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 1 I. Summary 

I. Summary 

 

In the last few decades Sphingolipids demonstrated to be more than just simple 

structural compounds in mammalian cells. Sphingolipids exhibit some unique properties 

due to their amphiphatic nature [48]. The majority of SLs, specifically the sphingoid 

bases, were N-acylated with fatty acid. The length of the acyl chains and the degree of 

unsaturation varies, but most commonly exhibit a length between C16:0 to C24:0. SL 

along with Chol, are reported to be required in the formation of micro- and raft-domains, 

which are assumed to be important in membrane trafficking and signaling [150]. Serval 

SL intermediates are dubbed to be bioactive lipids and modulate a variety of cellular 

events [47]. Moreover, these long chain base derivatives display a wide structural 

diversity and complexity. Such complexity and ubiquitous distribution within eukaryotic 

cells needs to be highly organized and regulated but most direct targets of SLs remains 

unclear. Interestingly, SLs are newly assumed to be associated in the pathophysiology 

of metabolic diseases such as diabetes mellitus type 2 [29]. 

 

 

 

I.I Biophysical properties of Ceramides 

 

An interesting subclass of the SLs are Cers, the simplest SLs. Cers are assigned a 

special role within SLs because of their involvement in many cellular and biophysical 

processes [10]. Additionally, they represent the precursor molecules for all complex SLs. 

In literature Cers are describe to modulate many events in signaling including apoptosis. 

Besides its role as second messenger and therefore the involvement in many signal 

cascades, Cers are also known to be essential in physical modifications and structural 

alternations of membranes [11]. Such regulatory functions on membrane formation are 

e.g. domain formation with other lipids (i.g. SM and Chol), phase separation with sterols 

(Chol), vesicular trafficking, fusion, membrane curvature fluidity and thickness and the 

induction of membrane leakiness. In contrast to phospholipids, Cers can move from one 

side of the membrane leaflet to the other, due to their strong hydrophobicity. This 

movement is called flip-flop or as transbilayer movement and is controversially 

discussed. Consequently, no exact value has been reported about the flip-flop property 

of Cers, which probably plays an important role during the transmission of an extra 

cellular signal through the membrane. 

  



 2 I. Summary 

In order to probe the biophysical properties of ceramides, a synthetic access to 

1-thioceramides (1-SHCer) analogues with different N-acyl chain length has been 

developed in this study. With 1SHCer the flip-flop was investigated on pre-formed 

liposomes and the data indicated a very rapid flip-flop of Cers with a half time t1/2 <10s in 

raft- and non-raft like membrane models. Furthermore, the acyl chain length exhibited 

no measurable impact on the speed of the flip-flop. Utilizing the same probes the 

importance of hydrogen bond donor and acceptor properties of Cers upon interaction 

with sphingomyelin in the presence or absence of cholesterol (Chol) has been probed. 

Performed fluorescent quenching experiments (P.Slotte) proposed the following relative 

preference in interaction with pSM: 

 

pSM:DAGs > pSM:Cer > pSM:Chol > pSM: 1-pCerSH 

 

Most strikingly, the importance of the 1-OH H-bond acceptor functionality to replace 

Chol around and above the melting temperature of pSM has been demonstrated. 

 

 

 

I.II 1-deoxy-sphingolipids: 1-deoxy-sphinganine (1-doxSA) 

 

Recently, an unusual subclass of SLs, named 1-deoxysphingoids have come to the 

foreground, indicating the possible versatilities of these 1-deoxy species, here 

specifically of 1-deoxysphinganine, as biomarker for metabolic disorders [54, 55, 26]. 

1-doxSA is physiologically generated (10-40nM) due to substrate promiscuity of SPT 

and shown to be elevated in patients with metabolic disorders [54, 94]. However, 

physiological significance, cellular trafficking and degradation of these 1-deoxy 

sphingolipids are largely unknown. In this study an organic synthetic access to 

fluorescent DSB derivatives was established, featuring a fluorescent moiety at the lipid 

tail, such as FITC 26. Comprehensive fluorescent studies of 26 revealed an unusual 

subcellular distribution. Exogenous 1-doxSA analogues, such as FB1 and 

1-doxSA-FITC, enter via specific entry points associated with the heavy chain of LAT, 

called 4F2hc. During the next few hours these lipids accumulate within the cytosol 

prior to N-acylation by CerS. Upon N-acylation, the newly formed 1-doxdhCer and its 

analogues insert into the ER membrane [see FigI.II.a].  

  



 3 I. Summary 

Without significant trafficking via the Golgi apparatus the fluorescent probe and most 

likely FB1 analogues accumulate within the late endosomal and lysosomal system, 

probably via a direct connection with the ER. Entry to and accumulation in LDs cannot 

be excluded for native 1-doxdhCer, due to its significant hydrophobic nature. This 

trafficking requires 48h in epithelia cells, while essentially the same trafficking sequence 

is completed in about 24h in case of hepatocytes and kidney cells. Analysis of the lipid 

metabolism of unlabeled 1-doxSA and FB1 revealed a strikingly similar behavior, 

pointing towards a common pharmacological effect. Complete consumption of TG within 

24h in epithelia cells combined with GO analysis of 1-doxSA interacting lipids indicates 

significant modulation of fatty acid degradation, pointing towards regulation of the 

energy metabolism. This is in good agreement with the observed induction of autophagy. 

Together, this rapid and similar metabolic change of both 1-doxSA and FB1, points 

toward direct 1-doxSA head-group related lipid-protein interaction and less toward the 

influence of FB1 on CerS activity. This work suggests the biological significance of 

1-doxSA as a primary nutrient sensor to maintain nutrient homeostasis and its role in the 

pathophysiology of metabolic diseases. 

 

Fig.I.II.a: Schematic summary of the distribution and the effects of 1-doxSA-FITc/FB1 and 1-doxSA with 

the cells. The compounds probably enter the cells via LATs. Inside the cell, they will bind to 4F2hc and 

PP2Ac. All three derivatives will localize in the ER where they get N-acylated and packed into 

Lysosomes.  
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1. Introduction 

 

1.1 Sphingolipids (SLs) 

 

The cellular membrane of living organisms, are made of a lipid bilayer - forming a 

continuous barrier around each cell (plasma membrane) and cell organelles such as 

lysosomes, Golgi, ER, Mitochondria as well. The major components of all cell 

membranes are lipids and proteins, which are tightly regulated in order to maintain the 

integrity of the membrane and therefore its function. Biological membranes are 

comprised of a great variety of lipids and can be divided into three main classes [96]: 

 

1) Glycerolipids (e.g. PLs (DPPC, POPC), neutral lipids such as TG, DAG); 

2) Sterols (e.g. Cholesterol (Chol)) and 

3) Sphingolipds (e.g. SM, Ceramides (Cer)) [57].  

 

The name Sphingolipids, which is related to the word “sphinx” origins from J.L. W. 

Thudichium in 1884, because of their mysterious properties [111]. The class of 

sphingolipids become a subject of interest, since it was shown that SL have important 

regulatory roles in membrane formation and signal transduction [12]. SLs are 

documented to modulated physical properties on membranes such as raft-formation, 

phase separation with sterols, such as Chol, through self-association [11]. Furthermore, 

SL are influencing membrane vesiculation, fusion/fission and vesicular trafficking, fluidity, 

thickness and curvature, e.g. Cer are thought to form channels resulting in membrane

“leakiness” [4], which probably results in the loss of the membrane potential. The 

physical effects on membrane properties will also strongly effects the activity of 

signaling pathways. Recently, SLs are described to be relevant in tumor biology and 

cancer control [104]. SLs are important components in the skin, more precisely in the 

stratum corneum of the epidermis where they are required for the establishment of the 

water barrier [19]. This lipid matrix contains mainly very long-chain Cers and Chol as 

well as free fatty acids [19]. Free Cers only exist in the skin due to their high 

hydrophobicity in any other case Cers are restricted to membranes. This barrier 

prevents transcutaneous water evaporation and entering of microorganism into the 

host-cells [23]. 
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SLs are derivatives of long-chain bases and exhibit a considerable structural diversity. 

The long-chain base (LCB) [see Fig.1] is related to amino alcohols and is termed as 

(2S, 3R, 4E)–2 – amino–1, 3–dihydroxy–4–octadecene [23, 119] also known as 

“sphingosine” or d-erythro-sphingosine and represent the basic building block of SLs. 

Most sphingoid-bases are desaturated at ∆4,5 position in E configuration [134]. In 

human kreatinocytes an unusual sphingoid-base was found in higher concentration, 

featuring a hydroxylation at C-4 and is named phytospingosines [110]. 

Phytosphingosines are more common in yeast and plant cells [23]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2 Biosynthesis of sphingolipids 

 

SLs and their metabolism are widely distributed throughout the cell and are not 

restricted to a single organelle. For example the de novo synthesis of SLs begins in the 

ER, followed by trafficking to the Golgi and further to the plasma membrane. In contrast 

degradation occurs mainly in the acidic compartments of the cell [30], while the salvage 

pathway of SLs is located in the cytoplasm.  

As already mentioned, de novo biosynthesis of SLs involves primarily two cellular 

compartments. The initial stage is localized at the ER, whereas the second part is 

restricted to the Golgi apparatus [see Fig.2]. Condensation of L-serine and 

palmitoyl-CoA at the ER through the activity of serine-palmitoyl-transferase (SPT) mark 

the beginning of SL biosynthesis [30]. This reaction is defined as the rate-limiting step in 

the de novo synthesis of SL [23]. SPT is a heterodimeric, transmembrane protein 

depended on pyridoxal [96], releasing the carboxyl group of serine as CO2 during the 

reaction. The characterization of SPT revealed a preference for palmitoyl-CoA, leading 

to the formation of LCB with an average of 18 carbon atoms [24].  

NH2

OH

OH Sphinganine

NH2

OH

OH Sphingosine

NH

OH

OH

Phytosphingosine

OH

NH2

OH

OH

OH

(CH2)nCH3O

Phytoceramide

Fig.1: Structures of selected long chain sphingoid 

bases 
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In a correlation with the availability of its substrates, which are found in the cytosol, the 

active site of SPT is localized towards the cytoplasmic face of the ER [96]. The first step 

of the biosynthetic pathway results in the formation of 3-ketosphinganine which will be 

reduced in a NADPH depended step to d-erythro-sphinganine, catalyzed by 

3-ketosphinganine reductase [92]. Thereafter, the intermediate d-erythro-sphinganine 

or dihydrosphingosine is subsequently N-acylated by an ER-localized ceramide 

synthases to D-erythro-dihydroceramide [92]. CerS can also re-acylate sphingosine 

which is produced during the degradation of complex SL and of Cers [92]. Nevertheless, 

SA represents the better substrate compared to SO [23]. In mammals, CerS is a group 

of six enzymes, each with a clear preference towards specific fatty-acyl-CoAs [106]. 

Consequently, dihydroceramides exhibit a wide but tissue specific spectrum of fatty 

acids. For example e.g. CerS1 (C18:0) is mainly expressed in brain [20], CerS3 (C26:0) 

[20] is found in skin, whereas CerS2 (C22:0/24:0) [20] seems to be more generally 

expressed in many tissues. Until now, no specific inhibitor for different CerS – isoforms 

is known [20]. The most common used inhibitor for CerS is FB1 and FB2 [23, 93, 65], 

which are mycotoxins produced by Fusarium spec. Fusarium is a fungus which 

frequently infects corn and cereals [65]. CerS is involved in the regulation of 

physiological and pathophysiological processes by modulating the balance between 

sphingoid bases and dihydroCer. Additionally, it is reported that CerS is involved in the 

pathophysiology of neurodegeneration [108], a possible correlation between the 

acyl-chain length of SL and the development of neurodegenerative disorders was 

assumed [108]. Interestingly, in all dementia-like diseases, such as Alzheimer, elevated 

levels of very long-chain SLs (C20:0/24:0) were found [108]. Finally, the 

dihydroceramide desaturase (DES1) introduces the double bond at ∆4,5 position in 

E-configuration [133] yielding in Cers. Specific tissues, such as skin and kidney are able 

to generate phytoCer from dihydrocer [110]. This reaction is catalyzed by DES2 a 

bifunctional enzyme which can act as ∆4-desaturase and C4-hydroxylase [134].  

Ceramides are the simplest SLs which have therefore a central role in SL-metabolism, 

because ceramides can be further modified and formed within the Golgi to more 

complex SLs [see Fig.3]. Ceramides were the central precursor for all cellular SLs and 

represent a class of molecules, rather than a single molecule [104], characterized by 

their acyl-chain length. 
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Ceramides are transported from the outer leaflet of the ER-membrane to the Golgi by 

vesicular and non-vesicular transfer [47]. The vesicular transfer is mediated by COPII 

coated vesicles [101], upon binding to the ER membrane budding is induced towards 

the outer membrane leaflet of the Golgi [101]. Additionally Cers can be also transported 

by a specific protein, named CERT (non-vesicular) [47]. CERT is a specific, cytosolic 

protein for ceramide transport and interacts specifically with the 1-hydroxyl-group of 

Cers. After extraction of the Cer from the ER-membrane it is transferred to the cytosolic 

leaflet of the Golgi membrane [185]. Ceramides need to translocate to the lumen side 

prior to SM synthesis, once they were delivered. This translocation step is probably 

realized by a spontaneous transbilayer movement (flip-flop).  

At the Golgi ceramides get linked to different head-groups [see Fig.3] giving raise to SM, 

GSL or its phosphorylated analogs. The enzyme sphingomyelin synthase transfers the 

phosphocholine head-group from a phosphatidylcholine to the primary hydroxyl-group 

of ceramides yielding SM and one molecule DAG as a byproduct [23]. DAGs are 

essential effectors of the IP3/DAG transduction pathway [95].  

NH2

OH

-OOC

OH

NH3+

H3C(H2C)14 SCoA

O

HN

OH

OH

OH

H3Cn(H2C) SCoA

O

(CH2)nCH3

O

HN

OH

OH

(CH2)nCH3

O

NH2

OH

O

HSCoA; CO2

NADPH

NADP+

HSCoA

NAD
+

NADH/H+

Serine-Palmitoyltransferase

3-Ketosphinganine-Reductase

PLP

Ceramidesynthase

DES1/ dihydroceramide desaturase

ceramide

Dihydroceramide

Sphinganine

3-Ketosphinganine

L-Serine
Palmitoyl-CoA

Fig.2: Overview of the sphingolipid de novo synthesis 
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Interestingly, DAG is a common precursor of TG- and glycerol-synthesis [see Fig.6]. 

Consequently, the de novo synthesis of SLs is linked to TG-synthesis [95]. The 

biosynthesis of glucosylceramides is more complex and requires the stepwise addition 

of carbohydrate residues. Lactosylceramide is a common precursor of GSL`s found in 

vertebrates [105]. Basically, GSL are composed of a hydrophobic backbone, acting as a 

membrane anchor and an extra-cytoplasmatic oligosaccharide chain [92]. The 

glycosylation is catalyzed by glucosyl- and galactosyltransferase, respectively [see 

Fig.3], transferring a hexose residue from a nucleotide-activated sugar (UDP-glucose, 

UDP-galactose) to the primary OH-group of the ceramides [93]. Subsequently more 

complex GLS such as cerebrosides, Gangliosides (contain sialic acid, N-acetyl 

neuraminic acid) and sulfatides are generated. After biogenesis, SM and GLS will reach 

the plasma-membrane by vesicular trafficking [57, 92], and are ubiquitously expressed 

on the eukaryotic cell-surface [107]. On the cell surface GSLs are involved in cell-type 

specific adhesion processes [105, 92], and also function as binding sites for toxins, 

viruses and bacteria itself [92, 94, 105]. Furthermore, neuronal cells, especially from the 

central nervous system are containing high amounts of GSLs including a variety of 

gangliosides and sialic acid containing gangliosides [92, 105]. Alternatively, Cers can 

undergo a “simple” phosphorylation step to ceramide-1-phosphate, catalyzed by 

ceramide-kinase [110]. Furthermore, sphingolipids can be N-deacylated, yielding in 

sphingosine-1-phosphate (S1P), lysosphingomyelin or 1-galactosylsphingosine 

(psychosine) [23]. These lyso-type derivatives are only found in very low concentrations 

within cells but play an important role as signaling molecules, most prominently S1P 

[110]. 
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Fig.3:  Scheme of selected ceramide modifications 
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1.3 Degradation of Sphingolipids (SLs) 

 

SLs cannot be directly absorbed from dietary sources [120], instead SLs are produced 

either from breakdown products (salvage pathway of more complex SLs) or by de novo 

synthesis. Thus, a highly organized degradation system to decompose higher SLs back 

to their building compounds is essential. The degradation step of SLs occurs primarily in 

the acidic compartments of the cell, i.e. in the late endosomes or lysosomes [107] and 

is essential for the breakdown of glycosylated SLs [92, 94]. Additional, SLs, i.e. 

non-glycosylated SLs [92, 94] decomposition can also occur in non-acidic membranes 

in response to intra- and extracellular stimuli, also known as salvage pathway [see 

Fig.4]. The salvage pathway allows the re-formation of ceramides from complex SLs 

[108, 20] including the de-acylation of different Cers (containing alternating 

fatty-acyl-CoA). 

In the plasma-membrane neutral SMase will metabolize SM to Cer [48], presumably 

providing the bulk of cellular Cers [10]. This process will cause an accumulation of Cers 

in only one membrane leaflet [11], which in turn will promote a spontaneous movement 

(flip-flop) of Cers from one leaflet of the membrane to the other, due to the neutral 

nature of Cers. However, a significant amount of ambiguity persists in literature. Reports 

vary from a very rapid movement to a relatively slow flip-flop speed [119]. Yet the 

spontaneous flip-flop might be an important step in Cer mediated signaling during 

specific stress responses [108]. 

Additionally, sphingosine and phytoSO can also be generated from the salvage pathway 

through the activity of a CDase [110]. This enzyme is catalyzing the de-acylation of Cer 

and is also able to recognize phytoCer [110]. In principle, CDases are divided into 3 

classes depending on their pH-optimum they can be namely distinguished in acidic-, 

neutral- and basic CDase [64].  

Within the lysosomes, GSLs and SMs (through an acidic SMase) will be degraded into 

Cers [57]. Cers in turn get hydrolyzed to sphingosine through the activity of acidic 

CDase [57]. The released fragments, such as fatty acids, sugars, sulfates, sialic acid 

and sphingoid bases can leave the lysosome [92, 57] and can be recycled. Hence, 

these acidic organelles are highly specialized and containing glycon-specific hydrolases 

[94, 105, 92], specific activator proteins [107] and saponins [107] in order to hydrolyze 

internalized GSL from the cell membrane properly. In case of a reduced activity in of 

these enzymes the corresponding substrate can accumulate within the lysosomal 

compartment, causing lysosomal storage diseases [105, 92, 94]. 
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For example, in the case of sphingosine, after exiting the lysosomes it can be 

phosphorylated by a sphingosine-1-kinase yielding in S1P [29].  

In the ER, de-phosphorylation of S1P regenerates SO and this salvaged SO is recycled 

to generate in turn ceramides [57]. Alternatively, S1P can be finally degraded to 

ethanolamine-phosphate and a long-chain aldehyde commonly to 2-hexadecenal by the 

action of an ER resident lyase. Consequently, S1P-lyase and is catalyzing the final 

degradation step in the SL-metabolic pathway [46, 112, 109]. The resulting, 

2-hexadecenal can be re-oxidized to palmitic acid [112] and thus is recycled within the 

lipid-metabolism [112]. On the other hand 2-hexadecenal, itself are proposed to act as 

cell signaling molecule [187]. Only by the activation of S1P-lyase, the SL-metabolic 

pathway can be exited irreversible [112, 46], thus representing a control point, to 

maintain the LCB : LCB-P balance [46] [see Fig.4]. 

 

 

 

 

 

 

 

  

Fig.4: Overview of sphingolipid degradation 
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1.4 Role of SLs in signaling 

 

SLs are known as bioactive mediators and are involved in serval signaling processes 

such as cell growth, - differentiation, -apoptosis and –senescence [57]. Dysregulation of 

SLs are reported to play an important role in the onset and development of human 

diseases such as lysosomal storage diseases, including Gaucher diseases and Farber 

diseases [92, 94]. Interestingly are, a growing number of papers link SL-metabolism to 

signaling cascades related to obesity, insulin-resistance and metabolic syndrome [46, 

102]. SLs or more specifically their intermediates are important signaling molecules, 

such as in form of second messengers or as secreted ligands for cell-surface receptors 

[110, 112].  

An important role as signaling molecules has been reported for SO and Cers as well 

their phosphotylated derivatives S1P, CerP [57] [see Fig.5]. While each of them is a 

SL-intermediate, their biological function differs strongly [29]. For example Cers are 

considered to induce apoptosis, whereas S1P plays an important role in cell 

differentiation [29, 120]. Increased formation of Cers can be induced through serval 

extracellular stimuli such as stress factor (heat, UV) or cytokines [57]. In mammalians, 

Cers can be directly phosphorylated to Cer-1P by ceramide-kinase (CK), localized to 

the trans-Golgi [109]. The function and the molecular mechanism of Cer1P are largely 

unknown, but it is suggested to play an important role in the immune-response [109], 

e.g. in the formation of phagolysosomes in neutrophils [110]. Additionally, the CK/ 

Cer1P pathway is required for PLA2 activation in response to cytokines [136]. Cers are 

also reported to act as mediators for apoptosis through the activation of PKs such as 

PKC, PP1, PP2A [102, 120], and have crucial functions in the response to stress, 

senescence, differentiation and cell-cycle arrest [57]. While the exact mode of action is 

still unclear, direct binding of ceramides to PP1 and PP2A has been demonstrated in 

vitro by Dobrowsky&Hannun [137, 154] and Kowluru&Stewart [41]. The insulin 

inhibitory function of Cers [102] is probably caused activation of PP2A which in turn 

dephosphorylates AKT/PKB [102], though the exact mechanistic relationship remains 

unclear. Importantly, dhCer, lacking the 4,5 – double bond, failed to induce apoptosis 

and cell death [18, 4].  
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On the opposite, S1P is largely considered as a pro-survival messenger [109] and has 

anti-apoptotic functions [57]. Therefore both intermediates need to be tightly regulated 

in order to maintain the cellular homeostasis [138, 109]. S1P is formed by 

phosphorylation of the primary hydroxylgroup of SO catalyzed by sphingosine kinase 

[94]. Sphingosine-kinase is located in the cytoplasm [104] but shows close proximity to 

the plasma membrane, lysosomes or mitochondria [57]. S1P act as paracrine agent by 

stimulating G-protein coupled receptors (S1P – family) [139, 140], initiating cascades 

such as AC, PLC or ERK –pathway [104, 110], and regulates processes such as 

mitogenesis and cell-migration [140]. Additionally, reports indicate that S1P might also 

be involved in the response to pro-inflammatory cytokines such as TNFα [120]. In 

mammal, the primary source of S1P is in platelets, due to their high sphingosine-kinase 

activity combined with a low S1P-lyase activity [110]. On the contrary, the function of 

sphingosine generated by acidic CDase, is reported to inhibit PKC activity [142].  

 

Fig.5: Illustration of sphingolipid signaling and their biological effects (modified from [57]). Generation of Cers can be 

realized by de novo synthesis or through the activity of SMse. Cers can be converted to SO or S1P. All these 

processes can be induced by a diverse set of extracellular stimuli. Once produced, the sphingolipid intermediates 

interact with specific targets (mostly proteins) which in turn mediate the biological effects. Abbreviations: CAPP, 

ceramide-activated Ser-Thr phosphatase; IGF, insulin-like growthfactor; IL1, interleucine 1; oxLDL, 

oxidaized-low-density-lipoprotein; PDGF, patelet-derived growth factor; PKC, protein kinase C; TNFα, tumor necrosis 

factor-α; VEGF, vascular endothelial growth factor 
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Additionally, SO also influence cell growth and cell differentiation [141]. Elevated free 

sphingosine levels can be only generated by hydrolysis of Cers [23], a deficit in 

acidic-CDase causes accumulation of Cers inside lysosomes, causing Farber disease a 

lysosomal storage diseases [104, 105].  

As phosphorylation and de-phosphorylation are closely interconnected metabolic 

pathways, the in balance is crucial for cell fate [109]. Another group of bioactive 

SL-metabolites are termed SPC, the lyso-form of SM. It has been shown that SPC 

stimulation correlates with Ca2+ mobilization and Mn2+ entry into epithelia cells [143, 

144]. Moreover, SPC is reported to activate the MAPK/p90 ribosomal S6 kinase 

pathway [145, 146, 147]. In addition, a considerable number of other GSLs have been 

implications in signaling events, such as lactosyl-ceramides [113]. 

 

 

1.5 SLs in pathophysiology 

 

In general: 

Dysregulation of SLs metabolism and degradation are involved in a variety of human 

diseases. Only a few diseases so far are known to be caused by alterations of 

SL-biosynthetic enzymes [94] such as the defect of lactosylceramide – α - 2,3 – sialyl - 

transferase (GM3-synthase) [94]. Another example of spingolipidosis associated with a 

deficit in the bio-synthetic pathway of SLs is the inherited sensory neuropathy 1 

[HSAN1]. In HSAN1, SPT exhibits a missense mutation, resulting in a reduced 

substrate specificity of the enzyme [148]. Most sphingolipidoses belong to the group of 

lysosomal storage disorders (LSD) and characterized by reduced enzyme or co-factor 

(e.g. sphingolipid activator protein) efficiency and deficits in the targeting, during 

degradation [107], such as Sandhoff diseases, Niemann-Pick diseases type A and B, 

Farber diseases [105, 92].  

 

In metabolic diseases: 

SL synthesis is strongly influenced by substrate availability and therefore coupled to 

other metabolic routes [see Fig.1.5.2]. Excess of certain fatty acids such as palmitic 

acid are interestingly linked to metabolic syndrome [22]. Lipids which are entering the 

cells are either metabolized to Acetyl-CoA in the mitochondria [120] stored in lipid 

droplets or converted to complex lipids [120]. The main pathway produces PLs via TGs 

and DAGs – metabolism [95] [see Fig.6].  
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While TGs are considered as non-toxic for cells exhibiting probably protective functions 

[120], the intermediates of lipid metabolismsuch as DAG, free fatty acids and 

particularly palmitic acid [22], are viewed as potent induces of lipotoxicity [120], which in 

turn is connected to insulin-resistance and metabolic disorders [149]. Interestingly, the 

biosynthesis of the long-chain-bases by SPT is also strongly influenced by cellular 

L-Serine levels [150]. The need of L-Serine links sphingolipids to amino acid 

metabolism. An oversupply of palmitic acid and serine in the case of over-nutrition might 

thus lead to the upregulation of Cers resulting in metabolic disorders [46, 24].  

  

Fig.6: Scheme of the triacylglycerol biosynthesis (modified from [95]). The initial substrate of 

TG-biosynthesis is glycerol-3-P. First G3P is acylated at the sn-1-position to form 

sn-1-acyl-glycerol-3P (lysophosphatidic acid). This is followed by a second acylation step at the 

sn-2-position, resulting in the formation of phosphatidic acid (1, 2-acyl-glycerol-3-P). The 

removal of the phosphate-group at the sn-3-position yields DAG. Finally, acylation at 

sn-3-position produces TG. In addition, PA and DAG are precursors of the glycero-phospholipid 

synthesis. 
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Importantly, the connection between amino acid levels and sphingolipids are not only 

restricted to L-serine but also includes alanine and glycine, due to deficits in substrate 

specificity of SPT [150]. Consequently, glucose or more generally carbon metabolism 

affects sphingolipid homeostasis [22] not only due to its link to L-serine metabolism but 

also to L-alanine metabolism [150, 46]. Alanine represents the major gluconeogenic 

amino acid in metabolism [151].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Interestingly, sphingolipids such as ceramides and glucose metabolism are regulated by 

similar signaling pathways [102, 59], such as AMPK- [37, 38] and Insulin-pathway via 

AKT [59] [see Fig.8 and 9], due to their common precursor L-serine, originating from 

3-PG [95] during glycolysis. Additionally, Acetyl-CoA and G3P are important precursors 

for fatty acid metabolism and both are also derivatives from the glycolysis [see 

Fig.1.5.2]. This highlights the linkage of SL –metabolism to the lipid metabolism of TGs 

and glucose. As a consequence, SLs are connected to the main nutrient pathways of 

carbohydrates, fats, and amino acids. Thus it is not surprising that SL - metabolism is 

involved in the pathogenesis of metabolic disorders. 

Metabolic disorders also known as metabolic syndrome, includes diseases of the 

cardiovascular systems, hypertension, dyslipidemia, hyperglycemia and obesity, often 

resulting in insulin resistance [54].   

Fig.7: Illustration of the main glucose metabolic route and its interconnection points with 

other routes and/or intermediates 
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Dyslipidemia and excessive fat, commonly neutral saturated lipids lead to an 

accumulation of TGs and its increased storage in droplets [82, 35]. In a more 

progressed state this situation will lead to steatosis [88]. Steatohepatitis and 

non-alcoholic fatty liver are typical characterized by an accumulation of TGs [132] and 

elevated levels of lipid-synthesis [60] and a concomitant increase in lipid-oxidation [60]. 

Interestingly, inhibition of SPT with myriocin neutralized steatosis [22, 152]. Increased 

body fat tends to induce the secretion of a number of inflammatory cytokines such as 

TNF-α, IL-1, IL-6 and CRP [102]. Consequently, obesity is associated with a low-level 

inflammation, leading to chronic elevated levels of Cers [102]. Increased TNF-α levels 

are sufficient to produce Cers by activating aSMase and nSMase and can stimulate 

ganglioside production as well [12]. Insulin is primarily involved in glucose uptake, but 

the hormone additionally facilitating the uptake and storage of amino acids and fatty 

acids, for protein- and lipid-synthesis [60].  

Insulin - resistance is characterized by the inability of a normal dose of insulin to induce 

glucose uptake into cells and thus an anabolic response of the cell [97]. Consequently 

insulin-resistance results in increased levels of glucose [97] in the blood plasma. 

Briefly, after binding of insulin to the IR-receptor, the IR-receptor is auto-phosphorylated 

which in turn phosphorylates the IRS proteins [102]. IRS~P activates PI3K which 

converts PIP2 to PIP3 [60]. PIP3 recruits PDK to the plasma membrane and stimulates 

PDK mediated AKT phosphorylation [153], causing the intracellular translocation of 

GLUT4 and an activation of mTORC1 [153] [see Fig.8]. Cers seems to be associated 

with the development of insulin resistance [102]. Upon added to cultured cells, Cers are 

able to inhibit the uptake of glucose by downregulating the surface expression of 

GLUT-1 and 4F2hc (CD98hc) [32]. Glycogen-synthesis is also inhibited and the 

underlying mechanism involving AKT/PKB inhibition can be rationalized in two ways 

[102]: 

Either Cers block the translocation of AKT/PKB to the plasma membrane (blocking its 

activation) [102] or Cers directly target PP2A [40, 137], which has been demonstrated 

in vitro [154]. In cells, two main pathways are known to be involved in the sensing of the 

nutrient status, namely the mTORC1-singnaling pathway [100, 58] and the 

RAS-cAMPK-PKA signaling pathway [38] [see Fig.9]. During starvation or oxidative 

stress, autophagosome formation is strongly induced [128] to enable cell survival. 

Oxidative stress leads to the accumulation of unfolded proteins in the ER, activating 

autophagy, to promote cell survival [128, 122]. Autophagy is a degradative process, 

enabling the cell to obtain energy and nutrients by degradation of cellular components 

[128]. During starvation AMPK is activated by a decreased ATP/AMP – ratio [37]. 

Activated AMPK promotes the phosphorylation of TSC1/2 –complex, which in turn 
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inhibits mTORC1 activity through Rheb [38]. The induced autophagy enables the 

recycling of nutrients and restoration of decreased ATP-levels. Dysregulation of this 

system e.g. associated with long-term overfeeding can induce pathophysiological 

processes such as insulin-resistance [122]. Recently the role of mTORC1 in amino acid 

sensing has been reported to be strongly associated with the lysosomal system [58]. 

Together they were identified as novel signaling organelles capable to sense nutrient 

levels such as amino acids [100, 99]. Interestingly, current findings indicated that 

mTORC1 activation and autophagy can co-exists in cells [100], the presence of 

mTORC1 along with the autophagy machinery on the same organelle (lysosomes) [58] 

suggest a novel more complex mechanism which as previously expected.  

 

 

 

 

 

 

  

Fig.8: Simplified signaling of insulin. Briefly, after Insulin binds to its receptor, PI3K 

is activated followed by IRS-protein activation. PI3K converts PIP2 into PIP3, which 

in turn activates other proteins, such as PDK and AKT, mediating so the effects of 

Insulin, such as translocation of the GLUT4-transporters to the membrane, as well 

as increased glycogen- and lipid-synthesis. 
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Fig.9: Overview of the AMPK – signaling pathway [from www.cellsignal.com/ cell signaling technology]. AMP-activated 

protein kinase (AMPK) represents the main regulator of cellular energy homeostasis. AMPK can be activated by stress, such 

as hypoxia, low nutrient levels, exercise, heat shock or consumption of ATP. Additionally, direct binding of AMP activates 

also the complex. Inactivation of AMPK results in its de-phosphorylation by phosphatases such as PP2A. In conditions of low 

ATP-levels, AMPK positively regulates catabolic pathways such as fatty acid oxidation or autophagy, in order to restore 

ATP-reserves. On the other hand, anabolic pathways, meaning ATP-consuming processes such as gluconeogenesis, 

protein- and lipid-synthesis are negatively regulated by activated AMPK.  
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1.6 1-deoxy-sphingoid bases: 1-doxSA 

 

SLs including GSLs, together with Chol and PLs such as phosphatidylcholine, are the 

building blocks of eukaryotic cell membranes and involved in a variety of biological 

processes [104]. SLs are divided from the long-chain amino alcohols SA and SO [30]. 

During de novo SL biosynthesis, SA and SO are successively converted to ceramides, 

which represent a central position in the metabolism of sphingolipids. Cers are usually 

O-linked to a polar head group such as choline, phosphates or carbohydrates [93], 

resulting in a great variety of SLs, exhibiting pleotropic effects in cell metabolism [94]. 

Sphingoid-bases are formed by the condensation of L-serine and palmitoyl-CoA, 

catalyzed by Serine-palmitoyl-transferase (SPT) [146]. SPT is described as a 

heteromeric enzyme which is composed of 3 subunits SPTLC1-3 [148]. This enzyme is 

also able to metabolize other substrates although palmitoyl and serine are the preferred 

substrates [148]. Hornemann et al. demonstrated that acyl-CoAs with a carbon chain 

length between C12 and C18 are still accepted by SPT [155]. The subunit SPTLC3 

exhibit a higher affinity towards short-chain acyl-CoAs (C12) [155] while the SPTLC2 

subunits preferred long-chain acyl-CoAs (C16 and C18) [155]. Besides the acceptance of 

different fatty acid-CoAs, SPT can use other amino acid instead of L-serine as well, i.e. 

particular alanine and glycine, to generate 1-deoxySA and 1-deoxyMethSA [54] [see 

Fig.10]. This astonishing “unspecificity” or flexibility of SPT generates a rare and 

unusual group of 1-deoxy-sphingoid bases (DSB), lacking the C1–hydroxyl-group. 

Moreover, 1-deoxy-sphingoid bases are reported to exhibit cell-toxicity, by stimulation of 

ceramide de novo synthesis and through the activation of caspases 3 and 12 and the 

induction of ER-stress [25]. Due to the missing primary OH-group, DSBs can be neither 

metabolized to more complex sphingolipids, such as SM, GSL nor subjected to common 

SL degradation via the S1P/lyase pathway or within the lysosomal system. 

Consequently, DSBs likely tend to accumulate in the cell [26]. However, cell trafficking 

of these unusual SL-intermediates remains unclear. Studies from Zitomer et al. showed 

that 1-deoxy-sphingoid bases can be N-acylated by CerS [61], which can still recognize 

DSBs but the so formed deoxy-Cers cannot further be utilized by the cell. Interestingly, 

de novo SL synthesis displays a metabolic cross point that connects lipid, amino acid 

and indirectly carbohydrate metabolism. Furthermore, low level of DSBs occurs 

ubiquitously in human blood plasma (10-40nM) [94, 26, 54] but importantly, elevated 

levels were found in the blood plasma of patients with metabolic syndrome, diabetes 

mellitus type 2 (T2DM) and HSAN-1 [54, 55].  

  



1. Introduction 

 

 

21 

 

 

HSAN-1 shows similarities to the diabetic sensory neuropathy (DSN), which is a 

common chronic complication in diabetes [26]. Recently, 1-deoxySLs received 

considerable attention as possible biomarkers for these metabolic disorders [26, 55, 54]. 

Sphingoid base derivatives, such as 1-deoxy-sphingoid bases are produced by many 

organism such as Fungi, plants or maritime organism and display a wide structural 

diversity [70, 91] [see Fig. 11], such as the “two-headed”sphingoid base like compound 

produced by oceanapiaphilipensis, representing a 1-deoxy-analogue [91]. Mostly, these 

derivatives display antibacterial and antifungal activity [25]. Besides their natural 

occurrence, also synthetic 1-deoxy-sphingoid base derivatives have been made such 

as enigmol. Enigmol, (2S, 3S, 5S)-2-structure represents a novel category of potential 

anti-cancer drugs [90]. This compound has an interestingly strong similarity to 

fumonisins, another natural occurring DSB, which is produced by fusarium spec. [see 

Fig. 12]. However the biophysical function or the role of these atypical sphingoid bases 

in the metabolism of the cell remains unclear.  

 

Fig.10: Structures of selected 1-deoxy-sphingoid bases. 1-doxSA and 1-doxMeSA 

were found physiological in low concentrations in the plasma of humans. Increased 

levels were detected in patients with metabolic disorders or HSAN-1 [148].   
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Fig.11: Sphingoid base-like compounds. 1: Enigmol and its N-acylated derivatives represent a 

novel category of synthetic 1-deoxy sphingoid bases with anti-cancer function [90]; 2: 

Spisulosine (ES-285) is a naturel occuring 1-deoxy-sphinganine analogue which was originally 

isolated from the clam Spisula polynyma [91]; 3 and 4: are also natural produced 

1-deoxy-sphingoid derivatives with functional groups at both ends of the molecules [91]. 
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1.7 Mycotoxcin Fumonisin 

 

Fumonisins are a class of polar natural occurring 1-deoxy-sphingolipids analogues [25] 

and originally isolated from the fungus Fusarium spec., in particular fusarium 

verticillioides and fusarium proliferatum [89]. Fusarium spec is a wide spread pathogen 

of corn or corn related plants such as rice [27, 115]. Fumonisins are structurally 

characterizes by an eicosane backbone and esterified with propane – (1, 2, 3) - 

tricarboxylic acid [93]. Because of the four free carboxyl-groups and the free 

amino-group, FB1 is highly water soluble and insoluble in non-polar organic solvents 

[89]. The class of Fumonisins contains serval subtypes which were differentiated into 4 

series A, B, C and P [89]. The most important compound from this series belongs to the 

“B-group” [see Fig. 12], with FB1 as the predominant representative from this group [65], 

associated with food poising from contaminated corn, maize or other grains. FB1 has 

been widely studied because of its toxicity [79] and potential carcinogenicity for animals 

and humans. It is well documented, that FB1 causes serval fatal diseases in animals 

[76] such as equine leucoencephalomalacia (ELEM) [103], swine pulmonary edema 

[117] and neuropathy in horses [62, 78]. Furthermore FB1 is highly toxic for liver and 

kidney in serval animals such as rats [78, 116]. Cancer induction is reported for rats [65] 

and in humans. In humans, FB1 is thought to be associated with esophageal cancer 

[65]. Moreover FB1 is known to be related to neurotoxicity and immunological disorders 

[20]. 

  

Fig.12: Chemical structure of selected fumonisins (B-series). 

Blue line shows the part which has remarkable similarities to 

1-deoxy-sphinganine. 
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It has been reported that the molecular mode of toxicity is based on the competitive 

inhibition of CerS by FB1 [77, 117] [see Fig.13]. CerS is a key enzyme in the SL 

metabolic pathway, catalyzing the acylation of SA/SO. FB1 has a remarkable similarity 

to SA, moreover FUM8p, which catalyzes the condensation between alanine and the 

dimethyl-C18 polyketide chain in Fusarium spec., is described to be a homologue of 

SPT [62]. Additionally, it has been shown that FB1 can be hydrolyzed under alkaline 

conditions [79] and that both hydrolyzed and non-hydrolyzed FB1 [69] can be 

N-acylated by CerS [69], which is assumed to take place at the ER. It remains unclear 

whether the N-acyl metabolites are more cytotoxic compared to FB1, assuming that the 

2-amino-group of fumonisins might play a critical role in toxicity [27, 20, 156]. Serval 

subtypes of CerS are present in mammalian cells, for example CerS2 favoring long 

chain fatty acids such as C22-CoA [20] and CerS5 favoring palmitic acid C16-CoA [20]. 

The resulting Cers are suggested to exhibit different biological functions [20]. FB1 is 

therefore thought to not only disrupting the ceramide generation but also influence the 

downstream SLs-metabolism. This might by explain the pleotropic effects of FB1, since 

SLs are assumed to be crucial components for cellular processes such as cell 

proliferation and apoptosis. After treatment with FB1, cell cycle arrest and apoptosis 

were observed [116, 117] in cells, due to increased concentration of sphingoid-bases, 

such as S1P, SA, SO and a decrease of complex SLs [116, 117]. It is likely that the 

diversity of biological effects, observed upon FB1 intoxication, are a consequence of 

altered SL-levels and its down-stream effects on signaling [25]. Additionally, studies 

also unraveled that FB1 induced the generation of ROS and oxidative stress [115], 

which may explains the immune-toxic effect of these mycotoxins [115]. High 

concentrations of ROS lead to an in-balance of the redox-homeostasis, lipid oxidation 

and DNA-damage [115, 125]. Interestingly, a growing body of evidence indicates that 

the main metabolism of FB1 might occur in the liver [115, 157, 158]. After cellular uptake, 

FB1 will be N-acylated analogue to SLs [69] but it is unlikely that FB1 is further 

metabolized into more complex SLs, because of the missing primary hydroxyl-group. 

Consequently, an adequate degradation of FB1 seems unlikely, the presence of 

aC1-OH group is essential for the S1P/lyase pathway as well as for lysosomal 

degradation. Consequently FB1 might either accumulate in the cell or be discharged via 

efflux pumps. 
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However, the exact pharmacological pathway including distribution, metabolization and 

decomposition of FB1 still remains unclear. Moreover, the exact molecular mechanism, 

of FB1 inhibiting CerS is still not fully clarified and seems to be more complicated as 

initially thought. 
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 is a competitive inhibitor of CerS [93], reported to interrupt the de novo 

synthesis and degradation of SLs (S1P-lyase pathway) as well as the S1P 
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1.8 Ceramides (Cers) 

 

Cers have emerged as an important bioactive lipid linked to many biological processes 

ranging from cell proliferation, -apoptosis to diseases [10]. Besides their important 

function as bioactive lipids [63], Cers play a central role in the structural modulation and 

the dynamic of cellular membranes [11]. Cers exhibit a very low polarity and are highly 

hydrophobic, prompting Cers to be embedded within membranes to avoid unfavorable 

interaction with water molecules [4]. Additional to their de novo synthesis, Cers can be 

generated in the plasma membrane, through the activity of neutral SMase [63], located 

at the outer leaflet of the membrane [57]. Neutral SMase can be activated by several 

stimuli such as stress, cytokines or anti-cancer drugs [23], triggering a rapid increase of 

Cers concentration in one leaflet of the membrane [10]. This imbalance act as a driving 

force for the spontaneous Cers flip-flop (transbilayer movement), to re-establish the 

balance between the leaflets and to reach the predominantly intracellular located Cers 

receptor proteins [170].  

