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List of Abbreviations and acronyms

FD = Fabry disease

ERT = Enzyme replacement therapy

a-GAL A or GLA = human alpha galactosidase
(a-)NAGA(L) = a-N-acetyl-galactosaminidase
(a-)NAGAEL = modified a-N-acetyl-galactosaminidase
a-GAL = any alpha galactosidase, including plant enzymes
4MU = 4-Methylumbelliferyl

ABP = Activity-based probe

CBB = Coomassie brilliant blue

ConA = Concanavalin A

GDb3 = globotriaosylceramide

GlcCer = glucosylceramide

Cer = ceramide

lysoGb3 = globotriaosylsphingosine

LacCer = lactosylceramide

lysoLacCer = lactosylsphingosine

mADb = monoclonal antibodies

Gal-DNJ = deoxygalactonojirimycin

GBA = human lysosomal glucocerebrosidase

GAA = human lysosomal alpha glucosidase

BGLUR = human lysosomal beta glucuronidase
aMAN = human alpha mannosidase

aFUC = human alpha fucosidase

BGAL = human beta galactosidase

HPSE = Heparanase

MPR = Mannose-6-phosphate receptor

Man-6-P = Mannose-6-phosphate moieties

MR = Molecular Replacement

PD = Parkinson disease

GD = Gaucher disease

SDS-PAGE = sodium dodecyl sulfate polyacrylamide gel electrophoresis
HPLC = High Performance Liquid Chromatography
LC-MS/MS = Liquid chromatography—mass spectrometry with two mass
spectrometers in tandem

HRP = horseradish peroxidase

NBD = nitrobenzoxadiazole

NBD-Gb3 = NBD-C12-globotriaosylceramide

PBS = Phosphate buffered saline

DAPI = 4',6-diamidino-2-phenylindole

BY2 cells= Bright Yellow 2 Nicotiana tabacum cells
BSA = Bovine serum albumin


https://www.sigmaaldrich.com/catalog/product/aldrich/m1381?lang=en&region=US

RT = real time
A1.1 = Nicotiana benthamiana alpha galactosidase, identified in current thesis
B56 = Nicotiana tabacum beta glucosidase, identified in current thesis

List of activity-based probes coding

TB474 = Cyb5 labelled alpha galactosidase activity-based probe

MET741 = Biotinylated alpha galactosidase activity-based probe

ME569 = Cy5 labelled epoxide beta glucosidase activity-based probe

MES869 = TAMRA/Biotinylated labelled epoxide beta glucosidase activity-based probe
JJB111 = Biotinylated labelled aziridine beta glucosidase activity-based probe
JJB367 = Cyb labelled aziridine beta glucosidase activity-based probe

JJB75 = Bodipy-red labelled aziridine beta glucosidase activity-based probe
TB652 = Cyb labelled aziridine beta galactosidase activity-based probe
JJB381 = Cyb labelled aziridine alpha fucosidase activity-based probe
JJB383 = Cyb labelled aziridine alpha glucosidase activity-based probe
JJB392 = Cy5 labelled aziridine beta glucuronidase activity-based probe
KY358 = aziridine beta glucosidase activity-based probe

MDW944 = Bodipy-red labelled epoxide beta glucosidase activity-based probe
TB482 = Cyb5 labelled aziridine alpha mannosidase activity-based probe
TB434 = Cy5 labelled aziridine beta mannosidase activity-based probe
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Introduction & Scope of the thesis

Introduction

Lysosomal enzymes and their function

In 1955 Christian de Duve and colleagues were the first to observe the existence
of distinct membrane-enclosed acidic cellular organelles, that were named
lysosomes to reflect their “lytic” nature (Appelmans et al. 1955). Lysosomes
fulfil various functions ranging from turnover of endogenous macromolecules
from the extracellular space and the cell itself to the supply of the cytosol with
vital nutrients and degradation of pathogens (Parkinson-Lawrence et al. 2010).
Degradation of very different macromolecules such as sphingolipids, glycogen,
mucopolysaccharides and glycoproteins takes place in lysosomes.
Macromolecular substrates for degradation are delivered into lysosomes via
endocytic and autophagy pathways (Futerman and van Meer 2004). Lysosomes
contain over 60 soluble acid hydrolases mediating fragmentation of
macromolecules to building blocks that are exported to the cytosol via
transporters in the lysosomal membrane (Platt 2014). The lysosomal
membrane contains several heavily glycosylated integral membrane proteins
with function in transport, interactions with the cytosol, endosomes and
autophagosomes and provide stability and integrity of the organelles (Schwake
et al. 2013).

