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General Introduction




General Introduction

The human body produces various classes of complex glycoconjugates with very diverse
functions, including glycolipids, glycoproteins, glycosaminoglycans, mucopolysaccharides and
glycogen (Figure 1). Like other macromolecules, complex glycoconjugates are subject to
recycling. Through autophagy or endocytotic pathways, complex glycoconjugates ultimately
end up in lysosomes, the perinuclear acid compartments of cells specialized in degradation of
macromolecules'?. Lysosomes equipped with a broad range of glycosidases efficiently
fragment glycoconjugates to release individual monosaccharides. A set of specialized
transporter proteins in the lysosomal membrane facilitates the export of the simple sugars to
the cytosol where further metabolism proceeds®*. The release of nutrients by lysosomes, in
particular amino acids, is sensed by lysosome-associated mTORC1 and linked to TFEB-
regulated expression of genes coding for proteins required for lysosome biogenesis and
autophagy®™’. Genetic defects in the intralysosomal turnover of glycoconjugates lead to a
number of inherited lysosomal storage diseases, collectively a significant proportion of the
inborn errors of metabolism in man®1°,

Proteins involved in lysosomal glycoconjugates turnover.

The turnover of glycoconjugates in lysosomes requires a machinery of specialized proteins®-
10 Table 1 provides an overview of the presently known lysosomal glycosidases and
monosaccharide transport proteins. A considerable number of inborn errors of metabolism
are due to primary defects in one of these proteins (see Table 1). For example, one inherited
metabolic disorder, Salla disease, is due to primary defects in the lysosomal membrane
protein mediating export of sialic acid. Defects in the accessory GM2 activator protein cause
GM2 gangliosidosis, a neurodegenerative disease. Mutations in the prosaposin gene, affecting
one or several of its intralysosomally generated accessory proteins (saposins A, B, C and D)
cause impairments in degradation of glycolipids and associated disease manifestations. The
majority of the inborn errors in lysosomal glycoconjugate degradation are caused by genetic
defects in specific lysosomal glycosidases. Deficiency of almost every known lysosomal
glycosidase has meanwhile been linked to an inherited metabolic disease with characteristic
clinical presentation. This observation illustrates the great substrate specificity of each of the
glycosidases and the apparent absence of functional redundancy.
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Figure 1. Examples of complex glycoconjugates in man. Upper row, left to right: glycolipid
(example GM3), glycoprotein N-linked glycan (example bi-antennary complex chain),
glycosaminoglycans (example O-linked saccharide). Lower row, left to right:
mucopolysaccharides (example hyaluronic acid), glycogen (example branched structure with
alpha-1,4 and alpha-1,6 linkages).

Classification of glycosidases.

Glycosidases (a.k.a. glycohydrolases), present in all forms of life, are often classified as either
retaining or inverting enzymes according to the stereochemical outcome of the hydrolysis
reaction'?. Glycosidases are also grouped as exo or endo enzymes, dependent upon their
ability to cleave at the, usually the non-reducing, end or in the middle of a saccharide chain.
More recently sequence-based classifications of glycosidases have become popular2. The
CAZy (CArbohydrate-Active EnZymes) classification (data base at CAZy Family Glycoside
Hydrolase web site) distinguishes about 100 distinct (GH) protein families'31°, It offers
predictions of retaining versus inverting mechanism, active site residues and possible
substrates and it is supported by CAZypedia, an online encyclopedia of carbohydrate active
enzymes. Based on three-dimensional structural similarities, sequence-based families have
been classified into 'clans' of related structure and even an extended hierarchical classification
of glycosidases has been proposed?®.



Table 1. Lysosomal proteins mediating glycoconjugate turnover and associated inherited

diseases. Sources: OMIM, Expasy, Genetics home reference, Uniprot

Protein

Function

Substrate

Inherited disease

Acid B-Galactosidase GLB1

Hydrolysis of terminal non-reducing
B-D-galactose residuesin B-D-
galactosides

GM1 ganglioside

GM1 gangliosidosis

B-Hexosaminidase a

Hydrolysis of terminal non-reducing

GM2 gangliosidosis

(GalCer) to ceramide and galactose

bunit HEXA N-acetyl-D-hexosamine residuesin GM2 ganglioside Tav-Sach
subunt N-acetyl-B-D-hexosaminides (Tay-Sachs)
B-Hexosaminidase B Al oftermln?l non—_reduc_lng o GM2 gangliosidosis
buni HEXB N-acetyl-D-hexosamine residuesin GM2 ganglioside Sandhof
SO N-acetyl-B-D-hexosaminides (el
Sialidase/Neuraminidase NEU1 Cleave terminalsialic acid residues ~ GM3 ganglioside Sialidosis
i Hydro_|y5|s i e non: . Globotriaosylceramide
o-Galactosidase A GLA reducing a-D-galactose residues in T Fabry
a-D-galactosides ( )
Catalyzes the breakdown of the .
. o N Glucosylceramide
Glucocerebrosidase GBA glycolipid glucosylceramide (GlcCer) GleC Gaucher
to ceramide and glucose (GleCer)
) Catal\{z?s the breakdown c?fthe Celksiasy it
Galactosylceramidase GALC glycolipid galactosylceramide Krabbe

(GalCer)

Catalyzes the breakdown of

Glycogen Storage

reducing end of all N-linked
glycoprotein oligosaccharides

Acid o-Glucosidase GAA . Glycogen .
glycogen into glucose Disease type Il (Pompe)
i GaiElmssie hYdrONSIS Of Glycosaminoglycans/ Mucopolysaccharidosis
o-L-Iduronidase IDUA unsulfated a-L-iduronosidic A .
5 . mucopolysaccharides MPS | (Hurler/Scheie)
linkages in dermatan sulfate
Catabolism of N-linked Non-reducinga-D-
a-Mannosidase MAN2B1 carbohydrates released during mannose residuesin a- a-Mannosidosis
glycoprotein turnover D-mannosides
Cleaves the single B-linked Terminal, non-reducing
i - beta-D-mannose
B-Mannosidase MANBA TEIERR L i E e B-Mannosidosis

residuesin B-D-
mannosides

Catalytic mechanisms.

The catalytic reaction of inverting and retaining glycosidases is fundamentally different!”18,
Inverting glycosidases utilize two catalytic amino acid residues, typically carboxylate residues,
that act as acid and base respectively and no covalent glycosyl-enzyme intermediate is
generated during the reaction (Figure 2). In contrast, retaining glycosidases utilize a two-step
mechanism in which each step results in inversion, leading to net retention of
stereochemistry. Again two residues are involved, usually carboxylates. One acts as
nucleophile and the other as acid/base. In the first step the nucleophile attacks the anomeric
center, resulting in the release of the aglycon and formation of a covalent glycosyl enzyme
intermediate, assisted by the protonated carboxylate of the acid/base residue. Next, the now
deprotonated carboxylate acts as a base and assists a nucleophilic water to hydrolyze the
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glycosyl enzyme intermediate, releasing the saccharide (Figure 2)'°. An exception is formed by
classes of chitinases (families GH18 and GH20) where the enzymes employ so-called
substrate-assisted catalysis (Figure 2). These retaining chitinases use a single glutamate as
catalytic residue. This glutamate in their catalytic (Ba)s-barrel domain acts in concert with the
carbonyl oxygen atom of the substrate's C2 N-acetyl group that functions as the nucleophile®®.
This mechanism is used by the human chitinase CHIT1, named chitotriosidase?:=%4, as well as
by the homologous AMCase (acidic mammalian chitinase; CHIT2) arisen by gene
duplication?>%,
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Figure 2. Catalytic mechanisms of glycosidases. Upper left: Inverting mechanism. Lower left:
Retaining mechanism. Upper right: Substrate-assisted retaining mechanism. Lower right:
Irreversible inhibition by cyclophellitol. Upper left, lower left and lower right figures adapted
from WW Kallemeijn, upper right figure adapted from Gloster and Davies, 2009.

Glycosphingolipids: synthesis and lysosomal degradation.

Glycosphingolipids (GSLs), firstly identified by Johannes Thudichum at the end of the
nineteenth century?’, are structural components of membranes. The outer leaflet of the
plasma membrane bilayer is particularly rich in GSL. Their generic structure comprises a lipid
moiety, being an N-acylated sphingosine named ceramide (Cer). Attached to the C1-hydroxyl
of Cer is a monosaccharide (glucose or galactose) to which further sugars may be added?®.
Through van der Waals interactions GSLs form transient semi-ordered domains with
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cholesterol molecules in membranes. Specific proteins preferentially reside in these so-called
‘lipid rafts’ and mediate signaling events there 2°-31. During their life cycle GSLs travel through
various subcellular compartments (Figure 3). GSLs are synthesized at the endoplasmic
reticulum (ER) as started by the enzyme serine palmitoyltransferase (SPT) generating a keto-
sphinganine structure by the condensation of serine and fatty acyl-CoA, usually palmitoyl-
CoA32, Next, keto-sphinganine is transformed to sphinganine by a reductase. A set of ceramide
synthases (CerS 1-6)33, each enzyme with acyl-CoA length preference, catalyze the N-acylation
of sphinganine. Generated dihydroceramides are rapidly converted to ceramides by the action
of dihydroceramide desaturase (DES)3**3°. Subsequently, part of the newly formed Cer gets
galactosylated inside the ER to galactosylceramide (GalCer), a reaction catalyzed by
galactosylceramide synthase using UDP-galactose as sugar donor3. Alternatively, Cer
molecules are transported by the protein CERT to the cytosolic leaflet of membranes of the
cis-Golgi apparatus®. There, the enzyme glucosylceramide synthase (GCS) transfers glucose
from UDP-glucose to Cer, generating B-glucosylceramide (glucocerebroside; GlcCer)32. Part of
the formed GlcCer is immediately translocated to the luminal leaflet of the Golgi membrane
via an unknown mechanism3?. Inside the Golgi apparatus, GlcCer is next modified by stepwise
addition of further sugars catalyzed by glycosyltransferases, yielding a broad spectrum of
complex GSLs such as gangliosides and globosides?®4%, Sulfation of specific lipids by
sulfotransferases may also take place, adding to the structural diversity of GSLs*%*!, After the
modifications in the Golgi apparatus, GSLs reach the outer leaflet of the plasma membrane
via membrane flow to play their various roles in interactions with the outside world.

Export of GSLs from cells may occur via nascent HDL particles, however most GSLs
molecules remain in the plasma membrane. Ultimately, GSLs are internalized via endocytosis,
ending up in multi-vesicular bodies within late endosomes destined for degradation inside
lysosomes. Likewise, exogenous GSLs, for example components of endocytosed lipoproteins
or phagocytosed cell debris and senescent cells, undergo lysosomal degradation. This is a
coordinated process in which terminal sugar moieties are removed from GSLs in a stepwise
manner by sequential action of glycosidases, assisted by specific accessory proteins (GM2
activator protein and saposins A-D)*2. The degradation pathways of the most simple
ganglioside GM3 and globoside Gb3 are depicted in Figure 4. The sphingolipid Cer is ultimately
formed, either from GalCer by galactocerebrosidase (GALC) or GlcCer by glucocerebrosidase
(GBA). Lysosomal acid ceramidase (AC) splits ceramide to free fatty acid and sphingosine that
are subsequently exported. In the cytosol sphingosine can be re-used by CerS enzymes in the
so-called salvage pathway to generate ceramide molecules®. Alternatively, sphingosine can
be modified to sphingosine-1-phosphate (S1P) via sphingosine kinases (SK1 and SK2),
whereafter S1P lysase (SPL) degrades it to phosphatidylethanolamine and 2-trans-
hexadecenal***>,
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Figure 4. Overview of lysosomal degradation of ganglioside GM3 and globoside Gb3. Top:
GM3 degradation in lysosomes. Bottom: Gb3 degradation in lysosomes. Involved enzymes are
designated in bold.