However little is known about the biophysical properties and conditions of spontaneous 

Cers flip-flop and it is discussed controversial in literature [see Tab.1]. Bai&Pagano 

utilizing a fluorescent Cer-analogue determined the half-life of Cer flip-flop to be 22min 

[159]. In contrast, Lórenzo-Montero determined a half-life of less than 1min [160]. In 

general, the biophysical properties of Cers facilitate the interconversion of lamellar to 

non-lamellar lipid structures [4]. Accumulation of Cers in only one leaflet will alternate 

the membrane structure, in part due to an increase in membrane rigidity [12] and 

increased packing of the surrounding membrane lipids [12]. Furthermore Cers promote 

lateral phase separation, into Cer-rich and Cer-poor domains [3]. These domains 

display different morphologies [119] and are suggested to be large in size [119]. The 

ability of Cers act as H-bond donor and acceptor enables the establishment of an 

H-bond network, explaining their involvement in domain formation processes. Therefore, 

Cers play an important role in the organization of raft-domains [11], as they are 

competing with Chol for the interaction with SM [3]. 
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Permeabilization effects by Cers have been also documented, playing a physiological 

significand role in the release of cytochrome c from mitochondria associated with the 

activation of apoptosis [119]. Moreover, the tendency for Cers to separate into domains 

and to induce negative spontaneous curvature, leading to membrane indentation and 

can promote vesicle aggregation and/or fusion [1]. The simplest SL – Cers – can 

mediate its physiological effects either through changes in the membrane properties or 

else through the binding of specific target proteins [12]. However the exact mechanism 

by which Cers is inducing physical changes in the membrane is still largely unclear, e.g. 

how the permeabilization or leakage effects are realized [161] or the precise conditions 

under which Cer-flip-flop occurs. 

 

 

 half time  �⁄(�⁄�) Ref. 

theoretical ~10ms (POPC) 

~30sec (liquid ordered model, like rafts) 

Bennet, Tieleman 2012 

[177] 

~2us F. Ogushi et al., 2012 

[178] 

experimental ~22min (POPC) Bai, Pagano 1997 [159] 

~1.1min (POPC/SM/Chol) López –Montero 2005 

[160] 

~18sec  ( in l
d 

 - phase, 37℃ ) Pohl et al., 2009 

[16] 

~1-2min (depending on the fatty acid 

length) 

López –Montero 2005 

[160] 

 

  

Tab.1: Overview of the controversy in literature occurring half-life of Cers transversal movement (flip-flop) 

between the membrane leaflets. 
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1.9 Aim of the present study 

 

Sphingolipids belongs to one of the three main classes of lipids present in all 

mammalian cells [96] and are considered to be more than “just” structural compounds 

of biological membranes. The presence of an amide bond sets SLs apart from other 

lipids and provides unique properties enabling SLs to be involved in a variety of cellular 

processes. Some representatives of this group have been identified as second 

messengers. For example Cers, a minor component of biological membranes, are 

involved in a wide range of vital cellular functions, including apoptosis. Cers are not only 

formed via the de novo biosynthesis pathway starting from L-serine and palmitic acid 

but also via degradation of complex SLs. Interestingly most Cers are generated in the 

outer leaflet of the plasma membrane by sphigomyelinase [48, 10]. This process is 

involved in membrane structure modulation, domain formation, vesicular trafficking, 

fusion/fission and cellular signaling.  

Especially during signaling events, Cer generated at the outer leaflet has to flip to the 

inner leaflet to facilitate signal transmission. This spontaneous flip-flop of Cers is still 

controversially discussed despite the extensive attention this process has been 

received.   

 

1) In order to probe the biophysical properties of ceramides, a synthetic access to 

1-thioceramide (1-SHCer) analogues was established.  

 

2) Utilizing these novel 1-SHCer derivatives, the Cer flip-flop, via quantification of the 

thiol-groups, in raft- and non-raft like membrane systems as well as the influence of 

the N-acyl chain length on Cers spontaneous flip-flop speed was studied.  

 

3) Additionally, 1-SHCers represent a unique probe to evaluate the importance of 

hydrogen bond networks between ceramides and sphingomyelin in the presence or 

absence of cholesterol. 
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Not only Cers but also its long chain sphingoid bases such as SO and SA, have been 

shown to be crucial in intracellular signaling processes. More recently, an unusual class 

of sphingolipids, called 1-deoxysphingolipids received significant attention. Especially, 

1-deoxysphinganine has been reported to be associated with the development of 

metabolic diseases, such as diabetes type 2 [54]. Moreover, the structurally highly 

similar fumonisins, a class of mycotoxins isolated from Fusarium species, have been 

reported to exhibit a competitive inhibitory activity against CerS. While the cytotoxicity of 

fumonisins has been well established, their exact mode of action, cellular/subcellular 

localization and catabolism are still poorly understood. Also, the catabolism and the 

biological function of 1-deoxysphingolipids in general are mostly unclear.  

 

1) To unravel the subcellular fate, metabolism, including degradation and the biological 

function of 1-deoxysphingoid bases, such as 1-doxSA and their analogue FB1, 

synthetic fluorescent analogues of 1-deoxysphingoid base has been developed. 

 

2) Moreover, the cellular fate of these novel analogues has been microscopically and 

biochemical investigated in the present study. 
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2. Materials 

 

2.1 Cells 

 

BHK (Baby hamster kidney cells) - ATCC American type culture collection 

Hela (Henrietta Lacks cells, cervical cancer) - ATCC American type culture collection 

HEK (Human embryonic kidney 293 cells) - ATCC American type culture collection 

HuH7 (Human hepatoma cell line) –ATCC American type culture collection 

 

2.2 Cell-culture medium 

 

DMEM low glucose Dulbecco’s Modified Eagle’s Medium–low glucose, Nacalai 

testque 

DMEM/Ham`s F12 Nutrient Mixture F-12, (+) Gluc, (+) Glut, (-) phenol red, (+) 

HEPES, (+) Na Pyruvate, Nacalai tesque 

trypsin-EDTA   (0.5g/l trypsine, 0.53mmol/l EDTA with phenol red);  

   Nacalai tesque 

GMEM   Glasgow Minimum Essential Medium 

CellbankerTM  Nippon Zenyaku Kogyo Co, Ltd. 

HEPES   (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid);  

   Nacalai tesque 

HBSS (+)  Hanks’ Balanced Salt solution; Nacalai tesque 

PBS (-)   Phosphate buffered saline; Nacalai tesque 

FBS   fetales bovine serum, origin Australia, Gibco 

Penicillin/Streptomycin mixed solution (10000u/ml penicillin, 10000u/ml Streptomycin 

in 0.85% NaCl solution); Nacalai tesque 

L-Glutamat  Nacalai tesque 

Tryptose  Nacalai tesque 

 

2.3 Antibodies 

 

Conjugated Antibodies 

anti-rabbit IgG DyLightTM 405 conjugated   rockland 

anti-mouse IgG AexaFluor® 405 conjugated  Thermofisher 

anti-mouse IgG AexaFluor® 633 conjugated  Thermofisher 

anti-rabbit IgG AexaFluor® 633 conjugated   Thermofisher 

anti-mouse/anti-rabbit horseradish peroxidase conjugated Thermofisher  
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Unlabeled Antibodies 

LC3    Nano tools 

CD98    Santa Cruz 

PP2Ac    Cell signaling 

SEC23    santacruz 

ß-actin    sigma-aldrich 

BMP     

 

 

 

 

 

2.4 Cell/organelle markers 

 

Nil-red      Invitrogen/molecular probes 

HCS LIPIDTOXTMDeep red neutral lipid stain Invitrogen/molecular probes 

LysoTracker®Blue DND-22   Invitrogen/molecular probes 

LysoTracker®Red DND-99   Invitrogen/molecular probes 

ER-TrackerTMBlue-White DPX   Invitrogen/molecular probes 

BODIPY®TR C5-ceramide complexed to BSA Invitrogen/molecular probes 

MitoTracker®Deep Red FM   Invitrogen/molecular probes 

 

 

2.5 Kits and reagents 

 

PierceTM BCA Protein Assay Kit   Thermo-SCIENTIFIC 

Signal Enhancer HIKIARI for WB and ELISA nacalaitesque 

ECLTM Prime Western Blotting   GE Healthcare/Life Science 

SIL-Best Stain One    nacalaitesque 

Quick Start™ Bradford Protein Assay Kit 2  BIO-RAD 

Affi-gel® 10     BIO-RAD  

Immobilon®-P/transfer Membrane (PVDF) Millipore 

Fumonisin B1     Cayman Chemicals 

Amicon®Ultra-0.5 Centrifugal Filter Devices MerckMillipore 

Precision Plus Protein Dual Color Standards BIO-RAD 

 

 

clone anti-gene application reference 

6C4 BMP/LBPA IFT T. Kobayashi et.al, 1998 [180] 
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2.6 Lipids (purchased from Avanti Polar Lipids or Sigma Aldrich) 

 

Phosphatidylcholine POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) 

   DPPC (1,2-palmitoyl-sn-glycero-3-phosphocholine) 

   DSPC (1,2-Distearoyl-sn-glycero-3-phosphocholine) 

   DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) 

 

Sphingolipids  pSM (N-palmitoyl-D-erythro-sphingosylphosphorylcholine) 

   nSM (N-nervonoyl-D-erythro-sphingosylphosphorylcholine) 

   Cer12OH(d18:1/12:0)N-lauroyl-D-erythro-sphingosine 

   Cer16OH (d18:1/16:0)N-palmitoyl-D-erythro-sphingosine) 

 

 

2.7 Other reagents 

 

30% Acrylamide/Bis Solution   Bio-RAD 

Mowiol      Roth 

Paraformaldehyd (PFA)    Roth 

BSA      Sigma-Aldrich 

(lyophilized powder, essentially fatty acid free) 

Polycarbonate membranes   Avanti polar lipids 

(in 50, 80 or 100nm pore size) 

PD-10 desalting columns    GE Healthcare Life Science 

DTNB      Sigma-Aldrich 

GSH      Sigma-Aldrich 

TLC silica gel 60 plates with and without F-254 Merck, Germany 

Silica-gel 60     Merck, Germany 

Silica-gel C18 for RP-chromatography  Sigma-Aldrich 
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2.8 Buffer and Solutions (prepared in A.dest, if not otherwise noted) 

 

TKE-buffer (pH 8.2)    25mM Tris 

      25mM KH2PO4/K2HPO4 

      5mM EDTA 

 

ß-ME      1:100 diluted in A.dest 

 

Saline ~0.9% NaCl in A.dest (9g/1L) for 

neutral extraction 

 + 25mM HCl for acidic extraction 

EDTA-solution (pH 6.2) 2mM EDTA 

 

10x PAGE-buffer (stock solution) 0.25mM Tris 

 1.92M GLycin 

 

1x PAGE-buffer (running buffer) 1:10 10x PAGE-buffer 

 0.1%SDS 

 

Transfer-buffer     1x PAGE-buffer 

 10% MeOH 

 

20x TBS-T (stock solution)   20mM Tris-HCl pH 7.4 

 137mM NaCl 

 0.1% Tween 20 

1xTBS-T (ready-to-use solution) 1:20 diluted 20xTBS-T 

 

Blocking-milk 3% dry milk powder in 1xTBS-T 

 

SDS stock solution 10% SDS in A.dest 

 

2x SDS-loading buffer 0.13M Tris-HCl pH 6.8 

(ready-to-use-solution) 4% SDS 

 20% Glycin 

 10% 2-Mercaptoethanol (ß-ME) 

 1-2 drBromphenol blue-solution 
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Bromphenol blue stock-solution ~1% Bromphenol blue in 1:1 

A.dest/96% EtOH mixture 

 

SDS-gels (for Bio-RAD MINI PROTEAN 3) 

separation-gel 10% - 1gel (5ml) 1.9ml A.dest 

 1.7ml 30% Acrylamide mix 

 1.3ml 1.5M Tris (pH 8.8) 

 0.05ml 10% SDS 

For polymerization 0.05ml 10% APS and 2ul TEMED 

 

5% stacking-gel – 1gel (2ml) 1.4ml A.dest 

 0.33ml 30% Acrylamide mix 

 0.25ml 0.5M Tris (pH 6.8) 

 0.02ml 10% SDS 

For polymerization 0.02ml 10% APS and 2ul TEMED  

 

APS (Ammonium-persulfate)-solution 10% (NH4)2S2O8 in A.dest 

(freeze aliqoutes) 

 

Acrylamid-solution for SDS-PAGE 30% Acrylamid 

(store at 4℃) 1% Bisacrylamid 

 

Lysis-buffer PBS 

 0.25% DDM 

 1.0% Glycerol 

 

Washing-buffer A Lysis-buffer 

 

Washing-buffer B PBS 

 1% Glycerol 

 0.15% DDM 

 

Elution-buffer A (1% 1-doxSA) Washing-buffer B 

 0.03uM 1-doxSA 

 

Elution-buffer B (5% 1-doxSA) Washing-buffer B 

 0.15uM 1-doxSA 
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Fixing solution for cells 4% paraformaldehyde 

 

 

2.9 Analytical tools and selected Instruments 

 

Extruder       Avanti polar lipids 

For electrophoresis (Biorad Mini PROTEAN 3 set)  Bio-RAD 

NMR (JEOL Nuclear Magnetic Resonance Spectrometers USA/500MHz) 

MS (ESI/HSMS); JEOL Accu-TOF with ESI, utilizing HRMS mode 

SX20 Stopped-Flow Spectrometer    ehong instruments co. ltd 

Zetasizer Nano ZS photometer    Malvern 

Photometer (for leak check experiments)   JASCO;   

       V-650Spectrophotometer 

Mulitmode Microplate Reader    SpectraMax;  

       M2 – Molecular Devices 

Carl Zeiss LSM 700 confocal fluorescence microscope 

TLC-imager; Printgraph-Atto, Bioinsturmentsconnected to a AE-6095H imageSaver HR 

and a Sony Video Graphic Printer UP-895 

Shaker       Thermoshaker; MS-100 

GE Healthcare ImageQuant LAS-4000 Cooled CCD Camera Gel Documentation 

System for Western Blot analysis 

Heating-plate       Corning PC 400D 

Centrifuge      Eppendorf 

Oven       DNA Oven MI-100 Kurabo 

Ultrasoundbath      US cleaner, US-4R – AS 

One 

 

 

2.10 Chemicals for Synthesis 

 

Chemicals for synthesis were ordered from Sigma-Aldrich, Wako-chemicals or 

NacalaiTesque. Anhydrous solvents were open freshly for hydration and oxygen 

sensitive reactions. Glass tools for synthesis were prepared in in-House production. 
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3. Methods 

 

3.1 Synthesis 

 

 

Generally, solvents and commercially available reagents were used without further 

purification, except 5-(6)-carboxyfluorescein (5-(6)-CF; FITC). 5-(6)-CF was purified on 

silica gel prior to preparation of the amine active ester FITC-NHS 28. All air- and 

moisture sensitive reactions were carried out with vacuum evacuated glassware and 

maintained under argon-atmosphere. Flash chromatography was performed with silica 

gel 60. Proton (1H) and carbon (13C) NMR spectra were recorded on 500 and 125MHz 

JEOL Nuclear Magnetic Resonance instrument. MS (ESI/HSMS) was carried out on an 

JEOL Accu-TOF with ESI, utilizing HRMS mode 

 

3.1.1 Chromatographic methods 

 

Thin-layer chromatography (TLC) was performed with glass plates coated with silica-gel 

(SiO2), in order to observe the progress of the reaction or to control the purification on 

the column chromatography (silica gel 60 (0.040-0.063mm)). TLC were developed in a 

TLC-chamber with an adequate solvent system and examined by UV-light 

(λ=254/366nm) or by treatment on the TLC-plate with one of the following 

reaction-solutions in combination with heating on a heating plate. 

 

Reagents: 

a) I2   The TLC-plate was placed in a chamber containing a few  

Iodine-crystals (double bounds) 

b) NINH  Ready-to-use Spray Solutions from Merck (amines) 

c) K2CrO7/H2SO4 5g K2CrO7 in 100ml H2SO4/H2O (1:20 diluted) (most organic 

Compounds) 

d) H3PO4/Cu+/Cu2+ 10% cupric(I)-sulfate in 8% aqueous phosphoric acid (lipids     

    and sterols) 

e) Primuline  5 mg in 100 ml of acetone/water (80/20, v/v) (lipids and 

sterols) 

f) S2-/S/I2/I
-  recipe see in 3.2 (azide) 

g) H2SO4/EtOH  10% sulfuric acid in ethanol (most organic compounds) 
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3.1.2 1-Thioceramides 

 

 

N-Boc-S-Trityl-L-cysteine-N(OMe)Me (2) 

 

In flask A, 5g (10.5mmol) of N-Boc and S-Trityl protected L-cysteine 1 (1.00Eq.) and 

1.15g (11.6mmol) of N,O-hydrochloride (1.10Eq.) were solved in 40ml anh. DCM. After 

complete solvation 1.30ml (11.6mmol) Methylmorpholino (1.10Eq.) was added and the 

mixture was cooled to -15℃. In a second flask B, 2.21g (11.6mmol) WSCD-HCl 

(1.10Eq.) was dissolved in 50ml anh. DCM and was added dropwise to flask A. The 

reaction mixture was stirred for 1h at -15℃. Reaction was quenched by adding a few 

ice-cubes into flask A. The mixture was allowed to adjust to room temperature. The 

mixture was washed with dil. HCl (1:6) and extracted with CHCl3. The organic layer was 

washed with brine and again rinsed with CHCl3 and dried with NaSO4. NaSO4 was 

filtered off and solvent was removed by vacuum evaporation. The crude product was 

resolved in CHCl3/EtOAc and purified on a silica gel column to give 

N-Boc-S-Trityl-L-cysteine-N(OMe)Me (yield 95%). Purification was checked by NMR. 

NMR Data: 1H-NMR (500MHz, CDCl3): δ7,18-7,39 (m, aromatic 15H, Trt), 5,11(d 

J=8.7Hz NH), 4,74 (s, 1H), 3,63 (s, OMe, 3H), 3,14 (s, NMe, 3H), 2,37 (dd, 

J=12.6Hz/7,8Hz, 1H), 2,54 (dd, J=12.2Hz/4,8Hz, 1H), 1,43 (s, 9H, Boc) 

 

(2S)-2-N-(Butoxycarbonyl)-1-S-Trityl-3-keto-pent-4-en (3) 

 

 

1.31g (2.59mmol) of 2 (1.00Eq.) was solved in 20ml anh. THF. After 2 was completely 

dissolved, 10.36ml (10.34mmol) Vinyl-MgBr (4.00Eq.) was added. The mixture was 

stirred for 10 to 15min at room temperature (Reaction was followed by TLC). The 

reaction was quenched with 20ml cold (0℃) 2N HCl for 1 to 1.5min.  
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The organic phase was immediately extracted with EtOAc. The organic layer was 

washed with brine and dried with NaSO4 which was filtered off afterwards. The solvent 

was removed by vacuum evaporation. The crude product was resolved and purified on 

a silica gel column to give (2S)-2-N-(Butoxycarbonyl)-1-S-Trityl-3-keto-pent-4-en (3) 

(yield 74%). Purification was checked by NMR. 

NMR Data:1H-NMR (500MHz, CDCl3): δ7,19-7,39 (m, aromatic 15H, Trt), 6,23 (n.r, 2H), 

5,75 (dd, J=9.1Hz/2,8Hz, 1H); 5,20 (d, J=7,3Hz, NH); 4,48 (n.r., 1H); 2,66 (dd, 

J=12.6Hz/6,5Hz, 1H), 2,44 (dd, J=12.7Hz/4.5Hz, 1H); 1,44 (s, 9H, Boc); 

 

(2S, 3R)-2-N-(Butoxycarbonyl)-3-hydroxy-1-S-Trityl-pent-4-en (4) 

 

 

800mg (1.69mmol) of 3 (1.00Eq.) was solved in 10ml anh. EtOH. The mixture was 

cooled down to -78 � . After reaching the temperature 0.967g of Lithium 

tri-tert-butoxy-aluminum hydride (2.25Eq.) was added and for approximately 15min 

stirred at the same temperature and monitored by TLC. After the reaction was over, the 

mixture was allowed to warm up to 0�, quenched with 50ml 1N HCl and extracted with 

EtOAc. The organic layer was washed with brine and dried with NaSO4 which was 

filtered off afterwards. The crude product was resolved and purified on a silica gel 

column to give (2S,3S)-2-N-(Butoxycarbonyl)-3-hydroxy-1-S-Trityl-pent-4-en (4) (yield 

79%). Purification was checked by NMR. 

NMR Data: 1H-NMR (500MHz, CDCl3): δ7,21-7,41 (m, aromatic 15H, Trt), 5,57 (dt, 

J=17.1Hz/5.7Hz, 1H), 5,14 (dd, J=50.4Hz/14,0Hz, 2H), 4,57 (s, NH); 4,11 (n.r.,1H); 3.57 

(n.r., 1H), 2,37 (d, J=6.3Hz, 2H); 1,44 (s, 9H, Boc); 
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(2S,3R)-(4E)-2-N-(Butoxycarbonyl)-3-hydroxy-1-S-Trityl-octadec-4-en (5) 

 

 

500mg (1.05mmol) of 4 (1.00Eq.) and 0.0267mg Grubbs2nd catalyst (0.0315mmol, 

0.03Eq.) was solved in 5ml anh. EtOH. After 4 was completely dissolved, 1.16ml 

1-Pentadecene (4.2mmol, 4.00Eq.) was added to the mixture. The mixture was stirred 

for 3-4h under reflux and monitored by TLC. After complete reaction, the solvent was 

removed by vacuum evaporation. The crude product was resolved and purified on a 

silica gel column to give (2S,3R) - (4E) – 2 – N - (Butoxycarbonyl) – 3 – hydroxyl – 1 – S 

–Trityl-octadec-4-en (5) (yield 71%). Purification was checked by NMR. 

NMR Data: 1H-NMR (500MHz, CDCl3): δ7,19-7,41 (m, aromatic 15H, Trt), 5,59 (dt, 

J=15.6Hz/6.6Hz, 1H), 5,17 (dd J=15,3Hz/6.4Hz), 4,02 (t, J=4,9Hz, 1H), 3.60 (n.r., 1H), 

4,57 (s, NH), 2,35 (n.r.,2H), 1,93 (dd J=15.6Hz/6,8Hz, 2H), 1.43 (s, 9H, Boc), 1,26 (s, 

22H), 0.88 (t, J=6.8Hz, 3H) 

 

(2S,3R)-(4E)-2-Amino–3-hydroxy-1-S-Trityl-octadec-4-en (6) 

 

 

350mg (0.532mmol) of 5 (1.00Eq.) was dissolved in approximately 90ml 10% TFA in 

anh. DCM (~0.25Eq.). The reaction mixture was stirred for 20min and monitored by TLC. 

The mixture was carefully neutralized (pH ~7.0) with NaHCO3 / H2O and extracted with 

DCM. The organic layer was dried over Na2SO4 and solvent was removed by vacuum 

evaporation. The crude product was resolved and purified on a silica gel column to give 

(2S,3R)-(4E)-2-Amino–3-hydroxy-1-S-Trityl-octadec-4-en (6) (yield ~52%). Purification 

was checked by NMR. 
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NMR Data: 1H-NMR (500MHz, CDCl3): δ7,19-7,42 (m, aromatic 15H, Trt), 5,61 (dt 

J=15.5Hz/6.9Hz, 1H); 5,16 (dd, J=15,5/6,3Hz 1H), 3,88 (t, J=5,7Hz, 1H), 2.57 (m,1H); 

2,34 (dd, J=12.6Hz/4.0Hz, 1H), 2,22 (dd, J=12.8Hz/9.0Hz, 1H), 1.95 (n.r., 2H), 1,26 (s, 

22H), 0.88 (t, J=6,9Hz, 3H), 

 

(2S, 3R)-(4E)-2-N-acyl-3-hydroxy-1-S-Trityl-octadec-4-en (7) 

 

 

General procedure: 1.3Eq. of the fatty acids (a-e) and 1.3Eq. of N-hydroxy-succinimid 

was dissolved in 4ml anh. THF and cooled down to 0℃. To the mixture was added 1.5 

Eq. of DCC and stirred for 5h at room temperature. The precipitate was filtered off and 

solvent was removed by vacuum evaporation. The dry mixture was again cooled down 

to 0℃. 1.00Eq. of 6 was dissolved in 3ml anh. THF and transferred to the cooled 

mixture. After an additional adding of 3ml anh. MeOH and 0.1Eq. Et3N to the mixture the 

whole mixture was warmed up to RT and stirred overnight. The solvent was removed by 

vacuum evaporation, resolved and purified on a silica gel column to give (2S, 

3R)-(4E)-2-N-acyl-3-hydroxy-1-S-Trityl-octadec-4-en (yield (average) 45~%). 

 

(2S,3R)-(4E)-2-N-(lauroyl)-3-hydroxy-1-S-Trityl-octadec-4-en (7a) 

 

 

Reaction was done following the general protocol for all 7 reactions. Here, 34.11mg of 

lauric acid (a) was used to result in the product (7a): 

(2S,3R)-(4E)-2-N-(lauryl)-3-hydroxy-1-S-Trityl-octadec-4-en with a yield of 35%. 

Purification was checked by NMR.  

NMR: 1H-NMR (500MHz, CDCl3): δ7,19-7,41 (m, aromatic, 15H, Trt); 5,58 (dt, 

J=15,4/6,6Hz, 1H); 5,43 (d, J=7,6Hz, 1H); 5,14 (dd, J=15.5/6.3Hz, 1H); 4,01 (dd, 

J=3.8/6.3, 1H); 3,85 (m, 1H); 2,40 (m, 2H); 2,10 (m, 2H); 1,93 (dt J=6.9/6.7Hz, 2H), 
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1,58 (n.r., 2H); 1,26 (n.r., 39H), 0.88 (t, J=6,8Hz, 6H); 13C-NMR (125MHz, 

CDCl3):δ174.2 (CO 1C), 144.6 (aromatic C, 3C), 134,5 (CH, 1C), 129.6 (aromatic C), 

128.1 (aromatic C), 127.9 (CH, 1C), 126.9 (aromatic C), 75.0 (HCOH, 1C), 67,2 (C, Trt, 

1C), 54.0 (HCNH, 1C), 36.8 (CH2, 1C), 32.4-32.0 (CH2, 3C), 29.8-29.2 (CH2), 25.8 

(CH2, 1C), 22.8 (CH2), 14.2 (CH3, 2C) 

 

(2S,3R)-(4E)-2-N-(myristoyl)-3-hydroxy-1-S-Trityl-octadec-4-en (7b) 

 

 

Reaction was done following the general protocol for all 7 reactions. Here, 58.70mg of 

myristic acid (b) was used to yield in the product (7b): 

(2S,3R)-(4E)-2-N-(myristoyl)-3-hydroxy-1-S-Trityl-octadec-4-en with a yield of 65%. 

Purification was checked by NMR. 

NMR: 1H-NMR (500MHz, CDCl3): δ7,22-7,42 (m, aromatic, 15H, Trt), 5,58 (dt, 

J=15,5/6,6Hz, 1H); 5,43 (d, J=7,7Hz, 1H); 5,14 (dd, J=15.6/6.8Hz, 1H); 4,01 (dt, 

J=3.7/2.5 1H); 3,85 (m, 1H); 2,41 (m, 2H); 2,11 (m, 2H); 1,93 (dt J=6.8/6.7Hz, 2H), 1,58 

(n.r., 2H); 1,26 (n.r., 36H), 0.88 (t, J=6,8Hz, 6H) 

 

(2S,3R)-(4E)-2-N-(palmitoyl)-3-hydroxy-1-S-Trityl-octadec-4-en (7c) 

 

 

Reaction was done following the general protocol for all 7 reactions. Here, 89.6mg of 

palmitic acid (c) was used to yield in the product (7c): 

(2S,3R)-(4E)-2-N-(palmitoyl)-3-hydroxy-1-S-Trityl-octadec-4-en with a yield of 56%. 

Purification was checked by NMR.  

NMR: 1H-NMR (500MHz, CDCl3): δ7,0-7,41 (m, aromatic, 15H, Trt); 5,58 (dt, 

J=15,6/6,5Hz, 1H); 5,41 (d, J=7,7Hz, 1H); 5,13 (dd, J=15.9/6.8Hz, 1H); 4,01 (dt, 

J=3.6/2.8 1H); 3,85 (m, 1H); 2,40 (m, 2H); 2,11 (m, 2H); 1,93 (dt J=6.6/6.7Hz, 2H), 



3. Methods 

 

 

42 

 

1,58 (n.r., 2H); 1,25 (n.r., 43H), 0.88 (t, J=6,7Hz, 6H); 13C-NMR (125MHz, 

CDCl3):δ174.2 (CO 1C), 144.6 (aromatic C, 3C), 134,5 (CH, 1C), 129.6 (aromatic C), 

128.1 (aromatic C), 127.9 (CH, 1C), 126.9 (aromatic C), 75.0 (HCOH, 1C), 67,2 (C, Trt, 

1C), 54.0 (HCNH, 1C), 36.8 (CH2, 1C), 32.4-32.0 (CH2, 3C), 29.8-29.2 (CH2), 25.8 

(CH2, 1C), 22.8 (CH2), 14.2 (CH3, 2C) 

 

(2S,3R)-(4E)-2-N-(lignoceroyl)-3-hydroxy-1-S-Trityl-octadec-4-en (7d) 

 

 

Reaction was done following the general protocol for all 7 reactions. Here, 43.58mg of 

lignoceric acid (d) was used to result in the product (7d): 

(2S,3R)-(4E)-2-N-(lignoceroyl)-3-hydroxy-1-S-Trityl-octadec-4-en with a yield of 64%. 

Purification was checked by NMR.  

NMR: 1H-NMR (500MHz, CDCl3): δ7,19-7,42 (m, aromatic, 15H, Trt), 5,85 (dt, 

J=15,2/6,8Hz, 1H); 5,40 (d, J=7,5Hz, 1H); 5,13 (dd, J=15.4/6.5Hz, 1H); 4,01 (n.r, 1H); 

3,85 (m, 1H); 3,05 (d, J=5,4Hz, 1H); 2,40 (m, 2H); 2,10 (m, 2H); 1,93 (dt J=6.7/6.7Hz, 

2H), 1,56 (n.r., 4H); 1,25 (n.r, 72H), 0.88 (t, J=6.5Hz, 6H);  

 

(2S,3R)-(4E)-2-N-(nervonoyl)-3-hydroxy-1-S-Trityl-octadec-4-en (7e) 

 

 

Reaction was done following the general protocol for all 7 reactions. Here, 54mg of 

nervonic acid (e) was used to result in the product (7e): 

(2S,3R)-(4E)-2-N-(nervonoyl)-3-hydroxy-1-S-Trityl-octadec-4-en with a yield of 48%. 

Purification was checked by NMR.  
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NMR: 1H-NMR (500MHz, CDCl3): δ7.20-7.44 (m, 15H), 5.58 (dt, J=6.8/15.3Hz, 1H); 

5.42 (d, J=7.5Hz, 1H); 5.13 (dd, J=6.3/15.2Hz, 1H); 4.01 (dt, J=5.6/4.2Hz, 1H); 3.04 (s, 

1H); 3.85 (m, 1H); 2.40 (m, 2H); 2.01 (dt, J=6.9/5.8Hz, 2H); 2.00 (n.r., 6H); 1.99 (n.r., 

2H); 1.58 (n.r., 4H); 1.26 (n.r., 81H); 0.88 (t, J=6.8Hz, 6H) 

 

1-Thio-Ceramide (8) 

 

 

General procedure: 1.00Eq. of 7 was dissolved in a 1:2 mixture of anh. CHCl3 and 

MeOH. In a flask protected from light, 1.25Eq. pyridine and 1.25Eq. AgNO3 were 

dissolved in a 1:2 mixture of anh. CHCl3 and MeOH and finally added to the dissolved 

1.00Eq. 7. The reaction mixture was stirred overnight at RT and protected for light. The 

developed precipitated was filtered off and washed with a 1:2 mixture of CHCl3 and 

MeOH. The product was resolved in CHCl3, concentrated HCl was added until a pH<2 

was reached and further stirred for 30min under Ar-atmosphere. The organic layer was 

neutralized with NaHCO3, washed with brine and rinsed with CHCl3. The organic layer 

was dried with NaSO4 and finally the solvent was removed by vacuum evaporation. 

Purification of 8 was checked by NMR. 

 

1-Thio-lauryl-Ceramide (8a) 

 

 

Reaction was done following a general protocol for all 8 reactions. Here, 48mg of 

compound 7a was used to yield in (8a): 1-Thio-lauryl-ceramide with a yield of 16%. 

Purification was checked by NMR.  
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NMR: 1H-NMR (500MHz, CDCl3): δ5.82 (d, J=7.9Hz, 1H), 5.75 (dt, J=7.2/15.1Hz, 1H); 

5.46 (dd, J=6.8/15.1Hz, 1H); 4.22 (t, J=5.5Hz, 1H); 4.06 (m, 1H); 2.78 (m, 2H); 2.64 (s, 

1H); 2.21 (m, 2H); 2.04 (dt, J=6.8/7.1Hz 2H); 1.63 (n.r., 3H); 1.25 (n.r., 33H); 0.87 (t, 

J=6.8Hz, 6H); 

 

1-Thio-myristyl-ceramide (8b) 

 

 

Reaction was done following a general protocol for all 8 reactions. Here, 87mg of 

compound 7b was used to result in (8b): 1-Thio-myristyl-ceramide with a yield of 47%. 

Purification was checked by NMR.  

NMR: 1H-NMR (500MHz, CDCl3): δ0.87 (t, J=6.5Hz, 6H); 1.25 (s, 42H); 1.63 (dt, 

J=7.1/14.3Hz, 3H); 2.04 (dt, J=7.3/7.3Hz 2H); 2.21 (n.r, 2H); 2.68 (s, 1H); 2.78 (m, 2H); 

4.06 (m, 1H); 4.22 (n.r., 1H); 5.46 (dd, J=6.6/8.4Hz, 1H);  5.75 (dt, J=6.9/15.5Hz, 1H); 

5.83 (d, J=8.15Hz, 1H); 13C-NMR (125MHz, CDCl3):δ174.2 (CO 1C),134,5 (CH, 

1C),128.1 (aromatic C), 127.9 (CH, 1C), 75.0 (HCOH, 1C), 54.0 (HCNH, 1C), 36.8 (CH2, 

1C), 32.4 (CH2, 1C) 32.0 (CH2), 29.8-29.2 (CH2), 25.9 (CH2, 2C), 25.1 (CH2SH, 1C), 

22.8 (CH2),14.2 (CH3, 2C) 

 

1-Thio-palmitoyl-Ceramide (8c) 

 

 

Reaction was done following a general protocol for all 8 reactions. Here, 50mg of 

compound 7c was used to yield in (8c): 1-Thio-palmitoyl-ceramide with a yield of 29%. 

Purification was checked by NMR.  

NMR: 1H-NMR (500MHz, CDCl3): δ5.82 (d, J=7.9Hz, 1H); 5.75 (n.r., 1H); 5.45 (dd, 

J=6.8/15.4Hz, 1H); 4.22 (n.r., 1H); 4.06 (m, 1H); 2.77 (m, 2H); 2.66 (s, 1H); 2.21 (n.r, 

2H); 2.04 (dt, J=6.9/7.4Hz 2H); 1.63 (n.r., 3H); 1.25 (s, 45H); 0.87 (t, J=6.8Hz, 6H) 
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1-Thio-lignoreryl-Ceramide (8d) 

 

 

Reaction was done following a general protocol for all 8 reactions. Here, 50mg of 

compound 7d was used to yield in (8d): 1-Thio-lignoreryl-ceramide with a yield of 12%. 

Purification was checked by NMR.  

NMR: 1H-NMR (500MHz, CDCl3): δ5.77 (n.r., 2H), 5.46 (dd, J=6.8/15.4Hz, 1H); 4.22 (s, 

1H); 4.06 (m, 1H); 2.78 (m, 2H); 2.60 (s, 1H); 2.22 (m, 2H); 2.04 (dt, J=6.9/7.0Hz 2H); 

1.60 (n.r., 3H); 1.25 (s, 71H); 0.87 (t, J=6.8Hz, 6H) 

 

1-Thio-nervonyl-Ceramide (8e) 

 

 

Reaction was done following a general protocol for all 8 reactions. Here, 30mg of 

compound 7e was used to result in (8e): 1-Thio-nervonyl-ceramide with a yield of 15%. 

Purification was checked by NMR.  

NMR: 1H-NMR (500MHz, CDCl3): δ5.7 (n.r., 2H), 5.45 (dd, J=6.8/15.5Hz, 1H); 5.34 (n.r., 

3H); 4.22 (s, 1H); 4.06 (m, 1H); 2.78 (m, 2H); 2.60 (s,1H); 2.21 (n.r, 2H); 2.01 (n.r., 6H); 

1.60 (n.r, 3H); 1.25 (s, 82H); 0.88 (t, J=6.4Hz, 6H) 
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3.1.3 Fluorescent 1-deoxy-sphingoid base analogues 

 

 

3.1.3.1 Synthesis of the building blocks for the olefin metathesis 

 

1-Bromo-9-Decen (10) 

 

 

To a 10% solution of 9-decenol (9) (1.00Eq.) in anhydrous hexane were added 5.5ml 

anhydrous Pyridine and 2.58ml (1.3Eq.) PBr3 .The reaction mixture was stirred under 

reflux (80-85 ℃) until the reaction was completed. The mixture was quenched and 

washed with diluted HCL (2x35ml). The organic phase was dried with Na2SO4, which 

was filtered off afterwards. Solvent was removed by vacuum evaporation at 40℃. The 

product was resolved in CHCl3 and purified on silica gel column to give 

1-bromo-dec-9-en (10) (yield 73%). Purification was checked by NMR.  

NMR Data:１H-NMR (500MHz, C6D6/CDCl3) : δ5.81 (m, 1H); 5.0 (m, 2H); 4.05 (m, 2H); 

2.03 (dd, J=6.9/15.5Hz, 2H); 1.68 (dt, J=6.6/14.9Hz, 2H); 1.37 – 1.29 (n.r., 10H) 

 

1-Azido-Dec-9-en (11) 

 

 

3.00Eq. of NaN3 (35.46mM), 0.25Eq TBA-HSO4 (2.96mM) was dissolved in 10ml water 

and mixed strongly. To this mixture was added 1.00Eq. 1-bromo-dec-9-en (10) 

(11.82mmol) dissolved in 30ml anhydrous Hexane. The mixture was stirred strongly 

overnight at 80℃ (reflux). The water phase was washed with hexane. The combined 

organic phases were dried over Na2SO4. The solvent was removed by vacuum 

evaporation. The crude product was resolved in hexane/ethylacetate and purified on 

silica gel column to give 1-azido-dec-9-en (11) (yield 54%). Purification was checked by 

NMR.  

NMR Data:１H-NMR (500MHz, C6D6/CDCl3) : δ5.79 (m, 1H); 4.96 (n.r., 2H); 4.13-3.98 

(n.r., 2H); 2.03 (n.r., 2H); 1.67 (n.r., 2H); 1.39 – 1.28 (n.r., 10H) 
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Dec-9-en-1-phthalimide (12) 

 

 

1.00Eq. 1-bromo-dec-9-en (2.00g, 9.12mmol) and 1.10Eq. potassium-phthalimine 

(1.86g, 0.04mmol) were dissolved in 10ml anhydrous DMF. The reaction mixture was 

stirred at 160℃ for 6-8h. The warm mixture was filtered off and DMF was remove by 

vacuum evaporation at 80℃. The product was resolved in DCM and purified on silica 

gel column to give dec-9-en-1-phthalimide (12) (yield 55%). Purification was checked by 

NMR.  

NMR Data:１H-NMR (500MHz, CDCl3) : δ7.83-7.82 (n.r., aromatic H, 2H); 7.7-7.68 (n.r., 

aromatic H 2H); 5.79 (m,1H); 4.93 (m,2H); 3.66 (t, J=7.5Hz, 2H); 2.01 (dd, J=6.9/15.4Hz, 

2H) 1.66 (n.r., 2H); 1.36 – 1.27 (n.r., 10H) 

 

N-(Butoxycarbonyl)–L-Alanin-N(OMe)Me (14) 

 

 

 

N-(Butoxycarbonyl)-Alanin (Boc-Ala-OH) 13 (5.00g, 26.43mmol, 1.00Eq.) and 

N,O-dimethylhydroxylamine hydrochloride (2.84g,  29.12mmol, 1.10Eq.) were 

dissolved in anhydrous DCM (40ml) and 1.30ml  4-Methylmorpholine  (3.27ml, 

11.6mmol, 1.10Eq.) was added afterwards to the mixture.  The  reaction mixture was 

cooled down to -15℃ . Subsequently, 5.57g WSCD ·HCl (29.06mmol, 1.10Eq.) 

dissolved in anhydrous DCM (70ml) was added drop wise over 30min to the cooled 

reaction mixture. The mixture was  stirred at -15℃ until the reaction was completed 

(2-3h). The mixture was quenched with a few ice cubes and washed with dil. HCl 

(100ml). The water phase was re-extracted with CHCl3 (50ml) and washed with Brine 

(40ml). The organic phase was dried with Na2SO4 and filtered off. Solvent was removed 

by vacuum evaporation at 40℃.The product was resolved in CHCl3 and purified on a 

silica gel column to give N-(Butoxycarbonyl)–L-Alanin-N(OMe)Me (14) with a yield of 

91%. Purification was checked by NMR.  

NMR Data:１H-NMR (500MHz, CDCl3) : δ5.25 (s, 1H); 4.67 (s, 1H); 3.75 (s, 3H); 3.19 (s, 

3H); 1,42 (s, 9H, Boc); 1.29 (d, J=6.9Hz, 3H) 
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(4S)-4-N-(Butoxycarbonyl)-3-keto-pent-1-en (15) 

 

 

 

2.00g of (14) (8.61mmol, 1.00Eq.) was dissolved in anhydrous THF (20ml). To this 

solution was carefully added 34ml (34.44mmol, 4.00Eq.) of Vinyl-Mg-Br at room 

temperature. The reaction mixture was stirred around 10-15min and the progress was 

followed by TLC. The reaction mixture was quenched with 40ml ice cold 2N HCl solution 

for 1`30``, extracted with EtOAc (2x40ml) and washed with Brine (2x20ml). The organic 

phase was dried with Na2SO4 and filtered off. The solvent was removed by vacuum 

evaporation at 40℃.The product was resolved in DCM and purified on a silica gel 

column to give (4S)-4-N-(Butoxycarbonyl)-3-keto-pent-1-en (15) with a yield of 75%. 

Purification was checked by NMR.  

NMR Data:１H-NMR (500MHz, CDCl3) : δ6.4 (n.r., 2H); 5.9 (d, J=10.3Hz, 1H); 5.34 (s, 

1H); 4.63 (n.r., 1H); 1.43 (s, 9H, Boc); 1.32 (d, J=6.9, 3H) 

 

(4S,3R)-4-N-(Butoxycarbonyl)-3-hydroxy-pent-1-en (16) 

 

 

 

500mg (S)-4-N-(Butoxycarbonyl)-pent-1-en-3-on (2.51mmol, 1.00Eq.) was dissolved in 

anhydrous EtOH (15ml) and cooled down to -78 ℃. To the cooled mixture was added  

1.44g Lithium tri-tert-butoxyaluminum hydride (5.65mmol, 2.25Eq.) and stirred for 15min 

at -78 ℃ until reaction was over (checked by TLC). The reaction mixture was warmed 

up to 0 ℃ and 1N HCl (25ml) was added to quench left over Lithium 

tri-tert-butoxyaluminum hydride. The product was extracted with EtoAc (2x50ml) and 

washed with Brine (50ml). The organic phase was dried with Na2SO4 and filtered. The 

solvent was removed by vacuum evaporation at 40℃. The crude product was purified 

on a silica gel column to give (4S,3R)-N-(Butoxycarbonyl)-3-hydroxyl-pent-1-en (16) 

with a yield of 56%. Purification was checked by NMR.  

