pacChol fixed cells. HeLa cells were pulsed with 10 μM of Lyso-pacChol 

for 45 minutes and chased overnight. Next, uncaged (UV-irradiated) and crosslinked immediately or left to a second 

chase for indicated times. After cell fixation, cells were subjected to click reaction and IF. B) Quantification of 
lysosomal lipid egress. Pearson's R value of non-thresholded images from lipid channel vs. LAMP1 
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immunofluorescence, calculated for each time point (n ≥  48) 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). Scale bars represent 10 µm. 

 

Here, a significant decrease in the Pearson’s correlation coefficient from 0.83 to 0.62 

over the time-course confirmed the redistribution of the cholesterol signal towards 

other organelles. Overall, this new setup has allowed us to visualize cholesterol at a 

subcellular level, re-assuring that the actions of lyso-pacChol upon uncaging mimic 

their natural counterparts. 

 

Next, I went into visualizing the export of cholesterol in cellular disease models. For 

this, NPC1, SGPL1 and SK1/SK2 -/- cells were used. These cell lines have been 

reported to have a lipid malfunction, either on transport (NPC1) or defective enzymatic 

reaction (SGPL1, SK1/SK2). After pulse-chase experiments, I could visualize that loss 

of NPC1, indeed leads to an accumulation of cholesterol as assessed by quantifying 

the amount of lipid signal to LAMP1 positive compartments. Moreover, SGPL1 or 

SK1/SK2 did not show hints of cholesterol accumulation with this method. 

 

 

Fig. 2.17 Time-dependent visualization of lysosomal export of cholesterol in cellular disease models. A) Confocal 
microscopy of N3-Alexa488-labelled lyso-pacChol fixed cells. Cells were pulsed with 10 μM of Lyso-pacChol for 

45 minutes and chased overnight. Next, uncaged (UV-irradiated) and crosslinked immediately or left to a second 

chase for indicated times. After cell fixation, cells were subjected to click reaction and IF. B) Quantification of 
lysosomal lipid egress. Pearson's R value of non-thresholded images from lipid channel vs. LAMP1 

immunofluorescence, calculated for each time point (n ≥  48) 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). Scale bars represent 10 µm. 
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Interestingly, previous data from the Proia lab218 showed that SGPL1 deletion resulted 

in an increased rate of conversion of cholesterol to cholesterol-esters. Specifically, 

disruption of Sgpl1 gene resulted in elevated Chol and CE levels in serum and liver of 

mouse models218,219. This could point towards a faster transport of Chol, or towards 

more efficient esterification. With regards to transport kinetics, my experiments did not 

allow me to observe increased lysosomal export, given that WT cells showed very fast 

export of the lyso-pacChol. Although I did not observe cholesterol retention at LE/LY 

by confocal microscopy or by quantification of PCC, as reported by the Heringdorf 

lab219,220. I could visualize a perturbation in sterol homeostasis by deletion of the sgpl1 

gene, which led to the appearance of Chol-Esters (in form of LD) at earlier time points 

compared to WT, which agrees with previous studies done in yeast and mice218,221. 

This could be potentially explained by the increase of other lipid specie such as TAG, 

which were also found to be elevated in livers of Sgpl1 -/- mice218 and correlate to an 

increase in the formation of LD as a storage mechanism. Although lipidomics has shed 

light on this phenomenon, other techniques such as WB could also tell us if indeed the 

appearance of LD is attributed to this, by looking at the overexpression of known LD 

proteins such as PLIN-3. 
 

Overall, I was able to time-resolve cholesterol trafficking in HeLa WT and disease 

models. These experiments also highlight the advantages of using Lyso-pacChol for 

investigating Chol metabolism: Primarily, this method allows to follow cholesterol from 

a very well-defined starting point and time. In comparison to other methods56,57,222 such 

as complexation with BSA, delivery in LDL particles or via specific cyclodextrin 

carriers, such as methyl-β-cyclodextrin, the temporal resolution is vastly improved. 

 

Next, I sought to investigate the yet unexplored lysosomal transport of sphingosine. 

Similar to the cholesterol experiments, I sought to investigate the subcellular 

localization of Sph in a WT background. Towards this end, I pulsed HeLa cells with 

Lyso-pacSph and chased overnight. After uncaging and photoaffinity labeling, cells 

were fixed, clicked, and organelles were identified by IF using organellar markers. 

Figure 2.18 shows the route for sphingosine trafficking. I could observe that 15 minutes 

are sufficient for sphingosine to exit the lysosome. Moreover, other organelles such as 

the Golgi could be observed at later time points (see Figure 2.18, A, 30 and 60 



 42 

minutes) which denotes further metabolism of Cer to SM and GlcCer, which is known 

to occur at the Golgi. 

 

 
  
 

Fig. 2.18 Visualization of time-dependent subcellular localization of Lyso-pacSph in WT cells. A) Confocal 

microscopy of N3-Alexa594-labelled lyso-pacSph fixed cells. HeLa cells were pulsed with 10 μM of Lyso-pacSph 

for 60 minutes and chased overnight. Next, uncaged (UV-irradiated) and crosslinked immediately or left to a second 
chase for indicated times. After cell fixation, cells were subjected to click reaction and IF. B) Quantification of 

lysosomal lipid egress. Pearson's R value of non-thresholded images from lipid channel vs. LAMP1 

immunofluorescence, calculated for each time point (n ≥ 48) 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). C) Relocalization of lysosomes towards the 

PM. Scale bars represent 10 µm. 

 

Interestingly, one observation I had was that photorelease of Sph caused lysosomes 

to be rearranged or relocalized towards the PM as seen from the LAMP1 pictures, 

where lysosomes at 0 minutes are localized more to the nuclear periphery and after 

uncaging and chasing between 10-15 minutes it can be observed that the signal from 

LAMP1 is localized more to the PM (see figure 2.18, C). It is reported that upon 

cytosolic calcium increase (which follows Lyso-pacSph uncaging, see figure 2.14), 

lysosomes fuse with the PM223,224. Therefore, a route such as exocytosis cannot be 
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ruled out, where the uncaged sphingosine is released into the extracellular space225. 

This could also explain the loss of Sph signal over time (data not shown). 

 

Next, I employed NPC1, SGPL1 and SK1/SK2 -/- cells and followed sphingosine 

transport. Strikingly, I found that Sph was retained in lysosomes during the entire time 

course in NPC1 and SK1/SK2 -/- cells (see figure 2.19 A, B for quantification by 

Pearson’s correlation coefficient). The role of NPC1 disease has been highly debated 

for many years. For example, a study from the Ikonen lab226 showed that Sph is not 

stored in NPC1 -/- cells. However, this study is hindered by the spatial and temporal 

resolution, given that radiolabeled analogues of SM, Cer and Sph were fed to cells as 

LDL particles. In these settings, experimental readouts did not show elevated levels 

or storage of Sph at all. This could be explained by the hour-long chasing times, in 

which the lipid species were recognized, metabolized and incorporated into their 

metabolic pathway. In contrast, studies using bifunctional or trifunctional Sph 

analogues have already found that lysosomal Sph export is delayed in NPC148,153. 

Similarly, my findings present evidence of Sph storage in NPC1 KO cells.  

 

 
Fig. 2.19 Time-dependent visualization of lysosomal export of sphingosine in cellular disease models. A) Confocal 

microscopy of fixed HeLa cells. Cells were pulsed with 10 μM of Lyso-pacSph for 60 minutes and chased overnight. 

Next, uncaged (UV-irradiated) and crosslinked immediately or left to a second chase for indicated times. After cell 

fixation, cells were subjected to click reaction and IF. B) Quantification of lysosomal lipid egress. Pearson's R value 
of non-thresholded images from lipid channel vs. LAMP1 immunofluorescence, calculated for each time point (n ≥  

51) 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). Scale bars represent 10 µm. 
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On the other hand, it is very interesting that SK1/SK2 -/- cells do present a similar 

NPC1 storage phenotype, whereas SGPL1 -/- cells do not as seen in Figure 2.21 (A) 

and quantified in Figure 2.21 (B). Therefore, it is tempting to speculate that the kinases 

themselves could act at contact sites and serve in facilitating LY/ER export. It has been 

shown that particularly SK1 localizes to endosomes and phagosomes, where 

depletion of SK1 impacts endocytic trafficking227. However, further experimental 

evidence is needed to determine in which way the kinases contribute to lysosomal 

sphingosine exit, but previous data could point towards SK1 having a role in lysosomal 

export228. 

 

2.3.1 Miglustat as a drug for the treatment of Niemann-Pick Type C1 
 

To date, miglustat, an inhibitor of the enzyme glucosylceramide synthase (GCS)229, 

which is involved in the first step of glycosphingolipid synthesis, is the only drug 

approved for the treatment of NPC1 patients. However, the mechanism of action of 

miglustat in NPC has not been fully elucidated. Initially it was developed for patients 

with Type 1 Gaucher disease230–232, another lysosomal storage disorder. Therefore, I 

envisioned that the lyso-probes could be used in studying the subcellular effects of 

miglustat. To address if treatment with miglustat would improve Chol and or Sph 

trafficking in NPC1 -/- cells. I pulsed cells with lyso-pacSph or lyso-pacChol for 1 hour 

and 45 minutes, respectively. Then, the medium was removed, and cells were 

subjected to incubation with 50 µM miglustat, 16-18h prior to experiments. 

 

Reassuring previous findings, and as seen from Figure 2.20 (A,B) and quantification 

(C), Miglustat treated cells, showed reduced PCC of total lipid signal versus LAMP1 

stained compartments, which suggests an efflux of lysosomal cholesterol233,234 

comparable to WT levels (as seen from quantification in figure 2.20, C). It is tempting 

to speculate that this phenomenon could be attributed to the formation of dedicated 

membrane contact sites and that cholesterol could be rescued by the actions of 

proteins such as Gramd1b85, ORP1L88,89,235,236, or STARD390. Here, it is possible that 

the formation of LD, which is observed at 60 minutes, could be enhanced due to 

contact sites. This observation has been previously attributed to ORP1L playing a role 

in the rescue of cholesterol and restoring LD formation in the absence of NPC1237. It 
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is also possible that cholesterol rescue could be enhanced by activation of another 

protein/enzyme up- or downstream, in the same fashion as methyl-β-cyclodextrin 

which leads to activation of AMP-activated protein kinase and restores lysosomal 

cholesterol accumulation238. Similarly, the Spiegel lab has demonstrated, that 

cholesterol could be rescued in NPC1 -/- cells when employing an SphK1 activator 

(SK1-A), resulting in reduced levels of cholesterol and other sphingoid bases239. 

 

 
Fig. 2.20 Visualization of lysosomal export of cholesterol in NPC1 cells in treated and non-treated with miglustat. 

A) Confocal microscopy of N3-Alexa488-labelled lyso-pacChol fixed cells. HeLa cells were pulsed with 10 μM of 
Lyso-pacChol for 45 minutes and chased overnight. Next, uncaged (UV-irradiated) and crosslinked immediately or 

left to a second chase for indicated times. After cell fixation, cells were subjected to click reaction and IF. A) Non-

treated B) Treated with miglustat C) Quantification of lysosomal lipid egress. Pearson's R value of non-thresholded 
images from lipid channel vs. LAMP1 immunofluorescence, calculated for each time point (n ≥ 48) 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). Scale 

bars represent 10 µm. 
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On the other hand, the sphingosine export blockage in NPC1 did not show further 

improvement upon Miglustat treatment as seen from Figure 2.21, which shows a 

consistently high colocalization with LAMP1-positive compartments for the entire 

duration of the timecourse. This could be another hint towards Miglustat influencing 

cholesterol-dedicated contact sites and therefore, facilitating cholesterol transport. 

Moreover, it could also indicate a direct NPC1-dependent transport of Sph out of 

LE/LY, where Sph can not escape LE/LY if NPC1 is not present.  However, one still 

open question is: how can a drug that inhibits the synthesis of glycosphingolipids 

ameliorate NPC symptoms and restore cholesterol transport? Few potential 

mechanisms could explain an NPC1-independent transport of cholesterol. It is 

possible that cholesterol transport could be enhanced by NPC2 in a lipid-dependent 

manner, as it has been shown that increments of intracellular LBPA levels lead to 

NPC2-mediated transport of cholesterol out of LE/LY in the absence of NPC1240,241. 

Here, lipidomic analyses of NPC1 treated with miglustat could reveal which lipid 

species are up- and down-regulated to abide by this theory. Furthermore, intracellular 

cholesterol trafficking could be facilitated by additional lysosomal accessory proteins, 

such as the lysosomal abundant membrane protein 1 and 2 (LAMP1/LAMP2) and the 

lysosomal integral membrane protein 2 (LIMP-2), proteins which have been 

demonstrated to transport cholesterol91,92,242,243, alongside NPC1. Here it is tempting 

to speculate that reduction in levels of glycosphingolipids, could influence and restore 

the blockage of cholesterol transport in an NPC1-independent manner, enlisting 

LAMP1/2 and LIMP-2. 
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Fig. 2.21 Visualization of lysosomal export of sphingosine in NPC1 cells in treated and non-treated with miglustat. 

