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General Introduction 
 
 

1. Glycosphingolipids 
 
In 1884 the German chemist Johannes Ludwig Thudichum was the first to observe, in studies on the 
chemical composition of the human brain, the existence of a hitherto unknown class of lipids 
composed of fatty acid, amino acid and sugar elements. Intrigued by the chemical complexity and 
multi-faced nature of the compounds, he used the term glycosphingolipids referring to the riddle of 
the Sphinx in ancient Greek mythology (1). 

Glycosphingolipids (GSLs) are a class of membrane lipids ubiquitous to mammalian cells that 
reside largely at the cell surface and are composed of a glycan structure attached to a lipid tail that 
contains the sphingolipid ceramide (2, 3). Variations in the sphingosine, fatty acid and glycan 
moieties account for the enormous structural diversity of GSLs (4). 

 
1.1.  GSL biosynthesis 
De novo synthesis of ceramide, the lipid building block of GSLs, takes place in the endoplasmic 
reticulum (ER). The starting materials are the amino acid serine and the fatty acid palmitate, which 
through a series of catalytic steps are respectively converted into sphinganine, sphingosine, dihydro-
ceramide and finally ceramide (for details see chapter 8) (4, 5). Ceramide then reaches the Golgi 
apparatus where it can be further metabolized by addition of head groups to more complex 
sphingolipids such as sphingomyelin and GSLs (6). At the cytosolic leaflet of the early Golgi 
apparatus, the enzyme ceramide glucosyltransferase (or glucosylceramide synthase) produces 
glucosylceramide (GlcCer) from ceramide and UDP-glucose. After being translocated to the inner 
leaflet, GlcCer is used for the synthesis of the complex globoside and ganglioside series of GSLs, by 
sequential additions of sugars by glycosyltransferases (2–4). As an exception in the GSL biosynthesis, 
the formation of galactosylceramide (GalCer) takes place in the ER being catalyzed by the enzyme 
galactosylceramide synthase. Once in the Golgi, GalCer can be further metabolized, for example by 
addition of a sulfate group, yielding sulfatide. Complex globosides and gangliosides can also undergo 
sulfation (4). 

 
1.2. GSL function 
It has become apparent over the last decades that (glyco)sphingolipids are involved in several key 
physiological processes, for example: the regulation of cell differentiation, tissue patterning, apoptosis 
and consequently tumor growth (7); the development of the central nervous system (8, 9); and the 
establishment of the skin barrier (10). 

Due to their physicochemical properties (glyco)sphingolipids tend to transiently associate with 
each other and with cholesterol molecules to form semi-ordered membrane microdomains, 
denominated “lipid rafts” (11). These microdomains function as platforms for incorporation of lipid-
modified proteins, such as glycosylphosphatidylinositol (GPI)-anchored proteins (3). Lipid rafts are 
thought to be instrumental in signaling pathways and neurotransmission by assembly of various lipid 
and protein components (4, 11). Also at the cell surface, GSLs influence cell-cell 
adhesion/recognition processes by interactions with GSLs and lectins on other cells (7). 
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1.3. GSL catabolism 
Degradation of GSLs predominantly takes place in lysosomes in a step-wise process mediated by 
hydrolases. Lysosomes are ubiquitous single-membrane bound organelles characterized by a very low 
luminal pH, ranging from 4.0 to 5.0. The acid intralysosomal pH coincides with the pH optimum of 
the sulfatases and glycosidases involved in GSL catabolism. Most of these enzymes employ a double-
displacement mechanism with a characteristic covalent glycosyl-enzyme intermediate (12). 
Degradation of poorly water-soluble GSLs requires the assistance of specific proteins such as GM2-
activator protein and saposins A-D. The final product of GSL breakdown is ceramide, which is 
degraded by acid ceramidase into fatty acid and sphingosine. The ensuing sphingosine can then be 
either converted to sphingosine-1-phosphate by sphingosine kinases or reused in the synthesis of 
sphingolipids, in the so-called “salvage pathway” (for details see chapter 8). GSL breakdown is not 
restricted to lysosomes. GlcCer, for example, can be catabolized by the non-lysosomal β-glucosidase 
GBA2 in the cytosolic leaflet of membranes (13). Additionally, some lysosomal enzymes may 
degrade GSLs outside the lysosome, for example at the extracellular leaflet of the plasma membrane. 
Accordingly, most lysosomal glycosidases have residual activity at neutral pH and their sorting and 
localization in lysosomes is not exclusive (14). 
 
 

 
 

Figure 1 | Glycosphingolipids. GSLs are plasma membrane lipids composed of a ceramide tail, comprising a 
sphingosine backbone (chemical structure, red) linked to a fatty-acid (blue), attached to a glycan head group 
(green, glucose is presented as an example). GSLs are synthesized at the ER and Golgi apparatus and 
catabolized in the lysosomes by the sequential action of hydrolases. 
 