Lysosomal hydrolases are glycoproteins containing N-linked glycans.
Exceptions to this are the enzymes lysozyme and chitotriosidase, specialized
endoglycosidases of phagocytes (Bussink et al. 2006). Lysosomal proteins are
all synthesized at the endoplasmic reticulum (ER). Co-translationally, the
newly formed polypeptides enter the lumen of the ER and specific asparagine
residues become N-glycosylated. After correct folding, newly formed lysosomal
proteins are transported to the Golgi apparatus which they traverse from cis to
trans structures (Neufeld et al. 1975). The N-glycans of integral lysosomal
membrane proteins and the lysosomal B-glucosidase (glucocerebrosidase, GBA)
are modified from high mannose-type structures to sialylated hybrid type- and
complex type-structures (Aerts et al. 1988; Saftig and Klumperman 2009). The
soluble lysosomal proteins undergo another unique modification of their N-
glycans in the Golgi apparatus, i.e. in a two-step process mannose-6-phosphate
(M6P) moieties are generated in their high mannose-type N-glycans (Neufeld
et al. 1975). Binding to mannose-6-phosphate receptors governs the sorting of
soluble lysosomal proteins from other glycoproteins destined for secretion.
Bound to M6P receptor lysosomal proteins are delivered to late endosomes from
which their final destination, the lysosome, is reached (Braulke and Bonifacino
200). M6P-mediated sorting also plays a role in re-uptake of secreted lysosomal
proteins. Following binding to M6P receptors at the plasma of various cell
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Chapter 1

types, endocytosis ensures their delivery to lysosomes (Neufeld et al. 1975;
Vellodi 2005).

Lysosomal storage disorders: therapies and diagnosis

In 1963 Henri Hers was the first to demonstrate that Pompe disease, also
known as glycogen storage disease type II, is caused by deficient activity of the
lysosomal a-glucosidase (GAA, EC 3.2.1.3) (Hers 1963). Deficiency of this
enzyme encoded by the GAA gene (locus 17q25.3) leads to accumulation of
glycogen in the lysosomes of heart and skeletal muscle cells of Pompe patients,
causing cardiac and respiratory failures (Van der Ploeg and Reuser 2008).
Following the seminal discovery of the molecular basis of Pompe disease,
identified are over 60 inherited diseases characterized by a defect in some
function of lysosomes (Vellodi 2005; Ballabio and Gieselmann 2009; Cox and
Cachén-Gonzéalez 2012). In a large number of these lysosomal storage diseases
(LSDs) the primary cause is a mutation in a gene encoding a lysosomal
hydrolase resulting in deficient enzymatic activity in lysosomes, so-called
lysosomal enzymopathies (Figure 1) (Ballabio and Gieselmann 2009). LSDs can
be also due to defects in non-enzymatic proteins in and beyond lysosomes. For
example, there are LSDs originating from defects in lysosomal activator
proteins (Gm2 activator protein and several saposin fragments of prosaposin)
assisting lysosomal enzymes in their activity towards substrates (Sandhoff and
Harzer 2013). Other LSDs are caused by primary defects in lysosomal
membrane proteins, either acting as transporters or mediating interaction with
other organelles (Schwake et al. 2013). Specific LSDs stem from inherited
defects in proteins involved in transport of lysosomal proteins to lysosomes.
Examples in this respect are deficiencies in enzymes involved in the generation
of M6P sorting signal, defects in CLNS8, an ER protein governing transport of
newly formed lysosomal enzymes from the ER to the Golgi apparatus, and
defects in LIMP-2, the membrane receptor transporting newly formed GBA
from the ER to lysosomes (Reczek et al. 2007; Braulke and Bonifacino 2009; Di
Ronza et al. 2018).
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GLA (Xq22) é,}‘ A ,{’