A) Confocal microscopy of N3-Alexa594-labelled lyso-pacSph fixed cells. HeLa cells were pulsed with 10 μM of 

Lyso-pacSph for 60 minutes and chased overnight. Next, uncaged (UV-irradiated) and crosslinked immediately or 
left to a second chase for indicated times. After cell fixation, cells were subjected to click reaction and IF. A) Non-

treated B) Treated with miglustat C) Quantification of lysosomal lipid egress. Pearson's R value of non-thresholded 

images from lipid channel vs. LAMP1 immunofluorescence, calculated for each time point (n ≥ 48) 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). Scale 

bars represent 10 µm. 

 

Overall, I have been able to show the applicability of the lyso-probes in a new setup, 

such as drug therapy on a cellular disease model. My findings back up reassuring 

previous findings233,244–246, which employ miglustat in animal mouse models and 

patient cells and show the benefits of miglustat treatment in NPC.  
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2.4 Design, outcome and biochemical validation of 
chemoproteomic profiling of Lyso-pacSph and Lyso-pacChol  
 
A key improvement of the lyso-probes is the tempo-spatially controlled liberation of 

lipid probes, which can also profile for protein-lipid interactions. In this way we are able 

to identify the interacting proteome for a single lipid species such as Sph or Chol on a 

subcellular level i.e., the lysosome. To this end, a master student in the lab, Judith 

Notbohm performed an unbiased chemoproteomic profiling of cholesterol and 

sphingosine lysosomal interacting proteins (for workflow see figure 2.22). Briefly, HeLa 

SGPL1 -/- were labeled with 5 µM Lyso-pacSph or HeLa WT cells with 10 µM Lyso-

pacChol for 1h and chased overnight. As a control, the globally distributed probes 

pacSph (2 µM) and pacChol (10 µM) were fed to the cells for 1h. Next, cells were 

irradiated with UV light for 90 s, whereas control samples were treated with the probes 

but were not UV irradiated (-UV light control). After uncaging, photoaffinity labeling 

was performed under ice-cold conditions to ensure maximal lysosomal crosslinking. 

Next, protein-lipid complexes were reacted via click chemistry with biotin-azide and 

subsequently enriched via streptavidin beads. MS samples were further processed 

and analysed by Frank Stein and Per Haberkant at EMBL proteomic facility, where 

samples were subjected to tandem mass tag (TMT) labelling247, digested by trypsin 

and separated via liquid chromatography before mass spectrometric identification.  

 

 
Fig. 2.22 Workflow for streptavidin pull-down of Lyso-pacSph and Lyso-pacChol probes as performed by Judith 

Notbohm. Created with BioRender.com  
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Chemoproteomic analysis revealed a total of 1629 proteins for cholesterol and 1642 

proteins for sphingosine (data not shown). Next, proteins were curated and considered 

a hit if the false discovery rate was below 0.05 and if additionally, a fold-change of at 

least 2 was observed. While a high number of background proteins that were not 

classified as hits or candidates were present, a small number of proteins were 

classified hits for both Lyso-pacSph (6 proteins) and Lyso-pacChol (12 proteins) (see 

table 2.3). Reassuringly, mostly lysosomal or endosomal proteins, as well as known 

cholesterol interactors such as NPC1, were identified in the cholesterol screen. 

Additionally, 6 of the identified proteins were previously found employing bi-functional 

cholesterol147, further strengthening them as bona fide interactors. For the lesser 

investigated Sph hits, Judith found 2 proteins previously reported to interact with 

sphingosine using bi-functional analogs148 and 4 which have not been reported to date. 

 

Surprisingly, two lysosomal proteins, which are known for facilitating cholesterol export 

out of LE/LY were found as well in the Sph screen. Here, NPC1 and LIMP-2 were 

identified as Sph interactors. This in addition to previous confocal microscopy 

experiments, where I could visualize a transport defect on NPC1 -/- cells, argues for 

NPC1 to have a direct role in Sph transport out of LE/LY. This would reassure our 

hypothesis of NPC1 as a potential Sph transporter. 

 

 

 
Table 2.3 List of hit proteins for both lyso-pacChol and lyso-pacSph screen. Hits were compared to 

previous screens from pacChol147 and pacSph148. 

A
Lyso-pacChol hits

Ge�e �a�e ��otei� ���cell�la� localisatio� ��e�ti�e� �ith pacChol��
NPC1 Niemman-Pick C1 protein Lysosome, Endosome Yes
LAMP1 Lysosomal- associated membrane protein 1 Lysosome, Endosome Yes
TMEM87A Transmembrane protein 87A Golgi apparatus Yes

Yes

MFSD1 !a"or #acilitator super#amily domain-containing protein 1 Lysosome No
NCSTN Nicastrin Cytosol No
SLC3A2 $%& cell-sur#ace antigen 'ea(y c'ain Lysosome No
SLC7A� Large neutral amino acids transporter small unit 1 Lysosome Yes
CD�3 Cell sur#ace antigen Lysosome, Endosome Yes
TMEM1�2 Transmembrane protein 1)& Lysosome, Endosome No
��ST1�2�F *istone *&+ type 1-C,E,%,G,- Nucleus No
CD�� C.$$ antigen Plasma membrane
TMEM2�� Transmembrane protein &$/ Plasma membrane, cytosol No

B
Lyso-pacSph hits

Gene na�e ��otein S��ce����a� �oca�isation ��enti�e� �ith pacSph��
NPC1 Niemman-Pick C1 protein Lysosome, Endosome No
TPP1 Tripeptidyl-peptidase 1 Lysosome Yes
TSPAN3 Tetraspanin-3 Endosome No
LIMP2 Lysosome membrane protein 2 Lysosome Yes
TTYH3 Protein tweety homolog 3 Plasma membrane No
SCARB1 Sca!anger receptor class " member 1 Plasma membrane No
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To test this possibility and as well to validate MS hits. Judith performed 

immunoprecipitation assays for NPC1 and LIMP-2, where antibody detection for both 

proteins was performed successfully in multiple replicates (data not shown), thus 

verifying the validity of the MS screen and corroborating the interaction of Sph with 

NPC1 and LIMP-2. Together this data implies additional transport/recycling 

pathway(s) of lysosomal Sph, which could work in parallel, as they do for cholesterol. 

 

Another interesting observation was the finding of two PM membrane proteins in the 

sphingosine screen. Potentially in agreement with my previous finding that Lyso-

pacSph uncaging leads to redistribution of lysosomes to the cell periphery (see figure 

2.18, C), this interaction could be attributed to the effect of calcium release from acidic 

stores which leads to LE/LY fusion with the PM223–225. An interesting candidate, 

SCARB-1 was identified as a potential interactor of Sph. This protein has been 

identified as a receptor for HDL, and uptake of cholesterol, fatty acids, and 

phospholipids from the extracellular space248–250. Moreover, SCARB-1 has been 

characterized as an HDL-dependent cholesterol efflux protein250. Therefore, I 

validated this interaction in a pulse-chase fashion. Due to my previous observations, I 

decided to perform immunoprecipitation assays, first at 0 minutes, as a starting point 

and in order to ensure that Sph has time to reach the PM, I uncaged cells incubated 

with lyso-pacSph and then allowed for an additional 20 minutes chase (as seen 

previously from my microscopy images, where there is a lysosomal rearrangement 

towards the PM). Antibody detection in streptavidin-mediated pull-down showed 

SCARB-1 a faint band in the eluate fraction (see figure 2.23), suggesting successful 

crosslinking of lyso-pacSph with a small number of SCARB-1 molecules. However, 

additional replicates did not show the presence of SCARB-1 in the eluates fractions 

(data not shown). 
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Fig. 2.23 Validation of SCARB1 as a potential Sph interactor. Western blot of SCARB1 upon biotin-streptavidin 
pulldown. I: Input, E: Eluate. Samples were either UV irradiated or – UV (control) where the photocrosslinking step 

was omitted. 

 

This could indicate that SCARB1 interacts with a low-abundant Sph-metabolite such 

as S1P as this interaction has been shown for other PM-resident proteins251–254. 

Additionally, it could direct that its identification in the mass spectrometric screen was 

a false positive, which highlights the necessity of hit validation in order to reassure the 

interactions obtained from the MS screen. 

 

2.4.1 Metabolism and subcellular localization of Sph and Chol in 
NPC1 and LIMP2 null cells 
 
Following up on Judith’s MS screen with the identification and biochemical validation 

of both NPC1 and LIMP2 proteins as Chol and novel Sph-binding proteins. I next 

sought to investigate if loss of either protein would impact on sphingosine as it does 

cholesterol transport. Therefore, I employed HeLa WT, NPC1 -/- cells which were a 

kind gift from the Annaert Lab in Belgium and LIMP2 -/- cells generated by the Saftig 

lab in Kiel. The metabolic incorporation of Lyso-pacChol and Lyso-pacSph was 

conducted by TLC analysis following pulse-chase experiments for up to 240 min as 

previously described153. To this end, I followed the post-lysosomal metabolism of 

cholesterol to cholesterol-esters (see figure 2.24, A). TLC analysis showed reduced 

levels of chol-esters as well as slower conversion to chol-esters in NPC1 -/- and LIMP-

2 -/- compared to WT (see figure 2.24, B), where LIMP2 -/- cells seem to show slightly, 

albeit not significantly, faster conversion. Considered together, these data suggest that 
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lysosomal cholesterol fails to reach the ER in LIMP-2 -/- in a similar way as it does in 

NPC1 -/-, this is in agreement with previous studies where incorporation of bi-functional 

cholesterol or BODIPY-Cholesterol into chol-esters is severely delayed57,85,92.  

 

Fig. 2.24 Thin-layer chromatography of lysosomal export of cholesterol in cellular disease models. Post lysosomal 
metabolism of Lyso-pacChol. A) HeLa WT cells were labelled with Lyso-pacChol (10 μM) for 45 minutes and 

chased overnight. Upon uncaging, cells were chased and lipids extracted at indicated times, clicked with 3-azido-

7-hydroxycoumarin and visualized by thin-layer chromatography. B) Quantification of post lysosomal cholesterol 
metabolism. 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 time point and the intensity of the 

ester-band with respect to the sum of both was displayed as a percentage. All values were calculated for each time 
point in three independent experiments 

 

On the other hand, analysis of post-lysosomal metabolism of Sph in WT cells revealed 

immediate conversion into higher sphingolipids, such as Cer and SM, as well as the 

incorporation of the labeled backbone into phospholipids, yielding species such as PC 

and PE (see figure 2.25, A). Observing such varied metabolites even at nominally 0 

minutes of chase could be attributed to minute-long incubation times after uncaging 

and before lipid extraction that could not be prevented due to time needed for cell 

collection. Of note, the Riezman lab recently reported a caged, lysosome-targeted 

deuterated sphingosine. However, when analyzing its metabolic fate, only immediate 

metabolites S1P and Cer were analyzed187. With respect to our data, it is highly 

possible that the rapid metabolism also generated other lipid species such as 

phospholipids. Moreover, I performed a detailed analysis of Cer production. Here, I 

found equal results in HeLa WT cells, as previously reported from Feng et al.187 when 

analyzing Cer production; after exiting the lysosome, sphingosine reaches the ER to 

form Cer, a reaction that is catalyzed by various Cer-synthases. Here, I found that 

levels of Cer are increased up to 5-10 minutes, maintained, and decreased after 15-

30 minutes. Similarly, studies employing tri-functional sphingosine showed increased 
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levels of Cer up to 10 minutes; however, these levels remained constant up to 180 

minutes153, which is consistent with previous findings where the subcellular localization 

of sphingosine determines ceramide synthesis and lipid footprint153,187,188. Next, I 

analyzed the post-lysosomal metabolism of Sph in NPC1 -/- cells. Here, I could 

visualize (and quantify in figure 2.25 D) less conversion into other lipid species across 

all time points, but most importantly, I found consistently higher levels of Sph (as seen 

from quantification) in NPC1 -/- for the duration of the experiments. This already speaks 

for the fact that loss of NPC1 has a dramatic effect on Sph levels, as seen from 

confocal microscopy images in Figure 2.19, where I visualized Sph storage in LAMP-

1 positive compartments. On the other hand, LIMP-2 -/- cells appear to have only a 

minor elevation in the levels of Sph but a time-dependent decrease with similar kinetics 

as WT cells.  

 

 
Fig. 2.25 Thin-layer chromatography of lysosomal export of sphingosine in cellular disease models. Post lysosomal 

metabolism of Lyso-pacSph. A) HeLa WT cells were labeled with Lyso-pacSph (10 μM) for 1h and chased 
overnight. Upon uncaging, cells were chased, and lipids extracted at indicated times, clicked with 3-azido-7-

hydroxycoumarin and visualized by thin-layer chromatography. B) Quantification of post lysosomal sphingosine 

metabolism. 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. 