 
2. Lysosomal storage disorders 
 
The physiological importance of lysosomes is illustrated by the existence of more than 50 inherited 
disorders resulting from the malfunction of the lysosome in general or deficiency in specific catabolic 
hydrolases (15). (Glyco)sphingolipidoses, the most prevalent sub-group of lysosomal storage 
disorders (LSDs), are caused by deficiencies in GSL degrading enzymes, leading to the lysosomal 
accumulation of specific GSL substrates and subsequent pathology (16). LSDs can also be caused by 
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mutations in the sphingolipid activator proteins, required for the binding of GSLs to the enzyme. The 
phenotypic variations are extreme and depend on the type of storage material, on the particular cell 
type where this occurs, and on the severity of the primary enzyme defect (17). 

 
2.1 Glycosphingolipidoses 
The most common glycosphingolipidosis, Gaucher disease (MIM#230800) results from a deficiency 
in lysosomal acid β-glucosidase (GBA, glucocerebrosidase, EC.3.2.1.45) encoded by the GBA gene 
(locus 1q21), and responsible for the intralysosomal hydrolysis of GlcCer (18). GBA does not acquire 
mannose-6-phosphate target residues for lysosomal sorting (19, 20). It is targeted to the lysosomes by 
binding to the lysosomal integral membrane protein type 2 (LIMP2) (21). Mutations in SCARB2, the 
gene encoding LIMP2, underlie the action myoclonus-renal failure syndrome (AMRF) 
(MIM#602257) (22). 

Other examples of LSDs resulting from a deficiency in a lysosomal glycosidase are Fabry and 
Krabbe disease. The first (MIM#301500) is caused by deficiency of lysosomal acid α-galactosidase 
(α-galactosidase A), encoded by the GALA gene (Xq22), resulting in intralysosomal accumulation of 
globotriaosylceramide (Gb3, ceramide trihexoside) (23). Mutations in the GALC gene encoding the 
enzyme galactocerebrosidase (galactosylceramidase, E.C. 3.2.1.46) have been associated with Krabbe 
disease, also known as globoid-cell leukodystrophy (MIM# 245200) (24). 

Unlike the previous disorders, Niemann-Pick type C (NPC) disease is not directly caused by a 
deficiency in a lysosomal glycosidase, but by mutations in the NPC1 and NPC2 genes, encoding 
proteins responsible for the efflux of cholesterol from lysosomes. Even though it is primarily 
classified as a cholesterol trafficking disorder, GSLs prominently accumulate in NPC cells and tissues 
due to impairments in enzymatic activities of metabolizing enzymes (25). 

 
2.2 Therapies 
Allogeneic bone marrow transplantation is presently the only curative option for the treatment of 
several glycosphingolipidoses, however donor availability and the invasive procedure are major 
hurdles (15). Gene therapy, still at an experimental stage, aims at life-long correction by introduction 
in patients of genetically corrected autologous hematopoietic stem and progenitor cells (15, 26). 
Enzyme replacement therapy is an alternative strategy that supplies by intravenous injection 
exogenously recombinantly manufactured enzyme to reduce the amount of accumulated substrate 
(17). Alternatively, the storage of undegraded substrates can be tackled by inhibition of GSL 
biosynthesis through substrate reduction therapy using small-molecules delivered orally (15, 17, 27). 
Experimental pharmacological chaperone therapy aims to employ substrate mimics to promote 
folding and stabilization of a mutated enzyme and thus increase degradative capacity in lysosomes 
(17, 28). Finally, heat shock protein 70, known to favor refolding of proteins, has also shown great 
benefits in in vitro models of LSDs through not yet fully understood mechanisms (29). 

 
2.3 Complexity of diseases 
LSDs can be caused by different mutations in the same gene, resulting in a broad range of clinical 
manifestations, which are usually grouped according to the age of disease onset as infantile and adult 
forms (16). Most LSDs are systemic, affecting different cell types, tissues and organs. Brain lesions 
are a particularly prevalent symptom, affecting two thirds of all LSDs (30). Despite all being 
monogenic diseases, the expression of various phenotypes can be extremely variable, ranging from 
non-neuronopathic to severely neurodegenerative, and clear genotype-phenotype correlations only 
occur in some LSDs (31). 
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2.4 Alternative pathways 
The phenotypic variation observed in LSD patients led scientists to speculate that other factors may 
contribute to the etiology of the disease. In most cases, it remains unclear why certain cell types are 
particularly affected by the enzymatic deficiency. Cells may develop alternative mechanisms to cope 
with the primary lysosomal defect (32) (for details see chapter 8). Such mechanisms can involve the 
processing of the accumulated substrate(s) by other enzymes. For example, in some LSDs deacylated 
forms of the primary accumulated GSL are increased and in other cases extra-lysosomal degradation 
of the stored GSL may occur (chapter 6) (33). Although these mechanisms contribute to the 
alleviation of the lysosomal defect, they often lead to harmful side effects. The detailed study of these 
pathways may help unraveling some of the open questions regarding the complexity of these 
pathologies. 
 