NMR Data:１H-NMR (500MHz, CDCl3) : δ5.84 (ddd, J=5.7/10.2/17.5Hz, 1H); 5.27 (ddt, 

J=1.5/13.9/49.1Hz, 2H); 4.66 (s, 1H); 4.18 (m, 1H); 3.82 (s, 1H); 1.44 (s, 9H Boc); 1.08 

(d, J=7.0Hz, 3H) 
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3.1.3.2 Synthesis of 1-doxSO-DNS 20 

 

(11R,12S)-(9E)-12-N-(Butoxycarbonyl)-11-hydroxy-tridec-9-en-1-phthalimide (17) 

 

 

100mg of 16 (0.5mmol, 1.00Eq.), 157mg of 12 (0.56mmol, 1.1Eq.) and 8.5mg of Grubbs 

catalyst2nd (0.01mmol, 0.02Eq.) were dissolved in anhydrous DCM (10ml). The mixture 

was stirred for 4h at 45 ℃ (reflux). Reaction progress was followed by TLC. After the 

reaction was over, the solvent was removed by vacuum evaporation. The crude product 

was purified on a silica gel column to yield in compound 17 with a yield of 46%. 

Purification was checked by NMR.  

NMR Data:１H-NMR (500MHz, CDCl3) : δ7.85-7.81 (m, aromatic H, 2H); 7.71-7.68 (m, 

aromatic H, 2H); 5.69 (ddd, J=6.8/7.1/15.5Hz, 1H); 5.43 (dd, J=6.9/15.5Hz, 1H); 4.68 (s, 

1H); 4.10 (s, 1H); 3.77-3.66 (n.r., 3H); 2.66 (s, 1H), 2.00 (n.r., 2H); 1.66 (n.r., 4H); 1.43 (s, 

9H, Boc); 1.30 (n.r., 8H); 1.07 (d, J=6.9HZ, 3H) 

 

(11R,12S)-(9E)-1-Amino-12-N-(Butoxycarbonyl)-11-hydroxy-tridec-9-en (18)   

 

194mg of 17 (0.44mmol, 1.00Eq.), was solved in EtOH (20ml). Hydrazine – 

monohydrate was added until the mixture reached a pH over 8. The mixture was stirred  

overnight at 100 ℃ (reflux). After reaction time the mixture was cooled down to 0℃ 

and stirred for 30min at this temperature. The developed white precipitate was filtered 

off and the solvent was removed by vacuum evaporation. The crude product was 

purified on a silica gel column to result in 18 with a yield of 98%. Purification was 

checked by NMR.  

NMR Data: １H-NMR (500MHz, CDCl3) : δ5.63 (n.r. 1H); 5.35 (n.r. 1H); 4.02 (s, 1H); 

3.77 (s, 1H); 3.58-3.54 (n.r., 3H); 2.00 (n.r., 2H); 1.46-1.1.61 (n.r., 21H); 1.03 (n.r, 3H) 
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(11R,12S)-(9E)-1-Dansyl-12-N-(Butoxycarbonyl)-11-hydroxy-tridec-9-en (19) 

 

 

1.00Eq. of compound 18 (0.107mmol) and 1.25Eq. of Dansyl-chloride (0.148mmol) 

were dissolved in a mixture of EtOH and DCM (1:1). NaHCO3 was added as a base until 

a pH higher than 8 was reached. The mixture was stirred strongly overnight at room 

temperature, protected from light. Not dissolved NaHCO3 was filtered off and the solvent 

was reduced by vacuum evaporation. The crude product was directly purified on silica 

gel column to yield in 19. Purification was checked by NMR.  

NMR Data:１H-NMR (500MHz, CDCl3) : δ 8.54 (d, J=8.4Hz, 2H), 8.28 (d,J=8.4Hz, 2H); 

8.23 (d, J=6.8Hz, 2H) 7.54 (m, 4H); 7.24 (d, J=7.4Hz, 4H); 5.66 (n.r, 1H); 5.42 (n.r., 1H); 

4.10 (n.r., 1H); 3.80-3.62 (n.r., 3H); 2.88 (n.r., 8H); 2.0 (n.r., 2H); 1.43 (s, 9H,Boc); 

1.35-1.06 (n.r., 13H)     

 

(11R,12S)-(9E)-12-Amino-1-dansyl-11-hydroxy-tridec-9-en 1-doxSO-DNS (20) 

 

1.00Eq. of 19 was dissolved in 0.25Eq. 10% TFA/DCM and stirred for 30min at RT, 

reaction was monitored by TLC. After complete turnover of compound 19 the mixture 

was neutralized with NaHCO3 extracted and rinsed with DCM. The combined organic 

layers were dried over Na2SO4. Solvent was reduced by vacuum evaporation and 

purified immediately on a silica gel column (to remove rests of TFA and avoid the 

development of salt, the column was running without Et3N) to yield in 20 with a yield of 

49%. Purification was checked by NMR.  

NMR Data:１H-NMR (500MHz, CDCl3) : δ 8.52 (d, J=8.4Hz, 1H), 8.28 (d,J=8.4Hz, 1H); 

8.22 (d,J=6.8Hz, 1H); 7.53 (m, 2H); 7.17 (d, J=7.4Hz, 1H); 5.70 (ddd, J=6.6/7.8/15.3Hz, 

1H); 5.40 (dd, J=6.9Hz, 1H); 4.10 (s, 1H); 3.16 (s, 1H); 2.86 (n.r., 8H); 2.0 (n.r., 2H); 

1.34-1.06 (n.r., 15H) 
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3.1.3.3 Synthesis of 1-doxSA-DNS 22 

 

(11R,12S)-1-Dansyl-12-N-(Butoxycarbonyl)-11-hydroxy-tridecan (21) 

 

 

40mg of 19 (0.075mmol, 1.00Eq.) was dissolved in mixture of anhydrous EtOH/Hexane 

(15ml) and a spatula tip of Pd on active carbon was added to the solution. The mixture 

was stirred overnight under a hydrogen atmosphere at room temperature. Pd/C was 

filtered off and washed with DCM. The solvent was removed by vacuum evaporation at 

45℃ to give the crude product 21 which was used directly for the next reaction step. 

Purification and ID of 21 was checked by NMR and HSMS.  

NMR Data:１H-NMR (500MHz, CDCl3) : δ8.53 (d, J=9.1Hz, 1H), 8.29 (d, J=8.6Hz, 1H); 

8.24 (d, J=8.0Hz, 1H); 7.53 (ddd, J=7.9/9.4/19.2Hz, 2H); 7.18 (d, J=7.4Hz, 1H); 4.75 

(n.r., 1H); 4.6 (s, 1H); 3.68-3.62 (n.r., 2H); 2.89-2.85 (n.r., 8H); 1.44 (s, 9H,Boc); 

1.39-1.06 (n.r., 21H)  

HSMS: C30H49N3O5S [M+Na]+ calcd. 564.3471; found 564.4411. 

 

(11R,12S)-12-Amino-1-dansyl-11-hydroxy-tridecan 1-doxSA-DNS (22) 

 

 

1.00Eq. of 21 was dissolved in 10% TFA/DCM (0.25Eq.) and stirred for 10 to 25min at 

RT, reaction was monitored by TLC. After complete turnover of compound 21 the 

mixture was neutralized with NaHCO3 extracted and rinsed with DCM. The combined 

organic layers were dried over Na2SO4. The solvent was reduced by vacuum 

evaporation and purified immediately on a silica gel column (to remove rests of TFA and 

avoid the development of salt, the column was running without Et3N) to result in 22 with 

a yield of 50%. Purification was checked by NMR.  
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NMR Data:１H-NMR (500MHz, CDCl3) : δ8.53 (d, J=8.4Hz, 1H), 8.29 (d, J=8.8Hz, 1H); 

8.23 (d, J=7.4Hz, 1H); 7.53 (ddd, J=8.1/9.4/20.5Hz, 2H); 7.18 (d, J=7.6Hz, 1H); 3.58 (s, 

1H); 3.08 (s, 1H); 2.88-2.86 (n.r., 8H); 1.45-1.09 (n.r., 21H) 

 

3.1.3.4 Synthesis of 1-doxSA-FITC 26 

 

(11R,12S)-12-N-(Butoxycarbonyl)-11-hydroxy-tridecan-1-phthalimide (23) 

 

 

100mg of 17 (0.218mmol, 1.00Eq.) was dissolved in anhydrous EtOH (10ml) together 

with a spatula tip of Pd on active carbon. The mixture was stirred for 4h under hydrogen 

atmosphere at room temperature. Pd/C was filtered off and washed with CHCl3. The 

solvent was removed by vacuum evaporation at 45℃ to result in the crude product 23 

which was used directly for the next reaction step. 23 was checked by NMR.  

NMR Data:１H-NMR (500MHz, CDCl3) : δ7.82-7.80 (m, aromatic H, 2H); 7.70-7.67 (m, 

aromatic H, 2H); 4.81 (s, 1H); 3.66-3.60 (n.r., 4H); 2.13 (s, 1H); 1.64 (n.r., 2H); 1.42-1.24 

(n.r., 25H ); 1.06 (d, J=6.9, 3H) 

 

(11R,12S)-1-amino-12-N-(Butoxycarbonyl)-11-hydroxy-tridecan (24) 

 

 

100mg 23 was solved in EtOH (10ml) and hydrazine monohydrate was added until a pH 

higher than 8 (pH>8) was reached. The mixture was stirred over night at around 100℃. 

After reaction time the mixture was cooled down to 0℃ and stirred for 30min at this 

Temperature. The developed white precipitate was filtered off and solvent was removed 

by vacuum evaporation. The crude product 24 was purified on a silica gel column to 

yield in 24 with a yield of 89%. Purification was checked by NMR.  
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NMR Data:１H-NMR (500MHz, CDCl3): δ4.77 (s, 1H); 3.67-3.63 (n.r., 2H); 2.71 (t, 

J=7.15Hz; 2H); 1.48-1.26 (n.r., 27H); 1.06 (d, J=6.9, 3H);１3C-NMR (125MHz, CDCl3): 

δ 50.7 (CHOH,1C); 42,0 (CH2NH2, 1C); 33.6 (CH2,1C); 33,0 (1CH2,1C); 29,7-29,4 

(CH2, 1C); 28.5 (CH3, 3C); 26.9 (CH2); 26.1 (1C); 14.4 (CH3, 1C) 

 

5(6)-carboxyfluorescein-succinimide (28) 

 

 

 

 

200mg of 5(6)-carboxyfluorescein (0.531mmol, 1.00Eq.) and 79.45mg 

hyrdoxyl-succinimide (0.690mmol, 1.3Eq.) were dissolved in anhydrous DMF (7ml). 

After everything got completely dissolved in DMF, 164.43mg DCC (0.797mmol, 1.5Eq.) 

was added and stirred over night at room temperature (protected from light). The 

solvent was removed by vacuum evaporation and purified on a silica gel column to give 

28, which was directly used after purification. 

 

(11R,12S)-1-5(6)-carboxyfluorescein-12-N-(Butoxycarbonyl)-11-hydroxy-tridecan 

(25) 

50mg of 24 (0.168mmol, 1.00Eq.) and 100mg of 28 (0.218mmol, 1.30eq.) were 

dissolved in a mixture of anhydrous THF (5ml) and MeOH (5ml) and Et3N was added 

until the pH changed to >8. The mixture was protected from light and stirred over night 

at room temperature. The solvent was removed by vacuum evaporation and purified on 

a silica gel column to result in 25. 25 was directly used for the last de-protecting step 

(removal of the Boc-group), in order to get the free amino-group. 

 

(11R,12S)-12-Amino-1-5(6)-carboxyfluorescein-11-hydroxy-tridecan  

1-doxSA-FITC (26)  

 

 

1.00Eq. of 25 was dissolved in 10% TFA/DCM (0.25Eq.) and was stirred for 10 to 15min 

at RT. The reaction was monitored by TLC.  
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After the complete turnover of compound 25 the solvent was reduced by vacuum 

evaporation and purified immediately on a silica gel column (to remove rests of TFA and 

avoid the development of salt, the column was running without Et3N) to result in 26 with 

a yield of 40%. Purification was checked by NMR and MS.  

NMR Data:１H-NMR (500MHz, CD3OD): δ 8.04 (m, 2H); 7.65 (s, 1H); 7.04 (n.r., 2H); 

6.56 (n.r., 4H); 3.61 (n.r., 2H); 3.35 (n.r., 1H); 3.15 (n.r., 1H); 1.58 (n.r., 2H); 1.40-1.11 

(n.r., 19H)  

MS (ESI+) C34H40N2O7 [M
+H]+ calcd 589.28, found 589.37. 

 

3.1.3.5 Synthesis of 1-deoxydhCer-FITC 27 

 

(11R,12S)-1-5(6)-carboxyfluorescein-11-hydroxy-12-N-(tridecanoyl)-tridecan 

1-deoxydhCer-FITC (27) 

 

 

1.3Eq. of tridecanoic acid and 1.3Eq. of N-hydroxy-succinimid were dissolved in 4ml 

anh. THF and cooled down to 0℃. To the mixture was added 1.5 Eq. of DCC and stirred 

for 5h at room temperature. The precipitate was filtered off and the solvent was 

removed by vacuum evaporation. The crude mixture was again cooled down to 0℃. 

1.00Eq. of 26 was dissolved in 3ml anh. THF and transferred to the cooled mixture. 

After the additional adding of 3ml anh. MeOH and 0.1Eq. Et3N the whole mixture was 

warmed up to RT and stirred overnight, protected from light. The solvent was removed 

by vacuum evaporation, resolved and purified on a silica gel column to yield in 

(11R,12S)-1-5(6)-carboxyfluorescein-11-hydroxy-12-N-(tridecanoyl)-tridecan (27) (yield 

~25%). Purification was checked by NMR. NMR:１H-NMR (500MHz, CD3OD): δ8.39 (s, 

1H); 8.16 (dd, J=1.5/8.0Hz, 1H); 7.7 (d, J=8.6Hz, 1H); 7.27 (d, J=8.1Hz, 1H); 6.67-6.51 

(n.r., 5H); 3.80 (n.r., 1H); 3.41 (n.r., 3H); 2.15 (t, J=7.4Hz, 2H); 1.66 - 1.26 (n.r., 40H), 

1.09 (n.r., 3H); 0.87 (t, J=6.7HZ, 3H); １3C-NMR (125MHz, CD3OD): δ128.9 (C); 102.30 

(C); 73.7 (C); 49.3 (CH, 1C); 39.9 (CH2, 1C); 35.9 (CH2, 1C); 33,5 CH2, 1C); 31.7 

(CH2 ); 29.4-28.9 (CH2); 26.7 (CH2); 25.7 – 25.6 (CH2, 1C/ CH, 1C); 14.2 (CH3, 1C); 

13.1 CH3, 1C) MS (ESI+): C47H64N2O8 [M
+H]+ calcd 785.5, found 785.6 
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3.2 Qualitative proof of azides in organic compounds 

 

Importantly, all necessary solutions were prepared freshly. The test contains two 

solutions A and B. For the preparation of solution A, solid Iodine was dissolved in EtOH. 

Solution B was prepared by the dissociation of solid NaSH in Aqua. dest. To prepare the 

final reaction mixture, a few drops (3-5) of solution A were added into a reaction glass 

tube. Solution B was added dropwise to A until the reaction mix exhibited a stable 

brown/yellow color. Only a few drops (range 1-5 Drops) of the sample were added to the 

brown/yellow reaction mixture (combined solutions A+B) and mixed well. 

After incubation of 15 to 30min at room temperature the reaction mixture turned white or 

colorless in the presence of an azide-group (positive), whereas the reaction mixture 

remained brown/yellow if no azide-group was present (negative). 

Notice: high concentrations of I- will disturb the reaction. In order to avoid disturbance a 

few drops of Hg(NO3)2 can be added. Hg2- will form a complex with excess I- ([HgI4]
2-). 

 

3.3 Ceramides Flip-Flop 

 

3.3.1 Lipid-film preparation 

 

In a reaction tube, lipids and 1-Thioceramides were well mixed in the following ratio 

1mM (Chol):1mM (PC/SM):0.01mM (CerOH for leak check or 1-CerSH for Flip-Flop) 

[see Tab.2] and dried under N2 and further evacuated for 2h in vacuum. The dried 

lipid-films could be stored at -80ºC or directly used as described.  
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non-raft like membranes (PC-membranes) 

1:1 mixture with Chol 

raft like membranes (SM-membranes) 

1:1 mixture with Chol 

DPPC pSM 

DSPC nSM 

DMPC  

POPC  

� together with 0.01% 1-ThioCer (Flip-Flop) or 1-OHcer (leak check) 

� 1-ThioCer � 1-OHCer 

C12 

C14 

C16 

C24:0 

C24:1 

C12 

C16 

 

 

 

 

 

3.3.2 Vesicle/Liposome preparation  

 

To the lipid-film 1ml TKE-buffer containing 10mM DTNB was added and to generate a 

homogenous lipids suspension the reaction tube was subjected to 3 freeze (at -80ºC)- 

thawed (at 60ºC) cycles. In the meantime the extruder was prepared according to the 

manual [see Fig.14] and warmed up to 60ºC. The polycarbonate membrane with 

specific pore-size (50, 80 or 100nm were used) and paper filters were pre-wetted in 

TKE-buffer. 

 

 

 

 

 

 

 

 

 

 

 

 

Tab.2: Overview of the used lipid mixtures for liposom preparation in leak check- or flip-flop-experiments 

Fig.14: Illustration of the extruder arrangement [Illustration from Avanti Polar 

Lipids manual for extruders] 
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The homogenous lipid-mixture was loaded into the syringe and the whole assembly was 

again heated up to 60ºC. The plunger of the filled syringe was pushed gently until the 

lipid solution was completely transferred to the alternate syringe and the plunger of the 

alternate syringe was pushed again gently until the lipid mixture was transferred back to 

the starting syringe. These steps were repeated at least 10times in minimum but for the 

best result 25times. The so prepared liposomes were diluted 1:2 with TKE-buffer 

(without DTNB) and gel-filtrated on a PD-10 column in order to remove extra vesicular 

DTNB. The loaded columns were centrifuged 2min at 1000rpm, in order to collect the 

purified LUVs. Afterwards, the size (should be 100nm ±10%) of the filtrated LUVs was 

determined by scattered-light measurement.  

 

3.3.3 Leak-check experiments 

 

For the leakage proof, 1800ul buffer was filled into a cuvette containing a stirrer and 

placed in the photometer. The time course measurement at 412nm was started after 

measuring the blank. Subsequently, 200ul LUV-solution was added to the buffer and 

mixed well. After stabilization of the curve (representing the starting point of the 

experiment = 0% leakage) 20ul of a 100mM GSH-solution was added. The absorption 

at 412nm was measured for approximately 300s prior to addition of 40ul ß-ME to 

determine the 100% leaked mixture. After ß-ME addition the absorbance was measured 

until reaching a stable condition. The leakage was calculated from the difference 

between 0% leakage and 100% leakage. 

 

3.3.4 Stopped flow experiments flip-flop measurement 

 

1ml TKE-buffer (without any DTNB) was added to the dry lipid-film. The hydrated lipid 

mixture was vortexed but in order to suspend the lipids homogenously the reaction tube 

was subjected to 3 freeze (at -80ºC)-thaw (at 60ºC) cycles. In the meantime the extruder 

was prepared according to the manual [see Fig.14] and warmed up to 60ºC. The 

homogenous lipid-mixture was loaded into the syringe and the whole assemble was 

again heated up to 60ºC. The plunger of the filled syringe was pushed gently until the 

lipid solution was completely transferred to the alternate syringe and the plunger of the 

alternate syringe was pushed again gently until the lipid mixture was transferred back to 

the starting syringe. These steps were repeated at least 10times but best results were 

achieved after 25times. The prepared LUVs were diluted 1:2 in TKE-buffer and the 

optical density was determined in order to check the size and quality of the LUVs. The 

100nm (±10%) size LUVs needed to be utilized immediately, due to the oxygen 
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sensitivity of the 1-ThioCer-analouges. In a stopped flow photometer, LUVs were rapidly 

mixed with a 1mM DTNB-solution. The absorbance at 412nm (Abs) was monitored 

during the whole time course (t in sec) [see Fig.15]. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig.15: Schematic experimental layout of the measurement procedure for Cers flip-flop. The 

pre-formed liposomes were mixed with DTNB-solution. In a first mixing step the outside 

1-SHCer react with DTNB which was followed the real flip-flop reaction. In a second phase 

1-SHCer flips from the inside of the liposomes to the outside and react with DTNB, which in 

turn releases the yellow TNB
2-

. Auto-degradation of DTNB occurred in a third phase. 
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3.3.5 Fluorescence quenching experiments (done by P.Slotte&coworkers) 

 

3.3.5.1 Preparation of vesicles 

 

Multilamellar vesicles (MLVs) were made by mixing the desired lipids from stock 

solutions (argon purged methanol:dichlormethane 1:1 was used for the thio-ceramide) 

and dried under a stream of nitrogen at 40 °C. To create lipid vesicles the dried lipid 

films were hydrated in milli-Q water (final lipid concentration ~50 µM) for 30 min at a 

temperature above the Tm of the highest melting lipid. For thio-cholesterol samples the 

fluorophore (tPA) was added together with the lipids and for thio-ceramide samples tPA 

was added from a concentrated solution (MetOH) after hydration and sonication at a 

temperature higher than the Tm of the highest melting lipid (sample was vortexed during 

addition, no more than 3 µl of MetOH was added to any sample). CTL is in all cases 

added together with the lipids before hydration. All samples were sonicated for 5 min on 

a FinnSonic M3 bath sonicator (FinnSonic Oy, Lahti, Finland) at a temperature higher 

than the Tm for the highest melting lipid. 

 

3.3.5.2 Fluorescence quenching measurements 

 

To obtain the melting profiles of the ordered domains containing sterol the fluorescence 

quenching of tPA or CTL by the quencher 7SLPC was measured in MLV membranes 

prepared as described above. Measurements were carried out on a PTI Quanta-Master 

spectrofluorimeter as described previously [184]. The F0 (unquenched) sample 

contained 60nmol of POPC and in the F (quenched) sample 30nmol of POPC was 

substituted with the same amount of 7SLPC. When CTL was used it substituted 1mol% 

of cholesterol in the sample mixture. The fluorophore was present at 1mol% and the 

final lipid concentration was 50 µM. To get the fraction of non-quenched tPA/CTL, the 

intensity of the F-sample was divided by the intensity of the F0-sample. The intensity 

was plotted against the temperature. 
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3.4 Cell culture 

 

BHK (baby hamster kidney), HEK (he Human Embryonic Kidney 293) Hela (Henrietta 

Lacks, cervical cancer) and HuH7 (human hepatoma cell line) cells were cultured in low 

glucose DMEM with 10% FBS and 1% penicillin/streptomycin in a 5% CO2 incubator at 

37℃. For microscopy experiments, cells were cultured in 35mm glass bottom dishes. 

For all other experiments cells were cultured in 100mm plastic dishes. 

Cell cultures at ~80% confluence have been routinely split 1:5 in 100mm plastic dishes 

or in T25- or T75-flask. The cells were washed twice with pre-warmed PBS (5ml) and 

incubated with 1ml trypsin at 37℃ for ~5min. The detached cells were suspended in 

5ml fresh medium and transferred in a sterile falcon tube. The cell-suspension was 

appropriate diluted with fresh medium into a new cell culture dish. 

 

 

3.5 Cell labeling and pulse-chase labeling 

 

Cells were incubated with the fluorescent 1-deoxysphingoid derivatives 20, 22, 26, 

unlabeled 1-doxSA and FB1 in DMEM-medium (low glucose) with 10%FBS. All 

compounds were dissolved in ethanol (EtOH) and diluted with the labeling medium, 

yielding the desired final concentration for the experiment. As vehicle and negative 

control served ethanol and was used in the same way as the compounds. For endpoint 

labeling, cells were cultured in the labeling medium supplemented with the indicated 

concentration of fluorescent 1-deoxysphingoid derivatives 20, 22, 26, 5uM FB1, vehicle 

or 0.5 uM as well as 1uM unlabeled 1-doxSA for the specified time at 37℃ . 

Subsequently, cells were washed with warm PBS or medium and observed in 

phenol-red free medium. For 1min labeling, Hela cells were cooled down to 0℃ before 

and during labeling. For pulse chase experiments cells were incubated with labeling 

medium supplemented with the indicated concentration of the fluorescent 

1-deoxysphingoid derivatives 20, 22, 26, 5uM FB1, vehicle or 0.5 uM as well as 1uM 

unlabeled 1-doxSA for 24h at 37℃. After labeling, the medium was removed, cells were 

washed twice with warm PBS and further cultured in unlabeled DMEM with 10%FBS for 

24h chase. Before observation cells were washed with warm PBS or medium and 

analyzed in phenol-free DMEM/HAM`s F12.  
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3.6 Organelle labeling for co-localization studies (IFT) 

 

For live cell imaging of endoplasmic reticulum (ER), Golgi apparatus, neutral lipids and 

lysosomes the ER-TrackerTM blueWhiteDPX, Bodipy®TRC5-ceramide (in complex with 

BSA), Nil-red and Lyso-Tracker BlueDND22 as well as -RedDND99 were used 

respectively according to the supplier’s protocol. For the labeling of the late endosomal 

system with anti-BMP, neutral lipids/lipid droplets with LipidTOX, autophagosomes with 

anti-LC3 and CD98hc with anti-4F2hc, cells were fixed with 4% paraformaldehyde after 

labeling with the fluorescent 1-deoxysphingoid derivatives 20, 22, 26, 5uM FB1, vehicle 

or 0.5 uM as well as 1uM unlabeled 1-doxSA. For the labeling of the neutral lipids, 

LipidTOX was used and handled according to the manufacturer`s protocol. Whereas, 

prior to labeling with anti-BMP, -CD98hc (H-300: sc-9160, purchased from Santa Cruz, 

Biotechnology INC.) and –LC3 cells were permeabilized with 50ug/ml digitonin for 

10min, followed by blocking with 0.1% BSA in HEPES buffer for further 30min. 

Subsequently, the BSA solution was removed and cells were washed carefully with 

sterile PBS. Next, the cells were incubated 1h with the 1st antibody solution (anti-BMP 

1:10, anti-LC3 1:20 and anti-CD98 1:100), washed with PBS and further covered with 

the 2nd antibody conjugated with Alexa633 or DyLightTM 405 (anti-rabbit or 

anti-mouse) solution for 1h, in 1:5000 dilution. Finally, cells were washed again with 

PBS and observed. For storage, fixed and labeled cells were mounted with moviol and 

covered with a coverslip. The preserved cells were stored at 4℃, protected from light. 

 

 

3.7 Confocal laser scanning microscopy 

 

All labeled Cells were transferred into phenol red-free DMEM/HAM`s F12 before 

observation. Observation was performed on a Carl Zeiss LSM 700 confocal microscope 

with 63 x 0.75NA objective lens at RT using 488nm laser to excite the fluorescent 

1-deoxysphingoid derivatives 20, 22, 26, a 405nm laser to excite ER-TrackerTM 

blueWhiteDPX, Lyso-Tracker BlueDND22 and DyLightTM 405 and a 555nm laser to 

excite Bodipy®TRC5-ceramide, Lyso-Tracker RedDND99 and Alexa633 conjugated 

antibodies, LipidTOX and Nil-red. 
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3.8 Lipid extraction 

 

Hela and HuH7 cells were harvest at 90% confluence. Briefly, cells were washed twice 

with ice cold PBS and removed from the dish with a scraper in 2mM ice cooled EDTA 

solution. The lipids were extracted using the Bligh&Deyer method. First, cells were 

added into a MeOH/CHCl3 mixture (1:2) and vortexed strongly for 15min. In the 

following 2ml CHCl3 was added and mixed for 1min. For phase separation 2ml 0.9% 

NaCl solution was added to the mixture and vortexed strongly for 1min. The mixture was 

kept for 30min to achieve phase separation and subsequently centrifuged with 2000rpm 

at 4℃ for 15min. The organic phase was transferred into a fresh vial and dried under N2 

flow, whereas the water phase was first purified on a C18 reversed phase silica-gel 

column (as described in 9.1) and then dried under N2-flow. 

 

 

3.9 Thin-layer chromatography TLC 

 

Lipid extracts were dissolved in chloroform-methanol (2:1), spotted on TLC plates 

(Silica 60 plates) and developed in a TLC chamber using chloroform-methanol-acetic 

acid-water (80:9:12:2) for phospholipids or hexane-diethyl ether-acetic acid (80:20:2) for 

neutral lipids as the solvent. Fluorescents spots were detected by using long wave 

UV-light (324nm). Unlabeled Lipids were visualized by primuline spray. The fluorescent 

spots were identified by their co-migration with the synthesized 1-deoxy-FITC ceramide 

standard and 1-doxSA-FITC as starting material. The other lipids were identified by 

co-migration with unlabeled lipid-standards for phospholipids and neutral lipids. 

 

3.9.1 Reversed phase column chromatography 

 

C18-Reversed phase silica gel was packed into columns, pre-wetted (washing step) 

several times first with acetonitrile and then with Millipore water. Next, the RP-column 

was loaded with the collected water phase from the lipid extraction [see 3.8]. In order to 

remove the salt from the Bligh&Deyer extraction method the column was washed 

several times with Millipore water prior to the elution of captured organic compounds. 

The captured compounds were eluted with acetonitrile and dried under N2. This 

pre-purified sample was spotted on a TLC-plate for development. The column was 

washed several times with Millipore water and acetonitrile before storing at RT. 
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3.10 Pull-down Assay and Immunoblotting 

 

3.10.1 Column preparation 

 

In order to immobilize a free head-group of 1-deoxy-sphinganine the precursor of 

1-doxSA-FITC, specifically compound 24, was coupled to Affi-gel10 31. A slight excess 

of 24 (40umol) was utilized compared to Affi-gel10 (30umol) amino-reactive groups. 

First, the agarose beads were washed twice with ice-cold methanol. Both compounds 

were dissolved ice-cold methanol and subsequently mixed to achieve a final ratio of 

1:1.3 equivalents. After addition of a few drops of Et3N, the reaction mixture was stirred 

overnight at RT to yield 29. Next, unreacted agarose beads were blocked with 

ethanolamine (40umol, 1.3eq.) for 1h at RT. The reaction mixture was washed with 

methanol and final deprotection was performed 3 times in 5% TFA methanol solution for 

5min each at RT, yielding 30. The presence of free amino-groups was confirmed with 

NINH-spray on a TLC plate. Finally, the beads 30 were washed with methanol and 

A.dest., until a neutral pH was reached. The beads were packed in a column, 

equilibrated with washing buffer A (0.25% DDM, 1% glycerol in sterile filtrated PBS) and 

stored in washing buffer at 4℃. 

 

3.10.2 Cell-lysate preparation 

 

HuH7 cells were harvested at 90% confluence. Cells were washed twice with ice-cold 

PBS and removed from the 10cm cell culture dish with a scraper. The Lysate was 

centrifuged at 15000rpm/4℃ for 5min, PBS was removed and 1ml lysis buffer (0.25% 

DDM, 1% glycerol in sterile filtrated PBS) was added. Cells were homogenized and 

again centrifuged at 15000rpm/4℃ for 30min. Finally, the supernatant was used for the 

pull-down assay and for the protein determination. 

 

3.10.3 Protein determination 

 

Protein quantification was realized by the method of Pierce/BCA-test. Here for PierceTM 

BCA Protein Assay Kit from Thermo Scientific was utilized. The reaction mixture was 

prepared according to manufactures specifications (50:1, reagent A:B) utilizing a 

microtiter plate. The protein concentration was calculated on the basis of a standard 

curve, established with BSA-standards (0.125ug/ul up to 2ug/ul). 
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3.10.4 Pull-down assay and Immunoblotting 

 

The column was incubated with 0.2mg/ml cell-lysate for 30min at RT. Competition 

experiments utilizing 0.2mg/ml HuH7 cell lysate were pre-incubated with a 30% excess 

of 1-doxSA (90umol), sphinganine (90umol), 1-deoxy-dihydroceramide (90umol) for 

30min on ice. Afterwards, the mixture was applied to the column and further incubated 

for 30min at RT. Subsequently, the column was rinsed extensively with washing buffer B 

(0.15%DDM, 1% glycerol in sterile filtrated PBS), in order to remove unbound proteins. 

The elution of captured proteins was achieved with elution buffer A (containing 1% 

1-doxSA (0.03uM) in washing buffer B) and elution buffer B (containing 5% 1-doxSA 

(0,15uM) in washing buffer B). Selected fractions were concentrated with Ultra-0.5 

centrifugal filter 10K devices (from Amicon®), separated with a 10% gel by SDS-PAGE 

and electrophoretically transferred to PVDF-membranes in a transfer buffer consisting 

1xPAGE-buffer and 10% methanol. The membranes were blocked with 3% dry milk in 

tris-buffered saline with 0.1% Tween 20 and incubated with specific antibodies 

(anti-PP2Ac 1:4000; anti-CD98hc 1:1000 and ß-actin 1:4000) in tris-buffered saline with 

0.1% Tween 20. In case of Anti-CD98hc Hikari-solution was used for incubation 

according to the manufactures protocol. This was followed by incubation with 

horse-radish peroxidase-conjugated secondary antibody (1:1000 dilutions). The 

antigen-antibody interaction was visualized by incubation with ECL chemiluminescence 

reagent (GE Healthcare) [see Fig.16]. 

 

 

 

 

 

 

 

 

  
Fig.16: Detection reaction of the POX-conjugated secondary antibody with ECL 

chemiluminescence reagent in WB-analysis. H2O2 react with the enol-form of luminol to 

an excited intermediate state, which is followed by the release of N2 and the emission of 

light (428nm). 
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3.11 Proteomics analysis 

 

Selected fractions were concentrated and submitted to proteomics analysis. The 

samples were handled as described in the protocol for proteomics analysis. 

The In-solution digestion procedure was performed as followed described: 

 

First, 10µl sample were treated with 80µl NH4HCO3 buffer (50mM) and acetonitrile was 

added until 10%. Next, 2µl of 1M DTT (final concentration 20mM) was added and 

incubated for 30 min at 56�, to “break” all disulfide bridges. The mixture was allowed to 

cool down to RT, before adding 10µl of 333mM IAA (final concentration 30mM) and 

incubate for 30 min at a dark place at 37�. Finally, to the 37� warm mixture, 10µl of 

Trypsin (33ng/µl) (0.3µg) was added and further incubated over-night at 37�. 

 

Details concerning the Digestion Kit, the LC-MS/MS analysis as well as the utilized 

software for the database search and a list of the identified proteins are described in the 

attachment (see appendix). 
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4. Results 

 

4.1 Synthesis 

 

4.1.1 1-Thioceramides (1-SHCers) 

 

Cers occupy a central position in the sphingolipid biosynthesis and catabolism. 

Consequently, ceramides can be modified to serval other sphingolipids, e.g. common 

are glycosylation and phosphorylation followed by conversion into SM. Cers are 

amphipathic compounds, the acyl chain exhibits low polarity (van der Waals forces) but 

due to their amide bond are able to form H-bond network [170]. They strongly influence 

membrane properties by increasing the order of the acyl chains in the bilayer and 

inducing a tighter packing, additional supported by the trans double bound of ceramides 

at the C4 position. Consequently, the fluidity of the membrane is decreased whereas the 

rigidity is highly increased, causing the characteristic high gel-to-liquid crystalline phase 

transition temperatures of ceramides [12]. Other ceramide analogues, structurally 

modified at their functional groups e.g. NMeCer; OMeCer; NMeOMeCer [7], were 

synthesized in order to study their lipid-lipid interactions and their effects on membrane 

formation. Besides the de novo synthesis of ceramides in the ER, ceramides can also 

be generated by SMase activity in the outer leaflet of the plasma membrane. 

Subsequently, these ceramides can flip to the inner leaflet and accumulate in 

ceramide-rich domains, inducing structural alterations of the membrane [18, 119]. To 

date, the flip-flop behavior of ceramides is still controversial discussed in literature. In 

order to investigate the ceramide flip-flop in more detail a chemical synthetic access to a 

1-Thiol-ceramides was developed. The general lack of thiols in lipids allows undisturbed 

quantification, additionally the influence of the C1- hydroxyl group on inter-lipid 

interaction, such as domain formation with Chol or SM, can be investigated. 

For the synthesis of all 1-SHCer analogues [see Fig.17], the protected amino acid 

N-Boc-S-Trityl-L-cysteine 1 was selected as starting material. N-Boc-S-Trityl-L-cysteine 

features most functional groups of the desired Cer analogue, specifically at C1 and C2 

position, including the natural configuration of sphingosines, in particular. 1 was first 

activated as a Weinreb-amid 2, and elongated at C3 by Gringard reaction using the 

organometallic reagent Vinyl-MgBr to form (2S)-2-N-(butoxycarbonyl)-3-keto-1-S- 

trityl-4-penten (3).  
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Reduction of the resulting ketone 3 with LiAlH4 gave rise to a syn:anti ratio of 2:3 of the 

produced hydroxyl function. In contrast, ketone 3 was stereo selectively reduced to the 

desired anti configured hydroxyl function at C3 by LTTBA at -78℃, yielding in (2S, 

3R)-2-N-(butoxycarbonyl)-3-hydroxy-1-S-trityl-4-penten (4). Further extension of the 

alkyl backbone by cross methathesis with 1-pentadecen gave rise to a E:Z ratio of 15:1 

[181]. 

The completed sphingoid base analogue (2S,3R)-(4E)-2-N-(butoxycarbonyl)-3 

-hydroxyl-1-S-trityl-4-octadecen (5) was de-protected with 10%TFA yielding in the free 

amine 6, which was directly N-acylated to form the desired Cer-analogue. N-acylation of 

the protected 1-S-trityl-sphingosine backbone with different types of fatty acids yielded 

compounds 7a-e, establishing a suitable array to investigate the influence of the 

acyl-chain length on ceramide flip-lop. The final step providing the desired 

1-thio-ceramide required the de-protection of the 1-thiol group of compounds 7a-e. 

Silver was chosen, due to its strong reactivity towards sulfur and its favor to form 

AgS-precipitates. In this context, compounds 7a-e were all treated with AgNO3 to 

transform them to silver salt intermediates, which in turn were directly used without 

further purification, to produce the final 1-thio-ceramides derivatives 8a-e. The silver 

was removed from the thiol group by precipitation with concentrated HCl at RT., yielding 

8a-e. NMR confirmed that no further purification of the resulting compounds was 

necessary. All 1-thio-ceramides were stored under an argon-atmosphere at -80℃ until 

use. 
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Fig.17: Synthetic scheme of 1-SHCers 
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4.1.2 Fluorescent DSB`s and FB1 analogue 

 

1-deoxysphingoid bases are naturally synthesized, due to the substrate ambiguity of 

SPT, enabling the utilization of alanine instead of serine as a substrate. While 

1-deoxysphingoid bases, such as 1-deoxysphinganine or 1-deoxysphingosine can be 

N-acylated, further metabolization to more complex sphingolipids are unlikely, due to its 

missing hydroxyl group at the C1 position. Function, distribution and degradation of 

these atypical compounds are still unclear. Interestingly, the mycotoxin FB1, exhibits a 

similar chemical structure as 1-doxSA, except for the configuration of the hydroxyl group 

at position C3. Unlike the 2S, 3R – configuration of a sphingolipid, FB1 has a (2S, 3S) – 

configuration [see Fig.10, 11 andn12]. To mimic FB1`s C20 long alkyl chain a 9-decenol 

was later linked to a 1-deoxysphinganine head group 16. The remaining 7 carbons, to 

mimic the length of FB1, are imitated by the coupling to the fluorophore. Nonetheless, 

the (2S, 3S) head group configuration of FB1 was not fully realized, as, the absolute 

configuration of the 1-doxSA head group was maintained in (2S, 3R). The construction 

of the 1-deoxy-sphinganine head group started from Boc protected L-Alanine 13 [see 

Fig.18]. 13 was converted into the corresponding N, O-dimethyl-hydroxyl amide 14 and 

subsequently treated with vinyl-MgBr, an organometallic reagent, yielding in 

(4S)-4-N-(Butoxycarbonyl)-3-keto-pent-1-en 15. The reduction of the keto-group with 

LTTBA at -78℃ produced (4S,3R)-4-N-(Butoxycarbonyl)-3-hydroxyl-pent-1-en 16, the 

head group of natural 1-doxSA also featuring an (R)-configured hydroxyl-group. 16 was 

further used as the key building block for the cross metathesis, to construct the 

1-deoxy-sphingoid backbone. The second building block, representing the alkyl chain, 

mimicking FB1`s C20 long alkyl chain, was derived from 9-Decenol 9. To attach the 

fluorophore it was necessary to transform the hydroxyl function of 9-decenol into a 

primary amino function, equipped with an orthogonal protecting group, prior to the 

metathesis reaction. First 9-Decenol was activated by treatment with PBr3 to form 

1-Bromo-dec-9-en (10). Next, two different amino protecting group strategies were 

employed. 

The first strategy envisaged the transformation of the primary alkyl halide 10 into an 

azide by phase transfer catalyze, yielding in 1-azido-9-decen (11). As expected, 

H1-NMR of 10 and 11 did not clearly revealed an unambiguous shift of the C10 

methylene group, as their neighboring bromide (~4.0ppm) or azide group (~4.0ppm) 

induced similar shifts [NMR in chapter 3.1.3.1] . Consequently, an additional inorganic 

qualitative proof was developed to differentiate between a primary alkyl halide and the 

functional group of an azide in organic compounds.  
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This test is based on the inorganic redox-reaction of Iodine with sulfide-ions, oxidizing 

sulfide-ion to sulfur and subsequent precipitation [see Fig.19]. The sulfur on the other 

hand, acts as an oxidant for the azide, releasing nitrogen gas. As a consequence the 

brown yellowish iodine solution became colorless after addition of organic compounds 

featuring an azide group [see Fig.20]. However, cross metathesis with 11 and 16 did 

not yield any product, due to the interaction of the azide group with the Grubbs catalyst. 

11 coordinate to the ruthenium-ion in the center of the catalyst, rendering it inactive. To 

overcome this problem an alternative synthetic strategy was chosen utilizing a 

phthalimide protecting group. Consequently, 1-Bromo-dec-9-en (10) was reacted with 

potassium phtalimide yielding the primary alkyl amine N-phtalimido-dec-9-en 12 by 

Gabriel – Synthesis. The final removal of the phthalimide protecting group with N2H4 

monohydrate was postponed until after the cross metathesis reaction, to prevent 

interference of the nitrogen with the Grubbs catalyst. Subsequently, the building blocks 

12 and 16 were subjected to cross metathesis reaction. Successful linkage yielded 17, 

containing the desired E configured double bound of a 1-deoxysphingosine backbone.  

 

 

 

   

Fig.18: Synthetic scheme of the building blocks 16, 11 and 12 for cross metathesis  
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4.1.3 Introduction of the fluorophore to the DSB backbone 

 

First the 1-deoxysphingosine backbone 17 was deprotected by treatment with hydrazine 

(N2H4) monohydrate, transforming the pthalimide group finally into a primary amino 

group, yielding compound 18. As the initial fluorophore dansyl chloride was selected 

due to its small molecular size and its hydrophobic properties, which resemble the 

characteristics of 1-deoxysphingosine molecules. Additionally, dansyl chloride is highly 

reactive to primary amino-groups and features suitable fluorescent properties of λex 

337nm/λem 492nm. For that reason, dansyl chloride was directly connected to 18 under 

alkaline conditions to form N-Boc-1-deoxysphingosine-DNS 19. The fluorescent Boc- 

protected deoxy-sphingosine analogue 19 was divided into two portions. One portion 

was directly used for cell experiments after deprotection of the amino group at C2 

position with 10% TFA and further purification to yield in 49% of the 1-doxSO-DNS 20 

derivate. The remaining portion of 19 was reduced with Pd/H2 yielding the saturated 

backbone of an N-Boc-1-deoxysphinganine-DNS 21 [see Fig.21].  

  

1.) S
2-

 + I
2
    2I

-

 + S  (brown/yellow) 

2.) S
 

+ 2N
3

-

    S
2-

 + 3N
2
  (colorless/white) 

Fig.19: Equation of the chemical reaction for the proof of azide (N3) - groups in organic 

compounds  

Fig.20: Qualitative azide-proof in organic compounds. A brown color indicates a negative (-) 

sample, whereas a white color a positive (+) sample represents.  
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The preparation of the dansyl tagged 1-deoxysphinganine was completed after 

Boc-deprotection of 19 and subsequent purification of the final product 1-doxSA-DNS 

22 in dichlormethane -methanol 4:1 as the solvent system, with 50% yield. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Alternatively, the usage of 5(6)-Carboxyfluorescine (λex 494nm/λem 512nm) as a 

fluorophore was envisaged due to its excellent fluorescent quantum yield and stability. 