Fabry disease, OMIM #301500

a-Galactosidase, aGAL, EC 3.2.1.22, GH27, g gf 3 N-linked glycans

B-Glucosidase, GBA, EC 3.2.1.45, GH30, 4 N-linked glycans

GBA (1921)
Gaucher disease, OMIM #230800

a-Glucosidase, GAA, EC 3.2.1.20, GH31, GAA

5% 7 N-linked glycans
(17G25.3)

Pompe disease, OMIM #232300

Figure 1. Examples of 3 different lysosomal enzymes and the diseases caused by their
dysfunction. The PDB-IDs of the enzymes aGal, GBA and GAA are 1R46, 10GS and 5KZW,
respectively.

One group of LSDs concerns lysosomal accumulation of glycosphingolipids
(Aerts et al. 2017, Marques and Saftig 2019) (Sandhoff and Harzer 2013).
Common glycosphingolipidoses are Fabry disease (FD) and Gaucher disease
(GD) (Ferraz et al. 2014). Fabry disease (FD) is an X-linked disorder caused by
mutations in the gene GLA (locus Xq22.1) that encodes the lysosomal hydrolase
a-galactosidase A (aGAL, EC 3.2.1.22) (Brady et al. 1967; Ferraz et al. 2014).
Fabry disease 1s characterized by intralysosomal accumulation of
globotriaosylceramide (Gb3), also known as ceramidetrihexoside (Charles C.
Sweeley and Bernard Klionsky 1963). The clinical expression of FD is very
heterogenous (Desnick et al. 2003). Males with classic FD develop at young age
angiokeratoma, acroparasthesias, corneal opacity and anhidrosis followed by
renal, cardiovascular and neurological impairments later in life. Atypical
variants of FD are recognized, manifesting not as multi-system disease but
involving only single organs such as kidney and heart. It has also become
apparent that a large proportion of female carriers of mutant GLA develop an
ameliorated form of Fabry disease. All these phenotypic manifestations
together make Fabry disease a relatively common disorder.

Gaucher disease is caused by deficiency of the lysosomal acid-B-glucosidase
(GBA, EC.3.2.1.45), encoded by the GBA gene (locus 1g21) (Brady et al. 1966;
Beutler and Grabowski 2001). GBA is responsible for the lysosomal hydrolysis
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of glucosylceramide (GlcCer) into ceramide and glucose, the penultimate step
in glycosphingolipid degradation. GD patients characteristically develop lipid-
laden tissue macrophages that accumulate in spleen, liver and bone marrow.
These Gaucher cells are thought to underly the characteristic hepatomegaly,
splenomegaly and impaired hematopoiesis and associated cytopenia in Gaucher
patients (Beutler and Grabowski 2001; Ferraz et al. 2014). Other common
symptoms of GD patients are skeletal deterioration and gammopathies. The
manifestation of GD is remarkably diverse and different phenotypes are
discerned (Beutler and Grabowski 2001). The common variant among
Caucasians, type 1 GD, does not involve prominent symptoms in the central
nervous system (CNS). More rare and severe are the acute neuronopathic
variant (type 2 GD) and sub-acute neuronopathic variant (type 3 GD)
manifesting at infantile and juvenile age respectively. The most extreme form
of GD is the collodion baby with a fatal abnormality in skin permeability at
birth. In recent years it has become apparent that carriers of a mutant GBA
allele are at increased risk for developing Parkinson disease (Siebert et al.
2014).