The intensity of Sph is expressed as a percentage compared to the sum of all labeled lipids. All values were 
calculated for each time point in three independent experiments. Data are shown as mean ± standard error. 

 

Demonstrated by us and other labs, two lysosomal proteins NPC1 and LIMP-2 

facilitate cholesterol export. Here, I have demonstrated that loss of either protein leads 

to impaired lysosomal egress of not just cholesterol, but also sphingosine, as hinted 

by TLC. Therefore, I asked if this defect could also be visualized by confocal 

microscopy. To this end, HeLa WT, NPC1 -/- and LIMP-2 -/- were pulsed with Lyso-

pacSph or Lyso-pacChol and chased overnight.  
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Fig. 2.26 Visualization of lysosomal export of sphingosine in WT and NPC1 KO and LIMP2 KO cells. A) Confocal 
microscopy of N3-Alexa594-labelled lyso-pacSph fixed cells. HeLa cells were pulsed with 10 μM of Lyso-pacSph 

for 60 minutes and chased overnight. Next, uncaged (UV-irradiated) and crosslinked immediately or left to a second 

chase for indicated times. After cell fixation, cells were subjected to click reaction and IF. B) Quantification of 

lysosomal lipid egress. Pearson's R value of non-thresholded images from lipid channel vs. LAMP1 
immunofluorescence, calculated for each time point (n ≥ 48) 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). Scale bars represent 10 µm. 

 

Pulse-chase experiments in HeLa WT cells revealed the subcellular localization of 

Lyso-pacSph to exclusively colocalize with the late endosomal/lysosomal marker 

LAMP-1 at 0 minutes in all 3 cell lines, after uncaging and including an additional chase 

time, I could visualize sphingosine transport across other organelles such as the Golgi 

network up to 90 minutes (see Appendix for time course with organelle co-localization). 

However, in NPC1 -/- cells a severe accumulation of sphingosine in LAMP-1 positive 

compartments was again detected (see figure 2.26, A), whereas LIMP-2 -/- cells 

display an intermediate phenotype showing impaired egress out of endocytic 

organelles (see figure 2.26, A). Moreover, colocalization analysis corroborated these 

observations with a PCC remaining constant for NPC1 -/- cells and a slight drop for 

LIMP-2 -/- cells, compared to WT; suggesting that Lyso-pacSph has been 

retained/delayed at the lysosome (see figure 2.26,A and quantification in B).  
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Fig. 2.27 Visualization of lysosomal export of cholesterol in WT and NPC1 KO and LIMP2 KO cells A) Confocal 

microscopy of N3-Alexa488-labelled lyso-pacChol fixed cells. HeLa cells were pulsed with 10 μM of Lyso-pacChol 
for 45 minutes and chased overnight. Next, uncaged (UV-irradiated) and crosslinked immediately or left to a second 

chase for indicated times. After cell fixation, cells were subjected to click reaction and IF. B) Quantification of 

lysosomal lipid egress. Pearson's R value of non-thresholded images from lipid channel vs. LAMP1 
immunofluorescence, calculated for each time point (n ≥ 48) 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). Scale bars represent 10 µm. 
 

These results were comparable when visualizing Lyso-pacChol trafficking in NPC1 -/- 

and LIMP2 -/- cells (see figure 2.27, quantification in B) where a defective transport of 

cholesterol is known, resulting in endo/lysosomal accumulation of cholesterol. Again, 

the effect of LIMP2 -/- is less pronounced. Altogether, this data demonstrates that 

lysosomal sphingosine transport can happen with help of other proteins such as LIMP-

2, the function of which was reported for binding to cholesterol and PS255. Alternatively, 

I show that the absence of NPC1 results in dramatic storage of Sph. This has been 

previously shown in multiple tissues of NPC patients, where Sph levels are increased 

in a distinctive manner73. This could represent an alternative transport for Sph, which 

could work in parallel with the LIMP-2 pathway. However, studies by TLC and confocal 

microscopy show that NPC1 deficiency leads to a much stronger delay in sphingosine 

metabolism and export, which could argue for an NPC1-dependent transport being the 

dominant pathway. NPC1 and LIMP-2 crystal structures are available, both proteins 

feature a hydrophobic tunnel-like cavity60,100,256, through which cholesterol has been 

demonstrated to exit LE/LY. Here is tempting to speculate that such tunnels could also 

facilitate Sph export from the LE/LY to the ER or other subcellular compartments. 

However, more experimental data needs to be generated to support this theory. 
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2.4.2 Lysosomal impaired efflux of sphingosine is a direct effect of 
NPC1 disfunction  
 
While structural studies have provided helpful insight into the architecture of NPC1, its 

function has not been fully elucidated. However, in diseased cells sphingosine storage 

has been described as the initiating step of NPC disease and being the first detectable 

lipid to accumulate in LE/LY upon pharmacological inhibition of NPC1257, leading to 

the accumulation of other lipid species such as cholesterol, GSL and SM in 

LE/LY71,72,234,258,259. Next, we tested the hypothesis that blockage of sphingosine in 

lysosomes might be directly due to defective NPC1-mediated transport. Alternatively, 

such an export block could be a secondary effect of cholesterol accumulation. To study 

this, I tried to uncouple NPC1 presence from high lysosomal cholesterol levels. First, 

I incubated NPC1 -/- cells with lipoprotein-free medium, which drastically lowered 

lysosomal cholesterol levels as seen from filipin staining (see figure 2.28, A and 

quantified in B). In a second approach, I combined lipoprotein starvation with 

simvastatin treatment, in order to inhibit the first steps of sterol biosynthesis and to 

reduce cellular cholesterol levels even further. On this background, I incubated cells 

with Lyso-pacSph and followed its transport. As seen from Figure 2.28 (C) both 

treatments show as high Sph colocalization with lysosomal marker levels as in non-

treated NPC1 cells. Therefore, reducing cholesterol levels in NPC1 -/- cells failed to 

rescue sphingosine the export defect (see quantification as well).  
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Fig. 2.28 Sphingosine accumulation is a direct effect from loss of NPC1 

A) Effect of lipoprotein deficient medium. Confocal images of HeLa NPC1 KO cells in regular medium conditions, 
incubated with lipoprotein deficient medium and simvastatin treatment 48h prior imaging. B) Quantification of 

cholesterol levels via filipin staining. C) HeLa NPC1 KO cells incubated with lipoprotein deficient medium 48h prior 

to imaging (Starvation) and treated with 5 µM 24h prior to imaging. Next, cells were labeled with Lyso-pacSph (1.25 
µM) for 1h and chased overnight. Upon uncaging, cells were chased from 0 to 30 min, crosslinked, fixed with 

methanol and functionalized with AlexaFluor 594-Picolyl-Azide. Scale bar: 10 µm. 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 ≥  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).  

 

To investigate whether the NPC1 protein itself is involved in Sph trafficking, I made 

use of a small cationic amphiphile drug U1866A, which directly binds to NPC1 and 

was shown to block the export of cholesterol out of lysosomes80. Here, I incubated 

cells with 750 nM Lyso-pacChol or 1.25 µM Lyso-pacSph and followed their transport 

after pulse-chase experiments. Not surprisingly, treatment with U18666A lead to 

cholesterol accumulation in LAMP1 positive compartments, which was expected. 

However, when using Lyso-pacSph, I could also visualize a transport defect, where 

Sph is indeed retained in lysosomes (see figure 2.29, A and quantified in B). These 

findings confirm the previous data obtained on NPC1 -/- cells. Thereby supporting a 
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direct effect of NPC1 as opposed to potential compensatory mechanisms by deletion 

of the Npc1 gene. This could potentially point towards a common export route between 

cholesterol and sphingosine. 

 
Fig. 2.29 Sphingosine accumulation is a direct effect from loss of NPC1 A) HeLa WT cells treated with 0.5 µg/mL 

U18666A 24h prior to imaging (U18666A) and HeLa NPC1 KO cells were labelled with Lyso-pacSph (1.25 µM) for 

1h and chased overnight. Upon uncaging, cells were chased from 0 to 30 min, crosslinked, fixed with methanol 
and functionalised with AlexaFluor 594-Picolyl-Azide. Scale bar: 10 µm. 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 ≥  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). 

 

Having confirmed that both cholesterol and sphingosine transport depend directly on 

NPC1, I next asked which lipid is the initially accumulating metabolite. To this end, I 

employed, the previously synthesized Lyso-Sph and Lyso-Chol probes, which lack the 

chemical functionalities of the Lyso-pacLipids in order to artificially increase lysosomal 

sph or Chol levels. To follow lipid export in this cellular model of NPC, HeLa WT cells 

were either labeled with 750 nM Lyso-pacChol (see figure 2.30, C) or 1.25 µM Lyso-

pacSph (see figure 2.30, A) and at the same time incubated with a 20x fold excess of 

Lyso-Sph (see figure 2.30, D). of note, sphingosine concentrations above this 

threshold lead to cellular death) or Lyso-Chol (see figure 2.30, B) to create NPC-like 

lipid accumulations. Next, the localization of the respective lyso-pacLipids was 

assessed by time-dependent crosslinking and staining. Surprisingly, I found that HeLa 

cells treated with 20x fold Sphingosine excess showed a prominent lysosomal 

cholesterol staining and a higher PCC after quantification (see figure 2.30, F) 

throughout the time course, whereas cells treated with a 20x fold excess cholesterol 

showed decreasing Sph co-localization as observed in WT cells. (see figure 2.30, E). 
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Lipid metabolites stored in NPC have been controversially debated over the years. Is 

it sphingosine the initially stored lipid? Perhaps initial sphingosine accumulation leads 

to the fatal and degenerative lysosomal storage disease? A previous study from the 

Platt lab shed light on NPC disease, demonstrating that upon incubation of WT cells 

with U18666A (such as I performed in this study), sphingosine is accumulated inside 

LE/LY and it is the earliest measurable readout (ca. 10 minutes) along with calcium 

impairment. While cholesterol accumulation was only observed after a 6-hour pulse 

with U18666A257. Throughout this thesis, we have talked about sphingosine and its 

subcellular actions. I have shown that after lysosomal Sph photorelease, calcium 

levels are elevated, as Höglinger et al.165 previously demonstrated and that an excess 

of Sph can impair cholesterol trafficking, as shown from competition experiments. It is 

tempting to speculate, that after prolonged sphingosine storage, lysosomal calcium 

levels are lowered and this could influence lysosomal pH and therefore, an increase 

of lysosomal pH leads to a malfunction of NPC1? Previous studies have shown that 

cells incubated with U18666A restore cholesterol transport and other lipid species 

upon re-acidification of LE/LY260,261. Here, specifically, the use of lyso-pacSph in this 

condition could shed light on whether Sph transport is pH-dependent.  



 60 

 
Fig. 2.30 Sphingosine accumulation is a direct effect from loss of NPC1 and can re-create an NPC1-like phenotype 
Confocal images from HeLa WT cells labelled with either Lyso-pacSph (1.25 µM) (A) and Lyso-Chol (25 µM) (B) 

or Lyso-pacChol (750 nM) (C) 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 with methanol and functionalised with 
AlexaFluor 594-Picolyl-Azide (A,B) or AlexaFluor 488-Azide (C,D). (E, F) Quantification of lysosomal lipid egress 

from competition experiments. 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). Scale bars represent 10 µm. 
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In summary, my competition experiments revealed that Sph and Chol likely use the 

same NPC1-dependent export mechanism. To further investigate this commonality, I 

designed crosslinking experiments to study whether an excess of one lipid would affect 

binding of the other lipid to NPC1. Therefore, I performed in-lysate competition 

experiments and followed up on the interaction of NPC1 with sphingosine and 

cholesterol. As seen from Figure 2.31, immunoprecipitation of NPC1 can be achieved 

with concentrations above 50 µM of pacSph. Of note, this is the first report (along with 

Judith’s pull-down results) of an assay where it can demonstrated that NPC1 interacts 

with Sph. In order to investigate if Sph or Chol excess would affect the interaction of 

pacSph with NPC1, I performed competition experiments with pacSph and 

endogenous Sph and Chol. Preliminary data shows that even at lower concentrations 

of 750 nM for lyso-pacChol and 1.25 µM for lyso-pacSph, NPC1 can be pull-downed 

efficiently with the lyso-probes, once more highlighting the sensitivity of this assay (see 

figure 2.31, B). Moreover, I have demonstrated as seen from Figure 2.31 (C) that 

pacSph, can be competed with a 10x of Sph. This finding represents the genuine 

interaction between Sph and NPC1 and potentially hints towards a dedicated domain 

for Sph export. In this way, when incubating lysates from 500 µM to 2.5 mM of Sph, 

NPC1 cannot be immunoprecipitated anymore as seen from the absence of the NPC1 

band on the eluate fraction. From a physical chemistry point of view, two molecules 

cannot occupy the same space at the same moment, therefore it can be inferred that 

an excess of Sph can replace pacSph if there is an authentic interaction. On the other 

hand, cholesterol excess (up to 2.5 mM) failed to displace NPC1-Sph interaction as 

seen from Figure 2.31 (E), whereas a faint band in the eluate fraction can be seen 

even at higher concentrations of Chol in comparison to the Sph Western Blot, where 

after 250 µM, NPC1 immunoprecipitation it is no longer seen. 
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Fig. 2.31 In-lysate competition experiments of NPC1 with Sph and Chol. A) Western Blot of NPC1-Sph 
immunoprecipitation titration. B) Western Blot of NPC1 immunoprecipation with Lyso-pacChol and Lyso-pacSph in 

visualization competition conditions. C) Western Blot of pacSph competition with Sph D) Western Blot of pacSph 

competition with Chol. I: Input, E: Eluate, FT: Flow-through 

 

In summary, this data suggests that Sph an Chol, indeed share a common mechanism 

of export, arguably via NPC1. Additionally, my experiments showed that sphingosine 

is likely the offending metabolite, which causes an NPC-like defect, given that it was 

the first to accumulate upon NPC1 inhibition257 and that artificial elevation of its levels 

cause downstream cholesterol storage. Moreover, preliminary results of competition 

experiments in lysates revealed that an excess of cholesterol cannot (or only partially) 

displace Sph interaction with NPC1. Here, it is tempting to speculate that NPC1 could 

be a sphingosine regulated protein or likely a lysosomal sphingosine transporter. 