 
3. Research toolbox: design and application 
 
To answer the remaining questions on glycosphingolipidoses, an improved research toolbox is 
required that allows a more precise evaluation of the primary enzymatic defect and of the lipid 
storage. This thesis describes investigations on novel research tools and reports on their design and 
development as well as their application in biomedical research and diagnostics. Briefly, we have 
been developing a novel technology to visualize and quantify active glycosidases in their true context 
(12, 34). For this we employed so-called activity-based probes (ABPs) that through the double 
displacement catalytic mechanism of lysosomal glycosidases can specifically covalently bind the 
enzyme(s) of choice. ABPs are generally composed by a tag, a linker and an active-site binding motif 
incorporating a reactive group, also called warhead. As shown in this thesis, suitable ABPs can be 
designed to allow the specific and sensitive visualization of active enzyme molecules in vitro, in situ 
and in vivo. Such ABPs have meanwhile been developed that target one or more members of the 
various families of glycosidases. 

In parallel, advanced analytical chemistry technology has been developed for the detection of 
substrates and (alternative) products by high-performance liquid chromatography (HPLC) and 
ultraperformance chromatography-tandem mass spectrometry (LC-MS/MS) (35–37). As shown in this 
thesis, the synthesis of 13C-labelled stable isotopes has allowed the development of sensitive LC-
MS/MS methods for the determination of less abundant lipid species such as lyso-glycosphingolipids 
as well as detection of new lipids. 

With the new research toolbox in place, outstanding questions on the pathophysiology and 
diagnosis of glycosphingolipidoses have been (re)addressed. Examples of such investigations are 
described in this thesis. 
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Figure 2 | Research toolbox for the study of glycosidases and GSLs. (Lyso)GSLs (see scheme, black) are 
degraded within lysosomes by glycosidases (blue-bold). Deficiency in one of the glycosidases constitutes the 
molecular basis of lysosomal storage disorders (blue). Active enzyme molecules – e.g., GBA and GALC – can 
be quantitatively visualized in vitro, in situ and in vivo using activity-based probes. The substrates and products 
of their enzymatic activity can be determined by HPLC and LC-MS/MS methods. GBA – glucocerebrosidase, 
ASAH1 – acid ceramidase, GALC – galactocerebrosidase. 
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Scope of the thesis 
 
 

This thesis reports the study of glycosphingolipidoses using state of the art research tools: activity 
based probes (ABPs) and analytical chemistry measurements. The first section of this thesis, section 
A, describes the application of ABPs to study lysosomal glycosidases in vitro, in intact cells and in 
mice, with a focus on β-glycosidases: comparative use of β-glucopyranose and β-galactopyranose 
configured cyclophellitol-epoxides and aziridines grafted or not with fluorophores. Cyclophellitol-
epoxide ABPs are the most specific, targeting a single glycosidase such as galactocerebrosidase – 
chapter 1, while cyclophellitol-aziridine ABPs allow broad-spectrum profiling of enzymes from the 
same family – chapter 2 and 5. These tools serve various applications, for example chapter 3 
describes the use of ABPs for the visualization of active glycosidases in brain of living rats and 
chapter 4 describes the simultaneous in vitro labeling of multiple glycosidases using three ABPs. 

Section B deals with the identification and use of protein and lipid biomarkers for lysosomal 
glycosphingolipid storage diseases. The topic is introduced and reviewed in chapter 6. In chapter 7 
the discovery of Gpnmb, a novel marker for Niemann-Pick type C (NPC) disease in mice and 
potentially in patients, is described. 

The final section C entails the study of the adaptations in metabolism of glycosphingolipids 
during defects in lysosomal catabolism. Firstly, the arguments for the existence of such mechanisms 
are discussed in chapter 8 in a review. An example of such adaptive mechanism is the deacylation of 
accumulating neutral glycosphingolipids to corresponding glycosphingoid bases by lysosomal acid 
ceramidase in Gaucher and Fabry disease described in chapter 9. The significance of these lipid 
species for monitoring (Gaucher) disease progression and therapy is exemplified in chapter 10. The 
quantification of excessive glycosphingoid bases in human and murine Fabry, Gaucher and NPC 
disease is presented in chapter 11. Another adaption studied is the cytosolic metabolism of GlcCer 
through GBA2. Chapter 12 demonstrates that cytosolic GBA2 activity contributes to the 
neuropathology in NPC mice. Additionally, chapter 13 demonstrates that GBA2 and GBA are able to 
catalyze the glucosylation of cholesterol. Finally, the impact of defective egress of cholesterol from 
lysosomes on glycosphingolipids and their metabolism is reviewed in chapter 14. 
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