Glucocerebrosidase: glucosylceramide hydrolase.

Glucocerebrosidase (GBA) is a retaining B-glucosidase, encoded by the Gbal gene at locus q21
of chromosome 1%, It is synthesized as 497 amino acid polypeptide at ER-associated
ribosomes with a regular N-terminal signal sequence allowing co-translational translocation
to the lumen of the ERY. Inside the ER, the signal peptide is removed and glycans are attached
to the amino acids N19, N59, N146 and N270 of the nascent GBA, an essential modification
for correct folding of the protein®®*°. Next, within one hour of their synthesis, folded GBA
molecules bind to the triple helical structure in the apical region of integral membrane protein
LIMP-2 (lysosomes integral membrane protein 2, encoded by the Scarb2 gene) containing
trafficking information in its cytoplasmic tail®®>. Incorrectly folded GBA molecules failing to
associate with LIMP-2 are removed from the ER and degraded in proteasomes®?. Of note, GBA
is not synthesized as inactive precursor but as active glycosidase, contrary to some other
lysosomal hydrolases like a-glucosidase, acid ceramidase and cathepsins that require
proteolytic processing to active enzyme®3. Again in sharp contrast to most other lysosomal
hydrolases, GBA does not acquire mannose-6-phosphate recognition moieties mediating
mannose-6-phosphate receptor-mediated sorting to lysosomes®. Instead, the complex of
GBA/LIMP-2 traverses the Golgi apparatus where most N-glycans in GBA are modified from
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high mannose-type to complex type-structures®3. The precise manner in which the complex
GBA/LIMP-2 is routed to lysosomes is unknown, but physically distinct vesicles from those
containing mannose-6-phosphate receptors with their lysosomal hydrolase cargo are
involved®. The travel of newly formed GBA from the ER to lysosomes is surprisingly slow in
some cultured cells, taking several hours®3. The survival of GBA in lysosomes is limited to 24-
36 hours, at least as suggested by observations with cultured cells. Its proteolytic breakdown
in cultured cells can be largely inhibited by leupeptin and E64, inhibitors of cysteine
proteases®®>’. Table 2 presents an overview of lysosomal proteases with corresponding
inherited diseases in man.

Table 2. Lysosomal proteases and associated inherited diseases.
Sources: OMIM, Expasy, Genetics home reference, Uniprot

Protein Gene Type Disease

Cathepsin A CTSA Serine Galactosialidosis and Glycoproteinosis
Cathepsin C CTSC Cysteine Papillon-Levéfre syndrome

Cathepsin D CTSD Aspartyl Neuronal Ceroid Lipofuscinosis (CLN10)
Cathepsin F CTSF Cysteine Kufs disease

Cathepsin K CTSK Cysteine Pycnodysostosis (PKND)

After reaching acid late endosomes/lysosomes, GBA dissociates from LIMP-2, presumably due
to the protonation of a specific histidine in LIMP-2’s triple helical structure®®. In lysosomes the
enzyme GBA meets at acidic pH optimal for catalytic activity with saposin C, an 80 amino acid
protein generated from 70 kDa prosaposin®®. Saposin C stimulates enzymatic activity of GBA
towards glucosylceramide, presumably by facilitating entry of lipophilic substrate in the
catalytic pocket*?. During catalysis GBA utilizes the double-displacement mechanism like most
other retaining glucosidases. The key catalytic residues in GBA are the nucleophile glutamate
340 and acid/base glutamate 325, As reaction intermediate the glucose of the GlcCer
substrate becomes covalently linked to E340 and is released by subsequent attack of a
nucleophilic water molecule assisted by E235. By the same mechanism, cyclophellitol and
conduritol B-epoxide (CBE) irreversibly inhibit GBA. Cyclophellitol and CBE both form a
permanent conjugate with the nucleophile E340 of GBA (Figure 2)%L. Cyclophellitol scaffolds
have been successfully used to design functionalized activity-based probes allowing in situ
visualization of GBA®%53 (see also section below). The 3D structure of GBA has been solved by
X-ray diffraction crystal analysis, indicating a typical (B/a)8 TIM barrel catalytic core domain
11, a three-strand antiparallel B-sheet flanked by a loop and a perpendicular strand (domain 1)
and an lg-like fold formed by two B-sheets (domain 11)64%5. A molecular dynamics model of
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GBA has also been generated®. GBA has not yet been co-crystalized with saposin C and
interaction of the two proteins has only been modelled in silico®”%8. The part of saposin C
essential for interacting with GBA has been determined with NMR and by site-directed
mutagenesis®”%%70, How saposin C exactly stimulates enzymatic activity of GBA is still
enigmatic. Saposin Cis thought to perturb phospholipid-containing membranes at acid pH and
thus offer better access for GBA to its lipid substrate’. However, saposin C also promotes
activity of GBA towards water soluble artificial B-glucoside substrates’?. It seems likely that
binding of saposin C to GBA affects the enzyme’s conformation. This is suggested by the
observation that saposin C protects against inhibitory binding of a-synuclein to the enzyme’3.
Furthermore, saposin C influences resistance against degradation by lysosomal cysteine-
proteases’*’>. It has recently been shown that a LIMP-2 helix 5-derived peptide binds directly
to GBA in vitro®t. The helix 5 peptide fused to a cell-penetrating peptide was found to activate
endogenous lysosomal GBA>!l. Beneficial transient interactions of LIMP-2 with GBA in
lysosomes can at present not be excluded (see also chapter 3 of this thesis).
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Figure 5. Glucocerebrosidase: a graphical narrative of composition, life cycle and interactors.
a) Schematic overview of Gbal gene. Source: ENSEMBL; b) 3D structure of GBA showing

16

various domains and 4 N-linked glycans, adopted from Pol-Fachin et al. 2016; c) Schematic life
cycle of GBA from ER via Golgi apparatus to lysosome: molecular mass maturation by glycan
modifications made by WW Kallemeijn; symbols: @=N-acetyl-D-glycosamine, O=D-mannose,
®=D-mannose-6-phosphate, A=L-Fucose, ® =D-galactose, O=N-acetyl-D-neuraminic acid. d)
LIMP-2 as transporter of GBA, model adopted from Zunke et al. 2016; e) Lysosomal interaction

of saposin C with GBA, model adopted from Atrian et al. 2008. SapC docked onto GBA with
GlcCer molecule visible in catalytic pocket.

Impaired lysosomal GlcCer degradation: molecular causes of disease.

Defects in GBA cause intralysosomal accumulation of GlcCer in characteristic tubular
structures’®. Inherited mutations in the Gbal gene constitute the molecular basis for the
relatively common lysosomal storage disorder named Gaucher disease (GD). A patient
suffering from GD was firstly described in 1882 by the French dermatologist Philippe E.C.
Gaucher”’. His thesis at the University of Paris consisted of a case report describing a young
woman with unexplained massive splenomegaly. Soon it was realized that this patient
represented a distinct disease entity that was subsequently referred to as Gaucher’s disease.
The chemical nature of the accumulating lipid in GD tissues was first correctly elucidated by
Aghion in 193478 Only 50 years ago, deficiency of glucocerebrosidase (acid B-glucosidase) was
identified as the cause of GD, independently by Patrick, Brady and co-workers 7>8°, At present
more than 200 mutations in the Gbal gene have been linked with GD3!. Next to truncations
and splicing defects, several hundred amino acid substitutions in GBA have been shown to
cause GD. The position of amino acid substitutions in the protein, in the catalytic or another
domain, proves to poorly predict the clinical severity of GD patients®2. Some substitutions in
the folding domain that are positioned far away from the catalytic pocket have nevertheless
major negative consequences. For instance, the substitution L444P in GBA causes faulty
folding of most enzyme molecules in the ER and subsequent proteasome mediated
degradation®3. Homozygosity for L444P GBA nearly always leads to a severe neuronopathic
course of GD, albeit with great individual variability in onset and progression’®. Premature
degradation may also occur with mutations in the catalytic domain. In fact, quite many of the
documented mutations in GBA lead to defective folding and reduced transport to lysosomes®3.
An exception is the N370S GBA substitution, the prevalent Gbal mutation among Caucasians
GD patients. The amino acid substitution is in a loop close to the catalytic pocket and it was
found to affect pH optimum and kinetic parameters such as affinity for substrate®”848, There
are controversial reports regarding the impact of the N370S substitution in GBA on initial
folding of the enzyme in the ER, claimed to be impaired as well as normal®®®’, Certainly, the
intralysosomal stability of N370S GBA is markedly reduced>®®. Hetero- and homo-allelic
presence of the Gbal gene coding for N370S GBA is associated with a non-neuronopathic type
1 course of disease’®®%, Otherwise, Gbal genotype — GD phenotype correlations are relatively
poor, illustrated most explicit by the occurrence of phenotypically discordant monozygotic
twins®0°1,
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Gaucher disease: clinical manifestation and biomarkers.

The clinical presentation of GD is remarkably heterogeneous, ranging from fatal skin defects
to an almost asymptomatic course of disease’®. The most common phenotype of among
Caucasian GD patients is referred to as type 1 or non-neuronopathic GD. Prominent in these
patients is the ongoing storage of GlcCer in lysosomes of tissue macrophages, transforming
into the characteristic enlarged lipid-laden Gaucher cells®>%3. Progressive accumulation of
these alternatively activated lipid-laden macrophages in tissues of GD patients is supposed to
underlie the development of symptoms like splenomegaly and hepatomegaly’®. Massive
accumulation of Gaucher cells in the bone marrow is thought to contribute to hematological
abnormalities, such as anemia and the commonly encountered thrombocytopenia. Other,
highly variable, signs and complications associated with GD are skeletal deterioration,
neuropathology including oculomotor apraxia and peripheral neuropathy as well as polyclonal
and monoclonal gammopathies’®. GD patients developing lethal complications in the central
nervous system are classified as type 2 GD (infantile onset) and type 3 GD (late
infantile/juvenile onset). Complete deficiency of GBA activity results in pre-natal/neo-natal
phenotypes characterized by lethally aberrant permeability of the skin (so-called collodion
baby showing severe ichthyosis)®*6,

Major symptoms Classification

Enlarged liver Type1,2&3

Enlarged spleen Type1,2&3

Bone disease Type 1,2 &3

Bone marrow infiltration Type 1,2&3

Anemia Type 1,2&3

Thrombocytopenia Type 1,2&3

Pulmonary disease Type 1,2&3

Gammopathies Type 1,2 &3

Cancer risk Type 1,2 &3

Cholesterol choletithiasis Type 1,2 &3

Neurodegeneration Type 2 &3

Epilepsy Type 2 &3 -

Eye movement disturbances Type 3 e
Skin permeability Lethal

Protein Biomarkers NH,

PARC/ CCL18 0 o

Chitotriosidase : \/T\/\/\NW\/
S-gpNMB HOW o "

MIP-1a and MIP-1B

Figure 6. Gaucher disease; a graphical narrative of clinical heterogeneity, Gaucher cells and
biomarkers. Top left: Major symptoms and phenotype classification. Top right: Gaucher cell
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picture adopted from Aerts et al. 2003. Bottom left: Protein biomarkers of Gaucher cells.
Bottom right: Glucosylsphingosine.