Additionally the intrinsic hydrophilic properties of 5(6)-Carboxyfluorescine, mimic the 

generally strong hydrophilic behavior of FB1, the bulkiness and length of its tail section. 

As FB1 as well as its mammalian analogue 1-doxSA do not feature any unsaturation in 

their sphingoid base backbone, intermediate 17 was first reduced with Pd/H2 yielding 

the phtalimide protected 1-deoxysphinganine analogue 23. Next 23 was reacted with 

N2H4 monohydrate, to remove the pthalimide protecting group, was yielding in 24.  

Fig.21: Synthetic scheme of the fluorescent 1-deoxy-sphingoid base analogues 20 and 22 
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Prior to condensation with 24, 5(6)-Carboxyfluorescine was as activated to 5(6) – 

carboxyfluorescine–succinimidyl-ester 28 (FITC-NHS). The resulting Boc-protected 

1-doxSA-FITC/ FB1 - FITC analogue 25 was finally treated with 10% TFA, liberating the 

2-amino group. Subsequent purification of 26 by silica gel column chromatography, 

using toluene-acetone-acetic acid (2.5:1:1%) as eluent yielded 40% of the desired 

fluorescent 1-deoxysphinganine analogue 26 [see Fig.22]. 

. 

 

 

 

 

 

 

 

 

 

  

Fig.22: Synthetic scheme of the fluorescent 1-deoxy-sphinganine and FB1 analogue 1-doxSA-FITC 26 
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4.1.4 Synthesis of fluorescent 1-deoxydihydroceramide (1-deoxydhCer-FITC) 

 

In metabolism experiments a fluorescent 1-deoxydhCer was prepared as reference 

material for TLC based identification of metabolites of 26. The free amine of 26 was 

condensed with activated tridecanoic-succinimide-ester. This reaction resulted in the 

desired 1-deoxydhCer-FITC 27 with a yield of 25% [see Fig.23].  

 

Fig.23: Synthetic scheme of fluorescent 1-deoxydihydro-tridecanoyl-ceramide (1-deoxydhCer-FITC) 27 
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4.2 Ceramides flip-flop results 

 

To-date, the biophysical properties of ceramides are not fully clarified and only limited 

data of the chemical and physical mechanisms involved in ceramide interaction with 

membrane lipids are available. For example, flip-flop - the transversal movement of a 

lipid molecule from one side of the membrane to the opposite side of the membrane - is 

an important process during ceramide mediated signal transduction. Yet, the influence 

of cholesterol-rich domains on ceramide flip-flop is only poorly understood. In order to 

probe the influence of the primary hydroxyl function on biophysical properties as well as 

on lipid-lipid interactions with other membrane lipids (domain formation), I developed a 

synthetic organic access to 1-thiol-ceramide derivatives [see Fig.17]. These unique 

analogues enabled me to explore the flip-flop of ceramides itself and effects of the acyl 

chain length on the flip-flop speed of ceramides in raft and non-raft membranes. 

After the successful establishment of the 1-thio-ceramide (1-SHCer) synthesis, a 

colorimetric thiol detection assay system using unilamellar liposomes (LUVs), in 100nm 

size and containing 1-SHCer analogues, was established [see Fig.15]. The presence of 

thiol-groups on the liposome surface was detected by the membrane impermeable 

Ellman`s-reagent at 412nm by stopped flow.  

First the membrane impermeability of DTNB was confirmed in leak check experiments 

utilizing a spectrum photometer. For that reason, liposomes in 100nm size were 

prepared, filled with DTNB-solution internally and GSH was added to the outside to 

detect possible leakage. In case of a leakage, DTNB diffuse through the membrane and 

reacts with GSH, resulting in the typical yellow colored byproduct TNB2-. In order to 

quench the remaining DTNB from the inside of the liposomes ßME was finally added 

(100%). The difference ∆ (leakage liposome) between 0% leakage and 100% leakage 

gave the actual leakage of the liposome. Depending on the lipid composition leakage of 

the liposome solutions varied from 0.0003 – 0.0769%/min [see Tab.3]. To mimic the 

influence of 1-SHCer on membrane leakiness, size matched Cers were added to the 

lipid mixture at equivalent ratios. 
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The performed leakage experiments showed that the used liposome mixture with an 

equimolar ratio of lipidA and lipidB as well as 0.5% Cers were leak-proofed and 

applicable for the flip-flop measurement by stopped-flow. Therefore, LUVs in various 

lipid compositions (raft and non-raft mixtures) [see Tab.2 in 3.3.1] in a 1:1 ratio, 

containing 0.5% 1-SHCer analogues, including laurylic (C12:0), myrystic (C14:0), 

palmitic (C16:0), lignoceric (C24:0) and nervonic (C24:1) acid, were prepared. After 

preparation, the size of the vesicles was checked by dynamic light scattering. For 

measurement, prepared LUVs were mixed with DTNB-solution in a stopped-flow 

photometer [see Fig.15]. After a rapid mixing of LUVs and DTNB, all 1-SHCer in the 

outer leaflet will react quickly. This reaction was followed by the real ceramide flip-flop 

reaction, in which unreacted thiol-groups flipped from the inside to the outside of the 

LUVs and subsequently reacted with DTNB. The absorption [Abs] vs. time [s] was 

monitored. The calculation procedure to determine the half time t1/2 of the flip-flop is as 

followed: 

First, the absorption vs time was linearized [see Tab.4] in order to obtain the reaction 

order. This was essential to select the correct speed law for the following calculations of 

k and the half time t1/2.  

  leaking in %/min   

CerOH POPC DPPC pSM nSM 

neg 0.0028 0.0030 0.0041 0.0003 

CerOH 12:0 0.0059 0.0055 0.0096 0.0049  

CerOH 16:0 0.0073  0.0030   0.130 0.0769  

reaction order plott 

0. a vs t 

1. ln(a) vs t 

2. 1/a vs t 

3. 1/2a2 vs t 

Tab.3: Leak-check experiments. Leakiness of the pre-formed vesicles was tested in raft – (SM/Chol) and 

non-raft (POPC or DPPC/Chol) like membrane in the presence and absence of CerOH 

Tab.4: Linearization conditions for the 

determination of the reaction order.  
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Plotting of ln(a) vs t results in a straight with k = -slope, indicating a first order reaction. 

Thus the speed constant k1 as well as the half time t1/2, was calculated based on 

first-order reaction. 

The chosen speed law of first order reaction and the utilized calculation procedure is 

outlined below: 

 

[DTNB] >> [RSH]; [DTNB] ≈ const. 

rate = k[A]n; rate = k [A] for first order reaction 

 

−	����	

�� =  ∙ ����
   (1) 

- integration of (1) gave (2) 

����
� = 	����
�	 ∙ 	����∙�	   (2) 

 

ln��
 = 	−� ∙ � + ln	���
     ln���
 = ��� �.	   (3) 

 

ln��
 − ln���
 = 	− ∙ �      (4) 

 

ln "#$
# % = 	−	� ∙ �     (5) 

 

− ln "#$
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Importantly, the half time and speed constant of the DTNB-GSH reaction was 

determined as: 

 

56 72  = 240ms with k1 = -2.9178s-1, at 22℃ 

 

Our results indicate that the flip-flop of thio-ceramides is very rapid, effectively 

exceeding the speed of the chemical detection reaction by Ellman`s-reagent. No 

difference between raft- (SM/Chol) and non-raft (PC/Chol) membranes could be 

observed, for both membrane models a half time <10s was calculated.  

 

 

 

 

 

 

 

 

  

1-SHCer in half time 56 72  [s] 

PC/CHOL membranes   <10 

SM/CHOL membranes  <10 

Tab.5: Half time of the Cers flip-flop for both membrane models. 
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Additionally, also the variation of the fatty acid length of the 1-SHCer had no detectable 

influence on the half time. Unfortunately, the observed half times for the flip-flop of 

1-SHCer is too close to the speed of the DTNB-GSH basic reaction. Therefore, a faster 

detection reaction for a more exact value of the flip-flop speed of 1-SHCer would be 

required.  

The change of the OH-group at the C1-position to a SH-group, allows probing the 

influence of the 1-OH group on inter-lipid interaction, such as domain formation and 

thus providing a unique possibility to investigate the importance of the C1 OH-group. 

For that reason, fluorescence quenching experiments were done in collaboration with 

Prof. P.Slotte [see Fig.24], Finland. Utilizing trans-parinaric acid quenching array`s 

revealed similar biophysical properties of ceramides and their 1-thio-ceramide 

analogues in phosphatidylcholine/sphingomyelin membranes especially below 35℃. At 

these lower temperatures, the interaction of 1-thio-cermaides with sphingomyelin was 

only slightly reduced compared to ceramide, but exhibited a similar characteristic. 

Above 35℃, 1-thio-ceramides gradually lost the interaction with sphingomyelin, while 

ceramides maintained this interaction until 45℃. Consequently, 1-thio-ceramides have 

less ability to replace Chol from its interaction with SM, compared to Cers. This 

indicates the importance of the primary hydroxyl function of ceramides for the 

interaction with sphingomyelin at temperature above 35℃, close to the transition 

temperature.  
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POPC/pSM/Cer 

POPC/pSM/Thio-Cer 

POPC/pSM 

POPC/pSM/Chol/Cer 

POPC/pSM/Chol/Thio-Cer 

Fig.24: Fluorescence quenching, A: Detection of ordered domains with tPA. MLVs containing 60/30 nmol POPC/PSM 

or 60/30/10 nmol POPC/PSM/sterol; B: Detection of ordered domains with tPA. MLVs containing 60/15 nmol of 

POPC/PSM or 60/15/15 nmol POPC/PSM/Cer ; tPA was present at 1 mol% and in the F-sample half of the POPC was 

replaced by the quencher 7SLPC. Temperature was ramped at 5 °C/min and the F/F0 curve was plotted against 

temperature and indicates the extent of quenching susceptibility of tPA. A high F/F0 ratio indicates poor quenching 

whereas a low F/F0 ratio shows more extensive quenching. Curves are representative of at least three runs 
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4.3 Analysis of the fluorescent DSB-derivatives in cell culture 

 

4.3.1 1-doxSO-DNS 20 and 1-doxSA-DNS 22 in BHK cells 

 

BHK cells were used for the first test, because of their easy handling and their fast 

growth. Additionally, fumonisins are described in literature to induce toxicity in kidney- 

and liver cells [78, 116]. Therefore, the target compounds were investigated in labeling 

experiments with cultured BHK cells. To determine optimal imaging conditions and to 

proof whether the compounds 20 and 22 are able to induce cell-toxicity, BHK cells were 

incubated with different concentrations and labelling methods for different time periods. 

The following concentrations of 1.25uM; 3uM; 10uM; 30uM and incubation times of 

30min to 24h were tested. 

Unfortunately, at low concentration combined with short incubation times, the signal to 

noise ratio was too low, thus under these conditions good imaging was not possible. 

Additionally increased incubation time (end-point measuring) did not improve the 

fluorescent signal. Further complicating, application concentrations exceeding 3uM or 

higher were cell toxic at all incubation times and for both compounds 20 and 22. 

Therefore, labeling conditions were changed to pulse labeling tests. Cells were pulsed 

with 3uM or 10uM of 1-doxSA-DNS or 1-doxSO-DNS for 30min and were chased for 

24h in full medium before observation. Still both derivatives were cell toxic. 

1-doxSA-DNS was highly cell-toxic (3 and 10uM) after a labeling pulse of 30min and 

24h chase [see Fig.25 [A-C]], even shortening the chasing-time to 6h did not prevent 

cytotoxicity. In general 1-doxSO-DNS seemed to be less toxic compare to 

1-doxSA-DNS as 3uM of 20 had less potential to induce cell toxicity compare to 10uM of 

22 [see Fig.25 [B, C]]. Preliminary results of imaging 1-doxSO- 20 and 1-doxSA-DNS 

22 indicated a similar staining pattern. Both 1-deoxy-sphingoid bases were staining the 

nuclear membrane and strongly the nucleoli. These preliminary data also indicated that 

1-doxSA-DNS stains a bit more the ER compared to 1-doxSO-DNS. 

Although cellular uptake was fast, the significant hydrophobicity combined with the 

molecular yield of both 1-doxSO-DNS and 1-doxSA-DNS, precluded further reduction of 

concentration to avoid cell toxicity. Especially the rapid quenching processes of the 

fluorescence during experiments discouraged further investigations with dansyl as the 

fluorophore. 
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Control cells 

3uM 1-doxSO-DNS 

20 

1-doxSO-DNS Merged [A] 

  

Transmission 

Fig.25: Subcellular localization of 1-deoxysphingoid bases 20 and 22. BHK cells were labeled with 

3uM [A] and 10uM [B] of 1-doxSO-DNS for 30min at 37℃  and chased for 24h. Cells were washed 

afterwards and directly observed. In [A] and [B] compound 20 is localized mainly in the nuclear 

membrane and within the nucleoli. However, 3uM treatment of 1-doxSO-DNS is strongly cytotoxic. 

Cells showed morphological changes such as loss of shape compare to the control cells. 

1-dosSA-DNS 22 is highly toxic [c] and an exact localization is therefore not possible, preliminary, 

the distribution of 22 is similar to 20. 
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Control cells 

10uM 1-doxSO-DNS 

20 

[B] 

Control cells 

10uM 1-doxSA-DNS 

22 

[C] 

  

Transmission 

Transmission 

1-doxSO-DNS Merged 

1-doxSA-DNS Merged 

Continued from Fig.25: Subcellular localization of 1-deoxysphingoid bases 20 and 22.  
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4.3.2 1-doxSA-FITC 26 in BHK cells 

 

Switching from dansyl to the more stable 5(6)-carboxyfluorescine altered the chemical 

properties. 1-doxSO-/doxSA-DNS were highly hydrophobic whereas 1-doxSA-FITC is 

the opposite – it is highly hydrophilic. Moreover, it turned out that cell uptake is not as 

high and fast compare to the 1-deoxy-sphingoid base-DNS analogues. Initial studies 

concerning the subcellular localization were performed in BHK cells for the same 

reasons as previous described in 3.1. Therefore, BHK cells were cultured with a range 

of 1-doxSA-FITC concentrations for 24h to identify the best conditions for an optimal 

imagining and to test the cell-toxicity of this new fluorescent compound 26. 

1-doxSA-FITC was dissolved, utilizing two methods, firstly 26 was directly dissolved in 

the medium and applied to the cell culture or secondly, 1-doxSA-FITC was 

pre-dissolved in ethanol (stock solution) and subsequent diluted to the final 

concentration in medium. Dilution of ethanol dissolved 26 resulting in a more evenly and 

reduced background fluorescence signal in cell experiments. Consequently, in all 

following experiments, a 1-doxSA-FITC stock solution in ethanol was utilized, which 

was diluted in medium to yield in the final concentration for the treatment while 

maintaining an ethanol content of less than 0.1 – 0.2%. BHK cells could stand 

concentrations of 1-doxSA-FITC from 20uM up to 40uM [see Fig.26] with an incubation 

time of 24h. 20uM, 30uM or 40uM 1-doxSA-FITC and ethanol as vehicle with an 

incubation time of 24h, were finally used for further experiments. Tests with up to 50uM 

1-doxSA-FITC induced toxicity in BHK cells after 24h, as a higher fraction of detached 

cells compare to untreated control cells was observed. Moreover, the shape of 

1-doxSA-FITC treated cells was changed losing their compact epithelia-like morphology 

and exhibiting a more fibroblast-like shape. The cells started to exhibit an irregular 

shape with peaked ends and losing their cell-to-cell contact [see Fig.27]. Interestingly, 

similar observations were found in 1-doxSA-FITC (30uM) treated HEK cells, HEK cells 

seem to react more sensitive to elevated levels of 26 [see Fig.27]. The fluorescent 

analogue was not randomly distributed within the cells. It accumulated in specific 

organelles suggesting that 1-doxSA-FITC may not be further metabolized to other 

species of the SL-metabolism or degraded. Instead 1-doxSA-FITC fully accumulated 

after 24h in vesicle mainly localized around the nucleus. Contrary the DNS derivatives, 

fluorescence was neither found in the membrane of the nucleus nor within the nucleoli. 

Furthermore, less fluorescent 1-doxSA-FITC could be observed in the cytoplasm or ER 

[see Fig.29]. In order to clarify the subcellular localization of the new analogue 26, 

co-localization studies with common cell-organelles markers were performed. 
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Controll cells 10uM 20uM 30uM 40uM 

1-doxSA-FITC 26 

1-doxSA-FITC 
Transm

ission 
M

erged 
  

Fig.26: Subcellular localization of 1-doxSA-FITC 26 in BHK cells. Cells were incubated at indicated 

concentration of 1-doxSA-FITC for 24h to identify the optimal concentration for imaging and to test the 

cytotoxicity of 1-doxSA-FITC. Experiments showed that BHK cells could stand concentrations between 

20uM to 40uM. Consequently further experiments utilized this concentration range. 

Fig.27: Cytotoxic effect of 1-doxSA-FITC 26 in BHK cells. Cells were incubated with 50uM 

1-doxSA-FITC for 24h, washed and directly observed. 50uM 26 induced morphological alternations 

of cell shape compare to the control cells. Also more detached cells were present in 1-doxSA-FITC 

co-cultured cells. The cells exhibit a more irregular shape withed peaked ends and reduced 

cell-to-cell contacts. 

50uM 1-doxSA-FITC Controll cells 
1-doxSA-FITC Transmission Merged Transmission 
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Fig.28: Cytotoxic effect of 1-doxSA-FITC 26 in HEK cells. Cells were incubated with 30uM 

1-doxSA-FITC for 24h, washed and directly observed. 30uM. 26 induces already cell toxicity in HEK 

cells, indicating a more sensitive response to elevated levels of 26 than BHK cells, although both cells 

lines are kidneys cells. Similarly, the treated cells exhibited alternations in morphology compare to the 

control cells. 1-doxSA-FITC co-cultured cells exhibit a more irregular shape with peaked ends and 

reduced cell-to-cell contacts. 

Fig.29: Subcellular localization of 1-doxSA-FITC 26 in BHK cells. Cells were incubated with 30uM 

1-doxSA-FITC for 24h, washed and directly observed. 1-doxSA-FITC 26 is accumulated in vesicle-like 

structures after 24h. No presence in the nuclear membrane or nucleoli was detected, in contrast to the 

dansyl derivatives. 

Controll cells 

30uM 1-doxSA-FITC 

(26) 

1-doxSA-FITC Transmission Merged 

Controll cells 

30uM 1-doxSA-FITC 

(26) 

1-doxSA-FITC Transmission Merged 
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4.3.3 Subcellular localization of 1-doxSA-FITC 26 in BHK cells 

 

4.3.3.1 Co-staining experiments in BHK cells 

 

Only little is known about the distribution and degradation of 1-deoxysphinganine and 

FB1. In order to shed more light on the trafficking and subcellular localization of these 

unusual compounds, co-staining experiments with the fluorescent analogue 26 were 

performed. FB1 is assumed in literature to inhibit CerS this enzyme is described to be 

located within the ER [30]. Additionally, it was also shown that CerS is able to accept 

FB1 as a substrate and is therefore able to N-acylate FB1 [69]. Consequently, the initial 

co-localization study utilized an ER-marker to see whether 1-doxSA-FITC will enter the 

ER. The previously disused single staining experiments with 1-doxSA-FITC already 

indicate, that 1-doxSA-FITC does not localize to the ER after 24h incubation. Instead, 

1-doxSA-FITC was accumulated in vesicle-like structures. To identify these 1-doxSA 

rich vesicles, additional markers for cell-organelles were tested, such as Golgi, 

Mitochondria and Lysosomes. For this purpose, cells were treated with 30uM 

1-doxSA-FITC and incubated for 24h, washed and co-stained according to the 

manufactures protocol with ER-; Golgi-; Mito- and Lyso-tracker prior to observation by 

confocal microscopy in phenol-red free DMEM/HAM`s F-12 [HPES (+)]. All markers 

were tested of their possible interference in different laser channels. Fig.30 confirmed 

that no interference in the different channels occur before preforming the experiments. 

The optimized image-settings were used for all further co- and multiple staining 

experiments. 

Co-staining with ER-marker confirmed the previous results that, 1-doxSA-FITC is only 

poorly located within the ER [see Fig.31 and 32]. Additionally, in the light microscopy 

(transmission) the intracellular morphology seemed to be altered after 24h 

1-doxSA-FITC treatment. Treated BHK cells occurred to be more granulated compare 

to control cells [see Fig.31]. Also, only little co-localization with the Golgi-marker was 

observed [see Fig.32], assuming that 1-doxSA-FITC is not further metabolized to more 

complex SLs. 

Co-staining with Mito-tracker revealed that only small amounts of 1-doxSA-FITC are 

distributed to the Mitochondria and indicating that it is not the main subcellular target of 

1-doxSA-FITC as well [see Fig.32].  

Very surprisingly high co-localization was observed with the lysosomal system. 

Consequently, the fluorescent vesicle-like structures which occurred after 24h was 

identified as Lysosomes [see Fig.32]. 
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Fig.30: Control cells for co-staining experiments. All cells markers: 1) ER
TM

 Blue-White DPX; 2) BODIPY
 ®

 TR C
5
- 

ceramide complexed to BSA, 3) MitoTracker
 ®

 DeepRed FM, 4) Lysotracker
®

 Blue DND-22 and 1-doxSA-FITC 

were confirmed not to interfere in the different channels before performing co-staining experiments. 3.) and 4.) are 

not shown, due to their similar ex./em. properties of the blue and red fluorescence respectively. 
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Controll cells 

ER-marker 

Merged 

30uM 1-doxSA-FITC 

1-doxSA-FITC 1-doxSA-FITC 

Merged Merged 

 

 

 

  

Fig.31: BHK cells exhibits an alternated intracellular morphology after a 24h treatment with 30uM 

1-doxSA-FITC. They appear to be more granulated (see black arrows) compared to control cells. 

Pictures are representative for at least three independent experiments. 

Transmission Transmission Transmission 
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Fig.32: Co-staining of 1-doxSA-FITC with the most common cell-organelles: 1.) ER; 2.) Golgi; 3.) 

Mitochondria and 4.) Lysosomes. Cells were incubated 24h with 30uM 1-doxSA-FITC, washed, stained 

and observed under the confocal microscopy. 1.) – 3.) showed less co-localization levels between 

1-doxSA-FITC and the indicated markers. 4.) Revealed high co-localizations levels with the lysosomal 

system. The green vesicle-like structures were identified as Lysosomes. Pictures are representative for 

at least three independent experiments. 
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3.3.2 Multiple-staining experiments in BHK cells 

 

Triple labelling of two organelles and 1-doxSA-FITC enable the investigation of possible 

functional relationships between the target compound, here 1-doxSA-FITC and the cell 

organelles. This in turn, allows to gain more information about the trafficking and 

degradation process of 1-deoxysphinganine as well as of FB1. For that purpose, BHK 

cells were incubated with 1-doxSA-FITC for 24h, washed and triple stained according to 

the manufactures protocol with selected markers for the cell organelles: ER, Golgi, 

Mitochondria, Lysosomal system. Finally, cells were washed again and the fluorescence 

was observed in phenol-red free DMEM/HAM`s F-12 [HEPES (+)]. The combination 

Golgi and Mitochondria was excluded, due to occupation of the same fluorescence 

channel. The table 6 and figure 33 shows an overview of the staining combinations:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In general, de novo synthesis of sphingolipids occurs in the ER and possible 

ER-associated membranes such as the mitochondria-associated ER membrane 

(MAMs) [57]. Synthesis starts with the condensation of serine and palmityl-CoA at the 

cytosolic side of the ER membrane [96].  

panel [1-doxSA-FITC] organelle A organelle B 

1 20uM Golgi Lysosome 

2 30uM ER Golgi 

3 30uM ER Mitochondria 

4 30uM Mitochondria Lysosome 

5 40uM ER Lysosome 

Fig.33: Illustration of possible functional relationship between the 

cell organelles  

Tab.6: Represented are the utilized staining combinations together with the 

concentration of 1-doxSA-FITC. 
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Ceramides are formed after reduction, N-Acylation and desaturation of the sphinganine 

base. Subsequently Cers get further distributed to the Golgi, followed by their 

conversion to SM and GluCer. Also FB1 is assumed to enter the ER and to get 

N-acylated by CerS [69]. Triple staining (panel 1) [see Fig.35] of 1-doxSA-FITC Golgi 

and Lysosome indicates a good connection between the organelles (violet areas) and 

also with 1-doxSA-FITC (white areas). Nevertheless, 1-doxSA-FITC is mainly packed in 

lysosomes as evidenced by the high co-localization (turquoise areas). On the other 

hand, less co-localization was observed between 1-doxSA-FITC and the Golgi 

apparatus (yellow areas). This suggests that only small amounts of 1-doxSA-FITC and 

thus 1-deoxysphinganine and FB1 are usual in the Golgi but 1-doxSA-FITC distributed 

to the Golgi and Lysosomes. As expected Golgi and ER exhibited a strong relationship 

(violet areas) but surprisingly little co-staining ((panel 2) [see Fig.35]) was observed in 

combination with 1-doxSA-FITC (few white areas) and 1-doxSA-FITC is only partial 

located within ER (turquoise areas). Additionally, co-localization between 1-doxSA-FITC 

and the Golgi where low as well (yellow areas), indicating that only marginal trafficking 

from the ER to the Golgi of 1-doxSA-FITC occurs. Co-staining with 1-doxSA-FITC, ER- 

and Mito-tracker ((panel 3) [see Fig.35]) exhibits only a few points of co-localization 

(white areas), which is maybe due to the closed packing of ER and Mito within the cell. 

Co-localization with 1-doxSA-FITC was determined in the ER (turquoise areas) but not 

within the Mitochondria (yellow areas), which is supporting the hypothesis that 

1-doxSA-FITC is initially distributed to the ER. No connection between 1-doxSA-FITC, 

mitochondria and lysosomes (white areas) was found ((panel 4) [see Fig.35]). Only a 

small amount of co-localization was found between mitochondria and the lysosomal 

system (violet areas). Most of 1-doxSA-FITC is highly packed into the lysosomal system 

(turquoise areas), indicating that there is only little trafficking of 1-doxSA-FITC between 

Mitochondria and the lysosomal system. In contrast, surprise was the ((panel 5) [see 

Fig.35]) observed white areas between ER, Lysosomes and 1-doxSA-FITC. This 

indicates a possible direct link between the ER and the lysosomal system. High levels of 

co-localization have been again found between 1-doxSA-FITC and Lysosomes (yellow 

areas). Interestingly, ER- and Lysosomes exhibit co-localization (violet areas) in 

1-doxSA-FITC treated cells after 24h. This consolidate that 1-doxSA-FITC is first 

located into the ER and subsequently packed into lysosomes, without cycling through 

the Golgi apparatus. Fig.34 gives a schematic overview of the obtained results. 
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(panel 1) 20uM_1-doxSA-FITC_Golgi_lyso_BHK 

Fig.35: Results of multiple staining experiments in BHK cells with 1-doxSA-FITC. 

Details are discussed in the text. White areas indicates co-localization of 2 

cell-organelle markers AND 1-doxSA-FITC. Yellow, violet or turquoise areas indicate 

co-localization between 2 cell-organelle markers OR one marker in combination with 

1-doxSA-FITC. Pictures are representative for at least three independent 

experiments.     

Good connection (1) 

Strong connection (5) 

No connection (4) 

Weak connection (2); (3) 

Fig.34: Schematic summary of the obtained possible trafficking pathway of 

1-doxSA-FITC within the cell and its connections to the following organelles: ER, 

Golgi, Mitochondria and Lysosomes. 

1-doxSA-FITC Golgi Lysosomes 

Merged Transmission/Merged Merged 
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(panel 2) 20uM_1-doxSA-FITC_Golgi_ER_BHK 

(panel 3) 30uM_1-doxSA-FITC_mito_ER_BHK 

Continued from Fig.35: Results of multiple staining experiments in BHK cells with 

1-doxSA-FITC.  

1-doxSA-FITC Golgi ER 

Transmission Transmission/Merged Merged 

1-doxSA-FITC Mito ER 

Transmission/Merged Merged Transmission 
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(panel 4) 30uM_1-doxSA-FITC_mito_lyso_BHK 

(panel 5) 40uM_1-doxSA-FITC_ER_lyso_BHK 

Continued from Fig.35: Results of multiple staining experiments in BHK cells with 

1-doxSA-FITC.  

1-doxSA-FITC Mito Lysosomes 

Transmission/Merged Merged Transmission 

1-doxSA-FITC Lysosomes ER 

Transmission/Merged Merged Transmission 
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4.3.3.3 Subcellular localization of 1-doxSA-FITC 26 in fixed BHK cells 

 

To verify the findings from the live cell imagine and to confirm that fixation does not 

affect the distribution of 26, BHK cells were fixed and the subcellular location was 

probed by immune-fluorescence test. For this reason BHK cells were cultured with 

30uM 1-doxSA-FITC for 24h (1-doxSA-FITC was dissolved in EtOH (vehicle) to has a 

homogenous distribution), washed with warm PBS and fixed with 4%paraformaldehyde 

(PFA) at room temperature for 20min. After three times rinsing with PBS the cells were 

permeabilized with 0.1% TritonX for ER-staining or with 50ug/ml digitonin for Golgi- and 

Lysosome-staining. Subsequent sample preparation and handling for IFT was as 

described in methods [see 3.6]. The staining pattern of 1-doxSA-FITC was not changed 

after fixation with 4%PFA [see Fig.36]. In single staining experiments [see Fig.29; 31], 

1-doxSA-FITC was accumulated in vesicles as previously observed in the live cell 

experiments. The staining with anti-PDI for ER, resulted in low co-localization levels but 

unfortunately, permeabilization with TritonX washed out considerable amounts of the 

fluorescent analogue, lowering the signal [see Fig.37 [A]]. Contrary, permeabilization 

with digitonin did not wash out the fluorescent derivative. Also, almost no co-localization 

was observed with anti-GM130 a cis-Golgi-marker [see Fig.37 [B]]. A strong positive 

co-localization was however observed with anti-BMP, a marker for late endosomes [see 

Fig.37 [C]]. Bis-monoacylglycerol-phosphate (BMP) - also known as lysobisphosphatic 

acid (LBPA), is assumed, to be found at high concentrations in the internal membranes 

of late endosomes [129, 180]. BMP/LBPA is suggested to act as a stimulator of the 

sphingolipid degradative enzymes support membrane lipid degradation in the late 

endosomale/ lysosomal compartment [114]. Furthermore, BMP/LBPA is also thought to 

play an important role in lysosomal storage disorders [114]. Therefore BMP/LBPA, i.e. 

anti-BMP, was chosen as a second marker for the late endosomal/ lysosomal system. 
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Fig.36: Single staining of 

1-doxSA-FITC in fixated BHK cells. 

Fixation of 30uM 1-doxSA-FITC 

treated cells with 4%PFA did not 

dissolve the fluorescent analogue out 

of the cells. Furthermore, the staining 

pattern of 1-doxSA-FITC in BHK cells 

remains similar to non-fixed cells. 

Fig.37: Results of co-staining experiments with fixed BHK cells. Cells were handled, after 

treatment with 30uM 1-doxSA-FITC, for IFT as described in methods.  

[A] Co-staining of 1-doxSA-FITC and anti-PDI (ER marker). Only partial co-localization was 

observed as in live-cell imaging experiments. [B] 1-doxSA-FITC treated cells were co-stained with 

anti-GM130 (cis-Golgi marker). Only low levels of co-localization were observed. [C] Co-staining of 

1-doxSA-FITC with anti-BMP revealed high co-localization of 1-doxSA-FITC. After 24h incubation, 

fluorescence of 1-doxSA-FITC concentrated in late endosomes or Lysosomes. Pictures are 

representative for at least three independent experiments. 
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  [B] 

1-doxSA-FITC Merged anti-GM130 

Transmission/Merged Transmission 

[C] 

1-doxSA-FITC anti-BMP Merged 

Transmission/Merged Transmission 

Continued from Fig.37: Results of co-staining experiments with fixed BHK cells. 
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Taken together, the immune-fluorescent experiments confirmed the findings from the 

live cell imaging experiments in BHK cells [see in 3.3.1 and 3.3.2]: 

1) 1-doxSA-FITC accumulate mainly in vesicles after 24h incubation in BHK cells 

2) these vesicles could be identified as late endosomes/Lysosomes 

3) multiple-staining experiments indicate that 1-doxSA-FITC is partitioned to some 

extent in the ER but primarily packed into lysosomes in BHK cells 

4) 1-doxSA-FITC has a low abundance in the Golgi 

5) also little to low presence was found in the mitochondrial system 

 

24h BHK cells 

ER + 

Golgi - 

Mitochondria (+) 

Lysosomes +++ 

 

4.3.4 1-doxSA-FITC 26 localization in Hela cells 

 

BHK cells were selected due to the toxicity of FB1 toxicity towards kidney- and liver cells, 

suggesting that the distribution of FB1, 1-deoxysphinganine and thus of 1-doxSA-FITC 

is maybe depending on the cell-type. For that reason, Hela cells were chosen as 

alternative cell line, likely less sensitive to a FB1 – treatment compare to kidney or liver 

cells. Hela cells are epithelia cells and in the same way like BHK cells are easy in 

handling. First, multiple concentrations of 1-doxSA-FITC, namely 5, 10, 15 and 30uM, 

were used and cells were incubated for 24h. Interestingly, Hela cells showed a much 

better up-take compare to BHK cells (in BHK 6fold higher concentration was required) 

allowing to reduce the concentration of 1-doxSA-FITC in Hela cells to 5uM. 

Firstly, the uptake of 1-doxSA-FITC in Hela cells was validated. Therefore, Hela cells 

were incubated for different times intervals with 5uM 1-doxSA – FITC at 37℃, very short 

time pulse experiments, 1min in particular, were performed at 0℃. Before imaging, the 

excess fluorescent analogue was removed by washing with warm PBS and 

subsequently transferred to unlabeled medium. Fluorescence of non-fixed was 

observed by confocal microscopy. Dot-like structures were observed already after 1min 

incubation with 1-doxSA-FITC at 0℃ [see Fig.38 (A)]. Fluorescent intensity of these 

formations became stronger after 30min incubation [see Fig.38 (B)] at 37℃ and started 

to vanish at longer incubation times [see Fig.38 (C-E)]. After longer incubation times, 

towards 4h [see Fig.38 (E)], the fluorescent was shifted towards the cytoplasm, 

exhibiting a diffuse distribution.   

Tab.7: Summarized results from co-localization studies and 

multi staining experiments. Legend: - negative; (+) weak 

positive; + positive; ++ strong positive; +++ very strong 

positive 
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1min 

30min 1h 2h 4h 

6h 12h 24h 48h 

A 

B C D E 

F 

G 

H 

I 

The periphery of the cells did not exhibit any fluorescence, indicating that 1-doxSA-FITC 

is indeed cytosolic and not randomly distributed within the cell. After 6h incubation [see 

Fig.38 (F)] 1-doxSA-FITC start to get focused near to the nucleus, indicating its entering 

to the ER [see Fig.38 (G)]. A condensed diamond ring-like shape was observed after 

24h [see Fig.38 (H)], illustrating ER accumulation. Fluorescent vesicle formation was 

detected as well after 24h, whereas all diffuse and cytosolic 1-doxSA-FITC has 

completely disappeared. For 48h observation, Hela cells were pulsed labeled by 

incubation with 5uM 1-doxSA-FITC for 24h at 37℃, transferred to unlabeled medium 

and chased for further 24h at 37℃ before imaging. Observation after 48h revealed that, 

fluorescence was only present in vesicles. The characteristic diamond ring-like structure, 

present after 24h, has vanished [see Fig.38 (I)]. It seems that the final destination of 

1-doxSA-FITC distribution is packing into vesicles. In conclusion, these observations 

suggest that 1-doxSA-FITC re-distribution in Hela cells adheres to the following 

sequence:  

Entry � cytosol � ER � Vesicles 

  

Fig.38.: Representation of the subcellular distribution of 1-doxSA-FITC 26 in Hela cells. Cells were treated with 5uM 

1-doxSA-FITC for the indicated time period (A-I) and non-fixed cells were directly observed. Fluorescent analogue 26 

forms dot-like structures after 1min incubation (A) and subsequently exhibits a diffuse distribution within the cytoplasm 

(B-E). In the following, 1-doxSA-FITC is accumulated within the ER (F, G) until it forms diamond ring-like structures 

after 24h (H). For 48h detection, cells were pulse labeled for 24h with 5uM 1-doxSA-FITC and chased for 24h. After 

48h 1-doxSA-FITC was fully packed into vesicles (I). Pictures are representative of at least three independent 

experiments. 
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4.3.4.1 Subcellular distribution of 1-doxSA-FITC in Hela cells 

 

To verify the distribution and describe the trafficking way of 1-doxSA-FITC more 

precisely, co-localization studies were performed in Hela cells. 1-doxSA-FITC was 

trafficked through the cell-organelles where sphingolipid biosynthesis primary occurs. 

For these experiments, Hela cells were treated for 6, 12 and 24h with 5uM 

1-doxSA-FITC. In case of 48h time point, cells were pulsed with 5uM 1-doxSA-FITC for 

24h and chased for 24h. Co-localization experiments [see Fig.39 [A]] confirmed 

entering of the fluorescent analogue 26 into the ER after 6h and subsequent 

accumulation. The highest co-localization between 1-doxSa-FITC and ER was 

observed between 12h and 24h. Low levels of co-localization were observed with the 

Golgi-apparatus after 24h treatment [see Fig.39 [B]], as previously observed in BHK 

cells. In the following experiments, the late endosomal system, lysosomal system in 

particular, was investigated. In the lysosomal compartment, complex sphingolipids were 

metabolized to ceramides or converted to sphingosines, which than can be reused in 

the biosynthesis of bioactive sphingolipids or completely degraded to free fatty acid and 

ethanolamine [104]. In this study localization after, 6h, 12h, 24h and 48h treatment were 

investigated [see Fig.39 [A]]. Co-localization between 1-doxSA-FITC and Lysotracker® 

Blue DND-22 increased successively extended treatment with 1-doxSA-FITC but the 

highest levels were observed after 48h. To verify these findings, Hela cells were treated 

with 5uM 1-doxSA-FITC for 24h or pulse labeled for 24h and followed by a 24h chase. 

Cells were fixed afterwards and labeled with anti-BMP. Prior to labeling with anti-BMP it 

was confirmed that fixation did not alter the probe distribution [see Fig.40]. The 

experiments with anti-BMP confirmed the high degree of co-localization between 

1-doxSA-FITC and lysosomes starting around 24h [see Fig.41 [A]] and in particular 

after 48h [see Fig.41 [B]].  

To summarize, these co-localizations studies support the previous observed pathway, in 

which 1-doxSA-FITC enters the cells and is increasingly accumulated in the ER, starting 

from 6h. After 24h 1-doxSA-FITC is completely accumulated in the ER with a diamond 

ring-like shape. Only low concentrations of the fluorescent analogue were found in the 

Golgi. Subsequently, 1-doxSA-FITC is packed into acidic vesicles, which belongs to the 

late endosomal system. The results indicate a direct connection from the ER to the late 

endosomal system lysosomes respectively. 
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Fig.39: 1-doxSA-FITC trafficking in Hela cells. Cells were treated with 5uM 1-doxSA-FITC for indicated 

times. Labeling medium was removed and cells were co-stained with life- ER, Golgi and Lysosome 

markers. [A] Different incubation time as indicated co-stained with ER- and Lysosome-tracker. [B] 24h 

incubation time, co-stained with Golgi-tracker. Pictures are representative for at least three independent 

experiments. 
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Fig.41: Co-localization studies of 1-doxSA-FITC and anti-BMP as late endosomal marker in Hela 

cells. Hela cells were treated for 24h and 48h with 5uM 1-doxSA-FITC. Panel A) Low levels of 

co-localization between 1-doxSA-FITC and anti-BMP can be observed already after 24h). Panel 

B) Highest degree of co-localization between Lysosomes and 1-doxSA-FITC was detected after 

48h. Pictures are representative for at least three independent experiments. 
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Fig.40: Comparison of fixed and life Hela Cells. After 24h treatment with 5uM 1-doxSA-FITC, 

cells were fixed in 4%PFA for 20min. Similar to BHK cells fixation did not alter the distribution 

pattern of 1-doxSA-FITC. 
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4.3.4.2 Co-staining experiments in Hela cells 

 

In order to gain more information about the distribution of 1-doxSA-FITC between the 

cell organelles co-staining experiments were conducted. As co-staining with 

Mito-tracker in BHK cells indicated only a minor presence of 1-doxSA-FITC in 

Mitochondria, no further investigations was conducted in Hela cells. Hela cells were 

incubated with 5uM 1-doxSA-FITC, for 24h, washed after and cellular organelles, in 

particular ER, Golgi and Lysosomal system were stained in various combinations 

according to the manufactures protocol [see Tab.8 and Fig.42]. Cells were rinsed with 

warm PBS to remove excess of the markers, prior to fluorescence imaging in 

phenol-red free medium (DMEM/HAM`s F12, HEPES (+)) by confocal microscopy. An 

overview of the co-staining combinations is presented below [Tab.8 and Fig.42]: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Triple staining with ER and Lyso-tracker [see Fig.44 (panel 6)] supported a direct 

connection between ER and Lysosomes after a 24h treatment with 1-doxSA-FITC as 

previous demonstrated in BHK cells. In contrast to BHK cells, 1-doxSA-FITC is mainly 

located in the ER and partially found in Lysosomes in Hela cells. The white areas 

indicate a direct connection between the ER and Lysosomes. Co-staining with Golgi 

marker revealed only very limited presence of 1-doxSA-FITC [(panel 7) of Fig.44] in 

this organelle, while 1-doxSA-FITC was strongly co-localized with the ER. These 

observations are consistent with the results in BHK cells [(panel 2) of Fig.44] and 

indicate also a limited trafficking from the ER to the Golgi.  

panel [1-doxSA-FITC] organelle A organelle B 

6 5uM ER Lysosome 

7 5uM ER Golgi 

8 5uM Golgi Lysosome 

Tab.8: Summary of utilized co-staining combinations and 1-doxSA-FITC 

concentrations. 

Fig.42: Illustration of possible functional 

relationship between the cellular organelles  
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Investigation of the relationship between Golgi and Lysosome [(panel 8) of Fig.44] 

illustrates only little overlap of 1-doxSA-FITC with Golgi and Lysosomes but confirmed 

the presence of 1-doxSA-FITC in lysosomes. Together this suggests that after a transfer 

of 1-doxSA-FITC into lysosomes, 1-doxSA-FITC will not be further distributed to other 

cell organelles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

To summarize these results in Hela cells, 1-doxSA-FITC is distributed as follows: 

 

1) Entry � cytoplasm � ER (after 24h) � Vesicles (48h) 

2) Vesicles belong to the late endosomal/lysosomal system 

3) somehow ER and Lysosomes seem directly connected, indicating that 

1-doxSA-FITC is packed into Lysosomes directly from the ER after 24h 

4) 1-doxSA-FITC has very limited presence in the Golgi 

5) no/ little trafficking of 1-doxSA-FITC between Golgi and Lysosomes 

 

 

 

 

 

 

 

 

 

  

Hela cell 24h 48h 

ER +++ + 

Golgi (+) (+) 

Mitochondria n.t. n.t. 

Lysosomes +/++ +++ 

Fig.43: Schematic summary of the obtained possible trafficking 

pathway of 1-doxSA-FITC within the cell and its connections to 

the following organelles: ER, Golgi, Mitochondria and 

Lysosomes. 

Strong connection (5) 

No connection (8) 
Weak connection (7) 

Tab.9: Summarized results from co-localization studies 

and multi staining experiments. Legend: - negative; (+) 

weak positive; + positive; ++ strong positive; +++ very 

strong positive; n.t. not tested 
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Fig.44: Results of multiple staining experiments in Hela cells with 1-doxSA-FITC. For detailed 

description, see within the text but briefly, white areas indicates co-localization of 2 cell-organelle 

markers AND 1-doxSA-FITC. On the other hand yellow, violet or turquoise areas are pointing out 

co-localization between 2 cell-organelle markers OR one marker in combination with 

1-doxSA-FITC. Pictures are representative for at least three independent runs. Pictures are 

representative for at least three independent experiments. 