GD has been the frontrunner among LSDs in the development of effective
rational therapeutic interventions. In the 70’s, Roscoe Brady conceived enzyme
replacement therapy (ERT) to treat type 1 GD (Brady 2003; Aerts and Cox
2018). This approach is based on chronic supplementation of enzyme to relevant
cells by means of intravenous infusions. Uptake of lysosomal enzyme and
delivery to lysosomes in ERT is mediated by cellular lectin receptors. In the
case of type 1 GD supplementation of macrophages with GBA is needed. For
this purpose, a recombinant GBA containing N-glycans with terminal mannose
groups is employed allowing selective uptake via the mannose receptor (MR)
expressed at the surface of tissue macrophages (Barton et al. 1991). In the case
of other LSDs, such FD and Pompe disease, where multiple cells develop
lysosomal storage, therapeutic recombinant enzymes contain N-glycans with
MG6P to allow uptake via M6P receptors A drawback of the ERT approach is
that (neutralizing) antibodies against the infused recombinant enzyme may
develop in patients that lack endogenous protein. This complication commonly
occurs in infantile Pompe disease patients and males with classic Fabry disease
(Linthorst et al. 2004; De Vries et al. 2016).

For some LSDs bone marrow transplantation is used as intervention.
However, difficulties in the availability of suitable donors constitutes a major
hurdle for this approach. Other therapeutic approaches for
glycosphingolipidoses involve reduction of the glycosphingolipid substrates by
inhibiting key enzymes involved in their biosynthesis. This substrate reduction
therapy (SRT) was again first developed for type 1 GD (Cox et al. 2000; Aerts
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et al. 2006). Presently two inhibitors of glucosylceramide synthase (Miglustat
and Eliglustat) are registered for SRT of type 1 GD (Shayman and Larsen
2014). Another considered intervention is enzyme enhancement therapy
(EET), also known as pharmacological chaperone therapy (PCT). Here, small
compounds entering the catalytic pocket (commonly inhibitors) are used to
assist proper folding in the ER of amenable mutant enzymes and thus increase
degrative capacity in lysosomes. Actively studied in clinical trials as chaperone
for GBA is Ambroxol (Maegawa et al. 2009; Narita et al. 2016) and Migalastat
(deoxygalactonojirimycin) is already registered as chaperone for GLA to treat
FD patients (Miintze et al. 2019). Finally, gene therapy, even though still in
experimental stages, prompts great expectation as cure of LSDs since it aims
at life-long correction of the impaired glycosidase in patients’ cells. A major
challenge for all therapy approaches is the prevention and correction of
abnormalities in the CNS. In addition, it is increasingly realized that early
intervention is desired since parts of the pathology in various LSDs seem
irreversible (Ramaswami et al. 2019).

The diagnosis of LSDs is therefore receiving considerable attention and
newborn screening is in place in some countries, or seriously considered, for
some of these disorders. Traditionally diagnosis relied on examination of
biopsies, but nowadays laboratory tests are increasingly used. DNA sequencing
1s broadly applied for several LSDs; however, this also leads to the detection of
individuals with alterations of unknown significance. In the case of lysosomal
enzymopathies measurement of residual enzymatic activity with chromogenic
or fluorogenic artificial substrates is employed to demonstrate deficiency.
Increasingly use is made of LC-MS/MS to demonstrate specific metabolite
abnormalities. The detection of sphingoid bases derived from primary
accumulating glycosphingolipids is found to have high diagnostic sensitivity for
several glycosphingolipidoses (Aerts et al. 2011; Mirzaian et al. 2017).
Examples are the markedly elevated glucosylsphingosine (GleSph) and
globotriaosylceramide (IysoGb3) in GD and FD, respectively (Aerts et al. 2008;
Dekker et al. 2011). Dried blood spots are nowadays commonly used for routine
enzyme activity and metabolite analysis. Plasma and urine samples are also
used for detection of biomarker proteins stemming from storage cells (Aerts et
al. 2011). Combining various tests mentioned above offers the most reliable
laboratory confirmation for an LSD.
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Chapter 1