Carriers of mutant Gba1 alleles do not develop Gaucher cells and characteristic GD symptom:s,
intriguingly however they, like patients, are at significantly increased risk for a-
synucleinopathies such as Parkinsonism and Lewy-body dementia®’~®°. Given the poor
prognostic value of Gbal genotype, early demonstration of onset of disease in individuals with
aberrant GBA is essential. Several sensitive plasma biomarkers for the presence of Gaucher
cells in the body have been identified, being proteins produced and secreted by lipid-laden
macrophages, such as the chitinase chitotriosidase and the chemokine CCL1821°31%0, Gaucher
cells also release soluble fragments of the membrane-proteins CD163 and gpNMB into the
circulation, leading to markedly elevated plasma concentrations'®-102, |n addition,
glucosylsphingosine (GlcSph), deacylated GlcCer, is several hundred-fold increased in plasma
of symptomatic GD patients and may serve as biomarker®31%4, These surrogate markers of
disease in plasma are increasingly used as guidance in clinical management, especially after
the availability of therapies for type 1 GD (see section below)%>1%, Defects in saposin C
impairing GBA activity lead to clinical symptoms similar to those presented by GD patients!?’.
Mutations in the Scarb2 gene causing deficiency of LIMP-2 result in markedly reduced GBA
levels in many cell types in man and micel®®11°, However, the corresponding human disease,
action myoclonus renal failure syndrome (AMRF), is clinically very different from GD11112, |n
LIMP-2 deficient mice relatively little GlcCer accumulates in tissues, a phenomenon explained
by the ability of most cells to efficiently convert accumulating GlcCer in lysosomes to GlcSph
by the action of lysosomal acid ceramidase!'*'4, White blood cells of AMRF patients and
LIMP-2 deficient mice have a surprisingly high residual GBA content, possibly due to re-uptake
of faulty secreted GBA. This considerable residual enzyme activity in macrophages seems
sufficient to prevent formation of Gaucher cells and associated symptoms as occurring in GD
patients. In line with this, AMRF patients do not show elevated plasma levels of Gaucher cell
markers such as chitotriosidase, CCL18 and gpNMB, but plasma glucosylsphingosine is
increased although far less spectacularly than in GD patients!'2, Plasma glucosylsphingosine
abnormalities in type 1 GD patients have been found to be corrected upon various therapeutic
interventions similar to the validated Gaucher cell biomarker chitotriosidase, indicating that
most of the excessive plasma glucosylsphingosine in type 1 GD patients stems from their
Gaucher cells?4,

Pathophysiology of Gaucher disease.

The most poorly understood aspects of GD are the pathophysiological mechanisms underlying
the complex clinical picture of the disorder. A closer inspection of patients shows that
numerous cell types and tissues can become affected. Ichtyotic skin disease is observed only
in GD patients without virtual GBA activity. The ratio of glucosylceramide to ceramide in the
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stratum corneum, determined by GBA, seems critical for correct barrier function of the skin®*.
Clinical symptoms related to the central nervous system such as epilepsy, apraxia and scoliosis
are usually observed only in GD patients with markedly reduced GBA activity, but on the other
hand even GD carriers show an increased risk for Parkinsonism®’. Peripheral neuropathy also
occurs in GD patients with an otherwise relative mild disease course and with significant
residual GBA activity!'®. Growth retardation and signs of insulin resistance point to hormone
disturbances, again also occurring in milder affected type 1 GD patients!!6. Some of the liver-
related symptoms like hepatomegaly and gallstones occur frequently in GD patients; however,
cirrhosis is more rare and associated with a more severe disease course in general’®. Cardiac
valve calcification is a symptom specifically occurring in GD patients with D409H mutated GBA,
suggesting a very specific, but still enigmatic, mechanism’6117-120_Splenomegaly is again a very
common sign of disease and associated with accumulation of Gaucher cells in the organ.
Frequent in GD patients is polyclonal gammopathy, and quite often this evolves into
monoclonal gammopathy!?!. Ultimately this can even lead to the development of multiple
myeloma and amyloidosis'?>7124. Bone marrow filtration is another regular sign in GD patients
and likely contributes besides splenomegaly to the common thrombocytopenia and anemia,
albeit the latter generally develops only in more severely affected patients’®. The skeletal
disease and bone remodelling in GD patients is heterogeneous and focal of nature’®. It seems
not to correlate well with other disease manifestations and circulating biomarkers of Gaucher
cells!?>, Osteoporosis is often encountered in GD patients, potentially linked to impaired
osteoblasts rather than increased osteoclast activity'>>1%%. It is unclear whether the presence
of Gaucher cells in tissues explains the entire spectrum of symptoms and signs in GD patients.
Indeed, the lipid-laden macrophages are viable cells able to secrete various proteins
promoting the influx of further monocytes to disease loci and stimulating ongoing
inflammation and tissue remodeling®>%3. As discussed in more detail in chapter 6 of the thesis,
it is conceivable that secondary abnormalities in GD patients stemming from adaptations to
the primary lysosomal GlcCer accumulation contribute to specific symptoms. Briefly,
compensatory increased metabolism of GlcCer by the cytosolic B-glucosidase GBA2127-130
might promote loss of motor coordination by Purkinje cell loss®3!. It might also lead to
excessive formation of potential toxic metabolites such as ceramide and glucosylated
compounds, e.g. cholesterolglucoside!3%132, Another adaptation in GBA deficient cells, the
intralysosomal formation of GlcSph from accumulating GlcCer, may even be pathogenic as
such. Excessive GlcSph has been linked to B-cell lymphoma®33-13>, |t has very recently been
reported that glucosylsphingosine in GD patients acts as auto-antigen driving B-cell
proliferation and it is proposed to directly promote the development of multiple myeloma?®33.
Of note, deacylation of accumulating storage GSLs to corresponding glycosphingoid bases is
not unique for GD and AMREF, but also occurs in Fabry disease and Krabbe disease3¢-138, Again,
toxicity of the generated glycosphingoid bases is considered: excessive galactosylsphingosine
is thought to be neurotoxic in Krabbe disease patients!3 % and excessive
globotriaosylsphingosine (lysoGb3) is claimed to be toxic for nociceptive peripheral neurons
and podocytes in Fabry disease patients!#%:142,
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Therapies for Gaucher disease.

Based on seminal studies by Brady and collaborators at the National Institutes of Health in
Bethesda, U.S.A. half a century ago'*3, the first effective treatment for GD was introduced, so-
called enzyme replacement therapy (ERT)'#*%>, This treatment is based on two-weekly
intravenous administration of glycan modified human recombinant GBA to supplement
macrophages with enzyme. Initially GBA was isolated from human placenta and its N-glycans
were enzymatically modified in vitro to expose terminal mannose residues favoring
endocytotic uptake of enzyme via the mannose receptor, a lectin receptor present on tissue
macrophages!?®. An effective ERT enzyme preparation was commercially developed by
Genzyme (Boston, U.S.A.), involving large scale isolation of enzyme from placental extracts!*3.
A few years later the placental enzyme preparation was replaced by a recombinant GBA
produced in Chinese hamster ovary cells. Now several GBA preparations are in use for ERT of
type 1 GD, all leading to reversal of organomegaly and hematological complications,
stabilization of skeletal disease and markedly increased quality of life!*’151, Clinical
improvement is accompanied by corrections in plasma biomarkers of Gaucher cells and
glucosylsphingosine. The quantification of plasma chitotriosidase is widely applied to monitor
disease progression and response to therapy. Corrections in plasma chitotriosidase of GD
patients have been found to correlate with corrections in organomegaly and to be associated
with improvements in hematological abnormalities. Moreover, the extent of correction in
chitotriosidase correlates with the incidence of long term complications such as pulmonary
hypertension, multiple myeloma and Parkinsonism%. It soon became apparent that
neurological manifestations in more severely affected GD patients are not prevented by ERT
because the therapeutic enzyme fails to pass the blood-brain barrier'¥’. An alternative
treatment of type 1 GD is offered by so-called substrate reduction therapy (SRT)*>71>, Here,
three times daily GD patients take a small compound inhibitor of GCS orally, the key enzyme
in glucosylceramide and subsequent glycosphingolipid biosynthesis. Two drugs (Miglustat and
Eliglustat, Figure 7) are registered for treatment of type 1 GD patients. Miglustat (N-butyl-
deoxynojirimycin), already registered in 2001, is a relative weak and non-specific inhibitor of
GCS. Lately the far more potent and specific GCS inhibitor Eligustat (N-[(1R,2R)-1-(2,3-
dihydro-1,4-benzodioxin-6-yl)-1-hydroxy-3-(1-pyrrolidinyl)-2-propanyl] octanamide) has also
been registered for SRT of type 1 GD patients!>®>8, The latter drug does not penetrate the
brain well and is not considered suitable to treat neuronopathic variants of GD. The design of
brain-permeable specific inhibitors of GCS is actively pursued by pharmaceutical industry and
academic  researchers.  Brain-permeable  N-(5'-adamantane-1'-yl-methoxy)-pentyl-1-
deoxynojirimycin (AMP-DNM)®? has earlier been identified as high nanomolar GCS inhibitor.
It was observed that ido-variants of AMP-DNM inhibit GCS with the same efficacy but with
much less affinity for GBA. Based on these compounds, a new generation of deoxynojirimycin
type GCS inhibitors with ICso values in the very low nanomolar range has been recently
developed?®®,
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Table 3. Therapy approaches for Gaucher disease. ERT: Enzyme Replacement Therapy; SRT:
Substrate Reduction Therapy; CT: Chaperone Therapy; LST: Lysosomal Stabilization Therapy;
GT: Gene Therapy.