(panel 6) 5uM_1-doxSA-FITC_ER_lyso_Hela 
1-doxSA-FITC ER 

Merged 

Lysosomes 

Transmission/Merge Transmission 
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Continued from Fig.44:  Results of co-staining experiments in Hela cells with 5uM 

1-doxSA-FITC.  

(panel 8) 5uM_1-doxSA-FITC_Golgi_lyso_Hela 

1-doxSA-FITC Lysosomes Golgi 

Merged Transmission/Merged Transmission 
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4.3.5 Subcellular localization of 1-doxSA-FITC 26 in HuH7 cells 

 

Similar to kidney cells, liver cells are expected to be highly sensitive to FB1 intoxication, 

suggesting a similar subcellular localization of 1-doxSA-FITC as in BHK cells. Liver cells 

occupy a central role in the metabolism, such as maintenance of the energy balance, 

rendering HuH7 cells (liver cells) an interesting target. Based on the results in BHK and 

Hela cells [see (panel 5) of Fig.35 and (panel 6) of Fig.44], the primary focus of the 

investigation in HuH7 cells was on the ER and the lysosomes/LE. To this event HuH7 

cells were treated with 5uM 1-doxSA-FITC, incubated for 24h and subsequent prepared 

as described previously. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In HuH7 cells, 1-doxSA-FITC gets accumulated in vesicles, which belong to the late 

endosomal/lysosomal system, identical to Hela and BHK cells. The vesicles were 

identified by co-staining as previously described. Additionally, similar trafficking of 

1-doxSA-FITC was observed in HUH, as in BHK and Hela cells. A high degree of 

co-localization was detected between 1-doxSA-FITC lysosomes and ER after 24h [see 

Fig.49; white areas]. 1-doxSA-FITC was partially localized in the ER, to a lesser extent 

compared to Hela cells but more than in BHK cells. In fact, 1-doxSA-FITC partially 

localized into Lysosomes after 24h, slightly lower compared to BHK but increased 

compared to Hela. Moreover, the co-localization of 1-doxSA-FITC with ER and 

lysosomes as evidenced by the white areas (panel 9) give raise to the assumption of a 

direct link between ER and Lysosomes for 1-doxSA-FITC delivery.  

panel [1-doxSA-FITC] organelle A organelle B 

9 5uM ER Lysosome 

Tab.10: Utilized staining combinations and concentration of 1-doxSA-FITC. 

Fig.45: Illustration of possible functional 

relationship between cellular organelles. 
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Additionally, HuH7 cells exhibit morphological alternations after 1-doxSA-FITC 

treatment [see Fig.47 and 50], such as an increased droplet formation compare to 

control cells. Moreover, co-staining with ER-marker indicated their ongoing relationship 

or origin from the ER. Interestingly, 1-doxSA-FITC did not localize to these droplets, 

despite of its presence within the ER. 

 

 

 

 

 

 

 

 

 

 

 

 

To summarize the findings in hepatocytes: 

1) similar distribution of 1-doxSA-FITC: ER � vesicles 

2) vesicles were identify as late endosomes/lysosomes 

3) strong indication of a direct connection between ER and lysosomes 

 

 

 

 

 

 

 

 

 

 

 

  

24h HuH7 cells 

ER ++ 

Golgi n.t. 

Mitochondria n.t. 

Lysosomes +++ 

Fig.46: Schematic summary of the obtained possible trafficking 

pathways of 1-doxSA-FITC between cellular organelles: ER, 

Golgi, Mitochondria and Lysosomes. 

Strong connection (9) 

Tab.11: Summary of the obtained results from 

co-localization studies and co-staining experiments. 

Legend: - negative; (+) weak positive; + positive; ++ 

strong positive; +++ very strong positive; n.t. not tested 
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Fig.47: Subcellular distribution of 1-doxSA-FITC in HuH7 cells. Cells were treated with 5uM 1-doxSA-FITC 

for 24h and non-fixed cells were directly observed. After 24h, the fluorescent analogue is located in 

vesicle-like structures as well as diffuse distributed within the cell. Striking are the droplet formations in 

1-doxSA-FITC treated cells compare to control cells (see black arrows). It seems that 1-doxSA-FITC is not 

accumulated within these morphological alternations. Pictures are representative for at least three 

independent experiments 

Fig.48: Co-localization studies of 1-doxSA-FITC and anti-BMP as a marker for the late endosomal system in HuH7 

cells. To confirm the co-localization with lysosomes, HuH7 cells were treated for 24h with 5uM 1-doxSA-FITC or 

with vehicle (EtOH). After 24h high levels of co-localization between 1-doxSA-FITC and anti-BMP could be 

observed, while the diffuse distributed 1-doxSA-FITC is not located in Lysosomes or LE. Pictures are representative 

for at least three independent experiments. 
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(9) 5uM 1-doxSA-FITC_ER_lyso 

1-doxSA-FITC ER 

Merged Merged 

Lysosomes 

1-doxSA-FITC ER 

Merged Merged 

Lysosomes 

Fig.49:  Results of multiple staining experiments in HuH7 cells with 1-doxSA-FITC. Detailed 

description is within the text. But briefly, white areas indicates co-localization of 2 cell-organelle 

markers AND 1-doxSA-FITC. On the other hand, yellow, violet or turquoise areas originate due to 

co-localization between 2 cell-organelle markers OR one marker in combination with 

1-doxSA-FITC. Pictures are representative for at least three independent runs. Pictures are 

representative for at least three independent experiments. 
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1-doxSA-FITC ER 

Merged/Transmission Merged 

1-doxSA-FITC ER 

Transmission Merged 

  

Fig.50: Co-staining of 1-doxSA-FITC (green) with the ER (blue) in HUH7 cells revealed that the partially 

diffuse distributed fluorescent compound is located within the ER. Additionally, the results indicate that 

the morphological changes (droplet formation, indicated with white arrows) originate from the ER and 

are increased compare to control cells. 1-doxSA-FITC is not located within these droplets. Pictures are 

representative for at least three independent experiments. 
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4.3.6 Summary: subcellular localization of the fluorescent DSB derivatives 20, 22, 

26  

 

1-doxSO- 20 and 1-doxSA-DNS 22 

Experiments with 1-doxSO-DNS and 1-doxSA-DNS did not yield clear results due to the 

strong toxic effect on the cells. Preliminarily, initial data indicates a possible subcellular 

localization within the nuclear membrane and the nucleoli. 1-doxSO-DNS exhibited 

reduced toxicity compared to 1-doxSA-DNS. Furthermore, the strong hydrophobicity 

resulted in low solubility of the fluorescent derivatives 20 and 22 in culture medium. 

Utilization of culture medium (polar solvents) in turn caused a poor quantum yield of the 

dansyl fluorophore. Consequently, the fluorophore needed to be changed.  

 

1-doxSA-FITC 26 

In all three tested cell – lines 1-doxSA-FITC is distributed as follows: 

Entry � cytoplasm � ER � accumulation in vesicles   

The vesicles could be identified as late endosomes/lysosomes, assuming that 

1-doxSA-FITC is directly packed into LE/lysosomes after passing through the ER. 

Additionally, trafficking of 1-doxSA-FITC is highly organ specific, indicating, that trapped 

1-doxSA-FITC in the Lysosomes/LE may causes toxicity in kidney and liver cells. 

Treatment with 50uM 1-doxSA-FITC in BHK caused toxicity and the loss of cell contacts. 

Processing of 1-doxSA-FITC seemed to be very fast in kidney as well as in liver cells 

whereas the trafficking of 1-doxSA-FITC in Hela cells was delayed by about 24 hours. 

Consequently, 1-doxSA-FITC metabolization speed adherers to the following order: 

Kidney- (BHK) > Liver- (HuH7) > Epithelia- (Hela) cells 

Only little interaction with and distribution of 1-doxSA-FITC in Golgi was observed as 

well as between Golgi and ER. Only low amounts of 1-doxSA-FITC are dispersed into 

Mitochondria. 

 

 

  

   Cells and time 

 

Organelles 

BHK (kidney) 

24h 

HuH7 (liver) 

24h 

Hela (epithelia) 

24h 48h 

ER + ++ +++ ++ 

Lysosomes/LE +++ +++ + +++ 

Golgi (+)/- n.t (+) n.t. 

Mito (+)/- n.t. n.t. n.t. 
Tab.12: Summary of the obtained results from co-localization studies and multiple staining experiments. 

Legend: - negative; (+) weak positive; + positive; ++ strong positive; +++ very strong positive 
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4.4. DSB`s causes disturbance in lipid-droplet formation 

 

Untreated Hela cells showed a granulated structure after 24h, more precisely, many 

dense, round cytoplasmic inclusions, diffusely distributed within the cell [see Fig.51 [A], 

[C]]. Staining with the dye Nil-red revealed that these inclusions are in fact lipid droplets 

(LDs) [see Fig.51 [E]], which occur in all mammalian cells and cells types. Nil-red is a 

common used marker to stain neutral lipids and/or lipid droplets. Lipid droplets usually 

contain neutral lipids like triacylglycerides (TGs) and cholesterolesters (CholE). The cell 

utilizes LDs as energy reserves and as storage for excess cellular cholesterol [36]. 

Recent studies revealed that LDs are fundamental components to maintain intracellular 

lipid homeostasis, independent of the cell type [35]. LDs are not static stores, but 

following an underlying dynamic. Consequently, size, shape and number of LDs can 

change but basically abnormal accumulations, such as in steatosis of metabolic 

syndrome are associated with many pathophysiological conditions. 

When Hela cells were treated with 5uM 1-doxSA-FITC for 24h, a loss of almost all LDs 

was observed with only few remaining [see Fig.51 [B]]. After 48h an altered shape of 

LDs, compare to untreated control cells was evident and an abnormal accumulation was 

recognized [Fig.51 [D]]. Interestingly, these morphological changes could also be 

observed in all other tested cell-lines (BHK and HuH7 cells) after 24h treatment with 

5uM 1-doxSA-FITC [see Fig.51 [F], [G]]. To check whether this effect is caused by the 

lipid-head group 1-doxSA and not due to the tagged fluorophore, Hela cells were also 

treated with unlabeled FB1 and 1-doxSA for 24h and 48h. EtOH was utilized as vehicle 

and served as a control. Furthermore, similar studies were also performed in 

hepatocytes (HuH7 cells) to investigate the cell-specificity of this effect. The liver plays 

an important role in the metabolism, e.g. maintenance of constant glucose levels in 

blood plasma; glycogen synthesis; lipolysis, therefore changes in the lipid homeostasis 

should have a stronger effect in hepatocytes (HuH7) than in epithelia cells (Hela). Hela 

and HuH7 cells were treated with 5uM vehicle, 1-doxSA-FITC, FB1 and 1uM unlabeled 

1-doxSA for 24h or pulsed labeled for 24h and chased for 24h. For lipid droplet staining 

cells were fixed after treatment and stained with LipidTOX. LipidTOX is a specific 

marker for neutral lipids and is often utilized to proof steatosis. This confirmed that the 

observed LD dynamics is due to the 1-deoxysphinganine head group and not an effect 

of the fluorophore [see Fig.52 A-J and 53 A-J]. After a 24h treatment in Hela cells with 

unlabeled 1-doxSA and FB1, only few lipid droplets could be detected, compare to 

control cells [see Fig.52 A-D].  
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Furthermore, the fluorescent probe showed no co-localization with Lipid droplets [see 

FIG.52 I]. Interestingly, an opposite effect were detected after 48h treatment, here lipid 

droplets were drastically increased compared to control cells [see Fig.52 E-H]. Similar 

to the 24h treatment, after the 48h pulse chase labeling, no co-localization could be 

observed between 1-doxSA-FITC and LipidTOX [see Fig.52 J]. Similar effects were 

detected in hepatocytes. HuH7 cells were treated for 6h and 24h with 5uM vehicle, 

1-doxSA-FITC, FB1 and 1uM unlabeled 1-doxSA, fixed and labeled with LipidTOX. LDs- 

levels did not show large changes after 6h [Fig.53 A-D] and looked comparable to the 

control cells. In contrast, after 24h treatment LDs levels were changed extremely [see 

Fig.53 E-H). LDs were strongly increased compare to control cells. 

No co-localization occurred between 1-doxSA-FITC and LipidTOX after 6h as well after 

24h treatment with 5uM 1-doxSA-FITC similar to Hela cells [see Fig.53 I and J]. 

To summarize these experiments, we found that 1-doxSA and surprisingly a treatment 

with FB1 as well, interfere with the lipid-metabolism and energy storage in particular. 

Furthermore, we could proof that this effect occurs in epithelia cells as well as in 

hepatocytes and is not due to the employed fluorophore. It seems that hepatocytes 

react much faster to 1-deoxysphingosine and its analogues compared to epithelia 

(Hela) cells. 
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[A] [C] 

Hela only 

[B] 

48
h 

5uM 1-doxSA-FITC 

[D] 

24
h 

Hela 
[E] 

Nil-red Merged 

24
h 

Fig.51: Cell morphology and subcellular localization of lipid droplets (LD) in Hela, BHK and HuH7 cells. [A ] and 

[B] are untreated cells, and grown only in a low glucose medium with 10% FBS for 24h and 48h respectively. In 

[C] and [D], Hela cells treated with 5uM 1-doxSA-FITC for 24h or pulse chase labeled for 24h and chased for 

24h (48h) respectively. Black arrows indicate morphological changes in Hela cells. The granulated structure 

(LDs) vanished after 24h treatment (B) and after 48h cells are showing a more irregular structure compare to the 

control cells is evident. [E] shows the subcellular localization of LDs in untreated Hela cells, grown in low 

glucose medium. LDs were stained with Nil-red according to the manufactures protocol. The red dot-likes 

structures are indicating LDs. [F] morphological alternations in BHK cells after treatment for 24h with 

1-doxSA-FITC at different concentrations. The granulated structures (LDs) are successively increased 

paralleling the concentration [G]. Changes observed in HuH7 cells after 1-doxSA-FITC treatment for 24h exhibit 

an increased numbers of LDs, as well as a more irregular LD size and shape. 
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Continued from Fig.51: Cell morphology and subcellular localization of lipid droplets (LD) 

in Hela, BHK and HuH7 cells. 
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Fig.52: Representation of LDs in Hela cells with LipidTOX staining. Hela cells were incubated with A) 5uM vehicle 

(EtOH), B) 1-doxSA-FITC, C) FB
1
 and D) with 1uM unlabeled 1-doxSA for 24h. After fixation with 4% 

paraformaldehyde, cells were stained with LipidTOX for 30min and LDs observed. For 48h, cells were pulse chase 

labeled for 24h and further incubated with unlabeled medium for additional 24h (48h); E-H. After 48h, an over 

production of LDs was observed in all treatments (F-H) compare to the control cells E. 1-doxSA-FITC showed no 

co-localization with LDs after 24h and as well after 48h (I and J). Pictures are representative for at least three 

independent experiments. 
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Fig53: Representation of LDs in HuH7 cells with LipidTOX staining. HuH7 cells were incubated with A) 5uM 

vehicle (EtOH), B) 1-doxSA-FITC, C) FB
1
 and D) with 1uM unlabeled 1-doxSA for 6h and for 24h (E-H), fixed with 

4% paraformaldehyde and stained with LipidTOX for 30min prior to observation. After 24h, a massive over 

production of LDs was observed in all treatments (F-H) compare to the control cells E. Also in HuH7 cells, a 

co-localization between 1-doxSA-FITC and LDs after 6h and 24h was not observed (I and J). Pictures are 

representative for at least three independent experiments. 
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4.5 Induction of Autophagy through DSB`s 

 

Decreased ATP-and pyruvate levels can be restored through the activation of 

Autophagy, which represent a self-degenerative process in cells. Increased autophagy 

has been reported in response to extra- and intracellular stress signals, such as 

starvation, ER stress and pathogen infection [128]. Autophagy is tightly regulated and 

involves the lysosmal system [58]. In the final step, autophagosomes, LC3-II positive 

double-membrane vesicles, fuse with lysosomes resulting in complete degradation of 

the cargo [128]. The cargo of the autophagosomes can be damaged proteins, cellular 

organelles, pathogens [58, 128] or even storage lipids from LDs [124, 62]. 

Dysregulation in the autophagic-lysosomal compartment are linked to human diseases, 

including cancer, neurodegeneration and infectious diseases [122]. Studies revealed 

that the cytosolic protein LC3 is required for a sufficient formation of autophagosomes 

[52]. If autophagy is induced, cytosolic LC3-I is processed to LC3-II and recruited to the 

autophagosomal membrane. LC3-II acts therefore as a marker for autophagy [121]. To 

verify activation of autophagy, Hela cells were incubated for 6, 24 and pulsed chased for 

48h with vehicle (EtOH), 5uM 1-doxSA-FITC, 5uM FB1 and 0.5uM unlabeled 1-doxSA. 

Hela cells were selected due to their slower processing of the 1-deoxysphingoid 

derivatives, compare to HuH7 cells. After 6h co-incubation no striking autophagy 

induction was observed compare to the control cells [see Fig.54 [A]] but after 24h an 

induction of the autophagy process was noticeable compare to the control cells [see 

Fig.54 [B]]. Strong LC3-positive vesicle-like structures were found after 48h 

co-incubation [see Fig.54 [C]] all three treatments lead to an activation of autophagy. 

Moreover a co-localization of 1-doxSA-FITC and LC3 could not be observed at any 

time. 
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Fig.54: Involvement of 1-deoxysphingoid derivatives in the formation of autophagosomes in Hela cells. 

Hela cells were incubated with 5uM 1-doxSA-FITC, vehicle (EtOH), FB
1
 and 0.5uM unlabeled 1-doxSA for 

6 [A], 24h [B] and pulse chased labeled for 48h [C]. The formation of LC3-positive vesicles-like structures 

increased successively with extended incubation time, whereas in control cells the level of LC3-positive 

structures was almost constant. Pictures are representative for at least three independent experiments. 
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Continued from Fig54: 

Involvement of 1-deoxysphingoid 

derivatives in the formation of 

autophagosomes in Hela cells. 
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4.6 Lipid – metabolism of DSB`s in Hela and HuH7 cells 

 

The loss of lipid droplets connected with upregulation of autophagy raises the possibility 

that 1-deoxysphinganine and FB1 interfere with lipid homeostasis and causes the loss of 

neutral lipids. To this end, Hela and HuH7 cells were cultured in the presents of 5uM 

1-doxSA-FITC, 5uM FB1, 1uM 1-doxSA and vehicle (EtOH) for 6h and 24h. 

Subsequently, lipids were extracted by the method of Bligh-Dyer. The organic phase 

was dried under nitrogen, whereas lipids remaining in the water phase (primarily FITC 

tagged lipids) were purified by C18-reverse phase silica-gel column. The whole lipid 

extract was separated by TLC. The FITC – labeled 1-deoxysphinganine on the 

TLC-plate was visualized by UV-light and revealed that the probe is metabolized into a 

single spot which co-migrates with synthetic N-Acyl-1-doxSA-FITC 27, after 24h 

treatment. Importantly, 1-doxSA-FITC was not converted into other phospholipids [see 

Fig.55 [C]]. After a 6h treatment in Hela cells [see Fig.55 [A]] triglycerides- levels were 

comparable to control but after 24h no triglycerides could be detected in any treated 

samples [see Fig.55 [B]]. Small increase was observed in the free fatty acid – level, 

while after 24h treatment the levels decreased slightly (similar to the TG-levels). FB1 is 

reported to inhibit CerS and affecting the ceramide synthesis [69]. Despite this, 

ceramide levels were only slightly altered with the metabolites which are directly 

connected to ceramide-levels such as sphingomyelin, were unaltered independent of 

the incubation time. Surprisingly, FB1 treatment produced a similar lipid pattern as 

1-doxSA, indicating that FB1 adheres to the same pharmacological mechanism as 

1-doxSA.  In addition to the FITC-labeled 1-doxSA species detected by TLC, 

BMP-levels were slightly elevated after 6h and decreased after 24h compare to the 

control cells. To sum up these results, 1-doxSA treatment disturbed the lipid 

homeostasis after 24h in Hela and HuH7 cells. Moreover, this effect is cell specific, in 

Hela cells the neutral lipids disappeared after 24h, whereas in Hepatocytes the levels of 

neutral Lipids, especially TGs, largely unaltered compare to control [see Fig.56 [A]]. 

Nevertheless, with LipidTOX-labeling we demonstrated that LDs in HuH7 have an 

altered size distribution indicating that hepatocytes respond much faster to the presence 

of 1-doxSA and FB1. In general, the experiments demonstrated that treatment with FB1 

has similar effects as 1-doxSA. Interestingly, in both cell lines (Hela and HuH7) the 

ceramide- and especially sphingomyelin levels remained largely untouched, when cells 

were cultured with FB1. 
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Fig.55: [A] Hela cells were treated for 6h with 5uM vehicle (EtOH), 1-doxSA-FITC, FB
1
 or 1uM 1-doxSA. Cells were 

harvest lipids extracted by Bly&Deyer method, spotted on a TLC-plate and developed in a TLC chamber utilizing the 

indicated solvent system. The separated lipids were detected by primuline staining and identified by co-migration with 

lipid standards. Pictures are representative of at least three independent experiments. 
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Continued from Fig.55: [B] Hela cells were treated for 24h with 5uM vehicle (EtOH), 1-doxSA-FITC, FB
1
 or 1uM 

1-doxSA. Cells were harvest, lipids extracted by Bly&Deyer method, spotted on a TLC-plate and developed in a TLC 

chamber, utilizing the indicated solvent systems. The separated lipids were detected by primuline staining and 

identified by co-migration with lipid standards. Pictures are representative of at least three independent experiments. 
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Continued from Fig.55: [C] Hela cells were treated for 24h with 5uM vehicle (EtOH), 1-doxSA-FITC, FB
1 or 1uM 

1-doxSA. Cells were harvest, lipids extracted by Bly&Deyer method, spotted on a TLC-plate and developed in a 

TLC chamber, utilizing the indicated solvent systems. Selective detection of the fluorescent metabolites of 

1-doxSA-FITC was achieved under UV-light, metabolites were identified by co-migration with 1-doxSA-FITC and 

synthetic N-acyl(C
13

)-1-doxSAFITC 27. Pictures are representative for at least three independent experiments 
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Fig.56: [A] HuH7 cells were treated for 24h with 5uM vehicle (EtOH), 1-doxSA-FITC, FB
1
 or 1uM 1-doxSA. Cells 

were harvest, lipids extracted by Bly&Deyer method, spotted on a TLC-plate and developed in a TLC chamber, 

utilizing the indicated solvent systems. The separated lipids were detected by primuline staining and identified by 

co-migration with lipid standards. Pictures are representative for at least three independent experiments. 
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4.7 Influence of 1-doxSA-FITC 26 on nutrient transporters 

 

The effect of 1-doxSA on the neutral lipids, TGs and LDs in particular, led to the 

conclusion that 1-doxSA somehow interferes in the energy-balance. The main signaling 

pathway in eukaryotes, e.g. mammals, which regulate and coordinate energy 

homeostasis, is the AMPK-signaling pathway [37]. While this pathway can be activated 

by a variety of mechanisms it primarily is controlled by the ATP/ADP/AMP ration and 

Ca2+ - levels. Additionally, AMPK plays specific roles in the metabolic control of 

individual tissues such as liver, muscle, fat [37]. AMPK acts as a metabolic checkpoint 

according to the current nutrient level, reflected by ATP/ADP/AMP– ratio and 

cAMP-levels [44, 38]. Under low nutrient concentrations AMPK increases the glucose 

uptake via GLUT4 and/or GLUT1; the fatty acid uptake via CD36 and initiates glycolysis 

and autophagy, on the other hand high nutrient levels activates glycogen-, TG- and 

Chol-synthesis [37]. 

In this study, neither the nutrient levels nor Ca2+ - levels were modified; rendering 

AMPK-activation via ATP/ADP/AMP– and cAMP-levels was unlikely and would fail to 

rationalize the loss of the energy storage observed in 4.4 and 4.6. But if the 

homeostasis or localization of the main nutrient transporters, like GLUT1 or amino acid 

exchangers such as xCT, LAT1, LAT2, would be disturbed and effecting nutrient uptake, 

a knock-on effect could causes changes in ATP/ADP/AMP-levels. A closer look, most of 

these transporters are associated with 4F2hc (CD98) [31, 34, 118]. 

Therefore we investigated, whether 1-doxSA-FITC and 4F2hc (CD98) co-localize at any 

given time point. Hela and HuH7 cells were cultured with 5uM 1-doxSA-FITC, fixated 

and CD98 was immune-labeled. These experiments revealed that the surface pattern of 

CD98 in both cell lines is modified in the presence of 1-doxSA-FITC [see Fig.57]. 

Nevertheless, this process is faster in hepatocytes [see Fig.57 E-H] than in epithelia 

cells [see Fig.57 A-D]. Apparently, after 24h CD98 cell surface localization is reduced, 

while co-localization with 1-doxSA-FITC is increased and “accumulated” around the 

nucleus in diamond-like structures, especially evident in Hela cells (see also 4.3.4 [Fig. 

38 (H)]). 

Taken together, this indicates that 1-doxSA is associated with 4F2hc (CD98) 

re-localization, possibly also affecting the associated nutrient transporters, leading to 

downregulation of uptake. This in turn could affect the ATP/ADP/AMP ratios and the 

AMPK – signaling pathway might by activated.  
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Fig.57: Influence of 1-doxSA-FITC on CD98/4F2hc. Hela and HuH7 cells were treated with 5uM 1-doxSA-FITC for the 

indicated time A-H and fixed with 4% PFA. Cells were blocked, permeabilized, incubated with anti-CD98 antibody and 

finally visualized with Dylight
TM

 405 - conjugated 2
nd

 antibody (blue color was changed to red by software).  

Incubation with 1-doxSA-FITC altered the CD98 surface pattern in both cell lines. Re-localization appeared to be faster 

in HuH7 compared to Hela cells. After 24h CD98 exhibited a reduced co-localization with the plasma membrane, but an 

increased localization in the perinuclear region (D and H). Pictures are representative of at least three independent 

experiments. 
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4.8 1-doxSA binds to PP2A and to 4F2hc 

 

Alternatively activation of the AMPK-signaling pathway can also be activated by 

maintaining AMPK phosphorylation. Under normal conditions, AMPK is 

dephosphorylated by one of the major protein serine/threonine phosphatases PP2A [39]. 

This enzyme controls a variety of activities including metabolism. PP2A is a holoenzyme, 

which contains three subunits, typically a catalytic unit “C” which is coupled to a variable 

regulator unit “B” and a scaffold unit “A” [40]. PP2A is known to be a negative regulator 

of AKT. AKT is involved in many cellular processes, including glucose metabolism, e.g. 

glucose uptake [42, 84]. 

In order to proof an involvement of 1-doxSA in the signaling pathway of AMPK via PP2A 

and an association with 4F2hc, a pull-down-assay was established. For this reason, one 

of the precursors of 1-doxSA-FITC 26, namely compound 24, was immobilized on 

agarose-beads (31; affi-gel10) yielding 29 [see Fig.58]. Subsequent removal of the 

Boc-group by acid treatment released the 1-doxSA head group, yielding 30, which was 

utilized for this assay. After incubation with cell lysate, the unbounded proteins were 

washed off and the bound proteins were eluted with 1% and 5% 1-doxSA and collected 

in fractions. The collected fractions were concentrated, separated by SDS-page and 

identified by western blot analysis. 

An overview staining with silver showed the pull down of proteins with 1% 1-doxSA [see 

Fig.59 A], especially in lane 4. Some of the bound proteins could be identified as 4F2hc 

monomer [see Fig.59 B] with a molecular weight of ~65kDA and its heterodimer 

presumably with LAT2 (molecular weight of ~120kDA). Additionally, the band at 

~130kDA likely represents the homodimer of 4F2hc. In contrast, the band by ~36kDA 

[see Fig.59 C] was confirmed to be the catalytic subunit of PP2A (PP2Ac). To exclude 

unspecific binding of these proteins to the column, due to hydrophobic interactions, the 

cell lysate was pre-incubated either with 1-doxSA, Sphinganine (SA) or 

1-deoxy-dihydroceramide. The results [see Fig.60 [A] I-II] demonstrate a specific 

binding of PP2Ac to 1-doxSA, 4F2hc on the other hand is less specific, possible due to 

the formation of homodimers and heterodimers (association with transporters, such as 

LAT1, LAT2, GLUT1). Proteomics analysis of sample 4 supported the WB results, by 

confirming the presence of PP2Ac and 4F2hc.  

Taken together, these experiments demonstrate strongly a specific binding of 1-doxSA 

to the catalytic subunit of PP2A, as well as, an interaction of 1-doxSA with the heavy 

chain of CD98 [see Fig.60 [B]]. 
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Fig.58: Immobilization of 1-doxSA on agarose beads – affi-gel
10

  

Fig.59: Pull down assay with immobilized 1-doxSA. A: silver staining of the retained proteins after elution 

with 1% 1-doxSA. B: Western blot analysis identified the band at ~65kDA as 4F2hc monomer and at 

~120kDa as heterodimer with LAT2. C: Western blot analysis identified the band at ~36kDA as the catalytic 

subunit of PP2A. Pictures are representative for at least three independent experiments. 
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Fig.60: Pre-incubation of the cell-lysates with 1-doxSA, SA (sphinganine), doxDHCer
(C12:0)

 

(1-deoxy-dihydroceramide) demonstrate a specific interaction of PP2Ac and 4F2hc with 1-doxSA . 

[A] I: Western blot of 4F2hc reveals the heterodimer with LAT2 at ~120kDA. A weaker band was detected 

after 1-doxSA pre-incubation compare to control (Lysate only) after proteins were eluted with 1%1-doxSA. 

In the wash through fraction after 1-doxSA pre-incubation a strong band of 4F2hc can be observed, 

indicating specific binding to 4F2hc. 

[A] II:  Specific binding of the catalytic subunit of PP2Ac. The band at ~37kDa is strongly reduced after 

lysate pre-incubation with 1-doxSA. In the control, SA and doxDHCer
(C12:0)

 pretreatment did not alter PP2Ac 

band intensity. 

[A] III: Loading control with ß-Actin (~42kDa), detectable bands were only found in the first wash through 

fraction and not during the elution step, further supporting the specificity of the band column. 

[B]: Summary of the results in [A] I and [A] II. Legend: - negative; (+) weak positive; + positive; ++ strong 

positive; +++ very strong positive  

[A] [B] 
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4.9 Proteomics analysis 

 

In order to support the observed data from the pull down assay in 4.8., a proteomics 

analysis was performed with selected samples. Sample 4 (named: #01_F18) was 

handled according to the protocol and analyzed as described in methods (see 3.11). As 

negative control served a concentrated fraction (named: #02_EtOH) from the control 

column featuring Ethanolamine terminal group instead of compound 24, further 

supporting the specificity of the in the pull down assay. A higher score indicates a more 

confident match. Qualitative comparison of the protein samples revealed that PP2Ac 

and 4F2hc could be clearly identified in #01_F18 but not in #02_EtOH (4F2hc was 

found in #02_EtOH with a very low score [see tab.13]). Results with a low score are 

considered as false positive and therefore termed as negative. 

For an overview see the following tab.13: 

 

 

 

 

Tab.13: Selected overview of the proteomics results. The complete list of all unique proteins is attached in 

the appendix. 
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5. Discussion 

 

5.1 Investigation of 1-thio-ceramide derivatives on transbilayer movement – 

“flip-flop” 

 

Cers are highly hydrophobic and only occur in higher concentration in the skin, precisely 

in the stratum corneum to maintain the skin barrier together with Chol [19, 162]. This 

composition seems unusual, as Cers tends to drive Chol out of ordered bilayers. 

Additionally, Chol has low miscibility with Cer of ~30mol% [19]. Cholesterol is quite 

similar to ceramides, featuring a large unpolar tail and only a small polar head group. 

Exposure to water of this unpolar part is highly unfavorable from an energetic point of 

view. 

Together, Cers and Chol establish the water barrier function of the stratum corneum, 

based on their tendency to avoid excessive hydration. This barrier retains the water 

inside while keeping the skin sufficiently hydrated [162]. The fatty acids of naturally 

occurring Cers vary from two to 28C atoms but most commonly found are fatty acids of 

16-24 C atoms [170]. Furthermore, Cers found in nature can be hydroxylated, saturated 

or unsaturated, such as nervonyl-ceramide a very long chain ceramide with a double 

bound at ∆15. Nervonyl-ceramide is primarily found in brain, kidney and liver [1]. Short 

chain ceramides have physiologically not much impact and their physical properties 

differ drastically compared to their long chain counterparts. Especially synthetic short 

chain ceramide are commonly used as experimental tools [4, 166, 167]. The inherent 

hydrophobicity of natural Cer favours self-aggregation and embedding into membrane 

bilayers [169]. Consequently, free diffusion of natural Cers between membrane bilayers 

is rare, requiring an active transport system for between organelles. Nevertheless, Cers 

play important roles in cell-signaling and are classified as second messengers, exerting 

their primary actions at the membrane level [12]. It is assumed that Cers are important 

in the responds to stress and play a crucial role during apoptosis [164]. To date, still little 

is known how Cers can convert the outer stress signals to an intracellular signal. While 

the de novo synthesis of Cers is responsible for the generation of intracellular Cer, the 

hydrolysis of SM by SMase [179] is the main source of pre-associated Cer, 

predominantly found in the outer leaflet of the plasma membrane [17]. Stimulation of 

SMase occurs within minutes [14] under viral- or bacterial infections or other 

stress-stimuli [11].  
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The generation of ceramides at one side of the membrane will induce a rearrangement 

of the membrane [119], including the transbilayer diffusion (flip-flop) of Cers from the 

outer leaflet to the inner leaflet, affecting Chol homeostasis [145]. Cers do not mix 

ideally with Chol [145], favouring phase separation [5] and thus is strongly affected by 

the transbilayer movement – “flip-flop” of Cers. However, the transversal movement of 

Cers between membrane-leaflets (flip-flop) is controversial discussed in the literature 

[see Tab.1]. In order to systemically shed light on this lipid behavior, a chemical 

approach was developed utilizing 100nm size liposomes (LUVs) in various lipid 

mixtures and 1-SHCers analogues to determine the flip-flop half time of this novel probe. 

As Cers are known to induce membrane leakage if generated or accumulated locally in 

higher concentration [4, 12, 17, 119], it was essential to proof that the utilized lipid 

mixture does not form leaky membranes prior to studying the Cer flip-flop. Results of the 

initial leakage experiments proofed the general applicability of the basic experimental 

setup and revealed that the leakage was only minimal [see Tab.3]. Next, the flip-flop of 

1-SHCer featuring different N-linked acyl chains (C12:0;14:0;16:0;24:0;24:1) embedded 

within the variety of lipid mixtures forming liquid ordered as well as liquid disordered 

membranes, were measured. Thiol groups were quantified by DTNB (Ellman`s reagent) 

at 23℃. The maximal reaction speed of DTNB with thiol groups was determined utilizing 

soluble GSH. This reaction was used as reference (limiting step), with an observed half 

time of t1/2 = 240ms. Surprisingly, in all employed lipid mixtures, the flip-flop speed 

exceeded or at least equated the speed limitation of the chemical basic reaction 

(GSH-DTNB). Additionally, mixing time due to inhomogeneous samples and diffusion 

further limited the detailed analysis of the initial time period, obscuring any effects of the 

utilized lipid mixtures. 

In conclusion the envisaged chemical approach could not provide the necessary time 

resolution to clearly differentiate between DTNB-thiol, mixing, diffusion and 

flip-flop-reaction. Nevertheless, the data indicate a very rapid flip-flop between the 

membrane leaflets with an observed half time of <10s in PC/Chol membranes. 

Furthermore, changing the membrane type from non-raft (PC/Chol) membranes to 

raft-like membranes (SM/Chol) did not sufficiently slow down the flip-flop of 1-SHCers. 

The data indicates also a very rapid half time of t1/2 < 10s. Similarly, a successive 

change in the fatty acids length of the 1-thio-ceramides from short chain (C12:0) to very 

long chain (C24:1) did not slow down the flip-flop speed noticeably, in both raft-like and 

non-raft-like membranes. Taking into consideration, that the effect of Cers on the 

stability of SM-rich domains is reported to be influenced by the Cer N-linked acyl chain 

length [13] it was surprising that liquid ordered state membranes did not slow down the 

flip-flop of long chain Cers sufficiently for detection. Short chain Cers until an acyl chain 
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length of C14 were reported to undergo changes from non-interdigitated to interdigitated 

state [13]. In this study, only long chain ceramides and very long chain ceramides were 

probed, suggesting a sufficiently well embedding within the hydrophobic center of the 

membrane.  

In summary, this utilized chemical approach did not provide the necessary time 

resolution for an accurate determination of the flip-flop t1/2, while the basic concept of the 

experiment did work out (no leakage and stable LUVs in 100nm size). Unexpectedly, the 

data indicated a very rapid half time of the ceramide flip-flop of t1/2 <10s in liquid ordered 

and disordered membranes. Moreover, the data suggested that also long N-linked acyl 

chains did not sufficiently slow down the flip-flop speed in both raft and non-raft 

membranes, for measurement. The observed rapid transbilayer movement of Cers is in 

good agreement with other experimentally determined half times, with t1/2 from ~ 18sec 

to 1-2min [see Tab.1] [16, 160]. In general, Cers increase the order of the surrounding 

lipids, inducing phase separation in ceramide- rich domains, potentially influencing 

protein properties. Consequently, local accumulation of Cers carries a high potential to 

disturb the integrity of the membrane or induce structural aberrations, which interfere 

with micro-domain formation, vesiculation processes as well as membrane fusion and 

fission processes. Local Cer accumulation also influence cell signaling events, as Cers 

are known to play a crucial role in signaling, such as to act as a second messenger 

[170]. In signal transduction, lipid second messengers are usually produced rapidly and 

transiently in sec or min after stimulation [12]. A rapid transbilayer movement of Cers 

would ensure a quick equilibration between the membrane leaflets, a necessity to 

realize a fast signaling process. Additionally, it would avoid self-aggregation and protect 

membrane stability. To measure the speed of the transbilayer diffusion of ceramides 

more precisely, the established detection system need to be further improved. One 

possibility is to introduce a different functional group with improved reactivity or utilize a 

caged-thiol in separate mixing effects from flip-flop detection system. Alternatively, a 

radiolabel and suitable detecting system could be envisaged. Tagging Cers with a 

fluorophore bears the advantage for a sensitive detection system but introduction of a 

fluorophore to the ceramide backbone will alter the physical and chemical behavior 

considerably. Already limited changes in the degree of hydrophobicity can drastically 

affect the natural lipid partner, bearing significant consequences on lipid-lipid 

interactions and the biophysical behavior in the membrane. Results obtained from Cer 

analogues featuring such significant modifications are difficult to compare to naturally 

occurring Cers. 
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5.2 1-Thioceramides (1-SHCers) on domain formation 

 

Cers are reported to induce primarily three effects on phospholipid membranes: a) to 

increase the order of the membrane (increased packing) [12], b) to induce phase 

separation in Cer-rich and Cer-poor domains [5] and c) to destabilize the bilayer due to 

self-aggregation and formation of non-bilayer structures (fusion/fission process) [12]. 

Although Cers feature a highly hydrophobic tail and thus tend to resist dispersion in 

biological fluids, such as cytosol, their polar headgroup is able to form H-bond network 

[3]. In contrast to most lipids Cers can act as both H-bond acceptor and donor [13]. This 

renders Cers a highly candidate to study lipid-lipid interactions [170], especially the 

interaction of Cer with Chol and SM, both present in the plasma membrane and its 

influence on raft formation (ordered lipid domains). For example the lipid-lipid interaction 

in binary mixtures of Chol and Cers exhibit concentration-dependent effects [14]. 

Additionally, N-palmitoylsphingosine (C16:0) can mixed well with Chol [4], while in case 

of longer-chain Cers lateral phase separation was observed [4]. Moreover, Cer-rich 

domains can be formed at low Chol content but not at higher Chol levels. One important 

feature of Cers is their ability to interfere and displace Chol from its tight packing with 

SM [170], in part attributed to the special Cer-lipid H-bond interaction. Nevertheless, the 

intra- and intermolecular H-bond network of Cers and SM or Chol is largely unknown. In 

systematic effort, P. Slotte and co-workers synthesized a variety of Cer derivatives, 

altering the 3-OH and 2-NH-groups ability to act as H-bond donor by selective 

methylation [7]. By directly targeting the interface region of Cers, they demonstrated 

that disruption of the H-bond network by modification at 3-OH or 2-NH differently 

affected the lipid-lipid interaction but did not abolish the interaction with pSM [7]. 

Additionally, their results highlighted the importance of the amide nitrogen during Cers 

sterol-displacing.  
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P.Slotte and co-workers also subjected N-palmitoyl-1-thioceramide (1-pCerSH) 

prepared in this work, to the same trans-parinaric acid quenching assay. The beneficial 

interaction between pSM and 1-pCerSH was lost ~40℃ as indicated by the loss of 

phase separation. Interestingly, this not only coincides with the transition temperature of 

pSM but also mimics the behavior of 2-NH methylated Cer (NMe-Cer) analogues [7]. In 

contrast, pCer can maintain phase separation even beyond 46℃, albeit at a reduced 

extent. The graduated loss of interaction between 35 to 40℃, indicates a failure of 

1-pCerSH to induce liquid ordered phase in the melting pSM-rich domains. While size 

differences cannot be excluded, the primary difference between 1-OH and 1-SH group 

is the strongly reduced ability of the SH-group to accept H-bonds. The strong similarity 

of the quenching characterizes between the reduced H-bond acceptor 1-pCerSH and 

NH-Cer, while lost its H-bond donor ability, suggest that both Cer analogues affect the 

same H-bond network. 

 

pSM:Cer > pSM:Chol > pSM: 1-pCerSH 

 

Previously P.Slotte and co-workers reported that Cers are preferred over Chol to 

interaction with pSM [13]. It is speculated that the rigid and bulky ring structure of Chol 

interfere with the pSM interaction compare to the saturated aliphatic chains of Cers [8], 

resulting in an energetically more favorable interaction of Cers with pSM. This study 

indicates that the 1-OH-group is highly relevant for sterol-displacement by Cers and 

clearly exceeding the priority of the 2-NH-group. Additionally, it also highlights the 

importance of H-bond acceptor property of Chol. Cers and Chol share a small polar 

head-group, which is able to interact with water molecules, but both headgroups are far 

too small that they can cover the hydrophobic part of Cer and Chol. To minimize 

exposure to the aqueous environment Cers and Chol prefer to associate with other 

molecules featuring a bigger head-group and thus cover and shields Cers and Chol 

similar to an umbrella [5]. These “umbrellas” are envisaged to shield the non-polar parts, 

efficiently minimizing the exposure of hydrophobic areas [5]. The head-group of 

phospholipids and SM can act like “umbrellas” favouring tightly packed environments 

[5] [see Fig.61].  
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This “umbrella” theory can rationalize the strong driving force of cholesterol and Cers to 

interact with SM in liquid ordered domains (rafts) as well as to some extent the reduced 

interaction between pSM and the sterically more demanding NMe-Cer. If the primary 

driving force for pSM-pCer interaction would be the hydrophobic effect and the 

prevention of hydration, the 1-pCerSH derivative should be stronger associate with pSM 

than its natural counterpart, which is clearly not supported by the experimental data. As 

sulfur (EN=2.5) and hydrogen (EN=2.2) [171] exhibit almost the same electronegativity, 

thiols are less capable to form intramolecular hydrogen bonds in solution compare to 

alcohols (oxygen, EN=3.5) [171]. Of course, it need to be considered that the sulfur 

atom (atomic radius=88pm) [171] is much more large compared to the oxygen atom 

(atomic radius=48pm) [171]. Therefor a SH-group is more bulky than an OH-group, 

which in turn could result in a size-mismatch which influences the packing with SM. 