Glycosidases in plants and humans
The use of plants as medication for various diseases has a long history. Several
plant-derived compounds have been identified over the years as therapeutic
agents. Many of these are glycoconjugates. For example, aspirin, one of the
most popular pain killers that also reduces inflammation and fever, is based on
minor modification of salicylic acid from Salix alba, Spirea and Betula (Friend
1974). Chapter 2 of this thesis provides a detailed review of this topic.
Glycoconjugates are ongoingly synthesized and degraded, involving
glycosyltransferases and glycoside hydrolases, respectively. All organisms
contain multiple glycoside hydrolases (GHs, glycosidases) that hydrolyse
specific glycosidic bonds in glycoconjugates. Glycosidases have important
functions, for example in lysosomal metabolism of glycolipids in animals,
catabolism of cell wall polysaccharides in plants and biomass conversion by
microorganisms (Ketudat Cairns and Esen 2010). The name of glycosidases,
e.g. B-glucosidase, reveals their preference for hydrolysis of specific glycosides.
Glycosidases are alternatively classified based on their amino acid
sequence and structural similarity, as in the Carbohydrate Active EnZymes
(CAZy) repository (Lombard et al. 2013). More than 150 GH families are listed
in the CAZy database, revealing the plethora of glycosidases among various
organisms. In addition, glycosidases are classified based on their reaction
mechanism, according to the stereochemical outcome of the hydrolysis reaction,
into inverting or retaining enzymes (Koshland 1953; Sinnott 1990). Moreover,
the glycosidases are characterized as exo or endo enzymes, depending on their
ability to cleave at the end or in the middle of a carbohydrate chain (Davies and
Henrissat 1995; Lairson et al. 2008).

Mode of Action: catalytic mechanism and structure

Two carboxyl-exposing residues like glutamic acid (Glu) and aspartic acid (Asp)
(Glu/Glu, Asp/Asp or Glu/Asp), present in the active site of both inverting and
retaining enzymes, are taking part in the hydrolysis of the glycosidic bond
(Koshland 1953). The inverting reaction is a single step reaction, and it occurs
when a water molecule is activated by the one carboxylic group at the active
site which is acting as a base and attacks the water molecule at its anomeric
centre (Guce et al. 2010). Simultaneously, the second carboxylic group enables
the departure of the leaving group via acid catalysis. In the case of retaining
glycosidases, a double displacement mechanism is employed. At first, a
nucleophilic attack is happening to the anomeric centre and results at the
formation of a glycosyl-enzyme intermediate (Koshland 1953). Then, the
deprotonated carboxylate acts as a base and uses a water molecule, to hydrolyze
the intermediate giving the reaction product (Figure 2).
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GHs are grouped into structurally similar families that can be further sub-
grouped into clans. For instance, B-glycosidases, that belong to GH families 1,
5, 30 (like the human GBA1), 35, 59, fall into the clan A of hydrolases with a
catalytic (B/a)s TIM barrel domain (Ben Bdira et al. 2018). GH116 enzymes,
like the cytosolic human GBA2 enzyme, belong to clan O and they have a (a/a)s
catalytic domain. The majority of B-glycosidases have two glutamic acid amino
acids at their active site, acting as their catalytic residues. Alpha galactosidases
and glucosidases are listed in families 27, 31 and 36 and belong to clan D, with
a (B/a)s TIM barrel domain (Fujimoto et al. 2003; Guce et al. 2010). The
enzymes’ active site is composed of two aspartic acid residues. In general, the
active site of most glycosidases is rather conserved among species.
Interestingly, the human enzymes such as GBAl and aGAL enzymes are
physiological dimers whereas research on plant enzymes reveals that they are
mostly presented as monomers (Kytidou et al. 2018).
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Figure 2. Inverting (A) vs Retaining (B) reaction mechanism of glycosidases.
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Ubiquitous glycosidases in plants

