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Résumé 

Les sphingolipides constituent une classe de composés lipidiques qui exercent des fonctions 

structurelles et de signalisation importante dans les cellules. La levure de boulanger, 

Saccharomyces cerevisiae, a été utilisée dans les études fondamentales du métabolisme des 

sphingolipides en raison de la tractibilité génétique et du degré élevé de conservation évolutive 

entre cet organisme eucaryote unicellulaire et les mammifères. La sérine palmitoyltransférase 

(SPT) et la céramide synthase (CS) catalysent les étapes initiales de la biosynthèse des 

sphingolipides et sont enrichies dans différents compartiments du réticulum endoplasmique. 

En utilisant la levure de boulanger comme système modèle, nous montrons dans cette étude 

que la fusion de sous-unités catalytiques de la sérine palmitoyltransférase et de la céramide 

synthase n'augmente pas la biosynthèse des sphingolipides, ce qui suggère que la distance entre 

les deux complexes enzymatiques ne représente pas un facteur qui limite l'anabolisme des 

sphingolipides. Cependant, nous montrons également que le flux à travers les sphingolipides 

est augmenté lorsque la SPT est localisé dans la membrane nucléaire interne. Ces résultats 

mettent en évidence un lien entre la localisation subcellulaire et l'homéostasie des 

sphingolipides. 

Les connaissances sur le métabolisme et le transport des sphingolipides entre les organites 

intracellulaires sont incomplètes. Les sondes sphingolipides spécifiques aux organites nous 

permettent de déduire plus de détails sur le métabolisme et le transport des lipides. Dans cette 

étude, nous caractérisons des sondes en cage spécifiques aux vacuoles qui contiennent des 

sphingolipides pouvant être libérés par irradiation UV. Nous montrons que les sphingolipides 

libérés par irradiation UV sont métabolisés en espèces plus complexes. De plus, nous avons 

observé que l'épuisement des sites de contact entre le réticulum endoplasmique et la vacuole 

diminue la conversion métabolique et le transport des sphingolipides libérés par la vacuole. 

Nous avons également constaté que la surexpression de la protéine de site de contact Mdm1 

qui élargit les contacts entre le réticulum endoplasmique et les vacuoles, augmente le transport 

et la conversion des bases sphingoïdes en céramides et en sphingolipides complexes. Dans cette 

étude, nous établissons une méthode pour étudier le transport des sphingolipides de la vacuole 

au réticulum endoplasmique in vivo.  
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Summary 

Sphingolipids constitute a class of lipid compounds which carry out important structural and 

signaling functions in the cells. Baker’s yeast, Saccharomyces cerevisiae, has been widely used 

in fundamental studies of sphingolipid metabolism due to genetic tractability and the high 

degree of evolutionary conservation between this unicellular eukaryotic organism and 

mammals. Serine palmitoyltransferase (SPT) and ceramide synthase (CS) catalyze initial steps 

of sphingolipid biosynthesis and are presumed to be enriched in different compartments of the 

endoplasmic reticulum. Using baker’s yeast as a model system, we show in this study that 

fusing together catalytic subunits of serine palmitoyltransferase and ceramide synthase does 

not increase of sphingolipid biosynthesis suggesting that distance between the two enzyme 

complexes does not represent a limiting factor for sphingolipid anabolism. However, we also 

show that the flux through sphingolipids is increased when SPT is localized to the inner nuclear 

membrane. These results point out to a link between subcellular localization and sphingolipid 

homeostasis. 

The knowledge on the metabolism and transport of sphingolipids between intracellular 

organelles is limited.  Organelle specific sphingolipid probes allow us to infer more details 

about subcellular lipid metabolism and transport.  In this study we characterize caged vacuole-

targeted probes which contain sphingolipids that can be released by UV-irradiation. We show 

that UV-released sphingolipids are metabolized into more complex species. Furthermore, we 

observed that the depletion of contact sites between the endoplasmic reticulum and the vacuole 

decreases metabolic conversion and transport of sphingolipids released from the vacuole. We 

also found, that overexpression of contact site protein Mdm1 which expands the contacts 

between the endoplasmic reticulum and the vacuoles, increases transport and conversion of 

sphingoid bases into ceramides and complex sphingolipids. In this study we establish a method 

to investigate transport of sphingolipids from the vacuole to the ER in vivo.   
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Chapter 1: Introduction 

Chapter 1.1: Regulation of sphingolipid metabolism in budding yeast 

Cellular membranes play a vital role for the existence of cellular life as they form the border 

between the exterior and the interior of a cell and establish membrane-enclosed intracellular 

organelles. Most membranes are formed by a lipid bilayer, consisting of hydrophobic lipid tails 

opposing each other with their head groups located on the opposite sides facing the hydrophilic 

environments. Lipids make up about 40% of the dry mass of the membrane, while proteins 

comprise the remaining 50-60. Glycans, or polysaccharides attached to proteins or lipids may 

constitute 1-10% of the membrane’s mass (1).  Membranes proteins perform various functions: 

from selective passage of biomolecules and ions to molecular recognition and signal 

transduction. The bilayer-bases structural organization of membranes depend on lipids which 

are highly diverse biomolecules. This great diversity of lipid molecules is translated into a 

multitude of functions they perform at the subcellular, cellular and organismal levels (2). On 

the basis of their chemical composition lipids can be subdivided into three classes : 

glycerophospholipids, sphingolipids and sterols  (3). Despite representing a minor fraction of 

total cellular lipids (~ 10%-20%) sphingolipids carry out important structural and signaling 

functions in the cell. Recent research progress in the field has identified roles for sphingolipids 

in the wide range of physiological processes such as apoptosis, autophagy, chemotaxis, 

inflammation, endocytosis (4–9). 

The evolutionary importance of sphingolipids is supported by the conservation of many 

enzymes of sphingolipid metabolism between unicellular eukaryotic organisms such as the 

baker’s yeast Saccharomyces cerevisiae and mammals (10). This feature of the yeast along 

with genetic tractability and the ease of handling make this unicellular fungus a model 

organism of choice for fundamental research in lipid biochemistry. Most enzymes and 

regulatory mechanisms of sphingolipid metabolism were first characterized in yeast and later 

described in mammalian cells, although there are some differences.  
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Figure 1.  Chemical structures of selected yeast sphingolipid species and their precursors. Reproduced 

from http://lipidlibrary.aocs.org. The first committed step of sphingolipid biosynthesis begins with the 

condensation of serine and palmitoyl-CoA to form 3-ketodihydrosphingosine, which is subsequently 

reduced and hydroxylated into phytosphingosine. The latter is then acylated into phytoceramide. 

Ceramides are further glycosylated into complex sphingolipids by the addition of Inositol-1-phosphate 

and mannose molecules. The example of the most complex yeast sphingolipid - M(IP)2C (mannose 

di(inositolphosphoryl)ceramide is shown. 

Overview of sphingolipid metabolism in Saccharomyces cerevisiae 

Sphingolipid metabolic pathways in yeast have been well described with most enzymes having 

been identified and characterized. The schematic illustration of major metabolic routes and 

enzymes are depicted in Figure 2. The backbone of sphingolipids is formed by amino alcohols 

called sphingoid bases or long-chain bases (LCBs). Their formation is the rate-limiting step of 

sphingolipid biosynthesis and is accomplished by the condensation of a fatty acyl-CoA 

(preferentially palmitoyl-CoA) and an amino acid serine (Figure 1) by serine 

palmitoyltransferase (SPT) composed of 3 catalytic subunits Lcb1, Lcb2 and an auxiliary 
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subunit Tsc3 in yeast (11–13). The reaction product, 3-ketosphinganine (Figure 1), is then 

reduced to C18-dihydrosphingosine (DHS) by 3-ketosphinganine reductase, Tsc10 (14). DHS 

can be hydroxylated by Sur2 into phytosphingosine (PHS) (Figure 1), the most abundant 

sphingoid base in yeast (15). Note, that the alternative widely used name for DHS is 

sphinganine (Sa).  In order to be degraded, long-chain bases need to be phosphorylated at the 

C1 position, by lipid kinases Lcb4 or Lcb5 (16). Finally, LCB-1Ps are degraded by Dpl1 into 

ethanolamine phosphate and a fatty aldehyde (hexadecanal) (17). 

The next major stage in sphingolipid biosynthesis is the N-acylation of long chain bases with 

a fatty acid to yield dihydroceramides. This enzymatic step is catalyzed by the enzyme complex 

Ceramide Synthase (CerS) consisting of two catalytic subunits Lac1, Lag1 and an auxiliary 

protein Lip1. Yeast CerS preferentially utilizes very long chain fatty acyl-CoA with 26 carbon 

atoms (18–20). N-acylation of dihydrosphingosine yields dihydroceramide (DHCs or 

Ceramides A), ceramides formed directly from PHS are called phytoceramides (PHCs or 

Ceramides B). Besides catalyzing hydroxylation of long-chain bases, Sur2 can also act on 

DHCs, converting them to PHCs (15). Both DHCs and PHCs can be further hydroxylated at 

the C2-position of the fatty acyl forming α-hydroxyl-DHCs (Ceramides B’ or DHC-B’) or 

α-hydroxyl-PHCs (Ceramides C or PHC-C) (15). The letter classification of ceramide species 

– A,B,C,D – is based on the separation of species by thin layer chromatography (TLC) with 

the spots on top, or, in other words, having the highest retention factor Rf being assigned the 

letter A followed by species B,C and the lowermost spots being termed ceramides D. The D 

species have been identified as α-x-OH-PHCs where the fatty acyl chain is hydroxylated at an 

undefined position by a yet unknown enzyme which requires Cu+2-transporting P-type ATPase 

Ccc2 for its function. It is still unclear whether Ccc2 performs a catalytic function, most likely 

enhancing hydroxylation as an auxiliary protein for a yet uncharacterized hydroxylase (21). A, 

B, C and D ceramides are then converted to complex sphingolipids that retain the letter 

designations of their precursors.  Chemical structures of different classes of ceramides are 

shown in Figure 2.  

The degradation of ceramides is catalyzed by two alkaline ceramidases Ypc1 and Ydc1, which 

have also been shown to possess an Acyl-CoA-independent ceramide synthase activity. 

Ceramidase have different substrate specificities so that PHC is a preferred substrate for Ypc1, 

DHC – for Ydc1 (21). Ceramides generated by the reverse activity of ceramidase in CerS-

deficient yeast mutants have mostly C16 and C18 acyl chains (22). 
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Ceramides are further processed by Golgi-resident proteins Aur1 and Kei1, the former being 

the catalytic subunit, while the latter being required for the correct localization and proper 

functioning of the enzyme. Aur1 adds myoinositol phosphate onto the 1-hydroxyl group of 

ceramides forming Inositolphosphorylceramides (IPCs) (23). IPCs can then be mannosylated 

into mannosyl-inositolphosphorylceramides (MIPC) by the enzymatic complex consisting of 2 

catalytic subunits Sur1, Csh1 and a regulatory subunit Csg2 (24). The terminal biosynthetic 

step in the yeast sphingolipid metabolism is the addition of one more myoinositol phosphate 

by the enzyme Ipt1, yielding  mannosyl-diinositolphosphorylceramide (M(IP)2C) (Figure 1) 

(25). Complex sphingolipids make up about 10% of total lipids, whereas ceramides constitute 

a mere 0.1% (26, 27). 
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Figure 2. Chemical structures of different ceramide classes according to the ABC classification. The 

question mark denotes an undefined position at which the fatty acyl chain is hydroxylated in Class D 

ceramides. 

Biosynthesis of long-chain bases and ceramides occurs in the endoplasmic reticulum (ER) 

while the subsequent enzymatic steps leading to the formation of complex sphingolipids take 

place in the Golgi (Figure 2). The movement of ceramide from the ER to the Golgi proceeds 

by both vesicular and non-vesicular mechanisms (22). Sphingolipid metabolism in 

Saccharomyces cerevisiae is schematically shown in Figure 3. 

 

 

 

 

 

 

 

 

Figure 3. Schematic illustration of sphingolipid metabolism in Saccharomyces cerevisiae. 

Enzymes catalyzing biosynthetic reactions are shown in blue, those shown in red catalyze 

degradative steps, enzyme inhibitors are shown in brown.  

Regulation of serine palmitoyltransferase activity  

As free-living unicellular organisms, yeast cells are frequently challenged by environmental 

stresses such as extreme temperatures, pH, osmolarity or toxic compounds. Thus, yeast cells 

have been forced by evolution to develop multiple mechanisms aimed at adaptation to various 

conditions. Therefore, the composition of membrane lipids must be maintained in a precisely 

controlled manner.  

Since the first committed step of de novo sphingolipid biosynthesis is catalyzed by SPT, this 

enzyme is subjected to rigorous regulation. Recent research has identified Orm proteins as 
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major homeostatic regulators of SPT in yeast and mammalian cells. Yeast Orm family proteins 

Orm1 and Orm2 were found to form a complex with SPT subunits Lcb1, Lcb2 in co-

immunoprecipitation experiments. Furthermore, orm1orm2mutant cells had an almost 6-

fold increase in long-chain base levels, pointing to an inhibitory role of the Orms. These 

transmembrane proteins have a cytosolically-exposed N terminus containing multiple serine 

residues serving as phosphorylation sites for multiple kinase regulators of Orm proteins (23). 

Indeed, it was shown that treatment with a potent SPT inhibitor, myriocin, induced 

phosphorylation of the Orms.  The extent of phosphorylation matched with the degree of SPT 

inhibition, highlighting that Orm proteins can fine-tune SPT activity. The seminal discovery of 

Orm-mediated regulation of SPT was followed up by several studies providing new details of 

how sphingolipid homeostasis is maintained in yeast cells. One of them showed that a kinase 

Ypk1 phosphorylated Orm1 and Orm2 on specific N-terminal phosphosites in response to 

sphingolipid depletion induced by the treatment with an SPT inhibitor myriocin (24). Ypk1 is 

a known substrate of TORC2, a multiprotein kinase complex that is involved in the 

organization of actin cytoskeleton, regulation of endocytosis. Moreover, the Ypk1-mediated 

homeostatic regulation of Orm proteins was dependent on Tor2, a core kinase of the TORC2 

complex (25). Another study by Berchtold et al. characterized upstream regulators of TORC2-

Ypk1 signaling cascade. In a series of elegant experiments, it was demonstrated that the re-

localization of plasma membrane-bound proteins Slm1/2 from furrow-like sub-compartments 

called eisosomes into the TORC2-containing domain (MCT) led to TORC2-mediated by Ypk1 

activation, subsequent Orm protein phosphorylation and the upregulation of sphingolipid 

biosynthesis. Furthermore, this signaling axis was not only activated by long-chain base 

depletion but was also triggered by stretching the plasma membrane either mechanically or by 

inducing hypo-osmotic shock (26). This research reveals a molecular mechanism of how 

sphingilipid metabolism is altered in response to environmental stimuli. 

One of the most well-studied environmental stress is a rapid increase in temperature, commonly 

known as heat shock which entails global changes in gene transcription and protein translation. 

In addition, several studies showed that heat stress in yeast leads to a fast and pronounced 

upregulation of sphingoid base levels as early as 5 minutes after the switch from 24oC to 39oC 

(27–29). After the regulatory function of Orms was documented, Sun et al. showed that Orm2 

was hyperphosphorylated as early as 90 seconds after switching culture temperature from 24oC 

to 39oC. As in the case of sphingolipid depletion, heat-triggered phosphorylation of Orm2 was 
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Ypk1-dependent. However, Ypk1 activation was dependent on kinases Pkh1/2 (30), which had 

previously been identified as upstream activators of Ypk1 (31).  It was also shown that Orm2 

phosphorylation gradually decreased over the course of heat shock returning to initial level 

after 10 min of heat stress. Members of the heterotrimeric phosphatase complex PP2A - Pph21, 

Pph22, Cdc55, Tpd3, were found responsible for Orm2 dephosphorylation. Therefore, the 

inhibition of SPT by Orm proteins can be reactivated, once the cells have adapted to the new 

environmental conditions (30). Orm proteins function as regulators of sphingolipid metabolism 

extends beyond responding to long-chain base levels, heat stress or membrane stretching. Orm2 

mRNA and protein levels increase in response to ER stress in a calcineurin-dependent manner. 

Orm2 protein abundance has also shown to be upregulated upon induction of cell-wall stress. 

Under some conditions, like accumulation of complex sphingolipids in isc1 mutants, 

increased Orm2 might be needed to decrease the metabolic flux, reducing the amount of 

sphingoid precursors (32). Overall, Orm proteins appear to integrate multiple stress signals 

which affect membrane integrity and invoke a response from sphingolipid metabolic pathways.  

Despite being paralogous proteins with a high degree of similarity, Orm1 and Orm2 appear to 

have some differences. Orm2 is considered to be a major protein in the couple due to higher 

abundance (30). Neither of the proteins is essential, the deletion of either of Orm1 or Orm2 

does not significantly alter cell growth, while the double knockout orm1orm2strain shows 

poor growth, ER stress, accumulation of long-chain bases (32, 33). This suggests that the Orms 

can functionally replace each other, which was demonstrated by almost complete 

dephosphorylation of Orm1 in orm2 cells and vice versa (34).  

As has been mentioned, TORC2 regulates sphingolipid metabolism through Ypk1 and Orm 

proteins. However, in yeast there is another multiprotein complex termed TORC1, which has 

a different composition and, unlike TORC2, is sensitive to a macrolide antibiotic rapamycin. 

TORC1 has been extensively studied and appears to serve as a master regulator of cell growth, 

coordinating cell cycle according to the availability of nutrients. Nutrient depletion, or 

starvation inhibits TORC1 activity. Npr1 kinase is downstream substrate of TORC1 and is 

activated upon rapamycin treatment or nutrient limitation. Shimobayashi et al conducted a 

study where it was shown that Npr1 can directly phosphorylate both Orm1 and Orm2 on sites 

different from those used by Ypk1. Interestingly, TORC1-inhibition by rapamycin leading to 

the Npr1-dependent phosphorylation of the Orm proteins resulted in the upregulation of 

complex sphingolipids such as IPC and M(IP)2C, but not long-chain bases. This mechanism 
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was required for the sorting of general amino acid permease Gap1 to the plasma membrane 

stimulation of Gap1-mediated amino acid uptake. Therefore, starvation launched a homeostatic 

signaling cascade that led to the Orm-dependent increase in complex sphingolipid levels that 

in turn, resulted in the activation of nutrient uptake (35). Orm proteins ability to boost the 

production of complex sphingolipids without increasing long-chain base levels might arise due 

to the increased activity of ceramide synthase which has been shown to interact with Orm 

proteins (34).  Although many molecular mechanisms of Orm protein regulation through 

phosphorylation have been characterized, it is still unclear how Orms exert their inhibitory 

action upon SPT. More details have been recently revealed underscoring the role of the first 

transmembrane domain of Lcb1 protein as a binding site for Orm proteins. Lcb1 without the 

first TM domain is functionally active but, unable to bind Orms, and is no longer regulated by 

them. Also, Orm proteins appear to induce SPT oligomerization and alter Lcb1 localization. 

Oligomer formation was shown to be induced by sphingoid bases which links SPT 

downregulation and oligomerization. The absence of TM domain caused Lcb1 to localize 

mostly to the nuclear ER (36) which is in line with an earlier observation that Orm2 re-localizes 

to the nuclear ER upon sphingolipid depletion with myriocin, when Orm2 activity is repressed 

(23).  Another layer of Orm-dependent control of SPT activity has been very recently 

characterized. In both mammalian and yeast cells ceramide could inhibit SPT activity in 

isolated membranes (37).  Taken together, Orm proteins serve as gatekeepers of sphingolipid 

metabolism, integrating multiple environmental signals and fine-tuning SPT activity to adapt 

to them.  
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Figure 4. A scheme illustrating the regulation of yeast SPT complex via Orm proteins. Pointed arrows 

indicate activation, blunt-end arrows denote inhibition of Orm proteins. 

SPT activity is not solely regulated by Orm1 and Orm2. Tsc3 is 80kD protein associated with 

Lcb1/2 catalytic subunits of SPT and, contrary to the Orms, is a positive regulator of SPT 

activity. tsc3mutants exhibit decreased SPT activity and increased sensitivity to palmitoyl-

CoA inhibition, which might be explained by the role  of Tsc3 in mediating the interaction of 

substrates with SPT (13). A very recent study has identified a previously unappreciated role of 

Tsc3 in selecting amino acid substrate for long-chain base biosynthesis. Tsc3-deficient cells 

could not utilize alanine as a substrate to produce deoxy-sphingoid bases (38). In normal 

conditions deoxy-sphingolipids represent only a barely detectable minor fraction with their 

physiological function remaining enigmatic (39). Despite much progress achieved in the 

understanding of homeostatic regulation of SPT activity, the mechanistic details of Orm-

mediated SPT inhibition are still missing.  

Regulation of ceramide synthase activity 

Ceramide synthase (CS) catalyzes the acylation of long-chain bases into ceramides. In yeast, 

Lac1 and its paralog Lag1 are catalytic subunits of CS.  Lac1 and Lag1 yeast ceramide synthase 

subunits show different substrate specificity preferentially utilizing dihydrosphingosine or 

phytosphingosine, respectively (40). Most of yeast ceramides contain a very long fatty acyl 

chain C26, suggesting a substrate specificity towards elongated fatty acids (19).  Both Lac1 

and Lag1 proteins are integral membrane proteins having 8 membrane spanning domains and 

cytosolic N and C termini. The active site of CS is predicted to be embedded in the membrane 

(41). GFP-tagged Lac1 and Lag1 displayed localization in the ER, both nuclear and peripheral. 

However, GFP-tagging may significantly alter a protein’s localization and the results should 

be taken with caution. Indirect immunofluorescence experiments suggest predominant 

localization in the nuclear ER (20).  

There are a number of factors that can affect CS activity. CS catalytic subunits appear to be 

directly regulated by Lip1, a 28kD integral membrane protein associated with Lac1 and Lag1, 

which has been shown to be essential for CS activity in yeast. The deletion of lip1 drastically 

downregulates ceramide biosynthesis and severely affects cell growth (20). Ceramide 

biosynthesis is dependent on substrate availability: long-chain bases and C26-fatty acyl-CoA. 

This means that ceramide production is influenced by a range of factors: fatty acid elongation, 

acyl-CoA synthesis and delivery. 
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Homeostatic maintenance of ceramide levels is crucial for the cell. Treatment of cells with an 

Aur1 inhibitor, Aureobasidin A,  blocked IPC production and lead to ceramide upregulation, 

which was found to be toxic and cause cell growth arrest (42). Therefore, CS activity must be 

carefully regulated, analogous to SPT. So far 2 major mechanisms of CS regulation have been 

described. One of them involves the TORC2-Ypk1/2 signaling cascade. Lac1 and Lag1 were 

identified in a series of screens as Ypk1 substrates. It was further demonstrated that Ypk1 was 

capable of phosphorylating both CS subunits in their N-terminal cytosolic regions to elevate 

their activity. Ca2+/calmodulin-dependent phosphatase calcineurin was found to 

dephosphorylate Lac1/Lag1. This mechanism was found to be stress-responsive, as Lac1/Lag1 

were stimulated in response to heat stress. Finally, the Ypk1-triggered upregulation of CS 

activity was shown to be required for diverting metabolic flux from autophagy-inducing long-

chain base phosphates (LCB-1Ps) to ceramides and complex sphingolipids. (43). Therefore, 

TORC2-Ypk1/2 kinases control sphingolipid metabolic flux in such a way, that there is no 

induction of autophagy in nutrient replete conditions and no toxic intermediates accumulate.  

The other mechanism that impacts ceramide biosynthesis relies on a Сka2 casein kinase 

subunit. It was first noticed, that cka2 cells were hypersensitive to ceramide synthase 

inhibitors australifungin and fumonisin B1 (44). Later, Cka2 was found to directly 

phosphorylate Lac1/Lag1 in the C-terminal parts, close to the dilysine ER-retrieval signal. 

Phosphorylation by Cka2 enhanced ceramide levels and was essential for Lac1/Lag1 function, 

since the mutant proteins lacking all 3 Cka2 phosphosites were unable to rescue lac1lag1 

cells which could be explained by the aberrant localization as well as decreased stability (45). 

The results revealed the connection between Cka2-dependent phosphorylation and correct ER 

localization. While Ypk1-dependent regulation of Lac1/Lag1 is a homeostatic stimulation of 

ceramide production as a result of stress or sphingolipid depletion, Cka2 might be essential for 

basal activity of ceramide synthase. Detailed molecular mechanisms governing ceramide 

synthase regulation are still not well characterized and await further studies. 

Sphingolipids as signaling molecules in yeast 

The role of long-chain base sphingosine 1-phosphate as a signaling molecule in mammalian 

cells has been investigated in many cell types and physiological processes (46). In yeast 

sphingolipids, especially long-chain bases, have been linked to heat shock response. The 

amounts of yeast long-chain bases C18-DHS and C18-PHS increase 5-10 fold within 2-5 

minutes of heat shock, while the minor species, C20-PHS, is elevated almost 100 fold (47, 48). 
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Interestingly, ceramide levels peak only after 20-30 minutes of heat shock (49). Heat-induced 

upregulation suggests a thermoprotective role for sphingolipids. This is consistent with the 

observation that the cells deficient for de novo sphingolipid biosynthesis are hypersensitive to 

heat stress (9, 50).  Indeed, long-chain bases are required for the transcriptional induction of 

TPS2, a gene required for the biosynthesis of a thermoprotective sugar trehalose (49). Although 

sphingolipids are not necessary for the induction of major heat-shock genes, they are required 

for the re-initiation of protein translation, which is stalled upon heat shock (51). Sphingoid 

bases are  also needed for the formation of p-bodies – stress-induced cytoplasmic granules 

sequestering mRNAs and RNA-interacting proteins (52, 53). It is assumed, that sphingolipids 

promote the return of mRNA associated with p-bodies back to translation to resume cell growth 

after initial adaptation to elevated temperatures. The major yeast long-chain base, 

phytosphingosine (PHS), is shown to facilitate  heat-induced ubiquitin-dependent proteolysis 

of damaged proteins (50). All the evidence points out to the sphingolipids’ exceptional role in 

the adaptation to heat stress, yet the exact molecular mechanisms are still unclear. 

Chapter 1.2: Membrane contact sites in budding yeast 

Maintaining distinctive lipid composition of eukaryotic organelles is of utmost importance for 

cell survival. The majority of thousands of lipid species are synthesized in the endoplasmic 

reticulum (ER) and have to be transported to various intracellular organelles. Movement of 

lipids can be mediated either by vesicular trafficking or non-vesicular transport. Serving as 

carriers for organelle-specific delivery of selected protein cargoes, vesicle membranes differ in 

lipid composition from the donor compartment thus carrying out a transport function. Secretory 

vesicles at the Trans Golgi Network (TGN) were found enriched in sterols and sphingolipids 

(54). A recent study also demonstrates that secretory COPII vesicles have a different lipid 

composition showing enrichment in lyso-phosphatidylinositol levels (55). Yet, the extent of 

intracellular transport and the lack of known vesicular carriers between certain organelles 

suggest alternative mechanisms. For example, the transport of sterols from the ER to the plasma 

membrane and vice versa was shown to be independent of vesicular trafficking (56, 57).  

Early electron microscopy studies have revealed zones of close contacts between organelles 

(58–60). Despite discovery of inter-organelle contacts, their extent and physiological 

importance were not fully acknowledged until recently. The first hint of organelle contact site 

importance came from the finding that the membrane fraction from the crude rat liver 

mitochondrial preparation was required for phospholipid biosynthesis (61). In yeast, it was  
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found that one of the ER subfractions established extensive contact area with the plasma 

membrane and the  had a higher activity of particular phospholipid biosynthetic enzymes (62).  

Membrane contact sites (MCSs) are defined as sites where the membranes of two organelles 

are found in close proximity to each other at the distance of 10 to 80 nm. MCS are formed by 

protein tethers that establish physical interaction bringing two opposing membranes closer to 

each other. Specific proteins populate the contact site, recruiting various effectors or carrying 

out specific functions (63). First contacts sites were mainly identified between the ER and other 

organelles since endoplasmic reticulum represents a branched extensive network of sheets and 

tubules. Presently, a range of various contact sites between organelles have been characterized, 

casting light onto an underestimated complexity of cellular architecture. Many of such contact 

sites  were first described in yeast and later characterized in mammalian cells (64).  

Nucleus-vacuole junctions (NVJs) 

One of the most studied types of MCSs in S. cerevisiae are the nucleus-vacuole junctions 

between the nuclear ER and the vacuole - an acidic, membrane-delimited organelle with 

functions in storage and degradation. NVJs can be formed by the physical interaction between 

an outer nuclear ER membrane protein Nvj1 and a vacuole-resident protein Vac8 (65, 66). 