Taken together, the failure of 1-pCerSH to induce liquid ordered phase with pSM 

indicates the significant contribution of the H-bond network compared to shielding one 

partner from hydration, while steric effects cannot be fully excluded. This idea is 

supported by the fact that also diacylglycerides (DAGs) are able to displace Chol from 

its interaction with SM [14]. DAGs exhibit also a small head-group, capable of engaging 

in H-bond networks, comparable to ceramides. Additionally, DAGs contain an 

unsaturated aliphatic chain at different positions (sn-1,2 or sn-1,3) [see Tab.14], 

whereas in Ceramides the unsaturated chain is fixed equivalent to a sphingosine 

backbone at ∆4. Although DAGs have a different set of hydrogen bounding groups [14] 

compare to ceramides and cholesterol, they are able to displace sterols much more 

efficiently than ceramides [14]. To summarize, these results propose the following order 

for a relative interaction preference: 

 

pSM:DAGs > pSM:Cer > pSM:Chol > pSM: 1-pCerSH 
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 DAGs Ceramides Cholesterol 1-pCerSH 

head-group 

size 

� small � small � small � larger 

H-bond 

forming 

+ ++ + (-) 

non-polar 

backbone 

� unsaturated 

� flexible 

� aliphatic 

chains 

� unsaturated 

� flexible 

� aliphatic  

chains 

� unsaturated 

� rigid 

� ring structure 

� unsaturated 

� flexible 

� aliphatic chains 

Fig.61: Schematic comparison between the polar head-group and non-polar backbone of ceramides, 

1-pCerSH, Chol, DAG and pSM 

polar head-group 

non-polar backbone 

Tab.14: Overview of selected structural properties from DAG, Cer, 1-pCerSH and Chol  
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5.3 Deoxysphingolipids and Fumonisins 

 

Sphingolipid metabolism occurs mainly in eukaryotes. It’s unique and speed limiting 

metabolic entry point, is the condensation of a palmitoyl-CoA and a serine at the ER 

catalyzed by serine-palmitoyl-transferase (SPT), forming the amino-alcohol sphinganine 

(SA). In the biosynthetic pathway of SLs, Cers – the simplest SL – play a pivotal role. 

Cers are formed by the desaturation of the LCB of dihydroceramide between position 4 

and 5. Dihydro-Cers in turn are formed by introduction of a fatty acid to the 2-NH-group 

of the LCB by CerS [46]. Depending on CerS subtypes, such as the more generally 

expressed CerS2 or CerS4 [20], the fatty acid preference is altered. Inhibition or 

disturbance of CerS is linked to a variety of neuropathic symptoms, such as Alzheimer 

diseases (increase in very long chain Cers) [108]. Fumonisins, most prominently FB1, 

have been reported to inhibit mammalian CerS [see Fig.13]. In general, SPT accepted 

alanine or glycine as substrate instead of serine, resulting in the formation of 1-doxSA 

and 1-doxMethSA [148]. Neither of these rare and unusual 1-deoxy-sphingoid bases 

can be converted into complex sphingolipids or degraded via the S1P/lyase pathway 

[54]. Accumulation of 1-deoxySLs, such as 1-doxSA are highly cytotoxic and described 

to be involved in the development of rare neuropathic diseases, termed HSAN-1 

(Heteditary Sensory Neuropathy Typ1) [155]. It has also been reported that, due to the 

use of alanine and glycine instead of serine, 1-deoxysphinganines are connected to 

major metabolic pathways such as glycolysis and TCA cycle [54, 186, 151].  

Sphingoid bases are prevalent in a diverse set of organisms, including mammals, fungi, 

plants and marine organism, but deoxysphingoids have only been reported in few 

species. For example, Fumonisin FB1, produced by fusarium species and one of the first 

described compounds, exhibits a similar structure to 1-deoxysphingoid bases. Other 

derivatives are for example spisulosine (ES-285) from spisula polynyma or rhizochalin a 

two headed sphingoid base like compound also referred to as ozeanins, produced from 

rhizochalin incrustata [91] [see Fig.11].  

However, the exact molecular mechanism how cytotoxicity is induced by deoxySLs 

such as 1-doxSA and FB1 remains unclear and is controversially discussed. In order to 

shed more light on the molecular mechanism and specifically the subcellular localization 

of 1-doxSA and its structural homologue FB1 - a synthetic strategy to fluorescent 

1-deoxy-sphingoid bases was developed in this work.  
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5.3.1 1-doxSO-DNS 20 and 1-doxSA-DNS 22 

 

Introduction of a fluorescent probe to lipids is often associated with drastic changes of 

physicochemical properties, due to the relatively large size and polarity of the probe 

compared to the parent lipid. Consequently as an initial choice the small and 

hydrophobic fluorophore dansyl was selected and corresponding analogues of 1-doxSO, 

20 and 1-doxSA, 22 were prepared. Initial cell-tests revealed cell toxicity. Already 3uM 

of 20 and 22 induced toxicity [see Fig.25 A-C] and a decrease in the concentration 

lowered the quantum yield of the fluorescence and turned out to be too low, causing an 

unfavourable signal-to-noise ration. Preliminary data indicated that 

1-doxSO-DNS/1-doxSA-DNS [see Fig.25 A-C] preferentially resided in the 

nucleolus-membrane and surprisingly strongly labeled the nucleoli. Nuclear localization 

of fluorescent Cers has been reported previously by Kim et. al [21], utilizing a 

synthesized borondipyrromethene 540 sphingosine – BODIPY 540. They could show 

that, after extended incubation with BODIPY 540 Cer, weak fluorescence was detected 

in the nucleus and adjacent to DNA segments, although already comparatively short 

incubation was sufficient to transfer a large part of the fluorescent moiety to other 

phospholipids. It has also been reported that SM is associated with chromatin, while 

C6-NBD-ceramides was documented to be partially localized to the nuclear envelope 

[72, 73]. Moreover these studies demonstrated that SM can be degraded to ceramides 

and sphingosines within the nucleus. As excessive hydrolysis of SM, resulting Cers 

decreases the structural stability of cellular membranes [71]. A similar important role of 

SM in nuclear structure integrity has been suggested. Additionally, upon SMase 

treatment, the nucleolis started to dissociate along with the loss of structural features in 

the nucleoplasm [71]. However, the exact biochemical function and sphingolipid 

signaling pathways within the nucleus are mostly unknown, while SM is assumed to 

play a role in DNA-replication, –transcription as well as in RNA stabilization [72]. Only 

insufficient data are available on the presence and role of other, minor components in 

the nucleus. However, the high toxicity combined with the low quantum yields of the 

dansyl-fluorophore hindered further investigations. To overcome these problems in the 

future a stronger, hydrophobic fluorophore needs to be linked to the 

1-deoxysphinganine base to proof the indicated localization of 1-doxSO-/1-doxSA-DNS 

in the nucleus and/or nucleoli and its potential involvement in DNA- and/or 

RNA-processing or signaling. A possible alternative application of such future analogue 

could be a selective marker for the nucleolus. 

  



5. Discussion 

 

 

145 

 

5.3.2 1-doxSA-FITC 26 

 

To simplify the investigations, the further work focused only on 1-doxSA analogue as it 

resembles an important intermediate of SL metabolism. Additionally, the fluorescent 

moiety allowed following the localization and metabolism of the probe. To improve the 

signal-to-noise-ration, 5(6)-carboxyfluorescine (FITC), a fluorophore with a higher and 

more stable quantum yield, was selected, despite FITC`s considerable bulkiness and 

hydrophobicity. In part this fluorophore was selected due to its considerable similarity to 

FB1 [see Fig.62]. FB1 is a structural homologue to 1-doxSA, specifically of the 

head-group until C-13. The 3-OH-group exhibits the opposite stereo-configuration 

compared to fumonisins of the series B. The absence of the 5,10-dihydroxy and 

12-methyl substitutes might be of minor importance, as there is a considerable diversity 

concerning stereo configuration and presence of these substituents within the series B 

of fumonisins [see Fig.12]. Importantly, FITC matches well the large hydrophilic 

substitutes of fumonisins at carbon 6 and 7. FB1 and 1-doxSA-FITC exhibited similar 

solubility in aqueous environment. 

Taken together, the analogue 1-doxSA-FITC 26 mimics, precisely the stereo 

configuration of 1-doxSA and while its good water solubility and bulkiness resembles 

FB1. Fortunately, the increased water solubility also reduced the cell-toxicity enabling 

further investigation with cells. 

  

Fig.62: Structural comparison of 1-deoxysphinganine, Fumonisin and the synthesized 1-deoxysphingoid analogues. 

Fumonisins exhibit an obvious structural similarity to 1-deoxysphinganine. The configuration of the 3-OH-group in 

1-doxSA (3R) differs from fumonisin (18S). 
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5.3.3 Subcellular trafficking of DSB`s 

 

Initial experiments with 1-doxSA-FITC in kidney cells (BHK) at a concentration of 50uM 

induced cell toxicity. Switching to Hela and HuH7 cells either improved uptake or 

lowered secretion of 1-doxSA-FITC, allowing to reduce the concentration to 5uM while 

retaining a sufficient signal to noise ration. Interestingly, cellular toxicity and uptake 

characteristics matched well with FB1 [75, 76], despite of the involved stereo 

configurations at C3 [see Fig.62]. The observed morphological alterations in kidney 

cells in particular, suggests that the toxic effect is not limited to kidney cells, as other 

groups utilized kidney cells from pigs [75, 76] [also see Fig.28]. 

While FB1 can be hydrolyzed, releasing the tricarballylic acid groups (HFB1) its 1-doxSA 

homologues backbone remains a substrate of the CerS, residing in the ER [69]. Still, 

little is known about the exact molecular mechanism of inhibition and the faith of FB1 

within cells, such as the degradation process. To shed more light on the FB1 pathway, 

co-localization studies with 1-doxSA-FITC were performed in this work. In BHK and 

HUH7 cells after ~24h as well as in Hela cells after 48h exposure, 1-doxSA-FITC 

accumulated in vesicles belonging to the endosomal/lysosomal system. Co-staining 

with anti-BMP antibody confirmed late endosomes localization, indicating 

1-doxSA-FITC is not released by exocytosis or vesicular transport. The slow processing 

in Hela cells clearly demonstrated initial ER localization, after N-acylation prior to 

accumulation in late endosomes/lysosomes. This raised the question whether 

1-doxSA-FITC as well as FB1 is transported via the Golgi apparatus to reach the 

lysosomal system. In general, transport from the ER to the Golgi is realized through two 

main routes: firstly through a non-vesicular transport via CERT or secondly via vesicular 

transport in COPII coated vesicles. Cers are primarily transported by CERT, but the 

1-OH-group is essential for interaction with and transport by CERT [173], rendering 

transport of 1-doxSA and its homologues unlikely. Preliminary co-localization trails in 

Hela cells with anti-sec23 a COPII component indicating ER exposure [56, 101], 

indicated no co-localization [data not shown], which is in good agreement with the 

limited co-localization of ER and Golgi with 1-doxSA-FITC in multiple staining 

experiments of all three cell lines. Consequently, trafficking of FB1 and 1-doxSA from the 

ER via the Golgi to the lysosomal system seems unlikely pointing toward a direct 

transfer between ER and LE. A close association of direct connection from the ER to 

late endosomes and lysosomes, has been reported by [80, 47], suggesting an 

involvement of the ER in endosome biogenesis as well as the direct transfer of Chol.  
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In summary, the subcellular distribution of 1-doxSA-FITC, FB1 and 1-doxSA can be 

described as followed: 

After cellular uptake via specific entry points, the probe is first distributed in the 

cytoplasm, likely mimicking the behavior of FB1. In contrast, the comparably low 

solubility of 1-doxSA renders cytosolic distribution unlikely. Upon N-acylation by CerS all 

three compounds are inserted into the ER membrane. While 1-doxSA might diffuse 

freely in the ER membrane, the high polarity of the FB1 and 1-doxSA-FITC tail might 

induce an “upside-down” orientation, causing extended accumulation in the ER. Finally, 

they are directly transferred to the LE and lysosomal system, likely via direct contact 

sites. 

 

 

5.3.4 Influence of DSB`s on lipid metabolism 

 

Analysis of the lipid-metabolism in Hela cells after 24h confirmed N-acylation of 

1-doxSA-FITC. This is in good agreement with the reported metabolism of FB1 [69] as 

well 1-doxSA. Thus it seems likely that FB1 and 1-doxSA also insert into the ER 

membrane after N-acylation, due to increased hydrophobicity, as observed with 

1-doxSA-FITC. The exact timing is not only cell type specific but most likely much faster 

in case of 1-doxSA due to its higher hydrophobicity. Similarly, the accumulation of 

1-doxSA-FITC in the lysosomal system is likely mirrored by FB1, while 1-doxSA might 

behave differently. The fast lysosomal accumulation in hepatocytes and kidney cells 

seems to correlate well with the reported toxicity of FB1. This observed lysosomal 

accumulation can potentially adversely affect lysosomal function. Taking into 

consideration that lysosomes are involved in nutrient and energy homeostasis, this 

could provide a new point of view to explain FB1 associated toxicity. 

Little is known about the metabolism and degradation of 1-deoxysphingolipids and their 

analogues. Due to the missing 1-OH-group 1-doxSLs cannot be degraded to 

1-hexadecanal and phosphoethanolamine or further metabolized to other ceramide 

derivatives such as glycosyl-, galactosylceramides and SM. Accordingly, 1-doxSA-FITC 

was not further metabolized in HUH7 and Hela cells after N-acylation. 

It is thus possible that 1-doxSLs and analogues are released from the cell via exocytosis 

after accumulation in the lysosomal system.  
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Very surprisingly, the effect of FB1 and 1-doxSA on lipid metabolism is not only similar 

but also the ceramide- or sphingomyelin levels after 24h in both cell-lines (Hela and 

HuH7) were hardly affected. This suggests that the pharmacological mechanism of FB1 

might be similar to 1-doxSA. This is additionally supported by the fact that both, 

1-doxSA and FB1 causes identical disturbance in LD-formation and TG-homeostasis. 

TGs, belonging to the group of neutral lipids, are mainly located in lipid droplets within 

the cells as energy storage, together with excess cellular Chol as CholE. In general, 

Lipid droplets (LDs) play a crucial role in the regulation and maintenance of lipid 

homeostasis and protect cells from lipotoxicity induced by free fatty acids [82, 120]. 

Thus the generation of LDs as response to high fatty acid levels is not only restricted to 

specialized cell-types [35]. The core of LDs consists primarily of TG and CholE and is 

surrounded by a monolayer of PLs and associated proteins [35] [see Fig.63]. The 

current hypothesis is that LD formation starts at the ER membrane. LD formation is 

delayed in the absence of sepin, leading to the accumulation of neutral lipids within the 

ER [82]. Investigation on the lipid droplet prevalence supported the hypothesis that FB1 

and 1-doxSA exhibit a similar effect on TG-homeostasis as evidenced not only by a 

drastic reduction of TGs in Hela cells after 24h, but also by the apparent increase of LDs 

formation in hepatocytes after 24h. Suggesting, that 1-doxSA and FB1 induced 

metabolic changes affect liver cells much faster compared to Hela cells. This is in good 

agreement with the increased speed of subcellular trafficking of 1-doxSA-FITC in 

hepatocytes compared to Hela cells. The correlation between 1-doxSA-FITC 

accumulation and the effect on the lipid droplet formation was further supported by the 

strong increase of LDs in Hela cells after 48h. In this study, no co-localization of 

1-doxSA-FITC with LDs was observed. Consequently, accumulation of N-acylated FB1 

in LDs seems unlikely. In contrast, the presence of 1-doxCer in LDs cannot be ruled out, 

due to its increased hydrophobicity.  
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The further morphological changes associated with increased metabolism and 

trafficking of 1-doxSA-FITC in HuH7 and BHK cells compared to epithelia cells 

correlates well with reported toxic effects of FB1 on liver and kidney. Additionally, the 

induction of excessive LD formation by FB1 resembles to certain degree, a steatotic 

phenotype. Steatosis is known to cause liver toxicity and belongs to the non-alcoholic 

fatty liver, fatty kidneys and CKD (chronic kidney diseases) were documented to be 

associated with obesity – related diseases [174, 175, 132]. Additionally, the observed 

morphological changes in the ER structure of the utilized cell and FB1 associated 

pharmacological pathways combined with the fact that the key enzyme in FB1 

biosynthesis is a serine-palmitoyl-transferase homologue in fusarium species [62] 

strongly indicates that FB1 and 1-doxSA have more in common than simply their 

structure. This raises the interesting question: How is the exact molecular mechanism of 

FB1 toxicity? The results obtained in this work suggest that FB1 toxicity is not associated 

with FB1`s ability to act as CerS substrate in the first place. Overall, the results strongly 

support the hypothesis that FB1 has the same pathophysiological effect as 1-doxSA. 

  

Fig.63: Illustration of a lipid droplet. Lipid droplet formation starts in the ER 

where also the synthesis of neutral lipids occurred and can vary in size. The 

lipid droplet core contains neutral lipids, sterolE and/or TGs. They are 

surrounded by a monolayer of phospholipids, mostly PC and PE. The 

monolayer is integrated by many specific proteins, with functions related to the 

lipid metabolism [35]. 
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5.3.5. Interference of DSB`s in energy homeostasis and signaling 

 

The above described results indicated that 1-doxSA and FB1 rapidly disturb the 

formation of lipid droplets and interfere in the homeostasis of neutral lipids (TGs) but not 

of Chol. Moreover treatment of Hela cells with 1-doxSA and FB1 for 6h increased free 

fatty acid. Similar results, particular rapid LD accumulation, with elevated levels of TGs 

and unaffected CholE concentrations were observed in yeast cells after inhibition of the 

TORC1 pathway by rapamycin [86]. In general, the lipid homeostasis is strongly 

connected with energy homeostasis and is often associated with insulin resistance. As 

TGs represent energy storage this results could indicate that 1-doxSA treatment 

induces cell starvation. A lack of energy could activate the AMPK-signaling pathways, 

the principal energy and nutrient sensor in most eukaryotes. AMPK monitors alterations 

in the ratio of ATP/ADP/AMP – levels, cAMP, Ca2+ - ions and has various regulatory 

effects in the cellular metabolism, such as glucose-, protein- and lipid-metabolism and 

of course autophagy. In principal, under low energy, AMPK activates catabolic pathways 

to generate ATP, while anabolic pathways are downregulated to save ATP [37]. 

Lipolysis as a catabolic pathway can be activated by low levels of ATP, due to the 

activation of ATGL and ACC2, key enzymes in fatty acid oxidation. It remains unclear 

how exactly AMPK is involved in the uptake of nutrients, such as glucose and fatty acids 

respectively. The direct targets of AMPK which could mediate such effects on nutrient 

receptors, such as GLUT1 and CD36, remain unclear [37]. As, all cell experiments were 

conducted under full medium (see materials and methods), starvation induced by 

nutrient-limitation seemed to be unlikely and could not explain the observed reduction in 

TGs-levels and the elevation of free fatty acids. Consequently, if extracellular 

nutrient-levels were unaltered, deficits in nutrient uptake might induce nutrient 

deficiency. Nutrient uptake is tightly regulated by the cell and is realized by specialized 

nutrient receptors. Glucose is a key nutrient and its uptake is strongly regulated by a 

considerable number of transporters, such as GLUT-1 and GLUT-4. GLUT-1 is therefore 

ubiquitously expressed and disturbed localized on the cell surface. Additionally, 

GLUT-1 contributes to insulin-independent basal glucose uptake and has recently been 

reported to be associated with 4F2hc [31, 34]. 4F2hc (CD98hc) is a type 2 membrane 

N-glycoprotein and is required GLUT-1 plasma membrane and to prevent GLUT1 from 

undergoing lysosomal degradation [31]. Interestingly, 4F2hc has been reported to form 

functional heterodimeric complexes with the L-type amino acid transporters such as 

LAT-1, LAT-2 and xCT. LAT-1 preferentially transports large neutral amino acids such as 

leucine, isoleucine, phenylalanine, methionine, tyrosine, histidine, tryptophan, and 

valine [118], whereas LAT-2 has broader substrate specificity and literally transports all 
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neutral L-amino acids [118]. xCT is a cysteine-glutamate antiporter [34]. Based on 

co-localization results, the pull-down assay and subsequent proteomics analysis 

suggested an interaction between 1-doxSA and 4F2hc. This interaction could have 

consequences for the stability and function of nutrient transporters, in particular GLUT-1 

and LATs. Co-localization of 1-doxSA-FITC with 4F2hc during the initial treatment phase 

indicates that exogenous 1-doxSA and FB1 probably also enters via the 4F2hc 

associated amino acid exchangers, such as LAT-2/4F2hc. The LAT`s are able to 

recognize the head-group of 1-doxSA, due to its structurally homology to the neutral 

amino acid alanine and phenylalanine. Interestingly, the pull-down assay and 

proteomics analysis also revealed the presence of PP2Ac. PP2A is a holoenzyme which 

is built of 3 subunits, typically a 36kDa catalytic “C” unit, coupled to a variable regulatory 

unit “B” and a scaffold unit “A” with 65kDa [40]. PP2A controls a variety of activities 

including metabolism. It is also known to be a negative regulator of AKT, which is 

involved in glucose metabolism, such as uptake of glucose via GLUT-4, and is involved 

in ER stress response [102]. Deletion of the gene encoding catalytic subunit “C” of 

PP2A was demonstrated to be lethal in mouse, indicating its essential function [84]. 

Additionally, PP2A displays a tissue- and cell specific distribution. Many viruses, such as 

HCV, HBV, SV40 have been documented to target PP2A activity in order to promote 

viral replication and simultaneously dysregulation of key signaling pathways linked to 

cell growth and survival [42, 43]. More than 20 years ago Cers were identified to interact 

with PP2Ac [154, 183]. The pull-down assays in the presence of SA and 1-doxDHCer 

did not affect PP2Ac retention [see Fig.60 [A]], while only the presence of 1-doxSA 

markedly reduced PP2A retention, indicating a specific 1-doxSA-PP2Ac interaction. 

Importantly, upon N-acylation, this specific interaction is abolished. Similar to okadaic 

acid (OA), FB1 has been reported to inhibit PP2A activity [68]. Together, this strongly 

supports the notion that FB1 and 1-doxSA target cell-cycle regulation via similar 

pharmacological routes. Gene ontology (GO) analysis of proteins retained by the 

pull-down assay, highlighted a strong association with fatty acid degradation, fatty acid 

elongation, focal adhesion and glycolysis/glyconeogensis (especially connected to 

pyruvate metabolism) pathways. Additionally, functional related terms highlighted 

Alzheimer’s diseases, cardiovascular diseases and DMT2.  
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This is in good agreement with recent reports demonstrating the versatility of 1-doxSA 

as biomarker for metabolic syndrome and DMT2 [55, 56, 26]. Metabolic syndrome and 

DMT2 are characterizes as civilization illnesses caused by over-nutrition especially an 

abundance of glucose and fat [102, 54], leading to the development of insulin 

resistance and hyperglycemia, hypertriglyceridemia. Interestingly patients with DTM2 

have also an elevated activity of the alanine-amino-transferase (ALT) which is well 

known as a liver marker. Alanine, the key building block of 1-doxSA, is the major 

gluconeogenic amino acid and is essential in the glucose-alanine cycle. An increased 

alanine output in skeletal muscles and an elevated hepatic alanine uptake were 

observed in obese individuals [176]. Consequently, 1-doxSA is linked to the 3 main 

nutrients: carbohydrate metabolism – glucose – via alanine and pyruvate; lipid 

metabolism – palmitic acid (sphingoid-base) – and amino acid metabolism via alanine 

and glutamate. Thus it seems reasonable, that high levels of 1-doxSA get produced, if 

there is a continuous excess of glucose and fats (over-nutrition), overloading the cell. 

The aim of nutrient floated cell could be a reduction of the nutrient uptake to minimize 

nutrient influx. This could be realized by the interference of 1-doxSA with 4F2hc. 

Translocation of 4F2hc from the cell-surface would reduce GLUT-1 and LATs plasma 

membrane localization and thus down-regulation of the nutrient uptake. The interaction 

of 1-doxSA with the catalytic subunit of PP2A bears the potential to interfere in central 

signaling pathways. The GO association with fatty acid degradation would explain the 

reduction of TGs after 24h in Hela cells and elevated levels of free fatty acids after 6h in 

Helas. The long term effect of 1-doxSA and FB1 resulting in TG accumulation and 

steatotic phenotype after 48h in Hela could be associated with the fatty acid elongation 

pathway highlighted in the GO analysis. Interestingly, also chronic liver diseases 

induced, by infection with HCV and HBV is associated with dysregulation of PP2A, 

similarly inducing steatosis and insulin resistance [42, 43].  
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The different timing of LD formation and development of a steatotic phenotype between 

hepatocytes (24h) and epithelia cells (48h) aligns well with the tissue- and cell specific 

distribution of PP2A.  

Taken together the presented data indicates that 1-doxSA acts as a primary sensor for 

cellular nutrition [see Fig.64], effectively controlling and maintaining energy 

homeostasis within the cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig.64: Schematic illustration of the physiological function of 1-doxSA as a main 

sensor for over-nutrition. Excess of energy due to high levels of nutrients (glucose and 

palmitic acid in particular) causes pyruvate accumulation in the cytosol. This excess of 

pyruvate is converted to alanine via ALT in the presence of glutamate. Subsequently 

alanine is converted to 1-deoxysphinganine by serine-palmitoyl-transferase (SPT). 

1-deoxysphinganine will accumulate in the cell and alter central signaling pathways.  
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5.3.6 Catabolism of 1-doxSA and influence on protein interaction 

 

After cellular entry of exogenous 1-doxSA (or its homologues) or de novo biosynthesis 

of DSB`s, such as 1-doxSA, it cannot diffuse, through the cytosol. Close to the ER, the 

DSB is N-acylated by CerS yielding in 1-doxdhCer which will accumulate in the ER 

membrane. Subsequently, 1-doxdhCer or analogues will be either transferred to the 

lysosomal system or potentially stored in LDs. The degradation of 1-doxdhCer and its 

analogues, such as FB1 is still unclear. Nevertheless, N-acylation abolished the 

interaction of the 1-doxSL with PP2A and adversely affected its interaction with 4F2hc 

as demonstrated by the competition experiment with immobilized 1-doxSA. N-acylation 

of 1-DSB`s by CerS could represent a mechanism to turn off 1-doxSA associated 

signaling. Lysosomes are involved in nutrient sensing, particular in amino acid sensing 

through machinery named LYNUS, which has been localized to the lysosomal surface. 

LYNUS is connected to mTORC1 signaling, which can mediate lipolysis [100] and 

autophagy. Initial tests on autophagy activation in Hela cells with 1-doxSA, 

1-doxSa-FITC and FB1 indicated autophagy initiation by LC-II puncta formation, 

however the observed test result were not sufficient to discriminate between autophagy 

activation and inhibition of lysosomal degradation. The observed similarities concerning 

lipid metabolism indicate that 1-doxsSA and FB1 act upon the signaling cascades. This 

would indicate that generation of FB1 by fusarium spec. would inhibit the growth of 

competing microorganism by lack of energy and induction of lipotoxicity. 
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Abbreviations 

 

[a] absorption = concentration 

a acidic 

δ chemical shift 

λ wavelength 

AMPK AMP-activated proteinkinase 

AKT proteinkinase B 

AC adeylyl cyclase 

ACC1/2 acetyl-CoA-carboxylase 1/2 

ATP adenosintriphosphate 

ADP adenosindiphosphate 

AMP adenosinmonophosphate 

ATGL adipose triglyceride lipase 

b basic 

anti-BMP anti-Bis(Monoacylglycerol)Phosphate 

BOC tert-butyloxycarbonyl 

Cer ceramide 

CerS ceramidesynthase 

CERT ceramide transfer protein 

CK ceramide kinase 

Cer-1P ceramide-1-phosphate 

Chol cholesterol 

CholE cholesterolester 

CRP C-reactive protein 

COPI/II coated protein complex I/ II 

cAMP cyclic adenosinemonophosphate 

CDase ceramidase 

CHCl3 chloroform 

DPPC 1,2-palmitoyl-sn-glycero-3-phosphocholine 

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

DSPC 1,2-Distearoyl-sn-glycero-3-phosphocholine 

DAG diacylglycerol 

1-doxSA 1-deoxy-sphinganine 

1-doxySO 1-deoxy-sphingosine 
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1-doxMethSA 1-doxmethylsphinganine 

DNSC dansyl-chloride 

DTNB 5,5’-dithiobis-(2-nitrobenzoic acid) 

DSB 1-deoxy-shpingoid bases 

dihydroSO-1P dihydrosphingosine-1-phosphate 

DCM dichlormethane 

DDM N-dodecyl-β-D-maltopyranoside 

DMT2 diabetes mellitus type 2 

ER endoplasmatic reticulum 

ERK MAPK, mitogen-activated proteinkinase 

EtOAc ethylacetate 

EtOH ethanol 

ESI-MS electrospray ionization mass spectrometry 

ex excitation 

em emission 

ß-ME ß-mercaptoethanol 

FA fatty acid 

FITC 5(6)-carboxyfluorescein 

FITC-NHS 5(6)-carboxyfluorescein-succinimidyl 

G3P glyceraldehyde 3-phosphate 

GSL glycosphingolipids 

GLUT4 glucose-transporter 4 

GLUT1 glucose-transporter 1 

Golgi golgi apparatus 

GSH glutathione 

HBSS Hank's Balanced Salt Solution 

HBV Hepatitis-B-virus 

HCV Hepatitis-C-virus 

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 

HSAN-1 Hereditary sensory and autonomic neuropathy- Type1 

IFT immunofluorescence test 

IL interleukin 

IP3 inositol-triphosphate 

IRS Insulin receptor substrate 

k speed constant 
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LBPA lysobisphosphatidic acid 

LCB long chain bases 

LCB-P long chain base -phosphate 

LSD lysosomal storage diseases 

LC3 microtubule-associated protein 1A/B light chain 3A 

LD lipid droplets 

LAT1/2 human L-type amino acid transporter 1/2 

LTTBA lithium tri-tert-butoxyaluminum hydride 

LUV large unilamellare vesicles 

LYNUS lysosomes nutrient sensing 

LC-MS liquid chromatography-mass spectrometry 

MAPK see ERK 

mTORC1 mammalian target of rapamycin complex 1 

Mito mitochondria 

n neutral 

NaN3 sodium azide 

Na2SO4 sodium sulfate  

NINH ninhydrin 

NMR nuclear magnetic resonance 

PA phosphatidic acid 

PC phosphocholine 

PEP phosphoenolpyruvic acid 

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

PL phospholipids 

PLA2 phospholipase A2 

PKC proteinkinase C 

PP1 protein phosphatase 1 

PP2A protein phosphatase 2A 

PKB proteinkinase B 

PKD proteinkinase D 

PLC phospholipase C 

3-PG 3-phosphoglycerate 

PIP2 phosphatidylinositol-4,5-bisphosphate 

Rheb GTP-binding protein 

RAS small GTPase 
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RT room temperature 

phytoCer phytoceramides 

pSM N-palmitoyl-D-erythro-sphingosylphosphorylcholine 

nSM N-nervonoyl-D-erythro-sphingosylphosphorylcholine 

1-SHCer 1-Thioceramide(s) 

SM sphingomyelin 

SL sphingolipids 

SA sphinganine 

SO sphingosine 

S1P sphingosine-1-phosphate 

SPC sphingosylphosphorylcholine 

SMnase sphingomyelinase 

SREB1-c sterol regulatory element-binding proteins1-c 

SV40 Simian-Virus 40 

TKE-buffer Tris-KPO4-EDTA-buffer 

TNFα tumor necrosis factor alpha 

TFA trifluoroacetic acid 

Trityl triphenylmethyl-group 

TSC1/2 tuberous sclerosis complex 1/2 

TG triglycerides 

TritonX tritonX-100 Polyethylen glycol tert-octylphenyl ether 

t time 

t1/2 half-time/half-live 

xCT cysteine-glutamate antiporter 

 

 

Notice: For a better comprehensibility, the used nomenclature of the chemicals compounds 

differs from the official IUPAC nomenclature. 
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� In-solution digestion procedure and buffer solutions 

� LC-MS/MS-analysis 

� Utilized software for database search 

� List of identified proteins in sample #01_F18, #02_EtOH 

 

 



2009.04.01 

RRC Mass Spectrometry Service 

In-solution Digest Procedure 

 
A) Ammonium bicarbonate [NH4HCO3] (31.6 mg ) in 9 mL vial 

 add 8 mL of MilliQ water to prepare 50 mM NH4HCO3. 
4  

 B) 1 M Dithiothreitol [DTT] (10 µL) in 1.5 mL brown tube -20 or -80  

 
C) Iodoacetamide [IAA] (1.9 mg) in 1.5 mL brown tube 

 Add 30 µL of 50 mM NH4HCO3 to prepare 333 mM IAA solution. 
4  

 

D) 100 ng/µL Modified Trypsin/50 mM acetic acid (20 µL) in 1.5 mL TPX tube 

NH4HCO3

 

-80  

 E) Acetonitrile [CH3CN] (8 mL) in 9 mL vial 4  

 

Note 

1 Clean your bench thoroughly with ethanol or methanol. 

2 Use only powder-free nitrile gloves.  No Latex. 

3 It is highly recommended that the samples be free of any detergents before digestion. 

 

 



Mass Spectrometry Service

LC‐MS/MS analysis

a a

# _  # _ H

HPLC
  T   HPLC system
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List of List of List of List of iiiidentified proteins/dentified proteins/dentified proteins/dentified proteins/ppppeptides (eptides (eptides (eptides (Excel Excel Excel Excel file)file)file)file)    

    

    

The Excel file is the list of identified proteins that were filtered by the following peptide 

probability and peptide rank. 

 

        Peptide probability : Peptide probability : Peptide probability : Peptide probability : FDR < 5%FDR < 5%FDR < 5%FDR < 5%    

    Peptide RankPeptide RankPeptide RankPeptide Rank：：：：1111    

 

False Discovery Rate (FDR) 

FDR is a statistical value that estimates the certainty of the protein identification using 

the decoy database.  

When the database search is performed against the specific database, the search is 

also performed against the decoy database which size is same as the target database. 

 

The FDR is calculated as follows and "FDR = 5%" means that about 5% of the 

identified proteins may be false. 

 

FDR = (# Decoy Hits) / (# target hits) 

 

FDR 1% or 5% is commonly used as the threshold for the protein identification. 

 

Peptide rank 

From the acquired MS/MS spectra, Mascot database search engine create a list of 

possible peptides whose masses match the measured mass of the precursor ions of 

the MS/MS spectrum and whose fragmentation patterns match the peaks detected 

in the MS/MS spectrum.  

The better the match, the better the score of every peptide candidate considered. 

  

Peptides with a top ranking “Peptide Rank：1” are the more likely to be the correct 

peptide than peptides with a lower ranking (for example, less than 2). 

 

 

 



 

 

 11115555----XXXXXXXXXXXX_BasePeakChromatogram_BasePeakChromatogram_BasePeakChromatogram_BasePeakChromatogram    ddddataataataata Power PointPower PointPower PointPower Point    filefilefilefile     

 

 

Base Peak Chromatogram (BPC) is a plot of the most intense peak in each mass 

spectrum at every point.   

 x-axis：time,  y-axis : signal intensity 

From the BPC, it's possible to check whether there are problems with the analysis or 

not. (e.g. sample amount, detergent contamination, HPLC separation, sample 

ionization, etc.)  

 

 

 

 

 

 

 

 

******************************************************************* 

 

Number of filtered/unfiltered result items: 

- 825/825 protein group(s)  

⇒ The number of filtered protein group compared to the number of loaded protein groups 

- 1046/1047 merged protein(s)  

⇒ The number of filtered proteins compared to the number of loaded proteins 

- 3103/3421 peptide(s)  

⇒ The number of filtered peptides compared to the number of loaded peptides 

- 5464/6120 PSM(s)  

  ⇒ The number of filtered PSMs (peptide spectrum matches) compared to the number of loaded PSMs 

- 29246/29246 search input(s) 

 ⇒ The number of filtered search inputs compared to the number of loaded search inputs 

 

 

 Reference: Proteome Discoverer HELP, User Guide 
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Number of filtered/unfiltered result items:

- 2234/2249 protein group(s)

- 2841/3845 merged protein(s)

- 13431/15486 peptide(s)

- 16439/18892 PSM(s)

- 30295/30295 search input(s)

Number of filtered/unfiltered result items:

- 436/441 protein group(s)

- 596/897 merged protein(s)

- 1223/1833 peptide(s)

- 1383/2042 PSM(s)

- 9433/9433 search input(s)
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Accession Description Score Coverage # Proteins# Unique Peptide# Peptides # PSMs # AAs MW [kDa] calc. pI

P10809 60 kDa heat shock protein, mitochondrial OS=Homo sapiens GN=HSPD1 PE=1 SV=2 - [CH60_HUMAN] 6091.12 77.31 1 47 47 185 573 61.0 5.87

P49327 Fatty acid synthase OS=Homo sapiens GN=FASN PE=1 SV=3 - [FAS_HUMAN] 4943.85 70.49 3 128 128 179 2511 273.3 6.44

P04264 Keratin, type II cytoskeletal 1 OS=Homo sapiens GN=KRT1 PE=1 SV=6 - [K2C1_HUMAN] 3188.03 64.75 1 34 40 90 644 66.0 8.12

P11021 78 kDa glucose-regulated protein OS=Homo sapiens GN=HSPA5 PE=1 SV=2 - [GRP78_HUMAN] 3158.46 70.95 2 39 41 102 654 72.3 5.16

P55072 Transitional endoplasmic reticulum ATPase OS=Homo sapiens GN=VCP PE=1 SV=4 - [TERA_HUMAN] 2886.22 78.66 2 58 58 112 806 89.3 5.26

O75369 Filamin-B OS=Homo sapiens GN=FLNB PE=1 SV=2 - [FLNB_HUMAN] 2826.62 61.80 2 101 111 129 2602 278.0 5.73

P07900 Heat shock protein HSP 90-alpha OS=Homo sapiens GN=HSP90AA1 PE=1 SV=5 - [HS90A_HUMAN] 2783.25 70.22 4 31 50 98 732 84.6 5.02

P11142 Heat shock cognate 71 kDa protein OS=Homo sapiens GN=HSPA8 PE=1 SV=1 - [HSP7C_HUMAN] 2693.86 73.37 1 27 41 99 646 70.9 5.52

Q09666 Neuroblast differentiation-associated protein AHNAK OS=Homo sapiens GN=AHNAK PE=1 SV=2 - [AHNK_HUMAN] 2656.95 50.97 1 134 134 156 5890 628.7 6.15

Q9Y4L1 Hypoxia up-regulated protein 1 OS=Homo sapiens GN=HYOU1 PE=1 SV=1 - [HYOU1_HUMAN] 2569.91 60.66 2 55 55 103 999 111.3 5.22

P06576 ATP synthase subunit beta, mitochondrial OS=Homo sapiens GN=ATP5B PE=1 SV=3 - [ATPB_HUMAN] 2557.08 80.34 1 30 30 91 529 56.5 5.40

P05787 Keratin, type II cytoskeletal 8 OS=Homo sapiens GN=KRT8 PE=1 SV=7 - [K2C8_HUMAN] 2537.78 79.50 4 33 43 90 483 53.7 5.59

P25705 ATP synthase subunit alpha, mitochondrial OS=Homo sapiens GN=ATP5A1 PE=1 SV=1 - [ATPA_HUMAN] 2349.79 67.99 1 36 36 67 553 59.7 9.13

P08238 Heat shock protein HSP 90-beta OS=Homo sapiens GN=HSP90AB1 PE=1 SV=4 - [HS90B_HUMAN] 2346.25 68.78 4 27 47 81 724 83.2 5.03

P38646 Stress-70 protein, mitochondrial OS=Homo sapiens GN=HSPA9 PE=1 SV=2 - [GRP75_HUMAN] 2283.46 61.41 1 41 41 77 679 73.6 6.16

Q14697 Neutral alpha-glucosidase AB OS=Homo sapiens GN=GANAB PE=1 SV=3 - [GANAB_HUMAN] 2247.61 75.64 1 50 50 90 944 106.8 6.14

P14625 Endoplasmin OS=Homo sapiens GN=HSP90B1 PE=1 SV=1 - [ENPL_HUMAN] 2163.02 62.89 2 51 53 95 803 92.4 4.84

Q07954 Prolow-density lipoprotein receptor-related protein 1 OS=Homo sapiens GN=LRP1 PE=1 SV=2 - [LRP1_HUMAN] 2120.16 29.23 2 93 93 102 4544 504.3 5.39

P11498 Pyruvate carboxylase, mitochondrial OS=Homo sapiens GN=PC PE=1 SV=2 - [PYC_HUMAN] 2078.62 65.53 1 53 53 77 1178 129.6 6.84

P13645 Keratin, type I cytoskeletal 10 OS=Homo sapiens GN=KRT10 PE=1 SV=6 - [K1C10_HUMAN] 2030.83 60.10 12 25 31 60 584 58.8 5.21

P35527 Keratin, type I cytoskeletal 9 OS=Homo sapiens GN=KRT9 PE=1 SV=3 - [K1C9_HUMAN] 1977.69 75.60 1 33 34 74 623 62.0 5.24

O43707 Alpha-actinin-4 OS=Homo sapiens GN=ACTN4 PE=1 SV=2 - [ACTN4_HUMAN] 1967.87 75.96 3 41 60 85 911 104.8 5.44

P07237 Protein disulfide-isomerase OS=Homo sapiens GN=P4HB PE=1 SV=3 - [PDIA1_HUMAN] 1871.27 68.70 1 36 36 73 508 57.1 4.87

P18206 Vinculin OS=Homo sapiens GN=VCL PE=1 SV=4 - [VINC_HUMAN] 1829.71 48.32 1 45 45 70 1134 123.7 5.66

P12814 Alpha-actinin-1 OS=Homo sapiens GN=ACTN1 PE=1 SV=2 - [ACTN1_HUMAN] 1707.51 65.25 2 27 46 59 892 103.0 5.41

P55157 Microsomal triglyceride transfer protein large subunit OS=Homo sapiens GN=MTTP PE=1 SV=1 - [MTP_HUMAN] 1607.34 54.25 1 41 41 58 894 99.3 8.41

P62258 14-3-3 protein epsilon OS=Homo sapiens GN=YWHAE PE=1 SV=1 - [1433E_HUMAN] 1556.56 74.90 1 20 23 55 255 29.2 4.74

P35908 Keratin, type II cytoskeletal 2 epidermal OS=Homo sapiens GN=KRT2 PE=1 SV=2 - [K22E_HUMAN] 1518.90 77.78 2 28 39 56 639 65.4 8.00

P60709 Actin, cytoplasmic 1 OS=Homo sapiens GN=ACTB PE=1 SV=1 - [ACTB_HUMAN] 1510.89 84.53 8 14 25 62 375 41.7 5.48

P05023 Sodium/potassium-transporting ATPase subunit alpha-1 OS=Homo sapiens GN=ATP1A1 PE=1 SV=1 - [AT1A1_HUMAN] 1488.14 44.87 6 37 37 54 1023 112.8 5.49

P05783 Keratin, type I cytoskeletal 18 OS=Homo sapiens GN=KRT18 PE=1 SV=2 - [K1C18_HUMAN] 1479.31 77.91 7 32 34 62 430 48.0 5.45

P27824 Calnexin OS=Homo sapiens GN=CANX PE=1 SV=2 - [CALX_HUMAN] 1478.23 55.24 1 29 31 56 592 67.5 4.60

P13639 Elongation factor 2 OS=Homo sapiens GN=EEF2 PE=1 SV=4 - [EF2_HUMAN] 1438.64 50.58 1 39 39 57 858 95.3 6.83

P07437 Tubulin beta chain OS=Homo sapiens GN=TUBB PE=1 SV=2 - [TBB5_HUMAN] 1400.17 82.21 3 5 28 53 444 49.6 4.89

P08779 Keratin, type I cytoskeletal 16 OS=Homo sapiens GN=KRT16 PE=1 SV=4 - [K1C16_HUMAN] 1385.21 69.34 10 17 30 48 473 51.2 5.05