Plants contain numerous carbohydrate active enzyme encoded genes, more
than any other organism (Coutinho et al. 2003). For instance, Arabidopsis has
over 400 different genes coding for glycosidases (Husaini et al. 2018). These
include several a- and B-glucosidases, galactosidases and xylosidases. Their
main function is the hydrolysis of glycosidic bonds between carbohydrates or
another type of aglycone. The enzymes play various roles in processes in the
plant cell, such as cell wall degradation, lignification, inactivation of
phytohormones and activation of chemical defense compounds like cyanogenic
glycosides (Ketudat Cairns and Esen 2010). Interestingly, some plant
glycosidases are known to also act as transglycosidases, i.e. attaching sugar
moieties from donor to acceptor molecules, forming new glycosides (Morant et
al. 2008). As the matrix of the cell wall is of great complexity, the different
glycosidases have inter connected roles and specificities. Therefore, there are
many examples of plant glycosidases acting as trans enzymes in vitro. For
instance, the linamarase from Manihot esculenta (cassava) which is acting on
specific cyanogenic glucosides, is used for industrial applications for the
production of alkyl B-glucosides (Svasti et al. 2003). In the case of human
enzymes, transglycosylation activity have been proposed for chitotriosidase
using as acceptor molecules sugars and also for the human GBA enzyme having
acceptor molecules retinol or sterol (Vanderjagt et al. 1994; Aguilera et al.
2003). Akiyama and Marques also described the formation of cholesterol
glucoside by the transglucosylation activity of the human GBA 1 and 2 enzymes
(Akiyama et al. 2013; Marques et al. 2016a). Important to mention that such
specificities are not yet reported to happen in vivo.

New tools exploring glycosidases: activity-based probes
In 2010, Witte et al. were among the first to report the design of a fluorescent
activity-based probes, APBs, visualizing active GBA molecules in complex
biological samples (Witte et al. 2010). The ABPs for GBA have two structural
elements: (1) the cyclophellitol-type “warhead” that covalently binds to the
catalytic nucleophile of the enzyme, and (2) a variable reporter group which
allows visualization of bound enzyme or its enrichment for identification
through proteomics. The reporter group is linked to the warhead via a spacer
(Kallemeijn et al. 2014; Willems et al. 2014c, d) (Figure 3). With biotin as
reporter group, ABPs can be used for streptavidin-mediated enrichment,
followed by identification of bound protein with proteomics.

The first described ABP for GBA consisted of a cyclophellitol with attached
at C6 the spacer and reporter group (Witte et al. 2010). A hydrophobic extension
at this position of cyclophellitol increases markedly the affinity for GBA and
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renders specificity (Kuo et al. 2019; Artola et al. 2019). Other B-glucosidases do
not react with this ABP. Next, a cyclophellitol-aziridine type ABP was designed
with the spacer and reporter attached to the nitrogen (Kallemeijn et al. 2012).
This type of ABP reacts with all retaining B-glucosidases in class: GBA, cytosol-
faced GBA2, cytosolic GBAS3 and lactase phlorizin hydrolase (LPH) (Kallemeijn
et al. 2012).

After the generation of ABPs for B-glucosidases, a plethora of ABPs was
developed for other retaining glycosidases by changing the cyclophellitol
configuration. ABPs (usually cyclophellitol-aziridine type) are now available for
the detection of a-galactosidases, B-galactosidases, a-fucosidases, B-
glucuronidases, a-glucosidases, a-iduronidases a-mannosidases, and B-
mannosidases (Willems et al. 2014a, b; Jiang et al. 2015, 2016; Marques et al.
2016b; Wu et al. 2017; Artola et al. 2018).

A. Approach
Reporter

(Fluorophore e.g.Cy5, or Biotin)

¢ Retaining glycosidase

@ Warhead
N ¥

Yo — 9

Spacer Active site

-

Substrate mimic
B. ABP library

Targeting enzymes Literature

B-glucosidases Witte et al. 2010, Kallemeijn et al. 2012
a-galactosidases Willems et al. 2014, Kytidou et al. 2017
a-fucosidases Jiang et al. 2015

a-iduronidases Artola et al. 2018

a-glucosidases Jiang et al. 2016

B-glucuronidases Wou et al. 2017

B-galactosidases Marques et al. 2016b, not published
a-mannosidases Not published

B-mannosidases Not published
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C. Mechanism
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Figure 3. Activity-based probe (ABP) technology. A. ABP approach. B. ABP library.
C. Reaction mechanism of epoxide and aziridine activity-based probes.

