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Gangliosides are sialic acid containing complex glycolipids, anchored and enriched in the outer leaflet of neuronal plasma
membranes, with their glycan chains facing the extracellular space. Undegradeable gangliosides and related
glycosphingolipids and oligosaccharides accumulate progressively in fatal lysosomal storage diseases, originally
described as infantile amaurotic idiocy. Their lysosomal storage is caused by specific monogenic defects of
catabolic hydrolyses or ancillary lipid-binding and -transfer proteins, essential for specific steps in their lysosomal
catabolism.

However, small gangliosides can also accumulate as secondary material in other lysosomal storage diseases without a
known defect in their catabolic pathway. Primary storage material of such diseases, sphingomyelin, lysosphingolipids,
cholesterol and chondroitin sulfate are efficient inhibitors of specific steps of ganglioside catabolic pathway. They can
attenuate ganglioside turnover, assisted by lipid binding proteins, the GM2 activator protein (GM2AP) and saposin B
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| 1. Primary Storage Compounds in Gangliosidoses and Historical Aspects

The clinical picture of amaurotic idiocy, a fatal inherited form of progressive mental deficiency associated with early
blindness, was known for a long time 2, pathological, histochemical, and chemical investigations eventually identified
the accumulation of novel glycolipids in the brain tissue of infantile patients, named “Gangliosides” by Ernst Klenk (1.
Chemical, metabolic, enzymatic, and genetic investigations clarified the molecular, genetic, and cellular basis of these
lysosomal storage diseases (LSDs). Currently, early therapeutic approaches are under way for these inherited
neurodegenerative diseases, especially a gene replacement approach for infantile patients. Two types of ganglioside
(GG) storage disorders are known (Table 1). GM1 gangliosidosis, caused by an inherited deficiency of the GM1 degrading
lysosomal hydrolase acid B-galactosidase (EC 3.2.1.23), and several forms of GM2 gangliosidosis that result from defects
in the GG GM2 catabolizing B-hexosaminidases and the hexosaminidases A (Hex A) associated GM2 activator protein
(GM2AP), a lipid binding and transfer protein 5],

Table 1. Gangliosidoses.

Affected

Disease Affected Protein Gene Storage Compound References
GM2 Gangliosidoses
Tay-Sachs disease (B |} A1 ey g2 HEXA GM2, SM2a, lyso-GM2, GA2 61
variant)
B1 variant Hex Al HEXA GM2 ®
Sandhoff disease Hex A%, Hex B3 HEXB GM2, globoside, oligosaccharides, lyso-GM2 el
GM2AP deflclency (AB GM2AP GM2A GM2 6]
variant)
GM1 Gangliosidosis acid |3 GLB1 GM1, GA1, G_MZ, GM3, §A1a, lyso GM1 GlcCer [el[20]
galactosidase Laccer, oligosaccharides, keratan sulfate

1 Hex A ap-subunit, 2 Hex S aa-subunit, and 3 Hex B BB-subunit.



In 1881, Warren Tay 1 described an infantile patient with the clinical diagnosis of amaurotic idiocy, suffering from
blindness and loss of its cognitive capabilities, now called Tay—Sachs disease (TSD). Its major neuronal storage
compound, the GM2 (Table 1), is a degradation product of GG GM1 1213 the structure of which was elucidated in 1963
(141 The elucidation of the enzyme-catalyzed GM2 hydrolysis was complex and tedious 2. A Hex A-deficiency observed
in the postmortem brain tissue of a single TSD patient in 1967 could not have been published. It was questioned by the
analysis of another infantile “TSD patient” with GM2 storage in the brain that showed no enzyme deficiency, but an
elevation of both, Hex A and Hex B activity levels in its postmortem brain tissue 1817, The latter patient was identified
later as the first one to suffer from the defect of an essential lipid-binding cofactor of GG GM2 hydrolysis, the GM2AP, and
not from an enzyme deficiency 18!, see below.

After receiving postmortem material of two additional patients, we confirmed the Hex A deficiency in TSD 1€l which was
also demonstrated by 19, In vitro experiments proved the basic assumption, that Hex A indeed splits GM2 slowly in the
presence of an appropriate anionic detergent to release its terminal sugar to form the minor GG GM3 29,

Two types of catabolic GG disorders are known (Table 1). GM1 gangliosidosis is caused by a deficiency of the GM1
degrading lysosomal hydrolases acid B-galactosidase (EC 3.2.1.23). GM2 gangliosidoses are a group of disorders that
result from defects in digestion of GG GM2 and related glycolipids by B-hexosaminidases (EC 3.2.1.52) and the GM2AP
[4l21] Both gangliosidoses are progressive neurodegenerative diseases previously diagnosed as “amaurotic idiocy” 12122