Therapy Agent Mode of Target Status Limitation References
action

Recombinant  Enzyme . Costly, only
ERT GBAL ey Macrophages  Registered for GD1 Barton 1990 & 1991
Platt 2001, Aerts
SRT GCS inhibitor  ~uPstrate Viscera Registered  COStW only 2006, Cox 2000,
reduction for GD1 ;
Elstein 2004
Boyd 2013, Fan
2003, Benito 2011,
Jung 2016, Chang
2006, Yu 2007, Steet
GBA1 Folding . Also inhibits 2007, Tropak 2008,
Y chaperone promotion el ety B enzyme Lieberman 2009,
Khanna 2010,
Babajani 2012,
Zimran 2013,
Bendikov-Bar 2013
Arimoclomol Enzyme No known
LST . y - Total body Experimental  adverse Kirkegaard 2016
others stabilization
effects
Safety,
GT BIE cDNA/gene Stem cells Experimental Immune Dahl 2015
construct correction
response

There is active research on additional treatments of GD, particularly for the non-
neuronopathic variants for which there remains an unmet clinical need. Chemical chaperones
of GBA might offer a novel additional treatment avenue. With this approach, small compounds
interacting with the catalytic site of the enzyme should chaperone folding of (mutant) GBA in
the ER, resulting in increased transport of enzyme to the lysosome!-164 |n essence, chemical
chaperones promoting correct conformation of GBA might also stabilize the enzyme
intralysosomally. Whether the latter could offer clinical benefit is debated: chemical
chaperones interacting with the active site of lysosomal GBA intrinsically also inhibit its
enzymatic activity. As many GD patients produce mutant forms of GBA that are impaired in
folding and/or lysosomal stability, these might profit from chaperone-based therapies. There
is an explosive increase in reports on the design and synthesis of potential chemical
chaperones for GBA. Recent reviews elegantly cover some of the glycomimetics classes
currently under investigation as chaperones'®>1%¢ Many are reversible competitive, or mixed-
type, inhibitors of GBA. The most extensively studied small compound so far has been
isofagomine (IFG, Figure 7), which was the subject of several pre-clinical studies as well as a
clinical study that did not meet the full expectations!®’~176, |FG is a potent competitive GBA
inhibitor with an 1Cso of approximately 30 nM at pH 5.2 and 5 nM at pH 7.0'77. Compounds like
IFG will only exert a beneficial effect on GBA in a delicate concentration window that is likely
difficult to reach concomitantly in various tissues of GD patients. The effects of oral
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administration of Ambroxol (Figure 7), a weak mixed-type inhibitor of GBA have been
investigated in studies with cells and small numbers of type 1 GD patients'’’~180, Impressive
reductions in spleen and liver volumes of Ambroxol-treated type 1 GD patients have been
documented, as well as reductions the GD biomarker chitotriosidase.

Miglustat Ambroxol
Br
OH
H
N N
H
HOHO HO N .
oH r
H NH;
Eliglustat
Arimoclomal

2T

)]

C

oY
2 SRRe

Figure 7. Small compound therapeutics for Gaucher disease. Top left: Miglustat. Lower left:
Eliglustat. Top right: Ambroxol. Lower right: Arimoclomol.

N370S GBA is the prevalent mutant enzyme among Caucasian type 1 GD patients’®. For
example, almost every Dutch type 1 GD patient was found to possess at least one Gbal allele
coding for N370S enzyme®. Significant amounts of N370S GBA molecules reach
lysosomes®®88, their intralysosomal stability is however reduced. Fibroblasts homozygous for
N370S GBA show a marked increase in enzyme activity when cultured in the presence of
leupeptin inhibiting lysosomal proteolysis®®. Given this observation, a potential alternative
treatment for such individuals could be lysosomal stabilization therapy (LST), in which agents
promoting intralysosomal survival of GBA would be administered. Several approaches to be
considered in this direction are the use of selected lysosomal protease inhibitors and glyco-
mimetics acting as stabilizing chemical chaperone. Since GBA also exerts B-xylosidase activity
(Chapter 7 of this thesis), xylo-mimetics might also be worthwhile to test as potential
stabilizers. Little consideration as potential beneficial stabilizers has so far been given to
agents binding to the aglycon site of GBA. An approach proposed for treatment of Niemann
Pick disease types B and C is the administration of Arimoclomol (Figure 7)8!, a small compound
boosting formation of endogenous Hsp70, a protein that assists (re)folding of unfolded mutant
enzymes, even in the lysosome82, Arimoclomol is hoped to also exert positive effects in GD
patients. Finally, targeting of (fragments of) saposin C or LIMP-2 to lysosomes might offer
other ways to stabilize GBA in situ and augment GlcCer degradative capacity.
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During a discussion of future GD treatments, gene therapy has to be mentioned?83,
Given the positive outcome of bone marrow transplantation in type 1 GD patients, genetic
modification of hematopoietic stem cells has been, and still is, seriously considered as
therapeutic avenue. Pioneering trials with retroviral vectors to introduce Gbal cDNA in
hematopoietic stem cells of GD patients did not result in permanent correction of white blood
cells'®, however in recent times encouraging data have been obtained with lentiviral gene
therapy in type 1 GD mice'8>. Moreover, the exciting new possibilities for gene corrections
using CRISPR-CAS technology may further promote a revival in research on gene therapy as
therapeutic modality for GD86,

Chemical biology tools: activity-based probes, isotope encoded and clickable GSLs,
fluorogenic caged substrates.
Diagnosis of GD and fundamental research on the disorder were accelerated with the
availability of an antibody toolbox. Polyclonal and monoclonal antibodies directed to GBA
quickly found valuable applications in fundamental studies on the life cycle and subcellular
localization of GBA, the diagnosis of GD patients and even the purification of therapeutic
enzyme'®’~189 |n recent times novel chemical biology tools have been designed allowing
investigations on GBA and in vivo GlcCer metabolism in an unprecedented manner.

One recent breakthrough is the development of activity-based probes (ABPs) for GBA.
The irreversible inhibition of GBA by cyclophellitol (see section above and Figure 2) was
exploited for the design of ABPs for the enzyme®%%3, Initially, B-glucopyranosyl-configured
cyclophellitol-epoxides modified at C6 (glucopyranose numbering) with a fluorescent BODIPY
(Figure 8) were synthesized as mechanism-based probes for GBA®2. These ABPs bind
covalently and with high specificity in a mechanism-based manner, to the catalytic nucleophile
residue E340 of GBA®2, In situ labeling of active GBA with the ABPs in intact cells is feasible,
visualizing the intralysosomal location of the enzyme. Intravenous infusion of mice with these
ABPs results in specific labeling of GBA in various tissues, except brain and eye®.
Intracerebroventricular administration of the ABPs to mice allows visualization of active GBA
in brain with high spatial resolution'®. Reductions in active GBA molecules can be detected
after the exposure of cultured GD fibroblasts to ABP and subsequent analysis of ABP-labeled
protein by gel electrophoresis and quantitative fluorescence scanning®. The successful
approach for design of GBA directed ABPs was successfully reproduced for the lysosomal j-
galactosylceramidase (galactocerebrosidase, GALC), deficient in Krabbe disease'®!. Next, a
broad spectrum ABP was generated by the design of B-glucopyranosyl-configured
cyclophellitol-aziridines with a fluorophore modification (Figure 8)%. In these probes the
fluorophore is positioned more closely to the position of the aglycon in substrates of B-
glucosidases. Therefore, these ABPs covalently label a broad class of human B-glucosidases,
including GBA, GBA2, GBA3 and lactase-phloridzin hydrolase®’. Meanwhile, cyclophellitol-type
ABPs with distinct sugar configuration have been developed as ABPs for a-glucosidases, a-
fucosidase, a-mannosidases, a-iduronidase, a-galactosidases, [-galactosidases, f-
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mannosidases and B-glucuronidases'®?71%, (unpublished data: Artola, Jiang, Beenakker and
Kuo).

The ABPs can be conceived to find application in the diagnosis of lysosomal storage
diseases as well in fundamental research. Of note, the ABPs can be applied cross species given
the conserved catalytic pockets of glycosidases. They can be also equipped with biotin instead
of fluorophores, allowing convenient purification by means of streptavidin-based pull down
and subsequent identification of proteins by proteomics'®>*%¢, This procedure should also
allow identification of interacting proteins with the ABP-targeted enzyme. The GBA ABPs can
be further optimized to monitor the precise localization of enzyme in life cells, by super-
resolution microscopy as well as by correlative light and electron microscopy. For this
cyclophellitol derivatives can be fitted out with a norbonene at C8 (cyclophellitol numbering)
to generate a mechanism-based inhibitor projected to be (due to the bulk at this position)
selective for GBA. Pulse labeling of tissue culture and washing away unbound probe can be
followed by treatment with fluorogenic tetrazine. Only after inverse-electron demand Diels
Alder the dye becomes fluorescent, thus limiting background labeling®’.

s o

Biotin affinity tag

HO

Figure 8. Chemical biology tools: ABPs, isotope and di-azirine-GSLs, and caged GBA
substrate. Upper left panel: Cyclophellitol-epoxide with BODIPY and Cy5 fluorophore; Lower
left panel: Cyclophellitol-aziridine with BODIPY and biotin; Upper right panel: Caged
fluorogenic substrate for GBA'%; Lower right panel: Isotope labeled glucosylsphingosine.

25



Other important chemical research tools developed in the last decades are reversible
and irreversible inhibitors targeting various enzymes (GBA, GBA2 and GCS) involved in
glucosylceramide metabolism®%1%°, Vocadlo and co-workers recently reported the design of a
caged fluorogenic substrate specific for GBA (Figure 8)'%. This substrate, suited for activity
measurements in living cells, should find broad application. Ideally however, in situ activity of
GBA towards natural substrates is detected. New tools for this are glycosphingolipids and
glycosphingoid bases encoded with 3C atoms. These isotope labeled lipids synthesized at the
Leiden Institute of Chemistry can be used as internal standards in LC-MS/MS quantification of
lipids290:201 Moreover, they can be used in the analysis of enzymatic activity towards natural
substrates in cultured cells'3. Particularly, feeding of cells with isotope (glyco)sphingoid bases
offers a convenient way to monitor in situ lipid metabolism over time. A similar approach can
be employed with mice to which isotope labeled lipids are intravenously administered.
Recently photoactivatable lipid analogs have been developed that can be activated by UV light
to form a covalent linkage to their protein-binding partners?°229, There now are commercial
diazirine-functionalized and clickable lipids like pacFA, pacSph and pacGlcCer. As
demonstrated in this thesis, pacGlcCer is very suitable to study in vitro features of the catalytic
pocket of GBA.

Transglycosylation.