However, more detailed studies and replicates need to be performed in order to 

support this theory. 

 

2.4.3 Conclusion and outlook 
 

Caged, organelle-targeted lipid probes are powerful tools to dissect the actions of 

single lipid species on a subcellular level. They allow for their study with subcellular 

precision, granting insight into metabolism and protein-lipid interactions. Their photo-

cleavable mask permits the manipulation of the levels of a single lipid specie without 
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modifying lipid-handling proteins by inhibitors or genetic approaches, which often 

results in cells finding a mode to compensate for this loss. 

 

Sph has been reported as a bioactive lipid. However, this small lipid has remained 

enigmatic, where few details, such as which enzymes participate in its metabolism and 

its inhibitory effect on PKC262 are known. Yet, a detailed picture of its subcellular 

actions hasn’t been described until now. In this thesis, I have synthesized new 

lysosome-targeted cholesterol and sphingosine probes, and due to their multi-

functionalities, these probes can be employed to study lipid-protein interactions, 

metabolism, and visualization of lipid trafficking, starting from the lysosome. Using 

these probes, chemoproteomic analysis of cholesterol and sphingosine-interacting 

proteins has revealed unknown sphingosine-binding proteins such as LIMP-2 and 

NPC1. This could indicate that these proteins could be regulated by or be transporters 

of Sph. Biochemical validation, as immunoprecipitation experiments revealed direct 

binding, as well as competition between Sph and Chol to NPC1 and LIMP-2 

uncovering a direct role of NPC1 in Sph handling. This paves a new and exciting way 

for further studies of sphingolipid trafficking. How NPC1 and LIMP-2 interact or direct 

contribute to lysosomal sphingosine egress remains unclear; however, it is tempting 

to speculate that sphingosine export could be facilitated in the same fashion as 

cholesterol via NPC1 or LIMP2 through their intramolecular efflux tunnel75,100,263. 

Recently, studies have shown that mutations to either tunnel arrest lysosomal 

cholesterol egress, reducing Chol-Ester levels263. Here, it would be particularly 

interesting to make use of tunnel mutants and employ lyso-pacSph in order to visualize 

its trafficking and conclude if indeed, Chol and Sph share the same export route.  

 

Several questions remain concerning the mechanism of Sph transport out of LE/LY. 

First, it is unclear why a lipid would need of two different escape mechanisms, as in 

using NPC1 as a primary transport route and LIMP-2 as a secondary. This could be 

explained by the results performed by confocal microscopy and TLC. Where Chol and 

Sph retention at the LE/LY it is more severe in NPC1 -/- cells, compared to LIMP-2 

where just a delay in lipid kinetics is observed. Second, how does the photorelease of 

an excess of Sph, induces cholesterol storage as in an NPC1-like phenotype? Here it 

is tempting to speculate that NPC1 could be an Sph-regulated protein.  
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Additional experiments revealed a direct effect of NPC1 on Sph transport. First, 

metabolic studies in NPC1 showed a delayed conversion of Sph to higher metabolites 

such as Cer and SM. Secondly, visualization experiments revealed a striking 

prolonged staining in LAMP-1 positive compartments in NPC1 -/- cells, which was 

comparable as in experiments with pharmacological inhibition of NPC1 with U18666A. 

Thirdly, I could observe that an excess of Sph can impair cholesterol trafficking. Here, 

it would be interesting to perform additional experiments, such as a lipidome analysis, 

in order to visualize if other lipid species such as glycosphingolipids are also retained 

at LE/LY such as in previous NPC1 disease models. Fourthly, additional competition 

experiments in lysates have gathered additional data on Sph and its interaction with 

NPC1. This last finding could suggest that Sph is indeed, preferentially trafficked by 

NPC1. Here, it is tempting to speculate about a possible biological model in which 

NPC1 is able to move Sph to the limiting membrane of the lysosome for transport at 

LE/LY-ER contact sites and there be transported by dedicated lipid transport proteins. 

Could it be that additionally to Chol and Sph, NPC1 is able to move other lipid species 

out of the LE/LY? And last, more in-depth investigations such as cross-linking mass 

spectrometry could potentially reveal and determine a binding site for Sph. 

 

Taken together, these results provide first insights and a body of evidence, that 

lysosomal sphingosine egress is major dependent on NPC1, but its egress can also 

be facilitated by other lysosomal proteins such as LIMP-2, which until date have been 

only implied on cholesterol trafficking. Additionally, using this method we have 

provided powerful insight into cholesterol and sphingosine trafficking and metabolism 

in a time-resolved manner and hints of which organelle(s) might serve as the initial 

acceptor(s). Overall, lysosome-targeted, multi-functional lipid probes have allowed us 

to identify their organelle-specific interactome and established binding and possible 

transport of sphingosine by known cholesterol transporters. We envision that this 

technology could be further exploited to dissect the actions of single lipid species at 

other organelles such as the ER to have a clear image of LE/LY-ER lipid transport, 

adding to our understanding of not only sphingolipid trafficking but overall lipid biology. 

 

 
 
 



 65 

 
 

Chapter 3 – Experimental methods 
 
3.1 Reagents 
 
All common laboratory chemicals were obtained from commercial sources (Alfa Aesar 

AppliChem, Carl Roth, Fisher Chemicals, Honeywell, Merck, Sigma-Aldrich and VWR) 

and were used without further purification. Synthetic d-erythro-sphingosine was 

purchased from Biozol (Eching, DE), photoclick sphingosine (pacSph) was purchased 

from Avanti polar lipids, photoclick cholesterol (pacChol) was purchased from Sigma 

Aldrich, supplied by Avanti polar lipids. Standards of photoactivatable and clickable 

lipids pacCer, pacSM, pacPC, pacGlcCer and pacHexCer analogues were a kind gift 

of Prof. Dr. Britta Brügger (BZH, Universität Heidelberg). Anhydrous solvents were 

either obtained from Sigma Aldrich or prepared via drying over activated molecular 

sieve 3 Å (Roth). Deuterated solvents for NMR analysis were purchased from Deutero 

(Karlsruhe, DE). CuAAC-based click chemistry reaction buffer kit and fluorescent 

Alexa-picolyl 488, 594, 647 azides were obtained from Jena Bioscience (Jena, DE). 

3-Azido-7-hydroxycoumarin from Roth. The fluorescent calcium indicator Fluo-4-AM, 

LysoTracker Red DND-99 and Griffonia simplicifolia Lectin GS-II 647 were obtained 

from Life Technologies (Thermo Fisher Scientific, Waltham, USA). 

 

3.2 Chemical Synthesis 

3.2.1 General synthetic procedures 
 
All chemical reactions were carried out in dried glassware under inert atmosphere 

using dry solvents, all chemicals were purchased from commercial sources (Sigma 

Aldrich, Acros, VWR, Alfa Aesar, Roth or Merck) and were used without further 

purification. Deuterated solvents (CDCl3) were purchased from Deutero. Reactions at 

0°C were performed in an ice/water cooling bath, reactions at – 20°C in a 

acetone/sodium chloride ice bath, changed every 1h. Reactions were monitored via 

TLC on precoated plates of silica gel 60 (Merck) using UV light for fluorescent 
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compounds (302 nm), using a solution of 10% phosphomolybdic acid (Sigma-Aldrich) 

in absolute EtOH (w/v) or precoated plates of silica gel 60 with fluorescent indicator 

F254 (Merck 60). Preparative column chromatography was performed using silica gel 

60, grain size 0.063 – 0.212 mm (Sigma-Aldrich) under pressure (≤1.5 bar). Detailed 

solvent compositions are indicated individually. Crude product was dissolved in 

solvent, coated on to silica gel and applied as dry load. Evaporation in vacuo was 

performed at 40 °C and 900 – 0.1 mbar. NMR spectra were recorded on a Varian 

Mercury Plus (300 MHz) or Varian NMR System (500 MHz) at 298 K in the NMR 

department of the Institute of Pharmacy and Molecular Biotechnology, Heidelberg. 

Samples were dissolved in deuterated solvents (CDCl3) and the solvent residual peak 

used as an internal reference. Resonance is reported according to the following 

convention: chemical shift δ in parts per million (ppm), coupling constant J in Hz if 

applicable, number of protons assigned to the resonance and structural assignment if 

possible. Multiplicities are abbreviated as following: singlet (s), doublet (d), triplet (t), 

quartet (q), quintet (quint), multiplet (m), broad (br). Spectra were evaluated using 

MestReNova v12.0.1-20560 (MestreLab Research S.L.); assignment of signals was 

possible with measured 2D spectra (COSY and HSQC), not included. Electrospray 

ionisation mass spectrometry measurements (ESI-MS) were recorded on a Bruker 

ApexQe FT-ICR at the Organic Chemistry Institute, Heidelberg. 

 
(7-(ethylamino)-2-oxo-2H-chromen-4-yl)methyl acetate precursor was 
synthesized according to literature 152,202 

 
3.2.2 Tert-butyl-N-(4-(acetoxymethyl)-2-oxo-2H-chromen-7-yl)-N-
ethylglycinate 

 
500 mg of (7-(ethylamino)-2-oxo-2H-chromen-4-yl)methyl acetate (382.73 μmol, 1 eq) 

and 57.37 mg sodium iodide (382.73 μmol, 1 eq) were dissolved in 25 mL dry DMF 

with activated molecular sieve (3Å). Then, 730 μL N,N-Diisopropylethylamine (7.654 

mmol, 4 eq) and 2.460 μL bromoacetic acid tert-butyl ester (9.568 mmol, 5 eq) were 
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added and refluxed overnight under inert atmosphere. The mixture was cooled down 

to room temperature and diluted with 100 mL of water and extracted with 

dichloromethane (3x 70 mL). The combined organic layers were dried over sodium 

sulfate and the solvents were removed under reduced pressure. Flash 

chromatography was performed on a 15-35% gradient ethyl acetate/cyclohexane to 

afford 578 mg (72% Yield) of a brownish oil. 

 
1H NMR (300 MHz, Chloroform-d) δ 7.30 (d, J = 8.9 Hz, 2H), 6.55 (dd, J = 8.9, 2.6 Hz, 

1H), 6.49 (d, J = 2.6 Hz, 1H), 6.18 (d, J = 1.3 Hz, 1H), 5.21 (d, J = 1.3 Hz, 3H), 3.97 

(s, 3H), 3.49 (p, J = 7.2 Hz, 3H), 2.18 (s, 4H), 1.62 – 1.39 (m, 21H), 1.24 (t, J = 7.1 Hz, 

4H). 13C NMR (75 MHz, cdcl3) δ 170.22, 169.05, 161.65, 155.94, 151.02, 149.29, 

107.12, 82.33, 77.43, 77.01, 76.59, 61.62, 61.26, 60.44, 53.00, 46.75. 

ESI-positive m/z calculated for C20H25NO6: 375.42; found: 376.426 [M+H]+.  

 

3.2.3 N-(4-(acetoxymethyl)-2-oxo-2H-chromen-7-yl)-N-ethylglycine 
 

 
540 mg of tert-butyl N-(4-(acetoxymethyl)-2-oxo-2H-chromen-7-yl)-N-ethylglycinate 

(1.438 mmol, 1 eq) were dissolved in 500 μL dichloromethane, 20 μL of water and1.5 

mL of trifluoroacetic acid (25/2/75). The reaction was stirred at room temperature for 

3 hours. Then, Toluene (3x 5 mL) was added and the mixture was concentrated under 

reduced pressure to azeotropically remove residual trifluoroacetic acid. The product 

was used without further purification. 