1.1. GM2 Gangliosidoses

GM2 gangliosidoses comprise four inherited neurodegenerative disorders (TSD, B1 variant of GM2 gangliosidosis,
Sandhoff disease (SD), and GM2AP deficiency (AB variant)). All of these disorders are based on defects in the
degradation of GM2 and related glycolipids by the B-hexosaminidases (EC 3.2.1.52) and the GM2AP 22 The p-
hexosaminidases are a combination of two subunits (a or ). Hex A consisting of an a- and a (3-subunit cleaves terminal 3-
glycosidically linked N-acetylglucosamine and N-acetylgalactosamine residues from negatively charged and uncharged
glycoconjugates. Hex B contains two B-subunits (Bf) and Hex S two a-subunits (aa) (Table 1). Hex B splits uncharged
substrates such as the GSLs GA2, globoside (Gb4Cer), and oligosaccharides with terminal N-acetylhexosamine residues.
Hex S is involved in the degradation of glycosaminoglycans, sulfated glycolipid SM2a, and glycolipid GA2 and GM2 23],

1.1.1. Tay-Sachs Disease (B Variant) and B1 Variant

TSD (B variant) is caused by a-chain mutations resulting in a deficiency of Hex A and Hex S activities, but keeps a normal
Hex B activity 22!, The main neuronal storage compounds are the GG GM2 and its sialic acid free residue, the GSL GA2,
minor accumulating metabolites are lyso-GM2 and SM2a 8,

Some patients generate a partially defective a-chain, which binds the B-subunit to generate a defective ap-dimer (a
defective Hex A), which is, however, still active against neutral substrates but has lost its catabolic activity against GM2 [24]
(23], This variant is also called B1 variant of GM2-gangliosidosis. In contrast to TSD, Hex A of variant B1 patients is still
active with neutral substrates like the glycosphingolipid GA2 and synthetic MUF (4-methylumbelliferone)-substrate, MUF-
B-GIcNAc, but has lost its activity against anionic substrates like the main neuronal storage lipid, ganglioside GM2, and
the soluble fluorogenic 4-methylumbelliferyl-6-sulfo-2-acetamido-2-deoxy-p-d-glycopyranoside (MUGS) substrate.
Therefore, it differs from infantile TSD that lost Hex A activities against both, neutral and anionic substrates.

In contrast to the human clinical phenotype, mouse models for TSD differ severely in their phenotypes. The mouse model
lacking Hex A and Hex S, shows no significant neurological phenotype. Mouse sialidase has some low activity, more than
human enzyme, to accept GM2 as substrate, converting it slowly to GA2 28, which is further degraded by the still active
Hex B in the TSD mice.

In vitro studies have shown that sulfatide SM2a is also degraded by Hex A and Hex S in the presence of GM2AP (23],

Their functional deficiency triggers an accumulation of SM2a in TSD liver as well as in kidneys of the TSD mouse model
231

1.1.2. Sandhoff Disease (SD) (0 Variant)

Another genetic variant of amaurotic idiocy with a clinical picture typical of TSD, but exposing additional visceral
involvement and an additional lipid storage of globoside in the visceral organs was discovered in 1967 [ and described
as Variant 0 of GM2 gangliosidosis 7, now called “Sandhoff disease” (SD). It is characterized by an inherited deficiency
of both major hexosaminidases, Hex A and Hex B, triggered by a genetic defect of their common -subunit.



In SD, the functional loss of both, Hex A and Hex B, causes an increased storage of uncharged glycolipid GA2 in the brain
besides GG GM2 and an additional accumulation of globoside (globotetraosylceramide) and oligosaccarides in visceral
organs 1722 The clinical phenotype is similar to TSD, but with additional mucopolysacchariduria in visceral organs and
secretion of oligosaccharides into the urine.

In accordance with infantile patients, the SD mouse, lacking Hex A and Hex B, shows a severe neurological phenotype 22
[28]