Vac8 is anchored in the vacuole membrane due to N-terminal myristoylation and 

palmitoylation (67). A hydrophobic sequence close to the N-terminus of Nvj1 sequesters the 

protein to the perinuclear ER (68). Crystal structures of the 2 bound proteins show that an 

extended loop of Nvj1 specifically binds a conserved groove formed from 12 armadillo  repeats 

of Vac8 (66). Aside from Vac8, two other proteins have been found to be localized at the NVJs: 

Osh1 and Tsc13 (69, 70). Osh1 is a member of the oxysterol-binding protein (OSBP) family 

and implicated in non-vesicular lipid transport. Tsc13 is an enoyl-CoA reductase, an enzyme 

required for fatty acid elongation and biosynthesis of very-long-chain fatty acids. Both Osh1 

and Tsc13 interact with Nvj1 (71, 72).  What is the function of this assembly of proteins that 

make up the contact zone between the ER and the vacuole? It was noticed that at the stationary 

growth phase when the amount of nutrients is insufficient, some parts of the nuclear envelope 

were engulfed by the vacuole and subsequently degraded. The non-essential parts of the 

nucleus formed characteristic teardrop-like blebs. This organelle-specific degradative process 

was found to be independent of general autophagy and was termed the piecemeal 

microautophagy of the nucleus (PMN). PMN can be induced by the depletion of nitrogen or 

carbon source in growth medium or treatment with rapamycin. The PMN structures colocalize 
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with NVJs and Nvj1 itself is degraded by the PMN (73). PMN depends on NVJ-resident 

proteins - Nvj1, Osh1, as well as VLCFA biosynthesis (71). NVJ are found in distinct 

microdomains in the vacuole membrane defined by a specific lipid microenvironment. 

Therefore, downregulation of VLCFA or sphingolipid biosynthesis disrupts the domain 

formation and likely affects NVJ integrity (74). 

Nvj1-Vac8 interaction is not the sole tether mediating NVJ biogenesis. Recently, two more 

proteins – a ER membrane Mdm1 and its soluble paralog Nvj3, were found at the NVJs. While 

the localization of both Mdm1 and Nvj3 does not depend on Nvj1, a soluble Nvj3 is no longer 

exclusively found at the contact site in the absence of Mdm1. Mdm1 overexpression alone 

could induce hypertethering between the ER and the vacuole. Mdm1 can bind the vacuole 

membrane due to the presence of the lipid-binding PX domain, which preferentially interacts 

with phosphatidylinositol 3-phosphate (PI3P), a vacuole specific lipid species (75). 

Another important physiological function of the NVJs was supported by the finding that lipid 

droplet formation occurs at the edges of the NVJs (76). Lipid droplets (LD) are ER-derived 

structures enclosed by a single phospholipid monolayer with the hydrophobic core of storage 

lipids, mainly triacylglycerides and sterol esters. Their formation is induced when the major 

carbon source, i.e. glucose, becomes limiting, stimulating cells to produce energy-rich lipids 

and store them in LDs for further re-utilization. Biogenesis of LD is not fully understood, as 

the site from which they originate was not clearly identified (77). The NVJ protein Mdm1 is a 

major coordinator of LD formation, it also interacts with fatty acid biosynthesis enzymes and 

fatty acid-CoA ligase Faa1, promoting conversion of free fatty acids into storage lipids (76). 

The ability of Mdm1 to initiate LD biogenesis is independent of other NVJ proteins. Chimeric 

Mdm1 redirected to the cell periphery away from the ER-vacuole contact sites could still 

stimulate LD formation (76, 78). N-terminal PXA domain of Mdm1 can bind neutral lipids and 

alone is sufficient to drive lipid droplet biogenesis (78). Accumulation of free fatty acid induces 

apoptotic cell death in yeast (79). Mdm1 can alleviate free fatty acid-induced lipotoxicity by 

providing an escape route to the neutral lipids that can be deposited in lipid droplets (78).  

Another protein, Lam6 (previously termed Ltc1) was found to be localized at the ER-vacuole 

and ER-mitochondria contact sites and possess sterol transport activity in vitro due to the 

presence of the lipid binding GRAM and VAST domains. Also, when Lam6 targeting to 

mitochondria was disrupted it was exclusively found at the NVJs and its overexpression could 

induce the formation of ergosterol-rich domains in the vacuolar membrane normally occurring 
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in stress conditions (80). Moreover, overexpression of Lam6 caused the expansion of contact 

areas between several types of  interorganelle junctions, including NVJs (81). New studies are 

required to clarify the enigmatic nature of this protein. 

A mounting body of evidence reveal more details about NVJs’ protein composition and 

physiological importance. Undoubtedly, these contact sites are of big importance for 

interogranelle communication and lipid transport, but there is still much uncertainty with 

regards to the mechanistic understanding of those processes.  

ER-mitochondria contact sites (ERMES) 

Although the first evidence pointing to the close association between the ER and mitochondrial 

membranes came from studies in mammalian cells, the tethering complex between these two 

organelles was identified in a synthetic screen in Saccharomyces cerevisiae and termed 

ERMES which stands for ER-mitochondria encounter structure (82). The notion of the ER-

mitochondria contact zone was appreciated before since it had been known that the biosynthesis 

of phosphatidylcholine (PC) necessitates the decarboxylation of phosphatidylserine (PS) into 

phosphatidylethanolamine (PE) by the enzyme Psd1 located in mitochondria followed by the 

transport of PE back to the ER where it could finally be converted to PC (83) – the most 

abundant class of phospholipids in yeast (84, 85). The generation of cardiolipins occurs in 

mitochondria but the synthetic precursors are made in the ER which would require ER-to-

mitochondria lipid transport (86). Of note, mitochondria are not connected through vesicular 

trafficking to the endomembrane network which implies that lipid exchange must proceed 

through direct contact. 

The ERMES complex consists of the ER transmembrane proteins Mmm1, cytosolic proteins 

Mdm12 and Mdm34, the outer mitochondrial membrane protein Mdm10 and associated 

proteins Gem1 and Tom7 (82, 87, 88). Crystal structures of Mmm1 and Mdm12 predict their 

ability to bind phospholipids conferred by the Synaptotagmin-like mitochondrial lipid-binding 

(SMP) domain (89–91). In spite of all this evidence, the cells lacking ERMESs do not observe 

drastic alteration of their mitochondrial lipidome and remain viable (82). The loss of ERMES 

or Gem1 did not alter ER-to-mitochondria transport of PS (92). These observations might be 

explained by the existence of bypass routes through the different contact sites formed by the 

ER. Experimental support of this hypothesis comes from the observation that the depletion of 

ERMES and VPS13 renders cells inviable (93). Vps13 protein resides on endosomes and at the 

NVJs and has been shown to form mitochondria-vacuole contact sites known as vCLAMPs 
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(94, 95). Vps13 interaction with Mcp1 protein can compensate for the loss of ERMES (95). 

While the loss of ERMES does not alter phospholipid levels, the mutants lacking both ERMES 

and vacuole-mitochondria contact site protein Vps39, cause marked phospholipid imbalance 

with reduced amounts of PC and increased levels of PS which is indicative of aberrant lipid 

transport (96).  Theoretical estimates of the number and lipid transport capacity of ERMES fall 

far below the estimated amounts of lipid molecules that need to be transferred between the ER 

and mitochondria (97). This suggests that there must be other proteins or multiprotein 

complexes that facilitate the bulk movement of lipids between the organelle membranes. The 

energetically unfavorable extraction of lipids from their host membrane may constitute a 

limiting factor for efficient lipid transport (98). Many details of lipid exchange between the ER 

and mitochondria are missing and are the subjects of intense research. 

Vacuole-mitochondria contact sites (vCLAMPs) 

The contacts between the vacuole and mitochondria are functionally linked with ERMES and 

become crucial for cell viability when ERMES complexes are depleted (93, 95, 99). Vps39 – 

a HOPS tethering complex subunit was identified in two independent studies as the vacuole-

mitochondria contact site protein (96, 100). The interorganellar junctions required the 

interaction between Vps39 and vacuole-resident Rab GTPase Ypt7 and were named vCLAMPs 

(vacuole and mitochondria patch) (100). The extent and number of such contacts respond to 

metabolic state and are decreased in respiratory conditions and appear to be regulated through 

Vps39 phosphorylation (100). Vps39 is a soluble effector of Ypt7 and it became more clear 

when Vps39 was shown to interact with Tom40, an outer mitochondrial protein responsible for 

much of protein import into mitochondria (101). Vps39-Ypt7-Tom40 is not the sole complex 

mediating the contact site formation, the interaction between Vps13 and a mitochondrial 

protein Mcp1 marked distinct regions of vacuole-mitochondria junctions. Moreover, the 

overexpression of Mcp1 rescues ERMES mutants expressing vCLAMP-formation deficient 

Vps39, indicating the Mcp1-Vps13-dependent contacts are sufficient for supporting cell 

growth (101).  It is likely that the role of vCLAMPS extends beyond a bypass route for ER-

mitochondria lipid exchange, yet it has still not been demonstrated and remains to be rosolved.  

ER-plasma membrane junctions 

In yeast, the endoplasmic reticulum is subdivided into two subdomains: the perinuclear ER and 

the peripheral (cortical ER) interconnected by just a few tubules (102). The cortical ER is 

composed of tubules and fenestrated flat cisternae as revealed by 3D EM tomography (103). 
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About 40% of the cortical ER was found in contact with the plasma membrane making it the 

biggest heterotypic organelle contact zone in the yeast cell (62). Over the last yeast most 

proteins participating in ER-PM junction formation have been characterized. First, the human 

(vesicle-associated membrane protein–associated protein) VAP protein orthologs, Scs2 and 

Scs22 were shown to form contact sites and be involved in ER inheritance (104). Quantitative 

mass spectrometry analysis of proteins interacting with Scs2 and Sac1 identified three tricalbin 

proteins Tcb1-3 and Ist2 all of them showing cortical ER localization pattern (105). Ist2 is a 

multi-pass ER-transmembrane protein that binds plasma membrane 

phosphatidylinositolphosphate species PI(4,5)P22 through its polybasic domain thereby 

tethering ER to the PM (106, 107). Tricalbins are embedded in the ER membrane through their 

N-terminal hydrophobic region and contain SMP and Ca2+-binding C2 domain (105). It has 

been shown that SMP domains of yeast ERMES proteins can promiscuously bind 

phospholipids (108). The yeast mutant strain lacking all mentioned ER-PM junction proteins 

(Tcb1-3, Scs2, Scs22, Ist2), tether, has a drastic reduction in the percentage of the cortical ER 

adhering to the plasma membrane from 40% to 4.8-5% (105). This reduction of the contact 

area between the ER and PM was even more pronounced, when in ICE2 gene was deleted in 

tether cells (109). Ice2 is a an integral ER-membrane known to be required for maintaining 

cortical ER structure and ER inheritance (110). Collectively, these 7 proteins contribute to the 

formation of much of the ER-PM contact sites. 

The most important role of the ER-PM contact sites is non-vesicular lipid transfer. Before the 

widely acknowledged function of membrane contact sites in lipid transport it was shown that 

a subdomain of the ER called plasma membrane associated membrane (PAM) had a higher PE 

and PI biosynthetic capacity (62). Opi3, an enzyme catalyzing last steps of de novo PC 

biosynthesis, requires ER-PM junctions for its activity (111). Like the other phospholipids, PS 

molecules are synthesized in the ER but chiefly found in the inner leaflet of the plasma 

membrane (112). Oxysterol-binding homology (Osh) proteins Osh6 and Osh7 facilitate 

transfer of PS to the PM. (113). The transfer proceeds via the exchange of PS molecules for 

PI4P (a plasma membrane lipid) carried out by the Osh proteins and driven by Sac1, a PI4P-

phosphatase which maintains PI4P gradient (114). Other Osh proteins such as Osh2 and Osh3 

are also targeted to the cortical ER via their FFAT motifs binding to Scs2/Scs22 proteins (115). 

Osh3, for example, regulates the activity of Opi3 and thus PC biosynthesis (111). In addition 

to perturbations in phospholipid levels, the yeast tether mutant showed decreased level of 
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long-chain base and ceramide biosynthesis (116). All these studies indicate that ER-PM 

contacts are crucial for lipid homeostasis. 

Sterols in yeast constitute ~40 mol% of total plasma membrane lipids and ER-PM crosstalk is 

important for sterol homeostasis (56).Disruption of the cortical ER contacts with the PM was 

shown to affect the delivery of exogenously supplied sterols to the ER (retrograde transport), 

while at the same time not causing defects in anterograde ER-to-PM sterol transport (109). Osh 

proteins are not essential for the retrograde trafficking of sterols since depleting all Osh protein-

encoding genes in yeast slow down the transport just by 50%, suggesting other transport 

mechanisms (117). More recently, yeast proteins belonging to the StART superfamily 

(Steroidogenic Acute Regulatory transfer) have been characterized. These proteins Ysp2, 

Lam4, Lam1 and Sip3 are localized to punctate structures at the ER-PM junctions and their 

depletion slows down the transport of exogenously provided sterols (118). Moreover, two of 

these proteins, paralogous Ysp2 and Lam4 are downregulated via phosphorylation by the 

TORC2-dependent kinase Ypk1 which results in the increase of sterol pool in the plasma 

membrane (24). This mechanisms explains the increased amounts of sterols in the PM 

(manifesting in the increased sensitivity to ergosterol-binding drug Amphotericin B) observed 

in sphingolipid-depleting conditions (119). Previously, it was shown that sterols and 

sphingolipids are co-regulated and function together (120). It is becoming evident, that 

TORC2-Ypk1 signaling controls plasma membrane lipid homeostasis and ER-PM contact sites 

are important in these processes. Although many studies have demonstrated the prominent role 

of ER-PM junctions in phospholipid and sterol transport, the experimental approaches for 

investigating lipid transfer have their limitations and disadvantages. The mounting body of 

evidence proposes membrane contacts sites as major hubs for lipid non-vesicular lipid 

transport. Figure 5 illustrates yeast contacts sites and the principal proteins participating in 

organelle tethering.  

Experimental tools to investigate membrane contacts sites 

A range of various experimental approaches have been utilized to identify and characterize 

MCSs in yeast. In budding yeast, big genetic screens have been extensively utilized to uncover 

functions of poorly characterized proteins. Genetic screens have also been useful for finding 

proteins involved in organelle contact site formation. Mutagenesis screen helped identify 

ERMES, while the use of entire genome deletion sets led to the characterization of 
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mitochondria-vacuole contact sites (82, 96). ER-PM and vCLAMP proteins were revealed by 

protein mass spectrometry techniques (100, 105). 

 

 

 

 

 

 

 

 

 

Figure 5. A scheme illustrating membrane contact sites in Saccharomyces cerevisiae and their 

membrane composition. PM – plasma membrane, ER – endoplasmic reticulum, MOM – mitochondrial 

outer membrane, ERMES – ER mitochondria encounter structure, vCLAMP -vacuole and mitochondria 

patch, NVJ – nucleus-vacuole junction. 

Epifluorescence and confocal microscopy are routinely used to confirm the proximity of 

contact site-resident molecules, but the resolution is far too low to provide unbiased proof of 

organelle-contacts. Transmission electron microscopy provides an atomic resolution and is a 

preferred technique for the studies of organelle contact sites. Techniques such as proximity-

labeling allow capturing proteins in vicinity to the contact zone which allows for a more 

detailed characterization of organelle junctions (121). Lipid transfer is thought to be the major 

function of organelle contacts. Hence, there is a need for experimental approaches that allow 

to track lipid metabolism across the membrane contact sites. In-vitro studies of lipid transport 

rely on purified proteins reconstituted into liposomes whose lipid composition is designed 

according to the experimental need. This, however, introduces a lot of biases such as non-native 

behavior of purified proteins, artificial lipid environment, the use of fluorescently labeled lipids 

with altered physico-chemical properties. Thus, in vivo studies help avoid these disadvantages, 

but conventional metabolic traces such as radioactive or heavy isotope-labeled lipids lack 



22 
 

spatial and temporal resolution. That is where synthesized probes offer a great hope for lipid 

research in the context of organelle contact sites (122). One of the commonly used strategies 

relies on the chemical synthesis of a lipid biomolecule which is rendered inactive by its 

coupling to the so called “chemical cage”, such as coumarin, which can also serve as 

fluorophore. The active biomolecules are liberated from the “cage” by illumination with 

ultraviolet (UV) light and can be further metabolized or active signaling cascades (123). 

Further development led to the synthesis of organelle specific caged probes which could be 

efficiently targeted to the plasma membrane, mitochondria, or lysosomes (124–126).  The 

chemical structure of one of the organelle-specific caged sphingolipid probes is illustrated in 

Figure 6.   

 

 

 

 

 

 

 

 

Figure 6. UV uncaging of C18-Sphinganine (partially adapted from (125). TPP - 

triphenylphosphonium. 

Additional chemical modifications to lipid probes can endow them with more functions such 

as an ability to capture protein-lipid interaction or visualize the lipid’s localization by light or 

electron microscopy (127). So far, most of these chemical probes have been tested in 

mammalian cells in which they are efficiently internalized. The use of chemical probes may be 

limited in yeast cells, where ATP-binding cassette (ABC) transporter proteins pump out 

unwanted xenobiotics (128). Nevertheless, yeast cells can be genetically modified to reduce 

the activity of ABC transporters, which would allow to use the rapidly growing toolbox of 

functionalized lipid probes in this eukaryotic model organism (129) 
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Chapter 2: Materials and Methods 

A list of yeast strains used in this study. 

№ Name Genotype Source 

 WT (BY4741) MATa his3Δ1leu2Δ0 met15Δ0 ura3Δ0 EUROSCARF 

 BY4741 lac1Δ BY4741 lac1::LEU2 This study 

 lac1Δ-Fus BY4741 lac1::KanMX6 LCB1pr-

LCB1-LAC1-ADH1term::HIS3 

This study 

 lac1Δpep4Δ-Fus BY4741 lac1::KanMX6 lag1::LEU2 

pep4::URA3 LCB1pr-LCB1-LAC1-

This study 

 lac1Δlag1Δ BY4741 lag1::KanMX4 lac1::LEU2 + 

pRS416- LAG1pr-LAG1-LAG1term 

This study 

 Lcb1-Lag1-Fus BY4741 lag1::KanMX4 lac1::LEU2 

LCB1pr-LCB1-LAG1-LAG1term::HIS3 

This study 

 Lcb2-Lag1-Fus BY4741 lag1::KanMX4 lac1::LEU2 

LCB2pr-LCB2-LAG1-LAG1term::HIS3 

This study 

 lac1Δlag1Δ-GFP-LAC1 BY4741 lac1::KanMX4 lag1::HphMX4 

GFP-LAC1:: NATMX4 

This study 

 lac1Δlag1Δ-GFP-LAC1-

IST2 

BY4741 lac1::KanMX4 lag1::HphMX4 

GFP-LAC1-IST2::NATMX4 

This study 

 orm1Δorm2Δ BY4741 orm1::HphMX4 

orm2::KanMX4 

This study 

 orm1Δorm2ΔGFP-ORM2 BY4741 orm1::HphMX4 

rm2::KanMX4 GFP-ORM2::NATMX4 

This study 

 orm1Δorm2ΔGFP-Heh2-

ORM2 

BY4741 orm1::HphMX4 

orm2::KanMX4 GFP-Heh2-

This study 

 LCB1-mCherry BY4741 LCB1-mCherry::HIS3 This study 

 orm1Δorm2ΔGFP-ORM2 

LCB1-mcherry 

BY4741 orm1::HphMX4 

Orm2::KanMX4 GFP-

This study 

 orm1Δorm2ΔGFP-Heh2-

ORM2 LCB1-mCherry 

BY4741 orm1::HphMX4 

orm2::KanMX4 GFP-Heh2-

This study 
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 orm1Δorm2ΔGFP-ORM2 

LCB2-mcherry 

BY4741 orm1::HphMX4 

orm2::KanMX4 GFP-

This study 

 orm1Δorm2ΔGFP-Heh2-

ORM2 LCB2-mCherry 

BY4741 orm1::HphMX4 

orm2::KanMX4 GFP-Heh2-

This study 

 Sac1-mCherry GFP-

ORM2 

BY4741 orm1::HphMX4 

orm2::KanMX4 GFP-

This study 

 Sac1-mCherry GFP-Heh2-

ORM2 

BY4741 orm1::HphMX4 

orm2::KanMX4 GFP-Heh2-

This study 

 LCB1-mCherry LAC1-

Ist2 

lac1::KanMX4 lag1::HphMX4 GFP-

LAC1-Ist2::NATMX4 LCB1-

This study 

 LCB1-Heh2-mCherry 

LAC1-Ist2 

lac1::KanMX4 lag1::HphMX4 GFP-

LAC1-Ist2::NATMX4 LCB1-Heh2-

This study 

 Vph1-mCherry BY4741 VPH1-mCherry::HIS3 This study 

 Mdh1-mCherry BY4741 MDH1-mCherry::KanMX4 Howard 

Riezman lab 
 Nup49-mCherry BY4741 NUP49-mCherry::HIS3 This study 

 
rsb1Δpdr5Δ 

BY4741  rsb1:KanMX4 

pdr5::NATMX4 

This study 

 ypc1Δ BY4741 ypc1::NATMX4 This study 

 ypc1Δydc1Δ BY4741 ypc1::NATMX4 

ydc1::KanMX4 

This study 

 pep4Δ BY4741 pep4::URA3 This study 

 SEY6210 WT MATleu2-3,112 ura3-52 his3200 

trp1-901 lys2-801 suc29 

Scott D. Emr 

lab 
 mdm1Δ SEY6210 mdm1::KanMX Scott D. Emr 

lab 
 mdm1Δ nvj3Δ nvj1Δ 

nvj2Δ 

SEY6210 mdm1Δ::KanMX 

nvj3::NATMx nvj1::TRP1 nvj2::HIS3 

Scott D. Emr 

lab 
 RH431 WT MATa his4 leu2 ura3 bar1 Howard 

Riezman lab 
 RH3334 end3Δ MATa his4 leu2 bar1 END3::URA3 Howard 

Riezman lab 
 fat1Δ BY4741 fat1::NATMX4 This study 
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 faa1Δfaa4Δfat1Δ BY4741 fat1::NATMX4 faa1::KanMX4 

faa4::HIS3 

This study 

 

Bacteria strains: 

DH5 ®5-alpha Competent E. coli, NewEnglandBiolabs) 

Plasmids 

Plasmid Characteristics Source 

pRS305N Vector for genome integration at the LEU2 

locus 

Taxis, C., and Knop, M. 

(2006)  

pAG25 Vector for a PCR-based gene deletion 

marker NATMX4 

Goldstein, A. L., and 

McCusker, J. H. (1999)  

pAG32 Vector for a PCR-based gene deletion 

marker HPHMX4 

Goldstein, A. L., and 

McCusker, J. H. (1999)  

pFA6a-HIS3MX6 Vector for a PCR-based gene deletion, HIS3 

marker 

 Longtine, M. S et al. 

(1998) 

pRS305 Vector for a PCR-based gene deletion, 

LEU2 marker 

Sikorski, R. S., and 

Hieter, P. (1989) 

pRS306 Vector for a PCR-based gene 

deletion,URA3 marker 

Sikorski, R. S., and 

Hieter, P. (1989) 
pFA6a-link-

mCherry-SpHis5 

Vector for C-terminal mCherry tagging Kurt Thorn lab 

pFA6a-Lac1 Vector for tagging with LAC1 This study 

pFA6a-Lag1 Vector for tagging with LAG1 This study 

pBP73G-Mdm1-

GFP  

Overexpressed Mdm1-GFP  Henne et al. (2015)  

pRS416-LAG1 LAG1 (N-term., Myc-tagged), endogenous 

promoter and terminator 

Kageyama-Yahara, N et 

al. (2006) 
pRS416-ADH1-

LAC1 

LAC1, ADH1 promoter, CYC1 terminator This study 

pRS305N-sfGFP-

LAC1 

Integrative vector bearing sfGFP-Lac1, 

endogenous promoter and terminator 

This study 
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pRS305N-sfGFP-

LAC1-Ist2 

Integrative vector bearing sfGFP-Lac1-

Ist2(878-946), endogenous promoter and 

terminator  

This study 

pRS305N-sfGFP-

ORM2 

Integrative vector bearing sfGFP-ORM2, 

endogenous promoter and terminator 

This study 

pRS305N-sfGFP-

heh2-ORM2 

Integrative vector bearing sfGFP- Heh2(93-

317)-Orm2, endogenous promoter and 

terminator 

This study 

pFA6a-Heh2-

mCherry 

Vector for tagging containing INM targeting 

signal of Heh2 

This study 

 

Antibodies 

LCB1, LCB2 (rabbit, polyclonal) – from Teresa Dunn-Giroux lab. 

Yeast media: 

1. YPUAD: 2% glucose, 1% yeast extract, 2% Bacto™ Peptone 2%, 10 mM MES (2-

ethanesulfonic acid), 2% agar, 40 mg/l adenine and uracil, pH = 6.0 

2. SD: 2% glucose, 0.67% Yeast Nitrogen Base (without amino acids, with ammonium 

sulfate), 1.92 g/l amino acid supplements, 2% agar, Na2HPO4 10 mM, KH2PO4 40 mM, 

pH = 6.0 

3. SD-5-FOA: 2% glucose, 0.67% Yeast Nitrogen Base (without amino acids, with 

ammonium sulfate), 1 g/l 5-Fluoroorotic acid, 60 mg/l uracil, pH = 3.5. 

4. YPUAG: 2% glycerol, 1% yeast extract, 2% Bacto™ Peptone 2%, 10 mM MES (2-

ethanesulfonic acid), 2% agar, 40 mg/l adenine and uracil, pH = 6.0 

5. Low fluorescence medium (LFM): 2% glucose, 6.7 g/l Yeast Nitrogen Base (without 

riboflavin and folic acid: (5g/l(NH4)2SO4, 1g/lKH2PO4, 0.5 g/l MgSO4, 0.1 g/l NaCl, 

0.1 g/l Ca2Cl, 0.5 mg/l H3BO4, 0.04 mg/l CuSO4, 0.1 mg/l KI, 0.2 mg/l FeCl3, 0.4 mg/l 

MnSO4, 0.2 mg/l Na2MoO4, 0.4 mg/l ZnSO4, 2µg/l biotin, 0.4 mg/l calcium 

pantothenate, 2 mg/l inositol, 0.4 mg/l niacin, 0.2 mg/l PABA, 0.4 mg/l pyridoxine HCl, 

0.4 mg/l thiamine), 1.92 g/l amino acid supplements, Na2HPO4 10 mM, KH2PO4, 40 

mM, pH = 6.0 
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Chemicals and reagents 

Yeast media were prepared from the following reagents: Glucose monohydrate, ammonium 

molybdate  and ascorbic acid were from Merck (Darmstadt, Germany), Bacto Peptone, Bacto 

yeast extract, Bacto agar were purchased from BD Biosciences (Sparks, MD); Yeast synthetic 

drop-out amino acid supplements were from Sigma-Aldrich (St. Louis, MO); amino acids 

uracil, adenine were from Sigma-Aldrich, histidine, ammonium acetate were from Fluka 

(Steinheim, Germany), 5-Fluoroorotic acid was from USBiological (Salem, MA). 

Trichloroacetic acid, pyridine, monomethylamine were all from Sigma-Aldrich; ammonium 

hydroxide, n-Butanol, Diethyl ether, LC-MS-grade chloroform were all from Acros (Geel, 

Belgium); LC-MS-grade water, methanol were purchased from J.T. Baker (Loughborough, 

United Kingdom);  analytical grade ethanol and methanol were from Fischer Chemical (Basel, 

Switzerland). All internal lipid standards used for sphingolipid and phospholipid analysis as 

well as sphingolipid metabolic tracers - C17Phytosphingosine and C17Sphinganine, were 

purchased from Avanti Polar Lipids (Alabaster, AL). Caged chemical probes were synthesized 

as described in (Feng, S., et al, 2018) and 10 mM stock solutions were dissolved in DMSO. 

Heavy isotope-labeled (2,3,3-D3) L-Serine was from Cambridge Isotope Laboratories Inc. 

(Tewksbury, MA). 

Experimental procedures 

Yeast strain construction 

Yeast strains were constructed using standard techniques based on homologous recombination 

of PCR-generated linear fragments (Longtine et al. 1998). Gene deletions were verified by 

colony PCR, correct insertion of cassettes encoding fluorescent tags was checked by 

sequencing. All genetic modifications of yeast strains were carried out using a standard lithium 

acetate-ssDNA-PEG transformation protocol (Gietz, D. R., and Woods, R. A., 2002). For 

integration of sequences into the yeast genome, integrative plasmids were used (Taxis, C., and 

Knop, M., 2006). 