Several applications for glycosidase ABPs in both fundamental research
and diagnosis of lysosomal diseases have meanwhile been developed (Kuo et al.
2018). Firstly, the ABPs can be used to label active enzyme molecules and
visualize these upon SDS-PAGE by fluorescence scanning. Thus, the MW of the
target enzyme is detected and maturation by proteolytic processing or
modification of N-glycans can be observed (Witte et al. 2010; Jiang et al. 2016).
Secondly, the amphiphilicity of ABPs allows passage of membranes and the
labeling of active enzymes in situ (Witte et al. 2010; Kallemeijn et al. 2012).
Recently, correlative light electron microscopy (CLEM) was successfully used
to visualize the location of active GBA molecules in individual lysosomes and
the delivery of exogenous therapeutic enzyme to these organelles in cultured
cells expressing mannose receptor (Van Meel et al. 2019). Infusion of ABPs in
mice has allowed the detection of active enzyme molecules in various visceral
tissues (Kallemeijn et al. 2012). The fluorophore in the ABP prevents effective
passage across the blood-brain barrier. Labeling of GBA in the brain was
accomplished by i.c.v. administration of ABP in rodents (Herrera Moro Chao et
al. 2015). Another application concerns the convenient screening of libraries for
inhibitors of the target glycosidases (Lahav et al. 2017). This method is based
on detecting the competition of ABP labeling of a target enzyme by an inhibitory
compound blocking the active site. Along the same line, the in-situ target
engagement of cyclophellitol and conduritol B-epoxide (CBE), two suicide
inhibitors of GBA, was recently determined (Kuo et al. 2019). Analyzed was
possible interaction of cyclophellitol (CP) and CBE with the off-target enzymes
Gba2, B-glucuronidase and retaining a-glucosidases GAA and GANAB after
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administration of the inhibitors to cultured cells or zebrafish larvae. The
investigation revealed that CP inhibits GBA2 on a par with GBA and is
therefore not suitable to generate a genuine GD model. Examination of mice
exposed to relative low dose CBE administrations showed that GBA was
selectively inhibited under these conditions (Kuo et al. 2019).

A great advantage of ABPs is that they label retaining glycosidases cross-
species as the result of conservation of catalytic pockets. This enables the use
of such inhibitors not only for the detection of human hydrolases but also for
the study of plant, bacterial and fungal enzymes. A recent study revealed the
successful use of ABPs in detection and identification of B-xylosidases and endo-
B-1,4-xylanases in secretome of Asperigillus niger, for research of biomass
breakdown (Schréder et al. 2019). Comparable examples are reported regarding
use of ABPs in plant science. The van den Hoorn laboratory used B- and a-
glucosyl configured cyclophellitol ABPs in several plant species to identify
various enzymes (Chandrasekar et al. 2014; Husaini et al. 2018). The B-glucosyl
configured ABPs epoxide and aziridine were also used in plants during these
experiments, data presented at chapter 6. In addition, the use of «
galactosidase ABPs in plants is described in this thesis chapters 3 and 4.

Together with the enormous progress in the use of ABPs in cells and
organisms, the cyclophellitol-type inhibitors have proved to be valuable in
biochemical investigations and crystallography, providing further
understanding of mechanism of the glycosidases (Jiang et al. 2015; Ben Bdira
et al. 2016, 2018; Wu et al. 2017). Finally, the application of ABPs for diagnosis
of corresponding lysosomal diseases holds great promise (Aerts et al. 2011, this
thesis, chapters 7 and 8).
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Scope of the thesis

This thesis reports the study of retaining glycosidases in humans and plants.
The major goal of the performed investigations has been to increase
fundamental knowledge on the enzymes to contribute to translation into
improved diagnosis and treatment of LSDs caused by deficiencies in lysosomal
glycosidases. The first part of this thesis pays special attention to plants as
platform for the production of recombinant enzymes for use in human
glycosidases as well as source of endogenous enzymes with potential medical
application. The second section is focused on the diagnostic value of the activity-
based probes as used towards urine and cultured cell materials.