1.1.3. GM2 Activator Protein Deficiency (AB Variant)

An ultra-rare neurodegenerative genetic disease with GM2 as the main neuronal storage compound is caused by an
inherited deficiency of an essential lipid binding and transfer glycoprotein, the GM2AP, having, however, about normal
levels of functional Hex A, Hex B, and Hex S activities 18], The concept, that both are needed, a soluble hydrolase and a
corresponding lipid binding or sphingolipid activator protein (SAP), was found to be correct for the physiological
degradation of many sphingolipids (Figure 1) !,
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Figure 1. (A) Model for enzymatic digestion of membrane bound GM2 by Hex A, assisted by GM2AP at the surface of ILV
at low, lysosomal pH-values. The open and empty GM2AP conformation binds to the membrane, e.g., by affinity to its lipid
ligand and charge dependent interaction of the cationic protein (+, positively charged) with negatively charged membrane
lipids (-, negatively charged) like BMP. Thereafter, the activator can interact with the ceramide portion of the GM2-ligand,
which can move inside the hydrophobic cavity of the GM2AP, exposing the glycan chain of the GM2 to the water-soluble
Hex A for hydrolysis. At this point, the conformation of the lipid-loaded activator may change to the closed one, thus the
complex becomes more water soluble and lift the GG GM2 out of the membrane.The complex (GM2-GM2AP) can either
stay at the surface of the membrane (pathway @) or leave the membrane (pathway ®). (B, C) The GM2 hydrolysis is
affected by membrane lipids: (B) anionic lipids e.g., BMP stimulate, sphingomyelin and (C) cholesterol inhibits GM2
degradation 29, (D) CADs reaching the lysosome behave like cationic amphiphilic lipids, insert into the membrane surface
of the intralysosomal luminal vesicles (ILVs) and start to compensate their negative surface charge. This results in a
decreasing electrostatic attraction between proteins and ILVs, and an increasing repulsion between positively charged
lysosomal proteins and the CAD-containing ILV-membrane. BMP: bis(monoacylglycero)phosphate, CADs: cationic
amphiphilic drugs, Chol: cholesterol, GM2AP: GM2 activator protein, Hex A: -hexosaminidase A, ILV: intralysosomal
luminal vesicles.

1.2. GM1 Gangliosidosis

GM1 gangliosidosis was discovered by identifying GG GM1 and GSL GAl as the main storage compounds in the
postmortem brain tissue of a patient with infantile amaurotic idiocy 2213l The proposed block, a functionally deficient
GM1-B-galactosidase in the catabolic pathway of GM1 was proven later by O'Brien et al. [22189 As many other lysosomal
hydrolases, the GM1-[-galactosidase is a promiscuous glycosidase, which cleaves many oligosaccharides. Its deficiency
triggers the accumulation of many other glycan substrates in GM1 gangliosidosis B4,



GM1 gangliosidosis is a progressive neurodegenerative disease due to absence or defective function of lysosomal acid (3-
galactosidase (E.C. 3.2.1.23), resulting in a storage of GM1 and its sialic acid-free derivate GA1. 3-Galactosidase is part
of a lysosomal multienzyme complex, containing also a sialidase and cathepsin A, the so-called protective protein.
Another disease caused by mutations in the [-galactosidase gene GBL1 is mucopolysaccharidosis type IVB called
Morquio type B disease. These mutations are different from those of GM1 gangliosidosis, and lead to a changed substrate
specificity of the enzyme, thereby resulting in major accumulation of galactose containing keratan sulfate and
oligosaccharides [21[32],

In vitro studies have shown that two SAPs, GM2AP and saposin (Sap) B, redundantly stimulate the GM1 hydrolysis by -
galactosidase (83 Therefore, neither a defect of GM2AP nor of Sap B causes a GM1 accumulation, since the one
remaining efficiently facilitates the reaction.

1.3. Topology and Regulation of GG Catabolism

Due to their lipid and amphiphilic nature and their poor solubility in aqueous solutions, GGs and other amphiphilic
sphingolipids are membrane components of eukaryotic cells. GGs are especially enriched in neuronal plasma-membranes
of mammalian cells. GGs are degraded after endocytosis and internalization into intralysosomal luminal vesicles (ILVS).
Functional defects of any catabolic step cause an accumulation of membrane-bound-GGs in the lysosome. Based on
experimental evidence obtained in vitro and by in vivo studies using murine and human cell cultures, we assume that the

surface of ILVs, carrying GGs and other complex lipids, is the main location of their catabolism in the lysosomal
compartment [41341[35],

At low pH-values, most lysosomal hydrolases are protonated and positively charged, whereas the surfaces of the ILV
membranes are negatively charged, mainly due to their high content of the anionic lysolipid
bis(monoacylglycero)phosphate (BMP) and the possible presence of other anionic phospholipids in the ILV membranes
(6] BMP is an intermediate of the phosphatidylglycerol catabolism and can enrich in ILV membranes up to 40-60 mol% of
their phospholipid content 43738 mainly due to its slow catabolism. It can generate a negative zeta potential on the
surfaces of ILVs 28 which electrostatically attracts positively charged hydrolases and SAPs to the sphingolipid-substrate
carrying ILV-membranes, speeding up their catabolic rates B3940 (Figure 1).