Molecular cloning 

Chimeric proteins were constructed using Gibbson Assembly kits (NEB, Ipswitch, MA) 

following the manufacturer’s protocols. For fusion protein construction LAC1 or LAG1 

sequences including ORF and terminator were PCR amplified using Q5 High Fidelity 

Polynerase (NEB, Ipswitch, MA) followed by the second PCR amplification with the primers 
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containing 50 base-pair homology sequences flanking the desired insertion sites (immediately 

upstream of stop codons in LCB1 or LCB2). 

Yeast spot assay 

Yeast cells were grown overnight to saturation in liquid YPUAD medium. Next day, 10-fold 

serial dilutions were prepared in double distilled water starting from OD600 of 1. Cells 

suspensions were then transferred onto agar plates using a 48-slot pin replicator. Droplets of 

transferred suspensions were completely dried at room temperature, plates were placed in an 

incubator and grown for 2 days at 30oC.  

Yeast growth recordings 

Yeast cells grown overnight in liquid YPUAD or YPUAG were diluted to OD600 = 0.1 in the 

same medium, 200 l of cells suspensions were put into flat-bottom 96-well plates. The plate 

was sealed with gas permeable moisture barrier seal (4titude) and absorbance at a wavelength 

of 600 nm (OD600) was recorded every 10 minutes over the period of 17 or 25 hours at 30oC, 

using a plate reader (Biotek™ Synergy™ H1, BioTec Instruments, Winooski, VT). 

Western blotting 

Yeast cells were grown in rich medium (YPUAD) to the log phase (OD600~1). 10 OD600 units 

were collected. Cells were resuspended in 100 l of TNE buffer ( 50 mM Tris-HCl pH7.5, 150 

mM NaCl, 2 mM EDTA, 1 mM PMSF, 1X Protease Inhibitor Cocktail (Roche, Switzerland)), 

disrupted with glass beads by vortexing, resuspended in 2X Sample Buffer (100 mM Tris-HCl 

pH6.8, 4% w/v SDS, 0.2% bromphenol blue, 200 mM -mercaptoethanol) and boiled at 50oC 

for 10 minutes. Protein extracts were subjected to SDS-PAGE, transferred onto a nitrocellulose 

membrane, probed with rabbit polyclonal antibodies against yeast Lcb1 or Lcb2 and imaged 

with the Fusion FX system (Vilber Lourmat, Collegien, France). 

Fluorescence microscopy 

Cells were grown in YPUAD or selective SD medium to the exponential phase, washed and 

resuspended in low-fluorescence medium (LFM). 15 l of cells suspension were applied onto 

Concanavalin-A pre-treated glass slides and incubated at room temperature for 5 min. The 

unattached cells were gently aspirated, the slides were covered with a coverslip and sealed with 

nail polish. The samples were imaged with LSM700 Zeiss confocal microscope using a X100 

oil immersion objective. 
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Vacuole staining with FM™ 4-64 

Cells grown to the early exponential phase were incubated with 8 M FM™4-64 (Thermo 

Fisher) for 30 min at 30oC, washed twice in YPUAD, resuspended in fresh medium and further 

incubated for 30 minutes to allow the dye to be internalized. 

Labeling with synthetic chemical probes 

Yeast cells were grown in YPUAD or SD medium to the logarithmic phase, labeled with 10 

M caged mito-LCBs for 20 minutes at 30oC, centrifuged at 800g, resuspended in LFM 

medium and processed for imaging as described above. 

In vivo D3-Serine labeling 

Heat shock induction 

Yeast cells were grown in SD medium without serine until the OD600=1, cultures were labeled 

with 1 mM D3-L-Serine for 5 minutes. Then, heat-shock was induced by transferring yeast 

cultures to water bath (Adolf Kunher, Birsfelden, Switzerland) set at 40oC. After incubation 

for indicated time periods, samples were collected by adding TCA to 5% (vol/vol) and frozen 

at -80oC. 

D3-Serine labeling  

Yeast cells were grown in SD medium without serine until the OD600=1, cultures were labeled 

with 1 mM D3-L-Serine for the indicated time period (30 min or 1 hour) followed by sample 

collection using a TCA protocol. 

UV uncaging experiments 

Uncaging experiments were carried out using a 1000-Watt Arc Lamp Source (NewPort) 

supplied with a 350-450 nm dichromic mirror. Cells were cultured in rich or selective medium 

to the exponential phase. Following the incubation with 10 M caged probes at 30oC, cells 

were washed three times with ddH2O at 4oC, resuspended in 2 ml cold culture medium and 

placed under the arc lamp source at a distance of 20 cm, on ice. The samples were irradiated 

for 2 min at 1000 Watt and were either resuspended in larger volume of medium for incubation 

at 30oC for 20, 40, 60 min, or immediately collected and processed for lipid extraction. 

Lipid analysis 
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Sample collection 

Yeast cell cultures were grown in YPUAD or SD medium to the logarithmic growth phase. 

Cell metabolism was stopped by transferring cell suspensions into a tube containing 100% 

TCA (trichloroacetic acid) to the 5% final. Samples placed on ice were incubated for at least 

10 min, centrifuged at 800 g for 5 minutes, washed in 5% TCA, centrifuged again and re-

suspended in 5 ml ice-cold ddH2O. The amount corresponding to 25 OD600 units was 

transferred into glass tubes, centrifuged at 800 g, supernatant was completely removed and the 

pellets were frozen at -80oC for subsequent lipid extraction. 

Lipid extraction 

The extraction procedure was performed as described in (Guan, X et al. 2009) with minor 

modifications. First, a mix containing internal lipid standards (7.5 nmol 17:0/14:1 PC, 4.0 nmol  

17:0/14:1 PS, 6.0 nmol 17:0/14:1 PI , 7.5 nmol 17:0/14:1 PE,  1.2 nmol C17 ceramide and 2.0 

nmol C8 glucosylceramide (C8GC)) was added to the cell pellets together with 1.5 ml of 

extraction solvent (H2O, ethanol, diethyl ether, pyridine, 4.2 N NH4OH 15:15:5:1:0.018) and 

500 l glass beads. Cells were disrupted by vigorous vortexing on a multivortexer (Labtek 

International, Christchurch, New Zealand) for 6 minutes at room temperature, followed by the 

incubation at 60oC for 20 minutes. After centrifugation at 800 g, the supernatant was transferred 

to fresh 13 mm glass tubes. Then, the extraction procedure was repeated. Supernatants from 

the two rounds of extraction were combined and split into 2 equal aliquots: for 

glycerophospholipid and sphingolipid analysis. The extracts were dried either under the flow 

of N2 at 80oC or vacuum in a CentriVap (Labconco, Kansas City, MO), flushed with nitrogen 

glow and stored at -80oC unless proceeded for further steps. The fractions for sphingolipid 

analysis were subjected to mild alkaline hydrolysis to deacylate glycerophospholipids that 

might cause ion suppression. For this the dried samples were re-suspended by sonication in 1 

ml monomethylamine reagent (methanol, H2O, n-butanol, methylamine 4:3:1:5 vol/vol/vol), 

incubated at 53oC for 1 hour, dried and frozen. Finally, sample desalting was accomplished by 

n-butanol extraction. Dried samples were re-suspended in 300 l water-saturated n-butanol 

followed by addition of 150 l of LC-MS-grade water. In order to induce phase separation, the 

samples were centrifuged at 3200 g for 10 minutes at 20oC, the upper phases were collected. 

The desalting procedure was repeated twice, the combined extracts were dried and frozen at -

80oC. 

Mass spectrometry 
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For the mass spectrometry analysis the dried samples were resuspended by sonication in 500 

l of LC-MS-grade chloroform:methanol (1:1, vol/vol) followed by dilution in 

chloroform:methanol:water (2:7:1, vol/vol/vol) or in chloroform:methanol (1:2, vol/vol) 

containing 5 mM ammonium acetate for positive or negative mode MS analysis, respectively. 

The samples containing sphingolipids were diluted 1:20 (vol/vol), samples for phospholipid 

analysis were diluted 1:100 (vol/vol). Using glass syringes (Hamilton Company, Bonaduz, 

Switzerland) lipid mixtures were transferred into wells of a 96-well plate which was sealed 

with an aluminum foil before MS analysis. Samples were injected into the TSQ Vantage Triple 

Quadrupole mass spectrometer (ThermoFisherScientific, Waltham, MA) equipped with the 

TriVersaNanomate - automated chip-based electrospray ionization platform (Advion 

Bioscience, Ithaca, NY). Samples were injected at a gas pressure of 30 psi with a spray voltage 

of 1.2 kV and run on the mass spectrometer operated with a spray voltage of 3.5 kV for positive 

mode and 3.0 kV for negative mode and a capillary temperature set at 190oC. Phospholipid and 

sphingolipid species were identified and quantified using multiple reaction monitoring (MRM).  

Each lipid species was quantified using standard curves created of for internal standards. Data 

analysis was performed using R language. 

Phosphate measurement 

Total lipid extracts were re-suspended in 500 l of LC-MS-grade chloroform:methanol (1:1, 

vol/vol), 50 l were transferred into Pyrex tubes and dried. Different amounts of standard 

solution of 5 mM KH2PO4 were prepared for the standard curve. 140 l of perchloric acid 

(70%) and 20 l of water were added to the dried lipids and standards and the tubes were 

incubated in a heating-block at 100oC for 1h in a fume hood. Tubes were cooled for 5 min at 

RT and a 800 l of freshly-prepared reagent solution (water:1.25% ammonium 

molybdate:1.67% ascorbic acid, 5:2:1, vol/vol) was added and the samples were heated at 

180oC for 5 min. After cooling at RT, 100 l was used to measure absorbance at 820 nm.  

Sphingoid base measurement (Metabolomics) 

Sample collection 

For the measurement of intracellular metabolites yeast cells were grown in rich or SD medium 

and collected at the exponential phase (OD600 ~ 1.2-1.5). Samples subjected to heat-shock 

treatment at 40oC or control samples incubated at 24oC were rapidly cooled to 10oC by placing 

the samples into dry ice-ethanol bath for 25 or 15 sec, respectively. After rapid cooling the cells 
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were placed on ice. Sample subjected to UV uncaging were kept on ice throughout the whole 

procedure and immediately processed after UV irradiation. Cells were collected by 

centrifugation at 1000g for 2 min at 0oC, washed in 5 ml ice-cold water then re-suspended in 1 

ml od water. The amount corresponding to 5 OD600 units was transferred to 2ml screw-cap 

tubes, cells were pelleted at max speed for 1 min and the supernatant was completely removed. 

The pellets were flash-frozen in liquid nitrogen and stored at -80oC. 

Extraction and derivatization 

To analyze yeast long-chain bases, 150 l of extraction solvent (water, ethanol, diethyl ether, 

pyridine, 4.2 N ammonium hydroxide 15:15:5:1:0.018, vol/vol) together with a mix of internal 

standards ( 0.04 nmol of C17 sphinganine, 0.04 nmol of C17 Phytosphingosine, 0.4 nmol of 

C17 sphinganine-1-phosphate) and 100 l of Zirconium oxide beads (Bertin Technologies, 

Montigny-le-Bretonneux, France) were added to cell pellets. Cells were disrupted in a cryolysis 

breaker (Bertin Technologies) at 0oC, incubated for 20 min on ice and centrifuged at 14000 

rpm for 2 min at 0oC. Supernatants were collected and 150 l of extraction solvent were added 

again followed by brief vortexing and centrifugation. The supernatants from the two extraction 

steps were combined and centrifuged at 14000 rpm for 2 min at 0oC to remove the residual 

debris. The extracts were then transferred into 250 l glass inserts (Interchim, France) which 

were placed inside amber glass tubes. Finally, the samples were vacuum-dried in CentriVap. 

In the next step, a mixture consisting of  70 l borate buffer (200 mM boric acid pH 8.8, 10 

mM tris(2-carboxyethyl)-phosphine, 10 mM ascorbic acid and 33.7 mM 15N13C-valine), and 

10 ml of formic acid solution (0.1%in water) was derivatized by the reaction with 20 l AQC 

(6-aminoquinolyl-N-hydroxysuccinimidyl carbamate) solution (2.85 mg/ml in acetonitrile) at 

55oC for 15 min. After that the samples were incubated overnight at 24oC. 

LC-MS/MS 

AQC-derivatized samples were analyzed by LC-MS/MS using an Accela-HPLC system 

coupled with a TSQ Vantage Triple Quadrupole mass spectrometer (Thermo Fisher Scientific). 

Selected metabolites were detected in a multiple reaction monitoring setup. Signals were 

normalized by the corresponding internal standards. 
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Chapter 3: Results 

Chapter 3.1: The role of serine palmitoyltransferase and ceramide 

synthase localization in controlling flux through sphingolipids 

The endoplasmic reticulum is an interconnected network of tubules and cisternae with the 

shared lumen (130). One part of the ER network is the nuclear ER which surrounds the nucleus 

and is connected with the nuclear membrane forming the structure called the nuclear envelope 

(NE). The other part is the peripheral ER composed of tubules and cisternae which in yeast 

makes extensive contacts with the plasma membrane (131). In S. cerevisiae, both SPT and 

ceramide synthase (CS) localize to the endoplasmic reticulum.  However, CS is enriched in the 

nuclear ER, while SPT complex is found in the cortical as well as in the nuclear ER  (20, 132). 

We hypothesized that SPT and CS might be separated by a diffusion barrier, which may be 

crucial for homeostatic regulation, as both sphingoid base precursors and ceramides are toxic 

when accumulated. Bringing together the two enzymatic complexes may thus result in 

accelerated metabolic flux from sphingoid base precursors into ceramides.  

Construction and characterization of SPT-CS fusion proteins 

Lcb1-Lac1 fusion protein is partially degraded in the vacuole 

To test this assumption, chimeric fusion proteins composed of SPT components Lcb1/Lcb2 

and catalytic subunits of CS, Lac1/Lag1 were constructed. Linear PCR-amplified fragments 

containing LAC1 or LAG1 genes with their terminator sequences were integrated into the site 

just before the stop codon of LCB1 or LCB2 via homologous recombination (Figure 7, A). 

Lcb1-Lac1 fusion protein was not stable, additional bands indicate cleavage of the chimeric 

protein (Figure 7, B). Indeed, the fusion protein is partially degraded in the vacuole, since the 

protein was more stable when expressed in the strain with no vacuolar proteinase activity due 

to the deletion of PEP4 gene (Figure 7, C). Ceramides and MIPC levels are reduced in the cells 

expressing the unstable chimeric protein (Figure 7, D) compared to the wild type yeast. 

Altogether, the evidence suggests that Lcb1-Lac1 protein is not sufficiently functional. 
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Figure 7. Lcb1-Lac1 fusion protein is partially degraded. A) The schematic illustration of fusion protein 

construction. Pro – promoter. Ter – terminator. Linker sequence encodes an 8 amino acid peptide 

GGGSGGGS. B) Western blots of wild type (LCB1) or chimeric (LCB1-LAC1) protein, yeast cells 

lysates were probed with anti-Lcb1 antibody. C) Western blots of Lcb1-Lac1 from WT or a PEP4-

deficient strains. D) Sphingolipid profiles of indicated yeast strains. Cer -ceramides, IPC – 

inositolphosphorylceramides, MIPC - mannosyl-inositolphosphorylceramide, M(IP)2C – mannosyl-

diinositolphosphorylceramide Date represent mean of three independent biological replicates, error bars 

show SD. * p <0.05, two-tailed t test. 
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Lcb1-Lag1 fusion proteins is stable and functional 

The deletion of both LAC1 and LAG1 genes, which is lethal for yeast cells, can be rescued by 

a centromeric plasmid bearing either LAC1 or LAG1. The plasmids harboring a URA3 gene 

encoding the enzyme orotidine-5'-phosphate decarboxylase, can be counter-selected by treating 

cells with 5-Fluoroorotic acid which is converted to a very toxic product by Ura3 (133). Hence, 

lac1lag1will not grow without the rescue plasmid on a medium supplemented with 5-FoA. 

The lac1lag1expressing fusion proteins Lcb1-Lag1 and Lcb2-Lag1 could grow (Figure 8, 

C) without the rescue plasmid on 5-FoA agar plates which indicates that Lag1 part of the fusion 

protein is functional. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Fusion proteins with Lag1 are more stable and functionally active. A) Western blots of Lcb1-

Lag1 (left) or Lcb2-Lag1 (right) fusion proteins. B) Serial dilution of yeast cells expressing fusion 

proteins were spotted onto YPD plates containing vehicle (methanol) or 1 M myriocin. C) The 

indicated yeast strains were transformed with a plasmid expressing LAG1 under the control of 

endogenous promoter (pRS416-LAG1). The resulting strains were streaked onto SD minus uracil or 5-

Fluoroorotic acid agar plates and incubated at 30oC for 2 days. 
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Lipid profile of cells expressing Lcb1-Lag1 chimeric fusion protein 

In the next step we sought to characterize the effect of the chimeric protein Lcb1-Lag1 on lipid 

profile of the cells. To detect and quantify distinct lipid species from  complex cellular extracts 

we used multiple-reaction monitoring mass spectrometry (MRM-MS) (134). First, molecular 

ions are generated by electrospray ionization (ESI), pre-selected molecular ions (precursor 

ions) undergo fragmentation and the corresponding fragment ions are also detected. Therefore, 

we can identify each lipid species by its precursor and fragment ions, which improves the 

robustness and accuracy of detection. Moreover, with MRM-MS many cellular lipid species 

can be detected and quantified at once. Later, distinct species can be grouped into various lipid 

categories based on the type, head-group, number of carbon atoms etc.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Lipid profile is not altered in cells expressing LCB1-LAG1 fusion protein. Mass spectrometry 

(MS) analysis of steady-state phospholipid (A) or sphingolipid (B) levels. Control (lac1) or Fusion 
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(lac1lag1LCB1-LAG1) yeast strains were grown in rich medium, lipids were extracted, desalted and 

measured by MS. The values are shown as pmole of lipids normalized to the amount of inorganic 

phosphate in the samples. A) Lipid profile of glycerophospholipids. PC – phosphatidylcholine; PE – 

phosphatidylethanolamine; PI – phosphatidylinositol; PS – phosphatidylserine B) Sphingolipid profile 

CER -ceramide, IPC – inositolphosphorylceramides; MIPC - mannosyl-inositolphosphorylceramides. 

Errors bars show standard deviation (SD). 

We compared lac1 cells (control) with the fusion protein-expressing strain 

lac1lag1LCB1-LAG1 so that only Lag1 protein is expressed in both conditions. However, 

the expression of the chimera is driven by a stronger LCB1 promoter which may lead to higher 

abundance of Lag1 than in the control strain. Major glycerophospholipid classes PC, PE, PI, 

PS were not altered by the expression of Lcb1-Lag1 (Figure 9, A) which is expected since 

sphingolipids are much less abundant than phospholipids in yeast cells making up about 10% 

of total lipids (84, 85, 135) and changes in sphingolipids are not likely to affect phospholipid 

levels. Despite possible difference in Lag1 protein amounts, the levels of ceramides and 

complex sphingolipids (IPCs, MIPCs, M(IP)2Cs) were similar in control and fusion-expressing 

strains (Figure 9, B).  The profile of individual sphingolipid species was also similar between 

control and chimera-expressing cell. The most prevalent ceramide species was PHC-C 

18:0/26:0 which in all samples amounted to about 91-93% of all ceramides (Figure 4 and Table 

1) which is consistent with previous observations (85, 135). In budding yeast, ceramides mostly 

incorporate a very long-chain fatty acid with 26 carbon atoms, with C26-Ceramides amounting 

to 95% of all ceramides (Figure 10). IPC-C 18:0/26:0 made about 80% of all IPC species 

(Figure 10). Consistent with ceramide and IPC profiles, MIPC and M(IP)2C species were 

mainly derived from 18:/26:0 C and B class ceramides (Figure 10). 

Sphingolipid dynamics upon heat stress 

Heat-shock induces a rapid upregulation in long-chain base levels 

Unaltered levels of sphingolipid levels in the Lcb1-Lag1 expressing strain suggests that the 

activity of both enzymes is not severely compromised. It is though still possible that the 

chimeric protein has a reduced activity, but homeostatic regulation overrules the difference and 

the steady state levels remain unaltered. To address directly address whether the Lcb1-Lag1 

chimeric protein can accelerate the metabolic flux towards ceramides, a heavy-labeled 

sphingolipid precursor, D3-L-serine was used. It is well documented, that the induction of heat-

shock at 39-40oC leads to rapid increase in long-chain base levels (48, 136). 
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Figure 10. Analysis of sphingolipid species in Control (lac1) or Fusion (lac1lag1LCB1-LAG1) 

yeast strains. Pie charts show the average percentage of the most abundant sphingolipid species relative 

to the total amounts within each class. Data shows the average of three independent experiments.  
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First, we checked if heat-shock treatment upregulates long-chain base levels in our wild-type 

BY4741 cells. Sphingolipid regulation might differ considerably among different genetic 

backgrounds of yeast strains, as was shown for lac1Δlag1Δ mutants cells viable in W303 

background and inviable in YPK9 strains (137, 138). Consistent with the previous reports, we 

observed fast upregulation of C18PHS and C18PHS-1P. The increase in LCB amounts was 

more pronounced than previously reported (47, 136), showing 21-fold elevation of C18PHS at 

8 minutes of heat-stress (Figure 11, A). Levels of C20PHS, barely detectable at 40oC were 

increased almost 270-fold after 10 minutes of heat-shock (Figure 11, B), which also 

corresponds to the earlier reports (136). Interestingly, heat-shock treatment only induced PHS 

levels, while C18-Sphinganine (Figure 11, A) amounts did not change as drastically as PHS, 

contrary the previous report (136). This might be explained by the high activity of long-chain 

base hydroxylase Sur2 in our strains, which would result in efficient conversion of sphinganine 

into PHS. 
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Figure 11. Heat stress induces rapid increase in long-chain base levels in BY4741 cells. WT cells were 

grown in YPUAD medium to OD600=1 at 30oC, the temperature was increased to 40oC and samples 

were collected at the indicated time points. Extracted metabolites were derivatized with AQC, run on 

LC-MS and long-chain bases were detected and quantified by comparison to the internal standards. A) 

C18-bases and their phosphorylated derivatives. B) C20PHS. Error bars represent standard deviation 

(SD). 

D3-Serine is efficiently incorporated into sphingoid bases upon heat stress 

In the next step we investigated the incorporation of heavy isotope-labeled serine into 

sphingolipids shortly after heat shock. When cells were labeled with D3-L-Serine followed by 

heat stress, the “heavy” serine was rapidly incorporated into sphingoid-bases in both control 

and chimera-expressing cells (Figure 12, A). The degree of long-chain base elevation 

immediately after heat-shock was similar for C18PHS, in all samples we saw an 8-fold increase 

compared to basal levels. Interestingly, only D3-species were markedly upregulated upon heat 

stress, while the levels of unlabeled LCBs did not change drastically (Figure 12, B). This might 

indicate that the cells increase serine uptake in order to boost the sphingolipid biosynthesis, 

which is in agreement with the previous studies. (139) It also demonstrates that the increase in 

LCB amounts comes from de novo biosynthesis, not from the degradation of ceramides. D3-

C18PHS increased 8-fold after 2 minutes of heat-stress, while D3-C18Sa showed a milder 3-

fold upregulation. Amounts of D3-C18PHS-1P, D3-C18Sa, D3-Sa-1P were slightly higher in 

control cells at 2 min of heat-shock, but at 5 minutes there was no significant difference in all 

species between the control and the fusion-expressing cells (Figure 12, A). Altogether, the data 

suggests that Lcb1-Lag1 expression does not compromise de novo long-chain base 

biosynthesis.  

Expression of Lcb1-Lag1 does not accelerate sphingolipid flux 

Unlike long-chain bases that rapidly accumulate upon heat-shock, ceramides start to accrue 

much later, after 30-40 minutes (140). To test whether the expression of SPT-CS fusion protein 

would enhance the conversion of long-chain base to ceramides, we followed de novo 

biosynthesis of sphingolipids by tracing the incorporation of heavy-isotope-labeled serine 

following a heat-shock treatment to induce the accumulation of sphingolipid precursors. In  this 

experiment the percentage of D3-labeled species to the total amount within each sphingolipid 

class was measured at 10 and 20 minutes of heat shock. The results show that Lcb1-Lag1 fusion 

protein does not increase conversion to ceramides and complex phospholipids (Figure 13, A, 

B, C). 
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Figure 12. Upregulation of long-chain bases upon heat shock. Control (lac1) or Fusion 

(lac1lag1LCB1-LAG1) yeast strains were grown in SD medium without serine, labeled with 1mM 

D3-L-Serine for 5 min at 30oC, incubated at 40oC for 2 or 5 min. Long-chain bases were extracted, 

derivatized with AQC and analyzed using LC-MS/MS. PHS – Phytosphingosine; Sa – Sphinganine. A) 

Dynamics of indicated D3-labeled species B) Dynamics of unlabeled C18PHS and C18Sa. Errors bars 

represent standard deviation (SD). 
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After 10 minutes of heat-stress about 7% of all ceramides were labeled with D3-Serine (Figure 

14, A). The most upregulated species upon heat shock are C20 long-chain bases. (136) 

Accordingly, C20:0/C26:0 ceramides were efficiently labeled by D3-Serine, making up more 

than 50% of all C46 cellular ceramides after 10 minutes of heat shock (Figure 13, B). The de 

novo biosynthesis of complex sphingolipids (IPC and MIPC) progressively increased from 10 

to 20 minutes, while ceramide levels stabilized at 10 min. This indicates that a fraction of 

freshly synthesized ceramides leaves the ER and is glycosylated to form IPC and MIPC since 

the accumulation of ceramides might be toxic to the cells (141).  
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Figure 13. De novo sphingolipid biosynthesis upon heat shock is not accelerated by the expression of 

Lcb1-Lag1 fusion protein. Analysis of D3-Serine-labeled sphingolipids following heat-shock. Control 

(lac1) or Fusion (lac1lag1LCB1-LAG1) were cultured to OD600=1 at 30oC were labeled with 1mM 

D3-L-Serine for 5 min, followed by the heat-shock treatment at 40oC for the indicated time periods. 

Extracted lipids were treated with methylamine, desalted with n-butanol, directly injected into triple-

quadrupole mass spectrometer, quantified and normalized using the internal standards. The percentage 

of D3-labled species of total amount within each category is shown A) Total ceramides B) C46-

Cermides (C20:0/C26:0) C) Complex sphingolipids IPC and MIPC Error bars represent standard 

deviation.  

Tsc10 overexpression rescues slower sphingolipid flux in Lcb1-Lag1-expressing cells 

The product of SPT, 3-ketosphinganine must first be reduced into sphinganine 

(dihydrosphingosine) before N-acylation to form ceramides. Tsc10, 3-ketosphinganine 

reductase catalyzes this step and could therefore be a limiting step that slows down the 

metabolic flux to ceramides. We transformed control or Lcb1-Lag1-expressing (fusion) strains 

with plasmids overexpressing Tsc10 and as in the previous experiment, followed sphingolipid 

biosynthesis after heat shock exposure for 10 or 20 minutes. Overexpressed Tsc10 

preferentially localized to the nuclear ER in both control and fusion protein-expressing strains 

(Figure 14, A). Surprisingly, we found that metabolic flux was slower in Lcb1-Lag1 chimera-

expressing cells than in control cells and Tsc10 overexpression accelerated the flux in the 

fusion-expressing cells, but not in the control strain. The percentage of D3-labeled ceramides 

was significantly lower in the fusion strain at 10 minutes of heat stress but Tsc10 

overexpression partially restored biosynthesis rate to the control levels (Figure 14, B). 