 

3.2.4 2-(dimethylamino)ethyl N-(4-(acetoxymethyl)-2-oxo-2H-
chromen-7-yl)-N-ethylglycinate  
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450 mg of N-(4-(acetoxymethyl)-2-oxo-2H-chromen-7-yl)-N-ethylglycine (1.409 mmol, 

1 eq) were dissolved in 15 mL ethyl acetate and cooled to -20 °C under inert 

atmosphere. To this solution, 598.7 μL N-methylmorpholine (5.919 mmol, 3.5 eq) were 

added followed by dropwise addition of 230.976 μL isobutylchloroformate (1.691 

mmol, 1.2 eq) upon which a yellow-white precipitate formed. After 20 minutes, 120.30 

μL N,N-dimethylaminoethylene (1.691 mmol, 1.2 eq) were added and stirred for 2 

hours at -20 °C. Next, the ice bath was removed and the reaction was let to stir at 

room temperature for 18 hours. The reaction was quenched with 10 mL ethyl acetate, 

washed with (1x 10 mL) water, 5% citric acid, 5% sat. sodium carbonate. The 

combined organic layers were dried over sodium sulfate and the solvents were 

removed under reduced pressure. Flash chromatography was performed on a 5-100% 

gradient methanol in chloroform to afford 395 mg (72% Yield) of a dark yellow oil. 

 
1H NMR (300 MHz, Chloroform-d) δ 7.32 (s, 1H), 7.32 – 7.26 (m, 1H), 7.02 (s, 1H), 

6.57 (d, J = 8.4 Hz, 2H), 6.17 (d, J = 1.3 Hz, 1H), 5.20 (d, J = 1.4 Hz, 2H), 3.97 (s, 2H), 

3.53 (d, J = 7.1 Hz, 2H), 3.38 (d, J = 5.8 Hz, 2H), 2.47 (t, J = 5.9 Hz, 2H), 2.20 (d, J = 

12.2 Hz, 9H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, cdcl3) δ 124.50, 109.48, 

107.88, 99.29, 45.01, 44.69, 20.71, 11.80, 0.99. 

ESI-positive m/z calculated for C20H27N3O5: 389.45; found: 390.457 [M+H]+.  

 

3.2.5 2-(dimethylamino)ethyl N-ethyl-N-(4-(hydroxymethyl)-2-oxo-
2H-chromen-7-yl)glycinate (Lyso-coumarin cage) 

 
350 mg of 2-(dimethylamino)ethyl N-(4-(acetoxymethyl)-2-oxo-2H-chromen-7-yl)-N-

ethylglycinate (0.898 mmol, 1 eq) were dissolved in 100 mL 3% KOH in MeOH and 

stirred at room temperature for 5 minutes. The reaction was quenched with 100 mL 

NH4Cl and the mixture extracted with (3x 250 mL) chloroform. The combined organic 

layers were dried over sodium sulfate and the solvents were removed under reduced 

pressure. Flash chromatography was performed with CHCl3:MeOH:NH3(aquo):H2O 

(22.5:5:0.025:0.25) to afford 245.7 mg (82% Yield) of a yellow solid. 
 

1. 3% KOH/MeOH, RT, 5 min
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1H NMR (500 MHz, Chloroform-d) δ 7.36 (t, J = 5.5 Hz, 1H), 7.12 (d, J = 8.9 Hz, 1H), 

6.46 (dd, J = 8.9, 2.6 Hz, 1H), 6.42 (d, J = 2.6 Hz, 1H), 6.12 (s, 1H), 4.63 – 4.57 (m, 

2H), 4.47 (s, 1H), 3.93 (s, 2H), 3.47 (q, J = 7.1 Hz, 2H), 3.42 (q, J = 5.9 Hz, 2H), 2.49 

(t, J = 6.0 Hz, 2H), 2.23 (s, 6H), 1.20 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, 

Chloroform-d) δ 169.66, 162.19, 155.39, 155.31, 150.63, 107.77, 60.04, 58.05, 54.56, 

46.19, 36.57. 

ESI-positive m/z calculated for C18H25N3O4: 333.39; found: 334.411 [M+H]+.  

 

3.2.6 (7-((2-((2-(dimethylamino)ethyl)amino)-2-
oxoethyl)(ethyl)amino)-2-oxo-2H-chromen-4-yl)methyl ((2R,3S,E)-
1,3-dihydroxyoctadec-4-en-2-yl)carbamate (Lyso-Sph) 

 
13.7 of 1 (39 μmol, 1.9 eq) were dissolved in 350 μL dry DMF and 10 mg Bis-(4-

nitrophenyl) carbonate (33 μmol, 1.6 eq) were dissolved in 500 μL dry DMF and added 

to the stirred coumarin solution. Next, 17 μL DIPEA (99 μmol, 5 eq) were added 

dropwise under light protection and stirred overnight. The crude reaction was cooled 

to 0 °C under stirring, then 6 mg sphingosine (20 μmol, 1 eq) were dissolved in 1 mL 

dry DMF, 7 μL DIPEA (40 μmol, 2 eq) were added and pre-cooled to 0 °C, then added 

dropwise to the cold stirred coumarin solution. The reaction was stirred at 0 °C for 1h, 

then allowed to warm to room temperature and stirred for additional 5h, until TLC 

showed full consumption of sphingosine. Solvents were removed in vacuo and the 

crude product was purified by flash chromatography using CHCl3/MeOH (10-70%) with 

0.1% NH3(aquo)/H2O (v/v) as additive. Fractions containing pure product were combined 

and concentrated to afford 10.4 mg (78% yield) of 2 as a yellow oil.  

 
1H NMR (500 MHz, Chloroform-d) δ 8.16 (t, 3JHH = 6 Hz, 1H, OCN-43H), 7.22 (d, 

3JHH = 8.9 Hz, 1H, C-6H), 6.60 (dd, 3JHH = 9 Hz, 4JHH = 2 Hz, 1H, Car-1H), 6.50 

(d, 3JHH = 8.3 Hz, 1H, OCON-16H), 6.40 (d, 4JHH = 2 Hz, 1H, C-3H), 6.11 (s, 1H, C-

9H), 5.80 (dt, 3JHH = 14.6 Hz, 3JHH = 7.3 Hz, 1H, C-23H), 5.55 (dd, 3JHH = 15.3 Hz, 

3JHH = 5.8 Hz, 1H, C-22H), 5.14 (d, 2JHH = 16 Hz, 1H, C-12Hα), 5.08 (d, 2JHH = 

16Hz, 1H, C-12Hβ), 4.39 (s, br, 1H, C-20H), 4.05 (s, 2H, C-26H2), 3.98 (dd, 2JHH = 
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11.6 Hz, 3JHH = 3.7 Hz, 1H, C-18Hα), 3.74 – 3.66 (m, 4H, C-18Hβ , C-44H2, C-17H), 

3.61 (q, 3JHH = 7 Hz, 2H, C-28H2),3.22 (t, 3JHH = 5 Hz, 2H, C-45H2), 2.84 (s, 6H, 

C-47/48H3), 2.05 (q, 3JHH = 7 Hz, 2H, C-24H2), 1.20 -1.40 (m, C-29-39H2, 22H), 

1.19 (t, 3JHH = 7.1 Hz, 3H, C-41H3), 0.87 (t, 3JHH = 6.9 Hz, 3H, C-40H3). Due to 

their amphiphilic nature and the low amount of material, 13C NMR spectra of Lyso-Sph 

could not be accurately described. 

ESI-positive m/z calculated for C46H69N3O6: 673.4535; found: 673.4543 [M+H]+.  

 

3.2.7 (7-((2-((2-(dimethylamino)ethyl)amino)-2-
oxoethyl)(ethyl)amino)-2-oxo-2H-chromen-4-yl)methyl ((2R,3S,E)-
1,3-dihydroxy-13-(3-(pent-4-yn-1-yl)-3H-diazirin-3-yl)tridec-4-en-2-
yl)carbamate (Lyso-pacSph) final synthetic procedure performed by 
Judith Notbohm 

 
13.8 mg of 1 (40 μmol, 1.9 eq) were dissolved in 500 μL dry DMF and 10.2 mg Bis-(4-

nitrophenyl) carbonate (34 μmol, 1 eq) were dissolved in 500 μL dry DMF and added 

to the stirred coumarin solution. Next, 17.5 μL DIPEA (101 μmol, 5 eq) were added 

dropwise under light protection and stirred overnight. The crude reaction was cooled 

to 0 °C under stirring, then 7 mg Photoclick Sphingosine (21 μmol, 1 eq) were 

dissolved in 1 mL dry DMF, pre-cooled to 0 °C and  added dropwise to the cold stirred 

coumarin solution. The reaction was stirred at 0 °C for 1h, then allowed to warm to 

room temperature and stirred for additional 8h, until TLC showed full consumption of 

Photoclick Sphingosine. Solvents were removed in vacuo and the crude product was 

purified 2x by flash chromatography using CHCl3/MeOH (10-70%) with 0.1% 

NH3(aquo)/H2O (v/v) as additive to afford 6.9 mg of pure 3, 15.5 mg (99% yield) 
 
1H NMR (500 MHz, Chloroform-d) δ 8.16 (t, 3JHH = 5 Hz, 1H, OCN-43H), 7.22 (d, 

3JHH = 9 Hz, 1H, C-6H), 6.60 (dd,3JHH = 9.1,4JHH = 2.1 Hz, 1H, C-1H), 6.52 (d,3JHH 

= 8.7 Hz, 1H, OCONH), 6.39 (d, 4JHH = 1.5 Hz, 1H, C-3H), 6.12 (s, 1H, C-9H), 5.80 

(dt,3JHH = 14.4, 3JHH = 6.8 Hz, 1H, C-26H), 5.54 (dd, 3JHH = 15.4, 3JHH = 6.0 Hz, 
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1H, C- 25H), 5.14 (d, 2JHH = 16 Hz, 1H, C-12Hα), 5.09(d, 2JHH = 16 Hz, 1H, C-

12Hβ), 4.39 (s, br, 1H, C-23H), 4.05 (s, 2H, C-15H2), 3.97 (dd,2JHH = 10.9, 3JHH = 

4.5 Hz, 1H, C-20Ha), 3.77-3.72 (m, 3H, C-20Hβ, C- 44H2), 3.67 (m, 1H, C-21H), 3.62 

(q, 3JHH = 7.1 Hz, 2H, C-16H2), 3.24 (t, 3JHH = 5 Hz, 2H, C-45H2)), 2.86 (s, 6H, C-

47/48H3),2.15 (td, 3JHH = 7 Hz, 4JHH = 2.5 Hz, 2H,C-38H2), 2.05 (q, 3JHH = 7 Hz, 

2H, C- 27H2), 1.95 (t, 4JHH = 2.5 Hz, 1H, C-51H), 1.50 – 1.46 (m, 2H, C-36H2), 1.30 

– 1.38 (m, 6H, C-37H2, C-28H2; C-34H2), 1.17 – 1.27 (m, 11H, C-29H2 – C-33H2, C-

40H3), 1.06 (m, 2H, C-XH2). Due to their amphiphilic nature and the low amount of 

material, 13C NMR spectra of Lyso-pacSph could not be accurately described. 

ESI-positive m/z calculated for C37H60N4O7: 709.4283; found: 709.4297 [M+H]+.  

 
3.2.8 (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-
methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl (trichloromethyl) 
carbonate 

 
10 mg  of cholesterol (25.862 μmol, 1 eq) were dissolved in 1 mL dry DCM under an 

inert argon atmosphere. After 5 minutes, 8.38 μL diphosgene (25.862 μmol, 1 eq) 

were added dropwise. Next, 3.31 mg of 4-DMAP (27.256 μmol, 1.05 eq) were added 

and stirred overnight. Solvents were removed in vacuo and the crude was used 

without further purification. 
 

3.2.9 (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-
methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl ((7-((2-((2-
(dimethylamino)ethyl)amino)-2-oxoethyl)(ethyl)amino)-2-oxo-2H-
chromen-4-yl)methyl) carbonate (Lyso-Chol) 
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8.46 mg of N-(2-(dimethylamino)ethyl)-2-(ethyl(4-(hydroxymethyl)-2-oxo-2H-

chromen-7-yl)amino)acetamide (24.379 μmol, 1 eq) were dissolved in 500 μL dry DCM 

and placed on an ice bath. Then 11 mg of cholesterol chloroformate (6) (24.492 μmol, 

1.05 eq) was dissolved in 500 μL dry DCM and added dropwise to the cold stirred 

coumarin solution, then 3 mg of 4-DMAP (24.492 μmol, 1.05 eq) was added. The flask 

was sealed and filled with argon and stirred overnight. The crude product was purified 

by flash chromatography using CHCl3:MeOH:NH3(aquo):H2O (22.5:2.5:0.025:0.0125), 

to afford 16.2 mg (87% Yield) of a greenish oil. 