Several retaining glycosidases have been found to also efficiently transglycosylate, i.e. to
transfer the released sugar from substrate to another acceptor than a water molecule. A
thorough historical account of the realization that glycosidases may transglycosylate is
provided by the review of Hehre on the topic?®*. Acceptors in transglycosylation reactions can
be sugars, as is the case with chitinases such as chitotriosidase?®®. Other glycosidases like GBA
may transglucosylate sugar to other structures such as for example retinol and sterol. Glew
and co-workers were the first to demonstrate that GBA catalyzes the transfer of glucose from
4-methylumbelliferyl-B-glucoside to retinol and other alcohols?®®. Akiyama and colleagues
more recently reported that in vitro GBA generates 25-NBD-cholesterol-glucoside through
transglucosylation from GlcCer and 25-NBD-cholesterol?”’. This finding was recently
recapitulated by Marques et al. showing GBA mediated transglucosylation of natural
cholesterol with GlcCer as donor®32, Importantly, it was demonstrated that also the cytosolic
B-glucosidase GBA2 generates GlcChol through transglucosylation, again using GlcCer as
donor. A sensitive quantitative detection of GlcChol by LC-MS/MS using 3Cs-isotope labeled
GlcChol as internal standard enabled the detection of the glucosylated sterol in human plasma
and cultured cells'32, Analysis of mouse organs revealed that GlcChol is present in almost all
tissues, with relative high amounts in the thymus, of interest in view of the noted
abnormalities in NKT and B-cells in GD patients?%®-210, |t has been speculated by Mistry and
colleagues that elevated GlcCer or GlcSph via binding to CD1 may be causing this
phenomenon?®, GlcChol should also be considered a serious candidate in this respect.
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Interestingly, GlcChol is not directly formed by GCS by transfer of glucose from UDP-glucose
to ceramide32. GBA2 is found to be largely responsible for biosynthesis of GlcChol using
GlcCer as glucose donor. Whilst GBA seems to normally degrade GlcChol, high intralysosomal
cholesterol concentrations as in Niemann Pick type C disease favor formation of GlcChol by
GBA. Induction of lysosomal cholesterol accumulation in cells with U18666A causes a rapid
increase in GlcChol, which is abolished by selective inactivation of GBA®32, Pharmacological
inhibition of GBA2 leads to reduction of GlcChol in cultured cells, plasma of mice and plasma
of GD patients. The same is observed upon lowering of GlcCer by inhibition of GCS, further
indicating that the availability of GlcCer is an important driver in formation of GlcChol through
transglucosylation3?,

The recent discovery of additional metabolites linked to GlcCer seems highly relevant
for a better understanding of the complex clinical picture of GD. The finding suggests that GBA
may be responsible for metabolism of multiple glucosylated metabolites and not only GlcCer.
Hypothetically, other metabolites than GlcCer might more directly underlie some disease
manifestations of GD patients. The realization that GlcCer acts as intermediary metabolite
donating glucose to other metabolites may help to understand better in the future the
complex and highly variable clinical outcome of inherited disturbances in GlcCer metabolism
such as GD.

References

1. Novikoff, A. B., Beaufay, H. & De Duve, C. Electron microscopy of lysosomen rich
fractions from rat liver. J. Biophys. Biochem. Cytol. 2, 179-84 (1956).

2. de Duve, C. The lysosome turns fifty. Nat. Cell Biol. 7, 847-9 (2005).

3. Schwake, M., Schroder, B. & Saftig, P. Lysosomal Membrane Proteins and Their
Central Role in Physiology. Traffic 14, 739-748 (2013).

4, Settembre, C. & Ballabio, A. Lysosome: regulator of lipid degradation pathways.
Trends Cell Biol. 24, 743-750 (2014).

5. Settembre, C., Fraldi, A., Medina, D. L. & Ballabio, A. Signals from the lysosome: a
control centre for cellular clearance and energy metabolism. Nat. Rev. Mol. Cell Biol.
14, 283-96 (2013).

6. Efeyan, A., Zoncu, R. & Sabatini, D. M. Amino acids and mTORC1: from lysosomes to
disease. Trends Mol. Med. 18, 524-533 (2012).

7. Bar-Peled, L. & Sabatini, D. M. Regulation of mTORC1 by amino acids. Trends Cell Biol.
24, 400-406 (2014).

8. Neufeld, E. F. Lysosomal storage diseases. Annu. Rev. Biochem. 60, 257-80 (1991).

9. Platt, F. M. Sphingolipid lysosomal storage disorders. Nature 510, 68—75 (2014).

10.  Schulze, H. & Sandhoff, K. Sphingolipids and lysosomal pathologies. Biochim. Biophys.
Acta 1841, 799-810 (2014).

11.  Sinnott, M. Catalytic mechanism of enzymic glycosyl transfer. Chem. Rev. (1990).

12.  Henrissat, B. et al. Conserved catalytic machinery and the prediction of a common fold
for several families of glycosyl hydrolases. Proc. Natl. Acad. Sci. U. S. A. 92, 7090-4
(1995).

13. Davies, G. & Henrissat, B. Structures and mechanisms of glycosyl hydrolases. Structure

27



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

28

3, 853-859 (1995).

Bairoch, A. Classification of glycosyl hydrolase families and index of glycosyl hydrolase
entries in SWISS-PROT. (1999).

Naumoff, D. G. DEVELOPMENT OF A HIERARCHICAL CLASSIFICATION OF THE TIM-
BARREL TYPE GLYCOSIDE HYDROLASES. in Proceedings of the Fifth International
Conference on Bioinformatics of Genome Regulation and Structure (eds. Kolchanov, N.
& Hofestadt, R.) 294—-298 (RUSSIAN ACADEMY OF SCIENCES SIBERIAN BRANCH
INSTITUTE OF CYTOLOGY AND GENETICS, 2006).

Naumoff, D. G. Hierarchical classification of glycoside hydrolases. Biochem. 76, 622—
635 (2011).

Davies, G. J. & Williams, S. J. Carbohydrate-active enzymes: sequences, shapes,
contortions and cells. Biochem. Soc. Trans. 44, 79-87 (2016).

Kallemeijn, W. W., Witte, M. D., Wennekes, T. & Aerts, J. M. F. G. Mechanism-based
inhibitors of glycosidases: design and applications. Adv. Carbohydr. Chem. Biochem.
71, 297-338 (2014).

Vocadlo, D. J., Davies, G. J., Laine, R. & Withers, S. G. Catalysis by hen egg-white
lysozyme proceeds via a covalent intermediate. Nature 412, 835-838 (2001).

Ivo Tews, T, Anke C. Terwisscha van Scheltinga, ¥, Anastassis Perrakis, §, Keith S.
Wilson, || and & Bauke W. Dijkstra*, . Substrate-Assisted Catalysis Unifies Two
Families of Chitinolytic Enzymes. (1997). doi:10.1021/JA970674l

Hollak, C. E., van Weely, S., van Oers, M. H. & Aerts, J. M. Marked elevation of plasma
chitotriosidase activity. A novel hallmark of Gaucher disease. J. Clin. Invest. 93, 1288—
1292 (1994).

Boot, R. G., Renkema, G. H., Strijland, A., van Zonneveld, A. J. & Aerts, J. M. Cloning of

a cDNA encoding chitotriosidase, a human chitinase produced by macrophages. J. Biol.

Chem. 270, 26252—-6 (1995).

Fusetti, F. et al. Structure of human chitotriosidase. Implications for specific inhibitor
design and function of mammalian chitinase-like lectins. J. Biol. Chem. 277, 25537-44
(2002).

Rao, F. V et al. Crystal structures of allosamidin derivatives in complex with human
macrophage chitinase. J. Biol. Chem. 278, 20110-6 (2003).

Boot, R. G. et al. Identification of a novel acidic mammalian chitinase distinct from
chitotriosidase. J. Biol. Chem. 276, 6770-8 (2001).

Bussink, A. P., Speijer, D., Aerts, J. M. F. G. & Boot, R. G. Evolution of mammalian
chitinase(-like) members of family 18 glycosyl hydrolases. Genetics 177, 959-70
(2007).

Thudichum, J. A treatise on the chemical constitution of the brain. (Bailliere Tindall
and Cox, 1884).

Wennekes, T. et al. Glycosphingolipids--nature, function, and pharmacological
modulation. Angew. Chem. Int. Ed. Engl. 48, 8848—69 (2009).

Hancock, J. F. Lipid rafts: contentious only from simplistic standpoints. Nat. Rev. Mol.
Cell Biol. 7, 456—462 (2006).

Sonnino, S. & Prinetti, A. Membrane domains and the ‘lipid raft’ concept. Curr. Med.
Chem. (2012).

Lingwood, D. & Simons, K. Lipid rafts as a membrane-organizing principle. Science (80-
. ). 327, 46-50 (2010).

Merrill, A. H. Sphingolipid and Glycosphingolipid Metabolic Pathways in the Era of

33.

34.

35.

36.

37.

38.

30.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Sphingolipidomics. Chem. Rev. 111, 6387—-6422 (2011).

Tidhar, R. & Futerman, A. H. The complexity of sphingolipid biosynthesis in the
endoplasmic reticulum. Biochim. Biophys. Acta - Mol. Cell Res. 1833, 2511-2518
(2013).

Fabrias, G. et al. Dihydroceramide desaturase and dihydrosphingolipids: Debutant
players in the sphingolipid arena. Prog. Lipid Res. 51, 82—94 (2012).
Rodriguez-Cuenca, S., Barbarroja, N. & Vidal-Puig, A. Dihydroceramide desaturase 1,
the gatekeeper of ceramide induced lipotoxicity. Biochim. Biophys. Acta - Mol. Cell
Biol. Lipids 1851, 40-50 (2015).

Gault, C. R,, Obeid, L. M. & Hannun, Y. A. An overview of sphingolipid metabolism:
from synthesis to breakdown. Adv. Exp. Med. Biol. 688, 1-23 (2010).

Hanada, K. et al. Molecular machinery for non-vesicular trafficking of ceramide.
Nature 426, 803-9 (2003).

Ichikawa, S., Sakiyama, H., Suzuki, G., Hidari, K. |. & Hirabayashi, Y. Expression cloning
of a cDNA for human ceramide glucosyltransferase that catalyzes the first
glycosylation step of glycosphingolipid synthesis. Proc. Natl. Acad. Sci. U. S. A. 93,
12654 (1996).

van Meer, G., Wolthoorn, J. & Degroote, S. The fate and function of glycosphingolipid
glucosylceramide. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 358, 869—73 (2003).

Merrill, A. H., Wang, M. D., Park, M. & Sullards, M. C. (Glyco)sphingolipidology: an
amazing challenge and opportunity for systems biology. Trends Biochem. Sci. 32, 457—
468 (2007).

D’Angelo, G., Capasso, S., Sticco, L. & Russo, D. Glycosphingolipids: synthesis and
functions. FEBS J. 280, 6338-6353 (2013).

Kolter, T. & Sandhoff, K. Lysosomal degradation of membrane lipids. FEBS Lett. 584,
1700-1712 (2010).

Chigorno, V. et al. Metabolic processing of gangliosides by human fibroblasts in
culture--formation and recycling of separate pools of sphingosine. Eur. J. Biochem.
250, 661-9 (1997).

Pyne, S., Adams, D. R. & Pyne, N. J. Sphingosine 1-phosphate and sphingosine kinases
in health and disease: Recent advances. Prog. Lipid Res. 62, 93—-106 (2016).

Serra, M. & Saba, J. D. Sphingosine 1-phosphate lyase, a key regulator of sphingosine
1-phosphate signaling and function. Adv. Enzyme Regul. 50, 349-62 (2010).
Horowitz, M. et al. The human glucocerebrosidase gene and pseudogene: structure
and evolution. Genomics 4, 87-96 (1989).

Erickson, A. H., Ginns, E. I. & Barranger, J. A. Biosynthesis of the lysosomal enzyme
glucocerebrosidase. J. Biol. Chem. 260, 14319-24 (1985).

Takasaki, S. et al. Structure of the N-asparagine-linked oligosaccharide units of human
placental beta-glucocerebrosidase. J. Biol. Chem. 259, 10112-7 (1984).
Berg-Fussman, A., Grace, M. E., loannou, Y. & Grabowski, G. A. Human acid beta-
glucosidase. N-glycosylation site occupancy and the effect of glycosylation on
enzymatic activity. J. Biol. Chem. 268, 148616 (1993).