Moreover, Tsc10 overexpression decreased ceramide biosynthesis in control cells (Figure 14, 

B) which may indicate excessive Tsc10 proteins rather interfered with the functioning of 

SPOTS complex. It is interesting to note that at 20 minutes of heat shock we could see no 

difference between chimera-expressing strains and controls or between empty vector or Tsc10-

overexpressing samples. Lcb1-Lag1 expression also resulted in lower mean IPC biosynthesis 

rate (albeit not statistically significant), but MIPC biosynthesis was clearly faster at 20 minutes 

in control cells indicating slower flux in chimera-expressing cells.  Again, Tsc10 expression 

sped up the flux only in the Lcb1-Lag1 strain (Figure 14, B). SPT and ceramide synthases form 

enzymatic complexes and the fusion of two catalytic subunits from these two complexes likely 

interfered with the architecture and stoichiometry of SPOTS complex. The results indicate that 

Tsc10 overexpression speeds up the metabolic flux in chimera-expressing cells and slows it 

down in control cells. This may indicate that Tsc10 does not function properly in the cells 
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expressing Lcb1-Lag1 requiring extra amounts of the enzyme. Collectively, the results of the 

two experiments indicate that fusing SPT and CS catalytic subunits does not increase but rather 

slow down sphingolipid flux possibly by disrupting the integrity of the SPOTS complex. Also, 

the data suggests that the distance between SPT and CS complexed may not be as critical as 

we hypothesized.  
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Figure 14. Tsc10 reductase accelerates sphingolipid metabolism in Lcb1-Lag1 expressing cells. A) 

Fluorescence microscopy images of control (lac1) or fusion (lac1lag1LCB1-LAG1) strains 

expressing GFP-Tsc10. Cells transformed with plasmid overexpressing TSC10 (pRS416-GPD-GFP-

TSC10) were grown in SD minus uracil selective medium to the exponential phase and imaged as 

described using a GFP filter. Bars, 5 µm. B) Analysis of D3-Serine-labeled sphingolipids following 

heat-shock. Control (lac1) or Fusion (lac1lag1LCB1-LAG1) stains transformed with a plasmid 

overexpressing TSC10 (pRS416-GPD-GFP-TSC10) or an empty vector (EV, pRS416-GPD) were 

cultured to OD600=1 at 30oC and labeled with 1mM D3-L-Serine for 5 min, followed by the heat-shock 

treatment at 40oC for the indicated time periods. Extracted lipids were treated with methylamine, 

desalted with n-butanol, directly injected into triple-quadrupole mass spectrometer, quantified and 

normalized using the internal standards. The percentage of D3-labled species of total amount within 

each category is shown. Values show means of three biological replicates. Statistical significance was 

determined using two-way ANOVA (*P<0.05, **P<0.01, ***P<0.001). Error bars represent standard 

deviation. 

 

Ceramide synthase re-localization to the cell periphery does not affect ceramide 

biosynthesis 

The cortical-targeting sequence from Ist2 re-localizes Lac1 to the cell periphery 

In an alternative approach to investigate the role of enzyme localization on sphingolipid 

metabolic flux, we asked whether the localization of one of the enzyme complexes, ceramide 

synthase, affects sphingolipid biosynthesis and homeostasis. GFP-tagged catalytic subunits of 

ceramide synthase shows predominantly nuclear ER localization. However, the introduction of 

fluorescent tags frequently compromises the protein’s localization, topology and activity (142, 

143). Indirect immunofluorescence of the FLAG-tagged ceramide synthase subunit Lip1 shows 

a clear perinuclear localization (20). We decided to alter the localization of ceramide synthase 

by enriching it in the cortical ER where SPT-containing SPOTS complex is thought to localize. 

To specifically target ceramide synthase to the cortical ER, we constructed a chimeric Lac1 

protein that contains C-terminal cortical sorting sequence (amino acids 879-946) from Ist2. 

This cortical targeting sequence directs Ist2 to the ER-PM junctions since it can bind a 

phosphatidylinositolphosphate species PI(4,5)P2 which is enriched in the plasma membrane 

(106, 107). The schematic illustration of EGFP-tagged PM-targeted Lac1 (Lac1ER-PM) shown 

in (Figure 15, A). Both chimeric Lac1ER-PM and control intact Lac1 proteins were EGFP-tagged 

at the N-terminus, have native promoter and terminator sequences and are stably expressed in 
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yeast cells due to genomic integration in the LEU2 locus (144). Lac1ER-PM localizes to 

peripheral punctate structures while still being partially found in the perinuclear region (Figure 

15, B right panel) while the wild type Lac1 resides mostly in the nuclear ER. 
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Figure 15. Targeting Lac1 to cortical ER does not affect sphingolipid biosynthesis. A) A diagram of  

GFP-tagged chimeric Lac1 ER-PM protein containing C-terminal cortical targeting domain of Ist2 . B) 

Lac1ER-PM is predominantly targeted to the cell periphery. Confocal microscopy images of GFP-tagged 

wild-type (left) or cortical ER-targeted chimeric Lac1 (right). Cells were grown to mid-log phase and 

imaged as described in the methods. White arrowheads indicate dot-like punctate structures. Scale bar, 

5 µm. C) Lac1ER-PM can functionally replace the wild-type protein. Synthetic lethality assay. The 

indicated yeast strains (ΔΔLAC1 – lac1Δlag1ΔGFP-LAC1, ΔΔ - lac1Δlag1Δ, ΔΔLAC1ER-PM - 

lac1Δlag1ΔGFP-LAC1-IST2(878-946)) were transformed with a plasmid expressing  LAG1 (pRS416-

LAG1) and 10-fold serial dilutions were spotted onto SD minus uracil or 5-Fluoroorotic acid agar plates 

and incubated at 30oC for 2 days. D-F) Lipid profile and de novo sphingolipid biosynthesis is not 

compromised in Lac1ER-PM-expressing cells. WT(BY4741), Lac1WT (lac1Δlag1ΔGFP-LAC1) or Lac1ER-

PM (lac1Δlag1ΔGFP-LAC1-IST2(878-946)) were grown in SD medium without serine to mid-log phase, 

labeled with 1mM D3-L-Serine for 30 min at 30oC and processed for lipid extraction. Extracted lipids 

were analyzed by mass spectrometry. D) and F) The values show mole percentage to the sum of major 

phospholipids (PC, PE, PI, PS). E) Values represent the percentage of D3-labeled lipids of all lipids in 

the category. F) The amounts of major phospholipid classes. D-F) The values show the mean of three 

biological replicates. Error bars represent standard deviation (SD). 

The expression of Lac1ER-PM does not alter sphingolipid biosynthesis or homeostasis 

Next, we tested whether the PM-targeted chimera could functionally substitute native proteins. 

Indeed, Lac1ER-PM could support cell growth in the absence of both Lac1 and Lag1 proteins as 

shown by the synthetic lethality assay (Figure 15, C). The analysis of phospholipids and 

sphingolipids by mass-spectrometry showed that altered localization of Lac1ER-PM does not 

affect lipid homeostasis (Figure 15, D and F). Cells stably expressing EGFP-tagged wild-type 

Lac1 or Lac1ER-PM had endogenous LAC1 and LAG1 genes deleted but that did not alter total 

amounts of ceramides or complex sphingolipids when compared to the wild-type strain. It has 

been shown that cells lacking LAG1 upregulate the expression of LAC1 (145). Therefore, this 

might explain that yeast expressing only one ceramide synthase subunit have similar amounts 

of sphingolipids. Nevertheless, similar steady-state levels might conceal the difference in de 

novo biosynthesis rates. Yet, our data shows that altered localization of Lac1 does not change 

the rates of heavy-serine incorporation into ceramides, IPCs, MIPCs (Figure 15, E).   
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Inner nuclear membrane-targeted Orm2 and increases metabolic flux to 

ceramides 

Orm2 fused with the INM-targeting sequence from Heh2 is localizes to the nuclear membrane 

and recruits SPT catalytic subunits 

It was previously shown that treatment with myriocin caused an increase in perinuclear 

localization of Orm2 (23). Downregulation of sphingolipid biosynthesis by myriocin leads to 

the relief of Orm-mediated inhibition of SPT and stimulates sphingolipid production (146). 

Therefore, stimulation of SPT activity may be linked with its perinuclear localization. The 

nucleus is enclosed in the nuclear envelope (NE) composed by two lipid bilayer membranes 

separated by the perinuclear space and joined at the nuclear pores: the outer nuclear membrane 

(ONM) and the inner nuclear membrane (INM). The ONM is contiguous with the nuclear ER 

so that ER membrane protein can freely diffuse into the ONM and eventually INM (147). Many 

integral ER proteins have been found in the INM. Orm proteins and ceramide synthase subunits 

Lac1 and Lag1, but not SPT proteins Lcb1, Lcb2 were found to localize in the INM (132). We 

hypothesized that anchoring Orm2 in the INM might upregulate sphingolipid biosynthesis. To 

test this we made use of a nuclear localization sequence of a transmembrane protein Heh2 

which directs it to the INM (148, 149). INM-targeting sequence oh Heh2 (aa 93-317) was 

placed after an EGFP-tag and before Orm2 ORF. Both GFP-Orm2 and GFP-NLS-Orm2 were 

expressed from constructs flanked by native promoter and terminator sequences and integrated 

into the genome of a strain lacking both endogenous Orm proteins. The diagram shows the 

expected localization of IMN-targeted Orm2 is shown in Figure 16, A. Orm2 is an integral ER 

protein, previously shown to localize to localized to both cortical and perinuclear ER (23), 

which is consistent with our observations (Figure 16, B and C). INM-tageted Orm2 showed a 

clear perinuclear localization with no fluorescence detected outside the nucleus suggesting 

efficient targeting and retention endowed by the NLS of Heh2 (Figure 16, B and C). Since 

Orm2 was found to be associated with SPT (23), we tested if SPT catalytic subunits Lcb1 and 

Lcb2 also changed their localization. Indeed, Lcb1 and Lcb2 localized in all ER sub-

compartments in control cells, showed predominant perinuclear localization in cells when 

Orm2 was targeted to the INM (Figure 16, B and C).   

SPT inhibition by INM-targeted Orm2 is diminished resulting in elevated LCB amounts 

Next, the effect of Orm2 INM-targeting on long-chain base levels was investigated. Cells 

expressing chimeric NLS-Orm2 or control Orm2 had both endogenous ORM genes deleted. 



49 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 16. NLS-Orm2 is targeted to the nucleus. A) Diagram showing localization of GFP-tagged 

Orm2. nER – nuclear ER, ONM – outer nuclear membrane, INM – inner nuclear membrane, NPC- 

nuclear pore complex. B) and C) NLS-Orm2 recruits SPT subunits Lcb1 and Lcb2 to the nuclear 

membrane. Cells expressing mCherry tagged (red) Lcb1 (B) or Lcb2 (C) and GFP-tagged (green) Orm2 



50 
 

(top) or NLS-Orm2 (bottom) were grown in rich medium to log-phase and imaged according to the 

protocol described in methods. Bars, 5 µm.  

Consistent with their role as SPT inhibitors, depletion of Orm proteins lead to a pronounced 

(increase in LCB and LCB-1P levels (Figure 17) which reproduces previously published 

observations (23, 33). Expression of GFP-Orm2 alone could restore C18 PHS and C18 Sa 

amounts to those of WT cells. Interestingly, GFP-Orm2 could not fully reduce the levels of 

phosphorylated sphingoid bases (Figure 17).  The amounts of long-chain bases and their 

phosphorylated derivatives: C18 PHS, C18 Sa, C18 PHS-1P, C18 Sa-1P were significantly 

higher in NLS-Orm2 expressing cells compared to intact Orm2 (Figure x). Nevertheless, NLS-

Orm2 could partially repress SPT as the levels of C18 PHS were about 2-fold lower than in the 

orm1Δorm2Δ mutants (Figure 17). These data suggest that INM-targeted Orm2 partially loses 

its ability to inhibit SPT. The results may also imply that the altered localization of SPT 

subunits does not affect its activity. 
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Figure 17. Cells expressing – INM-localized Orm2 have increased levels of long-chain bases. The 

indicated yeast strains (WT, GFP-Orm2 – orm1Δorm2ΔGFP-ORM2, orm1Δorm2Δ, GFP-NLS-Orm2 - 

orm1Δorm2ΔGFP-NLS-ORM2) were grown in rich medium YPUAD to OD600=1 (mid-log phase), 

collected and subjected to metabolite extraction. Extracted metabolites were derivatized with AQC and 

analyzed by LC-MS. Values represent peak areas of the indicated long-chain bases normalized by 

internal standards.  PHS – Phytosphingosine, Sa – Sphinganine. Statistical significance was determined 

using a one-way ANOVA test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). The values show the 

mean of three biological replicates. Error bars show standard deviation (SD).  

INM-localized Orm2 expression stimulates ceramide de novo biosynthesis 

To investigate the impact of NLS-Orm2 on de novo sphingolipid biosynthesis we labeled cells 

with heavy serine and measured sphingolipids by mass spectrometry. The amounts of non-

labeled ceramides, IPCs, MIPCs reflect their steady-state levels and were similar in all strains 

except for orm1Δorm2Δ mutants, where ceramides were markedly upregulated (7-fold increase 

compared to WT) but complex sphingolipids (IPC, MIPC) amounts were lower (Figure 18, A). 

While we saw no difference in steady-state levels, the amounts of freshly made sphingolipids 

labeled with heavy D3-Serine differed considerably. Notably, de novo biosynthesis of 

ceramides, but not of complex sphingolipids, was increased in the strain expressing NLS-Orm2 

(Figure 18, A and B). In contrast, orm1Δorm2Δ mutants demonstrated significantly lower rates 

of ceramides and complex sphingolipids (Figure 18, A and B). Overall the data show that the 

metabolic flux to ceramides is accelerated when SPOTS complex is enriched at the inner 

nuclear membrane. 
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Figure 18. NLS-Orm2 upregulates de novo ceramide biosynthesis. The indicated yeast strains (WT, 

GFP-Orm2 – orm1Δorm2ΔGFP-ORM2, orm1Δorm2Δ, GFP-NLS-Orm2 - orm1Δorm2ΔGFP-NLS-

ORM2) were cultured in SD medium without serine at 30oC to OD600=1 (mid-log phase) followed by 

labeling with 1mM D3-L-serine for 1 hour at 30oC then processed for lipid extraction. Extracted lipids 

were analyzed by mass spectrometry. Lipid extraction and MS analyzed were performed as described 

in methods. A) The amounts of D3-labeled (red) and unlabeled (blue) sphingolipid classes. Values show 

lipid quantities in pmoles per nmole of inorganic phosphate. B) The percentage of D3-lableled species 

of total amount of lipids with the indicated sphingolipid class is shown. IPCs - Inositol 

phosphorylceramides, MIPCs – Mannosylinositol phosphorylceramides. Statistical significance was 

calculated using one-way ANOVA test (**p<0.01, ***p<0.001) The values show the mean of three 

biological replicates. Error bars represent standard deviation (SD).  
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Chapter 3.2: Characterization of vacuole-targeted caged sphingolipid 

probes in Saccharomyces cerevisiae  

Localization of caged sphingolipid probes in budding yeast 

Mistargeting of caged mito-sphingolipid probes to the vacuoles in yeast 

Low spatial and temporal resolution of established techniques to study lipid metabolism and 

homeostasis has led to the development of artificial functionalized chemical probes (122). 

Recently, mitochondrially targeted caged sphingolipid probes have been developed and 

utilized in mammalian cells (125). The chemical cage allows for specific release of intact 

molecule triggered by ultraviolet (UV) irradiation (“UV-uncaging”) while 

triphenylphosphonium moiety ensures efficient delivery to mitochondria. Moreover the 

protective cage represented by coumarin, allows to visualize probe localization before UV-

triggered release (Figure 19, A) (125, 150, 151). Combining advantages of yeast as a well-

studied, genetically tractable model organism with selective caged probes offers great 

opportunities for investigation of lipid transport and metabolism in vivo. Therefore, we decided 

to put these synthetic probes to test in budding yeast. To our surprise, one of the probes C18 

mito-sphinganine did not colocalize with the mitochondria marked by Mdh1, but instead was 

found in the vacuoles marked by a subunit of vacuolar ATP-ase Vph1 (Figure 19, B and C).  
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Figure 19. Mito-caged sphinganine probe is targeted to the vacuole instead of mitochondria. A) A 

chemical structure of C18 mito-Sa - mito-sphinganine (adapted from Feng, S. et al. Elife. 

10.7554/eLife.34555). B) Localization of C18 mito-sphinganine in yeast cells. Yeast cells expressing 

mCherry-tagged mitochondrial marker Mdh1 (top) or vacuolar marker Vph1 (bottom) were grown in 

rich-medium to log-phase were incubated with 2 µM C18 mito-sphinganine or DMSO for 15 min, at 

30oC. Cells were washed, resuspended in low-fluorescence medium (LFM) and imaged as described. 

Cell outlines are shown by dashed lines. Bars, 5 µm. C) Co-localization coefficient of images in B 

(Pearson’s coefficient) between mito-sphinaganine and Mdh1/Vph1. n = 55 cells. 

Of note, the probe primarily stained the interior of the vacuoles. More similar sphingoid-base 

probes were tested - C17-C18 mito-PHS, mito-oleate all showing vacuolar localization (Figure 

20, A). Though mito-Oleate probe showed a weaker signal which might indicate a difference 

in uptake mechanism(Figure 20, B). 
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Figure 20. Mito-PHS and mito-Oleic acid are also targeted to the vacuole. A) Yeast cells expressing 

mCherry-tagged Vph1, which marks vacuoles were culture to mid-log phase in YPUAD, stained with 

10 µM C17,C18 mito-Phytosphingosine (mito-PHS) or mito-Oleic acid or DMSO (control) for 15 min 

30oC. Samples were imaged as described using the DAPI/mCherry channels. Cell shapes are outlined 

by dashed lines. Bars, 5 µm. B) Quantification of mean fluorescence intensity of coumarin in cells 

shown in panel A. n > 50 cells. 

Factors affecting vacuolar localization of caged sphingolipid probes 

TPP cation and long-chain base are both required for probe internalization 

 

Surprisingly, yeast cells did not internalize C18 caged-PHS lacking the mitochondria-targeting 

group or the mito-cage (coumarin cage with the TPP targeting group) probes (Figure 21, A and 

B) even when caged C18PHS was supplied at a higher concentration, indicating that both long-

chain base and TPP contribute to vacuolar targeting of mito-long-chain base probes. These 

results might indicate the activity of ABC-transporter pumps that efficiently clear yeast cells 

of potentially toxic xenobiotics (128). Another possibility is that a putative long-chain base 

exporter Rsb1 (152) is responsible for the efflux of caged C18PHS. To test the assumption that 

caged sphingolipid probes are pumped out by the yeast multidrug transporters, the uptake of 

caged C18PHS was observed in cells lacking one of the major yeast ABC-transporter, Pdr5  or 

Rsb1 (153). PDR5 was selected because the deletion of this gene alone has been shown to slow 

down the xenobiotic efflux, increasing the sensitivity of yeast cells to a number of small 

molecules (154).   

Caged C18PHS was not internalized in control cells, while in pdr5Δ and rsb1Δ mutants the 

caged PHS probe localized to the periphery in crescent-shaped patches (Figure 22, A). 

Interestingly only when both PDR5 and RSB1 genes were deleted, caged PHS could be detected 

inside the cells (Figure 22, A). The efficiency of uptake was still much lower compared to mito-

caged probes, requiring higher concentration and longer incubation times. Yeast cells are 

equipped with several multidrug pumps, so the depletion of Pdr5 and Rsb1 is unlikely to 

completely block the probe efflux. The internalization was further confirmed by measuring 

C18PHS amounts in the double pdr5Δrsb1Δ mutants stained with caged PHS before and after 

UV-uncaging. Incubation with 100 µM caged PHS even in the absence of UV light increased 

C18PHS amounts by 6-fold compared to the control, suggesting probe degradation. Irradiation 

with UV further upregulated C18PHS, implying that the probe is not completely degraded 

inside the cells (Figure 22, B). Taken together, the data suggest that multidrug transporter Pdr5 



56 
 

and a long-chain base exporter Rsb1 are partially responsible for the efflux of caged 

sphingolipid probes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Caged PHS or mitochondrially-targeted cage alone are not internalized by the cells. A) WT 

cells grown in rich-medium were to exponential phase were incubated with 10 µM mito-cage or 50 µM 

C18-caged PHS (both dissolved in DMSO) for 15 min at 30oC and imaged as described. Chemical 

structures of probes are shown above the images. Bars, 5 µm B) Quantification of mean fluorescent 

intensity of coumarin inside cells for samples shown in A. n > 50 cells, 3 biological replicates 
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Figure 22. Multidrug transporter Pdr5 and putative long-chain base efflux transporter Rsb1 block the 

entry of caged C18PHS into the cells. A) Fluorescence microscopy images of the indicated yeast strains 

stained with caged C18PHS (shown in blue). WT, pdr5Δ, pdr5Δrsb1Δ cells grown to the early 

exponential phase were stained with 100 µM caged C18PHS and incubated for 60 minutes at 30⁰C. 

Cells were washed and imaged as described using DAPI channel to observe caged PHS. Bars, 5 µm. B) 

Caged C18 PHS is internalized and can be released by UV irradiation pdr5Δrsb1Δ cells were cultured 

in rich medium to the exponential phase, labeled with 50 µM caged C18PHS or DMSO for 1 hour at 

30⁰C, washed and subjected to UV irradiation for 2 min on ice. Metabolites were extracted, derivatized 

with AQC and analyzed by LC-MS. Areas of the peaks corresponding to the indicated sphingolipid 

species were measured and normalized according to the internal standards. The values represent the 

means of three independent biological replicates. Statistical significance was determined using one-way 

ANOVA (*p<0.05, **p<0.01, ***P<0.001) 
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Growth on nonfermentable carbon source does not alter probe localization to the vacuoles 

While the cage-only sphingolipid probes which are pumped out of the cells, the addition of 

TPP-targeting molecule promotes their fast and efficient vacuolar delivery. The targeting of 

TPP-containing compounds into mitochondria depends on mitochondrial membrane potential 

and TPP itself has been extensively employed for investigation of the electrochemical potential 

across the mitochondrial membrane (155). Since the mitochondrial membrane potential is 

generated as a result of electrochemical gradients formed by oxidative phosphorylation in 

mitochondria (156), the targeting of mito-probes might be altered in non-respiratory conditions 

with glucose as a carbon source. We hypothesized that the mito-probes may change their 

localization in respiratory conditions, when cells are grown on non-fermentable carbon sources 

such as glycerol. To test this assumption, yeast cells grown in YPG (containing 2% glycerol) 

were treated with C17 mito-PHS. However, the synthetic probe was still found mainly in the 

vacuoles and no association with mitochondria was observed (Figure 23). 
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Figure 23. Growth on non-fermentable carbon source does not alter the localization of C17 mito-PHS. 

Representative fluorescent images of cells expressing mCherry-tagged mitochondrial (Mdh1) or 

vacuolar (Vph1) markers and stained with C17 mito-PHS (in DMSO). Cells were grown to the early 

exponential phase either in rich dextrose (YPD) or glycerol (YPG) medium, stained with 10 µM C17 

mito-PHS for 20 min at 30oC and imaged under the confocal microscope using the DAPI and mCherry 

channels. Bars, 5 µm 

 

The abovementioned results show the vacuolar localization of mito-caged probes, yet 

throughout this work the prefix “mito” in relation to synthetic caged sphingolipids will be used, 

since the probes have been already published and characterized under this designation. 

C17PHS Mito-caged sphingolipid probe is not toxic for the cells 

Next, we addressed the toxicity of the probe. C17 mito-PHS did not affect cell growth even at 

higher concentration than those used for microscopy experiments (Figure 24), which suggests 

that the probe can be used in yeast cells. 

 

 

 

 

 

 

 

 

 

 

Figure 24. Growth of cells treated with C17 mito-PHS. WT cells grown overnight in YPD, diluted in 

YPD and the probe (C17 mito-PHS) at the indicated concentrations or vehicle (DMSO) was added to 

the cells. Cells were incubated in a plate reader and the growth was recorded by regular OD 

measurements over 18 hours at 30oC. Individual values represent means of four biological replicates. 

Error bars show standard deviation (SD). 

 

pH gradient is required for the vacuolar targeting of C17 mito-PHS 
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The vacuolar lumen has a lower pH compared to the cytosplasm due to the activity of  vacuolar 

H+-ATPases (V-ATPase) that couple ATP-hydrolysis with proton pumping (157). The 

difference in proton concentration generates potential across the vacuolae membrane akin to 

mitochondria. It was thus assumed that targeting of mito-probes to the vacuole might be 

abolished if the proton gradient is disrupted. To test this hypothesis the cells were treated with 

two compounds that affect proton gradient formation across intracellular organelles. The first 

is a potent protein uncoupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP) that 

dissipates the proton gradient and therefore reduces the membrane potential in mitochondria 

and other organelles (158). Treatment with CCCP has been shown to abolish delivery of mito-

sphingosine to mitochondria in mammalian cells (125). The second compound was 

Bafilomycin A1, a specific inhibitor of V-ATPase (159). Treatment with both CCCP and 

Bafilomycin A1 diminished the internalization of C17 mito-PHS as can be seen by the reduced 

fluorescent signal in the cells. (Figure 25, A and B). The effect of CCCP on probe uptake was 

stronger (Figure 25, B). It is known that CCCP can also affect vacuolar pH by increasing 

permeability of H+ ions (157). Of note, the overall uptake of the probe is decreased not only in 

the vacuole which may suggest that the compound is efficiently pumped out unless delivered 

to the vacuole.  

Fatty acyl-CoA synthetases mediate internalization of C17 mito-PHS 

Since the chemical probes contain long-chain base protected by the cage, we speculated that 

the proteins involved in long-chain base uptake might affect probe internalization. It has been 

recently shown that yeast fatty acyl-CoA synthetases Faa1 and Faa4 are also involved in the 

uptake of long-chain bases (160). Fat1 is another acyl-CoA synthetase and fatty acid transporter 

(161). Indeed, the intracellular fluorescent signal corresponding to internalized C17 mito-PHS 

was significantly weaker in both fat1Δ and faa1Δfaa4Δ mutants. The signal was even lower in 

the triple mutant fat1Δfaa1Δfaa4Δ lacking all three proteins (Figure 26, A and C). In contrast 

no effect on the uptake was detected in the mutant lacking a putative long-chain base efflux 

protein, Rsb1 (Figure 26, B and D) (152). The data show that long-chain base importers might 

play a role in the uptake of mito-caged sphingolipid probes. 
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Figure 25. Disruption of proton gradient reduces internalization of C17 mito-PHS. A) Images of cells 

treated with CCCP and stained with C17 mito-PHS. Wild-type yeast cells expressing mCherry-tagged 

Vph1 were grown to mid-log phase in YPD, treated with 20 µM CCCP or 5 µM Bafilomycin A1 (both 

in DMSO) for 30 min at 30oC followed by labeling with 20 µM C17 mito-PHS for 15 min. Samples 

were processed and imaged as described using the DAPI/mCherry channel.  Bars, 5 µm. B) 

Quantification of mean fluorescence intensity inside cells of C17 mito-PHS from the images in A. n > 

50 cells. Statistical significance was calculated using one-way ANOVA ****p<0.0001) 
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Figure 26. Deletion of fatty acyl-CoA synthetases downregulates the uptake of C17 mito-PHS. A) and 

B) Images of cell labeled with C17 mito-PHS (blue). The indicated yeast strains grown to mid-log phase 

in YPD were labeled with 10 µM C17 mito-PHS for 15 min at 30oC and imaged as described using the 

DAPI channel. Bars, 5 µm. C) and D) Quantification of intracellular fluorescent signal of coumarin 

from images in A (C) or B (D). n = 60 cells. Statistical significance was calculated using a one-way 

ANOVA (*p<0.05, **p<0.01, ****p<0.0001) 
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Endocytosis is not responsible for internalization of mito-caged C17PHS 

Endocytosis is the process of whereby cells internalize extracellular material or parts of the 

plasma membrane by confining them into vesicle that pinch off the cell surface and are 

eventually delivered into the vacuole for degradation (162).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. C17 mito-PHS entry into the cells is endocytosis independent. Fluorescent images of cells 

stained with FM 4-64  (magenta) and C17 mito-PHS (blue). A) WT and end3Δ cells were grown to the 

exponential phase, incubated with 6 µM FM 4-64 and 10 µM C17 mito-PHS for 20 min at 30oC prepared 
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for microscopy as described in methods and imaged using DAPI/mCherry channels. B) WT cells were 

culture to the exponential phase at 30oC, stained as described in A. at 30oC or 0oC. mito-PHS and FM 

4-64 were viewed using DAPI and mCherry channels, respectively. Bars, 5 µm. 

 

We assumed that endocytic internalization may in part account for the delivery of mito-caged 

probes into the vacuole. To test this hypothesis cells lacking End3 protein were treated with 

C17 mito-PHS. End3 is protein involved in the internalization step of endocytosis (163, 164). 

However, the mitocage-compound was still internalized in end3Δ cells along with FM 4-64 

(Figure 27, A), a styryl dye which marks the vacuolar membrane after internalization (165). 

FM 4-64 uptake is partially dependent of End3 and is a marker of bulk membrane endocytosis. 

Though, most endocytic events are blocked at low temperature (<4oC) (166). When cells were 

incubated on ice, FM 4-64 uptake was blocked resulting in formation of FM 4-64 puncta at the 

cell periphery. Unlike FM 4-64, C17 mito-PHS did not enter the cells (Figure 27, B). The fact 

that C17 mito-PHS was not found in the same intermediate endocytic compartments as FM 4-

64 argues that endocytosis does not account for the probe vacuolar targeting. Impaired uptake 

at low temperature might be due to the decreased activity of transporters and not the block in 

endocytosis. 