1H NMR (500 MHz, Chloroform-d) δ 8.23 (t, J = 6.0 Hz, 1H), 7.32 (d, J = 9.0 Hz, 1H), 

6.68 (dt, J = 9.1, 2.5 Hz, 1H), 6.49 (t, J = 2.0 Hz, 1H), 6.19 (d, J = 1.3 Hz, 1H), 5.41 (d, 

J = 4.8 Hz, 1H), 5.24 (d, J = 1.3 Hz, 2H), 4.57 – 4.47 (m, 1H), 4.07 (d, J = 2.3 Hz, 2H), 

3.75 – 3.62 (m, 4H), 3.17 (q, J = 5.2 Hz, 2H), 2.88 – 2.82 (m, 4H), 2.80 (d, J = 3.0 Hz, 

1H), 2.46 – 2.36 (m, 2H), 2.05 – 1.93 (m, 3H), 1.90 (dt, J = 13.5, 3.6 Hz, 1H), 1.82 

(ddd, J = 13.2, 9.5, 6.0 Hz, 1H), 1.69 (ddd, J = 14.4, 12.2, 3.8 Hz, 2H), 1.62 – 1.40 (m, 

9H), 1.40 – 1.29 (m, 4H), 1.25 – 1.18 (m, 5H), 1.14 – 1.11 (m, 3H), 1.02 (s, 5H), 0.89 

– 0.79 (m, 13H), 0.68 (s, 3H). 13C NMR (126 MHz, Chloroform-d) δ 170.21, 161.41, 

154.00, 150.99, 148.97, 139.12, 107.25, 64.20, 58.38, 54.47, 46.97, 42.32, 39.71, 

39.51, 37.96, 36.82, 36.54, 36.18, 34.57, 31.91, 28.22, 27.66, 24.28, 23.82, 21.05. 

ESI-positive m/z calculated for C46H69N3O6: 759.52; found: 760.5265 [M+H]+.  

 

3.2.10 hex-5-yn-1-yl (4R)-4-((3S,5S,10R,13R,14S,17R)-10,13-
dimethyl-3-(((trichloromethoxy)carbonyl)oxy)-
1,2,3,4,5,7,8,9,10,11,12,13,14,15,16,17-
hexadecahydrospiro[cyclopenta[a]phenanthrene-6,3'-diazirin]-17-
yl)pentanoate 
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10 mg Photo-reactive Clickable trans-Sterol probe (20.716 μmol, 1 eq) were dissolved 

in 1 mL dry DCM under argon atmosphere. After 5 minutes, 6.9 μL diphosgene (21.33 

μmol, 1.03 eq) were added dropwise. Next, 2.65 mg 4-DMAP (21.75 μmol, 1.05 eq) 

were added and stirred overnight. Solvents were removed in vacuo and the crude was 

used without further purification. 

 

3.2.11 Hex-5-yn-1-yl (4R)-4-((3S,5S,10R,13R,14S,17R)-3-((((7-((2-((2-
(dimethylamino) ethyl)amino)-2-oxoethyl)(ethyl)amino)-2-oxo-2H-
chromen-4-yl)methoxy)carbonyl)oxy)-10,13-dimethyl-
1,2,3,4,5,7,8,9,10,11,12,13,14,15,16,17-
hexadecahydrospiro[cyclopenta[a]phenanthrene-6,3'-diazirin]-17-
yl)pentanoate (Lyso-pacChol) 

 

6.85 mg of 1 (19.725 μmol, 1 eq) were dissolved in 500 μL dry DCM and placed in an 

ice bath. Then 11.29 mg pacChol-chloroformate (20.70 μmol, 1.05 eq) was dissolved 

in 500 μL dry DCM and added dropwise to the cold stirred coumarin solution, then 

2.53 mg 4-DMAP (20.70 μmol, 1.05 eq) was added. The flask was sealed, filled with 

argon and stirred overnight at room temperature. Solvents were removed in vacuo and 

the crude product was purified by flash chromatography using 

CHCl3/MeOH/NH3(aquo)/H2O (22.5:2.5:0.025:0.0125), to afford 13.5 mg (96%) of 4 as 

a greenish oil. 

1H NMR (500 MHz, Chloroform-d) δ 8.23 (t, J = 5.9 Hz, 1H), 7.30 (d, J = 9.0 Hz, 1H), 

6.68 (dd, J = 9.0, 2.6 Hz, 1H), 6.50 (d, J = 2.6 Hz, 1H), 6.14 (d, J = 1.4 Hz, 1H), 5.23 

– 5.14 (m, 2H), 4.47 (dt, J = 11.5, 6.4 Hz, 1H), 4.09 – 4.06 (m, 4H), 3.76 – 3.63 (m, 

4H), 3.17 (t, J = 5.3 Hz, 2H), 2.83 (d, J = 4.8 Hz, 6H), 2.36 – 2.30 (m, 1H), 2.23 (d, J 

1. Diphosgene, DCM, RT, 18h
2. Lyso-Coumarin, 4-DMAP, 0°C - RT, 18h
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= 2.7 Hz, 2H), 2.05 – 1.97 (m, 2H), 1.95 (t, J = 2.6 Hz, 1H), 1.81 – 1.72 (m, 8H), 1.69 

(s, 6H), 1.60 (d, J = 7.8 Hz, 2H), 1.42 (s, 1H), 1.21 (s, 1H), 1.16 (d, J = 2.1 Hz, 4H), 

0.92 (d, J = 6.5 Hz, 6H), 0.83 (d, J = 9.2 Hz, 1H), 0.69 (s, 4H), 0.60 (d, J = 12.3 Hz, 

2H), 0.42 (dd, J = 13.9, 4.6 Hz, 2H). Due to their amphiphilic nature and the low amount 

of material, 13C NMR spectra of Lyso-pacChol could not be accurately described. 

 

ESI-positive m/z calculated for C46H69N5O8: 855.5146 ; found: 856.5215 [M+H]+.  

 

3.3 Buffers and solutions 
 
PBS 
10x stock 
10 mM Na2HPO4 

2 mM KH2PO4 

137 mM NaCl 

2.7 mM KCl 

1 mM EDTA 

 

All chemicals were dissolved in ddH2O, pH adjusted to 7.4 using HCl, filtered and 

sterilized. PBS was prepared at the BZH. 

 
Imaging buffer 
 
20 mM HEPES 

115 mM NaCl 

1.8 mM CaCl2 

1.2 mM MgCl2 

1.2 mM KH2PO4 

0.2% Glucose (w/v) 

 
All chemicals were dissolved in ddH2O, pH adjusted to 7.4 using HCl or NaOH, 

filtered and stored at 4 °C. 
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Lysis buffer 
 
0.1% SDS 

1% Triton 

1x Protease inhibitor 

 

SDS + Triton containing aliquots were prepared and stored at -20 °C. Protease 

inhibitor was taken from a 100x aliquot and added fresh at the beginning of each 

experiment. 

 
Amido black 
 

50% H2O (v/v) 

40% MeOH (v/v) 

10% AcOH (v/v) 

0.02% Amido black (w/v) 

 

3.4 Cell culture 
 
Eukaryotic cell lines 
 
HeLa WT (Human cervical adenocarcinoma cells, No. CCL2) 

HeLa NPC1 (NPC1 null human cervical adenocarcinoma cell) 

 

Dr. Wim Annaert (VIB-KU Leuven Center for Brain & Disease Research, Leuven, 

BE) 

 

HeLa SK1/SK2 dKO (Sphingosine kinase 1 and 2 null human adenocarcinoma cell) 

 

Prof. Dr. Sarah Spiegel (Department of Biochemistry and Molecular Biology 

at Virginia Commonwealth University, Virgina, USA) 
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HeLa SGPL1 (SGPL1 null human cervical adenocarcinoma cell) 

 

Prof. Dr. Britta Brügger (Heidelberg University Biochemistry Centre, Heidelberg, DE) 

 
HeLa LIMP2 (LIMP2 null human cervical adenocarcinoma cell) 

 

Prof. Dr. Paul Saftig (Unit of Molecular Cell Biology and Transgenic Research 

University of Kiel, Kiel, DE) 

 
All cells were grown in (complete medium) Dulbecco’s Modified Eagle’s Medium 

(DMEM) (4500 mg/L glucose, L-glutamine, sodium bicarbonate, without sodium 

pyruvate, Sigma Aldrich) supplemented with 10% FCS (Bio&Sell), 1% 

penicillin/streptomycin (Biowest) at 37°C in 5% CO2 atmosphere and passaged 2-3 

times per week. Cells were seeded into appropriated experimental dishes at least 24h 

prior to the experiment. 

 

3.5 Lipid analyses by thin-layer chromatography 
 
TLC procedure adapted from153,264 

3.5.1 TLC analysis of Lyso-pacSph 
 
Cells were grown in 6-well plates (CellStar, greiner bio-one) to 70-85% confluency and 

labeled with 10 µM Lyso-pacSph in DMEM medium for 1h, washed twice with PBS 

and chased overnight in DMEM medium. Cells were washed with PBS, overlaid with 

500 µL of ice-cold imaging buffer and UV-irradiated on ice for 90s with a NailStar 

Professional LED lamp. Cells were either incubated further for indicated times in 

DMEM medium or collected directly. After uncaging and chasing for desired times, 

cells were washed with 1x PBS and air dried for 5 s. Then, 500 µL of MeOH/CHCl3 

(5:1) were added in one add. 6-well plate was placed into a bath-like sonicator for 60 

s at RT (Frequency: 37, Power: 100, Sweep), detached cells were collected and 

transferred to a 1.5 mL tube. After transfer, cells were lysed by centrifugation (20000 

rpm, 5min) and the supernatant was decanted into a fresh 2 mL tube. 400 µL CHCl3 

and 600 µL 0.1% AcOH (v/v) were added, the mixture was vortexed, centrifuged 
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(20000 rpm, 5min) and the aqueous upper phase was discarded. The remaining 

organic phase was transferred into a 1.5 mL tube and dried in a speed-vac (45°C, 20 

min). The lipids were dissolved in 30 µL click mix reaction (0.6 µL, 44.4 mM 3-azido-

7-hydroxycoumarin, 125 µL, 10 mM Cu(I)BF4 dissolved in ACN and 0.5 mL EtOH). 

Copper-catalysed azide-alkyne cycloaddition was performed in a speed-vac (45°C, 20 

min). Click lipids were dissolved in 15 µL EtOH/ACN (5:1) and applied to a 10 x 20 cm 

TLC silica gel 60 aluminum plate. TLC plates were developed using 

CHCl3/MeOH/H2O/AcOH (65:25:4:1) for 5 cm, dried for 30 minutes and then 

Cyh/EtOAc (1:1) for 9 cm. Lipids containing the fluorescent coumarin group were 

visualised by UV light using a gel-doc system. Quantification of extracted lipids was 

performed by determining the total intensity of each band in ImageJ. The raw 

integrated density of an equal rectangular ROI was measured for each lipid species 

and corrected for background via an identical, blank adjacent ROI. 

 

3.5.2 TLC analysis of Lyso-pacChol 
 
Cells were grown in 12-well plates (CellStar, greiner bio-one) to 70-85% confluency 

and labeled with 10 µM Lyso-pacChol in DMEM medium for 45 min, washed twice with 

PBS and chased overnight in DMEM medium. Cells were washed, overlaid with 500 

µL of ice-cold imaging buffer and UV-irradiated on ice for 90s with a NailStar 

Professional LED lamp. Cells were either incubated further for indicated times in 

DMEM medium or directly trypsinised and transferred to a 1.5 mL tube. After transfer, 

cells were pelleted by centrifugation (1500 rpm, 5min) and the supernatant was 

discarded. The cell pellet was resuspended in 300 µL of PBS and mixed with 600 µL 

MeOH and 150 µL CHCl3 to precipitate proteins and DNA. The mixture was vortexed 

and centrifuged (14000 rpm, 5 min) and the lipid containing supernatant transferred to 

a 2 mL tube; the protein pellet was stored at 4°C and used for protein determination 

with amido black. 300 µL CHCl3 and 600 µL 0.9% NaCl (w/v) were added, the mixture 

was  vortexed, centrifuged (14000 rpm, 5min) and the aqueous upper phase was 

discarded. The organic phase was transferred into a 1.5 mL tube and dried in a speed-

vac (30°C, 20 min). The lipids were dissolved in 30 µL click mix reaction (0.6 µL, 44.4 

mM 3-azido-7-hydroxycoumarin, 125 µL, 10 mM Cu(I)BF4 dissolved in ACN and 0.5 
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mL EtOH). Copper-catalysed azide-alkyne cycloaddition was performed in a speed-

vac (45°C, 20 min). Click lipids were dissolved in 15 µL EtOH/ACN (5:1) and applied 

on a 14 x 20 cm TLC silica gel 60 aluminum plate. TLC plates were developed using 

CHCl3/MeOH/H2O/AcOH (65:25:4:1) for 2 cm, dried for 30 minutes and then Cy/EtOAc 

(2:1) for 13 cm. Lipids containing the fluorescent coumarin group were visualised by 

UV light using a gel-doc system. Quantification of extracted lipids was performed by 

determining the total intensity of each band in ImageJ. The raw integrated density of 

an equal rectangular ROI was measured for each lipid species and corrected for 

background via an identical, blank adjacent ROI. 