Reczek, D. et al. LIMP-2 Is a Receptor for Lysosomal Mannose-6-Phosphate-
Independent Targeting of B-Glucocerebrosidase. Cell 131, 770-783 (2007).

Zunke, F. et al. Characterization of the complex formed by B-glucocerebrosidase and
the lysosomal integral membrane protein type-2. Proc. Natl. Acad. Sci. 113, 3791-
3796 (2016).

29



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

30

Ron, |. & Horowitz, M. ER retention and degradation as the molecular basis underlying
Gaucher disease heterogeneity. Hum. Mol. Genet. 14, 2387-2398 (2005).

Aerts, J. M., Hollak, C., Boot, R. & Groener, A. Biochemistry of glycosphingolipid
storage disorders: implications for therapeutic intervention. Philos. Trans. R. Soc.
Lond. B. Biol. Sci. 358, 905—14 (2003).

Aerts, J. M. et al. Glucocerebrosidase, a lysosomal enzyme that does not undergo
oligosaccharide phosphorylation. Biochim. Biophys. Acta 964, 303—8 (1988).

Saftig, P. & Klumperman, J. Lysosome biogenesis and lysosomal membrane proteins:
trafficking meets function. Nat. Rev. Mol. Cell Biol. 10, 623-635 (2009).

Jonsson, L. M. V et al. Biosynthesis and maturation of glucocerebrosidase in Gaucher
fibroblasts. Eur. J. Biochem. 164, 171-179 (1987).

Grace, M. E., Graves, P. N., Smith, F. |. & Grabowski, G. A. Analyses of catalytic activity
and inhibitor binding of human acid beta-glucosidase by site-directed mutagenesis.
Identification of residues critical to catalysis and evidence for causality of two
Ashkenazi Jewish Gaucher disease type 1 mutations. J. Biol. Chem. 265, 6827—-35
(1990).

Zachos, C., Blanz, J., Saftig, P. & Schwake, M. A Critical Histidine Residue Within LIMP-
2 Mediates pH Sensitive Binding to Its Ligand B-Glucocerebrosidase. Traffic 13, 1113—
1123 (2012).

Morimoto, S. et al. Interaction of saposins, acidic lipids, and glucosylceramidase. J.
Biol. Chem. 265, 19337 (1990).

Kallemeijn, W. W. et al. A Sensitive Gel-based Method Combining Distinct
Cyclophellitol-based Probes for the Identification of Acid/Base Residues in Human
Retaining -Glucosidases. J. Biol. Chem. 289, 35351-35362 (2014).

Witte, M. D., van der Marel, G. a, Aerts, J. M. F. G. & Overkleeft, H. S. Irreversible
inhibitors and activity-based probes as research tools in chemical glycobiology. Org.
Biomol. Chem. 9, 5908-5926 (2011).

Witte, M. D. et al. Ultrasensitive in situ visualization of active glucocerebrosidase
molecules. Nat. Chem. Biol. 6, 907-913 (2010).

Kallemeijn, W. W. et al. Novel activity-based probes for broad-spectrum profiling of
retaining B-exoglucosidases in situ and in vivo. Angew. Chemie - Int. Ed. 51, 12529—
12533 (2012).

Dvir, H. et al. X-ray structure of human acid-B-glucosidase, the defective enzyme in
Gaucher disease. EMBO Rep. 4, 704—709 (2003).

Brumshtein, B. et al. Cyclodextrin-mediated crystallization of acid B-glucosidase in
complex with amphiphilic bicyclic nojirimycin analogues. Org. Biomol. Chem. 9, 4160
(2011).

Offman, M. N. et al. Comparison of a molecular dynamics model with the X-ray
structure of the N370S acid- -glucosidase mutant that causes Gaucher disease. Protein
Eng. Des. Sel. 24, 773—-775 (2011).

Gruschus, J. M. et al. Dissociation of glucocerebrosidase dimer in solution by its co-
factor, saposin C. Biochem. Biophys. Res. Commun. 457, 5616 (2015).

Atrian, S. et al. An evolutionary and structure-based docking model for
glucocerebrosidase-saposin C and glucocerebrosidase-substrate interactions -
relevance for Gaucher disease. Proteins 70, 882—91 (2008).

Weiler, S., Kishimoto, Y., O’'Brien, J. S., Barranger, J. A. & Tomich, J. M. Identification of
the binding and activating sites of the sphingolipid activator protein, saposin C, with

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

glucocerebrosidase. Protein Sci. 4, 756—64 (1995).

Qi, X., Qin, W., Sun, Y., Kondoh, K. & Grabowski, G. A. Functional organization of
saposin C. Definition of the neurotrophic and acid beta-glucosidase activation regions.
J. Biol. Chem. 271, 6874-80 (1996).

Vaccaro, A. M. et al. Saposin C mutations in Gaucher disease patients resulting in
lysosomal lipid accumulation, saposin C deficiency, but normal prosaposin processing
and sorting. Hum. Mol. Genet. 19, 2987-2997 (2010).

Aerts, J. M. et al. Conditions affecting the activity of glucocerebrosidase purified from
spleens of control subjects and patients with type 1 Gaucher disease. Biochim.
Biophys. Acta 1041, 55-63 (1990).

Yap, T. L., Gruschus, J. M., Velayati, A., Sidransky, E. & Lee, J. C. Saposin C protects
glucocerebrosidase against a-synuclein inhibition. Biochemistry 52, 7161-3 (2013).
Sun, Y., Qi, X. & Grabowski, G. A. Saposin C is required for normal resistance of acid
beta-glucosidase to proteolytic degradation. J. Biol. Chem. 278, 31918-23 (2003).
Salvioli, R. et al. Glucosylceramidase mass and subcellular localization are modulated
by cholesterol in Niemann-Pick disease type C. J. Biol. Chem. 279, 17674-80 (2004).
E. Beutler, G. A. G. in C.R. Scriver,W.S. Sly, D. Valle (Eds.), The Metabolic and Molecular
Bases of Inherited Disease, 8th ed. 3635-3668 (McGraw-Hill, New York, 2001).
GAUCHER, P. C. E. De I'épithélioma primitif de la rate. Hypertrophie idiopathique de la
rate sans leucémie. (1882).

Aghion, H. La Maladie de Gaucher dans I’enfance. (These de Paris, 1934).

Brady, R. O., Kanfer, J. N., Bradley, R. M. & Shapiro, D. Demonstration of a deficiency
of glucocerebroside-cleaving enzyme in Gaucher’s disease. J. Clin. Invest. 45, 1112—
1115 (1966).

Patrick, A. A deficiency of glucocerebrosidase in Gaucher’s disease. Biochem J. 97,
17C—18C (1965).

Hruska, K. S., LaMarca, M. E., Scott, C. R. & Sidransky, E. Gaucher disease: mutation
and polymorphism spectrum in the glucocerebrosidase gene (GBA). Hum. Mutat. 29,
567-583 (2008).

Ferraz, M. J. et al. Gaucher disease and Fabry disease: New markers and insights in
pathophysiology for two distinct glycosphingolipidoses. Biochim. Biophys. Acta - Mol.
Cell Biol. Lipids 1841, 811-825 (2014).

Schmitz, M., Alfalah, M., Aerts, J. M. F. G., Naim, H. Y. & Zimmer, K.-P. Impaired
trafficking of mutants of lysosomal glucocerebrosidase in Gaucher’s disease. Int. J.
Biochem. Cell Biol. 37, 2310-20 (2005).

Gatt, S., Dinur, T., Osiecki, K., Desnick, R. J. & Grabowski, G. A. Use of activators and
inhibitors to define the properties of the active site of normal and Gaucher disease
lysosomal beta-glucosidase. Enzyme 33, 109-19 (1985).

van Weely, S. et al. Role of pH in determining the cell-type-specific residual activity of
glucocerebrosidase in type 1 Gaucher disease. J. Clin. Invest. 91, 1167-75 (1993).
Wei, R. R. et al. X-ray and Biochemical Analysis of N370S Mutant Human Acid -
Glucosidase. J. Biol. Chem. 286, 299-308 (2011).

Sawkar, A. R. et al. Chemical chaperones increase the cellular activity of N370S beta -
glucosidase: a therapeutic strategy for Gaucher disease. Proc. Natl. Acad. Sci. U. S. A.
99, 15428-33 (2002).

Ohashi, T. et al. Characterization of human glucocerebrosidase from different mutant
alleles. J. Biol. Chem. 266, 3661—7 (1991).

31



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

32

Boot, R. G. et al. Glucocerebrosidase genotype of Gaucher patients in The
Netherlands: limitations in prognostic value. Hum. Mutat. 10, 348-58 (1997).
Lachmann, R. H., Grant, I. R., Halsall, D. & Cox, T. M. Twin pairs showing discordance
of phenotype in adult Gaucher’s disease. QM 97, 199-204 (2004).

Biegstraaten, M. et al. A monozygotic twin pair with highly discordant Gaucher
phenotypes. Blood Cells. Mol. Dis. 46, 39-41 (2011).

Bussink, A. P., van Eijk, M., Renkema, G. H., Aerts, J. M. & Boot, R. G. The biology of
the Gaucher cell: the cradle of human chitinases. Int. Rev. Cytol. 252, 71-128 (2006).
Boot, R. G. et al. Marked elevation of the chemokine CCL18/PARC in Gaucher disease:
a novel surrogate marker for assessing therapeutic intervention. Blood 103, 33—9
(2004).

Holleran, W. M., Takagi, Y. & Uchida, Y. Epidermal sphingolipids: Metabolism,
function, and roles in skin disorders. FEBS Lett. 580, 5456—5466 (2006).
Staretz-Chacham, O., Lang, T. C., LaMarca, M. E., Krasnewich, D. & Sidransky, E.
Lysosomal storage disorders in the newborn. Pediatrics 123, 1191-207 (2009).
Sidransky, E., Sherer, D. M. & Ginns, E. I. Gaucher disease in the neonate: a distinct
Gaucher phenotype is analogous to a mouse model created by targeted disruption of
the glucocerebrosidase gene. Pediatr. Res. 32, 494-8 (1992).

Siebert, M., Sidransky, E. & Westbroek, W. Glucocerebrosidase is shaking up the
synucleinopathies. Brain 137, 1304-1322 (2014).

Blanz, J. & Saftig, P. Parkinson’s disease: acid-glucocerebrosidase activity and alpha-
synuclein clearance. J. Neurochem. 139, 198-215 (2016).

Rothaug, M. et al. LIMP-2 expression is critical for -glucocerebrosidase activity and -
synuclein clearance. Proc. Natl. Acad. Sci. 111, 15573-15578 (2014).

Aerts, J. M. & Hollak, C. E. Plasma and metabolic abnormalities in Gaucher’s disease.
Baillieres. Clin. Haematol. 10, 691-709 (1997).

Kramer, G. et al. Elevation of glycoprotein nonmetastatic melanoma protein B in type
1 Gaucher disease patients and mouse models. FEBS Open Bio 6, 902—913 (2016).
Mgller, H. J., de Fost, M., Aerts, H., Hollak, C. & Moestrup, S. K. Plasma level of the
macrophage-derived soluble CD163 is increased and positively correlates with severity
in Gaucher’s disease. Eur. J. Haematol. 72, 135-9 (2004).