Metabolism of sphingolipids uncaged from vacuole-targeted probes 

UV uncaging of mito-caged sphingolipid probes in yeast cells 

Vacuole-targeted probes are cleaved leading to the unspecific sphingolipid release 

We observed the localization of synthetic mito-caged sphingolipid probes to the vacuoles in 

budding yeast cells. We further inquired whether the long-chain bases can be released from the 

caged-probe by UV irradiation in living cells.  It has been shown before that mito-caged probes 

are stable and do not spontaneously decompose in solution and remain stable when delivered 

to mitochondria (125). The yeast vacuole is the degradative organelle, a confinement for active 

hydrolytic enzymes, therefore the stability of the chemical probes might be compromised in 

yeast. First, we tested if the exposure of yeast cells to powerful ultraviolet light pulses would 

affect cell viability. Fortunately, UV exposure did not significantly alter the number of colony-

forming units indicating the absence of deleterious long-term effects (Figure 28, A and B). 

After that we analyzed sphingolipid levels in probe-treated cells after UV uncaging. In cells 

incubated with C18 mito-sphinganine and irradiated with UV light we saw a sharp specific 
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UV-triggered increase of “uncaged” C18 sphinganine (Sa). The exposure to UV alone did not 

cause any effect on C18Sa levels (Figure 28, C). 
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Figure 28. UV uncaging of sphingolipids in yeast cells. A, B) The effect of UV irradiation on cell 

viability. Wild-type yeasts (BY4741) grown to the exponential phase were irradiated with UV light for 

2 min on ice, diluted in sterile distilled water, streaked onto YPUAD plates and incubated at 30⁰C for 2 

days. The resulting colonies (colony forming units, c.f.u.) were counted and the mean value for 

unirradiated control cells was set to 100%. B) Representative plate images of cells in (A) C, D) 

Sphingolipid analysis of mito-cage-labeled cells. Wilt-type yeast cells (BY4741) were grown to OD600 

of 1, labeled with 10 µM C18 mito-Sa (C) or C18 mito-PHS (D) (both in DMSO) for 20 min at 30oC, 

washed and irradiated with UV light (wavelength 350-450 nm) for 2 min on ice and collected 

immediately. Metabolites were extracted, derivatized with AQC and analyzed by LC-MS. Areas of the 

peaks corresponding to the indicated sphingolipid species were measured and normalized according to 

internal standards. The values represent the means of three independent biological replicates. Statistical 

significance was determined using one-way ANOVA for panels C and D and Student t test for panel A 

(**p<0.01, ****p<0.0001, ns – not significant). Error bars show standard deviation.  

 

UV-uncaging also lead to an increase in the amounts of phosphorylated Sa and PHS, the 

upregulation of Sa-1P was rather moderate (Figure 28, C and D). Importantly, the unspecific 

release of sphingoid base in the absence of UV irradiation was detected for both mito-Sa and 

mito-PHS. The percentage of unspecific release for mito-Sa was about 15% while mito-PHS 

was efficiently cleaved and no difference was found between control and UV-irradiated 

samples (Figure 28, C and D). Difference in unspecific cleavage of mito-caged species suggests 

substrate specificity of hydrolytic enzymes. The UV-independent release of sphingoid-base 

was also detected for C17PHS and was less pronounced compared to C18 mito-PHS (Figure 

29, A). Reducing the incubation time or temperature did not diminish unspecific cleavage of 

C17 mito-PHS (Figure 29, B and C). 

Deletion of proteinase A or ceramidases does not reduce unspecific probe cleavage 

UV-independent cleavage of mito-cage probes (“leaking”) might result from hydrolytic 

activity of vacuolar enzymes. The extensively studied aspartyl protease Pep4 in S. cerevisiae 

is known to be required for the maturation and activity of vacuolar hydrolases (167). Hence, 

the unspecific probe cleavage might hypothetically be decreased in pep4Δ mutants. However, 

the results refuted the assumption showing the same magnitude of unspecific “leaking” in the 

strain with deleted PEP4 gene (Figure 29, D). Another assumption was that the caged probe 

distantly resembled ceramide molecules and could be recognized and cleaved by ceramidases, 

especially that GFP-tagged ceramidase Ydc1 shows a vacuolar localization (168, 169).Once 

more, the data argues that ceramidases do not play a role in mito-PHS cleavage, as the mutant 
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lacking both yeast ceramidases Ypc1 and Ydc1 has the same rate of unspecific C18PHS release 

(Figure 29, E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. Testing different conditions to reduce unspecific cleavage of C18 mioto-PHS. A-C) Wild-

type cells (BY4741) were grown to OD600 of 1 and labeled with 10 µM C17 mito-PHS for 20 min (A 

and C), 5 or 10 min (B) at 30oC (A and B), 6 or 15oC (C). D and E) pep4Δ (D), ydc1Δ , ydc1Δypc1Δ (E) 

mutants were grown to the exponential phase (OD600=1) and incubated with 10 µM C18 mito-PHS for 

20 min at 30oC, washed and irradiated with UV light (wavelength 350-450 nm) for 2 min on ice and 

collected immediately. A-E) Metabolites were extracted, derivatized with AQC and analyzed by LC-

MS. Areas of the peaks corresponding to C17PHS (A-C) or C18PHS (D-E) were measured and 

normalized according to the internal standards. The values show the means of three biological 

replicates, error bars represent standard deviation. Statistical significance in panel A was calculated 

using Student t test (**p <0.01) 
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Metabolism of UV-uncaged sphingoid bases 

Uncaged sphingolipids are metabolized into C44 C-class ceramides 

Once we could see that sphingoid bases can be efficiently released by UV irradiation, we next 

sought to investigate their conversion to ceramides and complex sphingolipids. Multiple-

reaction monitoring mass spectrometry (MRM-MS) was used to detect and quantify different 

sphingolipid molecules from complex lipid mixtures (134).  
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Figure 30. Stacked bar charts representing distinct ceramide species of cells labeled with C17 mito-PHS 

(B) or C17 mito-Sa (C). A) Fluorescent microscopy images of wild-type cells expressing mCherry-

tagged vacuolar marker Vph1 and stained with 10 µM C17 mito-Sa 15 min at 30oC. C17 mito-Sa was 

imaged with a DAPI channel. Bars, 5 µm. B and C) Wild-type yeast cells (BY4741) were grown in 

YPUAD to the exponential phase and labeled with C17 mito-PHS or C17 mito-Sa  (20 µM final) or 

DMSO (vehicle) for 20 min at 30oC. Mito-caged compounds were irradiated with UV light for 2 min 

on ice and collected immediately or after 30 min incubation at 30oC in YPUAD. Lipids were extracted 

and processed as described and C17-sphingolipid species were analyzed by mass spectrometry. Internal 

standard-normalized values of C17 species were further refined by subtracting the background signals 

corresponding to DMSO-treated controls. The values represent the pmoles of lipids per nmole of 

inorganic phosphate, showing the means of three biological replicates. Errors bars represent standard 

deviation. 

To investigate sphingolipid metabolism mito-cage probes containing non-natural odd-chain 

sphingoid bases were utilized: C17 Phytosphingosine (C17PHS) and C17 Sphinganine (C17 

Sa). C17PHS has already been utilized in yeast to monitor sphingolipid biosynthesis (170). 

Similar to C17 mito-PHS, C17 mito-Sa probe localized to the vacuoles in yeast cells (Figure 

30, A). Next, we characterized sphingolipid profiles of wild-type cells labeled with C17 mito-

PHS or mito-Sa. DMSO-treated cells not subjected to UV irradiation were used as a control 

condition. First, we noticed that UV irradiation alone did not introduce artifact that could be 

detected as C17 ceramide species (Figure 30, A, B).  Consistent with the above-mentioned 

partial cleavage of C17-mito PHS we could detect C17-ceramides before UV-uncaging. UV-

irradiation induced the formation of C17-ceramides, which was more evident after 30 min of 

post-uncaging incubation (Figure 30, A) The most abundant ceramide species generated from 

UV-released C17PHS were PHC-C 17:0/26:0 and PHC-B 17:0/26:0 which represent the most 

abundant naturally-occurring yeast ceramides. The predominant ceramides derived from 

uncaged C17 sphinganine were PHC-C 17:0/26:0 and DHC-B’ 17:0/26:0 with PHC-C species 

increasing over time which indicates Sur2 hydroxylase activity converting sphinganine into 

PHS (15). The presence of DHC-B’ points to the activity of Scs7 hydroxylase (15) (Figure 30, 

B). In contrast to mito-PHS, C17 mito-Sa was more stable and there were barely detectable 

amounts of C17-ceramides before UV irradiation (Figure 30, A, B). Of note, the overall 

amounts of ceramides made from C17PHS was almost 10-fold higher (~0.3 versus ~0.03 

pmole/nmole Pi) than those generated from C17Sa (Figure 30, A, B) 

Vacuole-derived and exogenously added C17-PHS are similarly metabolized 
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Next, we compared the profiles of sphingolipids synthesized from UV-uncaged long-chain 

bases versus those made from exogenously added C17PHS or C17Sa. The results showed that 

most ceramides synthesized from both exogenously-added and uncaged C17PHS were 

represented by two ceramide species – 17:0/26:0 (C43) PHC-B and PHC-C. While the levels 

of C43 PHC-B were comparable the abundance of C43 PHC-C species was higher when 

C17PHS was exogenously supplied (Figure 31, A). Consistent with ceramide profile, the pool 

of complex sphingolipids consisted predominantly of species derived from C43(17:0/26:0) 

PHC-C ceramides no matter whether the C17 long-chain base was provided externally or was 

released from the vacuole (Figure 31, B and C).  

Total amounts of C17Sa-derived sphingolipids were much lower compared to the C17PHS-

generated pool. The profile of ceramides synthesized from C17Sa also differed considerably 

depending on whether the sphingoid bases were UV-released or supplied externally. C17Sa 

taken up from the medium was either acylated with C26 fatty acid forming DHC-A 17:0/26:0 

species, or was acylated with C22 fatty acid and hydroxylated yielding DHC-B’ 17:0/22:0 

ceramide, with the two species making up nearly 100% of C17-derived ceramides. When 

C17Sa was uncaged with UV light, it labeled a range of different ceramides most prominent of 

which were DHC-A, DHC-B’, PHC-C species with a C26-fatty acyl chain. The overall amount 

of ceramides made from externally-added C17Sa was higher compared to the ceramide pool 

generated by UV-uncaged C17Sa (Figure 31, A). The composition of C17-derived complex 

sphingolipids was also different: the majority of IPC and MIPC species were derived from C43 

dihydroceramide (DHC-A C17:0/C26:0) in externally-labeled samples, while 17:0/26:0 B-

class ceramides (both DHC and PHC species) composed most of the IPC and MIPC pools in 

mito-Sa treated cells (Figure 31, B and C). It is worthwhile to note, that as the signals 

corresponding to C17Sa-generated sphingolipids were low, there was much higher chance of 

detecting artifacts, signals not truly representing the detected species. The sphingolipids made 

from C17PHS, in contrast, show higher signals and consistent results, when the ceramide 

profiles match those of complex sphingolipids, which was not true for C17Sa tracer. Therefore, 

C17 mito-PHS was a probe of choice for subsequent experiments. M(IP)2C species derived 

from C17 sphingolipids were not included in the analysis since many endogenous and C17-

labeled species could not be distinguished due to the mass resolution limits of the mass 

spectrometer in the MRM mode.  
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Figure 31. Stacked bar chart profile of ceramides and complex sphingolipids derived from C17 mito-

PHS/Sa or C17 PHS/Sa. Wild-type yeast cells (BY4741) were grown in YPUAD to the exponential 

phase and labeled with C17 mito-PHS, C17 mito-Sa, C17PHS, C17Sa (20 µM final concentration, in 

DMSO) for 20 min at 30oC.Samples incubated with mito-caged compounds were irradiated with UV 

light for 2 min on ice, resuspended in fresh YPUAD and further incubated for 30 min at 30oC. 

C17PHS/Sa-labeled samples were treated similarly except no UV irradiation was applied. Lipids were 

extracted and the C17-sphingolipid species were analyzed by mass spectrometry. The data was 

normalized by internal standards and values corresponding to DMSO controls were subtracted from 

C17-derived species.  The values show the means of three biological replicates. Error bars represent 

standard deviation. 

Disruption of nucleus-vacuole junctions partially affects ER-to-vacuole transport 

of C17 PHS 

Here it has been shown that vacuole-targeted caged sphingolipid probes can be released by 

UV-irradiation and their enzymatic conversion into more complex species can be studied in 

vivo. The vacuole and the nuclear ER form contacts known as nucleus-vacuole junctions 

(NVJs) (65, 72). It is still unclear if sphingolipids can be moved across NVJs and which 

proteins mediate the transport. Biosynthesis of ceramides and subsequent enzymatic 

modifications such as hydroxylation take place in the ER. (15, 171, 172). This means that 

sphingoid base released by UV-irradiation from the vacuole-targeted synthetic probe must be 

transported to the ER where it can be further converted into ceramides. To test if the conversion 

of UV-released C17PHS depends on contact sites we used a quadruple mutant (ΔNVJ) lacking 

all known NVJ proteins – Nvj1, Nvj2, Nvj3, Mdm1. Electron microscopy images have shown 

the lack of ER-vacuole contacts in this mutant (75).  

First, we observed that the quadruple nvj1Δnvj2Δnvj3Δmdm1Δ mutant (ΔNVJ) mutant cells 

grew normally, like the wild-type cells (Figure 32, A). Next, we investigated the localization 

of C17 mito-PHS probe in the ΔNVJ strain. As can be seen on (Figure 32, B), C17 mito-PHS 

probe localized to the vacuoles. Finally, the incorporation of UV-released C17PHS into 

ceramide species was assessed over time after UV-uncaging in both strains. Consistent with 

the previous results, the most abundant background-subtracted C17PHS-dirived ceramides 

were PHC-B and PHC-C 17:0/26:0 species (Figure 33). Interestingly, the amount of class B 

ceramide species PHC-B 17:0/26:0 was lower after 20 and 40 minutes after UV-uncaging, 

reaching a statistically significant difference at 60 minutes. (Figure 33). Some difference in the 

levels of PHC-C ceramide could be seen at 40- and 60 minutes post-uncaging. Moreover, the 
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mean amounts of all C17-ceramides and all C17-IPCs were lower at all time points. However, 

all these differences were not statistically significant due to high variability which may be 

explained by the low signal intensity of minor C17 sphingolipids (Figure 33). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32. C17 mito-PHS is targeted to the vacuoles in cells NVJ-lacking cells. A) Growth curves of 

WT (SEY6210) or ΔNVJ (nvj1Δnvj2Δnvj3Δmdm1Δ) cells. Cells were grown overnight in YPUAD. 

Diluted cell suspensions were incubated in a plate reader and the growth was recorded by regular OD 

measurements over 18 hours at 30oC. Individual values represent means of four biological replicates. 
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Error bars represent standard deviation B) Fluorescent images of WT or ΔNVJ cells stained with 10 

µM C17 mito-PHS (blue). Vacuoles were visualized by staining with 6 µM FM 4-64 (magenta). Bars, 

5 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. Time course lipidomics analysis of C17 ceramides after UV-uncaging in WT or ΔNVJ cells. 

Wild-type cells (SEY6210) or ΔNVJ ((nvj1Δnvj2Δnvj3Δmdm1Δ) were grown in YPUAD to the 

exponential phase and labeled with C17 mito-PHS (5 µM final) or DMSO for 20 min at 30oC. The cells 

were washed, irradiated with UV light for 2 min on ice, re-suspended in fresh YPUAD medium and 

further cultered at 30oC. Samples were collected after 20, 40, 60 minutes of incubation. Lipids were 

extracted and processed as described and C17-sphingolipid species were analyzed by mass 

spectrometry. Internal standard-normalized values of C17 species were further refined by subtracting 
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the background signals corresponding to DMSO-treated controls. The values represent the pmoles of 

lipids per nmole of inorganic phosphate, showing the means of three biological replicates. Statistical 

significance was inferred using Student t test (*p<0.05). Error bars represent standard deviation. 

Overexpression of NVJ protein Mdm1 accelerated the metabolic conversion of 

the uncaged C17PHS into ceramides and complex sphingolipids. 

Before we hypothesized that the contact sites between the ER and the vacuole might be 

important for sphingolipid transport. The overexpression of Mdm1, a NVJ-resident protein, has 

been shown to increase the area of contact between the organelles (75). Furthermore, it has 

been demonstrated that Mdm1 could bind free fatty acids and assist in their transport to lipid 

droplets in vicinity to the ER-vacuole contact sites (78). Therefore, we speculated that the 

enlarged contact area between the nuclear ER and the vacuoles may facilitate the conversion 

of long-chain bases released at the vacuole into ceramides in the ER.  For this, yeast cells were 

transformed with a plasmid where GFP-tagged Mdm1 is expressed under a strong constitutive 

GPD promoter (75). As seen in (Figure 34, A), overexpressed Mdm1 was localized close to the 

vacuoles stained by FM4-64. Importantly, vacuolar targeting of C17 mito-PHS probe was not 

changed by Mdm1 overexpression (Figure 34, A). Next, the cells overexpressing Mdm1 and 

control cells transformed with an empty vector were labeled with C17PHS mito-cage probe, 

subjected to UV-irradiation and the levels of C17 ceramides and IPCs were measured over the 

course of 60 minute-incubation following the UV-uncaging. As early as at zero time point, the 

amounts of PHC-B 17:0/26:0 ceramides were already higher in the Mdm1-overexpressing 

cells. Moreover, although the levels of PHC-B steadily increased over time in control cells, 

Mdm1 overexpression notably accelerated PHC-B de novo biosynthesis, so that at all time 

points the differences were significant (Figure 34, B). The product of Scs7-mediated 

hydroxylation of PHC-B, PHC-C 17:0/26:0, showed a significant increase later, at 60 minutes 

after uncaging (Figure 34, B). Total levels of C17PHS-derived ceramides were upregulated at 

0-, 20- and 60-minutes upon Mdm1 overexpression. The sudden drop in total levels at 40 

minutes is due to the sharp decrease in other minor ceramides (PHC-B 17:0/24:0, PHC-D 

17:0/18:0, PHC-D 17:0/26:0) (Figure 34, B). Importantly, the most noticeable boost in 

metabolic conversion by Mdm1 expression was evident for inositolphosphorylceramides 

(IPCs) (Figure 34, B). 
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Figure 34. Mdm1 overexpression increases conversion of C17PHS into ceramides and complex 

sphingolipids. A) Fluorescence microscopy images of cells overexpressing GFP-tagged Mdm1 (green) 
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stained with C17 mito-PHS (blue). Wild-type cells transformed with Mdm1-GFP overexpressing 

plasmid (pBP73G-Mdm1-GFP) were grown to the exponential phase in the selective SD lacking uracil. 

Cells were first stained with 6 µM FM 4-64 (shown in magenta) for 30 min, at 30⁰C, washed and stained 

with 10 µM C17 mito-PHS for 20 min at 30⁰C. Cells were washed and imaged as described, using 

DAPI, GFP and mCherry channels. B) Time course lipidomics analysis of C17 sphingolipids after UV-

uncaging in cells overexpressing Mdm1 protein. Wild-type cells transformed with Mdm1-GFP 

overexpressing plasmid (pBP73G-Mdm1-GFP) or empty vector (pBP73G) were cultured in SD minus 

Uracil medium to OD600=1, incubated with 5 µM C17 mito-PHS or DMSO for 20 min at 30⁰C, washed  

and subjected to UV-irradiation for 2 min on ice. Cells were resuspended in fresh SD medium and 

cultured at 30⁰C and collected at the indicated time points. Lipids were extracted and processed as 

described and C17-sphingolipid species were analyzed by mass spectrometry. Internal standard-

normalized values of C17 species were further refined by subtracting the background signals 

corresponding to DMSO-treated controls. The values represent the pmoles of lipids per nmole of 

inorganic phosphate, showing the means of three biological replicates. Statistical significance was 

inferred using Student t test (*p<0.05, **P<0.01, ***p<0.001). Error bars represent standard deviation. 

Just after UV-induced released of C17PHS, the IPC levels were barely detectable in both 

strains, but starting from 20 minutes after uncaging the amounts of C17-IPCs were markedly 

higher in cells overexpressing Mdm1. Although IPCs gradually increased over time in control 

cells, Mdm1 expression further boosted IPC-biosynthesis. (Figure 34, B). Not surprisingly, the 

difference in IPC amounts was more pronounced compared to ceramides, since IPC 

biosynthesis requires two more steps: ceramide transport to the Golgi and glycosylation by 

Aur1/Kei1 (173). Altogether the results suggest that Mdm1 increases the ER-to-vacuole 

transport of long-chain bases. However, it is still unclear, whether the increased area of contact 

caused by Mdm1 overexpression per se account for this or Mdm1 activity mediates the 

movement of C17PHS to the ER. 
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Chapter 4: General discussion and conclusions 

Chapter 4.1: The role of serine palmitoyltransferase and ceramide 

synthase localization in controlling flux through sphingolipids 

The endoplasmic reticulum network is subdivided into the cortical ER, which is tightly 

associated with the plasma membrane and the perinuclear ER which envelops the nucleus and 

is continuous with the nuclear membrane (103).   Catalytic subunits of the yeast SPT, Lcb1 and 

Lcb2 are presumed to predominantly localize to the peripheral (cortical) ER, whereas Lac1 and 

Lag1 – the catalytic subunits of the yeast ceramide synthase demonstrate predominantly 

perinuclear localization (20, 36, 172). It is well known that sphingoid base biosynthesis is 

rapidly upregulated upon heat stress, while ceramide upregulation follows suit later (136, 140, 

174). We hypothesized that differential localization of enzymatic complexes (SPT and 

ceramide synthase) could explain this delay in metabolic flux from long-chain bases to 

ceramides. To test this this we constructed a chimeric fusion protein between an SPT subunits 

Lcb1 and a ceramide synthase subunit Lac1, assuming the proximity of catalytic centers would 

facilitate the transfer of the product of the first reaction to the catalytic site of the second 

enzyme promoting so called “metabolic channeling”. Clustering of several enzymes together 

to promote metabolic channeling is a concept introduced several decades ago (175). Fusing 

different enzymes of the same pathway into a single fusion chimera to boost the production of 

desired biomolecules has been successfully used in yeast (176–178). The critical factor in the 

successful construct of fusion chimeras is the short stretch of amino acids separating the two 

parts of the fusion protein – linkers. We selected the glycine- and serine-rich GGGS-type 

linkers as they have previously been shown to improve the functions of yeast proteins when 

placed before epitope tags (179). The sequence encoding the fusion of LCB1 and LAC1 genes 

separated by the (GGGS)2 linker sequence was integrated into the genome for stable 

expression. The expected molecular weight of the fusion protein was 110 kD. Using anti-Lcb1 

antibody we could see a band corresponding to 100 kD, but also additional bands of smaller 

sizes could be seen which signaled degradation of the chimera. The expression of Lcb1-Lac1 

was stabilized in a strain lacking vacuolar proteinase A (Pep4) clearly indicating degradation 

in the vacuole (Figure 7). Lipid profile of the chimera-expressing strain showed the reduced 

levels of ceramides even at steady-state levels indicating defective functioning of the Lcb1-
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Lac1 protein (Figure 7). Therefore, we constructed new fusion proteins where Lag1 subunit 

was fused to Lcb1 or Lcb1 SPT subunits using the same linker sequence as before. Surprisingly, 

the new chimeras were more stable, although Lcb2-Lag1 protein was still partially degraded 

(Figure 8). Lcb1-Lag1 chimeric protein was stable, no smaller bands were detected. Curiously, 

though, we saw a band corresponding to 200 kD, twice the size of fusion (Figure 8, A, left). 

Both Lcb1 and Lac1 are integral ER proteins with multiple transmembrane domains (11 TM 

domains in total for Lcb1-Lac1). The presence of transmembrane domains may significantly 

alter protein mobility on SDS-PAGE gels due to increased detergent binding, for example 

(180). Also, membrane proteins are prone to precipitation when denatured by boiling with SDS. 

Despite heating the samples with SDS at lower temperature (50⁰C, instead of 90⁰C) aggregation 

may still have taken place.  Thus, the apparent dimer likely represented an artifact. Next, Lcb1-

Lac1 characterized. LCB1 is an essential gene, so that abnormal functioning would result in the 

increased sensitivity to SPT inhibitor, myriocin. We found that 1µM myriocin did not alter the 

growth of the chimera-expressing cells (Figure 8, B). Moreover, Lag1 in the fusion could 

complement the loss of all ceramide synthase subunits, as shown by synthetic lethality test in 

Figure 8 (C). The results suggest that both parts of the fusion protein function normally. Next, 

we compared steady state lipid profiles of cells expressing only Lcb1-Lag1 and Lcb2 versus 

the strain expressing Lcb1, Lcb2, Lag1 proteins separately. No difference in the amounts of 

major glycerophospholipid classes was found (Figure 9). The levels of ceramides and complex 

sphingolipids (IPCs, MIPCs) were also similar (Figure 9). It should be noted, though, that Lag1 

fused to Lcb1 is expressed under control of LCB1 promoter, while intact Lag1 is expressed 

under a weaker endogenous promoter. Nevertheless, the difference in expression might be 

equalized by homeostatic regulation. It has been demonstrated by the observations that 

depleting a single ceramide synthase subunit does not alter total ceramide amounts (40). We 

took a closer look into the ceramide profiles in control and fusion-expressing cells. Ceramide 

and IPC profiles were very similar, and ceramides were largely composed of PHC-C 18:0/26:0 

(~ 90%) and PHC-B 18:0/26:0 (~3.5%) species (Figure 10, Table 1). Consistently, the major 

IPC species were IPC-C 18:0/26:0 (~85%) and IPC-B 18:0/26:0 (~10%). The overwhelming 

prevalence of phytoceramides in sphingolipid profiles of cells expressing only Lag1 agrees 

with a very recent report demonstrating a substrate specificity of Lag1 towards PHS (40). 

After the initial characterization of strains expressing Lcb1-Lag1 chimeric protein, we sought 

to investigate the metabolic flux to ceramides to put our hypothesis to test. First, we checked 

whether we could reproduce the well-known heat stress-induced rapid accumulation of long-



80 
 

chain bases in our yeast strain background. Indeed, we could see a pronounced increase in 

C18PHS and C18PHS1-P amounts as early as 2 minutes after switching cells to 40⁰C. The most 

prominent upregulation was seen for C20PHS with its level increasing almost 1000-fold after 

10-minute heat shock, which is consistent with previous observations (Figure 11) (136). 

Interestingly, while C18PHS levels sharply rose upon heat shock, the amounts of C18Sa and 

C18Sa-1P barely changed. This might be interpreted as a result of Sur2 hydroxylase activity. 

In order to follow de novo sphingolipid biosynthesis upon heat stress, we utilized a heavy 

isotope-labeled serine (D3-Serine) since this amino acid is incorporated into all sphingolipid 

species. We saw that only D3-labeled long-chain bases increase upon heat-shock indicating 

that the rise in sphingolipid levels chiefly comes from de novo biosynthesis (Figure 12). 

Comparison of sphingoid-base biosynthesis in control and Lcb1-Lag1-expressing cells showed 

similar dynamics, although C18PHS-1P and minor C18Sa species were lower at 2 minutes of 

heat stress in the fusion-expressing samples but reached control levels at 5 minutes. Next, we 

followed the incorporation of D3-Serine into ceramides 10 and 20 min after heat shock. The 

results showed that the expression of fusion chimera Lcb1-Lag1 did not accelerate the flux to 

ceramides and complex sphingolipids (Figure 13). We also checked if the overexpression of 3-

ketosphinganine reductase Tsc10, an intermediate enzyme between SPT and CS, would 

facilitate sphingolipid flux. To our surprise, metabolic flux was slower in cells expressing 

chimeric fusion Lcb1-Lag1 but could be restored to control levels by Tsc10 overexpression. 

Excessive amount of Tsc10, in contrast, rather slowed down metabolic conversion in control 

cells (Figure 14). These findings may point out to the adverse effects of Lcb1-Lag1 fusion on 

the integrity and architecture of SPOTS, of which Tsc10 is a part. The fusion may have 

inhibited or displaced endogenous Tsc10, so that more enzymes were required for proper 

functioning. Direct fusion of Lcb1 and Lag1 likely affected stoichiometry of both complexes. 