 

3.6 Confocal microscopy 

3.6.1 Live cell microscopy of lysosome-targeted compounds 
 
For co-localisation analysis and assessment of compound uptake, cells were grown in 

8-well µ-slides (ibidi) to 50-70% confluency. Cells were labeled with 200 µL of lyso-

pacSph or lyso-pacChol (750 nM - 10 µM) up to 1h, imaged immediately or chased for 

indicated times. Prior to imaging, cells were washed and overlaid with 200 µL imaging 

buffer. For co-localisation analysis, lysosomes were stained by incubating cells with 

200 µL of 100 nM LysoTracker Red DND-99 (Thermo Fisher Scientific) in DMEM for 

15 min, washed twice with PBS and further incubated for 15 min at 37°C. Prior to 

imaging, cells were washed and overlaid with 200 µL imaging buffer. Cells were 

imaged using a confocal laser scanning microscope (Zeiss LSM800) with a 63x oil 

objective. 

 

3.6.2 Calcium studies with lyso-probes 
 
Visualization of changes in intracellular Ca2+ were performed on a Zeiss LSM 800 

confocal microscope, with a baseline of 3 s before uncaging with a LED 385 nm laser, 

30% power in a circular area, and visualization of Fluo-4 AM was performed with a 

561 nm laser. Images were acquired every 2s and monitored any changes in 

fluorescence. Time-lapse images were analyzed using Fiji software with the FluoQ 

macro265 set to the following parameters: 
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Background subtraction method:       Mean of an interactively selected ROI 

Noise reduction/smoothing method:  None 

Threshold method:        Interactively with ImageJ’s built-in threshold 

window 

ROI segmentation:        Semi-automatically with binary mask 

modification 

Calculate amplitude changes:      Using maximum observed amplitude change 

 

3.6.2 Visualization of time-resolved subcellular localization of 
lysosome-targeted compounds 
 
Cells were seeded onto 11-mm glass coverslips (Thermo Scientific) in 24-well plates 

(CellStar, greiner bio-one) to 70-85% confluency, labeled with 10 µM Lyso-pacSph or 

Lyso-pacChol for 1h and 45 min respectively, washed twice in PBS and chased 

overnight in complete DMEM medium. Cells were washed, overlaid with 350 µL of ice-

cold imaging buffer and UV-irradiated on ice for 90s with a NailStar Professional LED 

lamp, either followed by a second UV-irradiation at 365 nm with a UVP Blak-Ray B100-

AP High Intensity lamp 7 min or chased for second time and UV-irradiated after desired 

timepoints. For 0’ timepoint, cells were immediately irradiated for 7 min at 365 nm with 

a UVP Blak-Ray B100-AP High Intensity lamp. 

 

3.6.2.1 Visualization of Lyso-pacSph 
 

Cells were fixed with -20°C Methanol for 20 min at -20°C, washed three times with 

CHCl3/MeOH/AcOH (10:55:0.75) then washed two times in PBS. Crosslinked protein-

lipid complexes were labelled with AlexaFluor 594 picolyl azide (Jena Bioscience) 

using a CuAAC-based click chemistry reaction buffer kit according to the 

manufacturer’s instructions (Jena Bioscience) and subjected to immunofluorescence 

experiments. Microscopy images were acquired using a confocal laser scanning 

microscope (Zeiss LSM800) with a 63x oil objective, settings as following: 

 

Channel Pinhole Laser power NA Gain Digital gain Stain 

488 2.04 AU / 90 µm 0.2% 1.4 625 1 LE/LY 
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594 1.70 AU / 90 µm 2.5% 1.4 670 1 Lipid 

647 1.17 AU / 66 µm 3.5% 1.4 650 1 Golgi 

Images were further analysed using ImageJ 2.1.0/1.53c. The Pearson coefficient for 

analysis of signal distribution within cells and lysosomes were extracted from the raw 

images with Coloc2 plugin. 

3.6.2.2 Visualization of Lyso-pacChol 
 
Cells were fixed with 4% PFA and 0.1% glyoxal in PBS for 30 min at room temperature, 

washed three times in PBS, solubilized with 0.3% Triton/SDS in PBS for 15 min, 

shaking 350 rpm, RT (using a Thermomixer). Then, washed two times with PBS and 

blocked for 1h with 2% BSA in PBS. Crosslinked protein-lipid complexes were labelled 

with AlexaFluor 488 picolyl azide (Jena Bioscience) using a CuAAC-based click 

chemistry reaction buffer kit according to the manufacturer’s instructions (Jena 

Bioscience) and subjected to immunofluorescence experiments. Before mounting, 

cells were washed for 30 min with 2% BSA in PBS at RT. Microscopy images were 

acquired using a confocal laser scanning microscope (Zeiss LSM800) with a 63x oil 

objective, settings as following: 

 

Channel Pinhole Laser power NA Gain Digital gain Stain 

488 1.00 AU / 44 µm 1.5% 1.4 650 1 Lipid 

594 0.87 AU / 44 µm 2.5% 1.4 750 1 LE/LY 

594 0.80 AU / 45 µm 3.5% 1.4 700 1 Golgi 

647 0.88 AU / 45 µm 2.0% 1.4 700 1 LD 

Images were further analysed using ImageJ 2.1.0/1.53c. The Pearson coefficient for 

analysis of signal distribution within cells and lysosomes were extracted from the raw 

images with Coloc2 plugin. 

3.6.2.3 Immunofluorescence of fixed cells 
 

After fixation, cells were stained with a 200-fold diluted antibodies (rabbit 𝝰-LAMP1, 

Cell signaling technology, mouse 𝝰-KDEL, Enzo life sciences, rabbit 𝝰-Perilipin 3, 

Abcam) in 1% BSA, 0.3% Triton in PBS overnight at 4°C, washed two times with PBS 
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andincubated with a 800-fold diluted antibodies (Alexa Fluor 488 𝝰-rabbit, Alexa Fluor 

594 𝝰-rabbit or Alexa Fluor 647 𝝰-mouse, Cell signaling). After washing two times with 

PBS and H2O, stained coverslips were mounted with ProLong Gold Antifade Mountant 

(Thermo Fisher). 

3.6.3 Starvation assay 
 
Cells were seeded onto 11-mm glass coverslips (Thermo Scientific) in 24-well plates 

(CellStar, greiner bio-one) to 70-85% confluency. Labeled with Lyso-pacSph (1.25 µM) 

and Lyso-Chol (25 µM) or Lyso-pacChol (750 nM) and Lyso-Sph (15 µM), washed 

twice in PBS and chased overnight in DMEM medium. Cells were washed, overlaid 

with 350 µL of ice-cold imaging buffer and UV-irradiated on ice for 90s with a NailStar 

Professional LED lamp, either followed by a second UV-irradiation at 365 nm with a 

UVP Blak-Ray B100-AP High Intensity lamp 7 min or chased for second time and UV-

irradiated after desired timepoints. Cells were fixed with -20°C Methanol for 20 min at 

-20°C, washed three times with CHCl3/MeOH/AcOH (10:55:0.75) then washed two 

times in PBS. Crosslinked protein-lipid complexes were labelled with AlexaFluor 594 

picolyl azide (Jena Bioscience) using a CuAAC-based click chemistry reaction buffer 

kit according to the manufacturer’s instructions (Jena Bioscience) and subjected to 

immunofluorescence experiments. Microscopy images were acquired using a confocal 

laser scanning microscope (Zeiss LSM800) with a 63x oil objective. Images were 

further analyzed using ImageJ 2.1.0/1.53c. The Pearson coefficient for analysis of 

signal distribution within cells and lysosomes were extracted from the raw images with 

Coloc2 plugin. 

3.6.4 NPC1-like induced assay 
 

Cells were seeded onto 11-mm glass coverslips (Thermo Scientific) in 24-well plates 

(CellStar, greiner bio-one) to 70-85% confluency. Labeled with Lyso-pacSph (1.25 µM) 

and Lyso-Chol (25 µM) or Lyso-pacChol (750 nM) and Lyso-Sph (15 µM), washed 

twice in PBS and chased overnight in DMEM medium. Cells were washed, overlaid 

with 350 µL of ice-cold imaging buffer and UV-irradiated on ice for 90s with a NailStar 

Professional LED lamp, either followed by a second UV-irradiation at 365 nm with a 

UVP Blak-Ray B100-AP High Intensity lamp 7 min or chased for second time and UV-
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irradiated after desired timepoints. Cells were fixed with -20°C Methanol for 20 min at 

-20°C, washed three times with CHCl3/MeOH/AcOH (10:55:0.75) then washed two 

times in PBS. Crosslinked protein-lipid complexes were labelled with AlexaFluor 594 

picolyl azide (Jena Bioscience) using a CuAAC-based click chemistry reaction buffer 

kit according to the manufacturer’s instructions (Jena Bioscience) and subjected to 

immunofluorescence experiments. Microscopy images were acquired using a confocal 

laser scanning microscope (Zeiss LSM800) with a 63x oil objective. Images were 

further analyzed using ImageJ 2.1.0/1.53c. The Pearson coefficient for analysis of 

signal distribution within cells and lysosomes were extracted from the raw images with 

Coloc2 plugin. 

 
3.7 Streptavidin Pull Down assay 

3.7.1 Cell Labelling and Crosslinking 
 
 
Cells were grown in 10 cm plates (CellStar, greiner bio-one) until 95% confluent; for 

low probe concentration experiments 2 plates per condition were utilized and cell 

pellets combined. Cells were labeled at the indicated concentrations in complete 

medium and for the indicated times shown below. After labelling, cells were washed 

twice with PBS, complete medium was added and cells incubated at 37°C for the 

specified chase times. Cells were overlaid with cold imaging buffer and cells labelled 

with a lysosome-targeted probe were UV irradiated at 405 nm with a NailStar 

Professional LED lamp for 90s, then immediately UV-irradiated at 365 nm with a UVP 

Blak-Ray B100-AP High Intensity lamp for 7 minutes at 4°C and directly UV irradiated 

at 365 nm for 10 minutes. Cells were trypsinised and collected in 15 mL cold PBS, 

centrifuged at 1200 g for 5 minutes at 4°C, then resuspended in 1 mL cold PBS and 

centrifuged at 1500 g for 5 minutes at 4°C. Supernatant was removed and the cell 

pellet resuspended in 100 – 300 μL lysis buffer (0.1 % SDS, 1 % Triton in PBS) 

depending on the cell pellet size. Cells were incubated at 4°C for 30 minutes, then 

sonicated with a BioRuptor (Diagenode) (3 cycles, 10 s pulse, high intensity, 45 s 

pause), then incubated at 4 °C for further 1 hour under rotation. The lysate was 

centrifuged at 14 000 g for 5 min at 4°C and the supernatant collected and stored at 

4°C until further use.  
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For lysates, cells were grown in 10 cm plates (CellStar, greiner bio-one) until 95% 

confluent; 2 plates per condition were utilized and cell pellets combined. Cells were 

trypsinised and collected in 15 mL cold PBS, centrifuged at 1200 g for 5 minutes at 

4°C, then resuspended in 1 mL cold PBS and centrifuged at 1500 g for 5 minutes at 

4°C. Supernatant was removed and the cell pellet resuspended in 200 μL lysis buffer 

(0.1 % SDS, 1 % Triton in PBS) after lysis, samples were prepared with 200 µg protein 

and incubated with 50 mM pacSph and either Sph or Chol from concentrations 250 

µM to 2.5 mM and incubated in the dark for 1 hour. Next, samples were placed in a 

bucket with ice and UV irradiated for 8 minutes and followed by streptavidin pulldown 

protocol. 

 

Probe Concentration Pulse time Chase time 
Lyso-pacSph 5 μM 60 min 16 hours 

Lyso-pacChol 10 μM 60 min 16 hours 

Lyso-pacChol 

(competition) 

750 nM 60 min 16 hours 

Lyso-pacSph 

(competition) 

1.25 μM 60 min 16 hours 

pacSph (lysates) 50 μM 60 min  

 

3.7.2 Protein determination using Amido Black 
 

Protein pellets were dissolved in 400 µL of a master mix (2% SDS, 1 µL DNase in 4 

mL PBS) vortexed, incubated and mixed (350 rpm, 37°C) for 30 min, then sonicated 

(37 kHz, 37°C) for additional 30 min. Then, 20 µL were added into a new tube and a 

serial dilution of BSA was prepared with 0, 25, 50, 75 and 100 µg BSA in 100 µL of 

water. All samples were diluted to 100 µL. To all samples, 400 µL of amido black 

solution was added, vortexed, incubated at room temperature for 5 min, and 

centrifuged (14000 rpm, 5 min). The supernatant was discarded and the pellets were 

washed twice with 500 µL MeoH/AcOH (10:1). The pellets were dissolved in 300 µL 

0.1 N NaOH, and 150 µL were spotted onto a 96-well plate. Absorbance was 

measured at 550 nm on a SpectraMax M5 microplate reader (Molecular Devices). 
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3.7.3 Biotinylation and protein precipitation 
 
The volume of the lysate was adjusted to 100 μg protein for western blot analysis and 

diluted with lysis buffer to 100 μL. Then, 7 μL of click mix (see below) was added to 

each sample and shaken at 37°C for 1 hour.  