P68371 Tubulin beta-4B chain OS=Homo sapiens GN=TUBB4B PE=1 SV=1 - [TBB4B_HUMAN] 1322.29 77.98 4 1 26 49 445 49.8 4.89

P49736 DNA replication licensing factor MCM2 OS=Homo sapiens GN=MCM2 PE=1 SV=4 - [MCM2_HUMAN] 1305.18 41.04 1 28 28 39 904 101.8 5.52

Q9NYU2 UDP-glucose:glycoprotein glucosyltransferase 1 OS=Homo sapiens GN=UGGT1 PE=1 SV=3 - [UGGG1_HUMAN] 1275.61 50.55 1 47 50 57 1555 177.1 5.63

P02768 Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 - [ALBU_HUMAN] 1202.66 65.52 1 37 37 52 609 69.3 6.28

P02771 Alpha-fetoprotein OS=Homo sapiens GN=AFP PE=1 SV=1 - [FETA_HUMAN] 1200.88 66.50 1 33 33 50 609 68.6 5.68

Q15155 Nodal modulator 1 OS=Homo sapiens GN=NOMO1 PE=1 SV=5 - [NOMO1_HUMAN] 1192.01 54.09 1 3 40 46 1222 134.2 5.81

P33991 DNA replication licensing factor MCM4 OS=Homo sapiens GN=MCM4 PE=1 SV=5 - [MCM4_HUMAN] 1173.95 54.11 2 37 37 49 863 96.5 6.74

P02786 Transferrin receptor protein 1 OS=Homo sapiens GN=TFRC PE=1 SV=2 - [TFR1_HUMAN] 1169.37 54.87 2 34 34 44 760 84.8 6.61

P04350 Tubulin beta-4A chain OS=Homo sapiens GN=TUBB4A PE=1 SV=2 - [TBB4A_HUMAN] 1157.80 70.95 1 2 23 42 444 49.6 4.88

Q13885 Tubulin beta-2A chain OS=Homo sapiens GN=TUBB2A PE=1 SV=1 - [TBB2A_HUMAN] 1156.88 59.78 2 3 22 44 445 49.9 4.89

P78371 T-complex protein 1 subunit beta OS=Homo sapiens GN=CCT2 PE=1 SV=4 - [TCPB_HUMAN] 1155.44 71.78 1 29 29 39 535 57.5 6.46

P02533 Keratin, type I cytoskeletal 14 OS=Homo sapiens GN=KRT14 PE=1 SV=4 - [K1C14_HUMAN] 1149.68 58.69 10 8 27 44 472 51.5 5.16

P02787 Serotransferrin OS=Homo sapiens GN=TF PE=1 SV=3 - [TRFE_HUMAN] 1132.91 52.87 1 33 33 44 698 77.0 7.12

P33993 DNA replication licensing factor MCM7 OS=Homo sapiens GN=MCM7 PE=1 SV=4 - [MCM7_HUMAN] 1130.70 62.59 1 35 35 48 719 81.3 6.46
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P05556 Integrin beta-1 OS=Homo sapiens GN=ITGB1 PE=1 SV=2 - [ITB1_HUMAN] 1127.82 45.86 1 27 27 42 798 88.4 5.39

P21333 Filamin-A OS=Homo sapiens GN=FLNA PE=1 SV=4 - [FLNA_HUMAN] 1112.63 27.16 1 46 55 57 2647 280.6 6.06

P04406 Glyceraldehyde-3-phosphate dehydrogenase OS=Homo sapiens GN=GAPDH PE=1 SV=3 - [G3P_HUMAN] 1100.68 80.00 2 21 21 37 335 36.0 8.46

P69849 Nodal modulator 3 OS=Homo sapiens GN=NOMO3 PE=2 SV=2 - [NOMO3_HUMAN] 1099.70 51.31 2 1 38 44 1222 134.0 5.67

Q9BSJ8 Extended synaptotagmin-1 OS=Homo sapiens GN=ESYT1 PE=1 SV=1 - [ESYT1_HUMAN] 1094.81 49.28 1 37 37 43 1104 122.8 5.83

P53396 ATP-citrate synthase OS=Homo sapiens GN=ACLY PE=1 SV=3 - [ACLY_HUMAN] 1077.53 41.24 1 34 34 38 1101 120.8 7.33

P31930 Cytochrome b-c1 complex subunit 1, mitochondrial OS=Homo sapiens GN=UQCRC1 PE=1 SV=3 - [QCR1_HUMAN] 1072.54 66.46 1 24 25 44 480 52.6 6.37

P16435 NADPH--cytochrome P450 reductase OS=Homo sapiens GN=POR PE=1 SV=2 - [NCPR_HUMAN] 1070.12 63.22 1 33 33 45 677 76.6 5.58

P06756 Integrin alpha-V OS=Homo sapiens GN=ITGAV PE=1 SV=2 - [ITAV_HUMAN] 1060.36 44.75 1 39 39 47 1048 116.0 5.68

P14618 Pyruvate kinase isozymes M1/M2 OS=Homo sapiens GN=PKM PE=1 SV=4 - [KPYM_HUMAN] 1049.24 58.57 2 30 30 39 531 57.9 7.84

P34897 Serine hydroxymethyltransferase, mitochondrial OS=Homo sapiens GN=SHMT2 PE=1 SV=3 - [GLYM_HUMAN] 1045.75 63.89 1 26 27 36 504 56.0 8.53

P08670 Vimentin OS=Homo sapiens GN=VIM PE=1 SV=4 - [VIME_HUMAN] 1034.22 62.23 3 28 31 41 466 53.6 5.12

Q14566 DNA replication licensing factor MCM6 OS=Homo sapiens GN=MCM6 PE=1 SV=1 - [MCM6_HUMAN] 1027.49 53.11 1 34 34 44 821 92.8 5.41

O75976 Carboxypeptidase D OS=Homo sapiens GN=CPD PE=1 SV=2 - [CBPD_HUMAN] 1022.29 34.64 1 39 39 46 1380 152.8 6.05

P40939 Trifunctional enzyme subunit alpha, mitochondrial OS=Homo sapiens GN=HADHA PE=1 SV=2 - [ECHA_HUMAN] 1018.92 64.88 1 33 33 39 763 82.9 9.04

P02538 Keratin, type II cytoskeletal 6A OS=Homo sapiens GN=KRT6A PE=1 SV=3 - [K2C6A_HUMAN] 1016.62 53.01 3 3 33 48 564 60.0 8.00

P34932 Heat shock 70 kDa protein 4 OS=Homo sapiens GN=HSPA4 PE=1 SV=4 - [HSP74_HUMAN] 1016.05 47.98 1 26 28 35 840 94.3 5.19

P04259 Keratin, type II cytoskeletal 6B OS=Homo sapiens GN=KRT6B PE=1 SV=5 - [K2C6B_HUMAN] 1004.31 51.24 2 2 31 46 564 60.0 8.00

Q9BQE3 Tubulin alpha-1C chain OS=Homo sapiens GN=TUBA1C PE=1 SV=1 - [TBA1C_HUMAN] 991.61 77.73 3 11 26 36 449 49.9 5.10

P04844 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2 OS=Homo sapiens GN=RPN2 PE=1 SV=3 - [RPN2_HUMAN] 985.07 59.90 1 22 22 29 631 69.2 5.69

P63104 14-3-3 protein zeta/delta OS=Homo sapiens GN=YWHAZ PE=1 SV=1 - [1433Z_HUMAN] 974.77 64.90 1 12 17 35 245 27.7 4.79

P08107 Heat shock 70 kDa protein 1A/1B OS=Homo sapiens GN=HSPA1A PE=1 SV=5 - [HSP71_HUMAN] 962.46 58.66 2 25 29 36 641 70.0 5.66

P25205 DNA replication licensing factor MCM3 OS=Homo sapiens GN=MCM3 PE=1 SV=3 - [MCM3_HUMAN] 955.03 48.14 1 34 34 40 808 90.9 5.77

Q13011 Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase, mitochondrial OS=Homo sapiens GN=ECH1 PE=1 SV=2 - [ECH1_HUMAN] 951.07 71.04 1 17 17 36 328 35.8 8.00

P01023 Alpha-2-macroglobulin OS=Homo sapiens GN=A2M PE=1 SV=3 - [A2MG_HUMAN] 944.66 38.13 1 32 38 46 1474 163.2 6.46

P04843 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 OS=Homo sapiens GN=RPN1 PE=1 SV=1 - [RPN1_HUMAN] 922.32 59.31 1 28 28 36 607 68.5 6.38

Q8WVM8 Sec1 family domain-containing protein 1 OS=Homo sapiens GN=SCFD1 PE=1 SV=4 - [SCFD1_HUMAN] 918.58 67.60 1 27 27 39 642 72.3 6.27

Q9Y490 Talin-1 OS=Homo sapiens GN=TLN1 PE=1 SV=3 - [TLN1_HUMAN] 915.97 24.05 2 40 40 43 2541 269.6 6.07

P50990 T-complex protein 1 subunit theta OS=Homo sapiens GN=CCT8 PE=1 SV=4 - [TCPQ_HUMAN] 909.25 58.03 1 31 31 36 548 59.6 5.60

P35222 Catenin beta-1 OS=Homo sapiens GN=CTNNB1 PE=1 SV=1 - [CTNB1_HUMAN] 905.88 51.34 1 23 27 36 781 85.4 5.86

P31948 Stress-induced-phosphoprotein 1 OS=Homo sapiens GN=STIP1 PE=1 SV=1 - [STIP1_HUMAN] 892.62 58.20 1 30 30 42 543 62.6 6.80

P21281 V-type proton ATPase subunit B, brain isoform OS=Homo sapiens GN=ATP6V1B2 PE=1 SV=3 - [VATB2_HUMAN] 875.31 68.49 2 25 25 31 511 56.5 5.81

Q15084 Protein disulfide-isomerase A6 OS=Homo sapiens GN=PDIA6 PE=1 SV=1 - [PDIA6_HUMAN] 873.22 63.64 1 22 22 30 440 48.1 5.08

Q12931 Heat shock protein 75 kDa, mitochondrial OS=Homo sapiens GN=TRAP1 PE=1 SV=3 - [TRAP1_HUMAN] 869.89 52.27 1 25 26 32 704 80.1 8.21

P36551 Coproporphyrinogen-III oxidase, mitochondrial OS=Homo sapiens GN=CPOX PE=1 SV=3 - [HEM6_HUMAN] 864.87 64.54 1 25 25 38 454 50.1 8.25

P16615 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 OS=Homo sapiens GN=ATP2A2 PE=1 SV=1 - [AT2A2_HUMAN] 858.12 40.69 3 34 34 38 1042 114.7 5.34

P00352 Retinal dehydrogenase 1 OS=Homo sapiens GN=ALDH1A1 PE=1 SV=2 - [AL1A1_HUMAN] 855.79 66.47 2 22 24 31 501 54.8 6.73

P54652 Heat shock-related 70 kDa protein 2 OS=Homo sapiens GN=HSPA2 PE=1 SV=1 - [HSP72_HUMAN] 848.32 23.32 1 1 15 24 639 70.0 5.74

P68366 Tubulin alpha-4A chain OS=Homo sapiens GN=TUBA4A PE=1 SV=1 - [TBA4A_HUMAN] 847.70 51.34 3 4 19 30 448 49.9 5.06

P35221 Catenin alpha-1 OS=Homo sapiens GN=CTNNA1 PE=1 SV=1 - [CTNA1_HUMAN] 843.52 47.13 3 30 30 35 906 100.0 6.29

P47897 Glutamine--tRNA ligase OS=Homo sapiens GN=QARS PE=1 SV=1 - [SYQ_HUMAN] 831.84 46.71 1 31 31 33 775 87.7 7.15

Q92598 Heat shock protein 105 kDa OS=Homo sapiens GN=HSPH1 PE=1 SV=1 - [HS105_HUMAN] 818.89 50.12 3 30 32 34 858 96.8 5.39

P13647 Keratin, type II cytoskeletal 5 OS=Homo sapiens GN=KRT5 PE=1 SV=3 - [K2C5_HUMAN] 815.64 46.61 2 17 32 42 590 62.3 7.74

Q13740 CD166 antigen OS=Homo sapiens GN=ALCAM PE=1 SV=2 - [CD166_HUMAN] 804.27 48.03 1 22 22 30 583 65.1 6.25

P22695 Cytochrome b-c1 complex subunit 2, mitochondrial OS=Homo sapiens GN=UQCRC2 PE=1 SV=3 - [QCR2_HUMAN] 798.16 60.04 1 16 16 22 453 48.4 8.63

P07339 Cathepsin D OS=Homo sapiens GN=CTSD PE=1 SV=1 - [CATD_HUMAN] 794.51 70.15 1 20 20 38 412 44.5 6.54

P78347 General transcription factor II-I OS=Homo sapiens GN=GTF2I PE=1 SV=2 - [GTF2I_HUMAN] 792.63 46.79 3 33 33 39 998 112.3 6.39

Q9HCC0 Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial OS=Homo sapiens GN=MCCC2 PE=1 SV=1 - [MCCB_HUMAN] 787.29 65.72 1 25 25 29 563 61.3 7.68

P49321 Nuclear autoantigenic sperm protein OS=Homo sapiens GN=NASP PE=1 SV=2 - [NASP_HUMAN] 753.72 32.74 1 17 17 23 788 85.2 4.30

Q9P2E9 Ribosome-binding protein 1 OS=Homo sapiens GN=RRBP1 PE=1 SV=4 - [RRBP1_HUMAN] 752.85 24.61 2 28 28 32 1410 152.4 8.60
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P61978 Heterogeneous nuclear ribonucleoprotein K OS=Homo sapiens GN=HNRNPK PE=1 SV=1 - [HNRPK_HUMAN] 750.69 59.61 1 21 21 29 463 50.9 5.54

P68104 Elongation factor 1-alpha 1 OS=Homo sapiens GN=EEF1A1 PE=1 SV=1 - [EF1A1_HUMAN] 749.89 56.28 3 19 19 35 462 50.1 9.01

Q13263 Transcription intermediary factor 1-beta OS=Homo sapiens GN=TRIM28 PE=1 SV=5 - [TIF1B_HUMAN] 748.84 49.70 2 23 23 32 835 88.5 5.77

Q9H0U4 Ras-related protein Rab-1B OS=Homo sapiens GN=RAB1B PE=1 SV=1 - [RAB1B_HUMAN] 741.01 70.65 11 4 12 28 201 22.2 5.73

P17987 T-complex protein 1 subunit alpha OS=Homo sapiens GN=TCP1 PE=1 SV=1 - [TCPA_HUMAN] 735.49 69.42 1 24 24 31 556 60.3 6.11

P50991 T-complex protein 1 subunit delta OS=Homo sapiens GN=CCT4 PE=1 SV=4 - [TCPD_HUMAN] 730.92 63.82 1 25 26 32 539 57.9 7.83

Q13813 Spectrin alpha chain, non-erythrocytic 1 OS=Homo sapiens GN=SPTAN1 PE=1 SV=3 - [SPTN1_HUMAN] 723.21 17.72 1 34 34 34 2472 284.4 5.35

P56199 Integrin alpha-1 OS=Homo sapiens GN=ITGA1 PE=1 SV=2 - [ITA1_HUMAN] 722.94 26.46 2 24 24 25 1179 130.8 6.29

P08758 Annexin A5 OS=Homo sapiens GN=ANXA5 PE=1 SV=2 - [ANXA5_HUMAN] 709.56 66.56 1 17 17 23 320 35.9 5.05

P49411 Elongation factor Tu, mitochondrial OS=Homo sapiens GN=TUFM PE=1 SV=2 - [EFTU_HUMAN] 708.42 73.23 1 26 26 32 452 49.5 7.61

P08865 40S ribosomal protein SA OS=Homo sapiens GN=RPSA PE=1 SV=4 - [RSSA_HUMAN] 705.16 53.56 1 14 14 22 295 32.8 4.87

P19338 Nucleolin OS=Homo sapiens GN=NCL PE=1 SV=3 - [NUCL_HUMAN] 701.60 29.44 1 20 20 24 710 76.6 4.70

P14923 Junction plakoglobin OS=Homo sapiens GN=JUP PE=1 SV=3 - [PLAK_HUMAN] 699.75 43.22 1 18 22 28 745 81.7 6.14

Q04695 Keratin, type I cytoskeletal 17 OS=Homo sapiens GN=KRT17 PE=1 SV=2 - [K1C17_HUMAN] 697.22 48.61 8 10 21 26 432 48.1 5.02

P08727 Keratin, type I cytoskeletal 19 OS=Homo sapiens GN=KRT19 PE=1 SV=4 - [K1C19_HUMAN] 696.17 57.25 7 13 23 30 400 44.1 5.14

P14314 Glucosidase 2 subunit beta OS=Homo sapiens GN=PRKCSH PE=1 SV=2 - [GLU2B_HUMAN] 683.64 54.92 1 20 21 34 528 59.4 4.41

P38606 V-type proton ATPase catalytic subunit A OS=Homo sapiens GN=ATP6V1A PE=1 SV=2 - [VATA_HUMAN] 681.52 56.40 1 25 25 29 617 68.3 5.52

P06733 Alpha-enolase OS=Homo sapiens GN=ENO1 PE=1 SV=2 - [ENOA_HUMAN] 676.77 55.53 3 21 21 24 434 47.1 7.39

P13667 Protein disulfide-isomerase A4 OS=Homo sapiens GN=PDIA4 PE=1 SV=2 - [PDIA4_HUMAN] 674.35 44.19 1 26 26 31 645 72.9 5.07

P54727 UV excision repair protein RAD23 homolog B OS=Homo sapiens GN=RAD23B PE=1 SV=1 - [RD23B_HUMAN] 672.43 58.68 1 16 18 28 409 43.1 4.84

P33992 DNA replication licensing factor MCM5 OS=Homo sapiens GN=MCM5 PE=1 SV=5 - [MCM5_HUMAN] 671.85 44.28 1 23 23 28 734 82.2 8.37

Q16851 UTP--glucose-1-phosphate uridylyltransferase OS=Homo sapiens GN=UGP2 PE=1 SV=5 - [UGPA_HUMAN] 658.42 56.69 1 22 22 27 508 56.9 8.15

Q00610 Clathrin heavy chain 1 OS=Homo sapiens GN=CLTC PE=1 SV=5 - [CLH1_HUMAN] 657.47 30.33 2 30 30 30 1675 191.5 5.69

P30101 Protein disulfide-isomerase A3 OS=Homo sapiens GN=PDIA3 PE=1 SV=4 - [PDIA3_HUMAN] 653.00 51.09 1 23 23 29 505 56.7 6.35

P31946 14-3-3 protein beta/alpha OS=Homo sapiens GN=YWHAB PE=1 SV=3 - [1433B_HUMAN] 652.46 70.73 1 7 16 30 246 28.1 4.83

P26640 Valine--tRNA ligase OS=Homo sapiens GN=VARS PE=1 SV=4 - [SYVC_HUMAN] 650.34 31.49 1 27 27 28 1264 140.4 7.59

P31040 Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial OS=Homo sapiens GN=SDHA PE=1 SV=2 - [DHSA_HUMAN] 648.92 55.42 1 22 22 26 664 72.6 7.39

P07602 Proactivator polypeptide OS=Homo sapiens GN=PSAP PE=1 SV=2 - [SAP_HUMAN] 645.33 58.40 1 24 24 56 524 58.1 5.17

P50895 Basal cell adhesion molecule OS=Homo sapiens GN=BCAM PE=1 SV=2 - [BCAM_HUMAN] 642.06 46.34 1 19 19 23 628 67.4 5.81

P02545 Prelamin-A/C OS=Homo sapiens GN=LMNA PE=1 SV=1 - [LMNA_HUMAN] 636.67 38.25 1 23 23 26 664 74.1 7.02

P05091 Aldehyde dehydrogenase, mitochondrial OS=Homo sapiens GN=ALDH2 PE=1 SV=2 - [ALDH2_HUMAN] 632.00 54.16 2 22 24 28 517 56.3 7.05

P13674 Prolyl 4-hydroxylase subunit alpha-1 OS=Homo sapiens GN=P4HA1 PE=1 SV=2 - [P4HA1_HUMAN] 627.47 52.62 1 21 21 26 534 61.0 6.01

P62820 Ras-related protein Rab-1A OS=Homo sapiens GN=RAB1A PE=1 SV=3 - [RAB1A_HUMAN] 624.73 71.22 10 4 12 20 205 22.7 6.21

Q01082 Spectrin beta chain, non-erythrocytic 1 OS=Homo sapiens GN=SPTBN1 PE=1 SV=2 - [SPTB2_HUMAN] 615.84 17.89 2 30 30 30 2364 274.4 5.57

P68032 Actin, alpha cardiac muscle 1 OS=Homo sapiens GN=ACTC1 PE=1 SV=1 - [ACTC_HUMAN] 612.80 36.34 5 2 13 28 377 42.0 5.39

Q9BUF5 Tubulin beta-6 chain OS=Homo sapiens GN=TUBB6 PE=1 SV=1 - [TBB6_HUMAN] 612.76 41.93 1 4 13 21 446 49.8 4.88

P48643 T-complex protein 1 subunit epsilon OS=Homo sapiens GN=CCT5 PE=1 SV=1 - [TCPE_HUMAN] 609.08 54.34 1 19 20 26 541 59.6 5.66

Q9Y230 RuvB-like 2 OS=Homo sapiens GN=RUVBL2 PE=1 SV=3 - [RUVB2_HUMAN] 607.67 46.22 1 16 16 18 463 51.1 5.64

Q9Y265 RuvB-like 1 OS=Homo sapiens GN=RUVBL1 PE=1 SV=1 - [RUVB1_HUMAN] 607.01 65.79 1 20 20 24 456 50.2 6.42

O75390 Citrate synthase, mitochondrial OS=Homo sapiens GN=CS PE=1 SV=2 - [CISY_HUMAN] 601.97 47.21 1 17 17 29 466 51.7 8.32

Q5JRA6 Melanoma inhibitory activity protein 3 OS=Homo sapiens GN=MIA3 PE=1 SV=1 - [MIA3_HUMAN] 601.54 20.24 1 25 25 27 1907 213.6 4.84

P63244 Guanine nucleotide-binding protein subunit beta-2-like 1 OS=Homo sapiens GN=GNB2L1 PE=1 SV=3 - [GBLP_HUMAN] 600.81 70.66 1 15 15 18 317 35.1 7.69

P55084 Trifunctional enzyme subunit beta, mitochondrial OS=Homo sapiens GN=HADHB PE=1 SV=3 - [ECHB_HUMAN] 600.29 60.55 1 23 23 29 474 51.3 9.41

P04075 Fructose-bisphosphate aldolase A OS=Homo sapiens GN=ALDOA PE=1 SV=2 - [ALDOA_HUMAN] 597.92 74.45 2 19 21 24 364 39.4 8.09

P27348 14-3-3 protein theta OS=Homo sapiens GN=YWHAQ PE=1 SV=1 - [1433T_HUMAN] 592.21 73.47 1 11 17 26 245 27.7 4.78

Q10567 AP-1 complex subunit beta-1 OS=Homo sapiens GN=AP1B1 PE=1 SV=2 - [AP1B1_HUMAN] 591.18 31.40 1 13 22 23 949 104.6 5.06

Q04917 14-3-3 protein eta OS=Homo sapiens GN=YWHAH PE=1 SV=4 - [1433F_HUMAN] 590.78 60.57 2 13 17 24 246 28.2 4.84

P60842 Eukaryotic initiation factor 4A-I OS=Homo sapiens GN=EIF4A1 PE=1 SV=1 - [IF4A1_HUMAN] 589.59 56.65 1 8 17 22 406 46.1 5.48

Q8N163 DBIRD complex subunit KIAA1967 OS=Homo sapiens GN=KIAA1967 PE=1 SV=2 - [K1967_HUMAN] 588.18 36.62 1 21 21 21 923 102.8 5.22

O95831 Apoptosis-inducing factor 1, mitochondrial OS=Homo sapiens GN=AIFM1 PE=1 SV=1 - [AIFM1_HUMAN] 587.04 40.13 1 20 20 24 613 66.9 8.95
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P40926 Malate dehydrogenase, mitochondrial OS=Homo sapiens GN=MDH2 PE=1 SV=3 - [MDHM_HUMAN] 586.95 48.82 1 12 12 17 338 35.5 8.68

Q16531 DNA damage-binding protein 1 OS=Homo sapiens GN=DDB1 PE=1 SV=1 - [DDB1_HUMAN] 585.29 32.63 1 26 26 26 1140 126.9 5.26

Q07021 Complement component 1 Q subcomponent-binding protein, mitochondrial OS=Homo sapiens GN=C1QBP PE=1 SV=1 - [C1QBP_HUMAN] 579.15 52.84 1 9 9 18 282 31.3 4.84

P17301 Integrin alpha-2 OS=Homo sapiens GN=ITGA2 PE=1 SV=1 - [ITA2_HUMAN] 573.88 29.38 1 24 24 26 1181 129.2 5.31

Q9HDC9 Adipocyte plasma membrane-associated protein OS=Homo sapiens GN=APMAP PE=1 SV=2 - [APMAP_HUMAN] 573.64 54.57 1 18 18 24 416 46.5 6.16

P02753 Retinol-binding protein 4 OS=Homo sapiens GN=RBP4 PE=1 SV=3 - [RET4_HUMAN] 569.61 72.64 1 10 10 18 201 23.0 6.07

P61019 Ras-related protein Rab-2A OS=Homo sapiens GN=RAB2A PE=1 SV=1 - [RAB2A_HUMAN] 568.14 67.45 2 13 13 16 212 23.5 6.54

P49368 T-complex protein 1 subunit gamma OS=Homo sapiens GN=CCT3 PE=1 SV=4 - [TCPG_HUMAN] 559.98 49.91 2 21 21 25 545 60.5 6.49

Q96HY6 DDRGK domain-containing protein 1 OS=Homo sapiens GN=DDRGK1 PE=1 SV=2 - [DDRGK_HUMAN] 543.86 45.54 1 8 8 13 314 35.6 5.12

Q9Y678 Coatomer subunit gamma-1 OS=Homo sapiens GN=COPG1 PE=1 SV=1 - [COPG1_HUMAN] 540.49 38.90 2 22 22 22 874 97.7 5.47

P48047 ATP synthase subunit O, mitochondrial OS=Homo sapiens GN=ATP5O PE=1 SV=1 - [ATPO_HUMAN] 539.04 66.67 1 12 12 17 213 23.3 9.96

P36542 ATP synthase subunit gamma, mitochondrial OS=Homo sapiens GN=ATP5C1 PE=1 SV=1 - [ATPG_HUMAN] 535.47 42.62 1 11 11 16 298 33.0 9.22

P23284 Peptidyl-prolyl cis-trans isomerase B OS=Homo sapiens GN=PPIB PE=1 SV=2 - [PPIB_HUMAN] 530.76 60.65 1 17 17 22 216 23.7 9.41

Q14152 Eukaryotic translation initiation factor 3 subunit A OS=Homo sapiens GN=EIF3A PE=1 SV=1 - [EIF3A_HUMAN] 523.94 20.26 1 29 29 29 1382 166.5 6.79

Q99832 T-complex protein 1 subunit eta OS=Homo sapiens GN=CCT7 PE=1 SV=2 - [TCPH_HUMAN] 520.37 53.04 1 18 18 22 543 59.3 7.65

P51659 Peroxisomal multifunctional enzyme type 2 OS=Homo sapiens GN=HSD17B4 PE=1 SV=3 - [DHB4_HUMAN] 519.41 28.67 1 17 17 17 736 79.6 8.84

P16278 Beta-galactosidase OS=Homo sapiens GN=GLB1 PE=1 SV=2 - [BGAL_HUMAN] 517.18 33.83 2 15 15 17 677 76.0 6.57

Q10713 Mitochondrial-processing peptidase subunit alpha OS=Homo sapiens GN=PMPCA PE=1 SV=2 - [MPPA_HUMAN] 516.75 37.33 1 14 14 15 525 58.2 6.92

Q99613 Eukaryotic translation initiation factor 3 subunit C OS=Homo sapiens GN=EIF3C PE=1 SV=1 - [EIF3C_HUMAN] 514.04 30.67 2 19 19 21 913 105.3 5.68

P61981 14-3-3 protein gamma OS=Homo sapiens GN=YWHAG PE=1 SV=2 - [1433G_HUMAN] 512.92 53.44 1 8 14 24 247 28.3 4.89

Q99497 Protein DJ-1 OS=Homo sapiens GN=PARK7 PE=1 SV=2 - [PARK7_HUMAN] 503.60 80.95 1 14 14 23 189 19.9 6.79

P50395 Rab GDP dissociation inhibitor beta OS=Homo sapiens GN=GDI2 PE=1 SV=2 - [GDIB_HUMAN] 500.89 57.53 2 20 20 23 445 50.6 6.47

P42704 Leucine-rich PPR motif-containing protein, mitochondrial OS=Homo sapiens GN=LRPPRC PE=1 SV=3 - [LPPRC_HUMAN] 499.82 25.39 1 27 27 28 1394 157.8 6.13

P40227 T-complex protein 1 subunit zeta OS=Homo sapiens GN=CCT6A PE=1 SV=3 - [TCPZ_HUMAN] 496.94 47.65 2 20 20 23 531 58.0 6.68

P52272 Heterogeneous nuclear ribonucleoprotein M OS=Homo sapiens GN=HNRNPM PE=1 SV=3 - [HNRPM_HUMAN] 496.49 36.16 1 20 20 22 730 77.5 8.70

Q02818 Nucleobindin-1 OS=Homo sapiens GN=NUCB1 PE=1 SV=4 - [NUCB1_HUMAN] 495.56 44.25 1 17 18 21 461 53.8 5.25

Q15067 Peroxisomal acyl-coenzyme A oxidase 1 OS=Homo sapiens GN=ACOX1 PE=1 SV=3 - [ACOX1_HUMAN] 493.74 49.24 1 19 19 20 660 74.4 8.16

Q15165 Serum paraoxonase/arylesterase 2 OS=Homo sapiens GN=PON2 PE=1 SV=3 - [PON2_HUMAN] 492.37 78.53 1 16 16 24 354 39.4 5.60

P30533 Alpha-2-macroglobulin receptor-associated protein OS=Homo sapiens GN=LRPAP1 PE=1 SV=1 - [AMRP_HUMAN] 492.22 45.66 1 18 18 20 357 41.4 8.78

P26641 Elongation factor 1-gamma OS=Homo sapiens GN=EEF1G PE=1 SV=3 - [EF1G_HUMAN] 491.25 50.34 1 18 18 26 437 50.1 6.67

P62714 Serine/threonine-protein phosphatase 2A catalytic subunit beta isoform OS=Homo sapiens GN=PPP2CB PE=1 SV=1 - [PP2AB_HUMAN] 491.09 72.82 1 1 15 18 309 35.6 5.43

Q9UHX1 Poly(U)-binding-splicing factor PUF60 OS=Homo sapiens GN=PUF60 PE=1 SV=1 - [PUF60_HUMAN] 489.09 52.59 1 19 19 25 559 59.8 5.29

P42892 Endothelin-converting enzyme 1 OS=Homo sapiens GN=ECE1 PE=1 SV=2 - [ECE1_HUMAN] 486.93 32.21 1 19 19 22 770 87.1 5.88

P48681 Nestin OS=Homo sapiens GN=NES PE=1 SV=2 - [NEST_HUMAN] 486.39 16.84 1 20 20 20 1621 177.3 4.36

P31943 Heterogeneous nuclear ribonucleoprotein H OS=Homo sapiens GN=HNRNPH1 PE=1 SV=4 - [HNRH1_HUMAN] 482.43 42.98 2 7 13 19 449 49.2 6.30

Q13561 Dynactin subunit 2 OS=Homo sapiens GN=DCTN2 PE=1 SV=4 - [DCTN2_HUMAN] 482.10 49.63 1 14 14 16 401 44.2 5.21

P67775 Serine/threonine-protein phosphatase 2A catalytic subunit alpha isoform OS=Homo sapiens GN=PPP2CA PE=1 SV=1 - [PP2AA_HUMAN] 481.63 72.82 1 1 15 18 309 35.6 5.54

P30084 Enoyl-CoA hydratase, mitochondrial OS=Homo sapiens GN=ECHS1 PE=1 SV=4 - [ECHM_HUMAN] 480.88 61.38 1 14 14 19 290 31.4 8.07

P27797 Calreticulin OS=Homo sapiens GN=CALR PE=1 SV=1 - [CALR_HUMAN] 479.09 68.35 1 17 17 32 417 48.1 4.44

P02649 Apolipoprotein E OS=Homo sapiens GN=APOE PE=1 SV=1 - [APOE_HUMAN] 478.17 50.47 1 15 15 17 317 36.1 5.73

O43747 AP-1 complex subunit gamma-1 OS=Homo sapiens GN=AP1G1 PE=1 SV=5 - [AP1G1_HUMAN] 475.81 37.47 2 23 23 24 822 91.3 6.80

O43490 Prominin-1 OS=Homo sapiens GN=PROM1 PE=1 SV=1 - [PROM1_HUMAN] 470.37 25.66 1 14 14 16 865 97.1 7.27

P35606 Coatomer subunit beta' OS=Homo sapiens GN=COPB2 PE=1 SV=2 - [COPB2_HUMAN] 463.32 30.24 1 18 18 19 906 102.4 5.27

P39656 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase 48 kDa subunit OS=Homo sapiens GN=DDOST PE=1 SV=4 - [OST48_HUMAN] 457.60 44.30 1 14 14 18 456 50.8 6.55

P23229 Integrin alpha-6 OS=Homo sapiens GN=ITGA6 PE=1 SV=5 - [ITA6_HUMAN] 456.49 26.81 1 22 22 23 1130 126.5 6.61

P62491 Ras-related protein Rab-11A OS=Homo sapiens GN=RAB11A PE=1 SV=3 - [RB11A_HUMAN] 454.56 44.44 1 1 7 12 216 24.4 6.57

P09327 Villin-1 OS=Homo sapiens GN=VIL1 PE=1 SV=4 - [VILI_HUMAN] 453.04 33.98 2 22 22 23 827 92.6 6.39

Q9Y262 Eukaryotic translation initiation factor 3 subunit L OS=Homo sapiens GN=EIF3L PE=1 SV=1 - [EIF3L_HUMAN] 448.91 30.32 1 14 14 15 564 66.7 6.34

Q9UHG3 Prenylcysteine oxidase 1 OS=Homo sapiens GN=PCYOX1 PE=1 SV=3 - [PCYOX_HUMAN] 448.55 41.78 1 16 16 16 505 56.6 6.18

Q05682 Caldesmon OS=Homo sapiens GN=CALD1 PE=1 SV=3 - [CALD1_HUMAN] 445.94 18.92 1 11 11 11 793 93.2 5.66
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P19823 Inter-alpha-trypsin inhibitor heavy chain H2 OS=Homo sapiens GN=ITIH2 PE=1 SV=2 - [ITIH2_HUMAN] 444.58 30.76 1 22 22 24 946 106.4 6.86

P46777 60S ribosomal protein L5 OS=Homo sapiens GN=RPL5 PE=1 SV=3 - [RL5_HUMAN] 444.57 51.52 1 12 12 19 297 34.3 9.72

P53618 Coatomer subunit beta OS=Homo sapiens GN=COPB1 PE=1 SV=3 - [COPB_HUMAN] 438.73 28.86 1 17 17 18 953 107.1 6.05

P55884 Eukaryotic translation initiation factor 3 subunit B OS=Homo sapiens GN=EIF3B PE=1 SV=3 - [EIF3B_HUMAN] 438.26 34.77 1 19 19 21 814 92.4 5.00

P21796 Voltage-dependent anion-selective channel protein 1 OS=Homo sapiens GN=VDAC1 PE=1 SV=2 - [VDAC1_HUMAN] 438.11 62.90 1 10 11 13 283 30.8 8.54

Q14203 Dynactin subunit 1 OS=Homo sapiens GN=DCTN1 PE=1 SV=3 - [DCTN1_HUMAN] 437.47 15.73 3 15 16 17 1278 141.6 5.81

Q15393 Splicing factor 3B subunit 3 OS=Homo sapiens GN=SF3B3 PE=1 SV=4 - [SF3B3_HUMAN] 437.23 25.47 1 19 19 19 1217 135.5 5.26

P07355 Annexin A2 OS=Homo sapiens GN=ANXA2 PE=1 SV=2 - [ANXA2_HUMAN] 432.76 52.51 2 15 15 17 339 38.6 7.75

O43615 Mitochondrial import inner membrane translocase subunit TIM44 OS=Homo sapiens GN=TIMM44 PE=1 SV=2 - [TIM44_HUMAN] 431.48 28.76 1 12 12 13 452 51.3 8.32

Q9UJZ1 Stomatin-like protein 2, mitochondrial OS=Homo sapiens GN=STOML2 PE=1 SV=1 - [STML2_HUMAN] 429.45 48.31 1 13 13 15 356 38.5 7.39

P15144 Aminopeptidase N OS=Homo sapiens GN=ANPEP PE=1 SV=4 - [AMPN_HUMAN] 428.81 28.13 1 22 22 24 967 109.5 5.48

Q99714 3-hydroxyacyl-CoA dehydrogenase type-2 OS=Homo sapiens GN=HSD17B10 PE=1 SV=3 - [HCD2_HUMAN] 428.66 78.93 1 11 11 15 261 26.9 7.78

Q9H0D6 5'-3' exoribonuclease 2 OS=Homo sapiens GN=XRN2 PE=1 SV=1 - [XRN2_HUMAN] 427.35 39.16 2 22 22 23 950 108.5 7.47

Q99536 Synaptic vesicle membrane protein VAT-1 homolog OS=Homo sapiens GN=VAT1 PE=1 SV=2 - [VAT1_HUMAN] 425.80 45.80 2 12 12 13 393 41.9 6.29

P42126 Enoyl-CoA delta isomerase 1, mitochondrial OS=Homo sapiens GN=ECI1 PE=1 SV=1 - [ECI1_HUMAN] 425.52 54.30 1 12 12 16 302 32.8 8.54

P61106 Ras-related protein Rab-14 OS=Homo sapiens GN=RAB14 PE=1 SV=4 - [RAB14_HUMAN] 423.65 53.95 8 9 10 15 215 23.9 6.21

P49257 Protein ERGIC-53 OS=Homo sapiens GN=LMAN1 PE=1 SV=2 - [LMAN1_HUMAN] 422.97 41.96 1 13 14 20 510 57.5 6.77

O00469 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 OS=Homo sapiens GN=PLOD2 PE=1 SV=2 - [PLOD2_HUMAN] 420.05 29.44 1 17 17 17 737 84.6 6.71

Q9UMX0 Ubiquilin-1 OS=Homo sapiens GN=UBQLN1 PE=1 SV=2 - [UBQL1_HUMAN] 418.58 30.22 1 6 10 15 589 62.5 5.11

P51148 Ras-related protein Rab-5C OS=Homo sapiens GN=RAB5C PE=1 SV=2 - [RAB5C_HUMAN] 416.52 48.15 2 5 7 12 216 23.5 8.41

P48449 Lanosterol synthase OS=Homo sapiens GN=LSS PE=1 SV=1 - [ERG7_HUMAN] 416.21 27.60 1 16 16 17 732 83.3 6.61

Q07065 Cytoskeleton-associated protein 4 OS=Homo sapiens GN=CKAP4 PE=1 SV=2 - [CKAP4_HUMAN] 416.06 34.88 2 17 17 18 602 66.0 5.92

P50502 Hsc70-interacting protein OS=Homo sapiens GN=ST13 PE=1 SV=2 - [F10A1_HUMAN] 414.83 25.47 3 9 9 13 369 41.3 5.27

P00533 Epidermal growth factor receptor OS=Homo sapiens GN=EGFR PE=1 SV=2 - [EGFR_HUMAN] 413.83 17.44 3 16 16 16 1210 134.2 6.68

P23786 Carnitine O-palmitoyltransferase 2, mitochondrial OS=Homo sapiens GN=CPT2 PE=1 SV=2 - [CPT2_HUMAN] 412.61 29.79 1 18 18 18 658 73.7 8.18

P67936 Tropomyosin alpha-4 chain OS=Homo sapiens GN=TPM4 PE=1 SV=3 - [TPM4_HUMAN] 412.50 37.90 1 6 11 13 248 28.5 4.69

P11940 Polyadenylate-binding protein 1 OS=Homo sapiens GN=PABPC1 PE=1 SV=2 - [PABP1_HUMAN] 412.21 31.13 4 10 15 20 636 70.6 9.50

O96008 Mitochondrial import receptor subunit TOM40 homolog OS=Homo sapiens GN=TOMM40 PE=1 SV=1 - [TOM40_HUMAN] 408.53 48.48 1 11 11 16 361 37.9 7.25

P06748 Nucleophosmin OS=Homo sapiens GN=NPM1 PE=1 SV=2 - [NPM_HUMAN] 408.32 31.29 1 7 7 13 294 32.6 4.78

P45954 Short/branched chain specific acyl-CoA dehydrogenase, mitochondrial OS=Homo sapiens GN=ACADSB PE=1 SV=1 - [ACDSB_HUMAN] 406.45 49.31 1 14 14 15 432 47.5 6.99

P11177 Pyruvate dehydrogenase E1 component subunit beta, mitochondrial OS=Homo sapiens GN=PDHB PE=1 SV=3 - [ODPB_HUMAN] 403.39 45.68 1 13 13 13 359 39.2 6.65

P13804 Electron transfer flavoprotein subunit alpha, mitochondrial OS=Homo sapiens GN=ETFA PE=1 SV=1 - [ETFA_HUMAN] 402.80 57.06 1 12 12 14 333 35.1 8.38

P29692 Elongation factor 1-delta OS=Homo sapiens GN=EEF1D PE=1 SV=5 - [EF1D_HUMAN] 402.20 53.74 1 11 11 12 281 31.1 5.01

O75153 Clustered mitochondria protein homolog OS=Homo sapiens GN=CLUH PE=1 SV=2 - [CLU_HUMAN] 400.83 25.74 2 22 22 23 1309 146.6 6.13

P02675 Fibrinogen beta chain OS=Homo sapiens GN=FGB PE=1 SV=2 - [FIBB_HUMAN] 400.32 48.88 1 16 16 17 491 55.9 8.27

P08195 4F2 cell-surface antigen heavy chain OS=Homo sapiens GN=SLC3A2 PE=1 SV=3 - [4F2_HUMAN] 400.31 38.10 1 17 17 20 630 68.0 5.01

P19013 Keratin, type II cytoskeletal 4 OS=Homo sapiens GN=KRT4 PE=1 SV=4 - [K2C4_HUMAN] 399.99 6.93 2 2 6 13 534 57.2 6.61

P20020 Plasma membrane calcium-transporting ATPase 1 OS=Homo sapiens GN=ATP2B1 PE=1 SV=3 - [AT2B1_HUMAN] 399.28 18.60 4 16 16 20 1258 138.7 6.04

P00367 Glutamate dehydrogenase 1, mitochondrial OS=Homo sapiens GN=GLUD1 PE=1 SV=2 - [DHE3_HUMAN] 398.75 43.73 2 18 18 20 558 61.4 7.80

Q15365 Poly(rC)-binding protein 1 OS=Homo sapiens GN=PCBP1 PE=1 SV=2 - [PCBP1_HUMAN] 398.57 67.13 2 10 13 16 356 37.5 7.09

P51149 Ras-related protein Rab-7a OS=Homo sapiens GN=RAB7A PE=1 SV=1 - [RAB7A_HUMAN] 398.51 70.05 1 14 14 16 207 23.5 6.70

P26599 Polypyrimidine tract-binding protein 1 OS=Homo sapiens GN=PTBP1 PE=1 SV=1 - [PTBP1_HUMAN] 397.53 33.33 3 11 11 12 531 57.2 9.17

P12268 Inosine-5'-monophosphate dehydrogenase 2 OS=Homo sapiens GN=IMPDH2 PE=1 SV=2 - [IMDH2_HUMAN] 394.88 42.02 1 14 14 17 514 55.8 6.90

Q5JTV8 Torsin-1A-interacting protein 1 OS=Homo sapiens GN=TOR1AIP1 PE=1 SV=2 - [TOIP1_HUMAN] 393.57 31.56 1 12 12 13 583 66.2 8.18