An alternative way to bring SPT and CS together would be to employ chemically induced 

dimerization (CID). FRB-tagged Lcb1 would bind FKBP-tagged Lag1 upon treatment with 

rapamycin, since rapamycin-bound FKBP strongly binds to a TORC1 kinase subunit FRB 

(181). Nonetheless, the results argue that metabolic channeling induced by Lcb1-Lag1 fusion 

and Tsc10 overexpression does not accelerate metabolic flux, which may suggest that diffusion 

of reaction products might not be a limiting factor in sphingolipid metabolism in yeast. 

Indirect evidence suggests that SPT complex might localize to the ER-PM junctions. PI4P 

phosphatase Sac1 has been shown to be involved in lipid transport at the ER-PM contacts sites 

(182). At the same time, Sac1 is associated with SPT in the SPOTS complex. We set to test if 
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re-localization of ceramide synthase from the nuclear ER to the cortical ER-PM junctions 

would affect sphingolipid biosynthesis and homeostasis. For this Lac1 was fused with a short 

cortical ER targeting sequence from ER-PM junction protein Ist2. GFP-tagged cortical Lac1 

was expressed from the endogenous promoter.  The resulting GFP-Lac1ER-PM localized to the 

peripheral dot-like structures, although a fraction of the protein was still found in in the 

perinuclear ER (Figure 15). Lac1ER-PM was fully functional and could complement endogenous 

ceramide synthase subunits as demonstrated by a synthetic lethality test (Figure 15). Moreover, 

steady state profiles glycerophospholipid and sphingolipid profiles were unaltered in cells 

expressing Lac1ER-PM. Importantly, de novo biosynthesis of ceramides and complex 

sphingolipids was not affected by the cortical localization of Lac1. It must be noted, that the 

data on Lac1 interaction with SPT subunits is lacking so co-immunoprecipitation experiments 

are required to clarify if cortically localized Lac1 is associated with SPT. Altogether, the data 

implies that ceramide synthase localization does not affect sphingolipid homeostasis and 

metabolic flux.  

It has been shown that Orm proteins and ceramide synthase subunits are found in the inner 

nuclear membrane (INM),  which is connected with the nuclear ER through nuclear pores 

(132). Furthermore, Orm2 was shown to re-localize to the nuclear ER upon SPT inhibition 

(23). We speculated that Orm2 may recruit SPT into the nuclear ER to upregulate sphingolipid 

biosynthesis. To test this, we fused GFP-tagged Orm2 with an INM-targeting sequence from 

Heh2 protein (Figure 16, A). INM-localized Orm2 (NLS-Orm2) was found in the nuclear ER. 

Moreover, both Lcb1 and Lcb2 SPT subunits predominantly localized to the nuclear ER in the 

strains expressing NLS-Orm2 (Figure 16, B). We found that the expression of INM-targeted 

Orm2 lead to a significant increase in long-chain bases compared to the control. Interestingly, 

orm1Δorm2Δ accumulated even higher levels of sphingoid bases, consistent with previous 

reports (Figure 17) (23, 33). These results suggest that NLS-Orm2 is partially active and SPT 

is not fully derepressed. When we followed the incorporation of heavy-isotope labeled serine 

into sphingolipids we found that although double orm mutants had elevated steady-state 

ceramide level, de novo biosynthesis of ceramides and complex sphingolipids rate was 

markedly lower compared to wild-type control (Figure 18). Interestingly, while steady state 

levels of sphingolipids were similar to the control in NLS-Orm2-expressing cells, biosynthesis 

of ceramides, but not IPC or MIPC was significantly upregulated (Figure 18). Thus, unlike in 

orm1Δorm2Δ strain, elevated levels of PHS and Sa translated into increased flux to ceramides 

in NLS-Orm2 expressing cells. These observations may be explained by Orm2 enhancing 
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ceramide synthase activity. It has been previously described that both CS subunits can bind 

Orm proteins (183). Since Orm2 can bind ceramide synthase it could possibly serve as a linker 

bringing together SPT and CS in the inner nuclear membrane. Decreased inhibitory activity of 

NLS-Orm2 could be due to increased accessibility to Ypk kinases in the INM or the presence 

of bulk nucleus-targeting sequence interfering with Orm2-SPT interaction. More experiments 

are required to rule out or confirm these assumptions. Of note, we could only see increased 

sphingolipid flux in the inner nuclear membrane. This area was long considered to be 

metabolically silent but recent studies have disproved these speculations (184). Our results 

reveal a link connecting localization at the INM and sphingolipid homeostasis.  

Chapter 4.2: Characterization of vacuole-targeted caged sphingolipid 

probes in Saccharomyces cerevisiae  

The development of organelle-specific synthetic probes have opened new horizons for 

exploring intracellular lipid metabolism (122). A recently developed set of artificial 

sphingolipid probes includes a lipid molecule of interest, whose head group is protected by the 

chemical cage, and an organelle-targeting part mediating its delivery into mitochondria or 

lysosomes in mammalian cells (125, 126). Irradiation with UV light efficiently removes the 

protective cage, releasing bioactive sphingolipids in specific organelles. We sought to 

characterize mitochondria-targeted caged compounds in budding yeast, Saccharomyces 

cerevisiae. Mitochondrial targeting is achieved by the presence of a lipophilic cation TPP 

which is driven inside mitochondrial matrix due to the large membrane potential (150-180 mV) 

(150). The compound can be monitored under the microscope prior to UV uncaging, since the 

protective cage, coumarin, is a fluorophore.  Here we show that synthetic sphingolipid probes 

designed to target mitochondria in mammalian cells were delivered to the vacuoles in budding 

yeast (Figures 18 and 19).  The co-localization with vacuolar membrane marker protein Vph1 

showed that the probe primarily stained the vacuolar lumen, although the probe might have 

also been associated with the limiting membrane. One possible explanation for this is that the 

probe delivered to mitochondria induces their degradation in the vacuole (mitophagy) where 

the probe is detected. However, the probe is observed in the vacuoles within 15-minute 

incubation period, while mitophagy is a slower process and can be observed within an hour 

after induction (185). Also, we performed staining with the probe in rich medium, while 

mitophagy has been shown to be efficient in respiratory conditions in media containing 

nonfermentable carbon source (186, 187). Moreover, staining with mito-cage probes does not 
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alter the morphology of mitochondria visualized by a marker protein Mdh1 (Figure 20). 

Alternatively, the implication of mitophagy in the probe targeting to the vacuoles could be 

tested in mitophagy-deficient mutants, such as atg32Δ, atg11Δ or inspect the probe-stained 

cells using electron microscopy. The next important question we addressed was the toxicity of 

the vacuole-targeted compounds. Growth curves of cells treated with C17 mito-PHS indicate 

that even at 50 µM the probe does not inhibit yeast growth over a long time period and is 

therefore suitable for in vivo experiments. Next, we assumed that vacuolar targeting could be 

attributed to the low mitochondrial potential in non-respiratory conditions. Nonetheless, C17 

mito-PHS was still found associated with the vacuoles but not with mitochondria in the cells 

grown on nonfermentable carbon source under respiratory conditions (Figure 22). Furthermore, 

vacuolar localization of the mito-caged probe appears to be background-independent. In this 

study several different strain backgrounds were used: BY4741 (Euroscarf™), SE6210 (mix of 

strains from different laboratories), RH431 (S288C origin) and in all of them the probe showed 

localization to the vacuoles. 

We also considered a possibility that TPP-caged probe is internalized by endocytosis and as a 

result ends up in the vacuole. The probe, though, is still delivered to the vacuole in the strain 

lacking End3, a protein required for cargo internalization and actin cytoskeleton organization.  

Nonetheless, End3 depletion does not completely abrogate all endocytic events since the 

marker of bulk membrane internalization, a styryl dye FM 4-64 still targets the vacuoles in 

end3Δ cells (165) (Figure 27). Endocytosis is blocked at 4⁰C and at this temperature FM 4-64 

was found mainly in intermediate endocytic compartments and not in the vacuole, while the 

C17 mito-PHS did not enter the cells. If vacuolar localization of the caged compound depended 

on endocytosis it would be found in the same compartments as FM 4-64. Thus, the results argue 

against the endocytic mechanism of probe internalization.  

The probe consists of three parts: a long-chain base, a coumarin cage and a TPP lipophilic 

cation. We addressed the issue of which part of the compound was essential for its targeting. 

No intracellular staining was observed when cells were incubated with a molecule containing 

a coumarin cage and the TPP-targeting group (Figure 21). In mammalian cells TPP-coupled 

compounds easily pass lipid bilayers in general and especially the plasma membrane due to its 

membrane potential (negative inside) (150). Budding yeast cells, though, are  notorious for the 

efficient pumping of potentially toxic small molecules out of the cell due to the activity of a 

variety of transporters (128, 129). When the caged PHS probe lacked a TPP-cation part it also 
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could not be internalized by the wild-type cells, but the entry was facilitated by the deletion of 

a multidrug transporter Pdr5 and a putative long-chain base exporter Rsb1 (Figure 22). These 

results argue in favor of the role of xenobiotic transporters in clearing cells of the probe lacking 

a lipophilic TPP cation. TPP-containing compounds are accumulated in mitochondrial matrix 

due to the negative charge, yet the opposite  is true for the acidified positively charged vacuolar 

lumen (157). How do TPP-containing probes end up in the vacuole? It is known that vacuoles 

are able to accumulate  high levels of basic amino acids through the action of proton gradient-

dependent amino acid transporters (188). Moreover, some cations are also imported into the 

vacuolar lumen by the antiporter proteins pumping out protons and importing cations (189). 

Cation uptake is also dependent on pH gradient across the vacuolar membrane. The hypothesis 

that the caged-TPP probes are imported by the vacuole-resident transporter is supported by  

data showing a decrease in the probe uptake when vacuole pH gradient is disrupted either by 

the treatment with the proton uncoupling compound CCCP or the inhibition of the vacuolar 

proton pump H+-V-ATPase by Bafilomycin A1 (Figure 25). Both CCCP and Bafilomycin A1 

disrupt proton gradient across the vacuole membrane and would affect the activity of various 

transporters. Due to the big number of potential TPP-cation transporter candidates it is not easy 

to directly test this assumption by checking the probe uptake in deletion mutants.  

We also tested the possibility that long-chain base part of the probe was essential for the 

internalization. Fatty acyl-CoA ligases Faa1 and Faa4 have been shown to mediate the uptake 

of sphingoid bases, while Fat1 ligase is involved in long-chain free fatty acid transport (160, 

161). It must be noted, though, that the head group of a long-chain bases in the probe is blocked 

by the chemical cage altering its biological properties. Yet the aliphatic chain is unprotected 

and might be recognized by the transporters. We observed a noticeable decline in the probe 

uptake in a single fat1Δ and double faa1Δfaa4Δ mutants and the uptake defect was even 

stronger in the triple fatΔfaa1Δfaa4Δ mutant strain (Figure 26). This might suggest that the 

aliphatic part of the long-chain base is recognized by the ligases that facilitate the import into 

the cell. Alternatively, fatty acyl-CoA ligases might accelerate the probe degradation in the 

vacuole and the efflux of the fluorescent coumarin cage out of the cell resulting in the decrease 

of fluorescence intensity. To rule that out long-chain bases and their phosphorylated derivatives 

could be measured in the ligase mutant strains treated with the probe. Collectively the pieces 

of evidence suggest that the mito-caged sphingolipid compounds require an aliphatic carbon 

chain and the TPP lipophilic cation for the vacuolar delivery in yeast cells. The hypothetical 
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model of the probe internalization includes import facilitated by fatty acyl-CoA ligases 

followed by the active import into the vacuole facilitated by transporters.  

Furthermore, the stability of vacuole-targeted caged sphingolipid probes was characterized. 

Like their mammalian counterparts - lysosomes, yeast vacuoles are digestive organelles that 

host many hydrolytic enzymes that optimally function in the acidified environment in the 

lumen (157). Caged sphingosine probes targeted to mammalian lysosomes (lyso-So) were 

shown to be partially degraded while the mitochondria-targeted caged sphingosine proved 

more stable (126). Consistent with the mentioned observations we found that our vacuole-

delivered probes released sphingoid base without UV treatment, indicating unspecific cleavage 

(Figure 28). More important, the stability of probes differed depending on a long-chain base, 

with C18 mito-PHS being the least stable probe showing complete degradation within 15-

minute incubation period, while C18 mito-Sa was found to be more stable (15-20 % of 

unspecific release), arguing for a substrate specificity of an unidentified hydrolase. Chemical 

structure of the sphingolipid probes may resemble that of ceramides and the probe may be 

cleaved by the yeast ceramidases, given that one of them, Ydc1 is found in the vacuolar 

membrane (168, 172). The results, however, contradicted the assumption showing that the 

deletion of both yeast ceramidases did not reduce probe degradation (Figure 29). Depletion of 

Pep4 – Proteinase A that regulates the maturation and activity of several vacuolar hydrolases 

also showed no effect on unspecific release of C18PHS from the caged probe (Figure 29). 

Reducing incubation time or incubation temperature hardly altered the rate of C17 mito-PHS 

degradation, remaining 25-30% compared to UV-treated samples (Figure 29). Probe cleavage 

poses represents a significant drawback for our experimental approach. A potential solution of 

vacuole-targeted probe degradation may be the addition of an extra cage at the C3 or C4 (for 

PHS) hydroxyl group of the sphingoid base. This might, on the other hand affect probe uptake 

while increasing its stability. Aside from probe cleavage, another possible limitation of UV-

induced uncaging might come from a toxic effect of UV per se, since it is a well-known 

mutagenic, DNA-damaging agent. We tested the impact of a 2-minute irradiation (same as in 

uncaging protocols) on yeast viability and found no effect on cell survival, ruling out severe 

toxic effect of UV illumination. Nonetheless, we cannot rule out short-term effect of UV on 

cell metabolism which are not explored in detail in this study.  

Next, we characterized the metabolic conversion of long-chain bases released from the 

vacuoles into ceramides and complex sphingolipids. For this, we utilized mito-caged probes 
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containing non-natural odd-chain sphingoid base analogs with 17 carbon atoms: C17PHS and 

C17Sa. These odd-chain length tracers have previously been characterized in yeast and shown 

to be efficiently incorporated into ceramides and complex sphingolipids (170). In agreement 

with results demonstrating unspecific release of C17PHS from the caged probe, we could detect 

C17PHS-derived ceramides before exposing the cells to UV light. Most of uncaged C17PHS 

molecules were converted over time into PHC-C 17:0/26:0 species, with the second most 

abundant species being PHC-B 17:0/26:0 ceramide (Figure 30). These observations agree well 

with the natural yeast ceramide profile where the most abundant ceramide is PHC-C 18:0/26:0 

followed by PHC-C 20:0/26:0 (135). Furthermore, sphingolipid profiles generated from 

exogenously added C17PHS and those derived from UV-uncaged vacuolar C17PHS were 

similar, being predominantly derived from the PHC-C 17:0/26:0 ceramide with a minor 

fraction composed of the PHC-B 17:0/26:0 species (Figure 31). These results argue that 

ceramide synthase generates similar ceramides irrespective of the origin of C17PHS. Different 

results were obtained when C17Sa was used as a metabolic tracer. C17 mito-Sa probe was 

stable, showing virtually no ceramide signal before UV uncaging. The released C17Sa base 

was primarily incorporated into the PHC-C 17:0/26:0 ceramide.  When C17Sa was 

exogenously supplied, it was mostly converted into DHC-A 17:0/26:0 ceramide which also 

labeled most of the complex sphingolipid pool. The difference in profiles might be due to the 

fact that exogenously supplied sphinganine has to be phosphorylated and dephosphorylated 

prior to conversion into ceramides (190). Interestingly, the overall abundance of C17Sa-

generated sphingolipids was much lower compared to C17PHS, although the same 

concentration of C17 tracer were used in the experiments. Considering recently uncovered 

substrate specificity of different ceramide synthase subunits for PHS and Sa, this could be the 

result of a decreased Lac1 activity towards non-natural C17Sa (40). The overall low abundance 

of C17Sa-derived sphingolipids may explain the appearance of non-typical ceramide species 

such as DHC-B’ 17:0/22:0 seen in C17Sa-treated samples and undetected in complex 

sphingolipid pools. Such species may represent artifacts and more experiments need to be 

carried out to make an unbiased conclusion about their presence. Simply increasing the 

concentration of C17Sa-containing caged probe might solve the issue of low signal intensity. 

Despite partial cleavage of the probe in the vacuole most of C17PHS molecules were still 

released by UV irradiation and metabolic route of vacuole-derived C17PHS tracers closely 

resembles that of exogenously supplied odd-chain length PHS. As a result C17 mito-PHS was 

a probe of choice for subsequent experiments.  
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In this study we developed an assay in which we could target a chemically inert, caged C17PHS 

to the vacuoles, release the physiologically active sphingoid bases and track their incorporation 

into more complex sphingolipids. The degradation and sphingolipids in the yeast vacuole is 

not well understood.  So far most of the enzymes participating in sphingolipid catabolism are 

presumed to localize to the ER or the Golgi (191). As has been recently shown, the loss of 

Golgi-associated retrograde protein complex (GARP) involved in vacuole-to-Golgi vesicular 

trafficking resulted in the accumulation of sphingolipid intermediate metabolites and reduction 

in complex sphingolipid biosynthesis (192). This implies the importance of the recycling of 

sphingolipids degraded in the vacuole for lipid homeostasis. Aside from vesicular trafficking, 

the vacuole can communicate with other organelles via direct contacts at the membrane contact 

sites (65, 96, 100). The extent, to which sphingolipid recycling depend on organelle contact 

sites is unknown and unappreciated. Hence, using the caged vacuole-targeted probe we sought 

to validate our assay, tracking the transport of long-chain bases from the vacuole to the ER, 

where ceramide biosynthesis is presumed to occur. For this we chose a quadruple mutant strain  

lacking all known nucleus-vacuole junction proteins, showing the lack of contacts between the 

two organelles (75). The lack of nucleus-vacuole contacts did not affect cell growth. We also 

observed no difference in localization of the caged C17PHS probe in the mutant strain. (Figure 

32). Next, we conducted a time course experiment measuring the levels of C17PHS-generated 

sphingolipids over time in probe-treated cells after UV uncaging. We observed that mean 

values of the levels of ceramides and IPCs were lower in the quadruple mutant cells, although 

many of the observed differences were not statistically significant due to high variability. 

Nonetheless, we saw a significantly lower amounts of PHC-B 17:0/26:0 ceramide in ΔNVJ 

strain 60 minutes after UV uncaging. PHC-B species are generated from N-acylated PHS, while 

C species require further hydroxylation by Scs7. The results reveal higher levels of the B-class 

PHC species in control cells even at early time points, while the difference in PHC-C amount 

appear much later, at 40 minutes after UV uncaging. Altogether, the data might indicate that 

the transport of C17PHS was slower in the NVJ-deficient mutants. However, these results 

could also have originated from the reduced activity of ceramide synthase in the ΔNVJ strain. 

Labeling control and quadruple mutant cells with C17PHS from the medium would resolve 

this hypothesis. The published electron microscopy images, displaying lack of ER-vacuole 

contacts in ΔNVJ cells, were obtained from 70-nm-thick sections and could not fully explore 

all potential contact sites. Additionally, disruption of ER-vacuole contacts may force 

sphingolipids to take a bypass pathway through vacuole-mitochondria and mitochondria-ER 

contact sites. The existence of bypass routes, as demonstrated in ERMES-deficient cells 
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rescued by Vps13 (93), might offer a clue on how cells remain viable, when organelle contact 

sites are disrupted. Therefore, multiple genes need to de deleted to observe pronounced defects 

in non-vesicular lipid transport between the organelles. It would also be interesting to track the 

metabolism of uncaged C17PHS in GARP-complex deficient mutants to estimate the 

contribution of retrograde vesicular trafficking in long-chain base transport from the vacuole. 

Our data point to delayed metabolic conversion of uncaged C17PHS in NVJ-deficient strains. 

It was also tempting to test whether enhancing the area of contact between the ER and the 

vacuoles could boost the transport of C17PHS accelerating the metabolic flux towards 

ceramides and complex sphingolipids. It has been shown that overexpression of an NVJ-

resident protein Mdm1 induced overtethering between the vacuoles and the ER (75). We 

observed the localization of overexpressed GFP-Mdm1 in vicinity to the vacuoles. 

Overexpression of Mdm1 did not affect the localization of caged C17PHS probe to the vacuoles 

(Figure 34). Similar to the experiment conducted with ΔNVJ mutants, we monitored the 

conversion of UV-released C17PHS into ceramides and complex sphingolipids over time in 

the wild-type strains overexpressing GFP-Mdm1 or bearing an empty vector. Surprisingly, we 

could see a statistically significant increase in C17-ceramides upon Mdm1 overexpression 

(Figure 34). Although the levels of PHC-B 17:0/26:0 in Mdm1-overexpressing cells were 

already higher at the beginning, the difference became even more pronounced over time. The 

increase in PHC-C 17:0/26:0 ceramide amounts became apparent later, after 60 minutes after 

the UV-mediated release. The dynamics of IPC biosynthesis, though, showed even more 

convincing results. At the start in both control and Mdm1-expressing cells C17PHS-derived 

IPC were barely detected, but Mdm1 overexpression boosted IPC levels and the difference 

became noticeable as early as within 20 minutes after UV-uncaging. Although IPC amounts 

kept increasing in controls cells, Mdm1 overexpression lead to a sustained 4-fold upregulation 

at 40- and 60 minutes following UV-uncaging (Figure 34).  

The results discussed above, though, do not rule out the possibility that Mdm1 overexpression 

could have enhanced ceramide synthase activity but not the transport of C17PHS to the ER. 

Again, labeling with exogenous C17PHS would resolve this concern. Nonetheless, data from 

ΔNVJ mutants combined with the findings in the Mdm1-overexpressing strain argue in favor 

of the assumption, that the rate of long-chain base transport depends on the extent of direct 

contact between the vacuole and the ER. It is also important to understand if the boost in 

sphingolipid transport is a result of Mdm1 lipid transport activity is a consequence of the 
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increased association between the ER and the vacuole membranes, which allow long-chain 

bases to reach ceramide synthase catalytic sites by diffusion. This assumption could be tested 

by expressing an artificial tether bridging the ER and the vacuole and checking the metabolism 

of an uncaged odd-chain length tracer. Here we demonstrate an assay enabling the investigation 

of the transport and metabolism of sphingolipids released in the yeast vacuoles. There are, 

however, several drawbacks which need to be improved in the future.  One major drawback of 

our assay is high variability resulting from the low intensity of signals. Here we show that UV-

released C17PHS and C17Sa are preferentially incorporated into PHC-C and PHC-B 17:0/26:0 

species. Thus, focusing on these two species we could use more powerful liquid 

chromatography-coupled mass-spectrometers with higher resolution and sensitivity. This could 

partially circumvent the issue of high variability. It is also possible to increase the probe 

concentration, but it might result in undesired adverse toxic effects for the cells. Another issue 

is related to the partial degradation of caged probes in the vacuole. Although the C17Sa-

containing probe was found to be more stable, its incorporation into ceramides was much less 

efficient compared to the odd-chain PHS. As has been previously mentioned, an additional 

coumarin cage could be added potentially increasing probe stability and fluorescence intensity. 

Collectively, our results demonstrate that vacuole-targeted caged sphingolipid probes can be 

used for in vivo studies of transport between the vacuole and the ER. We also show that probes 

containing other lipid biomolecules, such as oleic acid, also localized to the vacuoles. This 

implies that is also possible to study transport and metabolism of biomolecules other than 

sphingolipids from the vacuole. Yeast TORC1, a master coordinator of nutrient cues with cell 

growth, is constitutively localized on the vacuolar membrane (193, 194). Specific release of 

bioactive molecules at the vacuolar membrane could be used to study the impact of distinct 

lipids on the activity of TORC1 kinase complex and thus regulation of cell growth. 

Interestingly, it has been observed that vacuolar membrane formed micrometer-scale stable 

lipid raft-like domains upon nutrient starvation (195). Altogether, the yeast vacuole has 

emerged as a major hub, where multiple signaling, and metabolic pathways converge. The use 

of stable vacuole-specific lipid probes may provide insights into the mechanistic understanding 

of the complex interplay between the vacuole and other organelles.  
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Appendix 

Abbreviations 

ABC - ATP-binding cassette 

ANOVA – analysis of variance 

AQC - 6-aminoquinolyl-N-hydrosysuccinimidyl carbamate 

C8GC - C8-glucosylceramide 

CCCP - carbonyl cyanide m-chlorophenyl hydrazine 

CerS, CS – ceramide synthase 

CoA – coenzyme A 

DHC – dihydroceramide 

DHS – dihydrosphingosine 

DMSO - dimethyl sulfoxide 

EM – electron microscopy 

ER – endoplasmic reticulum 

ERMES – ER-mitochondria encounter structures 

ESI - electrospray ionization 

FFAT - two phenylalanines (FF) in an Acidic Tract 

FM™4-64 - (N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) Phenyl) Hexatrienyl) 

Pyridinium Dibromide) 

HPLC – high performance liquid chromatography 

INM – inner nuclear membrane 
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IPC – inositolphosphorylceramide 

LCB – long-chain base 

LC-MS – liquid chromatography mass spectrometry 

LD – lipid droplet 

LFM – low fluorescence medium 

M(IP)2C - mannosyl-diinositolphosphorylceramide 

MCS – membrane contact sites 

MCT - membrane compartment containing Tor2 

MIPC – mannosyl- inositolphosphorylceramide 

MRM - multiple reaction monitoring 

MS – mass spectrometry 

NE – nuclear envelope 

NLS – nuclear localization sequence 

NVJ – nucleus-vacuole junctions 

OD  - optical density 

OSBP - oxysterol-binding protein 

PC – phosphatidylcholine 

PE – phosphatidylethanolamine 

PHC – phytoceramide 

PHS- phytosphingosine 

PIP – phosphatidylinositol phosphate 
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PM – plasma membrane 

PMN - piecemeal microautophagy of the nucleus 

PS -  phosphatidylserine 

RT – room temperature 

Sa – sphinganine 

SD – synthetic dextrose 

SMP - Synaptotagmin-like Mitochondrial lipid-binding Protein 

SPOTS – Serine Palmitoyltransferase Orm Tsc10 Sac1 Complex 

SPT – serine palmotoyltransferase 

StART - Steroidogenic Acute Regulatory transfer 

TCA - trichloroacetic acid 

TLC - thin layer chromatography 

TM – transmembrane 

TORC2 – target of rapamycin complex 2 

TPP – triphenylphosphonium 

 UV – ultraviolet 

vCLAMPs - vacuole and mitochondria patch 

VLCFA – very long-chain fatty acid 

YPD – Yeast extract Peptone Dextrose  
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Summary:  

The following paper identifies and characterizes 9 different recessive mutations in the human 

sphingosine-1-phosphate lyase gene (SGPL1) associated with a rare chronic kidney disease 

called steroid-resistant nephrotic syndrome (SRNS). SGPL1 catalyzes the irreversible 

degradation of sphingosine-1-phsophate – the last step of sphingolipid catabolism. SGPL1 

proteins with disease-causing mutations were characterized in cultured human cells and various 

model organisms: mice, Drosophila fruit flies, budding yeast Saccharomyces cerevisiae.  