At chapter 1 a brief introduction on the lysosomal storage disorders and
glycosidases, both in human and plants, is presented. Chapter 2 reviews
glycosylated metabolites from plants and their metabolizing enzymes.
Discussed are the medical applications of plant glycoconjugates, with special
emphasis to glycosylated lipids. The features of metabolizing plant B-
glucosidases and glucosyltransferases are described. The reaction mechanisms
of glycosidases are discussed in detail and new chemical biology tools employed
to investigate retaining glucosidases, so-called activity-based probes (ABPs) are
introduced. The emerging use of plants as production platforms for therapeutic
glycosidases is described.

Recombinant human glycosidases are presently used to treat patients with
corresponding enzyme deficiencies. Traditionally, therapeutic enzymes
employed in ERT were produced with cDNA technology in cultured Chinese
hamster ovary (CHO) cells. More recently, alternative production platforms,
including plants, have been used. Chapter 3 reports an investigation on the use
of Nicotiana benthamiana as production platform (Figure 4) of three
recombinant human a-galactosidases: a-galactosidase A (deficient in the
lysosomal storage disorder Fabry disease), a-N-acetyl-galactosaminidase and a
modified a- N-acetyl-galactosaminidase with increased a-galactosidase activity.
The feasibility of production of human a-galactosidases in planta was studied
and the efficacy of the recombinant enzymes to correct cultured fibroblasts of
Fabry patients was examined.
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Figure 4. Overview of transient overexpression of proteins in N.benthamiana leaves.

The abundant presence of endogenous a-galactosidase in MNicotiana
benthamiana was observed with activity-based probe labeling. Chapter 4
concerns an investigation on a novel a-galactosidase, named Al.1, from
Nicotiana benthamiana. It was studied to which extent the enzyme resembles
the human counterparts. In this analysis use was made of N-glycan detection
and crystallography. The potential value of plant Al.1 to Fabry disease was
examined by studying correction of stored glycolipids in cultured fibroblasts of
Fabry patients.

Knowledge on the reaction itinerary led to the design of a new close mimic
of the transition state, cyclosulfamidate. In chapter 5, the design of the
cyclophellitol cyclosulfamidate is described and the outcome of studies on the
ability of the compound to stabilize human and plant a-galactosidases in human
serum and culture media is described. The findings with cyclosulfamidate are
compared to those with deoxy-galactonojirimycin, a registered chaperone for
human a-galactosidase A and the treatment of amenable Fabry patients.

In the last decade ABPs labeling various glycosidases have been designed
and applied. The first ones involved cyclophellitol scaffold modified to
fluorescently label retaining B-glucosidases. Since ABPs can be applied cross
species to identify target glycosidases, the thesis reports a pilot investigation
on plant B-glucosidase and the fungal a-galactosidase from Beano supplement.
Chapter 6, reports the visualization of retaining B-glucosidases in tobacco BY2
cell cultures via the use of activity-based probes. The identified enzymes
belonged to GH families, 5, 3 and 17. Interestingly, some of the identified
candidates showed activity towards the human lipid accumulated in Gaucher
disease, Glccer. Further, the presence of the fungal (Asperigillus niger) a-
galactosidase in the dietary supplement Beano was detected via the use of
activity-based probes. The dietary enzyme which is used to improve the
digestion process, was also in vitro active against the Gb3 lipid, accumulated in
Fabry disease.
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The ability to visualize active glycosidase molecules with fluorescent ABPs
has potential diagnostic applications regarding inherited defects in enzymes
underlying lysosomal storage diseases. Urine is known to contain considerable
amounts of lysosomal glycosidases and to be a useful source for diagnosis of
lysosomal glycosidase deficiencies. Chapter 7 concerns an investigation with
cultured cells and urine samples regarding the diagnostic potential of ABPs
visualizing distinct glycosidases. The findings of this thesis investigation are
discussed in view of the literature and future research prospects are put
forward in the discussion (chapter 8). Further, in chapter 8, the urinary
activity-based protein profiling of patients experiencing kidney failures, such
as diabetes, is being described. In more detail, detection of urinary heparanase
in relation to kidney failure diseases is also discussed.

The main results of the conducted investigation are presented in the Summary.
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