 
  Final concentration Volume [μL] 

For 100 μL 

1)CuSO4 (50mM in H2O) 500 µM 1 

2) TBTA (2mM in DMSO) 50 µM 2.5 

3)Ascorbic acid (50mM, in H2O) 500 µM 1 

4) Picolyl-azide-PEG4-Biotin 
(10mM) 

250 µM 2.5 

Total volume for 1 sample   7 
 
Proteins were precipitated 2x by CHCL3/MeOH precipitation. For 100 μl click samples 

400 µL MeOH, 100 µL CHCl3 and 300 µL CHCl3 (all solutions at 4°C) were added to 

each sample, vortexed and centrifuged (14 000 rcf, 5 minutes, 4 °C). The top layer 

was removed, 400 μL MeOH added, samples vortexed (14 000 rcf, 5 minutes, 4°C) 

and the supernatant removed. The protein pellet was redissolved in 100 μL 2% SDS 

in H2O by sonication in a BioRuptor (Diagenode) (3 cycles, low intensity, 5 s on, 45 s 

off) and shaking at 37 °C. Proteins were precipitated a second time as described 

above, protein pellet was air-dried for 10 minutes after removing supernatant; for 250 

μL MS samples volumes were adjusted accordingly. Dry protein pellet was 

resuspended in 20 μL / 40 μL 2% SDS in H2O and dissolved via sonication (3x 3 cycles 

low intensity,5 s on, 45 s off) and shaking at 37°C, then diluted to 0.2 % SDS in H2O 

and sonicated again (3x 3 cycles low intensity,5 s on, 45 s off). 20 μL (10 μL for MS 

quality control) of input was removed and stored separately at -20°C.  

3.7.4 Streptavidin Pull Down 
 
25 μL Streptavidin Sepharose High Performance (GE Healthcare) beads per sample 

were equilibrated with 500 μL equilibration buffer (0.2 % SDS in H2O) for 10 minutes. 

Buffer was removed via centrifugation (1000 rcf, 2 minutes) and input samples mixed 

with the beads, then the slurry was incubated overnight under rotation at 4°C. Flow-
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through was removed via centrifugation (1000 rcf, 2 minutes), 20 μL samples (10 μL 

for MS quality control) were stored separately at -20°C. Beads were washed 2x for 5 

minutes each with wash buffer 1 (1 mL 2% SDS in H2O) and wash buffer 2 (1 mL 

50 mM HEPES pH7.4, 1  mM EDTA, 500 mM NaCl, 1% Triton X-100, 0.1% Na-

deoxycholate in H2O), centrifugating in between (1000 rcf, 1 minute). Final buffer was 

removed and protein eluted with 20 μL elution buffer (H2O, 10% NP40, 10% SDS, 2mM 

biotin) for 5 minutes at 98 °C. Beads were removed from eluate by centrifugation in 

1.5 mL Mobicol Classic screw top tubes equipped with a 10 μM filter (MoBiTec), 7 μL 

4x Laemmli buffer with 0.1 mM DTT added and samples boiled at 98°C for further 5 

minutes. Denatured and reduced eluates were stored at -80°C until further use or 

applied directly to SDS PAGE.  

 

3.7.5 SDS PAGE and Western Blot analysis off pull-down probes 
 
 
Protein samples were applied to SDS PAGE (NuPage 4-12% Bis-Tris Gel) and ran for 

5 minutes at 100 V, then for 45 minutes in MOPS buffer (Novex). Gels were blotted on 

to PVDF membrane at 30 V for 1 hour in transfer buffer (25 mM Tris, 20 mM glycine, 

20% MeOH in H2O). The membrane was blocked for 1 hour in 5% milk in PBS, washed 

3x with 0.1% Tween in PBS (PBS-T) and 1st antibody diluted 1:1000 – 1:2000 in 2% 

BSA in PBS added and incubated overnight at 4°C under shaking. 1st antibody dilution 

was removed, the membrane washed 3x with PBST and incubated with secondary 

antibody (anti-mouse or anti-rabbit Alexa-Fluor 800, ThermoFisher, 1:10000) and 

Streptavidin DyLight 680 (ThermoFisher, 1:15000) diluted in 2% BSA in PBS for 1 

hour. The membrane was washed 3x with PBST, PBS was added and the membrane 

imaged using a LiCOR Odyssey infrared scanner. Images were analysed and 

processed in Image Studio Lite Quantification Software (Li-COR) and ImageJ 

software. 

 
3.8 Data processing 
 
Microscopy data was analyzed and extracted parameters (Manders M1, M2, 

Pearson’s R value, area, mean, raw intensity density) using the FluoQ macro265 or 

Coloc2 plugging from ImageJ. TLC quantification of extracted lipids was performed by 
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determining the total intensity of each band in ImageJ. The raw integrated density of 

an equal rectangular ROI was measured for each lipid species and corrected for 

background via an identical, blank adjacent ROI. All line, bar, boxplot graphs and 

statistical analyses were generated using the ggplot2 package in R266. All figures were 

created in BioRender and all chemical structures were produced using ChemDraw 

Profesional v16.0 and images were curated using affinity designer studio v1.10.4 
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Appendix 
 
 

Raw files, R scripts and data used for quantification can be found at Mendeley data: 

 

Juarez, Janathan (2022), “Supplementary data for dissertation "Development, 

characterization and application of lysosome-targeted multi-functional sphingosine 

and cholesterol probes"”, Mendeley Data, V1, doi: 10.17632/7ghs9tp22k.1 

 

Proton and Carbon NMRs for synthesized compounds 
 

H1 NMR spectra of Tert-butyl-N-(4-(acetoxymethyl)-2-oxo-2H-
chromen-7-yl)-N-ethylglycinate 
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13C NMR spectra of Tert-butyl-N-(4-(acetoxymethyl)-2-oxo-2H-
chromen-7-yl)-N-ethylglycinate 

 
 

H1 NMR spectra of 2-(dimethylamino)ethyl N-(4-(acetoxymethyl)-2-
oxo-2H-chromen-7-yl)-N-ethylglycinate 
 

 
 

 

��������������	�
��������������������������	�
���
����

�
�
��
�

��
��
�

�
�
��
�

�
��
��

�
��
�
�

��
��


��
��
��

��
��
��
��
��
�

��
��
�
��
��
��

	
��
�
�

��
��
��

��


��



��
��
�
�

��
��


�

��
��
�
�

��


��
�

��
�
��
�

���������������������������������������������
���
����

�
��
	



��
	

��
��

��


�

��


�

��
	



��
�
�

�
�

�

��


�

�
��
�

��
�
�

�
��
�

��
��
��
��
��
��

��
�	
��
��

��
�
�

��
�
�

��
�



�
��
�

�
��
	

�
��
�

�
��
�

�
�

�

��
��
��
��

�
��
�

�
��
�

�
��
�

�
��
�

�
��



��
�
�

��
�

��
�




 103 

13C NMR spectra of 2-(dimethylamino)ethyl N-(4-(acetoxymethyl)-2-
oxo-2H-chromen-7-yl)-N-ethylglycinate 
 

 
 

 

H1 NMR spectra of 2-(dimethylamino)ethyl N-ethyl-N-(4-
(hydroxymethyl)-2-oxo-2H-chromen-7-yl)glycinate 
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13C NMR spectra of 2-(dimethylamino)ethyl N-ethyl-N-(4-
(hydroxymethyl)-2-oxo-2H-chromen-7-yl)glycinate 
 

 
 

H1 NMR spectra of Lyso-Cholesterol 
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13C NMR spectra of Lyso-Cholesterol 

 
H1 NMR spectra of Lyso-pacCholesterol 
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Lipid identification by TLC 
 

 
 
Confocal microscopy images of organelle identification of Lyso-pacSph 
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TLC of Lyso-pacSph in NPC1 and LIMP2 -/- cells 
 

 
 

Confocal microscopy images of organelle identification of Lyso-pacChol 
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TLC of Lyso-pacChol in NPC1 and LIMP2 -/- cells 
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List of abbreviations 
 
Abreviation Full name 
aCDase Acid ceramidase 

ACN Acetonitrile 

AcOH Acetic acid 

AM Acetoxymethyl 

ATP Adenosine triphosphate 

Bis-4-NPC Bis-(4-nitrophenyl) carbonate 

BODIPY Boron-dipyrromethene 

BSA Bovine serum albumin 

BTTA  2-(4-((Bis((1-(tert-butyl)-1H-1,2,3-triazol-4-

yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)acetic acid 

C1P Ceramide-1-phosphate 

CDase Ceramidase 

CE Cholesterol ester 

Cer Ceramide 

CerK Ceramide kinase 

CerS Ceramide synthase 

CERT Ceramide transfer protein 

CuACC Cu(I) catalysed alkyne/azide cycloaddition  

Cy Cyclohexane 

DAG Diacylglycerol 

DCM Dichloromethane 

DEAC Dimethylaminocoumarin 

dhCer Dihydroceramide 

dhSph Dihydrosphingosine 
DIPEA Diisopropylethyleneamine 

dKO Double knockout 

DMEM  Dulbecco's Modified Eagle Medium 
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DMF Dimethylformamide 

DMSO Dimethylsulfoxide 

DNA Desoxyribonucleic acid 

DTT Dithiothreitol 

EDTA Ethylene diamine tetraacetic acid  

EMBL European Molecular Biology Laboratory  

ER Endoplasmic reticulum 

ESI Electrospray ionisation 

EtOAc Ethylacetate 

EtOH Ethanol 

FA Fatty acid 

FDR False discovery rate 

GalCer Galactosylceramide 

GBA Glucosylceramidase 

GluCer Glucosylceramide 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HPLC High performance liquid chromatography 

ICBF Isobutylchloroformate 

LAMP-1 Lysosome associated membrane protein 1  

LE Late endosome 

LIMP-2 Lysosome integral membrane protein 2  

LY Lysosome 

Lyso-Cou Lysosome-targeted coumarin cage 

Lyso-Chol Lysosome-targeted cholesterol 

Lyso-pacChol Lysosome-targeted pacChol 

Lyso-pacSph Lysosome-targeted pacSph 

Lyso-So Lysosome targeted sphingosine probe  

Lyso-Sph Lysosome-targeted sphingosine 

MCS Membrane contact site 

MeOH Methanol 

Mito-So Mitochondria targeted sphingosine probe 

MS Mass spectrometry 
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mTORC Mechanistic target of rapamycin complex  

nCDase Neutral ceramidase 

NBD nitrobenoxadiazole 

NMM N-methylmorpholine 

NMR Nuclear magnetic resonance 

NP40 Nonidet-P40 

NPC Niemann-Pick disease type C  

NPC1 Niemann-Pick-Type C1 Intracellular cholesterol transporter  

NPC2 Niemann-Pick-Type C2 Intracellular cholesterol transporter 

pacChol Photoactivatable and clickable cholesterol 

pacFA Photoactivatable and clickable fatty acid 

pacSph Photoactivatable and clickable sphingosine  

PBS Phosphate buffered saline  

PBS-T Phosphate-buffered saline with 0.1% Tween  

PC Phosphatidylcholine 

PCC Pearson’s correlation coefficient 

PCR Polymerase chain reaction 

PE Phosphatidylethanolamine 

PIC Protease inhibitor cocktail 

PKC Protein Kinase C  

PM Plasma membrane 

PMA Phosphomolybdic acid 

RNA Ribonucleic acid 

RNAi RNA interfierence 

ROI Region of interest 

RT Room temperature 

S1P Sphingosine-1-phosphate 

SGPL1 Sphingosine-1-phosphate lyase 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

siRNA Small interfering ribonucleic acid 

SK1 Sphingosine kinase 1 

SK2 Sphingosine kinase 2 
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SM Sphingomyelin 

SMase Sphingomyelinase 

SMS Sphingomyelin synthase 

SOC Super optimal broth with catabolite repression  

Sph Sphingosine 

SPT Serine palmitoyl transferase 

SSD Sterol sensing domain 

TEA Triethylamine 

TFA Trifluoroacetic acid 

TFEB Transcription factor EB 

TFFA Trifunctional fatty acid 
TFS Trifunctional sphingosine 

THF Tetrahydrofuran 

TLC Thin-layer chromatography 

TMT Tandem mass tag 

TPC Two-pore channels 

TPP Triphenylphosphine 

UV Ultraviolet 

vATPase Vacuolar H+-adenylpyrophosphatase 
WT Wild type 
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