Contribution: 

My personal contribution to the paper was to test 6 disease-causing mutant forms of SPGL1 in 

budding yeast (shown in Figure 2 (N,O) and Supplemental Figure 7). Yeast have an ortholog 

of SGPL1, Dpl1 (dihydrosphingosine phosphate lyase). Yeast lacking Dpl1 protein are viable 

but sensitive to high concentrations of cytotoxic phytosphingosine (PHS) being unable to 

degrade sphingoid bases. ORF sequences of wild-type or mutant SGPL1 genes were subcloned 

into a centromeric yeast vector and yeast cells were transformed with the resulting plasmids. I 

then tested an ability of various mutant SGPL1 proteins to rescue PHS sensitivity of dpl1Δ 

strain. The results of these experiments are shown in Figure 2 (N) and Supplemental Figure 7 

(A). I also tested the ability of the same mutant SGPL1 proteins to rescue the synthetic lethal 



115 
 

phenotype resulting from the double deletion of LCB3 and DPL1 genes (synthetic lethality 

test). For this, the lcb3Δdpl1Δ strain, bearing a rescue plasmid expressing LCB3 on a 

centromeric plasmid was transformed with wild-type or mutant human SGPL1 genes. Then, 

the rescue plasmid harboring URA3 marker was removed by the counterselection with 5-FoA 

(5-fluoroorotic acid) and the ability of SPGL1 proteins to complement the loss of Lcb3 was 

assessed by growth of 5FoA plates. The data from these experiments is shown in Figure 2 (O) 

and Supplemental Figure 7 (B). Furthermore, I quantified the expression of wild-type and 

mutant human SPGL1 proteins in yeast by western blotting. The results presented in 

Supplemental Figure 7 (C). 
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Steroid-resistant nephrotic syndrome (SRNS) causes 15% of chronic kidney disease cases. A mutation in 1 of over 40 
monogenic genes can be detected in approximately 30% of individuals with SRNS whose symptoms manifest before 25 
years of age. However, in many patients, the genetic etiology remains unknown. Here, we have performed whole exome 
sequencing to identify recessive causes of SRNS. In 7 families with SRNS and facultative ichthyosis, adrenal insufficiency, 
immunodeficiency, and neurological defects, we identified 9 different recessive mutations in SGPL1, which encodes 
sphingosine-1-phosphate (S1P) lyase. All mutations resulted in reduced or absent SGPL1 protein and/or enzyme activity. 
Overexpression of cDNA representing SGPL1 mutations resulted in subcellular mislocalization of SGPL1. Furthermore, 
expression of WT human SGPL1 rescued growth of SGPL1-deficient dpl1Δ yeast strains, whereas expression of disease-
associated variants did not. Immunofluorescence revealed SGPL1 expression in mouse podocytes and mesangial cells. 
Knockdown of Sgpl1 in rat mesangial cells inhibited cell migration, which was partially rescued by VPC23109, an S1P receptor 
antagonist. In Drosophila, Sply mutants, which lack SGPL1, displayed a phenotype reminiscent of nephrotic syndrome in 
nephrocytes. WT Sply, but not the disease-associated variants, rescued this phenotype. Together, these results indicate that 
SGPL1 mutations cause a syndromic form of SRNS.
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and Figure 1, B–E). A homozygous frameshift mutation of SGPL1 
(p.Ser3Lysfs*11) (Table 2 and Figure 1, B–E) was identified in 
affected individuals from family A5444, showing a phenotype of 
SRNS and cortisol deficiency. In family B46/B56, in whom 3 sib-
lings had congenital nephrotic syndrome (NS) and severe extra-
renal involvement combined with lymphopenia (Table 2 and Sup-
plemental Figure 1), WES detected another homozygous missense 
mutation of SGPL1 (p.Ser346Ile) (Table 2 and Figure 1, B–E) and 
in another individual with a related disease phenotype, B1245, a 
homozygous missense mutation, p.Tyr416Cys (Table 2 and Figure 
1, B–E), with both mutations evolutionarily conserved to S. cere-
visiae. In an individual MC with mononeuritis multiplex, SRNS, 
lymphopenia, and progressive contractures of extremities, WES 
identified compound heterozygous mutations in SGPL1 (Table 2 
and Figure 1, B–E). Both mutations are missense and affect highly 
conserved amino acid residues.

Patients from the nonconsanguineous family NCR61 (Table 1 
and Figure 1, B–E) were found to be compound heterozygous for 
a frameshift mutation (p.Arg278Glyfs*17) and a missense muta-
tion (p.Glu132Gly) not predicted to be deleterious by the Poly-
Phen (http://genetics.bwh.harvard.edu/pph2/) and SIFT (http://
sift.jcvi.org/) prediction tools, but predicted to induce skipping of 
exon 5 due to the introduction of additional exon splicing silencer 
elements (EX-SKIP, http://ex-skip.img.cas.cz) (8). Fibroblasts of 
patient NCR61-1 had almost no SGPL1 protein detectable by West-
ern blot at the predicted size (Supplemental Figure 4A). There-
fore, we hypothesized that the deleterious effect of c.395A>G was 
indeed related to the predicted RNA splicing defect and not to the 
p.Glu132Gly amino acid substitution. Amplification of the patient 
cDNA between exons 4 and 8 by PCR revealed a light band at the 
expected size and an intense smaller band with a size correspond-
ing to loss of exon 5 (Supplemental Figure 4B). Sequencing of the 
PCR products confirmed the absence of exon 5 for the abundant 
smaller fragment and showed that the normal size fragment cor-
responded to the frameshift allele p.Arg278Glyfs*17. Skipping of 
exon 5 leads to a frameshift at amino acid position 88 and a stop 
codon 24 amino acids downstream (p. Ile88Thrfs*25).

By high-throughput exon sequencing (5, 9) in a worldwide 
cohort of approximately 800 additional families with NS, we 
did not detect any additional families with biallelic mutations of 
SGPL1. In all 7 families with SGPL1 mutations (Tables 1 and 2 and 
Figure 1, B–K), direct inspection of sequence alignments did not 
yield a mutation in any of the 40 known SRNS genes. Most muta-
tions identified in this study were absent from more than 60,000 
control individuals in the ExAC server (http://exac.broadinsti-
tute.org/) (Tables 1 and 2). Two missense mutations (c.665G>A; 
p.Arg222Gln and c.1247A>G; p.Tyr416Cys) are reported in the 
ExAC server, but their allele frequencies are extremely rare and 
they never occur in the homozygous state (Tables 1 and 2). All 
mutations segregated with the disease phenotype (Supplemental 
Figures 1 and 2). We thereby identified recessive SGPL1 mutations 
as a cause of syndromic SRNS with ichthyosis/acanthocystosis, 
adrenal insufficiency, immunodeficiency, or neurologic involve-
ment. We introduced the term NPHS14 for this syndromic SRNS 
caused by mutations of SGPL1.

In the majority of cases, NS, manifested as congenital NS or 
in the first year of life, showed no response to steroid therapy and 

Introduction
Steroid-resistant nephrotic syndrome (SRNS), when also resistant 
to other immunosuppressive agents, leads to chronic kidney dis-
ease (CKD) within a few years of onset, requiring renal replace-
ment therapy for survival. It causes 15% of all end-stage kidney 
disease that manifests by 25 years of age (1). Histologically, SRNS 
manifests mostly as focal segmental glomerulosclerosis (FSGS) (2).

The first insights into the pathogenesis of SRNS were gained 
by the discovery of monogenic causes of SRNS, revealing that the 
encoded proteins are essential for the function of the renal glo-
merular cells called podocytes (3, 4). We recently demonstrated 
in a worldwide cohort of 1,783 families that a monogenic cause of 
SRNS can be detected in 1 of 27 genes in approximately 30% of 
SRNS cases manifesting before age 25 years (5). Currently, more 
than 40 monogenic forms of SRNS have been identified (6).

Interestingly, syndromic forms of SRNS have been increasing-
ly characterized and display variable involvement of other organs 
besides the kidney, in most of the cases the central nervous system, 
but also the genital tract, eye, muscle, bone, and the immune sys-
tem. To date, mutations have been identified in transcription factors 
and nuclear proteins (WT1, LMX1B, SMARCAL1, NXF5, NUP93, 
NUP205, and XPO5), lysosomal proteins (SCARB2), basement 
membrane proteins (LAMB2), and proteins involved in COQ 10 
biosynthesis (COQ2, COQ6, PDSS2, and ADCK4) (6). Because 
genetic mapping data indicated a multitude of potential additional 
loci for SRNS, we here performed whole exome sequencing (WES) 
to identify additional monogenic SRNS genes and identified 9 
different mutations in sphingosine-1-phosphate lyase (SGPL1) in 
7 families as causing a previously unrecognized syndromic SRNS 
with a combination of ichthyosis/acanthosis, adrenal insufficiency, 
immunodeficiency, and/or neuronal dysfunction. We character-
ized mechanisms of molecular loss of function for the mutations 
detected and implicated sphingosine-1-phosphate (S1P) metabo-
lism in the pathogenesis of SRNS. The syndromic features resulting 
from SGPL1 mutations indicate the pivotal role of S1P metabolism 
in multiple tissues including kidney.

Results
SGPL1 mutations cause nephrotic syndrome, ichthyosis, faculta-
tive adrenal insufficiency, immunodeficiency, and neurologic defects 
in humans. Using WES in 7 families with a disease phenotype of 
SRNS, with adrenal insufficiency, ichthyosis-like acanthosis, 
immunodeficiency, or neurologic abnormalities (Table 1, Table 2,  
and Supplemental Figures 1–3; supplemental material available 
online with this article; https://doi.org/10.1172/JCI89626DS1), 
we identified recessive mutations in SGPL1 (Figure 1, A–E). Homo-
zygosity mapping (HM) in a Pakistani family (A280) (Supplemen-
tal Figure 1) with 3 siblings yielded a nonparametric lod score peak 
on chromosome 10, which did not coincide with any of the known 
recessive SRNS loci (Figure 1A) (7). Using WES, we detected a 
homozygous missense mutation (p.Arg222Gln) in a highly con-
served (Caenorhabditis elegans) amino acid residue encoded by 
SGPL1 (Table 1 and Figure 1, B–E). Notably, affected individuals 
from another consanguineous family (EB) showed a homozy-
gous missense mutation involving the same amino acid residue 
(p. Arg222Trp), but presented with a more severe phenotype, 
with neonatal onset and profound immunodeficiency (Table 1  
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rapidly progressed to end-stage renal disease (ESRD). Histologi-
cally, FSGS was the main finding, but diffuse mesangial sclerosis 
(DMS) was found in cases with congenital NS (Tables 1 and 2 and 
Supplemental Figure 3). Extrarenal manifestations included ich-
thyosis and primary adrenal insufficiency, present in almost all 
cases except in those patients deceased at very early ages. About 
half of the affected individuals had a severe immunodeficiency. 
Patients presented with lymphopenia and multiple bacterial infec-
tions. A more detailed immunological work-up performed in 
patient EB-1 revealed severe lymphopenia with markedly reduced 
CD4 and CD8 T lymphocytes as well as B lymphocytes. In vitro 
cytokine generation upon stimulation was also deficient (Supple-
mental Table 3). Neurological deficits were also present in half of 
the patients and included sensorineural deafness, microcephaly 
(Supplemental Figure 3), corpus callosum hypoplasia in 1 case, 
peripheral nerve paralysis of the median and ulnar nerves, and 
ptosis of the left eye (Tables 1 and 2 and Figure 1, F–I). In a few 
cases, dysmorphic features and bone defects were also present. 
Two families had a history of fetal demise and hydrops fetalis.

SGPL1 encodes S1P lyase, an intracellular enzyme responsible 
for the final step in sphingolipid breakdown, converting its main sub-
strate S1P into ethanolamine phosphate and hexadecenal. S1P is a 
bioactive sphingolipid that acts extracellularly by binding to protein-
coupled receptors of the lysophospholipid receptor family and intra-
cellularly through S1P receptor–independent (S1PR-independent) 
mechanisms. Through receptor activation, S1P mediates autocrine 
and paracrine signals, controlling cell migration and proliferation as 
well as lamellipodia dynamics (10). An Sgpl1-deficient mouse model 
exhibits glomerular proteinuria, a skin phenotype of acanthosis with 
orthokeratotic hyperkeratosis and platelet activation (11).

Sgpl1 localizes to the endoplasmic reticulum of renal glomerular 
cells. All of the 40 monogenic genes that, when mutated, cause 
SRNS are highly expressed in podocytes. We therefore examined 
cell-type–specific and subcellular localization of SGPL1 in mouse 

kidney. To assess the specificity of an anti-SGPL1 antibody used 
in immunofluorescence, we first stained kidney sections of Sgpl1–/–  
and Sgpl1+/+ mice (Figure 2, A and B). Most of the SGPL1 signal 
observed in kidneys of Sgpl1+/+ mice was absent from kidneys of 
Sgpl1–/– mice (Figure 2A), demonstrating specificity of the signal. 
To determine cellular localization of SGPL1, immunofluorescence 
was performed using various cell- and organelle-specific mark-
ers (Figure 2, C–F). SGPL1 localized to podocytes, whose nuclei 
were marked with WT1 (Figure 2C). As shown by the colocaliza-
tion of SGPL1 with the ER marker BiP, it localized to ER in podo-
cytes, although this colocalization was more obvious in proximal 
tubules (Figure 2C). In addition, SGPL1 appeared to be present in 
other renal glomerular cell types, for example, in mesangial cells 
stained with α–smooth muscle actin (Figure 2E) and endothelial 
cells stained with CD31 (Figure 2F).

In silico modeling of SGPL1 missense mutations. To predict 
potential structural changes in SGPL1 protein that might arise 
from the mutations (p.Arg222Gln and p.Ser346Ile) detected in 
patients with NPHS type 14 Tables 1 and 2), we performed in silico 
analyses (Figure 2, G and H). SGPL1 forms a symmetric homodi-
mer. Two subunits form a tightly intertwined dimer with both 
chains contributing to the catalytic cavity defined by the covalent-
ly bound cofactor pyridoxal phosphate (PLP) (Figure 2, G and H). 
Arg222 is located at the symmetric dimer interface and forms 2 
important hydrogen bonds with the carbonyl backbone moieties 
of Tyr250 and Ser249, contributing to the binding affinity of the 
homodimer. The p.Arg222Gln mutation leads to a loss of these 2 
hydrogen bonds in both chains (Figure 2G), which is reflected in 
the delta affinity being predicted as unfavorable by about 10 kcal/
mol. In addition, the mutation seems to be destabilizing the pro-
tein, since Arg222 also forms hydrogen bonds with adjacent resi-
dues in its own symmetric dimer chain. Ser346 is not at the dimer 
interface, but buried within each chain (Figure 2H). Its hydroxyl 
group is involved in 2 hydrogen bonds, accepting one from Tyr221 
and donating one onto His313 (Figure 2H). The p.Ser346Ile muta-
tion is predicted to be considerably disfavored because it not only 
breaks this hydrogen-bond network, but because isoleucine is 
also much bulkier than serine, leading to steric clashes with its 
surrounding residues (Figure 2H). Hence the delta stability is pre-
dicted to be +130 kcal/mol.

Mutations alter subcellular localization of SGPL1. Because in 
silico analysis predicted that the p.Arg222Gln mutation may affect 
the interface of the SGPL1 homodimer, we examined this hypoth-
esis by coimmunoprecipitation. We transfected HEK293T cells 
with plasmids with 2 alternative tags (Myc and FLAG). Compared 
with WT SGPL1, p.Arg222Gln and p.Ser346Ile mutant proteins 
exhibited reduced expression levels, whereas p.Glu132Gly had a 
similar expression level upon overexpression (Figure 2I and Sup-
plemental Figure 5). Neither missense (p.Glu132Gly, p.Arg222Gln, 
and p.Ser346Ile) nor truncating (p.Arg278Glyfs*17) mutations 
abrogated dimer formation (Figure 2I and Supplemental Figure 
5). However, when compared with overexpression of the SGPL1 
WT construct, overexpression of p.Arg222Gln, p.Ser346Ile, and 
p.Arg278Glyfs*17 SGPL1 proteins in HEK293T cells led to abnor-
mal cytoplasmic aggregates (Figure 2J). Aggregation of SGPL1 
mutant proteins was confirmed upon overexpression in human 
podocytes (Supplemental Figure 6).

Figure 1. HM and WES reveal SGPL1 mutations as causing SRNS with 
ichthyosis and facultative adrenal insufficiency or neurologic defects 
(NPHS type 14). (A) Nonparametric lod scores across the human genome 
in 3 siblings of consanguineous family A280 with SRNS, acanthosis, and 
ichtyosis with facultative adrenal insufficiency. The x axis shows single-
nucleotide polymorphism positions on human chromosomes concatenated 
from p-ter (left) to q-ter (right). Genetic distance is given in cM. The SGPL1 
locus (arrowhead) is positioned within the maximum nonparametric 
lod peak on chromosome 10. (B) Exon structure of human SGPL1 cDNA. 
SGPL1 contains 15 exons. Positions of start codon (ATG) and of stop 
codon (TGA) are indicated. (C) Domain structure of SGPL1. The extent of 
the PLP-dependent transferase domain is shown. (D) Five homozygous 
(HOM) and 4 compound-heterozygous SGPL1 mutations (het) detected in 7 
families with NPHS type 14. Family numbers (underlined), mutations, and 
predicted translational changes are indicated (see also Tables 1 and 2). (E) 
Evolutionary conservation of altered amino acid residues of SGPL1. Note 
that c.395A>G also resulted in p.Ile88Thrfs*25 through exon 5 skipping. 
(F) Ptosis in individual A280-22. (G) Skin image from individual A280-22 
showing brownish black desquamation on sebostatic skin with multiple 
radial papules with a blueish/black erythema and central calcinosis. (H and 
I) Median (H) and ulnar nerve (I) paralysis in individual A280-22. (J) H&E-
stained epidermal section from individual A280-22 showing acanthosis/
orthokeratotic hyperkeratosis (black arrowhead) and calcinosis (white 
arrowhead). (K) Renal histology (silver staining) of individual A280-22, 
showing FSGS. Scale bars: 100 μm.
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our finding that the c.395A>G allele most likely conveys loss of 
function through its splice defect (Supplemental Figure 4B). The 
results were also reproduced on plates containing C17 and C18 
dihydrosphingosine (DHS).

To further investigate functional consequences of SGPL1 
mutants, we carried out a synthetic lethality assay in yeast (Figure 
2O and Supplemental Figure 7B) using an RH4863 strain in which 
DPL1 and LCB3 were deleted, rendering the strain synthetically 
lethal. Viability of the strain was maintained by expressing LCB3 
from a URA3 plasmid. We tested functionality of SGPL1 and cor-
responding mutants expressed in RH4863 by forcing them to lose 
LCB3-coding URA3 plasmid on plates containing 5-fluoroorotic 
acid (5-FOA), which selects against URA3-expressing cells. Sur-
vival on 5-FOA plates indicates that cells have regained the ability 
to degrade long-chain bases and thus compensate for the loss of 
LCB3. In agreement with the PHS toxicity test, synthetic lethality 
assay demonstrated functional integrity of WT and p.Glu132Gly 
mutant SGPL1 proteins, but not p.Arg222Gln, p.Ser346Ile, 
p.Tyr416Cys, p.Arg278Glyfs*17, and p.Ser3Lysfs*11 (Figure 2O 
and Supplemental Figure 7B).

SGPL1 mutations alter ceramide composition of patient fibro-
blast-conditioned medium. S1P participates in regulating multiple 
cellular processes, and its intracellular levels are tightly regulated. 
Since SGPL1 controls the only exit point for sphingolipid catabo-
lism, inactivation of the enzyme can result in accumulation of 
various bioactive sphingolipid intermediates, including phosphor-
ylated and nonphosphorylated sphingoid bases and ceramides.

Conditioned medium from patient fibroblast cultures 
showed significantly elevated C22:0, C24:0, and C24:1 cerami-
des compared with control fibroblast-conditioned medium, 
whereas S1P levels were below the limits of detection (Supple-
mental Figure 8). These very long chain ceramides are produced 
by ceramide synthase 2 (12).

Sgpl1–/– mice exhibit podocyte foot process effacement. Sgpl1–/– 
mice exhibit glomerular proteinuria, a skin phenotype of acan-
thosis with orthokeratotic hyperkeratosis, platelet activation, and 
immunodeficiency (11). In order to determine the renal histology 
of Sgpl1–/– mice, we performed transmission electron microscopy 
(TEM) of kidneys harvested from Sgpl1+/+ and Sgpl1–/– mice to 
directly examine glomerular structures upon loss of Sgpl1. Sgpl1–/– 
kidneys exhibited complete foot process effacement and absence 
of slit diaphragms (Supplemental Figure 9). In addition, Sgpl1–/– 
mice exhibited hypoalbuminemia (serum albumin KO 2.2 ± 0.6 
g/dl vs. WT or heterozygote [HET] 3.7 ± 0.4 g/dl, n = 4 KO and  
n = 6 WT or HET) and an elevated urinary albumin/creatinine 
ratio (ACR) (KO 1176.4 ± 932.8 vs. WT or HET 103.5 ± 94.2, n = 3 
KO, n = 5 WT or HET, P value, no significant difference).

However, when we examined apoptosis in response to S1P in 
cultured podocytes, we did not observe an effect in a dose range 
expected to be present in SGPL1-induced pathology (Supplemen-
tal Figure 10). Likewise, we did not observe any effect of SGPL1 
knockdown on podocyte migration rate, a pathogenic effect that 
has previously been demonstrated in many monogenic forms of 
SRNS (Supplemental Figure 11) (13).

Decreased mesangial cell migration rate upon SGPL1 knockdown 
is reversed by an S1PR inhibitor. Because we did not observe any 
cellular pathologic effect in cultured podocytes regarding apop-

Mutations in SGPL1 result in decreased expression and reduced lyase 
activity. To assess whether mutations detected in individuals with 
NPHS type 14 altered SGPL1 enzyme activity, we measured SGPL1 
and enzyme activity levels in HEK293T cells transiently express-
ing either WT or mutant SGPL1 (Figure 2K). We found that over-
expression of the p.Arg222Gln, p.Ser346Ile, and p.Arg278Glyfs*17 
mutant alleles resulted in strongly reduced enzyme activity levels, 
whereas the p.Glu132Gly mutant (c.395A>G) did not, consistent 
with our finding that c.395A>G leads to skipping of exon 5 and 
protein truncation (p.Ile88Thrfs*25) (Supplemental Figure 4). 
We also found that protein expression levels and corresponding 
SGPL1 enzyme activity levels in patient dermal fibroblasts (Fig-
ure 2L) exhibited reduced SGPL1 enzyme activity for individuals 
B46 (p.Ser346Ile), B56 (p.Ser346Ile), NCR 61-1 (p.R278fs*17 and 
p.Ile88Thrfs*25), and A280-21 (p.Arg222Gln) compared with 
controls (Figure 2L). In addition, there was reduced expression of 
SGPL1 protein when examined by immunofluorescence microsco-
py in patient fibroblasts (Figure 2M). Taken together, these results 
suggest that the primary impact of the patient’s mutations is on 
SGPL1 expression level and protein stability.

SGPL1 mutations fail to rescue growth in DPL1-deficient yeast. 
Functionality of human WT and mutant SGPL1 proteins were 
tested in an in vivo yeast complementation assay by measuring 
their ability to complement the deletion of the SGPL1 yeast ortho-
log DPL1 (dpl1Δ) on medium containing phytosphingosine (PHS) 
(Figure 2N and Supplemental Figure 7A). Inability to degrade tox-
ic long-chain bases led to decreased viability and slowed growth. 
Human WT and p.Glu132Gly mutant SGPL1 were found to be 
able to partially restore dpl1Δ, while p.Arg222Gln, p.Ser346Ile, 
and p.Tyr416Cys as well as frameshift mutants p.Arg278Glyfs*17 
and p.Ser3Lysfs*11 showed no improved growth compared with 
dpl1Δ (Figure 2N and Supplemental Figure 7A), consistent with 

Figure 2. Biological and biochemical consequences of recessive SGPL1 
mutations. (A–F) Kidney sections of Sgpl1–/– mice (A) and Sgpl1+/+ mice (B) 
were stained with anti-SGPL1 (red) and WT1 antibodies (green). (B–F) Coim-
munofluorescence of SGPL1 with marker proteins (green) in Sgpl1+/+ kidney: 
podocyte (B, WT1), ER (C, BiP), podocyte foot processes (D, synaptopodin), 
mesangial cells (E, α–smooth muscle actin), and endothelial cells (F, CD31). 
Scale bars: 25 μm. (G and H) Structural modeling of SGPL1 mutations. The 
2 monomers of the SGPL1 homodimer are shown in the drawing in blue 
and orange, respectively. (G) p.Arg222Gln; (H) p.Ser346Ile. (I) Coimmuno-
precipitation to assess dimerization of WT vs. mutant SGPL1 proteins (see 
also Supplemental Figure 5). Coimmunoprecipitation is representative of 3 
experiments. (J) Mislocalization of variant SGPL1 proteins upon overexpres-
sion in HEK293T cells. BiP (red), or Golgi marker GOLGB1 (red), and anti-Myc 
antibody (green). Scale bars: 10 μm. (K) SGPL1 enzyme activity levels in 
transformed HEK293T cells. HEK293T cells expressing a GFP indicate 
endogenous SGPL1 activity levels (a vs. b and a vs. d, P < 0.0025; c vs. d,  
P = 0.013; a vs. c, no significant difference). (L) SGPL1 protein expression 
and enzyme activity levels in fibroblasts from 2 control individuals (Ctrl 
1 and 2), normal human foreskin fibroblasts (Fk), and 4 individuals with 
SGPL1 mutations. (a vs. b, P < 0.0001.) Results are from the averages of 
triplicates in K and L. (M) Immunofluorescence of SGPL1 in fibroblasts. BiP 
(green), Golgi marker GM130 (blue), and anti-SGPL1 antibody (red). Scale 
bars: 25 μm. (N) PHS toxicity test. Ability to complement dpl1Δ deletion on 
medium containing PHS was tested for human SGPL1 WT and mutants. 
(O) Synthetic lethality test. Human WT and p.Glu132Gly SGPL1 expressing 
RH4863 survived on 5-FOA plates. However, p.Arg222Gln and p.Ser346Ile 
mutants did not allow for survival of DPL1 (SGPL1) deficient strains.
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S1P has previously been implicated in the regulation of RHO-
like small GTPases (RHOA/RAC1/CDC42), and disruption of 
RAC1 signaling was previously implicated in the pathogenesis of 
SRNS (13–15). We therefore tested whether knockdown of SGPL1 
would affect activation of the RHO-like small GTPases. When 
Sgpl1 was silenced by siRNA in RMCs, we observed a decrease in 
active GTP forms of CDC42 and RAC1 (Figure 3C), whereas active 
RHOA (Figure 3D) was unchanged.

To test for specificity of the migration defect observed upon 
Sgpl1 knockdown, we employed S1PR antagonists. Among 5 S1PR 
(S1PR1-5), S1PR1, S1PR2, and S1PR3 are expressed in kidney (16). 
Therefore, we chose VPC23109, which preferentially acts on S1PR1 
and S1PR3, and JTE013, which is an antagonist for S1PR2. Inter-
estingly, VPC23109 partially rescued the decreased migration 
conferred by Sgpl1 knockdown in RMCs, whereas JTE013 failed to 

tosis or cell migration, because SGPL1 was present in mesangial 
cells (Figure 2E), and because Sgpl1–/– mice exhibited reduced glo-
merular mesangial cell numbers (11), we examined pathogenic 
effects of siRNA knockdown of Sgpl1 in mesangial cells (Figure 3).

To test whether SGPL1 or S1P is involved in cell survival or 
proliferation, we investigated the effect of silencing SGPL1 on 
cell apoptosis and proliferation in rat mesangial cells (RMCs). 
Knockdown of Sgpl1 did not affect apoptosis or proliferation in 
RMCs (Supplemental Figure 12). We then examined the effect of 
Sgpl1 knockdown on migration of RMCs and found that migration 
of RMCs was reduced (Figure 3A) upon knockdown of Sgpl1 by 
transfection with either of 2 siRNAs (Supplemental Figure 12). 
In addition, we confirmed this effect by showing that cell migra-
tion was significantly reduced in fibroblasts from individuals with 
SGPL1 mutations (Figure 3B).

Figure 3. Effect of Sgpl1 knockdown on RHO GTPase activity in RMCs and patient fibroblasts. (A) Effect of SGPL1 knockdown on rat RMCs using the 
xCELLigence system. RMC transfected with 2 different SGPL1 siRNAs exhibited decreased serum-induced migration rate (blue and red lines) compared 
with scrambled siRNA control (black line). (B) Diminished cell migration rate in patients with SGPL1 mutations. Using the xCELLigence system, fibroblasts 
from individuals with SGPL1 mutations (blue, red, and orange lines) showed decreased migration rate compared with control (black solid line). (C) Active 
GTP-bound RAC1 and CDC42 precipitated from RMCs transfected with scrambled (Scr) or SGPL1 siRNA using a GST-PAK1 (CRIB) pulldown assay. Compared 
with control cells, RMCs transfected with SGPL1 siRNA exhibited a significant decrease in relative CDC42 and RAC1 activity. The efficiency of knockdown 
by siRNA was confirmed by immunoblotting with an anti-SGPL1 antibody (second to lowest panel). (D) Active GTP-bound RHOA precipitated from RMCs 
using a GST-rhotekin (RBD) pulldown assay. RMCs transfected with scrambled control siRNA versus SGPL1 siRNA exhibited no significant differences in 
relative RHOA activity. C and D represent 3 experiments each. (E) Effect of S1PR antagonists on RMC migration rate. SGPL1 knockdown caused decreased 
migration rate (red line) (Supplemental Figure 3B), which was partially rescued by VPC23109 (green line), but not by JTE013 (orange line). VPC23109 is an 
antagonist that selectively inhibits S1PR1 and S1PR3, whereas JTE013 is an antagonist for S1PR2. Each cell index value corresponds to the average of more 
than triplicates and SD is in only 1 direction for clarity in A, B, and E.
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Reexpression of Sply WT and p.Glu119Gly transgenes res-
cued Sply mutant viability defect and nephrocyte dysfunction, 
which was not the case for p.Arg210Gln and p.Ser335Ile muta-
tions (Figure 4 and Figure 5A). Regarding the neutral lipid content 
of nephrocytes, we observed a rescue of the Sply phenotype with 
Sply WT and p.Glu119Gly transgenes, but not with p.Arg210Gln or 
p.Ser335Ile (Figure 5B).