Dekker, N. et al. Elevated plasma glucosylsphingosine in Gaucher disease: relation to
phenotype, storage cell markers, and therapeutic response. Blood 118, e118—e127
(2011).

Mirzaian, M. et al. Mass spectrometric quantification of glucosylsphingosine in plasma
and urine of type 1 Gaucher patients using an isotope standard. Blood Cells, Mol. Dis.
54,307-314 (2015).

Deegan, P. B. et al. Clinical evaluation of chemokine and enzymatic biomarkers of
Gaucher disease. Blood Cells. Mol. Dis. 35, 259—-67 (2005).

van Dussen, L. et al. Value of plasma chitotriosidase to assess non-neuronopathic
Gaucher disease severity and progression in the era of enzyme replacement therapy.
J. Inherit. Metab. Dis. 37, 991-1001 (2014).

Tylki-Szymaniska, A. et al. Gaucher disease due to saposin C deficiency, previously
described as non-neuronopathic form — No positive effects after 2-years of miglustat
therapy. Mol. Genet. Metab. 104, 627-630 (2011).

Berkovic, S. F. et al. Array-Based Gene Discovery with Three Unrelated Subjects Shows
SCARB2/LIMP-2 Deficiency Causes Myoclonus Epilepsy and Glomerulosclerosis. Am. J.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Hum. Genet. 82, 673-684 (2008).

Badhwar, A. et al. Action myoclonus-renal failure syndrome: characterization of a
unique cerebro-renal disorder. Brain 127, 2173-2182 (2004).

Gamp, A.-C. et al. LIMP-2/LGP85 deficiency causes ureteric pelvic junction
obstruction, deafness and peripheral neuropathy in mice. Hum. Mol. Genet. 12, 631-
46 (2003).

Balreira, A. et al. A nonsense mutation in the LIMP-2 gene associated with progressive
myoclonic epilepsy and nephrotic syndrome. Hum. Mol. Genet. 17, 2238-2243 (2008).
Gaspar, P. et al. Action myoclonus-renal failure syndrome: diagnostic applications of
activity-based probes and lipid analysis. J. Lipid Res. 55, 138—145 (2014).

Ferraz, M. J. et al. Lysosomal glycosphingolipid catabolism by acid ceramidase:
formation of glycosphingoid bases during deficiency of glycosidases. FEBS Lett. 590,
716-725 (2016).

Smid, B. E. et al. Biochemical response to substrate reduction therapy versus enzyme
replacement therapy in Gaucher disease type 1 patients. Orphanet J. Rare Dis. 11, 28
(2016).

Biegstraaten, M., van Schaik, I. N., Aerts, J. M. F. G. & Hollak, C. E. M. ‘Non-
neuronopathic’ Gaucher disease reconsidered. Prevalence of neurological
manifestations in a Dutch cohort of type | Gaucher disease patients and a systematic
review of the literature. J. Inherit. Metab. Dis. 31, 337-349 (2008).

Langeveld, M. et al. Type | Gaucher Disease, a Glycosphingolipid Storage Disorder, Is
Associated with Insulin Resistance. J. Clin. Endocrinol. Metab. 93, 845-851 (2008).
Abrahamov, A. et al. Gaucher’s disease variant characterised by progressive
calcification of heart valves and unique genotype. Lancet (London, England) 346,
1000-3 (1995).

Chabas, A. et al. Unusual expression of Gaucher’s disease: cardiovascular calcifications
in three sibs homozygous for the D409H mutation. J. Med. Genet. 32, 740-2 (1995).
George, R., McMahon, J., Lytle, B., Clark, B. & Lichtin, A. Severe valvular and aortic
arch calcification in a patient with Gaucher’s disease homozygous for the D409H
mutation. Clin. Genet. 59, 360-3 (2001).

Pasmanik-Chor, M. et al. The glucocerebrosidase D409H mutation in Gaucher disease.
Biochem. Mol. Med. 59, 125-33 (1996).

de Fost, M. et al. Immunoglobulin and free light chain abnormalities in Gaucher
disease type I: data from an adult cohort of 63 patients and review of the literature.
Ann. Hematol. 87, 439-49 (2008).

Cox, T. M., Rosenbloom, B. E. & Barker, R. A. Gaucher disease and comorbidities: B-
cell malignancy and parkinsonism. Am. J. Hematol. 90, S25-528 (2015).

de Fost, M. et al. Increased incidence of cancer in adult Gaucher disease in Western
Europe. Blood Cells. Mol. Dis. 36, 53—8 (2006).

Hrebicek, M. et al. A case of type | Gaucher disease with cardiopulmonary amyloidosis
and chitotriosidase deficiency. Virchows Arch. 429, 305-9 (1996).

van Dussen, L. et al. Markers of bone turnover in Gaucher disease: modeling the
evolution of bone disease. J. Clin. Endocrinol. Metab. 96, 2194-205 (2011).

Mistry, P. K. et al. Glucocerebrosidase gene-deficient mouse recapitulates Gaucher
disease displaying cellular and molecular dysregulation beyond the macrophage. Proc.
Natl. Acad. Sci. 107, 19473-19478 (2010).

van Weely, S., Brandsma, M., Strijland, A., Tager, J. M. & Aerts, J. M. Demonstration of

33



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

34

the existence of a second, non-lysosomal glucocerebrosidase that is not deficient in
Gaucher disease. Biochim. Biophys. Acta 1181, 55-62 (1993).

Yildiz, Y. et al. Mutation of B-glucosidase 2 causes glycolipid storage disease and
impaired male fertility. J. Clin. Invest. 116, 2985—2994 (2006).

Boot, R. G. et al. Identification of the non-lysosomal glucosylceramidase as beta-
glucosidase 2. J. Biol. Chem. 282, 1305-12 (2007).

Mistry, P. K. et al. Glucocerebrosidase 2 gene deletion rescues type 1 Gaucher disease.
Proc. Natl. Acad. Sci. 111, 4934-4939 (2014).

Marques, A. R. A. et al. Reducing GBA2 Activity Ameliorates Neuropathology in
Niemann-Pick Type C Mice. PLoS One 10, e0135889 (2015).

Marques, A. R. A. et al. Glucosylated cholesterol in mammalian cells and tissues:
formation and degradation by multiple cellular B-glucosidases. J. Lipid Res. 57, 451—
463 (2016).

Nair, S. et al. Clonal Immunoglobulin against Lysolipids in the Origin of Myeloma. N.
Engl. J. Med. 374, 555-561 (2016).

Pavlova, E. V. et al. B cell ymphoma and myeloma in murine Gaucher’s disease. J.
Pathol. 231, 88-97 (2013).

Pavlova, E. V et al. Inhibition of UDP-glucosylceramide synthase in mice prevents
Gaucher disease-associated B-cell malignancy. J. Pathol. 235, 113-124 (2015).
Ferraz, M. J. et al. Lyso-glycosphingolipid abnormalities in different murine models of
lysosomal storage disorders. Mol. Genet. Metab. 117, 186—193 (2016).

Suzuki, K. Twenty five years of the &quot;psychosine hypothesis&quot;: a personal
perspective of its history and present status. Neurochem. Res. 23, 251-9 (1998).
Aerts, J. M. et al. Elevated globotriaosylsphingosine is a hallmark of Fabry disease.
Proc. Natl. Acad. Sci. 105, 2812—-2817 (2008).

Formichi, P. et al. Psychosine-induced apoptosis and cytokine activation in immune
peripheral cells of Krabbe patients. J. Cell. Physiol. 212, 737-43 (2007).

Tanaka, K., Nagara, H., Kobayashi, T. & Goto, I. The twitcher mouse: accumulation of
galactosylsphingosine and pathology of the sciatic nerve. Brain Res. 454, 340-6
(1988).

Choi, L. et al. The Fabry disease-associated lipid Lyso-Gb3 enhances voltage-gated
calcium currents in sensory neurons and causes pain. Neurosci. Lett. 594, 163-8
(2015).

Sanchez-Nifio, M. D. et al. Lyso-Gb3 activates Notch1 in human podocytes. Hum. Mol.
Genet. 24, 5720-5732 (2015).

Brady, R. O. Enzyme replacement therapy: conception, chaos and culmination. Philos.
Trans. R. Soc. B Biol. Sci. 358, 915-919 (2003).

Barton, N. W., Furbish, F. S., Murray, G. J., Garfield, M. & Brady, R. O. Therapeutic
response to intravenous infusions of glucocerebrosidase in a patient with Gaucher
disease. Proc. Natl. Acad. Sci. U. S. A. 87, 1913—6 (1990).

Barton, N. W. et al. Replacement therapy for inherited enzyme deficiency--
macrophage-targeted glucocerebrosidase for Gaucher’s disease. N. Engl. J. Med. 324,
1464-70 (1991).

Aerts, J. M., Hollak, C., Boot, R. & Groener, A. in 193—208 (Springer Berlin Heidelberg,
2003). doi:10.1007/978-3-642-55742-2_11

Desnick, R. J. & Schuchman, E. H. Enzyme Replacement Therapy for Lysosomal
Diseases: Lessons from 20 Years of Experience and Remaining Challenges. Annu. Rev.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.
164.

165.

166.

Genomics Hum. Genet. 13, 307-335 (2012).

Aerts, J. M. F. G., Yasothan, U. & Kirkpatrick, P. Velaglucerase alfa. Nat. Rev. Drug
Discov. 9, 837-8 (2010).

Zimran, A. et al. Pivotal trial with plant cell-expressed recombinant
glucocerebrosidase, taliglucerase alfa, a novel enzyme replacement therapy for
Gaucher disease. Blood 118, 5767-73 (2011).

de Fost, M. et al. Superior effects of high-dose enzyme replacement therapy in type 1
Gaucher disease on bone marrow involvement and chitotriosidase levels: a 2-center
retrospective analysis. Blood 108, 830-5 (2006).

Pastores, G. M. et al. Therapeutic goals in the treatment of Gaucher disease. Semin.
Hematol. 41, 4-14 (2004).

Platt, F. M. et al. Inhibition of substrate synthesis as a strategy for glycolipid lysosomal
storage disease therapy. J. Inherit. Metab. Dis. 24, 275-90 (2001).

Aerts, J. M. F. G, Hollak, C. E. M., Boot, R. G., Groener, J. E. M. & Maas, M. Substrate
reduction therapy of glycosphingolipid storage disorders. J. Inherit. Metab. Dis. 29,
449-456 (2006).

Cox, T. et al. Novel oral treatment of Gaucher’s disease with N-butyldeoxynojirimycin
(OGT 918) to decrease substrate biosynthesis. Lancet 355, 1481-1485 (2000).
Elstein, D. et al. Sustained therapeutic effects of oral miglustat (Zavesca, N-
butyldeoxynojirimycin, OGT 918) in type | Gaucher disease. J. Inherit. Metab. Dis. 27,
757-766 (2004).

Cox, T. M. et al. Eliglustat compared with imiglucerase in patients with Gaucher’s
disease type 1 stabilised on enzyme replacement therapy: a phase 3, randomised,
open-label, non-inferiority trial. Lancet 385, 2355—-2362 (2015).