For diagnosis of LSDs, most lysosomal hydrolases are usually assayed in vitro with the help of synthetic and soluble
fluorogenic substrates 2142 These convenient assays are an easy way to detect the presence of a lysosomal hydrolase
in patients’ samples and to determine its activity in vitro. The activity measured in vitro with soluble synthetic substrates,
however, does not indicate, in any way, the level of the sphingolipid-substrate cleaving activity of the patient’s hydrolase in
vivo 48] since the sphingolipid cleaving activity of a lysosomal hydrolase can be strongly regulated and modified in vivo by
genetic and by post translational modifiers which do not affect its activity against soluble substrates in vitro.

As genetic modifiers we consider the SAPs, small lipid-binding, lipid-transfer and/or vesicle-fusion glycoproteins of the
lysosomal compartment. These cofactors are essential for the glycosphingolipid and sphingolipid cleaving activity of
lysosomal hydrolases to reach physiologically relevant levels. Their inherited deficiencies can cause fatal storage
diseases MI34I35]144] despite the presence of fully active hydrolases, detectable with soluble fluorogenic substrates in
patient’s cultivated cells or blood samples.

As posttranslational modifiers of the lipid-cleaving activity of lysosomal hydrolases we consider the strong inhibitory action
of chondroitin-sulfate (accumulating in the lysosomes of Hurler, Hunter, Sanfilippo and Sly disease 42 on the GM2
catabolism, as well as the collective properties of the sphingolipid-substrate carrying vesicle-membranes (e.g., extent of
negative surface charge of ILVs to attract and bind protonated and positively charged hydrolases and the lipid composition
of the vesicular membranes, especially the presence of stimulatory (e.g., BMP, ceramide) or inhibitory lipids (cholesterol,
sphingomyelin)). These genetic and posttranslational modifiers strongly regulate the lipid-cleaving activity of lysosomal
hydrolases, but rarely affect their activity against soluble, synthetic substrates used in vitro to diagnose lysosomal lipid
storage diseases, as recently detailed in reconstitution experiments for the regulation of GM2 cleavage by Hex A in
comparison to the unaffected cleavage of the soluble substrate MUGS (4-methylumbelliferyl-6-sulfo-2-acetamido-2-deoxy-
B-D-glycopyranoside) 431,

Organellar membranes of eukaryotic cells maintain an organelle specific protein and lipid composition 28, Cellular plasma
membranes are rich in stabilizing lipids like cholesterol (up to 40 mol% of their lipid content), and maintain in their outer
leaflet high levels of sphingomyelin and complex glycosphingolipids. Both, cholesterol and sphingomyelin, were identified
as major inhibitors of key steps of lysosomal sphingolipid catabolism 424 Therefore, the conversion of inhibitory
sphingomyelin into stimulatory ceramide by acid sphingomyelinase (ASM) along the endocytose pathway at the level of



late endosomes, and the removal of inhibitory cholesterol from nascent ILVs by two sterol-binding and -transfer proteins,

Niemann—Pick disease protein C type 1 (NPC1) and NPC2, are essential to allow a physiological GG GM2, sphingolipid
and GSL turnover [2[35147][48]

1.4. Outlook

Lysosomal GG and GSL accumulation had been also observed in LSDs without a genetic defect in the GG catabolism.
While the secondary accumulation of GG GM2 in Niemann-Pick diseases and in some mucopolysaccaridoses 4959 could
be based on a strong inhibitory effect of the primary storage compounds in these diseases (SM,cholesterol and
chondroitin sulfate [48145]) on the GG GM2 catabolism 2], the molecular mechanism causing a secondary accumulation of
GG GM2, small GGs and glycosphingolipids in many other LSDs remains to be analysed: In sphingolipidoses, prosaposin
deficiency, mucolipidoses (MLs), glycoproteinoses, neuronal ceroid lipofuscinoses (NCLs) and hereditary spastic
paraplegia (HSP). In these diseases, mainly the GGs, GM2 and GM3, are accumulated. They are minor compounds (1-
2% of the total gangliosides) of the healthy human brain and their proportion is even smaller in mice. A secondary
accumulation of GM2 and GM3 in many LSDs, however, is associated with neuropathology. Therefore, the molecular
basis of their secondary accumulation in these diseases should be investigated.

Though many ganglioside storage diseases are known for a long time, there is still no cure available. Enzyme
replacement therapy (ERT) has been established for some LSDs not involving the central nervous system. In recent
years, gene-replacement therapy has been successfully studied in animal models of gangliosidoses and is now applied to
patients. It carries the promise of a cure, but still needs a long way to really cure progressive neurodegenerative diseases
like gangliosidoses.
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