In whole third instar larvae, the phenotype of C16 sphingosine 
and C16 ceramide accumulation present in Sply null hemizygous 
flies was rescued with equal efficiency by Sply WT and p.Glu119G 
transgenes (Figure 5C). However, p.Ser335Ile mutant failed to res-
cue (Figure 5C). p.Arg210Gln mutant partially rescued the Sply 
null phenotype, but with significantly less efficiency than Sply 
WT (Figure 5C). This suggests that p.Arg210Gln and p.Ser335Ile, 
but not p.Glu119Gly, mutations affect the Sply enzymatic activity 
and result in the accumulation of upstream sphingolipids, sphin-
gosines, and ceramides. Similar results were observed when ana-
lyzing fly sphingadienes, although complementation results for 
the mutants p.Arg210Gln and p.Ser335Ile did not reach a statisti-
cally significant difference from control (Supplemental Figure 14). 
We conclude that SGPL1 missense mutations p.Arg222Gln and 
p.Ser346Ile are pathogenic, impair sphingolipid metabolism, and 
induce nephrocyte defects reminiscent of those found in human 
podocytopathies. Consistent with our data on the splicing defects 
(Supplemental Figure 4B) induced by p.Glu132Gly mutation, we 
found that the corresponding amino acid change did not induce 
any defect in Drosophila.

Discussion
In this study, we identified recessive SGPL1 mutations as a cause 
of syndromic SRNS. The disease phenotype entailed SRNS with 
facultative ichthyosis, adrenal insufficiency, neurologic involve-
ment, and immunodeficiency. We show that SGPL1 mutations 
are loss-of-function mutations that lead to reduced protein lev-
els and enzyme activity and impaired degradation of long-chain 
sphingoid bases. In Drosophila, the missense mutations led to 
decreased viability and nephrocyte defects that are reminiscent 
of podocyte changes in human NS. WT Sply complemented Sply 
phenotype and sphingolipid profiles, whereas Sply harboring 
mutations did not complement.

SGPL1 is ubiquitously expressed in tissues and is an essential 
enzyme of the sphingolipid catabolic pathway. It is thus consid-
ered a main regulator of S1P levels and other sphingoid bases. Loss 
of Sgpl1 in mouse models phenocopies the human disease. In fact, 
Sgpl1–/– mice fail to thrive and die soon after weaning, showing 
defects in the immune system, the urinary system, vasculature, 
and bone as well as altered lipid metabolism (11, 23–25). However, 
adrenal insufficiency has not been described in Sgpl1–/– mice, but 
to our knowledge, adrenal function was not assessed in these ani-
mals. In the immune system, changes in local S1P concentration 
and gradient between tissues (low S1P) and efferent lymph and 
blood (high S1P) affect T cell egress from lymphoid organs (26, 
27), resulting in reduced levels of circulating lymphocytes with 
overrepresentation of T cells with a memory phenotype over naive 
T cells (27), as observed in the SGPL1 mutant patient in which a 
complete immunological work-up has been performed. Interest-
ingly, partial deficiency of Sgpl1 in inducible knockout models led 

rescue the migration defect, suggesting that the S1P effect on RMC 
migration rate is mediated through S1PR1 and/or S1PR3 (Figure 3E).

SGPL1 is required for Drosophila nephrocyte function. Sply is 
the SGPL1 ortholog of Drosophila, and a Sply null allele has pre-
viously been characterized and shown to decrease fly viability 
(17). Accordingly, Sply null hemizygous flies (Sply null/Df) had 
decreased viability (Figure 4A).

To assess whether Sply deficiency evoked a podocytopathy 
phenotype in flies, we assessed the structure and function of neph-
rocytes in Sply null hemizygous flies. Nephrocytes are thought to 
represent the Drosophila counterparts of podocytes. These cells 
display invaginations of plasma membrane that form analogous 
structures to podocyte foot processes and are connected by a slit 
diaphragm (18). This structure allows filtering of hemolymph and 
macromolecules that can then undergo endocytosis. We observed 
no major decrease of the slit diaphragm protein kirre (NEPH1 
ortholog) by immunofluorescence (Supplemental Figure 13); how-
ever, by TEM, we identified a reduction of foot process density 
(Figure 4C). To assess the impact of Sply on nephrocyte function, 
we analyzed the uptake of fluorescent-coupled albumin. Albumin 
is filtered and endocytosed in nephrocytes under normal condi-
tions, but not when there is disruption of foot processes (18, 19). 
Consistently, Sply null hemizygous flies had significantly reduced 
uptake of albumin as compared with control (Figure 5A).

Due to the known role of Sply on sphingolipid catabolic path-
way and its indirect implication in other lipid pathways, such as the 
regulation of sterol regulatory element-binding protein process-
ing in Drosophila (20), we also studied the effect of Sply KO on the 
lipid content of nephrocytes. Sply null hemizygous flies showed an 
almost complete absence of lipid droplets stained by Bodipy (Figure 
5B) or Nile red (data not shown), suggesting a reduction of neutral 
lipids. Using liquid chromatography–mass spectrometry (LC/MS), 
we also assessed the accumulation of sphingoid bases and cerami-
des in Sply null hemizygous flies. Drosophila has been shown to have 
C14 and C16 sphingosine (21) and C14 and C16 sphingadienes (22), 
a sphingoid base with an extra double bond compared with sphin-
gosine. Sphingolipid intermediates upstream of S1P, including long 
chain bases and ceramides, have been shown to accumulate when 
SGPL1 activity is inhibited, including in Sply mutant flies (17, 22). As 
expected, we observed a significant increase of C16 sphingosine, 
C14 sphingadiene, and C16 ceramide in Sply null hemizygous third 
instar larvae (Figure 5C and Supplemental Figure 14). Together, 
these data suggest that Sply null hemizygous flies have defects 
reminiscent of the podocyte disease found in humans with SGPL1 
mutations and display altered lipid metabolism due to the disrup-
tion of sphingolipid catabolic pathway.

Lack of rescue with mutant alleles in the Drosophila model. To 
assess the effect of SGPL1 missense mutations in vivo, we reex-
pressed the HA-tagged Sply carrying WT or the corresponding 
human mutations p.Glu119Gly, p.Arg210Gln, and p.Ser335Ile 
(equivalent to human mutants p.Glu132Gly, p.Arg222Gln, and 
p.Ser346Ile, respectively). We observed that under its endogenous 
promoter, HA-tagged Sply is expressed in nephrocytes (Figure 4B). 
Consistent with our previous results, the expression of mutants 
p.Arg210Gln and p.Ser335Ile was greatly reduced at the protein 
level compared with WT (Figure 4B), but without any significant 
difference at the mRNA level (Supplemental Figure 15).
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Figure 4. SGPL1 missense mutations fail to rescue the phenotype of 
the Drosophila SGPL1 ortholog (Sply) KO. Human SGPL1 mutations 
p.Glu132Gly, p.Arg222Gln, and p.Ser346Ile are equivalent to Drosophila 
Sply mutations p.Glu119Gly, p.Arg210Gln, and p.Ser335Ile. (A) Viability 
defects of Sply null hemizygous and Sply mutant flies. Viability was 
calculated as the percentage of Sply null hemizygous offspring of het-
erozygous parents. Values are normalized to the viable control Df(2R)
BSC433/Df(2R)247. More than 650 flies per genotype; 6 independent 
experiments. (B) Western blot of HA-tagged Sply in third instar larvae 
(top panel) and immunofluorescence of third instar garland nephro-
cytes stained for HA (purple) (bottom panel). Membrane and nuclei 
were labeled with HRP (green) and Hoechst (blue), respectively. Five or 
more larvae/genotype; 3 independent experiments. Scale bar: 10 μm. 
(C) Foot process density in Sply null hemizygous and Sply mutant third 
instar garland nephrocytes. TEM images and quantification. Six or 
more nephrocytes/genotype; 2 independent experiments. Scale bars: 
200 nm. Statistical analysis performed by Bonferroni’s test following 
ANOVA. ***P < 0.0005; *P < 0.05. All graphs show mean ± SEM. ns, 
not significant.
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Figure 5. Defects of vesicular transport and sphingosine metabolism in the SGPL1 drosophila ortholog (Sply) KO. (A) Albumin uptake in Sply null hemi-
zygous and Sply mutant third instar garland nephrocytes. Nephrocytes were incubated for 2.5 minutes with albumin-FITC (green), fixed and stained for 
the membrane marker HRP (red). Ten or more larvae/genotype; 3 independent experiments. Scale bar: 10 μm. (B) Lipid droplets in Sply null hemizygous 
and Sply mutant third instar garland nephrocytes, assessed by Bodipy staining. Six or more larvae/genotype; 2 independent experiments. Scale bar:  
10 μm. (C) Sphingoid bases accumulation in Sply null hemizygous and Sply mutant third instar larvae assessed by LC/MS. Note that p.Arg210Gln mutant 
rescues with less efficiency than Sply WT (p.Arg210Gln vs. Sply WT, P = 0.009 for sphingosines and P = 0.02 for ceramides, t test). n = 6 independent 
experiments. For Sply null, Sply WT, and p.E119G, 1 analysis was removed due to poor quality chromatography. Control corresponds to WT larvae. Statisti-
cal analysis performed by Dunnet’s (C) post-hoc tests following ANOVA or Dunn’s post-hoc test following Kruskal-Wallis (A). ***P < 0.0005; **P < 0.005; 
*P < 0.05. All graphs show mean ± SEM.
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argue against or in favor of a cell no-autonomous effect of SGPL1 
deficiency. However, in our study, cultured podocytes stimulated 
with S1P did not show increased apoptosis at the S1P expected 
disease level. Additionally, SGPL1 knockdown in podocytes also 
did not lead to a phenotype in cell migration or cell prolifera-
tion, although these results could be due to insufficient SGPL1 
decrease, since in neurons, a 70% reduction of SGPL1 using an 
RNA strategy is insufficient to induce accumulation of S1P (38). In 
Drosophila, there has still been no identification of a S1PR ortho-
logue. However, we cannot exclude the possibility of a Drosophila 
S1PR. Accordingly, the phenotype we observed in nephrocytes 
upon the constitutive Sply knockout cannot argue against or in 
favor of a cell-nonautonomous effect of SGPL1 deficiency.

However, in mesangial cells, SGPL1 knockdown induced a 
decrease of active RAC1 and CDC42 and a phenotype of decreased 
cell migration, which was partially mitigated by S1PR inhibition. 
Our findings in RMCs and Drosophila nephrocytes suggest that 
both cell types can be affected by SGPL1 deficiency, but it is not 
clear which cell type is primary in the pathogenesis. To address 
this, generation of transgenic mice with glomerular cell type– 
specific deletion of Sgpl1 is under way.

Methods
Study participants. We obtained clinical data, blood samples, and skin 
biopsies from SRNS patients from worldwide sources. The diagnosis 
of NS was made by nephrologists based on standardized clinical and 
histologic criteria (39). Renal biopsies were evaluated by pathologists. 
Additional, clinical data were obtained using a standardized question-
naire (http://www.renalgenes.org).

WES. In consanguineous families, we combined WES with HM, 
as established previously (40, 41). Genetic regions of homozygosity 
were plotted across the genome (Figure 1A) (42, 43). Exome capture 
was performed with the Agilent SureSelect V5 Enrichment Capture 
Kit. The enriched library was sequenced on an Illumina HiSeq 4000 
(100 bases paired end). Variant burden analysis was performed as 
previously described (44). Sequence reads were mapped against the 
human reference genome (NCBI build 37/hg19) using CLC Genomics 
Workbench (version 6.5.1) software (CLC bio). High-throughput exon 
resequencing was performed largely as described previously (9). For 
the nonconsanguineous family NCR61 and consanguineous family 
EB, exome sequencing was performed in 2 (NCR61-1 and NCR61-2) 
and 1 (EB-1) affected children. The enriched library was sequenced on 
an Illumina HiSeq 2500 (V4 chemistry, 2 × 125 bases). Variants were 
called as described (45).

RNA extraction, RT-PCR, and cDNA cloning. Human SGPL1 full-
length cDNA was obtained (clone MGC: 60255 IMAGE: 6150776) 
and subcloned into pRK5-N-Myc, pDEST69-N-FLAG, or BABE-
puro-gateway (Addgene plasmid no. 51070). Mutations were intro-
duced using the Quik Change II XL Site-Directed Mutagenesis Kit 
(Agilent Technologies).

SGPL1 enzymatic activity assay. SGPL1 activity in whole cell 
extracts of patient fibroblasts and HEK293T cells expressing WT and 
mutant SGPL1 cDNA constructs was measured by quantifying the 
amount of hexadecenal formed over time as described (46).

3D protein structure. The crystal structure of human SGPL1 (PDB 
code 4Q6R) was prepared using the protein preparation wizard in 
Schrödinger Maestro release 2015.1. (version 10.1). After protein prep-

to a less severe phenotype, with decreased lethality and in which 
prevailing manifestations involved kidney (massive proteinuria 
with FSGS), the immune system, platelets, and skin (28, 29). The 
variable organ involvement found in different SGPL1 mutated 
families may be related to levels of residual functional SGPL1 con-
veyed by different mutations. However, the intrafamilial variabil-
ity may be explained by the presence of other genetic factors that 
may influence the disease manifestations. For instance, variants 
or polymorphisms in genes involved in S1P metabolism and sig-
naling, such as SGPP1, SGPP2, SPHK1, SPHK2, SPNS2, or S1PR1-5, 
may contribute to intrafamilial variability.

The phenotypic spectrum of SGPL1 mutations is reminiscent 
of Schimke immunoosseous dysplasia (MIM 242900), which 
is caused by recessive mutations in SMARCAL1 encoding SWI/
SNF-related, matrix-associated, actin-dependent regulator of 
chromatin, subfamily A-like protein 1. Specifically, mutations 
in both SMARCAL1 and SGPL1 are associated with FSGS and T 
cell–related immunodeficiency. Whereas SMARCAL1 is involved 
in reannealing stably unwound DNA, SGPL1 has been implicated 
as a mediator of DNA damage response (DDR). Increased SGPL1 
expression and activity in DDR promotes apoptosis through a 
pathway involving p53 and caspase 2 (30). Therefore, defects in 
DDR may also contribute to the pathogenesis of SGPL1 deficiency. 
However, it should be noted that the T cell defects in patients with 
SMARCAL1 mutations are global and involve impairment of T cell 
proliferation, survival, and function. In contrast, SGPL1 deficiency 
in mice leads to lymphopenia as a result of trafficking defects, as 
shown by the sequestration of mature T cells in mutant mouse 
thymus, whereas T cell proliferation in thymus is unaffected (J.D. 
Saba and colleagues, unpublished observations).

Patient fibroblasts had significantly elevated C22:0, C24:0, 
and C24:1 ceramides compared with control fibroblast (Supple-
mental Figure 8). Interestingly, total serum ceramide levels and 
C24:0 and C16:0 lactyosylceramides were found to be high in 
children with CKD, which suggests they may play a causal role in 
the development of FSGS in our cohort (31). Total ceramide levels 
and the balance of different ceramide species can influence apop-
tosis and autophagy, thereby contributing to the pathophysiology 
of many diseases.

S1P is a bioactive lipid implicated in the regulation of cell sur-
vival, apoptosis, proliferation, and migration (32, 33). It can act in 
a paracrine and autocrine fashion by acting on G protein–coupled 
S1PRs that account for activation of signaling pathways such as 
Akt, mTOR, and RHO/RAC/CDC42 (34). However, S1P can also 
act intracellularly by regulating proapoptotic effector molecules 
such as BAK and BAX (35), TRAF2 (36), HDAC activity, and thus, 
epigenetic programs in the nucleus (37). The pathogenesis of dis-
ease within the target organs could result from both an excess of 
intracellular S1P and an imbalance of other sphingoid bases, but 
also from S1P signaling through the S1PRs. Podocytes are known 
to exhibit S1PRs, and as components of the glomerular filtration 
barrier, they could exhibit increased sensitivity to circulating S1P 
levels, especially under conditions of reduced SGPL1 activity, as 
has been shown in neuron primary cultures (38). In Drosophila, 
the phenotype we observed in nephrocytes upon constitutive Sply 
deletion is most likely to be secondary to intracellular accumula-
tion of S1P, but also to increased interstitial S1P levels, and cannot 
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LCB3 cloned into YCplac33), RH431, and MATα ura3 leu2 his4 bar1 
(49). pRS415-ADH2 was used to overexpress human SGPL1 in yeast. 
pRS415-ADH-SGPL1 was constructed by cloning SGPL1 in the XmaI-
XhoI sites of pRS415-ADH.

PHS toxicity test. Yeast dpl1Δ cells transformed with PRS415-ADH 
bearing WT or mutant human SGPL1 coding sequences were cultured 
overnight in synthetic defined minus leucine medium and spotted 
onto synthetic defined plates containing ethanol (vehicle control) and 
PHS (40 μM) as previously described (50).

Synthetic lethality test. RH4863 yeast cells were transformed 
with plasmids overexpressing human SGPL1 (WT and mutant vari-
ants) or yeast (positive control). Cells grown in synthetic defined 
minus leucine medium were 10-fold serially diluted and spotted 
onto synthetic defined–agar without leucine, without uracil, or with 
1 mg/ml 5-FOA (50).

Fly strains and generation of transgenic flies. Stocks were maintained 
on standard cornmeal-yeast food at 25°C. The following fly stocks 
were used: Sply05091/CyO,Act-GFP (from BL #11393), Df(2R)BSC433/ 
CyO,Act-GFP (from BL #24937), and Df(2R)247/CyO,Act-GFP (BL 
#7155), obtained from the Bloomington Stock Center, and Kirre RNAi 
(GD #14476), obtained from the Vienna Drosophila RNAi Center. Pros-
GAL4 (a gift from Barry Denholm, Center for Integrative Physiology, 
University of Edinburgh, Edinburgh, United Kingdom) y,w1118 was used 
as a WT control. Due to inbreeding, homozygous Sply05091 (Sply null 
allele) were almost impossible to obtain. We therefore generated Sply 
null hemizygous flies by crossing the Sply05091/CyO,Act-GFP flies with 
Df(2R)BSC433/ CyO,Act-GFP flies that carry a deletion of the Sply locus 
and 5 other contiguous genes. In the F1 generation, Sply null hemizy-
gous flies were identified by the absence of the balancer chromosome 
(CyO,Act-GFP). We confirmed the absence of Sply mRNA in Sply null 
hemizygous flies by reverse-transcriptase PCR (RT-PCR) (Supplemen-
tal Figure 15). For Sply rescue constructs, the HA tag (in-frame before 
the stop codon) and the corresponding SGPL1 human mutations were 
individually inserted by site-directed mutagenesis in the cloned 4-kb 
Sply genomic locus, including regulating sequences (–491 bp) and 3′ 
UTR (+1066 bp). Subsequently, the WT and mutant Sply rescue con-
structs were cloned into a pattB vector (Konrad Basler, Institute of 
Molecular Life Sciences, University of Zurich, Zurich, Switzerland) and 
injected into flies with an attP landing site at 76A2 by BestGene Inc. 
Primer sequences and cloning details are available in Supplemental 
Table 2. For the rescue experiments, 1 copy of the Sply rescue constructs 
was transferred by mating to the Sply null hemizygous background.

Viability assay. Fly crosses were allowed to lay eggs for 48 hours 
on standard cornmeal-yeast food. The percentage of hatching adults 
of the appropriate genotype was recorded. As a control, we crossed 
the Df(2R)BSC433/CyO,Act-GFP with Df(2R)247/CyO,Act-GFP (car-
rying a deletion nonoverlapping with Df[2R]BSC433), and the per-
centage of the normally viable Df(2R)BSC433/Df(2R)247 flies was 
recorded. On average, a total of 120 F1 hatching flies were counted per 
condition, and the experiments were repeated 6 times. Values report-
ed were normalized to the control.

Mice. Sgpl1–/– mice were previously described (11). Sgpl1–/– mice, 
littermate controls, and heterozygote breeders were handled in 
pathogen-free conditions.

TEM. After dissection, third instar garland nephrocytes and kid-
neys from Sgpl1+/+ and Sgpl1–/– mice were fixed in 2.5% glutaraldehyde 
at room temperature and processed for TEM with standard techniques.

aration, the effects of mutations were computationally assessed using 
the Residue Scanning module in BioLuminate 1.8 (Biologics Suite 
2015-1: BioLuminate, version 1.8).

Cell culture and transfection. Human podocytes were provided by M. 
Saleem (University of Bristol, Bristol, United Kingdom) and maintained 
at the permissive temperature of 33°C in RPMI + GlutaMAX-I (Gibco, 
Thermo Fisher Scientific) supplemented with 10% FBS, penicillin (50 
IU/ml)/streptomycin (50 μg/ml), and insulin–transferrin–selenium-X. 
RMCs (ATCC CRL-2573) were maintained in DMEM supplemented 
with 15% FBS, 0.4 mg/ml G418, and penicillin/streptomycin. SGPL1-
specific and control scrambled siRNAs were purchased from Dhar-
macon. siRNAs were transfected into podocytes or RMCs using Lipo-
fectamine RNAiMAX (Invitrogen). The target sequences of siRNAs 
are in Supplemental Table 1. Human fibroblasts were grown in DMEM 
supplemented with 15% FBS, penicillin/streptomycin, and nonessential 
amino acids (Invitrogen). HEK239T cells were used for lentivirus pro-
duction and transfected by the calcium phosphate precipitation method.

Immunoblotting, immunofluorescence, and GST pulldown assay. 
Experiments were performed as described previously (47). GST-
PAK1 and GST-Rhotekin beads were purchased from Cytoskeleton 
Inc. Anti-SGPL1 (AF5535, R&D Systems), anti-BiP (ab21685), anti– 
β-actin (ab6276, Abcam), anti-CD31 (MA3100, Thermo), anti-RAC1 
(610650), anti-CDC42 (610928), anti-GM130 (610822, BD Transduc-
tion Laboratories), anti-Myc (sc-789), anti-RHOA (sc-418), anti-WT1 
(sc-7385, Santa Cruz Biotechnology Inc.), anti-GOLGB1(HPA011008), 
anti–α-smooth muscle actin (A2547), anti-FLAG (F3165, Sigma-
Aldrich), anti-HA (11867423001, Roche), and anti-synaptopodin (20-
4694, American Research Products) antibodies were purchased from 
commercial sources. Immunoblotting was quantified by densitometry 
using ImageJ software (NIH). For immunofluorescence in Drosophila  
nephrocytes, third instar garland nephrocytes were dissected and 
fixed for 20 minutes in 4% paraformaldehyde at room temperature. 
For Kirre stainings, an alternative fixation method was used: nephro-
cytes were heat fixed during 5 seconds at 90°C in 0.7% NaCl, 0.05% 
Triton X-100 solution (48). The following primary antibodies were 
used: anti-Kirre (gift from Karl Fischbach, University of Freiburg) 
anti-HA, and Alexa Fluor 488 or Cyanine Cy3–conjugated anti–horse-
radish peroxidase (Jackson Immunoresearch). Nile red and Bodipy 
493/503 (Thermo Fisher Scientific) were used to stain lipid droplets. 
For albumin uptake assay, garland nephrocytes were dissected from 
third instar larvae in Schneider’s medium (Pan-Biotech), incubated 
for 2.5 minutes with 0.1 mg/ml Alexa Fluor 488–conjugated albumin 
(Thermo Fisher Scientific) at room temperature, and fixed in 4% PFA 
for 20 minutes. Confocal images were obtained with a Leica TCS SP8 
SMD, and ImageJ (NIH) was used for image analysis.

Migration and proliferation assay. Migration assays were performed 
using the xCELLigence system (ACEA Biosciences). For migration 
assays, 48 hours after transfection, 4 × 104 cells were plated with serum-
free media in the upper chamber of CIM-plate 16. The lower cham-
bers were filled with 10% FBS for chemoattraction or with serum-free 
media. For proliferation assays, 4 × 104 cells were plated in the E-plate 
16. The data obtained were analyzed with RTCA software (ACEA Bio-
sciences Inc.). Results are presented as the time versus cell index curve.

Yeast strains and plasmids. The following yeast strains were used 
in this study: BY4741-Euroscarf, MATa, his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, dpl1Δ::KanMx, RH4863, MATα lcb3Δ::KanMx dpl1Δ::KanMx 
ura3 leu2 his4 ade2 bar1, pLCB3::URA3 (PCR amplified genomic 
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cells. JDS, BO, HYG, and WIC analyzed the Sgpl1–/– mouse model, 
critically evaluated mouse data, and wrote mouse studies. SG, N 
Lachaussée, MS, JP, and C Antignac performed Drosophila studies. 
AS performed TEM. JHS performed all LC/MS assays for quanti-
fication of cellular SPLY activity and SPL distribution. HR and VG 
performed yeast complementation experiments. SL, HYG, SG, 
MZ, VC, C Antignac, D Schapiro, MF, DAB, FS, NK, JG, TG, KS, 
VC, D Schanze, IF, YS, AST, BA, JD, RB, YP, EA, N Lloberas, AM, 
CES, FPB, JPM, VRD, AMC, MCW, MAC, NW, and FH recruited 
patients and gathered detailed clinical information for the study. 
JG and TG performed the immunophenotyping of patient EB-1. 
HS, RW, and GC performed structural molecular modeling of the 
SGPL1 enzyme. JDS directed studies undertaken by BO and JHS. 
All authors critically reviewed the paper. FH and C Antignac con-
ceived of and directed the entire project and wrote the paper with 
help from SL, SG, HYG, BO, and JDS.
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Sphingoid bases analysis. Sphingolipid metabolites from fly lar-
vae and patient fibroblast samples were extracted using a protocol 
described previously (51). Analytical systems used were composed of 
Agilent 1290 UPLC coupled with Agilent 6490 triple quadruple mass 
spectrometer. Analysis was carried out using multiple reaction moni-
toring (MRM) mode. The general source settings in the positive ion-
ization modes were as follows: gas temperature, 200°C; gas flow, 16 
minute–1; nebulizer, 20 psi; sheath gas temperature, 250°C; sheath gas 
flow, 11 minute–1; and capillary voltage, 3.0 kV. Specific MRM transi-
tions for fly sphingoid bases were programmed based on the transitions 
described previously (52). Chromatographic separation of sphingolip-
ids was performed with a Zorbax RRHD Eclipse Plus C18 (2.1 × 150 
mm, 1.8 μm) equilibrated at 50°C. A binary gradient of mobile phase 
A (water containing 0.2% formic acid and 2 mM ammonium formate) 
and B (methanol containing 0.2% formic acid and 1 mM ammonium 
formate) was delivered at a constant flow rate of 1 ml/min. The total 
run time was 10 minutes. Initial gradient was 70% B and increased 
to 100% B at 8 minutes and returned to baseline at 8.5 minutes and 
maintained until 10 minutes. Data processing of all metabolites was 
performed using MassHunter software (Agilent).

RT-PCR and real-time PCR. Total RNA was isolated from fibro-
blasts using a QIAGEN RNA extraction kit (QIAGEN). cDNA was pre-
pared using reverse transcriptase Superscript II (Invitrogen). PCR was 
performed using ReadyMix Taq PCR (Sigma-Aldrich) and the following 
primers: SGPL1 exon 4 forward, 5′-CTCACCAGGAAGATGCCCAT-3′ 
and SGPL1 exon 8 reverse, 5′-GCTTTGCAGGCCATCAGTAT-3′. The 
amplified PCR products were then cloned into a pGEM–T Easy Vector 
(Promega) and analyzed by Sanger sequencing. In Drosophila, relative 
expression levels were determined using the Absolute SYBR Green 
ROX Mix (ABgene) and specific primers as follows: Sply forward, 
5′-CTGGCTCTGGACTGTGATCTG-3′ and reverse, 5′-GACGCTT-
GCCACGAATGTAA-3′. Expression levels were normalized to actin.

Statistics. Results are presented as mean ± SEM or SD for the indi-
cated number of experiments. Statistical analysis of continuous data 
was performed with 2-tailed Student’s t test or 1-way ANOVA, with 
Dunnet’s, Bonferroni’s, or Dunn’s post hoc test, as appropriate. P < 
0.05 was considered statistically significant.
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Supplemental appendix. For additional data, including Supplemen-
tal Tables 1–3 and Supplemental Figures 1–15, see the supplemental 
material, available with the full text of this article.
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