P60228 Eukaryotic translation initiation factor 3 subunit E OS=Homo sapiens GN=EIF3E PE=1 SV=1 - [EIF3E_HUMAN] 392.91 40.00 1 14 14 15 445 52.2 6.04

O43852 Calumenin OS=Homo sapiens GN=CALU PE=1 SV=2 - [CALU_HUMAN] 391.97 64.13 1 15 15 20 315 37.1 4.64

P54578 Ubiquitin carboxyl-terminal hydrolase 14 OS=Homo sapiens GN=USP14 PE=1 SV=3 - [UBP14_HUMAN] 389.60 34.62 1 11 11 12 494 56.0 5.30

P05198 Eukaryotic translation initiation factor 2 subunit 1 OS=Homo sapiens GN=EIF2S1 PE=1 SV=3 - [IF2A_HUMAN] 389.32 57.78 1 14 14 16 315 36.1 5.08

O43491 Band 4.1-like protein 2 OS=Homo sapiens GN=EPB41L2 PE=1 SV=1 - [E41L2_HUMAN] 388.86 24.38 3 20 20 20 1005 112.5 5.44

Q15436 Protein transport protein Sec23A OS=Homo sapiens GN=SEC23A PE=1 SV=2 - [SC23A_HUMAN] 388.26 31.63 1 14 16 16 765 86.1 7.08
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Accession Description Score Coverage # Proteins# Unique Peptide# Peptides # PSMs # AAs MW [kDa] calc. pI

P04264 Keratin, type II cytoskeletal 1 OS=Homo sapiens GN=KRT1 PE=1 SV=6 - [K2C1_HUMAN] 825.81 38.20 3 18 20 31 644 66.0 8.12

P13645 Keratin, type I cytoskeletal 10 OS=Homo sapiens GN=KRT10 PE=1 SV=6 - [K1C10_HUMAN] 786.17 45.55 18 20 23 31 584 58.8 5.21

P06576 ATP synthase subunit beta, mitochondrial OS=Homo sapiens GN=ATP5B PE=1 SV=3 - [ATPB_HUMAN] 764.85 73.72 1 23 23 45 529 56.5 5.40

P11021 78 kDa glucose-regulated protein OS=Homo sapiens GN=HSPA5 PE=1 SV=2 - [GRP78_HUMAN] 762.36 51.22 1 20 22 30 654 72.3 5.16

P10809 60 kDa heat shock protein, mitochondrial OS=Homo sapiens GN=HSPD1 PE=1 SV=2 - [CH60_HUMAN] 568.79 38.22 1 16 16 22 573 61.0 5.87

P25705 ATP synthase subunit alpha, mitochondrial OS=Homo sapiens GN=ATP5A1 PE=1 SV=1 - [ATPA_HUMAN] 528.21 52.62 1 21 21 24 553 59.7 9.13

P35908 Keratin, type II cytoskeletal 2 epidermal OS=Homo sapiens GN=KRT2 PE=1 SV=2 - [K22E_HUMAN] 517.31 37.87 8 15 20 23 639 65.4 8.00

P11142 Heat shock cognate 71 kDa protein OS=Homo sapiens GN=HSPA8 PE=1 SV=1 - [HSP7C_HUMAN] 516.62 38.85 2 18 20 21 646 70.9 5.52

P08238 Heat shock protein HSP 90-beta OS=Homo sapiens GN=HSP90AB1 PE=1 SV=4 - [HS90B_HUMAN] 413.26 31.22 5 9 17 22 724 83.2 5.03

P38646 Stress-70 protein, mitochondrial OS=Homo sapiens GN=HSPA9 PE=1 SV=2 - [GRP75_HUMAN] 370.00 26.36 1 12 12 16 679 73.6 6.16

P04844 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2 OS=Homo sapiens GN=RPN2 PE=1 SV=3 - [RPN2_HUMAN] 361.27 53.41 1 17 17 19 631 69.2 5.69

Q14697 Neutral alpha-glucosidase AB OS=Homo sapiens GN=GANAB PE=1 SV=3 - [GANAB_HUMAN] 353.85 32.63 1 18 18 21 944 106.8 6.14

P49327 Fatty acid synthase OS=Homo sapiens GN=FASN PE=1 SV=3 - [FAS_HUMAN] 339.88 14.30 1 20 20 20 2511 273.3 6.44

P14625 Endoplasmin OS=Homo sapiens GN=HSP90B1 PE=1 SV=1 - [ENPL_HUMAN] 322.88 32.88 1 19 21 22 803 92.4 4.84

P07437 Tubulin beta chain OS=Homo sapiens GN=TUBB PE=1 SV=2 - [TBB5_HUMAN] 275.54 34.68 6 4 9 10 444 49.6 4.89

P07900 Heat shock protein HSP 90-alpha OS=Homo sapiens GN=HSP90AA1 PE=1 SV=5 - [HS90A_HUMAN] 268.82 20.77 4 5 11 15 732 84.6 5.02

O15260 Surfeit locus protein 4 OS=Homo sapiens GN=SURF4 PE=1 SV=3 - [SURF4_HUMAN] 244.93 24.54 1 6 6 8 269 30.4 7.78

P04843 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 OS=Homo sapiens GN=RPN1 PE=1 SV=1 - [RPN1_HUMAN] 227.92 26.85 1 11 11 11 607 68.5 6.38

Q9NYU2 UDP-glucose:glycoprotein glucosyltransferase 1 OS=Homo sapiens GN=UGGT1 PE=1 SV=3 - [UGGG1_HUMAN] 225.75 26.75 1 21 21 21 1555 177.1 5.63

P04350 Tubulin beta-4A chain OS=Homo sapiens GN=TUBB4A PE=1 SV=2 - [TBB4A_HUMAN] 223.47 39.64 5 4 9 10 444 49.6 4.88

P21796 Voltage-dependent anion-selective channel protein 1 OS=Homo sapiens GN=VDAC1 PE=1 SV=2 - [VDAC1_HUMAN] 221.42 57.95 2 9 9 12 283 30.8 8.54

Q9Y320 Thioredoxin-related transmembrane protein 2 OS=Homo sapiens GN=TMX2 PE=1 SV=1 - [TMX2_HUMAN] 213.83 35.14 1 6 6 11 296 34.0 8.69

P68363 Tubulin alpha-1B chain OS=Homo sapiens GN=TUBA1B PE=1 SV=1 - [TBA1B_HUMAN] 211.21 26.61 9 8 8 9 451 50.1 5.06

P35527 Keratin, type I cytoskeletal 9 OS=Homo sapiens GN=KRT9 PE=1 SV=3 - [K1C9_HUMAN] 201.74 30.18 2 11 12 14 623 62.0 5.24

P10620 Microsomal glutathione S-transferase 1 OS=Homo sapiens GN=MGST1 PE=1 SV=1 - [MGST1_HUMAN] 194.73 43.87 1 4 4 5 155 17.6 9.39

P05787 Keratin, type II cytoskeletal 8 OS=Homo sapiens GN=KRT8 PE=1 SV=7 - [K2C8_HUMAN] 184.62 15.53 5 5 7 9 483 53.7 5.59

P39656 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase 48 kDa subunit OS=Homo sapiens GN=DDOST PE=1 SV=4 - [OST48_HUMAN] 178.93 27.63 1 8 8 9 456 50.8 6.55

P09211 Glutathione S-transferase P OS=Homo sapiens GN=GSTP1 PE=1 SV=2 - [GSTP1_HUMAN] 173.23 44.29 1 6 6 7 210 23.3 5.64

P00387 NADH-cytochrome b5 reductase 3 OS=Homo sapiens GN=CYB5R3 PE=1 SV=3 - [NB5R3_HUMAN] 173.15 33.89 1 7 7 8 301 34.2 7.59

P05023 Sodium/potassium-transporting ATPase subunit alpha-1 OS=Homo sapiens GN=ATP1A1 PE=1 SV=1 - [AT1A1_HUMAN] 168.26 18.28 6 12 12 13 1023 112.8 5.49

P60709 Actin, cytoplasmic 1 OS=Homo sapiens GN=ACTB PE=1 SV=1 - [ACTB_HUMAN] 165.82 38.13 12 8 8 9 375 41.7 5.48

P68104 Elongation factor 1-alpha 1 OS=Homo sapiens GN=EEF1A1 PE=1 SV=1 - [EF1A1_HUMAN] 164.97 35.93 3 10 10 11 462 50.1 9.01

P20674 Cytochrome c oxidase subunit 5A, mitochondrial OS=Homo sapiens GN=COX5A PE=1 SV=2 - [COX5A_HUMAN] 139.08 47.33 1 5 5 7 150 16.8 6.79

O75489 NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, mitochondrial OS=Homo sapiens GN=NDUFS3 PE=1 SV=1 - [NDUS3_HUMAN] 138.27 33.33 1 6 6 6 264 30.2 7.50

P14406 Cytochrome c oxidase subunit 7A2, mitochondrial OS=Homo sapiens GN=COX7A2 PE=1 SV=1 - [CX7A2_HUMAN] 129.86 40.96 1 2 2 2 83 9.4 9.76

Q14108 Lysosome membrane protein 2 OS=Homo sapiens GN=SCARB2 PE=1 SV=2 - [SCRB2_HUMAN] 120.18 12.13 1 4 4 5 478 54.3 5.14

P13647 Keratin, type II cytoskeletal 5 OS=Homo sapiens GN=KRT5 PE=1 SV=3 - [K2C5_HUMAN] 115.04 7.12 3 1 5 5 590 62.3 7.74

Q96B49 Mitochondrial import receptor subunit TOM6 homolog OS=Homo sapiens GN=TOMM6 PE=1 SV=1 - [TOM6_HUMAN] 112.76 22.97 1 1 1 2 74 8.0 4.89

Q8WTV0 Scavenger receptor class B member 1 OS=Homo sapiens GN=SCARB1 PE=1 SV=1 - [SCRB1_HUMAN] 111.33 19.20 1 7 7 7 552 60.8 8.24

P08107 Heat shock 70 kDa protein 1A/1B OS=Homo sapiens GN=HSPA1A PE=1 SV=5 - [HSP71_HUMAN] 111.16 22.62 3 9 10 10 641 70.0 5.66

P49411 Elongation factor Tu, mitochondrial OS=Homo sapiens GN=TUFM PE=1 SV=2 - [EFTU_HUMAN] 105.86 25.00 1 8 8 8 452 49.5 7.61

P08865 40S ribosomal protein SA OS=Homo sapiens GN=RPSA PE=1 SV=4 - [RSSA_HUMAN] 103.47 24.41 1 6 6 6 295 32.8 4.87

P13073 Cytochrome c oxidase subunit 4 isoform 1, mitochondrial OS=Homo sapiens GN=COX4I1 PE=1 SV=1 - [COX41_HUMAN] 103.13 17.16 1 3 3 5 169 19.6 9.51

P30048 Thioredoxin-dependent peroxide reductase, mitochondrial OS=Homo sapiens GN=PRDX3 PE=1 SV=3 - [PRDX3_HUMAN] 101.13 14.45 1 3 3 3 256 27.7 7.78

P48047 ATP synthase subunit O, mitochondrial OS=Homo sapiens GN=ATP5O PE=1 SV=1 - [ATPO_HUMAN] 100.37 44.13 1 7 7 7 213 23.3 9.96

P10606 Cytochrome c oxidase subunit 5B, mitochondrial OS=Homo sapiens GN=COX5B PE=1 SV=2 - [COX5B_HUMAN] 98.17 34.88 1 4 4 5 129 13.7 8.81

Q07065 Cytoskeleton-associated protein 4 OS=Homo sapiens GN=CKAP4 PE=1 SV=2 - [CKAP4_HUMAN] 98.04 7.64 1 3 3 3 602 66.0 5.92

P07355 Annexin A2 OS=Homo sapiens GN=ANXA2 PE=1 SV=2 - [ANXA2_HUMAN] 97.93 21.24 2 4 4 5 339 38.6 7.75

P24539 ATP synthase subunit b, mitochondrial OS=Homo sapiens GN=ATP5F1 PE=1 SV=2 - [AT5F1_HUMAN] 97.55 33.98 1 7 7 8 256 28.9 9.36
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P54709 Sodium/potassium-transporting ATPase subunit beta-3 OS=Homo sapiens GN=ATP1B3 PE=1 SV=1 - [AT1B3_HUMAN] 97.05 18.28 1 3 3 3 279 31.5 8.35

P09669 Cytochrome c oxidase subunit 6C OS=Homo sapiens GN=COX6C PE=1 SV=2 - [COX6C_HUMAN] 95.96 62.67 1 4 4 6 75 8.8 10.39

Q9BVK6 Transmembrane emp24 domain-containing protein 9 OS=Homo sapiens GN=TMED9 PE=1 SV=2 - [TMED9_HUMAN] 95.11 20.00 2 3 3 4 235 27.3 8.02

P13639 Elongation factor 2 OS=Homo sapiens GN=EEF2 PE=1 SV=4 - [EF2_HUMAN] 94.01 2.91 1 2 2 2 858 95.3 6.83

P62873 Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1 OS=Homo sapiens GN=GNB1 PE=1 SV=3 - [GBB1_HUMAN] 91.54 21.47 3 2 4 4 340 37.4 6.00

P49257 Protein ERGIC-53 OS=Homo sapiens GN=LMAN1 PE=1 SV=2 - [LMAN1_HUMAN] 91.36 14.12 1 4 4 4 510 57.5 6.77

P10599 Thioredoxin OS=Homo sapiens GN=TXN PE=1 SV=3 - [THIO_HUMAN] 90.08 38.10 1 3 3 3 105 11.7 4.92

P30049 ATP synthase subunit delta, mitochondrial OS=Homo sapiens GN=ATP5D PE=1 SV=2 - [ATPD_HUMAN] 89.71 26.19 1 2 2 2 168 17.5 5.49

Q9H0U4 Ras-related protein Rab-1B OS=Homo sapiens GN=RAB1B PE=1 SV=1 - [RAB1B_HUMAN] 89.57 33.33 20 4 5 7 201 22.2 5.73

P05783 Keratin, type I cytoskeletal 18 OS=Homo sapiens GN=KRT18 PE=1 SV=2 - [K1C18_HUMAN] 89.54 14.42 10 4 5 5 430 48.0 5.45

Q99714 3-hydroxyacyl-CoA dehydrogenase type-2 OS=Homo sapiens GN=HSD17B10 PE=1 SV=3 - [HCD2_HUMAN] 89.41 30.65 1 4 4 4 261 26.9 7.78

O75964 ATP synthase subunit g, mitochondrial OS=Homo sapiens GN=ATP5L PE=1 SV=3 - [ATP5L_HUMAN] 87.66 62.14 1 4 4 5 103 11.4 9.64

Q15041 ADP-ribosylation factor-like protein 6-interacting protein 1 OS=Homo sapiens GN=ARL6IP1 PE=1 SV=2 - [AR6P1_HUMAN] 85.56 18.72 1 2 2 2 203 23.3 9.32

P15954 Cytochrome c oxidase subunit 7C, mitochondrial OS=Homo sapiens GN=COX7C PE=1 SV=1 - [COX7C_HUMAN] 83.76 41.27 1 2 2 3 63 7.2 10.27

P14314 Glucosidase 2 subunit beta OS=Homo sapiens GN=PRKCSH PE=1 SV=2 - [GLU2B_HUMAN] 82.81 6.82 1 4 4 4 528 59.4 4.41

P62491 Ras-related protein Rab-11A OS=Homo sapiens GN=RAB11A PE=1 SV=3 - [RB11A_HUMAN] 82.41 23.61 2 3 3 3 216 24.4 6.57

P12273 Prolactin-inducible protein OS=Homo sapiens GN=PIP PE=1 SV=1 - [PIP_HUMAN] 82.21 19.18 1 2 2 2 146 16.6 8.05

Q99497 Protein DJ-1 OS=Homo sapiens GN=PARK7 PE=1 SV=2 - [PARK7_HUMAN] 81.48 24.34 1 3 3 3 189 19.9 6.79

Q9UHX1 Poly(U)-binding-splicing factor PUF60 OS=Homo sapiens GN=PUF60 PE=1 SV=1 - [PUF60_HUMAN] 81.43 13.24 1 3 3 3 559 59.8 5.29

P27824 Calnexin OS=Homo sapiens GN=CANX PE=1 SV=2 - [CALX_HUMAN] 81.03 21.62 1 7 7 8 592 67.5 4.60

Q14165 Malectin OS=Homo sapiens GN=MLEC PE=1 SV=1 - [MLEC_HUMAN] 80.80 21.23 1 4 4 4 292 32.2 5.41

Q15363 Transmembrane emp24 domain-containing protein 2 OS=Homo sapiens GN=TMED2 PE=1 SV=1 - [TMED2_HUMAN] 80.71 6.47 1 1 1 1 201 22.7 5.17

P32119 Peroxiredoxin-2 OS=Homo sapiens GN=PRDX2 PE=1 SV=5 - [PRDX2_HUMAN] 80.07 30.30 1 2 3 4 198 21.9 5.97

P47897 Glutamine--tRNA ligase OS=Homo sapiens GN=QARS PE=1 SV=1 - [SYQ_HUMAN] 79.34 10.32 1 6 6 6 775 87.7 7.15

P61803 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit DAD1 OS=Homo sapiens GN=DAD1 PE=1 SV=3 - [DAD1_HUMAN] 78.80 10.62 1 1 1 1 113 12.5 7.08

P49748 Very long-chain specific acyl-CoA dehydrogenase, mitochondrial OS=Homo sapiens GN=ACADVL PE=1 SV=1 - [ACADV_HUMAN] 78.01 8.85 1 4 4 4 655 70.3 8.75

P46109 Crk-like protein OS=Homo sapiens GN=CRKL PE=1 SV=1 - [CRKL_HUMAN] 77.38 12.54 1 3 3 3 303 33.8 6.74

P02533 Keratin, type I cytoskeletal 14 OS=Homo sapiens GN=KRT14 PE=1 SV=4 - [K1C14_HUMAN] 77.35 11.23 16 2 5 5 472 51.5 5.16

A6NIZ1 Ras-related protein Rap-1b-like protein OS=Homo sapiens PE=2 SV=1 - [RP1BL_HUMAN] 76.70 7.61 3 2 2 2 184 20.9 5.48

Q12931 Heat shock protein 75 kDa, mitochondrial OS=Homo sapiens GN=TRAP1 PE=1 SV=3 - [TRAP1_HUMAN] 76.61 10.37 1 3 4 4 704 80.1 8.21

Q9BPW8 Protein NipSnap homolog 1 OS=Homo sapiens GN=NIPSNAP1 PE=1 SV=1 - [NIPS1_HUMAN] 76.41 18.66 1 3 3 3 284 33.3 9.31

Q15084 Protein disulfide-isomerase A6 OS=Homo sapiens GN=PDIA6 PE=1 SV=1 - [PDIA6_HUMAN] 75.74 25.00 1 6 6 6 440 48.1 5.08

Q07021 Complement component 1 Q subcomponent-binding protein, mitochondrial OS=Homo sapiens GN=C1QBP PE=1 SV=1 - [C1QBP_HUMAN] 75.49 19.86 1 3 3 4 282 31.3 4.84

Q9UJZ1 Stomatin-like protein 2, mitochondrial OS=Homo sapiens GN=STOML2 PE=1 SV=1 - [STML2_HUMAN] 74.65 12.36 1 2 2 2 356 38.5 7.39

Q9P0J0 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 13 OS=Homo sapiens GN=NDUFA13 PE=1 SV=3 - [NDUAD_HUMAN] 72.85 22.92 1 3 3 4 144 16.7 8.43

P62879 Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-2 OS=Homo sapiens GN=GNB2 PE=1 SV=3 - [GBB2_HUMAN] 72.55 19.12 3 3 5 5 340 37.3 6.00

P00403 Cytochrome c oxidase subunit 2 OS=Homo sapiens GN=MT-CO2 PE=1 SV=1 - [COX2_HUMAN] 71.06 20.70 1 4 4 5 227 25.5 4.82

P55072 Transitional endoplasmic reticulum ATPase OS=Homo sapiens GN=VCP PE=1 SV=4 - [TERA_HUMAN] 70.66 17.25 2 8 8 8 806 89.3 5.26

P02787 Serotransferrin OS=Homo sapiens GN=TF PE=1 SV=3 - [TRFE_HUMAN] 70.30 8.74 1 4 4 4 698 77.0 7.12

P61978 Heterogeneous nuclear ribonucleoprotein K OS=Homo sapiens GN=HNRNPK PE=1 SV=1 - [HNRPK_HUMAN] 70.18 5.83 1 2 2 2 463 50.9 5.54

P31040 Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial OS=Homo sapiens GN=SDHA PE=1 SV=2 - [DHSA_HUMAN] 69.97 2.11 1 1 1 1 664 72.6 7.39

P24534 Elongation factor 1-beta OS=Homo sapiens GN=EEF1B2 PE=1 SV=3 - [EF1B_HUMAN] 69.63 41.33 1 5 5 5 225 24.7 4.67

P61009 Signal peptidase complex subunit 3 OS=Homo sapiens GN=SPCS3 PE=1 SV=1 - [SPCS3_HUMAN] 69.11 6.67 1 1 1 1 180 20.3 8.62

P14854 Cytochrome c oxidase subunit 6B1 OS=Homo sapiens GN=COX6B1 PE=1 SV=2 - [CX6B1_HUMAN] 69.06 47.67 1 3 3 4 86 10.2 7.05

O14773 Tripeptidyl-peptidase 1 OS=Homo sapiens GN=TPP1 PE=1 SV=2 - [TPP1_HUMAN] 68.79 7.99 1 2 2 2 563 61.2 6.48

O43772 Mitochondrial carnitine/acylcarnitine carrier protein OS=Homo sapiens GN=SLC25A20 PE=1 SV=1 - [MCAT_HUMAN] 68.06 12.96 1 2 2 2 301 32.9 9.41

Q9BTV4 Transmembrane protein 43 OS=Homo sapiens GN=TMEM43 PE=1 SV=1 - [TMM43_HUMAN] 66.75 13.50 1 2 2 2 400 44.8 8.13

P36542 ATP synthase subunit gamma, mitochondrial OS=Homo sapiens GN=ATP5C1 PE=1 SV=1 - [ATPG_HUMAN] 66.01 21.48 1 4 4 4 298 33.0 9.22

Q9P0S9 Transmembrane protein 14C OS=Homo sapiens GN=TMEM14C PE=1 SV=1 - [TM14C_HUMAN] 65.98 15.18 1 1 1 2 112 11.6 9.88

P51149 Ras-related protein Rab-7a OS=Homo sapiens GN=RAB7A PE=1 SV=1 - [RAB7A_HUMAN] 65.48 28.50 1 4 4 4 207 23.5 6.70
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Q9UL46 Proteasome activator complex subunit 2 OS=Homo sapiens GN=PSME2 PE=1 SV=4 - [PSME2_HUMAN] 65.27 14.64 1 2 2 2 239 27.4 5.73

P39019 40S ribosomal protein S19 OS=Homo sapiens GN=RPS19 PE=1 SV=2 - [RS19_HUMAN] 65.00 16.55 1 3 3 4 145 16.1 10.32

P07237 Protein disulfide-isomerase OS=Homo sapiens GN=P4HB PE=1 SV=3 - [PDIA1_HUMAN] 64.86 8.27 1 3 3 4 508 57.1 4.87

O95832 Claudin-1 OS=Homo sapiens GN=CLDN1 PE=1 SV=1 - [CLD1_HUMAN] 64.21 14.22 1 1 1 1 211 22.7 8.09

P27105 Erythrocyte band 7 integral membrane protein OS=Homo sapiens GN=STOM PE=1 SV=3 - [STOM_HUMAN] 63.94 15.28 1 3 3 3 288 31.7 7.88

P62937 Peptidyl-prolyl cis-trans isomerase A OS=Homo sapiens GN=PPIA PE=1 SV=2 - [PPIA_HUMAN] 63.25 19.39 2 2 2 3 165 18.0 7.81

Q58FF6 Putative heat shock protein HSP 90-beta 4 OS=Homo sapiens GN=HSP90AB4P PE=5 SV=1 - [H90B4_HUMAN] 63.20 7.13 1 1 2 2 505 58.2 4.73

P20340 Ras-related protein Rab-6A OS=Homo sapiens GN=RAB6A PE=1 SV=3 - [RAB6A_HUMAN] 61.19 22.12 19 3 4 5 208 23.6 5.54

P56385 ATP synthase subunit e, mitochondrial OS=Homo sapiens GN=ATP5I PE=1 SV=2 - [ATP5I_HUMAN] 61.16 47.83 1 4 4 5 69 7.9 9.35

P05141 ADP/ATP translocase 2 OS=Homo sapiens GN=SLC25A5 PE=1 SV=7 - [ADT2_HUMAN] 60.40 11.41 4 3 3 3 298 32.8 9.69

P63220 40S ribosomal protein S21 OS=Homo sapiens GN=RPS21 PE=1 SV=1 - [RS21_HUMAN] 59.02 32.53 1 2 2 2 83 9.1 8.50

P04792 Heat shock protein beta-1 OS=Homo sapiens GN=HSPB1 PE=1 SV=2 - [HSPB1_HUMAN] 58.34 13.17 1 2 2 2 205 22.8 6.40

Q15365 Poly(rC)-binding protein 1 OS=Homo sapiens GN=PCBP1 PE=1 SV=2 - [PCBP1_HUMAN] 58.27 29.21 1 4 4 5 356 37.5 7.09

P02768 Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 - [ALBU_HUMAN] 57.54 4.60 1 2 2 2 609 69.3 6.28

Q15165 Serum paraoxonase/arylesterase 2 OS=Homo sapiens GN=PON2 PE=1 SV=3 - [PON2_HUMAN] 57.54 19.49 1 3 3 3 354 39.4 5.60

P51648 Fatty aldehyde dehydrogenase OS=Homo sapiens GN=ALDH3A2 PE=1 SV=1 - [AL3A2_HUMAN] 57.10 8.04 1 3 3 3 485 54.8 7.88

P23528 Cofilin-1 OS=Homo sapiens GN=CFL1 PE=1 SV=3 - [COF1_HUMAN] 56.88 25.30 1 2 2 2 166 18.5 8.09

Q06830 Peroxiredoxin-1 OS=Homo sapiens GN=PRDX1 PE=1 SV=1 - [PRDX1_HUMAN] 56.78 28.64 1 3 4 4 199 22.1 8.13

O43169 Cytochrome b5 type B OS=Homo sapiens GN=CYB5B PE=1 SV=2 - [CYB5B_HUMAN] 56.47 29.45 1 2 2 2 146 16.3 4.97

P27338 Amine oxidase [flavin-containing] B OS=Homo sapiens GN=MAOB PE=1 SV=3 - [AOFB_HUMAN] 55.62 21.35 1 7 7 8 520 58.7 7.50

P61106 Ras-related protein Rab-14 OS=Homo sapiens GN=RAB14 PE=1 SV=4 - [RAB14_HUMAN] 55.55 25.12 18 2 3 4 215 23.9 6.21

P51659 Peroxisomal multifunctional enzyme type 2 OS=Homo sapiens GN=HSD17B4 PE=1 SV=3 - [DHB4_HUMAN] 55.30 11.68 1 5 5 5 736 79.6 8.84

Q8N2U0 Transmembrane protein 256 OS=Homo sapiens GN=TMEM256 PE=2 SV=1 - [TM256_HUMAN] 55.25 25.66 1 2 2 2 113 11.7 8.94

Q9UBQ7 Glyoxylate reductase/hydroxypyruvate reductase OS=Homo sapiens GN=GRHPR PE=1 SV=1 - [GRHPR_HUMAN] 53.99 14.94 1 2 2 2 328 35.6 7.39

Q53FV1 ORM1-like protein 2 OS=Homo sapiens GN=ORMDL2 PE=2 SV=2 - [ORML2_HUMAN] 53.82 11.76 1 1 1 1 153 17.4 9.64

P46783 40S ribosomal protein S10 OS=Homo sapiens GN=RPS10 PE=1 SV=1 - [RS10_HUMAN] 53.68 18.18 2 2 2 2 165 18.9 10.15

Q9H7Z7 Prostaglandin E synthase 2 OS=Homo sapiens GN=PTGES2 PE=1 SV=1 - [PGES2_HUMAN] 52.11 16.71 1 3 3 3 377 41.9 9.16

P08195 4F2 cell-surface antigen heavy chain OS=Homo sapiens GN=SLC3A2 PE=1 SV=3 - [4F2_HUMAN] 52.05 9.84 1 4 4 5 630 68.0 5.01

O95864 Fatty acid desaturase 2 OS=Homo sapiens GN=FADS2 PE=1 SV=1 - [FADS2_HUMAN] 52.01 12.61 1 4 4 6 444 52.2 8.82

P36543 V-type proton ATPase subunit E 1 OS=Homo sapiens GN=ATP6V1E1 PE=1 SV=1 - [VATE1_HUMAN] 51.61 15.04 1 2 2 2 226 26.1 8.00

P55209 Nucleosome assembly protein 1-like 1 OS=Homo sapiens GN=NAP1L1 PE=1 SV=1 - [NP1L1_HUMAN] 51.39 16.11 1 3 3 3 391 45.3 4.46

P51690 Arylsulfatase E OS=Homo sapiens GN=ARSE PE=1 SV=2 - [ARSE_HUMAN] 51.17 8.49 1 3 3 3 589 65.6 6.96

O43175 D-3-phosphoglycerate dehydrogenase OS=Homo sapiens GN=PHGDH PE=1 SV=4 - [SERA_HUMAN] 50.80 3.94 1 2 2 2 533 56.6 6.71

P28331 NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial OS=Homo sapiens GN=NDUFS1 PE=1 SV=3 - [NDUS1_HUMAN] 50.68 11.42 1 5 5 5 727 79.4 6.23

P05026 Sodium/potassium-transporting ATPase subunit beta-1 OS=Homo sapiens GN=ATP1B1 PE=1 SV=1 - [AT1B1_HUMAN] 50.14 8.25 1 2 2 2 303 35.0 8.53

Q8NHM4 Putative trypsin-6 OS=Homo sapiens GN=PRSS3P2 PE=5 SV=2 - [TRY6_HUMAN] 50.05 20.24 3 2 2 2 247 26.5 6.01

P81605 Dermcidin OS=Homo sapiens GN=DCD PE=1 SV=2 - [DCD_HUMAN] 50.01 10.00 1 1 1 1 110 11.3 6.54

Q15155 Nodal modulator 1 OS=Homo sapiens GN=NOMO1 PE=1 SV=5 - [NOMO1_HUMAN] 49.86 8.76 3 6 6 6 1222 134.2 5.81

Q8N5G0 Small integral membrane protein 20 OS=Homo sapiens GN=SMIM20 PE=1 SV=2 - [SMI20_HUMAN] 49.62 8.33 1 1 1 1 168 18.4 10.99

Q86SX6 Glutaredoxin-related protein 5, mitochondrial OS=Homo sapiens GN=GLRX5 PE=1 SV=2 - [GLRX5_HUMAN] 49.25 21.02 1 2 2 2 157 16.6 6.79

P42167 Lamina-associated polypeptide 2, isoforms beta/gamma OS=Homo sapiens GN=TMPO PE=1 SV=2 - [LAP2B_HUMAN] 49.20 3.52 1 1 1 1 454 50.6 9.38

Q9Y3E0 Vesicle transport protein GOT1B OS=Homo sapiens GN=GOLT1B PE=1 SV=1 - [GOT1B_HUMAN] 48.90 10.14 1 1 1 1 138 15.4 10.36

P23396 40S ribosomal protein S3 OS=Homo sapiens GN=RPS3 PE=1 SV=2 - [RS3_HUMAN] 48.62 13.17 1 3 3 3 243 26.7 9.66

P51571 Translocon-associated protein subunit delta OS=Homo sapiens GN=SSR4 PE=1 SV=1 - [SSRD_HUMAN] 48.42 12.14 1 2 2 2 173 19.0 6.15

Q99623 Prohibitin-2 OS=Homo sapiens GN=PHB2 PE=1 SV=2 - [PHB2_HUMAN] 48.39 10.03 1 2 2 2 299 33.3 9.83

P56134 ATP synthase subunit f, mitochondrial OS=Homo sapiens GN=ATP5J2 PE=2 SV=3 - [ATPK_HUMAN] 48.27 25.53 1 2 2 2 94 10.9 9.67

O75396 Vesicle-trafficking protein SEC22b OS=Homo sapiens GN=SEC22B PE=1 SV=4 - [SC22B_HUMAN] 48.23 5.58 1 1 1 1 215 24.6 6.92

Q15366 Poly(rC)-binding protein 2 OS=Homo sapiens GN=PCBP2 PE=1 SV=1 - [PCBP2_HUMAN] 48.15 9.32 1 2 2 2 365 38.6 6.79

Q9Y5J7 Mitochondrial import inner membrane translocase subunit Tim9 OS=Homo sapiens GN=TIMM9 PE=1 SV=1 - [TIM9_HUMAN] 47.86 12.36 1 1 1 1 89 10.4 7.21

P00367 Glutamate dehydrogenase 1, mitochondrial OS=Homo sapiens GN=GLUD1 PE=1 SV=2 - [DHE3_HUMAN] 47.68 12.90 2 5 5 5 558 61.4 7.80
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Q92544 Transmembrane 9 superfamily member 4 OS=Homo sapiens GN=TM9SF4 PE=1 SV=2 - [TM9S4_HUMAN] 47.60 6.54 1 3 3 3 642 74.5 6.54

P31943 Heterogeneous nuclear ribonucleoprotein H OS=Homo sapiens GN=HNRNPH1 PE=1 SV=4 - [HNRH1_HUMAN] 47.52 9.58 2 2 2 2 449 49.2 6.30

Q9UNL2 Translocon-associated protein subunit gamma OS=Homo sapiens GN=SSR3 PE=1 SV=1 - [SSRG_HUMAN] 47.33 19.46 1 2 2 2 185 21.1 9.61

P00846 ATP synthase subunit a OS=Homo sapiens GN=MT-ATP6 PE=1 SV=1 - [ATP6_HUMAN] 47.33 4.42 1 1 1 1 226 24.8 10.10

P48444 Coatomer subunit delta OS=Homo sapiens GN=ARCN1 PE=1 SV=1 - [COPD_HUMAN] 47.22 9.39 1 4 4 4 511 57.2 6.21

P24311 Cytochrome c oxidase subunit 7B, mitochondrial OS=Homo sapiens GN=COX7B PE=1 SV=2 - [COX7B_HUMAN] 46.80 52.50 1 2 2 2 80 9.2 10.27

Q7Z794 Keratin, type II cytoskeletal 1b OS=Homo sapiens GN=KRT77 PE=2 SV=3 - [K2C1B_HUMAN] 46.55 5.36 2 1 3 3 578 61.9 5.99

Q9H3K2 Growth hormone-inducible transmembrane protein OS=Homo sapiens GN=GHITM PE=1 SV=2 - [GHITM_HUMAN] 45.50 5.80 1 1 1 2 345 37.2 9.94

P02649 Apolipoprotein E OS=Homo sapiens GN=APOE PE=1 SV=1 - [APOE_HUMAN] 45.01 29.34 1 7 7 7 317 36.1 5.73

Q9H3N1 Thioredoxin-related transmembrane protein 1 OS=Homo sapiens GN=TMX1 PE=1 SV=1 - [TMX1_HUMAN] 44.80 8.93 1 2 2 2 280 31.8 4.98

P50991 T-complex protein 1 subunit delta OS=Homo sapiens GN=CCT4 PE=1 SV=4 - [TCPD_HUMAN] 44.45 7.05 1 2 3 3 539 57.9 7.83

Q14CN4 Keratin, type II cytoskeletal 72 OS=Homo sapiens GN=KRT72 PE=1 SV=2 - [K2C72_HUMAN] 43.20 3.72 5 1 2 2 511 55.8 6.89

P50454 Serpin H1 OS=Homo sapiens GN=SERPINH1 PE=1 SV=2 - [SERPH_HUMAN] 43.01 15.79 1 4 4 4 418 46.4 8.69

Q6DD88 Atlastin-3 OS=Homo sapiens GN=ATL3 PE=1 SV=1 - [ATLA3_HUMAN] 42.81 4.81 1 2 2 3 541 60.5 5.66

P67812 Signal peptidase complex catalytic subunit SEC11A OS=Homo sapiens GN=SEC11A PE=1 SV=1 - [SC11A_HUMAN] 42.77 21.23 1 2 2 2 179 20.6 9.48

Q9NX40 OCIA domain-containing protein 1 OS=Homo sapiens GN=OCIAD1 PE=1 SV=1 - [OCAD1_HUMAN] 42.02 5.31 1 1 1 1 245 27.6 7.49

P62072 Mitochondrial import inner membrane translocase subunit Tim10 OS=Homo sapiens GN=TIMM10 PE=1 SV=1 - [TIM10_HUMAN] 41.95 36.67 1 2 2 2 90 10.3 6.29

O60664 Perilipin-3 OS=Homo sapiens GN=PLIN3 PE=1 SV=3 - [PLIN3_HUMAN] 41.85 7.37 1 2 2 2 434 47.0 5.44

Q9GZT3 SRA stem-loop-interacting RNA-binding protein, mitochondrial OS=Homo sapiens GN=SLIRP PE=1 SV=1 - [SLIRP_HUMAN] 41.48 12.84 1 1 1 1 109 12.3 10.24

P60866 40S ribosomal protein S20 OS=Homo sapiens GN=RPS20 PE=1 SV=1 - [RS20_HUMAN] 41.20 9.24 1 1 1 1 119 13.4 9.94

Q9Y5M8 Signal recognition particle receptor subunit beta OS=Homo sapiens GN=SRPRB PE=1 SV=3 - [SRPRB_HUMAN] 41.06 9.23 1 2 2 2 271 29.7 9.04

P40939 Trifunctional enzyme subunit alpha, mitochondrial OS=Homo sapiens GN=HADHA PE=1 SV=2 - [ECHA_HUMAN] 40.87 9.44 1 5 5 5 763 82.9 9.04

Q15392 Delta(24)-sterol reductase OS=Homo sapiens GN=DHCR24 PE=1 SV=2 - [DHC24_HUMAN] 39.60 13.37 1 3 3 3 516 60.1 8.16

Q9P0S3 ORM1-like protein 1 OS=Homo sapiens GN=ORMDL1 PE=2 SV=1 - [ORML1_HUMAN] 39.51 11.76 1 1 1 1 153 17.4 9.64

Q13724 Mannosyl-oligosaccharide glucosidase OS=Homo sapiens GN=MOGS PE=1 SV=5 - [MOGS_HUMAN] 39.44 1.43 1 1 1 1 837 91.9 8.90

P31930 Cytochrome b-c1 complex subunit 1, mitochondrial OS=Homo sapiens GN=UQCRC1 PE=1 SV=3 - [QCR1_HUMAN] 39.37 10.00 1 3 3 3 480 52.6 6.37

O14949 Cytochrome b-c1 complex subunit 8 OS=Homo sapiens GN=UQCRQ PE=1 SV=4 - [QCR8_HUMAN] 39.25 25.61 1 1 1 2 82 9.9 10.08

O75352 Mannose-P-dolichol utilization defect 1 protein OS=Homo sapiens GN=MPDU1 PE=1 SV=2 - [MPU1_HUMAN] 39.16 9.72 1 2 2 2 247 26.6 8.94

Q9BRQ8 Apoptosis-inducing factor 2 OS=Homo sapiens GN=AIFM2 PE=1 SV=1 - [AIFM2_HUMAN] 39.04 29.76 1 6 6 6 373 40.5 9.11

P51970 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 8 OS=Homo sapiens GN=NDUFA8 PE=1 SV=3 - [NDUA8_HUMAN] 38.92 25.00 1 3 3 3 172 20.1 7.65

Q9NVJ2 ADP-ribosylation factor-like protein 8B OS=Homo sapiens GN=ARL8B PE=1 SV=1 - [ARL8B_HUMAN] 38.86 20.43 2 2 2 2 186 21.5 8.43

O94808 Glutamine--fructose-6-phosphate aminotransferase [isomerizing] 2 OS=Homo sapiens GN=GFPT2 PE=1 SV=3 - [GFPT2_HUMAN] 38.82 3.23 2 1 1 1 682 76.9 7.37

P54578 Ubiquitin carboxyl-terminal hydrolase 14 OS=Homo sapiens GN=USP14 PE=1 SV=3 - [UBP14_HUMAN] 38.64 2.23 1 1 1 1 494 56.0 5.30

Q96S97 Myeloid-associated differentiation marker OS=Homo sapiens GN=MYADM PE=1 SV=2 - [MYADM_HUMAN] 38.56 7.14 1 1 1 1 322 35.3 8.15

P26641 Elongation factor 1-gamma OS=Homo sapiens GN=EEF1G PE=1 SV=3 - [EF1G_HUMAN] 38.55 2.75 1 1 1 1 437 50.1 6.67

P25205 DNA replication licensing factor MCM3 OS=Homo sapiens GN=MCM3 PE=1 SV=3 - [MCM3_HUMAN] 38.49 6.19 1 4 4 4 808 90.9 5.77

P60604 Ubiquitin-conjugating enzyme E2 G2 OS=Homo sapiens GN=UBE2G2 PE=1 SV=1 - [UB2G2_HUMAN] 38.45 13.33 1 1 1 1 165 18.6 4.70

Q8N4H5 Mitochondrial import receptor subunit TOM5 homolog OS=Homo sapiens GN=TOMM5 PE=1 SV=1 - [TOM5_HUMAN] 38.28 19.61 1 1 1 1 51 6.0 9.70

P29692 Elongation factor 1-delta OS=Homo sapiens GN=EEF1D PE=1 SV=5 - [EF1D_HUMAN] 38.24 13.17 1 3 3 3 281 31.1 5.01

Q10471 Polypeptide N-acetylgalactosaminyltransferase 2 OS=Homo sapiens GN=GALNT2 PE=1 SV=1 - [GALT2_HUMAN] 37.65 5.78 1 2 2 2 571 64.7 8.35

P0C0S5 Histone H2A.Z OS=Homo sapiens GN=H2AFZ PE=1 SV=2 - [H2AZ_HUMAN] 37.52 7.03 15 1 1 1 128 13.5 10.58

P43307 Translocon-associated protein subunit alpha OS=Homo sapiens GN=SSR1 PE=1 SV=3 - [SSRA_HUMAN] 37.32 5.24 1 1 1 1 286 32.2 4.49

Q8TBQ9 Protein kish-A OS=Homo sapiens GN=TMEM167A PE=1 SV=1 - [KISHA_HUMAN] 36.89 12.50 1 1 1 1 72 8.1 8.95

P61626 Lysozyme C OS=Homo sapiens GN=LYZ PE=1 SV=1 - [LYSC_HUMAN] 36.84 16.22 1 2 2 2 148 16.5 9.16

Q969Z3 MOSC domain-containing protein 2, mitochondrial OS=Homo sapiens GN=MARC2 PE=1 SV=1 - [MOSC2_HUMAN] 36.71 4.48 2 1 1 1 335 38.0 9.16

P07602 Proactivator polypeptide OS=Homo sapiens GN=PSAP PE=1 SV=2 - [SAP_HUMAN] 36.65 7.25 1 3 3 3 524 58.1 5.17

P78371 T-complex protein 1 subunit beta OS=Homo sapiens GN=CCT2 PE=1 SV=4 - [TCPB_HUMAN] 35.81 10.65 1 3 3 3 535 57.5 6.46

O43920 NADH dehydrogenase [ubiquinone] iron-sulfur protein 5 OS=Homo sapiens GN=NDUFS5 PE=1 SV=3 - [NDUS5_HUMAN] 35.67 33.02 1 3 3 3 106 12.5 9.14

P00390 Glutathione reductase, mitochondrial OS=Homo sapiens GN=GSR PE=1 SV=2 - [GSHR_HUMAN] 35.58 4.41 1 1 1 1 522 56.2 8.50

P62841 40S ribosomal protein S15 OS=Homo sapiens GN=RPS15 PE=1 SV=2 - [RS15_HUMAN] 35.14 15.17 1 1 1 2 145 17.0 10.39
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