Mistry, P. K. et al. Effect of Oral Eliglustat on Splenomegaly in Patients With Gaucher
Disease Type 1. JAMA 313, 695 (2015).

Hughes, D. A. & Pastores, G. M. Eliglustat for Gaucher’s disease: trippingly on the
tongue. Lancet 385, 2328-2330 (2015).

Overkleeft, H. S. et al. Generation of specific deoxynojirimycin-type inhibitors of the
non-lysosomal glucosylceramidase. J. Biol. Chem. 273, 26522—-7 (1998).
Ghisaidoobe, A. T. et al. Identification and Development of Biphenyl Substituted
Iminosugars as Improved Dual Glucosylceramide Synthase/Neutral
Glucosylceramidase Inhibitors. J. Med. Chem. 57, 9096-9104 (2014).

Boyd, R. E. et al. Pharmacological Chaperones as Therapeutics for Lysosomal Storage
Diseases. J. Med. Chem. 56, 2705-2725 (2013).

Fan, J.-Q. A contradictory treatment for lysosomal storage disorders: inhibitors
enhance mutant enzyme activity. Trends Pharmacol. Sci. 24, 355-60 (2003).

Brooks, D. A. Getting into the fold. Nat. Chem. Biol. 3, 84-5 (2007).

Araki, K. & Nagata, K. Protein Folding and Quality Control in the ER. Cold Spring Harb.
Perspect. Biol. 3, a007526—a007526 (2011).

Benito, J. M., Garcia Fernandez, J. M. & Ortiz Mellet, C. Pharmacological chaperone
therapy for Gaucher disease: a patent review. Expert Opin. Ther. Pat. 21, 885-903
(2011).

Jung, O., Patnaik, S., Marugan, J., Sidransky, E. & Westbroek, W. Progress and
potential of non-inhibitory small molecule chaperones for the treatment of Gaucher
disease and its implications for Parkinson disease. Expert Rev. Proteomics 13, 471-9
(2016).

35



167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

36

Zechel, D. L. et al. Iminosugar Glycosidase Inhibitors: Structural and Thermodynamic
Dissection of the Binding of Isofagomine and 1-Deoxynojirimycin to B-Glucosidases. J.
Am. Chem. Soc. 125, 14313-14323 (2003).

Chang, H.-H., Asano, N., Ishii, S., Ichikawa, Y. & Fan, J.-Q. Hydrophilic iminosugar
active-site-specific chaperones increase residual glucocerebrosidase activity in
fibroblasts from Gaucher patients. FEBS J. 273, 4082-92 (2006).

Steet, R. A. et al. The iminosugar isofagomine increases the activity of N370S mutant
acid beta-glucosidase in Gaucher fibroblasts by several mechanisms. Proc. Natl. Acad.
Sci. U. S. A. 103, 13813-8 (2006).

Yu, Z., Sawkar, A. R., Whalen, L. J., Wong, C.-H. & Kelly, J. W. Isofagomine- and 2,5-
anhydro-2,5-imino-D-glucitol-based glucocerebrosidase pharmacological chaperones
for Gaucher disease intervention. J. Med. Chem. 50, 94-100 (2007).

Steet, R. et al. Selective action of the iminosugar isofagomine, a pharmacological
chaperone for mutant forms of acid-beta-glucosidase. Biochem. Pharmacol. 73, 1376—
83 (2007).

Kornhaber, G. J. et al. Isofagomine Induced Stabilization of Glucocerebrosidase.
ChemBioChem 9, 2643-2649 (2008).

Tropak, M. B. et al. Identification of Pharmacological Chaperones for Gaucher Disease
and Characterization of Their Effects on B-Glucocerebrosidase by
Hydrogen/Deuterium Exchange Mass Spectrometry. ChemBioChem 9, 2650-2662
(2008).

Lieberman, R. L., D’aquino, J. A,, Ringe, D. & Petsko, G. A. Effects of pH and iminosugar
pharmacological chaperones on lysosomal glycosidase structure and stability.
Biochemistry 48, 4816-27 (2009).

Khanna, R. et al. The pharmacological chaperone isofagomine increases the activity of
the Gaucher disease L444P mutant form of beta-glucosidase. FEBS J. 277, 1618-38
(2010).

Sun, Y. et al. Ex Vivo and in Vivo Effects of Isofagomine on Acid -Glucosidase Variants
and Substrate Levels in Gaucher Disease. J. Biol. Chem. 287, 4275-4287 (2012).
Maegawa, G. H. B. et al. Identification and Characterization of Ambroxol as an Enzyme
Enhancement Agent for Gaucher Disease. J. Biol. Chem. 284, 23502—23516 (2009).
Babajani, G., Tropak, M. B., Mahuran, D. J. & Kermode, A. R. Pharmacological
chaperones facilitate the post-ER transport of recombinant N370S mutant -
glucocerebrosidase in plant cells: evidence that N370S is a folding mutant. Mol. Genet.
Metab. 106, 323-9 (2012).

Zimran, A., Altarescu, G. & Elstein, D. Pilot study using ambroxol as a pharmacological
chaperone in type 1 Gaucher disease. Blood Cells, Mol. Dis. 50, 134—137 (2013).
Bendikov-Bar, I., Maor, G., Filocamo, M. & Horowitz, M. Ambroxol as a
pharmacological chaperone for mutant glucocerebrosidase. Blood Cells. Mol. Dis. 50,
141-5 (2013).

Petersen, N. H. T. & Kirkegaard, T. HSP70 and lysosomal storage disorders: novel
therapeutic opportunities. Biochem. Soc. Trans. 38, 1479-1483 (2010).

Kalmar, B., Lu, C.-H. & Greensmith, L. The role of heat shock proteins in Amyotrophic
Lateral Sclerosis: The therapeutic potential of Arimoclomol. Pharmacol. Ther. 141, 40—
54 (2014).

Biffi, A. Gene therapy for lysosomal storage disorders: a good start. Hum. Mol. Genet.
25, R65—-R75 (2016).

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

Correll, P. H. & Karlsson, S. Towards therapy of Gaucher’s disease by gene transfer
into hematopoietic cells. Eur. J. Haematol. 53, 253-64 (1994).

Dahl, M. et al. Lentiviral gene therapy using cellular promoters cures type 1 Gaucher
disease in mice. Mol. Ther. 23, 835-844 (2015).

Maeder, M. L. & Gersbach, C. A. Genome-editing Technologies for Gene and Cell
Therapy. Mol. Ther. 24, 430-446 (2016).

Willemsen, R. et al. An immunoelectron microscopic study of glucocerebrosidase in
type 1 Gaucher’s disease spleen. Ultrastruct. Pathol. 12, 471-8

Aerts, J. M. et al. Comparative study on glucocerebrosidase in spleens from patients
with Gaucher disease. Biochem. J. 269, 93—100 (1990).

Aerts, J. M. et al. A procedure for the rapid purification in high yield of human
glucocerebrosidase using immunoaffinity chromatography with monoclonal
antibodies. Anal. Biochem. 154, 655-63 (1986).

Herrera Moro Chao, D. et al. Visualization of Active Glucocerebrosidase in Rodent
Brain with High Spatial Resolution following In Situ Labeling with Fluorescent Activity
Based Probes. PLoS One 10, 0138107 (2015).

Marques, A. R. A. et al. A Specific Activity-Based Probe to Monitor Family GH59
Galactosylceramidase, the Enzyme Deficient in Krabbe Disease. ChemBioChem 18,
402-412 (2017).

Willems, L. I. et al. Synthesis of a- and B-Galactopyranose-Configured Isomers of
Cyclophellitol and Cyclophellitol Aziridine. European J. Org. Chem. 2014, 6044—-6056
(2014).

Jiang, J. et al. Comparing Cyclophellitol N-Alkyl and N-Acyl Cyclophellitol Aziridines as
Activity-Based Glycosidase Probes. Chemistry 21, 10861-10869 (2015).

Jiang, J. et al. In vitro and in vivo comparative and competitive activity-based protein
profiling of GH29 a- | -fucosidases. Chem. Sci. 6, 2782—-2789 (2015).

Jiang, J. et al. Detection of Active Mammalian GH31 a-Glucosidases in Health and
Disease Using In-Class, Broad-Spectrum Activity-Based Probes. ACS Cent. Sci. 2, 351—
358 (2016).

Chandrasekar, B. et al. Broad-range Glycosidase Activity Profiling. Mol. Cell.
Proteomics 13, 2787—-2800 (2014).

Urano, Y. Novel live imaging techniques of cellular functions and in vivo tumors based
on precise design of small molecule-based ‘Activatable’ fluorescence probes. Curr.
Opin. Chem. Biol. 16, 602-608 (2012).

Yadav, A. K. et al. Fluorescence-quenched substrates for live cell imaging of human
glucocerebrosidase activity. J. Am. Chem. Soc. 137, 1181-9 (2015).

Wennekes, T. et al. Development of adamantan-1-yl-methoxy-functionalized 1-
deoxynojirimycin derivatives as selective inhibitors of glucosylceramide metabolism in
man. J. Org. Chem. 72, 1088-97 (2007).

Gold, H. et al. Quantification of Globotriaosylsphingosine in Plasma and Urine of Fabry
Patients by Stable Isotope Ultraperformance Liquid Chromatography-Tandem Mass
Spectrometry. Clin. Chem. 59, 547-556 (2013).

Wisse, P. et al. Synthesis of a Panel of Carbon-13-Labelled (Glyco)Sphingolipids.
European J. Org. Chem. 2015, 2661-2677 (2015).

Haberkant, P. & Holthuis, J. C. M. Fat &amp; fabulous: Bifunctional lipids in the
spotlight. Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 1841, 1022—-1030 (2014).
Haberkant, P. et al. Bifunctional Sphingosine for Cell-Based Analysis of Protein-

37



204.

205.

206.

207.

208.

200.

210.

38

Sphingolipid Interactions. ACS Chem. Biol. 11, 222—-230 (2016).

Hehre, E. J. Glycosyl transfer: a history of the concept’s development and view of its
major contributions to biochemistry. Carbohydr. Res. 331, 347-368 (2001).

Aguilera, B. Transglycosidase Activity of Chitotriosidase: IMPROVED ENZYMATIC
ASSAY FOR THE HUMAN MACROPHAGE CHITINASE. J. Biol. Chem. 278, 40911-40916
(2003).

Vanderjagt, D. J., Fry, D. E. & Glew, R. H. Human glucocerebrosidase catalyses
transglucosylation between glucocerebroside and retinol. Biochem. J. 300, 309-15
(1994).

Akiyama, H., Kobayashi, S., Hirabayashi, Y. & Murakami-Murofushi, K. Cholesterol
glucosylation is catalyzed by transglucosylation reaction of B-glucosidase 1. Biochem.
Biophys. Res. Commun. 441, 838—43 (2013).

Nair, S. et al. Type |l NKT-TFH cells against Gaucher lipids regulate B-cell immunity and
inflammation. Blood 125, 125671 (2015).

Salio, M. & Cerundolo, V. NKT-dependent B-cell activation in Gaucher disease. Blood
125, 1200-2 (2015).

Liu, J. et al. Gaucher disease gene GBA functions in immune regulation. Proc. Natl.
Acad. Sci. 109, 10018-10023 (2012).



